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For a large number (more than 60) of polyoxometalates (POM) of tungsten, molybdenum, and vanadium, the
charges on metal cations of the coordination sphere have been calculated using the extended Hu¨ckel molecular
orbital method, and obtained values are compared with the NMR chemical shifts of the corresponding nuclei.
Depending on the local geometry around the metal cation formed by oxygen atoms that may be different in
the large POM, the183W NMR chemical shifts (for tungstates in the range of+268 ppm to-300 ppm or
even larger, if the shift of-670 ppm for phosphoperoxotungstate is taken into account) correlate with the
charges created by the oxygen environment (q in a range from 3.893 to 3.521 and 3.280 for phosphoper-
oxotungstate). It was assumed that the charge created on the metal cation reflects the change in the energy
of the virtual molecular orbitals participating in the magnetically dipole-allowed transitions affecting the
paramagnetic contribution that is the determining term in the variation of the chemical shift. As a general
rule, decreasing positive charge (increased electronic population) on the metal cation results in decreased
chemical shift, i.e., corresponding to itsshielding. Similar conclusions are made concerning the95Mo and51V
NMR chemical shifts, if they are compared with the calculated charges for the corresponding nuclei. It was
shown that some deviations from the observed tendency are often due to the fact that some bond lengths in
the X-ray structure determination are out from their usual range. If allowance is made for the usual range of
the bond lengths (mainly in the bond with the terminal oxygen atom) the observed trend “chemical shift/
charge” is conserved. This situation should be distinguished from the case of thereduced diamagneticPOM,
where an increase in the electronic population on the given atom results in itsdeshieldingdue to the increased
paramagnetic electron circulation. Roughly, the183W NMR chemical shifts (in a range from+60 to +1500
ppm) linearly depend on the excess of the charge acquired by the given atom upon reduction. Calculations
also show which atoms participate in LUMO of POM and consequently which cations are reduced. Such
conclusions are consistent with observed chemical shifts of the reduced forms of POM.

1. Introduction

A large number of polyoxometalates (POM) are formed by
tungsten, molybdenum, and vanadium in the highest valence
states.1-4 In most cases, the anionic structures use octahedral
building blocks WO6, which can be linked by edges and/or
corners forming, sometimes, unusual architecture both in solids
and solutions. Because of versatile properties, they find many
various applications. Many spectroscopic methods are used to
study them, and one of them is multi-NMR. Nuclear shielding
provides a tool for understanding the electronic and molecular
environments of a nucleus. In studying NMR spectra of different
nuclei in a given anion, one gets a unique possibility to elucidate
electronic distribution and structure of a POM in great detail.4,5

Among many nuclei, the183W and51V NMR are most popular
and the chemical shift reflects the electronic environment of an
atom under study, because in many cases, the nonequivalent
surrounding induces different chemical shifts. However, there
is no direct demonstration of the bonding in the value of the
chemical shift like it can be seen, for example, in vibration

spectroscopy. For polyoxotungstates of W(VI), the span of the
chemical shifts may spread from 260 to-300 ppm and even
up to-670 ppm, if the peroxocomplexes are taken into account.
Unpaired electrons in paramagnetic complexes or paired elec-
trons (electrons in metal-metal bonds or a delocalized electron
pair) in reduced species may induce the chemical shifts from
+2500 to-4000 ppm. (See references in refs 5 and 6.) The
possibility to observe the NMR signals for POM in the solid
state opens new perspectives in studying the molecular and
electronic structures of such molecules and in understanding
their role in many processes.

The first attempt to explain a trend in the change of the183W
NMR chemical shift was probably given by Gansow et al.7 by
the charge delocalization resulting from a removal of one Wd
O group from the Keggin anion PW12O40

3- with formation of
a lacunary anion PW11O39

7-. On this basis, the assignment of
observed lines to the distinct tungsten atoms in the structure
was made. However, later this assignment was proved to be
wrong, and the actual attribution was made using difference in
the spin-spin coupling2JW-O-W observed around the main
lines.8 The connectivities between different tungsten atoms* To whom correspondence may be addressed. E-mail: leoka@ipc.rssi.ru.
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obtained by two-dimensional183W NMR have been used for
an unequivocal assignment of the lines to tungsten atoms in
the structure. However, such coupling is actually observed only
in the favorable cases, when a good signal-to-noise ratio is
achieved.

The assignment of the lines is certainly easy when the number
of nonequivalent atoms is different, giving rise to different
intensities of the observed lines, or in some cases, it can be
inferred from the width of the lines.9 It is found that, because
of the extreme sensitivity of183W shielding, the chemical shift
depends on even minor environmental changes. For some POMs,
the 183W NMR chemical shifts correlate with the mean bond
length in individual octahedra,10 similar to correlations found
by Mason11 between the increasing shielding (more negative
NMR chemical shifts) and compression of polyhedron around
the nucleus under study.

As known, the chemical shift is determined by two principal
terms: diamagnetic and paramagnetic.6 The diamagnetic con-
tribution σd is due to the field induced by electron circulation
within an atom in an applied external magnetic field. The
paramagnetic termσp arises from the mixing of the excited states
(magnetic dipole allowed) with the ground electronic state in
the presence of the applied magnetic field. Usually, and as
calculations show, the diamagnetic contribution does not vary
within a series of similar complexes.6 The paramagnetic term
depends on the summation of the inverse energy separations
between the occupied and virtual MO and the less energy
transition, the larger chemical shift should be observed.

The principal contribution of the paramagnetic term in a
change of the chemical shift was shown by linear correlation
between the183W NMR chemical shift and the wavelength of
the lowest charge transfer (LCT) band for the Keggin XW12O40

n-

anions depending on X, despite the fact that this transition is
not magnetically dipole allowed.12 However, such a correlation
can be found only for closely related complexes, because the
lowest-unoccupied molecular orbital(s) (LUMO) participates
also in magnetically dipole-allowed transitions.6

Taking into account dependence of the chemical shielding
on 1/∆E, an extended Hu¨ckel molecular orbital method (EHMO)
calculation was used to find the energy difference between
bonding and antibonding MOs for the isolated polyhedron taken
out the POM framework (averaged structure in the adopted
general symmetry of POM) and to follow the change in the
183W NMR chemical shifts.13 Thus, the paramagnetic contribu-
tion was shown to be a major factor in the change of the
chemical shift in such molecules.

Difficulties arise when an isolated fragment is used, because
it is unclear how differences in the bridging oxygen atoms
(corner and edge sharing with different angles W-O-W) should
be taken into account. Therefore, any calculations accounting
the whole structure are highly desirable. However, increasing
the number of atoms in molecules results in a large set of the
molecular orbitals that may be involved in the electronic
transitions, and they should be taken into account for calculation.
There are several papers concerning calculation of the chemical
shielding for95Mo, 51V, and 183W by different methods both
ab initio and DFT.14-19 Despite using sophisticated methods,
discrepancies between the calculated and observed chemical
shifts are rather large, even for small and simple mononuclear
molecules, and ligands are too different allowing notable change
in the chemical shift (more than 400 ppm), if one ligand is
replaced by other. The first attempts to calculate the183W NMR
chemical shifts in PW12O40

3-20 and lacunary anions21 by DFT
were not so successful for deducing any conclusion on the

reasons that change the chemical shift. Moreover, it seems that
the optimization of a structure, especially when mixed addenda
POM are considered, may result in opposite trends in the
chemical shifts,21 because sometimes even slight modification
of the bond lengths (much less than obtained in the optimization)
results in larger change of the chemical shift. As it was shown
in ab initio calculations of the magnetic shielding of the95Mo
nucleus in simple tetrahedral complexes, shortening the bond
lengths Mo-O in MoO4

2- by 0.022 Å results in a 317 ppm
increase of the calculated Mo chemical shielding.14 Such a
compression of the tetrahedron gives better interaction of the
atomic orbitals of metal and oxygen, resulting in larger energy
separations and, hence, in less paramagnetic shift. At the same
time, a more compact configuration builds up more electron
density on metallic cation decreasing the positive charge and it
goes parallel to the increasing energy separations.

Dependence of the nucleus shielding on the electronegativity
of the neighbors is known, and the shielding correlates with a
decrease in atomic electron density.6 For example, there are
numerous studies showing the trends of the chemical shifts with
the calculated charges on the given nucleus.6,14,20-23 In some
cases a linear correlation between the chemical shifts and the
calculated charges has been observed, especially for simple
complexes, when one-ligand atoms, for example, O2-, are
gradually replaced by others, such as in simple complexes
[MoO4-xSx

2-].14 (See Supporting Information, Figure S1 and
Table S1 with DFT- and EHMO-calculated charges for
WO4-xSx

2- and other complexes). However, in such cases, the
opposite trend is observed, namely, decreasing the positive
charge on metal correlates with the deshielding. But we should
bear in mind that the decreasing∆E may affect much larger
than the effect of the increased electron population on a nucleus.

In the large POM, the ligand atoms are the oxygen atoms,
and only the type of oxygen (bridging or terminal) may affect
the electronic distribution around the metal of the coordination
sphere, and therefore, it would be interesting to see whether
the 183W and other nuclei NMR chemical shifts correlate with
the electron population on metallic atoms of the coordination
sphere with the aim to find a general trend, if the whole anion
is used in calculation, and to use calculated values for assigning
the observed NMR lines to the particular nuclei forming POM.
It is the first objective for calculating the charges that are built
up on the metal atom depending on the site environment. The
second aim is to determine the distribution of the electron
density, when two or more electrons are introduced upon
reduction into the coordination sphere, and influence of the
electron density on the NMR chemical shifts in this case. And
the third one, as it proved after our analysis, results in the
possibility to make some conclusions on the accuracy of the
crystal structure determination. Actually, in most cases, accord-
ing to the X-ray crystal data, despite assumed high symmetry
of an anion, the environment around tungsten atoms, even for
the similar local symmetry, is different due to some inaccuracy
in the determination of the atomic coordinates and the influence
of the crystal packing. Therefore for calculating the electronic
structure of the whole anion, all symmetry-equivalent bond
lengths are averaged under constraints of the expected symmetry
of a whole anion. However, this approach is rather time
consuming. In the present work for calculating the charges on
metallic atoms, we follow a simple way using the crystal-
lographic atomic coordinates and then the calculated charges
are averaged for a particular type of metallic atom in a structure.
The averaged charges and the charges obtained after calculation
on the average structure may differ sometimes by 0.03 units.
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However, if there are two or three different types of atoms in
the anionic structure, we get the similar trends in the change of
the charges for the averaged anion with an adopted high
symmetry and the averaged charges for the same anion having
symmetry, generally not higher thanC1.

Despite the simplest of the all valence one-electron theories,
the EHMO approach provides a rather good and obvious initial
approximation to the electronic structure of large and complex
anions, sometimes with low symmetry.24 We should also
mention that, though the charges on metallic atoms may differ
depending on the method used, there is parallel change of the
calculated charges (for example, calculated by DFT) on metallic
cation in some considered complex anions.

Another point should be also mentioned. For a heavy nucleus
such as95Mo and especially183W, large relativistic and spin-
orbital contributions into the shielding are expected.6,17,18

However, for the polyoxotungstates, where tungsten is sur-
rounded often by the same number of oxygen atoms, the
difference in these contributions may be assumed to be small.
The same may be said about the diamagnetic contribution that
will be relatively constant throughout the whole series and
therefore only variation in the paramagnetic contribution will
play a principal role in the change of the chemical shift.

3. Results and Discussion

In all cases, experimental183W and 95Mo NMR chemical
shifts are referenced to one of Na2W(Mo)O4. For 51V, the
chemical shifts are recalculated relative to VO4

3- (equal to-536
ppm, if referred to common standard VOCl3). Along with this,
we should mention that depending on the solvent the chemical
shift may differ and usually in aprotic solvent the observed lines
are shifted to high frequencies (more positive) (up to 20-30
ppm).

To calculate the charges on cations in polyoxometalates, the
EHMO method of the HYPER6 package is used with minimal
basis set of valence Slater orbitals and the Hu¨ckel parameter is
set to 1.75. Input parameters for EHMO calculations are given
in Table S2 in Supporting Information. In all cases, the
experimental atomic coordinates taken from the X-ray crystal
data (usually given as a CIF file) have been used. In cases when
for the same polyanion there were several published data, the
averaged calculated charges are given.

183W NMR Chemical Shifts. Almost all studied anions may
be regarded as derivatives of the two highly symmetrical
structures: the compact Lindqvist anion W6O19

2- (I ) (Figure
1), where each WO6 has a terminal oxygen atom and four edge-
sharing bridging oxygen atoms,25,26 and the Keggin anion27

[R-XW12O40]3- (R-II ) (Figure 2), where four edge-shared triplet
W3O13 groups linking by corners form an inner tetrahedron
occupied by heteroatom X. Twelve octahedra are equivalent,
and each has one terminal bond, two corner-shared and two
edge-shared oxygen atoms and one common to three tungstens
and central atom. The local symmetry of each octahedron in
both cases may be considered asC4V.

Six equivalent tungsten cations in the original anion W6O19
2-

reveal the large chemical shift (Table 1). Removal of the WdO
group results in the nonequivalency of tungsten atoms, one
apical (WA) and four belt (WB) types (Figure 1). The derivative
anion W10O32

4- (Ia),28,29that may be viewed as two fused penta
fragments of the parent anion, gives rise to the expected two-
line pattern in the183W NMR spectrum shifted to lower values
despite the lower energy of the lowest charge transfer (LCT)
band (namely, excitations from MO formed mostly by oxygen
orbitals to MO formed by tungsten ones), which should, in

principle, lead to higher deshielding.30,31 Hence, this transition
does not contribute to the observed chemicals shifts. The line
assigned to the apical tungsten atoms (WA) is the most shifted.
At the same time, the calculated charges on both types of
tungsten atoms are less than those for the parent anion, and for

Figure 1. Structure of the Lindqvist anion and its derivatives.

Figure 2. The structure of the Keggin anion and its isomeric forms.
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the apical tungsten, the charge is the least one (Table 1). The
same distribution of charges has been revealed by DFT
calculations.32 Thus, changing the structure (formation of the
corner sharing WB-O-WB bonds) results in decreasing the
charges on tungsten atoms.

From consideration of the structure, it is clear that practically
linear bridges by oxygen atoms in the mirror plane induce
lengthening in the WB-Oab bond in trans position and,
consequently, the bonds WA-Oab are shortened, resulting in a
decrease in the charge on WA. Thus, an increase in the electronic
population (decreased positive charge) results (as we will see
below) in expected shielding of the corresponding nucleus. For
this anion, we should note that the line for the apical tungstens,
which have only edge-sharing oxygen atoms in thexy plane
(perpendicular to the terminal WdO bond), reveals unusual high
shielding. It should be mentioned that for the averaged structure
we have a larger difference in the calculated charges. Neverthe-
less, the correspondence between the chemical shifts and the
calculated charges is observed.

In [LnW10O36]n- (Ib ), two penta fragments are coordinated
by Ln cations (Figure 1).33,34 In this anion, also two types of
tungsten atoms and in cases of the diamagnetic complexes
(La(III) and Ce(IV)) a two-line pattern is observed,35 but the
difference betweenδ is much less than for decatungstate
[W10O32]4-. The crystal structure determination has not been
done for [LaW10O36]9-, and for comparison, the charges are
calculated using the structural parameters taken from the crystal
structure determination of the Pr(III) complex.34 Pr(III) should
not induce many differences in the structural characteristics
because of a similar lanthanide ionic radius. It should be noted
that the calculated charges for the apical WA, whose environment
is apparently similar in the La and Ce complexes, also explains
the reversed pattern35 of two lines in the183W NMR spectrum
of [Ce(IV)W10O36]8-. It seems that the slightly larger WAdO
distance in the latter compared with LaW10O36

9- results in a
larger charge on WA.

In some cases, the Lindqvist anion [W6O19]2- may give
derivatives, where one or two groups WdO are replaced with
other metal cation(s). Generally for monosubstituted anions, two
lines with the intensity ratio 4:1 (the first number corresponds
to the line with the highest chemical shifts) are observed (Table
S3 in Supporting Information), but for [(CH3)OTiW5O18]3-,
whose structure has been solved (Figure 1), the pattern in the
183W NMR spectrum is reversed (Table 1)36 and such change
may be explained by the trans influence of Ti through the
bridging oxygen atoms.37,38The calculated charges correspond
to the observed chemical shifts. Some possible variations of
the charges on metallic cations in some determined structures
but without NMR data and vice versa are given in Table S3
(Supporting Information).

A number of POMs may be considered as derivatives of the
Keggin anion (R-II ) (Figure 2), from which the corner-shared
triad group A or edge-shared triplet group C may be removed
to give the ratio 3:6 (or 6:3) of tungsten atoms.

In some cases, the triad A may be replaced by a triad of other
metal cations such as V(V), Nb(V), Ti(IV), and others (Figure
2, shaded octahedra). In many cases, the replacement of two
and more tungsten atoms gives rise to so-called positional
isomers,39,40 and special preparative methods were developed
to produce isomers with the predetermined disposition of
introduced cations. However, because of the positional disori-
entation in the crystal, it is impossible to get geometric
characteristics of the distinct isomer form the X-ray structure
determination. Nevertheless, in some cases, authors have
succeeded to prepare a crystal with the fixed orientation of
anions.

For example, in the mixed addenda anionâ-XW9M3O40
6-

(Figure 2), three vanadium atoms replace the tungsten atoms
in the triad (WA).41 But in this case, the triplet cap C is rotated
around a 3-fold axis for 60°. In this mixed anion, the charge on
the tungsten in the rotated triplet (WC) is higher than one on
tungsten in the belt B and the NMR chemical shift is also larger,
coinciding with the observed trend in the charges and chemical
shifts (Table 2).42 It is noteworthy that calculation using a
modeled [R-PW9V3O40]6-, where triad A (W3O6) of the
[R-PW12O40]3- is replaced by V3O6 with coordinates taken from
â-PW9V3O40

6-, results in a larger charge on the belt tungsten
than on the triplet ones, and therefore it may explain the inverse
pattern of the lines in the183W spectrum of theR-mixed addenda
anion (in italics in Table 2).43

For [â-SiW9Nb3O40]7-, whose structure was determined by
Nomya et al.44 similar to the phosphovanadotungstate one, the
calculated charges on tungsten atoms in the triplet are less than
in the six W belt, which is consistent with the observed two-
line pattern in the183W NMR spectrum.

Another case of the substituted POM is peroxo complex
[â-PW9(NbO2)3O37]6-, where the terminal oxygen atoms on Nb
(in triad A) are replaced by peroxo groups.45 Both the calculated
charges and the observed183W NMR chemical shifts for the
cap WC and belt WB tungsten atoms are found to be very close,
which rules out the possibility to discriminate the tungsten atoms
and possibly subtle change in the electronic structure results in
hardly distinguishable two lines.

The surface oxygen atoms Oe (edge type) or Oc (corner type)
of the Keggin fragment XW9O33 may be united giving in the
former case so-called Dawson anions [P(As)2W18O62]6- (III )
(Figure 3).46,47 Despite lowering the energy of the LCT band
in comparison with the parent Keggin anion, the two lines with
a 1:2 pattern intensity are shifted to negative values (Table 3).48

Once again, we can underline that the LCT does not play an

TABLE 1: 183W Chemical Shifts and Calculated Charge on
Tungsten Atom in Polyoxotungstates

POM type WA WB ref

1 W6O19
2- I q 3.737 (3.756)a 25, 26

δ 59 7
2 W10O32

4- b Ia q 3.659 3.736 28, 29
δ -160 -25 30, 31

3 CeW10O36
8- Ib q 3.749 3.731 33

δ -12 -17 35
4 LaW10O36

9- Ib q 3.709 3.716 34
δ -19 2 35

5 CH3TiW5O19
3- Ic q 3.744 3.733 36

δ 64.5 32.3

a Value calculated for averaged bonds in the anion ofOh symmetry.
b Average values calculated for structural data of two different papers.

TABLE 2: 183W Chemical Shifts and Calculated Charges in
Isomeric Forms of the Keggin Anion and Its Isomeric and
Mixed Species

POM
charge shift,

ppm WA WB ref

6 PW12O40
3- q 3.656 27

δ -93 12
7 B-â-PW9V3O40

6- q 3.680 3.650 41
δ -107 -118 42

B-R-PW9V3O40
6- q 3.655 3.692

reconstructed δ -130 -87 43
8 B-â-SiW9Nb3O40

7- q 3.674 3.696 44
δ -125 -118

9 B-â-PW9 (NbO2)3O37
6- q 3.697 3.701 45

δ -109 -111
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important role in the chemical shift. Decreased charges for the
cap C and belt B tungsten atoms correspond to increased
shielding for tungsten in the Dawson anion, while the shielding
for the WB atoms is larger due to the presence of the three
corner-sharing oxygen atoms.

In case of [As2W18O62]6-, the structures ofR andγ* isomers
have been solved by Neubert and Fuchs.49 The second anion
differs from the DawsonR structure by the 60° rotation of two
polar triplet caps followed by the 60° rotation of one of the
new (AsW9O31) units along the 3-fold axis, giving rise to
centrosymmetric anion. Two equivalent caps and belts give a

two-line 1:2 pattern in the183W NMR spectrum, whose chemical
shifts are consistent with the calculated charges (Table 3).

There is a whole series of dimeric anions formed by the
Keggin anion XW9O33, where three tungsten atoms are replaced
by low valent cations and the former terminal oxygen atoms
act as bridges between two units with formation of, for example,
[A-â-Si2W18Ti6O77]14- (Figure 3).50 As the183W NMR spectrum
shows, the tungsten atoms in belts are more shielded than those
in the rotated triplets. (Note2JW-O-W )15.5 Hz.) The chemical
shifts -132 ppm (triplet) and-146 ppm (belt) are consistent
with the calculated charges 3.683 and 3.617, respectively. The

Figure 3. Structures of dimeric anions and NaP5W30O110
14- based on the Keggin anion fragments.

TABLE 3: 183W Chemical Shifts and Calculated Charge in Complex Heteropolytungstates

POM type WC WB WA1 WA2 ref

10 P2W18O62
6- a III q 3.646 3.597 46, 47

δ -128 -174 48
11 R As2W18O62

6- III q 3.681 3.636 49
δ -121.9 -145.3 48

12 γ*-As2W18O62
6- γ*III q 3.683 3.629 49

δ -110 -166 48
13 A-â-Si2W18Ti6O77

14- IV q 3.683 3.617 50
δ -132 -146

14 [Sb2W18Zn3(H2O)3]12- V q 3.677 3.704 57
[Sb2W18Na3Zn3(H2O)3]9- q 3.673 3.667
sodium added δ -97 -148

15 NaP5W30O110
14- VI q 3.567 (WB1) 3.560 (WB2) 3.543 3.521 58

δ -208 -210 -276 -288 48

a Averaged for two structures.
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structure of another isomer [A-R-Ge2W18Ti6O77]14- has been
determined by Yamase et al.,51 and the183W NMR spectrum is
measured. Similar to theâ isomer, the charge on tungsten in
the triplet is higher (3.670) than that on the belt tungsten, but
the reverse pattern in the183W spectrum (-108 ppm for the
belt and-128 ppm for the triplet) may point out some changes
that occur upon dissolving the salt. Unfortunately, the value of
2JW-O-W coupling equal to 17.4 Hz is in the usual range of the
interaction through corner sharing for bothR and â isomers
(see, for example, [â-GeW12O40]4-; 2JW-O-W is 20.5 Hz).52,53

Trimetallo (Al or Ga) derivatives of lacunary 9-tungstosili-
cates bothR and â forms give very close2JW-O-W values
(15.3-15.9 Hz).54 However, for theR-substituted complex
[A-R-P2W21O71(H2O)3]6-, the value2JW-O-W for triplet and belt
interactions is 22 Hz.55

Thus, it could be assumed that the reversed pattern in the
183W spectrum may result from several factors and one of them
is the most probable: splitting the dimer into monomers, and
in this case, the inverse two-line pattern could be observed
similar to one found by Finke et al.56 for [A-â-Si2W18Nb6O77]8-

f [A-â-SiW9Nb3O40]7-.
In another dimeric anion similar toIII but with the triplets

(WC) removed, two halves are combined by three addenda
atoms, for example, [B-Sb2W18Zn3(H2O)3]12- (Figure 3) studied
by Kortz et al.57 The authors underline that the anion contains
three sodium cations located in the mirror plane formed by three
Zn atoms firmly bound to the anion. From calculation of the
charges, it may be deduced that those sodium atoms are bound
to the anion in solution. The calculated charges for the triads
(WA) and belts (WB), when the anion lacks sodium atoms, do
not correspond to the observed pattern in the183W spectrum
(Table 3), and only with the addition of sodium atoms at three
equivalent positions in the mirror plane are the calculated
charges consistent with the observed trend.

Another representative of the Keggin derivative is large POM
[NaP5W30O110]14- (IV ) (Figure 3) with unusual 5-fold sym-
metry, which gives rise formally to two different sets of
tungstens.58 Five fragments (shown as shaded octahedra) of the
Keggin anion are combined by corners resulting in formalD5h

symmetry, but the presence of nonlabile Na+ on the 5-fold axis
above the pseudomirror plane that contains the five phosphorus
atoms gives rise to the four-line pattern with the intensity ratio
2:2:1:1 in the183W NMR spectrum.48 Calculation of the charges
on the tungsten atoms reveals that the electron density on the
tungstens WA and WA1 near the opening is larger, corresponding
to their shielding. In the crystal structure, determination of the
sodium occupies two positions with 0.5 probabilities. Placing
sodium in one part of the whole anion results in a notable
decrease of the charge (0.022) on polar WA tungsten atoms.
Consequently, we may attribute the most negatively shifted line
to these types of tungsten atoms. It is noteworthy that these
tungsten atoms (WA) are linked by four corner-sharing oxygen
atoms.

Generally speaking, a distinct trend in the chemical shifts
and the charges is observed for the POM considered. In the
Lindqvist structureI , the tungsten atoms have four oxygen atoms
in the xy plane that form edge sharing, resulting in the largest
chemical shift. Then, replacing these oxygen atoms by corner-
sharing ones gives rise to gradual shielding (I , Ia (WB), II , III
(WB), and IV (WB)), and at the same time the charge on the
tungsten atoms decreases, as well. Thus, the corner oxygen
atoms generally induce a larger decrease of the charge on
tungsten atoms, if compared with the edge shared type, due to
better interaction.

The calculated charge (3.562) on W in WO3 (where all
octahedra have corner sharing), corresponds to the observed
chemical shift (-200 ppm), supporting the observed trend in
the chemical shift/the calculated charge.

In Figure 4, the183W NMR chemical shifts are plotted against
the calculated charges on the corresponding tungsten atoms.
Thus for the considered anions, we may observe a fair
correspondence between the183W NMR chemical shifts and the
charges on tungsten. The plot allows a change of the chemical
shift to be estimated, if all bond lengths in POM, for example,
[W6O19]2-, are slightly enlarged for 0.5% (RWdO increased from
1.7000 to 1.7085 Å). The calculated charge on W in this case
increases from 3.756 to 3.779, corresponding to an increased
chemical shift by 31 ppm. By this, we would like to underline
that the chemical shift is extremely sensitive to the local oxygen
environment and that using the optimized POM structures may
result in somewhat erroneous conclusions.

However, we should mention that for certain POMs some
discrepancies in the general trend chemical shift/charge are
observed. For example, for the Keggin anions [R-XW12O40]n-,
the calculated charge on tungsten decreases in a series X) P(V),
Si (IV), H2

2+ (Table 4),27,59-61 which is consistent with the
increasing shielding. However, for [BW12O40]5- and [AlW12O40]5-

anions,62,63 the calculated charges are greater, which might
assume the larger chemical shifts than for phosphotungstate. It
means that some modification of the structure (sort of shrinking)
happens upon dissolving (when adopting effective symmetry
Td) and the bridging oxygen atoms in the borotungstate may
actually interact more strongly (increasing LUMO energies),
than that it follows from the crystal data. It should be noted as
well that the band in the IR spectrum assigned to vibrations of
the bridging W-O-W is observed at a higher frequency than
in phosphotungstate, which also correlates with larger∆E.
Similar consideration may be applied to [R-AlW12O40].5-63,64

Such difficulties may be encountered, when calculating the
chemical shifts by modern techniques.

The Keggin anion may exist in several isomeric forms, and
the structures may differ by the number of the triplets rotated
around theC3 axis for 60°, â isomer when one triplet (3WC) is
rotated (â-II ) and γ isomer (γ-II ) with two rotated triplets
(Figure 2). In theâ isomer (â-II ), rotation of the one triplet
(shaded octahedra) reduces high symmetry of the Keggin anion
from Td to C3V, resulting in three types of tungsten atoms C, B,

Figure 4. Plot between the183W NMR chemical shifts and the
calculated charges on tungsten in different POM:[, anions 1-5; +,
anions 6-9; O anions 10-15. All anions are from Tables 1-3.
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and A (C rotated triplet), and such an isomer is characterized
by the three-line pattern in183W NMR spectra with the intensity
ratio 1:2:1 (C:B:A).7,8 The structure of the [â-SiW12O40]4- has
been studied in three works.59,65,66Though French authors66 had
worked on the mixed addenda anion [â-SiMoW11O40]4-, where
one molybdenum statistically replaces tungsten supposedly in
the triad (WA), they give more accurate data. The calculated
charges averaged for three structures and the observed chemical
shifts are presented in Table 4. The calculated charges for
tungsten in the rotated triplet and in the corner-shared triad are
proven to be larger than those for the six-tungsten belt. The
larger chemical shift for the tungsten (WC) in the rotated triplet
corresponds to the larger calculated charge, but at present the
increased charge for tungsten in the triad (WA) cannot be
explained. We can mention that despite very close properties
of Mo(VI) and W(VI), the molybdenum may influence the bond
lengths of tungsten both in the six-tungsten belt and triad. It
could be that the bond lengths in those octahedra of the triad,
which are slightly shorter than those found in the crystal
structure determination and dissolution of the salt, may result
in the relaxation of some bonds giving the observed NMR
pattern. Or, the increase in∆E results in a strong decrease in
the paramagnetic contribution and despite increased charge the
observed chemical shift is the least.

The third γ isomer of the Keggin anion [γ-XW12O40]n-

(γ-II ) with two rotated triplets hasC2V symmetry with four
different types of tungsten atoms (Figure 2).67 Two WA atoms
have a common edge in the formalxy plane (localz axis
coincides with a bond WdO and actually can be viewed as
being a square pyramid, because the oxygen atoms common
with Si are too far from WA. The 183W NMR spectrum of
[γ-SiW12O40]4- measured by Te´zé et al.68 shows the expected
4:1:4:1 pattern.

However, the lowest chemical shift for WA falls out of the
expected trend. The charge is the highest for WA, which is not
surprising because, as it follows from the calculation, the less
oxygen atoms in the polyhedron around tungsten, the higher
positive charge. However, the chemical shift assigned to these
tungstens in the structure of [γ-SiW12O40]4- indicates that they
are the most shielded. The situation cannot be explained until
the actual calculation of the paramagnetic shifts is done for such
a case. Positions of the other three lines in the183W NMR spectra
are fully consistent with the suggested scheme of the chemical
shift vs the charge within this polyanion.

Finally, taking into account the aforementioned correlation,
we may consider as an example the lacunary Keggin anion,
which acts as a tetradental ligand toward lead in the unique
complex [Pb(GaO4)W11O35]7- and has a fixed orientation in
the crystal,69 and therefore the configuration around each tung-
sten atom is determined. Though no NMR spectrum is measured

for this anion, for a similar complex [Pb(PO4)W11O35]5-, the
183W NMR spectrum with complete assignment is measured,70

and according to our EHMO calculation, the charges on
tungstens are consistent with general trend excluding the values
q for W1 and W6

However, inspection of the bond lengths reveals that the W1-O
bond in bridging W1-O-Pb is shorter (1.76 Å) than the usual
bridging bond and the terminal W6dO bond (1.80Å) is too long.
Allowing the former for 1.86 Å and the latter for 1.75 Å results
in the charges 3.722 and 3.702, respectively, which are fairly
consistent with the general trend.

Some other examples of more complex anions are given in
Table S4 and Figure S2 (Supporting Information), where some
necessary adjustment of the bond lengths should be made, which
may prove to be useful in the calculation of the paramagnetic
shielding for large POM by sophisticated methods.

As it was mentioned above, the supposed penta-coordination
around tungsten WA in [γ-XW12O40]n- results in increasing
its charge. On the contrary, an addition of the seventh oxygen
atom as observed in peroxophosphotungstate [PW2O14]3-, where
there are two peroxo groups lying in the plane perpendicular to
the WdO around each tungsten atom,71 markedly decreases the
charge (3.280) corresponding to the highest shielding (-676
ppm in aqueous solution and, correspondingly,-627 ppm in
acetonitrile) in the183W NMR spectrum for this tungsten (VI).

TABLE 4: Charges on Atoms and the183W NMR Chemical Shifts in the Keggin Anions and Its Isomeric Forms

POM charge shift, ppm WA WB WC WD ref

16 SiW12O40
4- q 3.652a 56, 60

δ -103 12
17 H2W12O40

6- q 3.623 (3.584) 61
(W12O40

8-) δ -112 12
18 BW12O40

5- q 3.688b (3.629) 62
(Na2BW12O40

3-) δ -130 12
19 AlW12O40

5- q 3.691 63
δ -112.8 63, 64

20 â-SiW12O40
4- q 3.726 3.669 3.737 59, 65, 66

δ -130 -115 -110 7, 8
21 γ-SiW12O40

4- q 3.793 3.691 3.683 3.672 67
δ -160 -105 -117 -127 68

a Average value from two X-ray crystal works.b Average value for two types of the anion havingC2 andD2 symmetries in a single crystal.

W1 W4 W5 W6 W3 W2

[Pb(GaO4)-
W11O35] 7-

q 3.682 3.735 3.717 3.741 3.694 3.681

[Pb(PO4)-
W11O35] 5-

δ -74.4 -88.7 -102.8 -111.5 -127.4 -146.3
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Another group refers to two POM with octahedra having two
cis O

O.W, whose symmetry is close toC2V, and it is hardly
possible to expect that the calculated charges will be in the line
shown in Figure 4, since the system of the magnetic dipole-
allowed transitions may be different from that for POM
consisting of the octahedra withC4V symmetry.

The largest spread in the chemical shifts is observed for
heptatungstate [W7O24]6- (Figure 5), with its three lines72,73

whose intensity ratio 1:4:2 corresponds to structurally non-
equivalent tungsten atoms.74,75 The unique tungsten WA in the
middle of the anion has formally no terminal oxygen atoms,
and the observed line corresponds to the most deshielded
tungsten for W(VI). At the same time, the calculated charge is
the highest on this tungsten atom. The other lines correspond
to more shielded tungsten atoms, and the electron population
on them gradually increases as follows

Similar distribution of the charges was found in the DFT
calculation of this anion.76

Dodecatungstate [H2W12O42]10- (Figure 5) consists of four
groups of different tungsten atoms,77 and its structure is retained

in solution, as confirmed by183W NMR spectrum with four
lines with intensity ratio 1:2:1:2.72,73 Two types of tungsten
atoms WA and WD with local symmetry close toC2V with two
terminal oxygen atoms, give rise to the two most spaced lines.
The calculated charges and the observed chemical shifts are
distributed in the following manner

Calculation shows that they have the most different charges on
atoms. The closely spaced two lines in the middle of the
spectrum correspond to two types of tungsten atoms with local
symmetry close toC4V, and at the same time the charges on the
tungsten atoms are only slightly different. It should be noted
that, namely, these lines are inverted with decreasing pH.73

For both anions, the larger positive charges on tungsten
having two cis terminal bonds are observed than those for POM
with tungstens with one terminal bond, despite larger negative
anionic charge per tungsten. It is not surprising, since octahedra
in the formers are slightly swelled, and as we have mentioned
above, expanding an octahedron results in increasing the positive
charge on this tungsten. Nevertheless, for such anions, cor-
respondence between the calculated charges and the183W
chemical shifts and the increased charge is observed as well.

Therefore, combination of NMR data and calculation of the
charges by means of EHMO and using the experimental atomic
coordinates may help in assigning the observed lines, clarify
the situation with the charge delocalization throughout the anion
as proposed by Klemperer,7 and establish in some cases the
accuracy of the X-ray structure determination, especially for
the metal cations located in the symmetry equivalent sites.

95Mo NMR Chemical Shifts. In the case of polyoxometa-
lates,95Mo NMR is not as abundant as183W NMR. For three
main typesI , II , and III similar to polytungstates (Figures 1
and 2), NMR and X-ray structure data are available. The
calculated charges on molybdenum and95Mo NMR chemical
shifts are given in Table 5.46,77-80 For these three cases, it is
clearly seen that increasing the calculated charge on molybde-
num corresponds to increasing the chemical shift,81,82the trend
similar to that found for the corresponding polytungstates. For
[P2Mo18O62]6- (III ) with the Dawson structure46 (Figure 2), the
molybdenum atoms in the triplet caps bear a higher charge than
ones in the belts, but for comparison, the weight average value
is used because in the95Mo spectrum only a wide single line is
observed.81

In the Anderson-type anions [Yx+Mo6O24]n- (where Y )
Te(VI) or I(VII)) (Figure 5), the octahedra MoO6 may be con-
sidered to haveC2V symmetry with two cis terminal bonds.79,80

Similar to tungstates with octahedra ofC2V symmetry, the higher
positive charge is built up on molybdenum in comparison with
one for Mo in octahedra withC4V symmetry. Some other
examples of polyoxomolybdates with possible assignments of
the lines for different structures are given in Table S5 and Figure
S2 (Supporting Information).

Figure 5. Structures of heptatungstate, dodecatungstate, and hexamo-
lybdometalate.

WA WB WC

W7O24
6- q 3.893 3.730 3.720

δ 268 -106 -189

WA WB WC WD

H2W12O42
-10 q 3.722 3.722 3.711 3.639

δ -109 -114 -116 -147

TABLE 5: 95Mo NMR Chemical Shifts and the Calculated
Charges

POM type qMo δ, ppm ref

22 Mo6O19
2- I 3.767 122 81, 77

23 PMo12O40
3- II 3.713 22 78, 82

24 P2Mo18O62
6- III 3.685 -35 46, 83

25 IO6Mo6O18
-5 IV 3.801 -11 81, 82

26 TeO6Mo6O18
-6 IV 3.806 10 80, 82

6444 J. Phys. Chem. A, Vol. 108, No. 30, 2004 Kazansky and Yamase



51V NMR Chemical Shifts. For polyoxovanadates, three
structures without unequivocal assignment of the observed lines
will be considered; one is decavanadate [V10O28]6- (Figure
6),83,84where three types of vanadium give a three-line pattern
in the 51V NMR spectrum,85 and the other is the heteropoly-
vanadates [PV12V2O42]9- (1:4:2 pattern)86-88 and [VV12V2O42]9-,
having bicapped Keggin structure (Figure 6) (four line pattern).89

As previously found for [W7O24]6-, in [V10O28]6-, the atom
VA having no terminal oxygen atoms is the most deshielded
and it has the highest charge

The charges for two other types are less than for VA, as expected,
though the charges for VB and VC are inconsistent with the
observed trend (the same spread of the charges is found in ab
initio calculations),90 but the difference is rather small and
probably some changes in geometry happen upon dissolving
the solid that modifies expected pattern in the51V spectrum.

On the other hand, for POM [PV12V2O42]9- and
[VV 12V2O42]9-, the increasing charges is consistent with
increasing51V chemical shifts of the three types of vanadium
forming a coordination sphere (excluding V in the inner
tetrahedron).86-89 However, despite rather large positive charges
on vanadium, the lines are strongly negatively shifted, possibly
due to large negative anionic charge

Calculated charges and the51V NMR chemical shifts with
possible assignments for other POM containing vanadium are
given in Table S6 and Figure S2 (Supporting Information).

3. NMR and Diamagnetic POM with Localized and
Delocalized Electron Density

Many of the considered POM built up of octahedra with one
terminal bond WdO may be reduced by one, two, and more
electrons without changing the initial structure,1-5 and it is
relevant to consider NMR and calculated data for large
polyanions, which contain the introduced electrons. In most
cases, two electrons are delocalized and paired allowing metal
NMR spectra to be measured in solution.5 Depending on
structure, the electron pair (bipolaron) may be delocalized over
the whole framework of the coordination sphere or part of it.
On the other hand, the introduced electrons may localize on
specific metal atom(s) due to forming the metal-metal bond,
especially, when the oxygen is replaced by sulfur as in
[γ-SiW12S2O38]6-. The 183W NMR may reveal the atoms that

accept electrons in the reduced species by characteristic positive
shifts of their corresponding lines. As a matter of fact, in some
extent, this contradicts the general rule according to which
decreasing the oxidation state results in larger shielding due to
the presence of electrons, and therefore, the line shifts to high
field.91 Mostly it refers to the mononuclear complexes, and on
the contrary, if the complex is dimer with metal-metal bond
formed, the resonance line shifts to low field, showing larger
deshielding with decreasing the oxidation state.92 Such a
deshielding is explained by availability of low-lying empty
orbitals in a metal-metal bond inducing large paramagnetic
electron circulation, giving a positive shift. Thus, it would be
interesting to carry out calculation on reduced species to find,
first, how the charges change during reduction and to see which
cations accept electrons.

According to electron spin resonance data, a single electron
introduced into [R-SiW12O40]4- is evenly delocalized over the
coordination sphere.93 The second introduced electron is com-
pletely paired with the first one, and this electron pair (bipo-
laron), according to NMR, is also delocalized.94 The difference
in charges on tungsten between the oxidized and reduced species
shows a fraction of electron density on each cation (Table 6).
At the same time, the positive shift (60 ppm) of the183W line
is observed,94 revealing uniform distribution of the introduced
electron pair over the coordination sphere.

The preferential delocalization of the electron pair over the
belt in [P2W18O62]6- is clearly seen by the shift of the line
assigned to the belt tungsten atoms (WB) (Figure 3).94 At the
same time, calculations show decreasing the positive charge on
tungsten atoms of the belt as well (Table 6). Calculation also
reveals that nondegenerate HOMO, occupied by two electrons,
is comprised of 12W 5dxy orbitals (see Figure S3 of Supporting
Information) and whose energy is markedly lower than one of
the rest of the MO. The charge on belt tungsten atoms decreases
due to the delocalized electron density, and at the same time,
the tungsten in the caps do not acquire any electron density,
and the charge rests the same as for the oxidized parent.

The second POM with uneven distribution of the two in-
troduced electrons is [W10O32]6-, where the electron pair is
delocalized over 8 tungsten atoms WB (Figure 1), as it is de-
duced from the183W NMR spectrum.31 According to calcula-
tions, the electron density is evenly distributed in the HOMO
consisting of these 8 WB (see Figure S3 in Supporting Infor-
mation). A small positive shift of the line attributed to the apical
atoms may be explained by a slightly enlarged octahedron in
the reduced state28 (the calculated charge on these WA is larger
than that for the nonreduced anion) and definitely not by de-
localization of the electrons on the two apical tungstens. De-
creasing the number of metallic atoms acquiring electron density
results in larger positive shift in the183W NMR spectrum of
some lines for [γ-SiW12O40].6-67,68The difference between cal-
culated charges for the initial and reduced forms points out
preferential distribution of the electron pair over four neighbor-
ing tungstens WD with partial delocalization over other tungsten
atoms that is fairly consistent with interpretation of NMR
spectrum. According to calculation, LUMO accepting two
electrons is composed of the atomic orbitals, namely, of these
tungsten atoms (see Figure S3 of Supporting Information) like
it was found in DFT calculation.95 On the contrary, in
[γ-SiW12S2O38]6-, where two adjacent WA have sulfide S2-,
as bridging atoms forming strongly stabilized HOMO (electron
sink), the two electrons completely reside on them due to the
metal-metal bond.96 No electron transfer occurs in this case
on the neighboring atoms. The decrease of the calculated charge

Figure 6. Structures of decavanadate and XV12VA2O42.

VA VB VC

[V10O28]6- 3.415 3.290 3.294
shift, ppm 113 36 21

VA VB VC

[PV12V2O42]9- 3.446 3.298 3.294
shift, ppm 21 -38 -54
[VV 12V2O42]9- 3.363 3.276 3.263
shift, ppm 34 -43 -56
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in this case is the greatest for d1 complexes. A similar situation
is observed when two WA atoms are replaced by MoA and
introduced electrons reside on molybdenum atoms, since LUMO
consisting of dxy orbitals of Mo in the oxidized anion, is
markedly stabilized in comparison with the orbitals formed
mostly by tungsten.

Reduction of the Keggin anion by six electrons results in
complete localization of electron density on three tungsten atoms
in the triplet group with reduced W(IV) forming a metal-metal
bond.97 Such a configuration strongly deshields the correspond-
ing tungsten atoms, and the line is observed around 1500 ppm.98

Gradual increase of the chemical shift is observed as well with
decrease of the oxidation state and the largest shift (6700 ppm)
is observed for dimeric W2(O2CF3)4 with W(II) where closely
spacedδ orbitals form.99

Correlation between the differences in the calculated charges
for oxidized and reduced species and the chemical shifts (Figure
7) clearly shows the principal role of the paramagnetic contribu-
tion to the observed chemical shifts due to circulation of the
introduced electrons.

Unfortunately, there is still no data on NMR for reduced
[â-XW12O40]n-. Calculated charges, when two electrons are
introduced into [â-XW12O40]n- using oxidized structure, show
delocalization of slightly larger electron density over the triad
(Table 6). It should be noted that, if we use averaged geometry
in strict symmetryC3V, the belt tungsten atoms acquire electron
density in a greater extent, but conclusion strongly depends on
the bond lengths in the bridges WA-O-WB and WB-O-WC

between the belt and triad and triplet. As a matter of fact,
calculations on [â-SiMo12O40]6- reduced with two electrons,
whose structure is determined recently,100 show larger electron
density on molybdenum atoms of the rotated triplet C (Figure
2 and Table 6). The interesting issue is the distribution of four
electrons in [â-PMo12O40]7-, whose structure were solved in

two studies.101,102Calculated charges show that electron density
is almost uniformly distributed over anion, though slightly larger
on the triplet and the triad. Indirectly, such a distribution may
be confirmed by17O NMR spectra of the reduced forms, where
the smaller negative calculated charge on the terminal oxygen
atoms corresponds to larger shifts (Table 6).103,104Unfortunately,
95Mo NMR spectrum cannot give unequivocal answer on
distribution of four electrons.105 Two wide lines observed at
+800 and-200 ppm approximately of equal intensities may
correspond to either delocalization of each electron pair in triplet
and triad (giving+800 ppm shift) separated by the six tungsten
belt (-200 ppm), corresponding to larger calculated charges,
or four electrons may be delocalized over the belt. In both cases
the line, corresponding to molybdenum atoms that do not accept
electrons, is assumed to be negatively shifted similar to case of
[P2W18O62],6- where the line of the belt tungstens accepting
electrons is positively shifted and one of the caps is strongly
negatively shifted.94 We may assume that for anion in solution
with relaxation of some bond length, repulsion of two electron
pairs may favor their separation in triplet and triad (correspond-
ing lines may be overlapped), moreover protonation of the
bridging oxygen atoms in the belt may hamper delocalization
in the belt.

Some words should be said about the nitrosyl complex
[W5O18W-NO]3-, where the oxidation state of W in the
W-N-O fragment is considered to be 2+ (d4).106This tungsten
is proved to be strongly deshielded106 and according to calcula-
tion bears lower charge than the rest tungsten atoms. The
chemical shift correlates with the charge difference correspond-
ing to localization approximately of one electron on the W linked
to ligand NO group (Table 6), and the rest of the electron density
is delocalized over NO group with small participation of dπ
orbitals (see Figure S6 of Supporting Information). Formally,
the dxy orbital of WA is vacant, and despite this, there is some
delocalization of electron density over neighboring atoms as
may be deduced from NMR. Probably in the excited state,
electron density is actually transferred and calculation shows
that in this case the charge on tungstens reduced.

4. Conclusions

Having calculated the charges on atoms forming the coor-
dination sphere and comparing them with the corresponding
chemical shifts for a large number of POM, we may see that
there is a definitive correlation between these two values. The
stronger interaction between oxygen and metal of the coordina-
tion sphere, the less positive charge on this cation that is
accompanied by increasing energy gap between bonding and
antibonding MO and, consequently, the nucleus under study is
more shielded. It is hoped that more detailed information will
be obtained in real calculations of the shielding, but as a

TABLE 6: 183W NMR of Mixed Valence Anions and Charges on Cations, Received Electron Density

MA(D) MB MC

POM q δ q d q d ref

1 SiW12O40
6- 0.078 60 94

2 P2W18O62
8- 0.16 126 94

3 W10O32
6- 0.243 410 31

4 γ-SiW12O40
6- 0.381 617 0.081 42 0.013 37 67, 68

5 ON-W6O18
3- 0.694 594 106

6 â -SiW12O40
6- 0.132 0.164 0.214

7 γ- SiW12S2O38
6- 0.858 1218 96

8 BW12O37(OH2)3
5-(6e) 1.477 1542 62

â -SiMo12O40
6- 0.192 0.153 0.146 101, 102

9 â -PMo12O40
7- q 0.333 0.308 0.331 103

17Ã NMR shift [q][δ] -1.347 915 -1.340 933 -1.365 911 103, 104

Figure 7. Correlation between the183W NMR chemical shifts and the
charge difference.
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preliminary test of the structure that will be calculated, the
EHMO method can be used to get the first approximation. It
was shown thatΣ (1/∆E) where summation is done for five
inverse energy separations between the bonding MO and five
virtual d* orbitals calculated by EHMO not only for individual
octahedron taken from the structure but also using baricenters
of the bonding and virtual five MO calculated for the whole
anions may be fairly correlated with the chemical shift.35 An
increase in the electronic population on a nucleus surrounded
by the same ligands (in our case, oxygen) coincides with a
general trend in metal NMR shift. Even small changes of the
charge may influence not only the metal chemical shifts but
also the31P NMR chemical shifts in the heteropolyanions (see
Supporting Information, Table S7 and a plot in Figure S4
between the chemical shift and the charge difference calculated
for phosphorus in HPA and on phosphorus in PO4 isolated from
the same anion, showing influence of the coordination sphere
on the phosphorus charge).

Drastic negative shift of the NMR line, for example, in
mononuclear complexes with decreasing the oxidation state
(increase of electron population), is well known.91 However,
reduction of POM with two electrons or with six electrons results
in large positive shift, despite marked decrease of the charge.5

This is characteristic of dimer complexes with the metal-metal
bonds and deshielding increases with an increase of metal-
metal bond order.92 Namely paramagnetic circulation of the
electrons within metal-metal bonding induces large deshielding.
Therefore, it will be a challenge to calculate the shielding in
such complexes.

Accuracy of the calculation may strongly depend on an
adopted geometry, when averaging of the bonds and angles
between them are made, and therefore quick and easy testing
of the analyzed structure will be desirable and EHMO is suitable
for such an approach. Another possibility to use EHMO for
understanding the chemical shift is to find possibility to calculate
the magnetically dipole-allowed transitions such as is has been
done for interpretation of the electronic transitions.107Moreover,
POM is very suitable object to verify some theories that are
used in calculating the NMR chemical shift of nuclei comprising
a polyoxoanion. At the same time these calculations should be
compared with other physicochemical data to get consistent
conclusion, especially much caution should be undertaken in
considering the mixed POM.
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