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Herein we report the intra- and inter-molecular assembly of a {V5O9} subunit. This mixed-valent
structural motif can be stabilised as [V5O9(L1–3)4]

5−/9− (1–3) by a range of organoarsonate ligands
(L1–L3) whose secondary functionalities influence its packing arrangement within the crystal structures.
Variation of the reaction conditions results in the dodecanuclear cage structure [V12O14(OH)4(L1)10]

4− (4)
where two modified convex building units are linked via two dimeric {O4V

IV(OH)2V
IVO4} moieties.

Bi-functional phosphonate ligands, L4–L6 allow the intramolecular connectivity of the {V5O9} subunit to
give hybrid capsules [V10O18(L4–6)4]

10− (5–7). The dimensions of the electrophilic cavities of the
capsular entities are determined by the incorporated ligand type. Mass spectrometry experiments confirm
the stability of the complexes in solution. We investigate and model the temperature-dependent magnetic
properties of representative complexes 1, 4, 6 and 7 and provide preliminary cell-viability studies of three
different cancer cell lines with respect to Na8H2[6]·36H2O and Na8H2[7]·2DMF·29H2O.

1 Introduction

The synthesis and characterisation of novel functionalised poly-
oxometalate (POM) clusters is a current and vibrant research
field.1 The interest in POM-based materials arises from their
intrinsic physicochemical attributes which prompt applications
in areas such as catalysis, electronics, medicine, environmental
sciences, gas storage and energy conversion.2 Polyoxovanadates
can be considered as a prominent sub-class of POMs and a large
range of vanadium oxide clusters exhibiting diverse topologies
have been discovered.3 Condensation reactions in aqueous vana-
date systems result in small building units that give rise to the
formation of closed-shell structures. The structures reported by
Müller, Zubieta and Christou clearly demonstrate that the
linkage of {VO5} polyhedra can be controlled by small

nucleophilic species, for instance, anions and polar solvent mol-
ecules that reside as templates in the centre of the resulting
clusters.4–6 Depending on the choice of the template, shell-like
clusters with different topologies can be synthesised.7 The
underlying guest–host effect has recently been confirmed by
computational studies and resulting polyoxovanadate shells can
be classified as cryptands, carcerands or hemi-carcerands
depending on the topology of the convex cluster units and the
strength of the interaction between the guest and the vanadium
oxide shell.8,9 The observed assembly concept is not only
restricted to purely inorganic polyoxovanadates but can also be
applied to functionalised hybrid clusters that are stabilised by
organoarsonate and phosphonate ligands.4–6 The electronic and
geometrical attributes of the latter ligands enable them to be
incorporated in vanadate shells and overcome the synthetic
restrictions that result from terminal VvO bonds. These short
terminal bonds that are characterised by stabilising dπ–pπ contri-
butions, usually protect the cluster cores and hamper their func-
tionalisation. The interest to isolate new functionalised
polyoxovanadates is sustained by the need for inorganic clusters
of specific size and topologies, functionalised with organic moi-
eties enabling the manipulation of these hybrid materials for
improved practical applications.10 The functionalization of these
compounds may also improve their selectivity and performance
as antiviral/cancer drugs allowing specific binding to comp-
lementary functionalities of proteins, receptors, or infected tis-
sues.2d,e

We are interested in the concept of hybrid organic–inorganic
materials11 and we have sought to investigate the self-assembly
of vanadate salts and molybdate salts stabilised by
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organoarsonate and organophosphonate ligands in aqueous
systems under reducing conditions.12 Previously, we reported the
crystal structures of four hybrid clusters that contain {V5O9}
building units.12a

Herein we report an extension of this reaction system and
summarise the inter- and intra-molecular assembly of poly-
nuclear vanadate building units in the presence of organoarso-
nate and organophosphonate ligands (Fig. 1). We demonstrate
that the {V5O9} building unit can be stabilised by a range of
modified organoarsonate ligands whose functionalities direct the
assembly of [V5O9(L1–3)4]

5−/9− (1–3) within their crystal struc-
tures. The synthetic approach further allows the intramolecular
connectivity of these and related subunits and results in arsonate-
stabilised (hemi)carcerand cages [V12O14(OH)4(L1)10]

4− (4) and

phosphonate-stabilised capsules [V10O18(L4–6)4]
10− (5–7). Our

investigations highlight the stability of the latter supramolecular
architectures in solution which is often an essential requirement
for advanced applications of self-assembled hybrid materials.13

We report the crystal structures of three new compounds, mass
spectrometry data and the magnetic properties of representative
species.

2 Results and discussion

2.1 The intermolecular assembly of the {V5O9} secondary
building units

The mixed-valent bowl-shaped, ‘calix’ {V5O9} unit in 1–3
forms upon partial reduction of sodium metavanadate in an
aqueous system at pH ca. 7 in the presence of the aromatic
ligands L1–L3. The self-assembly process is initiated by the
addition of the reducing agent, hydrazine hydrate, which insti-
gates a colour change from bright yellow to a dark green sol-
ution. Green crystals of the corresponding compounds form
reproducibly in moderate yields after approximately two weeks.
Single-crystal X-ray diffraction experiments reveal that the V–O
core within 1–3 consists of five vanadium atoms that are sur-
rounded by O-donors in a square pyramidal coordination mode
(Fig. 1).

The base of the central pyramid in the {V5O9} unit shares
common edges with its four surrounding {VIVO5} polyhedra to
form a convex mixed-valent {VVO(μ3-O)4V

IV
4O12} unit. The

unit is stabilised by four arsonate ligands. Each of these bridges
between two VIV atoms in an O,O-syn,syn-coordination mode.
Bond valence sum analyses confirm the mixed-valent nature of
the {V5O9} units in 1–3 (ESI†). Within their core structures VV–

O bond distances range from 1.867(1) to 1.883(1) Å whilst VIV–

O bond lengths are expectedly longer and vary between 1.941(1)
and 2.001(1) Å.

The organoarsonate-stabilised pentanuclear core carries an
overall charge of −5 which is compensated by sodium counter-
ions. All the counter-ions are partially hydrated and display
highly distorted octahedral coordination spheres. Within the
crystal structure of 2, there are four additional sodium counter-
ions that counterbalance the negative charges inferred by the
deprotonated secondary carboxylic acid functionalities. In all
structures 1–3, the O-donors incorporated in the rim of the calix
unit appear to be nucleophilic and provide binding sites for the
sodium counterions (Fig. 2). The partially solvated counter-ions
further interact with the O-donors of the secondary functional-
ities (amine, carboxylate and hydroxyl groups) influencing the
supramolecular arrangements within the crystal structures.

The packing arrangements of 1 and 2 result in dense layered
assemblies in which the sodium ions are sandwiched between
the anionic clusters. The resulting layered lamellar structures are
characterised by distinct undulated organic and inorganic areas.
The layers extend parallel to the (110) plane in
Na5[1]·20.5H2O·3DMF and parallel to the (101) plane in
Na9[2]·6DMF·24H2O (Fig. 2b). The arrangement of the anionic
clusters of 3 in the packing structure is significantly different and
results in an open-framework arrangement in which solvent mol-
ecules are contained within channels that run in the direction of
the crystallographic a-axis. In Na5[3]·5DMF·7H2O, the hydroxyl

Scheme 1 Functionalising ligands used in this study: 4-aminophenyl-
arsonic acid (L1); 4-carboxylphenylarsonic acid (L2); 4-hydroxyphenyl-
arsonic acid (L3); (1,4-naphthalene)bisphosphonic acid (L5); (1,4-
benzene)bisphosphonic acid (L4) and (1,1′-biphenyl)-4,4′diylbisphos-
phonic acid (L6).

Fig. 1 (a) and (b) Schematic representations of 1–3 whereby X = NH2,
COO− and OH, respectively. (c) Ball-and-stick representation of the
anionic [V5O9(O3AsC6H4-4-COO)4]

9− complex (2) as viewed along the
crystallographic b-axis. (d) A perspective side on view of 2. Hydrogen
atoms have been omitted for clarity. Colour code: V green, As orange,
O red, N blue, C black.

This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 2918–2926 | 2919
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groups of the organic ligands directly interact with the sodium
ions binding to the rim of neighbouring oxo-clusters.

Our results demonstrate that para-positioned secondary ligand
functionalities do not influence the formation of the calix
{V5O9} structure. ESI-MS and UV-vis studies confirm the stab-
ility of the pentanuclear complexes in DMSO solutions (ESI†).

2.2 The intramolecular assembly of modified convex calix units
through {O4V

IV(OH)2V
IVO4} units to give a molecular

[V12O14(OH)4(L1)10]
4− cage

Our experiments demonstrate that the central {VVO5} unit can
be replaced by an arsonate functionality depending on the VV/
VIV ratio (influenced by the reducing agent) and the pH of the
system (Fig. 3). The mutual replacement of {VVO5} units by
arsonate functionalities is the result of their closely related geo-
metries (bond distances and angles).5b The replacement is
observed in [V12O14(OH)4(L1)10]

4− (4) that forms when the reac-
tion mixtures containing the pentanuclear complex 1 are further
acidified. The polyoxovanadate cluster 4 can be visualised as the
linkage of two modified convex calix units via eight arsonate
ligands and two {O4V

IV(OH)2V
IVO4} moieties. Closely related

compounds with a similar core structure were previously
reported.4a,5b

2.3 The intramolecular assembly of the {V5O9} secondary
building units through bifunctional phosphonates to give hybrid
[V10O18(L4–6)4]

10− capsules

Another type of intramolecular connectivity of the {V5O9} sec-
ondary building units can be achieved through the substitution
of the organoarsonate ligands by bifunctional phosphonate
ligands L4–L6. This synthetic approach results in hybrid capsules
(Fig. 4) with the general formulae [V10O18(L4–6)4]

10− (5–7). In
these molecular capsules, the {V5O9} building units are structu-
rally closely related to the structural motifs in 1–3. However, the
conformational rearrangement of the functional groups of the
organic ligands results in the intramolecular linkage of two
SBUs whereby four organophosphonate ligands pillar the calix
units. Our investigations demonstrate that this assembly process
is applicable to a range of bisphosphonates with a variety of aro-
matic backbones. The [V10O18(L4)4]

10− capsule (5) incorporates
four (1,4-naphthalene)bisphosphonate ligands. The arrangement
of the naphthalene rings is such that the aromatic rings point
towards an adjacent neighbouring ring in an ‘edge-to-face’
arrangement. The distances between the ‘edge’ C-atoms of the
naphthalene moieties and the centre of the aromatic rings of
adjacent phosphonate ligands vary closely between 3.822(15)
and 3.976(14) Å.

The dimensions of the central cavity in 5 are characterised by
a cuboid arrangement of the 8 P atoms (6.4 × 5.5 × 5.5 Å) and
an inter-plane distance of 7.9 Å between parallel aligned aro-
matic rings located opposite to each other. The length of this
supramolecular entity of 15.8 Å is defined by an intramolecular
O–O distance between terminal oxo ligands residing in the

Fig. 2 (a) Ball-and-stick representation of two anionic complexes of 2;
sodium counter-ions sandwiched between these two pentanuclear core
structures. (b) Crystal structure of Na9[2]·6DMF·24H2O when viewed in
the direction of the crystallographic a-axis with polyhedral represen-
tation of the V coordination environments. (c) A wire-frame represen-
tation of the anionic core of 3 highlighting the connectivity between the
complexes and rim-bound sodium counter-ions. (d) A perspective view
of channels in the crystal structure of Na4H[3]·5DMF·7H2O with view
in the direction of the crystallographic a-axis with polyhedral represen-
tation of the V coordination environments. Solvent molecules located in
the channels and hydrogen atoms have been omitted for clarity. Colour
code: V green, As orange, Na yellow, O red, C black.

Fig. 3 (a) Formal rearrangement of the {V5O9} unit into the capping
{V4O4L1} motif observed in 4. (b) and (c) Different perspective views
of the anionic [V12O14(OH)4(L1)10]

4− complex (4). Hydrogen atoms
have been omitted for clarity. Color code: V green, As orange, O red, N
blue, C black.

2920 | Dalton Trans., 2012, 41, 2918–2926 This journal is © The Royal Society of Chemistry 2012
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apical positions. Two symmetry-related water molecules reside
within the cavity of this cluster and these water molecules are
located at the focal points of the mixed-valent capping motifs at
either end of the molecular cage. An almost identical capsular
entity can be synthesised with (1,4-benzene)bisphosphonic acid
to give [V10O18(L5)4]

10− (6). The use of the biphenyl ligand
derivative L6, (1,1′-biphenyl)-4,4′diylbisphosphonic acid, results
in an elongated molecular capsule that is characterised by a
length of 20.1 Å. The enlarged cavity in [V10O18(L6)4]

10− (7)
allows the accommodation of two DMF molecules that point
with their hydrophilic O-atoms towards the central {VVO5} units
of the polar {V5O9} capping motifs. The aromatic hydrocarbon
moieties in the crystal structures of 6 and 7 are disordered over
two positions. Bond valence sum analyses of 5–7 clearly
confirm the mixed-valent nature and the assigned oxidation
states of these species.

ESI-MS analyses (Fig. 5) in negative mode confirm that 5–7
are stable in aqueous solutions. The most intense signals relating
to the anionic clusters are observed for the −2 charged species
with differing numbers of associated sodium counter-ions. Three
relevant isotopic envelopes were observed for 5 and were
modeled. The most intense signal at m/z = 970.6 corresponds to
a −2 charged species with the formula H8[(V5O9)2
(O3PC10H6PO3)4]

2− while the signal at m/z = 981.6 can be
assigned to NaH7[(V5O9)2(O3PC10H6PO3)4]

2− and the signal at
m/z = 992.6 corresponds to Na2[(V5O9)2(O3PC10H6PO3)4]

2−.
Three isotopic envelopes were observed for 6 and were modeled.
The most intense signal observed at m/z = 870.9 relates to a −2
charged species of 6 with eight associated charge balancing
protons, H8[V10O18(O3PC6H4PO3)4]

2−. A second related signal
at m/z = 881.6 can be assigned to the −2 charged cluster of 6

with a sodium counter-ion and seven charge balancing protons,
NaH7[V10O18(O3PC6H4PO3)4]

2−. A third related signal at m/z =
892.6 corresponds to the −2 charged cluster of 6 with
two sodium counter-ions and six associated protons, Na2H6[V10-
O18(O3PC6H4PO3)4]

2−. The anionic cluster species of 7 was
observed in the mass spectrum as a −2 charged species at m/z =
1022.7, 1033.7 and 1044.7. These signals correspond to the
fully protonated anionic species, H8[V10O18(O3PC12H8PO3)4]

2−

and the sodium salts, NaH7[V10O18(O3PC12H8PO3)4]
2− and

Na2H6[V10O18(O3PC12H8PO3)4]
2−. Signals were also observed

for −3 and −4 charged species. Furthermore, NMR spectroscopy
and UV-vis studies of 5–7 are in agreement with the stability of
the molecular structures in aqueous solution (see ESI†).

Fig. 4 (a) Ball-and-stick representation of the [V10O18(L4)4]
10−

capsule (5). (b)–(d) Black wire frame representations of the capsular
entities of [V10O18(L4–6)4]

10− (5, 6 and 7) including their respective
encapsulated solvent molecules (space filling representations). Colour
code: V green, P purple, O red, N blue, C black, hydrogen white.

Fig. 5 Negative-mode ESI-MS spectra identifying −2 charged species
of the capsular entities of 5, 6 and 7 in an aqueous solution. (a) Signal (1)
centred at m/z = 970.6 corresponds to H8[(V5O9)2(O3PC10H6PO3)4]

2−;
signal (2) centred at m/z = 981.6 relates to NaH7[(V5O9)2(O3PC10H6-
PO3)4]

2− and signal (3) centred at m/z = 992.6 corresponds to Na2-
[(V5O9)2(O3PC10H6PO3)4]

2−. (b) Signal (1) centred at m/z = 870.6 can
be assigned to H8[V10O18(O3PC6H4PO3)4]

2−; signal (2) centred at m/z =
881.6 corresponds to NaH7[V10O18(O3PC6H4PO3)4]

2− and signal (3)
centred at m/z = 892.6 corresponds to Na2H6[V10O18(O3PC6H4PO3)4]

2−.
(c) Signal (1) centred at m/z = 1022.7 corresponds to H8[V10O18-
(O3PC12H8PO3)4]

2−; signal (2) centred at m/z = 1033.7 was assigned to
NaH7[V10O18(O3PC12H8PO3)4]

2−, signal (3) centred at m/z = 1044.7
corresponds to Na2H6[V10O18(O3PC12H8PO3)4]

2−. Cone voltage: 30 V.
For modeled isotopic envelopes see ESI†.

This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 2918–2926 | 2921
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Vanadium-based ligands have reported activities as anti-
tumour, anti-viral and anti-bacterial agents.2b,d,14 We therefore
surmised that Na8H2[6]·36H2O and Na8H2[7]·2DMF·29H2O
may have the potential to act as novel anticancer agents. Based
on our previous experience, we evaluated the anti-tumour poten-
tial of these compounds using the Alamar blue assay for antipro-
liferative activity in three cancer cell lines that have known
resistance to classical chemotherapeutics, namely, the chronic
myelogenous leukaemia cancer cell line, K562, the lung carci-
noma cancer cell line, A549 and the Burkitt’s lymphoma cell
line MUTU-I.15 Both vanadates were found to have antiprolifera-
tive activity against the MUTU-I and the A549 cell lines with
approximate EC50 values of 50 μM whilst having no effect in
the K562 cell line (Fig. S13, ESI†). Such effects could not be
attributed to any instability of the capsular entities of these com-
pounds as the starting materials sodium orthovanadate, p-arsani-
lic acid, 1,4-benzenebisphosphonic acid and [1,1′-biphenyl]-
4,4′-diylbisphosphonic acid and sodium vanadyl were found to
have negligible antiproliferative effects at comparative micromo-
lar concentrations (see ESI†). However, a comparison of the
potency of these agents to other effective anticancer agents
would place them significantly behind (50–100 μM for

Na8H2[6]·36H2O and Na8H2[7]·2DMF·29H2O compared to
10–40 nM range of known chemotherapeutic agents). That said,
as this data is preliminary, with little information regarding a sus-
pected target based mechanism of action, extensive further inves-
tigations are required. Nevertheless, this data strongly suggests
that 6 and 7 may have the ability to enter cancer cells and exert a
biological effect. Whether this effect is specific only to certain
cancers or cells of malignant origin remains to be investigated.
Cellular uptake of these compounds may also support the use of
non-toxic derivatives or analogues of 6 and 7 as novel drug
delivery tools.

2.5 Magnetism of representative compounds

The magnetic properties of representative clusters 1, 4, 6 and 7,
containing the mixed-valent {VVO(μ3-O)4V

IV
4O12} or {As(μ3-

O)4V
IV

4O12} units were investigated (Fig. 6).
These investigations reveal that the phosphonate stabilised

compounds show significantly different magnetic properties than
the structurally related arsonate stabilised compounds. 1, 4, 6
and 7 can be considered to contain squares of S = ½ VIV spin

Fig. 6 (a) A representative core of {V5O9} found within 1–3 and 5–7. (b) Schematic topology of the magnetic interactions J and J′ between the VIV

centres. (c) Temperature dependence of the χT product of 1 (black), 4 (red), 6 (blue) and 7 (green) at 1000 Oe (with χ being the molar magnetic sus-
ceptibility equal to M/H per {V5O9} motif for 1, 6 and 7 and per {AsV4O8}{V2O2} motif for 4); Solid lines are the best fit of the experimental data to
the Heisenberg model described in the text. (d) Field dependence of the magnetization for 6 (top) and 7 (bottom); Solid lines are the best fit of the
experimental data to the S = 2 Brillouin function.

2922 | Dalton Trans., 2012, 41, 2918–2926 This journal is © The Royal Society of Chemistry 2012
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centres with a central diamagnetic VV or As ion (Fig. 6b). In 1,
the square {V5O9} unit is stabilised by arsonate ligands L1
whilst in 6 and 7, related {V5O9} squares are assembled into
pairs via the bridging aromatic bisphosphonate ligands. In 4, the
{AsV4O8} squares are also paired, but in this case through two
paramagnetic {VIV

2O2} dinuclear units. The interactions
between the two squares in 6 and 7 or between the squares and
dinuclear moieties in 4 are likely to be weak and the main mag-
netic interactions should prevail within the tetranuclear and
dinuclear units.

At room temperature, the χT products reveal values of 1.33,
2.20, 1.58 and 1.57 cm3 K mol−1 for 1, 4, 6 and 7, respectively
(Fig. 6c). The measured values are in good agreement with the
expected values (1.50 or 2.25 cm3 K mol−1) for four or six VIV

metal ions (S = ½, g = 2.0: C = 0.375 cm3 K mol−1). The arso-
nate-stabilised cluster 1 shows a significantly different magnetic
behaviour than 6 and 7. Decreasing the temperature, the χT
product of 1 steadily decreases to vanish almost completely
below 8 K to give a residual value of 0.02 cm3 K mol−1 at
1.8 K. This behaviour highlights the presence of antiferromag-
netic interactions between the VIV centres resulting in a singlet
ground state (ST = 0). The magnetic interactions between the V
ions were modeled using a tetranuclear S = ½ Heisenberg model
(with H = −2J(S1S2 + S2S3 + S3S4 + S1S4) assuming an equal
magnetic exchange, J, between the four S = ½ metal ions.
However, to obtain a satisfactory fit of the temperature depen-
dence of the χT product, an additional second coupling constant,
J′, allowing coupling between the four VIV S = ½ centres
through the central VV diamagnetic centre, had to be introduced
(Fig. 6b, with H = −2J(S1S2 + S2S3 + S3S4 + S1S4) −2J′(S1S3 +
S2S4)). It was found that the two proposed exchange pathways
are of similar magnitude and the best fit between the theoretical
and experimental data was obtained with J/kB = J′/kB = −27.8(5)
K and g = 1.99(2).

Decreasing the temperature, the χT products of 6 and 7 stea-
dily increase to maxima at 5.0 and 6.1 K of 2.8 and 2.4 cm3 K
mol−1, respectively, demonstrating the presence of dominating
ferromagnetic interactions within the {VIV

4V
V} cores and thus

stabilising an ST = 2 spin ground state for the pentanuclear unit.
At lower temperature, the χT products decrease slightly to 2.7
and 2.3 cm3 K mol−1 at 1.8 K for 6 and 7 indicating the presence
of very weak inter-complex antiferromagnetic interactions. The
model applied to 1 was again used to fit the data of 6 and 7 but
in order to reproduce the data below 6 K, weak inter-complex
interactions, JAF, have been introduced in the model in the frame
of the mean-field approximation.16 The best set of parameters
obtained are J/kB = +32.4(2) K, J′/kB = −12.4(1) K and zJAF/kB
= −0.04(1) K for 6 and are J/kB = +37(4) K, J′/kB = −19(3) K
and zJAF/kB = −0.01(1) K for 7 (g = 1.98(2) for both systems).
The sign of the exchange parameter J implies the ST = 2 ground
state of the {V5O9} units even if the J′ values remain antiferro-
magnetic by nature. This ST = 2 ground state is further
confirmed by the M vs. H data that are very well fitted to an S =
2 Brillouin function (Fig. 6d).

Decreasing the temperature, the χT product of 4 steadily
decreases to reach a plateau below 6 K of ca. 1.0 cm3 K mol−1

thus suggesting that this complex or at least a part of this
complex has a triplet ground state (ST = 1). This observation
suggests dominant antiferromagnetic interactions as observed in

the corresponding arsonate-stabilised complex 1 but with a
residual paramagnetic contribution likely coming from ferromag-
netically coupled {VIV

2} units as the {V4O8} parts should
display a singlet (like for 1) or quintet (like for 6 and 7) ground
state due to antiferromagnetic or ferromagnetic intra-complex
interactions respectively. In order to probe this assumption, the
magnetic data were fitted to a Heisenberg model that considers
the {VIV

4} core as in the previous complexes and the {VIV
2}

dinuclear unit as an isolated S = ½ dinuclear moiety: H =
−2Jd{S5S6}. The theoretical susceptibility is thus the sum of the
susceptibilities for the tetranuclear and dinuclear units. The best
set of parameters obtained using this model are J/kB = −11.9(2)
K; J′/kB ≈ 0.0(5) K; Jd/kB = +48(10) K and g = 1.98(2) (red
solid line, Fig. 6c). The sign of the magnetic interaction, J,
implies that the {VIV

4} unit in 4 possesses an ST = 0 spin ground
state like in 1. Our model also indicates that the J′ interactions
are close to zero suggesting that the replacement of VV by arso-
nate ligands suppresses this exchange pathway. The ST = 1 spin
ground state per dinuclear unit in 4 is also supported by the
good fit of the M vs. H/T data obtained using an S = 1 Brillouin
function (Fig. S14, ESI†; with g = 1.96(2)).

These results correlate with significant geometrical changes of
the {O/OPO} or {O/OAsO} bridges that mediate the magnetic
exchange between paramagnetic VIV spin carriers. These distor-
tions are clearly associated with a substitution of arsonate
ligands by phosphonate ligands. The V–O–V angle is an appro-
priate parameter that characterises the bonding geometry of the
{V5O9} unit and the degree of overlap of the magnetic orbitals
that influence the magnetic interactions. The V–O–V angles in
the arsonate stabilised complex 1 vary between 144.3 and 150.1°
whilst the corresponding angles in the phosphonate systems 6
and 7 are 138.3 and 135.1°. These angles and associated J
values are in good agreement with those reported by Karet
et al.6b who investigated a related vanadate system. These and
our results indicate a quasi-linear relationship between the V–O–
V α angle and the magnitude of the exchange parameter J: J/kB
= 600.1–4.21α (Fig. 7). The magnetic properties of 4 further
support this experimental observation. As predicted by the above
relation, the V–O–V angles of 143.0–145.3° in 4 promote anti-
ferromagnetic interactions between the spin centres; this is in
agreement with the estimation obtained from the fitting of the χT
vs. T data (J/kB = −11.9(2) K).

Fig. 7 J/kB vs. average VIV–O–VIV angle in the {V4O8} unit in 1, 4, 6,
7 and in compounds reported by Karet et al.6b

This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 2918–2926 | 2923
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Fig. 8 Assembly of functionalised polyoxovanadate clusters in the presence of organophosphonate and organoarsonate ligands (X = NH2, OH or
COO−).

Table 1 Crystal data and structure refinement

Na9[2]·6DMF·24H2O Na4H[3]·6H2O Na10[5]·51.5H2O

Formula C46H106As4N6Na9O59V5 C48H66As8Na8O62V10 C40H127Na10O93.5P8V10
Mr 2448.65 2927.69 3091.48
Crystal system Monoclinic Orthorhombic Triclinic
a/Å 18.026(4) 14.512(7) 14.9555(15)
b/Å 23.202(5) 22.664(12) 15.1182(15)
c/Å 26.312(9) 13.699(8) 17.0608(17)
α/° 90.00 90.00 109.381(2)
β/° 121.29(2) 90.00 106.595(2)
γ/° 90.00 90.00 107.314(2)
V/Å3 9404(4) 4506(4) 3141.3(5)
T/K 150(2) 150(2) 150(2)
Space group P21/c Pnn2 P1̄
Z 4 1 1
GOF 1.006 1.063 1.016
Flack parameter — 0.44(3) —
Total data 16358 7704 11020
Unique data 13866 6549 8149
Rint 0.0505 0.0548 0.0611
R1

a (I > 2σ(I)) 0.0929 0.1024 0.1101
wR2

a (all data) 0.3785 0.2863 0.3064

a R1 = ∑∥Fo| − |Fc∥/∑|Fo |; wR2 = {∑[w(Fo
2 − Fc

2)2]/∑[w(Fo
2)2]}1/2, w = 1/[σ2(Fo

2) + (aP)2 + bP], where P = [max(Fo
2, 0) + 2Fc

2]/3 for all data.
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3 Summary

In summary, a {V5O9} building unit can be exploited for self-
assembly processes depending on the nature of the stabilising
ligands (Fig. 8). The {V5O9} unit allows the incorporation of
aromatic organoarsonate ligands with a variety of different sec-
ondary functional groups. The complexes 1–3 are stable in sol-
ution and the ligand functionalities influence the 3-D packing
arrangements of the complexes within their crystal structures.
Modified {L1V4O4} building units can be assembled through
purely inorganic {O4V

IV(OH)2V
IVO4} moieties to give 4. Intra-

molecular connectivity of two {V5O9} building units through
bisphosphonate ligands results in stable hybrid capsules 5, 6 and
7 whose dimensions and inner cavities can be tailored by the
nature and extent of the aromatic ligand used. ESI-MS and other
supplemental analyses confirm that these supramolecular assem-
blies are stable in aqueous systems. Cell-viability studies using
MUTU-I and the A549 cell lines with respect to
Na8H2[6]·36H2O and Na8H2[7]·2DMF·29H2O give EC50 values
of ca. 50 μM suggesting that these compounds are moderately
chemo-toxic. Investigations of the magnetic properties revealed
antiferromagnetic interactions between the VIV spin-centres
within the arsonate stabilised complexes 1 and 4. In contrast, at
low-temperature, the magnetic properties of the {V5O9} units in
6 and 7 are characterised by predominantly ferromagnetic inter-
actions leading to an ST = 2 spin ground state per subunit.

4 Experimental

All reagents were purchased from Sigma Aldrich and ABCR and
used without further purification. The ligands L2, L4, L5 and L6
were prepared according to a literature method.17,18

Single-crystal analyses were performed at 150 K with a
Bruker SMART APEX CCD diffractometer or a Rigaku Saturn
724 CCD diffractometer using graphite-monochromated Mo-Kα
radiation (λ = 0.71073 Å). Full spheres of data was obtained
using the ω scan method. Data were collected, processed, and
corrected for Lorentz and polarization effects using Crystalclear,
SMART, SAINT-NT and software.19 The structures were solved
using direct methods and refined with the SHELXTL program
package.20 Elemental and thermogravimetric analyses were used
to derive the number of unresolved solvent molecules in the
compounds. The structure of Na4H[3]·5DMF·7H2O contains
highly disordered solvent molecules and we applied the pro-
gramme SQUEEZE.21 The given formula was assigned based on
the CHN analysis and crystallographic data. The examined
crystal of Na4H[3]·5DMF·7H2O was a racemic twin, as
suggested by the Flack parameter of 0.44(3). The crystallo-
graphic data for Na9[2]·6DMF·24H2O, Na4H[3]·5DMF·7H2O
and Na10[5]·51.5H2O are given in Table 1. The structures and
syntheses of Na5[1]·20.5H2O·3DMF, Na4[4]·1.5DMF·12.25H2O,
Na8H2[6]·36H2O and Na8H2[7]·2DMF·29H2O were previously
reported by us.12a

Synthesis of Na9[2]·6DMF·24H2O

A mixture of NaVO3 (0.190 g, 1.53 mmol), NaN3 (0.250 g,
3.85 mmol), (4-carboxyphenyl)arsonic acid (0.492 g,

2.0 mmol), H2O (20 mL) and DMF (10 mL) was vigorously
stirred at 70 °C until a clear solution formed. N2H4·H2O
(0.045 mL, 0.927 mmol) was added and 32% aq. HCl was used
to re-adjust the pH of the dark green solution to neutral pH. The
solution was filtered hot, allowed to cool to room temperature
and filtered again after one day. Dark green crystals were formed
after two weeks. Yield: 12%, based on NaVO3. FTIR (cm−1)
ν̃max: 3476(br), 2939(w), 1652(vs), 1583(m), 1491(m), 1476(w),
1389(s), 1281(m), 1268(m), 1176(w), 1095(vs), 998(s), 996(sh),
833(s), 792(s), 662(m), 635(m), 617(s). UV-vis (in DMSO):
λ/nm = 604, 714. CHN analysis on dried sample: calc. for C46-

H88N6O50Na9V5As4 (corresponding to the crystallographically
determined formula and a loss of 9H2O): C 24.16, H 3.88, N
3.68; found: C 24.20, H 4.26, N 3.91%.

Synthesis of Na4H[3]·5DMF·7H2O

A very similar synthesis to Na9[2]·6DMF·24H2O was used,
however, (4-hydroxyl)arsonic acid (0.436 g, 2 mmol) was used
in place of (4-carboxyphenyl)arsonic acid. Yield: 19%, based on
NaVO3. FTIR (cm−1) ν̃max: 3443(br), 2940(w), 1649(vs), 1584
(s), 1491(s), 1473(m), 1389(s), 1278(s), 1176(w), 1096(s), 1002
(sh), 987(s), 832(sh), 792(vs). UV-vis (in DMSO): λ/nm = 605,
704. MS (m/z, ES in DMSO): found: 1266.5 (M− − 5 Na+ +
4H+: C24H24O25V5As4; calc.: 1266.5). CHN analysis: calc. for
C39H70N5O37Na4V5As4 (corresponding to the crystallographi-
cally determined formula and an additional five DMF molecules
and one water molecule): C 25.34, H 3.82, N 3.79%; found: C
25.04, H 3.45, N 4.20%.

Synthesis of Na10[5]·51.5H2O

(1,4-Naphthalene)bisphosphonic acid (0.247 g, 0.86 mmol),
Na3VO4 (0.28 g, 1.50 mmol), NaN3 (0.25 g, 3.80 mmol), H2O
(15 mL), DMF (15 mL) and triethylamine (0.25 mL,
1.79 mmol) were heated at 70 °C for 15 min. 32% aq. HCl was
used to adjust the pH of the yellow solution to ca. pH 6.5.
N2H4·H2O (0.045 mL, 0.927 mmol) was added and aqueous
conc. HCl (32%) was subsequently added again to re-adjust the
pH of the light green reaction mixture to pH 7.50. The solution
was stirred for 1 h. Dark green cube shaped crystals were
observed after several days. Yield 30%, based on Na3VO4. FTIR
(cm−1) ν̃max: 3397(br), 3241(sh), 1645(s), 1510(m), 1453(w),
1384(w), 1209(w), 1119(sh), 1033(sh), 962(s), 889(sh), 765(m).
CHN analysis: calc. for C40H78Na10O69P8V10 (corresponding to
the crystallographically determined formula and a loss of
24.5H2O): C 18.31, H 3.15%; found: C 18.03, H 2.87%. UV-vis
(in DMSO): λ/nm = 618, 758. MS (m/z, ES in DMSO): found:
970.6 (M2− − 8Na+ + 6H+: C40H32O42P8V10; calc.: 970.6);
981.6 (M2− − 7Na+ + 5H+: C40H31O42NaP8V10 calc.: 981.6);
992.6 (M2− − 6Na+ + 4H+: C40H30O42Na2P8V10; calc.: 992.6).
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