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Nature×s evolution from the primordial Earth through to
the present overwhelming variety of macroscopic forms and
functionalities, the formation of which is directed by their
molecular ™counterparts∫, that is, by nanosized biomolecules,
should stimulate thoughts about the potential of material
systems in general as well as related basic first principles or
natural laws.[1] We refer to processes based on reservoir
systems containing appropriate building blocks, the linking of
which can lead to an overwhelming or even infinite variety of
molecular forms including those showing symmetry breaking.
This process is particularly valid on entering the nanocosmos
size category.[2] The nanocosmos as such, does not show the
variety-limiting translational symmetry restriction of macro-
scopic crystalline materials but offers–in contrast to the
microcosmos with its small molecules–the possibility that
(several) larger arrays with local symmetries are not in
agreement with the overall symmetry–a situation well known
for spherical viruses (see Figure 1 and ref. [3])–can occur.
This increases the options for the generation of an extreme
structural versatility. Thus, the appropriate building units
must display a certain type of flexibility as prerequisite for
linking versatility (of course not coming close to that of amino

Figure 1. A drawing of a T� 3 icosadeltahedron–as model for the
topologically identical coat protein subunits of the Tomato Bushy Stunt
Virus (TBSV)–showing its arrangement of three quasi-equivalent sets of
60 icosahedrally related subunits (lobes/proteins). The orange lobes pack
about the icosadeltahedron×s exact fivefold axes, whereas the blue and
green lobes alternate about its local sixfold axes (reproduced with
permission from ref. [3]).

acids), a condition well fulfilled by molybdenum oxide based
fragments/aggregates. These special entities, abundant as
(virtual) building units in a potential ™dynamic library∫,[4,5]

can, by a type of ™split-and-link process∫, adapt their size and
shape depending upon slight alterations of the relevant
boundary conditions;[6±8] evident reasons for this ™molybdate∫
specific quality are listed in footnote ref. [9]. This versatility
could lead us, to use a term from J.-M. Lehn lectures, to the
category ™Multiple Expression of Molecular Information∫, a
statement also supported by the variety of giant clusters
obtained from relevant ™libraries∫.[6±8] Here we report the
formation of a rather unusual giant molybdenum oxide based
nanocluster, the size of hemoglobin (diameter approximately
6 nm), and containing 368 metal (1880 non-hydrogen) atoms
formed by the linking of 64 {Mo1}-, 32 {Mo2}-, and 40 {Mo-
(Mo5)}-type units by a remarkable symmetry-breaking
process which is nicely recognizable at the cluster surface.
The understanding of the present process will be the starting
point for the synthesis of quite a number of other ™size
comparable∫ clusters and reactions of these. Here we refer to
a far-reaching step into the nanocosmos with perspectives for
nanochemistry through symmetry breaking, molecular top-
ology, and surface sciences with catalytical and topological
relevance. Symmetry breaking will be referred to in relation
to transitions from positive to negative surface areas which
can be considered as model for nature×s patternings or
breaking monotony.

By reducing a molybdate solution which is acidified with
sulfuric acid, the deep-blue compound 1 containing the giant
mixed-valence cluster anion 1a (Figure 2) is obtained which
was characterized by elemental analysis (including redox
titrations to determine the (formal) number of MoV centers),
thermogravimetry (to determine the actual crystal-water
content which is important for the analyses), bond valence

tary crystallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from
the Cambridge Crystallographic Data Centre, 12, Union Road,
Cambridge CB2 1EZ, UK; fax: (�44)1223-336-033; or deposit@
ccdc.cam.ac.uk).

[13] a) T. Hayashi, K. Tomioka, O. Yonemitsu, Asymmetric Synthesis:
Graphical Abstracts and Experimental Methods, Gordon and Breach
Science Publishers, Amsterdam, Netherlands, 1998 ; b) Catalytic
Asymmetric Synthesis (Ed.: I. Ojima), VCH, New York, 1993.

[14] Unit cell parameters for 1c : orthorhombic, a� 14.29(2), b� 19.97(4),
c� 23.96(4) ä, V� 6834(16) ä3.

[*] Prof. Dr. A. M¸ller, Dipl.-Chem. E. Beckmann, Dr. H. Bˆgge,
M. Schmidtmann
Lehrstuhl f¸r Anorganische Chemie I
Fakult‰t f¸r Chemie der Universit‰t
Postfach 100131, 33501 Bielefeld (Germany)
Fax: (�49)521-106-6003
E-mail : a.mueller@uni-bielefeld.de

Prof. Dr. A. M¸ller, Prof. Dr. A. Dress
Fakult‰t f¸r Mathematik und Graduiertenkolleg (GK) ™Strukturbil-
dungsprozesse∫, Universit‰t Bielefeld

[**] Financial support by the Deutsche Forschungsgemeinschaft, the Fonds
der Chemischen Industrie, the European Union (HPRN-CT 1999-
00012) and the GK is gratefully acknowledged.



COMMUNICATIONS

Angew. Chem. Int. Ed. 2002, 41, No. 7 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 1433-7851/02/4107-1163 $ 20.00+.50/0 1163

sum (BVS) calculations, spectroscopic methods (IR, reso-
nance Raman, Vis/nIR) as well as single-crystal X-ray
structure analysis.[10]

Na48[HxMo368O1032(H2O)240(SO4)48] ¥ ca. 1000H2O � Na481a ¥ ca. 1000H2O 1

1a � [Hx{Mo(Mo5)}�8{Mo(Mo5)}��32{Mo2}�16{Mo2}��8{Mo2}���8{Mo1}64]48�

{Mo(Mo5)}� � {Mo6O21(H2O)6}

{Mo(Mo5)}�� � {Mo6O21(H2O)3(SO4)}

{Mo2}� � {Mo2O3(H2O)2}

{Mo2}�� � {Mo2O(t)2O(br)3(SO4)}

{Mo2}��� � {Mo2O(t)4O(br)(SO4)}

{Mo1} � {MoO(H2O)}

x� 16
(for error limits see ref. [10])

Compound 1 crystallizes in the space group I4mm and in
the unit cell contains two giant hedgehog-like cluster anions

1a which have approximate D4 symmetry with a central ball-
shaped fragment {Mo288O784(H2O)192(SO4)32} (B) and two
capping units {Mo40O124(H2O)24(SO4)8} (C). Remarkably,
there are three rather large areas, that is, two C and one B,
with different local symmetries (see Figure 2a): D8d in the
central B part and C4v in the two capping areas C. Thus there
is a well-defined cross-section where the symmetry breaking
occurs and a negative curvature is generated (see Figure 2 and
Addendum after Experimental Section).[11, 12] More precisely,
1a is built up by the six above mentioned well-defined
building units (see also Figure 1), while a giant molecular
container with a huge cavity (diameter �2.5� 4.0 nm at its
most extended points) is formed offering space, for the
tremendously large number of about 400H2Omolecules. (The
number of water molecules in the crystal given above (1000)
includes the 400 molecules encapsulated.) The presence of the
bidentate SO4

2� ligands (see formulas) can also be shown by

Figure 2. Structure of 1a in crystals of 1 in polyhedral (a) and ball and stick (b) representation perpendicular to the C4 axis and along the C4 axis ((c) and (d);
building units {Mo1} yellow, {Mo2} red, {Mo(Mo5)} blue with blue-turquoise pentagonal bipyramids; O atoms small red spheres, S atoms gray spheres). Note
that one capping part is turned against the other by 360/16�. The different building blocks and the arrays of different local symmetry are assigned.
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the typical splitting of the �3(F2)-type vibrational bands (1191,
1122, 1060 cm�1), and the abundance of MoV as well as MoVI

centers by the IVCT (intervalence charge transfer) band at
� 740 nm. The comparably large number of different building
units of 1a can be identified from Figure 2 together with the
above given formulas. The two types of {Mo(Mo5)} units differ
in the number and coordination type of the SO4

2� ligands: 40
with SO4

2� ligands and eight without located in the C4v areas.
The dinuclear units {Mo2} not only differ with respect to the
number of bidentate SO4

2� ligands (see formulas) but also, for
those at the ends of both C caps, that is, the borderlines, both
Mo centers have two terminal O atoms, a situation character-
istic for stopping growth. The {Mo1} units are of the classical
type {OMoV(H2O)}3� and contribute correspondingly to the
highly reduced state of 1a. The other formal ™MoV-type
centers∫ are distributed over several parts of the cluster areas,
which causes a widespread delocalization of the Mo 4d
electrons.

The structure of 1a can be considered as a hybrid between
the giant wheel ({Mo176}-type) and ball ({Mo102}-type) clus-
ters.[7b, 8, 13] We find in 1a the {Mo(Mo5)} and {Mo1} units of the
{Mo102} ball-type cluster as well as {Mo(Mo5)} and {Mo2} units
of the wheel-type species. The hybrid character is–referring
to the terminology of ref. [13]–also manifest by the occur-
rence of 24 C5-type {Mo11} groups of the ball-type clusters[13]

together with the related wheel (same type) 16 Cs-type {Mo10}
groups with only oneMoO6 octahedron less. Note that the two
groups have 56 MoO6 octahedra in common (Figure 3).
Whereas the C5-{Mo11} groups are identical to those of the
spherical ball-type clusters,[13] the structure of the {Mo10} units
of 1a is identical to that of the {Mo10} fragment of the wheel-
type cluster Cs-{Mo11} unit, which, when compared to the
symmetrical ball situation, has only the 11th octahedron
displaced.[14]

The high reduction state (ca. 112MoV, 256MoVI), which is
much higher than that in the wheel systems (e.g., 28MoV,
126MoVI[8]), reflects that reducing conditions favor cluster
growth. (The largest cluster in acidified molybdate solution is,
in absence of a reducing agent, the ™rather small∫ {Mo36}
anion[15, 16] which ™starts growing∫ upon reduction.[8]) A
negative charge or an increase in negative charge does not
only prevents uncontrolled linking, but initiates further
protonation as a prerequisite for further linking. The negative
charge in the present case is supported by the abundance of
SO4

2� ligands coordinated to the intermediates and the final
cluster species. This situation does not occur in presence of
much weaker coordinating ligands, such as Cl� or ClO4

� ions:
in cases where HClO4 or HCl are used as acidification agents
instead of H2SO4 not 1a, but pure molybdenum oxide based
wheel-type species are formed.[8] For the present results it is
important that the coordination ability of the SO4

2� is not too
strong (e.g., as it would be in the case of PO4

3�) thus allowing a
flexibility of coordination with the consequence that a variety
of different appropriate building blocks can be generated. The
average reduction state of the two Mo40-type caps C of 1a is
lower than that of theD8d part B. This observation agrees with
our hypothesis that growing processes in POM-type systems
are mostly based on nucleophiles which start ™growing∫ by
directing the formation of electrophiles (in a relative consid-

Figure 3. {Mo368} metal atom framework of 1a in wire-frame (a) and in ball
and stick representation with {Mo11} and {Mo10} building blocks emphasized
through thick lines (b; color code as in Figure 2).

eration!) with which they get capped.[17] In the present case,
the central B part probably directs the formation of the C type
units (see also ref. [18]).

Our prediction is that the knowledge of structural details of
cluster 1a will be the starting point for the synthesis of many
others of comparable size as well as for a new type of
nanochemistry which will allow well defined reactions to be
performed at well defined sites of well defined nanoobjects,
and includes their handling as intact units, for instance for
cross-linking or preparation of composites, for example, with
silica or surfactants, which is possible with these types of
clusters as shown in case of the giant ball- and wheel-type
species with the generation of micelles, films, and even liquid
crystals.[20] The present results are relevant for catalysis as it is
still a challenge to understand details of the interaction
mechanisms of substrates with the surfaces of heterogeneous
catalysts.[21, 22] In the case of transition metal oxides, such as
MoO3, which play an important role in selective oxidation
processes,[22] it would be a tremendous step to consider the
surfaces of discrete and well defined giant molybdenum oxide
based clusters for model reactions relevant for related
catalytically active bulk materials, the surface of which is
difficult to investigate[23, 24] (note that the large surface of 1a
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contains only Mo�O and Mo(H2O) groups). Another inter-
esting aspect is the possibility to perform supramolecular
chemistry inside the cavity of the giant molecular container
1a–the largest structurally well defined one known–as was
possible with the smaller ball-type clusters.[7c] Remarkably,
this type of nanochemistry/nanotechnology and supramolec-
ular engineering is based on structurally well-defined objects
obtained by the ™bottom-up∫ method.[25, 26] Last but not least,
the symmetry breaking[11]–™visible∫ at the surface of 1a
because of the abundance of different large local symmetry
areas or negative curvature in between positive curvatures at
a giant cluster×s surface as in case of Fowler×s Phantasmagor-
ical Fulleroids (see Addendum)–has model character for
nature×s patterning processes in general and, in particular,
those occurring within nucleation processes. Symmetry break-
ing is of fundamental importance for the understanding of
patternings in the macroworld (in this respect the antagonistic
effect actions are important) which was described by D×Arcy
Thompson in his book ™OnGrowth and Form∫[27c] (for general
references see Ref. [11, 27, 28]). In this respect it would be a
breakthrough if rather large nanoareas such as B and C with
different symmetry could be extended further. In particular,
this should be possible under dissipative conditions.

In any case, the formation of 1a under conservative
conditions shows a type of patterning, emergence, and
complexity on the nanolevel, though not on the macrolevel,
as for instance in case of the dissipative self-organizing model
processes leading to Be¬nard-convection cells and Belousov-
Zhabotinsky-type patternings (see ref. [27]). The novelty of
the formation of the present nanoobject is that, in spite of its
enormous size, a breaking of monotony during growth is
observed. This breaking is caused by different distributions of
a rather large number of different ™negative and positive∫
vertices with polygons ranging from triangles to heptagons
(see Addendum and Figure 4). The complexity here is nicely
recognized by comparison with the Archimedean solids
having only one type of vertex.

Experimental Section

Na2S2O4 (0.15 g, 0.86 mmol) as reducing agent was added to a stirred
solution of Na2MoO4 ¥ 2H2O (3 g, 12.4 mmol) in water (10 mL) which was
acidified with 0.5� H2SO4 (35 mL; immediate color change to blue). The
solution was stored in a closed flask and after 2 weeks the precipitated
deep-blue crystals of 1were collected by filtration, yield: 80 mg (two crystal
types: major part showing from top view a characteristic form like an
elongated benzene molecule, while a much smaller fraction of the crystals is
grown together). Characteristic IR bands (KBr pellet): �� � 1616 (m, �
(H2O)), 1191 (w), 1122 (w), 1060 (all �as(SO4)), 975/954 (s) (�(Mo�O)), 761
(s), �700 (sh), 627 (w), 555 (m), 464 (w) cm�1; approximate wavenumbers
of the very broad Raman bands (KBr dilution; �e� 1064 nm): �� � 810 (m),
680 (w), 460 (m) cm�1; Vis (in H2O): �� 740 (very broad) nm.

Addendum

Combinatorial topology of the nanoclusters polyhedral structure relevant for
the present surface and symmetry breaking complexity problem : The
following section explains first of all the topological nature of the surface of
1a but could also be of help for the chemist in constructing rather large
patterns showing positive and negative curvatures. A combinatorial
analysis of the four-regular polyhedral net defined by the Mo atoms of

1a, as shown in Figure 4 (suppressing however, for simplicity, theMo atoms
within the interior of the pentagonal bipyramids) reveals a clear
correspondence between the overall distribution of positively and neg-
atively curved surface segments and the distribution of vertices with
positive and negative combinatorial curvature. This observation is in
agreement with Euler×s celebrated theorem[31] interpreted as a discrete
version of the equally celebrated Gauss ±Bonnet theorem[32] (see Figure 5
and 6 as illustrative examples of positively and negatively curved surfaces).

Indeed, the interior of region B with D8d and of the two capping regions C
with C4v symmetry are positively curved; however, these are connected by
the two narrow collars exhibiting a strong indentation, thus creating two
ring-shaped surface components of large negative curvature of relevance
for the symmetry breaking. Additional negative curvature is ™hidden∫ in
the jaggedness of the two circular boundary lines (indeed, straightening
them out into perfect circles would create shapes that would each mimic the
shape of a neck, that is, one half of the negatively curved inner part of a
torus, see Figure 5). Correspondingly, the average combinatorial curvature
(definition in ref. [33]) of the 240Mo atoms in the interior of B is �4/315
while the same holds for the 48 (24� 24) Mo atoms in the interior of the
two capping regions; in contrast, it is�30/315 for each of the 16 (8� 8) Mo
atoms in the two collars and�28/315 for each of the 24 (12� 12) Mo atoms
in the two jagged circular boundary lines.[34] Clearly, this is in perfect
agreement with the positive curvature observed in the major parts of B and

Figure 4. The four-regular polyhedron depicting the surface of 1a,
consisting of 328� 368� 40 Mo atoms (i.e. without the Mo atoms of the
pentagonal bipyramids); it exhibits 64 vertices in the belt region, 32 with
vertex configuration [3,4,4,5], and 32 of type [3,4,4,7], 16� 8 of type
[3,5,3,7], 8 of type [3,5,3,6], and 16 of type [3,6,3,7] in each of the two
B regions next to the belt and another two times 16, 8, and 16 of type
[3,5,3,6], [3,6,3,7], [3,5,3,7], respectively, next to the two collars, altogether
16 of type [3,7,3,7] along the two collars, and 8 of type [3,6,3,7], [3,5,3,7],
and [3,5,3,6] each in the interior of the two capping regions, and 4 of type
[3,5,3] and 8 of type [3,6] along each of the two boundary lines.

Figure 5. Shapes of positively (a) and (b) and negatively (c) curved
surfaces. The sphere and the outer part of a torus are paradigms of
surfaces exhibiting positive curvature (a) and (b), the saddle and the inner
part of a torus are paradigms of surfaces exhibiting negative curvature (c).
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C, being counterbalanced by the considerably stronger negatively curved
collars of B and boundary lines of C. Our analysis implies also that, for
purely geometric reasons, the nanocluster×s shape could not have been built
up without the use of, at least, some heptagons counterbalancing the
positive curvature implied by the pentagonal building blocks, at least as
long as two triangles (or just one triangle and two quadrangles) occur at
each interior vertex among the four polygons incident with that vertex (see
also Figure 6a). Remarkably, the negative curvature at the two jagged
boundary lines of C stops the growth process.
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