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Abstract: We report the structural and physical properties of a new organic Mott insulator (BEDT-
BDT)AsF¢ (BEDT-BDT: benzo[1,2-g:4,5-g'|bis(thieno[2,3-b][1,4dithiin). This AsFg salt has the same
structure as the PFg salt. Although the anions are disordered, the donor molecules form a 6-type
arrangement. The temperature dependence of the resistivity exhibits semiconducting behavior. The
static magnetic susceptibility follows Curie-Weiss law over a wide temperature range; however,
below 25 K, the magnetic susceptibility is in agreement with a one-dimensional chain model with the
exchange coupling | = 7.4 K. No structural phase transition was observed down to 93 K. At 270 K, the
Fermi surface calculated by the tight-binding approximation is a two-dimensional cylinder; however,
it is significantly distorted at 93 K. This is because the dihedral angles between the BEDT-BDT
molecules become larger due to lattice shrinkage at low temperatures, which results in a smaller
transfer integral (¢1) along the stack direction. This slight change in the dihedral angle gives rise to a
significant change in the electronic structure of the AsFg salt. Radical-cation salts using BEDT-BDT,
in which the highest occupied molecular orbital does not have a dominant sign throughout the
molecule, are sensitive to slight differences in the overlap between the molecules, and their electronic
structures are more variable than those of conventional 6-type conductors.

Keywords: organic conductors; organic semiconductors; molecular orbitals

1. Introduction

Molecular conductors have a rich phase diagram, including metallic, charge-density-
wave, charge-ordering, spin-Peierls, spin-density-wave, and superconducting states [1].
In these organic conductors, the transfer integrals have a significant influence on the elec-
tronic characteristics. This occurs because the shapes of the molecular orbitals and the way
they overlap determine the energy bandwidth and dimensionality of the electronic struc-
ture [2,3]. Generally, molecular conductors that have a one-dimensional (1D) electronic
structure are prone to Peierls transition, which distorts their periodic structure [4]. There-
fore, it is necessary to form a two-dimensional (2D) electronic structure to obtain a particular
electronic state, such as superconductivity or a spin-liquid phase. The most successful
example of this molecular strategy is bis(ethylenedithio)tetrathiafulvalene (BEDT-TTE),
which is shown in Scheme 1a [5,6]. Due to the sulfur atoms in the ethylenedithio group, the
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molecular orbitals are expected to overlap not only in the stack direction but also between
the stacks. The strain at the ethylene site at the end of the molecule prevents monotonic
stacking. Thus, radical-cation (RC) salts using BEDT-TTF form >200 types of molecular
conductors and realize a wide variety of electronic states [2]. Based on the success of
BEDT-TTE donor molecules with tetrathiafulvalene (TTF) and tetrathiapentalene (TTP)
skeletons are frequently used in organic conductors, especially in RC salts [6]. The highest
occupied molecular orbitals (HOMOs) in these molecules are largely localized on the sulfur
atoms in the 1,3-dithiol-2-ylidene (DY) unit. Therefore, TTF and TTP derivatives have very
similar HOMO shapes [5,7].
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Scheme 1. Structural formula of (a) DY- and (b) benzothiophene-based electron donors.

The molecular orbitals of organic materials are unique to each molecule; therefore,
theoretically, there are nearly infinite options. However, in the RC salts studied to date,
only a limited number of donor molecules—including the DY moiety—have been used
frequently, and few research examples focus on the shape and symmetry of the molecular
orbital. In other words, very few examples use new molecular skeletons, which are essential
for the future development of organic conductors. To address this issue, we have been
developing RC salts using non-TTF molecules. We have developed molecular conductors
using benzothioenobenzothiophene (BTBT), which is the basic skeleton of an excellent
p-type semiconductor, for example, (BTBT),XF¢ (X = P, As, Sb, and Ta) [8-11]. They exhibit
a characteristically high conductivity and have a high power factor as thermoelectric
elements. This result has introduced the possibility of thermoelectric devices that use
molecular conductors. BIBT is formed from the benzothiophene skeleton (Scheme 1b), in
which the HOMO is largely localized on the sulfur atoms. This property is common to DY
units such as TTF. Therefore, we have focused on the benzothiophene skeleton to develop
new RC salts. Recently, we developed a 2D Mott insulator 8-(BEDT-BDT)PF¢, where
BEDT-BDT is benzo[1,2-g:4,5-g’|bis(thieno[2,3-b][1,4]dithiin), and reported its structural
and physical properties [12]. Because this material remains paramagnetic even at 2 K,
the ground state may be a quantum spin liquid. BEDT-BDT is a molecule in which an
ethylenedithio group is introduced at the molecular terminal of benzodithiophene, and it
may form many 2D RC salts, same as BEDT-TTF. In this paper, we report the structural
and physical properties of the new RC salt (BEDT-BDT)AsF. In particular, we describe the
correlation between the dihedral angle and transfer integral in the f-mode arrangement,
and discuss the characteristics of the molecular orbitals that are peculiar to BEDT-BDT,
which are not found in BEDT-TTF.

2. Experimental Methods
2.1. Electrocrystallization

BEDT-BDT was synthesized according to a previous study [13]. Briefly, 4-5 mg of
BEDT-BDT and 20—25 mg of (n-Bu)4NAsFs were dissolved in distilled chlorobenzene
(15 mL). Initially, a current of 0.1 pA was applied. The current was increased to 0.5 pA
over a month. Very thin, reddish-blown, plate-like crystals were obtained.
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2.2. X-ray Diffraction and Structural Analysis

X-ray diffraction data of the crystals were collected at 270 and 93 K using a Rigaku Mercury
70 diffractometer and multilayer mirror monochromated Mo-K« radiation (A = 0.71075 A).
The crystal structures were solved using a direct method (SIR2014) [14] and refined by
full-matrix least squares on F? (SHELXL-2014/3) [15].

2.3. Calculation of Transfer Integrals and Fermi Surfaces

The intermolecular transfer integrals were estimated using the Amsterdam Density
Functional (ADF) program at the PW91/TZP level [16]. Using these transfer integrals, the
Fermi surfaces were calculated in the tight-binding approximation [17].

2.4. Resistivity Measurements

Transport measurements were performed on single crystals. Gold wires (10 uM in
diameter) were attached to the conducting plane with carbon paste. The temperature
dependence of the in-plane resistivity was measured using the conventional four-probe
DC technique using a Keithley 6221 /2182A Delta Mode System.

2.5. Magnetic-Susceptibility Measurements

Magnetic susceptibility was measured using a commercial superconducting quantum
interface device magnetometer (Quantum Design, MPMS-XL5HG) in the temperature and
magnetic-field range of 2-300 K and —5 < H < 5T, respectively. The measurements were
performed with polycrystalline samples (~3.32 mg). The background was subtracted from
the data.

3. Results and Discussion

Figure 1 shows the crystal structure of the (BEDT-BDT)AsFy;. Half of the BEDT-
BDT and AsFg4 anion are crystallographically independent. Because the donor: anion
composition ratio was 1:1, the AsFg salt is considered to be a half-filled Mott insulator.
The crystal system was monoclinic and the space group was C2/¢. Since the Z value is 4,
there are four molecules each of BEDT-BDT and AsF in the unit cell. The AsF salt has
the same structure as the PFg salt reported in a previous study [12]; that is, the BEDT-BDT
molecules form alternate layers and are arranged in 8-mode packing. However, the anion
molecule AsFg is disordered. As the temperature factor of the fluorine atoms is large, we
analyzed the crystallographic data obtained at 270 K, assuming the temperature factor of
the fluorine atoms to be isotropic. The BEDT-BDT molecules form a tilted uniform stack
along the b-axis. The interplanar distance is 3.955 A, which is slightly larger than that in
the PFg salt. There are many short contacts between the BEDT-BDT molecules. S---S short
contacts (3.599 A; blue dotted lines) and S---C short contacts (3.470 A; red dotted lines)
exist between the donor stacks (Figure 1a), whereas S---H short contacts (2.812 A; green
dotted lines) exist within the donor stack (Figure 1b). The intermolecular transfer integrals
are t; = —27 meV and t; = 22 meV. The value of ¢; is slightly smaller than that of the PFq4
salt. This is consistent with the increased interplanar distance caused by the larger size
of the anion. There is no structural phase transition down to 93 K. The anion molecules
are disordered even at 93 K; however, the fluorine atoms could be analyzed as anisotropic
(Table S1, see Supporting Information).
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Figure 1. Crystal structures of (BEDT-BDT)AsFg at 270 K. (a) Molecular arrangements of the donor and anion layers. (b)
Donor arrangement in 6-(BEDT-BDT)AsF (the solid lines show the intermolecular transfer integrals; the AsF4 anions are

omitted for clarity).

Figure 2 shows the temperature dependence of the resistivity. The resistivity at
298 K is 3.4 () cm. Below 298 K, the resistivity gradually increases, and the sample ex-
hibits semiconducting behavior (Figure 2a). The activation energy E, is estimated to be
91 meV (Figure 2b). These values are not significantly different from those of the PF¢ salt
(Ea =87 meV). The difference in the temperature-dependent behavior of the resistivity is
likely due to the difference in the measurement method (the PF4 salt was measured using
the two-terminal method). These results also support the conclusion that the AsFg salt is a
Mott insulator with strong electron correlation.
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Figure 2. (a) Temperature dependence of the electrical resistivity p. (b) Arrhenius plot. The red
dashed lines are the results for the PFg salt, which are taken from ref. [12]. The blue dashed line
exhibits the fitting curve to estimate an activation energy.

The temperature dependence of the static magnetic susceptibility (x) is shown in
Figure 3a. The magnitude of x is 3.96 x 10~* emu/mol at 300 K, which is of the same
order as that for typical molecular conductors. The temperature dependence of x seems
to follow the Curie-Weiss law x = CAT — ) for a wide temperature range above ~25 K.
The 1/ x plot provides a Curie constant C = 0.14 emu K/mol and a Weiss temperature
Ow = —5.97 K, respectively (Figure 3b). The spin concentration calculated from C is 37.3%
of the total spin localized at each BEDT-BDT site. Below 25 K, the spins change from
a classical-property state to a quantum-property state. Therefore, the behavior of the
magnetic susceptibility data follow the Heisenberg model in place of the Curie-Weiss law.
It should be noted that the PFg salt from previous studies showed good agreement with
the 2D triangular model [12], while the AsF salt is consistent with the 1D chain model
with the exchange coupling | = 7.4 K [18]. (Figure S3, see Supporting Information).
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Figure 3. Temperature dependence of (a) magnetic susceptibility. The blue, green, and black dot-
ted lines represent the fitting to the 2D triangular model, 1D chain model, and Curie-Weiss law,
respectively. (b) 1/ x plot.

The different behaviors observed at low temperature for the PF4 and AsFg salts are
discussed with the Fermi surface calculations in the next paragraph.

Figure 4 shows temperature dependence of the calculated Fermi surface. In this study,
we performed a structural analysis of the PF¢ salt at 93 K and calculated the Fermi surface.
The PFg salt has almost the same band structure at both 273 and 93 K, and the Fermi
surface forms a type of 2D cylinder. At 270 K, the AsFg salt has a Fermi surface similar to
that of the PFg salt. However, at 93 K, the band structure changes and the cylinder-type
Fermi surface is significantly distorted. This is because the transfer integral t; in the stack
direction becomes small. The temperature dependence of the Fermi surface supports the
assumption that the 1D chain model is more appropriate that the 2D triangular model
in the low-temperature region of magnetic susceptibility. However, this change in the
Fermi surface of the AsFg salt is not due to a structural phase transition (Table S1, see
Supporting Information).
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Figure 4. Temperature dependence of the band dispersions and Fermi surfaces of the (a) PFg and (b) AsFg salts.
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Table 1 shows the HOMO energy, transfer integral, interplanar distance, and dihedral
angle at each temperature. The value of the HOMO energy in one molecule of BEDT-
BDT is ~—4.5 eV. This value does not depend greatly on either the difference between the
counter anions or the temperature. Therefore, it is possible to compare the transfer integrals.
The value of t, does not change between stacks; however, the value of |#; | within a stack
is extremely small at 93 K for the AsF¢ salt. This change in |#; | depends more on the
dihedral angle 6 between the stacks than on the interplanar distance d between the donor
molecules in the stack. Specifically, we confirm that |t; | tends to decrease as 6 increases.
Studies using molecular-orbital calculations have reported that the value of |t | in the
stack changes depending on the dihedral angle 0 in a 6-type molecular arrangement [19].
Typical examples with 0-type arrangements are the BEDT-TTF salts [20,21]. In these BEDT-
TTF salts, |t11 is smaller than |#; I. This is because BEDT-TTF has multiple sulfur atoms
aligned around the molecule. By contrast, the §-type BEDT-BDT salts have It | > It; 1 as
shown in Table 1.

Table 1. Temperature dependence of the HOMO energy, transfer integrals (f; and tp), interplanar
distance d, and dihedral angle 6 of the BEDT-BDT salts.

T (K) HOMO (eV) t1 (meV) £ (meV) d(A) Q)

(BEDT-BDT)PFq 273 —4.50 -33 22 3.947 128.6
- 93 —4.56 —27 23 3.901 131.5
(BEDT-BDT)AsF; 270 —4.58 —27 22 3.955 133.1
- 93 —4.52 3.6 20 3.910 137.8

Figure 5 shows the dihedral-angle dependence of the transfer integrals of the BEDT-
BDT and BEDT-TTF salts. As illustrated in Figure 5a, the overlap between molecules in
the stack is generally expected to increase as 6 increases; thus, t; increases. In the 8-type
BEDT-TTF salts, 6 changes depending on the size of the counter anion [20]. As 6 increases,
the absolute value of t1, |1 |, increases linearly (Figure 5b). By contrast, in the BEDT-BDT
salts, |t;| decreases as 6 increases. The change is not a monotonic linear change but
exhibits a sharp curve with a local maximum at the point 6 = 128° (the PF salt at 273 K).
The changes in t; are 94 < t, < 108 meV for the BEDT-TTF salts and 20 < ¢, < 23 meV for the
BEDT-BDT salts. No significant changes are observed in either salt compared with ¢;. The
fact that t; in the stack of the BEDT-BDT salts is sensitive to 0 is due to the shape of the
molecular orbital.
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Figure 5. Dihedral-angle dependence of the (a) 6-type molecular arrangements and transfer integrals (b) ¢; and (c) ¢,.

Figure 6 shows the phase (sign) symmetry of the HOMO for BEDT-TTF and BEDT-BDT.
The HOMO phase of BEDT-TTF remains the same under the rotation operation. The shapes
and phases of the HOMO are symmetrical with respect to both the long and short molecular
axes. Therefore, the HOMO shape and phase have high symmetry. Regarding the HOMO,
we focus on the sulfur atoms with d-orbitals that make substantial contributions to the
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intermolecular interactions. The HOMO of BEDT-TTF is localized at each sulfur atom, and
the HOMO coefficient is particularly large at the sulfur atoms in the TTF skeleton [12].
Figure 6¢c demonstrates that the HOMO on the sulfur atoms at the TTF sites is larger than
that on the carbon atoms. The HOMO above the sulfur atoms has the same phase, and the
dominant HOMO phase in the molecular plane of BEDT-TTF is determined by the phase
of the HOMO on the sulfur atoms in the TTF moiety. This property has been reported in
previous studies [22,23]. This dominant HOMO phase is reversed with respect to the long
plane of the molecule. For example, if the upper side of the molecular plane has a positive
phase, the lower HOMO phase is negative. This is a characteristic of BEDT-TTF. However,
the HOMO of BEDT-BDT has lower symmetry than that of BEDT-TTF because the only
symmetry element is the rotation operation. The phase of the HOMO is inverted on the left
and right sides of the central benzene ring. Because the positive and negative phases exist
equally, there is no dominant phase throughout the molecular plane. That is, the sign of
the HOMO is neutral on both the upper and lower sides of the molecular plane.

the molecular (b) (C)

short axis

the upper side

2
" N %‘, _____ -+ phase
SR 4 a;_w._ -
o — phase

the red part —+
the green part —» —

®

the lower side
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l—@—z/ ) " ] Neutral
7 > | 9 — . = es.
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I
5 1 8 :Ee red part n_’ * the lower side
the left side ' the rightside 0 o 7T

Figure 6. (a) Molecular structure and symmetry and (b,c) the HOMO distribution and shape of BEDT-TTFE. The numbers
represent the contributions (%) of the sulfur atoms to HOMO. (d) Molecular structure and symmetry and (e, f) the HOMO
distribution and shape of BEDT-BDT.

The sign of t; in the BEDT-TTF salts switches periodically between positive and
negative at intervals of 6 = 60° due to the phase relationship of the HOMO [19]. By contrast,
the sign of #; in the BEDT-BDT salts is much more sensitive to the dihedral angle 6 than the
sign of ¢; of the BEDT-TTF salts. The sign changes from negative to positive at intervals
of § = 10°. That is, there is a state in which t; = 0 (the transfer integrals disappear) with
only a slight change in the dihedral angle. This has a significant effect on the electronic
structure of the BEDT-BDT-based RC salts. In fact, even a small variation such as thermal
shrinkage due to a decrease in the temperature changes the dimensionality of the Fermi
surface (Figure 4b). A slight change in the dihedral angle causes a significant change in
the electronic structure, which is a characteristic of RC salts using BEDT-BDT because
the HOMO does not have a dominant sign throughout the molecule. In other words, the
BEDT-BDT salt is considered to be more pressure sensitive than conventional molecular
conductors. This property is expected to lead to the development of new transistors whose
conduction path changes due to the anisotropic pressure effects from the substrate [24-26].

4. Conclusions

In conclusion, we investigated the structural and physical properties of the new RC
salt (BEDT-BDT)AsFq. Moreover, we successfully performed the structural analysis of
(BEDT-BDT)PFg at 93 K. The AsFg salt is a 2D Mott insulator with the same structure as
the PFg salt. At temperatures below 300 K, the resistivity gradually increases and the salt
exhibits semiconductor behavior with an activation energy of 91 meV. The static magnetic
susceptibility essentially follows Curie-Weiss law but is consistent with a 1D chain model
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with | = 7.4 K below 25 K. When the temperature decreased from 270 to 93 K, the band
dispersion and Fermi surface of the AsFg salt changed significantly. This is because the
dihedral angle between the BEDT-BDT molecules increased due to thermal shrinkage.
In a f-type arrangement, the transfer integrals change depending on the dihedral angle,
but the BEDT-BDT salts exhibit larger dihedral-angle dependence than the BEDT-TTF
salts. This is because BEDT-BDT has only rotational symmetry and there is no dominant
HOMO phase throughout the molecule. It is characteristic of the BEDT-BDT salts that the
transfer integrals are sensitive to slight differences in the overlap between the molecules,
and the dimensionality of the electronic structure changes more sensitively than that of
conventional 6-type BEDT-TTF conductors.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/ cryst11080868/s1, Figure S1: (a) Definition of label at each bond of BEDT-BDS molecule.
(b) Relationship between bond length and molecular valence, Figure S2: (a) A plane definition of
the BEDT-BDT and (b) a dihedral angle 6 between the planes formed by two BEDT-BDT molecules
on adjacent stacks, Figure S3: Exchange coupling ] dependence of the calculation results for (a) 2D
triangular lattice and (b) 1D chain model. Table S1: Crystallographic data of §-(BEDT-BDT)AsF4 and
0-(BEDT-BDT)PFg, Table S2: List of bond lengths of BEDT-BDT and their charge-transfer salts.
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