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ABSTRACT: The electrochemical oxidation of an acetone
solution containing [Mn"" (5-MeOsaltmen)(H,0)],(PF), (5-
MeOsaltmen®~ = N,N'-(1,1,2,2-tetramethylethylene ) bis(S-meth-
oxysalicylideneiminate)) and (NBu,)[Ni(dmit),] (dmit*~ =
2-thioxo-1,3-dithiole-4,S-dithiolate) afforded a hybrid material,
[Mn(5-MeOsaltmen)(acetone)],[Ni(dmit),]¢ (1), in which
[Mn, > single-molecule magnets (SMMs) with an St = 4 ground
state and [Ni(dmit),]" molecules in a charge-ordered state (n =0
or 1) are assembled in a layer-by-layer structure. Compound 1
crystallizes in the triclinic space group P1 with an inversion center
at the midpoint of the Mn - - - Mn dimer. The [Mn,]** unit has a
typical nonplanar Mn(III) dimeric core and is structurally con-
sistent with previously reported [Mn,] SMMs. The six
[Ni(dmit),]"" (n =0 or 1) units have a square-planar coordina-
tion geometry, and the charge ordering among them was assigned
on the basis of ¥(C=C) in IR reflectance spectra (1386, 1356,
1327, and 1296 cm™'). The [Mn,]** SMM and [Ni(dmit),]"~
units aggregate independently to form hybrid frames. Electronic conductivity measurements revealed that 1 behaved as a
semiconductor (o, =2.1 X 10 ' Q-cm ™, E, = 97 meV) at ambient pressure and as an insulator at 1.7 GPa (p; 7Gp, = 4.5 Q- cm ),
E, = 76 meV). Magnetic measurements indicated that the [Mn,]** units in 1 behaved as St = 4 SMM:s at low temperatures.
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1. INTRODUCTION

In the field of molecular material science, the design of
multifunctional materials, such as magnetic/conducting bifunc-
tional materials, has been intensively studied." A general method
for designing such materials involves the hybridization of in-
dividual parts with magnetic and conducting frames via molec-
ular self-assembly. Coronado et al. reported the first hybridized
materials consisting of ferromagnetic layers of [Mn"Cr™(ox);]™
(ox = oxalate’”) and metallic layers of bis(ethylenedithio)-
tetrathiafulvalene (BEDT-TTF) or bis(ethylenedithio)tetra-
selenafulvalene (BETS) molecules.” Many hybridized materials,
such as paramagnet/superconductor, ferromagnet/supercon-
ductor, and ferromagnet/metal, have been prepared.”*
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These compounds are hybridized materials based on molec-
ular conductors and classical magnets. However, material scien-
tists have been most interested in the correlation between
relaxing local spins and conducting 77 electrons in superpara-
magnetic/conducting hybrid materials from the viewpoint of
developing quantum spintronics. Single-molecule magnet
(SMM) properties are attributed to intrinsic characteristics of
the individual molecule, that is, high-spin ground state (St) and
uniaxial anisotropy, which is indicated by a large negative D and a
small E in relation to the following Hamiltonian anisotropy term:
H = DSy,” + E(St.> — STyZ). The large D and small E values
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cause a finite energy barrier (A) between spin-up and spin-down
my states (m, = £ St) expressed as |D|ST2 for integer values of St

(Lo~ T O

X =S, BEDT-TTF 070 =N OH
X =Se, BETS oxalate Hhmp
NC~_-S_ S-_-CN
59N
Nc— 8 ‘s~ ~cN

Pt(mnt),

—N_ N—
N\
o
S5 S8 R o Yo R
s—~¢ s

s
l s>= [Mn(5-Rsaltmen)]** (R = Me, MeO)

M(dmit), (M = Ni, Pd, Au)

and |D|(ST2 — 1/4) for half-integer values of St. Therefore,
SMMs exhibit slow relaxation of the magnetization and quantum
phenomena, such as quantum tunneling of the magnetization
(QTM) between quantum states of m,, which can be tuned via A
or decoherent energy levels of the quantum states.> ' We have
been interested in the correlations between relaxing local spins
and conducting 7T electrons in superparamagnetic/conducting
hybrid materials. From recent results of studies on SMM-based
supramolecular oligomers and networked compounds,'>” ' the
inter-SMM interactions have a small effect on both SMMs via the
conducting electrons.

Miyasaka et al. have suggested that SMMs can be used as
magnetic building blocks to prepare molecular assemblies.'” In
developing their work on crystal engineering based on SMM or
anisotropic molecule building blocks, their group has designed
new classes of magnetic materials, including single-chain magnets
(SCMs) and multidimensional SMM networks, which they call
nanodot networks.''®?® Recently, they reported the first ex-
ample of hybrid materials with both SMMs and molecular
conducting layers.”" This material involves a Coulomb pair of a
cationic SMM, double-cuboidal mixed valence [Mn,]*" clusters
of [MnHzMnHIz(hmP)é(MeCN)z(Hzo)4](C104)4 (hmp =
2-hydroxymetylpyridinate(—), MeCN = acetonitrile),>* and an
anionic molecular conductor, (BuyN)[Pt(mnt),] (mnt*~ =
maleonitriledithiolate(2—)).>* Electrochemical oxidation of a
solution containing both starting building blocks yielded a hybrid
compound containing six [Pt(mnt),]"", where n = noninteger
valence, per [Mn,]*" SMM core, which behaves as an SMM/
semiconductor. However, diffusion of the starting materials led
simply to a counterion exchange reaction, affording an assembly
with four [Pt(mnt),]~ molecules per [Mn,]*" SMM, which acts
as a SMM/insulator. Another type of SMM/semiconductor or
insulator, [ Mn(5-MeOsaltmen)(solvent) ],[Ni(dmit), ], - 4(solvent)
(solvent = acetone or MeCNj; dmit*~ = 2-thioxo-1,3-dithiole-4,5-
dithiolate) and [ Mn(5-Rsaltmen) { M(dmit), } ], (R =Me, MeO; M =
Ni, Au), has been prepared in order to improve the conduction
properties”™ because [M(dmit),]" has better electronic conduc-
tivity than [Pt(mnt),]"" does due to a smaller HOMO—LUMO gap
and because it prefers to interact with other molecules in three
dimension.*®

Another method to change the physical properties of hybri-
dized materials is to change the ratio of the cation and anion. The
ratio and the molecular arrangements of the hybrid materials
affect their physical properties.”” Previously, we reported the new
hybrid material [Mn(5-MeOsaltmen)(acetone)],[Ni(dmit),]e

(1).2® Although this material is a SMM/semiconductor, it has a
peculiar electronic state. In this paper, the electronic state of 1 is
discussed on the bases of crystal structure, electrical conductivity,
magnetic susceptibility, infrared reflectance spectra, and band
calculations.

2. EXPERIMENTAL SECTION

2.1. Preparation and Crystal Structure Determination of
[Mn(5-MeOsaltmen)(acetone)][Ni(dmit),]e (1). Single crystals
of radical cation salt 1 were prepared by electrochemical crystallization
of an acetone solution of [Mn(5-MeOsaltmen)(H,0)][PFs] and
(BuyN) [Ni(dmit), ], as previously reported.”®>° The chemical formula
of the complex was determined on the basis of elemental and X-ray
crystal structural analyses. Crystallographic data for 1: chemical formula,
C43H3,MnN,Ni;O5S30; crystal system, triclinic; space group, P1; a =
10.115(2) A; b = 12.998(3) A; ¢ = 25.374(6) A; a = 97.322(3)°, B =
97.076(3)°% y = 98.119(3)%; Z = 2.2

2.2. Band Calculations. Intermolecular overlap integrals (S)
between the frontier orbitals were determined by using extended Huckel
molecular orbital (MO) calculations. The semiempirical parameters for
the Slater-type atomic orbitals were taken from the literature.>' Transfer
integrals, t, were calculated by using the equation t = —10S.

2.3. Magnetic Susceptibility Measurements. The magnetic
susceptibility of 1 (15.7 mg) was measured on a Quantum Design
SQUID magnetometer (MPMS-XL) in the temperature and direct
current (dc) field ranges of 1.8—300 K and —7 to +7 T, respectively.
Alternating current (ac) susceptibilities were determined in the fre-
quency range of 1—1488 Hz with an ac field amplitude of 3 Oe. A
polycrystalline sample of 1 embedded in liquid paraffin was used for the
measurements. Experimental data were corrected for the sample holder,
including the liquid paraffin, and for the diamagnetic contribution
calculated from Pascal constants.*>

2.4. Electrical Resistivity Measurements. The temperature
dependence of the electrical resistivity of 1 was measured by using a
standard four-probe method at ambient pressure. Gold wires (15 um
diameter) were attached to the crystal with carbon paste. High-pressure
resistivity measurements on 1 were performed in the range of 0.2—1.7
GPa using a clamp-type piston-cylinder high pressure cell.*®

2.5. IR Reflectance Spectroscopy. Polarized reflectance spectra
were acquired in the Spring-8 BL43IR beamline with a microscope.
The spectral resolution was 4 cm . The light polarization was set
parallel (|| @) and perpendicular (L b*) to the stacking directions in
the two-dimensional (2-D) sheets or almost parallel to the c axis, which is
almost parallel to the long axis of [Ni(dmit),].

3. RESULTS AND DISCUSSION

3.1. Structural Features of 1. Figure 1 shows the structural
features of 1.® The asymmetric unit has one crystallographi-
cally independent [Mn(S-MeOsaltmen)(acetone)]” and three
[Ni(dmit),] molecules. There are inversion centers at the midpoint
of the Mn* + - Mn vector of the cationic [Mn(5-MeOsaltmen)-
(acetone)],”* dimers. The dimer unit has a typical nonplanar
Mn(III) dimeric core and is structurally consistent with other
reported [Mn], SMMs.>* The nickel ions in the anions have
square planar coordination geometries similar to those of other
d” metal ion complexes. Bond lengths and angles of [Ni(dmit), ]
are in the same range found in other 1:3 radical anion salts of
[Ni(dmit),], such as [Co(#-CsHs),] [Ni(dmit)2]3,35 (NBu)g -
[Ni(dmit),],** (TPP)[Ni(dmit),]5 (TPP = tetraphenylphospho-
nium),” and [TSF][Ni(dmit),]; (TSF = tetraselenafulvalene).*®
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Figure 2. Temperature dependence of the resistivity of 1 from ambient
pressure to 1.5 GPa.

In this crystal, the cationic dimers and the anions form layers
parallel to the ab plane. In the [Mn™],** dimer layer, there is
no significant interaction between the dimers through w—m
contacts as observed in [Mn(5-MeOsaltmen)(acetone)],[Ni-
(dmit),], - 4acetone (Figure 4).** In the anionic layer, a one-
dimensional columnar structure is formed by stacks of the three
[Ni(dmit),] molecules in the following arrangement, - - -
[Ni(1)]—[Ni(2)]—[Ni(3)] - [Ni(3)] - [Ni(2)] - [Ni(1)] - - -. In-
termolecular interactions through sulfur—sulfur contacts
(3.546—3.679 A) shorter than the sum of the van der Waals
radii (3.7 A) between the anionic molecules are present along the
stacking direction and the b axis. In this salt, three [Ni(dmit), ]
asymmetric molecules have a total valence of —1. The electronic
state of the [Ni(dmit),] moiety in 1, which is either a uniform

LUMO

HOMO

Figure 3. HOMO and LUMO of the neutral state of a [Ni(dmit),]
molecule in 1.

charged trimer state or a charge-ordered state, is discussed later
on the basis of IR reflectance spectra.

3.2. Electrical Resistivity. Figure 2 shows temperature de-
pendence of the electrical resistivity of 1 under various pressures.
Compound 1 exhibited semiconducting behavior with a small
activation energy (py = 2.1 X 10" Q-cm™ ', E, = 97 meV) at
ambient pressure. Although the activation energy slightly de-
creased at 1.7 GPa, 1 behaved as an insulator (0,7 gpa = 4.5
Q-cm ™!, E, = 76 meV). The application of pressure controlled
the electronic structure by changing the intermolecular interac-
tions, as observed for other molecular conductors.***~*! The
mechanism for this behavior depends on the origin of the
insulating state at ambient pressure. The pressure experiments
suggest that the band of the insulating state of 1 is 1/6 full. The
character of the insulating state of 1 is further discussed on the
basis of spectroscopic and magnetic studies. The resistivity
curves can be classified into two groups and are discussed in
the next section.

3.3. Energy Band Calculation. The energy band structure of
1 was calculated using an extended Huckel MO tight-binding
method with the structural data. Figure 3 shows the HOMO and
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Table 1. Calculated Overlap Integrals (S x 10%) between the
LUMOs of [Ni(dmit),] of 1
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ta1 “P1 hag Pl ia1 “P1 a4
Pop1h o b3n U=l - My :
- - - -
== I
Molecule 1 Molecule 2 Molecule 3
S (% 10%) S( x 10%) S (% 10%)
al —19 b1 0.26 pl —0.44
a2 —15 b2 0.21 p2 1.1
a3 2.0 b3 0.36 p3 —091
a4 -21 b4 —0.098

LUMO for the anion moiety of 1. The HOMO and LUMO are
characteristic of M(dmit), complexes. The HOMO of the
M(dmit), molecule has b;, symmetry, whereas the LUMO has
bye symmetry. The metal d orbital can mix with the LUMO but
cannot with the HOMO due to the symmetry, destabilizing the
HOMO and thus causing a small energy gap between the
HOMO and LUMO. The side-by-side intermolecular interac-
tions, which lead to the formation of a two-dimensional electro-
nic structure, have a larger contribution from the HOMO than
they do from the LUMO. This is because some of overlap
integrals (S) for the intermolecular S-S pairs are canceled
out due to the b,, symmetry of the LUMO.

The calculated S values between the LUMOs are listed in
Table 1 with a schematic drawing of their arrangement in the
anion moiety of 1. On the basis of the LUMO, a quasi-one-
dimensional structure is formed because S values within the
column (al—a4) are much larger than those involving the side-
by-side interactions (b1—b4 and p1—p3). The calculated energy
band structure formed from the LUMOs is shown in Figure S1
(Supporting Information). There are 12 separated narrow bands
from the LUMOs (see Table 1). Three of the [Ni(dmit),]
molecules in the assembly have one electron, meaning that the
band is 1/6 full (red bands in Figure S1). The calculations
indicate that 1 is a band insulator.

Applying pressure on organic conductors mainly affects the
bandwidth, W, and on-site coulomb repulsion, U. It appeared
that there was a greater effect on U when pressure was applied
during the resistivity measurements (Figure 2). The resistivity at
room temperature rapidly increased when the pressure was

0.5
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pob b e e

1000 1500 2000 2500 3000 3500 4000
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Figure 4. Polarized IR reflectance spectrum of 1 along the a axis at 300 K.

greater than 0.7 GPa. We believe that U increases rapidly above
0.7 GPa. Anisotropic measurements of the resistivity can reveal
the origin of the resistivity. However, the measurement is difficult
because the crystals of 1 were thin plates.

3.4. IR Spectrum. In order to investigate the electronic
structure of 1, polarized IR reflectance spectra were acquired in
the Spring-8 BL43IR beamline. Figure 4 shows a polarized IR
reflectance spectrum of 1 polarized along the a axis. The
reflectance (R(w)) spectrum for E || a had two distinct features:
a broad maximum around 1800 cm ™' with an edge structure
below 3000 cm ' and a low-wavenumber portion below
1500 cm ™', showing a few characteristic peaks. The broad
maximum was not observed for E || b and E || c. These features
indicate that 1 is a quasi-one-dimensional semiconductor. The
mid-IR peak in the R(w) spectrum mainly corresponds to an
intermolecular charge transfer (CT) transition typically observed
for various molecular conductors with quasi-one-dimensional
character.*” The two peaks observed at 1591 and 1690 cm '
were attributed to ¥(C=N) and v(C=0) of the cationic dimer
[Mn(5-MeOsaltmen) (acetone) ],>".

Figure S shows a magnification of the IR spectrum in Figure 4
in the range of 750—1500 cm ™" In this region, four peaks at
1386, 1356, 1327, and 1296 cm ', labeled v,_rich, v,_rich,
v_poor, and v, _poor, where v, and v, are the in-phase and out-
of-phase C=C stretching modes of Ni(dmit), and “rich” and
“poor” denote charge-rich and -poor molecules, respectively,
were observed. The four IR peaks are at positions similar to those
for other 1:3 [Ni(dmit),] salts.**>* A broad maximum around
1150 cm ™" with dips corresponding to ¥(C—S) (970 cm ™) and
v(C=S) (1050 cm ") stretching modes was assigned to a C=C
stretching mode. The broad maximum was attributed to an
electron-molecular vibrational (e-mv) interaction due to cou-
pling between the CT transition and a C=C stretching mode.
The electronic state of [M(dmit),] (M = Ni, Pd) can be
estimated from the peak position of the vibration modes of
the molecule because these peaks and the maximum are sensi-
tive to the charge.”> On the basis of the assignment of the vibra-
tional modes of neutral and reduced [Pd(dmit),] reported by
Yamamoto et al,,** the four peaks and the maximum in Figure 5
were assigned to a combination of the fundamental C=C
stretching modes v, and v, of the six [Ni(dmit),] molecules in
the symmetric unit of the crystal. Thus, considering the S in the
a direction, as described in section 3.3, the symmetric unit
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Figure 5. Polarized IR reflectance spectrum of 1 along the a axis from
750—1500 cm ™" at 300 K.

consists of a tetramer and a dimer: [ —Molecule3’=Molecule3—
Molecule2=Molecule1=Moleculel’= Molecule2’ —Molecule3'=],
where “=" and “—” represent large and small S in the a-direction,
respectively. This symmetric unit consists of two equivalent trimers
([=Molecule3—Molecule2=Molecule]=]) and one asymmetric
trimer ([=Molecule]l’=Molecule2’ —Molecule3'=]). Combinations
of in-phase and out-of-phase S’s between two trimers cause three
IR-active v, and three Raman-active ¥; modes. On the other
hand, only two ¥, modes belonging to the charge-poor and -rich
molecules should be observed in the IR spectra because the
asymmetric ¥, mode is not involved in the e-mv interaction and is
sensitive to the charge of the molecules. Therefore, there should
be five C=C stretching modes. In other words, our experimental
results are consistent with this argument. Interestingly, the
separation in the frequency between v, rich and v, poor is
similar to that between v,_rich and v,_poor. This phenomenon
indicates that the v;_rich and ¥; _poor modes are less perturbed
by the e-mv interaction. In other words, they are charge localized.
Thus, this spectrum strongly suggests that the electronic state of
the anion moiety is a charge-ordered state. On the other hand,
the line width of v;c is significantly broad as compared to the
corresponding mode in the anionic dimer (Bu,N)[Pd(dmit),].**
This observation suggests that a charge-rich molecule is sand-
wiched by charge-poor molecules, which favors large coupling with
the CT transition. The charge on [Ni(dmit),] can be estimated
from the IR spectrum, electrical resistivity, and energy band
calculations. From the spectrum, the charge is [neutral]—
[monoanion]—[neutral]. In other words, the neutral molecules
are Moleculel and Molecule3, and the anionic one is Molecule2.
This charge ordering occurs through weak interactions between
the anionic molecules. In the column, there are two neutral
molecules, [Moleculel] and [Molecule3]. The side-by-side in-
teractions between anionic [Molecule2] are very weak because
transfer integrals b2 and b4 are 0.21 and —0.0098. The anions
are arranged in quasi-one-dimensional S = 1/2 spin chains.
The charge-ordered state is supported by the electrical resistivity
measurements. Generally, molecular conductors in a charge-
ordered state exhibit metallic or superconducting behavior
under pressure because the charge-ordered state is broken by
pressure.45 In this case, however, the anionic molecules do not
affect each other due to the arrangement of the molecules and the
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Figure 6. Temperature dependence of y T of 1 measured at 500 Oe.

weak transfer integrals. DC magnetic susceptibility measure-
ments also support this charge-ordered state (see next section).

3.5. Magnetic Susceptibility. 3.5.7. DC Magnetic Suscept-
ibility. The temperature dependence of DC magnetic suscept-
ibility of a polycrystalline sample of 1 was studied in a 500 Oe
field in the temperature range of 1.8—300 K. Figure 6 shows a y T
versus T plot of 1. The value of yT slightly increased from
7.60 cm”-K-mol ' at 300 K to 7.86 cm®+K-mol ' at 70 K and
then slightly decreased to 7.74 cm®+K-mol " at 20 K. Ferro-
magnetic interactions between manganese ions were observed
around 8 K. This behavior is quite different from that of isolated
[Mn,]** SMMs. The 2:7 salt [Mn(5-MeOsaltmen) (acetone) ]»-
[Ni(dmit),], - 4acetone, which has a molecular packing similar to
1, exhibits ferromagnetic behavior, which is typical of isolated
[Mn™],>* SMMs.** The yT behavior of the 2:7 salt can be
simulated using a Heisenberg dimer model with S = 2, taking
into account zero field splitting (ZFS) of the Mn(III) ion (Dyy,):
H-= —2]§Mn1§Mn2 + 2DMnSMn,z2; where Sy, . is the z compo-
nent of the Sy,; spin vectors. In this case, however, the
value of T of 1 at 300 K is large compared to that of the Mn
dimer only (~6.0 cm®+K-mol ).* We think that this is due
to the contribution of the two Ni(dmit), units with S = 1/2 (see
previous section). The ¥ T behavior of 1 can be understood by
considering complicated interactions, such as the [Mn,]**- -
[Mn,]**, [Ni]" - - +[Ni]"", and [Mn,]**- - - [Ni]"". However,
we could not accurately fit the magnetic data for 1.

3.5.2. ac Magnetic Susceptibilities. The temperature depen-
dence of the ac susceptibilities was first measured in a 3 Oe ac
field and zero dc field changing ac frequencies from 1 to 1500 Hz.
However, both the in-phase ()') and out-of-phase () compo-
nents of the ac susceptibility of 1 were not frequency-dependent
at T > 1.8 K. Thus, the measurement was carried out in a 500 Oe
dc field. As shown in Figure 7, both " and " were frequency-
dependent at temperatures below 3 K, suggesting SMM beha-
vior. However, distinct )" peaks were not observed above 1.8 K,
even at an ac frequency of 1500 Hz.

From the temperature dependence of the ac susceptibilities of
1 in a dc field of 500 Oe in the T range of 1.8—2.2 K, shown in
Figure 8, an Arrhenius plot was plotted, as shown in Figure 9. The
values of 7y and A.g which were estimated from a least-squares
linear fit of 7(T) = 7o exp(Acg/kgT), were 1.06 x 107% s and
14.06 K, respectively. The value of 7y is smaller than those of
general SMMs (10~ to 10~% s). However, a few examples of
SMMs with slow relaxation times (~10"° s) have been
reported.*® In other words, compound 1 can be regarded as
a SMM.
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4. CONCLUSIONS

The electronic state of a structurally hybridized compound
comprised of SMM and conducting layers, [Mn(S-MeOsaltmen)-
(acetone) ],[Ni(dmit), ], was described. SMM and semiconduct-
ing characters coexisted in crystals of 1, although no correlations

between them could be deteced in the conduction and mag-
netic measurements. These results are similar to those for other
hybrid materials, such as [Mn(S-MeOsaltmen)(solvent)],-
[Ni(dmit),],-4solvent (solvent = acetone or acetonitrile).**
However, 1 has a much different electronic state than the 2:7 salts
have. Compound 1 was determined to be in a charge-ordered
state, which should exhibit superconducting or metallic behavior
in the conducting layers, although 1 behaved as a band insulator
under pressure. Furthermore, the SMM behavior of 1 indicates
that the SMM properties can be tuned by changing the combina-
tion of SMMs and conducting molecules. Our results represent a
new way to prepare hybrid materials based on quantum magnets
and molecular conductors.
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