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We search for the best density functional theory strategy for the determination of *'P nuclear magnetic
resonance (NMR) chemical shifts, 5C'P), in polyoxometalates. Among the variables governing the
quality of the quantum modelling, we herein tackle the influence of the functional and the basis set. The
spin-orbit and solvent effects were routinely included. To do so we analyse the family of structures a-
[P,W,5.M,04,]" with M =Mo"", V¥ or NbY¥; [P,W,06(M’R)]" with M* = Sn'", Ge'¥ and Ru"" and
[PW,.M,04]" with M =Pd", Nb" and Ti'"". The main results suggest that, to date, the best procedure
for the accurate calculation of 8(*'P) in polyoxometalates is the combination of TZP/PBE//TZ2P/OPBE
(for NMR//optimization step). The hybrid functionals herein tested (PBEO, B3LYP) applied to the NMR
step, besides being more CPU-consuming, do not outperform pure GGA functionals. Although previous
studies on '**W NMR suggested that the use of very large basis sets like QZ4P were needed for the
geometry optimization, present results indicate that TZ2P suffices if the functional is optimal. Moreover,
scaling corrections were applied to the results providing low mean absolute errors below 1 ppm for 3(*'P),
which is a step forward in order to confirm or predict chemical shifts in polyoxometalates. Finally, via a
simplified molecular model, we establish how the small variations in 5(*'P) arise from energy changes in

the occupied and virtual orbitals of the PO, group.

1 Introduction

Polyoxometalates (POMSs) are inorganic structures formed
typically by corner- and edge-sharing aggregations of MO
octahedra of general formula [X,M,,0,]%, where M is an early
transition metal (TM)." The most stable and abundant POMs
contain M = WYL, Mo¥ or VY, and to a lesser extent Ta", Nb"
and Ti'"V. The atom X, if present, is placed in the interior of cage-
like structures belonging to the subfamily of heteropolyanions
(HPAs), mostly being a main-group element (P, Si, As, etc.) or a
TM (Co, Fe, etc.). Isopolyanions (IPAs) do not contain internal
atoms, X. This is an extraordinarily versatile family of inorganic
compounds with unmatched tuneable physicochemical properties
that result in many applications. One of the most outstanding is
catalysis. POMs act as catalysts in water oxidation to obtain
molecular oxygen with solar energy.”> Also, they are very
promising as photocatalysts in hybrid solar fuels.*” Another
feature of POMs is that they can act as batteries™ due to their
reversible multielectron redox character. Moreover, combining
the diverse range of electronic properties and the ability to act as
well-defined ligands for polynuclear transition metal clusters,
POMs give us the opportunity to discover and design new
molecular magnetic devices.*'*!"!

From the theoretical point of view, POMs are fascinating and
have captured our interest for twenty years now because of the
presence of multiple metal atoms and their unmatched
physicochemical properties. Many POMs’ features have been
tackled with computational tools: electronic structure, basicity,
NMR chemical shifts, spectroscopy, magnetism, redox properties,
solution dynamics, reactivity, etc.'*"

Nuclear magnetic resonance (NMR) of the different active
nuclei constituting IPAs and HPAs is nowadays considered a
very powerful method to elucidate their molecular structures both
in solution and in the solid state. 170, *'V and '>W NMR attest to
be the most effective due to their narrow lines and/or their wide
range of chemical shifts, allowing the assignment of the observed
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lines to atoms located in different positions. Moreover, NMR of
other nuclei which can be part of HPAs such as 31P, ZQSi, PGa
and "Ga offers the possibility to thoroughly study their structure
and bonding. One of the most active nuclei used for
characterization of HPAs is *'P, with a 100% abundance and a
nuclear spin / = %. It is known that *'P NMR provides
straightforward structural information falling into the range of
roughly —250 to + 250 ppm relative to 85% water solution of
H;PO,, with the *'P NMR signals being usually well resolved and
resonating in the characteristic frequency. In the case of POMs,
the range of *'P NMR is much smaller (~10 ppm), implying a
more difficult assignment, but it is considered a fundamental
technique in structural characterization and monitoring of
chemical reactions in POM science.

In this aspect, quantum chemical calculations are potentially
able to reproduce and predict chemical shifts and coupling
constants of many NMR-active (/ # 0) nuclei, which can be used
for spectral assignments of experimental data. However, it has
been shown that NMR modelling is particularly demanding since
a very accurate (expensive) description of the electron density in
the vicinity of the NMR active nuclei is required. There are many
studies dealing with the computation of *'P NMR chemical
shifts.**?” The Gauge-Including Atomic Orbital (GIAQ)*™ %
method is one of the most widely used. It has been tested by
comparison with experimental values of *'P shielding tensors in
M(CO)sPR; (M = Cr, Mo and W) complexes.® Chesnut and
collaborators*'** 3° also presented different NMR studies and
quantum chemical investigations of 8(C'P) in a variety of
phosphorus-containing compounds with very good agreements
with experimental values. Recent theoretical studies® *' focused
on*'P NMR based on density functional theory (DFT) show that,
in general, calculations reproduce the experimental chemical shift
reasonably well. Other recent studies®® * performed a
comparison between DFT and perturbative MP2 methods in a
representative series of organophosphorous compounds. They
found that DFT calculations including relativistic and solvent
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effects give the best results. It can be noted that all the
computational studies published so far are restricted to small
molecules. Our challenge is to focus all these efforts in POM
chemistry in order to help experimentalists in the characterization
of structures and reactivity studies.

Computations of NMR properties of POMs, where many
heavy nuclei are present, are challenging due to the large number
of electrons occupying shells with high angular momentum and
the associated relativistic effects playing an important role in all
molecular orbitals (MOs). The task is even more complicated
because POMs are negatively charged polyanions that must be
modelled in the presence of a stabilising media to accurately
reproduce their features. In the present study we will make use of
the previous experience®> to find the best methodology for
computing accurate 8(C'P) of solvated POMs. In addition, we
endeavour to understand how 3(*'P) depend on the geometrical
and electronic properties of the molecule.

2 Computational details

DFT calculations were carried out with the ADF2013 package.*®
3% The calculations were performed with functionals characterised
by the generalised gradient approximation (GGA). In the present
work, the geometries were optimised with Slater-type all-electron
basis sets with the GGA-type PBE®’, OPBE" and KT2"
functionals. For NMR calculations, we used a Slater-type all-
electron basis set and PBE, OPBE, SSB-D,*> * KT2 and the
B3LYP* and PBE0*> * hybrid functionals with spin-orbit (SO)
corrections and a numerical integration accuracy parameter set to
6.0. The notation for this procedure is expressed throughout the
text as Functional™®/Basis™*//Funcional®*"/Basis®"". We
applied scalar relativistic corrections to the electrons via the
zeroth-order regular approximation (ZORA)*™ that includes
either only scalar or spin-orbit coupling as well. The stabilizing
effect of an aqueous solution (liquid water and counterions,
modelled as a continuum material) where our target molecules
are immersed was approximated via the conductor-like screening
model (COSMO).” ' The molecular cavities generated with this
model are defined from VAW atomic radii. The effect of the
atomic radii is minimal —much smaller than that of functionals
or basis sets, as evaluated by us for ’O NMR chemical shifts
(unpublished results)— in *'P NMR chemical shifts since
construction of the molecule cavity must have a residual effect on
the phosphorous (geometry and electronic
structure). Thus, we did not evaluate this parameter in the present
work.

The chemical shifts were referenced to 85% H,PO, using PH;
as a secondary standard following the method suggested by Van
Wiillen,

8(>(<:alc) = G(PHkalc) - G()(calc) —266.1

environment

ey
where X is the phosphorus atom in the model system of interest
and 266.1 is the difference in ppm between the absolute
experimental chemical shielding of PH; (594.5 ppm) and 85%
H;PO, (328.4 ppm) at 300K.>* The use of a secondary standard
for *'P NMR has become a frequent model of choice, as the
theoretical chemical shielding for 85% H;PO, is difficult to
obtain.?

The fundamental quantity underpinning the phenomenon of
chemical shift of a nucleus is its magnetic shielding tensor, c.
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Although in general the NMR shielding tensor can be written as
the sum of diamagnetic and paramagnetic contributions, we have
also taken into account the relativistic phenomena with the spin-
orbit (SO) contribution:

c=0o"+c"+c%°

@

The diamagnetic contribution (Gd) depends on the ground-
state electron density only, whereas the paramagnetic shielding
(”) depends also on the excited states of the unperturbed system,
expressed in terms of the virtual (unoccupied) MOs. The o
contributions of a given nucleus tend to be very similar for most
chemical environments so that the actual chemical shifts’
differences are usually dominated by the paramagnetic part.
Therefore any change in & is mainly determined by the o’ term,
whose principal contribution u,; can be expressed as:

(wal M)

AEEE))

U 3)
where ¢ and ¢, are the orbital energies of the occupied and
unoccupied MOs involved in a given electronic transition, and the
integral in the numerator is the first-order magnetic coupling
between these orbitals. For a more accurate description see
reference 35.

To evaluate the quality of the calculated chemical shifts (3),
we computed different statistical indexes, such as the mean
absolute error (MAE), the mean signed error (MSE) and the
standard deviation (STD), obtained as:

1
MAE = EZL |6cal,i - 8exp,i| (4)

1
MSE = NZ(Scal,i - 6exp,i)
i

1
STD = \/HZ(MSE — (8cali = Bexp,i))?
L

were Oc,; and Sy, are the calculated and experimental chemical
shifts, respectively.

3 Results

We have computed and analysed the set of structures shown in
Figure 1, containing a central phosphorous. They are all based on
the basic Keggin, a-[PM;;04]", and Wells-Dawson, o-
[P,M304,]", POM structures. The former is based on a central
tetrahedron PO, surrounded by twelve MOg octahedra arranged in
four groups of three edge-sharing octahedra, M;0;; (triads).
These triads share corners with each other and with the central
PO, (Figure la). At variance with the Keggin structure, Wells-
Dawson compounds do not feature all-equivalent metal centres.
One can distinguish between two mutually equivalent polar
M;0y; triads (also called caps) and two parallel Mg rings at the
equatorial region, mutually equivalent but not to caps, forming
the belt (Figure 1b). We also studied the B and y isomers of the
Wells-Dawson structure, which arise from the o isomer after one
and two 60° rotations of one and two M;O;; polar triads,
respectively. The accuracy of the possible best DFT procedure
found on these simple compounds is extensively tested with
larger and more complex structures, namely mixed-metal,
isomeric, lacunary and functionalized Keggin and Wells-Dawson
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structures: (i) [PW,.,M,04]" with M = Pd", Nb" and Ti"V, (ii)
0-[P,W 5. M, O] with M = Mo", V¥V or NbY, (iii)
[P,W;06(M’R)]" with M” = Sn", Ge" and Ru" and R =

CH=CH,,CH,COOH or DMSO, (iv) op-[P,W,;0¢]'"
s [P,W1706,]'", and (v) B'[P2W18062]6— and Y'[P2W18062]6--

and o,-

8

Flg. 1 Structures of (a) d—[PW12040]"-, (b) a—[PzwlgOm]"', (C) dz—[PngOs]]n_, (d) d]—[PngOs]]n-, (e) (12-[P2W17052M’(CH=CH2)]7- where M’ = SIIIV and
Ge", () 0-[P,W706,Sn(CH,COOH)] ", (g) t2-[P;W1706 Ru(DMSO)]¥, (h) o;-[P,W 706 Ru(DMS0)]*. The B and y isomers of structure b are not shown.
P and W atoms are placed in the centre of pink tetrahedra and grey octahedra, respectively. Color code for spheres: Red - O, purple - Sn and Ge, brown -

10 Ru, yellow - S, black - C, pink - H.
3.1 Best methodology for the calculation of 5C'P) in POMs

It has been largely shown by our group and others that standard
DFT methods can help rationalising the chemical shifts of most
POM-constituting elements.® We recently demonstrated that the
15 most important factor for estimating chemical shifts theoretically
is the choice of the density functional.*® In general, GGA
functionals outperform hybrid ones. The best reproducibility and
accuracy was obtained for OPBE or PBE functionals and a triple-
€ + polarisation (TZP) basis set including the ZORA formalism
20 for relativistic effects and a model solvent. In this regard, we
focus this study on testing these methodologies for *'P NMR.
Thus, the main goal is to find the optimal balance between
accuracy in the calculation of NMR chemical shifts and the
computational time. The *'P NMR chemical shifts and the P-O
»s distances computed for [PW,040]° with different procedures are
shown in Table 1. In this first selection of the computational
procedures some trends can be extracted. First, the effect of the
basis set in the geometry optimization step (compare entries 7-8)
is minor and a TZ2P basis set suffices. Moreover, the comparison
30 of entries 6 and 12 reveals that geometry optimisation using the
large QZA4P basis instead of the TZ2P one does not affect much
the final geometry for the cases examined. If a TZP basis set for
the NMR step (entry 12) is replaced by a TZ2P (entry 13), a
slightly more accurate result is obtained, but the CPU time for the
35 latter doubles the former. Entry 3 in Table 1, although restricted
to the PBE functional, suggest that using a large (QZ4P) basis set
for the NMR calculation can produce unwanted, highly
underestimated results, which sum up to a large CPU time
increase. Comparison of entries 7, 9 and 10 with 1, 2, 4, 5, 12 and

40 13 suggests that, for a constant P-O distance, the calculated
chemical shift is clearly varying from one functional to another.

Table 1. *'P NMR chemical shifts (in ppm) of [PW,04]* and P-O
distance obtained with different DFT methodology

computational procedure

entry (NMR//OPT) Scalcuted d(P-O)/A

1 B3LYP/TZP//OPBE/TZ2P -37.3 1.535
2 KT2/TZP//OPBE/TZ2P -34.5 1.535
3 PBE/QZ4P//PBE/QZAP 3.64 1.544
4 SSB-D/TZP//OPBE/TZ2P -30.9 1.535
5 OPBE/TZP//OPBE/TZ2P -30.5 1.535
6 PBE/QZ4P//OPBE/QZAP —6.09 1.535
7 OPBE/TZP//PBE/TZ2P -22.7 1.546
8 OPBE/TZP//PBE/QZ4AP -22.6 1.544
9 PBE/TZP//PBE/TZ2P -9.7 1.546
10 PBEO/TZP//PBE/TZ2P -18.6 1.546
11 KT2/TZP//KT2/TZ2P -18.5 1.540
12 PBE/TZP//OPBE/TZ2P -18.4 1.535
13 PBE/TZ2P//OPBE/TZ2P -17.5 1.535

experimental value -14.6™ 1.530%

45
Second, the adequacy of the functional must be considered not
only in terms of quality but also concerning CPU time, knowing
that hybrid functionals are more CPU-consuming than GGA
ones. From the present results, we suggest that BSLYP NMR
so calculations may not a good choice (entry 1). However, PBEO
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(entry 10) performs very well if compared with PBE or OPBE
(entries 7 and 9) if the same geometry optimization step is carried
out. If there are no CPU concerns, PBEO/TZP//PBE/TZ2P
calculation is a good choice. It can also be seen that the
s KT2/TZP//KT2/TZ2P procedure performs very similarly to entry
10 and also to those with PBE or OPBE functionals. This
originates in the similarity of these three functionals. The KT2
optimized geometry (P-O distances) is in between the PBE and

OPBE ones. Thus, KT2 may be a good option for computation of
10°'P NMR chemical shifts, albeit no all DFT codes have

implemented this functional yet. This fact reinforces our

preference to use the widely implemented PBE or OPBE

functionals both in the NMR and the optimization steps. At this

point we can confirm that the trends observed in our previous
15 work on 7O NMR are also valid for >'P NMR.*

Table 2. Computed and experimental *'P NMR chemical shifts® (in ppm) for a set of Keggin, [PM1,04]*, and Wells-Dawson [P2M506,]", compounds.

The MAE, MSE and STD statistical indexes are also listed.

Anion NMR//OPT Bexp Ref.
OPBE/TZP//PBE/TZ2P ~ PBE/TZP//PBE/TZ2P  PBE/TZP//OPBE/TZ2P
3(Py)* 3(Py)"* 3(Py) 3(P) 3(Py) 3(P2) 3(Py) 3(P,)

a-[PW1:040]" 2270 - 9.68 - 1837 ; 14.60 - >4
a-[PMo12040]" 1468 - 491 - 9.6 ; 6,07 - 36
a-[PaW1506]" 1726 - 6.89 ~15.70 ; _12.44 - 37
a-[P:Mo 1506 1560 - 2,99 - ~6.78 ; 5.49 - 36
1-[PsVW 1,061 1577 1772 498 7.39 1355 1603 10.84 “12.92 37
1-[PsMoW 101" 1771 ~19.09 6.53 ~6.79 1476 1576 1169 1245 37
4-[PaW1706 ] 932 1855 2.09 ~7.80 734 ~16.72 ~6.79 “13.93 >8

MAE 6.05 5.14 2.62

MSE 6,05 5.14 262

STD 2.19 2.08 1.04

Figure 2 shows the numbering for internal P atoms.

20 To complement these findings and refine the search for an
optimal procedure of calculation of 3(*'P), we performed
calculations on POM compounds with varied geometry and
composition using the most relevant methods shown in Table 1.
Table 2 lists computed and experimental 5(*'P) data for a set of

25 well-characterized compounds shown in Figure 1, numbered
following the rules of Figure 2, along with statistical indexes
MAE, MSE and STD. We applied different combinations of
OPBE and PBE functionals to the geometry optimization and
NMR steps. The difference between PBE and OPBE functional

s lies in the electronic exchange part and this difference, as seen,
affects the computed NMR chemical shift.

P(1)

1716 )ﬂ P(2)

Fig. 2 Numbering of metal and P atoms in the Wells-Dawson structure
[P,W504]" according to TUPAC rules.*

35 Firstly, we checked if the trends observed with
PBE/TZP//PBE/TZ2P also hold for mixed-metal compounds. The
results in Table 2 roughly show the same behaviour as in Table 1,

namely this procedure overestimates the 3(*'P) values (MSE =

5.14 ppm). In addition, the three procedures in Table 1 show
40 largely systematic errors, meaning that the deviations from the

experimental 3(*'P) all go in the same direction (IMSE| = MAE),

around 5.1 ppm for PBE/TZP//PBE/TZ2P and 2.6 ppm in the

case of  PBE/TZP//OPBE/TZ2P. The  MSE for

OPBE/TZP//PBE/TZ2P reaches —6 ppm, substantiating a large
45 underestimation of the measured values.

A
BOPBE/TZP//PBE/TZ2P
0 APBE/TZP//PBE/TZ2P
OPBE/TZP//OPBE/TZ2P A
-4
A A
= A“ o
g_ -8 A
= A Ho
3
£ 12
3 ° o
T, o® o
. o
B g
20
o
24
24 -20 -16 -12 8 -4 0
Bexp (PPM)

Fig. 3 Distribution of the experimental vs. calculated 8(*'P) values listed
in Table 2. The straight line denotes coincidence between calculated and
experimental values.
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Figure 3 summarised graphically the computed and
experimental 3(C'P) chemical shifts tabulated showing which
procedures underestimate (Scac < Sexp, Circles and squares) and
which overestimate (Scauc > Oexp triangles) the experimental

s values. Comparing the performance of the above methodologies
on simple compounds it can be concluded that one of the best
DFT procedures to reproduce *'P NMR in POMs is using PBE
for NMR step with OPBE for optimised structures

10

15

(PBE/TZP//OPBE/TZ2P), with a higher accuracy (MAE < 3
ppm) and a low dispersion (STD = 1.04 ppm). In Table 3, *'P
NMR chemical shifts computed with PBE/TZP/OPBE/TZ2P of
for further testing. For the chosen procedure, the MAE = 2.64
ppm is still moderate considering the narrow range of 5(*'P)
values listed.

Table 3. Calculated (PBE/TZP//OPBE/TZ2P) and experimental *'P NMR chemical shifts (in ppm) for a set of Wells-Dawson derived compounds. The

MAE, MSE and STD statistical indexes are also listed.

Anion 8calculated 6experimental Ref.
3(P1)* 3(P2) 3(Py) 3(P2)
1,2-[P,VaW1606]™ -11.19 -16.53 -8.82 ~13.44 57
1,2,3-[P2V3W,506,]* -8.28 -17.18 -6.25 -13.9 57
1,2,3-[P;MoV,W1506]* -9.78 -16.61 1.7 -13.57 57
1,2,3-[P2M0, VW06 1" -11.56 -16.07 -8.89 -13.04 57
1,2,3-[P,Mo;W;504]> -13.5 -15.36 -9.81 -12.34 57
1,2-[P2M0,W1062]> -13.72 -14.86 -10.80 ~12.40 57
4-[P,VW,,06,]" -15.19 -15.56 -11.83 -12.90 57
4-[P,MoW70¢,]" -14.77 -15.28 -11.6 ~12.51 57
0-[P,W 170611 —7.34 -16.72 —6.79 -13.93 58
o-[P,W 170611 -9.34 -15.23 -8.53 -12.86 58
B-[P,W1506:]" ~15.08 -13.62 —12.1 -113 60
¥-[PaW1506]* -13.35 - -10.8 - 60
02-[PWi10n(SnR)]" “12.64 1607 97 118 ol
(R=CH=CHy,)

1,2,3-[P2NbsW 5061 -9.34 -16.92 72 -13.8 62

MAE 2.64

MSE —2.64

STD 0.76

*Figure 2 shows the numbering for internal P atoms.

Empirical scaling can be applied to correct the computed data
using a linear fitting to available experimental data.®® In this case,
based on our recent published study, **computed isotropic
shieldings (o) with the PBE/TZP//OPBE/TZ2P methodology and
experimental chemical shifts(d) are related via an equation of the
form 6 = b-c + a, where the slope, b, is the scaling factor that
reduces the systematic error of our results. This procedure is able
to reduce errors from sources such as solvation effects,
rovibratory effects or other methodological limitations. Figure 4
shows the linear fitting of the computed shieldings to the
experimental *'P chemical shifts for the compounds listed in
Tables 2 and 3.

The list of values in Table 4 was obtained with the mentioned
linear equation, gyeq = —0.796- 6 + 253.3. Notice that we have
enlarged the number of compounds from which we obtained this
equation. Now, the 50 fitted values deviate much less form the
experimental value (MAE 0.57 ppm) and they are not
systematically over- or underestimated with respect to
experimental measurements (MSE —0.05 ppm). Their
dispersion is limited to STD = 0.70 ppm. This improvement from
calculated to fitted values manifests upon comparison of the
statistical indexes shown in Tables 3 and 4. Therefore, the fitting
procedure reduces the systematic errors remarkably, obtaining

S

G

0

&

S

45

accurate >'P NMR chemical shifts. In addition, the ordering of the
fitted chemical shifts is in good agreement with experimental
ones.

§=-0.796-0 + 2563.3
R?=0.966

Bexp (PPM)

-16 T T
324 326 328

330 332 334 336 338

Ocalculated (ppm )

Fig. 4 Linear regression of the calculated shielding (Gcaicutated;) With the
PBE/TZP//OPBE/TZ2P procedure vs. the experimental chemical shifts
(Sexp) for the 3p signals listed in Tables 2 and 3.
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Table 4. Fitted and experimental >'P chemical shifts (in ppm) for several polyoxometalates. The MAE, MSE and STD statistical indexes are also listed.

Anion BSfitted” Oexperimental Ref.
3(Py)° 3(P,)° 3(Py) 3(P>)

0-[PW,04]" -14.7 - -14.6 - 54
0-[PMo,040]" —7.78 - -6.07 - 56
a-[P,W 15062 ~12.60 ~12.60 —12.44 ~12.44 57
0-[P2Mo0150]* —5.49 -5.49 -5.49 -5.49 56
1-[P,VW1,06]" ~10.88 -12.85 ~10.84 -12.92 57
1-[P,MoW ;041" ~11.84 ~12.64 ~11.69 ~12.45 57
1,2-[P,VaW1606]* -9.01 ~13.26 -8.82 —13.44 57
1,2,3-[P,V3W 506" —6.69 -13.77 -6.25 -13.9 57
1,2,3-[P,MoV,W,50¢]* ~7.88 -13.32 -7.7 ~13.57 57
1,2,3-[P2M0,VW606,]* -9.30 ~12.89 -8.89 ~13.04 57
1,2,3-[P2Mo; W1506,]> -10.84 -12.33 —-9.81 ~12.34 57
1,2-[P,M0,W160¢2]* -11.02 -11.93 -10.80 ~12.40 57
4-[P,VW ,06]" -12.19 —12.48 ~11.83 ~12.90 57
4-[P,MoW 704,]* -11.86 -12.26 ~11.60 -12.51 57
02-[PaW1,061]'" ~5.94 ~13.41 -6.79 ~13.93 58
o-[P,W 170611 -7.53 -12.22 -8.53 -12.86 58
B-[PaW1506]* -12.10 -10.94 ~12.10 ~11.30 60
Y-[P,W1506,]" -10.70 -10.70 ~10.80 ~10.80 60
1,2,3-[P,Nb;W,506,]" -7.53 -13.57 -7.20 ~13.80 62
0-[PaW1706:Sn(CH=CH,)]" —-10.16 -12.89 -9.77 —11.80 61
-[P,W 706 Sn(CH,COOH)]™ ~7.48 ~12.26 —6.70 ~11.90 61
04-[PaW 1706 Ru(DMSO)]* -10.35 -12.41 —9.67 ~12.84 64
02-[PaW 1706 Ru(DMSO)]* -10.36 -13.34 -8.61 —13.42 64
0,-[P,W706,Ge(CH=CH,)]" -9.87 -12.95 -10.20 ~13.53 65
a-[PW,,05Pd]> -11.37 - ~13.20 - 66
o-[PW;NbOo]* -13.65 - —12.60 - 67
o-[PW ;1 TiO4]™ -13.36 - -13.34 - 68

MAE 0.57

MSE -0.05

STD 0.70

* Fitting procedure applied to values obtained with the PBE/TZP//OPBE/TZ2P procedure. "Figure 2 shows the numbering for internal P atoms.

Additionally, we performed a comparison between the three

sets of results (experimental, computed and fitted). As mentioned

s above, the calculated 5(C''P) are systematically too negative, this
is why we decided to perform a scaling approach that corrects
them. The improvement of the results upon fitting is clearly
shown in Figure 5. The fitted values (red circles) feature much
smaller errors than the calculated ones with respect to the
10 experimental values. In general, the coincidence with the

remarkably good results.

experimental ones after the fitting procedure is significant. The

figure also shows that the most negative chemical shifts
calculated need a major improvement and the fitting procedure
properly accounts for it. Thus, for example, there is more
s difference between calculated and experimental 5('P) values for
[PW12040]3- or [PZSnW17O61R]"' than 6(31P) for [PM012040:|3- or
[P,W,706]'" ones. Even so, the chosen fitting procedure is able
to reduce the deviations for these different ranges, giving
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Figure 5. Comparison of calculated, fitted and experimental 5(*'P) chemical shifts for *'P signals listed in Tables 2, 3 and 4. Some signals have been
labeled to monitor their variation from the calculated to the fitted value. The fitting procedure affects all the calculated values but to a different extent
depending on their original position generating a final set of values that are in good agreement with the measured ones.

3.2 Dependence of 5C'P) on electronic parameters

A step forward is to analyse the parameters affecting the
3('P), namely the electronic structure and the geometry. It is
well-known that one depends on the other, so in this section we
focus on the electronic part, pointing out which are the energy
gaps of the main electronic transition governing the leading
paramagnetic contribution of 3(*'P) (eqn. 2). The large number of
atoms present in POM compounds makes this analysis a very
intricate one. To simplify it, we built a suitable model to explore
the main electronic transitions related only to the PO, fragment.
In this model, all the atoms except the target P(1)043‘ unit are

replaced by multipole derived atomic charges (MDC-q) obtained
from a previous calculation. The relevant NMR results obtained
are shown in Table 5. Comparing the computed values for the full
structure, Gy,, and the simplified model, 6,40, We find roughly
20 coincident trends, that is, both parameters decrease from left to
right in the table. We also see that some compounds present very
similar o values (third, fourth and fifth columns) and, certainly in
these cases, the rationalisation of the real and model shieldings
by the calculated electronic energy gaps is less obvious. Be that
25 as it may, several contributions to o® exist besides the one related
to the gap listed, which makes the overall analysis more complex.

Table 5. Computed shieldings,* energy gaps and chemical shifts (in ppm) of *'P(1) for several polyoxometalates

0-[PaW15062]" 1-[P,VW7,06]"

Oreal 334.0 3319
Grmodel” 3215 319.9
S model” —655 —657
Gap® 15.75 15.58
Sexp —12.44%7 -10.84%7

a2‘[P2W1 7061 SH(CH:CHQ)] 7

02-[P,W;05 Ru(DMSO)]* 02-[PW17061]"

3309 3312 325.7
3192 3182 316.6
—658 —659 —661
15.55 15.55 15.04

-9.77% -8.61% -6.79%

“The model structure contains one PO, unit surrounded by point charges (see text for details). Values obtained with the PBE/TZP//OPBE/TZ2P procedure.
"Energy gaps (in eV) between the two orbitals involved in the electronic transition governing c".

The following facts can be rationalised. Firstly, let us point
out that changes in the diamagnetic part of the shielding, 6¢, are
much smaller than those in the paramagnetic part. Consequently,
the behaviour of 8(*'P) can be entirely attributed to the changes
occurring in the paramagnetic shielding.

When the energy gaps between occupied and virtual orbitals
decrease in the series, electronic transitions are allowed more
easily, thus deshielding the P nucleus. The resulting oP
contribution is reinforced (more negative) turning the total o less
positive. The overall effect on 8(*'P) is to make it more positive.
Assuming that orbital gaps are just an approximation to the
probability of electronic transitions, we can qualitatively relate
these magnitudes to understand the nature of the NMR

phenomena and their trends. Also, for a decreasing oxidation
state of the metal, (WY'> vV> sn"™ > Ru") the chemical shift
45 becomes more positive. Moreover, when a lacuna is present, i.e.
0,-[P,W704]'", the same behaviour is followed and 5C'P) is
even more positive. This is related to the energy gaps of the main
transition(s) governing P, since the o¢ is nearly constant for a
given nucleus. When the oxidation state of the metal ;) decreases,
so the occupied MOs become less stabilised, being closer to the
virtual MOs (smaller orbital gaps) and therefore the paramagnetic
shielding, 0P, becomes more negative. 0-[P,W 7061 presents
the smallest energy gap (15.04 eV, more deshielded P nucleus)
and the most negative dP = —661 ppm. On the contrary, a-
ss [PaW1506,]% has the largest energy gap and the least negative o

This journal is © The Royal Society of Chemistry [year]
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= —655 ppm, with the most shielded P nucleus in Table 5, with
8C'P) = —12.44 ppm. Recalling eqn. (3), it can be seen that when
this energy gap increases, u,; becomes less negative and therefore
|o?| is smaller giving more negative & values.

4 Conclusions

The accurate determination of *'P NMR chemical shifts in
POMs has been tackled by DFT methods.
computational parameters affecting the quality of such properties
are the density functional and the basis set size, as well as the
spin-orbit and solvent effects. The influence of the first two on
the quality of the *'P NMR chemical shifts was investigated on a
large family of compounds based on [XM;;04]" and
[XoM304,]" frameworks. This work suggests that using a
TZP/PBE for NMR calculation step and TZ2P/OPBE for
geometry optimization is the best DFT procedure for the accurate
determination of *'P NMR chemical shifts. Also the KT2
functional, somewhat less widespread than the PBE or OPBE
ones, gives excellent results. As recently reported, the more
CPU demanding hybrid-type functionals do not clearly
outperform GGA-type ones. The geometry optimization step does
not need atomic basis sets larger than TZ2P. The results obtained
with the PBE/TZP//OPBE/TZ2P procedure presented a MAE of
2.64 ppm that decreases to MAE = 0.6 ppm and MSE = —-0.05
ppm (for a set of 50 signals) applying a linear fitting to
experimental data.

The dependency of 3(*'P) was analysed in terms of electronic
structure parameters by means of a simplified model of PO,
surrounded by point charges for the rest of atoms. The main
variations in 8(*'P) come from the paramagnetic contribution to
the shielding (c”), which is directly related to occupied-virtual
orbital transitions with phosphorous contribution. The *'P NMR
chemical shifts can be linked with the energy of such transitions.
As the oxidation state of the metal decreases (W¥' > VV> Sn'¥ >
Ru"), the orbital energy gap roughly becomes smaller due to
destabilization of the occupied orbitals, giving more positive &
values.
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