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Organic conductors based on the unsymmetrical © donor molecule EDT-TTF (ethylenedithiotetrathiafulvalene)
or its selenium-substituted analogs (EDST, EDTS) and tetrahedral anions GaCl,~ were prepared. The crystal
structure determinations and the extended Hiickel tight-binding band calculations indicate these systems to be
quasi-one-dimensional conductors similar to TMTTF or TMTSF systems (TM systems). Electrical resistivity
and magnetic susceptibility measurements and low-temperature X-ray diffraction experiments suggested a spin-
Peierls ground state for (EDT-TTF),GaCly. (EDST),GaCly and (EDTS),GaCl, exhibit metallic behavior down
to ca. 40 K. The electric and magnetic properties of (EDST),GaCl, suggested a semimetallic state at low
temperature. In spite of the similarity in the crystal and electronic band structures between TM and EDT
systems, these two series of quasi-one-dimensional conductors do not share the same ‘generalized phase
diagram’. The electron-lattice interaction seems to be important in EDT conductors. The electric and magnetic
properties of the isostructural systems with magnetic FeCl;~ anions were also examined. The magnetic
interaction between the high-spin Fe** ions was found to be very weak.

Introduction

Since the discovery of the first organic superconductor
(TMTSF),PF¢ (TMTSF =tetramethyltetraselenafulvalene) in
1980, the phase diagram of the (TMTSF),X family (X=PF¢ ",
AsFg, ClO4, ...) has been studied intensively.l It 1s well
known that the salts with octahedral anions such as PFs~ and
AsF¢~ undergo spin density wave (SDW) transitions around
12 K at ambient pressure. While (TMTSF),ClO, with tetra-
hedral anions has a ground state dependent on the cooling
process: a superconducting state for a slow cooling process and
an SDW state for a rapid cooling process. The physical
properties of the sulfur-analogs (TMTTF),X (TMTTF=
tetramethyltetrathiafulvalene) have been also studied. In con-
trast to (TMTSF),PFs, (TMTTF),PF¢ is a semiconductor
below ca. 250 K and shows a spin-Peierls transition at about
20 K. (TMTSF),X and (TMTTF),X are frequently referred
to collectively as a TM,X system (or more simply a TM
system). The physical properties of the TM,X system are
changed systematically by changing the anion (X). The
‘generalized pressure-temperature phase diagram’ of the
TM,X system has been proposed by Jérome.> According to
this famous diagram, (TMTTF),PF; takes a spin-Peierls state
at 0-8 kbar and an SDW state at 8-37 kbar.® It is expected
that the superconducting phase will be observed in the
pressure range of 37-50 kbar. The electronic properties of
(TMTTF),PFg can be converted into those of (TMTSF),PFq
by applying ca. 30 kbar. That is, the exchange of S atoms to
Se atoms is considered to produce the ‘effective pressure
(chemical pressure)’.

EDT-TTF (=ethylenedithiotetrathiafulvalene) is an unsym-
metrical T donor molecule having the hybrid structure of TTF
and BEDT-TTF (=bis(ethylenedithio)tetrathiafulvalene).
EDT-TTF conductors with inorganic anions [ie. Aul,",
Au(CN),”, TaFs~, AsFs~, PFs, ReO,, ClO,, BF, ¢
or transition metal complexes [Ni(dmit), , Pd(dmit),” and
Ni(dmise), ] !> have been reported. Except for the first
ambient-pressure superconductor based on transition metal

complexes, a-[EDT-TTF][Ni(dmit),]'* and its Pd-analogs, o-
and y-[EDT-TTF][Pd(dmit),] with metallic (or semimetallic)
ground states,! 415 these EDT-TTF compounds with linear,
octahedral and tetrahedral anions are highly conducting at
room temperature but insulating at low temperature. Since the
EDT-TTF conductors with inorganic anions have diadic
columns and one-dimensional electronic structures similar to
those of TM,X, the effect of the selenium substitution on the
electronic properties will be interesting. It is well known that
typical organic superconductors such as TM,X and k-BEDT-
TTF systems'® have antiferromagnetic (or SDW) phases
neighbouring superconducting phases. In these systems, spin
excitation will be essential for realizing the superconducting
states. Therefore it is desirable to know which of the electron
correlation and the electron-lattice interaction is more
important in the EDT-TTF and its selenium-substituted
systems in order to see the possibility of a superconducting
phase in these salts.

In this study, two selenium-substituted analogs of EDT-
TTEF, ethylenedithiodiselenadithiafulvalene (EDT-DSDTTF),
which are named as ‘EDTS’ or ‘EDST’ depending on the
selenium positions, were prepared and the conductors based on
EDT-TTF, EDTS and EDST with tetrahedral GaCl,~ anions
were synthesized. The analogous systems with the magnetic
anion FeCl,~ were also prepared to examine the possibility of
the interaction between m conduction electrons and localized
magnetic moments in the anion sites (hereafter the conductors
based on EDT-TTF, EDST and EDTS are called ‘EDT
systems’). Crystal structures, electrical conductivities and
magnetic susceptibilities of (EDT-TTF),GaCl, (1), (EDT-
TTF),FeCl, (2), (EDST),GaCly (3), (EDST),FeCly (4),
(EDTS),GaCly (5) and (EDTS),FeCly (6) were examined.
The crystal structures of 3 and 5 were also determined by X-ray
diffraction at low temperature; in addition, low temperature X-
ray oscillation photographs obtained for 1, 2, 3 and 5, were
analyzed. It should be mentioned here that the metallic
compound of EDTS with linear anion IBr, ™ has already been
reported by Papavassiliou et al. more than ten years ago.'”!8
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Experimental
Synthesis of donors

EDT-TTF was synthesized following the previously reported
procedure.” But we could not find a paper describing a
synthetic procedure for EDST and EDTS.

EDST. A mixture of 4,5-ethylenedithio-1,3-diselenol-2-
one’ (1.0g, 7.8mmol) and 1,3-dithiole-2-thione (0.50 g,
1.7 mmol; Tokyo Kasei Industry) was stirred at 115°C for
1 hour in P(OEt); (20 ml) under a nitrogen atmosphere until
the color of the solution turned from yellow to red. This red
solution was cooled down to 40°C and concentrated. A
mixture of this concentrated solution and 10 ml of n-hexane
was cooled and kept at —30°C for 2 hours. The produced
brown—orange solid was filtrated off, dried in vacuo and then
dissolved in chloroform. After filtering out the brown powder
of a minor product, BETS (=bis(ethylenedithio)tetraselena-
fulvalene), the orange solution was evaporated. The reddish—
orange needles (132 mg) were obtained by fractional recrys-
tallization in a yield of 20%.

EDTS. A mixture of 4,5-ethylenedithio-1,3-dithiole-2-
thione (1.4g, 6.1 mg)*® and 4,5-bis(methoxycarbonyl)-1,3-
diselenol-2-one®! (0.1 g, 3.0 mmol) was stirred at 110°C in
35ml of toluene under a nitrogen atmosphere. Triethyl
phosphite (35 ml) was added to the reaction solution, then
the color of the solution turned immediately from yellow to
red. This solution was refluxed at 110-120 °C for 2 hours until
the color of solution changed from red to dark orange. This
dark orange solution was evaporated and dried in vacuo. The
red—purple oily residue was purified by silica gel column
chromatography using carbon disulfide as eluent. The purple
fraction was evaporated and the dark red oil of the
intermediate (513 mg) was obtained in a yield of 33%. A red
solution of the above-mentioned intermediate (513 mg,
1.0 mmol) and LiBr-H,O (1.06 g, 10.2 mmol) dissolved in
70 ml of hexamethylphosphoric triamide (HMPA) was evac-
uated at room temperature for 2 hours in order to remove the
amine impurity contained in HMPA from the solvent. After
being bubbled by argon gas for 15 minutes, this solution was
heated up to 90 °C for 1 hour and at 110 °C for 1 hour. The
reaction mixture was extracted three times with benzene and
washed five times with distilled water. The extract was dried
over Na,SO,4 for 50 minutes and the orange portion was
evaporated. The orange residue was purified by silica
gel column chromatography using carbon disulfide and di-
chloromethane as eluent. The orange solution was evapor-
ated and dried in vacuo. The resulting orange powder was
recrystallized from CS, to afford reddish—orange needle crystals
(166 mg) in a yield of 43%.

Crystal preparation

Single crystals of 1-6 were obtained by electrochemical
oxidation in a two compartment glass H-cell equipped with
platinum wires as the electrodes. The solutions of dichloro-
methane (20 cm®) containing the donor (EDT-TTF, EDST or
EDTS; 10mg) and [(CoHs),NJMCl, (M=Ga’" or Fe**;
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100 mg) were applied by a constant current of 0.9 pA at 20°C
under a nitrogen atmosphere.

X-Ray experiments

Crystal structures of 1-6 were determined at room temperature
and those of 3 and 5 were also determined at low temperature.
Crystallographic data are summarized in Table 1. Intensity
data of the room-temperature structures were collected by an
automatic four-circle diffractometer (Rigaku AFC-5R or
Rigaku AFC-7R) equipped with a rotating anode (Mo-Ka).
The ®w—20 scan was adopted. Lattice parameters were
determined by using 20-27 reflections. Semiempirical absorp-
tion corrections were made. For low-temperature experiments,
a Weissenberg-type imaging plate system [DIP320 (MAC
Science Company)] equipped with a Mo-Ka rotating anode
and a helium cryostat was used.

The crystal structures were solved by direct methods and
refined by full matrix least-squares methods. Full crystal-
lographic details, excluding structure factors, have been
deposited at the Cambridge Crystallographic Data Centre
(CCDC).t Oscillation photographs of 1, 2, 3 and 5 were taken
down to 7K.

Electrical resistivity and magnetic susceptibility measurements

Temperature dependencies of the electrical resistivities were
measured along the stacking direction of donor molecules (||c
axis) in the temperature range of 4-300 K at ambient pressure.
The high-pressure resistivities of 3 were measured up to 16 kbar
by using a clamp-type high-pressure cell. The magnetic
susceptibilities of polycrystalline samples were measured by a
SQUID magnetometer (MPMS2, MPMS7) down to
2 K. Applied magnetic fields were: 5 and 70 kOe for 1, 3 and
5; 5 and 10kOe for 2, 4 and 6. The anisotropy of the
susceptibilities of 5 was measured on a single crystal of about
3 mg, where the magnetic field (10 kOe) was applied approxi-
mately parallel to the @, b and ¢ axes. Paramagnetic
susceptibilities were obtained by subtracting Pascal’s diamag-
netic contributions.

Results and discussion
Crystal and electronic structures

All the compounds (1-6) are isostructural with each other but
not isostructural with the previously reported EDT-TTF
conductors with tetrahedral anions such as ClO, , BF;  and
ReO,~ with monoclinic C2/c symmetry.> Crystals belong to
the monoclinic system with space group P2;/m. As shown in
Fig. 1(a), the unit cell contains four donors on the general
positions and two anions on the mirror planes. Unlike the
orientation of the tetrahedral anion (X) in the TM,X system
(X=ClO4 ", BF;,...) located on the inversion center, the
orientation of MCly (M =Ga, Fe) is not disordered. The donor
molecules were almost flat except for the ethylene group with
eclipsed conformations. Similar to (EDT-TTF),X (X=Aul,",
AU(CN)zi, TaF{, ASF67, PFGi, RCO47, C1047 and BF47),5
donor molecules were stacked to form diadic columns, where
donor molecules overlap each other in a head-to-tail manner
[Fig. 1(b)].

The extended Hiickel tight-binding bands were calculated.
Intermolecular overlap integrals of HOMOs (highest occupied
molecular orbitals) of 1, 3 and 5 are given in Table 2, from
which the conduction bands are formed. Similar to the case of
the TM system, two overlap integrals along the stacking axis of
donors [a and b (see Table 2)] are approximately equal to each
other. As was expected, they are enhanced by the selenium-

TCCDC reference number 1145/168. See http://www.rsc.org/suppdata/
jm/1999/2365 for crystallographic files in .cif format.
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3297
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Table 1 Summary of measurements and crystal data for 1-6
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Formula weight
Crystal system
Space group
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Fig. 1 (a) Crystal structure and (b) two independent overlapping
modes of donor molecules in (EDT-TTF),GaCl, (1).

Table 2 The overlap integrals of 1, 3 and §

1 3 5
a 29.3 61.3 40.8
b 252 59.8 447
alb 1.16 1.02 1.09 (=bla)
pl=p2 0.04 4.8 3.06
q 6.13 24.4 19.4
r 53 11.8 8.83

substitution. The ratio of a (or b) to ¢ (the largest transverse
interaction) of 1 is much larger than those of 3 and 5: a (or b):
g 45 (1), 2.5 (3), 2.2 (5). This means that the two-
dimensionality is enhanced by the introduction of selenium
atoms. The energy dispersion curves and quasi-one-dimen-
sional Fermi surfaces are shown in Fig. 2.

Electrical resistivities

Temperature dependencies of the electrical resistivities of 1-5
are shown in Fig. 3. The crystals of 1 and 2 are semiconducting.
The room-temperature resistivities of these salts (prt) were
0.2-0.1 Qcm. The log p vs. T~ ! plot of 1 gave the activation
energies (4) of 17 and 12 meV at the temperature ranges of
100200 K and 40-100 K, respectively. The high-pressure
resistivity measurement of 1 showed that the system remains
semiconducting at least up to 5 kbar. Since only the room-
temperature conductivities and the metal-insulator transition
temperatures (Ty;) were presented in the previous paper,’ the
temperature dependencies of resistivities of (EDT-TTF),BF,
and (EDT-TTF),TaFg obtained previously are given in Fig. 4
and 5 for comparison. Unlike GaCly (1) and FeCly (2) salts,
BF, and TaFg salts show clear transitions from the weakly
metallic states to the insulating states around 110 and 50 K,
respectively.’; The resistivity behavior of (EDT-TTF),TaFs

iIn the previous report (ref. 5), the M-I transition temperature of
(EDT-TTF),BF,4 was erroneously reported to be 170 K.
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Fig. 2 Extended-Hiickel tight-binding bands and Fermi surfaces of
(EDT-TTF),GaCly (1), (EDST),GaCl, (3) and (EDTS),GaCly (5).
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Fig. 3 Temperature dependencies of the electrical resistivities of 1-5.
The resistivities were measured along the ¢ axes. The log p vs. T~ ! plot
of 3 is shown in the inset.
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Fig. 4 Temperature dependence of electrical resistivity of (EDT-
TTF),BF,. The measurements were made along the b direction
(stacking direction of EDT-TTF).

2368 J. Mater. Chem., 1999, 9, 2365-2371

2L
L < Ho
[ 'PJ_ .
i0 + o
£ 1 . 41
[&] .
) S102L " 3 kbar
VB
1L . S10 .
10" § 32 \\'/-1'1 1071
¢ S 1 Hokbar E
§ o
: syt
102 ey | T 1102
01 23 45¢6 7 8

Fig. 5 Temperature dependence of the electrical resistivity of (EDT-
TTF),TaFs. pj and p, are the resistivities along and perpendicular to
the bc plane (conduction plane), respectively.

resembles that of (EDST),GaCly (3) or (EDTS),GaCl; (5)
rather than that of (EDT-TTF),GaCl, (1) constructed from the
same donor molecules. This will be related to the difference in
the crystal structures.

Since the band width is enhanced by introducing the
selenium atoms, metallic nature will be expected in the
EDST and EDTS systems. In fact, unlike EDT-TTF salts (1,
2), 3-6 were metallic down to about 40 K (pr1/p40 xk *3.5)
below which very sluggish and sample-dependent resistivity
increases were observed. The room-temperature resistivities
were 0.2-0.03 Q cm. The typical example of the log p vs. T~}
plot of 3 is shown in the inset of Fig. 3. The resistivity tended to
be saturated below 10K and the system retained high
conductivity even at 4 K. This indicates the semimetallic
nature of the ground state. High-pressure resistivity measure-
ments were carried out on 3 (Fig. 6). The metallic nature was
enhanced with increasing pressure but the resistivity increase at
low temperature could not be suppressed completely up to
16 kbar. Similar pressure dependence of the resistivity was also
observed in (EDT-TTF),TaFg (see the inset of Fig. 5).

Magnetic susceptibilities

Temperature dependencies of the magnetic susceptibilities of
polycrystalline samples of 1, 3 and 5 are shown in Fig. 7. Due to
the small magnetization, the datum points were somewhat
scattered. The paramagnetic susceptibility of 1 decreased
gradually with lowering temperature at 70-300 K. The room-
temperature susceptibility was about 1.6x 10~ *emu mol ™!
which is a little smaller than the Pauli paramagnetic suscept-
ibility of typical organic metals. The semiconducting behavior
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Fig. 6 Resistivities of (EDST),GaCly (3) at high pressure.
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Fig. 7 Magnetic susceptibilities of (a) 1 (EDT-TTF),GaCly, (b) 3
(EDST),GaCly and (c) 5 (EDTS),GaCly. The Pascal’s diamagnetic
corrections were made.

and the paramagnetic susceptibility show that the system is not
in a simple band insulating state above 50 K. In order to
subtract the contribution of paramagnetic impurities at low
temperature, a y vs. 1/T plot was made (y=C/T+y): 1,
C=15x10"%emuKmol ™!, 3=0; 3, C=5x10"*emuK
mol™!, yo=x25x10emumol™!; 5, C=5x10"*emuK
mol ™!, 7o~1.3x10 >emumol ! (see the inset of Fig. 7).
Obtained Curie contributions (C) correspond to the contents of
0.16% (1), 0.03% (3) and 0.03% (5) of free S=1/2 spins per
formula unit. The yo-value of 1 was estimated to be zero and
the susceptibility drop around 50 K was almost field-indepen-
dent up to 70 kOe. These facts suggest that (EDT-TTF),GaCly
(1) undergoes a spin-Peierls transition around 50 K.

The magnetic susceptibilities of 3 and 5 decreased gradually
down to 40 K and then decreased abruptly. Similar to the case
of 1, sharp decreases in the susceptibilities of 3 and 5 were also
observed under a magnetic field of 70 kOe. However, in
contrast to the zero yo-value of 1, yo of 3 and 5 were not zero.
The small paramagnetic susceptibilities (2.5x 107> (3) and
1.3%x107° (5)emumol ') are consistent with incomplete

nesting of Fermi surfaces (that is, the semimetallic states)
below 40 K, suggested by the resistivity measurements. The
single crystal susceptibilities of 5 for the magnetic field parallel
to the a-, b- and c-axes are given in Fig. 8. The susceptibilities
were decreased almost isotropically below 40 K, which ruled
out the possibilities of an SDW ground state.

Recently, there has been an increasing interest in systems
where the interaction between m conduction electrons and
localized magnetic moments of FeCl,~ anions produces novel
ni—d coupled electronic properties.?? Therefore the salts 2, 4 and
6 with FeCl;” anions were examined in anticipation of a
possible magnetic interaction between the localized spins of
Fe’* mediated by m electrons of donor molecules. However,
the Fe’™ magnetic moments were found to be almost
independent of each other in these systems. The temperature
dependences of the susceptibilities of 2, 4 and 6 satisfied the
Curie law (Fig. 9). The large susceptibilities originate from the
high-spin state of Fe>* ions. By assuming $=5/2 and g=2 and
neglecting the susceptibility of © conduction electrons, the spin
concentrations of 2, 4 and 6 were estimated to be 0.98 (2), 0.97
(4) and 0.99 (6). The Curie-Weiss plot suggested weak
antiferromagnetic interactions (0<1.4 K). No indication of
the magnetic transition was observed down to 2 K.

Structure modification at low temperature

X-Ray oscillation photographs of 1 taken at 300 and 7 K are
shown in Fig. 10. Below 50 K, new X-ray spots were observed
between the layers of main Bragg reflections, indicating
doubling of the lattice constant c¢. Thus, the magnetic transition
around 50 K was confirmed to be a spin-Peierls transition, as
suggested above. Similar extra spots were also observed in 2 at
7 K, indicating the non-magnetic state of the r electron system
at low temperature.

X-Ray experiments were also carried out on 3 and 5.
However, no extra spots were observed below 40 K. Therefore
the distortion of the crystal lattice will be small even if it
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Fig. 8 The susceptibilities of (EDTS),GaCly (5) for the magnetic field
(10 kOe) parallel to a, b and ¢ axes.
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Fig. 9 The magnetic susceptibilities of (a) 2 (EDT-TTF),FeCly, (b) 4
(EDST),FeCly and (c) 6 (EDTS),FeCly. The Pascal’s diamagnetic
contributions were subtracted.
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Fig. 10 X-Ray oscillation photographs of (EDT-TTF),GaCl, (1) at
300 and 7 K. The arrows indicate extra reflections observed below
ca. 50 K.

develops below 40 K. This would be consistent with the
incomplete nesting of the Fermi surfaces suggested from the
electric and magnetic properties. Temperature dependences of
the lattice constants of 3 were examined. But the lattice
constants could not be determined accurately enough to detect
the possible anomaly around 40 K. Roughly speaking, the
lattice constants are linearly dependent on temperature.
Thermal expansion coefficients (¢) are: o, =9.59 x 107> K !,
a,=173x107° K", 0,=271x107°K"", op=146x10""
K~!. The low-temperature crystal structures of 3 and 5 were
determined at 17 and 7 K, respectively. But no significant
structural change was observed. The intermolecular distances
of donor molecules are 3.46 (3.56) and 3.47 (3.60) A for 3 at
17 K (the values in parentheses are the room-temperature
ones) and 3.51 (3.56) and 3.69 (3.61) A for 5 at 7 K.

We have previously carried out X-ray diffuse scattering
experiments on (EDT-TTF),TaFs.% As shown in Fig. 11, extra
X-ray spots similar to those observed in 1 appeared below
ca. 50 K (Tnp). Since (EDT-TTF),TaFy transforms from the
weakly metallic state to the insulating state around 50 K
(see Fig.4), the result of this X-ray experiment shows that
(EDT-TTF),TaFg has a Peierls insulating [or CDW (charge
density wave)] ground state. The low-temperature resistivities
of (EDT-TTF),TaF¢ gave an energy gap of about 1.6 meV,
which is approximately equal to the energy gap expected from
the mean-field theory of Peierls transition (24/Tyy~3.5). The
complete nesting of the Fermi surfaces (that is, the insulating
ground state) is consistent with the relatively weak two-
dimensionality in EDT-TTF systems. Anyway it becomes clear
that the phase diagram of EDT systems contains a region of the
CDW phase, which is not found in the generalized phase
diagram of TM systems.

Fig. 11 X-Ray oscillation photographs of (EDT-TTF),TaFs at
13 K. The arrows indicate examples of extra reflections developed
below 50 K.
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On the ground states of EDT-systems

As mentioned before, the extended Hiickel band structure
calculations suggested the EDT-TTF salts (1 and 2) to be quasi
1D metals. However, the semiconducting behavior of these
salts shows the calculated Fermi surfaces to be artificial. As is
well known, this discrepancy is considered to originate from the
effect of Coulomb repulsion (U), which makes the system an
insulator when U> ¢ (transfer integral). Usually, the difference
between the first and second oxidation potentials (AE =F?,
27E11,2) of the donor molecule is used as a measure of U. The
AE-values of EDT-TTF, EDST and EDTS were determined in
this study from the cyclic voltammograms: EDT-TTF 0.42 eV,
EDST 0.35eV, EDTS 0.37¢V. The relatively large AE and
small intermolecular overlap integrals of EDT-TTF salts (see
Table 2) suggest a tendency towards localization of the =«
electrons in 1 and 2. This picture is consistent with the spin-
Peierls transition of 1. Needless to say, the spin-Peierls
behavior of the n electron system of 2 is hidden by the large
magnetic susceptibility due to the high-spin state of Fe ions.

In the systems of 3-6, the temperature dependence of the
resistivities suggests the transition from metallic state to
semimetallic state or insulating state with a negligibly small
energy gap below 40 K. As mentioned before, the magnetic
properties of 5 ruled out the possibility of an SDW ground state
and suggested the semimetallic state at low temperature, which
is consistent with the possible weak lattice modulation
indicated by X-ray experiments. The Curie term of the
susceptibility and the very sluggish resistivity change at low
temperature will be related to some lattice defects.

Since (EDT-TTF),GaCly has a spin-Peierls ground state
similar to (TMTTF),PF¢, it might be imagined that a
superconducting EDT conductor will be discovered, if the
selenium-substituted analogs are developed. However, the
present study shows that the EDT family has a phase diagram
different from that of TM,X system. The CDW condensation
observed in (EDT-TTF),TaF4 and semimetallic properties in
3-6 at low temperature suggest the electron-lattice interaction
to be important in EDT conductors.
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