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A novel bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF)-
based salt with an aminoxyl radical 2,2,5,5-tetramethyl-3-pyrro-
lin-1-oxyl (PO) has been prepared. The salt has �-type 2-D
conducting sheets and is a semiconductor with �RT ¼ 26��cm
and Ea ¼ 0:31 eV. The temperature dependence of the magnetic
susceptibility suggests that both the aminoxyl radical and the
BEDT-TTF layer have local spin moments at room temperature.

Organic magnetic conductors have received increasing at-
tention due to reports of unique properties that emerge from an
interplay between the conductivity and magnetism.1 For this rea-
son, organic free radicals have been incorporated into organic
conductors as a magnetic source.2,3 However, to our knowledge,
all of the previously prepared salts do not show metallic behav-
ior.2 We have also focused on preparing several BEDT-TTF salts
with new organic magnetic anions that combine the organic free
radical TEMPO (2,2,6,6-tetramethylpiperidin-1-oxyl) with the
sulfonate group (–SO3

�).3 These salts also show semiconducting
behavior, probably because the size of the anions are relatively
large compared to inorganic anions in metallic BEDT-TTF salts,
such as Cl�, ClO4

�, I3
�, PF6

�, etc.4

Recently, we prepared a sulfonate of the smaller PROXYL
radical, PROXYL-CONHCH2SO3

� (1) (Scheme 1). The anion
provided a BEDT-TTF salt, �00

-(BEDT-TTF)21, that shows
metallic behavior down to 210K.5 Here, we have chosen the
smaller PO radical and report the structure and magnetic proper-
ties of the PO-based new sulfonate, PO–CONHCH2SO3

� (2),
prepared as a tetraphenylphosphonium (PPh4) salt 3 and the
electrochemically synthesized derivative, �-(BEDT-TTF)22.
2H2O (4).

Sulfonic acid H2 was prepared by reacting 3-carboxy-
2,2,5,5-tetramethylpyrrolin-1-oxyl (0.30 g, 1.6mmol) with
aminomethanesulfonic acid (0.22 g, 2.0mmol) in the presence
of N,N0-dicyclohexylcarbodiimide (DCC, 0.46 g, 2.0mmol)
and 4-dimethylaminopyridine (DMAP, 0.48 g, 3.9mmol) in
30mL of dichloromethane at room temperature with stirring
over four days. Metathesis with PPh4Br yielded PPh42 (3) as
yellow crystals, which were recrystallized from acetone (yield
54%). Single-crystal X-ray diffraction data were collected on a
Rigaku AFC-5R 4-circle diffractometer at room temperature.6

The asymmetric unit has one PPh4 cation and one anion 2.

The N–O distance in 2 is 1.267(3) Å, almost the same as ob-
served in PO–COOEt [1.270(2)].7 The magnetic susceptibility
of 3 from 2–300K using a Quantum Design MPMS-5S SQUID
magnetometer obeys the Curie–Weiss law with C ¼ 0:377
emuKmol�1 and � ¼ �0:43K.

Black block-like crystals of �-(BEDT-TTF)22.2H2O (4)
were obtained by the constant-current electrocrystallization
method in a mixed solvent of 18mL of chlorobenzene and
2mL of acetonitrile with 15mg of BEDT-TTF and 70mg of 3.
X-ray diffraction data were recorded using a Quantum CCD 1
area detector on a Rigaku AFC-7R diffractometer at room tem-
perature.8 The crystal structure of the salt is shown in Figure 1a.
Four BEDT-TTF molecules, two anions, and four water mole-
cules are crystallographically independent. The unit cell consists
of alternating donor and anion/water layers, along the c axis.
The anion layer has two independent PO spin dimers about a
center of symmetry with short O���O distances of 4.396(6) and
4.447(6) Å, respectively (Figure 1b). There are no short contacts
between BEDT-TTF and 2, suggesting that it is unlikely to show
significant interactions between conducting and magnetic
electrons. In addition, the N–O distances of the PO moieties
are 1.273(5) and 1.282(5) Å, respectively, which are not signifi-
cantly different from that in 3.

The packing of the donor layers is shown in Figure 1c. There
are two kinds of BEDT-TTF stacks (AABB and CCDD) which
propagate along the b axis and interact with each other in a
side-by-side fashion along the a axis, giving an �-type 2-D
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Figure 1. (a) The BEDT-TTF and anion/water layers of 4.
(b) The anion and water layers of 4. (c) View of the BEDT-
TTF layers along the central C=C bonds of 4. Dashed lines
indicate S���S contacts shorter than the van der Waals distance
(3.7 Å). The overlap integrals (bottom) were calculated using
extended Hückel method.9
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conducting sheet. There are many short interstack S���S contacts
but no short intrastack contacts. We have calculated the
intermolecular overlap integrals by means of extend Hückel
method as shown in Figure 1c.9 The values of p1–p6 are smaller
than those of a1–a4 and b1–b4, confirming that the BEDT-TTF
side-by-side interactions are stronger than the face-to-face
interactions.

The electrical resistivity was measured by a standard
four-probe method. The salt shows semiconducting behavior
with �RT ¼ 26��cm and Ea ¼ 0:31 eV. The �RT and Ea values
are higher than those of other BEDT-TTF0:5þ salts.4 The
magnetic susceptibility of a polycrystalline sample of 4 from
2–300K was measured using a Quantum Design MPMS-5SH
SQUID magnetometer (Figure 2a). The curve has a maximum
at 5K (Inset of Figure 2a), below which � decreases with
decreasing temperature. The � value at 2K (�2K ¼ 0:027
emumol�1) is smaller than 2/3 of that at the maximum (�max

ð¼0:048Þ � 2=3 ¼ 0:032 emumol�1), suggesting that the
ground state is not antiferromagnetic (�0K ¼ 2�max=3 for poly-
crystals) but is diamagnetic. In fact the data from 2–20K can
be modeled well by a singlet–triplet model10 (dashed line
in Figure 2a) with C ¼ 0:351 emuKmol�1 and J ¼ �3:7K.
The C value is 94% of that from an S ¼ 1=2 spin (0.375
emuKmol�1), suggesting that the PO radical part in the salt
dominates the S–T term. Since the anions 2 form spin dimers
with short >N–O���O–N< contacts the intra-dimer interaction
is likely to produce the antiferromagnetic S–T situation. The
large deviation between the circles and the dashed line from
40–300K in Figure 2a indicates that there is another magnetic
contribution. The �T–T plots in Figure 2b (Total) indicate that
there are approximately two spins at room temperature. This
suggests that there is a magnetic contribution from the BEDT-
TTF layers. To obtain the �T–T curve for the donor layers,
we subtracted the anionic S–T term (Anion(S-T) in Figure 2b)
from the total data. The resultant curve is shown in Figure 2b
(Donor). The room temperature �T value of 0.326 emuKmol�1

is 87% of that of the S ¼ 1=2 spin, suggesting that approximately
one spin is localized on each two BEDT-TTF molecules, like a
Mott insulator. In the overlap integrals along the stacks (p1–p6
in Figure 1c), p2, p3, and p4 are larger than p1, p5, and p6, sug-
gesting that AA (p2), BB (p3), CD, and DC (p4) molecules are
dimers, on which the spins may be localized. The results of the
band calculations11 indicate that the bands are split to lower and
upper bands and that the upper band is half-filled. Below 100K,

the �T value gradually decreases with deceasing temperature to
become approximately zero at 2K.

In conclusion a smaller anion 2 compared to 1which provid-
ed a metallic BEDT-TTF salt5 does not provide a metal but a
semiconductor. The result contradicts the ‘‘rule of thumb’’ that
smaller anions provide a more stable metallic state. However,
this salt has incorporated solvent molecules (H2O), which may
prevent the salt from becoming metallic. The observation of
the significant magnetic interaction between itinerant electrons
and local spins would likely require the salt being metallic at
low temperature. Preparation of other BEDT-TTF salts of 2
without included solvent is in progress.
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Figure 2. (a) �–T plots for salt 4where � is the molar magnetic
susceptibility per (BEDT-TTF)22.2H2O. Inset is the expansion
from 2–30K. Dashed line is calculated on the basis of a sin-
glet–triplet (S–T) model.10 (b) �T–T plots where �Donor ¼
�Total � �Anion (S–T). See text for explanation.
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