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Supramolecular intercluster compounds, that is, assemblies
of different, well-defined inorganic building blocks with dia-
meters of >1nm, consisting of [Aug(PPhjs)g]®* clusters and
Keggin anions [PW;,04]>~ were synthesized as single-crys-
tals by a diffusion method. Depending on the solvent combi-
nation, two modifications with different core geometries of
the gold cluster and different overall packing type can be

obtained as a single-phase in macroscopic amounts. This ap-
proach leads toward the study of nanostructured matter with
high translational symmetry and the principles of nanoscopic
self-assembly.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

Supramolecular chemistry aims to organize molecular
building blocks by means of noncovalent interactions into
complex arrangements.[!l Efforts to synthesize suitable
building blocks, to develop methods for their assembly, and
understand the underlying fundamental principles are cur-
rently driven over all magnitudes — ranging from molecules
to nano-, meso-, and macroscopic compounds.l'-?! In par-
ticular, nanoscopic self-assembly is envisioned to be the al-
ternative to lithographic techniques for future electronic or
optic devices. By the assembly of different building blocks
into superlattices, materials can be obtained that exhibit
new properties that are due to cooperative effects. One step
in this direction are binary nanoparticle superlattices.’! Re-
cently, progress has been made in the experimental realiza-
tion of such compounds, which gives insight into the driv-
ing forces of nanoparticle crystallization.[*] Depending on
the types of interaction (van der Waals, hard sphere, or
ionic interaction) and the relative size of the ligand stabi-
lized nanoparticles, a whole variety of packing types were
observed.

Although the principles of self-assembly and the inter-
particle interactions vary over the different magnitudes, one
rule holds for all: the quality of the arrangements depends
on the uniformity of the building blocks. This prerequisite
is commonly fulfilled very well for a molecular assembly
but not for the assembly of nanoparticles (except protein
crystallization), which exhibit an intrinsic size distribution.
The resulting violations of translational symmetry on the
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atomic scale would undermine at least some of the enthusi-
astic expectations connected to the properties of nanostruc-
tured matter. Anyhow, such defects would thwart structure
determinations with atomic resolution, which is an impor-
tant prerequisite for a detailed understanding of structure-
directing forces and the resulting physical properties. Our
approach for overcoming these limitations is based on the
generation of supramolecular intercluster compounds
(SICC), that is, assemblies of different, well defined, inor-
ganic building blocks with diameters of 1 nm or larger.

The variety of inorganic clusters that have been studied
in manifold, and clusters of several nanometers in size have
been uniformly synthesized and crystallized.[>® Only a few
examples of compounds consisting of different inorganic
clusters have been reported and all are constructed of dif-
ferent polyoxometalates as anionic building blocks.!”-®!

SICCs can be seen as a bridge between the molecular
self-assembly and the self-assembly of nanoparticles. While
the latter is dominated by nondirectional interactions of
spherical particles leading to more or less densely-packed
structures that can mostly be derived from simple ionic or
intermetallic compounds, the arrangements in the former
are strongly dependent on the shape of the molecules and
directional interactions, which can lead to structures with
either low symmetry or density. For SICCs, a tendency for
structures with a dense packing of the clusters can be ex-
pected. However, because of deviations from a perfect
spherical shape, local directional, or steric interactions, a
wide range of arrangements might be realized. Because of
the size of the building blocks, voids filled with solvent
molecules are likely to occur in such arrangements. Unlike
binary nanoparticle superlattices, it is possible to grow
SICCs as single-crystals with high translational order, such
that details of the supramolecular arrangements can be elu-
cidated by X-ray diffraction.
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Results and Discussion

In this communication, we report the crystallization and
structural characterization of the first supramolecular inter-
cluster compounds consisting of different types of building
units, the gold cluster [Aug(PPhs)s]** and the Keggin anion
a-[PW,0,0]%". It is noteworthy that the [Aug(PPhs)g]**
cluster although being one of the first gold clusters to be
discovered,® !9 accessible in gram-scale quantities, and
widely investigated, has never been characterized by single-
crystal X-ray diffraction because of heavy disorder. Struc-
tural characterization of Auy®* clusters was successful only
by the employment of para-substituted ligands.['!'? In the
solid state, two skeletal isomers of [Aug(PR3)]** clusters
were found; in solution the clusters undergo fast rearrange-
ments.

The mixing of solutions of [Aug(PPhs)g](NO3); and
(NBuy)3[PW,040] in acetonitrile leads to a microcrystal-
line, orange precipitate of the 1:1 compound [Aug(PPhs)g]-
[PW,040] (1). For growing single-crystals for X-ray diffrac-
tion, an interdiffusion method was employed. The building
blocks were separately dissolved in solvents of different
density and layered carefully on top of each other. De-
pending on the types of solvents and the concentration, two
types of crystals were obtained, orange needles of com-
pound 1 and greenish-black plates or prisms of a second
compound 2. Both compounds contain [Aug(PPhs)s]** and
a-[PW,,040]* in a 1:1 ratio, but exhibit different Aug skel-
etal isomers and packing types. Although in some solvent
combinations simultaneous growth of both compounds was
observed, 1 and 2 can be obtained selectively in DMF-ace-
tonitrile and DMF-acetone, respectively.

Compound 1 crystallizes in the tetragonal space group
P4/n with two formula units in the unit cell.'3! The skeletal
geometry of the [Aug(PPhs)g]** cluster, which is located on
a four-fold axis, resembles the shape of a centered crown
with eight Au atoms surrounding the central Aul atom
(Figure la). The radial Au-Au bond lengths are
266.2(1) pm and 266.9(1) pm and the peripheral bond
lengths are 277.7(1) pm and 280.6(1) pm. This centered
crown geometry was first observed in the related [Aug{P(p-
C¢H4OMe);}g](BF,4)3."? The central P atom of the Keggin
anion o-[PW,,0,40]>" resides on a position exhibiting 4 sym-
metry (Wyckhoff position 2a) and the whole anion is found
to be ordered (Figure 1b). The W-O and P-O bond lengths
of this well-known anion are in agreement with those pre-
viously found in other crystal structure determinations.['¥]
Figure 2 shows the overall packing of 1, which can be de-
rived from the CsCl structure type. Both the gold cluster
and the Keggin anion are coordinated by each other in the
form of distorted cubes. The distortion originates mainly
from the nonspherical shape of the Aug cluster. Further-
more, the eight peripheral Au atoms can be divided into an
upper and lower part of the crown. Four Au atoms, respec-
tively, are bonded to PPh; ligands pointing directly towards
the corners (4 X Au2) and the edges (4 X Au3) of the coordi-
nation cube (Figure 3). The distances between the central
Aul and the central P1 of the Keggin anions are 1339 pm
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and 1444 pm. This separation leads to the slight distortion
of the Auy skeleton from the D4, symmetry with the Au2—
Au2 distances [344.8(1) pm] being shorter than the Au3-
Au3 distances [350.2(1) pm]. The gold clusters exhibit close
contacts not only to the eight Keggin anions (H--O dis-
tances 230-250 pm) but also to six neighboring gold clus-
ters (H--H distances <270 pm), which is expected for the
CsCl packing type. The Aul-Aul distances are 1367 pm
and 1723 pm and can be regarded as an approximation for
the short and long van der Waals diameters of the gold
cluster. The van der Waals diameters of [PW,040]*~, which
is not perfectly spherical as well, can be estimated to range
from 1050 pm to 1350 pm. As both building blocks are ori-
ented with their short diameters parallel to the ¢ axis, a
relatively dense packing is achieved. The estimated radii ra-
tios of 0.75-0.80 are close to the theoretical value of 0.73,
which is calculated for touching spheres with cubic coordi-
nation. Although the estimation of the radii ratios for such
building blocks with a rather irregular surface seems to be
a rough approximation, it can be concluded that the CsCl
structure-type is at least a very dense and therefore effective
packing for this intercluster compound. A search for voids
in the crystal structure (PLATON,['% probe radius 1.2 A)
led to a value of 11.5% of the accessible volume. The largest
voids (202 A%) can be found in between two adjacent Keg-
gin anions that lie along [001].
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Figure 1. a) Structure of the crown isomer of the [Aug(PPhs)g]**
cluster. Hydrogen atoms are omitted for clarity. b) Structure of the
Keggin anion a-[PW,0,0]> in polyhedral representation.

Compound 2 crystallizes in the space group C2/c with
four formula units in the unit cell.'3 Different from 1, the
[Aug(PPh3)g]** cluster is not in the crown skeletal geometry
but in a “butterfly-shaped” geometry (Figure 4a),
which was first observed in the compound [Aug{P(p-
C¢HuMe);}g](PF¢);.l'21 The cluster resides on a crystallo-
graphic site of C, symmetry (4e). While the ligand shell ex-
hibits only this C, symmetry, the symmetry of the Au skel-
eton is close to D,;,. The radial Au---Au bond lengths range
from 266.1(1) pm to 273.8(1) pm and the corresponding pe-
ripheral bond lengths vary from 278.8(1)pm to
292.6(1) pm. Thus, the average Au-+Au bond lengths and
their variations are considerably larger than those of the
crown isomer. The Keggin anion was found to be disor-
dered over two orientations with the resulting superposition
exhibiting inversion symmetry (Wyckhoff position 4d). This
kind of disorder has been encountered several times before
for Keggin anions and can be realized by 90° rotations
4499
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Figure 2. View of the crystal structure along [001]. The Keggin
anions are located at z = 0 and the gold clusters at z = 0.42 and z
= 0.58, respectively.

1367 pm
~ 1338 pm
-
= 1710 pm
1710 pm

Figure 3. Coordination of the gold cluster by eight anions. The
ligands of the peripheral Au atoms are pointing directly towards
(Au2, yellow spheres) or in between (Au3, orange spheres) the
anions.

along one of the 4 axes of the central tetrahedron.['! In
Figure 4b, it can be seen that the outer silhouette of the two
orientations is almost equal, so that this crystallographic
disorder is likely to occur. The packing scheme of 2 can be
derived from the NaCl structure-type (Figure 5). The Keg-
gin anions are coordinated by six [Aug(PPhs)s]** clusters
(shortest O--*H contacts <250 pm) in the form of a dis-
torted octahedra with center-to-center distances of 1300,
1304, and 1391 pm. Vice versa, the gold clusters are coordi-
nated by six Keggin anions octahedrally as well. The gold
clusters are oriented in such a way that the eight PPh; li-
gands, which surround the Au skeleton in almost a cubic
fashion, point towards the eight faces of the coordination
octahedron.

4500

www.eurjic.org

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 4. a) Structure of the “butterfly-shaped” isomer of the
[Aug(PPh;)g]** cluster. Hydrogen atoms are omitted for clarity. b)
Superposition of the two orientations of the a-[PW;,0,0]*>  anion
in 2.

Figure 5. Similarity of the packing of 2 to the NaCl structure type:
the gold clusters are packed face-centered cubic and the Keggin
anions (dark grey spheres) occupy the octahedral voids.

The effective van der Waals diameter of the “butterfly-
shaped” [Aug(PPhs)s]** isomer can be estimated to be about
1650 pm to 1750 pm. The silhouette of this isomer is more
spherical than that of the crown isomer. In case of a regular
closed packing of touching hard spheres with this diameter,
the octahedral voids could occupy spheres with a diameter
not greater than about 700 pm. The diameter of the Keggin
anion (1050 pm to 1350 pm) is significantly larger than
that, which has several consequences. First, not all of the
twelve neighboring gold clusters are in close contact to the
central gold cluster. The center-to-center distances in the
distorted cuboctahedron vary from 1680 pm to 2108 pm.
Furthermore, the misfit of the Keggin anions leads to sub-
stantial voids. The solvent accessible volume was calculated
to be 19.6%. There appear to be four crystallographically
equivalent solvent pockets per unit cell (average coordinates
0, 0.185, 0.25), but single solvent molecules could not be
located during crystal structure refinement because of dis-
order. The crystals lose solvent molecules rapidly upon re-
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moval from the mother liquid. From geometric considera-
tions about six molecules (DMF or acetone) per formula
unit would fit into the voids.

Conclusions

In conclusion, we have synthesized two representatives of
SICCs in macroscopic amounts and determined their crys-
tal structures. We think that this may become a versatile
and efficient approach to new, well-defined, nanostructured
materials. Currently, we are modifying the building-blocks
in order to study the underlying principles of such supra-
molecular structures and their formation.

Experimental Section

Aug(PPh3)s(NO3); (“Auy”) and Aug(PPhs3)g(NOs), (“Aug”) were
prepared by the reduction of AuPPh;NO; with NaBH,, and its
subsequent reaction with excess triphenylphosphane according to
the procedure given in ref.l'” a-[nBuyN]sPW,04 (“PW;,”) was
prepared by precipitation of an aqueous solution of commercially
available tungstophosphoric acid with nBuyNBr and subsequent
recrystallization from acetone.'$! 1: Upon mixing acetonitrilic solu-
tions of Auy and PW,, an orange, microcrystalline powder of 1
precipitates immediately. Larger crystals can be obtained by an
interdiffusion method, which was optimized in glass tubes with a
diameter of 8 mm at 20 °C. Single-crystals of 1 were obtained by
the careful layering of Aug in DMF (0.3 mL, 1 pmol/mL) followed
by DMF/acetonitrile (1:1, 1.0 mL), and PW,, in acetonitrile
(0.3 mL, 1.5 pmol/mL). After several days, orange needles that tend
to dendritic intergrowth form. If the diffusion is carried out with
Aug as starting material, the Aug cluster rearranges back to the Aug
cluster and 1 crystallizes as the only compound, which was checked
by X-ray diffractometry. Interestingly, the obtained crystals are
larger and less intergrown than those obtained with Aug as the
starting material. Single-crystals suitable for X-ray diffraction were
washed with acetonitrile, dried in air, and mounted on glass capil-
laries. Larger scale synthesis of 1 was carried out in glass tubes
with a diameter of 2 cm. [(nBuyN)];PW 5,040 (133 mg, 36.9 pmol)
in DMF (8 mL) was carefully layered with DMF/acetonitrile (1:1,
4 mL), followed by Aug(PPh3)g(NO3); (100 mg, 24.6 umol) in ace-
tonitrile (8 mL). After 5 to 7 d, the orange needles were collected
on a fine glass frit, washed with acetonitrile, and dried under vac-
uum. Yield: 142 mg (85%). ATR-IR (neat sample), Aug(PPh3)g>*: ¥
= 1586(w), 1571(w), 1479(m), 1436(m), 1384(w), 1331(w), 1310(w),
1185(w), 1161(w), 1097(m), 1028(w), 987(sh), 738(m), 707(m),
686(m); PW,040°~: ¥ = 1079(s), 977(s), 893(m), 808(s). The PXRD
pattern corresponds to the calculated pattern from the single-crys-
tal X-ray structure determination (see Supporting Information).
Room-temperature unit cell parameters of @ = 2433.2 pm and b =
1386.5 pm were determined by the Le Bail method.

The preparation of 2 as a single phase is more difficult, as the
formation of 2 and 1 is dependent on the concentrations in the
crystallization zone. In 8 mm tubes Aug in DMF (0.3 mL, 2.5 pmol/
mL) followed by DMF/acetone (1:1, 0.8 mL) and PW, in acetone
(0.3 mL, 3.0 umol/mL) are carefully layered. After several days,
greenish-black crystals appear, and the solution is still slightly yel-
low. The crystals lose solvent rapidly upon removal from the
mother liquid and, as a consequence, turn opaque and diffract po-
orly. Thus, single-crystals for X-ray diftfraction were directly trans-
ferred into inert oil, picked with a loop and cooled with liquid

Eur. J. Inorg. Chem. 2006, 4498-4502

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

nitrogen. Up-scaling of the crystallization in larger tubes was not
successful, as substantial amounts of 1 formed simultaneously. In-
stead, larger amounts of 2 were prepared by simply filling 12 to 16
of the small tubes at once. Yield: ca. 3.3 mg per tube (ca. 60%).
ATR-IR (neat sample), Aug(PPhs)g®*: v = 1584(w), 1569(w),
1478(m), 1434(m), 1383(w), 1308(w), 1182(w), 1161(w), 1096(m),
1027(w), 986(sh), 740(m), 706(m), 687(m); PW,040>~: ¥ = 1077(s),
974(s), 892(s), 806(s). The solvent loss is at least partially reversible.
If the dried crystals are put into solvent, they turn transparent
again. For powder X-ray diffraction the crystals were washed with
DMF/acetone and acetone, dried in air, ground, and filled into a
0.7 mm capillary with additional solvent. The PXRD pattern corre-
sponds to the calculated pattern from the single-crystal X-ray struc-
ture determination (see Supporting Information).

Supporting Information (see footnote on the first page of this arti-
cle): Experimental and calculated PXRD patterns of 1 and 2.
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