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The structural features and the dynamic behaviour of dif-
ferent possible intermediates in the formation of the Lind-
qvist anion, [WgO;¢]%", according to the stoichiometries ob-
served in electrospray fragmentation experiments, were ana-
lyzed by DFT calculations. Two different and complementary
techniques were used to take into account the effect of the
solvent in the computations: (i) continuum solvation models
and (ii) Car-Parrinello simulations with explicit solvent mole-

cules. The interaction of the WY! ions with the nucleophilic
water molecules expands their coordination sphere, reaching
in many cases octahedral coordination. Furthermore, a com-
mon structural motif (“building block”) is observed in the
most stable structures of the intermediates with higher nu-
clearities.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Polyoxometalates (POMs) are an immense class of poly-
nuclear metal-oxygen clusters usually formed by W, Mo or
V and mixtures of these elements in their highest oxidation
states.!"# POMs were first reported in the 19th century,
and since then they have been widely studied. The smallest
clusters are made up of 6 metal atoms, but much higher
nuclearities up to 368 are also found. As a result of their
unique physical and chemical properties, POMs have poten-
tial applications in many fields, for example, medicine, ca-
talysis, materials science, molecular magnetism, chemical
analysis and so on.['3l POMs are usually classified into two
groups: (i) isopolyanions (IPAs), which are oxides of only
one type of M atom, [M,,0,]7", and (ii) heteropolyanions
(HPAs), with the formula [X,M,,0,]7", where X is the so-
called heteroatom. Both HPAs and IPAs have been pre-
pared and isolated from both aqueous and nonaqueous
solutions.! The most common synthetic method involves
acidification of alkaline aqueous solutions of simple oxido
anions and, for HPAs, the necessary heteroatoms. More-
over, control of pH and temperature may be necessary. For-
mally, it is common to represent the formation of IPAs from
mononuclear tungstate anions by Equation (1) from which
a theoretical H*/W ratio on a scale between 0.0 and 2.0 can
be assigned (i.e., p/x). All the characterized IPAs show H*/
W ratios higher than 1.[7]

[a] Departament de Quimica Fisica i Inorganica, Universitat Ro-
vira i Virgili,
C/Marcel 1i Domingo, s/n 43007, Spain
Fax: +34-977-559-569
E-mail: antonio.rodriguezf@urv.cat

josepmaria.poblet@urv.cat

Supporting information for this article is available on the

WWW under http://dx.doi.org/10.1002/ejic.200900714.

Eur. J. Inorg. Chem. 2009, 5125-5133

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

x WO, + p H" — [W,O,(OH).]" + (p — 2)/2 H,O M

Despite the considerable experimental and theoretical
research done during the last decades,®'4 only few works
were devoted to analyzing the formation mechanisms of
POMs. Kepert, in the early 1960s, suggested that formation
of IPAs 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, moiety by ex-
panding the coordination number of the latter metal ion to
six (Scheme 1).['*! Nucleation is considered to be initiated
when the [WO,]> anions are protonated, [WO5;(OH)]", and
oneW-0 bond is thus stretched in each tetrahedron. After
protonation, the W atom becomes more electrophilic and
can be more effectively attacked by the O atoms of the
[WO,J> anion. In the late 1970s, Tytko and Glemser pro-
posed elaborate mechanisms to explain the formation of
IPAs and HPAs on the basis of the addition process pro-
posed by Kepert.['®] Besides, they also incorporated in their
mechanisms the fact that aggregation of monomers to yield
large POMs requires the condensation of H,O molecules at
different reaction steps. There is, however, little experimen-
tal evidence to support these mechanisms and some of them
do not even agree with experiments.[*!

Scheme 1. Addition of two WO, tetrahedra as suggested by Kepert.

During the last years, some authors have focused on the
initial step of aggregation, that is, the dimerization pro-
cess.l'”l Casey and Rustad performed studies about the rates
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of oxygen exchange between the [H M¢O;o]® )~ anions (M
= Nb, Ta) and aqueous solutions showing the reversibility
of M-O bond breaking and formation.l'"¥! Moreover, path-
ways for oligomerization and dissociation of trivalent metal
hydroxide clusters have been proposed.!'”! Recently, mecha-
nisms for the nucleation of the Lindqvist anion [W¢Oo]>
have been put forward by Cronin and Poblet in a collabora-
tive work that combined theoretical predictions and electro-
spray ionization mass spectrometry (ESI-MS) experi-
ments.””! The authors postulated two mechanisms, which
were based on successive steps of aggregation of
[WO3(OH)]" monomers with subsequent protonation and
water condensation, to justify the clusters that are observed
in the ESI-MS fragmentation experiments, that is,
[WO5(OH)]', [W207", [W,04OH)T, [W30,0]*, [W30o-
(OH)I, [W40u51*, [W4012(OH)], [WsOi6]*, [WeOio]*
and [WgO;g(OH)]. We herein analyze in detail different
possible structures for each of these stoichiometries by
using computational techniques that incorporate the effect
of the solvent in two different ways. For dinuclear and tri-
nuclear species, the solvent molecules are considered ex-
plicitly by means of Car—Parrinello molecular dynamics
(MD) simulations. For larger clusters, the solvent is consid-
ered as a continuum model in standard DFT methods. The
paper is organized as follows: first, we focus on the results
obtained from Car—Parrinello simulations for dinuclear and
trinuclear systems, and then second, we present a thorough
analysis of possible structural isomers for larger nucleari-
ties.

Results and Discussion

The different isomeric species that can be formed at suc-
cessive steps of aggregation are analyzed here. We will focus
on their relative stability and, in some cases, on the kinetics
of their formation. We first analyze dinuclear and trinuclear
species in more detail and then we focus on species of
higher nuclearity that could lead to the Lindqvist anion.

Dinuclear Clusters

Reaction energies for dinuclear species with respect to
two monomers, [WO3(OH)]", [Equation (2)] computed at
the BP86/COSMO level are listed in Table 1. The structures
of the most representative geometries are displayed in Fig-
ure 1.

2[WO5(OH)]" — [W>04(OH),J* 2

Table 1. Reaction energies (RE) for dinuclear species with respect
to two monomers computed at the BP§6/COSMO level.

Stoichiometry Isomer RE (kcalmol ')
[W,04(OH),J? 1 74
2 +0.3
3 +10.6
[W,0,]> 1 4.4
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Figure 1. Optimized structures for the most representative dinu-
clear species.

The lowest-energy minimum, [W,0¢(OH),]* /1, found at
—7.4 kcalmol™! with respect to the monomers, corresponds
to a structure in which one W atom is four-coordinate and
the other W atom is five-coordinate (a Sc—4c structure).
This structure shows an intramolecular hydrogen bond
(Figure 1a). The second most stable dimer (i.e., 2) is the
structure in which the two W atoms are five-coordinate (a
S5c—5c¢ structure) and the H atoms are located at the terminal
O atoms (Figure 1b). Structure [W,04(OH),]> /2 is around
8 kcalmol™' more unstable than structure 1. This geometry
is not stabilized by intramolecular hydrogen bonds as oc-
curs for structure 1. When explicit solvent molecules, H,O
in our case, surround the dimer, the O and H atoms of
the latter are able to form H bonds with water molecules.
Consequently, the strengths of the intramolecular hydrogen
bonds are reduced. The way in which the continuous mod-
els of solvation take into account this point would be a
possible source of error. The quantitative estimation of this
error is not straightforward and is out of the scope of this
work. Structure [W,04(OH),]?> /3 consists of a 5¢c-5¢ frame-
work with H atoms at the bridging positions (Figure 1c). It
is more than 10 kcalmol™! less stable than structure 2. The
only difference between both structures is the position of
the H atoms. Consequently, we can state that for dinuclear
species with [W,O4(OH),]> stoichiometry, terminal O
atoms are more basic than those in the bridging positions
in contrast to the behaviour observed for large POMs in
which the bridging positions are those with highest basic-
ity.2!l Interestingly, the dinuclear species proposed by Kep-
ert for the first step in the aggregation process, i.c., a 6¢c—4c
structure (Scheme 1), is not located as a minimum in the
potential energy surface (PES) when conventional geometry
optimization methods are applied. All the geometry optimi-
zation attempts starting from a 6¢c—4c structure lead to Sc—
Sc structures.

Car—Parrinello MD simulations treating the solvent
molecules explicitly at the DFT level were also per-
formed."*?! The metadynamics approach was used to accel-
erate the dynamics and to compute free-energy barri-
ers.[>>23] The system was formed by 2 [WO5;(OH)]” mono-
mers and 27 H,O molecules.”” Such a computational strat-
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egy has been proved to be valid in the study of the hy-
dration of hydrogentungstate anions under different pH
conditions.*®l To describe the formation of dinuclear spe-
cies in solution three collective variables (CV) were used:
the coordination number (CN) of each W atom with respect
to the eight O atoms that belong to the WO, groups,
Cwi_o and Cy»_o; and a conditioned CN, Cyw_o_g, to ac-
count for the number of H atoms bonded to those O atoms
bonded to W. The first two CNs explore the phase space
related to the formation of dinuclear species and the third
CN accounts for the level of protonation/hydration of these
species. In Figure 2, the evolution of the coordination num-
bers Cw; o and Cws, o along the 11-ps metadynamics
trajectory is depicted. The first observed event is a H*
transfer from one [WO3(OH)]” monomer to the other, indi-
cating that a 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-coordinate and the other W atom is
five-coordinate (a 5c—4c structure, see Figures 1 and 2). Af-
terwards, the formation of a 5c-5c structure that remains
for around 3.5 ps is observed. One interesting structure with
a H,O molecule at the sixth coordination position of one
of the W atoms is also seen. Because such a coordination
process is not accelerated by metadynamics, water coordi-
nation is thought to be a likely process once the dimer is
formed. Finally, recrossing to the 5c—4c structure and to the
two monomers is observed. 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* 2734 The free-energy profile
shows that the lowest barrier corresponds to the formation
of the Sc—4c structure from the two [WO3(OH)]” monomers,
7+ 3 kcalmol1.?% From the 5c—4¢ minimum two processes
are equally probable (within the error): the system can es-
cape to the Sc—5c structure or come back to form the mono-
mers. All these barriers can be easily overcome at tempera-
tures that are necessary to form IPAs (ambient temperature
or even higher). The 5c-4c structure is around
9+ 3 kcalmol ! more stable than the system formed by the
two monomers. The 5c-5c structure is almost degenerate
with the 5c—4c structure. It is worth noting here that the
6¢—4c structure proposed by Kepert is not observed during
the metadynamics. Thus, this type of dimer, if it exists, must
have a higher barrier of formation than the Sc—4c and Sc—
Sc structures.

Additional metadynamics runs with the use of other sets
of collective variables (CV) were also performed, and the
main features of the previous simulation were retrieved.[?’]
During the metadynamics simulations, dinuclear species ap-
pear hydrated for rather long periods of time. To examine
the relative stability of such structures, we took several
snapshots from our simulations that cover a wide range of
coordination situations, and we optimized them in a dy-
namical way. We performed dynamic optimization of the
structure by reducing progressively the temperature of the
system (annealing) up to a very low value (1 K in our case).
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Figure 2. Evolution of the coordination numbers Cy; o and
Cws o along the trajectory of the metadynamics run. Vertical
dotted lines separate the regions where different structures appear.

We have to be aware that these calculations provide us with
the energy of the whole system, that is, the tungstate dimer
and the water molecules in the simulation box. Therefore,
a particularly stable configuration of water molecules may
counterbalance a not so favourable dimer structure. To es-
cape this possible source of error, we only focussed on the
general trends observed in these optimizations. The results
(Table S1, Supporting Information) show that monohy-
drated 5c-5c¢ structures (Figure S1, Supporting Infor-
mation) are in general more stable than nonhydrated 5c—5c¢
and monohydrated Sc—4c¢ dimers.

The effect of the pH in the formation of dinuclear species
was also analyzed by simulations under low pH conditions
with two WO,(OH), monomers surrounded by 27 H,O
molecules.*”) Formation of a hydrated 5c—4c structure is al-
ready observed in a standard Car—Parrinello MD. There-
fore, a low energy barrier for the dimerization process can
be inferred. Formation of dinuclear species under low pH
conditions is found to be favoured from metadynamics sim-
ulations. Moreover, dehydration of the Sc—4c structure is
much more feasible than under medium pH conditions.[?!
The 6¢c-4c structure proposed by Kepert is not observed
under these conditions. Similarly to the case of medium pH
conditions, annealings for some representative dinuclear
species have been performed. The results (Table S2, Sup-
porting Information) show that hydration gives extra sta-
bility to dimers and that the lowest-energy species show
hexacoordinate WY ions (Figure 3). The larger the number
of protons bonded to the dinuclear structure, that is, the
electrophilic character of WV! ions, the larger the stabiliza-
tion after coordination of nucleophilic water molecules.

Once the aggregation of two [WO3(OH)]" monomers
takes place, a long way still remains before arriving at the
Lindqvist anion [W¢Oo]*". Two formation mechanisms,
based on consecutive steps of nucleation and water conden-
sation, are proposed that are consistent with the ESI-MS
experiments.’?’! For each of the stoichiometries, [W50,]*,
[W304(OH)I,  [W4015]*,  [W401(OH)I,  [WsOy6)*,
[W4O,0]* and [W4O,5(OH)[, a search for the lowest-energy
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Figure 3. Optimized structure for the most stable dinuclear species
in solution under low pH conditions, Sc+1w—4c+2w (w stands for
coordinated H,0). The two W atoms are hexacoordinate.

structure was performed. The structures with four or more
W atoms were only computed at the BP8§6/COSMO level,
because the explicit inclusion of water molecules to perform
Car—Parrinello simulations is prohibitively expensive from
a computational point of view.

Trinuclear Clusters

Relative energies and geometries for representative trinu-
clear species with stoichiometries according to the proposed
mechanism M1 by Poblet and Cronin, [W50,o(OH)]* and
[W50,0]>, are presented here (see Supporting Information
for a description of the mechanisms).[?”! The structures cor-
responding to stoichiometries derived from mechanism M2
are almost identical to those of M1 with an extra H atom.
This H atom can be attached in many different positions,
and the most stable position corresponding to the most ba-
sic O atom. Because analysis of the basicity of the different
O atoms for all of these intermediate structures is out of
the scope of the present work, this question will not be dis-
cussed here. Both compact structures, [W30;o(OH)]*~ and
[W30,0]*", have a tricoordinated p;-O atom (Figure 4). For
[W30,0(OH)]*", the W;05 central core (three W, two p,-O
and the p3-O ligand) is planar.

[W3040(OH)I*

W30,

Figure 4. Optimized structures for the most representative trinu-
clear species.

The structure of [W30,,(OH)]* shown here is computed
to be more stable (at least by 8 kcalmol ') than other more
open isomers with 1,-O atoms (see Table S3 and Figure S2,
Supporting Information). Interestingly, the structure of
[W30,0]* is identical to that recently found by Miiller and
co-workers for a trinuclear cluster in the cavity of a Mo/W
storage protein.’*! This unit is also present as a constituent
of the well-known [W;,040H,]® species.*¥ It is also re-
5128
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markable that the planar W3 structural motifs must confer
high stability to the structure because they are also found
in clusters with higher nuclearities (vide infra). Thus, these
planar W5 motifs can be considered as structural building
blocks. The formation and the stability of trinuclear clusters
under acidic conditions were also analyzed by Car—Parri-
nello metadynamics, even though these simulations have an
important computational cost. The system consists of one
dimer [W,0,]*", one monomer [WO5;(OH)]", 57 H,O and
two H3O™. In this metadynamics run, we are more inter-
ested in visiting efficiently the phase space than in estimat-
ing the free-energy barriers. Two CVs were chosen: a CN
of the W atoms of the dimer with respect to the O atoms
of the WO, groups, Cwgim o, and a conditioned CN that
counts for the number of W-O-W bonds formed by the W
atom in the monomer with the W atoms in the dimer (see
Computational Methodology). Open trimers are formed
firstly. Furthermore, we observe that closed and not very
tensioned trinuclear clusters are more stable than open
structures (see Table S4, Supporting Information). Two
low-energy structures were found to feature a threefold co-
ordinated O atom (p3-O), but a closed cluster with only
twofold coordinated O atoms (i1,-O) is also very stable (Fig-
ure 5). The structure shown in Figure 5c is analogous to the
lowest-energy structure found by using the COSMO meth-
odology to simulate the solvent (Figure 4, left).

Figure 5. Polyhedral (top) representation for the optimized struc-
tures of some characteristic trinuclear species [W30o(OH),]>" in
solution: (a) p,-O Sc+1w—5c—5c¢ structure; (b) ps3-O 6¢c-6¢-4c+1w
structure; (¢) p3-O Sc+1w-5¢-5c¢ structure. Ball-and-stick represen-
tations without the surrounding water molecules are also displayed
(bottom).

In order to analyze the stability of [W30,,]>~ in water, we

performed a standard Car—Parrinello molecular dynamics
run for the system formed by [W50;0]> and 58 H,O mole-
cules. After approximately 5 ps of equilibration, a molecular
dynamics of 20 ps was done. During the equilibration, a
water molecule was already coordinated to one of the W
ions (W1), occupying its sixth coordination position and
yielding an octahedral environment around it. After this
process of coordination, the structure of the cluster was pre-
served. We will briefly describe here the most interesting
events observed during the 20 ps dynamics. At the begin-
ning, hydrolysis of the water ligand, that is, formation of
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[W30,o(OH)]*" species, was observed. The released proton
was transferred by two solvent molecules to an oxido ligand
of the cluster, that is, an intramolecular proton transfer me-
diated by the solvent molecules occurred. So, at 3 ps the
initial [W30,¢(H,0)]*>" cluster had become [W504(OH),]*",
with one W ion (W1) having four oxido and two hydroxido
ligands and the other two keeping their original five oxido
ligands (see Figure 6).
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Figure 6. Number of oxido, hydroxido and aqua ligands as well as
the total number of ligands for each of the W ions during the mo-
lecular dynamics simulation of [W530,0]*> and 58 H,O molecules
(W1, top; W2, middle; W3, bottom). The coordination numbers of
W1 and W3 are six and five, respectively, during almost all of the
simulation; W2, however, shows coordination five at the beginning
(up to 7.5 ps) and coordination six afterwards. The species at each
time interval are shown in the bottom plot.

The structure of [W309(OH),]*" is then kept for 4 ps, and
the water molecules interact with the O and H atoms of the
cluster through hydrogen bonds. At around 7.5 ps, coordi-
nation of a water molecule to one of the remaining five-
coordinate W ions (W2) is observed. The cluster
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[W300(OH)»(H,0)]*", now with two six- and one five-coor-
dinate W ions, preserves its original structure. At around
10 ps, the water molecule that is coordinated to one of the
W ions (W2) is hydrolyzed, that is, a proton is released to
the solution to form a hydronium cation and a cluster of the
type [W30o(OH)s]*. At 12.5 ps, the structure of the cluster
undergoes a significant change: the bond between the five-
coordinate W ion (W3) and the p;-O ligand is broken, lead-
ing to a K,-O ligand and a four-coordinate W ion (Figure 6,
bottom). The new W; framework is very similar to the
structure shown in Figure 5a. Only 1 ps later, another water
molecule is attached to the four-coordinate W ion (W3),
forming a cluster with stoichiometry [W3O04(OH);(H,O)]*".
This cluster, with two six- and one five-coordinate W ions
keeps its structure up to the end of the simulation.

Figure 7 displays the W-O radial distribution function
of one of the W ions that constitute the cluster, W1, along
with its integration that yields the coordination number of
W1 during the simulation. The sharp spike below 2 A that
integrates to one O atom can be attributed to the terminal
oxido ligands. The spike with a maximum around 2 A, and
which is extended up to 2.5 A, integrates to five O atoms.
Two of these five O atoms correspond to hydroxido ligands
(with bonds around 2 A) and the other three O atoms are
attributed to bridging oxido ligands, which feature longer
W-0 bond lengths. At distances between 2.5 and 3.5 A, the
WI1-O coordination number shows a plateau associated
with the presence of six O atoms in the coordination sphere
of the W1 ion. A shallow maximum appears at distances
between 4 and 5 A, which is associated to the first solvation
sphere and to the rest of the O atoms that belong to the
cluster; most of them are found at distances between 4 and
5 A. The W-O radial distribution functions for W2 and W3
are displayed in the Supporting Information (Figure S3).

8o b ,
251 Wi //'
20F /

: /
151 !'/
10F /
N Y,
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E IR (i S
00 1 3 4 5 6
r(A)

Figure 7. W-O radial distribution function, gwo(r) (solid line) and
its integration, the coordination number (broken line) of W1 for
20 ps of MD simulation starting from [W;0,,(H>O0)]*.

From the present simulation we can conclude that the
WVT ions in the trinuclear [W50,0]>" cluster coordinate
water molecules to have octahedral coordination spheres.
These water molecules undergo hydrolysis processes to yield
hydroxido ligands through intramolecular proton transfers
or by releasing protons to the solution. So, in the presence
5129
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of hydrogentungstate monomers, the nucleophilic O atoms
of these anions coordinate to WV! ions of the trinuclear
cluster to saturate their coordination spheres, yielding the
tetranuclear species.

From Tetranuclear Species to the Lindqvist Anion

Relative energies for [W40;5>, [W4O;5(OH)*,
[Ws0,6]*> and [WsO,4(OH)]*" species with respect to their
most stable isomer are listed in Table 2. Their geometries
are displayed in Figures 8 and 9. The most stable structure
that we found for a [W,4O;5]*>" stoichiometry, 1, corresponds
to a compact cluster with a fourfold coordinated O atom
(us-0). This structure is 7.6 kcalmol™' more stable than
[W4O,5]*:2. So, we infer that the planar conformation of
structure 1 and the py-O atom confers an extra stability to
tetranuclear clusters. In the case of [W40,3(OH)]*, the
most stable structure (i.e., 1) is again a planar tetramer. This
structure can also be seen as a trinuclear planar motif with
an extra W atom attached to two W atoms belonging to the
trimer. In comparison to [W,O,3(OH)]* /3, the extra W
atom of structure 1 is attached to two oxygen atoms, this
fact contributing to a major stabilization of the structure.
Although structure 4 is more compact than the others, it
appears to be less stable. This could be explained due to the
loss of planarity of the W3 motifs within this structure.

Table 2. Relative energies (kcalmol ') for some representative
[W,O,(OH).]* tetra- (x = 4, y = 13, z = 0 or 1) and pentanuclear
(x=35,y =16,z =0 or 1) species.

Stoichiometry Isomer O coordination!? AE

[W40,5]*

[W40,5(OH)]*

[WsO6]*

[Ws0,4(OH)]>

W =W = AWK =N -
BLLLLL W W WRN A
~
=

[a] Highest coordination of an O atom within the cluster.

Regarding the [WsO,¢]* stoichiometry, three structures
are found to be the most stable ones, two of them (i.e., 2
and 3) are quasidegenerate and somewhat more unstable
than 1. Structure 1 features two pz-O atoms, each of them
within a planar W3 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™! more unstable than
1 and with a ps-O atom, shows a framework that fairly
resembles that of the Lindqvist anion (see Figures 9 and
10). Although structure 1 is slight more stable than struc-
ture 2, the topology of the latter seems more favourable to
lead to the hexametalate. For [WsO,4(OH)]*", again three
structures are reported as the most representative ones. The
5130
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Figure 8. Polyhedral (left) and ball-and-stick (right) representations
for the optimized structures of the most representative tetranuclear
species. For [W4O,5]> stoichiometry: structures 1 and 2; for
[W40,3(OH)J* stoichiometry: structures 1, 2, 3 and 4.

planar motif W3 is found in the three structures. Isomer 3
is the less stable despite the presence of a p,-O atom proba-
bly due to its more tensioned framework.

Finally, the same analysis was performed for hexanuclear
species (see Table S5 and Figure S4, Supporting Infor-
mation). Structures that are far from the Lindqvist anion
show higher energies than those that are more similar to it.
In Figure 10 one can observe an example of a hexanuclear
[WeO,9(OH)J]?~ structure before evolving towards the Lind-
qvist anion [W¢O,0]>.
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Figure 9. Polyhedral (left) and ball-and-stick (right) representations
for the optimized structures of the most representative pentanu-
clear species. For [WsO,¢]> stoichiometry: structures 1, 2 and 3;
for [WsO,4(OH)]*" stoichiometry: structures 1, 2 and 3.

Conclusions

By making use of two complementary methodologies,
that is, (i) standard DFT methods with inclusion of the sol-
vent as a continuum by means of the COSMO model and
(ii) Car—Parrinello MD simulations with explicit solvent
molecules, we analyzed the structure and the relative ener-
gies of different possible intermediates in the formation of
the Lindqvist anion [W¢O,o]?> . Car—Parrinello simulations
show that the coordination sphere of the WV! ions might
be expanded due to bonding with water molecules. This ef-
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Figure 10. Polyhedral (left) and ball-and-stick (right) representa-
tions for the optimized structures corresponding to stoichiometry
[W6O,o(OH)J* and the Lindqvist anion [WO;o]* .

fect is more important at low pH conditions. Concerning
trinuclear species, linear or open structures are more easily
formed than compact clusters, but they are not as stable as
the latter. Similarly to dinuclear species, coordination of
WV ions is expanded because of the interaction with water
molecules. As far as the structural aspects are concerned, a
planar W3 unit is found to be very stable. These W3 units,
which are also observed in clusters with higher nuclearity
and even in the Lindqvist anion, act as structural building
blocks conferring high stability to the intermediate clusters.
Finally, those penta- and hexanuclear clusters that most re-
semble the Lindqvist anion are within the most stable inter-
mediates. In summary, the complementarity of the struc-
tural analysis and the dynamical simulations of the interme-
diates observed in the ESI-MS experiments provide new in-
sights into the aggregation mechanisms of polyoxometalates
with low nuclearities. However, further analogous experi-
mental and theoretical work on other iso- and heteropoly-
anions is needed to fully accomplish the ambitious purpose
of understanding such nucleation mechanisms.

Computational Methodology

The static calculations were carried out by using density functional
theory (DFT) methodology with the ADF 2004 program.[37-381 The
gradient-corrected functionals of Beckel*”! and Perdew!*®! for the
exchange and correlation energies, respectively, were used to im-
prove the description of the electronic density provided by the local
density approximation (X-alpha functional for the exchange part
and Vosko-Wilk-Nusair functional for the correlation part).#1 A
set of Slater-type basis functions of triple-{ + polarization quality
was employed to describe the valence electrons of all the atoms.
Scalar relativistic corrections were included by the zeroth-order reg-
ular approximation (ZORA) formalism. All the computed station-
ary points have closed-shell electronic structure. All the structures
discussed through this work were fully optimized in the presence of
a continuous model solvent by the conductor-like screening model
(COSMO)#> 44 implemented in the ADF code.*! To define the
cavity that surrounds the molecules we use the solvent accessible
surface (SAS) method and a fine tesserae. Once the geometry has
been optimized using the SAS surface, we perform single-point cal-
culations by using the solvent excluding surface (SES) that yields
more meaningful values for the hydration energies. Geometry opti-
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mization using the SES yields “unrealistic” distorted structures
when the coordination number of WV! ions is lower than six. To
obtain the electron density in solution, first it is converged in the
gas phase and afterward the COSMO model is turned on to include
the solvent effects variationally. The ionic radii of the atoms, which
define the dimensions of the cavity surrounding the molecule, are
chosen to be 1.26 for W, 1.52 for O and 1.20 A for H. The dielectric
constant (&) is set to 78 so as to model water as solvent.

Regarding to the molecular dynamics (MD) simulations, they were
performed at the DFT level by means of the CPMD program pack-
age.[*9] The description of the electronic structure is based on the
expansion of the valence electronic wave functions into a plane
wave (PW) basis set, which is limited by an energy cutoff of 70 Ry.
The interaction between the valence electrons and the ionic cores
is treated through the pseudopotential (PP) approximation. Norm-
conserving Martins-Troullier PPs are employed.*’! Nonlinear core
corrections (NLCC) are included in the W PP.81 We adopt the
generalized gradient-corrected Becke-Lee—Yang—Parr (BLYP) ex-
change-correlation functional.??#%1 The validity of these computa-
tional settings for the study of the hydrogentungstate anion has
been checked previously.?®l In the MD simulations, the wave func-
tions are propagated in the Car-Parrinello Scheme, by integrating
the equations of motion derived from the extended Car-Parrinello
Lagrangian.??) We use a time step of 0.144 fs and a fictitious elec-
tronic mass of 700 au. A simple rescaling of the atomic velocities
keeps the temperature within an interval of 50° around 300 K. The
cell box that contains: (i) two [WO3(OH)] and 27 H,O molecules
(a=5b=c¢=9959 A) or (ii) three [WO;(OH)]" and 58 H,O mole-
cules (¢ = b = ¢ = 12.580 A) is repeated periodically in space by
the standard periodic boundary conditions.

The limited simulation time affordable by standard MD runs does
not allow the observation of rare events like thermally activated
chemical reactions. For this reason, we employ the metadynamics
technique, which is capable of efficiently reconstructing complex
reaction mechanisms and provides the free-energy profile, as dem-
onstrated in previous applications.?’3# A detailed description of
the metadynamics method associated with Car—Parrinello MD can
be found elsewhere.l?*! The metadynamics simulations are based on
the selection of collective variables (CV) that are suitable to de-
scribe the process. In this work, we often use as CV the coordina-
tion number (CN) of one atom, or group of atoms, A, with respect
to a second atom, or group of atoms, B.?*3% The CN provides
information on the interaction pattern characterizing the actual
atomic configuration. Because it is more general and flexible than
other order parameters like bond lengths and bond angles, the risk
of biasing the reaction on a predetermined path is largely reduced.
The analytic definition of the CN of B with respect to A can be
found elsewhere.?*! In the present work, p = 8 and ¢ = 14 are used.
With this definition, we express the CN as a differentiable curve.
As a consequence, the CN of one atom with respect to another is
not an integer value (in the present case, around 3.5 when the W
ions are four-coordinated and around 4 when they are five-coordi-
nate). The parameters used in the metadynamics for the trinuclear
system ([W-O;]>, [WO5(OH)], 57 H,O and two H;0%) are the
following: ky = k, = 1.5au, M; = M, = 20.0 amu. The height of
the hills (W) is 0.75 kcalmol™!, their perpendicular width (As™)
0.065 (CV1) and 0.098 (CV2), and the deposition rate (Ar)
0.0108 ps. The total simulation time () Was 25 ps.

Supporting Information (see footnote on the first page of this arti-
cle): Tables showing the relative energies for different dinuclear spe-
cies obtained from annealing the structures observed in the meta-
dynamics under different pH conditions along with a figure dis-
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playing the most stable dinuclear structure at medium pH; table
with the relative energies of some representative [W30o(OH)]>~
structures along with a picture of their optimized geometries; table
with the relative energies for different trinuclear species as obtained
from the annealing of structures observed in the metadynamics at
low pH conditions; figure depicting the W-O radial distribution
function and its integration for W2 and W3 atoms during the 20 ps
of MD simulation starting from [W50,o(H,O)]*>; table with the
relative energies of some representative [WsO,o(OH)]*" structures
along with a picture showing their optimized geometries; table with
the mechanisms for the formation of the Lindqvist anion,
[W4O,]>, as proposed by Poblet and Cronin; optimized coordi-
nates (xyz files) for the most representative structures of this work.
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