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The structures of two ion-pair complexes, which consist of 1-(4�-R-benzyl)pyridinium (R = NO2 (1), Br (2)) and
bis(maleonitriledithiolato)cuprate(), have been determined by X-ray single crystal analyses, and the results show the
stacking patterns in 1 and 2 are different from each other although the difference between the molecular structures
of these complexes is only the substituent of the benzene ring, which may arise from the difference of interactions
between cations and anions in these two complexes. Complex 1 crystallizes in the non-centrosymmetric space group
P1, and dielectric measurements shows ferroelectric behavior with a small hysteresis loop. Quantum chemistry
calculation further indicate the electric dipole in a unit cell is 56.5509 Debye, and DSC analysis reveal a T c of 377 K,
from the paraelectric to the ferroelectric phase. The magnetic susceptibilities of these two complexes measured in
the temperature range 1.8–260 K show an antiferromagnetic coupling feature between neighboring Cu() ions with
θ = �0.580 K for 1 and �2.167 K for 2. The polycrystalline EPR spectra of the two complexes at room temperature
are different from each other, characterized axial g tensors are g| | of 2.09, g⊥ of 2.02 for 1, and g| | = 2.05, g⊥ = 2.03,
A| | = 40.6 × 10�4 cm�1 for 2.

Introduction
Recently, one-dimensional (1-D) compounds have been attract-
ing widespread attention because of their novel physical
properties, such as Peierls transition, spin-Peierls transition,
charge-density-wave (CDW) states, spin-density-wave (SDV)
states, spin-charge separation states, molecular bistabilities, and
molecular magnetic nanowire properties, etc.1 Furthermore,
more and more new effects found in 1-D spin systems have also
stimulated theoretical investigations.1d,j

One of the most studied classes of 1-D transition metal com-
plexes are salts containing containing the [M(mnt)2]

� (M =
Ni(), Pd() or Pt()) ion. In these compounds, the con-
stituent planar molecule [M(mnt)2]

� forms a columnar stack
structure, in which intermolecular dz2 or π orbital interactions
result in a 1-D electronic nature.2–4 In general, the topology and
size of the counter cation in [M(mnt)2]

� complexes may play an
important role in controlling the stacking pattern of anions and
cations. In current studies, we have developed a new class of
[R-BzPy]�[Ni(mnt)2]

� salts containing the [Ni(mnt)2]
� anion

and derivatives of benzylpyridinium ([R-BzPy]�) as building
blocks to construct low-dimensional molecular solids, and
some significant and interesting results are described: 5 (1)
The structural feature of [R-BzPy]�[Ni(mnt)2]

� is that well-
separated anions and cations form a regular anion stacking
column and cation stacking column, respectively, in which
[Ni(mnt)2]

� anions stack along the direction of anion column
to form a spaced 1-D magnetic chain of S = 1/2. (2) The
topology and size of the [R-BzPy]� ion, which is related to the
molecular conformation of the [R-BzPy]� ion, can be modula-
ted by systematic variation of the substituents in the aromatic
rings. Therefore, the stacking pattern of these complexes can be
finely tuned through controlling the molecular conformation of
the [R-BzPy]� ion. (3) These classes of [Ni(mnt)2]

� complexes
are strongly correlated electron systems, and magnetic coupled
interactions in these systems are very sensitive to intermolecular

separations. A series of complexes may be obtained, which
show almost the same stacking structures but slightly different
intermolecular separations, leading to magnetic diversity, such
as 1-D antiferromagnetic linear Heisenberg chain, canting anti-
ferromagnet, 1-D ferromagnetic chain, singlet–triplet thermal
excitation in dimers, and some complexes reveal an unusual
phase transition similar to the Peierls or spin-Peierls transition.
With the goal of getting further information concerning the
influence of molar ratio of the anion to cation on the stacking
pattern of these classes of ion-pair complexes, we have pursued
the study of complexes consisting of planar [Cu(mnt)2]

2�

anions and substituted benzylpyridinium to obtain two com-
plexes. Of these, one crystallizes in a non-centrosymmetric
space group. In this paper, we report the syntheses, crystal
structures, magnetic properties and ferroelectric properties of
these complexes.

Experimental

Materials

All chemicals and solvents were of reagent grade, and used
without further purification. Disodium maleonitriledithiolate
(Na2mnt) was synthesized by a published procedure.6a 1-(4�-R-
benzyl)pyridinium chloride ([R-BzPy]Cl, R = NO2 or Br) were
prepared by the literature method.6b

Preparation of complexes

[NO2-BzPy]2[Cu(mnt)2] (1). An MeOH solution of Na2mnt
(372 mg, 2.0 mmol) was mixed with an MeOH solution of
CuCl2�2H2O (171 mg, 1.0 mmol), stirred for 30 min at room
temperature and filtered. A dark-red precipitate formed after
adding a MeOH solution containing [NO2-BzPy]Cl (502 mg,
2.0 mmol) to the filtrate, which was filtered off, washed with
MeOH, and then dried in vacuum. The crude product was dis-D
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Table 1 Crystal data and structure refinement for 1 and 2

Complex 1 2

Empirical formula C32H22CuN8O4S4 C32H22Br2CuN6S4

Formula weight 774.36 842.16
Temperature/K 293(2) 293(2)
Wavelength/Å 0.71073 0.71073
Crystal system Triclinic Triclinic
Space group P1 P1̄
Unit cell dimensions

a/Å 6.9660(14) 11.136(2)
b/Å 10.574(2) 11.884(2)
c/Å 12.026(2) 14.756(3)
α/� 72.84(3) 87.11(3)
β/� 85.48(3) 69.93(3)
γ/� 78.49(3) 65.14(3)

V/Å3 829.2(3) 1654.1(6)
Z 1 2
Dc/Mg m�3 1.551 1.691
Absorption coefficient/mm�1 0.962 3.362
F(000) 395 838
Crystal size/mm 0.32 × 0.26 × 0.22 0.40 × 0.35 × 0.26
θ Range for data collection/� 1.77–24.97 1.48–24.97
Index ranges, hkl 0–8, �12 to 12, �14 to 14 0–13, �12 to 14, �16 to 17
Reflections collected 3138 6126
Independent reflections (Rint) 3138 (0.0000) 5800 (0.0337)
Completeness to θ = 24.97� (%) 98.8 100.0
Absorption correction ψ-Scan ψ-Scan
Refinement method Full-matrix least squares on F 2 Full-matrix least squares on F 2

Data/restraints/parameters 3138/3/442 5800/0/406
Goodness-of-fit on F 2 1.057 1.093
Final R indices [I > 2σ(I )] R1 = 0.0339, wR2 = 0.0907 R1 = 0.0452, wR2 = 0.0987
R indices (all data) R1 = 0.0413, wR2 = 0.0958 R1 = 0.1269, wR2 = 0.1184
Largest diff. peak and hole/e Å�3 0.375 and �0.517 0.505 and �0.455

solved in 20 cm3 MeCN and dark-red microcrystals were
obtained by diffusing Et2O (80 cm3) into the solution. Yield:
627.4 mg (87%) (Found: C, 49.6; H, 2.93; N, 14.4. Calc. for
C32H22CuN8O4S4: C, 49.6; H, 2.86; N, 14.5%). IR bands of
ν(C���N) for mnt2� (cm�1): 2217.4 (sh), 2190.4s and 2160.4 (sh).

[BrBzPy]2[Cu(mnt)2] (2). This complex was prepared in
similar way to that of 1. Yield ca. 85% (Found: C, 45.4; H, 2.75;
N, 9.86. Calc. for C32H22Br2CuN6S4: C, 45.6; H, 2.63; N,
9.98%). IR bands of ν(C���N) for mnt2� (cm�1): 2219.6 (sh),
2188.8s, 2154.1 (sh).

Physical measurements

Elemental analyses were performed with a Perkin-Elmer 240
analytical instrument. IR spectra were carried on an IFS66V
FT-IR spectrophotometer in the region 400–4000 cm�1. A
RT6000 tester, working in the standard model, was used to
measure the dielectric hysteresis loop at a frequency of 5 kHz
on a single crystal 0.5 mm thick and 2.0 mm2 in area deposited
with platinum electrodes. DSC experiments were performed
with a Perkin-Elmer calorimeter. Thermal analysis of poly-
crystalline samples placed in an aluminum crucible was carried
with a heating rate of 20 K min�1 in the temperature range 323–
443 K (50–170 �C). Magnetic susceptibilities were measured on
a MagLab system 2000 magnetometer. EPR spectra at room
temperature were recorded on a Bruker EMX X-band spectro-
meter operating at 100 kHz field modulation. The microwave
frequency was calibrated using a frequency fitted in the micro-
wave bridge ER 041 XG-D. Variable-temperature powder X-ray
patterns were measured by a modified Guinier technique 7

(detection with image of plates, Fuji Bas-5000) using a capil-
lary, with Cu-Kα radiation in the temperature range 299–389 K
(26–116 �C).

Structure determinations of 1 and 2

Single crystals suitable for X-ray structure analysis were
obtained by cooling MeCN solutions of complexes 1 and 2.

Single crystals of 1 and 2 were placed on a CAD4 diffract-
ometer. Intensity data were collected at room temperature using
graphite monochromated Mo-Kα radiation (λ = 0.71073 Å).
The structure were solved by direct methods and refined on F 2

by full-matrix least-square methods using SHELXTL.8 The
crystal data collection and refinement parameters for 1 and 2
are summarized in Table 1.

CCDC reference numbers 169994 and 193971.
See http://www.rsc.org/suppdata/dt/b2/b210314a/ for crystal-

lographic data in CIF or other electronic format.

Results and discussion

Descriptions of the structure of 1 and 2

[NO2-BzPy]2[Cu(mnt)2] (1). The structure of 1 was deter-
mined by single crystal X-ray crystallography (Fig. 1). This is a
structure with crystallographic imposed P1 symmetry. The
Cu atom is coordinated by four S atoms of mnt2� ligands in a
[Cu(mnt)2]

2� anion, and shows deviation from the least-square

Fig. 1 ORTEP view and atomic labeling of 1 with 30% probability
ellipsoids (H atoms omitted for clearity)
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plane (S4 plane) of 0.015 Å. The average Cu–S bond length is
2.27 Å, and the two S–Cu–S bond angles within the five-mem-
bered rings, S(2)–Cu(1)–S(3) 91.19(7)� and S(1)–Cu(1)–S(4)
90.94(7)�, are close to 90�, similar to that of a similar complex.9

The [Cu(mnt)2]
2� anion exhibits a planar structure, while the

N(1) atom of the CN group is displaced from the S4 plane by
0.128 Å. There are two chemically equivalent but crystallo-
graphic distinct [NO2-BzPy]� cations in the unit cell, A (con-
taining N(5)) and B (containing N(7)). Both bond lengths and
angles within A and B are almost identical, but the molecular
conformations are different. The dihedral angles of the pyridine
ring and benzene ring relative to the reference plane CAr–CH2–
CPy are 108.9, 98.2� in A cf. 96.6, 114.0� in B. The dihedral angle
between the molecular plane of the NO2 group and the benzene
ring is 5.5� in A and 28.9� in B.

In our primary study, we found that intermolecular weak
interactions, such as halogen � � � π, π � � � π and H-bonding,
play an important role in controlling the stacking structure in
the series of [R-BzPy][M(mnt)2] (M = Ni(), Pt()).5 In 1, there
exist two types of weak interactions in addition to van de Waals
intermolecular interactione, i.e. H-bonding interaction between
H atoms of aryl rings and O atoms of nitryl group, and π � � � π
stacking interactions between cations and anions. The H-bond-
ing separation between O(2) and C(14)i (i = 1 � x, y, z) atoms is
3.11 Å, and the corresponding angle O(2) � � � H(14B)i–C(14)i is
118.8�, the distance between O(4) and C(24)j (j = x, 1 � y, z)
atoms is 3.18 Å, and the corresponding angle O(4) � � � H(24)j–
C(24)j is 137.4�, in accord with literature expectations.10 The
overlapping π � � � π interactions involve the benzene rings
C(26k)C(27k)C(28k)C(29k)C(30k)C(31k), C(26j)C(27l)C(28l)
C(29l)C(30l)C(31l) (k = x � 1, y � 1, z � 1; l = x, y � 1, z � 1)
and the conjugated portion of mnt2�. The shorter atom con-
tacts between the overlapped regions are: C(1) � � � C(31k) =
3.46 Å, C(1) � � � C(26l) = 3.57 Å, C(1) � � � C(31l) = 3.54 Å,
C(2) � � � C(26k) = 3.56 Å, C(2) � � � C(31k) = 3.49 Å,
C(2) � � � C(26l) = 3.50 Å and C(2) � � � C(27l) = 3.58 Å. The
weak intermolecular interactions are shown in Fig. 2, with
cations and anions forming alternating stacks though both H-
bonding and π � � � π stacking interactions, along the direction
of the a-axis (Fig. 3). Obviously, the stacking pattern of 1 differs

Fig. 2 Side view of the mixed stack alternating anions and cations
(top) and π–π stacking interactions between cations and anions
(bottom) for 1.

from that of the Ni() and Pt() complexes which show well-
separated stacking columns.

[Br-BzPy]2[Cu(mnt)2] (2). On first inspection, the overall
structure of 2 seems to be closely related to that of 1. The
asymmetric unit contains one [Cu(mnt)2]

2� anion and two [Br-
BzPy]� cations, similarly to 1. In this complex, the [Cu(mnt)2]

2�

anion is a non-planar structure, and the atoms with larger devi-
ations from the S4 plane are: N(2) (0.200 Å), N(3) (0.658 Å),
N(4) (0.704 Å), C(4) (0.154 Å), C(5) (0.524 Å), C(6) (0.296 Å),
C(7) (0.261 Å), C(8) (0.522 Å). The Cu–S bond lengths and the
S–Cu–S bond angles within the five-membered ring are similar
to those of 1 and are collected in Table 2. The molecular con-
figurations for the two [Br-BzPy]� cations in the asymmetric
unit are very different from each other, and the dihedral angles
of the pyridine ring and benzene ring with the reference plane
CAr–CH2–CPy are 80.2, 86.4� for the cation containing the N(5)
atom, and 100.4, 4.6� for the cation containing the N(6) atom.
Contrary to the situation encountered in 1, two [Br-BzPy]2[Cu-
(mnt)2] entities are imposed in a centrosymmetric environment
within the cell in 2. In addition, there are no short contacts
between aryl rings of the cation and the conjugated region
of the mnt2� ligand unlike in 1, but there are shorter spaces
between Cu, S atoms of the anions and Br atoms of the cations:
Br(1) � � � S(2) (1 � x, y, z) = 3.72 Å, Br(1) � � � Cu(1) (1 � x,

Fig. 3 Perspective view of 1 down the a-axis, showing the alternating
stacks of anions and cations.

Table 2 Selected bond lengths (Å) and bond angles (�) for 1 and 2.

 1  2

Cu(1)–S(1) 2.275(2) Cu(1)–S(1) 2.257(2)
Cu(1)–S(3) 2.2658(19) Cu(1)–S(3) 2.276(2)
Cu(1)–S(2) 2.2658(18) Cu(1)–S(2) 2.255(2)
Cu(1)–S(4) 2.275(2) Cu(1)–S(4) 2.270(2)
    
S(1)–Cu(1)–S(2) 91.05(8) S(1)–Cu(1)–S(2) 90.84(8)
S(1)–Cu(1)–S(3) 88.04(8) S(1)–Cu(1)–S(3) 90.37(7)
S(1)–Cu(1)–S(4) 178.13(11) S(1)–Cu(1)–S(4) 176.31(10)
S(2)–Cu(1)–S(3) 179.06(9) S(2)–Cu(1)–S(3) 178.13(9)
S(2)–Cu(1)–S(4) 89.84(8) S(2)–Cu(1)–S(4) 89.29(7)
S(3)–Cu(1)–S(4) 91.08(7) S(3)–Cu(1)–S(4) 89.60(7)

D a l t o n  T r a n s . , 2 0 0 3 ,  1 3 4 5 – 1 3 5 1 1347



y, z) 3.71 Å, and Br(2) � � � S(2) (1 � x, 1 � y, z) 3.58 Å (as
shown in Fig. 4). The stacking pattern of 2 is different from that
of 1 (Fig. 5), which shows the side-by-side anion arrangement
along the crystallographic b-axis.

Ferroelectric properties and theoretical calculations

Stacks of ion-pairs carry an electric dipole,11 and the corre-
sponding material in the solid state may exhibit ferroelectric
behavior in non-centrosymmetric space groups. Ferroelectric
behavior in 1, which crystallises in the non-centrosymmetric
space group P1, is confirmed by a dielectric hysteresis loop
(Fig. 6) at 293 K, and the corresponding parameters are as
follows: remnant polarization, �Pr = 0.121 µC cm�2, �Pr =
0.180 µC cm�2; coercive field, �Ec = 0.510 V cm�1, �Ec =
0.491 V cm�1. The dielectric hysteresis loop of 1 shows an
irregular shape, which originates from the two electrode
surfaces not being parallel. In practice, it is difficult to make the
two opposite surfaces of the crystal parallel with each other
because the crystals are fragile.

Complex 1 displays a bulk dielectric response due to the
correlated alignment of local electric dipoles.12 To understand
the details of the dipole alignment in the solid state, un-
restricted density functional theory (DFT) calculations with
B3LYP functional and the LANL2DZ basis set were performed
on a single unit cell of 1 using the GAUSSIAN 98 program 13 on
the SGI 3800 workstation. Taking the mean plane of the nearly-
planar [Cu(mnt)2]

2� as the xy plane, the calculated dipole
moment in the unit cell were µx = �55.4646 D, µy = 9.4871 D, µz

Fig. 4 The weak interactions between cations and anions in 2.

= �5.6287 D, with a total dipole moment of 56.5509 D. Thus
there are non-zero electric dipole moments for 1 in the solid
state, the main component of which is approximate on the xy
plane (the anion molecular plane). For a substance showing
ferroelectric properies, spontaneous polarization exists in the
ferroelectrics phase, and the spontaneous polarization direction
in the unit cell is in agreement with that of the dipole direction
for complex 1.14 Fig. 7 shows the molecular arrangement in a
unit cell and the directions of the inherent dipole moments of
pyridinium rings and nitrobenzene rings in the two cations, in
which the molecular planes of the anion [Cu(mnt)2]

2� (plane 1),
pyridine ring N(5)C(9)C(10)C(11)C(12)C(13) (plane 2) and
benzene ring C(27)C(28)C(29)C(30)C(31)C(32)N(8)O(3)O(4)

Fig. 6 Dielectric hysteresis loop of 1 at 293 K.

Fig. 7 The relationship of molecular planes between cations and
anion in a unit cell (the mean plane of the [Cu(mnt)2]

2� as the xy plane),
and arrows indicating the inherent dipole directions in benzene rings
and pyridinium rings for 1.

Fig. 5 Stacking diagrams showing the side-by-side arrangement of anions in 2.
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(plane 3) are almost parallel with each other (the dihedral
angles between planes 1 and 2 is 4.34(15)�, planes 1 and 3 is
0.89(8)�, planes 2 and 3 is 4.40(17)�). The spontaneous polariza-
tion, Ps, in a unit cell can be described by eqn. (1): 

where Pe, Pi and Pd denote the polarizations arising from
electronic displacement, ionic displacement and dipole–dipole
interaction, respectively. In this case, the polarization in the
direction perpendicular to the xy plane (anion molecular plane)
is essentially Pd � Pe (see Fig. 7), and smaller than that on the
xy plane, so it can be concluded that the polarization on the xy
plane is mainly resulting from Pi. Obviously, Pi is larger than Pd

� Pe. In addition, it is possible that relative displacement
between anions and cations can be easily induced by an external
electric field because there are only weak van de Waals inter-
actions between cations and anions apart from electrostatic
interactions. Therefore, the possible microscopic mechanism
of ferroelectric behavior for complex 1 is mainly based on ion
displacement. Normally, spontaneous polarization is always
accompanied by lattice deformation, so-called spontaneous
deformation, and the spontaneous polarization increases as the
temperature decreases, so variable temperature structural
determination can also give some information about spon-
taneous deformation.14 The temperature dependence of the
relative cell parameters, which are defined as a cell parameter
measured at T /K divided by the corresponding cell parameter
at 376 K [Pcell(T )/Pcell(376 K)] for complex 1, was obtained from
powder X-ray patterns and fitted by the Powdercell 2.3 pro-
gram 15 as shown in Fig. 8. During cooling, the cell dimensional
change is highly anisotropic, the a-, b- and c-axes and γ

decrease, but β and α increase, which can indicate the trend of
the spontaneous deformation.

Thermodynamic properties

The power-compensated DSC trace of 1 in the temperature
range 323–443 K (50–170 �C) is shown in Fig. 9. The result
revealed two endothermic peaks, the strong peak at 416.44 K
corresponds to melting of this complex (melting point of 1 is
415 ± 0.5 K), while the weak peak at 377.0 K indicates the
ferroelectric–paraelectric phase transition, and the Curie tem-
perature, T c, is thus 377.0 K. The enthalpy change of the ferro-
electric–paraelectric phase transition, ∆H = 763.5 J mol�1 is
obtained based on the area of the peak, and this indicates the
ferroelectric–paraelectric transition is first-order.16

EPR spectra and magnetic susceptibilities

The EPR spectra of polycrystalline samples for 1 and 2 at

Ps = Pe � Pi � Pd (1)

Fig. 8 The temperature dependence of the relative cell parameters for
1, and the relative cell parameters at T /K defined as RPcell(T ) = Pcell(T )/
Pcell(376 K).

room temperature show an intense signal (Fig. 10). For 1, the
spectrum exhibits characterized axial g tensors with g| | of
2.09 and g⊥ of 2.02, which are agreement with the results of
the literature;9 g| | > g⊥ indicates the ground state of copper ion
is dx2�y2.

For 2, the room-temperature polycrystalline EPR spectrum
is different from that of 1, and displays the typical four-line
patterns expected for coupling of an electron to the spin 3/2
copper() nucleus.17 Three of the four parallel hyperfine
features are well resolved while the fourth one at high field is
overlapped with the g⊥ signal. The g and A tensors are: g| | =
2.05, g⊥ = 2.03, A| | = 40.6 × 10�4 cm�1.

The magnetic susceptibilities were studied in the range
of 1.89–260 K for 1 and 1.9–250 K for 2. Correction for the
diamagnetism of the two complexes, estimated from Pascal’s
constants were �2.1 × 10�4 emu mol�1 for 1 and �2.3 × 10�4

emu mol�1 for 2.
For 1, the effective magnetic moment decreases from 1.76 µB

at 260 K to 1.65 µB at 1.89 K, indicating antiferromagnetic
coupling between the nearest-neighbor Cu() ions. The
magnetic behavior may be interpreted in terms of the Curie–
Weiss law: 

where C = Ng2µB
2S(S � 1)/3kB, and the other symbols have

their usual meanings. The plots (Fig. 11) of the molar magnetic
susceptibility corrected for diamagnetism versus temperature
are fitted using eqn. (2) to give θ = �0.580 K, C = 0.442 emu K
mol�1 and R = 5.0 × 10�5 (R is the agreement factor defined as
Σi[(χm)obs(i) � (χm)calc(i)]

2/Σi[(χm)obs(i)]
2); the g value obtained

from the Curie–Weiss constant C is 2.17, which is slightly larger

Fig. 9 The DSC curve of DSC of 1

Fig. 10 EPR spectra of polycrystalline samples of 1 and 2 (at room
temperature).

χm = C/(T  � θ) (2)
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than the average g value measured by EPR (2.04). The small
minus value of θ reveals the antiferromagnetic interaction
between adjacent Cu() ions is very weak, which is also illus-
trated by the absence of a maximum in the χm versus T  curve
above 1.89 K.

The magnetic behavior of 2 exhibits an antiferromagnetic
exchange interaction between adjacent Cu() ions, which is
similar to that of 1. The best fit for the temperature-dependent
magnetic susceptibility in the temperature range 1.9–250 K,
using eqn. (1), gives θ = �2.167 K, C = 0.419 emu K mol�1 and
R = 4.2 × 10�5; the g value obtained from the Curie–Weiss
constant C is 2.11, which is also slightly larger than the average
g value measured by EPR (2.04).

Conclusion
In summary, the crystal structures of two ion-pair complexes,
which consist of 1-(4�-R-benzyl)pyridinium (R = NO2 (1), Br
(2)) and bis(maleonitriledithiolato)cuprate(), have been
determined, and the results reveal that the stacking patterns for
these two complexes are different from the complexes of Ni()
and Pt(), in that the anions and cations do not form well-
separated stacking columns. The packing models in 1 and 2 are
also different from each other although the difference between
the molecular structures of these complexes is only the sub-
stituent of benzene, and the difference may originate from
the intermolecular interactions between cations and anions.
Complex 1 crystallized in the P1 space group, its ferroelectric
property was measured, which shows a hysteresis loop and a T c

of 377 K; quantum chemistry calculation further indicate there
is a non-zero dielectric dipole in the unit cell. The possible
mechanism of ferroelectric behavior for complex 1 is mainly
based on the ion displacement in terms of the analysis of the
crystal structure and quantum chemistry calculations. To our
best knowledge, this complex is first example with ferroelectric
property. Further investigations of the ferroelectric property
of 1 are in progress. Our results suggest a possibility that a new

Fig. 11 Plots of χm versus T  for 1 and 2 (� experimental values,
— best fit curve).

ferroelectric material family might be discovered by rationally
designing ion-pair complexes with dipole moments, and we are
actively pursuing this line of research.
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