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Density-Functional Calculation of the '®*W and 'O NMR Chemical Shifts for
Large Polyoxotungstates
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A phosphane sulfate relativistic DFT method (ZORA)
has been used to calculate the 33W and 7O NMR chemical
shifts for large polyoxotungstates, including WgOqe2",
CH30TiW;50,5%, W50:5WINO?-, W;035%7, 0-8-7-XW150,40™,
B-PWgO,gBrg®~, P,W,506,°5", PW,0.,%", and W;0,,%, based
on their optimized molecular structures. Despite sizeable de-
viations between the calculated and experimental values, the
calculations correctly reproduce the trends in the change of
the chemical shift for both nuclei. As expected, the diamag-
netic term is almost constant throughout the whole series.
The change in the chemical shifts is shown to be determined
by the paramagnetic term, which depends on the electronic
structure of the whole anion under study and, in particular,

on the local geometry around a given tungsten atom. On the
other hand, there is no correlation between the chemical shift
and HOMO-LUMO gap, showing that deeper occupied
levels and several unoccupied orbitals play an important role
in the paramagnetic term. However, analysis of the compo-
nents of the paramagnetic shielding has shown that the most
significant transitions determining the change of both W
and 7O NMR chemical shifts for anions consisting of tung-
sten and oxygen atoms are the occupied-occupied and not
the occupied—-virtual ones.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

NMR spectroscopy is one of the powerful techniques for
studying the problems of the chemistry of polyoxometalates
(POM) formed by V, Mo, W, and other metals in high oxi-
dation states!!! as it can be used to characterize them both
in solution and in the solid state. POMs are usually built of
metal-oxygen octahedra that form M,0,,” isopolyanions
or XM,,0,,7 heteropolyanions. In many cases all nuclei can
be observed in the NMR spectra, which helps to elucidate
the chemical environment of the nucleus under study.

Several resonance lines may be observed in the NMR
spectra depending on the complexity of an anion and its
symmetry, and assigning each line to a particular atom
sometimes presents a problem. The nature of the chemical
shifts is therefore still to be revealed.

As a matter of fact there have been several attempts to
understand the nature of the chemical shifts for POMs, and
particularly for polyoxotungstates (POTs). The first such
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study attempted to explain the trend in the change of the
183W NMR chemical shifts in lacunary POTs by the charge
delocalization resulting from the removal of one W=0O
group from the Keggin anion X**W ;04" %2l Further,
there have also been attempts to correlate the 7O and '$W
chemical shifts with the wavelength of the lowest charge-
transfer (LCT) band (the electronic transition from the MO
localized mainly on the oxygen atoms to a virtual MO lo-
calized mainly on the metals),>* with bond lengths,>
with the inverse sum of the energy separations,l’-81 and with
the calculated charges on atomsl®! obtained from EHMO
calculations. However, the calculation of the actual chemi-
cal shielding for different nuclei is still to be attained.

The first attempts to calculate '3W NMR chemical
shifts were limited to small and simple molecules like
WO, ,S,>, W(CO)s, WF,, and WClg, and a practically lin-
ear correlation between calculated and experimental shifts
was found.l'! Calculation of the 'O NMR chemical
shifts in metal oxide anions MO," has been carried out by
different methods with different degrees of accuracy.['>!3]

The first calculation of the '®3W chemical shift in a large
Keggin anion using DFT was not so successful, and large
discrepancies have been found by Bagno and co-workers
even for small molecules.['* Later, more reasonable calcu-
lated values of the '¥W NMR chemical shifts were ob-
tained by the same authors.['>) A number of reviews of theo-
retical calculations of NMR chemical shifts in transition
metal compounds have been published, including the results
of '83W chemical shift calculations by first-principles meth-
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ods (relativistic Hartree—Fock and DFT).I'®l However, those In the present work we have calculated the %W and 7O
previous calculations were limited to comparatively small nuclear magnetic shielding for several POTs using DFT
systems and no exhaustive theoretical study of chemical methods with the goal of elucidating the relationship be-
shifts in large heavy-metal POMs has yet been reported. tween the shielding and the geometric characteristics as well

Figure 1. Polyhedral and ball-and-stick models for WO ,o>" (a), CH;0TiW;s0,5> (b), W;303,* (c), 0-XW 5,040 (d), B-SiW,04* (e),
Y-SiW15040" (), B-PWoOosBre® (g), and P,W 304,% (h).
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as the influence of the latter on the chemical shifts. DFT
methods have been shown to be adequate to rationalize
many different aspects of the electronic structure,!!”-'® mag-
netism,['”? and bonding®”! in POMs, and a summary of the
most illustrative results can be found in a recent review.*!!

The first part of this study discusses several types of
POTs (represented in Figures I and 2), namely the Lind-
qvist anion W¢0,9>" and its derivatives CH;0TiWs0;5*",
W;s0,sWINO?, and W,(O3,* (structural type 1, charac-

terized by edge sharing of WO octahedra having a sym-
metry close to Cy,), the Keggin anions of general formula
XW1,04", their B and y forms, and a bromide derivative
(structural type II, with octahedra having two edge- and
two corner-shared oxygen atoms), and the Dawson anion
P,W,304,% (structural type III, where W04 octahedra
have three corner-shared oxygen atoms). The octahedra in
all these anions may be assigned as having local axial sym-
metry close to Cy,, with one terminal W=0 bond. Finally,

Figure 2. Polyhedral and ball-and-stick models for PW,0,4> (a) and W50,4% (b).

Table 1. Experimental and calculated '$3W NMR shifts for several polyoxotungstates (POTs).

Anion Anion w Op a4 oy Ocal Oexp Ref. Ref.
type type [ppm] [ppm] [ppm] [ppm]  [ppm NMR Struct.
0 WO, > ~7002 9664 2663 0 0
I WeO0,0> ~7091 9658 2567 9 59 21 128]
CH;OTiWs0,53~ A ~7115 9658 2543 120 70 [29a] [29a]
Wl ~7051 9659 2608 55 37
W50, WINO3b! WAL ~7183 9659 2476 187 117 [29b] [29b]
W VI —7221 9659 2438 225 168
W05 A —6841 9659 2818 -155 -166 (301 31
Wy ~6954 9658 2704 -41 -23
I AsW 15,0403 ~6897 9658 2761 -98 -65 132) [2:4]
GaW ,040% ~6931 9657 2726 -63 -89
GeW ,040* —6888 9657 2769 -106 -82
PW,,040>" —6842 9657 2815 -152 -99
SiW 1,040+ —6864 9657 2793 ~130 -104
AIW ,040% —6897 9657 2760 -97 ~113
BW,040> —6854 9657 2803 ~140 ~131
B-SiW,0,40* W, —6828 9657 2829 -166 ~130 (331 [2.34]
W, ~6833 9657 2824 ~161 ~115
W, —6871 9657 2786 -123 -110
7-SiW 1,040% W, —6825 9658 2833 -170 -160 351 1361
W, —6864 9657 2793 -130 -105
W, ~6810 9657 2847 ~184 117
Wy ~6836 9657 2821 ~158 127
B-PW03,B¢> A ~6846 9658 2812 -149 -123 (37 137
W, -7107 9658 2552 111 192
111 P,W 5040 W, —6848 9657 2809 ~146 -123 (38] 1391
W, ~6779 9657 2878 -215 ~174
v PW,0,43 -6176 9659 3483 -820 ~676 [40] [40]
A W,0,,6 W, ~7276 9658 2382 281 268 [41] [42]
W, ~7024 9660 2636 27 -106
W, ~6932 9662 2730 -67 -189

[a] Average value for four slightly different Wy, atoms due to bent TiOCH; group. [b] one WVY'=0 group in W0,o> is replaced by
W!'-NO and the calculated shifts are given only for WY! (apical and belt) as for CH;0TiWsO,5*.
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the peroxo complex PW,0,,* (structural type IV) repre-
sents a POT where the tungsten has a formal coordination
number of 7, with the lowest chemical shift, and the hepta-
tungstate W50,,4 (structural type V) has three types of W,
each of which has two terminal oxygen atoms.

The second part of the study will describe the results of
the DFT calculations of the '83W and 7O chemical shifts
for the corresponding reduced polyoxotungstates with delo-
calized, unevenly delocalized, and localized electrons.

Calculation of the Chemical Shielding

We used the ADF 2003.01 packagel*?! to compute the
geometries of the molecules. The DFT calculations are
characterized by the local density approximation featuring
the Xa model for exchange with Becke’s gradient-corrected
functional,®® and the VWN parameterization for corre-
lation?4 corrected with Perdew’s functional.”! 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 are described by a
relativistic core potential generated with the auxiliary pro-
gram DIRAC.??I The valence orbitals in this approach are
kept orthogonal to the core orbitals by means of a single-
€ Slater-type core-orthogonalization basis set. We applied
quasi-relativistic corrections to the valence shell by means
of the zeroth-order relativistic approximation (ZORA). The
NMR shielding tensors were computed from a parallel ver-
sion of the NMR module.”®! Although some previous
studies have shown that all-electron basis sets reproduce the
chemical shifts in some transition metal oxides better, 2"
we found no improvement in our results when this type of
basis set was used for large POTs.

Generally, the W-O bonds in the optimized configura-
tions are slightly longer than those observed in the X-ray
structure determinations of the corresponding POTs. How-
ever, if we take the same anion but in different X-ray struc-
tures we sometimes see large discrepancies in the bond
lengths. Even in a single crystal there may be two slightly
different configurations with the same overall symmetry.
Optimizing a structure results in a unique configuration for
the given POT because, despite possible different initial co-
ordinates, the program will end up delivering unique atomic
coordinates, and although this may lead to an overestima-
tion or underestimation of the calculated chemical shifts,
such an approach is justified for comparison of the chemi-
cal shifts for different POTs, especially when accurate X-
ray-determined coordinates are not available.

As usual, the calculated chemical shift, d.,;, is determined
as the difference between the total shielding of the reference
molecule, o,, and the shielding of the molecule under study,
a,. For each nucleus the total shielding tensor, o, is calcu-
lated as the sum of the paramagnetic (¢},) and diamagnetic
(o4 ) contributions and therefore:

(Scal = 0r— Oy
where o, is the isotropic average of the shielding tensor for
the nucleus in an anion and o, is the shielding of the refer-
ence compound.
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The simplest oxoanion, WO,>", is usually used as a refer-
ence for '3W NMR chemical shifts and the resonance line
of water is used as a reference for 70O NMR chemical shifts.
For convenience, the absolute shielding of liquid water, o,
is accepted to be equal to +291 ppm.7!

The experimental values of '33W chemical shifts may
vary slightly depending on the spectrometer (sometimes by
up to 10 ppm, and the chemical shifts of POTs are usually
more positive in organic media. On the contrary, proton-
ation of POT generally results in a negative shift of the reso-
nance. Moreover, it should be noted that solvation effects
are not included in these theoretical studies even though
they can considerably influence the calculated chemical
shift, which is assumed to refer to the gaseous state of a
single molecule. Hence, we can only estimate a general trend
in the chemical shifts from these calculations and, at best,
to make an assignment of the resonances for a complex
anion with nonequivalent nuclei.

Results

The '3W NMR Chemical Shift

Table 1 gives the calculated paramagnetic, diamagnetic,
and total shielding along with calculated and experimental
183W NMR shifts for the POTs shown in Figures 1 and 2.
(Table S1 in the Supporting Information shows the differ-
ence in the calculated parameters for the experimental and
optimized structures of W0,4>~ as an example).

It can be seen that the chemical shift decreases as the
number of corner-sharing oxygen atoms increases (struc-
tures [-1I—1III) and that the most positive shift for W! in
W-0,,%, which formally has no terminal oxygen atoms,
and the most negative shift for PW,0,,> are correctly pre-
dicted by the calculations. For the bromide derivative, the
resonance assigned to the six Wy, tungstens linked to bro-
mide, observed at 6 = +192 ppm, and the other line corre-
sponding to W,, observed at 6 = —123 ppm, are also cor-
rectly predicted by the calculations. As expected, a soft li-
gand induces a large positive shift for the corresponding
tungsten.

The order of the computed resonances corresponds to
the observed one for both PB-SiW;,04* and for
v-SiW,040*", and only the shift of W, is rather exagger-
ated, probably due to an inadequate geometry.

In general, for anions consisting of WOg octahedra with
an axial symmetry and a single W=0 bond, including the
peroxo anion, we observe a nice linear correlation between
the calculated and experimental shifts for the POTs studied
(Figure 3). The most notable deviations from this linear
trend are observed for anions with the Keggin structure,
which was shown by a more detailed analysis to be due
to the structure-optimization process (as will be presented
elsewhere). Briefly, the results of the latter depend strongly
on the overall anionic charge, although for anions with the
same negative charge, for example XW1,0,4> (X = B,
Al and Ga''l), the observed and calculated shifts increase
regularly with an increase of the inner tetrahedron.

Eur. J. Inorg. Chem. 2006, 11391148
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Table 2. Calculated shielding and shifts and experimental 7O shifts
for several POTs.
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Figure 3. Correlation of the experimental and calculated '$3W
NMR chemical shifts.

The 70 NMR Chemical Shift

The 7O NMR shifts depend strongly on the type of
bonding (terminal or bridging) and the calculated values
follow the experimental trend well (Table 2). A comparison
of the calculated and experimental chemical shifts shows
that the magnitude of the calculated shifts is overestimated
for the bridging oxygen atoms and slightly underestimated
for the terminal ones (Figure 4).

In the cases where the POT contains equal numbers of
slightly different bridging oxygen atoms it is impossible to
assign closely spaced resonances unequivocally in the exper-
imental spectra. However, according to the calculations, the
larger chemical shift for CH;0TiWsO,s* (6 = 390 ppm)
can be assigned to the bridging oxygen, O, linking two dif-
ferent tungsten atoms, and that at ¢ = 380 ppm to O,
(Table 2).

In the case of W;,05,*, according to the calculations the
two resonances at 0 = 434 and 421 ppm observed in the
experimental NMR spectrum should be attributed to the
bridging oxygen, O, which links W, and Wy, and O4, which
is bound to two identical Wy, lying in a square plane. For
the oxygen atoms (O,) in the linear bridges the calculated
shift is the lowest, although it is observed between O, and
Q4 in the experimental spectrum.

The bridging oxygen atoms in the Keggin anions
XWi,040" give two closely spaced resonances with equal
intensity in the range 6 = 440-390 ppm. Using a special
method, which involves replacing three tungstens by molyb-
denum atoms, Shum and Klemperer3®! have shown that
the line with the larger chemical shift is due to the edge-
sharing oxygens (Oy). According to the DFT calculations,
the resonance with the larger chemical shift should be as-
signed to the edge bridging oxygen atoms Oy, which fully
confirms the conclusions drawn from the experiment.

The rotation of a triplet in B-SiW,04y* should formally
result in the inequivalence of the oxygen atoms, with a cor-
responding weight ratio (according to the atom labels) of
3:6:3 for the terminal oxygen atoms and 3:6:3:3:6:3 for the
bridging ones. However, only four lines are observed in the
70 NMR spectrum, which were assigned®3®! as follows:
the highest chemical shift was assigned to the terminal oxy-

Eur. J. Inorg. Chem. 2006, 1139-1148

Type Rw_o Op o4 oy Ocal Oexp  Ref.
[A]  [ppm] [ppm] [ppm] [ppm] [ppm]

Ws010%

0, 1.73 1.730 880 401 770 775 ¥l

Oy 1.953 1953 596 413 474 416

O, 2.357 2.357 -91 410 28 -80

CH3OTiW501837

Oy 1.75 -823 404 419 710 721 29

0, 1.75 -819 403 416 707 713

Oy 1.885  -703 416 287 578 525

O, 1.938 577 415 162 453 390

O, 1.956  -570 414 155 446 380

Or 2.361 114 408 294 -3 -58

Wi005*

Oy 1.739 863 403 460 751 765 Bl

0, 1.756  -820 404 416 707 732

O, 19530 621 418 203 494 434

O, 1.923 601 421 180 471 423

Oy 1.942  -609 415 194 485 421

Or 2.341l1 162 404 242 49 -2

PW,0,40*

A 1.726 873 401 472 763 769 #3l

Oy 1.938 619 419 200 491 431

O, 1.93 -581 417 164 455 404

Oy 2.469  -218 398 180 111 70-60

SiW 1,040

0, 1.737 866 403 463 754 761  ®3

Oy 1.943 620 419 201 492 427

O, 1.935 584 418 -166 457 405

Oy 2.38 -176 400 224 67 27

B'SiW1204047

O, 1.735 864 403 461 742 762 [43b]

0O, 1.737 861 403 458

0, 1.735 858 403 455

O, 1.937 650 420 230 521 454

Oy 1.946121 614 419  —195 485l 425

Or 1.949 612 419 193

0, 1.934 588 419  —169  460[ 404

Oy 1.927 584 419  -166

O, 1.941[ 589 418 171

O, 2.390 183 400 217 84121 32

O, 2392 179 397 218

W;0,48

0, 1.781 765 407 358 663 648 [#1

O, 1.772 792 405 387

Oy 1.795 686 407 279 570 590

Oy 1.777 747 406 341 632 597

O, 1.796 752 407 345 636 626

Oy 1.968 545 413 132 423 319

Or 1.9731 _507 411 -96 387 298

O, 2.049[ 455 410 -45 336 259

(0N 2.260 286 407 121 170 74

[a] Average value.

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

gen atoms, the line with intensity 3 to the edge-bridging O,
in the six-membered ring, the line with intensity 9 to the
edge-bridging Oy, and Oy, the line with intensity 12 to the
corner bridging O,, Og4, and O, and, finally, the less-intense
line was assigned to the internal oxygens O, and Oy,. Our
1143
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Figure 4. Correlation of the experimental and calculated 'O NMR
chemical shifts.

calculations fully confirmed the observed pattern, with the
largest chemical shift for the bridging oxygen atoms O, in
the ring.

For W;0,,* the range of the 'O NMR chemical shifts
is fairly well reproduced by the calculations; a possible as-
signment of the lines is given in Table 2.

In general, a rather good linear correlation between the
calculated and experimental '’0O NMR chemical shifts for
POTs may be seen in Figure 4.

General Results

Taking into account all the calculated values for both
183W and 70 NMR chemical shifts, we have obtained good
correlations between calculated and experimental values
even though the NMR spectra were measured in different
solvents in some cases. This shows that calculations ade-
quately reflect the changes in chemical shifts depending on
the structure. The discrepancies observed in some cases may
result from the inadequacy of the optimized geometry, and
the deviation of the slope from unity may be due to the
basis sets used in the calculations.

Discussion

According to the present calculations the diamagnetic
shielding (Tables 1 and 2) for both '¥3W and 'O is essen-
tially unaffected by the geometry (the chemical environ-
ment). This can be understood from the fact that the dia-
magnetic shielding contains the unperturbed, zero-order
density. The largest contributions are due to the core shells
at '33W and 70O nuclei. Such core shells should not change
on going from one chemical environment to another and
therefore yield constant diamagnetic shielding contri-
butions that cancel out in relative chemical shifts. Thus, we
will consider only the paramagnetic contribution. In the fol-
lowing sections we discuss the analysis of the paramagnetic
shielding tensors in a gauge-including atomic orbitals
(GIAO) basis where a gauge-origin independent division
into a paramagnetic and a diamagnetic contribution can be
achieved.2%]

The '83W Paramagnetic Shielding
The paramagnetic contribution is determined by the

magnetically perturbed MOs,'% while the most important
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one is considered to be due to the coupling of the occupied
(¥,) and virtual (¥;) MOs under the applied magnetic field.
The magnitude of the coupling coefficients, u,;, are given

asl0]
v
2(e - €))

i a

¥,

Uy ~ — ML‘}’H>

where ¢ and ¢, are the orbital energies of the virtual and
occupied MOs. We will refer to the “u-tensor” in conjunc-
tion with nuclear shielding contributions arising from these
coefficients and note that inverse occupied—virtual MO en-
ergy differences enter these terms. Thus, common knowl-
edge often relates the magnitude of the paramagnetic
shielding to the size of the HOMO-LUMO gap, for exam-
ple.

The paramagnetic shielding is determined by the sum of
all magnetically active transitions and by atomic orbital co-
efficients forming the corresponding MOs. For the large
anions, which consist of tungsten and oxygen atoms, so
many MOs are formed that it is rather difficult to show
which transitions are the most important in the paramag-
netic shielding. However, a preliminary analysis of the para-
magnetic shielding for WO 9>~ shows that the largest con-
tributions (about 15%) come from two transitions from
rather deep bonding MOs (5t,,), involving p and d orbitals
of the bridging oxygen and tungsten atoms, respectively, not
to the LUMO but to upper virtual orbitals (a;, and e,),
consisting of W-d.. and p- and s-oxygen orbitals. Moreover,
terms involving pairs of occupied orbitals should be also
taken into account. In the paramagnetic shielding, this is a
term, from now on dubbed “s-tensor”, that is specific to
the computation of the nuclear shielding in a GIAO basis,
where the external magnetic field will change the overlap
between the basis functions (atomic orbitals or AOs). In
the case of '83W shielding it can attain 15% of the total
paramagnetic term, which is mostly due to the occupied—
virtual transitions (“u-tensor”). For the paramagnetic con-
tribution of the terminal oxygen atom in the case of the
Lindqvist anion, for example, 163 occupied—occupied (“s-
tensor”) and 238 occupied-virtual (u-tensor) couplings
should be taken into account, and for the latter less than
50 transitions exceed 10 ppm. For the bridging oxygen the
number of transitions increases to 488 and 744, respectively,
and some transitions contribute with opposite signs.

Two points should be mentioned. First of all, the lowest
charge transfer, determined as the HOMO-LUMO gap,
Ej o1, s by no means the principal contributor otherwise
we should observe a correspondence between 1/E; -t and
the '83W chemical shifts (see Table S2 in the Supporting
Information). Usually, the HOMO is a nonbonding orbital
consisting of the p-orbitals of the bridging oxygen atoms,
especially of the inner oxygen atoms, and even for simpler
complexes the transitions from deeper MOs, involving se-
veral metallic orbitals, make the largest contributions.

As already mentioned, the paramagnetic shielding in-
cludes not only the u-term, which involves the occupied and
virtual MO coupling and plays a dominant role in the

Eur. J. Inorg. Chem. 2006, 1139-1148
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change of the chemical shift, but also the occupied—occu-
pied MO coupling (s-tensor) and additional “paramagnetic
gauge terms”. The latter are also related to the GIAO for-
malism (they are negligibly small in the present study, see
discussion on the components of the paramagnetic shield-
ingl*1 and Table 3). In frozen-core calculations there is, in
addition, a frozen-core term (dubbed “h-tensor” here) that
stems from the change of the valence-core orthogonaliza-
tion under the external magnetic-field perturbations. As for
POTs, the magnitudes of the changes in the s- and b-tensors
may be comparable with the u-term and therefore they de-
mand more consideration in detail:

Table 3. Parameters of the paramagnetic shielding (g,) of '*W
NMR for some POTs.[#]

Anion Metal/X b-term s-term  wu-term PGT Ry o Ocal
[ppm] [ppm] [ppm] [ppm] [A]  [ppm]
W03+ W, 262 730 -6384 11 1966 -155
Wy, 358 -882 6437 7 1978 41
W00 358 1002 6454 7 1983 96
CH;0TiWs0,4> W, 397 -1068 6385 7 1982 55
W, 366 -1014 6474 7 1983 120
W0, sWIDNO*> W, 321 917 6594 7 1.986 187
W, 359 -1015 -6571 6 1991 225
XW 50,08 As 140 295 -6752 10 1.981 -98
Ga 119 212 -6759 9 1989 -152
Ge 242 545  -6595 10 1975 -106
P 222 470 -6625 9 1979 -130
Si 332 791 6482 10 1.966 -63
Al 323 746 6483 9 1972 -97
B 228 475 6615 8 1981 -140
B-SiW 1,040 W, 192 404 -6624 8 1981 -166
W, 232 499 -6575 9 1976 -l162
W, 204 431 -6653 9 1984 -123
v-SiW,040* W. 43 -2 -6873 7 2017 -171
W, 237 =513 -6596 8 1978 -130
W, 236 521 -6535 10 1973 -184
Wy 201 -433 6613 9 1978 -158
B-PWoBrO,* W. 74 -90 -6836 6 1987 -149
W, 125 -164 7071 3 2.078 111
XoW 1506, W, 127 134 -6785 13 1981 -215
W. 8 134 —6999 9 1983 -l146
PW,0,4 482 533 6119 -5 1960 -820
W05, W, 585 1525 6344 8  2.024 283
W, 170 =399 -6797 2 1964 47
W3 158 372 -6720 2 1972 =71

[a] B-tensor: direct frozen core terms (Bl tensor); S-tensor: OCC-
OCC terms (paramagnetic SMATI tensor); U-tensor: OCC-VIR
terms (paramagnetic UMAT]1 tensor); PGT: DIAG. OCC-OCC
terms (for gauge invariance, paramagnetic gauge tensor).

1. For anions with octahedra having only edge-shared oxy-
gen atoms (the first four, Figures la—c) and the internal
oxygen linking six and five tungsten atoms, for a span of
the experimental shifts of 334 ppm (span of the calculated
shifts: 380 ppm), increasing the mean Ry results in a nega-
tive shift (—135 ppm) due to the h-term but in positive shifts
due to the s-term (338 ppm) and the u-term (only 210 ppm).
The total shift therefore increases with Ryo.

2. As opposed to the Lindqvist-type anions, a-Keggin
anions (Figure 1d), with their narrow range (89 ppm) of cal-
culated shifts (66 ppm for experimental ones), and with two
corner and two edge-shared oxygen atoms and the inner
oxygen linking three W atoms and the central atom, an in-
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crease of the mean Ry in the optimized structures corre-
sponds to a general decrease of the chemical shift due to a
decrease in the b-term (213 ppm) and the u-term (277 ppm;
both of which correspond to an increase in the chemical
shift), which is outweighed by the negative shift due to the
s-term (=579 ppm); a fine interplay of these components
therefore determines the total chemical shift.

For the B-y Keggin isomers and P,W 304, a decrease
of the b-term from 237 to 8 ppm (4 = —229 ppm) and the
u-term from —6534 to —6999 ppm (4 = —465 ppm, for a total
of —694 ppm) is close to the increase of the s-term from
—-521 to 134 ppm (4 = 655 ppm).

The second point is that the absolute values of the s-term
for the Lindqvist-type anions are almost twice as large as
for the Keggin anions. On the other hand, the pentacoordi-
nation of W, in y-SiW,,04* (Table 3, Figure le) results
in a rather small magnitude of the s-term; this is probably
characteristic for pentacoordination.

It is noteworthy that the u-term for W, in P,W,504,% is
the lowest of all WOy octahedra, which is difficult to ex-
plain as the local symmetry around W, is almost the same
as in the Keggin system. However, despite substantial dif-
ferences in the components of the paramagnetic shielding,
the calculated '83W chemical shifts for the Keggin anion
and for W, of the Dawson anion proved to be almost the
same, reflecting the similarity of the local geometry.

Some unusual values of the »- and u-terms for the Daw-
son anion may be explained by the correlations of the b-
and s- against the u-term as the largest component (anions
0-XW15040" %, B-SiW 1,040, v-SiW,040%, XoWi506,%)
shown in Figure 5. It is clearly seen that three components
are interrelated, but only for similar types of anions.

=
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% e} ¥ |
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P — ' " ()
-7100 69000  -6700 -6500
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Figure 5. Interrelation between paramagnetic u- and b- (¢) and s-
(O) terms for POTs (G'XW12040”78, B'SiW1204047, Y-SiW1204OL,
XoWi506,5).

In general, we can observe that increasing Ry results in
a corresponding absolute increase in the u-term (the more
negative the shielding the more positive the chemical shift)
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determined by the occupied—virtual MO transitions (sce
Figure S1 in the Supporting Information) That, in turn, de-
pends on the bonding system (edge, corner, inner oxygen
atoms, and angles between bonds) and determines the
change of the b and s shielding components. In any case, the
s-term changes in a broader range than the u-term, which is
usually considered as the most important. For POTs, where
tungsten is surrounded only by oxygen atoms as ligands, we
can suggest that the change of the chemical shift is deter-
mined by the total paramagnetic contribution, in which the
occupied-occupied transitions have proved to be the most
important, and a fine interplay of the components (s- and
u-terms) of the paramagnetic shielding variable in quite a
large range will determine the total chemical shift. Never-
theless, the calculation adequately represents the general
trend in the chemical shifts.

It should be noted that the u- and s-terms decrease with
Rwo for the anions built with octahedra linked by edge-
shared oxygens and therefore a close correlation between
the experimental shifts and the sum of the inversed energies
of the electronic transitions between d and d* orbitals cal-
culated by the EHMO method is observed.®!

The 70 Paramagnetic Shielding

For the terminal oxygen atoms the s-term makes no more
than 5% contribution to the paramagnetic u-term and the
core b-term is much lower (Table 4). For the inner oxygen
the s-term may reach 30% and moreover is of opposite sign,
therefore it makes a sizeable contribution. Only for WO;9>~
is the s-term for O, negative as it binds six tungsten atoms.
For W,,03,*", where the inner oxygen atoms O; bind five
W atoms, and for Oy4 in the Keggin anion, which binds four
atoms, the s-term becomes positive.

Table 4. Components of the 'O paramagnetic shielding for some
POTs.

Anion Atom  b-term s-term  u-term PGT Ry o av.

[ppm]  [ppm]  [ppm] [ppm] [A]

W,005,% 0, 1 -36 —787 1 1.756
O, -2 -9 -596 -15 1.938,

1.969
O¢ -7 114 -276 8 2.288,

2.3548a

O, 0 7 —868 -2 1.7391®]

Oy4 -3 -7 —594 -5 1.9421°1

O, -4 -82 —-521 7 1.923[°1
W02 0, 1 -1 —880 0 1.730
O, -2 -15 573 -7 1.953
O, -5 -26 -74 14 2.357
PW,040% 0, 1 34 -905 -3 1.726
O, -2 -14 -593 -9 1.938
O, -4 -23 —-556 2 1.930
Oy4 -8 121 —355 23 2.469

[a] Distance to W,. [b] Distance to Wy,

Depending on the type of oxygen atom (corner- or edge-
shared), the absolute value of the s component is larger for
the corner one. However, because the bond length in corner
sharing is usually shorter than that for an edge-sharing oxy-
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gen, the absolute u-term is less, making more negative shift
for the corner oxygen that links two equivalent tungsten
atoms having the same chemical shift. If it binds two tung-
sten atoms with different chemical shifts (as O, in
W,003,%), the magnitude becomes unpredictable.

However, from Figure 6 (taking into account data for
anions W¢019>", W,005,%, CH;OTiWs0,¢>, 0-PW,040°",
a-SiW,04*, and B-SiW,,040%) the interrelation between
the u-term and the s-term for three types of oxygen atoms
— terminal, bridging, and inner — is clearly seen. A certain
similarity between this plot and the one given in Figure 5
may be noted.

150
‘Al
Y 1 100
{s0g
. s
g‘ u-term, ppm " :
- T T T G

“ 3
R P

- |
<4 -50

|
100

Figure 6. Interrelation of the u- and s-terms in the '’O paramag-
netic shielding for POT. 4: terminal oxygen atoms; B: bridging oxy-
gen atoms; A: inner oxygen atoms.

For all POTs the most deshielded ones proved to be the
terminal oxygen atoms. Although the shorter bond length
leads to increased AFE, it is possible that an increase of the
numerator exceeds the effect of decreasing 1/AE (see for-
mula above).

Conclusions

Having considered the results of calculations of the '#3W
and 70O NMR chemical shifts we can come to the following
conclusions: 1) Generally, the calculations reproduce the
patterns of the chemical shifts for both nuclei for several
types of tungsten and oxygen atoms. However, when the
range of the chemical shifts is rather narrow, prediction of
the chemical shifts will depend on the chosen geometric pa-
rameters, and a fine interplay of the different components
of the paramagnetic shielding may result in discrepancies
between the calculated and experimental chemical shifts, as,
for example, for y-SiW,04¢*". 2) The accuracy of the calcu-
lated chemical shifts is far from what would be desirable
and, in principle, a complete compatibility between calcu-
lated and observed chemical shifts is still not possible for
such polyoxotungstate complexes because of inaccuracies in
the geometric characteristics obtained by X-ray diffraction
studies. Sometimes, even for rather simple peroxotungstates
with overall C, symmetry, two tungstens are crystallograph-
ically not identical and their different local geometry may
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easily give rise to differences of 200 ppm or more in the
calculated chemical shifts. Therefore, for sake of consist-
ency, the optimized structures, despite some inadequacy,
may be an adequate approach for the calculation of the
NMR shielding. 3) For POTs consisting of tungsten and
oxygen atoms the change in the chemical shifts is deter-
mined by an interplay of the components of the paramag-
netic shielding, in which the main contributor has been
shown to be the s-term (the occupied—occupied MO coup-
ling) along with the change in the u-term (the occupied—
virtual MO transitions). Apparently, such a behavior of the
paramagnetic shielding is characteristic, as shown by our
preliminary results, for other polyoxometalates involving
vanadium or molybdenum. 4) From the accumulated data
the reverse task may, in principle, become possible, namely
deducing the geometry from the observed chemical shifts,
if the nature of the nuclear shielding is completely under-
stood. 5) At present, the reliable assignment of the several
resonance lines observed in the NMR spectra to specific
atoms may be made only in the case of widely separated
NMR shifts. The fine details of the anion geometry must
therefore be taken into account to be able to assign the
resonances correctly. 6) It is rather well known!!%!1-43] that
taking into account the spin-orbit coupling during calcula-
tion of the chemical shift of heavy elements notably in-
creases the correspondence between the calculated and ex-
perimental shifts. This is especially true when the ligands
around the coordinating cation are quite different and
heavy. However, although our preliminary calculations for
POTs where the ligand atoms are only oxygen atoms, ob-
tained by including the SO coupling term, give slightly
more reasonable values in terms of magnitude, they do not
give the correct order of the resonances for the Keggin
anions and even violate the sequence of the lines for - and
Y-SiW1,04"

Thus, to improve the accuracy of computed NMR chem-
ical shifts in polyoxometalates is not simple and will require
effort in several areas, most notably to incorporate exact
exchange functionals in the DFT calculations, to consider
the spin-orbit coupling, and to use larger basis sets. The
reader must bear in mind that the calculation of the shield-
ing tensors for one atom of the Dawson anion P,W;30,%"
needs more than ten days of computer time.[*®! Therefore,
it will be necessary to further improve the codes of NMR
calculations for large systems, and probably for clusters
with relatively large ¢/m, where ¢ is charge and m the
number of metals, to introduce the effect of the solvent.*”)

Supporting Information (see also footnote on the first page of this
article): Influence of the geometric parameters on calculated shield-
ings for W0, and HOMO-LUMO separation for several POTs
are given in Tables S1 and S2. The correlation between calculated
paramagnetic shielding and mean bond length, Ry o, in Keggin
anions is given in Figure S1.
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