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@ Cluster Compounds

Intercluster Compounds Consisting of Gold Clusters and Fullerides:
[Au;(PPh;);]Co' THF and [Aug(PPh;)s](Ceo)2™*

Martin Schulz-Dobrick and Martin Jansen*

Recently, we started investigating the possibilities of synthe-
sizing intercluster compounds,!'®! which are well-defined
arrangements of large, inorganic molecular units. At first,
gold clusters and polyoxometalates were chosen as building
blocks, owing to their stabilities and their variety in terms of
shape, size, and ionic charge. In order to extend the choice of
building blocks and to potentially induce interesting physical
properties, fullerenes seem to be particularly attractive
candidates to be included into intercluster compounds
because of their electron-accepting properties. Depending
on charge and counterions, a large variety of monomeric,*”"!
dimeric,* ' or polymeric™ structures is realized in fulleride
compounds, which can even be superconducting™ or ferro-
magnetic.'”! However, successful crystallization of fullerides
with other large, inorganic clusters has not been demonstrated
to date, and it is supposed to be a challenging task. Fullerides
are rather sensitive compounds; furthermore, it is not clear
whether it is possible to obtain well-defined and ordered
intercluster compounds, as the fullerene molecules often tend
towards severe rotational disorder. Intercluster compounds
that incorporate fullerides would be interesting not only
owing to the generation of new arrangements of the fullerides
themselves but also because of the possibility of charge
transfer or hopping processes between different kinds of
clusters.

Herein, the first intercluster compounds composed of gold
clusters and fullerides are presented. Slow interdiffusion of
solutions of [Aug(PPh;)s](NO;), in acetonitrile and KCy, in
THF leads to the separation of black crystals that contain gold
clusters and fullerides. To date we have characterized two
different compounds, [Au;(PPh;);]Cs,THF (1) and [Aug-
(PPhy)](C)s (2).

The crystal structure of 1 was solved by single crystal X-
ray diffraction"” and consists of Cg monoanions and [Au,-
(PPhy),]* clusters. This cluster is depicted in Figure 1a and
forms by a rearrangement reaction from the [Aug(PPh;)s]*"
cluster. One THF solvent molecule per formula unit is also
incorporated in the lattice. The Au," cluster was structurally
characterized previously,'”! and the central and peripheral
Au—Au bond lengths in both compounds are in good agree-
ment. The average bond lengths of the 6:6 bonds and the 6:5
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Figure 1. a) Structure of the [Au,(PPh;),]" cluster. b) Structure of the
[Aug(PPh,)s]*" cluster. Au yellow, P purple, C gray. c) Representation of
the four orientations of the disordered Aug cluster in 2. The red and
blue orientations are related by a mirror plane through the Aul atoms
and the solid and dotted orientations by a mirror plane through the
Au3 atoms.

bonds in Cg,~ are 1.392(7) and 1.450(9) A, respectively. The
packing of the building blocks in the solid state is remarkable,
owing to the segregation of the cations’ and anions’ partial
structures. As can be seen from Figure 2, the gold clusters
form double layers in such a way that they can be described as
a section of the body-centered cubic packing with half of the
unit cell. The fulleride ions form zigzag chains along [100]
between the Au," double layers with center-to-center dis-
tances of 10.0 A. In this structure, the fulleride ions do not
dimerize, even at 100 K. The THF molecules are located
within each layer of gold clusters, precisely in between two
neighboring gold clusters along the [010] axis. A search for
voids (PLATON!!) reveals that the structure is closely
packed and that no additional voids exist that could be
potentially filled with solvent molecules.

The peculiar arrangement of the building blocks would
certainly not be expected by just considering the Coulomb
interaction and packing requirements such as size and shape
of the building blocks, which would favor a CsCl- or NaCl-
type packing. For intercluster compounds it has been
demonstrated that local intermolecular interactions can play
the decisive structure-directing role, even for more highly
charged building blocks."! Thus, in the case of the large,
singly-charged ions in 1, this effect should be very likely to
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Figure 2. Projection of the crystal structure of 1 along [010]. The PPh,
ligands are omitted for clarity. The unit cell is highlighted.

occur as well. Indeed, a tendency towards close contacts
within the cations’ and the anions’ partial structures (Au,”
double layers and Cq~ zigzag chains) is observed. This
unfavorable electrostatic situation is energetically compen-
sated by short-range attractive interactions, which are, in the
case of the gold clusters, C-H-m contacts between the phenyl
rings in the ligand periphery, while the fulleride unit are
attracted by m—m interactions. The sum of these local
interactions dominates the crystal structure, which fits well
into our observations on other intercluster compounds.!"!
The crystal structure of 2 was solved and refined" in the
orthorhombic space group Cmmm, in which the building
blocks can only be described by a disordered model. Attempts
to refine the structure without disorder in a space group of
lower symmetry were not successful. The [Aug(PPh;)s]*"
cluster is depicted in Figure la. It is disordered over four
orientations, with some atoms of different orientations
sharing the same crystallographic sites. The superposition of
the four different orientations leads to mmm symmetry
(Figure 1c¢). The gold clusters form hexagonal layers with a
primitive stacking in the crystal structure. The fullerene
monoanions fill all trigonal-prismatic voids in this packing,
leading to a layered structure in which cations and anions are
packed as in the AlB,-type structure (Figure 3). As discussed
above for 1, the separation of cations and anions into layers is
evident and can be explained with the local interactions
between the clusters of each layer. The crystal was measured
at different temperatures. At 230 K the fulleride ions were
found to be severely disordered. Their center-to-center
distances within the layers are 9.80 A along the [010] axis
and 10.17 A along the other directions. At 100 K, the fulleride
cages were found to have dimerized through a covalent bond
across the short intermolecular contacts (Figure 3c¢). The
dimers are disordered over two orientations, which are
related by a 180° rotation around the axis of the dimerizing
bond. The structural transition is not accompanied by a
change of space-group symmetry. Dimerization of fulleride
monoanions is a well-known process that can occur at low
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Figure 3. Projection of the crystal structure of 2 at 230 K a) along [100]
and b) along [001]. c) Projection of 2 at 100 K along [001]. The phenyl
rings are omitted in (b) and (c) for clarity.

temperatures in the solid state if the fullerides are in close
enough contact.®>"! Intercluster compounds often tend to
incorporate substantial numbers of solvent molecules into the
crystal structure, which could lead to a large decrease in
crystallinity upon removal of the crystals from the mother
liquor. A search for solvent-accessible voids in the crystal
structure revealed only one small void per formula unit of
suitable size to accommodate at most a single acetonitrile
molecule. Thus, the crystals are stable outside the mother
liquor.

The formation of different phases of gold clusters and
fullerides is dependent on the reactant concentrations and the
ratio of the two different solvents in the interdiffusion
experiment. While the conditions could be optimized to
reproducibly obtain 2 as a bulk material, as confirmed by
powder X-ray diffraction, it was difficult to achieve full
reproducibility for the crystallization of 1. Therefore, only 2
was subject to further characterization.

Figure 4 displays the powder X-ray diffractogram of 2,
which is consistent with that calculated from the structural
model and shows that the compound can be produced as a
single phase that is stable upon removal of the mother liquor.
The IR spectrum (Figure 4, inset) consists of a superposition
of the bands of the gold clusters and the fullerides. The
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Figure 4. Comparison of the experimental and calculated powder X-ray
diffractogram of 2. The inset displays the IR spectrum of 2. The red
arrows mark the bands of the fulleride monoanions.

characteristic band at 1392 cm ™' confirms the presence of Cg
monoanions.?”)

A powder sample of 2 was investigated by temperature-
dependant EPR spectroscopy (Figure 5). At room temper-
ature, the spectrum consists of two lines. The broad line
(AH,,=51 G) can be attributed to the C4, monoanions and
the narrow line (AH,,=5.4 G) to the inevitable impurity
Ci20, which was investigated in detail previously.**! With
decreasing temperature, the ratio of the broad line to the
narrow line gradually decreases, which can be attributed to
the formation of diamagnetic fulleride dimers. However, no
sharp transition temperature can be observed. In the spec-
trum at 10 K (AH,,, =8 G) the fulleride line, which decreases
in width at low temperatures,” and the C,,O line can no
longer be distinguished. However, it is evident that a
considerable proportion of Cg monoanions is present even
at low temperatures. Either not all of the C4,” ions in 2 form
dimers, or an amorphous impurity phase is present, which
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Figure 5. Temperature-dependant EPR spectra of 2.
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contains structurally isolated C4 monoanions and cannot be
detected in the powder X-ray diffractogram.

In summary, we demonstrate that it is possible to form
intercluster compounds from gold clusters and fullerides.
‘While some orientational disorder was observed in 2, which is
likely to occur owing to the spherical shape of the building
blocks, the clusters are fully ordered in 1. The employment of
charged building blocks is clearly one of the significant
driving forces for the formation of such intercluster com-
pounds, and the long-range Coulomb interaction can be
expected not only to contribute substantially to the total
lattice energy but also to favor the formation of well-
crystalline compounds. However, for the arrangement of the
building blocks in the crystal structure, the short-range
intermolecular interactions play the decisive role. The full-
eride ions are arranged in zigzag chains in 1 and in layers in 2,
and such low-dimensional arrangements should therefore be
favored employing large clusters as counterions. Thus,
intercluster compounds offer good opportunities to obtain
low-dimensional structures consisting of even more highly
charged fullerenes, which could possess highly interesting
electron-transport properties.

Experimental Section

THF and acetonitrile were dried with CaH, and distilled prior to use.
A clear, dark purple solution of KCg, in THF (3 pmolmL™") was
prepared by sonication of stoichometric amounts of potassium and
Cq in THF. [Aug(PPh;)s](NO;), was prepared according to the
literature.®!! All crystallization experiments were set up under argon
in a drybox. The optimized conditions for the crystallization of 2 in
bulk quantities, as checked by powder XRD, are as follows. In glass
tubes of 15-mm diameter, [Aug(PPh;)s](NOs), (36 mg, 9 umol) in
acetonitrile (6 mL) was underlayered with acetonitrile/THF (1:4,
5 mL) and KCg in THF (3 pmolmL™', 5 mL). After one week, black
crystals of 2 formed at the interface, and the solvent was removed. A
single crystal was picked with a droplet of inert oil, transferred rapidly
to the diffractometer, and measured at 100 K and 230 K. The material
was ground for IR (KBr disks) and EPR spectroscopy (X-band) and
powder XRD (Cug,) measurements. The room-temperature cell
parameters of 2 were determined by the Le Bail method to be a=
1825.8(1), b=2864.3(1), and ¢=1752.3(1) pm. To find the optimal
crystallization conditions of 2, the concentrations of the components
were varied. Occasionally, large, black, plate-shaped crystals of 1
appeared. However, we were not able to find the conditions for which
the Aug cluster reproducibly rearranged into the Au, cluster to form
compound 1. For single crystal X-ray measurements, the crystals were
transferred from the solvent into inert oil, picked with a loop, and
cooled with liquid nitrogen to prevent the loss of included solvent
molecules.
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