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High-spin molecules with an easy-axis magnetic anisotropy show
slow magnetic relaxation of the spin reorientation along the
magnetic anisotropy axis, and at very low temperature, the spin
does not thermally flip but flips via quantum processes. These
molecules have a double minimum potential for the reversal of the
magnetic moment and are called single-molecule magnets (SMMs).1

SMMs, which have possible applications as very small memory
devices, are fundamentally interesting due to quantum phenomena
for future applications in quantum computing.2 Since the discovery
of the first SMM of a dodecanuclear manganese complex,3 many
homometal SMMs composed of V, Mn, Fe, and Ni ions have been
prepared,4 and their quantum behaviors have been extensively
studied.5 By combining different metal ions, on the other hand, it
should be possible to prepare molecules with larger magnetic
anisotropy and higher spin ground states due to ferro- or antifer-
romagnetic interactions. Today, the number of heterometal SMMs
is still limited,6 even though SMMs will lead to an understanding
of quantum tunneling effects through synergy of heterometal spins.
We report here a new heterometal SMM of [MnIII

2NiII2Cl2(salpa)2]
(salpa) N-(2-hydroxybenzyl)-3-amino-1-propanol), which showed
a steplike hysteresis loop characteristic of an SMM.

A reaction of 1:1 mixtures of H2salpa7 and metal chlorides in
methanol gave dark-red crystals of [MnIII

2NiII2Cl2(salpa)2] (1) in a
high yield (40%).8 1 crystallized in a tetragonal space group of
I41/a.9 The structure consists of an incomplete face-sharing double
cube that is composed of two MnIII and two NiII ions (Figure 1).
Metal ion positions were confirmed by bond valence sum calcula-
tions10 and the short coordination bond lengths for the MnIII ions.
The MnIII and NiII ions are doubly bridged to form a dinuclear unit
by two oxygen atoms (O4 and O2), and the symmetrically related
dinuclear cores are linked by two phenoxo (O3 and O3*) and two
alkoxo (O2 and O2*) groups inµ2 andµ3 fashions, respectively.
The MnIII ion has square pyramidal coordination geometry. The
equatorial positions are occupied by three oxygen (O1, O4, and
O2) and one nitrogen (N1) atoms, and a phenoxo oxygen atom
(O3*) coordinates from the apical position. The NiII ion has an
N1O4Cl1 chromophore, and the coordination bond lengths of the
NiII ion are longer than those of the MnIII ion. The NiII ions are
separated by 3.101(2) Å, and interatomic distance of the MnIII and
NiII is 3.065(2) Å.

DC magnetic susceptibility measurements for1 were performed
in the temperature range from 1.8 to 300 K (Figure 2). TheømT
value at 300 K is 8.768 emu mol-1 K, which is somewhat larger
than the value of the Curie constant (8.00 emu mol-1 K with g )

2) for the uncorrelated MnIII and NiII ions. TheømT values gradually
increased as the temperature was decreased and reached a maximum
value (18.56 emu mol-1 K) at 6.0 K, followed by sudden decrease.
The magnetic susceptibility data indicate that the molecule has a
relatively large spin ground state, such asS ) 5 and 6, of which
Curie constants are 15 and 21 emu mol-1 K, respectively.
Magnetization data were collected as a function of the temperature
and applied magnetic field (Figure 1S in the Supporting Informa-
tion). The magnetic susceptibility and low-temperature magnetiza-
tion data for the powder sample were simultaneously analyzed by
using a Heisenberg-Dirac-Van Vleck spin Hamiltonian,11 where
three exchange coupling constants (JMnNi, JMnNi* , andJNiNi* ) and
uniaxial zero-field splitting parameters were assumed and constant
values of TIP (50× 10-6 and 240× 10-6 emu per Mn and Ni
ions, respectively) were used in the calculation. Least squares
calculation gave the best fit parameters ofgMn, gNi, JMnNi, JMnNi* ,
JNiNi* , andD being 1.915(5), 2.206(5), 4.5(1) cm-1, 4.3(1) cm-1,
-7.9(2) cm-1, and -0.85(1) cm-1, respectively, and simulation
curves calculated using these parameters were in good agreement
with the experimental data (Figure 2). The ground spin state is,
therefore,S) 6, and the first excited state ofS) 5 is above 5 K.
In addition, the fit with all positiveJ values was inferior.
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Figure 1. ORTEP diagram of1. Selected bond angles (deg): Mn-O2-
Ni 97.3(2), Mn-O2-Ni* 95.4(2), Ni-O2-Ni* 101.65(19), Ni-O3-Mn*
98.5(2), Mn-O4-Ni 103.3(2).

Figure 2. ømT versusT (left) plot and field dependence of magnetization
at the field indicated (right) for1. The solid lines are the best fits using the
values in the text.
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High-field EPR (HF-EPR) spectra for single crystals were
collected at several frequencies (342-381 GHz) and temperatures
(Figure 3). The spectrum at 4.2 K and a frequency of 375.1 GHz
showed the most intense band at 7.05 T, and more fine structure
was observed for the EPR signals at higher temperatures in the
higher magnetic field region. This is due to the appreciable thermal
energy needed to populate higher energyMs levels, and the
temperature dependence of the EPR signals indicates that1 has a
negativeD value. In the crystal, two molecules are related by a
4-fold screw axis, and the equatorial coordination planes of the
MnIII ions make a dihedral angle of 89.68° to each other.12 Each
principal axis, which is along the apical axis of the MnIII ion, is
tilted to the external magnetic field. Using HF-EPR field frequency
and resonance magnetic field data,D, gav, andθ (the angle between
the principal axis and external magnetic field) values were
determined by the eigen field approach to be-0.70(1) cm-1,
2.082(2), and 48.0(1)°, respectively (Figure 3 inset).13

1 possesses anS) 6 spin ground state with a negativeD value,
and it is, therefore, expected to be an SMM with a magnetization
reversal barrier of|D|Sz

2 ) 36 cm-1. Magnetization experiments
were carried out for oriented crystals in an eicosane matrix at 0.55
K, where the principal magnetic axis deviates from the external
magnetic field, such as in the HF-EPR measurements. Magnetization
data showed a steplike hysteresis loop, which proves that the
molecule is an SMM (Figure 4).

We have found that tridentate Schiff bases and their reduced
derivatives are versatile for assembling heterometal ions.6g It is
hoped that through the chemical modification of the bridging
ligands, molecules with a larger number of metal ions can be
assembled and thus have higher-spin ground states and larger spin
reversal barriers.
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Figure 3. Selected high-field EPR spectra on single crystals of1 measured
at 375.1 GHz and plots of the field frequency versus resonance magnetic
field for the observed peaks (inset). The applied magnetic field is tilted
48° with respect to the easy axis. Solid lines on theν versusB plots result
from a least-squares fit using the parameters described in the text.

Figure 4. Magnetization hysteresis loop for oriented crystals of1 measured
in an eicosane matrix at 0.55 K.
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