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Investigating subtle 4f vs. 5f coordination differences using
kinetically inert Eu(lll), Tb(lll), and Cm(lll) complexes of a
coumarin-appended 1,4,7,10-Tetraazacyclododecane-1,4,7-
triacetate (DO3A) ligand

Anne Kathrine R. Junker,? Gauthier J.-P. Deblonde,” Rebecca J. Abergel®* and Thomas Just
Sgrensen®*

In order to reveal subtle differences between the solution chemistries of trivalent 4f and 5f elements, the physicochemical
and photophysical properties of europium(lll), terbium(lll) and curium(Ill) complexes formed with a 7-methoxy-coumarin
appended 1,4,7,10-tetraazadodecane-1,4,7-triacid (DO3A) ligand were studied. All three complexes were found to be
kinetically inert and exhibit stability constants similar to their 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
(DOTA) equivalents. The Cm(lll) and Eu(lll) complexes feature strong sensitised emission, while the triplet energy of the
coumarin prohibits efficient sensitisation of the Tb(lll) analogue. The data presented here indicate significant differences in
perturbation of the sensitising chromophore photophysics between the 4f and 5f elements. In contrast, the size of the metal
center appears to not be a determining factor for the physicochemical properties of these kinetically inert Eu(lll), Th(lll,) and

Cm(lll) complexes.

Introduction

Our understanding of the solution chemistry of lanthanide(lll)
ions has vastly expanded over the last three decades,* through
a research surge primarily driven by three key applications: i)
Gd(lll)-based MRI contrast agents,>? ii) extremely sensitive
bioassays exploiting Eu(lll) and Tb(lll) centred luminescence,® 10-
13 and iii) the separation sciences essential to supplying pure
lanthanide compounds for industrial applications.1416 QOne
outcome of this research is that we now have the tools to probe
and control the structure and speciation of lanthanide(lll) ions
in aqueous media,72° in particular when working with
kinetically inert complexes. This new level of control informs the
design of responsive luminescent probes,?1-26 and allows for
detailed physico-chemical investigations in solution.19 27-32
Extensive published work has determined that ligands
comprising a cyclen scaffold and three or four carboxylate (e.g.
DO3A, DOTA...) or carboxamide (e.g. DOTMA) pendant arms are
heptadentate and octadentate, respectively, when complexing
f-element ions. 3 Furthermore, numerous studies have
established paramagnetic 1H NMR,
luminescence, and the Horrocks’ equation as reliable tools for
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probing the coordination environment of lanthanide ions upon
binding to such chelators.3 18 19, 33-35 \Wijth these tools well-
suited for the 4f elements in hand, the natural next step is to
use them to investigate the solution chemistry of the 5f
elements, albeit such development has been hampered by the
radioactive nature and low availability of the actinide isotopes.
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Figure 1. Molecular structure of the investigated complexes M.L and the equilibrium
between a hepta- and octadentate binding mode (A), a scaled representation of the ionic
radius of Eu(lll), Th(ll), and Cm(l11) ions (B),% an illustration of the difference in radial
expansion 4f (inside ionic radius) and 5f (extends beyond ionic radius) orbitals (C), and a
schematic representation of the antenna principle (D).

Contrasting the chemistry of 4f and 5f elements in aqueous
solution is particularly relevant to elaborate on the behaviour
and speciation of the latter man-made elements, for which the
lanthanides have traditionally served as model
Although other oxidations states have been observed and are
aqueous heavier

systems.

accessible in environments for the
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transplutonium elements, comparisons involving lanthanide
ions are often limited to the trivalent state. In addition, while
recent reports include series of complexes of heavy actinide
ions with dipicolinate and hydroxypyridinonate ligands,37-40 few
kinetically inert complexes have been reported.**3 Here, we
investigate a series of kinetically inert complexes of Eu(lll),
Tb(lll), and Cm(lll) to decipher subtle coordination differences
between the 4f and 5f elements, using a macrocyclic ligand
appended with an antenna chromophore (L, Figure 1).

In the actinide series, Cm is a paradigm for direct comparisons
with Tb(lll) and Eu(lll) since (i) it has long-lived isotopes (e.g.
248Cm, ty, = 340,000 yr) that can be produced and purified on the
multi-gram scale, (ii) in aqueous solution it is exclusively found
in the +l1l oxidation state and, (iii) trivalent Cm(lll) can readily be
sensitised by organic ligands in agueous media.*% 4251 The three
metal ions probed in this study, Eu(lll), Tb(lll), and Cm(lll), are
very similar in size, as indicated by their respective ionic radii
(Fig. 1, Ar = 0.03 A), and, from a coordination chemistry
perspective, can almost exclusively be differentiated by the
nature of their valence electrons. For Cm(lll), with electrons in
the 5f shell, orbital overlap between metal- and ligand-centred
orbitals is possible. This is not the case for the lanthanide(lll)
ions.52->% This feature is the main contributor to the differences
in coordination chemistry or in the photophysical properties
observed when contrasting antenna-appended complexes of 4f
and 5f elements.
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Figure 2. Energy levels of the coumarm antenna chromophore (L) and the Eu(lll),
Tb(ll1), and Cm(lll) free ions.5>

As depicted in Figure 1, we chose for this work the 7-methoxy-
coumarin appended DO3A ligand (L), which can be either hepta-
or octadentate, depending on whether the coumarin moiety
coordinates the central metal ion or not.% 23.25.57 For sensitised
f-element luminescence, the convention is that excitation into
the antenna singlet excited state manifold is followed by rapid
inter-system crossing to the triplet excited state manifold. For
the 7-methoxy-coumarin antenna, only the first excited singlet
state and the lowest lying triplet state are relevant under the
experimental conditions used in this study. Figure 2 shows the
relevant metal-centred excited states for Eu(lll), Tb(lll), and
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Cm(lll). Cursory inspection reveals that the three f-elements can
be sensitised by the coumarin, and that the energy gap between
the coumarin triplet state and the metal-centred state at >4,500
cm should give rise to irreversible population of the metal-
centred emitting states.?! Thus, this system was deemed ideal
for contrasting the photophysics of antenna-appended
complexes of a 4f and a 5f ion.

Results and Discussion
Synthesis

The ligand was synthesised in two steps from readily available
starting materials as shown in scheme 1. The first step consists
of an alkylation reaction between the hydrobromide salt of
tris(tert-butyl ester) substituted DO3A5>8 and 4-bromomethyl-7-
methoxy-coumarin using standard alkylation conditions that is
potassium carbonate and acetonitrile heated to 60°C overnight.
The resulting preligand (1) was purified by column
chromatography on silica gel to afford the protected ligand or
pre-ligand as an off-white solid in 45% yield. In a second
synthetic step the triester precursor was then converted to its
triacid form by treatment with a 1:1 mixture by volume of
trifluoroacetic acid and dichloromethane. The deprotection was
completed by stirring the reaction at room temperature for 48
hours. Repeated trituration with diethyl ether from methanol
yielded quantitative amounts of the ligand (L), isolated as an off-
white solid in a quantitative yield. Both preligand (1) and ligand
(L) were characterised by H and 13C NMR spectroscopy and
high-resolution mass spectrometry. The complexes (1.68 uM)
were assembled in situ from stock solutions by mixing 1:1
equivalent of ligand (L) and metal ions in aqueous HEPES Buffer
(pH 7.4).
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Scheme 1. Synthetic pathway to L.

Luminescent properties

The luminescence properties of the complexes were probed
using steady-state and time-resolved emission spectroscopy.
The ligand-centred emission, fluorescence from the coumarin-
centred first excited singlet state, is modulated by the presence
of the f-elements. With Eu(lll), the coumarin fluorescence is
significantly quenched and the observed fluorescence quantum
yield (¢pEUq) is reduced from 22 % for the free ligand to 7 % for
the complex. The coumarin fluorescence intensity is reduced to

This journal is © The Royal Society of Chemistry 20xx
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0™ = 18 % in the Tb(lll) complex, while it remains unperturbed
upon Cm(lll) binding, with ¢¢™y = 21 % (Figure 3 and Table 1).
The transition energy is redshifted to 412 nm in the Cm(lll)
complex from 407 nm in the Eu(lll) and Tb(lll) complexes. This
difference clearly indicates mixing of the 5f orbitals and the &t-
system of the antenna chromophore, as i) it is the only
difference between the 4f and 5f complexes, and ii) mixing of
states would result in a change of the transition energy without
a change in the excited state processes depopulating the singlet
state located in the mt-system.
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Figure 3. Ligand centred fluorescence (top) and metal centred emission (bottom)
following excitation at 325 nm. The data are directly comparable as the data were
recorded with identical settings and the same metal and ligand concentrations (1.68 uM)
in HEPES buffer at pH 7.4.

In contrast, Eu(lll) significantly promotes non-radiative
deactivation. While photoinduced electron transfer (PeT) is only
possible for Eu(lll),5° the heavy atom promoted inter-system
crossing is expected to be similar for all three ions. Thus, the
reduced fluorescence intensity in the Tb(lll) complex suggests
sensitisation of the lanthanide centred-excited state by the
singlet state of the antenna. Figure 3 shows the metal-centred
luminescence for the three complexes upon excitation into the
chromophore first excited singlet state. The excitation spectra
(see ESI) show no sign of metal-centred transitions, which
suggests that the luminescence is dominated by sensitised
emission j.e. the antenna-centred excited state is the origin of
the metal-centred excited state. For Eu(lll) and Cm(lll), the 7-

This journal is © The Royal Society of Chemistry 20xx
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methoxy-coumarin is an efficient sensitiser, whereas only a very
weak Tb(lll) centred emission is observed. The latter must be
due to a poor overlap of the antenna excited states with Tb(lll)
centred excited states. The ligand-centred triplet state is too
high in energy for the excited state energy transfer to be
reversible (Figure 2), a fact that is supported by the time-
resolved data. In the Eu(lll) and Cm(lll) complexes, the excited
state energy transfer from the antenna-centred triplet donor
state is possible for several metal-centred acceptor states
(Figure 2). The strict requirements of the Dexter energy transfer
mechanism operating for the 4f ions, may be relaxed by mixing
indicated by the redshifted emission spectrum of the antenna
in the case of the 5f Cm(lll) ion.

Table 1. Selected physicochemical properties of the metal ions, binding constant of the
investigated ligand system M.L contrasted to selected polyaminocarboxylate ligands,
and photophysical data for metal- and ligand-centred emission for complexes of
europium(lll), terbium(l1l) and curium(lll).

Eu Tb Cm
lonic radius (A) 1.1163% 1.085% 1.147%
M.L Log 27.0£0.2 29.0+0.1 28.0+0.5
M.DTPA Log 22.916° 23.216 22.996
M.EDTA Log 3°* 17.3560 17.93%0 18.4562
M.DOTA Log f° 23.7% 23,58 -
M.DOTA Log ¢ 23.95$0.11 - 24.02+0.10%

M.DOTA Log 3° 28.2% 28.6% -
Hydration energy® 3501 3559 3513
(kJ/mol)

Aabs (nm)* 329+1 328+1 3271
Aem(nm)* 4071 407+1 412+1

e (Mtcm?) 3300+ 300 3600 + 400 3900 + 400
log € (Mcm?)” 3.52+0.03 3.56 £ 0.04 3.59+0.04
Thzo (Ms)” 0.41 +0.001 0.91+0.2 0.40

Tp20 (Ms)” 1.63 £0.003 1.2 +0.001 0.51

g (Horrocks)e" 1.9+0.3 1.0+0.3 -

Nrzo (Kimura)™ - - 0.7+0.5
Ln or An ¢um (%) 5.3+0.5 - 11.8+1.2
Coumarin ¢n (%)" 7.3+0.7 18.2+1.8 214+2.1
Es(cm™)” 26,700 26,700 26,700
Er(cm?)” 25,000 25,000 -

@0.1 M KCl, 25°C, # 0.1 M NH4ClO4, 25°C, <—logK for the equilibrium: M3* + H,0 =
M(OH)2* + H*, 0.1 M NaClQas, 25°C, ¢ 1 M NaCl, 20°C. € equations g = A(z20™! — 7020
1-B), for europium(lll) A = 1.2 ms and B = 0.25 ms, for terbium(lll) A = 5.0 ms and
B =0.06 ms .17.18f For Cm: nuz0 = 6.12-107471-0.48.6 * This work.

Time-resolved data is instrumental to determine the average
number of solvent molecules bound to the emitting metal
centres (g). For the 4f ions, we used the modified Horrocks’
equation,’® while for the 5f elements we have to rely on
Kimura’s approach to determine the number of coordination
water molecules or n.*> 67 The experimentally determined
coordination numbers are compiled in Table 1 and highlight the
different behaviour observed for the Eu(lll) complex. Only one
first-coordination-sphere water molecule is observed for both
Tb(ll) and Cm(lll), indicating that the ligand is binding those
metals in an octadentate fashion, whereas the Eu(lll) complex
incorporates two water molecules, which could only occur with
a heptadentate coordination mode. This difference in ligand

J. Name., 2013, 00, 1-3 | 3
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binding mode (octa- vs. heptadentate) may explain the weaker
binding affinity for the ligand towards Eu(lll), as detailed below.
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Figure 4. Top: Spectrofluorimetric competition titration of Eu.L. against 3,4,3-LI(HOPO)
([Eu.L] = 1.4 uM, [HOPO] from 0 to 70 uM, KCl 0.1 M, 10 mM HEPES, pH 7.4, 25 °C, exc =
325 nm). Bottom: change in emission intensity at 617 nm as a function of equivalents of
competitor (EDTA, DTPA, and 3,4,3-LI(HOPQ)) added.

Complex stability

The stability constants of the complexes were determined by
competitive binding titration experiments, taking advantage of
the metal-centred luminescence. First attempts using DTPA or
EDTA as the competing ligand (up to 500 equivalents) did not
result in any observable spectral change, highlighting the
robustness of the DO3A-coumarin complexes. As a stronger
competing ligand was needed, series of experiments were
conducted using 3,4,3-LI(1,2-HOPO); a synthetic chelator whose
solution thermodynamics with Eu(lll), Tb(lll), and Cm(IIl) were
previously characterized and reported in the literature.68-70
Upon addition of a 2-fold excess of 3,4,3-LI(1,2-HOPQ),
treatment at 60°C for four days, and 25°C for three days, the
three DO3A-coumarin complexes could finally be challenged. In
subsequent competition titrations, solutions containing an
equimolar ratio of metal and DO3A-coumarin ligand ([M(I1)] =
[L]=1.4 uM, [KCI] =0.1 M, [HEPES] = 0.1 M, pH 7.4, 25 °C) were

4| J. Name., 2012, 00, 1-3

divided into separate aliquots and the competing 3,4,3-LI(1,2-
HOPO) ligand were added to reach concentrations varying from
0 to 15 puM. The solutions were heated, allowed to reach
equilibrium (when luminescence change was no longer
observed) and an emission spectrum was recorded following
excitation at 325 nm for each solution. The intensity change of
the metal-centred emission upon addition of 3,4,3-LI(1,2-
HOPO) corresponds to the formation of the new complex (see
Figure 4). The data consisting of sets of emission spectra (Aem =
550—-750 nm) from solutions with varying concentrations of the
competing ligand were imported into the refinement program
HypSpec and analysed by nonlinear least-squares
refinements.”? The equilibration of the metal between both
ligands was calculated by including the proton association of
both ligands, the 3,4,3-LI(1,2-HOPO) complex formation
constants, and the hydrolysis constants of the metals, as fixed
parameters in the refinements and assuming that the emission
intensity results exclusively from the sensitisation of the metal
ion by the ligands. Each experiment was performed in
duplicates. The resulting complex formation constants are
compiled in Table 1, along with literature values for Eu(lll),
Tb(ll1), and Cm(lll) binding constants with selected comparable
ligands. Overall the stability of these DO3A-coumarin
complexes is relatively high (log B> 27), indicating that the
ligand binds all three ions strongly and forms kinetically inert
complexes, as suggested by the remarkably slow ligand-
competition assays.

Literature values for macrocyclic complexes are not fully
consistent with each other, e.g. the stability constants (f) for
[EuDOTA]- and [TbDOTA]- have been reported in both the 1028
and 102* ranges.*? 63 64 Nonetheless, when using the same
ligand within a given study, similar binding constants for the
Eu(lll), Tb(l1), and Cm(lll) complexes are found (Table 1). In
contrast, the DO3A-coumarin complexes studied here exhibit
different stability constants with the different metal ions. The
log S values associated with Eu(lll) and Tb(lll) binding follow a
trend expected with regards to the contraction of lanthanide
ions, however a 2-order-of-magnitude difference between
neighbouring lanthanides for a carboxylate-based ligand is
unexpected and noteworthy (Table 1). The corresponding
stability constant determined for Cm(lll) is higher than
expected, based on the size of the metal ion, its acidity and
hydration energy (Table 1). Evidently, the coumarin pendant
arm modulates the affinity of the DO3A binding pocket,
disfavouring the larger Eu(lll) ion and favouring the smaller
Tb(lll) ion. The affinity of the even larger Cm(lll) ion lies between
the two, possibly due to the involvement of the 5f orbitals in
bonding.

Conclusions

In summary, we have reported the first antenna-appended
DO3A complex of a 5f element. We have determined that the
ligand forms kinetically inert complexes with Eu(lll), Tb(lll) and
Cm(Ill), with a variation in complex stability that goes beyond
simple electrostatic interactions and simple ionic radius trends.
Further, the 7-methoxy-coumarin chromophore is an efficient

This journal is © The Royal Society of Chemistry 20xx
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antenna for Eu(lll) and Cm(lll) centred emission with a high
quantum yield of metal-centred luminescence (5.3% and 11.8%,
respectively), while being a remarkably poor sensitiser for
Tb(lll). The Eu(lll) centred luminescence quantum vyield is
particularly remarkable, as the Eu(lll) centre has an average
hydration number of 2. In this series of three complexes, the
Eu(lll) ion stands out with a different mode of coordination and
a weaker binding constant. While the ionic radii of Eu(lll) and
Cm(Ill) are more similar, the physicochemical properties of
Cm(Ill) complex resembles those of the Tb(lll) complex. This
stands apart from our general assumption that the ionic radius
governs the coordination chemistry of the f-elements.

Experimental

All chemicals for synthesis were used as received. All solvents
for spectroscopic experiments were of HPLC grade and used as
received. Water was deionized and microfiltered using a Milli-Q
Millipore  machine. Chromatographic purification was
performed on silica gel (SiO2) with pore size of 60 A and particle
size of 60-200 um. Mass spectra were recorded on a high
resolution  MicrOTOF-Qll-system using ESP (calibrated using
formic acid) HMRS mass spectra are included in the ESI Figures
S3, S6, S7, and S8. 'H NMR spectra were recorded on a Bruker
500 MHz instrument. 33C NMR spectra were recorded on a
Bruker 126 MHz instrument equipped with a (noninverse)
cryoprobe. All chemical shifts (6) are given in parts per million.
1H and 13C NMR spectra are included in the ESI Figures S1, S2,
S4, and S5. The complexes presented in this report was
prepared in situ, characterization of the isolated complexes can
be found in reference 72.

Synthesis

1-(7-methoxy-4-methyl-coumarin)-4-7-10--tris(tert-
butoxycarbonylmethyl)-1,4,7,10-tetraazacyclododacane (1).
4-Bromomethyl-7-methoxy-coumarin (546.7 mg, 2.03 mmol)
was dissolved in acetonitrile (30 ml) together with 1,4,7-
Tris(tert-butylcarbonylmethyl)-1,4,7,10-tetracyclododacane
(1.10 g, 1.85 mmol) and potassium carbonate (1.15 g, 8.31
mmol), the mixture was heated to 60°C and stirred overnight.
After the reaction was complete the mixture was filtered and
washed with dichloromethane. The filtrate was then
evaporated to dryness under reduced vacuum. The crude
product was purified by column chromatography (10 %
MeOH/DCM). Yield 586 mg, 45%. ESI-MS: m/z calculated for
C37HsgN4Og [M+H]* 703.4276, found 703.4287. 'H NMR (500
MHz, Chloroform-d) 6 7.67 (d, J = 8.9 Hz, 1H), 6.85 (dd, J = 8.8,
2.6 Hz, 1H), 6.82 (d, J = 2.5 Hz, 1H), 6.45 (s, 1H), 4.12 (s, 2H), 3.87
(s, 5H), 3.57 (s, 3H), 3.31 (s, 3H), 3.19 (s, 7H), 3.00 (d, J = 5.3 Hz,
4H), 1.49 (s, 9H), 1.40 (s, 18H). 13C NMR (126 MHz, CDCls) &
173.69,172.79, 163.03, 160.59, 155.62, 152.54,125.59, 112.81,
112.59, 111.79, 101.49, 101.21, 83.33, 82.62, 56.74, 55.92,
55.85, 55.33, 54.46, 51.76, 51.40, 28.38, 28.34, 28.22, 28.19,
28.10, 28.03.

1-(7-methoxy-4-methyl-coumarin)-4-7-10-
tris(carboxylmethyl)-1,4,7,10-tetraazacyclododacane (L).
Preligand 1 (586 mg, 0.83 mmol) was dissolved in

This journal is © The Royal Society of Chemistry 20xx
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dichloromethane (10 ml), trifluoroacetic acid (10 ml) was then
added to the mixture. The reaction mixture was left to stir for
48 hours at room temperature. The solvent was removed under
reduced pressure and the residue dissolved in the minimum
amount of methanol and precipitated with diethyl ether.
Trituration with diethyl ether yielded the product as a slightly
yellow solid in quantitative yield. ESI-MS: m/z calculated for
Ca5H34N409 [M+H]* 535.2398, found 535.23987. 1H NMR (500
MHz, Deuterium Oxide) & 7.93 (d, J = 8.8 Hz, 1H), 7.05 — 6.98 (m,
2H), 6.65 (s, 1H), 4.12 (s, 2H), 3.94 — 3.91 (m, 3H), 3.86 (d, J =
16.8 Hz, 2H), 3.64 — 3.36 (m, 13H), 3.09 (dd, J = 58.6, 28.0 Hz,
10H).

UV/VIS spectroscopy. All spectra were recorded on a Varian
Cary 6000i double beam absorption spectrophotometer, using
quartz cells of 1 cm path length for Eu.L and 0.1 cm for Thb.L,
Cm.L. All absorbance values were corrected from the
absorbance of the corresponding buffer. All spectra are
available in the ESI Figures S9, S13, and S17.

Luminescence spectroscopy. All steady state, excitation and
emission spectra were recorded on a HORIBA Jobin Yvon IBH
FluoroLog-3 spectrofluorimeter. A sub-microsecond Xenon
flashlamp (Jobin Yvon, 5000XeF) was used as the light source,
with an input pulse energy (100 nF discharge capacitance) of ca.
50 mJ, yielding an optical pulse duration of less than 300 ns at
full width at half maximum (FWHM). Spectral selection was
achieved by passage through a double grating excitation
monochromator (2.1 nm/mm dispersion, 1200 grooves/mm).
Emission was monitored perpendicular to the excitation pulse;
again with spectral selection. The time-gated emission
spectrum of Tb.L was recorded on a Cary Eclipse fluorescence
spectrometer with a photomultiplier tube from Agilent
Technologies. For all luminescence measurements, the
absorbance at the excitation wavelength and longer
wavelengths was kept below 0.1 to avoid inner filter effects and
intermolecular interactions. All luminescence experiments
were performed in either 1 cm or 0.1 cm quartz cells.
Luminescence lifetimes were determined on a HORIBA Jobin
Yvon IBH FluoroLog-3 spectrofluorimeter, adapted for time-
correlated single photon counting (TCSPC) and multichannel
scaling (MCS) measurements. The luminescence decays were
analyzed and fitted to exponential decay functions using the
Origin software package. All emission and excitation spectra
and time-resolved emission decay profiles can be found in the
ESI Figures S10-S12, S14-S16, S18-S20, and S21-25.

Quantum yields. Quantum yields were determined by the
optically dilute method using eq. 1, where ¢ is the fluorescence
quantum vyield, A the gradient from the plot of integrated
fluorescence intensity vs absorbance, and n the refractive index
of the solvent. The subscripts ref and X denote reference and
the sample respectively.

Ox = Doy (22) (BE) &)

2
ref Nref

For quantum yield calculations, an excitation wavelength of 325
nm was used for both the reference and sample. Quinine sulfate
in 0.5 M sulfuric acid was used as the reference (¢rs = 0.546), all
data can be found in the ESI Figures S27-S30.
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Spectrofluorimetric Competition Batch Titrations with EDTA or
DTPA. Series of aqueous samples containing a fixed
concentration of Eu.L (1.4 uM) and a varying amount of ligand
competitor were prepared in KCl 0.1 M/HEPES buffer 10 mM.
The total emission spectrum of the resulting solution was
monitored following 325 nm excitation a 0.1 cm quartz cell.
Eu.L was challenged with O to 10 equivalents EDTA, and the
samples were equilibrated in a thermostatic shaker 4 days at 60
°C and 3 days at 25 °C until equilibrium was reached and the
luminescence intensity was stable. At the concentration used in
these experiments, Eu(lll) luminescence from Eu.L can be easily
observed whereas Eu(lll) luminescence from Eu.EDTA was too
weak to be observed.

Eu.L was challenged with 0 to 500 equivalents of DTPA. All
samples were equilibrated as described above. A ~5-fold
decrease in the Eu(lll) luminescence intensity is expected upon
ligand exchange from Eu.L to Eu.DTPA.

No significant change in Eu(lll) luminescence intensity were
observed in either experiment, all data are included in the ESI
Figures S30-S33.

Spectrofluorimetric Competition Batch Titrations with 3,4,3-
LI-(1,2-HOPO). Series of aqueous samples containing a fixed
concentration of M.L (1.4 uM of Eu.L or 1.2 uM of Th.L or 0.11
UM of Cm.L) and a varying amount of the 3,4,3-LI(1,2-HOPO)
competitor ligand was prepared in KCl 0.1 M/HEPES buffer 10
mM. The total emission spectrum of the resulting solution was
monitored following 325 nm excitation a 0.1 cm quartz cell.
M.L was challenged with 0 to 50 equivalents of 3,4,3-LI(1,2-
HOPO). All samples were equilibrated as described above. The
metal centred luminescence increased upon ligand exchange
from Eu.L to Eu.(3,4,3-LI(1,2-HOPQ)), as the latter complex is
the brigther of the two. Other changes spectral changes was
also observed i.e. a slight shift of the emission bands and
changes in the emission band intensity ratios were also
onserved. 3,4,3-LI(1,2-HOPO) was found to be able to displace L
in the Eu(lll), Tbh(lll), and Cm(llIl) complexes and the stability
constant could be determined as described below. All data are
available in the ESI Figures S34-40.

Data Treatment. All thermodynamic data sets were imported
into the refinement program HypSpec and analyzed by
nonlinear least-squares refinement.”* All equilibrium constants
were defined as cumulative formation constants, Snnaccording
to equation (2), where the metal and ligand are designed as M
and L, respectively.

mM + IL + hH = [MyLiHp); Brun = % 2

All metal and ligand concentrations were fixed at values
determined from the volume of standardized stock solutions.
The refinements of the overall formation constants included
literature values for the protonation constants and the metal
hydrolysis products, the fits are included in the ESI Figures S41-
S45. The reported values are from a minimum of two
experiments.
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