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Conservation of structural arrangements and 3 : 1 
stoichiometry in a series of crystalline conductors of 
TMTTF, TMTSF, BEDT-TTF, and chiral DM-EDT-TTF with 
the oxo-bis[pentafl uorotantalate(v)] dianion

A robust series of conducting radical cation salts showing 
the same 3 : 1 donor:anion stoichiometry has been prepared 
by electrocrystallization of TMTTF, TMTSF, BEDT-TTF and 
chiral DM-EDT-TTF donors in the presence of the oxo-
fl uorotantalate dianion [Ta2F10O]2–. The latter, most likely 
because of its shape and propensity to engage in hydrogen 
bonding, is the fi rst anion able to induce the same type of 
structural arrangement for a broad series of diff erent donors, 
a result which is important in the crystal engineering of 
molecular conductors.
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cInstitut de Ciència de Materials de Barcelo

Bellaterra, Spain. E-mail: canadell@icmab.

† Electronic supplementary information (
1999625, 1999626 and 2003148. For ESI an
electronic format see DOI: 10.1039/d0sc03

Cite this: Chem. Sci., 2020, 11, 10078

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 2nd July 2020
Accepted 13th August 2020

DOI: 10.1039/d0sc03665j

rsc.li/chemical-science

10078 | Chem. Sci., 2020, 11, 10078–
structural arrangements and 3 : 1
stoichiometry in a series of crystalline conductors
of TMTTF, TMTSF, BEDT-TTF, and chiral DM-EDT-
TTF with the oxo-bis[pentafluorotantalate(V)]
dianion†

Nabil Mroweh,a Cécile Mézière,a Magali Allain,a Pascale Auban-Senzier,b

Enric Canadell *c and Narcis Avarvari *a

The occurrence of isostructural conducting radical cation salts of diversely substituted tetrathiafulvalene (TTF)

precursors with the same anion is most often limited to very similar derivatives such as tetramethyl-

tetrathiafulvalene (TMTTF) and tetramethyl-tetraselenafulvalene (TMTSF). Here we show that the use of the

oxo-bis[pentafluorotantalate(V)] dianion [Ta2F10O]2� affords upon electrocrystallization of TMTTF, TMTSF,

bis(ethylenedithio)-tetrathiafulvalene (BEDT-TTF), racemic dimethyl-ethylenedithio-tetrathiafulvalene ((rac)-

DM-EDT-TTF), and enantiopure (S,S)-DM-EDT-TTF a series of mixed valence crystalline radical cation salts

with the same 3 : 1 stoichiometry. The donor layers show similar features in the five materials, such as

alternation of trimeric units within stacks which arrange in parallel columns of b-type. The anion arranges

either parallel or perpendicular to the stack direction and establishes numerous intermolecular CH/F

hydrogen bonds. Thus, the [Ta2F10O]2� dianion, most likely because of its shape and propensity to engage

in hydrogen bonding, is the first one to be able to induce the same type of structural arrangement for

a broad series of different donors, a result which is important in the crystal engineering of molecular

conductors. All the compounds are band gap semiconductors, according to single crystal resistivity

measurements and extended Hückel band structure calculations. The room temperature conductivity

values are relatively high, i.e. 0.25–1.1 S cm�1, except for the TMTTF salt, whose conductivity value is two

orders of magnitude smaller than its isostructural TMTSF counterpart, in agreement with the band gap

energy value. As a general feature of these materials, variations in the inter- and intra-trimer interactions

modulate their band structure, i.e. energy dispersion and band gaps. The preparation of this series of radical

cation salts with a sturdy 3 : 1 stoichiometry might question previous assignments of the anion as [Ta2F11]
�

in radical cation salts of TMTSF and BEDT-TTF.
1. Introduction

Among tetrathiafulvalene (TTF) and tetraselenafulvalene (TSF)
based conducting materials,1,2 Bechgaard and Fabre salts, that
is (TMTSF)2X and (TMTTF)2X (TM ¼ tetramethyl, X ¼ PF6

�,
AsF6

�, SbF6
�, TaF6

�, ClO4
�, etc.), respectively, occupy a special

place,3–6 as the former provided the rst superconducting
organic materials under moderate pressures,7,8 while the latter
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show charge ordering.9 However, later on, superconductivity
has been observed as well in the (TMTTF)2XF6 (X ¼ P, As, Sb)
series for pressures above 4.5 GPa.10–12 Particularly interesting is
the evolution of the critical temperature Tc for the super-
conducting transition with the applied pressure and the anion
size in the (TMTSF)2XF6 Bechgaard salts8,13,14 and also the vari-
ation of the charge ordering transition temperature TCO in the
Fabre salts (TMTTF)2XF6 (X ¼ P, As, Sb, Ta) with the anion size,
as a consequence of the chemical pressure exerted by the
anion.15 For example, TCO values are 65 K, 100 K, 155 K and 175
K for PF6

�, AsF6
�, SbF6

� and TaF6
�, respectively.15 Interestingly,

while Bechgaard and Fabre salts are isostructural,5,13,16 2 : 1
mixed valence salts of bis(ethylenedithio)-tetrathiafulvalene
(BEDT-TTF), another agship donor in the eld of organic
conductors and superconductors,2,17,18 with octahedral mono-
anions XF6

� show, in comparison, a rich collection of structures
and, consequently, physical properties. Indeed, triclinic and
This journal is © The Royal Society of Chemistry 2020
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orthorhombic phases have been described for a-(BEDT-TTF)2-
PF6 19 and b-(BEDT-TTF)2PF6,20 respectively, monoclinic21 and
orthorhombic22 structures for b-(BEDT-TTF)2AsF6, a monoclinic
phase for b-(BEDT-TTF)2SbF6,23 isostructural to the AsF6

�

counterpart, and, nally, monoclinic and orthorhombic struc-
tures for d-(BEDT-TTF)2TaF6,24 together with a monoclinic k-
(BEDT-TTF)2TaF6 phase.25 In the course of our own investiga-
tions on chiral conductors,26,27 culminating with the rst
experimental observation of the electrical magnetochiral
anisotropy effect (eMChA),28 we observed as well a strong
dependence of the donor packing on the anion size in the (DM-
EDT-TTF)2XF6 series (DM-EDT-TTF ¼ dimethyl-ethylenedithio-
TTF, Scheme 1, X ¼ P, As, Sb).

While the semiconducting enantiopure (S,S) and (R,R) (DM-
EDT-TTF)2PF6 salts crystallize in the monoclinic space group
P21, the racemic counterpart crystallizes in triclinic P�1 and
shows metallic conductivity in the high temperature regime,
followed by a Mott localization below 110 K.29,30 The compounds
(DM-EDT-TTF)2SbF6 are isostructural with the racemic PF6

�

salt, that is triclinic P�1 for the racemic and P1 for the enantio-
pure salts, and show metal-like behaviour.31 Interestingly, for
the intermediate size anion AsF6

�, both monoclinic and
triclinic phase (DM-EDT-TTF)2AsF6 have been obtained for the
enantiopure donors, thus illustrating the crucial role of the
anion size through its propensity to engage in intermolecular
hydrogen bonding with the donors. Moreover, reducing the
number of stereogenic centres in the Me-EDT-TTF donor
induced the crystallization of the metallic enantiopure and
racemic triclinic phase (Me-EDT-TTF)2PF6,32 isostructural to
[(rac)-DM-EDT-TTF]2PF6, thus indicating that small structural
modications of the donor can lead, however, to different
crystal structures in spite of keeping the same anion.

In view of these results we became interested in the use of
the largest anion in the series, that is hexauorotantalate TaF6

�,
but also of the even bigger bis-octahedral congener undeca-
uorotantalate [Ta2F11]

� in combination with our chiral donor
DM-EDT-TTF (Scheme 1). The case of the latter anion looked
particularly intriguing, rst because radical cation salts with
TMTSF and BEDT-TTF, formulated as (TMTSF)3Ta2F11 33 and
(BEDT-TTF)3Ta2F11,34,35 were reported during the “rush” period
towards the highest Tc in organic superconductors, in 1980–
1990. Second, although we could not nd many structural and
experimental details on these two salts, especially on the latter,
for which no preparation conditions are provided in the litera-
ture, the donors seem to show very similar packings with the
Scheme 1 TTF donors employed in this work.

This journal is © The Royal Society of Chemistry 2020
formation of trimers along the donor stacks. The formation of
[Ta2F11]

� in the case of (TMTSF)3Ta2F11 was reported to occur
serendipitously, since the authors mentioned the use of (n-
Bu4N)TaF6 as the anion source. Note, however, that reports in
the literature on other [Ta2F11]

� based salts are very scarce.
While Brownstein mentioned that attempts to isolate (n-Bu4N)
Ta2F11 in the solid state failed in spite of 19F NMR evidence of its
existence in solution,36 Pampaloni et al.37 described the single
crystal X-ray structure of a [Ta2F11]

� salt with the 1,3-dimethoxy-
benzene radical cation, and Tavčar et al.38 crystallized one-
dimensional coordination polymers of Hg2+ and Cd2+, where
[Ta2F11]

� units act as bridging ligands through terminal uo-
rine atoms. These compounds have been prepared under
strictly anhydrous, oxygen free conditions and even in anhy-
drous HF for the latter, suggesting that the occurrence of
[Ta2F11]

� in the solid state requires special care.
We describe herein our attempts to prepare radical cation

salts of uorotantalate anions not only with the “classical”
donors TMTSF, TMTTF and BEDT-TTF, but also with the chiral
donor DM-EDT-TTF, which resulted in an unprecedented
robust series of isostructural mixed valence salts of 3 : 1 stoi-
chiometry. Electron transport properties have been investigated
for all the compounds together with tight-binding band struc-
ture calculations.

2. Results and discussion
2.1 Synthetic routes towards hexauorotantalate and oxo-
bis(pentauorotantalate) anions

Since our initial purpose was to complete the series of chiral
radical cation salts (DM-EDT-TTF)2XF6 (X ¼ P, As, Sb)31 with the
TaF6

� anion, we envisaged the electrocrystallization of DM-
EDT-TTF (Scheme 1) in the presence of (n-Bu4N)TaF6. The
latter was therefore initially prepared by generating rst HTaF6
from TaF5 and an aqueous solution of HF 40%, followed by
metathesis with (n-Bu4N)HSO4 (ESI†), paralleling a reported
preparation method for (n-Bu4N)PF6.39 To our surprise, solution
19F NMR spectra of the as prepared (n-Bu4N)TaF6 salt show,
beside the broad singlet at 39 ppm corresponding to the reso-
nance of the six equivalent F atoms in TaF6

�,36,40 characterizing
the main product, a doublet (32 ppm) and a quintuplet (9 ppm)
for a by-product estimated at �10% (Fig. S1, ESI†). This 19F
NMR pattern strongly suggests the presence of the [Ta2F10O]

2�

dianion (vide infra).41 Moreover, we noticed that samples of (n-
Bu4N)TaF6 kept under normal conditions slowly evolve towards
the formation of (n-Bu4N)2Ta2F10O. It can be concluded that the
formation of the latter occurs both in the course of the prepa-
ration of (n-Bu4N)TaF6 following the above method and also as
a result of a slow aging process of (n-Bu4N)TaF6 under aerobic
conditions. This observation is in agreement with the report of
Dewan, Guerchais and coll. concerning the hydrolysis and
condensation process under very mild conditions of (Et4N)TaF6
towards (Et4N)2Ta2F10O.41 On the other hand, preparation of (n-
Bu4N)TaF6 through the method described by Brownstein,36

involving the reaction of (n-Bu4N)BF4 with TaF5 in CH2Cl2, fol-
lowed by evaporation of all volatile compounds including BF3,
provided a clean sample of (n-Bu4N)TaF6 showing a single peak
Chem. Sci., 2020, 11, 10078–10091 | 10079
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View Article Online
at 39 ppm in the 19F NMR spectrum (Fig. S2, ESI†). Moreover,
since to the best of our knowledge the solid state structure of (n-
Bu4N)TaF6 was not previously reported, we performed single
crystal X-ray diffraction analysis on this salt. Note, however, that
among the solid state structures of compounds containing the
TaF6

� anion reported in the literature, only two of them contain
simple organic cations in the (Me4N)TaF6 42 and (Ph3PMe)
TaF6 43 salts. Our compound (n-Bu4N)TaF6 crystallized in the
monoclinic system, P21/c space group, with one cation and one
anion in general positions in the asymmetric unit (Table S1,
Fig. S3, ESI†). Ta–F distances are in the range of 1.856–1.897 Å,
in accordance with the average values reported in the literature.

We then turned our attention to a straightforward prepara-
tion of (n-Bu4N)2Ta2F10O. The oxo-bis[pentauorotantalate(V)]
dianion [Ta2F10O]

2� is scarcely mentioned in the literature, yet
full credit should be given to the pioneering work of Dewan,
Guerchais and coll. who reported the single crystal X-ray
structure of (Et4N)2Ta2F10O 44 and details on its preparation by
the smooth hydrolysis of (Et4N)TaF6 in aqueous methanolic
solutions, together with full 19F NMR characterization.41 Later
on, only another couple of reports described crystalline
compounds containing this ditantalate dianion with aza-
crown45 or dihydro-phenanthroline cations,46 where the dianion
resulted from the action of HF on Ta2O5. Note that in the latter
report the authors erroneously stated that they described the
rst example of the [Ta2F10O]

2� dianion. According to the
protocol established by Dewan, Guerchais and coll.,41 smooth
hydrolysis of a methanol solution of (n-Bu4N)TaF6 in the pres-
ence of a methanolic solution of (n-Bu4N)OH provided a clean
sample of (n-Bu4N)2Ta2F10O. Solution

19F NMR measurements
of the sample showed only a doublet (32 ppm) and a quintuplet
(9 ppm) integrating for 8H and 2H, respectively, with the
coupling constant J ¼ 35 Hz (Fig. S4, ESI†).41 Moreover,
a molecular peak at m/z ¼ 810 in the negative mode of ESI-MS
(electrospray ionization mass spectrometry), corresponding to
the [(n-Bu4N)Ta2F10O]

� ion, was clearly observed. Finally, single
crystal X-ray measurements denitely assessed the structure of
(n-Bu4N)2Ta2F10O which crystallizes in the monoclinic system,
centrosymmetric space group C2/c, with one independent
cation and half of the anion in the asymmetric unit (Fig. 1,
Table S1, ESI†). As in the other three structures containing
Fig. 1 Molecular structure of (n-Bu4N)2Ta2F10O. The carbon atomC16
is disordered over two positions, C16A (0.5) and C16B (0.5). Hydrogen
atoms have been omitted.

10080 | Chem. Sci., 2020, 11, 10078–10091
[Ta2F10O]
2�, mentioned above, the oxygen atom lies on

a symmetry element, i.e. a 2-fold rotation axis in this case. The
Ta–O distance is 1.8884(3) Å, the equatorial Ta–Feq bond lengths
range between 1.868(4) and 1.893(4) Å, and the axial Ta–F is
slightly longer (1.932(3) Å), while the Ta–O–Ta motif is linear
(177.5(4)� for the Ta1–O1–Ta1* angle) (Fig. S5, Table S2, ESI†).

Furthermore, the experimental powder X-ray diagram of the
polycrystalline bulk sample perfectly ts the simulated diagram
generated from the single crystal data (Fig. S6, ESI†), thus
indicating the purity of the (n-Bu4N)2Ta2F10O salt.

We next attempted the synthesis of (n-Bu4N)Ta2F11 by mixing
a clean sample of (n-Bu4N)TaF6 with equimolar amounts of TaF5
in anhydrous CH2Cl2.36 However, as mentioned by Brown-
stein,36 isolation of (n-Bu4N)Ta2F11 in the solid state failed.
Variation of the preparation protocol by using solid state ball
mill mixing of the reagents or microwave activation did not
provide different results. With the solid obtained from (n-Bu4N)
TaF6 and TaF5 aer evaporation of CH2Cl2 we performed elec-
trocrystallization experiments with TMTSF, yet the only crys-
talline material that we harvested was the classical Bechgaard
phase (TMTSF)2TaF6. In conclusion, our results of this uo-
rotantalate anion saga clearly point out that TaF6

� tends to
hydrolyse and condense to give the very stable [Ta2F10O]

2�

dianion, with a geometry very similar to the elusive [Ta2F11]
�

monoanion, whose isolation in the solid state requires, as
mentioned in the Introduction, very anhydrous anaerobic
conditions. These unambiguous experimental facts cast doubts
upon the correct assignment of the anion in the earlier results
concerning the (TMTSF)3Ta2F11 33 and (BEDT-TTF)3Ta2F11 34,35

radical cation salts. Furthermore, in their study describing the
preparation and properties of the Fabre phase (TMTTF)2TaF6,
Nakamura et al. briey mentioned the formation of an unex-
pected crystalline by-product formulated as (TMTTF)3Ta2F10O,15

without providing any further details on its structure or prop-
erties. We have therefore addressed for the rst time the elec-
trocrystallization of TMTSF, TMTTF and BEDT-TTF in the
presence of the new salt (n-Bu4N)2Ta2F10O with the objective of
shedding light on the real nature of the anion, i.e. [Ta2F10O]

2�

versus [Ta2F11]
�, in the corresponding radical cation salts with

respect to the earlier reports.15,33–35 Subsequently, we investi-
gated the chiral donor DM-EDT-TTF, as a representative of
a non-centrosymmetric TTF donor, in combination with the
same dianion [Ta2F10O]

2�.
2.2 Radical cation salts

Electrocrystallization of TMTTF and TMTSF in the presence of
(n-Bu4N)2Ta2F10O in CH2Cl2 at 20 �C provided black crystalline
plates on a platinum electrode. Single crystal X-ray diffraction
analyses show that the two compounds are isostructural and
formulated as (TMTTF)3Ta2F10O and (TMTSF)3Ta2F10O,
respectively, in agreement with the 3 : 1 stoichiometry for the
unexpected poly-type salt mentioned in the report by Nakamura
et al.15 Moreover, the crystal parameters and packing of the
donors are identical to those described for the (TMTSF)3Ta2F11
salt,33 suggesting that the real anion in this case was [Ta2F10O]

2�

and not [Ta2F11]
�. This makes, of course, a big difference in the
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Packing diagram of (TMTSF)3Ta2F10O in the ab plane with an
emphasis on the Se/Se short contacts: red dotted lines, 4.12 Å; blue
dotted lines, 3.73 Å; green dotted lines, 3.95–3.99 Å.
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understanding of the electron transport properties of this salt
correlated with the band structure calculations, since the band
lling completely changes (vide infra). The salts crystallize in the
triclinic system, P�1 space group, with one and a half indepen-
dent donors and half anion in the asymmetric unit, with the
oxygen atom of the anion situated on an inversion centre, thus
giving a 3 : 1 stoichiometry. The centrosymmetric donors, i.e.
S5–S6 and Se5–Se6, are sandwiched between two equivalent
non-centrosymmetric donors S1–S4 and Se1–Se4, respectively,
providing a trimeric unit (Fig. 2).

Within the trimers, the centrosymmetric donors Ch5–Ch6
(Ch ¼ chalcogen) possess longer central C]C bond lengths
than the non-centrosymmetric ones Ch1–Ch4 (Table S3†), sug-
gesting a higher oxidation degree for the former. With an
oxidation degree of +2 for three donors, we can hypothesize that
Ch5–Ch6 bear the oxidation state +1, while Ch1–Ch4 are in the
mixed valence oxidation state +0.5 (vide infra the band structure
calculations).

The trimeric units form stacks, along the b direction, inter-
acting laterally along a, thus providing organic layers separated
by anions, as classically observed in many TTF based radical
cation salts with organic–inorganic segregation in the solid
state (see Fig. 3 for (TMTSF)3Ta2F10O and Fig. S7, ESI,† for
(TMTTF)3Ta2F10O). The intermolecular intra-trimer Ch/Ch
distances are much shorter on average than the inter-trimer
ones.

Accordingly, in (TMTSF)3Ta2F10O the intra-trimer short Se/
Se intermolecular contacts are in the range of 3.73–3.83 Å, while
the inter-trimer ones are 4.12–4.20 Å (Fig. 3). In the TMTTF
counterpart the corresponding S/S contacts measure 3.55–3.63
Å and 4.21 Å, respectively (Fig. S7†). Interestingly, all the uo-
rine atoms of the anion engage in intermolecular hydrogen
bonding with the hydrogen atoms of the donor methyl groups,
thus providing a certain rigidity to the assembly, with an
interconnection along c between the organic layers (see Fig. 4
for (TMTSF)3Ta2F10O and Fig. S8–S9† for (TMTTF)3Ta2F10O,
Tables S4 and S5, ESI†) through these hydrogen bond
interactions.

Note that the centrosymmetric donors S5–S6 and Se5–Se6,
bearing the oxidation state +1, establish hydrogen bonding with
Fig. 2 Molecular structures of (TMTTF)3Ta2F10O (left) and (TMTSF)3Ta2F
symmetric anion.

This journal is © The Royal Society of Chemistry 2020
uorine atoms from both [TaF5] fragments of the anion, since
they are located at the same level as the bridging oxygen atom
(see also Fig. 2).

Following the preparation of these rst materials, the
attempts of electrocrystallization of BEDT-TTF in the presence
of (n-Bu4N)2Ta2F10O in CH2Cl2 at 20 �C afforded crystals as
black shiny plates on a Pt electrode. Curiously again, the crys-
talline parameters of the as-prepared single crystals of (BEDT-
TTF)3Ta2F10O correspond to those of the (BEDT-TTF)3Ta2F11
phase described more than 30 years ago,34,35 with the donor
packing and their arrangement with respect to the anions being
the same (vide infra). Unfortunately, we could not nd any
experimental details on the preparation of the (BEDT-TTF)3-
Ta2F11 salt whose crystal structure was reported as being
pseudo-orthorhombic, with a b angle of 90.230�.34 In our hands,
the compound (BEDT-TTF)3Ta2F10O crystallized in the mono-
clinic space group P21/a, with the b angle having a value of
90.234(9)� (Table S1†). In the asymmetric unit there are one and
a half donors and half of anion, with the central C]C bond of
the donor S9–S10 and the oxygen atom located on inversion
centres (Fig. 5).
10O (right) with a focus on the trimeric unit of donors and the centro-

Chem. Sci., 2020, 11, 10078–10091 | 10081
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Fig. 4 CH/F short contacts in the structure of (TMTSF)3Ta2F10O in the bc (left) and ac (right) planes. Red dotted lines: 2.47–2.54–2.56 Å, blue
dotted lines: 2.72–2.75–2.77–2.81 Å and green dotted lines: 2.82–2.86 Å.

Fig. 5 Molecular structure of (BEDT-TTF)3Ta2F10O.

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 1
2/

6/
20

21
 8

:4
5:

46
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Note the statistical disorder 0.68 : 0.32 of one of the ethylene
bridges of the non-centrosymmetric donor S1–S4. Compared to
the previous two salts presenting the same 3 : 1 stoichiometry,
i.e. (TMTSF)3Ta2F10O and (TMTTF)3Ta2F10O, the anions are
Fig. 6 Packing diagram of (BEDT-TTF)3Ta2F10O with an emphasis on
the S/S short contacts: red dotted lines, 4.10 Å; blue dotted lines, 3.58
Å; green dotted lines, 3.61–3.66–3.69 Å. Hydrogen atoms are omitted
for clarity.

10082 | Chem. Sci., 2020, 11, 10078–10091
rotated now by 90� with respect to the donors, which stack along
the a direction by the formation of trimeric units. Within the
trimers the donors are practically eclipsed, while from one
trimer to the other there is a strong longitudinal shi. The
shortest intra-stack intermolecular S/S distances are again
those of intra-trimers (3.58–3.68 Å), while those between trimers
in the same stack are much longer, i.e. 4.10–4.16 Å. Further-
more, several short lateral S/S distances (3.61–3.69 Å) are
observed between donors from parallel stacks in the ab plane
(Fig. 6).

In line with the two previous salts, the central C]C and C–S
bond length values (Table S6†) indicate that the centrosym-
metric donor S9–S10 (see Fig. 5) is fully oxidized to the radical
cation state +1, while the non-centrosymmetric one is in the
mixed valence state +0.5. Again, all the uorine atoms engage in
intermolecular hydrogen bonding with hydrogen atoms of the
ethylene groups (Fig. S10–S11, Table S7, ESI†). As a general
feature in all the radical cation salts discussed so far, and also in
the precursor (n-Bu4N)2Ta2F10O, the Ta–O–Ta angle is 180� and
the Ta–O and Ta–F bond lengths have, respectively, comparable
values (Table S2†).

The three materials described so far involve centrosym-
metric donors in combination with the centrosymmetric dia-
nion [Ta2F10O]

2�, a feature which was expressed in the crystal
structures of the three compounds of 3 : 1 stoichiometry since
one of the donors and the anion crystallized on inversion
centres. As mentioned already, the fact that TMTTF and TMTSF
provide isostructural radical cation salts with the same anion is
not unexpected, while the formation of a salt with BEDT-TTF
presenting many common structural features with the former
two is unprecedented. The similar behaviour of the three
donors, affording 3 : 1 salts with the formation of trimeric units
with the same charge distribution, is very likely triggered by the
peculiar shape of the anion, its charge and the establishment of
intermolecular hydrogen bonding. In order to disclose the role
of the symmetry of the donor in the occurrence of 3 : 1 phases
with the new dianion, we decided to use the racemic and
enantiopure (S,S) forms of DM-EDT-TTF (Scheme 1) as repre-
sentatives of non-centrosymmetric donors. Note that the use of
(S,S)-DM-EDT-TTF would necessarily result in a salt crystallizing
in a non-centrosymmetric space group, thus preventing the
This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Packing diagram of [(S,S)-DM-EDT-TTF]3Ta2F10O with an
emphasis on the S/S short contacts along a: red dotted lines, 3.74–
3.81 Å; blue dotted lines, 3.53–3.55 Å (top). Packing diagram of [(S,S)-
DM-EDT-TTF]3Ta2F10Owith an emphasis on the S/S short contacts in
the ab plane: red dotted lines, 3.74 Å; blue dotted lines, 3.53–3.55 Å;
green dotted lines, 3.76 Å; violet dotted lines, 3.64–3.67–3.68 Å; light
blue dotted lines, 4.04 Å (bottom). Hydrogen atoms are omitted for
clarity.
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anion to be located on an inversion centre as observed in the
previous salts.

Electrocrystallization of both (rac)- and (S,S)-DM-EDT-TTF in
the presence of (n-Bu4N)2Ta2F10O in CHCl3 at 20 �C afforded
black crystalline needles of [(rac)-DM-EDT-TTF]3Ta2F10O and
[(S,S)-DM-EDT-TTF]3Ta2F10O, that is two isostructural radical
cation salts with, again, 3 : 1 stoichiometry. The former crys-
tallized in the monoclinic system, centrosymmetric space group
P21/c, while the latter in the orthorhombic system, non-
centrosymmetric space group P212121, in both cases with
three donors and one anion in general positions in the asym-
metric unit (see Fig. 7 for (S,S) and Fig. S12, ESI,† for (rac)).

These two salts represent the rst examples of crystalline
compounds where the [Ta2F10O]

2� dianion does not sit on
a symmetry element, i.e. an inversion centre or rotation axis,
a feature very likely triggered by the non-centrosymmetry of the
donor. Interestingly, the anion is not linear anymore but
slightly bent, with Ta1–O1–Ta2 angles of 161.1(8)� and 156.7(6)�

for the (rac) and (S,S) forms, respectively (Table S8†). In both
salts the donors form similar parallel stacks, reminiscent of a b-
phase structural arrangement, along a for (S,S) and along b for
(rac), with an alternation of the three donors within the same
stack and shorter intermolecular S/S distances within the
trimeric unit, i.e. 3.53–3.55 Å for (S,S), than those between the
trimers (3.74–3.81 Å), at the limit of the sum of the van der
Waals radii (see Fig. 8 for (S,S) and Fig. S13–S14, ESI,† for (rac)).
The interstack S/S distances range between 3.64 and 4.04 Å for
(S,S), while the corresponding distances for (rac) have compa-
rable values. The methyl substituents occupy equatorial posi-
tions as observed in most of the radical cation salts of DM-EDT-
TTF,28,29,31 while for the neutral precursor, the bis(axial)
conformer, found to be more stable in the gas phase,47 was
characterized even in the solid state.29 For the racemic salt
a 0.5 : 0.5 statistical occupational disorder of the ethylene
bridges is observed for all three independent donors thus
leading to the co-existence of both enantiomers on the same
crystallographic positions, as already encountered in radical
cation salts of racemic tetramethylated BEDT-TTF (TM-BEDT-
TTF).48,49

The orientation of the anion with respect to the donors
resembles the one observed in the (BEDT-TTF)3Ta2F10O salt,
Fig. 7 Molecular structure of [(S,S)-DM-EDT-TTF]3Ta2F10O together
with a partial atom numbering scheme. Hydrogen atoms have been
omitted for clarity.

This journal is © The Royal Society of Chemistry 2020
that is with the Ta1–O–Ta2 axis perpendicular to the donor
stacks. Again, a complex set of hydrogen bonding is established
between vinylic, methyl and methine hydrogen atoms and
uorine atoms (see Fig. S15 and Table S9 for (rac), Fig. S16–S17
and Table S10 for (S,S), ESI†), thus illustrating the paramount
role of the anion in the occurrence of this robust series of 3 : 1
salts.

As in the previous compounds with TMTTF, TMTSF and
BEDT-TTF, the +2 charge is unevenly distributed over the three
donors, according to the analysis of the central C]C and C–S
bond lengths (Table S11†), yet the difference is less marked for
the enantiopure salt than for the racemic one.

2.3 Single crystal conductivity measurements

The structural analysis of the ve radical cations salts, showing
the same 3 : 1 stoichiometry and existence of alternating
trimeric units within parallel stacks resulting in b-type packing,
could suggest comparable electron transport behaviour of these
materials. We then proceeded to temperature dependent single
crystal resistivity measurements for all the materials. A rst
interesting comparison can be made between (TMTSF)3Ta2F10O
and (TMTTF)3Ta2F10O which present exactly the same packing
and orientation of the anion with respect to the stack direction.
Chem. Sci., 2020, 11, 10078–10091 | 10083
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Fig. 9 Temperature dependence of the electrical resistivity plotted as
log r versus T, for a single crystal of (TMTSF)3Ta2F10O (top) and for
a single crystal of (BEDT-TTF)3Ta2F10O (bottom). The red line is the
linear fit giving the activation energy from the law r ¼ r0 exp(Ea/T)
determined in the temperature range 160–300 K (top) and 135–300 K
(bottom). The small jumps on the resistivity curve of (TMTSF)3Ta2F10O
are due to microcracks in the crystal occurring during the cooling
down.

Fig. 10 Temperature dependence of the electrical resistivity plotted as
log r versus T, for a single crystal of [(rac)-DM-EDT-TTF]3Ta2F10O (top)
and for a single crystal of [(S,S)-DM-EDT-TTF]3Ta2F10O (bottom). The
red line is the linear fit giving the activation energy from the law r ¼
r0 exp(Ea/T) determined in the temperature range of 165–290 K (top)
and 200–290 K (bottom). The small jumps on the resistivity curve of
the (S,S) enantiopure salt are due to microcracks in the crystal
occurring during the cooling down.
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Both compounds are semiconductors, with room temperature
conductivities sRT of 0.25 S cm�1 and 2.5 � 10�3 S cm�1, and
activation energies Ea of 500 K and 1250 K for the TMTSF and
TMTTF salts, respectively (see Fig. 9, S18, ESI, for TMTSF and
Fig. S19† for TMTTF). The former material is thus two orders of
magnitude more conductive than the latter, a difference which
is in agreement with the different band gap energy value (vide
infra).

The conducting behaviour of (BEDT-TTF)3Ta2F10O resem-
bles that of (TMTSF)3Ta2F10O, with a room temperature
conductivity value sRT of 0.3 S cm�1 and an activation energy Ea
of 800 K (Fig. 9 and S20, ESI†). However, the resistivity increases
slightly faster than the activation law below �130 K, which
could be the sign of a phase transition towards a more insu-
lating state. Note that in the previous articles concerning
(TMTSF)3Ta2F11 and (BEDT-TTF)3Ta2F11, both of them were
mentioned as having metallic behaviour. However, we could not
nd any temperature dependent resistivity study for the latter
but only EPR investigations.34,35

Not surprisingly, when considering the similar structural
features of the three previous materials, the two salts based on
the non-symmetric donor DM-EDT-TTF show semiconducting
behaviour as well. Interestingly, the enantiopure salt is at least
three times more conducting than the racemic form. Indeed,
10084 | Chem. Sci., 2020, 11, 10078–10091
a room temperature conductivity value sRT of 0.1–0.3 S cm�1 (Ea
¼ 1300 K) was determined for [(rac)-DM-EDT-TTF]3Ta2F10O,
while values of sRT ¼ 1.1 S cm�1 and Ea ¼ 1050 K have been
found for the (S,S) enantiopure salt (Fig. 10 and S21, ESI†). Note,
however, that the racemic compound has been measured in two
points because of the small size of the crystals, and this can
slightly underestimate the conductivity.
2.4 Band structure calculations

In order to correlate the solid state structures, electron trans-
port properties and electronic states of our materials, we pro-
ceeded to extended Hückel type tight-binding band structure
calculations. For comparison sake, the TMTXF (X ¼ T, S) salts
will be discussed rst, followed by the DM-EDT-TTF salts, and
then by the BEDT-TTF salt.

2.4.1 (TMTTF)3Ta2F10O and (TMTSF)3Ta2F10O salts. As
shown in Fig. 11 the donor layers of these salts contain two
different types of donors and six different intermolecular
interactions. The repeat unit of the donor slabs is made of three
donors so that in principle a description of these layers as being
built from interacting A–B–A trimers or from A–A dimers
interacting through B donors is possible. Thus, before looking
at the calculated band structures it is useful to consider in some
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc03665j


Fig. 11 Donor layer of the (TMTXF)3Ta2F10O (X ¼ T, S) salts where the
different donors and intermolecular interactions are labelled.

Table 1 Absolute values of the intermolecular HOMO/HOMO
interaction energies (|bHOMO–HOMO|, eV) for the (TMTXF)3Ta2F10O salts

Interaction (type) (TMTSF)3Ta2F10O (TMTTF)3Ta2F10O

I (A–B) 0.7561 0.7368
II (A–A) 0.3458 0.0105
III (A–A) 0.0261 0.0360
IV (B–B) 0.0349 0.0295
V (A–A) 0.0696 0.1302
VI (A–B) 0.0118 0.0205
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detail the different HOMO/HOMO (highest occupied molec-
ular orbital) intermolecular interactions of the two salts. Their
strength can be qualied from the so-called |bHOMO–HOMO|
interaction energies.50 Those calculated for the present salts are
reported in Table 1. For both salts the A–B interaction I is by far
the strongest. This means that from the viewpoint of the
HOMO/HOMO interactions, the donor lattice of both salts
Fig. 12 Calculated band structure for the donor layers of (TMTSF)3Ta2F
highest occupied level and G ¼ (0, 0), X ¼ (a*/2, 0), Y ¼ (0, b*/2), M ¼ (a

This journal is © The Royal Society of Chemistry 2020
must be considered as being built from centrosymmetric A–B–A
trimers. For the TMTTF salt all other interactions are consid-
erably weaker (all interactions, except one of the A–A interchain
ones, are one order of magnitude weaker) and thus the HOMO
bands should be relatively at. Consequently, only a modest
conductivity can be expected for the TMTTF salt. For the TMTSF
salt the strength of interaction II, which determines the inter-
trimer interaction along the chain, is around half that of the
intra-trimer interaction. Thus, in this case the trimers of the
chain are noticeably coupled and hence better conductivity
along the b-direction can be expected.

The calculated band structures near the Fermi level for the two
salts are shown in Fig. 12. As expected, the three bands are mostly
built from the three TMTXFHOMOs. Because Ta2F10O is a dianion
and the stoichiometry is 3 : 1, the three HOMO bands of Fig. 12
must contain two holes. Since the upper band is in both cases
separated from the next band by a clear band gap, the upper band
is empty and the two salts are band gap semiconductors. The
minimumof the upper band of the (TMTSF)3Ta2F10O salt (Fig. 12a)
exhibits almost the same dispersion along the (a* + b*) and (�a* +
b*) directions (i.e. the M / G and S / G directions in Fig. 12,
respectively) so that the conductivity associated with the electron
carriers will be quite isotropic within the (a,b)-plane. In contrast,
the middle band in Fig. 12a exhibits a considerably larger disper-
sion along b* so that the upper part of this band has a small
effective mass along this direction; the conductivity associated
with the hole carriers will be quite anisotropic with better
conductivity around the chain direction. We conclude that
(TMTSF)3Ta2F10O is an anisotropic two-dimensional (2D) semi-
conductor with better conductivity along the TMTSF chains. In
contrast, the two upper bands of (TMTTF)3Ta2F10O exhibit only
amodest dispersion along all directions and the band gap is larger
(Fig. 12b). Both factors should make the TMTTF salt considerably
less conductive (and less anisotropic) than the TMTSF one, as
conrmed by the resistivity measurements. The calculated band
gap for the TMTSF salt is only 40% that of the TMTTF salt, which is
in good agreement with the ratio between the experimental acti-
vation energies.

For symmetry reasons, when three TMTXF HOMOs interact
to generate the levels of a linear trimer like those in the present
10O (a) and (TMTTF)3Ta2F10O (b) where the dashed line refers to the
*/2, b*/2) and S ¼ (�a*/2, b*/2).

Chem. Sci., 2020, 11, 10078–10091 | 10085
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Fig. 13 Schematic representation of the three levels of a linear trimer
generated from three TMTXF HOMOs. For simplicity every TMTXF
HOMO is represented as a simple p orbital.

Fig. 14 Donor layer of the (rac)- and (S,S)-(DM-EDT-TTF)3Ta2F10O
salts where the different donors and intermolecular interactions are
labelled. The donor chains run along b for the (rac)- salt but along a for
the (S,S)- salt.

Table 2 Absolute values of the intermolecular HOMO/HOMO
interaction energies (|bHOMO–HOMO|, eV) in the (rac)- and [(S,S)-DM-
EDT-TTF]3Ta2F10O salts

Interaction (type) (S,S)- (rac)-

I (B–C) 0.8698 0.9422
II (A–C) 0.6637 0.7115
III (A–B) 0.4913 0.4450
IV (B–C) 0.0740 0.0796
V (B–B) 0.0198 0.0257
VI (B–C) 0.0702 0.0796 (¼IV)
VII (A–C) 0.0051 0.0139
VIII (A–A) 0.0440 0.0479
IX (A–C) 0.0193 0.0139 (¼VII)
X (B–C) 0.0702 (¼VI) 0.0797
XI (B–B) 0.0198 (¼V) 0.0254
XII (B–C) 0.0740 (¼IV) 0.0797 (¼X)
XIII (A–C) 0.0193 (¼IX) 0.0212
XIV (A–A) 0.0440 (¼VIII) 0.0499
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salts, they lead to a middle level (J2) which is entirely made of
the HOMOs of the outer donors (Fig. 13). As a consequence of
the orthonormality of the three orbitals, the upper level (J3)
contains contributions of the three HOMOs but it is more
strongly based on the central one (i.e. in the case of the present
salts, donor B). As a result, since the upper, empty band of the
two salts is based on theJ3 level, the central donor of the trimer
must bear a more positive charge and thus a longer central
C]C bond length, in agreement with our structural data, that is
1.364(10) Å (donor A) vs. 1.382(13) Å (donor B) in the TMTTF salt
and 1.356(6) Å (donor A) vs. 1.371(8) Å (donor B) in the TMTSF
salt. Note that the strength of the interaction between the A–B–A
trimers along the chain direction, which is proportional to
interaction II, is the most noticeable difference between the two
salts. The donor.donor interaction II in the TMTSF salt is
a typical ring-over-bond one.51 However, in the TMTTF salt,
because of the interaction with the anions, the two donors
exhibit a non-negligible rotation along the chain axis as well as
a small bending of the molecular plane. Both factors decrease
considerably interaction II in the TMTTF salt which in fact is
almost nil, whereas it is substantial in the TMTSF one (see Table
1). This feature is especially important when considering the
dispersion of the middle band which is concentrated on the
outer A donors of the trimers and leads to the hole carriers.
Ultimately, this feature is mostly the origin of the anisotropic
behaviour of the TMTSF salt with better conductivity along the
chain direction as well as of the considerably lower conductivity
of the TMTTF salt. We thus conclude that an apparently minor
variation in the donor/anion interactions is the origin of the
difference in the transport properties of these two isostructural
salts.52

2.4.2 (rac)- and [(S,S)-DM-EDT-TTF]3Ta2F10O salts. The
donor layers of these salts (Fig. 14) are related but somewhat
more complex than those of the precedent (TMTXF)3Ta2F10O
compounds. They contain three different types of donors and 9/
10086 | Chem. Sci., 2020, 11, 10078–10091
11 different intermolecular interactions for the (rac)-/(S,S)- salts.
The repeat unit of the donor slabs is made of two equivalent
groups of the three different donors (BCA). Note that the
labelling of the axes used in the crystal structures is not the
same for the two salts: the donor chains run along a for the
(S,S)- salt but along b for the (rac)- salt. The calculated |bHOMO–

HOMO| interaction energies are shown in Table 2. As it was the
case for the TMTXF salts, the interactions along the inter-chain
direction are clearly weaker than those within the chains.
However, in the present case the occurrence of trimeric units is
not that clear on the basis of the HOMO/HOMO interactions.
In the DM-EDT-TTF salts, interaction I (B–C) is not only the
strongest one but is also stronger than in the TMTXF salts.
However, now the three interactions along the chain are
different and the smallest one (A–B) is stronger than the inter-
trimer one for the TMTXF salts. Consequently, neither
XV (A–C) 0.0051 (¼VII) 0.0212 (¼XIII)

This journal is © The Royal Society of Chemistry 2020
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Fig. 16 Schematic representation of the band structure of a chain with
a repeat unit of three identical DM-EDT-TTF HOMOs. The two crystal
orbitals leading to the opening of a gap when the chain is not uniform
are shown. For simplicity, every DM-EDT-TTF HOMO is represented as
a simple p orbital.
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a description based on B–C–A trimers nor on B–C dimers
interacting through donor A seems appropriate. It is probably
more adequate to think about these salts as being pseudo-1D
systems built from a repeat unit of three donors. Considering
the intra-chain interactions, the weakest interaction, III (A–B), is
weaker for the (rac)-salt whereas the two adjacent and stronger
ones, B–C (I) and A–C (II), are also stronger for the (rac)- salt
than for (S,S). Although neither of the two descriptions is
completely satisfactory, the (rac)- salt seems to be nearer to the
description of a chain built from interacting trimers, as for the
TMTXF salts, whereas the (S,S)- salt seems to be better described
as a chain with a repeat unit of three donors. The average value
of the two intra-trimer interactions is 0.8267/0.7667/0.7561 eV
for the (rac)-DM-EDT-TTF/(S,S)-DM-EDT-TTF/TMTSF salts,
whereas the value for the inter-trimer interaction is 0.4450/
0.4913/0.3458, respectively. Consequently, the difference
between the intra- and inter-trimer interactions is relatively
similar for the TMTSF (0.4103 eV) and (rac)-DM-EDT-TTF
(0.3817 eV) salts making clear the similarity between the two
salts, whereas it is neatly smaller for the (S,S)-DM-EDT-TTF salt
(0.2754 eV) which seems to be the less trimeric-like of the three
salts.

The calculated band structure for [(S,S)-DM-EDT-TTF]3Ta2-
F10O is shown in Fig. 15 (for the (rac)- salt see Fig. S22, ESI†).
The band structure shown in Fig. 15 is in fact also quite similar
to that of (TMTSF)3Ta2F10O (Fig. 12a) except that in the present
case every band is split into two bands because the repeat unit
contains two equivalent chains. As for the TMTSF salt (note that
the chain direction is b in the TMTSF salt but a in the present
salt), the minimum of the conduction band (electron carriers)
shows similar values for the energy dispersion along the intra-
chain (energy difference between X and G in Fig. 15) and
inter-chain (the inter-chain energy dispersion in Fig. 15 is given
by the energy difference between the two upper bands at X
because of the band folding) directions. In contrast the valence
band (hole carriers) is clearly 1D along the chain direction
(considerably stronger dispersion along the G–X and Y–M
bands). Thus, despite the different donor and slightly different
structural arrangement, the DM-EDT-TTF and TMTSF salts are
Fig. 15 Calculated band structure for the donor layers of [(S,S)-DM-
EDT-TTF]3Ta2F10O where the dashed line refers to the highest occu-
pied level and G¼ (0, 0), X¼ (a*/2, 0), Y¼ (0, b*/2),M¼ (a*/2, b*/2) and
S ¼ (�a*/2, b*/2).

This journal is © The Royal Society of Chemistry 2020
strongly related and all of these systems should be anisotropic
2D semiconductors with better conductivity along the chain
direction.

The band structures of the two DM-EDT-TTF salts are very
similar but that of the (rac)- salt (Fig. S22, ESI†) exhibits a larger
gap (0.43 vs. 0.19 eV), in agreement with the conductivity
measurements. The reason can be understood on the basis of
the nature of the states associated with the gap. For a triply
folded band of an ideal chain built from TTF-based HOMOs, the
nature of these states is that schematically depicted in Fig. 16.
The band gap separating the upper band from themiddle one at
the border of the Brillouin zone (X in Fig. 16) will be larger when
the intra-cell B/C and C/A interactions are stronger and the
inter-cell A/B interaction is weaker. As can be seen in Table 2,
interactions I (B–C) and II (A–C) are stronger whereas interac-
tion III (A–B) is weaker for the (rac)- salt which, consequently,
must exhibit the largest gap, as found in our conductivity
measurements.

2.4.3 (BEDT-TTF)3Ta2F10O salt. The donor layers of this salt
share the general architecture of the previous ones in that they
are built from parallel chains with three donors as the repeat
unit. As shown in Fig. 17 there are two different donors and ve
different intermolecular interactions. The chains contain two
different donors (one of which is centrosymmetric) as for the
TMTXF salts, although neither the intermolecular overlaps
along the chain nor the topology of the interchain interactions
is the same. As for the DM-EDT-TTF salts, the repeat unit
contains two equivalent chains and one of the intra-chain
intermolecular overlaps is very similar although now there are
only two different donors whereas the DM-EDT-TTF salts
contain three. However, as far as the transport properties are
concerned, what really matters are the general topology of the
donor lattice and the strength of the different HOMO/HOMO
Chem. Sci., 2020, 11, 10078–10091 | 10087
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Fig. 17 Donor layer of the (BEDT-TTF)3Ta2F10O salt where the
different donors and intermolecular interactions are labelled.

Fig. 18 Calculated band structure for the donor layers of (BEDT-
TTF)3Ta2F10O where the dashed line refers to the highest occupied
level and G¼ (0, 0), X¼ (a*/2, 0), Y¼ (0, b*/2),M¼ (a*/2, b*/2) and S¼
(�a*/2, b*/2).
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interactions. The calculated |bHOMO–HOMO| interaction energies
for this salt are shown in Table 3.

As for all other salts the intra-chain interactions clearly
dominate and despite the different intra-chain overlaps the
strength of these interactions is comparable to that of the
TMTSF and DM-EDT-TTF salts. It is clear that from the elec-
tronic viewpoint the basic units of the layers are again A–B–A
trimers. The calculated band structure (Fig. 18) shows three
clearly discernible pairs of bands corresponding to the three
HOMO levels of the trimer. Note, however, that despite this
common feature the shape of the bands is different because the
inter-trimer interactions are different in the three series of salts.
However, the important fact of Fig. 18 is that due to the 3 : 1
stoichiometry, the HOMO bands must contain four holes so
that only the two lower pairs of bands are lled. Consequently
there is a band gap separating the empty and lled bands and
(BEDT-TTF)3Ta2F10O is a regular semiconductor.

Analysis of the crystal orbitals conrms that every pair of bands
in Fig. 18 corresponds to the standard description of the levels of
a trimer (i.e. those shown in Fig. 13). For instance, the pair in the
middle is almost exclusively built fromA type donors and the upper
pair is �2/3 on donor B and �1/3 on donor A. Consequently, since
the latter pair is empty it turns out that donor B must hold a more
positive charge. This is in agreement with the fact that the central
Table 3 Absolute values of the intermolecular HOMO/HOMO
interaction energies (|bHOMO–HOMO|, eV) for the (BEDT-TTF)3Ta2F10O
salt

Interaction (type)
|bHOMO–HOMO|
(eV)

I (A–A) 0.2320
II (A–B) 0.7385
III (A–A) 0.0403
IV (A–B) 0.0833
V (A–B) 0.0897

10088 | Chem. Sci., 2020, 11, 10078–10091
C]C distance is longer for donor B (1.392(13) vs. 1.360(8) Å). It may
seem surprising that the band dispersion of the upper pair of bands
is practically identical along the two main directions of the lattice
(see G–X, i.e. a, and G–Y, i.e. b) whereas the interaction between
trimers (i.e. interaction I) is around three times stronger than the
inter-chain interactions (interactions III to V). However, two reasons
are behind this observation. First, every trimer interacts with
another trimer in different chains through several donor.donor
interactions but only through one if they are in the same chain.
Second, since the effective unit is a trimer and thus the orbital is
delocalized among the three donors, orbital normalization imposes
that the effective inter-trimer interaction along the chains is smaller
than interaction I (in fact around three times smaller). Note that the
minimum of this upper empty band (occurring at G) exhibits larger
(and very isotropic) dispersion than the maxima of the upper lled
bands (occurring atM and in between G and X) so that the electron
carriers will dominate the conductivity. We thus conclude that
(BEDT-TTF)3Ta2OF10 is an isotropic 2D diamagnetic semiconductor
with an indirect band gap.

In summary, although all 3 : 1 salts discussed share most
aspects of the electronic structure and are semiconducting with
uneven distribution of the charge, the structural variations induce
subtle differences differentiating all compounds. Thus, whereas
the TMTSF and (S,S)-DM-EDT-TTF salts are both anisotropic 2D
semiconductors with better conductivity along the chains, the
band gap is indirect in the former but direct in the latter. The
BEDT-TTF salt has an indirect band gap as the TMTSF salt, but in
contrast to both the TMTSF and (S,S)-DM-EDT-TTF salts, it is an
isotropic 2D semiconductor. Both in the case of the TMTSF/
TMTTF and (S,S)-/(rac)-DM-EDT-TTF pairs of salts one of them
has a conductivity which is substantially larger because of differ-
ences in the interactions along the chains.
3. Conclusions

Following the full characterization of its tetra-n-butyl ammo-
nium salt, we have demonstrated the occurrence of the oxo-bis
[pentauorotantalate(V)] dianion [Ta2F10O]

2� in a series of
radical cation salts showing the same 3 : 1 stoichiometry and
This journal is © The Royal Society of Chemistry 2020
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involving the symmetric classical donors TMTTF, TMTSF and
BEDT-TTF and also the non-symmetric racemic and (S,S)
enantiopure donor DM-EDT-TTF. In all the salts, formation of
trimeric donor units is observed, with an uneven charge
distribution between the donors, together with the establish-
ment of numerous intermolecular hydrogen bonding interac-
tions between the uorine atoms of the anion and the methyl
(TMTTF, TMTSF), methylene (BEDT-TTF), and methyl, methine
and vinyl (DM-EDT-TTF) protons. The orientation of the Ta–O–
Ta long axis of the anion is either parallel (TMTSF, TMTTF) or
perpendicular (BEDT-TTF, DM-EDT-TTF) to the donor stacking
direction. We hypothesize that the peculiar shape of the anion,
i.e. linear or a slightly tilted corner shared double octahedron, and
its templating role through the formation of hydrogen bonding
trigger the propensity towards the same 3 : 1 stoichiometry no
matter what donor we used. Single crystal resistivity measure-
ments show semiconducting behaviour for all ve materials, with
room temperature conductivity values between 0.25 and
1.1 S cm�1 except for the TMTTF salt, which is two orders of
magnitude less conducting than the TMTSF counterpart. Worth
noting is also the three times higher conductivity value for the
enantiopure (S,S) salt of DM-EDT-TTF than for the racemic form.
These differences accurately correlate with the band gap energy
values derived from the tight-binding band structure calculations,
which are in agreement with the band gap semiconducting
behaviour for all the materials investigated herein. Although the
ve Ta2F10O salts discussed here have donor layers with a similar
general organization, built from chains with a repeat unit of three
donors, variations in the inter- and intra-trimer interactions
modulate their band structure (energy dispersion and band gaps).
The chains in TMTSF and TMTTF salts are built from interacting
trimers but the inter-trimer interaction is considerably smaller in
the latter leading to a larger band gap and smaller conductivity.
The two DM-EDT-TTF salts exhibit stronger inter-trimer interac-
tions and are better considered as chains of donors. In that case
a combination of stronger intra-trimer and weaker inter-trimer
interactions is associated with a smaller band gap and thus
larger conductivity for the (S,S) salt. The BEDT-TTF salt is also
better described as a series of interacting trimers and is
a diamagnetic semiconductor.

A feature one cannot elude concerns the validity of the
description in the earlier reports of the (TMTSF)3Ta2F11 33 and
(BEDT-TTF)3Ta2F11 salts.34,35 While this question is not very
simple to denitely settle, especially in the case of the latter for
which no experimental details for its preparation could be
found, we would like to resume the facts against the existence of
the [Ta2F11]

� monoanion in these salts. As we have largely
argued, experimental evidence for the existence of the
undecauoro-tantalate anion in the solid state is very scarce,
pointing out that it can be observed only under very anhydrous
and anaerobic conditions.37,38 Our own experimental investiga-
tions are in agreement with Brownstein's report36 concerning
the failure of the isolation in the solid state of the (n-Bu4N)
Ta2F11 salt which would be, in principle, the ideal precursor to
be engaged in electrocrystallization in order to obtain TTF
based radical cation salts in a reproducible manner. In contrast,
the oxo-bis[pentauorotantalate(V)] dianion [Ta2F10O]

2� forms
This journal is © The Royal Society of Chemistry 2020
very smoothly as a (n-Bu4N)Ta2F10O salt by the gentle hydrolysis
of (n-Bu4N)TaF6. In our hands, electrocrystallization experi-
ments under the same conditions as those described for the
formation of (TMTSF)3Ta2F11,33 or by using (n-Bu4N)TaF6 not
stored in an inert atmosphere, afforded in the same electro-
crystallization cell a crystal mixture of the Bechgaard phase
(TMTSF)2TaF6 and (TMTSF)3Ta2F10O. Moreover, Nakamura
et al.mentioned in their report on (TMTTF)2TaF6 the formation
of (TMTTF)3Ta2F10O as a secondary phase.15 All these experi-
mental facts, combined with chemical reactivity issues, strongly
suggest that the occurrence of the [Ta2F11]

�monoanion in these
salts is very unlikely. Last but not least, a common sense
argument could be evoked as well. Supposing that (TMTSF)3-
Ta2F11 and (BEDT-TTF)3Ta2F11 salts could have indeed been
serendipitously formed, it seems to us highly improbable that
they would be, not one, but both of them, isostructural with
their [Ta2F10O]

2� counterparts described herein. There is no
example, to the best of our knowledge, of isostructural TTF
based radical cation salts with a mono and a dianion. But once
again, by the scientic rigor principle, we cannot rule out de-
nitely the existence of an isostructural (BEDT-TTF)3Ta2F11 salt
in the absence of an experimental protocol in the previous
corresponding reports,34,35 although the standard electro-
crystallization procedures we applied afforded either (BEDT-
TTF)3Ta2F10O or a mixture of (BEDT-TTF)3Ta2F10O and (BEDT-
TTF)2TaF6, as in the case of TMTSF.

Future work will be dedicated to the use of other TTF and
TSF donor molecules with the new [Ta2F10O]

2� dianion in order
to take advantage of its propensity to provide mixed valence
radical cation salts.
4. Experimental
4.1 Materials and methods

Nuclear magnetic resonance spectra were recorded on a Bruker
Avance DRX 300 spectrometer operating at 282 MHz for 19F.
Chemical shis are expressed in parts per million (ppm). The
following abbreviations are used: s, singlet; d, doublet; m,
multiplet. A Bruker Esquire 3000 plus spectrometer was used for
electrospray ionization mass spectrometry (ESI-MS). Elemental
analysis was performed using a Flash 2000 Fisher Scientic
Thermo Electron analyzer.
4.2 Electrocrystallization

(TMTTF)3Ta2F10O. 50mg of (n-Bu4N)2Ta2F10O were dissolved
in 12 mL of dichloromethane passed through neutral alumina
from Acros. This solution was divided into two parts of 6 mL
each. Then, 5 mg of TMTTF were added in one of it and soni-
cated for 5 minutes. The two solutions were poured into an
electrocrystallization cell, so that the cathodic compartment
contained only the supporting electrolyte, and the anodic one
both the supporting electrolyte and the TMTTF donor. The two
chambers were degassed with argon. Crystals of the salt were
grown at 20 �C over a period of 1 week on a platinum wire
electrode, diameter 1 mm, by applying a constant current of 1
mA. Thick black shiny plates were obtained on the anode.
Chem. Sci., 2020, 11, 10078–10091 | 10089
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(TMTSF)3Ta2F10O. 30 mg of (n-Bu4N)2Ta2F10O were dissolved
in 12 mL of dichloromethane passed through neutral alumina
from Acros. This solution was divided into two parts of 6 mL
each. Then, 5 mg of TMTSF were added in one of it and soni-
cated for 5 minutes. The two solutions were poured into an
electrocrystallization cell, so that the cathodic compartment
contained only the supporting electrolyte, and the anodic one
both the supporting electrolyte and the TMTSF donor. The two
chambers were degassed with argon. Crystals of the salt were
grown at 20 �C over a period of 1 week on a platinum wire
electrode, diameter 1 mm, by applying a constant current of 1
mA. Thick black plates were obtained on the anode and in the
solution.

(BEDT-TTF)3Ta2F10O. 60 mg of (n-Bu4N)2Ta2F10O were dis-
solved in 12 mL of dichloromethane passed through neutral
alumina from Acros. This solution was divided into two parts of
6 mL each. Then, 5 mg of BEDT-TTF were added in one of it and
sonicated for 10 minutes. The two solutions were poured into
an electrocrystallization cell, so that the cathodic compartment
contained only the supporting electrolyte, and the anodic one
both the supporting electrolyte and the BEDT-TTF donor. The
two chambers were degassed with argon. Crystals of the salt
were grown at 20 �C over a period of 1 week on a platinum wire
electrode, diameter 1 mm, by applying a constant current of 0.5
mA. Thick black shiny plates were obtained on the anode.

[(rac)-DM-EDT-TTF]3Ta2F10O. 20 mg of (n-Bu4N)2Ta2F10O
were dissolved in 6 mL of chloroform, and the solution was
poured into the cathodic compartment of an electro-
crystallization cell. The anodic chamber was lled with 5 mg of
(rac)-DM-EDT-TTF dissolved in 6 mL of chloroform. Crystals of
the salt were grown at 20 �C over a period of 1 week on a plat-
inum wire electrode, by applying a constant current of 0.5 mA.
Large black needles were obtained on the electrode and in the
solution.

[(S,S)-DM-EDT-TTF]3Ta2F10O. [(S,S)-DM-EDT-TTF]3Ta2F10O
was prepared as previously by using (S,S)-DM-EDT-TTF as the
donor.
4.3 X-ray structure determination

Details about data collection and solution renement are given
in Table S1 (ESI†). Data collections were performed on
a BRUKER KappaCCD diffractometer, equipped with a graphite
monochromator utilizing MoKa radiation (l¼ 0.71073 Å) for (n-
Bu4N)2Ta2F10O, (TMTTF)3Ta2F10O, (TMTSF)3Ta2F10O and
(BEDT-TTF)3Ta2F10O and on a Rigaku Oxford Diffraction
SuperNova diffractometer equipped with an Atlas CCD detector
and micro-focus Cu-Ka radiation (l ¼ 1.54184 Å) for [(rac)-DM-
EDT-TTF]3Ta2F10O, [(S,S)-DM-EDT-TTF]3Ta2F10O and (n-Bu4N)
TaF6. The structures were solved by direct methods and rened
on F2 by full matrix least-squares techniques with SHELX
programs. All non-H atoms were rened anisotropically. The H
atoms were placed at calculated positions and rened using
a riding model. For (BEDT-TTF)3Ta2F10O and [(rac)-DM-EDT-
TTF]3Ta2F10O a statistical disorder was applied to lead to
various occupation rates: for the former, one ethylene part with
0.68/0.32 occupancy factors, and for the latter, all three ethylene
10090 | Chem. Sci., 2020, 11, 10078–10091
parts with almost 0.5 occupancy factor each. The compound (n-
Bu4N)TaF6 has been treated as a twinned structure.
4.4 Conductivity measurements

Electrical resistivity was measured in four points on platelet-
shaped single crystals 0.5–0.8 mm long for (TMTSF) 3Ta2OF10,
(TMTTF)3Ta2OF10 and (rac)-(DM-EDT-TTF)3Ta2OF10. Gold wires
were glued with silver paste on aligned gold evaporated
contacts. For the platelets of (BEDT-TTF)3Ta2OF10 (0.3–0.4 mm
long), it was not possible to evaporate gold contacts on so small
samples. Therefore, the four electrical contacts used to measure
the in-plane resistivity were point contacts made by silver paste.
Because of the small size of the [(rac)-DM-EDT-TTF]3Ta2F10O
crystals (maximum length of 0.25 mm), their resistance was
measured in two points with gold wires directly attached on
both ends of the crystals. Different techniques were used to
measure resistivity, either applying a low frequency (z100 Hz)
AC current (1–10 mA) with lock-in amplier detection or a DC
current (1–0.1 mA). We have checked for each crystal that both
techniques give the same resistance value at room temperature.
Low temperature was provided either by a homemade cryostat
equipped with a 4 K pulse-tube or using a Quantum Design
Physical Property Measurement System (PPMS).
4.5 Band structure calculations

The tight-binding band structure calculations were of the
extended Hückel type.53 A modied Wolfsberg–Helmholtz
formula was used to calculate the non-diagonal Hmn values.54 All
valence electrons were taken into account in the calculations
and the basis set consisted of Slater-type orbitals of double-z
quality for C 2s and 2p, S 3s and 3p, Se 4s and 4p and of single-z
quality for H. The ionization potentials, contraction coefficients
and exponents were taken from previous work.55
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