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Polyoxometalates (POMs) are a vast class of polynuclear
molecular oxide anions usually formed by W, Mo, or V.l
These clusters are interesting since their assembly through
polymerized metal-based polyhedra can yield molecules that
span the molecular to nanoparticle size range™ and form
colloidal aggregates. This capacity to span large size ranges,
coupled with their attractive electronic and molecular proper-
ties,l!! gives rise to a variety of applications in diverse fields
such as catalysis, medicine, and materials science.P!

Despite the ever-increasing interest in this class of
materials,' ! accurate determination of the formula, struc-
ture, and building-block principles still represents a great
challenge for understanding and exploiting cluster formation.
To this end the use of electrospray mass spectrometry
(ESIMS) to investigate POM systems, as a complementary
technique to X-ray crystallography and NMR studies, has
increased steadily over the last decade.! Recently, Cronin
and co-workers demonstrated that electrospray (ESI) and
cryospray mass spectrometry (CSIMS) can be used as
versatile tools in various complex systems to investigate the
molecular oxide clusters in solution, allowing elucidation of
the formula and providing insight into the “building-block”
species present in solution.”

Considerable theoretical research concerning POMs has
been carried out during the last decade[® but only a few
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studies have been devoted to analysis of their mechanism of
formation. Kepert, in the early 1960s, suggested that forma-
tion of POMs might involve the addition of WO, tetrahedra.
The first step would imply the addition of a WO, unit, acting
as a bidentate ligand, to a second WO, unit by expanding the
coordination number of the latter metal ion to six.”*
Acidification of alkaline aqueous solutions of simple oxo
anions is one of the most common preparative methods of
POMs.! After protonation, the WY' jon becomes more
electrophilic and can be more effectively attacked by the
nucleophilic O atoms of the [WO,]*~ anion. In the 1970s,
Tytko and Glemser proposed elaborate mechanisms to
explain the formation of POMs based on the Kepert addition
process.[gl There is, however, little experimental evidence to
support these mechanisms.[”! To the best of our knowledge, no
other theoretical studies have attempted to elucidate the
formation mechanisms of POMs. Only studies about the rates
of oxygen exchange between the Lindqvist anion
[H.M;0,,]®*~ (M=Nb, Ta) and aqueous solutions which
show the reversibility of the M—O bond breaking and
formation are available.'”! Herein, we aim to shed light on
the formation mechanisms of POMs with low nuclearities, as
is the case of the W-based Lindqvist anion [W¢O,,]*", under
different pH conditions. To achieve this goal, we performed
ESIMS experiments on [(C,H,),N],W,0, "'/ combined with
computational techniques that include the effect of the
solvent in two different ways, either through a continuum
model in standard DFT methods or as explicit molecules by
means of Car—Parrinello molecular-dynamics (MD) simula-
tions. Since the ESIMS experiments can provide fragmenta-
tion data, the correlation between these data and the
mechanistic details could provide important information if
the species observed in the fragmentation process can be
related to those generated in the formation of the POM
cluster.

To analyze the first step of the growth mechanism, we
performed Car—Parrinello MD simulations. The metadynam-
ics approach was used to accelerate the dynamics and to
compute the free-energy barriers."! Such a computational
strategy has been already applied to the study of the
hydration of hydrogentungstate anions under different pH
conditions.® The hydrogentungstate anion [WO;(OH)]" is
considered as the building block in our construction scheme
as it is an abundant species under the conditions in which
POMs are synthesized.”! We present a qualitative description
of the events observed during an 11 ps metadynamics run of
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the system formed by 2 [WO;(OH)|™ monomers and 27 H,0
molecules."

Firstly, we observe H* transfer from one [WO;(OH)]~
monomer to the other, indicating that H" transfer processes
between monomers, when they are close enough, are highly
probable. At about 0.6 ps, dimerization takes place to yield a
structure in which one W atom is four-coordinated and the
other W is five-coordinated (a 5¢—4¢ structure, see Figure 1).
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Figure 1. Free-energy profile corresponding to the formation of
dinuclear [W,0¢(OH),]*~ species.

Afterwards, we observed the formation of a 5¢-5c¢ structure
that remains for around 3.5 ps. Finally, we observed recross-
ings to the Sc—4c structure and to the two monomers. The
free-energy surface (FES) explored by the metadynamics run
can be evaluated directly through the added time-dependent
potential. Such a method has been proved to be a reasonable
approximation to the free-energy barrier, AF*.") The free-
energy profile is depicted in Figure 1.

The process with the lowest barrier is the formation of the
5c—4c structure from the two [WO;(OH)]™ monomers (7 &
3 kcalmol ™). From the 5¢—4¢ minimum well, the system can
escape to the Se-5c¢ well or come back to form the monomers;
both processes show similar probability (within the uncer-
tainty). All these barriers can be easily overcome at the
temperatures at which POMs are formed (ambient temper-
ature or even higher). The 5c—4¢ structure is around 9 +
3 kcalmol ™! more stable than the system formed by the two
monomers and the water molecules. Structure 5c¢-5c is almost
degenerate with structure 5c—4¢. An interesting point is that
during the metadynamics, we did not observe the 6c—4c¢
structure proposed by Kepert. Thus, this type of dimer, if it
exists, must show a higher barrier than the Sc—4¢ and Sc¢-5S¢
structures. Geometry optimization at the standard DFT/
COSMO level confirms that the Kepert structure is not stable.
Additional metadynamics (MTD) runs using other sets of
collective variables (CV) were also performed, and the main
features of the previous simulation were retrieved (see the
Supporting Information).

Since tungstate anions can also be present in the solution,
a metadynamics run including [WO,(OH)]~, [WO,]*", and
27 H,0 molecules was also performed (see the Supporting
Information). The O atoms of the tungstate anion are more

Angew. Chem. Int. Ed. 2009, 48, 54525456

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

nucleophilic than those of the hydrogentungstate. Therefore,
the barrier to form the [W,0,(OH)]*~ dimer should be
smaller than for [W,04(OH),]*". Indeed, dimerization to a
Sc—4c structure is observed in a standard Car—Parrinello
simulation without accelerating the dynamics, that is, a low
energy barrier must exist. The free-energy barrier estimated
from a metadynamics run is only 4 kcalmol ™!, and the stability
of dimer [W,0,(OH)]>~ with respect to the monomers is
9 kcalmol™!. Once formed, this species will most likely be
protonated, owing to the high density charge present at the O
atoms, thus yielding the same type of dimer as if two
hydrogentungstate anions were dimerized.

The effect of pH value on the formation of dinuclear
species was also analyzed by simulations under low pH
conditions with 2 WO,(OH), monomers surrounded by
27 H,0O molecules. In a standard Car—Parrinello MD simu-
lation, we have observed the formation of a hydrated Sc—4c
structure. Thus, we can infer that the dimerization process is
highly probable at these conditions. In a 16 ps metadynamics
run (see the Supporting Information), we observed intra-
molecular H* transfer to form an aqua ligand, which is
released as a water molecule to the bulk solution to yield the
dimer [W,04(OH)]". The estimated free-energy barrier for
this process is 8 £2 kcalmol™' (compared with 23 +1 kcal
mol~' under medium pH conditions, see the Supporting
Information). The 5¢-5c¢ structure is also formed from the
Sc-4c¢ dimer; the free-energy barrier is somewhat smaller
than that at mildly acidic conditions (1142 kcalmol™). In
this simulation also, the Kepert structure was not observed.
Moreover, we observed that hydration, that is, coordination
of water molecules to the W"! ions, gives extra stability to
dimers. This result is in good agreement with the fact that the
larger the number of protons attached to the dimer, that is, the
electrophilicity of WY! ions, the larger the tendency to be
attacked by nucleophilic water molecules."” Therefore, it can
be concluded that under low pH conditions formation of
dinuclear species is favored. Moreover, clusters with higher
levels of hydration are preferred to water-free structures.

On the basis of the consecutive steps of nucleation and
water condensation, two mechanisms for the formation of the
Lindqvist anion consistent with the ESIMS fragmentation
experiments may be put forward (M1 and M2, Tables 1 and 2,
respectively). The peaks observed in the ESIMS experiments
(Table S2 in the Supporting Information and Figure 2) are

Table 1: Proposed mechanism (M1) for the formation of the Lindqvist
anion [W0,,]>~. The species detected in ESIMS experiments are
highlighted in bold.

1) [WO3(OH)] oy + [WO3(OH)] oy —[W206(OH) " (og) —74
2) [W506(OH) ol iy — W05l 2y + H2Opaq) +3.0
3) [WZO7]27(aq) + [Wos(OH)]7(aq)—’[W301O(OH)]37(aq) -3.7
4) [W3OIO(OH)]37(aq) + H3o+(aq)*)[w3o10]27(aq) + 2H;0q +2.0
5) [W3010]" g + [WO3(OH)] (2= [W4O13 (OH) gy —18.5
6) [W4O13(OH)]37(aq) + H30+(aq)_>[w4o13]27(aq) + 2HZ()(elq) —14.9
7) [WAOU]P(aq) + [Wo3(OH)]i(aq)*}[Wsow(oH)]si(aq) —2.5
8) [WsO16(OH)I a + H30" (1= [WsOsel (2 + 2H,0q +3.8
9) WsOiel gy + [WO3(OH)] ™2 —WeO015(OH) "oy —242
10) [WeOro(OH) (agy + H30" ig—[WeOrol (ap + 2H;0q) —34.7

[a] Reaction energies are in kcal mol™".
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Table 2: Proposed mechanism (M2) for the formation of the Lindqvist
anion [W0,,]>".F! The species detected in ESIMS experiments are
highlighted in bold.

1) [WO5(OH)] (o) + [WO3(OH)] ay—[W206(OH) " (aq) —7.4
2) [W,06(OH) " ay + H30"(2g—=[W:06(OH)] gy + 2H,0pq —14.4
3) [Wo04(OH)] aqy + [WO3(OH)] uy—[W305(OH) " oq) —8.7
4) [W;OQ(OH)Z]Z?M) + H;O+(aq)—>[W309(oH)]7(aq) + ZHZO(aq) +3.0
5) [W305(0H)] ) + [WO;3(OH)]" (2)—[W4012(OH) " (oq) —18.8
6) [W,012(OH)sl" gy + H30 (1 p—=[Ws012(OH)] ugy + 2H;0pq —17.2
7) [W4012(OH)] (oq + [WO3(OH)]’(aq)—>[WSO15(OH)Z]Z’(aq) +11.4
8) [W5015(OH)2]27(aq) + H3O+(aq)—>[W5015(OH)]f(aq) + 2H,04q +2.8
9) [Ws045(OH)] ag) + [WO3(OH)]" oy —[WO15(OH)* (og) -31.9
10) [WGO18(OH)2]27(aq)_>[w6019]27(aq) + Hzo(aq —15.7

[a] Reaction energies are in kcal mol™'.

x 105
10l 3559
471.9
b
% 0.8
c
g
£
0.4
703.8
| 5878
400 600
miz

Figure 2. Mass spectral data from MS run B recorded by collision-
induced dissociation (CID) of the isolated [W¢O.s]*~ peak at m/z 703.8
(see the Supporting Information for more details). The fragment peaks
shown are associated with the species [W;0;0>" (m/z 355.9), [W,Oq3*~
(m/z 471.9), and [W,0,¢* (m/z 587.8).

associated with the species [WO;(OH)]", [W,O,]*,
[W.0,(0H)]",  [W:0,]7,  [W;04(0H)]",  [W,05]",
[W,0,(OH)], [W5016]27» [Waowlzi and [WO;3(OH)]".

For each of the stoichiometries, the lowest-energy structure
was sought (see the Supporting Information). The dinuclear
species with [W,0¢(OH),]*" stoichiometry, which are pre-
dicted to be formed in the first step of aggregation, should
undergo dehydration to [W,0;]*~ (M1, step2) or, after
protonation, to [W,O4(OH)]~ (M2, step 2) to be consistent
with the ESIMS results. Under low pH conditions, dehydra-
tion is predicted to have a free-energy barrier of only
8 kcalmol ™! (see above), which is consistent with experimen-
tal observations.

Potential structures for tri-, tetra-, penta-, and hexanu-
clear species with the same stoichiometries as those observed
in the ESIMS experiments are depicted in Figure 3. The
structures corresponding to stoichiometries derived from
mechanism M2 are almost identical to those shown in
Figure 3 with an extra H atom.

For [W;0,,]*", a symmetric and compact structure with a
tricoordinate O atom (p;-O) is found. Interestingly, this
peculiar structure is the same as that found recently by Miiller
and co-workers for a trinuclear [W;0,,]*" cluster in the cavity
of a Mo/W-storage protein."”! At our computational level, the
formation of these species (M1 and M2) is slightly endother-
mic. For [W,0.;]*", a compact structure with a p;-O atom,
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Figure 3. Polyhedral and ball-and-stick representations of the most-
stable structures found at the BP86/COSMO level for the stoichiom-
etries observed in the ESIMS experiments.

which could also be considered as p,-O because the distance
between the central O atom and the fourth W atom is less
than 3 A, was found to have the lowest energy among the
structures that we examined. This structure already contains
one of the three W,0, rings of the Lindqvist anion. The
formation of tetranuclear clusters is moderately exothermic,
which is in good agreement with the fact that only tetranu-
clear species were observed along with the Lindqvist anion
when the ESIMS experiment (run D) was carried out without
selected-ion collision-induced dissocation (CID) in the MS
collision cell (see Figure 4 and Table S1 in the Supporting
Information for MS parameters). In contrast, the formation of
pentanuclear structures is predicted to be endothermic,
especially through mechanism M2. Indeed, none of the
pentanuclear species proposed in M2 were observed in the
ESIMS experiments.

For the only pentanuclear cluster observed ([WsO]*),
two structures with similar energy were found (structures 1
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Figure 4. Spectral data from MS run D (see the Supporting Informa-
tion for more details) showing the peak associated with the species
[W,O.;H]™ at m/z 944.8. This species was formed without selected-ion
CID fragmentation.
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and 2 in Figure 3). Structure 1 features two p;-O atoms, each
within a planar W; unit as in the tetranuclear cluster. These
planar trinuclear motifs, also present in the Lindqvist anion
and in the tetranuclear form, confer stability to the cluster.
Structure 2, which is only 3 kcalmol™ less stable than
structure 1 and with a ps-O atom, shows a framework that
fairly resembles that of the Lindqvist anion (see Figure 3).
Although structure 1 is slightly more stable than structure 2,
the topology of the latter seems more favorable to lead to the
hexametalate. The most exothermic steps of those proposed
are the formation of the hexanuclear species, especially for
mechanism M1.

In summary, the combined use of ESIMS fragmentation
experiments and complementary DFT approaches provides
deeper insight into the formation mechanisms of POMs with
low nuclearities. The dinuclear structure proposed by Kepert
was not found to be stable. Other structures in which the W
atoms are four- or fivefold coordinated are predicted by DFT
methods to be the most stable. Moreover, Car-Parrinello MD
simulations show that the coordination sphere of W atoms
might be expanded by direct interaction with water mole-
cules. We postulate that once the dinuclear species have been
formed, successive steps of protonation and water condensa-
tion with subsequent aggregation occur (mechanisms M1 and
M2) to justify the clusters detected in the ESIMS experiments.
An energetic cascade profile is predicted for both mecha-
nisms with the last steps being the most exothermic. There-
fore, it is proposed that the Lindqvist anion is formed by
consecutive steps that incorporate one metal unit at a time.
For the most-stable tetra- and pentanuclear intermediate
clusters, planar W; building blocks have been identified which
confer this high stability on these intermediate clusters. The
complementarity between theory and experiment provides
important clues about the formation steps of the Lindqvist
anion. This study represents the first real approach to
understanding the aggregation mechanisms of a molecular
oxide. There is, however, a long way to go. We hope that
analogous studies for other iso-polyoxo anions and especially
for hetero-polyoxo anions [XM,0,]?" will provide new insight
into the rationalization of these processes, which are funda-
mental in the formation of nanostructures based on oxome-
talates.

Experimental Section

For the ESIMS experiments, [(n-C,H,),N],W,O,9 was synthesized
from [(n-C,H,),N],W,,03, by following the method of Klemperer and
co-workers,['!l and its identity was confirmed by single-crystal X-ray
diffraction and elemental analysis. Elemental analysis (%) calcd for
C3,H,N, WOy, (1892.0 gmol™): C 20.31, H 3.84, N 1.48; found: C
20.28, H 3.76, N 1.50. The MS samples were prepared by dissolution of
10 mg [(n-C,Hy),N], WO, in 5 mL MeCN and sonication for 15 min;
20 uL of this solution was made up to 4 mL with MeCN. All MS data
were collected using a Q-trap, time-of-flight MS (MicrOTOF-Q MS)
instrument equipped with an electrospray (ESI) source supplied by
Bruker Daltonics Ltd. The detector was a time-of-flight, micro-
channel plate detector, and all data were processed by using the
Bruker Daltonics Data Analysis 4.0 software; simulated isotope
patterns were investigated with Bruker Isotope Pattern software and
Molecular Weight Calculator 6.45. See the Supporting Information
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for more details on MS parameters and the data collection runs
carried out.

Computational methodology: The static calculations were carried
out by using DFT methodology with the ADF 2004 program.!'”! The
exchange-correlation functionals of Becke and Perdew were used.!'"!
Triple- polarization basis sets were employed to describe the valence
electrons of W, O, and H. All the structures were fully optimized in
the presence of a continuous model solvent by means of the
conductor-like screening model (COSMO)."”) The MD simulations
were performed at DFT level by means of the CPMD program
package.” The description of the electronic structure is based on the
expansion of the valence electronic wave functions into a plane wave
basis set (energy cutoff of 70 Ry). The interaction between the
valence electrons and the ionic cores was treated through the
pseudopotential approximation.’!!’ We adopted the generalized
gradient-corrected Becke-Lee—Yang—Parr (BLYP) exchange-corre-
lation functional.¥! See the Supporting Information for more details
on the computational settings.
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