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A new ET-based cation radical salt o/’-(ET),H,F; (ET:
bis(ethylenedithio)tetrathiafulvalene) was obtained by an elec-
trocrystallization method using a highly conductive ionic liquid
(EMD)[F(HF),3] (EMI: 1-ethyl-3-methylimidazolium) as an
electrolyte, and its structural, transport and magnetic properties
were investigated. The salt shows the semiconducting behavior
with an activation energy of 0.05-0.08 eV. Static susceptibility
of 8.9 x 10~*emumol~' at 300K, in support of the transport
behavior, is firm evidence of a Mott insulator.

Room-temperature (RT) ionic liquids, which are entirely
composed of ions, have been an area of interest as potentially
benign solvents both for electrochemical device! and organic/
inorganic synthetic media.” Its special advantage over the tradi-
tional organic solvents is that their liquid behaviors such as mis-
cibility, electrochemical and thermal stabilities, and ionic con-
ductivity can be tailored by the selection of both cation and
anion components.3 In the area of condensed matter science, ion-
ic liquids were first used by Osteryoung et al. for the crystal
growth of tetrathiafulvalene (TTF) salts,* and we ourselves ob-
tained a new organic superconductor (TMTSF),NbFs (TMTSF:
tetramethyltetraselenafulvalene) by an electrooxidation of
TMTSF using an ionic liquid (EMI)NbFs> (EMI: 1-ethyl-3-
methylimidazolium, Scheme 1) as an electrolyte in CH,Cl,.
Note that the electrocrystallization using (TBA)NbFg (TBA:
tetra-n-butylammonium) gave  poor-quality  (TMTSF),-
NbFg crystals with no superconducting behavior.” More recent-
ly, a metallic (EDO-TTF),SbF¢ (EDO-TTF: ethylenedioxy-
TTF) was obtained by the electrooxidation of EDO-TTF using
an ionic liquid (EMI)SbF¢® in EtOH, whereas (TBA)SbFg give
a semiconductive (EDO-TTF)4(SbyF)o.85(H20)s with dimer-
ized fluoroantimonate anions.” These findings stimulate our
interest in investigation of the electrocrystallization of bis(ethyl-
enedithio)-TTF (BEDT-TTF or ET, Scheme 1) salts using the
EMI-based ionic liquids, as the ET molecule has afforded a very
wide range of model electronic materials, ranging from metallic
and superconducting behaviors through to nonmetallic magneti-
cally ordered materials, with various packing patterns of ET
molecules.'? Importantly, such ionic liquids will offer a wider
range of selection of organic solvent for the electrocrystalliza-
tion, if the TTF analogues can dissolve in the ionic liquids. In
the present paper, we report on a first ET-based cation radical
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Scheme 1. Chemicals in text.

salt prepared using an ionic liquid (EMI)[F(HF),3],'! in which
bent H,F; and triangular H3F4 anions (Scheme 1) coexist at
equilibrium and exchange very rapidly to each other through
HF.!? Several organic solvents were utilized, since the ET
molecules are practically insoluble in (EMI)[F(HF),3]. So far,
the cation radical salt containing H,F,;; (n > 2) anion was
limited to (TMTSF),H,F3, which was prepared by the electro-
crystallization method using benzyltriphenylphosphonium—
H2F3 in CH2C12.13

In a Pyrex glass H-type cell, solutions of ET (2-6 mM) and
(EMI)[F(HF), 3] (40-140 mM) were added to the cathodic and
anodic compartments, respectively, which are separated by a
glass frit, under helium gas in a glovebox (H,O, O, < 1 ppm).
Two Pt wire electrodes (cathode: 2 mm¢, anode: 1 mmg) pass-
ing through Teflon holder were immersed into each solution, the
interfaces between the Teflon holder and glass cell were tightly
sealed with paraffin films, and then the cell was removed from
the glovebox. A constant current of 0.5 HA was passed in the
two electrodes over 2 weeks at RT. Whereas 1,2-dichloroethane,
1,1,2-trichloroethane, and benzonitrile solutions afforded poly-
crystals with poorer quality or no crystals, block-shaped black
crystals with a typical dimension of 0.6 x 0.3 x 0.1 mm® were
grown on the cathodic Pt electrode in a tetrahydrofuran solution.

X-ray diffraction data of the crystal were collected at RT on
an imaging plate type diffractometer (Mac Science DIP-2020K)
with monochromated Mo K¢ radiation.'* The crystallographic
study reveals that the composition of the salt is (ET),H,F3, indi-
cating the formally +1/2 charge on each ET molecule. Triangu-
lar H3F,; anion included in the electrolyte was not detected.
In the crystal, there are one crystallographically independent
ET molecules, which are twisted with respect to neighboring
molecules along the stacking a axis (Figure 1, o’-type packing
pattern'®). The charge on each ET molecule is estimated to
+0.55(9) on the basis of intramolecular bond lengths,'® which
is in good agreement with that expected from the chemical
formula. The short heteroatomic contacts (van der Waals
radii: 3.6 A!7) were observed for Siy-Sou (3.429-3.468 A) and
Sout-Sout (3.456-3.496 1&) but not for Sj,--Si, along the side-
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Figure 1. (a) Crystal structure of o’-(ET),H,F; viewed along
the a axis. (b) Packing pattern of ET molecules. Overlap inte-
grals (x1073) are: a; = 9.37, a, = 2.95, ¢ = 1.84, p; = 0.44,
and p, = 0.67.
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Figure 2. Calculated band structure, density of states (DOS),
and Fermi surface for o’-(ET),H,F3.

by-side direction, where Sj, and S,y are the sulfur atoms in the
TTF skeleton and ethylenedithio group, respectively. The H,F;
anion is located on an inversion center and is disordered over
two orientations. The anion is slightly bent with an F---F---F
angle of 161.59°, which is significantly large in comparison with
those in KH,F; (130, 139°),'8 CsH,F; (141.2(6), 148.4(6)°),"
and (MesN)H,F3 (125.93(2)°).'° Each H,F; anion is connected
with the ET molecules through C-H--F hydrogen bonding
type interactions (>3.112A). Floatation method in a mixed
solution of bromoform and tetrachloromethane affords the
density of 1.77 gcm™3, which is consistent with 1.789 gem™3
estimated from the crystallographic data, within experimental
error (£0.03 gcm ™).

The electronic band structure was calculated by a tight-bind-
ing model based on the extended Hiickel method with single-&
parameters excluding d orbitals of sulfur atoms. As seen in
Figure 2, the energy dispersion along I"'-X (stacking direction)
is comparable to that along I'-Y (side-by-side direction), indi-
cating the quasi two-dimensional (2D) electronic structure.
The HOMO bands substantially split owing to the two unequal
and alternating overlap integrals (9.37 x 1073, 2.95 x 1073)
within the stack, and it is thus apparent that the +1/2 charged
ET molecules form a dimer with § = 1/2 spin.

DC electrical conductivity measurement was performed
along the stacking direction (Figure 3), using a standard four-
probe technique by attaching gold wires (15 um¢) on a single
crystal with gold paint. The electrical conductivity is determined
as 1.0Scm™! at RT and shows the semiconducting behavior
with activation energies of 0.081eV (>150K) and 0.049eV
(<130K), which are significantly low in comparison with those
of most o’-(ET), X salts,!> for instance, 0.24 eV for X = AuBr,
0.30eV for X = Ag(CN),, and 0.20eV for X = CuCl,.20 Static
susceptibility data of the polycrystalline sample was collected by
a SQUID magnetometer (Quantum Design MPMS-XL) under an
applied magnetic field of 10kOe. The value is estimated to be
8.9 x 10~* emumol~' at 300K and exhibits a round maximum
at around 70 K. Such magnetic behavior indicative of the spin-
1/2 quadratic layer antiferromagnet (QLAF)?! with |J|/kg =
37K, in support of the conductivity data allows us to assert
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Figure 3. Temperature dependence of DC electrical conductiv-
ity of o’-(ET),H,F; along the stacking direction.
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that the salt is allocated within the regime of a Mott insulator.

In summary, we obtained the first ET-based cation radical
salt formed with fluorohydrogenate anions, by the electrocrystal-
lization method using an ionic liquid (EMID)[F(HF), 3] as an elec-
trolyte. The salt with o’-type donor packing pattern is a Mott in-
sulator. To explore the electrooxidation of the other donor mole-
cules with the fluorohydrogenate anions is in progress.
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