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Chapter 1

Introduction

1.1 Synopsis

”Just as there is a field of molecular chemistry based on the covalent bond, there is
a field of supramolecular chemistry, the chemistry of molecular assemblies and of the
intermolecular bond”, wrote J.M Lehn in his book ”Supramolecular Chemistry” in a
diagrammatic fashion [1]. Of central importance to supramolecular chemistry is the
concept of self assembly, that is: exploiting the tendency of some large systems to
self-assemble under suitable conditions. Such processes enable the rapid construction
of chemical systems, which display degrees of complexity that would be inaccessible
by using conventional sequential synthetic methodologies. A range of intermolecular
forces have been investigated, with the goal of building complex molecular assemblies,
including: attractive aromatic interactions [2], hydrogen bonding [3], interfacial phe-
nomena [4] and metal-ligand coordination [5]. Many of the resulting supramolecular
structures are based on organic components with inorganic components functioning
as linking centres.

Polyoxometalate chemistry, the chemistry of the inorganic metal-oxygen cluster
anions, uses the advantages of self assembly but based on covalent linking, to syn-
thesise a variety of nano-sized entities which are based on the linking of transferable
building blocks, under ”one-pot” conditions. This type of chemistry has already
yielded a multitude of compounds containing polyanions which display a fascinating
degree of structural and functional variety comparable to that of proteins [6].

Optimal conditions for linking of fragments leading to a large variety of structures
are:

• - abundance of a variety of linkable units, i.e. building blocks and the following
possibility,

• - of generation of groups (intermediates) with high free enthalpy to drive poly-
merization or growth processes, e.g. by formation of H2O,

• - of an easy structural change in the building units and blocks, of including
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Chapter 1. Introduction

hetero elements in the fragments,

• - to form larger groups which can be linked in different ways,

• - to control the structure-forming processes by templates,

• - to generate structural defects in reaction intermediates (e.g. leading to lacu-
nary structures) e.g. by removing building blocks from (large) intermediates
due to the presence of appropriate reactants,

• - to localize and delocalize electrons in different ways in order to gain versatility,

• - to control and vary the charge of building parts (e.g. by protonation, electron
transfer reactions, or substitution) and to limit growth by the abundance of
appropriate terminal ligands,

• - of generating fragments with energetically low-lying unoccupied molecular
orbitals. [7]

These conditions can be optimally fulfilled in polyoxometalate systems which possess
the relevant variety of structural and electronic versatility. It is not only possible
to perform a new type of chemistry with the clusters but also to dissolve them in
organic solvents, e.g. after encapsulating them with suitable surfactant molecules,
with the option of forming monolayers, thin films and hybrid materials [8]. Further-
more, it is possible to study their aggregation behaviour in solution leading to the
formation of novel vesicles [9]. Since this dissertation deals with polyoxotungstates,
polyoxomolybdates, consequently a description of their important structural features
is necessary.

1.2 The state of art of the field

The basic structural principle for polyoxotungstates and molybdates is the same-
since the structures are governed by the principle that each metal atom occupies an
{MOx} coordination polyhedron, in which the metal atom is displaced, as a result
of M-O π bonding, toward those polyhedral vertices that form the surface of the
structure. However, a more detailed view of this fascinating area of chemistry shows
striking differences for these compound types also with respect to the very large
cluster systems [10].

1.2.1 Polyoxotungstates

In contrast to the molybdate species, the structures of very large polytungstate
anions may practically all be represented in terms of subunits based on lacunary
fragments of the Keggin anion or its isomers. This can, in principle, be attributed
to the high stability of the related species, which is probably due to the existence of
extremely weak but not negligible W-W interactions in the {W3} triangles [11].
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Chapter 1. Introduction

Keggin - isomers

The structure of the ”basic” Keggin anion has overall Td symmetry and is based
on a central XO4 tetrahedron surrounded by twelve {WO6} octahedra arranged in
four groups of three edge-shared octahedra, {W3O13}. These {W3O13} groups are
linked by shared corners to each other and to the central XO4 tetrahedron. The
Keggin structure exists in five different isomers. The most common is the α-isomer,
described above. The other isomers of the Keggin structure involve the rotation by
60◦ of one, two, three and all four {W3O13} triplets. In this way the β-(C3v), γ-(C2v),
δ-(C3v) and ε-isomer (Td) are formed[12, 13, 14].

Figure 1.1: Polyhedral representation of the trilacunary derivates of the α- Keggin anion: {α-A-
XW9} and {α-B-XW9}.

Trilacunary structures

Lacunary versions of the Keggin type anions result from the removal of one or
more W centres. The trivacant species corresponds to the loss of a corner-shared
group of {WO6} octahedra which leads to a A-type {XW9} unit or an edge-shared
group of {WO6} octahedra leading to a B-type {XW9} unit (Figure 1.1). Note
that B-type structures are commonly observed if the central atom has an unshared
pair of electrons (e.g., AsIII , SbIII) [10]. A well known compound which can be
described as a derivative of the B-type {XW9} unit is the tetramer Na28[{(α-B-
AsIIIW9O33)4(WO2)4}] (or {As4W40O140}), in which four {AsW9} units are linked
by additional {WO2}2+ groups [15].

1.2.2 Polyoxomolybdates

Polyoxomolybdate species - many of these are mixed-valence types - show an ex-
treme variety of complicated structures and therefore great significance is attached
to structural details. In this sense we will describe the spherical shaped {Mo132}
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Chapter 1. Introduction

type cluster [16, 17], the {Mo154}/{Mo176} wheel shaped cluster [6, 7, 18] and even
the largest inorganic cluster anion with 368 molybdenum atoms with lemon form
[19, 20].

Giant Spherical Clusters: Inorganic Superfullerenes

In the case of polyoxomolybdates the pentagonal groups/motifs {(Mo)Mo5} ≡
{(Mo)0(Mo5)

I} consist of a central bipyramidal MoO7 unit ((Mo)0) sharing edges
with 5 MoO6 octahedra ((Mo5)

I). These virtually planar groups are the basic units
for quite a number of spherical-type clusters. When linkers are present in the re-
action medium, for instance those of the classical {MoV

2 O4}2+ type [21] which are
typically built with a high formation tendency in reduced molybdate solutions in
the presence of bidentate ligands, an icosahedral molecular system of 12 {(Mo)Mo5}
pentagons and 30 linkers is built (Figure 1.2). Based on a topological concept, the
cluster can be formulated as {Mo11}12 ≡ {(Mo)0(Mo5)

I(MoV
5 )II}12 (Figure 1.3),

neglecting that the Mo atoms of each rather stable {MoV
2 } dumbbell belong to two

adjacent {Mo11} groups. Interestingly, the {MoV
2 } groups themselves form a solid

comparable to the C60 fullerene. The {Mo11}12-type cluster corresponds to a frag-
ment of Kepler’s speculative model of the cosmos, as described in his early opus
Mysterium Cosmographicum [22].

Figure 1.2: Construction principle for clusters with icosahedral symmetry. The {(Mo)Mo5} units
(polyhedral model with central pentagonal bipyramid in light grey) are the basis for the formation of
the {(pent)12(link)30} type clusters, where the {(Mo)Mo5} units define the vertices of an icosahe-
dron. Adapted from reference [6].

The ring shaped molecular big-wheels

The mentioned Keplerates are results of the ”spherical disposition” of pentagonal
{Mo11} building blocks with a C5 symmetry whereas a ”circular disposition” of the
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deformed {Mo11} unit leads to the formation of {Mo154} and {Mo176} type clusters,
commonly known as the big-wheel and giant-wheel type species, respectively [6]. Here
the {Mo11} group differs from those present in the above-mentioned {Mo11}12-type
superfullerene in the sense that one of the peripheral MoO6 octahedra is positioned
in the way that the {Mo11} group shows only Cs symmetry. The structure of the
ring-type species can therefor formally be represented as [{Mo8}{Mo2}{Mo1}]m,
where m = 14, 16 for {Mo154} (Figure 1.3) and {Mo176}, respectively. The {Mo154}
cluster has an external diameter of 3.4 nm while that of {Mo176} is 4.1 nm [23].

Figure 1.3: Molybdenum ”brown” and ”blue”: Left: The spherical molybdenum ”brown” type
{Mo132} cluster is shown highlighting the constituent pentagonal {(Mo)Mo5} units (in cyan and
blue) and {Mo2} units in red. Right: The wheel shaped molybdenum ”blue” type {Mo154} and
{Mo176} clusters are shown with the abundance of pentagonal {(Mo)Mo5} units (in blue and cyan)
(Both types of {Mo2} units in red, {Mo1} units in yellow). Note the two different types of {Mo11}
units highlighted. Adapted from reference [24].

The ”Blue Lemon”

The special building units abundant in a potential ”dynamic library” can form, via
a type of ”split and/or link process” (for instance the mentioned {(Mo)Mo5} units
from larger ones which subsequently become linked) a class of molecular architectures
upon slight variation of the boundary conditions. The {Mo368} cluster [19, 20] is
such a molecular type (Figure 1.4); comparable to the size of hemoglobin (external
diameter ca. 6 nm), this species is formed by the linking of 64 {Mo1}, 32 {Mo2}, and
40 {(Mo)Mo5} type units (32 with sulfate ligands and 8 without) via a remarkable
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symmetry breaking process nicely noticeable on its surface.
The structure of the cluster anion can be considered as a hybrid between the

{Mo176}/{Mo154} type giant molecular wheels and the {Mo102}/{Mo132} type clus-
ters. The hybrid character manifests itself in the occurrence of 24 C5 type {Mo11}
units of the {Mo132} type ball shaped clusters together with 16 Cs type {Mo10}
fragments of the related wheel shaped clusters having only one {MoO6} octahe-
dron less. Although the C5 {Mo11} groups are exactly identical to those of the
spherical {Mo132} type Keplerate [7], the {Mo10} units are only identical to a frag-
ment of the wheel type cluster Cs {Mo11} unit, i.e. the fragment without the
11th octahedron which is displaced. The blue lemon type cluster anion shows a
combination of the central ball shaped fragment with D8d symmetry {Mo288} ≡
{Mo288O784(H2O)192(SO4)32} and two capping fragments {Mo40} ≡ {Mo40O124(H2O)24

(SO4)8} with C4v symmetry.

Figure 1.4: [HxMo368O1032(H2O)240(SO4)48]48− cluster anion in polyhedral representation show-
ing the different building blocks and large areas of different local symmetry; building units {Mo1}
(yellow), {Mo2} (red), {(Mo)Mo5} (blue with blue-turquoise pentagonal bipyramids. Adapted from
reference [19].
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Chapter 1. Introduction

1.3 Goals of the project: defining the problem

The challenging aspects provided by this research were :

• The ”activation” of the cavity of the {As4M40O140}-type cryptand leading to
the options to encapsulate cationic as well as anionic ”guests”.

• The exploitation of the host potential in the spherical polyoxomolybdates.

• The possibility to study the of guest ”uptake and release” in case of the spherical
capsules in solution.
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Berkle
Chem. Commun. 2005, to be submitted.

Contribution of A. Merca to the following publication:

• Synthesis and characterization (electronic absorption as well as vibrational spec-
tra, redox titrations, elemental analysis) of the new compound.

2.4 Temperature-Dependent Reversible Li+ Uptake/Release
Equilibrium at Metal-Oxide Nanocontainer-Pores
A. Müller, D. Rehder, E.T.K. Haupt, A. Merca, H.
Bögge, M. Schmidtmann, G. Heinze-Brückner
Angew. Chem. Int. Ed. 2004, 43, 4466-4470; Corri-
gendum: 43, 5115.

Contribution of A. Merca to the following publication:

• Synthesis and characterization (electronic absorption as well as vibrational spec-
tra, redox titrations, elemental analysis) of the new compound.

12



Chapter 2. Publications

2.5 On the Complex Hedgehog Shaped Cluster Species Con-
taining 368 Mo Atoms: Simple Preparation Method,
New Spectral Details and Information About the Unique
Formation
A. Müller, B. Botar, S. K. Das, H. Bögge, M. Schmidt-
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Abstract: The reaction of [H2AsIIIW18O60]7- with VO2+ and SO42- 
ions in aqueous solution leads to a VIV/VV mixed-valence 
cluster anion containing the {As4M40O140}-type cryptand which 
has a high formation tendency. An important result is that 
it exhibits a new type of reactive internal cavity shell. 
The correspondingly obtained compound 
Na(NH4)20[{(VIVO(H2O))(VIVO)2(SO4)2}{(AsIIIW9O33)2(AsIIIW7.5VV1.5O31)2
(WO2)4}] · 40 H2O  1, which can also be synthesized from an 
educt with the preorganized cryptand, was characterized by 
elemental and thermogravimetric analyses (determination of 
crystal water content), redox titrations (determination of 
the number of VIV centres), electronic absorption as well as 
vibrational spectra, single crystal X-ray structure 
analysis (including bond valence sum calculations) and 
magnetic susceptibility measurements. The relatively small 
central cavity − formed by the linking of four {AsM9}-type 
lacunary units (M= W/V) by four WO6 octahedra − allows 
positioning of a variety of cationic as well as anionic 
“guests” under confined conditions according to a new 
approach: replacement of some of the W by V atoms leads to 
high reactivity of the internal cavity shell as a result of 
relatively weak VO bonds compared to the WO situation. This 
allows an interesting “encapsulation chemistry” with new 
options. In the present case the cavity contains besides an 
arrangement of three VIV centres, two sulphate groups 
replacing O atoms of the {AsM9} units as well as an 
interesting hydrogen bond situation. 
 
Keywords: polyoxometalate · magnetism · cryptand · 
encapsulation chemistry 
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Introduction 

Polyoxometalates constitute − due to their structural 

variety as well as their relevance to several fields [1-4] − 

a unique class of inorganic species. Whereas in recent 

years, a variety of very large polyoxomolybdates have been 

synthesized and structurally characterized, for example the 

wheel-shaped anions of the type Mo154, Mo176[5,6] as well as 

the corresponding derivative Mo248,[7] the spherical 

icosahedral capsule Mo132,[8] and the “hedgehog-shaped” Mo368-

type cluster species,[9] the chemistry of polyoxotungstates 

is not so rich regarding nanosized complexes (for reasons 

see reference [9a]; but note the existence of the W148 

anion[10]). On the other hand, polyoxotungstates offer other 

options: special polyoxotungstate (VI) matrices for 

instance are ideal for embedding “guests”, e.g. in the form 

of magnetic centres. In this sense trilacunary-type XW9 

units used as building blocks are of special importance. 

When three corner-shared octahedra are removed from a 

Keggin ion, the so-called A-type trilacunary anion is 

obtained while the loss of three edge-shared octahedra 

results in a B-type trilacunary anion. The latter type, 

which is obtained if the central atom such as AsIII has a 

lone pair of electrons, can be used, e.g.  as building 

block for the synthesis of sandwich-like mixed- and non-
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mixed-valence complexes of the type [(VO)3(XW9O33)2]n- (n= 11, 

12; X= AsIII, SbIII) in which two α-B-[XW9O33]9- (X= AsIII, 

SbIII) units are linked by a belt of three VO2+ cations [11,12] 

(see also reference [13]). Quite a variety of 

encapsulation-type investigations were performed based on 

the (related) cryptand {As4W40O140}, in which four B-type 

trilacunary units are linked together by four WO6 octahedra, 

e.g. in clusters with the general formula 

[M1M2mZ2(H2O)2As4W40O140]x-, where M1 and M2 (m=0 or 1) are 

alkali and/or alkaline earth cations and Z, first-row 

transition metal cations (like Co2+).[14-16] Here we 

demonstrate the option for a new type of encapsulation 

chemistry via an unprecedented activation of the {As4W40O140} 

internal shell cryptand atoms, which is based on the 

substitution of tungsten atoms of the XW9 units by vanadium 

centres with the consequence of an activation of the oxygen 

atoms at the internal cavity shell. In this context we 

report here the compound 

Na(NH4)20[{(VIVO(H2O))(VIVO)2(SO4)2}{(AsIIIW9O33)2(AsIIIW7.5VV1.5O31)2

(WO2)4}] · 40 H2O  1 ≡ Na(NH4)20 1a · 40 H2O, containing three 

VIV centres and two sulphates in the small anion central 

cavity which could be made possible due to the replacement 

of WVI by VV atoms leading to increased reactivity of the O 

(-V)atoms. The present investigation demonstrates the 
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general option to place a variety of magnetic centres 

adjacent to anionic guests like sulphate ions under 

confined conditions in a cryptand, as well as the option to 

generate interesting hydrogen bonding situations where 

water ligands coordinated to the metal centres are 

involved. Important in this context is the small cavity 

space which can lead, in principle, to strong exchange 

interactions. 

 

Results and Discussion 

Compound 1 was primarily prepared by heating an aqueous 

solution of the sodium salt of [H2AsIIIW18O60]7- 2a[17] and 

VOSO4 ⋅ 5H2O and was characterized by elemental and 

thermogravimetric analyses (for determination of crystal 

water content), electronic absorption as well as 

vibrational spectra, single crystal X-ray structure 

analysis (including bond valence sum calculations), 

magnetic susceptibility measurements and redox titrations 

(for the determination of the number of VIV centres). The 

mentioned reaction occurs due to the high formation 

tendency of the anionic {As4M40O140} type cryptand. (1 can 

correspondingly also be obtained from the preorganized 

cryptand abundant in the compound Na27[Na{(AsIIIW9O33)4(WO2)4}] 

· 60 H2O 3[14] (see Experimental Section), but unfortunately 
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the crystal quality is not as good.) Although the basic 

framework, i.e. the cryptand skeleton of 1a, is formally 

similar to that of the anions 4a of 

(NH4)21[{(NH4)3(CoIIH2O)2}{(AsIIIW9O33)4(WO2)4}] · 19 H2O  4 ≡ 

(NH4)21 4a · 19 H2O [15,18] and 5a of  

Na23[{Na(Na4)}{(AsIIIW9O33)4(WO2)4}] · 2 Cl · n H2O  5 ≡ Na23 5a 

· n H2O (reformulated here),[19] it contains a new type of 

cavity reactivity and related interesting “encapsulations” 

(details below).  

Each cluster anion of 1a is “linked” in the crystal 

lattice to two neighbouring anions by disordered Na(H2O)3 

units forming infinite parallel chains (Figure 1a). A 

characteristic feature of these parallel chains is that 

they are rotated relative to neighbouring chains by 180º 

parallel to the c axis, translated by c/2, and are then 

connected through additional “Na-O bonds” thus forming a 

layer structure. Interestingly, exactly the same number of 

Na+ cations was obtained (one Na+ cation/formula unit) in 

spite of varying the NH4+ concentration in the reaction 

medium. This reemphasizes the possible importance of the 

presence of appropriate countercations for the assembly of 

(large) polyoxometalate structures. 

The cluster anion 1a (Figure 1b) is as mentioned above 

built up by four trilacunary α-B-As(W/V)9 units connected by 
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four WO6 octahedra, thereby generating a cyclic arrangement 

with a small central cavity. Two of the opposite AsM9 units 

have two tungsten atoms (mostly) replaced by VV centres 

corresponding to a related disorder of the anions in the 

crystal lattice, while the occupancy factor is ca. 25% for 

W and 75% for V atoms. Each trilacunary unit has six oxygen 

atoms available for coordination; in Figure 1b the 

corresponding 4x6 oxygen atoms (red) are marked by a black 

rectangle. Four of these oxygen atoms are shared with 

neighbouring connecting WO6 octahedra (see above), i.e. two 

lacunary units share one WO6 octahedron. The remaining two 

oxygen atoms participate in two coordination modes: (1) 

each of the two lacunary units containing only W atoms 

(these are shown on the left and right in Figure 1b) is 

linked to an O=VIVO4 square pyramid by sharing corners, i.e. 

at the positions marked as S2 in Figure 1c where Co2+ is 

found in 4a; (2) each of the two lacunary units containing 

V centres (top and bottom in Figure 1b) is linked to a 

sulphate group by sharing corners, i.e. at the positions 

marked as S2’ in Figure 1c where NH4+ ions are found in 4a. 

Referring to the four bridging WO6 groups: each of these 

shares one corner with one of the O=VIVO4 square pyramids 

and another corner with a central VIVO5(H2O) octahedron, 

defining the S1 site, which is occupied in 4a by an NH4+ 
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ion. Interestingly, the sulphate groups are stabilized by 

short hydrogen bonds between the O atoms of the sulphate 

group and the H2O ligand of the central VIVO5(H2O) octahedron 

(Figure 2a). 

Due to its small central cavity and the reactive 

internal cavity shell, the present {As4M40O140}-type cryptand 

(see also references [14,15]) is a remarkable “host” for 

the incorporation of guest cations and anions, and 

especially of magnetic centres in presence of anions under 

confined conditions. The option of making the lacunary 

fragments more reactive leads to sulphate ligation which is 

caused by the partial replacement of W by V atoms, and 

consequently to weakened metal-oxygen bonds. Under changed 

reaction conditions via a synthesis similar to that of 

compound 1[20] but with a lower pH value, the compound 

(NH4)20[{(VIVO(H2O)(VIVO)2)(NH4)2}{(AsIIIW9O33)4(WO2)4}] · 40 H2O  

6 ≡ (NH4)20 6a · 40 H2O,[20] can be obtained. This is similar 

to 1 but with the difference that the W atoms are not 

substituted by V atoms at all and the positions of the 

sulphate ligands are correspondingly (formally) occupied by 

NH4+ cations. This observation corresponds to the known fact 

that substitution reactions of the type discussed here, 

involving a weakening the WO bonds, are favoured at higher 

pH values (see e.g. reference [3]). The complete results of 
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the single crystal structure analysis of 6a which are not 

of interest in the present context are not reported here, 

only the characterization by unit cell dimensions, 

analytical data and characteristic magnetic data which show 

clearly the three encapsulated VIV centres (see below). 

 

Spectroscopic and Magnetic Properties 

The electronic absorption spectrum (Vis/NIR region) of 1 in 

aqueous solutions shows bands at ≈ 690(sh) and ≈ 860 nm 

which arise from d-d (VIV) and/or VIV→WVI (IVCT) charge 

transfer transitions[21] confirming the presence of the VIV 

centres. 

The magnetic susceptibility of the present compound 1 

was measured as a function of temperature. These data are 

shown in Figure 3 as the product of molar magnetic 

susceptibility and temperature against temperature. The χT 

value at high temperature is 1.08 emuK–1mol–1 which is close 

to the expected spin only value for three S = ½ ions (χT = 

1.08 emuKmol–1; the average g value of vanadyl ions was 

taken to be 1.96[22]). On lowering the temperature the χT 

product decreases first slightly, then more rapidly. At the 

lowest temperatures, it seems to be approaching a limiting 

value. Fitting χ-1 versus T to the Curie-Weiss law (35 K ≤ T 

≤ 300 K), yields a Curie constant of 1.12 emuKmol–1, close 
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to the room temperature χT value, and a Weiss temperature 

of θ = –13.2 K, indicative of predominantly 

antiferromagnetic exchange interactions. The χT versus T 

data can also be fitted to the van Vleck formula for the 

susceptibility,[23] assuming nearest neighbour exchange 

interactions only. Although the three vanadyl ions form a 

triangle in the structure (Figure 2b), there is 

interestingly no superexchange pathway between vanadyl ions 

1 and 3, but only between neighboured vanadyl ions 1 and 2 

and 2 and 3. This means that magnetically, the system can 

be considered formally as a linear trimer. The 

superexchange pathway is VIV–O–W–O–VIV and the spin 

Hamiltonian was defined as H = J (S1·S2 + S2·S3). The least-

squares fit leads to an exchange interaction constant of J 

= 13.2 ± 0.5 cm–1 and g = 1.94. As mentioned above there is 

no direct superexchange pathway between the outer vanadyl 

ions and indeed, including a next-nearest neighbour 

interaction between the two outer vanadyl ions does not 

improve the fit significantly. 

The compound (NH4)23[{(K)(VIVO)2}{(AsIIIW9O33)4(WO2)4}] · n 

H2O, the anion of which corresponds to 1a without the 

central VIV atom, has been earlier examined by magnetic 

susceptibility measurements and ESR spectroscopy.[24] The 

susceptibility data between 5 and 300 K show no magnetic 
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coupling between the vanadium ions, in agreement with the 

above given results for 1. However, based upon single 

crystal ESR spectra a very weak antiferromagnetic exchange 

interaction with J = -0.073 cm-1 could be reliably 

determined and represents a superexchange pathway through a 

sequence of even ten W-O bonds. 

Compound 6, in which no substitution of W atoms by VV 

has occurred was also studied by magnetic susceptibility 

measurements. The room temperature χT value of 1.02 emuKmol–

1 is consistent with the presence of three S = ½ ions. The 

χT product decreases with decreasing temperature, and 

reaches a small plateau at 5 K (χT ≈ 0.4 emuKmol–1) before 

decreasing further. The magnetic susceptibility curve was 

fitted assuming a linear trinuclear cluster without 

exchange interactions between the outer ions, as for 

compound 1 (Figure 4). The obtained exchange interaction is 

J = 10.7 ± 0.5 cm–1, with g = 1.92, is slightly smaller than 

that of 1 while the difference should be due to the 

presence of the sulphates in 1a. 

 

Conclusions and Perspectives 

The present discovery shows, in principle, the options of 

incorporating a variety of (cationic) magnetic centres (see 

also references [19, 25-27]) together with anions in the 
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small cavity of the cryptand. On the other hand, there is 

the option to investigate interesting related hydrogen 

bonds situations between oxo anions and H2O ligands of the 

metal centres under confined conditions.  

The cavity discussed here is much smaller than in some 

larger polyoxomolybdates which were mentioned in the 

introduction, e.g. in the case of our spherical porous 

capsules of the type {(Mo)Mo5}12{Linkers}30[28] which can also 

encapsulate (cationic) magnetic centres (“A single-molecule 

anion made of 132 molybdenum atoms forms a spherical oxide 

cage that can bind several cations” was mentioned in a 

recent highlight referring to that[18] in which the present 

{As4W40} type cryptand[29] was discussed in that context too). 

A further option for the future is to study cation-inside-

outside-exchanges by NMR as was done in an interesting 

earlier study for the present type of cryptand system (see 

reference [2c]) and which now could be extended to 

situations in presence of “encapsulated” anions. 

Additionally, there is – according to preliminary 

experiments – the possibility to generate interesting 

magnetic micelles with cationic surfactants from the 

cluster anions reported here.[30] 
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Experimental Section 

Preparation of 1 (Method 1): The sodium salt of 2a was 

prepared according to reference [17]. To an aqueous 

solution of CH3COONa/CH3COOH buffer (pH=4.0) – (60 mL) and 

VOSO4 · 5H2O (2 g, 8 mmol), the sodium salt of 2a (3 g) was 

added. The resulting brown mixture was stirred for 48 h at 

room temperature, and then heated to 70-80 °C. After 

addition of NH4Cl (5 g, 93.4 mmol) the solution was kept at 

this temperature for 30 min and then filtered while still 

hot. After 6 days dark brown crystals of 1 were filtered. 

Yield: 1.73 g, (54% based on W).  

IR (solid, KBr pellet): ν = 1616 (m) [δ (H2O)], 1402 (s) [δas 

(NH4)], 1209 (w), 1126 (w), 1022 (sh) [all νas(SO4)], 956 (s) 

[ν(W=O) / ν(V=O)], 877 (m), 833 (m), 704 (sh), 621 (m) cm-1 

[νas(W-O-W) / νas(W-O-V)]; Raman (solid, KBr dilution, λe=1064 

nm): ν ≈ 886 (m), 969 (w) cm-1 [ν(W=O) / ν(V=O)]; UV/VIS (in 

H2O): λmax (ε) = 862  (208), 694 nm (232 mol-1 dm3 cm-1); 

elemental analysis calcd (%) for H162As4N20NaO188S2V6W37 

(10946.38): N 2.47, Na 0.2, S 0.55, V 2.8, V(IV) 1.5; 

found: N 2.6, Na 0.2, S 0.3, V 3, V(IV) 1.3. 

Method 2. To an aqueous solution of CH3COONa/CH3COOH buffer 

(pH=4.0) (60 mL) and VOSO4 · 5H2O (2 g, 8 mmol), 
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Na27[Na{(AsIIIW9O33)4(WO2)4}] · 60 H2O  3 (3 g, 0.26 mmol) was 

added. (3 was prepared according to reference [14]). The 

resulting brown mixture was stirred for 48 h at room 

temperature, and then heated to 70-80 °C. After addition of 

NH4Cl (5 g, 93.4 mmol) the solution was kept at this 

temperature for 30 min and then filtered while still hot. 

After 5 days the dark brown precipitated crystals of 1 were 

filtered. Yield: 0.5 g, (18% based on W). 

As the quality of the crystals obtained by the alternative 

preparation method was not as good as those of method 1 the 

obtained structural data were not given here, though they 

confirmed the reported structure. Also the analytical, 

spectroscopic and magnetic data are identical. 

 

Single Crystal X-ray Structure Determination: Crystals 

suitable for X-ray crystal structure determination were 

obtained with the above given synthetic method with the 

difference that only 1.5 g NH4Cl was used. This led to 

better and bigger crystals but also to a longer 

crystallization time (6 weeks). The X-ray crystal structure 

determination presented here was performed on the crystals 

obtained primarily. 

Crystal data for 1: H162As4N20NaO188S2V6W37, M = 10946.38 g mol-
1, orthorhombic, space group Pnma,  a  = 26.201(2),  b  = 
28.257(2),  c  = 23.1844(14) Å,  V = 17165(2) Å3, Z = 4, ρ 
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= 4.236 g/cm3, µ = 25.914 mm-1, F(000) = 19428, crystal 
size =  0.30 x 0.25 x 0.15 mm. Crystals of 1 were removed 
from the mother liquor and immediately cooled to 183(2) K 
on a Bruker AXS SMART diffractometer (three circle 
goniometer with 1K CCD detector, Mo-Kα radiation, graphite 
monochromator; hemisphere data collection in ω at 0.3° scan 
width in three runs with 606, 435 and 230 frames (θ = 0, 88 
and 180 °) at a detector distance of 5 cm). A total of 
98713 reflections (1.17 < Θ < 27.02°) were collected of 
which 19072 reflections were unique (R(int) = 0.0644). An 
empirical absorption correction using equivalent 
reflections was performed with the program SADABS. The 
structure was solved with the program SHELXS-97 and refined 
using SHELXL-93 to R = 0.0447 for 14594 reflections with I 
> 2 σ(I ), R = 0.0666 for all reflections; max/min residual 
electron density  3.798 and -3.066 eÅ-3. (SHELXS/L, SADABS 
from G.M. Sheldrick, University of Göttingen 1993/97; 
structure graphics with DIAMOND 2.1 from K. Brandenburg, 
Crystal Impact GbR, 2001.) Further details of the crystal 
structure investigation(s) (excluding structure factors) 
for 1 may be obtained from the Fachinformationszentrum 
Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax: 
(+49) 7247-808-666; e-mail: crysdata@fiz-karlsruhe.de) on 
quoting the depository number CSD-414216. 
 

Magnetic Measurements: Magnetic susceptibility measurements 

were performed on a powder sample using a Quantum Design 

MPMS XL7 SQUID magnetometer. The data were corrected for 

the diamagnetic contributions to the molar magnetic 

susceptibility using Pascal's constants and also for 

temperature independent paramagnetism. 
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Legends to Figures 

 
Figure 1. (a): Packing of the cluster anions 1a (see Figure 
1b) in the crystal lattice of 1. Each anion is “connected” 
to two neighbouring anions by disordered Na(H2O)3 units 
forming infinite chains parallel to the crystallographic c 
axis (top to bottom). Parallel chains are rotated relative 
to neighbouring chains by 180º parallel to the c axis, 
translated by c/2 and then connected through additional 
“Na-O bonds” forming a layer-type structure (colour code as 
in Figure 1b; Na+ ions shown as grey spheres coordinating 
H2O molecules as red spheres). (b) and (c): Structure of 1a 
(b) (in polyhedral representation) and comparison with that 
of 4a, 5a (c) (in polyhedral and schematic representation; 
S1, S2 and S2’ denoted as in reference [15]). All three 
anions are built up by four AsM9-type units (green 
polyhedra, with As centres as orange spheres) linked by 
four WO6 octahedra (light green polyhedra). In 1a (b) two 
tungsten positions in two of the four AsM9 units (top and 
bottom) are partially occupied by vanadium atoms (related 
polyhedra blue). Three additional vanadium centres occupy 
the sites marked as S1 and S2 in Figure 1c. A VO5(H2O) 
octahedron fills position S1, while two OVO4 square pyramids 
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occupy the S2 positions . The S2’ sites are formally 
“filled” by SO42- tetrahedra while the AsM9 (i.e. V/W) and 
SO42- units have O atoms in common. (The colour code for the 
polyhedra and the O atoms is chosen to illustrate the 
formal building blocks as given in the formula of 1: 
“VIVO(H2O)“ red octahedron with two yellow spheres; “VIVO” 
red square pyramids with one  yellow sphere; “SO4” yellow 
tetrahedra with four red spheres; “WO2” light green 
polyhedra with two green spheres). In 4a (c) the S1 and S2’ 
positions are occupied by NH4+ cations, and both S2 sites by 
Co2+. In 5a (c) all S1, S2 and S2’ sites are occupied by Na+ 
cations; chloride anions bridge the Na+ cations in the S2 
and S2’ sites (see reference [19]). 
 
Figure 2. (a): Side view of 1a highlighting the cavity with 
the interatomic distances [Å] corresponding to short 
hydrogen bonds between the sulphate groups and the central 
VIVO5(H2O) octahedron. (b): The interatomic distances [Å] and 
angles [º] between the three VIV centres inside the cavity 
of 1a defining a triangle (colour code as in Figure 1). 
 
Figure 3. The molar susceptibility temperature product 
versus temperature for 1, recorded on a powder sample at an 
0.5 T applied field. 
 
Figure 4. The molar susceptibility - temperature product 
versus temperature for 6 (squares). The drawn line is a fit 
assuming a linear triangular cluster of three S = ½ ions, 
without exchange interactions between the outer ions. 
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“Nano-ion Chromatograph”

Trapping Cations in Specific Positions in Tuneable
“Artificial Cell” Channels: New Nanochemistry
Perspectives**

Achim M�ller,* Samar K. Das, Sergei Talismanov,
Soumyajit Roy, Eike Beckmann, Hartmut B!gge,
Marc Schmidtmann, Alice Merca, Alois Berkle,
Lionel Allouche, Yunshan Zhou, and Lijuan Zhang

Dedicated to Professor Ram Rao
on the occasion of his 70th birthday

Molecular dimensioned holes can serve as filters but also trap
molecules with well-defined shapes. Whereas a large number
of porous materials with cages and tunnels exist as extended
structures,[1] as yet not much is known about well-defined,
discrete (molecular) nanoporous species. Processes that refer
to the entrance of substrates (e.g. of cations) are of particular
interest if the affinity of specific substrates to specific capsule
areas can be predicted. This is now possible for nanosized
spherical capsules based on the robust fundamental skeleton
(pent)12(linker)30ffi{(Mo)Mo5O21(H2O)6}12{Mo2O4(li-
gand)}30

[2,3] which has sizeable pores, finely sculpturable
interiors and, in between, tuneable functionalized channels
with unprecedented molecular-scale filter properties. These
will be discussed here for the first time. Most importantly, the
channel functionalities as well as the capsule size and charge
can be extensively varied, while charge modulations lead to
related changes in the affinity to cations! Herein we show that
different substrates/cations can be fixed at well-defined
positions above, below, and especially in the channels.[3] This
situation allows us to study, in principle, new types of
molecular transport phenomena, including osmotic-type
ones, on the nanoscale, and shows properties of a “nano-ion
chromatograph”.[4] Additionally, one can construct new geo-
metries such as interpenetrating solids from entering cations
owing to the fact that we have a multitude of different as well
as equivalent sites in the channels, pores, and in the interior
(see also ref. [3b]). This also allows us to study properties of
matter under confined conditions.

For the investigations into the uptake of cations and
substrates, we used the known capsule 1a[3] as well as the new
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capsule 2a[5] (both can be easily obtained from 3a ; see
Experimental Section) that exhibits the above-mentioned
skeleton. As they contain the neutral linker units
{Mo2O4(SO4)} and {Mo2O4(HPO4)}, the overall cluster
charge corresponds to that of the 12 pentagonal units, that
is, 12 9 (6�)= 72�.

ðNH4Þ72�n½fðH2OÞ81�n þ ðNH4Þng 	 fðMoVIÞMoVI
5 O21ðH2OÞ6g12-

fMoV
2 O4ðSO4Þg30
� � 200H2O  ðNH4Þ72�n-1 a� � 200H2O 1½2


Na10ðNH4Þ62½fðMoVIÞMoVI
5 O21ðH2OÞ6g12fMoV

2 O4ðHPO4Þg30
�
� ½2Naþ þ 2NHþ

4 þ 4H2PO�
4 þ 300H2O


 Na10ðNH4Þ62-2 a � ½crystal ingredients
 2

ðNH4Þ42½fðMoVIÞMoVI
5 O21ðH2OÞ6g12fMoV

2 O4ðCH3COOÞg30
�
� ½10CH3COONH4 þ 300H2O

 ðNH4Þ42-3 a � ½crystal ingredients
 3½2b


The reaction of 1a and 2awith different substrates/cations
such as Na+, Cs+, Ce3+, and OC(NH2)NH3

+ in aqueous
solution leads to the formation of compounds 4–7, respec-
tively, which exhibit well-defined cation separations at, above,
or below the capsule's channel-landscapes (“nano-ion chro-
matography” principle). All compounds were characterized
in the solid state by elemental analyses, thermogravimetry (to
determine the amount of water of crystallization), single-
crystal X-ray diffraction analyses[6] (including bond valence
sum (BVS) calculations), IR spectroscopy,[7a] and 31P solid-
state NMR[7b] studies.

Cs10ðNH4Þ52�n½fCs10 þ ðH2OÞ81�n þ ðNH4Þng
	 fðMoVIÞMoVI

5 O21ðH2OÞ6g12fMoV
2 O4ðSO4Þg30
� � 200H2O

 Cs10ðNH4Þ52�n-4 a� � 200H2O 4

Ce3ðNH4Þ54½Ce3 	 fðMoVIÞMoVI
5 O21ðH2OÞ6g12fMoV

2 O4ðSO4Þg30
�
� 300H2O

 Ce3ðNH4Þ54-5 a� � 300H2O 5

ðNH3CONH2Þ28Na11½fðNH3CONH2Þ20 þ Na13g
	 fðMoVIÞMoVI

5 O21ðH2OÞ6g12 fMoV
2 O4ðSO4Þg30
� � 200H2O

 ðNH3CONH2Þ28Na11-6 a� � 200H2O 6

ðNH4Þ52½H15fðMoVIÞMoVI
5 O21ðH2OÞ6g12fMoV

2 O4ðHPO4Þg30fMoVIO3Hg5
�
� ½8NH4H2PO4 þ 300H2O

 ðNH4Þ52-7 a � ½crystal ingredients
 7

fðNH2Þ3Cg32½fðNH2Þ3CÞ20 þ ðH2OÞ100g 	 fðMoVIÞMoVI
5 O21-

ðH2OÞ6g12fMoV
2 O4ðSO4Þg10fMoV

2 O4ðH2PO2Þg20
� � 100H2O

 fðNH2Þ3Cg32-8 a� � 100H2O 8½8


Whereas the basic skeleton {(Mo)Mo5O21(H2O)6}12{-
Mo2O4(ligand)}30 of the capsule of the precursors 1a (see
refs [2, 3]) and 2a and of the resulting species 4a–7a is the
same, 4a–7a show after cation uptake the expected different
interiors (Figure 1, 2); this is a situation for molecular
materials never observed before. The uptake leads to
stoichiometric preferences when the cations are fixed in the
higher channel areas, that is, if the {Mo9O9} pores can function
like a type of crown ether. Non-stoichiometric situations can

also occur there, but especially below the pore area. In these
cases the uptake can be increased by increasing related
concentrations and the capsule charge. Whereas the large,
stoichiometrically bound, protonated urea cations in 6a fit
reasonably well into the {Mo9O9} rings/pores (see below), the
somewhat smaller Cs+ ions are not found exactly at the pore
centers, but slightly shifted. The even smaller Rb+ ions show
complicated “chameleonic” behavior and are found at several
different capsule functionalities, including positions outside
the capsule, as there are no characteristic complementary
sites available: the Rb+ ion is too small to be fixed inside the
{Mo9O9} rings and seems to be too large to enter into the
channels (see Figure 1). Finally, the much smaller Ce3+ ions
can enter easily into the capsule interior through the whole
channel areas as in 5a. Comparing the Ce3+ behavior with that
of Na+ is especially instructive: Na+ ions are trapped within
the lower part of the channels as they fit exactly into a well-
defined site spanned by three oxygen atoms of three SO4

2�

ligands (Figure 1 and 2); on the other hand, Ce3+ ions are
found below the channels and each is coordinated symmetri-
cally in a bidentate fashion to only one SO4

2� ligand. The
30 equivalent Ce3+-type positions span an icosidodecahedron
(see below). Importantly, the protonated urea cations in 6a
and also the guanidinium cations in 8a[8] are noncovalently
coordinated to the oxygen atoms of the {Mo9O9} pores
through hydrogen bonds in the usual way known in supra-
molecular chemistry;[9] a guanidinium cation analogue based
on a crown-ether structure has already been described.[9]

The channels of the clusters are lined with nucleo-/
hydrophilic chemical groups conducive to the passage of
electrophilic (i.e., positively charged) ions:[10] ligands such as
sulfate and phosphate promote cation diffusion leading to
selectivity and mechanisms controlling the flux. There is also
the option of different substrates coordinating simultaneously
in the higher and lower parts of the “channels” along the C3

axes in the direction of the capsule center if the cations are
simultaneously present. This offers, in principle, also the
possibility to study novel types of cooperativity interactions
between different types of encapsulated, fixed cationic
centers including paramagnetic ones. When the usual reaction
system forming 1a[2a] is treated with a strong electrolyte
solution, such as NaCl in the presence of urea, the cluster
anion 1a “takes up” Na+ ions before channel “closing” with
protonated urea, and forming 6a. This remarkable preferen-
tial trafficking depends specifically on the activity of different
functional groups of the capsule.

As the channels' “clothes” can be modified by exchanging
ligands attached to the 30 linkers the option exists to use
different related functionalities. This is nicely demonstrated
by the reaction of 3a with phosphate ions at different pH
values. At about pH 5, the acetate groups are replaced by
phosphate groups leading to the formation of 2a. But if the
same reaction is performed at a lower pH (ca. 2; which leads
to a partial decomposition of 2a, that is, with some
“molybdate formation”), a novel type of cavity-internal
reaction occurs: a nucleation process between the phosphate
ligands and the molybdate—released through the preceding
reaction—takes place below the {Mo9O9} rings by linking
{MoO3H} groups to phosphate ligands under formation of
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7a.[11] As geometric constraints allow only for accommoda-
tion of up to eight {MoO3H} moieties exactly positioned at the
C3 axes (but according to the underoccupation only five
{MoO3H} groups are found), this leads to the generation of a
new type of interpenetrating solids in a confined spherical

geometry: a cube spanned by eight characteristic {MoO3H}-
type positions inscribed within a dodecahedron (Figure 3; see
also ref. [3b]). The reaction would not occur in case of 1a with
the sulfate channel type, since the relevant anion has a lower
electron density at the O atoms and therefore a lower affinity
to protonation which is a necessary precondition for a
condensation process.

Summary and perspectives: Our capsules can be consid-
ered as nanoscale laboratories[12] with a variety of function-
alities that enable the positioning of substrates/cations under
controlled conditions. Additionally, cation trapping in the 20
pores and channels can be achieved stepwise and several
times, respectively, with the consequence that the affinity of
the positive substrates to the sites of the negative capsule
changes with each cation trapping event due to the decrease
of negative charge, a phenomenon which can be regarded as
one of the hallmarks of nanotechnology. Interestingly, also
capsules with relatively small charges (like that of 3a) may
attract cations, provided that they have a larger charge than
the monopositive ones mentioned above: [M(H2O)6]

2+ (M=

Figure 1. Cations residing at well-defined positions of the capsule of the type [{(Mo)Mo5O21(H2O)6}12{Mo2O4(ligand)}30] with 20 pores and chan-
nels. Bottom middle: one whole capsule with guanidinium guests (space-filling); top middle: the main entering portion of one of the 20 {Mo9O9}
pores (with a guanidinium guest) placed on one of the 20 faces of the icosahedron spanned by the 12 central Mo atoms of the pentagonal units
in polyhedral representation (see also ref. [3a]). Left and right rows: within the {Mo9O9} rings/pores the protonated urea (6a, top right) and guani-
dinium cations (8a, top left), below, Na+ within a channel in an environment spanned by three O atoms of three sulfate ligands (6a, top right),
further below three O atoms of the related phosphate ligands that “fix” the Mo atom of the {MoO3H} group (7a, middle right); whereas the
rather large Cs+ ions are found approximately in the pore centers (4a, middle left), the small Ce3+ ions are positioned below the channels (5a,
bottom right). As no specific positions are available for Rb+ ions, these are found in a complicated distribution (only one of which is shown) at
several positions even outside the capsule (bottom left). Color code: Mo blue, O red, S yellow, P violet, P/S (of 8) brown, C black, N green; other
respective substrates/cations in different colors.

Figure 2. The relative positions of all the fixed substrates in one of the
20 channels (wire-frame representation; color code as in Figure 1).

Angewandte
Chemie

5041Angew. Chem. Int. Ed. 2003, 42, 5039 –5044 www.angewandte.org � 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.angewandte.org


Mg, Ca, Ni) complexes in solution[13] are attracted and fixed
through formation of hydrogen bonds between their H2O
ligands and the O atoms in the capsule pores[14] (see Figure 4,
which also shows relevant distances). The Ni�O�H···O
interactions, that is, second-sphere coordinations, might be
considered as an interesting supramolecular cluster phenom-
enon with perspectives for further investigations.[14] Impor-
tantly, the separation of cations in aqueous solution allows, in
principle, the option of fabricating a “nano-ion chromato-
graph”, as the “artificial cells” respond to their solute/solvent
environment in a specific way. For instance, well-defined,
hydrated metal ions such as the above complexes are blocked

by the pores because of their size. As the reactions are
performed under the conditions of nanocapsule confinement
while the capsule size and charge can be precisely generated,
new and basic processes may emerge that need not necessarily
agree with those observed in bulk materials though also
offering new insight into related bulk reactions. For example,
it was found very recently that at least five water molecules
were necessary to observe dissociation of HBr.[15] Our systems
can, generally speaking, provide insight into the influence of
geometric confinement on different substrate positionings but
especially allow—because of the multitude of different types
of equivalent sites—the generation of novel nanoscopic

Figure 3. Interpenetrating solids within the capsules of 5a and 7a (ball-and-stick model; color code as in Figure 1). Right: a cube (orange) with
eight (possible) {MoO3H}-type positions as part of the 20 vertices of a dodecahedron (green) spanned by all 20 symmetry-related channel posi-
tions on the C3 axes in 7a (see also ref. [3b]); left: an icosidodecahedron (yellow) formed by the characteristic Ce3+ ion positions of 5a which are
related here to the icosahedron (red) spanned by the 12 central Mo atoms of the pentagonal units—deliberately shown in spite of underoccupa-
tion to demonstrate the option of generating different interpenetrating solids.

Figure 4. Ball-and-stick (with distances (K), left) and space-filling representation (right) of one of the [Ni(H2O)6]
2+ complexes interacting through

hydrogen bonds with one of the {Mo9O9} pores of the acetate-type capsule 3a, leading to the formation of a novel supramolecular cluster arrange-
ment (in the compound about 16 of the 42NH4

+ ions of 3a are replaced by the Ni units; color code as in Figure 1, Ni olive green).
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architectures, for example, with interpenetrating solids like a
cube in a dodecahedron (see Figure 3 and refs. [3b,11]).

Experimental Section
3 : Compound 3 was prepared as reported in ref. [5].

2: Compound 3 (3.0 g, 0.11 mmol) was added under constant
stirring to a solution of NaH2PO4 (3 g, 25 mmol) and NH4Cl (3 g,
56 mmol) in H2O (200 mL). The pH was adjusted to ~ 5 with NH4OH.
The red-brown crystals that precipitated from the solution after five
days were filtered off and dried at room temperature. Yield: 1.5 g.
Elemental analyses (%) calcd: Na 0.9, N 3.1, P 3.6; found: Na 0.8, N
3.0, P 3.6.

4: A solution of 3 (4.0 g, 0.14 mmol) in H2O (350 mL) was treated
with cesium sulfate (16.5 g, 45.6 mmol) and was stirred at 80 8C for
3 h. The resulting reaction mixture was kept at room temperature for
24 h. The precipitated microcrystalline solid was filtered, washed with
water, and dried at room temperature. After the solid was suspended
in an ammonium sulfate solution (10.0 g in 350 mL), the suspension
was heated at 80 8C for 10–12 min, whereby a clear solution was
obtained. The solution was filtered and kept at room temperature for
one week in an open 1 L beaker, and red-brown crystals of 4
precipitated. To obtain “better” crystals, the precipitate was redis-
solved by subsequent warming on a hot plate at 70–808C in the same
mother liquor by adding water (130 mL), and the resulting clear
solution was kept in the same open beaker for one week. The
precipitated brown rhombohedral crystals, which are more suitable
for a structure determination than the first precipitated crystals
crystallizing in the cubic space group showing a problematical
disorder, were filtered, washed with 2-propanol, and dried at room
temperature. Yield: 2.1 g. Elemental analyses (%) calcd: Cs 8.7, N 2.4,
S 3.1; found: Cs 8.7, N 2.5, S 3.4.

5: CeCl3·7H2O (10.0 g, 26.8 mmol) was added after 1.5 h to a
refluxing solution of 3 (5.0 g, 0.18 mmol) and ammonium sulfate
(15.0 g, 113.5 mmol) in H2O (400 mL). The resulting solution was
refluxed for 30 min and filtered hot. The dark brown crystals of 4 that
precipitated after one day were filtered, washed with ice-cold 2-
propanol, and dried in air. Yield: 4.4 g. Elemental analyses (%) calcd:
Ce 2.9, N 2.6, S 3.2; found: Ce 2.6, N 3.0, S 3.6.

6: A mixture of 3 (0.5 g, 0.02 mmol), urea (1.0 g, 16.7 mmol),
(NH4)2SO4 (2.5 g, 18.9 mmol), H2O (40 mL), and 16% HCl (8 mL) in
a 100-mL Erlenmeyer flask (covered with a watch-glass) was heated
to 60–708C. After 90 min, NaCl (3.0 g, 51.3 mmol) was added and the
solution was heated for 90 min and then kept at room temperature.
After 3–4 days brown rhombohedral crystals of 6 were filtered off,
washed with a small amount of ice-cold water, then with ice-cold 2-
propanol, and dried in air. Yield: 0.35 g. Elemental analyses (%)
calcd: Na 1.9, C 1.9, N 4.6; found: Na 2.1, C 1.8, N 4.6.

7: Compound 3 (3.0 g, 0.11 mmol) was added under constant
stirring (15 min) to a solution of NH4H2PO4 (3 g, 26 mmol), NH4Cl
(3 g, 56 mmol) and HCl (15 mL, 1m) in H2O (200 mL). After the
solution was kept in an open beaker at room temperature for seven
days, the precipitated red-brown crystals of 7 were filtered off and
dried at room temperature. Yield: 2.0 g. Elemental analyses (%)
calcd: N 2.8, P 3.9; found: N 2.8, P 3.9.

The chemical formulas refer to the maximum number of water
molecules in the crystal, which is in agreement with the cell volume.
According to the observed loss of water the analytical data, however,
refer to this number of crystal water molecules minus 50.
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120764 reflections (0.77<V< 25.028) were collected, of which
7311 reflections were unique (R(int)= 0.0578). R= 0.0832 for
4974 reflections with I> 2s(I), R= 0.1464 for all reflections,
max./min. residual electron density 1.316 and �1.715 eX�3.
Crystal data for 4 : H914Cs20Mo132N52O845S30, Mr=
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I> 2s(I), R= 0.0789 for all reflections, max./min. residual
electron density 2.369 and �1.403 eX�3. Crystal data for 5 :
H960Ce6Mo132N54O864S30, Mr= 30014.82 gmol�1, rhombohedral
space group R3̄, a= 32.7411(7), c= 73.682(2) X, V=

68404(3) X3, Z= 3, 1= 2.186 gcm�3, m= 2.229 mm�1, F(000)=
43866, crystal size= 0.40 9 0.25 9 0.20 mm3. A total of 136090
reflections (0.77<V< 27.028) were collected, of which 33123
reflections were unique (R(int)= 0.0277). R= 0.0424 for 27495
reflections with I> 2s(I), R= 0.0559 for all reflections, max./
min. residual electron density 2.242 and �1.215 eX�3. Crystal
data for 6 : C48H784Mo132N96Na24O812S30, Mr= 29881.35 gmol�1,
rhombohedral space group R3̄, a= 32.8028(5), c= 73.948(2) X,
V= 68910(2) X3, Z= 3, 1= 2.160 gcm�3, m= 1.933 mm�1,
F(000)= 43584, crystal size= 0.25 9 0.25 9 0.15 mm3. A total of
190772 reflections (0.77<V< 30.028) were collected, of which
44749 reflections were unique (R(int)= 0.0358). R= 0.0395 for
36437 reflections with I> 2s(I), R= 0.0556 for all reflections,
max./min. residual electron density 2.527 and �1.426 eX�3.
Crystal data for 7: H1050Mo137N60O911P38, Mr= 30795.64 gmol�1,
cubic space group Fm3̄, a= 45.6587(12) X, V= 95186(4) X3, Z=

4, 1= 2.149 gcm�3, m= 1.925 mm�1, F(000)= 60328, crystal
size= 0.24 9 0.24 9 0.24 mm3. A total of 118119 reflections
(0.77<V< 25.038) were collected, of which 7327 reflections
were unique (R(int)= 0.0643). R= 0.0883 for 5296 reflections
with I> 2s(I), R= 0.1371 for all reflections, max./min. residual
electron density 1.701 and�1.782 eX�3. Crystals of 2, 4, 5, 6, and
7 were removed from the mother liquor and immediately cooled
to 173 – 193 K on a Bruker AXS SMART diffractometer (three-
circle goniometer with 1 K CCD detector, MoKa radiation,
graphite monochromator; hemisphere data collection in w at
0.38 scan width in three runs with 606, 435, and 230 frames (f=

0, 88, and 1808) at a detector distance of 4.0–5.0 cm). For all
structures empirical absorption corrections were performed by
using equivalent reflections with the program SADABS 2.03.
The structures were solved with the program SHELXS-97 and
refined by using SHELXL-93. (SHELXS/L, SADABS from
G. M. Sheldrick, University of GTttingen (Germany) 1993/97;
structure graphics with DIAMOND 2.1 from K. Brandenburg,
Crystal Impact GbR, 2001). Further details of the crstal structure
investigations can be obtained from the Fachinformationszen-
trum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany,
(fax: (+ 49)7247-808-666; e-mail: crysdata@fiz.karlsruhe.de) on
quoting the depository numbers CSD-413251 (2), CSD 413252
(4), CSD 413253 (5), CSD 413254 (6) and CSD 413255 (7).

[7] a) Characteristic IR bands (solid, KBr pellet, ~nn) for compounds
1–8 due to presence of the [{(Mo)Mo5}12{Mo2}30]-type skeleton
(variations � 3 cm�1): 970s, [n(Mo=O)], 860m, 800vs, 725vs,
570s; 2 shows additionally bands at 1107, 1050, 1009 [n(P�O)]
and 4, 5, 6 at 1140 (m), 1035 cm�1 (w–m, nas(SO4)); 6 shows weak
urea bands and 2, 4, 5, 7 the d(NH4) bands at � 1400 cm�1. b) 31P
MAS NMR spectra allow us to distinguish between the
“phosphates” coordinated as ligands and those abundant in the
crystal lattice.

[8] A. MOller, E. Krickemeyer, H. BTgge, M. Schmidtmann, S. Roy,
A. Berkle, Angew. Chem. 2002, 114, 3756 – 3761; Angew. Chem.
Int. Ed. 2002, 41, 3604 – 3609.

[9] J.-M. Lehn, Supramolecular Chemistry: Concepts and Perspec-
tives, VCH, Weinheim, 1995, p. 28.

[10] For the transport of the cations through biological membranes,
negatively charged amino acids play a key role; see: D. Voet,
J. G. Voet, Biochemistry, 2nd ed., Wiley, New York, 1995,
chap. 18.

[11] The situation is comparable to the formation of P-O-Mo bonds
during the synthesis of the [PMo12O40]

3� Keggin anion at low pH
values. In 7a the phosphate ligands, instead of being positioned
exactly below the {Mo2} groups, “are oriented” slightly towards
the {MoO3H} group. Consequently, a {MoO3H} moiety is not

found in all 20 channels/sites, hence not a dodecahedron is
generated by 20 {MoO3H} groups but “only” a cube with eight of
these can be formed. (This can be visualized as only two of each
of the dodecahedral pentagon vertices can be involved as sites
for {MoO3H}. As three pentagonal faces are connected at each
vertex this leads to a total number of 8= (12 9 2)/3 positions; see
Figure 3).

[12] For related topics see: a) K. E. Drexler,Nanosystems: Molecular
Machinery, Manufacturing, and Computation, Wiley, New York,
1992 ; b) Recent Advances in the Chemistry of Nanomaterials
(Eds.: C. N. R. Rao, A. MOller, A. K. Cheetham), Wiley-VCH,
Weinheim, in press; c) P. Ball,Made to Measure : New Materials
for the 21st Century, Princeton University Press, Princeton, 1997;
regarding the importance of pores see also: d) J. Tersoff, Nature
2001, 412, 135 – 136.

[13] D. T. Richens, The Chemistry of Aqua Ions, Wiley, Chichester,
1997 (Ni2+ has a well-defined, rather strongly bonded primary
hydration sphere in aqueous solution, for example, compared to
Ce3+).

[14] The phenomenon of trapping aqueous solutes/complexes will be
studied separately: A. MOller, Y. Zhou, L. Zhang, L. Toma, H.
BTgge, M. Schmidtmann, unpublished results.

[15] A. F. Voegele, K. R. Liedl,Angew. Chem. 2003, 115, 2162 – 2164;
Angew. Chem. Int. Ed. 2003, 42, 2114 – 2116.

[16] Note added in proof (Setember 24, 2003): According to new
NMR investigations (F. Taulelle, M. Henry, A. MOller) the
stability of the capsule in solution is very high. Furthermore the
exchange of the acetate ligands of the starting material 3a is
easily possible under low pH conditions (see also ref. [5]).
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The highly charged unique molybdenum oxide based highly 
nucleophilic porous capsule 
[{(MoVI)MoVI

5O21(H2O)6}12{MoV
2O4(SO4)30}]72- exhibiting 20 

nanosized pores, trap [Al(H2O)6]3+ complexes above the pores 
by formation of a new type of supramolecular species; the 
investigation of the interaction between the capsule and 
solutions containing hydrated metal cations allows to 
distinguish between complexes having strongly and less 
strongly bonded water molecules as ligands like between the 
hydrated Ni2+ and Mn2+ complexes. 
 
In a nice small book entitled “Nanophysics and 
Nanotechnology”, 1 which is an introduction to modern concepts 
in nanoscience, in the section “Ion Channels”, the attractive 
aspects of the use of nanoobjects containing channels/pores is 
highlighted. Here we demonstrate that it is possible by using 
porous capsules of the type (Pentagon)12(Linker)30 2 with 20 
channels connecting the 20 pores with the cavity, to distinguish 
between aqua ions with strongly and less strongly fixed water 
ligands. This type of investigation also allows the trapping of 
aqua complexes, which are abundant in solution, and have a 
rather strongly fixed hydration shell. The trapping occurs above 
the pores exhibiting crown ether functions, i.e. at well defined 
positions of the surface of a spherical nanoobject. Here we report 
on the interaction of Al3+ ions abundant in solution with the 
special spherical nanosized capsules 1a, which leads also to a 
new type of supramolecular species. 
 

(NH4)72-n [{(H2O)81-n + (NH4)n} ⊂ 
{(MoVI)MoVI

5O21(H2O)6}12{MoV
2O4(SO4)}30]·ca.200H2O ≡ 

(NH4)72-n 1a⋅ca.200H2O             1 
 

The reaction of an aqueous solution of 1† (obtainable in 
high yields in a facile synthesis; see experimental section) with 
hydrated Al3+ leads to the formation of the capsule anion 2a. The 
corresponding compound 2†, was characterised by elemental 
analyses, thermogravimetry (to determine the amount of water of 
crystallisation), redox titration (to determine the number of MoV 
centres), spectroscopic methods (IR, Raman, UV-VIS), as well as 
single-crystal X-ray structure analysis (including bond valence 
sum calculations).§ 
 

(NH4)21[Al(H2O)6]17-n[Aln ⊂ 
{(MoVI)MoVI

5O21(H2O)6}12{MoV
2O4(SO4)}30]·ca.150H2O ≡ 

(NH4)21[Al(H2O)6]17-n 2a⋅ca.150H2O          2 
 

Compound 2 crystallises in the space group C2/c; it contains 
the anionic capsule 2a with the “classical skeleton” of the above 
mentioned capsules, which is formed by 12 pentagonal units of 

the type {(MoVI)MoVI
5} positioned at the vertices of an 

icosahedron and connected by 30 {MoV
2O4(SO4)} linking groups. 

As a result of this construction principle the capsules contain 20 

pores, 20 channels, and a functionisable/modifiable cavity shell 
(see e.g. ref. 3).  

According to the results of a single crystal X-ray structure 
analysis ten [Al(H2O)6]3+ complexes are positioned above the 
pores whilst the total number of the Al3+ cations in 2 is larger 
according to elemental analysis. The octahedral [Al(H2O)6]3+ 
complexes (Fig. 1a), are attracted by the negatively charged 
capsule and fixed through hydrogen bonds formed between their 
H2O ligands and the O atoms of the capsule’s {Mo9O9} pores. 
The related Al-O-H···O distances are correspondingly in the 
range 2.6-3.2Å (Fig. 1b). 4 

 
 

* a.mueller@uni-bielefeld.de 

 
Fig. 1 (a) The structure of the anion 2a mostly in ball-and-stick 
representation but highlighting the sulfate ligands (yellow tetrahedra) as 
well as the [Al(H2O)6]3+ complexes above the pores (pink octahedra); (b) 
the segment shows the type of {Mo9O9} pores – [Al(H2O)6]3+ interaction 
(with distances in Å); (colour code: Mo blue, O red). 
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After the removal of their hydration shell, many small 
cations are small enough to enter through the channels and 
getting finally positioned within the inner part of the capsule. But 
this is not possible in case of Al3+ cations (at least not 
completely), as the ligands of the [Al(H2O)6]3+ type complexes 
are rather strongly fixed. 5,6 As a consequence of that we find 
[Al(H2O)6]3+ complexes fixed above the pores. An example for 
the opposite situation: as the larger Na+ cations (ri = 0.96 Å for 
Na+, ri = 0.56 Å for Al3+ 7) form only weak aqua complexes, they 
can slip out their water coat, at least in part, cross the channel and 
recompose their ligand shell with oxygen donors that are 
available from the SO4

2- ligands and from the encapsulated H2O 
assemblies present in the cavity. 3 In this context it is interesting 
to refer also to the bacterial K+ channels which allows the passage 
of K+ but not of the Na+ ions which are too small for the channels 
to interact strongly with the channel CO-functions; whereas the 
environment of K+ with O atoms does (approximately) not 
change after uptake so that the dehydration enthalpy is 
compensated. Based on that, it can be understood that the uptake 
of Na+ is energetically not favoured. 8 

The present investigation proves the versatile applicability 
of the mentioned capsules e.g. the investigation of the strength of 
the interaction with metal aqua ions. In the special case of Al3+ 
different aqua ions are present in water depending upon their pH, 
while the most appropriate should be preferably trapped if it fits 

of course stereochemically with the pore geometry. The present 
result is mainly influenced by the slow H2O ligand exchange (it 
can even be detected with 17O NMR 5a). Correspondingly Al3+ 
has one of the highest hydration enthalpies for cations known 
(and even comparable with that of Ti3+ see ref. 5b). 

On the other hand the incorporation of a few Al3+ cations 
can not be ruled out.‡ (The presence of uptaken Al3+ can of 
course not be proven by single crystal X-ray structure analysis 
because of the relevant disorder in connection with the abundance 
of a rather small number.) The coordination inside the cavity 
should be to the sulfate ligands (see ref. 9), which is to some 
extent supported by infrared spectroscopy (Fig. 2). Whereas the 
characteristic splitting of the triply degenerated νas(SO4) mode is 
caused due to the bidentate coordination of the anion to the 
{MoV

2O4}2+ linkers, the position of the band at lowest wave 
numbers of the triplet supports according to its monitor function 
Al3+ coordination (for arguments see ref. 9). The fact that well 
defined water cluster shells are not observed in 2a in contrary to 
other sulfate type capsules, 10 also supports the incorporation of 

some Al3+ cations. The high charge density of the metal cations 
seems not to allow water shell formation.  

Because of the relatively high concentration of Al3+ cations 
in the solution (50 times more Al3+ cations than NH4

+ cations) 
and their high charge densities, there is the strong tendency of 
NH4

+ versus Al3+ counter-transport related to a change from 1a to 
2a. (Note: in spite of the strong H2O–Al3+ interaction, the high 

charge of the cations supports uptake due to direct attractive 
interaction.) Though the present capsule skeleton, of course, 
cannot be directly compared with the cell membrane, it 
nevertheless allows modelling of some basic counter-transport 
ion phenomena.  

The investigation of the capsule environment-interaction 
can be extended in a general way to the systematic study, to get 
information how easy water ligands can be released from cation 
environments. An instructive example refers to the different 
“behaviour” of the Ni2+ and Mn2+ (no crystal field stabilization) 
complexes in the sense that some Mn2+ get encapsulated (Fig. 3) 
but not the Ni2+ centres, where all get trapped with their six H2O 
ligands above the pores. Structural details for the two cases will 
be published later. 11 
 

The work opens up new perspectives for a special type of 
encapsulation chemistry, 12 i.e. coordination chemistry under 
confined conditions as well as on sphere surfaces. 
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Fig. 2 IR-spectrum of 2 (KBr pellet) showing the wavenumbers of the 
νas(SO4) triplet. 

 
Fig. 3 Structure of an anion with surface environment obtained by the 
reaction of an aqueous solution of 1 with Mn2+ ions mostly in ball-and-
stick representation. Mn2+ cations are found (1) inside the capsule 
disordered over two different types of positions: (a) disordered over 30 
equivalent positions 6c (orange), while each underoccupied Mn2+ centre is 
coordinated in a bidentate fashion to only one SO42- ligand (yellow 
polyhedra) and (b) disordered over 20 equivalent positions 6c (red) 
corresponding to sites at the C3-axes, in the centre of triangles spanned by 
three oxygen atoms of three different SO42- ligands; and (2) in form of 
hydrated Mn2+ cations (a) above the pores (light blue) and (b) coordinated 
to a terminal O atom of the pentagonal units of the type {(MoVI)MoVI5} of 
the metal framework (blue). The water cluster shells are - compared to 
other systems 10 - distorted because of the encapsulated Mn2+ cations. 
(Fragments of the inner water shell are highlighted in yellow. 11) 
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Notes and references 
† Synthesis of 1: (NH4)42[Mo132O372(H2O)72(CH3COO)30] ca. 
(10CH3COONH4 + 300H2O) (2 g, 0.07 mmol) (See the ref. [2d] for the 
synthesis) is dissolved in 160 ml of water and (NH4)2SO4 (8 g, 
60.5 mmol) is added. The resulted solution is acidified with 21 ml 2M 
H2SO4 under stirring condition (pH ≈ 1). After 2 weeks of crystallization 
in an open beaker brown crystals are filtered and washed with a small 
amount of 2-propanol. Yield: 1.8 g. Found: N, 3.5; S, 3.6 %. Calc.: N, 
3.5; S 3.35 %. (This synthesis is easier than the earlier reported one in ref. 
10a.) 
Characteristic IR bands: ν/cm-1 (KBr pellet) 1618 (m, δ(H2O)), 1404 (s, 
δ(NH4)), 1188 (m), 1136 (m), 1038(w-m), (all νas(SO4)), 970(s), 935(m) 
(ν(Mo=O)), 856(s), 800(vs), 727(s), 631(w-m), 571(m-s).  
Characteristic Raman bands: ν/cm-1 (solid state, KBr dilution, λe ~1064 
nm) 949 (m), 881 (s) (ν(Mo=O)), 374(m), 304 (w) cm-1. 
 
Synthesis of 2: To a solution of compound 1 (0.5 g, 0.017 mmol) in 30 ml 
H2O in a 100 ml beaker, AlCl3·6H2O (5 g, 21 mmol) is added (pH ≈ 2). 
The resulted solution was stirred for 1h and than was left for 
crystallization. After 10d dark brown crystals of 2 were filtered and 
washed with cold 2-propanol. Yield: 0.4g. Found: Al (gravimetrically), 
1.6; N, 0.25 %. Calc.: Al, 1.6; N, 1 %. 
Characteristic IR bands: ν/cm-1 (KBr pellet) 1629 (m, δ(H2O)), 1404 (w-
m, δ(NH4)), 1185 (w), 1128 (m-w), 1051 (w) (all νas(SO4)), 977(s), 
948(m) (ν(Mo=O)), 858(s), 802(vs), 725(s), 630(m), 569(s), 478(m) cm-1.  
Characteristic Raman bands: ν/cm-1 (solid state, KBr dilution, λe ~1064 
nm) 951 (w), 880 (s) (ν(Mo=O)), 479 (w), 430 (w), 375 (m), 304 (w–m) 
cm-1.  
§ Crystal data for 2: H528Mo132N21O714Al17S30, M = 26334.65 g mol-1, 
monoclinic, space group C2/c, a  = 45.5106(21), b  = 46.3649(22), c  = 
45.9510(21) Å, β = 90.014, V = 96960(7) Å3, Z = 4, ρ  = 1.902 g/cm3,  µ 
= 1.83 mm-1, F (000) = 53936, crystal size =  0.30 x 0.25 x 0.20 mm3. 
Crystals of 2 were removed from the mother liquor and immediately 
cooled to 188(2) K on a Bruker AXS SMART diffractometer (three circle 
goniometer with 1K CCD detector, Mo-Kα radiation, graphite 
monochromator; hemisphere data collection in ω at 0.3° scan width in 
three runs with 606, 435 and 230 frames (Φ  = 0, 88 and 180°) at a 
detector distance of 5.00 cm). A total of  290395 reflections ( 1.53 < θ < 
26.99° ) were collected of which 105063 reflections were unique (R(int)= 
0.0466). An empirical absorption correction using equivalent reflections 
was performed with the program SADABS. The structure was solved 
with the program SHELXS-97 and refined using SHELXL-97 to R = 
0.0666 for 74538 reflections with I >2σ(I), R = 0.1084 for all reflections; 
max./min. residual electron density  1.71 and –1.15 e Å-3 SHELXS/L, 
SADABS from G.M. Sheldrick, University of Göttingen, 1993/97; 
structure graphics with DIAMOND 2.1 from K. Brandenburg, Crystal 
Impact GbR, 2001).  
‡ Because 2 is insoluble in water or organic solvents (DMSO, DMF), 
solution based investigations could not be made; therefore we reacted an 
aqueous solution of 1 with Al3+ in the presence of [(CH3)2NH2]+ cations 
which leads to the formation of compound 3, which is soluble in H2O and 
partially in DMSO. 

[(CH3)2NH2]54Al6-n [Aln ⊂ 
{(MoVI)MoVI5O21(H2O)6}12{MoV2O4(SO4)}30]·ca.250H2O ≡ 

[(CH3)2NH2]54Al6-n 3a⋅⋅⋅⋅ca.250H2O         3 
The formula of 3 was established by elemental analysis and spectroscopic 
methods (IR, Raman, UV-VIS). In case of 3a the Al3+ cations can not be 
located by single crystal X-ray structure analysis because of the high 
disorder. The knowledge of compound 3 will allow later solutions studies 
which can prove the encapsulation of the Al3+ cations by 27Al-NMR 
studies. 
Elemental Analysis: Found: Al (gravimetrically), 0.42; C, 3.7; N, 2.1 %. 
Calc.: Al, 0.51; C, 4.2; N, 2.4 %. 
Characteristic IR bands: ν/cm-1 (KBr pellet) 1624 (m, δ(H2O)), 1461 (w-
m, δ(NH4)), 1404 (w), 1180 (w), 1130 (m-w), 1045 (w) (all νas(SO4)), 
1022 (w, ν(CN)) 972(s), 948(m) (s, ν(Mo=O)), 860(s), 802(vs), 729(s), 
633(m), 570(s), 474(m) cm-1.  

Characteristic Raman bands: ν/cm-1 (solid state, KBr dilution, λe ~1064 
nm) 951 (w), 880 (s) (ν(Mo=O)), 479 (w), 430 (w), 375 (m), 304 (w–m) 
cm-1.  
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Whereas a large number of porous materials exist as extended
structures, as yet very little is known about well-defined,
discrete, stable, and soluble (molecular) nanoporous capsules.
These capsules allow the systematic study of processes in
solution related to the uptake/release of substrates such as
cations, with the possibility of extending such studies to
related cation–cation countertransport processes. The pre-
diction of the affinity of specific substrates for specific areas of
the capsule is of particular interest as insight may be gained
into a new type of chemistry that could be performed under
confined conditions.

This is the case for spherical nanosized capsules based on
the rather robust fundamental skeleton (pent)12(linker)30�
{(MoVI)MoVI

5 O21(H2O)6}12{MoV
2O4(ligand)}30, such as in 1,[1]

which is often employed as the starting material for other
related compounds as it is easily prepared.[2] The capsules
have sizeable pores and finely sculptured interiors inbetween
which lie functionalized channels that display unprecedented
molecular-scale filter properties.[3a] The size and charge of the
capsules can be varied (Figure 1), whereas their affinity for
(special) cations depends not only on the charge but also on
the nature of the functional groups present inside the
cavities.[3b] This allows the transfer of ions in a controlled
and specific fashion, reminiscent of the processes that already
occur in Nature on a cellular level. With respect to cation-
uptake processes and the competitive uptake/release of
different cations (countertransport processes), the capsules
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can be considered formally as artificial cells in as much as they
exhibit ion channels[3b, c] and may allow chemistry to be
performed on the nanoscale in the future.[3d]

ðNH4Þ42½fðMoVIÞMoVI
5 O21ðH2OÞ6g12fMoV

2O4ðCH3COOÞg30��
	 ½10CH3COONH4 þ 300H2O� 1½1, 2�

Herein, we report the stability and the use/applicability of
this type of capsule in solution (details about the relative
stabilities of capsules with different ligands in different
solvents will be published later). A temperature-dependent
equilibrium process that involves the uptake/release of Li+

ions through the capsule pores and channels is also shown to
be present. The results bear some relation as a model for Li+-
ion transport processes in clinical chemistry research.

The uptake/release of Li+ ions was studied by 7Li NMR
spectroscopic analysis of solutions of compound 2, which
comprises the capsule skeleton mentioned earlier. Treatment
of an aqueous solution of 1 with Li2SO4 in the presence of
[(CH3)2NH2]

+ cations (to render the compound soluble in
DMSO) led to the formation of compound 2, which was
characterized by elemental analysis, thermogravimetry (to
determine the amount of water of crystallization), flame
photometry (to determine the number of Li+ cations), redox
titrations (to determine the number of MoV centers),
spectroscopy (IR, Raman, UV/Vis), as well as X-ray single-
crystal structure analysis[4] (including bond valence sum
calculations), and 7Li NMR spectroscopy.[5]

½ðCH3Þ2NH2�44Li28�n½Lin � fðMoVIÞMoVI
5 O21ðH2OÞ6g12fMoV

2O4ðSO4Þg30��
	 250H2O 2

Compound 2 crystallizes in the space group R3̄ and is
soluble in H2O and DMSO. Its anionic capsule 2a contains

20 pores, 20 channels, and a functionalized cavity (see also
reference [3a]). The incorporation of Li+ cations can easily be
detected by IR[6a] and especially 7Li NMR spectroscopy, but is
only indirectly detected by X-ray single-crystal structure
analysis. Figure 2 shows sections of the crystal structure of 2a

and of the related structure 3a, which is abundant
in the compound Li65(NH4)7[{(MoVI)MoVI

5 O21(H2O)6}12-
{MoV

2O4(SO4)}30]·	 200H2O 3�Li65(NH4)7·3a·	 200H2O;
this material[4] has a higher concentration of Li+ ions[5] but
could not be considered in this case for NMR spectroscopic
investigations as it is insoluble in DMSO.

From the present X-ray diffraction study (Figure 2), it is
seen that the O···O distances between the three SO4

2� ligands
are too large (> 3.7 B) for a symmetrical coordination of the
Li+ ion to all of the sulfate groups. Consequently, unsym-
metrical coordination below the pore channels occurs
(Figure 2, top). This is in contrast to the situation encountered
with the larger Na+ cations, which are symmetrically coordi-

Figure 1. Schematic space-filling representation of the uptake and
release of cations such as Li+ through some of the 20 pores of highly
charged anionic capsules of the structure type 2a (Mo blue, O red).

Figure 2. Outline of two of the 20 pores, as well as below-pore sec-
tions, of the anions 2a (bottom) and the related anion 3a (top).[4]

Whereas in the case of 2a, the disorder could not be resolved for the
SO4

2� ligands—although the size and shape of their thermal ellipsoids
clearly reflect the influence of Li+ (bottom)—the disorder was success-
fully resolved for a sulfate ligand of 3a (top). Shown are: 1) the MoO6

polyhedra (binuclear linkers in red) that form two adjacent pores—
Mo9O9 rings with an average ring-aperture of 	0.45 nm (for example,
see reference [3a]), and 2) the SO4

2� ligands coordinated to the {Mo2}
linkers below the pores. The disorder for the SO4

2� ligand coordinated
to the “central” {Mo2} group is caused by “directly non-observable”
Li+ cations, giving rise to the respective distances (top).
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nated to each of the three sulfate groups and which leads to a
highly symmetrical 60= 20C 3 water “cluster” coordinated to
the Na+ cations.[6b] Clearly, this is not possible in the present
(unsymmetrical) case with Li+ ions.

According to the Raman spectra, the capsules with
icosahedral symmetry are quite stable in O2 free solutions
in H2O and DMSO up to 	 60 8C (Figure 3). As the spectrum

consists of only a few lines (note the possible fivefold
degeneracy expected for the Ih point group, and that only
Ag andHg type vibrations are Raman allowed) this allows the
easy detection of eventual decomposition even for such an
extremely large molecular system. The bands are character-
istic for the highly symmetrical molybdenum oxide based
{(MoVI)MoVI

5 }12{MoV
2 }30 type skeleton.

The 7Li NMR spectrum[7] of 2 dissolved in DMSO/
[D6]DMSO (1:1; c(Li+)	 50 mm ; Figure 4) measured at
room temperature shows two sharp signals at d=�0.78 and
�0.80 ppm (I), which correspond to [Li(dmso)n]

+ in the bulk
solution (the peaks are identical to those in the spectrum of
Li+ ions in pure DMSO), and at least three broad (half-width
(W1/2)	 80 Hz) overlapping signals centered at d=�1.67,
�2.18, and �2.56 ppm (II–IV; overall relative intensity
	 15%). These latter peaks are assigned to three different
Li+-ion sites associated with the cluster Li+�2a. The upfield
shifts—with respect to [Li(dmso)n]

+, d	�0.79 ppm—reflect
the increased complexation of the Li+ cations to negatively
charged ligands such as sulfate, and/or bridging oxo groups
such as at theMo9O9 type rings/pores.

[8a] This pattern, which is
observed immediately after the dissolution of 2, does not
change within several days; that is, the system readily reaches
equilibrium and remains rather stable over an extended
period of time. Furthermore, the temperature dependence of

the spectral patterns (Figure 4) with respect to both the
broadening as well as the shifts (upfield for I, downfield for II,
III, and IV) of the bands upon increasing the temperature,
clearly indicates an exchange equilibrium between exterior
and interior Li+ ions.[8b] The signal at d=�2.56 ppm (IV)
disappears at about 330 K, whereas a complete coalescence of
the signals for the system (signals I, II, III, and IV) occurs at
343 K (average d=�0.96 ppm) representing very fast
exchange within the equilibrium:

½LiðdmsoÞn�þ Ð Liþ � capsule

In the temperature range 293–343 K, the exchange
process is largely reversible for two of the sites; upon cooling,
the signals at d=�2.18 (III) and �2.56 ppm (IV) are almost
restored. However, the signal at d=�1.67 ppm (II) does not
reappear which suggests that one of the Li+-ion sites is not
occupied again. The first of the upfield signals, II, is assigned
to Li+ ions coordinated to the sulfate group which was also
proven from crystallographic studies and IR spectroscopic
measurements. This site is the furthest distance away from the
pore area/cluster periphery and is correspondingly not
reoccupied after cooling as the sites closer to the capsule
periphery (peaks III and IV) are the first to be reoccupied,
which decreases the affinity of the capsule for cations. The
more-peripheral sites have a higher electron density (in
agreement with a classical Pauling rule) with the consequence
that the related peaks are found at higher fields.

Complementary to the temperature-dependent behavior
of the signals, the [Li(dmso)n]

+–Li+(capsule)-exchange proc-
ess has been confirmed by 7Li–2D exchange spectroscopy
(EXSY) of solutions of 2 in DMSO (c(2)= 1 mm ; c(Li+)=
30 mm ; slow exchange conditions at room temperature and a
mixing time of 1.5 s were employed). The EXSY spectrum
(not shown here) displays cross-peaks owing to a magnet-
ization transfer between external (signal I) and internal Li+

ions (signals II–IV) which disappear upon the addition of an

Figure 3. Raman spectrum of 2 in H2O (lexc=1064 nm), which is prac-
tically identical to that of solid 2 and thus supports the reasonable sta-
bility of the highly symmetrical capsule 2a in solution. The most
intense band at 881 cm�1 corresponds to the totally symmetric Ag

breathing vibrations of the capsule which involve predominantly 60 m3-
O(Mo3) surface atoms.

Figure 4. Variable-temperature 7Li NMR spectra of 2 (c(2)	1.8 mm) in
DMSO/[D6]DMSO 1:1. The inset shows the vertical expansion with the
uppermost spectrum obtained after cooling back to room temperature.
I (d=�0.79 ppm) corresponds to [Li(dmso)n]

+, whereas
II (d=�1.67 ppm), III (d=�2.18 ppm), and IV (d=�2.56 ppm) corre-
spond to Li+ sites associated with Li+�2a.
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excess of guanidinium chloride (c= 30 mm); guanidinium
cations prevent exchange through blockage of the capsule
pores (see reference [6c]). Concomitantly, signals II and III
almost disappear and a new signal representing 5% of the
overall integral intensity appears at d=�3.1 ppm.

Treatment of a solution of 4 in DMSO with a 20-fold
molar excess of LiCl leads to the uptake/incorporation of
about 12% of the Li+ ions as observed from a broad signal at
d=�2.03 ppm for Li+�4a. This signal is accompanied by the
resonance for [Li(dmso)n]

+ at d=�0.82 ppm with an upfield
shoulder at about d=�1.05 ppm. The situation is comparable
to the system Li+�2a in as far as the Li+ ions are apparently
taken up by the cluster under changed conditions. In the case
of the anionic capsule 4a, for example, Li+ competes with
NH4

+ to some extent for the capsule sites.

ðNH4Þ72�n½fðH2OÞ81�n þ ðNH4Þng
� fðMoVIÞMoVI

5 O21ðH2OÞ6g12fMoV
2O4ðSO4Þg30�� 	 200H2O 4½6b�

The present study of the uptake/release of cations by a
capsule in solution may be extended to investigate nanoscale
reactions in solutions (see also reference [3d]) as well as a
large variety of cation-transport phenomena (e.g. competition
processes) in different solvents[9] ; furthermore, unique hydra-
tion structures can be investigated under restricted condi-
tions. An important aspect is that the interiors, sizes, and
pores of the capsules can be varied to allow different cation-
affinity properties. Interestingly, the transport of cations
under physiological conditions (e.g. Li+-ion transmembrane
transport and storage) can, in principle, be modeled. Also,
there is the possibility to model important transport pathways
of medicinal interest, such as the Li+–Na+ countertransport
process (of interest in hypertension research) in which Na+

ions enter and Li+ ions leave erythrocytes in order to maintain
the Na+ ion balance in the cells and the plasma.[10–12]

Experimental Section
2 : The pH value of a solution of 1 (2.0 g, 0.068 mmol) and Li2SO4·H2O
(10 g, 78 mmol) in H2O (80 mL) was adjusted to 	 2.2 with aqueous
H2SO4 (0.5 m), and the solution was stirred for 5 h at room temper-
ature. (The large excess of Li2SO4 was necessary first, owing to the
large number of functional groups present in the capsule, e.g. 30SO4

2�

groups and 180Mo9O9 type O atoms, and second, to isolate the highly
water soluble product 2 as a salt, and third, because of the high affinity
of Li+ to water.) The temperature of the solution was increased to
70 8C over 30 min, then (CH3)2NH2Cl (1.5 g, 18.39 mmol) was added,
and the solution was stirred at this temperature for a further 30 min.
The hot solution was filtered, then the cooled dark brown filtrate was
stored at 20 8C to effect crystallization. After 4 days, the precipitated
dark brown, parallelepiped crystals of 2were isolated by filtration and
dried in air (70% based on 1); elemental analysis: calcd for
C88H996Li28Mo132N44O814S30: C 3.58, N 2.08, Li 0.65; found: C 3.6, N
2.1, Li (flame photometry) 0.6; IR (KBr): ñ= 1622 (m, d(H2O)), 1463
(w-m, das(CH3)), 1183 (w), 1137 (m-w), 1053 (w, nas(SO4) triplet), 975
(s), 943 (m, n(Mo=O)), 860 (s), 802 (vs), 729 (s), 634 (m), 574 cm�1 (s);
FT-Raman (see Figure 3); UV/Vis (H2O): l= 459 nm.

Received: January 15, 2004
Revised: May 19, 2004 [Z53762]

.Keywords: artificial cells · ion channels · lithium ·
nanostructures · porous materials

[1] For a review, see: A. MRller, P. KSgerler, C. Kuhlmann, Chem.
Commun. 1999, 1347 – 1358.

[2] a) A. MRller, S. K. Das, E. Krickemeyer, C. Kuhlmann, Inorg.
Synth. 2004, 34, 191 – 200; b) L. Cronin, E. Diemann, A. MRller
in Inorganic Experiments (Ed.: J. D. Woollins), Wiley-VCH,
Weinheim, 2003, pp. 340 – 346.

[3] a) A. MRller, S. K. Das, S. Talismanov, S. Roy, E. Beckmann, H.
BSgge, M. Schmidtmann, A. Merca, A. Berkle, L. Allouche, Y.
Zhou, L. Zhang, Angew. Chem. 2003, 115, 5193 – 5198; Angew.
Chem. Int. Ed. 2003, 42, 5039 – 5044; in all the cases studied
therein, the positioning of the cations was clearly understood
except for that of Rb+—this was attributed to the influence of
the crystallization process, which does not influence the results in
the present solution process. b) An extreme affinity is observed
for the sulfate type capsule in the case of Ca2+ as 20 of these ions
can be positioned at the end of the 20 channels at specific
positions where also Na+ cations, although in a smaller amount,
can be positioned[3a]—in doing so, the entrance to the central
cavity is completely blocked (unpublished results). In cases
where the encapsulated cation positions cannot be determined,
the given charge refers to that of the empty capsule[1, 2] (see
also 3). c) Interesting cation uptake (and also the uptake of
anions and water molecules) under confined conditions has also
been observed for nanotube structures, but such a situation does
not easily allow an equilibrium study to be performed in
solution; see: T. Ohkubo, Y. Hattori, H. Kanoh, T. Konishi, T.
Fujikawa, K. Kaneko, J. Phys. Chem. B 2003, 107, 13616 – 13622;
T. Ohkubo, H. Kanoh, K. Kaneko,Aust. J. Chem. 2003, 56, 1013 –
1016; see also: d) “Traps for cations”:W. G. Klemperer, G.
Westwood, Nat. Mater. 2004, 2, 780 – 781.

[4] Crystal data for 2 (C88H996Li28Mo132N44O814S30): M=
29521.49 gmol�1, rhombohedral, space group R3̄, a=
32.8188(12), c= 74.350(4) B, V= 69352(5) B3, Z= 3, 1=

2.121 gcm�3, m= 1.908 mm�1, F(000)= 43356, crystal size=
0.30C 0.25C 0.20 mm3; crystals of 2 were removed from the
mother liquor and immediately cooled to 188(2) K on a Bruker
AXS SMART diffractometer (three cycle goniometer with 1 K
CCD detector, MoKa radiation, graphite monochromator; hemi-
sphere data collection in w at 0.38 scan width in three runs with
606, 435, and 230 frames (f= 0, 88, and 1808) at a detector
distance of 5.0 cm). A total of 135812 reflections (1.53<V<

26.998) were collected of which 33506 reflections were unique
(Rint= 0.0429). An empirical absorption correction using equiv-
alent reflections was performed with the program SADABS. The
structure was solved with the program SHELXS-97 and refined
with SHELXL-97 to R= 0.0506 for 25064 reflections with I>
2s(I), R= 0.0763 for all reflections; max./min. residual electron
density 1.613 and �1.785 eB�3 (SHELXS/L, SADABS from
G. M. Sheldrick, University of GSttingen 1997/2001; structure
graphics with DIAMOND 2.1 from K. Brandenburg, Crystal
Impact GbR, 2001). CCDC 228367 contains the supplementary
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 CB21EZ, UK; fax: (+ 44)1223-336-033; or
deposit@ccdc.cam.ac.uk). Cell parameters for 3 : monoclinic
space group C2/m, a= 44.483(2), b= 40.077(2), c= 31.757(2) B,
b= 134.116(1)8, V= 40645(5) B3.

[5] 7Li NMR spectra of solutions were recorded on a Bruker
Avance 400 spectrometer (155.51 MHz) in rotating 10-mm
diameter tubes; acquisition time 2.1 s, relaxation delay 2 s,
pulse width 308. All data are reported relative to the reference
material (9.7m LiCl in D2O, according to: R. K. Harris, E. D.

Angewandte
Chemie

4469Angew. Chem. Int. Ed. 2004, 43, 4466 –4470 www.angewandte.org � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.angewandte.org


Becker, S. M. Cabral de Menezes, R. Goodfellow, P. Granger,
Pure Appl. Chem. 2001, 73, 1795 – 1818). Area calibration was
carried out by insertion of a coaxial inset containing LiCl (0.1m
in [D6]DMF, d=++ 0.90). The Lorentzian line-shape analysis was
performed for four lines by using the Vdeconvolution 1W feature
of the Bruker WINNMRV6.0 program.

[6] a) Compound 2 shows a triplet 1183/1137/1053 cm�1 in the IR
spectrum which originates from the bidentate coordination of
the sulfate anion (nas mode of the “free” SO4

2� ion lies at ca.
1105 cm�1); see: K. Nakamoto, Infrared and Raman Spectra of
Inorganic and Coordination Compounds, 5th ed., Wiley, New
York, 1997, Part A, p. 199; Part B, pp. 79 – 82. As the SO4

2�

groups are located trans to the Mo=O bonds the coordination is
rather weak, with the consequence that the “terminal” sulfate O
atoms show a higher electron density than in the case of a
stronger ligand coordination. This can strengthen (relatively) the
interaction with encapsulated cations, being again stronger for
Li+ ions than in general for Na+/NH4

+ ions (note that one Na+

ion is coordinated to three sulfate ligands in the capsule, whereas
Li+ is predominantly coordinated to one SO4

2� group and so the
interaction per sulfate ligand is therefore larger).[6b] In the case
of related Na+/NH4

+ salts, the two bands at higher energy are
observed at nearly the same wavenumbers as the corresponding
bands for 2a, whereas the lower energy band of the triplet occurs
at 	 1040 cm�1 in the Na+/NH4

+ salts but at 1053 cm�1 in the
case of 2a. The same situation as in the case of the Na+ and NH4

+

capsules is found for a compound containing only guanidinium
cations, which cannot enter the cavity;[6c] this band consequently
is also observed at 1038 cm�1. (The assignment of the respective
band for the guanidinium compound was rather difficult as it
partially overlaps with the O2PH2

�-bands.)[6c] The shift of the
band in the case of 2a is influenced by the rather strong
interaction with Li+ ions which partially decreases the negative
charge on the sulfate and therefore strengthens the S�O bonds;
b) A. MRller, E. Krickemeyer, H. BSgge, M. Schmidtmann, B.
Botar, M. O. Talismanova,Angew. Chem. 2003, 115, 2131 – 2136;
Angew. Chem. Int. Ed. 2003, 42, 2085 – 2090; the compound 4 can
be obtained more easily and methodically (without the need for
heating) by acidification of the solution to protonate the acetate
ligands and render them better leaving groups; c) A. MRller, E.
Krickemeyer, H. BSgge, M. Schmidtmann, S. Roy, A. Berkle,
Angew. Chem. 2002, 114, 3756 – 3761; Angew. Chem. Int. Ed.
2002, 41, 3604 – 3609.

[7] a) J. W. Akitt in Multinuclear NMR (Ed.: J. Mason), Plenum,
New York, 1987, chap. 7; b) C. Detellier in NMR of Newly
Accessible Nuclei, Vol. 2 (Ed.: P. Laszlo), Academic Press, New
York, 1983, chap. 5; c) B. Lindmann, S. ForsXn in NMR and the
Periodic Table (Eds.: R. K. Harris, B. E. Mann), Academic Press,
New York, 1978, chap. 6.

[8] a) The notation “increased complexation of Li+” refers to the
dominance of the paramagnetic contribution related to varia-
tions in shielding. In other words, paramagnetic shielding is
expected to decrease (and overall shielding to increase) with the
increasing expansion of the “electron cloud” around Li, to result
in an increased covalency of the Li+–donor interaction as the
contact between the Li+ ion and the donor groups becomes more
intimate. The signal IV could be attributed to the complexation
of Li+ ions by the oxo functions of the Mo9O9 ring, as this peak
disappears the most easily, both upon heating and upon the
addition of Na+ ions. For the crown ether complex [Li(15C5)]+,
which may be compared to the coordination of Li+ ions in the
present study, a chemical shift value of d=�1.8 ppm was noted;
see: A. I. Popov, Pure Appl. Chem. 1979, 51, 101. Importantly,the
MoV centers in the binuclear unit are spin-coupled upon
formation of a metal–metal bond, thereby excluding influences
by paramagnetic centers; b) for an independent resonance signal,
deshielding is expected upon an increase in the temperature as a

consequence of the increased paramagnetic-deshielding contri-
butions as the vibronic levels of the ground and excited states
become more populated. Concomitantly, if the nucleus is
quadrupolar as in the case of 7Li, the resonance should sharpen
upon a decrease in the molecular correlation time (decreasing
viscosity). In the present case, an increase in the shielding and
broadening of the line widths is observed for signal I as the
temperature is raised; the spectral patterns clearly indicate an
exchange between exterior (I) and interior Li+ ions (II, III, and
IV).

[9] For 2 dissolved in H2O/D2O, only one narrow 7Li resonance at
d=�0.16 ppm (W1/2= 2.3 Hz) is observed, which corresponds to
hydrated Li+ ions and is indicative of the complete extrusion of
Li+ ions into the aqueous medium. This arises from the higher
affinity of Li+ for water than for the functional capsule sites.
Competitive-phenomena studies (e.g. Li+/Na+) performed in
aqueous media in the presence of electrolytes (to reduce the
affinity of the cations for the solvent, and to approximate
physiological conditions) are currently underway. As far as the
dielectric properties of the medium are concerned, serum and
cytosol more closely resemble DMSO than water. Note that
more than ten billion proteins are abundant in an animal cell and
influence the properties of the water solvent.

[10] Na+–Li+ countertransport is an ion-transport process that
exchanges sodium ions for lithium ions or other univalent
cations. It was brought to clinical attention by Canessa et al.,
who reported that its activity was enhanced in the erythrocytes
of patients with essential hypertension—a finding that was
confirmed in many epidemiological and clinical studies there-
after; see: M. Canessa, N. Adragna, H. S. Solomon, T. M.
Conolly, D. C. Tosteson, New Engl. J. Med. 1980, 302, 772 – 776;
P. Strazzullo, A. Siani, F. P. Cappuccio, M. Trevisan, E. Ragone,
L. Russo, R. Iacone, E. Farinaro, Hypertension 1998, 31, 1284 –
1289. Although the capsule wall of our structure cannot be
compared with the red-cell membrane, which perfectly balances
the concentrations of cations and water so that the cells do not
shrink, nevertheless, it allows fundamental countertransport
phenomena to be measured; see: Y. Yawata, Cell Membrane:
The Red Blood Cell as a Model, Wiley-VCH, Weinheim, 2003.

[11] Numerous papers are being published on the influence of Li+

ions on many biochemical and pathobiochemical processes
owing to its high positive-charge density, but a complete picture
of the medicinal and biochemical properties of Li+ is not yet
available. In any case, Li+ ions play a key role in the treatment of
dipolar disorder (manic depression), the mechanism of which is
not known; for examples, see: H. R. Pilcher, Nature 2003, 425,
118; S. J. Lippard, J. M. Berg, Bioanorganische Chemie, Spek-
trum, Heidelberg, 1995 ; Principles of Bioinorganic Chemistry,
University Science Books, Mill Valley, USA, 1994. It has been
reported that Li+ ions block the recycling pathway for inositol-
1,4,5-triphosphate (IP3); malfunctions of the inositol system
have been linked to a number of illnesses, including manic
depression and cancer; see: G. Thomas, Medicinal Chemistry:
An Introduction, Wiley, Chichester, 2000.

[12] Preliminary experiments directed towards competition in the
uptake/release of Li+ and Na+ ions show that for c(Li+)= 30 mm

and c(Na+)= 15 mm (in the form of NaBr), almost all of the
“capsule-bound” Li+ ions are replaced by Na+ ions; that is, about
98% of the Li+ ions are present in the form of [Li(dmso)n]

+

(signal I), whereas about 70% of the Na+ are bound to the
capsule (d(23Na)=�1.5 and �12 ppm (W1/2= 2.6 kHz) for
[Na(dmso)n]

+ and Na+�2a, respectively). This is a remarkable
result that shows the relatively high affinity of the capsule for
Na+ as they block/close the pores/channels[6b] (different aspect in
ref. [6]).

Communications

4470 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org Angew. Chem. Int. Ed. 2004, 43, 4466 –4470

http://www.angewandte.org


Angewandte
Chemie

5115Angew. Chem. Int. Ed. 2004, 43, 5106 – 5115 www.angewandte.org � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

*Corrigendum
Artificial Cells: Temperature-Dependent,
Reversible Li+-Ion Uptake/Release
Equilibrium at Metal Oxide
Nanocontainer Pores**

A. M(ller,* D. Rehder,* E. T. K. Haupt,
A. Merca, H. B-gge, M. Schmidtmann,
G. Heinze-Br(ckner 4466–4470

Angew. Chem. Int. Ed. 2004, 43

DOI 10.1002/anie.200453762

In this Communication, the temperature assignments on the right-hand side of Figure 4
were incorrect. The Editorial Office apologises for this error. The correct figure is shown.

http://www.angewandte.org


www.elsevier.com/locate/poly

Polyhedron 23 (2004) 2381–2385
On the complex hedgehog-shaped cluster species containing
368 Mo atoms: simple preparation method, new spectral details

and information about the unique formation

Achim Müller *, Bogdan Botar, Samar K. Das, Hartmut Bögge,
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Abstract

The deep-blue compound Na48[HxMo368O1032(H2O)240(SO4)48] Æ ca. 1000H2O ” Na48 1a Æ ca. 1000H2O (1) exhibiting an unusual

nanosized hedgehog-type cluster anion, could now be obtained in good yield – allowing now several materials science studies – in the

presence of a high concentration of an electrolyte destroying the hydration shell, in only two days. 1 was characterized by elemental

analysis (including redox titrations to determine the (formal) number of MoV centers), thermogravimetry and spectroscopic methods

(IR, resonance Raman, Vis/NIR). Information about unusual aspects of the formation is reported together with additional spect-

roscopic details as well as a new crystal structure determination of the very complex system while confirming the earlier one.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Aesthetically beautiful giant polyoxomolybdates of

the type {Mo11}n which are either sphere- (n = 12) or

wheel-shaped (n = 14) can now be obtained by under-
graduates in facile syntheses [1,2]. Following our related

work other research groups have also reported compa-

rable syntheses of the cluster species [3] and used them

e.g., for materials science studies (see below). The men-

tioned cluster anions, in spite of their completely differ-

ent overall structure, have formally similar building

blocks resulting in the remarkable mentioned equivalent

stoichiometry [2e] which is also of importance for the
0277-5387/$ - see front matter � 2004 Elsevier Ltd. All rights reserved.
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cluster reported here. The related molybdate building

units abundant in a unique �dynamic library� can form

– via a type of �split and/or link process� – a versatility

of molecular architectures upon slight variation of the

boundary conditions under reduced conditions. This is
especially the case for Mo-blue-type solutions [2] from

which the above mentioned wheel-type species can be

obtained. From this �library� an even larger and highly

reduced cluster anion containing 368 Mo atoms can –

under very special conditions – be obtained [4] which

shows much more structural complexity than the

wheel-type cluster species. As the related earlier pub-

lished synthetic method requires a rather long time –
crystallization occurs only after 2 weeks according to

the high solubility – we report here (1) a facile synthesis

allowing now several types of studies together with some

detailed spectroscopic information for an easy identifi-

cation of the cluster, (2) a second (crystal) structure

mailto:a.mueller@uni-bielefeld.de 
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determination for the extremely complex inorganic clus-

ter confirming the earlier published one and (3) further

details about the related cluster-formation problem

which seems to be interesting.
2. Experimental

The chemicals were purchased from commercial

sources and all manipulations were performed using

materials as received.

2.1. Na48[HxMo368O1032(H2O)240(SO4)48] Æ ca. 1000

H2O, x � 16

To a solution of 6 g Na2MoO4 Æ 2H2O (24.8 mmol) in

25 ml of water acidified with 100 ml 0.5 M H2SO4, 0.18 g

N2H6SO4 (1.38 mmol) as reducing agent is added under

stirring. After stirring for 30 min 1.50 g NaCl (25.6

mmol) is added. The solution is then stored in a closed

flask for 2 days and the precipitated deep-blue crystals

of 1 are filtered off. Yield: 1.2 g (23% based on Mo).
Characteristic IR bands (KBr pellet, cm�1): m = 1620m

(d(H2O)), 1199w, 1101w, 1060 (all mas(SO4)), 981/958s

(m(Mo@O)), 765s, �700sh, 628w, 557m, 462w; charac-

teristic resonance Raman bands (solid/KBr dilution,

ke = 1064 nm, cm�1): m = 810m, 681w, 456 m; Vis spec-

trum (in H2O, nm): k = 785(very broad) (� = 2.4 · 105

mol�1 dm3 cm�1). Elemental Anal. Calc.: Na, 1.39; S,

1.92. Found: Na, 1.5; S, 2.2% (cerimetric titration
�110 MoV centers).

Vibrational spectra were recorded on a Bruker FTIR

IFS 66 with a Raman FRA 106 unit spectrophotometer
Fig. 1. {Mo368} metal atom framework of 1a in wire-frame representation sh

at the surface.
(ke = 1064 nm). The Vis spectrum was measured using a

Shimadzu UV-3101PC instrument.
3. Results and discussion

By reducing an aqueous molybdate solution acidified

with sulfuric acid – the important reagent in the present

case, corresponding to [4] – the deep-blue giant mixed-

valence cluster anion 1a (Fig. 1) with the size of hemo-

globin is formed and can be crystallized as Na salt. In

order to improve the yield of the synthesis and decrease

the crystallization time we changed the reaction condi-

tions leading to a decrease of the solubility of 1 due
to the presence of a rather high concentration of an elec-

trolyte, which destroys the hydration shell of the giant

cluster anion (see Section 2). The presence of the hydra-

tion shell caused by the abundance of a large number of

H2O ligands – which are responsible for the high solu-

bility of molybdenum blue type species – prevented

the isolation of crystalline Mo-blue type materials for

more than 200 years since the times of Scheele and Ber-
zelius [2], see also [5–7].

Compound 1, which was now obtained with a facile

synthesis by decreasing the solubility drastically, was

characterized by elemental analysis (including redox

titrations to determine the (formal) number of MoV cen-

ters), thermogravimetry (to determine the actual crystal

water content which is important for the analyses), and

spectroscopic methods (IR, resonance Raman, Vis/
NIR). The data obtained for the new synthesized com-

pound agree with those of the earlier reported substance

including the results of the thermogravimetry [4].
owing nicely the change from positive via negative to positive curvature



1 The structure of 1 was redetermined using crystals prepared

according to the earlier reported method [4]. The lattice constants were

determined as a = 43.257(2), c = 68.999(5) Å, V = 129111(13) Å3. The

structure could be nicely refined in space group I4mm as done in [4],

though the situation showed that the partial �disorder� of a part of the

anion could be removed by refining the structure in space group I4

assuming that the crystal is merohedrally twinned. The special twin

problem will be considered separately at a later date.
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Na48[HxMo368O1032(H2O)240(SO4)48] Æ ca. 1000H2O ”Na48
1a Æ ca. 1000H2O (1). 1a � ½HxfðMoÞMo5g08fðMoÞMo5g0032
fMo2g016fMo2g008fMo2g0008 fMo1g64�

48�
(x � 16 correspond-

ing to �112 MoV-type centers).

Definitions: {(Mo)Mo5}
0 ” {Mo6O21(H2O)6}; {(Mo)Mo5}

00

” {Mo6O21(H2O)3(SO4)}; {Mo2}
0 ” {Mo2O3(H2O)2};

{Mo2}
00 ” {Mo2O(t)2O(br)3(SO4)}; {Mo2}

000 ” {Mo2O(t)4-

O(br)(SO4)}; {Mo1} ” {MoO(H2O)}.

Compound 1 crystallizes in the space group I4mm

and contains in the unit cell two giant hedgehog-like

cluster anions 1a with a central spheroid-shaped frag-

ment {Mo288O784(H2O)192(SO4)32} = B and two capping
units {Mo40O124(H2O)24(SO4)8} = C (note: the second

structure analysis which confirmed the earlier published

one was performed with crystals obtained with the ear-

lier reported synthesis [4]). Remarkably, there are three

rather large areas, i.e. 2 C + B, with different local sym-

metries: D8d in the central B part and C4v in the two cap-

ping areas C. There is a small error limit for the

correlated number of protonations and MoV centers.
The comparably large number of different building

units of 1a can be identified from the above given formu-

lae. The two {(Mo)Mo5}-type units differ with respect to

the abundance of the SO4
2� ligands (32 occur with

SO4
2� ligands, and 8 without, located in the C4v areas;

the two numbers were erroneously referred to in [4]).

The dinuclear units {Mo2} do not only differ with re-

spect to the abundance of bidentate SO4
2� ligands (see

formulae): those at the ends of both C caps, i.e., the bor-

derlines, have contrary to the other type two terminal O

atoms at both Mo centers, a situation characteristic 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 remaining predom-

inantly MoV-type centers are distributed over several

parts of the large cluster areas and cause a widespread
delocalization of Mo (4d) electrons while the capping

units C are less reduced (corresponding the size of the

cluster and the resolution obtained there are of course

limits with respect to the interpretation of the bond va-

lence sum values). This again causes broad peaks in the

resonance Raman and electron absorption spectra of 1.

The structure of the cluster anion can be formally con-

sidered as a hybrid between the {Mo176}/{Mo154}-type
giant molecular wheels and the {Mo102}/{Mo132}-type

spherical clusters mentioned above (for details see [4]).

The high reduction state (ca. 112 MoV/256 MoVI),

which is much higher than that in the above mentioned

Mo-blue type wheel systems (i.e. 28 MoV/126 MoVI for

n = 14 [2a]), refers to the fact that strong reducing condi-

tions favour cluster growth (see [4]). The largest cluster

existing in acidified molybdate solution is – in absence
of a reducing agent – the �rather small� {Mo36} anion

[2,8,9] which �starts growing� upon reduction [2a].
Due to the rather short crystallization time of the new

synthesis method no suitable crystals for single crystal

X-ray diffraction analysis were obtained. Important in

this context is that in case of less symmetrical giant spe-

cies like 1a nucleus formation is less favoured than in

case of more symmetrical and smaller ones (see [10]).
A crystal obtained according to the earlier reported syn-

thetic method was again used for a new crystal structure

determination. As even the crystals of the latter method

are normally obtained in small size, data were collected

with an instrument equipped with a rotating anode and

an X-ray mirror (see Acknowledgements). The structure

analysis confirmed the earlier reported one. 1 Com-

pound 1, obtained with the new method, could be iden-
tified clearly by comparison of the spectroscopic

(Figs. 2 and 3) and analytical data with those of the ear-

lier reported compound obtained with the synthesis

leading to larger crystals [4]. Especially the IR spectrum

of 1 (Fig. 2) is very characteristic and, e.g., different

from the compounds containing the other Mo-blue-type

species, i.e., the wheel-shaped clusters [1b], and can

therefore be easily used for the simple identification.
The presence of the bidentate SO4

2� ligands is proven

by the IR bands at 1199, 1101, 1060 cm�1 originating

from the m3(F2) vibration of discrete SO4
2�.

Some important additional experiments have to be

mentioned. If K+ ions are present in the reaction mix-

ture not the hedgehog-type species is formed but a deriv-

ative of the {Mo176} wheel-type cluster in which a novel

{KSO4}16 ring has been integrated [11]. The related unu-
sual species was reported recently in a paper [11] entitled

�Synergetic activation of �silent receptor� sites leading to

a new type of inclusion complex: integration of a 64-

membered ring comprising K+ and SO4
2� ions into a

molybdenum oxide-based nanoobject�. The unusual

inclusion species ½MoVI
114MoV

32O429ðH2OÞ50ðKSO4Þ16�
30�

shows the remarkable 64-membered {K(SO4)}16 ring

integrated into a wheel-shaped nanocluster host. It is
formed by a novel unprecedented reaction type, based

on synergetically induced functional complementarity

[11]. Furthermore it represents a text-book example of

a very complex non-biological material. The K+ ions

have in presence of SO4
2� a direct influence on the acti-

vation of the ring-type cluster�s silent receptor sites and
prevent formation of the {Mo368}-type cluster having

much smaller formation tendency than the more
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Fig. 2. IR-spectra of 1 (KBr pellets; top) and of the typical wheel-

shaped Mo-blue cluster {Mo154} (bottom, see [1b], too). (See Section 2

for details.)
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Fig. 3. Solid state resonance-Raman spectrum of 1. The missing

intense lines due to m(Mo@O) vibrations proves that the corresponding

terminal bonds are not involved in the Mo 4d electron delocalization

as compared to the {Mo154} wheel-type species, where in each of the 14

{Mo5O6} units two 4d electrons are delocalized (see [2a]). (See Section

2 for experimental details.)
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symmetrical one. On the other hand in the presence of

Li+ cations in the reaction mixture also not the hedge-

hog-type species is formed but the neutral spherical

{Mo102} ball-type cluster species [12]. The results can

be understood, as the wheel- and ball-shaped species

have a much higher formation tendency while the for-

mation of the very complex {Mo368} cluster, showing

in case of the synthesis of 1 an unprecedented symmetry
breaking of the surface, really only occurs under very

special limited conditions. Note: the role of the Na+ cat-

ions is not understood until now.

The knowledge of the cluster 1a will probably be the

starting point for the syntheses of related other clusters

of comparable size. This should be possible in case of the

abundance of ligands like �the medium-ligand-strength�
SO4

2� ions generating a large number of building units
(for details see [4]) and may be a starting point of an

interesting route in nanochemistry. This includes also
the option of handling the giant clusters as intact units
for instance for the preparation of composites, e.g., with

silica or cationic surfactants, which is possible with these

types of anionic clusters as was shown before in case of

the above mentioned giant ball- and wheel-type species

with the generation of micelles, films, monolayers and

even liquid crystals [13]. A further option for the future

is to study the vesicle formation of the giant cluster

which follows unprecedented principles (see [14]).
An important result of the present paper is the forma-

tion of an extreme complex structure, showing symme-

try breaking at the surface which is very much

dependent on the special synthesis conditions in con-

trary to cases of higher symmetrical species (see [15]).
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Chapter 3

Summary

Since the discovery of the crown ethers supramolecular chemistry has been dealing
with molecular containers. Over the decades, the flat crown ethers have given way
to three-dimensional shapes including cryptands, cavitands and ultimately capsules,
designed to encapsulate molecular hosts 1. Now the emphasis is shifting from struc-
ture to function, as researchers are trying to make the nanoscale capsules work for
them. This is possible through the absolutely unique class of polyoxometalates. In
solutions of oxoanions of the early transition metals - in particular molybdates and
tungstates - an enormous variety of compounds can be formed by linking together
metal-oxide building blocks. In this dissertation we investigated the host-potential
of some polyoxometalates and their formation stability.

The {As4M40O140}-type cryptand 1a exhibits a new type of reactive internal
cavity shell, which allows interesting ”encapsulation chemistry” positioning a variety
of cationic as well as anionic ”guests” under confined conditions according to a new
approach: Replacement of some of the W by V atoms leads to higher reactivity of
the internal cavity shell as a result of relatively weak VO bonds compared to the WO
situation which allows the encapsulation of two sulphate groups replacing O atoms
of the {AsM9} units.

Na(NH4)20[{(V IV O(H2O))(V IV O)2(SO4)2}{(AsIIIW9O33)2

(AsIIIW7.5V
V
1.5O31)2(WO2)4}] · 40 H2O ≡ Na(NH4)20 · 1a · 40 H2O 1

Looking at the host-functionalities of the {Mo132} type spherical clusters, different
substrates/cations can be fixed at well-defined positions above, below, and especially
in the channels. In this sense the clusters 2a and 3a were synthesised.

[NH+
3 CONH2]28Na11[([NH+

3 CONH2]20 + Na13) ⊂ {(MoV I)MoV I
5 O21(H2O)6}12

{MoV
2 O4(SO4)}30] · ca.200 H2O ≡ [NH+

3 CONH2]28Na11 · 2a · ca.200 H2O 2

Al17−n(NH4)21[Aln ⊂ {(MoV I)MoV I
5 O21(H2O)6}12

{MoV
2 O4(SO4)}30] · ca.250 H2O ≡ Al17−n(NH4)21 · 3a · ca.250 H2O 3

1M. Gross, Chemistry in Britain 2003, Aug. Issue, p. 18.
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Chapter 3. Summary

As shown earlier this situation allows to study, new types of ion transport phe-
nomena, on the nanoscale, and shows properties of a ”nano-ion chromatograph”.
Additionally, one can construct new geometric solids from entering cations owing
to the fact that we have a multitude of different as well as equivalent sites in the
channels, pores, and in the interior mentioned only in the science papers. The stable
and soluble spherical molybdenum oxide based porous nanocontainer interacts with
the Li+ cations abundant in solution and incorporates them at well-defined internal
positions obtaining compound 4.

[(CH3)2NH2]44Li28−n[Lin ⊂ {(MoV I)MoV I
5 O21(H2O)6}12

{MoV
2 O4(SO4)}30] · ca.250 H2O ≡ [(CH3)2NH2]44Li28−n · 4a · ca.250 H2O 4

Even though the presence of the Li+ cations inside the cavity could not be proven
by single crystal X-ray structure analysis because of the relevant disorder, the coor-
dination inside the cavity is to some extent supported by infrared spectroscopy. The
traffic of Li+ ions between the outside and inside of the capsule is in equilibrium as
measured by 7Li NMR spectroscopy.

The importance of the presence of the ”suitable” cations for the assembly of
(large) polyoxometalate structures, revealed the investigations on the formation of
compound 5.

Na48[HxMo368O1032(H2O)240(SO4)48] · ca.1000 H2O ≡ Na48 · 5a · ca.1000 H2O 5
x = 16

In the presence of Li+, K+ or NH+
4 cations in the reaction mixture, not the lemon-

type species is formed but the wheel- and ball-shaped species, which have a much
higher formation tendency.
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