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Abstract

:

Three novel organic conductors (TMTSF)   8  (I   3  )   5  , (TMTSF)   5  (I   3  )   2  , and (TMTSF)   4  (I   3  )   4  ·THF (THF = tetrahydrofuran) were synthesized and their crystal structures were characterized by X-ray diffraction analyses, where TMTSF denotes tetramethyltetraselenafulvalene. The crystals of both the (TMTSF)   8  (I   3  )   5   and (TMTSF)   5  (I   3  )   2   are composed of one-dimensional stacks of TMTSF trimers separated by TMTSF monomers. The crystal of the (TMTSF)   4  (I   3  )   4  ·THF is composed of the TMTSF tetramers and I   3 −   tetramers; and regarded as the elongated rock-salt structure. The electrical conductivity of the (TMTSF)   8  (I   3  )   5   and (TMTSF)   5  (I   3  )   2   is about 60 and 50 S·cm    − 1    at room temperature, respectively. The electrical resistivity of (TMTSF)   8  (I   3  )   5   is weakly metallic below room temperature and rapidly increases below 88 and 53 K on cooling suggesting two possible phase transitions. The electrical resistivity of (TMTSF)   5  (I   3  )   2   is semiconducting below room temperature but shows an anomaly around 190 K, below which the activation energy becomes small. The application of hydrostatic pressure up to 1.7 GPa do not change these behaviors of (TMTSF)   8  (I   3  )   5   and (TMTSF)   5  (I   3  )   2   very much. A method to evaluate the non-integer valence of crystallographically independent TMTSF molecules is developed by using the DFT (density-functional-theory) and MP2 (Hartree–Fock calculations followed by Møller–Plesset correlation energy calculations truncated at second order) calculations. It is shown that the method gives the valence of the TMTSF molecules of the I   3   salts consistent with their electrical properties.
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1. Introduction


The organic donor TMTSF (= tetramethyltetraselenafulvalene.) is known to give the first organic superconductor (TMTSF)   2  PF   6   (   T c  = 0.9   K,    p c  ∼ 1.2   GPa) [1] and first ambient-pressure organic superconductor (TMTSF)   2  ClO   4   (   T c  = 1.2   K) [2]. These superconductors are most studied members of Bechgaard salts, which are the 2:1 radical salts of TMTSF and monovalent anions (PF   6     −  , AsF   6     −  , SbF   6     −  , TaF   6     −  , BF   4     −  , ClO   4     −  , NO   3     −  ) [3,4]. In addition to the starting seven members, yet eight isostructural salts have been synthesized with NbF   6     −  [5], ReO   4     −  [6,7], BrO   4     −  [8], FSO   3     −  [8], PF   2  O   2     −   [9], CF   3  SO   3     −   [10,11], H   2  F   3     −  [12], and SiF   5     −   [13], respectively.



Their crystal structures are characterized by the weakly dimerized stacks of the planar TMTSF molecules along the most-conducting a-axis. There are weak interaction between the neighboring stacks along the second-conducting b-axis forming the TMTSF layers. Finally, each TMTSF layer is separated by an anion layer resulting in a sandwich structure.



The physical properties of the PF   6   and ClO   4   salts are so interesting that the studies of the TMTSF salts seem to have been mainly focused on the starting members of Bechgaard salts including the two. Many experimental and theoretical efforts have been devoted to reveal the nature of, for example, possible exotic superconductivity [14,15,16,17,18], spin-density-wave (SDW) transitions [19,20,21,22,23,24,25,26,27], field-induced SDW transitions [28,29,30,31,32,33,34,35], and a variety of angular-dependent magnetoresistance oscillations [36,37,38,39,40,41,42,43,44], all of which is closely related to the low dimensionality of electronic systems of Bechgaard salts.



On the other hand, much less attention has been paid to “exotic” TMTSF salts other than Bechgaard ones. To the best of the authors’ knowledge, there are reports on the six charge-transfer complexes with acceptor molecules [45,46,47,48,49,50] as well as twenty five salts with inorganic or complex anions, where TMTSF molecules have the average valence of   ( 1 / 2 ) +  [51,52,53,54,55],   ( 2 / 3 ) +  [56,57,58,59,60,61],   ( 3 / 4 ) +  [62,63],   ( 4 / 5 ) +  [64], and   1 +   [65,66,67,68,69,70,71], respectively. Actually, the number of the exotic TMTSF salts is larger than that of the fifteen Bechgaard ones mentioned above. Although the superconductivity has never been reported, new phenomena to be explored will be probably provided by the variety of their exotic crystal structures giving different oxidation states and/or packing patterns of TMTSF molecules from that of Bechgaard salts.



In this paper, we present three novel exotic TMTSF salts with the same counter anion I   3     −  , namely (TMTSF)   8  (I   3  )   5   (8:5 salt), (TMTSF)   5  (I   3  )   2   (5:2 salt), and (TMTSF)   4  (I   3  )   4  ·THF (4:4 salt, THF = tetrahydrofuran), respectively. Their crystal structures are of different types from those of any TMTSF salts ever reported. We carried out the X-ray crystal structure analyses; and the electrical resistivity measurements at ambient pressure as well as at pressures up to 1.7 GPa.



The information on the valence of donors and/or acceptors is helpful to understanding the electronic states of charge-transfer complexes with partial charge transfer. In some literature of the exotic TMTSF salts, they attempted to estimate the TMTSF valence on the basis of bond lengths within the TMTSF molecule [46,60,63,71]. It is, however, shown below that such an method does not give plausible estimates for the present I   3   salts.



Instead, we estimated the valence from the difference between calculated energies of the neutral and cationic TMTSF molecules using the conformations observed for the crystals. By comparing these energies with that obtained for the quantum mechanically optimized conformations, it is shown that one can obtain reasonably quantitative valence of TMTSF molecules in the crystals. This method is probably applicable to the other exotic TMTSF salts as well as to salts of other organic donors and/or acceptors.




2. Results


2.1. (TMTSF)   8  (I   3  )   5  


2.1.1. Crystal Structure


The crystal structure of the 8:5 salt is shown in Figure 1; and its crystallographic and refinement data are summarized in Table 1. Crystallographic data files are available as Supplemental Materials. The appearance of single crystals are black thick cuboids reflecting the orthorhombic crystal system with the space group   C m c m  .



There are four TMTSF stacks along the c-axis in the unit cell with the period of six TMTSF molecules. There are two crystallographically independent TMTSF molecules (P and Q) in the stack, which is made of repetition of trimers (PQP). The normal to the molecular plane defined with the four Se atoms is tilted from the stacking direction (  | | a  ) by 2.23   °   for P, while that of Q is not tilted as its carbon and selenium atoms are on a mirror plane (  | | bc  ).



The stacks are separated by another independent TMTSF molecules (R) along the b-axis; and by I   3 −   chains along the a-axis. Although there exist shorter Se⋯Se contacts than the sum of van der Waals radii of two Se atoms (<4.0 Å) between Q and R as in Figure 2, such contacts do not form networks along the b-axis. Thus, the electronic system is probably quasi-one-dimensional along the c-axis. Here we adopted 2.0 Å as the van der Waals radius of Se by Pauling [72], while 1.9 Å by Bondi [73] is used in some literature [13,56,58,60]. The length and number of such short contacts between neighboring molecules are the primitive but important measure to find strong intermolecular interactions; namely the stronger interactions along a direction can give the wider band dispersion than that along the other directions.



The distance between the molecular planes, which is defined by the four Se atoms in each molecule, is almost the same for that between P and Q (   d 1  = 3.56  ( 1 )    Å) and between P and P (   d 2  = 3.559  ( 8 )    Å), respectively (Figure 2). On the other hand, the average short Se⋯Se contacts between P and Q and between P and P are 3.95 Å and 3.82 Å suggesting that the interaction between P and P is slightly stronger than that between P and Q.



While dimer units of donors are widely observed as building blocks of organic conductors such as Bechgaard salts, TMTSF trimers are also not so rare in the exotic TMTSF salts. For example, there are reports on (TMTSF)   3  [Ti   2  F   8  (C   2  O   4  )] [56], (TMTSF)   3  M(CN)   4   (M = Pt, Ni) [57], (TMTSF)   3  W   6  O   19  (DMF)   2   (DMF = N,N-dimethylformamide) [58], (TMTSF)   3  [Cr(NCS)   4  (phen)]   2  ·CH   2  Cl   2   (phen = 1,10-phenanthroline) [59], and (TMTSF)   3  (TFPB)   2   (TFPB = tetrakis[3,5-bis(trifluoromethyl)phenyl]borate) [60], (TMTSF)   3  Ta   2  F   10  O [61], respectively. In most of these salts, the average valence of a TMTSF molecule is   ( 2 / 3 ) +   suggesting the stability of the [(TMTSF)   3  ]    2 +    unit.



On the other hand, the existence of the TMTSF monomer separating TMTSF stacks like R in the present 8:5 salt was reported for (TMTSF)   3  [Cr(NCS)   4  (phen)]   2  ·CH   2  Cl   2  [59] and (TMTSF)   4  (TMTSF)Nb   6  Cl   18  ·(CH   2  Cl   2  )    0.5    [62,63]. This is also the case with the 5:2 salt shown below. When a rather strong interaction is expected between such a monomer and a donor stack, it is difficult to estimate the valence of TMTSF molecules because the crystallographically independent molecules naturally have different charges from one another and a TMTSF molecule easily possesses an irrational charge when it participates in forming energy bands. The estimation of the valence of TMTSF molecules in the present salts is discussed in Section 3.



There exist three types of disorders in the 8:5 salt at room temperature as shown in Figure 3. The first is a conformational disorder of three methyl groups of the TMTSF molecule Q. Each of the methyl groups at the carbon C5, C9, and C10 is disordered between two energetically favorable states.



The second is the positional disorder of the I   3 −   anions on a mirror plane and they are labeled I4–I5–I6 and I7–I8–I9, respectively. The crystal structure analysis was carried out by assuming the same probability of   1 / 2   for each of the red and blue sites. The slight bending of I–I–I is probably spurious and caused by the overlap of the electron density of the disordered anions.



The third is the orientational disorder of the I   3 −   anion whose center is labeled I10. The crystal structure was solved by assuming I11–I10–I12 (pink) has the probability of   1 / 2   and each of the two orientations of I11B–I10–I12B (lime green and orange) has   1 / 4  .



In addition to the orthorhombic crystal system, these disorders and the large unit cell containing the thirty two TMTSF molecules and twenty I   3 −   anions are characteristic to the 8:5 salt.




2.1.2. Electrical Resistivity


The electrical resistivity  ρ  of (TMTSF)   8  (I   3  )   5   was measured at ambient pressure and under hydrostatic pressures up to 1.73 GPa.



The single crystals are rather thick and plate-like. The dimensions are   0.5 × 0.2 × 0.07   mm   3   on average for the seven samples. Although the correspondence between the crystal edges and the lattice vectors has not been determined, the anisotropy of  ρ —those along the most and least grown directions are ∼60 and ∼2 S·cm    − 1   —suggests that the longest crystal edge is parallel to the stacking direction of TMTSF molecules (c-axis).



The  ρ  along the most-grown edge (  I ‖   longest edge) is weakly metallic below room temperature, but resistance jumps make its intrinsic behavior very unclear and hysteretic. On the other hand, the reproducibility was good when the electrical current was applied along the least-grown edge, in other words perpendicular to the widest surface (  I ⊥   plane). Such behavior is very similar to that observed for the Bechgaard salts. Thus, we measured the pressure dependence of the  ρ  with   I ⊥   plane.



The result obtained for the sample #1908 is shown in Figure 4a. At ambient pressure, the  ρ  weakly increases below 300 K on cooling and becomes almost temperature independent below about 190 K. The  ρ  starts to increase very rapidly below 88 K suggesting a kind of phase transition or a change in the electronic state. After the increase in the  ρ  becomes gradual approaching 60 K, another rapid increase starts at 53 K.



The behavior of the  ρ  at higher pressures is similar to that observed at ambient pressure. The  ρ  becomes smaller and, at 1.7 GPa at room temperature, it reaches about 3.3% of that at ambient pressure. The temperatures of the steps also become lower at higher pressures.



One can see that the weak metallic behavior appears in the intermediate temperature region above 0.88 GPa. Please note that the hydrostatic pressure was applied using a clamped type pressure cell with Daphne 7373 oil as pressure medium as described in Section 4. Then the inside pressure decreases on cooling [74,75] resulting in the increase in the  ρ , which sometimes cancels out the weak metallic behavior. Thus, the observation of the metallic behavior for the 8:5 salt suggests the existence of the small number of free charge carriers and a Fermi pocket, or a narrow band gap at Fermi level.



In the temperature dependence at ambient pressure, we see subtle hysteresis above 190 K as shown by the arrows (Figure 4a). Although the overall behavior under pressure is very similar to that at ambient pressure, no hysteresis was recognized at and above 0.30 GPa. It suggests that the apparent hysteresis has the same origin as the resistance jumps for   I ‖   longest edge and is caused by an extrinsic effect like micro-cracks.



The steps below 88 K and 53 K are clearly seen also in the Arrhenius plot of  ρ  shown in Figure 4b. In addition to these steps, the Arrhenius plot reveals the existence of the third step above 200 K at each pressure. Figure 4c shows the numerical derivative of the Arrhenius plot. The calculations were carried out after smoothing the data. The rapid increases in the  ρ  in Figure 4a,b are recognized as the peaks in Figure 4c. Here we assume each peak corresponds to a phase transition or a change in the electronic state.



It should be noted that the pressure medium Daphne 7373 gradually solidifies around 200 K at ambient pressure; and the solidification temperature increases up to 300 K at 2.2 GPa [74,75]. The solidification results in rather rapid decrease in the inside pressure (∼0.1 GPa) on cooling and can be detected as a subtle extrinsic anomaly in the  ρ  as indicated by the arrows in Figure 4c. This is, however, not the case with the result at ambient pressure as the sample was in vacuum. Therefore, the the third anomaly above 200 K is not that caused by the pressure change.



We can define the possible transition temperatures    T  c 1     and    T  c 2     as the peak tops in Figure 4c as well as that of the cross point in Figure 4a,b. The    T  c 1     and    T  c 2     defined by the cross point is 2–3 K higher than that at the peak top. On the other hand, it is difficult to define the    T  c 3    , since the steps in Figure 4a,b, and the peaks in Figure 4c are incomplete. This shows that the step-like change in the high temperature region in the Arrhenius plot probably starts above 310 K.



Figure 4d shows the T–p phase diagram made by plotting the    T  c 1     and    T  c 2     defined as the cross points. The pressures at low temperatures were corrected by using the clamped pressure at room temperature and the temperature dependence of the pressure inside the clamped-type cell with Daphne 7373 as the pressure medium [74,75]. The nature of the phase transitions is unclear at present, but it is obvious that we need much higher pressure to suppress the semiconducting/insulating states (high-R 1 and high-R 2) than 1.7 GPa.





2.2. (TMTSF)   5  (I   3  )   2  


2.2.1. Crystal Structure


The crystal structure of (TMTSF)   5  (I   3  )   2   at room temperature is shown in Figure 5; and its crystallographic and refinement data are summarized in Table 1. The crystal system is monoclinic with the space group   P  2 1  / n  , but   β =  90.355 °    is close to   90 °  .



There are two TMTSF stacks along the a-axis in the unit cell. The stack at the center of the unit cell is crystallographically identical to that at the corners, which are related by the two-fold screw axis along the b-axis to each other.



Each stack is made of the repetition of trimers, where the donors are labeled as B, A, and B, respectively. Please note that the center of the molecule A is located at an inversion center. The tilt angle of the normal to the molecular plane from the a-axis is 24.26   °   and 23.79   °   for A and B, respectively. In this sense, the trimer stack of the 5:2 salt is rather different from that of the 8:5 salt, where the molecular plane is almost perpendicular to the stacking direction.



The TMTSF stacks are separated by the TMTSF monomers C and the I   3 −   anions as in the 8:5 salt. The molecular plane of C is, however, not flat as the monomer R in the 8:5 salt. This suggests that C is in a different oxidation state from that of R.



Figure 6 shows the arrangement of the TMTSF molecules of the 5:2 salt. There are six Se⋯Se short contacts between the neighboring TMTSF molecules in each stack. The interplanar distance between A and B is    d 1  = 3.45  ( 3 )    Å; and that between B and B is    d 2  = 3.39  ( 4 )    Å, respectively. Thus the much stronger interactions than that in the 8:5 salt are expected for the 5:2 salt. In addition, each monomer C shares four short contacts with one of neighboring stacks. Thus, we cannot simply conclude that C is neutral. The valence of each TMTSF molecule is estimated together with that in the other I   3   salts in Section 3.




2.2.2. Electrical Resistivity


The  ρ  was measured along the most grown crystal axis. Although the correspondence between the crystal edges and the lattice vectors was not determined, it is natural to assume the crystal grows the best along the TMTSF stacks. The room temperature electrical conductivity is typically 50 S·cm    − 1    but scattered between 1 and 200 S·cm    − 1    among the seven single crystals measured.



The temperature dependence of the  ρ  is shown for the sample #1910 in Figure 7a. The  ρ  increases with decreasing temperature suggesting the existence of a band gap at Fermi level. Anomalous change in slope was observed around 190 K. It is clearly seen in the Arrhenius plot in Figure 7b. The slope becomes small below 190 K. Assuming the activation type temperature dependence, the tentative activation energy   E a   above and below 190 K is estimated as   1.3 ×  10 2    and 34 meV, respectively.



The application of hydrostatic pressure up to 1.73 GPa does not change the behavior very much. The room temperature resistivity was decreased to about 25% of that at ambient pressure. The tentative   E a   was also reduced to 90 and 22 meV above and blow 185 K, respectively.





2.3. (TMTSF)   4  (I   3  )   4  ·THF


The crystal structure of the 4:4 salt is shown in Figure 8; and its crystallographic and refinement data are summarized in Table 1. The crystal system is orthorhombic with the space group   P n m a  . The major building blocks of the crystal are the tetramers of TMTSF molecules and I   3 −   anions in addition to the THF molecules coming from the crystal growth solvent. Since the composition of TMTSF: I   3 −   is 1:1, the average valence of TMTSF should be   1 +  .



The TMTSF molecules in a tetramer are labeled K, L, M, and N as in Figure 8. They are not crystallographically identical to one another, while every molecule is on a mirror plane parallel to the ac-plane. Thus, it is natural to consider that the valence of these TMTSF molecules is not the same within the tetramer. This is discussed in Section 3.



The arrangement of the TMTSF molecules in the tetramer is shown in Figure 9. There are no short Se⋯Se contacts between the nearest tetramers. The normal to the molecular plane defined with the four Se atoms is almost parallel to the stacking direction (c-axis) but slightly tilted. The angle between the normal to each molecular plane and the c-axis is 2.11   °  , 1.85   °  , 1.34   °  , and 2.04   °   for K, L, M, and N, respectively.



The tetramer is regarded as made of two non-equivalent dimers K–L and M–N as is obvious in Figure 9. The intradimer distance    d 1  = 3.60   Å (K–L) and    d 3  = 3.63   Å (M–N) is much shorter than the interdimer distance    d 2  = 3.92   Å (L–M). There are four short Se⋯Se contacts within each of the dimers (K–L and M–N), while there are only two contacts between the dimers (L–M) and it is rather long (3.98 Å).



Each TMTSF tetramer is surrounded by six I   3 −   tetramers and vice varsa. In this sense, the 4:4 salt is similar to the rock salt NaCl. In addition, there is no strong interaction between the nearest TMTSF tetramers. Thus, the system is probably insulating, though the electrical conductivity is not known due to the rarity of its single crystals.



Among the exotic TMTSF salts, (TMTSF)   4  (TMTSF)[Nb   6  Cl   18  ]·(CH   2  Cl   2  )    0.5    also has a TMTSF tetramer as a building unit [62,63]. In this case, however, a one-dimensional TMTSF stacks are formed by the repetition of tetramers resulting in its moderate electrical conductivity (0.5 S·cm    − 1   ) at room temperature. The orthorhombic rock-salt-like structure with the TMTSF and I   3 −   tetramers of the 4:4 salt is unique even in the exotic TMTSF salts.





3. Discussion


3.1. Valence and Bond Lengths of TMTSF Molecules


The knowledge of the valence of donors in conducting salts is essential to understand their electronic states because it determines the band filling and, therefore, Fermi energy. Once the band structure is available, one can predict whether the system has a Fermi surface or not. In Bechgaard salts, where the ratio of the TMTSF molecule to the monovalent anion is 2:1, the valence of the TMTSF molecule is   ( 1 / 2 ) +  . In the exotic TMTSF salts, however, the evaluation is sometimes not so simple due to the existence of non-equivalent TMTSF molecules.



Some authors reported the attempts to estimate the valence of TMTSF molecules partially oxidized in salts on the basis of the intramolecular bond lengths [46,60,63,71]. Indeed, there seems to be a kind of correlation between the valence and the bond lengths of TMTSF molecules in the neutral crystal (TMTSF   0  ) [76]; the 2:1 radical salts (TMTSF    0.5 +   ) [5,52,77,78,79,80]; and (TMTSF)NO   3  [69], (TMTSF)[Cr(Br   4  SQ)   2  (Br   4  Cat) (SQ = semiquinonate, Cat = catecholate) [70], and (TMTSF)   3  PW   12  O   40   [68] (TMTSF    1 +   ) as tabulated in Table 2.



Here we label the bond lengths e,   f i  ,   g i  , and   h i   as in the inset of Table 2, where the subscript i distinguishes the chemically equivalent bonds from one another. For example, the length of the central and outer C=C bonds (e,   h 1  , and   h 2  ) have rough tendency to increase when the molecular valence changes from 0 to   1 +  , while the C−Se single bonds (  f i   and   g i  ) tend to become shorter.



Please note that we chose the BF   4  , PF   6  , and NbF   6   Bechgaard salts because they are representatives of the 2:1 radical salts with small (radius   r = 2.72   Å), middle (  r = 2.95   Å) [81] and large (  r = 3.20   Å) [5] counter anions, respectively. (TMTSF)   2  NO   3   is the last Bechgaard salt that we could find the atomic coordinate of hydrogen atoms for the quantum mechanical energy calculations. (TMTSF)   2  Ni(tds)   2   (tds = [bis(trifluoromethyl)ethylene]diselenolato) [52] also has the 2:1 composition, but it is one of the exotic TMTSF salts with two crystallographically independent TMTSF molecules A and A’ at room temperature.



On the other hand, (TMTSF)NO   3  , (TMTSF)[Cr(Br   4  SQ)   2  (Br   4  Cat), and (TMTSF)   3  PW   12  O   40   are examples of TMTSF    1 +    simply from their chemical compositions.



We also carried out quantum mechanical calculations [82] on the basis of the density functional theory (DFT, B3LYP/6-31G(d,p)) as well as Hartee–Fock (HF) calculations followed by Møller–Plesset correlation energy calculations truncated at the second order (MP2, 6-31G(d,p)) for TMTSF   0  , TMTSF    1 +   , and TMTSF    2 +    to obtain each optimized structure for comparison. The calculated bond lengths as well as those of the TMTSF molecules in the I   3   salts are also summarized in Table 2.



The rough correlation noted above is shown by plotting the e; and the averages of   f i  ,   g i  , and   h i   (  f ¯  ,   g ¯  , and   h ¯  ) against the donor valence in Figure 10. The bond lengths observed in the I   3   salts are indicated by the arrows at the right-side vertical axis in each plot.



In case of the central C=C bond e (Figure 10a), the DFT and MP2 results coincide to each other showing the almost linear valence dependence. On the other hand, the DFT and MP2 calculations give 1–2% difference in the other bond lengths from each other, though they are still close. The experimental bond lengths are mostly around the lines connecting the calculated points, but we see exceptionally scattered points at the valence =   0.5   and 1.



The optimized structures are of the isolated molecules in vacuum and highly symmetric. On the other hand, the TMTSF molecules in the crystals are affected by their surroundings as well as by the formation of their own energy bands. Therefore, they are rather unsymmetric, even if the chemical structure of TMTSF is symmetric. This is the reason we compared the “average” bond lengths such as   f ¯  . In addition, the energy of TMTSF molecule also depends on bond angles, which are not considered here. Therefore, the scattering of the experimental data in Figure 10 is very natural.



Furthermore, the bond lengths observed for the crystallographically independent TMTSF molecules (PWO A and B) in (TMTSF)   3  PW   12  O   40   are anomalously far from the others at the valence = 1. The deviation is qualitatively understood assuming that A is close to neutral and B is more oxidized than   1 +  . This is consistent with the results of the quantum mechanical energy calculations discussed in Section 3.



A more important result we see here is, however, the unsystematic scattering of the arrows from A to Q at the right-side vertical axes. We can expect, for example, the monomers R and C in the 8:5 and 5:2 salts are probably less oxidized. Indeed, the C and R are far from the others in Figure 10a,b, but that is not the case in Figure 10c,d. Another difficulty is about K, L, M, and N in the 4:4 salt, where their average valence is most likely   1 +   and higher than the others in the 8:5 and 5:2 salts. They are, however, inside the distribution.



It should be noted that Rosoka et al. [60] proposed an equation to estimate the effective valence by combining the bond lengths of the target molecule with those in the crystals of the neutral and cation radical salts. Although they succeeded in evaluating the TMTSF valence close to   ( 2 / 3 ) +   in (TMTSF)   3  (TFPB)   2   by the equation, we do not adopt their method in this study due to the low correlation in Figure 10. Instead, we carried out the quantum mechanical energy calculations, which consider all the information of each molecule not only the bond lengths but also bond angles, and even electron correlations.




3.2. Valence of TMTSF Molecule Estimated from Total Energy


3.2.1. Principles


The method we propose here to estimate the valence of TMTSF molecules in the crystals is as follows. This is base on the quantum mechanical calculations with the DFT or MP2 method used in the previous subsection.



	
The optimized structures and their total energies of TMTSF   0   (   E 0   ( 0 )  =  E 0   (  optimized   for   0 )   ) and TMTSF    1 +    (   E  1 +    ( 1 + )  =  E  1 +    (  optimized   for   1 + )   ) are calculated. Please note that the spin-unrestricted calculations are applied for cations; and all the electrons are considered in the MP2 calculations.



	
For example, for the TMTSF A in the 5:2 salt, the total energies of TMTSF   0   (   E 0   ( A )   ) and TMTSF    1 +    (   E  1 +    ( A )   ) are calculated using the crystallographic data.



	
The energy differences   Δ  E 0  =  E 0   ( A )  −  E 0   ( 0 )    and   Δ  E  1 +   =  E  1 +    ( A )  −  E  1 +    ( 1 + )    are calculated. The   Δ  E 0    and   Δ  E  1 +     should be positive since the conformation of A is not optimum both in the neutral and cationic states.



	
The difference   Δ  E 0  − Δ  E  1 +     is used as a measure of the valence of A in the crystal.






The   Δ  E 0    and   Δ  E  1 +     are the energy increase of the TMTSF molecule from those at its neutral and cationic states with their optimized conformations, respectively. Therefore, the   Δ  E 0    will be smaller than the   Δ  E  1 +     when a TMTSF molecule in a crystal has a conformation which is more stable at a less oxidized state than at a more oxidized one. On the other hand, the   Δ  E  1 +     will become smaller than the   Δ  E 0    when a conformation approaches to what is stable at a valence close to   1 +  . In addition, if the effective valence of a molecule is   ( 1 / 2 ) +   with a conformation in a crystal, the   Δ  E 0    and   Δ  E  1 +     will be comparable to each other. These are schematically shown in Figure 11a.



These relations are simply expressed by the   Δ  E 0  − Δ  E  1 +    . The energy increase   Δ  E 0    and   Δ  E  1 +     as functions of the nuclear coordinates/conformation are approximated by parabolas in the vicinity of their minima. Although the curvatures of the parabolas would be different from each other in general, the   Δ  E 0  − Δ  E  1 +     changes monotonically as shown by the green curve in Figure 11a as long as the difference between the curvatures is not so large.



The green curve (  Δ  E 0  − Δ  E  1 +    ) becomes negatively and positively large at the bottom of the blue (  Δ  E 0   ) and red (  Δ  E  1 +    ) curves, respectively. In addition, the green curve becomes almost zero when the   Δ  E 0    and   Δ  E  1 +     are comparable to each other, where one can probably expect that the effective molecular valence is also in the middle between 0 and   1 +  . When the effective molecular valence changes continuously from 0 to   1 +  , the optimum conformation smoothly changes from that of TMTSF   0   to that of TMTSF    1 +    on the horizontal axis. Then the   Δ  E 0  − Δ  E 1    will scale the molecular valence.



Actually the   Δ  E 0    and   Δ  E  1 +     are multivariable functions of the nuclear coordinates. Thus, each of the red and blue curves in Figure 11a is just one aspect of the multidimensional paraboloid, which is schematically shown in the two-dimensional space in Figure 11b, where the atomic coordinates in Figure 11a are separated into the bond lengths and bond angles. Each of the   Δ  E 0    and   Δ  E  1 +     is zero at a point in the multidimensional parametric space, where the molecule has the optimized conformation for each valence.



Using the   Δ  E 0  − Δ  E  1 +     as a gauge of the valence corresponds to use the green line C   0   in Figure 11b connecting the points of   Δ  E 0  = 0   and   Δ  E  1 +   = 0  . It corresponds to the green curve   Δ  E 0  − Δ  E  1 +     in Figure 11a, when one adds the   Δ  E 0  − Δ  E  1 +     as the third axis in Figure 11b.



In reality, the “paraboloids” would have rather complicated contours in the multidimensional space; and the   Δ  E 0  − Δ  E  1 +     is not a curve but a multidimensional plane. In addition, even if the valence of a TMTSF molecule in a crystal is exactly 0 or   1 +  , its conformation is not the optimum one. Therefore each TMTSF molecule in different crystals or even at different temperatures is somewhere on a thick path connecting the points of   Δ  E 0  = 0   and   Δ  E  1 +   = 0   such as the pink curve C   1   in Figure 11b. The estimate of the effective molecular valence shown below will hold as long as the pink curve is not so thick and not far from the green line in the multidimensional space.




3.2.2. Energy Calculations


The results by the DFT and MP2 calculations are summarized in Table 3 and Table 4, respectively. The   E 0   and   E  1 +    of the crystals are calculated by using the experimentally determined atomic coordinates whose significant figures are typically three or four. The change in the atomic positions from material to material results in the difference among the last four digits of the   E 0   and   E  1 +    in the tables. Therefore we estimated that the resulting   Δ  E 0  − Δ  E  1 +     would have three significant figures at most.



The energy differences   Δ  E 0   ,   Δ  E  1 +    , and   Δ  E 0  − Δ  E  1 +     are shown as histograms in Figure 12. The results by the DFT calculations (Figure 12a,b) are similar to those by the MP2 (Figure 12c,d), but the latter is considered to be more plausible in the absolute values as described below.



At first glance, both the   Δ  E 0    and   Δ  E  1 +     are almost the same for each TMTSF molecule in the crystals, thus one might feel that it does not tell anything. The large values (5–6 eV) in Figure 12a,c, just show the conformations of the TMTSF molecules are far from the optimized ones for the neutral and monocationic states.



It is, however, interesting that the results for the BF   4  , PF   6  , and NO   3   salts are very close to zero. This is probably because the crystal structures determined at low temperatures were used only for these salts, while the others are those at room temperature. It is reasonable because the optimized conformations by the calculations correspond to those at 0 K and no thermal oscillations are considered.



The relatively small size of the BF   4 −  , PF   6 −  , and NO   3 −   anions may contribute to suppress the   Δ  E 0    and   Δ  E  1 +    . However, this is inconsistent with that the neutral crystal gives the large values. To find the conclusive results, we need the crystal structures of an identical material both at low and high temperatures, but the present authors could not find such reports. The atomic coordinate of hydrogen atoms is needed for this purpose, but it is often unavailable in early works.



Even though the thermal oscillations might affect the   Δ  E 0    and   Δ  E  1 +    , their effect seems to be canceled to an extent after calculating the   Δ  E 0  − Δ  E  1 +     as in Figure 12b,d. One can see a rough tendency that the   Δ  E 0  − Δ  E  1 +     increases from negative to positive values as the effective valence changes from 0 to   1 +   for the materials reported previously. This suggests that the effects making the   Δ  E 0    and   Δ  E  1 +     large are regarded as systematic errors depending on materials. For example, the anharmonicity of the molecular vibrations always increase the bond lengths. This will increase both the   Δ  E 0    and   Δ  E  1 +     in a similar manner.



One significant exception in the tendency is the smaller value for TMTSF    1 +    in (TMTSF)NO   3   than those for TMTSF    ( 1 / 2 ) +    of (TMTSF)   2  NO   3  , (TMTSF)   2  NbF   6  , and (TMTSF)   2  Ni(tds)   2  . The reason is unclear, but it would be the representative showing the limitation of the present method to determine the absolute values of the effective valence as discussed in the previous subsection.



On the other hand, the negative and large positive values of the   Δ  E 0  − Δ  E  1 +     for (TMTSF)   3  PW   12  O   40   (PWO A and B) are well understood as follows. The material has a “criss–cross” stacking of the monomer A and the dimer B–B along the a-axis [68]. As is shown in Figure 10, the bond lengths observed in the material are anomalous as TMTSF    1 +   ; and suggest that A is close to neutral and B is more oxidized than   1 +  . In Figure 12b,d, now we see that A and B show large negative and positive values of the   Δ  E 0  − Δ  E  1 +    , respectively. If A is exactly neutral, the valence of B is   ( 3 / 2 ) +   due to PW   12  O   40      3 −   . This is consistent with the positively large   Δ  E 0  − Δ  E  1 +     assuming also that we can extrapolate the relation between the effective valence and   Δ  E 0  − Δ  E  1 +     to above   1 +  .



By considering the variation in the materials as well as in the methods to determine their crystal structures, the correlation between the effective valence of the TMTSF molecules and the value   Δ  E 0  − Δ  E  1 +     seems reasonably high. Despite the difficulty in determining the absolute value of the effective valence, it is probably possible to compare the degree of oxidation of the non-equivalent TMTSF molecules in the identical material as in (TMTSF)   3  PW   12  O   40  .




3.2.3. (TMTSF)   5  (I   3  )   2  


It should be noted that the crystal structure of (TMTSF)   2  PF   6   used for the DFT and MP2 calculations was obtained by the neutron diffraction. It means that the C−H bond lengths are less precise and shorter in the materials other than (TMTSF)   2  PF   6   (20 K) since neutrons are scattered by protons directly. It might change the   Δ  E 0    and   Δ  E  1 +     of the others slightly from the actual values, but the change will probably cancel out each other in   Δ  E 0  − Δ  E  1 +    .



Finally, we can estimate the valence of TMTSF molecules in the present I   3   salts.



At a glance, the large negative value of the monomer C is noticeable. This is the strong evidence that the monomer C in the 5:2 salt is close to neutral. Assuming it is exactly neutral, the valence of the donors in the stacks is estimated as   ( 2 / 3 ) +   on average because the 5:2 salt is regarded as a 3:2 salt by omitting C. We believe that each of A and B has almost the same valence   ( 2 / 3 ) +   as the   Δ  E 0  − Δ  E  1 +     is almost the same.



Within the band picture, all of these seem consistent with the semiconducting behavior of the  ρ . The one-dimensional stack made of the trimers will result in three separated energy bands. Then the lower two are filled, while the highest one remains empty at 0 K.



Another interesting possibility comes up when the upper two bands merge leaving the lowest third band apart. Then the upper band will be half-filled with highly one-dimensional nature. In such electronic systems, the Mott insulating state could be realized when the bandwidth is relatively small as compared with the on-site Coulomb energy [83]. The origin of the semiconducting state should be elucidated in a future work.




3.2.4. (TMTSF)   8  (I   3  )   5  


A simple picture of the oxidation of the TMTSF molecules in the 8:5 salt is obtained by assuming that R is almost neutral as it is a monomer. Then the molecules 4P + 2Q will have the charge of   + 5   in total since the composition of the 8:5 salt is P:Q:R:I   3 −   = 4:2:2:5. In other words, the average valence of P and Q is   ( 5 / 6 ) +  . This is, however, not reasonable since the   Δ  E 0  − Δ  E  1 +     of P and Q is smaller than that of the TMTSF    ( 1 / 2 ) +    of the 2:1 NO   3  , NbF   6  , and Ni(tds)   2   salts as in Figure 12d.



The monomer R has a smaller negative value than that of the monomer C in the 5:2 salt. This is not strange since the molecular plane of R is flat such as P and Q (Figure 1a), while C has a curved structure (Figure 5a). The small difference in the   Δ  E 0  − Δ  E  1 +     among P, Q, and R probably suggests that all the TMTSF molecules in the 8:5 salt accompany to form energy bands and their average valence is considered to be   ( 5 / 8 ) +   as expected simply from the composition. On the other hand, P and R are probably the most and least oxidized, respectively, on the basis of the   Δ  E 0  − Δ  E  1 +     in Figure 12d.



Even though the knowledge of the valence of TMTSF is available, the highly symmetric but the rather complicated donor arrangement of the 8:5 salt makes the discussion of its band structure difficult without any band calculations. The sixteen HOMO’s (highest occupied molecular orbitals) in one TMTSF layer will give the sixteen energy bands separated by narrow band gaps. When ten out of thirty two electrons in the HOMO’s are removed (5/16-filled by holes in total), the Fermi level will be inside such a small band gap. This picture is consistent with the weak metallic behavior of the  ρ  for   I ‖   longest edge below room temperature, and also with the semiconducting behavior for   I ⊥   plane, respectively.



Or, in the real space picture, the possible difference in the effective valence of P, Q, and R probably implies that the electronic system is in a charge-disproportionated (or ordered) state in the 8:5 salt.




3.2.5. (TMTSF)   4  (I   3  )   4  ·THF


The average of   Δ  E 0  − Δ  E  1 +     of K, L, M, and L in the 4:4 salt is 0.151 eV and it is relatively high in Figure 12d. This is consistent with the average valence   1 +   expected from the composition. On the other hand, we see that these crystallographically independent TMTSF molecules naturally give the relatively large distribution of   Δ  E 0  − Δ  E  1 +    , namely 0.083 eV (M), 0.140 eV (N), 0.180 eV (K), and 0.201 eV (L), respectively.



The distribution poses an interesting possibility that some of the TMTSF molecules have the valence larger than a unity (>1+). One will easily understand that it is certainly possible by taking a look at the crystal structure in Figure 8a.



In a simplified picture, the 4:4 salt has an elongated rock-salt structure, but the cation and anion units are composed of not by single atoms such as Na   +   and Cl   −   but by the tetramers of molecules. Therefore, the electrons do not have to distribute uniformly within each tetramer.



Indeed, the TMTSF molecules K and L are surrounded by more I   3 −   anions than M and N. Especially, the molecule M is next to a neutral THF molecule instead of an I   3 −   anion. Thus, the molecules K and L can possess more positive charge than M; and N will be in between them. Considering it like this, the order of the height of bars in Figure 12b,d is understood naturally.




3.2.6. Ionization Potentials


The difference between the total energy obtained for the optimized structure at “neutral” state (   E 0   (  optimized   for   0 )   ) and that for the “cationic” state (   E  1 +    (  optimized   for   1 + )   ) corresponds to the adiabatic ionization potential   I a   of the TMTSF molecule as,


   I a  =  E  1 +    (  optimized   for   1 + )  −  E 0   (  optimized   for   0 )  .  



(1)







On the other hand, the difference between    E 0   (  optimized   for   0 )    and the total energy of the cationic state with the structure optimized for the “neutral” state (   E  1 +    (  optimized   for   0 )   ) gives the vertical ionization energy   I v   as,


   I v  =  E  1 +    (  optimized   for   0 )  −  E 0   (  optimized   for   0 )  .  



(2)







Comparison of the   I a   and   I v   values by the present calculations with the experimental ones will be a good test for knowing the reliability of the fundamental values of   E 0   and   E  1 +    in Table 3 and Table 4.



By the present calculations, the values    I a  = 5.81   eV (DFT) and   5.65   eV (MP2); and    I v  = 6.09   eV (DFT) and   6.01   eV (MP2) are obtained for the isolated TMTSF molecule, while the values    I a  = 6.27   eV and    I v  = 6.58   eV were determined by the photoelectron spectroscopy for that in gas phase [84]. The calculated values are fairly close to the experimental ones, though the former is 7–9% smaller than the latter.



We confirmed that the agreement is much more improved (within ∼1%), when Møller–Plesset correlation energy calculations, in combination with the basis set cc-pVTZ, is truncated at fourth order (MP4(SDQ)), as    I a  = 6.17   eV and    I v  = 6.55   eV, respectively. Therefore, the results in Figure 12c,d will be further refined by the MP4 calculations (in progress), though it takes much longer machine time than the DFT and MP2 ones.






4. Materials and Methods


4.1. Sample Preparation


All the present I   3   salts were grown by the electrochemical oxidation using stick-type platinum electrodes.



The single crystals of the 8:5 and 5:2 salts were obtained from the mixed solution of TMTSF (22.7 mg) and tetrabutylammonium triiodide (8.7 mg) with THF (98%, 30 mL) as the solvent. The constant DC electrical current of 2  μ A was applied between electrodes for 143 h in air at 20    °  C.



The crystals of both the 8:5 and 5:2 salts grew together on the anode. The crystals are black cuboids for the 8:5 salt and black needle-like for the 5:2 salt, respectively. After the crystals were removed from the electrode, they were washed by ethanol and dried in air.



The single crystals of the 4:4 salt were obtained from the mixed solution of TMTSF (22.8 mg) and tetrabutylammonium triiodide (9.0 mg) with THF (98%, 30 mL) as the solvent. The constant DC electrical current of 5  μ A was applied between electrodes for 45 h in air at 20    °  C.



The crystals of the 4:4 salt grew on the anode, but the major product was the 5:2 salt. The crystals of the 4:4 salt are black plate-like and most of them are much larger than those of the 5:2 salt.




4.2. X-ray Crystal Structure Analysis


Data collections for the present I   3   salts were performed using a MSC Mercury CCD X-ray system (Rigaku, Tokyo, Japan) equipped with MoK α  radiation (  λ = 0.7107   Å) at room temperature. All the structures were solved by the direct method using SHELXS-97 software package and were refined by the full-matrix least-squares method. The refinement data are summarized in Table 1.




4.3. Measurement of Electrical Resistivity


The electrical resistance was measured by a standard four-probe technique. Annealed gold wires (10  μ m in diameter) were attached as electrodes with carbon paste (XC-12, Fujikura-kasei Co., Tokyo, Japan). The DC electrical current of 1–10  μ A was applied by a current source (7651, Yokogawa, Tokyo, Japan) and the voltage signal was measured by a nano-volt/micro-ohm-meter (34420A, Keysight Technologies, Santa Rosa, CA, USA) or a digital multi-meter (34970A, Keysight Technologies, CA, USA). The polarity of the electrical current was switched to eliminate the parasitic voltage. Thus, the electrical resistance was determined as the slope of the voltage to the current. The electrical resistivity  ρ  was calculated using the size of each crystal assuming their shapes are rectangular.



The temperature dependence of the  ρ  at ambient pressure was measured in the vacuum chamber of a home-made cryostat. A clamped-type pressure cell made of BeCu was used for the measurement under pressure. We used Daphne 7373 (Idemitsu Kosan Co., Tokyo, Japan) as the pressure transmitting medium. The pressure inside was corrected by the clamped pressure at room temperature and the temperature dependence of the inside pressure in the previous reports [74,75].



After the measurement was finished, the lattice parameters of the samples #1908 and #1910 were determined by the X-ray diffraction pattern and they were identified as the 8:5 and 5:2 salts, respectively.





5. Conclusions


Three types of novel TMTSF salts (TMTSF)   8  (I   3  )   5  , (TMTSF)   5  (I   3  )   2  , and (TMTSF)   4  (I   3  )   4  ·THF were synthesized and their crystal structures were solved at room temperature. The electrical resistivity was measured for (TMTSF)   8  (I   3  )   5   and (TMTSF)   5  (I   3  )   2   at ambient pressure and under hydrostatic pressure up to 1.73 GPa.



The X-ray crystal structure analyses revealed that the 8:5 and 5:2 salts have one-dimensional TMTSF stacks made of TMTSF trimers. The TMTSF stacks are separated by TMTSF monomers in these salts. On the other hand, the crystal structure of the 4:4 salt is regarded as an elongated rock-salt type, where a TMTSF tetramer is surrounded by six I   3 −   tetramers and vice versa.



The electrical resistivity of (TMTSF)   8  (I   3  )   5   is metallic for the electrical current along the highest conducting direction. The resistivity shows rapid increase below 88 and 53 K suggesting two phase transitions or changes in electronic states. The analysis of the  ρ  revealed the possibility of the third change in the electronic state above 310 K.



The electrical resistivity of (TMTSF)   5  (I   3  )   2   is semiconducting below room temperature. It shows the change in slope in the Arrhenius plot suggesting a kind of change in electronic state or a crossover from a wider-band-gap to a narrow-band-gap states around 190 K.



No large change in the behavior of the electrical resistivity was observed for the 8:5 and 5:2 salts by the application of hydrostatic pressures up to 1.73 GPa.



The valence of the crystallographically independent TMTSF molecules in the three I   3   salts has been estimated on the basis of the quantum mechanical calculations of the total energy. The method was found to give the plausible valence of each TMTSF molecule.



The large unit cell of the 8:5 salt is probably results in a number of energy bands separated by small band gaps. The estimated TMTSF valence (  ( 5 / 8 ) +   on average) gives the band filled by 5/16 with holes in total, though crystallographically independent TMTSF molecules P, Q, and R are probably less oxidized in this order.



The electronic state of the 5:2 salt is semiconducting and this is consistent with the trimer structures with TMTSF    ( 2 / 3 ) +    since the TMTSF monomer C is most likely neutral.



The average valence of TMTSF molecules is   1 +   in the 4:4 salt, but the quantum mechanical calculations and its crystal structure strongly suggest that the valence of two TMTSF molecules K and L in the tetramer is higher than   1 +  .



It is concluded that the quantum mechanical energy calculations give relative change in the non-integer valence of TMTSF molecules in the I   3   salts, in spite of the limitation that the Gaussian package can accept only the integer valence as an input parameter for single molecule.



On the other hand, there exist more direct and powerful methods to determine not only valence but also the charge distribution within a molecule as well as a unit cell. For example, the electron density analysis based on the synchrotron X-ray diffraction has been successfully applied to investigate the charge-ordering transitions of  α -(BEDT-TTF)   2  I   3   (BEDT-TTF = bis(ethylenedithio)tetrathiafulvalene) [85] and (TMTTF)   2  PF   6   (TMTTF = tetramethyltetrathiafulvalene) [86].



Please note that the Gaussian package provides a function to calculate the electron density map under the periodic boundary condition. In our calculation environment, however, the DFT calculations fail in case of, for example, the 4:4 salt due to the limitation of the number of atoms or basis sets. In addition, even though the electron density map has been obtained, there should be the problem in defining the borders between neighboring molecules to integrate the electron density numerically. This type of estimation of molecular valence in a crystal with a large unit cell will be another challenge.



The present method, however, provides a quick and convenient way to estimate the more precise valence of donors and acceptors than that just by comparing the bond lengths before trying a time-consuming method.
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Figure 1. The crystal structure of (TMTSF)   8  (I   3  )   5   at room temperature viewed along (a) the c-axis and (b) the b-axis. The crystallographically independent TMTSF molecules are labeled P, Q, and R, respectively. 
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Figure 2. Donor arrangement in a half unit cell of (TMTSF)   8  (I   3  )   5  . Hydrogen atoms are not shown for clarity. The crystallographically independent TMTSF molecules are labeled P, Q, and R, respectively. The broken lines show the Se⋯Se contacts shorter than 4.0 Å, namely the sum of van der Waals radii of two Se atoms (see text). The interplanar distance between P and Q is    d 1  = 3.56  ( 1 )    Å; and that between P and P is    d 2  = 3.559  ( 8 )    Å, respectively. 
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Figure 3. Some molecules in the unit cell of (TMTSF)   8  (I   3  )   5   selected to show the three types of disorders. (1) The conformational disorder of three methyl groups at the carbons C5, C9, and C10. (2) The positional disorder of the I   3 −   anions of I4–I5–I6 and I7–I8–I9. (3) The orientational disorder of the I   3 −   anions of I11–I10–I12 and I11B–I10–I12B. 
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Figure 4. (a) Temperature dependence of the electrical resistivity  ρ  of (TMTSF)   8  (I   3  )   5   measured perpendicular to the most grown crystal surface. (b) Arrhenius plot of the same data in (a). Please note that the values in the horizontal axis is T but the scale is linear in   T  − 1   . (c) Numerical derivative of the Arrhenius plot in (b) calculated after smoothing the data. A series of data at each pressure was shifted from one another for clarity. The arrows at high temperatures indicate the subtle anomalies caused by the solidification of the pressure medium (see text). (d) Temperature–pressure phase diagram of (TMTSF)   8  (I   3  )   5   below 150 K. 
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Figure 5. The crystal structure of (TMTSF)   5  (I   3  )   2   at room temperature viewed along (a) the a-axis and (b) the (b + c)-direction, respectively. The crystallographically independent TMTSF molecules are labeled A, B, and C. 
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Figure 6. Donor arrangement in (TMTSF)   5  (I   3  )   2  . Hydrogen atoms are not shown for clarity. The crystallographically independent TMTSF molecules are labeled A, B, and C, respectively. The broken lines show the Se⋯Se contacts shorter than the sum of van der Waals radii of two Se atoms (4.0 Å). The interplanar distance between A and B is    d 1  = 3.45  ( 3 )    Å; and that between B and B is    d 2  = 3.39  ( 4 )    Å, respectively. 
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Figure 7. (a) Temperature dependence of the electrical resistivity  ρ  of (TMTSF)   5  (I   3  )   2   measured along the longest crystal edges. (b) Arrhenius plot of the same data in (a). Please note that the values in the horizontal axis is T but the scale is linear in   T  − 1   . 
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Figure 8. The crystal structure of (TMTSF)   4  (I   3  )   4  ·THF at room temperature viewed along (a) the b-axis and (b) a-axis, respectively. The crystallographically independent TMTSF molecules are labeled K, L, M, and N. The molecules in a half unit cell is shown in each of (a,b). 
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Figure 9. Donor arrangement in a tetramer of (TMTSF)   4  (I   3  )   4  ·THF. Hydrogen atoms are not shown for clarity. The crystallographically independent TMTSF molecules are labeled K, L, M and N, respectively. The broken lines show the Se⋯Se contacts shorter than 4.0 Å. The interplanar distances are    d 1   =  3.599  ( 5 )    Å (K–L),    d 2  = 3.92  ( 7 )    Å (L–M), and    d 3  = 3.53  ( 2 )    Å (M–N), respectively. 
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Figure 10. Dependence of the bond lengths (a) e, (b)   f ¯  , (c)   g ¯  , and (d)   h ¯   of the TMTSF molecules in the crystals on the valence expected from their chemical compositions. The open and closed circles show the corresponding bond lengths in the optimized structures by the quantum mechanical calculations (see text and the caption in Table 2). The solid lines are guides to the eye. 
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Figure 11. (a) Schematic image of   Δ  E 0    (red),   Δ  E  1 +     (blue), and   Δ  E 0  − Δ  E  1 +     (green) as functions of the nuclear coordinates of a TMTSF molecule in a crystal. (b) Simplified images of   Δ  E 0    and   Δ  E  1 +     as multidimensional paraboloids, which are the functions of bond lengths and bond angles of a TMTSF molecule in a crystal. The thin green line C   0   represents the path when the conformation changes continuously keeping the optimum one at each effective valence. In reality, the molecular conformations are not optimum in crystals, thus the molecules will be somewhere on the thick pink curve C   1   (see text). 






Figure 11. (a) Schematic image of   Δ  E 0    (red),   Δ  E  1 +     (blue), and   Δ  E 0  − Δ  E  1 +     (green) as functions of the nuclear coordinates of a TMTSF molecule in a crystal. (b) Simplified images of   Δ  E 0    and   Δ  E  1 +     as multidimensional paraboloids, which are the functions of bond lengths and bond angles of a TMTSF molecule in a crystal. The thin green line C   0   represents the path when the conformation changes continuously keeping the optimum one at each effective valence. In reality, the molecular conformations are not optimum in crystals, thus the molecules will be somewhere on the thick pink curve C   1   (see text).



[image: Crystals 10 01119 g011]







[image: Crystals 10 01119 g012 550] 





Figure 12. Visualization of (a)   Δ  E 0    and   Δ  E  1 +    ; and (b)   Δ  E 0  − Δ  E  1 +     obtained by the DFT calculations in Table 3. (c,d) The correspondents by the HF energy calculations and its correlation-energy correction by the MP2 calculations in Table 4. 
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Table 1. X-ray crystallographic and refinement data for (TMTSF)   8  (I   3  )   5  , (TMTSF)   5  (I   3  )   2  , and (TMTSF)   4  (I   3  )   4  ·THF, respectively.






Table 1. X-ray crystallographic and refinement data for (TMTSF)   8  (I   3  )   5  , (TMTSF)   5  (I   3  )   2  , and (TMTSF)   4  (I   3  )   4  ·THF, respectively.





	Compound
	(TMTSF)    8   (I    3   )    5   
	(TMTSF)    5   (I    3   )    2   
	(TMTSF)    4   (I    3   )    4   ·THF





	Formula
	C   80  H   96  Se   32  I   15  
	C   50  H   60  Se   8  I   6  
	C   44  H   56  OSe   16  I   12  



	Formula weight
	5488.21
	2054.18
	3387.28



	Crystal system
	Orthorhombic
	Monoclinic
	Orthorhombic



	Space group
	  C m c m   (No.63)
	  P  2 1  / n   (No.14)
	  P n m a   (No.62)



	a (Å)
	30.362(5)
	11.263(9)
	26.900(6)



	b (Å)
	20.389(3)
	18.174(14)
	9.914(2)



	c (Å)
	21.346(3)
	18.166(14)
	28.547(7)



	 α  (   °  )
	90
	90
	90



	 β  (   °  )
	90
	90.355(9)
	90



	 γ  (   °  )
	90
	90
	90



	Volume (Å   3  )
	13,214.26
	3718.40
	7613.10



	Z    †   
	4
	2
	4



	 λ  (Å)
	0.71070
	0.71070
	0.71070



	 μ  (mm    − 1   )
	12.364
	12.328
	12.562



	Temperature (K)
	296(2)
	296(2)
	296(2)



	Number of reflections collected
	7935
	8512
	9107



	Number of reflections with [   F 0  > 2 σ  (  F 0  )   ]
	7216
	5621
	7309



	Number of parameters refined
	361
	337
	368



	(  2 θ  )   max   (   °  )
	25.11
	25.36
	25.08



	final R indices [  I > 2 σ ( I )  ]   R 1  
	0.0997
	0.1018
	0.0656



	   w  R 2    
	0.2401
	0.2559
	0.1629



	R indices (all data)   R 1  
	0.1062
	0.1376
	0.0812



	   w  R 2    
	0.2431
	0.2918
	0.1749







   †  Z = the number of chemical formula units per unit cell.
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Table 2. Comparison of bond lengths in TMTSF molecules in the crystals of neutral TMTSF and some salts. Each of   f ¯  ,   g ¯  , and   h ¯   is the average such as    f ¯  =  (  f 1  +  f 2  +  f 3  +  f 4  )  / 4  .
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(Average) Valence

	
Material/Calculation

	
 e /Å

	
  f ¯  /Å

	
  g ¯  /Å

	
  h ¯  /Å




	
0

	
neutral    1  

	
1.3526

	
1.8924

	
1.9062

	
1.3101




	
   0.5 +   

	
BF   4   (A, 20 K)    2  

	
1.3720

	
1.8758

	
1.8914

	
1.3525




	
   0.5 +   

	
BF   4   (B, 20 K)    2  

	
1.3589

	
1.8852

	
1.8993

	
1.3469




	
   0.5 +   

	
PF   6   (20 K)    3  

	
1.3756

	
1.8821

	
1.8896

	
1.3796




	
   0.5 +   

	
PF   6      4  

	
1.3688

	
1.8755

	
1.8926

	
1.3295




	
   0.5 +   

	
NO   3   (2:1, 125 K)    5  

	
1.4297

	
1.8641

	
1.9016

	
1.3271




	
   0.5 +   

	
NbF   6      6  

	
1.3501

	
1.8801

	
1.8908

	
1.3481




	
   0.5 +   

	
Ni (A)    7  

	
1.3779

	
1.8653

	
1.8876

	
1.3297




	
   0.5 +   

	
Ni (A’)    7  

	
1.3939

	
1.8673

	
1.8908

	
1.3409




	
   1 +   

	
NO   3   (1:1)    8  

	
1.3598

	
1.8646

	
1.8835

	
1.3235




	
   1 +   

	
Cr    9  

	
1.4293

	
1.8437

	
1.8750

	
1.3550




	
   1 +   

	
PWO (A)    10  

	
1.2951

	
1.8782

	
1.9094

	
1.2232




	
   1 +   

	
PWO (B)    10  

	
1.4072

	
1.8513

	
1.8568

	
1.3392




	

	
8:5 (P)

	
1.3786

	
1.8655

	
1.8855

	
1.3287




	

	
8:5 (Q)

	
1.3513

	
1.8747

	
1.9016

	
1.3499




	

	
8:5 (R)

	
1.3241

	
1.9014

	
1.8975

	
1.3747




	

	
5:2 (A)

	
1.3801

	
1.8651

	
1.8815

	
1.3107




	

	
5:2 (B)

	
1.3858

	
1.8629

	
1.8719

	
1.3568




	

	
5:2 (C)

	
1.3244

	
1.8964

	
1.8950

	
1.3359




	

	
4:4 (K)

	
1.3750

	
1.8636

	
1.8866

	
1.3522




	

	
4:4 (L)

	
1.3864

	
1.8623

	
1.8834

	
1.3582




	

	
4:4 (M)

	
1.3539

	
1.8685

	
1.8854

	
1.3404




	

	
4:4 (N)

	
1.3676

	
1.8688

	
1.8967

	
1.3453




	
0

	
DFT    11  

	
1.3424

	
1.9055

	
1.9235

	
1.3409




	
   1 +   

	
DFT    11  

	
1.3843

	
1.8710

	
1.8974

	
1.3522




	
   2 +   

	
DFT    11  

	
1.4312

	
1.8439

	
1.8748

	
1.3720




	
0

	
MP2    12  

	
1.3493

	
1.8869

	
1.9051

	
1.3474




	
   1 +   

	
MP2    12  

	
1.3848

	
1.8553

	
1.8709

	
1.3630




	
   2 +   

	
MP2    12  

	
1.4303

	
1.8376

	
1.8470

	
1.3859








   1   Neutral crystal [76].    2   (TMTSF)   2  BF   4   at the anion ordered state at 20 K with two crystallographically independent TMTSF molecules (A and B) [77].    3   (TMTSF)   2  PF   6   at 20 K with the neutron diffraction structural analysis [78].    4   (TMTSF)   2  PF   6   [79].    5   (TMTSF)   2  NO   3   at 125 K [80].    6   (TMTSF)   2  NbF   6   [5].    7   (TMTSF)   2  Ni(tds)   2   (tds = [bis(trifluoromethyl)ethylene]diselenolato) [52].    8   (TMTSF)NO   3   [69].    9   (TMTSF)[Cr(Br   4  SQ)   2  (Br   4  Cat)] ·(CH   2  Cl   2  )   2   (SQ = semiquinonate, Cat = catecholate) [71].    10   (TMTSF)   3  PW   12  O   40   [68].    11   Optimized structures calculated by the density-functional theory method (B3LYP/6-31G(d,p)) [82].    12   Optimized structures obtained by Hartree–Fock calculations (6-31G(d,p)) followed by Møller–Plesset correlation energy calculations truncated at second order [82] .
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Table 3. The total energies of TMTSF molecules at neutral and cationic states (  E 0   and   E  1 +   ); their relative values with respect to those calculated for the optimized structures (  Δ  E 0  =  E 0  −  E 0   (  optimized   for   0 )    and   Δ  E  1 +   =  E  1 +   −  E  1 +    (  optimized   for   1 + )   ); and their difference (  Δ  E 0  − Δ  E  1 +    ) as a measure of the valence of each conformation of TMTSF molecule. The calculations of   E 0   and   E  1 +    were carried out on the basis of the density-functional theory (B3LYP, 6-31G(d,p)) [82].
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	Conformation
	   E 0   /Hartree     1   
	   E  1 +    /Hartree
	   Δ  E 0    /eV
	   Δ  E  1 +     /eV
	   ( Δ  E 0  − Δ  E  1 +   )   /eV





	optimized for 0
	   − 9985.7935   
	   − 9985.5699   
	   0.000   
	   0.279   
	   − 0.279   



	optimized for   1 +  
	   − 9985.7884   
	   − 9985.5801   
	   0.139   
	   0.000   
	−  0.139  



	neutral    2  
	   − 9985.5799   
	   − 9985.3662   
	   5.813   
	   5.822   
	   − 0.009   



	BF   4   (A, 20 K)    3  
	   − 9985.7854   
	   − 9985.5773   
	   0.221   
	   0.077   
	−  0.144  



	BF   4   (B, 20 K)    3  
	   − 9985.7877   
	   − 9985.5772   
	   0.159   
	   0.080   
	−  0.079  



	PF   6   (20 K)    4  
	   − 9985.7636   
	   − 9985.5552   
	   0.815   
	   0.679   
	−  0.135  



	NO   3   (2:1)    5  
	   − 9985.7622   
	   − 9985.5588   
	   0.853   
	   0.580   
	−  0.272  



	NbF   6     6  
	   − 9985.6057   
	   − 9985.3999   
	   5.111   
	   4.904   
	−  0.207  



	Ni (A)    7  
	   − 9985.6104   
	   − 9985.4036   
	   4.984   
	   4.803   
	−  0.181  



	Ni (A’)    7  
	   − 9985.6078   
	   − 9985.4036   
	   5.055   
	   4.805   
	−  0.250  



	NO   3   (1:1)    8  
	   − 9985.6095   
	   − 9985.4029   
	   5.009   
	   4.824   
	−  0.185  



	Cr    9  
	   − 9985.5534   
	   − 9985.3570   
	   6.535   
	   6.073   
	−  0.462  



	PWO (A)    10  
	   − 9985.6532   
	   − 9985.4377   
	   3.818   
	   3.877   
	   − 0.058   



	PWO (B)    10  
	   − 9985.6773   
	   − 9985.4782   
	   3.164   
	   2.775   
	−  0.388  



	8:5 (P)
	   − 9985.6030   
	   − 9985.3973   
	   5.185   
	   4.976   
	−  0.209  



	8:5 (Q)
	   − 9985.5909   
	   − 9985.3839   
	   5.515   
	   5.339   
	−  0.176  



	8:5 (R)
	   − 9985.5961   
	   − 9985.3859   
	   5.374   
	   5.285   
	−  0.089  



	5:2 (A)
	   − 9985.5943   
	   − 9985.3887   
	   5.421   
	   5.208   
	−  0.213  



	5:2 (B)
	   − 9985.5945   
	   − 9985.3906   
	   5.416   
	   5.158   
	−  0.259  



	5:2 (C)
	   − 9985.5916   
	   − 9985.3763   
	   5.495   
	   5.548   
	   − 0.053   



	4:4 (K)
	   − 9985.6067   
	   − 9985.4028   
	   5.084   
	   4.825   
	−  0.259  



	4:4 (L)
	   − 9985.6056   
	   − 9985.4024   
	   5.114   
	   4.836   
	−  0.278  



	4:4 (M)
	   − 9985.6087   
	   − 9985.4016   
	   5.030   
	   4.860   
	−  0.170  



	4:4 (N)
	   − 9985.6063   
	   − 9985.4010   
	   5.095   
	   4.876   
	−  0.219  







   1   1 hartree = 27.211386245988(53) eV.    2   Neutral crystal [76].    3   (TMTSF)   2  BF   4   at the anion ordered state at 20 K with two crystallographically independent TMTSF molecules (A and B) [77].    4   (TMTSF)   2  PF   6   at 20 K by the neutron diffraction structural analysis [78].    5   (TMTSF)   2  NO   3   at 125 K [80].    6   (TMTSF)   2  NbF   6   [5].    7   (TMTSF)   2  Ni(tds)   2   (tds = [bis(trifluoromethyl)ethylene]diselenolato) [52].    8   (TMTSF)NO   3   [69].    9   (TMTSF)[Cr(Br   4  SQ)   2  (Br   4  Cat)] · (CH   2  Cl   2  )   2   (SQ = semiquinonate, Cat = catecholate) [71].    10   (TMTSF)   3  PW   12  O   40   [68].
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Table 4. The total energies of TMTSF molecules at neutral and cationic states (  E 0   and   E  1 +   ); their relative values with respect to those calculated for the optimized structures (  Δ  E 0  =  E 0  −  E 0   (  optimized   for   0 )    and   Δ  E  1 +   =  E  1 +   −  E  1 +    (  optimized   for   1 + )   ); and their difference (  Δ  E 0  − Δ  E  1 +    ) as a measure of the valence of each conformation of TMTSF molecule. The   E 0   and   E  1 +    were obtained by Hartree–Fock (HF) calculations (6-31G(d,p)) followed by Møller–Plesset correlation energy calculations truncated at second order (MP2) [82].
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	Conformation
	   E 0   /Hartree     1   
	   E  1 +    /Hartree
	   Δ  E 0    /eV
	   Δ  E  1 +     /eV
	   ( Δ  E 0  − Δ  E  1 +   )   /eV





	optimized for 0
	   − 9977.9803   
	   − 9977.7594   
	   0.000   
	   0.361   
	   − 0.361   



	optimized for   1 +  
	   − 9977.9745   
	   − 9977.7726   
	   0.158   
	   0.000   
	−  0.158  



	neutral    2  
	   − 9977.7718   
	   − 9977.5598   
	   5.675   
	   5.792   
	   − 0.117   



	BF   4   (A, 20 K)    3  
	   − 9977.9752   
	   − 9977.7696   
	   0.141   
	   0.082   
	−  0.059  



	BF   4   (B, 20 K)    3  
	   − 9977.9761   
	   − 9977.7681   
	   0.115   
	   0.123   
	   − 0.009   



	PF   6   (20 K)    4  
	   − 9977.9531   
	   − 9977.7455   
	   0.741   
	   0.739   
	−  0.002  



	NO   3   (2:1)    5  
	   − 9977.9518   
	   − 9977.7495   
	   0.778   
	   0.629   
	−  0.148  



	NbF   6     6  
	   − 9977.8048   
	   − 9977.6021   
	   4.777   
	   4.641   
	−  0.136  



	Ni (A)    7  
	   − 9977.8092   
	   − 9977.6046   
	   4.657   
	   4.571   
	−  0.085  



	Ni (A’)    7  
	   − 9977.8070   
	   − 9977.6050   
	   4.718   
	   4.561   
	−  0.157  



	NO   3   (1:1)    8  
	   − 9977.8086   
	   − 9977.6044   
	   4.674   
	   4.579   
	−  0.094  



	Cr    9  
	   − 9977.7564   
	   − 9977.5594   
	   6.094   
	   5.804   
	−  0.290  



	PWO (A)    10  
	   − 9977.8438   
	   − 9977.6319   
	   3.716   
	   3.830   
	   − 0.113   



	PWO (B)    10  
	   − 9977.8760   
	   − 9977.6821   
	   2.841   
	   2.463   
	−  0.377  



	8:5 (P)
	   − 9977.8026   
	   − 9977.5992   
	   4.837   
	   4.719   
	−  0.117  



	8:5 (Q)
	   − 9977.7911   
	   − 9977.5846   
	   5.150   
	   5.118   
	−  0.032  



	8:5 (R)
	   − 9977.7941   
	   − 9977.5848   
	   5.068   
	   5.112   
	   − 0.044   



	5:2 (A)
	   − 9977.7942   
	   − 9977.5902   
	   5.065   
	   4.965   
	−  0.100  



	5:2 (B)
	   − 9977.7951   
	   − 9977.5906   
	   5.041   
	   4.955   
	−  0.086  



	5:2 (C)
	   − 9977.7888   
	   − 9977.5728   
	   5.212   
	   5.439   
	   − 0.227   



	4:4 (K)
	   − 9977.8070   
	   − 9977.6059   
	   4.717   
	   4.537   
	−  0.180  



	4:4 (L)
	   − 9977.8063   
	   − 9977.6060   
	   4.736   
	   4.535   
	−  0.201  



	4:4 (M)
	   − 9977.8084   
	   − 9977.6037   
	   4.679   
	   4.596   
	−  0.083  



	4:4 (N)
	   − 9977.8057   
	   − 9977.6032   
	   4.752   
	   4.612   
	−  0.140  







   1   1 hartree = 27.211386245988(53) eV.    2   Neutral crystal [76].    3   (TMTSF)   2  BF   4   at the anion ordered state at 20 K with two crystallographically independent TMTSF molecules (A and B) at 20 K [77].    4   (TMTSF)   2  PF   6   at 20 K by the neutron diffraction structural analysis [78].    5   (TMTSF)   2  NO   3   at 125 K [80].    6   (TMTSF)   2  NbF   6   [5].    7   (TMTSF)   2  Ni(tds)   2   (tds = [bis(trifluoromethyl)ethylene]diselenolato) [52].    8   (TMTSF)NO   3   [69].    9   (TMTSF)[Cr(Br   4  SQ)   2  (Br   4  Cat)] · (CH   2  Cl   2  )   2   (SQ = semiquinonate, Cat = catecholate) [71].    10   (TMTSF)   3  PW   12  O   40   [68].
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