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One-dimensional lanthanide−transition heterometallic chains of
squares, {LnNi2L3(HL)(DMF)4(ClO4)4‚S}∞ (Ln ) Gd and Tb; HL
is the Schiff base obtained by the condensation of 2-pyridylaldehyde
with isonicotinic hydrazide N-oxide; S ) solvent) and {LnNi2L4-
(DMF)4(ClO4)3‚S}∞ (Ln ) Dy; S ) solvent), were synthesized by
self-assembly between well-designed orthogonal metalloligands [Ni-
(HL)L]+ and the Ln(III) ions, which act as the bridging units and
nodes, respectively.

The design and synthesis of organized molecular archi-
tectures containing lanthanide ions and transition metal ions
are currently of great interest in supramolecular chemistry
and materials chemistry. The increasing interest in this field
is justified not only by the potential applications of these
compounds as functional materials1-4 but also by the
particular beauty and the intriguing structural diversity of
the architectures.5 The coordination geometry of the metal
ion strongly influences the solid-state architectures. Since
the lanthanide ions generally display variable and high
coordination numbers with low stereochemical preference,6

the construction of supramolecular lanthanide complexes,
which requires the structural and topological control of the
coordination sphere around lanthanide ions, is quite a
challenge. Thus, the design of multifunctional ligands
containing appropriate coordination sites linked by a spacer
with specific positional orientation is especially crucial. To
achieve this goal, several research groups have made efforts
to design well-tailored ligands for the preparation of func-
tional lanthanide complexes.5-7 In particular, the group of
Piguet has employed elaborately designed N-donor podating
ligands to prepare the transition-lanthanide (TM-Ln) het-
erometallic complexes with specific molecular topologies,6

while Goodgame et al. used ambidentate “extended reach”
ligands for the generation of a family of heterometallic
polymeric materials.5d,e

Recently, we started a project to design and assemble
TM-Ln heterometallic complexes. Our strategy is based on
the different coordinative behaviors of transition metal ions
and lanthanide ions: the lanthanide cations, as hard acids,
prefer oxygen to nitrogen donors, and their large ion sizes
and therefore high coordination numbers should favor the
construction of extended structures. On the other hand,
transition metal ions such as nickel(II) are borderline acids,
having a strong tendency to coordinate to N-donors, and
adopt predictable coordination geometries as a result of the
ligand field influence. From this perspective, we designed a
bifunctional ligand HL (Scheme 1) that contains two different
coordination sites: lanthanide ions will interact with the
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pyridine-N-oxide, as has been well established,1a,8while the
nickel(II) ion will bind to the tridentate chelating site to form
an octahedral geometry.

While focusing our attention primarily on the structural
aspects of the extended heterometallic complexes, it is
noteworthy that the magnetic behaviors of TM-Ln com-
plexes are also an active subject of research currently.3,9 Here
we report the synthesis and the novel crystal structures of
one-dimensional (1D) Ni(II)-Ln(III) heterometallic coor-
dination polymers, along with the preliminary magnetic
investigation on the Ni-Gd compound, which behaves as a
ferrimagnetic chain.

The metalloligand Ni(HL)LClO4 (1) was first obtained by
the reaction of Ni(ClO4)2‚6H2O with the ligand HL. X-ray
single-crystal structure analysis revealed the formation of the
orthogonal building unit as expected.10 Figure 1 shows the
perspective drawing of the orthogonal unit in1. Each Ni(II)
center resides in a slightly distorted octahedral environment
coordinated by the carbonyl oxygen atoms, pyridine nitrogen
atoms, and imine nitrogen atoms from two L species in a
chelating fashion. The two ligands bond to Ni(II) in the mer
configuration. The dihedral angle between the two coordina-
tion planes is ca. 87°, and the pyridine-N-oxide sites are free.
Thus, metalloligand1 can be utilized as a versatile building
block11 with the two pyridine-N-oxide sites predetermined
to coordinate to lanthanide ions (Scheme 2).

To the brownish red solution of1 was added Ln(ClO4)3‚
6H2O. Brownish red crystals of compounds{LnNi2L3(HL)-
(DMF)4(ClO4)4‚S}∞ (2 and3 for Ln ) Gd and Tb, respec-
tively; S ) solvent) and{LnNi2L4(DMF)4(ClO4)3‚S}∞ (4 for
Ln ) Dy; S ) solvent) suitable for X-ray analysis were
prepared by the diffusion of benzene/acetonitrile into the
mother liquor.12 The crystals of2, 3, and4 lost crystallinity

quickly upon exposure to air, indicating a loss of solvent.
Compounds2 and3 are isomorphous, and only the structure
of 2 will be described here. The single-crystal structure
analysis of compound2 revealed an extended 1D chain of
corner-sharing squares composed of a{[GdNi2(HL)L3-
(DMF)4]4+}∞ cation, ClO4

- anions, and solvent molecules,
illustrated in Figure 2. The central Gd(III) ion displays a
slightly distorted square antiprism coordination geometry.
Each Gd(III) is bonded to four oxygen atoms of pyridine-
N-oxide groups from four metalloligands (the Gd-O dis-
tances are 2.342(5) and 2.356(5) Å, respectively, which are
slightly shorter than those observed for europium13a and
gadolinium13b complexes of pyridine-N-oxides; the N-O-
Gd angles are 132.3° and 132.5°, respectively) and four
oxygen atoms from four DMF molecules (the Gd-O
distances are 2.433(5) and 2.361(6) Å, respectively). The
oxygen atoms of the pyridine-N-oxide groups and the oxygen
atoms of the DMF molecules occupy the top and bottom
corners of the square antiprism, respectively.
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Scheme 1

Scheme 2

Figure 1. Perspective view of the coordination geometry of the Ni atom
in the metalloligand1. The H atoms have been omitted for clarity. Thermal
ellipsoids are shown at 30% probability level.

Figure 2. View along the crystallographicb-axis showing the 1D chain
(the acetonitrile molecules in the square units are highlighted).
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As shown in Figure 2, each Gd(III) center acts as a four-
connected node bridged by two orthogonal metalloligands
to the adjacent Gd(III) center, resulting in an infinite 1D chain
of squares. The metalloligand retains its orthogonal skeleton
when coordinated to Gd(III) ions. The two adjacent Gd(III)
ions and two bridging metalloligands form a square unit with
four metal centers in the same plane, and these units are
linked together by sharing the common Gd(III) nodes, giving
rise to a 1D chain extending along thec direction. The adja-
cent square units within the chain are essentially perpen-
dicular with a dihedral angle of 88.7°. For a square unit, the
edge Gd-Ni distances are 9.90 and 10.02 Å, and the trans-
annular Gd-Gd distance is 12.41 Å (for3, the related
distances are 9.87, 10.03, and 12.46 Å, respectively). Two
parallel acetonitrile molecules thread through the square unit.

The 1D chains of squares stack in register along thea
andb directions such that 1D interchain channels are formed
along both directions (Figure 3). The channels are occupied
by coordinated DMF molecules, solvent DMF molecules,
and ClO4

- ions. There exist interchainπ-π stacking
interactions between adjacent pyridine rings related by the
(2 - x, 1 - y, -z) operation (the ring‚‚‚ring distance, center‚
‚‚center distance, and the nearest atom‚‚‚atom distance are
3.45, 3.60, and 3.49 Å, respectively).

Compound4 is isostructural with2 and 3, although the
space groups are different.12 Within the square unit, the edge
Dy-Ni separations are 10.00 and 10.04 Å, and the trans-
annular Dy-Dy separation is 12.62 Å.

The temperature dependence of the magnetic susceptibility
for compound2 was measured in the temperature range
2-280 K, with an applied field of 5000 G. The plot oføMT
andøM

-1 versusT is shown in Figure 4. As the temperature
is lowered,øMT first decreases slowly, reaches a minimum
at ca. 64 K, and then increases, indicating that the complex

behaves as a ferrimagnetic chain with antiferromagnetic
interactions between the neighboring paramagnetic centers
with uncompensated spins. In addition, upon further cooling,
theøMT reaches a maximum at ca. 12 K and then decreases
dramatically, which may be due to secondary effects such
as the zero-field splitting of the Ni(II) ions and/or interchain
antiferromagnetic interactions. The fit of the experimental
data to the Curie-Weiss law leads toC ) 9.46 emu K mol-1,
θ ) -3.4 K. The negative value ofθ suggests an overall
antiferromagnetic interaction.

In summary, we have demonstrated a facile synthesis of
a TM-Ln heterometallic framework. We took advantage of
the predictable nature of the coordination geometry of
transition metal ions to get the predesigned orthogonal
bridging unit, which was in turn employed to propagate in
one dimension the coordination geometry of the lanthanide
ions. The modular nature of the structures implies that there
is a wide range of permutations that could be readily
available from a synthetic perspective. Besides, the properties
deriving from the presence of the heterometallic arrays are
also attractive, as exemplified by the magnetic behaviors of
Ni-Gd species. Further investigations are underway to
expand this approach.
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Figure 3. Packing diagram of compounds2, 3, and4 showing the channel
structure down theb-axis. The solvent molecules, coordinated DMF, and
counterions are omitted for clarity.

Figure 4. ExperimentaløMT (b) andøM
-1 (O) versusT plot for compound

2 in an applied field of 5000 G.
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