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Salts of the donor molecule, bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF or ET), with
pentafluorothiomethylsulfonate (SFsCX,SO3~, X = H or F) anions have been prepared. Three
phases, "-(ET),SFsCH,SO3, §'-(ET).SFsCF,S03, and "-(ET),SFsCHFSO3 were obtained by
electrocrystallization with the corresponding LiSFsCX,SO3 electrolytes. The structures of
these salts were determined by single-crystal X-ray diffraction, and their physical properties
were examined by electrical resistivity measurements as well as by ESR and Raman
spectroscopy. The "-(ET).SFsCH,SO3, f"-(ET).SFsCHFSO3 and f'-(ET),SFsCF,SOj3 salts are
considerably different in their crystal structures, physical properties, and electronic structures
despite the similarity in the structures of the SFsCX,SO3;~ (X = H, F) anions. The 5"-(ET),SFs-
CH,SO0;s salt has two kinds of ET donor molecules with considerably different charge densities.
The electronic structure of 5'"-(ET),SFsCHFSO3; has both one-dimensional (1D) and two-
dimensional (2D) Fermi surfaces which are similar to those found in the organic supercon-
ductor 5"-(ET),SFsCH,CF,SO;. The ESR data for the f'-(ET),SFsCF,SO3 salt indicate that
it opens a spin gap below 45 K. The differences in the physical properties of the three salts
were analyzed by calculating the HOMO—HOMO interaction energies between nearest-
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neighbor ET molecules in their donor molecule layers.

I. Introduction

Since the discovery of superconductivity in (TMTSF),-
ClO4,! where TMTSF refers to tetramethyltetraselena-
fulvalene, a large number of organic conductors and
superconductors have been prepared. The organic donor
molecule, bis(ethylenedithio)tetrathiafulvalene (BEDT-
TTF or ET), has led to over 50 superconducting salts.?3
Among these salts, «-(ET)2Cu[N(CN);]Br has the high-
est superconducting transition temperature T, at ambi-
ent pressure (T, = 11.6 K).* Superconducting ET salts
with T, approaching this record were obtained by using
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large perfluorinated anions M(CF3)4~ (M = Cu, Ag, Au)
(Te = 2.1—-11.1 K).578 More recently, the first example
of an organic superconductor containing both an organic
cation and an organic anion, 8"-(ET),SFsCH,CF,SOs3,
was discovered (T, = 5.2 K).®

Many of the ET salts prepared with linear triatomic
anions (137, IBr2~, Aul,™, 1,Br—, BrICI~, IAuBr—, AuBr;™,
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ICI;~, and AuCl,™)? exhibit a number of different crystal
packing types (o, 8, «, 0, etc.). The (-type salts are
further classified into three subgroups, i.e., 5, f', and
B"'.210 The longer anions (e.g., 137, IBrz~, Aul,™) tend to
favor the S-type packing while the shorter anions favor
the ' and " motifs. The $-ET salts contain “face-to-
face” stacks of ET donor molecules which form a 90°
angle between the stacking axis and the ET molecular
plane when projected along the long molecular axis.
Also, B-(ET)X (X = 137, IBry7, and Auly") salts!t13
exhibit two-dimensional (2D) metallic behavior and
become superconductors under ambient pressure.1° The
p'-ET cation—radical salts form with strongly dimerized,
face-to-face ET molecules with the ET dimers along the
stacking axis displaced from one another.’® The f'-
(ET)2X (X = ICl,~, BriICl~, AuCl,") salts have one-
dimensional (1D) energy band structures and are mag-
netic semiconductors which undergo antiferromagnetic
(AFM) phase transitions around 20—30 K.14716 |n the
p"-ET salts, the donor molecules within a stack are
displaced slightly resulting in a ~60° angle between the
stacking axis and the ET molecular plane. The 5"-type
salts are typically 2D metals as found for "-(ET)2X (X
= AuBr,~, IAuBr-, as well as several larger anions)%17-22
and several of them exhibit superconductivity, e.g., "'~
(ET)2SFsCH,CF,S03 (T, = 5.2 K),° B'-(ET)4(H30)-
Fe(C204)3°CeHsCN (T, = 7.0 K),Zl and S"-(ET)4(H30)-
CI"(CzO4)3'C6H5CN (TC =6.0 K).22

In an attempt to prepare analogues of the supercon-
ductor, g"-(ET),SFsCH,CF,SO3, the carbon framework
of the SFsCH,CF,SO3~ anion?324 can be chemically
modified both in the length of the carbon backbone and
in the H and F atoms substitution pattern, to generate
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a number of similar anions, e.g., SFsCHFCF,SO;3™,
SFsCH»S0O3~, SF5sCF,S0O357, and SF5CHFSO3_.25 It is of
interest to study how the structures and physical
properties of the salts that these anions form with ET
compare with those of the superconducting salt j'-
(ET)2SFsCH,CF,S03. In the present work, we examine
ET salts of three anions SFsCH,SO3 ™, SFsCF,SO3~, and
SFsCHFSO3~. These anions differ structurally only
slightly by the CX,; (X = H, F) substitution pattern.
Nevertheless, the three new ET salts that we prepared,
i.e., f""-(ET)2SFsCH2SO3, "-(ET),SFsCHFSO3, and f'-
(ET)2SFsCF,S03, vary considerably in their crystal
structures, physical properties, and electronic struc-
tures.

1. Experimental Section

Materials Synthesis. ET was synthesized?® and the LiSFs-
CH,SO0s, LiSFsCF,SO3, and LiSFsCHFSOg3 salts were prepared
by following the procedures reported in the literature.?®
Methylene chloride (99.6%, ACS HPLC grade) and 12-crown-4
ether were purchased from Aldrich Chemical Co. (Milwaukee,
WI) and used without further purification. 1,1,2-Trichloro-
ethane (TCE) was purchased from Acros (Chicago, IL) and
distilled prior to use. The salts 3"'-(ET).SFsCH.SOs3, '-(ET)2-
SFsCF,S03, and "-(ET).SFsCHFSO3 were grown by use of the
electrocrystallization technique.?”?¢ The electrochemical cells
were assembled in an argon-filled drybox.

To prepare the (ET).X (X = SFsCH,SO3, SFsCF,SO3, and
SFsCHFSO;) salts, ET was loaded into the anode chamber of
a two-electrode H-cell [0.018 mmol for f"-(ET).SFsCH.SOs3,
0.021 mmol for f'-(ET).SFsCF,SO3, and 0.013 mmol for j'-
(ET).SFsCHFSOs3]. As solvent for ET and the salt LiX, meth-
ylene chloride was used for 5"'-(ET).SFsCH,SO3 and f'-(ET),-
SFsCF,S03, and 1,1,2-trichloroethane for f"'-(ET).SFsCHFSOs.
A 15 mL solution saturated with LiX [0.21 mmol for j"-
(ET)2SFsCH,SO3, 0.145 mmol for f'-(ET),SFsCF,SO;, and
0.203 mmol for f"-(ET),SFsCHFSO3] and 10 drops of 12-
crown-4 ether were added to both chambers of an H-cell. A
current density of 0.19 uA/lcm? was initially applied and
gradually increased over a period of days to a higher value
[i.e., 0.84 uAlcm? for B"-(ET),SFsCH,SO3, 1.27 uAlcm? for f3'-
(ET).SFsCF,S0s, and 0.29 uAlem? for f"'-(ET),SFsCHFSOg], at
which time crystallization commenced. Crystals were grown
at 25 °C on Pt wire electrodes for 19 days for 5"'-(ET).SFsCH>-
SO; and f'-(ET).SFsCF,SO3, and 14 days for f"-(ET).SFs-
CHFSOs. Crystals of 5"-(ET).SFsCH.SO; form as black, thin
hexagonal plates, while crystals of 5"-(ET),SFsCHFSO3; and
B'-(ET)2SFsCF,SO; form as long, black rods.

X-ray Structure Determination. Single-crystal X-ray
diffraction data were collected at 298 K for 5""-(ET).SFsCHo-
SOz and f"-(ET),SFsCHFSO3;, and at 120 K for f'-(ET).SFs-
CF,S0; on a Siemens SMART single-crystal X-ray diffractom-
eter equipped with a CCD-based area detector and a sealed
tube X-ray source. Details are deposited as Supporting Materi-
als.

Raman Spectroscopy. 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™.
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Figure 1. Atom labeling used for (a) the donor molecules in 3"-(ET).SFsCH,SOs3, (b) the anion of 5"-(ET),SFsCH,SOs3, (c) the
anion of §"-(ET),SFsCHFSO3, and (d) the anion of §'-(ET).SFsCF,SOs. Thermal displacement ellipsoids (50%) are shown except
for the hydrogen atoms. The same atom labeling was applied to the donor molecules in the other two salts, except for the lack of

ethylene group disorder.

ESR Spectroscopy. Single-crystal samples of 5"-(ET).SFs-
CH,SO0s3, B"-(ET).SFsCHFSO3, and f'-(ET).SFsCF.SO3; were
mounted on the cut edge of a quartz rod, and ESR measure-
ments were performed using an IBM ER-200 X-band spec-
trometer equipped with a TE;q, rectangular microwave cavity
and an Oxford Instruments (Witney, England) ESR-900 flow-
through cryostat with an ITC4 temperature controller. Tem-
perature-dependent ESR data were obtained at 9.49 GHz with
100 kHz field modulation. Angular dependent spectra were
recorded at room temperature with the use of a commercial
goniometer.

Electrical Transport. Temperature-dependent electrical
resistivity measurements of 5"-(ET),SFsCH,SOs, 8"'-(ET).SFs-
CHFSOs, and f'-(ET).SFsCF,SO3; were made using a four-
probe dc technique with a LakeShore Model 7000 cryostat
equipped with RES7000 software. The current and voltage
contacts in a linear arrangement were made with gold wire
(0.0005 in. diameter) attached directly to the crystals with fast-
drying silver paint (DuPont). Resistivity data were recorded
during both the cooling and warming cycles, and a slow cooling/
warming rate of about 1°/min was utilized to prevent micro-
cracking of either the crystal sample or the contacts. Direct
currents of 0.1, 0.25, and 0.001 mA were applied for g'"-
(ET).SFsCH»S0s, f"-(ET)2SFsCHFSOs, and f'-(ET).SFsCFo-
SOs, respectively.

Magnetic Susceptibility. Single-crystal samples of -
(ET)25F5CH2803, ﬁ”-(ET)zSF5CHFSO3, and ﬁ'-(ET)zSF5CF2$O3

were used to measure their ac susceptibilities on a LakeShore
Model 7000 ac susceptometer equipped with a He subpot low-
temperature option using a modulation frequency of 125 Hz
and an ac field of 1 G. Samples were cooled from room
temperature to 4 K over a period of 15 min, and then further
cooled to 1.2 K. Our ac susceptibility measurements are
consistent with the ESR results but do not possess a high
enough sensitivity for detailed analysis. For each compound
only a small amount of sample was available for ac suscepti-
bility measurements.

I11. Results and Discussion

Crystal Structures. As in most 2:1 salts of ET,
layers of donor molecules are separated by layers of the
anions in 3""-(ET),SFsCH,SO3, "-(ET),SFsCHFSO3, and
B'-(ET)2SFsCF,SO3. The donor molecule packing in "'-
(ET)28F5CH2803 and ﬂ”-(ET)zSFsCH FSOg has the tilted
stacks of ET molecules of the 8" packing motif,917.18.20.21
whereas ('-(ET),SFsCF,SO3 has the dimerized stack
pattern typical of the ' packing type.1*15 There are two
crystallographically nonequivalent ET molecules (here-
after designated as molecules A and B) in all three salts.
Figure 1a shows the atom numbering used for the donor
molecules of all three salts. Parts b, ¢, and d of Figure
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Table 1. Crystallographic Data and Structure Refinement?

crystal

B"-(ET)2SFsCH,SO3  B'-(ET).SFsCF,S0OzP  B'~(ET),SFsCF,S03;  '-(ET),SFsCHFSO3 f"-(ET)2SFsCH,CF,S03¢
T, K 298 298 120 298 123
chemical formula (C10H858)2CH2F50352 (C10H888)2CF70382 (C10H338)2CF70332 (CmHgSg)zCHFeO;;Sz (C10H858)2C2H2F70352
formula wt, g 990.44 1026.42 1026.42 1008.43 1040.45
crystal system triclinic triclinic triclinic triclinic triclinic
a, A 8.8052(2) 7.862(2) 7.6994(2) 8.7965(2) 9.1536(6)
b, A 11.7986(2) 13.222(3) 13.1514(2) 11.7264(2) 11.4395(8)
c, A 17.7276(3) 17.660(5) 17.6425(4) 17.5763(4) 17.4905(12)
o, deg 75.884(1) 81.37(2) 81.323(1) 95.893(1) 94.316(1)
f, deg 86.163(1) 87.03(2) 87.416(1) 90.178(1) 91.129(1)
y, deg 77.333(1) 75.33(2) 74.994(1) 102.286(1) 102.764(1)
v, A3 1742.45(1) 1755.6(9) 1705.74(1) 1761.55(1) 1779.9(2)
space group P1 P1 P1 P1

2 2 2 2
Pealed, § CM~3 1.888 1.998 1.901 1.941
S, goodness of fit 0.984 1.007 1.060 1.635
R1 (%)/reflections  5.04 4.50 5.08 4.6
WR;y (%)/reflections 14.74 11.61 13.78 4.5

3Ry = 3 ([|Fo| — IFcll)/3|Fol for Fo > 40(Fo); WR2 = [3[W(Fo? — Fc2)2)/3 [w(F.?)?]]V2 for all reflections; S = [ [w(Fe? — Fc2)?)/(n-p)]*2; w =

1/[0?(F?)+(0.0370p)2+0.31p], p = [max(F.2,0)+ 2F:2]/3 ° Unit cell determination only. ¢ Taken from ref 9, refinement on F,.

1 show the atom numbering used for the SFsCH,SO3,
SFsCHFSO3~, and SFsCF,SO3;~ anions, respectively.
Table 1 summarizes the crystallographic data for f"-
(ET)28F5CH2503, ﬁ”-(ET)zSF5CH FSOs, and ﬁ'-(ET)zSF5-
CF,S0s.

In 5"-(ET),SFsCH,SO3 at room temperature, the
conformation of the terminal ethylene group (C9—C10)
in molecule A is disordered with 70% occupation for the
C9A and C10A positions (eclipsed), and 30% occupancy
for the C9B and C10B positions (staggered). The donor
layer of §"-(ET),SFsCH,SO3 consists of ET molecule
stacks running along the a direction, and molecules A
and B alternate in each donor stack (Figure 2a). The
donor stacks are arranged such that molecules A in
different stacks form nearly coplanar arrays along the
(—a + b) direction, and so do molecules B. Intermolecu-
lar S---S contacts shorter than 3.6 A (i.e., the sum of
the sulfur van der Waals radii) are found between
adjacent donor stacks, but not within donor stacks. The
SFsCH,S0O3~ anion of g"-(ET),SFsCH,SO3 has a dis-
torted tetrahedral geometry around the carbon atom
with the S—C—S bond angle of 120.7(2)°. The F and O
atoms of the anion make numerous contacts with the
ethylene hydrogen atoms of ET molecules. Figure 3a
shows a schematic view of the anion layer of g'-
(ET)2SF5CH2S03, which is made up of anion dimers. In
each anion dimer, two anions are linked by two C—H---O
hydrogen bonds (H+--O = 2.284 A) between one hydro-
gen atom of the CH, group and one O atom of the SO3
group. The remaining oxygen atoms and the fluorine
atoms of the terminal SFs groups make short C—H---O
and C—H---F contacts with the ethylene hydrogen atoms
of ET molecules. With the SFsCH,SO3;~ anions, mol-
ecules A make predominantly short C—H---O contacts,
while molecules B make mainly C—H---F contacts (see
Table 2).

The donor layer of f"-(ET),SFsCHFSO3, shown in
Figure 2b, has a packing motif similar to that found in
B"-(ET),SFsCH,S0O3. However, each donor stack of j3''-
(ET)2SFsCHFSO3, consists of only one kind of donor
molecules, and stacks of molecules A alternate with
stacks of molecules B along the interstack direction.
Donor molecules A and B in adjacent stacks form nearly
coplanar arrays along the (a + b) direction. The inter-

molecular S---S contacts shorter than 3.6 A occur
between adjacent stacks, but not within stacks. The
SFsCHFSO3~ anion adopts a distorted tetrahedral
geometry around the carbon atom with the S—C—S bond
angle of 119.4(2)°. As in the anion layer of 8"-(ET),SFs-
CH,S0g3, the anions of f""-(ET),SFsCHFSO3; form dimers
(see Figure 3b) by making C—H---O hydrogen bonds
between the hydrogen atom of the central carbon and
one oxygen atom of the sulfonate group. As summarized
in Table 2, molecules A and B make short C—H---O and
C—H---F contacts with the anions. Unlike the case of
B"-(ET)>,SFsCH,SO03, however, molecules A and B in 5"'-
(ET)2SFsCHFSO3; make similar numbers of short C—
H---O and C—H-:-F contacts.

In §'-(ET),SFsCF,S03 at 120 K there is no disorder
in either the cation or anion layers. As shown in Figure
2c, the donor layer has stacks of molecules A that
alternate with stacks of molecules B, and each donor
stack consists of ET dimers. There are short intermo-
lecular S--+S contacts shorter than 3.6 A between
adjacent stacks, but not within donor stacks. The
SFsCF,SO3~ anion of §'-(ET),SFsCF,SO3 has a distorted
tetrahedral geometry around the carbon atom with the
S—C—S bond angle of 118.7(2)°. In §'-(ET),SFsCF,SO3,
the anions exist as monomers as depicted in Figure 3c.
Donor molecules A make only short C—H---O contacts
with the anion. Each molecule B has only one C—H---F
contact shorter than 2.55 A with the anions, and two
C—H---O contacts shorter than 2.70 A (Table 2).

It is noteworthy that for the 5"'-(ET).SFsCH,SO3 and
B"-(ET)2SFsCHFSO3 salts C—H---O hydrogen bond in-
teractions occur not only between the donor molecules
and anions but also between the anions. For §'-(ET),SFs-
CF,SO03; these interactions exist only between the donors
and anions because no such interaction is possible
between the anions. These observations confirm the
importance of C—H---O hydrogen bond interactions in
the packing of organic conducting salts.2°

(29) Whangbo, M.-H.; Jung, D.; Ren, J.; Evain, M.; Novoa, J. J.;
Mota, F.; Alvarez, S.; Williams, J. M.; Beno, M. A.; Kini, A. M.; Wang,
H. H.; Ferraro, J. R. In The Physics and Chemistry of Organic
Superconductors; Saito, G., Kagoshima, S., Eds.; Springer-Verlag:
Berlin, Heidelberg, 1990; Vol. 51, p 262.
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Figure 2. Packing patterns of the donor molecule layers of
(@) p"-(ET),SFsCH,S0s, (b) p"-(ET),SFsCHFSO3, and (c) f'-
(ET).SFsCF,SO3, where the labels (e.g., a, @, b, etc.) between
adjacent ET molecules are used to specify the HOMO—-HOMO
interaction energies listed in Table 3.

The HOMO of the ET molecule is bonding in the C=C
bonds but antibonding in the C—S bonds of the TTF
moiety (Figure 4a). Thus, an increase in the charge g
on the ETY* cation increases the C=C bond lengths (a
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Figure 3. Packing patterns of the anion layers of (a) 3"-
(ET)2SFsCH,SO3, (b) #'-(ET).SFsCHFSO3, and (c) '-(ET),SFs-
CF,SOs.

and d) but shortens the C—S bonds (b and c¢) of the TTF
moiety (Figure 4b). By defining the bond length differ-
ence 0 between the C—S and C=C bonds as

0= (rb + rc) - (ra + rd) (13)

where r; refers to the length to the length of the bond i
(= a, b, ¢, d), Guionneau et al.®° recently found that the
charge q is linearly related to 0 as

q=6.347 — 7.4630 (1b)

On the basis of this relationship and the C=C and
C—S bond lengths determined in the present study, the
charges on molecules A and B of 5"-(ET),SFsCH,SO3
are calculated to be +0.94 and +0.72, respectively,
indicating a significant difference in the oxidation state
of each donor molecule. These numbers are scaled to
+0.6 and +0.4, respectively, by requiring their sum

(30) Guionneau, P.; Kepert, C. J.; Bravic, G.; Chasseau, D.; Truter,
M. R.; Kurmoo, M.; Day, P. Synth. Met. 1997, 86, 1973.
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Table 2. Short Intermolecular C—H---O and C—H---F
Contacts between the Ethylene Groups of ET Molecules
and the SFsCH,S03~, SFsCHFSO3~ and SFsCF,S03™
Anions in p"-(Et),SFsCH,SOs3, f"-(Et),SFsCHFSO3; and
f'-(Et);SFsCF,S032

H---0 (A) H-F (A)
salt A B A B

B"-(ET)2SFsCH2SO3 2.428P 2.591 2.592 2.343
2.580° 2.430
2.594b 2.452
2.682°
2.422¢
2.666°
2.674¢

B"-(ET)2SFsCHFSO3 2.543 2.410 2.346 2.449
2.612 2.668 2.528 2.449

B'-(ET)2SFsCF2S03 2.496 2.590 2.406
2.506 2.640
2.507
2.592

a Only the H---O and H---F distances shorter than 2.70 and 2.55
A, respectively, are listed. ® Calculated using the (C9A, C10A)
conformation of the ET molecule A. ¢ Calculated using the (C9B,
C10B) conformation of the ET molecule A.

(a)
SN S-S s S
(=
s S s s
(b)

Figure 4. (a) Nodal properties of the HOMO of ET and (b)
C=C and C-S bond labels of ET used for the q vs o
relationship.

to be normalized to +1.0. It is important to note that
the charged ends of the SFsCH,SO;3;™ (i.e., the SOz~
groups) anions arrange themselves toward the more
charged ET'06 cations, and the SFs moiety toward the
less charged ET+94 cations. Charge localization due to
electrostatic interactions was also found in other organic
conducting salts.3132 The charges on molecules A and
B of ""-(ET).SFsCHFSO3 are calculated to be +0.64 and
+0.71, respectively, which are scaled to +0.47 and
+0.53, respectively. The charges on molecules A and B
of B'-(ET),SFsCF,SO3; are calculated to be equal at
+0.59, which is scaled to +0.5 each. Thus, the charge
states on molecules A and B are similar in 5"-(ET),SFs-
CHFSO3 and f'-(ET),SFsCF,SOg3, but considerably dif-
ferent in 8""-(ET)2,SFsCH2SO:s.

Physical Properties. The temperature-dependent
electrical resistivities measured for 5'-(ET),SFsCF,SOs3,
B"-(ET)2SFsCH,S03, and 5'"-(ET),SFsCHFSO3 are pre-
sented in Figures 5 and 6. §'-(ET),SFsCF,SO3 is semi-

(31) Ren, J.; Evain, M.; Whangbo, M.-H.; Beno, M. A.; Geiser, U.;
Kini, A. M.; Wang, H. H.; Williams, J. M. Solid State Commun. 1989,
70, 615.

(32) Kepert, C. J.; Kurmoo, M.; Day, P. J. Mater. Chem. 1997, 7,
221.
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Figure 5. Temperature dependence of the electrical resistivity
measured for single crystals of (a) f'-(ET).SFsCF.SO3; and (b)
B'"-(ET)2SFsCH,SO:s.
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Figure 6. Temperature dependence of the electrical resistivity
measured for a single crystal of 5"-(ET).SFsCHFSOs.
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Figure 7. Raman spectra measured for single crystals of (a)
ﬂ'-(ET)zSFsCFzSO3, (b) ﬁ”-(ET)zSFsCHzSO3, and (C) ﬁ”-(ET)z-
SFsCHFSOs. (Spectra are offset for clarity.)

conductive between 100 and 298 K with E; = 110 meV
and a room-temperature conductivity of 7.9 x 1074 S/cm
(Figure 5a). f"-(ET)>SFsCH,SO0O3 is also a semiconductor
between 100 and 298 K with E; = 56 meV and a room-
temperature conductivity of 5.3 x 1072 S/cm (Figure 5b).
B"-(ET)2SFsCHFSO3 is semiconducting between room
temperature and 100 K, is metallic between 100 and 6
K, and undergoes a metal-to-semiconductor transition
below 10 K (Figure 6).

The Raman spectra of '-(ET),SFsCF2SO3, "-(ET)2-
SFsCH,SO3, and p"-(ET),SFsCHFSO3; are shown in
Figure 7, which highlights only the v3 (Ag) mode that
involves the stretching vibration of the central C=C
double bond of ET.3334 The charge g on the ETY* cation

(33) Wang, H. H.; Ferraro, J. R.; Williams, J. M.; Geiser, U.;
Schlueter, J. A. J. Chem. Soc., Chem. Commun. 1994, 1893.

(34) Eldridge, J. E.; Homes, C. C.; Williams, J. M.; Kini, A. M;
Wang, H. H. Spectrochim. Acta 1995, 51A, 947.
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Figure 8. Angular dependence of the line width AH and the
g value determined for 3"-(ET),SFsCH,SO3 at 298 K.

in an ET salt can be inferred from the v; frequency
independently of estimates from the bond lengths (see
above).3® Electron removal from the HOMO of an ET
molecule weakens the C=C bond, hence it reduces the
C=C stretching vibration frequency vs. '-(ET).SFsCF»-
SO3 and fB"-(ET),SFsCHFSO3; each have a peak corre-
sponding to the vz mode at 1469 cm~! (Figure 7a) and
1471 cm~! (Figure 7c), respectively. In 8"-(ET),SFsCH,-
SOg, the peak corresponding to the v3 mode is split into
two subpeaks at 1476.8 and 1460.4 cm~1! (Figure 7b). A
linear correlation between g and v3 in ET salts has been
found earlier,33 hence the subpeaks at 1476.8 and 1460.4
cm~1 correspond to fractional charges of 0.38 and 0.54,
respectively. These values may be scaled to be +0.41
and +0.59 by requiring their sum to be normalized to
+1.0. These values are in excellent agreement with the
corresponding results determined from the crystal
structure analysis (see above).

ﬁ'-(ET)zSF5CF2503, ﬁ”-(ET)zSFsCHzSOg, and ﬁ”-(ET)z-
SFsCHFSO3 were characterized by ESR spectroscopy.
The line width AH and the g value associated with an
ESR peak depend on the orientation of the ET molecules
with respect to the magnetic field. As a representative
example, Figure 8 shows an orientation dependence of
the AH and g value recorded for f'-(ET),SFsCH2SOs3.
Here the plane of the donor layer is parallel to the
magnetic field when the angle 6 = 0°, and perpendicular
to the magnetic field when 6 = 90°. The orientation
dependence of the AH and g value shows that the line
width ranges for 5'-(ET),SFsCF,SOg3, 3'"-(ET),SFsCH>-
SO3, and f"-(ET)2SFsCHFSO3 are 7—11, 14—-20, and
26—38 G, respectively. The narrower line width for f'-
(ET)2SFsCF,S03 is typical of f'-type salts (e.g., f'-
(ET)2ICI; and p'-(ET)2AuUCly), and the line width of 3"'-
(ET)2SFsCHFSOs is consistent with those of other j3"'-
type salts, e.g. f"-(ET),SFsCH,CF,SO3; (23—34 G) and
B"-(ET)4(H30)Fe(C204)3(CsHsCN) (23—35 G). However,
the line width of 5"-(ET),SFsCH,SO3 deviates consider-
ably from those of other j"-type salts. The g value
ranges for 5'-(ET),SFsCF,SOs3, "'-(ET),SFsCH,»SO3, and
B"-(ET),SFsCHFSO;3 are 2.000—2.008, 2.002—-2.012, and
2.004—2.014, respectively. For all three compounds the
orientation dependence of the g value is in-phase with
that of the line width AH, as in Figure 8. This behavior
is typical of -like samples. The maximum g value in
these compounds (2.012) occurs when the magnetic field
is along the direction of the central C=C bond of the
ET molecule, and the minimum g value (2.000) occurs
when the magnetic field is along the direction perpen-
dicular to the molecular plane of the ET molecule.
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Figure 9. Temperature dependence of the relative spin
susceptibility, of f'-(ET),SFsCF,SO3; with the magnetic field
oriented along three approximately othogonal directions.

Low-temperature ESR studies were also carried out
for "-(ET),SFsCH,SO3, ('-(ET).SFsCF,S0O3, and f'-
(ET),SFsCHFSO3. With decreasing temperature, both
the line width and the spin susceptibility of 5""-(ET),SFs-
CH,S0O3; decrease monotonically (not shown). The line
width decreases from 19 G at room temperature to 2 G
at 30 K at which temperature the relative spin suscep-
tibility is 5% of its room-temperature value. The de-
crease of the spin susceptibility with decreasing tem-
perature suggests a thermal activation process associated
with an energy gap. A plot of the log value of the spin
susceptibility versus the inverse temperature (1/T)
between 295 and 150 K leads to an activation energy of
8.2 meV for "-(ET),SFsCH,S0O3. Thus, the ESR sus-
ceptibility data are consistent with the four-probe
electrical resistivity measurements in that 5"-(ET),SFs-
CH,S0O3; is a semiconductor although the activation
energies derived from the two methods are not identical.
Figure 9 shows the spin susceptibility of 5'-(ET),SFs-
CF,S0O3; as a function of temperature. The circles
represent the data obtained when the magnetic field
was perpendicular to the plane of the donor layer (i.e.,
parallel to the c* axis). The squares and diamonds refer
to the data obtained with the magnetic field aligned
along the a and b axis, respectively. Upon lowering the
temperature, the relative spin susceptibility (filled
circles) increases slightly from room temperature to a
maximum at 160 K, and then decreases slowly to its
room temperature value at 60 K. Between 60 and 45
K, the spin susceptibility continues to decrease, and
below 45 K a rapid decrease is observed. As the
temperature is lowered, the line width (not shown)
decreases monotonically from 11 G at room temperature
to 0.9 G at 60 K. The line width is nearly the same
between 60 and 45 K, and rapidly increases below 45
K. The measurements along the a and b axis indicate a
rapid increase in y(T) with decreasing temperature
between 50 and 45 K, followed by a precipitous drop in
x(T) below 45 K. The spin susceptibility decreases to
~15% of its room-temperature value at 30 K. The rapid
decrease in the spin susceptibility of f'-(ET),SFsCF,-
SO; in all three directions below 45 K indicates the
occurrence of a spin gap, and is not consistent with a
three-dimensional (3D) antiferromagnetic (AFM) order-
ing as found for f'-(ET).ICl; (Ty = 22 K) and fj'-
(ET)2AUCI; (Tn = 28 K).% In f'-(ET)2.SFsCF,SO3 each
dimer unit (ET)," carries an unpaired spin, and the

(35) Yoneyama, N.; Miyazaki, A.; Enoki, T.; Saito, G. Synth. Met.
1997, 86, 2029.
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Figure 10. Temperature dependence of the ESR line width
and relative spin susceptibility of "-(ET),SFsCHFSO;3 deter-
mined with the magnetic field perpendicular to the plane of
the donor layers (ab plane).

interactions between these dimers in each donor layer
are anisotropic (see below). Therefore, it is possible that
the cause for a spin gap in p'-(ET),SFsCF,SO3 below 45
K is a spin—Peierls transition.36-41

Figure 10 shows the ESR line width and relative spin
susceptibility of "-(ET),SFsCHFSO3 as a function of
temperature. With decreasing temperature from 298 to
100 K, the spin susceptibility of "-(ET),SFsCHFSO3;
diminishes gradually, thereby indicating a semiconduct-
ing behavior. From 100 K to about 20 K, the spin
susceptibility remains nearly constant, which indicates
a metallic behavior. When the temperature is lowered
below about 12 K, the spin susceptibility slightly
increases again. The latter indicates that electron
localization takes place leading to a paramagnetic
ground state. A possible cause for this localization is
that the reduction of the unit cell volume at low
temperatures makes the extent of dimerization stronger
in each donor stack so that each donor dimer becomes
a spin center. To test this speculation, it is necessary
to determine the single-crystal structure of 5"-(ET),SFs-
CHFSO3 at a very low temperature. The ESR suscep-
tibilities of 8"'-(ET),SFsCHFSO3 are consistent with the
transport properties found in the electrical resistivity
measurements.

Electronic Structures. The strength of the interac-
tion between nearest-neighbor ET molecules in a given
donor layer can be estimated by calculating the HOMO—
HOMO interaction energy fij 4?

By = GpIH |y, 0 )

where H¢f is an effective Hamiltonian, and y; and v;
are the HOMO's of ET molecules i and j, respectively.
Figure 2a—c and Table 3 summarize the fj; values

(36) Bray, J. W.; Hart, H. R.; Interrante, L. V., Jr.; Jacobs, I. S;
Kasper, J. S.; Watkins, G. D.; Wees, S. H.; Bonner, J. C. Phys. Rev.
LEtt. 1975, 35, 744.

(37) Jacobs, I. S.; Bray, J. W.; Hart, H. R.; Interrante, L. V., Jr;
Kasper, J. S.; Watkins, G. D.; Prober, D. E.; Bonner, J. C. Phys. Rev.
B: Condens. Matter 1976, 14, 3036.

(38) Huizinga, S.; Kommandeur, J.; Sawatzky, G. A.; Thole, B. T.;
Kopinga, K.; de Jonge, W. J. M.; Roos, J. Phys. Rev. B: Condens. Matter
1979, 19, 4723.

(39) Obertelli, S. D.; Friend, R. H.; Talham, D. R.; Kurmoo, M.; Day,
P. J. Phys.: Condens. Matter 1989, 1, 5671.

(40) Hase, M.; Teresaki, I.; Uchinokura, K. Phys. Rev. Lett. 1993,
70, 3651.

(41) Ueda, Y. Chem. Mater. 1998, 10, 2653.

(42) Whangbo, M.-H.; Williams, J. M.; Leung, P. C. W.; Beno, M.
A.; Emge, T. J.; Wang, H. H. Inorg. Chem. 1985, 24, 3500.
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Table 3. HOMO—HOMO Interaction Energies ) between
the Nearest-Neighbor ET Molecules in the Donor
Molecule Layers of f"-(Et),SFsCH,SOs3,
p"-(Et)2SFsCHFSO3 and f'-(Et).SFsCF,SO3

Bii, meV
salt intrastack interstack
ﬁ”-(ET)zSFsCHzSOs a=285 c =260
a =12 c¢' =265
d=118
d' =130
e =144
e' =126
B'"-(ET).SFsCHFSO3 a=35 c=283
a' =95 ¢’ =255
b =286 d=124
b’ = 100 d =138
B'-(ET)2SFsCF,SO3 a =601 ¢c=200
a' =96 ¢'=73
b =569 d=115
b’ =63 d =110
B-(ET)2AuCl, 2 a=477 c=195
a' =53 c' =89
b =477 d=74
b' =53 d =74
B'-(ET)2ICl2 a =508 c=189
a =40 c' =86
b =508 d=64
b' =40 d =64

2 In terms of the repeat vectors of these salts, the intrastack
and interstack directions are given by the (a + b) and a directions,
respectively. The interaction energies of these salts were listed
on the basis of the packing diagram of Figure 2c for the purpose
of comparison with the 8"-(ET),SFsCF,SO3 salt.

calculated for all nearest-neighbor donor pairs in the
donor layers of "-(ET),SFsCH,SO3, 5"-(ET),SFsCHFSO3,
and f'-(ET),SFsCF,SO3 by use of the extended Huckel
tight binding method.*344 For the purpose of compari-
son, Table 3 also lists the gjj values calculated for the
donor layers of g'-(ET),AuCl; and 3'-(ET).ICl,.

In 8"-(ET),SFsCH,SO3, the intrastack interactions are
significantly weaker than the interstack interactions.
The strongest interaction between stacks occurs along
the b axis direction between molecules A and B as
evidenced by the structure and spectroscopic data (see
above). Molecules A and B are substantially different
in their charges, and hence the HOMO energies of
molecules A and B differ considerably (by 0.17 eV). This
situation is conducive for electron localization and is
probably responsible for the semiconducting property
of B"-(ET),SFsCH»S0O3. Other f"-(ET).X salts (X =
AuBr.~, IAuBr—, SFsCH,CF,S03™, [FG(C204)3]3_, and
[Cr(C204)3]37)%17-1921.22 have more evenly charged ET
molecules and are metallic (in some cases supercon-
ducting) to low temperatures.

Similarly in 5"-(ET),SFsCHFSOj3, the intrastack in-
teractions are significantly weaker than the interstack
interactions, and the strongest interaction between
stacks occur along the b axis direction between mol-
ecules A and B. However, the two molecules have very
similar charges, so that the HOMO energies of mol-
ecules A and B are essentially the same. This situation
allows for electron delocalization, and metallic proper-

(43) Whangbo, M.-H.; Hoffmann, R. J. Am. Chem. Soc. 1978, 100,
6093.

(44) Ren, J.; Liang, W.; Whangbo, M.-H. Crystal and Electronic
Structure Analysis Using CAESAR; PrimeColor Software, Inc.: Cary,
NC, 1998. (This book can be downloaded free of charge from the
website, http://www.PrimeC.com/).
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Figure 11. Electronic band structure of g"-(ET).SFsCH-
FSOg3: (a) dispersion relations of the four highest occupied
bands, and (b) Fermi surfaces associated with the two partially
filled bands of part a. I' = (0, 0); X = (a*/2, 0); Y = (0, b*/2);
and M = (a*/2, b*/2).

ties are observed in f"-(ET),SFsCHFSO3. Figure 1la
shows the dispersion relations of the four highest
occupied bands calculated for 8"-(ET),SFsCHFSO3. The
highest-lying two bands are partially filled, and the
Fermi surfaces associated with these two bands are
shown in Figure 11b in an extended zone scheme.
Within the first primitive zone, the Fermi surfaces
consist of a hole pocket centered at X and a pair of wavy
lines straddling the M — Y line. Thus, g"-(ET),SFs-
CHFSOs3 has both one-dimensional (1D) and 2D Fermi
surfaces. These features are similar to those found for
B"-(ET)2SF5CH,CF,S03.45:46

Figure 2c and Table 3 reveal that the donor molecules
of f'-(ET),SFsCF,SOj3 are strongly dimerized, and so are
the donor molecules of g'-(ET),AuCl, and g'-(ET),ICl,.
The three salts have a similar pattern of HOMO—
HOMO interactions, and these interactions are aniso-
tropic within the plane of the donor layer. The primary
difference between the three salts lie in the 4 and S«
values along the interstack direction, which increase in

(45) Beckmann, D.; Wanka, S.; Wosnitza, J.; Schlueter, J.; Williams,
J. M.; Nixon, P. G.; Winter, R. W.; Gard, G. L.; Ren, J.; Whangbo, M.-
H. Eur. Phys. J. B 1998, 1, 295.

(46) Wang, H. H.; VanZile, M. L.; Schlueter, J. A.; Geiser, U.; Kini,
A. M.; Sche, P. P.; Koo, H. T.; Whangbo, M.-H.; Nixon, P. G.; Winter,
R. W.; Gard, G. L. J. Phys. Chem. 1999, 103, 5493.
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the order, §'-(ET)2ICl, < '-(ET)AuCl, < B'-(ET),SFs-
CF,SO0s.

1V. Conclusions

Although the SFsCX,SO03;™ (X = H, F) anions differ in
structure only slightly at the CX, group, their ET salts
p'"-(ET)2SFsCH3S0s3, f"-(ET)2SFsCHFSO3, and '-(ET),-
SFsCF,S03 are considerably different in their crystal
structures, physical properties, and electronic struc-
tures. ﬁ”-(ET)gSFsCHzSOg and ﬁ”-(ET)zSFE,CHFSOS
have anion layers made up of anion dimers linked by
two C—H---O hydrogen bonds, whereas the anion layer
of f'-(ET).SFsCF,SO3 consists of monomeric forms of
anions. In contrast to the case of "-(ET),SFsCHFSO3
and f'-(ET),SFsCF,SO3, the two kinds of donor mol-
ecules in "-(ET),SFsCH,SO3 have considerably differ-
ent charge densities thus favoring electron localization
and leading to semiconducting properties. The donor
molecules are strongly dimerized in '-(ET),SFsCF,SOs3,
and the interactions between the dimers are not strong,
so that the ET dimers of '-(ET),SFsCF,SO3 act as spin
centers. The ESR data of 5'-(ET),SFsCF,SO3 determined
with the magnetic field aligned a, b, and c* directions
all show a sharp drop below 45 K, thus indicating the
occurrence of a spin gap. The transport properties of 5'-
(ET)2SFsCHFSO3; are somewhat complex. It shows a
resistivity maximum around 100 K, is metallic below
100 K, and becomes nonmetallic below 6 K. The occur-
rence of the resistivity maximum around 100 K, also
observed in a number of other ET salts including some
superconductors,*” is not well understood, although it
appears to depend on the rate of cooling or warming a
sample in electrical resistivity measurements as well
as sample quality.*”*8 The MI transition below 6K is
caused by electron localization leading to a paramag-
netic ground state.
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