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pH driven self-assembly of a ternary lanthanide luminescence complex:
the sensing of anions using a p-diketonate-Eu(11I) displacement assay
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The synthesis and the photophysical evaluation of a novel pH
dependent lanthanide luminescent self-assembly in water
between a cyclen based europium complex and a f-diketonate
is described and its use as a luminescent sensor in displacement
assays for anions such as acetate, bicarbonate and lactate, where
the Eu(1ir) emission was quenched upon anion recognition.

The design and synthesis of self-assembly architectures from
structurally defined building blocks is at the centre of supra-
molecular chemistry.! Often such structures can be self-assembled,
de-assembled, structurally altered or their function modulated by
external controls, or inputs, such as light, electrochemistry or by
using chemical inputs.* We are interested in the formation of such
functional self-assemblies from lanthanide ions and we have
developed both mixed f-d metal ion self-assemblies as well as
luminescent lanthanide ternary complexes using coordinating
anions and Tb(111) based cyclen complexes.*” In this communica-
tion we demonstrate the formation of a new functional
luminescent self-assembly ternary complex® between the hepta-
dentate europium complex 1-Eu and the aromatic based
B-diketonate 4. Moreover, we demonstrate that the self-assembly
formation is highly pH dependent and that we can employ this
assembly at physiological pH as a luminescent sensor for anions.

The B-diketonates are well known to form stable complexes with
lanthanide ions usually in 3 : 1 stoichiometry.” Moreover, such
complexes made from aromatic based p-diketonates can be highly
luminescent as demonstrated by Tsukube et al, where the
B-diketonates acts as a sensitising antenna for the lanthanide
ion.”” However, often such lanthanide complexes have coordinat-
ing solvent molecules, such as water, which can quench the
lanthanide excited state through O-H vibrational deactivation.'
Our objective was to take advantage of this quenching process and
use coordinatively unsaturated lanthanide complexes, e.g. 1-Ln,
which have two metal bound water molecules, and complex these
with aromatic B-diketonates such as 2-4, Scheme 1. This would
lead to the formation of ternary self-assembly complexes, provided
that the B-diketonates could displace the aforementioned metal
bound water molecules, and as such, remove this quenching
pathway. We also foresaw that the formation of these self-
assemblies could be pH dependent, as both 1-Ln and the structure
of the antennae could be pH dependent.'® Herein, we present our
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Scheme 1 The X-ray crystal structure of the protonated (as the HCI salt)
form of 1 (Cl™ has been removed for clarity); 1-Ln and the B-diketonates.

results, which are, to the best of our knowledge, the first examples
of such pH driven self-assembly and the use of this ternary
complex as a luminescent sensor for anions, where the Eu(III)
emission was quenched or ‘switched off upon displacing the
B-diketonate antenna by the anions.!

The synthesis of 1 has previously been described by us, which
involved the use of cyclen and the N, N-dimethyl-a-chloroamide in
a single step.’> The "H NMR (400 MHz, CDCls) of 1 showed the
expected C, symmetry. We were also able to grow crystals of 1,
suitable for X-ray crystal structure analysis, Scheme 1, by slow
evaporation from a methanol-CH,Cl, solution, which confirmed
the structure of 1-HCL'® The corresponding Eu(ir), Sm(ir) and
Tb(1ir) complexes of 1-Eu, 1-:Sm and 1-Tb, were all formed from
the corresponding lanthanide triflate salts. The X-ray crystal
structures of 1-Eu and 1-Tb showed that the lanthanide ions were
coordinating to the four nitrogens of the ring and the oxygen of
the three acetamide arms.’ In both cases, the remaining two
coordination sides were occupied by metal bound water mole-
cules.® By measuring the excited state lifetimes of 1-Eu and 1-Tb in
H,0 and D,0, the hydration state (g), the number of metal bound
water molecules, was also confirmed to be two in solution.*'* We
next evaluated the ability of the three antennae, 24 to sensitize the
lanthanide excited states of 1-Ln by populating the lanthanide
excited states (which under normal conditions is difficult to do
directly due to symmetry forbidden f-f transitions)’ in pH 7.4
buffered solutions and in the presence of 0.1 M TMACI. As the
complexes do not have incorporated antenna themselves,'® we
used the Ay.x for the three [B-diketonates as the excitation
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wavelengths. Excitation of 1-Eu, 1:Sm and 1-Tb at these
wavelengths, in the absence of the antennae did not result in any
lanthanide luminescence, as expected. We next carried out
spectrophotometric titrations, observing the lanthanide emissions
for 1-Eu, 1-Sm and 1-Tb, upon increasing concentrations of 2—4.
For these titrations, only the characteristic Eu(Ill) emission,
occurring at 595, 616, 685 and 700 nm for the deactivation of
the °D, excited state to 'F, (/ = 1, 2, 3 and 4) was observed.’
Moreover, the Eu(Il) emission was only visible upon forming a
complex between 1-Eu and 4 (/,.x = 336 nm); 1.Eu-4. Here the
Eu(11) emission was found to be fully ‘switched on’ after the
addition of ca. one equivalent of 4, Fig. 1, indicating the formation
of a 1 :1 complex in solution.} These luminescence changes clearly
signified that 4 is able to populate the *D, excited state efficiently,
which could only occur if the antenna was directly coordinating to
the Eu(ill) centre, since the efficiency of the energy transfer is
distance dependent.”’ For these changes a quantum yield of
luminescence, @g,, of 0.028 was determined by a method recently
developed by Biinzli er al.'> As neither 2 nor 3 were found to
modulate the emissions of 1-Eu, 1-Sm or 1-Tb, this strongly
suggests that the structural as well as the physical nature (e.g.
excited state energy, pK,, etc,) of the B-diketonates is crucial to
their ability to coordinate to these ions. The formation of the
assembly should only be possible by the displacement of the two
metal bound water molecules.® Indeed ¢ ~ 0 (t,0 = 0.38 ms and
p,0 = 0.42 ms upon excitation of 4 at 336 nm) was observed for
1-Eu, in the presence of two eq. of 4. The structure of the self-
assembly 1-Eu-—4 can also be predicted by analysing the changes
for the individual transitions in Fig. 1. Here, the hypersensitive
AJ = 2, centred at 616 nm, gave rise to the largest changes in the
Eu(111) emission. As AJ = 2 is sensitive to the change to the local
coordination environment we can conclude that 4 is coordinating
directly to the ion centre.

We next evaluated formation of the complex as a function of
pH, by mixing together in a 1 : 1 stoichiometry 1-Eu and 4, and
observing the changes in the Eu(1lI) emission as a function of pH.
Here the emission was found to be highly pH sensitive by titrating
an acid solution with base, Fig. 2, where maximum intensity was
observed around pH 6.5. As before, the largest emission changes
were observed for AJ = 2 transition. Moreover, the Eu(lir)
emission changes were also visible under a UV lamp as can be seen
in Fig. 3. Here the red Eu(ill) emission was only observed upon
formation of the self-assembly (recorded at pH 7.5), while in either
acid (pH < 4) or alkaline solutions (pH > 9.3), the assembly
dissociated and the blue fluorescence emission of 4 was observed.
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Fig. 1 The changes in the Eu(lll) emission of 1-Eu upon titration with 4
at pH = 7.4 (0.1 M HEPES) and in the presence of 0.1 M TMACL
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Fig. 2 The changes in the Eu(1il) emission of 1-Eu upon titration with 4
as a function of pH, being switched ‘on—off” upon basification. Insert: the
changes in the 616 nm transition as a function of pH.
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Fig. 3 Schematic representation of the luminescent Eu(IIl) ternary self-
assembly 1-Eu-4 at pH 7.5 (red Eu(lll) emission) and the dissociation of
the assembly in acid at pH 2 and alkaline solution at pH = 12 (blue
emission from the p-diketonate).

We also attempted to determine the hydration state of 1-Eu, in the
presence of 4, at both pH 2 and pH 11. While this gave ¢ = 2.1 in
acid (tp,0 = 0.27 ms and 1p,0 = 0.59 ms upon excitation at
395 nm), we were unable to determine ¢ accurately in alkaline
solution, possibly because of the deprotonation of the metal bound
water molecules at this pH. Nevertheless, these results demonstrate
that the formation of the self-assembly is pH driven.

We also observed the changes in the absorption and the
fluorescence emission spectra of 4 as a function of pH. On both
occasions significant changes were observed where the ground and
the excited states were modulated between pH 4-8.1 With the aim
of gaining further insight into the nature of the Eu(I11) complex pH
dependence, we carried out potentiometric pH titrations on 1 and
1-Euf using a glass electrode. From these titrations we can
conclude that the complex is highly stable with respect to metal
dissociation with stability constant logK of 17.17 (+0.02). For 1,
we were only able to determine two pK,’s with the non-linear least
squares regression programme HYPERQUAD, these being pKj;
= 8.06 (£0.07), pKy» = 2.33 (£0.08).1 For 1-Eu, there are three
possible sites for protonation; two assigned to the metal bound
water molecules [1-EuOH, and 1-Eu(OH,),] and the third one to
the pK, of the secondary amine of the cyclen ring. The latter of
these we were unable to determine, as it is expected to be highly
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Fig. 4 (A) The changes in the recorded Eu(1iT) emission at 616 nm at pH
7.4. The tertiary complex is shown for comparison. B) The changes
observed under a UV-Vis lamp clearly showing naked eye intensity
changes for the same anions in A. TBA = tetrabuytlammonium salts.

acidic due to the presence of the Eu(lir) ion. However, we were
able to determine two pK, values of 7.06 (+0.08) and 6.53
(+0.02), assigned to the deprotonation of the two metal bound
water molecules. From the speciation diagram (see ESIT) it can be
seen that when the Eu(Ill) emission is ca. 90% enhanced (Fig. 2),
the pH is ca. 6 and that the most dominant species in solution is in
fact the 1-Eu(OH,),. Hence, the binding of 4 to 1-Eu(OH,), within
the pH window of 4-7 is associated with the deprotonation of the
a-proton in 4 (c.f. ESI for the spectro-photometric pH titration of
4), and not the metal bound waters. In more alkaline solution the
formation of 1-EuOH and 1-Eu(OH), prevents the binding of the
antenna due to electrostatic repulsion.

The self-assembly ternary complex 1-Eu-4 can also be
considered as a potential luminescent sensor, as it should be
possible to replace the coordinating antenna with other suitable
coordinating ligands such as anions.>®!® This could possibly give
rise to the formation of lanthanide based ‘displacement assays’,
complimentary to those developed by Anslyn ez al.,'' where, the
Eu(111) emission would be expected to be reduced upon displace-
ment of 4, as energy transfer from the antenna would be
prevented. To evaluate this hypothesis, we carried out quantitative
analysis by adding various anions (~1 mM) to a solution of the
above ternary complex at pH 7.4 (emission ca. 50% ‘switched on’)
in the presence of 0.1 M TMACI. Upon addition of anions such as
Br, ClO,, PFs~ and NO,™ to 1:Eu-4 no significant Eu(Iir)
emission changes were observed, while for I” and H,PO, ™ the
Eu(111) emission at 616 nm was reduced in intensity by 20-40%.1
This indicates that some displacement of the antenna had
occurred. In contrast to these results, the use of sodium tartarate,
lactic acid, F~, CH3CO, , KHCO;3 gave more pronounced
luminescent changes as can be seen in Fig. 4A for the 616 nm
transition. Moreover, these changes were also clearly distinguish-
able by the naked-eye under a UV lamp, Fig. 4B. We also carried
out more detailed anion titrations on 1-Eu-4 using sodium
tartarate, lactic acid and NaHCOj5 at pH 7.5, which showed that
the Eu(Il1) emission was gradually reduced.f These results clearly
demonstrate that such self-assembly ternary lanthanide complexes
can be employed in the sensing of anions in a displacement type
assay. To the best of our knowledge, such anion sensing has not
been demonstrated before using lanthanide based luminescent
ternary complexes.

In summary, we have demonstrated the successful formation of
a luminescent Eu(Ill) ternary complex 1-Eu-4 in water, where the
self-assembly is highly pH dependent, and that the resulting
complex can be employed as a luminescent sensor for anions (at
pH 7.4), where the B-diketonate antenna 4 is displaced with
concomitant changes in the Eu(1ll) emission.

We thank Enterprise Ireland, IRCSET and TCD for financial
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