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The Keggin anion, PW12O40
3-, is one of the most representative polyoxometalates (POMs). In recent years

increasing theoretical work focused on this family of compounds has explained or even predicted some of
their properties using quantum mechanics methods. In this report we applied for the first time molecular
dynamics (MD) to the title compound to analyze its interactions with water. We used three atomic charge
definitions (Mulliken, ChelpG, and formal charges) to carry out MD simulations. The results show that the
terminal oxygens of the cluster are invariably most effectively solvated by water because of their prominent
position within the framework. On the other hand, bridging oxygens, which are confined in more internal
positions, concentrate a smaller portion of the whole solvation. We investigated the hydrogen bonds existing
between water and the cluster, confirming that the terminal positions form more contacts with H2O than any
other site of the cluster. In the end, the lifetime of such contacts is longer with bridging oxygens, presumably
due to their higher atomic charge.

Introduction

Polyoxometalates (POMs)-or polyoxoanions-are medium-
to-large clusters made up of metal cations and oxo ligands. They
have distinctive chemical properties that have been studied since
the 19th century that continue to attract the attention of scientists
from various fields.1 These structurally versatile inorganic
compounds are studied and applied in catalysis, materials
science, electrochemistry, and medicine.2-3 In general, we may
view their structure as an array of pseudo-octahedrally coordi-
nated metal centers, MO6, with Mn+ ) d0 early-transition
metals.4 These polyoctahedral aggregates typically feature
corner- and edge-sharing MO6 units. The spherical Keggin
phosphotungstate, PW12O40

3-, consists of a metal-oxide core
made up of four corner-sharing trimers, W3O13, that surround
an internal PO43- unit. Within each trimer WO6 units share
edges (see Figure 1). This arrangement features the following
oxygen types: the four PO4 oxygens, isolated from the exterior,
and the external oxygens, 12 of each type, labeled Ot (terminal
oxygens), Ob1 (between two edge-sharing octahedra), and Ob2

(between two corner-sharing octahedra). The external oxygens
are exposed to other molecules.

Since the first calculations on POMs,5-6 most theoretical
works have focused on the structure, electronic properties (redox,
magnetism), and basicity of the oxygen sites.7-8 Also, the
majority of these studies assumed that POM molecules are in
vacuo. This is often a good approximation because some of
their properties are well reproduced in this context. However,

reactions involving POMs mainly occur in solution, so introduc-
ing the external effects is sometimes fundamental. Such effects
can be taken into account using two main techniques: one is
with a continuum solvent model and the other with explicit
molecules through classical mechanics methods. To date, a few
articles on POMs have been reported using the former9 but, to
the best of our knowledge, no molecular dynamics (MD)
simulations have been applied yet to large polyanions in liquid
media. Since the chemistry of POMs entirely occurs in liquid
media, it is important to investigate the solvent-solute interac-
tions.

In this article the dynamics are analyzed classically because
the de Broglie thermal length is much smaller than the distances
between particles.10 The dynamics are therefore fully governed
by effective intermolecular potentials that are typically of the
Lennard-Jones (LJ) type, with electrostatic interactions modeled
through a given distribution of point charges. Since the Keggin
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Virgili.

‡ Departament d’Enginyeria Quimica, Universitat Rovira i Virgili.
§ ICIQ-Institut of Chemical Research of Catalonia.

Figure 1. Keggin structure forR-PW12O40
3-. (A) Oxygen atom is

located at each vertex of a WO6 polyhedron, while the P atom is located
in the center of the dark tetrahedron. (B) Space-filling representation
with hatched spheres for terminal oxygens, stripped spheres for bridging
oxygens of type 1 (Ob1), and empty spheres for type 2 bridging oxygens
(Ob2). There are 12 oxygens of each type.
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cluster is large, its dynamics depend more crucially on the long-
range electrostatic forces than on the LJ dispersion forces.

We herein report the first MD study of a Keggin-containing
aqueous solution. This type of modeling provides novel
information on the solvent-solute interactions and can be
important for understanding chemical reactions involving POMs.
We characterize the solvation of the PW12O40

3- anion (PW12

for short) in aqueous solution and the nature of the mutual H2O-
POM interactions. Three atomic charge models were applied
to the MD study of the Keggin anion: two of them are
commonly used in computational chemistry (Mulliken and
CHelpG). The other simulation was carried out with formal
charges to check the nature of the water-Keggin interactions
due uniquely to structural reasons. We will discuss the three
simulations in order to compare the performance of the atomic
models.

Computational Details

We computed different structural and transport properties of
aqueous solutions of the Na3[PW12O40]3- Keggin anion through
MD simulations. We used different atomic charge models to
simulate the force field potentials of the POM: the Mulliken,11

ChelpG,12 and formal charges. To simulate water we used the
SPC/E13 model, and for Na+ the model of Lee et al.14 was
introduced to make the system neutral. The simulation param-
eters for H2O and PW12O40

3- are listed in Tables 1 and 2,
respectively. Due to the POMs structure the polyoxometalate-
water potential is fully dominated by the electrostatic water-
oxygen interactions. For oxygen we used fluoride LJ parameters
extracted from the literature.15 For phosphorus and tungsten
the values were from the respective alkaline. In any case, the
LJ parameters do not influence the results very much because
the main effect comes from the electrostatic interactions and
the partial charges, and this is precisely the effect this paper
seeks to analyze.

The three right-hand columns of Table 2 contain the model
charges. All the intermolecular interactions are represented by
the two-body potential

whereqi is the atomic charge on sitei, εij and σij are the LJ
interaction parameters between sitesi and j on different
molecules, andrij ) |rj - ri| is the distance between the
corresponding sites. Crossed interactions for the dispersive LJ

forces were computed through the usual Lorentz-Berthelot
rules, i.e.,σij ) 1/2(σi + σj) andεij ) (εiεj)1/2. We performed
the simulations within the constant temperature ensemble, NVT,
using a weak coupling bath16 with a long-range correction for
pressure and energy.17 All simulations were carried out with
1000 molecules. The size of the cubic simulation box on the
NVT ensemble was adjusted to fit a density ofF ) 1.133 g/cm3.
The equations of motion were integrated through a leapfrog17

algorithm with a time step of 2 fs, while leapfrog implicit
quaternions18-19 were used to integrate the rotational part of
the equations of motion. All the simulations were performed
with periodic boundary conditions and thereaction field
methodology20 with the choiceεRF f ∞ to account for the long-
range electrostatic interactions. The reaction field and LJ cutoff
lengths were set to 10 Å. A nearest-neighbor-list technique,17

with a cutoff radius of 1.1 times the LJ radius, was also used.
An equilibration run of 500 ps was done prior to each 2 ns
production run to eliminate any memory of the initial conditions.

To analyze the dynamic behavior of the hydrogen bonds
between POMs and water molecules, we used a geometrical
criterion,21 which was sufficient for our purpose. This criterion
should fulfill three conditions:

(1) the distanceROO between a given oxygen of the POM
molecule and the oxygen atom of water must be less thanRc

OO,
(2) the distanceROH between the oxygen of the POM and

the hydrogen corresponding to the water molecule must be less
thanRc

OH, and
(3) the angle∠H-O‚‚‚O must be smaller than a givenφc.
We usedRc

OH ) 2.5 Å andRc
OH ) 3.6 Å, which correspond

to the distance of the first minimum of the oxygen-oxygen
radial distribution functions observed in pure water systems.21,22

We used a value of 30° for φc. Because of the intermolecular
vibrational motion inherent in the process of breaking and
forming H bonds, the study of the dynamics of hydrogen bonds
is not straightforward. We decided to compute the lifetime of
the H bonds from the long-time decay of the autocorrelation
functions22,23

where the variableηij(t) has a value of 0 or 1 depending on the
H-bond state of a given pair of oxygen atoms. For instance,
ηij(t) ) 1 if oxygensi andj are H bonded at timet, on condition
that the bond has not been broken between 0 andt. Otherwise,
ηij(t) ) 0. τc

HB is then obtained from an exponential fitting of
the correlation functionCHB(t) at long times, according to eq
2.22,23b

Prior to the MD simulations we obtained the optimized
geometry for PW12O40

3- with the ADF24 program. The calcula-
tion was based on the local density approximation characterized
by theXR model25 with Becke’s gradient-corrected functional26

for exchange and the VWN parametrization27 for correlation,
corrected with Perdew’s functional.28 The basis set IV, which
is triple-ú + polarization Slater-type basis, was used as provided
by the ADF library. The Mulliken charges were computed using
ADF, whereas the CHelpG charges were obtained from a single-
point Gaussian29 run using the LANL2DZ basis set.30

The Mulliken model performs an arbitrary partition of space
to comply with a given criterion of atomic size, thus assigning
some electron density to each atom. In addition, this method
strongly depends on the basis set used. The CHelpG model, on

TABLE 1: Molecular Parameters for the SPC/E Model of
Water

ε (kJ mol-1) σ (Å) atomic charge

H 0.6502 3.17 +0.42
Ow -0.85

TABLE 2: Molecular Parameters Used To Model the
PW12O40

3- Solute Aniona

atomic Charge

d (Å)b ε (kJ mol-1) σ (Å) Mulliken CHelpG formal

P 0.00 1.0264 3.00 +2.43 +1.51 +5
W 3.58 0.9250 2.34 +2.49 +3.81 +6
Ot 5.29 0.8975 3.17 -0.72 -0.85 -2
Ob1 3.97 0.8975 3.17 -0.93 -1.37 -2
Ob2 3.42 0.8975 3.17 -0.94 -1.55 -2

a Each atomic charge model was applied to a different MD run.
b Distance to the center of the anion.

Uij ) 4εij[(σij

rij
)12

- (σij

rij
)6] +

qiqj

4πε0rij
(1)

CHB(t) )
〈ηij(t)‚ηij(0)〉

ηij(0)2
≈ exp(-t

tHB
) (ast f ∞) (2)
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the other hand, assigns atomic charges to reproduce the
electrostatic field produced by the distribution of electrons and
nuclei.

Results

We performed three MD simulations on the Na3PW12O40 +
H2O system with the same set of parameters except for the
atomic charges (see Table 2). As the electrostatic interactions
between PW12 and H2O are different in each case, so is the
behavior of the water molecules in the vicinity of the POM. To
emphasize these differences we analyzed (i) the diffusion
coefficient, (ii) the radial distribution functions (RDF) of water
molecules around several sites, and (iii) the hydrogen-bonding
(HB) properties, i.e., the average number of HB formed upon
Keggin-H2O contacts,〈NHB〉, and the HB lifetimes,τHB. Apart
from the comparison of the models, the most important
information obtained from the calculations is the structure and
behavior of water in the vicinity of PW12.

1. Calculation of Diffusion Coefficients. The diffusion
coefficient,D, of the Keggin in solution can be computed from
the mean square displacement of its center of mass in accordance
with the well-known Einstein relation

D is a measure of the mobility of a particle embedded in a
solvent. Since the Keggin anion is large in comparison with
the water molecule, the Stokes-Einstein equation

infers the hydrodynamic radius of the POM given the temper-
atureT and the viscosityη of the solvent. Experimental values
of diffusion coefficients for the Keggin anion were reported by
Pope et al.31 They measuredD ) 3.36× 10-6 and 2.56× 10-6

cm2/s for acidic solutions of PW12O40
3- and SiW12O40

4-,
respectively. Grigoriev et al.32 reported experimentalD for
several solutions of Keggin anions in a mixture of H2O/alcohol.
For PVW11O40

4- they found values ofD vs the concentration
of countercation ranging from 2× 10-6 to 3 × 10-6 cm2/s. In
our simulation on PW12O40

3- (Table 3) we similarly obtained
DMulliken ) 3.2× 10-6 cm2/s andDCHelpG ) 2.4× 10-6 cm2/s.
The error made in the evaluation of this magnitude is indeed
extremely small (about 3 orders of magnitude smaller thanD).
As shown below, the differences in the simulated values ofD
obtained from the various charge models arise from the different
amount of water molecules solvating PW12. As the Stokes-
Einstein equation states, the larger theeffectiVe hydrodynamic
radius is, the smaller the diffusion. Plainly, we can say that if
a solute molecule carries more waters of solvation, it moves
more slowly. The Mulliken charges assigned to the oxo ligands
are smaller than the CHelpG ones, so the surface negative charge
that H2O molecules feel is lower in the former case than in the
latter case. This apparently leads to a poorer solvation of PW12

in the first model and, therefore, a smallerrh, which thus
produces a largerD. In fact,D ) 1.2× 10-6 cm2/s with formal

charges, which is much deviated from the experimental mea-
surements and other simulations reported here. This is due to
the exceedingly large charge assigned to the oxygen atoms. In
our simulations we looked for a numerical relationship between
D and the degree of solvation of PW12. Typically, the effective
hydrodynamic radius is a good estimate for the solvation of a
solute. We also counted, for all simulations, the number of water
molecules that filled a hypothetical sphere of radiuse9 Å
centered in the PW12 cluster. Table 3 compares, from the least
to the most ionic model, the coordination numbers calculated.
For Mulliken and CHelpG models the agreement between the
theoretical and experimental values ofD is good. As expected,
formal charges perform poorly because this model fails to
reproduce the electrostatic nature of the solute. The calculations
also show that the more ionic the charge model, the higher the
degree of solvation of PW12 and the smaller the value ofD.

2. Radial Distributions and Hydrogen Bonding.Mulliken
Charges.The dotted lines in Figure 2 show the result of
simulating the aqueous solution on PW12 performed with the
model of Mulliken charges. The solid lines show the results
obtained from the model of CHelpG charges, which we will
discuss later. Figure 2A represents the RDF for oxygens of
waters as a function of the distance to the center of the Keggin
anion, while Figure 2B represents the RDF for water hydrogens.
The most remarkable feature of Figure 2A is the absence of
well-defined peaks, which are replaced by a broad shoulder
between 6.5 and 8 Å. The beginning of the shoulder is located
between 6.5 and 7 Å. This distance corresponds to the location
of the center of a water molecule in the vicinity of either oxygen
Ob1 or Ob2. The maximum of the shoulder is located close to 8
Å and corresponds to the position of water molecules that are
forced to be around terminal oxygens (Ot) of the Keggin anion.
However, the region between 5.5 Å and the beginning of the
shoulder indicates some degree of penetration toward the vicinity
of the most internal oxygen, which is referred to as Ob2 (see
Figure 1). The curve of Figure 2B is in agreement with that
picture. The peak around 7 Å indicates some degree of
localization of one hydrogen of a water molecule on the Ot

oxygen, while the lower and broader peak around 8.5 Å
corresponds to the other hydrogen of the same water molecule.
The peak at 10.5 Å belongs to the second solvation shell. Finally,
the small shoulder around 6 Å in Figure 2B corresponds to
hydrogens attracted to Ob1.

More detailed information about the characteristics of the
POM-water interaction is found in Figure 3. We show the

TABLE 3: Diffusion Coefficients (D) and Coordination
Numbers (Nc) Obtained in the Three Simulations

atomic charge model D (cm2/s) Nc

Mulliken 3.2× 10-6 171
CHelpG 2.4× 10-6 180
formal 1.2× 10-6 206

D ) lim
tf∞

〈|r(t) - r(0)|2〉
6t

(3)

D ∝ kT
ηrh

(4)

Figure 2. RDFs of water vs the distance from the center of the PW12

anion. The results from the Mulliken and CHelpG charge models are
shown by dotted and solid lines, respectively. (A) RDF of Ow, and (B)
RDF for Hw.
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oxygen-oxygen and oxygen-hydrogen pair distribution func-
tions between the three types of oxygens of the POM molecule
and the corresponding oxygen (hydrogen) of the neighboring
water molecules. In Figure 3A the position of water molecules
refers to the Ob2 sites of the Keggin anion. At distances closer
than 10 Å the amount of water predicted by the Mulliken
charges model (dotted line) progressively decreases and there
are no noticeable peaks. This indicates that, within this model,

the internal oxygen Ob2 is not easily accessible. This interpreta-
tion is confirmed by Figure 3B. Figure 3C shows that a similar
phenomenon takes place around site Ob1. However, the small
peak around 2 Å in Figure 3D suggests some localization of
waters around this bridge oxygen, Ob1. Figure 3E and F
corresponds the POM’s terminal oxygen, Ot. These oxygens are
the sites that are most exposed to water contact since they are
located at 5.29 Å from the center of the anion. There is an
important localization of waters in the vicinity of the terminal
oxygens. In Figure 3F the sharp peak ofgOtHw(r) at 2 Å is
indicative of the preferential orientation of water molecules
around this position. The second peak corresponds to the second
hydrogen of the same water molecule.

Figure 4A shows the correlation functionCHB(t) for the three
types of oxygens in PW12. The curves clearly indicate the longer
persistence of HB formed between terminal oxygens and Hw.
We estimated the half-life time for the Ob1 oxygen,τOb1) 0.669
ps, and for the Ot oxygen,τterm ) 1.142 ps. Bearing in mind
that there are 12 oxygen sites of each type (Ob1, Ob2, and Ot),
the magnitude〈NHB〉 indicates how many water molecules are
hydrogen bonded with the oxygens of each group. Figure 4C
represents the probability distribution forNHB for each species.
The average number of HB for Ot is about three times larger
than that of Ob1. In both cases the width of the distribution is
about 5 HB. Since the charge of Ot is smaller than that of Ob1

(see Table 2), Ot’s the longer lifetime and greater number of
HB compared to Ob1 should be attributed to a more exposed
position of Ot. For Ob2, the least exposed oxygen in PW12, HB
is hardly ever formed, so this oxygen contributes little to the
solvation of the anion. On average, one-half of the Ob1 sites
are solvated while the other half are free of HB. The terminal
oxygens are always solvated by at least one water molecule
each (〈NHB〉 ) 14.85 over 12 Ot sites). These results for the
model of Mulliken charges indicate that Ot sites are more
efficiently solvated than Ob1 sites. Essentially, this is due to
the position of Ot rather than to its charge.

CHelpG Charges.A priori, a model based on CHelpG charges
is more reliable than one based on Mulliken charges because
CHelpG charges are fitted to reproduce the electrostatic potential
at each point of space. Within this model the bridging oxygens
of the Keggin anion become∼50% more negatively charged

Figure 3. Three water-to-Keggin g(r) functions represented for the
Mulliken (dotted lines) and the CHelpG (solid lines) charge models:
(A and B) Ob2-water, (C and D) Ob1-water, and (E and F) Ot-water.

Figure 4. Lifetime of Ob1-Hw and Ot-Hw hydrogen bonds: (A) Mulliken and (B) CHelpG. Probability distribution of the number of hydrogen
bonds (NHB) on the 12 oxygens of each type in the POM. The legend shows the average number of each species: (C) Mulliken and (D) CHelpG.
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than in the Mulliken model. In turn, the terminal oxygens are
similarly charged in both models (see Table 2). Therefore, we
expect a stronger attraction between PW12 and water molecules
in the first solvation shell and a greater influence of bridging
oxygens compared to terminal oxo sites. The first consequence
of the greater attraction of the first solvation shell is that the
diffusion coefficient of this model is smaller than that of the
Mulliken model (Table 3).

The analysis of Figure 2 is similar to the analysis for the
previous model. The most remarkable feature is the appearance
of two well-defined peaks at 6.5 and 8 Å, where before we
observed a broad band. With this model, therefore, the water
molecules around Ob1 and Ot are more localized. However, the
larger charge of Ob2 is responsible for the appearance of a
shoulder between 5.5 and 6.5 Å that was absent in the previous
case. Still, the hidden position of this oxo site prevents it from
interacting strongly with water. Figure 2B agrees with this
interpretation.

A thorough analysis with site-to-siteg(r) functions helps to
explain the behavior of water around each oxo site. The solid
and dashed lines in Figure 3 indicate the different structures of
water depending on the model charges used. This difference is
not evident in plots A and B, wheregOb2-water(r) only suffers
from minor changes. These changes are summarized in a larger
localization and a slightly larger population of water in the
vicinity of the oxo site Ob2. There is a big increase in negative
charge, however, for Ob1 (Figure 3C and D). We can see a large
peak in both of these figures, which indicates the presence of
many water molecules at the surface of this oxygen site. Ob1

now carries a similar charge to Ob2 (-1.37), but the more
exposed location of Ob1, 4 Å from the center of the cluster,
allows Hw atoms to approach.

Note, however, the change in the shape of Figure 3E and F.
Effectively, with respect to the Mulliken charge, the CHelpG
charges predict a lower first peak around 2.5 Å and a much
clearer peak at around 3.5 Å (Figure 3E). This may indicate a
strong localization of water molecules in a region between the
terminal oxygen and the Ob1 oxo sites, which corresponds to
enhancement of the first peak in Figure 3C. Parts F and E of
Figure 3 have similar explanations and somehow indicate the
presence ofbridging water molecules, i.e., the two hydrogens
are in the vicinity of Ot and Ob1, respectively. Note also the
slightly more localized water hydrogens on Ob1, which are due
to its greater atomic charge. Figure 3 may therefore indicate
that increasing the charge in Ob1 and Ob2 oxo sites increases
the contribution of these oxygens to the solvation of the Keggin
anion and even slightly reduces the importance of the terminal
oxygens as far as the water-Keggin interactions are concerned.

The half-lives of HB between water and the different oxo
sites and the average number of HB formed to each site provide
complementary information about the water-Keggin anion
interaction (see Figure 4B and D). Figure 4B shows that the
half-life of HB formed with Ob1 is the largest and significantly
larger than the lifetimes predicted with Mulliken charges. Ob2

sites, formally free of waters in the Mulliken model, now form
HB with a half-life of 1.4 ps. Figure 4D corresponds to the
probability distribution of the number of HB assigned to each
oxo site. Here, the average values relative to Ob1 and Ot sites
are similar: 〈NHB〉 ) 9.49 and 11.64, respectively. Moreover,
the average number of HB on Ot sites is lower than the
predictions with Mulliken charges (Figure 4B), even though the
net charge of the site is higher. This agrees with the interpreta-
tion of the set of pair distribution functions (Figure 3A-F) Ob2

still tends less to capture H2O molecules in its vicinity. Recall

that while〈NHB〉 for Ob1 is lower than for Ot, the time spent by
each H2O molecule in the vicinity of the former is the largest
in this simulation. Therefore, the most accessible sites are
terminal oxygens. However, HB are stronger between H2O and
Ob1, though these oxygens are less accessible. This indicates
the competition between the position of the oxygen and its
atomic charge.

Formal Charges.Formal atomic charges were applied to
PW12 to allow the solvent to be affected only by the structure
of the solute. This simulation is less rigorous than the previous
ones, but it helps to separate the electrostatic effects from the
structural effects in solvation phenomena. Since all the oxygen
atoms of PW12 carry a negative charge of-2, the nature of
their interactions with the solvent differs due to structural factors
exclusively. Figure 5 shows thegP-Ow(r) andgP-Hw(r) functions.
gP-Hw(r) is characterized by one high band at 6.5 Å, which is
accompanied by a shoulder of lower intensity at 6.0 Å. These
two peaks may be associated with solvation of the terminal
oxygens, though the shoulder at 6.0 Å may be related to the
approach of some water molecules to Ob1. Actually, this peak
is far from Ob1 (the P-Ob1 distance is 3.97 Å). In previous
charge models that displayed a peak of gP-Hw(r) associated with
Ob1 it appeared at∼5.7 Å, which was 0.3 Å closer to P. The
gP-Ow(r) radial function features a sharp high band at 5.5 Å.
What are the Hw associated with this band? Comparing the two
plots we think thatgP-Ow (5.5 Å) is associated withgP-Ow (6.0
Å). This may indicate that the H2O molecules whose Ow atoms
are at 5.5 Å are orientedoutwardfrom the PW12 anion to enable
the Ow atoms to be close to W6+. The HB analysis can help us
to assign these bands. Figure 6 shows the average number of
hydrogen bonds formed between H2O and each oxygen site of
PW12. The only site that features bonding to Hw is the terminal
oxygen. We may say that, on average, all the terminal positions

Figure 5. Joint representation of the RDF of Ow and Hw for the model
simulation of formal charges. The horizontal scale refers to the center
of the Keggin cluster. The vertical scaling is the same as that in the
other figures.

Figure 6. Mean number of hydrogen bonds for the formal charge
model simulation. The only relevant signal corresponds to HB formed
between Hw and Ot.
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form at least 2-3 HB with water molecules. The other oxygens
are virtually free of waters.

To end our discussion of the results we will examine the
acid-base properties of POMs. In some structures the contro-
versial point of “which is the most basic site”, as for the Keggin
heteropolyanion discussed here, is still being investigated.
Previous calculations to determine basicity scales of iso-6,33and
heteropoly-7d,9a,34anions invariably proposed bridging oxygens
as the most basic sites.35 However, these studies accounted only
for the thermodynamicrelative stability of the species and did
not consider thedynamicfactor. On the other hand, IR36 and
REDOR NMR7d data suggested that protons in Keggin clusters
could preferentially be attached at the terminal oxygens. Our
MD simulations with Mulliken and CHelpG charges are in
agreement with this possibility.

Many reports showed that the motion of H+ in protic solvents
is unusual. Today it is believed that the mechanism for proton
transport in water involves H+ hopping between H2O units by
formation-annihilation of covalent and hydrogen bonds.37-38

Our present results show that the highest water concentration
around the Keggin anion occurs at Ot sites and that these sites
are the most effectively solvated. If the mechanism for proton
transport really governs the acid-base reactions, our results
could explain the protonation at terminal sites in Keggin anions.
Water distributions suggest that the kinetics of the protonation
reaction may balance the thermodynamic difference between
protonation at a terminal site and a bridging site.9a

Summary and Conclusions

We performed a molecular dynamics study on an aqueous
solution with composition [Na3PW12O40]. Three models were
used to characterize the Keggin anion: Mulliken, ChelpG, and
formal atomic charges as well as the standard SPC/E model
for water and the Na+ cation. From these simulations, we traced
common features between these models to describe the nature
of water in the vicinity of a POM solute. We can conclude the
following. (i) Provided that our solute molecule is anionic, the
first solvation shell contains water molecules that are oriented
so that their H atoms point toward the Keggin cluster. (ii) The
region with the greatest accumulation of water is located at
distances 6-9 Å from the center of the cluster. (iii) Two factors
determine the extent of solvation on each site of the cluster:
the atomic charge and the position. The most effectively solvated
site by H2O molecules is the terminal oxygen because, although
it carries the lowest negative charge, it is the most external. On
the other hand, the bridging oxygens Ob2, the most internal ones,
are poorly solvated in all models. (iv) The degree of solvation
of oxygens in the Keggin anion increases as their negative
charge does.

The most reliable of the charge models applied in this study
is probably the ChelpG. This model properly describes the ionic
nature of POMs by reproducing the electrostatic potential
generated by the distribution of nuclei and electrons. This is a
feature that other models do not account for. Several properties,
such as the RDF or the average number of HB, show that
solvation mainly occurs at the terminal sites, Ot, and to a lower
extent at the Ob1 bridging oxygens. Both sites form a number
of HB with water molecules close to one per site, on average.
In both charge models the terminal oxygens are the least
negatively charged but their external position in the framework
allows them to be surrounded by more water molecules than
the bridging oxygens. From the simulation with formal charges
(ionic model) we showed that the structural factor forces the

solvent molecules to remain attached to terminal oxygens. In
fact, bridging oxygens are free of waters, which indicates the
importance of the position in the cluster.

Two important features support the validity of our analyses.
First, the diffusion coefficients are close to the experimental
values, and second, the terminal oxygens for the PW12 anion
are the most likely ones to be protonated (largest number of
HB bonds), a prediction that is also in agreement with
experimental data.

In future projects we will study XMxW12-xO40 mixed-metal
Keggin anions, Lindqvist structures, and larger POMs whose
chemistry is very interesting, for example, in processes of
polymerization and assembly. We also intend to include
variables such as the ionic strength when modeling POMs in
solution. Other studies31,39have shown that this and the nature
of the counterions are crucial parameters for the structure and
properties of some POMs.
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