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Abstract

An organic charge-transfer (CT) salt (BEDT-TTF)3(MnCl3)2(C2H5OH)2 has been synthesized by a standard electrochemical

method. The crystal data are monoclinic, C2=c (#15), a ¼ 38:863ð4Þ Å, b ¼ 6:716ð1Þ Å, c ¼ 23:608ð3Þ Å, b ¼ 115:007ð3Þ�;
V ¼ 5584ð1Þ Å3, and Z ¼ 4: The structure consists of one-dimensional (1D) infinite {[MnCl3]

�}N magnetic chains and two-

dimensional (2D) organic conduction pathways. The former consists of face-sharing octahedra of manganese chloride complex ions,

and dominates the magnetic properties of this compound. Such a feature of the crystal structure closely relates to transition metal

hexagonal perovskite compounds, all of which are known for frustrated triangular lattices comprised of weakly interacting 1D

magnetic chains. The new compound exhibits a high conductivity down to 4K.

r 2003 Elsevier Inc. All rights reserved.
1. Introduction

The conducting and/or magnetic materials based on
charge-transfer (CT) salts of molecular crystals have
been intensively studied for more than 20 years [1]. Now
there are a great number of examples of synthetic
ferromagnets, metals and superconductors based on
organic and/or metal complex molecules. As for the next
goal to achieve for the molecular (super) conductors,
worldwide efforts have been focused to develop com-
bined functional materials such as ferromagnetic super-
conductors. Realization of such kinds of molecular
materials are also evidently important for application as
various types of nano-devices. One of the straightfor-
ward ways to obtain magnetic conducting molecular
materials is to synthesize molecular CT salts containing
transition metal ions [2–12]. Among the constituent
species of molecular conductors, BEDT-TTF (ET;
Scheme 1) is best known to produce a wide variety of
conducting CT salts with various types of counter
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anions [13]. Additionally one can find many super-
conducting ET salts with polymerized metal (pseudo)-
halide complex anions [1,13]. Polymerized transition
metal complex ions generally exhibit strong magnetic
interactions between the metal centers, which is advan-
tageous for interesting magnetic properties. Therefore,
CT salts of ET and polymerized transition metal
complex ions can be the material of choice for the
molecular magnetic (super)conductors. In the course of
pursuit of such materials the title compound was
obtained. Although there are a number of ET-based
conducting CT salts with polymerized metal complex
anions, the title compounds is an important example
because it occupies a middle position between the
molecular CT conductors and (hexagonal) perovskite
type magnetic materials. Some related pioneering work
has been done [14]. The hexagonal perovskites have the
same general formula ABX3 with the well-known cubic
perovskites, yet do have totally different crystal
structures from the latter [15]. All of the known
hexagonal perovskite transition metal compounds are
insulating, however, they exhibit unusual magnetic
behavior due to their triangular lattices comprised of
the 1D antiferromagnetic chains [16–18]. With main-
taining such magnetic structure, the title compound is
highly conductive down to 4K. In this paper we report
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on the unique crystal structure, electrical and magnetic
properties.
2. Experimental

2.1. Synthesis

Purest grade reagents commercially available were
purchased and used as received; ET and (C6H5)4P � I
(Tokyo Chemical Industry Co., Ltd.), KMnO4 (Koso
Chemical Co., Ltd.) and 1,1,2-C2H3Cl3 (Kanto Chemi-
cal Co., Inc.), respectively. All the other reagents were
purchased from Wako Pure Chemical Industries,
Ltd. The Mn-clusters [Mn12O12(C6H5COO)16(H2O)4] �
C6H5COOH �CH2Cl2 [19] and (C6H5)4P[Mn12O12

(C6H5COO)16(H2O)4] [20] were prepared starting from
[Mn12O12(CH3COO)16(H2O)4] � 2CH3COOH � 4H2O [21]
by reported methods. The single crystals of
(ET)3(MnCl3)2(C2H5OH)2 were obtained by the electro-
lysis of ET (22mg) in 1,1,2-C2H3Cl3 containing 10 vol%
of C2H5OH (50mL in total) with the Mn-clusters
[Mn12O12(C6H5COO)16(H2O)4] �C6H5COOH �CH2Cl2
(6mg) and (C6H5)4P[Mn12O12(C6H5COO)16(H2O)4]
(39mg) at 20�C under a nitrogen atmosphere. A
standard cell for electro-crystallization with a grass frit
of fine porosity [22] and platinum wires as electrodes
(each 1mm thick in diameter) were used. The current
was maintained at 2.5 mA for a month. The voltage
between the two platinum electrodes was initially
8–10V. No reference electrode was used.

2.2. X-ray structural analysis

For the X-ray structural analysis a selected single
crystal (H:; L:; B:) 0.625mm� 0.125mm� 0.125mm
was glued to a glass fiber. The reflection data collection
was carried out with a Rigaku R-AXIS RAPID Imaging
Plate area detector with graphite monochromated
MoKa radiation (l ¼ 0:7107 Å) at RT. The intensities
were corrected for Lorentz and polarization effects.
Empirical absorption correction was applied. The
structure was solved by a direct method [23], and the
hydrogen atoms were placed at the calculated ideal
positions. A full-matrix least-squares technique on F

with anisotropic thermal parameters for non-hydrogen
atoms and isotropic ones for hydrogen atoms was
employed for the structure refinement. Hydrogen atoms
were included but not refined. Atom scattering factors
were taken from the literature [24]. The values for the
mass attenuation coefficients were those of Creagh and
Hubbell [25]. All calculations were performed using
teXsan crystallographic software package (Molecular
Structure Corporation, The Woodlands, TX, 77381).
The structural views were produced using ORTEP-3
for Windows [26]. All the measurements of physical
properties below were carried out immediately after
the filtration of the single crystals. They were quickly
identified to be the desired product of good quality
by X-ray photographs using a Rigaku Imaging
Plate.

2.3. Resistivity measurements

The electrical resistivity was measured on a single
crystal (parallelepiped) with a typical size of
1mm� 0.1mm� 0.1mm. A standard direct-current 4-
probe method was used. The electrical leads were gold
wires (each 20 mm in diameter). They were attached to
the specimen with gold paint (No. 8560, Tokuriki). The
current was applied along the b-axis on the most
developed crystal facet, which was parallel to the bc-
plane, i.e., the conduction plane. The resistivity mea-
surements were carried out using a computer-controlled
cryogenic refrigerator system. Linearity between applied
current and observed voltage drop in the specimen was
checked at the start of the measurement. The cooling or
heating rates were 1Kmin�1 (300–50K) or 0.5Kmin�1

(50–4.2K) and the temperature-variation-rate depen-
dence was not examined. The measurement started at
RT, and turned to heating at 4.2K after the temperature
was kept at 4.2K for 30min for thermal equilibrium of
the whole system. Other heating/cooling patterns were
not examined.

2.4. Magnetic susceptibility

For magnetic susceptibility measurements, a few mg
of single crystals (ca. 20–30 in number) were selected
and set in a SQUID susceptometer MPMS-5S
(Quantum Design) with field strengths of 0.8 and
0.1 T. The results were independent of the field strength.
The examined temperature range was 1.8–300K. The
data were taken at every 0.5, 1, 2, 5 or 10K depending
on the temperature range. The linearity of magnetiza-
tion up to 75.0 T was checked at 1.8K at 1000Oe
intervals, and no hysteresis nor saturation was
observed. The diamagnetic correction was carried out
using the observed values for the ET molecule
(�2.18� 10�4 cgs emumol�1) and the Pascal law for
the remaining species. Field cooling (FC) and zero field
cooling (ZFC) were both measured and the results were
identical between the two processes. The cooling/
heating-rate was 1–1.5Kmin�1. The rate-dependence
was not observed.
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2.5. ESR spectra

The electron spin resonance spectra (X-band;
9.3GHz) were measured on the single crystal in the
temperature range 3.5–300K using an EMX EPR
Spectrometer (Bruker) equipped with a continuous flow
cryostat ESR 900 (Oxford). The measurement was
carried out on several samples under different condi-
tions.

2.6. Band calculation

The extended Hückel tight-binding band calculation
was carried out using a program package written by
Mori et al. [27].
3. Results and discussion

3.1. Crystal structure

The asymmetric unit contains one and a half ET
molecules, a MnCl3 ion and an ethanol molecule.
Summary of crystal structure determination listing is
given in Table 1. The selected bond lengths and angles
Table 1

Summary for crystallographic experimental details

Empirical formula C34H36O2S24Cl6Mn2
Formula weight M 1568.69

Crystal color, habit Black, needle

Crystal dimensions/(mm3) 0.62� 0.12� 0.12

Crystal system Monoclinic

Space group C2=c (#15)

Lattice type C-centered

a (Å) 38.863(4)

b (Å) 6.716(1)

c (Å) 23.608(3)

b 115.007(3)

V (Å)3 5584(1)

Z 4

T (�C) 2371

Dcalc (g cm
3) 1.866

F0 0 0 3168.00

m (MoKa) (cm�1) 16.72

2ymax (deg) 55.0

No. of reflections measured Total: 16255

Unique: 5939 (Rint ¼ 0:092)

Corrections Lorentz-polarization

Absorption

(trans. factors: 0.5636–1.5515)

Structure Solution Direct methods (SIR92)

Refinement Full-matrix least-squares on F

Function minimized
P

wðjFoj � jFcjÞ2
Least-squares weights 1=s2ðFoÞ ¼ 4F2

o=s
2ðF 2

o Þ
No. variables 307

Reflection/parameter ratio 19.35

Residualsa: R; Rw 0.195; 0.066

aBoth for all data.
are tabulated in Table 2. The atom numbering scheme is
depicted as Fig. 1. Crystallographic data (excluding
structure factors) for the structure reported in this paper
have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication No.
CCDC-200484. Copies of the data can be obtained free
of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: +44-1223-336-033;
mailto:deposit@ccdc.cam.ac.uk). The X-ray structural
analysis proves that it contains one-dimensional (1D)
chains of polymerized manganese chloride anion run-
ning along the b-axis (Fig. 2a). Closer examination
shows that the infinite chains consist of face-shared
octahedral [MnCl6]

4� ions (Fig. 2b). The structural
features of the infinite chain are quite similar to that of
linear chain antiferromagnets such as [(CH3)4N][MnCl3]
[28]. The bond lengths, (Mn(1)–Cl(1) 2.529(4), Mn(1)–
Cl(1)� 2.570(4), Mn(1)–Cl(2) 2.601(5), Mn(1)–Cl(2)�

2.503(7), Mn(1)–Cl(3) 2.568(5), and Mn(1)–Cl(3)�

2.568(5) Å) are almost equal or slightly shorter than
the corresponding ones in [(CH3)4N][MnCl3] [29], which
leads to a trigonal elongation of the octahedron about
the manganese atom. However, the bond angles
(81.9(2)�, 96.6(2)� and 80.8(2)�) are slightly different
from those in [(CH3)4N][MnCl3] [29]. This results in
much shorter non-bonded contacts between chlorine
atoms and between manganese atoms (Cl?Cl;
3.447(5) Å along the chain and 3.287(7) Å between the
adjacent Cl atoms on the chain, and the neighboring
Mn?Mn; 3.3585(1) Å along the chain). The manganese
chloride (Mn–Cl) chains form insulating sheets with
ethanol molecules, which are, in turn, inserted between
the chains. The ethanol molecules, by way of weak head-
to-tail hydrogen-bonding OH–C, display a dimer-like
structure resembling a dioxane molecule. X-ray analysis
clearly demonstrates the absence of disordered atoms in
the unit cell. Nevertheless, there may be a deficiency in
the ethanol sites due to gradual evaporation of the
ethanol molecules. Between one S and one Cl atom there
is an atomic contact (Cl?S; 3.524(4) Å) shorter than the
sum of each van der Waals radius (rCl þ rS ¼ 3:650 Å).

From experimental results discussed later, it has been
established that the Mn ion takes +2 oxidation state
and that all the ET species have an equal charge of
+2/3. In perovskite compounds with a bulky (e.g.,
(CH3)4N

+) monocation A; the octahedra of metal
complex anions in ABX3 can be arranged into infinite
1D chains, which is a totally different crystal structure
from the well known cubic or layered perovskites. In
such a case the whole crystal structure often takes
hexagonal symmetry. Therefore such a group of
compounds are called hexagonal perovskites [15]. The
hexagonal perovskites consist of 1D infinite chains of
face-shared octahedra and large monocations separating
the chains. The arrangement of chemical species in
(ET)3(MnCl3)2(C2H5OH)2 actually share substantial

&ast;mailto:deposit@ccdc.cam.ac.uk
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Table 2

Selected bond lengths (Å) and angles (deg) in (BEDT–TTF)3(MnCl3)2(C2H5OH)2

Mn(1)–Cl(1) 2.529(4) Mn(1)–Cl(1)a 2.570(4) Mn(1)–Cl(2)a 2.503(7)

Mn(1)–Cl(3)a 2.568(5) S(1)–C(1) 1.80(1) S(1)–C(3) 1.69(1)

S(2)–C(2) 1.76(1) S(2)–C(4) 1.71(1) S(3)–C(3) 1.77(1)

S(3)–C(5) 1.77(1) S(4)–C(4) 1.79(1) S(4)–C(5) 1.72(1)

S(5)–C(6) 1.70(1) S(5)–C(7) 1.74(1) S(6)–C(6) 1.76(1)

S(6)–C(8) 1.82(1) S(7)–C(7) 1.72(1) S(7)–C(9) 1.76(2)

S(8)–C(8) 1.71(1) S(8)–C(10) 1.80(1) S(9)–C(11) 1.80(1)

S(9)–C(13) 1.70(1) S(10)–C(12) 1.83(1) S(10)–C(14) 1.72(1)

S(11)–C(13) 1.76(1) S(11)–C(15) 1.71(1) S(12)–C(14) 1.80(1)

S(12)–C(15) 1.71(1) O–C(17)b 1.6(1) C(1)–C(2) 1.53(2)

C(3)–C(4) 1.38(1) C(5)–C(6) 1.34(1) C(7)–C(8) 1.35(1)

C(9)–C(10) 1.25(2) C(11)–C(12) 1.34(2) C(13)–C(14) 1.34(2)

C(15)–C(15)c 1.40(2) C(16)–C(17) 1.47(5)

Cl(1)–Mn(1)a–Cl(1) 178.9(2) Cl(1)–Mn(1)a–Cl(2) 98.9(2)

Cl(1)–Mn(1)a–Cl(3) 96.6(2) Cl(1)a–Mn(1)a–Cl(2) 81.9(2)

Cl(1)d–Mn(1)a–Cl(3) 84.2(1) Cl(2)a–Mn(1)a–Cl(3) 80.8(2)

Mn(1)–Cl(1)d–Mn(1) 82.39(8)

aSymmetry operations: 1=2�x; �1=2�y; �z:
bSymmetry operations: 1=2þ x; 1=2�y; 1=2þ z:
cSymmetry operations: xþ1; �y; 1=2þ z:
dSymmetry operations: 1=2�x; 1=2�y; �z:
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Fig. 1. Atom numbering scheme. Hydrogen atoms are omitted for

clarity.
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structural features with the hexagonal perovskites,
though the crystal symmetry does not belong to the
hexagonal system.

The ET molecules stack along the c-axis in a zigzag
way with a sixfold periodicity (Figs. 2a and b). The long
axes of each two neighboring ET molecules make an
angle of 33� or 37� (Fig. 2c). Every two neighboring ET
molecules also deviate from each other along the long
molecular axes by about a half of the diameter of the
five-membered (1,3-dithiole) ring (B1.66 Å). The ET
arrangement in the bc-plane is conventionally called a0-
type [30] (Fig. 3). There are many inter- and intraco-
lumnar short S?S atomic contacts (p3.70 Å) between
the adjacent ET molecules. As a result the ET molecules
apparently form two-dimensional (2D) sheets in the
bc-plane.

3.2. Physical properties

3.2.1. ESR results

In inorganic or ionic perovskites, the cation A part is
closed-shell and simply a ‘‘charge-reservoir’’ [31], and
thus does not play a decisive role in their physical
properties. The hybrid-type compound, however, pre-
sents a striking contrast to the inorganic perovskites.
The cation A part (i.e., the ET sheet) plays an important
role as the conduction sheet in this material. On the
other hand the infinite Mn–Cl chains dominate the
magnetic properties as well as those of ionic hexagonal
perovskites. In short, the conducting and magnetic
properties are separated into two parts in the crystal; ET
sheets and Mn–Cl chains, respectively. Furthermore, the
magnetic properties suggested a significant p2d inter-
action between them (see below). In most of the organic
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molecular CT salts such interaction is negligibly small
[6,9]. In these cases, each type of unpaired electrons, i.e.,
conduction and localized electrons, can be easily and
separately detected by ESR measurements [2,3]. Inver-
sely if the interaction is too strong, an ESR spectrum
will not be observed [32]. This is because the very strong
interaction should make the relaxation times too short
to allow the observation of an ESR spectrum. In the
polymerized metal complex species, for example, a
strong exchange interaction between the adjacent metal
centers often make their own spins undetectable in ESR.
In the case of (ET)3(MnCl3)2(C2H5OH)2 no clear ESR
signal was observed down to 3.5K. The presence of
strong exchange in the Mn chains could account for the
lack of an ESR signal of the d-spins, but could not that
of the p-spins. At present no explanation on this point is
available.
3.2.2. Magnetic susceptibility

The temperature dependence of the magnetic suscept-
ibility is shown in Fig. 4. An obvious feature is a small
plateau around 20K. This kind of behavior is often
associated with 1D antiferromagnetic systems. In the
curve-fitting analysis of the susceptibility we used a
modified Bonner–Fisher [33] and a Curie–Weiss model.
The former model can describe the intrinsic nature of an
idealized 1D antiferromagnetic chain, while the latter is
meant for weakly interacting spins from lattice defects
and impurities. An increase in the susceptibility at low
temperature is commonly observed in similar com-
pounds [16], and was attributed to impurities. The
parameters obtained are as follows; the magnitude of
antiferromagnetic interaction in the 1D chain
J=kB ¼ �35:8K, the Curie constant describing the
amount of spins on the manganese atom
CMn ¼ 8:75 emuK formula�1, and that of the lattice
defects C ¼ 0:27 emuK formula�1, the Weiss tempera-
ture corresponding to the magnetic interaction between
spins from the lattice defects y ¼ �1:9K. The measured
Curie constant CMn is 100% of the theoretically
expected value of the high spin Mn(II) atoms per
formula (2�MnðS ¼ 5=2Þ). The Curie constant C is
3.1% of CMn; which is quite high but comparable with



ARTICLE IN PRESS

0.12

0.10

0.08

0.06

0.04

0.02

χ p (
em

u 
fo

rm
ul

a-1
)

3002001000
T (K)

 Observed
 Calculated

Fig. 4. Temperature (T) dependence of the magnetic susceptibility (wp)
as wp vs. T plot. Electromagnetic unit (emu) is used, and wp is described
per one mole of (ET)3(MnCl3)2(C2H5OH)2. A thin line describes the

calculated one as a sum of the modified Bonner–Fisher and Curie–

Weiss models (see text).

12
10
8

6
4
2
0

ρ  
(o

hm
 c

m
)

300250200150100500
 (K)

 Cooling process
 Heating process

T

Fig. 5. Temperature dependence of the resistivity (r) along the b-axis.

T. Naito, T. Inabe / Journal of Solid State Chemistry 176 (2003) 243–249248
those of hexagonal perovskite compounds [16]. There-
fore, the magnetic behavior is practically reproduced by
taking solely the spins on the Mn ions into considera-
tion. This suggests that the contribution from the
conduction electrons should be of Pauli paramagnetism.
Pauli paramagnetism is a characteristic magnetism of
conduction electrons in a metal. It is usually tempera-
ture-independent and smaller by some orders of
magnitude than those of localized spins. Thus, the
magnetic behavior of the p-spins on the ET radical
could be metallic. Further study is evidently required to
elucidate the magnetic behavior. In this new compound
the situation could be clearer under high pressure,
because then lattice shrinkage is anticipated. Generally
speaking, the effect of high pressure on molecular
crystals is to cause the emergence of intriguing physical
properties owing to their lattice softness and flexibility.

3.2.3. Electrical resistivity

This salt exhibits very low resistivity along the b-axis
down to 4K (Fig. 5). The resistivity at RT was
0.04O cm. On lowering the temperature the salt
exhibited a gradually increasing resistivity, i.e., weakly
semiconducting behavior. Still, it retained resistivity as
low as B10O cm down to 4K. A cusp-type maximum
appeared at 67K. A switching behavior (7O cm2
10O cm) at 4K was followed by a large hysteresis with a
round maximum at 10K. Such an unusual electrical
behavior resembles that of a related material b00-
(ET)3(MnCl4)(1,1,2-C2H3Cl3) [9]. In the case of b00-
(ET)3(MnCl4)(1,1,2-C2H3Cl3), the unusual electrical
behavior was attributed to the structural phase transi-
tion around 40–60K based on a series of X-ray
oscillation photographs. The phase transition was easily
suppressed under high pressure of 3–5 kbar, and a clear
metallic behavior (@r=@T40) without a resistivity
maximum nor hysteresis was observed. In the case of
(ET)3(MnCl3)2(C2H5OH)2, the origin of the electrical
behavior at low temperature remains to be clarified. This
high conductivity provides a dividing line between this
and the known transition metal hexagonal perovskite
compounds. The latter are all magnetic insulators [16].
The origin of such a difference is simple. It lies in the
addition of the organic conduction pathway to the
insulating inorganic magnetic chains. It enables a new
situation in which low resistivity and interesting
magnetic properties can coexist. Even in the inorganic
conducting perovskites, the high Tc copper oxides for
example, conduction and magnetism share the same
unpaired electrons in the same copper oxide layers. The
competition between (super) conducting and magnetic
insulating states is always important in interpreting their
physical properties [34]. The coexistence of interesting
conducting and magnetic properties is possible in this
molecular perovskite in addition to a limited number of
other molecular conductors [2–8].

3.2.4. Band structure

The low resistivity of this material is unique and
interesting also in terms of its band structure. The
extended Hückel tight-binding band calculation on this
compound suggests that it should have two different
types of bands; a quasi-1D band along the b�-axis and a
2D band in the b�c�-plane (Fig. 6). As a result, this
compound should have rather round and closed, i.e.,
2D, Fermi surfaces in addition to narrowly closed but
poorly warped, i.e., quasi-1D Fermi surfaces. The
transport data and band structure calculations both
are consistent with a localized system where electron
correlations are significant. It is very intriguing whether
(ET)3(MnCl3)2(C2H5OH)2 exhibits a superconducting
transition when subjected to some thermodynamical
condition change or perturbation. The study under way
includes the electrical behavior under high pressure,
under magnetic field, at lower temperature as well as
syntheses of related new compounds.
4. Conclusions

(ET)3(MnCl3)2(C2H5OH)2 has been found to be a
molecular ‘‘relative’’ of the perovskite-family. It is an
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organic–inorganic hybrid-type metallic conductor. Its
unusual conducting and magnetic properties make it
definitely worthy of further study.
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