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Multidimensional molecular-based magnets are the focus of
considerable current research effort from both fundamental
and device-related perspectives.[1] Two- or three-dimensional
(2-D, 3-D) homometallic magnetic systems can behave as
ferromagnetic, antiferromagnetic, or as metamagnetic mate-
rials depending on the nature of the spin coupling.[1b, 2]

However, an example of a 3-D homometallic system with
ferrimagnetic behavior has not yet been reported because the
conditions for the noncompensation of the individual spin
moments are difficult to achieve in these systems. In this
communication we report the synthesis, crystal structure, and
magnetic behavior of a 3-D homometallic ferrimagnet that
orders magnetically at 6 K. To the best of our knowledge, this
is the first 3-D homometallic molecular ferrimagnet.

Hydrothermal treatment of Ni(NO3)2 ¥ 6H2O with disodium
fumarate (Na2(CO2CH�CHCO2); Na2(fum)) in water at
170 �C leads to the formation of the complex [Ni3(fum)2-
(�3-OH)2(H2O)4]n ¥ (2H2O)n 1. The X-ray analysis shows a 3-D
structure[3] formed by chains of fused NiII octahedral units.
These chains, in which all the metal atoms are coplanar,
include two crystallographically independent ions: A symme-
try related pair Ni(1) and Ni(1�) separated by 3.017(1) ä that
alternates with Ni(2), located on a center of symmetry. The
Ni(1)�Ni(2) and Ni(1�)�Ni(2) distances are 3.661(1) and
3.557(1) ä, thus forming a figure close to an isosceles triangle.
The three metal atoms share an edge of their octahedron,
being capped by the hydroxyl oxygen O(5), alternatively
above and below the chain but slightly displaced by 0.55 ä
(Figure 1). The fumarate carboxylate groups bridge the
longest edges of the metal triangle, completing the coordina-
tion sphere of Ni(2), whereas the hexacoordination about

Figure 1. ORTEP plot (40% thermal ellipsoids) of the metal chain and
atomic numbering scheme for 1. Open bonds indicate Ni�OH connections;
only a single complete fumarate anion is shown for the sake of clarity.
Coordination bond lengths and intermetallic distances [ä]: Ni(1)-Ni(1�)
3.017(1), Ni(1)-Ni(2) 3.661(1), Ni(1�)-Ni(2) 3.557(1), Ni(1)-O(1w) 2.101(3),
Ni(1)-O(2w) 2.107(3), Ni(1)-O(2) 2.039(3), Ni(1)-O(3) 2.066(3), Ni(1)-
O(5) 2.079(3), Ni(1)-O(5�) 2.038(3), Ni(2)-O(1) 2.085(3), Ni(2)-O(4)
2.074(3), Ni(2)-O(5) 2.068(3). Symmetry operations: (x, y, z)�� (�x� 1,
�y� 2, �z� 1); (x, y, z)��� (x, �y� 3/2, z� 1/2); (x, y, z)���� (x� 1, y, z).

Ni(1) is achieved through the oxygen atoms of two water
molecules, Ow(1) and Ow(2). The Ni�O distances with
fumarate oxygen atoms and hydroxo ligand are all compara-
ble and range from 2.039(3) to 2.085(3) ä, while those
involving the water molecules are slightly longer (Ni(1)-
�O(1w) 2.101(3) and Ni(1)�O(2w) 2.107(3) ä). The O-Ni-O
cis angles lie in the range from 83.2(1) to 96.8(1)�, namely with
a deviation of �7� from the ideal 90� value required for a
purely octahedral coordination geometry. The dicarboxylate
anions, acting as a bridging bis-bidentate ligand, diverge from
the chain and connect to metal centers of an adjacent chain,
thereby leading to a 3-D framework where the shortest Ni�Ni
interchain distance is 8.140 ä. Figure 2 shows a view of the
3D framework with channels occupied by crystallization

Figure 2. Packing view along axis a showing the 3-D structure with
crystallization water molecules (oxygen atoms as shaded spheres) located
in the framework.
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water molecules. It is worthwhile to note that the coordinated
water molecules make intrachain (O(1w)�O(1) 2.781,
O(2w)�O(4) 2.810 ä; see Figure 1) and interchain hydrogen
bonds (O(1w)�O(2w) 2.847 ä) that reinforce the overall
structure. Finally, a solvent water molecule, O(3w), accom-
modated in the channels (Figure 2) is bound to the framework
through O(2) (2.892 ä) and O(3) (2.712 ä). A few structur-
ally characterized compounds containing NiII chains with di-
and polyfunctional ligands have been reported so far. Metal
chain complexes with oligopyridylamino ligands represent a
remarkable example of a metal wire[4] with intermetallic
distances in the range 2.20 ± 2.38 ä. Structural features of the
present metal chain seem more appropriately compared with
a nickel chloride sequence,[5] formed by pentameric oligomers
(Ni�Ni distances of about 3.0 ä) linked through di-�-chloro
bridges (Ni�Ni 3.4 ä), where the intermetallic distances are
comparable to those reported here. However, the present
structure, of infinite -(Ni)2-Ni- units capped by a �3-hydroxo
ligand and bridged by dicarboxylate fumarate anions, repre-
sents an unique example of a 3-D network.

The magnetic behavior[6] of the title complex 1 is shown in
Figure 3 in the form of �MT versus T plot (�M is the magnetic
susceptibility per three NiII ions). This curve shows that at

Figure 3. Plot of �MT versus T for 1. Inset: Field-cooled magnetization
curve (under an applied magnetic field H� 100 G) showing ferromagnetic
order at 6 K.

room temperature the �MT value (3.5 cm3mol�1K) corre-
sponds to three magnetically isolated NiII ions and when the
temperature decreases the �MT values decrease; a minimum
(2.5 cm3mol�1K) is observed at 17 K. Below this minimum,
�MT rapidly increases and reaches a very high value before
becoming strongly field dependent at around 6 K (�MT�
170 cm3mol�1K at 5.5 K for H� 100 G). This curve is
characteristic of ferrimagnetic behavior. The inset of Figure 3
shows the field-cooled magnetization and reveals spontane-
ous magnetization at 6 K. This critical temperature is also
confirmed by an ac-susceptibility measurement. Finally, the
magnetization curve, which is shown in Figure 4, exhibits a
saturation value about 2.2 BM and a hysteresis loop with a
critical field of 65 G and remnant magnetization of 0.55 BM

Figure 4. Magnetization curve for 1 at 2 K. Inset: Hysteresis loop at 2 K
with decreasing H first.

(see Figure 4 inset). All these data indicate that 1 behaves as a
magnet with a spontaneous magnetization below 6 K.

In the structure we have a chain with hydroxo and
carboxylato bridges. The hydroxo bridge has Ni-O(H)-Ni
angles lying in a range for which ferromagnetic coupling
between two NiII centers has been observed,[7] and a S� 2
ground spin state for this fragment is expected at a low
temperature. The single hydroxo (open angle) and carboxy-
late bridges give antiferromagnetic interaction between the
Ni(2) atom (S� 1) and the ferromagnetic fragment (S� 2),
leading to a ferrimagnetic chain system with alternating S� 2
and S� 1 spin values (Figure 5). Individual ferrimagnetic
chains interact with adjacent chains in a ferromagnetic fashion
through the fumarate skeleton to yield a ferromagnetic
compound below 6 K. The saturation value (2.2 BM) in

Figure 5. Spin states of the NiII chain in the ground state overlaid onto the
molecular structure. The alternating spin states produce a ferrimagnetic
chain system.
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In 1960 Patrick and Prosser discovered that hexafluoro-
benzene (HFB, m.p.� 5.0 �C) and benzene (m.p.� 5.4 �C),
both liquids at room temperature, form a 1:1 solid complex
with a melting point of 23.7 �C when mixed together.[1]

Extensive X-ray crystallographic studies by Dahl showed that
a wide variety of aromatics[2] form such 1:1 cocrystals with
HFB, all showing alternating columnar face-to-face stacking.
The packing behavior was explained theoretically to arise
from electrostatic interactions between the two partners with
the quadrupolar moment of HFB being complementary to
that of benzene or its hydrocarbon derivatives.[3, 4] The binding
energy between the two aromatic rings (benzene ±HFB) was
computed to be 3.7 kcalmol�1.[5] Similar stacking motifs have
been observed for several other cocrystals of perfluorinated
aromatic compounds with their non-fluorinated analogues.[6±8]

Crystal structures of 1:1 complexes between perfluoroarenes
and arenes of mismatched geometry have also been report-
ed.[9±14] Because the geometric arrangement in the solid state
is to some extent predictable, fluorinated compounds have
been prepared with the aim of engineering their geometric
orientation in the crystal.[15±17]

We were particularly interested in using perfluoroarene ±
arene interactions to aggregate polymers in solution. While a
number of noncovalent interactions are well investigated in
polymeric systems,[18±20] no case has been reported where
perfluoroarene ± arene interactions were employed. Our idea
was to modify either end of the polymer chain with aromatic
groups in the hope that they would form alternating stacks in
the presence of a perfluorinated additive in solution. Asso-
ciation by the end groups would increase the molecular
weight, this could easily be shown by an increase of viscosity.
Naphthalene as the aromatic group at the polymer chain end
in combination with the perfluorinated additive octafluoro-
naphthalene (OFN) seemed a good candidate. The stacking
behavior of naphthalene with OFN in the solid state is well
known, the 1:1 complex between naphthalene and OFN
shows an increased melting temperature of around 45 ± 50 �C
with respect to either stacking partner and many naphthalene
derivatives are commercially available or synthetically acces-
sible in few reaction steps.

Initial experiments with nonpolar polymers, such as poly-
(norbornene), poly(cyclooctadiene), and others prepared by
ring-opening metathesis polymerization (ROMP), with naph-

the magnetization curve (Figure 4) is in agreement with the
magnetic coupling scheme proposed above, that is, antiferro-
magnetic coupling between S� 1 and S� 2 leads to a triplet
ground spin state with g� 2.2. These features rule out the
possibility of magnetic ordering through spin canting or a
helical ferromagnet. Further magnetic properties of this
unique homometallic system are under investigation.

Experimental Section

1: In a typical synthesis, Ni(NO3)2 ¥ 6H2O (1 mmol) was heated with
Na2(fum) (1 mmol) in water (15 mL) at 170 �C for 24 h in a teflon-lined
steel vessel. Overnight cooling of the vessel results in a microcrystalline
green solid along with single crystals (65% yield) suitable for X-ray
diffraction. Elemental analysis (%): calcd (found): C 17.57 (17.66), H 3.29
(3.38).
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