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The heterometallic MnII
4NiII2 title compound has been synthesized

and characterized by X-ray crystallography. The compound consists
of a Ni−Mn−Ni linear moiety, [{Ni−(µ-NO)3}2−Mn], linked by
oximate bridges and three Mn(II) hfac terminal units attached by
oximate oxygens in a di-µ-oxo fashion, forming a novel hetero-
metallic cluster: Mn{Mn(hfac)2}3{Ni(pao)3}2 (1). Magnetic mea-
surements reveal the antiferromagnetic nature of the oximate
pathway between Mn(II) and Ni(II) metal ions, which imposes an
unusual high-spin ground state (S ) 8) for 1.

In recent years, high-spin clusters have been attracting
much attention in the fields of molecule-based magnetism
and solid-state physics. One of the reasons is the emergence
of single-molecule magnets (SMMs) in the beginning of the
1990s. The first example of an SMM is the mixed-valent
dodecanuclear Mn cluster, [Mn12O12(O2CCH3)16(H2O)4],
which possesses anS ) 10 spin ground state and a large
uniaxial anisotropy.1 To date, a number of SMMs with
peculiar magnetic properties such as metastable magnetiza-
tion,2 quantum spin tunneling,3 and quantum phase interfer-
ence have been reported.4 A major part of the research aimed

at the development of new SMMs and giant-spin paramag-
netic clusters is devoted to the fine control of magnetic
interactions between magnetic centers.5 Knowledge of the
magneto-structural correlations between homometallic ions
with different oxidation states or heterometallic centers is
considered to be the key to the design of such new high-
spin complexes. Nevertheless, examples of heterometallic
clusters are usually limited to those with low nuclearity, and
those exhibiting a large high-spin ground state are still
extremely rare.5 In this regard, we focused on the assembly
of heterometallic ions by oximate linkages, which is known
to act as a good magnetic pathway. Among the available
ways of introducing oximate bridges, we selected the pyri-
dine-2-aldoximate ligand.6-9 Here we report the synthesis,
structural determination, and magnetic properties of a novel
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heterometallic MnII4NiII2 cluster, Mn{Mn(hfac)2}3{Ni(pao)3}2

(1) (hfac-, hexafluoroacetylacetonate; pao-, pyridine-2-al-
doximate). In1, the antiferromagnetic couplings mediated
by oximate bridges between Ni(II) and Mn(II) lead to anS
) 8 spin ground state.

Heterometallic cluster1 is obtained in good yield from
the reaction of Mn(hfac)2 with Ni(pao)2(py)2 in chloro-
form.10,11 Simultaneous to the assembly process of1, a
complicated ligand exchange occurs to form a Ni(pao)3

-

building block and free Mn(II) ion, both of which are derived
from the partial replacement of the hfac ligands of the
Mn(hfac)2 precursor, which is followed by the formation of
a cluster moiety of [(pao)3Ni-Mn-Ni(pao)3]. Nevertheless,
such byproducts as Ni(hfac)2 or Ni(hfac)2(py)2, which are
predicted to be formed from the ligand-exchange reaction,
are not cocrystallized from the solution. The structure of
neutral cluster1 is depicted in Figure 1.12 Compound1
crystallizes in tetragonal space groupP43212 (Z ) 4). The
heterometallic cluster lies on theC2 axis located on Mn(1)
and Mn(3) metal ions. On the basis of bond distance and
charge balance considerations, the three types of Mn ion are
divalent, and1 is therefore neutral. All metal centers adopt
a slightly distorted octahedral geometry. The Ni(II) ion is
surrounded by three pao- ligands in a perpendicular fashion
with average Ni-N bond distances of Ni-Noximate) 2.042-
(4) Å and Ni-Npy ) 2.109(4) Å. The coordinating oximate
groups are gathered on one side; therefore, [Ni(pao)3]- acts
as a tridentate coordination-donor building block. Two
[Ni(pao)3]- units and their six oximate groups cap the

centered octahedral Mn(II) ion with an average Mn-O
bond distance of 2.171(3) Å to form a bridging motif of
[{Ni-(µ-NOpao)3}2-Mn]. Each of these oximate oxygens
further links to a Mnterminal(hfac)2 unit (with Mnterminal as
Mn(2), Mn(2)*, or Mn(3)) in the [Mncentral(1)-(µ-Oox)2-
Mnterminal] mode with an average Mnterminal-Oox distance of
2.132(3) Å. The crucial role played by the oximate oxygen
in assembling and fortifying the hexanuclear core should be
emphasized here. Indeed, as the Mn(II) metal ions are all
connected through the-OoxN- bridge to Ni(II) sites, the
oximate oxygens further cement the cluster through (µ-Oox)2

that connects the three terminal Mn(II) species to the central
one (Scheme 1). The average intermetal distances within the
cluster are Ni-Mncenter ) 3.65 Å, Ni-Mnterminal ) 5.05 Å,
Mncenter-Mnterminal ) 3.49 Å, and Mnterminal-Mnterminal )
6.05 Å.

The magnetic susceptibility of a polycrystalline sample
of 1 is studied from 300 to 1.9 K at 1000 Oe. TheøT versus
T plot, shown in Figure 2, slightly decreases from 17.8 emu‚
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Figure 1. Molecular structure of1: side view (top) and a view projected
along [Ni(1)-Mn(1)-Ni(1)*] axis (bottom). In the side view (top), the hfac-

ligands on the terminal Mn ions are omitted for clarity.

Scheme 1
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K/mol at 300 K to reach a minimum of 15.6 emu‚K/mol at
75 K. At even lower temperatures,øT increases to reach a
plateau at 36.0 emu‚K/mol below 2.5 K. This low-temper-
ature value oføT suggests anS ) 8 ground state withg ≈
2 as the predicted value because theS) 8 spin state is 36.0
emu‚K/mol assuming g ) 2.00. At 1.9 K, the field
dependence of magnetization saturates at 16µB and is
perfectly reproduced using anS) 8 Brillouin function with
g ) 2.00 (inset of Figure 2). This result confirms theS) 8
ground state of1.

Considering the molecular structure of1, the possible
exchange pathways are shown in Scheme 1. Due to the
geometric similarity of the-NO- bridges between Ni(1)
and Mnterminal and the necessity to reduce the number of
parameters in the model, magnetic interactions are imposed
equal the exchange coupling parameter,J1, even if they are
crystallographically not symmetrically related. The same
approximation is adopted for exchange interactions between
Mn(1) and Mnterminal (J3). Therefore, the magnetic data are
analyzed with the following Hamiltonian:

The complicated topology of the magnetic pathways
precludes a simple calculation of the cluster’s spin levels
by Kambe’s method;13 hence, we use a more general
procedure developed by Clemente-Juan and co-workers
(MAGPACK program).14 From a simulation with the Ham-
iltonian, the best set of parameters isg ) 2.0, J1/kB )

-4.3(2) K,J2/kB ) -10(1) K, andJ3/kB ) -0.57(5) K (red
line in Figure 2). Comparison ofJ1 andJ2 with previously
published values is not possible due to the fact that, as far
as we know,1 presents the first example of Ni(II)-Mn(II)
magnetic interactions mediated by oximate linkages. Nev-
ertheless, it should be noted that the obtainedJ2 is more than
twice the value ofJ1. This result is in agreement with the
structure of1 that reveals thatJ2 is mediated by three-NO-
bridges when only one of these links supportsJ1. The
obtained value ofJ3 is also reasonable considering that
Mn(II) compounds with bis(µ-O) bridging are generally
weakly coupled either antiferromagnetically15 or ferromag-
netically.15a,16A simple picture of theS) 8 ground state is
given by all the Mn(II)S ) 5/2 spins aligning in the same
direction in opposition to Ni(II)S ) 1 spins. Indeed, this
configuration is obtained because the antiferromagnetic
Mn-Ni interactions (J1 andJ2), which force all Mn spins to
be parallel, overcome the weak antiferromagnetic Mn-Mn
interaction (J3) (|J1| and |J2| . |J3|).

In summary, a new heterometallic MnII
4NiII2 cluster,

Mn{Mn(hfac)2}3{Ni(pao)3}2 (1), was synthesized and struc-
turally characterized. Although1 was the result of compli-
cated ligand-exchange reactions, it was selectively obtained
in high yield. As expected, the use of the pao ligand led to
the formation of oximate bridges between Mn(II) and Ni(II)
that mediated the antiferromagnetic interactions, as shown
by magnetic susceptibility measurements. The architecture
of the Mn4Ni2 cluster and the strength of the antiferromag-
netic Mn-Ni interaction imposed an overall high-spin ground
state: S ) 8.

Acknowledgment. This work was supported by Japan
Science and Technology Corporation (JST) (H.M.) and the
CNRS and the Conseil Regional d’Aquitaine (R.C.). The
authors are also grateful to J. Modesto Clemente-Juan for
explaining and providing the MAGPACK package. The
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Figure 2. Temperature dependence oføT product measured at 1000 Oe
in the temperature range 1.9-300 K. The solid line is the best fit obtained
with the magnetic model described in the text (Scheme 1). Inset: field
dependence of magnetization measured at 1.9 K, where the solid line is the
best fit obtained using a Brillouin function withS ) 8 (g ) 2).

H ) -2J1[ ∑
i)2,2*,3
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