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’ INTRODUCTION

If one considers all the transition metals, ranging from Sc to
Hg, only few have the ability to form polymeric oxoanions.
Indeed only vanadium, molybdenum, tungsten in high oxidation
state, and, to a minor extent, niobium and tantalum can combine
with oxygen to form polyoxometalates (POMs).1a Despite this
restriction, POMs are represented by a vast and assorted group of
compounds with significant chemical and physical properties.1b

The first evidence of POMs dates back to Berzelius in the year
1826.2 In recent decades research into polyoxometalate chem-
istry has grown exponentially and is still a developing area.
Nuclearities can range from six metal atoms in the smallest
clusters, up to 368 atoms reaching a size comparable to proteins.3

Polyoxometalates present unique structural and electronic prop-
erties that make them attractive for applications in many fields.4

For example, the ability of POMs to be reduced is well-known, so
the applicability of this property has been used in catalysis,
materials science, chemical analysis, and so forth.5 Many
attempts have been made to rationalize the structures of poly-
oxometalates. They can be classified with regard to their compo-
sition, the oxidation state of the metals, or their structural aspects.
One of the most widely accepted classifications of POMs divides
them in two groups: (i) isopolyanions (IPAs), which are oxides
of only one type of M atom, [MmOy]

q�, and (ii) heteropolya-
nions (HPAs), with the formula [XrMmOy]

q�, where X is the so-
called heteroatom. In these generic formulas M is usually Mo or
W, less frequently V, Nb, or Ta, or mixtures of these elements in
their highest oxidation states (d0, d1). The heteroatom, X, can be
a nonmetal, for example, PV and SiIV or ametal, for example, CoIII

and CuI.

POMs are formed under experimental conditions that allow
linking of polyhedra, that is, after acidification of alkaline aqueous
solutions of simple oxoanions. Discrete structures are formed as
long as the system is not driven to the oxide.5 The polymerization
of acidified solutions ofMoVI orWVI yields the most complicated
of all the polyanion systems.6 If these solutions are made strongly
acidic, precipitates of yellowmolybdenum oxide (MoO3 3 2H2O)
or white tungsten oxide (WO3 3 2H2O) are obtained. The main
limitation in the development of a universal polyoxometalate
“lego” kit lies with the great sensitivity between synthetic con-
ditions (pH, solvent, temperature, countercations) and the
overall cluster architecture formed.7

Although extensive theoretical research has been performed in
the area of POMs during past decades,8 only a few studies have
been devoted to study their formation mechanisms. Since the
widely accepted bidentate mechanism suggested by Kepert9 in
the 1960s and the more elaborate mechanisms proposed by
Tytko and Glemser10 in the 1970s, there has been little advance
in this area. Recent collaborative research carried out by Cronin,
Poblet, and co-workers has helped to clarify the mechanism for
the nucleation of the Lindqvist anion [W6O19]

2�.11 Theoretical
predictions combined with electrospray ionization mass spec-
trometry (ESI-MS) experiments have revealed themselves as
important tools to understand such mechanisms. In this work,
the mechanism for the formation of [Mo6O19]

2� is discussed, and
this is a continuation of previous work devised to shed light on
the formation of low nuclearity iso- and heteroPOMs. To achieve
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ABSTRACT: We investigate the assembly of small polyoxomolybdates using
Car�Parrinello molecular dynamics simulations which show that there is an
expansion of the coordination sphere of the Mo center from four to six in
molybdate anions when the acidity of the solution is increased. With the help of
complementary static density functional theory (DFT) calculations and electro-
spray ionization mass spectrometry experiments, we are able to postulate
tentative mechanisms, with energy-cascade profiles, for the formation of the
Lindqvist [Mo6O19]

2� anion. Similar to the family of isopolytungstates, it can be
proposed that the [Mo6O19]

2� is formed by the aggregation of onemolybdenum unit at a time; however, significant differences with
respect to isopolytungstates are also found. The different behavior of chromates with respect to molybdates and tungstates is also
considered.
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this goal, as in the case of [W6O19]
2�, we have performed ESI-

MS experiments on ((n-C4H9)4N)2Mo6O19
12 combined with

complementary computational technique studies. Further, we
have analyzed the formation-fragmentation mechanisms of the
Lindqvist anion, [Mo6O19]

2�, focusing on the structures of
the possible intermediate species. Before doing so, a study of
the hydration of the monomeric building blocks [MoO3(OH)]�

under different pH conditions is also presented. Mononuclear
six-coordinated molybdenum species such as [MoO3(H2O)3] or
[MoO2(OH)(H2O)3]

+ have been detected at molybdate con-
centrations lower than 10�4 M and low pH values.13 The present
analysis will show how the coordination number of theMo atoms
changes at different pH conditions.

’EXPERIMENTAL SECTION

1. ESI-MS Experiments. 1.1. Synthesis. The sample of
((n-C4H9)4N)2Mo6O19 used in this study was synthesized using
the procedure described previously.14

1.2. ESI-MS Solution Preparations. ((n-C4H9)4N)2Mo6O19 Stock
Solution: Into 5 mL of MeCN was dissolved 10 mg of ((n-C4H9)4N)2-
Mo6O19. MS Dilution: An aliquot of 20 μL of ((n-C4H9)4N)2Mo6O19

Stock Solution was made up to 4 mL with MeCN. We have done the
experiment in MeCN because the TBA salt of the Lindqvist anion is not
soluble in water. There are three main reasons to use TBA+ as a cation
for the Lindqvist anion instead of Na+ or K+. First, the TBA+ cations
have a much higher mass than Na+ or K+ and give a large separation
between signals corresponding to differently charged or protonated
cluster states. Second, the TBA+ cations have a lower affinity thanNa+ or
K+ for the cluster anions and solvent molecules. Third, the use of MeCN
can prevent clusters from decomposing, aggregating, or converting into
other species, phenomena that are typically seen in aqueous solution.
The experiment could be done in water; however, in addition to the
previous considerations, highly complex and uninformative spectra are
obtained. Such complex mass spectra are due to the rapid speciation of
the clusters in aqueous solution and the various adducts formed with
sodium or potassium cations (plus water ligands).
1.3. ESI-MS Experimental and Analyses. All MS data was 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, microchannel plate
detector, and all data was processed using the Bruker Daltonics Data
Analysis 4.0 software, while simulated isotope patterns were investigated
using Bruker Isotope Pattern software andMolecular Weight Calculator
6.45. The following parameters were consistent for all ESI-MS scans
given below. The calibration solution used was Agilent ES tuning mix
solution, Recorder No. G2421A, enabling calibration between approxi-
mately 100 m/z and 3000 m/z. This solution was diluted 60:1 with
acetonitrile. Samples were introduced into the MS via direct injection at
180μL/h. The electrospray source was used with the drying nitrogen gas
temperature at approx +180 �C. The ion polarity for all MS scans
recorded was negative, with the end plate offset at�500 V, funnel 1 RF
at 300 Vpp, funnel 2 RF at 400 Vpp, and hexapole RF at 400 Vpp. The
collision cell was filled with argon collision gas. Other MS parameters,
and CID (also referred to as MS/MS(MRM), that is, MS/MS multiple
reaction monitoring) parameters, which are set to specific values for
each scan, are given in the Supporting Information. All theoretical
peak assignments were determined via comparison of the experi-
mentally determined isotopic patterns for each peak, with simulated
isotopic patterns.
2. Computational Methodology. The calculations in the pre-

sent work have been performed using density functional theory (DFT)
methodology with the program package ADF (Amsterdam Density

Functional).15 The gradient-corrected functionals of Becke16 and
Perdew17 for the exchange and correlation energies, respectively, were
used to improve the description of the electronic density provided by the
local density.18 The valence electrons for all atoms were described with
Slater-type basis functions of triple-ζ + polarization quality. The inner
electrons have been kept frozen. Scalar relativistic corrections were
included by means of the zeroth-order regular approximation (ZORA)17

formalism. All the computed stationary points have closed-shell elec-
tronic structure. The present computational settings, BP86/TZP, have
been demonstrated to be a satisfactory methodology for describing the
electronic structure of polyoxometalates.19 All the structures discussed
through this work were fully optimized taking into account the solvent
effects by means of a continuous model. We have used the Conductor-
like ScreeningModel (COSMO)20 as implemented in the ADF program
package.21 The ionic radii of the atoms, which define the dimensions of
the cavity surrounding the molecule, are chosen to be 1.26 Å for Mo,
1.52 for O, and 1.20 for H. The dielectric constant (ε) 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 package.22

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-Troul-
lier PPs are employed.23 A semicore Mo PP was used according to the
work of Boero et al.24 We adopt the generalized gradient-corrected
functionals of Becke for the exchange and of Perdew for the
correlation.16,17 In the MD simulations, the wave functions are propa-
gated in the Car�Parrinello scheme, by integrating the equations of
motion derived from the extended Car�Parrinello Lagrangian.25 We
use a time step of 0.144 fs and a fictitious electronic mass of 900 au. A
Nos�e-Hoover thermostat keeps the temperature around 300 K.26 The
cell box that contains (i) one [MoO3(OH)]

� and 29 H2O molecules
(a = b = c = 9.959 Å); (ii) two [MoO3(OH)]

� and 27 H2O molecules
(a = b = c = 9.959 Å); or (iii) three [MoO3(OH)]

� and 58 H2O
molecules (a = b = c = 12.580 Å) is repeated periodically in space by the
standard periodic boundary conditions.

The limited simulation time affordable by standardMD 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 mechan-
isms and provides the free energy profile, as demonstrated in previous
applications.27 A detailed description of the metadynamics method
associated with Car�Parrinello MD can be found elsewhere.28 The
metadynamics simulations are based on the selection of collective
variables (CV) that are suitable to describe the process. In this work,
we often use as CV the coordination number (CN) of one atom, or
group of atoms, A, with respect to a second atom, or group of atoms,
B.28b,29 The analytic definition of the CN of B with respect to A can be
found elsewhere.28b In the present work, p = 8 and q = 14 are used. More
details about the metadynamics simulations are found in the Supporting
Information.

’RESULTS AND DISCUSSION

1. Hydration of [MoO3(OH)]
� and [MoO2(OH)2]. We have

studied the hydration-dehydration equilibria of the hydrogen-
molybdate anion, [MoO3(OH)]

�, and molybdic acid, [MoO2-
(OH)2], including explicit solvent (water) molecules using
Car�Parrinello MD and metadynamics simulations. First of
all, the stability of [MoO3(OH)]� and the corresponding
mono-, [MoO3(OH)(H2O)]

�, and dihydrated species, [MoO3-
(OH)(H2O)2]

�, is analyzed. The nonhydrated tetrahedral anion
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is seen to be stable during the simulations, in good agreement
with well accepted experimental data.1 However, the five-co-
ordinated monohydrated and the six-coordinated dihydrated
species are not found to be stable, that is, the water molecules
that were initially bound to the MoVI ion are rapidly released
during standard Car�Parrinello MD simulations, especially the
five-coordinated species, which is observed for less than 1 ps.
Therefore, the hydrogenmolybdate anion retains the tetrahedral
coordination for most of the time. The effect of the acidification
of the solution on the hydration equilibria is also considered. To
do so, we have analyzed the free-energy changes for the following
equilibrium reactions (eqs 1 and 2),

½MoO2ðOHÞ2� þ H2O a ½MoO2ðOHÞ2ðH2OÞ� ð1Þ

½MoO2ðOHÞ2ðH2OÞ� þ H2O a ½MoO2ðOHÞ2ðH2OÞ2� ð2Þ
Molybdic acid is the predominant species when the pH of the
solution is somewhat lower than pKa,1 = 3.61.1 The computed
free-energy profile, depicted in Figure 1, is obtained by averaging
the results of several metadynamics simulations (see Supporting
Information). The compound with the six-coordinated MoVI ion
shows the lowest free energy, 9 and 6 kcal mol�1 lower than that
observed for the five- and four-coordinated species, respectively.
This is in contrast with the results observed at higher pH conditions
(around pKa,2 = 3.89) with the hydrogenmolybdate anion.
Although the free-energy barrier for the formation of the six-

coordinated species from the five-coordinated one is very small
(1 kcal mol�1), the barrier for the formation of the latter is far
from being negligible (14 kcal mol�1). However, we have to
consider these 14 kcal mol�1 as an upper limit for the barrier
because during the metadynamics simulation corresponding to
this process (eq 1), deprotonation of the molybdic acid is
observed prior to hydration. These results can be easily rationa-
lized from a qualitative point of view: the MoVI ion is more
electrophilic in the molybdic acid than in the hydrogenmolyb-
date anion and, therefore, it is more easily attacked and stabilized
by the nucleophilic water molecules. Therefore, in agreement
with what is observed for mononuclear tungstate species,27a a
decrease of the pH of the aqueous solution involves an expansion
of the coordination sphere of the MoVI ion, as proposed from
previously reported experimental data.1

We have also examined the stability at low pH conditions
(pH < pKa,1 = 3.61) of two structural isomers of six-coordinated
molybdic acid, [MoO2(OH)2(H2O)2] and [MoO3(H2O)3].
From standard Car�Parrinello MD simulations, we have ob-
served that the two structural isomers are stable for 28 ps, that is,
both of them remain as six-coordinated species (see below and
Supporting Information). The Mo�O radial distribution func-
tion for [MoO3(H2O)3] and its integration, which yields the
Mo�O coordination number, are displayed in Figure 2 (see
Supporting Information for [MoO2(OH)2(H2O)2]).
The sharp spike below 2 Å, which integrates three O atoms, is

attributed to the oxo ligands. The spike between 2 and 2.6 Å,
which integrates three other O atoms, is due to the aqua ligands
coordinated to the MoVI ion. At distances between 2.6 and 3.7 Å,
theMo�Ocoordination number shows a plateau associated with
the presence of six O atoms in the coordination sphere of the
MoVI ion. The shallow maximum that appears at around 4 Å and
that does not fall to zero above 4.5 Å is associated to the first
solvation shell of [MoO3(H2O)3] and the exchange of water
molecules between this shell and the bulk solvent. Therefore, the
structural isomers derived from hydrated molybdic acid, with
MoVI ions featuring expanded coordination spheres, are shown
to be stable at low molybdate concentrations and low pH
conditions (pH < pKa,1).
2. Formation of Dinuclear Clusters. Car�Parrinello MD

simulations were also performed to study the first step of the
growth mechanism at slightly acidic pH conditions (pH around
pKa,2), that is, the formation of dinuclear [Mo2O6(OH)2]

2�

species from the [MoO3(OH)]
� building blocks. The metady-

namics approach was used to accelerate the dynamics and to
compute the free-energy profile. The system was formed by 2
[MoO3(OH)]

� monomers and 27 H2O molecules. To describe
the formation of dinuclear species several metadynamics runs
were performed, all of them using, as collective variables (CV),
the coordination number (CN) of each Mo atom with respect to
the eight O atoms from the MoO4 groups, CMo1�O and CMo2�O

(see Supporting Information). Several common events are
observed in the different simulations. First, formation of a dinuc-
lear species in which one MoVI ion is five-coordinated and the
other is four-coordinated (a 5c-4c structure, see Figure 3) is
observed. After some picoseconds (ps), a recrossing to reactants
takes place, that is, the dimolybdate is broken yielding the two
original hydrogenmolybdate anions. These dimerization and

Figure 1. Free-energy profile (in kcal 3mol�1) corresponding to the
hydration-dehydration equilibria of molybdic acid along with the ball-
and-stick representation of the four-, [MoO2(OH)2], five-, [MoO2-
(OH)2(H2O)], and six-coordinated, [MoO2(OH)2(H2O)2], species.

Figure 2. Mo�O radial distribution function (solid line) and its
integration (broken line) for the 28 ps MD simulation starting from
[MoO3(H2O)3]. The ball-and-stick representation of the hydrated
monomer is shown at the top left corner.
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recrossing steps recur for a time before finally the 5c-5c structure
is obtained (Figure 3). During the simulation H+-transfers
between (i) the monomers, (ii) the solvent molecules, and (iii)
the molybdates and the solvent molecules are also frequent.
Thus, these events, which have not been accelerated by the
metadynamics must have small free-energy barriers, that is, they
are highly likely. Two other points are also interesting tomention
here. The first is that, in contrast to dinuclear tungstates,11,30 no
expansion of the coordination sphere of the MoVI ions is
observed at this pH because of coordination of the solvent water
molecules, in good agreement with the previous results on
hydrogenmolybdate anions. The second is that the 6c-4c struc-
ture proposed by Kepert for the first aggregation step was not
observed in these simulations. Hence, this type of dimer, if it
exists, must have a higher formation barrier than the 5c-4c and
5c-5c structures.
The free-energy profile (Figure 3) shows that formation of the

5c-4c structure requires a barrier of only 7 ( 1 kcal mol�1. The
barrier for breaking the 5c-4c dimer is smaller than that for
the formation of the 5c-5c structure (6 vs 10 kcal mol�1). All
these barriers are, however, easily overcome at the temperature at
which POMs are formed. Regarding the relative free energies of the
minima, the formation of the 5c-5c structure is clearly endergonic

(5 kcal mol�1), whereas the 5c-4c structure shows a free-energy
similar to that of the two monomers (1 kcal mol�1).
Reaction energies for dinuclear species with respect to the two

hydrogenmolybdate anions (eq 3) using the COSMOmethod to
account for the solvation effects are listed in Table 1.

2½MoO3ðOHÞ�� f ½Mo2O6ðOHÞ2�2� ð3Þ

2½MoO3ðOHÞ�� f ½Mo2O7�2� þ H2O ð4Þ
The lowest-energy minimum for the [Mo2O6(OH)2]

2� stoichi-
ometry corresponds to the di-1 structure of 5c-4c type, which is
at least 7 kcal mol�1 more stable than the other structures of
5c-5c type (di-2 and di-3), see Figure 4. The formation of these
dimers is predicted to be endothermic in all cases. The difference
between the two 5c-5c structures is that in di-2 the H atoms are
located at the terminal O atoms, whereas in di-3 they are located
at the bridge O atoms. The lower energy of di-2 with respect to
di-3 indicates that terminal O atoms are more basic than those in
bridging positions. This result is similar to that found for
ditungstates,30 but it is in contrast to the behavior observed for
large POMs in which the bridging positions are those with the
highest basicities.31 The formation of the dehydrated dimer,
[Mo2O7]

2�, with the di-4 structure of 4c-4c type (see eq 4 and
Figure 4), is somewhat exothermic (�2.2 kcal mol�1). It is also
interesting to point out that the structure of 6c-4c type proposed
by Kepert has not been found as a minimum in the potential
energy surface (PES) of [Mo2O6(OH)2]

2�. All the geometry
optimization attempts starting from a 6c-4c structure lead to
5c-5c structures.
We would also like to mention here the special case of

chromates. This is because it is experimentally well-known that
the behavior of Cr is very different from that of W or Mo. The
Inorganic Chemistry textbooks teach that yellow solutions of
chromate anions, [CrO4]

2�, become orange when the pH of the
solution is lowered because of the formation of stable dichromate
anions, [Cr2O7]

2�, according to eq 5.32 In general, no further
nucleation is observed in acidic solutions in contrast to the
behavior found for tungstates or molybdates.

2½CrO4�2� þ 2H3O
þ f ½Cr2O7�2� þ 3H2O ð5Þ

The reaction energies for the three structural isomers of [Cr2-
O6(OH)2]

2� and for the lowest-energy structure of [Cr3O10-
(OH)]3� are displayed in Table 1. The formation of the
dehydrated dichromate anion, [Cr2O7]

2�, ismuchmore favorable

Table 1. Reaction Energies for Di- and Trinuclear Mo
Species with Respect to Two Monomers Using the
COSMO Methodologya,b,c,d

stoichiometry structure type Cr Mo W

[M2O6(OH)2]
2� di-1 5c-4c +17.0 +0.4 �7.4

di-2 5c-5c disse +7.4 +0.2

di-3 5c-5c disse +11.4 +10.2

[M2O7]
2� di-4 4c-4c �2.7 �2.2 �5.3

[M3O10(OH)]
3� tr-1 +33.4 +7.8 �3.7

aThe values for M = Cr and W are also provided for comparison. b In
kcal mol�1. c For [M3O10(OH)]

3�, reaction energy with respect to
[M2O7]

2� and [MO3(OH)]
�. dThe values for M = W are from ref 11.

eThe optimization leads to dissociation into the monomers.

Figure 4. Lowest-energy structures at BP86/COSMO level for di-
nuclear clusters with [M2O6(OH)2]

2� and [M2O7]
2� stoichiometries.

Figure 3. Free-energy profile (in kcal mol�1) corresponding to the
formation of dinuclear [Mo2O6(OH)2]

2� species along with the ball-
and-stick representation of the three observedminima: the 2monomers,
the 5c-4c dimer, and the 5c-5c dimer.
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(20 kcal mol�1) than the formation of the [Cr2O6(OH)2]
2�

dimer, indicating the preference of CrVI ions for tetrahedral
coordination. Moreover, only the 5c-4c structure (di-1) is stable
for [Cr2O6(OH)2]

2� stoichiometry whereas the others of 5c-5c
type dissociate into the monomers. The formation of the tri-
nuclear species [Cr3O10(OH)]

3�, predicted to be a highly endo-
thermic process, can explain the fact that polyoxochromates with
higher nuclearities are much less abundant than polyoxotung-
states and molybdates.
3. From Trinuclear Species to the Lindqvist Anion: Com-

bining Theory and ESI-MS Results.On the basis of consecutive
steps of nucleation and water condensation, tentative mecha-
nisms for the formation of the Lindqvist anion, [Mo6O19]

2�,
consistent with the ESI-MS experiments, are put forward
(Table 2). Even though fragmentation experiments give insight
into the favored decomposition pathways of gas-phase clusters,
they may also provide hints on potential intermediates that
help to better understand the thermal assembly of POMs
cluster anions. The peaks observed in the ESI-MS experiments

(Supporting Information, Table S2 and Figure 5) are associa-
ted with the species [Mo2O7]

2�, [Mo3O10]
2�, [Mo4O13]

2�,
[Mo5O16]

2�, and [Mo6O19]
2�.

The observed set of peaks belong to the previously observed
group of species with the general formula [MomO3m+1]

2� and in
agreement with the studies of Walanda, von Nagi-Felsobuki
et al.32 and Llusar, Vicent et al.33 In this case, we did not detect
any species of the protonated set with the general formula
[HMomO3m+1]

� since their formation depends greatly upon
the solvent composition (aqueous and protic acidified media)
and application of harsher ionization conditions (high collision
energy values).32,33 Consequently, the use of acetonitrile solu-
tion and application of mild ionization conditions during the
course of our fragmentation experiments led only to the forma-
tion of the nonprotonated set, [MomO3m+1]

2�, of species in the
gas phase.
Even though the peaks for the [MomO3m(OH)]

� stoichio-
metries (m = 2 to 6) were not observed in the mass spectra, we
have also proposed a mechanism that involves such species in
analogy with previous studies in isopolytungstates (see Support-
ing Information for the alternative mechanism, M2).11 For each
of the stoichiometries observed in the ESI-MS spectra, a search
for the lowest-energy structure in solution was carried out using
the COSMO methodology. Geometry optimizations in the gas
phase were also done for some clusters.
The dinuclear species with [Mo2O6(OH)2]

2� stoichiometry,
which are formed in the first step of nucleation, should undergo
dehydration to [Mo2O7]

2� to be consistent with the ESI-MS
results. Aggregation of a hydrogenmolybdate anion to [Mo2O7]

2�

leads to the formation of [Mo3O10(OH)]3� (step 3, Table 2).
Relative energies and geometries for representative structural
isomers of [Mo3O10(OH)]

3� and [Mo3O10]
2� are presented in

Table 3 and Figure 6. The structures corresponding to stoichio-
metries derived from the alternative mechanism, which differ
only in one H+, are very similar to the ones shown here (see
Supporting Information). The lowest-energy structure for the
[Mo3O10(OH)]

3� stoichiometry, tr-1, is a compact and planar
μ3-O trinuclear cluster which shows slightly lower energies
than those with more open frameworks (Table 3). This structure
was also found to have the lowest energy for the trinuclear
[W3O10(OH)]

3� isopolytungstates.11

Regarding the [Mo3O10]
2� stoichiometry, the lowest-energy

structure corresponds to an open cluster in which the three MoVI

ions show tetrahedral coordination, that is, a chain of corner-

Table 2. Proposed Mechanism (M1) for the Formation of the Lindqvist Anion [Mo6O19]
2� a,b,c

step transformation RE process type

1 [MoO3(OH)]
�
(aq) + [MoO3(OH)]

�
(aq) f [Mo2O6(OH)2]

2�
(aq) (di-1) +0.4 aggregation

2 [Mo2O6(OH)2]
2�

(aq) f [Mo2O7]
2�

(aq) (di-4) + H2O(aq) �2.7 water condensation

3 [Mo2O7]
2�

(aq) + [MoO3(OH)]
�
(aq) f [Mo3O10(OH)]

3�
(aq) (tr-1) +7.8 aggregation

4 [Mo3O10(OH)]
3�

(aq) + H3O
+
(aq) f [Mo3O10]

2�
(aq) (tr-5) + 2H2O(aq) �11.0 water condensation

5 [Mo3O10]
2�

(aq) + [MoO3(OH)]
�
(aq) f [Mo4O13(OH)]

3�
(aq) (te-2) �9.6 aggregation

6 [Mo4O13(OH)]
3�

(aq) + H3O
+
(aq) f [Mo4O13]

2�
(aq) (te-4) + 2H2O(aq) �21.7 water condensation

7 [Mo4O13]
2�

(aq) + [MoO3(OH)]
�
(aq) f [Mo5O16(OH)]

3�
(aq) (pe-1) +9.3 aggregation

8 [Mo5O16(OH)]
3�

(aq) + H3O
+
(aq) f [Mo5O16]

2�
(aq) (pe-4) + 2H2O(aq) �1.2 water condensation

9 [Mo5O16]
2�

(aq) +[MoO3(OH)]
�
(aq) f [Mo6O19(OH)]

3�
(aq) (he-1) �7.2 aggregation

10 [Mo6O19(OH)]
3�

(aq) + H3O
+
(aq) f [Mo6O19]

2�
(aq) (he-2) + 2H2O(aq) �31.8 water condensation

aReaction energies (RE) are in kcal mol�1. bThe species detected in the ESI-MS experiments are highlighted in bold. c In parentheses, the structures
that are used to compute the reaction energies.

Figure 5. Mass spectral data recorded by collision induced dissociation
(CID) of the isolated [Mo6O19]

2� peak at m/z 440.17 (see the
Supporting Information for more details). The fragment peaks shown
are associated with the species [Mo2O7]

2� (m/z 151.88), [Mo3O10]
2�

(m/z223.83), [Mo4O13]
2� (m/z296.78), and [Mo5O16]

2� (m/z368.72).
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sharing tetrahedra (tr-3, Figure 6). These type of structures were
proposed by Walanda et al. as intermediates for an open-chain
addition polymerization mechanism that might explain the
formation of isopolymolybdates in the charged droplets formed
in the ESI-MS experiments.32 An open-chain cluster with one
five- and two four-coordinated MoVI ions (tr-4) and one close-
compact structure with a central tricoordinated O atom, μ3-O,
(tr-5) show much larger energies. The trinuclear open-chain
structure tr-3 is also much more stable than the compact isomer
tr-5 in the gas phase (19 kcal mol�1). So, this open-chain tr-3
isomer is probably the structure for the species detected withm/z
peak of 223.83 in the spectrometer.
At this point, the following question arises: Is this trinuclear

open-chain structure one of the intermediates in the formation of
the Lindqvist anion? To check the stability of such trinuclear tr-3
structure in solution, a 13-ps standard Car�Parrinello MD for
the system formed by one open-chain [Mo3O10]

2� cluster and

58 H2O molecules was performed. Analyses of the trajectory as
well as the Mo�O radial distribution function for each of the
MoVI ions (see Supporting Information) show that some H2O
molecules interact with the MoVI ions, especially with the central
one. In fact, an expansion to octahedral coordination takes place
for this central MoVI ion. Terminal MoVI, which retain their
initial tetrahedral coordination, remain singly bonded to the
central octahedron maintaining the original open structure. It is
interesting to point out that the central MoVI ion is predicted to
be the most electrophilic among the three metal ions (see
Supporting Information). Thus, the most electrophilic MoVI

ions might expand their coordination sphere because of the water
molecules or the nucleophilic solvent.
Therefore, the [Mo3O10(H2O)2]

2� open structure is found to
be stable in solution, but it seems more feasible from a mechanistic
point of view that other more compact structures derived from

Figure 6. Ball-and-stick representations for the optimized structures of
the most representative trinuclear species with [Mo3O10(OH)]

3� (tr-1
and tr-2) and [Mo3O10]

2� (tr-3, tr-4 and tr-5) stoichiometries.

Figure 7. Ball-and-stick representations for the optimized structures of
the most representative tetranuclear species with [Mo4O13(OH)]

3�

(te-1, te-2, and te-3) and [Mo4O13]
2� (te-4 and te-5) stoichiometries.

Table 3. Relative Energies (ΔE) for theOptimized Structures
(COSMO Method) of Some Representative Tri-, Tetra- and
Pentanuclear Speciesa

stoichiometry structure O coordinationb ΔE

[Mo3O10(OH)]
3� tr-1 3 0.0

tr-2 2 0.5

[Mo3O10]
2� tr-3 2 �19.4

tr-4 2 �4.0

tr-5 3 0.0

[Mo4O13(OH)]
3� te-1 2 �1.1

te-2 3 0.0

te-3 3 5.5

[Mo4O13]
2� te-4 3 0.0

te-5 4 3.9

[Mo5O16(OH)]
3� pe-1 3 0.0

pe-2 4 3.4

[Mo5O16]
2� pe-3 3 �1.0

pe-4 5 0.0
aThe energies, in kcal mol�1, are relative to the lowest-energy compact
isomer for each stoichiometry. bHighest coordination of an O atom
within the cluster.

Figure 8. Ball-and-stick representations for the optimized structures of
the most representative pentanuclear species with [Mo5O16(OH)]

3�

(pe-1, pe-2) and [Mo5O16]
2� (pe-3 and pe-4) stoichiometries.
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the tr-1 structure, as for example tr-5, could be the real inter-
mediates that form the Lindqvist anion. For this reason, we have
chosen the energies of such compact structures to compute the
reaction energies in the mechanism shown in Table 2.
The lowest-energy structure that we found for [Mo4O13(OH)]

3�

stoichiometry, te-1, resembles that of a 5c-5c dimer with two
extra corner-shared tetrahedral MoO4 units (Figure 7). A more
compact structure with the planar trinuclear motif and an extra
corner-shared monomer, te-2, is almost quasidegenerate with
te-1 (1.1 kcal mol�1). We have chosen this te-2 structure to
compute the reaction energies in the mechanism of Table 2.
Structure te-3, with two μ3-O atoms, is more compact and
symmetric than the others, but it appears to have a higher energy
(5 kcal mol�1, Table 3). For [Mo4O13]

2�, the lowest-energy
structure among those that we have computed, te-4, corresponds
to a compact cluster where a trinuclear planar motif with a 3-fold
coordinated O atom (μ3-O) can be identified (see Table 3 and
Figure 7). A similar compact structure with a μ4-O atom, te-5,
shows a somewhat higher energy (3.9 kcal mol�1). The open-
chain linear cluster with four corner-sharing tetrahedral MoVI

ions lies only 1.3 kcal mol�1 higher in energy than te-4 (5.4 kcal
mol�1 in the gas phase). Although we have not performed
Car�Parrinello MD simulations to analyze the behavior of such
open structure in solution because of their high computational
cost, we can state that some of the four MoVI ions will expand
their coordination sphere in solution as observed for the tri-
nuclear linear cluster.
The structures with the lowest energies for [Mo5O16(OH)]

3�

are depicted in Figure 8. Similarly to the previous case, the most
compact structure pe-2 with a μ4-O atom shows a somewhat
higher energy (3.4 kcal mol�1, Table 3) than structure pe-1,
which has a stabilizing planar trinuclear motif. Regarding the
[Mo5O16]

2� stoichiometry, two compact structures are found to
have very similar energies (Table 3, Figure 8). Structure pe-4,
with a μ5-O atom, shows a framework that is rather similar to that
of the Lindqvist anion. An analogous structure was also proposed
for the case of isopolytungstates.11 Interestingly, the open-chain
linear structures with five corner-shared tetrahedra are predicted
to have much lower energies than these compact clusters pe-3
and pe-4 (around 10 and 30 kcal mol�1 in gas phase and water
solution, respectively). The hexanuclear Lindqvist anion, how-
ever, is not formed from these open-chain pentanuclear linear

structures, but from compact clusters as for example the pe-4
structure. As in the case of the trinuclear clusters, these open-
chain pentanuclear species might exist in the chamber of the
spectrometer when doing the ESI-MS experiments (peak at m/z
368.72), but they are not likely intermediates in the formation of
the Lindqvist anion in solution.
Finally, the same analysis was performed for hexanuclear

species. In a similar manner to the study of the isopolytung-
states,11,30 only compact structures that resemble that of the
Lindqvist anion are analyzed here. In Figure 9 one can observe
a [Mo6O19(OH)]3� structure, he-1, which will lead to the
Lindqvist anion, he-2, after a protonation and a dehydration. It
is important to note that the open-chain [Mo6O19]

2� structure
with six corner-shared tetrahedra shows a much higher energy
than the Lindqvist structure in the gas phase (around 30 kcal
mol�1); however, it is predicted to have a lower energy than the
Lindqvist structure (�2.1 kcal mol�1) when the solvent (water)
is taken into account. As detailed in the Experimental Section, the
[Mo6O19]

2� anion is usually prepared in nonaqueous media
(DMF or acetonitrile), but it was originally obtained by pre-
cipitation from acidified aqueous molybdate solution.34 So, it
seems that the COSMO methodology that we are using here is
overstabilizing somewhat those linear compounds with corner-
sharing MoVI tetrahedra with respect to compact edge-sharing
MoVI octahedra. We would also like to remark here that, in
contrast to the idea of Walanda et al., who suggested that close-
packed clusters are generally associated with larger-sized highly
negatively charged aggregates in the ESI-MS experiments,
the compact Lindqvist structure is predicted to have much lower
energy than the [Mo6O19]

2� open-chain linear isomer in the
gas phase.
4. Mechanism. Table 2 shows our mechanistic proposal for

the formation of the [Mo6O19]
2� anion, based on chemical

intuition and on the peaks observed in the ESI-MS experiments,
and supported by DFT computations. An additional mechanism
is also proposed with protonated intermediates, as done previously
for the formation of isopolytungstates (M2, see Supporting
Information). Although collision induced dissociation (CID)
very often may not access the same pathways as thermal assembly,
because of both the absence of solvent and the different energy
ranges sampled, we have found this to be a useful tool in
understanding the assembly of POM cluster anions. The pro-
posed mechanisms are sensible from the chemical point of view
since the charge of the potential intermediates would not change
significantly during the nucleation process. From a themody-
namic point of view, the reaction energy for the formation of the
Lindqvist molybdate from the tetrahedral monomers is less
exothermic than for the corresponding tungstate (by 30 kcal
mol�1). This result is in agreement with the fact that the
molybdate Lindqvist anions can be fragmented more easily by
ESI-MS than the corresponding tungstate anions. As explained
previously, the lowest-energy compact structures for each stoi-
chiometry have been taken into account to compute the reaction
energies for the different steps of the mechanism. Similar to the
tungstate Lindqvist study, energetic cascade profiles are pre-
dicted for both mechanisms M1 and M2 with the last step being
themost exothermic. The formation of trinuclear [Mo3O10(OH)]

3�

and pentanuclear [Mo5O16(OH)]3� clusters are somewhat
endothermic, but are more than compensated for by the largely
exothermic formation of tetramers and hexamers.

Figure 9. Ball-and-stick representations for the optimized structures
corresponding to [Mo6O19(OH)]

3� stoichiometry and the Lindqvist
anion [Mo6O19]

2�.
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’CONCLUSIONS

Using Car�Parrinello molecular dynamics to analyze the
hydration-dehydration equilibrium processes for the hydrogen-
molybdate anion and molybdic acid, we have confirmed that
increasing the acidity of the aqueous solution involves an
expansion of the coordination sphere of the MoVI ion from four
to six, in agreement with experiment. Both Car�Parrinello
simulations with explicit solvent molecules, and standard static
DFT calculations with continuous models of solvation predict
the formation of dinuclear species different from the 6c-4c
structure proposed by Kepert, and also in agreement with the
observed species for the polyoxotungstates.11 Formation of
dinuclear molybdates is predicted to be less favorable than
tungstates. We have also found that although dichromate is a
very stable species in acidic solutions, the formation of compact
and closed structures with higher nuclearities is importantly
endothermic, in good agreement with the low number of poly-
oxochromates known so far. With the help of ESI-MS experi-
ments, we postulate mechanisms with energy-cascade profiles for
the formation of the [Mo6O19]

2� Lindqvist anion based on
consecutive aggregations of hydrogenmolybdate anions followed
by protonation and water condensation steps, confirming the
results already observed for the isopolytungstates. Therefore, it is
proposed that the [Mo6O19]

2� anion is also formed by the
aggregation of one Mo unit at a time. However, although planar
Mo3 building blocks are also found for the lowest-energy inter-
mediate tetra- and pentanuclear species, significant differences in
comparison with the isopolytungstates are detected. In general,
open-chain linear structures are more favored in the case of the
isopolymolybdates. The coordination sphere of the MoVI ions
in polynuclear clusters might be expanded because of the
interaction with the water molecules. The inclusion of the solvent
effects with a continuous model provides a correct qualitative
description of these phenomena, but explicit insertion of discrete
solvent molecules is advisable whenever possible.
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