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Abstract  

Polyoxometalates (POMs) represent nanoscale metal−oxide clusters, conventionally 

constructed of early transition metals in high oxidation states (mainly V, Mo and W).1–3 

POMs exhibit tunable physicochemical properties, which make them suitable for 

applications in catalysis, magnetism and preparation of nanostructured materials.2, 3 The 

properties of POMs are predominantly tuned by the number, the type and by the 

arrangement of the involved building blocks in unique structural architectures. The 

stabilities and the properties rising from the arrangement of the building blocks define the 

problem of POM isomerism. In this thesis, theoretical techniques are applied to shed light 

into the isomer problem of mixed−addenda and heterogroup−substituted POMs. 

Theoretical methods were chosen as they offer advantages to make accurate predictions of 

the properties of hypothetical POMs or POMs that are difficult or impossible to be studied 

purely on the grounds of experiment.4–6 

Chapter 1 introduces the fundamentals of POM chemistry. A brief description is provided 

on the structural and historic aspects of the well–known POMs. The current state of the art 

in POM isomerism and the experimental and theoretical approaches used over the past 

several decades are discussed in detail. This chapter also provides introduction to POMs 

built of noble metals (Au, Pd and Pt),7 as this is relevant for the core work summarized in 

the next chapters. At the end of this chapter, the scope and the general problems of the 

thesis are outlined.  

Chapter 2 provides a brief introduction to the density functional theory (DFT) method. As 

this thesis benefits from collaboration with experimental partners, section towards 

understanding the typical means of characterization are introduced.  

Chapter 3 provides insights into the effect of the countercations on the calculated UV/Vis 

spectra of the two reported polyoxoaurates [Au4Se4O16]
4− and [Au4As4O16]

8−.8, 9 

Understanding of the solution structure of [Au4As4O16]
8− is of fundamental importance, 

considering that it shares similar synthetic and structural features with the mixed−addenda 

species presented in Chapter 4.  
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Chapter 4 introduces the isomer problem of the mixed gold(III)–palladium(II)–oxo clusters 

with formula [NaAu4Pd8As8O40]
11−,10 and investigates the structure–stability relationship 

and the spectroscopic properties of these materials.  

Chapter 5 addresses the isomerism problem in heteropolyoxovanadates (heteroPOVs).11  In 

the main focus are the isomeric α–/γ–/β–[V14E8O50]
12− and α–/γ–/β–[V14E8O42X8]

12− (E = 

Si, Ge and Sn; X = S, Se and Te) heteroPOVs. The relative stabilities, geometric and 

electronic properties of different rotational isomers and combinations of E and X atom are 

studied and discussed.  

In Chapter 6, the study of the mixed gold(III)–palladium(II)–oxo clusters is extended to the 

larger families of [NaAuxPd12–xAs8O40]
(x−15) and [NaAuxPd12–xSe8O32]

(x−7). Using the 

approach established in Chapter 4, the most stable isomers for each Au:Pd ratio in 

[NaAuxPd12–xAs8O40]
(x−15) and [NaAuxPd12–xSe8O32]

(x−7) were identified. These structures 

are then used to study the dependence of the gap, protonation and Na+ encapsulation 

energies. The sites of substitution are compared to examples of heteroPOV chemistry and 

mixed−addenda Keggin type species 

Chapter 7 sheds light into two special subjects: (i) the comparative study of the 

[Na2Pd22As16O76]
26– with [Pd13As8O40]

14– and (ii) the study of [anti–/syn–Pt2(PW11O39)2]
10− 

and their two electron oxidized species [anti–/syn–Pt2(H2O)2(PW11O39)2]
8−.  

Finally, Chapter 8 outlines the general conclusions of this thesis including directions of 

future theoretical and experimental efforts.  
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Chapter 1. Introduction and Scope of the Work 

 

We are living in an era where large material versatility  and in detail understanding of material 

properties are necessary to ensure advances in many diverse areas such as medicine, 

communication and information technologies, sustainable energy technologies etc. The need to 

develop cost–efficient manufacturing of novel environmentally friendly materials, sets challenges 

on the material innovation process. Following this, material development based on our current 

knowledge and trial and error approach is likely to bring shortcomings in producing materials with 

desired properties. At the beginning of the 21st century, theoretical methods used for description 

of material properties (mainly ab initio and semi–empirical calculations), have become an 

indispensable tool in the material development process in academia and industry. In this work, the 

physicochemical properties of selected novel metal–oxo cluster materials are calculated and 

predicted using the density functional theory (DFT) method.   

Metal oxides are the most abundant materials on Earth1 and many of them find applications in 

metallurgy, catalysis, magnetism, electrochromic devices, etc. The physicochemical properties of 

metal oxides are predominantly defined by: (i) the type of metal center, and its oxidation state and 

coordination environment; (ii) the periodicity of the material which can be 0D, 1D, 2D or 3D 

(Figure 1.1); (iii) the material dimensions (e.g. nanoscale, microscale); (iv) the inner structure of 

material; (v) the formal charge of the material. The present work is primarily focused on discrete 

(zero–dimensional) negatively charged nanoscale metal–oxo clusters, also called 

polyoxometalates (POMs).  

Some POM topologies can be also representative for positively charged and neutral metal–oxo 

clusters (see section 1.4). POMs exhibit large structural versatility, which is partially due to 

isomerism (section 1.3).  
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Figure 1.1: Materials from left to right: building units {AuIIIO4}, {SO4} and {SeO3}, nanoscale cluster of 

[Au15O8(SeO3)10]5+,2 chain structure of BaAu2(SO4)4,3 planar structure of Au2(SeO3)2O 4 and extended structure of 

Au2(SeO3)2(Se2O5).5 Color code: {AuIIIO4} = yellow square planes, {SO4} = green tetrahedra, Se = green balls and O 

= red balls. 

1.1 POM Chemistry 

1.1.1 Fundamental Definitions 

Conventional POMs are nanoscale metal–oxo clusters built of early transition metal elements in 

their high oxidation states (mainly Mo, V, W but also Nb and Ta).1, 6–8 Other than group 5 and 6 

metals, iron (Fe),9 noble metals (Pd, Au and Pt)10 and actinides (U and Pu)11, 12 participate in the 

formation of POMs exhibiting unconventional structures.  

The metal atoms involved in building the POMs are commonly referred to as addenda atoms. 

POMs are typically formed through condensation processes of building units, triggered by 

acidification. An example is the formation of [W7O24]
6–, which is expressed by the reaction:  

7 WO4
2–  + 8H+ ⇌ [W7O24]

6– + 4H2O
  

In nature polyoxometalates are forming during slow weathering processes. Examples of 

polyoxometalate based minerals are pascoite ([V10O28]
6–),13 hewettite ([V6O16]

2–)13 and 

sherwoodite (AlV12
VV2

IVO40]
9–).14   

 

In POMs, the addenda centers M are connected to terminal and bridging oxo ligands. The 

connectivity between two octahedral building units {MO6} may occur via corner sharing, edge 

sharing or face sharing (Figure 1.2).  
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Figure 1.2: Combined ball and stick and polyhedral representation of corner sharing (left), edge sharing (middle) and 

face sharing (right) connectivity between two {MO6} octahedra. Color code: {MO6} = blue octahedra, M = black, O 

= red. 

 

The formation of POMs is directed by various experimental parameters such as pH, temperature, 

concentration of the reactants, presence and type of countercations, templating heterogroups and 

many other (see section 2.9.1).15 During POM formation, the heterogroups can have the role of 

molecular templates (e.g. as in the Keggin type POMs in Figure 1.3.a), or they can be involved in 

the stabilization of metal–oxo cores (e.g. as in the polyoxopalladate in Figure 1.11.d), leading to 

formation of the so–called heteropolymetalates.16 POMs formed in the absence of heterogroups, 

i.e. constituted only from oxo/hydroxo ligands and addenda metals, are often referred to as 

isopolymetalates.16  

 

POMs which have a “saturated” structure are referred to as plenary structures. Plenary POMs 

(Figure 1.3) are well–known for their thermal, redox and pH stability.16  Substitution of addenda 

positions in these plenary POMs by other metal centers leads to formation of mixed–addenda 

species.16  POMs which are derived from plenary structures by removal of single or multiple 

addenda atoms with their adjacent terminal oxo/hydroxo ligands are referred to as “unsaturated” 

structures or lacunary POMs.16 Lacunary POMs exhibit defect sites exposing highly nucleophilic 

terminal oxygen atoms. These atoms can easily bind to d– or f–block metal cations. In this sense, 

lacunary POMs can be considered as all–inorganic polydentate ligands. Depending on the number 

of formally removed polyhedra, the lacunary POMs are referred to as monolacunary, dilacunary, 

trilacunary, etc.  
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1.1.2 Well–Known Examples of Plenary POMs 

There are numerous examples of polyoxometalate topologies. Herein the structures of the four 

widely known POM topologies: Keggin, Wells–Dawson, Anderson–Evans and Lindqvist are 

discussed. The history of structure elucidation of these four POMs is presented in details in Section 

1.2. The herein presented Keggin and Wells–Dawson POMs are members of sets of diastereomers. 

These sets of Keggin and Wells–Dawson isomers are introduced in sections 1.3.1 and 1.3.2 

respectively.    

α–Keggin type [XM12O40]n−: In this structure (Figure 1.3.a), X represents the heteroatom 

(commonly P5+, Si4+, Ge4+  or B3+), M is the addenda atom (commonly Mo or W). The α–Keggin 

type structure is composed of a heterogroup tetrahedron {XO4} which is caged by 12 octahedral 

{MO6} units. Each of the 12 addenda atoms in the {MO6} units connects to one terminal oxo 

ligand. The 12 addenda centers are positioned in the vertices of a virtual cuboctahedron and are 

interconnected by 24 bridging oxygen atoms. The metal centers can be further grouped in four 

virtual triads {M3O13} interconnected by µ2–(O) atoms, giving rise to tetrahedral symmetry of the 

overall structure. The described structure refers to the α–Keggin isomer, while four other isomers 

can be obtained by formal rotation of the {M3O13} triads by 60o (see section 1.3.1).  

α–Wells–Dawson type [X2M18O62]n−: This structure is formally assembled by two trilacunary 

Keggin type {XM9O34} units (Figure 1.3.b).  The lacunary {XM9O34} units are isomeric as they 

can formally derive from either α–Keggin or β–Keggin type POMs. The resulting α–{XM9O34} or 

β–{XM9O34} can then assemble between each other producing six possible isomer types (see 

section 1.3).  

Anderson–Evans type [XM6O24]n−: In this polyoxoanion (Figure 1.3.c), a central {XO6} 

heterogroup templates six {MO6} polyhedra in D3d symmetry compounds.  

Lindqvist type [M6O19]n−: This polyanion (Figure 1.3.d), is assembled of six {MO6} polyhedra 

connected between one another via edge sharing. The compound exhibits Oh symmetry point 

group. The structure features a central six coordinated O2− ligand.  
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Figure 1.3: Combined polyhedra and ball and stick representation of: a) the Keggin, b) Wells–Dawson, c) Anderson–

Evans, and d) Lindqvist strictures. Color scheme: {MO6} = blue octahedra, {XO6} = green octahedra, {XO4} = green 

tetrahedra, M = black balls, X = green balls and O = red balls.  

1.2 Historical Background of POMs  

1.2.1 The Beginnings of Structural POM Chemistry 

It is believed that the Native Americans were the first to observe POMs, in the form of naturally 

occurring “blue waters”, containing reduced polyoxomolybdates.17 The first documentation of 

these “blue waters” in a chemical laboratory was performed by Scheele in the 18th century.18 On 

the other hand, the first synthesis and characterization of a POM is contributed to Berzelius who 
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in 1826 has synthesized (NH4)3[PMo12O40].
19 In 1862 the Swiss chemist Jean Charles Galissard 

de Marignac discovered that there are two isomers of the dodecatungstosilic acid [H4–xSiW12O40]
x–. 

20 Although other synthetic advances have been reported between the end of the 19th and the 

beginning of the 20th century, until the early 1930’s chemists had very limited understanding of 

the structural complexity of POMs.21 

The history of chemistry recognizes that the decades between 1930’s to early 1950’s have brought 

rapid material characterization by X–ray diffraction (XRD) methods, which led to the foundation 

of many new concepts in structural inorganic chemistry.22, 23 Thus, this scientifically prolific period 

is rightfully referred to as “renaissance of inorganic chemistry”. The major developments in 

structural POM chemistry also occurred during this period.  

In 1928 professor Linus Pauling, a major forerunner in structural inorganic chemistry (and later a 

Nobel Laureate), arrived at a proposed the structure of the dodecatungstosilic acid (Figure 1.4).24 

However, at the time using the available X–ray diffraction (XRD) techniques to resolve the 

structure of the dodecatungstosilic acid was very laborious. As suggested by the available 

correspondence,25  Pauling brought this problem to the attention of the X–ray crystallographer and 

physics Nobel Laureate, Sir Williams Lawrence Bragg, who at the time worked at the University 

of Manchester. In 1928, Pauling in a personal correspondence to Bragg writes: “I am pleased with 

the clarity that the study of crystals has introduced into the very complex tungsten and molybdenum 

compounds.”, where by complex tungsten and molybdenum compounds he refers to 

polyoxotungstates and polyoxomolybdates. Interestingly, within four years of this letter in 1933, 

the doctorate student of Sir Bragg, James Fargher Keggin, reported the structure of the 

dodecatungstophosphoric acid [H3PW12O40].
26, 27 Later, Keggin and his coworkers from the Bragg 

group reported a number of other crystallographic structures baring the same polyanion motifs.28–

30 Following this, the remarkable work of Keggin was communicated within the German31, 32 

Russian33, 34 and Swedish35 speaking scientific communities, and with time in his honor the 

[XM12O40]
n− polyoxoanions became referred to as Keggin type structures (1.3.a).  
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Figure 1.4: Pauling model of the dodecatungstosilic acid, which was incorrectly assigned as {(SiO4)W12O54}.24 

Pauling correctly proposed the cuboctahedral topology of the 12 addenda centers, and the central position of the 

heterogroup {SiO4}. However his model did not predict correctly the position of the bridging and terminal oxo ligands. 

The figure is shown in combined polyhedra and ball–and–stick representation where: {WO6} = blue octahedra, {SiO4} 

= green octahedra, W = black balls, Si = green balls and O = red balls.  

The structure of the Keggin polyanion, inspired the chemist John Stuart Anderson to propose the 

structure of [Mo7O24]
6– and [IMo6O24]

5–.36 Although, the proposal was correct for [IMo6O24]
5–, a 

decade later the structure of [Mo7O24]
6– was shown to exhibit a different topology.37 In 1948 the 

American crystallographer Howard Tasker Evans reported the crystal structure of [TeMo6O24]
6–, 

which was the first experimentally characterized member of the [XM6O24]
n– family.38 Since the 

second half of the 20th century, [XM6O24]
n– polyanions are typically referred to as “Anderson–

Evans” polyoxoanions (Figure 1.3.c).  

Since 1940’s, researchers at University of Cambridge showed interest in the structure elucidation 

of the 18–heteropolytungstic acids. In 1940, the structural chemist Alexander Frank Well proposed 

the structure of [P2W18O62]
6–.39 Within 10 years, the structure of this polyoxoanion was resolved 

by the doctorate student Barrie Dawson.40, 41,42 The proposed and the XRD resolved structures 

were in a very good agreement and thus with time these type of POMs became commonly referred 

to as the Wells–Dawson structures (Figure 1.3.b), in honor of the combined effort of both 

scientists.  

 

During late 1940s, the Swedish doctorate candidate Ingvar Lindqvist at Uppsala University was 

probably one of the most active synthetic and structural inorganic chemists focusing in 

polyoxomolybdates.37, 40, 43–49 Nowadays, Lindqvist is best known for his crystallographic work on 
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the [M6O19]
n– type polyanions commonly referred to as the Lindqvist structure (Figure 1.3.d). In 

1953 he reported [Nb6O19]
8–,49 which is the first member of the Lindqvist type polyoxoanions.  

However, it has to be stressed that already in 1950 Lindqvist proposed the structure of [M6O19]
n– 

as part of his thesis work.40  

1.2.2 Modern POM chemistry 

The synthesis of POMs has been majorly developed in the time period between early 1950’s to 

early 1990’s.21  During this period, globally there were numerous research groups, which have 

been developing the synthetic field. In this period groups with prolific research output include: 

Souchay (France), Sillén, Lindqvist (Sweden), Baker, Evans, Pope (USA), Spitsyn (USSR) and 

Ripan (Romania).21, 50 The interest in POMs during this period was mainly motivated by their 

applications in catalysis.  

In the early 1990’s, the emerging nanoscience refreshed the research interest in POMs. This 

interest probably appeared by the self–evident advantages of the nanoscale POMs versus 

conventional metal–oxide nanoparticles: POMs are discrete and well defined on atomistic scale, 

while many metal oxide nanoparticles are often synthetized in ranges of sizes and shapes. 

However, one remaining challenge is to achieve synthetic control that can lead to large POM 

architectures exceeding 5 nm diameter One successful example of this is Müller’s polyoxoanion 

[H48–xMo368O1032(H2O)240(SO4)48]
x– {Mo368}, which reaches up to 5.5 nm.51 Beyond the interest in 

the POM’s size, laborious research efforts have been dedicated into the preparation of transition 

metal or lanthanide containing POMs with desired electronic and magnetic properties.52–54 Over 

the past decade there have been reports of POMs constituting of addenda metals outside of 5th and 

6th group elements, such as the polyoxo(actinyl)ates by Burns et al.12 and the polyoxopalladates 

by Kortz et al.55  

Since early 1990’s, the fast development of POM chemistry also relied on insights and advances 

from computational chemistry.56, 57 
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1.3 Defining Isomerism in POMs 

Tuning the physicochemical properties of a particular POM formula by controlled changes in 

geometry and connectivity between atoms, represents the main motivation to study POM 

isomerism.58 POM isomerism also follows the general isomer classifications summarized below.  

Chemists distinguish between constitutional isomerism and stereoisomerism, while stereoisomers 

can be further divided into diastereoisomers and enantiomers (Figure 1.5). According to the 

recommendations of the International Union of Pure and Applied Chemistry (IUPAC, 

http://goldbook.iupac.org/)59 the above mentioned terms can be defined as follows:  

 Constitutional isomerism is “isomerism between structures differing in constitution and 

described by different line formulae”, where constitution is defined as “the description of 

the identity and connectivity (and corresponding bond multiplicities) of the atoms in a 

molecular entity (omitting any distinction arising from their spatial arrangement). 

  Stereoisomerism is “isomerism due to differences in the spatial arrangement of atoms 

without any differences in connectivity or bond multiplicity between the isomers”.  

 Diastereoisomers (or diastereomers) are “stereoisomers not related as mirror images”. 

 Enantiomers are “one of a pair of molecular entities which are mirror images of each other 

and non–superimposable”.  

 

Figure 1.5: A scheme depicting the general types of chemical isomers. Rotational isomers represent an example of 

diastereomers. In a set of generated positional isomers there can be many isomer types, which can be further grouped 

according to the general classification.  

http://goldbook.iupac.org/
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In POM literature one typically encounters the discussion on rotational and positional isomers. 

For instance rotational isomerism refers polyoxoanions connected to one another by a restricted 

rotation of one or more fragments around a particular bond or an axis. In this respect rotational 

isomers are type of diastereoisomers. In this respect, rotational isomerism comes closest to the 

description of an organic rotamer, which according to the recommendations of IUPAC is defined 

as “one of a set of conformers arising from restricted rotation about one single bond”. An example 

of rotational isomerism are the Baker–Figgis derivations of the Keggin and Wells–Dawson species 

(Figures 1.6 and 1.7).60  

Formal substitution of addenda centers with heteroelements in polynuclear POMs can lead to 

isomers that differ in respect to the substitution configuration. These types of isomers are 

commonly referred to as positional isomers. Pairs of positional isomers may be pairs of 

diastereomers (e.g. rotational isomers), enantiomers or constitutional isomers (Figure 1.5). The 

problem on positional isomerism begins with the synthesis of [PVxMo12–xO40]
(3+x)– (x = 1 – 3) in 

1968.61 In 1975, Pope and Scully have enumerated the possible isomers of the mixed–addenda α–

Keggin family [XMxM’12–xO40]
n– (section 1.3.4).62   

1.3.1 Rotational Isomerism in Keggin Type POMs 

Keggin type [XM12O40]
n– polyanions exhibit five rotational isomers designated by the prefixes α, 

β, γ, δ and ε. These isomers are sometimes termed as Baker–Figgis isomers, and depict stepwise 

rotation of zero, one, two, three and four {Mo3O13} triad units by 60o around the X–O bonds, 

yielding respectively α–, β–, γ–, δ– and ε–Keggin isomers (Figure 1.6).60 The five rotational 

isomers α–/β–/γ–/δ–/ε–[XM12O40]
n– belong to the Td, C3v, C2v, C3v and Td point group symmetries 

respectively.  

The topology of Keggin type isomers is not limited to early transition metal elements (Mo and W) 

but it has been identified also for Al,63, 64 Ga,65 Fe9 and Sb.66 Depending on the addenda atom type, 

the relative stability among the five rotational isomers may vary as demonstrated from the 

theoretical studies of [XM12O40]
n– (M = Mo and W; X = AlIII, GaIII, SiIV, GeIV, PV and AsV),67–69 

the reversed–Keggin type [(MnO4)(CH3)12Sb12O24]
6– 70 and the polyoxoaluminium(III) 

[AlO4(Al(OH)2(H2O))12]
7+ cations.71  
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Figure 1.6: Polyhedra representation of the five rotational α–, β–, γ–, δ– and ε–Keggin isomers shown from left to 

right. Color code: {XO4} = green, {MO6} = both in red and yellow and rotated {M3O13} = yellow. 

1.3.2 Rotational Isomerism in Wells–Dawson POMs 

In 1970, Baker and Figgis postulated the existence of six isomer topologies of the Wells–Dawson 

polyoxoanions [X2W18O62]
n–, designated by the prefixes: α, β, γ, α*, β* and γ*. These isomers differ 

in their relative orientations of the trinuclear {M3O13} caps or half {XW9O34} units (Figure 1.7). 

The six rotational isomers α–/β–/γ–/α*–/β*–/γ *–[XM12O40]
n– belong to the D3h, C3v, D3h, D3d, C3v 

and D3d point group symmetries respectively. 

 

Figure 1.7: Polyhedra representations of α–, β–, γ–, α*–, β*–, and γ*–[(XO4)2W18O54]n– isomers. Color code: {XO4} = 

green tetrahedra, {MO6} = red if they represent A–α–{XM9O34} or yellow if they represent A–β–{XM9O34}. Lacunary 

POM isomerism is clarified in 1.3.5. 
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Experimentally, up to four rotational isomers α–, β–, γ– and γ*–[X2W18O62]
6– have been 

synthesized and characterized for AsV heteroatoms.15 Theoretical investigations have showed that 

the six Wells–Dawson isomers exhibit the relative stability order: α (most stable) > β > γ > γ* > 

β* > α* (least stable).58, 72 These findings are in agreement with the prediction of Contant and 

Thouvenot and co–workers who have hypothesized the relative stability considering the 

isomerization pathway (γ → β → α)  and the oxidizing power of (α < β < γ) of [X2W18O62]
6– (X = 

P and As).73 

1.3.3 Rotational Isomerism in [V18O42]12– and [V18–xE’
2xO42] 2x–12 (E’ = As and Sb) 

There are two known isomers of [V18O42]
12– polyoxoanions (Figure 1.8).74, 75 These clusters can 

be constructed from square planar {VO5} building blocks. The structures can be presented as eight 

edge sharing {VO5} units forming a virtual {V8O16} ring, while these rings are then connected to 

two {V5O17} units from both sites. Depending on the configuration between the {V5O17} units in 

respect to the {V8O16} ring, the [V18O42]
12– structure has D4h symmetry point group (i.e. 

rhombicuboctahedral geometry, or herein noted as α–isomer) or Td symmetry point group (i.e. 

pseudo–rhombicuboctahedral geometry, or herein noted as β–isomer). [V18O42]
12– POMs  can be 

considered as rotational isomers, since they can be related to each other by a virtual rotation of one 

of the {V5O17} units by 45o around the vertical axis passing through the center of the {V8O16} ring.  

A virtual substitution of {VO} with {E’
2O} (E’ = As and Sb) moieties in the isomeric [V18O42]

12– 

polyoxoanions, leads to isomeric heteropolyoxovanadates (heteroPOVs) of the type [V18–xE
’
2xO42]

 

2x–12. Examples of such virtual substitutions have been reported by the Bensch group, who 

synthetized and characterized the isomeric antimonato polyoxovanadates [V16Sb4O42]
8– (Figure 

1.8). The herein noted α–[V16Sb4O42]
8– exhibits D2h symmetry point group and formally derives 

from α– [V18O42]
12–. Similarly, the herein noted β–[V16Sb4O42]

8– exhibits C2 symmetry point group 

symmetry and it formally derives from β–[V18O42]
12–.76, 77 
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Figure 1.8: Combined polyhedra and ball–and–stick representation of α–[V18O42]12– (top row, left), β–[V18O42]12– (top 

row, right), α–[V16Sb4O42]8– (bottom row, left) and β–[V16Sb4O42]8– (bottom row, right). Color code: {VO5} = gray 

square pyramids, Sb = green balls and O = red balls.  

1.3.4 Positional Isomerism in Keggin Type POMs 

Pope and Scully have enumerated the total number of positional isomers for the mixed–addenda 

α– and β–Keggin type [XMxM’12–xO40]
n– (Table 1.1).16, 62 As it can be observed from Table 1.1, 

the number of positional isomers is significantly larger for β–Keggin type [XMxM’12–xO40]
n–  due 

to the lower symmetry.  

Table 1.1: Enumeration of the positional isomers derived for mixed–addenda α– and β–Keggin anions [XMxM’12–

xO40]n–.16  

x α–[XMxM’12–xO40]
n– (Td) β–[XMxM’12–xO40]

n– (C3v) 

1 1 3 

2 5 14 

3 13 43 

4 27 90 

5 38 142 

6 48 166 
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The numerical assignment of the addenda centers proposed by Pope and Scully has been revised 

according to the IUPAC recommendations.78, 79 An example of application of this scheme to assign 

the different α–[XM2M’10O40]
n– isomers is shown in Figure 1.9.b. 

XRD crystal structure elucidation of salts containing mixed–addenda α–[XVxM12–xO40]
n– (X = P, 

As, V; M = Mo and W) often provides information that the metal centers are delocalized over all 

addenda centers.80–83 This phenomenon indicates that multiple positional isomers have been 

cocrystallized. Information on the total number of isomers coexisting in solution and their 

respective abundances can be established on the basis of nuclear magnetic resonance (NMR) 

spectroscopy. In this light 51V and 31P NMR have been used to establish the number [PVxM12–

xO40]
n– (M = Mo and W) isomers84 and the abundances of α–/β–[PVxMo12–xO40]

(3+x)– (x = 1–3) in 

solution.85, 85–87  

 

Figure 1.9: a) Unfolded α–Keggin polyoxoanion showing the numerical assignment of the addenda positions, with 

recommended IUPAC numbering scheme;62 b) Polyhedra representation of the five α–[XM2M’10O40]n– isomers. 

Isomers α–[1,6–XM2M’10O40]n– and α–[1,5–XM2M’10O40]n–  are enantiomers of α–[1,7–XM2M’10O40]n– and α–[1,8–

XM2M’10O40]n– respectively (not shown). Color code: {XO4} = green, {MO6} = yellow and {M’O6} = red.  

To ensure if a particular partially reduced POM system contains multiple isomers, one may make 

use of combination of techniques such as electron paramagnetic resonance (EPR) characterization 

and infrared spectroscopy (IR)88 In the characterization of [PV2M10O40]
5– (M = Mo and W), EPR 

has shown that reduction occurs on the V sites, while IR reveals several absorption lines for the 

stretching modes of the P–O bonds, which origin from the coexistence of several positional 

isomers .88  
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Theoretical investigations of the electronic, redox, protonation and stability properties have been 

performed by Guan et al. on the five positional isomers of α–[PTi2W10O40]
7– .89 On the basis of 

the bonding energies, these five isomers follow the stability order given in IUPAC notation: α–

[1,5–PTi2W10O40]
7– > α–[1,6–PTi2W10O40]

7– > α–[1,11– PTi2W10O40]
7– > α–[1,4– PTi2W10O40]

7– > 

α–[1,2– PTi2W10O40]
7–.  

1.3.5 Isomerism in Lacunary Derivatives of the Keggin Type POMs 

Lacunary POMs exhibit nucleophilic terminal oxygen atoms which can facilitate the bonding 

towards the d or f–block heterometal. Lacunary anions of the Keggin structure are interesting in 

the context of POM isomerism since they bring closer concepts of rotational and positional 

isomerism.  

Formal removal of one {MO} moiety from α–{XM12O40} and β–{XM12O40} leads to formation of 

α–{XM11O39} and three β–{XM11O39} isomers respectively (see Figure 1.10).15 The three β–

{XM11O39} arise from the three positional isomers exhibited by the plenary β–Keggin framework. 

Formally, three types of lacunary sites in the monolacunary β–Keggin isomers are distinguished 

numerically by an additional index next to the β letter (i.e. β1–, β2– and β3–{XM11O39}).  

 

Figure 1.10: Polyhedral representation of the plenary trilacunary (top), plenary (middle) and monolacunary Keggin 

isomers. One has to note that B–β–{XM9O34} are known only in oligomeric polyoxotungstates.  
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Experimentally the monolacunary β–[SiM11O39]
8– isomers have been proven to have the following 

stability order: β1 (least stable) < β2 < β3 < α (most stable). On the basis of bonding energies, 

Chermette et al. confirmed the stability orders of the three β–[SiM11O39]
8– isomers observed in 

experiments, but found that the bare β3 and α showed very similar bonding energies and thus 

stability.90 Laurencin et al. demonstrated that interactions with the environment (i.e. solvent effects 

and dissolved countercations) are very important and introduce geometric constrains at the 

lacunary site of the β3–[XW11O39]
m– (X = P and Si), thus making the β3 isomers sterically less 

favorable than the α isomers.91 

Removal of a {M3O6} moiety from α–{XM12O40} and β–{XM12O40} leads to the formation of four 

isomers.15 Depending on whether the connectivity between the three addenda centers in {M3O6} 

occurs via corner sharing or edge sharing, one distinguishes A type and B type {M3O6} removal 

respectively. Combining the type of the removal of {M3O6} units (i.e. A or B) with the type of 

rotational Keggin isomers (α–{XM12O40} or β–{XM12O40}) one arrives to the four lacunary POM 

isomers: A–α–{XM9O34}, B–α–{XM9O34}, A–β–{XM9O34} and B–β–{XM9O34} (see Figure 

1.10). This assignment is not very systematic, as B–α–{XM9O34} can be also formally derived by 

virtual {M3O6} removal from β–{XM12O40}.  

1.3.6 Enantiomeric POMs 

The research interest in enantiomeric (or also chiral) POMs,92 is motivated by the applications of 

these materials in stereoselective catalysis, bio–simulation, sensing, nonlinear optics and 

medicine.93, 94 

The self–assembly of POM building blocks can sometimes lead to discrete enantiomeric species.92 

Enantiomeric hybrid–POMs can be also produced by functionalization of lacunary POMs with 

chiral organic or metalorganic moieties. In this approach, the chirality of the functionalizing 

moiety is transferred to the formed hybrid–POM.95  

Stabilization electronic effects in a POM that appears non–chiral may induce structural 

deformations and thus to reduce the overall symmetry. An example of this is the chiral Wells–

Dawson type α–[P2Mo18O62]
6−.96, 97 This feature has been reported by Pope in 1976, who noted 

that the α–[P2Mo18O62]
6− did not exhibit idealized D3h symmetry, D3, which renders this POM 

chiral.98 Later in 1978 Pope and Garvey have demonstrated that the symmetry break is not induced 
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by the crystal packing and that it was also present for the solution α–[P2Mo18O62]
6− species, as 

shown by the observed Pfeiffer effect in the optical rotatory distortion spectrum.97 The Pfeiffer 

effect was induced from the ion pairing of the chiral POM and the chiral countercations. 

Theoretical insights into these problem were reported by Poblet et al. in 2008, who studied the 

family of α–[X2Mo18O62]
q− (X = SIV, SeIV, PV, AsV, SiIV, GeIV).96 Their study showed that α–

[X2Mo18O62]
q− have higher stability with the D3 symmetry, and the geometric distortions were 

more pronounced in the POMs with more negative heterogroups. The geometric distortions in α–

[X2Mo18O62]
q− stabilize the HOMOs, while the energy stabilization is related to second order Jahn–

Teller effect.96 

1.4 Polyoxonoble–Metal Clusters 

Over the past decade there is an increased interest in synthesis, structural characterization and 

theoretical studies of the electronic and spectroscopic properties of the noble metal (Pd, Au and 

Pt) based metal–oxo clusters.10 These materials can adopt positive, neutral or negative formal 

charges, thus they can be generally referred to as polyoxonoble–metal clusters.  

 

Early reports of polyoxonoble–metal clusters date back to the late 1980’s when Privalov et al. 

reported the crystal structure and the solution NMR spectra of [(NO2)3PtIVPtII
3O3(NO2)6]

5– (Figure 

1.11.a)99, 100 and [PtIV(PtII
3O3(NO2)3)2]

8– (Figure 1.11.b)99, 100 polyoxoanions. However, over the 

years this work did not receive large research attention. Probably the most impactful works in this 

family of materials date to 2004 when the Wickleder group has reported the synthesis of 

[Pt12O8(SO4)12]
4– (Figure 1.11.c)101 and in 2009 when the Kortz group has reported the synthesis 

of the first polyoxopalladate [Pd13As8O34(OH)6]
8– (Figure 1.11.d).55 Later in 2010 the Kortz group 

also reported the first polyoxoaurate [Au4As4O20]
8– (Figure 1.11.e). 102 

 

The addenda centers in conventional POMs have formal d0 or d1 valence shell, while in 

polyoxonoble–metal clusters the addenda have partially filled atomic d orbitals (d6 – d8). Addenda 

centers such as PdII, AuIII and PtII have d8 filled valence shell and typically exhibit square planar 

coordination which contributes towards the formation of unconventional POM architectures. 

Deviation from this structural feature is possible by incorporating PtIV (d6) as addenda centers 

which exhibit octahedral {MO6} building units. PtIII (d7) can involve in the formation of Pt–Pt 
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bonds and can coordinate up to five oxo bridging ligands as exemplified by [Pt12O8(SO4)12]
4– 

(Figure 1.11.c).  

 

Figure 1.11: Combined polyhedra and ball and stick representation of a) [(NO2)3PtIVPtII
3O3(NO2)6]5–; b) 

[PtIV(PtII
3O3(NO2)3)2]8–; c) [PtIII

12O8(SO4)12]4–; d) [Pd13As8O34(OH)6]8–; e) [Au4O4 (AsO4)4]8–.Color code Pt = grey 

balls, O = red balls, N = blue balls, A u = yellow balls, {PtO4} and {PtO6} = grey polyhedra, {SO4} = yellow tetrahedra 

and {AsO4} = green tetrahedra.  

Similarly to conventional POMs, in a polyoxonoble–structure one can distinguish between 

compounds built exclusively of one type of a metal–oxo building block (i.e. isopolyoxonoble–

metal clusters) and structures built of various groups including heterometals and heterogroups (i.e. 

heteropolyoxonoble–metal clusters). From the subclasses, heteropolyoxonoble–metal clusters are 

far more numerous. All of the up–to–date reported clusters are summarized in Table 1.2. The most 

relevant topology of these clusters is the cuboidal {M’M12O8(L)8}, where M = AuIII, PdII or mixed 

AuIII/PdII; L = {AsO4}, {C6H5AsO3}, {SeO3}, {PO4} and {C6H5PO3} and M’ can be various types 

of cations (see Table 1.2 for details). In these clusters, the twelve noble metal centers arranged in 

cuboctahedral fashion are interconnected by eight O atoms to form a {M12O8} core. The eight 

oxygen atoms occupy the vertices of a virtual cube, defining the inner cavity of the metal–oxo core 

(i.e. site for incorporation of M’). This core is then stabilized by eight capping groups L, which 

form the overall cuboidal structure. 



 

19 

 

Table 1.2: The reported up–to–date noble heteropoly–metal–oxo clusters made of Pd, Au and Pt. Protonation is 

omitted for clarity.  

PdII 

Addenda 

nuclearity 

Formula Central metals Referece 

3 [Pd3(CH3COO)6] – 105 

7 [Pd7V6O24(OH)2]6– – 106 

10 [Pd10(CH3COO)12O4(H2O)2] – 107 

12 [MPd12O8(PO4)8]n– MnII, FeIII, CoII, CuII, ZnII 108 

[MPd12O8(C6H5PO3)8]n– CuII, ZnII 108 

[NaPd12O8(AsO4)8]15– NaI 109 

[MPd12O8(C6H5AsO3)8]n– YIII, PrIII, NdIII, SmIII, EuIII, 

GdIII, TbIII, DyIII, Ho, ErIII, 

TmIII, YbIII LuIII, ScIII, 

MnII, FeIII, CoII, NiII, CuII, 

ZnII and CaII 

108, 110, 111 

[MPd12O8(SeO3)8]n– InIII, CrIII, CoII, ZnII, NiII, 

CuII, MnII, LuIII, FeIII. 

108, 112, 113 

[SrPd12O6(OH)3(PhAsO3)6(OAc)3]4– SrII 111 

13 [Pd13O8(AsO4)8]14– PdII 55 

[Pd13O8(SeO3)8]6– PdII 114 

[Pd13O8(PhAsO3)8]6– PdII 114 

15 [Pd15P10O50]20– (NaI, KI, and H2O) 115 

[Pd15Se10O40]10– NaI, H2O 112, 116 

[BaPd15O10(C6H5AsO3)10]8– BaII 111 

15.4 [NaPd15P10O50]19– 

[Pd16P10O50]18– 

NaI 

PdII 

117 

17 [Pd17P10O50]16– PdII 115 

22 [Cu2Pd22P12O60(OH)8]20– CuII 118 

22 [Na2Pd22As16O76]26– NaI 119 

84 [Pd84O42(PO4)42(CH3CO)28]70– – 120 

AuIII–PdII 

12 [NaAu3Pd9O8(AsO4)8]12– NaI 

 

109 

[NaAu4Pd8O8(AsO4)8]11– 

[NaAu5Pd7O8(AsO4)8]10– 

[NaAu6Pd6O8(AsO4)8]9– 

AuIII 

4 [Au4Se4O16]4– KI 121 

8 [Na5Au8As8O40]11– NaI 102, 122 

12 [Au12O8(SeO3)8]4+ – 2 

15 [Au15O10(SeO3)10]5+ – 2 

PtII, PtIII and PdIV 

4 [PtIV
4(μ3–OH)2(μ2–OH)4(NO3)10] – 123 

4 [(NO2)3PtIVPtII
3O3(NO2)6]5– PtIV 99, 100 

6 [PtIV
6(μ3–OH)4(μ2–OH)6(NO3)12]2+ – 123  

7 [PtIV(PtII
3O3(NO2)3)2]8– PtIV 99, 100 

12 [PtIII
12O8(SO4)12]4– – 101 

 

The condensation of metal–oxo building units of noble metals in aqueous media on their own, is 

a very slow hydrolysis process. This has been exemplified by the 15 years long aged solutions 
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which yielded the clusters [Pd10O4(OH)8(H2O)12]
4+ and [Pt14O8(OH)8(H2O)12]

4+.103 To the best of 

my knowledge, the former two structures and solid state [Pd6O12] wheel structure,104 represent the 

only known reported examples of isopolyoxonoble–metal clusters.  

1.5 Application of Density Functional Theory in POM Research 

Until date, Density Functional Theory (DFT) is the most commonly used theoretical method in the 

description of the structural, electronic and spectroscopic properties of POMs. The rationale for 

this is that DFT offers satisfying accuracy for affordable calculation costs.56, 57 Some selected 

achievements of the theoretical POM chemistry in development of the POM research over the past 

decades, are summarized in the following lines.  

In the study of novel POMs, DFT provides information on the energy and distribution of the 

molecular orbitals.56 Analysis of the character of the frontier orbitals gives information on the 

relative stability and on the potential reducibility at particular metal sites. Further on, the 

electrostatic interactions of POMs with their immediate environment can be investigated, for 

example through analysis of the molecular electrostatic potential (MEP).56  

DFT has been commonly applied in the calculation of spectroscopic features of POMs. For 

instance, calculated IR and Raman spectra of Lindqvist [M6O19]
n– and α/β–[XM12O40]

n− (X = Si, 

P; M = Mo, W) Keggin are shown to be in agreement with experiment and can be used to provide 

description and prediction of the observed modes.124–126 A drawback in these calculations is the 

description of the frequency corresponding to the stretch of the M–Ot (Ot – terminal oxo atoms). 

These frequencies are inaccurately calculated due to the high partial charges on the Ot and the 

limitations of the DFT method.  

Calculation of excitation spectra (e.g. UV/Vis and circular dichroism CD) is another spectroscopy 

of interest considered in the description of photocatalytic or chiral POMs. In 2011, Bagno et al. 

systematically investigated accuracy of various theoretical levels on the prediction of the UV/Vis 

spectrum of [W6O19]
2−.127 The application of TD–DFT has been employed by Streb et al. to 

rationalize the improved photocatalytic activity of [VMo5O19]
3– versus [Mo6O19]

2–.128 Similar 

approach has been employed by Casey et al. in the study of [Cr(OH)4Nb10O30]
8− polyanions129 and 

by groups of Yan and Su to study chiral POMs.130–132  
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Independently, Bagno et al. and Vankova et al. have shown that the DFT calculation of the NMR 

chemical shifts of various POMs in solution, can provide indirect insights into the interaction of 

the POMs with their immediate environment.133, 134 Examples of good correlation between the 

experimental and the calculated chemical shifts are protonated species of [H2PtIVV9O28 ]
5− and the 

models of γ–[XW10O36]
8− (X = Si  or Ge) with hydrated cations in the lacuna.134 Similarly such 

efforts have been prolific in the study of vanadium capped polyoxopalladates106 and of 

polyoxomolybdodiphosphonates.135 These studies imply that the NMR shifts in particular systems 

may be significantly affected by the environmental effects and thus, the computational chemists 

has to account them through the POM model.  

1.6 Applications of POMs 

POMs have wide spectrum of potential applications (Figure 1.12), however only a handful of 

POMs have obtained commercial application. In industry, POMs have been predominantly applied 

as homogeneous catalysts in acid catalysis and in selective oxidation catalysis.136  An example for 

acid catalysis includes hydration of olefins and the commercial synthesis of ethyl acetate from 

ethylene and acetic acid.136 Examples for selective oxidation are the oxidation of methacrolein in 

methacrylic acid and ethylene to acetic acid. Since early 1970’s, such processes have been 

predominantly carried out and developed by chemical companies in Japan (e.g. Ashai Chemical 

industries, BP Amoco, Nippon Shokubai–Sumitomo, Mitsubishi Rayon and Showa Denko).136 

Nowadays catalytic POMs are mainly used for the preparation of fine organics for research 

purposes. 137–141  

In the recent years, POMs have attracted interest in the emerging water oxidation technology as 

their potential role in the preparation of the oxidation catalyst (e.g. [Ru4(μ–O)4(μ–OH)2(H2O)4(γ–

SiW10O36)2]
10−)142–146 and in the preparation of electrolytes for the complete device.147 

Many POMs show also potential applications as single molecule magnets (SMM)148 and 

applications in quantum computing.149, 150  Spectroscopic properties of POMs have attracted 

interest for biological imaging151, 152 and in photocatalysis.153–156  

In life sciences, POMs aided the XRD refinement of the ribosome crystal structure,157 which led 

to the Nobel prize in 2009. Furthermore, POMs have helped crystallization of molybdenum storing 

proteins.158 In terms of medicinal applications, particular POMs have even entered clinical trials 
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due to their antiretroviral activity.159–162 However, the strong and non–selective interactions of 

POMs with proteins is a major drawback that needs to be taken into account for future research in 

these areas.163 

 

Figure 1.12: Scheme depicting some potential applications of conventional polyoxometalates and polyoxonoble–

metal clusters.  

The opportunity to link POMs with organic materials, led to a class of hybrid–POMs.144 These 

materials are particularly interesting in energy conversion, energy storage and design of 

nanostructured sensors.164 POMs are further interesting for the synthesis and functionalization of 

nanoparticles.165, 166 It has been recently demonstrated that that POMs can be used as potential 

non–volatile memory storage devices.84 

Similarly as many conventional POMs, polyoxonoble–metal clusters exhibit potential application 

in catalysis,55, 108, 117 synthesis of hybrid–POMs108, 110, 111, 114 and in preparation of nanocolloidal 

materials107, 167 (Figure 1.12).  
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1.7 Scope of This Thesis 

The aim of this work is to provide a theoretical description to polyoxometalates built of AuIII, PdII 

and mixed AuIII/PdII, and on the family of heteropoly–(14)–polyoxovanadates. For this purpose, 

DFT is applied to calculate the geometries and describe the physicochemical properties of number 

of synthesized and hypothetical metal–oxo clusters: [NaAuxPd12–xAs8O40]
(x–15) , [NaAuxPd12–

xSe8O32]
(x–7) , [V14E8O50]

12– (E = Si, Ge, Sn) , [V14E8O42X8]
12– (E = Si, Ge, Sn and X = S, Se, Te) 

and [Au4O4(L)]n– (L = {AsO4} and {SeO3}). The theoretical efforts to describe each of these 

families were motivated by three fundamental problems:  

 Problem 1: The polyoxoanions [Au4O4(AsO4)4]
8– and [Au4O4(SeO3)4]

4– showed different 

interactions with the countercations in the solid state. These two polyoxoanions also show 

different UV/Vis spectra. Can one elucidate their solution structure on the basis of 

combination of techniques (UV/Vis, TD–DFT and ESI–MS)?  

 Problem 2: The AuIII and PdII centers in the synthesized [NaAu4Pd8As8O40]
11– 

polyoxoanion could not be determined on the basis of experimental studies. Theoretical 

investigation aimed to allocate structures with high stability and calculated spectroscopic 

properties that can explain experimental observations. With development of the work, the 

original investigation was extended to the larger structural families: [NaAuxPd12–

xAs8O40]
(x–15) and [NaAuxPd12–xSe8O32]

(x–7). How do the AuIII:PdII ratio and positional 

isomerism affects the intrinsic stabilities, affinities towards protonation and encapsulation 

of Na+ cations of these two families?  

 Problem 3: Heteropolyoxo–(14)–vanadates are subject of rotational isomerism. How do 

the structural and electronic properties in [V14O38]
20–, [V14E8O50]

12– and [V14E8O42X8]
12– 

(E = Si, Ge, Sn and X = S, Se, Te) are affected by the type rotational isomerism and the 

combination of E and X atoms? 

The capability to bring theoretical insights into the former three problems, opens an opportunity 

for better understanding of the isomer problem of POMs and for further studied and applications. 

Thus these opportunities add an additional motivation for working on the above described 

problems, and they are described in each of the core chapters of this thesis (Chapters 3–7).  

This thesis also provided theoretical support in two additional projects:  
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 Arsenate capped polyoxopalladates: The electronic structures of [Na2Pd22As16O76]
26– 

and [Pd13O8(AsO4)8]
14– were described by application of the DFT method. Potential 

fragmentation pathways were investigated for the novel [Na2Pd22As16O76]
26– and 

comparison with the reported [Pd13O8(AsO4)8]
14– 

 Platinum functionalized (11)–tungstophosphates: The isomers of anti–[PtII
2(α–

PW11O39)2]
10– and syn–[PtII

2(α–PW11O39)2]
10– were described on the basis of DFT. The 

study also provided description on the two electron oxidized and one electron reduced 

species, thus providing motivation for additional electrochemistry studies.   

1.7.1 Steps Employed During the Development of the Work 

The obtained results which address each of the former problems and projects are furnished in five 

chapters. The individual steps undertaken to obtain clarity in these subjects are summarized in the 

following lines.  

The objectives of Chapter 3 with title “The solution structure of polyoxoaurates: insights from 

UV/Vis simulations and electrospray mass spectrometry.” are: 

 Develop and validate a procedure to perform accurate calculations on polyoxoaurates. 

 Simulate the UV/Vis spectra of [Au4Se4O16]
4–, [KAu4Se4O16]

3– and [Au(OH)4]
– in water.  

 Simulate the UV/Vis spectrum of the [Au4As4O20]
8–.  

 Model interactions of [Au4As4O20]
8– with countercations, calculate their UV–Vis spectra, 

and evaluate how the calculated and observed UV–Vis spectra fit with one another.  

 Clarify the contributing effects from the capping groups and the countercations to the 

excitation spectra of two polyoxoaurates.  

 The quality of the predictions is further evaluated on the basis of electrospray mass 

spectrometry.  

 

The objectives of Chapter 4 with title “Elucidation of the Structure of the Mixed Gold(III)–

Palladium(II) Polyoxo–noble–metalate [NaAu4Pd8As8O40]
11–” are: 
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 Generate the complete isomer set accounting for the different occupancies of Au and Pd in 

the polyanion [NaAu4Pd8As8O40]
11–. To increase the efficiency of the calculations, reduce 

the set of total isomers by allowing only one structure to represent a pair of enantiomers.  

 Perform geometry optimization on the set of isomers and rationalize the most stable 

configurations of respective occupancies of the addenda elements Au vs. Pd in the bare 

polyanion model [NaAu4Pd8As8O40]
11–. Select structures for further studies.  

 Calculate IR and UV/Vis calculations of the selected structures, describe the spectra and 

compare with the experimental spectra for coherency.  

The objectives of Chapter 5 with title “The Rotational Isomerism Problem in “Fully–Reduced” 

Heteropolyoxo–(14)–vanadates” are: 

 Design structural models of α–/β–/γ–[V14O38]
20– (I), α–/β–/γ–[V14E8O50]

12– (II) and α–/β–

/γ–[V14E8O42X8]
12– (III), where E = Si, Ge, Sn and X = S, Se, Te.  

 Optimize the geometries and analyze how the rotational isomerism, E and X atoms affect 

the structural features of I/II/III.  

 Establish relative stabilities of II/III in terms of HOMO–LUMO gap and bonding energies.  

 Investigate how the rotational isomerism, E and X atoms affect the electronic properties of 

II/III. 

 Study the basicity and the protonation affinities of the different O and X atoms in II/III.  

 

The objectives of Chapter 6 with title “The Positional Isomerism Problem in [NaAuxPd12–

xO8(AsO4)8]
x–15 and [NaAuxPd12–xO8(SeO3)8]

x–7” are: 

 Enumerate and generate the complete isomer set of [NaAuxPd12–xO8(AsO4)8]
x–15 and 

[NaAuxPd12–xO8(SeO3)8]
x–7. 

 Optimize the geometries and describe the relative stabilities in terms of HOMO–LUMO 

gap and bonding energies for each stochiometry.  

 Select most stable isomers of each Au:Pd radio and compare their electronic properties 

(HOMO, LUMO and HOMO–LUMO gap energies), protonation at different O atoms and 

Na+ encapsulation affinities. 
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In Chapter 7 with title “Examples of Interplay of Theory and Experiment in Noble Metal POM 

Chemistry” collaborative work between the groups of Thomas Heine and Ulrich Kortz is included. 

The included work focuses on two projects where the theoretical contributions are:  

 Describe the electronic structure of the novel polyoxoanion [Na2Pd22As16O76]
26– and 

compare it with the reported [Pd13O8(AsO4)8]
14–.  

 Describe the electronic structure of the two polyoxoanion isomers with formula 

[Pt2(PW11O39)2]
10–  and to propose potential protonation sites.  

 Provide description on the experimentally observed spectroscopic properties of 

[Pt2(PW11O39)2]
10– by calculations of the IR and the UV/Vis spectra.  

 Provide information of the structural, electronic and spectroscopic properties of the two 

electron oxidized polyoxoanions derived from [Pt2(PW11O39)2]
10–.  
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Chapter 2. Methodology 

 

This chapter introduces the basics of quantum mechanics and computational chemistry, with a 

main overview on the density functional theory (DFT) and its time–dependent extension, i.e. time–

dependent density functional theory (TD–DFT).168 Description is provided on the Conductor like 

Screening Model (COSMO)169 and on the molecular electrostatic potential (MEP)170 respectively. 

The software, Amsterdam Density Functional (ADF),171, 172 the ranges of its capability and 

advantages are also presented. As large portion of the obtained results in this thesis is relevant to 

experimental work, a brief introduction in the synthesis and characterization of POMs is provided.  

2.1 Quantum Mechanics 

The time–independent Schrödinger equation has the simple form 𝐻̂𝜓 = 𝐸𝜓, where 𝐻̂ is the 

Hamiltonian operator and ψ is a set of solutions or eigenstates of the Hamiltonian.173, 174 Each of 

these solutions ψn, has an associated eigenvalue, En, which is a real number that satisfies the 

eigenvalue equation. For some well–know examples such as particle in a box, the Hamiltonian in 

the Schrödinger equation obtains a simple form and thus it can be solved analytically.173  

The Hamiltonian for systems considering multiple electron interactions in a nuclear potential 

obtains a complicated form which includes: (i) the kinetic energy of the electrons; (ii) the kinetic 

energy of the nuclei; (iii) the potential energy of the nuclear–nuclear interaction; (iv) the potential 

energy of electron–electron interactions; (v) the potential energy of the nuclear–electron attraction. 

Finding analytical solutions to such complex systems is practically impossible and thus it requires 

use of approximations and numerical approaches.   

2.2 Computational Chemistry  

Computational chemistry offers sophisticated theories that can calculate molecular orbitals, 

structural and spectroscopic properties and reactivity of molecules. The full treatment of 

computational chemistry can be elegantly formulated, however its numerical complexity is often 

challenging. In 1998, Noble prize in chemistry was awarded to John Pople and Walter Kohn for 

their contributions to the development of computational techniques for elucidation of molecular 
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structure and reactivity. This was also the first time the Noble prize in chemistry or physics to be 

awarded for the development of numerical methods. 

The wavefunction and density functional methods that are used for calculation of chemical systems 

are based on the use of the electronic wave function and the electronic density, respectively. Both 

methods make use of numerous approximations. The Born–Oppenheimer approximation, which 

approximates the nuclei in the particular chemical system as “frozen–in–space”, is used by both 

methods. Thus by ignoring the nuclear motion, the system becomes less complicated as one does 

not need to consider the kinetic energy from the nuclei, while the potential nuclear–nuclear 

repulsion energy becomes constant that can be calculated using the Coulomb law.  

Another approximation that is used in wavefunction and density functional methods is the 

treatment of the electron–electron repulsive interactions. By ignoring that the electronic motion is 

correlated, and by replacing the instantaneous electrostatic field with an average one (Figure 2.1), 

it is possible to recover even over 95 % of the electron interaction energy. The potential in this 

approximation is called the Hartree potential, and it has the following form:  

𝑉𝐻(𝑟) = 𝑒2 ∫
𝑛(𝑟′)

|𝑟 − 𝑟′|
𝑑3𝑟′ (2.1) 

 

Figure 2.1: A scheme depicting the replacement of individual electron–electron interactions (left) with the uniform 

Hartree potential field (right).  

2.2.1 Hartree−Fock (HF) Theory 

The HF theory is representative for the wavefunction methods. This theory merges the Hartree 

theory (which ignores the electron correlation) and the Fock theory (which takes into account the 

electron exchange exactly). The former is important as the exchange energy, which arises from the 

antisymmetry of the quantum mechanical wavefunction, must be included for accurate description. 

The Fock theory takes care of the electron exchange by constructing antisymmetric wavefunctions.  
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This begins by approximating that the many–electron wavefunction is a product of one–electron 

wavefunctions:  

𝜓(𝑥1, … . . , 𝑥𝑁) = 𝜒𝑗1
(𝑥1)𝜒𝑗2

(𝑥2) … 𝜒𝑗𝑁
(𝑥𝑁) (2.2) 

The wavefunction must satisfy the Pauli Exclusion Principle (PEP) and change sign under 

permutation of pairs of electrons. Thus the wavefunction can be written as a sum of all possible 

permutations with the appropriate sign, which are them expressed as Slater determinants:  

𝜓(𝑥1, … . . , 𝑥𝑁) =
1

√𝑁!
 𝑑𝑒𝑡 |𝜒𝑗1

(𝑥1)𝜒𝑗2
(𝑥2) … 𝜒𝑗𝑁

(𝑥𝑁)| (2.3) 

In equation 2.3, the coefficient (1/N!)1/2 ensures that the wavefunction is normalized if the 

component spin orbitals are normalized. By combining the detrimental wavefunction and the 

variational principle one can obtain an optimal wavefunction that gives the lowest total energy. 

As indicated earlier, the HF theory ignores the correlation energy which may contribute ca. 5% to 

the total energy. This can be a source of an error when calculating bond distances and bond 

energies of molecules which have areas of high electron density (e.g. multiple bonds). To correct 

for this, there are wavefunction methods that go beyond the HF. Separate to these, DFT overcomes 

some of these errors by approximating both the exchange and the correlation energies (vide infra).  

2.2.2 Density Functional Theory (DFT) 

The electron density, n(r), which represents a probability to find an electron at position r can be 

expressed in terms of individual wave functions:  

𝑛(𝑟) = 2 ∑ 𝜓𝑖
∗(𝑟)𝜓𝑖(𝑟)

𝑖

   (2.4) 

When calculating the properties of a particular system, the product of the many one–electron 

wavefunctions and the electron density can provide equivalent chemical information. However, 

the number of scape variables necessary to describe the many one–electron wavefunctions and the 

electron density of a particular system are not same. The electron density is dependent on three 

space variables (x,y,z), while the many one–electron wavefunctions 3N variables, where N is the 
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number of electrons. Therefore, the use of electronic density instead of many one–electron 

wavefunctions can provide computational advantages.  

DFT is founded over two fundamental mathematical theorems proved by Hohenberg and Kohn 

(HK).175 The first HK theorem addresses the ground state energy of a particular collection of 

atoms: The ground–state energy from Schrödinger’s equation is a unique functional of the electron 

density. This theorem implies that there is one–to–one mapping between the ground state wave 

function and the ground state electron density. The HK theorem shows that the ground–state 

electron density uniquely determines all properties rising from the energy and the wave function 

of the ground state.  

The electron density in a system, which makes use of the Born–Oppenheimer approximation, 

affects the following energy terms: (i) the kinetic energy of the electrons; (ii) the potential energy 

of electron–electron interactions; (iii) the potential energy of the nuclear–electron attraction. The 

potential energy of electron–electron includes energy terms that come from the repulsive forces 

and an unknown exchange–correlation energy term. Although the first HK theorem guarantees 

that there is a functional that can do correct mapping of the electron density to the ground state 

energy of the system, it does not describe the nature of this functional. This phenomenon is 

described by the second HK theorem: The electron density that minimizes the energy of the overall 

functional is the true electron density corresponding to the full solution of the Schrödinger 

equation. Thus, hypothetically if “true” functional form is known, by using the variational 

procedures one can optimize the electron density and the energy of the system. 

However, finding an electron density that can be correct for a particular system is not trivial as one 

encounters the many–body problem. This problem in HK DFT is can be resolved by using sets of 

Kohn–Sham (KS) equations.176, 177  The KS equations postulate a hypothetical system where the 

many–body problem of interacting electrons in a static external potential is reduced to a problem 

of non–interacting electrons in an effective potential. The KS equations have the following term:  

[−
ħ2

2𝑚𝑒
∇1

2 + 𝑉(𝑟) + 𝑉𝐻(𝑟) + 𝑉𝑋𝐶(𝑟)] 𝜓
𝑖
(𝑟) = 𝜀𝑖𝜓𝑖

(𝑟) (2.5) 

The terms in the Hamiltonian are: the electron kinetic energies, the external potential (V), the 

Hartree potential (VH), and the exchange–correlation potential (VXC). The form of the Hartree 
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potential is already presented in equation 2.1. The Hartree potential includes an error of self–

interaction, which is unphysical and its correction is contained into the exchange–correlation term.  

The exchange–correlation potential is given by the functional derivative of the exchange–

correlation energy:  

𝑉𝑋𝐶(𝑟) =
𝛿𝐸𝑋𝐶(𝑛)

𝛿𝑛(𝑟)
 (2.6) 

Although in principle an exact and universal functional exists, its mathematical expression is not 

known yet. However, there are many approximate functionals (see section 2.4) which differ in the 

way they describe the exchange–correlation potential. 

To solve the KS equations, one first needs to define the electron density and the Hartree potential.  

The electron density might origin from experimental data or it may be a single–electron wave 

function which has been obtained by solving the KS equations. To solve the problem, the 

calculation is treated in an iterative way.  

2.4 Exchange–Correlation Functionals 

The universal form of the exchange–correlation functional is not known, but nowadays there are 

many approximate functionals available. Examples are the Local Density Approximation (LDA), 

Generalized Gradients Approximation (GGA) and the hybrid functionals, which are briefly 

presented in the next subsections. These exchange–correlation functionals can be ordered by 

hierarchy considering the quantity of physical information that they include, in the so called 

“Jacob’s ladder” (Figure 2.2).178 Nevertheless, it is incorrect to conclude that higher ranked 

functionals are more accurate for all applications.  

The need to have ever better accuracy in the prediction of the physicochemical properties of 

various types of materials, motivates development of new exchange–correlation functionals. In 

order to obtain practical application, the new functionals need to show significantly better accuracy 

in their predictions of particular type of chemical system than other that are already available and 

that their implementation in computer codes is reasonably fast.  
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Figure 2.2: Jacob’s ladder of density functional approximations to the exchange–correlation energy.178 

2.3.1 Local Density Approximation (LDA) 

One example where the exchange–correlation functional can be completely derived is the uniform 

electron gas model. However, the uniform electron gas model provides a practical way to apply 

the KS equations. To do this, one has to set the exchange–correlation potential at each position to 

be the known exchange–correlation potential from the uniform electron gas at the electron density 

observed for that position. 

𝑉𝑋𝐶(𝑟) = 𝑉𝑋𝐶
𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 𝑔𝑎𝑠

[𝑛(𝑟)]       (2.7) 

This approximation uses only the local density to define the approximate exchange–correlation 

functional and therefore it is called local density approximation (LDA). Over the years there have 

been a variety of LDA functionals, and one of the most widely used is the Vosko–Wilk–Nusair 

(VWN).179 Typically LDA functionals are not used for the calculation and the description of the 

electronic properties of POMs, but it has been suggested that they can provide a very good 

prediction of the IR and Raman spectra for affordable calculation cost.124–126, 180 

2.3.2 Generalized Gradient Approximation (GGA) 

The Generalized Gradients Approximation (GGA) functionals were developed during the 1980’s. 

These functionals use information about the local electron density (n) and the local gradient in the 

electron density (∇n). This approach defines a generalized gradient in the electron density. On the 
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basis of how the information from the gradient of the electron density is included, one can derive 

different types of GGA functionals. One of the most widely used functional in calculations of 

structures and electronic properties of POMs is the Becke exchange and the Perdew correlation 

(BP86) functional.181, 182 It has an empirical parameter which is added to reproduce the known 

exchange energies of the noble gases and to reproduce the correlation energy of the Ne atom 

respectively. Other widely used functionals are: Perdew–Wang (PW91),183, 184 Perdew– Burke–

Ernzerhof (PBE),185–187Becke–Lee–Yang–Parr (BLYP).181, 188, 189 

2.3.3 Hybrid Functionals 

LDA and GGA functionals do not describe well the exchange contributions towards the total 

energy, although the exchange contributions are typically more significant than the corresponding 

correlation effects. This problem is minimized in the hybrid functionals, which partially 

incorporate HF exact exchange energy. One of the most widely used hybrid functionals is B3LYP, 

which is constructed from 80% of Becke 3–parameters exchange functional and 20% Hartree–

Fock exact exchange.190 There are many other hybrid functionals and they differ in the percentage 

of exact exchange: O3LYP (12%),191 X3LYP (21.8%),192 KMLYP (55.7%),193 etc.  

Hybrid functionals are rarely used in the optimization of POM geometries, as they are 

computationally very demanding. However, hybrids are superior to GGA functionals when it 

comes to calculation of spectroscopic properties and reactivity. Further on, considering that hybrid 

functionals “localize” the electron density at around the metal centers, they have been shown to be 

useful in description of spin configuration as in [PMo8V4O40(VO)4]
5–.194 

2.4 Advantages and Limitations of DFT Application 

The application of the DFT method has the following advantages:  

1. In principle HK DFT approach deals only with the electron density which depends on three 

space variables (x,y,z), irrespectively of the size of the system. In contrast, the HF methods, 

the calculation of the wavefunction is based on 3N variables. For a small CO2 molecule 

with 22 electrons this yields 66 dimensional wave function, while for the bare Keggin 

[PW12O40]
3– model with 1226 electrons, the wave function has 3678 dimensions. 
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2. For the same chemical model, DFT can show similar or even better accuracy than HF (e.g. 

the shape, symmetry and energetic sequence of the KS orbitals can coincide with those 

obtained at the HF level).  

3. DFT approximates the all the electronic correlation energy, whereas HF cannot. 

However, the application of the DFT method can also come to some limitations:174  

1. Despite that DFT can be computationally less demanding than HF, it still experiences 

practical limitations in terms of computational resources when it comes to treatment of 

large molecules with many heavy elements.  

2. DFT fails to provide accurate description of dispersion forces, alkane isomerism, strongly 

correlated systems, degenerated states, band gaps in semiconductors and etc.  

2.5 Time–Dependent Density Functional Theory (TD–DFT) 

Time–dependent density functional theory (TD–DFT) is a modification of DFT for accurate 

calculation of excited state systems.195 TD–DFT is routinely employed in chemistry to calculate 

the electronic transitions, based on the response of the ground–state electron density to the 

oscillating optical field. In this context, TD–DFT can provide information on the magnitude and 

the features of the excitation energies, frequency–dependent response properties, and photo–

absorption spectra. In principle, TD–DFT can be applied to calculate excited states regardless of 

the spin and symmetry of the system of interest. In the case of closed–shell molecules TD–DFT 

can be used to calculate singlet and triplet excited states having transition energies smaller than 

the vertical ionization potential.  

The foundation of TD–DFT is based on the Runge–Gross (RG) theorem which is an analogue of 

the HK theorem.196 RG theorem shows that the time–dependent wave function is equivalent to the 

time–dependent electronic density. In this respect, the derivation of the effective potential of a 

particular hypothetical non–interacting system should provide the same density as the particular 

physically interacting system. The problem with constructing TD–DFT systems is that the time–

dependent effective potential at any given instant depends on the value of the density at all previous 

times. Following this, the memory requirements for TD–DFT calculations are significantly larger 

in comparison to DFT, which in a way limits its routine application to large systems.  
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In TD–DFT, the electron density n(r,t) is time–dependent and obtains the following form:  

𝑛(𝑟, 𝑡) = 2 ∑ 𝜓𝑖
∗(𝑟, 𝑡)𝜓𝑖(𝑟, 𝑡)

𝑖

 (2.8) 

Similarly, the ground state energy in TD–DFT calculations uses the linear response approximation, 

whereby changes of the electron density are assumed to be proportional to the changes of the 

external field. Behavior of a molecule in a time–dependent field is described by a set of time–

dependent KS equations:  

[−
ħ2

2𝑚𝑒
∇1

2 + 𝑉(𝑟) + 𝑉𝐻(𝑟, 𝑡) + 𝑉𝑋𝐶(𝑟, 𝑡) + 𝑉𝑒𝑥𝑡(𝑡)] 𝜓
𝑖
(𝑟) = 𝜀𝑖𝜙𝑖(𝑟, 𝑡) (2.9) 

In the above formula, Vext(t) represents the time–dependent external perturbation, i.e. the 

electromagnetic field of the incident light, which oscillates with a frequency ν. Practical 

computations use the adiabatic approximation, whereby the exchange–correlation potential VXC(r1, 

t) is assumed to be time–independent (i.e. identical to that used in stationary ground–state DFT). 

Solution of time–dependent KS equations yields the time dependent electron density. Using the 

time dependent electron density one can calculate the frequency–dependent dynamic polarizability 

α(ν) which has the following form:  

𝛼(𝜈) =
ħ2𝑒2

𝑚𝑒
∑

𝑓𝑛

(𝐸𝑛 − 𝐸0)2 − 𝐸2

𝑛

 (2.10) 

Where, the index n is the number of the electronic transitions and fn corresponds to the oscillator 

strength of each particular transition. This summation is carried over all electronic excited states. 

E0 and En are the energies of the ground and n–th electronic excited state, respectively, while ν0 

and νn are the corresponding frequencies of the oscillating optical field (E = hν). The magnitude 

of the transition energies (En − E0) is calculated for the points where frequency–dependent 

dynamic polarizability function discontinuities, i.e. when the incident light energy equals the 

excitation energy: E = (En − E0) or when the incident light frequency ν equals the transition 

frequency νn −ν0. Finally, the oscillator strengths are calculated as:  
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𝑓𝑛 = (
4𝜋𝑚𝑒

3𝑒2ħ
) 𝜈𝑛|𝜇𝑛|2 = (

2𝑚𝑒

3𝑒2ħ2
) 𝐸𝑛|𝜇𝑛|2 (2.11) 

In equation 2.11, μn is the transition dipole moment. The oscillator strength determines the 

absorption band intensity that is its integrated area A: fn = 6.257×10−19A (for A in m2·mol−1·s−1).  

2.6 Interactions with the Environment: Modeling and Analysis 

POMs as negatively charged clusters exhibit electrostatic interactions with their environment. 

POMs are typically studied in solution, where they can exist as non–protonated and polyprotonated 

species and can pair with the dissolved countercations and the solvent molecules. First step towards 

improvement of the studied POM models is to include solvation effects. For this purpose, the 

Conductor like screening Model (COSMO) which is fully implemented in the Amsterdam Density 

Functional (ADF) program suite,172 is introduced in this section. The molecular electrostatic 

potential (MEP), which is relevant for determining nucleophilic sites of various POMs, is 

introduced as well. In chapters 5 and 7, MEP was used to allocate sites in the POMs which are 

likely to bind strongly to protons and countercations.  

2.6.1 Conductor–like Screening Model (COSMO) 

COSMO is an approximation when modeling electrostatic interaction of a molecule with a 

solvent.169, 197, 198 In COSMO the solvent is treated as a dielectric medium where the dielectric 

permittivity (ε) induces charge polarization on the surface around the model, while the solute 

molecule represents a “cavity” within this dielectric continuum. The uniform description of the 

solvent with the dielectric permittivity constant classifies COSMO as one of the “continuum 

solvation” models.  

The polarization charges in COSMO are derived from a scaled conductor approximation and are 

affected by the polarity of the solute. Thus for ideal conductor solvents, the electric potential on 

the cavity surface must disappear. In order to determine the solvent charges q, one needs to have 

the charge distribution on a particular molecule. From a quantum mechanical calculations one can 

calculate the charge (q*) localized at particular surface segments. The solvent charges are then 

calculated as a function of the dielectric constant and solute charges at surface segments:  
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𝑞 = 𝑓(𝜀)𝑞∗ (2.12) 

In equation 2.12, the function ƒ(ε) is approximated as:  

𝑓(𝜀) =
𝜀 − 1

𝜀 + 𝑥
 

(2.13) 

Once the information on the solvent charges is obtained, the energy of the interaction between the 

solvent and solute molecule can be calculated. 

The charge q* is defined by the molecular cavity and therefore its value can be affected by the 

method of cavity surface construction. The initial solute’s surface is constructed from atom–

centered spheres where the radii can be a van der Waals radii or other type of atomic or elemental 

specific radii. However, the surfaces van der Waals (vdW) surface constructed may exhibit sharp 

crevices, which can potentially cause calculation problems for the continuum model (e.g. by 

creating dielectric cusps). For this purpose, algorithms are used to create smoother surfaces.  

In the COSMO approach, a “ball shaped” solvent molecule with defined radius Rsolv, rolls over the 

vdW surface and depending on this physical encounter, two types of surfaces are created: (i) 

smooth solvent–excluding surface (SES) is generated by the center of the spherical solvent 

molecule; (ii) solvent–accessible surface (SAS) is generated as an envelope surface extended to 

the solvent sphere. Both surfaces “encapsulate” the interior of the molecule as envisioned in Figure 

2.3.   

 

Figure 2.3: Scheme of the cavity construction method (left). The three different type of molecular surfaces: van der 

Waals surface (vdW) solvent–accessible surface (SAS) and solvent–excluding surface (SES) are shown in the detail 

window (right).  
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During a calculation, the program first obtains the electron density of the solute in vacuum (ε = 0) 

and then the COSMO model is activated which includes the solvent effects variationally. The 

model generates a molecular cavity and then it positions the point charges on the surface of this 

cavity. The point charges then generate an interaction potential. This potential is then added to the 

calculation in vacuum and to the energy of the systems, and then the molecular orbitals are 

recalculated. This process is repeated until self–consistency is reached.  

 

2.6.2 Molecular Electrostatic Potential (MEP) 

The molecular electrostatic potential (MEP) is a physical quantity that can be calculated or 

obtained experimentally by diffraction methods.170 Molecular electrostatic potential, provides 

information of the nucleophilicity and can be certainly used to predict acid–base properties of 

POMs.199 The MEP is defined as the force acting on a positive test charge located at position r 

through the electrical charge cloud generated through the molecule’s electrons and nuclei. The 

electrostatic potential VME at a particular point r is defined as:  

𝑉𝑀𝐸(𝑟) =  ∑
𝑍𝐴

|𝑟 − 𝑅𝐴|
− ∫

𝑛(𝑟′)

|𝑟 − 𝑟′|
𝑑3𝑟

𝑁

𝐴=1

 (2.14) 

In equation 2.14, the first term of the sum corresponds to the nuclear contributions (positive 

charges, ZA) and the second term corresponds to the integral of the negative electronic distribution 

over all space since the electron density n(r’) is formally a continuous function.  

Provided that the MEP can be calculated at any point in space, it can be visualized through mapping 

its values onto the electron density isosurface of a given molecule, thus reflecting the molecule 

boundaries and regions which are electrophilic and nucleophilic.  

2.7 Amsterdam Density Functional (ADF) Program Suite 

The ADF program suite is a commercial software that offers KS DFT calculations and modeling 

of discrete and periodic materials. ADF was first developed in the early 1970’s by research groups 

working at Vrije Universiteit (Amsterdam, The Netherlands) and at University of Calgary 

(Alberta, Canada).171, 172 ADF can be operated through a user friendly interface (Figure 2.4). 
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ADF is used both in academia and in industry. In particular, ADF has been widely used in research 

domains of pharmacochemistry, homogeneous and heterogeneous catalysis, inorganic chemistry, 

biochemistry and spectroscopy. In the context of POM chemistry, ADF provides opportunities for 

accurate treatment of closed and open—shell electronic systems, with multiple heavy elements by 

making use of relativistic effects and Slater basis functions.  

 

 

Figure 2.4: Desktop machine showing features of the ADF suite program. Photograph of the author, submitted for 

“The Chemist's View” – Picture Competition in 2013.  

 

2.8 General Calculation Strategies Used Throughout This Work 

The calculation of the geometries, IR and UV/Vis spectroscopic properties of all structures, was 

carried with ADF code (official releases 2012, 2013 and 2014).172 All calculations were performed 

using the resources of the Computational Laboratory for Analysis, Modeling, and Visualization 

(CLAMV) at Jacobs University.200 For computational details in each particular work, the reader 

will find the coils of each particular work in the respective manuscripts.  

Geometry Optimization: Typically all structures are optimized with standard gradient–corrected 

Becke–Perdew (BP86) functional and all–electron triple–zeta polarized (TZP) basis sets.201 

Exceptions to this are:  
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 The optimized structures, which were used in the simulation of the UV/Vis spectra, were 

optimized using the BP86 functional181, 182 and all–electron triple–zeta double–polarized 

(TZ2P) basis sets (Chapter 3). The preoptimized structures using TZ2P have blue shifted 

first excitation energies in comparison to those calculated using TZP.  

 All bare models in Chapter 6 and Chapter 7 (The Heteropolyoxo–22–palladate), were 

optimized using BP86 and triple–zeta polarized basis sets with large frozen electron cores. 

The large frozen cores were found to help the converging of the self–consistent field during 

the calculation of optimization of highly negative bare POM models.   

Spin unrestricted formalism was used only for the open–shell electronic systems in Chapter 4. In 

all calculations, scalar relativistic corrections were considered within the Zero–Order Regular 

Approximation (ZORA).202–204 Spin–orbit coupling relativistic corrections were performed and 

reported for only in three test calculations in Chapter 5. Solvent effects were modeled with 

COSMO using default parameters for water (ε = 78.9; solvent radius = 1.93 Å).197, 205  

Single Point Calculations and UV/Vis Spectra Calculation 

Single point calculation, represents a calculation of the energy of the molecule at specific 

arrangement of the nuclei. Single point calculations using the hybrid B3LYP190 and PBE0206, 207 

functionals were performed in order to obtain a better estimate of the HOMO–LUMO gap energy 

and description of the frontier orbitals for the POMs in Chapter 5 and Chapter 7 (The anti–/syn– 

[Pt2(PW11O39)2]
10–) respectively.  

The UV/Vis spectra of the polyoxoanions in Chapter 3 is calculated using the meta–hybrid 

functional M06.208 The POMs in Chapter 4 and 7 contain many multiple heavy metals and exhibit 

low symmetries, which renders the calculation of the UV/Vis spectra of these POMs using hybrid 

or meta–hybrid functionals computationally very demanding and technically unaffordable with the 

available computing resources.  The UV/Vis spectra for these POMs is calculated on the same 

level as their geometries.   

Calculation of IR Spectra 

The studies by Bridgeman et al.,124–126 demonstrated that the use of the Vosko–Wilk–Nusair 

(VWN)179 functional provides optimal computational costs and accuracy for the calculation of IR 
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and Raman spectra of POMs. Following this, all IR calculations were performed using this 

functional with triple zeta polarized basis sets (see for details in Chapter 4 and 7).  

2.9 Experimental Methods  

In the next subsections, some major experimental techniques typically applied in the POM 

synthesis and characterization process are highlighted. The electrospray mass spectrometry (ESI–

MS) techniques and its application in the study of POMs is reviewed separately, as this technique 

had important contribution in the development of the work furnished in chapters 3, 4 and 7.  

2.9.1 Synthesis and characterization 

On a laboratory scale, synthesis of POMs is often performed in aqueous media, although synthesis 

in organic media is not unusual.209–211 The formation of POMs is typically carried in a one–pot 

synthesis, where experimental parameters such as temperature, pH, countercations, presence of 

redox agents etc., can influence the direction of product formation and isolation (Figure 2.5).15 

Nowadays it is still an open discussion whether POM synthesis follows a rational design or it is 

heavily dependent on serendipity.212, 213 Nevertheless, preparation of novel POMs can be 

motivated by theoretical or experimental predictions and hypotheses. In this context, the synthetic 

chemist often prepares POMs under wet chemical conditions, in which the building blocks can 

interact and self–assemble into larger species. A desired product of the synthesis is a pure 

crystalline and homogeneous material that contains single type of POM species. Single crystals 

can be then studied by diffraction methods (e.g. Single crystal XRD).214 

Once the crystal structure has been elucidated, additional methods can be used as a complementary 

characterization. For a new POM, a particular feature to be determined is the number of 

cocrystallized water molecules, ligands coordinated to the metal centers (e.g. aqua and hydroxo), 

oxidation states of the various centers and number of countercations. In “fully oxidized” or “fully 

reduced” POMs these features can be determined by combination of complementary techniques 

(e.g. bond–valence sum calculations,215 thermogravimetric analysis and elemental analysis). On 

the other hand, in mixed valence POMs where the charge can be delocalized over several metal 

centers, obtaining unambiguous characterization may be very challenging and may require 

additional studies of the properties related to the electronic and spin properties (e.g. X–ray 
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photoelectron spectroscopy, magnetic susceptibility, electron spin resonance etc.). Ideally, the 

results of the complementary characterization techniques should be consistent and in agreement 

with each other, thus an accurate working POM formula can be deduced.  

 

Figure 2.5: Representation of most of the experimental parameters involved in the “one–pot” synthesis approach for 

formation and isolation of novel POMs.   

 

After POM synthesis, the obtained product can be characterized by vibrational spectroscopy (IR 

and Raman). 214, 216  Characterization by IR spectroscopy provides a rapid and inexpensive check 

of the purity of the synthesized product. IR can be also used to compare spectral fingerprints (i.e. 

the region 400 – 1000cm–1), in order to obtain initial indication if a novel POM has been isolated. 

Information on the solution stability of a particular POM is of a practical value prior considering 

potential application in homogeneous catalysis. Study of the solution stability of fully oxidized 

POMs can be made on the basis of study of NMR active nuclei (e.g. 29Si, 31P, 51V, 183W etc.).214, 

217–219 Once the stability of a particular POMs is proven on the basis of NMR, UV/Vis spectroscopy 

as a fast and affordable technique can be further used to investigate solution stability ranges of the 

POM as a function of time, temperature, pH, concentration etc. UV/Vis is also practical technique 

to confirm if a particular product can undergo reversible electron transfer processes in circular 

voltammetry (CV), where typically low concentrations of POMs are utilized.220 

In scenarios where the POM salt forms in small quantities or the classical solution technique are 

not applicable, one may consider to utilize mass spectrometry (MS) techniques.213 However, one 

drawback of this technique is that one has to carefully choose the type of ionization technique, as 
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some of observed the mass–to–charge ratio (m/z) signals may correspond to POMs generated 

during the ionization process.213 

Theoretical description of the particular POM in question, usually begins once there is sufficiently 

good guess of the POM structure. Therefore the initial structure can be proposed based on chemical 

intuition (i.e. it holds chemical rationale) or it can have an experimental foundation (e.g. XRD). 

The modeling and calculations are then usually carried until, a “good” POM models is reached, 

which exhibits set of physicochemical properties that can be experimentally verified (e.g. 

structural parameters, spectroscopy, protonation chemistry, solution stability, magnetism, etc.). 214 

2.9.2 Electrospray Ionization Mass Spectrometry (ESI–MS) 

The ESI–MS represents a “soft” technique for generation of vapor phase ions that can be analyzed 

for mass–to–charge ratio (m/z) within a mass spectrometer. During the electrospray ionization, a 

diluted analyte in solution is slowly (0.1 – 10 ml/min) injected through a capillary in the ionization 

chamber. The capillary is surrounded by high voltage (2 – 5 kV) which can be positive or negative 

and creates electric field gradient required to produce the charge separation at the surface of the 

liquid. The solution at the tip of the capillary is shaped in the form called “Taylor cone”, which is 

defined by the Rayleigh limit,221, 222 i.e. the degree at which Coulombic surface repulsion equals 

the solution surface charge tension. In this way, depending on the voltage, droplets that contain an 

excess of positive or negative charges detach from the “Taylor cone” and propagate through a 

drying atmosphere towards the entrance to the mass spectrometer. During this flight, the droplets 

separate into charged analyte ions following different mechanisms.221, 222 

The choice of the solvent for the ESI–MS analysis can vary depending on the application. 

Moderately polar solvents can be used for the study of charged analytes such as POMs. The 

primary role of the solvent is to allow the formation of diluted solution of the analyte. The solvent 

is preferred to be reasonably volatile, in order to facilitate its evaporation from charged droplets in 

the drying atmosphere. For study of POMs, acetonitrile and water are among the most widely used 

solvents because of their moderate boiling points (<100 ºC) and polarities.  

In recent years, ESI–MS became an indispensable method for characterization of POM species in 

solutions.213 In 1997 Howarth et al. first used the ESI–MS technique to investigate the aqueous 

solutions of isopolytungstates, peroxotungstates and heteropolymolybdates.223 His study showed 
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the presence of [W6O19]
2– and [W2O7]

2– species. In 2012 it was reviewed that the ESI–MS 

technique has been already successfully applied in the characterization of many conventional POM 

families such as: vanadates, niobates, tantalates, chromates, molybdates, tungstates and 

rhenates.213 

Photographs of the nanoESI source and the capillaries used in the ESI–MS studies by our 

experimental partners at Karlsruhe Institute of Technology are shown in Figure 2.6.  

 

Figure 2.6: a) The nanoESI source of the mass spectrometer b) Capillaries used for spraying process in nanoESI 

mode. The photographs are used with permission of Mr. Patrick Jäger, Karlsruhe Institute of Technology. 
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Chapter 3. The Solution Structure of Polyoxoaurates: 

Insights from UV/Vis Simulations and Electrospray Mass 

Spectrometry 

 

In 2010, Kortz group reported the arsenate capped polyoxoaurate [Au4As4O20]
8– (Au4As4) (Figure 

3.1.a)102 and two year later the selenite capped polyoxoaurate [Au4Se4O20]
4– (Au4Se4) (Figure 

3.1.b).121 The structure of these polyoxoanions can be described as {Au4O4} ring structures 

stabilized by four {AsO4} or {SeO3} heterogroups. The four µ2–(O) atoms in the ring moiety of 

Au4As4 and Au4Se4 have high basicities, thus they can chelate to alkaline cations. In the solid state, 

Au4As4 is found as dimeric species [Na5Au8As8O40]
11– (Na5Au8As8) (see Figure 3.3), where two 

Au4As4 units sandwich a virtual plane of five sodium cations. The sandwiching of sodium cations 

is facilitated by one of the two terminal oxygen atoms of each {AsO4} group. Such structural 

features are not present in Au4Se4, thus Au4Se4 is found as monomeric species in the solid state 

and in solution, as demonstrated by combination of XRD, ESI–MS and 71Se NMR techniques.121  

 

Figure 3.1: Ball–and–stick representation of a) [Au4As4O20]8–; b) [Au4Se4O20]4–. Au = yellow, As = green, Se = purple 

and O = red.   

The potential application of Au4As4 as a precursor in the formation of hypothetical sandwich type 

species [NaM4Au8As8O40]
q– (M = PdII, CuII, PtII etc.), motivated interest in elucidating its solution 

structure.  

The report of Au4Se4 allowed comparison of its UV/Vis spectroscopic properties with that of 

Au4As4. The positions of the experimentally measured UV/Vis absorption bands of Au4As4 

λ1(Au4As4) = 403 nm and λ2(Au4As4) = 285 nm are very different than those of Au4Se4 λ1(Au4Se4) 

= 429 nm  and λ2(Au4Se4) = 228 nm. Considering the earlier reports on the influence of the 
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counteractions on the NMR shifts of POMs,106, 134, 135 we hypothesized that the differences in ion 

pairing chemistry of Au4As4 and Au4Se4 with dissolved countercations may be the origin of the 

differences in the observed UV/Vis spectra.  

In order to solve this problem we used the time–dependent density functional theory (TD–DFT) 

method. Prior addressing the above hypothesis, it was crucial to allocate a theoretical level and 

spectroscopic range at which we could reliably calculate the wavelengths of the two main 

absorption bands for Au4As4 and Au4Se4 (Figure 3.2). The molecular models were designed 

considering the synthesized salts (Figure 3.3). i.e. bare polyanions Au4As4 and Au4Se4 and ion 

pairs of countercations and polyoxoanions: [KAu4Se4O16]
3– (KAu4Se4), [NaAu4As4O20]

7– 

(NaAu4As4), [Na5Au4As4O20]
3– (Na5Au4As4),  [Na5Au8As8O40]

11– (Na5Au8As8).   

 

Figure 3.2: Flowchart depicting the approach applied in this work. 

Following the approach of Bagno et al. on the study of [W6O19]
2–,127 we calculated the first 

excitation of preoptimized bare Au4S4 using GGA, meta–GGA, hybrid and meta–hybrid, long 

range corrected functionals and on HF level. Best estimation is achieved by the M06 meta–hybrid 

functional, using triple zeta polarized (TZP) and triple zeta doubly–polarized (TZ2P) basis sets. 

Due to the higher computational cost of TZ2P, spectra calculations are performed with TZP basis 

set.  
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Figure 3.3: Combined polyhedra and ball–and–stick representation of Au4Se4 and KAu4Se4 (top), Au4As4, NaAu4As4, 

Na5Au4As4 and Na5Au8As8 (bottom). {AsO4} = green tetrahedra, Au = yellow, As = green, Se = purple and O = red.   

The calculated spectra of Au4Se4 and KAu4Se4 models predict well the positions of the first 

UV/Vis absorption (maxima at 432 nm and 423 nm respectively) and shoulder at about 300 nm. 

In both models, the calculated second UV/Vis absorption is with lower accuracy (maximum at 249 

nm). This can be related to the limitations of the TD–DFT approach to provide reliable predictions 

of excitations which approach the ionization threshold of the polyanion 

The calculated spectrum of Au4As4 (maxima at 425 nm and 257 nm) exhibits similar features as 

the one of Au4Se4, and therefore cannot account for the observed spectrum. NaAu4As4 model 

improves the position of the first absorption in comparison to experiment, however it does not 

affect significantly the position of the second absorption (maxima at 405 nm and 262 nm). The 

second absorption is better estimated in Na5Au4As4, but this also affects the position of the first 

excitation which appears in the UV region (maxima at 384 nm and 285 nm). Best agreement is 

achieved by the “sandwich” model Na5Au8As8 (maxima at 403 nm and 277 nm) (See Figure 3.4). 

In collaboration with Dr. Hampe and coworkers, electrospray mass spectrum (ESI–MS) was 

recorded, revealing a main m/z peak at 979.32 corresponding to H8[Na5Au8As8O40]
3–. 

As TD–DFT is computationally more demanding than ground–state DFT, its current application 

is limited to small and symmetric POMs (see Chapter 1.5). Computation of the first 30 excitations 

of Na5Au4As4 requires 7–10 days on the current CLAMV supercomputer resources,200 using 6 

nodes with 12 processors and memory up to 128 GB. With the development of faster computer 
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technology and more efficient quantum mechanical codes it is expected that accurate calculation 

of the UV/Vis POM spectra will be accessible in near future. 

 

Figure 3.4: Experimental (purple line) of the dissolved sodium salt of [Au4As4O20]8– in water, and TD–DFT calculated 

(blue line) of the [Na5Au8As8O40]11– model in aqueous medium.  

This work has been published as:  

How Counterions Affect the Solution Structure of Polyoxoaurates: Insights from UV/Vis Spectral 

Simulations and Electrospray Mass Spectrometry 

A. Kondinski, N. Vankova, F. Schinle, P. Jäger, O. Hampe, U. Kortz, T. Heine Eur. J. Inorg. Chem. 

(2014) 3771–3778. (DOI: 10.1002/ejic.201402494) 

Online link: http://onlinelibrary.wiley.com/doi/10.1002/ejic.201402494/abstract 

 

Towards this work, I have contributed with performing the DFT and TD–DFT calculations, the 

documentation of the calculations and in the preparation of the first draft of the manuscript. The 

work presented in this section has inspired further investigations of the binding of countercations 

towards polyoxoaurates.224 

 

 

http://onlinelibrary.wiley.com/doi/10.1002/ejic.201402494/abstract
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Chapter 4: Elucidation of the Structure of the Mixed 

Gold(III)–Palladium(II) Polyoxo–noble–metalate 

[NaAu4Pd8As8O40]
11– 

 

Mixed–addenda POMs are of a fundamental research interest as their electronic and spectroscopic 

properties are tuned by the ratio of the incorporated metal centers and the positional isomerism. In 

this chapter the focus in on the first mixed gold(III)–palladium(II)–oxo cluster with formula 

[NaAu4Pd8As8O40]
11– (NaAu4Pd8As8) and on its positional isomerism problem.  

By simple modification of the synthetic conditions developed by Kortz et al. for formation and 

isolation of [Au4As4O20]
8–, it was found that a new polyoxoanion with formula 

[NaAu4Pd8As8O40]
11– can be formed and isolated. 102, 109 Elemental analysis and XRD studies 

provided the information that the respective AuIII:PdII atom ratio in [NaAu4Pd8As8O40]
11– is 4:8.  

However these techniques could not allocate the respective positions of AuIII and PdII within the 

metal–oxo cluster. This motivated application of theoretical techniques in elucidating the structural 

and the electronic properties of [NaAu4Pd8As8O40]
11–. After the most stable configurations of AuIII 

and PdII in [NaAu4Pd8As8O40]
11– are allocated, isomers with these noble metal configurations are 

used to predict their spectroscopic properties.   

Prior performing any calculation, it was necessary to define the complete set of positional isomers 

that describe [NaAu4Pd8As8O40]
11–. In this respect, by ignoring the overall symmetry of the system, 

one can generate a total number of C structures using the combinatorial formula: 

𝐶 =
𝑛!

𝑟! (𝑛 − 𝑟)!
 (4.1) 

In the above equation, n is the total number of addenda centers and r is the number of AuIII 

substituting centers. This formula yields 495 structural combinations for four AuIII and eight PdII 

atoms. Considering that the structural framework describing the mixed–addenda POM 

[NaM12As8O40]
q– is highly symmetrical (Oh), one can conclude that within these 495 structural 

combinations there are many degeneracies. In order to effectively reduce the number of degenerate 

structures, without excluding particular isomers, one can consider a point of reference, i.e. a single 
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occupied position with AuIII. In this case n and r are reduced to 11 and 3 respectively, which yields 

165 structural combinations.  

The 165 combinations can be easily generated by an online software or a spreadsheet program 

(e.g. Microsoft Excel). The numerical combinations can be translated into a 2D graph as shown in 

Figure 4.1. The grouping of these 165 structural combinations into original isomers was performed 

manually. The process yields 18 positional isomers (including only one isomer from a pair of 

enantiomers), which is in agreement with the Pólya enumeration theory for a cuboctahedral 

network with 4:8 occupancies.225  

 

Figure 4.1: The steps involved in the generation of the 18 positional isomers of [NaAu4Pd8As8O40]11– beginning with 

the polyanion motif obtained from XRD where Au and Pd atoms are indistinguishable (Au/Pd = purple, O = red, As 

= green and Na = grey), representation of the isomer problem of the cuboctahedral noble core with 2D graph,  

inscription of the 165 combinations and their grouping in 18 original isomers.  

The reader may recall that in chapter 1.3.4 it was noted that the Keggin type α–[XM’
4M8O40]

q– has 

27 positional isomers (see Table 1.1.).62 The reason why [NaAu4Pd8As8O40]
11– exhibits less 

isomers is due to the symmetry of (12)–polyoxonoble–metalate motif [NaM12As8O40]
q–  (Oh), 

which is higher than that of α–[XM12O40]
q– (Td).   
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The geometries of the eighteen isomers were then submerged to DFT optimizations. TD–DFT 

calculations of the most stable NaAu4Pd8As8_1 and NaAu4Pd8As8_2 and the least stable isomer 

NaAu4Pd8As8_18 were performed on the same level as the geometry optimization. The IR spectra 

of the former three isomers was also calculated.  

On the basis of the bonding and the HOMO–LUMO gap energies, it was found that the isomer 

NaAu4Pd8As8_1 (D4h) (Figure 4.2.a) and NaAu4Pd8As8_1 (D2d) (Figure 4.2.b) have highest 

stabilities. In NaAu4Pd8As8_1 the four gold atoms and the central sodium cation are in one plane 

that is sandwiched between two virtual {PdII
4O4(AsO4)4} moieties. In NaAu4Pd8As8_2, the four 

AuIII centers are arranged in a tetrahedral fashion around the central sodium cation. Only in these 

two configurations, each AuIII center coordinates to a μ4–oxo ligand which links to two other PdII 

centers and the central sodium cation. Isomers NaAu4Pd8As8_1 and NaAu4Pd8As8_2 have 

calculated HOMO–LUMO gap energies of about 1.1 eV and have relative difference in the 

bonding energies of about 0.7 kJ·mol–1. In addition, of a particular interest was isomer 

NaAu4Pd8As8_18 which exhibits C4v point group symmetry (Figure 4.2.c). In this isomer, the four 

AuIII centers are connected by four μ4–oxo in a circular {Au4O4} moiety which is capped by four 

{AsO4} heterogroups. The resulting fragment {AuIII
4O4(AsO4)4} is reminiscent of the 

[Au4As4O20]
8– polyoxoanion. Isomer NaAu4Pd8As8_18 is about 80 kJ·mol–1 higher in bonding 

energy than isomers NaAu4Pd8As8_1 and NaAu4Pd8As8_2 and has calculated HOMO–LUMO gap 

energy of only 0.18 eV.  

 

Figure 4.2: Ball–and–stick representation of three [NaAu4Pd8As8O40]11– isomers: a) Isomer 1 (D4h); b) Isomer (D2d); 

c) isomer 18 (C4v). Au = yellow, Pd = blue, O = red, Na = grey, As = green balls.   

Calculation of IR spectra predicts a singlet absorption for the stretching mode of the terminal As–

Ot bond in isomers NaAu4Pd8As8_1 and NaAu4Pd8As8_2, however it predicted a doublet 

absorption for isomer NaAu4Pd8As8_18. The experimental spectrum shows only one absorption 
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corresponding to this stretching mode, indicating that isomers NaAu4Pd8As8_1 and 

NaAu4Pd8As8_2 are in a good agreement with experiment.  

Electrospray mass spectrometry studies revealed that the redissolved salts of the isolated 

[NaAu4Pd8As8O40]
11– indeed contain the former polyoxoanion, but they showed that 

polyoxoanions of the type [NaAuxPd12–xAs8O40]
(x–15) (x = 3, 5 and 6) are also present. The complete 

study on the remaining structures is discussed in Chapter 6.   

This work is published as: 

The mixed gold–palladium polyoxo–noble–metalate [NaAuIII
4PdII

8O8(AsO4)8]
11– 

N. V. Izarova, A. Kondinski, N. Vankova, T. Heine, P. Jäger, F. Schinle, O. Hampe, U. Kortz 

Chemistry Eur. J. 20 (2014) 8556–8560. (DOI: 10.1002/chem.201403032) 

Online link: http://onlinelibrary.wiley.com/doi/10.1002/chem.201403032/abstract 

To this work I have contributed by performing all calculations, documentation of the data and 

providing the first draft of the theoretical contribution.  

 

 

  

http://onlinelibrary.wiley.com/doi/10.1002/chem.201403032/abstract
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Chapter 5: The Rotational Isomerism Problem in “Fully–

Reduced” Heteropolyoxo–(14)–vanadates 

 

Polyoxovanadates (POVs) represent a subclass of POMs. Depending on the oxidation state of the 

vanadium addenda, POVs can be characterized as “fully oxidized” (i.e. all VV), mixed–valence 

(mostly VIV and VV, but VIII as well) and “fully reduced” clusters (VIV).75, 226 The building units 

of POVs also can differ in geometry and stochiometry, thus they can be {VO4} tetrahedra, {VO5} 

trigonal pyramids and {VO6} octahedra.226  

The cage type polyanions α–[V18O42]
12– and β–[V18O42]

12– can undergo formal substitution of 

{VO} square pyramids with hetero moieties L, where L = {As2O}, {Sb2O}, {Si2O3}, {Ge2O3} or 

{Ge2OS2} (Figure 5.1.a).75 Substitution of four {VO} with L in α–[V18O42]
12– leads to two 

{V14O38L4} rotational isomers with D2d (α – isomer) and D4h (β – isomer) symmetry. The former 

two isomers are related to each other by rotation of one {V3O7L2} unit to 90o. A survey of the up–

to–date known α–/β–{V14O38L4} polyoxoanions is presented in Table 5.1. 

Table 5.1: Chronology of synthesis and crystal structure elucidation for semimetal–functionalized heteroPOVs with 

general formulas [VIV
14E8O50]12– and [VIV

14E8O42X8]12–(E = SiIV and GeIV; X = S) and [VIV
14E8O42]4– (E = AsIII and 

SbIII). 

Isomer type Group 14 heteroelement heteroPOV Corresponding author (year) 

α Si  [V14Si8O50]12– Clearfield et al. (2003)227 

α Ge [V14Ge8O50]12– Clearfield et al. (2003)227 

α Ge [V14Ge8O42S8]12– Bensch et al. (2006)228 

Isomer type Group 15 heteroelement heteroPOV Corresponding author (year) 

α As [V14As8O42]4– Huan et al. (1991)229 

β As [V14As8O42]4– Yang et al. (2005)230 

α Sb [V14Sb8O42]4– Xu et al. (2004)231 

β Sb [V14Sb8O42]4– Xu et al. (2002)232 

 

In this work the novel topology of γ–{V14O38L4} isomer is reported for the first time. This topology 

can be derived from β–[V18O42]
12– by formal substitution of four {VO} moieties with four L The 

hypothetic γ–{V14O38L4} is related to α–/β–{V14O38L4} by rotation of one {V3O7L2} unit for 45o.  
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Figure 5.1: Polyhedral and ball and stick representation of: a) α–/β–{V18O42} (top row) and the derived α–/β–/γ–

{V14O38} (middle row) and α–/β–/γ–{V14O38L4} isomers (bottom row); b) The structure of the handle–like moieties 

{E2O7} or {E2O5X2}. Color code: {VO5} = grey square pyramids, {EO4} or {EO3X} tetrahedra, V = blue balls, O = 

red balls, E = green balls and X = yellow balls. 

 

In this work we focus on the investigation of the rotational isomerism, relative stability, electronic 

and protonation properties of α–/β–/γ–[V14O38]
20– (I), α–/β–/γ–[V14E8O50]

12– (II) and α–/β–/γ–

[V14E8O42X8]
12– (III), where E = Si, Ge and Sn and X = S, Se and Te (Figure 5.1.a).  The E atoms 

construct handle–like moieties {E2O7} or {E2O5X2} (Figure 5.1.b). In these moieties, the E atoms 

are connected between each other by one µ2–(O) ligand and they connect with four µ3–(O) ligands 

to the (14)–vanadium(IV)–oxo core. Each {E2O7} or {E2O5X2} exhibits a pair of terminal O or X 

atoms.  
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There are three main motivations to address this system: (i) Fully reduced mixed–valence POVs 

present technical challenges for theoretical studies due to the combination of high negative charge, 

complicated charge distribution and spin configuration. (ii) The outcome of the theoretical results 

can guide future synthetic efforts. In this respect, practical chemists can benefit from being aware 

of the intrinsic stabilities and the effect the presence of E and X atoms. (iii) Description of the 

electronic properties and intrinsic stabilities of II and III, is the first step towards further studies 

of their magnetisms, possibilities for functionalization with organic moieties and application in 

functionalization of conducting surfaces.  

 

In order to understand how E and X atoms induce changes in the geometry, we have modeled 

hypothetical [V14O38]
20– (I) skeletons (Figure 5.1.a). The effect of the rotational isomerism, E and 

X atoms on the protonation chemistry was inspected by analysis of the atomic charges, molecular 

electrostatic potential and by modeling monoprotonated species of α–II and α–III at different 

oxygen sites.  

 

The geometries of I, II and III including the monoprotonated models α–II and α–III were 

submerged to DFT optimization. As all addenda centers in I, II and III are VIV and exhibit single 

unpaired electron, the current work is limited to ferromagnetically coupled systems, i.e. 14 spin up 

electrons scenario. The calculation of the bonding and electronic properties of the optimized II 

and III was performed using the hybrid B3LYP functional.  

 

The study revealed that the geometric parameters defining skeletons I are influenced by the E 

atoms only. On the basis of the relative energies and the HOMO–LUMO energy gaps it was 

established that the stability of the bare polyoxoanions II and III decreases in the order α > γ > β. 

The bonding energy between the α– and the γ–isomeric II and III vary from 8 kJ·mol–1 to 40 

kJ·mol–1, while between the α and the β isomers from 15 kJ·mol–1 to 82 kJ·mol–1. II and III exhibit 

HOMO–LUMO gap energies in the range of 2.9–4.2 eV.    

 

The LUMOs in SiIV– and GeIV–substituted II and III are predominantly located on the VIV centers, 

which suggests that upon reduction vanadium ions can be further reduced. In SnIV–substituted II 
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and III the LUMOs are mainly distributed over the SnIV centers, which suggests that possibility of 

two–electron redox reactions involving tin ions (SnIV–SnII).  

 

Energetically most favorable sites for monoprotonation of α–II are the terminal oxygen atoms of 

the {E2O7} heterogroups. Most of α–III exhibit highest proton affinities at the terminal Xt sites of 

{E2O5X2}, except for the three heteroPOVs α–[V14Ge8O42Te8]
12–, α–[V14Sn8O42Se8]

12– and α–

[V14Sn8O42Te8]
12– which were predicted to show different behavior. 

 

This work has resulted in a prepared manuscript:  

 

Rotational Isomerism, Electronic Structures and Basicity Properties of “Fully–Reduced” V14–

type Heteropolyoxovanadates 

A. Kondinski, T. Heine, K. Yu Monakhov 

 

The manuscript has been submitted and revised for publication in the American Chemical Society 

journal Inorganic Chemistry.  
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Chapter 6: The Positional Isomerism Problem in 

[NaAuxPd12–xO8(AsO4)8]
x–15 and [NaAuxPd12–xO8(SeO3)8]

x–7 

 

In this chapter the isomer problem in mixed–addenda [NaAuxPd12–xO8(AsO4)8]
x–15 (NaAuxPd12–

xAs8) and [NaAuxPd12–xO8(SeO3)8]
x–7 (NaAuxPd12–xSe8) clusters is addressed by using DFT. The 

work focuses on the electronic properties of the most stable NaAuxPd12–xAs8 and NaAuxPd12–xSe8 

species, their predicted protonation affinities and Na+ encapsulation energies. The work was 

motivated by the unknown structural and electronic properties of NaAuxPd12–xAs8 compounds with 

x = 3, 4 and 6, which are reported in Chapter 4. 109 

 

The hypothetical families NaAuxPd12–xAs8 (Figure 6.1.a) and NaAuxPd12–xSe8 (Figure 6.1.b) 

exhibit cuboctahedral noble metal networks cores. The cuboctahedral addenda cores are also 

present in α–Keggin [XM12O40]
n  ̶ (Figure 6.1.c) and α–[V18O42]

12 ̶  i.e. [(V12O36)(VO)6]
n ̶  (Figure 

6.1.d). The α–Keggin structure is known to form mixed–addenda species of the type [XM’
xM12–

xO40]
n ̶  (see section 1.3.4), while α–[V18O42]

12 ̶  to form heterogroup–substituted species of the type 

α–[(V12–xO36–5x)(E2O7)x(VO)6]
n ̶ and α–[(V12–xO36–5x)(E

’
2O5)x(VO)6]

n ̶ (see Chapter 5).   

 

Figure 6.1: Ball–and–stick representation of the cuboctahedra cores in a) [NaAuxPd12–xO8(AsO4)8]x–15 b) [NaAuxPd12–

xO8(SeO3)8]x–7  c) [XM12O40]n ̶   d) [(V12–xO36–5x)(E2O7)x(VO)6]n ̶ and [(V12–xO36–5x)(E’
2O5)x(VO)6]n ̶. Color code: Au/Pd 

= purple, O = red, Na ) grey, As = green, Se = Brown, M = black, V = blue/cyan.  

All NaAuxPd12–xAs8 isomers in this study were generated manually using the approach described 

in chapter 4. Application of Pólya enumeration theory225 renders the total positional isomer set of 

each of these families up to 144 structures (Figure 6.1.a). All of these structures were then 

submerged to DFT optimization.   
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Figure 6.2: a) A scheme of the strategy employed to screen and to narrow the most stable structural configurations of 

NaAuxPd12–xAs8: b) Large cuboctahedral network enumerating the twelve positions of the noble metal centers and the 

positions of the most stable isomers of each NaAuxPd12–xAs compositions showing relative occupancies and their 

notation.   

 

The twelve noble centers of the cuboctahedral network are enumerated from 1–12 (Figure 6.2.b). 

The isomers with highest stabilities of each Au:Pd ratio typically exhibit high point group 

symmetries. The substitution positions are shown in Figure 6.1.b and summarized below: 

1. For x = 0 and 12 cluster exhibits overall Oh symmetry point group.  

2. For x = 1 or 11 the clusters exhibit to C2v point group. This substitution may be considered 

equivalent to the numerous monosubstituted Keggin type POMs.  

3. For x = 2 or 10, we have found that substitution in positions 1 and 11 is most favorable, 

yielding D2h symmetry. The substitution (1,11) is also presented for the synthesized 

[V16As6O42]
6– and [V16Sb6O42]

6– (D2h) clusters.77  
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4. For x = 3 or 9, most favorable substitution occurs for positions 1,6 and 12, which leads to 

overall D3 symmetry point group. This substitution configuration is similar to that in 

[V15As6O42]
6– (D3) cluster. 149, 233 

5. For x = 4 and 8, most stable configurations are (1,3,9,11) and (1,3,10,12). These 

configurations yield clusters belonging to the D4h and D2d symmetry point groups, 

respectively. These substitution configurations are reminiscent to the [V14As8O42]
4 ̶  (D2d) 

and β–[V14As8O42]
4  ̶  (D4h) structures,75, 233 while some Mn–substituted Keggin type 

structural orientation such as {H4Mn8W4O40} are present in the center of the 

[W36Si4O136Mn10OH4]
14 ̶  polyoxoanion.234  

6. For x = 5 or 7 the first two most stable configurations are (1,6,7,8,10) and (1,3,5,6,12), 

which belong to the C2 and C2v symmetry point groups, respectively.  

7. For x = 6, the most stable configurations are (1,2,7,8,10,11) and (1,5,6,7,8,11) which 

belong to D2h and D2 symmetry point groups.  

 

The differences in the stability are mainly related to the different electronic properties. Pd and Au 

atoms have similar covalent radii, which does not induce significant geometric differences. This 

is indicated by the interatomic As···As and Se···Se distances differ only in the pm range. 

Consequently, within NaAuxPd12–xAs8 and NaAuxPd12–xSe8 there are many isomers which differ 

between each other for less than 1 kJ·mol–1. The structural configurations in NaAu4Pd8As8 

(1,3,9,11) and (1,3,10,12) differ with only 1 kJ·mol–1. For instance, in α–[V14As8O42]
4 ̶ and β–

[V14As8O42]
4 ̶ (see Chapter 5) where the substituting heterogroups exert geometric constraints on 

the {V14O38} skeletons, the relative difference in the bonding energy is 37.6 kJ·mol–1. These 

differences in relative energies can also provide insights why in heteroPOVs such isomers can be 

formed and separately isolated, while in mixed noble POMs this is more challenging task.  

HOMO–LUMO gap energies of the most stable NaAuxPd12–xAs8 and NaAuxPd12–xSe8 show 

maxima for x = 0, 4, 8 and 12 and minima for x = 1 and 11 (Figure 6.3). The HOMO–LUMO gap 

energies in NaAuxPd12–xSe8 are ca. 0.2 eV higher than those in NaAuxPd12–xAs8. NaPd12As8 and 

NaPd12Se8 exhibit HOMO–LUMO gap energies of about 1 eV, which is similar to that of Pd13As8 

and Pd13Se8.  



 

60 
 

 

Figure 6.3: HOMO–LUMO gap energy trends of the most stable: a) NaAuxPd12–xAs8; b) NaAuxPd12–xSe8. For 

NaAuxPd12–xAs8 and NaAuxPd12–xSe8 where x = 4 – 8 the two most stable polyoxoanions are depicted. 

 

The protonation affinities of NaAuxPd12–xAs8 and NaAuxPd12–xSe8 were assessed by probing single 

proton at different oxygen atoms and then by calculating the enthalpy of the following model 

reactions:  

 [NaAuxPd12–xO8(AsO4)8]
x–15 + H3O

+ → [HNaAuxPd12–xO8(AsO4)8]
x–14 + H2O 

 [NaAuxPd12–xO8(SeO3)8]
x–7 + H3O

+ → [HNaAuxPd12–xO8(SeO3)8]
x–7 + H2O. 

The protonation of the bare [Pd13O8(AsO4)8]
14– (Pd13As8) and [Pd13O8(SeO3)8]

6– (Pd13Se8) 

structures was also considered in order to evaluate the predicting power of the model equation in 

respect to experimental observations: 

[Pd13O8(AsO4)8]
14– + H3O

+ → [HPd13O8(AsO4)8]
13– + H2O 

 [Pd13O8(SeO3)8]
6– + H3O

+ → [HPd13O8(SeO3)8]
5– + H2O 

[Au12O8(SeO3)8]
4+ + H3O

+ → [HAu12O8(SeO3)8]
3+ + H2O. 

Similarly, the encapsulation energies of single Na+ cation within virtual host structures were 

investigated following the model reactions:  
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(c) [AuxPd12–xO8(AsO4)8]
x–16 + Na+ → [NaAuxPd12–xO8(AsO4)8]

x–15 

(d) [AuxPd12–xO8(SeO3)8]
x–8 + Na+ → [NaAuxPd12–xO8(SeO3)8]

x–7 

Assessment of the protonation and encapsulation enthalpies showed the following observations: 

1. The protonation enthalpy for Pd13As8 is –191.1 kJ·mol–1, which suggests strong affinity 

towards protonation. This polyoanion has been isolated as polyprotonated species.55  

2. Pd13Se8 and Au12Se8 show protonation enthalpies of 859.2 kJ·mol–1 and 71 kJ·mol–1 

respectively, which suggest no affinity towards protonation. These structures have not 

been shown to exhibit protonation in the solid state. 2, 114 

3. In the family of NaAuxPd12–xAs8, protonation at all oxygen sites yields positive 

enthalpies for NaPd12As8 (Oh), NaAu4Pd8As8 (D4h) and NaAu4Pd8As8 (D2d). The 

synthesis of the former polyoxoanion occurs at pH 7–8 and these polyoxoanions are 

isolated are isolated as sodium salts.109  

4. Protonation of NaAu8Pd4As8 (D4h) at the terminal oxygen atoms yields enthalpy of –

98.6 kJ·mol–1, which is lowest among NaAuxPd12–xAs8 (x = 7–12).  This implies that 

among NaAuxPd12–xAs8 (x = 7–12), the formation and isolation of NaAu8Pd4As8 (D4h) 

can be facilitated in proton rich environment.  

5. NaAuxPd12–xSe8 (x = 1 and 2) exhibit positive protonation enthalpies, which suggests 

that they can be potentially isolated in proton poor environments.  

6. Encapsulation of Na+ in AuxPd12–xSe8 shows has enthalpy of 59.3 kJ·mol–1. In the solid 

state the reported Au12Se8 does not encapsulate cationic guests.  

7. Positive Na+ encapsulation enthalpies of 50.0 kJ·mol–1 are observed also for Au11PdSe8. 

This suggests that based on the absence of Na+ and presence of PdII, one may direct the 

synthesis towards isolation of the hypothetical Au11PdSe8.  

8. Anomalous encapsulation enthalpies in the region AuxPd12–xAs (x = 0 – 6) are observed 

for Pd12As8 (Oh) and Au4Pd8As (D4h) and (D2d), which is an indication that Na+ can be 

strongly templating the formation of these clusters in respect to other.  

The combination of H+ and Na+ directing effects is summarized on Figure 6.4. 
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Figure 6.4: A scheme of NaAuxPd12–xAs8 and NaAuxPd12–xSe8 polyoxoanions which show or do not show affinities 

towards protonation, encapsulation of sodium cations or combination of affinities.  

 

This work has resulted in a first draft of a manuscript titled:  

Emerging structures from a soup of isomers: DFT insights from [NaAuxPd12–xO8(AsO4)8]
x–15 and 

[NaAuxPd12–xO8(SeO3)8]
x–7 

A. Kondinski, N. Vankova, T. Heine. 

 

The manuscript is currently in a preparation phase. My contribution in this work are: performing 

all calculations, documentation of data and preparation of the current draft of the manuscript.  
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Chapter 7: Theoretical Description of Dimeric Species Built 

of M11–Oxo Clusters (M = Pd and W) 

 

This chapter covers theoretical description of polyoxoanions that belong to the domain of noble 

metal POM chemistry.10 The polyoxoanions were synthetized and experimentally characterized 

by the Kortz group. The first project focuses on the study of the novel [Na2Pd22As16O76]
26– 

polyoxoanion. The second project concerns the diplatinum cores and their interaction with 

monolacunary α–[PW11O39]
7– polyoxoanions.  

 

7.1 The Heteropolyoxo–(22)–palladate 

The polyoxoanion [Na2Pd22As16O76]
26– is constructed by square planar {PdO4} and tetrahedral 

{AsO4} building units. Depending on the reaction conditions (i.e. pH and concentration of the 

precursors of the building units and Na+ cations), one can direct the synthesis towards formation 

and isolation of [Pd13As8O40]
14–, [NaPd12As8O40]

15– and [Na2Pd22As16O76]
26– (Figure 7.1). 

 

Figure 7.1: Schematic representation of the building blocks involved in the synthesis of Pd13As8, NaPd12As8 and 

Na2Pd22As16. The compounds are shown in combined polyhedra and ball–and stick representation with {AsO4} = 

green tetrahedra, As = green, Pd = blue, Na = grey and O = red balls.  
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The motivation for theoretical study of [Na2Pd22As16O76]
26– in comparison to Pd13As8 was to obtain 

insights on their relative stabilities. Further on, theoretical study of Na2Pd22As16 can also provide 

information on the electronic, spectroscopic and electrostatic properties, which can be used to 

rationalize experimental observations.   

[Na2Pd22As16O76]
26– can be viewed as a dimer of two {NaPd11As8O38} fragments. The monomeric 

{NaPd11As8O38} fragment can be formally derived from [NaPd12As8O40]
15– (Figure 7.2), where 

one square planar {PdO4} unit is formally substituted by one tetrahedral {AsO4} moiety. The link 

between the two separate half units is facilitated by substituting µ4–{AsO4}. In this respect the 

current system represents the first type of a heterogroup–substituted polyoxopalladate. In this 

respect this system is comparative to heteroPOVs, where heterogroups substitute {VO} moieties 

(see Chapter 5).75  

 

Figure 7.2: Illustration of the formal substitution of an addenda center in NaPd12As8 (left) with a heteroatom As as in 

and Na2Pd22As16 (right). Color code: As = green, Pd = blue, Na = grey and O = red balls. 

 

First the geometries of [Na2Pd22As16O76]
26– and [Pd13As8O40]

14– were optimized. In order to 

understand the potential fragmentation of [Na2Pd22As16O76]
26– in solution, the fragments 

[Na2Pd22As14O68]
20–, [AsO4]

3– and [NaPd11As8O38]
13– were also modeled and optimized.  

The calculated HOMO–LUMO gap of [Na2Pd22As16O76]
26– is 0.8 eV whereas that of 

[Pd13As8O40]
14– is 1.0 eV. In both [Na2Pd22As16O76]

26– and [Pd13As8O40]
14– the HOMOs and 

LUMOs are composed mainly of PdII–centered d atomic, but they differ in respect to their 

distribution, i.e. in [Na2Pd22As16O76]
26– these orbitals are localized over some Pd centers, while in 
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[Pd13As8O40]
14– they are distributed over all Pd centers. The smaller gap energies and the localized 

nature of the HOMO and LUMO of [Na2Pd22As16O76]
26–, suggests lower solution and 

electrochemical stability in respect to Pd13As8. 

It has been shown that the most negative molecular electrostatic potentials are on the oxygen 

centers of µ4–{AsO4}, which suggests that these sites are strongly prone to protonation. On the 

other hand, it was found that the fragmentation of [Na2Pd22As16O76]
26– to two units of 

[NaPd11As8O38]
13– is more favorable, and can explain the instability of the dimeric assembly in 

solution 

This work has resulted in a written manuscript:  

The Polyoxo–22–palladate(II), [Na2PdII
22O12(AsVO4)15(AsVO3OH)]25– 

N. V. Izarova, Z. Lin, P. Yang, A. Kondinski, N. Vankova, T. Heine, U. Kortz 

The article has been accepted for publication by Dalton Transactions (DOI: 

10.1039/C5DT04526F) 

Online link: http://pubs.rsc.org/en/Content/ArticleLanding/2016/DT/C5DT04526F#!divAbstract 

My contribution to this manuscript are the theoretical calculations, documentation of data and 

preparation of the draft of the theoretical contribution in the final manuscript.  

7.2 The anti–/syn–[Pt2(PW11O39)2]10– polyoxoanions 

Transition metals in low oxidation state (e.g. CrI, MoII, ReIII, PtIII, RhII etc.) are typically involved 

in the formation of dinuclear complexes.235 In the formation of a dimetalic molecule M2, the five 

d atomic orbitals of the metal atoms interact thus forming five bonding (one σ, two π and two δ) 

and five antibonding orbitals (one σ*, two π* and two δ*). Due to the strength of interactions, the 

relative energy of these orbitals increases in the order σ < π < δ < δ* < π* < σ*. The molecular 

orbital diagrams of dinuclear coordination complexes often are complicated and for detail 

description one may need to apply theoretical techniques.  

http://pubs.rsc.org/en/Content/ArticleLanding/2016/DT/C5DT04526F#!divAbstract
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Monolacunary POMs, can be applied in the stabilization of dinuclear metal cores. The stabilization 

of the dinuclear transition metal cores with two monolacunary α–[PW11O39]
7– can lead to 

formation of complexes having one of the following reported topologies:  

 L–M–M–L, where L = lacunary POM: In these types of structures, single transition metal 

center M is accommodated in the lacuna of the monolacunary POM, while the bridging 

occurs via metal–metal bonds. Depending on the type of metal centers, the orientation of 

the lacunary sites in respect to one another can be eclipsed or staggered. An example of an 

eclipsed configuration is reported by in 2009 Sokolov et al. who have synthetized [ReIII
2(α–

PW11O39)2]
10– (Figure 7.1.a).236 DFT calculations by Liu in 2011 showed the presence of 

quadruple bond between the two ReIII centers.237  A staggered configuration has been 

reported in 1998 by Pope et al. who synthesized [RhII
2(α–PW11O39)2]

10– (Figure 7.1.b).238 

Between the two RhII centers there is a single bond as the system exhibits σ2π4δn
4π*4 

configuration (where δn in a non–bonding molecular orbital).239  

 

Figure 7.3: Combined polyhedra and ball–and–stick representation of the three types of M2 connectivity between two 

α–[PW11O39]7– polyanions: a) Eclipsed metal–metal bonded {MO4L} units where M = Re and L = µ4(O). b) Staggered 

metal–metal bonded {MO4L} units where M = Rh and L = µ4(O). c) Eclipsed metal–metal contacts between {MO4} 

units where M = PdII and PtII. Color code: {WO6} = red octahedra, {PO4} = blue tetrahedra, Re = grey, Rh = pink and 

Pd/Pt = purple. 

 L–µ2(M2)–L (L = lacunary POM): The pair of metal centers is outside the lacuna, while 

metal center binds to two terminal oxygen atoms from each lacunary POM (Figure 7.1.c). 
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In these structures, the two M centers may or may not be linked by M–M bond. In 2011 

Izarova et al. reported the synthesis the stabilization of two PdII centers by α–[PW11O39]
7– 

units.240 As both PdII in square planar coordination have filled atomic 𝑑𝑧2 atomic orbitals, 

interaction between them will not result in M–M bond formation.  

In this work the isomeric L–µ2(M2)–L type structure with M = PtII and L =  α–[PW11O39]
7– was 

investigated. The motivation for experimental and theoretical efforts in the area of diplatinum(III) 

complexes comes from their applications in luminescence.241,242 In this work two 

[Pt2(PW11O39)2]
10– isomers depicting cisoidal (syn) and transoidal (anti) configurations, have been 

synthesized and characterized by number of experimental techniques. The initial theoretical efforts 

in studying this system provided insights into the electronic and spectroscopic properties and 

protonation affinities of anti–/syn–[Pt2(PW11O39)2]
10–. By combination of DFT and 

electrochemical studies, it is shown that anti–/syn–[Pt2(PW11O39)2]
10– can undergo two electron 

oxidation to form hypothetical species with formula anti–/syn–[Pt2(H2O)(PW11O39)2]
8– (Figure 

7.4). Our DFT results of anti–/syn–[Pt2(H2O)2(PW11O39)2]
8–, combining molecular orbital 

structure and Pt···Pt distances, imply that between the two PtIII centers there is a single Pt–Pt bond.  

 

Figure 7.4: Schematic representation of the reversible redox process between the [anti–Pt2(PW11O39)2]10–  (left) and 

anti–[Pt2(H2O)2(PW11O39)2]8– (right) polyoxoanions. The HOMOs and LUMOs of the former two polyoxoanions are 

shown respectively. Color code: {WO6} = red octahedra, {PO4} = blue tetrahedra, Pt = purple. 
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Platinum-Containing Polyoxometalates: syn- and anti-[PtII
2(α-PW11O39)2]

10– and Formation of 

the Metal-Metal bonded di-PtIII Derivatives 

Z. Lin, N. V. Izarova, A. Kondinski, X. Xing, A. Haider, L. Fan, N. Vankova, T. Heine, B. 

Keita, J. Cao, C. Hu, U. Kortz 

The manuscript has been accepted for publication in Chemistry – A European Journal. To this 

work I have contributed by performing all calculations, documentation of the results and 

preparation of the draft of the theoretical section in current manuscript.  
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Chapter 8: Summary and Outlook  

 

The general conclusions from the work furnished in chapters 3 – 7 are discussed in section 8.1 of 

this chapter. The emerging applications and follow–up work of this thesis is summarized in section 

8.2. 

  

8.1 Summary of the Overall Work 

This thesis provided theoretical description on gold(III), palladium(II) and mixed 

gold(III)/palladium(II) based polyoxonoble–metal clusters. The thesis also addressed conventional 

POMs such as the isomeric {V14}–heteroPOVs and the isomeric platinum functionalized POMs. 

Considering the similar cuboctahedral network of the addenda centers, mixed–addenda 

polyoxonoble–metal clusters and heteroPOVs were shown to have similar virtual substitution 

patterns resulting in clusters with highest intrinsic stabilities.  

Chapter 3: The Solution Structure of Polyoxoaurates: Insights from UV/Vis Simulations and 

Electrospray Mass Spectrometry  

The interaction of the polyoxoaurates with their environment was investigated using a combination 

of UV/Vis spectroscopy, TD–DFT and ESI–MS. By probing different models of [Au4As4O20]
8− 

and calculating their UV/Vis spectra, it was found that the dimer model [Na5Au8As8O40]
11− (D4h) 

can best account for the observed UV/Vis spectral features. During the ESI–MS experiment, an 

intense m/z signal corresponding to the dimeric species was recorded.  

Chapter 4: Elucidation of the Structure of the Mixed Gold(III)–Palladium(II) Polyoxo–noble–

metalate [NaAu4Pd8As8O40]
11– 

Largest HOMO–LUMO gap energies and lowest bonding energies among the eighteen isomers of 

[NaAu4Pd8As8O40]
11– (NaAu4Pd8As8) were exhibited by the highly mixed isomers 

NaAu4Pd8As8_1 (D4h) and NaAu4Pd8As8_2 (D2d), which indicated that these are structures with 

highest intrinsic stabilities.  The calculated IR and UV/Vis spectra of NaAu4Pd8As8_1 and 

NaAu4Pd8As8_2 were shown to provide good description of the experimentally observed 

spectrum.   
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Chapter 5: The Rotational Isomerism Problem in “Fully–Reduced” Heteropolyoxo–(14)–

vanadates  

On the basis of bonding and HOMO–LUMO gap energies it was shown that the stability of the 

isomeric [V14O38]
20− (I), [V14E8O50]

12− (II) and [V14E8O42X8]
12− (III) (E = Si, Ge and Sn; X = S, 

Se and Te) increased in the order β (least stable) < γ < α (most stable). The nature of the E atoms 

were found to have major impact on the geometric features and on the relative energy difference 

between α, γ and β isomers of a fixed composition. X atoms were shown to have major role in 

defining the nature of the HOMOs and LUMOs (and thus the HOMO–LUMO gap energies) and 

in determining the electrostatic and protonation chemistry of the different clusters.   

Chapter 6: Positional Isomerism in [NaAuxPd12–xO8(AsO4)8]
x–15 and [NaAuxPd12–xO8(SeO3)8]

x–7 

On the basis of the bonding and HOMO–LUMO gap energies of [NaAuxPd12–xAs8O40]
(x−15) it was 

shown that for a fixed value of x (where x = 2 – 10), stability gradually increases as the distribution 

of AuIII and PdII within the cluster becomes homogeneous and obtains high symmetries. The most 

stable isomers with x = 2 – 10 exhibit the following symmetry point groups: (i) x = 2 or 10 yields 

D2h; (ii) x = 3 or 9 yields D3; (iii) x = 4 or 8 yields D4h or D2d; (iv) x = 5 or 7 yields C2 or C2v; (v) 

x = 6 yields D2 or C2h. For x = 0 or 12 and of x = 1 or 11 only single type species is present 

belonging to Oh and C2v point group respectively.  From the most stable configurations of 

[NaAuxPd12–xAs8O40]
(x−15) and [NaAuxPd12–xSe8O32]

(x−7), highest HOMO–LUMO gap energies are 

obtained for x = 0, 4, 8 and 12 clusters and lowest for x = 1 and 11.  

Chapter 7: Examples of Interplay of Theory and Experiment in Noble Metal POM Chemistry 

The Heteropolyoxo–(22)–palladate: The comparative theoretical description of 

[Na2Pd22As16O76]
26− and [Pd13As8O40]

14– shed light into their electronic and electrostatic properties 

and on the origin of their different solution and electrochemical stabilities. The proposed solution 

fragmentation pathway of [Na2Pd22As16O76]
26– narrows the m/z window for future ESI–MS 

studies.  

The anti–/syn–[Pt2(PW11O39)2]10–: The study the electronic and spectroscopic properties of the 

isomeric anti–/syn–[Pt2(PW11O39)2]
10− showed that both isomers have very similar intrinsic 

stabilities which explain their simultaneous formation in solution. The study revealed a potential 
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two electron oxidation of anti–/syn–[Pt2(PW11O39)2]
10− to the proposed anti–/syn–

[Pt2(H2O)2(PW11O39)2]
8− species.  

8.2 Outlook 

8.2.1 UV/Vis Spectra Prediction in the Engineering of Novel and Functional POM Materials 

The reported studies by Bagno et al. and us, demonstrate the strength of TD–DFT in accurate 

prediction of the UV/Vis spectra of polyoxoaurates and polyoxotungstates.122, 127 Considering this, 

we currently apply the obtained experience to follow the properties of novel [AunOn(SeO3)n]
n− (n 

= 3, 4, 5 and 6) polyoxoanions and various types platinum functionalized monolacunary POMs 

such as [PtII
2(L)2]

q− and [Pt2(H2O)2(L)2]
(q–2)− (where L = {M5O18}, {XM11O39} and {X2M17O61}; 

M = Mo, W and X = PV, AsV, SiIV and GeIV).  

8.2.2 Systematic Study of Mixed–Addenda and Heterogroup–substituted POM Materials 

Following the studies in Chapters 4 – 6 the relative stabilities in the Müller’s heteroPOV family 

α–[V18–x(As2O)xO42–x]
(2x−12) can be further investigated.233 Further on, theoretical investigations 

will be focused on the mixed–addenda type species α–[V18–xMxO42]
q− and α–[M’

xM12–xO40]
q−. 

The current study addressed POMs with inner cuboctahedral arrangement of the addenda centers. 

In near future, one can further examine POMs with addenda networks other than cuboctahedra 

such as the mixed–addenda β–Keggin type [M’
xM12–xO40]

q− and the heterogroup–substituted β–

[V18–x(E
’
2O)xO42–x]

(2x−12) (E’ = As and Sb) species.  
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