
Dynamic Article LinksC<Chemical Science

Cite this: Chem. Sci., 2011, 2, 1502

www.rsc.org/chemicalscience EDGE ARTICLE

D
ow

nl
oa

de
d 

on
 1

1 
A

ug
us

t 2
01

1
Pu

bl
is

he
d 

on
 3

1 
M

ay
 2

01
1 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
1S

C
00

15
0G

View Online
Self-assembly of a family of macrocyclic polyoxotungstates with emergent
material properties†

Jing Gao, Jun Yan, Scott G. Mitchell, Haralampos N. Miras, Antoine G. Boulay, De-Liang Long*

and Leroy Cronin*

Received 12th March 2011, Accepted 5th May 2011

DOI: 10.1039/c1sc00150g
Using a time-dependent synthetic approach, the construction of a new class of macrocyclic

tungstotellurite heteropolyacid cluster-squares, [W28Te8O112]
24� (1a), [W28Te9O115]

26� (2a) and

[W28Te10O118]
28� (3a) has been achieved. Isolation of these architectures is facilitated by the tellurite

anions, which act as templates within structural building units and linkers between them, as well as

pendant ligands which subsequently control inter-cluster aggregation, thereby defining a new

architectural principle in the assembly of polyoxotungstate clusters. ESI-MS studies on these

assemblies provide insights into the self-assembly process, distinguishing the different structural roles

between the templating, linking and pendant tellurium-based anions. Further, cation exchange

reactions on the crystalline forms of the macrocyclic POMs cause a morphological transformation

resulting in the emergence of microtubular architectures with vast aspect ratios thereby opening the

way to fabricate newmaterial architectures capable of exploiting the properties of HPAs in applications

such as ion exchange, catalysis and sensing.
Introduction

Polyoxometalates (POMs) are discrete polyanionic metal oxide

clusters based on building blocks of general formula {MOx}n,

where M ¼ Mo, W, V, and Nb etc. and x ¼ 4–7.1 Not only do

POMs possess a remarkable range of structures, the molecular

and electronic versatility affords them an almost unmatched

range of physical and chemical properties, thereby permitting

their applications in many fields: from catalysis and photo-

chemistry, to medicine and materials science.2 Heteropolyanions

(HPAs), which contain heteroatoms such as Si, P or Ge etc.,

represent by far the most versatile subset of POM clusters.

Although POM chemistry has undergone a rapid development

during the previous century, the assembly process of HPAs is still

not well understood since most of the HPAs are isolated in ‘‘one-

pot’’ reactions. Furthermore, to date, the number of large

macrocyclic HPAs which contain sizeable, largely unoccupied,

cavities is limited to only three examples.3–6 Perhaps the most

well-known example of an HPA macrocycle is the {P8W48}
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polyanion which displays versatile host–guest chemistry.3,4

Despite recent research however, the isolation of nonconven-

tional anionic template-containing macrocyclic HPAs is

surprisingly rare and only two clusters, i.e., {As4W40}
5 and

{Sb8W36},
6 have been isolated in 1978 and 1997, respectively. In

fact, the embedding of the lone electron pair containing anionic

templates can restrict the formation of Keggin-type clusters and

then significantly vary the self-assembly process in solution,

allowing the discovery of intrinsically new building blocks as well

as the isolation of novel clusters such as the trimetric

[W21O77Sb6(SbO3)3Na]18�.7 By adopting this route we have been

able to explore and exploit the hetero-template effect in HPAs

e.g. in the development of novel Dawson type clusters embedded

with electronically active anions,8–10 and even gigantic saddle

shaped clusters.11 Therefore we realised that there is a real

opportunity to design and exploit new POM architectures that

combine building blocks, both templated and linked by hetero-

anions, to develop macrocyclic systems as these should have

novel architectures and potential supramolecular properties (e.g.

guest binding), as well as the useful applicable properties of

HPAs especially if they could be fabricated into novel material

architectures. These prospects have been limited since the fabri-

cation of such inorganic macrocycles into robust molecular-

based materials is complicated by the difficulty in processing

complex inorganic materials, and this is in stark contrast to

organic functional materials.

Herein we report an unprecedented family of clusters that fall

into the new sub-class of macrocyclic HPA whereby the
This journal is ª The Royal Society of Chemistry 2011
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Fig. 2 Scheme of the formation of compound 1 where four

{W7O25(TeO3)} fragments combine with four {TeO4} linkers forming the

square saddle-shaped compound {W28Te8O112}. All cations and solvent

water molecules are omitted for clarity. Polyhedra: WO6; purple spheres:

oxygen; blue spheres: Te; orange spheres: W.
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structures are directed by the tellurium based heteranion

templates and linkers, see Fig. 1.

These clusters are: [W28Te8O112]
24� (1a), [W28Te9O115]

26� (2a)

and [W28Te10O118]
28� (3a), which crystallize as

(C2H8N)6Na18[W28Te8O112]$53H2O (1), Na26[W28Te9O115]$

37H2O (2) and Na28[W28Te10O118]$45H2O (3), respectively.12

Not only does this family expand the rare class of macrocyclic

HPAs, we show that these macrocycles can ‘ligate’ additional

{TeO3} units; one for compound 2 and two such units for

compound 3. As a result, within compounds 2 and 3, the isolated

[Te2O6]
4� dimer moiety {O2Te-O-TeO3} has been observed

within a cluster for the first time. Furthermore, we show the

assembly of these macrocylic HPA clusters is uniquely controlled

by a time-dependent self-assembly process that requires the

continuous addition of tellurite anions to the parent polyanion

structure during the formation of 1, 2 and 3. The cluster struc-

tures and assembly process are also studied by high resolution

ESI-MS studies which provide important insights into the

building blocks and thus the possible mechanism of self-assembly

of the clusters. Finally, we show that in the solid state,

compounds 1–3 can be transformed from crystalline samples into

novel materials comprising hollow microtubular architectures

with vast aspect ratios. These are fabricated by simple cation

exchange reactions and open up ways to develop novel solid state

devices that can exploit the intrinsic properties of HPAs, namely

ion exchange, catalysis, and sensing.
Results and discussion

Structural analysis

Compound (C2H8N)6Na18[W28Te8O112]$53H2O 1 (Fig. 2) was

synthesized by refluxing an aqueous solution of sodium tung-

state, sodium tellurite and dimethylamine hydrochloride at pH

7.0 for half an hour whilst stirring. Subsequent crystallization

over a three-week period yielded a hydrated sodium salt in the

orthorhombic space group Pmmn. Single crystal X-ray struc-

tural analysis showed the overall unit to be a ‘‘saddle shaped’’

polyanionic cluster [W7O25(TeO3)Te]4
24� (1a) constructed from

four TeIV linkers and four equivalent {W7O25(TeO3)} fragments.

The TeIV heteroatom templates within the fragments have an
Fig. 1 Representation of the inner ‘square’ framework of the cluster

anions 1a, 2a and 3a. A side view is shown on the left and a top view on

the right. The templating and linking tellurium ions are highlighted by the

pink and orange arrows respectively. All cations and solvent water

molecules are omitted for clarity. Polyhedra: WO6; purple spheres:

oxygen; blue spheres: Te; orange spheres: W. Dashed black lines repre-

sent weak interactions between Te/O.

This journal is ª The Royal Society of Chemistry 2011
average Te–O bond length of 1.888(1) �A, a little shorter than the

TeIV linkers which are 1.997(3) �A in length.

Each {W7O25(TeO3)} building block fragment can be consid-

ered as an assembly of three types of lower nuclearity building

blocks: one TeIV, one tritungstate {W3} fragment made of three

edge-shared [WO6] octahedra and two ditungstate {W2} subunits

made of two edge-shared [WO6] octahedra. The {W3} unit and

the TeIV are connected via a m4-oxo bridge, which altogether then

connects to the two ditungstate {W2} subunits through four

m2-oxo bridges and two m3-oxo ligands, forming the principle

{W7O25(TeO3)} fragment. The saddled-shaped cluster 1a is

formed by linking the four building blocks {W7O25(TeO3)} by

four TeIV ions. It is noteworthy that the tellurium centres in

polyanion 1a exert two functions at the same time: four TeIV ions

are located between pairs of the four {W7O25(TeO3)} fragments

as linkers while four others are embedded within the

{W7O25(TeO3)} fragments themselves, effectively acting as

templates. This is interesting since this work establishes the idea

that the use of hetero-anions as both templates and linkers can be

exploited as a major new architectural principle in the design of

nanoscale polyoxotungstates since normally they are only

involved as central templating units.6,13

The structures of compound 2 and 3 are very similar to that

of compound 1, differing only in the number of additional
Fig. 3 Representation of the structure of compound 2 {W28Te9O115}

(left) and compound 3 {W28Te10O118} (right). All cations and solvent

water molecules are omitted for clarity. Polyhedra: WO6; purple spheres:

oxygen; blue spheres: Te; orange spheres: W; black dashed lines: weak

interactions between Te and oxygen atoms from cluster; green dashed

line: weak interactions between Te templates in compound 3 and oxygen

atoms from solvent water.

Chem. Sci., 2011, 2, 1502–1508 | 1503
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TeO3
2� units coordinated to the inside circles of the ‘‘saddle’’

(Figs. 3 and 4). The average Te–O bond lengths of the hanging

TeO3
2� unit in compounds 2 and 3 are 1.920(9) �A and 1.958(5) �A

respectively, longer than that of the tellurium ions encapsulated

in {W7O25(TeO3)} fragments (which are 1.880(7) �A for 2 and

1.902(6) �A for 3). The average Te–O bond lengths of the TeIV

linkers in compound 2 and 3 are 2.00(5) �A and 2.010(4) �A,

respectively, a little longer than that of compound 1.

These pendant TeO3
2� units mean that compounds 2 and 3

have some additional features to those of compound 1. One

important feature is the presence of one [Te2O6]
4� dimer in

compound 2 and two such dimers in compound 3. These

[Te2O6]
4� dimers are the result of oxygen sharing between the

template TeO3
2� embedded within {W7O25(TeO3)} fragments

and a pendant TeO3
2�. Such units have only been reported twice

before14,15 as part of chain polymer structures; but never before

as isolated units as we show here. An explanation for the isolated

Te–O–Te bonds we observe in compounds 2 and 3 could be

unique to the POM, which is both highly charged and exerts

a significant stereochemical effect, both of which may prevent

additional TeO3
2� units from coordinating and thus preventing

Te–O–Te polymerisation.
Synthesis

The syntheses of 1–3were performed at neutral pH, showing that

highly acidic conditions are not always essential for the isolation

of high nuclearity polyoxometalate architectures. It is also

noteworthy that the syntheses of compounds 1–3 are almost

identical, differing only in the length of reflux time (from 0.5 h to

more than 28 h). If the pH neutral solutions of the reactants were

left to reflux for less than 2 h, the principle product isolated was

compound 1; however, it was found that paratungstate B

{H2W12O42} co-crystallized as a by-product following further

evaporation of the mother liquor. Following many experiments,

we have been unable to isolate single crystals of compound 1

without the presence of potassium or dimethylammonium

(DMA) cations. Without the presence of these cations in solu-

tion, the only observed crystalline product was always

{H2W12O42}. Further, if the reflux time was more than 2 h but

less than 24 h, compound 2 would first crystalize out as pure

product; however, if lengthy evaporation was permitted,

compound 3 would then appear as the minor product. Thus, to

obtain 2 with high purity these crystals were harvested early at

the expense of the yield of product. Importantly, for reflux times

longer than 24 h, compound 3 was isolated as the main product

and as the only product for reflux times of more than 28 h. These

aforementioned reflux time-scales demonstrate that the
Fig. 4 From left to right: side views of compound 2 and 3.

1504 | Chem. Sci., 2011, 2, 1502–1508
formation of compounds 1–3 is controlled both by the time of

reaction and therefore the availability of tellurite anions in

solution.

Interactions between the tellurite-based hetero-anions

One rather novel aspect of the structures is the large number of

intra- and inter-molecular interactions within/between the cluster

structures, which are the reason why TeIV has such abundant

coordination modes in these structures (Fig. 5). The intra-inter-

actions result from weak O/Te coordinative interactions

between the Te-based hetero-anion linkers and oxygen atoms

from {W7O25(TeO3)} fragments (shown as black dashed lines in

Fig. 3), which exists in all the three compounds. Further,

compound 3 is unique in that the TeIV atoms contained within the

{W7O25(TeO3)} fragments are involved in weak interactions with

oxygen atoms from solvent water molecules present in the cluster

cavity (shown as green dashed lines in Fig. 3).

Also, some weak inter-molecular interactions result from the

pendent TeIV-based units and oxygen atoms from neighbouring

{W7O25(TeO3)} fragments (black dashed lines in Fig. 6). Due to

the presence of the pendant TeO3
2�, these inter- molecular

interactions only exist in compound 2 and 3, and explains why

these compounds can be easily isolated from solution in crys-

talline form whereas compound 1 requires the presence of large

K+ or DMA+ cations. Moreover, the solubility of these

compounds in water at room temperature is also consistent with

the connectivity of the molecule cluster units within the crystal

lattice. Compound 1 is easy to dissolve in cold water whereas

compound 2 and compound 3 are much less soluble. This solu-

bility profile mirrors the intermolecular interactions since

compound 1 is effectively isolated as a monomer, compound 2 as

a dimer and compound 3 as a one dimensional chain (see Fig. 6).

Electrospray ionisation mass spectrometry

In order to investigate the composition of these polyoxoanions,

single crystals of 1–3 were dissolved in water and acetonitrile

mixtures (volume ratio 50 : 50) and transferred to the gas phase

by electrospray ionisation (ESI).16,17 Although the intact clusters

were not directly observed, the fragmentation of compounds 1–3
Fig. 5 Overview of the TeIV coordination modes present in compounds

1–3. Numerical values correspond to distances (�A) between Te and O in

weak, non-bonding Te/O interactions. Purple spheres: oxygen; blue

spheres: Te linker; orange spheres: Te template; green spheres: Te

pendant; black dashed lines: weak interactions between Te and oxygen

atoms from cluster; green dashed line: weak interactions between Te

templates in compound 3 and oxygen atoms from solvent water.

This journal is ª The Royal Society of Chemistry 2011
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Fig. 6 Scheme summarizing the formation of compounds 1–3. All

cations and solvent water molecules are omitted for clarity. Polyhedra:

WO6; purple spheres: oxygen; blue spheres: Te; orange spheres: W; black

dashed lines: inter-molecular interactions based on Te and O.

Fig. 7 Mass Spectra data of (C2H8N)6Na18[W28Te8O112]$53H2O (1)

(shown in red) and Na28[W28Te10O118]$45H2O (3) (shown in black) in

a 50 : 50 water: acetonitrile mixture, transferred to the gas phase by

electrospray ionisation (ESI). These spectra show the presence of key ions

in the gas phase; in particular: {[(TeO3)W3O9]Na}� (m/z 894.7); {[W4O13]

Na}� (m/z 966.8); {[(TeO3)W7O25]H4Na4}
2� (m/z 979.7); {[(TeO3)W5O15]

Na}� (m/z 1358.6) and {[W6O19]Na}� (m/z 1430.6). The most important

features relate to the presence of one quarter unit of 1 including (a) the

TeO2 linker: {[(TeO3)(TeO2)W7O25]H4Na4}
2� (m/z 1058.6); and (b)

one quarter unit of 3 including the TeO2 linker and

pendant TeO3: {[(TeO3)2(TeO2)W7O25]H9Na(H2O)}2� (m/z 1123.6). In

both (a) and (b) the green mass spectra represent the simulated m/z

envelopes for the reported formulae. It should be noted that the ESI-MS

of Na26[W28Te9O115]$37H2O (2) is the same as that of

Na28[W28Te10O118]$45H2O (3).

This journal is ª The Royal Society of Chemistry 2011
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leads to a range of species (see Fig. 7) which can be assigned to

a logical series of heteropoly- and isopolyanionic cluster frag-

ments. Descriptions of the key fragments follows but refer to the

SI† for a detailed list of assigned m/z envelopes. Some cluster

fragments were particularly prevalent, for example, the hetero-

pentameric {TeW5O18Na}� (m/z 1358.6) and the isohexameric

fragment {W6O19Na}� (m/z 1430.6) were observed in spectra of

all three compounds, and were of particularly high intensity.

However the MS of compound 1 revealed one key fragment: the

doubly charged hetero-octameric anion {[(TeO3)W7O25]

Na4H4}
2� (m/z 979.7) which corresponds to exactly one quarter

of the parent compound (see Fig. 8). In addition, one quarter unit

of 1 including the {TeIVO2} heteroatom linker: {[(TeO3)(TeO2)

W7O25]H4Na4}
2� (m/z 1058.6) was identified in the mass spectra

of compound 1. Importantly, the identification of {[(TeO3)2-

(TeO2)W7O25]H9Na(H2O)}2� (m/z 1123.6) which was observed

in the fragmentation of both compounds 2 and 3, corresponds to

one quarter of the parent compounds plus the {TeIVO2} hetero-

atom linker and the pendant {TeIVO3} (see Fig. 7). These

observations give important insights to the self-assembly and

building block principles developed, establishing the idea that the

clusters are constructed from four main building blocks whereby

the hetero-anion is involved as a template-linker in the assembly

of the cluster squares.

The identification of the {TeIVO2} heteroatom linker is

commensurate with the X-ray structural analysis since the four

{TeIVO4} tetrahedrons link each of the four {W7O25(TeO3)}

fragments together, forming a square in the same plane. Such an

arrangement may be relatively fragile due to the ring strain in the

cluster and thus explains why only the key building block, and

not the intact cluster, can be observed using ESI-MS.

This hypothesis can be further substantiated by comparing the

{O–Te–O} angles between the {TeO3} templates and {TeO4}

linkers. Thus, the observation of the quarter fragments in

compound 1, and quarter fragments plus linkers and pendant

heteroanion in compounds 2 and 3 in the ESI-MS studies are of
Fig. 8 Hetero-octameric fragment {[(TeO3)W7O25]Na4H4}
2�

(m/z 979.7) observed in the fragmentation of

(C2H8N)6Na18[W28Te8O112]$53H2O (1) in a 50 : 50 water: acetonitrile

mixture, which corresponds to one quarter unit of 1. This fragment was

observed for all three compounds. Black line is observed spectra and the

green line the simulated m/z envelope.

Chem. Sci., 2011, 2, 1502–1508 | 1505
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great relevance to our studies. In summary the mass spectro-

scopic data clearly show the presence of the quarter unit in

solution for compound 1, as well as the Te-linker unit. In addi-

tion to the Te-based template and linker units, the pendant

Te-units for compounds 2 and 3 have also been identified, which

are key for the intra-molecular packing of the clusters in the solid

state.
Tube growth

During the course of our recent research into POMs we have

discovered that micron-scale tubes (1–100 mm diameter) could be

spontaneously grown from a POM crystal which has a poor

solubility in water upon addition of a giant organic cation.18,19

Since the tubes produced are both mechanically robust and

highly controllable, they might be applied to a wide range of

areas such as catalysis, electronics or micro-fluidics.20 Given

these features, we opted to explore the possibility of growing

tubular architectures from the unique class of polyoxotungstate

clusters presented in this work.

In preliminary studies we found that tubes could be grown

from crystals of all three cluster compounds 1–3, and were

observed using optical microscopy. Experimentally, tube growth

was carried out by depositing 5 mg of single crystalline samples

on a 50 � 22 mm cover slide. Following the addition of 0.15 mL

of a 10�2 mol L�1 solution of Methylene Blue to the solution in

which the crystals were immersed, the slide was transferred on an

Olympus IX81 inverse microscope. Optical micrographs were

taken over a time period of 20 min, analysed and processed using

the Cell� Software. The tubes grew rapidly with little directional

stability and had overall diameters recorded within 2–80 micron

diameters and several 1000 microns in length size (Fig. 9).

Our initial research showed that the growth process of the

tubes is driven by an osmotic pressure which can be controlled by

adjusting various parameters, such as the charge of organic

cations and the solubility of crystalline POMs. Given the same

type of organic cations, if the solubility of POMs is considerable

then only very short or even no tubes could be grown. The results

of our experiments are consistent with the above conclusions, i.e.,

compound 1 is more soluble than 2 and 3, thus the growth of long

tubes was not observed; while in the case of compounds 2 and 3,
Fig. 9 Image of microtubes grown from: (a) and (b) crystals of 1; (c) and

(d) crystals of 2 and (e) and (f) crystals of 3 following the addition of 0.15

mL of a 10�2 mol L�1 solution of Methylene Blue. The wandering pattern

of growth arises from the relative high solubility single crystals in the

Methylene Blue solution. The white scale bar is 100 microns long.

1506 | Chem. Sci., 2011, 2, 1502–1508
long and clear tubes were obtained. More interestingly, the

influence of the solubility of a given POM can influence the size

and extent of tube growth, for example tubes grown from 1 have

the largest diameter; while those from 3 have the smallest.

Conclusions

In summary, a new family in the rare class of macrocyclic het-

eropolyanions has been discovered by employing a time-depen-

dent synthetic approach. The isolation of this series of nanoscale

tellurium-embedded polyoxotungstate cluster ‘squares’ is made

possible by refluxing TeIV ions and sodium tungstate in neutral

aqueous environment for different time periods. This new class

of nanoscale tetrameric tungstotellurite cluster-boxes,

(C2H8N)6Na18[W28Te8O112]$53H2O (1), Na26[W28Te9O115]$

37H2O (2) and Na28[W28Te10O118]$45H2O (3) have near-iden-

tical structures varying only in one or two additional TeO3
2�

units in compound 2 and 3 respectively. Their isolation shows

that the TeIV ions in each compound serve not only as templates

to the key building units, but also act as linkers between each pair

of fragments, thereby enabling the self-assembly of these cyclic

structures. Crucially, this means that the Te-based hetero-anions

play a key role in directing the primary (TeO3-templated unit),

secondary (linking of the TeO3-templated units with TeO4

linkers) and tertiary (aggregation of the clusters by TeO3 ligands

to the rims of the clusters) structures of the clusters (where cluster

1 is monomeric, 2 is a dimer and 3 is a 1D chain) defining a totally

new type of architectural principle utilizing hetero-anions. Also,

by comparing the synthesis of compounds 1, 2 and 3 a time-

dependent self-assembly process has been deduced. ESI-MS

studies of these materials offer an insight into their possible

mechanism of formation which might provide an effective guide

to synthesize POMs with new and novel structures rationally in

the future. Tube growth from crystals of compounds 1, 2 and 3

demonstrate their ability to form ‘emergent’ materials making

them promising candidates to develop new solid state devices.

These devices could not only exploit the morphological trans-

formation of the material, but also the intrinsic macrocyclic

nature of the building blocks (for ion sensing) along with the

acidic and redox properties of HPAs in general (for catalysis)

which mean that the tubular architectures will have a range of

applications, and could also be deployed on the microfluidic

scale.

Experimental

Synthesis

Synthesis of compound 1: (C2H8N)6Na18[W28Te8O112]$53H2O.

Na2WO4$2H2O (2.0 g, 6.06 mmol), Na2TeO3 (0.20 g, 0.90 mmol)

and dimethylamine hydrochloride (DMA) (0.90 g, 11.1 mmol)

were dissolved in 30 mL water and the pH of solution adjusted to

ca. 7.0 with 37% hydrochloric acid. The clear colourless solution

was then transferred to a 50 mL round bottom flask, refluxed at

100 �C for half an hour with stirring. Subsequently, the solution

was cooled to room temperature, filtered and then stored for

three weeks during which slow evaporation of the solution

produced colourless crystals of 1. Yield: 0.35 g, 0.036 mmol,

16.8% (based on W). I.R. (KBr disk, n/cm�1): 3429, 1633, 1458,

936, 831, 752, 704, 674, 617. Elemental Analysis calcd. (found)
This journal is ª The Royal Society of Chemistry 2011
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for C12H204N6Na18O190Te8W28 1 (DMA salt absorbed moisture

and became wet, so a number of water molecules were added

during the calculation): C 1.43 (1.90), H 2.04 (1.00), N 0.84

(0.80), Na 4.12 (4.55), W 51.2 (50.0), Te 10.2 (10.1).

Synthesis of compound 2: Na26[W28Te9O115]$37H2O.

Na2WO4$2H2O (2.0 g, 6.06 mmol) and Na2TeO3 (0.20 g, 0.90

mmol) were dissolved in 30 mL water and the pH of solution was

adjusted to ca. 7.0 with 50% acetic acid. Then the clear colourless

solution was transferred to a 50 mL round bottom flask, refluxed

at 100 �C for 7 h under magnetic stirring. The solution was then

cooled down to room temperature and filtered. Slow evaporation

of the solution for a few weeks produced colourless crystals of 2.

Yield: 0.26 g, 0.028 mmol, 12.8% (based on W). I.R. (KBr disk,

n/cm�1): 3353, 1627, 1416, 940, 827, 749, 617. Elemental Analysis

calcd. (found) for H74Na26O152Te9W28 2: Na 6.36 (6.36), W 54.7

(53.0), Te 12.2 (11.4).

Synthesis of compound 3: Na28[W28Te10O118]$45H2O. The

synthesis of compound 3 is analogous to that of compound 2

except that the required reflux time must be more than 28 h.

Yield: 0.33 g, 0.034 mmol, 15.7% (based on W). I.R. (KBr disk,

n/cm�1): 3403, 1629, 936, 835, 757, 680, 611. Elemental Analysis

calcd. (found) for H90Na28O163Te10W28 3 (crystallography indi-

cates one of the Te sites in compound 3 is not fully occupied,

therefore the found Te content percentage is lower than that of

calculated one): Na 6.59 (6.26), W 52.7 (52.7), Te 13.0 (11.9).

It should be noted that the solutions used to form compounds

1–3 can be acidified using either hydrochloric or acetic acid to

maintain pH neutral solutions. The reported experimental

procedures (above) represent the highest yielding syntheses.

Although the chemical formulae may vary slightly as a function

of the ions present, the metal-oxide cluster box structures remain

the same, despite this change in composition and crystallo-

graphic space group alteration.
Measurements

Infrared spectra were measured using samples dispersed in a KBr

disk on a Jasco FTIR-410 spectrometer. Wavenumbers are given

in cm�1. ICP-OES analysis was carried out at Zentralabteilung

f€ur Chemische Analysen, Forschungszentrum J€ulich GmbH.

Thermogravimetric Analyses (TGA) were performed on a TA

Q500 instrument under an atmosphere of air, with heating at

a rate of 10.0 �C per minute from room temperature to 600 �C.
Electrospray mass spectroscopic measurements

ESI-MSmeasurements were carried out at 30 �C. The solution of

the sample was diluted so the maximum concentration of the

cluster ions was of the order of 10�5 M and this was infused at

a flow rate of 180 mL h�1. The mass spectrometer used for the

measurements was Bruker micro TOF-Q and the data were

collected in both positive and negative mode. The spectrometer

was previously calibrated with the standard tune mix to give

a precision of ca.1.5 ppm in the region of 500–5000 m/z. the

standard parameters for a medium mass data acquisition were

used and the end plate voltage was set to �500 V and the

capillary to +4000 V. The collision cell was set to collision energy
This journal is ª The Royal Society of Chemistry 2011
to 10 eV with a gas flow rate at 25% of maximum and the colli-

sion cell RF was set at 1800 Vpp. Transfer time was set to 60 ms.
X-ray crystallography

Suitable single crystals were selected from their respective mother

liquors and mounted onto the end of a thin glass fibre using

Fomblin oil. X-ray diffraction intensity data were measured at

150(2) K on an Oxford Diffraction Xcalibur Gemini Ultra

diffractometer with an ATLAS detector using Cu-Ka radiation

[l ¼ 1.54184 �A]. Structure solution and refinement were per-

formed using SHELXS-9721 and SHELXL-9722 via WinGX.23

Corrections for incident and diffracted beam absorption effects

were applied using analytical methods.24
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