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A number of conducting organic materials that incorporate
localized spins have been prepared, and their conducting and
magnetic properties have been investigated to understand the
interaction between conductingπ electrons and localized spins.1

Several salts based on tetrathiafulvalene (TTF)-type donor mol-
ecules with magnetic anions showed interesting phenomena in
which metallic and/or superconductivities and a magnetic ordered
state coexist in the identical system and interact with each other,
like a ferromagnetic metal of (ET)3‚[MnCr(C2O4)3]2 and anti-
ferromagnetic superconductors ofκ-(BETS)2‚FeX4 (X ) Cl, Br),3

where ET) bis(ethylenedithio)TTF and BETS) bis(ethylene-
dithio)tetraselenafulvalene. Especially inκ-(BETS)2‚FeBr4, meta-
magnetism of the magnetic anion layer enabled a switching of the
conductivity through theπ-d interaction and was realized a field-
induced superconductivity around 12.5 T. To develop new types
of magnetic molecular conductors, we focused on donor molecules
with bent molecular structures and recently discovered a ferro-
magnetic ordering of Fe(III)d spins of the FeBr4- ions at 1 K in
the 2:1 FeBr4- salt of EDT-TTFVO (ethylenedithiotetrathia-
fulvalenoquinone-1,3-dithiolemethide,1).4 However, this salt ex-
hibited a metal-to-semiconductor transition around 170 K. To
suppress such a transition, we noticed the introduction of an
ethylenedioxy group because of its strong tendency to form stable
metallic states as often observed in bis(ethylenedioxy)TTF (BO)
salts. Here we report the crystal structure and physical properties
of the 2:1 FeCl4- salt of a new donor molecule, EDO-TTFVO (2)
and clear the coexistence of stable metallic behavior down to 0.3
K and antiferromagnetic ordering of the Fe(III)d spins at 3 K.

The new donor molecule25 was synthesized according to the
method similar to the synthesis of1.6 Electrochemical oxidation
of 2 was performed in chlorobenzene/ethanol (9:1, v/v) at 25°C in
the presence of Et4N‚FeCl4 under a constant current of 0.1µA,
and after 1 week was obtained a black needlelike crystal of22‚
FeCl4. The crystal structure analysis of this salt was performed.7

There are two crystallographically independent donor molecules
(A andB), and they are located on the mirror plane parallel to the
molecular planes, indicating complete planarity of their molecular

structures. As shown in Figure 1b, the donor molecules formA-B-
A-B-type side-by-side arrays along thec-axis with several short
S‚‚‚S(O) contacts, suggesting a strong intermolecular interaction
along thec-axis. In thebc-layer, the donor molecules construct
two identical diagonal stackings likeA-A′-B-B′ along [0 2 1]
and [0 2 -1] directions. This donor array resembles aâ′′-type
packing motif. There is a relatively short hydrogen bond (CH‚‚‚O,
2.87 Å) between the ethylenedioxy groups along the p1 direction,
which might determine this characteristic packing motif as often
observed in the BO salts. The FeCl4

- ions form a two-dimensional
rectangular arrangement in thebc-plane with a short Cl‚‚‚Cl contact
(3.48 Å) along theb-axis. In addition, there is a short Cl‚‚‚S contact
(3.60 Å) between the 1,3-dithiole ring of the donor molecule and
the FeCl4- ion, suggesting a possibility of a strongπ-d interaction
by virtue of the characteristic bent molecular structure of2.

The band calculation was performed by a tight-binding method
based on an extended Hu¨ckel approximation (Figures 1b and 2a).
There are two different overlaps (b1, 7.0× 10-3; and b2, 10.4×
10-3) along the side-by-side direction. The overlap integrals along
the diagonal stacking are also relatively large, p1 (A-B), 10.9×
10-3; p2 (A-A′), -4.3× 10-3; and p3 (B-B′), -3.5× 10-3, and
have almost the same order of amplitudes as b1 and b2, suggesting
a two-dimensional interaction in the conductionbc-plane. As a
result, the calculated Fermi surface has a two-dimensionality and
closes along the Y-M line but opens along the Z-M line, giving
rise to one closed ellipse around Z-point and two opened Fermi
surfaces along the M-Y-M line (Figure 2a).

Electrical resistivity (F) of the single crystal was measured down
to 0.3 K. The electrical conductivities measured along the conduc-
tion plane and perpendicular to the conduction plane are 8.4 and
0.02 S cm-1 at room temperature, respectively, and stable metallic
behaviors were kept down to 0.3 K for both of the measurements,
as shown in Figure 2b. Since all of the salts obtained so far by our
donor molecules showed semiconducting behavior or metal-to-
semiconductor transitions at relatively high temperature regions
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Figure 1. (a) Crystal structure of22‚FeCl4 projected down to theac-plane.
(b) Donor array in thebc-conduction plane and overlap integrals between
the neighboring donor molecules in22‚FeCl4: b1 ) 7.0× 10-3, b2) 10.4
× 10-3, p1 ) 10.9× 10-3, p2 ) -4.3 × 10-3, and p3) -3.5 × 10-3.
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above 100 K, this salt became the first stable metal down to 0.3 K.
This stabilization of metallic state is considered to originate from
the achievement of two-dimensional Fermi surfaces by the intro-
duction of an ethylenedioxy group.

Magnetic susceptibilities (ø) were measured on several pieces
of the single crystals that are aligned to the same orientation using
a SQUID magnetometer. The measurements were performed by
applying a magnetic field (H ) 1 kOe) along the three crystal-
lographic axes of the single crystal (a, b, and c-axes). The
temperature dependence ofø above 15 K can be well fitted with
the Curie-Weiss law with a Curie constant (C) of 4.45 emu K
mol-1 and a Weiss temperature (θ ) -9.8 K), suggesting that a
relatively strong antiferromagnetic interaction occurs preferentially
between thed spins of the FeCl4

- ions. As shown in Figure 3, a
sudden decrease ofø was observed below ca. 3 K only whenH
was applied along thea-axis. This indicates an antiferromagnetic
ordering atTN ≈ 3 K with an easy-spin axis parallel to thea-axis.
The magnetization (M) curve of22‚FeCl4 measured at 1.9 K showed
a spin-flop around 12 kOe whenH was applied along thea-axis
and a very slow increase ofM compared to that of the Brillouin
function withg ) 2.0,S) 5/2,T ) 1.9 K. Since the metallic state
is still kept even when the antiferromagnetic ordering occurs, this
salt can be listed as a new antiferromagnetic molecular metal at
ambient pressure.

Figure 4a shows a series of the magnetoresistances (MR) up to
7 T from 0.30 to 11.0 K.H was applied along thea-axis, and the
interplane resistivities,F⊥ (current,I ⊥ plane), were measured at
different temperatures between 0.30 and 11.0 K. At 11.0 K, the
MR increased quadratically with increasingH, which is simply
explained in terms of the orbital effect by Lorentz force. With
decreasing temperature, the magnetic field dependence of MR
gradually changed from concave to convex curves nearTN, as seen
in Figure 4a. In Figure 4b, a dramatic downward deviation from
H2 dependence was evident belowTN in high fields. It is expected
that the alignment ofd spins of the FeCl4

- ions is enhanced with
increasing magnetic field and that theπ-d interaction becomes

important belowTN. As a result, we consider that the strong
downward deviation fromH2 is attributable to the suppression of
the spin-scattering effect byd spins of the FeCl4

- ions with an
application ofH. Therefore, the observation of the deviation below
TN suggests the presence of theπ-d interaction in this system.

Molecular orbital calculation affords much largerd-d interaction
of this salt,Jdd ) 1.17 K compared toJdd ) 0.04 K forκ-(BETS)2‚
FeCl4.8 The calculatedπ-d interaction,Jπd ) 2.91 K, is also
comparable toJπd ) 3.12 K forκ-(BETS)2‚FeCl4. In the comparison
with theκ-(BETS)2‚FeCl4 salt (TN ) 0.45 K),3a the present FeCl4

-

salt has characteristics of a higherTN (≈3.0 K) and an anomaly of
magnetoresistances evidencing the stronger magnetic interactions.

Acknowledgment. This work is in part financially supported
by a Grant-in-Aid for Scientific Research on Priority Areas of
Molecular Conductors (No. 16038222) from the Ministry of
Education, Culture, Sport, and Technology, Japan.

Supporting Information Available: An X-ray crystallographic file
for the crystal of22‚FeCl4 in CIF format. This material is available
free of charge via the Internet at http://pubs.acs.org.

References

(1) (a) Ouahab, L.; Enoki, T.Eur. J. Inorg. Chem.2004, 933-841. (b)
Kobayashi, H.; Cui, H.-B.; Kobayashi, A.Chem. ReV. 2004, 104, 5265-
5288. (c) Coronado, E.; Day, P.Chem. ReV. 2004, 104, 5419-5448. (d)
Enoki, T.; Miyazaki, A.Chem. ReV. 2004, 104, 5449-5478. (e) Coronado,
E.; Falvello, L. R.; Gala´n-Mascaro´s, J. R.; Gime´nez-Saiz, C.; Go´mez-
Garcı́a, C. J.; Lauhkin, V. N.; Pe´rez-Benı´tez, A.; Rovira, C.; Veciana, J.
AdV. Mater. 1997, 9, 984-987.

(2) Coronado, E.; Gala´n-Mascaro´s, J. R.; Go´mez-Garcı´a, C. J.; Laukhin, V.
N. Nature2000, 408, 447-449.

(3) (a) Otsuka, T.; Kobayashi, A.; Miyamoto, Y.; Kiuchi, J.; Wada, N.; Ojima,
E.; Fujiwara, H.; Kobayashi, H.Chem. Lett.2000, 732-733. (b) Fujiwara,
H.; Fujiwara, E.; Nakazawa, Y.; Narymbetov, B. Zh.; Kato, K.; Kobayashi,
H.; Kobayashi, A.; Tokumoto, M.; Cassoux, P.J. Am. Chem. Soc.2001,
123, 306-314. (c) Fujiwara, H.; Kobayashi, H.Bull. Chem. Soc. Jpn.
2005, 78, 1181-1196.

(4) (a) Matsumoto, T.; Kominami, T.; Ueda, K.; Sugimoto, T.; Tada, T.;
Noguchi, S.; Yoshino, H.; Murata, K.; Shiro, M.; Negishi, E.; Toyota,
N.; Endo, S.; Takahashi, K.Inorg. Chem. 2002, 41, 4763-4769. (b)
Matsumoto, T.; Sugimoto, T.; Aruga-Katori, H.; Noguchi, S.; Ishida, T.
Inorg. Chem. 2004, 43, 3780-3782.

(5) Compound2: a red powder; mp 224-225°C (dec);1H NMR (300 MHz,
CDCl3) δ 6.97 (s, 1H), 6.95 (s, 1H), 4.28 (s, 4H). Anal. Calcd for
C11H6O3S6: C, 34.90; H, 1.60. Found: C, 34.43; H, 1.85; MS (EI)m/z
378 (M+).

(6) Iwamatsu, M.; Kominami, T.; Ueda, K.; Sugimoto, T.; Fujita, H.; Adachi,
T. Chem. Lett. 1999, 329-330.

(7) Crystal Data for22‚FeCl4: C11H6Cl2Fe0.5O3S6, M ) 477.36, monoclinic,
a ) 40.7(1),b ) 6.92(2),c ) 13.13(4) Å,â ) 107.96(4)°, V ) 3518(17)
Å3, T ) 293 K, space groupC2/m, Z ) 8, µ(Mo KR) ) 14.83 cm-1,
41 590 reflections measured (Rint ) 0.064), 5289 unique, of which 2522
were used in all calculations [F2 > 2.00σ(F2)]. The final R andRwwere
0.059 and 0.070, respectively.

(8) Mori, T.; Katsuhara, M.J. Phys. Soc. Jpn. 2002, 71, 826-844.

JA055263D

Figure 2. (a) Band dispersion and Fermi surface. (b) Temperature
dependence of electrical resistivities down to 0.3 K measured along the
conduction plane (blue) and perpendicular to the conduction plane (red).

Figure 3. (a) Temperature dependence ofø in the temperature range of
1.9-20 K at 1 kOe and a Curie-Weiss fitting curve withC ) 4.45 emu K
mol-1 and θ ) -9.8 K (blue: H | a; red: H | b; green: H | c). (b) H
dependence ofM in the H range of 0-50 kOe at 1.9 K and a Brillouin
function with g ) 2.0, S ) 5/2, andT ) 1.9 K (black).

Figure 4. (a) Magnetic field (H) dependence of magnetoresistances up to
7 T at different temperatures of 0.30, 0.70, 1.54, 3.50, 5.35, 7.80, and 11.0
K. H and current (I) were applied perpendicular to the crystal plane (|
a-axis). (b) Magnetoresistance data in the form ofH2 plots.
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