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Two polymorphs of monovalent [Ni(dmit),]~ (dmit*~ =2-
thioxo-1,3-dithiole-4,5-dithiolate) crystals A and B, (anili-
nium)(18-crown-6)[Ni(dmit),|, were prepared, and the structure
and magnetic properties were investigated. In these crystals, the
[Ni(dmit),]~ molecules form dimers, which arranged into chains
between the supramolecular cation structure (anilinium)(18-
crown-6). In crystal A, supramolecular cation formed a regular
stack, inducing ladder structure of [Ni(dmit),], whose magnetism
had been well fitted by spin ladder equation with the spin gap of
A = 190 K. Crystal B is ca. 3% more densely packed compared
to crystal A. Due to the dense packing, supramolecular cation
stack is distorted, which prevented the intermolecular interaction
between [Ni(dmit),]” dimers in direction corresponds to the
ladder-leg direction in crystal A. Reflecting the [Ni(dmit),]™
arrangement, crystal B showed a temperature dependence of
magnetic susceptibility well reproduced by the singlet—triplet
thermal activation model, whose antiferromagnetic exchange
interaction (2J) was 140 K. © 2002 Eisevier Science (USA)

Key Words: |Ni(dmit),]; polymorph; spin ladder; magnetic
properties; crystal structure; supramolecular cation; 18-crown-6.

INTRODUCTION

Partially charged [Ni(dmit),]° (6<1, dmit>~ = 2thioxo-
1,3-dithiole-4,5-dithiolate) complexes provide high electri-
cal conductivity in the molecular solids through forming
one-dimensional columnar structure (1-3). While, mono-
valent crystals of [Ni(dmit),]” sometimes exhibit peculiar
magnetic properties, because each [Ni(dmit),]” bears spin
S = % For example, [(CHj3)4N][Ni(dmit),], shows the
superconducting transition at 3.0 K and 3.2kbar (4) and
the ferromagnetic interaction is observed in the crystal of
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[Fe(CsMes),][Ni(dmit),] (5). In both cases, the regulation
of intermolecular interaction between [Ni(dmit),] in the
crystal is essential for obtaining desirable band structure
and magnetic exchange interaction.

Recently, spin ladders, especially even-leg spin ladders,
are attracting much attention. Even-leg ladders of S :%
Heisenberg antiferromagnetic spins are in resonating
valence bond state at low temperature and have a finite
spin gap (6-10). It is expected that hole doping to two-leg
spin ladders will lead to the superconductivity due to that
effective attraction between extra holes may arise from the
magnetic interactions (11). In fact, hole-doped spin ladders
of copper-oxide-based materials have been reported, which
exhibited superconducting transitions by chemical doping
and under high pressure (12-14), or in the field-effect-
transistor configuration (15).

The attempts for constructing spin ladder systems by
utilizing organic radical species have been also reported by
several groups (16-20). In the crystals, appropriate
molecular arrangements are necessary to realize the spin
ladder structure. The guiding principles for the regulation
of molecular arrangements are, however, rarely known at
present. We have been studying on the control of molecular
assembly of [Ni(dmit);]” in the crystals by introducing
supramolecular cations composed of metal ions and crown
ethers as a counter-cation of anionic [Ni(dmit),] species
(21-23). The [Ni(dmit),]” can interact with adjacent
molecules not only through n—n interaction in face-to-
face manner but also through S-S atomic contacts in side-
by-side direction (24-25). Therefore, [Ni(dmit),]~ is one of
the best building blocks for constructing three-dimensional
spin array.

In the previous study, we succeeded in inducing
[Ni(dmit),]~ ladder structure by using newly designed
supramolecular cation structure (anilinium)(18-crown-6)
(26). The [Ni(dmit),]” species tend to form face-to-face
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dimer structure due to the energy gain of antiferromagnetic
spin—spin interaction. In the crystal of (anilinium)(18-
crown-6)[Ni(dmit),] (A), the dimers are arranged in one
dimension to form dimer chain structure by the aid of the
supramolecular cation. The dimer chain exhibited a
magnetic property of spin ladder because of relatively
strong interdimer magnetic exchange interaction in the
ladder-leg direction.

In the present paper, we will describe newly obtained
polymorph, the crystal B. In this crystal, the arrangement
of supramolecular cation is slightly changed with respect
to crystal A, which largely affect the [Ni(dmit),]™ arrange-
ment and the magnetic properties. (Scheme 1).
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SCHEME 1.
EXPERIMENTAL

Preparation of Crystals

Crystals A and B were prepared by slow diffusion
between (anilinium)(BF,)/18-crown-6 and (tetrabutylam-
monium)[Ni(dmit),] in acetonitrile solution. Black blocks
up to 2mm? were obtained. Both the crystals were grown
in the same batch and we distinguished these crystals by
X-ray crystal analysis.

X-Ray Crystal Analysis

An automated Rigaku RAXIS-RAPID diffractometer
with graphite-monochromated MoK radiation
1= O.71069A) was used for data collection at 296 K.
The data were corrected for Lorentz and polarization

effects, and an absorption correction was applied. The
data-correct conditions and crystal data are summarized in
Table 1. The crystal structures were solved by a direct
method (SIR 92%7), and the positions of all the hydrogen
atoms were placed at the calculated ideal positions. A full-
matrix least-squares technique (teXsan>®) with anisotropic
thermal parameters for non-hydrogen atoms and isotropic
ones for hydrogen atoms was employed for a structure
refinement.

Magnetic Measurements

Static magnetic susceptibilities were measured in a field
of 1T on a Quantum Design MPMS-XL SQUID
susceptometer. The temperature dependence of the mag-
netic susceptibility was measured in the range of 5-350 K.
The magnetic susceptibilities (y) of crystals A and B were
deduced from impurity Curie component, which were
estimated to be C = 0.0060 and 0.0011 emuK mol~' for
crystals A and B, respectively.

RESULTS

Crystal Structure

Figure 1 shows the crystal structure of crystal A. The
supramolecular cations stack regularly along the c-axis
forming a channel-like structure. In the supramolecular

TABLE 1
Data Collection and Refinement Parameters
for Crystals A and B

Crystal A“ Crystal B

Crystal formula NiSl()C24NH3206 Ni510C24NH3206

Fw (g) 809.82 809.82
Space group PI (no. 2) P1 (no. 2)
Unit-cell parameters, a=14.217(1) a=13.579(2)
A and deg
b =16.666(2) b =12.605(2)
¢ = 8.1271(6) ¢ =10.660(2)
o= 97.120(2) o= 77.061(4)
B =92.599(3) = 74.670(8)
y = 112.846(2) y = 79.106(10)
V(A% 1751.6(3) 1698.5(5)
VA 2 2
p(calc.) (gem™?) 1.535 1.583
u(MoKo) (cm™) 11.87 12.24
Reflection collected 14477 9142
Independent reflection 7594 [Rinyy = 0.041] 6052 [Rinyy = 0.056]
Data/parameters 5677/379 3907/379
R[I>3a(])] R, =0.051 R;=0.050
R, =0.167 Ry, =0.127
Largest diff. peak and 0.37 and —0.42 0.35 and —0.51
hole (e 10\’3)
“Ref. (26).

bCCDC #184318.
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FIG. 1.
a-axis (b).

Structure of crystal A viewed along the b+ c-axis (a) and the

cation structure, -NHj3 group located at the center of 18-
crown-6 cavity 0.914 (3) A above the 18-crown-6 molecular
plane, forming NH"—-O hydrogen bonds with oxygen
atoms. The average hydrogen-bond length was 2.92A,
which is slightly longer than the standard NH "-O distance
(2.87A) (29). The [Ni(dmit),]” forms dimer, which are
arranged into one-dimensional array guided by the ditch
formed by side-by-side supramolecular cation stack in the
(011) direction.

Figure 2 shows the crystal structure of crystal B. The
individual supramolecular cation structure of (anili-
nium)(18-crown-6) is almost the same as that in the case
of crystal A, with -NH5 group locating 0.928(5) A above
the 18-crown-6 molecular plane, and with the average
hydrogen-bond length of 2.91 A. The significant difference
in supramolecular arrangements between crystals A and B
is that the molecular long axis of anilinium moiety is not
parallel to the stacking axis of supramolecular cation in the
latter case. Therefore, the channel-like structure of 18-
crown-6 was not observed in crystal B. The [Ni(dmit),]
forms dimer and stacks along the b-axis filling the space
between cationic columns.
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We examined the details of supramolecular cation and
[Ni(dmit),]~ arrangements to evaluate the structural
difference between crystals A and B quantitatively. Fig. 3
shows the molecular arrangements of supramolecular
cations and [Ni(dmit),]” array in crystal A. The supramo-
lecular cation stacks regularly in a head-to-tail manner
with the repeating distance da; of 8.1271(6)1& and the
molecular axis of anilinium is almost parallel to the
stacking axis. The angle 6 ,;, which is defined as an angle
between C—N bond direction of anilinium and stacking axis
(N(554)-N(555)-C(555)), is 5.22°. The distance between
average plane of [Ni(dmit),] in a dimer is 3.65 A and the
dimer stacked in head-to-tail manner with the repeating
distance da>=17.613(1) A. The long axis of [Ni(dmit),]"
makes an angle of 1.28° with the dimer stacking direction
(S3(555)-S3(566)-S8(566) = 1.28°).

We calculated the transfer integrals to estimate the
intermolecular interaction between [Ni(dmit),]” by the
extended Hiickel molecular orbital calculation (30). The
strongest interaction ta; = 45.3 meV was observed within
the dimer, which corresponds to the ladder-rung direction.
The second strongest is that in ladder-leg direction,

FIG. 2.
a-axis (b).

Structure of crystal B viewed along the b-axis (a) and
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FIG. 3. Structure of supramolecular array (a) and [Ni(dmit),]”
arrangement (b) in the crystal A.

tar = 15.9meV, and ta3 = 11.3meV in the diagonal direc-
tion is also observed. Relatively large interaction
tas = 10.6 meV exists between ladders.

Figure 4 depicted the molecular arrangements in crystal
B. Although the supramolecular cation part stacks

S3(555) S3(565)

S8(565)
\ \

e L Im»\

FIG. 4. Structure of supramolecular array (a) and [Ni(dmit),]”
arrangement (b) in the crystal B.

(b)
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regularly along the c-axis with the repeating distance of
dg; = 10.660(2) A, the molecular long axis of anilinum does
not parallel to the stacking direction as seen in Fig. 4a. The
angle 0g; (N(554)-N(555)-C(555)) is 31.39°, which is quite
large compared to that of crystal A. The long axis of
[Ni(dmit),]~ also forms an angle 6, = 24.61° (S3(555)—
S3(565)-S8(565)) with [Ni(dmit),]” dimer stacking direc-
tion. Accordingly, the repeating distance of the
[Ni(dmit),]~ dimer along the stacking axis, dp =
12.605(2) A is much shorter than that of crystal A.

The distance between average plane of [Ni(dmit),]”
within a dimer is 3.33 A, quite shorter than that seen in
crystal A. However, the intermolecular interaction esti-
mated from  transfer integral is  comparable
(tg1 = 48.0meV). On the other hand, the interaction
between the dimer within a chain is negligible, showing a
keen difference with the ladder structure in crystal A. The
interaction in the diagonal direction and between chains
are tg3 = 18.5meV and rgq = 6.7meV, respectively. The
transfer integrals together with the typical intermolecular
distances and angles are summarized in Table 2.

Magnetic Properties

Figure 5 shows the temperature dependence of the
magnetic susceptibility of crystal B. The results of crystal A
is also indicated for the comparison. The curves in Fig. 5
are the results of the fits. As reported previously, the
magnetic behavior of crystal A is well explained by the spin
ladder model (31) with the spin gap (A) of 190 K.

The temperature dependence of the nuclear spin-lattice
relaxation rate (1/7)) in "TH-NMR was measured on crystal
A in the range of 1.6-268 K. The exponential decrease 1/7T}
below 50K was observed which is consistent with the
presence of the spin gap suggested from SQUID measure-

TABLE 2
Typical Intermolecular Distances and Angles in the Crystals
and Intermolecular Interaction

Crystal A Crystal B

Distance (A)

dy 8.1271(6) 10.660(2)

dy 17.613(1) 12.605(2)
Angle (deg)

0 5.22 31.39

0> 1.28 24.61
Transfer integral (meV)

1 453 48.0

1 15.9 0

13 11.3 18.5

14 10.6 6.7
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FIG.5. Temperature dependence of the magnetic susceptibility of
crystal A (O) and B (A) together with the fitting curve (see text).

ment. The details of the '"H-NMR measurements will be
reported separately (32).

The magnetic behavior of crystal B is similar to that of
crystal A, showing maximum at 90K and decreasing
exponentially with the decrease in temperature below that
temperature. The temperature dependence of the suscept-
ibility in the whole measuring range was, however, well
explained by the ordinary singlet—triplet thermal activation
model,

C  dexp(—=2J/T)
Xsinglet—triplet — T 1+ 3exp(—2J/ T)v

(1]

using C = 0.394 emu K mol~'. The best fit indicated by the
dashed curve in Fig. 5 obtained with the antiferromagnetic
exchange interaction of 2J=140K. Because the transfer
integral in the dimer-chain direction in crystal B is
negligible, it is quite reasonable that we could not observe
the spin ladder behavior in crystal B. Considering relatively
large interdimer interaction (g3 = 18.5meV) in the diag-
onal direction, we also applied alternate Heisenberg model
for crystal B. The o value obtained by the fit was 0.03,
showing that dimers in crystal B is rather isolated.

DISCUSSION

The two polymorphs of (anilinium)(18-crown-6)[Ni
(dmit),] showed different magnetic behavior reflecting the
molecular arrangements in each crystal. We discuss here
how the small modification in the crystal structure leads
to a large difference in magnetic properties. The unit-cell
volume of crystal B is about 3% smaller than that of crystal
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A. Due to the dense packing, the molecular arrangement
as well as the conformation of individual molecule are
somewhat distorted in crystal B compared with those of
crystal A.

Figure 6 shows schematic representation of relative
arrangements of supramolecular cations and [Ni(dmit),]~
in the crystals. In crystal A, the supramolecular cation
represented by cones is stacked regularly with their apex in
the stacking direction. The cone also stacks side-by-side
and forms the space where [Ni(dmit),]™ dimer can develop
a chain structure in the direction orthogonal to the cone-
stack.

In crystal B, although the structure of each supramole-
cular cation (cone) is almost the same as in crystal A, the
direction of the apex is not parallel to the stacking direction
and, therefore, distorted supramolecular chain structure
is observed. The distortion, which is probably due to the
dense packing of the molecules in the crystal, induces the
distortion in dimer chain structure of [Ni(dmit),] .

The distortion in supramolecular cation array also
causes the large change within the dimer structure. As
mentioned before, the intradimer distance between average
plane of [Ni(dmit),]” in crystal B is 3.33 A, about 0.3A
shorter than that in crystal A. Such short distance should
results in very strong intermolecular interaction. However,
the intradimer interaction is comparable with that in
crystal A from transfer integral calculation and magnetic
measurements. The origin of this small intradimer interac-
tion in crystal B is explained as follows.

The [Ni(dmit),]” has a distorted structure in crystal B.
The dihedral angles between two planes formed by dmit
ligands are 174.9° and 171.4°, respectively, for crystals A
and B. Since the interplanar distances were defined from an
average plane of [Ni(dmit),]” molecules obtained by the
least-squares method. Although the calculation gives a very
accurate value when a molecule is almost planar as in the
case of crystal A, the error is relatively large for a bent
molecule in crystal B. Therefore, we calculated intermole-
cular distance by a different method for crystal B. As seen
in Fig. 4, longer offset in longitudinal direction is observed
upon forming dimer in crystal B, and one of the dmit
ligand of each molecule is overlapping and almost parallel
within the dimer. The interplanar distance between two
ligands is 3.64 é, which is comparable to interplanar
distance of 3.65 A within the dimer in crystal A.

In crystal A, the longitudinal offset is 1.8(1) A, while that
in crystal B is 4.2(1) A. The larger offset generally results in
a less efficient overlapping of LUMO. However, five short
S---S contacts shorter than 4.00 A were observed in crystal
B, which results in the efficient intermolecular interaction
comparable with that in crystal A with four short S---S
contacts within a dimer.

The longer molecular offset within the dimer also causes
a large change in interdimer interaction in crystal B. For
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Supramolecular Cation

FIG. 6. Schematic representation of supramolecular cation and [Ni(dmit),]” arrangements in crystals A (a) and B (b).

example, the interaction in the diagonal direction (#p3) is
twice as large as that of crystal A (z43). In crystal B, each
[Ni(dmit),]~ has a large portion at the molecular end
through which stronger interaction in diagonal direction
is possible between the dimers. The largest change in
intermolecular interaction from crystals A to B is, however,
observed in 7,, which is responsible for asserting spin ladder
magnetism. As is seen in Fig. 6b, each [Ni(dmit),]~ dimer
forms a large angle with respect to the chain direction due
to the dense packing of supramolecular cation in crystal B.
As a result, ladder-type interdimer interaction is impossible
in the crystal.

CONCLUSION

In this study, we described two polymorphs of (anili-
nium)(18-crown-6)[Ni(dmit),] crystals A and B. The small
change in supramolecular array induced the large change
in [Ni(dmit),]~ dimer stack structure and magnetism. The
regular dimer chain structure in crystal A gave a spin

ladder, whereas the magnetic properties of distorted dimer
chain in crystal B was well explained by the ordinary
singlet—triplet thermal excitation model. These magnetisms
were discussed in terms of intermolecular interactions
between [Ni(dmit),]”. These results indicate a large effect
on [Ni(dmit),]” assembly structure from supramolecular
cation. The results also strongly suggest that through
appropriate design of supramolecular cation, it is possible
to regulate [Ni(dmit),]” assembly and, therefore, the
magnetism arising from the assembly. The formation of
ideal spin ladder structure and investigation of novel
magnetic properties from these approaches are now
underway.

Another interesting point associated with the spin ladder
structure is the carrier doping, through which super-
conducting transition at relatively high temperature is
expected. One possible way is to replace a portion of
anilinium to aniline in the crystal, which will be carried out
without large distortion in [Ni(dmit),]” array within the
crystal.
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