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Abstract



In 2022 we reported that the B”"-(BEDT-TTF),CIC,H,SO; salt (1) has a phase transition at 210 K
on cooling and 260 K on heating, which was suggested as a non-doped-to-doped transition. During
the synthesis of 1, a second salt was co-produced, the structure and properties of which are reported
here. The new salt, B”"-f”"-(BEDT-TTF),CIC,H,SO; (2) has the same composition and is
isomorphous to 1L, the low temperature phase of 1. However, the salt shows no phase transition.
1H, the high temperature phase of 1, displays rotational disorders of the -SO5~ groups. In contrast
the anions in 2 have no rotational disorders but have orientational disorder. Approximately 13 %
of the anions in 2 have their orientation opposed the remaining anions. The geometrically
calculated shortest O-+O distance is 2.24 A if neighbour -SO5 groups are able to rotate freely. This
is 1.1 A shorter than the sum of the van der Waals radii, and therefore this is too close to allow
free rotation. Therefore, it is proposed that 2 has no rotational disorder which leads to no phase

transition as is observed in 1.

Introduction

Over the past half century of research into molecule-based organic conductors the most widely
used component molecule is BEDT-TTF (bis(ethylenedithio)tetrathiafulvalene). For example, a
range of 2:1 salts of BEDT-TTF with counter anions, (BEDT-TTF),X (X is a monoanion), show
a wide variety of physical properties. These appear as insulating, semiconducting, metallic,
superconducting, dia-, para-, antiferro-, or ferro-magnetic, and so on. In spite of the fact that each
conducting layer consists of the same cationic BEDT-TTF molecule with the formula charge of

+0.5, the physical properties of the salts are dependent on the donor arrangements (a-, B-, B”"-, 0-,

0’-, k-, A-, etc.) and the shape and size of the interleaved counter anions.! We have also suggested



for more than ten years that the dipole moment of the counterion layer has a significant effect on
the electronic structure of the donor layer.>!!

We previously reported two BEDT-TTF salts with the CIC,H,SO;5™ anion.'!'> The first example
is 0-(BEDT-TTF),CIC,H,;SO5-H,0O, which shows a structural phase transition at around 160 K,
below which the donor arrangement changes to a d"-type. A further transition occurs below 140
K, when localized electrons on the donor layers show spin ladder behavior.'? The second example
is B”"-(BEDT-TTF),CIC,H,SO; (1),'" which shows a phase transition at 210 or 260 K upon
decreasing or increasing the temperature, respectively. The anionic layers of the high temperature
phase (1H) has no component of dipole moment perpendicular to the donor layer. On the other
hand, the anionic layers of the low temperature phase (1L.) have a small but significant component
of dipole moment normal to the donor layers. 1L has two crystallographically independent donor
layers, A and B, each of which is bordered by the positive or negative side of the anionic layer’s
dipole («~B—>A<B—>A<«). The different cation-anion interactions lead to A and B layers with
different oxidation states. Therefore, we termed the transition a temperature-induced non-doped-
to-doped transition.

Here we report the third polymorph, 37~ B”"-(BEDT-TTF),CIC,H,SO; (2), which is
isomorphous to 1L with the same chemical composition. However, 2 does not show the same
phase transition as 1 and maintains two crystallographically independent donor layers at least up
to room temperature. 2 has disorder in its anionic layer, where ca. 13 % of CIC,H,SO; are
orientated in the opposite direction to the remaining anions (“O;SC,H,Cl). The structure, physical

properties and the effect of the disorder of 2 are discussed.



Experimental

Salt 2 was prepared using the same procedure as reported previously for salt 1.!' Both 1 and 2 co-
existed in the same sample batch, and were separated using a sharpened tooth pick under a
microscope. The X-ray diffraction measurements at 100 and 290 K were performed on a Rigaku
XtaLAB Synergy Custom with MicroMax-007 HF/VariMax rotating-anode X-ray generator with
confocal mono-chromated MoKa radiation. AC electrical resistivity measurements from 4.2 K to
room temperature were performed by the conventional four-probe method using a HUSO HECS
994C1 four channel resistivity meter with cooling and heating rates of = 0.5 K/min. Magnetic
susceptibility of a polycrystalline sample was measured at 3000 G in the range of 2-300 K using
a Quantum Design MPMS-2S SQUID magnetometer. The data were corrected for a contribution
from the aluminum foil sample holder. The diamagnetic contribution of the sample was
estimated from Pascal’s constants, which were subtracted from the data. Dipole moments of the
anions were calculated by MOPAC2016'* with PM3 Hamiltonian on Winmostar V9.2.5, using
the molecular geometries from the crystal structures with no further structure optimization.
Effective voltages caused by the dipole moment of the anion layers were estimated following
Suda et al.'* Band structures were calculated using a tight binding calculation package based on
extended Hiickel theory written by Prof. Takehiko Mori.!> Raman spectra were measured on a
Renishaw Ramascope, in Via Reflex. A diode laser (785 nm) was used to excite the sample,
focused on an area of diameter ca. 5 pm, with ~0.1 mW power. The single crystal was fixed with
silicon grease on a copper sample holder. The incident light was polarized to ¢ and b axes for 2,
respectively. A low temperature spectrum was measured using a helium-flow cryostat Oxford
MicrostatHe. Magnetoresistance measurements were performed in a *He-cryostat with a non-

destructive 60 T pulse magnet with a 36 ms duration of the pulsed magnetic fields.



Results and discussion

1L and 2 are isomorphous and have the same composition, but the crystal appearances are very
different, as shown in Figure 1. Therefore, these crystals are easily separated by hand. Table 1

shows X-ray crystallographic data of both 1 and 2 at 100 and 290 K.
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Figure 2. (a) Crystal structure of 2 at 290 K, where only the major fraction of anions with
occupancy of 0.846(2) are shown and the disordered minor fraction with occupancy of 0.154(2)

are omitted. (b) Donor arrangements of the A layer (left) and B layer (right) at 100 K.

Table 1. X-ray crystallographic data of 1 and 2 at 100 and 290 K.

1H 1L 2 2
Composition (BEDT-TTF),CIC,H,SO;
T/K 290 100 290 100
Space group P2,/m P1 P1 P1
al A 5.8446(4) 5.77900(10) 5.87215(13) 5.79124(19)
bl A 33.2755(19) 8.7395(2) 8.81591(14) 8.7438(2)
clA 8.8244(6) 33.1806(10) 33.3511(7) 33.2059(10)
al® 90.0 88.953(2) 88.3780(15) 89.027(2)
Ble° 102.911(7) 86.170(2) 85.5678(18) 86.094(3)
yl° 90.0 76.872(2) 76.3077(16) 76.761(3)
v/ A3 1672.80(19) 1628.35(7) 1672.36(6) 1632.97(9)
Z 2 2 2 2
R 0.047 0.085 0.050 0.054
WR 0.121 0.211 0.136 0.157

CCDC numbers of 2 at 290, 250, 200, 150 and 100 K are 2365080, 2365159, 2365160, 2365087
and 2365089, respectively.

Figure 2a and 2b show the crystal structure of 2 at 290 K and its donor arrangement at 100 K.
The anion of 2 is disordered as shown in Figure 3. At 100 K, approximately 13 % of anions are
directed in opposition to the remaining 87 %.!° In other words, 87 % of -O;SC,H,Cl and 13 % of
CIC,H,SO5 are superimposed. The doping ratio is different from that of 1L due to the disorder.
The presence of 13 % of anions rotated by 180°reduces the anion layer’s dipole moment by
about 34 %. The dipole moments of the major (= 87 %) and minor (= 13 %) anion fractions were
calculated using MOPAC2016/PM3 to be 6.98 and 6.74 debye, respectively. The angles between
the dipole moment vectors of the major and minor anion fractions and the donor layer are 7 and -
7°, respectively. Using these values and an equation by Suda et al.,'* the effect of the anionic

layer’s dipole moment on the adjacent donor layer is calculated, to be 0.32 eV for the major



fraction and 0.31 eV for minor fraction. Taking account of their occupancies and opposite

orientations, the effective voltage E. of the anion layer of 2 is as follows.

E.=032eVx087-031eVx0.13=0.24¢V (1)

The difference in charge (Q) between the donor layers A and B can be roughly estimated using
the calibration curve between Q and E.,'' which is = 0.01: the charges associated with layer A

and B are suggested to be 0.495 and 0.505, respectively.
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Figure 3. Crystal structure of 2 at 100 K, where disordered anions are shown.

The temperature dependence of electrical resistivity of 2 is shown in Figure 4. Metallic
behaviour is observed from room temperature to approximately 80 K, below which there is a
gradual increase of resistivity. The relatively low resistivity at temperatures below the metal-
insulator transition seems to be caused by the doping effect, despite a doping level that is
approximately half of 1L. A hysteresis in the resistivity measurement is observed, suggesting
that a very broad phase transitions starts at 250 K and ends at 50 K. However, the resistivity
curve has no discontinuities similar to those observed at 210 and 260 K for 1, again indicating

that only 1L shows a structural phase transition.
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Figure 4. Temperature-dependent electrical resistivity of 2.

The temperature-dependent magnetic susceptibility of 2 is shown in Figure 5 and has
similar behaviour to that of 1. However, the magnetic susceptibility curve of 1 has small
anomalies at 210 (cooling) and 260 K (heating), corresponding to its resistivity jumps. On the
other hand 2 has small anomalies at 250 K for both the cooling and heating curves. Other small
anomalies are observed at the 7y, (metal-insulator transition temperature), below which magnetic
susceptibility decreases more rapidly to become = 1 x 10 emu/mol. This support the suggestion
that the ground state is not metallic and has only a small number of charge carriers although the
resistivity increase below Ty by less than 40 % is quite small. In addition, there seems to be
another anomaly in the magnetic data at 290 K. The charge difference between the A and B

layers of compound 2 is half of that of 1 but both magnetic behaviours are quite similar,



suggesting that the doping effect is not expressed in the magnetic data. This is expected because

the number of doping carriers (= 0.1 %) is small.
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Figure 5. Temperature-dependent magnetic susceptibility of 2 after subtracting 0.084 % of

Curie tail.

When the shortest O---O distance (O-+-O,omion) between the anions estimated considering
the rotational disorder (Figure 6), Compound 1L results in 3.079 A (Figure 7a), whereas
Compound 2 leads to an unreasonably short distance of 2.24 A (Figure 7b) because the anion
orientation is also disordered. Accordingly, the rotational disorder is impossible in Compound 2.

The detail is discussed in the Additional structural discussion section in Supporting Information.

Moreover, the S-O bond lengths of -SO;~ with occupancy of 87 % are almost the same

but those with occupancy of 13 % vary. One is much longer than the other two, as shown in



Figure 8 at several temperatures from 100 to 290 K. This suggests that the negative charge on the
major sulfonate is equally distributed but the negative charge on the minor sulfonate is almost
localized on a single O atom and the other two O atoms are almost neutral (see inset of the
schematic diagram in Figure 8). The monoanionic O atom is located further from the rest of the
group, which is suitable to reduce the Coulombic repulsion. Therefore, in summary, rotation of
the minor sulfonate would increase the interatomic Coulombic repulsion because the
monoanionic O atom would be in closer contact with an O atom of the major sulfonate. Thus, the
180° orientational disorder and the non-equally distributed negative charge of the minor
sulfonate prevent both sulfonates from rotating.
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Figure 6. A possible disordered crystal structures of 2 where 13 % of 180° rotated anions exist

in the anion chain.
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the occupancies of major and minor anions are 0.87 and 0.13, respectively, at 100 K.
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Figure 9. R(QY)-1,H(T) plots of the magnetic field dependence of electrical resistivity (MR) of 2.

Band structure calculations of the A and B layers of 2 were performed,'” as shown in
Figure S3. The results are quite similar to those of 1L, suggesting that the difference in

electronic structures is not the reason for the absence of a structural phase transition.

The magnetic field dependence of electrical resistivity of 2 is shown in Figure 9. 1L
showed a Shubnikov-de Haas (SdH) oscillation since the compound is a semiconductor at the
measured temperature but the anion polarity-induced doping provided a small Fermi surface.!!
However, as shown in Figure 9, 2 does not show any SdH oscillations. This could be a

consequence of the disorder in each anion chain breaking the periodicity of the crystal and
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electronic structures, which is indirect evidence that the structure of the disorder of 2 is like
Figure 6 but not Figure S1. Temperature dependence of electrical resistivity of 1 and 2 are shown

in Figure S4 up to 200 K.

The Raman spectrum of 2 is shown in Figure S5. At 10.2 K the v, modes split, but by a
larger than expected amount, calculated from the estimated charge difference between A and B
layers. However, the spectra are also noisy and so this splitting cannot be definitively assigned to
the effect of the charge difference. Therefore, the evidence for a charge difference is weak.

Although as the temperature is increased, the splitting becomes less clear.

Conclusions

2 does not show any structural phase transition from 300 to at least 100 K, whereas 1
displays a transition. This is despite 2 being isostructural with 1L. The presence of orientational

disorder in the anionic layer of 2 appears to inhibit 2 from showing the phase transition.

Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.inorgchem.???77777.

Additional structural discussion; figure of the crystal structure; figures of band structural

calculation; figure of transport properties of 1 and 2; and Raman spectra (PDF).
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Synopsis

An organic conductor §7-B”"-(BEDT-TTF),CIC,H,SO; (2) possessing orientationally disordered
anionic layers does not show any phase transitions from 300 to at least 100 K, whereas the low

temperature phase (1L) of the already reported salt (1), whose chemical composition and cell
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parameters are the same as 2, displays an order-disorder transition of rotational motion of -SO;".
The presence of orientational disorder in the anionic layer of 2 appears to inhibit 2 from showing

the transition.
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