
Structure and Physical Properties of Molecule-Based Magnets

Including Transition Metal Complexes of Crown Thioethers

Junichi Nishijo, Akira Miyazaki, and Toshiaki Enoki�

Department of Chemistry, Graduate School of Science and Engineering, Tokyo Institute of Technology,

Ookayama, Meguro-ku, Tokyo 152-8551

Received August 1, 2003; E-mail: tenoki@chem.titech.ac.jp

A new series of molecule-based magnets, including crown thioether (9S3 = 1,4,7-trithiacyclononane) complexes of
transition metals (Ni, Co, Cu), are presented. TCNQ salts [M(9S3)2](TCNQ)2 (M = Ni, Co) are one-dimensional (1D),
antiferromagnetic (AF) complexes with an intra-chain interaction J ¼ �3:9 K and �1:3 K for M = Ni and Co, respec-
tively, despite its long intermolecular distance, for which the large spin density on the sulfur atom in the magnetic
[M(9S3)2]

2þ cation is responsible. The mixed valence salt [M(9S3)2](TCNQ)3 (M = Ni, Co) is a paramagnetic semicon-
ductor. 1D AFmagnet [Cu(9S3)Br2] does not undergo any magnetic transition because of the weak inter-chain interaction.
Substituting a very small amount (�5%) of Cu with Ni causes a structural change. The change decreases the distances of
inter-chain S–S contacts, resulting in the generation of an AF transition at TN ¼ 4:5K. [M(9S3)2][Ni(bdt)2]2 (M=Ni, Co;
bdt = 1,2-benzenedithiolato) are weak-ferromagnets with TN ¼ 6:2 K and 2.6 K for M = Ni and Co, respectively. In the
crystals, [M(9S3)2]

2þ–[Ni(bdt)2]
� alternate chains and [Ni(bdt)2]

� uniform chains coexist. The appearance of weak-fer-
romagnetism is associated with a competition between two kinds of inter-chain AF interactions between [M(9S3)2]

2þ–
[Ni(bdt)2]

� alternate chains, where the stronger one is an indirect inter-chain interaction through [Ni(bdt)2]
� uniform

chains, while the weaker is a direct inter-chain interaction.

Molecule-based magnets, especially transition metal com-
plexes, have been intensively investigated in recent years from
the view point of applications and basic science interests in
their low dimensionality, quantum mechanical features and in-
terplay between electron transport and magnetism.1–12 One of
the most important issues in designing molecule-based magnets
is to make a magnetic interaction network between constituent
molecules as building blocks. From the lesson of traditional
transition metal magnets, conduction electrons, which can me-
diate interactions between magnetic sites, are a promising tool
in making these networks. Actually, strong magnetic interac-
tions in iron and manganese oxides are the consequence of con-
duction electron-mediated exchange interactions. Based on this
scheme, molecule-based magnetic conductors are designed to
mimic such traditional magnets.9–16 In the most popular mole-
cule-based magnetic conductors developed so far, transition
metal magnetic anions containing halogen atoms at ligand sites
are incorporated into tetrathiafulvalene (TTF) type charge
transfer complexes.9–12 In these salts, conduction �-electrons
of TTF donors can interact with the localized magnetic mo-
ments of anions (�–d interaction) through the inter-molecular
atomic contact between the sulfur atom of the donor and the
halogen sites of the anions. However, �–d interactions are usu-
ally very weak in these systems because the spin density at hal-
ogen atoms of anions is quite small. To solve this problem, tran-
sition metal complexes containing sulfur atoms at ligand sites
are used. Indeed, the �-acidity of sulfur-containing ligands,
which produce back donation from the central metal atom, in-
creases the spin density at the sulfur atom of the ligands. Fur-
thermore, the large atomic orbitals of sulfur atoms can also en-
hance the �–d interactions through S–S contacts between donor

and anion. The idea of inter-molecular S–S atomic contact is al-
so expected to be applicable in designing a strong interaction
network17 in insulating molecule-based magnets where super-
exchange paths with S–S bridges work in place of �–d interac-
tions.

Under the impetus mentioned above, we have been survey-
ing sulfur-containing magnetic building blocks which can ef-
fectively work in the architecture of molecule-based magnets.
Though no attention has yet been paid to crown thioethers in
designing magnets, the �-acidity of crown thioethers18,19 is
suitable for building molecule-based magnets as it contributes
to forming an extended electronic structure, which is inferable
to enhancing magnetic interactions. In the present paper, we re-
port a new class of molecule-based magnets with transition
metal complexes of crown thioethers having sulfur atoms as
the main ingredient. 9S3 = 1,4,7-trithiacyclononane, the crown
thioether ligand we employ, is well known and a target of par-
ticular focus in the crown thioether area.20,21 As counter anions
or acceptors to these cations, we used TCNQ (= 7,7,8,8-tetra-
cyanoquinodimethane), Br�, [Ni(dmit)2]

� (dmit = isotrithio-
nedithiolato), [Ni(mnt)2]

� (mnt = maleonitrile), and [Ni-
(bdt)2]

� (bdt = 1,2-benzenedithiolato) molecules. TCNQ is a
well known acceptor, charge transfer salts of which frequently
produce high conductive materials.22–24 Br� anions, which are
small, can reduce the distances between cations due to the ab-
sence of steric hindrance. Therefore, it is expected that a strong
interaction between crown thioether complexes will be pro-
duced. [Ni(dmit)2]

�, [Ni(mnt)2]
�, and [Ni(bdt)2]

� molecules
are dithiolate planar complexes which also contain sulfur
atoms. As a result, not only strong cation–cation, but also cat-
ion–anion interactions are expected through the mediation of
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intermolecular S–S contacts.

1. Experimental

1.1 Preparation. [M(9S3)2](BF4)2 (M = Ni, Co, and Cu), n-
Bu4N[Ni(dmit)2], n-Bu4N[Ni(mnt)2], and n-Bu4N[Ni(bdt)2] were
prepared according to the literature.25–28

[Ni(9S3)2](TCNQ)2 (1), [Co(9S3)2](TCNQ)2 (2), [Ni(9S3)2]-
(TCNQ)3 (3), and [Co(9S3)2](TCNQ)3 (4). Single crystals of 1
and 3 were prepared using the diffusion method at T ¼ 45 �C. In
this method, we used an H-shape glass tube containing 50 mg of
[Ni(9S3)2](BF4)2 and 50 mg of Li-TCNQ in each side of the H-
tube, and 30 mL of acetonitrile was used as the solvent. After
two weeks, red triangular prism crystals of 1 and black plate crys-
tals of 3were grown at the midpoint of the H-tube. The same meth-
od with [Co(9S3)2](BF4)2 at 45 �C and 5 �C gives a powder of 2
and 4, respectively. The [Cu(9S3)2]

2þ salt of TCNQ was not ob-
tained by using [Cu(9S3)2](BF4)2. Typical crystal size was 0:6�
0:6� 2 mm3 for 1 and 3� 3� 0:2 mm3 for 3. Found for 1: C,
52.07; H, 3.71; N, 13.68; S, 23.16%. Calcd for 1: C, 52.23; H,
3.90; N, 13.54; S, 23.24%. Found for 2: C, 52.31; H, 3.97; N,
13.80; S, 22.97%. Calcd for 2: C, 52.22; H, 3.90; N, 13.53; S,
23.24%. Found for 3: C, 55.58; H, 3.28; N, 16.21; S, 18.34%. Calcd
for 3: C, 55.87; H, 3.52; N, 16.29; S, 18.64%. Found for 4: C,
55.91; H, 3.53; N, 16.17; S, 18.82%. Calcd for 4: C, 55.85; H,
3.52; N, 16.28; S, 18.64%.

[Cu(9S3)Br2] (5) and [Cu1�xNix(9S3)Br2] (x � 0:05) (6). Sin-
gle crystals were prepared using the diffusion method at T ¼ 5
�C in 30 mL of acetonitrile solution. Single crystals of 5 slowly
grew from 30 mg of [Cu(9S3)2](BF4)2 and 30 mg of CuBr2 over
five weeks, and single crystals of 6 grew from 30 mg of
[Cu(9S3)2](BF4)2 and 50 mg of NiBr2 in one week. The ratio of
Cu to Ni of 6 was roughly estimated by EDAX analysis. The typi-
cal crystal size was 1:5� 1� 0:1 mm3 for 5 and 2:2� 1:5� 0:2
mm3 for 6. Found for 5: C, 18.02; H, 3.31; S, 23.59%. Calcd for
5: C, 17.85; H, 3.00; S, 23.83%. Found for 6: C, 17.79; H, 2.92;
S, 23.91%. Calcd for 6: C, 17.86; H, 3.00; S, 23.84%. We could

not obtained [Ni(9S3)Br2] from [Ni(9S3)2](BF4)2 and NiBr2,
which may be due to the stronger coordination bond between
Ni2þ and 9S3 than that between Cu2þ and 9S3, inferred from
metal-sulfur atomic distances.25

[Ni(9S3)2][Ni(bdt)2]2 (7) and [Co(9S3)2][Ni(bdt)2]2 (8).
29 A 50

mL acetonitrile solution of 50 mg [M(9S3)2](BF4)2 was added to a
50 mL acetonitrile solution of 50 mg n-Bu4N[Ni(bdt)2] at room
temperature, and was slowly cooled to 0 �C. After standing for 4
h at 0 �C, black elongated plate crystals of 7 or 8 were obtained.
The [Cu(9S3)2]

2þ analogue of 7 was not obtained by using
[Cu(9S3)2](BF4)2. The typical crystal size was 3� 1� 0:1 mm3

and 1:4� 0:8� 0:03 mm3 for 7 and 8, respectively. Found for 7:
C, 39.44; H, 3.32; S, 41.07%. Calcd for 7: C, 39.39; H, 3.67; S,
40.90%. Found for 8: C, 39.17; H, 3.42; S, 40.65%. Calcd for 8:
C, 39.38; H, 3.67; S, 40.89%.

It should be noted that neither [Ni(dmit)2]
� nor [Ni(mnt)2]

�

salts of crown thioether complexes were successfully obtained.
1.2 X-ray Crystallography. The crystal structures of 1, 3, 5, 6,

7, and 8 were determined by single crystal X-ray diffraction with a
Rigaku AFC-7R four-circle diffractometer at 293 K, using MoK�
radiation (� ¼ 0:71069 �A), where a suitable crystal was mounted
on a glass fiber. The structures were solved using direct methods
(SHELXS-86),30 then refined with a full-matrix least-squares
method (SHELXL-93).31 An absorption correction based on a �-
scan was introduced. All non-hydrogen atoms were refined aniso-
tropically, while hydrogen atoms were placed in their calculated
positions and refined by the riding model. We used crystals of 1
(triangular prism, red, 0:2� 0:2� 0:5mm3), 3 (plate, black, 0:5�
0:5� 0:1 mm3), 5 (plate, black, 0:2� 0:1� 0:05 mm3), 6 (plate,
black, 0:4� 0:3� 0:1 mm3), 7 (elongated plate, black, 0:7�
0:2� 0:1 mm3) and 8 (elongated plate, black, 0:5� 0:2� 0:03
mm3) suitable for structural determinations. Crystallographic data
for 1, 3, 5, 6, 7, and 8 are summarized in Table 1. Crystals of 2 and
4 were confirmed to be isostructural to those of 1 and 3, respective-
ly, from the X-ray powder diffraction pattern. Crystallographic da-
ta have been deposited at the CCDC, 12 Union Road, Cambridge
CB12 1EZ, UK and copies can be obtained on request, free of

Table 1. Crystallographic Data

1 3 5 6 7 8

Temp/K 293(5) 293(5) 293(5) 293(5) 293(5) 293(5)
Formula C36H32N8Ni1S6 C48H36N12Ni1S6 C6H12Br2Cu1S3 C6H12Br2Cu1�xNixS3 C36H40Ni3S14 C36H40Co1Ni2S14

(x � 0:05)
fw 827.77 1031.98 403.71 403.47 1097.72 1097.96
Crystal system triclinic triclinic orthorhombic monoclinic triclinic triclinic
Space group P�11 P�11 P212121 P21=a P�11 P�11

a/ �A 9.319(9) 10.418(3) 11.016(5) 14.000(9) 11.6629(19) 11.711(3)
b/ �A 11.555(9) 14.535(4) 13.702(16) 10.919(6) 12.9372(11) 12.8406(16)
c/ �A 8.627(9) 7.761(3) 7.633(3) 7.6261(19) 7.778(2) 7.7989(13)
�/deg 99.69(8) 93.04(3) 90 90 93.859(13) 92.682(12)
�/deg 95.86(11) 95.48(3) 90 104.18(4) 106.154(17) 107.022(17)
�/deg 80.25(7) 92.38(2) 90 90 95.185(10) 95.400(15)
V/ �A3 899.9(14) 1167.0(6) 1152.1(15) 1130.3(10) 1117.4(4) 1113.0(4)
Z 1 1 4 4 1 1
Reflections collected 1736 4759 2088 2106 5167 4149
(2� < 55�)
Reflections unique 1631 4325 1522 1660 4018 3141
R1 for all data 0.0880 0.0460 0.0417 0.0557 0.0518 0.0426
wR2 for all data 0.2266 0.1351 0.1008 0.1406 0.1156 0.0962

R1 ¼ �ðjjF0j � jFCjjÞ=�jF0j, wR2 ¼ ½�wðjF0j2 � jFCj2Þ2=�wðjF0j2Þ2�1=2.

716 Bull. Chem. Soc. Jpn., 77, No. 4 (2004) Properties of Crown Thioether Complexes



charge, by quoting the publication citation and the deposition num-
bers 224684–224687 (for 1, 3, 5, and 6), 198892 and 198893 (for 7
and 8).

1.3 Physical Measurements. Electrical conductivities of sin-
gle crystals were measured using a two probe method for 1, 3, 5, 6,
7, and 8, whose crystal sizes were 0:2� 0:2� 0:4 mm3, 0:6�
0:3� 0:05 mm3, 0:3� 0:2� 0:1 mm3, 0:3� 0:2� 0:05 mm3,
0:6� 0:3� 0:1 mm3 and 0:4� 0:2� 0:05 mm3, respectively.
Magnetic susceptibilities were measured by using a Quantum-De-
sign MPMS-5 SQUID magnetometer for an assembly of aligned
single crystals (1, 3, 5, and 6), a packet of powder sample (2, 4)
whose typical weight was 1 to 1.5 mg, or one single crystalline
sample (7, 8) whose size and weight were 1:6� 0:4� 0:1 mm3

and 0.1 mg for 7 and 1:2� 0:4� 0:1 mm3 and 0.08 mg for 8, re-
spectively. The AC-susceptibility of 7 and 8 was measured using a
Quantum-Design MPMS-XL SQUID magnetometer with an AC
option for an assembly of aligned single crystals whose total
weight was about 5 mg. The magnetic susceptibilities shown below
were obtained after the subtraction of the core diamagnetic contri-
butions from the observed susceptibilities.

2. Results and Discussion

2.1 Crystal Structures. 2.1.1 [M(9S3)2](TCNQ)2 (M=Ni
(1), Co (2)) and [M(9S3)2](TCNQ)3 (M = Ni (3), Co (4)):

The crystal structures of 1 and 3 are shown in Fig. 1a and 1b,
respectively. The structures are similar to [M([9]aneN3)2]-
(TCNQ)n (M = Ni, Cu, n ¼ 1, 2, [9]aneN3 = 1,4,7-triazacyclo-
nonane).32 In crystal 1, TCNQ� anions form non-magnetic di-
mers with a large intra-dimer overlap integral33 (¼ 2:64�
10�2), which are well separated from each other by the hin-
drance of [Ni(9S3)2]

2þ cations, as confirmed by quite small in-
ter-dimer overlap integrals (�0). [Ni(9S3)2]

2þ cations form
one-dimensional (1D) chains elongated parallel to the c-axis
with an inter-molecular S–S contact of r ¼ 3:838ð6Þ �A, which
is slightly longer than the sum of the van der Waals radii of sul-
fur atoms (3.7 �A). Crystal 3 forms TCNQ trimers, which are al-
so non-magnetic with two electrons stabilized in the singlet
state, a result of large intra-trimer overlap integrals (p ¼
1:82� 10�2) and small inter-trimer overlap integrals (q ¼
9:60� 10�4). In addition, the presence of large size trimers
makes the [Ni(9S3)2]

2þ molecules remain apart from each oth-
er. Using the empirical relations34 between the bond length in a
TCNQ molecule and its charge state, we estimate the valences
of the TCNQmolecules are�0:69 for TCNQ (A) and�0:71 for
TCNQ (B), respectively. It is considered that crystals 2 and 4,

Fig. 1. The crystal structures of (a) [Ni(9S3)2](TCNQ)2 (1)
and (b) [Ni(9S3)2](TCNQ)3 (3). Line r ¼ 3:838ð6Þ �A rep-
resents the short S–S contact between [Ni(9S3)2]

2þ cati-
ons, while lines p is the intra-trimer overlap integrals and
q is the inter-trimer overlap integral between TCNQ mole-
cules.

Fig. 2. (a) The molecular structure of a formula unit of
[Cu(9S3)Br2] in 5. There are two short Cu–S contacts,
2.288(15) and 2.321(14) �A for S1 and S3, respectively,
and one long Cu–S contact, 2.614(13) �A for S2. The dis-
tances of Cu–Br are 2.406(9) and 2.447(9) �A for Br1 and
Br2, respectively. (b) The crystal structure of 5.
[Cu(9S3)Br2] molecules form 1D chains spanned by in-
tra-chain short S2–S3 contact r1 (¼ 3:543ð4Þ �A) and elon-
gated along the a-axis. The unit cell contains two chains
connected by a weak inter-chain S1–S3 contact r2
(¼ 4:053ð4Þ �A). The left panel shows a chain viewed par-
allel to the b-axis. The right panel is the unit cell containing
two chains projected on the ab-plane.
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isomorphous to 1 and 3, respectively, have the same structural
featured as those of 1 and 4.

2.1.2 [Cu(9S3)Br2] (5) and [Cu1�xNix(9S3)Br2] (x � 0:05)
(6): Figure 2 shows the crystal structure of 5. The crystal con-
sists of a five-coordinated complex of Cu, the same as
[Pt(9S3)X2] (X = Cl, Br, I) crystals.35 The geometry of the
molecule is described as an elongated square pyramid (Fig.
2a). Short inter-molecular S2–S3 contacts (r1 ¼ 3:543ð4Þ �A)
connect [Cu(9S3)Br2] molecules one-dimensionally along the
a-axis, while the chains are coupled by very weak inter-chain
S1–S3 contacts (r2 ¼ 4:053ð4Þ �A) along the b-axis.

When we substitute a small amount (�5%) of Cu ions with
Ni ions, the crystal structure of [M(9S3)Br2] is changed drasti-
cally, as exhibited in Fig. 3. The cause of the structural differ-
ence is not clearly understood. However, the slow crystal
growth of 5 (4–5 weeks) and the fast crystal growth of 6 (1
day to 1 week) suggest that the arrangement of [Cu(9S3)Br2]
molecules is not well stabilized in 5. The addition of a small
amount of [Ni(9S3)Br2], which has different intra-molecular
metal–sulfur distances, results in an easy change in the molecu-
lar arrangement. This is supported by the fact that the
[Ni(9S3)Br2] concentration in 6 is independent of the initial
concentration of NiBr2 in the crystal growth. That is, there is
a certain amount of [Ni(9S3)Br2] suitable for the conversion
of the crystal structures.

The intra-molecular and intra-chain structures are nearly the

same between 5 and 6, where the intra-chain S2–S3 contact
(r1 ¼ 3:495ð4Þ �A) becomes shorter by only 1.4% in the latter
to that of the former. On the contrary, the inter-chain coupling
is more influenced by the substitution, where the arrangement
of the chains changes with a 7.1% reduction of the inter-chain
S1–S3 distance (r2 ¼ 3:797ð4Þ �A) to that of the latter. There-
fore, it is expected that the substitution of Ni ions enhances
the inter-chain magnetic interactions, as will be verified by
the results of the magnetic susceptibilities.

2.1.3 [Ni(9S3)2][Ni(bdt)2]2 (7) and [Co(9S3)2][Ni(bdt)2]2
(8): Figures 4 and 5 show the crystal structures of 7 and 8,
which are isostructural to each other regardless of the cations.
The unit cell consists of two crystallographically independent
[Ni(bdt)2]

� anion molecules (A) and (B) which form a 2D
cage-like structure on the plane spanned by the aþ c and bþ
c directions, where a [M(9S3)2]

2þ molecule is placed in the
center of the cage, as shown in Fig. 4a. On the plane, there is
a short S3–S5 contact between [M(9S3)2]

2þ and [Ni(bdt)2]
�

(A) with r1 ¼ 3:772ð2Þ and 3.806(2) �A for M = Ni and Co, re-
spectively, and a CH–S6 contact between [Ni(bdt)2]

� (A) and
[Ni(bdt)2]

� (B) molecules with r2 ¼ 3:754ð5Þ and 3.705(7) �A

for M = Ni and Co, respectively. The 2D planes of the cage-
like structure are stacked along the c-axis with the cage-like
structure units shifted from each other by a half of the unit,
as shown in Fig. 5. That is, a [Ni(bdt)2]

� (A) molecule of a
plane lies on top of a [M(9S3)2]

2þ molecule of the plane be-

Fig. 3. (a) The crystal structure of [Cu1�xNix(9S3)Br2] (x � 0:05) (6). A unit cell contains two chains of [Cu1�xNix(9S3)Br2] mole-
cules connected by intra-chain short S2–S3 contact r1 (¼ 3:495ð4Þ �A), which are loosely coupled by inter-chain short S1–S3 contact
r2 (¼ 3:797ð4Þ �A). Intra-molecular short Cu–S contacts are 2.346(2) and 2.335(3) �A for S1 and S3, respectively, and one long Cu–S
contact is 2.601(3) �A for S2. The distances of Cu–Br are 2.4193(19) and 2.4241(17) �A for Br1 and Br2, respectively. The labels of
atoms are same as those shown in Fig. 2a. (b) The projections viewed along the 1D chains of [Cu(9S3)Br2] (left) and
[Cu1�xNix(9S3)Br2] (right).
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neath (Fig. 5a), while a [Ni(bdt)2]
� (B) molecule of the upper

plane lies on a [Ni(bdt)2]
� (B) of the lower plane with its center

shifted parallel to the plane (Fig. 5b). Therefore, there are two
kinds of inter-plane contacts generated. One is the contact be-
tween [Ni(bdt)2]

� (B) molecules with a short S7–S7 contact,
r3 ¼ 3:785ð2Þ and 3.778(2) �A for M = Ni and Co, respectively,
and the other is the CH–S2 contact between [Ni(bdt)2]

� (A) and
[M(9S3)2]

2þ with r4 ¼ 3:920ð6Þ and 3.937(6) �A for M = Ni
and Co, respectively. Such structural features are the same be-
tween 7 and 8, in spite of a difference in the coordination envi-
ronments of [M(9S3)2]

2þ. In [Ni(9S3)2]
2þ, three crystallo-

graphically independent Ni–S coordination bonds have almost
the same length (2.3967(11), 2.3849(10), and 2.3836(11) �A for
S1, S2, and S3, respectively), whereas [Co(9S3)2]

2þ has Jahn–
Teller distortions in the Co–S distances; 2.4329(13), 2.285(1),

and 2.2521(14) �A for S1, S2, and S3, respectively. The sulfur
atoms of the latter two Co–S bonds, S2 and S3, are connected
to the adjacent [Ni(bdt)2]

� through S3–S5 (r1) and CH–S2 (r4)
contacts, while that of the former one, S1, does not participate
in the inter-molecular contact.

2.2 Electrical Conductivity. Crystals 1, 5, 6, 7, and 8 are
insulating (� > 106 � cm) at room temperature. TCNQ crystal
3 shows semiconductive behavior, with a resistivity of � ¼ 950

� cm at room temperature and an activation energy of Ea ¼
200 meV. TCNQ molecules have a mixed valence of �2=3
in crystal 3, but its small overlap integral between TCNQ3

2�

trimers causes the high resistivity of 3. Compared with highly
conductive or metallic TCNQ mixed valence salts,22–24 the mo-
lecular size of the cation is too large and the round shape of the
cation is not fit for TCNQ to be stacked compactly to give a
highly conductive column. This experimental finding is didac-
tic from the point of achieving a highly conductive molecule-
based magnet consisting of transition metal–crown thioether
complexes. That is, the molecular sizes should be well balanced
between the crown thioether complex and acceptor.

2.3 Magnetic Properties. 2.3.1 [M(9S3)2](TCNQ)2 (1, 2)
and [M(9S3)2](TCNQ)3 (3, 4): The magnetic susceptibilities,
�, of 3 and 4 are characterized as paramagnetic with Curie con-
stants C ¼ 0:971 and 0.380 emuKmol�1 for 3 and 4, respec-
tively, and a Weiss temperature of � � 0 K for both 3 and 4.

Fig. 4. The crystal structure of [M(9S3)2][Ni(bdt)2]2 (M =
Ni (7), Co (8)). (a) The plane of a cage-like structure on
the plane spanned by the aþ c and bþ c directions. Four
unit cells are shown in the figure. Dotted line r1 represents
the short S3–S5 contact between [M(9S3)2]

2þ and
[Ni(bdt)2]

� (A) molecules, while r2 represents the CH–
S6 contact between [Ni(bdt)2]

� (A) and [Ni(bdt)2]
� (B)

anions; r1 ¼ 3:772ð2Þ and r2 ¼ 3:754ð5Þ �A for M = Ni,
and r1 ¼ 3:806ð2Þ and r2 ¼ 3:705ð7Þ �A for M = Co. (b)
Molecular structures of the constituent cation and anions.

Fig. 5. The stacking of the planes along the c-axis direction
in 7 and 8. (a) [M(9S3)2]

2þ and [Ni(bdt)2]
� (A) molecules

and (b) [Ni(bdt)2]
� (B) molecules are shown. Dotted line r3

represents the short S7–S7 contacts between [Ni(bdt)2]
�

(B) anions, while r4 represents the CH–S2 contacts be-
tween [M(9S3)2]

2þ and [Ni(bdt)2]
� (A); r3 ¼ 3:78 and

r4 ¼ 3:98 �A for M = Ni, r3 ¼ 3:77 and r4 ¼ 3:93 �A for
M = Co.

J. Nishijo et al. Bull. Chem. Soc. Jpn., 77, No. 4 (2004) 719



The isolated structural features of [Ni(9S3)2]
2þ molecules,

which are well separated by (TCNQ)3
2� trimers, are responsi-

ble for the absence of magnetic interaction.
The temperature dependence of the susceptibility for 1 is

shown in Fig. 6a. The susceptibility of 1 and 2 obeys the Cu-
rie–Weiss law, with antiferromagnetic (AF) Weiss tempera-
tures � ¼ �3:8 K and �1:6 K and Curie constants C ¼
0:967 and 0.372 emuKmol�1 for 1 and 2, respectively. The
Curie constants correspond to one S ¼ 1 spin of [Ni(9S3)2]

2þ

and S ¼ 1=2 spin of [Co(9S3)2]
2þ, suggesting the singlet state

of TCNQ� spins due to strong dimerization, as confirmed by
the structural features. The susceptibility of 1, which is isotrop-
ic over the whole measured temperature range, forms a broad
hump around 10 K accompanied by a steep drop on the low
temperature side of the hump. On the other hand, no anomaly
in the susceptibility is observed in 2, indicating the weakness
of the interaction between [Co(9S3)2]

2þ spins having S ¼
1=2 instead of S ¼ 1 for [Ni(9S3)2]

2þ.
Comparing the inter molecular distances of 1with those of 3,

it is observed that 1 has a shorter S–S atomic contact length
(3.838(6) �A) and longer Ni2þ–Ni2þ distance (8.627(9) �A) than
those of 3 (4.685(3) and 7.761(3) �A), while the intra molecular

Ni2þ–S distances have roughly same value (2.383(4), 2.400(4),
and 2.403(4) �A for 1 and 2.371(1), 2.389(1), and 2.390(1) �A for
3, respectively). The difference in the inter molecular distances
between 1 and 3, and the similarity of the intra molecular dis-
tances indicate that the strength of the magnetic interaction
mainly depends on the inter molecular S–S contact in transition
metal complexes of crown thioethers, taking into account the
difference in the strength of exchange interactions.

The susceptibility of 1 is well described by the uniform AF
Heisenberg chain model36 with S ¼ 1 given by following equa-
tion,

� ¼ ð2NAg
2	B

2=3j2JjÞ�fðX2 þ 0:5X þ 0:1Þ

=ðX3 þ 1:885382X2 þ 1:812404X þ 1:607565Þg; ð1Þ

where

X ¼
kBT

j2Jj
; ð2Þ

NA, g, 	B, and kB are Avogadro’s number, a g-value assumed
as g � 2 for Ni2þ, the Bohr magneton and Boltzmann’s con-
stant. The exchange interaction J is defined in the following
Hamiltonian:

H ¼ �2J
X
i

SiSiþ1: ð3Þ

The absence of 3D ordering proves the negligible contribution
of inter-chain interactions, which is reasonably understood
from the absence of close inter-chain molecular contact in the
structural consideration (see Fig. 1a). The intra-chain magnetic
interaction J is estimated from the fitting at J ¼ �3:9 K, which
is stronger than expected based on the fact that the S–S distance
between [Ni(9S3)2]

2þ molecules (= 3.838(6) �A) is considerably
larger than the corresponding van derWaals distance (= 3.7 �A).
This apparent inconsistency verifies that a large spin density
exists at the surrounding sulfur atoms in the ligand of
[Ni(9S3)2]

2þ, which is expected from the strong �-acidity of
crown thioethers.18,19 Therefore, the experimental finding of 1
proves the importance of crown thioether complexes of transi-
tion metals as a building block in designing molecule-based
magnets with hybrid structures.

The susceptibility of 2 is described by the Bonner–Fisher
model of a 1D AF chain37,38 with S ¼ 1=2

� ¼ ðNAg
2	B

2=kBTÞ�fð0:25þ 0:14995X þ 0:30094X2Þ

=ð1:0þ 1:9862X þ 0:68854X2 þ 6:0626X3Þg; ð4Þ

where

X ¼
jJj
kBT

; ð5Þ

and we assume g � 2. The intra-chain interaction is estimated
to be J ¼ �1:3 K, which is considerably smaller than that of
isostructural 1 having the [Ni(9S3)2]

2þ cation. The believed
origin of the decrease of the intra-chain interaction is the
Jahn–Teller distortion of [Co(9S3)2]

2þ, as we will discuss in
the magnetic susceptibility of [M(9S3)2][Ni(bdt)2]2.

2.3.2 [Cu(9S3)Br2] (5) and [Cu1�xNix(9S3)Br2] (x � 0:05)
(6): The susceptibilities of 5 and 6 are shown in Fig. 6b and 6c.
� obeys the Curie–Weiss law, where the Curie constants and
the AF Weiss temperatures are estimated as C ¼ 0:381

Fig. 6. The temperature dependence of magnetic suscepti-
bilities of (a) [Ni(9S3)2](TCNQ)2 (1), (b) [Cu(9S3)Br2]
(5), and (c) [Cu1�xNix(9S3)Br2] (x � 0:05) (6) measured
in a magnetic field H ¼ 1 T. No magnetic anisotropy is ob-
served in 1 and 5. Solid lines represent fitting curve calcu-
lated by the S ¼ 1 1D AF Heisenberg model (a) and
S ¼ 1=2 AF Heisenberg model (b, c).
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emuKmol�1 and � ¼ �4:2 K for 5 and C ¼ 0:395
emuKmol�1 and � ¼ �3:6 K for 6. These values of the Curie
constants correspond to one Cu2þ S ¼ 1=2 spin per formula
unit, in addition to a small contribution from Ni2þ S ¼ 1 in
the case of 6. � takes a broad hump around 7 and 6 K for 5
and 6, respectively. A fitting is made with the Bonner–Fisher
model where we assume g � 2 for both Cu2þ and a small
amount of Ni2þ ions in 5 and 6, and where intra-chain interac-
tions J are estimated as J ¼ �5:4 K and �4:7 K for 5 and 6,
respectively. The nearly equal values of the intra-chain interac-
tion in 5 and 6 are considered to be due to the same intra-chain
structure of the crystals. The behavior of � on the low temper-
ature side of the hump is different between 5 and 6. In the crys-
tal 5, � shows a reduction from that expected with the 1D anti-
ferromagnetic Heisenberg model with weak inter-chain interac-
tions, in addition to the absence of anisotropic behavior. In con-
trast, for 6, an anisotropy appears between the field directions
parallel to the b- and c-axes, suggesting an onset of an AF tran-
sition at TN ¼ 5 K, where the spin easy axis is oriented parallel
to the b-axis in the ordered state. The difference is associated
with the 2D nature of 6, which is generated by the modification
of the arrangement of the [M(9S3)Br2] chains by the substitu-
tion, as can be seen in the considerable reduction of the S1–
S3 contact.

2.3.3 [Ni(9S3)2][Ni(bdt)2]2 (7) and [Co(9S3)2][Ni(bdt)2]2
(8): The temperature dependence of the magnetic susceptibil-
ity has previously been reported in Ref. 29 for 7 under the fields
applied in three directions x, y, and z (see Figs. 7b and 7c for the
definition of x, y, and z). The susceptibility of 7 obeys the Cu-
rie–Weiss law at high temperatures above ca. 150 K with a neg-
ative Weiss temperature of � ¼ �6:5 K and Curie constant
C ¼ 1:76 emuKmol�1, the latter of which corresponds to
one S ¼ 1 spin of [Ni(9S3)2]

2þ and two S ¼ 1=2 spins of
[Ni(bdt)2]

� per formula unit. Below ca. 8 K, anisotropic behav-
ior emerges between the different field directions, where the
susceptibility makes sharp peaks at 5.8 and 6.2 K in the x-
and z-directions, respectively. In addition, a susceptibility min-
imum is found at 4.1 K in the z-direction, below which the �
increases as the temperature is lowered. In contrast, only a
broad hump is produced at 5.2 K in the y-direction, on the
low temperature side of which � shows a weak decrease. The
slight increase of � below 4.1 K inH k z and the non zero value
of � in H k x extrapolated to 0 K may be due to a small mis-
alignment of the crystal and/or the fact that the weak-ferromag-
netic axis deviates slightly from the y-direction. The AC sus-
ceptibility at 10 Hz shows a sharp peak at 6.2 K. These exper-
imental findings, in addition to the presence of a remanent mag-
netization which will be discussed in the results of
magnetization curves, suggest an onset of a weak-ferromagnet-
ic (WF) transition with a Néel temperature TN ¼ 6:2 K, where
the x- and y-directions correspond to the spin easy axis and WF
axis, respectively.

Figure 7a shows the magnetization curves at T ¼ 2K. Below
TN, the magnetization curve of H k y shows a hysteresis loop
with a discontinuous change at a coercive force HC ¼ 20 mT
and remanent magnetization MREM ¼ 0:18 	B, as shown in
the inset of Fig. 7a. The existence of MREM provides evidence
of weak-ferromagnetism, though the value is quite large com-
pared to that for ordinary weak-ferromagnets. A spin flop is ob-

served at about HSF ¼ 1:7 T in H k x, as proved by the S-shap-
ed magnetization curve, which is consistent with the fact that �
steeply approaches zero as the temperature goes to 0 K only in
this direction. These suggest that the easy axis is oriented in the
x direction. It should be noted that � increases even for the easy
axis in the temperature range 5:8 < T < 6:2 K (¼ TN) in a sim-
ilar fashion as that along the WF axis. This behavior can be un-
derstood as the consequence of the XY character of the spin
system. This interpretation is confirmed by the MREM measure-
ment shown in Fig. 7d. Judging from the existence of the rema-
nent magnetization in the x- and y-directions and its absence in
the z-direction, the moment of weak-ferromagnetism is consid-
ered to lie on the x–y plane below TN.MREM rapidly increases in
H k x in the vicinity of TN as the temperature decreases, fol-
lowed by the increase in H k y. Below that temperature range,
the remanent magnetization for H k x decreases after a broad
hump around 5.7 K, whereas that for H k y continuously in-
creases and plateaus below ca. 5 K. The overwhelming behav-
ior of the remanent magnetization forH k y below 5.7 K proves
a rotation of the moment of the weak-ferromagnetism from the
x-direction to the y-direction at ca. 5.7 K. Considering the thin
planar crystal shape, as mentioned in the experimental section,
the x- and y-directions correspond to the thickness and length
dimensions of the thin planar crystal, respectively, as shown
in Fig. 7c. The rotation of the WF axis is, therefore, considered
to be partly caused by the demagnetization field, which be-
comes large when the applied field is directed normal to the
plane. The demagnetization field, which is generated by the re-
manent magnetization (0.1 	B at 5.7 K in large crystal) for
H k x, is estimated to be about 1 mT if we assume that the plate
is infinite. In contrast, only a negligible demagnetization field is
generated when the field is applied along the y-axis. Therefore,
the small anisotropy of ca. 1 mT works when the WF direction
is rotated between the x- and y-axes, as an external perturbation
inherited by the crystal shape. This is verified by the change of
the rotation, as shown in Fig. 7e, when we cut the crystal so as
to make the lengths be roughly the same in the x- and y-direc-
tions. In the cut sample, the rotation temperature changes from
5.7 K to 4.9 K owing to the reduction of the demagnetization
field.

The XY character of 7 is also supported by the crystal struc-
ture as follows. [Ni(9S3)2]

2þ has the very isotropic octahedral
coordination, which provides isotropic magnetic properties, as
confirmed by the isotropic susceptibility of crystal 1, to which
only [Ni(9S3)2]

2þ contributes. On the other hand, the crystal
field axes of [Ni(bdt)2]

� anions (A) and (B) are orthogonal to
each other, where molecular planes lie perpendicular to the x-
and y-directions, respectively. Therefore, the anisotropy of
[Ni(bdt)2]

� molecules does not play a serious role in determin-
ing the direction of the weak-ferromagnetic moment in the xy

plane. As a result, the WF axis of the thin planar crystal of 7
is easily rotated to the y-direction by the demagnetization field
in the temperature range 4.9 K < T < 6.2 K. However, the WF
axis is also rotated below 4.9 K even in the cut sample, where
the demagnetization effect is partially present. This fact sug-
gests that there is a small magnetic anisotropy in the xy-plane
which governs the WF axis in the low temperature region,
though the origin of the anisotropy remains unclear. The aniso-
tropy also causes the enhancement of the spin flop field, the val-
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ue of which (HSF ¼ 1:7 T) is much larger than that expected
from the anisotropy caused by the demagnetization field.

Figure 8a shows the temperature dependence of the suscepti-
bility of 8. � obeys the Curie–Weiss law at high temperatures
above ca. 100 K with negative Weiss temperature � ¼ �2:3
K and Curie constant C ¼ 1:17 emuKmol�1, the latter of
which corresponds to one S ¼ 1=2 spin of [Co(9S3)2]

2þ and
two S ¼ 1=2 spins of [Ni(bdt)2]

� per formula unit. Below 4

K, anisotropy emerges between the three field directions, where
� forms a peak at 2.6 K for H k z. The AC susceptibility at 10
Hz also forms a peak at this temperature, suggesting the onset
of an AF transition at TN ¼ 2:6 K. For the H k x and y direc-
tions, � increases even below TN, which is the consequence
of the weak-ferromagnetism. The behaviors of the magnetiza-
tion curves of the three directions at T ¼ 2 K shown in Fig.
8b are very similar to each other except the hysteresis loop in

Fig. 7. (a) The magnetization curves of [Ni(9S3)2][Ni(bdt)2]2 (7) at 2 K in the field applied in the three directions. The inset is the
enlargement of the low magnetic field region for H k y. (b) The definition of directions x, y, and z. (A) and (B) represent [Ni(bdt)2]

�

(A) and [Ni(bdt)2]
� (B) molecule, respectively. (c) The relation between the directions and the crystal shape. (d) Temperature de-

pendence of remanent magnetization with a weak external magnetic field H ¼ 0:3 mT applied parallel to the x and y directions
during heating processes. (e) Remanent magnetization with H ¼ 0:3 mT for fractional crystals obtained by cutting the sample
of 7. The crystal lengths of each individual crystal are roughly same in the x- and y-directions.
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H k y. In H k y, the magnetization shows a hysteresis loop with
a coercive force HC ¼ 1 mT and remanent magnetization
MREM ¼ 0:015 	B, as shown in the inset of Fig. 8b. These val-
ues are about one-twentieth smaller than those of 7. TheWF ax-
is is confirmed to be aligned parallel to the y-direction because
a hysteresis loop is observed only when the magnetic field is ap-
plied parallel to this direction. However, the increase of � be-
low TN not only for H k y but also for H k x suggests that the
weak-ferromagnetic moment of 8 is also rotated in the xy plane
when we use a thin planar crystal, as in 7. In connection to this,
the small value of MREM considerably diminishes the demag-
netization field effect (�0:1mT), which makes the rotation eas-
ier. As a result of this easiness in the rotation, a spin flop tran-
sition is not observed clearly because the spin is easily rotated
in a very weak magnetic field.

2.4 The Origin of the Weak-Ferromagnetism of
[M(9S3)2][Ni(bdt)2]2 ((7) and (8)). Here, the origin of
weak-ferromagnetism in 7 and 8 is discussed as a main issue,

since weak-ferromagnetism is unconventional in molecule-
based magnets that have been investigated. For searching for
the origin of weak-ferromagnetism, information about the mag-
netic structure is necessary. As will be discussed later, the mag-
netic structure consists of alternate chains of [M(9S3)2]

2þ and
[Ni(bdt)2]

� (A) molecules and AF chains of [Ni(bdt)2]
� (B)

molecules. There are two typical candidates for the origin:
Dzyaloshinskii–Moriya (DM) interactions and the coexistence
of different magnetic sites having different anisotropy
axes.39–42 However, among these, the DM interaction seems
to not be suitable for the origin in the present case because of
the extraordinary large remanent magnetization of 7, which
corresponds to ca. 7� of the canting angle of a ferrimagnetic
(FI) chains of [Ni(9S3)2]

2þ and [Ni(bdt)2]
� (A) molecules,

while the AF chains of [Ni(bdt)2]
� (B) molecules cannot take

DM interactions because of the presence of an inversion center.
In addition, the difference in the anisotropy axes of cations and/
or anions is also ruled out, as will be seen in the later discussion.

For discussing weak-ferromagnetism, we first take crystal 7,
which has the extraordinary large remanent magnetization. Ac-
cording to the crystal structure of 7, there are four magnetic in-
teractions J1, J2, J3, and J4 associated with inter-molecular
atomic contacts r1, r2, r3, and r4 , respectively (see Figs. 4
and 5). Judging from the local spin density, which has large val-
ues at the central metal atom and adjacent sulfur atom of the li-
gand,18,19,43 J1 and J3 through short S–S contacts are considered
to be strong, while J2 and J4 through CH–S contacts are weak.
Comparing J2 with J4, J2 is stronger than J4 because r4 is ca.
5% longer than r2. In short, jJ1j, jJ3j � jJ2j > jJ4j. Therefore,
two kinds of chains spanned by J1 and J3 work as fundamental
structural units in explaining the magnetic structure. One is the
alternate FI chains (#1 chains) elongated parallel to the (aþ c)
direction, which consist of [Ni(9S3)2]

2þ molecules and
[Ni(bdt)2]

� (A) molecules bonded by J1, and the other is uni-
form AF chains (#2 chains) elongated parallel to the c-axis,
which consist of [Ni(bdt)2]

� (B) molecules bonded by J3.
The magnetic structure model is schematically shown in
Fig. 9. The absence of the spontaneous magnetization associat-
ed with the FI structure of #1 chains below TN indicates an an-
tiparallel arrangement of magnetic moments between FI chains.
The magnetic anisotropies of [Ni(9S3)2]

2þ and [Ni(bdt)2]
� (A)

are, if they exist, compensated between two #1 chains aligned
in antiparallel, resulting in the absence of a spontaneous mag-
netization. Similarly, the anisotropies of [Ni(bdt)2]

� (B) mole-
cules in #2 chains are also compensated between adjacent
[Ni(bdt)2]

� (B) molecules in a #2 chain. As a result, magnetic
anisotropies of cations and anions are also excluded a candi-
dates of the origin of the weak-ferromagnetism.

In contrast, a competition of two AF interactions, J2 and J4,
can be a candidate for the origin of the weak-ferromagnetism.
In the first step of the discussion, we take only J1, J2, and J3
to consider a possible spin structure, as shown in Fig. 10a. In
this structure, the spin of a [Ni(bdt)2]

� (A) in #1 chain, which
is strongly coupled by J1 with the spins of [M(9S3)2]

2þ in the
same chain, is connected antiferromagnetically to an AF #2
chain by J2. In the next step, J4, the weakest inter-chain inter-
action between #1 chains, is introduced to the magnetic struc-
ture model (Fig. 10b). The spin configuration of Fig. 10b is
frustrated because of the parallel spin configuration against

Fig. 8. (a) The temperature dependence of the susceptibili-
ties of [Co(9S3)2][Ni(bdt)2]2 (8) measured with a magnetic
field H ¼ 0:1 T applied parallel to the x-, y- and z-direc-
tions (see Fig. 7b for the definitions of x, y, and z). The
weak-ferromagnetic transition temperature TN ¼ 2:6 K is
determined from the AC susceptibility measurement. (b)
The magnetization curves of [Co(9S3)2][Ni(bdt)2]2 at 2
K. Inset is the enlargement of the low magnetic field region
of H k y.
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AF interaction J4 between the two FI #1 chains. To reduce the
energy caused by the spin conflict, the easy axes of the spins in
the #1 chains are forced to be canted (Fig. 10c). In this scenario,
the collinear structure in the #1 chain is assumed to be con-
served against the inter-chain interactions because of strong in-
tra-chain AF interaction J1. This means that the spins of FI
chains are canted in the same direction in concert with respect
to the spins of the adjacent FI chain, giving rise to the genera-
tion of a spontaneous magnetic moment. The relaxation of the
constraint on the collinear structure will give a slight modifica-
tion without any loss of validity. In this model, magnetic aniso-
tropies and anisotropic interactions are not necessary, and the
extraordinary large remanent magnetization is the natural con-
sequence, as follows. The canting angle of the FI chains rapidly
increases when the ratio of J4=J2 increases, where the canting
of the FI structure is accompanied by a large remanent magnet-
ization. Therefore, this model is suitable to explain the origin of
the weak-ferromagnetism of 7.

In the cobalt(II) complex salt 8, the spin canting of the #1
chains may also occur, but such a canting cannot cause a spon-
taneous magnetization because #1 chains have no net magnetic
moment. A possible case of weak-ferromagnetism in 8 is the
spin canting of [Ni(bdt)2]

� (B) in #2 chains (�3 and �6) and/
or the difference of the canting angles between [Co(9S3)2]

2þ

and [Ni(bdt)2]
� (A) (�1 � �2 and �4 � �5) in #1 chains. Though

J3 is stronger than J2 and J4, the spin canting of #1 chains, if it
exists, can induce a small spin canting in #2 chains. Such a

canting also contributes to the weak-ferromagnetism in both
7 and 8, however, strong J1 and J3 allows only a very small in-
tra-chain canting angle. Furthermore, the weakening of the in-
ter-chain interaction �2J4S1�S5 between #1 chains caused by
employing [Co(9S3)2]

2þ (S ¼ 1=2) in place of [Ni(9S3)2]
2þ

(S ¼ 1) tends to diminish the competition between J2 and J4,
resulting in the reduction of canting angles. Consequently, only
weak weak-ferromagnetism is observed. The reduced remanent
magnetization in 8 brings about the decrease of the demagnet-
ization field, resulting in the reduction of the anisotropy energy.
Such a small anisotropy energy is the reason for the small co-
ercive force in 8. Similar canting of #2 chains induced by #1
chains also can occur in the nickel(II) complex salt 7, but such
a contribution of the canting to the weak-ferromagnetism is not
so large in 7 because the weak-ferromagnetism of 7 having an
FI structure is mainly governed by the canting between #1
chains.

Fig. 9. The schematic of the magnetic structure in
[M(9S3)2][Ni(bdt)2]2, which consists of alternate
[M(9S3)2]

2þ–[Ni(bdt)2]
� chains (#1 chain) and uniform

[Ni(bdt)2]
� chains (#2 chain). Six arrows numbered with

1 to 6 represent the spins in six sublattices; two
[M(9S3)2]

2þ (1, 4), two [Ni(bdt)2]
� (A) (2, 5), and two

[Ni(bdt)2]
� (B) (3, 6).

Fig. 10. (a) The magnetic structure model of [Ni(9S3)2]-
[Ni(bdt)2]2 with three AF exchange interactions J1, J2,
and J3 (jJ1j, jJ3j � jJ2j). Only three chains (two #1 chains
and a #2 chain) are shown for clarity. Numbered arrows
represent the six sublattices corresponding to those of
Fig. 9. (b) Introducing the weakest AF inter-chain interac-
tion J4 destabilizes the spin configuration of (a). (c) Mag-
netic structure model with J1, J2, J3, and J4, where spin
frustration effect is reduced by canting the spins of #1
and #2 chains. Angle �i represents the canting angle of
ith sublattice.
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Finally, we discuss the magnetic structure on the basis of the
mean field approximation. Before calculation, we empirically
estimate the values of J1 and J3. In the high temperature region,
� is considered to be described as the simple sum of the contri-
butions from a FI #1 chains and an AF #2 chains for 7 or the
sum of an AF #1 chains and an AF #2 chains for 8 because in-
ter-chain interactions are orders of magnitude weaker than in-
tra-chain interactions, where the strength of the inter-chain in-
teractions is considerably small in comparison with the thermal
energy. From the fitting of � by the FI chain model44 of S ¼ 1

and 1/2,

� ¼ ðNA	B
2g2=kBTÞ�fð�0:034146801X3

þ 2:8169306411X2 � 7:2310013697X þ 11Þ

=ð1:29663274X2 þ 0:69719013595X þ 12Þg; ð6Þ

where

X ¼
j2Jj
kBT

; ð7Þ

and the AF chain model (Eq. 4)33,34 in the region of 100 K < T

< 300 K, we obtained J1 ¼ �12:6K and J3 ¼ �4:9K for 7 and
J1 ¼ �4:1 K and J3 ¼ �4:5 K for 8. The large difference in J1
between 7 and 8 is explained by the Jahn–Teller distortion of 8.
In the [Co(9S3)2]

2þ salt 8 having the electron configuration45 of
an octahedral Co2þ ion (t2g)

6(eg)
1, only one electron in the eg

state, which can contribute to the magnetism, tends to occupy
the dz2 orbital directed to the S1 atom, which has no inter-mo-
lecular contact. On the other hand, in the electron configuration
of an octahedral Ni2þ ion (t2g)

6(eg)
2, magnetic electrons occu-

py not only the dz2 orbital directed at the S1 atom, but also the
dx2�y2 orbital directed at S2 and S3 atoms which have inter-mo-
lecular contacts. As a result, the inter-molecular interaction of
[Co(9S3)2]

2þ becomes weaker than that of [Ni(9S3)2]
2þ.

Using these J1 and J3 values, MREM of 7 and 8 at 2 K was
calculated for various values of J2 and J3 on the basis of the
six-sublattices model (two-sublattices of each of [Ni(9S3)2]

2þ,
[Ni(bdt)2]

� (A) and [Ni(bdt)2]
� (B), see Fig. 9) in the mean

field approximation. In the calculation, we assume that the
spins can be rotated only in the xy plane with no in-plane ani-
sotropy for simplicity, which is not contrary to the nature of 7
and 8. The mean fieldH i and effective magnetic momentMi of
sublattice i (see Fig. 9 for the definitions of i) are represented as
follows;

H1 ¼ 2A1M2 þ 2A4M5;

H2 ¼ 2A1M1 þ 2A2M3 þ 2A4M4;

H3 ¼ 2A2M2 þ 2A3M6;

H4 ¼ 2A1M5 þ 2A4M2;

H5 ¼ 2A1M4 þ 2A2M6 þ 2A4M1;

H6 ¼ 2A2M5 þ 2A3M3;

9>>>>>>>>>=
>>>>>>>>>;

ð8Þ

Mi ¼ NAg	BSi
H i

jH ij
BS

Sig	BH i

kBT

� �
; ð9Þ

where BSðxÞ and Si are the Brillouin function and the spin of
sublattice i (Si ¼ 1 for i ¼ 1 and 4, 1/2 for i ¼ 2, 3, 5, and 6
in 7; Si ¼ 1=2 for i ¼ 1 to 6 in 8), respectively, and

Ai ¼
Ji

NAg2	B
2
: ð10Þ

We assume g � 2 for all the spins irrespective of the magnetic
ions. The calculation was carried out until Mi, the initial value
of which were randomly selected, become self-consistently de-
termined. If the calculated values of Mi depend on the set of
initial values because of existence of the local minima, we se-
lect the state which has the lowest energy E defined as follows
after several trials,

E ¼
X
i;j

�2JijMiMj

¼ �2�2J1ðM1M2 þM4M5Þ � 2�2J2ðM2M3 þM5M6Þ

� 2�2J3M3M6 � 2�2J4ðM1M5 þM2M4Þ: ð11Þ

Figures 11a and 11b show the calculated MREM at 2 K of 7 and
8, respectively, which has a non-zero value. Furthermore, the
weak-ferromagnetic region (WFM) exists not only in
[Ni(9S3)2][Ni(bdt)2]2, but also in [Co(9S3)2][Ni(bdt)2]2. The
small value of WFM in [Co(9S3)2]

2þ and large value of
WFM in [Ni(9S3)2]

2þ are in good agreement with the values
experimentally obtained. In the WFM region, the calculated
spin arrangement can accurately reproduce that shown in Fig.
10c. For example, at (J2, J4) = (�0:50 K, �0:064 K) in 7 with
MREM ¼ 0:18 	B, the calculated canting angles, �i, defined in
Fig. 10c are 10.0� for i ¼ 1, 2, 4, and 5, 0.25� for i ¼ 3 and 6,
while the sublattice magnetic moments jMij calculated are ap-
proximately the same as the values of Si due to the reduced
thermal agitation at the low temperatures. The small values
of (�1 � �2), (�4 � �5), �3 and �6 suggest that strong intra-
chain interactions stabilize the FI structure of #1 chains and
the AF structure of #2 chains in the WFM region, while
weak-ferromagnetism is mainly caused by the canting of the
FI chains. In contrast, the calculated MREM of 8 is associated
with both the canting of #2 chains (�3 and �6) and difference
between canting angles (�1 � �2 and �4 � �5), as expected
from the model mentioned above. For example, at (J2, J4) =
(�0:22 K, �0:066 K) in 8 with MREM ¼ 0:015 	B, the canting
angles defined in Fig. 10c are calculated as 35.1� for i ¼ 1 and
4, 34.6� for i ¼ 2 and 5, and 0.40� for i ¼ 3 and 6. It should be
noted that a quantitative discrepancy in the absolute value of
MREM is present between the calculated and the measured val-
ue. Indeed, in the calculation, the region of MREM � 0:18 	B,
which is the value observed in the actual crystal, is very small
andMREM rapidly increases to over 0.6	B when jJ4j increases.
This discrepancy may come from the simplification of the mean
field approximation.

3. Conclusion

The structures and magnetic properties were investigated for
a new class of molecule-based magnets based on transition met-
al complexes with crown thioethers as a key building block.
The TCNQ salt [Ni(9S3)2](TCNQ)2 consists of a 1D
[Ni(9S3)2]

2þ chain and well-separated (TCNQ)2
2� dimer.

The magnetic properties of 1D [Ni(9S3)2]
2þ chain and

(TCNQ)2
2� dimer are characterized as 1D antiferromagnet

with strong AF inter-molecular interactions (J ¼ �3:8 K) and
a non-magnetic dimmer. [Co(9S3)2](TCNQ)2 has weak antifer-
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romagnetic interactions because of its small spin value.
[M(9S3)2](TCNQ)3 (M = Ni, Co) are paramagnets, where par-
tially reduced TCNQ2=3� molecules form a non-magnetic trim-
er which separates the [Ni(9S3)2]

2þ cations from each other.
The stacking of (TCNQ)3

2� trimers is disturbed by large
[M(9S3)2]

2þ cations, resulting in less conduction, in contrast
to the typical highly conductive TCNQ salts. The five-coordi-
nated complex [Cu(9S3)Br2] forms a 1D chain structure with
strong intra-chain exchange interactions (J ¼ �5:4 K) and
weak inter-chain interactions. When we substitute a small
amount of Cu2þ ion with Ni2þ ion, the arrangement of 1D
AF chains changes drastically, and the distance of inter-chain
S1–S3 contact decreases. The reduction of the inter-chain dis-
tance enhances two dimensionality, resulting in the onset of an

AF transition at 4.5 K. [Ni(9S3)2][Ni(bdt)2]2 is recognized by
its cage-like structure, where the [Ni(9S3)2]

2þ molecule is sur-
rounded by two kinds of crystallographically independent
[Ni(bdt)2]

� (A) and [Ni(bdt)2]
� (B) anions. [Ni(9S3)2]

2þ and
[Ni(bdt)2]

� (A) molecules form 1D FI chains, which are con-
nected to each other by 1D chains of [Ni(bdt)2]

� (B) anions.
The stacking of the planes of these cage-like structure causes
competition between two kinds of inter-chain AF interactions
between the FI chains. The competition brings about an WF
transition at TN ¼ 6:2 K with an extraordinary large remanent
magnetization MREM ¼ 0:18 	B, owing to the FI structure.
Weak-ferromagnetism is also observed in the isostructural salt
[Co(9S3)2][Ni(bdt)2]2, although the remanent magnetization is
small due to the absence of any ferrimagnetic structure. The
origin of this weak-ferromagnetism is verified semi-quantita-
tively by a mean field calculation, where not only weak-ferro-
magnetism, but also the large MREM of the [Ni(9S3)2]

2þ salt
and the small MREM of the [Co(9S3)2]

2þ salt are reproduced
when competition between two kinds of AF interactions exists.

Finally, we emphasize the two important features of transi-
tion metal complexes with crown thioethers. One of the fea-
tures is the presence of strong inter-molecular magnetic interac-
tions through S–S atomic contacts owing to the characteristic
electronic structure of crown thioethers. Indeed, some of the
present samples have strong magnetic interactions (few to ca.
�20 K) despite S–S contacts longer than the sum of the van
der Waals radii. The other important feature is the substitutabil-
ity between central transition metal ions having different spin
states (for example, S ¼ 1 component [Ni(9S3)2]

2þ and S ¼
1=2 component [Co(9S3)2]

2þ). As the molecular sizes and
structures remain unchanged by the substitution, chemical
modification can be done intentionally in the systematic man-
ner of tuning magnetism. From these features, it is concluded
that the transition metal complexes of crown thioethers are
promising building blocks in designing molecule-based mag-
nets.
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