
Concentration-Independent pH Detection with a Luminescent
Dimetallic Eu(III)-Based Probe
Jeremiah D. Moore, Richard L. Lord,† G. Andreś Cisneros, and Matthew J. Allen*
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ABSTRACT: A pH-responsive, luminescent, dimetallic
Eu(III)-containing complex has been synthesized and
exhibits a unique mechanism of response. The lumines-
cence-decay rate of the complex is slow, due to a lack of
water molecules coordinated to the Eu(III) ions. However,
the luminescence-decay rate decreases with increasing pH
over a biologically relevant range of 4−8. Physical
characterization and computational analysis suggest that
the pH response is due to protonation of a bridging
alkoxide at lower pH values. Modulation of the
luminescence-decay rate is independent from the concen-
tration of Eu(III), which we expect to be useful in the non-
invasive imaging of in vivo pH.

Molecular imaging with fluorescence microscopy is a
powerful tool in biochemical and biomedical research.

Organic fluorescent probes that respond to the presence of
specific molecular analytes are limited by photobleaching, broad
emission bands (∼100 nm), small Stokes shifts (<20 nm), and
short-lived emissions (<100 ns). Lanthanide-based probes
overcome many of the limitations associated with organic
fluorophores because they offer atomic-based emissions that do
not photobleach, emit line-like bands (<20 nm bandwidth),
have large Stokes shifts, and exhibit long luminescence lifetimes
(ms). Due to these advantages, many examples of lanthanide-
based probes have been reported for the detection of
biologically important cations,1 anions,2 neutral species,3

proteins and peptides,4 and DNA.5 Many of these probes rely
on the ratio of two emission peaks to determine analyte
concentration, but the luminescence-decay rate of Eu(III)-
containing complexes should enable the determination of
analyte concentration without knowledge of probe concen-
tration or extinction coefficient. Reports describing time-
resolved microscopy,6 luminescence-lifetime imaging,7 and
phosphorescence-quenching microscopy8 demonstrate that
luminescence-decay rates can be determined from microscopy
and are, therefore, a useful parameter for sensing applications.
Lanthanide-based probes often exhibit low sensitivity that can
be addressed by the use of antennae or through he use of
multimetallic complexes that increase sensitivity additively.9 In
targeting the multimetallic strategy, we synthesized a new
dimetallic Eu(III)-containing complex, 1, that responds to pH
over a physiologically relevant range of 4−8 by a new
mechanism, based on luminescence-decay rates, that is
independent of the probe concentration and selective for
only proton concentration. To our knowledge, no system of

this type has been reported to respond to pH by luminescence-
decay rate.
We hypothesized that bridging two Eu(III) ions with an

alcohol would decrease electron density on the bridging oxygen
and increase the acidity of the alcohol compared to an
uncoordinated alcohol. We anticipated that the acid−base
equilibrium of the bridging oxygen would result in a pH-
dependent change in the luminescence-decay rate because the
luminescence-decay rate of Eu(III) increases with the number
of hydroxyl oscillators coordinated to the metal ion.10 We
expected this change to be independent of the concentration of
1 because luminescence-decay rate is not dependent on metal
concentration. Further, we expected that this mechanism would
be selective for protons because hydroxyl oscillators have the
correct vibrational energy levels to efficiently quench Eu(III)
luminescence. Here, we present the synthesis, characterization,
and spectroscopic and computational analyses of dimetallic
Eu(III)-containing complex 1. Additionally, we propose a
mechanism for the pH-dependent luminescence-decay rate
supported by our experimental and computational data.
Our ligand design incorporates two Eu(III)-containing

2,2′,2″-(1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetate
complexes bridged by an isopropanol linker that is positioned
to form two ortho-fused five-membered rings containing the
two metal ions. The synthesis of 1 was completed in four steps
(Scheme 1). Briefly, 1,3-dibromo-2-propanol was converted to
triethylsilyl ether 2, which was used to alkylate two equivalents
of 1,4,7,10-tetraazacyclododecane-1,4,7-tris(tert-butyl acetate)
yielding the protected ligand 3. We found it imperative that the
alcohol be protected for the success of this alkylation. Ligand 4
was obtained by global deprotection of 3 with trifluoroacetic
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Scheme 1. Synthetic Route to 1
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acid (TFA), and Eu(III) complexation was achieved by
addition of an aqueous solution of Eu(III) trifluoromethanesul-
fonate (OTf) to ligand 4 at pH 6.5. Dialysis yielded dimetallic
Eu(III)-containing complex 1. A xylenol orange test indicated
that there was no unchelated Eu(III) ions present at pH 5.8
even after storing in solution at ambient temperature for 24 h.11

To assess the coordination environment of the Eu(III) ions,
the number of water molecules coordinated to the Eu(III) ion,
q, was determined using the method developed by Horrocks
and co-workers.10 Complex 1 was found to have a q value of 0
in the absence of buffer (pH 5.4), suggesting that no water was
bound to the Eu(III) ions. When we considered possible
structures to satisfy this data, we were unable to construct a
structure lacking a bridge between Eu(III) ions that contained
no water molecules bound to the Eu(III) ions. These q data
indicated that the Eu(III) ions are bridged by an alcohol donor
from the ligand. Because coordinated OH oscillators influence
the luminescence-decay rate of Eu(III) ions, we hypothesized
that there would be a decrease in the luminescence-decay rate
of 1 with increasing pH above 5.4 due to deprotonation of the
bridging alcohol.
To test this hypothesis, we prepared 0.5 mM solutions of 1 in

a series of buffers from pH 4.0 to 8.0 in increments of 0.2 pH
units. The luminescence-decay rate of each solution was
determined and plotted against the pH value (Figure 1). We

confirmed that the pH response is independent of the
concentration of 1 by repeating the luminescence-decay rate
measurements with 1 mM solutions of 1. These experiments
resulted in identical pH-dependent changes in luminescence-
decay rates. The resulting plot supports our hypothesis that the
luminescence-decay rate depends on pH and indicates that the
pH response extends over a biologically relevant range of 4−8.
The second derivative of this plot was used to estimate the pKa
of the protic source at 5.8, placing the maximum sensitivity of
the probe very close to the pH of diseased tissue.12

Structures of H1 and 1− were optimized with Gaussian 09 at
the PBE0/SDDall level (small core for all atoms) using the
default convergence criteria.13 The optimized structures suggest
that the alcohol bridges the Eu(III) ions and that two
carboxylate oxygens are also bridging (Figure 2). This tri-
bridged structure is consistent with a 9-coordinate Eu(III)
environment that is saturated by the ligand and corroborates

the luminescence-decay data that indicate the absence of water
molecules bound to Eu(III). Interestingly, to obtain a suitable
initial guess for the optimization, it was necessary to include the
two bridging carboxylates. To achieve this, the orientation of
the carboxylate arms on the two chelates had to be in opposite
conformations from each other (Δ vs Λ) to minimize the
bridged structure. Further, the steric constraints of the ligand
prevent a bridge as small as alkoxide without two bridging
carboxylates. These structures corroborate both the exception-
ally long luminescence lifetime at higher pH values and the
luminescence quenching that results from lowering pH.
To further elucidate the mechanism of the pH response, we

compared the emission spectra of 1 at different pH values
(Figures 3 and S3). At pH 4.4, we observed that the multiplicity
of the ΔJ = 1 manifold (centered at 592 nm) is at the maximum
of three peaks. This high multiplicity indicates that the
symmetry around the Eu(III) ions is low. However, the
spectrum would indicate that the symmetry of the left and right
chelates is similar because we do not observe greater than 2J+1
peaks for any manifold in the spectrum. Surprisingly, the
spectrum of 1 at pH 7.4 contains four peaks in the ΔJ = 1
manifold and two major peaks in the ΔJ = 2 manifold. The
source of these additional peaks at high pH is not immediately
obvious. One explanation that is consistent with all other data is
that the loss of the intramolecular hydrogen bond at high pH
values increases the flexibility of the ligand, resulting in a
change in conformation about one or both of the Eu(III) ions.
Previous studies of similar monometallic Eu(III) complexes by

Figure 1. Luminescence-decay rate of 0.5 (◆) and 1.0 mM (□) 1 as a
function of pH (50 mM citrate, 50 mM phosphate, λex = 395 nm, λem =
595 nm).

Figure 2. Optimized structures of 1− (top) and H1 (bottom): Eu,
pink; C, cyan; N, blue; O, red; and H, white. Non-exchangeable
hydrogen atoms are omitted for clarity.
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Horrocks and co-workers demonstrated that interconverting
isomers can be observed by luminescence spectroscopy.14

NMR analyses of interconverting lanthanide macrocyclic
complexes is also well established and these methods are
currently under investigation.
The spectroscopic and computational data suggest a novel

mechanism of pH response wherein protonation of the
bridging alkoxide under acidic conditions introduces a hydroxyl
oscillator in the Eu(III) coordination sphere (Figure 4). The

inner-sphere hydroxyl oscillator quenches the Eu(III) excited
state resulting in a faster luminescence-decay rate. Further,
because coordination of other cations to the alkoxide will not
produce oscillators with the proper energy to quench the
Eu(III) emission, we expect that this system will specifically
respond to proton concentration. Moreover, this process is
reversible such that continuous monitoring of pH is possible.
To our knowledge, no other system of this kind has been
reported to respond to pH by luminescence-decay rate.
We have demonstrated a concentration-independent lumi-

nescence response to pH achieved through the protic
equilibrium of an alkoxide in 1. Our characterization indicates
that the Eu(III) ions have no coordinated water molecules
resulting in relatively slow luminescence-decay rates, especially
at pH values above 7. The absence of coordinated water
molecules makes this system less sensitive to changes in the
composition of the surrounding media relative to systems that
contain coordinated water molecules. Spectral changes with pH
are indicative of a change in the coordination sphere in
agreement with our proposed mechanism. Computationally
optimized structures also are consistent with our experimental
observations. Complex 1 represents a unique system using a
new mechanism by which pH can be detected and offers a
useful method for concentration-independent, non-invasive,
continuous pH imaging. We expect that this research is a step
toward powerful tools for biomedical and biochemical research
because pH is often an indicator of disease.
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D.; Wong, K.-L.; Castreňo, P.; de Mendoza, J. Chem. Commun. 2008,
2435−2437.
(5) Bobba, G.; Frias, J. C.; Parker, D. Chem. Commun. 2002, 890−
891.
(6) Jin, D.; Piper, J. A. Anal. Chem. 2011, 83, 2294−2300.
(7) (a) Beeby, A.; Botchway, S. W.; Clarkson, I. M.; Faulkner, S.;
Parker, A. W.; Parker, D.; Williams, J. A. G. J. Photochem. Photobiol., B
2000, 57, 83−89. (b) You, Y.; Han, Y.; Lee, Y.-M.; Park, S. Y.; Nam,
W.; Lippard, S. J. J. Am. Chem. Soc. 2011, 133, 11488−11491. (c) You,
Y.; Lee, S.; Kim, T.; Ohkubo, K.; Chae, W.-S.; Fukuzumi, S.; Jhon, G.-
J.; Nam, W.; Lippard, S. J. J. Am. Chem. Soc. 2011, 133, 18328−18342.
(d) Holst, G.; Kohls, O.; Klimant, I.; König, B.; Kühl, M.; Richter, T.
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