Angewandte
Chemie

Zuschriften

Das erste Polyoxometallate enthaltende molekulare Material mit
metallischen Eigenschaften besteht aus leitfihigen Schichten des
Radikals Bis(ethylendioxo)tetrathiafulvalen, zwischen denen sich anor-
ganische Schichten aus den Keggin-Polyoxometallaten [BW;,0,0]°~ und
K*-lonen befinden. Mehr dazu erfahren Sie in der Zuschrift von E.
Coronado, C. Giménez-Saiz et al. auf den folgenden Seiten.
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Conducting Materials

Metallic Conductivity Down to 2 K in a
Polyoxometalate-Containing Radical Salt of
BEDO-TTF**

Eugenio Coronado,* Carlos Giménez-Saiz,*
Carlos J. Gémez-Garcia, and Silvia C. Capelli

Owing to their structural and electronic versatilities polyoxo-
metalate anions have proven to be useful inorganic compo-
nents for the design of novel hybrid molecular materials with
functional properties.!! The application of these molecular
metal-oxide clusters has been particularly pronounced in the
field of molecular conductors. Typically molecular conductors
are formed by segregated stacks of partially oxidized organic
ni-electron donor molecules of the tetrathiafulvalene (TTF)
type interleaved by inorganic anions.”! The use of polyoxo-
metalates in this area has provided the opportunity to
examine the strong structural effects produced by these
highly charged and large anions on the organic packing. On
the other hand, as a result of the ability of these anions to
coordinate magnetic ions or to act as electron acceptors, they
have afforded interesting hybrid materials either with coex-
istence of localized spins and delocalized electrons,”! or with
coexistence of delocalized electrons on both components.
However, the observation of metallic properties in this class
of conducting materials has remained an elusive challenge. In
fact, most of these radical salts are semiconductors or
insulators, for example, the salts based on Keggin anions
and TTF-type donors.F™

In a few cases metallic-like properties have been observed
but only at high temperatures. Two examples of this type are
the series [BEDT-TTF];,[P,W;;MO¢] (M =W", Re"))!* and
the compound [BEDT-TTF]5[VW;0,,]-6 H,O,l”) which exhibit
metallic behavior down to 240-260 K with room temperature
conductivities between 10-14 Scm™'. Below these temper-
atures broad metal-to-semiconductor transitions are
observed. A significant improvement has been obtained in
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the compounds [BEDT-TTF]s[H;V,,O]-4H,0® and
[BEDT-TTF]s[M0;O]-(DMF),® which behave as metals
down to 50 and 60 K with room temperature conductivities
of 360 and 3 Scm ™', respectively.

Herein we report the first example of a polyoxometalate-
based radical salt that exhibits metallic behavior down
to 2K. The compound, formulated as [BEDO-
TTF]K,[BW,04]- 11 H,0 (1), is formed by the polyoxome-
talate ion [BW,0,]°" and the organic radical bis(ethylene-
dioxo)tetrathiafulvalene (BEDO-TTF). To our knowledge, in
spite of its potential interest, no polyoxometalate-containing
radical salt with the donor BEDO-TTF has been reported to
date. Most radical salts containing the BEDO-TTF donor are
molecular metals, including the superconductors, [BEDO-
TTF];[Cuy(NCS);]"  and  [BEDO-TTF],[ReO,]-H,0."
Moreover, as an oxygenated donor BEDO-TTF could
establish stronger intermolecular interactions (of the type
O--0) with the metal-oxide clusters than other donors which
do not contain oxygen, such as bis(ethylenedithio)tetrathia-
fulvalene (BEDT-TTF).

For these reasons, we have made numerous attempts to
obtain radical salts containing the BEDO-TTF donor and
Keggin polyoxometalates. However, whereas the donor
BEDT-TTF has given rise to extensive series of crystalline
radical salts with many different polyoxoanions possessing the
Keggin structure, the synthesis of analogue salts based on
BEDO-TTF has turned out to be much more difficult. In fact,
the use of [R,N]* acid salts of Keggin polyoxometalates as
starting salts has not given any positive results, however,
mixed [R,N]* and K7 salts afforded small single crystals of
compound 1. It seems that the K* ions, which enter into the
structure, play an important role in stabilizing the salt and
furthermore, they reduce the effective charge of the poly-
oxoanion and therefore the charge of the BEDO-TTF
molecules.

The electrocrystallization method produced single crystals
of compound 1 which were too weakly diffracting to perform
a X-ray data collection on diffractometers equipped with
conventional X-ray sources, but a reasonable diffraction
pattern could be obtained using the high intensity of the
synchrotron radiation produced at the Swiss-Norwegian
Beamline at the European Synchrotron Radiation Facility
in Grenoble (France). The structure of this radical salt'?!
consists of alternating layers of organic donors and inorganic
polyoxometalates in the ['/, '/,, 1] direction (Figure 1).

The organic layers are made up of three crystallograph-
ically independent BEDO-TTF units (labeled as A, B, and C
in Figure 2) which arrange forming very uniform stacks
parallel to the b axis, following the sequence ...ABC... in one
chain and the opposite one (...CBA...) in the adjacent chains
(Figure 2).

The organic layers adopt the so-called " packing arrange-
ment™ with stacks of BEDO-TTF molecules having numer-
ous short intermolecular S-S and S---O separations which are
shorter than the sum of the van der Waals radii (3.60 A and
3.32 A respectively, see Supporting Information).

Despite being crystallographically independent the three
organic donors (A-C) all have the same geometry: they all
have the same twisted, eclipsed conformation of their outer
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Figure 1. Structure of 1 showing the alternating layers of the
polyoxoanions and the organic donors.
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Figure 2. View of the organic layer showing the labeling of the three
crystallographically independent BEDO-TTF molecules. Dotted lines
represent S---S and S---O contacts shorter that the sum of the

van der Waals radii.

ethylene groups, as well as similar intramolecular bond
lengths and angles. This is a noteworthy difference with
respect to the other radical salts of Keggin polyoxometalates
with the related donors BEDT-TTFP®! and BEDSe-TTF
(bis(ethylenediselena)tetrathiafulvalene),! in which the
organic molecules have very different conformations, geo-
metries, and charges, and form very irregular and exotic stacks
or even lose the typical 2D packings that these donors usually
form when they are combined with simpler anions. This
general feature of the polyoxometalate-containing radical
salts has been attributed to the large charges and volumes of
these anions and ultimately leads to charge localization and
thus, to poor conducting properties.?”

In the present case the formation of very uniform organic
stacks seems to be a result of the use of the oxygenated donor
BEDO-TTF, which gives rise to many short intermolecular
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C—H---O contacts that stabilize the formation of the eclipsed
stacks characteristic of the (" packing (typical for most
BEDO-TTF-based organic metals). Figure 3 shows one stack
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Figure 3. View of one eclipsed stack of organic donors. Dotted lines
represent C—H---O contacts shorter than 2.72 A (the sum of the
van der Waals radii); A-C as in Figure 2.

of donor molecules in which the dotted lines represent
intrastack C—H--O contacts shorter than the sum of the
van der Waals radii (2.72 A). The hydrogen atoms of the
donors that do not establish short intrastack contacts with
other donors, form C—H--O contacts with the oxygen atoms
of the polyoxoanion or the water molecules, these C—H--O
separations are between 2.37 and 2.94 A.

The inorganic layers are formed by the bulky Keggin
polyoxometalates and the K* ions inserted between them.
There is only one kind of K* ion, it has a coordination number
of 8 (K0, 2.69-2.98 A) and is coordinated to oxygen centers
of three different polyoxoanions as well as two water
molecules of crystallization which do not have short contacts
with the ethylene groups of the organic donors.

The K" ions inserted in the inorganic layers fill the cavities
or voids existing in between the Keggin polyoxometalates. In
the other Keggin-based radical salts the organic donors fill
these voids by “docking” of the outer ethylene groups into the
cavities provided by the polyoxometalate network. This
feature often yields irregular stacks of the donors.” In
compound 1 the insertion of K* ions is related to the
formation of fully eclipsed stacks of BEDO-TTF units which
can not fill the cavities created in the inorganic sublattice.

The analysis of the bond lengths of the three independent
BEDO-TTF molecules suggest that they are partially oxi-
dized with a charge of 4 0.5, in agreement with the anionic
charge and the stoichiometry of the salt.!'¥

The thermal variation of the electrical conductivity (o) of
1 along the best developed face of a single crystal is shown in
Figure 4. The room temperature conductivity is about
37Scm™ and gradually increases as the temperature is
decreased to reach a maximum value of 910 Scm™" at 2 K.
This behavior reveals a metallic character of this salt across
the studied temperature range (300-2 K). The temperature
dependence of the resistivity (o = 1/0) shows a linear depend-
ence from room temperature to 200 K, which is usually
associated with electron-phonon scattering.!”) Below this
temperature the resistivity is proportional to 7° (inset in
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Figure 4. Thermal variation of the conductivity (o) of 1 showing the
metallic behavior down to 2 K. Inset: Plot of the thermal variation of
the resistivity (o). Solid lines show the linear and quadratic dependen-
cies of p above and below 200 K, respectively.

Figure 4), typical of metallic organic salts where electron—
electron scattering is the dominant mechanism of conductiv-
ity.”)

The thermal variation of the molar magnetic susceptibil-
ity, %, of 1 (not shown) has an almost constant value of
0.013 emumol ™' from room temperature to approximately
15 K. Below this temperature y,,, shows a continuous increase
reaching a value of around 0.021 emumol™' at 2 K. This
behavior can be accurately reproduced with a simple model
considering a Curie tail (C/T) with C=0.017 emuKmol™'
plus a temperature-independent paramagnetism correspond-
ing to the so-called Pauli paramagnetism of 0.013 emumol ..
This value is similar to those obtained in other synthetic
metals and confirms the metallic character of this salt. The
low C value indicates the presence of a very small para-
magnetic impurity, already observed in many other radical
salts and attributed to the presence of isolated donor
molecules as the result of the ubiquitous crystal defects (less
than 0.8% of isolated BEDO-TTF" radicals). The room
temperature ESR spectrum of 1 (not shown) has a single line
centered at g =2.0059 with a line width of 40 G, typical of this
kind of radical salts.’! The high value of the line width
suggests a marked 2D electronic character in 1, as indicated
by the electrical properties.

In conclusion, the organic/inorganic hybrid material
presented herein is the first example of a polyoxometalate-
containing radical salt that exhibits a metallic behavior down
to 2 K. This result demonstrates that it is possible to use bulky
and highly charged polyoxoanions as components of new
radical salts that behave as a metal and opens up the
possibility of synthesizing new molecular materials with
coexisting or even coupling of conducting electrons and
localized magnetic moments. The synthetic strategy simply
consists in combining the BEDO-TTF donor with inorganic
layers of magnetic Keggin polyoxometalates and K* ions. This
would give rise to a new series of molecular materials, similar
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to the reported series with the BEDT-TTF donor,” but with
the advantage of having a metallic behavior down to very low
temperatures.

Experimental Section

Crystals of compound 1 were prepared by electrocrystallization of a
3:2 mixture of 1,1,2-trichloroethane/acetonitrile containing the solu-
ble salt (nBu,N),K[BW,,0,] (1072Mm), the organic donor BEDO-TTF
(2x 1073 M), and some drops of distilled water. The donor was slowly
oxidized at a constant current of 1.2 pA. Under these conditions very
thin, plate-like, brown single crystals were obtained on the platinum
electrode of the electrochemical cell after 7 days. When dry con-
ditions were used, no crystal growth was detected on the electrode
after 20 days, indicating that water molecules are required for the
stabilization of the crystal structure.

D.C. conductivity measurements over the range 2-300 K were
performed using the four contacts method in several different single
crystals, all the samples gave reproducible results. Contacts between
the crystals and platinum wires (25 um diameter) were made using
graphite paste. The samples were measured in a Quantum Design
PPMS-9 with a dc current of 1 pA. The cooling and warming rate was
1 Kmin~! and the results were, within experimental error, identical in
the cooling and warming sweeps.

Variable temperature susceptibility measurements were carried
out in the temperature range 2-300 K at a magnetic field of 0.1 Ton a
polycrystalline sample with a magnetometer (Quantum Design
MPMS-XL-5) equipped with a SQUID (superconducting quantum
interference device) sensor. The susceptibility data were corrected for
the diamagnetic contributions as deduced by using Pascal’s constant
tables and for the sample holder. The room temperature ESR
spectrum of the same polycrystalline sample was recorded at X-band
with a Bruker E500 spectrometer.
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