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CRYSTAL STRUCTURES AND PHYSICAL
PROPERTIES OF CATION RADICAL SALTS OF
ETHYLENEDIOXY-ETHYLENEDITHIO-
TETRATHIAFULVALENE (EDOEDT-TTF OR EOET):
«-(EOET)»AuBr, AND #’-(EOET),AuBr»

Yukihiro Yoshida, Takashi Aoki, Hiroshi Sasaki,
Mineyuki Shiinoki, Hideki Yamochi, and Gunzi Saito
Division of Chemistry, Graduate School of Science,
Kyoto University, Sakyo-ku, Kyoto 606-8502, Japan

The crystal and calculated band structures and electric, magnetic, and optical
properties of two cation radical salts of ethylenedioxy-ethylenedithio-tetra-
thiafulvalene (EDOEDT-TTF: EOET): «-(EOET)sAuBrs; and p"-(EOET)s-
AuBrs, are described. The o salt is a Mott insulator with an EOET dimer as a
unit with an S=1/2 spin. The dimers form a two-dimensional square lattice
layer. The spin dynamics follow the quadratic layer antiferromagnetic model
above 60K and then pass through a three-dimensional antiferromagnetic
transition at around 9K. The ' salt shows a metallic behavior down to low
temperatures.

Keywords: ethylenedioxy-ethylenedithio-TTF (EOET); cation radical salt; crystal structure;
conductivity; self-assembling ability; Mott insulator; antiferromagnetic ordering

INTRODUCTION

The bis(ethylenedithio)-tetrathiafulvalene (BEDT-TTF or ET, Figure 1)
molecule and its ethylenedioxo analogue (bis(ethylenedioxy)-TTF, BEDO-
TTF or BO) have afforded a number of two-dimensional (2D) conductive
materials [1]. With inorganic anions, ET has produced more than 50
superconductors while BO has produced only two. With organic acceptor
molecules, BO has provided a large number of 2D metals even in severely
disordered systems [2, 3], while ET has given not so many metallic
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FIGURE 1 Chemical structures of the ET, BO, and EOET molecules.

compounds which are unstable against disorder. These facts indicate that
the electronic and structural features of the 2D BO-based metals are stable
against phase transitions, including metal-insulator and metal-super-
conductor transitions, in comparison to those of the 2D ET-based metals.

The metallic character of the BO compounds originates from the inter-
molecular interactions based on both the CH--O hydrogen bonds along the
stacking axis and the S;,--S;;, atomic contacts oblique to the stacking axis,
providing a structurally and electronically stable 2D assembly of limited
numbers of donor packing patterns (self-assembling ability), where S;, is
the sulfur atoms in the TTF moiety [2]. On the other hand, the 2D nature of
the ET compounds is ascribed to the compromise between the side-by-side
and face-to-face intermolecular interactions in the ET layer. Along with the
donor--donor interactions, the donor--anion and anion--anion interactions
play essential roles in complex formation, resulting in the multiple phases
of ET compounds [1].

The hybrid molecule of the ET and BO molecules, ethylenedioxy-
ethylenedithio-TTF (EDOEDT-TTF or EOET), is characterized by a lower
molecular symmetry (Cs,) than both parent molecules (Ds,) and a
reduced self-assembling ability with respect to the BO molecules. In the
previous report we have demonstrated that the EOET compounds with
organic acceptor molecules have diversity in their electronic and structural
aspects [4].

The high solubility of EOET in conventional organic solvents has pre-
vented solid cation radical salts from being obtained by electrocrystalliza-
tion. So far, the specified studies on the structural and physical properties
of EOET salts have been reported [5-10], namely the structural ones of
Aul, salts (t-(~1:1), a-(2:1)) [5] and HgsBrg [6], conductivity results of
Auly(t-, a-phases) [5], Cu(NCS), (2:1) [5, 7], Pt(CN), (4:1) [8] and
Pd(CN), [8] salts, and preparation of I3 and IBrs salts [9]. We report here
the structural and physical properties of the cation radical salts of EOET
with AuBry: o- and ”-phases. Brief reports were made previously [10].

EXPERIMENTAL

Black needles («/-phase, 2 x 0.05 x 0.06mm?®) and blocks (minor product,
B"-phase, 0.5x0.5x0.5mm?) were harvested simultaneously by the
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electrooxidation of EOET using tetrabutylammonium-AuBrs in 1,2-
dichloroethane with a constant current (0.5 pA) in an 18 mL H-shaped cell
at room temperature (RT) and then separated from each other under
microscope. Their crystallographic data are summarized in Table I.

The optical measurements at RT were carried out on a Perkin-Elmer
1000 Series Fourier transform infrared (FTIR) for IR and near-IR (NIR)
regions (400-7800 cm™) in KBr, and on a SHIMADZU UV-3100 spectro-
meter for UV-Vis-NIR region (380042000 cm™) in KBr or methanol. The
d.c. conductivity was measured using a standard four- or two-probe tech-
nique attaching gold wires (15 umd) on a crystal by gold paint (Tokuriki
8560-1A). The magnetic susceptibility measurements were performed
using a SQUID (Quantum Design MPMS-XL) on the polycrystalline sample
and using an EPR X-band spectrometer (JEOL-TE200) equipped with a
TEg1; cavity on a single crystal. In the latter case, the absolute value of the
spin susceptibility (yspin) Was determined with reference to the signal of
CuS04-6H50. The X-ray diffraction data were collected on an automatic
four-circle diffractometer (MacScience, MXC*) or an oscillator-type X-ray
imaging plate (MacScience DIP 2020K) with monochromated MoKu
radiation at RT. The refinements of the structures were performed by full
matrix least squares method (SHELXL-97). The position of hydrogen

TABLE I Crystallographic Data for (EOET),X Salts

Salt o/ -(EOET)sAuBrs p"-(EOET)2AuBrs
Formula CooH16AUBrs0,4S:2 CooH16AUBIrs0,4S15
Crystal shape black needle black block
Crystal system triclinic triclinic

Space group P1 P1

alA] 6.580(3) 5.245(1)

b [A] 7.267(3) 8.983(2)

¢ [A] 16.641(5) 16.127(4)

o [°] 77.31(3) 92.36(1)

B [°] 88.93(2) 97.92(1)

v [°] 84.98(3) 104.61(1)

V [A%) 773.3(5) 746.5(3)

Z 1 1

Peae [gem™) 2.28 2.36

T [K] 298 298

20max [°] 55 55

Criterion for obs. reflection Fy>40 (Fp) Fy>40(Fy)
Reflections used 1776 2287

Parameters refined 198 178

R 0.056 0.054

CIF files for «-(EOET);AuBry (#196949) and B’-(EOET);AuBr, (#196950) have been
deposited with the Cambridge Crystallographic Data Center.
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atoms was determined assuming an sp® configuration with a C-H distance
of 1.0 A. The band structures were calculated based on an extended Hiickel
method with the tight binding approximation using single-{ parameters
excluding 3d orbitals of sulfur atoms [11].

RESULTS AND DISCUSSION

«-(EOET),AuBr,

Two half EOET molecules and half of the anion molecule are crystallo-
graphically independent. Namely, the sulfur and oxygen atoms in the outer
six-member ring (X,.) of EOET molecules cannot be distinguished from
each other. Also, the terminal ethylene groups are conformationally dis-
ordered. The EOET molecules form a twisted stack, «’-phase in the ET
system [12], along the b-axis with interplanar spacing of 3.62 A, as shown in
Figure 2a. Along the side-by-side direction, there are short heteroatomic
contacts less than the sum of the van der Waals radii [13] for Si,--Xy and
Xout-Xout DUt not for S;,--Sy, (Figure 2b). Since the electron density on the
Xout atoms is much less than on the S;, ones, the transverse transfer inter-
actions in this salt are not so effective. These structural data are indicative of
the reduced self-assembling nature of EOET compared to that of BO.

The UV-Vis-NIR spectrum of the salt in KBr (Figure 3, curve a) exhibits
absorption bands at 3.5x10°cm™! (labeled A) and at 11.0x 10%cm™*
(labeled C), and shoulders at around 17 x 10° (labeled D), 20 x 10® and
30-33 x 10>cm ™!, The bands above 10 x 10>cm ™! are readily assigned to
the intramolecular transitions of EOET cation radical molecules when
compared with the absorption bands observed for (EOET)s;Brs(H;0)g in
methanol (curve c); 10.8 x 10% (2nd HOMO-HOMO, C), 16.7 x 10> (HOMO-
LUMO, D), and 20.5-21.5 x 10%, 30.6 x 10°, and 32.1 x 10°> cm~'. The band
A is ascribed to the transition between partially charged EOET molecules

FIGURE 2 (a) Crystal structure and (b) side-by-side atomic contacts shorter than
the sum of the van der Waals radii (shown by dotted lines) of o’-(EOET),AuBrs.



Downloaded by [University of Haifa Library] at 10:53 11 August 2012

o/ -(EOET)sAuBrs and B'-(EOET),; AuBr, 109

(@)

Absorbance

0 10 20 30 40
Wave number (x10% cm™)

FIGURE 3 UV-Vis-NIR optical absorption spectra of (a) o -(EOET)sAuBr, and
(b) B’-(EOET)sAuBry in KBr are compared with that of (¢) (EOET)sBrs(Hs0)g
in methanol.

in accordance with the 2:1 stoichiometry which affords a formally 3/4 filled
valence band.

The salt is semiconductive with a RT conductivity of orr=
4.7%x107°Sem ™! and an activation energy of ¢, = 220 meV in spite of the
almost uniform column of spin-1/2 EOET dimers along the segregated
stack. The static susceptibility is 1.0x10~? emu mol ! at RT and increases
down to 120K followed by a gradual decrease down to 14 K as shown in
Figure 4. At low temperatures, this salt shows a Curie-tail and thus it is
difficult to determine the magnetic ground state. The temperature
dependence is expressed by either the Bonner-Fisher model [14] with
|J|/ks = 90 K (dotted line) or the quadratic layer antiferromagnet (QLAF)
model [15] with |J1/kg=60-70 K (solid line). These results indicate that
the salt is not a band insulator but a Mott insulator similar to those of the
o/-(ET)oX (X = AuBrs, Ag(CN),, CuCly, hydrogen cyananilate, etc) [12].

The origin of the semiconductive behavior of this salt is ascribed to the
strong electron correlation with respect to the narrow bandwidth. The orr
value of 4.7x107?Scm ™! is comparable to those of Mott insulators o'-
(ET)oX (X=CuCl,, Ag(CN)y[12f], IAuBr[12b], p-CH3C¢H4SO35[12c],
HCl5[12g] and alkoxytetracyanoallylide (alkyl: methyl, ethyl and butyl)
[12h]; opr =2 x 107 *-3 x 10 ?Scem 1), however it is less than those of Mott
insulators o/-(ET)sX (X=AuBry[12f], pentacyanodicyclopentadienide-
(solvent)4[12d] and hydrogen cyananilate[12i]; ogrr=1-5x10"*Scm™ ).
The &, value of 0.22eV is similar to those of the above-mentioned Mott
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FIGURE 4 Temperature dependence of the static magnetic susceptibility at 3 kOe
for o/-(EOET)5AuBrs (closed circles). Open circles indicate data after the sub-
traction of the Curie impurities (0.2%). Dotted and solid lines represent the cal-
culated susceptibilities for the Bonner-Fisher model with IJI/kg=90K and the
quadratic layer antiferromagnet model with lJ1/kg =70 K, respectively.

insulators (0.10-0.30eV), suggesting that «’-(EOET)sAuBr; is one of the
typical organic Mott insulators.

Taking these results into account, the spin dynamics of this system are
discussed in relation to the spin geometry. For a 2:1 Mott insulator, the
band structure based on the one-electron approximation should afford an
energy split of the formally 3/4 filled HOMO band into upper and lower
bands in order to realize an electron correlated 1/2 filled system [12].
Among the possible 16 patterns of donor orientations in a doubled unit cell,
only the patterns depicted in Figure 5a, where open and shaded rectangles
represent an EOET molecule projecting the ethylenedioxy group to
opposite directions along the c-axis, afford a distinct energy split of the
HOMO band as expected from the experimental results. It is thus likely that
the main domain of the crystal consists of the EOET molecules arranged
parallel within the column and antiparallel along the inter-stack direction.

In this case, the intra-dimer transfer integrals, ¢s, and t.s, are effectively
larger than the inter-dimer ones, ¢, ts4, tp1-4, and thus an EOET dimer
with an S =1/2 spin is the building unit of the spin system. Figure 5b shows
a schematic view of the spin geometry where a circle represents a dimer
unit. The ratio of the inter-dimer exchange interactions (I¢5/* + Its4®) /2
(1P 4 18p4%) /2 = (Itpa® 4 185%) /2 ~ 10:6:1) indicates that the system can
be described as a 2D square lattice layer rather than 1D chains. The ratio of
'/t =0.35 (Figure bb, ¢ and ¢’ are the averaged ones), where '/t =1 is the
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FIGURE 5 (a) Schematic donor orientation in two neighboring unit cells and
corresponding density of states (DOS) for o/-(EOET)5AuBrs. Open and shaded
rectangles represent EOET molecules with different orientations to each other and
an ellipsoid represents a dimer unit with an S=1/2 spin. A horizontal arrow beside
DOS shows the energy split. Transfer integrals (x1072 eV) are: ty=-34,
tso = —7.2, ts3= —7.2, tsa = —3.4, tpl = 27, tpg = 08, tpg = 13, tp4 =2.4. (b) Sche-
matic square spin-geometry based on a spin-1/2 EOET dimer (circle). Solid and
dotted lines linking the circles represent the transfer interactions with the absolute
value more than 2 x 1072 eV (¢) and less than 2 x 1072 eV (¢'), respectively.

triangular lattice and ¢/t =0 is the square lattice, is appreciably smaller
than the value of 0.75 for a Mott insulator x-(ET);Cu[N(CN);]Cl, which
shows a weak ferromagnetic ordering caused by the spin canting below
27K [16]. The observed Mott-insulating behavior is readily explained by the
estimation of the W/ U, value (W: bandwidth of upper HOMO band, U
on-site Coulomb energy on an EOET dimer). The W value is estimated to
be 0.11 eV. While the U, value is expressed as Uqgr = 2l gimer! + [Ug—(Uy +
160t qimer ) /2] /2 2 20t gimer, since Uy >> lEgime,! for ET derivatives, where Uy
is the on-site Coulomb repulsion on an EOET molecule. The intra-dimer
transfer energy l¢gimerl, which corresponds to (Itsol + l£s3l) /2 for o’-(EOET)g
AuBry, is estimated to be 0.072 eV, leading to W/ U= 0.8. This value is
sufficiently smaller than unity, indicating the localized nature of the spins.
The o/ salt showed a single EPR signal with a Lorentzian-shape at g~ 2
along all measured directions; the crystallographic a*-, b-, and c*-axes.
Figure 6 shows the angular dependence of the g-factors at RT with the
static magnetic field being applied within the a*b-, bc*-, and c*a*-planes.
The solid curves are the least squares fit of the measured data using the
standard anisotropic g-tensor equations, g°= > JGijlilj and Gyj=> .88k
where [; (i=x, y, z) are the direction cosines of the static field for a set of
orthogonal axes (x, y, z) fixed in the crystallographic axes (a*, b, c*),
respectively. The principal g-values are determined as g;=2.0118,
g2 =2.0063, and g3 =2.0025, and the principal axes are in agreement with
the ¢*-, a*-, and b-axes, respectively, within the experimental error.
Figure 7 shows the temperature dependence of the g-value, linewidth
(AH,;), and spin susceptibility (yspin) estimated from the EPR signal. The
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FIGURE 6 The angle dependence of the g-factor for o-(EOET),AuBry, at RT
applying the static magnetic field within (a) a*b-, (b) bc*-, and (c) c*a*-planes.
Solid curves are the least squares fit to the measured data (see text).

g-values remain invariant down to ca. 20 K, where the values applying the
static magnetic field along the a*- and c*-axes rapidly decrease, while that
along the b-axis shows a slight upturn. The RT ygpin value of ca 1.1 x 1073
emu mol ! is in good agreement with that estimated from the static sus-
ceptibility measurement. With decreasing temperature it exhibits a roun-
ded maximum at around 160 K and then continuously drops down to 12 K.
The different y.pim behavior from that by SQUID may be caused by the
temperature-dependent cavity @ value. A sharp upturn of the EPR inten-
sity was observed at temperatures 9<T<12K, followed by a rapid
decreasing of yspin toward zero almost completely within the temperature
range of AT~3K. Along with these findings, there is a remarkable
broadening of the EPR signal below 12K, strongly indicating the devel-
opment of 3D AF fluctuations below that temperature and a long-range AF
ordering below 9 K. No additional signal, expected as an antiferromagnetic
resonance, was observed under the magnetic field of 0 < Hy < 12kOe down
to 4 K. Such a long-range AF ordering with Néel temperature Ty~ 9K has
not been realized for of-ET salts, most of which are modeled by low-
dimensional AF fluctuations down to low temperatures [12].

In comparison with the spin geometry of o/-(EOET)s;AuBry depicted in
Figure 5b, o -ET salts have no relative shift of dimers along the stack with
respect to dimers within the neighboring stack, (Figure 8) [12]. In the case
of o/-(ET)2AuBry, which shows low-dimensional AF fluctuations down to
4K [12e], the averaged t'/t value is estimated to 0.25, indicating a 2D
square lattice layer similar to o’-(EOET)sAuBrs. The averaged t value of
2.1 x 1072 eV is rather smaller than that of o/-(EOET)sAuBrs; (3.0 x 1072 eV),
and would be closely connected with the smaller lJ | /kg value for the QLAF
model (39.5K) than that of o/-(EOET)sAuBry (60-70K). It is thus probable
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FIGURE 8 Schematic square spin-geometry of o-ET salts based on a spin-1/2 ET
dimer (circle). Solid and dotted lines linking the circles represent the transfer
interactions with the absolute value more than 1 x 1072eV and less than 1 x 1072
eV, respectively, for «’-(ET)3AuBr,.

that o/-(ET),AuBrs also exhibits the AF ordering at further low temperatures.
This is currently under study.

p"-(EOET),AuBr,

The crystallographic data are summarized in Table I. One donor molecule
and a half anion molecule are crystallographically independent, and no
orientational disorder was observed in the EOET molecules unlike the o'-
salt. The EOET molecules form a segregated column along the (a—b)-axis
and the columns form a 2D layer with short S--S and S--O intermolecular
contacts (3.455(4) and 3.506(4) A for Si,--Sin, 3.243(8) A for Sy~ Figure 9a)
in the ab-plane. The donor packing pattern is analogous to the p”-phase of
ET salts, which have both 2D holelike and waved 1D electron-like Fermi
surfaces and are metallic down to low temperatures [17]. Figures 9b and c
show the relative arrangements between two neighboring EOET molecules.
The patterns A and D include short CH--O contacts of 3.65(2) and
3.62(2) A, and the patterns B and D include short CH--S contacts of
3.79(1)-3.81(1) and 3.93(1) A, respectively. The sliding pattern along the
molecular long axis in B has never been realized in BO salts. However, the
short S;,--S;i, contacts of 3.5606(4) and 3.455(4) A were observed in C and E,
respectively, in a fashion similar to the BO salts. Although the effectiveness
of the CH--S contacts is not certain, the presence of the CH--O contacts
together with the S;,--S;, ones strongly indicate the self-assembling nature
of the EOET molecules, resulting in the formation of the 2D electronic
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o

FIGURE 9 (a) Crystal structure, (b) relative arrangements between two neigh-
boring EOET molecules (A-E) where atomic contacts shorter than the sum of the
van der Waals radii are indicated by dotted lines, and (c) donor layer viewed along
the molecular short axis for f’-(EOET),AuBrs,.

structure. The overlap integral for each pattern is estimated to —4.28,
—2.07, —2.28, —0.19, and —2.60 x 10~ for A-E, respectively. The energy
dispersion, density of states, and Fermi surface calculated by the extended
Hiickel method are depicted in Figure 10.

0.2eVv

NN AR L
W\

ry V X r BV Y DOS

0.2eV

FIGURE 10 Band structure, density of states (DOS), and Fermi surface based on
the extended Hiickel calculation by the tight binding approximation for ’-(EOE-
T)gAUBI‘g.
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FIGURE 11 Temperature dependence of electric resistivity of ”-(EOET)3AuBr,.

The calculated Fermi surface is composed of a big ellipsoid centered at
I'-point and then folded to give a 2D hole-pocket centered at Y and wavy 1D
electron-like surface along the kj-direction, that is very similar to those of
the metallic salts formed with parent molecules, i.e., f’-(ET)sAuBrs [17]
and (BO)sClO, [2a], suggesting a metallic nature of f”-(EOET),AuBrs.

The UV-Vis-NIR spectrum of the salt displayed in Figure 3 (curve b) is
similar to that of the Mott-insulating o/-phase (curve a) with marginal
differences; a slight red-shift of the A band and a slight increase of the
relative intensity of the band. Nevertheless, unlike the o salt, the p” salt
shows a simple metallic behavior with ogp=6—7x10Scm ™! down to 1.6 K
(016x= 4.2x10*Scm™!; Figure 11).

SUMMARY

Based on the crystal and electronic structures and physical properties of
o/- and p’-type AuBry salts of EOET, where EOET is a hybrid donor
between ET and BO molecules, we conclude that the o’ and " salts inherit
the features of the ET and BO salts, respectively. The o' salt is a Mott
insulator with a spin-1/2 EOET dimer as a unit and follows the quadratic
layer antiferromagnetic model above 60 K. Even though the o' -type Mott
insulators based on ET usually have not exhibited a long range magnetic
order, o/-(EOET),AuBr, shows a long range antiferromagnetic order with
Tn~ 9K. The g”-(EOET)sAuBr, shows the nature of self assembling in the
crystal and is metallic down to low temperatures similar to many BO
compounds.
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