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Overview of the Thesis

This thesis can be divided in two different parts: i) NMR and ii) Reactivity. The common
factor of both sections is Polyoxometalates (POMs). POMs are polymetallic molecular
anions formed upon aggregation of octahedral MO blocks made of early transition
metals (TMs), in their higher oxidation states, and oxygen, that are connected
commonly by vertices and edges, forming characteristic structures such as those of the
Lindqvist, Keggin or Wells-Dawson anions, which follow the names of the first authors
who reported them. The principal features of these POMs are that they are strong
oxidizing agents, very acidic and really versatile compounds.

The first part of this thesis is related to the characterization of POMs. In particular, it is
based on the calculation of nuclear magnetic resonance (NMR) spectroscopy
parameters. NMR has been used for many years and it has become one of the most
popular chemical characterization techniques. Despite the fact that oxygen is one of
the most important elements, other nuclei such as 'H, *'P, 3C or even "®W have been
prevalent in NMR studies of POMs.

First, we focused on YO nuclei due to their presence in all the POMs structures. We
report a theoretical DFT analysis on O NMR chemical shifts for a family of
prototypical POMs anions. We first made an extensive exploration of density
functionals and basis sets to establish a good strategy to determine accurate values. In
addition, the diversity of POMs studied provides a unique opportunity to compare
chemical shifts (d) values of nuclei bonded to different transition metals, allowing us to
clearly identify and understand factors contributing to these values. Therefore, we have
established a DFT-based strategy to accurately compute and rationalize O NMR
chemical shifts of polyoxoanions. For a set of 75 signals, we show that calculations
performed with GGA-type PBE functional, including spin-orbit and scaling corrections,
provide a mean absolute error value (MAE) <30 ppm, a small value considering that
the range of §("O) chemical shifts in these systems is around 1200 ppm (2.5%). We
explored the paramagnetic contribution to the shielding, which dominates the VO
chemical shift. It depends on the transition from occupied orbitals to unoccupied ones,
which has higher contributions in oxygen atoms. We have shown that the
electronegativity of the metal linked to the oxygen is a key factor in order to
understand the chemical shift values. The paramagnetic shielding correlates with the
M-O distance and also has a linear dependence with the reciprocal of the energy gap
of the principal transition, which governs that shielding. Finally, we explored the effect
of the protonation on §("’O) and demonstrated that "O NMR can be a powerful tool to
identify the site(s) of protonation. DFT helps understanding how important protonation
is and how it must be properly taken into account to reproduce and correctly interpret
3("0O) in oxometalates. When a molecule has many similar or equivalent oxygen sites
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that can accept an itinerant proton, the change in §("O) signals is almost undetectable.
On the other hand, when a molecule has very few distinctively basic sites, the proton
gets trapped in one or a few sites and the change in §("O) signals is more evident.

NMR of other nuclei which can be part of POMs such as *'P, #’Si, 7?Ga and "*Ga offers
the possibility to thoroughly study their structure and bonding. One of the most active
nuclei used is *'P, which provides straightforward structural information. In the case of
POMs, the range of P NMR is small (10 ppm), which implies a difficult assignment,
but it is considered a powerful technique in structural characterization and monitoring
of chemical reactions in the field of POMs. In chapter 4, we present a search for the
best density functional strategy for the determination of P NMR chemical shifts in
POMs. The main 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 parameters on the quality of the *'P NMR
chemical shifts was investigated on a large family of compounds based on [XM12040]™
and [X:M1gO0¢2]™ frameworks. The work concludes that using a TZP/PBE for the NMR
calculation step and a TZ2P/OPBE for geometry optimization is the best procedure for
the accurate determination of P NMR chemical shifts. The results obtained with the
mentioned methodology presented a MAE of 2.64 ppm. The main variations in d(*'P)
come from the paramagnetic contribution to the shielding, which is directly related to
occupied-virtual orbital transitions with phosphorous contribution. Thus, the variations
in 8('P) are linked to the energy gap of these transitions.

The work presented in chapter 5 describes the first thallium containing
polyoxometalate, which was synthetized and structurally determined. This project has
been done in collaboration with two research groups: Dr. Kortz group and Dr. Téth
group. Our role in this project was to study the stability of the polyanion [TI{B-p-
SiWsO30(OH)}"#. Moreover, a detailed study of 232%T| NMR has been performed in
order to reproduce the experimental values. The optimized geometry reproduces
correctly the X-ray geometry. We studied the most likely positions of the two protons
of the molecule in solution. The results showed that there are relatively low energy
differences obtained for different di-protonated anions, implying the possibility of
mobile protons in solution. In solid state, the protons are linked to Oc due to the
inaccessibility to the other oxygen types, which are blocked by countercations. The
3(®Tl) are really well reproduced with DFT methodology. However, in the spin-spin
coupling, there are large differences between calculated and experimental 2J(*°Tl-
203T]). 2J(2%°TI-3Tl) depends so much on the protonation and we would need to
consider all the species present in solution in order to accurate reproduce 2J(*®TI|-2%Tl).
We have also searched for the best methodology to reproduce 2J(°°TI-2%Tl). All the
results obtained so far show large deviations for the 2J(%TI-*®Tl) compared to
experiment and we are still working on it.
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The second part of this thesis includes studies of POMs reactivity. The first project has
been done in collaboration with Prof. Anna Proust and Dr. Guillaume lzzet. It is well
known that many POMs have the ability to capture electrons with minor structural
changes, and then in some media these electrons can be released generating new
molecules. The efficient solar light-driven photochemical generation of fuels such as H.
is a highly interesting topic and still a scientific challenge after decades of research.
Matt et. al. (Energy Environ. Sci. 2013, 6, 1504) designed a covalent Ir(lll)-photosensitized
polyoxotungstate, capable of efficiently evolving Hz in presence of an excess of acid
and a sacrificial electron donor. The stepwise mechanism of visible light harvesting,
formation of charge-separated species and the proton reduction has been analysed by
DFT and time-dependent-DFT (TD-DFT). We characterise the POM-based
photosensitised reactant and intermediate species formed during the reaction
mechanism, discussing photo- and electrochemical aspects. Electronic structure
calculations show that the orbitals involved in the processes described here can be
clearly classified as antenna- or POM-like upon their nature. Photochemistry, studied
with the TD-DFT formalism, confirm that, upon absorption of UV-vis light by the
reactant, the most probable electron excitation involves the [Ir] chromophore localized
in the antenna. Partial relaxation of the excited state generated might populate a d(W)-
like empty orbital of the POM fragment, producing the charge-separated species.
Triethylamine (NEts) restores iridium to its initial oxidation state. After two excitation +
reduction steps, the electron-rich species has extra electrons located in the POM
framework. We have revealed that the two-electron reduced POM would be
protonated in the reaction conditions. From the electrochemical point of view of the
reaction, we have identified the orbitals of the POM that are found at considerably
more positive energies in DMF with respect to aqueous medium, whereas the energy
of the empty orbital of H* is not as dependent on the solvent. The energy of the
hydrogen evolution process was computed in water and DMF media to check if the
previous arguments are solid, revealing a more favourable process in DMF than in
water. Such dissimilar reaction energies bring to light one of the greatest advantages
of using DMF instead of water as solvent for H, evolution. However, the intricacy of the
electron transfer from the two-reduced POM to H* is still now an open issue.

Finally, we wish to remark that reduced hybrid POMs have been used for CO;
reduction, where a Re-organic decorated phosphotungstate Keggin cluster acts as
photo-sensitizer, electron reservoir and electron donor. We cannot discard that in
parallel to the outer-sphere hydrogen evolution on the surface of the electron-rich
POM, a fraction of excited electrons return to the Ir centres and then a hydride is
formed. Many organometallic complexes, which contain transition metals, can form
hydrides to produce molecular hydrogen. Some studies focus on iridium (Ill) as
catalyst. One of the most discussed mechanisms is the formation of a metal hydride
that can react with a proton, resulting in Hz. We have checked that this species can
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evolve Hy with relatively low energy barriers although this hypothesis needs
experimental confirmation. So, more studies are needed in this direction.

The last part of this thesis is done in collaboration with Dr. Errington’s group.
Heterometallic POMs are of particular interest and they provide a unique opportunity
to study the reactivity of isolated heterometal site linked to a matrix of another metal
at the molecular level and, hence, to establish a basis of understanding for the activity
of a mixed oxide catalyst. The motivation of this collaboration comes from the difficulty
to explain the behaviour of different heterometallic POMs in front of the protonolysis
reaction. In chapter 7, we report a computational study to investigate (a) the effects of
different lacunary oxide ligands {MsO1g}* on the protonolysis of the M’-OR bond and
(b) the effects of different M’ on the hydrolysis of heterometallic tungstates,
[(ROIM'W;5O1g]™. We have found a consistent explanation based on DFT calculations of
why and how the reactions take place from different heterometallic molecules. The
mechanism of protonolysis of different heterometallic Lindqvist and Keggin anions was
thoroughly studied. An understanding of the comparative differences in behaviour
between polyoxomolybdates and -tungstates is not complete, since our calculations
predict the same mechanism in both cases. These results prompted further
investigations of these systems and it is worth noting that recent 2D EXSY 1TH NMR
studies reinforce the conclusions of the computational studies described in this thesis.
Moreover, substituted Ti- and Sn- substituted Lindqvist and Keggin polyoxotungstates
were also compared. The experimental trends have been reproduced by calculations,
and relative stabilities and energy barriers are in complete agreement with
measurements.

In the last section of the chapter an experimental study about the protonation of
heterometallic tungstate dimers is reported. Two different pathways to the di-
protonated form of (TBA)[(u-O)(TiWsO1s)2] were studied. We have found that the
protonated form is stable and it is easily synthesized. This leads us to predict the
behaviour of electrophiles when they interact with this class of oxo-bridged dimer. This
study provides an understanding about the behaviour towards electrophiles in
reactions that are producing a new family of functionalized POMs, where they act as
chelating or pincer ligands.
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CHAPTER1

Getting into the World of Polyoxometalates

This chapter introduces the amazing world of polyoxometalates (POMs) to the reader,
highlighting the fundamental characteristics and most relevant features of this class of
compounds. First, the history, classification and the most common properties are
presented. Afterwards, we describe the main applications related to POMs and how
Computational Chemistry can help to understand and develop them.

1.1. Brief history of the beginnings of POMs

It was in 1778 when the first paper of what are known today as Polyoxometalates
(POMs) was published by the Swedish chemist C. W. Sheedle. He studied for the first
time “blue water”, also known as “molybdenum blue”, formed by oxidation of MoS,. It
was observed in some springs in Idaho Springs (Colorado) and in the Valley of Ten
Thousand Smokes (Alaska). He was the first to describe a reproducible experiment
about this compound, which was published in a Swedish journal under the name of
“Chemische Untersuchung liber das Molybdédnum oder Wasserbley” (Chemical studies
on molybdenum or water lead), being aware that the compound was a reduced
molybdenum oxide." It was considered a really distinguished work and it was
translated from Swedish to French under the name “Sur la Mine de Plomb ou
Molybdéne”, in the series of "Observations sur la Physique, sur I'Histoire Naturelle et
sur les Arts”, which collected the most exciting findings at that time.

It was fifteen years after when Berzelius reported that the yellow precipitate that
appeared when ammonia molybdate was added under a solution of phosphoric acid
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was what is known nowadays as phosphomolybdic acid, H3PM012040.”) However, the
nature and structure of the compound was still unknown. It was not before 1862 that
C. Marignac carried out a systematic study of the composition of silicotungstic acid,
H3SiW12040.% In this work, he reported two structural forms known nowadays as the «
and B isomers, and different salts. During the next years, these polymolybdates and
polytungstates were used to determine the content of ammonium, phosphorus or
silicon in different samples.

It not was until the 20" century when the structure of POMs started to be revealed.
The first attempt was performed by Miolati and Pizzighelli.’! Pauling also contributed
to their structural determination, noticing that Mo and W' had an appropriate ionic
radii for octahedral coordination. However, he only proposed the possibility of
structures containing corner sharing (not edge sharing) MOg units.®! Finally, in 1933, J.
F. Keggin, thanks to the development of increasingly powerful spectroscopic
techniques, solved the first X-ray structure for the phosphotungstic acid,
H3[PW12040]-5H20.%" He showed that the anion was indeed based on MO, octahedral
units as suggested, but these octahedra were linked by edges as well as by corners.
Later on, A. J. Bradley and J. W. lllingworth confirmed the POM structure by Keggin."!
The study of POMs slowly progressed in the following years. Until 1971, just 25 new X-
ray structures were reviewed by T. H. Evans.®!

The improvements in crystallographic techniques increased the number of newly
published structures during the following years. The emergence of new spectroscopic
techniques, combined with more precise electrochemical and analytical techniques,
helped characterizing new and more complex species. During recent decades, the
popularity of POM has rapidly grown. Pope and Miiller reviewed the status of POMs in
1991.5 Later on, in 1998, a special issue on POMs was published in Chemical Reviews
with C. Hill as Guest Editor, summarizing the history, developments and applications of
many areas covered by POM Chemistry.'” Thereafter, the number of works grew very
rapidly and turned into a key field allowing the synthesis of numerous molecule-based
materials. The rise of POMs popularity during the last decade can be grasped in a
special issue of Chem. Soc. Rev., which collects the most relevant research done in this
field both experimentally and the theoretically."""¥ In recent years, theoretical
chemistry has lead to reproduce, understand and rationalise many physical and
chemical properties related to POM Chemistry. All this progress is reflected in the
review reported by Lépez et. al.™ which includes a complete review of the
computations done in this area.

At present, POM chemistry is a key area that promises development of sophisticated
designer molecule-based materials and devices to be exploited in instrumentation,
nanoscale science and material fabrication methods.
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1.2. Structure and Design Principles

POMs are polymetallic molecular anions formed upon aggregation of octahedral MO,
blocks made of early transition metals (TMs) and oxygen, that are commonly
connected by vertices and edges,'® although in some cases these fundamental units
can share faces, forming compact frameworks. Their general formula is (MOx), where M
are the addenda atoms and x typically being 6 although and less commonly 4, 5 or
7.1 Most of these inorganic molecular aggregates contain Mo, W or V in their highest
oxidation states (d° or d' electronic configurations), or a mixture of them. Many other
early and late TMs have been incorporated to POM structures, such as Nb, Ta, Fe, Tc,
amongst many others. Apart from M and O atoms, other elements can take part in the
structure. They are the so-called central atoms or heteroatoms (labelled X in the
following). The numerous elements that can take part in POMs and the way the
fundamental building blocks can be connected make this family of compounds a
continuously growing field. Figure 1.1 shows the most representative and well-known
POM structures. Different attempts have been made to classify and rationalize the
entire POM family, one of the most usual being their composition.

o 4

>4

Figure 1.1 Polyhedral representation for typical isopoly-and heteropolyanions: (a) Lindgvist [McO1s]; (b)
Anderson-Evans [XM¢O2z]; (c) Keggin, [XMi2040]; (d) Wells-Dawson, [X:M1sOe2] and (e) Preyssler,
[XPsW300110]. Pink polyhedra contains the heteroatom, grey octahedra represents MOs units.
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Upon this criterion, we can distinguish two different subfamilies:

Heteropolyanions (Figure 1.1b-e) are metal oxide clusters that include heteroanions
such as SO4%, PO.*, AsO4* and SiOs* inside a metal-oxide cage. The general formula
of this subset of POMs is [X,M,O,]™. The most deeply studied is the catalytic activity of
Keggin [XM1204]™ and the Wells-Dawson [XM15O¢,]"™ anions, where M is either Mo or
W. X can be any element in principle since there is not a structural limitation for this
position. Tungsten-based POMs are robust, and this fact has been exploited to
develop tungsten-based Keggin and Dawson anions with vacancies (most commonly
with one, two or three of them) that can be linked using electrophilic species to form
larger aggregates in a controlled manner.

Isopolyanions are metal oxide clusters without internal heteroatom or heteroanion.
The general formula is [M,O,]™ (Figure 1.1a). The most popular structure in this family
is the Lindqgvist anion, [MsO19]™. They are often much more unstable than their
heteropolyanion counterparts.'® However they also have interesting physical
properties, such as a high charge density and more basic oxygens than
heteropolyanions.

Molybdenum blue and molybdenum brown reduced POM clusters are
related to molybdenum blue species, which were first reported by Scheele in 1783.
Their composition was largely unknown until Miiller et. al. reported the synthesis and
structural characterization in 1995 of a high-nuclearity cluster {Mossa}, which has a ring
topology, that crystallized from a solution of molybdenum blue."! Changing the
solution pH and increasing the amount of reducing agent along with incorporation of
acetate ligands facilitates the formation of a {Moss2} spherical cluster.”” This class of
highly reduced POM clusters is one of the most exciting developments in POM
Chemistry, with potential applications in nanoscience.

1.3. Synthesis and Functionalization

Generally, the approaches used to produce POM-based clusters are quite simple. They
require a small number of steps, or even just one step (one-pot synthesis), during
which acidification of an aqueous solution containing the relevant molybdate,
tungstate or vanadate salt drives the condensation process and induces the
aggregation towards the formation of specific archetypes. The aggregation process is
controlled by a long list of experimental variables, which should be considered when
planning the synthesis of a given POM, such as: 1) concentration/type of metal oxide
anion, 2) pH, 3) ionic strength, 4) heteroatom type/concentration, 5) presence of
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additional ligands, é) reducing agent, 7) temperature of the reaction and processing, 8)
solvent.

Based on the experience accumulated over the years, the vast growth in the number of
assembled clusters may be attributed to thousands of combinatorial possible structural
types, in which each building block can potentially adopt different isomeric forms
itself.14

As mentioned, POM structures can also derive into lacunary species by removal of one
or a few metal atoms of the plenary framework, forming vacancies that can
occasionally be filled by other atoms. Depending on the POM, lacunary architectures
can be obtained in different ways. One route is related to the basic hydrolysis of the
plenary structure, although in some cases the lacunary species is obtained by
increasing the pH under strictly controlled conditions.?' 22 Then, a M=O vertex of the
cluster vanishes. The lacuna generated is highly nucleophilic. Therefore, it can combine
with other lacunary POMs so as to form larger and more intricate POMs. However, the
great interest in lacunary POMs is related to their ability to fill the vacancy up with
most of the elements of the periodic table or with organic groups, yielding
functionalized and larger self-assembled metal-oxide structures. So, from a lacunary
POM one can get a mixed-metal POM, such as [PVW11Q40]* or [PMoW170¢,]¢.

As a consequence, many new structures have been built from lacunary species, which
have been increasingly used as rigid inorganic ligands to stabilize multinuclear metallic
cores that could significantly change the functionality of the isolated material.?®! Cronin
et. al. reported successful stabilization of a multinuclear {Fe12(OH)g} core utilizing the
trivacant polyanion {a -P2Wi50s4}, which forms the complex species [KFei2(OH)1g( a -
1,2,3-P2Wi5056)a]?. 124 Another example is the [Mn1s(OH)12(SiW10037)s]** (Figure 1.2)
which was reported by Kortz et. al., in this case the planar core {Mnig(OH):2} is
incorporated in the centre of six {SiWio} fragments.”! Recently, Cronin’s group have
reported a supramolecular assembly mediated by control of [M0,5:021*" and SeO3?,
units ratio, leading to the formation of new types of buildings blocks to generate novel
clusters with the general formula {{(M0,0:S,)x(OH),(SeO3),(H,O)w}™ .12 27)
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Figure 1.2. Right: Polyhedral representation of [Mni9(OH)Si12W10037)s]. Colour code: W-red polyhedra Si-
blue spheres, Mn-yellow spheres, O-red spheres (Figure obtained from Ref. [25]). Left: The POM structure
{PW,Ni,} is shown in polyhedral representation and the organic moieties in ball-and-stick mode. Colour

code: W-grey polyhedral, Ni-dark green polyhedral, O-red spheres, N-light blue spheres, P-pink spheres, C-
small black spheres. (Figure obtained from Ref. [14])

As said, the high nucleophilicity of the lacuna makes these positions accessible to
organic groups and, therefore, the possibility to develop hybrid organic-inorganic
materials.?® %! The structure and properties of hybrid POMs are totally dependent on
both components. Therefore, the combination of organic ligands and inorganic POMs
offers diverse options for their integration into functional materials and devices. POMs
constitute ideal building blocks for targeting new multifunctional molecules. A new
class of POM-based metal organic cages and POM-based MOFs (so-called POMOFs),
which are built from the mutual connection of POMs through bridging organic linkers,
are excellent candidates for the design of materials with tuneable functionality.
Recently, Zhang-Ting Li et. al. have demonstrated that adsorbing anionic
Wells-Dawson-type polyoxometalates in a one-cage-one-guest manner leads to
efficient photocataytic hydrogen production in aqueous media and in organic
media.B?

1.4. Features of POMs

Their amazingly vast structural diversity promises applications in fields such as
medicine, catalysis and material science, to mention just a few. These bring us an
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interesting chance of physicochemical properties such as redox reactions,
photoreactions, energy transfer and biological activity. POMs often present the
following features:

* Electrochemical or photochemical reversible multi-electron redox processes

* High solubility in water and/or polar organic solvents

* Coordination of large amounts of water molecules

* Controlled synthesis of compounds of varied anion size, charge, structure and
metal composition

* Possibility to obtain derivatives with a large variety of heteroatoms (75% of
periodic table)

* Encapsulation of neutral molecules such as acetonitrile or water, or ions such
as carbonate or thiocianate®' 32!

Even though POMs can present countless structures, herein we will focus on the most
common only.

1.4.1. Redox Properties

The variety of redox properties is one of the most important features of POM
compounds, and provides a major motivation in the development of new functional
systems. M. T. Pope classified POMs in two wide groups upon their redox
properties:!'7- 33

Type I: Their metal atoms have one terminal oxygen, such as Keggin and Wells
Dawson compounds. They are easily reduced and reoxidised. The redox potentials of
type | compounds depend on the molecular structure and charge, and also on the
nature of the metal elements constituting the metal-oxide framework.

Type II: Their metal atoms have two terminal oxygen atoms. Reductions of these
POM anions are irreversible, leading to fragmentation or rearrangement to other
structures.

Despite their negative charge, POMs are strong oxidizing agents. The explanation for
this is given by the high oxidation state of the metal atoms present in the structures,
typically featuring empty d valence shells. Therefore, they can accept electrons without
appreciably changing the molecular structure. These electrons are usually delocalised
over de MOy octahedra by virtue of the usual low interatomic hopping energy
barrier.2¥ Electron delocalisation has been an active research topic in past years.?>3
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The degree of delocalisation depends on: (i) the local structure of M-O-M linkages,
and (i) the structural and chemical equivalency of the M sites. Then, the redox
properties for the same type of cluster can be tuned by incorporating different
heteroatoms or replacement of one metal ion on the cluster shell. For example,
Dawson-type POMs disubstituted with phenylphosphonate, phenylsiyl, or tert-butylsilyl
moieties can accept up to five electrons, and the organic substituents modify the first
and second reduction potentials of the POM relative to the unsubstituted ion
[P2W150¢2]*.1*) The Preyssler anion, [M"PsW30110] ">, is able to accept electrons at
low potentials, to selectively capture various metal cations and to undergo acid-base
reactions. Poblet et. al. reported a linear relationship existing between the first one-
electron reduction energy and the encapsulated X"* charge.*! %4

1.4.2. Acidic Properties

POMs are also very acidic compounds, some of them featuring negative pK. values,
implying that all their protons can be readily released in water. However, some can be
protonated in moderate or strongly acidic media. Because of the chemical
characteristics of the M atoms, not all oxygen sites in a POM are identically basic. This
depends on the following parameters: the molecular charge, the size of the POM, the
M-O bond covalency and the number and physical nature of M neighbours. For many
years, POMs' acidobasic properties have been studied theoretically and
experimentally.'*?!

Heteropolyacids in general are strong Brensted acids. Therefore, the corresponding
anionic forms have a very weak Brensted basicity, and appear to be softer than simple
nitrate or sulfate anions.k* %l

Some methods for heteropolyacid characterization involve titration with a base in order
to establish or confirm the stoichiometry. In most of the cases, two phases can be
detected, the first one related to neutralization of acidic protons and the second one
related to the anion degradation, for example:

H3[PW12040] + 30H — [PW12040]3' + 3H,0O
[PW1,040]F + 230H — 12WO,* + HPO4Z + 11H,0

Another controversial question about acidity is where the protons are localized in the
structure. The POM surface contains terminal and bridging oxygens, which are
potential sites for protonation. In the solid state structures, the protons are thought to
be mostly linked to bridging oxygens.***8 Thus, very few structures where protons are
linked to the terminal oxygens have been reported.””
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The identification of protons in solution is even more difficult than in the solid state
because of their itinerant nature. One of the techniques used to study their behaviour
is the pH dependency of 7O NMR chemical shifts.®® This issue will be discussed in
Chapter 3.

1.4.3. Isomerism

Another important property of POMs is isomerism, which confers an additional
richness to some of them. Various isomeric forms have been studied for the common
[XM12040]™ Keggin and [X:M150e2]" Wells-Dawson structures. Isomerism is relevant in
POMs due to its implications in redox properties for instance, and therefore it has
been largely studied and their properties profoundly analysed by theoretical and
experimental groups.l** 5153

The Keggin anion is the most studied POM due to its stability and ease of preparation.
It is formed by twelve MO, octahedra arranged in four edge-sharing M3;O13 groups
surrounding a central XOs tetrahedron. It possesses five geometrical isomers,
proposed by Baker and Figgis,”" known as «, B, v, §,and e, the last four resulting
from successive 60° rotations of the M3013 edge—sharing units about 3-fold symmetry
axes of the « isomer.

A similar rotational isomerism exists for Wells-Dawson anion. It is an ellipsoidal
structure formed by two Ms rings at polar regions (caps) and two Mg rings located at
the equatorial region (belts). Inside the structure, there are two XOs anions
encapsulated. There exist six rotational isomers of the Wells-Dawson structure, named
a, B, v, a* B*and y* They were also postulated by Baker and Figgis in 1970.5"
They result of the rings rotation. One of the abilities of the Wells-Dawson structure is
to generate lacunary species, and hence metal-substituted molecules. The
replacement of one metal from the « structure can generate two different isomers,
named « (belt) and «a(cap), depending on the region of substitution, as shown in
Figure 1.3.
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Figure 1.3. Polyhedral representation of addenda-substituted « 1 (right) and « 2 (left) of [P2M'W170e¢2]
anions. Grey octahedra represent WO groups, blue octahedral represent M'Os groups and pink tetrahedra
represent XOa.

1.5. Applications

Their wide structural diversity has derived into exciting applications in fields such as
medicine, catalysis and material science, to mention just a few.’ The main
applications of POMs arise principally from the presence of many TM atoms. These
bring us an interesting chance of physicochemical properties such as redox reactions,
photoreactions, energy transfer, and biological activity.

POMs have a diverse range of electronic properties arising from the ability to form
reduced species. This property combined with the ability to act as a well-defined
ligands for polynuclear transition metal cluster, means they have a great potential for
the discovery and design of new molecular magnetic devices. In fact, Mixed-Valence
POMs may be ideal magnetic molecules to study the electrical control of the spin
state. They can change their spin state by the application of an external field or by
injection of extra electrons. For example, the [PMo01204(VO2)]"™ cluster has been
described as a possible fundamental spin qubit. The redox-active core unit of the
Keggin cluster is capped on opposed positions by two (VV=0)*" groups, each
containing a localized spin S = 1/2.5° The last few decades have shown that containing
vanadium POMs are ideal objects for magnetochemical studies and for the exploration
of nanoscale molecular magnetism due to their intriguing magnetic features, ranging
from geometrical spin frustration to single-molecule magnet characteristics.®® The fact
that POMs can be intrinsically electronic/redox active is one of the major strengths of
POM-based ligands, especially in magnetic systems, as it offers an additional route by
which the exchange pathways and electronic configuration of the system may be
controlled.?” Cronin et. al. reported one of the first POM-like single-molecule magnets
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(SMMs), [(GeWsO34)o{Mn"'sMn,O4(H,O)a}]'>. In this system, a central cationic mixed-
valence hexameric manganese core is stabilized by two lacunary Keggin-like ligands.®

One of the most outstanding applications of POMs is catalysis owing to their
properties as strong Brensted acids and as fast reversible multielectron oxidants.
POMs are applied in acid catalysis and in green selective oxidation with molecular
oxygen and hydrogen peroxide. They can also act as bifunctional -acid and redox-
catalysts, which make them promising compounds in the utilization of solar energy for
molecular oxygen evolution from water oxidation. In 2008, two different groups
reported, independently, a redox-active tetraruthenium POM [RusO4(OH)2(H20)4( y -
SiW10036)2I'° (Figure 1.4a), which combined with [Ru(bipy)s]** was found to catalyse the
rapid oxidation of H2O to O in water.” % In 2010, Hill reported the catalytic water
oxidation activity of the tetracobalt-oxo-core sandwich-type POM [Cos(H20)( « -
PWsQO34)2]'*." During the last years, the molecular nature of the catalyst has been put
into question,®** since catalytically-active Co?*(aq) cations may exist in solution in
equilibrium with the cobalt-containing POMs. More recently, the group of Prof. J. R.
Galan-Mascarés has shown that [Cos(H2O)s(OH)3(HPOL)2(PWeOsa)s]'® is a robust
homogenous catalyst in water oxidation.®® Many review articles have covered the
progress in this field, including recent reviews of green H:O:-based epoxidation
reactions,®”! catalytic oxidation of organic substrates by molecular oxygen and
hydrogen peroxide by multi-step electron transfer,® progress and challenges in POM-
based catalysis and catalytic material chemistry!®” 7% and catalytic strategies for
sustainable oxidation in water.""! Herein, we particularly studied the H; evolution
mechanism published by Artero, |zzet and co-workers. They showed that a covalent
Ir(lll)-photosensitized derivative of the Wells-Dawson structure (P2W1s0s2*) in the
presence of a sacrificial reducing agent leads to photocatalytic hydrogen evolution
under UV-vis light."

Another feature of POMs is that they can potentially interact with biomolecules. In
recent years, a number of studies have been carried out employing POMs as
anticancer and anti-viral agents. [NH;iPrl{Mo0;02]-3H,O (Figure 1.4c) was found to be
particularly effective in some tumour, namely showing activity against human colon
cancer, human breast cancer and human lung cancer.”® The interactions between
POMs and general biological systems have also attracted interest, and it has been
demonstrated that biopolymer-POM interactions are significant in the gelatin-
decavanadate system.”¥ Moreover, Xiaogang and co-workers have demonstrated that
several POM structures are able to act efficiently as inhibitors towards amyloid 8 (AB)
aggregation which can be one of the primary targets of therapeutic strategies for
Alzheimer's disease.’>’® Furthermore, proteins can ligate a remarkable variety of
POMs that are formed from the interaction between the proteins and
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molybdates/tungstates.’” 8 Nowadays, several research groups are developing this
type of chemistry with POMs. 8782

In recent times, POMs have been applied for the design of memory devices. Vila-
Nadal et. al. showed that [W1s0s4(SeQs3),]* (Figure 1.4b) has the right balance between
structural stability and electronic activity to be an ideal candidate to act as flash
memory device.®¥ These findings have brought a new research area in POMs, showing
that they have the potential for significant applications in molecular-based flash
memory cells.

Figure 1. 4. Some examples of POMs used as a) Water splitting catalyst, [RusOa(OH)2(H20)a( v -
SiW10036)2]'% b) Flash-memory Device, [W1s0s4(SeOs)2]*, c) Anticancer agent, [NH3iPr]o(M07O24]-3H20.

POMs are promising components in multifunctional nanomaterials, such as carbon-
based nanostructures, and it has even been possible to image the sterically regulated
translational and rotational motion of discrete [W¢O15]> inside carbon nanotubes.#
Composites based on POMs and nanostructured carbon such as carbon nanotubes
(CNTs) or graphene (Figure 1.5) have attracted widespread attention as they combine
the unique chemical reactivity of POMs with the unparalleled electronic properties of
nanocarbons. The exceptional properties of these composites have been employed in
catalysis, energy conversion and storage, molecular sensors and electronics.®>% So,
the arrangement of a group of functions into a hierarchy could allow the design of new
materials in POM chemistry.

As it can be seen, the research in POMs is entering an exciting new period that is
moving beyond the synthesis and the structural characterization of new cluster
systems. The development of functional composites that utilize the intrinsic chemical
and electronic properties, size, and self-assembly aspects promises to lead to
increasingly sophisticated molecular systems that could be utilized as devices with a
priori set up features.
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Figure 1. 5. Left: Anderson-type POM [AlMosO24Hs]*~ attached on Ethylenediamine-Decorated Reduced
Graphene Oxide by electrostatic interaction (Figure obtained from Ref. [90]). Right: CNT-bound POM
catalyst: the CNTs are functionalized with an amphiphilic cationic pyrene derivative by p-p stacking, the
anionic Rus(SiWho): is subsequently immobilized by electrostatic interactions. (Figure obtained from Ref. [89])

1.6. POMs in Computational Chemistry

From the theoretical point of view, POMs are fascinating and have captured the
interest of the Quantum Chemistry research group in Tarragona since the mid-1990s
because of the beauty of their symmetric structures, the presence of multiple metal
atoms and their appealing physicochemical properties. Virtually all POMs’ features
have been tackled with computational tools: electronic structure, basicity, NMR
chemical shifts, spectroscopy, magnetism, redox properties, solution dynamics,
reactivity, and so on."® 7l Quantum mechanical calculations have dominated the
theoretical publications on POMs during the last two decades, mainly based on
density functional methods (DFT). These calculations mainly focused on the classical
Lindgvist [MsO1s), Keggin [XM12040], Anderson-Evans [XMO24], Wells-Dawson
[X2M1g0¢2] and Preyssler [XPsW30Og2] clusters. Thanks to the growing computational
power, theoretical studies can presently solve almost any existing structure.

The theoretical modelling of POMs remained totally unexplored until 1986. The first
published paper was an electronic structure study based on the X« method for the
dodecamolybdophospate anion, [PM01040]*.® That work describes the properties of
the most relevant molecular orbitals (MO). Using the same method, the electronic
structures of other molybdates Keggin family were studied.”” During the following
years, some works using semi-empirical methods were published. Ritschl and co-
workers studied a POM structure containing Cu" and VV cations with the SCF CNDO/2
approach.l'%192 With the same method, the structure and bonding properties of the «
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-Keggin anion!'® 1% and the stability and catalytic activity of the Wells-Dawson anion
were published.l%!

During the 1990s, Bénard and co-workers applied the ab initio Hartree-Fock Self-
Consistent (HF-SCF) method for studying the electronic structure of several
polyoxovandates. The first work reports the different basicities of the external oxygen
sites in the decavanadate [Vi0Oz]* anion.'® Studies of other polyoxovanadtes
featuring host-guest or endohedral activity were also reported.l'””) They also performed
HF calculations on [V1g032]'* and some related structures.['%®

The calculations mentioned above aimed to obtain qualitative information instead of
accurate numerical data. For more detailed results, electron correlation has to be
included in the calculations, thus DFT is an appropriate method at an accessible cost
for studying POMs. The application of the DFT methodology to the study of POMs
started more than twenty years ago.B? Although DFT calculations were long due to the
size of the POMs, nowadays this type of calculations has turned into routine because of
the continuous development of increasingly powerful software and hardware. Present
DFT calculations allow introducing additional physical effects not taken into account
originally, such as the relativistic and the solvation effects, large atomic basis sets or
hybrid functionals. The solvent effects are typically and cheaply included by means of
continuum models (COSMO, PCM or SMD). These effects have revealed fundamental
for the correct modelling of many POMs' properties, such as electrochemistry or
reactivity.

Depending on the type of calculation or the accuracy wanted, the methodology varies.
Pure GGA functionals and standard triple-zeta atomic basis sets may suffice to obtain
good equilibrium geometries and correct electronic structures of most POMs.
However, in some other calculations such as those describing NMR or electronic
magnetism properties, a more accurate geometry is needed, which can only be
achieved with larger basis sets, tight numerical integration and stabilizing solvent
effects.'% 1% This issue is tackled in Part | of this thesis. Moreover, hybrid functionals
are used in reactivity since they provide better results than pure functionals in
describing energy barriers.

Classical Molecular Dynamics (MD) has been also used to study the behaviour of POMs
in solution. In these calculations no explicit quantum effects are involved. The diffusion
of POM molecules within a solution and the distribution of water molecules and
cations around the POM have been analysed.'" "2 Ab initio or Car-Parrinello MD
(CPMD) has been applied to model the nucleation process of fundamental metal oxide
units to large clusters over timel""¥ and to study the behaviour of POMs in solution.!''
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These techniques were also applied in static DFT on the interaction between POM
structures and metal surfaces.l'”

Correlated ab initio methods have also been applied to study POMs with unpaired
electrons, namely properties involving small energy amounts such as the splitting
between different spin states. These methods are much time-consuming and thus they
are not applied routinely.

Some other recently published computational studies that deserve mention include
the first theoretical study related to interactions between proteins and POMs®", the
reaction mechanism of water oxidation catalysed by Ru-containing POMs!""¢l, dynamic
calculations of a Keplerate-type {Mo132},!'"”! showing the behaviour in solution within
cations, the electronic structure of [W13Os4(SeO3),]* anion which is a candidate to act as
a flash-memory device® and the isomerization of lacunary polyoxoanion [ B -
SiW11 O3] into [y =SiW10034]*.1"

Nowadays, computational chemists are able to reproduce and rationalise many
physical and chemical properties of POMs such as redox potentials, reactivity of
mixed-metal addenda, vibrational, electronic and NMR spectra of POMs in solution as
well as absorbed on surfaces. Computational Chemistry has become an indispensable
tool to understand the phenomena taking place at the nanoscale.

DFT methodology is implemented in many programs, codes and package. Although
the computational details are described in each chapter of this thesis, a general
description of why we use each methodology is presented in this section. The most
widely used program during this thesis is ADF.I"'"121l The principle feature of ADF code
is the use of basis sets built with Slater-Type functions (STOs). A basis set is the
mathematical ensemble of orbitals of a system used to perform theoretical
calculations. Although numerical integration is more computationally demanding with
STOs. It is generally accepted that STOs allows the construction of high-quality basis
sets with relatively small number of functions. ADF also incorporates relativistic effects
with the zeroth-order regular approximation (ZORA).'**'24 DFT methods calculate
electron correlation using general functionals of the electron density. Becke-Perdew!'?
1261 (PB86) is one of the most used functional using ADF related to POMs chemistry,
which reproduce in very good agreement the X-ray structures.B* 3% 271 Hybrid
functionals are also implemented, but not in a very efficient way. Nowadays,
geometrical optimization using this type of functionals is not suitable. During this thesis
ADF code was useful to predict accurately NMR properties. NMR chemical shifts are
very sensitive to tiny structural changes and, thus, extremely accurate geometries are
necessary to accurately reproduce the experimental values. To do so, we have
performed all-electron computations with large basis sets. As POMs structures contain
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heavy atoms, it was necessary to treat them with relativistic effects, including ZORA
approximation.

Gaussian package!'® is another of the most widely used programs. It can handle
calculations of up to a few hundred atoms and it can predict the geometrical structures
and electronic properties of large molecules with any type of atoms, including metals.
In contrast to ADF, it uses a linear combination of Gaussian-type functions (GTOs) as
atomic orbitals. It is worth mentioning that Slater orbitals are more accurate than the
same number of Gaussian functions for molecular orbital computations. Gaussian has
different pre-defined basis set, which are classified by the number and type of basis
functions that they contain. Basis sets assign a group of basis functions to each atom
within a molecule to approximate its orbital. Basis sets for atoms beyond the 3 row of
the periodic table are computed differently. In these heavy atoms, internal electrons
are treated in an approximate way, via effective core potential (ECPs). This treatment
includes part of relativistic effects, which are important in heavy atoms. Los Alamos
National Laboratory pseudopotential with standard 2-double zeta (LANL2DZ) is one of
the best-known basis set. One of the advantages of Gaussian is that hybrid functionals
can be very efficiently used. As mentioned, it has been shown that hybrid functionals
are very useful in reactivity studies due to the fact that it shows good results in energy
barriers. The hybrid functional for excellence is B3LYP,!2 130
several studies of structural properties and reactivity of POMs.["*!

it was employed in

TD-DFT methodology is employed in the study of the physical properties that involve
the participation of excited states. TD-DFT is applied in this thesis in order to
reproduce and rationalize the UV-vis spectrum. A detailed analysis with several
combinations of density functionals and basis sets for [WsO15]* concluded that the UV
spectrum should be predicted with hybrid or meta-hybrids type functionals.l3"

POMs exist in solution as negatively charged species stabilized by the solvent and the
conterions. Therefore, the structures discussed in this thesis were optimized in the
presence of a solvent model. The most common solvent models in POMs are
Conductor-like Screening Model (COSMO)"*# implemented in ADF program package
and Polarizable Continuum Model (PCM)"*¥ implemented in Gaussian. PCM and
COSMO assume that the solute molecule may be placed within a cavity surrounded by
solvent molecules. So, in this approximation the solvent is treated as a dielectric
continuous material characterized by a constant (€) placed around the studied solute
molecule. Moreover, the geometries obtained with implicit solvent effects are
considerably improved, in comparison to those obtained with gas phase calculations.
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1.7. NMR Calculations on POMs

Since Part | of this thesis is devoted to the study of the nuclear magnetic resonance
(NMR) properties of POMs, an introduction of the theoretical basis of this technique
and a brief description of how calculations are carried out is done. The pioneering
NMR calculations on POMs are also reviewed.

During the preparation of this thesis a contribution has been made to the structural
characterisation of POMs. Nuclear magnetic resonance (NMR) is a powerful
characterisation method both in solution and in the solid state. Consequently, the
prediction of NMR shieldings of atoms present in POM structures has been a habitual
subject of study in recent years. NMR analysis of the "W nucleus has revealed as one
of the principal characterisation tools in solution, providing direct information about
the tungsten atoms’ environment in these rather complex frameworks. The first DFT
calculations of tungsten chemical shifts were carried out for small and simple
molecules such as [WO4,S,J>, W(CO)s, WF, and WCI"3* 13! for which almost linear
correlation between experimental and theoretical values was found. The first attempts
to calculate NMR chemical shifts for large POMs were partially unsuccessful because of
the large systematic error related to the use of basis sets with effective core
potentials.* Then, some improvements in the calculations gave qualitative
agreement between theory and experiments for a large number of oxidized and
reduced POMs with different architectures,'®”! but these results were still far from
being quantitatively acceptable.*® Incorporating spin-orbit (SO) corrections with the
zeroth-order regular approximation (ZORA) formalism and including solvent effects in
the calculations, Bagno and co-workers!" 4% reported accurate "W chemical shifts,
reaching an average mean error of 35 ppm in a series of POMs."* Poblet and co-
workers demonstrated that standard DFT methods can be useful to rationalize
chemical properties of POMs. Using standard functionals such as BP86 and Slater basis
sets of TZP or similar quality, the computed geometries for these molecular oxygen-
metal clustersP” are good enough to reproduce and analyse vibrational™" and
electronic spectra,” electrochemical properties,* reactivity!* ') and some magnetic
properties."* However, since NMR chemical shifts are very sensitive to small structural
changes and, they analysed how a better computed geometry significantly reduces the
error between experimental and theoretical "®*W NMR chemical shifts.'”! Furthermore,
they analysed the influence of the solvent on tungsten chemical shifts!'®!
previous studies it was shown that X-ray POMs structures are always better reproduced
if the geometries are optimized in solution than in gas phase.'*! Using these ideas,
Bagno and co-workers demonstrated that computed "W chemical shifts in solution
are, in general, much better than those computed in gas phase!"* without enlarging

since in
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the basis set.') On the other hand, experimental structures obtained from X-ray or
neutron diffraction are not the best ones to compute the "W chemical shifts since
NMR experiments are usually performed in solution and it is accepted that the
structure of POMs in these conditions is somewhat different from that in the solid
state.

To sum up, the observed "W NMR chemical shifts for POMs can be nicely reproduced
if the chemical shifts are computed with a middle-sized basis set of TZP quality,
including the SO corrections and the solvent effects and using a highly precise
geometry obtained using a large basis set of QZ4P quality and also including the
solvent effects. The mean average error (MAE) for the set of W NMR signals
computed in this way was 7.3 ppm, a value within the experimental error.'%”

We herein make use of the previous experience in the calculation of §("W) in POMs to
make the best possible estimates of §('7O), 3(*'P) and §(*®*Tl) for polyoxanions in
solution.

1.7.1. Calculation of NMR parameters

In its simplest form, NMR is the study of the properties of molecules containing
magnetic nuclei (that is, those featuring a nonzero nuclear net spin, | # 0) by applying
an external magnetic field and observing the frequency at which resonance between
the incident electromagnetic radiation and the nuclear spin transition takes place. In
this way a spectrum can be generated for a compound containing one or several NMR-
active atoms (for instance 'H, "F or '*C). Furthermore, NMR is a spectroscopic
technique, which allows obtaining information about the chemical environment of the
nuclei of atoms thanks to the interaction between them and a magnetic field.

The Stern-Gerlach experiment in 1922 provided evidence for the spin of electrons.[*
%I They observed two discrete spots on the detector, when a beam of silver atoms
was passed through a magnetic field. This suggests that the electron has an intrinsic
angular momentum, called spin. It turns out that many nuclei also possess a net spin
angular momentum. Orbital and spin angular momenta give rise to magnetic
moments. The magnetic moment of the individual silver atoms could be oriented
parallel or antiparallel to the external magnetic field, which is the same as saying that
an atom in the magnetic model would be either paramagnetic or diamagnetic.

Then, Isidor Rabi and co-workers!'* showed that, by using a magnetic field, the atom
beam could be manipulated. The series of experiments culminated in 1937 when they
discovered state transitions induced by time varying fields or radio frequency fields.
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The explanation of those phenomena is that when a magnetic field, By, is applied to an
atom, it induces circulations in the electron cloud surrounding the nucleus such that a
magnetic moment, p, opposed to By, is produced. This means that the local magnetic
field at the nucleus, B, is smaller than the applied field. This effect corresponds to
the magnetic shielding of the nucleus that reduces By by an amount equal to oBo,
where ¢ is the so-called shielding constant.

BIocaI=BO(1'G) (11)

Therefore, when a magnetic field is applied to a molecule, the situation, as mentioned,
becomes more complicated and the electron circulation within the entire molecule
must be considered. The ability of the applied magnetic field to induce an electronic
current in a molecule, and thus to affect the strength of the local magnetic fields of the
atoms, depends on the details of the electronic structure nearby each nuclei. This
implies that nuclei of the same element have different shielding constant when they
take part of different chemical groups.

Accurate calculation of shielding constants is very difficult, but the trends in this
magnitude are quite well understood. Computational difficulties are evident in
general, except for small molecules. Detailed information on the electron density
distribution in the ground and excited states is required, as well as excitation energies
of the molecule. Nevertheless, it is easier to understand the different contributions in
observed shielding constants, which is the sum of three contributions: the local
contribution is due to the electrons surrounding the studied nuclei, the neighbouring
group contribution is due to atoms that form the rest of the molecule, and finally the
solvent contribution, coming from the molecules of the solution. The value of the local
contribution, o, is the sum of the diamagnetic (¢°) and the paramagnetic (oP)
components of the induced electronic motion.

o (local)= 09+ oP (1.2)

The diamagnetic contribution opposes to the applied magnetic field and shields
(protects) the nucleus in question. In contrast, the paramagnetic contribution reinforces
the applied magnetic field and deshields the nucleus. Furthermore, the total local
contribution is positive if the diamagnetic contribution dominates, and is negative
otherwise.

The diamagnetic contribution manifests as a circulation of charge in the ground state
generated by the external field applied. Its magnitude notably depends on the
electron density in the region closest to the nucleus, being broadly proportional to the
electron density of the atom containing the nucleus of interest. So, it arises that the
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shielding is decreased if the electron density on the atom is withdrawn by the influence
of an electronegative atom or group of atoms nearby.

The paramagnetic contribution appears from the ability of the applied field to force
electrons to circulate through the molecule by rising their energy. This effect may be
viewed as electrons making use of the orbitals that are unoccupied in the ground state.

From the interaction of the nuclear magnetic moment with an external magnetic field,
Bo, it can be traced a nuclear energy level diagram characterized by a set of
eigenvalues and eigenstates. The adsorption of energy, the transition between two of
these states, can be detected and plotted as a spectral line, which is called resonance
signal. It is conventional to express resonance frequencies in terms of an empirical
quantity called chemical shift, which is related to the difference between the resonance
frequency, v, of the nucleus of interest and that of a reference sample, v°:

6 (ppm) = 108 (X~ (1.3)

1.7.1.1. Chemical Shifts

The fundamental quantity underpinning the phenomenon of chemical shift of a nucleus
is its magnetic shielding tensor, o .

Formally, the shielding tensor of nucleus A, o 4, is obtained as the second derivative of
the total quantum mechanical energy E of the system with respect to the external
magnetic field By and the magnetic moment pa of the nucleus."”

0%E

(1.4)

Oq = ay,AaBO B=p=0

The shielding tensor is a second-rank tensor represented by a 3 x 3 matrix, which is
fully described by its diagonal values. Therefore, diagonalitzation of the symmetric part
of o provides the principal axis system with its three orthogonal eigenvectors and the
three eigenvalues o ;.

In general, the NMR shielding tensor can be written as the sum of two
contributions,™ the paramagnetic and the diamagnetic parts. Even though if the
relativistic theory is taking into account spin-orbit contribution are further included.

0=094+ gP+ ¢g%° (1.5)
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The diamagnetic part depends only on the ground-state wave function, and the
paramagnetic shielding, which depends also on the excited states of the unperturbed
system, expressed in terms of the virtual (unoccupied) MOs. Diamagnetic contributions
for a given nucleus tend to be rather similar for most chemical environments, so that
the actual chemical shifts are usually dominated by the paramagnetic part. The leading
contribution to a ¢ P is given by the coupling between occupied and virtual MOs, due
to the external field B,.

ok < Xn; Zﬁ' Ugi <1l’i

—
™ 7R
X

¢a> (1.6)

Y, and y; describe virtual and occupied MOs (with occupation number n; )
respectively, ry is the electronic position operator and p is the electronic momentum
operator.

The magnitude of the coupling is given by u,;, which can be expressed as:
1 —
Ug; X _m<¢a|Mu|d)i) (1.7)

Where ¢ and € are the orbital energies of the occupied and unoccupied MOs and
the integral is the first-order magnetic coupling between the occupied and unoccupied
orbitals.

The action of the magnetic operator M, on ¢, is simply to work with LY on each
atomic orbital y,. Here LV, is the u-component of the angular momentum operator with

its origin at the center R, on which y, is situated. The electron orbital angular
momentum operator (I, 1y, ;) acts on atomic wavefunctions. For example,

Lpy) = iflp,) (1.8)

A significant magnetic coupling occurs when an occupied MO localized around the
atomic nucleus of interest can have considerable overlap with an unoccupied MO after
90° rotation about the direction of the external magnetic field.

1.7.1.2. Spin-Spin Couplings

The chemical shift is not the only source of information encoded in an NMR spectrum.
In fact, there is another extremely valuable information contained in most NMR
spectra, namely the magnetic interactions between nuclei, known as spin-spin
coupling, scalar coupling, or J coupling. Magnetic interactions between nuclei give rise
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to extra NMR lines which give valuable clues to the arrangement of atoms in
molecules.

Whenever there are groups of NMR active nuclei present in the molecule there will be
scalar coupling between them. The nuclei can be of the same element -homonuclear
coupling- or of different elements —heteronuclear coupling.

Scalar coupling arises because the nuclear magnetic moments of other NMR-active
nuclei surrounding the nucleus under observation produce small “extra” magnetic
fields in addition to the fields due to the spectrometer and chemical shift. Thus the
observed nucleus sees not one resultant field but several, depending on the number
and nature of the surrounding NMR-active nuclei. As we shall see, unlike chemical
shielding, the magnitude of scalar coupling depends only on the interaction of the
nuclear magnetic dipoles so it does not vary from one instrument to another and so
are reported in Hertz.

Nuclear spin-spin coupling, or J-coupling, is also a property of the electronic system. It
represents the electron-mediated magnetic interaction of two nuclear spin magnetic
moments. The interaction energy between nucleus A and B is described by the

phenomenological interaction energy:!'>"

E = mAI?ABmB (19)

where Kag is the rank 2 indirect-reduced nuclear spin-spin coupling tensor and ma, ms
are the nuclear spin magnetic moment vectors and can be written as the second
derivative of the molecular energy E with respect to the nuclear moments pa=y,l, ,
Kj(A,B) = —2 2 — (1.10)

K Aj “BkuAj:MB]_=0
The relation of the magnetic moment to the (dimensionless) nuclear spin vector is
m, = y,hl,. The rotational average of the tensor K is the isotropic reduced indirect
nuclear spin-spin coupling constant Kum. The term reduced refers to the definition of
K, and its isotropic average as being independent of the nuclear magnetogyric ratios.

The experimentally determined J-coupling constant is related to the reduced coupling
15152, 153]
via

TaTg
2w 21

Jag = Kag (1.11)

As said, J coupling is the intramolecular interaction between two magnetic nuclei
mediated by electrons. There are two basic mechanisms. The magnetic field of a
nucleus locally induces a magnetic moment in the electronic system. This electronic
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magnetic moment can occur in the form of either (i) an electron spin polarization, that
is, a local increase or decrease of the probability of finding spin-up (alpha) or spin-
down (beta) electrons or (ii) by including orbital ring current. The motion of electrons in
a many-electron system is coupled by their electrostatic Coulomb interaction. Thus,
local effects such as the locally induced electronic magnetic moment will have an
effect on the electronic structure elsewhere in a molecule. The local magnetic moment
is transferred to other parts of the molecule, mainly through the chemical bonds, and
is then experienced by other nuclei. Generally, a pronounced distance effect can be
observed since the more bonds in between the two nuclei, or the larger the
internuclear distance, the weaker the J coupling is. For a short-range coupling through
one or a few bonds, usually the Fermi Contact mechanism is the dominant one."™ This
mechanism originates in the spin polarization of the electronic system right at one of
the nuclei, and the resulting interaction of the transferred spin polarization right at
another nucleus. In computations, atomic nuclei are usually treated as point charges
and point magnetic dipoles. The contact term is then caused by the mutual interaction
between the nuclear and the electron spins at the locations of nuclei. Clearly, for
coupling to occur, the bonding electrons must be able to sense, or contact, the
nucleus. Only s electrons have a finite density at the nucleus so it is expected that the
amount of s character of the molecular orbitals making chemical bond plays an
important role in the strength of the coupling. Percentage of s character will be
influenced by factors such as the hybridization, the coordination number, the
electronegativity of substituents or the oxidation state.
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CHAPTER 2

Goals of this Thesis

This thesis has contributed to enlarge our knowledge of some aspects related to
Polyoxometalate chemistry. Some of the studies are collaborations with
experimentalist groups studying Polyoxometalates, so we were able to take advantage
of both disciplines, computational and experimental, in order to understand some
aspects of this chemistry. During this research, we were interested in NMR calculations
of POMs, including chemical shifts as well as spin coupling constants. On the other
hand, we aimed to understand and rationalize the structure, properties and reactivity
of different POMs. The specific objectives of each study are described below to clarify
what were our thoughts at the begging of each project.

Chapter 3. 7O NMR Chemical Shifts in Oxometalates

This work has been done in collaboration with Dr. John R. Errington’s group
(Newcastle University, UK).

One of the most used techniques for POM characterization is 7O NMR. The Dr.
Errington’s masters this technique and we aimed to understand which factors affect the
chemical shift of oxygen atoms in POMs. Therefore, the principal objectives were:

¢ to understand the features of calculations on NMR chemical shifts and the
factors governing them,

¢ to develop an optimal computational strategy, in terms of cost and
performance, in order to reproduce experimental O NMR chemical shifts,
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¢ to study the O NMR chemical shift dependence on the metal, binding mode
and protonation.

Chapter 4. *'P NMR Calculations on Polyoxometalates

Following the knowledge acquired during the study of 7O NMR chemical shifts, we
pursued the understanding and rationalization of P NMR, another powerful way for
structural characterization and monitoring of chemical reactions of heteropolyanions.
Then, the main goals were:

¢ to make use of the previous experience to find the best computational
strategy for computing accurate 3(*'P) of solvated POMs,

¢ endeavour to understand how §('P) depends on the geometrical and
electronic properties of the molecule.

Chapter 5. Thallium(lll) Containing POM: Structure and NMR

This work has been done in collaboration with two different research groups: Dr.
Kortz's group (Jacobs University, Bremen, Germany) and Dr. Téth's group (University of
Debrecen, Hungary). All three groups aimed to identify and characterise a thallium-
containing POM. Our objectives in this project were:

¢ Study the stability in solution of the thallium-containing POM by DFT
calculations.

¢ Determine if the thallium-containing POM is protonated in solution and where
are these protons localised.

¢ Reproduce the ?*TI NMR chemical shifts and 2¥2%TI-"8W spin-spin coupling
constants.

Chapter 6. Photochemical H; Evolution by an Iridium (lll)-photosensitized
Polyoxometalate

This work has been done in collaboration with Prof. Anna Proust and Dr. Guillaume
lzzet (Université Pierre et Marie Curie, Paris, France). They have designed a covalent
Ir(lll)-photosensitized POM, capable of efficiently evolve H; in the presence of excess
acid and a sacrificial electron donor. We aimed to gain knowledge of the H; evolving
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mechanism by means of DFT calculations and to rationalize the previously observed
behavior. Therefore, the principal objectives were:

4 to identify the species formed during the photoreduction of the POM,
4 to characterize the species formed during the H; evolution reaction,
4 to determine the catalytic species of the reaction,

4 to reproduce the electrochemical and photochemical aspects of the reaction.

Chapter 7. Mechanistic Studies on Heterometallic Lindqvist and Keggin-
type POMs

This work has been done in collaboration with Dr. John R. Errington’s group
(Newcastle University, UK). They studied experimentally the protonolysis of different
heterometallic Lindqgvist and Keggin POMs and they found different behaviors, which
we aimed to unravel. Furthermore, some experimental work related to my stage in
their group is reported in this chapter. The main goals were:

¢ to find differences in the methanolysis process for (TBA);[(MeO)TiWsO1g] and
(TBA)3[(MeO)TiMosO:4],

¢ to determine the reaction mechanism for the protonolysis of Lindqvist- and
Keggin-type POMs,

¢ to study how different metal atoms affect the hydrolysis reaction in
heterometallic POMs,

¢ to rationalize the protonation of (TBA)[(u-O)(TiWsO1s)2] for future applications.
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PARTI

NMR Calculations

Nuclear Magnetic Spectroscopy (NMR) is the most used spectroscopic technique for
compounds characterization. In POMs chemistry, 7O, 'H, 3'C, 3'P or even "W have
been the most common nuclei in NMR characterization. Following the knowledge
acquired from the study on "W chemical shift calculations published by our group, we
whish we could reproduce O NMR chemical shifts. Besides, our interest in 7O NMR
chemical shifts had increased and we finally reported the influences of these chemical
shifts on bonding mode, metal and protonation. A similar study for 3P NMR has been
reported. 3'P is mostly used in monitoring chemical reactions in POMs. Afterwards, the
2°T| project came up and we have been able to reproduce the ?*T| NMR chemical
shift. Furthermore, an extensive analysis of ?%T|-?*T| spin-spin couplings has been
performed. The reader will find all these three projects in Part | of this thesis.
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CHAPTER 3

O NMR Chemical Shifts in Oxometalates

We report a theoretical analysis on ’O NMR chemical shifts for a family of prototypical
polyoxometalate anions. The huge diversity of structures and compositions in this
family of oxometalates provides a unique resource for evaluating the influence of the
metal type and connectivity over the resonance of 7O nuclei. For a set of 75 signals,
we show that DFT calculations performed with the GGA-type PBE functional, including
spin-orbit and scaling corrections, provide a mean absolute error <30 ppm, a small
value considering that the range of 8("’O) values in these systems is ~1200 ppm.
Moreover, the dependence of the §("’O) values on the neighboring metal atoms and
bonding modes are also analysed. Finally, we explored the effect of protonation on
8("’O) and demonstrated that 7O NMR can be a powerful tool to identify the site(s) of
protonation at low pH.

3.1. Introduction

From the pioneering studies on the magnetic properties of atomic nuclei, it was
quickly understood that nuclear resonance frequencies depend on the chemical and
electronic environment of the nuclei.'® This property has been used for many years
and, thus, nuclear magnetic resonance (NMR) has become probably the most popular
chemical characterization technique. Despite the fact that oxygen is one of the most
important elements chemically and biologically, other nuclei such as 'H, "*C, 3'P, or
even "8W have been prevalent in NMR studies of polyoxotungstates. The reasons are
manifold, although the main shortcoming is the low natural abundance (0.037%) of the
active | = 5/2 nucleus. Thus, enrichment of the sample with 7O is needed. In addition,
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8("70) NMR signals are problematic to determine accurately compared with 'H or *C
because the nuclear quadrupolar interaction for 7O is very often much larger than the
magnetic shielding interaction, thus causing significant line broadening in NMR
spectra. However, recent advances in instrumentation, the extremely large chemical
shift (8) range —up to 2000 ppm— and the availability of O-enriched compounds
have allowed an increasing use of 7O NMR spectroscopy. * In 1965, 7O NMR was
applied to the Cr,O;% anion.®” Soon after, the O NMR spectra of a range of other
oxometalates were obtained.B'% In a systematic study of O NMR parameters of POM
structures, Klemperer and co-workers clearly established the relationship between
chemical shift and metal-oxygen bond lengths.["

Modern quantum chemistry methods have always encountered more difficulties in
describing systems containing transition metal atoms than simpler organic molecules,
where approximate methods such as the density functional theory (DFT) have had
great success from the beginning. However, the last two decades have seen the
success of computational chemistry in tackling practically any physicochemical
property related to POMs.I"? Quantum chemistry calculations of NMR properties in
POMs started around 2000 with the study of 8('®W) in several typical structures,
though with rather poor accuracy.™® Increasing accuracy was achieved in subsequent
analyses that incorporated spin-orbit (SO) corrections, solvent effects and better
geometry optimizations."" We herein make use of previous experience in the
calculation of 8("W) in POMs!'® to calculate the best possible §('7O) values for mixed-
metal polyoxoanions in solution. We first made an extensive exploration of density
functionals and basis sets to establish a good strategy to determine accurate values. In
addition, the diversity of POMs studied provides a unique opportunity to compare
d values of nuclei bonded to different transition metals, allowing us to clearly identify
and understand factors contributing to these values. In the present work we focused
on two main goals. First, we applied several computational methodologies based on
the DFT to predict 8("O) with the best accuracy possible. Secondly, we sought to
understand the dependence of §('O) in POMs on the position, connectivity, vicinal
metal atoms and degree of protonation of the relevant O atoms.

3.2. Computational Details

Density functional theory (DFT) calculations were performed using the ADF2010
package.'” In the present work we apply a family of functionals, either GGA-typel®#’!
or hybrid.?#3% The latter include some % of exact Hartree-Fock exchange, which makes
them more computationally demanding. The process for obtaining the O NMR
chemical shifts consists of (i) a geometry optimization step and (i) a single-point NMR
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calculation, a procedure expressed throughout the text as
Functionalnwr/Basisnvr//Functionalopr/Basisopr. The basis sets utilized are all-electron of
triple-C+ polarization (TZP) or triple-C+ double polarization (TZ2P) quality for all atoms
with scalar relativistic corrections to the electrons via the zeroth-order regular
approximation (ZORA).B"#3 We also tested the results for the large QZ4P basis set. The
geometry optimizations were carried out under the constraints of the maximal point
group symmetry of each molecule (reported in Figure 3.1) and with high numerical
integration accuracy (parameter set to 6 in ADF). Since were dealing with anionic
species in solution, we applied the effects of solvent and counterions as a continuum
via the conductor-like screening model (COSMO), with a given dielectric constant (g)
that induces charge polarization on a surface around the molecule.?* *I Taking the
optimized geometry, the NMR single-point calculation is done for the target and
reference (H.O) compounds introducing spin-orbit (SO) corrections and the GIAO
method.*? The calculated chemical shift is determined as 8.4 = 0,5 — 0y, Where g,
and g, are the isotropic average shielding for the nucleus of the target and the
reference compounds, respectively.

The quality of a given calculation is referred to the mean absolute error (MAEs) either
per site or as an average of them. The reported MAE values have been obtained as:

5cal,i - 6

exp,i

1
MAE =—
NZ (3.1)

where 8., and dexp,i are the calculated and experimental chemical shifts, respectively.

Figures 3.1 explain how the chemical shifts for oxygens of the same type (equivalent or
not) are obtained from computations for [MWsO1s]™ and [M2W,O16]™, respectively.
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C4v
Nr. Of
t C d. Tabulated
Oxygen label esym.mel Y Type °omp 8ot
quivalent value value
positions
1 x1 MsO S, 9,
20 x1 M=0 S, 9,
8,11,17,18 x4 MOW 9, 0,
22-25 x4 W=0 S,
b (48, +8)/5
21 x1 W=0 5.
12-15 x4 W,0 8 } (5, +8,)/2
9,10,16,1,9 x4 W,0 9,
C2v
Nr. Of
try- C d. Tabulated
Oxygen label :ym.mel Y Type °mp aovae
quivalent value value
positions
1 x1 MsO S, 9,
20,24 x2 M=0 S, 3,
8 x1 M20 3, 9,
12,15,17,18 x4 MOW 3,
bo(40, 4 2:0)/6
9,10 x2 MOW 5.
21,25 x2 W=0 S,
} (8, + 6,)/2
22,23 x2 W=0 S,
10 x1 W0 S,
S + 4-9,)/5
13,14,16,19 x4 W:0 9, 4 (6 :

Figure 3. 1. Two examples illustrating how the 7O chemical shifts for compounds featuring several non-
equivalent oxygens of the same type are tabulated from computations. Oxygen labels for MWsO1s and
M2WsO1s hexametalate compounds are displayed showing their point group symmetries. The molecular
orientations are chosen to facilitate seeing the equivalence of sites. To the right, we specify how the
different oxygen positions are grouped into types. In the chapter, the tabulated values refer to oxygen types
and are listed as averaged values of the signals computed as indicated.
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3.3. Results and Discussion

3.3.1. Calculation of accurate 8("70O) for mixed-metal
polyoxometalate

The family of POM structures represented in Figure 3.2 has been computed and
analysed at the DFT level to provide a large set of 8("’O) values. The compounds can
be organized into two main groups:

(i) Single- and mixed-metal hexametalate compounds based on the Lindqvist
framework, [MO1s]™ and [Me W, O16]™. Single-metal compounds, [MO1sl* (Figure
3.2a), feature terminal (M=0), bridging (M20) and central (MsO) oxygen types. The
latter, internal site is weakly connected to the six M atoms. The mixed-metal
derivatives [M\W.O16]™ with M = VY, Ta"¥ or NbY (Figure 3.2b-d), present the same
three types of structural oxygen types but they can be bonded to more than one metal
type, introducing additional variability to the 7O NMR values.

Figure 3. 2. Main structures analysed, with oxygens as white spheres: (a) [MsO19]™, (b) [MWsO19]™, (c)
[M2W2O19]™, (d) [(MeO)MWs01s]™, (e) [(u-O)TiWsOns)2]®, () [{(u-HO)ZrWsO1gl]". Blue atoms are W, orange are
M = W. Point group symmetries are also shown.
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(i) Larger structures: dimers of the Lindquist anion, [(u-O)(TiWsO1s)2]* and [{(p-
HO)ZrWsO1gh]> (Figure 3.2e-f). The Keggin, [XW20u4]™ (X = P, Si), and Wells-Dawson
[P2W1s0s2]> anions also feature terminal (M=0) and bridging (M20) oxygens, plus the
internal (XOM3) sites. Figure 3.3 shows the M-O connectivity modes of the POM
structures presented.

Many variables affect the quality of the chemical shifts from computational techniques.
A comprehensive analysis of the various sources of improvement in DFT calculations
were studied for Ru in [Ru(CO)sls].B?" The accurate determination is affected
principally, besides the inclusion of the spin-orbit and solvent effects,*” by the density
functional and the basis set size. In the first part of this work we discuss the influence of
the latter two on the quality of the computed 7O NMR chemical shifts.

Figure 3. 3. Typical binding modes in (a) Lindgvist-type and (b) Wells-Dawson- and Keggin-type POMs.
White spheres are oxygen atoms.

3.3.1.1. Selection of the density functional

We first focus on the effect of the density functional on the calculation of 7O NMR
chemical shifts. Table 3.1 shows a family of §('’O)values computed for the simple
[W¢O19]* structure. We carried out single-point calculations with various GGA and
hybrid functionals after having optimized the geometry with the B3LYP functional and
a TZP basis set. A comparison of the calculated values with the experimental ones
shows that the three distinct oxygen types of [WsO19]* (terminal, bridging and central)
can be clearly resolved with any functional. However, there is an evident
overestimation of the computed §("7O), that is, they are too positive with only a few
exceptions. Recent theoretical studies®’ %4 on 7O NMR of terminal transition-metal
oxo compounds based on DFT using ZORA show that, in general, DFT calculations
reproduce the experimental chemical shifts reasonably well but the results are not
within the experimental error. In the present case, the accuracy achieved is modest, as
shown in the rightmost column of Table 3.1, with averaged MAEs ranging 40-58 ppm.
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The errors obtained with GGA functionals were found to be around 40-48 ppm,
whereas the MAEs with hybrid functionals are ~10 ppm larger than GGA ones. GGA
functionals perform very well for the tungsten terminal oxygen (W=0) whereas the
error is larger for the bridging one (W-O). Conversely, the central pe-O oxygen is better
reproduced with hybrid functionals, probably because these are able to reproduce
their special electronic properties, namely its more ionic nature, weakly bound and
highly charged oxygen atom. We have observed that the GGA-type PBE and OPBE
functionals perform better than the more time-consuming hybrid functionals (PBEO and
B3LYP). Previous studies testing a variety of density functional methods for small
molecules also found that the OPBE performs remarkably well.[43 44

Table 3. 1.0 chemical shifts® of the three oxygen positions of [WsO19]* obtained with various functionals.

Functional Ocalc MAE
W-0 W=0 WO
B3LYP 500 842 -57 58
PBEO 489 841 -62 52
BP86 497 790 -30 48
PW91 498 785 =31 47
SSB-D 458 728 -30 47
PBE 490 784 -32 44
OPBE 477 759 -36 40
exp® 416 775 -80

*Values in ppm. Methods are sorted by descending MAE. The geometry was optimized with the B3LYP
functional and a TZP basis set. ®PData taken from Ref. [17].

3.3.1.2. Effect of the basis set

The second issue to analyze is the effect of the basis set and the density functional on
the geometry optimization step and, therefore, on the 7O chemical shifts. We applied
different combinations of these variables, as shown in Table 3.2, for the family of
W¢O15]> and [M:W4O1s]* hexametalates (M = Ta, Nb, V) (Figure 3.2a,c). The
nomenclature of the methodologies is described in the Computational Details section.
Thus, for instance, the PBE/TZP//B3LYP/TZ2P method consists of a geometry
optimization carried out with the B3LYP functional and a TZ2P basis set, whereas the
single-point calculation for the NMR values is performed with a PBE functional and a
TZP basis set. The number of §("’O) signals obtained with each methodology is 17 (see
Tables A1-A9), sufficiently large to give reliable information about the quality of the
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results. The MAEs are listed per specific oxygen type and an average of the 17 signals
(rightmost column of Table 3.2) for each computational procedure.

Table 3. 2. Site-specific and average MAEs® for the §("’O) of [WeO1s9]*and cis-[M2W4O19]* compounds (M =
Ta, Nb, V) computed with different methodologies.”

Oxygen type

NMR//OPT
MO WO WMO MO W=0O M=0 Avg.

1- B3LYP/TZP//B3LYP/TZ2P 24 77 75 92 67 119 70

2- PBE/TZ2P//PBE/TZ2P 58 54 54 41 24 61 48
3- BP86/TZP//B3LYP/TZ2P 59 74 60 42 19 14 46
4- PBE/TZP//B3LYP/TZ2P 61 70 60 38 15 15 45
5- PBE/TZP//PBE/TZ2P 31 58 55 37 28 52 44
6- PBE/TZP//PBE/QZ4P 33 68 55 34 21 63 43
7- OPBE/TZP//OPBE/TZ2P 31 48 22 46 20 96 40
8- KT2/TZP//PBE/TZ2P 34 36 50 38 15 71 39
9- OPBE/TZP//PBE/TZ2P 27 40 41 41 24 76 39

*Values in ppm. Methods are sorted by descending average MAE. The experimental data can be found in
parentheses in Table 3.3. ®See Tables A1-A9 for the full list of computed chemical shifts.

First of all, we can confirm that the trends observed in Table 3.1 for [W¢O15]* are also
followed in the mixed-metal compounds, namely, after using the B3LYP functional for
the geometry optimization step, the single-point NMR calculation gives better results
with GGA functionals than with B3LYP (entries 1, 3 and 4). In general, the NMR step
gives better results with GGA functionals (PBE, OPBE). We also checked the relevance
of the geometry optimization step with other functionals. Comparing entries 4 and 5
we can see what is the effect upon the total MAE of changing the geometry
optimization step without changing the NMR calculation step (fixed to PBE/TZP). The
MAEs do not significantly differ between B3LYP/TZ2P and PBE/TZ2P optimizations,
confirming that the choice of the functional is more determinant in the NMR step than
in the geometry optimization (as long as the latter is performed at least with a GGA
functional and a TZP or TZ2P basis set). In addition, the difference in the average
quality of the results when optimizations are performed with PBE or OPBE only differ
by ~1 ppm, a fact showing how similar these two functionals are with respect to the
geometry optimization step. Finally, the effect of the basis set in the geometry
optimization step (entries 5 and 6) is residual when going from TZ2P to QZA4P.
Therefore, structures optimized with a TZ2P basis set combined with the appropriate
functional are good enough for NMR calculations.
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To summarize, performing a test over a variety of methodologies (Table 3.2) shows
that the best accuracy in 7O NMR chemical shifts is achieved when GGA functionals
are used. Except for the poor results obtained with the B3LYP/TZP//B3LYP/TZ2P
procedure with an average MAE = 70 ppm, the rest of entries give much lower
average MAEs, ranging 48-39 ppm. Notably, the last three methodologies in Table
3.2, characterized by GGA functionals, have very similar average MAEs (39-40 ppm)
and, therefore, they are presumed of similar quality. For these methodologies, some
positions are more accurately reproduced than others, such as W=0O sites (MAE
between 15 and 24 ppm with this set of molecules). On the other hand, the systematic
error associated with terminal M=0O positions is much larger (71 to 96 ppm), markedly
influenced by the vanadium atom (i.e. 1015 ppm computed vs. 1217 ppm measured
for V=0 in [Vo.W4O1e]*). Excluding the values for V=0, the M=O MAE dramatically
reduces. The deviations for bridging W.O, WMO and MO positions are, on average,
around 40 ppm. For the less chemically relevant central oxygen (McO), the accuracy of
calculations is intermediate.

The knowledge gained from present calculations suggests that further improvement in
7O NMR chemical shifts is not expected upon changes in the density functional or the
basis set in the computational procedure. Also, the computed 8("’O) values are
systematically too positive.

3.3.2. Linear scaling to reduce the mean absolute errors in §('’O)

From the results listed in Table 3. 2, we can choose any of the last three procedures to
carry on our study. However, the OPBE/TZP//PBE/TZ2P procedure (last row of Table 3.
2 and Table A9) gives more constant deviations per site, whereas the KT2 functional
has more fluctuating error values. In the following, all the values computed are referred
to the OPBE/TZP//PBE/TZ2P computational procedure although one could consider
using the KT2/TZP//PBE/TZ2P procedure with a comparable success.

For the chosen procedure, then, the average MAE = 39 ppm is still moderate despite
the wide range of §("’O) ~1200 ppm in POMs. At this point we consider a general
approach to overcome this issue. Empirical scaling is the application of corrections to
the computed data derived from linear regression procedures using experimental
data." In this case, computed isotropic shieldings () with the OPBE/TZP//PBE/TZ2P
procedure and experimental chemical shifts (§) are related via an equation of the form
d = b'o + a. The major benefit of this analysis is that the slope (b) is a scaling factor to
robustly account for the systematic errors in computed chemical shifts. This procedure
is able to reduce errors from sources such as solvation effects, rovibratory effects and
other methodological limitations.”¢! Figure 3.4 shows the linear equation § = -1.079-c
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+ 313.0 fitting the computed ""O shielding to the experimental 7O chemical shifts for
the set of compounds listed in Table 3.3. So, using that equation we can reduce the
systematic errors. A slope more negative than —1 indicates that the routinely computed
chemical shifts were overestimated. A second linear regression was done with the
bridging oxygens only, due to their larger error compared with the other oxygen

types.
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Figure 3. 4. Plot and linear regression of experimental chemical shifts, dexp, vs calculated shieldings,
Ocalculated, fOr the oxygen positions taken from the hexametalate compounds listed in Table A10. Inlay
contains the points and linear regression for the M2O sites separately.

The values of §("’O) shown in Table 3.3 have been obtained with the mentioned linear
equations. Notice that we have enlarged the number of compounds to which we
applied the linear scaling to systems classified as (i) and (i) in Section 3.3.1. The fitted
values are more accurate in general than the non-fitted ones. The two of them
coincide, though, in that the most accurately computed §('’O) values are those of
terminal W=0 oxygens. The empirical fitting also provides a quantitative accuracy for
oxygens of the Keggin compound such as the internal XOMj3 position (MAE = 10 ppm).
However, it does not perform so well for MoO oxygens, maybe because the fitting
includes a majority of values for W>O oxygens. The improvement is therefore more
evident for oxygens linked to W, although better results are also observed with the
other metals, M.
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18y EMOX o= O=M O ONM O*M O’ uoluy

*Values in parentheses. ®Values in ppm. “This MAE decreases to 15 ppm if the vanadium-derived values are

not considered. All the calculations were performed using CH3CN as solvent except for [WsO19]*, which was

performed with DMF
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Table 3.4 summarizes the % improvement experienced when computed §(’O) are
fitted using the linear equation in Figure 3.4. The systematic errors in §('’O) are notably
reduced applying the linear fitting technique to the values computed with the
OPBE/TZP//PBE/TZ2P procedure. The oxygens bonded to W atoms feature small
MAEs between 7 and 17 ppm. On the other hand, the terminal V=0 site is a special
case since the computed chemical shift is still large after applying such fitting
correction.

Table 3. 4. MAEs® for calculated and fitted 8('’O) for hexametalate compounds.

Site Calculated® Fitted Improvement
MO 38 17 55%
W0 60 13 78%
WMO 44 14 68%
M0 59 48 19%
W=0 7 6 14%
M=0¢ 69 (11) 60 (15) 13%
average® 46 (36) 26 (19) 44% (47 %)

*Values in ppm. PData in Table A10. ©In parentheses, MAEs obtained excluding 8("7O) of terminal V=0 sites.

3.3.3. Influence of the metal on the chemical shift

To help us explain the O NMR of complex POM systems, we firstly analyse its
behaviour in the simpler and well-characterized MO4™ compounds, with M of groups 5,
6, 7 and 8 of the periodic table. These compounds were previously studied as models
for the performance of theoretically methods in O NMR properties.”™¥ Calculated
and experimental 8('’O) values are shown in Table 3.5. As stated above, the chemical
shifts are governed by the paramagnetic term, o, which in MO4™ anions is dominated
by a np(O)— m*(M-O) electronic transition.

np(0) *(M-0)

Scheme 1
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where np(O) is the occupied symmetry-adapted lone pair of the oxygen atoms (l.h.s. of
Scheme 1). As mentioned in the chapter 1, the term u.;, responsible for o°, depends on
the reciprocal of the energy gap between these two orbitals, AE', but also on the
overlap (considering rotation due to the external magnetic field) between the oxygen
atomic contributions in both orbitals.l" %! Figure 3. 5 shows that the energies of np(O)
and m* orbitals, defining AE", decrease as we go right and up in the periodic table.
Interestingly, the m* orbital does more dramatically. This is linked to the varying M-O
bond polarization towards a larger oxygen character in the same sense. However, the
occupied lone pair orbital remains constant at >95% p(O) character, its energy change
being attributed to the different negative charges in the MO,™ family.

Table 3. 5. Calculated and experimental® O NMR chemical shifts® for MO4™.

VO.* CrOs* MnOy-

548 (568) 758 (871) 1030 (1255)
NbO4* MoOa4* TcOs RuOa4
419 (-) 578 (576) 783 (786) 1071 (1142)
TaO4* WO, ReOs OsOq
332 (-) 452 (456) 597 (605) 800 (832)

*Data in parentheses from Refs. [54, 55] except for RuOa (Ref. [56]). ®Values in ppm.

Within this series the correlation of O chemical shifts with the orbital gaps is highly
linear, as shown in Figure 3.5. When we move left and down in the periodic table, the
ionicity of the metal-oxygen bond increases. After having analysed the computational
results we can conclude that the numerator of the u,; term is quite irrelevant (constant)
vs. the chemical shift, the energy gap being entirely responsible for the trend in 8("’O).
Hence, for example, the contribution of p(O) to n*(M-O) is only 35% in WO.* whereas
it reaches up to 60% in RuOs. This might affect the numerator of ug;, but it does so
only slightly and the varying % p(O) contributions have little effect, apart from the
indirect effect on the energy of the n* orbital. Thus, the observed §("O) resonance in
WO,* appears at 456 ppm, whereas that for RuOs is shifted 700 ppm downfield to
1142 ppm. The computed values are rather close to the observed ones, 452 and 1071
ppm, respectively. The mentioned downfield shift can be attributed in simple terms to
the increase of covalency in the M-O bond and to the higher electron affinity of the
metal. Both effects are present in the orbital gap mentioned. Likely, many chemists
would prefer an interpretation based on atomic populations. It is true that the atomic
charge of oxygens in WO4* is larger than in RuO4 (-1.00e vs. -0.46e, respectively, with
multipole-derived atomic charges) but the reader should take into account that 8('’O)
correlates much better with the reciprocal of orbital energy gaps, AE’, than with
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atomic populations (see Figure 3.5c). Both factors —orbital energy gap and,
secondarily, orbital polarization— make the n — m* electron transfer less accessible in
the tungstate species.
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Figure 3. 5. (a) Dependence of 7O chemical shifts on the energy gaps associated with the leading
occupied — virtual electronic transitions in the o® component for the MO4™ series. Right: computed n—
m*(M-O) energy gaps (in eV). More covalent M-O bonds are associated with smaller gaps (thicker arrows) and
more deshielded nuclei. (b) Linear correlation of the calculated §('’O) vs. the reciprocal of the energy gap
(AE"). (c) Linear correlation of the calculated 8('7O) vs. the reciprocal oxygen atomic charge.

A deeper analysis of the MO,™ model set shows that the behavior of §('7O) can be
rationalized mainly in terms of the orbital energy gap, the % contribution of p(O) in the
implicated orbitals being indirect, affecting their relative energies.

The computed §('7O) values fitted by the expressions shown in Figure 3.4 for bridging
MOW and MOM oxygens in hexametalate anions are listed in Table 3.6 along with
experimental values. If we consider MOW sites, the variations in the chemical shift are
within the range 400-600 ppm, smaller than in MO4™. The changes are larger if we
look at the MOM sites. Notably, an increase in the covalency of M-O bonds, going up
in a group, produce larger chemical shifts. In a period, though, they remain fairly
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constant (fitted and experimental values). Viewed as a whole, the §('’O) values for
hexametalate POM compounds follow the same trends as the MO4™ set. Therefore
their behaviours can be assigned to the same origin.

Table 3. 6. Fitted and experimental® §("7O) values® for MOW and M:O positions in mixed-metal
hexametalates.

MOW MOM
\Y \Y
570 (562) 814 (848)

Nb Mo Nb Mo
475 (456) 505 (485) 530 (493) 611 (563)
Ta W Ta w
440 (426) 394 (413) 391 (454) 394 (413)

?In parentheses. ®Values in ppm.

3.3.4. Relevance of the bonding mode

In addition to the metal atom bonded to the oxygen site, the nature of this interaction,
related to the number of vicinal metal atoms, notably affects the chemical shift. For a
family of polyoxotungstates computed (Figure 3.6a) it is relevant that the negative
atomic charge assigned to the oxygen atom increases as WO < W,0 < WO, i.e. when
more vicinal metal atoms and larger W-O distances are present. Thus, the W-O bonds
become less covalent and the occupied and virtual orbitals split apart, lowering the
8("O) due to a decrease in the paramagnetic contribution to c. Within any one type of
oxygen (W;O, for example), though, one cannot find any correlation between atomic
charges and the associated chemical shifts.

Regarding the M-O bond distance, it provides an indication of the nature of the bond,
which is important in determining the variations in §('’O). For MO4™, we studied the
main electronic transitions, but herein we focus on the relationship between V-O bond
distances and §("7O) in [V10O2s]* due to the increase in the number of paramagnetic
transitions, which makes the analysis of orbital couplings much more intricate (Figure
3.6b). We chose the decavanadate system (Figure 3.8) to illustrate this trend because it
contains four different V,O oxygen types (x = 1, 2, 3 and 6). The relationship between
energy gaps and bond distances is used to explain the trends in the §('7O) in this
oxovanadate. As can be seen in Figure 3.6b, as the V-O bond distance increases, the
nature of the interaction becomes more ionic and the chemical shift decreases.
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Figure 3. 6. Correlation of the calculated 7O chemical shifts with (a) oxygen charges in substituted
hexametalate anions, and with (b) V-O distances in the [V10O2s]® anion.

The paramagnetic contribution is the most important source of the shielding.
Therefore, we further examined the main orbital transitions dominating this
contribution in M=0 and M;O oxygen sites since they are the most common in POMs.
In the models represented in Figure 3.7, there is one dominant contribution, namely
the 0 — m* magnetic coupling, in terminal M=0O sites, which accounts for about 40—
70% of the total depending on the metal. On the other hand, the largest contribution
to M2O shifts comes from the np(O) — m* coupling, which accounts for about 30% of
all transitions. Figure 3.7 schematically shows how if one rotates a o or n orbital by 90°
as indicated by the arrows, it overlaps with the empty n* orbital, particularly in the
region around the oxygen. As the number of metal atoms bonded to the oxygen
increases, there is no single dominant transition any more, but many of them
contribute to the paramagnetic term.
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Figure 3. 7. Main contributions to the paramagnetic shielding for M=O (top) and MO (bottom) oxygen
types obtained with simplified models. The symbolic representation of the o and n occupied orbitals
qualitatively illustrates how the action of the magnetic field rotates the atomic orbitals by 90°.

3.3.5. Effects of localised and mobile protons on the chemical shift

POMs are anionic species that can be protonated at neutral to acidic pH conditions,
depending on their composition and charge. The identification of basic oxygens has
significant implications regarding chemical reactivity and, more specifically, catalytic
activity of metal oxides in general. However, the protonation sites in POMs are an
elusive subject (i) naturally, since protons are itinerant in structures with chemically
similar oxygen sites, and (ii) technically, due to the difficulties associated with the
structural determination of H atom positions. Even so, in some cases, protonation sites
have been determined experimentally using the empirical relationship between ‘bond
length’ and ‘bond strength’."” In other cases, positions can be proposed based on 7O
NMR spectra.l” >4 Computationally, this subject has been tackled by many authors.’*
¢l To analyse the effect of protonation on O NMR of POMs, we focus on the well
characterized decavanadate [V1002s]* anion, represented in Figure 3.8, since it features
seven structural oxygen sites, six of which are external and could potentially be
protonated. In a series of experimental studies,?’" the location of protons in this
compound and their effect on O NMR was analysed. First, it must be stressed that
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seven signals (labeled A-G) appear in the spectrum at any pH, proving that the
effective Czn symmetry is preserved irrespective of the protonation state of the species
due to fast proton exchange at the NMR timescale.

Second, as the solution is acidified, two NMR signals, assigned to the bridging
oxygens B (OVs) and C (OV,), experience an upfield shift (Ad < 0), whereas the other
oxygen signals shift downfield (Ad > 0) by small amounts. Terminal positions F and G
(V=0) are not basic. A general sequence of increasing negative charge has been
proposed as Og ~ Or< Og< Op < Oc < Og < Oa that can be related to their basicity.?
Because Oa is inaccessible to protons, Og and Oc are effectively the most basic
oxygens, with Og slightly more basic than Oc.

Figure 3. 8.The [V10O2s]* anion with labeling of one member of each set of symmetry-equivalent oxygens:
A: V.O; B: V30; C-E: V20; F-G: VO.

The main goal of our calculations was to reproduce and explain these experimental
trends and to extract some general conclusions related to protonation in POMs. In
general, calculations predict a huge and apparently unrealistic decrease of 8("’O) when
a single oxygen is protonated. For V1002*, the computed change in §('O) for the
bridging OV; is A3("O) ~ -580 ppm when protonation occurs considering the short
timescale (a static protonated structure with a non-itinerant proton). In the same way,
the bridging oxygens of the Lindqvist structure listed in Table 3.7 feature large A3("O)
changes. However, basic oxygens (VOV) change their A8('’O) more than non-basic
ones, for which A§(7O) ranges from -300 to —-400 ppm for M = W, Nb. Hence, the
change in chemical shift associated to protonation depends on the metal atoms linked
to the oxygen.
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Table 3. 7.Calculated §("7O) for non-protonated and protonated metal substituted Lindqvist structures, and
their difference Ad.? The structural change, Ad(M-O), is shown.

WOW WONDb NbONb WOV VOV

non-prot. 445 516 563 563 808

protonated 152 150 171 149 237
AJ("70) -293 -366 -392 -414 =571

Ad(M-O)° +0.149 +0.159 +0.166

*Values in ppm. ®M-O change upon protonation, in A

The geometrical effects of protonation might help us find an explanation for the
variations in 8. The last row in Table 3.7 shows the change in some M-O distances if we
attach a proton to a single oxygen site. It can be seen that the structural change is
large, ranging from +0.149 A for OW,to +0.166 A for OV; at the present level of
computation. Consequently, the protonated oxygens gain some ionic character and
the & moves upfield. We find that the smallest changes in chemical shift are associated
with the smallest geometrical changes (M = W), and vice versa (OV,). The geometrical
changes encountered for W and V upon protonation are so similar in fact that we
conjecture that the structural change is not the main reason for the wide range of 300
ppm of Ad obtained. On the other hand, other M-O distances either elongate or
shorten by about +0.05 A on average. There is also a correlation with the initial 5("’O)
position: the more downfield the initial value, the larger the upfield change after
protonation. It is also important to mention that the neighboring oxygens of a
protonated site experience positive Ad("’O) of several tens of ppm (Table A11) that
must be taken into consideration for the final results. These trends may seem
erroneous if compared to the small changes observed by O NMR. However, they
become logical at the NMR timescale, where the itinerant character of the proton
emerges. To take into account such effects, we must consider the following facts:

(1) Taking static structures, the changes in §('’O) are either Ad < O for the protonated
oxygen, and Ad > 0 for all the other non-protonated sites.

(2) Equivalence of oxygen sites and long timescales. [V1002s]¢ belongs to the Cz, point
group, with four Og and eight Oc equivalent sites. If symmetry must be preserved in
the protonated form, the 7O chemical shift of the protonated oxygen (A < 0) and
its non-protonated partner sites (Ad > 0) will be duly averaged to take into account
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proton exchange between these N equivalent sites, in such a way that a unique
signal is obtained for this set of sites.

(3) Coexistence of two protonated species. During the NMR measurements, more than
one protonated species can be present in solution at sufficiently low pH, namely,
[V10O2s]® can be protonated in oxygens B or C.

Table 3. 8. Evolution of the experimental and calculated §("’O) of external oxygens upon protonation.

[V100 28] HV 100245 Abea? Abexp®
HOs HOc 608:40c
Os 498 433 520 468 -30 -28
Oc 785 803 734 776 -9 -7
Ob 791 814 818 816 25 23
Or 826 830 837 833 7 11
Or, s 1000 1020 1025 1022 22 17
AAdcai = 8(70, 608:40¢c) — 8("7O, V10028%). See text for details. ®Adexp = 8("7O, pH 4.5) - 8("7O, pH 6). Data taken

from Ref. [57].

Table 3.8 lists the computed §("O) for the non-protonated, and the two protonated
species derived from the decavanadate anion in the long timescale, along with the
experimental changes in §("7O). The complete list of non-averaged chemical shifts for
every individual oxygen position in the two protonated species can be found in Table
A11. For each particular protonated species (columns '‘HOg' or 'HO('), one §("O)
decreases and the others increase compared to the non-protonated species. This
behavior reveals that protonation does not only occur at the most basic site B but
rather at both B and C sites, as their negative Adep values reveal. Column ‘60s:40¢
shows the results if the two previous columns are combined as if HV10O2> was 60%
protonated in B and 40% protonated in C. We found that this balanced combination of
the 7O shieldings calculated for HOg and HOcreproduce the experimental data in the
rightmost column, not only for protonated sites B and C, but also for non-protonated
sites that shift downfield. Other ratios different from 60s:40c provided poorer
estimations when comparing with experimental shifts (Table 3.9). The present
procedure applied to DFT calculations prove that the observed §("O) signals are a
weighted mixture of those resonances assigned to equivalent oxygen types because
they undergo mutual proton exchange in the timescale of O NMR measurements. It
has also been proven that oxygen B is more basic than C since the weighted
combination that matches the experiments contains a higher % of [HV10Oz]*
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protonated at B. Therefore, the calculated values are only comparable with
experimental ones if the effects discussed above are duly combined.

Table 3. 9.Changes in the experimental and calculated d("’O) of external oxygens upon protonation, Adcl
= d("O, Xs:100-Xc) — d("’O, V1002s*), for different HOs:HOc ratios.

908.:10c¢ 708:30c¢ 605:40c 508.:50c¢ Adexp?
Os -57 -39 -30 =22 -28
Oc 12 -2 -9 -16 —7
Ob 24 24 25 25 23
Oe 5 6 7 7 11
Or 6 21 22 22 23 17

*Adexp= d(7O, pH 4.5) - d("’O, pH 6). Data taken from Ref. [57].

Finally, the case of Vo2W4O19*/HVW4O19%, that was experimentally analyzed,””) revealed
a change in the OV; site of -238 ppm upon protonation. Dramatic changes in §(’O)
shifts were also detected and computed for various amide types.”! Although it is much
larger than Ad = —7 ppm obtained for the chemically similar Oc in the decavanadate
anion, it is still much smaller than our predicted value of Ad = -571 ppm (Table 3.7). As
described in this section, a small change in 8("’O) when protonation occurs can be
explained by proton delocalization over other equivalent or non-equivalent oxygen
sites. In the case of [VaW,O15]*, the absence of other similarly basic (equivalent or non-
equivalent) sites discards the possibility of dissipation of Ad by proton delocalization.
As a matter of fact, there is a lone OV position, and WOV sites are not expected to be
protonated because of their relatively low basicity. We speculate that the protonated
form [HV2W4O1s]* represents only 30% of the total species present under the
conditions specified by the authors. On the NMR timescale, the protonated and non-
protonated forms would rapidly interconvert giving a single resonance.

3.4. Conclusions

We have established a DFT-based strategy to accurately com-pute and rationalize 7O
NMR chemical shifts of polyoxoanions. The lowest deviations between experimental
and theoretical values were obtained at OPBE/TZP//PBE/TZ2P (NMR//optimization)
level incorporating also solvent and relativistic effects. With this approach and using
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linear fitting we predict & values with mean absolute errors ~ 26 ppm for a set of 75
signals.

The paramagnetic contribution of the shielding (6?) dominates the O chemical shift.
It arises from the occupied — unoccupied orbital transitions with oxygen contribution
promoted by the external magnetic field acting in NMR. The ¢? correlates in general
with M-O bond distances. For terminal M=O oxygens, the ¢ — m* transition governs
the shielding, which also has a linear dependence with the reciprocal of the energy
gap. We used the simple MO4™ anion to clarify the dependence of & vs. M.
Electronegative ions such as VY, Cr'' or Ru"", with rather deep n*(M-O) orbitals, lead to
very positive 8('’O). The less electronegative NbY or WY ions have the opposite
behaviour. The number of metal ions linked to the oxygen atom also affect §('’O).

The effect of protonation on POMs has been analysed in detail for hexametalates and
[V10O2s]*. When proton-exchange occurs between chemically similar or equivalent
sites, 8("’O) signals of protonated oxygens move upfield (Ad < 0), whereas the non-
protonated ones slightly move downfield (Ad> 0). When a molecule has many
similar/equivalent oxygen sites that can accept an itinerant proton, the net effect of
protonation is largely dissipated and the changes in §("O) signals could become tiny
or even undetectable by NMR as, for instance, the protonated Keggin [HXW12040]™
anion. On the other hand, when a distinctively basic oxygen is present, as the bridging
V20 in [VoW4On9]*, the proton gets trapped in one location and a large change
(hundreds of ppm) in one 7O NMR signal is observed upon protonation.
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CHAPTER 4

P NMR Calculations on Polyoxometalates

In this chapter, we present a search for the best density functional strategy for the
determination of 3'P nuclear magnetic resonance (NMR) chemical shifts, 3C'P), in
polyoxometalates. Among the variables governing the quality of the quantum
modeling, we tackle herein the influence of the functional and the basis set.

4.1. Introduction

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. VO, 'V and "W nuclei attest to be
the most effective ones for NMR due to their narrow lines and/or their wide range of
chemical shifts, allowing a relatively easy assignment of the observed lines to atoms at
different locations. Moreover, NMR of other nuclei that can be part of HPAs such as
*IP, °Si, "?Ga and "*Ga offers the possibility to thoroughly study their structure and
bonding. One of the most active nuclei used for characterization of HPAs is 3'P, with a
100% abundance and a nuclear spin | = %2. 3'P NMR provides straightforward structural
information falling into the range of roughly — 250 to + 250 ppm relative to 85% water
solution of H3PQOs, typically with well resolved signals resonating at characteristic
frequencies. 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.
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As mentioned, quantum chemical calculations are potentially able to reproduce and
predict chemical shifts and coupling constants of many NMR-active (I # 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 3'P NMR chemical shifts.!"®!
The Gauge-Including Atomic Orbital (GIAO)®'@ method is one of the most widely
used. It has been tested by comparison with experimental values of 'P shielding
tensors in M(CO)sPRs (M = Cr, Mo and W) complexes.!"? Chesnut and collaborators?> '
also presented different NMR studies and quantum chemical investigations of 8('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 effects give the best results. It must 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
structural characterization 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
3(*'P) of solvated POMs. In addition, we endeavour to understand how §(*'P) depend
on the geometrical and electronic properties of the molecule.

4.2. Computational details

DFT calculations were carried out with the ADF2013 package.'”"? 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,
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SSB-D,1#24 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™®/BasisNM*//Funcional®""/Basis®"T. We applied scalar relativistic corrections
to the electrons via the zeroth-order regular approximation (ZORA)?%3% 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).B'32 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 YO NMR chemical shifts
(unpublished results)— in *'P NMR chemical shifts since construction of the molecule
cavity must have a residual effect on the phosphorous environment (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 Willen,3

B(Xca\c) = 6(PH3ca|c) - G(Xca\c) - 266.1 (4 1)

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 PHz (594.5
ppm) and 85% H3PO4(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% HsPO, is difficult to obtain.!®!

The fundamental quantity underpinning the phenomenon of chemical shift of a nucleus
is its magnetic shielding tensor, c. 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:

6=0c%+0oP+c° 4.2)

The diamagnetic contribution (%) depends on the ground-state electron density only,
whereas the paramagnetic shielding (6°) depends also on the excited states of the
unperturbed system, expressed in terms of the virtual (unoccupied) MOs. The ¢
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 8 is mainly determined by the o”term,
whose principal contribution u. can be expressed as:
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(WalMpp)

Uai & = 2(2?—£a)

4.3)
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.l'®!

To evaluate the quality of the calculated chemical shifts (8), we computed different
statistical indexes, such as the mean absolute error (MAE), the mean signed error
(MSE) and the standard deviation (STD), obtained as:

MAE = ~%; [8cat; = Sexp,| (4. 4)
MSE = —3(8cay,i — Sexp,i) (4. 5)
STD = [ Zi(MSE = (e = Buxp)? @. 6

were dcal,i and dexp,i are the calculated and experimental chemical shifts, respectively.

4.3. Results and discussion

We have computed and analysed the set of structures shown in Figure 4.1, containing
a central phosphorous. They are all based on the basic Keggin, a-[PM:204]™, and
Wells-Dawson, a-[P.M1s042]", POM structures. The former is based on a central POy
tetrahedron surrounded by twelve MO, octahedra arranged in four groups of three
edge-sharing units, M3Os3 (triads). These triads share corners with each other and with
the central PO, (Figure 4.1a). At variance with the Keggin structure, Wells-Dawson
compounds do not feature all-equivalent metal centres. One can distinguish between
two mutually equivalent polar M3Oss triads (also called caps) and two parallel Mg rings
at the equatorial region, mutually equivalent but not to caps, forming the belt (Figure
4.1b). 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 M3O13 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
structures: (i) [PW12.M,Qa0]™ with M = PdY, Nb¥Y and Ti", (ii) a-[P2W1sxMQe2]™ with M
MoY, VW or NbY, (i) [P.W1706(M'R)]™ with M’ = SnV, Ge" and Ru" and R
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CH=CH,,CH,COOH or DMSO, (iv) 0-[PsW1706]"% and ai-[P2W17;041]'*, and (v) P-
[P2W150¢2]% and y-[P2W1sO0e¢2]°.

Figure 4. 1. Structures of (a) a=[PW12040]™, (b) a-[P2W180e2]™, (c) 0 2-[P2W170611™, (d) a.1-[P2W17061]™, (€) o 2-
[P2W1706:M (CH=CHz)]- where M’ = Snv and Ge“, () 0a2[P2W17062Sn(CH.COOH), (g) a2~
[P2W17061RUDMSO)?, (h) o 1-[P2W17061RU(DMSO)I®. 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 - Ru, yellow - S, black - C, pink - H.

4.3.1. Optimal strategy for the calculation of §(*'P) in POMs

It has been largely demonstrated 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 most important factor for estimating chemical shifts
theoretically is the choice of the density functional."® In general, GGA functional
outperform hybrid ones. The best reproducibility and accuracy was obtained for OPBE
or PBE functional and a triple-{ + polarisation (TZP) basis set including the ZORA
formalism for relativistic effects and a model solvent. In this regard, we focus this study
on testing the different methodologies mentioned for 3P NMR. Thus, the main goal is
to calculate the best NMR chemical shift with the cheapest calculation possible. The
3P NMR chemical shifts computed for [PW1,040]* with different procedures and the P-
O distances are shown in Table 4.1.
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Table 4. 1. *'P NMR chemical shifts (in ppm) of [PW12040* and P-O distance obtained with different DFT
methodology.

Computational procedure

Entry (NMR//OPT) dcalculated  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/QZ4P 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/QZ4P -6.09 1.535
7 OPBE/TZP//PBE/TZ2P -22.7 1.546
8 OPBE/TZP//PBE/QZ4P -22.6 1.544
9 PBE/TZP//PBE/TZ2P 9.7 1.546
10 PBEQ/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 -14.68% 1.53083¢

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 of entries 6 and 12
reveals that geometry optimisation using the large QZ4P 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 latter doubles the former. Entry 3 in Table 4.1,
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 13 suggests that, for a constant P-O distance, the calculated chemical shift is
clearly varying from one functional to another.

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 B3LYP NMR
calculations may not be a good choice (entry 1). However, PBEO (entry 10) performs
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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 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 3P 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 work on 7O NMR are also valid for 3'P NMR.['®

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 4.1. Table
4.2 lists computed and experimental 3(*'P) data for a set of well-characterized
compounds shown in Figure 4.1, numbered following the rules of Figure 4.2, 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 lies in the electronic exchange part and
this difference, as seen, affects the computed NMR chemical shift.

17116 )ﬂ P(2)

Figure 4. 2. Numbering of metal and P atoms in the Wells-Dawson structure [P2W1sO¢2]® according to
IUPAC rules.?”
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Table 4. 2. Computed and experimental 3P NMR chemical shifts a (in ppm) for a set of Keggin, [PM12040]%,
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Firstly, we checked if the trends observed with PBE/TZP//PBE/TZ2P also hold for
mixed-metal compounds. The results in Table 4.2 roughly show the same behaviour as
in Table 4.1, namely this procedure overestimates the 3(*'P) values (MSE = 5.14 ppm).
In addition, the three procedures in Table 4.1 show largely systematic errors, meaning
that the deviations from the experimental 3(*'P) all go in the same direction (IMSEI =
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 underestimation of the measured values.

Figure 4.3 summarises graphically the computed and experimental §('P) chemical
shifts tabulated showing which procedures underestimate (dcic < Bexp, circles and
squares) and which overestimate (8cac > 8ex, triangles) the experimental 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 (PBE/TZP//OPBE/TZ2P),
with a higher accuracy (MAE < 3 ppm) and a low dispersion (STD = 1.04 ppm).

0 4 OPBE/TZP//PBE/TZ2P

A PBE/TZP//PBE/TZ2P A

» PBE/TZP//OPBE/TZ2P

g -8
o
o
Q
5.2
3
2
©
3

-16

-20

-24

-24 -20 -16 -12 -8 -4 0
dexp (ppm)

Figure 4. 3. Distribution of the experimental vs. calculated 5('P) values listed in Table 3.2. The straight line
denotes coincidence between calculated and experimental values.

In Table 4.3, 3'P NMR chemical shifts computed with PBE/TZP//OPBE/TZ2P of the
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chosen procedure, the MAE = 2.64 ppm is still moderate considering the narrow range
of 8(3'P) values listed

Table 4. 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 dcalculated Sexperimental Ref.
S(P1)? 3(P2)? S(P1) S(P2)
1,2-[P2V2W16Qe2]® -11.19 -16.53 -8.82 -13.44 [39]
1,2,3-[P2VsW15042]" -8.28 -17.18 -6.25 -13.9 [39]
1,2,3-[P2MoV2W150e2]® -9.78 -16.61 -7.7 -13.57 [39]
1,2,3-[P2Mo2VW16O¢2] -11.56 -16.07 -8.89 -13.04 [39]
1,2,3-[P2Mo3W150e2]® -13.5 -15.36 -9.81 -12.34 [39]
1,2-[P2M0o2W160e2]® -13.72 -14.86 -10.80 -12.40 [39]
4-[P2VW17Qe2]™ -15.19 -15.56 -11.83 -12.90 [39]
4-[P2MoW170¢2]¢ -14.77 -15.28 -11.6 -12.51 [39]
az-[P2W17Q61]"% -7.34 -16.72 -6.79 -13.93 [40]
ar-[P2W17Q61]"% -9.34 -15.23 -8.53 -12.86 [40]
B-[P2W1gQs2]¢ -15.08 -13.62 -12.1 -11.3 [41]
¥-[P2Wi15O62]* -13.35 - -10.8 - [41]
ez [P OclSnRI _12.64 16.07 9.7 118 [42]
(R=CH=CHy)

1,2,3-[P2NbsWi5062]% -9.34 -16.92 -7.2 -13.8 [43]

MAE 2.64

MSE -2.64

STD 0.76

°Figure 4.2 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 published study,"® computed
isotropic shieldings () with the PBE/TZP//OPBE/TZ2P methodology and experimental
chemical shifts (3) are related via an equation of the form § = 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 4.4 shows the linear fitting of the computed
shieldings to the experimental *'P chemical shifts for the compounds listed in Tables
4.2 and 4.3.
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Figure 4. 4. Linear regression of the calculated shielding (ccalcutated,) with the PBE/TZP//OPBE/TZ2P
procedure vs. the experimental chemical shifts (Sexp) for the *'P signals listed in Tables 4.2 and 4.3.

The list of values in Table 4.4 was obtained with the mentioned linear equation, &sited =
-0.796-c + 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 4.3 and
4.4. Therefore, the fitting procedure reduces the systematic errors remarkably,
obtaining accurate 3'P NMR chemical shifts. In addition, the ordering of the fitted
chemical shifts is in good agreement with experimental ones.
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Table 4. 4. Fitted and experimental *'P chemical shifts (in ppm) for several polyoxometalates. The MAE,
MSE and STD statistical indexes are also listed.

Anion titted® Sexperimental Ref.
S(Pq)P 5(P2)P 3(P1) 3(P2)

a-[PW12040]* -14.7 - -14.6 - [35]
a-[PM012040]* -7.78 - -6.07 - [38]
a-[P2W1Os2]¢ -12.60 -12.60 -12.44 -12.44 [39]
a-[P2Mo18062]" -5.49 -5.49 -5.49 -5.49 [38]
1-[P2VW17042]" -10.88 -12.85 -10.84 -12.92 [39]
1-[P2MoW170¢2]" -11.84 -12.64 -11.69 -12.45 [39]
1,2-[P2VaW16062]* -9.01 -13.26 -8.82 -13.44 [39]
1,2,3-[P2V3sW15Qe2]™ -6.69 -13.77 -6.25 -13.9 [39]
1,2,3-[P2MoV2WisO4s2] -7.88 -13.32 -7.7 -13.57 [39]
1,2,3-[P2M02VW16042]* -9.30 -12.89 -8.89 -13.04 [39]
1,2,3-[P2M0o3sW15Q62]% -10.84 -12.33 -9.81 -12.34 [39]
1,2-[P2M02W160e2]® -11.02 -11.93 -10.80 -12.40 [39]
4-[P2VW170e2]™ -12.19 -12.48 -11.83 -12.90 [39]
4-[P.MoW17062]¢ -11.86 -12.26 -11.60 -12.51 [39]
a2-[P2W17061]"% -5.94 -13.41 -6.79 -13.93 [40]
a1-[P2W17061]"% -7.53 -12.22 -8.53 -12.86 [40]
B-[P2W18Os2]* -12.10 -10.94 -12.10 -11.30 [41]
¥-[P2W15062]* -10.70 -10.70 -10.80 -10.80 [41]
1,2,3-[P2NbsW15062]% -7.53 -13.57 -7.20 -13.80 [43]
a2- [P2W17041Sn(CH=CH2)]" -10.16 -12.89 -9.77 -11.80 [42]
02- [P2W17041Sn(CH.COOH)]™ -7.48 -12.26 -6.70 -11.90 [42]
a1-[P2W17061Ru(DMSO)® -10.35 -12.41 -9.67 -12.84 [45]
a2-[P2W17061Ru(DMSO)® -10.36 -13.34 -8.61 -13.42 [45]
02 PW1061 Ge(CH=CH)T" -9.87 ~1295  -10.20 ~13.53 [46]
a-[PW11039Pd]> -11.37 - -13.20 - [47]
a-[PW11NbQao]* -13.65 - -12.60 - [48]
o-[PW11TiOuo]> -13.36 - -13.34 - [49]

MAE 0.57

MSE -0.05

STD 0.70

*Fitting procedure applied to values obtained with the PBE/TZP//OPBE/TZ2P procedure. °Figure 4.2 shows

the numbering for internal P atoms.

Additionally, we performed a comparison between the three sets of results
(experimental, computed and fitted). As mentioned above, the calculated §¢'P) are
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systematically too negative, this is why we decided to perform a scaling approach
capable of correcting them. The improvement of the results upon fitting is clearly
shown in Figure 4.5. The fitted values (red circles) feature much smaller errors than the
calculated ones with respect to the experimental values. In general, the coincidence
with the 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
difference between calculated and experimental §('P) values for [PWiOu]* or
[P2SNW1706R]™ than 8('P) for [PM012040)* or [P2W17041]'® ones. Even so, the chosen
fitting procedure is able to reduce the deviations for these different ranges, giving
remarkably good results.

© Calculated P, P, P,
7 ] 0O OOOXIDOCIO © 0 a0 O © 0® 00 ©°
@ Fitted PW,, P,SNW,, P,V W6 P,W,, PMo;,,
@ Experimental
P, P, P,
o CDap OQII® O Ao 00O OO0 @0 [} [ N
PW,, P,SNW,; P,V Wog P,Wi7 PMoy,
P, Py Py
o DGy D omO™® O o 00 O o 0 @ o o o o0
PW,, P,SnW,; PV, Wi P,W,,PMo,,
-18 -16 -14 -12 -10 -8 -6
8(*'P) (ppm)

Figure 4. 5. Comparison of calculated, fitted and experimental 3(*'P) chemical shifts for 3'P signals listed in
Tables 4.2, 4.3 and 4.4. 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.

4.3.2. Dependence of 8(*'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)
(Eg. 4.2). 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
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except the target P(1)O4* unit are replaced by multipole derived atomic charges
(MDC-q) obtained from a previous calculation (Figure 4.6).

° °
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Figure 4. 6. Model applied for the study of the NMR parameters shown in Table 4.5. The pink tetrahedron

represents the target P(1)Os* unit and purple spheres represent the positions of the multipole derived
atomic charges (MDC-q).

The relevant NMR results obtained are shown in Table 4.5. Comparing the computed
values for the full structure, o, and the simplified model, 6model, we find roughly
coincident trends, that is, both parameters decrease from left to right in the table. We
also see that some compounds present very similar ¢ 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 as it may,
several contributions to o? exist besides the one related to the gap listed, which
makes the overall analysis more complex.
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Table 4. 5. Computed shieldings,® energy gaps and chemical shifts (in ppm) of *'P(1) for several
polyoxometalates.

a—[PszaOaz]é' 1»[P2VW17052]7' Ol2- [PzW17OmSﬂ(CH=CH2)]7' CLz-[PzWWOMRU(DMSO)]S' az—[PszOm]m»

Greal 334.0 331.9 330.9 331.2 325.7
Gmodel” 321.5 319.9 319.2 318.2 316.6
GPmodel® —655 —657 —658 -659 -661
Gap® 15.75 15.58 15.55 15.55 15.04

Sexp -12.4457) -10.84857 -9.7712 -8.614% -6.79140

*The model structure contains one POa 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 a®.

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 o? 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 metaly (WY'> V> SnV> Ru'") the
chemical shift becomes more positive. Moreover, when a lacuna is present, i.e. a-
[P2W17,0¢1]'*, the same behaviour is followed and 3(*'P) is even more positive. This is
related to the energy gaps of the main transition(s) governing o?, since the ¢ is nearly
constant for a given nucleus. When the oxidation state of the metaly) decreases, the
occupied MOs become less stabilised, being closer to the virtual MOs (smaller orbital
gaps) and therefore the paramagnetic shielding, o?, becomes more negative. a,-
[P2W17061]'" presents the smallest energy gap (15.04 eV, more deshielded P nucleus)
and the most negative o? = -661 ppm. On the contrary, a-[P2W150e2]¢ has the largest
energy gap and the least negative g? = —655 ppm, with the most shielded P nucleus in
Table 5, with 8('P) = -12.44 ppm. Recalling Eqg. 4.3, it can be seen that when this
energy gap increases, u,; becomes less negative and therefore |o?| is smaller giving
more negative 3 values.
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4.4. Conclusions

The accurate determination of 3'P NMR chemical shifts in POMs has been tackled by
DFT methods. The main 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 [XM1204]™ and
[X2M150¢]™ 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 3'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 PO4 surrounded by point charges for the rest of atoms.
The main variations in 3(*'P) come from the paramagnetic contribution to the shielding
(oP), 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¥' > V> SnV'> Ru", the
orbital energy gap roughly becomes smaller due to destabilization of the occupied
orbitals, giving more positive § values.
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CHAPTER S

Thallium(lll) Containing POM: Structure and NMR

The first discrete thallium-containing polyoxometalate was synthesized and structurally
characterized. In this project, we have worked in collaboration with two groups: Dr.
Kortz group from Jacobs University and Dr. Téth group from University of Debrecen.
All three groups aimed to identify and characterize this thallium-containing
polyoxometalate. The polyanion [TIAB-B-SiWsOs(OH)}z]'* was characterized in solid
state and shown to be stable in solution by #*?%T| NMR, electrospray ionization mass
spectrometry and electrochemical studies. Our role was to study the stability in
solution by DFT calculations. Moreover, a detailed study of 22%T| NMR has been

performed and how 22T NMR depends on protonation is also reported.

5.1. Introduction

As mentioned, the structural and compositional variety in polyoxometalates is
unmatched and hence such compounds are of interest in many different areas such as
catalysis, medicine, magnetism and materials science."™® Vacant (lacunary)
heteropolytungstates can be considered as inorganic ligands which coordinate to all
kinds of oxophilic electrophiles such as d or fblock metal ions or main group elements.
Tl-containing compounds are widely used in electrical, medical, and even glass
manufacturing industries. However, little work has been done on Tl-containing POMs.
Thallium(l) salts of conventional POMs such as the Keggin ion, paratungstate, and
metatungstate have been prepared.*® Thallium-containing metal-oxides with
extended structures,” ' or Zintl phases containing thallium have also been reported.l'*
M In 1953, Magneli™ first described the structure of hexagonal tungsten bronze

91
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AWOs;, and later Shivahare® (1964) and Bierstedt'® (1965) isolated TI,W4Oq3 and
TlosWOs3, respectively. In 1980 Tourné’s group reported a thallium(lll)-containing
Keggin ion as based on elemental analysis.'”! Considering that no structurally
characterized discrete Tl-containing POM had been reported to date, the group of Dr.
Kortz in Bremen decided to investigate the reactivity of TI®* ions with lacunary
heteropolytungstates.

The aqueous solution chemistry of TI** is dominated by a high tendency for hydrolysis,
accompanied by formation of TI**-hydroxo-complexes starting already at pH 0.5.
Contrary to the lighter congeners of group 13, TI** does not form polynuclear hydroxo-
complexes,'® and compounds with more than one Tl-atom are known mainly in
organo-thallium chemistry.'” Usually 22%°T| NMR spectra showing ?®TI-?%*T| spin-spin
coupling are extraordinarily powerful tools for studying the structure and dynamics of
compounds with more than one Tl-center.? 2!

In this chapter, we report the synthesis and both computational and experimental
solution characterization of the novel, thallium(lll)-containing 16-tungsto-2-silicate
[TIo{B-B-SiWsO30(OH)}]'* in abbreviate form TIx(SiWs),, which represents the first
structurally characterized discrete thallium-containing metal-oxide. In polyanion
TI(SiWs),, two octahedrally coordinated TI** ions are sandwiched between two lacunary
{B-B-SiWg} Keggin-type fragments (Figure 5.1).

~»

w, @ w,

Wa

Figure 5. 1. Polyhedral and ball and stick structure of Tl2(SiWs).. Color code: Red balls-O, green balls-Tl,
blue polyhedron-Si and grey polyhedron-W. The most basic oxygens are labeled as Oa, Os and Oc. The Wa
and Ws atoms have different 2%2%°T|-"8W spin-spin coupling constants.
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5.2. Experimental Characterization

The experimental work was done by the group of Dr. Kortz at Jacobs University and
Dr. Téth at Debrecen University. The results were extracted from ref. [22] in order to
compare with the computational ones.

Single crystal X-ray analysis revealed that Tl(SiWs), crystallizes in a monoclinic crystal
system with space group Paim. The [TlB-B-SiWsO30(OH)}]'* architecture presents a
polyanion with idealized Cz, symmetry, which consists of two thallium(lll) centers and
two {B-B-SiWgO31} POM units. The {B-B-SiWgO31} units were formed from the [y-
SiW10036]® precursor by rotational isomerization and loss of tungsten. The first POM
comprising a {B-B-SiWsOs:} unit was reported in 2005.2 The {My(B-B-SiWsOs1)2}
structure type has been seen before with M being 3d metal ions.*” The two equivalent
thallium(lll) centers in Tlx(SiWs), polyanion are both six-coordinated, and each thallium
ion is coordinated to two {B-B-SiWsO31} lacunary POM fragments via four terminal O
atoms of the two complete tungsten-oxo triads and two terminal O atoms of two
{SiO4} hetero groups. The TI-O bond length ranges from 2.156(1) to 2.238(1) A, and
the distance between both thallium atoms is 3.338(1) A. Bond valence sum (BVS)
calculations®! confirmed that the oxidation state of the two thallium centers is +3. As
based on elemental analysis Tlx(SiWs). is diprotonated and Bond Valence Sum (BVS)
suggest that they are located on the two p3-O atoms (labeled Oc in Figure 5.1).

NH4K-TI2(SiWs). is sufficiently soluble in water to record °Tl and #*TI NMR spectra of
reasonable quality (Figure 5.2). Both isotopes have a nuclear | of 1/2, and a natural
abundance of 70.5 % and 29.5%, respectively. At the first sight, both spectra appear as
pseudo-triplets, attributed to the spin-spin coupling between two sterically identical Tl-
atoms. The central peaks are assigned to polyanions with homonuclear ?%°TI-2T| or
203T|-23T| coupling, whereas the satellite peaks belong to heteronuclear 2°TI-2T|
coupled polyanions, respectively. The peak intensities of the pseudo-triplets agree
very well with the expected ones based on the isotope ratios, 29.5/2 : 70.5 : 29.5/2
(®*TI NMR), and 70.5/2 : 29.5 : 70.5/2 (**3TI NMR). This finding is in full agreement with
the solid-state structure having two Tl-atoms in identical positions, and it proves
unequivocally that the dimeric structure of Tlx(SiWs), is preserved in solution. The
chemical shift difference between the satellite peaks represents the coupling constant,
2J(*O5TI-3T1) = 2670 Hz.
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Figure 5. 2. Experimental 144.26 MHz 2°°T| (top) and 142.86 MHz?*TI NMR (bottom) spectra of Tlx(SiWs)2,
~6 mM in 0.04 M acetic acid/sodium acetate buffer, pH = 4.1. Coupling constants shown: a) 2J%TI-"#W,) ca.
475 Hz, b) 2J(2%TI-"83Ws) ca. 354 Hz, c) 2J(2°°TI-"®W,) ca. 470 Hz, d) 2J(*°3TI-®Ws) ca. 350 Hz and e) 2J(°°TI-
2037]) = 2J(*%3TI-*%°Tl) ca. 2700 Hz (same value in both spectra).

Interestingly, a closer look at the spectra indicates further fine structure of the
recorded peaks caused by spin-spin coupling with "W atoms (14.3%). The two
different values for 2J(%TI-'¥W) are ca. 470 and 350 Hz, respectively, and the
corresponding values for 2J(**TI-"8W) are ca 1% larger (see Figure 5.2 caption for
details). These values can be rationalized by coupling to two structurally non-
equivalent types of tungsten being two bonds away from the thallium centers. These
couplings may actually be averaged effects of two types of "W centers (Wa, Ws) with
similar chemical environments. The TI--W distances are 3.64 and 3.65 A for W,, and
3.72 and 3.73 A for W;, respectively. However, the relatively broad spectral lines
prohibit such a detailed investigation. The "H couplings do not play a role because of
fast exchange, and the effects of #Si (I = 1/2, 4.7%) and O (I = 5/2, 0.037 %) are also
not detectable.

The chemical shift value of ca. 2206 ppm (the position of the central peaks, referenced
to infinitely diluted TICIOsas O ppm) is consistent with a +3 oxidation state for the
thallium atoms being six-coordinated to O atoms in an octahedral geometry in
water.? 27} Comparing the 2J®TI-?®Tl) = 2670 Hz coupling constant to literature
values is difficult, as published constants are mostly based on organothallium
compounds in nonaqueous solvents. The 2J(?®T|-?%T|) = 2560 Hz coupling constant for
(TIOEt)s is very similar to ours,?® but values ranging from 1920 to 19835 Hz for
thallium-metal carbonyls have also been reported.®"



UNIVERSITAT ROVIRA I VIRGILI
Computational Modelling of Polyoxometalates: Progress on Accurate NMR Characterization and Reactivity

Magda Pascual Borras

PART I: NMR Calculations 95

5.3. Computational Details

All DFT calculations were carried out with the ADF2013 package.?”*" The geometries
and energies were computed with Slater-type basis sets of TZ2P quality using the
GGA-type OPBERY and BP861** 34 functionals. 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. For NMR calculations, we used a
Slater-type all-electron basis set and PBE,® JCPLB 9 GGA-type functionals and
PBEO"" *2 hybrid functional 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™®/BasisNMR//Funcional®""/Basis®”". 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).*3 441 The molecular cavities generated with this model are
defined from VdW atomic radii.

Now, we focus on the ?*TI NMR chemical shift. The calculated chemical shift in ppm (3)
is determined as 8.l = Oref -0x, Where 6, and orf are the isotropic average shielding for
the nucleus of the target and the reference compounds, respectively. So, an accurate
oref is Nneeded in order to get a reliable prediction for the NMR signal.

As shown in Figure 5.1, the Tlx(SiWs), has two thallium atoms (green balls), which are
equivalent. Then, we will only find one o, value. Note that we also need to compute
the reference (6. in order to obtain the 5(*°>TI).

In the case of Tl NMR, the reference is a salt of TI(l), which is a bit tricky to compute.
First of all, we have computed a TI(l) solvated with different number of waters (4,5 or
6), as it is shown that the chemical shift is very sensitive to solvation in thallium
cations.”>#1 However, these references lead to an overestimation of the results. This
can be due to the incorrect description of the solvation.

Consequently, another way to determine the reference has been used. We have
computed a set of o (*®Tl) of well-characterized thallium compounds (Table 5.1).
Considering the equation, 8= orf- o, and having the experimental 8(**Tl) chemical
shift, a much accurate o has been obtained. Moreover, this procedure is able to
reduce errors from sources such as solvation effects, rovibratory effects or other
methodological limitations.
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Table 5. 1. Computed 6(**Tl) and 8exp(***Tl) chemical shifts for a set of thallium compounds.

Compound 6cal(20°T1) Sexp(205T1) Ref
MesTl 6487 5093 [48]

Me:TI* 7629 3534 [49]
[(CN)sPt-TI(CN)s]* 9634 2224 [50]
[(CN)sPt-TI] 12177 786 [51]
[(CN)sPt-TI(CN)2]* 9107 1975 [50]
[(CN)sPt-TI(CN)(H20)4] 9757 1371 [50]
TI(CN)4 9371 3010 [50]

The list of values in Table 5.1 were used to perform a linear regression, 6ref= dexp + Ox.
We have obtained a orr of 11737 ppm. Now, we can use the new o.fto get a much
proper estimation of the chemical shift, 5..(**Tl). So, in order to obtain the 8..(**Tl), we
have used,

8cal(®Tl)= 11737 - o« (5.1)

The spin-spin coupling constants do not require any data processing operation,
meaning that the values obtained from the calculation can be directly compared with
the experimental spin-spin couplings.

5.4. Computational characterization

Once being introduced, we show how the computational techniques play an important
role in the identification of such a structure. First, the electronic structure and the
geometrical parameters are discussed. Afterwards, a detailed study of how 20%207T|
NMR depends on protonation is reported.

5.4.1. Electronic structure and geometry parameters

DFT calculations were performed in order to evaluate the most probable protonation
sites and proton distribution on TIx(SiWs), in aqueous solution. The structure was
optimized initially for the non-protonated anion [TIA{B-B-SiWsOs1)}.]'* and the most
characteristic X-ray bond distances (in parenthesis) were rather well reproduced: TI-
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O(Si) 2.28 A (ca 2.20 A), W-O(Si) 2.25 - 2.43 A (2.27-2.34 A), W-O(Tl) ca 1.81 A (ca. 1.83
A), and TI---T1 3.37 A (3.34 A).

Three types of oxygens in Tlx(SiWe): were found to be the most nucleophilic according
to molecular electrostatic potential distributions (see Figure 5.3), i.e. the triply bridging
Oa and Ocoxygen sites, and the doubly bridging Og sites. Protonation of Ogsite only
slightly modifies the structure of the non-protonated form, whereas when the two
protons are attached to the two Oa or two Oc sites the distortion is much more
important, inducing a lengthening in the O-Tl (~ 0.4 A) and in O-W (~ 0.3 A) bond
lengths, respectively. It also modifies the Tl---Tl distance separation, which is also
elongated.

Figure 5. 3. Molecular electrostatic potential for TI2(SiWs).. Red identifies more nucleophilic regions and
green and blue denote less nucleophilic regions.

The most stable, diprotonated form of Tlx(SiWe). has two protons on two of the four
equivalent Og sites. When the protons are placed on the Oc and O sites, the energy
increase is only 2.1 and 3.9 kcal-mol”, respectively. Therefore, it is expected that the
protons will likely move amongst these three positions in solution. In the solid state,
the most accessible basic sites (Oa and Og) are blocked by direct interactions with
counter cations, making Oc the most favorable site to be protonated, as suggested by
BVS.

On the other hand, we have analyzed the electronic structure of Tl,(SiWs), (Figure 5.4).
As a feature of polyoxometalates, the highest occupied molecular orbitals (HOMOs)
are localized over the p,oxygens orbitals, which cause the so-called oxo band. The first
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two unoccupied molecular orbitals (LUMOs) are localized over the thallium atom,
specifically at their és orbital. For LUMO+2 and higher-energy orbitals the electrons
are localized mostly in the W and O atoms.

~1.67  m— LUMO + 2

=217 LUMO

Energy (eV)

-5.00 <O« HOMO

Figure 5. 4. Electronic structure representation of Tl2(SiWs)z,with circles representing the electrons and
values in eV. The 3D orbitals images are those labeled in the scheme.

The electrochemical properties of Tlx(SiWe): were investigated in phosphate media by
cyclic voltammetry (CV) and controlled potential electrolysis. The reduction pattern, at
pH 4.3, is composed of three well-defined reduction waves peaking respectively at -
0.593 V, -0.830V and -0.960V versus SCE. The first and third waves are attributed to
the stepwise reduction of the TI" centers into TI° state through the TI' state, in
accordance with previous observations.®? The second wave is attributed to the
reduction of the WY centers.”?* >3/ We have confirmed these trends by DFT calculations.
We have calculated the two-electrons reduced TIy(SiWsg), and we have obtained that

the two extra electrons will be localized at the thallium s orbital, which corresponds to
the LUMO in Figure 5.4.
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5.4.2. Chemical Shift

The chemical shift for the two equivalent *TI nuclei of the non-protonated anion is
predicted to be 2140 ppm, which is rather similar to that found in experiment for
[TIA{B-B-SiWeO30(OH)2l'* (2206 ppm). The 2Tl chemical shift does not change
appreciably with the protonation degree or with the protonation site. Di-protonated
structures, as [TI{B-B-SiWsO30(OH),]'*, showed very similar 2Tl chemical shifts
regardless of their protonation sites (A, B or C, see Figure 5.1 and Table 5.2), even
thought the TI--Tl distances might change appreciably (up to 3.99 A for di-protonation
in site A). A range between 2117 and 2245 ppm was found for the different
protonation sites studied in this work. Tetra-protonation in sites B did not alter
noticeably neither the 25T| chemical shifts nor the TI--- Tl distance (3.42 A). The effect of
the counterions was also considered by introducing explicitly two NH4* cations making
hydrogen bonds with the oxygens nearby the Tl atoms. It can be shown that there is
not a considerable change when the counterions are introduced.

Table 5. 2 Computed 2Tl chemical shifts, along with the Tl---Tl distances and relative energies for [TI2{B-4-
SiWsOs0(OH)}2]'* protonated at different oxygen sites.”

Sites Protons 8(295T1) d(Tl---TI)
- 0 2140 3.372
Oa 2 2245 3.997
Os 2 2167 3.365
Oc 2 2117 3.515
Oa- Os 2 2239 3.625
Oa- Oc 2 2230 3.721
Os- Oc 2 2155 3.435
Os 29 2151 3.412
Oc 29 2142 3.558
Exp 2 2210 3.34

a) 6(%Tl) in ppm, TI-Tlin A and Evr in kcal-mol ™. b) two NH4* are interacting through H bonds with the POM.

5.4.3. Spin-Spin Coupling

As we have introduced, two different spin-spin coupling are determined
experimentally. Then, we have computed the coupling constant between the two Tl
isotopomers, 2J(*TI-2%Tl), which is the origin of the satellites found in the TI NMR
spectrum, as discussed previously (vide supra). In contrast to the results found for the
chemical shifts, the 2J(®TI-?*Tl) coupling constants depend critically on the
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protonation degree and the protonation sites (see Table 5.3). For example, for the
non-protonated anion [TI{B-B-SiWgOs:}]'*, the computed 2J(**TI-?%Tl) constant was

7845 Hz, very large compared to 2675 Hz, the experimental value for [TI{B-g-
SiWsO30(OH)}]"#. For the di-protonated anion with two protons attached to two of the
four equivalent sites Og, the coupling constant is only slightly reduced to 7565 Hz, in
line with the small change observed for the TI---Tl distance, 3.365 A (Table 5.3).
However, when the protonation occurs on sites Oc, the coupling constant is reduced
to 5222 Hz in accordance with the lengthening of the TI--Tl distance to 3.515 A. For
sites Oa the elongation in the Tl--Tl separation reaches up to 3.997 A and the coupling
constant decreases very significantly up to 141 Hz, much smaller than the experimental
value. For di-protonated species with each proton on different sites, the same trend
was observed, meaning that as the TI--T| distance becomes larger, the coupling
constant is smaller. As a case in point, when one site Oa and one site Og are
protonated, the coupling constant is reduced appreciably up to 4241 Hz, as the
lengthening of the Tl---TI distance is much larger reaching a value of 3.721 A. However,
when one site Og and one site Oc are protonated, the Tl--Tl distance does not change
too much and consequently the coupling constant is only reduced up to 6287 Hz. The
effect of the counterions was also considered by introducing explicitly two NHa4*
cations making hydrogen bonds with the oxygens nearby the Tl atoms. A decrease of
the coupling constant of about 20% and 10% in sites Og and Oc was computed for the
di-protonated anion.

Table 5. 3. Computed 2J%TI-?®Tl) coupling constants, along with the TI--Tl distances and relative
energies for [TlB-3-SiWsO30(OH)}]"* protonated at different oxygen sites.?

Sites Protons  2J(29°T[-203T]) TI---Tl Erel
0 7845 3.372 -
Oa 2 141 3.997 0.0
Os 2 7565 3.365 -3.9
Oc 2 5222 3.515 -1.8
On- Os 2 5057 3.625 -0.6
Oa- Oc 2 4241 3.721 -0.6
Og- Oc 2 6287 3.435 -0.5
Os 29 6034 3.412
Oc 29 4700 3.558
Exp 2 2675 3.34

a) 2J(P%TI-2%Tl) in Hz, Tl Tl in A and E.l in kcal'mol™. b) two NHa* are interacting through H bonds with the
POM.
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In addition, we performed a regression between the 2J(**TI-?%Tl) and the thallium-
thallium distance. Figure 5.5. shows that the correlation is almost directly. Then, using
this regression we can extrapolate the distance between the two thalliums needed to
get the experimental 2J(*®TI-?%*Tl). This distance is around 3.78 A, which is significantly
longer than the one formed in the X-ray structure (3.34 A). We believe that the
difference between the computational and experimental 2J(**TI-?Tl) values is not only
due to differences in geometry. A plausible interpretation of these results could be
that in solution the TI---Tl distance can vary due to the mobile character of the protons
and it is seen as an average of those distances.

9000

8000 Ro 2)(205T|203T)) = -12343d(TI-Tl) + 49258

R2 = 0.985
7000 R

6000
5000

4000

2J(205T|-203T) (Hz)
¢
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Distance TI-TI (&)

Figure 5. 5. Correlation between 2J(°TI-2%Tl) in Hz and distance between the two thallium atoms in A.

Gathering all these results, we conclude that the X-ray geometry must correspond to
the di-protonated species with the two protons attached to O, sites because the other
two positions (Oa and Og) are blocked by direct interactions with countercations. In
solution, very likely the protons are mobile and they may be linked to Os, Oc and Oa
sites. Values in Table 5.3 clearly show that when one proton is attached to Oa or in less
extension to Oc, the TI---Tl separation increases and the 2J(**TI-*Tl) coupling
decreases significantly. The relatively low energy differences obtained for different di-
protonated anions gives support to this hypothesis. Instantaneous interactions of the
relatively charged POM with the counterions may also affect to the central structure of
the POM and consequently to the 2J(*TI-?®Tl) coupling. Besides, we do not discard
that our computational settings could overestimate 2J(*°TI-2%3Tl).
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Moreover, the coupling constant between TI and W, 2J(®TI-"¥W), has also been
calculated. Table 5.4. shows that the coupling between Tl and W are also dependent
on protonation. In contrast with 2J(**TI-?7Tl), for the non-protonated anion [Tl{B-g-
SiWgOsz]'* the 2J(%TI-'®3W) are in good agreement with the experimental ones. For
the di-protonated anion with two protons attached to two of the four equivalent sites
Os, the 2J(*®TI-"3Ws) decreases up to 50%, whereas 2J(**°TI-'¥*W,) increases only a
12%. This is because the proton is directly linked to an Og connected to a Ws (Figure
5.1). For the di-protonated anion with two protons attached to Oaanalogous results
are obtained, now the hydrogen is closer to Wa than Wg, and this is why an important
decrease of 2J(?®TI-"8W,) is shown. For the di-protonated anion with two protons in Oc
no much change is observed.

Table 5. 4. Computed 2J(%°TI-'8W) coupling constants, for [Tlo{B-8-SiWsOs(OH)}]'* protonated at
different oxygen sites.?

Sites Protons 2J(205T|-183W,) 2 J(205T|-183Wp)

- 0 412 381
Oa 2 93 495
Os 2 460 189
Oc 2 441 450
Exp 2 470-475 350-354

a) 2J(2TI-"83W) in Hz.

Taking in consideration the previous results, we should point out that the 2J(**°TI-'8W)
results are much well reproduced than the 2J(*®TI-?%Tl). The error in the 2J(**TI-2TI)
results compared to experimental can be due to: (i) the mobile character of the
protons in solution and we have to consider more than one protonated species, (i) the
computational methodology used. Therefore, we have tried to get better 2J(*TI-2%3T)
varying the methodology.

5.4.4. Reproducing 2J(***TI-2°*Tl) coupling constants

In the early 2000's Autschbach and Ziegler published different pioneering works
related to the calculation of NMR spin-spin couplings.®” ** They had a theoretical
interest in NMR spectroscopy involving heavy nuclei like "W, %Pt ""Hg or ?°Tl. It has
long time before that it was discovered that a relativistic treatment of these systems
containing such elements is necessary for the correct description of bonding. Since
NMR spin-spin couplings are determined by features of the wave function at or very
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close to the nuclei, one may expect enormously large relativistic effects. Autschbach et.
al. studied in detail the NMR parameters of platinum-thallium bonded complexes.!*> %"
%833 They reported that such spin-spin constants are very sensitive to the geometric
and electronic structure as well as environment effects. In addition, for systems with as
many electrons as those that they studied, it is difficult to calculate the NMR properties
differing at least a 10% from experiments. It is well known that the Fermi Contact (FC)
is the dominant contribution in the spin-spin coupling constants. The Fermi Contact
term requires the density to be accurate near the nuclei and therefore, presumably, a
good description of the function of s orbitals is important in order to reproduce
correctly the values.® Thus, spin-spin couplings are quite sensitive to approximations
used to describe the electron-electron interactions, the quality of the basis set, and
every other approximation made in the computational model. The reliable calculation
of coupling constants for heavy nuclei has some important theoretical requirements for
the computational model, most importantly the inclusion of relativistic effects and
electron correlation, basis sets that are capable of describing the large relativistic
effects on J coupling, but other also more “exotic” features such as an adequate finite
nuclei representation.*” For a good description of the FC contribution Auschbach et.
al. implemented the JCPLP" % basis set in ADF program. This basis set is derived from
the TZ2P basis of the ADF basis set library adapted for ZORA calculations which is a
triple-C and core-double-T all-electron STO basis set with two sets of polarization
functions. For the sixth-row elements, basis functions with exponents >> Z (Z= nuclear
charge) were replaced by an even-tempered set of high-exponent s- and p- functions
along with a set of accompanying density-fit functions. They reported®” *® a study for
reproducing spin-spin coupling in thallium compounds. They concluded that in
thallium compounds the inclusion of the spin-orbit coupling is crucial. Moreover, the
spin-spin couplings in the Tl compounds are quite strongly dependent on the
computational model. A spin-orbit relativistic formalism as well as the use of a hybrid
functional appears to be overall beneficial. However, they pointed out that spin-orbit
coupling does not improve the results in some compounds. Taking in consideration all
previous studies, we decided to calculate the 2J*TI-?%Tl) with different
methodologies (see Table 5. 5) and obviously make use of the JCPL basis set.

First, the effect of the basis set in the spin-spin coupling calculation (compare entries 1
and 2) is minor. Moreover, if the TZP basis set for NMR computation is replaced by a
TZ2P, the CPU time for the latter is much larger and the 2J(?*TI-2“Tl) obtained is only
slightly better. Second, the choice of the functional can be critical to compute 2J(**Tl-
203T]). BP86 (entry 3) is not a good option. The 2J(**TI-?%Tl) obtained with BP86
functional has an error higher than those obtained with the PBE (entry 1). As
mentioned, the JPLC basis set was implemented for spin-spin coupling calculations.
However, in our case this basis set (entries 5 and 6) does not improve the result. We
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believe that error is due to the fact that JPLC is not implemented for W atoms and the
Fermi Contact is not well reproduced.

Table 5. 5. Computed 2J(%°TI-?®Tl) coupling constants, for non-protonated [Tl{B--SiWsOsi}]"" with
different methodologies.?

Entries Methodology 2J(205T]-203T])

1 TZP/PBE//TZ2P/OPBE 7845
2 TZ2P/PBE//TZ2P/OPBE 7230
3 TZP/BP86//TZ2P/PB86 8671
4 JCPL°/PBE//TZ2P/OPBE 9364
5 JCPL<//PBE//TZ2P/OPBE 9200
6 JCPL<//PBEQ//TZ2P/OPBE 13867

Experimental 2700

a) 2J(%°TI-?%Tl) in Hz. b) TZP were used for all the atoms except for Tl. ¢) TZP were used for all the atoms
except for Tl and O.

It is worth mentioning that likely present calculations slightly overestimate the 2J(*%°Tl-
203T) constant. For example, for the organometallic complexes like [TIOCH:Me3)ls, for
which a 2J@E®TI-®3Tl )= 2540 HZ®? was reported, we computed with the
JCPL//PBE//TZ2P/OPBE  methodology a wvalue of 3305 Hz and with
TZP//PBE//TZ2P/OPBE methodology a value of 2552 Hz. For complexes like,
Tlo[Aryl2P4], for which a 2J(**TI-23T| )=12000Hz"" was reported, we computed values of
~15000Hz and =19600 Hz with TZP//PBE//TZ2P/OPBE (+ JCPLC for Tl atoms) and
TZP//PBE//TZ2P/OPBE methodologies, respectively.

5.5. Conclusions

We have structurally and electronically characterized the TIx(SiWsg),. We have shown
that the optimized geometry reproduces correctly the X-ray geometry. Moreover, we
studied the most likely positions of the two protons in solution. In solid state, these
protons are linked to Oc because of Oxand Ogare blocked by direct interactions with
countercations, making Oc the most favorable site to be protonated. In solution, the
protons can be mobile and the relatively low energy differences obtained for different
di-protonated anions supports this hypothesis. Moreover, we have determined NMR
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parameters. The calculated 2Tl chemical shifts are really well reproduced with DFT
methodology. We have also computed different di-protonated Tl2(SiWs), and we have
shown that 2*T| chemical shifts values do not depend much on the protonation. In the
case of spin-spin coupling, however, there is a large difference between calculated and
experimental 2J(®TI-?%T]) values. The 2J(*®TI-?%*Tl) values depend so much on the
protonation meaning that if there exist different di-protonated anions in solution we
would need to consider more than one calculated 2J(%TI-?%*Tl) value and make a
weighted average of those values in order to compare with the experimental one.

On the other hand, we have tested different methodologies to reproduce the 2J(**Tl-
203T]) just for being sure that such difference between experimental and calculated
2J(2°5T1-293T1) values was not due to methodology limitations. All the results obtained so
far, even with those basis set optimized for NMR calculations, show large deviations for
the 2J(2°TI-2Tl) of the non-protonated [TIx{B-5-SiWsO31}.]"* compared to experiment.
We are currently working on this project.
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PARTII

POMs Reactivity

The reactivity of POMs is a widely studied research area, which is derived from the
amazing structural diversity and the diverse range of physicochemical properties of this
family of compounds. The Part Il is focused on H: evolution reaction by a covalent
iridium (lll)-photosensitized polyoxometalate (POM) in the presence of acid and a
sacrificial electron donor, and protonolysis reaction of Keggin and Lindqvist-type
POMs. In both projects we have determined the possible reaction mechanism, studied
the intermediates of the reactions and analysed some properties related to the
intermediates. The last part of chapter 7 includes some experimental work. The reader
will find all these projects in Part Il of this thesis.
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CHAPTER 6

Photochemical H, Evolution by an Iridium(lll)-
photosensitized Polyoxometalate

Many polyoxometalates have the ability to capture several electrons with minor
structural or stability changes. In aqueous solution, only highly reduced forms of
common POMs are able to reduce protons to H; but, in less polar organic solvents
such as DMF, their electrons can be released in the presence of acid generating H..
This idea was applied by Matt et al. (Energy Environ. Sci. 2013, 6, 1504)" to design a
covalent Ir(lll)-photosensitized polyoxometalate (POM), capable of efficiently evolving
Hz in the presence of excess acid and a sacrificial electron donor. The stepwise
mechanism of visible light harvesting, formation of the charge-separated species and
proton reduction has been analysed with density functional theory and time-
dependent-DFT. Herein, calculations tackle photochemical and electrochemical
aspects of this complex reaction, shedding new light into the intricate process of
photoinduced H:evolution assisted by hybrid POMs.

6.1. Introduction

The efficient solar light-driven photochemical generation of fuels such as H: is a highly
interesting topic and still a scientific and technological challenge after decades of
research.?'@ Many organometallic complexes made of cobalt, nickel, iridium or
ruthenium have been used as molecular catalysts for photochemically- and
electrochemically-driven H, evolution."¥ In the case of the environmentally friendly
photochemical reactions, it is established that H, evolution relies on the formation of a
photoinduced electronic charge separation with a suitable lifetime to permit further
electron transfer."" In addition, the catalyst has to be able to use these
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photogenerated charges to produce the chemical fuel as a major reaction outcome.!"
One of the greatest challenges is the integration, in a single molecular framework, of
individual subunits able to bring together all these events. In the search for innovative
materials for the photochemical production of fuels, POMs have attracted the attention
of several research groups due to their unmatched chemical and structural versatility.l?*-
21 POMs are early transition-metal oxide clusters, most of which possess the ability to
accept several electrons in a stepwise fashion,® in a number and at potentials that
depend on their size, charge and composition.?*#*l Reduced POMs have been tested
in electrochemical assisted catalysis,??®) making them promising candidates for the
development of artificial photosynthetic devices.*” In recent years, the photochemical
reduction of protons to Hzhas been a field of discussion.!"?!

Some studies®**¥ showing that reduced POMs evolve H; via a photochemical process
involve either strong UV light irradiation or the presence of a co-catalyst. However, in
the last years, some reports have shown that visible light can also drive Hz evolution
aided by POM compounds.I'**41 Artero, Izzet and co-workers!" showed that a covalent
Ir(lll)-photosensitized derivative of the Wells-Dawson POM structure (denoted Dsi[lr] in
short) in the presence of a sacrificial reducing agent (N(CH>CHs)s, or NEts) leads to
efficient photoreduction of the POM fragment. Successive formation of the one- and
two-electron reduced species was observed. Moreover, the system shows
photocatalytic hydrogen evolution under visible light (hv) without a significant loss of
performance over 1 week of continuous photolysis following the formal global
reaction:

Dsilr] + 2H* + 2NEt; (+hv) — Dg[lr] + Hy + 2NEt;™ 6. 1)

Figure 6.1a presents the reaction conditions reported in ref. 1 and the structure of the
photoactive POM-based hybrid, Dslr]. It consists of an iridium(lll)-containing double
organosilyl antenna covalently linked to a Wells-Dawson-type POM compound
depicted in blue. This system was efficiently synthesized by coupling a neutral unit
made of Ir(lll) bearing two 2-phenylpyridyl ligands (noted below as either ppy or (CAN))
and a pyridylcarboxylate ligand (noted below as either pic or (O~N)).

The proposed mechanism of POM photoreduction, schematically shown in Figure
6.1b, starts by light excitation of [Ir] leading to a charge-separation state. The electron
is transferred from the m*[(O~N)] orbital to a low-energy tungsten-like POM orbital [1'].
Meanwhile, the trimethylamine (TEA) acts as a sacrificial electron donor, that is, the [Ir]*
is reduced by the electron released by TEA. We assume that the active species
responsible for the oxidation of the TEA is more likely the oxidized photosensitizer in
the charge separation state rather than the excited form of the photosensitizer itself.
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As shown below, the extra electrons in [2] and [3] are delocalized over the tungsten d
orbitals of the POM framework.

N |
(o]

| |
[ O\rj (\”@
o ;"‘J ) ZNfo o ;"‘J

500 equiv. AcOH
NEt;

Solvent: DMF

0>!'\N )

e
AO\

(1] [y (2] 3]

Figure 6. 1. Overview of the Hz evolution process. The blue framework is the Wells-Dawson POM fragment
with two silicon atoms, Ds, and the organometallic fragment is the antenna, [Ir]. (a) Structure of the
photosensitized POM species (Dsilr] or [Ir]-POM) and reaction conditions reported in reference 1. Real
denotes the real structure of the [Ir] chromophore (two equivalent antennas) and Rmodel shows the model
used in the calculations. (b) Structure and labeling of the relevant species involved in the generation of the
possible activated complex [3].

The present DFT study examines the electronic structure of the [Ir]-POM system [1] and
the intricate photoinduced stepwise H: evolution process reported in ref. 1. The
characterization of the electronic structure and the knowledge of the associated
properties of the reactants, intermediates and products is carried out. Also, time-
dependent-DFT (TD-DFT) is applied to study the electronic transitions taking place in
some of the systems upon visible-light irradiation. DFT is the most widely used
computational method for the study of redox*? and other properties of POM."?!
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6.2. Computational Details

DFT calculations were carried out using the ADF 2013 package.*# Geometry

optimisations of the transition states were first performed with the Quantum-regions
Interconnected by Local Descriptors (QUILD) program, which acts as a wrapper around
the ADF program.*’-*8l The exchange and correlation GGA functionals of Becke and
Perdew (BP86) were employed to optimise all the equilibrium and transition state
geometries.? %9 Relativistic corrections were included by means of the Zeroth Order
Regular Approximation (ZORA) formalism.P™3 Dispersion corrections were also
incorporated (D3 method by Grimme).”" Solvent effects in ADF calculations were
included via the conductor-like screening model (COSMO).5* >4l Slater-type basis sets
of triple-CT + double polarization (TZ2P) quality were used to describe the valence
electrons of Ir, N, O, C, H, P .and W. The following frozen cores were employed: 1s for
C. N, O; 1s-2p for P; 1s-4d for Ir and 1s-4f shells for W, described by means of single
Slater functions. TD-DFT calculations were performed using the Gaussian 09
programP’l with the B3LYPP® functional and a 6-31G** basis set (LANL2DZ
pseudopotentials® for W, P and Ir atoms), and using the Polarizable Continuum Model
(PCM) for the solvent effects.l¢”

6.3. Results and Discussion

The computational findings are based on model [1] and its derivatives. The structure of
[1] is based on Ds[lr], the only difference between both being the replacement of one
of the two equivalent [Ir] regions by H (see Figure 6.1a). Preliminary calculations on the
full structure revealed that the two antennas are totally equivalent and independent,
by virtue of the pairs of degenerate and chemically analogous orbitals associated to
them. Thus, the target reaction can take place at the same time at each antenna
separately, a case that our model holds. This approach simplifies our study without
changing the general conclusions of the work.

6.3.1. Electronic Structure and Photochemistry

This section presents the electronic structure of the Ir-POM complex and the species
generated upon light absorption. The correct understanding of the photochemical
processes taking place in [1] requires a general view of its electronic structure, shown
in Figure 6.2 as a molecular orbital sequence. It is composed of two distinctive and
independent parts, one consisting of orbitals related with the organometallic fragment
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(Ir-ligand), the other related with the inorganic metal-oxide framework (POM). This
separation is respectively symbolized as the left- and right-hand halves of Figure 6.2.
The occupied frontier orbitals of [1] (HOMO, HOMO-1 and HOMO-2) have
n[lr+(CAN)] nature, whereas the empty ones (LUMO to LUMO+4) are localized over the
POM framework as combinations of d(W)-like orbitals. The higher-lying LUMO+6 is a
m*(O~N) orbital, which is the first unoccupied orbital localized over the [Ir] region.

Ir-Ligand POM

LUMO+31 - -2.35
1
.
. 1
THCAN) o
+ i
nllr+(CAN)] “
T3
L

LUMO +6 +——— -2.97

\\
\\\ [—
.
T(OAN) A \\\
'\
LUMO —— —4.26

HOMO =O-O= -4.76

-O-0-
2 llr+CAN)] :

HOMO-14 =O-O= -6.55
-0-O-

Figure 6. 2. Electronic structure of compound [1] represented as orbitals and electrons (circles). The
energy levels (values in eV) on the left and right columns correspond to the organometallic antenna and the
POM, respectively. The 3D orbital images are those labeled in the scheme. The solid and dashed orange
lines represent the processes of light absorption and electronic relaxation, respectively, to produce the
charge separated system [1'].

The central importance of the electronic transitions in the present study motivated the
following TD-DFT calculations and analysis of [1]. The leading transitions simulated
corresponding to [1] irradiated by a continuous visible-light irradiation (400 nm < A <
800 nm) are represented in Figure 6.3. The most probable electronic transition in the
low wavelengths region (300-500 nm) was computed to take place from HOMO to
LUMO+31 with an energy of 2.94 eV (see Figure 6.2)."! The band in the spectrum of
Figure 6.3 has an oscillator strength f = 0.056 and has been characterized as a
Metal to Ligand Charge Transfer (MLCT) localized on the iridium chromophore, n
[Ir+(CAN)] = * [(CAN)]. The [Ir+(CAN)] orbital has a mixed character of the (CAN)
ligand orbital and a non-bonding orbital of the Ir atom.¥? The fate of this excited
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state can take two routes: decay to the original ground state, or evolution to a
second (lower energy) excited state in which the electron decays from LUMO+31 to
LUMO+6, which acts as a channel for the electron, and finally to LUMO, the latter
being localized in the POM framework (Figure 6.2). Overall, this is an [Ir] = POM
charge migration process promoted by light irradiation, which requires 1.0 eV, leading
to the charge separated species [Ir]*-POM-, or [1].¥?] These findings are in good
agreement with the experiments by lzzet and co-workers, who proposed an initial
excited state analogous to our most probable transition. Subsequently, the sacrificial
reducing agent, NEts, restores Ir(lll), yielding the one-electron reduced species [2] ([Ir]-
POM).

0.8 A

0.6 1

Absorbance

04 A

0.2 A

2.82eV
2.61eV

HE

300 400 500 600 700 800 900

A (nm)

0

-0.2

Figure 6. 3. Computed UV-vis spectrum for compound [1]. The main electronic transition A is schematically
represented in Figure 6.2.

Table 6. 1. TD-DFT prediction of the most intense electronic excitations of compound [1] in the 400 nm <
L < 800 nm range. The transition energies, wavelengths, oscillator strengths and character are listed.

Oscillator
Label® E (eV) A (nm) strength (f) Main character®
D 1.97 627 0.0295 POM:p(O) — POM:d(W)
C 2.61 474 0.0127 POM:p(O) — POM:d(W)
B 2.82 439 0.0136 POM:p(O) — POM:d(W)
A 2.94 422 0.0564 plir+(CAN)] — p*[Ir+(CAN)]

*Labels correspond to the transitions indicated in Figures 6.3 for compound [1]. ®Only the transitions with

more than 20% contribution are considered.

At high wavelengths (lower energies), the absorption bands of [1] are characterized
by POM transitions, which are oxygen to metal charge transfer bands (bands B to D in
Figure 6.3). The leading transitions are listed in Table 6.1. In summary, the most
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probable electronic excitation is the MLCT on the [Ir] fragment with an oscillator
strength f = 0.056 at 422 nm (transition A). The oscillator strength of transition D is
somewhat larger than expected at the DFT level (it is well known that LMCT transitions
are weak in oxidized POMs). This may originate in an overestimated orbital overlap
computed by typical functionals when the implicated orbitals share the same region of
the molecule.

The next stage of the process yields [2] after NEts has restored the initial oxidation
state of iridium. Then, excitation of the [Ir] complex takes place in an equivalent fashion
as in [1], forming the second charge-separated state. Since the region of the molecule
involved in light absorption is the same as in [1], the orbitals related with this second
excitation are analogous to HOMO and LUMO+31, shown in Figure 6.2. From the
excited state, the second charge transfer from [Ir]* to POM™ and another one-electron
reduction of the complex gives the two-electron reduced species [3] ([Ir]-POM?).
Present calculations show that the reduction of [Ir]* by TEA is slightly exothermic (-0.14
eV). Moreover, the energy required for leading to complex [2] is 0.86 eV (Eq. 6.1). The
reduction process (Eqg. 6.2) is more difficult (1.20 eV) than the first one, as expected.
Therefore, the calculations are inline with the electrochemical measurements, that is,
the first one-electron reduction is 0.34 eV easier than the second one-electron
reduction in mild conditions.

[1] + NEt; = [2] + NEt;" AE=0.86 eV (6.1)
[2] + NEt; — [3] + NEt;™ AE=1.20eV (6.2)

In Figure 6.4, the spin densities of the charged-separated [1]" and the lowest doublet
[2] are shown. The former has one unpaired electron localized over the equatorial
region of the POM framework and the other electron localized in [Ir]. In [2], one
electron is delocalized over the tungsten atoms of the POM.

Figure 6. 4. Spin density representation (isosurface for p = 0.03) for the charge-separation state [1'] (left)
and the lowest doublet state for compound [2] (right).



UNIVERSITAT ROVIRA I VIRGILI
Computational Modelling of Polyoxometalates: Progress on Accurate NMR Characterization and Reactivity
Magda Pascual Borras

122 CHAPTER 6. Photochemical H, Evolution with an Iridium(lll)-photosensitized POM

Reduction of [2] by irradiation and reduction yields [3], which sequence of molecular
orbitals is shown in Figure 6.5. The only apparent difference between [1] and [3] is that
the latter has two extra localized and paired electrons in the POM framework. The
HOMO (corresponding to the LUMO in [1]) is a d(W)-like orbital, the next occupied
orbitals having m[lr+(CAN)] character. The lowest four unoccupied orbitals have very
similar character to the HOMO, thus being also localized over the POM. The higher-
lying LUMO+4 is a m*(O~N) orbital, which is the first unoccupied orbital localized over

the [Ir].
Ir-Ligand POM
LUMO+15 -2.41
T(CAN)
+
nir+(CAN)] LUMO+9 o=
—_— -, ” _—
”
”
LUMO+4 -2.94
B’ D
N LUMO -3.64
TOAN) c |
HOMO =O-O= -4.07
HOMO-1 =O-O= —4.76
00~
nllr+(CAN)]

Figure 6. 5. Electronic structure of compound [3]. Energy levels and circles represent orbitals and
electrons, respectively. Equivalently to Figure 2, solid and dashed blue lines represent excitation and
relaxation processes. Excitation A’ is shown although it is not the most intense one. Orbital energies in eV.

The two-extra electrons in the POM can also be excited by UV-vis light, whose
transitions are summarized in Table 6.2 with the highest oscillator strengths, and the
spectrum shown in Figure 6.6. The most probable transition (B: f = 0.09, 608 nm) is
HOMO — LUMO+9, which costs 2.04 eV, and implies d(W)-like orbitals only. Similar
excitations (C', D’) appear in a nearby range of energies with slightly smaller intensities
(Table 3.2). The bands in the electronic spectrum differ from those of [1], notably the
most intense band, which is characterized by POM — POM transitions in the 600-800
nm range of d(W)-d(W) dominant character. Additionally, the absorption bands in the
400-500 nm region are MLCT transitions localized on the iridium chromophore. As
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from [1], the most probable transition centred at the iridium chromophore appears at
2.94 eV (A"). It is worth saying that one could consider a direct transition from the
HOMO of [3] to the first [Ir] unoccupied molecular orbital, LUMO+4 (not drawn).
However, calculations show that this transition is unlikely (f = 0.0001, 570 nm),
probably explained by the near-zero overlap between both orbitals, making this
transition less relevant.

Absorbance

-0.2 T T T
300 400 500 600 700 800 900
A (nm)

Figure 6. 6. Computed UV-vis spectrum for compound [3]. The main electronic transitions, A’ to D', are
sketched in Figure 6.5.

Table 6. 2. TD-DFT prediction of the most intense electronic excitations of compound [3] in the 400 nm <
A < 800 nm range. The transition energies, wavelengths, oscillator strengths and character are listed.

Oscillator
Label? E (eV) A (nm) strength (f) Main character®
D’ 1.79 693 0.0655 POM:d(W) = POM:d(W)
1.92¢ 645 0.0281 POM:d(W) — POM:d(W)
C’ 1.96 623 0.0836 POM:d(W) — POM:d(W)
B’ 2.04 608 0.0943 POM:d(W) — POM:d(W)
A’ 2.94 422 0.0572 plir+(CAN)] — p*[Ir+(CAN)]

*Labels correspond to the transitions indicated in Figures 6.6 for compound [3]. ®Only the transitions with
more than 20% contribution are considered. “Not indicated in the spectrum.
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6.3.2. Basicity of the H. precursor

POMs can be protonated in acidic media, either in their fully oxidized state or
upon/after reduction, depending on their chemical nature, molecular charge and
size.[?* ¢3¢ Note that [3] is willing to protonation in the POM framework due to the two
extra electrons. Calculations can predict where the protons are more likely localized in
the POM surface. We computed the Molecular Electrostatic Potential map (MEP),
shown in Figure 6.7, as well as atomic charges and protonation energies at several
oxygen sites (Table 6.3). The results reveal that bridging oxygen sites have the largest
affinity to protons in the system. In particular, the equatorial bridging oxygens A and B
were found to be the most basic ones.

Figure 6. 7. Two views of the molecular electrostatic potential of the simplified model of two-electrons
reduced Dsi[lr] without one of the organometallic antennas, [3], used to assess the relative basicity of the
POM framework. This qualitative approach gives information about the most basic sites. Orange-red colours
identify the most nucleophilic regions and green-blue colours denotes less nucleophilic or electrophilic
regions. The most nucleophilic sites of the system are bridging oxygens located in the POM framework. The
protonation energies and atomic charges of the labelled sites are explored in Table 6.3.

Table 6. 3. Protonation energies® and atomic charges for the labelled oxygens of compound [3] (see
Figure 6.7). MDC-q and Bader correspond to different methodologies to obtain atomic charges.

Oxygen site Energy?® Atomic charges

MDC-q Bader
A -28.3 -0.8451 -1.1048
B -28.4 -0.8440 -1.1042
C -19.3 -0.8195 -1.1120
D -22.2 -0.8116 -1.0944
E -22.6 -0.8116 -1.0941
F -18.7 -0.8073 -1.1101
G -19.1 -0.8125 -1.0957
H -21.6 -0.8295 -1.0904

*Protonation energies (in kcal-mol”) calculated for the reference compound (without the two organometallic
antennas) and following the reaction: Ds; (2e™-reduced) + HsO" — Dsi[Ir] -H* (2e-reduced) + H.0O
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The protonation energies from Table 6.3 show that the most basic sites of the two-
electrons reduced Dy are A and B. The atomic charges also follow the same trends.
Therefore, we have also computed reactions 6.3 and 6.4 for compound [3], where
CH3;COOH and H3O* are taken as source of protons, respectively. Reaction 6.3 only
needs 2.4 kcal-mol™', whereas reaction 6.4, is exothermic by -27.1 kcal-mol™. Thus from
now on we consider that [3]-H" is protonated by the presence of free H;O".

[3] + CH3COOH — [3]-H* + CH3COO™ (6.3)
[3] + H3O" — [3]-H" + H0 6. 4)

For a better estimation of the protonation energy, we have calculated the Gibbs free
energy following the scheme applied by Lépez et. al.?* for the accurate calculation of
that energy. Following the same method from [P,W15Qe2]® to reach [HP2Wi5Oe2]’ in
DMF media, we have obtained a protonation energy of -24.94 kcal-mol”, considering
HsO* as a source of protons. The electronic energy of the same process is -28.46
kcal-mol”, rather close to the one obtained for compound [3] (see reaction 6.4), thus
one can note that Gibbs free energies (which take a long time to obtain) are
comparable to electronic energies in such systems. Moreover, for comparison
purposes the Gibbs free energy of the protonation process in HO media have been
calculated. Expectedly, the value obtained is -16.95 kcal-mol”, less exothermic since,
in aqueous, solution the charged species are more stable than in DMF, the protonation
being less favoured in H,O than in DMF. We have also considered the protonation of
[1] and [2] but the associated reaction energies are highly endothermic.

6.3.3. Redox Properties and H; Evolution

Additional points related with the photocatalytic H, evolution by confronting different
energetic arguments are addressed. The reduced POM [3] being the activated species
that ultimately catalyses H, evolution is assessed.

Structure [1] derives from the fully oxidised [P2W150¢2]> POM, which features a LUMO
at —4.42 eV computed in H2O medium. This deep value explains the computed
Reduction Energy (RE) = -4.32 eV, in complete agreement with the first pH-
independent redox process measured (0.04 V vs SCE).®” The second redox wave is
also pH independent. The considerable stability of the 2e-reduced [P2W:gOs, 2e]®
anion does not favour H; evolution in mild acidic aqueous conditions since the redox
potential necessary for 2H* + 2e™ — H; cannot be thermodynamically compensated by
the oxidation of [P,W150¢2 2€]®, demonstrating that [P2W150s,]® is a stronger oxidant
than H*. So, a catalyst-free solution with H* and P;W;s would not produce H: unless (a)
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the POM is highly reduced or (b) the pH is extremely acidic so that the ®(H*/H.) gets
sufficiently positive, following the Nernst equation, to remove the electrons
accommodated in the reduced POM.

The liquid bulk (solvent + other species) greatly determines the redox behaviour of
molecules, a fact that can be used to promote or impede reactions at will. For ionic
species such as POMs, reduction in organic solvents is less favoured than in water,
evidencing the limited ability of poorly polar media to stabilize anions. Calculations
driven on [P2W1g0¢2])¢ in DMF and H,O attest this fact (see Table 6.4 ), which are
supplemented with measurements and calculations for [PW:1MoOu]* and
[SiW11M0Qu]*#"! The reduction energies (REs) and LUMO energies obtained for this
series in two solvents show that REs of all species get more positive (RE shift > 0) when
H2O is replaced by DMF. It also arises that the compounds with higher negative
charge densities experience larger RE shifts. The LUMO and RE for the reactant
compound [1] match the values for the bare [P2W:s042]* system, revealing that the
inorganic fragment in [1] keeps its chemical identity. The major difference is the more
accentuated RE shift of +0.33 eV in [1] vs. [P2W150¢2]*. So, the reducing power of
electron-rich POMs (provided they can be obtained) is enhanced in DMF. For the
isostructural [XW11MoQuo]™ Keggin derivatives, the increment of one charge unit as P is
replaced by Si produces larger differences in the redox properties between H,O and
DMF (RE shift (P) = +0.08 eV, RE shift (Si) = +0.16 eV). For P,W130¢]%, the change
upon solvent replacement is even enlarged (+0.19 eV). The corresponding LUMO
energies previous to reduction clearly explain the RE values. Analogous experimental
measurements have shown how POMs modify their redox potentials by moderate to
large extents upon solvent replacement owing to their anionic nature.”’) It must be
mentioned that calculations follow the observed trend.

Table 6. 4. DFT computed LUMO and 1e-reduction energies® (RE) for selected POM compounds showing
the effect of solvent replacement.

H20 DMF
LUMO RE LUMO RE RE shift
[P2W18Oe2]* -4.42 -4.32 -4.27 -4.13 +0.19
[1] -4.45 -4.42 -4.26 -4.09 +0.33
[PW11MoQOuq]* —4.65 -4.62 -4.59 -4.54 +0.08
[SiW11MoOao]* -4.40 -4.41 -4.28 -4.25 +0.16

*Values in eV. Recall that, formally, RE = —®.
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Multi-electron reduction of [1] is a key step. In DMF, present calculations reproduce
the trend of the cyclic voltammograms (see ref. 1) without and with excess AcOH. For
the first reduction, with an observed potential shift of 60 mV, we consider that no
protonation takes place, the shift coming from the bulk properties of the solution.
Owing to the considerable potential shift of 280 mV observed in the second reduction
of [1], the presence of acid was assumed to originate in protonation of the 2e-reduced
species. Hence, the difference between adding the second electron to [1] when excess
acid is present or not reveals that the protonated species is 150 meV easier to reduce
than the unprotonated one, in qualitative agreement with the experiment, evidencing
that the second reduction is associated with protonation of the POM. The
computational overestimation may arise from an oversimplified computational model
including no excess AcOH in the bulk, only the proton attached to the POM.

Ir—H—

water DMF

Figure 6. 8. The I-POM? complex in solution. Electronic structure of the reduced active form in water and
DMF. Due to the anionic nature of Ir-POM, the molecular orbitals are found at more positive energies in
DMF. The energy of the empty orbital of H" is much less sensitive to the nature of the solvent.

In the catalytic cycle represented in Figure 6.9, the initial energy gain of the complex
upon light absorption is larger than ~1.5 eV (400 nm < A < 800 nm), which is the
energy required for excitation of the iridium chromophore and the necessary amount
to overcome the energy requirements of the whole reaction. With some probability,
the excited electron in the [Ir]* region will hop to the POM framework to generate the
charge-separated [Ir]*-POM™ form (step 2). This process can occur again to give [Ir]*-
POM?% (step 2'). In DMF, the extra electrons in the reduced POM- and POM?#
compounds are less stable than in water solution, as mentioned, and their energy
approaches the amount of energy necessary to reduce H*. It is represented in the
oversimplified step 3 of Figure 6.8, with a reaction energy strongly depending on the
actual source of protons.
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H+
POM2Z-
Y2 H

hv 2 Ir* /2 2
2x(Ir o 1y 1
POM | I*+POM — Ir* + POM- 2
Ir + POM~ — Ir* + POM2- 2
POM?2- + 2H* —= POM + H, 3

21r 21t O, =hv=2eV

D, = G(POM/POM") — d(Ir*/Ir)
=-07V-(-2V)=13V 20 spontaneous
. ®, = O(POM/POM?2") = &(Ir*/Ir)
+ 2
2 NEt3 2 NEt3 =-09V-(-2V)=11V 20 spontaneous

®; = ®(H*/H) — d(POM/POMZ")
=-0.03V-(-0.9V)=0.9V 20 spontaneous

Figure 6. 9. Schematic diagram of Hz evolution with the I-POM complex in DMF and excess acid with
NEts as the sacrificial reductant. The approximate electrochemical requirements of the various steps of
process (1-3) are given. POM?Z = [3].

The thermodynamics of the 2H* + 2e — H, step is crucial. For a complete theoretical
understanding of this process, a well-defined source of H* must be known, but it is not
the case in this study. Trying to clarify this, calculations in DMF reveal that direct
reaction of the 2e-reduced [3] with AcOH or NEt; as proton sources to produce H; is
not favoured (> +20 kcal mol™). On the other hand, if H;O" was present in the solution,
reaction with [3] would spontaneously generate H; (-35.8 kcal mol™). That being said,
HsO* is expected to exist in DMF only if abundant moisture from the added AcOH is
present and, thus, the acid is partially dissociated.

Going into more detail, species [3]-H" is a probable electron and proton source for H
evolution, as suggested above in this chapter. From the results obtained on the
basicity of [3] and the thermodynamic allowedness of the protonated form, we can
consider the 2e-reduced monoprotonated POM species, [3]-H*, as the precursor of Ha.
The reaction energy of process 6.5 was computed in water and DMF media to check if
the previous arguments are solid, revealing a more favourable process in DMF (-8.7
kcal-mol™) than in water (0.4 kcal-mol”). Such dissimilar reaction energies bring to light
one of the greatest advantages of using DMF instead of water as solvent for H,
evolution.

[3]-H* + H3;O* — [1] + H,O + H; (6.5)
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At a purely electrochemical level, taking the experimental redox potentials in DMF (vs
SCE), which are -0.9 V for the second reduction wave of Ds[I]" and -0.03 V for proton
reduction (estimated from measurements with the Fc™° electrode),®® H, evolution is,
step by step and overall, a favourable reaction from a thermodynamic point of view.
Considering the simplest model, namely the bare H* surrounded by solvent,
calculations indicate that the empty orbital of H* is placed at a rather constant energy
of 0.7 eV both in DMF and H.O, matching the stable ®(H*/H;) reduction potential
measured in both solvents.’® On the other hand, the differences in redox behaviour of
the Dawson species in H,O and DMF are notable. In the 2e-reduced Dawson species,
the highest occupied orbital lays at ca. 3.7 eV in DMF, considerably above in energy
than in H,O, where it is below -4.0 eV (see scheme in Figure 6.8). Thus, even if the
origin of H* is unclear, the process [3] + 2H* — [1] + H: is clearly enhanced in DMF.

Finally, we wish to remark that reduced hybrid POMs have been used for CO,
reduction, where a Re-organic decorated phosphotungstate Keggin cluster acts as
photo-sensitizer, electron reservoir and electron donor. ¥'¢2 ¢ We can not discard that
in parallel to the outer-sphere hydrogen evolution on the surface of the electron-rich
POM, a fraction of excited electrons return to the Ir centres as represented in Figure
6.6 (dashed line), and then a hydride species as the one represented in Figure 6.10 is
formed. Many organometallic complexes, which contain transition metals, can form a
hydride to produce molecular hydrogen.’®’¢ Such systems have focused a
considerable interest, and over the last fifteen years numerous homogeneous
molecular catalysts have been reported based on rare (Rh, Pd, Pt) or more abundant
metals (Co, Ni, Fe, Mo) combined to various molecular photosensitizer (PS) as metallic
complexes (Ru, Ir, Re, Os), porphyrins or organic dyes.¥) Some studies focus on
iridium(lll) as catalyst.76771 One of the most discussed mechanisms is the formation
of a metal hydride which can react with a proton, resulting in Hz. We have checked that
this species can evolve H; with relatively low energy barriers (<12 kcal-mol”), although
this hypothesis needs experimental confirmation. So, more studies are needed in this
direction.
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1

A / | H*-POM(2e-) POM(le-) / S
\7\/‘;;7\/ ° AL’ / 2.18r c T / \/_\/Jﬁ
HA hv ,, T
V 7/// l/ 7/[ l/ ‘ / /r g
e e r

Ir(IlT) Ir(I11)-L(1e-) H-Ir(111)

Figure 6. 10. An alternative process taking place at the organometallic fragment. Upon light irradiation of
species [3], one or both electrons located in the two-electron reduced POM region migrate back to the
antenna (first step), although this process is vaguely probable as TD-DFT calculations indicate (HOMO to
LUMO+5 excitation in Figure 6.6). If this occurs, protons in the media can have an increased affinity for the Ir
or the organic ligands surrounding it, and therefore Hz can evolve in this region of the complex (second part
of the mechanism). Color code for spheres: yellow-Ir, blue-N, red-O and pink-H.

6.4. Conclusions

A thorough DFT analysis on the photocatalytic Hz evolution reaction reported by Matt
et al. in ref. 1 is presented. We characterise the POM-based photosensitised reactant
and intermediate species formed during the reaction mechanism, discussing photo-
and electrochemical aspects. Calculations reveal that the two iridium-containing
antenna of the reactant are chemically independent, justifying the theoretical
simplified one-antenna model [1]. Electronic structure calculations show that the
orbitals involved in the processes described here can be clearly classified as antenna-
or POM-like upon their nature.

Photochemistry, studied with the TD-DFT formalism, confirm that, upon absorption of
UV-vis light by the reactant, the most probable electron excitation involves the [Ir]
chromophore localized in the antenna, with one electron transferred as mt [Ir+(CAN)] —
* [(CAN)]. Partial relaxation of the excited stated generated might populate a d(W)-
like empty orbital of the POM fragment, producing the charge-separated species. NEt;
restores iridium to its initial oxidation state. After two excitation + reduction steps, the
electron-rich species has extra electrons located in the POM fragment that might
eventually reduce H*.
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From the electrochemical point of view of the reaction, we have identified the orbitals
of the POM that are found at considerably more positive energies in DMF with respect
to aqueous medium, whereas the energy of the empty orbital of H* is not as
dependent on the solvent. Therefore, the POM# + 2H* — POM + H; electron transfer
is thermodynamically favoured in the reaction conditions, whereas in even very acidic
aqueous conditions it is not, being the solvent the key point favouring the process.
The energy of the hydrogen evolution process was computed in water and DMF media
to check if the previous arguments are solid, revealing a more favourable process in
DMF than in water. Such dissimilar reaction energies bring to light one of the greatest
advantages of using DMF instead of water as solvent for H, evolution. The intricacies
of the electron transfer from the two-reduced POM to H* is still an open issue in the
present conditions; deeper comprehension remains a challenge that may help
developing new systems with higher photocatalytic activity in this field.
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CHAPTER 7

Mechanistic Studies on Heterometallic
Lindqvist and Keggin-type POMs

The research project described in this chapter started in Dr. Errington’s group. They
studied the protonolysis of different heterometallic Lindqvist and Keggin structures.
Although all the compounds were synthesized, the different behaviour between
diverse heterometallic POMs could not be easily explained. This motivated us to start
a collaborative study on the mechanism of protonolysis taking place on different
POMs. In the end, we have found a consistent explanation based on DFT calculations
of why and how the reactions take place for different heterometallic molecules. At the
end of the chapter, some experimental work related to the protonation of
heterometallic Lindqvist POMs is reported.

7.1. Introduction

POMs are unrivalled in their chemical and structural diversity and provide a versatile
platform for nanoscale molecular metal oxide science, but their rational synthesis with
a pre-determined composition remains a major challenge. This fundamental capability,
essential for the further development of POM chemistry, involves the following main
approaches: (a) aggregation of small molecular precursors, (b) direct functionalization,
i.e. reactions in which oxido ligands of the POM are replaced with other ligands
without altering the metal-oxide structure and (c) incorporation of electrophilic groups
into lacunary species.

Heterometallic POMs are of particular interest and they provide a unique opportunity
to study the reactivity of isolated heterometal sites linked to a matrix of another metal
oxide at the molecular level and, hence, to establish a basis of understanding for the
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activity of a mixed oxide catalyst. One of the interests of heterometallic species is
found in catalyst supports and soluble analogues of extended solid oxide materials.!"!
Heterometallic POMs are potential models for heterogeneous catalysts in which an
active metal site is supported on or within another metal oxide matrix.

Tungsten oxide supported on titania (TiO2) was reported to be a solid acid catalyst
with redox and photocatalytic activity.*® Titanium-substituted polyoxotungstates offer
an opportunity to elucidate features of the reactive sites in these materials, just as
titanium-substituted Keggin-type POMs have provided mechanistic insight into
titanium-catalysed H.O,-based oxidations.

One of Errington’s group interests is the non-aqueous chemistry of POMs.
Consequently, they have developed different syntheses of these molecules in such
media.'""® As a part of their programme to develop the metalorganic chemistry of
POMs, they have studied the basic structural units of group VI Lindqvist-type
hexametalates [M¢O15]> (M = W, Mo). Metathesis of oxide ligands in [Mo¢O15]> has
been achieved in reactions involving a range of organic reactants.'’?% However, the
tungstate species, [WesO19l%, is inert under similar reaction conditions. The limited
reactivity of these hexametalates has been ascribed to their low surface charge density
and many of the reported organic derivatives have been prepared by indirect routes
such as from [WOu]* or [Mo,05]%.

A good way to design a reactive Lindqvist-type hexametalate is the replacement of MV
in the relatively inert [M¢O1]* (M = W or Mo) by a lower-valent metal, thereby
increasing the charge density at the surface of the resulting heterometal species,
[M'\Ms.O19]™. The problem with this type of compounds is that they are usually
disordered in the solid state, making their real structure and reactivity difficult to
establish. The introduction of a {M'L}* unit instead of [M'=0O]*", where x < 4, with a
sufficiently bulky L ligand to prevent the disorder, is a procedure to solve the problem.
This approach was first attempted by Klemperer?'-?? and subsequently by Yagasaki.l?*
21 Errington’s group has since developed a wide range of chemistry for this type of
substitution."®" Their strategy to expand the metalorganic chemistry of POMs has
been to target heterometalates [LM'MsOqg]™, which not only have a higher surface
basicity than the parent [MsO19]* but also possess labile M'-L bonds, permitting
reactivity at the heterometal site. By employing a non-aqueous approach, they
reported the alkoxide-substituted tungstate derivatives [(RO)M'WsO15]™, where M = Ti,
Zr, Hf, Sn and n = 3; M’ = Nb and n = 2, and molybdates [(RO)TiMosO1s]* derivatives.
These studies revealed that there exist subtle differences in the protonolysis behaviour
of the M’-OR group depending on the nature of M’ and the {MsO1g}*" lacunary oxide.!"”!



UNIVERSITAT ROVIRA I VIRGILI
Computational Modelling of Polyoxometalates: Progress on Accurate NMR Characterization and Reactivity

Magda Pascual Borras

PART Il: Reactivity of POMs | 139

Herein, we report a computational study to investigate (a) the effects of different
lacunary oxide ligands {MsO1g}* on the protonolysis of the M’-OR bond and (b) the
effects of different M" on the hydrolysis of heterometallic Lindqgvist, [[RO)M'WsO1g]™,
and Keggin, [[RO)M'W1;03]™, polyoxotungstates.

In the last section of the chapter an experimental protonation study of heterometallic
tungstate dimers is reported. This study provides an understanding their behaviour
towards electrophiles in reactions that are producing a new family of functionalized
POMs, where they act as chelating or pincer ligands.

7.2. Methods

7.2.1. Computational Details

DFT calculations were performed on a series of compounds using the Gaussian 09
suite of programs.® The minima (reactants, intermediates and products) as well as
transition states were obtained using the B3LYP hybrid functional® 2! with a 6-31G**
basis set. For heavy elements, we used the standard double-zeta basis set with LANL
pseudopotentials of Hay and Wadt.® Transition states were identified by the
characteristic calculation of Hessian matrices with only one imaginary frequency
corresponding to the reaction coordinate. The calculations include solvent effects by
means of the polarizable continuum model (PCM?%) to simulate the effects of
acetonitrile.

7.2.2. Experimental strategy

All reactions and manipulations were carried out under an atmosphere of dry, oxygen-
free nitrogen in screw-top flasks fitted with PTFE screw valves using Schlenk and dry-
box techniques.*% Hydrocarbon and ether solvents were dried over and distilled from
sodium benzophenone ketyl, acetonitrile was dried over and distilled from calcium
hydride and methanol was pre-dried over 3A molecular sieves and distilled from
magnesium methoxide immediately prior to use. 10% 'O-enriched water and
deuterated acetonitrile were purchased from Goss Scientific Instruments, and the latter
was degassed and stored under nitrogen over calcium hydride or 3A molecular sieves.

Infrared spectra were recorded from powders on a Varian 800 FTIR spectrometer using
a single reflectance ATR attachment. NMR spectra were recorded on a Jeol ECS 400
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spectrometer operating at 399.78 MHz ('H), 100.5 MHz (*C) or 54.20 MHz ('’O). NMR
spectra were referenced by sample replacement to SiMe, ("H and *C ) or water (7O).

7.2.2.1. Preparation of (TBA)s;[(MeO)TiWs01s]

(TBA)WO, (2.73g, 3.74 mmol) and Ti(OMe)s (0.26 g, 1.49 mmol) were dissolved in
MeCN (25 mL) and heated at 90 °C for about 2h. WO(OMe)s (2.82g, 8.691mmol) was
dissolved in MeCN (25mL). The resulting solution of WO(OMe), was transferred via
cannula into the former solution. The mixture was heated at 90 °C for 10 minutes
before adding "O-enriched H,O (380 pL, 21.07 mmol). The mixture was heated
overnight at 90 °C. After cooling to room temperature the volume was reduced by 30
% under reduced pressure. Crystals of (TBA),[WsO1s] formed at room temperature were
filtered off and dried in vacuo. The filtrate was further reduced by 50% and cooled to -
20 °C. Crystals formed were filtered, washed with diethyl ether (3 x 5 mL) and dried in
vacuo to give the desired product. Clean spectra were obtained from ONMR and 'H
NMR spectroscopy.

7.2.2.2. Hydrolysis of (TBA);[(MeO)TiW501s]

(TBA)3[(MeO)TiWs501g] (0.6 g, 0.3 mmol) was dissolved in MeCN (15 mL) in a Schlenk
flask. 7O enriched H,O (30 ul) was added and the mixture was heated overnight at 90
°C. The white product remaining after removal of the volatiles was recrystallized from
MeCN (3.5 mL) and Et,O (9 ml) to give crystalline solids were which were washed with
diethyl ether (9mL) and dried in vacuo. The crystals were characterized by IR and 7O
NMR spectroscopy.'"

7.2.2.3. Protonation of (TBA)¢[(p-O)(TiWsO1s).]

(TBA)6[(u-O)(TiWs01g)2] (40 mg, 0.01 mmol) was dissolved in MeCN (0.3 mL) in an NMR
tube. A solution of HBF4.Et:O (0.14 M) was prepared in MeCN, and aliquots were
added to the solution in the NMR tube. The reaction was monitored by 7O NMR
spectroscopy.

7.2.2.4.Preparation of (TBA);[CITiW501s]

(TBA)[(MeO)TiWs501g] (1.51g, 0.75 mmol) was dissolved in MeCN (15 mLl) in a Schlenk
flask and cooled in an acetone/liquid N bath. In another Schlenk flask MesSiCl (95 ul)
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was dissolved in MeCN (10mL) and cooled in an acetone/liquid Nz bath. The solution
of MesSiCl was transferred via cannula into the former flask. The mixture was left
overnight with stirring during which time the solution finally became clear. The product
remaining after the removal of volatiles was washed with diethyl ether (3 x 5 mL), dried
in vacuo and recrystallized from MeCN (7 mL) at -20 °C. Crystals formed were filtered
and dried in vacuo to give the desired product. Clean spectra were obtained from 7O
NMR and 'H NMR spectroscopy.

7.2.2.5.Synthesis of (TBA)4[(TiWsO01s)2]

(TBA)3[CITiWsO1g] (0.50 g, 0.50 mmol) was dissolved in MeCN (10 mL) in a Schlenk
flask. In another Schlenk flask AgBF. (480 mg) was dissolved in MeCN (10mLl). The
resulting solution of AgBFs was transferred via cannula into the former flask. The
mixture was left overnight during which time a purple solid appeared (AgCl). The AgCl
was removed from the solution by filtration. The product remaining after the removal
of volatiles was washed with diethyl ether (3 x 5mL), dried in vacuo and recrystallized
from MeCN (7 mL) at -20 °C. Crystals formed were filtered and dried in vacuo to give
the desired product. Clean spectra were obtained from O NMR spectroscopy.

7.2.2.6. Hydrolysis of (TBA)4[(TiWs01s).]

(TBA)6[(TiW501s)2] (40 mg, 0.01 mmol) was dissolved in MeCN (0.3 mL) in an NMR tube.
An aliquot amount of O-enriched H:O was added to the solution in the NMR tube
and the reaction was monitored by "O NMR spectroscopy.

7.3. Protonolysis of Heterometallic Lindqvist Compounds

Errington’s group reported!' the synthesis and protonolysis of [[MeO)TiWsO1g]* with a
variety of protic molecules H.X in order to explore the Ti-OMe bond reactivity leading
to anions [(X)(TIWsO1e)al*.

n[(MeO)TiWsO1g> + HaX > [(X)(TiWsO1g).]> + nMeOH 7.1

They studied by 'H NMR the methanolysis of Ti-O bond with MeOH in order to prove
the reactivity of titanium in the comparatively rigid coordination environment provided
by the WsO15* cage. The 2D EXSY "H NMR revealed that the value of MeO-exchange
was considerably lower than initially expected. It was pointed out that this low rate of
exchange implies that the activation energy for the proton process is high.
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One of the most basic sites in heterometal-substituted tungstates are MOW bridging
oxygens.B 3 The slow rates of the reported reactions"" suggested that the activation
energy associated with the proton transfer process, involving seven-coordinate
titanium as in mechanism shown in Figure 7.1, is likely to be elevated because of the
reluctance of titanium in [XTiWsO1s]*> anions to increase its coordination number.

It was also suggested that, in addition to the concerted mechanism represented in
Figure 7.1, initial interaction of the proton from HX might occur with either OMe or
WOTi. In the first case, the seven-coordinate transition state of the concerted
mechanism would be generated in the absence of prior H-X dissociation, whereas the
intermediate [(MeOH)TiWsO1g]> would result if H-X dissociation occurred, in which
case dissociation of methanol followed by coordination of X-would give [(X)TiWsO1s]*.
In the second case, interaction at WOTi with dissociation of H-X would result in the
formation of the protonated intermediate [(MeO)TiWsO1gH]*, while non-dissociative
interaction of HX with WOTi might reduce the rate of reaction at TiOMe. The second
pathway requires migration of the proton from the metal oxide cage to the alkoxide
prior to lose of the methanol and coordination of X.

M H H
X OR / x “or X “or
FO;'!'I—\O —_— l‘Tz - ): - O—'I"i—O
o | 0 | \ o \ o ‘ o
0 o o o)

Figure 7. 1. Concerted reaction mechanism between [(RO)TiWsO1s]* and HX, reported in ref. [11]

Moreover, in computational studies reported by Poblet et. al,®¥ pathways involving
protonation at either Ti=O and TiOW for the conversion of [O=TiWsOg]* to [(u-
O)(TiWsO1g)2]> were considered. Calculations showed that both processes are
exothermic, but the protonation is preferred at Ti=O and formation of the dimeric
intermediate with seven-coordinate titanium prior to the elimination of water is
endothermic. However, all the calculations of that study correspond to energy minima,
that is, no reaction energy barrier whatsoever was explored.

Recently, Errington et. al™ reported a comparative study related to [LM'MsOsg]*
anions. They studied the methanolysis of [(MeO)TiMosOqs]*” by 2D EXSY "H NMR.
Contrary to what was reported for [(MeO)TiWsO1sl*, in this case no exchange peaks
related to TiOMe appeared. This implied that the exchange in [(MeO)TiMosO1g]*~ is
slower than for [(MeO)TiWsO1s]*~ despite the fact that polyoxomolybdates are usually
regarded as being more labile than homologous tungstates. The interpretation of
those results was made considering different mechanisms for polyoxomolybdates and
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polyoxotungstates. They supposed that the oxometalate cage would be involved in
the protonolysis reaction, which should be considered in the study of the ligand
exchange mechanism. In a single-site alkoxide [(RO)TiMsO1s]*-, the unwillingness of Ti
to increase its coordination number beyond six makes a proton-assisted Sn1 ligand
exchange mechanism more likely than Sn2. However, the basicity of TiOM bridging
oxygens in these POMs provides an additional complication since the initial interaction
with a protic reagent HL may occur at either OR or TiOM (Figure 7.2). The higher
basicity of TIOMo compared to TIOW may therefore result in protonation at TiOMo in
[((RO)TiMosO+g]*- but at OR group in the less basic [[RO)TiWsO1s]* and, given that an
extra proton-transfer would be required before loss of ROH in [(RO)TiMosO1sH]*,
dissociation would likely be slower than in [[ROH)TiWsO1s]*. The authors suggested
that this may explain why the alcohol exchange was too slow to be observed by 2D 'H
EXSY NMR in the reaction between [(MeO)TiMosOqg]* and MeOH, whereas an
exchange peak was observed in the tungstate system.

HOR

L~ L-
H.\o R H\O R 2 !
& A #
(a) . . ;
HOR
L»H\O LR )
2 2- 13-
@2‘ i @7‘

Figure 7.2. (a) Possible mechanisms of protonolysis of the TiOR bond in [(RO)TiMsO1s]* POMs with HL
involving either direct protonation of the alkoxido ligand (b) or protonation of the oxometalate cage at TIiOM
with subsequent proton transfer to the alkoxido ligand (Figure obtained from ref. [15])

Considering all the results presented above, we have examined the species involved in
the protonolysis of [(MeO)TiMosO1g]*> and [(MeO)TiWsO1g* to confirm both
mechanisms. DFT calculations have been crucial for the determination of the whole
mechanism in solution. We have examined the intermediates involving direct
protonation at the alkoxido ligand and protonation at the oxometalate cage, labelled
Int-1 and Int-2 (Figure 7.3).
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Figure 7.3. Polyhedral representation of Int-1 and Int-2. Color code: Grey polyhedra-W, red-O, purple-M,
black-C and pink-H.

The relative energies and the O-H distances (ds and d,) of the intermediates are shown
in Table 7.1. It can be seen that there is only a slight difference between int-1 and int-
2. In both cases, the protonation at the cage is preferred rather than at the alkoxide
substituent. However, the energy difference between the two intermediates is around
2 kcal'mol?, a modest difference. Furthermore, the distances are also very similar
suggesting that the basicity of those oxygens are similar.

Table 7. 1. Relative energies with respect to reactants in kcal-mol" and distances in A related to
intermediates 1 and 2.

Anion Eint-1 d1(O-H) Eint-2 d2(O-H) AEint2-int1
[((MeO)TiWsO1g]* -6.1 1.87 -8.4 1.80 2.3
[((MeO)TiMosO1s]* -6.9 1.86 -8.9 1.79 2.0

Inspection of these first results suggests that the mechanism presented in Figure 7.2
could be misinterpreted. It was proposed that [(MeO)TiWsO1g]* might be preferentially
protonated at the alkoxide group and [(MeO)TiMosO1sl*~ at the oxometalate cage.
However, DFT calculations show no such big difference. Therefore, an exploration of
the potential energy surface (PES) along different reaction coordinates was carried out.
First, we focused on [(MeO)TiMosO1g]*~. As initial 2D TH EXSY NMR results suggested
that MeOH exchange with [(MeO)TiMosO1s]*~ was slower than with [(MeO)TiWsO1g]*,
we explored different reaction coordinates of the PES from Int-2: (a) the Ti-O and (b)



UNIVERSITAT ROVIRA I VIRGILI
Computational Modelling of Polyoxometalates:
Magda Pascual Borras

Progress on Accurate NMR Characterization and Reactivity

PART Il: Reactivity of POMs | 145

the O-H distances. The scans along these coordinates are shown in the graphics shown

in Figure 7. 4.
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Figure 7. 4. Relative energy scans along the reaction coordinates of the PES of [[MeO)TiMosOns]*~ : (a) Ti-
O and (b) O-H.

No energy barrier was detected along the coordinate scans analysed since there is a
monotonous energy decrease. It arises that the first protonation at the oxometalate
cage would not occur since the energy increases up to 60 kcal-mol”. Therefore, this
first step is unlikely due to the instability of the MeO- anion. It is worth noting that both
steps can take place at the same time, meaning that as the oxometalate cage is
protonated the titanium is coordinated to the alkoxide. However, experimentalists
didn’t consider such concerted mechanism (Figure 7.1).

On the other hand, we explored the PES along different reaction coordinates of
[((MeO)TiWsO1gl* in order to clarify the mechanism. From Int-1, we performed two
energy-coordinate scans of the PES: (a) Ti-O and (b) O-H coordinates (Figure 7.5).
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Figure 7. 5. Relative energy scans along the reaction coordinates of the PES of [(MeO)TiWsO1s*™: (a) Ti-O

and (b) O-H.
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An energy barrier appears when the oxygen from the methanol group approaches the
titanium (Figure 7.5a), and this prompted us to search and find a transition state (TS:)
in that region. In TS;, oxygen from the methanol group becomes bonded to the
titanium, and the proton from methanol is transferred to the methoxide group. The
new methanol molecule formed leaves (Figure 7.6). The energy barrier is 16.4 kcal-mol-

1
. 20

0 -

Erel (kcal/mol)
o

Reactants Intermediates TSs Products

Figure 7. 6. Energy profile for protonolysis reaction for [(MeO)TiWsO1s]*~.

To rule out other mechanisms, the same TS was calculated for [(MeO)TiMosO1g]*.
Results show (Figure 7.7) that the reaction can follow the same mechanism. First, a
stabilization of the system takes place leading to Int-1 (-6.95 kcal-mol”). As in the case
of [(MeO)TiWsO1g]*, the energy barrier of 16.3 kcal-mol' is accessible at working
conditions. Finally, the MeOH leaves and the product is formed.

20

& o

Erel (kcal/mol)

o

Reactants Intermediates TSs Products

Figure 7. 7. Energy profile for protonolysis reaction for [(MeO)TiMosO1s]*~.
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From Int-2 of [[MeO)TiMosO1s]* another reaction coordinate was studied. Considering
that no energy barrier was identified for the previous reaction coordinate, we
performed an energy scan varying the distance between the oxygen of the methoxide
and the hydrogen of the methanol (Figure 7.8a). This reaction coordinate is the
pathway for going from Int-2 to Int-1. Figure 7.8 shows that this step takes place
through an almost imperceptible process of 2.9 kcal'mol™ as estimated from the scan,
so this process can be considered almost barrierless. For comparison purposes, the
same reaction coordinate was explored for [(MeO)TiWsO1g]*~ and the same trend was
found (Figure 7.8b). We have also computed the harmonic frequencies in order to
know if these energy barriers correspond to the pathways to get Int-1 from Int-2 in
both compounds. The results showed activation energies of 2.5 and 3.3 kcal-mol™ for
molybdenum and tungsten compounds, respectively.
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Figure 7. 8. Scans along the d(O-H) reaction coordinates and relative energies for (a) [(MeO)TiMosO1g]*-
and (b) [(MeO)TiWsO1g]*".

So, these results show that the pathway from int-2 to int-1 is spontaneous in the
reaction conditions. Then, present results suggest that the protonolysis mechanism of
[((MeO)TiMosO1s*- and [(MeO)TiWsO1]*~ should be the same, involving initial approach
of MeOH towards TiOW and then TiOMe with subsequent transfer of H to TiOMe and
loss of MeOH.

These results prompted further investigations of these systems and it is worth noting
that recent repeat 2D EXSY "H NMR studies of [(MeO)TiWsO1s]*~ methanolysis have not
shown MeOH/TiOMe exchange peaks, which reinforces the conclusions from the
computational studies described above.
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7.4. Hydrolysis of Heterometallic Lindqvist Compounds

The second part of this project is a comparison of the reactivity of titanium- and tin-
substituted Lindqvist tungstates. The hydrolytic behaviours of [(MeO)TiWsO1g]* and
[((MeO)SnW;sO15]*~ anions differ significantly and we have tried to explain this difference
by DFT calculations.

Hydrolysis of this type of heterometallic Lindqgvist-type POMs leads to the hydroxido
Lindgvist compounds (step 1) and the hydroxides [(HO)MWsOsg]™ can undergo
condensation giving the corresponding oxido-bridged dimer, [(u-O)(MWsO1g)2]*™ (step
2) as shown in Figure 7.9.

The experimental study of the reactions in Errington’s group have revealed that the
hydrolysis of (TBA);[(MeO)SnWsO1g] is much faster than that of (TBA);[(MeO)TiWsO1s]
and gives the hydroxide (TBA);[(HO)SnWsO1g], which undergoes slow condensation to
(TBA)s[(u-O)(SnW5015)2]. In the case of (TBA);[(MeO)TiWsO1s], when the reaction was
heated to drive the reaction to completion, the product was (TBA)s[(-O)(TiWsO1e):]
rather than (TBA)3[(HO)TiWsO1sg).

9

o . ,»
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[((MeO)MW,O, g]* [(HO)MW,O, > [(-O)MW;0;5),1

Figure 7. 9. Polyhedral and ball-and-stick representation of hydrolysis reaction for [(MeO)MWsO1s]*~. Color
code: Grey polyhedra-W, red-O, purple-M, black-C and pink-H.

Since we verified the mechanism of protonolysis in previous section, now we search
the energy barriers for H,O instead of MeOH as reactant. We have also studied the
thermodynamics and kinetics of the reactions in order to explain such differences in
behaviour.

Table 7.2 shows the relative energies with respect to reactants for the transition state
and the products of step 1 of the hydrolysis. The energy barrier for [[MeO)TiWsO1g]*-
(15.8 kcal-mol™) is higher than [(MeQ)SnWs015]* (9.8 kcal-mol™), in accordance with the
fact that the hydrolysis of [(MeO)SnWsO1s]* is faster than in [(MeO)TiWsO1g]*.



UNIVERSITAT ROVIRA I VIRGILI
Computational Modelling of Polyoxometalates: Progress on Accurate NMR Characterization and Reactivity
Magda Pascual Borras

PART Il: Reactivity of POMs | 149

Moreover, the reaction energies confirm that the [(HO)SnWsO1g]*~ is easy to isolate
because it is 3.1 kcal-mol”" more stable than the reactants, whereas [(HO)TiWsO15]* is
not so stabilized with respect to reactants.

Table 7. 2. Relative energies with respect to reactants for transitions state and products for step 1 of the
hydrolysis of [[MeO)MWsO1s]*, where M = Sn and Ti.

Reactant Erel,step1 TS12 Erel.step1 Product?
[((MeO)TiWs01]* 15.8 (26.4) 1.1(0.3)
[(MeO)SnW501]*- 9.8 (20.2) -3.1 (-4.0)

2 Relative energies with respect to reactants (in kcal-mol™); in parenthesis, relative Gibbs free energies (in
kcal-mol™) for step1 of the hydrolysis.

It is worth mentioning that the transition state structures (Figure 7.10) have
demonstrated that the distances shown in the tin compound (TS1s,) are longer and,
thus, their bonds easier to cleave than for the titanium analogue (TS11). Therefore, the
[(MeO)SnW;sO15]* species would be more reactive than [(MeO)TiWsO1s]*~.
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Figure 7. 10. Optimized transition state structures of step 1 for the [(MeO)TiWsO1sl*~ (right) and
[(MeO)SnWsO1g]*~ (left). Color code: Grey polyhedra-W, red-O, purple-Ti or Sn, black-C and pink-H.

The second step of the hydrolysis was also studied. In the mechanism studied, the
dimer is directly generated (Figure 7.11). We have calculated all species related to this
pathway for tin and titanium compounds.
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Figure 7.11. Scheme of the studied pathway for step 2 of the hydrolysis reaction for [(MeO)MWsO1s]*".
Color code: Grey polyhedra-W, red-O, purple-M and pink-H.

The computed relative energies of the reactants, products and transition states are
shown in Table 7.3. We should point out that in the formation of [(u-O)(SNW5O1g)2]-
two different energy barriers were found, corresponding to, first, the Sn-O bond
formation (TS2:) and, second, the proton transfer from one oxygen to the other (TS2).
Nevertheless, only one transition state including both processes, Ti-O formation and
proton transfer, was found in the formation of [(u-O)(TiWsO1g)2]*~.

Table 7. 3. Relative energies with respect to reactants for different transitions states and products for step
2 of the hydrolysis of [MeO)MWsO1g]*, where M = Sn and Ti.

Reactant Erel. TS242 Erel. TS22? Erel.step2 Product?®
[(HO)TiWsO1g]*- 21.1(38.8) 3.6(7.5)
[(HO)SNnWsO1s]3- 12.7 (29.6) 20.8 (40.6) 9.0(12.1)

2 Relative energies with respect to reactants (in kcal.mol™); in parenthesis, relative Gibbs free energies (in

kcal.mol™) for step2 of the hydrolysis.

The relative energies of the transition states confirm that the energy barriers are
accessible at working conditions. One would expect formation of [(u-O)(SnWsO1g)]* to
be more demanding energetically since there exist two energy barriers. We have not
been able to determine an intermediate between them, but it is not necessary for
comparing the behaviour with the titanium analogue. The [(u-O)(SnW501g),]* is less
stable than the reactants (9.0 kcal-mol”), which is consistent with the easier isolation of
[(HO)SnWsO1]*~ than the corresponding dimer. Moreover, dimeric [(u-O)(TiWsO1g)2] is
slightly less stable (3.6 kcal-mol™) than [(HO)TiWsO+s]*~ consistent with the need to heat
the reaction for complete condensation to occur. Transition state structures are shown
in Figure 7.12. In TS27y, the Ti-O bond (2.63 A) is forming at the same time that the
proton is transferred to give [(U-O)(TiWsO1g)2]". As mentioned, TS2:s, is the first
transition state related to the formation of the Sn-O bond (2.71 A) and TS2s,
corresponds to the proton transfer leading to [(p-O)(SnW5O1g)2]*".

As a general conclusion, our results are consistent with all experimental observations
related to the hydrolysis of [[MeO)MW;sO1g]*-, where M = Ti and Sn. We have shown
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that the hydrolysis of [(MeO)TiWsO1g]*- leads directly to the dimer (unless precautions
are taken to prevent the condensation step), whereas in the case of [(MeO)SnWsO1g]*,

it is easier to obtain [(HO)SnW;5O1s]*".
1.03A ‘ 2.10 A
1.47 A‘ )
4 2.63A \\\|

TS2;,

TS24,

Figure 7.12. Optimized transition state structures of step 2 for the formation of [(u-O)(TiWsO1g)2]* (top) and
[(u-O)(SnW5O1g)2]*~ (bottom). Color code: Grey polyhedra-W, red-O, purple-Ti or Sn and pink-H.

7.5. Hydrolysis of Heterometallic Keggin Compounds

Errington’s group has also studied the hydrolysis of Keggin anions. They found that
(TBA)[(MeO)SnPW/1039] is very sensitive towards hydrolysis and the hydroxide
(TBA)[(HO)SnPW1,035] is easily formed. Although they have evidence of the formation
of (TBA)[(U-O)SNPW;1039)2], they noted that it is readily hydrolysed to give
(TBA)[(HO)SNPW;1035]. Hence, we have studied the mechanism of [MeO)SnPW1;O39]*
hydrolysis in order to understand these trends. We have also studied the hydrolysis of
the titanium analogue, [(MeO)TiPW;1039]* to obtain data for comparison purposes.

As in the Lindqvist case, we studied the reaction in two different steps. Step 1
corresponds to the formation of [(HO)MPW;,03]*, where M = Ti and Sn (Figure 7.13).
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Figure 7.13. Polyhedral and ball-and-stick representation of step 1 of the hydrolysis reaction for
[(MeO)MPW;1035]*. Color code: Grey polyhedra-W, pink polyhedra-P, red-O, purple-M, black-C and pink-H.

We have calculated all the reactants, transition states and products. We found that the
transition state structures are similar to those found in the Lindqvist hydrolysis reaction.
Step 1 for [(MeO)SnPW11039]* is slightly exothermic (-2.7 kcal-mol”). Conversely,
hydrolysis of [[MeQ)TiPW11039]* is endothermic by 2.1 kcal-mol™” (Table 7.4).

Table 7. 4. Relative energies of different transition states and products for step 1 of the hydrolysis of
[((MeO)MPW;1039]*, where M = Sn and Ti.

Reactant Erelstept TS12 Erel.step1 Product?
[(MeO)TiPW11039]* 19.0(30.3) 2.1(1.76)
[(MeO)SnPW11039]* 8.8 (26.4) -2.7 (-4.0)

2 Relative energies with respect to reactants (in kcal-mol™); in parenthesis, relative Gibbs free energies (in
kcal-mol”) for step 1 of the hydrolysis.

The energy barrier for [(MeO)SnPW;1039]* is only 8.8 kcal-mol”, a small value that
explains why this species is easily hydrolysed in comparison with the Ti analogue,
which features a much higher energy barrier. Moreover, the product [(HO)SnPW11039]*
is more stable than the reactants, so the reaction is expected to occur readily.

As indicated, the transition states are similar to those found for the Lindqvist hydrolysis
(Figure 7.14) and the same trends can be shown related to M-O bonds, where M = Sn
and Ti, meaning that the Sn-O are longer than Ti-O ones.
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Figure 7.14. Optimized transition states structures of step 1 for the formation of [(HO)TiPW11Oss]*" (right)
and [(HO)SnPW11036]* (left). Color code: Grey polyhedra-W, pink polyhedra-P, red-O, purple-Ti or Sn, black-
C and pink-H.

For the formation of the dimeric [(u-O)(MPW11030),]%, similar trends were found as for
the Lindqvist analogues (Figure 7.15). Concerning the formation of [(u-
O)(SnPW;1039)2]*, two different energy barriers were found. The first one implies
formation of the Sn-O bond and the second one corresponds to proton transfer.
However, only one energy barrier was found for the formation of [(u-O)(TiPW;1O30),]%
implying the same two atom concerted migration processes.

+ H,0

[(HOMPW, ,O5]* | [(4-O)XMPW;Os0), 1 |

Figure 7.15. Polyhedral and ball-and-stick representation of step 2 of the hydrolysis reaction for
[(MeO)MPW11016]*. Color code: Grey polyhedra-W, pink polyhedra-P, red-O, purple-M and pink-H.

It was observed that [(u-O)(SnPW11O3)2]* is unstable and is rapidly hydrolysed. It
seems that this reaction is controlled by the instability of the dimer (12.9 kcal-mol™)
considering that the energy barriers (Table 7.5) are not so high in energy under the
reaction conditions. The formation of [(u-O)TiPW11O030),]% (3.6 kcal-mol”) is largely
more favourable than [(u-O)(SnPW1;039),]*~ and the energy barrier is accessible under
normal reaction conditions.
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Table 7. 5. Relative energies of different transition states and products for step 2 of the hydrolysis of
[(MeO)MPW11039]*, where M = Sn and Ti.

Reactant Ere. TS24° Erel. TS22? Erel.stepz Product?
[(HO)TiPW11O3¢]* 22.9 (45.8) 3.6 (7.6)
[(HO)SnPW11O39]* 15.4 (31.2) 23.8 (37.3) 12.9 (16.7)

2 Relative energies with respect to reactants (in kcal-mol™); in parenthesis, relative Gibbs free energies (in
kcal.mol) for step 2 of the hydrolysis.

The results have revealed why it is so difficult to isolate [(u-O)SnPW11O39)2]%. In
addition, Keggin anions are larger than Lindqvist anions, so steric interactions are
expected to play an important role in the reaction.

T521Sn

Figure 7.16. Optimized transition state structures of step 2 for the formation of [(-O)TiPW11O39)2]% (top)
and [(u-O)(SnPW11039)2]®~ (bottom). Color code: Grey polyhedra-W pink polyhedra-P, red-O, purple-Ti or Sn
and pink-H.

In the structure of the transition state in the formation of [(u-O)(TiPW11O39)2]® (Figure
7.16, TS,m) the Ti-O bond (2.25 A) is forming while the proton is transferred. The TS2;
structure shows the transition state where the Sn-O (2.51 A) is forming and the TS2;
structure shows the second transition state to reach [(u-O)(SnPW11039).]*, where the
proton transfer takes place.
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Gathering all these results, we conclude that the formation of the [(u-O)(SnPW11Q30)2]%
does not readily occur due to the instability of this dimer, and it is easily hydrolysed to
form [(HO)SnPW11039]*. On the other hand, itseems easier to form [(u-O)(TiPW11O39),]%
by hydrolysis of [(MeO)TiPW11Os]*.

7.6. Protonation of (TBA)s[(4-O)(TiWsO1s)]

This section is related to the experimental work that | carried out during my two
periods in Errington’s group in Newcastle University (UK).

As previously mentioned, Errington and co-workers have developed rational synthetic
routes to new POMs, a modified strategy in which soluble oxoalkoxo anions could be
accessible from hydrolysis reactions between mononuclear WO,% and metal alkoxides
in organic solvents. The same group have reported the hexanuclear heterometallic
[(RO)MWsO1g]™ Lindqvist-type anions as an entry to MWs synthesis. This strategy has
enabled the preparation of new alkoxide-substituted polyoxoanions with the
systematic introduction of the reactive surface site into the structures.

POMs constructed with heterometal akoxido groups M-OR can provide a single
reactive metal site within the more inert [WsO1g]® lacunary framework, but details of
protonation on these hexametalate systems still remain unclear. Herein, we have
investigated [(u-O)(TiWsO1g)2]~ as a way of gaining an in-depth understanding of
protonation sites. We have explored two different routes to the protonated dimeric
anion [(p-O)(TiWsO1gH)]* in order to compare the two routes.

7.6.1. Synthesis and characterization of (TBA)s[(4-O)(TiW5O01s).]

As mentioned above, (TBA)[(u-O)(TiWsO1g),] can be obtained from hydrolysis of
[((MeO)TiWsO1g]* (Figure 7.9), as reported by Errington et.al in 2007.1"" First of all, we
obtained (TBA)3;[(MeO)TiWsO1s] by hydrolysis of a mixture of Ti(OMe)s, WO(OMe), and
(TBA)WOQy4 in acetonitrile with the stoichiometry shown in Eq. 7.1.

3WO.F + 7TWO(OMe)s + 2Ti(OMe)s + 17H0 — 2[(MeO)TiWsO1gl* + 3dMeOH  (7.1)

Crystals were obtained after the removal of the volatiles and recrystallization from
MeCN-Et;O. It was characterized by O NMR spectroscopy (Figure 7.17).
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Figure 7.17. O NMR spectrum of (TBA);[(MeO)TiWsO1s] in CH3CN. Chemical shift: -58 ppm (u-O), 380
and 390 ppm (WOW), 525 ppm (WOTI) and, 713 and 721 ppm (W=0).

The O NMR spectrum shows four different oxygen environments. The central oxygen
coordinated to six metals which is the most shielded with a value of chemical shift of -
58 ppm; two types of terminal oxygen W=0O, found at 713 and 721 ppm. Between
these two regions, the signal corresponding to the bridging TIOW oxygens is found at
525 ppm. The two types of bridging WOW sites are responsible of two close peaks at
380 and 390 ppm.

As confirmed by DFT calculations, the hydrolysis of [[MeO)TiWsO15]* leads to (TBA)[(u-
O)(TiWsO1g)2]* rather than [(HO)TiWsO1g]*~. The hydrolysis takes place in acetonitrile
with the stoichiometry shown in Eq. 7.2.

2[(MeO)TiWs01g]>~ + H20 — [(u-O)(TiWs015)2]¢ + 2MeOH (7.2)

In the hydrolysis product, the peaks observed by 7O NMR were consistent with the
TiWs Lindquist core structure. A peak at 676 ppm appears in the O NMR spectrum
(Figure 7.18), which was assigned to TiOTi, an indication of the formation of [(u-
O)(TiWsO1g)2]*". These facts are therefore consistent with calculations predicting that
the product of hydrolysis of [(MeO)TiWsO1g]* is the [(u-O)(TiWsO1g)2]* anion instead of
[(HO)TiWsO1g]*.
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TiOW

WOW

Figure 7.18. O NMR spectrum of [(p-O)(TiWsO1s)2]*" in CHsCN. Chemical shift: -63 ppm (p-O), 381 and
390 ppm (WOW), 534 ppm (WOTi), 676 pmm (TiOTi) and 720 ppm (W=0).

7.6.2. Synthesis and characterization of (TBA)4[(TiWs015H):]

The dimer (TBA)4[(TiWs0O1s)2] can be obtained from (TBA);[CITiWsO1g] through a halide
abstraction reaction. The halide was synthesized from the reaction between
(TBA):[(MeO)TiWs0O+g] and MesSiCl in acetonitrile, with the stoichiometry shown in Eq.
7.3.

(TBA)3[(MeO)TiWsO1g] + MesSiCl — (TBA)3[CITiWsO1g] + MesSiOMe (7.3)

White crystals of (TBA);[CITiWsO1g] appeared after recrystallization from MeCN-Et;O. It
is well known that halogenated POMs are useful precursors for different types of
reactions such as hydrolysis, ligand metathesis, ligand abstractions and so on,
providing a large variety of functionalized POMs. Hence, we took advantage of this
reactivity to obtain (TBA)[(TiWsO1g),] (Figure 7.19). We treated the (TBA)3[CITiWsO1s]
with AgBF, with the aim of removing the chloride anion as AgCl, to generate
[TiWsO1s]* with a vacant coordination site on titanium, which would dimerise to give
(TBA)[(TiWsO1g)2] (Eq. 7.4). However, (TBA)J[(TiWsO1g)2] is easily hydrolysed if traces of
water are present in the solution (Eq. 7.5).

2(TBA)3[CITiWsO1g] + 2AgBFs — (TBA)a[(TiW501g)2] + 2AgCl + 2(TBA)BF, (7.4)

(TBA)I(TiWsO1g)2] + HoO — (TBA)[(u-O)(TiWsO1s H)] (7.5)
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Figure 7. 19. Crystal structure of (TBA)s[(TiWsO1s)z]. Color code: Grey polyhedra-W, red-O and purple-Ti.

The O NMR spectrum of the crystals obtained from reaction 7.4 is shown in Figure
7.20. No peak was observed for the TiOTi bridging oxygen, which was present in the
spectrum related to (TBA)s[(u-O)TiWsOns)2] (Figure 7.18), a circumstance that we
attribute to the fact that this site is derived from H,O that is not VO-enriched.
However, all the peaks occur at significantly higher chemical shifts compared to those
of [(u-O)TiWsO1g)2]*, indicating a lower charge on the oxometalate framework.
Therefore, it is proposed that the product is the protonated one (Eq. 7.5), considering
that there were some traces of water in the solution, as it can be seen in Figure 7. 20.

WOW

u-O

TiOW

960 8[‘]0 7(‘]0 ﬁl‘]U 51‘]0 460 360 260 160 l; '1‘00
ppm
Figure 7.20. O NMR spectrum obtained from the reaction between (TBA);[CITiWsO1s] and AgBFa in
CH3CN. The H20 peak is marked with an asterisk. Chemical shift: -45 ppm (u-O), 399 and 408 ppm (WOW),
567 ppm (WOTi) and 756 ppm (W=0).
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The protonated product of this reaction is of great interest since it confirms that some
oxygens are prone to protonation. It is worth mentioning that one would expect that if
a reaction with an electrophile takes place, the electrophile would be localized at the
region where the protons are located. To confirm an existence of a nucleophilic region
in the [(u-O)(TiWsO1g)2]*~ anion, two different reactions were studied. First, an excess of
water was added to the product obtained from the reaction between (TBA);[CITiW5O1s]
and AgBF, to complete reaction shown in Eq. 7.5. Secondly, [(u-O)(TiWsO1g)2l*~ was
reacted with two equivalents of HBF,.

The 7O NMR registered for both reactions is similar (Figure 7.21). The lack of the TiOTi
signal in the protonation of [(u-O)(TiWsO1g)2]* is due to the fact that this oxygen is not
7O-enriched. Except for that peak, both spectra show the same chemical shifts,
confirming that the product from the different pathways is the same. The chemical
shifts are displaced to more positive values revealing that the charge is lower than for
[(u-O)(TiWsO1g):]*. Both suggested the formation of [(u-O)(TiWsO1gH)]* anion.

*

WOW

WOW :

w=0
\ M | |

\\
\\ TIOTi \ u-0 u-0

TIOW f‘ T.ow‘ .
o [ S—— \/_M,J \L — Wwwj Nl o

..... . BN -iiiiiiinni
900 800 700 600 500 400 300 ZUO 100 D 100 900 800 700 600 500 400 300 200 100 0 -100
ppm. f1 (ppm)

Figure 7.21. (Right) O NMR spectrum obtained from the protonation of [(p-O)(TiWsO1s)2]* anion. Peaks
assigned to H20 are marked with asterisks. Chemical shift: -45 ppm (ue-O), 405 ppm (WOW), 450 ppm
(WOTi), 702 ppm (TiOTi) and 752 ppm (W=0). (Left) ’O NMR spectrum obtained from the hydrolysis of the
product obtained upon reaction with (TBA)[CITiWsO1s] and AgBF4 in CH3CN. Chemical shift: -45 ppm (ue-
0), 399 ppm (WOW), 452 ppm (WOTI) and 759 ppm (W=0).

Note that in the presence of H.O, peaks due to TiIOW are not well resolved,
presumably due to exchange of the protons associated with TIOW. In the absence of
H20, a peak is observed at 490 ppm, which corresponds to TIOW (Figure 7.22).
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Figure 7.22. 7O NMR spectrum obtained from the protonation of [(u-O)(TiWsO1s)2]* anion. Chemical shift:
-48 ppm (pe-O), 387, 396 and 401 ppm (WOW), 490 ppm (TiOW), 743 and 732 ppm (W=0). Peaks at 534
and 721 ppm are starting material, [(p-O)(TiWsO1g)2]*, and the peak at 415 ppm (WsO1s) bridging oxygen.

In support of this proposal Dr. Errington’s research group have characterized a
compound with a dimethyl sulfoxide (DMSO) hydrogen bonded to [(p-O)(TiWsO1gH)2]*
(Figure 7.23). The structure consists of two protonated hexametalate tungsten cages
structures, with titanium heteroatoms, which are linked by an oxygen bridge. DMSO
then bridges the gap between the two-protonated oxygens of the hexametalate
structures held by two hydrogen bonds. The crystal structure of the DMSO adduct [(u-
O)(TiWs5015H)2(dmso)]* provides further evidence for protonation at the TIOW sites.

Figure 7. 23. Crystal structure of the dmso adduct [(p-O)(TiWsO18H)2(dmso)]*. Color code: Grey polyhedra-
W, red-O, purple-Ti, yellow-S, black-C and pink-H.
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7.7. POMs as potential inorganic chelating or pincer
ligands

The experiments mentioned in the previous section revealed that [(u-O)(TiWsO1g)2]*
anion has a nucleophilic region able to trap electrophiles. This led us to think that the
reaction of [(p-O)(TiWsO1g);]*~ with an organometallic compound will result in a product
where the organometallic framework will be placed in the same region as the protons
were located upon reaction shown in Eqg. 7.5. It is worth noting that the size of the
organometallic framework is an important factor, which has to be optimal in order to fit
into the pocket.

Preliminary results has showed that the reaction between [(u-O)(TiWsO1g)]> and
MezSnClz (Eq. 7.6) was successful and a crystal structure was obtained (Figure 7.24).

(TBA)e[(p-O)(TiWs501g)2] + MezSnClz — (TBA)[(u-O)TiWsO1gk(Me2Sn)] + 2(TBA)CI  (7.6)

DFT calculations were performed in order to evaluate the structure. The most
characteristic bond distances characterized by X-ray were rather well reproduced: Ti-
O(Ti) 1.83 A, O-Sn(0) 2.16 A and 2.10 A Ti-O(Sn).

Figure 7.24. X-ray crystal structure of the anion [(u-OfTiWsO1s}2(Me2Sn)]*. X-ray distances: Ti-O(Ti) 1.79 A,
0-5Sn(0) 2.03 A and 2.03 A Ti-O(Sn). Color code: Grey polyhedra-W, red-O, light purple-Ti, purple-Sn, black-
C and pink-H.

Moreover, analysis of the electronic structure revealed that the highest occupied
molecular orbitals are combinations of mainly p atomic orbitals of bridging oxygens.
The first seven unoccupied molecular orbitals (LUMO to LUMO+6) are localized over
titanium and tungsten d-like orbitals. The LUMO+7 is localized over the tin atom,
specifically at the 6s orbital, with some participation of the tungsten d orbitals (Figure
7.25).
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Figure 7.25. Electronic structure of [(u-O}TiWsO1g}2(Me2Sn)]* with circles representing electrons and values
in eV. The 3D orbital images are those labelled in the scheme.

The (TBA)[(u-O)(TiWsO1s),] was treated with CsAuCly to known if {AuCl}?*
organometallic framework was optimal to fit the pocket. O NMR spectrum of the
reaction between [(u-O)(TiWsO1s)] has shown that the chemical shifts are
correspondent to a polyoxometalate structure with a smaller charge than the reactant.
These preliminary results has evidenced that the reaction between and (TBA)[(p-
O)(TiWs01g)z] CsAuCls can be seen as Eq. 7.7.

(TBA)¢[(u-O)TiW50O1s)2] + CsAuCla — (TBA)[(u-ONTiWsO1s}2(AuCl)] + 2(TBA)CI + CsCl (7.7)

We have analysed the electronic structure of [(u-O{TiWsO1sgh(AuCl)]* to examine its
stability (Figure 7.26). The electronic structure revealed that the highest occupied
molecular orbital from {AuCIl}?* framework is localised at HOMO-11. The orbitals from
HOMO-11 to HOMO are combinations of mainly p atomic orbitals of bridging
oxygens. The first unoccupied molecular orbital (LUMO) is localized over the Au d-like
orbitals, the Cl p-like orbitals and O p-like orbitals. The next unoccupied molecular
orbitals (LUMO+1 to LUMO+3) are localized in titanium and tungsten d-like orbitals.
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Figure 7.26. Electronic structure of [(u-OfTiWsO1sl(AuCl)*- with circles representing electrons and values
in eV. The 3D orbital images are those labelled in the scheme.

7.8. Conclusions

The mechanism of protonolysis of different heterometallic Lindqvist and Keggin anions
was thoroughly studied. An understanding of the comparative differences in behaviour
between polyoxomolybdates and -tungstates is not complete, since our calculations
predict the same mechanism in both cases. Moreover, substituted Ti- and Sn-
substituted Lindqvist and Keggin polyoxotungstates were also compared. The
experimental trends have been reproduced by calculations, and relative stabilities and
energy barriers are in complete agreement with measurements. We have found that
hydroxido-derivatives of titanium-substituted polyoxotungstates formed by hydrolysis
of alkoxides dimerise readily by condensation. In contrast, oxido-bridged dimers of Sn-
substituted polyoxotungstates are somewhat unstable and they are easily hydrolysed
to the more stable hydroxido form.
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In addition, two different pathways to the di-protonated form of (TBA)s[(u-O)(TiWsO1g)2]
were studied. We have found that the protonated form is stable and it is easily
synthesized. This leads us to predict the behaviour of electrophiles when they interact
with this class of oxo-bridged dimer. Consequently, we have been able to synthesize
and analyse the structure of the anion [(u-O)(TiWs015).Sn(CH3)]* where an
organometallic framework is placed in the pocket formed between the two {TiWsO1g}
fragments. Moreover, the reaction between (TBA)s[(u-O)(TiWsO1s):] and CsAuCls was
attempted to know if {AuCl}** was optimal to fit into the pocket. These behaviours
provide the opportunity to construct a new family of functionalized POMs that can act
as chelating or pincer ligands.
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CHAPTER S8

Concluding Remarks

This last chapter is the endpoint of the project. It summarizes the most important
achievements and conclusions presented along this thesis. As seen, the main goals
have been reached and we have succeeded in most of the projects combining
computational and experimental disciplines. On the other hand, we have also tackled
very challenging projects and it has been complex to reach part of the objectives that
we wished at the beginning.

The present thesis represents a step forward in the understanding of POMs’ behavior.
Different aspects of their unmatched chemistry have been tackled, from spectroscopic
properties to reaction mechanisms. Taking advantage of the past experience
accumulated at the computational level, the present work was performed searching
high standards in accuracy. The first block of results, devoted to NMR properties,
presents optimal computational strategies in this direction, whereas the last two
chapters analyse in detail two interesting reactions. All in all, the field of POMs is in
continuous progress, computational chemistry being a key interpreting and predicting
source of knowledge.

Chapter 3. 7O NMR Chemical Shifts in Oxometalates

It is worth mentioning that the principal objectives in this project were reproducing
and rationalizing the factors affecting the O chemical shifts The main conclusions
arising from the extensive study of O NMR developed are:

169
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¢ A well-defined computational strategy based on DFT has been established for

accurately computing O NMR chemical shifts of oxometalates. The
OPBE/TZP//PBE/TZ2P (NMR//optimization) combination gives the best results.
The mean average errors can be reduced to ~26 ppm over a large set of
compounds by means of a linear fitting after the calculation is performed.

The principal factor of the O NMR chemical shift is the paramagnetic
contribution to the shielding, thus we have studied and interpreted the main
factors governing it, namely the transitions from occupied orbitals to
unoccupied ones, which have a higher oxygen contribution. The
electronegativity of the metal linked to the oxygen is a key point in order to
understand the chemical shift values.

DFT helps understanding how important protonation is and how it must be
properly taken into account to reproduce and correctly interpret §('’O) in
oxometalates. When a molecule has many similar or equivalent oxygen sites
that can accept an itinerant proton, the change in §('O) signals is almost
undetectable. On the other hand, when a molecule has very few distinctively
basic sites, the proton gets trapped in one or a few sites and the change in
8("7O) signals is more evident.

Chapter 4. *'P NMR Calculations on Polyoxometalates

Following our objective of understanding NMR properties of POMs, we also propose a
computational strategy for reproducing *'P NMR chemical shifts. The conclusions
acquired are:

¢ The study of the influence of the basis set and the density functional

concluded that the best method for an accurate determination of 8(3'P) is using
TZP/PBE for NMR calculation and TZ2P/OPBE for geometry optimization, very
similar to 7O NMR.

The main variations in 8(*'P) come from the paramagnetic contribution, which
is highly related to occupied-virtual transitions with P contribution. Thus, the
variations in 8('P) are directly linked to the differences in the energy gap of
those transitions. The smaller the gap, the higher the 8(*'P).
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Chapter 5. Thalium(lll) Containing POM: Structure and NMR

As introduced, the three groups working in this project succeeded to identify and
characterize this thallium-containing POM. The conclusions that can be extracted of
this project are:

¢

¢

The thallium-containing POM has been structurally and electronically
characterized by both computational and experimental disciplines.

DFT calculations revealed that there are low energy differences between
different di-protonated anions and, thus, the protons can be mobile.
Moreover, the protons are linked to Oc in the solid state due to the
inaccessibility to the other oxygen types, which are blocked by counter
cations.

The 2Tl NMR chemical shifts are perfectly reproduced by DFT methodology.
However, the spin-spin coupling between two thallium atoms is not as easy to
reproduce and it is still some work to be done in this direction.

Chapter 6. Photochemical H, Evolution by an Iridium (lll)-photosensitized
Polyoxometalate

We have reported a DFT analysis on the photocatalytic H, evolution reported by Matt
et. al. in Energy Environ. Sci. 2013, 6, 1504 is presented. We have studied in detail the
relevant photosensitized POM reactant and the species formed during the proposed
mechanism reaction. The principal conclusions of this project are:

*

*

TD-DFT calculations confirm that, upon light excitation, electrons can be
transferred from the [Ir] chromophore to the d(W)-like orbitals of the POM.
The nature of these transitions and the orbitals involved are theoretically
identified.

We propose that the catalytic species for the H;evolution reaction is the two-
reduced POM framework, which can transfer those electrons to protons to
form the H..

Calculations corroborate that POM orbitals are higher in energy in DMF
compared to aqueous media, whereas the energy of the empty orbital H* are
not dependent on the media. Thus, this is the key point for Hz evolution in our
conditions taking place more easily.
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¢ Detailed understanding of how the electron transfer process from the two-
electron reduced POM to the protons occurs is still a big challenge.

Chapter 7. Mechanistic Studies on Heterometallic Lindqvist and Keggin-
type POMs

The mechanism of protonolysis for different heterometallic Lindqgvist and Keggin POMs
was studied. Moreover, some experimental data based on protonation are reported.
Some conclusions can be extracted:

¢ The behavior of polyoxomolybdates and polyoxotungstates towards
protonolysis is predicted to be the same by DFT calculations.

¢ The comparative study between the protonolysis mechanism of substituted Tin
and Titanium Lindqgvist and Keggin polyoxotungstates is in excellent
agreement with experimental results.

¢ The protonated form of (TBA)s[(u-O)(TiWsO1s)2] is stable and easily synthetized
and this leads us to introduce a new family of POMs.

¢ The characterization of a POM acting as a chelating ligand is reported, which is
(TBA)[(u-O)(TiW5015).Sn(CH3).], where an organometallic framework is placed
in the pocket which is formed between the two {MsO1g}*- monomers
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Tables. All the data are in ppm. There were obtained 17 signals with each methodology. The MAE values
are referred to the experimental values listed in parentheses in Table 3.3 of the main text (see references in
the rightmost column). The missing values (x) were not calculated assuming that they hardly affect the MAEs
of that site and, consequently, the average ones. This assumption arises from the values in Table A6, for
which the complete study was carried out. The errors obtained are so similar that we decided to compute
only one of these W>O sites, that of NbaW,.

Table A1. Computed 7O chemical shifts with the B3LYP/TZP//B3LYP/TZ2P methodology.

Anion MeO W:0 MWO M20 W=0 M=0O
[WeOn9)* =57 499 - - 842 -
[Ta2W4O19]* -41 x 477 464 x 633
[Nb2W1O1e]* -41 449 507 572 757 805
[V2W4On9]* -20 x 608 1034 x 1348

MAE 24 77 75 92 67 119

Table A2. Computed 7O chemical shifts with the PBE/TZ2P//PBE/TZ2P methodology.

Anion MsO W20 MWO M0 W=0 M=0O
[WeOn9]* -23 459 - - 749 -
[TazW4O19]* -1 x 467 459 x 631
[Nb2W1O1e]* 1" 444 502 571 712 759
[V2W4On9]* -9 x 571 824 x 1046

MAE 58 54 54 41 24 61
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Table A3. Computed 7O chemical shifts with the BP86/TZP//B3LYP/TZ2P methodology.

Anion MsO W20 MWO M20 W=0 M=0
[WeOn9]* -30 497 - - 790 -
[TazWaO19]* -18 x 469 466 x 642
[Nb2W1O1e]* -13 445 501 572 713 572
[V2W4On9]* 52 x 583 884 x 1140

MAE 59 74 60 42 19 14

Table A4. Computed 7O chemical shifts with the PBE/TZP//B3LYP/TZ2P methodology.

Anion MsO W20 MWO M0 W=0 M=0O
[WeOn9]* -32 490 - - 784 -
[TazW4O19]* -18 x 468 465 x 640
[Nb2W1O1e]* -13 445 501 555 711 759
[V2W4On9]* 53 x 584 888 x 1139

MAE 61 70 60 38 15 15

Table A5. Computed 7O chemical shifts with the PBE/TZP//PBE/QZ4P methodology.

Anion MO wW;0 MWO M.O w=0 M=0O
[WeO1o]* -41 488 - - 790 -
[Ta;W4O16]* -26 x 466 460 x 636
[Nb2W4O19]* -20 443 500 572 717 764
VoW Oqe]* -34 x 575 830 x 1048

MAE 33 68 55 34 21 63
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Table A6. Computed 7O chemical shifts with the PBE/TZP//PBE/TZ2P methodology.

Anion MsO W20 MWO M20 W=0 M=0
[WeOn9]* -48 459 - - 757 -
[TazW4O19]* -26 445 460 466 700 637
[Nb2W1O1e]* -20 443 501 575 719 767
[V2W4On9]* -34 444 574 831 726 1049
MAE 31 58 55 37 28 52
Table A7. Computed 7O chemical shifts with the OPBE/TZP//OPBE/TZ2P methodology.
Anion MsO M20 M'MO« M’20 M=0 M’'=0
[WeOn9]* -46 457 - - 748 -
[TazW4O19]* =31 x 437 434 x 601
[Nb2W1O1e]* -24 414 472 548 679 731
[V2W4On9]* -40 x 536 784 x 993
MAE 31 48 22 46 20 96
Table A8. Computed 7O chemical shifts with the KT2/TZP//PBE/TZ2P methodology.
Anion MsO W20 MWO M0 W=0 M=0O
[WeOn9]* -46 448 - - 784 -
[TazW4O19]* -23 x 456 450 x 637
[Nb2W1O1e]* =17 419 493 572 712 770
[V2W4On9]* -32 x 571 817 x 1038

MAE 34 36 50 38 15 71
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Table A9. Computed O NMR chemical shifts with the OPBE/TZP//PBE/TZ2P methodology.

Anion MO wW;0 MWO MO w=0 M=0
[WeO1o]* -52 445 - - 732 -
[Ta,W4O16]* -30 432 452 443 700 612
[Nb2W4O19]* -23 430 491 563 696 749
[V2W4O19]* -39 430 563 808 702 1015

Partial MAE 27 40 41 41 24 76
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Table A10. Computed (OPBE/TZP//PBE/TZ2P)and experimental 7O NMR chemical shifts for compounds in

Table 3.3.
Anion MO W-0 WMO MO W=0 M=0
[WeOro]* -52(-80) 445 (413) - - 732 (772) -
[MosO19)* -33(-32) 611 (563) - - 930 (933)
[TaWsOs) -38(-71) 452(394) 485 (426) - 732(732) 648 (666)
[NbW5O16]* -30 (-67) 450 (393) 516 (456) - 730 (731) 810 (799)
[VWsO19]* -43 (-75) 451 (392) 597 (562) - 734 (731) 1053 (1217)
[Taz2W4O9* -30 (-40) 432 452 443 (454) 700 612
[Nb2W4O1)* -23(-67) 430(379) 491 (435) 563 (493) 696 (691) 749 (753)
[VaW4O19] -39 (-65) 430(378) 563 (530) 808 (848) 702 (687) 1015 (1162)

443,455 713,670
[((MeO)SnWsO1g]* 71(17) 428 (395)

(363,383) (720,684)

438,441 ( 715,703
[((MeO)ZrWsO1s]* -12 (-58) 517 (484)

385,377) (711,691)

438,444 718,723
[((MeO)TiWsO1g]* -17 (-58) 566 (525)

(380,390) (721,713)

441,448 721,717
[(u-O)(TiWsOn1s)2]* -26 (-63) 576 (534) 759 (697)

(381,390) (722,714)

435,444 711,700
{(u-HO)ZrWsO1s}] -23 (-58) 530 (479)

(378,387) (712,692)

MAE 38 60 44 59 7 69
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Table A11. Computed O chemical shifts® for the Non-protonated (V1002s*) and two monoprotonated
(HV10028>) forms of the Decavanadate anion. The 28 oxygen positions are labeled in the Figure. The
chemical shifts of the protonated oxygens in each case (two rightmost columns) are highlighted in bold.

V10028% HV10026%

O label Oc Os
1 108 113 166
8 790 827 814
9 826 826 833
10 826 832 827
11 785 828 803
12 498 509 526
13 498 533 556
14 785 199 816
15 499 516 572
16 784 832 788
17 784 807 805
18 499 521 77
19 994 1027 1010
20 995 1028 1019
21 1005 1032 1023
22 1005 1038 1031
27 108 158 166
28 791 810 814
29 827 837 834
30 826 851 827
31 785 801 804
32 785 799 816
33 785 806 789
34 784 804 805
35 994 1014 1009
36 994 1010 1018
37 1005 1026 1023 *Values in ppm.

38 1005 1023 1031
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