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Abstract: New bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF)-, 

bis(ethylenediseleno)tetrathiafulvalene (BEST)- and bis(ethylenedithio)tetraselenafulvalene 

(BETS)-based organic charge-transfer (CT) salts—α-(BEDT-TTF)3(HOC2H4SO3)2 (1), β-

(BEST)3(HOC2H4SO3)2·H2O (2) and α-(BETS)2(HOC2H4SO3)·H2O (3)—have been prepared. Salts 1 

and 2 show semiconducting behaviour. Salt 3, which is almost isostructural to α-(BETS)2I3, shows 

metallic behaviour down to 70 K and then shows a broader metal–insulator transition than that of 

α-(BETS)2I3. The reason for the difference in behaviour is estimated by the comparison of the 

Madelung energies of the full set of patterns of possible donor’s charge-ordered and anion’s 

disordered states. 

Keywords: organic conductors; bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF); 

bis(ethylenediseleno)tetrathiafulvalene (BEST); bis(ethylenedithio)tetraselenafulvalene (BETS); 

electrical resistivity; magnetic susceptibility; X-ray analysis; charge-ordered state; quantum 

chemical calculations; Madelung energy 

 

1. Introduction 

Organic conductors have been synthesized by chemists [1,2] and their physical properties have 

been measured by physicists [3,4] for some time now. Chemists still now prepare many new types of 

organic conductors with novel structures and molecular features [5]. However, most physicists tend 

to continue to measure “old-fashioned” organic (super)conductors [3,4]. For example, popular salts 

are κ-(BEDT-TTF)2Cu(NCS)2 [6], where BEDT-TTF is bis(ethylenedithio)tetrathiafulvalene; κ-(BEDT-

TTF)2Cu[N(CN)2]X (X = Cl, Br) [7,8]; θ-(BEDT-TTF)2[MM’(SCN)4] (M = Cs, Rb, Tl; M’ = Zn, Co) [9]; α-

(BEDT-TTF)2[AHg(SCN)4] (A = K, NH4) [10,11]; α-(D)2I3 (D = BEDT-TTF [12]; BETS [13], where BETS 

= bis(ethylenedithio)tetraselenafulvalene); and (TMTSF)2X (X = PF6, AsF6, ClO4, etc., where TMTSF = 

tetramethyltetrathiafulvalene) [14]. Most of these examples were first made for more than a quarter 

of a century ago. This may be because organic conductors prepared recently have had more 

complicated molecular and/or crystal structures, which are definitely interesting for chemists. 

However, more complication often implies bulkier molecules, which usually leads to poor 

conductivity. This might prevent physicists from making the measurements because of the difficulty 

of finding physical properties in which many physicists are interested. In this circumstance, chemists 

preparing simple organic conductors might be of interest, especially for physicists. Here, we report 
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the BEDT-TTF, BEST (=bis(ethylenediseleno)tetrathiafulvalene) and BETS salts (Scheme 1) of a simple 

organic anion, isethionate (HOC2H4SO3−), the structures and properties of which are reported. 

 

Scheme 1. Structural formula of BEDT-TTF, BEST, BETS salts of a simple organic anion, isethionate 

(HOC2H4SO3−). 

2. Materials and Methods 

Electrical resistivity measurements 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. The magnetic susceptibilities of polycrystalline samples of the BETS salt (3) were measured 

from 2 to 300 K using a Quantum Design MPMS-2S SQUID magnetometer. The data were corrected 

for a contribution from the sample holder (aluminum foil), and the sample’s diamagnetic 

contribution was estimated from Pascal’s constants. X-ray diffraction data were collected with a 

Rigaku Rapid II imaging plate system with a MicroMax-007 HF/VariMax rotating-anode X-ray 

generator with confocally monochromatic MoKα radiation. 

BEDT-TTF and isethionic acid sodium salt (HOC2H4SO3Na) were purchased from Tokyo 

Chemical Industry and Kanto Chemical, respectively, and used without any further purification. 

BEST and BETS were prepared according to the literature methods [15–17]. The electrocrystallisation 

of BEDT-TTF, BEST and BETS with HOC2H4SO3Na and 18-crown-6 ether in PhCl + 10% of EtOH 

produced black crystals. 

The electronic states of the cationic and neutral donors and anions of 3 were calculated using the 

GAMESS software package [18] at the BY3LP 6-31G* level (SBKJC core potentials for iodine) using 

geometries determined by the X-ray analyses. All GAMESS input options used in these calculations 

are shown in Supporting Information. The input files were prepared using Facio [19,20]. Population 

analyses were performed using the Multiwfn software package (version 3.6, Beijing Kein Research 

Center for Natural Science, Beijing, China) [21], which calculated Hirshfeld populations from the output 

files of GAMESS. The resultant point charges of all the atoms of each molecule were used for 

Madelung energy calculations, which were performed with the Gulp program package [22] version 

5.1, with a “molecule” option to restrict the calculations to only intermolecular Coulombic repulsions; 

namely, the effect of intramolecular repulsions was excluded.  

3. Results 

Table 1 shows the crystallographic data of α-(BEDT-TTF)3(HOC2H4SO3)2 (1), β-

(BEST)3(HOC2H4SO3)2·H2O (2) and α-(BETS)2(HOC2H4SO3)·H2O (3). 

Table 1. Crystallographic data of 1, 2 and 3. 

Compound 1 2 3 

Composition 
α-(BEDT-

TTF)3·(HOC2H4SO3)2 

β-(BEST)3 

(HOC2H4SO3)2·H2O 

α-(BETS)2 

(HOC2H4SO3)·H2O 

Formula C34H34O8S26 C34H36O9S14Se12 C22H23O5S9Se8 

Fw 1404.20 1213.17 1287.64 

Space Group P21/c P21 P1̅ 

a (Å) 18.6954(7) 12.8225(14) 9.2422(5) 

b (Å) 11.2106(4) 12.3690(13) 10.7806(5) 

c (Å) 12.8995(5) 18.129(2) 18.6601(9) 

α () 90.000 90.000 103.579(7) 

β () 109.300(8) 106.653(8) 97.219(7) 

γ () 90.000 90.000 90.455(6) 

V (Å3) 2551.6(2) 2754.7(5) 1791.57(17) 
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Z 2 2 2 

T (K) 290 290 290 

dcalc (g·cm−1) 1.828 2.393 2.387 

μ (cm−1) 11.364 85.303 87.198 

F(000) 1436 1888 1222 

2θ range () 4–55 4–55 4–55 

Total ref. 23,703 26,052 17,212 

Unique ref. 5827 12,546 8101 

Rint 0.0251 0.1753 0.0607 

Parameters 307 505 478 

R1 (I > 2σ(I)) 0.044 0.114 0.042 

wR2 (all data) 0.103 0.320 0.109 

S 1.083 0.970 1.064 

max (e Å−3) 0.85 1.68 1.48 

min (e Å−3) −0.67 −1.43 −1.05 

Flack  0.37(2)  

CCDC 

reference 
2,022,621 2,022,623 2,022,624 

3.1. α-(BEDT-TTF)3(HOC2H4SO3)2 (1) 

α-(BEDT-TTF)3(HOC2H4SO3)2 (1) crystallizes in the space group P21/c. One and a half of BEDT-

TTF and one isethionate are crystallographically independent. Figure 1a shows the crystal structure 

of 1. The structure has alternating donor and anion layers propagating along the a axis. The structure 

of the two-dimensional conducting BEDT-TTF layer possessing an α-type packing motif is shown in 

Figure 1b. There are many interstack short S···S contacts, suggesting that the salt is a 2D conductor. 

However, the donor-to-anion ratio of 3:2 indicates that there is a BEDT-TTF trimer, in which two 

holes are located that form a spin dimer. Therefore, the structure suggests that the salt is a band 

insulator. Actually, the electrical resistivity measurements (Figure S1) indicate that the salt is a 

semiconductor with RT = 1.15 × 102 Ω·cm and Ea = 190 meV. The molecular arrangement of isethionate 

in an anionic layer is shown in Figure 1c. Intermolecular hydrogen bonding between the hydroxyl 

group and an oxygen atom of a nearest neighbor’s sulfo group (O···O = 2.861(2) Å) forms a 1D 

hydrogen bond chain along the b axis. In addition, there is an inversion centre in the anionic layer, 

indicating that the anion layer is not polar.  

 

  

(a) (b) (c) 

Figure 1. Crystal structure (a); arrangement of the donor layer (b), where dashed lines indicate short 

S···S contacts (<3.7 Å); and structure of the anionic layer (c) of 1. 
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3.2. β-(BEST)3(HOC2H4SO3)2·H2O (2) 

Compound 2 has similar cell parameters to 1, as shown in Table 1, but has a different space 

group (P21) and is not isomorphous with 1. There are three BEST molecules, two isethionate anions 

and one water molecule, in the asymmetric unit. The crystal structure is shown in Figure 2a. The unit 

cell consists of alternating donor/anion and water layers along the c axis. The donor layer (Figure 2b) 

has a β-type packing motif with both intra-and interstack short S···S contacts, suggesting that the salt 

is a 2D conductor. The ratio of donor to anion is 3:2, indicating that the BEST molecules form into 

trimers with two holes. In turn, the holes are arranged into spin dimers, which suggests that the salt 

is a band insulator. The resistivity measurements (Figure S2) indicate that the salt is, in fact, a 

semiconductor with higher conductivity than 1. Salt 2 has a room temperature resistivity that is 

approximately two orders of magnitude smaller, RT of 4.47 Ω·cm, and approximately a half of the 

activation energy, Ea of 108 meV, when compared to 1. 

Figure 2c shows the structure of the anionic layer. The present R value of 11.6% is relatively high, 

so we cannot discuss some details of the structure. Several covalent bonds are distorted; therefore, 

bond length and angle restraints were applied. The space group, P21, is polar, so there are no 

inversion centres in the anionic layer. However, the anions are arranged to cancel almost all the dipole 

moments. The only small dipole moment seems to exist along the b axis (see Figure 2c). In addition, 

the X-ray diffraction measurement at 150 K gave a much more distorted structure, so we have not 

shown these data.  

 
 

 

(a) (b) (c) 

Figure 2. Crystal structure (a); arrangement of the donor layer (b), where dashed lines indicate short 

S···S, Se···S and Se···Se contacts (<3.70, 3.75 and 3.80 Å, respectively); and structure of the anionic layer 

(c) of 2. 

3.3. α-(BETS)2(HOC2H4SO3)·H2O (3) 

The asymmetric unit of 3 consists of one (A in Figure 3c) and two halves (B and C) of BETS, one 

isethionate and one water molecule. The anion and the water molecule are disordered as 

schematically shown in Figure 3a, in which there are two anions having different conformations, 

which are superimposed at the same position. The crystal structure is shown in Figure 3b. The space 

group is P1̅, so four BETS molecules, two anions and two water molecules exist in the unit cell. Figure 

3c shows the packing arrangement of a BETS layer, where A’ is a centrosymmetrically inverted A. 

The layer has an α-type packing motif with short side-by-side chalcogen–chalcogen contacts, 

indicating that the salt has 2D conducting layers. The ratio of donor to anion is 2:1 which suggests 

that the salt would show low resistivity (vide infra). Figure 3d shows a packing arrangement of the 

anion/water layer. Because there are two molecular configurations ( and σ) in the same position and 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

  



Crystals 2020, 10, 775 5 of 13 

 

two anion positions (I and II), there are four possible patterns ((1)–(4) in Figure 3d), where ’ and σ’ 

are centrosymmetrically inverted  and σ, respectively. In addition, patterns (1) and (2) are 

centrosymmetric but (3) and (4) are not exactly centrosymmetric. 

The donor arrangement (α-type), the numbers of independent BETS molecules (one (A) and two 

halves (B and C)), and the cell parameters of 3 are quite similar to those of α-(BETS)2I3 [12], suggesting 

that the transport property of 3 would also be similar. α-(BETS)2I3 shows a metal–insulator (MI) 

transition at 50 K, and there is a shoulder at 40 K, suggesting another phase transition, below which 

the resistivity increases more rapidly [13]. The temperature-dependent electrical resistivity of 3 is 

shown in Figure 4a, where four crystals (Samples A–D) were measured at the same time; therefore, 

the cooling and heating rates are the same. However, the four samples show a wide variety of 

temperature dependences, and therefore, the samples were measured again. The resistivity curves of 

the second run are shown in Figure 4b. The behaviours of samples A, B and C are clearly different 

from each other. Moreover, each sample shows a different behaviour from the first measurement 

apart from sample C. The resistivity of almost all experiments shows MI transitions at around 70 K, 

and shoulders can be seen in some curves at around 30 K. The general behaviours are similar to those 

of α-(BETS)2I3. However, the ratio of the largest and smallest resistivity values (max/min) of sample C 

of 3, which shows the sharpest MI transition of all the measured samples, and of α-(BETS)2I3 are 4.6 

and 570, respectively. This observation indicates that the MI transition of 3 is much less sharp than 

that of α-(BETS)2I3. 

 
 

(a) (b) 

  

(c) (d) 

Figure 3. (a) A schematic diagram of the disorder of the isethionate anion. (b) Crystal structure. (c) 

Arrangement of the donor layer, in which donors A, B and C are crystallographically independent 

and A’ is the centrosymmetrically inverted A. Dashed lines indicate short S···S, Se···S and Se···Se 

contacts (<3.70, 3.75 and 3.80 Å, respectively). Transfer integrals are labelled as p1, p2, etc. (d) Four 

possible patterns of the donor layer of 3. The unit cell has two disordered water molecules (W1 and 

W2) and two isethionate anions (I and II), the latter of which are disordered over two conformations 

( and σ) as schematically shown in Figure 3a. ‘ and σ’ are the symmetrically inverted  and σ. 
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(a) (b) 

Figure 4. Temperature dependences of electrical resistivity of four crystals of 3, where (a) is the first 

and (b) is the second run. 

The temperature-dependent magnetic susceptibility of α-(BETS)2I3 was fitted by χSpin = C/T 

exp(−∆/kBT) (equation 1) with the gap ∆/kB = 290 K and a Curie constant C = 0.29 emu mol−1 [23]. The 

magnetic behaviour of 3 (Figure 5) is similar to that of α-(BETS)2I3. The susceptibility decreases with 

decreasing temperature, where the differences in the susceptibilities between room and low 

temperatures are approximately 2.7 × 10−4 emu mol−1, which is 1.0 × 10−4 emu mol−1 smaller than that 

of α-(BETS)2I3. The data of 3 cannot be fitted by equation 1 and are closer to a 1D Heisenberg model 

(green line in Figure 5) with J = −213 K. However, the large deviations do not suggest that the spins 

on the BETS layer forms a 1D chain. This may indicate that more spins or more itinerant electrons 

exist at low temperatures in salt 3 when compared to α-(BETS)2I3.  

 

Figure 5. Temperature dependence of magnetic susceptibility of 3. The green solid line is calculated 

on the basis of a 1D Heisenberg model. 

The electronic structure was characterized using extended Hückel tight-binding band structure 

calculations of the donor layer [24] as shown in Figure 6. The Fermi surfaces are almost the same as 

for α-(BETS)2I3 [25]. Therefore, 3 and α-(BETS)2I3 have the same electronic structures.  
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Figure 6. Band dispersions (left), Fermi surfaces (centre) and overlap integrals (right) of 3. The 

donor···donor interactions (p1, p2, etc.) are labelled in Figure 3c. 

4. Discussion 

Although the molecular structures of the triiodide and isethionate BETS salts are very different, 

the cell parameters of 3 are quite similar, as are the donor arrangements and band structures. The α-

(BETS)2I3 salt is isomorphous to α-(BEDT-TTF)2I3, which also shows a MI transition at 135 K (TMI) [12]. 

Therefore, it is believed that both MI transition mechanisms are similar. The mechanism of the MI 

transition of α-(BEDT-TTF)2I3 has been widely studied ([12,13,25–28] and references therein). At room 

temperature, the positive charges are equally distributed in the BEDT-TTF donor layers. However, 

below TMI, two BEDT-TTF molecules (A and B) become monocations and two become neutral (A’ and 

C), which is charge ordering (CO). In addition, the space group changes into the polar space group 

P1, and the previously crystallographically equivalent A and A’ molecules become independent. The 

crystal also becomes polar below the transition temperature [29]. Recently, J.-P. Pouget and co-

workers reported a more consistent mechanism of the MI transition [27,28], where modulating the 

strength of the donor–anion hydrogen bonding modified the charges on the HOMOs of the donors; 

namely, I···H-C hydrogen bonds played a key role in the MI transition. Due to the similar structural 

and electronic properties, we expect that the salt 3 also shows a similar CO transition.  

Figure 7a,b shows the structural relationship between -SO3− of the HOC2H4SO3- anions and the 

donors. There are no short contacts between donor C (Figure 3) and the anions, suggesting that the 

negatively charged sulfonate groups are not close to C but are close to A, A’ and B. Therefore, donor 

C is likely to be neutral or have a small positive charge in the CO state. In our previously reported 

sulfonate salts with CO ground states [30–32], the donor having the shortest S(BEDT-TTF)···O(-SO3−) 

contacts (especially less than 3.1 Å), which are more direct interactions between positive and negative 

charges than those via the hydrogen bonds [27,28], has the largest positive charge because the state 

has the largest Coulomb energy. Moreover, as shown in Table 2, of the two anions in the unit cell 

with  and ’ conformations, only donor B has two contacts shorter than 3.1 Å. Therefore, in this 

situation, for example, only donor B becomes charge-rich and A, A’ and C donors become charge-

poor molecules. This suggests that the configuration of the anion is relevant in determining the 

electronic structure of the CO state. Figure 8 shows a schematic diagram of the CO state, which 

includes six possible CO patterns, (b)–(g), in which C is neutral in patterns (b), (d) and (g). Therefore, 

one of these three states is likely to be the ground state of 3. In addition, the ground state of α-(BEDT-

TTF)2I3 is represented by Figure 8b [26], suggesting that those of α-(BETS)2I3 and 3 would also be 

depicted by pattern (b). To strengthen this hypothesis, we calculated the Madelung energies of the 

CO patterns of (b)–(g) (also Table S1). In the calculations, the formula charges of each donor molecule 

(Q) were fixed to 0 or +1 for (b)–(g), which may be far from the real CO state, in which, normally, 0 < 

Q < 1. However, we believe that the calculations point to the stability of each CO pattern. The charge 

distributions in the component molecules were calculated using GAMESS at the BY3LP 6-31G* level 

for A, B and C donors and all crystallographically independent anions of α-(BEDT-TTF)2I3, α-

(BETS)2I3 and 3, respectively. Then, each molecule’s Hirshfeld population analysis was performed 

using Multiwfn [21]. The resultant point charges (where we did not use the point charges of all H2O 
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molecules in 3 because of the uncertainty of hydrogen atom positions in x-ray crystal structures. We 

also performed the calculations in which the charges of tentatively oriented all water molecules were 

included as shown in Table S1. The tendency of the results is similar to that shown in Table 3) were 

input into Gulp [22] to calculate each Madelung energy using an Ewald method, in which we 

calculated only the intermolecular Coulomb interactions. The resultant Madelung energies are 

summarized in Table 3. The anion in 3 has two disordered configurations on a general position, so 

the Madelung energies were calculated of all possible combinations of each CO pattern (a)–(g), as 

shown in Figure 8, and each anion arrangement pattern (1)–(4), as shown in Figure 3d. 

 
 

(a) (b) 

Figure 7. Interactions between bis(ethylenedithio)tetraselenafulvalene (BETS) and each disordered 

conformer ((a)  and (b) σ) of isethionate in 3, where dotted lines indicate S···O contacts shorter than 

the van der Waals distance (3.37 Å). 

Table 2. Numbers (N) of effective short S···O contacts (<3.1 Å) of 3 for four possible anion 

arrangements. 

Configurations of Anions N with Donor A or A’ N with Donor B N with Donor C 

 ’ 0 2 0 

σ σ’ 2 0 0 

 σ’ 1 1 0 

σ ’ 1 1 0 

 

 




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Figure 8. Schematic diagram of α-type packing arrangement of donor layer. (b)–(g) Schematics of the 

full set of six possible arrangements of neutral (white) and cationic (dark blue) donor molecules in the 

conduction plane, where (w x y z) means the molecular charges of A, A’, B and C molecules (see Figure 

3c) of w, x, y and z, respectively. Blue (w x y z) and green (w x y z) indicate that the charge-ordered 

patterns are horizontal and vertical stripes, respectively. The same colours are used in Table 3. (a) A 

schematic diagram of the non-charge-ordered state, where each molecule has a +1/2 charge (light 

blue). 

Table 3. Madelung energies of α-(BEDT-TTF)2I3, α-(BETS)2I3 and 3. 

α-(BEDT-TTF)2I3          

CO pattern *1 BEDT-TTF charge    Madelung E *4 E *5 

 A A‘ B C      

(b) Horizontal *2 +1 0 +1 0    −442.8454 0.2540 

(c) Horizontal 0 +1 0 +1    −443.0994 0.0000 

(d) Vertical *3 +1 +1 0 0    −426.1212 16.9782 

(e) Vertical 0 0 +1 +1    −424.6368 18.4626 

(f) Horizontal +1 0 0 +1    −443.0912 0.0082 

(g) Horizontal 0 +1 +1 0    −442.8319 0.2675 

α-(BETS)2I3         E *5 

CO pattern BETS charge    Madelung E  

 A A‘ B C      

(b) Horizontal +1 0 +1 0    −414.7377 0.1976 

(c) Horizontal 0 +1 0 +1    −414.9353 0.0000 

(d) Vertical +1 +1 0 0    −401.2690 13.6663 

(e) Vertical 0 0 +1 +1    −399.0569 15.8784 

(f) Horizontal +1 0 0 +1    −414.9291 0.0062 

(g) Horizontal 0 +1 +1 0    −414.7411 0.1942 

 3, α-(BETS)2(HOC2H4SO3)·H2O  E *5 

CO pattern BETS charge Configuration *6 Madelung E  

 A A‘ B C  I II   

(b) Horizontal +1 0 +1 0 (1)  ‘ −444.3595 21.9183 

“ *7 “ “ “ “ (2) σ σ‘ −441.4648 24.8130 

“ “ “ “ “ (3)  σ‘ −461.4680 4.8098 

“ “ “ “ “ (4) σ ‘ −459.1554 7.1224 

“ “ “ “ “  Average −451.6119 14.6659 

(c) Horizontal 0 +1 0 +1 (1)  ‘ −446.8165 19.4613 
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“ “ “ “ “ (2) σ σ‘ −448.6298 17.648 

“ “ “ “ “ (3)  σ‘ −463.9675 2.3103 

“ “ “ “ “ (4) σ ‘ −466.2778 0.0000 

“ “ “ “ “  Average −456.4229 9.8549 

(d) Vertical +1 +1 0 0 (1)  ‘ −443.9287 22.3491 

“ “ “ “ “ (2) σ σ‘ −416.8843 49.3935 

“ “ “ “ “ (3)  σ‘ −447.8066 18.4712 

“ “ “ “ “ (4) σ ‘ −447.8055 18.4723 

“ “ “ “ “  Average −439.1063 27.1715 

(e) Vertical 0 0 +1 +1 (1)  ‘ −416.4921 49.7857 

“ “ “ “ “ (2) σ σ‘ −442.4551 23.8227 

“ “ “ “ “ (3)  σ‘ −446.8737 19.4041 

“ “ “ “ “ (4) σ ‘ −446.8726 19.4052 

“ “ “ “ “  Average −438.1734 28.1044 

(f) Horizontal +1 0 0 +1 (1)  ‘ −446.8152 19.4626 

“ “ “ “ “ (2) σ σ‘ −448.6285 17.6493 

“ “ “ “ “ (3)  σ‘ −466.2777 0.0001 

“ “ “ “ “ (4) σ ‘ −463.9651 2.3127 

“ “ “ “ “  Average −456.4216 9.8562 

(g) Horizontal 0 +1 +1 0 (1)  ‘ −444.3614 21.9164 

“ “ “ “ “ (2) σ σ‘ −441.4667 24.8111 

“ “ “ “ “ (3)  σ‘ −459.1583 7.1195 

“ “ “ “ “ (4) σ ‘ −461.4688 4.8090 

“ “ “ “ “  Average −451.6138 14.664 

*1 CO patterns = charge-ordering patterns shown in Figure 8; *2 Horizontal = horizontal stripe; *3 

Vertical = vertical stripe; *4 kJ mol−1 (unit cell); *5 E = E−E (the lowest in the salt); *6 Configuration = 

Anion Configuration at I and II positions in the unit cell as shown in Figure 3d; *7 A ditto mark. 

As shown in Table 3, the Madelung energies of α-(BEDT-TTF)2I3 of four horizontal stripe-type 

CO patterns (Horizontal) of (b), (c), (f) and (g) are similar and smaller than those of the vertical stripe-

type CO patterns (Vertical) of (d) and (e), indicating that Horizontals are more stable than Verticals. 

However, the difference between the largest and smallest values of the four Horizontals are small 

(less than 0.25 kJ mol−1) such that we cannot say which is the most stable state. Similarly, the energies 

of α-(BETS)2I3 of four Horizontals are similar and smaller than those of the Verticals, also indicating 

that Horizontals are more stable than Verticals, but it cannot be suggested which state is the most 

stable due to the small difference between the largest and smallest values (<0.20 kJ mol−1). A similar 

tendency was also observed in 3. The averages of the Madelung energies of (1)–(4) configurations of 

each CO pattern suggest that Horizontals are more stable than Verticals. However, the difference 

between the largest and smallest values of the averages of the Horizontals of (b), (c), (f) and (g) are 

larger than those of the two I3 salts. Those of (c) and (f) are approximately 5 kJ mol−1 smaller than 

those of (b) and (g), suggesting that (c) or (f) are possible ground states of 3. Indeed, the the difference 

between the largest and smallest values of the Madelung energies of the (1), (2), (3) and (4) of each 

CO pattern is 17.7–30.9 kJ mol−1. This indicates that the conformational effect of the anion is 

energetically more effective than that of the CO patterns of the donor layers. Table 3 indicates that 

the (c)-(4) (E = −466.2778) and (f)-(3) states (E = −466.2777 kJ mol−1) have the lowest energies, where 

(c)-(4) is (A’ C σ ’) and (f)-(3) is (A C  σ’), so centrosymmetircally inverted (c)-(4) is equivalent to 

(f)-(3) and vice versa. This indicates that the ground state of 3 is (c)-(4) = (f)-(3). However, if the CO 

pattern and the anion configuration are fixed to (c)-(4) = (f)-(3), at least above TMI, the MI transition of 

3 is likely to be as sharp as in α-(BETS)2I3, which is not the case. 

The disorder of the anion as shown in Figure 3a is related to the puckering motion of the ethylene 

group of isethionate. Similar puckering motions are observed in several BEDT-TTF salts [33], in which 

a puckering motion is seen in the terminal ethylene groups of BEDT-TTF. The motion in ET salts is 

frozen at around 100 K, where a glass transition occurs, indicating that perfect ordering of the 
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ethylene groups is not realized at the time scale. If the anionic puckering motion in 3 is also frozen to 

form a glassy state, this is a disordered state where the full set of the configurations of (1)–(4) exist 

below a certain temperature. Then, the CO pattern is frozen. This type of disorder would provide a 

relatively large random potential because the Madelung energies (1)–(4) show a larger energy 

variation than those of (b)–(g). This random potential would depend on the measurement and/or 

sample conditions. Therefore, it is speculated that this is the reason why the salt 3 shows a broad MI 

transition and has large variations in the resistivity measurements of repeated samples. In addition, 

the random potential caused by the disorder of the anion might provide paramagnetic and/or metallic 

islands below TMI, which have a non-zero magnetic susceptibility. This agrees with the fact that the 

smallest magnetic susceptibility value at low temperature of 3 is larger than that of α-(BETS)2I3. We 

anticipate that some samples of 3 show either metallic or insulating behaviours when changing the 

cooling rates of the resistivity measurement. An emergent, passively even superconducting, phase 

may arise from the phase boundaries between the metallic and insulating phase, the investigation of 

which is now in progress.  

5. Conclusions 

Three purely organic charge-transfer salts—α-(BEDT-TTF)3(HOC2H4SO3)2 (1), β-

(BEST)3(HOC2H4SO3)2·H2O (2) and α-(BETS)2(HOC2H4SO3)·H2O (3)—have been prepared Salts 1 and 

2 are semiconducting with RT of 1.15 × 102 and 4.47 Ω·cm, and Ea of 190 and 108 meV, respectively. 

Salt 3 is metallic, with a broad MI transition at around 70 K. The HOC2H4SO3- anion in 3 is disordered, 

the randomness of which appears to make the resistivity behaviour vary as a function of the 

measured sample, which is supported by Madelung energy calculations. 

Supplementary Materials: The following are available online at www.mdpi.com/2073-4352/10/9/775/s1, 

GAMESS input options; Figure S1: Temperature dependence of electrical resistivity of 1; Figure S2: Temperature 

dependence of electrical resistivity of 2; Table S1: Madelung energies of 3 calculated excluding and including the 

point charges of water molecules.  
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