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Phap Nguyenb
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Electro-oxidation of BEDT-TTF in the presence of tetra- axis of the cell (Fig. 2a). The short O(1),O(1) distance
butylammonium hydrogen fumarate affords the salt (2.48 Å) is indicative of a strong hydrogen bond.10–14 We did
(BEDT-TTF)

2
[(E )-HO

2
C-CH=CH-CO

2
], in which the not succeed in precisely locating the shared hydrogen by means

BEDT-TTF units adopt a b-type packing and the organic of difference-Fourier techniques, so the question remains
anions form infinite chains by hydrogen-bonding; this salt whether this hydrogen bond is symmetrical (single-well poten-
is a semiconductor and its room-temperature conductivity tial ) or unsymmetrical (double-well potential ); strong hydro-
is ca. 3 S cm−1. gen bonds are often symmetrical and, furthermore, the O2C-

CH=CH-CO2 moiety appears to be centrosymmetric, thus
The synthesis, structure and properties of cation radical salts the former hypothesis is probable, however doubt still exists
derived from bis(ethylenedithio)tetrathiafulvalene (BEDT- since a proton disorder between the two minima of a hypotheti-
TTF ) are of considerable interest.1–10 Nevertheless, to the best cal double-well potential would also make the anion crystallo-
of our knowledge, there is no report of such salts with simple graphically centrosymmetric.10–16
organic counteranions derived from carboxylic acids (R- The overall crystal arrangement of 1 consists of slabs of
CO2H ) and, a fortiori, from di- and polycarboxylic acids.

The anions derived from this kind of acid (e.g. oxalic,
maleic, fumaric acids) display a variety of shapes and sym-
metries, likely to influence the crystal packing of their salts
and, consequently, their electrical properties.

Furthermore, it can be seen that, in the BEDT-TTF salts
series, the higher-Tc superconductors, such as k-(BEDT-
TTF )2Cu(NCS)2 , possess a polymeric network of coordi-
nation-bonded anions; vibrations of this anion sublattice are
thought to be involved in the process of superconductivity.1,2
By using organic hydrogeno-anions, i.e. partially neutralized
di- or polyacids, one can expect to build new BEDT-TTF salts
with polymeric networks of anions which will be, in this case,
linked by hydrogen bonds.10–16 The E configuration of the
hydrogen fumarate anion appears to be very favourable to the
formation of intermolecular hydrogen bonds and we have
chosen to prepare, initially, the title compound (BEDT-TTF)2[(E )-HO2C-CH=CH-CO2 ] (1) by electro-oxidation of BEDT-
TTF, in the presence of tetrabutylammonium hydrogen fumar-
ate (2) as supporting electrolyte.†

From X-ray diffraction data‡, the centrosymmetric unit cell
of 1 contains one hydrogen fumarate anion C4H3O4− and two
equivalent BEDT-TTF. Thus, each donor molecule is in a
mixed-valency state and carries a fractional charge of +D.
The BEDT-TTF moieties are planar with the exception of
their terminal -CH2-CH2- groups, which adopt an eclipsed
relative arrangement and are not subject to conformational
disorder; the various internal bond lengths in these BEDT-

Fig. 1 Drawings of (a) a BEDT-TTF unit (b) a hydrogen fumarateTTF units (see Fig. 1a) are in agreement, through empirical
anion, showing the atomic labelling. Selected bond lengths (Å): in therelations, with the fractional charge of +D.3
BEDT-TTF unit: C(6)–C(5) 1.363(5), C(5)–S(4) 1.742(3),The planar anions are linked by hydrogen bonds occurring
S(4)–C(4) 1.752(3), C(4)–C(3) 1.344(4), C(3)–S(3) 1.743(3),between oxygen atoms ( labelled as O(1) in Fig. 1b) which are S(3)–C(5) 1.739(3), C(6)–S(5) 1.732(3), S(5)–C(7) 1.747(3),

formally singly bonded to carbon12,13 (C(12)–O(1)= C(7)–C(8) 1.354(4), C(8)–S(6) 1.740(3), S(6)–C(6) 1.743(3); in
1.301(3) Å, to be compared to C(12)–O(2)=1.219(4) Å), the anion: C(11)–C(11) 1.347(4), C(11)–C(12) 1.510(4),

C(12)–O(1) 1.301(3), C(12)–O(2) 1.219(4).thus these anions do form infinite chains directed along the b-
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Table 1 Short (<3.7 Å) intermolecular S,S distances (Å) in 1

Aa Ba Ca

3.581 (i-o)b 3.478 (i-o)b 3.629 (o-o)b
3.581 (o-i )b 3.478 (o-i)b
3.583 (o-o)b
3.583 (o-o)b

aEntries A, B and C relate to the three kinds of interstack interactions
depicted in Fig. 2b. There are no intrastack (D and E situations in
Fig. 2b) distances shorter than 3.7 Å. bInteracting atoms: i denotes an
inner sulfur atom of the BEDT-TTF unit ( labelled as S3, S4, S5 or
S6 in Fig. 1a), o denotes an outer sulfur atom (S1, S2, S7 or S8).

(respectively four and two short S,S contacts), the D and E
intrastack interactions being, in any case, still weaker; this
suggests that 1 may, in fact, possess a pronounced monodimen-
sional character along the line of the A and B interactions
(see Fig. 2b). On the other hand, these room-temperature
structural features of 1 do not clearly prove the occurrence of
either intra- or interstack definite dimers (BEDT-TTF)2+ .
Finally, proximity interactions between the anions and the
hydrogen atoms of BEDT-TTF2,4 also appear, involving
especially the carbonyl oxygen atoms of the anion
(H(2),O(2)=2.45 Å).

The d.c. conductivity in the larger plane of single platelets
of 1 (crystallographic 19119 plane) was measured by the four
probe method. The salt 1 is reasonably conducting at room
temperature (s~3 S cm−1) but the temperature dependence
of its electrical resistivity denotes a semiconducting behaviour
(Fig. 3). The magnetic susceptibility of 1 was also measured,
as a function of temperature, by the means of SQUID experi-
ments: it does not obey the Curie–Weiss law but its shape
suggests a low dimensional behaviour.

In conclusion, it may be underlined that the synthesis of the
salt 1 examplifies the possibility of building TTF based mate-
rials with organic carboxylate counteranions, which, as conju-
gates of Brønsted weak acids (reported pKa values for fumaric
acid: pKa

1

=3.03, pKa
2

=4.4419) possess some basic character.§
Fig. 2 Crystal packing of 1. (a) View along the a-axis; the short

The electrical properties of 1 appear somewhat disappointing(<3.7 Å) S,S contacts between the BEDT-TTF units are denoted by
considering its apparently promising structural characteristics.thin lines and the hydrogen bonds between the hydrogen fumarate
Anyway, the electrical properties of such materials obviouslyanions by dotted lines. (b) View of a sheet of BEDT-TTF along the

c-axis showing the different possible relative situations (A, B, C, D depend upon small structural details which are a priori difficult
and E) of these donor molecules. N.B. the numbers (1–5) allow the to predict, thus we shall pursue this work by making new
reader to make a connection between the a) and b) views but all cation radical salts using other organic acid derived anions.
BEDT-TTF units are equivalent.

Notes and references

cations, separated by thin walls of anions4,17 (Fig. 2a). The † Synthesis of tetrabutylammonium hydrogen fumarate (2): Fumaric
BEDT-TTF units are piled up in stacks parallel to the b-axis acid (25 mmol ) was dissolved in a solution consisting of 25 ml of
and the stacking axis forms an angle Q=69° with the BEDT- 1.0 mol l−1 methanolic tetrabutylammonium hydroxide (Aldrich),

diluted with 50 ml of methanol. The solvent was evaporated underTTF mean plane. Intrastack distances are not especially short
reduced pressure with gentle heating, then the remaining material was(the distance between the mean planes of two adjacent BEDT-
redissolved in acetonitrile. The acetonitrile solution was filtered toTTF is 3.74 Å if they are in the D relative situation and 3.87 Å

in the case of the E situation, see Fig. 2b), but close S,S
contacts (i.e. shorter or slightly longer than a distance of
3.6–3.7 Å, which can be regarded, somewhat arbitrarily, as
twice the value of the sulfur van der Waals radius1,18) appear
between the stacks (A, B and C situations), connecting the
BEDT-TTF molecules through a two-dimensional zig-zag
array of short non-bonded contacts (Fig. 2a and Table 1).
This type of packing indicates that 1 belongs to the b family
of BEDT-TTF salts whose several members, such as b-(BEDT-
TTF )2I3 , are low temperature superconductors;1 more pre-
cisely, the details of the structure of 1, especially the value of
the stacking angle Q defined above, allow this compound to
be placed in the so-called b◊ subgroup, such as b◊-(BEDT-
TTF )2 AuBr2 or the superconducting b◊-(BEDT-TTF)2
Fe(C2O4)3 , H2O, C6H5CN.1,8,9 A closer examination of
Table 1 indicates that the C interstack interaction (one short

Fig. 3 Temperature dependence of the resistivity of 1.S,S contact) appears to be weaker than the A and B ones
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remove a small amount of insoluble impurities. Evaporation of monofumarate salt 1 indicates, in any case, that the pKa=0 value has
no particular critical meaning in this matter.acetonitrile left a colorless oil which crystallized after addition of ethyl

acetate. The hygroscopic salt 2 was then filtered under nitrogen. Yield:
8.46 g (95%). Mp 92 °C. Elemental analysis: found: C 67.10, H 11.02,
N 4.05, O 18.13; calcd. for C20H39NO4 : C 67.19, H 10.99, N 3.92, O
17.90%. 1H NMR, 500 MHz (CD3CN) d: 12–17 (concentration depen-
dent, broad s, 1H), 6.53 (s, 2H), 3.12 (m, 8H), 1.59 (m, 8H), 1.32 1 (a) J. M. Williams, J. R. Ferraro, R. J. Thorn, K. D. Carlson,
(sextet, 8H) and 0.93 (t, 12H). 13C NMR, 125.77 MHz (CD3CN ) d: U. Geiser, H. H. Wang, A. M. Kini and M. H. Whangbo, Organic
170.2, 136.5, 59.1, 24.2, 20.2 and 13.8. Superconductors, Prentice Hall, Englewood Cliffs, 1992; (b)

Electrocrystallization of 1: A conventional H-shaped cell1 was Organic Conductors, ed. J. P. Farges, Marcel Dekker, New York,
charged with 20 ml of a 0.1 mol l−1 solution of 2 in a 97.5/2.5 (v/v) 1994.
dichloromethane–ethanol mixture, degassed with nitrogen. BEDT- 2 M. H. Whangbo, J. J. Novoa, D. Jung, J. M. Williams, A.
TTF (30.8 mg) was introduced in the anodic arm and was then electro- M. Kini, H. H. Wang, U. Geiser, M. A. Beno and K. D. Carlson,
oxidised, at room temperature, under galvanostatic conditions with in Organic Superconductivity, eds. V. Z. Kresin and W. A. Little,
stepwise increases of the applied current:5 1 mA for one week, then Plenum, New York, 1990, p. 243.
2 mA for another week and finally 3 mA for five days. 25.6 mg of 1, 3 (a) P. Guionneau, C. J. Kepert, G. Bravic, D. Chasseau, M.
deposited at the platinum wire anode (diameter: 1 mm, length: 15 mm) R. Truter, M. Kurmoo and P. Day, Synth. Met., 1997, 86, 1973;
as black platelets of typical dimensions 4×2×0.1 mm, were then (b) D. A. Clemente and A. Marzotto, J. Mater. Chem., 1996, 6,
harvested. Several other experiments, performed under slightly varying 941; (c) K. A. Abdoud, M. B. Clevenger, G. F. de Oliveira and
conditions (noticeably: omission of ethanol as cosolvent) afforded D. R. Talham, J. Chem. Soc., Chem. Commun., 1993, 1560.
smaller crystals which were shown, through X-ray determination of 4 H. Yamochi, T. Komatsu, N. Matsukawa, G. Saito, T. Mori,
their unit cell, to be chemically and crystallographically identical to M. Kusunoki and K. Sakaguchi, J. Am. Chem. Soc., 1993, 115,
those described above. 11319.
‡ Crystal data for 1: C24H19O4S16 (MW=884.37), triclinic P19 , Z=1, 5 H. Anzai, J. M. Delrieu, S. Takasaki, S. Nakatsuji and J. Yamada,
cell measured with MoKa radiation (lMoKa=0.71069). a=6.135(4) Å, J. Cryst. Growth, 1995, 154, 145.
b=8.107(4) Å, c=16.981(9) Å, a=79.98(3)°, b=79.68(3)°, c= 6 M. Kurmoo, D. Kanazawa, C. J. Repert and P. Day, Synth. Met.,
81.88(4)°, V=812.9(6) Å3 , Dc 1.806 g cm−3 . 1995, 70, 795.

Data collection was carried at room temperature by the v scan 7 L. C. Porter, H. H. Wang, M. M. Miller and J. M. Williams, Acta
technique in the 2–30° h range on an Enraf Nonius MACH3 four Crystallogr., Sect. C, 1987, 43, 2201.
circle diffractometer. Conditions of measurements were tmax=40 s, 8 M. Kurmoo, D. R. Talham, P. Day, I. D. Parker, R. H. Friend,
range hkl (h 0,8; k −11,11; l −23,23). Intensity control reflections A. M. Stringer and J. A. K. Howard, Solid State Commun., 1987,
were measured every 2 hours without appreciable decay (0.15%). A 61, 459.
total of 4725 independent reflections from which 3358 were observed 9 M. Kurmoo, A. W. Graham, P. Day, S. J. Coles, M. B.
with I/s(I )>3. After Lorentz and polarisation corrections, the structure Hursthouse, J. L. Caufield, J. Singleton, F. L. Pratt, W. Hayes,
was solved by direct methods (SIR), which revealed all non-hydrogen L. Ducasse and P. Guionneau, J. Am. Chem. Soc., 1995, 117,
atoms. After anisotropic refinements of all non-H atoms, the coordi- 12209.
nates of H atoms were determined both from Fourier difference 10 A. Miyazaki, T. Enoki, H. Uekusa, Y. Ohashi and G. Saito, Phys.
synthesis and the Hydro program of MolEN package. The whole Rev. B, 1997, 55, 6847.
structure was refined by full-matrix least-squares techniques (refine- 11 A. S. Batsanov, A. J. Moore, N. Robertson, A. Green, M.
ment on F; x,y,z, Uij for S, O and C atoms; x,y,z and U fixed for H R. Bryce, J. A. K. Howard and A. E. Underhill, J. Mater. Chem.,
atoms; 199 variables for 3358 observations, weighting scheme: non- 1997, 7, 387.
Poisson contribution with v=1/s(Fo )2=4Fo2/[s(I )2+(0.04Fo2)2]; 12 J. C. Speakman, Struct. Bonding (Berlin), 1972, 12, 141.
R=0.064, RW=0.090, GOF=1.86. 13 J. E. Barry, M. Finkelstein, S. D. Ross, G. D. Mateescu, A.

Full crystallographic details, excluding structure factor tables, have Valeriu and C. Svensson, J. Org. Chem., 1988, 53, 6058.
been deposited at the Cambridge Crystallographic Data Centre 14 L. H. Merwin and S. D. Ross, Magn. Reson. Chem., 1992, 30, 440.
(CCDC). For details of the deposition scheme, see ‘Information for 15 C. L. Perrin and J. D. Thoburn, J. Am. Chem. Soc., 1992, 114,
Authors’, J. Mater. Chem., available via the RSC web page 8559.

16 B. Schwartz and D. G. Drueckhammer, J. Am. Chem. Soc., 1995,(http://www.rsc.org/authors). Any request to the CCDC for this mate-
117, 11902.rial should quote the full literature citation and the reference number

17 A. M. Kini, U. Geiser, H. H. Wang, K. R. Lykke, J. M. Williams1145/145. See http://www.rsc.org/suppdata/jm/1999/851/ for crystallo-
and C. F. Campana, J. Mater. Chem., 1995, 5, 1647.graphic files in .cif format.

18 A. Ellern, J. Bernstein, J. Y. Becker, S. Zamir, L. Shahal and§ This result was not a priori ensured. There is a relationship between
S. Cohen, Chem. Mater., 1996, 6, 1378.acido-basicity and the redox behaviour of TTF derivatives. We have

19 Handbook of Chemistry and Physics, 74th edn., CRC Press, Bocapreviously shown that strong enough protic acids can induce the
Raton, 1993/94, p. 8-46.formation of radical cations TTF•+ from TTF although the mechanism

20 M. Giffard, P. Alonso, J. Garin, A. Gorgues, T. P. Nguyen,of this oxidation is not fully understood.20 Conversely, strong enough
P. Richomme, A. Robert, J. Roncali and S. Uriel, Adv. Mater.,bases may induce a reduction of TTF•+ ions: for example we have
1994, 6, 298.observed that the addition of triethylamine to a (CD3 )2SO solution of

21 F. Wudl, J. Am. Chem. Soc., 1975, 97, 1962.TTF•+ , Cl− leads to the formation of TTF, detected by NMR (see
also ref. 21). In fact, one can wonder what level of basicity a TTF
derived radical cation is able to tolerate. The obtention of the Communication 8/10002K
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