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Three 2 : 1 salts of the organic donor molecule bis(ethylene-

dithio)tetrathiafulvalene (BEDT-TTF or ET) with trifluoro-

methylsulfonyl-based anions N(SO2CF3)2
�, CH(SO2CF3)2

� and

C(SO2CF3)3
� were prepared by electrocrystallization. These

salts were characterized by single-crystal X-ray diffraction,

electron spin resonance (ESR) spectroscopy, electrical resistivity

measurements and electronic band structure calculations.

(ET)2N(SO2CF3)2 is a two-dimensional (2D) metal, but its

ESR spin susceptibility above 150K shows a weakly semicon-

ducting behavior, presumably because during ESR measure-

ments the sample cooling rate is slow hence allowing the

disordered anions to readjust their positions. (ET)2CH

(SO2CF3)2 is a 2D metal and undergoes a metal-to-insulator

(MI) transition at 110K due probably to a geometry change of

the donor molecule layers. (ET)2C(SO2CF3)3 is a one-dimen-

sional (1D) metal and undergoes an MI between 180 and 240K,

which is expected to be of charge density wave type. # 2002

Elsevier Science (USA)

Key Words: BEDT-TTF; trifluoromethylsulfonyl anions;
charge transfer salt; electrical conductivity.

1. INTRODUCTION

Over the past two decades a number of new organic
superconductors and charge transfer salts with novel
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electrical and magnetic properties have been prepared
(1–4) using the donor molecule, bis(ethylenedithio)
tetrathiafulvalene (BEDT-TTF or ET). In fact, well over
half the organic radical cation-based superconductors are
derived from ET, including k-(ET)2Cu[N(CN)2]Cl with the
highest superconducting transition temperature Tc (12.5 K
under 0.3 kbar pressure) (5), which consists of polymeric
Cu[N(CN)2]Cl� anions. We have demonstrated that large
discrete fluorinated anions, M(CF3)4

� (M=Cu, Ag, Au),
lead to two families of superconducting salts (6). Fifteen
solvated salts of the type, kL-(ET)2M(CF3)4(1,1,2-triha-
loethane), have Tc values in the 2–6 K range (7–11). Six
related salts of the same stoichiometry, kH-
(ET)2M(CF3)4(1,1,2-trihaloethane), have Tc values in the
7–11 K range. In contrast, the non-solvated salts,
(ET)2M(CF3)4, are semiconductors (12). More recently,
we discovered superconductivity in an ET salt of the highly
fluorinated SF5CH2CF2SO3

� anion, b00-(ET)2SF5CH2CF2

SO3 (Tc ¼ 4:4 K) [13].
Highly fluorinated anions have thus been shown to be

promising components of molecular superconductors. This
may be due in part to the interlayer coupling resulting from
hydrogen-bonding H?F contacts between the electrone-
gative fluorine atoms in the anion layer and the hydrogen
atoms of ET, which are located on the periphery of the
donor layer. In order to more fully address the relevance of
these interlayer hydrogen-bonding contacts, we have
sought to prepare charge transfer salts of ET that contain
similar, fluorinated monovalent anions. The physical
properties of ET salts can change dramatically when their
structures are altered by a slight chemical modification of
their charge compensating anions.

Lithium bis(trifluoromethanesulfonyl)imide, LiN
(SO2CF3)2, and lithium tris(trifluoromethanesulfonyl)-
methide, LiC(SO2CF3)3, were developed as components
4
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for organic electrolyte-based lithium batteries (14). These
compounds have excellent electrochemical and thermal
stability in part because their negative charge is delocalized
into the electron-withdrawing groups CF3 and SO2 (14).
More recently, similar physical properties were observed
for the more easily prepared lithium bis(trifluoromethane-
sulfonyl)methide, LiCH(SO2CF3)2 (15). The three anions,
N(SO2CF3)2

�, CH(SO2CF3)2
�, and C(SO2CF3)3

�, of these
lithium salts possess many similarities: charge distribution,
size, peripheral trifluoromethanesulfonate groups, etc. Our
electrocrystallization of ET with these anions produced a
number of ET salts, e.g., (ET)2N(SO2CF3)2, (ET)2CH
(SO2CF3)2, (ET)2C(SO2CF3)3 and (ET)C(SO2CF3)3. In the
present work, we compare the crystal structures, physical
properties and electronic structures of the three 2 : 1 salts:
(ET)2N(SO2CF3)2, (ET)2CH(SO2CF3)2 and (ET)2

C(SO2CF3)3. Preliminary results on the crystal structure
and Raman and ESR properties of (ET)2N(SO2CF3)2 were
reported earlier (16).

2. EXPERIMENTAL

2.1. Synthesis

ET was prepared as previously described (17, 18) and
recrystallized from chloroform (Aldrich) prior to use.
LiC(SO2CF3)3 (Covalent Associates, Inc., Woburn, MA,
USA), 12-crown-4 (Aldrich) and LiN(SO2CF3)2 (3 M, St.
Paul, MN, USA), were used as received. LiCH(SO2CF3)2

was prepared as previously described (15). 1,1,2-Trichlor-
oethane (TCE, Fluka) was distilled from P2O5 (Aldrich)
and filtered through a column containing neutral alumina
prior to use. Tetrahydrofuran (THF) was distilled from
sodium/benzophenone prior to use. Dichloromethane
(Aldrich, 99.9%, A.C.S. HPLC grade) and chlorobenzene
(Aldrich, 99.6%, A.C.S. reagent) were used without further
purification. Elemental analyses were performed at Gal-
braith Laboratories (Knoxville, TN, USA) and Midwest
Microlab (Indianapolis, IN, USA).

Black rod-like crystals of (ET)2C(SO2CF3)3 were grown
by using the previously described electrocrystallization
techniques (19, 20). The electrochemical cell was assembled
in a dry box filled with argon. Excess LiC(SO2CF3)3 and
three drops of 12-crown-4 were added to both chambers of
an H-cell. ET (7.90 mg, 0.021 mmol) was loaded into the
anode chamber. The crystallization solvent, chlorobenzene
(7.5 mL), was then added to each chamber. A current
density of 0.19 mA/cm2 was initially applied and gradually
increased over a period of 6 days to 1.21 mA/cm2, at which
time crystallization of black crystals commenced. Crystals
were grown at 251C on platinum wire electrodes for a
period of 12 days. Rod-like crystals of (ET)2C(SO2CF3)3 as
well as block-like crystals of the 1:1 salt (ET)C(SO2CF3)3

[21] grew side by side in the same electrocrystallization
cells. The best (ET)2C(SO2CF3)3 crystals grew when
dichloromethane was used as the solvent. Similar electro-
crystallization procedures with THF as the solvent
produced small block-like crystals of (ET)C(SO2CF3)3,
while use of 1,1,2-trichloroethane as solvent resulted in a
greater percentage of black rod-like crystals.

Black block-like crystals of (ET)2CH(SO2CF3)2 were
grown as described above, except that LiCH(SO2CF3)2

replaced LiC(SO2CF3)3 as the supporting electrolyte.
The best crystals were grown with the use of TCE as
crystallization solvent. Crystallization occurred on the
floor of the anode chamber, rather than on the anode
surface. Crystallization commenced after 7 days, and was
continued for a total of 34 days. Only one crystalline
phase of (ET)2CH(SO2CF3)2 was observed by ESR line
width characterization (11–15 G). Poorer quality crystals
resulted when THF was used as the crystallization solvent,
and no crystal growth occurred when benzonitrile was
used.

Black block- and rod-like crystals of (ET)2N(SO2CF3)2

were grown as previously reported [16] by using LiN
(SO2CF3)2 as the supporting electrolyte. Good-quality
crystals were grown using either THF, TCE or chloroben-
zene as the crystallization solvent and current densities
between 0.2 and 0.8 mA/cm2. Under these growth condi-
tions, only one crystalline phase was observed by ESR line
width characterization (28–38 G). Crystals of (ET)2N
(SO2CF3)2 could also be grown using (PPN)N(SO2CF3)2

[PPN = bis(triphenylphosphoranylidene)ammonium] as
the supporting electrolyte with TCE as the crystallization
solvent. With this electrolyte, a second crystalline phase
also grew, which has a much narrower line width of 7 G.
Characterization of this phase is in progress.

2.2. Physical Measurements

Electron spin resonance (ESR) measurements were
performed on an IBM ER-200 X-band spectrometer
equipped with a TE102 microwave cavity and an Oxford
EPR-900 flow cryostat with an ITC4 temperature con-
troller. The single-crystal structures of (ET)2N(SO2CF3)2,
(ET)2CH(SO2CF3)2 and (ET)2C(SO2CF3)3 were deter-
mined at 296 K by X-ray diffraction using a Siemens
SMARTs single crystal X-ray diffractometer equipped
with a CCD-based area detector and a sealed-tube X-ray
source. Further details are deposited as Supporting
Information. The temperature dependence of the electrical
resistivity was measured by using the conventional four-
probe technique with a LakeShore Model 7000 cryostat
equipped with RES7000 software. The current and voltage
contacts were made with a gold wire (0.0005 in diameter)
attached to the crystal with silver conducting paste.
Resistivity data were recorded during both the cooling
and warming cycles, and a slow cooling/warming rate of



FIG. 2. Numbering scheme of the atoms of the ET electron-donor

molecules. Scheme (a) is used for (ET)2N(SO2CF3)2, and one of the

crystallographically unique ET molecules of the (ET)2CH(SO2CF3)2 and

(ET)2C(SO2CF3)3 structures. The numbering of the second crystal-

lographically unique molecule of the (ET)2CH(SO2CF3)2 structure is

obtained by adding 10 to each of the atom labels. The numbering of the
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about 11/min was utilized to prevent microcracking of
either the crystal or contacts. A DC current of 0.5 mA was
applied.

3. CRYSTAL STRUCTURES

In (ET)2N(SO2CF3)2, (ET)2CH(SO2CF3)2 and (ET)2C
(SO2CF3)3, the layers of the ET molecules are separated by
the anion layers, as depicted in Figs. 1a–1c, respectively.
Figure 2 shows the atom numbering used for the donor
molecules of all three salts, and Fig. 3 that used for the
N(SO2CF3)2

�, CH(SO2CF3)2
� and C(SO2CF3)3

� anions.
Table 1 summarizes the crystallographic data for these
ET salts.

The (ET)2N(SO2CF3)2 salt has one donor layer per unit
cell, in which all ET molecules are equivalent. The ethylene
end groups of the ET electron-donor molecules are ordered
in an eclipsed manner. The donor stacks are arranged such
that ET molecules in different stacks form nearly coplanar
arrays along the interstack direction (Fig. 4a), as found for
FIG. 1. Perspective views of the donor and anion layers in (a)

(ET)2N(SO2CF3)2, (b) (ET)2CH(SO2CF3)2 and (c) (ET)2C(SO2CF3)3.

second crystallographically unique ET molecule of the (ET)2C(SO2CF3)3

salt is shown in (b). The unshaded atoms depict the second possible

orientation of the ET molecule. By adding 10 to these atom labels, the

numbering scheme of the third unique ET molecule of the (ET)2

C(SO2CF3)3 structure is obtained. The hydrogen atoms of the ET

molecule have been omitted in (b) for clarity.
the b00-type salts (22), such as b00-(ET)2SF5CH2SO3 and b00-
(ET)2SF5CHFSO3 (23). All intermolecular SyS contacts
shorter than the sum of the van der Waals radii (3.60 (A) are
located in ribbons along the a-axis. According to the
empirical correlation between the central C–S/CQC bond
lengths of ET and the partial oxidation state of ET in ET
salts (24), the oxidation state of the ET molecules in
(ET)2N(SO2CF3)2 is estimated to be +0.59, which is not
far from +0.50 required by the stoichiometry of the
compound.

The N(SO2CF3)2
� anion in (ET)2N(SO2CF3)2 is disor-

dered about two positions related by an inversion center
(16). In this salt, the anion adopts a transoid configuration,
in which the CF3 groups are located on opposite sides of
the plane defined by the S–N–S bonds. This is in contrast
to the cisoid conformation observed in KN(SO2CF3)2 (25),
but similar to the transoid structure determined for
LiN(SO2CF3)2 [26], [Mg(H2O)6][N(SO2CF3)2]2 �H2O (27),
and the salt containing the very weakly interacting 1-ethyl-
2-methyl-3-benzyl imidazolium cation (28). The
N(SO2CF3)2

� anion in (ET)2N(SO2CF3)2 has an S–N–S
bond angle of 121.1(5)1, which is slightly more acute than
those previously reported for this anion (125–1291) (25–
28). The S–N bond length of 1.573(10) (A, is typical for the
N(SO2CF3)2

– anion (25–28), but 0.07 (A shorter than that
observed in HN(SO2CF3)2 (25).



FIG. 3. Numbering of the atoms of the anions employed for (a)

(ET)2N(SO2CF3)2, (b) (ET)2CH(SO2CF3)2 and (c) (ET)2C(SO2CF3)3.
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The (ET)2CH(SO2CF3)2 salt is an ordered superstructure
of the (ET)2N(SO2CF3)2 structure. It contains two crystal-
lographically non-equivalent donor layers per unit cell.
Within each donor layer, all ET molecules are identical.
The ethylene end groups of the ET molecules in both donor
layers are ordered in an eclipsed conformation. Figures 4b
and c show the arrangements of the ET molecules in the
two non-equivalent donor layers of (ET)2CH(SO2CF3)2.
The two layers have a very similar b-type packing motif
(22). Based on the central C=C and C–S bond lengths, the
ET molecules in Layer 1 (z ¼ 0:5) are estimated to have a
charge of +0.56, and those in Layer 2 (z ¼ 0) have a
charge of +0.42. The sum of these charges agrees well with
the stoichiometry of the salt.

The CH(SO2CF3)2
� anion in the (ET)2CH(SO2CF3)2 salt

is ordered in a transoid conformation. The transoid and
cisoid conformations of the CH(SO2CF3)2

� anion have very
similar energies: the transoid structure is observed in the
p-CH3C6H4N2

+ (29) and trans-(Ph3P)2Pt(H2O)(PhC=
CHPh)+ (30) salts while the cisoid conformation has been
observed in the Rb+, Cs+ (31) and (Ph3P)4OsH3

+ (32)
salts. The S–C–S angle of 125.3(3)1 in the CH(SO2CF3)2

�

anion of (ET)2CH(SO2CF3)2 is typical of that previously
reported (123–126.31 (29–32). Similarly, the central C–S
bond lengths, 1.636(5) (A and 1.671(4) (A, are typical for this
anion (1.65–1.68 (A) (29–32). The vertex of the S–C–S angle
points toward ET Layer 1, whereas the ethylene end groups
of ET Layer 2 are exposed primarily to the CF3 end groups
of the anion. This accounts for the difference in oxidation
states observed for the two layers.

The ET layers of the (ET)2C(SO2CF3)3 salt also has two
crystallographically non-equivalent donor layers per unit
cell. In contrast to (ET)2CH(SO2CF3)2, the two non-
equivalent donor layers of (ET)2C(SO2CF3)3 have signifi-
cantly different packing motifs, as shown in Figs. 4d and
4e. The layer centered at z ¼ 0:5 (Layer 1) consists of
identical ET molecules with staggered ethylene end groups
and packs in a b0 structural motif (Fig. 4d). Figure 5a
shows two possible arrangements of ET molecules that
exist in the layer located at z ¼ 0 (Layer 2). The S?S
contacts shown in Fig. 5a are unphysically short: between
2.85 and 3.30 (A. Within a stack, these short contacts would
exist only if molecules of A and B configurations are
adjacent. Thus, within a stack, all molecules must be of
either A or B configuration. Similarly, unphysically short
intrastack contacts are observed if molecules of adjacent
stacks have the same configuration (A or B). Thus, stacks
of configuration A must alternate with stacks of config-
uration B, as shown in Figs. 4e and 5b. In each donor stack
there are two different ET molecules, as indicated by labels
1 and 2 in Fig. 5b. The observation of diffuse rows of
intensity at half-integer Miller index h in the diffraction
pattern supports this interpretation of the disorder model.
The packing within this layer is y-type (33). Because these
layers are separated by more than 40 (A, the packing in one
layer is not influenced by that in an adjacent layer. Thus, if
the layer located at z ¼ 0 packs ABAB, the layer located at
z ¼ 1 can pack either ABAB or BABA with essentially no
preference of one over the other.

The empirical relationship that relates the central C–S
and C=C bond lengths of ET to the partial oxidation state
of ET [24] is reliable only when the crystal structures of ET
salts are accurate. We did not perform this analysis for



TABLE 1

Summary of Crystallographic Data for Three ET Salts That Contain Trifluoromethylsulfonyl-Based Anions

(ET)2N(SO2CF3)2 (ET)2CH(SO2CF3)2 (ET)2C(SO2CF3)3

Chemical formula (C10H0S8)2N(SO2CF3)2 (C10H0S8)2CH(SO2CF3)2 (C10H0S8)2C(SO2CF3)3

Formula weight (g mol�1) 1049.56 1048.46 1180.51

a ( (A) 6.6394(13) 6.5955(4) 6.2692(4)

b ( (A) 8.658(2) 9.1370(5) 8.4218(6)

c ( (A) 17.349(4) 33.038(2) 40.249(3)

a (deg) 85.30(2) 83.718(1) 94.566(1)

b (deg) 82.79(2) 89.005(1) 90.949(1)

g (deg) 68.95(2) 69.734(1) 106.734(1)

V ( (A3) 922.7(4) 1856.1(2) 2026.9(2)

Z 1 2 2

Space group P%1 P%1 P%1

Temperature (K) 295 295 298

l ( (A) 0.71073 0.71073 0.71073

rcalcd, (g cm�3) 1.889 1.876 1.934

m, (cm�1) 1.07 1.11 1.049

R(Fo)a 0.057 0.057 0.082

Rw(Fo) 0.050 0.064 0.100

aRðFoÞ ¼
P

jjFoj � jFcjj=
P

jFoj; RwðFoÞ ¼
P

wðjFoj � jFcjÞ
2=

P
wF2

o 	
1=2

h i
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(ET)2C(SO2CF3)3 because its crystal structure is not
accurate enough (see Table 1).

The C(SO2CF3)3
� anions in the (ET)2C(SO2CF3)3 salt are

ordered. Similar to the C(SO2CF3)3
� anion in the structure

of KC(SO2CF3)3 �H2O [34], the CS3 skeleton is planar with
two of the CF3 groups below this plane and one above.

4. PHYSICAL PROPERTIES

4.1. ESR

The ESR line widths and spin susceptibilities of
(ET)2N(SO2CF3)2, (ET)2CH(SO2CF3)2, and (ET)2C
(SO2CF3)3 were measured over the temperature range
5–300 K, as summarized in Figs. 6a–c, respectively. The
line width of (ET)2C(SO2CF3)3 is near 30 G at room temp-
erature, as in the case of (ET)2N(SO2CF3)2, while a
much sharper line width (10–12 G) is observed for (ET)2

CH(SO2CF3)2 at room temperature.
The spin susceptibility of (ET)2N(SO2CF3)2 is relatively

constant at room temperature, decreases slowly between
B250 and B150 K, decreases very slowly below B150 K,
and becomes nearly constant below B50 K, where the
susceptibility is about 35% of the value at room
temperature (Fig. 6a). The Arrhenius-type plot of ln[w(T)/
w(2 8 0)] versus 1/T using the susceptibility data for the
280–to 150 K region indicates a very small activation
energy, Ea ¼ 18:7 meV (16), indicating weak semiconduct-
ing behavior. Below B150 K the spin susceptibility remains
substantial and its temperature dependence is weak so that
(ET)2N(SO2CF3)2 should be considered to be weakly
metallic. This behavior is reminiscent of that observed in
the metallic b00-(ET)2SF5CH2CF2SO3 system, which super-
conducts below 4.5 K (35).

In general, a metallic salt exhibits an at most weakly
temperature-dependent spin susceptibility, while a non-
magnetic semiconducting salt shows a strong decrease in
spin susceptibility with decreasing temperature. The spin
susceptibility of (ET)2CH(SO2CF3)2 is nearly constant
above B110 K, decreases sharply between B110 and
B50 K, and remains at a very small value below B50 K
(Fig. 6b). Thus, the spin susceptibility data indicate that
(ET)2CH(SO2CF3)2 is metallic above B110 K, below
which it undergoes a metal-to-insulator (MI) transition.
The MI transition temperature, B110 K, is rather high,
and the spin susceptibility below B110 K is very small.
Thus, the MI transition leads to a normal semiconducting
state rather than to a magnetic insulating state. We
speculate that the MI transition is caused by a geometry
change in the donor lattice rather than by electron
localization associated with electron–electron repulsion
(36–38).

The spin susceptibility of (ET)2C(SO2CF3)3 is relatively
constant above B240 K, decreases sharply between B240
and B180 K, remains nearly constant at a small value
between B180 and B50 K, and increases sharply below
50 K (Fig. 6c). Although the spin susceptibility is nearly
constant between B180 and B50 K, the value is small so
that (ET)2C(SO2CF3)3 should be regarded as an insulator
in this temperature region. Thus, based on the ESR data,
(ET)2C(SO2CF3)3 is metallic above B240 K and undergoes
an MI transition between 180 and 240 K. The sharp
increase in the susceptibility below B50 K is due most
likely to the occurrence of spin impurities. (See below for
the discussion of their probable origin.)



FIG. 4. Packing motifs of the ET molecules: (a) the donor layer of (ET)2N(SO2CF3)2, (b) the donor Layer 1 of (ET)2CH(SO2CF3)2, (c) the donor

Layer 2 of (ET)2CH(SO2CF3)2, (d) the donor Layer 1 of (ET)2C(SO2CF3)3 and (e) the donor Layer 2 of (ET)2C(SO2CF3)3. In Fig. 4(e) one of the two

disordered positions of ET was chosen. The labels between adjacent ET molecules define the nearest neighbors i and j for the HOMO–HOMO

interaction energies bij listed in Table 2.
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4.2. Resistivity

The electrical resistivities measured for single-crystal
samples of (ET)2N(SO2CF3)2, (ET)2CH(CF3SO2)2, and
(ET)2C(SO2CF3)3 are plotted as a function of temperature
in Figs. 6a–c, respectively.

Figure 6a shows that (ET)2N(SO2CF3)2 is metallic over
the whole temperature region studied, although the
corresponding ESR spin susceptibility data indicate a
weakly semiconducting behavior above B150 K. This
apparent discrepancy may originate from the difference
in the rate of cooling the sample employed in the ESR and
electrical resistivity measurements. A sample is kept at a
given temperature for a much longer time during ESR
measurements than during electrical resistivity measure-
ments. Namely, the cooling rate is slower during ESR
measurements. As pointed out already, the anion positions
of (ET)2N(SO2CF3)2 are disordered so that at a given



FIG. 5. Projection on the ab-plane of the donor layer of (ET)2C

(SO2CF3)3 which contains two arrangements of ET molecules. (a)

Superimposed are the two orientations of the ET molecules. Unphysically

short SyS contacts, 2.85–3.3 (A are shown. (b) Within a single layer, there

is no disorder. Adjacent stacks alternate between the A and B

configurations to avoid steric interactions. The labels 1 and 2 in the

donor stacks A and B are used to indicate the occurrence of two different

ET molecules in each stack.
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temperature the anions have more time to adjust their
positions during ESR measurements. When the anions
adjust their positions, the lattice phonon structures change
and hence the mobility of electron carriers is modified.
Then the weakly semiconducting behavior observed by
ESR measurements implies that the mobility decreases as
the temperature is lowered to B150 K. This is reasonable
for the following reasons: as the anion positions become
frozen by lowering temperature, the extent of disorder
should increase hence lowering the electron mobility. After
all the anion positions are frozen at a certain temperature,
a further temperature lowering cannot strongly influence
the electron mobility. Thus, the ESR spin susceptibility of
(ET)2N(SO2CF3)2 should exhibit a weak metallic character
below a certain temperature. This is precisely what is found
in Fig. 6a.
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(ET)2CH(CF3SO2)2 has weakly metallic character down
to B110 K, below which it shows a semiconducting
behavior (Fig. 6b). These observations are consistent with
the corresponding ESR spin susceptibility data. Fig. 6c
reveals that the electrical resistivity of (ET)2C(SO2CF3)3 is
non-metallic below B240 K and is practically temperature
independent above B240 K. These findings are also
consistent with the corresponding ESR spin susceptibility
data.

5. ELECTRONIC STRUCTURES

Figure 7a shows the dispersion relations of the two
HOMO bands (i.e., the highest two occupied bands derived
largely from the HOMO’s of ET molecules) calculated for
(ET)2N(SO2CF3)2 using the extended H .uckel tight binding
method (39–41). The highest-lying band is half-filled, and
the Fermi surface associated with this band is shown in
FIG. 7. (a) Dispersion relations of the two HOMO bands calculated

for the donor layer of (ET)2N(SO2CF3)2. The dashed line refers to the

Fermi level. (b) Fermi surface associated with the partially filled band

of (a).

FIG. 8. (a) Dispersion relations of the two HOMO bands calculated

for the donor Layer 1 of (ET)2CH(SO2CF3)2. The dashed line refers to

the Fermi level. (b) Fermi surface associated with the partially filled

band of (a).
Fig. 7b in an extended zone scheme. The Fermi surface is
an ellipse centered at M. Thus (ET)2N(SO2CF3)2 is a two-
dimensional (2D) metal. The predicted metallic character
agrees with the result of the electrical resistivity measure-
ments. The ellipses do not overlap, but nearly touch each
other along the X-M line. Magnetoresistance experiments
of this salt would be interesting, because it might undergo
a magnetic breakdown under high magnetic field (42–44).

Figure 8a shows the dispersion relations of the two
HOMO bands calculated for donor Layer 1 of (ET)2CH
(SO2CF3)2 (Fig. 4b). The highest-lying band is half-filled,
and the Fermi surface associated with this band (Fig. 8b) is
a distorted ellipse centered at G: Figures. 9a and b show the
corresponding dispersion relations and the Fermi surface
calculated for donor Layer 2 (Fig. 4c), respectively. Figures
8 and 9 show that Layers 1 and 2 are very similar, and
(ET)2CH(SO2CF3)2 is a 2D metal. The predicted metallic



FIG. 9. (a) Dispersion relations of the two HOMO bands calculated

for the donor Layer 2 of (ET)2CH(SO2CF3)2. The dashed line refers to

the Fermi level. (b) Fermi surface associated with the partially filled band

of (a).

FIG. 10. (a) Dispersion relations of the two HOMO bands calculated

for the donor Layer 1 of (ET)2C(SO2CF3)3. (b) Dispersion relations of the

four HOMO bands calculated for the donor Layer 2 of (ET)2C(SO2CF3)3.

The dashed line refers to the Fermi level.
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property agrees with experiment for the temperature region
above 110 K.

The crystal structure of (ET)2C(SO2CF3)3 is not so
accurate, as already pointed out, so we consider only band
dispersion relations in discussing the electronic structures
of Layers 1 and 2 of (ET)2C(SO2CF3)3. Figure 10a shows
the dispersion relations calculated for the two HOMO
bands of Layer 1, and Fig. 10b those calculated for the four
HOMO bands of Layer 2. Note that a unit cell has two ET
molecules in Layer 1, but four in Layer 2. In essence, Layer
1 has a nearly half-filled band (Fig. 10a) while Layer 2
has a nearly empty band (Fig. 10b). The partial vacancy of
the lower-lying band of Layer 1 around Y (Fig. 10a) is
insignificant, and so is the partial occupancy of the
highest-lying band of Layer 2 around X (Fig. 10b). This
suggests that in average the oxidation state of ET is
approximately +0.5 in both layers. The low accuracy of
the crystal structure prevents us from discussing further on
the differences in the ET molecules. The nearly half-filled
band of Layer 1 has a one-dimensional (1D) metallic
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behavior along the a-axis (i.e., the interstack) direction
(Fig. 10a), so that Layer 1 should be susceptible toward a
charge density wave (CDW) formation associated with a
pairing distortion along the a-axis direction. In contrast,
the four bands of Layer 2 show weak dispersions
(Fig. 10b), so that electrons at the bottom of the top band
around X cannot induce metallic properties. The semi-
conducting behavior of (ET)2C(SO2CF3)3 below B240 K
implies that even around room temperature, Layer 1
should be unstable toward a CDW formation associated
with a pairing distortion along the a-axis direction. The
high spin susceptibility around room temperature might be
due to a CDW fluctuation (45), i.e., a dynamic formation
and destruction of CDW segments in donor Layer 1
without any long-range order between them. The MI
transition of (ET)2C(SO2CF3)3 at B180 K suggests that a
CDW of long range order sets in below B180 K (Fig. 6c).
The sharp increase in spin susceptibility below B50 K
might be due to the occurrence of kinks (or domain walls)
in the CDW formation, i.e., isolated patches of donor
molecules in between ordered CDW regions. In the donor
molecules located at such kinks, electrons can be localized
hence leading to an enhancement of spin susceptibility.

To gain some insight into the origin of the MI transition
in (ET)2CH(SO2CF3)2 at B110 K, we examine how
strongly nearest-neighbor ET molecules interact in donor
Layers 1 and 2 by calculating the HOMO–HOMO
interaction energy bij ¼ /ci jH

eff jcjS (46), where Heff is
an effective Hamiltonian, and ci and cj are the HOMO’s
of ET molecules i and j; respectively. The bij values
calculated for (ET)2CH(SO2CF3)2 are summarized in Table
2, which reveals that the intrastack interactions are much
stronger than the interstack interactions, and that each
donor stack is slightly dimerized. Our discussion in the
previous section suggested that the MI transition of
(ET)2CH(SO2CF3)2 at B110 K is probably caused by a
geometrical change that produces a normal semiconductor.
A probable geometry change is one that reduces the
interstack interactions. Such a change will make the
TABLE 2

HOMO–HOMO Interaction Energies bij (in meV) between
the Nearest-Neighbor ET Molecules in the Donor Molecule

Layers of (ET)2CH(SO2CF3)2
a

Layer Intrastack Interstack

Layer 1 a=452 c ¼ 8

a0=357 d ¼ 122

d 0 ¼ 61

Layer 2 a=442 c ¼ 48

a0=354 d ¼ 82

d 0 ¼ 36

aThe intermolecular interactions are defined in Figs. 4b and 4c.
resulting Fermi surface 1D and hence induce a dimeriza-
tion in each donor stack, which leads to ET tetramers in
each donor stack. It would be interesting to examine the
crystal structure of (ET)2CH(SO2CF3)2 at a temperature
below B110 K.

6. CONCLUDING REMARKS

Three 2 : 1 ET salts, (ET)2N(SO2CF3)2, (ET)2CH
(SO2CF3)2 and (ET)2C(SO2CF3)3, were obtained by
electrocrystallization with the anions N(SO2CF3)2

�,
CH(SO2CF3)2

�, C(SO2CF3)3
�. These salts differ in their

donor molecule packing motifs and in their transport
properties. (ET)2N(SO2CF3)2 is a 2D metal, but its ESR
spin susceptibility above B150 K shows a weakly semi-
conducting behavior. This discrepancy is due probably to
the facts that the anions of this salt are disordered, and that
during the ESR measurements the sample cooling rate is
slow enough to allow the anions to readjust their positions
at a given temperature. (ET)2CH(SO2CF3)2 is a 2D metal,
and its MI transition at B110 K is presumably due to a
geometry change of the donor layers that reduces the
interstack interactions. (ET)2C(SO2CF3)3 has a nearly half-
filled 1D band, and its ESR spin susceptibility and
electrical resistivity data suggest that it undergoes a
CDW transition at around B180 K.

Supplemental information available: Crystallographic
data (excluding structure factors) for the structures
reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplemen-
tary publication no. CCDC 1928–192883. Copies of the
data can be obtained free of charge on application to
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:
(44) 1223 336-033; e-mail: deposit@ccdc.cam.ac.uk).
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