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Crystal structures and magnetic properties were determined for two novel compounds, [1-(4′-iodobenzyl)-
pyridinium][M(mnt)2] (mnt2- ) maleonitriledithiolate; M) Ni (1) or Cu (2)). At room temperature, single
crystals of1 and2 were isostructural, featuring the formation of segregated columnar structures with regular
stacks of cations and anions. For crystal1, a magnetic transition was observed at∼120 K; furthermore, its
magnetic behavior was consistent with that of a regular Heisenberg antiferromagnetic (AFM) chain ofS )
1/2 in the high-temperature phase (HT phase) and that of a spin-gap system in the low-temperature phase (LT
phase). Such a phenomenon is similar to the spin-Peierls transition. However, the crystal structure of1 in the
LT phase at 100 K revealed that its structural transition is associated with the magnetic transition. Because
crystal2 (S) 0) did not exhibit a structural transition, the structural transition of1 is driven by spin-lattice
interaction.

Introduction

Crystalline materials that possess switch property and memory
transduction have a great potential to be used in molecular spin-
electronic or “spintronic” devices, such as next-generation
sensors, molecular switches, and memory devices.1-3 One of
the most spectacular examples of such materials is the spin-
crossover compound, in which a molecular species containing
an octahedrally coordinated transition metal ion with a 3dn (n
) 4-7) electronic configuration exhibits a crossover between
a low-spin state and a high-spin state under external perturba-
tions (change of temperature, application of pressure, light
irradiation, or pulsed magnetic field).3,4 Another molecular
system that has demonstrated a spin-switch property is that of
a radical compound with a quasi-one-dimensional (quasi-1D)
stacking structure. In such a compound, the magnetic interac-
tions within a stack are governed by the intermolecularπ orbital
overlap as well as the spin-polarization effect; thus, the property
of the magnetic exchange is sensitive to the intermolecular
contacts; upon application of an external perturbation (that
causes a change in the intermolecular contacts), the spin
transition presumably occurs.2,5,6

Our studies have focused on the design, preparation, and
investigation of a novel spin-transition molecular system that
is based on the molecular architecture of [M(mnt)2]- (mnt2- )
maleonitriledithiolate; M) Ni, Pd, or Pt). The formation of
columnar stacks is favorable because such molecules possess
(1) a flat molecular and extended electronic structure and (2)
intermolecular interactions between [M(mnt)2]- anions, such as

π-π stacking, S‚ ‚ ‚S, or S‚ ‚ ‚M interactions. The magnetic
exchange characteristic is highly sensitive to the intermolecular
contacts and the overlap pattern between neighboring anions.
For example, in the case of adjacent anions of the [M(mnt)2]-

overlap in a slipped M-over-S configuration, the spin-polariza-
tion effect between the large positive spin densities on the M
ions and the small negative spin densities on the S atoms of
the adjacent anions of [M(mnt)2]- may lead to a ferromagnetic
(FM) interaction; in contrast, direct contacts between S‚ ‚ ‚S or
M‚ ‚ ‚M may result in an antiferromagnetic (AFM) interaction6

that an external perturbation could trigger a spin transition.
Accordingly, a key issue in our research is the control of the
[M(mnt)2]- anions during the columnar arrangement. Because
the stacking pattern of the [M(mnt)2]- anions strongly depends
on the molecular topology of the countercation, we proposed
that the formation of a quasi-one-dimensional magnet of
[M(mnt)2]- was attainable by modifying the molecular structure
of the countercation. Derivatives of benzylpyridinium ([RBz-
Py]+) can serve as flexible cations that can be adjusted via
modifying the nature of the groups on the aromatic rings.7,8

Consequently, we have recently prepared a series of [RBzPy]-
[M(mnt)2] ion-pair compounds (the substituent groups of the
cation and the metal ions of the anion are listed in Table 1)
that form a structure with segregated stacks of cation and anion
and show a spin-Peierls-like transition.9 Unfortunately, some
interesting features of this series of compounds remain poorly
understood; for example, although all compounds are isostruc-
tural at room temperature (the anionic stack is regular in the
high-temperature (HT) phase), magnetostructural transition was
observed for some compounds, whereas only magnetic transi-
tion, for others. To investigate this puzzling phenomenon, we
have carried out the design, synthesis, and structural charac-
terization of a series of compounds that do not possess a spin.

Herein, we report on two ion-pair compounds [IPyBz]-
[M(mnt)2] (IPyBz+ ) 1-(4′-iodobenzyl)pyridinium; M) Ni or
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Cu). The crystals of these two compounds are isostructural with
each other at room temperature, in which the segregated stacks
of cations and anions are regular. The [Ni(mnt)2]- compound
formed a one-dimensional regular AFM chain system withS)
1/2, which exhibited an abrupt drop in magnetic susceptibility
(a spin-Peierls-like transition) below∼120 K, whereas the
[Cu(mnt)2]- compound (without spin) did not show a structural
transition.

Experimental Section

Preparation of Compounds. Na2mnt, [IPyBz]Br,7 and
[IPyBz]2[M(mnt)2] (M ) Ni or Cu) were prepared according
to published procedures.10

[IPyBz][Ni(mnt) 2] (1). To a solution of [IPyBz]2[Ni(mnt)2]
(932 mg, 1.0 mmol) in acetonitrile (5 mL) was added I2 (150
mg, 0.6 mmol) and methanol (30 mL). The mixture was stirred
for 10 min and then placed in a refrigerator at 4°C for 24 h.
The resulting brown microcrystalline was collected by filtration,
washed with methanol, and dried under vacuum (yield: 520
mg, 82%). Single crystals suitable for X-ray structure analysis
were obtained by diffusing diethyl ether into an acetonitrile
solution of 1. Elemental analysis: Calcd for C20H11N5S4INi:
C, 37.8; H, 1.75; N, 11.0%. Found: C, 37.9; H, 1.91; N, 10.9%.

[IPyBz][Cu(mnt) 2] (2). The procedure as described above
for 1, but with [1-(4′-iodobenzyl)pyridinium]2[Cu(mnt)2] as the
starting material, was followed to afford2 (yield: 442 mg, 69%).
Single crystals suitable for X-ray structure analysis were grown
by slowly cooling an acetonitrile solution of2. Elemental
analysis: Calcd for C20H11N5S4ICu: C, 37.5; H, 1.73; N, 10.9%.
Found: C, 37.3; H, 1.75; N, 10.6%.

Magnetic Susceptibility and Heat Capacity Measurements.
Magnetic susceptibility measurements for polycrystalline samples
over the range 2-350 K and for a crystal with dimensions of
3.0 × 1.0 × 0.2 mm3 and a mass of 0.40 mg over the range
2-300 K were carried out using a Quantum Design MPMS-
XL superconducting quantum interference device (SQUID)
magnetometer under 1.0 T. Heat capacity measurements were
performed following the relaxation method using a Quantum
Design Physical Property Measurement System (PPMS) over
the range 2-150 K on both heating and cooling processes. A
crystal with dimensions of 3.0× 1.0× 0.2 mm3 and a mass of
0.40 mg was attached to the sample platform with a small
amount of grease.

X-ray Structural Analyses. Crystallographic data were
collected using a Rigaku Raxis-Rapid diffractometer with Mo
KR (λ ) 0.710 73 Å) radiation from a graphite monochromator.
Structure refinements were performed using the full-matrix least-
squares method onF2. Calculations were performed using
SHELXL-97 software packages.11 Parameters were refined using
anisotropic temperature factors, with the exception of those for
the hydrogen atom. The hydrogen atoms were introduced at
calculated positions. Details of the crystal parameters, data
collection, and refinement for1 and 2 at 293 and 100 K are
summarized in Table 2. The bond lengths for the [M(mnt)2]-

(M ) Ni or Cu) anions, along with their estimated standard
deviations, are listed in Supporting Information Table S1. Some
important intermolecular distances are listed in Table 3. The
determination of the crystal structure of1 at low temperatures
(below∼140 K) was further complicated by the inaccuracy of
the data due to diffuse scattering that is driven by magnetoelastic
interactions. To minimize the effect of diffuse scattering, the
diffraction intensities of1 at 100 K were obtained using a
reduced exposure time of 40 s. Although the crystal structure
was consequently solved and refined, parameters such as wR2

and R1 remained somewhat high. Nonetheless, the main
difference in the structures of the HT and low-temperature (LT)
phases was undoubtedly in accordance with the crystal data
analyses.

TABLE 1: Reported Compounds in the Series of
[R1R2R3BzPy][M(mnt) 2] that Exhibit a Magnetic Transition

R1 R2 R3 M reference

I H H Ni present paper
NO2, Cl, Br H H Ni 8a
F H H Ni 8b
CN H H Ni 8c
NO2, Cl, Br H H Pt 8d
Br H F Ni 8e
Br NH2 H Ni 8f
CN NH2 H Ni 8g
Cl NH2 H Ni 8h
vinyl H H Ni 8i

TABLE 2: Crystallographic Data for 1 and 2 a

1 (293 K) 1 (100 K) 2 (293 K) 2 (100 K)

molecular formula C20H11IN5NiS4 C20H11IN5NiS4 C20H11IN5CuS4 C20H11IN5CuS4

CCDC no. CCDC-260866 CCDC-260867 CCDC-260868 CCDC-260869
Mr 635.18 635.18 640.03 640.03
space group P21/a P1h P21/a P21/a
a/Å 7.6048(15) 7.387(3) 7.625(1) 7.473(2)
b/Å 26.742(5) 26.18(1) 26.524(6) 26.373(9)
c/Å 12.057(2) 11.886(8) 11.984(3) 11.883(4)
R/deg 90 88.57(2) 90 90
â/deg 102.727(3)° 77.28(2) 102.614(9) 102.34(1)
γ/deg 90 87.29(2) 90 90
V/Å3 2391.8(8) 2239(2) 2365.3(8) 2287(1)
Z 4 4 4 4
µ/mm-1 2.469 2.637 2.600 2.688
λ/Å 0.710 73 0.710 73 0.710 73 0.710 73
F/g cm-3 1.764 1.884 1.797 1.858
R1 0.0471 0.248 0.039 0.028
wR2 0.1144 0.559 0.128 0.074

a R1 ) ∑(||F0| - |Fc||)/∑|F0|, wR2 ) ∑w(|F0|2 - |Fc|2)2/∑w(|F0|2)2]1/2.
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Details about Molecular Orbital Calculations. Extended
Hückel molecular orbital calculations12awere carried out using
the CAESAR2 and SAMOA program packages.12b Double-ú
Slater-type orbitals13 were used for the C, N, and S atoms as
well as for the Ni 3d orbitals.

Results and Discussion

Magnetic Susceptibilities.The temperature dependence of
the magnetic susceptibility (øm) for polycrystalline1 is displayed
in Figure 1. The value ofømT per mole of1 at 350 K is 0.322
emu‚K‚mol-1, which is slightly lower than the expected value
for an independent spin ofS) 1/2. The initial smooth decrease
of the ømT values, with cooling temperatures, is indicative of
antiferromagnetic exchange interactions between the nearest
neighboring spins. The abrupt drop of theømT value at∼120
K implies the occurrence of a magnetic transition. The
subsequent drop to zero at around 90 K indicates that1 is nearly
diamagnetic below 90 K. When the temperature was increased
from 2 to 350 K, a very small hysteresis loop (less than 1 K)
was detected, as illustrated in the inset of Figure 1. Temperature
dependences of the magnetic susceptibility of a single crystal
at 1.0 T parallel to thea- andc-axes (cf. Supporting Informa-
tion Figure S1) nearly coincided with each other but parallel
to the b-axis exhibited small differences from the other two
cases.

Crystal Structures. Because1 and2 are isostructural at 293
K, only the detailed structure of1 is presented. The asymmetric
unit within a cell that is comprised of a coupled [Ni(mnt)2]-

anion and IPyBz+ cation of1 is shown in Figure 2a. Most of
the bond lengths and angles are in good agreement with those

of various [Ni(mnt)2]- compounds.9 Both the anions and the
cations constructed segregated stacks that were parallel to the
a-axis (Figure 2b and c). Within an anionic stack, the face-to-
face anions slid along theb-axis, to eclipse each other. The
distances between the [Ni(mnt)2]- molecular planes, which are
defined by the Ni ion and four coordinated S atoms, areh1 )
3.602 Å andh2 ) 3.635 Å (Figure 3a), while the adjacent Ni‚
‚ ‚Ni distances are identical (d1 ) d2 ) 3.981 Å), even if the
atoms lie on a general point position (cf. note 14). Within a
cationic stack, the neighboring cations overlap in a boat
conformation, as illustrated in Figure 3b. The central-to-central
distances of the adjacent benzene rings arec1 ) c2 ) 4.598 Å,
and the corresponding interplanar spaces areg1 ) 3.699 andg2

) 3.885 Å.
In crystal2, the [Cu(mnt)2]- anions and the IPyBz+ cations

are stacked in columns that are similar to those in1. The bond

Figure 1. Plots oføm andømT vs T of a polycrystalline sample of1.
(upper) Open circles represent experimental data; the solid lines
represent the best fit data. (bottom) Plot ofømT reproduced by
subtracting the contributions of diamagnetism and possible van Vleck
paramagnetism (see text).

TABLE 3: Intermolecular and Interplane Distances (Å) in
Both the HT and LT Phases

1 (293 K) 1 (100 K) 2 (293 K) 2 (100 K)

d1 3.981 3.719 4.004 3.913
d2 3.981 3.889 4.004 3.913
h1 3.602 3.512 3.578 3.499
h2 3.635 3.518 3.582 3.450
c1 4.598 4.393 4.579 4.489
c2 4.598 4.535 4.579 4.489
g1 3.699 3.574 3.714 3.636
g2 3.885 3.793 3.898 3.826

Figure 2. (a) Molecular structure of1 and the segregated stacks of
cations and anions along thea-axis; (b) top view; (c) side view.
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lengths and angles for the [Cu(mnt)2]- anion are in good
agreement with those for [TBA][Cu(mnt)2]15 (summarized in
Supporting Information Table S1). To highlight the comparisons
to 1, important intermolecular distances are listed in Table 3
and illustrated in Figure 3; these includec1 andc2 (center-to-
center distances of neighboring benzene rings),d1 and d2

(distances of intermetal ions in an anionic stack),g1 and g2

(interplanar distances between neighboring benzene rings), and
h1 andh2 (interplanar distances between the mean plane defined
by the M ion and coordinated S atoms).

For 1, the space group decreases fromP2(1)/a in the HT
phase toP1h in the LT phase at 100 K.15 Moreover, the
asymmetric unit switches from a IPyBz+ and [Ni(mnt)2]- pair
in the HT phase into two ion pairs in the LT phase. Although
the molecular structures are nearly identical, distinct differences
were observed between the stacking structures in the LT and
HT phases. At the phase transition, nonuniform compression
and slippage of both the cation and the anion stacks cause (1)
alternating distances of the adjacent Ni‚ ‚ ‚Ni in an anionic stack
(d1 ) 3.719 Å andd2 ) 3.889 Å) and (2) distortion within a
cationic stack as reflected in the central-to-central separations
between adjacent benzene rings (g1 ) 4.393 Å andg2 ) 4.535
Å). The temperature dependences of the relative lattice param-
eters, which are defined asPcell(T)/Pcell(293 K), wherePcell(T)
andPcell(293 K) represent the cell parameters atT and 293 K,
respectively, are depicted in Figure 4. Upon cooling to 120 K,
all parameters decrease smoothly without any significant

discontinuous change; below 120 K, however, a sharp drop is
observed, thus indicating the existence of a structural transition
in 1.

Except for the shorter intermolecular distances at the lower
temperature, the molecular and stacking structures for crystal2
at 100 and 293 K were nearly identical. In contrast to1,
however, uniform compression upon cooling was observed;
specifically, the Cu‚ ‚ ‚Cu distance between adjacent anions in
a stack and the central-to-central distance between adjacent
benzene rings remained unchanged (Supporting Information
Table S1), thus implying that a structural transition does not
occur for2.

Heat Capacity.The results of the heat capacity measurements
for 1 are shown in Figure 5. A sharp thermal abnormality with
λ shape was observed at∼120 K. Although theCp(T)-T plots
in the heating and cooling procedures are superimposable, a
small but significant supercooling/heating phenomenon (less
than 1 K), which coincided with the small hysteresis loop in
the susceptibility measurements, was observed. Furthermore,
the peak temperature at 117 K in the heating procedure coincides
with the temperature at which the abrupt drop of magnetic
susceptibility occurs. The transition in1, therefore, is not a spin-
Peierls transition.

In the first-order approximation, a normal heat capacity would
appear as a smooth curve.16 Upon subtraction of the contribution
of such a normal heat capacity, the excess heat capacity around
the transition is displayed in the inset of Figure 5. The entropy
of this transition (which includes the contribution of both
structural and spin) is estimated as 4.34 J‚K-1‚mol-1. Because
this value is lower than the theoretical maximum of spin entropy
for a mole ofS) 1/2 ion (R ln 2 ≈ 5.76 J‚K-1‚mol-1),17 it can
be suggested that a substantial short-range order persists over
the temperature of the transition of1. The short-range order is
an indication of a lowered dimensionality of the magnetic spin
system and is consistent with the chain structure of the
[Ni(mnt)2]- anions in crystal1.18

Structurally, crystal1 should exist as a nearly perfect 1D spin
system because the anionic stacks are separated by the diamag-
netic cationic stacks. Magnetic interactions between the anionic
stacks, therefore, should be significantly less than that within
an anionic stack. Qualitative theoretical analyses of the magnetic
exchange interactions between the nearest spins in both the HT

Figure 3. Separations (Å) between neighboring ions within (a) an anion
stack and (b) a cationic stack.

Figure 4. Temperature dependence of the relative cell parameters of
1, which is defined asP(T)/P(293 K), whereP(T) represents the lattice
parameters atT K.

Figure 5. Temperature dependence of the molar heat capacity of1.
The open stars and circles represent data in heating and cooling
processes, respectively. The inset shows the excess heat capacity around
the phase transition temperature.
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and LT phases were carried out using the extended Hu¨ckel
molecular orbital calculation.12 With respect to a spin system
with AFM exchange interaction, the magnetic exchange energy
(JAF) between two spin sites (spin dimer) is described as

where the spin-orbital interaction energy (∆e) is defined as
the energy split between the two magnetic orbitals of a
[Ni(mnt)2]2

2- spin dimer andUeff is the effective on-site
repulsive energy (nearly constant for a defined magnetic solid).
Therefore,JAF can be estimated with reasonable accuracy using
the corresponding (∆e)2.19,20Spin interactions between adjacent
spins in both the HT and LT phases are schematically illustrated
in Figure 6. The results of the calculations are presented in Table
4. The values of (∆e)2 show that the magnetic interactions of
J1 andJ2 within a stack are identical, whereas those ofJ3, J4,
andJ5 between the stacks are zero in the HT phase. In the latter
three cases, the corresponding highest occupied molecular orbital
(HOMO) exists as a 2-fold degeneracy. Therefore, magnetic
interactions do not exist between two spin sites, and the energy
split between the two magnetic orbitals is zero. These results
demonstrate that this spin system is a perfectly regular one-
dimensional AFM chain in the HT phase. Within a stack in the
LT phase, however, the regular magnetic chain in the HT phase
is distorted to yield unequal values ofJ1 andJ2. Moreover, finite
magnetic interaction between stacks was observed. The magnetic
behavior of1 in the HT phase is approximately described as
that of a uniform Heisenberg linear chain system. Magnetic
susceptibility in the HT phase was simulated by a regular

Heisenberg model of linear chain withS ) 1/221 using

whereX ) kBT/|J|, in whichJ is the magnetic exchange constant
of the neighboring spins in a magnetic chain, the coefficients
A-F in the power series areA ) 0.25, B ) 0.149 95,C )
0.300 94,D ) 1.9862,E ) 0.688 54, andF ) 6.0626, andø0

represents the sum of the diamagnetic and the Van Vleck
paramagnetic components. The best fit to eq 2 resulted in|J|/
kB ) 46.0 K andø0 ) -2.6 × 10-4 emu‚mol-1 with a fixed
value of g ) 2.017.22 Because the magnetic susceptibility
exhibited a spin-gap feature in the LT phase, best fit calculations
were carried out using23

where the fitting parameters areR ) 17.2 emu‚K-1‚mol-1, ∆
) 606.2 K,C ) 1.0 × 10-3 emu‚K‚mol-1, andø0 ) -1.4 ×
10-4 emu‚mol-1.

The observed phenomena in1 are very similar to that of a
spin-Peierls transition. However, evidence obtained from the
crystal structure analyses in the HT and LT phases as well as
the temperature dependence of the lattice parameters clearly
demonstrate that the transition is that of a magnetostructural
type. In contrast, crystal2, which is isostructural with1 and is
diamagnetic, does not exhibit a structural transition over the
same temperature region. These observations imply that spin-
lattice interactions play an important role in the structural
transition of1 and that the structure transition of1 is driven by
spin-lattice interactions.

Conclusion and Remarks
Investigations were carried out to study a peculiar magnetic

transition for [IPyBz][Ni(mnt)2] (1), which is typically a regular
Heisenberg AFM linear chain in the HT phase but opens a spin
gap in the LT phase. Such behavior is similar to that of a spin-
Peierls transition. A sharp thermal anomaly with aλ shape,
which corresponded with this transition inCp measurements,
indicated the transition is a first-order one. A supercooling/
heating phenomenon consisting of a small hysteresis loop (less
than 1 K) was observed in magnetic susceptibility measure-
ments. Crystal structural analyses, above and below the transi-
tion, as well as the temperature dependence of the cell
parameters revealed that the transition is that of a magneto-
structural type. In contrast, a structural transition was not
observed for2, which is diamagnetic and isostructural with1
at room temperature. These results indicate that the structural
transition in1 is driven by spin-lattice interactions.
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Figure 6. Schematic (a) top and (b) side views of the spin dimers in
crystal1. J1 andJ2 represent magnetic exchange interaction within a
stack, whereasJ3, J4, andJ5 represent those between stacks.

TABLE 4: Values of (∆e)2 a and Ni‚ ‚ ‚Nib Distances of
Various Spin-Exchange Paths at 293 and 100 K for 1,
Where the Spin Dimers Were Identified by Specifying Their
Ni‚ ‚ ‚Ni Distances

293 K 100 K

spin dimer distance (∆e)2 distance (∆e)2

(a) Intrastack
J1 3.981 8226 3.719 450644
J2 3.981 8226 3.889 21228

(b) Interstack
J3 11.876 0 11.654 2025
J4 15.038 0 14.808 2025
J5 14.617 0 14.433 2025

a In units of (meV)2. b In units of Å.

JAF ∝ -
(∆e)2

Ueff
(1)

øm )
Ng2µB

2

kBT
A + BX-1 + CX-2

1 + DX-1 + EX-2 + FX-3
+ ø0 (2)

øm ) R
T

exp(-∆/T) + C
T

+ ø0 (3)
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