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Our approaches to the molecule-based magnets by using heterospin systems are reviewed. In our heterospin sys-
tems consisting of the organic 2p spins and the metal ion 3d spins, various pyridines carrying the organic spins were used
as binding ligands for 3d metal ions. Carbenes generated by photolysis of diazo groups and persistent N-tert-butyl-
aminoxyl radicals were employed as the organic spin sources. First, various model complexes were prepared and their
magnetic couplings between the organic spin and the metal ion through the pyridine ligand were revealed. Based on the
results of magnetic studies on model complexes, ferri- and ferromagnetic complexes having linear chain structures were
designed and successfully prepared. When our heterospin systems were used under solution conditions, new fields were
opened. Assemblies formed in frozen solution had magnetic behaviors exhibiting slow magnetic relaxations. Especially,
when the anisotropic metal ion, high-spin cobalt(II) ion, was used as the metal ion in our heterospin system, the complex
formed in frozen solution functioned as a single-molecule magnet (SMM). Such formation of a monometallic SMM was
the first example reported.

The molecule-based magnets1,2 have been studied intensive-
ly together with the development of new functional materials.
The magnetic properties of molecule-based magnets depend on
the dimension of their spin networks. The three-, two-, one-,
and zero-dimensional (3D, 2D, 1D, and 0D, respectively) spin
networks show individual magnetic behaviors. For example, a
bulk ferromagnet requires a 3D spin network and a single-
molecule magnet (SMM)3 which is a current topic of the field
of molecule-based magnets requires a 0D one. Low-dimen-
sional spin networks (such as 1D and 2D), especially ones con-
taining anisotropic metal ions also show interesting magnetic
behavior, so they have recently become attractive research tar-
gets in this field.4,5 In the construction of molecule-based mag-
nets, therefore, it becomes important to determine how a spin
network can be constructed. For the purpose, we proposed to
use heterospin systems6 consisting of organic 2p spins and
metal ion 3d spins. Since metal ions can serve as connectors
for high-dimensional molecular architecture by bridging the
lower dimensional organic ligand molecules used as building
blocks, construction of heterospin systems appears to be one
of the most promising design strategies for real molecular-
based magnets. Previously, the syntheses of ferromagnetic
chain and ferri/ferromagnets by using nitronyl nitroxide and
tert-butylaminoxyl radical units ligated to bis(hexafluoro-
acetylacetonato)manganese [Mn(hfac)2] were reported by D.
Gatteschi7 and H. Iwamura.8 In these cases, however, the radi-
cal centers also serve as the ligating centers (L ¼ S; see
Scheme 1) and it is difficult to control the sign of the exchange
coupling between the spins of the metals and the organic rad-
icals. Our alternative strategy is based on the idea that, when

transition metals (M) are coordinated with certain �-conjugat-
ed (L–S) ligand carrying �-radical centers (S) remote from the
ligating centers (L), the sign of the magnetic interaction be-
tween the spin centers might be controlled by a through-ligand
interaction. The 0D-, 1D-, 2D-, and 3D-spin networks in our
heterospin systems are schematically illustrated in Scheme 1.

In our heterospin systems, the selections of �-conjugated li-
gand (L) and organic spin source (S) are important. We select-
ed pyridines for �-conjugated ligand (L), and aminoxyls and
carbenes as organic spin sources (S). Various pyridines and
polypyridines were used as building blocks for the supramo-
lecular chemistry9 and the structures and functions of their
metal complexes were investigated extensively. In two organic
spin sources, N-tert-butylaminoxyl is well known to be a per-
sistent radical,10 while carbene is a reactive intermediate11 and
is unstable at room temperature. Therefore, aminoxyl and car-
bene were employed for quantitative and qualitative analysis,
respectively, of magnetic behavior. Especially, the usage of
carbene has several advantages, as follows: 1) Diarylcarbene
has triplet grand state (S ¼ 2=2) and is useful to make a
high-spin species. 2) Diarylcarbene has a versatile skeletal
and electronic structure in which two aryl groups are attached
to the carbene center and the p-spin is effectively delocalized
on the both-side rings. These facts make possible the basic
framework (L���S���L) for high-dimensional spin network by
replacing terminal phenyl rings in pure polycarbene with pyri-
dyl rings (see Scheme 2a). 3) The most interesting benefit is
the addition of photoresponsiveness to the magnetism. The
role of the diazo/carbene combination as a photoresponsive
magnetic coupler is summarized in Scheme 2b.
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As shown in Scheme 2a, carbenes act not only as organic
spin sources but also as magnetic couplers. Two metal ions
have no magnetic interaction before irradiation, while they
start to interact through the generated carbene after irradiation.
Therefore, we call such a diazo pyridine(s) compound a photo-
responsive magnetic coupler (PMC). The characteristic roles
of diazo/carbene will be seen in sections 2 and 3. As men-
tioned later, however, the use of carbene is a double-edged
sword in experimental work. We obtain the function of photo-
responsiveness at the expense of the quantitativeness in the ex-
periment; it is very difficult to photolyze a sample completely
in most cases, especially in solid state. Therefore, two organic
spin sources, aminoxyl and carbene, were used properly for the
purpose.

Based on these consideration and on some fundamental
studies on the organic high-spin molecule, pyridines carrying
aminoxyls and diazo moieties were designed and prepared
for our heterospin systems. The typical pyridine derivatives
are shown in Chart 1.

These pyridine-organic spin derivatives (L���S and L���S���L)
make possible the uses of various metal ions (MXn) and metal
complexes (ML0) for our purposes. This is a big advantage of
our heterospin system. Monopyridine derivatives were used for
the investigation of magnetic coupling between organic spin
and metal ion, and for the formation of heterospin complex
with high-spin ground states. In pyridine-diazo derivatives, it
is confirmed that the carbene centers generated by photolysis
of diazo moieties interact ferromagnetically to form the
high-spin ground states. Namely, mono-, di-, and tridiazo
derivatives produce triplet (S ¼ 2=2), quintet (S ¼ 4=2), and
septet (S ¼ 6=2) ground states, respectively. Therefore, it is
easy to increase the total spin multiplicity of the complex by
changing organic spin units systematically (1 in Scheme 3).
On the other hand, di- and tripyridine derivatives were used
for the construction of high dimensional spin networks (2
and 3 in Scheme 3). Our approaches to the construction of
molecule-based magnet sare shown schematically in Scheme 3.

In the beginning of our heterospin work, we employed crys-
talline samples for photolysis. We often met problems associ-
ated with optical transparency of the diazo samples. To over-
come these difficulties, we were forced to use the frozen solu-
tion systems for the SQUID measurements. In frozen solution,
two new factors have to be taken into account. One is dissoci-
ation of the metal complexes. Generally, 2,20-bipyridine li-
gands having high association constants with various metal
ions will be favorable in this respect. Secondly, a small amount
of paramagnetic species and a large amount of diamagnetic
solvent molecules are present in the sample and they magneti-
cally compete with each other. Especially, it is difficult in a
sample for paramagnetic species with a small S value. A prob-
lem for a magnetic experiment in frozen solution lies in how
accurately a diamagnetic contribution of the solvent in a sam-
ple is estimated. In our diazo/carbene system, however, the
problem can be resolved by using the difference of magnetiza-
tions (M) before and after irradiation without touching the
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sample inbetween. An additional advantage of a frozen solu-
tion condition is that the intermolecular antiferromagnetic in-
teraction, which is often observed at a low temperature region
(<10 K) in a crystal sample, can be neglected.

The frozen solution condition which will produce a zero di-
mensional (0D) network is unfavorable for the construction of
a bulk ferromagnet. During 1993, an Mn12 cluster12 with S ¼
10 was reported as single-molecule magnets (SMMs) exhibit-
ing a slow magnetic relaxation. Since then, various metal clus-
ters containing V,13 Mn,14 Fe,15 Co,16 and Ni17 ions for 3d
metals and Tb and Dy for 4f metals18 have been reported as
SMMs. This SMM shows a hysteresis loop of magnetization
at extremely low temperature, similar to the one for a bulk fer-
romagnet. Our heterospin system in frozen solution was found
to be suitable for the construction of SMM.

In the first part (section 1) of this paper, the studies of mag-
netic interactions between organic spin and metal spin in the
1:2 complexes (S���L–M–L���S) of paramagnetic 3d metal ions
with pyridine ligand having a N-tert-butylaminoxyl radical or
a diazo group (4- and 3NOPy, and D1Py, respectively) are re-
ported. It is of particular interest to see if the regiospecificity
found in organic p-diradicals like quinodimethanes ( p vs m

in Scheme 4) is also applicable to the interaction between free
radical centers (S) and coordinated magnetic metal ions (M)

that are separated by �-conjugated ligands as in S���L���M
( p0 vs m0 in Scheme 4). Furthermore, the sign and magnitude
of the exchange interaction between the two components in
metal-radical heterospin systems are expected to depend not
only on the periodicity of the ligand p orbitals, but also strong-
ly on the magnetic orbitals occupied by the unpaired d elec-
trons of the metal ion.

On the basis of the above knowledge, a 1D spin network
was designed. A strategy of assembling the carbene centers
into a rigid polymeric metal complex, (� � �L���S���L–M� � �)n,
(see 1D in Scheme 1) by using coordinatively doubly unsatu-
rated paramagnetic metal ions with bridging ligands was taken.
For the purpose, diazodi(4-pyridyl)methane, D1Py2, having
two pyridine groups and M(hfac)2; M ¼ Cu and Mn were
used. The formations of ferro- and ferrimagnetic super-high-
spin chains after photolysis are described in section 2. In order
to increase the dimension of the spin-networks from 1D to 2D
and/or 3D structures, two approaches can be considered; one
is the use of coordinatively highly-unsaturated metal ion with-
out hfac ligand and the other is the design of highly branched
base ligands. Each idea is schematically shown in parts a), b),
and c) of 3) of Scheme 3.

We have found new assemblies exhibiting interesting mag-
netic behavior in frozen solution. The frozen solution condi-
tion employed for effective photolysis of diazo moieties is a
condition similar to the one used for the formation of high-spin
polycarbene in the early stages of our work. As described in
section 4, some assemblies formed in the combination of
M(hfac)2 and branched PMC exhibit spin-glass-like magnetic
behaviors after irradiation under frozen solutions. These works
led a new approach to the single-molecule magnets (SMMs) by
employing an anisotropic metal ion. The slow relaxation for
the reorientation of spins in SMM can be understood by the
double-well energy potential diagram, in which the positive
and negative Ms quantum levels are separated by an activation
barrier (�=kB) corresponding to jDS2j; D (<0) is the zero-field
splitting parameter and S is the spin quantum number (Fig. 1).

Therefore, the construction of SMM has two requirements:
1) the complex has a large jDS2j value in the ground state and
2) since the origin of the magnetic property of SMM is essen-
tially due to the one molecule, the complex has to be magneti-
cally isolated. To answer these two requirements for SMM,
our heterospin systems containing anisotropic metal ions and
organic spins with high-spin ground state in frozen solution
were applied. As shown in the strategy for 0D spin network
(Scheme 3), two approaches were employed. In section 5,
the monometallic SMMs having relatively large �=kB values
(30–90 K) for flipping the spins will be discussed.
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1. 1:2 Model Complexes, S–L���M���L–S

1.1 Molecular Structures of 1:2 Model Complexes. For
investigation of the magnetic coupling between the radical
center and the metal ion through aromatic ligand, we selected
aminoxyl pyridine derivatives, 4NOPy and 3NOPy as the
appropriate ligands. In this work, the combinations of NOPy
and D1Py (see Chart 1), and bis(hexafluoroacetylacetonate)-
metal(II), M(hfac)2; M ¼ Mn, Co, Ni, and Cu, were mainly
employed. To investigate the effect of �-conjugated ligand,
furthermore, we also selected imidazole and 2,20-bipyridine
carrying aminoxyl, NOIm and 4NOBPy (Chart 1).

By mixing two solutions of M(hfac)2 (M ¼ Mn, Co, Ni, Cu,
and Zn) and NOPy in a 1:2 ratio, we obtained the complexes
of [M(hfac)2�(NOPy)2] as single crystals.19–21 The molecular
structures and the crystal packing of all complexes were
revealed by X-ray crystal structure analysis. The molecular
structures of the copper–pyridine complexes, [Cu(hfac)2�
(4NOPy)2] and [Cu(hfac)2�(D1Py)2] are shown in Fig. 2
together with those for copper–2,20-bipyridine complexes,
[Cu(hfac)2�(4NOBPy)] and [Cu(hfac)2�(D1BPy)].

As demonstrated in Fig. 2, the molecular structures of all
complexes of M(hfac)2 are similar; coordination geometries
are elongated and/or distorted octahedra and two pyridyl nitro-
gen atoms are coordinated to the metal ion in the trans config-
uration. Bond lengths between metal and pyridyl nitrogen and
dihedral angles between pyridyl ring and aminoxyl plane for
all complexes are listed in Table 1. Those values might affect
the magnetic coupling between metal ion and aminoxyl. In
crystal packings of the single crystal, all complexes have short
contacts (within 5 �A) between neighboring molecules. Espe-
cially, in 3NOPy and NOBPy complexes, radical centers are
intermolecularly close enough to each other to form the chain
and the dimer structures.

1.2 Exchange Coupling between Metal Ion and Radical
Center. In order to understand the magnetic coupling quan-

titatively, the magnetic susceptibility data of [M(hfac)2�
(4NOPy)2] were obtained in the temperature range 2–300 K
at a constant field of 100 mT. Temperature dependences of
�molT values for [Cu(hfac)2�(4NOPy)2 and (3NOPy)2] and
[Mn(hfac)2�(4NOPy)2] are shown in Figs. 3a and 3b, respec-
tively.

The �molT values for [Mn(hfac)2�(4NOPy)2] and [Cu-
(hfac)2�(4NOPy)2] at 290 K and 300 K are 5.04 and 1.29
emu�K�mol�1, respectively, which are close to the theoretical
ones (5.12 and 1.13) calculated in terms of the spin-only equa-
tion with Mn(II) and Cu(II) with S ¼ 5=2 and 1/2, respective-
ly, and two aminoxyls with S ¼ 1=2. As the temperature was
decreased from 300 to 2 K, the �molT values for Mn and Cu
complexes gradually decreased and increased, respectively.
These temperature profiles of �molT observed in the �molT

vs T plots for both Mn and Cu complexes are typical ones
for anti- and ferromagnetic interaction, respectively. The steep
decreases below 10 K are due to the intermolecular antiferro-
magnetic interaction. The obtained �molT vs T plots were
analyzed by means of theoretical equations for the three-
spin model consisting of one metal ion and two aminoxyls.
Best-fit parameters are J=kB ¼ �12:4 and 60.4 K, g ¼ 2:059
and 2.048, and � ¼ �2:58 and �3:58 K for Mn and Cu com-
plexes, respectively. On the other hand, the �molT values of
isomeric [Cu(hfac)2�(3NOPy)2] were nearly constant at 0.5
emu�K�mol�1 in the temperature range 5–300 K. This thermal
profile of the �molT values was strongly affected by the short

Fig. 1. Energy potential diagram for SMM.
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contacts (<3 �A) between aminoxyl centers observed in crystal
structure of [Cu(hfac)2�(3NOPy)2].

The magnetic susceptibilities of other complexes were also
measured under the conditions similar to the ones for [Mn- and

Cu(hfac)2�(4NOPy)2].
19,21 In the Mn- and Cu(hfac)2-NOIm

systems, the similar magnetic behaviors were observed. The
manganese complexes, [Mn(hfac)2�(4NOIm and 3NOIm)],22

which have the 1:1 head-to-tail dimer structures, showed ferro-
and antiferromagnetic behaviors, respectively (Fig. 4). In the
1:2 complexes of [Cu(hfac)2�(4NOIm and 3NOIm)2],

21 weak
ferro- and presumably antiferromagnetic interactions between
the copper ion and the aminoxyl radical, respectively were ob-
served. The attenuated interactions are ascribed to the weak-
ened through-bond exchange coupling due to the presence of
too many intervening � bonds.

The magnetic properties of M(hfac)2-4NOBPy and
M(hfac)2-4,4

0NO2BPy systems were also investigated under
similar conditions. In the �molT vs T plots for [Cu(hfac)2�
(4NOBPy)] and [Mn(hfac)2�(4NOBPy)] (Fig. 5), similar mag-
netic behaviors were observed; ferro- and antiferromagnetic
interactions between the metal ion and the aminoxyl radical
in the copper and manganese complexes, respectively. Exper-

Table 1. Exchange Coupling Constants (JR{M), Bond Lengths, and Dihedral Angles in Various
Metal Complexes

Complexes Jk�1
B /K

M���Npy

distance/ �A
Dihedral
angleaÞ/�

Ref.

[Mn(hfac)2�(4NOPy)2] �12:4 2.268 1.7 19
[Mn(hfac)2�(3NOPy)2] ?
[Co(hfac)2�(4NOPy)2] þ20:6 2.169 2.9 20
[Ni(hfac)2�(4NOPy)2] þ47 2.114 6.2 20
[Cu(hfac)2�(4NOPy)2] þ60 2.045 10 21
[Cu(hfac)2�(3NOPy)2] — 2.070 39
[Mn(hfac)2�(4NOIm)] þ4:3bÞ 27 22
[Mn(hfac)2�(3NOIm)] �2:7bÞ 24
[Cu(hfac)2�(4NOIm)2] þ2:3 27 21
[Cu(hfac)2�(3NOIm)2] �0:9 24
[Mn(hfac)2�4NOBPy] �20:2 2.215, 2.229 18.07 23
[Cu(hfac)2�4NOBPy] þ68:7 1.982, 2.012 22.76 23
[Mn(hfac)2�4,40NO2BPy] �19:1 2.240 16.83 24
[Cu(hfac)2�4,40NO2BPy] þ73 1.992, 1.998 33.09, 15.35 24
[Mn(hfac)2�(C1Py)2] �18 2.280 ? 25
[Cu(hfac)2�(C1Py)2] þ 1.993 26
[Cu(hfac)2�(C1BPy)] þcÞ 1.999, 1.983 27
[CrTPP(4NOPy)Cl]dÞ �77 19
[CrTPP(3NOPy)Cl] þ12:3 28

a) Between pyridine ring and aminoxyl plane. b) Between Mn–Mn. c) In frozen solution. d) TPP;
tetraphenylporphyrin.

Fig. 3. �molT vs T plots of a) [Cu(hfac)2�(4NOPy)2] ( )
and [Cu(hfac)2�(3NOPy)2] ( ) and b) [Mn(hfac)2�
(4NOPy)2]. The solid lines show theoretical values.

Fig. 4. �eff vs T plot of [Mn(hfac)2�(4NOIm)] ( ) and
[Mn(hfac)2�(3NOIm)] ( ).
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imental data for [Cu(hfac)2�(4NOBPy)] and [Mn(hfac)2�
(4NOBPy)] were analyzed by the two-spin models to give
J=kB ¼ 68:7 and �20:2 K, respectively.23 Data for [Cu-
(hfac)2�(4,40NO2BPy)] and [Mn(hfac)2�(4,40NO2BPy)] were
analyzed by isosceles triangle models to afford J=kB ¼
�19:1 and 73 K, respectively.24 As listed in Table 1, the mag-
nitudes of J=kB values for M(hfac)2-2,2

0-bipyridine systems
are larger than the ones for the corresponding monopyridine
systems.

When the carbene is used as organic spin source, photolysis
of diazo moieties has to be conducted at a low temperature
(<10 K) inside a SQUID apparatus. For the purpose, a hand-
made sample holder which would allow the irradiation of the
sample by using an outside Argon laser (� ¼ 514 nm) through
an optical fiber was used. Our irradiation system is schemati-
cally shown in Fig. 6.25–27

The magnetic properties before and after irradiation of the
crystalline samples of [Mn- and Cu(hfac)2�(D1Py)2] were in-
vestigated. When irradiation started, the values of the magnetic
susceptibilities for [Mn- and Cu(hfac)2�(D1Py)2] at 5 K in a
constant field of 5 kOe gradually decreased and increased, re-
spectively.25,26 The obtained temperature dependence of �molT

values below 100 K after irradiation for 5 h suggests that anti-
and ferromagnetic interactions take place in the manganese
and copper complexes, respectively. As an example, the
�molT vs T plots of before and after irradiation of
[Mn(hfac)2�(D1Py)2] are shown in Fig. 7. The theoretical
equation for three-spin model (S1���SMn���S1) fitted the experi-
mental data after irradiation for 18 h to afford the J=kB ¼
�18 K.

The magnetic properties before and after irradiation of
[Cu(hfac)2�(D1BPy)] in frozen MTHF solution were investi-

gated by EPR spectrometry and SQUID magneto/susceptome-
try. The field dependence of Magnetization (M) after irradia-
tion for 90 min of a frozen-solution sample of [Cu(hfac)2�
(D1BPy)]27 is shown in Fig. 8. The theoretical equation was
fitted to the experimental data to give S ¼ 1:53 (F ¼ 0:87),
indicating that generating carbene interacts with copper ion
ferromagnetically to form a high-spin complex with a quartet
ground state.
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Fig. 7. �molT vs T plot of before ( ), after irradiation of
[Mn(hfac)2�(D1Py)2] for 2 ( ) and 18 h ( ), and then
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The obtained exchange coupling parameters (JR{C) for
[M(hfac)2�(4NOPy)2]

19–21 and related complexes22–28 are
summarized in Table 1 together with their bond lengths
(M���Npy) and the dihedral angles between pyridine ring and
aminoxyl plane as revealed by X-ray analysis.

(A) The Comparison Between the Copper and Manga-
nese Complexes. The magnetic interactions between cop-
per(II) and 4NOPy are unique in that they are ferromagnetic
and rather large in magnitude: J=kB ¼ 60:4 K. The couplings
of the copper ions attached directly to the aminoxyl radicals
via their oxygen atoms are well documented and the materials
are typically antiferromagnetic due to the overlap of the singly
occupied orbitals of the metal ion and the free radical. Only
when the oxygen atom of an aminoxyl radical is axially bound
to a tetragonal copper(II) ion does a weak ferromagnetic cou-
pling (�20 K) develop. The relative geometry between the
magnetic orbital of the copper(II) ion and the � orbital of
the pyridine ring, as revealed by X-ray molecular structure
analyses, is illustrated in Fig. 9a.

The magnetic orbital dx2�y2 , orthogonal to the elongated axis
of octahedral Cu(II), is directed to the two nitrogen atoms of
the pyridine ligands and the oxygen atoms of the two hfac li-
gands in the 1:2 complexes (Fig. 9a). As seen clearly in Fig. 9a,
the magnetic orbital dx2�y2 of Cu(II) and the p-orbital at the ni-
trogen atom of the pyridine unit to which the 2p spin is polar-
ized via the p-electrons on the pyridine ring from the aminoxyl
radical center should be orthogonal. This orthogonality will be
responsible for the ferromagnetic interaction. For the construc-
tion of super-high spin molecules in heterospin systems, these
considerations lead to an interesting and useful conclusion that
a copper(II) ion in normal 5- and 6-coordination induces a par-

allel spin on the ligating atom of a conjugated �-ligand such as
pyridine. There is one important precedent for such ferromag-
netic coupling in the copper(II) complex with 2-(2-pyridyl)-
4,4,5,5-tetramethyl-4,5-dihydro-1H-imidazolyl-1-oxyl, in
which both the imino and pyridyl nitrogens are attached to
the copper ion as a bidentate ligand and the ferromagnetic cou-
pling is as strong as >215 K.29 In this case, the delocalization
of the spin by the contribution of an aminyl–nitrone resonance
hybrid and the proximity of the imino nitrogen atom with re-
spect to the aminoxyl radical center which facilitate the spin
polarization at the imino nitrogen appear to be responsible
for the stronger ferromagnetic coupling.

When the molecular structure (Fig. 2a) of [Cu(hfac)2-
(4NOPy)2] is compared with those of the corresponding man-
ganese complexes, e.g. [Mn(hfac)2(4NOPy)2], we note that
both the complexes have similar molecular structures in which
nitrogen atoms of two 4NOPys are coordinated to the metal
ion in the trans configuration. However, when the J=kB values
of both the complexes are compared, the signs are opposite:
positive for the former and negative for the latter with J=kB ¼
60:4 and �12:4 K for [Cu(hfac)2(4NOPy)2] and [Mn(hfac)2-
(4NOPy)2], respectively. Furthermore, we note that the magni-
tude for the copper(II) ion is about five times larger than the
one for the manganese complex. The dihedral angles between
the N-tert-butylaminoxyl plane and the pyridine ring are 10�

and 1.7� for [Cu(hfac)2(4NOPy)2] and [Mn(hfac)2(4NOPy)2],
respectively, and thus do not explain the difference. Therefore,
the difference in the J=kB values between the copper and the
manganese complexes is considered to be derived from the
magnetic d orbitals occupied by the unpaired electrons in the
metal ions, dx2�y2 for copper(II) ions and dxy, dyz, dxz, dx2�y2 ,
and dz2 for manganese(II) ions. The coordination geometry
of the [Mn(hfac)2(4NOPy)2] complex is a slightly elongated
octahedron in which the axial ligands are the nitrogen atoms
of the pyridine groups. Therefore, the magnetic orbitals of
manganese(II) ion can overlap with the p orbital at the nitrogen
on the pyridine ring (Fig. 9b) to produce an antiferromagnetic
interaction with the spin on nitrogen transmitted in the same
way as in the case of the copper complex.

(B) Regiospecificity in Exchange Interaction with Re-
spect to the Aminoxyl Radical Site on the Pyridine Ring.
Now that the magnetic interaction between the organic 2p
spins of the aminoxyl or carbene centers on the one hand
and 3d spins of metal ions on the other in [M(hfac)2(4NOPy
or C1Py)2] complexes has been explained by spin polarization
of the p-electrons on the pyridine ring as shown in Fig. 9, such
interactions are expected to depend on the site of the aminoxyl
or carbene centers on the pyridine ring. Whereas the signs
of intramolecular exchange parameter for both Cu- and
Mn(hfac)2 complexes ligated with 4NOPy were determined
to be positive and negative, respectively, conclusive results
were not obtained for isomeric 3NOPy complexes because
of interference from the strong intermolecular antiferromag-
netic interaction. In the NOIm–M(hfac)2 systems, similar re-
giospecificity in the magnetic interactions between the metal
ion and the aminoxyl were observed; weak ferro- and presum-
ably antiferromagnetic interactions occur between the copper
ion and the aminoxyl radical in [Cu(hfac)2(4NOIm and
3NOIm)2], respectively. The expected regiospecificity in the
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tert -Bu
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a) Copper Complex

Cu(II) ; dx2-y2  S = 1/2

b) Manganese Complex
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N
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N N
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Fig. 9. Interactions between aminoxyl and a) copper(II) ion
and b) manganese(II) ion.
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exchange coupling is clearly found in a reported pair of meso-
tetraphenylporphyrinatochromium(III) complexes with the
isomeric pyridylaminoxyls, Cr(III)TPP(3-and 4NOPy)Cl, al-
though their molecular structure could not yet be determined
by X-ray analysis. The chromium(III) ion in the porphyrin
complexes has three unpaired electrons on the dxy, dxz, and
dyz orbitals each of which is a p magnetic orbital and two
(dxz and dyz) of which will be able to overlap with the p orbital
of the apical pyridine ring. Therefore, its magnetic coupling
can be considered to be similar to that of the manganese(II)
ion. The isomeric complexes Cr(TPP)(3-and 4NOPy)Cl show
a striking contrast in their intramolecular magnetic interac-
tions; the d3 electrons of chromium(III)porphyrins and the un-
paired 2p electrons on the ligating 3- and 4NOPy have been
found by EPR and SQUID measurements to interact ferro-
and antiferromagnetically to give quintet (S ¼ 3=2þ 1=2)
and triplet (S ¼ 3=2� 1=2) ground states, respectively.

Thus their magnetic properties revealed that the sign of the
exchange interactions between the radical center and the metal
ion is controlled by the regiochemistry of the radical center
on the pyridine or N-phenylimidazole rings, which in turn is
explained in terms of the spin polarization mechanism of the
p-electrons (Fig. 9).

2. One-Dimensional Spin Network in
Heterospin System26,30,31

For the construction of spin-network having a chain struc-
ture, D1Py2 and D2Py2 having two pyridine groups at termi-
nal positions were designed as PMCs and prepared (Chart 3).

2.1 Crystal Structure of 1:1 Complexes of M(hfac)2 and
PMCs. The 1:1 manganese(II) and copper(II) complexes,
[Mn- and Cu(hfac)2�D1Py2] and [Mn- and Cu(hfac)2�
D2Py2(R)], were prepared in a manner similar to the proce-
dure for 1:2 complexes.26,30 In both metal complexes of
[Mn- and Cu(hfac)2�D1Py2], two kinds of crystals, complexes
a and b, were obtained by using different solvents for the re-
crystallization. Two pyridine groups in [Mn(hfac)2�D1Py2]30
of complexes a and b coordinate with different manganese
ions in trans and cis configuration to form zig-zag and spiral
structures, respectively. In the corresponding copper com-
plexes, only complex a was analyzed; its crystal structure
was close to the one for complex a for manganese. The
single crystals of [Cu(hfac)2�D2Py2(Br)]20 and [Mn(hfac)2�
D2Py2(TMS)]31 were also obtained and their crystal structures
revealed by X-ray analysis were 1D chain structures in which
pyridine groups coordinated to the metal ions in trans and cis
configuration, respectively.

The crystal structures of the complexes a and b in
[Mn(hfac)2�D1Py2] and [Cu(hfac)2�D2Py2(Br)] are shown
in Fig. 10.

2.2 Magnetic Measurements of Linear Chain Complexes.
The magnetic properties before and after irradiation of the

microcrystalline samples (�0:6 mg) of [Mn- and Cu-
(hfac)2�D1Py2] and [Mn- and Cu(hfac)2�D2Py2(TMS)], were
investigated by SQUID magneto/susceptometry under the
conditions similar to the ones for the experiments of model
complexes. The temperature dependence of �molT values
before and after irradiation of [Cu(hfac)2�D1Py2] is shown
in Fig. 11a. Before irradiation, the �molT values of [Cu-
(hfac)2�D1Py2] were nearly constant at 0.42 emu�K�mol�1

over the temperature range. These values are consistent with
�molT ¼ 0:375 emu�K�mol�1 calculated for a dilute paramag-
netic copper(II) of S ¼ 1=2, indicating that the d electron spins
of copper(II) ions are magnetically isolated. When the com-
plexes were irradiated with an Ar laser (� ¼ 514 nm), a drastic
difference of the thermal behaviors of �molT values below 230
K was observed in the copper complex. On cooling from 240
K, �molT values of copper complex a and b continuously
increase from 230 K and reached a maximum value of 7.43
and 18.2 emu�K�mol�1 at 14 and 3.0 K, respectively, and
started to decrease somewhat towards 2 K. The data for com-
plex a were analyzed theoretically by the method based on a
model of the S ¼ 1=2 and S ¼ 2=2 Heisenberg ferromagnetic
chain to give J=kB ¼ þ66:8 K and g ¼ 2 for complex b of
[Cu(hfac)2�D1Py2]. The observed sign of exchange coupling
between the carbenes and the metal ion is consistent with that
prescribed by model complexes. After annealing above 230 K,
the thermal behavior in the complex became similar again; the
�molT values traced the horizontal line before irradiation. Sim-
ilarly, the formation of ferrimagnetic chain due to the antifer-
romagnetic interaction for [Mn(hfac)2�D1Py2] was observed
after photolysis (Fig. 11b). The theoretical equation fitted the
experimental data for complex a to gave J=kB ¼ �34:8 K
which is close to the one (�17:8 K) for corresponding 1:2
complex. In 1:1 complexes, [Mn- and Cu(hfac)2�D2Py2-
(TMS)], magnetic behaviors of ferri- and ferromagnetic
chains, respectively, were also observed under similar condi-
tions. The �molT vs T plot for [Cu(hfac)2�D2Py2(TMS)] is
shown in Fig. 11c.
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Fig. 10. Crystal structures of a) complex a and b) complex
b in [Mn(hfac)2�D1Py2], and c) [Cu(hfac)2�D2Py2(Br)].
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As seen in Fig. 11a and 11b, abrupt changes of the �molT

values in �molT vs T plots for [Cu(hfac)2�D1Py2] and
[Mn(hfac)2�D1Py2], were observed at ca. 230 K. The temper-
ature independence of �molT above 230 K and in a consecutive
measurement after leaving the sample at 300 K suggested that
abrupt change of the �molT values at 230 K was due to the dis-
appearance of the generated carbene centers by chemical reac-
tions. It is worth noting that, whereas the carbene species gen-
erated in model complexes [M(hfac)2�(C1Py)2] disappeared at
90 K, those in the crystal of [M(hfac)2�C1Py2] survived at
temperatures as high as 230 K. The observed stability of the
carbene centers is novel and most probably due to kinetic pro-
tection in the stiff crystal lattice of the metal complex.

The formation of 1D-spin network of 1:1 complexes,
[M(hfac)2�D1Py2 and D2Py2(TMS)], can be considered, as
shown in Fig. 12, in which the case of the complex a for
[Cu(hfac)2�D1Py2] was described.

PMC, D1Py2 and D2Py2(TMS), and M(hfac)2 were mixed
by 1:1 ratio to form 1D chain structures which were confirmed
by X-ray analysis. Before irradiation (a) in Fig. 12 the metal
ions in a chain were magnetically isolated and the spins of

metal ion aligned at random. When irradiation started (b) in
Fig. 12 the generated carbene centers interacted with both
sides of metal ions; ferro- and antiferromagnetically for cop-
per(II) and manganese(II) complexes, to form ferro- and ferri-
magnetic chain. Exactly speaking, the p electron in two elec-
trons of a carbene center interacts. From the peak-top �molT

values in �molT vs T plots, we estimate the orderings over
ca. 6 and 15 units for the complex a and b of [Cu(hfac)2�
C1Py2], respectively; over ca. 186 and 218 units for the com-
plexes a and b of [Mn(hfac)2�C1Py2], respectively; and 7
units in [Cu(hfac)2�C2Py2(TMS)], along the chains. These
correlation lengths should be taken as minimum estimates,
since the peak-top �molT values are strongly affected by the
saturation at 50 mT employed for the measurement and by
the antiferromagnetic interchain interaction. After annealing
above 240 K (c) in Fig. 12, carbene decomposed chemically
and the spins of the metal ion returned back to being random.
The success of the construction of the 1D-spin network proves
that our strategy using the heterospin systems is correctly
directed toward the molecule-based magnets having a high
dimensional spin network.

3. Attempts at 2D- and/or 3D-Spin Networks
in Heterospin System

As shown in 3) of Scheme 3, three approaches to 2D-
and/or 3D-spin networks can be considered. For approach a)
of Scheme 3, a combination of linear diazo dipyridyl PMC,
DXPy2, and Cu(X)2 was employed at 2:1 ratio. For approach
b) and c) in Scheme 3, two highly branched PMCs: tridiazo tri-
pyridyl derivative, D3Py3, and pentadiazo tetrapyridyl deriva-
tive, D5Py4, were designed and prepared (Chart 4).

Carbenes, C3Py3 and C5Py4, generated by photolysis of
corresponding diazo compounds were confirmed to be a
ground state septet (S ¼ 6=2) and undecet (S ¼ 10=2), respec-
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Fig. 12. Photochemical formation of ferromagnetic chain.
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Fig. 11. Temperature dependence of �molT before and after
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D1Py2], and c) [Cu(hfac)2�D2Py2(TMS)].
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tively, by EPR spectrum and magnetization measurements un-
der the conditions similar to the ones for the following experi-
ments on the complex. Each carbene center was also expected
to interact ferromagnetically with copper(II) ions through the
pyridine rings in the complex with Cu(hfac)2 as described in
section 1.26,31

All attempts aiming at the construction of 2D and 3D spin
networks are still continuing. At the present stage, only a 2:1
complex of Cu(NO3)2 with D1Py2 has been obtained as a sin-
gle crystal. The crystal structure of [Cu(NO3)2�(D1Py2)2]n re-
vealed by a preliminary X-ray analysis has a 2D structure as
expected.32 A CPK model of [Cu(NO3)2�(D1Py2)2]n is shown
in Fig. 13.

Photolysis of a crystal sample of [Cu(NO3)2�(D1Py2)2]n
was performed under the conditions similar to those for the
1D chain described in section 3. However, until now an effec-
tive photolysis has not been accomplished. The improvements
of our irradiation system and photolysis condition are in prog-
ress. In the spin system (b) in 3 of Scheme 3 consisting of
M(hfac)2 and branched PMCs, on the other hand, assemblies
showing interesting magnetic behavior were found in frozen
solution.

4. Heterospin Assemblies Formed in Frozen
Solution Condition33–35

When the solutions of Cu(hfac)2 and PMC having two or
more pyridine units in MTHF were mixed in appropriate ra-
tios, assemblies were expected to form in frozen solution
and to show the magnetic behavior that depended on the struc-
ture after irradiation. The solutions of Cu(hfac)2 in MTHF and

PMC in MTHF mixed in appropriate ratios were prepared as
samples for a SQUID measurement. The experimental proce-
dure is given in Scheme 5.

4.1 Magnetic Properties of Assemblies Consisting of
Cu(hfac)2 with D2Py2(Br) and D2Py2(C6) in Frozen
Solution. First, the field dependence of the magnetization,
M, before and after irradiation of the 1:1 mixture samples of
Cu(hfac)2 with D2Py2(Br) and D2Py2(C6) in various concen-
trations were measured at 2 K in the field range of 0–50 kOe.33

Obtained magnetization data in the M vs H plots were ana-
lyzed by Brillouin function to afford the spin quantum num-
bers, S in the ground state. The estimated S values for assem-
blies of Cu(hfac)2-D2Py2(Br) and -D2Py2(C6) formed in fro-
zen solution were plotted as a function of the concentration
(Fig. 14).

In Cu(hfac)2-D2Py2(Br) assembly, the S value increased
linearly with increasing the concentration. On the contrary,
the S value for Cu(hfac)2-D2Py2(C6) become constant above
10 mM concentration. The concentration effects of the S

values observed for Cu(hfac)2-D2Py2(Br) and -D2Py2(C6)
may suggest that assemblies formed in frozen solution have
a linear chain and a cyclic structure, respectively, above 10
mM. Actually, from Cu(hfac)2-D2Py2(Br) solution, the crystal
of the complex [Cu(hfac)2�D2Py2(Br)]n having a linear chain
structure was obtained; this was revealed by X-ray structure
analysis (Fig. 10c). Although no single crystal from Cu-
(hfac)2-D2Py2(C6) solution was obtained, on the other hand,
if one judges from S values of 18/2–19/2 above 10 mM,
which is close to the one (20/2) for the tetramer, the assembly
for Cu(hfac)2-D2Py2(C6) might be expected to have a cyclic
tetramer structure in Fig. 15a.

4.2 Magnetic Properties of Assemblies Consisting of
Cu(hfac)2 with D3Py3 and D5Py4 in Frozen Solution.
(A) Dc Magnetic Susceptibility Measurements: In the
3:2 mixtures of Cu(hfac)2 with D3Py3,34 and the 2:1 mixture
of Cu(hfac)2 and D5Py4,35 magnetization, Mmol, measure-
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Fig. 13. Crystal structures of [Cu(NO3)2�(D1Py2)2]n.
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Scheme 5. Experimental procedure for frozen-solution sample.
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ments before and after irradiation of both samples in various
concentrations were also carried out at 2 K under similar con-
ditions. The field-dependence profile of Mmol values after irra-
diation strongly depended on the concentration. TheMmol vs H
plots at 2 K after irradiation of the 3:2 mixtures of Cu(hfac)2
with D3Py3 in various concentrations are shown in Fig. 16,
together with the results of the 2:1 mixture (1.25 mM) of
Cu(hfac)2 and D5Py4 obtained under similar conditions.

In the 3:2 mixtures of Cu(hfac)2 with D3Py3, the magneti-
zation curves were analyzed to consist at least of two compo-
nents, the fast and slow saturating fractions (FF and SF, re-
spectively). The amounts of FF observed in the low field re-
gion (<40 Oe) depended on the concentration of the complex.
Furthermore, it is worth noting that the curvature of SF seems
to be constant (S ¼ �52=2{60=2), suggesting that an assembly
having single structure might be mainly produced in frozen so-
lution. The constant S value of 26–30 is also close to the one
(60/22) for a tetramer of 3:2 complex unit, suggesting the for-
mation of a cubic structure for SF component (a) in Fig. 16.
This tetramer might aggregate in high concentration to form
FF components exhibiting a spin-glass-like magnetic behavior,
which was shown as follows. The sample of 2:1 mixtures of
Cu(hfac)2 with D5Py4 in 1.25 mM also showed steep increase
of Mmol value in low field region. In both samples, weak hys-
teresis of M with respect to H were observed; the coercive
force and the remnant magnetization for 3:2 mixture and 2:1
mixture were ca. 2 and 2 Oe and 6:3� 103 and 2:9� 103

emu�Oe�mol�1, respectively. The large difference between
the 3:2 mixture and the 2:1 mixture is that FF was observed
in much smaller concentration (�10 times smaller); in 1.25
mM of the 3:2 mixture of Cu(hfac)2 and D3Py3, FF was not
detectable.

The temperature dependences of the molar paramagnetic
susceptibility, �mol for the samples of 3:2 mixture (20 mM)
of Cu(hfac)2 with D3Py3 and the 2:1 mixture (1.25 mM) of
Cu(hfac)2 with D5Py4 in the range of 2–30 K were measured

at a constant field of 2 Oe. The �molT vs T plots are shown
in Fig. 17.

In the 3:2 mixtures of Cu(hfac)2 with D3Py3, the �mol value
at 20 K amounted to 143 emu�K�mol�1, which was slightly
greater than 116 emu�K�mol�1 for a tetramer of [{Cu-
(hfac)2}3�C3Py3)2]. As the temperature was decreased, the
�mol value gradually increased in the range 20–12 K, then
steeply increased, reached a maximum of 2:79� 104

emu�K�mol�1 at 9 K, and finally decreased. The observed
gradual and steep developments of �mol value on cooling from
30 K may indicate a ferromagnetic interaction (30–15 K) be-
tween the carbene centers and copper(II) ions within the as-
semblies and a magnetic phase transition (<12 K), respective-
ly. In the 2:1 mixtures of Cu(hfac)2 with D5Py4, a similar
�molT vs T plot was obtained. The maximum value of �mol

is 2:89� 103 at 10 K, which corresponds to 564 units of
[{Cu(hfac)2}2�D5Py4].

(B) Ac Magnetic Susceptibility Measurements: In order
to understand the magnetic properties in more detail, ac mag-
netic susceptibility data for both samples were collected in the
temperature range 4.5–15 K with a 1 Oe ac field oscillating at
the frequency of 1–750 Hz with a zero dc field. In ac magnetic
susceptibility of both samples, the in-phase and out-of-phase
components, �0

mol and �00
mol, with frequency dependence

were clearly observed, indicating that assemblies in both sam-

Fig. 15. Plausible tetramer structures of a) Cu(hfac)2-
D2Py2(C6) and b) [Cu(hfac)2]3-(D3Py3)2.
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ple have slow magnetic relaxations. The temperature depend-
ences of �0

mol and �00
mol components for both samples are

shown in Fig. 18.
As shown in Fig. 18, plots of �0

mol vs T and �00
mol vs T for

both samples are similar to each other and revealed relatively
large round maxima. Their peak-top temperature depended on
the frequency of applied ac field; the temperature of the round
maxima for �0

mol and �00
mol (8.4–7.6 and 6.2–5.2 K, respec-

tively, for 3:2 mixture sample and 7.5–6.5 and 3.2–2.4 K,
respectively, for 2:1 mixture sample) decreased, as the field
alternation frequency decreased from 750 to 1 Hz. As observed
in �00

mol vs T plots, the �00
mol signal showed plural maxima,

especially in the 2:1 mixture sample of Cu(hfac)2 with
D5Py4, indicating that various assemblies might be formed
under the experimental conditions. The values of
�T f =T f ð0Þ�ðlogwÞ obtained from the �0

mol vs T plot, where
�T f is the shift of the peak-temperature in �0

mol, logw

is the logarithm of the applied frequency, and T f ð0Þ is the
position of the peak at zero frequency, are 0.04 and 0.056
for 3:2 and 2:1 mixture samples, respectively. According to
Mydosh,36 the values, 0.04 and 0.056, are in the spin-glass
region. The observed frequency dependence of �0

mol and
�00

mol corresponds better to a spin-glass-like response. The
spin-glass-like magnetic behaviors observed in the dc and ac
magnetic susceptibility measurements for both samples were
reproducible below 20 K.

The magnetic behavior after photolysis of self-assemblies
formed in the frozen solution strongly depends on the structure

of the photoresponsive magnetic coupler. As discussed in sec-
tion 3, no FF was observed in a combination of Cu(hfac)2 and
D2Py2 which has a partial structure of D3Py3, under the con-
dition similar to this work; they showed an increase of average
S values (8–17) in proportion to the concentration in the range
of 1.0–35 mM. Although it is very difficult to reveal the struc-
ture of the self-assemblies formed in frozen solution, we took
advantage of our heterospin system and could successfully
construct assemblies having spin-glass-like magnetic proper-
ties by the simple procedure of mixing the two components
in solutions and freezing them below 30 K, followed by irradi-
ation. Now, to obtain the information related to the size and
shape of an assembly formed in frozen solution, the study by
means of a small angle neutron scattering (SANS) was started.
The construction of the spin-glass reported here suggests a new
approach to the single-molecule magnets by employing aniso-
tropic metal ions in place of copper(II) ions.

5. Formation of Single-Molecule Magnet (SMM)
in Frozen Solution37,38

To gain the large jDjS2 value required for SMM, we took
advantage of our heterospin system in which the metal ions
and the organic spins contribute to large D values and large
S values, respectively. As SMM belongs to 0D spin network
with an Ising type anisotropy, the two approaches which are
shown in a) and b) of 1) of Scheme 3 were considered for
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the construction of SMM. A salicylaldehyde Schiff-base
cobalt(II) complex, Co(p-tolsal)2,

39 and Co(L)2; L ¼ NCS,
NCO, Br, Cl, for the former and the latter approaches, respec-
tively, were selected as metal ion. A high-spin cobalt(II) ion or
complex is known to have a relatively large magnetic anisotro-
py and is often employed for SMM. Monopyridine derivatives
carrying organic spin, 4NOPy and C1Py, were selected. In this
paper, only approach b) in Scheme 3 will be reported.

5.1 Molecular Structures of Monometallic SMMs. Crys-
talline complexes, [Co(L)2�(4NOPy)4] and [Co(L)2�(D1Py)4],
were obtained by mixing the solution of appropriate cobalt(II)
salt (CoL2; L ¼ NCS, NCO, Br, Cl) and the solution of mono-
pyridine ligands (4NOPy and D1Py) in 1:4 ratios. Their mo-
lecular structures revealed by X-ray analysis are compressed
octahedrals in which the axial ligand ions are coordinated in
relatively short distances by trans configuration. The molecu-
lar structures of [Co(NCO)2�(4NOPy)4]

37 and [Co(NCS)2�
(D1Py)4]

38 are shown in Figs. 19a and 19b, respectively.
Magnetic properties of a 1:4 mixture of Co(X)2 and 4NOPy

(or C1Py) in a frozen solution were investigated by SQUID
magneto/susceptometry. Before magnetic experiment in fro-
zen solution, we confirmed by the temperature dependence
of Vis–NIR spectra that the 1:4 mixture of Co(L)2 and 4NOPy
(or D1Py) in frozen solution can safely be considered to be the
octahedral complex having the structure shown in Fig. 19.
Vis–NIR spectra changes for [Co(NCO)2�(4NOPy)4] in
MTHF solution in the temperature range of 295–160 K are
shown in Fig. 20. The spectra at 295 and 160 K are character-
istic to a cobalt(II) complex having the tetrahedral and octahe-
dral structure, respectively.

5.2 Magnetic Properties of Monometallic SMMs. (A) Ac
Magnetic Susceptibility Measurements: The ac magnetic
susceptibility data for a frozen-solution sample of [Co-
(NCO)2�(4NOPy)4] were measured in a zero dc field with a
5.0 Oe ac field and in the temperature range of 1.9–10 K. In
the complex, well-resolved �0

mol and �00
mol signals (in-phase

and out-of-phase components of ac magnetic susceptibilities,

respectively) with the frequency dependence were observed,
indicating that the complex has a slow magnetic relaxation
for flipping the spin. In the �0

molT vs T plots (Fig. 21a), the
values of �0

molT were nearly constant (8.7–8.5 emu�K�mol�1)
until the onset of the contribution of out-of-phase �00

mol sig-
nals. The value of 8.5 emu�K�mol�1 is much larger than the
one (3.5) calculated by spin-only equation with four isolated
aminoxyls (0:375� 4) and one high-spin cobalt(II) ion
(2:0� 1), suggesting that the aminoxyl and the cobalt ion in
the complex interacted ferromagnetically to form the high-spin
ground state with S ¼ 5=2 and g ¼ 2:8 (assuming the effective

Fig. 19. Molecular structures of a) [Co(NCO)2�(4NOPy)4]
and b) [Co(NCS)2�(D1Py)4].
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S0 ¼ 1=2 for cobalt(II) ion which was obtained by EPR study
on [Co(NCS)2�(Py)4]). As observed in the �00

mol–T plot
(Fig. 21b), �00

mol signals at each frequency showed a maxi-
mum above 1.9 K and the peak-top temperature shifted to low-
er values as the frequency decreased. In addition to the main
peak, a small peak (shoulder) due to a minor component
formed under the experimental conditions was observed in
the lower temperature region. Since each frequency at the
peak-top temperature for �00

mol is consistent with 1=�, the
activation energy, �=kB, for flipping the spin and the relaxa-
tion time, �0, were estimated from the Arrhenius plot: � ¼
�0 expð�=kBTÞ to give �=kB ¼ 50 K and �0 ¼ 1:8� 10�7

sec. Similar magnetic behavior showing slow magnetic relax-
ation was observed in a frozen-solution sample of [Co-
(NCS)2�(4NOPy)4] under similar conditions: �=kB ¼ 30 K.
This result is worthy to note: the activation barrier for flipping
the spin in these spin systems can be controlled by the axial
ligands.

Ac magnetic susceptibility measurements for 1:4 mixture of
Co(NCS)2 and D1Py (10 mM/50 mL) in MTHF–EtOH were
performed under similar conditions. Before irradiation, no
magnetic behavior of the slow spin relaxation was observed.
After irradiation for 30 h, on the other hand, both in-phase
and out-of-phase components, �0

mol and �00
mol, respectively,

of the ac magnetic susceptibility showed frequency depen-
dence. The plots of �0

molT vs T and �00
mol vs T before and

after irradiation are shown in Figs. 22a and b, respectively.
As one can observe in Fig. 21b, the signals due to �00

mol

showed two maxima at each frequency. Especially, two max-
ima were clearly observed in 1 Hz signals at 2.8 and 4.0 K.
This double relaxation suggested the presence of two compo-
nents (A and B in which �=kB for A is larger) under the exper-
imental conditions. From each frequency at the peak-top tem-
perature for �00

mol, the activation energy, �=kB, for flipping
the spin and the relaxation time, �0, were obtained; �=kB ¼
89 (50) K and �0 ¼ 2:3� 10�10 (3:2� 10�10) sec. The values
in parentheses are for component B.

(B) Dc Magnetic Susceptibility Measurements: A mag-
netization hysteresis loop of the frozen solution sample of
[Co(NCO)2�(4NOPy)4] was also measured with a sweep rate
of 0.35 kOe/sec at five temperatures in the range 1.9–3.0 K
(Fig. 23a). The hysteresis loop appeared below ca. 2.5 K and
the area within the loop increased with decreasing temperature.
The Mmol value sigmoidally increased in the range of 0–5 kOe
on applying field from 0 to 50 kOe and abruptly decreased near
zero Oe on reducing the field from 50 to 0 kOe (the inset of
Fig. 23a). In a negative field, a similar behavior of the Mmol

value was observed with the negative sign. The shape of the
observed hysteresis loop might be due to a fast magnetization
relaxation at zero Oe and the effect of minor component(s)
contained under experimental conditions. Taking the result
of ac experiments into account, however, the contribution of
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the latter might be small.
The dc magnetization for [Co(NCS)2�(C1Py)4] was also

measured under similar conditions. The cobalt complex exhib-
ited a hysteresis with respect to the applied field below ca. 3.5
K; the hysteresis loops increased with decreasing temperature.
Coercive force and remnant magnetization at 2 K are ca. 3.0
kOe and 6:5� 103 emu�Oe�mol�1, respectively.

The decays of magnetization for [Co(NCS)2�(C1Py)4] were
followed after the cycles of applying 10 kOe and then reducing
to the zero field. Dc magnetization decay data were collected
at 9 temperatures in the 3.4–1.9 K and analyzed by the extend-
ed exponential equation. The rates of dc magnetization decay
which are ca. 2� 10�3 sec�1, are nearly constant in the tem-
perature range of 2.7–1.9 K. The observed dc decay might
be due to the spin quantum tunneling. When the irradiated
sample was annealed at 90 K, the observed dc and ac magnetic
signals completely disappeared and the magnetic behavior
returned to those before irradiation.

Although it is difficult to obtain any direct information on
the structure of [Co(NCO)2�(4NOPy)4] and [Co(NCS)2�
(C1Py)4] formed in frozen solution, the origin of observed
magnetic behaviors may be safely concluded to be due to
one isolated molecule of the cobalt complex. The lack of con-
centration dependence, strong frequency dependence of �0 and
�00 signals, and the physically reasonable value of �0 for
[Co(NCO)2�(4NOPy)4] and [Co(NCS)2�(C1Py)4] in frozen
solution suggest that the Co complex in frozen solution func-
tions rather as an SMM than a spin glass.40 As illustrated in
Scheme 6, these complexes are monometallic SMM which
have a nm size.

The combination of the high-spin organic radicals and the
magnetically anisotropic metal ions will lead to the develop-
ment of a new type of single-molecule magnets of a nm size.
To understand magnetic properties of SMM in more detail, we
are continuing the quantitative and theoretical analyses using
[Co(X)2�(4NOPy)4] and we are studying the influence of the
systematic changes of S values of carbenes by using [Co-
(NCS)2�(CXPy)4].

6. Concluding Remarks

The chemistry of high-spin polycarbenes started from m-
phenylenedicarbene, C2, with a quintet ground state reported
by K. Itoh41 and E. Wasserman42 in 1967. In the early eighties,
tetra-, penta-, and hexa-diazo derivatives (n ¼ 4, 5, and 6 in
Dn)43 and dendritic polydiazo derivatives (Dbn)44 were sys-
tematically prepared and their photoproducts, polycarbene,
were confirmed to have high-spin ground states, which were

reported by H. Iwamura (Chart 5). This polycarbene study
not only suggested the idea for the construction of pure organic
ferromagnets45 but also gave us valuable magnetic information
in the present heterospin system. It is worthy to note that the
carbene, which is usually regarded as a reactive intermediate,
is considered as a spin source in the study on the magnetism.

Based on the above study of the high-spin hydrocarbon
polycarbenes, we worked out a strategy for preparing the
molecule-based magnets using a heterospin system consisting
of organic 2p spins and metal ions. First of all, to confirm the
magnetic coupling between paramagnetic metal ion and organ-
ic spin through �-conjugated ligand, we prepared discrete
model complexes. Their magnetic studies revealed that the
magnetic coupling depended on the magnetic orbital in metal
ion and the regiospecificity in the exchange coupling with
respect to the aminoxyl radical site on the pyridine ring. The
intramolecular magnetic couplings were explained by a spin
polarization mechanism. Based on this information, 1D chain
spin networks were designed and prepared. In 1:1 complex
of M(hfac)2; M ¼ Mn and Cu, and D1Py2 (or D2Py2(TMS)),
the formation of ferri- and ferromagnetic chain, respectively,
were successfully observed after irradiation. These 1D works
were extended to a high-dimensional spin network by using
metal ions without diamagnetic ligand such as hfac and
branched PMC.

On the other hand, assemblies formed in frozen solution
were found to exhibit interesting magnetic behavior. The 3:2
complex of Cu(hfac)2 with D3Py3 in frozen solution after ir-
radiation showed spin-glass-like magnetic behavior. This find-
ing led to a new approach to SMM in heterospin systems. The
1:4 complexes of CoX2; X ¼ NCO, NCS, and Br, with 4NOPy
in frozen-solution function as SMM with activation barrier for
flipping the spin (�=kB ¼ 50{20 K). Analogous cobalt com-
plex using D1Py after irradiation showed similar SMM behav-
ior with �=kB ¼ 90 K. These cobalt complexes are the first
examples of a monometallic SMM in nanometer size.

In the area of molecule-based magnets, it is widely accepted
that the new magnets will never replace conventional magnets
made by metals, metal oxides, and alloys, etc. Instead they
should have additional functions such as the response to light,
pressure, electric current, or pH. Thus, our photoresponsive
magnets will reveal the magnetism only in the part exposed
to the light and will be expected to act as high-resolution
photomagnetic devices in the material science of the next
generation.
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Güdel, Angew. Chem., Int. Ed., 42, 4653 (2003). b) J. R. Galan-
Mascaros and K. R. Dunbar, Angew. Chem., Int. Ed., 42, 2289
(2003). c) E. C. Yang, D. N. Hendrickson, W. Wernsdorfer,
M. Nakano, L. N. Zakharov, R. D. Sommer, A. L. Rheingold,
M. Ledezma-Gaeraud, and G. Christou, J. Appl. Phys., 91, 7382
(2002). d) A. Caneschi, D. Gatteschi, N. Lalioti, R. Sessoli, L.
Sorace, V. Tangoulis, and A. Vindigni, Chem.—Eur. J., 8, 286
(2002).
17 H. Andres, R. Basler, A. J. Blake, C. Cadiou, G.

Chaboussant, C. M. Grant, H. U. Güdel, M. Murrie, S. Parsons,
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