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Sandwich-type (Cs+)2(benzo[18]crown-6)3 and (Cs+)(dibenzo[18]crown-6)2 supramolecular cations were introduced
as counterions of [Ni(dmit)2]- (dmit2- ) 2-thione-1,3-dithiole-4,5-dithiolate) anions to induce unique [Ni(dmit)2]-

anion (S ) 1/2) arrangements and magnetic properties. The magnetic exchange energy (J) between the [Ni(dmit)2]-

anions was dependent on the mode of the intermolecular interactions. In the case of (Cs+)2(benzo[18]crown-
6)3[Ni(dmit)2]-2 (1), the asymmetric arrangement of the [Ni(dmit)2]- anions involved the coexistence of a π-dimer
chain along with a two-dimensional layer via lateral S · · · S contacts, in which the magnetic properties of the π-dimer
chain and the two-dimensional layer were characterized by antiferromagnetic (J ) -5.2 K) and ferromagnetic
coupling (Weiss temperature ) +1.1 K), respectively. The unique [Ni(dmit)2]- arrangements and magnetic behaviors
for crystal 1 can be attributed to the asymmetrical benzo[18]crown-6. In the case of Cs+(dibenzo[18]crown-
6)2[Ni(dmit)2]- (2), however, the formation of the lateral [Ni(dmit)2]- dimer via S · · · S contacts yielded antiferromagnetic
coupling corresponding to the dimer model (J ) -25.5 K).

Introduction

Various magnetic properties such as the ferromagnetic,
antiferromagnetic, ferrimagnetic, and metamagnetic interac-
tions have been realized by regulating the intermolecular
magnetic exchange energy (J) within a molecular crystal.1

The magnetic orderings are induced by long-range ferro-
magnetic (JF > 0) or antiferromagnetic (JAF < 0) spin
coupling.1 Although small negative J values are commonly
observed for a majority of molecular crystals, the magnetic
coupling can be manipulated by regulating the anisotropic
intermolecular interactions.2 A highly effective method in
controlling the molecular arrangements involves the simul-
taneous control of the JF > 0 and JAF < 0 interactions, which
affect the independent magnetic responses for the changes
in outer magnetic fields or temperatures.3 It has been

proposed that the interfacial junction between the magnetic
domain of JF > 0 and JAF < 0 can appear as a gigantic
magneto resistance and spin valves.4 Inorganic compounds
such as Ca0.9Pr0.1MnO3 and GdFe6Mn6 have exhibited
crossover of magnetic coupling from JF > 0 to JAF < 0 by
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applying a magnetic field and/or sweeping the temperature.5

For these materials, different crystallographic sites of the d-
and f-spins can be designed for the simultaneous appearance
of JF and JAF. In addition, the relatively strong magnetic
exchange interactions between the spin sites resulted in the
strong coupling between JF and JAF. Although novel magnetic
systems that simultaneously possess JF and JAF interactions
within a molecular crystal have the potential to offer novel
multifunctional magnetic materials, their weak magnetic
coupling, relative to inorganic compounds, is disadvanta-
geous. Metal-organic coordination polymers such as Cu(II)-
polychlorotriphenylmethyl radical and Gd(III)-isonicotinic
acid have served as successful examples of simultaneous JF

and JAF interactions.5c,d Antiferromagnetic ordering (TN )
3.4 K) via ferromagnetic coupling has been observed for
molecular crystals of segregated-stack charge-transfer com-
plexes between (1,3,2-benzodithiazolyl+) and [Ni(mnt)2]-

(mnt2- ) maleonitriledithiolate).6 It has been shown that the
negative spin density of the 1,3,2-benzodithiazolyl cation
plays an important role in the superexchange mechanisms
between the cations and anions.7 Because of the anisotropic
molecular structures and the structural flexibility within the
molecular structure, such molecular crystals can form unique
intermolecular magnetic interactions, and therefore, allow
the control the magnetic interactions of the molecular
crystals.

Recently, a variety of electrically and magnetically active
molecular materials have been prepared using the [Ni(dmit)2]
(dmit2- ) 2-thioxo-1,3-dithiole-4,5-dithiolate) anion,8 which
can serve as a source of conducting electrons and/or localized
S ) 1/2 spins, according to the oxidation states. The
monovalent [Ni(dmit)2]- anion bearing one S ) 1/2 spin has
been effectively utilized in developing magnetic materials
with various magnetic properties that arise from diverse
modes of intermolecular interactions.9,11 As shown in Figure
1, the one, two, and three-dimensional magnetic exchange
pathways within the crystals are defined by the following
arrangements of the among the [Ni(dmit)2] anions: (a)
π-stacking, (b, c) lateral S · · ·S contacts along the long or
short axes, and (d) the orthogonal π-overlap.8-11 A fre-

quently observed intermolecular interaction mode involves
the π-stacking dimer (Figure 1a), which exhibits magnetism
that is consistent with that of the dimer model with JAF < 0.

We have previously reported on the magnetic properties
of [Ni(dmit)2]- crystals that feature supramolecular cations
composed of inorganic or organic cations and crown ether
derivatives.11 Such supramolecular cations, depending on
their size and shape, have been shown to induce diverse
[Ni(dmit)2]- anion arrangements within the crystals. For
example, the K+([18]crown-6) cation yielded a one-
dimensional antiferromagnetic Heisenberg chain of the
[Ni(dmit)2]- anions, whereas the (anilinium+)([18]crown-
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Figure 1. Intermolecular interaction modes between the [Ni(dmit)2]-

anions: (a) π-dimer, (b) lateral S · · ·S interactions along the short axis of
the [Ni(dmit)2]- anions, (c) lateral S · · ·S interactions along the long axis
of the [Ni(dmit)2]- anions, and (d) orthogonal π-overlap.

Figure 2. Supramolecular cations of Cs+2(B[18]crown-6)3 (a, c) and
Cs+(DB[18]crown-6)2 (b, d) for salts 1 and 2. All structural units are
crystallographically independent to each other. Surface potentials for the
cation structures were drawn to show the overall shapes of supramolecular
assemblies.
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6) cation resulted in a two-legged ladder chain of the
anions.11 Although a large number of [Ni(dmit)2]- anion
arrangements have been achieved using such supramolecular
cations, a majority of the magnetic coupling between the
[Ni(dmit)2]- anions were characterized by negative JAF

values. However, ferromagnetic interactions with a Weiss
temperature of +0.9 K11i was observed for the crystals
formed using (anilinium+)(dicyclohexano[18]crown-6), in
which the [Ni(dmit)2]- anions formed a uniform lateral S · · ·S
chain along the short axis of the [Ni(dmit)2]- anions, as
shown in Figure 1b. In contrast to the π-stacking (Figure
1a) and uniform lateral S · · ·S chain along the long axis of
[Ni(dmit)2]- anions (Figure 1c) modes, which yield JAF < 0
interactions, the uniform anion arrangement along the short
axis of [Ni(dmit)2]- can generate JF > 0 interactions within
the crystals.

Our investigations on magnetic [Ni(dmit)2]- compounds
have shown that symmetrical supramolecular cations such
as (K+)([18]crown-6), Ca2+([18]crown-6)(CH3CN)2, and
Cs+2([18]crown-6)3, with a C3-axis through the center of the
crown ether, normal to the molecular plane, possess a
tendency to form antiferromagnetic [Ni(dmit)2]- anion ar-
rangements, such as a linear one-dimensional chain via lateral
S · · ·S interactions along the long axis, or π-dimers between
the [Ni(dmit)2]- anions. From the viewpoint of correlating
between the structure and the magnetic properties, reducing
the symmetry of the supramolecular cation may provide a
ferromagnetic interaction between the [Ni(dmit)2]- anions.
Herein, we describe our studies involving supramolecular
cationsfeaturingaCs+ ionwithbenzo[18]crown-6(B[18]crown-
6) or dibenzo[18]crown-6 (DB[18]crown-6) as the counterion
to the [Ni(dmit)2]- anions (Scheme 1). The point group of
thecrownether,Cs forB[18]crown-6andC2V forDB[18]crown-
6, has been shown to influence the arrangement of the
[Ni(dmit)2]- anions within the crystals. The crystals of
Cs+2(B[18]crown-6)3[Ni(dmit)2]-2 (1) and Cs+(DB[18]crown-
6)2[Ni(dmit)2]- (2) with different crystal stoichiometries were
obtained. Among these crystals, the symmetry of the su-
pramolecular assembly for Cs+-B[18]crown-6 was lower than
thatforCs+-DB[18]crown-6.Inthecaseofthe(Cs+)2(B[18]crown-
6)3 supramolecule (salt 1), the simultaneous control between
the JF > 0 and JAF < 0 interactions was achieved for the
different arrangements of the [Ni(dmit)2]- anions.

Experimental Section

Preparation of [Ni(dmit)2] Salts. The precursor monovalent (n-
Bu4N)[Ni(dmit)2] salt was prepared according to the literature.12

Single crystals of salts 1 and 2 were obtained via the density

gradient method in a vial cell (∼50 mL). A green solution of (n-
Bu4N)[Ni(dmit)2] (20 mg) in CH3CN (∼20 mL) was slowly poured
into a solution of (Cs+)(I-) and B[18]crown-6 or DB[18]crown-6
(∼200 mg) in CH3CN (∼30 mL) (detailed conditions of the single
crystal preparation are listed in Supporting Information, Table S1).
After 2 weeks, single crystals (typical dimensions: 0.4 × 0.4 ×
0.3 mm) were obtained as black blocks. The stoichiometry of
crystals was determined by X-ray structural and elemental analyses
(Supporting Information, Table S2).

X-ray Structural Analysis. Crystallographic data (Table 1) were
collected using a Rigaku RAXIS-RAPID diffractometer using Mo
KR (λ ) 0.71073 Å) radiation from a graphite monochromator.
Structure refinements were carried out using the full-matrix least-
squares method on F2. Calculations were performed using Crystal
Structure software packages.13 Parameters were refined using
anisotropic temperature factors, except for those of the hydrogen
atom.

Magnetic Susceptibility. Temperature-dependent magnetic sus-
ceptibility and magnetization-magnetic field dependence were
measured using a Quantum Design MPMS-XL5 SQUID magne-
tometer using polycrystalline samples. The applied magnetic field
was 1 T for all temperature-dependent measurements. The mag-
netization-magnetic field (M-H) curve of salt 1 was measured under
a maximum applied magnetic field of +5 T.

Calculation of Transfer Integrals. The transfer integrals (t)
between the [Ni(dmit)2]- anions were calculated within the tight-
binding approximation using the extended Hückel molecular orbital
method. The lowest unoccupied molecular orbital (LUMO) of the
[Ni(dmit)2]- molecule was used as the basis function.14 Semiem-
pirical parameters for Slater-type atomic orbitals were obtained from
the literature.14 The t values between each pair of the molecules
were assumed to be proportional to the overlap integral (S)
according to the equation t ) -10S eV.

Electron Spin Resonance. Temperature-dependent ESR spectra
were measured using a JEOL JES FA-100 spectrometer equipped
with a temperature control system (Oxford ESR900 cryostat). Single

(12) Steinmecke, G.; Sieler, H. J.; Krimes, R.; Hoyer, E. Phosphorus Sulfur
1979, 7, 49.
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3.6; Rigaku Corporation and Molecular Structure Corporation, 2004.
(b) Sheldrick, G. M. University of Götingen, 1993/1997/2001.

(14) Mori, T.; Kobayashi, A.; Sasaki, Y.; Kobayashi, H.; Saito, G.; Inokuchi,
H. Bull. Chem. Soc. Jpn. 1984, 57, 627.

Scheme 1. Molecular Structures of Benzo[18]crown-6 (B[18]crown-6),
Dibenzo[18]crown-6 (DB[18]crown-6), and [Ni(dmit)2]- Anion

Table 1. Crystallographic Data of Salts 1 and 2

1 2

formula C30H36O9S10NiCs C46H48O12S10NiCs
F.W 1052.81 1305.08
crystal system Triclinic Monoclinic
space group Pj1 (No. 2) P21/c (No. 14)
crystal size, mm3 0.30 × 0.20 × 0.10 0.40 × 0.30 × 0.10
a, Å 12.7899(7) 14.7024(5)
b, Å 13.0539(7) 24.1190(10)
c, Å 27.1703(15) 15.3970(5)
R, deg 78.3394(18)
�, deg 77.0109(16) 100.8510(12)
γ, deg 70.6358(15)
V, Å3 4129.8(4) 5362.3(3)
Z 4 4
Dcalc, g cm-3 1.693 1.616
temperature, K 296 296
µ, cm-1 18.92 14.78
no. of reflections measured 40252 79511
no. of independent reflections 18565 12191
no. of reflections used 18565 12191
Ra 0.0401 0.0366
Rw

a 0.1137 0.1098
GOF 1.038 1.077

a R ) ∑||Fo| - |Fc||/∑|Fo| and Rw ) {∑[w(Fo
2 - Fc

2)2]/∑w(Fo
2)2}1/2.

Akutagawa et al.

4456 Inorganic Chemistry, Vol. 48, No. 10, 2009



crystals were attached to a support on a quartz sample holder. The
g-values of the ESR signals were corrected at the third and fourth
reference signals of MnO. All ESR signals were fitted using the
Lorentzian line shape.

Results and Discussion

As described above, the crystals of (Cs+)2(B[18]crown-
6)3[Ni(dmit)2]-2 (1) and (Cs+)(DB[18]crown-6)2[Ni(dmit)2]-

(2) are composed of Cs+-crown ether supramolecular as-
semblies and monovalent [Ni(dmit)2]- anions. The crystal
symmetry of salt 2 (monoclinic P21/c) was higher than that
of salt 1 (triclinic Pj1), while the crystal density of salt 2
(Dcalc ) 1.616 gcm-3) was lower than that of salt 1 (Dcalc )
1.693 gcm-3). For both salts, the monovalent electronic
structure of the [Ni(dmit)2]- anions (S ) 1/2) was confirmed
using their electronic absorption spectra (Supporting Infor-
mation, Figure S4), which exhibited a broad absorption
maximum around 9 × 103 cm-1. The t values and magnetic
properties of salts 1 and 2 are summarized in Table 2.
Although the recent progress of symmetry-broken density
functional theory (DFT) calculations enable us to predict the
sign of J for the dmit-based molecules,15 the transfer integral
(t) based on the extended Hückel molecular orbital calcula-
tion is a simple structural parameter to estimate the magni-
tude of the |J| according to the equation of |J| ∼ 4t2/Ueff,
where Ueff is the effective on-site Coulomb repulsive energy
of the [Ni(dmit)2]- anions.16

Structures of the Supramolecular Cations. The six
oxygen atoms of both B[18]crown-6 and DB[18]crown-6
possess the ability to establish the location of the Cs+ ion
via Cs+ · · ·O interactions.17 Because the Cs+ ionic radius
(∼1.69 Å) is larger than the cavity radius of [18]crown-6
(1.3-1.6Å),adodeca-coordinatedsandwich-typeCs+([18]crown-
6)2 or a club-sandwich-type Cs+2([18]crown-6)3 assemblies
was formed.17,18 In the case of salt 1, the club-sandwich-
type Cs+2(B[18]crown-6)3 supramolecule was observed, with
an average Cs+ · · ·O distance of 3.32 Å (Figure 2a), which

is similar to that observed for (Cs+)2([18]crown-6)3[Ni-
(dmit)2]-2.

11e Because each crystallographically independent
unit involves two Cs+ ions and three B[18]crown-6 mol-
ecules,aninversioncenterdidnotexist for theCs+2(B[18]crown-
6)3 supramolecular cation. The alternate arrangement of the
benzene rings of B[18]crown-6 avoided steric hindrance
between the nearest neighbor B[18]crown-6 in the triad
assembly. The lack of an inversion center within the
assembly reduced the symmetry of the supramolecule and
the packing structure. In the case of salt 2, the jack-knife-
shaped DB[18]crown-6 molecules stacked via dodeca-
coordination between the Cs+ ion and the oxygen atoms of
DB[18]crown-6 (Figure 2, panels b and d), where the average
Cs+ · · ·O distance of 3.32 Å was similar to that of salt 1.
The surface potential of the overall cationic structures of salts
1 and 2 are shown in Figure 2c,d. The symmetry of
Cs+(DB[18]crown-6)2washigherthanthatofCs+2(B[18]crown-
6)3 and affected the packing structures in salts 1 and 2.

Packing Structures for Salts 1 and 2. The packing
structures of the cations and anions for salt 1 are summarized
in Figure 3. Alternating layers of the Cs+2(B[18]crown-6)3

cations and [Ni(dmit)2]- anions were extended along the
c-axis(Figure3a).AsshowninFigure3b, theCs+2(B[18]crown-
6)3 cations stacked along the a-axis. Between the cation
layers, two different arrangements of the [Ni(dmit)2]- anions
were observed. A single crystallographically independent unit
can be defined using the halves of two [Ni(dmit)2]- anions
(A and B) and one [Ni(dmit)2]- anion (C), in which the
inversion centers are located on the Ni atom of the A and B
anions. The A and B anions formed a two-dimensional layer
via lateral S · · ·S contacts along the a-b and b-axis (Figure
3c), whereas the C anions formed a one-dimensional π-dimer
chain along the a-axis (Figure 3d). The A-B layer involved
an alternating · · ·A · · ·B · · ·A · · ·B · · · arrangement via lateral
S · · ·S contacts along the short axis of the [Ni(dmit)2]- anion
along the a-axis, with a transfer integral of t1 ∼ 2.7 meV
for each anion. In addition to the t1-interaction, a t2-interaction
of ∼1.2 meV was observed along the a-b axis, which is the
basis for the two-dimensional [Ni(dmit)2]- layer within the
ab-plane.

In contrast to the two-dimensional layer of the A and B
anions, the packing arrangement of the C anions was
completely different. The C anions formed π-dimers with
an intradimer t3 interaction of ∼ 12.3 meV, with additional
lateral S · · ·S t4 interactions of ∼ 3.6 meV along the a-axis.
Because the π-dimer is surrounded by four Cs+2(B[18]crown-
6)3 supramolecules, each dimer chain is isolated from each
other. In salt 1, the coexistence of two arrangements of the
[Ni(dmit)2]- anions was achieved and can be attributed to
the lower symmetry of the Cs+2(B[18]crown-6)3 supramo-
lecular cations than that of the Cs+2(DB[18]crown-6)2

cations.
The packing structures of the cations and anions for salt

2 are summarized in Figure 4, in which a crystallographically
independent unit is defined by one [Ni(dmit)2]- anion A. In
contrast to that of the Cs+2(B[18]crown-6)3 cation, the higher
symmetry of the Cs+(DB[18]crown-6)2 assembly yielded a
simpler packing arrangement of the [Ni(dmit)2]- anions than

(15) See references in (a) Cauchy, T.; Ruiz, E.; Jeannin, O.; Nomura, M.;
Fourmigué, M. Chem.sEur. J. 2007, 13, 8858. (b) Grosshans, P.;
Adkine, P.; Sidorenkova, H.; Nomura, M.; Fourmigué, M.; Geoffroy,
M. J. Phys. Chem. A 2008, 112, 4067.
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One-Dimensional Organic Crystals; Conwell, E. Ed.; Academic Press:
New York, 1988; p 385.
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Stoddart, J. F.; Bartsch, R. A.; Liotta, C. L. Crown ethers and analogs;
Patai, S.; Rappoport, Z., Eds.; John Wiley & Sons: New York, 1989.
(b) Gokel, G. W. Crown Ethers & Cryptands; Stoddart, J. F., Ed.;
RSC: Cambridge, 1994.

(18) Vidal, J. L.; Schoening, R. C.; Troup, J. M. Inorg. Chem. 1981, 20,
227.

Table 2. Transfer Integrals (t) between the [Ni(dmit)2]- Anions and
Magnetic Parameters of Salts 1 and 2a

t, meVa 1 2 magnetism 1 2

t1 2.7 2.8 coupling F and AF AF
t2 1.1 1.4 C, emu K mol-1 0.193 and 0.193b 0.375
t3 12.3 0.1 θ or J, K +1.1 and -5.2 -24.8
t4 3.6

a Transfer integrals were calculated from the LUMO of [Ni(dmit)2] based
on the extended Hückel calculation (t ) -10S eV, S is the overlap integral).
The t1-t4 are specified in Figure 3 and 4. b The C was distributed at one-
half for [Ni(dmit)2]- A and B + C, respectively.
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that for salt 1. The alternating arrangements of the Cs+

(DB[18]crown-6)2 cations and the [Ni(dmit)2]- anions ex-
tended along the b-axis (Figure 4, panels a and b). Effective
interatomic interactions between the supramolecular cations

and the [Ni(dmit)2]- anions, within the limits of van der
Waals contacts, were not detected. The [Ni(dmit)2]- anions
formed lateral dimers along their short axis with a t1

interaction of ∼2.8 meV. Furthermore, weak lateral S · · ·S

Figure 3. Crystal structures of salt 1. Unit cell viewed along the b-axis (a) and a-axis (b). Arrangements of the [Ni(dmit)2]- anions in the two-dimensional
A · · ·B layer (c) and one-dimensional π-dimer chain of C (d). Intermolecular transfer integrals (t1-t4) are illustrated.

Figure 4. Crystal structure of salt 2: The unit cell viewed along the c-axis (a) and a-axis (b), and the arrangement of the [Ni(dmit)2]- anions in the ac-plane
(c). Intermolecular transfer integrals (t1-t3) are illustrated.
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contacts (t2 ∼ 1.4 and t3 ∼ 0.1 meV) along the long axis of
the [Ni(dmit)2]- anions yielded the one-dimensional dimer
chain along the a-axis. Because the Ni · · ·Ni distance between
the nearest neighbor along the c-axis was longer than 10 Å,
the dimer chains were isolated from each other along the
c-axis. According to this arrangement of the [Ni(dmit)2]-

anions, the directions of the t1- and t2-interactions are not
parallel to each other and, therefore, a linear magnetic chain
was not formed along the a-axis.

Magnetic Properties. The temperature dependent mag-
netic susceptibilities (�mol) were significantly different be-
tween salts 1 and 2. In the case of salt 1, two types of
magnetic interactions coexisted. As shown in Figure 3d, the
intradimer interaction between the C dimer (t3 ) 12.3 meV)
was 3-fold that of the interdimer interaction (t4 ) 3.6 meV).
Therefore, the J within the C dimer should be antiferromag-
netic interaction with J < 0. In the two-dimensional layer of
the A and B anions, the transfer integrals along the a-axis
(t1 ) 2.7 meV) was twice that along the a-b axis (t2 ) 1.1
meV). As shown in Figure 5a, the �molT versus T behavior
of salt 1 followed the Curie-Weiss law with a Curie constant
of 0.375 emu K mol-1 over a temperature range of 50 to
350 K. According to these results, therefore, every one of
the [Ni(dmit)2]- anions (A, B, and C) contributed to the
magnetic property of salt 1 at room temperature. It is
important to note that the enhanced �molT values below 50
K corresponded to the ferromagnetic interactions in salt 1.
The magnetic field (H) versus magnetization (M) curve at 2
K was in agreement with the ferromagnetic coupling of S )
1/2 spin, while the effective magnetic moment of about 1.6

µB at the applied magnetic field of 5 T was almost consistent
with ideal S ) 1/2 spin (1.73 µB with g ) 2). Temperature
dependent alternating current (AC) susceptibility measure-
ments, however, did not indicate any ferromagnetic ordering
above 2 K. The �molT versus T behavior of salt 1 can be
explained using a combination of the Curie-Weiss model,
with ferromagnetic interaction for the A-B layer (red line
in Figure 5a), and the dimer model, for the C anions (blue
line in Figure 5a), as defined in (eq 1),

The Curie constants for each unit (�A-B and �C) were defined
as 0.193 emu K mol-1 for the Cs+(B[18]crown-6)1.5[Ni(d-
mit)2]- salt. The �molT versus T behavior was highly
reproducible using a Weiss temperature (θ) of + 1.1 K for
the A-B layer and J ) -5.2 K for the C dimer. The weak
lateral intermolecular interactions of t1 and t2 within the A-B
layer should be important to yield the ferromagnetic magnetic
interaction with the J > 0.

As shown in Figure 5c, the �mol versus T plot of salt 2
exhibited a broad maximum at ∼30 K, which is typical for
antiferromagnetic dimers or one-dimensional antiferromag-
netic Heisenberg chains. The intermolecular interaction
within a lateral [Ni(dmit)2]- dimer (t1 ∼ 2.8 meV) was twice
that between two dimers (interdimer, t2 ∼ 1.4 meV).
Assuming J ∼ 4t2, the intradimer J1/interdimer J2 ratio should
be 4:1. Because the directions of the t1- and t2-interactions
are not parallel to each other, the one-dimensional chain
model was inadequate to explain the �mol versus T behavior
of salt 2. Consequently, the dimer model was employed to

Figure 5. Temperature dependent molar magnetic susceptibility (�mol) of salts 1 and 2 per one [Ni(dmit)2]- anion. (a) The �molT vs T plots of salt 1. The
�molT was divided into the two components of the Curie-Weiss model with a positive JF (red line) and a dimer model (blue line). The combination of both
models is indicated as the black line in the �molT vs T plots. (b) Effective magnetic moment (µ) vs magnetic field (H) dependence of salt 1 at 2 (black), 5
(red), and 10 K (blue). (c) The �mol vs T plots of salt 2. Best fit using the dimer model (red line).

�mol ) 0.5�A-B + 0.5�C (1)
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explain the �mol versus T behavior, which is in accordance
with the Curie constant of 0.193 emu K mol-1 and J )-24.8
K (red line in Figure 5c). Magnetic interactions within salt
2 was dictated by the antiferromagnetic dimer via lateral
S · · ·S contacts between the [Ni(dmit)2]- anions.

The magnetic behavior of salt 1 was further investigated
using temperature-dependent g values given by the electron
spin resonance (ESR) spectra. The magnetic susceptibility
of salt 1 was explained using two types of magnetic
interactions: (a) ferromagnetic coupling (�A-B) in the A-B
layer, and (b) antiferromagnetic coupling (�C) in the C dimer.
Lowering of the temperature enhanced the �A-B (from the
spin-only value), whereas the opposite temperature-depen-
dency was observed for �C. The temperature-dependent
contributions from �A-B toward the overall magnetic sus-
ceptibility (�A-B + �C) can be defined as19,20

As shown in Figure 6b, at room temperature, a value of 0.5
for R(T) corresponds to equal contributions from �A-B and
�C. Below 20 K, values for R(T) increased with lower
temperatures, reaching R(T) ∼ 0.75 at 4 K. The temperature-
dependent anisotropic g values of the single crystal can be
explained using R(T) and molecular arrangements in the
crystal (Figure 6c). Noteworthy anisotropic behaviors of the
g values were observed for the g (//a) versus T, g (//b) versus
T, and g (//c) versus T plots. The absolute magnitude of these
g values increased according to the axes, in the order of a-
> b- > c-axis. Notably, the temperature-dependency of the g

values along the a-axis (enhanced by lowering the temper-
ature) was opposite those along the b- and c-axes. Such
temperature-dependences can be explained by the anisotropy
of the g factors of the [Ni(dmit)2]- anions and the parameter
of R(T). Because the principle gx and gy tensors were assigned
along the short and long axes of the [Ni(dmit)2]- anion, the
gz tensor was normal to the π-plane of the [Ni(dmit)2]- anion
(Figure 6a). The value for gx (∼2.09) was slightly larger than
that for gy (2.03) and gz (2.00).21 For the crystal structure of
salt 1, the short axes of the A and B anions (gx direction)
were nearly in alignment with the a-axis, whereas the long
axis (gy direction) of the C anion was aligned with the a-axis.
The g (//a) versus T behavior (Figure 6c), which is assisted
from gx of the A and B anions and gy of C anion, can be
defined along the a-axis as

which can be fitted using gx ) 2.11 and gy ) 2.02 (solid
line in Figure 6c); the direction of the a-axis, however, was
not precisely consistent with the direction of gx and gy. Along
the b-axis, gy for the A and B anions and gx for the C anion
contributed to the g (//b) versus T behavior, in which the
contribution from gx was suppressed by a factor of R(T) -
1. As shown in Figure 6c, the g (//b) versus T plots can also
be reproduced as a best fit plot. Because the π-planes of the
[Ni(dmit)2]- anions (A, B, and C) are inclined at about 30°
from the ab-plane, both gz and gy contribute to the g (//c)
versus T plots, which can be reproduced using gy ) 2.01
and gz ) 1.97.

Conclusions

Benzo[18]crown-6 (B[18]crown-6) and dibenzo[18]crown-
6 (DB[18]crown-6) were complexed with Cs+ ions, forming
thesandwich-typeCs+2(B[18]crown-6)3andCs+(DB[18]crown-
6)2 supramolecular cations, which were then introduced as
counterions to [Ni(dmit)2]- anions to yield Cs+2(B[18]crown-
6)3[Ni(dmit)2]-2 (1) and Cs+(DB[18]crown-6)2[Ni(dmit)2]-

(2) salts. The crystal structures of both salts consisted of
alternating layers of supramolecular cations and [Ni(dmit)2]-

anions, in which the arrangements of the [Ni(dmit)2]- anions
determined the intermolecular magnetic exchange energy (J)
between the S ) 1/2 spins on the [Ni(dmit)2]- anions. In
salt 1, a two-dimensional layer via lateral S · · ·S contacts
between the [Ni(dmit)2]- anions (A and B) and a π-dimer
chain of the [Ni(dmit)2]- anions (C) were observed. The
temperature-dependent magnetic susceptibility of salt 1 was
reproduced using two components of the dimer model, with
J ) -5.2 K, and ferromagnetic coupling, with J ) +1.1 K.
The anisotropic temperature-dependent g factors of the single
crystal also supported the independent contribution from the
two-dimensional layer and the dimer. In salt 1, magnetic
interactions with ferromagnetic (J > 0) and antiferromagnetic
(J < 0) coupling was shown to coexist, corresponding to the(19) Mukai, K.; Senba, N.; Hatanaka, T.; Minakuchi, H.; Ohara, K.;

Taniguchi, M.; Misaki, Y.; Hosokoshi, Y.; Inoue, K.; Azuma, N. Inorg.
Chem. 2004, 43, 566.

(20) (a) Tomkiewicz, Y.; Taranko, A. R.; Torrance, J. B. Phys. ReV. Lett.
1976, 36, 751. (b) Takahashi, M.; Sugano, T.; Kinoshita, M. Bull.
Chem. Soc. Jpn. 1984, 57, 26.

(21) (a) Mukai, K.; Shiba, D.; Yoshida, K.; Mukai, K.; Hisatou, H.; Ohara,
K.; Hosokoshi, Y.; Azuma, N. Bull. Chem. Soc. Jpn. 2005, 78, 2114.
(b) Nakamura, T.; Takahashi, T.; Aonuma, S.; Kato, R. J. Mater.
Chem. 2001, 11, 2159.

Figure 6. Temperature-dependent g values of the ESR spectra of salt 1.
(a) Principal gx and gy tensors are along the short and long axis of the anion,
whereas the gz tensor of [Ni(dmit)2]- was normal to the π-plane. (b)
Calculated temperature-dependent R(T) in eq 2. (c) g vs T plots of the single
crystal. The magnetic fields were applied along the a- (red), b- (blue), and
c-axis (black) of the single crystal. Best fit lines were calculated using the
eq 3 (solid line).

R(T) ) �A-B/(�A-B + �C) (2)

g(T) ) R(T)gx + [1 - R(T)]gy (3)
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A-B layer and C dimer of [Ni(dmit)2]- anion arrangme-
ments. In contrast, the symmetrical Cs+(DB[18]crown-6)2

cation yielded a lateral [Ni(dmit)2]- dimer via interatomic
S · · ·S contacts, in which the magnetism can be explained
using the dimer model with antiferromagnetic coupling. The
arrangement of the [Ni(dmit)2]- anions, along with the
corresponding magnetism, was affected by the overall
symmetry of the supramolecular cations. Our supramolecular
methodology, which can offer the coexistence of positive
and negative magnetic coupling within a crystal using
asymmetrical supramolecular cations, can afford novel
magnetic exchange interactions.
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