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The salt [ET]5[Shy(L-tart),]+CH3CN (1) has been obtained by electrocrystallization of the organic donor bis(ethylendithio)-
tetrathiafulvalene (ET or BEDT-TTF) in the presence of the chiral anionic complex [Shy(L-tart),]*~ (L-tart = (2R,3R)-
(+)-tartrate). This salt crystallizes in the chiral space group P212:2; (a = 11.145(2) A, b = 12.848(2) A, ¢ =
40.159(14) A, v = 5750.4(14) A%, Z = 4) and is formed by alternating layers of the anions and of the organic
radicals in a noncentrosymmetric a-type packing. This compound shows a room temperature electrical conductivity
of ~1 S-cm~! and semiconducting behavior with an activation energy of ~85 meV. Analysis of the magnetic
susceptibility and band structure, however, suggests that this compound should be a narrow band gap semiconductor.

Introduction family of organic metals and superconductors and, therefore,
) ) ) ) have been subject of multiple studies. In addition to their

_ The interest in molecular materials has grown extensively gectrical properties, their tendency to create segregated
in recent years mostly due to the really unique approachesgi, s in the radical salts with different types of anions have
that they offer for different areas of materials research which .- 4e them very useful building blocks for the design and
are difficult t? tackle through other perspective such as .qnstryction of multifunctional molecular materials wherein
mgltlfuctlonal, nanosftruct.ureazor biomedical materials. the TTF network will give rise to conducting properties,
With respect to multifuncionality, the molecular approach \hije the functional anions will be responsible for the
has been very successful, yielding new materials that,|ysion of a second physical property of interest in the
combine in the solid state two or more physical properties ¢gjiq. Paramagnetic complexes have been used for the
of interest by combination of two or more molecular building preparation of organic semiconductémsetalsé and even
blocks. This strategy has been particularly exploited in the g nerconductorswhere delocalized electrons coexist with
case of materials combining electrical conductivity with @ he |ocalized electrons in the paramagnetic centers. Ferro-
second property.
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valene, TTF, and derivativésepresent the most extended U; Wang, H. H.; Kini, A. M.; Whangbo, M. H. InOrganic
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ties and TheoryGrimes, R. N., Ed.; Prentice Hall: Englewood Cliffs,
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magnetic layers have been used for the preparation of the

first ferromagnetic molecular metai8.Photochromic com-

plexes such as nitroprusside have yielded photoactive

conductors? This very same approach can be extended to
other anionic complexes, and one of the most attractive
possibilities is that of chiral complexes or molecules.
Chirality is an important property of matter, since it creates
an anisotropy in the system that affects all macroscopic
behavior of a material including, but not limited to, their
optical properties.

Figure 1. BEDT-TTF and [Sh(L-tart))].

Several chiral magnets have been developed on the basis

of chiral molecular building block¥, 12 although the effect
of the anisotropy on the magnetic properties is still unclear.

For instance, in these chiral magnets no evidence of

magnetochiral dichroism has been reported so far, as it was

described for chiral paramagnetic systems in soluttdrhe
effect that chirality could have on the electrical conductivity

has not been studied in detail yet. Several known conductors

are chiral, though, either because they crystallize in a chiral
space group without any further synthetic control such as
tellurium or-manganes®,or because chiral precursors have

been used for their preparation, such as in chiral conducting

polymers!® DNA molecules'’ and organic conductors based
on chiral TTF derivatived® Rikken has predicted that chiral
electrical conductors should show electrical magneto-chiral
anisotropy*® This effect should be observed in the magneto-

transport properties of the material. The electrical resistance

is expected to have different values upon reversal of both
the direction of the current, and that of the external magnetic
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Figure 2. View of the alternating layers in the [EJBby(L-tart)]-
CHsCN (1) salt.

field. The electrical magneto-chiral anisotropies observed
thus far are quite small, but it has been pointed out that they
may be interesting in spintronics since in chiral conductors
electrical resistance depends not only on the magnitude of
spin polarization, but also on its direction. These expectations
justify the design and investigation of this class of dual-
function materials. Dealing with the molecular conductors,
the chirality of the two-network solid can be deliberately
introduced by using a chiral anion complex as charge-
compensating counterion. Herein we report the synthesis,
structure, and physical characterization of a novel chiral
conductor [ET}[Shy(L-tart)]-CH3CN (1), from the building
blocks bis(ethylendithio)tetrathiafulvalene (BEDT-TTF or
ET) and theL-tartrate (-tart) based chiral dimer [Sf-
tart)y]? (Figure 1).

Crystal Structure

The [ETE[Shy(L-tart)]-CH;CN (1) salt was prepared by
electrochemical oxidation of ET in the presence of[Sb
tarty]> as dark brown, long, needlelike crystals. This
compound crystallizes in the chiral orthorhombic space group
P2,2,2,, as imposed by the chirality of the anions. It is
formed by alternating layers of anions and of ET radical
cations (Figure 2). The latter arrange following a typical
packing of the so-calledi-phases (Figure 4), with three
different types of ET molecules, A, B, and C. These
molecules stack forming chains along th@xis following
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Morales, E.; Geiser, U.; Nixon, P. G.; Winter, R. W.; Gard, G. L.
Chem. Mater1999 11, 3160-3165.
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. ) - . . Figure 5. Top view of two adjacent layers in the [E[$by(L-tart)]-CHa-
Figure 3. View of the helicoidal structure of the organic layer inthe [ET] o (1) salt showing the different disposition with respect to the anions of
[Shy(L-tart)]-CH3CN (1) salt along théo-axis by donor molecules A (black donor molecules A (black and yellow), B (green), and C (blue).
and yellow), B (green), and C (blue). ' '
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Figure 6. Circular dichroism spectra for [EJ[Sby(L-tart)]-CHsCN
(1, =), and [ETE[Shy(p-tart)]-CHICN (2, - - -).
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ET molecules) appears here only for one of the ethylenic

Figure 4. Top view of the organic layers in the [Eg[Bby(L-tart),]-CHs- grouPs_ of mOI_eCUIe A.
CN (1) salt showing thex-type packing mode of the organic radicals and The inorganic layer shows a pseudohexagonal arrangement

the nine different types of donedonor interactions. of the [Sh(L-tart)]?~ dimers, with solvent molecules (ac-
etonitrile) occupying the holes left in the structure by the

an ...ABCABC... sequence, with 28, B—C, and A-C anions. The nitrile groups of the solvent molecules point

intrachain distances very similar to each other (closesgs ~ altérnatively up and down. _
contacts being S8515 = 4.111(5) A, S16-S26 = The two layers show several hydrogen bonding contacts

4.127(5) A, and S5S28= 4.193(5) A) resulting in a quite between the ethylenic groups of the ET molecules e_md the
regular chain. But this structure has a clear 2D character ast@rboxylate groups of the anions. The two layers are disposed

the closer contacts are side contacts between chains. Thé" Such a way that molzeicule. A is forming a sandwich
interchain contacts (S7528 = 3.472(5) A; S15-S27 = betwgen.two [Sﬁ(L-tart)z] anions with the shortest H
3.468(5) A) are much shorter than the sum of van der Waals Ponding interactions (02H91 = 2.13(2) A, and O2H94

radii (3.6 A), indicating that there are some bidimensional = 2-24(2) A) on one side, and slightly longer to the other
interactions. The molecules within the layers are related Side (03-H82=2.37(2) A, Figure 5). Itis worth mentioning

through 2-fold screw axis parallel to the and b-axis, tha_\t the strongest hyd_rogen bonding appears between th_e
creating helicoidal substructures half a unit cell wide with a &nions and the ethylenic group that appears crystallographi-
period of one unit cell (Figure 3). cally disordered, although it is not well understood why this
From the bonding distances, the charge residing in eaChhappens_. Molecules B and C are not those directly related
ET molecule can be estimated, taking into account that there!© the anions although they also show short H contacts, even
are two positive charges for three ET molecules. Two of when according to the charge distribution molecule C should

them appear to be almost completely oxidized with a charge be close to neutrality (shortest contacts for B and.C:—OG
close to+1(A and B) while the third one (C) appears to be H192=2.40(2) A, and O7H302= 2.25 A, respectively).
almost neutral £+0.2). This result is surprising since the
structure of the chains is quite regular, although the charge
is apparently not equally distributed. The typical crystal-  The circular dichroism absorption spectralofFigure 6)
lographic disorder usually found for the terminal ethylenic show clear CD activity with strong Cotton effects. There is
groups of the ET salts due to the two possible conformations CD activity in almost all the range of the UWis region,

of the —CH,— groups (up or down the mean plane of the showing one continuous very broad band of negative sign

Physical Properties
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Figure 7. Thermal behavior of the electrical conductivity for [E[Sb,- Figure 9. Calculated band structure for a donor layer of [ESbs(L-
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tartp]-CHsCN (1) whereT” = (0, 0), X = (a*/2, 0), Y = (0, b*/2), andM
= (a2, b*/2).

the conducting electrons in the organic lattice (Pauli para-
magnetism, although this may contrast with the activated
conductivity, see discussion below). There is also an ad-
ditional paramagnetic contributio€(= 0.13 emu K mot?).

In most radical salts, such a contribution is assigned to the
presence of defects in the structure, but in this case the

contribution is quite high (abouf; of an electron every 3

ET molecules), and in addition to crystallographic defects,

it is also probably related to the presence of some kind of
charge localization in the system whose origin is as yet not
clear. Magnetoresistance measurements were also performed
in the search for evidence of the predicted electrical magneto-
chiral anisotropy, but the resistance barely changes under
applied external magnetic fields at high temperatures, and
at low temperatures the resistance is too high.

XmT {emu.K.mol™)
)

e
T

0 I | |
0 50 100 150 200
T(K)
Figure 8. Thermal dependence of the magnetic susceptibility agthe
product for [ETH[Shy(L-tart)]-CH3CN (1). The solid line shows the best
fit: XmT = [X‘np T+ C]

with its maximum around 570 nm and one more intense band
of positive sign around 290 nm. Since the anions only show
absorption in the UV range, below 240 nm in the solid state  In order to have some insight into the relationship between
(see Supporting Information), the observed CD activity must the crystal structure and transport properties of HESI,-

be assigned to the organic part and therefore related to the(L-tart)y]-CH;CN (1), we have carried out tight binding band
conducting lattice. This confirms that the overall chirality structure calculations for the donor layers of this material.
of the crystal also affects the organic radicals, even if the The calculated band structure near the Fermi level is shown
individual molecules are nonchiral. The analogous salt{ET] in Figure 9. There are six bands mainly built from the donors
[Shy(p-tart)]-CH3CN (2) has also been obtained, and it shows HOMO because the repeat unit of the layer contains six donor
analogous CD activity but with the opposite sign, as molecules. The bands occur as three sets of double degener-
expected. ate bands along thd—Y direction because of the existence

Transport properties measured on single crystals with the of nonsymmorphic symmetry elements parallel to the
four contacts method in the range-200 K show a typical direction (i.e., the 2 screw axes). Analysis of the wave
semiconducting behavior (Figure 7), with a room temperature vectors clearly shows that the lower lying pair of bands is
conductivity of 1 Scm~%. From the slope of the Ip versus mostly made of the HOMO of donors C whereas the set of
1/T graph, an activation energy of 85 meV is found for these four upper bands results from the mixing of the HOMOs of
materials. This situation seems to agree with the crystal donors A and B. Because of the stoichiometry, there must
structure analysis which suggests some structurally inducedbe four holes in the bands of Figure 9. Consequently, the
charge localization in the system, but at the same time closeHOMO¢ based bands are full whereas those resulting from
intermolecular contacts in the organic layer. the mixing of HOMQ, and HOMGQ; are only half-filled.

The magnetic behavior (Figure 8), according to the These results confirm that donor C can be formally consid-
magnetic measurements performed on polycrystalline samplesred as neutral whereas donors A and B can be considered
in the same temperature range, is dominated by a temperaturas ET". As shown in Figure 4, the donor layers are built
independent paramagnetismx210-2 emu mot™?). Thisymp from parallel stacks along thie-direction condensed in a
is too high to be exclusively attributed to the [8btart),]?>~ typical o« mode. There are three different donalonor
anion (Van Vleck’s TIP estimated asl x 1073 for the interactions along the stacks and six different derdmwnor
potassium salt); thus, there should include a contribution from interstack interactions. As noted above, the interstack inter-

Band Structure Calculations
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actions are associated with considerably shorte® Sontacts a band gap consistent with the above resistivity measure-
so that it is tempting to associate the 2D nature of the bandsments without completely altering the relative magnitude of
to these interactions. However, this would not be completely the different transfer integrals or the observed charge
correct because the strength of the interaction between twoseparation in a way which would be inconsistent with the
HOMOs is proportional to the square of their overlap but crystal structure. These observations suggest that the crystal
inversely proportional to their energy difference. In molecular and electronic structure studies are consistent with the
conductors, the overlaps are always relatively weak so thatmagnetic measurements but not with the resistivity ones.
not very large HOMO energy differences can strongly reduce Thus, the most plausible explanation points to the experi-
the effective HOMG-HOMO interaction. This is what = mental presence of an unclear effect that dominates the
occurs here because of the different formal charge betweenresistivity measurements and masks the real conductivity of
C (ET% and A/B (ET") donors which leads to a large the material.

HOMO:—HOMO,; energy difference~0.3 eV). Simply Finally, let us note that the crossing between the second
speaking, it should be expected that interactions implicating and third bands is not symmetry allowed along fheX

C should be quite weak. This is indeed the case since thedirection or inside the Brillouin zone associated with this
two interstack HOMO-HOMO interactions associated with  donor lattice. Consequently, it is not likely that some kind
A—B interactions are the only ones which have sizable of band overlap leading to metallic behavior can be realized
values. The intrastack AB interaction although smaller is as far as the symmetry group is kept and charge separation
also non-negligible. As can be seen in Figure 4, every (A occurs. If the avoided crossing is disregarded, the four upper
B) pair directly sees four other (AB) units leading thus to  bands in Figure 9 can be seen as the superposition of two
a 2D lattice of interactions. There are the two interstack and pairs of bands. As the AB intrastack interaction increases,
one intrastack A B interactions which are the main con- these two pairs of bands separate and eventually will not
tributors to the bandwidth of the upper four bands and, thus, superpose anymore leading to larger band gaps. Thus,
to the conductivity of the material (see below), despite the inducing an A-B dimerization in the stacks most likely
fact that the shortest interstack contacts implicate donor C.would even decrease the conductivity. It is not clear what
Of course, interactions through C are not nil (otherwise the would be the effect of suppressing the charge localization
lower two bands would be dispersionless; but note that a while keeping the symmetry since the structural details can
large part of their dispersion results from interaction with either be in favor or against the existence of a band overlap
slightly lower bands not shown in the figure) but are atthe Fermilevel. However, this may be the more tempting
considerably smaller than expected and have a secondangalternative for realizing the metallic state while keeping the
role in the upper four bands region. structure.

The important point in Figure 9 is the existence of a small
band gap between the second and third upper bands as
consequence of an avoided crossing between the bands. We Chirality is a property of molecules, and thus, the use of
have carefully examined the behavior of the two bands inside chiral molecules as building blocks constitutes a convenient
the Brillouin zone to be sure that because of the dispersionstrategy for the preparation of molecular materials that add
along other directions, the two bands do not really overlap. chirality to a second property, such as magnetism or electrical
It turns out that the band gap is real and amounts to 11 meV.conductivity. Some serendipitously obtained chiral conduc-
Since there must be four holes in these bands, this resulttors are known, but obviously a more general approach is
suggests that [EF[Shy(L-tart)]-CH;CN may be a narrow  desired. In this regard, the molecular conductors based on
band gap semiconductor. However, we should bear in mind organic radicals offer many advantages, as shown, and due
that because of the weakness of many of the HGMO to their hybrid nature two different possibilities can be
HOMO interactions as a result of the charge separation, theexplored. Others have developed the synthesis of chiral
bandwidths associated with the upper bands are only moder-counterparts of TTF derivatives in the search for molecular
ate raising the possibility of an electronic localization. In conductors, although this route is very costly synthetically,
that case, the conductivity would also be activated. However, which limits the use of such an approach for general and
in such a case there would be four unpaired electrons perexhaustive studies. Here, we have presented an alternative
repeat unit (i.e., two per formula unit), something which is route, that of combining inorganic chiral counterions, readily
not supported by the magnetic measurements. In contrastavailable, stable, and easy to prepare, with symmetrical
the existence of a very narrow band gap can naturally explainorganic molecules. In particular, the shiivas prepared from
the above-mentioned contribution of the organic lattice to the well-known achiral organic donor ET using as counterion
the TIP. The exact value of the narrow band gap is somethinga chiral dianion. The result is a chiral semiconductor,
which is beyond the capabilities of a semiempirical method although the real extent of the conductivity is not yet clear.
like the present one. We note that the very narrow band gap,Analysis of the magnetic susceptibility and band structure
however, is stable to reasonable changes in the transfersuggests that the material should be a narrow band gap
integrals while keeping the charge separation in the donorsemiconductor. Work is in progress in order to fully
lattice. Thus, we are confident that the band structure of understand the conductivity process in this material. What-
Figure 9 must correctly describe the electronic structure of ever the result will be, it is easy to envision how this
the donor lattice irl. In particular, there is no way to open convenient strategy can now be extended to many other

gonclusion
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combinations of TTF derivatives with different inorganic Table 1. Main Structural Parameters and Crystallographic Data for the
chiral anions, where even additional functionalities could be Salt [ETHSbx(L-tarty]-CHCN (1)

added, including magnetism. Tartrate-based paramagnetic formula CioH31NO12524Shy
analogues have successfully been used in our lab to prepare Muw 1730.60
. . . . space group P212:2;
magnetic chiral molecular conductors, increasing the mul- a(A) 11.145(2)
tifunctionality in such systems, and these results will be b (A) 12.848(2)
reported soon c(A) 40.159(3)
) V (A3) 5750.4(14)
: , z 4

Experimental Section T(K) 293(2)

Synthesis All reagents and solvents used were of commercially f)(/;\)(g/crrﬁ) (1);51)(9)69
available grade. For £Shy(L-tart),], potassium hydrogen tartrate 4 (mmY) 1871
(82 g) was dissolved in 400 mL of 8. Antimony(lIl) oxide (57.5 R12 0.0400
g) was added slowly with stirring. The solution was heated for 2 h WR2 0.0736

at 80-90 °C, then allowed to cool to toom temperature, and then  ary = 5(F, — Fy)/5(Fo). WR2 = [S[W(Fs2 — F)2/S[W(Fe)?] Y2
filtered. Ethanol was added to crash out the product, which was w = 1/[02(F,?) + (0.0422)2] whereP = (Fs2 + 2F2)/3.
isolated by filtration and allowed to dry overnight. [E[Sby(L-

tarth]-CHsCN (1) and [ETHShy(o-tarth]-CH:CN (2) were obtained sensitivity limit of 0.01xA and 1 mV. Contacts to the crystals

on a platinum wire electrode by anodic oxidation of the organic were madr(]e by platllnumv\\//v_lrr:esh(m diameter) attached by g_raphﬂe d
donor ET (10 mg) in a U-shaped electrocrystallization cell in the paste to the samples. With the same setup, magnetoresistance an

presence of the salt XShy(L-tart)] (66 mg) or K[Sby(d-tart)], electrical_ magnetoch_ir:_:tl gnisotropy were explored by megsu_ring
solubilized with 18-crown-6 ether (52 mg). A mixture of acetonitrile ¢ €lectrical conductivity in the presence of a dc magnetic field
and benzonitrile (2:1) was used as solvent with a total volume of O™ —9 up to 9 T. Circular dichroism absorption spectra were
20 mL. Stable, brown, elongated plates were obtained after 1 Weekperformed on KBr pressed pellets and recorded with a Jasco J810
applying a constant current intensity of Qi. spectropolarymeter.

X-ray Crystallography. A dark brown, elongated, platelike Band Structure Calculations. The tight-binding band structure
single crystal ofl (0.5 x 0.2 x 0.05 mn3) was fixed on a glass calculations were based upon the effective one-electron Hamiltonian
fiber with epoxy glue and mounted on a KappaCCD diffractometer ©f the extended Fitkel methodt The off-diagonal matrix elements
equipped with a graphite-monochromated Ma Kadiation ¢ = of the Hamiltonian were calculated according to the modified
0.71069). The frames were integrated and the data corrected forWolfsberg-Helmholz formule?® All valence electrons were ex-
absorption using the KappaCCD software package (MAXUS). The plicitly taken into account in the calculations, and the basis set
structure was solved by direct methods using the SIR97 progtam, consisted of doublé-Slater-type orbitals for C and S and single-
and refined orF2 with the SHELXL-97 program! A total of 8637 Slater-type orbitals for H. The exponents, contraction coefficients,
unique reflections were collected. The crystal system was determineand atomic parameters for C, S, and H were taken from previous
to be orthorhombidP2;2,2;. All non-hydrogen atoms were located ~ work.24
after successive Fourier difference maps, and also those H atoms
bound to the C atoms in the tartrate ligands, that were then refined Acknowledgment. This work was supported by the
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over two different positions and was refined with occupancy factor '
1/, for the two different conformations. All non-hydrogen atoms Supporting Information Available: X-ray CIF file for [ET]s-
were refined anisotropically. Crystal, data collection, and refinement [Shy(L-tart)y]-CH:CN (1) which was also deposited with the

parameters are summarized in Table 1. ~ Cambridge Crystallographic Data Center, CCDC-253081-UV
Physical MeasurementsMagnetic measurements were carried yis spectra for K[Shy(L-tart)] and [ETHSbs(L-tart)]-CHCN (1)
out with a Quantum Design (SQUID) magnetometer MPMS-XL-5  aasured on pressed pellets and recorded with a Shimadzu UV-

with an applied field of 1000 G (0.1 T) in the-B00 K temperature 5441 pc spectrophotometer. This material is available free of charge
range. Data were corrected for the diamagnetic contributions via the Internet at http://pubs.acs.org.

calculated using the Pascal constants. Electrical conductivity
measurements were performed with a Quantum Design PPMS usinglC049257E
a typical four probe setup in the-800 temperature range with a
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