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A new bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF)-based salt
with a ferrocenyl moiety, R′′′-(BEDT-TTF)4(Fe(C5H4SO3)2)‚6H2O,
has been prepared. The ferrocenyl part of this salt is neutral and
diamagnetic, but the magnetic susceptibility is well modeled by a
Curie−Weiss law with C ) 0.142 emu‚K‚mol-1 (≈1/3 of s ) 1/2
spin). The spin is likely to be localized on the donor layer because
of its unique charge disproportionation.

Charge-transfer salts of the electron donor molecule bis-
(ethylenedithio)tetrathiafulvalene (BEDT-TTF) exhibit a
wide range of ground states, including metallic, supercon-
ducting, semiconducting, or insulating.1a Typically, their
structures consist of stacks of positively charged BEDT-TTF
molecules that form layers that are interleaved by layers of
counterions. The donor molecules pack in a variety of ways,
leading to phases that are designated by the lettersR, â, γ,
κ, λ, etc.1,2 Evidently, the packing motifs play a crucial role
in determining the electronic ground states. However, salts
that have the same packing motif but different counteranions
often have different ground states. In other words, additional
structural subtlety can modify the ground states.1a,dRecently,
insulating states have been of interest to many researchers
and various types of insulating states have been established,1

such as charge-density wave, spin-density wave, Mott

insulator, charge-order, ferro- and antiferromagnetic order,
and ferroelectric order.

Ferrocene is one of the most widely used functional
materials. It is diamagnetic in the neutral state but has redox
properties, and the monovalent cation is ans ) 1/2 magnetic
source.3 Because of its multifunctional properties, many
researchers have introduced the ferrocenyl moiety into
charge-transfer salts, although the resultant materials showed
only semiconducting behavior.4 Recently, we prepared a sulfo
derivative of the ferrocenenyl moiety, Fe(Cp-CONHCH2-
SO3

-)2 (1). The dianion gave two BEDT-TTF salts,5 one of
which is the first metallic salt of this type in spite of the
relatively large anion.5b However, in the BEDT-TTF salt,
the ferrocenyl moiety is neutral and diamagnetic probably
because the oxidation potential of1 is larger than that of
BEDT-TTF because it has the electron-withdrawing group
-CONHCH2SO3

-. We have now prepared a BEDT-TTF salt
with another ferrocenyl dianion, Fe(CpSO3

-)2 (2). Here we
report the structure and properties of this new salt.

The acidic dianion2 was prepared according to the
literature method.6 Metathesis with PPh4Br gave orange
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crystals of (PPh4)22‚H2O (3). X-ray diffraction data were
collected with a Quantum CCD area detector on a Rigaku
AFC-7R diffractometer, at room temperature.7 Two PPh4
cations, two halves of2, and one water molecule are
crystallographically independent. The Fe atoms are located
on inversion centers. The distances between Fe and the Cp
plane are 1.647 and 1.635 Å, respectively, which are similar
to that of the unsubstituted ferrocene (1.654 Å).8 The
oxidation potential of the dianion was determined by cyclic
volutammetry.9 The E1 value of 3 is 0.85 V, i.e., 0.30 V
higher than that of BEDT-TTF (E1 ) 0.55 V) and 0.16 V
higher than that of1 (E1 ) 0.69 V).5a This suggests that the
ferrocenyl part would be neutral in the BEDT-TTF salts and
that -SO3

- is a stronger electron-withdrawing group than
-CONHCH2SO3

-.
Black plate crystals ofR′′′-(BEDT-TTF)4(Fe(C5H4SO3)2)‚

6H2O (4) were prepared by the controlled-current electro-
crystallization method10 in a mixture ofo-dichlorobenzene
(28 mL) and acetonitrile (2 mL) with 20 mg of BEDT-TTF
and 60 mg of3. Single-crystal X-ray diffraction data of4
were recorded using a Quantum CCD area detector on a
Rigaku AFC-7R diffractometer at room temperature.11 The
crystal structure (Figure 1) has an asymmetric unit with six
BEDT-TTF molecules (A-F), one and a half of2, and nine
water molecules. The crystal lattice consists of alternating
layers of the donor and anion/water layers. The donor layers
are in anR′′′-type packing motif12 (Figure 2a), and the anion
layers have a 2-D hydrogen-bonded network of-SO3

- and
H2O (Figure 2b).

TheR′′′-type donor layer has two types of overlap modes
along thea (side-by-side) direction; one is anR-type motif

(bound by the dotted line in Figure 2a), and the other is a
â′′-type motif (bound by dashes in Figure 2a). The three
crystallographically independent Fe-to-ring-center distances
of 1.647, 1.652, and 1.646 Å are not close to that in a
ferrocene cation (1.705 Å) but are close to those in3,
indicating that the ferrocenyl part is in the neutral state. This
is consistent with the cyclic volutammetry data above.
Therefore, each BEDT-TTF molecule in4 has a formal
charge of+0.5.

The electrical resistivity, as measured down to 100 K, is
semiconductive withFRT ) 13 Ω‚cm andEa ) 0.22 eV.
The room-temperature electrical resistivity and the activation
energy are higher than those of other BEDT-TTF0.5+ salts,
suggesting the formation of a density wave or a charge
ordering even at room temperature. The magnetic suscepti-
bility of a polycrystalline sample from 2 to 300 K was
measured using a Quantum Design MPMS-5S SQUID
magnetometer (Figure 3). The temperature-dependent mag-
netic susceptibility is explained by the Curie-Weiss model
with C ) 0.142 emu‚K‚mol-1, θ ) -1.09 K, anda ) 8.4
× 10-4 emu‚mol-1, whereC is the Curie constant,θ is the
Weiss temperature, anda is a temperature-independent
paramagnetic term. The result clearly indicates that there is
a localized spin. Because the ferrocenyl moiety is diamag-
netic, the spins must be located on the donor layer. TheC
value is 38% of that of thes) 1/2 spin (0.375 emu‚K‚mol-1).
It can be considered that two of six electron holes (33%) in
the unit cell are localized.
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Figure 1. Crystal structure of4.
Figure 2. (a) R′′′-type packing motif of the donor layer of4. Dashed
lines indicate short S‚‚‚S distances (<3.7 Å). (b) 2-D hydrogen-bonded
network of the anion/water layer of4. Dashed lines indicate hydrogen bonds
(O‚‚‚O < 3.05 Å).

Figure 3. Temperature-dependent magnetic susceptibility of a powder
sample of4. (a) ø vs T plots of 4. The dashed line is calculated on the
basis of a Curie-Weiss expression. (b)øT vs T plots of 4.
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The central CdC bond lengths of six independent BEDT-
TTF molecules A-F are 1.388(11), 1.380(12), 1.354(11),
1.380(12), 1.357(12), and 1.360(11) Å, respectively. The
lengths are divided into two categories: long (1.380-1.388
Å for A, B, and D) and short (1.354-1.360 Å for C, E, and
F). Usually, molecules having longer CdC bond lengths have
higher charges. Figure 4a again shows the donor layer, in
which A, B, and D, carrying the higher charges, are circled.
Interestingly, the circled molecules form hexamers that are
surrounded and separated by the other molecules. This
implies that the spin seems to be localized on the hexamer.

We have estimated the charge on each BEDT-TTF
molecule using bond lenghs,13 which gives charges for A-F
of +0.79,+0.72,+0.37,+0.70,+0.47, and+0.50, respec-
tively. Therefore, each hexamer (A2B2D2) has a charge of
+4.42, and the other six molecules (C2E2F2) have a charge
of +2.68. The charges, normalized by the total number of
the holes in the unit cell, are+3.75 for the hexamer and
+2.25 for the others. So, we can roughly say that the
hexamer has four holes and the other molecules have two
holes. The intrahexamer overlap integrals between donors
in the hexamer were calculated.14 The values (×10-3) for
p1, p2, q1, c1, and c2 (Figure 4a) are-5.39,+4.71,-7.64,
+18.55, and+8.50, respectively.

We have also calculated an energy diagram for the
hexamer using simple Hu¨ckel molecular orbital theory with

two assumptions: (1) The hexamer is regarded as six
conjugated atoms that have nine bonds (see Figure 4a), and
(2) the resonance integralâ is proportional to the calculated
overlap integrals; thus, the resonance integralâ(t) ) 10.0|t|,
wheret is the calculated overlap integral (p1, p2, q1, c1, or
c2). The secular equation is as follows:

whereε is the eigenvalue,R is the Coulomb integral, andλ
) (ε - R)/â. The result is shown in Figure 4b. The second-
highest two orbitals are practically degenerated, and most
of the electron densities for both orbitals are localized on
the four outer molecules (1, 2, 5, and 6 in Figure 4a) like a
molecular orbital with antibonding character. Because the
hexamer has four holes (eight electrons), as shown in Figure
4b, the doubly degenerate orbitals, which now become the
highest occupied molecular orbitals, have two electrons.
Thus, there are two spins in the unit cell. This simple
calculation is consistent with the magnetic data, indicating
that approximately one-third of the valence electrons are
localized. In addition, a relatively large temperature-
independent magnetic susceptibility of 8.4× 10-4 emu‚mol-1

is observed, which seems to be Pauli paramagnetism. This
suggests that the holes external to each are delocalized over
the donor layer with strong electron-electron correlations.

In conclusion, the electrocrystallyzation of BEDT-TTF
with PPh4‚Fe(CpSO3)2 gaveR′′′-(BEDT-TTF)4(Fe(CpSO3)2)‚
6H2O. The donor molecules form a 2-D conducting sheet,
separated by anions and water molecules. The ferrocenyl part
in the salt is neutral, but the magnetic susceptibility can be
fitted by a Curie-Weiss model withC ) 0.142 emu‚K‚mol-1,
θ ) -1.09 K, anda ) 8.4 × 10-4 emu‚mol-1. The results
indicate that approximately one-third of the valence electrons
are localized on the donor layer because of a unique charge
disproportionation, and the remaining electrons are delocal-
ized with strong electron-electron correlations.
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Figure 4. (a) Packing arrangement of BEDT-TTF. Circled donors have
an approximately 0.3 Å longer central CdC bond length than those of the
others. (b) Table of eigenvalues (λ of ε ) R + λâ) and eigenvectors (factors
for molecular orbitals) and a pictorial representation of the energy diagram
for the hexamer calculated by a simple Hu¨ckel molecular orbital method.
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