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A new organic conductor, §”-(BEDT-TTF),SFsCHFCF,SO; [BEDT-TTF, hereafter abbreviated ET, refers to
bis(ethylenedithio)tetrathiafulvalene], was prepared by electrocrystallization. The crystal structure of this salt
was determined by single crystal X-ray diffraction at 298 and 150 K, its physical properties were examined by
electrical resistivity, Raman spectroscopy and EPR measurements, and its electronic structure was calculated
and compared with that of the analogous salt B”-(ET),SFsCH,CF,SO3;. Whereas B"-(ET),SFsCHFCF,SO; has
disordered anions and undergoes a metal-to-insulator transition at ~190 K, B"-(ET),SFsCH,CF,SO; has
ordered anions and is semiconducting down to ~ 100 K, metallic below ~ 100 K, and superconducting below
5 K. At room temperature both B"-(ET),SFsCHFCF,SO; and B"-(ET),SFsCH,CF,SO; have similar electronic
band structures and physical properties. When the temperature is lowered, each donor molecule stack becomes

dimerized in both salts. However, the interdimer interaction within each donor stack nearly vanishes in
B”-(ET),SFsCHFCF,SOs3, but remains substantial in ”"-(ET),SFsCH,CF,SOs.

1. Introduction

Numerous organic superconductors have been found among
the 2:1 salts of the electron-donor molecule BEDT-TTF
[BEDT-TTF, hereafter abbreviated ET, refers to bis(ethylene-
dithio)tetrathiafulvalene].! These salts have a crystal structure
in which layers of ET molecules are separated by layers of
monovalent anions X . For these molecular crystals, a small
modification in the anion structure induces a change in the
packing motif of the donor molecule layer, the interactions
between nearest-neighbor donor molecules, and hence a
profound change in the physical properties. For example, the
B-(ET),X salts with linear triatomic anions X =137, IBry~
and Aul,™ are superconductors, with the highest 7, obtained
for the largest (I;~) anion.>* With shorter linear anions
X" =ICl,” and AuCl, , ET molecules form the B'-(ET),X
salts that are magnetic semiconductors and undergo a three-
dimensional antiferromagnetic phase transition at low temp-
eratures.””’ Likewise, striking changes in physical properties
are observed for the k-(ET),Cu[N(CN),]X (X=Cl, Br, I) salts
when the Cu—X bond length of the anion is gradually increased:
Kk-(ET),Cu[N(CN),]Cl is a semiconductor at ambient pressure,
but becomes a superconductor under pressure (0.3 kbar,
T.=12.8 K),® «-(ET)>,Cu[N(CN),]Br is an ambient-pressure
superconductor (T, =11.6 K),? but k-(ET),Cu[N(CN),]I is not
a superconductor.'®

Recently, we reported a new ambient pressure organic
superconductor, B"-(ET),SFsCH,CF,SO3; (7.=5.2 K, here-
after referred to as compound I).!"*'> We attempted to prepare
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an analogous superconductor by synthesizing the slightly larger
SFsCHFCF,SO; ™ anion (racemate) and carrying out electro-
crystallization with ET. It was hoped that use of a larger anion
with essentially identical shape would result in an isostructural
superconductor with higher T.. Instead, this work resulted in a
new B”-type salt, B"-(ET),SFsCHFCF,SOj; (hereafter referred
to as compound II) which undergoes a metal-to-insulator (MI)
transition below ~190 K, in sharp contrast to the case of I.
Although the SFsCHFCF,SO; ™ anion is chiral, this cannot be
the sole reason for the destruction of the superconducting state
because superconductivity is observed in B"-(ET)4(H30)Fe
(C504)3]C¢HsCN, which also possesses chiral anions in a
racemic mixture.!® In the present work, we describe the
synthesis of II and characterize its crystal structure and
physical properties. Then we probe why the transport proper-
ties of the I and II are so different by comparing their electronic
structures based on the crystal structures determined at room
temperature as well as at a temperature below the MI transition
of IL.

2. Experimental

ET was prepared as previously described!*!* and recrystallized
from chloroform (Aldrich) prior to use. SFsCHFCF,SO;Na
was prepared as previously described.!® 18-Crown-6 (Aldrich)
was recrystallized from dry acetonitrile prior to use.'” 1,1,2-
Trichloroethane (TCE, Fluka) was distilled from P,Os
(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.

Short black rod-like crystals of II were grown by using the
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Fig. 1 (a) Atom numbering used for the donor molecules of II.
Hydrogen atoms have been omitted for clarity. (b) Atom numbering
used for the anions of II. Only the majority conformation is shown for
clarity. (c) The disordered anion pocket of II, illustrating the many
short intermolecular contacts between the hydrogen atoms of ET and
the electronegative oxygen and fluorine atoms of the SFsCHFCF,SO5 ™
anion.

previously described electrocrystallization techniques.'®!® The
electrochemical cell was assembled in an argon filled dry box.
Excess SFsCHFCF,SOs;Na and 18-crown-6 were added to
both chambers of an H-cell. ET (8.3 mg, 0.022 mmol) was
loaded into the anode chamber. The crystallization solvent,
dichloromethane (7.5 ml), was then added to each chamber of
the H-cell. A current density of 0.19 pA cm ™2 was initially
applied and gradually increased over a period of six days to
0.75 pA cm™ 2, at which time crystallization of black crystals
commenced on the electrode surface and the cell walls. Crystals
were grown at 25 °C on platinum wire electrodes for a period of
20 days. The best crystals of II grew when dichloromethane or
1,1,2-trichloroethane was used as the solvent. Poor quality
crystals were obtained when tetrahydrofuran or chlorobenzene
was the crystallization solvent.

The carbon atom of the SFsCHFCF,SO;~ anion is
stereogenic, and the synthetic procedure leading to this anion
results in a racemic mixture of the R- and S-configurations of
the anion. This racemic mixture was used for the electro-
crystallization of II by employing the electrocrystallization
techniques as previously described. Single crystal X-ray
crystallography indicates that both configurations of the
SFsCHFCF,SO;  anion are equally incorporated into the

crystal lattice. Attempts to separate the SFsCHFCF,SO;™
enantiomers through preparation of a brucine salt were
unsuccessful.

The single crystal structures of II were determined at 298 and
150 K by X-ray diffraction using a Siemens SMART® single
crystal X-ray diffractometer equipped with a CCD-based area
detector and a sealed-tube X-ray source. Further details are
available in a .cif file deposited as electronic supplementary
information (ESI). EPR measurements were performed on an
IBM ER-200 X-band spectrometer equipped with a TE(,
microwave cavity and an Oxford EPR-900 flow cryostat with
an ITC4 temperature controller. The temperature dependence
of the electrical resistivity of II was measured by using the
conventional four-probe DC technique with a LakeShore
Model 7000 cryostat equipped with RES7000 software. Four
gold contacts (~3000A thick) in a linear arrangement
were made on a single rod-like crystal sample
(4.0 mm x 0.32 mm x 0.32 mm) of II by thermal evaporation,
and narrow gauge (0.0005 inch diameter) gold wires were
affixed to the contacts using fast drying silver paint. Resistivity
data were recorded during both the cooling and warming cycles
with a slow cooling/warming rate of about 1°C min~ ' utilized
to prevent microcracking of either the crystal or contacts. A
DC current of 1.0 mA was applied. Raman spectra were
recorded using a Raman microscope spectrometer (Renishaw,
Ltd.) equipped with a He: Ne (1,=6328 A) laser. A low laser
power of 0.06 mW focused on a 1 um? area was applied. The
spectra were averaged over 20 scans. Raman shifts between 50
and 2500 cm~!' were recorded and calibrated against the
standard Si peak at 520 cm ™ L.

3. Crystal structures

Figs. 1a and 1b show the atom numbering used for the donor
molecules and the anions of II. Table 1 summarizes the
crystallographic data for II at 298 K and 150 K. For
comparison, this Table also lists the crystallographic data for
I at 298 and 123 K.

As in most salts of ET, the structures of I and II are
characterized by layers of donor molecules separated by layers
of anions. The ET molecules in these salts are arranged in tilted
stacks along the a-axis. Both of these salts contain two
crystallographically nonequivalent ET molecules (denoted A
and B). As depicted in Fig.2 for the room temperature
structure of II, each donor stack consists of only one type (A or
B) of donor molecule, and stacks of molecules A alternate with
stacks of molecules B. Donor molecules A and B in adjacent

Table 1 Summary of crystallographic data for f”-(ET),SFsCH,CF,SO5
(I) and B"-(ET),SFsCHFCF,SO; (II)

Compound 1 1I

Reference 11 This work

Chemical formula C22H|8F703S]g C22H17F803518

FW/g mol ™! 1040.45 1058.44

alA 9.260(2)  9.1536(6) 9.2233(5)  9.2462(4)
blA 11.635(2) 11.4395(8) 11.5932(6) 11.3610(5)
c/A 17.572(5) 17.4905(12) 17.8088(9) 17.7145(8)
o/deg 94.69(3)  94.316(1) 93.863(1) 94.121(1)
pldeg 91.70(1)  91.129(1) 94.543(1)  94.914(1)
y/deg 103.10(2) 102.764(1)  103.071(1) 103.139(1)
VIA 1835.5(9) 1779.9(2) 1841.9(2)  1797.45(13)
V4 2 2 2 2

Space group Pi Pi P1 Pi
Temperature/K 298 123 298 150

MA 0.71073 0.71073
Pealealg cm > 1.908 1.953
p/mm™! 1.12 1.15
R(F,) (I>20)" 0.079 0.053
Ry(F,)* 0.074 0.057

"R(Fo)=Z”Fo|7|Fc”/Z|Fo|a Rw(Fo)=[ZW(F027F(:2)2/ZWF04]1/2
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Fig. 2 Packing pattern of the ET molecules in the donor layer of II,
where the labels between adjacent ET molecules define the nearest-
neighbors i and j for the HOMO-HOMO interaction energies f3;; listed
in Table 2.

stacks form nearly coplanar arrays along the (a¢+b) direction.
The short S-S intermolecular contacts are primarily between
molecules on adjacent stacks.

The ethylene end-groups of the ET molecules in I are ordered
in an eclipsed conformation at 123 K. In contrast, all the
ethylene groups in the structure of II are disordered at room
temperature, but order in a staggered conformation at 150 K.

The charge of the ET molecules in the low temperature
structures of I and II has been determined through an analysis
of the C-S and C=C bond lengths as described by Guionneau
et al.®® At 150 K, the two independent ET molecules in II were
found to have charges of +0.60 and +0.49. Normalizing the
sum of these charges to + 1, the charges on the ET molecules
are scaled to +0.55 and +0.45. A similar analysis for I yields
charges of +0.62 and +0.47, which scale to +0.57 and +0.43.

As illustrated in Fig. 1c, the SFsCHFCF,SO;™ anion is
disordered in the structure of II. This is due to a competition
for hydrogen bonding between the hydrogen atoms of the ET
electron-donor molecules and the electronegative fluorine
atoms of the anion. In contrast, in I, there are no short
H---F contacts between the CF, fluorine atoms of the
SFsCH,CF,S03;  anion and the hydrogen atoms of ET. As
a result, I contains an ordered anion. It should be noted that
the presence of a racemic mixture does not require crystal-
lographic disorder, as the anion is on a general position in the
centrosymmetric space group, and each enantiomer will be
represented once in the unit cell.

CCDC reference number 158389, 158390. See http://
www.rsc.org/suppdata/jm/b0/b0087351/ for crystallographic
files in .cif format.

4. Physical properties

The electrical resistivity data of II measured as a function of
temperature are presented in Fig. 3. This salt is metallic down
to ~190 K, below which it undergoes an MI transition. In
addition, the resistivity curves for the cooling and warming
cycles show a strong hysteresis. We previously reported the
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Fig. 3 Temperature dependence of the electrical resistivity measured
for single crystals of II.

variable temperature resistivity data of I.'"'> This salt shows
weakly semiconducting behavior down to ~ 100K, below
which it becomes metallic and eventually superconducting
below 5.2 K.!!

Variable temperature EPR studies carried out for compound
II are summarized in Fig. 4. The ambient temperature EPR line
width of 35 G is similar to that which we previously reported
for I'! and typical of ET salts with a B’-type structure. The spin
susceptibility remains nearly constant above ~ 180K and
decreases sharply between ~ 180 and ~ 100 K. With decreasing
the temperature further, the susceptibility decreases slowly and
becomes almost negligible. The temperature-independent spin
susceptibility above 180 K is consistent with a metallic
character, and the susceptibility decrease with decreasing
temperature in the 180-100 K region indicates a thermal
activation process associated with an energy gap. These
observations are consistent with the results of the electrical
resistivity measurements discussed above.

Recently, we extracted the anisotropic microwave conduct-
ivities of I by analyzing the Dysonian derivative line shapes of
its EPR spectrum.'? At room temperature this study examined
how the microwave conductivity of the donor molecule plane
depends on the orientation of the donor layer with respect to
the magnetic field by analyzing the orientational dependence of
the line width AH and g-value. To carry out a similar analysis
for II, we measured the orientation dependence of the AH and g
values. For this experiment, the crystal was rotated around the
c*-axis with 0° indicating that the static magnetic field was
perpendicular to the long crystal axis (i.e., along the b-axis).
Under these conditions, the microwave electric field was always
parallel to the highly conductive ab-plane, and the EPR spectra
were Dysonian in line shape. The data are summarized in
Fig. 5a. The analysis of these data leads to the microwave
conductivities plotted in Fig. Sb, which shows that the
conductivity is highest along the direction of #=100°. This
coincides with the crystallographic b-axis (i.e., interstack)
direction, as also found for I.'?

The ambient temperature Raman spectra of I and II are
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Fig. 4 Line widths (open triangles) and relative spin susceptibility
(filled squares) of II as a function of temperature.
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Fig. 5 (a) Line widths (G) and g-values of II as a function of rotation
around the crystallographic c*-axis. (b) ab-plane microwave conduc-
tivity (derived from the data of Fig. 5a) as a function of rotation
around the crystallographic ¢*-axis.

shown in Fig. 6, which highlights only the v; (4,) mode that
involves the stretching vibration of the central C=C double
bond of ET.2!*? The two salts have a peak corresponding to
the v; mode at 1470 cm ™ '. Since this peak is not split, all ET
molecules are practically equivalent in both I and II, although
each salt has two crystallographically nonequivalent ET
molecules. Based on the Raman data, the ET molecules have
an oxidation state of about +0.5 at room temperature.

The room temperature optical conductivity of I shows
optical transitions in the energy region of 0-0.75 eV,%*2° which
are found to be intraband transitions associated with the bands
that result from the highest-occupied molecular orbitals
(HOMO?s) of the ET molecules.”® The optical conductivity is
much stronger along the interstack direction (b-axis direction)
than along the direction perpendicular to it throughout the
energy region of 0-0.75 eV. This anisotropy is explained by the
fact that the HOMO bands are more strongly dispersive along
the interstack than along the intrastack direction.”® Compound
II exhibits room temperature optical excitations quite similar to
those found for I in the 0-0.75eV region, and additional
excitations around 1 eV not found for I.>* At present the origin
of these additional excitations in II is not clear.

5. Electronic structure of p’-(ET),SFsCHFCF,SO;3

The electronic structure of II was examined by performing
electronic band structure calculations based on the extended
Hiickel tight binding (EHTB) method.?®*’ Fig. 7a shows the
dispersion relations calculated for the highest four occupied
bands of II at room temperature. The highest two occupied
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Fig. 6 Raman spectra measured for single crystals of I (solid line) and
1I (dashed line).
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Fig. 7 (a) Dispersion relations of the four highest occupied bands cal-
culated for II at room temperature, where the dashed line refers to the
Fermi level, I'=(0, 0), X =(a*/2, 0), Y =(0, b*/2) and M = (a*/2, b*/2).
(b) Fermi surfaces associated with the partially filled bands of Fig. 7a in
an extended zone.

bands are partially filled, and the Fermi surfaces associated
with these bands are shown in Fig. 7b. Within the first primitive
zone, the Fermi surfaces consist of a closed hole pocket
centered at X and a pair of wavy lines straddling the M—Y
line. Namely, II has both one-dimensional (1D) and two-
dimensional (2D) Fermi surfaces, and these features are
entirely analogous to those found for I.'%%

To a first approximation, the 2D hole pocket predicts an
isotropic conductivity in the plane of the donor layer. A metal
with a 1D surface composed of parallel lines has a maximum
conductivity along the direction perpendicular to the lines, and
a minimum conductivity along the direction parallel to the
lines. Thus the 1D Fermi surface of Fig. 7b predicts the
maximum conductivity along the b-axis direction (ie.,
perpendicular to M—Y), and the minimum conductivity
along I'->X (ie., along the stacking direction), in good
agreement with the observed anisotropy in the ab-plane
microwave conductivity (Fig. 5b).

6. Differences in the electronic structures of p”-
(ET),SFsCHFCF,SO;3; and f"-
(ET),SFsCH,CF,S0;

As described above, the electronic band structure of II is
similar to that of I at room temperature. Nevertheless, the two
salts are quite different in the temperature dependence of their
electrical resistivities. To help understand why the two salts are
so different, we examine how strongly nearest-neighbor ET
molecules interact in their donor layers by calculating the
HOMO-HOMO interaction energies f; = <yilH"|y;>,*
where H" is an effective Hamiltonian, and ; and j are the
HOMO’s of nearest-neighbor ET molecules i and j, respect-
ively. Table 2 summarizes the f;; values calculated for the two
salts, which show that at room temperature, compounds I and
II are similar. Namely, the stack of molecules A has a stronger
dimerization than does the stack of molecules B, and the
interstack interactions are very similar. As the temperature is
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Table 2 HOMO-HOMO interaction energies f3; (in meV) between the
nearest-neighbor BEDT-TTF molecules in the donor molecule layers of
B"-(ET),X (I: X=SFsCH,CF,S0; ", II: X=SFsCHFCF,S0;")

I 11

ij pair 298 K 123K 298 K 150 K
Intrastack

a 106 116 273 133
a 25 58 72 8
b 69 124 33 127
b’ 63 55 64 1
Interstack

c 260 259 274 289
¢ 275 271 266 291
d 118 138 137 149
d’ 130 154 106 72

lowered to 150 K in I, the dimerization in the molecule A stack
is weakened while a strong dimerization takes place in the
molecules B stack. As a result, the degree of dimerization in
both stacks becomes equal, and the interaction between dimers
practically vanishes within each donor stack. The latter is
conducive for electron localization (see below for further
discussion). When the temperature is decreased to 123 K in I,
the dimerization in the molecule A stack is weakened, and a
strong dimerization takes place in the molecules B stack, such
that the degree of dimerization in both stacks becomes equal.
These findings are similar to those found for II. However, the
interaction between adjacent dimers within each donor stack of
I remains substantial, which is conducive to electron deloca-
lization.

Let us now consider a probable electron localization for II
below ~ 180 K. From the fact that each donor stack is strongly
dimerized, one might suppose that an unpaired spin occurs in
each donor dimer. This would result in a high spin suscept-
ibility, but Fig. 4 shows that the spin susceptibility decreases
sharply below ~ 180 K and becomes negligible below ~ 100 K,
thus implying the pairing up of spins. It is noted from Table 2
that the f;; values between adjacent dimers along the interstack
direction are substantial in II at the low temperature. In other
words, the donor layer of II contains chains of dimers running
along the interstack direction, and hence this salt becomes a 1D
metal with a half-filled band dispersive along the interstack
direction. The spin susceptibility would diminish as observed
from the EPR measurements, if a pairing distortion takes place
along the interstack direction. To test this hypothesis, it will be
necessary to determine the crystal structure of II at a low
temperature well below ~ 150 K.

It should be recalled that the conformations of the anions
and the donor molecule ethylene groups are disordered in II,
but this is not the case in I. We speculate that the hysteresis in
the electrical resistivity of II implies that the positions of the
anions and the ethylene groups undergo relaxation. Such a
relaxation would depend on whether the sample is being cooled
or warmed thereby changing the mobility of the charge carriers
differently. Future NMR studies are planned to this effect.

7. Concluding remarks

The SFsCHFCF,SO;~ and SFsCH,CF,SO3;™ anions are
similar in shape and size. Likewise, the two salts I and II are
similar in both their crystal and electronic structures. Never-
theless, the transport properties of the two salts are strikingly
different. Compound II undergoes an MI transition at
~190 K, and its electrical resistivity is strongly hysteretic. In
contrast, I is semiconducting down to ~ 100 K, below which it
is metallic and becomes superconducting below 5.2 K. As the
temperature is lowered, each donor stack of the donor layers
becomes dimerized in both salts. The interdimer interaction
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within each donor stack nearly vanishes in II, but remains
substantial in I. This is probably why electron localization
takes place in II. Our EPR spin susceptibility data for II suggest
that a pairing distortion is likely to occur along the interstack
direction. Due to the similarity in the crystal structures of the
two salts, it should be possible to prepare crystal samples
B"-(ET)»(SFsCH,CF,S03) (SFsCHFCF,S03), _ in which we
expect to see a dopant threshold at which the superconducting
state disappears.
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