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ABSTRACT: The reaction of tetrasodium-4,40,6,60-tetra-
carboxy-2,20-bipyridine (Na4L) with various lanthanide ions
yields a family of isostructural supramolecular {Na2[Ln2L2]}
complexes (1�4), where LnIII = Eu, Nd, Gd, and Tb.
Strikingly, these complexes luminesce in buffered H2O or
D2O solutions in either the visible or near-IR regions,
despite their high hydration states.

There continues to be significant interest surrounding the
synthesis and characterization of coordination polymers

(CPs) because of their potential utility.1 Porous CPs or me-
tal�organic frameworks, in particular, attract much attention
because the presence of void space within these materials may
provide them with associated commercial applications in such
areas as molecular separations, gas storage, and catalysis and as
the active components in sensors.2 Nevertheless, there still
remains a need to develop novel CPs that possess unique
function or added complexity.3 The majority of CPs developed
to date are based on the use of transition-metal ions. However,
the use of lanthanide ions in the synthesis of CPs is also highly
attractive because their high coordination requirements not only
confer complex structural features to such assemblies but also
provide unique magnetic, catalytic, and luminescent properties.4

With this in mind, we set out to develop novel functional visible-
and near-IR-emitting CPs formed by using f-directed synthesis.
We have employed this approach successfully in the formation of
luminescent lanthanide supramolecular systems5 such as chiral
molecular bundles and dinuclear triple helicates6 and in the
formation of functional Eu(III) luminescent gold nanoparticles.7

We recently reported the synthesis of the novel rigid tetra-
dentate ligand 4,40,6,60-tetracarboxy-2,20-bipyridine (H4L) with
the view of using it in the formation of lanthanide metal ion
complexes and CPs.8 This was, in part, inspired by the work of
B€unzli, who employed the 6,60-dicarboxy-2,20-bipyridine analo-
gue in the formation of highly luminescent lanthanide
complexes,9 but also with the knowledge that the oxophilic
nature of the lanthanide ions renders H4L ideal for coordination
to them, and its rigid potentially chelating character lends some
degree of predictability to the mode of coordination. We have
shown that H4L is capable of forming discrete eight-coordinate
mononuclear complexes or CPs when coordinated to lantha-
nide ions with 2:1 or 1:1 ligand-to-metal stoichiometries,
respectively.8 However, the poor solubility of these species

obviated any solution-based studies. We now extend our work
here to include the self-assembly of aqueous soluble 2:2 Ln/L
species and report the synthesis and structural and full photo-
physical characterization of {Na2[Ln2L2]} complexes [Ln = Eu
(1), Nd (2), Gd (3), Tb (4)] by using Na4L.

Compounds 1�4 were prepared by simply adding the appro-
priate lanthanide nitrate salt to Na4L in water, followed by
stirring at room temperature for 48 h, after which time they
were allowed to slowly evaporate under ambient conditions to
yield crystalline products that were isolated directly by filtration
and obtained in 25�30% yield. Partial microanalytical data on
1�4 were consistent with 1:1 metal-to-ligand ratios, and their IR
spectra are broadly similar, possibly attesting to a common
structure and comparable coordination of the ligand about each
metal center (see the Supporting Information). They showed the
presence of carboxylate groups of L4� with νas(CO2

�) and
νs(CO2

�) at ca. 1590 and 1360 cm�1, respectively. Crystals of
1�3 were suitable for full single-crystal X-ray diffraction studies
from which their structures were determined.10 Because 1�3
were found to be isostructural, the structural discussion will be
limited to 1 (see the Supporting Information).

The atom numbering scheme and atom connectivity for 1 are
shown in Figure 1. The structure was refined in the triclinic P1
space group, and all crystallographic data pertaining to 1�3 are
brought together in Table S1 (Supporting Information). The
structure of 1 consists of a dinuclear core with two unique Eu(III)
metal centers, two L4� ligands, and two sodium atoms that

Figure 1. Molecular structure and atom numbering scheme for 1.
Bipyridyl and water molecule hydrogen atoms, lattice water molecules,
and sodium counterions are omitted for clarity.
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account for charge balance. Each Eu(III) metal center is nine-
coordinate, and while being crystallographically unique, they
have comparable coordination environments and so may be
discussed together, with pertinent differences being highlighted.
The coordination spheres about Eu1 and Eu2 are made from the
L4� ligand chelating in a tetradentate fashion via two bipyridyl
nitrogen atoms and two 6,60-carboxylate oxygen atoms. Four-
coordinated water ligands and a 4-carboxylate oxygen atom from
an adjacent L4� ligand completes the Eu1 and Eu2 coordination
spheres. The coordination of L4� is such that it interacts with two
Eu(III) metal centers, with the 4-carboxylate group linking
between them. Eu1 and Eu2 are displaced from the tetradentate
N2O2 binding plane of L4� toward the linking 4-carboxylate
oxygen atom (O47 and O11) of an adjacent L4� ligand by ca.
0.65 and 0.72 Å, respectively. Hydrated Naþ ions also coordinate
to the dinuclear fragment by coordination to an oxygen atom
from the coordinated carboxylate groups. Extensive hydrogen
bonding between coordinated and lattice water molecules is
evident within the structure. These interactions are augmented
by offset face-to-face π�π interactions between each dinuclear
unit involving the L4� ligands (3.62 Å separation at closest
contact), which propagate down the crystallographic a axis to
create a hydrogen-bonded CP.

Having established the solid-state structures of 1�4,10 we next
evaluated their photophysical properties in water, with 0.1 M
TEAP to maintain a constant ionic strength. The absorption
spectra of 1�4 were broadly similar to that of Na4L (λmax =
305 nm; ε = 1.06 � 104 M�1 cm�1), with the appearance of a
broad absorption band with λmax at ca. 327 nm, all being slightly
red-shifted, and two additional bands/shoulders at 274 and
285 nm signifying coordination to the lanthanide(III) ions to L
(see the Supporting Information). Excitation of λmax gave rise to
ligand-centered emission, for all of these complexes, which in the
case of 3 (ε = 2.2 � 104 M�1 cm�1) had λmax at 345 nm, tailing
into the 400 nm region (see the Supporting Information). The
fluorescence emission for 3 was also significantly greater in
intensity than those for 1, 2, and 4, suggesting that the singlet
excited state of these latter complexes was deactivated by
competitive processes, such as energy transfer to their respective
lanthanide(III) excited states, which in the case of Gd(III), is not
achievable because of the unfavorably high energy of the 6P7/2
excited state of Gd(III).11 Indeed, when the delayed emission of
the 1 and 4 complexes was recorded in a buffered solution (pH
7.5), the characteristic metal-centered Eu(III) and Tb(III)
emissions were observed at long wavelengths, demonstrating
deactivation of the 5D0 and

5D4 excited states of Eu(III) and
Tb(III), respectively (see the Supporting Information). Further-
more, the emission arising from the 5D4 excited state of Tb(III)
was found to be independent of the presence of O2. In a similar
manner, the near-IR (NIR) Nd(III) emission from 2 was also
observed but only in a pD 7.5 buffered D2O solution, where
deactivation of the 4F3/2f

4IJ states (J =
9/2,

11/2,
13/2,

15/2) were
clearly observed at 900, 1053, and 1323 nm, respectively (see the
Supporting Information).11 The sensitization process from the
singlet excited state via T1 to the

4F3/2 excited state of Nd(III) was
also verified by observing the NIR emission upon excitation at
different wavelengths (Figure 2) using an excitation�emission
profile in D2O.

The crystal structures of the complexes revealed very high
hydration states in the solid state with four bound water
molecules per metal center (Figure 1). Similarly, in solution
the hydration state (q) for both 1 and 4was found to remain high.

In the case of Eu(III), the excited-state decay was best fit to the
monoexponential decay, giving lifetimes of 0.209 and 2.387ms in
H2O and D2O, respectively, from which q of 4.5 ( 0.5 was
determined, whereas for Tb(III), the lifetimes in H2O and D2O
were found to be 0.670 and 1.965 ms, respectively, giving q of 4.6
( 0.5. The quantum yield for the Eu(III) emission of 1 was also
determined and found to be 2 ( 0.02% (at pH 8.5), which is
significantly smaller than that reported by B€unzli for the 6,60-
dicarboxy-2,20-bipyridine analogue. However, this comparatively
low quantum yield of 1 is not that surprising given the high
number of metal-bound water molecules, which are effective
Eu(III) excited-state quenchers.12 These results confirm the
structural integrity of the Na2Ln2L2 stoichiometry in solution.
This was also confirmed by carrying out titration studies of Na4L
against each lanthanide ion and observing the changes in the
emission, fluorescence, and metal-centered emission in buffered
pH 7.4 solutions.

The changes in the absorption spectra of Na4L upon titration
with Eu(III) are shown in Figure 3A, where λmax at 307 nm (πf
π*) was red-shifted by ca. 20 nm with the formation of an
isosbestic point at 313 nm. Analysis of these changes showed that
within 0�0.5 equiv of Eu(III) the absorption increased at long
wavelength, before decreasing slightly between 0.5 and 1 equiv,
leveling off after the addition of 1 equiv (see the Supporting
Information). This is a clear indication of the initial formation of
a 1:2 EuIII/L complex prior to the formation of either the 1:1 or,
more likely, the 2:2 structure. This phenomenon was also
observed in the fluorescence emission spectra of Na4L, where
additionally Job’s plot analysis also confirmed the formation of a
product in a 1:1 stoichiometry (see the Supporting Information)
and in the time-delayed Eu(III) emission, with the largest
changes being observed for the hypersensitive ΔJ = 2 transition,
which is electric-dipole-dependent; see Figure 3B. Again, here
the Eu(III) emission was greatly enhanced up to the addition of
0.5 equiv, followed by quenching with subsequent additions (see
Figure 3B, inset). This trend was also seen by carrying out Job’s
plot analysis (see the Supporting Information). We assign these
changes to the formation of the 2:2 complex, which is highly
hydrated, as demonstrated above, and these metal-bound water
molecules would give rise to quenching in the Eu(III) emission.
Consequently, the same titrations were carried out in a D2O
solution, the results of which are shown in Figure 3C. Analysis of

Figure 2. Excitation�emission profile of 2 when recorded in D2O, at
pD 7.5 using N-2-(hydroxyethyl)piperazine-N'-2-ethanesulfonic acid
(HEPES) buffer; showing NIR emission occurring upon deactivation
of the 4F3/2 excited states to the 4IJ ground states.



2725 dx.doi.org/10.1021/ic102578k |Inorg. Chem. 2011, 50, 2723–2725

Inorganic Chemistry COMMUNICATION

these changes (Figure 3C, inset, and those observed in
Figure 3B) clearly demonstrated formation of the 1:1 or 2:2
complex, with the existence of the latter being confirmed by
fitting of the changes in the Eu(III) emission spectra using
nonlinear regression analysis (see the Supporting Information).
Here, the changes were best fit to the formation of both Na2EuL2
and Na2Eu2L2 (1) complex formation, with a log β = 13.23 and
19.38 (0.24) for these two complexes in buffered H2O and log β
= 11.76 and 18.28 (0.48) in D2O solutions (see the Supporting
Information) in the presence of 0.1 M TEAP and log β = 16.40
and 26.29 in the presence of 0.04 M TEAP. Speciation distribu-
tion diagrams also showed formation of the 2:2 complexes (see
the Supporting Information), confirming a self-assembly forma-
tion in solution that leads to Na2Ln2L2, as observed in the solid
state. Analysis of the changes in Figure 3A also confirmed this
self-assembly formation for Eu(III). The changes in the Tb(III)
emission were also analyzed, and again formation of the 1:2 and
2:2 complexes was confirmed as a log β = 18.46 and 27.40 (0.24)
0.04 M TEAP.

The above results clearly demonstrate that Na4L does not give
rise to the formation of CPs upon reaction with various lantha-
nide ions but rather the spontaneous formation of 2:2 Na2Ln2L2
complexes, which was monitored by observing the changes in the
photophysical properties of these self-assemblies.
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Figure 3. (A) Changes in the absorption spectrum of Na4L upon titration with Eu(ClO4)3 in 0.04 M TEAP, at pH 7.5 (0.04 M HEPES). (B)
Corresponding changes in the Eu(III) emission spectra in the ΔJ = 2 transition.


