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The complexes [EuL1]3+ and [EuL?] function as luminescent
pH sensors over an extended pH range; two distinguishable
pH switching ranges are observed: the delayed europium
emission is switched on in acidic solution, whereas the
fluorescence emission spectra show a pronounced pH
dependence only in alkaline media.

Luminescent chemosensors offer an attractive method for the
detection of various physiological ions and molecules.r Flu-
orescent sensors may be adversely affected by autofluorescence
and by light scattering from an active physiological environ-
ment.2 Delayed luminescence affords an attractive means of
overcoming some of these obstacles.3 In solution, the applica-
tion of lanthanide luminescence, has generated a great deal of
interest owing to the long wavelength of the emission (large
Stokes' shifts) and the long lifetimes (in the ms range).4 An
example of such a Th'"" and Eu"' sensory PET (photoinduced
electron transfer) system has been reported recently for pH
measurement in aqueous solution.5 Various lanthanide com-
plexes of tetra-substituted derivatives of 1,4,7,10-tetraazacyclo-
dodecane (cyclen) have been synthesised either as contrast
agents in magnetic resonance imaging® or as luminescence
probes.” In water, these complexes are kinetically stable with
respect to dissociation and possess low hydration numbers (q <
1). In further developing this work, we have recently demon-
strated the effect of protons, oxygen and halide anions on the
luminescence emission spectra of some Eu'! phenanthridinium
conjugates.8 Here we introduce the cationic Eu'''—tetraamide
[EuL2]3* and the neutral monoamide [EuL2] quinolyl derived
conjugates. In addition to acting as an efficient antenna
sensitiser4.6.7 the chromophore can reversibly switch, via an
energy transfer mechanism,# the lanthanide emission on and off
asafunction of pH. At the sametime, the fluorescence emission
spectrum is only dependent on the hydroxide ion concentration,
so that these conjugates show adual pH dependence spanning a
wide pH range.

The tetraamide ligand L1 was synthesised by reaction of the
«-haloamide 1 with 1,4,7,10-tetraazacyclododecane in DMF at
80 °C (4.1 equiv. Cs,COg3). The tribasic ligand HslL2 was
synthesised by reacting the molybdenum tricarbonyl complex
of cyclen with the same amide (1:1) in DMF-Cs,COs3, with a
subsequent phosphinoxymethylation in THF followed by basic
hydrolysis. The Eu''' complexes of L1 and L2 were made by
reaction of the ligand with equimolar quantities of europium
triflate in acetonitrile.®

The absorption spectrain water of [EuL1]3*+ and [EuLZ2], were
similar to those observed for the intermediate amide 1. The
spectrashowed apH dependent bathochromic shift (A = 314
nm, log € = 4.18) with an isosbestic point at 296 nm, and
revealed the formation of a new band at 261 nm (log € = 4.0)
following protonation with CF3CO,H. The fluorescence emis-
sion spectrum of 1 did not show any substantial pH dependence
below pH 8 when excited at 330 nm.t The same trend was
observed for [EuL1]3+ and [EuL 2], when excited at 330 nm; the
fluorescence emission spectra decreased in intensity in alkaline
media, as shown in the pH-uminescence profile of [EuL1]3*
(Fig. 1). In contrast, when excited at the isosbestic wavelength,
the fluorescence emission spectra increased in intensity in
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Fig. 1 Enhancement of the luminescence of europium complexes as a
function of pH: (M) quinolyl fluorescence in [EuL1]3*; (+) metal-based
emission (594 nm) in [EuL1]3*; (4) metal-based emission in [EuL 2]
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Scheme 1

alkaline solution. In both cases, Ama(fluor.) shifted to longer
wavelength in the presence of base, and pH titrations revealed
formation of an isoemissive point, for [EuL1]3+ at 377 nm and
[for EuL?] at 375 nm. The estimated pK, values of 9.4(3) and
9.6(3) were determined from these changes for [EuL?]3* and
[EuL2], respectively, which relate to the deprotonation of the
aryl amide nitrogen.

The largest and the most significant pH dependence was
observed in the delayed europium emission. The emission was
independent of pH in alkaline solution (above pH 10) for
[EuL1]3+, with only very small changes observed for [EuL?]
(overdl, contributing around 8-12% of the total emission).
Significant ‘off-on’ luminescence switching was observed
when the quinolyl nitrogen was protonated {Fig. 1 for
[EuL1]3+}. The luminescence enhancement was at least 250 for
[EuL?] (Aexc = 330 nm), while a more modest factor of 30 was
obtained with [EuL 1], in each case observing Eu emission at 594
nm (AJ = 1).% The europium emission therefore signas the
protonation of the remote chromophore, a feature which is not
seen in the fluorescence emission spectrum.

Upon protonation of the quinolyl nitrogen atom the n—s*
transition is removed, and the m—* shifts to lower energy (as
revealed by the excitation spectrafor [EuL2] and [EuL!]3* asa
function of pH). Theinternal chargetransfer (ICT) excited state
which is populated in the neutral chromophore is probably
modified upon protonation and deprotonation (Scheme 1). The
switching between pH 4.5 and 6.5 for [EuL?] is in accordance
with simpleion-binding equilibrial-58 and a pK, value of 5.8(2)
was determined. The pH switching of the cationic complex
[EuL1]3* is over a broader range and is shifted by one pH unit
lower. In addition a small inflection in the metal-based
luminescence is apparent at ca. pH 7 for [EuL1]3+ and 8.5 for
[EuL?): this feature, apparently not ligand based, could be
related to the deprotonation of the proximate water molecule.
The extended pH sensitivity range of the tricationic complex,
i.e. in the region between pH 6.5 and 2.5, may be related to the
successive protonation of each of the four nitrogens of the
chromophore. The overall pH dependence is then a function of
four stepwise equilibria, taking place over amost 4 pH units,
rather than the pH range of two associated with a single
protonation. In accord with this observation a pH-metric
titration of fully protonated [EuL 1]3+ reveal ed that 4 equival ents
of base were consumed in the range 2.5-6. Similar behaviour
has previously been observed for some fluorescent anthrylaza-
macrocycle PET systems0 where the switching was con-
sidered to be linear over five pH units, although a detailed
investigation into this behaviour has not subsequently been
reported. In water at pH = 1.80, the luminescence emission
lifetimes 750, for [EUL2]3* and [EuL?] were measured to be
0.55 and 0.71 ms, respectively, whilein D20, the lifetimes were
155 and 1.98 ms, respectively, consistent with an overall
hydration state of 0.8 (inner + outer sphere) for both [EuL]3*
and [EuL?] (after correcting for the guenching effect of the
amide NH oscillators).9.11

In summary, the two europium complexes possess distinctly
different pH sensitivity. The delayed europium emission is
highly dependent on pH changes over the range 3-7 making
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these complexes interesting candidates for pH measurement in
competitive media.
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T The fluorescence emission spectrum of 1 gave spectra consistent with a
weak internal chargetransfer excited state. In solvents of increasing polarity
(CH.Cl,, Et,0, MeCN, MeOH, H,0) a bathochromic shift was observed in
Amax @nd at pH 3 the ICT band was less apparent.

F These large enhancement factors are not explained simply by the
suppression of photoinduced electron transfer following N-protonation
(although this effect contributes afactor of ca. 3 per N, as seen by excitation
at the isoshestic wavel ength). Only when protonated, do the Eu complexes
significantly absorb photons at 330 nm.
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