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ABSTRACT: Enantiopure (S,S) and (RR) dimethyl-ethylenedithio-tetrathia-
fulvalene (DM-EDT-TTF) 1 donors are synthesized by cross coupling followed
by decarboxylation reactions. In the solid state the methyl groups are arranged in
axial positions within sofa-type conformation for the six-membered rings.
Crystalline radical cation salts formulated as [(S,S)-1],PF,, [(R,R)-1],PFq, and
[(rac)-1],PF4 are obtained by electrocrystallization. When the experiment is
conducted with enantioenriched mixtures both enantiopure and racemic phases
are obtained. The monoclinic enantiopure salts, containing four independent

enantiopure (DM-EDT-TTF),PF, racemic
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semiconductor metal

donors in the unit cell, show semiconducting behavior supported by band

structure calculations of extended Hiickel type. The racemic salt contains only one independent donor in the mixed valence
oxidation state +0.5. Under ambient pressure the racemic material is metallic down to 120 K, while an applied pressure of 11.5
kbar completely suppresses the metal—insulator transition. Band structure calculations yield an open Fermi surface, typical for a
pseudo-one-dimensional metal, with unperfected nesting, thus ruling out the possibility of charge or spin density modulations to
be at the origin of the transition. Raman spectroscopy measurements, in agreement with structural analysis at 100 K, show no
indication of low-temperature charge ordering in the racemic material at ambient pressure, thus suggesting Mott-type charge

localization for the observed metal—insulator transition.

B INTRODUCTION

The research activity in the field of chiral tetrathiafulvalenes
(TTE)," as part of the more general family of multifunctional
molecular materials,” has been continuously developing
especially in the past decade, although the first example of an
enantiopure TTF derivative, i.e., the (S,S,5,S) enantiomer of
tetramethyl-bis(ethylenedithio)-tetrathiafulvalene (TM-BEDT-
TTF), has been described back in the middle of the 1980s by
Dunitz and Wallis.*> The increasing interest in these chiral
precursors and the materials derived thereof is currently
motivated by several features: (i) possible redox modulation
of the chiroptical properties;* (i) detection of an electrical
magnetochiral-anisotropy effect, solely observed so far in
molecular materials in the case of chiral carbon nanotubes;
(iii) influence of the chirality on the conducting properties
through the modulation of the structural disorder in the solid
state, as demonstrated within complete series of conducting
salts based on ethylenedithio-tetrathiafulvalene-oxazoline
(EDT-TTE-Ox) donors.® Accordingly, although similar crystal
structures were observed for enantiopure and racemic
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compounds, the conductivity was 1 order of magnitude lower
for the racemic than for the enantiopure salts formulated as
(EDT-TTF-Ox),(XF) (X = As, P), as a consequence of the
structural disorder present in the racemic form. In order to
address the several challenges related to the influence and role
of chirality when present in TTF precursors and materials
derived thereof, TTF derivatives with different types of chirality
have been described,' besides the EDT-TTF-Ox already
mentioned. For example, TTE-bis(oxazolines),” bis(pyrrolo)-
TTFs® C; symmetric tris(TTF) affording supramolecular
helical aggregates,9 TTE-sulfoxides,'® TTF-binaphthyls,11 or
TTF-allenes* have been reported. However, in spite of peculiar
solid-state architectures, self-assembly behavior, or chiroptical
properties, none of these different precursors provided so far
conducting salts. Furthemore, although methylated BEDT-TTF
derivatives, such as tetramethyl-BEDT-TTF (TM-BEDT-
TTE)*>" and dimethyl-BEDT-TTF (DM-BEDT-TTF)"*" or
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dimethyl-EDT-TTF (DM-EDT-TTF)"* (Chart 1), are known
for more than 2$ years, no complete series of conducting salts

Chart 1

e coescePerie

(S,S,8,S)-TM-BEDT-TTF (S,S)-DM-BEDT-TTF (S,S)-DM-EDT-TTF 1

including both enantiomeric and racemic forms has been
described so far, except for a very recent series of 1:1
semiconducting salts of TM-BEDT-TTF with the I, anion.'
In the latter, the structural disorder induces once again a much
lower conductivity for the racemic salt than for the enantiopure
ones. Moreover, while a few chiral conducting salts have been
reported with either (S) or (R) enantiomers of TM-BEDT-
TTF' or DM-BEDT-TTF'” and various amons, including a
recent example of a chiral ferromagnetic metal,'® there is no
mention of any chiral conducting phase based on the DM-
EDT-TTF donor 1."” We describe herein the synthesis and
solid-state structures of enantiopure (S,S) and (R,R)-1, together
with the first complete series of conducting mixed valence salts
and their physical properties, showing massive differences
between the racemic and enantiopure forms. Raman spectros-
copy investigations on the possibility of the occurrence of
charge ordering at low temperature are also presented.

B RESULTS AND DISCUSSION

Synthesis and Characterization of the Neutral Donor.
The synthesis of DM-EDT-TTF was previously very briefly
mentioned,"* though without any stereochemical related
discussion nor any analytical characterization. Now, the
preparation of both enantiomers (S,S)-1 and (R,R)-1 is
thoroughly described, being conducted by phosphite-mediated
heterocoupling between one of the enantiopure dithiole-
thiones (S,S)-2 and (RR) 2, obtained by a slightly modified
literature procedure,'” and the dithiolone diester 3 (see SI for
full experimental details), followed by a double decarboxylation
of the resultant intermediate 4 (Scheme 1).

Scheme 1. Synthesis of Enantiopure DM-EDT-TTF 1
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Cyclic voltammetry measurements show the classical
reversible two single electron oxidation processes into radical
cation and dication species at AE;, = +0.44 and 0.78 V vs SCE,
respectively (Figure S1).

Single crystals for both enantiomers could be grown by slow
evaporation from a Et,0—CH,Cl, solvent mixture. The X-ray
analysis shows that they crystallize in the orthorhombic
noncentrosymmetric space group P2,2,2, with one independ-
ent molecule in the unit cell. The dithiin six-membered ring
shows a sofa-type conformation with axial orientation of the
methyl substituents (Figure 1), as in the case of DM-BEDT-
TTF,"* and boat-like conformation of the TTF unit, with
distortions of 18° and 9.5° about the S3:--S4 and S1---S2 axis,
respectively. Note that the dithiin ring can in principle adopt
half-chair or sofa conformations when the outer sp* C7 and C8
atoms lie above and below the SSCSC6S6 mean plane or a boat
conformation when they are on the same side of this mean
plane.'” The difference between half-chair and sofa relies on the
magnitude of the dihedral angles 7, and 7, corresponding
respectively to the C5—C6—S6-C7 and C6—CS5—S5-C8 angles.
When both of them exceed 7.5° the conformation is defined as
half-chair, which is equivalent with a strong distortion, while a
sofa conformation is characterized by at least one of the angles
smaller than 7.5°.

Recent theoretical calculations in the case of TM-BEDT-
TTF show that the axial conformer is more stable than the
equatorial one, while in the solid state only the latter was
observed, probably because of the more favorable packing.'
However, the energy difference amounts to 1.25 kcal-mol ™
only, indicating that both conformers are in equilibrium in
solution, which is very likely the case also with DM-EDT-TTF
1. Bond lengths, especially the central C3=C4 and internal C—
S bonds, have typical values for neutral donors (Table 1).

Table 1. Selected Bond Distances for Neutral (S,S)-1 and
(R,R)-1

bond lengths (A)

(RR)-1
C3=C4 1.332(5)
S4—C4 1.759(5)
S3—C4 1.748(5)
$2—C3 1.762(6)
S1-C3 1.771(6)

(RR)-1
C3=C4 1.333(8)
S4—C4 1.737(7)
S3—C4 1.753(7)
$2—C3 1.796(8)
S1-C3 1.760(8)

The packing of the molecules show formation of zigzag
chains along the b direction, with quite long S---S
intermolecular distances of 3.81—3.83 A, while in the ac
plane the donors arrange in a perpendicular manner, without
any short S-S intermolecular contact (see Figures S2 and S3).
This type of packing is completely different to the one
described for the unsubstituted EDT-TTF donor where

Figure 1. Molecular structure of (5,5)-1 (left) and (R,R)-1 (right) together with atom numbering scheme.
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formation of orthogonal dyads is observed,”® thus demonstrat-
ing the huge influence of the two additional methyl groups.
Synthesis and Characterization of the Radical Cation
Salts (1),PF¢. Electrocrystallization experiments of enantio-
pure or racemic 1, the latter being obtained by mixing
equimolar amounts of pure enantiomers, in chloroform
solutions in the presence of [(n-Bu),N]PF, afforded mixed
valence salts formulated as (1),PF,. Having in mind that trace
amounts of an impurity can alter the course of a chiral
process,”’ we have employed exactly the same experimental
conditions in the three cases. In spite of identical stoichiometry,
the structures of the racemic and enantiopure forms are
completely different. The only common structural feature for
both enantiopure (1),PF¢ and [(rac)-1],PF¢ salts is the
equatorial arrangement adopted by the Me substituents, very
likely as a means to maximize the intermolecular interactions
between the oxidized species, within a sofa conformation for
the dithiin ring. The enantiopure (S,S) and [(R,R)-1],PF salts
are isostructural and crystallize in the chiral space group P2, of
the monoclinic system, with four independent donor molecules
A-D alternating along b in a CABD sequence (Figure 2 for the

é
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Figure 2. Sequence of donors along b in the structure of [(S,S)-
1],PF,. Short intrastack S---S contacts (some of them are highlighted)
(A): S3C--S4A 3.67, S4C---S3A 3.70, S1C---S6A 3.85, SIA---S3B 3.48,
S2A:-S4B 3.60, S3A---S1B 3.57, S4A:---S2B 3.53, S5B---S2D 3.68,
S3B---S4D 3.66, S4B---S3D 3.81.

(S,S) enantiomer), and two independent PF, anions in the
asymmetric unit. The donors A and B show planar geometries,
while C and D are clearly bent in a boat conformation, with
dihedral angles of 20.3° (S3C---S4C) and 12.5° (S1C---S2C)
for C and 18.2° (S3D--$4D) and 9.2° (S1D-$2D) for D.

The analysis of the central C=C and internal C—S bond
lengths (Table 2), showing longer C=C and shorter C—S
bonds for A and B when compared to C, D and the neutral
donor (vide supra), clearly indicates that the molecules A and B
bear a more positive charge than C and D, in agreement with
their respective planar or bent shapes.

The shortest intrastack S-S contacts, amounting at 3.48—
3.60 A, are established between donors A and B, while longer
distances of 3.66—3.85 A are observed between A and C or B
and D. Note that the shortest S---S contacts between C and D

Table 2. Selected Bond Distances for [(S,S)-1],PF¢ and
[(R,R)-1],PF

bond lengths (A)

(8,5)-(1),PE¢
C3A-C4A 1.385(8)
S4A-C4A 1.731(5)
S3A-C4A 1.721(5)
S2A-C3A 1.728(6)
S1A-C3A 1.710(5)
C3B—C4B 1.396(8)
S4B—C4B 1.727(6)
S3B—C4B 1.718(5)
S2B—C3B 1.729(5)
S1B—C3B 1.717(6)
C3C—C4C 1.364(9)
$4C—C4C 1.761(6)
S3C—C4C 1.745(6)
S2C—C3C 1.749(6)
S1C—C3C 1.750(6)
C3D-C4D 1.321(9)
$4D-C4D 1.767(5)
S3D-C4D 1.762(6)
$2D-C3D 1.761(6)
SI1D-C3D 1.770(6)

(RR)-(1),PFs
C3A-C4A 1.390(7)
S4A-C4A 1.727(5)
S3A-C4A 1.719(5)
S2A-C3A 1.720(5)
S1A-C3A 1.722(5)
C3B—C4B 1.387(7)
S4B—C4B 1.723(4)
S3B—C4B 1.724(5)
$2B—C3B 1.720(5)
S1B—C3B 1.725(5)
C3C—C4C 1.339(7)
$4C—C4C 1.753(5)
$3C—C4C 1.766(5)
$2C—C3C 1.762(5)
$1C—C3C 1.750(5)
C3D-C4D 1.353(8)
$4D-C4D 1.760(5)
S3D-C4D 1.750(5)
$2D-C3D 1.751(5)
S1D-C3D 1.755(6)

exceed 4.2 A, a much longer value than the van der Waals sum
of ~3.70 A for two S atoms. It is thus expected that the
strongest interaction along the stack takes place between A and
B. Furthermore, the donors are arranged in parallel columns
alternating along a, with rather long interstack S---S distances of
4 A for the shortest ones between donors belonging to
neighboring columns which are inclined by 32° with respect
each other. There is no classical organic—inorganic segregation
in the packing, since each PFy anion is surrounded by donor
molecules interacting through a complex set of H,;,,F and
Hye~F hydrogen bonds of 2.41-2.81 and 2.44—2.68 A,
respectively (Figures 3 and S4).

The structure of the racemic salt (1),PF, has been
determined both at room temperature and 100 K in order to
verify the possible occurrence of a structural phase transition
(vide infra). However, excepting the usual thermal contraction
of the cell parameters, the structure does not change. The
compound crystallizes in the triclinic system with centrosym-
metric space group P-1. In both cases one independent
molecule of donor, in a general position, and half a molecule of
anion, located on the inversion center, are contained in the
asymmetric unit. The other enantiomer together with the other
half of anion are generated through the inversion center,
therefore the mean charge on each TTF is +0.5. Accordingly,
the TTF unit is planar (Figure SS), and the central C=C and
internal C—S bond lengths (Table 3) are in agreement with a
mixed valence oxidation state for TTF. Note that similar values
for the bond lengths are measured for the low-temperature
structure.

The donors stack in parallel columns, an arrangement
reminiscent of the f structural type,”> with intrastack and
interstack S-S contacts of 3.62—3.67 A and 3.46-3.70 A,
respectively (Figure 4).

Once again all six fluorine atoms of the anion are involved in
short H;,,;--F and Hy'F contacts amounting at 2.48—2.66 A
and 2.64—2.70 A, respectively (Figure ).

dx.doi.org/10.1021/ja408350r | J. Am. Chem. Soc. 2013, 135, 17176—17186
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Figure 3. Packing diagram of [(S,S)-1],PF, in the bc plane.
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Table 3. Selected Bond Distances for [(rac)-1],PF;

bond length (A)
RT 100 K

C3—-C4 1.372(5) C3—C4 1.374(5)
S4—C4 1.739(4) S4—C4 1.745(4)
$3—C4 1.743(4) $3—C4 1.738(4)
S2—C3 1.739(4) S2—C3 1.744(4)
S1-C3 1.740(4) $1—-C3 1.746(4)
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Figure 4. Packing diagram of [(rac)-1],PF, with an emphasis on the
S-S short contacts. PF4 anions have been omitted.

Interestingly, when a mixture of 1 with 50% ee in (S,S)
enantiomer was electrocrystallized in the same conditions, in
order to check the formation of enantioenriched phases, two
types of crystals were observed, corresponding to the
enantiopure (S,S) phase and the racemic one. Very likely,
since the structural features of the two phases are quite
different, the donor prefers to crystallize in either both
structural types and not in an intermediate enantioenriched

polymorph.

17179

Conducting Properties and Band Structure Calcula-
tions. When considering the completely different solid-state
structures of the enantiopure salts compared to the racemic
one, significant differences in the conducting properties are
expected to occur. In the literature so far, the comparison
between the conducting properties of racemic and enantiopure
TTF-based radical cation salts shows that the enantiopure
phases are more conducting than the racemic one because of
the structural disorder present in the latter.“' However, in
all these examples the structures of the enantiopure and
racemic salts were identical excepting the disorder. A similar
behavior was observed when the achiral BEDT-TTF donor was
electrocrystallized into conducting mixed valence salts [BEDT-
TTF],[(NH,)Fe(Ox);] (Ox = oxalate) in the presence of
either enantiopure or racemic sec-phenethyl alcohol as
electrocrystallization solvent.”> The salt containing the racemic
solvent, which crystallized with an occupational disorder, shows
a more abrupt metal—insulator (MI) transition. In the present
series of salts, however, the structures are very different, with
the presence of charge-rich and -poor donors in the case of the
enantiopure salts and strong dimerization within the stacks.
Single crystal conductivity measurements show similar semi-
conducting behaviors for [(S,S)-1],PF; and [(R,R)-1],PF; salts,
with a low conductivity value at room temperature opy &~ 107°
S-cm™" and an activation energy, E, &~ 3900 K, deduced from a
fit of the data to a law of the type o = o, exp(E,/kT) (Figure 6).

The calculated band structures for the (S,S) (Figure 7) and
(RR) (Figure S9) are, as expected, identical, and therefore in
the following only the former will be discussed. The four
independent molecules of donors are labeled A—D according to
their central C=C bond (see Table 2), and, therefore, A and B
are the “planar” donors, while C and D are the “strongly bent”
donors.

Since the repeat unit of the donor layers contains eight
donors, the band structure of Figure 7 contains eight HOMO-
based bands. As the average donor charge is +1/2 these bands
must be filled with 12 electrons. Consequently, there is a band
gap separating the upper pair of empty bands from the filled
ones, and thus these salts must have activated conductivity, in
agreement with the single crystal resistivity measurements (see
Figure 6). The upper pair of bands is almost exclusively made

dx.doi.org/10.1021/ja408350r | J. Am. Chem. Soc. 2013, 135, 17176—17186
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Figure 5. CH---F short contacts in the structure of [(rac)-1],PFq.
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Figure 6. Temperature dependence of the electrical conductivity, o,
plotted as log o versus the inverse temperature, for single crystals of
[(5,5)-1],PF4 and [(R,R)-1],PF4 at ambient pressure. The red lines
are the fit to the data giving an activation energy E, = 3900 K.
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Figure 7. Calculated band structure for the donor layers of the [(S,S)-
1],PF, salt. T = (0, 0), X = (a*/2, 0), Y = (0, b*/2), and M = (a*/2,
b*/2).

of the HOMO of donors A and B. In contrast, the filled bands
have contributions of all donors HOMO although those of C
and D have stronger weight. These results are easy to
understand when the different |fyonmo_nomol interaction

energies are considered. The calculated values (in V) along
the stacks are: 0.6999 (A—B), 0.3662 (A—C), 0.3416 (B—D),

and 0.1143 (C—D). The interstack interactions are all quite
small with only two exceptions, 0.0302 (B—C) and 0.0319 (A—
D); they are all weaker than 0.0100. Many of the interstack
interactions are not associated with short S-S contacts or in
any case even if there have some, the energy difference between
the different HOMOs makes the interaction very small. It is
clear from these results that there is a strong interaction
between donors A and B which leads to a strong dimerization,
and thus the antibonding HOMO,—HOMOj orbital is
strongly pushed up and leads to the upper pair of bands. The
bonding HOMO,—HOMOj3 orbital is not that far in energy
from the HOMO; and HOMOp, and since the interaction
energies A—C and B—D are still considerably strong, the
bonding HOMO,—HOMOj3, HOMO, and HOMOy, interact.
Unfortunately the interaction C—D is around six times smaller
than A—B and three times smaller than A—C and B—D so that
the HOMO---HOMO interaction along the stacks is severely
cut at the C—D contact. This is why the lower filled bands
exhibit some dispersion along the stacks direction, ie. b,
although not quite strong. As expected, the interstack
dispersion is weak. In short, the strong dimerization of two
of the donors imposes the activated conductivity of the (S,S)
and (R,R) salts.

At ambient pressure, resistivity measurements on a single
crystal of [(rac)-1],PF¢ show a metallic behavior in the high-
temperature range with a rather high-conductivity value of 250
S-cm™" at room temperature (Figure 8). Then, a MI transition
occurs at Tyy = 110 K (defined as the maximum of the
derivative of log p versus 1/T); the activation energy can be
evaluated to E, = 400 K around S0 K (Figure S6).

By applying hydrostatic pressure, the room-temperature
conductivity increases linearly with a rate of 17%/kbar (Figure
S$7), and concomitantly, the MI transition is gradually shifted
toward lower temperatures, ie, Ty; = 30 K at 8 kbar.
Moreover, at 11.5 kbar the material remains metallic down to
50 mK (Figures 8 and S8), thus clearly indicating the
suppression of the MI transition under pressure.

Band structure calculations have been performed on this
[(rac)-1],PF4 salt starting from the single crystal X-ray
structures at both room-temperature and 100 K, which is
below the MI transition temperature observed in the
conductivity curve. Note that from a crystallographic point of

dx.doi.org/10.1021/ja408350r | J. Am. Chem. Soc. 2013, 135, 17176—17186
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Figure 8. Temperature dependence of the electrical resistivity p for a
single crystal of [(rac)-1],PF; for three different pressures (1 bar and 8
and 11.5 kbar). The inset shows the same data with a linear scale for
resistivity.

view the two structures are very similar (vide supra). The donor
layers of the salt contain one symmetry nonequivalent donor
and five different donor:--donor interactions labeled I-V in
Figure 9.
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Figure 9. Donor layer of the [(rac)-1],PF salt where the five different
intermolecular interactions are labeled.

The different S-S contacts shorter than 3.9 A for every
donor---donor interaction and the associated |fyomo—nomol
interaction energies for this salt are reported in Table 4.

Table 4. S-S Distances Shorter Than 3.9 A and Absolute
Values of the |fyomo-nomol Interaction Energies (eV) for
the Different Donor-*Donor Interactions in the [(rac)-
1],PFg Salt at Room Temperature

interaction S-S (<39 A) IBriomo-tomol (eV)
I 3.665 (x2), 3.670 (x2) 0.7198
1 3.628 (x2) 0.6097
I 3467 (x2), 3.782 (X2) 0.0400
v 3.571 (x2), 3.798 0.0285
Vv 3.709, 3.781, 3.896 0.0692

17181

The interactions along the stacks, although geometrically
very different, are quite similar from the viewpoint of the
HOMO---HOMO interactions. Thus, these stacks, running
along the (a—b) direction of the crystal structure, can be
regarded as quite uniform chains of interacting HOMOs.
Consequently, the two bands of the system should exhibit
strong dispersion along this direction (not far from I'=S in the
reciprocal space)** and considerably smaller along the
perpendicular direction (not far from I'=M in the reciprocal
space). The calculated band structure (Figure 10a) is in

Energy (eV)

Figure 10. Calculated band structure (a) and Fermi surface (b) for the
donor layers of the [(rac)-1],PF4 salt at room temperature. The
dashed line in (a) refers to the Fermi level and I" = (0, 0), X = (a*/2,
0), Y = (0, b*/2), M = (a*/2, b*/2), and S = (—a*/2, b*/2).

agreement with this analysis. In addition, the interstack
interactions (III—V) are 1 order of magnitude smaller, but
their contributions add to give a quite sizable dispersion to the
upper band along the interstack direction (i.e., approximately
along '>M) so that the system should be seen as a series of
considerably coupled and quite uniform stacks along the (a—b)
direction.

This is confirmed by the calculated Fermi surface (Figure
10b) which is built from a series of warped open lines
perpendicular to the stack direction. Thus, the present racemic
salt is a pseudo-one-dimensional metal at room temperature.
Note that the upper band at the M point is not far from the
Fermi level. Consequently, relatively weak structural changes
could close the Fermi surface lines which would then become
elliptical in shape (i.e., a typical two-dimensional metal). This
Fermi surface exhibits nesting vectors with an a* component
not far from 1/2. However, these vectors only lead to a partial
nesting so that the Fermi surface could be only partially
destroyed by modulations associated with such nesting vectors.
Thus, typical charge or spin density modulations are unlikely to
be at the origin of the quite abrupt MI transition of this
material.
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The calculations for the 100 K structure (Figure S10) are
very similar to those for the room-temperature structure. The
results are those one could expect by simply considering the
thermal contraction associated with the transit from room
temperature to 100 K (moderate shortening of S-S contacts
and increase of the associated HOMO---HOMO interactions).
Consequently these results are at odds with the observation of a
quite abrupt MI transition at around 120—130 K at ambient
pressure. As mentioned, a modulation either of the charge or
spin type is unlikely to lead to such transition as there is no
perfect nesting of the Fermi surface. Since the unit cell size does
not change, the possibility of an electronic localization should
be considered. In principle this kind of structural and electronic
instability in quarter-filled metals can lead to two different
“dimerizations”, i.e., charge ordered state, with an alternation of
charge-rich and -poor donors or Mott dimerization, with the
hole located within a donor dyad, both molecules of donors
being equally charged at +0.5 (Figure S11). The first situation
would be accompanied by a symmetry lowering and,
consequently, the existence of two independent donor
molecules in the asymmetric unit bearing different positive
charges. This would involve a charge differentiation of the two
enantiomers. However, refinement of the 100 K structure in the
noncentrosymmetric space group Pl did not allow any
improvement when compared to the centrosymmetric P-1
structure, but on the contrary, the quality is much lower.
Nevertheless, in order to gain more convincing proofs of the
occurrence or not of charge ordering in the low temperature
insulating state of [(rac)-1],PF,, single crystal Raman spec-
troscopy measurements have been performed on the whole
family of compounds.

Single Crystal Raman Spectroscopy Study. It is known
that the MI phase transition in the quarter-filled molecular
conductors is often related to charge-ordering (CO) originating
from Coulomb repulsion.”® Vibrational spectroscopies, both
Raman and infrared (IR) have been widely used in the
characterization of CO states in BEDT-TTF-based salts.>>~>’
Investigations of vibrational structure are usually focused on the
C=C stretching modes that display large frequency shift due
to oxidation. In particular, the Raman-active v, mode that is
assigned to totally symmetric ring C=C stretching and the IR-
active 15, mode attributed to out-of-phase ring C=C stretching
are characterized by the linear relationship between the
frequency and the charge on the molecule.””* In order to
estimate the charge localized on the donor molecules in the
(1),PF¢ family of materials, theoretical calculations of vibra-
tional modes for both the neutral 1 and radical cation 1™* have
been performed, by focusing on the C=C stretching modes
useful for the charge estimation. Three modes are found,
schematically shown in Figure 11. Here, the v, mode shows
similar displacements to the v, mode of the BEDT-TTF
molecule, vy is similar to v,;, and the v; mode is the
counterpart of v3 in BEDT-TTF. While all the three modes are
Raman-active, the vz mode displays the strongest frequency
dependence on the charge.

Figure 12a shows the experimental Raman spectrum of the
neutral 1 at room temperature in the frequency range of the
C=C stretching modes together with its theoretical spectrum.
The calculated frequencies and also relative intensities of the
three fundamental C=C stretching vibrations are in agreement
with the experimental frequencies. Accordingly, the assign-
ments for the three modes are as follows: the one centered at
1559 cm™ in the experimental spectrum as v, found in the
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Figure 11. Three fundamental charge sensitive C=C stretching
modes of the DM-EDT-TTF molecule 1.

theoretical spectrum at 1580 cm™, the one at 1527 cm™
(experimental) as vy (theoretical, 1543 cm™), and the one at
1509 cm™' (experimental) as v (theoretical, 1523 cm™).
Based on DFT calculations all the three C=C stretching
modes of interest here display significant frequency shift due to
oxidation of the donor molecule. The v, mode shifts by 65
cm™! to 1515 cm™ in 1**, the vy mode shifts by 140 cm™ to
1403 cm™’, and the v mode shifts by 80 cm™ to 1443 cm™.
Thus the most charge sensitive is the 15 mode, and this result is
reminiscent of the strong frequency dependence on charge in
the case of v, in BEDT-TTE.”” To describe the relationship
between the frequency and charge for 1 in a more quantitative
manner, room-temperature Raman spectra of a 1:1 radical
cation salt of 1 with the triiodide anion, namely [(S,S)-1](I;),
have been measured (Figure 12b). For this salt the charge on
the donor molecules is +1. Here, four vibrational features are
found, compared with the three theoretical C=C modes.
Taking into account similar frequencies, the 1501 cm™! mode
in the experimental spectrum is assigned as v, the one centered
at 1438 cm™! as v, and the mode at 1407 cm™ as the most
charge sensitive 1. The origin of the mode centered at 1476
cm™" in the spectrum of [(S,5)-1](I;) is not known yet, but its
position suggests a relation with the vy and v modes of 1
charged +0.5. Based on these findings, the relationship between
the frequency and the charge p on the DM-EDT-TTF molecule
1 for the v mode is v5(p) = 1407 + 120(1 — p) cm™.

In order to check the possibility of low-temperature charge
localization in [(rac)-1],PFq, single crystal Raman spectra of the
three members of the (1),PF; family of salts have been
investigated in the temperature range 10—300 K. While both
[(S,S)-1],PF; and [(R,R)-1],PF4 materials display similar
features with no significant temperature dependence, the
racemic material shows different Raman spectra. However,
once again, no temperature dependence was found for this salt
(Figure 13a) in spite of the quite abrupt MI phase transition at
about 120 K in the resistivity curve. The spectra measured at 10
K for all materials are compared in Figure 13b, together with
the experimental spectrum of [(S,S)-1](I;).

The single crystal Raman analysis in the case of the
enantiopure (1),PFg salts is in agreement with the structural
analysis showing the existence of four independent donors A—
D in the unit cell (vide supra), as the Raman spectra of these
semiconducting materials (Figure 13b) indicate that there are
sets of differently charged donor molecules in the structure.
The modes at 1399, 1450, and 1500 cm™ are assigned as vy,
V¢, and v,, respectively, of 1*°. A weak shoulder that appears at
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Figure 12. Experimental Raman spectra, measured with the 632.8 nm excitation line, of neutral DM-EDT-TTF 1 (a) and [(S,S)-1](L;) (b) single
crystals in the frequency range of the C=C stretching modes, together with the respective theoretical Raman spectra of 1 and 1** calculated at the
B3LYP/LanL2DZ level of theory. Note that the spectra in both panels are offset for clarity.
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Figure 13. Raman spectra in the frequency range of the C=C
stretching modes of [(rac)-1],PF¢ measured for the excitation line at
488 nm (a), and the whole series of (1),PFq salts, together with [(S,S)-
1](1,) for comparison, measured for the excitation line at 632.8 nm
(b). Note that the spectra in both panels are offset for clarity.

about 1509 cm™ is attributed to the vc mode of neutral 1.
Another mode at 1484 cm™' is most probably related to vy
and/or v¢ of 1%, This suggests that DM-EDT-TTF donor
molecules with the charges 0, +0.5, and +1 are present in the
structure within the time scale of the Raman measurements.
On the other hand, the Raman spectra of [(rac)-1],PF in
the frequency range of the C=C stretching modes basically
display two slightly broadened bands at 1463 and 1478 cm™
that differ in shape and frequency between measurements
performed using different laser excitation lines (compare
Figures 13a and 13b). This doublet structure can be very
likely related to vy and v¢ of 1'%, Another mode at about 1516
cm™" that is found in the spectra measured using 514.5 nm (not
shown) and 488 nm (Figure 13a) excitation lines is attributed
to v, of 1'%, These results are in agreement with the crystal
structure showing only one nonequivalent donor molecule in
the unit cell, with the average charge of +0.5. The observed
broadening of the 1463/1478 cm~! doublet structure could be
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related to some charge fluctuations.”® No splitting of either of
these modes is observed down to 10 K, which provides solid
evidence that the MI transition observed in the resistivity curve
is not related to a charge ordering in the material. Therefore,
the most likely explanation for MI transition is the occurrence
of a Mott “dimerization” type ordering.

B CONCLUSIONS

The enantiopure methylated donors (S,S) and (R,R)-DM-
EDT-TTF have been synthesized and structurally characterized.
The first crystalline radical cation salts based on these chiral
donors are prepared by the electrocrystallization technique
leading to the series of mixed valence salts [(S,S)-1],PF,,
[(RR)-1],PF,, and [(rac)-1],PFy structurally characterized.
While four independent donor molecules bearing different
positive charges between 0 and +1 are present in the
enantiopure salts, the racemic compound shows only one
nonequivalent donor in the mixed valence state +0.5. Single
crystal conductivity measurements supported by tight-binding
band structure calculations clearly indicate semiconducting
behavior for the enantiopure materials, while the racemic one is
metallic down to 120 K at ambient pressure. An applied
isotropic pressure of 11.5 kbar allows the suppression of the MI
transition, which is very likely of Mott-type localization
according to temperature-dependent single crystal Raman
spectroscopy measurements. The crucial role of the chiral
information is thus evidenced in this family of crystalline
conducting salts. To the best of our knowledge, this is the first
case when the racemic salt is more conducting than the
enantiopure counterparts. These results open the way toward
the preparation of new radical cation salts based on the DM-
EDT-TTF donor as a step further in the search of chiral
conductors showing synergy between chirality and electrical
conductivity.

B EXPERIMENTAL SECTION

Materials and Instrumentation. Reactions were carried
out under argon, dry solvents were obtained from solvent
drying machines. Nuclear magnetic resonance spectra were
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Table 5. Crystallographic Data, Details of Data Collection, and Structure Refinement Parameters for the Neutral Donors and

Their Radical Cation Salts

(59)-1 (RR)-1
formula CioH0S6 CioH0S6
M [g mol™'] 322.54 322.54
T [K] 293(2) 293(2)
crystal system orthorhombic orthorhombic
space group P2,2,2, P2,2,2,

a [A] 9.1424(6) 9.1575(13)
b [A] 11.0497(5) 11.0492(11)
c [A] 13.7839(11) 13.757(2)
a [°] 90.00 90.00
AN 90.00 90.00

r [°] 90.00 90.00

vV [A%] 1392.46(16) 1392.0(3)
z 4 4
Pealed [g cm™?] 1.539 1.539

u [mm™] 0.952 0.952
goodness-of-fit on F* 1214 1.064
final R1/wR2 [I > 26(I)] 0.0508/0.0880 0.0765/0.1879

R1/wR2 (all data) 0.0795/0.1027 0.1175/0.2136

[($,5)-11,PE,
CZOHZO FSPSIZ

[(RR)-1],PF¢
CZOHZO FEPS 12

[(rac)-1],PFy
CyoHyo FePSy,

[(rac)-1],PF, 100 K
CaoHyo FgPSyy

790.05 790.05 790.05 790.05
293(2) 293(2) 293(2) 100(2)
monoclinic monoclinic triclinic triclinic
P, P2, P-1 p-1
13.1473(12) 13.1431(16) 6.6660(4) 6.5771(5)
15.675(3) 15.707(2) 8.3842(8) 8.3478(10)
15.485(2) 15.474(3) 15.2213(19) 15.004(3)
90.00 90.00 86.281(8) 83.296(13)
107.286(10) 107.326(14) 77.464(7) 77.863(11)
90.00 90.00 67.141(6) 67.014(10)
3047.0(7) 3049.6(9) 765.03(13) 740.86(17)
4 4 1 1
1.722 1.721 1715 1.771
0.964 0.963 0.960 0.991
1.027 1.047 1.039 1.046
0.0549/0.1188 0.0491/0.1173 0.0540/0.1112 0.0505/0.1096
0.1073/0.1451 0.0844/0.1385 0.1037/0.1318 0.0802/0.1236

recorded on a Bruker Avance DRX 300 spectrometer operating
at 300 MHz for 'H and 75 MHz for *C. Chemical shifts are
expressed in parts per million (ppm) downfield from external
TMS. The following abbreviations are used: s, singlet; d,
doublet; dq, doublet of quadruplets; m, multiplet. MALDI-
TOF MS spectra were recorded on Bruker Biflex-IIITM
apparatus, equipped with a 337 nm N, laser. Elemental analyses
were recorded using Flash 2000 Fisher Scientific Thermo
Electron analyzer.

Syntheses. (S,5)-(4,5-Bis(methoxycarbonyl)-1,3-dithiol-2-
ylidene)-5,6-dihydro-5,6-dimethyl-1,3-dithiolo[4,5-b][1,4]-
dithiin [(5,S)-4]. (5,5)-2 (2.5 g, 10 mmol) and dimethyl 2-oxo-
1,3-dithiole-4,5-dicarboxylate 3 (4.68 g, 20 mmol, 2 equiv) were
mixed under argon in 30 mL of freshly distilled trimethylphos-
phite, and the mixture was heated at 110 °C for S h. The
solvent was evaporated in a rotary evaporator, and then 40 mL
of toluene was added and evaporated. The last procedure was
repeated twice. The product was solubilized in dichloro-
methane and passed down a silica column to remove the
remaining phosphate and then purified by chromatography
using petroleum spirit/dichloromethane 1/1 to afford a red-
brown solid (1.6 g, 37%). Red-brown single crystals were
obtained by slow evaporation of a diethylether solution. 'H
NMR (300 MHz, CDCL): § 3.83 (s, 6H, —OCH3), 3.29 (m,
2H, 4-, 5-SCH), 143 (d, 6H, J = 6.6 Hz, —CH;) ppm; “C
NMR (75 MHz, CDCL,): § 159.8 (CO,Me), 131.9 (CCO,Me),
1122, 1107, 1104, 533 (COOCH,), 44.3 (CH-Me), 21.7
(CHCH,) ppm; MS (MALDI-TOF) m/z: 4374 (Mg, =
437.92).

(R,R)-(4,5-Bis(methoxycarbonyl)-1,3-dithiol-2-ylidene)-5,6-
dihydro-5,6-dimethyl-1,3-dithiolo[4,5-b][1,4]dithiin [(R,R)-4].
The same synthetic procedure was followed as for the (S,S)
enantiomer starting from (R,R)-2. Yield 37%.

(5,S)-DMEDT-TTF [(S,5)-1]. (5,5)-4 (0.66 g, 1.5 mmol) and
LiBr (2.34 g, 27 mmol, 18 equiv) were mixed in 60 mL of
dimethylformamide. The solution was stirred at 150 °C for 30
min, the formation of the product being monitored by TLC.
The product was extracted with dichloromethane, and the
organic phase was washed with brine and water and then dried
over MgSO,. The solvent was removed under vacuum, and the

17184

product was purified by chromatography on a silica column
with petroleum spirit/dichloromethane 1/1 to afford a yellow
orange solid (0.24 g, 40%). '"H NMR (300 MHz, CDCL,): §
632 (s, 2H, —=SCH=), 3.19 (m, 2H, 4-, 5-SCH), 1.42 (d, 6H, |
= 5.7 Hz, —CHj,) ppm; *C NMR (75 MHz, CDCl,): § 118.9
(=SCH=), 118.0, 104.3, 44.3 (CH-Me), 21.7 (CHCH;) ppm;
MS (MALDLTOE) m/z: 3219 (M, = 321.91); Elemental
analysis caled. (%) for CgH,¢Ss: C 37.23, H 3.12, S 59.64;
found: C 37.35, H 3.05, S 59.00.

(R,R)-DMEDT-TTF [(R,R)-1]. The same synthetic procedure
was followed as for the (S,S)-1 enantiomer starting from (R,R)-
4. Yield 37%. MS (MALDL-TOF) m/z: 321.9 (M, = 321.91);
Elemental analysis caled. (%) for C;oH,(Ss: C 37.23, H3.12, S
59.64; found: C 37.44, H 3.06, S 59.81.

[(5,5)-1],PFs Twelve mg of [NBu,]PF was dissolved in 6
mL CHCI;, and the solution was poured into the cathodic
compartment of the electrocrystallization cell. The anodic
chamber was filled with S mg of [(5,5)-1] dissolved in 6 mL
CHCl,. Single crystals of the salt were grown at 20 °C over a
period of 2 weeks on a platinum wire electrode, by applying a
constant current of 0.5 yA. Solid black plates were collected on
the electrode.

[(RR)-1],PFs. Same conditions and amounts as previously
described were employed.

[(rac)-1],PFs. Twelve mg of [NBu,]PF4 was dissolved in 6
mL CHCI;, and the solution was poured into the cathodic
compartment of the electrocrystallization cell. The anodic
chamber was filled with S mg of (rac)-1, prepared from 2.5 mg
[(5S5)-1] and 2.5 mg [(R,R)-1] dissolved in 6 mL CHCl,.
Single crystals of the salt, as thin brown plates, were grown in
solution at 20 °C over a period of 10 days, by applying a
constant current of 0.5 yA on a platinum wire electrode.

Enantioenriched Mixture of 1. Twelve mg of [NBu,]PF4
was dissolved in 6 mL CHCI,;, and the solution was poured into
the cathodic compartment of the electrocrystallization cell. The
anodic chamber was filled with 1.25 mg of (R,R)-1 and 3.75 mg
of (5,5)-1) (50% ee of (S,S)-1) dissolved in 6 mL CHCIl;. Two
types of crystals were clearly formed. Single crystals of the
enantiopure [(S,S)-1],PF; salt were grown at 20 °C over a
period of 7 days on the platinum wire electrode, by applying a
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constant current of 0.5 pA, while crystals of the racemic [(rac)-
1],PF, salt were collected from the bottom of the cell.

Crystallography. X-ray diffraction measurements were
performed on a Nonius Kappa CCD diffractometer, using
graphite-monochromated MoK, radiation (4 = 0.71073 A).
The structures were solved (SHELXS-97) by direct methods
and refined (SHELXL-97) by full-matrix least-squares
procedures on F2*’ The non-H atoms were refined with
anisotropic displacement parameters. A summary of the
crystallographic data and the structure refinement is given in
Table S. CCDC reference numbers: CCDC 955148 (S,5)-1,
CCDC 955149 (R,R)-1, CCDC 955150 [(S,5)-1],PF,, CCDC
955151 [(RR)-1],PF, CCDC 955152 [(rac)-1],PF, and
CCDC 955153 [(rac)-1],PF¢ at 100 K. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Single Crystal Conductivity Measurements. Electrical
resistivity was measured on platelet-shaped single crystals using
a four point method. Four gold contacts were evaporated on
both faces of the crystals, and gold wires were glued with silver
paste on those contacts. A low-frequency (<100 Hz) lock-in
technique with a measuring current I,. = 1 A was used for
resistance values lower than 50 k€2, while higher resistances
were measured with dc currents ranging from 100 to 0.5 nA.
Resistivity measurements were also performed under high
hydrostatic pressure in a CuBe clamped cell up to 12 kbar with
silicon oil (Daphne 7373) as the pressure transmitting medium.
The pressure at room temperature was extracted from the
resistance of a manganin gauge in the pressure cell, and it is this
value that is indicated in the figures. However, the loss of
pressure during cooling is estimated to 2 kbar. A copper-
constantan thermocouple inside the pressure cell was used as
the thermometer. Resistivity measurements were performed in
the range 15—300 K using a cryocooler equipment except for
the highest pressure experiment which has been performed in a
dilution refrigerator down to 50 mK.

Band Structure Calculations. The tight-binding band
structure calculations were of the extended Hiickel type.’® A
modified Wolfsberg—Helmholtz formula was used to calculate
the nondiagonal H,, values.®" All valence electrons were taken
into account in the calculations, and the basis set consisted of
Slater-type orbitals of double-{ quality for C 2s and 2p, S 3s and
3p, and of single-{ quality for H. The ionization potentials,
contraction coeflicients, and exponents were taken from
previous work.>

Single Crystal Raman Spectroscopy. Typical dimensions
of single crystalline samples used in measurements were 0.4 X
0.1 X 0.1 mm?® ([(rac)-1],PF¢) and 0.3 X 02 X 0.1 mm?®
(([(R,R)-1],PF¢ and [(S,S)-1],PF;). The optical axes of the
crystals were determined as those displaying the largest
anisotropy at 300 K. Raman spectra for the electrical vector
of the laser beam parallel to the direction of the maximum C=
C stretching band intensity were measured in a backward
scattering geometry with a Raman LABRAM HR800
spectrometer equipped with a microscope. He—Ne (4 =
632.8 nm) and Ar (1 = 514.5, 488 nm) laser lines were used
with power reduced to about 0.1 mW to avoid sample
overheating. The spectra were recorded with spectral resolution
of 2 em™! at several temperatures between 10 and 300 K, and
the temperature was controlled with an Oxford Instruments
continuous-flow cryostat. Room-temperature Raman spectra of
reference materials, neutral DM-EDT-TTF 1 (polycrystalline

sample) and [(S,S)-1](I;) salt (single crystals) were also
measured.
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