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Abstract

In many reactions catalyzed by polyoxoanions, the first step involves attaching a proton at the anion so that the activated species can react with
the substrate. The present study focuses on this first step and makes a detailed analysis of the factors that affect the basicity of the distinct oxygen
sites in a polyoxometalate. Several prototypical polyoxoanions were studied in solution using the conductor-like screening model (COSMO) to
model the solution. The nucleophilicity of a given site depends mainly on the coordination type, the metal to which the oxygen is linked, the
charge of the anion and the bonding angle in the bridging oxygen sites. The coordinated metal and the coordination type are the most important.
We discuss in detail the effect of the charge and of the charge density of the anion on the basicity of the polyoxoanion.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The applications of polyoxometalates (POMs) [1] have been
studied in many fields from medicine to materials [2,3] for
several decades now. The physicochemical properties of these
molecular metal-oxide systems are mostly a function of the
nature and oxidation state of the metal atoms that make up the
frameworks. Typically, these frameworks consist of Mo or W
in their highest oxidation states, and Nb, V or Ti atoms are
also incorporated into many POM structures to customize or
tune their properties [4,5]. The chemical properties of POMs
are also affected by their structure. The most common classifi-
cation of POMs divides them into two groups: (1) isopolyanions
(IPAs), which have only one structural type of metal atom with
the general formula M,,,0,9™, and (2) heteropolyanions (HPAs),
with the formula X, M,,0,9~, where X is the so-called internal
atom or heteroatom [1]. Despite this classification, the main
properties are similar for all POMs, and they can be rational-
ized by taking into account the same principles. Nevertheless,
their chemical and structural properties, which are responsible
for their highly oxidizing nature and strong acidity in solution,
are extremely singular. The reason for their strong acidity in
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solution is that their surface charge density is very low [6],
which means that many of them, despite their anionic nature,
exist in solution as non-protonated species at relatively low pH
[7]. Some previous reports have dealt with the importance of
HPAs as strong acid catalysts in both solid state and in solution
[8].

POMs feature some exceptional characteristics to be cat-
alysts, like the reversible redox chemistry at low potential,
the high hydrolytic stability or the fast reoxidation by O in
both aqueous and non-aqueous media. Generally, reactions cat-
alyzed by heteropolyanions can be considered in two ways.
The strong acidity of POMs, often 100—1000 times higher than
that of sulfuric acid, makes it possible to carry out the cat-
alytic process at lower acid concentrations and to recover the
catalyst from the homogeneous reaction mixture more eas-
ily. In many catalytic reactions involving POMs, attachment
of a proton at the catalytic center is the starting point. Inter-
estingly, the catalytic activity of POMs usually parallels their
acid strength. Therefore, from this point of view, these reac-
tions may be represented by the conventional mechanism of
Brgnsted-acid catalysis. In addition, the possibility of substi-
tuting metal atoms in the addenda framework makes it pos-
sible to tune the redox and acid-base properties of POMs.
As a matter of fact, the incorporation of more electronegative
atoms into the cluster leads to the appearance of new reactive
sites.
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Fig. 1. Polyhedral view of (A) Lindqvist, (B) decatungstate, (C) Keggin and (D) Dawson anions. Octahedra represent WOg units, with oxygens located at the vertices.
Positions labeled W-O-W(1-3) are the bridging oxygen types present in such frameworks. See text for details.

The ability to attach or release protons in POMs has been
investigated in the past but, nowadays, systematic knowledge of
the factors that affect the protonation of POMs is still needed. We
are not aware of any systematic study on the relationship between
acid—base properties and chemical composition. At most, a few
theoretical studies have computed the protonation energies (PE)
of some polyoxoanions [9]. This paper does not aim to predict
or to reproduce the exact protonation energies of POMs, but to
establish how certain factors affect their basicity. Among other
things, we shall discuss the importance of chemical composition,
protonation site and anion charge.

2. Computational details

We computed all the molecules discussed here with the ADF
2003.01 [10] implementation of the density-functional theory.
The calculations are characterized by the local density approx-
imation featuring the Xo model for exchange with Becke’s
gradient-corrected functional [11], and the VWN parameteri-
zation for correlation [12] corrected with Perdew’s functional
[13]. The basis functions for describing the valence electrons
of all the atoms are Slater-type orbitals of triple-{ + polarization
quality. The internal or core electrons (O: 1s; P, Si, Al: 1s-2s;
Ti, V: 1s—2p; Nb, Mo: 1s-3d; Ta, W: 1s—4d) were frozen. We
applied scalar relativistic corrections to them — zeroth-order reg-
ular approximation (ZORA) — via the core potentials generated
with the program DIRAC [10]. The structures of all clusters
discussed here were fully optimized in the presence of a model
solvent, accounted for by applying the conductor-like screening
model (COSMO) [14] implemented as part of the ADF code
[15]. To define the cavity surrounding the molecules, we used
the solvent-excluding-surface method and a pruned tesserae. To
obtain the electron density in solution, we first let the SCF con-
verge without solvent effects and, thereafter, the COSMO was
turned on to include the solvent effects variationally. The ionic
radii for the POM atoms, which actually define the size of the
solvent cavity where the target molecule remains, were chosen
to be 0.74 A for all metal ions except VY, to which we chose
0.68, 1.20 A for H and 1.52 A for O~ The dielectric constant

was set equal to 78.4 for modeling water. All non-protonated
and protonated anions were fully optimized in solution.

3. Results and discussion

We computed the total binding energies for protonated and
non-protonated POM anions, as well as for HyO and H30%. The
protonation energies discussed are associated to the following
general process:

POMY~ + H3;0" — H-POMY“~ D~ + H,0

All the energies discussed in this section are arbitrarily
referred to the PE of Wg0192~ at the W—O-W site, to which
we assign a value of zero in order to remove the main source
of error in this study, which is the calculation of the solva-
tion energies associated to H30* and H,O. The results are split
into two main subsections: the first discusses single-addenda
We0192~, XW120407~ (X=PV, Si'V, Al and ¢=3, 4, 5),
W10032% and PoWig0g0~ polytungstates, and the second
analyzes some mixed-addenda derivatives of the Lindqvist and
Keggin anions, namely, W¢_,M;019"~ and XW 15 M;040" ",
with the same X and M=V, Nb" and Ti!V [16]. The geometri-
cal parameters obtained from DFT calculations are, in general, in
excellent agreement with the experimental values. The optimiza-
tion of the structures including the solvation always improves
the geometries [17] and only the M=O distances are systemati-
cally computed to be slightly longer than the experimental ones
(0.01-0.07 A), depending on the anion charge.

3.1. Single-addenda compounds

This series of anions contains the Lindqvist, Keggin
decatungstate and Dawson polytungstates (see Fig. 1 for poly-
hedral views and oxygen labeling). There are four types of
bridging W-O-W oxygen sites: in types (1) and (1’) the oxo
ligand links two edge-sharing octahedra; in type (2) the oxy-
gen links two corner-sharing octahedra; and finally type (3)
is also a corner-sharing bridging oxygen with a larger bond-
ing angle and located in the belt region in decatungstate and
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Table 1
Computed protonation energies at different oxygen sites for Lindqvist, Keggin,
Decatungstate and Dawson anions?®

WOW(1) WOW(') WOW(2) WOW@B) W=0
WeO192~ 0.0 - - - +7.6
W03 -84 -25 - +1.1 +2.3
PW12040°~ +4.4 - +4.9 - +122
SiW 0404 =02 - +2.5 - +94
AIW 20407~  —5.6 - —4.6 - +3.9
PoW 3060~  —6.2 - —45 —2.0 -0.6

& The energies (inkcalmol™!) are relative to protonation at W—O-W in
WeO 927 .

b Two different W-0O-W(1) sites are given for W100324_, the most negative
corresponds to W—O-W(1) and the less to W—O-W(1’) in Fig. 1.

Dawson anions. Distinctively, W¢ only contains W-O-W(1);
XW 1, anions feature W—O-W(1) and W-O-W(2); Wo con-
tains two distinct W-O-W(1) sites and W-O-W(3) oxygen,
whereas PoW g has three types. The terminal W=0O oxo sites
are common to all structures. We carried out model protonations
at all possible distinct oxygens in each structure. Theses calcu-
lations are quite computationally demanding, particularly for
the protonated anions, because protonation removes almost all
symmetry elements. The calculations for the protonated forms
were done under the restrictions of the C group symmetry with
the exception of the structures corresponding to the protonation
at W—O-W(2) in the Keggin and Dawson anions, which were
computed with C; symmetry. For the protonations at WO 192~
we verified that the protonation energies almost not change if the
calculations are performed without symmetry restrictions (less
than 0.5 kcal mol ! for the absolute values and less than 0.1 kcal
for the relative protonation energies).

Table 1 contains alist of PEs for some single-addenda polyox-
otungstates. Protonations at W=0 are in all cases less exothermic
than at any W—O-W, irrespective of the anion considered [18]. In
general, the basicity of the bridging sites increases in the order:
W-0-W(3) < W-0-W(2) < W-0O-W(1), afact which correlates
with the ZW-O-W angle, namely, 163-175°, 150-152° and
117-128°, respectively. It has been previously suggested that
the acid strength of a bridging site is affected by a number of
factors including the bond angle of the W—O-W triad [19].

(A) WyM046™

(B) NbaW,046*

Fig. 2. Molecular electrostatic potential (MEP) for decatungstate. Red identifies
more nucleophilic regions and green and blue denotes regions less nucleophilic.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of the article.)

From the theoretical point of view, the topology of the molec-
ular electrostatic potentials (MEP) has proved to be useful for
detecting the most nucleophilic regions of a POM [20]. Elec-
trophilic species tend to minimize their potential energy by
approaching as much as possible a minimum of the MEP distri-
bution. Fig. 2 shows the computed MEP for W 100324, where
red identifies regions in which the electrostatic potential is nega-
tive (nucleophilic regions) and blue regions with a less negative
potential (more electrophilic regions). This MEP distribution
clearly shows that the equatorial bridging oxygens, W—O-W(3),
which link the two W5 moieties, are less nucleophilic than
the other two bridging sites. The calculations carried out for
the protonated cluster corraborate the qualitative picture given
by the MEP distribution. The PE computed for W—O-W(3) is
3.6 and 9.5kcal mol~! less negative than for W—O-W(1) and
W-0O-W(1"), respectively.

The effect of the molecular charge is also notable since, for
Keggin clusters for example, each additional unit charge makes
protonations 3—5 kcal mol~! more exothermic for all the sites
considered. The P, Wg cluster possesses the largest total charge
(g=—6) of the series and consequently, all sites present quite

MOM

MOwW

WOow

(C) XWoM3O40™

Fig. 3. Polyhedral view and oxygen labeling for Lindqvist (A) and mixed-addenda Keggin (C) anions, and MEP distribution for NboW4019*~ (B). White and grey
polyhedra are W- and M-centered, respectively. The color coding for the MEP distribution is equivalent to that of Fig. 2.



J.A. Ferndndez et al. / Journal of Molecular Catalysis A: Chemical 262 (2007) 236-242 239

Table 2
Computed energies at different protonation sites for the [W4M»O19]9™ +
H3;0" — [HM;W4019]~ D~ + H, 0 reactions for M=Nb, V, Ta and Ti?

M wWOow MOW MOM M=0 W=0
w 0.00 - - - +7.6
Nb —-16.0 —16.8 —18.8 —15.1 —6.1
\% —14.8 —-17.7 —14.9 —6.1 -9.7
Ta —14.7 —155 —17.9 —18.9 —4.6
Ti —30.5 -30.0 —36.2 —34.2 —18.6

Table 3

Protonation energies at different sites for [We_xNb,019]@~ x=1-62

X NbONb Nb=0O NbOW WOwW W=
1 - —9.8 -9.8 —8.4 —-2.5
2 —18.7 —15.1 —16.8 —16.0 —6.1
3 —25.8 —-21.9 —24.6 —-27.8 —11.0
4 —29.7 —26.4 —28.7 —28.7 —17.1
5 —37.1 —33.1 —42.5 - —23.1
6 —46.5 —43.6

2 Values are in kcal mol~!.

large PEs. The most basic site is the W—O-W(1) oxygen, and
the least, the terminal W=0, but the difference between these
two sites is smaller than for the other single-addenda anions.
Although we do not report the data here, we also computed the
PEs for several Keggin molybdates. As reported previously by
other authors, the molybdates were systematically found to be
more basic than the homologous tungstates [8,21].

3.2. Mixed-addenda compounds

In this section, we analyze the results for Wg_,M;0199~ and
XWoM3040?~ anions. Fig. 3 shows some of the structures dis-
cussed. The reader may notice that the XW¢M3 clusters studied
have MOg units that share corners, since it is the most com-
mon form for threefold-substituted Keggin anions [22]. The
twofold- and fourfold-substituted Lindqvist clusters have two
positional isomers each: the cis structure, with Cp, symme-
try, and the trans form, with D4, symmetry. The former was
found to be slightly more stable than the trans isomer in the
present work, as in other papers reported to date [23,24]. Con-
sequently, the WoM4O19 and W4M;O19 forms discussed below
are of the cis type. Although there are two isomeric forms of
the W3M3O0j9 clusters, we computed only the mer structure;
the possible energy difference existing between them would not
affect the general trends arising from this work. In clusters of the
W09~ family, the central 0%~ atom can be viewed as an iso-
lated entity, accommodating almost the entire negative charge of
the cluster [1,6,25]. Many of the mixed-addenda derivatives of
the hexatungstate have been investigated in deep by Klemperer
and co-workers [26]. Keggin and Dawson structures can also
be described using the clathrate model; for example: PO43~ at
W12036 or {PO4>~}, at Wy3Osg [9].

3.2.1. Mixed-addenda Lindqvist anions

The anions investigated are Wg_ M, 0199~ with M=TaV,
NbY, VV, and Ti'V. The number of distinct protonation sites
depends on the substitution degree, x. Fig. 3 shows the five
oxygen types for which the isomers HW4M>019*!~7 were com-
puted. All the protonated structures (Lindqvist and Keggin) were
optimized under the restrictions of the Cs group symmetry.

Let us start the analysis of the mixed M/W clusters with the
disubstituted anion W4M>0O199~. The energies involved in the
protonation at W—O-W, M—-O-W, M-O-M, M=0 and W=0 are
given in Table 2. A simple analysis of the MEP distribution of
the Nb derivative (Fig. 3B) indicates that the substituted region
should be the most favorable for a protonation and that the ter-

2 Values are in kcal mol~!.

minal W=0 oxygen is not a good position for protonation. The
red area in the domains of Nb—O-Nb oxygens is a strong signal
that the nucleophilicity of these sites will be large. The PE val-
ues in Table 2 confirm the qualitative predictions made from the
MERP distributions; for W4Nb,O19*~, the preferred site for pro-
tonation is Nb—O-Nb, but we can observe that the differences
in the PEs among the three bridging oxygens are modest, the
W-0O-W oxygen being the least basic. When M is Ti, protona-
tion shall also occur at the disubstituted bridging site, Ti—-O-Ti.
The case of W4V,019%~ seems somewhat anomalous. We also
expected the V-O-V to be the most basic, but we computed PE
to be larger for W—O-V. In vacuum these two sites were found
degenerate.

In this series of Lindqvist anions the computed PEs were
moderately different at constant anion charge: thatis, all protona-
tions at W—O—W, M—O-W or M—O-M are similar, irrespective
of M. Larger differences appear in the nucleophilicity of termi-
nal M=0 oxygens, though. For the isoelectronic W4M;019*~
anions (M=Nb, V and Ta), we computed PEs at M=O of —15.1,
—6.1 and —18.9 kcal mol !, respectively. This may indicate that
the basicity of the M=O sites is much more dependent on M than
the basicity at bridging sites. Evidently, protonation at Ti=0 is,
by far, the most exothermic process for two reasons: the higher
negative charge of the anion and the presumed lowest Ti=O
bond strength [27]. On the other hand, in vanadium-containing
clusters, the V=0 terminals are much less basic than bridging
sites and other MV=0 moieties (see Table 2). This may also be
explained by the V=0 bond strength [28], which is similar to
that of W=0. As expected, the nucleophilicity of W=0 moieties
is always low.

In Wg_,M,O197™ anions, the only variables that affect the
basicity are the nature of M and the molecular charge (associated
to the degree of substitution, x). For NbY, VV and Ti'V, each new
substitution brings an additional negative charge to the cluster.
In Table 3, we show the dependence between the PE and the
total molecular charge of the cluster for the [W¢_,Nb x019](2+x)_
series.

The PEs of all the substituted clusters are invariably more
negative than those of We0192~. Values for Nb—O-Nb, Nb=0
and W=0 in Table 3 are represented graphically in Fig. 4 ver-
sus the total molecular charge, g. The reader may observe that
larger g values increase the nucleophilicity of the anions for the
all sites considered. In general, when the total molecular charge
increases by one unit, the protonation energy becomes 6.7, 6.6
and 5.2kcalmol™!' more negative for Nb—O—Nb, Nb=0 and
W=Osites, respectively. Forx =4 (g = —6), the PE for Nb—O-Nb
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Table 4

Relative protonation energies (PE) computed at different oxygen sites for [X"*WoM3049]9~ (M=V, Nb and Ti), with n=3, 4 and 5*

M X q M=0 MOM MOW WOW WO'W W=0 PE,," APEP

\'% Al 8 —-21.0 —24.3 —-21.6 —20.1 —18.3 —12.0 —19.6 12.3
Si 7 —13.7 —-21.7 —17.7 —14.9 —-17.6 —6.2 —15.3 15.5
P 6 —6.6 —18.7 —13.5 —10.1 -79 —-0.4 -9.5 18.3

Nb Al 8 —22.9 —22.2 —19.0 —-21.3 —19.1 —10.1 —19.1 12.8
Si 7 —174 —18.8 —14.2 —14.6 —13.6 —4.5 —13.9 14.3
P 6 —13.5 —16.2 —10.7 -9.6 —10.2 —-0.2 —10.1 16.0

Ti® Al 11 —48.8 —45.6 —332 —332 —26.6 - - -
Si 10 —41.9 —44.8 —31.1 —26.2 —23.7 —19.3 -30.5 29.8
P 9 —354 —38.3 —23.6 —19.8 —15.9 —-9.5 —23.8 26.3

2 Values, relative to protonation of WO, are in kcal mol~!'; PE,, is the average of the five protonation energies and APE is the difference between the largest

and smallest PE.

Y The isomer HAIWyTi3 with the proton attached at W=0 did not converged and the corresponding PE was not computed.
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2 3 4 5 6 7 8 9
Total Molecular Charge (q)

Fig. 4. Protonation energies at Nb-O-Nb, Nb=0 and W=0O sites (in kcal mol~!)
vs. g, for [We_yNb,O19]97. The reference zero-energy corresponds to the pro-
tonation at the W—O-W site in the single-addenda Ws0192~ anion.

is somewhat less negative than expected. The dependence found
is close to linearity only with regard to the total molecular charge
and the protonation site. We also studied this behavior for the
same series of clusters with M=V and Ti but observed no sig-
nificant differences.

3.2.2. Mixed-addenda Keggin anions

The effect of metal substitution was also studied in Keggin
anions. PEs at different oxygen sites for XWoM30407~ (with
X =PV, SilV, Al and M=VV, Nb", TiIV) are given in Table 4.
Unlike the Lindqvist anions, the substituted region is signifi-
cantly more basic than the unsubstituted one. In PWg¢V3 040°~,
for example, the most basic site is the bridging oxygen bonded to
two VV ions, with relative PE of —18.7 kcalmol~!. The bridg-
ing oxygen linked to a W¥! and V'V is the second most basic site
with a PE of —13.5 kcal mol ~! and the two W—O-W sites studied
have smaller PEs of —10.1 and —7.9 kcal mol~!, respectively.
As expected, the least basic sites are the terminal oxygens linked
to WY1, with protonation energies of about +18 kcalmol~! in
relation to V-O-V. The V=0 site also has a low proton affin-
ity (PE=—6.6kcal mol~'). Interestingly, the relative energies
in silicates and aluminates present some differences from those
in phosphates. The values in Table 4 show that increasing the
negative charge equalizes somewhat the basicity of all sites.
Hence, the difference in the PE between the most (V-0O-V) and

least (W=0) basic sites decreases from +18.3 kcal mol~! in the
phosphate (g=—6) to 15.5 kcal mol~! in the silicate (g=—7)
and is as high as +12.3kcalmol~! in the aluminate (¢=—8).
It is also noteworthy that the difference in basicity between the
V-0O-V and V=0 sites depends very much on X. In PW¢ V3040,
the protonation at V=0 is very unfavorable, +12.1 kcal mol~!
less than V-O-V but, in AIW9V3Qy4, the difference is only
+3.3kcalmol~!. This behavior can be rationalized if it is taken
into account that the oxygen bonded to Al (in the central AlO4
unit) is a more electron donating trans ligand (trans to the V=0
bond) than the O atom from PO4. Consequently, the V=0 dis-
tance increases from X =P (1.626 A) to Al (1.642 A) in the same
way as the negative charge on the terminal V=0 oxygen also
does (Table 5).

The substitution of three WV! by three NbY in PW, has
more or less the same effect as the substitution by VV. That is,
after substitution the substituted region becomes the most basic,
the bridging substituted site Nb—O-Nb being the most easily
protonated. As usual, W=0 is the least basic site with a relative
protonation energy of 16.0 kcal mol~! in relation to Nb—O-Nb;
the corresponding value for PWgV3 is +18 kcalmol~!. PEs at
V-0-V are, systematically, more negative than the homologous
Nb-sites. In contrast, PEs are greater for Nb=0 than for V=0
by about 4-7 kcal mol~!. This is probably related to the higher
negative charge on the terminal oxygen when it is bonded to
Nb (Table 5) and to the stronger V=0 bonds [28]. Notice that
in AIW9Nbs the Nb=O site is actually the most basic site with
protonation energy of —22.9 kcal mol~!.

Table 5
M=O0 distances and net charges on terminal M=O oxygens for several
XWoM3049%" anions®

X M=V M=Nb M=Ti

dm=0 Q) dm=0 Q) dm=0 Q)
P 1.626 —-0.709 1.773 —0.896 1.726 —0.857
Si 1.636 —0.719 1.783 —-0.919 1.735 —0.880
Al 1.642 —0.759 1.795 —0.937 1.742 —0.903

a Distances in A. Net charges were obtained from Mulliken population anal-
ysis.
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Fig. 5. Computed protonation energies (in kcal mol~") for some POM architec-
tures at bridging W—O-W oxygens, represented vs. their g/m ratios. Diamonds,
circles and crosses represent Keggin, Lindqvist, and Dawson anions, respec-
tively. All the protonation energies are referred to the protonation W—O-W site
in W601927 .

The case of titanates clearly shows the effect of the lower
oxidation state of TilV, which causes its derivatives to be more
negatively charged. Therefore, the PEs computed are by far
the most negative. Ti!V ions induce larger polarizations than
pentavalent ions in the anion skeleton and, consequently, the
difference between the basicity of substituted and unsubstituted
regions is larger in titanates than in vanadates or niobates. The
values of APE in Table 4 clearly show this. Hence, the bridging
Ti—O-Ti oxygen and the terminal Ti=O are significantly more
nucleophilic than all the other sites. It is also significant that
Ti=0 is much more basic than Ti—-O-W, which means that in
monosubstituted tungstotitanates the proton will always attach
the terminal Ti=O oxygen. In the titanates studied, the basicity
of the terminal Ti=0O oxygen again becomes more basic than the
other sites when going from X =PV to X = AI'll,

3.3. The effect of charge and size on the basicity of the
clusters

In the sections above, we have shown that when the cluster
charge increases, the anion becomes significantly more basic. It
is also easily understandable that the effect of the charge depends
on the size of the cluster. Increasing the charge by one unit in
a large cluster is much less important than in a small cluster. If
we want to compare the effect of the charge in different archi-
tectures, the charge must be normalized. In a previous paper
[29], we showed that some redox properties can be rational-
ized with the help of a pseudo-charge density defined as g/m,
where g is the charge of the anion and m is the number of metal
ions. This latter variable emulates the size of the cluster. Fig. 5
shows the PE at the W—-O-W site versus the g/m ratio for several
unsubstituted and mixed anions containing Lindqvist, Keggin
and Dawson architectures. The figure clearly shows that there is
amore or less linear dependence between the protonation energy

at the W—O-W site and the g/m ratio. The g/m values are largest
in the most charged Lindqvist clusters. The trisubstituted tita-
nium Lindqvist clusters (g/m = 1) are very basic anions. Clusters
with associated values of g/m larger than 1 are quite uncom-
mon. Notice, for example, that many giant structures support
very large negative charges [30], but in general, the ratio g/m is
much smaller than 1. In the opposite site, PW2040°~ has quite
a small value of g/m (0.25) and is an anion with low basicity. The
absence of a perfect correlation between g/m and PE suggests
that other factors besides the pseudo-charge density may affect
the nucleophilicity of a given site: for example, the relative dis-
tance of the site from the substituted center, the more or less
large polarization of the molecule, the bonding angle, etc.

4. Conclusions

Present density-functional calculations carried out for a series
of polyoxometalates show that the protonation energy of a given
oxygen site depends on various factors. Roughly, in order of
importance, they are the number and nature of metal centers
directly bonded to an oxygen site, the charge of the anion, and
the bonding angle in the bridging oxygen sites In single-addenda
anions, protons are preferentially attached to the bridging oxy-
gen with the smallest bonding angle.

When a WV! is substituted by a metal with a lower oxida-
tion state, the charge of the anion increases and therefore the
overall basicity of the polyoxometalate also does, where the
nucleophilicity of the substituted region is significantly greater.
The polarization induced by metal substitution is more impor-
tant in the larger Keggin anions than in the Lindqvist anions. In
mixed-addenda Keggin anions, the nucleophilicity of the termi-
nal M=0 oxygens was found to be very sensitive to the nature
of the central cation, X, because of the trans effect of the oxygen
bonded to X in the central XO4 fragment.

The total charge of the anion is very important but its effect
depends on the cluster size. For the same site type (W-0O-W),
we have found that the PE energy depends more or less linearly
on the ratio g/m, where ¢q is the charge of the anion and m is
the number of metal ions. This latter variable emulates the size
of the cluster and g/m may be considered as a pseudo-charge
density.
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