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Abstract

From a unique library containing molybdenum-oxide based building blocks/fragments under reducing conditions in aqueous solution a
huge variety of nanoobjects, allowing specific reactions at well-defined positions, can be generated. This enables us to perform a new type of
nanochemistry. Examples include: the well-known molecular big-wheel of the{tyipes,} and its derivatives and the molecular big-sphere
of the type{Mo;3,}, the derivatives of which are considered here. In addition the by far largest structurally well characterized cluster with
the shape of a lemon is also discussed. After solving the mystery of molybdenum blue, which was the starting point of this type of chemistry,
it became evident that the acquired knowledge could be useful for advancing the frontiers of materials science.
© 2003 Elsevier B.V. All rights reserved.
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‘Where nature finishes producing its own species, man in a (virtual) library is one of the most challenging problems
begins, using natural things and with the help of this na- in contemporary chemistry. Pertinent targets include the syn-
ture, to create an infinity of species|...].'—Leonardo da thesis of materials with especially desirable properties. In
vinci. solutions of oxoanions of the early transition metals—in
particular molybdates under reducing conditions—an enor-

1. Introduction mous variety of compounds can be formed by linking to-

gether metal-oxide building block$]. Reasons for this phe-

The deliberate synthesis of multifunctional nanosized ma- homenon are:
terials from well-defined building blocks which are abundant

1) The easy change of coordination numbers as well as easy
* Corresponding author. Tel+49-521-106-6153; exchange of HO ligands at Mo sites.
fax: +49-521-106-6003. 2) The moderate strength of Mo—O-Mo type bonds allow-
E-mail address: a.mueller@uni-bielefeld.de (A. Miiller). ing ‘split and link’ type processes.
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3) The easy change and especially increase of electron denthem in organic solvents, e.g. after encapsulating them with
sities without the strong tendency to form metal-metal suitable surfactant molecules, with the option of forming
bonds. monolayers, thin films and hybrid materigi]. Further-

4) The presence of terminal M@ groups preventing in  more, it is possible to study their aggregation behaviour
principle unlimited growth to extended structures (see leading to the formation of novel vesicl¢S]. The most
e.g.[2]). important aspect refers to the fact that the spherical- and

. . L . ) _ wheel-shaped clusters can now easily be obtained with facile
In this review, we will (i) outline the basic chemical syntheses.

principles involved by referring to a model reaction for
cluster growth, (ii) describe the building blocks of differ-
ent molybdenum based cluster anions, (iii) outline rele- 2. A model reaction for cluster growth
vant major cluster anions together with a brief sketch of
the synthetic strategies employed to isolate nanoscale
polyoxomolybdates including those we used to solve the
mystery of molybdenum blue solutiorjgb] and finally,

(iv) refer to interdisciplinary aspects, future perspec-
tives, and possible applications in the field of materials
science.

It should be mentioned that for over 200 years, since
the time of Scheele and Berzelius, it was not possible
to get pure crystalline compounds from the molybdenum
blue solutions obtained by reducing an acidified molyb-
date solution, mainly due to the high solubility of the
abundant cluster anions. Destroying the hydration shell o

the anions caused by the extremely hydrophilic surface ) X . . o
has led to solving this problerfilg,1h} Following our formed, which upon reduct|0\r/1 yleld(ztp_e )hlghly nucleophilic
. — . :
work and using similar approaches, other research groupst™<€99in type clusters [Mo;,0u0] as intermedi-
world-wide have reported related syntheses in the mean-2t€S (Se€ Re{7] for different aspects of the-Keggin ion
including the structure of the non-reduced species). These

time [3]. Today, it is not only possible to perform a new , =z ;
type of nanochemistry with the clusters but also to dissolve SPECies are stabilized by protonation and by the capture

d Molecular growth guards the gateway to molecular com-
plexity. In nature complex molecular systems like proteins
are formed under conditions far from equilibriumatura
naturans). Chemists cherish the dream of attaining com-
plexity correspondingly under one-pot conditions without
the problem of repetitive separation and purification of
individual products. In practice, an acidified and reduced
aqueous molybdate solution provides us with a ‘virtual
library’ of building blocks, which is central to an elemen-
tary scheme of molecular growth. In this context, we will
outline as example a model reaction that was observed in
¢ our laboratory[6] (seeFig. 1. In an agueous molybdate
solution a-Keggin type clusters witffy symmetry can be

——— {MoV'0;}
ol ¥
/ \"

4{Mc¥'0,}
Bt L S

[HxMo';, 0,01 [He Mo, 0,12~ [HxM0"15049(Mo"1 05,120
a-Keggin ion (reduced) ¢-Keggin ion

reduction, presence of molybdate

{Mo,g}-ligand
{HaMoY; MoVlgOqe}

{Mo,4}-ligand
{HsMaYs MoVl5 041

{Mo,g}-core
{HgMoV12 O4o(M0¥03 ) 115~

Fig. 1. Demonstration of the stepwise growth process leading to the remarkable cluster anidodfD115]**~ with no symmetry. The central highly
nucleophilice-Keggin type{H,Mo012040} core and the four capturegMoOs} groups are shown in black and grey polyhedra, respectively.{Mw o}
and {Mo11} type ligands are represented as ball-and-stick models (Mo, light grey; O, white).
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of four electrophilic{Mo¥' Oz} groups, thus forming an-
ions of the type [HMoY,040(Mo¥!03)4]?>-%)~, one of
which was isolated with a well-defined protonation and
structurally characterized as the I}Meg salt[7b,7c] On
further reduction, the originally electrophili¢Mo¥' O3}
groups become nucleophilic and, in addition, may assume
a template function. In a sort of synergistic co-assembly
the latter mentioned species further forms and attracts
electrophilic polyoxometalate fragments with 10 and 11
molybdenum atoms {Mo10}={H3zMo) Mo¥' O} * and
{Mo11}={HsMo¥ Moy O31}*"). The formation of the re-
lated {Mo37} type cluster can be regarded as a result of in-
formation stored in the intermediate of the ty{do15}, i.e.

as a result of its template function. The asymmetric growth
in this case may be attributed, in principle, to the asymmet-
ric protonation of (only) three of the foyrz-oxygen atoms
forming the central cavity, which may cause an asymmetric
charge distribution and protonation on the surface of the in- Fig. 3. Construction principle for clusters with icosahedral symmetry. The
termediatd6]. This reaction where intermediates act as tem- i{n(’;?'or)]i"'orz} )“g‘iéstézoé)g;?:][g'r trr':g‘:g:n‘q"’;t?or‘:ff“{gé)gﬁga(?iﬁzi' ‘}Difyrzmid
plates for th_e genera_\tlon of other mterme_dlates with which clus%ers? w);lere thé(Mo)Mos} units[1c] define the icos;hedrogr? ve):?ices.
the former intermediates react, aptly points to the growth

potential of molybdenum based polyoxometalate clusters. A 3 Playing with pentagons: a structural framework to
further related case is that of tH¢os;Me} (M =Fé'/!!!| attain molecular complexity

VIV O?2t) type clusterg6] (see also reviewglc,1f] and lit-

erature cited therein), where six cavities at the surface are3.1, The Keplerates

capable of undergoing quasi-reversible molecular growth

processes, which is controlled by the redox conditions. The mentioned{Mos7Me} type clusters as also the
Under reducing conditions, which increases the nucle- largest isopolymolybdate formed under non-reducing con-
ophilicity, the cavities can be filled with positively charged ditions[1c,1f] comprise pentagond(Mo)Mos} type build-
electrophilic units like{MoO}**+ and can be emptied again ing blocks Fig. 3), each of which consists of a central
under oxidizing conditionsHig. 2). This reaction presents a  pentagonal bipyramida{MoO7} unit sharing edges with
basic principle of cluster growth: a growing (nucleophilic) five {MoOg} octahedra. Interestingly, the construction of
species forms and attracts an electrophilic group. Such agiant spherical systems with icosahedral symmetry requires
model of cluster growth has enabled us to construct clustersreaction systems where pentagonal building blocks can be
of ever increasing complexity, and even the largest inor- first generated (mainly by a split and link process from
ganic cluster anion with 368 molybdenum atoms is formed a larger fragment), then be linked while getting placed at
correspondingly. the 12 corners of an icosahedron. Reaction mixtures of

{(Mo)Mo,}

<%

red. + {MoO}**

«xm ........... .

 ox. — {MoO}*

{M057V6} {M057V6(M00)6}

Fig. 2. Uptake and release ofMoO}*t groups (formal) in the case of the cluster anionssNts7Ve(NO)sO1g3(H20)18]%:~ and
[H3Mos7V(NO)sO189(H20)12(M0O)s] %, respectively, in polyhedral representation. The cenfdbs;Ve} core of each anion is built up of three
{Mo17} units (blue polyhedra) which are linked by tthMo\z’} entities (red polyhedra) and six'¥/ centres (green polyhedra). The sikoO}**
groups—including the relevant coordinating O atoms of the basic structure—are represented as yellow tetrahedra.
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{(Mo)Mo,} | discrete clusters | — | discrete clusters |

A - crystal water
(freshly filtered (intermediate state)
monoclinic crystals)

[layered structure |

(dried crystals)

Scheme 2.

(a) (b)

Fig. 4. Structure fragments of spherical giant clusters formed by the

mono and binuclear linkers for the pentagons: a (smaléf¥so} — . .
icosidodecahedron with 12 pentagons and 20 triangles (a) and a (IalrgerThe rapid loss of water molecules from the freshly filtered

distored) {Mo} }30 — truncated icosahedron with 12 pentagons and 20 crystals, comprising discretE{(MOVI)Mogl}lz {Fe' }aql,
hexagons (b). is the first step in the formation of layered structures (see
Scheme 2andFig. 5). The easy loss of water and the easy
molybdates under appropriate pH values and reducing con-crosslinking is due to the fact that the clusters are neutral.
ditions house a potential library which is ideal for such The reaction steps (s&themes 1 and)2how the decrease
constructions. In our giant spherical clusters, the pentagonalin the volume of the unit cell corresponding to the decrease
{(Mo)Mos} building blocks are placed at the 12 vertices of in the number of crystal water molecules.
an icosahedron and linked by a set of 30 mono- or dinuclear Another reaction of this type is also known and is
spacers, such afFe(H0)}3+ [8], {MoVO(H20)}3* [9] based on a compound containing practically neutral
or {MoY O4(CH;COO)}* [10]. Of these, the 30 mononu-  [{(MoY")MoY' }12{Mo¥ Fe},}] clusters. When the crystals
clear linkers for example define an Archimedean solid, the containing the discrete clusters are dried the clusters be-
icosidodecahedron with 30 vertices and 32 fadeg.(4). come linked to form 1D chains initiated by the rapid loss
Changing the linkers on the one hand provides a meansof crystal water molecules={gs. 6 and Y [13]. The initial
of tuning the size of these nanoscopic objects, and on theloss of these molecules causes a decrease of inter-sphere
other enables us, e.g. in the case of'F® construct a  distances, which leads to the situation that arF@agroup
giant spherical molecular antiferro-magnet with 150 un- of one sphere formally acts as a ligand while replacing
correlated electrons on its surfad@]. All such spherical H>O groups of an adjacent sphere in ag-t$pe reaction
clusters, which can be described by the general formulaas shown irScheme 3
[{(Mo)Mos}12 {L}3s0] or [(pentagom(linker)so], belong These types of reactions are essentially entropy driven.
to the family of ‘Keplerate’ type molecules because of their  The Keplerate cluster formation is an example of
striking similarity to Kepler’'s early model of the universe, as self-assembly built up according to daufbau’ princi-

described in his speculative opMysterium Cosmograph- ple. On the other hand, the subsequent formation of a

icum (see Refs[1c]119. A related mathematical study of paramagnetic necklace, i.e. a chain of Keplerates or the

the family of Keplerates has been publistelh larger structure mentioned above, presents a perfect ex-
ample of self-organization where the discrete units ‘act’

3.2. From self-assembly to self-organization: a self-determinedly (for related aspects see for instance

room-temperature solid-state reaction with neutral [14]).

Keplerates

3.3. Host—guest chemistry with Keplerates

It is possible—even in a solid-state reaction at room-
temperature—to crosslink Keplerates of the typ@vjo"') Can Keplerates playbsts? The presence of large spheri-
Moy }12{Fe" }30] comprising Fe centres with4® ligands, cal cavities makes them attractive candidates. A model inves-
to form layers[12], following thereby an elementary in-
organic condensation reaction with low activation energy.
This reaction corresponds to the formation of polycations
in a classical reaction at room-temperature (Sebeme L

R-Mo=O H,0-FeR R-Mo-O-Fe-R
| -2H,0 |
| Fe(OH,) + (H,0)Fe *** | 0 0 - (') 0
wol I I I
- Ho R-Fe-OH, O=Mo-R R-Fe-O-Mo-R
-Hy .

Scheme 1. Scheme 3.
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Linking of {Mo,,Fe;,} clusters in a solid state reaction

Fe-Fe:6.748R -  Fe-Fe:539A >  Fe-Fe:3.79A

(intermediate) 7

isolated clusters intermediate state layer

Fig. 5. Wireframe representation of the metal skeleton of {{W®7sFes0} type cluster units indicating their covalent crosslinking to a layer structure
(top right). The solid-state room-temperature conversion process leading to its formation takes place acc@dimgni® land Scheme 2given in the
text. The reaction proceeds from discrete cluster units (top left) present in the wet monoclinic crystals—freshly filtered from the mother dicaror—vi
intermediate state with discrete units positioned at the minimum possible distance without bond formation to the final (rhombic) crystalling@roduc
valid for rhomboliedral crystals with discrete unfg)).

tigation revealed that the{(Mo"")MoyY'}12{Fe' }30] Ke- i.e. supramolecular host—-guest interactibiy( 8). (Here the
plerate can serve to host Keggin ions (diameter ca. 14 A) Keggin ion (guest) can, in principle, also act as a template
in its cavity, a fact first realized by our former co-worker for the generation of the Keplerate (host).) The interactions
Samar Das. We succeeded in incorporating the latter into thebetween the constituents are strictly non-covalent, i.e. hy-
cavity of the former just by adding the Keggin ion to a solu- drogen bonding, in nature. An even more interesting aspect
tion ambient to the generation of the cluster shigl§. The is that the crosslinking of these supramolecular nanocom-
resulting molybdenum-oxide based composite with encap- posites is identical to the linking of the empty capsules to
sulated Keggin ion presents an unprecedented non-covalentform layers.
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Fig. 6. Schematic demonstration of the room-temperature solid-state reaction (seBiclsg leading to the formation of the chain (bottom)
present in Na[{(Mo"')MoyY' }12{Moy FeJ}}(CH3COO)00z55(H20)s2]-ca. 80HO caused by linking the discrete spheregMo¥')Moy'}12{MoY
F%L}(CH3COO)200253(H20)84]2*. Note the small error limit in the number of Mocentres and the corresponding possible cluster charge.

Fig. 7. More detailed representation of the structures depictedFign 6 showing the discrete anion{(Mo"")Moy'}1,{MoY¥ Fel }(CH3COO)o
Oz58(H20)s4]?~ (polyhedral representation) in crystals of A(Mo¥' )MoY' }12{MoY Fel,} (CH3COO0)00255(H20)g4]-ca. 150H0, and of the chain in
crystals of Na[{(Mo"")Moy' }12{Moy Fe},}(CH3COO)00,58(H20)s2]-ca. 80HO (space-filling representation). The linking area is separately given in
ball-and-stick representation (top right); bond lengths [A] and anglem [the MsO4 (M = Mo/Fe) ring: Mo—O: 1.72/1.78; Fe-O: 1.96/1.98; Mo-O-Fe:
147.0/149.9; O-Mo-0: 101.5; O-Fe-0O: 93[23].
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m A .
Keggin &) Intermediate ——3 Keggin < {(Mo,),Fe",,}

State

Fig. 8. Reaction scheme showing the decomposition of part of the Keggin afiRie;2040}3~ (left, polyhedral representation) in the presence of

Fe+ and leading finally to the formation of thgMo)Mos }12{Fe}s0 type cage (with wireframe representation of the capsule’s Mo atoms in dark grey

and Fe atoms in light grey) which has the remaining non-decomposed Keggin anions encapsulated (polyhedral representation) thus forming the unusual
supramolecular species with coreshell topology: gaefipent)(link)so} (FeQGs octahedra light grey).

4. Returning to pentagons: ‘big-wheels' and allied time) we succeeded in designing new clusters with de-
clusters fects, i.e. withn missing {Mo,} units (wheren=5, 6)
[18,19] It has even been possible to incorporate other
4.1. From Keplerates to molecular big-wheels: pentagons metal ions like C&" into the 14 or 16 tetrahedral cavi-
lead the way ties marked by four O atoms, normally occupied by pro-

tons in the parent clustgR0] (Fig. 10. In this context,

The mentioned Keplerates are results of the ‘spherical it is worth mentioning that all wheel type clusters like
disposition’ of pentagonaK(Mo)Mos} building blocks {Mosis4} or {Mo176} contain electronically uncoupled 14
with a Cs symmetry whereas a ‘circular disposition’ of or 16 incomplete double cubane tyg®losOg} compart-
the deformed{(Mo)Mos} unit leads to the formation of
{Mo154} and {Moi76} type clusters, commonly known
as thebig-wheel or giant-wheel type species, respectively.
Their structures can formally be represented{@sip)Mos }
{Moz} {Mo1}],, wherem=14, 16 for {Mo1s4} (Fig. 9
and{Mo17e}, respectively. ThgMo1s4} cluster has an ex-
ternal diameter of 3.4 nm while that §Mo176} is 4.1 nm
[16,17] It is now also possible to obtain tH&o176} type
cluster starting from th¢Mo13,} type Keplerate via a mild
oxidation reaction catalyzed by metal cations (this represents
the best available methof}6], while the {Mo1s4} cluster
can now be obtained by a very facile mettad,1g,1h,13]

4.2. Derivatives of the ‘wheels’: The
route to complexity

In addition to the pentagona{(Mo)Mos} unit, the

wheel type polyoxomolybdates contain as mentioned Fig. 9. A forma] building scheme for a{lM0154} ring starts from aC;
type {Mo11} unit (top left), fourteen of which are fused together to form

- 2+ :
above{MOZ}(—{MOZ_OS(H?O)Z} ) toQ_Ether W'th.{Mol} two {Moz7} belts (top right). Two of these are fused together after one
type units. Employing simple chemical techniques (for peit has been rotated by an angle of 38@ with respect to the other
instance raising the pH, or prolonging crystallization along theC;-axis to form the wheel type species.
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Fig. 10. Molecular structure of the cluster aniofN[o;;/VI 026(130)2X;(H20)sM0V/V' }14{M0Y' O5(H20)2}8]?~ (3"X; =4H+5Cu) in ball-and-stick
representation (top and side view) while the @trahedra (grey) which encapsulate?Cicenters (disordered) are given in polyhedral representation
(left); additionally, one relevant segment is highlighted separately (right).

Fig. 11. Left: structure of [M¥l ,M0Y,0420(H20)s0(KSO4)16]3*~ (top and partial side view) in crystals offNa;g[MoY} ;M0Y,0429(H20)50(KSOs)16]-Ca.
500H,0 in ball-and-stick representation showing the #@nits (in polyhedral representation) to demonstrate the overall K environment (se2Ref.
for further details including the receptor description at the bottom.). Right: Demonstration of the multitude of specific adjacent receptogs gformi
zigzag ring) (d) for 16 K (nucleophilic {MosOg} rings light grey, indicated by arrows in (a) and (b)) and 16§S(Ibns (sites betweedMosOs}
compartments in dark grey and marked in (d) 94}). The change from the ‘classica{Mo2MogMo1 }, type (b, d)[1c] to the {Mo2},_{Mosg}n

type (a, c) ring structure involving the change of tildosOs} [1c] to the {M04Os} unit by release of Mo} is demonstrated, too (releas¢o; }
units dark grey octahedra in (b), '$OIight grey tetrahedra, K emphasized in (a) as grey spheres).
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ments with two delocalized Mo (4d) electrofisb]. The 16 aforementioned classicflMos0g} compartments a new
Cu?*-containing cluster anion is a derivative of the afore- type of {M04Og} compartment is generated (sEig. 11).
mentioned tetradecameric{Nlog}{Mo2}{Mo1}]14 type The release of 1§Mo1} units provides room for encap-
cluster with six missing{Moz} units, bearing the for-  sulation of 16 K" ions beneath the nucleophil{tMogOg}
mula [{MOX/V' O26(1130)2X;(H20)3MoY/V' }14{MoY' Os crown ether type rings present on the surface of the clus-
(H20)2}6]2%~ (3-X; =4H+5Cu). An interesting aspect ter (for a comparable situation of spherical clusters with the
is the change in the electronic structure of this cluster Same rings sef22]). The 16{O4} type ‘cavities’ between
compared to the parenfMoyss} cluster. In the former, the{MosOg} compartments here encapsulégemally S**

the electronic spectra show an absorption band at ca. 520nstead of C&* as observed in the previous example of H
nm due to the abundance of €uions in addition to in the parent cluster. (This situation can be compared with

the usual band observed due to an IVCT {fMeMov') the Oy cavity of the Keggin ions.) Considering the potas-
type electronic transition, for which a blue shift is ob- sium and sulfate ions alone, this cluster shows an unusual

served due to the influence of &u on the delocal-  64-memberedKOSO}16 type ring where the ‘bidentate’
ized Mo (4d) electrons in thgMosOg} compartments SOf1 shows relevant K. - O distances of the order of 3.0
[20]. A (seeFig. 11). Some other derived structures with lan-

Incorporation of potassium and sulfate ions in the parent thanide ions like P, E?™ are also known, in which the
{Mo176} type cluster at well-defined receptors presents an incorporated lanthanide ions influence the overall cluster’s
interesting perspective for a type of super-supramolecular curvature with the option of their sizing or the generation
chemistry[21]. In the related reaction all 8Vio1 } units are of completely new and complex structures (for details see
expelled from the cluster, with the result that instead of the Refs.[23,24]andFig. 12).

=

Side View

{Mo120Pre}

(a) (b)

Fig. 12. (a) Structure of the symmetrical ring shaped anion ;By@sse(H20)asH12{Pr(H:0)s}6]®~ in polyhedral representation witfMoy} units in

yellow, {Mo2} in red, {Mog} units (including the central pentagonal bipyramids) in blue, and {ReG4(OH;)s} polyhedra in green (constituents of the

lower half of the ring are more pale in color). The two marked distances between two equivalent penta%onal bipyramids are a measure of the curvature,
which is greater if 8 Moy} unit is replaced by a Bt cation. (b) Demonstration of how a non-symmetricﬁﬂ/lbléévEU40338H10(H20)81}2]20* ring can

formally be constructed from the parefifloiss} type cluster according to a ‘cutting’ process based on a molecular scissors giving the two shown large
basic {Mog,} fragments. Top left: side view of the parefiois4} ring, (cutting positions marked). Top right: those units which have to be removed

from the {Mojs4} ring and those which have to be added to the resulting two large fragments to generate the giant cluster. Bottom: the complete cluster
from a side and top view (color code as in (a); néMo*2} units in borwn; Eu@ polyhedra and Eu atoms (left) in green; Mg@ctahedra of a selected

{Mo7} and a{Mog} group, respectively, as hatched violet polyhedra).
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Fig. 13. Left: ball-and-stick representation of fo{Moss4} type rings of the compoung, {(NHzCONH,)14[MoY}sM0Y;O462H14(H20)e8] } -ca. 350H0

‘glued’ with two types of protonated urea molecules [viz., equatorial (UE) as well as polar (UP)]. The atoms of the urea (type) units and the oxygen
atoms which covalently connect adjacent rings have been enlarged for clarity (carbon black; nitrogen and oxygen atoms of urea units which could not
clearly be distinguished using single-crystal X-ray structure analysis, light grey). Right: interaction between polar UP type units amongshesnsel

well as with oxygen atoms of two hexagon@1osOs} ring sites with the potential receptor property of the cluster. The difficulty to distinguish exactly
between O and N atoms of UP is mainly caused by & o—H,O disorder at the cluster surface (see also related distances in A).

4.3. Connecting the ‘wheels’ to chains: potential ‘dynamic library’ can form, via a type of ‘split
designing novel hosts and/or link process’ (for instance the generation of the
mentioned{(Mo)Mos} units from larger ones which subse-
Like Keplerates, the{fMois4} type wheels can also be quently get linked) a class of molecular architectures upon
1D linked to form a chain for instance by the use of urea slight variation of the boundary conditions. TH#&o3ss}
as gluing agent; urea reduces the repulsion of approachingcluster[2] is such a molecular typd={g. 15. Comparable
negatively charged rings, thereby facilitating condensation to the size of hemoglobin (external diameter ca. 6 nm), this
between them and ultimately leading to covalent Mo—O—-Mo species is formed by the linking of 6@Mo1}, 32 {Moy},
connectivity (seerig. 13 and Ref.[25]). This can lead us  and 40{(Mo)Mos} type units (32 with sulfate ligands and
to new gateways in host—guest chemistry as the protonated without; this was erroneously mentioned in Rél) via a
urea cations are ‘attached’ to the nucleophiiitogOs } type remarkable symmetry breaking process nicely noticeable on
receptors on the cluster surface. It has also been possibléts surface. The structure of the cluster anion can be consid-
to put ‘sterically befitting’{Moss} clusters into the cavity  ered as a hybrid between t§#0176}/{Mo0154} type giant
of related ring type{Mo14s} clusters linked to a chain to  molecular wheels and thEMo102}/{Mo0132} type clusters.
form a novel supramolecular host—guest system. Here theThe hybrid character manifests itself in the occurrence of
interaction between the host ‘holds’ the guest mainly by 16 24 Cs type {Mo11} units of the {Mo132} type spherical
hydrogen bonds between thefid. 14). shaped clusters together with 1& type {Moio} frag-
ments of the related wheel shaped clusters having only one
{MoOg} octahedron less. Although tt@; {Mo11} groups
5. Inorganic chemistry goes protein-size: {Mosgg}, the are exactly identical to those of the spheri¢ilo13z} type
‘Blue Lemon’ Keplerate[le], the {Mojo} units are only identical to a
fragment of the wheel type clust&; {Mo11} unit, i.e. the
‘ _ fragment without the 11th octahedron which is displaced.
It maylookhkealerpon, but a.hollow nanoc]u;ter mgde The Blue Lemon type cluster anion shows a combination
from r_nolybdenum—oxme mO\t’)VS,JUSt hOW”SOph'Stmated in- of the central spherical shaped fragment widgy sym-
organic nanostructures can be.’'—P. Ball [26]. metry {Mozss}(={M02880784(H20)102(SQs)32}) and two
Indeed, molybdenum-oxide based fragments display capping fragment{Moso}(={M0400124(H20)24(Su)s})
under reducing conditions an extreme flexibility which Wwith C4, symmetry. The average reduction state of the two
fulfills the most important prerequisite for forming an over- {Mo4oV} type caps idower than that of the spherical cen-
whelming variety of sophisticated nanostructured landscapetral {Mozgg} fragment. This observation is in accordance
functionalities. The special building units abundant in a with the model proposed above, that growth processes in
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capped by Moio} and{Mo11} and a{Mos7Vs} cluster un-
der reducing conditions takes up six electrophjliéoO}*+
to form the{Mog3Ve} speciesFig. 1) [6].

The presence of sulfate ligands in tfi®oszgg} cluster
also plays a very significant role. The negative charge in
the present case is supported by the abundance iﬂ‘ IR
ands coordinated both to the intermediates and to the final
cluster species. This situation does not occur in presence of
much weaker coordinating ligands, such as ©r CIO,
ions. In cases where HCl®r HCI are used as acidification
agents instead of #50y not the {Moseg} cluster but pure
molybdenum-oxide based wheel type species {ik®17¢}
are formed. For the present purpose it is important to note
that the coordination ability of the §AO is not too strong
(e.g. as it would be in the case of E’Ocoordinating to all
fragments and thus a coordination flexibility is guaranteed
with the consequence that a variety of different appropriate
building blocks with and without sulfate can be generated

[2].

6. Materials science aspects and per spectives for
nanochemistry with giant polyoxomolybdates

The chemist, according to Lehrerigraves into matter
the products of creative imagination [...] creates origi-
nal molecules, new materials and [...] indeed entire new
worlds, that did not exist before they were shaped at the
hands of the chemist, like matter is shaped by the hand
of the artist [...]" [14a] Polyoxometalate chemists, be-
tween artistic creativity and chemical ingenuity, endeav-
our to understand the emergence of complexity in these
molybdenum-oxide systems under reducing conditions, for
Fig. 14. Structural details of the novel supramolecular system of the type example in cpmparlsgn to the pOIyOXOtungStf’ﬂe situation
{MossCMo1ag} (guest occupation of the cavities: ca. 20%). (a) Part of Where the variety of giant clusters does not exist (see Refs.
the chain structure, which is built up by linking ring-shapgllo;4g} [2,27,28). Reasons for this phenomenon have been men-
cluster units (i.e. based on tHg01s4} type with three missind Moz} tioned in Ref[2]. Beyond their beauty, the reported clusters
groups; only the front halves of the rings are shown for clarity). (b) View mark the least understood zone of material complexity—the

perpendicular to (a): the interaction between host and guest is due to 16 . L . .
hydrogen bonds (dotted lines with O (hostjO (guesty- 2.744-2.965 mesoscopic arena—where molecular properties start taking

A) and (at least) four sodium cations situated between host and guestthe ‘back-seat’ giving way to the emergence of bulk prop-

(indicated by arrows, only two Na positions are visible in this perspective €rties of matter.

view). The sodium salt crystallizes in the space gr@2im (a=29.425, Having unraveled the mystery of molybdenum blue con-

b="51.078,c=30.665 A, f=114.85). The aspect of general interest:  aining the flexible pentagonal building blocks, we can now

The {Mogs} cluster, which is the only species in highly acidified aqueous i, 1o ment our knowledge to construct novel, revolutionary

molybdate solution before the reducing agent is added, acts usually as . . . .

a template for the generation of the giant wheel. (A. Miller et al., materials, with far-reaching consequences. The creation of

unpublished) such well-defined novel molybdenum-oxide based nanoob-
jects, e.g. wheel- and spherical-shaped species with large
central cavities and sizable pores, can be considered as a

polyoxomolybdate systems are mostly based on nucle- starting point of a unique nanochemistry.

ophiles which start ‘growing’ by directing the formation of The reported clusters are interesting for materials science

electrophiles (in a relative consideration) with which they aspects because of their (largg¥e, solubility, stability,

get capped. In the present case, the more nucleophilic cengiant cavities, nanosized changeable pores, unique sur-

tral part probably directs the formation of the electrophilic faces, (interesting) electronic structures, and abundance of

type units with which it gets capped. As mentioned earlier, magnetic centres in a huge variety of topologies. More-

we observed that the nucleophilieKeggin type derivative  over these clusters can be manipulated keeping the ro-

{Mo16} moiety directs the growth and gets asymmetrically bust skeleton intact. Encapsulation of giant clusters with
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Fig. 15. [H:M03sg01032(H20)240(SOs)48]*®~ cluster anion in polyhedral representation showing the different building blocks and large areas of different
local symmetry.

surfactant molecules also allows to produce LB films or ‘frozen solution’ of silica network. This enabled the inves-
even assemble organic—inorganic hybrid materials layer bytigators to perform specific reactions within these pockets
layer. For instance{Mo132} type spherical nanoclusters that can be monitored for example by SAXS and UV-vis,
were embedded in a microporous silica matrix to produce spectroscopy{4f]. Novel, stable supramolecular architec-
a {Mo13z}-silica hybrid type material with porous network tures were obtained by encapsulating sma{lbtos;Ve}
providing commensurate passage only for some specificand even largefMo132} type clusters with cationic surfac-
substrates and allowing leaching of Mo from the pockets of tants[4a,4b,4c,4d,4e]JEmploying the technique of cationic

Table 1

Nanoscaled polyoxometalate clusters for materials science problems

Topics/keywords Characteristics References
LB films Based on encapsulation §Mo132} with cationic surfactants [4c]
Monolayers Based on encapsulation{®lo;32} with cationic surfactants [4c]

Liquid crystals Based on encapsulation{do1s4} with cationic surfactants [40]

Hybrid materials with silica and carbon tubes Based on integratiofiMifis4} and {Mo132} clusters [4f,4h]
Nanoporous clusters with cavities Spherical-shaped clusters with pores are highly selective for cations and[15,22,30,31%

allow the incorporation of interesting clusters and important aggregates,
for example of water molecules including thdsgith electrolytes

Nanoreactors Wheel-shaped clusters show functionalities and especially nucleation [1b,1c]P
processes inside their central nanoscaled cavity
Soft matter: aggregates, vesicles, colloids Giant clusters show hierarchic patterning in solution and lead to a new [5]

type of vesicles

Clusters as magnets {MozsV5H4} with 10 VIV triangles linked
{Mo7,F€e}} is a model for a classical magnet
{V'l\g} shows a layered magnetic structure [4i,8].

aM. Gross, Encapsulation Chemistry, Chem. in Britain 39 (2003) August issue (in press).

b A. Miiller, SQ.N. Shah, H. Bogge, M. Schmidtmann, Nature 397 (1999) 48.

¢ D. Gatteschi, L. Pardi, A.L. Barra, A. Miller, Nature 354 (1991) 463. Several sophisticated physical studies have been published apout the V
clusters, for example: I. Chiorescu, W. Wernsdorfer, A. Miller, H. Bdgge, B. Barbara, Phys. Rev. Lett. 84 (2000) 3454; B. Barbara, I. Chiorescu, W.
Wernsdorfer, H. Bogge, A. Miiller, Progr. Theor. Phys. Suppl. 145 (2002) 35 as well as literature cited therein.
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Fig. 16. pH controlled nucleation in nanoscaled cluster cavities. The anion of the {tWeVE)Mog" }12 {L}30] with L =phosphate (grey tetrahedra)
shows—in presence of molybdate in solution and by lowering the pH nearly to 2—a ‘nucleation’ process inside the cluster cav{fiés@gpwnits
grey spheres).

surfactant encapsulatidda] some investigators even suc- References

ceeded in producing extended disk-shaped liquid-crystals

that is, like organic—inorganic hybrid materials with the [1] (8) A. Muller, H. Reuter, S. Dillinger, Angew. Chem. Int. Ed. Engl.
wheel-shaped{Moss4} anion forming the inorganic core 34 (1995) 2328;

. . (b) A. Muller, C. Serain, Acc. Chem. Res. 33 (2000) 2;
[4g]. A summary of such different results of interest for (©) A. Miller. P. Kégerler, C. Kuhimann, Chem. Commun. (1999)

materials science are presentediable 1 1347:

One fascinating point refers also to the possibility of (d) L. Cronin, P. Kbgerler, A. Muller, J. Solid State Chem. 152
using available cavities, for example to perform reactions  (2000) 57; ) i .
within these at well-defined sites (which might be hy- (¢ A Muler, P. Kogerler, H. Bogge, Struct. Bond. (Berlin) 96

- . . : (2000) 203;
drophilic or hydrophobic), an example being the reaction (0 A. Miller, F. Peters, M.T. Pope, D. Gatteschi, Chem. Rev. 98

of [{(MoV")Moy' }12{L }30]**~ (L = {M0204(CH3COO)} *) (1998) 239;

with phosphate at different pH values: after replacement (9) A. Miller, S.K. Das, E. Krickemeyer, C. Kuhimann, J. Shapley
of the acetate ligand the cluster shows a pH dependent nu-  (Ed.), Inorg. Synth. 34, in press.;

cleation process with the formation of P-O—Mo bonds, a (M L. Cronin, E. Diemann, A. Mdller, in: J.D. Woollins (Ed.),

. . . 3_ Inorganic Experiments, Wiley-VCH Weinheim, 2003, p. 340.
situation comparable to the formation of the [Pd04] [2] A. Miiller, E. Beckmann, H. Bogge, M. Schmidtmann, A. Dress,

Keggin anion[29] (see ?lSd:ig- 16. _ Angew. Chem. Int. Ed. 41 (2002) 1162.
Moreover, the spherical clusters which can encapsulate [3] (a) T. Yamase, P.V. Prokop, Angew. Chem. Int. Ed. 41 (2002)

water molecules may present completely new perspectives  466;

for understanding more about a very common compound—  (0) K. Eda, . Sato, Y. Iriki, Chem. Lett. (2002) 952;
(c) C. Jiang, Y. Wei, Q. Liu, S. Zhang, M. Shao, Y. Tang, Chem.
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