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Meso- and (1S, 2S)-diphenyl-1,2-ethanediammonium (DPEDA2+)
complexed with [18]crown-6 were introduced into [Ni(dmit)2]-based
magnetic salts as countercations. The configurational difference
of DPEDA2+ modulated the crystal structure and magnetic behavior
of the salts. A two-dimensional (2D) Heisenberg antiferromagnetic
square lattice was observed in (meso-diphenyl-1,2-ethane
diammonium2+)([18]crown-6)2[Ni(dmit)2]-2, which was the first
example of a 2D magnetic lattice in [Ni(dmit)2]- salts.

Sulfur-rich planarπ-conjugated molecules such as tetrathia-
fulvalene and metal(ditholate)2 are useful building blocks for
molecular magnets owing to their open-shell electronic
structure and strong intermolecular interactions through S-S
contacts.1 The anion radical of [Ni(dmit)2]- (dmit2- )
2-thione-1,3-dithiole-4,5-dithiolate), possessing oneS) 1/2,
is a typical example. By controlling the packing arrangement
of such magnetic molecules in the crystal, we are able to
obtain a diversity of magnetic properties. We have discussed
the use of supramolecular cation structures as countercations
to [Ni(dmit)2]- salts,2,3 and obtained various types of
[Ni(dmit)2]- arrangements that exhibit magnetism of one-
dimensional (1D) Heisenberg chain, spin-ladder, or ferro-
magnetic interaction.2,3 In these [Ni(dmit)2]- salts, the shapes

and sizes of the cations are adjustable by complexation with
crown ethers, which yields novel [Ni(dmit)2]- arrangements
in the crystals. The introduction of crown ethers also
promotes the production of high-quality single crystals, an
added advantage over using simple-cation [Ni(dmit)2]- salts.
Among the cation-crown ether-[Ni(dmit)2]- salts, organic
ammonium exhibits a variety of different sizes, valences,
and chiralities, and thus has the potential to form novel
[Ni(dmit)2]- arrangements in the crystals.4 Here we report
new supramolecular structures betweenmeso- or (1S, 2S)-
diphenyl-1,2-ethanediammonium (DPEDA2+) and [18]crown-
6, which were introduced into [Ni(dmit)2]- -based magnetic
salts (Scheme 1).

Single crystals of (meso-DPEDA2+)([18]crown-6)2-
[Ni(dmit)2]-

2 (I ) and [(1S, 2S)-DPEDA2+]2([18]crown-6)4-
[Ni(dmit)2]-0.8

5 (II ) were grown by standard mixing of
(DPEDA2+)(BF4

-)2, [18]crown-6, and (n-Bu4N+)[Ni(dmit)2]-

in CH3CN.4 Since the organic ammonium cations in saltsI
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and II were achiral and chiral, the space groups of saltsI
and II were P1h and P1, respectively.5 The magnetic
properties of these two salts were evaluated by a SQUID
magnetometer at a magnetic field of 1 T.

Figure 1a and b show the cation structures of (meso-
DPEDA2+)([18]crown-6)2 and [(1S, 2S)-DPEDA2+] ([18]-
crown-6)2 in saltsI and II , respectively (T ) 100 K).6 The
cation was assembled by the sandwich-type coordination of
two -NH3

+ groups of DPEDA2+ from two upper and lower
[18]crown-6 molecules. Two phenyl rings ofmeso-DPEDA2+

were symmetrically projected due to theS- andR-configura-
tions of two chiral carbons, while those of (1S, 2S)-DPEDA2+

were extended in the same direction forming a 90-degree
angle. Although the [18]crown-6 molecules in saltII exhib-
ited a planar conformation, those in saltI were largely
warped into aV-shaped conformation in order to reduce
steric repulsion from two phenyl rings. The difference of
chirality of two carbon atoms changed the cation structure
of (DPEDA2+)([18]crown-6)2, which also modified the

[Ni(dmit)2]- arrangement and magnetic properties of the
crystals.

Figure 1c and d show the [Ni(dmit)2]- arrangements and
cation packing in saltsI and II , respectively. In saltI , two
crystallographically independent [Ni(dmit)2]- anions (A and
B) occurred on the inversion centers. Theπ-overlap at the
terminal five-membered rings of [Ni(dmit)2]- anionA formed
linear 1D chains along thea-axis, while weak lateral S∼S
interactions between theB anions yielded 1D linear chains
along theb-axis. Transfer integrals (t) based on the extended
Hückel molecular orbital calculations were used to evaluate
the magnitude of the intermolecular interaction between
[Ni(dmit)2]- anions.7 The magnetic exchange energy (J) is
proportional to the square of the transfer integral,J ∼ 4t2/
Ueff, whereUeff is the on-site Coulomb repulsive energy.7

The magnitude of transfer integrals within the [A--A-]∞

chain (t1 ) 22.9 meV) was much larger than that in the
[B--B-]∞ chain (t3 ) 0.75 meV).8 Effective intermolecular
interaction (t2 ) 12.4 meV) was observed between the
[A--A-]∞ chains and [Ni(dmit)2]- anionB along theb-axis,
which resulted in a two-dimensional (2D) square lattice of
[Ni(dmit)2]- anions within theab-plane. From the relation-
ship betweenJ and t, magnetic anisotropy ofJ1/J2/J3 was
estimated to be 3:1:0.001, suggesting thatJ1 andJ2 interac-
tions in the 2D square lattice were dominant in the crystal.

There were four crystallographically independent
[Ni(dmit)2]- and one [Ni(dmit)2] molecules (A, B, C, D, and
E) in salt II . The crystal stoichiometry of [(1S, 2S)-
DPEDA2+]2([18]crown-6)4[Ni(dmit)2]-0.8

5 suggested that one
of these five was a formally neutral [Ni(dmit)2] molecule
without aS) 1/2 spin. Theπ-stacks of [Ni(dmit)2]- yielded
π-tetramer with an [A-B-C-D] arrangement along thea
+ b axis. The transfer integrals within the tetramer (tC-D )
117, tC-B ) 126, andtA-B ) 101 meV) evidenced strong
π-interactions between the [Ni(dmit)2]-. On the other hand,
the π-plane of [Ni(dmit)2] E was normal to those of the
tetramer, which connected the [A-B-C-D] tetramers via
intermolecularπ-S interactions withtD-E ) 25.5 andtE-A

) 17.3 meV.
Figure 2 shows temperature-dependence of molar magnetic

susceptibilities (ømol vs T) per [Ni(dmit)2]- for salts I and
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(2) Å, c ) 13.187(2) Å,R ) 111.542(3)°, â ) 94.241(5)°, γ )
103.080(4)°, V ) 1735.8(4) Å3, Z ) 2, Dc ) 1.574 gcm3, 2θmax )
55°, µ(Mo KR) ) 12.00 cm-1. 7527 collected reflections, 5962
reflections ofI > 3σ(I)] were used for refinement based onF2. The
final R values wereR ) 0.050,wR2 ) 0.067, GOF) 1.180. SaltII ,
100 K, triclinic, P1, a ) 15.729(3) Å,b )16.030(3) Å,c ) 17.204-
(5) Å, R ) 96.66(1)°, â ) 93.658(1)°, γ ) 118.535(8)°, V ) 3749(1)
Å3, Z ) 2, Dc ) 1.657 gcm3, 2θmax) 55°, µ(Mo KR) ) 13.76 cm-1.
98770 collected reflections, 23812 reflection ofI > 2σ(I)] were used
for refinement based onF2. The finalR values wereR ) 0.053,wR2
) 0.097, GOF) 0.912.
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Scheme 1. Chemical Structures of DPEDA2+ and [Ni(dmit)2]

Figure 1. Crystal structures of saltsI andII . Cation structures of (a) (meso-
DPDEA2+)([18]crown-6)2 and (b) [(1S, 2S)-DPDEA2+]([18]crown-6)2.
[Ni(dmit)2]- arrangements (c) in saltI viewed along thec-axis and (d) in
salt II .
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II . SaltII showed the Curie-Weiss behavior withC ) 0.31
emu K mol-1 (solid circles), which almost corresponds to
0.8 spins per [(1S, 2S)-DPEDA2+]0.4([18]crown-6)0.8[Ni-
(dmit)2]-0.8 (C ) 0.30 emu K mol-1). A weak antiferromag-
netic interaction was observed between [Ni(dmit)2]- anions
in salt II (θ ) -4.5 K). On the other hand, theømol vs T
plot for salt I showed a broad maximum at around 30 K,
which is typical for 1D linear Heisenberg antiferromagnetic
chains.9 However, this model failed to reproduce low-
temperature behavior (red line in Figure 2) well. Since a 2D
square arrangement of [Ni(dmit)2]- anions was observed in
the X-ray crystal structural analysis, we applied a 2D
Heisenberg antiferromagnetic square lattice model to fit the
ømol vs T behavior of saltI (blue line in Figure 2).10 This
model reproduced the low-temperatureømol vs T behavior
with a J of -32.3 K and a fixedC of 0.376 emu K mol-1

for oneS) 1/2 spin (g ) 2.0). To the best of our knowledge,
salt I represents the first example of a [Ni(dmit)2]- salt
having magnetic interactions of 2D Heisenberg antiferro-
magnetic square lattice.

In conclusion, [meso- and (1S, 2S)-diphenyl-1,2-ethane-
diammonium]([18]crown-6)2 were introduced into magnetic
[Ni(dmit)2]- salts as countercations. The cation conforma-
tions differed from each other, depending on the configura-
tion of two carbon atoms, which also changed the [Ni(dmit)2]-

arrangements and magnetic properties of the crystals. A two-
dimensional Heisenberg antiferromagnetic square lattice was
observed in (meso-diphenyl-1,2-ethanediammonium2+)([18]-
crown-6)2[Ni(dmit)2]-

2, the first example of a 2D magnetic
lattice in [Ni(dmit)2]- salts. The supramolecular cation
approach was found to be effective in generating a variety
of [Ni(dmit)2]- arrangements in the crystal.
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Figure 2. Temperature-dependence of molar magnetic susceptibility (ømol)
of saltsI (O) and II (b) per [Ni(dmit)2]-. Solid lines are fits ofømol vs T
plots (see text).
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