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The ability and structural requirements of 4-dimethylamino-4@-cyano-substituted biphenyls showing photoinduced
intramolecular charge transfer (CT) to serve as hydrogen bond- or pH-sensitive Ñuorescent probes is investigated.
The donorÈacceptor (DÈA) biphenyls I and II being planar in the CT excited state are most suitable as pH-sensitive
Ñuorescent probes. The two compounds show analytically valuable features such as well-separated absorption and
emission bands and signal changes spanning four orders of magnitude and can be employed in ratiometric,
““ self-calibrating ÏÏ, and highly sensitive pH Ñuorosensing in the range 0 \ pH \ 4. Because of an enhanced charge
separation in the excited state, the highly twisted DÈA biphenyl III shows an increased proton sensitivity and can
therefore be used to probe solvent proticity via hydrogen bond formation. The molecular and electronic
characteristics of the two types of probes are discussed for the di†erent neutral and acidic alcoholic and/or aqueous
solvent mixtures investigated.

1. Introduction
In optical sensing applications, various methods such as
absorption,1 Ñuorescence (for reviews see ref. 2, 3) or
phosphorescence2d,4 spectroscopy are employed. In the Ðeld of
spectroscopic pH monitoring, Ñuorescent pH indicators have
been widely applied in recent years because Ñuorescence spec-
troscopy provides greater sensitivity (down to the single mol-
ecule level), has subnanometer spatial resolution, and is more
convenient in many applications (e.g., remote sensing with
Ðber optics) than the other non-invasive methods.2,5 In ana-
lytical Ñuorometry, simple intensity measurements, lifetime
sensing,3,6h8 evanescent wave techniques,9 as well as Ñuores-
cence correlation spectroscopy,10 microscopy,8,11 or Ñow
cytometry12 have been used. Depending on the sample of
interest and the method of choice, the sensor molecules
employed can be unbound or covalently linked to a support-
ing medium (e.g., silica,13 modiÐed cellulose14 or other
polymers6c,15). Moreover, in the former case, the probe mol-
ecules can either be directly dissolved in the sample (tracer
technique) or they can be embedded in various kinds of
polymer matrices (organic polymers,1a,16 solÈgels1b,6b,9a,17) or
micro/nanoparticles.18 Whereas the majority of publications
on pH sensors deals with unifunctional Ñuorescent probes
where the binding of a proton directly changes a photo-
physical property of the dye, binary systems comprising of a
pH-sensitive proton receptor and a pH-insensitive reporter
molecule are frequently encountered.6d,7b,c,19 In both cases,
often a pH-dependent long range intra- or inter-molecular
charge/electron3b,d,13,20,21 or energy7b,c,22 transfer process is
utilised for signalling. In order to overcome the usually limited
dynamic sensing range (2È4 pH units), approaches were rea-
lised where two or more pH-sensitive probes with com-
plementing pH responses are combined in a sensor

array.1d,7a,23 Only recently, multifunctional dye systems24,25
or so-called AND/OR logic gates26 opened new prospects in
combined sensing applications which is especially of interest
in biochemistry where simultaneous monitoring of analytes in,
for instance, pH-driven ion transport is highly desired.27,28b
Among the sensor molecules employed so far,
Ñuorescein6a,b,15,29,30 and anthracene13,20a,21,26a,b derivatives
are mostly used¤ and only in some cases the intrinsic pH-
sensitivity of autoÑuorescent biomolecules is utilised for
sensing actions (e.g., green Ñuorescent protein).10,31 Concern-
ing time-resolved Ñuorometry, the careful choice of a certain
probe molecule allows one to choose a desired temporal (as
well as spectral) sensing region in the pico- to milli-second
time range.6b,7b,c,19,32 On the basis of this great variety of
probe molecules and possible sensor constitutions being avail-
able it is evident that Ñuorometric pH sensing can be applied
in almost any liquid medium either with laboratory-based
instrumentation or with remote sensors, Ðber optic devices or
so-called optodes.2ahc,3a,19,30a,32,33a

Besides sensitivity and selectivity, photostability is also a
critical parameter in optical sensing applications. Here,
approaches based on ratiometric sensing where analyte
binding leads to the appearance of a new (well-separated)
absorption or Ñuorescence band gained importance, since the
intensity ratio of these two bands is independent of photo- or
thermal-bleaching or changes of instrumental conditions such
as optical path length, excitation intensity or detector sensi-
tivity.3d,6e,8,11,28,34 For fast ratiometric Ñuorosensing, the
design of dyes showing dual emission (instead of ratio-able
excitation bands) as a function of pH is highly desirable24 but

¤ Other Ñuorophores include, e.g., pyrene,3d,36 lanthanide bound
organic ligands,6d,13,79 Ru(II) complexes,6c,37,80 or various other dye
systems.2i,4b,20che
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practical examples are in a minority (as compared to systems
showing dual excitation bands).8b,25a,28b,30c,35 Moreover,
many ratio-able sensor systems display extended response
ranges as compared to single band systems. Unfortunately,
some of these sensor molecules su†er from poorly separated
emission bands.30c,34b,c

Besides the direct determination of protons, the indirect
detection of many analytes such as CO2 ,7c,23b,c,33,36
ammonia16,30d,37,38 or via pH was realised. DependingSO239
on the problem encountered, Ñuorescent probes for extreme
pH regions1c,40 or for very narrow pH ranges21a,37 (e.g., in the
acidic range for determining gaseous HCl or gastric acidity as
well as for studying acidic organelles such as lysosomesÈhere,
the most common probes of ÑuoresceinÈ or aminoalkylÈ
anthracene-type cannot be employed) are required. Nowa-
days, the main Ðelds of application include clinical
analysis7a,30d,36,41 and cellular biology8,11,12,34,42 but Ñuoro-
metric pH sensing is also found, for instance, in paper acidity
estimation,43 membrane44 or environmental chemistry.45 Fur-
thermore, besides pH sensing in aqueous media the determi-
nation of pH in solvent mixtures or the detection of traces of
water in organic solvents46 and probing of solvent proticity
(the ability to form hydrogen bonds)15a,29,47,48 is an impor-
tant analytical task.

As an extension of our work on charge transfer- (CT) and
electron transfer (ET)-based Ñuorescent probes,49,50 we have
embarked on a study of dual emissive Ñuorescent pH indica-
tors. In principle, any Ñuorescent dye molecule with protophil-
ic functional groups which are part of or can interact with the
Ñuorophore can display pH-dependent dual Ñuorescence.
However, for dyes showing only a single emission band the
observed shifts are usually comparatively small (see above). A
more suitable approach is the utilisation of dyes which popu-
late two (potentially) emissive states in the absence of protons,
i.e., which show dual Ñuorescence in aprotic solvents.51 Here,
donorÈacceptor-substituted (DÈA) biaryls have gained in
importance during the past few years. For these dyes, radi-
ative deactivation of the initially populated (locally excited)
LE state has to compete with a fast intramolecular charge
transfer (CT) reaction in the excited state to a second emissive
species.52,53b Accordingly, for example, protonation at the
donor in the ground state or hydrogen bonding interactions
with the acceptor in the excited state can drastically alter
absorption and/or Ñuorescence properties of such dyes. Since
in solvents of high polarity some of these compounds show
well-separated dual emission, advantageous in terms of sensi-
tive and ratiometric sensing, several studies of the e†ect of pH
on such a dual emission behaviour have been made recent-
ly.49,54h57 Moreover, this design concept has been successfully
introduced to metal ion sensing applications.49,58

In the present paper, we report on the proton-driven photo-
physics of donorÈacceptor (DÈA) biphenyls IÈIII (Scheme 1)
containing a pH sensitive donor group (dimethylamino,
DMA). Their interesting features for an application as Ñuores-
cent probes are based on an intramolecular charge transfer
(CT) in the excited state within a few picoseconds.53,59 During
this CT process the electronic structure is changed from a
more locally excited state to a delocalized 1CT(1Lb-type) (1La-state and the structural relaxation is towards a planartype)

Scheme 1 Molecular structures of the investigated donorÈacceptor
(DÈA) biphenyl Ñuorescent probes IÈIII. Calculated gas phase twist
angles (r) are also given.

conformation, a species denoted as CT in the text.52,53,59,60
Only for III in medium and highly polar solvents, the initial
relaxation towards a more planar conformation CT is fol-
lowed by a viscosity-controlled rearrangement to a highly
twisted species, labelled CTR in the text, with larger charge
separation and, consequently, reduced Ñuorescence
yields.52,53,59,60

The unusually high Ñuorescence quantum yields of the 1CT
states of IÈIII and the spectral separation of the 1CT and 1LE
Ñuorescence and absorption bands render IÈIII as promising
candidates for use as Ñuorescent pH probes. Besides studying
potential applications in pH sensing, this contribution focuses
on the electronic and structural (e.g., the intramolecular twist
angle r) requirements of such compounds to serve as hydro-
gen bond and pH-sensitive Ñuorescent probes.

2. Results and discussion
2.1 Protic solvents

Fluorescence quenching mechanism in ethanol. Comparing
the photophysical behaviour of III in ethanol (EtOH) at 298
K with that of III in acetonitrile (MeCN) as well as that of I
and II in both highly polar protic and aprotic solvents, the
high non-radiative rate constant of III in the protic(knr)solvent is apparent (Table 1). Considering that no indication
for hydrogen bond formation in the ground state could be
detected spectroscopically, the dynamic quenching process
arises from a proton shift (PSh) from the solventÏs hydroxyl
group to the nitrilo group of III in the 1CT excited state.52
Omitting the deactivation to the ground state by internalS0conversion (IC), the basic mechanism involved is depicted in
Scheme 2a. Whereas for I and II, the charge transfer excita-
tion (CT) is followed by charge recombination (CR) Ñuores-
cence,” the proton shift and the subsequent non-radiative
charge shift (CSh) is found only for III. Due to rapid trans-
formation of the primarily populated CT species to the CTR
species in highly polar ethanol, a twisted geometry with aS1reactive biradicaloid electronic structure and a(D`~ÈA~~)
strongly localised negative charge density on the benzonitrile

” Detailed investigations52,60 have revealed ultrafast additional elec-
tronic pathways to a 1LE (1FC in ref. 60) state, which1Lb/1CT-type
decays within a few picoseconds in aprotic solvents, but, as shown
here, the lifetime of which can be increased in acidiÐed solutions by
partially supressing the charge transfer in S1.

Table 1 Photophysical data of IÈIII in ethanol (EtOH) and acetonitrile (MeCN) at 298 K

Solvent l8 a/103 cm~1 l8 e/103 cm~1 Uf(%) qf/ns kf/107 s~1 knr/107 s~1

I EtOH 27.78 22.47 84 2.0 42 8
MeCN 27.86 22.47 81 2.1 39 9

II EtOH 28.99 21.93 81 2.2 37 9
MeCN 29.07 21.79 79 2.2 35 10

III EtOH 32.05 18.69 4 1.4 3 66
MeCN 31.95 18.73 21 7.6 3 10

678 New J. Chem., 2000, 24, 677È686



Scheme 2 Simple model for the photoinduced protonation cycles of IÈIII in (a) pure EtOH and (b) EtOH/H` (CT excitation ;charge transfer
CR emission ; CSh non-radiative intramolecular PSh intermolecular LE local excitation andcharge recombination charge shift ; proton shift ;
emission of cyanobiphenyl chromophore, see text).

unit (A) is known to occur only in the case of the highly pre-
twisted DÈA biphenyl III.52

E†ect of temperature. The temperature-dependent photo-
physical properties of IÈIII, as shown in Fig. 1 for the overall
Ñuorescence quantum yield the slow decay componentUf(T ),

and the non-radiative rate constant (see eqn. (1))qf(T ), knr(T )
of III, support the proposed Scheme 2.°

knr(T )\
1 [ Uf(T )

qf(T )
kf(T )\

Uf(T )

qf(T )
(1)

In accordance with the simple photophysical model antici-
pated for I and II (Scheme 2a), i.e., only a single CT species
(D`2A~) emits, the Ñuorescence lifetimes of I and II remain
constant (2.1 ^ 0.1) ns over the temperature range 140È295 K

Fig. 1 Temperature dependence of the Ñuorescence lifetime and(qf)quantum yield of III in ethanol. The Arrhenius plot of the corre-(Uf)sponding non-radiative rate constants is shown in(knr \ (1[ Uf)/qf)the inset. The derived Arrhenius barrier and the activation energy(Ea)for the viscous Ñow of the solvent are also included.(E
i
)

° Since in the polar solvent EtOH the adiabatic photoreaction
CT] CTR occurs in the irreversible regime the long lifetime directly
represents the intrinsic lifetime of the CTR species Howeverqf0(CTR).
at low temperatures, (with slight-Uf\xCTUfCT] xCTRUfCTR x

i
\ c

i
/&c

i
)

ly increases due to a larger contribution of and thus, correction ofUfCTwith respect to the contribution of would decreaseUf UfCT knr(T )
entailing an increase in activation barrier. Accordingly, the interpreta-
tion in the text is not a†ected by neglecting but would rather beUfCTsupported by such a correction.

(not shown).Ò The almost parallel plots of and for III inUf qfEtOH indicate only a moderately temperature-dependent
Ñuorescence rate constant (eqn. (1)) ranging fromkf(T )
3 ] 107 s~1 at 298 K to 11 ] 107 s~1 at 130 K, which is most
probably due to the excited state equilibrium between the CT
and the dominating CTR species in polar solvents. This S1equilibrium is slightly shifted towards the precursor CT
species with lower temperatures/higher viscosities52,53c,59 and
therewith explains the somewhat larger values at lower tem-kfperature. On the other hand, the increase in and resultsUf qffrom a freezing of the additional photochemical non-radiative
channel (PSh in Scheme 2a). The Arrhenius barrier kJEa \ 9
mol~1 as shown in the inset of Fig. 1 is approximately half
that for the viscous Ñow of EtOH kJ) which is con-(E

i
\ 20.4

ceivable for a photoreaction inside a prearranged solvent cage.
The temperature dependence of the photoreaction derives
from both a less efficient formation of CTR from CT at lower
temperatures and an energy barrier for the proton shift from
EtOH to CTR. The deviation from the Arrhenius Ðt above
270 K can be explained with the acceleration of the back reac-
tion from CTR to CT with respect to the forward reaction
CT] CTR52,59 such that less Ñuorescence is quenched. If the
photoinduced proton shift is the active source of Ñuorescence
quenching, this e†ect should be ampliÐed by acidiÐcation of
the solution. Thus, in the following section we will further
address the proton affinity of excited III in the presence of an
excess of protons.

E†ect of added protons. In Fig. 2, the drastic change of the
Ñuorescence emission and excitation spectra of IÈIII in acidic
EtOH (0.3 M HCl and 10~5 M dye yielding a [10 000-fold
excess of HCl) obviously reveals the strong inÑuence of free
(solvated) protons on the photophysics of all three donorÈ
acceptor biphenyls. For example, dual Ñuorescence based on
the excited state prototropic coexistence of the 1CT and a
locally excited (1LE) state both representing the base (D`2A~)
and the protonated (monocationic acid, (HÈD`ÈA)*) form is
observed for I and II in EtOH/H` (Fig. 2). However, the
emission spectrum of III lacks a CT band (explanation below).
The proton-induced disappearance of the CT band in the Ñuo-
rescence excitation as well as in the absorption spectra (not
shown) of all the three dyes indicates that at the acid concen-
tration employed only the protonated form exists in S0

Ò A fast decay component which however becomes rather slow atqS ,low temperatures (e.g. 1 ns at 168 K), is needed to Ðt the decays ade-
quately. The well-known solvation probe coumarin 153 was simulta-
neously measured at 253 K and 168 K and showed exactly the same
fast decay component. Along with the fact that the ““normal ÏÏ lifetimes

of I and II in EtOH are similar to those in diethyl ether this co-q1incidence supports an attribution of to solvent relaxation processesqS(for temperature-dependent solvation times in ethanol, see ref. 81).
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Fig. 2 Fluorescence emission and excitation spectra of IÈIII in EtOH prior to (È È È) and after (ÈÈ) acidiÐcation at constant solute concentra-
tion. The optical densities at the CT absorption maximum were identical for IÈIII in EtOH (dashed arrow) and thus, all Ñuorescence intensities
can directly be compared. The arrows indicate the excitation and emission wavelengths employed.

besides a very small amount of remaining unprotonated
species as exempliÐed by a reduction of the CT absorption
band to 1.5% (II), 0.75% (I), and \0.1% (III) of its initial
intensity. Moreover, the blue-shifted Ðrst absorption band
demonstrates that the proton is bound at the donor side (D),
in particular occupying the free electron pair of the amino
nitrogen atom. The molecular and electronic structures
involved are discussed in the following section.

Since protonation of IÈIII takes place in the ground state
where the equilibrium is strongly shifted towards the side of
the protonated species, the CT Ñuorescence band arises after
deprotonation in the excited state. This is corroborated by the
calculation of employing eqn. (2).pKa*

pKa* [ pKa \
*G* [ *G
RT ln 10

(2)

where the acidÈbase (\LE/H`ÈCT) free energy di†erences
*G and *G* in and can be derived from theS0 S1 Fo� rster
cycle61 using the absorption and Ñuorescence energies
(assuming a cancelling of entropy changes) yielding eqn. (3).

pKa* [ pKa \
hc

kT ln 10

Ala(CT)[ lf(CT)

2

[
la(LE/H`)[ lf(LE/H`)

2

B
(3)

As an example for protonated solvents the resulting param-
eters of IÈIII in EtOH as well as in the (1 : 1)EtOH/H2Omixture studied below are collected in Table 2. Taking into

account the small values in the ground state (see nextpKasection), extremely negative values are obtained for thepKa*three DÈA biphenyls pointing to a strong driving force
(*G* \ 0) for deprotonation in the excited state. Consequent-
ly, these experimental facts suggest that not only I and II, but
also III is deprotonated in as well leading to the 1CT stateS1although its Ñuorescence is only observable in non-acidiÐed
EtOH. But for III, experiencing pronounced Ñuorescence
quenching already in neutral EtOH (Table 1), this CT quen-
ching process is even accelerated in EtOH/H`. Accordingly,
dynamic Ñuorescence quenching of III in EtOH/H` (Uf \0.2%) is much stronger as compared to EtOH (Uf\ 4.5%).
Assuming a comparably fast 1LE] 1CT conversion for III as
for I and II, where the deprotonation in partially recoversS1the CR Ñuorescence of the CT species (Fig. 2), recombination
of the intermediately formed deprotonated CTR species

of III with a proton from the environment efficientlyD`~ÈA~~
occurs and quenches any CR Ñuorescence by rapid formation
(PSh) of D`ÈAÈH followed by non-radiative decay (CSh) to
the ground state of the latter (Scheme 2b, case of III). This
reÑects the higher proton activity in EtOH/H` rather than in
pure EtOH and manifests the sensitivity of III towards proton
and hydrogen bonding interactions. Furthermore, any quen-
ching mechanism arising from bulk properties of the solvent
was excluded by reference measurements in acetonitrile. Here,
addition of small traces of EtOH leads to the expected
reduction in Ñuorescence intensity in spite of the unchanged
optical density supporting the mechanism of dynamic Ñuores-
cence quenching by a CSh mechanism as depicted in Scheme
2.

Table Values for the prototropic equilibria of the LE/H` (acid) and CT (base) species of IÈIII determined by the cycle2 pKa* [ pKa Fo� rster
(eqn. (3)) using the absorption and Ñuorescence energies of LE/H` and CT in protonated solvents(l8 a) (l8 e)

l8 a/103 cm~1 l8 e/103 cm~1 pKa* [ pKa
Solvent Band I II III I II III I II III

EtOH LE/H` 32.8a 37.8 39.4b 32.4a 31.6 33.2 [16 [19 [23
CT 27.8 28.9 32.0 22.5 21.9 18.7c

EtOH/H2O (1 : 1) LE/H` 32.8a 37.7 d 32.4a 31.5 d [17 [20 d
CT 27.7 28.8 d 21.6 20.9 d

a 0È0 energy. b From Ñuorescence excitation spectra. c Emission of CTR species. d Not determined.
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From an applicational point of view, this behaviour dis-
tinguishes III as a very sensitive Ñuorescent probe for detect-
ing the presence of protic solvents, i.e., the Ñuorescence
intensity of III can be utilised to monitor traces of, for
instance, alcohols or water which were formed in a chemical
reaction or condensation process in an aprotic medium. Prac-
tical applications would be based on a SternÈVollmer-type
calibration procedure, measuring the Ñuorescence intensity of
III as a function of the concentration of the protic analyte in
the liquid sample of interest.

2.2 Prototropic equilibria and pH-dependent dual absorption
and emission

The basic emission features of IÈIII in acidic ethanol as sum-
marized in Fig. 2 indicate the possibility of using the DÈA
biphenyls I and II as dual emissive, ratio-able Ñuorescent pH
probes. Thus, in order to test the potential of these two com-
pounds for possible applications, the pH-dependent studies
were carried out in an ethanol/water 1 : 1 mixture, an aqueous
solution for which HCl, employed for acidiÐcation, is known
to have comparatively high mean activity coefficients (c

B
P

0.68 for pH [ 1.4).62 Here, probing pH in the range 2È5, in
the region of the ground state of aromatic amines,62h64pKaseems to be very promising. In this section, we demonstrate
the suitability of both I and II for either absorption or
Ñuorescence-based pH sensing and investigate the electronic
and molecular structure involved before devoting our atten-
tion to sensing applications in the next section.

Determination of with absorption and Ñuorescence spec-pK
atroscopy. The spectrophotometric and Ñuorometric pH titra-

tion spectra of I and II are shown in Fig. 3 and 4, the
corresponding titration curves being included as insets. As can

Fig. 3 pH-dependent absorption spectra and titration curves of I
and II in 1 : 1 (v/v). For pH titration steps, see Fig. 4.EtOH/H2O

be deduced from these Ðgures, both the CT absorption and
Ñuorescence are enhanced with increasing pH and the
opposite e†ect, i.e., a decrease of both bands is observed upon
proton addition. The reverse behaviour is found for the
LE/H` bands. The isosbestic points in absorption centered at
255 nm and 308 nm for I and at 245 nm and 292 nm for II
reÑect the ground state acidÈbase equilibrium involving two
species, i.e., protonated HÈD`ÈA responsible for the LE/H`
bands and neutral DÈA responsible for the CT bands. From
the inÑection points of the LE/H` and CT spectro-
photometric titration curves shown in the insets of Fig. 3, the
ground state values are determined to be 2.45 for I andpKa2.35 for II, independently of the band monitored. This value is
somewhat lower than that of various aromatic amines (cf.

for aniline)63 but is in good agreement with valuespKa \ 4.5
reported for other anilino derivatives carrying an electron
withdrawing substituent (e.g., for para-anthracen-9-pKa \ 2.5
yldimethylaniline ADMA in ethanol/water 4 : 1,64 pKa \ 3.30
for para-(8-boradipyrromethenyl)dimethylaniline in methanol/
water 1 : 1,56b for 9-para-dimethylanilino-10-pKa \ 3.38
methylacridinium perchlorate in water65), comparable to the
benzonitrile acceptor moiety of I and II.

The insets of Fig. 4 showing the Ñuorometric titration
spectra reveal that a Ñuorescence titration performed by excit-
ing at the maximum of either the LE/H` or the CT absorp-
tion band yields very similar Accordingly, both thepKa .
spectrophotometric and Ñuorometric titrations yield a slightly
smaller for II as compared to I, most probably arisingpKafrom a stronger p-delocalisation of the lone electron pair of
the dimethylamino nitrogen atom in II.

Assignments of absorption and emission. The low energy
absorption and Ñuorescence emanates from the elec-S0È1CT
tronic transition which is reÑected by a pronounced batho-
chromic shift in emission upon increasing the solvent polarity

Fig. 4 pH-dependent Ñuorescence spectra and titration curves of I
and II in 1 : 1 (v/v). The pH titration steps are indicated.EtOH/H2O

New J. Chem., 2000, 24, 677È686 681



from EtOH to (Table 2). The absence of a hypso-EtOH/H2Ochromic shift in absorption excludes hydrogen bond forma-
tion between the electron-donating DMA group and added
water molecules in the ground state. On the other hand, the
LE/H` absorption spectra of I and II presented in Fig. 3 are
di†erent with respect to band position and structure and,
besides indicating di†erent electronic characteristics of both
molecules, contain a wealth of important information. Com-
parison of the LE/H` absorption maximum of II (l8 a \ 37 800
cm~1) with the maxima of unsubstituted biphenylS0] 1Lacm~1),66 para-dimethylaminobiphenyl(l8 a \ 39 700 (l8 a \
33 900 cm~1),67 and para-cyanobiphenyl cm~1)68(l8 a \ 37 500
identiÐes the cyanobiphenyl entity in II as being responsible
for absorbing the main photon energy in II. This can be
directly related to the complete withdrawal of the lone elec-
tron pair of the amino nitrogen atom from the p-electron
system upon its protonation. In the case of I, the shape of the
structured absorption band di†ers from that of the parent,
unsubstituted Ñuorene66 in two ways : (i) the global maximum
is not the sharp 0È0 band at 32 800 cm~1 (33 100 cm~1 in
unsubstituted Ñuorene) but the vibronic band at 35 700 cm~1
and (ii) the band of Ñuorene at 40 000 cm~1 is not visible1Lain I. Thus, it can be deduced that the band of the parent1LaÑuorene is red-shifted in I appearing at nearly the same spec-
tral position as the band in II. Hence, both bands, the1Launstructured and the structured band of I, strongly1La 1Lboverlap. Similar to the behaviour of the pair of parent
biphenyls,66 only the absorption band of the Ñuorene1LbDÈA derivative is strongly intense.69 Moreover, note that the
good agreement of the 0È0 band of I in (32 800EtOH/H2Ocm~1) with the minimum of the second derivative spec-eA(la)trum of I in acetonitrile (33 200 cm~1)69 proves that the pre-
vious assignment of the hidden structure to the transition1Lbis correct.69 This means that LE/H` emission occurs from the

state in both cases, I and II. Assuming similar rates1Lb-type
for LE/H`ÈCT conversion in III (see below), the distinctly
smaller Ñuorescence quantum yields of II (Uf(LE/H`) \ 4%)
and III as compared to I(Uf(LE/H`)\ 2.4%) (Uf(LE/H`) \

in acidic ethanol are consistent with emission from21%) 1Lb ,
which is strong only for I because of symmetry reasons.52,69

Based on the experimental results given above, a reÐned
reaction cycle assumed to govern the prototropic equilibria of
I and II is illustrated in Scheme 3. For better clarity, only the
general term ““LEÏÏ is used for local or absorp-1La- 1Lb-type
tion and local emission in Scheme 3.1Lb-type

Slow prototropic equilibrium in The occurrence of dualS
1
.

Ñuorescence of the acid and base species over a large pH
range (Fig. 3 to 5) as well as the similarity of the spectro-
photometric and Ñuorometric titration curves with inÑection
points at nearly identical point to a slow prototropicpKaequilibrium in where the radiative deactivation successfullyS1competes with the proton transfer (dissociation) processes.
However, an explanation for the apparent discrepancy
between a slow excited state dissociation reaction and strong-
ly negative i.e., a strong thermodynamic driving force forpKa*,
the acid-to-base or LE/H`-to-CT deprotonation, has yet to
be given. Whereas the lack of LE/H` emission after pure CT
excitation is conceivable with a too endergonic base-to-acid
(CT-to-LE/H`) reaction, the slow acid-to-base (LE/H`-to-
CT) reaction contradicts the considerably negative free enth-
alpy change derived from the cycle (Table 2).Fo� rster
However, we can gain access to an explanation for this pheno-
menon by considering an excited state reaction scheme which
does not involve direct LE/H`ÈCT interconversion but an
intermediate deprotonated LE species as depicted in Scheme
3. The release of the proton extends the p-electron delocal-
isation from the para-cyanobiphenyl unit to the whole
chromophoric p-system, the electronic structure of which has
been characterised by a mixing of and1Lb(A)- 1Lb(D)-type

conÐgurations in a previous study.69 But despite increased p-
electron delocalisation, the remaining electronic nature (in1Lbthe case of absorption, IC from to occurs Ðrst1La 1La 1Lbwithin a few femtoseconds) allows only a weak energetic sta-
bilisation resulting in a comparatively slow LE/H`] LE
process. Note again the similarity between the 0È0 energy for
the absorption of the protonated form (Fig. 3) andS0] 1Lbthe free base (as derived from the band in Fig. 3 of ref. 69)h2explaining the small driving force. Interestingly, slow LE/
H`] LE deprotonation reactions have also been reported for
the charge transfer processing biaryls 1-(para-aminophenyl)-
pyrene and ADMA.62,64

In comparison to the deprotonation reaction, the sub-
sequent electron transfer (ET) to the CT species is quite rapid
due to strong exergonicity. The latter process is reminiscent of
the excited state electron transfer 1FC] 1CT interconversion
observed by time-resolved transient absorption for I and II.60
Correspondingly, the LE species populated by excited state
deprotonation (Scheme 3) is equivalent to the species popu-
lated after vibrational FranckÈCondon relaxation as observed
in the transient absorption study.60 Thus, both pH-dependent
Ñuorescence and time-resolved transient absorption60 experi-
ments agree in identifying the primarily populated excited
state species as an independent and stable electronic state.
Future time-resolved transient absorption investigations in
acidiÐed solutions should therefore reveal a delay of the elec-
tron transfer step in S1.

Dynamic quenching of CT Ñuorescence in I and II. Fig. 5
shows that the logarithmic intensity ratio of CT-to-LE/H`
Ñuorescence linearly decreases with increasing acid concentra-
tion down to pH B 1. The data point recorded under much
stronger acidic conditions (pH B [ 0.4) clearly deviates from
the Ðt, indicating a weaker CT Ñuorescence as would be
expected from an extrapolation of the data obtained at
pH [ 0.8. This indicates that the unprotonated CT species
experiences a quenching process which is most probably
induced by the same mechanism observed before for III in
acidic EtOH (Fig. 2, see above). Accordingly, at this high
proton concentration quenching of a biradicaloid D`~ÈA~~
species can be attributed to protonation of the partially nega-
tively charged nitrilo acceptor group (Scheme 3). Moreover,
the Ñuorescence intensity ratio sug-If(CT)/If(LE/H`) \ 0.3
gests that in the above described experiments in EtOH/H`,
where ratios of 0.7 (I) and 5.1 (II) were found (Fig. 2), a higher
pH [ 0 of the solution can be expected. (Note that the exact
pH of that solution was not measured, but the 14-times
smaller HCl concentration and the smaller proton activity
coefficients support the observation of less e†ective proton-
induced quenching at a pH[ 0.)

2.3 Sensitive and ratiometric sensing of pH

Pursuing a ratiometric, ““ self-calibrating ÏÏ,p easy-to-measure
and highly sensitive Ñuorometric method to probe pH, the
biphenyls I and II can be employed in combination with a
simple dual excitation/dual emission technique. Here, the
ratio of CT-to-LE Ñuorescence asIexIflu(CT)/IexIflu(LE/H`)
obtained by measuring LE/H`-excited (at the absorption
maximum), LE/H` emission (at the emission maximum) and
CT-excited CT emission (cf. Fig. 3 and 4) is used to quantify
the proton concentration in solution. The superiority of this
ratiometric method, which is more advanced as compared to
the commonly employed measurement of Ñuorescence

p The term ““self-calibrating ÏÏ refers to the insensitivity of this dual
excitation/dual emission technique towards changes of instrumental
parameters as discussed in the Introduction. Fluctuations of the light
source or variations of the optical path length require no recalibra-
tion.
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Scheme 3 ReÐned prototropic reaction cycle for II (and I) showing the electronic structures and transitions which account for the observed
spectroscopic behaviour electronic absorption and emission transitions according to Platt nomenclature ;82 ET, [ET electronic transition(Lb , Lawith strong electron transfer character ; PT, [PT proton transfer between solute and solvent).

enhancement or quenching with excitation at a single wave-
length, i.e., the isosbestic point,5,24 is presented in this section.

The basic requirements for ratiometric Ñuorescence sensing,
i.e., well-separated absorption and Ñuorescence bands to allow
an optimum independence of detector sensitivity or probe
concentration and minimum interference due to excitation of
both ground state species, are met by the biphenyls I and II.
The absence of wavelength shifts is also an advantageous
feature of these sensor molecules. Furthermore, the compara-
tively large dynamic sensing range of 4 pH units and the
linear calibration curves (with correlation coefficients [0.99),
which directly follow from Fig. 6, are of high analytical value.

A more elaborate requirement, i.e., highly sensitive quanti-
tative detection of both signalling species of the probe mol-
ecule, acid and base form, is usually hardest to meet but again,
Fig. 6 demonstrates the enormous potential of I and II as
exempliÐed by a signal change covering four orders of magni-
tude (ratios between 0.1 and 1000). Such large variations can
only be achieved by a combination of drastic changes in both

Fig. 5 Normalised (on the LE/H` band) Ñuorescence spectra of I
and II in at obtained by excitation at theEtOH/H2O/H` pH \ pKaLE/H` absorption maximum. The plot of the intensity ratios in the
inset deviates from linearity at pH\ 1.

absorption and Ñuorescence intensity of separated bands and
are scarcely found for systems where only the ratio of Ñuores-
cence intensity is considered (with excitation at an isosbestic
point or detection at an isoemissive point).8b,25a,28b,30c,35 In
accordance with the prototropic photophysical behaviour out-
lined above, the calibration curve for II is higher lying than
that for I because the intrinsic Ñuorescence yield from LE/H`
is lower for II (short-axis polarised Ñuorescence with small1Lbthan for I (the Ñuorene derivative with long-axis polarisedkf) Ñuorescence and large1Lb kf).Further advantages of I and II are the large extinction coef-
Ðcients for the base as well as for the acid form (emax(I)B 4

M~1 cm~1, M~1 cm~1) and the] 104 emax(II) B 3 ] 104
sizeable Ñuorescence quantum yields of both excited state
species. (Note that the often encountered problem of proton-
induced quenching of CT Ñuorescence is absent for I and II at
pH [ 0.5.) Especially for I, as well as of the pure baseemax Uf(CT) and acid (LE/H`) form are comparatively large (Fig. 2 to
4).

All these various favourable features can be traced back to
the speciÐc electronic and conformational properties of I and
II. (i) The zeroÈorder electron transfer state of I and II in
polar solvents like water is considerably lower lying than the
next locally excited state. Such a situation is difficult to
achieve in biaryls with larger polycyclic aromatic subunits like
anthracence or pyrene showing completely overlapping CT
and LE absorption bands.62,64,70 Thus, the complete separa-
tion of Ñuorescence and ( !) absorption bands are, to the best of
our knowledge, unique features of the present dyes enabling
an elegant measurement of the ratio between LE/H`-excited
LE/H` Ñuorescence and CT-excited CT Ñuorescence. (ii) The
planar conformation of I and II in the 1CT state is responsible

Fig. 6 pH calibration curves using the Ñuorescence intensity ratio
between CT-excited CT emission and LE/H`-excited LE/H` emis-
sion. The correlation coefficients of both linear Ðts are r \ 0.993.

New J. Chem., 2000, 24, 677È686 683



for an appreciable HOMOÈLUMO overlap associated with
unusally large electronic transition moments.59,69,71S0ÈCT
Accordingly, high absorption and Ñuorescence intensities and
the delocalised electronic structure of CT add to the above
mentioned advantages.

3. Conclusion
Photoinduced intramolecular charge transfer in donorÈ
acceptor (DÈA) biphenyls was shown to be very useful in
sensing hydrogen bonds as well as protons. The molecular
design of the probe compounds, which was varied in these
studies by the twist angle r between donor and acceptor
moiety, determines which speciÐc microenvironmental pro-
perty can be probed.

The DÈA biaryls I and II are planar in the 1CT excited
state with a delocalized pp*-electronic structure and show
very promising pH sensing properties, because formation of
the protonated forms IÈH` and IIÈH` on the timescale of the
Ñuorescence lifetime leads to dual Ñuorescence and absorption
of the 1CT and locally excited (1LE) states.

In contrast, III exists in a highly twisted conformation with
localised charges on both phenyl subunits in the stateS1(1CT)
giving rise to strong speciÐc interactions with potential quen-
chers such as protic solvents and protons as a consequence of
an attack at the charged atomic centers. Hence, the Ñuores-
cence from 1CT of III is efficiently quenched in acidic solu-
tions so that only the 1LE Ñuorescence can be observed. This
high sensitivity of III can thus be employed to monitor
solvent proticity.

The occurrence of dual, LE and CT, Ñuorescence of I and II
at a pH close to the of B2.4 reÑects a slow prototropicpKaequilibrium between the LE/H` acid form and the CT basic
form. Because the direct conversion from LE/H` to CT would
be highly exergonic, this behaviour can only be explained by
the involvement of an intermediate LE basic form which
rapidly reacts to give the CT base. Intramolecular twisting or
highly acidic conditions open an additional non-emissive
channel, which we assign to the formation of a positively
charged CT/H` electronic structure resembling cationic
biphenyls that are known to undergo a photoinduced highly
efficient non-radiative intramolecular charge shift.72,73

In conclusion, we have shown that molecular engineering of
DÈA biaryls by tuning the twist angle between donor and
acceptor and by careful consideration of donor/acceptor ener-
getics determining the energy gap between LE and CT states
can yield very sensitive and powerful Ñuorescent probes
showing either well-separated, ratio-able, intense LE and CT
absorption and Ñuorescence bands (I and II) or very hydrogen
bond-sensitive quenching of CT emission (III).

4. Experimental

4.1. Materials

The synthesis of compounds IÈIII is described elsewhere.52
Ethanol and acetonitrile of UV spectroscopic grade, hydro-
chloric acid (10 M; 37% by weight HCl) purchased from
Merck, respectively, and doubly distilled water were used.

4.2. Steady-state absorption and Ñuorescence spectroscopy

Steady-state measurements were performed on an ATI
UNICAM UV4 spectrophotometer and an Aminco Bowman
2 Ñuorometer with 2 nm band passes. Fluorescence spectra
were corrected for detector response and time-drift and were
additionally converted from the recorded wavelength scale

to a linear energy scale according toIf(jf) If(lf)\ If(jf) ] jf2.

The Ñuorescence quantum yields were determined relative(Uf)to quinine sulfate dihydrate (NIST standard reference material
SRM no. 936) in 0.5 M at optical den-H2SO4 (Uf\ 0.52)74
sities less than 0.1.75

4.3 Fluorescence decay times

The time-resolved Ñuorescence measurements were performed
with synchrotron radiation from the Berlin Storage Ring for
Synchrotron Radiation (BESSY) using a time-correlated single
photon counting setup described in more detail elsewhere.52
The temporal calibration of the experimental setup for the
time-resolved measurements was checked with 1,4-bis(5-
phenyloxazol-2-yl)benzene (POPOP) in ethanol (qf \ 1.35
ns ^ 0.20 ns),76 and Ñuorescein 27 in 0.1 M NaOH (qf \ 4.50
ns ^ 0.03 ns).76 The decay analysis using the least-squares and
iterative deconvolution method implemented in the PC
program Global Unlimited V2.2 (LFDG, University of
Illinois) allowed a temporal resolution of less than 200 ps. The
goodness of the decay Ðts were judged by reduced chi-squared

the residuals and the autocorrelation function C( j)(sR2 \ 1.2),
of the residuals.

4.4. Temperature-dependent measurements

Temperature-dependent Ñuorescence was measured with a
home-made cooling apparatus which allows one to freeze and
control the temperature of four samples in quartz cuvettes by
pumping cold nitrogen gas through the cryostat. The tem-
perature precision and stability decreases with cooling and is
\^1 K down to 185 K. The optical densities at low tem-
peratures required for the calculation of the Ñuorescence
quantum yields were derived relative to the room tem-(Uf(T ))
perature data by correcting for the change of the refractive
index, density77 and the absorption band shape.59 The absol-
ute error of determined from the integrated intensityUf(T )
area relative to the values at room temperature is less than
10%.

4.5. Measurements of pH

For every step of the pH titration, small amounts of 10 M
(37% by weight) HCl were added (microliter pipette,
Eppendorf ) to 50 mL of a solution containing 1.1] 10~5 M
of I or 2.0] 10~5 M of II in an ethanolÈwater mixture (1 : 1
v/v). After stirring for 3 min, 3 mL of the solution were trans-
ferred to a 10 mm quartz cuvette and additionally stirred for 1
min. The pH was monitored using a digital pH meter (WTW
pH 537) equipped with a glass electrode (Mettler Toledo
InLab 423). Only in the case of the highly acidic solution
(pH \ [0.44) was a fresh sample prepared (see below). Cali-
bration of the instrument was performed with standard
aqueous solutions of pH \ 1.68, 4.01, 6.86 and 9.18 from
WTW. The measured value (pHmes) was corrected by taking
into account di†erences in liquid junction potentials and(*Uj)proton activity coefficients (*log between the solventcH`

)
mixture of the sample and the aqueous calibration solution
according to eqn. (4).78

pH \ pHmes [ *Uj] * log cH`
\ pHmes[ 0.21 (4)

From multiple titrations (N \ 4), the error of pHmes in the
range of 1 \ pH \ 6 was determined to O0.2 pH units. The
pH value of the highly acidic sample was directly calculated
from the analytical acid concentration in the mixture of 5 mL
EtOH, 2.75 mL 10 M HCl, and 2.25 mL to be [0.44H2Owithout correction for the activity coefficient Since(c

B
). c

Bamounts to 0.7 for the relevant (1 : 1) mixture in aEtOH/H2Oconcentration range of 0.05 M to 0.1 M HCl,62 the value used
here can be regarded as a lower limit. A more realistic value
close to zero would strengthen the interpretation in the text,
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i.e., proton-induced CT quenching occurs for pH\ 1 (cf. Fig.
5).
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