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ABSTRACT: Supramolecular assemblies of anilinium (Ani*)
and fluoroanilinium derivatives (FAni*) with [18]crown-6
were introduced into electrically conducting [Ni(dmit),]
crystals (dmit®™ is 2-thioxo-1,3-dithiole-4,5-dithiolate). The
crystal structures, electrical conductivities, and magnetic
susceptibilities of four new crystals of (Ani*)([18]crown-
6)[Ni(dmit),]5 (1), (o-FAni")([18]crown-6)[Ni(dmit),]; (2),
(m-FAni*)([18]crown-6)[Ni(dmit),]; (3), and (p-FAni")-
([18]crown-6)[Ni(dmit),]; (4) were examined from the
viewpoint of dynamic supramolecular rotator structures within
the crystals. The crystal structures, electrical conduction, and
magnetic properties were classified into group-I (crystals 1 and
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4) and group-II (crystals 2 and 3). The hydrogen-bonding interaction between -NH;" and the oxygen atoms of [18]crown-6
formed the stand-up configuration of rotator-stator structures of (Ani*)([18]crown-6) and (FAni*)([18]crown-6)
supramolecules. The potential energy barriers for the 2-fold flip-flop motion of phenyl- and p-fluorophenyl-rings in crystals 1
and 4 had a relatively small magnitude of ~150 kJmol ™, suggesting that rotations of Ani* and p-FAni" cations around the C-
NH;" axis occurred in the crystals. In contrast, a large magnitude of the potential energy barriers for the rotations of 0-FAni* and
m-FAni" cations in crystals 2 and 3 (>600 kJmol ™) resulted in static supramolecular cationic structures. The cation:anion ratio of
1:3 in these crystals yielded a trimer 7z-stack of [Ni(dmit),] with a semiconductor-like temperature dependence. The magnetic
susceptibilities of the static crystals 2 and 3 were reproduced by the one-dimensional antiferromagnetic linear Heisenberg chain
through the one-dimensional linear trimer arrangement. The magnetic susceptibilities of dynamic crystals 1 and 4 enhanced
electron delocalization through the intratrimer and intertrimer interactions within the trimer stack, where the molecular rotations

of Ani" and p-FAni" cations played an important role.

B INTRODUCTION

A variety of functional 7-planar molecular materials, electrically
conducting and with magnetic properties, have been inves-
tigated for future applications in flexible organic electronics.'
One of the notable points of these molecular materials is the
diversity of molecular designs for various molecular arrange-
ments in assemblies and desirable physical functionalities such
as electrical conductivity, magnetic properties, and optical
properties.”” In electrically conducting molecular materials,
electrical band structures are directly determined by the overlap
of frontier-orbitals (LUMO and/or HOMO), resulting in a
variety of electronic ground states, from semiconducting to
metallic to superconducting, depending on the dimensionality,
band-filling, and electron correlations.” The monovalent radical
cation and/or anion state of 7-molecules has one S = 1/2 spin
on the molecule, localized on the molecule because of the large
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magnitude of the on-site Coulomb repulsive energy (U) of a
typical organic z-molecule.® However, the 7—7 interactions
between monovalent radical molecules yielded magnetic
exchange energy between the localized S = 1/2 spins, resulting
in bulk magnetic properties. A large number of electrically
active z-molecules such as tetrathiafulvalene (TTF), 7,7,8,8-
tetracyano-p-quinodimethane (TCNQ), fullerene (Cg;), and
[Ni(dmit),] (dmit*~ is 2-thioxo-1,3-dithiole-4,5-dithiolate)
have been utilized as building blocks of electrically conducting
and magnetic molecular materials.””® Since the bandwidth (W)
of molecular crystals is smaller than that of typical inorganic
metals, one electron on the frontier orbital has a tendency to
localize in the crystal because of a large magnitude of U> A
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partially filled 7-band is required for high electrical conduction,
whereas the monovalent electronic states of cation and/or
anion radical species yield localized S = 1/2 spin in the crystals.
Among diverse electrically active z-molecules, we noticed the
electrically conducting and magnetic [Ni(dmit),] crystal
(dmit*™ is 2-thioxo-1,3-dithiole-4,5-dithiolate). According to
the oxidized state and packing structures of [Ni(dmit),]
molecules, a variety of physical properties from superconduct-
ing, metallic, semiconducting, to insulator have been reported
in crystalline states.”*

We have been utilizing a supramolecular cation approach to
design the electrical conducting and magnetic properties of
[Ni(dmit),] crystals.”~® The (cation)(crown ethers) molecular-
assemblies have structural diversity in terms of the assembly
structure, exclusive volume, and valence, and are easily prepared
by a combination of a variety of cations and crown ethers. The
supramolecular cations are introduced into the monovalent
and/or partially oxidized [Ni(dmit),] crystals as functional
counter cations, where the structural flexibility and dynamic
properties of supramolecular cations play an important role to
yield new additional functionalities. For instance, ionic channel
structures have been constructed in one-dimensional arrays of
[15]crown-5S and [18]crown-6 in electrically conducting
Li*,([15]crown-5)[Ni(dmit),], and Li*y-([18]crown-6)[Ni-
(dmit),], crystals,®" wherein the electrical conductivities
were modulated by the motional freedom of the Li* ions.
Thermally activated rotation of [18]crown-6 has been observed
in the Cs,([18]crown-6),[Ni(dmit),], crystal, where the
magnetic susceptibility of a single-triplet thermal excitation
model was affected by the molecular rotation of [18]crown-6
around 220 K.” Uniaxial rotations of anilinium (Ani®),
adamantylammonium (ADNH;"), and m-fluoroanilinium (m-
FAni*) along the C-NH;" axis have been designed in
monovalent [Ni(dmit),]” crystals (Scheme 1).*° Among

Scheme 1. Molecular Structures of Fluoroanilinium (FAni*),
[18]crown-6, and [Ni(dmit),]

A
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these, the thermally activated 2-fold flip-flop motion of m-
FAni" in the (m-FAni")(dibenzo[18]crown-6)[Ni(dmit),]”
crystal resulted in dipole inversion, exhibiting the ferro-
electric-paraelectric phase transition around 350 K.> Although
molecular rotations in molecular crystals are well-known
phenomena in plastic crystalline states, the ferroelectric
property can be directly associated with molecular rotation in
the (m-FAni*)(dibenzo[18]crown-6)[Ni(dmit),]™ crystal.

B EXPERIMENTAL SECTION

Preparation of [Ni(dmit),]~ Crystals. Single crystals of 1—4 were
prepared by the standard electrocrystallization method in an H-shaped
cell (~20 mL). The supporting electrolytes of (Ani*)(BF,”), (o-
FAni*)(BF,”), (m-FAni")(BF,"), and (p-FAni*)(BF,") for crystals 1—
4, respectively, were prepared from 54% aqueous tetrafluoroboric acid
(HBF,) and aniline derivatives in a CH;CN—CH,Cl, mixed solvent
(Supporting Information, Table S1). A green solution of (n-
Bu,N)[Ni(dmit),] (15 mg) in CH;CN (~10 mL) was inserted into
one side of the electrocrystallization cell, while a solution of supporting

electrolyte (~30 mg) and [18]crown-6 (~150 mg) in CH;CN (~10
mL) (detailed conditions of the single crystal preparation are shown in
Supporting Information, Table S2) was poured into the other side of
the cell. A constant current of 1 #A was applied to the platinum
electrodes (1 mm ¢) for two weeks at room temperature, which
yielded black platelet single crystals with dimensions of 0.4 X 0.3 X 0.1
mm?®. The stoichiometry of the crystals was determined by X-ray
structural and elemental analyses. Elemental analysis of crystal 1: Calcd
for CysH;»NOGS3Niy: C, 25.25; H, 1.88; N, 0.82. Found. C, 24.80; H,
2.06; N, 0.89. Crystal 2: Calcd for C3H; NOGFS;Ni;: C, 24.98; H,
1.81; N, 0.81. Found. C, 24.84; H, 1.95; N, 0.79. Crystal 3: Calcd for
Ci6Hy NOGFS,Niy: C, 24.98; H, 1.81; N, 0.81. Found. C, 25.51; H,
2.07; N, 0.93. Crystal 4: Caled for Cy4H, NOGFSyNiy: C, 24.98; H,
1.81; N, 0.81. Found. C, 24.80; H, 1.89; N, 0.79.

Crystal Structure Determination. Crystallographic data (Table
1) were collected by a Rigaku RAXIS-RAPID diffractometer using
Mo—Ka (4 = 0.71073 A) radiation from a graphite monochromator.
Structure refinements were carried out using the full-matrix least-
squares method on F*. Calculations were performed using the Crystal
Structure and SHELX software packages.'® Parameters were refined
using anisotropic temperature factors except for the hydrogen atom.

Calculations. The relative energy of the model structures was
calculated using the RHF/6-31(d) basis set.'! The nearest-neighboring
molecules around the phenyl- and fluorophenyl-rings of Ani" and FAni
* were included in the calculations of the potential energy curves. The
calculated structures of crystals 1, 2, 3, and 4 were (Ani*),([18]crown-
6),[Ni(dmit),],, (o-FAni*),(DCH[18]crown-6),[Ni(dmit),], (m-
FAni*),([18]crown-6),[Ni(dmit),],, and (p-FAni*),([18]crown-
6),[Ni(dmit),],, respectively (see Supporting Information, Figure
S7). The atomic coordinates of crystals 1—4 based on X-ray crystal
structure analyses were used for the calculations. The relative energy of
the model structures was obtained by evaluating the rigid rotation of
Ani* and/or FAni" around the C-NH;" bond. Rotations were
performed every 30°, and the relative energies were calculated using
fixed atomic coordinates. The transfer integrals (f) between the
[Ni(dmit),] anions were calculated within the tight-binding
approximation using the extended Hiickel molecular orbital method.
The lowest unoccupied molecular orbital (LUMO) of the [Ni-
(dmit),]” molecule was used as the basis function.'” Semiempirical
parameters for Slater-type atomic orbitals were obtained from the
literature.'> The t-value for each pair of molecules was assumed to be
proportional to the overlap integral (S) via the equation t = —10S eV.

Electrical Conductivity. The temperature dependent electrical
conductivity was measured by the direct current (dc) four-probe
method along the long-axis of the crystal. The stacking direction of the
[Ni(dmit),] molecules was in accordance with the long axis of the
crystal. Electrical contacts were prepared using gold paste to attach 10
um ¢ gold wires to the crystals (Tokuriki 8560).

Magnetic Susceptibility. The temperature-dependent magnetic
susceptibility and the magnetization-magnetic field dependence were
measured using a Quantum Design MPMS-XL5 SQUID magneto-
meter using polycrystalline samples. The applied magnetic field was 1
T for all of the temperature-dependent measurements.

B RESULTS AND DISCUSSION

Electrocrystallization of (n-Bu,N*)[Ni(dmit),]” in the pres-
ence of corresponding anilinium (Ani*), o-fluoroanilinium (o-
FAni*), m-fluoroanilinium (m-FAni*), and p-fluoroanilinium
(p-FAni*), and [18]crown-6 in CH;CN yielded partially
oxidized [Ni(dmit),] crystals of (Ani")([18]crown-6)[Ni-
(dmit),]; (1), (o-FAni*)([18]crown-6)[Ni(dmit),]; (2), (m-
FAni*)([18]crown-6)[Ni(dmit),]; (3), and (p-FAni*)([18]-
crown-6)[Ni(dmit),]; (4). 1:1 adducts of supramolecular
cations between anilinium derivatives and [18]crown-6 were
constructed by six N—H*~O hydrogen-bonding interactions,
forming a stand-up configuration of the C-NH;" bond of the
phenyl-ring with respect to the mean O6-oxygen plane of
[18]crown-6. The cation:anion ratio of 1:3 corresponded to the

dx.doi.org/10.1021/ic302093b | Inorg. Chem. 2012, 51, 12968—12975



Inorganic Chemistry

Table 1. Crystal Data, Data Collection, and Reduction Parameters of Crystals 1—4

1 3 4
chemical formula C;36H;,NOg S3oNiy C;6H;;NOGNF NijS;, C;36H;;NOGN ENisS;, C;36H;;NOGNF Nij;S;,
formula weight 1712.55 1730.54 1730.54 1730.54
space group P (#2) PT (#2) PT (#2) PT (#2)

a, A 10.045(2) 11.239(5) 11.350(6) 10.073(2)
b, A 12.702(2) 12.721(7) 12.831(7) 12.713(2)
¢ A 24.454(4) 24.14(1) 24.10(2) 24.452(4)
a, deg 100.014(2) 78.76(2) 79.78(2) 99.369(5)
B, deg 95.649(2) 83.38(2) 83.85(2) 95.610(4)
7, deg 95.442(2) 66.75(2) 68.84(2) 96.405(4)
v, A3 3037.6(9) 3108(3) 3112(3) 3048.6(8)
Z 2 2 2 2

Do grem™ 1.872 1.849 1.847 1.885

T, K 173 173 173 173

u, cm™! 19.960 19.543 19.518 19.921
reflections measured 29489 30338 28792 28901
independent reflections 17122 14085 13634 13661
reflections used 13118 14085 13634 13661
R/ 0.0665 0.0620 0.0456 0.0566
wR,(F?)* 0.0718 0.2183 0.1724 0.1727

“R = VI, — IEI/YIE) and R, = (JwlF,| — 1)/ Y wF2)">.

partially oxidized electronic state of [Ni(dmit),] in crystals 1—
4. Since the unit cell parameters of crystals 1—4 resemble each
other (Table 1), the same type of segregated stacking structure
was observed in all crystals. Crystals 1 and 4 could be classified
as the same crystal group-I, whereas crystals 2 and 3 were in the
same crystal group-II, based on the cation—anion arrangements
and physical properties.

Cation Conformations. In crystals 1—4, one kind of
(anilinium)([18]crown-6) unit was the crystallographically
independent structural unit. Figure 1 shows the neighboring
pair of each (Ani")([18]crown-6), (o-FAni")([18]crown-6),
(m-FAni*)([18]crown-6), and (p-FAni*)([18]crown-6) in
crystals 1—4. Since the angle between the z-plane of the
phenyl-ring and the mean O6-plane of [18]crown-6 in crystals
1, 2, 3, and 4 was 98.0, 95.8, 97.7, and 98.6°, respectively, the
phenyl-rings of Ani" and FAni* cations were nearly

Figure 1. Supramolecular cation structures and neighboring cationic
units of (a) (Ani*)([18]crown-6) in crystal 1, (b) (o-FAni*)([18]-
crown-6) in crystal 2, (c) (m-FAni*)([18]crown-6) in crystal 3, and
(d) (p-FAni*)([18]crown-6) in crystal 4.
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perpendicular to the mean O6-plane of [18]crown-6. The
average hydrogen-bonding N~O distances between the
nitrogen and six oxygen atoms of [18]crown-6 in crystals 1,
2, 3, and 4 were 2.92, 2.95, 2.90, and 2.89 A, respectively, which
were comparable to the standard N—H*~O hydrogen bond
distance."® Since orientational disorder of the fluorine atom in
(0-FAni*)([18]crown-6) and (m-FAni*)([18]crown-6) in
crystals 2 and 3 was not observed in structural analyses at
173 and 298 K, flip-flop motions of the o-FAni* and m-FAni*
cations did not occur in these crystals. The flip-flop motions of
Ani* and p-FAni* cations could not be observed in the X-ray
crystal structural analyses.

The effective intermolecular interaction between the (Ani')-
([18]crown-6) units was not observed in crystal 1, similar to
that in the monovalent (Ani*)([18]crown-6)[Ni(dmit),]”
crystal.® The neighboring (FAni*)([18]crown-6) supramole-
cules interacted through the dipole—dipole interaction of the
fluorine atoms. The C—F bonds of each FAni" cation between
the neighboring units were parallel to each other. Since the F—
F distances of neighboring o-FAni*, m-FAni*, and p-FAni"
cations were 3.12(2), 3.574(9), and 3.076(5) A, respectively,
the dipole—dipole interactions between the o-FAni* and p-
FAni* cations in crystals 2 and 4 were larger than that in crystal
3. In the case of the (m-FAni")(dibenzo[18]crown-6)[Ni-
(dmit),]” crystal, the dynamic orientational disorder of the
fluorine-group resulted in dipole inversion for the ferroelectric-
paraelectric phase transition around 350 K.” The dipole—dipole
interaction between m-FAni" cations was disturbed by the
bulky dibenzo[18]crown-6 molecule, forming sufficient crystal-
line space for dynamic molecular motion of the m-FAni" cation
even in the crystal. The fixed cationic arrangement of m-FAni*
through effective dipole—dipole interactions resulted in a static
crystal without the molecular rotations.

Cation—Anion Packing Structures. The 1:3 cation—
anion ratio and segregated z-stack were consistent with the
mixed-valence electronic structure of [Ni(dmit),] anions and
the electrical conducting properties of crystals 1—4. Three
kinds of [Ni(dmit),] (A, B, and C) were the crystallo-
graphically independent structural units in these crystals.
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Although similar two-dimensional [Ni(dmit),] layers were
observed in crystals 1—4, the magnitude of intermolecular
interactions between the [Ni(dmit),] anions was modulated by
structural differences in the supramolecular cations. The
transfer integrals () based on extended Hiickel molecular
orbital calculations were utilized to evaluate the magnitude of
the intermolecular interactions between [Ni(dmit),] anions
within the crystals.'> Table 2 summarizes the selected transfer
integrals of crystals 1—4.

Table 2. Selected Transfer Integrals (t, meV) between the
[Ni(dmit),] in the ab-Plane of Crystals 1—4 (T = 173 K)“

1 2 3 4
t 201 —141 145 220
t —200 -178 169 210
t, -172 -159 13.5 —14.7
t 16.4 —472 —-61.9 154
ts —25.8 —189
ts 23.5 19.3

“Transfer integrals were calculated from the LUMO of [Ni(dmit),]
based on the extended Hiickel calculation (t = —10S €V, S is the
overlap integral). t-values larger than S meV are summarized.

Since the packing structures of supramolecular cations and
[Ni(dmit),] in crystals 1—4 were almost the same (see unit cell
parameters in Table 1), we describe the cation—anion
arrangements in crystal 4. Figures 2a and 2b show the unit

Figure 2. Unit cells of crystal 4 viewed (a) along the a-axis and (b) b-
axis. One (p-FAni*)([18]crown-6) and three [Ni(dmit),] (A, B, and
C) are crystallographically independent structural units.

cells of crystal 4 viewed along the a- and b-axis, respectively.
The segregated cation—anion arrangement was elongated along
the c-axis, where the 7-stacking structure of [Ni(dmit),] and
two-dimensional cationic layer were observed. Three kinds of
[Ni(dmit),] (A, B, and C) formed the z-stacking structure
along the a+b axis. The lateral S~S contacts between the
[Ni(dmit),] formed the two-dimensional conducting layer
within the ab-plane (Figure 2a), where the supramolecular
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cationic layer was sandwiched by the electrical conducting two-
dimensional [Ni(dmit),] layers.

[Ni(dmit),] Layer. Alternate cation—anion arrangements
along the c-axis in crystals 1—4 were the common structural
feature. In all crystals, the electrically conducting two-
dimensional [Ni(dmit),]-layer was observed within the ab-
plane. Figures 3a and 3b summarize the two types of

Figure 3. Two-dimensional [Ni(dmit),] arrangements in (a) crystals
1, 4 (group-I) and (b) crystals 2, 3 (group-II) viewed along the c-axis.
Selective intermolecular transfer integrals (f) are shown in the figures.
Schematic A-B-C trimer arrangement of (c) crystals 1, 4 (group-I) and
(d) crystals 2, 3 (group-II) within the ab-plane. Effective intertrimer
interactions (red-colored dashed lines) were observed in the crystals.

[Ni(dmit), ] arrangements in crystals 1—4. From comparison
of the t-values, it is seen that the [Ni(dmit),] arrangements in
crystals 1 and 4 (group-I) are different from those in crystals 2
and 3 (group-II). The z-stack -A-B-C-C’-B’-A’- in crystals 1
and 4 was observed along the a+b-axis, where lateral S~S
contacts were observed along the b-axis. The #-stacks in crystals
2 and 3 were arranged in the order of -A-B-C-A’-B’-C’- along
the a-axis, where the lateral S~S contacts were elongated along
the b-axis. Along the lateral S~S contacts, the B-B’ arrange-
ments in crystal 2 and 3 were different from those in crystals 1
and 4, where the z-planes of the B- and B’-units exist on the
same plane (Figure 3a).

The formation of strong A-B-C trimers in crystals 1—4 was
confirmed by the calculations of intratrimer transfer integrals of
t; and t,, corresponding to the A-B and B-C interactions,
respectively. The strong A-B-C trimer was observed in crystals
1 and 4, where the t,-interactions of crystals 1 (201 meV) and 4
(220 meV) were almost the same as the t,-interactions of
crystals 1 (—200 meV) and 4 (—210 meV). The -interactions
(A-B pair) of crystals 2 and 3 were —178 and 145 meV,
respectively, the magnitude of which is slightly smaller than the
t)-interactions (B-C pair) of —178 and —169 meV for crystals 2
and 3, respectively. The intertrimer t;- and t,-interactions of C-
C’ and A-A’ in crystal 1 were —17.2 and 16.4 meV, whereas
those in crystal 4 were 15.4 and —18.9 meV, respectively. The
t;- and t,-interactions in crystals 1 and 4 were 1 order of
magnitude smaller than those of the intratrimer interactions.
The intertrimer ¢;-interactions of C-A’ in crystals 2 and 3 were
—15.9 and 13.5, respectively, 1 order of magnitude smaller than
those of the intratrimer interactions. The A—B-C trimers were
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isolated with respect to each other in the one-dimensional 7-
stack of [Ni(dmit),]. Besides weak lateral interactions less than
S meV along the b-axis, effective lateral ,-interactions of —47.2
and —61.9 meV were observed in the B-B’ pair of crystals 2 and
3 along the -a+b axis, respectively. The effective S~S contacts
in crystals 1 and 4 were also observed at t; = 23.5 and 19.3 meV
of the B-C’ pair along the -a+b axis. Figures 3¢ and 3d show a
schematic representation of the A-B-C trimer arrangements of
group-I (crystals 1 and 4) and group-II (crystals 2 and 3),
respectively. The effective intertrimer interactions through the
lateral S~S contacts are indicated by red-colored dashed lines.
From the charged state of [Ni(dmit),], one electron with S =
1/2 spin was located on each A-B-C trimer. Therefore, the
magnetic exchange energies in crystals 1—4 were governed by
the intertrimer interactions within the two-dimensional [Ni-
(dmit),] layer.

Cationic Arrangements. A two-dimensional supramolec-
ular cationic layer was observed in the ab-plane of crystals 1—4
(Figure 4). The antiparallel arrangement of Ani* cations in

Figure 4. Supramolecular cation arrangement of crystals (a) 1, (b) 2,
(c) 3, and (d) 4 viewed along the c-axis. The cation arrangements of
crystals 1 and 4 (group-I) were the same, whereas those of crystals 2
and 3 (group-II) were the same.

crystal 1 was observed along the -a+b direction. The
neighboring [18]crown-6 molecules existed around the 7-
plane of the Ani* cation. The supramolecular cation arrange-
ments of (0-FAni")([18]crown6) and (m-FAni")([18]crown6)
in crystals 2 and 3 were the same. Fluorine substituents at the
o0- or m-position slightly modified the cationic arrangements
along the g-axis. Since neighboring o-FAni* and m-FAni*
cations were arranged in an antiparallel manner along the a-
axis, the net dipole moment in the crystals was canceled. The
rotation of 0-FAni" and m-FAni* along the C-NH;" axes was
suppressed by the neighboring [18]crown-6 molecules. Similar
isomorphous supramolecular cation arrangement in crystals 2
and 3 resulted in the same [Ni(dmit),] arrangements within
the ab-plane.

The supramolecular cation arrangement of (p-FAni*)([18]-
crown-6) in crystal 4 was different from those of crystals 2 and
3, and was the same to that of crystal 1. The antiparallel
arrangement of p-FAni® cations along the -a+b direction
canceled the net dipole moment of the crystal. The neighboring
[18]crown-6 molecules existed around the z-plane of the p-
FAni* cation, forming a two-dimensional supramolecular

cationic array. The same cationic arrangements in crystals 1
and 4 was the origin of the same [Ni(dmit),] arrangements
within the group-I crystals.

Potential Energy Curves for Molecular Rotations. The
molecular rotations of the phenyl- and fluorophenyl-ring along
the C-NH;" axis in crystals 1—4 were evaluated by potential
energy calculation using the RHF/6-31(d) basis set."" Since the
steric repulsions were the most important factors to determine
the potential energy curves, the neighboring molecules were
included in the calculations (Supporting Information, Figure
S7). Several [18]crown-6 and [Ni(dmit),] molecules existed
around the rotary units of aniliniums (see Supporting
Information, Figure S7). The relative energies as a function
of the rotational angle ¢ around the C-NH;" axis of Ani", o-
FAni*, m-FAni’, and p-FAni* cations were determined at every
30° rotation.

Figure Sa shows the rotational angle (¢) dependence of the
relative energy (AE) of (Ani*);([18]crown-6);, (Ani*),([18]-
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Figure 5. Rotational angle (¢)) dependence of the relative energy
(AE) of phenyl- and fluorophenyl-rings in the crystals. (a) AE vs ¢
plots of crystals 1 and 4 (group-I). (b) AE vs ¢ plots of crystals 2 and
3 (group-II). Calculated structures of crystals 1, 2, 3, and 4 were
(Ani*),([18]crown-6),[Ni(dmit),],, (o-FAni*),(DCH[18]crown-
6),[Ni(dmit),], (m-FAni*),([18]crown-6),[Ni(dmit),],, and (p-
FAni"),([18]crown-6),[Ni(dmit),],, respectively. The solid and
dashed lines are included as a guide to the eye.

crown-6),[Ni(dmit),],, and (p-FAni*),([18]crown-6),[Ni-
(dmit),], in crystals 1 and 4 (group-I), where the relative
energy at ¢ = 0° is defined as zero. For the rotational angle ¢,
the initial atomic coordinates from the X-ray crystal structure
analysis corresponded to the first potential energy minimum at
¢ = 0° while the second potential energy minimum was
observed around ¢ = 180°. The double-minimum-type
potential energy curves with two stable molecular orientations
(¢ = 0° and 180°) suggested 2-fold flip-flop motion of the
phenyl- and p-fluorophenyl-rings in crystals 1 and 4, which is
the same as that in (Ani *)([18]crown-6)[Ni(dmit),]™.%* The
magnitude of the potential energy barrier of crystal 1 (AE,,,, ~
150 kJmol™') was the same as that of crystal 4 (AE,,,, ~ 150
kJmol™),” which were larger than that of (Ani*)([18]crown-
6)[Ni(dmit),]” (AE,, ~ 40 kJmol™") and smaller than that of
(m-FAni*)(dibenzo[18]crown-6)[Ni(dmit),]” (AE,., ~ 250
kJmol ™). Symmetrical 2-fold flip-flop motion of the Ani* cation
with a flip-flop frequency of ~10° Hz was observed in the
(Ani*)([18]crown-6)[Ni(dmit),]” crystal at room temper-
ature,*® whereas the 2-fold flip-flop motion of m-FAni" in the
latter crystal yielded the ferroelectric-paraelectric phase
transition at 346 K.* From the magnitude of AE_, ~150
kJmol ™/, the flip-flop motions of the Ani* and p-FAni* cations
should be thermally activated around room temperature.
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The rotational angle dependence of AE for crystals 2 and 3
(group-II) were significantly different from that for crystals 1
and 4 (group-I) from the viewpoint of rotational symmetry and
height of the potential energy barrier. Asymmetrical double-
minimum-type potential energy curves were observed in
crystals 2 and 3, whose potential energy barriers were larger
than 600 kJmol™. Therefore, the rotations of o-FAni* and m-
FAni" cations in the crystals were completely suppressed by the
steric repulsions of neighboring molecules. The dynamic
motion of Ani" and p-FAni* cations in crystals 1 and 4
(group-I) was suggested by the potential energy curves with
relatively small AE,,,, whereas the large magnitude of AE_, in
crystals 2 and 3 (group-II) corresponded to the static nature of
these crystals.

Electrical Conductivity and Magnetic Susceptibility.
Table 3 summarizes the electrical conductivities and magnetic

Table 3. Electrical Conductivity and Magnetic Properties of
Crystals 1—-4“

1 2 3 4
orpy Sem™ (T =300K)  2.86 023 0.10 6.1

E,, meV 108 99 111 75

C, emu K mol™ 0.29 0.376” 0.376” 0.25

J, K —-8.03 -11.5

type® M-NM B.F. B. F. M-NM
g-value 2.02005  2.00167 205605  2.01875

“Single crystals using the four—g)robe method with 10 p¢ gold wires
along the z-stacking direction. “Fixed Curie constants. “The B. F. is a
one-dimensional linear antiferromagnetic Heisenberg chain model. M-
NM is a change in magnetic properties from the delocalized magnetic
state to the non-magnetic state around 150 K.

susceptibilities of crystals 1—4. The electrical conductivities of
crystals 1, 2, 3, and 4 at 300 K were 2.86, 0.23, 0.26, and 6.1 S
cm™, respectively. Figure 6 summarizes the log (6/Scm™) vs
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Figure 6. Log(c/Scm™) vs T™! (K™!) plots of crystals 1 (black), 2
(red), 3 (blue), and 4 (gray) along the m-stacking direction of the
single crystals.

T! plots of crystals 1, 2, 3, and 4 measured along the z-
stacking direction of the single crystals. The temperature-
dependent electrical conductivities of all crystals showed
semiconducting behavior with activation energies of 108, 99,
111, and 75 meV, respectively. Strong trimerization of
[Ni(dmit),] in crystals 1—4 was consistent with the semi-
conducting temperature dependence.

Figure 7 shows the temperature dependent molar magnetic
susceptibilities (y,0 vs T) of crystals 1—4. The y,,; vs T plots
of crystals 1 and 4 (group-I) resemble each other, whereas

a) s¢10” e b)) ok ey
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Figure 7. Temperature-dependent magnetic susceptibilities of crystals
1—4. The y,, vs T plots of (a) crystals 1, 4 (group-I) and (b) crystals
2, 3 (group-II). The red- and black-lines are fits of the one-
dimensional antiferromagnetic linear Heisenberg model.

those of crystals 2 and 3 (group-II) show similar behavior. y,. -
maxima of crystals 2 and 3 were observed at 10 and 16 K,
respectively, the temperature dependence of which followed the
one-dimensional linear antiferromagnetic Heisenberg chain.'*
The [Ni(dmit),] A-B-C trimer arrangements are a common
structural feature of crystals 2 and 3 (see Figure 3c). The
effective intertrimer f,-interaction formed linear intermolecular
interactions through lateral S~S contacts between [Ni(dmit),]
B and B’ anions. Since the magnitude of the intertrimer f,-
interaction between the lateral B-B’ pair is larger than the
intertrimer t;-interaction along the z-stack (A-C’ pair), a one-
dimensional antiferromagnetic linear Heisenberg chain along
the a-b axis is formed through lateral B-B’ interactions. The
solid-lines in Figure 7b indicate fits using the one-dimensional
antiferromagnetic linear Heisenberg chain model, where the
magnetic exchange energies (J) of crystals 2 and 3 are —8.03
and —11.5 K, respectively, with a fixed Curie constant (C) of
0.376 emu K mol™" per [Ni(dmit),];. Since the magnitude of
the t,-interaction in crystal 2 (t, = 47.2 meV) is smaller than
that of crystal 3 (t, = 61.9 meV), the Weiss constant of crystal 2
was lower than that of crystal 3, showing good accordance with
J ~ /Uy (U is the on-site Coulomb repulsive energy on
[Ni(dmit),] anion).?

The ¥mo vs T behaviors of crystals 1 and 4 (group-I) could
not be explained by the simple one-dimensional antiferromag-
netic linear Heisenberg model. A broad y,,-maxima around
150 K was observed in both crystals. The C-values of crystals 1
and 4 at 300 K were 0.29 and 0.25 emu K mol ™', respectively,
the magnitudes of which were smaller than those of crystals 2
and 4 and an ideal S = 1/2 spin system (0.376 emu K mol™" per
trimer). Figure 8 shows the o vs T (left-scale) and T vs T
(right-scale) plots of crystals 1 and 4 (group-I). The o-values of
crystal 1 decreased monotonically by lowering the temper-
atures, where almost constant y, ,T-values of ~0.30 emu K
mol™" were observed at temperatures above 150 K. When the
electrical conductivity of crystal 1 almost disappeared at
temperatures below 100 K, the magnetic spins also disappeared.
In crystal 4, the y,,,T-drop was consistent with the o-drop at
150 K (Figure 8b). The low-temperature magnetic ground
states of crystals 1 and 4 were non-magnetic states. One
possible explanation for the non-magnetic ground states at low-
temperatures in crystals 1 and 4 was the formation of strong
intermolecular interaction between the (A-B-C) trimers.
However, since the magnitudes of the intertrimer ;- and t,-
interactions in crystals 1 and 4 were not drastically different
from those of crystals 2 and 4, a different mechanism is needed
to explain the magnetic and conducting behaviors of crystals 1
and 4.
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Figure 8. o vs T (left-scale) and y,,,T vs T (right-scale) plots of crystals (a) 1 and (b) 4.

The y,o-values of crystals 1 and 4 at 300 K were ~1 X 107
emu mol ", slightly larger than the typical Pauli paramagnetism.
The ¢ vs T behaviors were also in accordance with the
semiconducting temperature dependences. When the electronic
correlation between the conduction electrons was significantly
strong, enhancement in the y,-values from Pauli para-
magnetism has been observed in molecular conductors.
Another important difference between the two crystal systems
(group-I vs group-II) was the difference in dynamic properties
of the supramolecular cations. Thermally activated rotation of
Ani" and p-FAni" cations was assumed in crystals 1 and 4,
whereas the rotation of 0-FAni* and m-FAni" cations was
prohibited from the large magnitude of the potential energy
barriers. The periodic potentials for conduction electrons were
modulated by the molecular rotations of the Ani* and p-FAni*
cations in crystals 1, which diffused electron localization. On
contrast, the static polar cations of 0-FAni* and m-FAni* in
crystals 2 and 3 generated distinctive periodic potentials for the
conduction electrons, which enhanced the electron localization
potential. The differences in the motional freedom of
supramolecular cations affected the electron localization-
delocalization potentials within the [Ni(dmit),] z-stacks,
resulting in different y,,,T vs T behaviors for group-I and
group-II crystals.

The flip-flop motions of anilinium and p-fluoroanilinium
were evidenced from the potential energy calculations, and the
electrical conductivities of the crystals were quite significantly
difficult to evaluate the molecular motions of Ani* and p-FAni*
cations using the dielectric measurements (Supporting
Information, Figure S7). However, the frequency- and
temperature-dependences of the dielectric constants were
observed at the temperatures above ~150 K. Thermally
activated molecular rotations of Ani* and p-FAni" cations
yielded the disordered crystal lattice and a diffuse periodic
potential for the conduction electrons in the tight-binding
model. When the thermally activated molecular rotations were
suppressed by lowering of the temperatures, the periodic
potentials of cationic arrangements are generated in the
ordered state. Thermally activated conducting carriers on
semiconducting [Ni(dmit),] z-stacks should be affected by the
order—disorder states of periodic potential for the conduction
electrons. For the magnetic properties, the magnetic spins are
generated by the localization of the conduction electrons. The
molecular rotations within the [Ni(dmit),] crystal lattice were
coupled with the magnetic exchange energies through the
modification of crystal lattice. For instance, the thermally
activated molecular rotations of [18]crown-6 modified the
magnetic exchange energy of [Ni(dmit),] anions in Cs*,([18]-
crown-6);[Ni(dmit),],, resulting in the strange temperature-

12974

dependent magnetic properties.” The electrical conducting
properties with partially oxidized electronic states of crystals 1
and 4 were also affected by the coupling with the molecular
rotations, and magnetic spins were also influenced by the
gradual conversion from conduction electrons to magnetic
spins by lowering of the temperatures.

B CONCLUSIONS

Supramolecular cationic assemblies of anilinium (Ani*) and/or
fluoroanilinium (F-Ani*) derivatives with [18]crown-6 were
introduced into electrically conducting (Ani*)([18]crown-
6)[Ni(dmit),]; (1), (o-FAni*)([18]crown-6)[Ni(dmit),]; (2),
(m-FAni*)([18]crown-6)[Ni(dmit),]; (3), and (p-FAni')-
([18]crown-6)[Ni(dmit),]; (4) crystals, as counter cations. A
cation:anion ratio of 1:3 yielded a partially oxidized electronic
structure of [Ni(dmit),], wherein the segregated cation—anion
arrangements were observed in all crystals. The formation of a
strong [Ni(dmit),] z-trimer was confirmed by the calculations
of transfer integrals. Each z-trimer was arranged in a two-
dimensional layer through the lateral S~S contacts. The
electrical conductivities at 300 K were observed to be 0.2—6
S cm™!, and the semiconducting temperature dependencies
were consistent with strong trimerization in [Ni(dmit), ] stacks.
Although the [Ni(dmit),] arrangements in crystals 1—4 were
almost the same, the temperature dependent magnetic
susceptibilities of crystals 1 and 4 were significantly different
from those of crystals 2 and 3. The one-dimensional
antiferromagnetic linear Heisenberg chain was observed in
crystals 2 and 3, whereas the magnetic behaviors of crystals 1
and 4 showed a change in magnetic susceptibilities from a
paramagnetic state to a diamagnetic one around 150 K. From
calculations of potential energy curves for the molecular
rotations of Ani*, 0-FAni", m-FAni’, and p-FAni* cations
along the C-NH;" axis, thermally activated rotations of Ani
and p-FAni" cations were expected around room temperature.
The delocalization behavior of z-electrons in the [Ni(dmit),]
layer in crystals 1 and 4 was governed by the rotation of Ani*
and p-FAni" cations, whereas the static polar cations of o-FAni*
and m-FAni" increased the localization property of z-electrons.
The molecular rotations of cationic units are modulated, and
they diffused the periodic potential for conduction electrons in
the [Ni(dmit),] stacks, which delocalized the conduction
electrons. Further design of the supramolecular rotator in
electrical conducting [Ni(dmit),] crystals has the potential to
modulate the electrical conducting behavior of molecular
materials. Dipole inversion will largely affect the localization-
delocalization property of the conduction electrons.
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