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Magnetic interactions within or between molecules are typically antiferromagnetic, and careful design of multinu-
clear complexes by considering magnetic orbital symmetry and bridging structures is necessary for preparing metal com-
plexes with high-spin ground states. First, we present the rational syntheses of high-spin molecules with ferromagnetic
interactions. In the latter part of this article, our synthetic methodology for high-spin molecules was applied to prepare
homo- and hetero-metal single-molecule magnets (SMMs). In the homo-metal SMMs, high-spin ground states can be
achieved by assembling ferrous ions in the cubic shape, and they show superparamagnetic behavior due to easy axis
magnetic anisotropy of the molecules. Furthermore, control of magnetic anisotropy of single ions and multinuclear com-
plex molecules is presented. A facile one-pot synthesis for hetero-metal complex has been developed, and SMM behav-
iors of the obtained hetero-metal clusters are presented.

Magnetic interactions within or between molecules are typ-
ically antiferromagnetic, which is in accord with molecular
orbital considerations. When two magnetic orbitals, each hav-
ing an electron, interact, they form antibonding and bonding
orbitals. In the antiferromagnetic interactions, the two elec-
trons locate in the bonding orbital with anti-parallel spin align-
ment, and this situation can be regarded as a very weak chemi-
cal bond. The magnetic interaction (J) can be expressed as the
sum of exchange integral (K) and 2�S (� = transfer integral
and S = overlap integral), which favor ferromagnetic and an-
tiferromagnetic interactions, respectively. It should be pointed
that, for the occurrence of ferromagnetic interactions, metal
ions have no orbital overlap but have exchange interactions.
In order to bring about ferromagnetic interactions, the follow-
ing situations are needed.1 (i) When magnetic orbitals are
strictly or accidentally orthogonal to each other, the magnetic
interaction becomes ferromagnetic.2 Magnetic orbitals of �-
and �-spins are strictly orthogonal each other, while right-
angled arrangements of homo-magnetic orbitals give no orbital
overlaps, and this situation is called accidental orthogonality.
(ii) Configuration interactions of a ground high-spin with
excited high-spin states stabilize the high-spin ground state.3

(iii) Topological symmetry of �-electron network must be
considered to design high-spin organic molecules, such as
poly-carbenes.4 Spin polarization, a strategy originally sug-
gested by McConnell,5 can lead to ferromagnetic interactions
and can be applied to metal complexes.6 It is pointed out that
direct or indirect charge-transfer (CT) interactions between the
paramagnetic centers enhance magnetic interactions, and such
effects are treated with a valence bond-like approach.

In designing high-spin molecules, careful considerations

about the symmetry of the magnetic orbitals and bridging
structures should be devoted. High-spin ground states can be
achieved by ferromagnetic interactions between metal ions
or by ferrimagnetic interactions between metal ions with dif-
ferent spin multiplicities. Homo-metal systems require ferro-
magnetic interactions to have high-spin ground states, while
in hetero-metal systems both ferro- and ferrimagnetic situa-
tions can be used to have high-spin ground states. Magnetic
interactions between metal centers are governed by many
factors. However, a superexchange mechanism is often pre-
dominant involving magnetic interactions, and the sign of
the exchange coupling constants can be predicted by bridging
structures. When two homo-metal ions are bridged by a single
anion with a bridging angle of 180�, for example, strong anti-
ferromagnetic interactions (J < 0) occur via ligand-to-metal
(LM) CT interactions, and a low-spin ground state is stabi-
lized. When homo-metal ions are linked without magnetic
orbital overlap, two metal ions bridged with a bond angle of
90�, ferromagnetic interactions occur, stabilizing a high-spin
ground state (Scheme 1a). In the case of hetero-metal systems,
each having orthogonal magnetic orbitals, the metal ions that
are bridged with a bond angle of 180� would lead to ferromag-
netic coupling (Scheme 1b).

First, we describe rational syntheses of high-spin molecules,
molecules with high-spin ground state, by the ferromagnetic
interactions. During the course of extending our research to
high-spin molecules, a dodecanuclear manganese complex,
[Mn12O12(O2CMe)16(H2O)4] ([Mn12]),7 has been proven to
show superparamagnetism at very low temperature and named
a single-molecule magnet (SMM). High-spin molecules with
easy-axis magnetic anisotropy show slow magnetic relaxation
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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 dou-
ble minimum potential for the reversal of the magnetic mo-
ment.8 One feature of SMMs is a hysteresis effect in the mag-
netization process originating from the slow magnetic relaxa-
tion, which make it possible to store information in a single
molecule.9 The second fascinating feature of SMMs is that
the relaxation of the magnetization shows clear quantum ef-
fects, and accordingly, SMMs can be used to investigate the
mesoscopic range in which quantum and classical behavior co-
exist. We applied our synthetic methods for preparing high-
spin molecules to the synthesis of homo- and hetero-metal
SMMs.

High-Spin Molecules with Ferromagnetic Interactions

Orthogonal Arrangement of Magnetic Orbitals: d10

Metal Complexes with Imino Nitroxide.10 Magnetic inter-
actions between paramagnetic centers through diamagnetic
metal ions have been considered to be negligibly small or
weakly antiferromagnetic. However, metal complexes of dia-
magnetic metal ions with semiquinones show a variety of
magnetic interactions depending on metal ions and coordina-
tion geometries. A series of square-planar metal complexes
[MII(sq)2] (M ¼ Ni, Pd, and Pt; sq = tert-butyl-substituted
semiquinone) shows fairly strong antiferromagnetic interac-
tions due to indirect overlap of the magnetic orbitals through
the metal d� orbitals.11 The strength of inter-radical exchange
increases down the series of metal ions, i.e., the strongest cou-

pling for Pt and the weakest for Ni. Pseudo-octahedral coordi-
nation geometry provides for orthogonal coordination of semi-
quinones. [MIII(3,6-dbsq)3] (M ¼ Al and Ga)12 and [GaIII(3,5-
dbsq)3]

13 (Ligands: semiquinone derivatives) showed weak
ferromagnetic interactions (J ¼ 6:2, 8.6, and 7.8 cm�1 with
H ¼ �2J�Si�Sj), while [MIV(cat-N-sq)2] (M ¼ Ti, Ge, and
Sn) (Cat-N-SQ = tridentate Schiff base biquinone)14 were
characterized by a triplet ground state with J ¼ �56, �27,
and �23 cm�1 (H ¼ J�S1�S2), respectively. It should be not-
ed that magnitude of magnetic interactions through diamagnet-
ic ions depends strongly on energy level of the d� orbitals and
that the charge-transfer interactions determine the sign and
amplitude of magnetic interactions. In this section, ferromag-
netic interactions of two coordinating iminonitroxide deriva-
tives (immepy and impy) with d10 metal ions are presented,
and the role of CT interactions is discussed (Chart 1).

Cuþ ions favor a tetrahedral coordination geometry,15 which
is suitable for the orthogonal arrangement of two bidentate li-
gands. The geometry causes an orthogonal arrangement to the
two coordinating bidentate radical ligands, leading to ferro-
magnetic interaction between the radicals. The complex [CuI-
(immepy)2](PF6), where immepy is a bidentate imino nitro-
xide, 2-[2-(6-methylpyridyl)]-4,4,5,5-tetramethyl-4,5-dihydro-
1H-imidazolyl-1-oxyl, has a C2 axis, and the Cuþ ion is coor-
dinated by crystallographically equivalent immepy ligands act-
ing as bidentate ligands (Fig. 1). The coordination geometry
about Cuþ ion is pseudotetrahedral with the four coordination
sites being occupied by four nitrogen atoms, and the two radi-
cal planes (magnetic orbitals) are perpendicular to each other
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Scheme 1. Ferromagnetic interactions in (a) homo-metal
and (b) hetero-metal systems.
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Fig. 1. Structure and magnetic susceptibility data of [CuI(immepy)2]
þ.
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with the dihedral angle of 88.7�. Magnetic susceptibility mea-
surements showed that the coordinated iminonitroxides are fer-
romagnetically coupled and J was estimated to 55.1(2) cm�1

using a fixed g value of 2.0 and H ¼ �J�S1�S2. It is noted
that [CuI(immepy)2](PF6) in acetonitrile showed intense
absorption bands at 766 nm (" ¼ 5000M�1 cm�1) and 464
nm (" ¼ 6300M�1 cm�1) with a shoulder band at 510 nm
(Fig. 2a). These bands were assigned by comparison to the
electronic spectra of Cuþ–diimine16 and Cuþ–semiquinone
complexes.17 The intense band at 464 nm and shoulder at
514 nm were assigned to MLCT bands, e(dxz,dyz) ! e(��)
(NLUMO) and b2(dxy) ! e(��) transitions, respectively, and
the lower energy band (766 nm) corresponds to a e(dxz,dyz) !
SOMO (immepy) transition (Fig. 2b).

The mechanism, which determines the relative energy (J) of
the triplet and singlet states, has been often discussed in terms
of the Heitler–London interaction and valence bond configura-
tion interaction between the ground and CT states.18 J depends
primarily on the Heitler–London type interaction within the
ground state and in natural magnetic orbital treatments the
triplet–singlet energy gap is expressed as:

JGS ¼ 2K���� þ 4�����S���� ð1Þ

2K���� , ����� , and S���� represent the two electron ex-
change, transfer, and overlap integrals between radical
SOMOs, respectively. The two coordinating radicals are or-
thogonally arranged, S���� becomes zero, and strong ferromag-
netic coupling primarily arises from 2K���� . [Cu

I(immepy)2]-
(PF6) has a fairly strong CT band, which is due to the �-back
donation to the radical SOMO. It is necessary to consider
valence bond configuration interactions to interpret the ferro-
magnetic interaction. Valence bond-like treatments have been
invoked to explain ferromagnetic interactions or ordering in
metal complexes as well as in pure organic compounds. For ex-
ample, Goodenough proposed that interactions between half-
filled orbitals on one metal and empty orbitals on the other met-
al can contribute to ferromagnetic interactions.19 This mecha-
nism was also invoked to justify the ferromagnetic ordering

observed for (p-nitrophenyl)nitronyl nitroxide,20 and ferromag-
netic interactions in [MnIII(�-O)(�-CH3CO2)2MnIII]21 and
[Gd2Cu4].

22 The situation is not the same as the above case
but is closer to the models by McConnell and Breslow.23 The
coordination geometry (D2d) about the Cuþ ion is assumed
to be pseudotetrahedral, and the orthogonal orbitals were used
in the following treatment. Based on the four-orbitals (degen-
erate e(dxz,dyz) and degenerate �� orbitals) and six-electrons
(four on e(dxz,dyz) and two on each ��), the ground triplet
(GST) and singlet (GSS) configurations are represented by
Schemes 2a and 2b.

The MLCT configuration generated by the CT transition
from e to �� is represented by Scheme 2c, where �e�� is a
transfer integral. This MLCT state has both triplet (CTT) and
singlet (CTS) configurations. However, the triplet is lower in
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Fig. 2. (a) Absorption spectra of Cuþ and Agþ imino nitroxides, and (b) the MO scheme and band assignments of Cuþ complex
under the pseudotetrahedral coordination geometry.
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energy than the singlet due to the orthogonality of the singly
occupied e and �� orbitals (Scheme 3). The ground and
MLCT states are mutually repulsive, and the admixed triplet
and singlet ground states are stabilized by �2�e��

2=ð��
Ke��Þ and �2�e��

2=ð�þ Ke��Þ, respectively, where � is the
cost in energy of transferring an electron from e to �� and
Ke�� is the interatomic exchange integral involving the orbitals
e and ��. As a consequence of mixing, the ground triplet state
is lower than the singlet and the triplet–singlet energy gap
(J) is expressed as J ¼ 4Ke���e��

2=ð�2 � Ke��
2Þ (Scheme 3).

There is the more excited CT configuration. Starting from the
MLCT configuration (Scheme 2c), an electron on a doubly oc-
cupied e orbital can be transferred to a singly occupied �� or-
bital such that the Cuþ ion possesses two singly occupied or-
bitals (Scheme 2d). By comparison with the GS configuration
(Scheme 2a), this corresponds to a double CT configuration
(DCTT), and this configuration should be a triplet due to the
Hund’s rule. The interaction between the GST and DCTT con-
figurations stabilizes the GST triplet, because the singlet DCTS

configuration is quite high in energy. The resulting stabiliza-
tion of the GST is �ð�e��

4=�2Þ=ðEDCT � KeeÞ, where EDCT

and Kee correspond to the energy cost associated with this elec-
tron transfer and the one-site exchange integral, respectively.
Stabilization due to the DCT is, in general, very small. In this
case, however, the two unpaired electrons locate on the Cu ion
in the DCT configuration, which leads to the fairly large Kee.
Hence, the GST–DCTT configuration interaction can not be ig-

nored. As the result of the configuration interaction of the GST
with CTT and DCTT, the GST is stabilized by �2�e��

2=ð��
Ke�� Þ � ð�e��

4=�2Þ=ðEDCT � KeeÞ (Scheme 3).24

Magnetic interactions in [AgI(impy)2](PF6) were also exam-
ined (Fig. 3a). The coordination geometry about the Agþ ion
deviates from tetrahedral with a dihedral angle of the coordi-
nating imino nitroxides of 79.2�, which results in the broken
orthogonality of the coordinating imino nitroxides. Powder
magnetic susceptibility and EPR spectrum of frozen acetoni-
trile solution suggested that the magnetic interaction between
the coordinating imino nitroxide is weakly ferromagnetic. It
should be noted that [AgI(impy)2](PF6) did not show MLCT
bands (Fig. 2a), which confirms an apparent energy mismatch
between the ligand �� and d� orbital of the Agþ ion. It can be
concluded that not only the broken orthogonality but also the
lack of the MLCT interaction make the intramolecular ferro-
magnetic interaction very weak in the case of [AgI(impy)2]-
(PF6). It is also pointed out that square-planar complex of
[PdIICl2(immepy)2] showed a fairly strong antiferromagnetic
interaction (J ¼ �160:8 cm�1) between coordinating two imi-
no nitroxides (Fig. 3b).25 [PdIICl2(immepy)2] showed strong
absorption bands at 350 nm (7800 dm3 mol�1 cm�1) and 500
nm (1800 dm3 mol�1 cm�1), assigned to be metal to NLUMO
and the metal to SOMO transitions. This confirms that the
metal dxy orbital has substantial overlap with the SOMOs
and leads to the strong antiferromagnetic interaction.

Chromate Bridges.26 Bridging ligands usually mediate
antiferromagnetic interactions due to the magnetic orbital
overlap through bridges. Ferromagnetic interactions, however,
can occur, when the magnetic orbitals are (accidentally) or-
thogonal to each other. In this section, magnetic interactions
through tetraoxometalates will be discussed by means of fron-
tier orbital symmetry.

Oxometalate anions like [CrO4]
2� have tetrahedral coordi-

nation geometry, and d-orbitals split into e and t2 type orbitals
under the Td symmetry (Scheme 4). The e pair of the d-orbitals
has no matching combination of the oxygen orbitals and re-
mains nonbonding. The three t2 orbitals, however, have the
same symmetry with combinations of coordinating oxygen or-
bitals, and form bonding and antibonding orbitals. The t2-type
bonding orbitals, which mainly consist of the oxygen orbitals,
are occupied by six electrons from the oxygen atoms. When
two paramagnetic metal ions having d� spins like Cu2þ ions
are bridged by the [CrO4]

2� unit, two of the t2-type orbitals
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and �-type (dx2�y2 ) magnetic orbitals of the Cu2þ ions form
bonding and antibonding orbitals (Scheme 4). The two un-
paired electrons from Cu2þ ions locate on doubly degenerate
antibonding orbitals, leading to ferromagnetic interactions.

A chromato-bridged dicopper(II) complex of [{CuII-
(acpa)}2(�-CrO4)]�4CH3OH�4H2O (Hacpa = N-(1-acetyl-2-
propyridene)(2-pyridylmethyl)amine) showed ferromagnetic
behavior with J ¼ þ7:3ð1Þ cm�1 and g ¼ 2:12ð1Þ (Fig. 4a).
The chromato-bridged dicopper complex has only mirror sym-
metry; hence, the molecular geometry of the complex is Cs. In
spite of the fact that there are no degenerate orbitals under Cs

symmetry, the antibonding orbitals that form should have a
very small energy gap or be accidentally degenerate due to
the rigid structure of the [CrO4]

2� unit. Therefore, two un-
paired electrons from the two paramagnetic centers locate on
the accidentally degenerate antibonding orbitals, and this leads
to ferromagnetic interaction between the bridged Cu2þ centers.
It should be noted that [CrO4]

2� bridges [Ni(cyclam)]2þ

and forms a ferromagnetic chain, catena-poly[Ni(cyclam)(�-
CrO4-O,O

0)�2H2O], with J ¼ þ0:6ð1Þ cm�1 and g ¼ 2:13ð1Þ
(Fig. 4b).27

Topological Approach. Some strategies for incorporating
ferromagnetic interactions into organic multi-radical com-
pounds have been proposed.28 A spin polarization mechanism,
i.e., topological symmetry of the � electron network, was ap-
plied to design high-spin organic molecules in poly-carbene
system. Some poly-carbenes, in which the carbenes are linked
in meta-positions of a benzene-ring, have shown fairly strong
ferromagnetic interaction, and the ferromagnetic interaction
between radicals can be explained by polarized p� spin
over the whole molecule which forms a topological network
(Scheme 5).

Is it possible to apply the spin polarization mechanism to
designing multi-nuclear complexes with an intramolecular fer-

romagnetic interaction? Yes, paramagnetic metal ions that are
linked with an aromatic bridging ligands in the meta-position
have ferromagnetic interactions due to the topologically
networked d� spins to the ligand p� orbitals. The ligand
4,6-bis[N,N-bis(2-pyridylmethyl)aminomethyl]-2-methylresor-
cinol (H2bpmar) was used to bridge Fe3þ ions. A dinuclear
Fe3þ complex, [FeIII2(bpmar)(H2O)4](NO3)4�3H2O, fulfills
conditions required for the occurrence of ferromagnetic inter-
actions.29 (i) Central metal ions have d� spins. (ii) Organic
bridging ligands should have de-stabilized HOMOs, which
are close in energy to the magnetic orbitals of the metal ions.
(iii) A topological network concerning the d� spin to the li-
gand p� orbitals must exist (Chart 2).

Magnetic susceptibility measurements of [Fe2(bpmar)-
(H2O)4](NO3)4�3H2O showed ferromagnetic behavior, and J

was estimated to be þ0:65ð3Þ cm�1 with g ¼ 1:953ð4Þ by us-
ing the data above 10K (Fig. 5). It is apparent that the metal
ion should have d� spin in order to interact or mix with the
organic p� orbital. Simple perturbation theory predicts that
two orbitals can strongly interact when the orbitals have the
same symmetry and comparable energies, and a metal ion must
have a magnetic d� orbital, of which energy is close to that of
p� orbital of organic bridges. Resorcinol has a de-stabilized
HOMO (highest occupied molecular orbital) due to the two
negative charges; hence, d� orbitals of an Fe3þ ion become
closer in energy to the p� orbitals of the resorcinol. The spin
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polarization of the d� spins to the bridging ligands occurs to
give ferromagnetic interaction (Scheme 5b). It is also pointed
out that the dinuclear Cu2þ complex [Cu2(bpmar)(NCS)2]�
4H2O did not show any ferromagnetic interactions (Fig. 5),
which confirms that d� spin topology plays an important role
leading to ferromagnetic interactions.27

Single Molecule Magnets

High-spin molecules with magnetic anisotropy have been
proven to exhibit non-classical magnetic properties. High-spin
molecules with an easy axis type of anisotropy have a double
minimum potential in the reversal of the magnetic moment
(Fig. 6a), and they show slow magnetic relaxation owing to
a energy barrier in respect to spin flipping along the magnetic
anisotropy axis. At very low temperatures, the spin does not
flip thermally, but flips via quantum processes. Thus, the
high-spin molecules behave as if they are molecular-size per-
manent magnets. Molecules having this superparamagnetic be-
havior are called single-molecule magnets (SMMs).30 One of
the features of SMMs is a hysteresis effect in the magnetiza-
tion process originating from the slow magnetic relaxation,
which makes it possible to store information in a single mole-
cule.9 The second fascinating feature is that the relaxation of
these magnetization shows clear quantum effect. Studies in-
volving quantum tunneling of the magnetization31 and quan-

tum phase interference9a have been conducted with the hope
of using SMMs in quantum devices in the future. The first re-
ported SMM was [Mn12O12(O2CMe)16(H2O)4] ([Mn12]), and
several analogues of [Mn12]32 and [Fe8O2(OH)12(tacn)6]

8þ

(tacn = 1,4,7-triazacyclononane)33 have since been extensive-
ly studied. While a number of SMMs containing manganese,34

iron,35 nickel,36 vanadium,37 and cobalt38 ions have been re-
ported, [Mn12] still has the highest blocking temperature
SMM.

SMMs must have a large uniaxial magnetic anisotropy of
easy axis type (large negative zero-field splitting parameter,
D < 0) and a relatively large ground state spin multipulicity
(S). The spin Hamiltonian can be written as

H ¼ g�BHSþ D½Sz2 � SðSþ 1Þ=3� þ EðSx2 � Sy
2Þ: ð2Þ

D and E represent uniaxial and rhombic zero-field splitting pa-
rameters, respectively. The first term represents the Zeeman
energy, and the second term is the contribution from the mag-
netic anisotropy of D. In zero applied field, the energy levels of
S in SMMs can be described as a symmetrical double mini-
mum potential (Fig. 6a), where E term was ignored. Since D

is negative, the ms ¼ �S levels will be the lowest, and all
the levels (�S � ms � þS) are degenerated, except ms ¼ 0

in the case of integer spin system, and two potential minimum
are equally populated before external magnetic field is applied.
The energy barrier, which is the difference in energy between
ms ¼ �S states and the highest one(s), can be expressed as
�E ¼ jDjSz2 for integer spin systems, and �E ¼ jDjðSz2 �
1=4Þ for half-integer spin systems. When a magnetic field is
applied parallel to the easy axis, the ground state degeneracy
is removed and at low temperature only ms ¼ �S state will
be populated (magnetization was saturated) (Fig. 6b). After
the applied magnetic field is switched off, the magnetization
decays to thermal equilibrium with thermally activated first-
order kinetics, and the single relaxation process follows the
Arrhenius law (� ¼ �0 expð�E=kBTÞ, where �0 is the pre-
exponential factor and kB is the Boltzmann constant) (Fig. 6c).

This magnetic relaxation will be very slow in the system
with relatively large S and negative D values. Since the relax-
ation time becomes so long, stepped magnetic hysteresis is first
observed in [Mn12]. The steps correspond to fields at which a
rapid increase of the relaxation rate is observed, and this be-
havior originates from the quantum spin tunneling between
pairs of crossing levels. In zero applied field, the lowest ms ¼
�S levels are in the tunneling condition, and relaxation rate
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becomes comparatively fast. In the presence of an external
magnetic field along the easy axis of the molecules, mismatch
of the energy levels leads to the absence of the quantum spin
tunneling. However, the condition for tunneling is restored for
fields, at which the ms ¼ þn level has the same energy as of
the ms ¼ �nþ m level, where n and m are any integer number,
and the interval of such magnetic fields can be described as
�H ¼ D=g�B when only uniaxial magnetic anisotropy is con-
sidered. In this account, we present the rational syntheses of
SMMs and discuss the control of magnetic anisotropy.

Homo-Metal SMMs

In designing high-spin molecules, the symmetry of the mag-
netic orbitals and bridging structures should be carefully con-
sidered, and this was pointed out in the pervious sections. Usu-
ally, homo-metal systems show antiferromagnetic interactions;
however, metal ions bridged with a bond angle of 90� would
have ferromagnetic interactions. It is already known that phen-
oxo and alkoxo groups sometime bridge metal ions without
magnetic orbital overlap (bridging bond angle close to 90�),
leading to ferromagnetic interactions. We have found that tri-
dentate Schiff bases, prepared by condensation reactions of
salicylaldehyde with aminoalkylalcohol, bridge to afford ferro-
magnetic interactions. We present here synthesis of homo-
metal SMMs by using Schiff bases.

Ferrous Cube SMMs.39 The reactions of FeCl2�4H2O
with two types of tridentate bridging ligands H2sap and H2sae
(Chart 3, H2sap and H2sae are salicylideneamino-1-propanol
and salicylideneamino-1-ethanol, respectively) gave the fer-

rous cubes [FeII4(sap)4(MeOH)4] and [FeII4(sae)4(MeOH)4]
(Fig. 7). The ferrous cubes have tetranuclear cubic core struc-
tures (Fig. 7). In the complexes, four FeII ions are bridged by
�3-alkoxo groups, giving an approximately cubic array of al-
ternating iron and oxygen atoms. The Fe2þ ions have axially
elongated coordination geometries. The elongated axis (axial
axis) of the each Fe2þ ion lies perpendicular to the molecular
S4 axis, and elongated axis aligned orthogonally. The two
cubes have subtle differences in coordination structures. The
equatorial coordination bond lengths in [FeII4(sae)4(MeOH)4]
are shorter than those in [FeII4(sap)4(MeOH)4], and the differ-
ent coordination environments are due to the steric strain on
the Fe2þ ions. The octahedrons about the Fe2þ ions in [FeII4-
(sae)4(MeOH)4] are more squeezed in the equatorial plane
than those in [FeII4(sap)4(MeOH)4], and the differences in
the Jahn–Teller distortion modes resulted in different ac sus-
ceptibility behaviors.

Ferrous cubes showed ferromagnetic behavior and have S ¼
8 spin ground states. The magnetizations did not show satura-
tion up to 5 T, and the analyses of magnetization data gave
positive (D ¼ þ0:8 cm�1) and negative (�0:76 cm�1) zero-
field splitting parameter for [FeII4(sap)4(MeOH)4] and [FeII4-
(sae)4(MeOH)4], respectively. From ac magnetic susceptibility
measurements, [FeII4(sae)4(MeOH)4] showed frequency-de-
pendent �0 and �00 signals (Fig. 8), while the �00 signal for
[FeII4(sap)4(MeOH)4] was not observed down to 1.8K. The
temperature dependence of �00 showed a peak maxima at
1.8–2.5K, which shifted to a lower temperature as the ac fre-
quency decreased from 1000 to 50Hz. The Arrhenius plots
derived from ac susceptibility data indicate that [FeII4(sae)4-
(MeOH)4] was an SMM with �E ¼ 28K and pre-exponential
factors (�0) of 3:63� 10�9 s. It is noted that [FeII4(sap)4-
(MeOH)4] is a non SMM, due to the molecule having positive
D values.

We have prepared a variety of tridentate Schiff base ligands
which are very useful for assembling metal ions in cubic struc-
tures, and homo-metal high-spin molecules should be system-
atically available. In addition, the present results gave an inter-
esting subject about magnetic anisotropy of single-ions (Dion)
and molecules (Dmol). In the next section, we will propose
possible control of magnetic anisotropy by chemical modifi-
cations.
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Fig. 7. Structures of (a) [FeII4(sap)4(MeOH)4] and (b) [FeII4(sae)4(MeOH)4].
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Controlled Magnetic Anisotropy at Molecular Level.40

SMMs require high-spin ground states (S) and uniaxial mag-
netic anisotropy (D < 0) in cluster molecules. Although high-
spin molecules can be rationally prepared, control of magnetic
anisotropy is still a challenging subject. The sign of the D val-
ue relates to Jahn–Teller distortion (distortion of molecule),
and simple ligand field approach gives some clues about con-
trol.41 Molecular magnetic anisotropy (Dmol) occurs due to
several factors, including single-ion anisotropy of the constit-
uent metal ions (Dion), anisotropic exchange interactions be-
tween these ions, and magnetic dipolar interactions. Among
them, Dion often dominates Dmol. The ferrous cubes presented
in the previous section have negative or positive Dcube values,
which must be originating from Dion of Fe2þ ions (DFe). We
will discuss the origin of the different sign of DFe values in
the ferrous cubes.

The sign of the Dion values depends on the electron config-
uration and ligand field environment of a metal ion. When the
orbital degeneracy is completely lifted in the electronic ground
state under a low-symmetry ligand field, the Abragam-Pryce’s
derivation of the spin Hamiltonian can be used to define the
zero-field splitting as the quadratic forms of the spin operators
including uniaxial D and rhombic E terms as described in
Eqs. 3–5.42

D ¼ �2ð�xx þ�yy � 2�zzÞ=2; ð3Þ

E ¼ �2ð�xx ��yyÞ=2; ð4Þ

��� ¼
X

n 6¼0

h’0jL̂L�j’nih’njL̂L�j’0i
En � E0

: ð5Þ

Parameters of � and ��� are the spin–orbit coupling constant
and the mixing tensor of the ground and excited states, respec-
tively. The sign of the D value depends upon the relative am-
plitude of ���. These anisotropy terms originate from spin–
orbit coupling �L�S, which mixes higher-energy multiplets
into the ground state via second-order perturbations, and they
dominate low-temperature magnetism of transition-metal com-
plexes that are either easy-axis type with negative D and easy-
plane type with positive D, respectively.

In a high-spin Fe2þ ion, tetragonal Jahn–Teller effects split
the t2g orbitals into the eg and b2g orbitals under D4h symmetry,
causing the 5Eg or

5B2g terms to become the ground state. The
5Eg or

5B2g states do not have orbital angular momentum, but

mixing with the other states via spin–orbit coupling gives rise
to magnetic anisotropies. The splitting of the t2g orbitals de-
pends on both �-donating and -accepting ability of the ligands,
while �-back-donation in high-spin Fe2þ ions is assumed to be
small. The dxz and dyz orbitals are, therefore, destabilized, and
the b2g orbital becomes the lowest in energy, while the 5B2g

term becomes the ground state (Scheme 6).
The Dion can be predicted by taking into account the crystal

field generated by the ligands and by introducing the real ge-
ometry of the coordination sphere by using the angular-overlap
model (AOM).43 AOM is a ligand field model, which uses mo-
lecular orbital oriented e� and e� parameters for each donor
atom, and is particularly well suited to account for angular dis-
tortions in the ligand field. The energy splits in the 5B2g state
of a single Fe2þ ion were calculated using AOM, and the cal-
culated energy splitting scheme for a 3d6 system subjected to
N1O5 coordination are shown in Fig. 9a, where the decrease in
the p value from unity corresponds to the compressed octa-
hedral coordination. If the �-donation from the equatorial li-
gands is weak (p ¼ 0:5), the 5B2g term is not a good eigen-
state, and it splits into two nearly degenerate states and one
nondegenerate state. Calculations with a magnetic field along
the y-axis gave a quasi-first-order Zeeman effect involving
the low-lying nearly degenerate states, suggesting that the split
states, where the equatorial �-donation is weak, correspond to
the ms ¼ �2, �1, and 0 states in order from the lowest energy
(Fig. 9b). The equatorial coordination bond lengths about the
Fe2þ ions in [FeII4(sae)4(MeOH)4] are shorter than those for

t2g

eg

b1g dx2-y2

a1g dz2

eg dxz, dyz

b2g dxy

Oh D4h

Scheme 6. d-Orbital splitting scheme under Oh and D4h

point groups.
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[FeII4(sap)4(MeOH)4], meaning that the coordination spheres
of the Fe2þ ions in [FeII4(sae)4(MeOH)4] are equatorially more
compressed than those in [FeII4(sap)4(MeOH)4], and the �-
donation from the equatorial sites to the Fe2þ ions in [FeII4-
(sae)4(MeOH)4] is stronger. Therefore, the Fe

2þ ions in [FeII4-
(sap)4(MeOH)4] have negative DFe values. When the equatori-
al �-donation is strong (p ¼ 1), the 5B2g state is split into
five states, and the two sets of the higher energy states show
Zeeman splits by the magnetic field along the x-axis (Fig. 9c).
The lowest state was assigned to the ms ¼ 0 state, which cor-
responds to the positive value of DFe for the Fe

2þ ion in [FeII4-
(sae)4(MeOH)4]. Consequently, the value of DFe changes its
sign from the positive to negative as the equatorial �-donation
becomes weaker caused by the slight structural change in co-
ordinating ligands. The obtained results suggest that the single
ion magnetic anisotropy can be controlled by simple chemical
modifications. In the next section, we discuss how Dmol arises
from Dion.

Molecular Magnetic Anisotropy. Magnetically anisotrop-
ic high-spin molecules can have either negative or positive
Dmol values, and the sign of the Dmol value depends upon how
the anisotropic metal ions are assembled in a molecule. Al-
though the parameter Dmol is generally provided by a tensorial
sum over constituent ions for a strong coupling limit,44,45 more
intuitive approaches useful for molecular design will be dis-
cussed here. Based on a classical vector picture, molecules
with negative values of Dmol have two possible origins: (i) a
collinear easy-axis alignment or (ii) an orthogonal hard-axis
alignment of anisotropic single ions.36,46 The ferrous cube,
[FeII4(sae)4(MeOH)4], is a typical example of latter case
(Scheme 7b). The metal cube has S4 symmetry, and four
single-ion spins are ferromagnetically coupled such that
their quantization axes are mutually orthogonal and Dmol ¼
�ð1=8ÞDFe. It can be expected that the metal ion assemblage
with mutually orthogonal single-ion quantization axes induces
a sign inversion of uniaxial magnetic anisotropy in a molecule,
i.e., orthogonal hard- and easy-axis alignments of the compo-
nent metal ions give easy- and hard-axis anisotropy for mole-

cules, respectively. This strategy can be extended to larger
molecules and used to predict the sign of the Dmol values.
Collinear easy axis and orthogonal hard axis alignments give
negative Dmol values (Scheme 7). In the case of [FeII4(sae)4-
(MeOH)4], which shows orthogonal alignment of hard axis
(DFe > 0), the magnetic anisotropy of the cubes Dcube become
negative (Scheme 7b). In [FeII4(sap)4(MeOH)4], Fe2þ ions
with negative DFe values are aligned in such a way to give pos-
itive Dcube values. This result suggests that simple chemical
modifications of the bridging ligands can control Dion, fol-
lowed by Dmol.

MnIII4MnII3 Mixed-Valent Wheel SMM.47 The reaction
of a reduced Schiff base ligand (H3L1 = N-(2-hydroxy-5-
nitrobenzyl)iminodiethanol) with MnCl2 yielded dark red crys-
tals of [MnII3MnIII4L16]�7C2H4Cl2 (Fig. 10). The seven man-
ganese ions linked by six trianionic ligands (L13�) form the
wheel structure, which has three Mn2þ ions on the rim and
one in the center and the other four Mn3þ ions on the rim.
�mT values of the complex increased with decreasing temper-
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ature and reached a maximum value of 53.9 emumol�1 K at
7.0K, which suggests molecule has substantial high-spin
ground states. S value of [MnII3MnIII4L16] is in the range of
31/2–1/2. Magnetization data suggested that [MnII3MnIII4-
L16] has a spin ground state of S ¼ 19=2 or 17/2 with negative
D values. The relatively high-spin ground state in [MnII3-
MnIII4L16] originates from the ferrimagnetic spin ground state
by ferro- and antiferromagnetic interactions between Mn2þ

and Mn3þ ions. It should be mentioned that [MnII3MnIII4L16]
is a mixed-valent wheel SMM with �E ¼ 18:1K.

Hetero-Metal SMM

Facile One-Pot Syntheses of Hetero-Metal Complexes.
A combination of different metal ions is a possible way to pre-
pare molecules with larger magnetic anisotropy and higher-
spin ground states by ferro- or antiferromagnetic interactions.
A cyanide-bridged single-molecule magnet of K[(L)6MnMo6-
(CN)18](ClO4)3 (L = N,N0,N00-trimethyl-1,4,7-triazacyclo-
nonane),48 and some hetero-metal SMMs composed of d–d49

and d–f50 spins were recently reported. However, the number
of hetero-metal SMMs is still limited, even though SMMs will
lead to an understanding of quantum tunneling effects through
synergy of hetero-metal spins. This might be caused by the
complexity of the synthetic procedure for hetero-metal com-
plexes. A well-known synthetic path for hetero-metal systems
contains step-by-step reactions of different metal ions with li-
gands, such as macro-cycles (Scheme 8a).51 In this synthetic
method, it is necessary to prepare specific ligands with mul-
ti-coordination sites, in which each coordination sites exhibit
different affinity for metal ions. In this context, we have estab-
lished a facile one-pot synthetic way to hetero-metal com-
plexes as shown in Scheme 8b. This synthesis can afford var-
ious hetero-metal complexes by just reacting different metal
ions with simple tridentate ligands. In the reactions, slight dif-
ferences in the consecutive stability constants between metal
ions and the ligands afford to achieve the selective formation
of hetero-metal complexes. In the next section, we will present
novel one-pot syntheses of hetero-metal SMMs.

A Dinuclear MnIII–CuII SMM.52 A molecule with the
high-spin ground state can be prepared by arranging metal ions
orthogonally with respect to their magnetic orbitals. Mn3þ and
Cu2þ ions, each having no spin and unpaired spin on dx2�y2 or-
bitals, respectively, might be a suitable combination to cause
ferromagnetic interactions by strict orthogonality. Additional-
ly, a Mn3þ ion exhibits uniaxial magnetic anisotropy, and it is
expected to introduce magnetic anisotropy to the molecules.

Reaction of 1/3 equivalent of CuCl2�2H2O with MnCl2�
4H2O and Schiff base ligand 5-bromo-2-salicylideneamino-1-
propanol (H25-Br-sap) in methanol gave dark brown crystals
of [MnIIICuIICl(5-Br-sap)2(MeOH)] (Fig. 11a), which has a
dinuclear structure composed of Mn3þ and Cu2þ ions doubly
bridged by two alkoxo groups. Dc magnetic susceptibility
measurements showed ferromagnetic behavior with best fitting
parameters of JMnCu ¼ 78 cm�1 and D ¼ �1:86 cm�1 for the
S ¼ 5=2 spin ground state. The fairly strong ferromagnetic in-
teractions between Mn3þ and Cu2þ ions can be understood by
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Fig. 10. Structure of [MnII3MnIII4L16].
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the strict orthogonality of their magnetic orbitals. The Mn3þ

ion under tetragonally elongated octahedral coordination ge-
ometry has four unpaired electrons on the eg (dxz and dyz),
b2g (dxy), and a1g (dz2 ), which are orthogonal to the dx2�y2 or-
bital on the square-planar Cu2þ ion (d9). The evidence for slow
relaxation of magnetization can be obtained by ac magnetic
susceptibility measurements. The ac magnetic susceptibility
data down to 26mK confirmed that [MnIIICuIICl(5-Br-sap)2-
(MeOH)] is an SMM with �E ¼ 10:5K.

A Tetranuclear MnIII2Ni
II
2 SMM.53 Our synthetic

method for hetero-metal complexes is also applicable to
other combinations of metal ions. A reaction of 1:1 mixtures
of L2 (H2L2 = N-(2-hydroxybezyl)-3-amino-1-propanol) with
MnCl2�4H2O and NiCl2�nH2O in methanol gave dark-red
crystals of [MnIII2Ni

II
2Cl2(L2)4] in high yield. The structure

consists of an incomplete face-sharing double cube with two
Mn3þ and two Ni2þ ions (Fig. 11b). The Mn3þ and Ni2þ ions
are doubly bridged to form a dinuclear unit by two alkoxo
groups, and the symmetrically related dinuclear units are
bridged by phenoxo and alkoxo groups in �2 and �3 fashions,
respectively. Dc magnetic susceptibility measurements showed
ferromagnetic behavior, and the analyses of the magnetic sus-
ceptibility and magnetization data gave the best fitting param-
eters of JMnNi, JMnNi� , JNiNi� , and D being 4.5(1), 4.3(1),
�7:9ð2Þ, and �0:85ð1Þ cm�1, respectively. SMM characteristic
was confirmed by ac susceptibility measurements, and a step-
ped hysteresis was observed at 0.55K.

The present synthetic method is versatile for assembl-
ing hetero-metal ions. This method is also expected to be
applicable to prepare SMMs with higher nuclearities and 3d–
4f hetero-metal systems by chemical modifications of bridging
ligands.

Conclusion

In this paper, we present rational syntheses of high-spin
molecules including SMMs. We have been working to pre-
pare high-spin molecules since the late 80’s and throughout
90’s, and a new era of SMMs began in 1993. We have applied
our synthetic strategy to prepare SMMs. Although many
SMMs have been prepared, they were obtained accidentally
and mechanisms related to quantum spin dynamics in SMMs,
for example, effects of spin topologies on the tunnelling gap,
are not yet fully understood. Chemistry of large paramagnetic
molecules showing quantum phenomena is just at the begin-
ning, and new cluster molecules help to explore and develop
new fields of high-spin chemistry. We believe that our synthet-

ic strategies of high-spin molecules will be important for
developing studies on new quantum effects in multi-nuclear
metal complexes.
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