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One foot out of the grave. Forgotten BVDT-TTF and EVT-TTF organic donors are reintroduced and
their conducting salts’ physical properties studied through a wide array of techniques.



Abstract

Herein are reported the synthesis, in-depth structural description and conducting properties of various
salts of the symmetric bis-vinylenedithio-tetrathiafulvalene (BVDT-TTF) and dissymmetric ethylene-
vinylenedithio-tetrathiafulvalene (EVT-TTF). Compared to the omnipresent bis-ethylenedithio-
tetrathiafulvalene (BEDT-TTF) these two closely related and easily synthesizable organic donors have
been reported ca. 200 times less in the literature. Four new structures of organic conductors are herein
investigated and analysed through a battery of techniques, including X-ray analysis on single-crystals,
conductivity measurements, Raman spectroscopy and band structure calculations. All materials exhibit
semiconducting behaviours with conductivities in the 103 to 10! S/cm range at RT and ambient
pressure. The impact of the structural or electronic disorder on the conductivity and dimensionality of

the bands is examined.



1. Introduction

The bis-ethylenedithio-tetrathiafulvalene (BEDT-TTF) donor is one of the most important
representatives of the tetrathiafulvalene (TTF) family of electroactive precursors for molecular

6 Jts radical cation salts are generally obtained by the

conductors and superconductors.
electrocrystallization technique, a wide variety of counter-ions having been used so far,”® which
allowed the access to many high T. superconductors (with T, above 10 K).>*3 They often display a
typical 2-D band structure thanks to efficient intra- and interstack orbital overlap interactions. For
example, the BEDT-TTF salt with Cu [N(CN)].X" (X = Cl, Br, 1) is superconductive below 10 K,* while
o-BEDT-TTF.l; is metallic at room temperature and superconducting below 1.4 K.}**> Furthermore,

their use in chiral salts or as ligands for metal complexes provided multifunctional materials where

conductivity, chirality, luminescence, redox activity and/or magnetism are intrinsically linked. 1620

On the other hand, the structurally related but unsaturated compounds bis-vinylenedithio-
tetrathiafulvalene (BVDT-TTF) and ethylene-vinylenedithio-tetrathiafulvalene (EVT-TTF) have been far
less reported in the literature. On the Scifinder database, over 5000 papers are reported for BEDT-TTF,
while only 16 and 7 scientific reports do exist for BVDT-TTF 213! and EVT-TTF,3%33.2734°37 ragpectively.
Amongst these, only 2 papers reported the X-ray structures of single-crystals for BVDT-TTF salts
(PFs)?>% and two for EVT-TTF salts (PFe, AsFe, and Pt(CN)s>)?"3® despite the fact that early reports
described conductive salts, though without structures, with the ReO4, ClO4 or I3 anions, amongst
others. Nogami et coll. reported in a comparative study that the two-dimensional nature of the band
structure is increasing in the series BVDT-TTF — EVT-TTF — BEDT-TTF along with the loss of

unsaturation.?’

The stringent lack of structural data on these organic donors, despite their close proximity with the
ubiquitous BEDT-TTF structure, pushed us to investigate their combination with various anions and
study in depth the structure-property relationship of the obtained materials. Herein, we report the
modified synthesis of the organic donors EVT-TTF and BVDT-TTF, their electrocrystallization and X-ray
structures of the corresponding radical cation salts. Conductivity measurements on single-crystals
along with band structure calculations and Raman spectroscopy investigations unveil the charge-

transport properties of these two under-reviewed organic donors.

2. Results and discussion
2.1 Synthesis of donors and of their crystalline radical cation salts

The EVT-TTF and BVDT-TTF syntheses have already been described in the literature through the
elimination of an ethoxy leaving group for the formation of the unsaturated thione 2 as intermediate,

with a ca. 15% yield.”® Here, the compound 2 was obtained in a 25% yield through refluxing



(ethenylsulfinyl)benzene with the trithione 1% as reported by Garin et al. (Scheme 1).3° A direct
phosphite-mediated coupling of 2 with ethylene-dithiol-one yielded a mixture of products unseparable
on column chromatography. A phosphite mediated coupling of 2 with bis(thiopropionitrile)-dithiol-one
afforded 3 in 36% vyield, and subsequent deprotection in basic media in the presence of 1,2-

dibromoethane yielded EVT-TTF in 78% yield.

The ketone 4, obtained by transchalcogenation of the thione 2, self-reacts in a phosphite mediated

coupling to obtain the BVDT-TTF with a 70% vyield.
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Scheme 1 Synthesis of BVDT-TTF and EVT-TTF. i) xylenes, A ; ii) bis(thiopropionitrile)-dithiol-one, P(OMe)s, A ; iii)

EtONa, EtOH, 1,2-dibromoethane ; iv) Hg(OAc)2, CHCIz/AcOH, RT ; v) P(OMe)s, A.

BVDT-TTF has yielded suitable single crystals when electrocrystallized in the presence of TaFs or ReOys,
and EVT-TTF in presence of ClO4". Furthermore, slow diffusion of I, in a solution of BVDT-TTF provided
crystals of triiodide salts of BVDT-TTF suitable for SCXRD, as reported elsewhere but without any

crystal structure.?®

Upon combination of BVDT-TTF and TBATaFgin chloroform at RT with a 1 pA current for one week into
an U-shaped cell, large purple blocks of BVDT-TTF(TaFs) were obtained. BVDT-TTF stands in its radical
cationic form. The crystal is in the orthorhombic Pnnm space group, the measurement was made at
200 K (Table S1 ESI) and the asymmetric unit contains one fourth of a donor and one fourth of an anion,
without any additional guest or solvent molecules. The plane defined by the bis-thiovinylene moieties
of BVDT-TTF is tilted by a 131.7° angle regarding to the plane defined by the eight sulphur atoms of
the molecule, with an inversion centre lying on the central bond and a C; symmetry axis running along
this central C=C bonds (Fig. 1). BVDT-TTF forms 1-D stacks along the a-axis where the planes between

two molecules are distant of 3.67 A, which also corresponds to the shortest observed S-S distance of



3.678(2) A. Adjacent 1-D stacks form a H-bonded network along the b-axis with the TaFs anions,
characterized by dcy.f of 2.45 and 2.81 A. Finally, lateral S-S interactions between BVDT-TTF molecules
standing in two different 1-D stacks are observed with dss = 3.564(2) A (Fig. 1a - highlighted in red).
Therefore, an anisotropic band structure (see below) with a strong dispersion along the a axis is

expected.
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Fig. 1 X-ray crystal structure of BVDT-TTF(TaFs) viewed along a) the a axis and b) the c axis (Carbon: grey ; Sulphur
:yellow ; Tantalum : blue ; Fluorine : green ; Hydrogen : white). For the sake of clarity the TaFs anions have been

removed on b).

Upon diffusion of |, vapours into a solution of BVDT-TTF in dichloromethane, large purple plates were
obtained and characterized by SCXRD. The space group is orthorhombic Pnma, the measurement was
made at 200 K (Table S1 ESI) and the asymmetric unit contains one half of a BVDT-TTF and one fifth of
a disordered I5” molecule. Raman spectroscopy confirmed the presence of 5~ but also the presence of
L-shaped Is (see the ESI). The molecule of BVDT-TTF is bent with a 132.5° angle between the vinylene
moiety and the plane defined by the eight sulphur atoms (Fig. 2c). The molecules are stacking along
the a axis, with an intermolecular distance of 3.46 A between the planes of two molecules (Fig. 2a and
c), but a shortest S-S distance of 3.73(6) A. The larger S-S distance compared to BVDT-TTF(TaFe) is
related to a sliding of the molecules along the axis of the stacks, and thus the sulphur atoms are not
perfectly standing one above the other. Molecules from two adjacent stacks form numerous lateral S-

S interactions in the 3.45 to 3.77 A range, thus creating a dispersive band in the ab plane (Fig. 2b). The



triiodide ions are strongly disordered along the a axis. In the Fig. 2d are represented the three
disordered positions in blue, white and red colours. The occupancies are given for the iodine atoms in
red. If only the red atoms are considered, the distances between two iodine atoms are in the 2.84-2.85
(2) A range, which is typical for an I-I covalent bond. Three atoms with 40-20-40% occupancies,
respectively, are almost perfectly co-linear with a 179.2° angle. This represents one triiodide molecule
with a 20% occupancy, both external atoms having a 40% occupancy shared with the next molecule in
the chain (of the same colour). The next three red atoms with 20-40-20% occupancies, respectively,
form a 170.7° angle. The presence of I3” was confirmed by Raman spectroscopy (see below and ESI)

along with Is” that we could not directly observe crystallographically.
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Fig. 2 X-ray crystal structure of (BVDT-TTF)2.5(ls) a) viewed along the a axis. Details showing b) the intermolecular
S-S distances between two molecules from adjacent stacks viewed along the a axis, c) a side-view along the b
axis of a single stack of BVDT-TTF and d) a schematized view of the disorder of the triiodide counter-anions along
the b axis (Carbon: grey ; Sulphur : yellow ; lodine : purple ; Hydrogen : white).

Upon combination of BVDT-TTF and TBAReO,in tetrachloroethane at RT with a 1 pA current for 1 week
into an U-shaped cell, small plate crystals of (BVDT-TTF)2(ReO,) were obtained. Several crystalline
plates were overlayed, thus the crystals were subject to twinning. The space group is monoclinic C2/m
and the measurement was made at 200 K (Table S1 ESI) and the asymmetric unit contains half of a

BVDT-TTF and one molecule of disordered ReOs” with a 25% occupancy. The BVDT-TTF is bent, with a



133.3° angle between the vinylene group and the plane defined by the eight sulphur atoms (Fig. 3c).
The overall packing motif is reminiscent of the one obtained with (BVDT-TTF).s(ls) (Fig. 3a). Here, the
molecules form stacks along the c-axis, with intermolecular distances of 3.50 A between the two
molecular planes (Fig. 3a and c) and S-S distances between 3.725(6) and 3.825(7) A. As represented on
Fig. 3b, two BVDT-TTF molecules from adjacent stacks are engaged in a series of S-S interactions, with
intermolecular dss in the 3.43-3.81 A range, thus creating a dispersive band in the bc plane. The
perrhenate anions are disordered over 4 positions along the ¢ axis, and are engaged in H-bonding

through their oxygen atoms and the vinylic C-H, with distances dcu.0in the 2.45-2.76 A range.
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Fig. 3 X-ray crystal structure of (BVDT-TTF)2(ReOs) a) viewed along the c axis. Details showing b) the
intermolecular S-S distances between two molecules from adjacent stacks viewed along the c axis, and c) a side-
view along the b axis of one stack of BVDT-TTF (Carbon: grey ; Sulphur : yellow ; Rhenium : blue ; Oxygen : red ;
Hydrogen : white).

EVT-TTF provided crystals with perchlorate counter-ions in dichloromethane with a 1 pA current after
1 week. The X-ray crystal structure is resolved in the monoclinic P2;/c space group and the
measurement was made at 297 K (Table S1 ESI). The asymmetric unit contains one EVT-TTF molecule

along with a ClO4 anion disordered over two positions with 50% / 50% occupancies, and half of a



dichloromethane molecule. The angle between the vinylidene moiety and the plane of the molecule is
130.9°. The ethylene group is not disordered. Two donors are forming a head-to-tail dimer whose
planes are separated by 3.42 A (Fig. 4b). These dimers are surrounded by perchlorate and
dichloromethane molecules. Two adjacent dimers are connected through lateral S-S interactions along
the ac plane with distances in the 3.67-3.98 A range, thus creating a conducting pathway along the ac

plane.

Lo

NS
T £

Fig. 4 X-ray crystal structure of (EVT-TTF)(ClO4)-0.5(CH:Cl:) a) viewed along the a axis. Details showing b) a side-
view of the EVT-TTF dimer and c) a front-view of the EVT-TTF dimer (For the sake of clarity, solvent molecules
and anions have been omitted on (a), and disordered molecules have been omitted for the sake of clarity on (b)
and (c) (Carbon: grey ; Sulphur : yellow ; Chlorine : green ; Oxygen : red ; Hydrogen : white) ).



Guionneau et al. have shown that the charge of a BEDT-TTF molecule was directly correlated to the
bond lengths.*® Interestingly, this method is transferable to the BVDT-TTF and EVT-TTF scaffolds thanks
to their resemblance with the BEDT-TTF (Table 1). For (BVDT-TTF),(ReO.), the lower X-ray data quality
is at the origin of the mismatch between the experimental and calculated values, and the calculated

value is indicated in brackets.

Conductivity measurements were performed on single crystals with a two-contact method, due to the
limited size of the crystalline samples. One crystal of (EVT-TTF)(ClIO4) was large enough to be measured
with a four-probe method and gave similar resistivity values, indicating that the contact resistance is
not predominant in these systems. Despite different stoichiometries, all compounds exhibit room
temperature conductivities between 102 and 10 S/cm (Table 1) and semi-conducting behaviours

when cooling down (Fig. S1-S3 ESI).

Table 1. Summary of stoichiometries and single-crystal conductivities for BVDT-TTF and EVT-TTF salts obtained.
The estimated accuracy of the calculated charge is +/-0.1, as reported by Guionneau et al. *° * Value

mismatching because of the lesser X-Ray data quality and uncertainty on bond lengths.

. . Calculated charge of Single crystal conductivity
Donor Anion Stoichiometry ] 4
the organic donor *° (S/cm, 290K)
BVDT-TTF TaFg 1:1 +1.03 5-102
BVDT-TTF I3 25:1 +0.27 3.510%
BVDT-TTF ReO4 (-0.2)* 2:10°
EVT-TTF Clos +1.09 2-102

2.2 Band structure calculations

The correlation between crystal structure and transport properties of the reported salts was studied
by means of first-principles DFT (density functional theory) calculations for (BVDT-TTF).5(ls), BVDT-
TTF(TaFs) and EVT-TTF(ClO4)-0.5(CH:Cl;). The X-ray data quality for (BVDT-TTF),(ReO4) was not

sufficient for calculations.

(BVDT-TTF)25(1s) and BVDT-TTF(TaFs) contain uniform donor chains, although the short S-S contacts
build a 3D lattice in the second but a 2D one in the first. In contrast, EVT-TTF(ClIO4)-0.5(CH,Cl;) contains

chains of donor dimers building a 2D lattice of short S-S contacts.
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Fig. 5 Band structure for EVT-TTF(CIOa) -0.5(CH:Clz) where I" = (0, 0, 0), X = (a*/2, 0, 0), Y = (0, b*/2, 0), Z= (0, O,
c*/2), M= (a*/2,b*/2,0), N=(a*/2,0, c*/2) and R = (a*/2, b*/2, c*/2). Because of disorder, only donor molecules
were included explicitly in the calculation while anions and solvent molecules were replaced by a uniform
background charge.

The calculated band structure for EVT-TTF(ClO4):0.5(CH.Cl;) is shown in Fig. 5. Since the unit cell
contains two layers of dimerized chains (four donor molecules per unit cell), the band structure
contains two pairs of bands, each one associated with one layer and mostly build from the HOMO

(highest occupied molecular orbital) of the donors. The two bands in each pair are practically

degenerated because there are no short interlayer S-S contacts. The splitting between the two HOMO
levels in an isolated dimer is calculated to be = 0.48 eV and this is also the separation between the
centres of the two pairs of bands in Fig. 5. Thus, the lower/upper pair of bands are built from the
bonding/antibonding combinations of the HOMOs within the dimers. Because of substantial HOMO-
HOMO overlaps, the two pairs of bands acquire dispersion along both the chain (I"-X) and the inter-
chain (I'-Z) directions and on account of the 1:1 stoichiometry only the lower pair of bands is filled.
The bottom of the empty bands and the top of the filled bands occur at the R point and they are

separated by a gap of 76 meV.

The unit cell of the orthorhombic structure of BVDT-TTF(TaFs) (see Fig. 1) contains two uniform donor

chains which build a 3D lattice of S-S interactions. The DFT band structure assuming double
occupation of the levels is shown in Fig. 6 (note that a double cell along the chain direction (a) has
been used so that the two bands are folded in this figure). The two bands exhibit a large dispersion
along the chain direction (I'-X) but a very small one along the other directions (I"-Y and I'-Z). Because
of the 1:1 stoichiometry only half of the levels are filled and the salt would be predicted to be a 1D
metal according to these calculations. The Fermi surface is strongly 1D, i.e. contains very slightly

warped parallel lines, and thus a metal-to-insulator transition associated with a dimerization along the



chains would be predicted. The fact that the 290 K conductivity measurements indicate a
semiconducting behaviour and the 1:1 stoichiometry suggests that, despite the substantial band
dispersion, electronic repulsions take over and localize one unpaired electron on each donor. To test
this idea we carried out spin-polarized calculations using a double unit cell along the chain direction to
be able to consider an antiferromagnetic situation. The AF state was calculated to be the ground state
of the system and is found to be 28.0 meV/donor more stable than the metallic state. Note the large

gap opened in the band structure of the AF state (see Fig. 6b) which is almost twice larger than in the

(BVDT-TTF-Py,)"*-CdCl,-15 salt of a related donor for which the stabilization of the AF state with respect
to the metallic state is very similar (34.0 meV/donor).*! The width of the partially filled band in the
present compound is very large (~0.8 eV, between two and three times larger than in (BVDT-TTF-Py,4)**-
CdCl,-15") thus providing a strong bias for electronic delocalization so that strong antiferromagnetic
interactions are needed to stabilize the localized state. The semiconducting character of the EVT-
TTF(Cl04)-0.5(CHCl;) and BVDT-TTF(TaF¢) salts have thus completely different origins, i.e. structural

vs electronic dimerization, respectively.
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Fig. 6 Band structure for the (a) metallic and (b) antiferromagnetic (along a), states of BVDT-TTF(TaFs) using a
double cell along a. The energy zero refers to the highest occupied state in both casesand I' = (0, 0, 0), X = (a*/2,
0,0),Y=(0,b*/2,0),Z= (0,0, c*/2), M= (a*/2, b*/2, 0) and N= (a*/2, 0, c*/2). In (b) the spin-up and spin-down
bands are shown in blue and red, respectively. However, since the spin-up and spin-down bands are identical,
although located in spatially different but equivalent sites, they superpose and only the blue bands are visible.

The crystal structure for the (BVDT-TTF).s5(ls) salt contains uniform donor chains similar to those of
BVDT-TTF(TaFs). However, the chains in (BVDT-TTF).5(ls) are not really uniform because of the
disorder in the anionic sublattice and the determined crystal structure is an average structure where

the donor chains are apparently uniform. The inter-planar donor separation is now 0.21 A shorter, so



that bands with stronger dispersion along the chains (a-direction) can be expected. At the same time,

there are more and shorter inter-chain S-S contacts, so that a 2D character may be anticipated in the
ab layers. The DFT band structure for the hypothetical metallic state is reported in Fig. 7a. The two
bands along the directions parallel to chains are separated by a shift of around 0.1 eV, whereas they
were almost superposed in BVDT-TTF(TaFs). This clearly indicates a stronger interaction between the
chains in (BVDT-TTF)..5(13) and thus a more pronounced 2D behaviour. However, in contrast with the
initial expectations, the band dispersion along the chains (I'-X) is now around 28 % smaller. The reason
is that the HOMO-HOMO overlap along the chain is a bit different in the two salts because of the
different interaction with the anions. In BVDT-TTF(TaFs), six of the S atoms are just on top of those of
the adjacent donor so that the six pairs of S p, orbitals of the HOMO interact very strongly. In (BVDT-
TTF)25(15) there is a sliding of one donor with respect to the adjacent one and the interaction is thus
smaller, even if the inter-planar separation is shorter. A very important feature of the present salt is
that there is one hole every 2.5 donors, i.e. the bands are 3/5-filled, whereas in BVDT-TTF(TaF¢) they
are half-filled. Both the larger filling of the bands and the stronger inter-chain interactions make the
hypothetical metallic state associated with Fig. 7a less 1D. In fact, the calculated Fermi surface contains

both 1D and 2D contributions.
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Fig. 7 (a) Band structure for the hypothetical metallic state of (BVDT-TTF)2.5(I3) where T"=(0, 0, 0), X = (a*/2, 0,
0),Y=(0,b*/2,0),2=(0,0,c*/2), M= (a*/2, b*/2,0) and N=(a*/2, 0, c*/2). Discrete (donorm)™ (b)and (donors)?*
(c) units discussed in the text.

The high but activated conductivity of (BVDT-TTF)..5(ls) could be attributed to the effect of the electron
repulsions and this idea will be tested by carrying out spin-polarized calculations. However, let us first
consider the strong disorder of the Is” groups, which must also play a very relevant role. It is well

established that the hydrogen bonding interaction between the hydrogen atoms of the donors and the



two outer iodine atoms of the Is” groups, which are those bearing the charge, plays a crucial role in
molecular conductors.* For instance, these interactions are at the origin of the long debated charge-
ordering transition of a-(BEDT-TTF)213.%>*3 The Huonor+*| interactions will certainly induce small breaks
in the uniformity of the chains (either through donor sliding, donor-donor separations or intra-donor
changes) leading to the creation of a disordered set of (donorm,)™ units (Fig. 7b). For instance, that
shown in Fig. 7c would be especially well adapted to an average +0.4 charge although the real chain is
certainly not an ordered succession of such units. Some delocalization of the spin density within the m
donor units certainly occurs in comparison to the localized case depicted in Fig. 7. By combining units
with different n and m values, the average 1:2.5 stoichiometry of the structure of (BVDT-TTF),s(l3) can
be obtained. The creation of these disorder-induced units will structurally localize the electrons and

create small energy gaps responsible for the activated, but relatively high conductivity of the salt.

The role of electron repulsions in localising the electrons was assessed through spin-polarized
calculations using a uniform background instead of real anions and the uniform structure of the chain.
A proper consideration of antiferromagnetic interactions for the 1:2.5 stoichiometry or similar ones
requires the use of large unit cells along the chain. For instance, a cell with ten donors along the chain
is required for the present salt. Consequently, we have carried out spin-polarized calculations for an
isolated chain as in (BVDT-TTF)..5(l5) with different average charges and introduced ferromagnetic or
antiferromagnetic interactions. However, we could not stabilize any gapped localized state with
ferromagnetic or antiferromagnetic interactions along the chain in the case of a +0.4 average charge.
This result may be surprising when noting that the calculated band dispersion along the chains is
smaller than in EVT-TTF(ClO,4)-0.5(CH,Cl;) thus suggesting a smaller bias for delocalization. However, it
is in agreement with more formal condensed matter approaches showing that the proclivity to
localization because of electron repulsions is maximal for a half-filled band.** We thus believe that the
electronic repulsions are not especially relevant to understand the activated nature of the conductivity
of (BVDT-TTF).5(ls) and conclude that the conductivity in this salt is essentially governed by the
disorder due to local distortions induced by the Hgonor*:l interactions that break the uniformity of the
donor chains. Otherwise, the system could be metallic. Consequently, although pressure may certainly
increase the conductivity by strengthening HOMO-HOMO interactions and lead to an increase of the
bandwidth, a real metallic behaviour is not expected to be achieved as long as a strong anion disorder

persists.

The mechanism of the activated conductivity of the three salts examined here originates from three
different mechanisms. The two salts with a 1:1 stoichiometry exhibit two different types of
dimerization: a structural dimerization in EVT-TTF(Cl04)-0.5(CHxCl,) but an electronic dimerization (i.e.

antiferromagnetism) in BVDT-TTF(TaFs). The conductivity is thus determined by the magnitude of the



band gap and the shape of the bands around this gap in the first salt, but by the strength of the
electronic repulsions in the second. In contrast, the high but activated conductivity of (BVDT-TTF)..5(ls)
is governed by the small gaps induced by disorder. In fact, if it were not for disorder, this salt would
most likely exhibit a quite stable metallic behaviour because of the simultaneous occurrence of robust
chains, the uncommon 1:2.5 stoichiometry and relatively strong inter-chain interactions. The proclivity
of BVDT-TTF to build up robust chains, because of the planarity and easiness to bend of the bis-
thiovinylene moieties, offers the possibility to control the structural and transport properties of its
most likely pseudo-one-dimensional radical cation salts. As shown by BVDT-TTF(TaFs) and (BVDT-
TTF)25(13), both the strength of the intra-chain interactions (induction of slight sliding) and the inter-
chain interactions (very weak vs. substantial coupling of the chains) can be tuned with appropriate

anion changes.
2.3 Raman spectroscopy

Similar to a wide range of the low-dimensional molecular conductors,* the crystal structure of the
BVDT-TTF and EVT-TTF salts is characterized by the presence of two-dimensional interactions between
donor molecules in the conducting layer. On the other hand, unlike BEDT-TTF and many others TTF-
derived donor molecules, both BVDT-TTF and EVT-TTF exhibit significant bending that leads to a
unique arrangement of the donor molecule stacks in the crystal structure. Nevertheless, considering
the shape of the frontier orbitals for BVDT-TTF (Fig. 8) and EVT-TTF (Fig. 9), which show a charge
density mostly concentrated in the flat central part of the molecules, we can expect the presence of
similar Mott or charge-ordered insulating phases which depend on the strength of the onsite and

intersite electronic Coulomb correlations within the structure and differ in the charge distribution.*

R0 X o

Fig. 8 Frontier molecular orbitals: HOMO (Highest Occupied Molecular Orbital) of the neutral BVDT-TTF (left),
and a-SOMO (Single Occupied MO) of the BVDT-TTF*™* radical cation (right), calculated by DFT methods.
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Fig. 9 Frontier molecular orbitals: HOMO (Highest Occupied Molecular Orbital) of the neutral EVT-TTF (left), and
a-SOMO (Single Occupied MO) of the EVT-TTF*™* radical cation (right), calculated by DFT methods.




In order to estimate the oxidation states of the BVDT-TTF and EVT-TTF molecules in their salts, Raman
spectroscopy was used similarly to reports for BEDT-TTF salts,*® in combination with the DFT
calculations of the vibrational modes for the neutral and the radical cation with the charge +1e. We
focused on the C=C stretching mode, which is observed in the frequency range 1300 — 1600 cm™ and
characterized by a strong and linear frequency dependence on charge.**® The schematic pattern of
the mode labelled as vc for the BVDT-TTF and EVT-TTF cations is shown in Fig. 10 (upper panels). While
the vc mode is restricted to the central double C=C bond in the case of BVDT-TTF, it also involves out-

of-phase stretching of the two lateral double C=C bonds for EVT-TTF.
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Fig. 10 The schematic patterns of the charge-sensitive C=C stretching vc mode (upper panels) and the out-of-
plane C-S stretching vs mode (lower panels) of the BVDT-TTF"* cation (left) and the EVT-TTF™* cation (right), based
on the DFT calculations.

Fig. 11 shows the room temperature Raman spectra of (BVDT-TTF)(TaFs), (BVDT-TTF),(ReO4), (BVDT-
TTF)25(15), and (EVT-TTF)(CIO4) in the frequency range of the stretching C=C vibrations together with
the theoretical Raman spectra of the isolated BVDT-TTF and EVT-TTF donor molecules, both the
neutral and the cation. The vc mode appears in the theoretical spectra at about 1500 cm™ for the
neutral and at 1382 cm™ for the cation, resulting in a frequency difference of about 120 cm™ upon
oxidation of BVDT-TTF/EVT-TTF, similar to BEDT-TTF.*® The Raman spectra of (BVDT-TTF)(TaFs),
(BVDT-TTF)2(ReOs), and (BVDT-TTF).s(ls) in Fig. 11a are characterized by a broadened shape,
suggesting a semiconducting behaviour with a low-lying electronic charge transfer excitation that can
couple with C=C stretching modes due to the electron-molecular vibration (EMV).* We assign the
broad features, at ~1416 cm™ as the vc mode of BVDT-TTF*?, and at ~1474 cm™ as the vc mode of
BVDT-TTF*>%/%4 Taking the stoichiometry into account, the formal charge on the BVDT-TTF donor
molecule is +1e for (BVDT-TTF)(TaF¢), +0.5e for (BVDT-TTF);(ReQ4), and +0.4e for (BVDT-TTF),.5(ls).
Therefore, the presence of both BVDT-TTF** and BVDT-TTF*>/%4 molecules in the structure of these
three salts with different stoichiometries suggests some degree of disorder and/or charge-ordering in

the conducting plane. Unlike the other materials presented here, the Raman spectrum of (EVT-



TTF)(Cl04)-0.5(CH,Cl,) (Fig. 11a) in the 1350 — 1500 cm frequency range shows three relatively narrow
features that are close to the corresponding modes in the theoretical spectrum of the EVT-TTF cation,
both in terms of frequencies and relative intensities (Fig. 11b). Thus, only EVT-TTF*! cations are present
in the structure, in agreement with the stoichiometry. The frequencies of the vc mode are summarized

in Table 2.
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Fig. 11 (a) Raman spectra of (BVDT-TTF)(TaFe), (BVDT-TTF)2(ReOs), (BVDT-TTF)2s(ls), and
(EVT-TTF)(ClO4)-0.5(CH2Cl2) measured at room temperature with the 632.8 nm excitation line, in the frequency
range of the C=C stretching vibrations; the spectra show the presence of the vc modes associated with the donor
molecules of charge +1e and +0.5e; (b) theoretical Raman spectra of the isolated BVDT-TTF and EVT-TTF donor
molecules, both the neutral and the cation, calculated at the B3LYP/6-31+ +G(d,p) level of theory; the theoretical
spectra of the neutral BVDT-TTF and EVT-TTF have been multiplied by a factor of 10. The spectra in both panels
are offset for clarity.

Table 2. The position in cm™ of the charge-sensitive C=C stretching vc mode of BVDT-TTF/EVT-TTF for the neutral
vc®, the cation vc*®*°4, and the cation vc*, in experimental Raman spectra of (BVDT-TTF)(TaFs), (BVDT-
TTF)2(Re0a), (BVDT-TTF)25(ls), (EVT-TTF)(ClO4)-0.5(CH2Cl2), BVDT-TTF?, and EVT-TTF’, and calculated (DFT)
Raman spectra for BVDT-TTF and EVT-TTF.
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(BVDT-TTF)(TaFs) - ~1474 ~1416




(BVDT-TTF),(ReOs) - ~1474 ~1416
(BVDT-TTF),.5(ls) - ~1476 ~1416
(EVT-TTF)(Cl04)-0.5(CH,Cl,) - - 1402
BVDT-TTFO 1506 - -

EVT-TTFO 1504 - -

BVDT-TTF (DFT)? 1500 - 1382
EVT-TTF (DFT)? 1493 - 1381

aTheory level: B3LYP/6-31++G(d,p), scaled with a 0.9614 factor.
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Fig. 12 (a) Raman spectra of (BVDT-TTF)(TaFe), (BVDT-TTF)2(ReOs), (BVDT-TTF)2s(ls), and
(EVT-TTF)(ClO4)-0.5(CH2Cl2) measured at room temperature with the 632.8 nm excitation line, in the frequency
range of the C=S stretching vibrations; (b) theoretical Raman spectra of the isolated BVDT-TTF and EVT-TTF donor
molecules in their neutral and cationic forms, calculated at the B3LYP/6-31+ +G(d,p) level of theory; the
theoretical spectra of the neutral BVDT-TTF and EVT-TTF have been multiplied by a factor of 10. The spectra in
panels (a,b) are offset for clarity; (c) room temperature optical conductivity spectra of (BVDT-TTF)2(Re0Oa4), and
(EVT-TTF)(ClO4)-0.5(CH2Cl2), respectively, polarized in the conducting plane.

Fig. 12a shows the room temperature Raman spectra of (BVDT-TTF)(TaFs), (BVDT-TTF)>(ReO,), (BVDT-
TTF)25(15), and (EVT-TTF)(ClO4)-0.5(CH,Cl;) in the frequency range of the stretching C=S vibrations.
Here, the strong feature centred between 503 cm? in (BVDT-TTF)(TaFs) and 510 cm™ in (EVT-
TTF)(Cl04)-0.5(CH,Cly) is attributed to the so-called “breathing mode” labelled vs (Fig. 10), which
appears in the theoretical spectra at about 500 cm™ (Fig. 12b). This mode is characteristic of the radical

cation spectra. The equivalent of this vibration for BEDT-TTF is known to be strongly coupled to the



electronic background.®®* Therefore, the significantly broadened shape in the case of (BVDT-
TTF)(TaF¢), (BVDT-TTF),(ReO.), and (BVDT-TTF).5(ls) suggests the proximity of the charge transfer
excitation. This conclusion is further confirmed by the optical conductivity spectrum for (BVDT-
TTF)2(ReOs) in Fig. 12c, where we observe a broad charge transfer (CT) electronic band at about 2000
cm™ together with the strong vibronic shape at ~1500 cm™ resulting from the EMV coupling of the vc
mode. On the other hand, the optical conductivity spectrum of (EVT-TTF)(ClO4)-0.5(CHxCl;) (Fig. 12d)
with the electronic band centred at about 6000 cm™ confirms that the 1:1 salt has an insulating

character.”

3. Conclusion

Using the BVDT-TTF and the EVT-TTF as donors with different counterions, four conducting salts have
been obtained. Their structures were determined by X-ray diffraction on single crystals and thoroughly
analyzed. The relationship between structure and properties was interpreted under the light of their
conductivity measurements, their Raman spectra and band structure calculations. They all have a
semiconducting character, although a metallic behaviour could be expected at first sight from the band
structure calculations for the (BVDT-TTF).5(l3) salt. The observed semiconducting character was
explained by a structural dimerization for EVT-TTF(ClO4):0.5(CHxCl;), resulting in a band-gap
semiconductor, an electronic dimerization for (BVDT-TTF)(TaFs), with an antiferromagnetic ground
state, or structural disorder induced by the anions for (BVDT-TTF).5(l3). The related salts with BEDT-
TTF and similar anions reported in the literature display conductivities in the same range (see Table S2
in the ESI). For instance, (BEDT-TTF).X (X = Is” or ClOy4) display a transition to a superconducting state
around 2 K. Although scarcely studied in the literature, one can expect that the BVDT-TTF and the EVT-
TTF donors deserve to be examined further, especially in regard of the perfect stacks and S-S overlap

allowed by the planarity of the vinylene moieties compared to BEDT-TTF.
4. Experimental section

4.1 Materials and methods

All the solvents and precursors for synthesis were commercially available and used without further
purification. *H and 3C spectra were recorded on a Bruker Advance DRX 300 spectrometer operating
at 300 MHz for H and 76 MHz for 3C (Fig. S5-S11). Chemical shifts are given in ppm relative to
tetramethylsilane TMS and coupling constants J in Hz. The residual non-deuterated solvent was used
as an internal standard. Mass spectra were obtained by the MALDI-TOF techniques by using a Bruker
Biflex-1lITM apparatus, equipped with a 337 nm N, laser (Fig. S12-S15). Bis(thiopropionitrile)-dithiol-

one*® and the compound 2% were synthesized according to reported procedures.



4.2 X-Ray structure determinations

Details about data collection and solution refinement are given in Table S1. Data collections were
performed on a Rigaku Oxford Diffraction SuperNova diffractometer equipped with an Atlas CCD
detector and micro-focus Cu-K, radiation (A = 1.54184 A). The structures were solved by intrinsic
phasing and refined on F2 by full matrix least-squares techniques with SHELX programs (SHELXT 2018/2
and SHELXL 2018/3) using the ShelXle and the Olex2 graphical user interfaces.”>*2 All non-H atoms
were refined anisotropically and absorption was corrected by multiscan empirical absorption using
spherical harmonics with CrysAlisPro program. The H atoms were placed at calculated positions and
refined using a riding model. Crystallographic data for the five structures have been deposited with
the Cambridge Crystallographic Data Centre, deposition numbers CCDC 2296888 for (BVDT-TTF)(TaFs),
2296889 for (BVDT-TTF).s(ls), 2296890 for (BVDT-TTF)2(ReOa), and 2296891 for (EVT-TTF)(CIO,).
These data can be obtained free of charge from CCDC, 12 Union road, Cambridge CB2 1EZ, UK (e-mail:

deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.ac.uk).

4.3 Conductivity measurements

Electrical resistivity measurements were performed on 0.2 to 0.5 mm long single crystals. Gold wires
were glued with silver paste on both ends of the crystals. A two-contact method was used either
applying a dc current of 0.1 pA and measuring the voltage with a Keithley 2400 Sourcemeter, either
applying a voltage of 1V and measuring the current with a Keithley 6487 Picoammeter / Voltage
Source. A crystal of (EVT-TTF)(ClIO,4)-0.5(CH,Cl;) could be measured with four contacts at room
temperature giving the same value of conductivity as measured for other crystals in two contacts; this
indicates that the resistance of the contacts is not dominant over the intrinsic resistance of the

samples.

4.4 Computational details for band structure calculations

The first-principles calculations were carried out using a numeric atomic orbitals density functional
theory (DFT) approach®**developed for efficient calculations in large systems and implemented in the
SIESTA code.>>>® We used the generalized gradient approximation (GGA) to DFT and, in particular, the
functional of Perdew, Burke, and Ernzerhof.>® To study the relative energies of states with localized
electrons, spin polarized band calculations were carried out. All calculations included a Hubbard
correction term Ues = U - J = 6.0 eV for the S 3p states.®® In previous work we have found that this U
term on the chalcogen atoms is needed for appropriately describing the electronic structure of
molecular conductors were accurate experimental information on the bandwidth and charge transfer
is available.®* Only the valence electrons are considered in the calculation, with the core being replaced

by norm-conserving scalar relativistic pseudopotentials® factorized in the Kleinman—Bylander form.5



We have used a split-valence double-C basis set including polarization orbitals with an energy shift of
10 meV for S, C and H atoms.®* The energy cutoff of the real space integration mesh was 300 Ry. The
Brillouin zone was sampled using grids® of (15x5x10) k-points for EVT-TTF(CI04).0.5(CH,Cl,) and BVDT-
TTF(TaFe). For (BVDT-TTF).s(ls) (15%10x5), (10x7x15) and (10x1x1) k-point grids were used for
calculations with a single cell, 2a double cell and single chains along a. The experimental crystal
structures were used for the computations. In the case of EVT-TTF(ClO4).0.5(CHxCl;) and (BVDT-
TTF).5(1s) we removed the cations and solvent from the calculation because of the disorder, replacing

them by an appropriate uniform background charge keeping the neutrality of the unit cell.

4.5 Raman and IR measurements

Typical lengths of single crystalline samples of BVDT-TTF and EVT-TTF salts used in the spectroscopic
measurements were: 0.2 mm (ca. 0.2x0.1x0.1 mm?) for (BVDT-TTF)2(ReO4), 0.5 mm (ca. 0.5x0.1x0.1
mm?) for (BVDT-TTF)(TaFs), 1 mm (ca. 1x0.3x0.1 mm?3) for (BVDT-TTF)5(ls), and 1 mm (ca. 1x0.3x0.1
mm?3) for (EVT-TTF)(Cl04)-0.5(CH,Cl,). Neutral BVDT-TTF and EVT-TTF materials were also studied as a
reference. Raman spectra were measured in a backward scattering geometry with a Raman LABRAM
HR800 spectrometer equipped with a microscope and He-Ne laser excitation A =632.8 nm. The spectra
were recorded at room temperature with a spectral resolution of 2 cm™ and power reduced to
approximately 0.3 mW to avoid sample overheating. The infrared reflectance spectra of (BVDT-
TTF),(Re0,), and (EVT-TTF)(Cl04)-0.5(CH,Cl) in the frequency range 650-10000 cm™ were recorded
using a Bruker Equinox 55 FT-IR spectrometer equipped with a Hyperion 2000 infrared microscope,
with a resolution of 4 cm™. No polarization dependence was found, which is most likely related to the
specific crystal structure. Absolute values of the optical reflectance were obtained using an aluminium
mirror. The optical conductivity was calculated from the reflectance spectra using a Kramers—Kronig
analysis.®® In the low frequency range the data were extrapolated assuming a constant value that is
appropriate for the insulating response. Beyond the high frequency limit the data were extrapolated

to zero assuming a w2 behavior up to 106 cm™ and a w™ behavior for higher frequencies.
4.6 DFT for Raman spectroscopy

Theoretical calculations of normal vibrations for BVDT-TTF and EVT-TTF isolated molecules were
performed with Gaussian 03,57 using the 6-31++G(d,p) basis set and the hybrid density functional
(B3LYP). The result of the structure optimization corresponds to energy minima as no imaginary
frequencies were found. Based on the optimized structure, vibrational frequencies and Raman
scattering activities were calculated. The frequencies obtained with a quantum harmonic oscillator

approximation tend to be higher than the experimental ones, therefore the scaling factor of 0.9614



was applied to the calculated frequencies.®® The theoretical Raman intensities were calculated from

the scattering activities and wavenumbers using reported procedures.%%70

4.7 Synthesis

Compound 3. Compound 2 (0.83 g, 3.75 mmol, 1 equiv.), and 3,3'-((2-oxo-1,3-dithiole-4,5-
diyl)bis(sulfanediyl))dipropanenitrile® (2.1 g, 7.5 mmol, 2 equiv.) were heated at 110 °C for 2 hours in
trimethyl phosphite (12 mL). The precipitate was filtered off and the filtrate was evaporated to
dryness. Co-evaporation with toluene was repeated four times (4 x 50 mL). The residue was submitted
to column chromatography (SiO,, dichloromethane) to afford 3 as an orange solid (0.61 g, 36%). H
NMR (300 MHz, CDCl3): 6 (ppm) 6.56 (s, 2H), 3.09 (t, ) = 7.1 Hz, 4H), 2.74 (t, ) = 7.1 Hz, 4H)."*C NMR (76
MHz, CDCls): & (ppm) 128.14, 124.78, 119.19, 118.12, 117.51, 113.06, 31.51, 19.05. MS (MALDI-TOF)
m/z: 461.86 ; Mineo. (C1aH10N2Ss)= 461.86.

EVT-TTF. Compound 3 (0.61 g, 1.59 mmol, 1 equiv.) was suspended in degassed THF (35 mL) under
argon and a solution of NaOEt (1 M in EtOH, 4.77 mL, 3 equiv.) was added. After stirring at room
temperature for 2 h, a solution of 1,2-dibromoethane (0.32 g, 1.74 mmol, 1.1 eq) in THF (5 mL) was
introduced. An orange precipitate appeared after 10 min and the mixture was left overnight at RT. The
solvent was removed under reduced pressure and the red solid was washed with EtOH to afford EVT-
TTF (0.47 g, 78%). *H NMR (300 MHz, CDCls): & (ppm) 6.55 (s, 2H), 3.30 (s, 4H).'H NMR (500 MHz,
DMSO-ds): & (ppm) 6.90 (s, 2H), 3.40 (s, 4H).13C NMR (126 MHz, DMSO-de): & (ppm) 177.42, 171.57,
168.30, 166.15, 165.84, 82.55. MS (MALDI-TOF) m/z: 381.82; Mineo. (C10HeSs)= 381.82. Elemental
analysis EVT-TTF, EtOH, 2H0 calcd. (%): %C 31.01 ; %H 3.47 ; %S 55.19 ; found %C 29.34 ; %H 2.06 ;
%S 55.53.

Compound 4. Compound 2 (0.83 g, 3.74 mmol, 1 equiv.) and mercury (Il) acetate (2.66 g, 8.35 mmol,
2.22 equiv.) were suspended in chloroform (100 mL) and acetic acid (100 mL). The reaction mixture
was stirred for 3 hours at room temperature. The white suspension was filtered on Celite and the
filtrate was washed with water (2 x 100 mL), saturated NaHCO; (100 mL) and dried with MgSO,, After
removal of the solvent under reduced pressure, the product was purified by flash column
chromatography (SiO,, petroleum ether: DCM 1:1) to afford the ketone 4 as a yellowish solid (0.54 g,
70%). *H NMR (300 MHz, CDCl3): & (ppm) 6.64 (s, 2H). 3C NMR (76 MHz, CDCl3): 6 (ppm) 192.43, 124.05,
117.31.MS (MALDI-TOF) m/z: 205.89, Mineo. (CsH20S4) = 205.90. Elemental analysis calcd. (%): C 29.11;
H0.98; 0 7.75; S 62.16; found: C 28.70; H0.98; 0 7.51 ; S 62.11.

BVDT-TTF. Compound 4 (0.4 g, 1.94 mmol, 1 equiv.) was dissolved in trimethyl phosphite (10 mL) and
refluxed. An orange precipitate was observed after 1 h, and the reaction was refluxed for a further 5 h.

The reaction was cooled down to room temperature and methanol (5 mL) was added into the flask.



The solid precipitate of BVDT-TTF was filtered and washed with diethyl ether (15 mL) (0.27 g, 70 %).
'H NMR (300 MHz, CDCls): 6 (ppm) 6.62 (s, 4H)."H NMR (300 MHz, DMSO-ds): 6 (ppm) 6.62 (s, 4H). The
compound was not soluble enough in any of the usual deuterated solvents for *C NMR analysis. MS
(MALDI-TOF) m/z: 379.80, Mtneo. (C10HaSs) = 379.80. Elemental analysis calcd. (%): %C 31.56 ; %H 1.06
; %S 67.38 ; found %C 31.13 ; %H 1.35 ; %S 66.11.
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