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Density Functional Theory (DFT) calculations were employed to systematically study the accuracy of
various exchange-correlation functionals in reproducing experimental *'P NMR chemical shifts, 8g,p(*'P)
for Keggin, [PW150401°" and corresponding lacunary clusters: [PW1;030]”", [A-PWsO=41°", and
[B-PWgOsz4]°". Initially, computed chemical shifts, Scac(>*P) were obtained with without neutralising their
charge in which associated error, Sgqor(>'P), decreased as a function of Hartree—Fock (HF) exchange,
attributed to constriction of the P-O tetranedron. By comparison, cac(>'P) performed with explicitly
located counterions to render the system charge neutral, reduced discrepancies, Serror31P) by 1-2 ppm.
However, uncertainties in Scac(>*P) remain, particularly for [B-PWsOs41°~ anions attributed to direct
electrostatic interactions between the counterions and the central tetrahedron. Optimal results were
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achieved using the PBE/TZP//PBEO/TZP method, achieving a mean absolute error (MAE) and a mean
squared error (MSE) of 4.03 ppm. Our results emphasize that understanding the nature of the electrolyte
and solvent environment is essential to obtaining reasonable agreement between theoretical and experi-
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Introduction

Polyoxometalates (POMs) are a large group of discrete, poly-
nuclear metal-oxo clusters comprised of early transition-metal
(addenda) and oxide atoms.”® Addenda atoms are fully oxi-
dized to d° electron configurations capable of forming various
topologies employing {MO,} as the principal building block."®
Polyoxo clusters are formed from the one-pot acidification of
aqueous molybdate or tungstate oxoanions.®® Self-assembly
can be controlled by several synthetic variables including but
not limited to: (i) concentration/type of metal oxide anion; (ii)
pH and type of acid; (iii) presence of reducing agent; (iv)
heteroatom concentration; (v) and solvent.®'® The synthesis
and self-assembly mechanism of POMs requires a complex
network of interdependent reactions, in which any slight vari-
ation to the listed five experimental variables can change the
dominant species of the combinatorial library. Hence the
outcome is often hard to predict."* Recent work exploiting the
self-assembly properties of POMs with non-ionic organic
matter was employed to enhance the structural and functional
diversity of cyclodextrin-based open frameworks.">
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Partial hydrolysis of poly-oxo clusters is achieved through
the controlled addition of base produces lacunary clusters®'°
Lacunary clusters formally ‘lose’ one or several M=O vertices
and possess reactive cavities with high charge density around
the defective region due to the negatively charged oxygen
ligands."*™"” The defect can react with transition-metal cations
forming a new class of compounds, an example shown are
mono-transition-metal-substituted polyoxotungstates poses-
sing the general formula [XW;M(L)O3,]?” (X = e.g. P(v), Si(w),
L = H,0, DMSO, etc.).*®

Nuclear magnetic resonance (NMR) of active nuclei has
been routinely employed for characterising molecular struc-
tures in solution and solid state.’® The employment of 'H,
29si, and *'P nuclei are common, producing resonance signals
across a wide range of chemical shifts providing direct infor-
mation of the chemical environment. For some cases, poorly
sensitive nuclei (*’0, '®*W) require high concentrations (> 0.1
M) coupled with long acquisition times.'® By contrast, *'P is a
highly sensitive nucleus with 100% abundance, requiring sig-
nificantly lower acquisition time and concentrations (< 0.01
M)."® This spectroscopy provides structural information reflect-
ing in the range of —350 to 300 ppm, relative to 85% H3;PO,. A
fundamental variable of POM chemistry is controlling solubi-
lity achieved through the incorporation of inorganic and
organic counterions.’ Their tuneable solubility in aqueous and
organic media makes them suitable precursors for *'P NMR
investigations.’ For decades, *'P NMR has been used to ident-
ify intermediates to understand self-assembly mechanisms in

This journal is © The Royal Society of Chemistry 2024
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POMs,*° for example, the base degradation of H;PW;,04, and
the formation of high-nuclearity clusters such as
[PsW,450444]*” wheels.>***

Early computational work in POMs has primarily focused
on charged systems without implicit solvation models; see
Fig. 1, in which we summarise the insights gained over the
past 20-years regarding computed chemical shifts in POMs. In
2002, Bagno and co-workers calculated ’Ru chemical shifts in
[PW1,Ru(DMSO)0s,]>~ without accounting for counterions,
solvation, relativistic corrections.”> The authors shown that
shortening of d(Ru-S) by 0.045 A induced shielding of the
%Ru nucleus by 235 ppm.?* These approximations produced
results that were significantly underestimated with respect to
experimental *’Ru chemical shifts, obtained at 7737 ppm.*
Later, Bagno and co-workers computed '**W NMR signals in
[W5015]°", [Ru(DMSO)PW,;,050]°", and [PW;;,030]" clusters
accounting for relativistic effects using zero-order regular
scalar approximations.>® The authors reported the computed
W1-W5 signals were deshielded relative to W6; only W2 and
W3 reproduced trends shown by experimental work.>?
Counterion dependence of approx. 53 ppm was accounted for
modelling with the [LiPW;;030]®" adduct.*® The adduct
demonstrated improved ordering of the signals, however, such
chemical shifts did not accurately reproduce experimental
work. Later, Bagno reported that incorporation of spin-orbit
(SO) corrections, coupled with implicit solvation, provided
optimal (average) accuracy for '®*W chemical shifts, deter-
mined at 35 ppm.>* In 2009, Kortz and co-workers performed
relativistic *®*W NMR calculations for the mono-lacunary clus-
ters, [GeW,X(H,0)036]~ (X" = Li, Na, K) which incorporated
counterions with explicitly located water.>* The ordering of

three resonances in [GeW;oK(H,0)O56]” was successfully
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Fig. 1 Timeline showing the progression of NMR calculations in
polyoxometalates.?2-2°
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reproduced; although slightly shielded, replicated the experi-
mental distance between W(B) and W(C) signals (AS = 26 ppm
vs. 29 ppm).>* The influence of counterions was shown by A
which was reduced to 19 ppm for [GeW;,030]®” systems.**
Vila-Nadal and co-workers rationalised these observations in
[XW1,040]7” (X = B, Al, Si, P, Ga, Ge, As, Zn) by showing "®*W
chemical shifts were linearly correlated with the tungsten-
bridging oxygen (O}, and O.) bond distances.>® The authors
proposed that the contraction of the WO, polyhedral increased
the energy gap between the occupied and unoccupied orbitals
involved in electronic transition, hence, the principal contri-
bution to paramagnetic shielding, U,;, becomes less negative,
deshielding the nucleus.>?

Linear scaling has been employed to reduce mean absolute
error (MAE) of computed chemical shifts. In 2014, Pascual-
Borras and co-workers calculated 7O chemical shifts for
[WeO1o]*~ including spin-orbit corrections and implicit sol-
vation providing an average mean absolute error of 39 ppm.>°
By incorporating scaling corrections, MAE was reduced to
approx. 26 ppm across 75 signals.*® Later, Pascual-Borras and
co-workers calculated *'P chemical shifts in Keggin,
[PW1,040]>7, and Wells-Dawson, [P,W;30¢,]° anions report-
ing MAE values of 2.62 ppm. The authors performed a sys-
tematic benchmark employing several exchange—correaltion
(x-¢) functionals and concluded that the optimal methodology
was TZP/PBE//TZ2P/OPBE (NMR//optimization step)coupled
with spin-orbit (SO) corrections and implicit solvation. Linear
scaling corrections were applied which further reduced MAE to
0.57 ppm.”” The authors rationalised chemical shifts with
orbital gaps as an approximation to the probability of elec-
tronic transition. For example, chemical shifts became more
positive as a function of metal oxidation state (X = W(v1) > V(v)
> $n(wv) > Ru(u)) in [P,W;,M(H,0)0¢; ] anions.””

Contemporary quantum chemical calculations have focused
on charged systems with spin-orbit (SO) corrections and
implicit solvation models. Obtaining accurate models for com-
puting *'P chemical shifts is crucial for spectral assighments
of experimental data. The role of counterions in computed *'P
chemical shifts have not been throughly investigated. DFT cal-
culations currently rely on linear scaling to obtain sufficiently
accurate results requiring a significant number of calculations
to generate these regression models. In this work, we have
employed density functional theory (DFT) calculations to
reproduce experimental *'P NMR shifts in Keggin and corres-
ponding mono- and tri-lacunary clusters, see Fig. 2. The
present work will assess the accuracy of various exchange-cor-
relation functionals and applied basis sets in reproducing
experimental *'P NMR chemical shifts and provide a detailed
analysis on the effect of the geomtric factors controlling it.

Experimental
Materials and methods

All reagents and solvents were supplied by Sigma Aldrich
Chemical Company Ltd, Thermo Fisher Scientific, and

Dalton Trans., 2024, 53, 564-571 | 565


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3dt02694a

Open Access Article. Published on 23 November 2023. Downloaded on 11/1/2025 3:51:49 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

[A-PWg04,]*

[B-PWg05,]*

Fig. 2 Polyhedral representations of the hydrolytic conversions of
[PW1,040]*" to lacunary: [PW1;03]”", [A-PWgO341°~, and [B-PWoOs34]°"
clusters. Colours corresponding to W = cyan, O = red, and P = orange.

Cambridge Isotope Laboratories. All materials were used
without further purification.

FT-IR spectra were recorded on a Nicolet 170SX-FT/IR
spectrometer in the range of 400-4000 cm™". UV-Vis spectra
of the prepared compounds were measured in the region
(200-400) nm for 30 pM solutions in distilled water at 25 °C
using a Shimadzu 1800 spectrophotometer matched quartz
cell. All *'P NMR spectroscopy was performed using a
Bruker DPX 400 spectrometer with 85% phosphoric acid as
an external standard. All spectra were recorded using 50 mg
samples dissolved in D,O. All tetrabutylammonium (TBA)
salts were recorded using 50 mg samples dissolved in
CD;CN. Electrospray ionization mass spectrometry (ESI-MS)
was obtained in negative-ion mode on the Agilent Q-TOF
6520 LC/MS mass spectrometer. The electrospray ionization
source conditions: Vcap, 3500 V; skimmer, 65 V; nebulizer,
30 psi; drying and nebulizer gas, N,; drying gas flow, 10 L
min~"; drying gas temperature, 300 °C; fragmentor, 80 V;
scan range 100-2000 m/z. The sample solutions with the
concentration of approximately 1000 ppm were made and
analysed by direct injection using an automatic sampler

with a flow rate of 0.2 mL min™?.

Preparation

Preparation of Li3[PW;,0,,]. This was prepared in accord-
ance with the literature.>® Phosphotungstic acid hydrate (5.0 g,
1.74 mmol) was dissolved in water (20 mL). LiCl (0.22 g,
5.21 mmol) was dissolved in the phosphotungstic solution,
under stirring for 1 h. The solvent was evaporated off at 373 K
producing a white crystalline powder (5.05 g, 98.6%).

Preparation of Naz[PW,,0,]. This was prepared in accord-
ance with the literature.>® Phosphotungstic acid hydrate (5.0 g,
1.74 mmol) was dissolved in water (20 mL). NaCl (0.10 g,
5.21 mmol) was dissolved in the phosphotungstic solution,
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under stirring for 1 h. The solvent was evaporated off at 373 K
producing a white crystalline powder (4.97 g, 98.6%).

Preparation of [(n-C Ho)sN]3[PW;,04]. This was prepared in
accordance with the literature.”® Phosphotungstic acid hydrate
(5.0 g, 1.74 mmol) was dissolved in water (20 mL).
(n-C4Hy)4NBr (TBABr) (1.67 g, 5.21 mmol) was dissolved in the
phosphotungstic solution, under stirring for 1 h. The precipi-
tate was collected, washed, and then dried with gentle heating
producing a white crystalline powder (5.74 g, 85.9%).

Preparation of Li,[PW,;03,]. This was prepared in accord-
ance with the adapted literature.®* Phosphotungstic acid
hydrate (5.0 g, 1.74 mmol) was dissolved in water (20 mL). LiCl
(0.22 g, 5.21 mmol) was dissolved in the phosphotungstic solu-
tion. Aqueous solution of 1 M lithium hydrogencarbonate
(6.79 g, 100 mL) was added dropwise until pH of the suspen-
sion reached pH 4.80. The crystalline salt was isolated by
solvent evaporation and recrystallised from hot water. The crys-
tals were dried with gentle heating producing a white crystal-
line powder (4.13 g, 87.1%).

Preparation of Na,[PW,,03]. This was prepared in accord-
ance with the adapted literature.®® Phosphotungstic acid
hydrate (5.0 g, 1.74 mmol) was dissolved in water (20 mL).
NacCl (0.10 g, 5.21 mmol) was dissolved in the phosphotungstic
solution. Aqueous solution of 1 M sodium hydrogencarbonate
(8.40 g, 100 mL) was added dropwise until pH of the suspen-
sion reached pH 4.80. The crystalline salt was isolated by
solvent evaporation and recrystallised from hot water. The crys-
tals were dried with gentle heating producing a white crystal-
line powder (4.02 g, 81.4%).

Preparation of K,;[PW,,030]. This was prepared in accord-
ance with the literature.”® Phosphotungstic acid hydrate
(25.0 g, 8.68 mmol) was dissolved in distilled water (100 mL).
KCl (1.94 g, 26.04 mmol) was then added to the phosphotungs-
tic solution. Aqueous solution of 1 M potassium hydrogencar-
bonate (10.01 g, 100 mL) was added dropwise until pH of the
suspension reached pH 4.80. The filtrate was concentrated and
allow to cool to room temperature. The white crystalline salt
was recrystallised from hot water. The crystals were dried with
gentle heating producing a white crystalline powder (24.70 g,
94.6%).

Preparation of NagH[A-PW,0;,4]. This was prepared in
accordance to the literature.?’ Sodium tungstate dihydrate
(12.0 g) was dissolved in distilled water (14.8 mL) with stirring,
then was added to 85% ortho-phosphoric acid (0.25 mL) fol-
lowed by glacial acetic acid (2.2 ml). Gentle stirring produced a
white precipitate which was isolated by filtration and washed
for drying. The isomer was obtained depended on drying
temperature. Drying between 20 < T < 80 °C obtained NagH
[A-PW,03,], whilst at T > 80 °C, NagH[B-PWy034] isomer
appeared in the product. Complete isomerism was conducted
at T = 140 °C for several hours.

Computational details

All  computational results were obtained using the
ARCHIE-WeSt High-Performance Computer based at the
University of Strathclyde. Density Functional Theory (DFT) cal-

This journal is © The Royal Society of Chemistry 2024
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culations were performed using the Amsterdam Modelling
Suite (AMS 2020.1) package.’” In this work, two classes of
exchange-correlation (x—¢) functionals were employed, which
include: (i) generalized gradient approximation (GGA); (ii) and
hybrid methodologies. GGA functionals considered were
Perdew-Burke-Ernzerhof (PBE).>* The hybrid x-c functionals
considered were: (i) Becke, 3-parameter, Lee-Yang-Parr
(B3LYP*,** B3LYP?®); (ii) Perdew-Burke-Ernzerhof (PBEO0);*®
(iii) and Becke’s half-and-half (BH&H).>” Hybrid functionals
were selected on their contributions of Hartree-Fock (HF)
exchange (15% B3LYP*, 20% B3LYP, 25% PBEO, and 50%
BH&H). We employed Slater basis sets comprising: (i) triple-{
polarization (TZP); (ii) triple-{ plus polarization (TZ2P); (iii)
and quadruple-{ plus polarization (QZ4P).>*° Relativistic cor-
rections were included by means of the zeroth order regular
approximation (ZORA) formalism.*® The effects of aqueous
solvent were approximated by using the conductor-like screen-
ing model (COSMO), as implemented by AMS.**

*'P-NMR signals were computed using several x—c func-
tionals with varying degrees of HF exchange (0% PBE, 15%
B3LYP*, 20% B3LYP, 25% PBEO, 50% BH&H). Also, the effect
of larger basis sets (TZ2P & QZ4P) was investigated, restricted
to the GGA-PBE level of theory. Relativistic corrections were
included by the zeroth order regular approximation (ZORA)
formalism and the aqueous solution was approximated by
using the conductor-like screening model (COSMO), as
implemented by AMS. Thereafter, single-point calculations
were employed to calculate *'P-NMR parameters (hyperfine
couplings and isotropic shielding constants) with spin-orbit
(SO) corrections. The notation for this procedure is expressed
throughout the text as Functional™*®/Basis™™*//Functional°""/
Basis®F". Herein, all *'P NMR calculations were performed
using PBE/TZP. The chemical shifts were referenced to 85%
H3;PO, using PH; as a secondary standard following the
method suggested by van Wiillen:*?

5(XCalc) = O_(PHSCaIC) — O-(XCalC) — 266.1 (1)

where X is the phosphorus atom in the model system of inter-
est and 266.1 is the difference in ppm between the absolute
experimental chemical shielding of PH; (594.5 ppm) and 85%
H3PO, (328.4 ppm) at 300 K.** The use of a secondary standard
for *'P has become a frequent model of choice, as the theore-
tical chemical shielding for 85% H;PO, is difficult to obtain.**

The chemical shift of a nucleus is dependent on the mag-
netic shielding tensor, ¢. The shielding tensor can be rewritten
in terms of the diamagnetic, paramagnetic, and spin-orbit
contributions, see below:

6=0%+oP +6% (2)

oq corresponds to the diamagnetic tensor which depends on
the electron density at the ground state. o, equates to the para-
magnetic tensor which depends on the excited states of the
unperturbed system. Conventionally, o4 is analogous across
chemical environments so changes in chemical shift is usually

This journal is © The Royal Society of Chemistry 2024
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attributed to the paramagnetic part. The paramagnetic tensor
can be expressed as:

VM| ¥;
Upj € — ————— (3)
2(e) —9)
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 coup-
ling between these orbitals.

Finally, to evaluate the discrepancy of the calculated vs.
experimental chemical shifts, we employed the mean unas-
signed error (MUE), the mean signed error (MSE) obtained as:

1
MAE = NZ|5Calcti — Gexp.i| )

1

1
MSE = NZ((sCalc,i - 5eXp~i) (%)

i

STD — \/Nl—lz(MSE — (Scatei — Srxp.))” (6)

i

where Jcaic and Jey, are the calculated and experimental
chemical shifts, respectively.

Results and discussion
Anionic model

In this section, we seek to establish an optimal computational
practise for calculating *'P NMR signals by using several x—c
functionals with varying contributions of exact Hartree-Fock
(HF) exchange (0% PBE, 15% B3LYP*, 20% B3LYP, 25% PBEO,
50% BH&H). The influence of applied basis set (TZ2P & QZ4P)
was restricted to the GGA-PBE functional. Our initial work
focussed on anionic systems, shown in Fig. 3.

Computed §(*'P) signals for Keggin, [PW;,0,4,]>” and their
corresponding lacunary: [PW;,050], [A-PW,0;4]°", and
[B-PW,03,4]°" clusters are presented in Fig. 3. Scac(*'P) for
Keggin, [PW;,0,0]> ", were reproduced within ca. 8 ppm across
all methods with respect to the experimental, Sexp,(*'P) — see
Table 1. Sca.(*'P) for anionic Keggin systems, [PW;,0,0]*"
were in closer agreement with Se(*'P) of Nas[PW;,0,]. The
discrepancy between S¢a.(*'P) and Sgyp(*'P) was represented by
Serror(C'P). Herein, Sgrror(>'P) decreased as a function of exact
Hartree-Fock (HF) exchange which was attributed shortening
of P-O distances. For example, as exchange was increased
from 15% (B3LYP*) to 50% (BH&H), P-O in [PW;,0,0]*"
decreased by 0.026 A, reflecting in the range of 7.87 ppm. All
computed entries for [PW;,0,4,]>~ produced P-O geometries in
the region of 1.519-1.545 A, closely replicating the crystallo-
graphic structure of 1.530 A.*®

Computed chemical shifts, dca(>*P), will be rationalised as a
function of structural geometry. The magnetic shielding tensor, o,
is comprised of the sum of three contributions: (i) diamagnetic;
(i) paramagnetic; (iii) and the spin-orbit (SO) correction - see

Dalton Trans., 2024, 53, 564-571 | 567
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Fig. 3 Computed chemical shift, 5cac(31P), plotted as a function of P-O
distance for the hydrolytic conversions of (a) [PW1,040]®~ to lacunary:
(b) [PW13030]"", () [A-PWoO34]°", and (d) [B-PWgOs4]°~ clusters.
Optimisations were performed x—c functionals with varying degrees of
Hartree—Fock (HF) exchange (0% PBE-50% BH&H). All NMR calculations
were performed using PBE/TZP.

eqn (2). The diamagnetic contribution to shielding is dominated
by core orbitals contributions which are largely unaffected by the
chemical environment. Hence, dcac(*'P) can be attributed to the
paramagnetic term, op,. eqn (3) shows the principal contributor to
the paramagnetic term is u,;, which depends on the reciprocal of
the energy gap between the occupied and virtual orbitals involved
in transition. HOMO LUMO gaps are not the same as transitions
atttributed to the P nucleus!

Generally, employment of hybrid x-c functionals proved
superior and were in closer agreement with Je,(*'P) with

View Article Online
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respect to GGA-PBE coupled with triple-{ plus polarization
(TZ2P) or quadruple-{ plus polarization (QZ4P) basis sets. This
observation was attributed to an over-expansion of the PO,
tetrahedron. Our computed signals shown an inverse corre-
lation with Hartree-Fock (HF) exchange, shown in Fig. 3. The
contraction of the PO, tetrahedron induced shielding of the
nucleus. Consequently, the energy gap between the occupied
and virtual orbitals involved in transition have increased with
contraction of the P-O distances. One would expect that for
small energy gaps, this will reinforce ¢, (more negative), and
the shielding tensor, o, becomes less positive, displacing
Scac*'P) to more positive regions. Hence, the energy gap
between the occupied and virtual orbitals increases and u,;
becomes less negative.

Incorporation of alkali metal cations

In this work, we have explicitly located alkali metal (X = Li",
Na', K') cations to render our systems charge neutral. On the
surface of the molecule, the counterion can interact with
4-fold (pocket A-F) or 3-fold pockets - see Fig. $9.1'* The
4-fold pockets feature four oxygen atoms capable of interacting
with counterions, whilst 3-fold pockets are comprised of three
adjacent oxygen atoms which assume a triangular shape. In
our previous work, we established alkal-.metal counterions
preferentially interact with the 4-fold pockets because of
improved Coulomb interactions.'® Herein, we have explicitly
located alkali metal (X = Li*, Na*, K") cations into 4-fold hollow
sites, unless specified otherwise, to render the system neutral.
Computed §(>'P) signals for Keggin, X;[PW;,04] and their
corresponding  lacunary: X, [PW;;,030], Xo[A-PW.03,], and
Xo[B-PW,403,4] (X = Li', Na', K', TBA") clusters are presented in
Table 1. Incorporation of counterions to [PW;,04]>~ induced
(minimal) deshielding by approx. 0.5-1.5 ppm. The active nuclei
in X3[PW;,040] (X = Li", Na') became more shielded (0.3 -

Table 1 Computed Scac(31P) signals for Keggin, [PW1,040] and their corresponding lacunary: [PW11030]”~, [A-PWO34]°~ with [B-PW¢O34]°~ clus-
ters and their corresponding salts (X = Li*, Na*, K*, TBA*). All NMR calculations were performed as single point calculations using PBE/TZP with spin

orbit correction (SO-ZORA).

5Calculated (3 1P)

5Experimental(31p)

PBENMR/TZPNMR//

Functional®*"/Basis®**  PBE/TZ2P PBE/QZAP B3LYP*/TZP  B3LYP/TZP PBEO/TZP BH&H/TZP Ourwork  Lit.'**®
[PW1,040]* 7 /H,0 -7.56 -9.66 —-9.63 -10.43 -11.30 —-17.50 —14.60"
Liz[PW1,0,0] -7.90 (7.5) -10.22 (5.2) -10.27 (5.1)  —11.03 (4.4) —12.84(2.6) —18.55(3.1) —15.41
Na;[PW1,0,40] —-8.28 (7.1) -10.80 (4.6)  —10.65 (4.7)  —11.39(4.0) —13.04(2.3) -19.04(3.7) —15.36

[PW1,040]° /MeCN -7.55 -9.62 -9.27 -9.97 -11.38 -17.50

TBA;[PW1,0,] —-8.25 (7.1) —-11.40 (4.0)  —9.75(5.6) -10.68 (4.7)  —12.33(3.0) —19.65(4.3) —15.35

[PW4;034]" /H,0 —2.29 —4.43 —4.21 —5.00 —6.59 —14.35

Li,[PW1,050] —3.47 (8.2) -5.38 (6.3) -5.35 (6.3) -6.16 (5.5) —-7.27 (4.4) -14.92 (3.5) —11.65 —-11.20
Na,;[PW1;030] -2.33 (8.5) —4.65 (6.2) —4.58 (6.2) -5.37 (5.5) -7.35 (3.5) -14.28 (3.5) —10.82 -10.65
K7 [PW1,030] —3.40 (7.7) —6.06 (5.1) —6.05 (5.1) -6.82 (4.3) —8.5 (2.6) -16.28 (5.2) —11.13 —10.80
[A-PW,05,]” /H,0 0.55 -1.00 -0.86 -1.61 -3.87 -13.86

NagH[A-PW,034] —0.99 (6.8) -2.34 (5.4) -2.39 (5.4) -3.24 (4.5) —5.10 (2.7) —-12.83 (5.1) —7.76 -7.10
[B-PW505,]°7/H,0 3.41 1.89 2.33 1.60 -1.96 -11.64

NagH[B-PWoO3,] 11.05 (14.8)  9.23 (13.0) 9.17 (12.9) 8.15 (11.9) 6.28 (2.5) —2.96 (0.8) —3.76 -3.00
MAE 8.65 6.37 6.61 5.79 4.03 3.74

MSE 8.65 6.37 6.61 5.79 4.03 —-3.54

STD 2.54 2.83 2.66 2.58 2.53 1.57

“ Protonated species. (Value) Discrepancy values in parentheses calculated using: dgp,(*'P) minus 8cqc(*'P).
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0.5 ppm) as the ionic radii of alkali-metal cation was increased
from ca. 2.125 to 2.250 A (Li'to Na'). 6¢,(*'P) calculated using
PBEO/TZP produced the strongest agreement with &pp(*'P)
shifted upfield by 2.5 ppm, relative to experimental data.

The accuracy of x-c¢ functionals was assessed, in which,
increasing HF exchange progressively shifted signals upfield from
—10.27 (15% B3LYP*) to -18.55 ppm (50% BH&H) in
Lig[PW;,04]> " salts and —10.80 (15% B3LYP*) to —19.04 ppm
(50% BH&H) in Nay[PW;,0,,], salts. Negligible effects to 5(*'P)
were induced by changing the implicit solvent (H,O — MeCN)
shown for [PW1,0,0]>~ in which A§(*'P) did not exceed 0.5 ppm.

Assessment of the lacunary, X,[PW;;03] (X = Li*, Na") clus-
ters were shifted downfield by 4.0-5.0 ppm with respect to
Keggin, X3[PW;,0,40]. 6(*'P) signal in Na,[PWy,03,] clusters
were shifted upfield by 1.0-1.5 ppm, with respect to
Li;[PW1,030] clusters. Conversely, 5(*'P) signals in K,[PW;,030]
clusters were shifted downfield by ca. 1.0 ppm relative to
Na,[PW,,03,] revealing the overall trend: K (upfield) > Li* >
Na" (downfield). Unfortunately, our computational model is
unable to replicate the order of 8.,(*'P) values in X;[PW,;,03]:
Li" (upfield) > K" > Na" (downfield). This is probably since our
model overlooks the ion pairing effect in aqueous solutions of
polyoxometalate anions with different cations. In 2008 Poblet
and co-workers studied the delicate interplay between electro-
static interactions and the proximity effect in the aqueous solu-
tions of three different POMs, [PW1,04]%", [SiW1,040]*", and
[AIW1,040]>", with respect to three different monovalent
cations Li*, Na*, and K*.*’ Later , Nyman and co-workers suc-
cessfully investigated the ion-pairing effect in Mo— based
Lindqvist([(CH3),N]",Cs)s[McO19] (M = Nb, Ta), combining
experiments and theory. Their system is particularly challen-
ging as the clusters water solubility increases with stronger
ion-pairing, contrary to most ionic salts.*® Although, the best
overall computational methodology was not consistent across
the lacunary clusters. The influence of exact exchange pro-
gressively shielded 5(*'P) values, for example: from —5.35 (15%
B3LYP*) to —14.92 ppm (50% BH&H) in Li,[PW;,030], salts.
Generally, optimisations using PBEO/TZP (20% exchange) accu-
rately replicated the experimental, reporting a mean absolute
error (MAE) of 4.03 ppm. Computation with BH&H/TZP
demonstrated the lowest value of MAE (3.74 ppm), attributed
to an excellent replication of 5(*'P) in NagH[B-PW,03,].

Incorporation of alkylammonium cations

To further this work, we have explicitly incorporated alkylam-
monium cations, neutralising our systems to: [(n-
CxHyy1)aN]3[PW;,0,0]; where x = 1-4 (Table 2). The alkylam-
monium cations adopted a triangular arrangement around the
Keggin, [PW,04]°" in which the central heteroatom is co-
planar with the cations, see Fig. S10.t

The arrangement of [(n-C,Hyy+1)4N]; can be assessed by the
average central heteroatom (P) - nitrogen (ammonium) dis-
tance calculated at 5.601, 7.227, 8.003, 7.919, and 8.043 A for
NH,', n-(CH;),", n-(C,Hs)s", n-(C3H-),", and n-(C4H,),", respect-
ively. Optimizations  using ~ PBE0O/TZP  for  [(n-
C4Ho),N3[PW,040] produced §(*'P) with reasonable agree-
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Table 2 Computed, 6&cac(>*P) for alkyl ammonium Keggin, [(n-
CyHax11)4NIs[PW1,040] salts, reported in ppm. The difference in,
Scac*1P) relative to [(n-C4Hg)4NIs[PW;1,040] is represented by Adcac(**P).
Optimizations were performed using PBEO/TZP level of theory. All NMR
calculations were performed using PBE/TZP

[(n'CxH2x+1)4NTr 5Calc(31p) A5Calc(31p)
[NH,]" —-13.00 0.67
[(n-CH;),N]" —-12.68 0.35
[(n-C,Hs),N]" -12.70 0.37
[(n-C5H,),N]" -12.83 0.50
[(n-C4Ho),N]" -12.33 0.00

ment with the experimental (ca. 3.0 ppm). However, optimi-
zations of [(1n-CyHyy41)aN|3[PW12040] (x = 3 or 4) with hybrid x-
¢ functionals is CPU expensive, hence, we explored the sensi-
tivity of 8(*'P) of alkyl chain length in [(7-CyHyxi1)aN]s.
Computed cqc(>'P) was shielded by 0.67 ppm from —12.33
([(n-C4Ho)4N]") to —13.00 ([NH,]"). Interestingly, optimisations
using [NH,4]" cations yielded the closest agreement with the
experimental values.

Empirical scaling was performed to correct the discrepan-
cies between the computed and experimental work. The
present work employed data points obtained using the PBE/
TZP//PBEO/TZP methodology, thereby computed isotropic
shielding (o) was plotted taking the form & = bo + a, in which
the slope, b, is the scaling factor, see Fig. 4. Table S2t reports
the comparison between experimental, Sy, computed, Scomp,
and fitted, Sgjieq, chemical shifts (Fig. 5).

The fitted values, Sgiea(*'P), revealed significantly lower MAE
values of 0.86 and were not systematically underestimated shown
by MSE of —0.02 ppm. Sgiiea(*'P) replicated the order of §(*'P)
values in X,;[PWy,030] (X = Li", Na*, K') replicating the experi-
mental within ca. 0.9 ppm, see Fig. 4 and Table S2.7 A significant
improvement for the tri-lacunary: NagH[A-PW,03,] and NagH
[B-PWo0;4] clusters were observed, in which &pqo(*'P) was
reduced from 2.66 and 10.04 using PBE/TZP/PBEO/TZP to 2.11
and 1.04 using fitted values, Sgigeq(*'P). Computed 5(*'P) signals
for NagH[B-PW,0;,] were challenging to accurately compute
without correctional fitting. No correlation between ion-pair

y=-0.83x+180.10 o
R*=0.83

G(*1P) { ppm

3225 325.0 3275 330.0 3325 335.0 337.5 340.0
Fear

Fig. 4 Computed isotropic shielding, cca using the PBE/TZP//PBEO/
TZP methodology, plotted as a function of experimental 5Exp(3lP) values.
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Fig. 5 Computed (black), 6EXP(31P), fitted (blue), Seiea(>*P), and experi-
mental (green), 8g,(*'P), signals for Keggin, Nas[PW;,040] and their
corresponding lacunary: Na;[PW;,0s4], Nag[A-PWgOs3,4], and
Nag[B-PWyOs34] clusters. All NMR calculations were performed using
PBE/TZP.

proximity and chemical shift was observed, contrasted to redox
potentials shown in our previous work. The effect of the func-
tional outweighs the effect of the counterions.

Conclusions

In this work, we have employed Density Functional Theory
(DFT) calculations to systematically study the accuracy of
exchange- correlation functionals and applied basis sets for
reproducing experimental chemical shift, dg.,(*'P) values. Our
objective has been to establish a methodology for obtaining
accurate ¢ c(*'P) signals in Keggin-based clusters and to
provide an insight into the geometric factors controlling it.
Computation of g,(*'P) for Keggin, [PW,,040]’~, were in
closer agreement to 8cu(*'P) obtained for Nas[PW;,04].
Generally, discrepancies between Scac(*'P) and Spy,(*'P) rep-
resented by Sg.ror(*'P) decreased as a function of Hartree-Fock
(HF) exchange, attributed to shortening of P-O. Explicitly
located counterions reduced discrepancies by 1.0-2.0 ppm
across all Keggin and corresponding lacunary compounds
which was attributed to their deshielding effect. However,
obtaining accurate approximations for for [B-PWy0;4]°"
remains a challenge due to direct electrostatic interactions
between the located counterions and central tetrahedron.
Optimal results were achieved using the PBE/TZP//PBEO/TZP
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method, achieving an MAE and MSE of 4.03 ppm. Linear
scaling was performed to reduce discrepancies between the
computed and experimental work,in which Sgjeeq(*'P), revealed
lower MAE values of 0.86 ppm and were not systematically
underestimated shown by MSE of —0.02 ppm.
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