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Standard density functional theory calculations with a continuous model of solvation as well as Car—Parrinello
molecular dynamics simulations with explicit solvent molecules are carried out to analyze the effect of the pH of
the solution on the coordination sphere of the W"" ion. Both methodologies agree in predicting an expansion of the
coordination sphere of the W"' ion upon a decrease in the pH. Continuous solvation models, however, are unable
to predict as stable some structural isomers of a hydrated hydrogentungstate anion and tungstic acid.

Introduction

Polyoxometalates (POMs) are an important class of
polynuclear metal—oxygen cluster anions usually formed by
W, Mo, or V and mixtures of these elements in their highest
oxidation states. POMs feature unique structural and elec-
tronic characteristics that make them attractive for applica-
tions in many fields such as, for example, medicine, catalysis,
materials science, molecular magnetism, chemical analysis,
etc.' ? POMs have been prepared and isolated from both
aqueous and nonaqueous solutions. The most common
synthetic method involves acidification of alkaline aqueous
solutions of simple oxoanions,* with the tungstate anion,
WO42, being the main building block in the formation of
polyoxotungstates. Control of the pH and temperature is also
necessary. Nucleation is considered to be initiated when the
WO4>~ anions are protonated, WO3;(OH)~, and one W—0
bond is thus stretched in each tetrahedron.* Similarly to what
happens for the molybdate anion, MoO,>~, the second pK,»
for WO,*~ is anomalously low. Schwarzenbach et al. found
in 1962 that pK,; + pK,> = 8.1, with both protons being
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lost almost simultaneously.’ An increase of the coordination
number of the metal ion upon protonation was proposed to
be the origin of such low pK,, values.* In fact, mononuclear
hexacoordinated molybdenum species such as [MoO3;(H,0);]
or [MoO,(OH)(H,0);]" have been identified at molybdate
concentrations lower than 1074 M and low pH values.®
Furthermore, the rapid condensation to form POMs, which
follows the protonation of WO,>~ anions, may induce errors
in the evaluation of pK,’s. Mononuclear and other larger
cluster species in solution can also be identified using a
combination of cation-exchange and electrospray-ionization
mass spectrometry, as was recently shown by Cronin and
co-workers for polyoxotungstates.” Speciation studies in
vanadium inorganic and bioinorganic systems have been
performed as well.* '° To the best of our knowledge, no
theoretical studies have attempted to analyze the hydration/
dehydration equilibria of molybdate or tungstate anions in
solution. Messaoudi et al. have focused on the dimerization
mechanisms of molybdates in aqueous solutions at very
acidic conditions."" They have also carried out an exhaustive
work about the structure and stability of VO," in aqueous
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solutions.'? Biihl and Parrinello have also analyzed the
hydration of [VO,(OH),]~ and [VO,(OH,),]" to elucidate
the medium effects on 'V NMR chemical shifts using
Car—Parrinello molecular dynamics (MD) simulations."?
With these types of atomistic simulations, it is possible to
describe the bond-formation and bond-breakage processes
in a self-consistent manner, treating the solute and solvent
on an equal footing.'* Unfortunately, Car—Parrinello MD
are very demanding from the computational point of view,
and they are typically limited to tens of solvent (water)
molecules over a tens of picosecond time scale. The limited
simulation time affordable by standard MD runs does not
allow the observation of rare events like thermally activated
chemical reactions. An alternative to this problem is given
by the metadynamics method, which allows for an accelera-
tion of the dynamics.">”'” This method can efficiently
reproduce the most probable reaction paths, clearing high
barriers and providing a quite accurate picture of the free-
energy profile, as demonstrated in previous applications.'® 2

We herein study the process of hydration of hydrogen-
tungstate anions, WO3(OH)™, at different pH conditions. Our
aim is to elucidate the dependence of the coordination
number of the W¥Tion on the pH. To achieve this objective,
the inclusion of solvent effects in the computations is
mandatory. First, the results of standard density functional
theory (DFT) calculations in the presence of a continuous
model solvent are discussed. Afterward, we go beyond the
simple static approach and present the results obtained from
Car—Parrinello and metadynamics simulations of a single
hydrogentungstate anion with explicit water molecules and
different numbers of extra protons.

Computational Details

The static calculations were carried out by using DFT methodol-
ogy with the ADF 2004 program.?’-*® The gradient-corrected
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functionals of Becke?® and Perdew>° (and Lee—Yang—Parr)*' for
the exchange and correlation energies, respectively, were used to
improve the description of the electronic density provided by the
local density approximation. A set of Slater-type basis functions
of triple- + polarization quality was employed to describe the
valence electrons of all of the atoms. Frozen cores consisting of
the 1s shell for O and the 1s to 4d shells for W were described by
means of single Slater functions. Scalar relativistic corrections were
included by means of the zeroth-order regular approximation
formalism. The BP86/TZP calculations have been proven to be a
very adequate methodology to study the electronic structure of
POMs.*> 3% Here, we also compare the results with the Becke—
Lee—Yang—Parr (BLYP) functional showing that there are no
qualitative differences. All of the computed stationary points have
a closed-shell electronic structure. All of the structures discussed
through this work were fully optimized in the presence of a
continuous model solvent by means of the conductor-like screening
model (COSMO)?>-*® implemented in the ADF code.?” To define
the cavity that surrounds the molecules, we use the solvent-
accessible surface method and a fine tesserae. 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 A for W, 1.52 A for O, and 1.20 A for H. The dielectric
constant is set to 78 so as to model water as the solvent.
Regarding the MD simulations, they were performed at the 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, 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 are
included in the W PP.** We adopt the generalized gradient-corrected
BLYP exchange-correlation functional.>*' We have checked the
validity of our computational settings by computing the hydration
energies for tungstic acid in the gas phase (see the Supporting
Information). We have compared the results with those obtained
(i) using the PP approximation and a set of Gaussian functions and
(i1) the frozen-core approximation and a set of Slater orbitals. The
energy differences are smaller than 2 kcal mol™! (less than 10%
error). In the MD simulations, the wave functions 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 electronic mass of
700 au, H atoms are substituted by D atoms. The Nosé-Hoover
thermostat for the nuclear degrees of freedom was used to maintain
the temperature as constant as possible around 300 K. For
metadynamics calculations, a simple rescaling of the atomic velocity
that keeps the temperature within an interval of 50 K around 300
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Scheme 1. Species with a Five-Coordinated WV! Ton Obtained after
the Incorporation of a Single Water Molecule to WO3(OH) ™,
WO,(OH),, and WO(OH);™

5-coordinated

[WO3(OH)(H0)I [WO,(OH)sJ
. TH
WO3(OHYy —w
3( ) v’V\OH
HO
Not stable -6.5 (-8.2)
[WO,(OH)2(H20)] [WO(CH)4]
"""""" c‘> Ho| OH
WO,(OH W —w
2(OH), HO V|V\ HO vlv\oH
OH, | OH
-8.8(-9.9) -4.6(-6.2)
[WO,(OH)(H20)]"  [WO(OH)3(H0)]"  [W(OH)s]*
om | Oty oH
, ,.—OHE _-OH | _OH
WO(OH);* —V‘V\ : _v\v‘\OH HO_V‘V\OH
_______ OHy | OH OH
-5.5 (-6.6) -18.1 (-19.3) -2.5(-4.4)

“ The hydration energies, A + H,O — A+H,O [A = WO;3(OH)",
WO,(OH),, and WO(OH);™], in kcal mol~!, computed with the BP86 and
BLYP (in parentheses) functionals are also shown. The structural isomers
considered in Car—Parrinello MD simulations are highlighted.

K is used. The cell box that contains one WO3(OH)~ [or WO,(OH),
or WO,(OH)(H,0)"] and 29 water molecules (a = b = ¢ = 9.959
A) is repeated periodically in space by the standard periodic
boundary conditions. Initial geometries for the simulations were
created by substituting 3 water molecules from an equilibrated
classical MD simulation of liquid water (32 water molecules in a
box of the same size) with a hydrogentungstate anion. Initialization
runs of at least 0.5 ps followed by at least 3 ps of equilibration are
performed prior to the MD production runs.

Results and Discussion

The reaction energies for the incorporation of a water
molecule to WO3(OH)~, WO,(OH),, and WO(OH);", i.e.,
for the formation of five-coordinated [WO5;(OH)(H,O)]™,
[WO,(OH)»(H,0)], and [WO(OH);(H,0)]" complexes, re-
spectively, computed at standard DFT/COSMO with the
BP86 and BLYP (in parentheses) functionals are collated in
Scheme 1. The reaction energies for the structural isomers
that would be formed after intramolecular proton transfer in
the aforesaid complexes are also shown in Scheme 1. Only
the value for the most stable geometric isomer (cis, trans,
mer, and fac for the relative positions of the oxo, hydroxo,
and aqua ligands) for each structural isomer is shown.
Similarly, the reaction energies for the formation of the six-
coordinated complexes after the incorporation of 2 water
molecules are collated in Scheme 2.

Scheme 2. Species with a Six-Coordinated WY! Ton Obtained after the
Incorporation of Two Water Molecules to WO3(OH)~, WO,(OH),, and
WO(OH); "

6-coordinated

[WO3(OH)(H20)o”  [WO2(OH)3(H0)IT  [WO(OH)sI
' (')Hz THZ OH
o iHO- | L - -OH ) ' _-OH
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{ oM i OH OH
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WO,(OH W : W
R ’\ P '\OHi HO™™ VlV\OH
HO G i MO OH
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[WO,(OH)(Hz0)3]*  [WO(OH)3(H20)21"  [W(OH)s(H20)1*

OH, | | OH, ! OH,
HO- | i im0 LOH o \ _OH
WO(OH : w i HO- -
(OH)s H,0™ l\ - '\OH HO/V|V\0H
N1 O SR SOOI HO ... OH
25.4 (-27.8) -31.8 (-34.5) -17.9 (-21.0)

“ The hydration energies, A + 2H,O — A+(H,0), [A = WO3(OH)~,
WO,(OH),, and WO(OH);™), in kcal mol~!, computed with the BP86 and
BLYP (in parentheses) functionals are also shown. The structural isomers
considered in Car—Parrinello MD simulations are highlighted.

For the case of the hydrogentungstate anion, WO3;(OH)™,
the complexes with aqua ligands directly attached to the WV!
ion are not stable, regardless of the coordination of this ion.
However, the complexes with hydroxo ligands are somewhat
more stable than reactants for the two coordination numbers
five and six. Interestingly, the reaction is somewhat more
exothermic when the coordination number of the WY ion is
five, regardless of the functional used. For the neutral acid,
WO,(OH),, reaction energies are more exothermic than those
for the hydrogentungstate anion and coordination six is
somewhat more favored than five. It is important to note
that the six-coordinated complex with two aqua ligands is
not stable at this level of computation. Finally, for the most
acidic species, WO(OH);", reaction energies are fairly
exothermic for both coordination numbers five and six,
especially for the latter. In this case, all of the complexes
that contain aqua ligands are stable. The hydration energies
obtained with the BLYP functional are slightly more
exothermic than those found with BP86, but the qualitative
trends are the same.

Therefore, the results obtained when performing static DFT
calculations at the BP86/COSMO (or BLYP/COSMO) level
indicate as a general and qualitative trend that higher
coordination numbers for the W¥! ion are favored when the
concentration of protons is increased, i.e., the pH is lowered,
in aqueous solutions of tungstate anions. As the number of
protons in the complex increases, the WV! ion becomes more
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Figure 1. Free-energy profile (in kcal mol™!) corresponding to the
hydration/dehydration equilibria of a hydrogentungstate anion.

electrophilic and it is more effectively bound to nucleophilic
aqua ligands. A quantitative analysis requires the computa-
tion of free energies in solution with the inclusion of explicit
water molecules.'>*!*?

From now on, we will describe the results obtained
including explicit solvent molecules carried out by means
of Car—Parrinello MD and metadynamics simulations. We
have analyzed the free-energy changes that are a consequence
of the incorporation of water molecules to the coordination
sphere of WV! ions at different pH conditions. Because of
the large number of structural isomers involved in these
equilibria (see Schemes 1 and 2), we have only considered
those isomers that are highlighted in the schemes.

To obtain the free-energy profile for the hydration/
dehydration equilibria of a hydrogentugstate anion (eqs 1
and 2),

WO,(OH) +H,0=[WO,(OH)(H,0)] (1)

[WO;(OH)(H,0)] +H,0=[WO;(OH)(H,0),] (2)
we have performed several metadynamics simulations.** As
shown in Figure 1, the four-coordinated tetrahedral
WO;(OH)™ anion is somewhat more stable (3 kcal mol™!)
than the five-coordinated trigonal-bipyramidal structure. The
free-energy barriers for the interconversion of the four- to
five-coordinated species and vice versa are far from being
negligible (14 and 11 kcal mol™!, respectively).

Concerning the six-coordinated [WO3(OH)(H,0),] ™ anion,
it is even more unstable than the five-coordinated [WOs-

(41) Buhl, M.; Diss, R.; Wipff, G. J. Am. Chem. Soc. 2005, 127, 13506.

(42) Buhl, M.; Kabrede, H.; Diss, R.; Wipff, G. J. Am. Chem. Soc. 2006,
128, 6357.

(43) In all of the metadynamics runs that we have performed, we have
chosen as the collective variable the distance between the WV! ion
and the O atom of a nearby water molecule. We have done one
simulation for each of the following processes: (i) WO3(OH)™ + H,O
— [WO3(OH)(H,0)]~. The parameters used in this run are k = 0.2
au and M = 10 amu. The height of the hills (W) is 0.31 kcal mol ™!,
their perpendicular width (Ast) 0.1, and the deposition rate (Ar) 0.0144
ps. The estimated error (¢) in the computation of the free energy is 1
kcal mol~!. The total simulation time (fom) was 9 ps. (ii)
[WO3(OH)(H,0)]” — WO3(OH)™ + H,0. kK = 0.2 au, M = 10 amu,
W = 0.19 kcal mol™!, Ast = 0.1 au, At = 0.0144 ps, € = 1 kcal
mol™!, and fow = 19 ps. (iii)) [WO3(OH)(H.0)]" + H,O0 —
[WO3(OH)(H20),]~. Same parameters as those for (i), except fiora =
11.5 ps. (iv) [WO3(OH)(H20),]~ — [WO3(OH)(H,0)]~ + H,0. Same
parameters as those for (ii), except fior1 = S5 ps.

7748 Inorganic Chemistry, Vol. 47, No. 17, 2008

Rodriguez-Fortea et al.

AF (kcal-mol)
@

WO,(OH), WO,(OH),(H,0)  WO,(OH),(H,0),

4-coord. 5-coord. 6-coord.

reaction coordinate

Figure 2. Free-energy profile (in kcal mol™!) corresponding to the
hydration/dehydration equilibria of tungstic acid.

(OH)(H,0)]™ anion with a free energy that is 10 kcal mol™!
higher than the lowest-energy tetrahedral species. Moreover,
the barrier that has to be overcome to obtain it is as large as
17 kcal mol~!. Assuming that the Helmholtz free energy is
close to the Gibbs energy, the approximate equilibrium
constants for processes 1 and 2 are predicted to be log K; =
—2.2 and log K, = —5.1. So, the hydrogentungstate anion
in a water solution keeps the tetrahedral coordination most
of the time. The six-coordinated species with two extra aqua
ligands will be observed very rarely, but the probability of
finding the five-coordinated complex is not so low.

To analyze the effect that acidification of the solution has
on the incorporation of water molecules to the coordination
sphere of the WV ion, we have studied the following
equilibria (eqs 3 and 4):**

WO,(OH), +H,0 = [WO,(OH),(H,0)] 3)
[WO,(OH),(H,0)] + H,0=[WO,(OH),(H,0),] (4)

Tungstic acid is the predominant species in solution when
the pH is slightly lower than the pK, ;. The computed free-
energy profile relative to WO,(OH), is depicted in Figure 2.
Now, the relative stability of the different species is changed.
The most stable compound is that with the six-coordinated
WV ion, [WO,(OH),>(H,0),], which is 5 and 9 kcal mol™!
more stable than the five- and four-coordinated species,
respectively. Moreover, the barrier for the formation of the
six-coordinated species (8 kcal mol™") is much lower than
that in the case of the hydrogentungstate anion (17 kcal
mol ™). The approximate equilibrium constants for processes
3 and 4 are predicted to be log K3 = 2.91 and log Ky =
3.64, respectively.

Once the tungstate is diprotonated, the WY ion of the tungstic
acid is more electrophilic than that in the case of the hydro-
gentungstate anion. As a result, the W' ion is more easily
attacked by the nucleophilic water molecules, thus decreasing
the barrier for the formation of the aqua complexes.

Therefore, a decrease of the pH of the aqueous solution
involves an expansion of the coordination sphere of the WV!

(44) Different metadynamics runs were performed. One for each of the
following processes: (i) WO2(OH), + H,O — [WO,(OH),(H,0)].
Same parameters as those for the previous metadynamics, except W
= 0.19 kcal mol™!' and to = 25 ps. (i) [WO(OH),(H,0)] —
WO,(OH), + HO. Same parameters as those for (i), except fial =
17 ps. (iii) [WOz(OH)z(Hzo)] + Hzo - [WOQ(OH)Q(Hzo)z]. Same
parameters as those for (i), except fiora1 = 9 ps. (iv) [WO2(OH)>(H,0)s]
— [WO,(OH)»(H20)] + H,0. Same parameters as those for (i), except
W = 0.25 kcal mol~! and fow1 = 6 Ps.
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Figure 3. W—O radial distribution function (solid line) and its integration
(broken line) computed for the 15 ps MD simulation starting from
[WO,(OH)(H,0)3]*. The geometry of the six-coordinated species along with
the nearest water molecules that solvate it is shown at the left top corner.
The formed hydronium ion is highlighted.

ion, as was supposed from the experimental results. It is also
important to note that the most stable complex [WO,-
(OH),2(H,0),] calculated when doing Car—Parrinello meta-
dynamics simulations is predicted to not be stable within
the continuous COSMO model.

Finally, we have also examined the behavior of tungstic
acid solutions at high acidic conditions, i.e., when the pH is
considerably lower than pKj, ;, looking at the fate of the six-
coordinated structural isomers [WO,(OH)(H,O);]" and
[WO(OH)3(H,0),]" (see Scheme 2). During the metady-
namics™ for [WO,(OH)(H,0);]*, one proton is released from
a water molecule coordinated to the WV! ion, yielding the
neutral tungstic acid [WO,(OH)»(H,0),] and a hydronium
ion in the solution. The released proton recombines several
times with the tungstic acid, recovering the former
[WO,(OH)(H,0);]" cation. The free-energy barrier from the
six- to five-coordinated cation is 13 kcal mol™!, in good
agreement with the results obtained for the tungstic acid.
Because we have not accelerated the deprotonation/proto-
nation equilibrium with any collective variable, we conclude
that the barriers for proton transfers in such a system are
low. Indeed, we have performed a standard Car—Parrinello
MD simulation for 15 ps on the six-coordinated [WO,-
(OH)(H,0)3]" cation, and we have observed almost from
the beginning the aforementioned proton transfers and the
formation of tungstic acid [WO,(OH),(H0),] in solution.
The W—O radial distribution function and its integration,
which yields the W—O coordination number,'? are displayed
in Figure 3.

The sharp spike below 2 A that integrates two O atoms
can be attributed to the oxo ligands. The spike at around 2
A that integrates two more O atoms corresponds to the
hydroxo ligands. Finally, the third spike between 2 and 2.5
10\, which integrates the other two O atoms, is due to the
aqua ligands coordinated to the WVY! jon. At distances
between 2.5 and 3.7 A, the W—O coordination number shows
a plateau associated with the presence of six O atoms in the
coordination sphere of the W ion. A shallow maximum
appears between 4 and 4.5 A, which is ascribed to the first

(45) Same parameters as those for the previous metadynamics, except W
= 0.19 kcal mol~! and for1 = 5 Ps.

20

2D
16~ .

12

o 3
r(A)
Figure 4. W—O radial distribution function (solid line) and its integration

(broken line) computed for the 13 ps MD simulation starting from
[WO(OH)3(H20),]*.

solvation sphere. This solvation sphere can be estimated to
contain, on average, 10 water molecules. It is important to
note here that some water molecules of the first solvation
sphere are exchanged reversibly with those of the remaining
solvent during the simulation.

A similar phenomenon occurs in the case of the structural
isomer [WO(OH)3;(H,0),]": at the beginning of a standard
Car—Parrinello MD simulation, one proton from an aqua
ligand is released, giving again an isomer of tungstic acid
[WO(OH)4(H,0)] and a hydronium ion in the solution. The
simulation was extended up to 13 ps. During the first 1 ps,
the hydronium ion recombines with tungstic acid, recovering
the former [WO(OH)3(H,0),]* cation. Afterward, once the
hydronium is released again, the isomer of tungstic acid
[WO(OH)4(H,0)] remains for around 7 ps. Then, the
protonated cation [WO(OH);(H,0),] " is recovered again and
lasts up to the end of the simulation. The W—O radial
distribution function and its integration are displayed in
Figure 4.

Two well-separated spikes between 1.8 and 2.1 A, which
correspond to the oxo and hydroxo ligands, are now
distinguished. The third spike, which is centered at 2.3 A
and corresponds to the aqua ligand, is not now so well
defined. The three spikes integrate up to six O atoms, but
the distribution pattern of ligands around WV! is different.
Now there is only one oxo ligand. Regarding the distribution
of hydroxo and aqua ligands around WVI, the ratio of their
averaged coordination numbers is approximately 3.5:1.5, a
consequence of the existence of both neutral tungstic acid
[WO(OH)4(H,O)] and the protonated cation [WO(OH);-
(H,0),]" for similar periods during the simulation. The
shallow maximum between 4 and 4.5 A associated with the
first solvation shell is also present. From the results of our
simulations, we infer that at high acidic conditions (i) proton
transfers between protonated tungstic acid and the solvent
molecules are likely events and (ii) tungstic acid and its
structural isomers have a higher probability of being found
as neutral than as protonated. For even lower pH values,
which would have to be simulated with a larger number of
protons in the unit cell, the protonated form of tungstic acid
will become the most likely species.
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Conclusions

We have used standard DFT techniques as well as
Car—Parrinello MD simulations with the explicit inclusion
of solvent molecules to study the hydration/dehydration
equilibria of a hydrogentungstate anion, tungstic acid, and
protonated tungstic acid. On the basis of reaction energies
and free-energy profiles, we have confirmed that an increase
of the acidity of the solution, i.e., a decrease of the pH,
involves an expansion of the coordination sphere of the WV
ion in good agreement with experimental results. Further-
more, we have found that, at the conditions of our simula-
tions, protonated tungstic acid has preference to be depro-
tonated. Much higher acidic conditions would have to be
simulated to find protonated tungstic acid as the most likely
species. Regarding continuous solvation models, we should
pay attention when using them because they are not able to
predict as stable the lowest-energy hydrated tungstic acid
found when doing Car—Parrinello metadynamics. Continuous
solvation models have been shown to yield a good descrip-
tion of geometries and orbital energies of polyoxoanions in
solution.*® However, some problems had already appeared
when explicit aqua ligands were introduced in combination

7750 Inorganic Chemistry, Vol. 47, No. 17, 2008

Rodriguez-Fortea et al.

with continuous models of solvation.*” So, to include the
effect of the first solvation shell on the free-energy barriers,
the incorporation of explicit solvent molecules in the
computations is mandatory. Our study provides a quantitative
picture of the hydration equilibria of a hydrogentungstate
anions in acidic solutions, which is fundamental for further
understanding of the nucleation processes that yield POMs.
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