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Three novel coordination polymers, [LnCu(PZDC)3]‚[Ln(H2O)9]0.5‚
[(H2O)7H+]0.5 [Ln ) La (1), Eu (2), Gd (3)], were synthesized. They
are the first 3d−4f heterometallic framework with supramolecular
1D channels, in which lanthanide hydrate cations and lattice water
molecules are located.

The design and construction of metal-organic frameworks
(MOFs), especially porous coordination polymers, is still
attractive because of their structural and topological diversity
as well as their potential application as functional materials,1

while crystal engineering provides a powerful tool for the
realization of this target. On the basis of the crystal
engineering principle and the coordination geometry of metal
ions, reasonable selection of organic ligands can afford
assembly of coordination polymers with a variety of topolo-
gies. However, much attention has been paid to coordination
polymers containing 3d block metals,2 while the 3d-4f
heterometallic compounds have received less attention.3-5

The preparation of 3d-4f metal-based MOF has certain
difficulties because of the introduction of 4f metals. On the
one hand, a 4f metal ion has a high coordination number
(commonly 8 and 9), which frequently leads to interpenetra-
tion and consequently results in the decrease of the pore size
or even nonporous MOFs.6 On the other hand, the competi-
tion between 3d and 4f metals in coordinating to the same
ligand often gives rise to homometallic coordination poly-
mers rather than heterometallic ones. Therefore, the selection

of the ligand is a key point in the preparation of 3d-4f
heterometallic MOFs. A typical strategy is self-assembly
from mixed-metal ions and ligands containing hybrid donor
atoms such as pyridinecarboxylate ligands.4 Pyridine-2,6-
dicarboxylic acid (H2PDCA) has been widely used to
construct 3d, 4f, or 3d-4f MOFs.5 Generally, when coor-
dinating to 4f metal ions, PDCA adopts a tridentate (ONO)
mode: the N atom coordinates with two O atoms from two
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adjacent carboxylate groups (each carboxylate group provides
one O atom), which requires coplanarity of the whole PDCA
ligand, while the other O atoms of the carboxylate groups
coordinate to 3d metal ions. If another N atom is introduced
to the 4 position of PDCA, the new ligand will possess more
coordination sites. Moreover, a N atom has affinity to
transition-metal ions. Owing to the structural character, the
N atom at the 4 position can only adopt a monodentate mode
to coordinate to transition-metal ions. Thus, the new ligand
can behave as a proper bridge between 3d and 4f metal ions.
As is known, a CuII ion is apt to be reduced to a CuI ion in
the presence of N-containing ligands under hydrothermal
conditions,7 and a CuI ion with a d10 configuration tends to
form a trigonal-planar or tetrahedral coordination geometry
with a low coordination number (3 or 4). So, we synthesized
pyrazine-2,6-dicarboxylic acid (H2PZDC),8 which reacts with
Ln2O3 and CuO to form three coordination polymers, [LnCu-
(PZDC)3]‚[Ln(H2O)9]0.5‚[(H2O)7H+]0.5 [Ln ) La (1), Eu (2),
Gd (3)],9 which possess the 3d-4f heterometallic framework
with supramolecular 1D channels, in which lanthanide
hydrate cations and lattice water molecules are located.

The structures of compounds1-3 were determined by
X-ray single-crystal diffraction.10 The three compounds are
isostructural except the small difference in the cavity, 25.0%
for 1, 25.5% for2, and 25.6% for3 per cell unit volume,
respectively. So, only the structure of compound3 will be
discussed in detail. The framework is constructed with GdIII

or CuI ions and a pyrazine-2,6-dicarboxylate ligand. The GdIII

ion (Gd1) in the framework is nine-coordinate in a tricapped

trigonal-prism environment with three N atoms and six O
atoms from three pyrazine-2,6-dicarboxylate anions (Figure
1). The N atoms are in the cap positions, and the O atoms
are in the vertices of the prism. The two carboxylates and
the pyrazine ring of every PZDC ligand are coplanar. PZDC
adopts only one coordination mode in the title complexes.
One pyrazine N atom together with two adjacent carboxylate
O atoms coordinate with a GdIII ion in a tridentate (ONO)
mode, while the other pyrazine N atom coordinates with a
CuI ion in a monodentate mode. A CuI ion has trigonal-planar
geometry, being surrounded by three pyrazine N atoms from
three PZDC ligands. In the framework, around every metal
ion, there are three metal-nitrogen (M-N) bonds, and the
angles between them are all 120°. Thus, the PZDC ligand
acts as a tetradentate bridge to connect the GdIII and CuI

ions into a 2D coordination layer of a (6,3) net (Figure 2).
Figure 2b clearly shows the assembly of (6,3) topology in
3. Within the (6,3) topological layer, the nodes are provided
by monovalent Cu ions and trivalent Gd ions alternately
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Figure 1. Coordination environment of the CuI and GdIII ions in the
framework in the asymmetric unit of coordination polymer3. Thermal
ellipsoids are shown at 30% probability. Selected bond lengths [Å]: Gd1-
O1 2.433(3), Gd1-N1 2.532(5), Cu1-N2 1.993(5).

Figure 2. (a) Single 2D (6,3) net showing the alternating nodes and the
triangle-like cavities. (b) Architectural strategy of (6,3) topology.
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forming a hexagonal motif with triangle-like cavities (Figure
2a), while connectors are PZDC.

The distance between adjacent GdIII and CuI ions is 7.286
Å. There are two uncoordinated carboxylate O atoms in every
edge of the hexagon, so the cavities are hydrophilic. In the
cavities are located cationic guests [Gd(H2O)9]3+ or [(H2O)7H+]
whose occupancy is 0.5, respectively. The coordination geom-
etry of the Gd center in [Gd(H2O)9]3+ is also a tricapped tri-
gonal prism. The water molecule in the vertex position of the
prism is probably hydrogen bonded to the uncoordinated
carboxylate O atoms of the framework from the same layer
(2.643 Å for O‚‚‚O) and from the adjacent layer (2.899 Å
for O‚‚‚O), while the water molecule in the cap position is
simultaneously hydrogen bonded to the uncoordinated car-
boxylate O atoms from two adjacent layers (2.785 Å for
O‚‚‚O). For the cation [(H2O)7H]+, the O atoms are disor-
dered and protonated water molecules are obtained by charge
balancing.11 The water molecules are connected via hydrogen
bonding with uncoordinated carboxylate O atoms from the
same layer and from the adjacent layer. Moreover, the adja-
cent layers are eclipsed, packed with GdIII and CuI coincident
along thec axis. The interlayer distance is 4.727 Å. Thus,
the adjacent layers are connected via hydrogen bonding be-
tween the water molecules and the uncoordinated carboxylate
O atoms from the framework to form a 3D supramolecular
structure with 1D channels (Figure 3). To the best of our
knowledge, the title coordination polymers are the first exam-
ples of Ln3+ cations encapsulated in 1D channels based on
the 3d-4f heterometallic anionic framework, being different
from the reported inclusion complex that possesses a 3d metal-
based framework containing an encapsulated [Gd(dmf)8]3+

cation12 and that possesses a 4f metal-based framework

containing multiencapsulated Cu(bpy)2+ cations within a
charged cage.4 They are also unusual host-guest compounds
in the rarely reported LnIII-CuI metal-based MOFs.

The presence of a CuI ion in the title complex was con-
firmed by its X-ray photoelectron spectrum (Figure S1 in
the Supporting Information). The spin-orbit component
(2P3/2 and 2P1/2) of the Cu 2p peak at approximately 932.0
and 952.0 eV with a spin-orbit separation of 20.0 eV sug-
gests the presence of CuI in the compound. This is in agree-
ment with the results of the single-crystal X-ray analysis. The
CuII ion with a d9 configuration tends to form a square-pyra-
midal or elongated-octahedral coordination geometry because
of the strong Jahn-Teller effect, but in the title complex,
the Cu ion is in a trigonal-planar geometry. The coordination
geometry of Cu ions in combination with a X-ray photo-
electron spectrum indicates that Cu is monovalent. The
thermogravimetric analysis curves of complexes1-3 (Figure
S2 in the Supporting Information) show that complicated
decomposition reactions take place simultaneously when
lattice water molecules are lost above 58°C for 1, 60°C for
2, and 67°C for 3, indicating that the 3D supramolecular
network as well as 2D LnIII-CuI MOFs collapses, which
shows that hydrogen bonds play an important role in the
assembly of a 3D supramolecular network constructed from
a 2D LnIII-CuI MOF with (6,3) topology. The characteristic
emission of a EuIII ion in 2 located at 590, 614, 648, and
687 nm was observed when excited at 338 nm (Figure S3
in the Supporting Information), corresponding to5D0 f 7FJ

(J ) 1-4) transitions of a EuIII ion, but they are weak. This
may be attributed to the coordinated and free water molecules
in 2, which quench luminescence of a EuIII ion.

In conclusion, on the basis of the coordination mode of
PZDC and the coordination geometry of CuI and LnIII ions,
we have synthesized three novel lanthanide-transition metal
coordination polymers, which are the first examples of Ln
cations encapsulated in a 3d-4f heterometallocyclic frame-
work. LnIII and CuI ions have the same architectural charac-
teristics, though the former has nine coordinated atoms com-
posed of a tridentate ONO mode in1-3, and thus they can
provide a new method or an idea for those who are interested
in the construction of coordination polymers with a micro-
cavity, especially microporous materials. It can be predicted
that the introduction of a linear second ligand into the present
system or a proper combination of 3d and 4f metals with
PZDC will result in 3D porous MOFs. Further research on
the MOFs based on 4f and other 3d metals is in progress.
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Figure 3. (a) 3D supramolecular network viewed along thec axis in poly-
mer3. The H atoms are omitted for clarity, and [Gd(H2O)9]3+ and O atoms
of free water molecules are shown as space-filling models. (b) GdIII hydrate
cations and lattice water molecules are alternatively arranged and connected
by hydrogen bonds, forming a guest column. (c) Schematic diagram of 3D
supramolecular architecture based on a 2D MOF and guest column.
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