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Two topologically equivalent triangular POM aggregates based
upon the Keggin (1) and Dawson (2) cluster species, with
distinctive double {W—O-M} intra-molecular linkages involving
Mn™ and Co™ ions are presented; both these compounds
demonstrate electrocatalytic activity.

The quest to develop architectural control in the assembly of
polyoxometalates (POMs), metal-oxygen clusters of early
transition metals,"> has come far during the last decade but
the ability to reliably link smaller units together into ‘designed’
architectures is limited.? Despite this it has long been known
that mono-, di- and tri-vacant (lacunary) species of the Keggin
([XM,040]"") and up to hexa-vacant derivatives of the
Dawson ([XoM;506]" ", where X = Si'V, Ge'V erc. and PV,
S¥ ete., respectively; M = WYEY MoV ere.) clusters can act
as nucleophilic ligands for transition-metal (TM) or rare-earth
cations.>”” Furthermore, several recent developments describe
improvements that are being made in the condensation of
transition metal-substituted polyoxometalate (TMSP)-based
building blocks.® Clusters such as these may serve as
Keggin® ! and Wells-Dawson-based'?'* secondary building
units'® for the synthesis of more complex architectures. In
contribution to this body of work, we have recently demonstrated
that infinite network arrays of three- and four-{W-O-M}-
connected Keggin polyoxoanions are in fact possible.’

The principle restriction in the assembly of composite
supramolecular POM compounds is the fact that it has been
difficult to systematically create a range of well-defined rigid
building blocks that can be reliably used in the assembly of
larger aggregates (e.g. triangles, squares, cubes etc.). This
means the ability to ‘design’ predefined topologies can be
limited.'®!” Therefore, the identification of a library of
building units with well defined topologies is an important
step to gain access to a library of POM building blocks that
could be assembled into more complex architectures. For
instance a library of POM building blocks could be developed
and exploited in similar ways to the metal-ligand systems

that have been used for molecular panelling'®® or open
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frameworks.'®” This is one very promising approach to create
POM architectures using geometrically-defined principles.

Herein we present two new POM cluster architectures that start
to form one such building block library whereby both share an
analogous triangular topology, but are each based upon different
buliding block units: a Keggin-based trimeric cluster aggregate
[Rbe(GeW oMn,05)5]'"~ (1a) and a Wells-Dawson-based
trimeric aggregate [K = (P,W4C0,0¢0)3]>~ (2a). Although these
architectures are constructed from two different archetypal
POMs, they possess closely-related multiple intra-molecular
linkages and structurally-identical topologies relating to the
core which connects the three cluster ‘arms’ in compounds
1 and 2, see Fig. 1.

Although 1 and 2 have identical topologies, these
compounds synthesized via different experimental
methods. Reaction of divacant lacunary decatungsto-
germenate, [y-GeW O3>~ with Mn(OAc),-4H,0 and KMnOy
in aqueous medium at ambient temperature and pH ca. 4.5
afforded the trimeric Keggin Rb;K¢Rb<(GeW)Mn,034)3]
cluster (1). Correspondingly, the reaction of Dawson

were

a) b)

Fig.1 Template core units of 1 and 2. (a) [Rbc (GeW oMnyOsg)5]' 7~
(1a), (b) [Kc(PaW4C0,040)3°'~ (2a). (c) Isolated core unit of
1: maroon sphere: Rb (d) isolated core unit of 2: gray sphere: K. All
cations and solvent water molecules are omitted for clarity. Olive
polyhedra: WOyg; red spheres: oxygen; yellow spheres: Mn; blue
spheres: Ge; purple spheres: Co; pink spheres: P.
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Fig. 2 (a) Side view and (b) top view of the trimeric Mn""-linked
Keggin cluster [(GeW;oMn,O15)3]'*~ (1a). (c) Representation of the
packing arrangement of la viewed along the crystallographic ¢ axis.
Olive polyhedra: WOy; red spheres: oxygen; yellow spheres: Mn; blue
spheres: Ge. All cations and solvent water molecules have been
omitted for clarity.

polyoxoanion [oc-P2W18062]67 with CoCl,-6H,O, in the
presence of tris(hydroxymethyl) aminomethane and subsequent
recrystallization from 1 M NaCl solution, led to the isolation
of the trimeric Dawson Na,;K,[K < (P,W;5C0,04¢0)3] cluster
(2). Both compounds have been characterized by single crystal
X-ray diffraction,§ FAAS, TG analysis, IR spectroscopy and
CV (ESIY).

The molecular structure of 1, represented in Fig. 2, consists
of three Mn'! di-substituted Keggin units linked together
through {Mn-O-W}, connectivities. Alternatively, 1 can also
be considered as an assembly of three fused {Ge;Mn,W;¢Osg}
monomers which encapsulates a Rb™ cation inside the cavity
(ca. 6.72 A). An important feature is that two Mn'™ cations
reside in the two vacant sites of lacunary {GeW,} moieties
and both exhibit a distorted octahedral geometry with five
O atoms derived from the polyoxoanions and one from the
-oxo ligand. It is interesting to note that two Mn'! are
connected with two W centers derived from the adjacent
{Ge;Mn,Wo} subunit via the p,-oxo groups, forming the
{Mn-O-W}, bridges. Thus, three {GeMn,Wy} building
blocks are fused together by six {Mn—O-W} bridges to the
trimeric Keggin-type polyoxoanion 1.

In 1, the Mn—-O-W angles between the adjacent Keggin
units are in the range of 134-136°, with the M—O—Mn linkages,
over which the tungsten and manganese atoms are statistically
disordered, showing an average M—O bond length of ca.
1.91 A. All the tungsten atoms have a disordered octahedral
geometry and the bond valence sum (BVS) analysis'® clearly
indicates that all the tungsten atoms are in the + 6 oxidation
state. Eight of the tungsten centers in each Keggin unit
incorporate one terminal oxo group which is located at an
average bond distance of ca. 1.72 A (W=0,) and is in accord

Fig. 3 (a) Side view and (b) top view of the trimeric Co™"-linked
Dawson cluster [(P2W16C02060)3]24’ (2a). (c¢) Representation of the
packing arrangement of 2a viewed along the crystallographic « axis.
Olive polyhedra: WOg; red spheres: oxygen; purple spheres: Co; pink
spheres: P. All cations and solvent water molecules have been omitted
for clarity.

with the literature,'® while all of the bridging oxo atoms have
an average bond distance of ca. 1.9 A. Interestingly, the
average Mn---W separation of ca. 3.52 A via {Mn-O-W},
bridges is similar to that of the Mn---W separation in the
{W72Mnmlz} framework reported earlier.’ It must be
mentioned that two single W—-O-M bridged triangular
polyanionic  forms, [Zrg(0),(OH)e(y-SiW4036)3]'®~  and
[(SiW{;MnO3)5]'®~, have been reported in the literature.?
Accordingly, these compounds contain a total of three
W-0O-M bonds as opposed to six observed in the compounds
reported here.

Similarly, the molecular structure of 2, represented by
Fig. 3, consists of three Co™™ di-substituted Wells-Dawson
units linked together in an identical fashion to that of
1 through {Co—O-W}, connectivities. In a similar analogy,
2 can thus be considered an assembly of three fused
{P,C0,W,0¢0} monomers templated by a K cation encap-
sulated within the anionic cavity (ca. 7.12 A). 2 can therefore
be described as a cyclic trimer of a di-Co-substituted Dawson-type
polyoxoanion, representing the first triple-Dawson-type
structure in POM chemistry. This divacant species can be
formed via removal of two adjacent {WQOg} octahedra from
the “belt” region of its parent Dawson, {P,W;g}. The
Co—O-W angles between the adjacent Dawson units in 2 are
in the range of 142-150°. W-O-Co linkages over which
tungsten and cobalt atoms are statistically disordered show
an average M-O bond length of ca. 1.91 A. The tungsten
centers in each Dawson unit are in the +6 oxidation state
(BVS analysis'®) and each unit incorporates one terminal oxo
group—located at an average bond distance of ca. 1.74 A
(W=0,), similar to that of 1. Meanwhile bridging oxo atoms
have an average bond distance of ca. 1.9 A.
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Fig. 4 Cyclic voltammograms of (a) 1 and (b) 2 at scan rates (from
inner to outer) of 50, 100, 200, 300 and 400 mV s

The electrochemical behavior of both compounds (Fig. 4) as
well as their electrocatalytic reduction for nitrite have been
studied in aqueous solution. Full electrochemical analysis is
given in the ESIf.

The interest in NO, species has grown considerably ever
since their important role in biology, environment and
industry was unveiled. With this prior knowledge in mind,
we decided to study the interaction of 1 and 2 with nitrite,
hoping for an associated catalytic activity of the polyanion
towards the reduction of nitrite. The direct electro-reduction
of nitrite requires in general a large overpotential.>! Further-
more previous reported work?®® has demonstrated the
quantitative conversion of NO into N,O by a selection of
one- and two-electron reduced POMs. Here, the accumulation
of electrons in the POM framework as observed with
compounds 1 and 2 is likely to produce highly reduced
nitrogen compounds if such a system could act catalytically
against the series of NO, species.??’

Upon addition of NaNO, (Fig. S3 and S4, ESI¥) in the same
medium for both compounds, the cathodic current of the
second and third wave of 1 and 2, respectively, is enhanced
remarkably, while the corresponding anodic current nearly
disappears in the case of compound 2. This observation is
indicative of electrocatalytic behavior against the NO, ™ anion.
It is worth noting at this point that compound 2 revealed a
more intense electrocatalytic effect against nitrite indicating
potentially the ability of storing more electrons which can be
used further on during an electron-confined process.

To conclude, we have synthesized and characterized two
cyclic triangular POM assemblies: [Rb< (GeW oMn,0s5)5]' "~
(1a) and [Kc(P,W,6C0,040)5]”>~ (2a), based on the
archetypical Keggin and Wells—Dawson polyoxoanions. These
topologically equivalent transition-metal-substituted materials
possess interesting electrochemistry and distinctive double
intra-molecular {W-O-M} coordinate covalent bond connec-
tivity between clusters. As a result of the differing pore sizes
and interesting topology, these compounds are candidates for
the design of architectures based upon these building blocks.
In future work we will aim to expand this library of building
blocks to include right angle units as well as triangular units
with the eventual aim of reliably linking these building blocks
to larger 3D architectures.

This work was supported by the EPSRC, BP, WestCHEM,
The Leverhulme Trust, and the University of Glasgow. We
would like to thank Michael Beglan and Jim Mclver for
assistance with FAAS analysis.

Notes and references

§ Crystal data for compound 1: orthorhombic, Cmem, a = 24.3052(2) A,
b = 34.8021(14) A, ¢ = 18.1552(4) A, V = 15357.0(7) A®, Z = 4,
T = 150 K, 48142 reflections measured, 7520 unique (R;,, = 0.0692).
Final R; = 0.0477 and wR, = 0.1137 (all data). Compound 2: triclinic,
Pl, a = 1722942) A, b = 256034(4) A, ¢ = 28.8610(5) A,
o = 79.469(2), B = 87.590(2), y = 83.489(2)°, V = 12433.33(3) A%,
Z =2, T = 150 K, 118924 reflections measured, 38601 unique
(Rine = 0.0912) which were used in all calculations. Final R; = 0.0630
and wWR, = 0.1543 (all data). Structure solution and refinement
performed using WINGX>?
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