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Abstract

:

Introduction of chirality in the field of molecular conductors has received increasing interest in recent years in the frame of modulation of the crystal packing, and hence conducting properties, with the number of stereogenic centers and absolute configuration, e.g., racemic or enantiopure forms. Here, we describe the preparation by electrocrystallization of chiral radical cation salts, based on the donors methyl-ethylenedithio-tetrathiafulvalene (Me-EDT-TTF) 1 and ethyl-ethylenedithio-tetrathiafulvalene (Et-EDT-TTF) 2 containing one stereogenic center, with the perchlorate anion. Donor 1 provided the series of crystalline materials [(rac)-1]ClO4, [(S)-1]2ClO4 and [(R)-1]2ClO4, while for donor 2 only the 1:1 salts [(rac)-2]ClO4 and [(R)-2]ClO4 could be prepared as suitable single crystals for X-ray analysis. The enantiopure salts of 1 show β-type packing and metallic conductivity in the high temperature regime, with room temperature conductivity values of 5–10 S cm−1, whereas compound [(rac)-2]ClO4 is a very poor semiconductor. Tight-binding extended Hückel band structure calculations support the metallic conductivity of the enantiopure salts of 1 and suggest that small structural changes, possibly induced by thermal contraction or pressure, could lead to a pseudo-elliptic closed Fermi surface, typical for a 2D metal.
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1. Introduction


In the frame of the increasingly developing field of chiral molecular materials [1], we recently introduced methyl-ethylenedithio-tetrathiafulvalene (Me-EDT-TTF) 1 and ethyl-ethylenedithio-tetrathiafulvalene (Et-EDT-TTF) 2 (Scheme 1) as valuable precursors for chiral molecular conductors [2,3], through a series of radical cation salts with the PF6– anion, in which modulation of the donor:anion stoichiometry, crystal packing and conducting properties with the absolute configuration and steric bulkiness of the substituent was observed [4]. Interesting differences were observed, for example, between the enantiopure PF6– salts of 1 and those of the dimethylated donor DM-EDT-TTF (Scheme 1), since the former crystallize in the triclinic space group P1 and show metallic behaviour in the high-temperature regime, while the latter crystallize in the monoclinic space group P21 and are bandgap semiconductors [5]. These results point out the importance of the number of stereogenic centres in the modulation of intermolecular interactions with the anion, through the establishment of C–H···F hydrogen bonding, donor packing, and thus electron transport properties. Moreover, the (rac), (S) and (R) (1)2PF6 salts are isostructural with the (DM-EDT-TTF)2XF6 (X = As, Sb) series [6], showing that the size of the anion, in conjunction with the number of stereogenic centres, can also play a paramount role in the modulation of the intermolecular interactions. Enantiopure monoalkylated EDT-TTF 1 and 2 and derivatives [7] have afforded so far only the PF6– series of radical cation salts. Comparatively, since the first report of an enantiopure TTF precursor, namely (S,S,S,S)-TM-BEDT-TTF [8], enantiopure dimethylated EDT-TTF (DM-EDT-TTF) [5,6,9] and BEDT-TTF (DM-BEDT-TTF) [10,11,12], together with the tetramethylated BEDT-TTF (TM-BEDT-TTF) [13,14,15,16] (Scheme 1), provided several series of radical cation salts, culminating in the first observation of the electrical magnetochiral anisotropy effect (eMChA) in a bulk crystalline conductor [17]. Note that diethyl BEDT-TTF (DEt-BEDT-TTF) and tetraethyl BEDT-TTF (TEt-BEDT-TTF) (Scheme 1) precursors have been reported only in the racemic form [18]. Besides the hexafluorophosphate, another anion very often encountered in TTF based radical cation salts, including in the chiral ones, is the perchlorate. Indeed, enantiopure DM-EDT-TTF provided enantiomorphic mixed-valence salts (DM-EDT-TTF)2ClO4 showing the eMChA effect [17], the use of (S,S,S,S)-TM-BEDT-TTF afforded a 3:2 salt with metallic conductivity [13], while an orthorhombic semiconducting phase [11] and a metallic monoclinic phase [19], both presenting a 2:1 stoichiometry, have been reported for (R,R)-DM-BEDT-TTF and (S,S)-DM-BEDT-TTF, respectively. Moreover, a superconducting transition was suggested for the latter [19], yet this assumption was recently invalidated by more complete physical measurements on both enantiomeric salts [20].



In the continuation of our research line dedicated to chiral molecular conductors, we describe herein the synthesis, structural characterization and electron transport properties of racemic and enantiopure radical cation salts of Me-EDT-TTF 1 and Et-EDT-TTF 2 with the perchlorate anion, together with band structure calculations, highlighting some peculiar features of their electronic structures.




2. Materials and Methods


Donors 1 and 2 were prepared as recently described [4]. For each of the three electrocrystallization experiments with 1, [NBu4]ClO4 (20 mg) was dissolved in 6 mL THF and the solution was poured into the cathodic compartment of an electrocrystallization cell. The anodic chamber was filled respectively with 5 mg of (rac)-1, (S)-1 and (R)-1 dissolved in 6 mL THF. Crystals of each salt grown at 3 °C over a period of one week on a platinum wire electrode, by applying a constant current of 1 μA. Black plates were obtained on the electrode for [(rac)-1]ClO4 and brown thin narrow plates for [(S)-1]2ClO4 and [(R)-1]2ClO4. Similar experimental conditions were applied for the electrocrystallization of (rac)-2, (S)-2 and (R)-2 in the presence of [NBu4]ClO4. Black crystalline needles were obtained on the electrode for [(rac)-2]ClO4, while for (R)-2 a mixture of small green thin plates, formulated as [(R)-2]2ClO4, and dark violet thick plates, corresponding to [(R)-2]ClO4, were collected after several trials. The quality of the former was not sufficient to allow a high quality crystal structure, yet it allowed to clearly identify the components and to determine the packing of the donors. Unfortunately, no salt with (S)-2 crystallized under these conditions.



Single crystals of the compounds were mounted on glass fibre loops using a viscous hydrocarbon oil to coat the crystal and then transferred directly to cold nitrogen stream for data collection. Data collection was performed on an Agilent Supernova diffractometer with CuKα (λ = 1.54184 Å). The structures were solved by direct methods with the SIR92 program and refined against all F2 values with the SHELXL-97 program using the WinGX graphical user interface. All non-H atoms were refined anisotropically. Hydrogen atoms were introduced at calculated positions (riding model), included in structure factor calculations but not refined. Further details about data collection and solution refinement are given in Table 1; Table 2.



Crystallographic data for the five structures were deposited with the Cambridge Crystallographic Data Centre, deposition numbers CCDC 2043591 ([(rac)-1]ClO4), 2043592 ([(R)-1]2ClO4), 2043593 ([(S)-1]2ClO4), 2043594 ([(rac)-2]ClO4), 2043595 ([(R)-2]ClO4). These data can be obtained free of charge from CCDC, 12 Union road, Cambridge CB2 1EZ, UK (e-mail: deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.ac.uk).



Electrical conductivity and the thermoelectric power measurements for [(S)-1]2ClO4 and [(R)-1]2ClO4 single crystals were made along the long axis of the crystals (a axis) in the temperature range of 20/50–310 K, using a measurement cell attached to the cold stage of a closed-cycle helium refrigerator. The thermopower was measured by using a slow AC (ca. 102 Hz) technique [21], by attaching two Ø = 25 μm diameter 99.99% pure Au wires (Goodfellow, UK), thermally anchored to two quartz blocks, with Pt paint (Demetron, Germany, 308A) to the extremities of an elongated sample as in a previously described apparatus [22], controlled by a computer [23]. The oscillating thermal gradient was kept below 1 K and was measured with a differential Au 0.05 at. % Fe vs. chromel thermocouple of the same type. The absolute thermoelectric power of the samples was obtained after correction for the absolute thermopower of the Au leads, by using the data of Huebner [24]. Electrical resistivity measurements were done both in a four-in-line contact configuration, using a low-frequency AC method (77 Hz) with a 5–10 µA current, the voltage is measured with an SRS (Stanford Research Systems, California, USA) Model SR83 lock-in amplifier, and in two points configuration. For resistivity measurements with two contacts, gold wires were glued with silver paste directly on both ends of the crystals and low temperature was provided by a homemade cryostat equipped with a 4 K pulse-tube. For [(S)-1]2ClO4 and [(R)-1]2ClO4 single crystals, we applied a DC current (0.1 µA) and measured the voltage with a Keithley 2401 microvoltmeter (Tektronix, Inc Beaverton, OR 97077 United States). Note that, in this configuration, the resistance of the two contacts is added to the resistance of the sample which makes it difficult to evidence a metallic behavior when cooling down. For measuring much higher resistance values in [(rac)-2]ClO4 and [(R)-2]ClO4 single crystals, we used a different technique always in two points configuration. We applied a constant voltage (10–15 V) and measured the current using a Keithley 6487 Picoammeter/Voltage Source (Tektronix, Inc Beaverton, OR 97077 United States). However, [(R)-2]ClO4 single crystals could not be cooled down because the limit in current detection (around 50 pA) was nearly reached at room temperature.



The tight-binding band structure calculations were of the extended Hückel type [25]. A modified Wolfsberg–Helmholtz formula was used to calculate the non-diagonal Hμν values [26]. All valence electrons were taken into account in the calculations and the basis set consisted of Slater-type orbitals of double-ζ quality for C 2s and 2p, S 3s and 3p and of single-ζ quality for H 1s. The ionization potentials, contraction coefficients and exponents were taken from previous work [27].




3. Results and Discussion


Donors 1 and 2 were prepared as racemic mixtures according to the protocol we recently reported, followed by chiral HPLC separation to afford the pure enantiomers [4]. The racemic and enantiopure forms of both donors were engaged in electrocrystallization experiments in the presence of [NBu4]ClO4 as a supporting electrolyte. Suitable single crystals for X-ray diffraction analysis of radical cation salts with ClO4− were obtained for (rac)-1, (R)-1, (S)-1, (rac)-2 and (R)-2.



3.1. Solid-State Structures of the Radical Cation Salts


3.1.1. [(rac)-1]ClO4, [(R)-1]2ClO4 and [(S)-1]2ClO4


Black thick crystalline plates of [(rac)-1]ClO4 were collected on the electrode. The compound crystallizes in the triclinic centrosymmetric space group P–1, with one independent donor molecule and one anion in the asymmetric unit (Figure 1a). The methyl substituent lies in the axial position and the oxygen atom O1 is disordered over two positions O1A (s.o.f. 0.28) and O1B (s.o.f. 0.72).



The donors form very stable centrosymmetric head-to-tail dimers (vide infra) through the establishment of very short S···S intermolecular contacts of 3.385 and 3.466 Å (Figure 1b). These dimers interact especially laterally along the a-direction as denoted by the short S···S intermolecular contacts ranging between 3.39 and 3.87 Å (Figure S1). The stoichiometry 1:1 is in favor of a +1 oxidation state of the donors, in agreement with the values of the central C=C and internal C–S bonds (Table 3).



As already extensively discussed for the (1)2PF6 series of salts [4], the anion is also involved here in several hydrogen-bonding interactions between the oxygen atoms and protons of different types (CHvinyl, CHMe, CH2 and CH3) (Figure S2).



The enantiopure salts [(R)-1]2ClO4 and [(S)-1]2ClO4 are isostructural and crystallize in the monoclinic non-centrosymmetric space group C2, the asymmetric unit containing two independent donor molecules and two anion halves located on C2 symmetry axes. Unlike the racemic salt, now the methyl substituent is located in an equatorial position in both independent molecules (Figure 2a for the (R) enantiomer). Since the two compounds are isostructural, only [(R)-1]2ClO4 will be detailed hereafter. Parallel columns of donors oriented in a head-to-tail manner are present in the organic layer, an arrangement reminiscent of the β-type packing [28]. Intrastack and interstack short S···S contacts of 3.52–3.54 Å and 3.62–3.63 Å, respectively, are observed (Figure 2b).



The analysis of the central C=C and internal C–S bond lengths (Table 3) suggests that the charge is equally distributed over the two independent donor molecules which are thus in a mixed-valence state. Again, the anions and the donors engage in a set of hydrogen bond interactions, such as CHvinyl···O (2.43–2.51 Å), HCH2··· O (2.46–2.63 Å) and HMe···O (2.62 Å) (Figure 3).



The crystal structures of [(R)-1]2ClO4 and [(S)-1]2ClO4 are thus completely different from those of the analogous salts with the dimethylated donor DM-EDT-TTF, i.e., [(R,R)-DM-EDT-TTF]2ClO4 and [(S,S)-DM-EDT-TTF]2ClO4, which crystallized in hexagonal enantiomorphic space groups [17], pointing out the importance of the number of stereogenic centers in the modulation of the packing.




3.1.2. [(rac)-2]ClO4 and [(R)-2]ClO4


Electrocrystallization of donor 2 provided crystalline materials only for the racemic and (R) enantiomer, with two different phases of 1:1 and 2:1 stoichiometry for the latter. However, the crystals of the [(R)-2]2ClO4 phase were not of sufficient quality to allow an accurate description of the structure, yet the packing of the donors is similar to the one in [(R)-1]2ClO4 (vide supra). [(rac)-2]ClO4 crystallized in the triclinic system, P–1 space group, with one independent donor and one anion in the asymmetric unit (Figure 4a), while [(R)-2]ClO4, which is isostructural to the racemic counterpart, crystallized in the non-centrosymmetric space group P1 of the triclinic system, with two donors and two anions in the asymmetric unit (Figure S3).



According to the 1:1 stoichiometry the donors should bear a +1 charge, in agreement with the central C=C and internal C–S bond lengths (Table S1). In both structures the ethyl substituents are located in the equatorial position, although the donors arrange in head-to-tail dimers as in [(rac)-1]ClO4 where the methyl substituent is axial, with very short intradimer S···S distances of 3.37–3.47 Å for [(rac)-2]ClO4 (Figure 4b) and 3.35–3.37 Å for [(R)-2]ClO4 (Figure S4). This strong dimerization should lead, very likely, to rather poor electron transport properties (vide infra). As in the case of donor 1, a complex set of hydrogen bond interactions between the oxygen atoms of the anion and the hydrogen atoms of the donors can be disclosed (Figure S5 for [(rac)-2]ClO4 and Figure S6 for [(R)-2]ClO4), emphasizing once again the template role of the anion in the structural disposition of the donors.





3.2. Single Crystal Conductivity Measurements


In the (1)2ClO4 series only the crystals of the enantiopure phases, namely [(R)-1]2ClO4 and [(S)-1]2ClO4, were of suitable dimensions for two- and four-contact single-crystal resistivity measurements, although great care had to be taken because of the fragility of the crystalline plates. The measured room temperature conductivity values range between 5–10 S cm−1 depending on the quality of the sample and of the contacts. However, the temperature dependence of the resistivity suggests metal-like conductivity in the high-temperature range (partially masked in the two points measurements), followed upon cooling by a localized regime with a very low activation energy of 29–47 meV (340–540 K) (Figure 5a). The thermoelectric power measurements are also indicative of metallic behavior in the high-temperature regime (Figure 5b) when considering the very small positive values decreasing towards zero upon cooling.



The 2:1 stoichiometry and β-type packing of the donors in [(R)-1]2ClO4 and [(S)-1]2ClO4 are clearly in favor of high electrical conductivity in the organic layer, as suggested by the single crystal electrical resistivity measurements. The situation is drastically different in the case of (2)ClO4 salts. Suitable crystals for temperature-dependent resistivity measurements could be obtained only for [(rac)-2]ClO4. As expected when considering the strong dimerization of the donors in the crystal structure, the room temperature value of the resistivity of 107 Ω cm and activation energy Ea = 5100 K clearly indicate a very poor semiconducting, almost insulating, behavior of this material (Figure 6 and Figure S7). Moreover, a value of ρ = 2 × 108 Ω cm room temperature resistivity could be measured on small crystals of [(R)-2]ClO4, which are isostructural with the racemic form.



Since the two racemic salts [(rac)-1]ClO4 and [(rac)-2]ClO4 are structurally very similar it can be inferred that the former is also a poor semiconductor.




3.3. Band Structure Calculations


3.3.1. [(rac)-1]ClO4 and [(rac)-2]ClO4


Although the samples of [(rac)-1]ClO4 did not allow single-crystal resistivity measurements, unlike those of [(rac)-2]ClO4, we performed band structure calculations on both racemic salts for comparison purpose. The donor lattice of the [(rac)-1]ClO4 salt is shown in Figure 7a, highlighting the presence of dimers. Although there are quite short contacts associated with all interactions (Table 4), the very good σ-type overlap associated with the interaction I should make this interaction largely dominant. Because of the head-to-tail overlap mode the S···S contacts along b- and c- are long. However, note that whereas the methyl substituents practically cut any interaction along c, the donors face each other through the non-substituted side of the molecule along b, providing a better situation for possible inter-dimer interaction. The S···S contacts shorter than 3.9 Å as well as the associated βHOMO-HOMO values are reported in Table 4. Interaction I is almost two orders of magnitude larger than the other interactions, so that this salt must be considered as made of chains, along the a-direction, of very stable (Me-EDT-TTF2)2+ dimers.



The calculated band structure is shown in Figure 7b where an indirect bandgap (from Z to X) of 0.67 eV clearly separates the two HOMO bands (i.e., only the lower band, built from the bonding combination of the two HOMOs, Ψb, is filled). Note that whereas the dispersion of the lower band is weak, that of the upper one is quite considerable and of the same order along the directions a and b. Thus the effective mass of the electron carriers should be considerably larger than that of the hole carriers and may confer a considerably 2D character to the activated conductivity. The larger dispersion associated with the upper band is a consequence of the antibonding nature of the upper Ψab orbital of the dimer for two reasons: (i) because of the inclination of the molecules with respect to the a axis the inter-dimer overlap along this direction is better, and (ii) because of the intra-dimer antibonding character the Ψab orbital somewhat hybridizes with molecular σ levels so as to shift the wave function towards the outer region of the dimer, thus slightly decreasing the antibonding nature of Ψab and somewhat favoring the inter-dimer overlap along b.



The calculated band structure for [(rac)-2]ClO4 (see Figure S8) leads to an equivalent description and an indirect bandgap of 0.8 eV from Γ to X, in excellent agreement with our conductivity measurements.




3.3.2. [(R)-1]2ClO4 and [(S)-1]2ClO4


The donor layers of the [(R)-1]2ClO4 and [(S)-1]2ClO4 salts contain two different donors and six different intermolecular interactions (see Figure 8). The layer can be described as a series of parallel chains of AB dimers (interaction I) running along the (a + b)-direction. Every donor is implicated in two different interactions along the chain and four inter-chain interactions. To understand the electronic structure and transport properties of these salts we need to have a hint on the strength of the HOMO···HOMO interactions which may be done by looking at the absolute value of the so-called HOMO···HOMO interaction energy, βHOMO-HOMO, [29] associated with each interaction. The calculated values for the six interactions in the two different layers of the two pure enantiomeric salts are reported in Table 5.



The results for both enantiomers are practically identical. The more salient observation is that the interactions along the chain (I and II) are strong whereas the inter-chain interactions (III to VI) are practically one order of magnitude weaker. This should confer a clear one-dimensional (1D) character to the system. Note that the two intra-chain interactions, despite originating from different overlap modes (Figure 8b,c), are associated with similar interaction energy values, showing that a better orientation of the HOMOs (electronic effect) may perfectly compensate for a larger set of short contacts (metric effect). Because of this fact, the chains along the diagonal (a + b)-direction are quite uniform as far as the HOMO···HOMO interactions are concerned. Note that the lateral interactions although weaker are by no means negligible so that they should provide a substantial coupling between these quite uniform chains.



The calculated band structure and Fermi surface of the [(R)-1]2ClO4 salt are shown in Figure 9 (those for [(S)-1]2ClO4 are practically identical as shown in Figure S9). The diagram in Figure 9a contains four HOMO bands because there are four donors per repeat unit. Because of the stoichiometry, there are two holes in these bands so that two partially filled and very dispersive bands are generated, in agreement with the metallic character of these salts. The calculated Fermi surface may appear complex at a first sight although really it is not. The repeat unit of the layer contains two identical AB pairs so that the calculation could have been performed using a centered rectangular lattice with just two molecules in the unit cell. In that case, the calculated Fermi surface would simply be the red part of Figure 9b (and the area of the Brillouin zone would be twice larger). Using the crystallographic repeat unit, which is twice larger, two identical Fermi surfaces are folded into the new, smaller Brillouin zone shown in Figure 9b. The warped red lines of Figure 9b are perpendicular to the (a + b)-direction as it must be if the system is built from chains of HOMOs along the (a + b)-direction. The warping of the red lines is substantial because of the above noted lateral interactions; in fact the two lines almost touch at the S point so that it is possible that small structural changes brought about by thermal contraction or pressure could maybe close the lines and lead to a pseudo-elliptic closed Fermi surface (i.e., a 2D metal). Note that the red Fermi surface is almost identical to those reported for the (DM-EDT-TTF)XF6 (X = P, As, Sb) salts [5,6], where the donor possesses two stereogenic centers, as well as for (1)2PF6 [4], in which, as in the present salts, the donor has a single stereogenic center, thus denoting a very similar organization of the layers in all these salts. We direct the reader to these references for further discussion of the electronic structure of these layers. However, we note that even if some parts of the red Fermi surface of Figure 9b are nested, such nesting is incomplete. Consequently, if metal to insulator low-temperature transitions occur in these salts, as for some of the above-mentioned ones, it is not expected that they may originate from the charge or spin density wave instabilities so frequent in low dimensional systems but from electronic or structural localization.






4. Conclusions


Electrocrystallization of the chiral EDT-TTF derivatives 1 and 2 provided a complete series of radical cation salts for the former and racemic and enantiopure (R) salts for the latter, with the same perchlorate anion. Interestingly, unlike the series with the PF6− anion previously described [4], where the racemic and enantiopure salts were isostructural, here, the perchlorate ion discriminates between the racemic and enantiopure forms (Table 6).



In the [(rac)-1]ClO4 salt, which should be a poor semiconductor with an indirect gap, the donors are fully oxidized and arrange in centrosymmetric dimers. In sharp contrast, the donors form a β-type packing in the mixed-valence enantiopure salts [(R)-1]2ClO4 and [(S)-1]2ClO4 salts, which show metal-like behavior in the high-temperature regime, in agreement with extended Hückel band structure calculations. From a structural, electron transport properties and electronic structure point of view, these enantiopure salts resemble the (1)2PF6 and (DM-EDT-TTF)2XF6 (X = As, Sb) series, but not to the enantiopure (DM-EDT-TTF)2ClO4 compounds [17], pointing out that the variation of the number of stereogenic centers and the use of racemic or enantiopure forms in combination with various anions is a simple mean of reaching a large collection of chiral molecular conductors with original electronic structures. Indeed, both donors 1 and DM-EDT-TTF provided mixed-valence salts of 2:1 stoichiometry with the ClO4– anion, showing metal-like conductivity, yet their crystal structures are drastically different, i.e., monoclinic space group for [(R)-1]2ClO4 and [(S)-1]2ClO4 and enantiomorphic hexagonal space groups for [(R,R)-DM-EDT-TTF]2ClO4 and [(S,S)-DM-EDT-TTF]2ClO4 [17]. This is a clear consequence of the different number of stereogenic centers and symmetry of the donor, impacting the intermolecular hydrogen bonding interactions with the anion and the overlap interactions between the donors. Further work in these families of materials will be devoted to conductivity measurements under pressure and under a magnetic field, and to the use of larger octahedral or tetrahedral anions.
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Scheme 1. Methyl and ethyl substituted ethylenedithio-tetrathiafulvalene (EDT-TTF) and bis(ethylenedithio)-tetrathiafulvalene (BEDT-TTF) donors. 
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Figure 1. (a) Molecular structure of [(rac)-1]ClO4 (O1 atom is disordered). Only the (S) enantiomer of the donor is shown; (b) Packing diagram of [(rac)-1]ClO4 in the bc plane, with an emphasis on the intradimer S···S short contacts (3.38 and 3.47 Å, green dotted lines). 






Figure 1. (a) Molecular structure of [(rac)-1]ClO4 (O1 atom is disordered). Only the (S) enantiomer of the donor is shown; (b) Packing diagram of [(rac)-1]ClO4 in the bc plane, with an emphasis on the intradimer S···S short contacts (3.38 and 3.47 Å, green dotted lines).
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Figure 2. (a) Molecular structure of [(R)-1]2ClO4 along with the atom numbering scheme; (b) Donor layer with an emphasis on the S···S short contacts: red dotted lines (3.52–3.54 Å), blue dotted lines (3.81 Å), green dotted lines (3.62–3.63 Å) and violet dotted lines (4.02 Å). 
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Figure 3. Solid-state structure of [(R)-1]2ClO4, with an emphasis on the C–H···O short contacts: blue dotted lines for CHvinyl (2.43–2.51 Å), green dotted lines for CH2 (2.46–2.63 Å), brown dotted lines for Me (2.62 Å) and red dotted line for CHMe (2.99 Å). 
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Figure 4. (a) Molecular structure of [(rac)-2]ClO4 along with the atom numbering scheme. Only the (R) enantiomer of the donor is shown; (b) Packing diagram of [(rac)-2]ClO4, with an emphasis on the intradimer S···S short contacts (3.37 and 3.47 Å, blue dotted lines). 
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[image: Crystals 10 01069 g004]







[image: Crystals 10 01069 g005 550] 





Figure 5. (a) Temperature dependence of the electrical resistivity ρ for single crystals of [(S)-1]2ClO4 (blue curves) and [(R)-1]2ClO4 (green curves) measured using either four in-line contacts (two lower curves, full symbols) or two contacts (two upper curves, empty symbols). The red lines are the fit to the activation law ρ = ρ0 exp(Ea/T) in the 80–130 K temperature range. The inset shows the same resistivity data on a linear scale in order to emphasize the high temperature conducting regime in the three lower curves. (b) Temperature dependence of the thermoelectric power for a single crystal of [(S)-1]2ClO4 (blue curve) and [(R)-1]2ClO4 (green curve). 
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Figure 6. Temperature dependence of the electrical resistivity, ρ, plotted as log ρ versus 1000/T for a single crystal of [(rac)-2]ClO4 measured using two contacts. The red line is the linear fit to the data giving the activation energy. 
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Figure 7. (a) Donor lattice of the [(rac)-1]ClO4 salt where the chains and the main intermolecular interactions are labeled; (b) Extended Hückel band structure for the donor lattice of [(rac)-1]ClO4. The dashed line refers to the highest occupied level and Γ = (0, 0, 0), X = (a*/2, 0, 0), Y = (0, b*/2, 0), M = (a*/2, b*/2, 0) and Z = (0, 0, c*/2). 
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Figure 8. (a) Donor layer of the [(R)-1]2ClO4 salt where the different donors and intermolecular interactions are labeled; (b) Top view of the intra-dimer interaction I; (c) Top view of the inter-dimer interaction II. 
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[image: Crystals 10 01069 g008]







[image: Crystals 10 01069 g009 550] 





Figure 9. (a) Extended Hückel band structure and (b) Fermi surface for the donor layers of [(R)-1]2ClO4. The dashed line refers to the calculated Fermi level and Γ = (0, 0), X = (a*/2, 0), Y = (0, b*/2), M = (a*/2, b*/2) and S = (a*/2, −b*/2). 
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Table 1. Crystal Data for compounds [(rac)-1]ClO4, [(R)-1]2ClO4 and [(S)-1]2ClO4.
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	Compound
	[(rac)-1]ClO4
	[(R)-1]2ClO4
	[(S)-1]2ClO4





	formula
	C9H8ClO4S6
	C18H16ClO4S12
	C18H16ClO4S12



	M (g mol−1)
	407.96
	716.48
	716.48



	(T)
	150.00(10)
	155.00(7)
	170.58(10)



	crystal system
	Triclinic
	Monoclinic
	Monoclinic



	space group
	P-1
	C2
	C2



	a (Å)
	6.4126(4)
	15.1135(5)
	15.1561 (5)



	b (Å)
	9.4439(6)
	6.5681(2)
	6.5791(2)



	c (Å)
	12.2713(8)
	26.6686(9)
	26.6154(9)



	α (°)
	97.293(5)
	90
	90



	β (°)
	94.927(5)
	091.898(3)
	91.828(3)



	γ (°)
	96.828(5)
	90
	90



	V (Å3)
	728.05(8)
	2645.86(15)
	2652.56(15)



	Z
	2
	4
	4



	ρcalcd (g cm−3)
	1.861
	1.799
	1.794



	μ (mm−1)
	10.464
	10.390
	10.364



	Flack parameter
	-
	0.06(2)
	0.04(4)



	Completeness (%)
	99.1%
	99.5%
	99.8%



	goodness-of-fit on F2
	1.061
	1.081
	1.040



	final R1/wR2 [I > 2σ(I)]
	R1 = 0.0676,

wR2 = 0.1781
	R1 = 0.0611,

wR2 = 0.1583
	R1 = 0.0515,

wR2 = 0.1331



	R1/wR2 (all data)
	R1 = 0.0809,

wR2 = 0.1903
	R1 = 0.0629,

wR2 = 0.1597
	R1 = 0.0560,

wR2 = 0.1361
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Table 2. Crystal Data for compounds [(rac)-2]ClO4 and [(R)-2]ClO4.
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	Compound
	[(rac)-2]ClO4
	[(R)-2]ClO4





	formula
	C10H10ClO4S6
	C10H10ClO4S6



	M (g mol−1)
	421.99
	421.99



	T (K)
	150.00(10)
	150.00(10)



	crystal system
	Triclinic
	Triclinic



	space group
	P-1
	P1



	a (Å)
	7.5501(9)
	7.5729(5)



	b (Å)
	9.3157(10)
	9.1781(6)



	c (Å)
	11.7417(11)
	11.8048(9)



	α (°)
	80.593(9)
	80.392(6)



	β (°)
	75.196(11)
	76.155(6)



	γ (°)
	79.910(9)
	81.022(6)



	V (Å3)
	779.95(14)
	779.68(9)



	Z
	2
	2



	ρcalcd (g cm−3)
	1.797
	1.797



	μ (mm−1)
	9.791
	9.794



	Flack parameter
	-
	0.10(6)



	Completeness (%)
	99.5%
	97.1%



	goodness-of-fit on F2
	1.047
	1.049



	final R1/wR2 [I > 2σ(I)]
	R1 = 0.0662,

wR2 = 0.1751
	R1 = 0.0531,

wR2 = 0.1423



	R1/wR2 (all data)
	R1 = 0.0795,

wR2 = 0.1981
	R1 = 0.0574,

wR2 = 0.1487
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Table 3. Selected C=C and C–S bond lengths for [(rac)-1]ClO4, [(R)-1]2ClO4 and [(S)-1]2ClO4.
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Bond Lengths (Å)






	
A

	
compound

	
[(R)-1]2ClO4

	
[(S)-1]2ClO4

	
[(rac)-1]ClO4




	
C3A—C4A

	
1.385(13)

	
1.372(8)

	
C3—C4

	
1.390(8)




	
S1A—C3A

	
1.738(10)

	
1.746(6)

	
S1—C3

	
1.721(6)




	
S2A—C3A

	
1.731(10)

	
1.729(6)

	
S2—C3

	
1.715(6)




	
S3A—C4A

	
1.720(9)

	
1.749(6)

	
S3—C4

	
1.710(6)




	
S4A—C4A

	
1.730(10)

	
1.730(6)

	
S4—C4

	
1.722(5)




	
B

	
C3B—C4B

	
1.368(13)

	
1.392(7)

	
--

	
-




	
S1B—C3B

	
1.744(9)

	
1.734(6)

	
--

	
-




	
S2B—C3B

	
1.736(10)

	
1.733(6)

	
-

	
-




	
S3B—C4B

	
1.750(10)

	
1.711(5)

	
--

	
-




	
S4B—C4B

	
1.733(10)

	
1.726(6)

	
-

	
-
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Table 4. Intermolecular S···S contacts shorter than 3.9 Å and absolute values of the βHOMO-HOMO interaction energies (eV) [[29]] for the different donor···donor interactions in the [(rac)-1]ClO4 salt.






Table 4. Intermolecular S···S contacts shorter than 3.9 Å and absolute values of the βHOMO-HOMO interaction energies (eV) [[29]] for the different donor···donor interactions in the [(rac)-1]ClO4 salt.





	Interaction
	S···S (Å)
	|βHOMO-HOMO| (eV)





	I
	3.385 (×2), 3.466 (×2)
	0.9401



	II
	3.518 (×2), 3.793
	0.0207



	II
	3.394, 3.497, 3.839, 3.849, 3.877
	0.0401
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Table 5. Absolute values of the βHOMO-HOMO interaction energies (eV) for the different donor···donor interactions in the [(R)-1]2ClO4 and [(S)-1]2ClO4 salts.






Table 5. Absolute values of the βHOMO-HOMO interaction energies (eV) for the different donor···donor interactions in the [(R)-1]2ClO4 and [(S)-1]2ClO4 salts.





	Interaction
	[(R)-1]2ClO4
	[(S)-1]2ClO4





	I (A-B)
	0.7880
	0.7865



	II (A-B)
	0.6366
	0.6285



	III (A-A)
	0.0303
	0.0290



	IV (B-B)
	0.0370
	0.0375



	V (A-B)
	0.0774
	0.0765



	VI (A-B)
	0.1012
	0.0945
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Table 6. Comparison between the radical cation salts of donors 1 and 2 with the ClO4– and PF6– anions.
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	Radical Cation Salt
	Stoichiometry (Donor:Anion)
	Crystal System
	Conductivity (High Temperature)





	[(rac)-1]ClO4
	1:1
	Triclinic
	Poor semiconductor



	[(R)-1]2ClO4
	2:1
	Monoclinic
	Metal



	[(S)-1]2ClO4
	2:1
	Monoclinic
	Metal



	[(rac)-1]2PF6
	2:1
	Triclinic
	Metal



	[(R)-1]2PF6
	2:1
	Triclinic
	Metal



	[(S)-1]2PF6
	2:1
	Triclinic
	Metal



	[(rac)-2]ClO4
	1:1
	Triclinic
	Poor semiconductor



	[(R)-2]ClO4
	1:1
	Triclinic
	Poor semiconductor



	[(rac)-2]PF6•(C4H8O)
	1:1
	Triclinic
	Poor semiconductor



	[(R)-2]2PF6
	2:1
	Triclinic
	Semiconductor



	[(S)-2]2PF6
	2:1
	Triclinic
	Semiconductor
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