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Polyoxometalates (POMs) are anionic oxide clusters of early
transition metals Mo, W, V, Nb, Ta, etc. with unmatched structural
versatility1 combined with applications in diverse areas such as
biology2 and catalysis.3 The mechanism of formation of POMs is
not understood, although it is generally accepted that this involves
the condensation of {MOx}units under aqueous acidic conditions.
As such, nanoscale POM clusters are often synthesized starting from
corresponding metal salts in a “one-pot” synthesis. Indeed, many
giant POM clusters having complex structural features are synthe-
sized by this deceptively simple, yet efficient synthetic approach.4

The building block strategy, which utilizes the preformed lacunary
clusters to build giant POM assemblies, is also well established,5

but the reverse of these methods, i.e., the controlled decomposition
of a preformed large cluster into new smaller cluster types, has not
been explored systematically.6 We are interested in developing this
approach since this could serve as a powerful new route to assemble
complex nanostructures that use a combination of self-assembly
(“bottom-up”) and partial disassembly (“top-down”) to arrive at
new nanoscale functional architectures as well as help identify the
real building blocks present in solution during assembly.

Herein we report the synthesis and structural characterization of a
large 2.65 nm phosphotungstate, K24[P4W52O178] ·47H2O (1), and the
pH-controlled decomposition of this parent POM into smaller phos-
photungstates, K20[P4W44O152] ·48H2O (2), K14[P2W19O69(OH2)] ·
24H2O (3), and K19[P3W39O134] ·30H2O (4) (with the cluster anions
found in compounds 1-4 abbreviated hereafter as {P4W52} (1a),
{P4W44} (2a), {P2W19} (3a), and {P3W39} (4a), respectively).
{P4W52} was initially discovered as a side product during the
synthesis of K7[H4P1W18O62] ·18H2O7 but was optimized if Na3PO4

was used instead of H3PO4 as the phosphate source. Therefore, we
found that reaction of Na2WO4 ·2H2O and Na3PO4 in 15:1 molar
ratio under aqueous acidic reflux conditions (pH 1.8), followed by
the addition of excess KCl, leads to the formation of a {P4W52}
cluster, which was obtained as light yellow needle-shaped crystals
in 40% yield from mother liquor. Structural analysis using single-
crystal X-ray crystallography revealed that the cluster present in 1
has a tetrameric structure made up of four corner-sharing
[PW13O46]9- (abbreviated hereafter as {PW13}) subunits, as shown
in Figure 1. These {PW13} subunits can be thought of as derived
by the coordination of two corner-sharing WO6 units to the four
vacant oxygen coordination sites of monolacunary R-{PW11}
clusters (the boron analogue of this rare Keggin derivative has been
reported as a building block in the borotungstate cluster8

[H6B3W39O132]15-). The corner-sharing self-assembly of four
{PW13} subunits in 1 leads to the formation of a unique ladder-
shaped {W8O38} core at the center of the molecule, highlighted in
blue polyhedra in its crystal structure (see Figure 1). Upon close
inspection, one can find two distinct linking modes between the
four {PW13} subunits in 1. The central cluster core is assembled
by a face-to-face arrangement of two {PW13} units through corner-
sharing of WO6 octahedra. Two peripheral {PW13} units are

connecting to the central core in a side-on fashion, again through
corner-sharing of WO6 units. In 1a, the former two {PW13} subunits
can be termed “central” and the latter two as “peripheral” (see
Supporting Information). In the molecular structure of 1, the
“central” and “peripheral” {PW13} subunits are projecting toward
opposite directions about the plane of the ladder-shaped {W8O38}
core, giving rise to a “distorted nest”-shaped geometry. The result
of this cross-shaped arrangement of the four {PW13} subunits is a
cluster with C2 symmetry and dimensions of approximately 2.18
× 2.65 nm; to the best of our knowledge, the cluster found in 1
represents the largest phosphotungstate reported so far in the
literature,9 as well as the largest POM cluster assembly derived
exclusively from monolacunary-based building blocks.

The structural asymmetry of 1a, based on the mode of con-
nectivity of {PW13} subunits, prompted us to explore the possibility
of breaking the “loosely bound” peripheral {PW13} subunits away
from the parent cluster, resulting in new smaller clusters. To test
this possibility, a series of “recrystallization” experiments in the
range of pH 1-7 was conducted in the presence of excess KCl.
Immediate precipitation was observed at extreme pH values 1 and
7. All other solutions were clear and gave crystals after standing
for 2 days. The crystals formed were collected after 5 days and
structurally analyzed. It was found that the solution kept at pH 2
yielded crystals of the parent phosphotungstate {P4W52} (1a) in
∼80% yield, whereas the solutions kept at pH 3, 4, and 5 gave
crystals of a structurally related smaller phosphotungstate {P4W44}
(2a) as the product in decreasing yields (∼30% at pH 3 and ∼13%
at pH 5). Interestingly, the parent cluster 1a undergoes drastic
structural changes at pH 6 and gave a much smaller cluster {P2W19}
(3a) (∼80% yield) under these experimental conditions. This

Figure 1. Molecular structures of {P4W52} cluster anion and its pH-
controlled decomposition products.
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experiment clearly proves that the parent phosphotungstate {P4W52}
can be subjected to controlled decomposition as a function of pH,
resulting in new smaller cluster types.

Single-crystal X-ray analysis of cluster 2a revealed that it is made
up of two {PW13} subunits as well as two trilacunary A-R-{PW9}
units linked alternatingly to give a crown-shaped structure as shown
in Figure 1.10 The most important structural feature of this new
cluster, compared to the parent cluster, is the replacement of two
{PW13} subunits with two A-R-{PW9} units. The central {W8O38}
core of 1a is missing in 2a, and the presence of the A-R-{PW9}
unit helps it to adopt a more open crown-shaped structure, different
from the closed structure of 1a. The isolation of this new
phosphotungstate 2 between pH 3 and 5 indicates that the {PW13}
subunits are gradually fragmenting away from the parent phospho-
tungstate 1 at pH > 2. Also, some of the fragmented {PW13} units
undergo further decomposition at pH > 2 to give A-R-{PW9} units.
But above pH 5, most of the {PW13} subunits are converted into
A-R-{PW9} and hence give rise to the phosphotungstate
K14[P2W19O69(OH2)] ·24H2O (3) isolated at pH 6.11 From the
decreasing yields of {P4W44} obtained in the pH range 3-5, it can
be concluded that the amount of {PW13} subunit is gradually
decreasing in solutions, with a simultaneous increase in the amount
of A-R-{PW9} as the pH is adjusted from 3 to 5. This continues
until pH 6, where {PW13} no longer exists in large concentrations,
as proved by the formation of {P2W19} as the crystalline product
in high yields (see Supporting Information).

The above experiments show that the actual fragmentation
and reorganization of phosphotungstate 1, leading to the {P4W52}
f {P4W44} transformation, take place mainly between pH 2 and
3. Hence, we decided to analyze the pH range 2-3 more closely
and did some “recrystallization” experiments as described above
in the pH range 2-3 (i.e., at pH values 2.2, 2.4, 2.6, and 2.8).
We were able to isolate two new crystalline forms, very thin
needle-shaped crystals and flat thin square crystals, from
solutions kept at pH > 2.4 (yield ∼30%). Both of these crystals,
on structural analysis, revealed a hitherto unknown phospho-
tungstate type, K19[P3W39O134] · 30H2O (4). The structure of 4a
is made up of three {PW13} units, connected through corner-
sharing, giving a final structure that appears as if one peripheral
{PW13} subunit of the parent phosphotungstate 1a is cleaved
off (see Figure 1). The rest of the structural features of 4a are
quite similar to those of 1, and it can be seen that the structure
of 4a is not symmetrical, as the three {PW13} subunits are not
disposed symmetrically around the central core as observed in
the analogous boron cluster8 [H6B3W39O132]15-. Also, it is
intriguing to note that this structurally asymmetric cluster
crystallizes in two crystal morphologies as needles and flat thin
square crystals. We can assume that this new cluster, 4a, is a
stable intermediate in the {P4W52} f {P4W44} transformation
process in the pH range 2-3.

Preliminary dynamic light scattering (DLS) measurements were
used to see if transformation of {P4W52} into smaller clusters could
be seen in solution by monitoring the particle size of 1a in solutions
as a function of pH. It was found that the hydrodynamic diameter
of the particles showed a gradual decrease in size as the pH of the
solution was increased from 2 to 6 (from 1.7 nm at pH 2 to 0.7 nm
at pH 6; see Figure 2). Although these are preliminary results, it is
intriguing that the DLS data show that cluster 1a, {P4W52},
fragments into smaller clusters with increase in pH, and this is
consistent with our synthetic, structural, and analytical studies. DLS

experiments also pointed to the possibility that higher aggregations
of 1a may form, similar to the super macroions observed by Liu12

(see Supporting Information).
In conclusion, we have reported the synthesis and structure of a

nanoscale phosphotungstate, K24[P4W52O178] ·47H2O (1), which is
the largest phosphotungstate reported so far, and the pH-controlled
decomposition of this phosphotungstate into smaller clusters with
disassembly to K19[P3W39O134] ·30H2O (4). Through this work, we
have shown that the controlled decomposition of large POM clusters
is possible, leading to the formation of new cluster types. Although
one can expect the disintegration of large POM clusters under
unfavorable reaction conditions, a systematic study of such a cluster
decomposition process leading to the isolation and characterization
of end products as well as possible intermediates is quite unprec-
edented. Further work will focus on the “reverse building block”
approach to develop a new synthetic strategy based upon the
assembly disassembly paradigm presented here, as well as expand-
ing our solution studies to more extensive scattering and embarking
upon cryospray mass spectrometry studies to better understand the
disassembly process.
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Figure 2. Volume size distribution of particles of {P4W52} (1a) in solutions
at different pH values using DLS (see Supporting Information).
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