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Abstract 

The overall goal of the present thesis is to rationalize electronic properties of 

polyoxopalladates and to provide an efficient computational strategy for studying 

polyoxometalates (POMs) deposited onto surfaces. POMs are molecular metal oxides 

of transition metals. The first research chapter (chapter 3) deals with the analysis of the 

cation competition for occupying the central position in a polyoxopalladate. We have 

studied in detail how the size and charge of the cation control the formation of MPd12 

clusters. The accurate analysis has allowed to predict the stability of new clusters, 

some of them have been already synthesized and characterized by Prof. Kortz in Jacobs 

University. The same group reported novel structures that contain Ag-Ag and Ag-Pd 

contacts. We have demonstrated that real metal-metal bonds are formed by electrostatic 

confinement. On the other hand, using a highly reduced POM (Kabanos type) we have 

discussed the reduction of Au(III) to Au(0) showing that the process is very favorable 

from a thermodynamic point of view. Four chapters of the thesis are dedicated to the 

analysis of POMs interacting with surfaces. In chapter 5 and 6, we propose an efficient 

strategy to study these composites, and applied it to the adsorption of “lacunary” PW11 

on the gold and silver surfaces. In the last two chapters (chapter 7 and 8) we have 

explored two important processes. One is the water-gas-shift reaction co-catalyzed by 

PMo12 and Au(111). In addition to the fact that for the first time a heterogeneous 

catalyzed reaction containing a POM has been studied computationally in deep, we 

have found that the POM acts as an electron and proton acceptor reducing significantly 

the apparent activation energy of WGSR (<10 kcal mol-1). In chapter 8, we have shown 

that the weak absorption of TiO2 in the visible region can be improved by the 

coordination of reduced PTiW11 anion to the surface. Simulation of the observed UV-

vis spectrum suggests that the reduced PW11Ti can transfer electrons to TiO2 under 

visible light irradiation. 
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Chapter 1 

Introduction and Scope of the Thesis 

 

 

As an important family of inorganic metal oxides, polyoxometalate presided many 

interesting topics due to their unequalled and fascinating properties. This chapter 

presents a general review of the polyoxometalate world and some polyoxometalates 

based materials. The rapid development of polyoxometalate requires multi-perspective 

understandings from both experimental and theoretical. Some related theoretical 

examples are introduced. At the end of this chapter, the main goals of the thesis are 

presented. 
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1.1 Overview of polyoxometalates 

Polyoxometalates (POMs) are one class of inorganic, anionic, and nano-sized metal-

oxide clusters that have been investigated for about two centuries. As an outstanding 

class of metal oxo-cluster materials, they have attracted researchers not only chemistry, 

but also biology and physics. Acid condensation of simple metal oxides (MO4
n-, M = 

WVI, MoVI, VV, etc.) in aqueous or non-aqueous solution is widely used for 

synthesizing of isopolyanions, and preparing heteropolyanions in the presence of 

heteroatom groups (XO4
n-, X = P, Si, and As etc.).[1] The pH condition is one of the 

most important factors for obtaining POMs.  By far the largest number of examples are 

those containing Mo, W, and V metals in the structure, and less frequently based on Nb, 

Tb, and other transition or noble metals.  

  The chemistry of polyoxometalates has a long history and includes contributions from 

many illustrious scientists like Berzelius,  Marginac, Werner, Pauling, and others.[2] 

The first [PMo12O40]
3- was reported by Berzelius in 1826,[3] and its structure keeps a 

mystery until the 20th century when J. F. Keggin using X-ray diffraction 

experimentally determined the structure.[ 4 ] However, the development of 

polyoxometalates was progressed not rapidly as we expected due to the lack of modern 

experimental techniques and synthetic approaches. Only 25 new X-ray structures were 

obtained during the following forty years as reviewed by T. H. Evans in 1971.[5] 

  In 1991, Müller and Pope stated in a review, “Polyoxometalates form a class of 

inorganic compounds that is unmatched in terms of molecular and electronic 

structural versatility, reactivity, and relevance to analytical chemistry, catalysis, 

biology, medicine, geochemistry, materials science, and topology”.[6] From then on, 

polyoxometalates started to rise in popularity. This was also promoted by a special 

issue of POMs in Chemical Reviews organized by Hill in 1998, which presented the 

history, developments, and applications covered by POM chemistry.[7] The number of 

polyoxometalates has grown immensely, and now a large diversity of shapes and 

compositions of POMs have been synthesized and characterized. In order to understand 

the relationship between different cluster types, as shown in Figure 1.1 “the 

polyoxometalate periodic table” was built for the currently known polyoxometalates by 

Cronin et al. in a recent review.[8] Therefore, polyoxometalate chemistry is indeed an 

old field but with new dimensions, which presenting us new and marvellous surprises 

day by day. 
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Figure 1.1. A classification for currently known polyoxometalate formulaes from the work of 

Cronin et al.[8] 

1.2  Structure and topology 

1.2.1 Classical structures 

The polyoxometalates are generally governed by the building blocks MOx through 

edges and vertexes sharing, in which M shows an octahedron or square pyramid 

coordination with the oxygen atoms. Nowadays, many thousands of polyoxometalate 

compounds with a vast range of shapes and sizes have been reported, and new 

structural types of polyanions continue to be discovered. Three of the most common 

structures are shown in Figure 1.2. The growing family of polyoxometalates can be 

divided into two subsets from composition view: isopolyanions (IPAs) and 

heteropolyanions (HPAs). The Lindqvist type (Figure 1.2a) is the simplest 

isopolyanions, where only transition metal and oxygen atoms are involved in the 

structure. The [Mo6O19]
2- and [W6O19]

2- compounds can be synthesized easily, whereas 

for V and Ta incooperated [M6O19]
8- are unstable due to the high negative charge 

density. The Keggin structure α-[XM12O40]
n– (Figure 1.2b) is the first reported and 

most common one in heteropolyanions, which is composed of 12 vertex‐ and 

edge‐sharing MO6 (M = MoVI and WVI) octahedral surrounding a central XO4 

tetrahedron. Heteroatom X can be a wide range in periodic table, typically from IIIA, 

IVA, and VA groups, such as B3+, Si4+, P5+ etc. The topology of Keggin structure 

shows a tetrahedral (Td) symmetry. Therefore, all 12 MO6 units are arranged into four 

groups of three edge sharing M3O13 units, which can lead to isomeric structures such as 
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β-, γ-, and ε-Keggin by rotating the M3O13 units.[9 ] When the atom ratio between 

heteroatom and metal increased from 1:12 to 2:18 in the structure, the Wells-Dawson 

(α-[X2M18O62]
n–) type POMs are formed. These two types of POMs can derivative to 

many compounds. In addition to isomeric forms of the complete structure, the 

development of lacunary polyoxometalates based upon Keggin {M12–n} and Dawson 

{M18–n} is also a large research area. 

 

 

Figure 1.2. Ball-stick and polyhedral representations for three most common polyoxometalate 

structures. (a) Lindqvist anion:[M6O19]x–; (b) [α-{XO4}M12O36]y-:Keggin anion; (c) [α-

{XO4}2M18O54]z–:Wells-Dawson structure. 

 

1.2.2 Lacunary structures  

The rapid progress of polyoxometalates is inseparable from the modification of the 

lacunary structures. POMs are known to be unstable in alkaline condition. The 

formation of the lacunary POMs is mainly pH dependent.  Figure 1.3 shows an 
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example based on the Keggin polyanion. By controlling the pH of Keggin POMs 

involved solution will lead to some progressive degradations of the polyanion towards 

lacunary structures {M12–n}, where 1, 2 or 3 octahedral units may be removed from the 

complete structures. The most two representative structures are the mono-[PW11O39]
7- 

(PW11) and three-lacunary [PW9O34]
9- (PW9). Similar behaviors are also occurred on 

Dawson type POMs. These lacunary species have generated a tremendous interest for 

researchers from structure to application. For example, the removal of one MO unit 

from the Keggin exposes a ‘cavity’, which resulting in a remarkable increase of the 

charge density in the defective region due to the four new formed oxygen ligands. This 

vacancy is proved much attractive for [ML]n+ units (M = FeII/III, MnIII/V, CoII/III, ZnII, 

NiII, RuII/III/IV/V, etc.; L = O2-, H2O, halide, NH3, pyridine, etc.) to form transition metal-

substituted Keggin POMs.[10] The incorporation of a new metal in the cluster may bring 

significant electronic property changes, and consequently exhibit fantastic reactivity 

and electrochemistry. On the other hand, organic groups can also attach on the defect 

via electrostatic interactions, hydrogen bonds, van der Waals interactions, or covalent 

interactions to build the organic–inorganic POM hybrids.[11,12 ] 

 

 

Figure 1.3. Different types of lacunary structures derived from parent Keggin unit.  
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1.2.3 Novel structures 

Noble metals, a group which contains ruthenium, rhodium, palladium, silver, osmium, 

iridium, platinum and gold, have received particular attention in catalysis owing to the 

roles on automobile emission-control systems and clean fuels producing issues. 

However, most of the catalysts used in industrial are based on heterogeneous process. 

As proposed by Döbereiner, good models for noble metal catalysts require some 

oxygen atoms to obtain optimal activity.[13] The combination of polyoxometalates with 

noble metals has gained special interests because it allows the noble metal ions soluble 

in aqueous or organic media. And at the same time encapsulated in a fully inorganic 

system can keep the thermal stability and redox. Except to incorporate the noble metal 

into classical W/Mo framework, an entirely new class of POMs with noble metals (to 

date palladium, platinum, and gold) act as the addenda atoms have been discovered and 

progressed rapidly in recent ten years.[14]  

  In 2004, Wicklered et al. discovered and isolated a novel cluster anion 

[Pt12
IIIO8(SO4)12]

4- that built exclusively of d7 noble metal centers.[ 15 ] As the 

crystallographic structure shown in Figure 1.4a, six [Pt2]
6+ dumbbells are linked 

through oxide ions and sulfate groups with each PtIII coordinated with five oxygens. 

From topology point of view, the short and long Pt–Pt distance character matches well 

the character of Mo–Mo in the conventional heteropolymolydates [XIVMo12O42]
8- (X 

=Ce, Th, U, Np).[16] In order to extend the compounds of this new family, Kortz’s 

group from Jacobs University (Bremen, Germany) have developed a strategy for 

synthesizing of Pd and Au based polyoxoanions, which is generally constructed by 

condensation of tetra-aqua/hydroxo-complexes of these metals (mainly Pd and Au) in 

the presence of a heterogroup (As2O3, PhAsO3H2, SeO2 etc.).[14] Polyoxopalladates 

(POPd), in particular, represents by far the largest subclass of polyoxo-noble-metalates. 

The first reported compound is the distorted cubic [PdII
13As8

VO34(OH)6]
8− (Pd13) 

structure, composed of a  central PdII ion surrounded by a shell of twelve PdII ions 

linked by eight inner oxo ligands and eight outer tetrahedral heterogroups.[17] They 

obtained a lot of derivatives by decorating the central ions and capping groups. As 

shown in Figure 1.4b, all these Pd12 based compounds exhibit structurally analogies to 

the famous Keggin anions, in which twelve peripheral palladium atoms form a 

distorted icosahedrons/cuboctahedron in the former, and twelve MO6 octahedral units 

are found located on the vertices of the distortedcuboctahedron in Keggin. Beyond the 

MPd12 cluster, some high nuclearity polyoxopalladate compounds such as Pd15, Pd17, 

and Pd22 have also been synthesized and characterized.[18]  Furthermore, Cronin’s group  
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Figure 1.4 Structural comparison for conventional ([XIVMo12O42]8- and [PW12O40]3-) and novel 

polyoxometalates ([Pt12
IIIO8(SO4)12]4-  and [ZnO8PdII

12(SeO3)8]6− ). 

 

 

Figure 1.5. Space filling representations for three typical POPd clusters (Pd12, Pd15, and Pd84). 

 

reported several magic ring clusters of Pd by self-assembly.[19] Figure1.5 shows an 

example of palladium oxometalate {Pd84}-ring cluster with 3.3 nm in diameter, with a 

D7d symmetry containing a C7 (S14) axis. Respect to the high nuclear cluster of Mo, 
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there are still large unknown for the Pd field, they are expecting to add many more 

members to the palladium family. 

1.3  Properties and applications  

Table 1.1 General features of polyoxometalates.  

 Characters 

1 Anionic 

2 Metal oxide like 

3 High ionic weight 

4 Brønsted acids 

5 Stable in water and air, and also thermal stable 

6 High solubility in water or polar organic solvents (acetonitrile, 

dimethilformamide, etc.) 

7 Discrete size/discrete structure 

8 Provide multiple and reversible electron centers (redox properties)  

9 Electro/photo-reducible 

 

POMs are structurally and compositionally diverse, and enable fine-tuning of their 

electronic properties, redox properties, and chemical stability along with robustness for 

the design of new materials and devices. Although the main property of a given 

compound is determined by the detailed composition and structure, there exhibits some 

general features for polyoxometalates as listed in Table 1.1.[20] It is more appropriate to 

consider their properties and applications together, since these topics are intimately 

related. Among them, the acid and redox properties of POM are the most popular 

characters that employed in catalysis, material, and device areas.    

1.3.1 POMs in batteries  

POMs exhibit rich electrochemical properties that could be attributed to their fully 

oxidized addenda atoms (MoVI, WVI, VV) in the framework. It is common for POMs to 

display multiple and reversible electron reductions without significant deforming of the 

POM framework. The well known “heteropoly blues” are basically formed through 

one- or two- electron reduction of the corresponding oxide heteropolyanions. With 

these impressive set of properties, they are expected to use as the cathode in lithium 
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batteries. In this direction, Yokoyama et al. have carried out in operando Mo K-edge 

X-ray absorption fine structure measurements on the rechargeable molecular cluster 

batteries (MCBs), in which a Keggin-type [PMo12O40]
3−, was utilized as a cathode 

active material with a lithium metal anode.[21] The results revealed that [PMo12O40]
3− 

behaves as an “electron sponge” as displayed in Figure 1.6, cycling reversibly by 24 

electrons between [PMo12O40]
3− and [PMo12O40]

27− during charging/discharging. 

Interestingly, the molecular structure of [PMo12O40]
27− showed good stability which 

was found only slightly diminished in size compared to the original [PMo12O40]
3−. In 

view of this prior work, Cronin and co-workers performed the charge capacity based 

on a polyoxovanadate cluster Li7[V15O36(CO3)] which also showed rapid lithium-ion 

diffusion and good electron conductivity.[22] 

 

 

Figure 1.6. 24 electrons redox between [PMo12O40]3− and [PMo12O40]27− during 

charging/discharging.[21]   

 

1.3.2 POMs in water oxidation 

The POMs are potentially used in fields such as medicine, magnetism, materials, and 

others; however, the dominant application of POMs is in catalysis. During the recent 

ten years, significant improvements have been achieved for POM based catalysts in 

water oxidation (WOC), owning to their oxidatively, hydrolytically and thermally 

stability. The major breakthrough in POM WOC development was achieved in 2008, 

when two independent groups Hill and Bonchio simultaneously reported one same 

tetra-ruthenium polytungstate, [Ru4(μ-O)4-(μ-OH)2(H2O)4(γ-SiW10O36)2]
10- 

(Ru4SiPOM), which exhibited unprecedented solubility, catalytic activity, and stability 

in the transformation of water to O2.
[23] Concerning the high catalytic activity, it is 

proposed largely related to the four-ruthenium core in the molecule in which can serve 

multiple electron and proton transferring, as shown in Figure 1.7a. The electronic 
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properties of the possible intermediates were performed with DFT by Bo et al. to help 

understand the reactive activity.[24] A mechanism involving four consecutive proton-

coupled electron transfer (PCET) processes were proposed in Figure 1.7b, and the 

energetics of these electrochemical processes were calculated by Piccinin et al. using 

DFT methods.[ 25 ] Aiming to optimize the catalytic properties of these POM-based 

complexes, various strategies have been explored on Ru4SiPOM, such as changing the 

nature of the central heteroatom from Si to P based on the Ru4–(SiW10)2 anion,[26] 

combining the Ru4–(SiW10)2 anion with the carbon nanotube,[27] introducing the POMs 

into a light-driven water oxidation format,[ 28 ] and considering the electrolytic 

environment with ionic liquids, etc.[29] Hill’s group proceeded to investigate several 

other POMs containing Ir or Ni metal-oxide clusters stabilized by various multi-dentate 

lacunary polytungstate ligands.[30] Furthermore, POMs containing only one Ru in the 

Keggin structure are also proved to viable for WOCs by Fukuzumi et al. and a 

mechanism study from DFT by Su et al.[31] 

 

 

Figure 1.7. (a) Polyhedral representation of the polyanion [Ru4(μ-O)4-(μ-OH)2(H2O)4(γ-

SiW10O36)2]10- (Ru4SiPOM) and top-front views of the central tetraruthenium-oxo-core. The 

polytungstate fragments are shown as gray octahedra, Si as orange tetrahedra, Ru as dark blue 

octahedra and balls, and O and H as red and white balls, respectively. (b) Schematic 

representation of the studied stepwise mechanism for the water oxidation in the presence of 

Ru4POM catalysts.[25]  

     

  To avoid using the expensive noble metals, Hill and co-workers made another 

breakthrough by using the tetracobalt-oxo-core sandwich-type polytungstate 

[Co4(H2O)2(PW9O34)2]
10- (Co4PPOM) [ 32 ]. The water oxidation experiment with 
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Co4POM showed the highest turnover number (TON) per active site metal of any 

WOC at that moment. Later, Galán-Mascarós shown that the nonanuclear 

[Co9(H2O)6(OH)3(HPO4)2(PW9O34)3]
16- cluster, also exhibited WOC performance both 

in homogeneous conditions and in the solid state when incorporated into a carbon paste 

modified electrodes.[33] This complex shows high oxygen evolution rates in a wide 

range of pH.[34] Recent theoretical studies have been reported to disentangle the WOC 

mechanism for Co-containing POMs.[35] As a robust yet extensively tunable family of 

compounds, POMs have considerable promise in the development of multi-electron-

transfer catalysis. 

1.4  POMs based materials in nanoscience  

POM-based materials have been proposed as promising components of devices since 

1998,[36] and the integration of POMs into other functional architectures and devices are 

progressed uninterruptedly aiming to obtain multifunctional and more efficient 

materials. The performance of such materials strongly depends on the interactions 

between the POM and other components, which can range from weak (electrostatic, H-

bonds, VDW) to covalent interactions. 

1.4.1 POM hybrids in microelectronics/molecular electronics 

Because POMs are negatively charged, the most efficient strategy to organize them are 

Layer-by-Layer (LBL) assemblies of POMs with positively charged molecules, such as 

polyelectrolytes,[37] porphyrins,[38] dyes,[39] long alkyl chain amines, etc. [40, 41] Many 

POM-based functional films were formed and displayed predominant electrical and 

photo properties, and it has been nicely reviewed by Liu et al. [42] Recently, Douvas et 

al. reported a hybrid organic–inorganic film via LBL self-assembly of Keggin-

structure polyoxometalate (H3PW12O40) and 1, 12-diaminododecane (DD) fabricated 

on 3-aminopropyl triethoxysilane-modified silicon surface.[43] This polyoxometalate-

based layered structure was evaluated as molecular materials for electronic devices. As 

displayed in Figure 1.8, the detailed electron transport mechanisms of POM layers 

were studied, and the effects from some structural parameters such as the number of 

layers (1 or 5 layers), the nature of the final layer (POM or DD), and the interelectrode 

distances (50 or 150 nm) on the mechanism were discussed. On molecular electronics 

side, Tour and co-workers have investigated the directly covalent grafting of organo-

imido hexamolybdate onto Si(111)-H surface to form both monolayer and 

multilayers.[44] Such molecular systems were successfully attached atop the pseudo 

metal-oxide-semiconductor field-effect transistors (MOSFETs) channel with 
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controllably tune electronic performance in nanoscale devices. The charge-transfer 

between the channel and the molecules and their electron donor–acceptor ability are 

revealed to very important factors for electronic performance. 

 

 

Figure 1.8. (a-d) Schematic diagram of the transport mechanism model through the various 

film types at the high-voltage regime; (e) Comparison of Fowler-Nordheim curves between 

POM-ending single-layers (types A and B) and DD-ending single-layers (types D and E) for 

two different electrode gaps (50 and 150 nm), (f) and also a comparison for POM-ending 

single-layer (type B) and a POM-ending five-layer (type C) for an electrode gap of 150 nm.[43] 

 

1.4.2 POM monolayer on planar surfaces 

Immobilization of POMs on supports has also received a lot of attention. The 

interaction between each are generally classified according to the type of support. For 

POMs adsorbed on the planar-metal (Au, Hg, etc.) surfaces and graphite are mainly 

obtained by spontaneous adsorption from solution through electrostatic interactions. 

Some early electrochemical studies of POMs adsorbed onto electrode surfaces revealed 

these modified materials exhibited interesting catalytic active towards various 
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electrochemical process, such as the hydrogen evolution reaction.[ 45 ] By means of 

scanning tunneling microscopy (STM), monolayers of POMs on planar surfaces were 

obtained to study the composition and on the effects of counter-cations by Barteau and 

co- workers,[46] while Gewirth et al. focused their attention on the adsorbed orientation 

of POMs on the surfaces.[47] Different unit cells have been proposed by Gewirth et al. 

for the adsorption of α-[SiW12O40]
4- on Ag(100) and Ag(111) surfaces respectively.  

 

 

Figure 1.9. STM images and schematic diagrams of K3PMo12O40 and Cs3PMo12O40 unit cells on 

planar graphite.[49b]As the counter-cation size increases from K+ to Cs+, nearest-neighbor 

distances between the POM cluster anions become larger, resulting in a change from square to 

hexagonal packing.[48] 

 

  It is suggested that monolayers of α-[SiW12O40]
4- passivate the Ag surface with 

electron transfer to the POM. In addition, the IR and SER spectroscopy results 

indicated the-[SiW12O40]
4- strongly bounded on the silver surface, while the interaction 

with gold is not as strong as that with silver. On the other hand, Barteau’s studies 

illustrated the roles of counter-cations in constructing 2D ordered arrays. STM images 
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(Figure 1.9) revealed both square and hexagonal packing are detected for [PMo12O40]
3- 

adsorbed on planar graphite when using a series of counter-cations (H+, Na+, K+, Cs+). 

It is strongly supported that counter-cations (including protons) have been structurally 

integrated into POM monolayers on planar surfaces.[49] One main topic of this thesis is 

focused on this area to reveal the interactions between POMs and metallic surfaces by 

DFT. The second group of supports is focused on those oxide surfaces, e.g. SiO2, 

Al2O3, and TiO2. For example, the adsorption of PW12O40
3- on TiO2 surface to form 

POM-monolayer have been applied as photocatalyst.[50] Moreover, Grinenval and co-

workers obtained the well-defined mono-dispersed H3PMo12O40 onto silica surfaces.[51] 

In most these cases, the POMs are relied on covalent linking with the surfaces. 

1.4.3 POMs on nanoparticles 

Except for adsorption on a planar surface, POMs are also widely investigated on 

nanoparticles (NPs). Metal(0) nanoparticles (NPs) are typically prepared by reducing 

of metal salts in the presence of reduction and stabilizing agents. By using the anionic 

feature of POMs, Finke and co-workers initially carried out systematic work on the 

synthesis of POM-protected Ir(0) and Rh(0) NPs, and paved the way for their 

applications in catalytic hydrogenation.[52 ] Because many POMs can also be reversibly 

reduced, it permitted to build systems where POMs serve as both reduction agent and 

protecting ligands to form POM-stabilized metal nanoparticles. Therefore, Neumann et 

al. prepared the reduced H5[PV2Mo10O40] with Zn(0) powder then reacting with noble 

metal precursors such as K2PtCl4, AgNO3, etc. to prepare PV2Mo10O40
5-- stabilized 

Pt(0), Ag(0), Rh(0), Ru(0), Ir(0) NPs, and worked on the aerobic epoxidations of 

alkenes.[53] There showed considerable success in this area, and these topics have been 

nicely reviewed by Nadjo,[54] Mitchell,[55] and Weinstock groups.[56] Especially the 

“built-in” systems are quite attractive in which d-electron containing metal ions are 

structurally incorporated during POM syntheses. For example, Nadjo recently reported 

the preparing of NPs with POMs such as H7[β-P(MoV)4(MoVI)8O40].
[57] Inspired by this, 

and combined with experiments we have developed the application of highly reduced 

Kabanos-type POM Na{(Mo2
VO4)3(μ2-O)3(μ2-SO3)3(μ6-SO3)}2]

15– to reduce AuIII to 

form Au NPs, the details are presented in chapter 4.  

1.5  Computational development of POMs 

The application of the density functional theory (DFT) methodology to the study of 

POMs played an important role in the field of POMs during the last two decades, 

which provides many useful perspectives in electronic properties and reactive activity 
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of POMs. Particularly, the combination of experimental and theoretical in the current 

researches is one very popular mode to provide fast and accurate answers for some 

complex issues. The earliest quantum chemical calculations on POMs were based on 

Xα and semi-empirical approaches, which were used to gain some molecular orbitals 

information with low numerical results.[ 58 ] Although some new methods such as 

Hartree–Fock (HF) approximation have been applied in the following studies, the 

electronic corrections are still not included in the calculations until the application of 

DFT method. The development and advances in DFT and effective core potentials for 

frozen cores have significantly improved both the accuracy and computational 

economy demands to model the structure and properties of POMs. Regarding the large 

size, the presence of transition metal ions and the high negative charge features of 

polyoxoanions, in practice, still relatively few high-level computational studies on 

POMs have been reported in the initial times. Thanks to the development of powerful 

hardware and software, the theoretical modelling for POMs is being much faster and 

accurate nowadays.  In addition, present calculations are also included some other 

effects such as relativistic effects due to the presence of heavy atoms, and solvation 

effects, as well as large atomic basis sets, hybrid functionals, etc. Especially the 

simulation of solvent effects by means of continuum models (COSMO, PCM or SMD) 

has been revealed to be one very important factor to correctly describe the 

electrochemistry or the reactivity of POMs. Based on DFT, the electronic structure, 

redox properties, reactivity, spectroscopy (IR, UV, ECD, and NMR), and magnetism of 

POMs have been widely studied in the latest years (Figure 1.10).  

  The main progresses in these topics have been reviewed by our group in 2003 and 

2012 respectively.[59] Herein, we only have a short introduction for the application of 

DFT in POMs adsorbed on surface fields, which received the substantive progresses 

mainly in the recent five years. The starting of this area is responsible for the study of 

the possible adsorbed orientations of Anderson [CoMo6O24H6]
3- on the mercury 

electrode by using a cluster model in 2005.[60]  In 2010, Lefebvre, Sautet and co-

workers analyzed the adsorption of H3PMo12O40 on silica surfaces, and revealed the 

strong H-bonds interaction between the POM protons and OH groups from silica, and 

finally lead to the dehydration to form POM-O-Si bonds.[61] In the following years, the 

adsorption of POMs on some carbon nanocomposites have been investigated by Prof. 

Su and Valdéz groups.[62]  An initial study of modelling POMs deposited onto the 

metallic surfaces was carried out in our group in an attempt to identify the main factors 

that are necessary to take into account to obtain accurate electronic properties.[63] The 

reduction of [SiW12O40]
4- on the Ag surface have been reproduced by combining 
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density functional theory (DFT) calculations with molecular dynamic (MD) 

simulations. 

 

 

Figure 1.10. The main aspects of theoretical modelling for polyoxometalates.[59b]  

 

1.6  Scope of the thesis 

Present thesis aims to advance in the knowledge of basic concepts as the templating 

role of cations in the formation of molecular oxide clusters as well as in the modelling 

of catalytic reactions when they act as co-catalysts with a metal surface. The latter one 

is still a challenge because of the size and complexity of the systems to deal with.  

Since the discovery of first polyoxopalladate by Ulrich Kortz group in Bremen, a rapid 

development of this family has happened. The number of experimental data available 

has allowed to develop a systematic computational study (Chapter 3) to determine the 

role that play by internal and external cations on the formation of polyoxopalladates. 

The final aim is to rationalize experimental results and potentially to guide experiments 

for rational synthesis of new compounds. On the other hand, the adsorption of POMs 

on noble-metallic nanoparticles or surfaces (Ag, Pd, Pt, and Au) has aroused interest 

both in experimental and theoretical groups, due to their potential application in 
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catalysis, biotechnology, and materials field. Motivated by processes that involve 

electron transfer, we have analyzed initial steps in the formation of nanoparticles using 

a reduced polyoxometalate in chapter 4. Furtherance of previous studies conducted in 

the thesis of Xavier Aparicio Anglès,[ 64 ] several studies with POMs adsorbed on 

metallic and metal-oxide surfaces have been carried out and presented from chapters 5 

to 8. In these chapters, we have discussed the effects of solvent for the adsorption, 

electronic structures, and reactivity.  

  More specifically, the results presented here will concern the following topics: 

(i) Based on the experimental information of Pd12 and Pd15 frameworks and in 

collaboration with the group of Prof. Kortz, we have combined theoretical and 

experimental studies to elcuidate the factors that governing the metal ion 

encapsulation, and provide an overall sense of cation selectivity in synthesizing of 

Pd-based nanoclusters with different size and topology. Then, we have 

characterized the nature of the rather unusual Pd···Ag interactions in new formed 

Ag4Pd13 and Ag5Pd15 systems.  

 

(ii) Redox activity of Kabanos [Na{(Mo2
VO4)3(μ2-O)3(μ2-SO3)3(μ6-SO3)}2]

15– 

polyoxometalate for AuIII reduction to atomic Au. An understanding from both 

thermodynamic and molecular orbital views have been provided to reveal the role 

of polyoxometalates in the reduction process.  

 

(iii) The solvation energies for some polyoxometalate molecules have been calculated 

with VASP using the implicit solvent model and compared with the results 

obtained from PCM model in Gaussian. The solvation and counterions effects on 

the adsorption ability and electronic property have been discussed for systems with 

low and moderate charged POM on the gold/silver surfaces. 

 

(iv) The highly charged polyoxometalates (PW11O39
7-) adsorbed on the gold surface 

were modelled by using a strategy that accounted for the charge of the system and 

the solvent. The possible adsorption orientations, electronic properties, and the 

nature of the interaction between the PW11 and the Au(100) surface in both vacuum 

and solution were studied.  

 

(v) Based on the experimental information reported by Dumesic. et al., the water gas 

shift reaction mechanism catalyzed by K3PMo12O40 adsorbed on Au(111) was 

investigated by DFT calculations.  
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(vi) In cooperation with Prof. Weinstock group, we provided a detailed characterization 

of the electronic structure and absorption spectrum for the fully oxide and reduced 

polyoxometalate modified TiO2 systems based on DFT and TDDFT calculations. 
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Chapter 2 

Computational Methodology 

 

In this chapter, we will introduce the main theoretical foundations and tools we have 

used in the thesis.  

  All calculations were performed based on density functional theory (DFT), in which 

the Schrödinger equation was solved by means of electronic density of the system. DFT 

methods have been widely applied in the POMs systems that provide reliable, accurate 

results and very successful techniques for understanding the electronic and structural 

properties of POMs. Considering many transition metals are involved in the POMs 

and always exist in solution, thus the relativistic and solvent effects are very important 

factors during the calculations.  

  The calculations carried out in this thesis composed of two types, the molecules were 

performed with Gaussian, whereas the periodic models were performed by using the 

VASP code. 
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2.1 The Schrödinger equation    

Schrödinger equation is the main and most important equation of quantum mechanics. 

The ultimate goal of most approaches in solid state physics and quantum chemistry is 

solving the time-independent, non-relativistic Schrödinger equation of the system. For 

a system, which is composed of N electrons and M nuclei, the equation can be 

expressed as below: 

),...,,,,...,,( ),...,,,,...,,( ˆ
21212121 MNiiMNi RRRxxxERRRxxxH


    (2.1) 

where Ĥ is the time-dependent Hamiltonian operator,  is the waver-function of the 

system associated to the energy level E, ix


and iR


 are the spatial coordinates of the 

electron and nuclei respectively. It is a very complicated process to solve the equation 

because of many interactives such as electron-electron, electron-nuclei, and nuclei-

nuclei are involved in the system. To simplify this process, it generally uses the Born-

Oppenheimer approximation,[1, 2] which allows the wave-function of a molecule to be 

separated into its electronic and nuclear components, thus the degrees of freedom of 

the system are significantly reduced. This approximation is based on the fact that 

nuclei are much heavier than the electrons and therefore the motion of the nuclei is 

much slower than that of electrons, the nuclear kinetic energy is assumed to zero and 

their potential energy is merely a constant. As a result, the electronic Hamiltonian 

reduces to equation 2.2.  
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The solution of the Schrödinger equation with elecĤ  is the electronic wave function 

elec   and the electronic energy Eelec in equation 2.3. The total energy Etot is then the 

sum of Eelec and the constant nuclear repulsion term Enuc: 

elec elec elec elec 
EH  ˆ                                                           (2.3) 


 


M

1

M

          where
A AB AB

BA
nucnucelec tot

R

ZZ
EEEE                      (2.4) 

Even the equation became much simpler after these approximations; the solving of the 

electronic Schrödinger wave equation was still a challenging subject. To exactly solve 
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the Schrödinger equation there are generally two different ways available, with one 

based on the wave-function method, and another is based on the electronic density. It 

should be noted that the calculations based on the former method are limited to system 

with total electrons lower than 100 because of the great scaling with even small 

systems. Since all the calculations related to this thesis are carried out with density 

functional theory (DFT) method, [3, 4] thus only DFT are described below instead of all 

developed methods during the solving of the Schrödinger equation. 

2.2 Brief introduction of density functional theory 

The DFT is presently the most successful approach to compute the structural, magnetic, 

and electronic properties for molecules in computational physics and chemistry, which 

was originated from two theorems that were proved by Hohenberg and Kohn in 1964.[5] 

In the Hohenburg-Kohn theorem it asserts that the density of any system determines all 

ground-state properties of the system.  By focusing on the electron density, it allows to 

derive an effective Schrödinger equation in which the total energy of the system can be 

expressed as a function of the electron density:[6] 

           ext  eeVVTE            (2.5) 

E is the Hohenberg-Kohn energy functional, T is the kinetic energy, Vext is the external 

potential that is trivial, and Vee is the electron-electron interactions. From the Vee we 

can extract the classical part J[ρ] and non-classical part Encl[ρ]: 

 
  

   


 nclnclee EJErdrd
r

rr
V   21

12

21 ˆ ˆ
ˆˆ

2

1
        (2.6) 

J [ρ] is the classical coulomb interactions and Encl is the non-classical contribution to 

the electron-electron interaction: self-interaction correction, exchange and Coulomb 

correlation. The kinetic and Encl functionals are the major challenges for DFT 

development. 

2.2.1 The Kohn-Sham equations 

There is large unknown for the kinetic (T[ρ]) and electron-electron (Encl[ρ]) functionals 

at that moment. To solve this problem Kohn and Sham proposed an approach to 

approximate the kinetic and electron-electron functionals in 1965. They suggested 

calculating the exact kinetic energy of a non-interacting reference system (a fictitious 

system with N non-interacting electrons) with the same density as the real interacting 

one: 
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where i  are the orbitals of the non-interacting system, and  r


  in terms of a set of 

single orbitals orthonormal states. It should be emphasized that ST  is not the true 

kinetic energy of the system but that a system of non-interacting electrons. Kohn and 

Sham then introduced the so called “exchange-correlation energy” (
XC

E ) into the total 

energy.[7] The energy functional can be rearranged as: 

              
exts


XCH

EVVTE       (2.8) 

           ρ -VρVρ -TρT  ρE HeesXC             (2.9) 

The only unspecified term now is the
XC

E . Fortunately, this represents a rather small 

fraction of the total energy, and can be overcome by means of approximations.  

2.2.2 The local density approximation for EXC [ρ] 

The local density approximation (LDA) is the simplest approximation among all 

approximate exchange-correlation functionals. The central idea of LDA is based on the 

assumption that electron density varies slowly throughout a molecule so that a 

localized region of the molecule behaves like a uniform electron gas, as a consequence 

the EXC [ρ] can be calculated using formulas derived for a uniform electron density.[5, 8] 

The EXC [ρ] can be written as the following form:   

      rdrr  ρE
XC

LDA

XC


           (2.10) 

Here,   rXC


 is the exchange-correlation energy per particle of a uniform electron 

gas of density  r


 . LDA is proved a pretty good approximation for some special 

case of homogeneous electron gas. Properties such as structure, vibrational frequencies 

are described reliably for many systems. However, it fails in energy and description 

with bad accuracy, such as ionization energies of atoms, binding energy, energy 

barriers in diffusion or chemical reactions, especially for inhomogeneous systems.  
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2.2.3 The generalized gradient approximation for EXC[ρ] 

In order to account for the non-homogeneity of the true electron density, LDA can be 

improved not only use the density  r


  at a particular point  r


, but also supplement 

the density with information about the gradient of the charge density Δρ(


r ), this is 

the well-known Generalized Gradient Approximation (GGA). Thus, the EXC [ρ] 

depends on the gradient of the electron density as well as the density itself:  

    rdρρρρf  ρρEGEA

XC


  ,,,,         (2.11) 

Thanks to much thoughtful work, important progresses have been made in deriving 

successful GGA's, and a great number of functionals have been devised. GGA can give 

reliable results for many different systems. The BP86, BLYP, PW91, and PBE are the 

most common used functionals in the research.[9-15] 

 To increase the accuracy for some special systems, Becke introduced a successful 

hybrid functional: 

  GGA

XC

KS

XXC EE  E   1hyb
    (2.12)  

where 
KS

XE  is the exchange term calculated with the exact KS wave function (the exact 

exchange of the HF method), GGA

XCE  is an appropriate GGA (correction from DFT), 

and α is a fitting parameter. Thus, these methods are in fact a hybrid between DFT and 

HF. Such functionals like B3LYP and B3PW91 are proved work extremely well for 

atoms and molecules.[16,17] In conclusion, GGA's and hybrid approximations has largely 

reduced the LDA errors, these improvements have made DFT a significant component 

of quantum chemistry. 

2.3 Implementation of continuum solvent model in the 

calculation 

In order to accurate modeling the behavior of molecules in solution, both explicit and 

implicit solvent models have been developed for considering the interaction of the 

solvent with the molecules. Explicit solvent models generally rely on a large number of 

discrete solvent models, which can be carried out with molecular dynamics simulations. 

The solvent effects are well measured, however, such calculations are quite 

computationally demanding because of the large number of solvents involved. 

Therefore, significant interests are paid to develop of implicit models, which treat the 
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solvents as a uniform polarizable medium of fixed dielectric constant ε having a solute 

molecule M placed in a suitably shaped cavity. Several definitions of the cavity have 

been proposed: the van der Waals surface (VWS), the solvent accessible surface (SAS), 

and the solvent-excluding (SES).[18] The VWS is the simplest model that each atom has 

a force field that surrounded by vdW radius, however, no correlation with the 

surrounding medium was considered. This was taken into account by the SAS and SES 

models, as the schematic representation in Figure 2.1.  The SAS is defined by the center 

of a spherical probe, which rolls over the VdW surface of a molecule, in which a 

sphere is used to "probe" the surface of the molecule. The radius of the probe is an 

important parameter to be considered. An improvement method SES, in which both the 

contact surface (part of the van der Waals surface) and reentrant surface (inward facing 

surface of the probe) have been involved to define the model.  

 

 

Figure 2.1. Scheme representations of the surface types: Solvent Accessible Surface (red) the 

Solvent Excluded Surface (green and dark blue), and the van der Waals surface (VWS), both 

defined by a probe (depicted pink in one sample positions) rolling over the molecule atoms. 

   

The introduction of solvent effects is now becoming a standard procedure in quantum 

chemical researches due to the development of continuum solvent models.  It is known 

that POMs are negative species that prevalent in solution, the interactions between the 

polyanions and solvent or counterions generate dramatic influences on the stabilization 

and properties (redox, reactivity, etc.) of POMs. The most common used implicit 

solvent models in the fields of POMs are Conductor-like Screening Model (COSMO) 

[19] and Polarizable Continuum Model (PCM) [20] that implemented in ADF [21] and 
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Gaussian packages [22] respectively. In addition, a new SMD model which based on the 

polarized continuous quantum mechanical charge density of the solute (the “D” in the 

name stands for “density”) is also widespread in this field during the recent years.[23] 

Our group are pioneering in the theoretical study of the redox and electronic structure 

of POMs by implementing of implicit solvent.[24] For example, with solvent effect 

taken into account, the energies of the molecular orbital (MO) could be correctly 

allocated, which is significantly stabilized with respect to gas phase.  

 Compared to the advancement for isolated molecules, the solvation effects for solid-

liquid is still a challenge to many materials simulation process. Implicit solvation 

models for plane wave DFT codes were first proposed by Fattebert and Gygi, in which 

the dielectric medium was defined as a smooth function of the solute electronic charge 

density.[25] Very recently, Hennig et al. have implemented an implicit solvation model 

that considers the effect of electrostatics, cavitation, and dispersion on interaction 

between a solute and solvent into the VASP code (VASP sol).[26] This implementation 

has been tested to a computationally efficient way to compute the solvent effects for 

molecules, crystal surfaces, and reaction barriers.   

2.4 Main softwares 

2.4.1 Gaussian 

The Gaussian is one well-known quantum chemical computational packages, which is 

capable of predicting many properties of atoms, molecules, reactive systems.[22] Both 

pure and hybrid functionals are available in this program, and also provide a large 

amount of basis sets. The calculations for the first two systems were carried out with 

Gaussian 09 using hybrid functional B3LYP, which has been proved previously well 

reproduce the geometry and electronic properties of POMs. The pseudopotential 

(LANL2DZ) basis set was used for the meals involved in the polyoxometalates, 

whereas the all electron basis sets were used for the nonmetal elements. In order to 

compute the complexation energy for the Pd12 systems, we have also considered the 

functional, which can include the dispersion effect in. The solvent effect were 

simulated with the continuum model PCM or SMD.   

2.4.2 Vienna Ab initio Simulation Package  

The Vienna ab initio simulation package (VASP) is an efficient DFT code developed 

by G. Kresse, J. Furthmüller, and J. Hafner, which are used to study 3D bulk systems 

with periodic boundary condition.[27] This package works with plane-wave basis set 
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that delocalized in the cell, instead of local (atom centered Gaussian) basis sets. There 

are many functional options based on LDA, GGA, and meta-GGA in the new version 

of VASP, and also some hybrid functionals such as HSE0 have been incorporated in 

the program. Moreover, VASP code uses pseudopotentials to decrease the number of 

electrons to be treated, thus to avoid interaction with the core electrons as they are not 

participate in chemical bonds in the molecules. Projector Augmented Wave-function 

(PAW) and ultra-soft (US) pseudopotentials are implemented on VASP package. 

Nowadays, it has become a highly efficient and powerful code for material simulations. 

With VASP, we can obtain the adsorption energies, equilibrium geometry, transition 

state, vibrational frequency, charge distribution, and density of states (DOS), as well as 

the projected density of states (PDOS). In particular, this package is widespread in 

heterogeneous catalysis area to study the reactivity of the solid materials. NEB 

algorithm and Dimer algorithm are useful methods to find the transition state, which 

are both available in VASP. Some detailed parameters and tutorials are described in the 

VASP program homepage: https://www.vasp.at/, amd the detailed steps for each 

system are described in each chapter. 
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The “unconventional” type POMs based on PdII, PtIII, or AuIII is growing rapidly 

owing to their structural particular and compositional novelty, as well as their 

potential application in catalyst. In collaboration with the group of Prof. Ulrich Kortz, 

in this chapter we have systematically evaluated the role of internal and external 

cations in constructing the polyoxopalladates. The capture of a Mn+ ion by a peripheral 

PdII-oxo shell involves the competition between the mother PdII and the guest metal ion. 

Present study reveals that the selection of the incarcerated ion has a thermodynamic 

control and that the main factors governing the formation of a particular polyanion 

are the charge and size of the guest cation, the electrostatic-interaction between the 

cation and the surrounding oxo ligands and the dehydration ability of the cation. 
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3.1 Introduction and background 

During last years, significant advances have been done in the control of different 

variables involved in the formation of POMs, however there is not enough systematic 

studies that identify unambiguously the driving forces related to the self-assembly or 

aggregation processes.[ 1 - 5 ] The “template-directed” method is one popular and 

extremely important synthetic strategy for obtaining novel POMs. Nuclearity and 

topology of the products are proved strongly dependent on the size, shape, and charge 

of the templates. For example, anions such as Cl− and SO4
2− have been enclosed within 

the central cavities of discrete polyoxovanadates to form templated host–guest 

complexes.[ 6 ] The heteroanions (e.g., AsIIIO3
3−, SbIIIO3

3−, SiIVO4
4−, GeIVO4

4−, 

PVO4
3−, AsVO4

3−, and IVIIO6
5−) can effectively control the formation of high 

nuclearity polyoxotungstates.[7]  

  Beyond the more classical POMs, recently, an “unconventional” POM family based 

on PdII, PtIII, or AuIII is growing rapidly owing to their structural particular and 

compositional novelty.[8] In 2004, Wickleder et al. firstly synthesized one completely 

d7 metal based complex [Pt12
IIIO8(SO4)12]

4-.[ 9 ] Towards the goal of elevating the 

polyoxo-noble-metalate area, Prof. Ulrich Kortz and co-workers from the Jacobs 

University (Bremen, Germany) paid much attention on d8 metal, and several kinds of 

polynuclear palladium- and gold-based complexes have been reported. [8, 10-11] The first 

discovered polyoxopalladate was known as the distorted cubic 

[PdII
13As8

VO34(OH)6]
8− (Pd13) by condensation of palladium-aqua complexes in the 

presence of oxyacid heterogroup AsO4
3- under aqueous media in 2008.[10] Using similar 

synthetic strategies, it has been found that the capping ligands AsO4
3- can be replaced 

by other groups, such as PhAsVO3
2− and SeIVO3

2−.[12] On the other hand, a large range 

of lanthanide (Pr3+, Nd3+, Sm3+, etc.) and transition metal ions (Mn2+, Zn2+, Fe3+, etc.) 

can also be effectively encapsulated inside Pd12 to form the hetero-polyoxopalladates 

by substituting the central PdII in Pd13.
[13] A general structural representation of these 

species is shown in Figure 3.1a, which is composed of a central metal ion surrounded 

by a shell of twelve PdII ions linked by eight “inner” oxo ligands. Structurally, the 

MPd12L8 cluster resembles the Keggin structure [XO4W12O36]
n- (Figure 1.4), in which 

twelve peripheral palladium atoms form a distorted icosahedron/cuboctahedron in 

MPd12L8, and in the Keggin ion there are also twelve octahedral MO6 blocks located 

on the vertices of a distorted cuboctahedron. PdII has a square-planar coordination 

instead of the octahedral coordination of WIV due to the individual property of the ion 

itself. Similarly, a Pd15 cage (Figure 3.1b) with nanostar shape is obtained in the 
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presence of Na+, K+, Ag+, and Ba2+, whereas with Sr2+ the lacunary open-shell Pd12 is 

formed.[ 14 ] Some “unconventional” hetero-metal mixed polyoxopalladates {Pd7V6}, 

{Pd17},   {Cu2Pd22}, {Na2Pd22} and even macrocycle scale {Pdn} (n = 60, 72, 84, 96, 

108) have been obtained nowadays.[15, 16] It is now increasingly appreciated that the 

cations may induce a deep influence on the self-assembly formation of 

polyoxopalladates. 

 

 

Figure 3.1. Ball and stick representation of two general polyoxopalladates, MPd12L8 (a) and 

MPd15L10 (b) (M = Metal ions, L = PhAsVO3
2-, PhPVO3

2-, SeIVO3
2-, PVO4

3-, or AsVO4
3-), the 

coordinated environment of the central ions in Pd12 and Pd15 was exposed in (c). Color code: L: 

green, Pd: dark blue, O: red.  

 

  The cations can not only be introduced in the center of the Pd12 and Pd15 cage, very 

recently, Kortz’s group has synthesized one class of discrete silver (I)-palladium (II)-

oxo nanoclusters such as [{Ag(H2O)3}4Pd13O32(AsO)8]
10- (Ag4Pd13) and 

[{Ag4.25(H2O)2}AgPd15O40(PO)10]
14.75- (Ag5Pd15) with several Ag+ ions capping around 

the cavity. Unlike the central cations, the capped Ag+ can directly coordinated with the 

Pd2+ with short Ag-Pd distance.[14e] 

   On the other hand, the application of density functional theory (DFT) methods in the 

field of POMs has been getting mature in the last two decades. Our group has 
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performed several DFT calculations for such polyoxopalladates systems to understand 

their geometric and electronic properties. Initially, Antonova et al. studied the 

electronic properties for MPd12L8 clusters with some lanthanides ions encapsulated in, 

[13a] and later Jiménez Lozano et al. paid attention on the transitional metal (MnII, CuII, 

FeIII) encapsulated clusters.[13b] In both cases, it is probed that the geometric and 

electronic properties of the compounds can be well reproduced by including the solvent 

model in, and using a hybrid functional such as B3LYP. GGA functionals are less 

effective for late transition metal ions. 

3.2 Motivation and objectives 

Although many of such compounds have been reported, the controlled synthesis of the 

polyoxopalladates with desired size and topology remains challenging due to a poor 

understanding the role of the cations and the capping groups. To get more insight into 

the factors that governing the metal ion encapsulation, and provide an overall sense of 

cation selectivity in synthesizing of Pd-based nanoclusters with different size and 

topology, we have performed systematic theoretical analysis for a series of 35 cations 

(Li+, Na+, K+, Rb+, Cs+, Ag+, Be2+, Mg2+, Ca2+, Sr2+, Ba2+, Ra2+, Cu2+, Zn2+, Co2+, Mn2+, 

Ni2+, Pd2+, Cd2+, Fe3+, Sc3+, Ga3+, In3+, Tl3+, La3+, Lu3+, Y3+, Yb3+, Eu3+, Ce3+, Zr4+, Sn4+, 

Hf4+, Th4+, and U4+). The encapsulated cations were selected by considering both their 

charge and size, which ranged from the simplest alkali and alkaline earth metal ions to 

several transition metal cations, as well as trivalent and tetravalent cations. Alkali and 

alkaline earth metal ions are known as good template related to macrocycle-based 

systems.[17] In this respect, the role of the Na+ used in the synthesis process will be 

allocated. We will reveal the main factors to govern the encapsulation of one or 

another cation by Pd12/Pd15 from geometry and energy views, and predict some new 

potential candidates.  

  Motivated by the computational predictions, the Kortz group has studied 

experimentally the following cases: i) the capture of the largest trivalent cation, La3+; ii) 

the synthesis of a In3+ derivative in presence of Ga3+ in the solution and iii) the capture 

of the first tetravalent cation SnIV.  

  Furthermore, the special polyanions Ag4Pd13 and Ag6Pd15 represent very interesting 

examples of noble metal-capped polyoxo-noble-metalates in a fully inorganic assembly.  

In order to rationalize the formation mechanism of such polyanions, DFT calculations 

were performed to reveal the role of the external cations from Ag-Pd interactions.  

3.3 Computational method 
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3.3.1  Computational details for internal cation encapsulation 

All calculations were performed with the Gaussian 09 package.[18] The computational 

scheme consists of two steps. Geometry optimization for all Pd12 and Pd15 based 

compounds were carried out at B3LYP level without any symmetry restrictions.[19] The 

SDD effective core pseudopotential (ECP) basis set was used for atoms of La, Yb, Lu, 

Eu, Ce, Ra, Th, and U,[20] while LANL2DZ basis set was employed for the larger 

metals Rb, Cs, Sr, Ba, Ga, In, Tl, Sn) and transition metals (Co, Cu, Cd, Pd, Zn, Mn, 

Ni, Ag, Sc, Fe, ,Y, Zr, Hf) with Los Alamos relativistic core potentials (ECPs).[21] In 

addition, the 6-31G** basis set was used for O, C, As, Se, H, and the encapsulated 

small metals (Na, K, Be, Mg, Ca).[22] From these calculations, we obtained the energies 

at B3LYP level. In order to include the long range interaction and dispersion effects, 

single point calculations were performed for all optimized complexes with two 

additional functionals, M06 and ωB97XD.[23 ,24] For all steps, the continuum SMD 

implicit solvation model was used to simulate the effect of the aqueous solution. [25] 

  As shown in Figure 3.1, the cuboid-shaped Pd12 and nanostar Pd15 are selected as the 

mother framework for metal ion encapsulation, in which the ion is located in an 8- or 

10-coordinated environment respectively. To evaluate their selective encapsulation for 

different cations, the reaction process is simulated by equation 3.1, and the 

complexation energy (Eco) was calculated by equations (3.2) and (3.3):  

                                 (3.1) 

𝐸co =  𝐸(Mn+Pd12/15)+ 𝐸(6H2O) – E(Pd12/15) – 𝐸(Mn+(H2O)
6
)              (3.2) 

𝐸co =  ∆𝐸𝑏𝑖𝑛𝑑 + ∆𝐸𝑑𝑒𝑓 + ∆𝐸𝑑𝑒ℎ𝑦𝑑                                                            (3.3) 

Where Mn+(H2O)6 is the solvated cation model. Since the dehydration is one 

fundamental factor for accurate evaluation of the complexation energy, all 

cations were solvated by six explicit water molecules and also surrounding by the 

implicit model to correct the systematic errors. With this explicit and implicit solvent 

combination model, the dehydration energy (ΔEdehyd) of the cations was well estimated 

when compared with the experimental hydration enthalpies (Hhyd),
[26] as the deviation 

shown in Figure 3.2 are less than 10% except for Li+, Rb+, Cs+, and Ra2+. The whole 

process is assumed as the relaxed Pd12/15 cage extracts the cation from solvent and 

encapsulates into the cage. The complexation energies (Eco) of the Pd12/15 with all 
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cations are computed, defined as the reaction energies involved in the encapsulation 

process. Three terms contribute to this process, the cage deformation of each capsule 

with respect to the cation-free Pd12/15 cage (∆Edef), dehydration of a cation from 

solvated to free ion (∆Edehyd), and the binding interaction (∆Ebind) between the optimal 

cage and the free cation respectively.  

 

 

Figure 3.2. (a) Comparison of experimental hydration enthalpies and computational 

dehydration energies for all selected cations; (b) the deviation between experimental and 

theoretical values %
-

)(--
 %

hyd

hyddehyd

H

HE
 x


 . 

3.3.2 Computational details for Ag-Pd interactions 

The model systems Na3AgMgPd12 and Ag3Pd15 (Figure 3.11) were used to reveal the 

interactions between Ag+ and PdII metal ions in the actual Ag4Pd13 and Ag5Pd15 

compounds. Geometry optimizations were performed at B3LYP/LANL2DZ (Ag, 

Pd)+6-31G*(O, P, As)/PCM level. The NBO calculations were performed at the same 

level as optimization in Gaussian 09. To characterize the nature of the Ag–Pd, Ag–Ag, 

and Ag–O interactions, the topology of electron density within the quantum theory of 

atoms in molecules (QTAIM) [27, 28] developed by R. F. Bader was performed using the 

Multiwfn software.[ 29 ] The Multiwfn software developed by Lu was also used to 

calculate the critical points, potential energy density (V(r)), kinetic energy density 

(G(r)), and the Laplacian density between PdII ions and the adjacent Ag+ ions.  

 

3.4 The template effect of internal cations 
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3.4.1  Size matching between the cations and the bare Pd12/15 

Since the discovery in 2008 of the first member of the Pd12 family,[10] 

[PdII
13As8

VO34(OH)6]
8-, Kortz’s group has synthesized a large amount of derivatives by  

altering the capping AsVO4
3- ligands and the central PdII cation. In order to further 

expand and rationalize the template role that cations play, systematic DFT calculations 

were performed by introducing different metal ions into Pd12 or Pd15 cages. The sole 

“host” cages (Pd12 and Pd15) and the corresponding host (cage)-guest (cation) systems 

(capped by PhAsVO3
2-) were optimized at B3LYP level. The electrostatic potential map 

(MEP) analysis in Figure 3.3 for free Pd12
 revealed an interesting distribution of most 

negative partial atomic charges on the center of the O8 cubic and on the surface of the 

six Pd4O4 faces, indicating that electrophilic groups, such as metal ions, are more likely 

to locate at the central position. This prediction is in line with the experimental facts 

where cations usually occupy such position. As shown in Table S3.1, the computed 

distances (Oc-Oc, M-Oc, and M-Pd) reproduce fairly well as the reported X-ray 

data, although they are found systematically slightly longer than in 

experiments.[11,13] It is worth mentioning that for incorporating of Pd2+, Ni2+, 

Co2+, Fe3+, and Eu3+ ions, the DFT calculations suggest that the high spin state 

centered in [PdII
12O8(AsVPhO3)8]

8-
 are more favorable than its low spin state 

configuration.[13b] 

 

 

Figure 3.3. Side (a) and top (b, one half of the molecule) view of the MEP distribution for 

[PdII
12O8(PhAsVO3)8]8-, the values taken by EP at each point are coded by colors: red-yellow 

for nucleophilic regions and green-blue for electrophilic regions. The cavity and six Pd4O4 

interface are the most nucleophilic regions. 
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Figure 3.4. The Oc–Oc distortions (Δd = dO-O – 2.728, by referring the distance in free cage) of 

{O8} cavity after encapsulation of cations, the cations from left to right are organized by the 

effective ionic radius. The bar with upward diagonal labelled indicates the experimental 

reported compounds. 

 

  To capsulate the cation, the ion and the cavity should own matched size. Due to the 

small flexibility of the locked {O8} cage, all cations are optimally located in the center 

of the cubic. The average Oc–Oc distance generally elongates as the effective ionic 

radius of Mn+ increases; this trend is absolutely in line with the change of M–Oc bonds. 

To give insight into the effect of cation’s size on the geometry of the cage, the Oc–Oc 

distortions after encapsulation of cations are plotted in Figure 3.4 by referring to the 

distance in Pd12 cage (dOc–Oc =2.728 Å) without internal cation. We find that ions with 

radius smaller than 1.12 Å, can induce some contraction of the {O8} cavity, including 

Co2+, Ni2+, Cu2+, Zn2+, Mn2+, Sc3+, Fe3+, and Lu3+, and also ions that have not been 

captured yet within the Pd12 framework, such us Li+, Be2+, Mg2+, Ga3+, In3+, Sn4+, Zr4+, 

and Hf4+. In particular, the Be2+, Fe3+, Ga3+, and Sn4+ seem too small to be hosted 

efficiently, and consequently large contraction occurred to maximize M–Oc 

interactions. When the ion size is between 1.13 and 1.26 Å, small expansions with Δd 

less than 0.1 Å are needed, except for Th4+. However, significant distortion of {O8} 

was detected for ions larger than 1.28 Å, such as Ce3+, La3+, Sr2+, Ag+, K+, Rb+, Cs+, 

Ba2+, and Ra2+, where for some cases elongations larger than 0.4 Å are observed.. It is 

remarkable that for most of the experimentally observed anions, the distortion induced 

by metal encapsulation is no larger than 0.1 Å, and therefore the size matching between 

UNIVERSITAT ROVIRA I VIRGILI 
DFT STUDIES ON POLYOXOPALLADATES AND POLYOXOMETALATES-SURFACE COMPOSITES: FROM STRUCTURE TO CATALYSIS 
Zhongling Lang 
 
 



Chapter 3 The Template Effects of Internal and External Cations in Polyoxopalladates 

48 

cations and the Pd12 cavity must be an important factor to be considered. Figure 3.4 

also suggests that cations with size rang in 0.97~1.26 Å fit well within O8 cavity in 

Pd12
 regardless of the charge. Respect to this, small (r ≤ 0.95Å) and large (r ≥ 1.28 Å) 

cations probably are not be the ideal candidates for constructing the cubic Pd12 cluster 

from a size-matching view, and the optimal cation size for designing structures is in the 

0.97~1.26 Å range. 

 

 

Figure 3.5. (a) Structural scheme of [PdII
15O10(PhAsVO3)10]10– encapsulated with different 

guest cations, the phenyl groups are  omitted for clarity;  (b) brief view of the coordination 

mode for the internal cations. Color code: guest metal (orange/white), As (green), Pd (dark 

blue), O (red). 

 

  In contrast, the large cations are more likely to accommodate more precursors around 

themselves and subsequently assemble into larger clusters. In order to compare with 

the Pd12 systems, some selected cations (Li+, Na+, K+, Rb+, Cs+, Ag+, Be2+, Mg2+, Ca2+, 

Sr2+, Ba2+, Zn2+, and Pd2+) were incorporated in Pd15. The Pd15 provides a five prism 

{O10} inner space with more flexibility. It is found that the {O10} cavity appears too 

large to encapsulate small ions, such as Li+, Be2+, Mg2+, and Zn2+ (r < 1.2 Å), in which 

the cations are forced out of the C5 axis center by coordinating with less oxygen atoms. 

Two non-centered coordinated modes are obtained from our DFT calculations, C4 and 

C5 as depicted in Figure 3.5. For example, the Li+ could coordinate with five Oc from 

Pd5O5 (2.107, 2.276, 2.261, 2.457, 2.336 Å) or four Oc from Pd4O4 (2.002, 2.023, 2.005, 

2.022 Å). Although the former configuration owns five coordinated atoms, the shorter 

bonds in the latter may lead to stronger interactions. As expected, the energy 
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differences illustrate that the C4 mode is more stable than C5 by 6.1 kcal·mol-1 (Table 

S3.2). On the other hand, encapsulation of Na+, K+, Rb+, Cs+, Ag+ Ca2+, Sr2+, Ba2+, and 

Ra2+ (r > 1.2 Å) fits well the Pd15. Some of them are strongly supported by the 

experiments, which show that NaPd15, KPd15, BaPd15, and AgPd15 can be easily 

observed in the presence of Na+, K+, Ba2+, and Ag+.[14] It is worth mentioning that the 

Na+ prefers to be near the Pd5O5 face (C5) rather than the center, as suggested by the 

experiment.[14b] Interestingly, the Pd2+ prefers also C4 mode, but linking only four O 

from the Pd5O5 face, as the X-ray data shows in Pd2⊂ Pd15.
[15d] The good reproduction 

of the experimental facts reveals that the size of the cation plays an important role in 

the control of the nuclearity of the product. 

3.4.2  Complexation energy and the competition between Pd2+ and other 

metal cations 

Although the size-matching has been established as an essential factor for the cluster 

formation, we have to be aware that the cation-cavity interaction and the dehydration 

ability of the cation are not included in the analysis. Thus, we next will examine why 

the reported cations are enable to be encapsulated by Pd12/15 and predict some potential 

candidates from an energy point of view. To rationalize this point, the complexation 

energy (Eco) of Pd12 and Pd15 for each ion was computed as described in the 

computational section, and the results at B3LYP level (black points) are collected in 

Figure 3.6, as well as the energy corrections with M06 (red points) and ωB97XD 

(green points) functionals. The results with M06 give virtually identical values as that 

with B3LYP functional, whereas the addition of the dispersion correction in ωB97XD 

increases the values of complexation energies without changing the overall trends. 

Therefore, the results at B3LYP level can reasonably identify the trend analysis. 

Generally, the Eco becomes more exothermic as the formal charge increases from 

monovalent to tetravalent. For alkali and alkaline earth metal ions the Eco is 

significantly affected by the size of the cations. All encapsulated processes seem to 

thermodynamic favourable except for Cs+, which shows the only positive Eco of 18.3 

kcal·mol-1. It is illustrative that the initial observed polyoxopalladate is the pure 

[PdII
13As8

VO34(OH)6]
8− with one Pd2+ located in the center, and that the formation of 

the cluster occurs under the coexistence in the solution of Na+ and Pd2+. The 

encapsulation of Pd2+ by [PdII
12O8(PhAsVO3)8]

8- is predicted to be dramatically 

exothermic by –54.6 kcal·mol-1, whereas Na+ shows relatively weak competitiveness 

with a complexation energy of –42.2 kcal·mol-1. Thus, it is not difficult to understand 
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why the Na+ ions are not captured in the center of the polyoxopalladate and acts only 

as counter-ions. 

  Following this direction, all cations are divided into two parts by referring the Eco of 

Pd2+ (dash line in gray). Values of Eco located below the grey line indicate that from a 

thermodynamic point of view, the corresponding ions are more favorable to stabilize 

the Pd12 cluster than the mother ion Pd2+, thus suggesting that are more easily to be 

encapsulated.  For instance, the encapsulation of Fe3+ and Sc3+ cations within Pd12 has 

associated a complexation energy of –124.1 and –116.2 kcal·mol-1, respectively, both 

are significantly more exothermic than Pd2+ (–54.6 kcal·mol-1). Indeed, the closed Pd12 

compounds with Ca2+, Co2+, Cu2+, Ni2+, Zn2+, Mn2+, Sc3+, Fe3+, Y3+, Yb3+, Lu3+, and 

Eu3+ encapsulated inside have already been successfully synthesized by using similar 

synthetic procedure.13a,b,c In contrast, the encapsulation of all alkali metal ions, Ag+, 

Be2+, Sr2+, Ba2+, and Ra2+ ions are expected to be difficult to form thanks to the larger 

complexation energy with respect to Pd2+, even though some of them own suitable size. 

This behaviour is also valid for the derivatives with other capped groups (AsVO4
3- and 

SeIVO3
2-), as shown in Figure S3.1. Coupled with the unfitting size, the Ag+, K+, Rb+, 

Cs+, and Ba2+ mediated complexes would be the first ions ruled out by the small Pd12.  

 

 

Figure 3.6. Computed complexation energies (in kcal·mol-1) of Mn+ (n = 1-4) encapsulated in 

Pd12L8 (L = PhAsVO3
2-) as a function of cation from monovalent to tetravalent at B3LYP (black), 

M06 (red), and ωB97XD (green) functional level, respectively. The cations are organized by 

considering both the charge and the size. Note that the smaller (more negative) values indicate 

the higher affinity of Pd12 for metal ion. The Eco for Ra, U, and Th at ωB97XD level is not 

included (square) due to the unavailable vdW radius for these elements. 
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Figure 3.7. Complexation energies (kcal·mol-1) comparison for selected cations encapsulated in 

[Pd12O8(PhAsVO3)8]8- (orange bar) and [Pd15O10(PhAsVO3)10]10-(green bar)  respectively. 

 

Table 3.1. Computed complexation energy (kcalmol-1) for La3+ and Sr2+ encapsulated 

in open and closed-Pd12, and the experimental product yields are listed.  

  B3LYP M06 ωB97XD ratio% 

Pd2+  closed –54.6 –60.8 –76.4  

Sr2+  open –49.9 –61.0 –75.8 98% 

 closed –45.4 –52.9 –70.9 2% 

La3+  open –70.6 –74.7 –105.7 40% 

 closed –74.2 –75.2 –105.9 60% 

 

In order to further unravel this point, the encapsulation by [Pd15O10(PhAsVO3)10]
10- for 

some selected cations was computed (Figure 3.7) to compare with Pd12. As expected, 

the Na+, Ag+, K+, Rb+, Ba2+, and Ra2+ ions are calculated to be both geometrically and 

energetically suitable for Pd15 instead of Pd12, results that are in full agreement with 

the experimental facts.[14] Most of the small cations, such as Mg2+ and Zn2+, do not fit 

geometrically, nor energetically favorable in Pd15. The original Pd2+ shows similar 

ability to be encapsulated by Pd12 and Pd15, which is consistent to the observed 

[PdII
13O8(PhAsVO3)8]

6− and Pd2⊂Pd15 clusters.[12,15d] The middle sized Sr2+ was 

reported to form a novel open-shell SrPd12, this inspired us to check its complexation 
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energy both in open and closed Pd12, see Table 3.1.[14d] The energy required for 

encapsulating into the open form was computed to be –50.0 kcal∙mol-1, whereas that in 

the closed Pd12 structure was a little less exothermic, –45.4 kcal∙mol-1. Therefore, the 

open Pd12 was preferentially formed before Pd15. Among the unfavorable ions within 

Pd12, the Sr2+ shows the smallest Eco difference with respect to Pd2+, only 9.2 (4.6 in 

open Pd12) kcal∙mol-1, even much smaller differences at M06 and ωB97XD level. Thus, 

a great competition between Pd2+ and Sr2+ may be present in the reaction. Experiments 

show that only a 2% of closed SrPd12 is formed, and that the Sr2+ ion can be 

substituted by Pd2+ to form Pd13 by only increasing the pH of the solution. It is 

interesting to note that Eco for La3+ is very close to that calculated for Pd2+, which may 

lead to special composition of products. In contrast to Sr2+, calculations suggest that the 

closed form for La3+ of Pd12 is slightly more favorable than the open one. Accordingly, 

the nature and size of the cation directly influence the geometry of the products and it 

strongly suggests a template effect of the cation in classical polyoxopalladate synthesis. 

3.4.3 Potential new candidates for the 12-palladate family  

The systematic study of the complexation energy for different cations revealed that the 

competition from Pd2+ plays a critical factor in determining the type of the products. 

Although the energy trend should not be taken quantitatively, it appears to be 

qualitatively useful to design the synthesis of new compounds. 

  Up to now there is a predominance of transition and lanthanide elements in guest 

metal-incorporated polyoxopalladates (MPd12) family. Much less attention has been 

paid towards p-block elements, whereas the encapsulation of Ga3+, In3+, and Tl3+ was 

found very exothermic with energies of –115.8, –137.1 and –155.1 kcal·mol-1, 

respectively. For all three cations, the encapsulation is predicted to be more favorable 

than for the already reported Sc3+ derivative, and in addition there is a clear tendency to 

increase the encapsulation ability from up to down within IIIA group. 

  On the other hand, no encapsulation of higher charged cations (n > 3) have been 

reported until now. In this regard, we analyzed the encapsulation in Pd12 for several 

typical tetra-valent cations, such as Sn4+, Zr4+, Th4+, U4+, and Hf4+. As expected, all 

tetra-valent cations exhibit more energetic values due to the increasing anion-cation 

interactions. The small Sn4+ is located at the lowest position among all investigated 

ions. 

  In collaboration with the group of Prof. Kortz we have designed several experiments 

that should be useful to confirm the trends observed in the systematic theoretical 

analysis and these experiments concern to 1) elements of the p-block, 2) the synthesis 
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of a La derivative that should produce two forms for Pd12, 3) the capture for the first 

time of a tetravalent cation, and 4) the competition between more than two cations. 

3.4.4 Experiments confirm theoretical observations: Synthesis and 

characterization of cuboid-shaped LaPd12-1, GaPd12, InPd12 and 

open-shell type LaPd12-2 

Here we have summarized very briefly the experiments performed in Jacobs University 

in order to corroborate the theoretical predictions described above. The La3+, Ga3+, and 

In3+ are selected for experimental synthesis by Prof. Kortz group. Four new members 

of the Pd12 family have been successfully isolated and characterized (Figure 3.8): 

[LaIIIPdII
12O8(PhAsVO3)8]

5− (closed-LaPd12-1),  

[LaIIIPdII
12O6(OH)3(PhAsVO3)6(OAc)3]

3− (open-LaPd12-2), [GaIIIPdII
12O8(PhAsVO3)8]

5− 

(GaPd12), and [InIIIPdII
12O8(PhAsVO3)8]

5− (InPd12), which perfectly support the above 

mentioned calculations (Table 3.1). Notably, La3+ is one of the largest trivalent cations 

that could be by far encapsulated inside a Pd12 cage and its size and relatively low 

energy is a good test for present study. The small advantage of Eco in closed structure 

leads to a little higher yields of product respect to open for La3+. In addition, we are 

also informed a polyoxopalladate containing a central tetravalent cation SnIV have been 

captured by Pd12 capping by another ligand (AsVO4
3-), however, the studies on 

structure and chemical properties for these anions will be reported elsewhere. 

 

 

Figure 3.8. Ball-and-stick representation of (a) cuboid-shaped MPd12 (M = La3+, Ga3+, and 

In3+) and (b) open-shell type LaPd12-2. Color code: M (violet), La (pink), Pd (dark blue), As 

(yellow), O (red), C (gray). Hydrogen atoms are omitted for clarity. 
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3.4.5 Selective entrapment of Ga3+ and In3+ in Pd12 host 

The complexation energy profile in Figure 3.6 not only helps to understand the 

complexation ability of a given cation, we have shown in collaboration with the group 

of Prof. Kortz that it can help to determine the competition in a more complex 

situation. In order to further illustrate this point, the selective encapsulation by the 12-

palladate cage has been studied while simultaneously more than one type of guest 

metal ions is introduced in the solution. To be specific, under the circumstance of equi-

molar quantity of excess Ga3+ and In3+ ions were given at the meantime, only Na-

InPd12 was formed as confirmed by 71Ga (no signal) and 115In NMR (singlet at 254.1 

ppm, Figure 3.9a), which means that the 12-palladate cage prefers capturing In3+ rather 

than Ga3+, declaring the existence of a selective-entrapment feature. It is conceivable 

that the “rejected” Ga3+ ions might go through hydrolysis to generate other species in 

the mother solution. Later on, the free Ga3+ ions were detectable by 71Ga NMR while 

the solution was acidified to pH 1 by HNO3 (Figure 3.9b). 

 

 

Figure 3.9. (a) 115In NMR spectrum of the reaction solution of Ga3+＆In3+ system recorded in 

H2O at room temperature; (b) 71Ga NMR spectrum of the reaction solution of Ga3+＆In3+ 

system at pH 1 recorded in H2O at room temperature; (c) Negative ion mass spectrum of 

crystals collected from the Ga3+＆In3+ system in aqueous solution. 
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  On the other hand, for the mixed system, the filtrated mother solution was allowed to 

evaporate until the solution level had approached to the crystals, which were then 

carefully collected for ESI-MS analysis. The spectrum of the product obtained from 

Ga3+＆In3+ system shows peaks only correspond to InPd12-related species (Figure 

3.9c). Notably, the envelopes appearing at m/z = 1021.46 and 1027.74 can be 

unequivocally ascribed to {Na[InPd12O8(C6H5AsO3)7(AsO3)
+]}3− and  

{Na[InPd12O8(C6H5AsO3)7(AsO3)
+](H2O)}3−, which may dissociate from the plenary 

InPd12 cluster by losing one [C6H5]
– fragment possibly during the electrospray 

ionization processes.  Similar experiments for another two groups are furthermore 

checked, the Ga3+＆Sc3+ and Sc3+＆In3+ respectively. Both 71Ga and 45Sc NMR signals 

have been detected with GaPd12 and ScPd12 coexisting in solution. For Sc3+＆In3+ pair, 

the signal of InPd12 can be identified in a few seconds, whereas the signal of ScPd12 is 

obtained after overnight. Such results nicely proved again the selective-entrapment 

feature of the Pd12 cage in the mixed system, which fit well with the complexation 

energies order given in Figure 3.6. Combining the theoretical and experimental results, 

we obtain a selective order of In3+ > Ga3+ ≈ Sc3+. The apparent Eco difference between 

In3+ (–137.1 kcal·mol-1) and Ga3+/Sc3+ (–116.2/-115.8 kcal·mol-1) leads to a more 

efficient selectivity for In3+, while the Sc3+ and Ga3+ are more difficult to be separated 

because of the similar complexation ability. 

3.4.6  What properties of the metal cation govern its affinity for a given Pd12? 

Through the above theoretical and experimental studies, we have addressed the two 

main factors that control the encapsulation of metal ions: the energy associated to the 

complexation of a given cation by a free Pd12 cage (Eco) and how the guest fits inside 

the host cage. To gain a deeper understanding of the intrinsical factors governing the 

formation of M@Pd12, we performed an energy decomposition analysis for Eco. From 

an energy point of view, we can split the process of cation complexation, as the sum of 

three steps: dehydration of the cation, deformation of the Pd12 cluster and the binding 

between the cation and the Pd12 cluster. Thus, Eco can be expressed as ∆Edef + ∆Edehyd + 

∆Ebind. In Figure 3.10, the values computed for ∆Edef, ∆Edehyd and ∆Ebind for a series of 

cations are classified according to the cation charge. From this figure, we can observe 

that in absolute values ∆Edef is much smaller than ∆Edehyd and ∆Ebind, and that these two 

latter terms are very dependent of the cation charge. Thanks to the increasing charge-

dipole and charge-charge interactions, the complexation energy for di- and trivalent 

cations is respectively two or three times more exothermic than for monovalent cations. 

UNIVERSITAT ROVIRA I VIRGILI 
DFT STUDIES ON POLYOXOPALLADATES AND POLYOXOMETALATES-SURFACE COMPOSITES: FROM STRUCTURE TO CATALYSIS 
Zhongling Lang 
 
 



Chapter 3 The Template Effects of Internal and External Cations in Polyoxopalladates 

56 

 

Figure 3.10. Complexation energies (in kcal·mol-1) of Mn+ encapsulated in Pd12L8 (L = 

PhAsVO3
2-), and its decomposition terms (∆Edehyd, ∆Ebind, ∆Edeform) analysis for complexation 

energy. 

 

Table 3.2. The complexation energy (in kcal·mol-1) and its decomposition analysis terms for 

three group of cations encapsulated in Pd12.  

Mn+ Eco ∆Edeform ∆Ebind ∆Edehyd r Dominant 

factor 

Ga3+ –115.8 25.7 –1267.1 1125.5 0.92 ∆Edeform 

In3+ –137.1 8.4 –1146.9 1001.5 1.06 

Lu3+ –115.0 5.7 –1021.2 900.5 1.12 ∆Edehyd 

Yb3+ –103.0 4.9 –1018.4 910.5 1.13 

Ce3+ –95.5 5.8 –935.2 833.9 1.28 ∆Ebind 

La3+ –86.3 3.9 –920.6 830.4 1.30 

 

 

The free cation dehydration ability (∆Edehyd) and the electrostatic interaction (∆Ebind) 

between the free cation and the nanocage exhibit very large values, and in all the cases 

∆Ebind is greater than the sum ∆Ehedyd + ∆Edef, consequently, the Eco term is always 

exothermic. Can we infer from this behaviour that ∆Ebind is enough to describe the Eco 

trend? The answer is definitively not. In Table 3.2 we have compiled three examples 

that show that in absolute value ∆Ebind is dominant, however, this term by itself cannot 

predict relative values for Eco. Let us start with pair Ga3+/In3+, for which experiments 

show that In3+ is captured before Ga3+. The largest negative value for Eco for In3+ 
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originates from the largest deformation energy required in the case of Ga3+, the two 

other terms are significantly larger, but cancel each other out. Notice that the Pd12 cage 

deforms more for Ga3+ because its size is too small. For the Lu3+/Yb3+ pair, we can 

clearly notice from the values in Table 3.2 that Lu3+ has a more negative complexation 

energy because dehydration is favoured by 10 kcal·mol-1, deformation and binding 

energies are rather similar for the two ions. Finally, the third ion pair Ce3+/La3+ allows 

to identify the relevance of the electronic structure in some cases. La3+ and Ce3+ have 

the same charge and similar ionic radii (differing by only 0.02 Å), but f electrons in 

Ce3+ affect molecular orbital distribution because of the lower electron shielding of f 

electrons, resulting in a larger binding energy for Ce3+. In summary, the Eco depends 

mainly on the following four metal properties: (1) effective ionic radius; (2) valence 

state; (3) dehydration ability and in minor extension on the electronic configuration (4) 

charge-accepting ability, and the selectivity for a given cation is a result of a delicate 

balance between the cation-polyoxopalladate and the cation-solvent interactions. 

3.5  The role of metal–metal bonding induced by cation 

confinement 

 

Figure 3.11. (a) Ball-and-stick representations Ag2Pd13, Ag4Pd13, and Ag6Pd15 from experiment; 

(b) The simulated models for Pd13 and Pd15.  

  

 Recently, several special cases of Pd13 and Pd15 with silver cations capping around 

have been synthesized and characterized, [{Ag(H2O)3}4Pd13O32(AsO)8]
10- (Ag4Pd13), 

UNIVERSITAT ROVIRA I VIRGILI 
DFT STUDIES ON POLYOXOPALLADATES AND POLYOXOMETALATES-SURFACE COMPOSITES: FROM STRUCTURE TO CATALYSIS 
Zhongling Lang 
 
 



Chapter 3 The Template Effects of Internal and External Cations in Polyoxopalladates 

58 

[{Ag(H2O)2}4Pd13O32(AsO)8]
12- (Ag2Pd13), and [{Ag4.25(H2O)2}AgPd15O40(PO)10]

14.75- 

(Ag6Pd15) respectively, see Figure 3.11. For AgnPd13 compounds, two or four Ag+ are 

found to be attached to the opposite side of two Pd4 faces or cover four faces by 

forming an equatorial silver belt around the nanocube. The distributed position of these 

external Ag+ are perfectly consistent with the MEP results shown in Figure 3.3. In 

these cases, the Ag+ showing seven coordination, including three water molecules and 

directly contacted with four Pd atoms from the cage. At this stage, the Kortz group also 

isolated the Ag6Pd15, in which the Ag+ not only acts as the inner cation that occupies 

the center of the cavity, but is also attached around the cage. The six Ag+ ions in 

Ag6Pd15 can be subdivided in three subsets, a) Ag1 is located in the center of the Pd15 

surrounded by ten internal oxygens, b) Ag2 and Ag3 located at each end of the central 

channel, are in contact with five PdII as well as five internal O atoms, and c) Ag4, Ag5 

and Ag6 cap the polyanion externally, in a similar manner as for Ag4Pd13. 

  Obviously, the first impression for the formation of the fully inorganic Ag-Pd-oxo 

clusters Ag4Pd13 and Ag6Pd15 must be attributed to electrostatic interactions between 

the highly negatively charged PdII-oxo cores and AgI ions. Nevertheless, a careful 

analysis of their structures shows that the AgI ions are closer to PdII than to any other 

atom, in particular all the oxo ligands appearing at longer distances. To rationalize the 

formation mechanism of Ag4Pd13 and Ag6Pd15, DFT calculations were carried out 

using the standard B3LYP functional by simulating the environment with the PCM 

model. Figure 3.11b shows the main models for the calculations.  

  The experimental XRD data indicated that the coordination number of the central PdII 

ion in the 12-palladate shells changes from 4 in [PdII
13AsV

8O34(OH)6]
8− to 6 and 8 in 

Ag2Pd13 and Ag4Pd13, respectively (vide supra). When PdII is in a square-planar ligand 

field, the ground state is a singlet. The consecutive attachment of external AgI ions 

appears to increase the local symmetry of the central PdII ion and the ground state 

becomes a triplet in both Ag2Pd13 and Ag4Pd13. The XRD-based main structural 

parameters (bond lengths and angles) of Ag2Pd13 and Ag4Pd13 are well reproduced by 

DFT in the triplet state, see Table S3.4.  

  Interestingly, in these two Ag-capped Pd13 nanocubes, the Ag–Pd distances (2.951 ̶ 

3.224 Å) are significantly shorter than the sum of their atomic radii (3.54 Å).  To 

characterize the nature of such Ag–Pd interactions, we analyzed the topology of the 

electron density within the quantum theory of atoms in molecules (QTAIM). This 

theory establishes that a chemical bond exists if a line of a locally maximum electron 

density links two neighboring atoms and also if along that line there is a bond critical 

point (BCP). In addition, the value of the electron density (ρbcp) and the Laplacian of 
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electron density (▽2ρbcp) are always used to define the interactions presented in the 

molecules in QTAIM. For covalent interactions, the ρbcp and ▽2ρbcp are high and 

negative at the BCP, while for the closed-shell interactions own a small value of ρbcp 

and a positive ▽2ρbcp. However, in the case of metal–metal bonds, the ρbcp and ▽2ρbcp 

sometimes are not sufficient to characterize the nature of an interaction in the complex 

with transition metal involved in.[30] Therefore, the total energy density (Hc) suggested 

by Cremer and Kraka was applied as a specific indicator in the analysis of the bonds 

with transition metal included in.[31] Espinosa and Varadwaj et al. have proposed that 

the |V(r)|/G(r) ratio,[32-33] where V(r) is potential energy density and G(r) is kinetic 

energy density at the BCP, can be used as a better way to characterize a bond, with 

|V(r)|/G(r) < 1 (▽2ρbcp > 0, Hc > 0) for the pure “closed-shell interactions”, those with 

|V(r)|/G(r) > 2 (▽2ρbcp < 0, Hc < 0) are typical “covalent interactions”, while for 1 < 

|V(r)|/G(r) < 2 (▽2ρbcp > 0, Hc < 0) are of “intermediate character”. 

  All the intuitively expected bonds between Ag+ and PdII ions are characterized by 

such BCPs. The average amount of density at the BCP is found to be 0.185 e·Å−3, 

which can be considered as a small value if it is compared with a common covalent 

bond such as C–C, where the typical density value can reach 1.698 e·Å−3, e.g. for an 

ethane molecule. However, the electron density characterized for the Ag–Pd 

interactions in Ag4Pd13 with a relatively long bond length (3.027 Å) is only slightly 

lower than that reported for metal–metal bonds in polynuclear complexes without 

bridging ligands.[34] Furthermore, the computed density map for a plane that contains 

two Pd atoms and one Ag atom is represented in Figure 3.12b. In the electron density 

map, we determined a BCP linking Pd and Ag centers whose position is identified by a 

green cross. The stationary point is slightly shifted towards the silver center. Black dots 

representing the four BCPs found in each {AgPd4} unit are given in Figure 3.12a. It is 

worth mentioning that no BCPs have been characterized linking Ag and O atoms. The 

bond paths between Ag and Pd in Ag4Pd13 are characterized by negative values of 

energy density (Hc), whereas all charge density of Laplacian exhibit positive values, 

which indicates that the Ag–Pd interaction is an “intermediate interaction” that should 

be termed as partially covalent and partially electrostatic (see Table S3.5). To estimate 

this interaction quantitatively, we have computed the energy associated with the formal 

complexation process {Pd13} + {Ag+(H2O)4} → {Ag+(H2O)3Pd13}+H2O, which was 

found to be -61.2 kcal mol-1. The relatively large values mainly originate from the 

electrostatic interaction between the AgI cation and the highly negatively charged Pd13 

cluster. The particular feature of this interaction is the metal—metal bond (Ag—Pd) 

allowing to locate the cation in the center of the Pd4 face and hence assisting the 
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formation of the overall cluster. 

 

Figure 3.12. Structural and electronic elements for Ag4Pd13 and Ag5Pd15. (a) Front view of 

Ag4Pd13 (water ligands linked to silver ions not shown; Ag orange, Pd dark blue, O red). (b) 

Density map representation in one plane containing two Pd and one Ag centers; the positions of 

BCPs are represented by green crosses. (c) Relevant molecular orbitals involved in Pd(4d)  

Ag(5s5p) interactions for AgNa3MgPd12 as model for Ag4Pd13. (d) Molecular orbitals showing 

Pd to Ag and (e) oxo to Ag electron donations in Ag5Pd15. 

 

  We have also analyzed the frontier molecular orbitals involved in the Ag–Pd 

interactions of Ag4Pd13. To simplify the analysis, we replaced three of the four external 
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Ag+ ions by Na+. In order to avoid the open-shell electronic structure of the polyanion, 

we also substituted the internal PdII by MgII, which allowed us to better identify the 

molecular orbitals involved in a specific {AgPd4} unit. The representation of the 

selected frontier orbitals is depicted in Figure 3.12c. The hypothetical d-d interaction 

between the Ag+ and PdII ions has been explored in detail. However, we were not able 

to find net overlap between d orbitals. According to this, natural bond orbital (NBO) 

analysis revealed that there is not a clear depopulation of Ag(4d), since the cations 

retain an electron population close to 10e (9.97e), see Table 3.3. Nevertheless, the 

Ag(5s) and Ag(5p) orbitals have electron populations of 0.18e and 0.15e, respectively, 

emphasizing a notable electron transfer from the oxo-palladate core to the silver ions. 

The LUMO and the occupied molecular orbital in Figure 3.12c clearly show an 

interaction among 5s and 5p orbitals of the silver ions with 4d orbitals of the Pd centers. 

One relevant point is that when Ag+ is replaced by Na+, the cation moves away from 

the palladate cluster due to the absence of any metal–metal interaction. Here, it is 

noteworthy that in the XRD structure, several Na+ counter cations are close to external 

oxo ligands, indicating that the cluster is highly negatively charged and hence prefers 

to have the sodium ions as close by as possible. 

 

Table 3.3. Atomic orbital populations (e) for the different kinds of Ag+ ions in Ag4Pd13 and 

Ag5Pd15. 

 Metal Natural configuration Donation 

  5s 4d 5p 6s 6p  

Ag4Pd13 Ag 0.18 9.97 0.15 0.00 0.01 Pd→Ag 

Ag5Pd15 Ag1 0.02 9.93 0.72 0.15 0.02 Oc→Ag 

 Ag2/3 0.14 9.96 0.24 0.01 0.01 Pd/Oc→Ag 

 Ag4/5 0.15 9.97 0.16 0.11 0.01 Pd→Ag 

 

  The driving force for the formation of Ag5Pd15 is rather similar to that described for 

Ag4Pd13. The AgPd15 core, which carries a charge of 19−, can only reduce its highly 

negative charge in alkaline pH by attachment of counter cations. This produces a 

strong confinement of five Ag+ ions onto the polyoxopalladate surface inducing some 

singular bonding situations. As already commented, the ability of the 5s and 5p orbitals 

of Ag+ to accept electron density from PdII orbitals renders cations special to construct 

such kind of structures. In Ag5Pd15, the Ag4 and Ag5 ions are each stabilized by four Pd  
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Figure 3.13. Molecular orbitals involved in bonding and antibonding of Ag2–Ag1–Ag3 for 

Ag3Pd15 (Ag1, Ag2, Ag3), in which the additional three Ag+ ions on Pd4O4 faces (similar to the 

case of Ag4Pd13) were neglected. σ and σ* orbital representation for homometallic Ag2–Ag1–

Ag3 interactions. 

 

 Ag interactions, in addition to electrostatic forces. Due to the more open core 

structure of AgPd15, as compared to Pd13, the two silver ions Ag2 and Ag3 located at 

each end of the central polyanion channel, are in contact with 5 PdII as well as 5 

internal O atoms, as shown in Figure 3.11. As described above, Ag2 and Ag3 are almost 

located along the pseudo-C5 axis and are also in contact with the internal cation Ag1. 

All these contacts produce up to 12 BCPs (if the external H2O ligand is also considered) 

in the electron density distribution. However, here the situation is somewhat different, 

because there is an important electrostatic interaction of silver cations with the internal 

oxo ligands. In Ag6Pd15, the three capping Ag+, including Ag4, Ag5 and the not fully 

occupied Ag6, show similar topological characteristics as that in Ag4Pd13 with 

positive▽2ρbcp and negative Hc from QTAIM analysis. However, the Ag2 and Ag3 

show some differences. Over half of the Ag2(3)–Pd and Ag2(3)–O interactions exhibit 

the pure closed-shell interactions with positive Hc and ▽2ρbcp, even some Hc are 

negative, the values are still smaller than in the case of Ag4Pd13. Furthermore, the 

homometallic (Ag–Ag) interactions are as well proved to be closed-shell interactions 

by the positive Hc and ▽2ρbcp at the BCP. Indeed, NBO analysis (Table 3.3) shows that 

the 5s and 5p atomic orbitals of Ag(2/3) receive electron density from the 4d orbitals of 

the five neighboring PdII ions and the 2p orbitals of the five neighboring oxo ligands. 

Some representative orbitals are given in Figures 3.12d and 3.12e. In fact, when we 

replaced Ag2 and Ag3 by two Na+, we observed that the Na+ ions moved towards the 
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oxo-palladate core to reinforce the electrostatic interaction with the internal oxo 

ligands. Therefore, in Ag5Pd15, there are three external, capping Ag+ ion positions (Ag4, 

Ag5, Ag6) that exhibit four Ag–Pd interactions each, in analogy to Ag4Pd13. The two 

Ag+ ions (Ag2, Ag3) that are mainly attached to the polyoxopalladate core by strong 

electrostatic forces produce “apparent” Ag–Ag interactions with the central Ag1 and 

“mixed intermediate and closed shell” Pd–Ag and Ag–Oc interactions according to the 

QTAIM. However, we did not find clear evidence for a net overlap of silver orbitals, 

because both bonding and antibonding counterparts can be found for Ag1–Ag2(3) 

among the occupied orbitals of Ag3Pd15, see Figure 3.13. The presence of the BCP 

should be attributed to an overlap of the tail of the electron densities of the two Ag+ 

ions (Ag2, Ag3) in the center of the “apparent” bond, a circumstance that does not seem 

essential for the formation of the oxo-palladate cluster. The effect of unusual 

interactions in confined spaces has been reported recently in endohedral 

metallofullerenes.[35] The short Ag1–Ag2(3), Ag2(3)–Pd distances in Ag5Pd15, must, 

therefore, be mainly attracted by the electrostatic forces that produce the  “apparent” 

Ag–Ag and Ag–Pd interactions. 

3.5 Conclusions 

In cluster chemistry, one of the challenges is to know the role that cations or small 

fragments play in the formation of a given species. Since the discovery in 2008 of the 

archetypal polyoxopalladate [PdII
13AsV

8O34(OH)6]
8- (Pd13), which can be described as a 

{Pd12O8(AsO4)8} nano-cube encapsulating a central PdII ion with square-planar 

coordination, several structures encapsulating different cations have been reported. 

However, the main factors that govern the formation of a particular compound are not 

totally known. Here, combining computational chemistry, mass spectrometry and other 

analytical techniques we have been able to demonstrate when and why a 

polyoxopalladate self-assemble around a particular cation. 

  The prototype (Pd13) is formed by condensation of Pd2+ ions in the presence of 

capping groups such as simple oxoanions do. Nevertheless, if the solution contains 

other cations, Mn+@Pd12 (MPd12) species may also be formed, determined by the 

favourable complexation energy and the relative competition with Pd2+. After an 

exhaustive analysis of complexation and dehydration energies for a series of cations we 

have been able to identify the most favorable cations to be encapsulated inside a 

polyoxopalladate. From a thermodynamic point of view, trivalent and tetravalent 

cations are easily trapped inside a polyoxopalladate, while monovalent cations are 

much more difficult to be captured by the cluster. NMR and mass spectrometry studies 
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demonstrate that In3+ assembles more rapidly than Ga3+ due to its matched size and 

higher complexation energy. Although La3+ is a rather large cation, DFT calculations 

suggested that it could still fit within a Pd12 framework. Actually, the La@Pd12 was 

synthesized and characterized by X-ray, observing for this cation two type of 

structures. Its posterior synthesis corroborates again that cation size and dehydration 

energies of the cation are the driven factors in the formation of polyoxopalladates. 

  Other cations such as Cd2+, Tl3+, Zr4+, Hf4+, U4+, or Th4+ among others have been 

found that exhibit potential ability to be encapsulated by a Pd12. Likely they will be 

captured in the next future.  

  Furthermore, theoretical calculations for Ag4Pd13 and Ag3Pd15 have revealed very 

useful to characterize Ag–Pd type interaction, suggesting that metal–metal bonding is 

best described as “intermediate interaction”, which should be termed as partially 

covalent and partially electrostatic. On the other hand, the Ag–Ag–Ag homometallic 

interactions in the channel of Ag5Pd15 were shown to be largely of electrostatic nature. 
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Appendix Chapter 3 

 

 

 

Figure S3.1. Complexation energies (kcal·mol-1) for some selected cations (Li+, Na+, Mg2+, 

Pd2+, Ba2+, Fe3+, Tl3+, and La3+) encapsulated in Pd12L8 with different capping groups. (L = 

[PhAsVO3]2- (black points), [SeIVO3]2- (orange square), and [AsVO4]3- (blue triangle)). 
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Table S3.1. Comparison of DFT-computed and X-ray distance (Å) for the MPd12 complexes 

when different cations encapsulated in, and the corresponding effective ionic radius for each 

cation in 8-coordinated environment was listed. 

M Oc—Oc M—Oc M—Pd r 

Li+ 2.716/2.726 2.358 3.404 1.06 

Na+ 2.797/2.805 2.427 3.430 1.32 

Ag+ 2.886/2.888 2.500 3.473 1.42 

K+ 3.025 2.619 3.497 1.65 

Rb+ 3.223/3.234 2.794 3.560 1.75 

Cs+ 3.423/3.425 2.966 3.622 1.88 

Be2+ 2.550/2.546 2.206 3.343 ~0.80 

Cu2+ 2.698/2.688 (2.270) 2.486/2.170 

(2.631) 

3.393 (3.327) ~1.03 

Mg2+ 2.643/2.647 2.290 3.384 1.03 

Ni2+ 2.629/2.671(2.608/2

.640) 

2.289 (2.277) 3.367/3.392 

(3.317/3.318) 

~1.00 

Zn2+ 2.687/2.692 (2.630) 2.329 (2.269) 3.399 (3.329) 1.04 

Co2+ 2.659/2.662 (2.574) 2.303 (2.259) 3.390 (3.320) 1.04 

Mn2+ 2.711 (2.662) 2.347 (2.294) 3.410 (3.341) 1.10 

Pd2+ 2.767/2.751 

(2.697/2.705) 

2.281/2.491 

(2.244/2.437) 

3.418/3.422 

(3.352/3.358) 

~1.20 

Cd2+ 2.830/2.814 2.446 3.447 1.24 

Ca2+ 2.827/2.836 

(2.737/2.760) 

2.453(2.384) 3.452(3.372/3.

380) 

1.26 

Sr2+ 2.953/2.956 2.559 3.491 1.40 

Ba2+ 3.149/3.154 2.729 3.543 1.56 

Ra2+ 3.209/3.215 2.782 3.560 1.62 

Fe3+ 2.611/2.614 (2.561) 2.262 (2.224) 3.375 (3.309) 0.92 

Sc3+ 2.627/2.641 (2.590) 2.279 (2.257) 3.388 (3.310) 1.01 

Ga3+ 2.576/2.569 

(2.555) 

2.227(2.212) 3.357(3.304) ~0.92 

In3+ 2.679/2.681(2.667/2

.685) 

2.321(2.315) 3.405(3.344) 1.06 

Tl3+ 2.753/2.757 

(2.714) 

2.386(2.351) 3.430((3.372/3.

384) 

1.12 

Lu3+ 2.712/2.715 

(2.654/2.671) 

2.350 (2.304) 3.421 

(3.358/3.368) 

1.12 

Yb3+ 2.738/2.751 2.363 (2.329) 3.427(3.364) 1.13 
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(2.689/2.692) 

Y3+ 2.780/2.788 

(2.700/2.713) 

2.412 (2.346) 3.442 (3.385) 1.16 

Eu3+ 2.811/2.816 

(2.744/2.753) 

2.436 (2.381) 3.455 

(3.381/3.389) 

1.21 

Ce3+ 2.891/2.908 2.501 3.473/3.482 1.28 

La3+ 2.957/2.967  2.564 3.503/3.498 1.30 

Sn4+ 2.574/2.581 2.231 3.373 0.95 

Hf4+ 2.622/2.636 2.275 3.390/3.396 0.97 

Zr4+ 2.655/2.660 2.301 3.405 0.98 

U4+ 2.750/2.780 2.399 3.444 1.14 

Th4+ 2.923/2.929 2.537 3.491 1.19 

 

Table S3.2. Relative energies (kcal·mol-1) for cation encapsulated in Pd15 at different sites.  

 Sites ΔE  Sites ΔE 

Li+ C4 0.0 Mg2+ C4 0.0 

 C5(on Pd5O5) 6.1  C5 3.9 

Na+ C4 1.2 Ca2+ Center  

 C5 (on Pd5O5) 0.0 Sr2+ Center  

 Center 0.4 Ba2+ Center  

K+ Center  Ra2+ Center  

Rb+ Center  Zn2+ C4  

Cs+ Center   C5 3.2 

Ag+ Center  Pd2+ C4 (on Pd5O5) 0.0 

Be2+ C3   C5 8.1 

    C6 4.9 
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Table S3.3: Complexation energies (in kcal·mol-1) for different cations encapsulated within 

Pd12, and its decomposition analysis terms for complexation energies.  

Mn+ Eco ∆Edeform ∆Ebind ∆Edehyd r 

Li+ –27.2 2.7 –170.9 140.9 1.06 

Na+ –42.2 1.1 –146.7 103.4 1.32 

Ag+ –29.7 1.3 –147.6 116.6 1.42 

K+ –21.2 5.7 –102.0 75.0 1.65 

Rb+ –4.5 20.6 –80.2 55.0 1.75 

Cs+ 18.3 35.3 –59.2 42.2 1.88 

Be2+ –37.7 28.8 –646.8 580.3 ~0.80 

Cu2+ –74.8 11.1 –600.4 514.5 ~1.03 

Mg2+ –71.7 12.3 –553.5 469.5 1.03 

Ni2+ –60.0 13.2 –581.7 508.5 ~1.00 

Zn2+ –75.7 6.2 –572.2 490.2 1.10 

Co2+ –80.5 9.9 –594.2 503.8 1.04 

Mn2+ –77.9 4.4 –545.2 462.9 1.04 

Pd2+ –54.6 4.7 –558.3 499.0 ~1.20 

Cd2+ –76.4 1.9 –518.0 439.7 1.24 

Ca2+ –66.6 1.9 –456.2 387.6 1.26 

Sr2+ –45.4 2.8 –400.7 352.5 1.40 

Ba2+ –11.9 15.3 –360.2 332.9 1.56 

Ra2+ –10.1 19.9 –370.0 340.0 1.62 

Fe3+ –124.1 19.9 –1232.3 1088.4 0.92 

Sc3+ –116.2 16.0 –1126.1 993.9 1.01 

Ga3+ –115.8 25.7 –1267.1 1125.5 ~0.92 

In3+ –137.1 8.4 –1146.9 1001.5 1.06 

Tl3+ –155.1 3.1 –1147.5 989.2 1.12 

Lu3+ –115.0 5.7 –1021.2 900.5 1.12 

Yb3+ –103.0 4.9 –1018.4 910.5 1.13 

Y3+ –99.9 2.6 –999.7 897.1 1.16 

Eu3+ –108.7 3.3 –977.5 865.4 1.21 
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Ce3+ –95.5 5.8 –935.2 833.9 1.28 

La3+ –86.3 3.9 –920.6 830.4 1.30 

Sn4+ –208.2 20.9 –2018.6 1789.5 0.95 

Hf4+ –151.2 20.1 –1864.6 1693.3 0.97 

Zr4+ –151.4 14.2 –1861.0 1695.4 0.98 

U4+ –161.2  4.7 –1659.3 1493.4 1.14 

Th4+ –114.3 3.7 –1635.3 1517.3 1.19 

 

 

Table S3.4. Experimental (X-ray) and calculated (DFT) geometrical parameters (Å) for 

Ag4Pd13 (with coordinated water included and not) and Ag3Pd15 (model of Ag5Pd15). 

 
X-ray 

Ag4Pd13 

Ag4Pd13 

with 

water 

Ag4Pd13  

without 

water 

X-ray 

Ag5Pd15 
Ag3Pd15 

Pdc(Ag1)–Oc 

2.227, 

2.367, 

2.426 

2.300, 

2.310,  

2.614 

2.302, 

2.316, 

2.632 

2.550~2.792 

 

2.677~2.844 

 

Oc–Oc 

2.651, 

2.683, 

2.696, 

2.706 

2.740, 

2.751, 

2.761, 

2.784 

2.752, 

2.764, 

2.769, 

2.773 

2.604~2.713 

 

2.749~2.858 

 

Ag(Ag2/3)–Pd 
2.912~3.04

1 

3.025~3.

324 

2.862~2.

892 
2.727~2.765 2.721~2.770 

Ag(Ag2/3)–

Pdc(Ag1) 

4.199, 

4.205 

4.380~4.

393 

4.012, 

4.019 
2.959/2.973 2.867 

Ag–Ow 
2.410~2.52

5 

2.514~2.

535 
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Table S3.5. Electron density ρ[e Å-3], its Laplacian ▽2ρ [e Å-5], total energy density (Hc) and 

|V(r)|/G(r) at the BCP of Ag–Pd, Ag–Ag, and Ag–O bonds of the Pd13 and Pd15 systems.  

 BCP G(r) V(r) Hc |V(r)|/G(r) ρbcp ▽2ρbcp 

Ag4Pd13        

Ag1–Pd 13 2.07E-02 -2.10E-02 -2.72E-04 1.013 0.172 1.972 

 19 2.49E-02 -2.59E-02 -1.03E-03 1.041 0.197 2.306 

 31 2.28E-02 -2.35E-02 -7.06E-04 1.031 0.187 2.136 

 38 2.30E-02 -2.36E-02 -5.94E-04 1.026 0.184 2.160 

Ag2–Pd 14 2.25E-02 -2.31E-02 -5.66E-04 1.025 0.182 2.118 

 22 2.34E-02 -2.42E-02 -7.98E-04 1.034 0.190 2.183 

 33 2.37E-02 -2.45E-02 -8.00E-04 1.034 0.191 2.206 

 44 2.27E-02 -2.32E-02 -5.21E-04 1.023 0.182 2.137 

Ag3–Pd 113 2.26E-02 -2.32E-02 -5.20E-04 1.023 0.182 2.137 

 124 2.37E-02 -2.45E-02 -8.02E-04 1.034 0.191 2.207 

 135 2.34E-02 -2.42E-02 -7.96E-04 1.034 0.190 2.182 

 143 2.25E-02 -2.31E-02 -5.65E-04 1.025 0.182 2.118 

Ag4–Pd 119 2.30E-02 -2.36E-02 -5.95E-04 1.026 0.184 2.160 

 126 2.28E-02 -2.35E-02 -7.07E-04 1.031 0.187 2.137 

 138 2.49E-02 -2.59E-02 -1.02E-03 1.041 0.197 2.304 

 144 2.07E-02 -2.10E-02 -2.76E-04 1.013 0.173 1.974 

Ag3Pd15        

Ag2–Pd 147 1.75E-02 -1.72E-02 3.28E-04 0.981 0.145 1.719 

 148 1.86E-02 -1.84E-02 2.35E-04 0.987 0.151 1.821 

 160 2.26E-02 -2.30E-02 -3.60E-04 1.016 0.176 2.150 

 161 2.43E-02 -2.50E-02 -6.77E-04 1.028 0.186 2.282 

 167 1.59E-02 -1.54E-02 4.78E-04 0.970 0.133 1.578 

Ag2–Oc 129 2.14E-02 -2.12E-02 1.32E-04 0.994 0.151 2.074 

 144 1.99E-02 -1.99E-02 -5.12E-06 1.000 0.146 1.919 

 145 1.97E-02 -1.98E-02 -1.01E-04 1.005 0.146 1.895 

 156 2.14E-02 -2.13E-02 9.06E-05 0.996 0.152 2.070 

 158 2.07E-02 -2.07E-02 -3.15E-05 1.001 0.150 1.992 

Ag3–Pd 19 2.08E-02 -2.09E-02 -1.16E-04 1.005 0.166 1.994 

 20 1.61E-02 -1.57E-02 4.65E-04 0.971 0.135 1.602 

 37 2.15E-02 -2.18E-02 -2.41E-04 1.011 0.171 2.056 

 38 1.95E-02 -1.95E-02 4.27E-05 0.998 0.159 1.890 

 46 1.71E-02 -1.69E-02 2.98E-04 0.983 0.145 1.684 

Ag3–Oc 40 1.77E-02 -1.78E-02 -1.44E-04 1.001 0.136 1.691 

 41 1.80E-02 -1.80E-02 6.26E-06 0.999 0.135 1.740 
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 49 1.88E-02 -1.89E-02 -4.09E-05 1.002 0.140 1.813 

 50 1.85E-02 -1.85E-02 -2.07E-05 1.001 0.138 1.784 

 28 2.32E-02 -2.31E-02 1.09E-04 0.995 0.162 2.255 

Ag1–

Ag2 

127 1.67E-02 -1.60E-02 7.40E-04 0.956 0.126 1.688 

Ag1–

Ag3 

53 1.74E-02 -1.68E-02 6.33E-04 0.963 0.131 1.744 
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Chapter 4 

A Non-classical Polyoxomolybdate as an 

Electron Source for [AuIIICl4]- Reduction 

 

 

 

 

 

 

 

 

 

 

Polyoxometalate (POM)-mediated reduction and nucleation mechanisms in 

nanoparticle (NP) syntheses are still largely unknown. In this chapter, we carried out 

comprehensive theoretical analysis to gain insight in the molecular and electronic 

changes that occur during the reduction of HAuIIICl4 with the Kabanos-type 

polyoxomolybdate, [Na{(Mo2
VO4)3(μ2-O)3(μ2-SO3)3(μ6-SO3)}2]

15–. Our results reveal 

that this particular POM is a multi-electron source and the proton-coupled electron 

transfer (PCET) greatly promotes the reduction process. 
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4.1 Introduction  

Metal nanoparticles (NP) (or nanocrystals), such as Ag, Au, Pd, and Pt, possess an 

array of fascinating physicochemical properties (e.g. superparamagnetism, surface 

plasmons and radiation-to-heat transduction), that are not present in the corresponding 

bulk materials.[1] The main properties of NPs are largely dependent on their size and 

shapes,[ 2-4] thus, optimizing and understanding preparation methods and elucidating the 

nucleation mechanisms have become core research topics.[5-7]  

  The recent application of POMs to the synthesis and stabilization of AuNPs has 

opened the door to environmentally friendly and energy saving methods since the 

redox properties of POMs allows them to be recycled and reused.[8 -10 ] POMs are 

anionic metal-oxide molecular clusters typically formed by early-row transition metals 

(Mo, W, V, Nb, Ta) that exhibit fascinating and applicable physical and chemical 

properties.[11-18] Importantly, numerous POMs can act as effective electron-transfer 

catalysts due to their unique ability to reversibly accept and release electrons. Several 

recent reviews by Nadjo,[19] Mitchell,[20] and Weinstock[21] have pointed out that POMs 

or POM-based materials can act both as reducing agents and stabilizers for preparation 

of metallic (such as Au, Ag, Pd, Pt) nanostructures. This motivated us to investigate the 

use of POMs with ‘in-built’ reduction capabilities for the preparation of AuNPs in mild 

reaction conditions.[ 22 ] In spite of these advances, these processes face significant 

challenges due to a poor understanding of their reducing and stabilizing mechanisms 

coupled with the limited number of POMs that have been explored for this purpose. 

4.2 Motivation and objectives 

Small two-electron reduced (MoIV) thiometalates have been used to produce of AuNPs 

efficiently.[ 23 ] The Mitchell group recently identified a highly-reduced POM, the 

Kabanos structure (Figure 4.1a), Na{(Mo2
VO4)3(μ2-O)3(μ2-SO3)3(μ6-SO3)}2]

15–, that 

could potentially be used as a reducing agent and as an efficient multidentate capping 

ligand in the preparation of AuNPs (Figure 4.1).[24, 25] 

In this chapter, we will report computational evidence for the activity of the Kabanos 

POM in the formation of AuNPs as well as the relevant experimental data on 

AuNPs@POM. Through the computational research, it clarifies the role of the POM in 

the reduction of AuCl4
– ions, and allows us to propose a route for the complete 

reduction of AuIII. We have focussed essentially in understanding the thermodynamics 

of the processes until the full oxidation of the anion and on the capacity of the two 

anions to approach each other in order to be ready for electron transfer from the 
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reduced polyoxometalate to gold species. It is worth mentioning that the reaction does 

not require electrochemical reduction of gold (all of the electrons are supplied by the 

Kabanos POM itself), which greatly simplifies the computational analysis of the 

thermodynamic aspects of the reaction. 

 

 

Figure 4.1. Relevant species acting in the HAuCl4 reduction:(a) dimeric form 

[Na{(Mo2
VO4)3(μ2-O)3(μ2-SO3)3(μ6-SO3)}2]15–, (b) simplified protonated monomeric form 

[(Mo2
VO4)3(μ2-OH)3(μ2-SO3)3(μ6-SO3)]5– used for modelling and (c) schematic view of the 

final AuNP with the resulting POM stabilising the AuNP core (AuNPs@POM). Color code: 

green octahedra – reduced MoO6, yellow –S, magenta –Na, red –O, blue octahedra – 

oxidised MoO6. 

 

4.3 Computational details 

All geometric and electronic properties were obtained from DFT calculations as 

implemented in the Gaussian 09 software package.[26] In a first step, we optimized the 

geometries of all the compounds with the B3LYP functional[27,28] and double-type 

basis sets: LANL2DZ for Mo and Au, and 6-31G (d, p) for nonmetal atoms (O, S, Cl, 

and H).[29-32] On top of these structures we re-optimized the geometries using large 

triple-type basis sets: 6-311++G (d, p) for O, S, Cl and H, and def2-TZVPP for Au 

and Mo,[33,34] together with dispersion effects with the B3LYP-D3(BJ) approach.[35] 

These accurate structures furnished total electronic energies (Eelec) and molecular 

orbitals. From the double-type basis set calculations, we performed molecular 

frequency calculations to get estimates for the thermal correction to the Gibbs free 

energy (∆Gcorr). This parameter, combined with Eelec from the large basis set 

calculations, gives the thermal free energy in solution (Gsol). In all the calculations, the 

solvation effects were introduced to mimic an aqueous solution by using the ‘self-

consistent reaction field’ based on the Polarizable Continuum Model (PCM).[36] 
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4.4 Results and discussions 

4.4.1  Selection of the POM model 

 

Figure 4.2. Energy (in eV) and composition of the highest occupied (HOMO) and lowest 

unoccupied (LUMO) molecular orbitals for {dimeric-H3S4Mo6} and { H3S4Mo6}.The HOMO-

LUMO (H-L) gaps are 3.60 and 3.84 eV for the dimer and monomer structures, that is, the 

latter is only 0.24 eV (ca. 6%) larger. The three highest occupied orbitals (six for the dimer) 

have significant contributions from the MoV
2O4 core and have Mo-Mo bonding character, 

where each couple of electrons occupying them are provided by two MoV. 

 

For a detailed understanding of the role of POM in the reduction of AuCl4
– ions, DFT 

calculations were performed for the process until complete reduction of AuIII. In the 

first step of our computational study, we focused on the selection of the POM model. 

The Kabanos structure (Figure 4.1a) [Na{(Mo2
VO4)3(μ2-O)3(μ2-SO3)3(μ6-SO3)}2]

15–, 

features a dimeric structure (abbreviated as {dimeric-H3S4Mo6} because the Kabanos 

anion would be protonated under the experimental reaction conditions used in this 

research) that was simplified to the monomeric form, {H3S4Mo6} without interstitial 

Na+, shown in Figure 4.1b, which carries a total charge of -5 in the three-fold 

protonated form. This simplification is aimed at minimising the computational 

resources necessary to correctly describe the effect of the POM on the mechanism of 

formation of AuNPs. After geometry optimization of both forms, the unprotonated 

{dimeric-S4Mo6} structure features a distance of 9.082 Å (to be compared with 7.905 
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Å obtained from X-ray data) between the two S atoms placed at the centre of each 

monomer, whereas the average Mo-Oμ2 distance (1.976 Å) is 0.17 Å shorter than the 

experimental one (2.146 Å). Only the inclusion of six protons on μ2-O generates 

optimized structures in excellent agreement with the X-ray data (7.965 vs. 7.905 Å). It 

is worth mentioning that previous studies on isostructural compounds —based on C, P 

and As— suggest that the three bridging μ2-O atoms are typically protonated.[37-40] 

Therefore, we conclude that it is more reasonable to consider the current complex to be 

six-fold protonated in acidic solution. As expected, when only monomeric {H3S4Mo6} 

was optimized, the geometrical parameters reproduced the X-ray data with accuracy. 

  The energies and compositions of the frontier molecular orbitals are examined to 

evaluate the appropriateness of the {H3S4Mo6} model for exploring the role of the 

Kabanos structure in the formation of metallic gold. It is important to note that 

negligible differences were observed when comparing the frontier orbitals —the 

highest occupied and the lowest unoccupied ones (HOMOs and LUMOs, respectively, 

Figure 4.2). The calculated orbital energies obtained for the monomeric form show that 

the energy gap between HOMO and HOMO-2 (HOMO-5 for the dimer) is only 0.12 

eV (respectively 0.28 eV). This phenomenon clearly demonstrates that it is possible to 

sequentially remove six electrons from the monomer (twelve from the dimer) during 

the redox cycle. In addition, a sine qua non condition for the reaction POMn– + 

Aum+ POM(n–1)– + Au(m–1)+ to occur is that the POM features an adequate oxidation 

potential so that electron transfer towards the gold salt is a favourable process. We 

calculated the oxidation energy for {H3S4Mo6} and {dimeric-H3S4Mo6} to be 0.22 and 

0.24 eV (vs. NHE), respectively. Further calculations (triple- level basis set) on the 

monomer show that orbital energies are overall down shifted less than 0.3 eV and that 

the HOMO–LUMO energy gap remains almost unchanged.. In summary, the above 

analysis shows that the monomer model behaves similarly to {dimeric-H3S4Mo6} and, 

hence, it can be used to explore the reduction mechanism of gold. The following 

theoretical discussion is therefore based entirely on the role of the monomeric 

{H3S4Mo6} species. 

4.4.2  Possible mechanisms of {H3S4Mo6}-mediated AuIII to AuI reduction 

Since the [AuCl4]
– species is not stable in aqueous solution and always undergoes 

spontaneous hydrolysis, the existence of intermediates of the type [AuClxOH4-x]
– is 

largely pH dependent. The experiments reported herein adjusted the pH close to 5, thus 

in our calculations we have only considered the most representative [AuIIICl3OH]– 

species as the reactant in that conditions.[41 , 42 ] In the pathway to the AuNPs, the 
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fundamental questions we wished to solve were: How do the [AuIIICl3OH]– ions and 

the POM interact? And by which mechanism are the electrons transferred from 

{H3S4Mo6} to AuIII? Despite a considerable number of theoretical reports on the 

growth of AuNPs, the role of POMs has never been addressed until now. 

  The following discussion goes through the initial reaction stages, when the first gold 

unit approaches the fully reduced POM5- and gains two electrons, from AuIII to AuI. 

Considering explicitly the molecular charges for a better understanding of the electron 

transfer processes, the associated general mechanism for such initial steps can be 

proposed as: 

{H3S4Mo6}
5– + [AuIIICl3OH]–  {H3S4Mo6}

5–-[AuIIICl3OH]–  

(Precursor complex);            

{H3S4Mo6}
5–-[AuIIICl3OH]– {H3S4Mo6}

5–-[AuIIICl2OH]+ Cl–  

(Cl substitution); 

{H3S4Mo6}
5–-[AuIIICl2OH]+ Cl– {H3S4Mo6}

4–-[AuIICl2OH]– + Cl–   

(1st electron transfer); 

{H3S4Mo6}
4--[AuIICl2OH]– + Cl– {H2S4Mo6}

4–-[AuICl2]
–+ Cl– +H2O

  

(2nd electron transfer); 

  It must be mentioned that further oxidation of {H2S4Mo6}
4– can occur if more 

[AuIIICl3OH]– molecules react with it given that four Mo(d1) electrons are still present 

in {H2S4Mo6}
4–. The associated thermodynamical data is discussed later on.  

  Because both the gold complex (like the substrate) and {H3S4Mo6}
5– are anionic 

species, the interaction between them should be weak. Most probably, hydrogen-

bonding patterns in aqueous solution prevail. The corresponding binding mode 

between POM and [AuIIICl3OH]– is depicted in Figure 4.3. The optimized structures 

show two strong hydrogen bonds formed between the –OH ligand of [AuCl3OH]– and 

H (and O) from {H3S4Mo6}
5–, and Au approaching the O between two MoV. Also weak 

Cl···H bonds are formed that must be helpful for the interaction. Figure 4.4 shows the 

computed free energy profile (G, relative to the reactants) following the reduction 

process. Unlike classical reducing agents, such as citrate,[43],[44] the highly reduced 

{H3S4Mo6}
5– POM structure offers multiple reduction sites (in the present case six MoV 

centres). Hence, once the substrate is attached to the POM surface (precursor complex, 

A), the electron transfer may lead to different configurations, a fact that is herein 

assumed. We found that formation of A —[AuIIICl3OH]– adsorption on the bottom of 
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the POM mainly by hydrogen bonding— is slightly exothermic even if the separate 

parts are both anions, with a reaction free energy of –6.5 kcal·mol-1. Because release of 

Cl– from the substrateis easier than that of OH– before electron transfer, the first 

reaction step is subject to Cl– elimination from [AuIIICl3OH]– associated with 

attachment to the POM, giving species B. This step was also found to be 

thermodynamically favourable with an associated energy of –1.3 kcal·mol-1 referred to 

A. On the other hand, releasing the OH– group costs about 60 kcal·mol-1, making this 

hypothetical process unlikely. 

 

 

Figure 4.3. (a) Top view of [(Mo2
VO4)3(μ2-OH)3(μ2-SO3)3(μ6-SO3)]5–, Mo(d1)centres of the 

POM are numbered 1–6. (b)The most plausible binding mode for [AuIIICl3OH]–attaching 

on the POM surface, via strong O···H and weak Cl···H interaction. 

 

  Reduction of AuIII should occur through intramolecular MoV AuIII electron transfer. 

Obviously, there are six electron-providing centres, as shown in Figure 4.3a, the 

attaching MoV
(1)–MoV

(2) group being the logical site when the distance effect is 

considered.  The first electron transfer from the POM to AuIII leads to species C-1, with 

G = –12.3 kcal·mol-1. C-1 exhibit a diradical nature, with spin densities of 0.96e on 

one Mo2 group and 0.90e on the [AuIICl2OH]– moiety, namely with unpaired electrons 

respectively on one MoIV-MoV group and on AuII. Following C-1, a more exergonic 

process is obtained for the reduction of AuII to AuI. The proton-coupled electron 

transfer (PCET) is a reaction mechanism that is thought to be common 

in redox reactions.[45-47] In our case, we observe that when 2e-oxidation occurs in the  
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Figure 4.4. Computed free energy profile (in kcal mol-1, values relative to reactants) associated 

to the gold reduction process. We use the schematic notation defined for the POM monomer, 

{H3S4Mo6}5–, with thick lines denoting Mo-Mo bonds and dotted lines denoting one-electron 

Mo-Mo bonds. Species C-2 is assumed to rearrange from C-1. Species D-1 has lost two 

electrons from the same Mo-Mo bond, whereas D-2 has two one-electron Mo-Mo bonds. 

Geometrical details of the computed intermediates are shown in Figure 4.5. 

 

POM, an intramolecular hydrogen bond cleavage takes place and this hydrogen is 

transferred to the –OH of the gold complex with associated H2O release and formation 

of the linear [AuICl2]
– species. The proton transfer forming H2O significantly promotes 

the AuII to AuI reduction. On the basis of C-1, the continuous reduction by the Mo 

from the Mo1-Mo2 group will lead to the 2e-reduced product D-1, with ∆G ≈ –48 

kcal·mol-1 fromreactants at the present level of calculation. On the other hand, we also 

considered one more isomeric structure of D-1, giving [AuICl(H2O)] instead of 

[AuICl2]
–, which is 3.6 kcal·mol-1 less stable than D-1. In other words, [AuICl(H2O)] 

can covert to [AuICl2]
– by exchanging H2O with Cl– in solution. Furthermore, 

calculations show that the AuII  AuI step is thermodynamically more advantageous 

than AuIII  AuII, suggesting that AuII could be a short-lived intermediate. This fact 

can also be ascribed to the favourable evolution from d9 to d10 in this step. 

  C-1 may undergo electron rearrangement in the POM moiety due to the available 

electrons from the other Mo-Mo groups. If one electron is transferred from Mo3-Mo4 to 
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the Mo1-Mo2 group to form C-2, the energy changes by –9.5 kcal·mol-1, which we 

attribute to the stronger binding between the [AuIICl2OH]– group and the almost intact 

Mo2O2 group in C-1 (see Figure 4.4). In the last step of the energy profile, a 2e-

unpaired configuration, D-2, was computed based on the possibility that the electrons 

are transferred fromMo1-Mo2 and Mo3-Mo4 groups, one each, at variance with D-1, in 

which the two electrons have migrated to the gold atom from the same Mo-Mo group. 

We found that D-1 is more stable than D-2 by about 7 kcal·mol-1 (–48.8 vs. –41.1 

kcal·mol-1), indicating that two electrons coming from the same Mo-Mo group and 

breaking this Mo-Mo bond, is preferred over two electrons coming from different Mo-

Mo groups. Alternatively to the direct B → C-1 → D-1 pathway, in which electrons 

flow between the closest sites of the POM to Au, the results also suggest that the 

electronic rearrangement C-1 C-2 is thermodynamically favoured and it could 

supply the second electron to AuII to form D-2. From the present data we cannot say 

with total confidence which pathway (1 or 2) is the most effective. 

  To analyse the structural evolution in the POM5–-AuIIICl2OH  POM3–-AuICl2 

process, Figure 4.5 focuses on the binding region of intermediates B  C-1  D-1. 

Addition of the first electron to AuIIICl2OH does not cause significant variations in Au–

Cl and Au-OH bond lengths, with variations being less than 0.2 Å. However, a two-

electron transfer from the POM to AuIIICl2OH can pull one chlorine ligand or water 

group (H release from the POM to the –OH group to form H2O) out of the AuI center. 

From intermediate B to D-1, the Au−Ob distance increases to 2.919 Å, evidencing a 

very weak interaction between the POM and [AuICl2]
–. The short distance between O 

(–OH in the Au complex) and H (in the POM) in B and C, around 1.4−1.5 Å, indicates 

strong hydrogen interaction. From B to C, the electron transfer induces the hydrogen 

bonding to become much stronger. After the second POM  Au electron transfer, the 

proton is completely re-located to release a H2O molecule. Concerning the geometry of 

B, the Mo−Mo bond is stretched to 2.652 Å, notably longer than the initial 2.560 Å in 

the free closed-shell POM. However, allowing for an open-shell configuration, we 

obtain C-1with metal-metal bond breaking and spontaneous electron transfer. We 

found that further electron loss from the same Mo2 group elongates dramatically this 

Mo–Mo distance to 3.503 Å in speciesD-1. In the latter system, oxidation of the two 

MoV from the same group leads to hydrogen bond cleavage and transfer to the OH of 

the gold complex, which possibly produces a SO2 unit detachment. One of the S–O 

bonds is clearly stretched to 2.118 Å, implying that SO2 units have a natural tendency 

to leave as the POM loses electrons. 
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Figure 4.5. Main structural changes (distances in Å) for the intermediate structures B 

→C-1→D-1. Hydrogen bonds and Au–O interactions are fundamental in the formation of 

the intermediates. 

 

  A relevant point for the following discussion is the identification of the strong driving 

force for gold reduction. Besides the energies of the intermediate species, their 

molecular orbitals contain very useful information concerning the reaction mechanism, 

especially for redox processes. To go into the details of the reaction, we analysed the 

most important orbitals of intermediates B, C-1 and D-1, shown in Figure 4.6. 

  When the orbital energies of B are compared with those of the free {H3S4Mo6} 

moiety, one notices that the addition of AuIIICl2OH increases the energy of the 

HOMO by 0.02 eV only, and that of HOMOs in B are more localized on each Mo-

Mo group than in {H3S4Mo6} (Figure S4.1), which acts as the electron source during 

the reduction process. At variance with the possible electron donations from Mo-Mo 

groups with participation in HOMO and HOMO-1, the HOMO-2 also shows 

contributions from AuIIICl2OH and some bonding interaction between the Au and O. It 

is also remarkable that the LUMO of B resembles much that of the AuIIICl2OH and the 

connected Mo1-Mo2 unit, showing antibonding character between the Au and O atoms, 

which would promote Au-O bond cleavage by electron occupation upon reduction. 

Considering the overlap between HOMO-2 and LUMO, the electron transfer is reliable 

via these two orbitals separated by 2.0 eV. We cannot neglect the contribution from the 
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HOMO to electron donation even if the electron density on Mo1-Mo2 is very small. B 

→ C-1 involves a one-electron transfer from HOMO-2 into the AuIII moiety. In C-1, 

0.44 e can be attributed to Au (mainly 𝑑𝑥2−𝑦2character) and 0.36 e are shared by two 

Cl and H2O ligands. The spin density representation of C-1 (Figure 4.6) clarifies this 

electron distribution. The unrestricted formalism applied to the electronic open shell 

gives HOMO−LUMO gaps for α and β orbitals of 2.26 and 2.01 eV, respectively. α-

LUMO has no contribution from the [AuIICl2OH]– group and leads to 2.26 eV, making 

the α-HOMO → α-LUMO electron transfer unlikely. However, the composition and 

energy of β-LUMO resembles much that in B, suggesting that the second electron 

will go into this orbital to form D-1via α-HOMO → β- LUMO electron transfer, 

with a smaller energy gap of 1.90 eV. Despite this energy gap is very similar to the 

one in B, the second electron transfer is thermodynamically much more favourable 

in comparison to the first one. 

 

 

Figure 4.6. Computed orbital energies (values in eV) involved in the main electron 

transitions (dashed green arrows) during the reduction process of Au III to AuI. The spin 

density representation for species C-1(magenta) corresponds to the triplet state. 

 

The formation of D-1 can take place either by direct electron transfer to β-

LUMO, as mentioned. However, a different thermodynamically stable 

conformation was found in step C (species C-2, Figure 4.4). This can be produced 
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after internal electron reorganization from Mo3-Mo4 (α-HOMO or β-HOMO) to 

Mo1-Mo2 due to the low energy of the β-LUMO, with concomitant geometric 

rearrangement. The C-1 → C-2 process has ∆G = −9.5 kcal·mol-1. Indeed, the α-

HOMO is the result of the first reduction, and the next occupied orbital (α-HOMO-

1) lies 0.19 eV below, indicating the strong preference of the [AuIICl2OH]– unit to 

accept the electrons to form a stable doubly occupied orbital, that is, the HOMO-1 

in D-1. Therefore, a two-electron transfer can take place from the POM to the Au 

unit, causing complete cleavage of the Au-O bond to minimize the 

electron−electron repulsions between the two anions (AuCl2
– and POM4–). 

4.4.3  AuI to Au0 step 

As mentioned above, the [AuCl4]
– can be easily reduced to form the AuCl2

– species. 

To achieve the first seed in the formation of AuNPs, namely one Au0 atom, AuI 

should be further reduced. It features a stable d10 electronic configuration; hence, 

the additional electron must be accommodated in the 6s orbital. As shown in Figure 

4.6, the unoccupied orbital labelled ‘Au (6s)’ is the lowest Au I orbital but it is not 

the lowest empty orbital available. The gap between the POM-localised HOMO 

and the lowest Au-like empty orbital is very large (4.7 eV). At variance with the 

first two reduction steps (AuIII → AuII  → AuI), the AuI + e → Au0 process is 

expected to be very difficult. So, the question of how AuI intermediates can be 

reduced to Au0 arises. The calculated results proved that two or three [Au ICl2]
– 

units can, from thermodynamic considerations, form dimeric or trimeric species 

when dispersion corrections are applied to the calculations. We found an 

exothermic nucleation energy of –4.7 and –3.9 kcal·mol-1 to form gold dimer and 

trimer species, respectively. If dispersion corrections are not considered, repulsive 

coulombic interactions are dominating giving an endothermic process of 2.8 

kcal·mol-1. Therefore, inclusion of dispersion corrections is required in order to 

correctly describe the incipient processes.  

 Moreover, the computed reduction energies (REs, or electron affinities in 

solution) for the [AuIIICl4]
–/[AuICl2]

– and [AuICl2]
–/Au0 processes are –5.21 and –

2.60 eV, respectively. The RE = –5.21 eV is in good agreement with the 

experimental value (–5.17 eV). However, the computational estimate for [Au ICl2]
–

/Au0 is far from the experimental –5.39 eV. We found this discrepancy to be caused 

mainly by the cohesion energy missing of solid gold when only the single Au atom 

is calculated. As presented in one recently published work, the disproportionation 

reaction 3[AuICl2]
– → AuCl4

– + 2Au(s) + 2Cl– was one possible route for the 

UNIVERSITAT ROVIRA I VIRGILI 
DFT STUDIES ON POLYOXOPALLADATES AND POLYOXOMETALATES-SURFACE COMPOSITES: FROM STRUCTURE TO CATALYSIS 
Zhongling Lang 
 
 



 Chapter 4 A Non-classical Polyoxomolybdate as an Electron Source for [AuIIICl4]- Reduction 

90 

reduction of AuI.[48] It is true that the formation of AuNPs will be promoted by this 

way with the increasing of the AuI and Au0 species. However, for the first or initial 

reduction of AuI, the effect of the oxidant and the environment should be taken into 

account. We argue that the endergonic reaction energy (estimated to be ~70 

kcal·mol-1) was obtained when only the POM and [Au ICl2]
– species are considered 

to react. This finding led us to consider and include additional effects that may 

affect the thermochemistry, such as the presence of other species in solution. 

Notably, in our reaction conditions Na+, NH4
+ and H3O

+ coexist with the POM and 

Aun+ species. Thus, either one NH4
+, Na+ or H3O

+ molecule was explicitly added to 

the [AuICl2]
– model calculations. The originally computed Au I electron affinity in 

solution (–2.60 eV with only [AuCl2]
– in the model) remain unchanged when NH4

+ 

(–2.88 eV) or Na+ (–2.63 eV) are considered. However, including one H3O
+ 

molecule in the calculations has a large effect in the electron affinity (–3.40 eV). 

  

 

Figure 4.7. Structural (in Å) and energetic (in kcal mol -1) variations during the reduction 

of the [AuICl2]– dimer by the initial{H3S4Mo6} in the presence of one H3O+. 

  

 To analyse the energy demands associated with this reduction process we choose 

the initial {S4Mo6}
5– species to interact with the [AuCl2]

– dimer surrounded by one 

H3O
+ (Figure 4.7), which makes the reaction exergonic, ∆G = –4.5 kcal·mol-1. 

Additionally, the formation of a Au–Au bond promotes the reduction of AuI to 

Au0.[49] Instead, including Na+ in the reaction still makes the process unfavourable, 

with 30.1 kcal·mol-1. We have to remark that even the concentration of H3O
+ is 

quite small in solution; we believe that H3O
+ promotes the AuI species to approach 

each other, helps the charge balance on the new gold cluster and stabilizes the 

released Cl– in the initial steps. As soon as the first Au0 species is formed, it is 

UNIVERSITAT ROVIRA I VIRGILI 
DFT STUDIES ON POLYOXOPALLADATES AND POLYOXOMETALATES-SURFACE COMPOSITES: FROM STRUCTURE TO CATALYSIS 
Zhongling Lang 
 
 



Chapter 4 A Non-classical Polyoxomolybdate as an Electron Source for [AuIIICl4]- Reduction 

   91 

expected that the gold reduction process will be less energy demanding as the gold 

nanoparticle increases in size. We remark here that Au/Au I (solid) has a positive 

redox potential of 1.68 V vs. NHE from Lange’s Handbook of Chemistry, whereas 

the value for atomic Au/AuI is negative (–1.5 V vs. NHE), explaining that only the 

first steps must be aided by H3O
+.[50,51] 

  Because the AuIII species is pH-dependent, the [AuCl3OH]– itself has been considered 

instead of [AuCl4]
–, since the experimental pH is 5. Following the crucial role of 

protons, we also explored if the protonated AuI dimer can be reduced by a two-

electron-oxidised Kabanos anion. In fact, the computed reaction free energy for this 

step is roughly the same as that of the initial reduced structure. From this viewpoint, it 

is evident that the two-electron-oxidised Kabanos can be further oxidised, and we 

deduce that the reduction of AuI to Au0 can occur by the co-action of POM and H3O
+ at 

the first stage. 

4.4.4  Persistence of POM activity until full oxidation 

To explore further the POM-related redox processes, one can successively introduce 

the second and third [AuIIICl3OH]– units for reaction with the partially oxidised 

{H2S4MoVI
2MoV

4}
4–compound. Our goal is to analyse on-going electron transfer from 

it to other gold units until complete oxidation to {S4MoVI
6}

2-, as shown in Chart 4.1. 

  It has been stated above that the 2e-reduction product D-1 (with two electrons coming 

from one Mo-Mo group) are more stable than the open shell product. Indeed, it is a 

reasonable assumption that some [AuIIICl3OH]– groups may attach to the POM at the 

beginning of the reaction. We chose D-1 as the starting point for the successive 

processes to simplify the electronic state, and the reduction of the second [AuIIICl3OH]– 

was studied considering the routes with oxidation of MoV from the same group only. 

These calculations indicate that addition and reduction of the second AuIII to AuI by the 

partially oxidised {H2S4MoVI
2MoV

4}
4– is exergonic, with ∆G = –69.6 kcal·mol-1. In 

addition, the final state in Chart 4.1 (formation of the third AuI unit) is obtained after a 

very favourable step, with ∆G = –70.1 kcal·mol-1 if the four-electron-oxidised POM, 

{HS4MoVI
4MoV

2}
3-, is considered as reducing agent for this step. It is worth mentioning 

that successive POM-Au electron transfers are increasingly exergonic compared with 

the fully reduced POM, which may be attributed to the concomitant favourable SO2 

release observed as {S4Mo6} looses electrons. Calculations show that it is highly 

reasonable that the reduced molybdosulphate POM can provide six electrons in the 

presence of AuIII. This fact supports the experimental XPS data (Figure S4.2) taken for 

UNIVERSITAT ROVIRA I VIRGILI 
DFT STUDIES ON POLYOXOPALLADATES AND POLYOXOMETALATES-SURFACE COMPOSITES: FROM STRUCTURE TO CATALYSIS 
Zhongling Lang 
 
 



 Chapter 4 A Non-classical Polyoxomolybdate as an Electron Source for [AuIIICl4]- Reduction 

92 

AuNPs@POM, which reveals the presence of only MoVI in the surface of the AuNP, 

corresponding to total oxidation of the POM. 

 

 

Chart 4.1. Computed free energies (in kcal·mol-1) associated to the second and third 

[AuCl3OH]- reduction based on the 2e-oxidised {H2S4MoVI
2MoV

4}4–.    

 

  As deduced from the structural change analysis associated to the first 2e-reduction of 

[AuCl3OH]–, one SO2 unit is very likely to be released from the POM. Interestingly, 

three SO2 units are completely detached after reaction with two more [AuCl3OH]–

complexes to convert all six MoV to MoVI. The present calculations strongly suggest 

that the fully oxidised oxomolybdate that might be attached to AuNPs may be viewed 

as a re-organisation of the initial structure with partial loss of SO2, namely the 

[SMoVI
6O21]

2– structure. We propose that it is ring-shaped with a central SO3 unit 

weakly bound to the external framework, reminiscent of the previously reported 

[SeMo6O21]
2– (Figure S4.3).[52] The total energy associated with the loss of three SO2 

units has been estimated to be –26 kcal·mol-1 (referenced to the fully oxidised POM 

intermediate), confirming that SO2 release takes place spontaneously as electrons are 

removed from the POM. On the other hand, the hypothetical process of removing one 

SO2 unit from the fully reduced {H3S4Mo6} is computed to be 55.5 kcal·mol-1. Such a 

largely endothermic process evidences that SO2 loss occurs as electrons are removed 

from the POM unit. The proposed oxidised structure is presumably stable owing to the 

large HOMO–LUMO gap of 4.68 eV. These results are experimentally supported. 

From the ICP data obtained for AuNPs@POM (Au 97.69%, Mo 2.08% and S 

0.19%),[53] we determined a molar ratio Mo/S = 3.65, a value much larger than the one 
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deduced from the initial reduced form of the POM (Mo/S = 1.5), and between 6/1 and 

6/2 (loose of three and two SO2 units, respectively). Thus, the experimental and 

theoretical parts allow concluding that at least two SO2 have been detached from the 

POM. 

4.5 Conclusions 

This work discloses a mechanistic route for the complete reduction of a AuIII salt to 

Au0 using an ‘in built’ electron source, the Kabanos POM ([Na{(Mo2
VO4)3(μ2-O)3(μ2-

SO3)3(μ6-SO3)}2]
15–), which provides several electrons and proves to thermodynamics 

favourable for the reduction. The reduction process is greatly driven by the coupled 

electron and proton transfer process. Both theoretical and experimental data presented 

show that all MoV centres of the Kabanos POM were completely oxidised to MoVI with 

a concomitant loss of SO2 units from the original Kabanos form, as ICP data and DFT 

calculations suggest. Considering the AuI to Au0 step a key process, calculations 

indicate that the AuI complex is not tightly attached to the POM surface and, in 

combination with a high HOMO(POM)-6s (AuI) energy gap, we suggest that the POM 

is not directly responsible for AuI Au0 step. Instead, a AuI dimer is formed before 

the first Au0 atom is generated, the presence of H3O
+ in solution boosting this step 

without further oxidation of the POM. This is commensurate with the most favorable 

experimental conditions encountered when the pH is varied from neutral to acidic. 
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Appendix Chapter 4 

 

 

 

Figure S4.1 Schematic view of the frontier molecular orbitals of the {H3S4Mo6}-AuCl3 adduct 

(A-1), compared with the independent {H3S4Mo6} and [AuCl3OH]– units at B3LYP-D3(BJ)/6-

311++G(d,p),def2-TZVPP level. The HOMO of the adduct resembles in energy and shape to 

that of { H3S4Mo6}, whereas the LUMO is [AuCl3OH]– -like. Even though, there is some mixing 

of the orbitals leading to stabilization of the HOMO and destabilization of the LUMO. 
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Figure S4.2 XPS spectra of AuNPs@POM showing a) general spectrum in the 200-700 eV 

range; b) the characteristic doublet for MoVI in the 230-235 eV region; c) the spin-orbit doublet 

of Au0 at 88.4 and 84.7 eV (splitting of 3.7 eV) for 4f5/2 and 4f7/2, respectively. Note that there 

was no evidence of any MoV. 

 

 

Figure S4.3 Evolution from the initial POM structure, [(Mo2
VO4)3(μ2-OH)3(μ2-SO3)3(μ6-SO3)]5–, 

to the proposed final one, [SMoVI
6O21]2–, with the associated loss of electrons, protons and SO2. 

Indicated are the corresponding HOMO and LUMO energies, in eV. 
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Chapter 5 

Effect of Solvent and Cation on the 

Lindqvist/Keggin-surface Composites  
 

 

 

 

 

 

 

 

 

 

 

It is known that POMs exist in solution as negatively charged species stabilized by 

solvent and counterions.  To reproduce the experimental facts, it is usually required 

the inclusion of the environment effects in the modelling. In this chapter, we compared 

the solvation for some classical isolated polyoxometalates based on the implicit solvent 

models in VASP (VASP sol) and Gaussian (PCM) respectively. Then we present the 

adsorption of POMs on the metallic surfaces both in vacuum and implicit solvent 

environment, in order to check the solvent effects on POM-surface composites. In 

addition, the cation effects are also discussed. 
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5.1 Introduction and background 

Incorporation of solvent in computational chemistry has gained high popularity during 

the last decade thanks to the continuous development of software and hardware. 

Although solvent effects can be very important in many physical, biological and 

chemical processes, they were not considered in the initial stages of computational 

chemistry. The reason was not because theoretical chemists or physicists were not 

aware of its relevance; it was technical limitations that prevented its use as a general 

tool. To include the solvent effects is important in many cases, but it is crucial in the 

modelling of charged species in general, and in anions, in particular, where its 

existence is only possible in presence of the external field created by the solvent and 

counterions. The solvent effects can be taken into account through an explicit way by 

using molecular dynamics simulations, in which solute-solvent and solvent-solvent 

interactions are involved. Because the huge number of solvent molecules the 

computational cost may increase rapidly, and in periodic systems the complexity of the 

problem restricts its universal use. On the other hand, the solvation effects can be 

further simplified by employing an implicit continuum model. For molecular systems, 

two of the most common used methods for describing the solvent are the well-known 

COSMO [1] and PCM [2] models as described in chapter 2.  However, the use of this 

methodology in periodic boundary systems is very recent, and so far only some few 

works have been published.[3]  

  As mentioned POMs are anions and many of their properties are consubstantial with 

its activity in solution, as for example their redox-active.[4 ] Therefore, the solvent 

effects will be a very important factor to be considered in order to correctly describe 

their reactivity and electronic properties, particularly for high q/m systems.[5 ] Beyond 

the classical studies for POMs at molecular level, nowadays, one of the main hot-topics 

regarding polyoxometalates is to adsorb them on planar surfaces or on metal 

nanoparticles (NPs) to obtain more functional composite materials.[6]  Over the past 

two decades, the organized arrays of individual POMs onto metallic or graphite 

surfaces have been extensively exploited by Anson et al., Keita et al., Gewirth et al, 

Weinstock et al, and others. [7-9] The experiment structural characterization of POMs on 

the surfaces or NPs has been great improved by using cyclic voltammetry (CV), 

scanning tunneling microscopy (STM), atomic force microscopy (AFM), and X-ray 

specular reflectivity. However, none of these techniques is available in colloidal 

solution until the utilization of cryogenic-transmission electron microscopy (Cryo-

TEM) by the Weinstock group, which can directly image the intact solution-state 
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structure of POM-protected NPs in water. Using this technique, they have pointed out 

that the stability of POM SAMs on metal NPs,[10-13] was largely dependent on the 

nature of the counter-cations, understood to be structurally integrated into the POM-NP 

composites. 

  From a computational point of view, the investigations for POM-surface composites 

are much challenging. In order to describe the electronic structures and the interactions 

between the POMs and surfaces more accurately, in this chapter, we intend to 

introduce the continuum implicit solvent model (VASP sol) for our systems, to reveal 

the impacts of solvent on the geometric and electronic structures of isolate slab, POMs, 

and the combined systems. The small and low charged [Mo6O19]
2- adsorbed on the gold 

surface was chosen to illustrate how does the continuum model work on the POM-

surface composites. We benchmark our strategy with the full Keggin anion 

[SiW12O40]
4- on the silver surface which has been investigated using density functional 

theory (DFT) calculations and molecular dynamic (MD) simulations by Aparicio 

Anglès et al.[14] This allows us to determine the main factors that have to be considered 

in modelling ions on surfaces in a computational saving manner. 

5.2 Computational details 

All first principle calculations were performed using the VASP 5.3 code, with the 

Perdew–Wang 91 functional (PW91) GGA exchange-correction functional. [15] The 

valence electrons for each element are described by plane waves with a kinetic energy 

cut-off at 500 eV, while the core electrons are represented by using the projector 

augmented wave (PAW) pseudopotentials.[16,17] All optimizations were performed until 

self-consistence, with thresholds of 1·10-5 eV and 3·10-2 eV·A-1 for the electronic and 

the ionic convergence respectively. The reciprocal space for the slab and adsorbed 

systems was described using two different Monkhorst Pack Schemes[18]: 3 × 3 × 1 for 

structure optimization, and 5×5×1 for calculating of density of states (DOS). All 

isolated molecules were calculated in a cubic box with a 25 Å side with Γ-point. 

Bader’s AIM (Atoms in Molecules) atomic charges[ 19 ] were determined using the 

Henkelmann algorithm.[ 20 ] Solvent effects were included by means of the implicit 

solvation model (named VASP sol) implemented by Hennig and co-workers.[21] In 

addition, we have also carried out geometry optimizations for the isolated molecules 

both in gas and solvation (PCM model) phases at PW91/6-31G(d) + LANL2DZ level 

by using the Gaussian 09 code.[22]  
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5.3 Results and discussions 

5.3.1  Solvent effects on the isolated POMs and bare slabs 

To describe reactivity or electrochemical behaviour of POMs, both molecular orbital 

(MO) ordering and energies must be corrected by introducing solvent effects. We 

firstly focus on the solvent effects on the solvation energy of the isolated POMs, which 

are important factors in determining the adsorption of POMs on the surfaces. Because 

the methodologies with periodic boundary conditions have intrinsic problems with 

charged systems, it is much easier to work on models where the total charge is neutral. 

Thus, the equal number of K atoms was introduced to compensate the charge of 

isolated POM anions. The whole system was calculated in both gas and implicit 

solvation phases. The solvation energies were estimated for the classical isolated 

K3PW12O40, K3PMo12O40, and K4SiW12O40, as well as the pure Au(111) and Ag(111) 

slabs. In order to evaluate whether the solvation model provided by Hennig et al. is 

adequate for describing the geometric and electronic structure for isolate POMs, we 

have also included the results using the PCM model, which has been widely used in the 

computational study of POMs. The solvation energies (Esol) are computed as the 

difference between the total energies for the system obtained from results with (Etot-sol) 

and without (Etot-vac) implicit solvent model respectively: 

                           Esol = Etot-sol – Etot-vac         (5.1) 

As seen from Table 5.1, the POM is significantly stabilized by the solvent with 

solvation energies greater than 3 eV regardless of the solvent model. The values for the 

neutral POMs obtained from VASP sol is within 26−34% of the Gaussian09 PCM 

model, which agree closely with the errors obtained for the isolated water and 

methanol.[ 23 ] However, significant differences are detected when the POMs are 

considered as anionic species, which are poorly solvated with VASP sol. Even no 

experimental data is available for these systems; the closing results between PCM and 

VASP sol model for neutral polyoxometalates suggest that it is possible to include the 

solvent effects by the method developed by Hennig et al. On the other hand, the 

solvent effects for the clean Au(111) and Ag(111) slabs are almost negligible with 

solvation energies lower than 0.1 eV. 
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Table 5.1. The solvation energies (eV) for isolated polyoxometalates and the clean slabs.  

 aEVASP sol 
bEPCM cΔx% 

K3PW12O40 -4.68 -3.58 30.7 

K3PMo12O40 -4.33 -3.43 26.2 

K4SiW12O40 -5.39 -4.03 33.8 

[PW12O40]
3- -2.31 -10.35 77.7 

[PMo12O40]
 3- -2.31 -10.41 77.8 

[SiW12O40]
4- -4.31 -18.45 77.6 

Au(111) 0.08   

Ag(111) 0.02   

a and b stand for the calculated solvation energies with VASP sol and Gaussian 09 

package using the PCM model respectively; c represents the deviation between PCM 

and VASP sol of energies:
%

-
 %

PCM

PCMsol-vasp

E

EE
 x 

. 

 

Figure 5.1. Schematic representation of frontier orbital energies and HOMO –LUMO gaps in 

gas (values in parenthesis) and solution for anions [PW12O40]3-, [PMo12O40]3-, and [SiW12O40]4- 

and its neutralized Kn-POM partners obtained from VASP (a, c) and Gaussian (b, d). 
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  The electronic properties for anionic and neutral POMs were presented in Figure 5.1 

by computing with Gaussian and VASP. In order to compare the results between 

Gaussian and VASP, the orbital energies obtained from VASP were not referred to the 

Fermi energy. Results are unequivocal, the HOMO-LUMO gap keeps consistent in 

both codes whether the solvent models were included or not. Both PCM and VASP sol 

could apparently stabilize the MOs with respect to gas phase when counterions are 

excluded. Although relatively higher MO energies were obtained in the latter, the small 

differences still suggest that the VASP sol was also able to estimate the electronic 

structure of molecular POMs. On the other hand, the results for neutral systems 

between VASP and Gaussian agree much better than the anions. The implicit solvent 

around the KPOMs does not reflect significant differences for the absolute values of 

orbital energies and orbital gaps regardless of the solvation models. The main 

stabilizations for MOs are generated from the strong cation-anion interactions, which 

are partially reduced by the solvation. Considering the good consistence of solvation 

energies and MOs properties shown by PCM and VASP sol approaches, we have 

assumed that the solvation effects can be introduced to POMs in periodic boundary 

condition via the implicit model (VASP sol). However, due to the limitation of VASP 

for charged system, we have preferentially used in the calculations the neutral system, 

that is, POM + conterions embedded by the set of point charges that model the solvent.    

5.3.2 Solvent and cation effects for a combined system—the low charged 

[Mo6O19]2- on Au(111) 

In a second step, we have applied the implicit solvent model to a periodic model: the 

adsorption of Lindqvist polyoxometalate [Mo6O19]
2- on the Au(111) surface. The small 

polyoxoanion [Mo6O19]
2- was chosen to test how the continuum solvent model works 

on the POM-surface type systems.  

  Firstly, we optimized 16 configurations shown in Figure 5.2 to determine the 

favourable adsorption sites of [Mo6O19]
2- on Au(111). The gold surface in a high 

coverage situation was modelled by using the (
4 0
2 4

) Au(111) slab model, consisting 

of three gold layers with 16 gold atoms per layer. The dimensions of the unit cell were 

11.81 and 10.22 Å in a and b directions respectively. In this step, the cations were not 

included, and the models were relaxed by keeping the bottom two Au layers fixed at 

their bulk position. As shown in Table 5.2 and Figure 5.3, those energy favourable 

adsorptions consistent with sites that have more oxygens over the top Au atom. The F30, 

H90, and B90 sites are the most stable adsorption sites, which are almost degenerate in 
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energy, differing by less than 1.0 kcalmol-1. It is worth mentioning that the B90 is 

finally rearranged to H90 site. The top Au can not only contact via three Ot atoms, but 

also interact with three Ob atoms, with distances in range of 2.22-2.48 Å. 

 

Figure 5.2. (a) Side view and oxygen labels of Lindqvist [Mo6O19]2- with ball and stick 

representation; (b) Top view of [Mo6O19]2- from C3 axis; (c) Proposed unit cells for Au(111) in 

high and low coverage situations; (d) (e) (f) (g) Representation of the possible adsorption sites 

(T: Top, F: Fcc, H: Hcp, B: Bridge and θ: rotation angles) of Mo6O19 on Au (111) via its 

proper C3 symmetry axis (Orange: 1st Au layer, green:2nd Au layer, grey: 3rd Au layer). 

 

Table 5.2. Relative energies (kcamol-1) for Mo6O19
 adsorbed on high coveraged Au(111) in 

vacuum.  

Site Rotation ΔE Site Rotation ΔE 

O
c
-T 0° 8.3 O

c
-H 0° 10.4 

30° 4.8 30° 19.4 

45° 8.9 45° 10.0 

90° 15.5 90° 0.2 

O
c
-F 0° 9.8 O

c
-B 0° 12.3 

30° 0.0 30° 1.4 

75° 7.4 75° 1.4 

90° 18.7 90° 0.8 
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Figure 5.3.  Ball and stick representation of two most stable adsorption sites for Mo6O19 on 

Au(111) from side (a) and top (b) views. 

 

5.3.2.1 The effects of the counterions 

Indeed, the model that does not included the counterions overestimates the oxidant 

strength of the POM, and very likely, it will tend to capture the electrons from the 

surface to fill its empty oxygen orbitals. Consequently, the interaction between the 

POM and the surface would be overestimated. In order to unravel the interaction 

between the POM and the surface, and also to evaluate how does the presence of 

counterions corrects the POM oxidant strength, we have incorporated two explicit K 

atoms close to the [Mo6O19]
2- on the F30 site to compensate the charge of POM. This 

model provides a suitable non-biased reference and avoids a charged supercell. One 

aspect that must be considered is where the counterions to be located. Three different 

cation distributions were calculated, and the relative energies are presented in Figure 

5.4. Close connections between K and POMs with K-O (POM) distances between 2.7 

and 2.9 Å were obtained. The position of the cations brings great influence for the 

stability of the system. Model A corresponds to the most stable distribution with two 

K+ linked to the O3 faces (three bridging oxygens), as well stabilized by the surface. 

Respect to the geometry in cation free model, the Au-Ot distances is enlarged from 

2.22-2.36 to 2.75-2.88 Å, as listed in Table 5.3 and Figure 5.4. This can be easily 

understood as the counterions correct the overestimated POM oxidant strength and 

therefore the interaction between POM and surface becomes weaker.  
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Figure 5.4. 3D representation and relative energies (in kcal·mol-1) for three models with 

different cation distributions. Values out/in parenthesis are the relative energies computed in 

solution (vacuum). 

 

Table 5.3. The Au–Ot, Au–Ob distances (in Å), adsorption energies (kcalmol-1), and bader AIM 

charges of K2Mo6O19 adsorbed on Au(111) in Fcc30 orientation for high and low coverage. 

(ϴhigh/low = high/low coverage, sol = solvent (water)). 

Type d (Au–Ot) d (Au–Ob) Eads  
Bader 

 

Au Mo6O19 K 

Mo6O19-ϴhigh 2.292–2.336 2.401–2.440 –50.9 1.42 –1.42 
 

Mo6O19-ϴhigh-sol 2.297–2.362 2.431–2.495 –10.6 1.69 –1.69 
 

K2Mo6O19-ϴhigh 2.747–2.879 2.926–2.981 –20.4 0.09 –1.89 1.80 

K2Mo6O19-ϴhigh-sol 2.785–2.954 3.008–3.080 –1.4 0.07 –2.05 1.98 

K2Mo6O19-ϴlow 2.710–2.713 2.879–2.885 –15.3 0.05 –1.85 1.80 

K2Mo6O19-ϴlow-sol 2.706–2.715 2.828–2.870 –2.2 0.02 –2.01 1.99 

 

  To quantitatively determine how strong the Mo6 is adsorbed on gold, the adsorption 

energy was defined as: 

𝐸𝑎𝑑𝑠 =  𝐸𝑡𝑜𝑡 − 𝐸𝑠𝑢𝑟𝑓 − 𝐸𝐾𝑃𝑂𝑀   (5.2) 

Where these terms represent the energy for the whole system (Etot), for the relaxed 

clean surface (Esurf), and the POM surrounded by the counterions. It should be noted 

that for the cation exclusion system, the adsorption energy was estimated by the ionic 

binding energy (IBE) that is defined in equation 5.3, in which the EPOM(n-) is the total 
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energy of the anion, and – n·ɸ   is an approximation to the energy of the cationic 

surface. n is the formal charge of the POM, and ɸ is the slab workfunction. 

EIBE = Etot – Esurf  – EPOM(n-) – n·ɸ   (5.3) 

As expected, very strong interactions are obtained in the cation free model with 

binding energy reaching up to -50.9 kcalmol-1, while the adsorption for the K2Mo6O19 

is only -20.4 kcalmol-1. The large exothermic values indicate the K2Mo6O19 is very 

likely to covalently adsorb on the gold surface; however, this may not be the real 

behaviour of POMs on gold surfaces as experiments suggest.[24] 

5.3.2.2 The effects of the solvent 

To understand the role of the solvent for the adsorbed system, the model based on F30 

that we initially was optimized in vacuum, then was reoptimized under the implicit 

solvent environment, with the VASP sol method. Unlike classical dynamics 

simulations, the DFT calculations with an implicit solvent environment only slightly 

increase the computation time with respect to the vacuum. Small elongations of Au-Ot/b 

distances are observed in solution. The solvation reduces the strong K-O and K-Au 

interactions; leads to the K+ distribution becomes less sensitive to their position, with 

relative energy differences that are now less than 1.5 kcalmol-1. On the other hand, the 

adsorption energies are significantly weakened. The K2Mo6O19 is adsorbed on Au(111) 

with only -1.4 kcalmol-1. The adsorption energy for [Mo6O19]
2- without including the 

cations decreases up to -10.6 kcalmol-1. In addition, the adsorption of K2Mo6O19 on the 

gold surface is not influenced by the coverage of the surface, which presents similar 

Eads in high and low coverage situations as shown in Table 5.3.    

5.3.2.3 Electronic structure in gas phase and solution 

We analysed the Density of States (DOS) and Projected Density of States (PDOS) 

(PDOS) for Mo6O19-Au(111) and K2Mo6O19-Au(111) in vacuum and solution, see 

Figure 5.5. The effect of counterions for the electronic structure is enormous, both the 

O(sp) and Mo(d) bands are lowered by up to ~ 0.5 eV with respect to EF, namely, the 

presence of counterions results in a significant stabilization of the orbitals of 

polyoxometalate. However, the relative position of Mo(d) and O(sp) bands obtained in 

vacuum and implicit solvation show very small differences, which are slightly 

decreased by 0.1 eV in solution. Because the Mo(d) bands in all cases are located 

above the EF, it expected that the anion will not be reduced when adsorbed on the gold 

surface. The Bader charge analysis in Table 5.3 also support no charge transfer occurs 

between the gold and K2Mo6O19 both in vacuum and solution. Lastly, it should be 
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noted that in the cation free model, the supercell is treated neutral (no compensating 

background charge). That is, the POM framework (Mo6O19) is neutral in a VASP 

calculation, which means that the oxo band is not completed and consequently there is 

a charge transfer from gold orbitals to the oxo orbitals in order to have a stabilized 

POM. In this line, the computed charge for the POM in vacuum was computed to be 

1.42e and it raises up to 1.69e when the solvent was introduced in the calculations. 

Despite the relative close value to -2 it does not mean that the system is well described 

in a cation free model because the gold is formally oxidized.   

 

 

Figure 5.5. Density of States and Projected Density of States for Mo6O19 (a, b) and K2Mo6O19 (c, 

d) on Au (111) in vacuum and solution respectively. (DOS: light blue, Au (spd) PDOS: orange, 

Mo (d) PDOS: green, O (sp) PDOS: red.) 
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5.3.3 Extending the modeling to moderate charged α-[SiW12O40]4- on the 

silver/gold surfaces 

 

Figure 5.6. Computed adsorption energies (kcal·mol-1) for K4SiW12O40 on a) Au(100) and b) 

Ag(100). Values out/in parenthesis are corresponded to the results in solution (vacuum). 

 

Previous studies on the electrochemical response of α-[SiW12O40]
4- adsorbed on Ag and 

Au electrodes have suggested that α-[SiW12O40]
4- would be reduced after its adsorption 

on the silver surface, but not on a gold surface.[24] Our group has reproduced the 

reduction of [SiW12O40]
4- on the Ag surface from theory when the environmental 

effects from both cations and solvent are taken into account by combining DFT 

calculations with MD simulations.[14] However, this approach is quite computationally 

demanding and not very efficient for calculating the adsorption energy. In this part, we 

re-analyzed α-K4SiW12O40 adsorbed on Ag(100) with a simpler way. That is, 

considering the solvent effects by the implicit solvent model in VASP. The adsorption 

on Au(100) was also calculated for comparison. Both gold and silver surfaces were 

simulated with a 5×5 slab model, consisting of four gold layers with 25 gold or silver 

atoms per layer. The adsorption mode for K4SiW12 both on Ag(100) and Au(100) is 

focused only on the S4 orientation as discussed previously.[14] As expected, the Au(100) 

surface has poor affinity for [SiW12O40]
4- in solution, with an adsorption energy of only 

-4.4 kcal·mol-1. Both PDOSs and Bader charges indicate that [SiW12O40]
4- is not 

reduced on the Au(100) surface, which is consistent to the experimental result. For the 

silver surfaces, however, the affinity for [SiW12O40]
4- is much stronger, with an 

adsorption energy of -11.1 kcal·mol-1 (Figure 5.6). Compared to the adsorption energy 

in vacuum, it is largely decreased with the solvent mediated. The analysis of the DOSs 

function shown in Figure 5.7 and the atomic charges, which are listed in Table 5.4, 

clearly indicate that [SiW12O40]
4- is spontaneously reduced when it is adsorbed on a 

silver surface. This behavior is totally consistent with the experimental data reported 

by Gewirth and also with our previous results, which combined classical MD 
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simulations and DFT calculations. In other words, the continuum solvent model gives 

rise to the same results we obtained when we included explicit water molecules 

through MD simulations, but in an easiest way. 

 

Table 5.4. Bader charges for the K4SiW12O40 adsorbed on Au(100) and Ag(100). M (1) is the 

metal layer which closest to the POM (M = Au or Ag). 

Species Phase Anion ΣK+ ∑M M(1) M(2) M(3) M(4) 

K4SiW12O40 vac. −3.66 3.66      

 sol. −3.95 3.95      

K4SiW12-Au vac. −3.61 3.61 −0.01 −0.89 0.92 0.90 −0.94 

 sol. −3.94 3.95 −0.01 −0.76 0.96 0.88 −1.09 

K4SiW12-Ag vac. −4.26 3.59 0.68 0.16 0.47 0.62 −0.56 

 sol. −4.89 3.93 0.95 0.49 0.49 0.62 −0.65 

 

 

Figure 5.7. Density of States and projected Density of States for K4SiW12 adsorbed on Ag (100) 

(a, b) and Au(100) (c, d) in vacuum and solution respectively. (DOS: light blue, Ag(spd) PDOS: 

gray, Au(spd) PDOS: orange, Mo(d) PDOS: green, O(sp) PDOS: red.)  
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5.4  Conclusions 

In this chapter, the effects of counterions and solvent effects have been discussed. We 

applied a continuum solvation model implemented by Hennig et al. (VASP sol) for the 

isolated POMs and POM-surface combined systems. Firstly, the calculated solvation 

energies and electronic structure with VASP sol for a set of isolated POMs are found 

consistent with the results obtained from PCM model in Gaussian 09. It should be 

noted that this consistence is more suitable for cation neutralized POMs. K2Mo6O19 

adsorbed on Au(111) was selected as the model to test the computational efficiency of 

solvent model for POM-adsorbed systems. This model showed that the solvent mainly 

avoids the overestimation of the POM-surface and cation-anion interactions, while the 

counterions play important role in correctly describe the electronic structure of the 

system. Very weak interactions were obtained between K2Mo6O19 and the gold surface 

under solvation. Incorporation of explicit counterions around the POM, induces great 

stabilization for the bands of the POM. Additionally, we computed the moderately 

charged anion [SiW12O40]
4- on Ag/Au(100), the results being perfectly consistent with 

experimental evidences and previous calculations using a less expensive procedure.  

  In summary, the incorporating of explicit counterions and implicit solvent in the 

calculation provide an efficient strategy for modelling of POM-surface system. This 

approach involved compensating the charge of the POM by including explicit 

counterions in the calculations in order to ensure the electroneutrality of the system, 

and correctly locate the electronic property of the system. The role of the implicit 

solvent was to stabilize all the ionic species involved in the solid-liquid interface, thus 

preventing an over-interaction between them. These considerations allowed the correct 

modelling of the adsorbate and ensured an accurate description of the adsorption itself. 
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Chapter 6 

Counter-intuitive Adsorption of [PW11O39]7− 

on Au(100) 

 

 

 

 

 

 

 

 

 

 

 

 

In this chapter, the highly charged polyoxometalates (PW11O39
7-) adsorbed on the gold 

surface were modeled by using periodic DFT, and revealing that the PW11 cluster does 

not preferentially adsorb onto the gold surface via its more nucleophilic mono-defect 

face, but rather, through less negatively charged terminal oxygen ligands, with an 

orientation similar to that found for the non-defective Keggin anion [SiW12O40]
4-, 

inducing by the strong anion-cation interactions. This counter-intuitive result is 

important in ongoing efforts to understanding and utilizing the properties of 

polyoxometalate monolayers on gold and other reactive metal surfaces. 
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6.1  Introduction and background  

The role of polyoxometalates in composite materials is not only limited to improving 

catalytic activities,[1,2] but also act as stabilizing agents, leading to the formation of 

organized self-assembled monolayers (SAM).[3-5] Weinstock et al. pointed out that the 

stability of POM SAMs on metal NPs, observed by Cryo-TEM images,[6-9] was largely 

dependent on the nature of the counter-cations, understood to be structurally integrated 

into the POM-NP composite. Whether the adsorption takes place on a flat surface or on 

a metal nanoparticle, the interaction between moieties is central to understand the final 

properties of the material. 

  A good example of that is the stabilization of gold and silver nanoparticles by means 

of the defective lacunary anion [XW11O39]
n- (X=PV, SiIV, AlIII). [6-9] As depicted in 

Figure 6.1, the [XW11O39]
n- mono-defective (lacunary) POM is formed by removing 

one single WO4+ unit from the complete Keggin structure, thereby resulting in a 

remarkable increase of the charge. The extra charge is not uniformly distributed and it 

is slightly concentrated at the defective region or lacuna. Hence, the lacuna is more 

reactive, and allows the lacunary POM either to act as intermediate species in the 

transformation of molecular metal oxides,[10] or its functionalization with more active 

moieties.[11]  

  Using cryo-TEM images, it has provided valuable information about the thickness of 

the POM interface and the separation between AlW11.
[9] Given the more nucleophilic 

character of the lacuna, it would be expected that the AlW11 was adsorbed via this side. 

Unfortunately, the cryo-TEM images could not confirm or disprove this hypothesis, 

despite their strong potential in elucidating structural information. Rather, solution-

state binding studies suggested that total POM charge, rather than specific binding of 

the nucleophilic lacunae site, was most important in determining the stabilities of POM 

monolayers on gold nanoparticles.[6-9] More detailed understanding of this counter-

intuitive result would provide valuable information about the nature of interactions 

between POMs and surfaces.  

The pre-studies of our group have shown that the reduction of [SiW12O40]
4- on the Ag 

surface can be reproduced by combining DFT calculations with MD simulations.[12] 

This property can also be reproduced by using an easier and less computational cost 

way, in which was modelled with the counterions and implicit solvent model taken into 

account. The initial calculations were performed only for the low charged systems. 
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Hence, in the current chapter we will ultilize this computational strategy for the 

modelling of highly ionic species on surfaces. Using the PW11 as test system, we are 

intend to discuss about the possible adsorption orientations, electronic properties, and 

the nature of the interaction between the PW11 and the Au(100) surface in both vacuum 

and solution, thus allows us to determine the main factors that have to be considered in 

modelling ions on surfaces. 

   

 

 

Figure 6.1. Polyhedral-ball representations of (a) a generic Keggin anion [α-PW12O40]3−, and 

(b) its mono-defect (or lacunary) derivatives [α-PW11O39]7− (PW11) with one K+ filled in the 

lacuna. Color code: tungsten (green), oxygen (red, and the four oxygen at the lacuna site were 

labeled as blue), phosphorus (orange), potassium (violet). 

6.2  Computational details and models 

6.2.1 Computational details 

DFT calculations: All first principle calculations were performed using the Vienna ab-

initio simulation package (VASP5.3), which is based on periodic DFT, using plane 

waves as a basis set.[13] Based on our previous work,  we set the kinetic energy cut-off 

at 500 eV, and used the Perdew–Wang 91 functional (PW91) to describe the exchange 

correlation potential.[ 14 ] Per species, the valence electrons considered were the 

following: 5d106s1 for Au, 4d10 5s1 for Ag, 3p64s1 for K, 2s22p4 for O, 3s23p3 for P, and 

5d46s2 for W. The interaction between these valence electrons and the corresponding 

pseudopotential was described using the projector augmented wave (PAW) scheme 

with scalar relativistic effects.[15] All the models are relaxed by keeping the bottom 

three Au layers fixed at their bulk truncated position. All optimizations were performed 

until self-consistence, with thresholds of 1·10-5 eV and 3·10-2 eV·A-1 for the electronic 

and the ionic convergence respectively. The reciprocal space was described using two 
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different Monkhorst Pack Schemes[16]: 3 × 3 × 1 for structure optimizations, and 5×5×1 

for calculating the density of states (DOS). Bader’s AIM (Atoms in Molecules) atomic 

charges[17] were determined using the Henkelmann algorithm.[18] Solvent effects were 

included by means of the implicit solvation model (named VASP sol) implemented by 

Hennig and co-workers.[ 19 ] In addition, frequency calculations were performed to 

ensure the stability of each model.  

MD simulation: The molecular dynamic simulations were performed for the isolated 

K7POM and the adsorbed K7POM-Au (100) (S4-K orientation) systems using the 

DL_POLY classical code in saturated solution.[20] Starting configurations of both cases 

were generated by the PACKMOL code,[21] in which we included the POM, either free 

or adsorbed on gold from VASP optimization, the water TIP3P model,[22] and the 

counterions. For the unadsorbed system, a 7.5 M concentration of K7POM in water 

(7087 H2O molecules) was considered in a 60.48 Å cubic box. On the other hand, 256 

water molecules were filled in the adsorbed system to keep a density of 1 g·cm-3. 

Long-range Coulombic interactions were evaluated using the Ewald Summation in the 

reciprocal space describing by a 7×7×21 scheme and a convergence factor α of 0.323 

Å, whereas the short-range interactions were described using the Lennard-Jones 

potential, previously used for a similar system.[12b, 23 ] In addition, the cut-off for 

electrostatic and Lennard-Jones potential was set to 7.38 Å. For the isolated POM 

simulation we used the Nosé-Hoover NPT ensemble whereas for the adsorbed system 

we used the Nosé-Hoover NVT ensemble instead. It should be noted that the gold 

surface, PW11, and the K+ were kept frozen during the simulations for the adsorbed 

model, to reduce the computational cost. The simulations last 3ns and 2ns respectively 

for the isolated and adsorbed model. 

6.2.2 Models 

With regard to the average distance between the centers of the neighboring POM 

anions being 1.57±0.04 nm in the experiment,7 the gold surface was modeled in a high 

coverage situation by using the 5×5 Au(100) slab model, consisting of four gold layers 

with 25 gold atoms per layer. The calculated lattice parameter for the gold bulk was 

4.17 Å, which is in a reasonable agreement with the experimental bulk parameter of 

4.07 Å.[24, 25] Accordingly, the dimensions of the unit cell were 14.76 Å for a and b 

directions, corresponding to the P···P distance of the neighboring POM anions. The c 

direction was set at 35.17 Å, considering a vacuum space of more than 15 Å, which 

was proven to be sufficient to avoid the interactions between the replicated cells. All 

isolated molecules were calculated in a cubic box of side 25 Å.  
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Figure 6.2. Ball-stick (top) and polyhedral (bottom) representations of the optimized 

geometries for PW11 deposited on the Au(100) surface via a) the S4 improper rotation axis, b) 

C3 proper rotation axis, and c) with the lacuna facing the surface.  

 

We have considered three different adsorption orientations for PW11: S4, C3, and 

lacuna with maximum number of Au-Od connections and the optimized orientations 

are depicted in Figure 6.2. Notice that although we use S4 and C3 rotational axes for 

labeling the two adsorption modes, they are formally present in the [α-PW12O40]
4- but 

not in the PW11. In addition, we did not take into account different adsorption sites nor 

rotations of the POM on the surface because we proved that the main properties of the 

system are not strongly influenced by these two factors.[12]  

  The charge of the POM was compensated using potassium atoms displayed around 

the POM, and the solvent was modeled using an implicit model with dielectric constant 

of water as ε = 80.[19] By locating the equal number of K atoms around the POM, the 

neutral POM is very likely to accept the valence electron of K, thus resulting the K+ 

and POM7-.  In our study, the vacuum and the implicit solvent situations are symbolized 

as two extreme situations. The vacuum represents an ideal situation in which the 

surface, the POM, and the counterions are completely dehydrated, whereas the solvent 

model represents a situation in which all the species are in contact with the solvent. We 

designate these extreme situations as “dry” and “wet” surfaces. 
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6.3  Results and discussions 

6.3.1 Cation distribution around the [PW11O39]7- anion 

 

Figure 6.3. Distances between the different counterions and the lacuna during 3ns of 

production run. 

 

Due to the large amount of cations in the system, the first step is to determine the 

potential cation distribution around the PW11 anion. To that end, we performed 

molecular dynamic simulations with the POM using the DL_POLY code in a saturated 

solution. From the MD simulations (Figure 6.3), we observed that in solution the 

lacuna was always filled with one counterion (red line), which is in fact permanently 

coordinated to the terminal oxygens of the lacuna, suggesting that it is highly possible 

that it will remain in that position after adsorption. In addition, after 1.4 ns and for 

almost 1 ns, a second counterion remains close, but not in, to the lacuna (orange line), 

at a distance of 4.0 Å approximately. The location of this second cation is in the O4 

quartet next to the lacuna. Unfortunately, the rest of counterions were found between 

12.0 and 45.0 Å away from the PW11, which was not close enough to fit the whole 
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system in the surface unit cell. From these calculations, we can deduce that cations are, 

on average, at large distances from the POM.  

  In order to fit the POM and the counterions on the surface unit cell, we screened 

different potassium distributions around the adsorbate at very short distances using 

DFT, so ensure that they will be close enough. We optimized seven cation distributions 

(labeled from A to G), which differ in the position of the counterions. These positions 

are: the quartet O4, the Ob triads, the Oc triads, and the lacuna, a full description of the 

cation distributions can be found in Figure S6.1. Optimization was performed in the 

vacuum and using implicit solvent, and the system’s relative energies are collected in 

Table 6.1. 

 

Table 6.1. Relative energies (in kcal·mol-1) for the different cation distributions around the 

POM in vacuum and with implicit solvent. 

K  distribution ∆E (vacuum)a) ∆E(solution) b) 

A 0.0 0.0 

B 23.5 6.2 

C 55.8 12.0 

D 31.6 5.1 

E 68.9 12.0 

F 27.0 5.3 

G 27.7 9.7 

a) System consists of POM+7K; b) In solution the solvent is simulated by a continuum model.   

 

  In the vacuum, the total energy of the K7PW11 system is highly influenced by the 

cation distribution, as evidenced by the large range of energies, which is ~69 kcal·mol-1. 

The most stable structure, A, has one cation at the lacuna, four near the O4-site and two 

near O4–1 site. In fact, molecular dynamic simulations already suggested that these two 

sites would be occupied by cations. The rest of structures were found between 23 and 

69 kcal·mol-1 higher in energy.  

However, in solution the range of relative energies is only 12.0 kcal·mol-1, implying 

that the energy of the system is less sensitive to the cation distribution. These findings 

are reasonable, because in solution POM and counterions are surrounded by their 
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respective solvation spheres, shielding their ionic interaction.[26-28] Regardless, structure 

A is still the most stable distribution. 

  We also observe that for those structures lower in energy (A, D, and F), one cation is 

placed at the lacuna, in agreement with the observations obtained from the molecular 

dynamic simulations. However, in solution the difference in energy between the 

structures with a cation and those without a cation on the lacuna is significantly smaller. 

6.3.2 Adsorption of K7PW11O39 on the Au(100) surface 

Assuming the three adsorption modes represented in Figure 6.2, we have explored the 

following systems, labeled from 1) to 6) as: 1) S4−K, 2) S4, 3) C3−K, 4) C3, 5) Facing-

K, and 6) Facing respectively, where “(mode)−K” indicates that one K+ is directly 

linked to the four terminal oxygens of the lacuna. Additionally, the other K+ are 

arbitrarily distributed around the POM. Detailed information of the models is shown in 

Figure S6.2.  

  In vacuum, Au−Od (av) distances were found in a range between 2.52 and 2.61 Å, and 

slightly larger values, between 2.59 and 2.72 Å, for the solvated surface, as shown in 

Table 6.2. These distance ranges agreed with the experiments regarding the adsorption 

of [AlW11O39]
9- on gold NPs, in which that range was set to be between 2.5 and 3.0 

Å.[7, 9] The only exception was for the Facing-K (system 5 in Table 6.2), which showed 

an average distance of 3.67 Å, more than 1 Å longer than the other structures. In this 

case, however, this enlargement is a consequence of the K+ placed at the lacuna. 

  The K−O distances enlarged when the solvent was included in the calculations, from 

2.69-2.77Å to 2.92-2.97Å. This increase is a consequence of the stabilization that the 

solvent exerts onto the PW11 anion and the counterions. Finally, the W−Od distances, 

referring to those Od that are closest to the surface, showed almost no change with 

respect to the non-adsorbed PW11 (1.75Å), evidencing the poor affinity that POMs and 

gold surfaces have, in contrast to silver surfaces.[12]  

 As we observed for the non-adsorbed PW11, the more stable systems in vacuum are 

those that have the lacuna filled with one K+, all found in a range of 3.2 kcal·mol-1, 

regardless of their adsorption orientation (Table 6.3 and Figure 6.4). On the other hand, 

those structures that do not have a K+ at the lacuna are found between 6.0 and 30.2 

kcal·mol-1 with respect to the most stable system. Interestingly the most unstable 

system is the Facing with no K+. This is also counterintuitive, as anionic protecting 

ligands might be assumed to directly interact with the gold surface via their most 

negatively charged regions, as shown by the molecular electrostatic potential 
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representation of the free anion in Figure S6.3. According to these results, however, the 

key factor in stabilizing the system in vacuum is the presence of the counterion in the 

lacuna and not the adsorption orientation. Notably, this is supported by experimental 

data by Weinstock, who showed that POM charge, rather than structure (i.e., the 

presence or absence of a lacunary site) controls the thermodynamics of POM-

monolayer assembly on Au NPs.[6-9] Along the same lines, Finke has shown that the 

complete Nb substituted Wells-Dawson anion, [P2W15Nb3O62]
9-, is more effective for 

the formation and stabilization of Ir(0) NPs, than the lacunary anion {H[α2-

P2W17O61]}
9- with the equal charge.[29] In other words, the presence of lacunary site in 

the POM framework appears to produce no special effect on the stabilization of Ir(0) 

NPs. 

 

Table 6.2 Selected distances (in Å) for different POM adsorption orientations (1 to 6) on “dry” 

(Vac.) and “wet” (Sol.) surface. a) 

Sites Phase Au−Od Au−Od 

(av) 

K−O 

(av) 

W−Od 

(av) 

(1) S4−K Vac. 2.58-2.67 2.61 
2.69 1.74 

 Sol. 2.68-2.81 2.72 
2.92 1.75 

(2) S4 Vac. 
2.53-2.69 2.60 

2.77 1.75 

 Sol. 
2.56-2.71 2.62 

2.97 1.75 

(3) C3−K Vac. 
2.37-2.75 2.59 

2.74 1.75 

 Sol. 
2.50-2.70 2.60 

2.92 1.75 

(4) C3 Vac. 2.29-2.75 2.59 2.74 1.77 

 Sol. 2.32-2.91 2.67 2.97 1.75 

(5) Facing− K Vac. 3.36-3.94 3.67 2.75 1.79 

 Sol. 3.66-3.96 3.80 2.92 1.77 

(6) Facing Vac. 2.42-2.69 2.52 2.74 1.76 

 Sol. 2.44-2.88 2.59 2.93 1.76 

a) Au− Od (Od (av.)) is the distance (average) between those Od and the contact Au atoms. 

The K−O (av) is the average distance between K+ and the nearby oxygen (less than 3.5 

Å). As well, W-Od (av) refers to those Od in contact with the surface. 
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Figure 6.4. 3D representations and relative energies (in kcal·mol-1) for some selected 

structures. Values in parenthesis are relative energies computed in vacuum, see text. 

 

In solution, results are somewhat different because now the difference in energy 

between having the lacuna filled or not is very small, although the former is still more 

stable than the latter. When the implicit solvent is included, the S4 orientation with the 

K+ fully exposed to the solvent (Figure 6.4) becomes the most stabilized form. The C3 

form is slightly higher in energy because the cation is in less contact with the solvent, 

especially if we are dealing with a high coverage situation, and finally, the facing−K 

form is quite high in energy (+16.2 kcal·mol-1) because the cation in no way can 

interact with the solvent. This means that on gold surface the lacunary anions will try 

to have the cations in contact with the solvent and as a general behavior the linkage 

with the surface will be similar to that of the complete anions. 

 

Table 6.3. Relative energies (ΔE) between different adsorbed systems and adsorption energies 

(Eads and Eads’) for the PW11 adsorbed on Au(100).  

 Vacuum  Solution 

Adsorption Type ΔE Eads E’ads  ΔE Eads E’ads 

(1) S4−K 1.2 0.5 -16.8  0.0 -2.5 -5.1 

(2) S4 11.3 10.4 -19.4  4.6 2.3 -4.6 

(3) C3−K 0.0 -0.7 -13.4  3.1 0.6 -2.2 

(4) C3 6.0 5.3 -18.0  6.7 4.2 -2.8 

(5) Facing− K 3.2 2.5 -21.9  16.1 13.8 8.8 

(6) Facing 30.2 29.3 -28.1  19.4 16.8 6.2 

a) All values are in kcal·mol-1. 
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6.3.3 Affinity of Au(100) for PW11 

The relative energies discussed above allow us to determine rather well the different 

adsorption modes on gold surfaces. However, it is more difficult to have a quantitative 

measure of the interaction between the POM and the surface. To analyze how strong 

the POM is attached to the gold surface, we have used two adsorption energies: Eads 

and E’ads. The former is the traditional adsorption energy, which is defined by eq. 6.1,  

𝐸𝑎𝑑𝑠 =  𝐸𝑡𝑜𝑡 − 𝐸𝑠𝑢𝑟𝑓 − 𝐸𝐾𝑃𝑂𝑀   (6.1) 

where Etot is the energy of the whole system, Esurf is the energy of the clean surface, 

and EKPOM is the energy of the POM surrounded by the counterions in its optimal 

distribution (model A in Table 6.1). On the other hand, E’ads (eq. 6.2) differs from Eads 

in the term EKPOM.  

𝐸′𝑎𝑑𝑠 =  𝐸𝑡𝑜𝑡 − 𝐸𝑠𝑢𝑟𝑓 − 𝐸′𝐾𝑃𝑂𝑀   (6.2) 

To determine E’ads, the term E’KPOM is computed considering the cation distribution of 

the POM when it is adsorbed. Hence, E’ads can be understood as the minimum energy 

that is required to detach the POM from the gold surface. 

Therefore, in vacuum, the surface represents a situation in which no water is present 

and the stabilization of the POM over-relies on both surface and cations. On the other 

hand, under the continuum solvent environment, the surface represents a fully hydrated 

situation that not only involves a potential over stabilization of the POM due to the 

inclusion of the implicit solvent, but also because it assumes that all the cations will be 

surrounding the adsorbate. In conclusion, these energies should not be taken as a 

quantitative reference but as a qualitative value. 

Hence, E’ads reflects a very exothermic adsorption in vacuum, between -17.0 and -

30.0 kcal·mol-1, although these values increase if we consider Eads instead.  This is 

because the cation’s position has a strong influence in the energy of the whole system. 

Therefore, if we take as a reference a cation distribution that it is not the most stable, it 

will result in a lower adsorption energy, as shown in Table 6.3. In addition, the very 

exothermic values are an evidence of the over stabilizing role that the surface and the 

cations have on the “dry” surface.  

Under “wet” condition, the situation is completely different. The E’ads are now closer 

to 0 kcal·mol-1, with the lowest energy being of only -5.1 kcal·mol-1 for the S4-K. 

Indeed, this structure is the only one that shows exothermic Eads (-2.5 kcal·mol-1) 

whereas the rest of the adsorption modes owned very small but positive values. Thus, 

when the solvent is included, the polyoxometalate and the gold surface show a very 
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weak interaction, which is consistent with the experimental evidence that 

polyoxoanions like the [SiW12O40]
4- spontaneously desorbs from the Au(111) surface 

after rinsing, [30]  and are comparable to other oxo-systems adsorbed on gold as well, 

like the AsMo11VO40
4-, which has an estimated free energy of adsorption of −4.8 

kcal·mol-1,[31] or the organomercaptan with an adsorption energy of approximately −12 

kcal·mol-1 from water  onto gold.[32, 33]   

We have also evaluated the vdW effects for the adsorption energies of S4-K model in 

solution by using default VASP vdW parameters (methods DFT-D3, DFT-D2 and, 

vdW-DF have been tried). However, these calculations revealed that when vdW 

corrections were included, in combination with the implicit solvent model, the POM’s 

adsorption energies (Eads) were larger than 47 kcal·mol-1 for S4-K model, which 

represents 10 times more. In our calculations, and without including the vdW 

correction, the adsorption energies (Eads) that we obtained fall within the expected 

range of 5 kcal·mol-1 from one analogous work of Dong et al.,[31] which is an indication 

that to our particular system vdW may not be necessary. The very negative adsorption 

energies obtained in our test may be caused by the unreasonable default parameters for 

W6+ and O2-. Sauer et al. in the analysis of the interaction between CH4 and MgO(100) 

proved that it is necessary to find specific vdW parameters for Mg2+ and O2- ions, since 

the default vdW values provided by VASP are based on the neutral atoms and not the 

ionic species. To determine the specific vdW values it is necessary to calculate accurate 

ionization potentials and to estimate the cation/anion polarizability according to its 

environment.[34] 

6.3.4 The origin of the counter-intuitive adsorption 

To improve our understanding of the reasons that explain the orientation of the POM 

on metal surface, we have analysed the variation in the charge density upon adsorption 

for S4-K and Facing systems in solution, by subtracting the electronic charge of a 

K7PW11O39/Au(100) system from its components K7PW11O39 and Au(100). As 

expected, adsorption of the POM induces a positive image charge in the gold region in 

contact with the adsorbed anion, fact that is manifested by an electron density 

reduction in Figure 6.5. In the representation of charge density differences we have 

used very low isovalues in order to visualize better the small electron density 

reorganization induced by the adsorption of POMs on gold surfaces. Similar effects are 

observed in the gold atoms near counterions, but that regions show charge 

accumulations because of the positive charge of the cations. However, no electron 

accumulations are observed in the bonding Au-O region, discarding any covalent 
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interaction between gold surface and POM for any of the orientations of the anion, the 

main interaction being of electrostatic nature. A smaller electron deficit exists in S4−K, 

leading to an electrostatic attraction weaker than that in Facing.  

 

Figure 6.5. Three-dimensional charge density difference for S4-K (a, b), and Facing (c, d) 

systems with views from side and top, respectively, ρdiff (r) = ρK7POM/Au(100)(r) − ρK7POM(r) – 

ρAu(100) (r). The yellow region represents charge accumulations (electron density increase), and 

the cyan regions indicates charge depletion (electron density decrease). The isovalue is set to 

0.001 e/Bohr3 in Vesta code.[35] And the maxmum to minimum charge difference in S4-K is -

0.013~0.005 e/Bohr3 and -0.025~0.011 e/Bohr3 for Facing.  

 

However, it is important to remark that anion-cation interactions are very relevant in 

the adsorption process, which has previously been revealed.[8] Furthermore, with 

respect to the stabilization generated when a K+ occupies the defect site in S4-K, 

additional interactions between K+ ions neighbouring units are very important, in 

particular four K+ strongly interact at the same time with two anions as shown in 

Figure S6.4. In this context, we have verified that the relative stability of S4-K and 

Facing adsorptions decreases from 19.4 up to 5.3 kcal·mol-1 when the calculations are 

performed in solution with two POMs separated enough to avoid the interactions of 
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POM···K···POM type.  In the low coverage situation, the P···P distance between two 

neighboring POMs is about 23.6 Å, whereas for the high coverage representation that 

value is only 14.8 Å. Therefore, the strong cation−anion interactions, especially the 

donation from the defect site, bring more stability than the electrostatic interactions do, 

leading to the S4−K orientation being more favorable than the Facing orientation. 

 

 

Figure 6.6. Projected density of states for system S4-K in a) vacuum, and b) solvent. Similar 

results are obtained for C3-K and Facing models in Figure S6.5.  

6.3.5 Electronic structure 

The electronic structure of the adsorbed POM in S4-K is depicted in Figure 6.6 by 

means of the projected density of states (PDOS). In this representation, we have 

referred the energy range to the energy of the Fermi level (EF). Consequently, all bands 

found below 0 represent occupied orbitals whereas bands with positive energy mean 

virtual orbitals. 

The results obtained in vacuum and with implicit solvent are mainly the same. 

Electronic conduction undergoes through the gold surface in both cases, since this is 

the only contribution observed at the EF (0 eV). Therefore, the POM does not play any 

role in the electronic conduction when it is adsorbed on gold. The only slightly 

difference between both situations is that the POM’s conduction band, i.e. the front of 

the W(d) band, is found at 0.8 eV in the vacuum and at 1.0 eV in solution. This 

difference can be attributed to the stronger interaction between K and POM that exists 

in the vacuum that leads to an insignificant over-stabilization of these bands. Anyway, 

since the W(d) bands are not below the EF, no charge transfer between surface and 
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POM can occur. These results are in line with the calculated Bader charges listed in 

Table 6.4. The charge of the POM is –6.2 and –6.5 e for the vacuum and solvent 

respectively. This charge is supplied by the counterions, as their total charge is 6.2 and 

6.6 e respectively. Another common feature is the high polarization of the surface, as 

all layers are charged. Although this would indicate that more layers should be 

considered in our system, the surface polarization does not alter the main properties of 

the adsorbed POM. It should be noted that this polarization was also found for the free 

gold slab. 

 

Table 6.4. Bader charges for the K7PW11O39 adsorbed on Au(100) and Ag(100). M(1) 

is the metal layer which closest to the PW11 (M = Au or Ag).  

Species Phase Anion ΣK+ ∑M M(1) M(2) M(3) M(4) 

K7PW11O39 vac. −6.27 6.27      

 sol. −6.53 6.53      

K7PW11-Au vac. −6.20 6.24 −0.04 −1.01 1.04 0.96 −1.04 

 sol. −6.47 6.64 −0.17 −0.81 0.94 0.86 −1.17 

K7PW11-Ag vac. −6.52 6.23  0.29 −0.22 0.44 0.62 −0.56 

 sol. −6.53 6.63 −0.04 −0.31  0.45 0.61 −0.79 

 

6.3.6 The effect of explicit water for the electronic properties 

In order to consider the effects of explicit water on the electronic structure, we 

performed the optimization for S4-K site by including the first solvation sphere, which 

was selected from a snapshot of a 2ns molecular dymamics simulation. In addition to 

the gold suface and the polyoxoanion, totally 46 water molecules and 7 K+ are involved 

in the unit. As seen in Figure 6.7b, the electronic structure of gold is almost not 

affected by the presence of explicit waters, and the position of W(d) and O(sp) bands 

show only 0.27 eV stabilization with respect to that in implicit solvent. Furthermore, 

the band gap between W(d) and O(sp) is well reproduced by introducing the implicit 

solvent (2.61 versus 2.65 eV in explicit water). It is worth mentioning that the 

calculations using explicit waters are much more computationally demanding, and that 

in this context to locate the overall energy minimum is very complicate because of the 

large number of local minima. Thus, the implicit solvent approach provides a much 

easier way to include the solvent effects in this type of studies. 
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Figure 6.7. (a) Polyhedral and balls and stick representation of the selected model for 

electronic structure calculations, with 46 explicit water surrounding the POM; (b) Projected 

density of states for system S4-K in explicit environment. 

6.3.7 The modeling of [PW11O39]
7- on silver 

Finally, we have also analyzed the effect of the surface nature by performing the 

adsorption of [PW11O39]
7- on Ag(100) surface in both vacuum and solution. Notice that 

for the silver surface we have used the gold surface unit cell, adjusting the cell 

parameter to a = 14.67Å, accordingly to our previously calculated bulk parameter for 

silver.[24, 25] The adsorption mode for PW11 on Ag(100) is focused only on the S4 

orientation as discussed above.  

  Firstly, E’ads shows the same trend we previously observed regarding to the magnitude 

of the adsorption energy when we consider the surface in vacuum and solution (Table 

6.4). It is worth noting once again, that this difference arises from the over-stabilization 

role of the surface in the absence of the solvent. For the PW11 and considering in 

vacuum, E’ads is 5.6 kcal·mol-1 more stable for silver than for gold (-22.4 vs. -16.8 

kcal·mol-1). With the solvent mediated, the adsorption energy is practically the same, -

5.1 kcal·mol-1 for Au(100) and -5.8 kcal·mol-1 for Ag (100). However, this is much 

weaker than the adsorption of [SiW12O40]
4- on Ag(100) (-11.1 kcal·mol-1)  as discussed 

in chapter 5. The density of states ( Figure 6.8) and Bader charge analysis (Table 6.4) 

for this system suggest that there is no charge transfer between surface and POM 

regardless of the metal, which could explain why the adsorption energies are very 

similar for [PW11O39]
7- on Ag(100) and Au(100), and also smaller than that 

[SiW12O40]
4- on Ag(100).  
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Figure 6.8. Density of States and projected Density of States for K7PW11 adsorbed on Ag(100) 

in solution. 

6.4  Conclusions   

In chapter 5, we have presented a general strategy based on periodic density functional 

theory and an implicit solvent model to study the adsorption of low charged species on 

surfaces. To that end, we investigated the adsorption orientation of highly charged 

[PW11O39]
7- anion on Au(100)/Ag(100) by using such strategy.  

In this particular case, the adsorption of [PW11O39]
7- on Au(100), our calculations 

have revealed that unexpectedly, the POM does not adsorb through the lacuna, which 

is its more nucleophilic region, but it adsorbs on the surface in a similar fashion with 

respect to the atomic connectivity as the non-defective [SiW12O40]
4- anion on silver 

surfaces, supporting the critical role of cation-anion interactions in stabilizing the 

PW11-monolayer. Au(100) and Ag(100) show similar affinity for the adsorption of 

[PW11O39]
7-, no electron transfer was dectected between PW11 and surfaces, and no 

spontaneously reduction occurred on the POM.  

Additionally, although the lacuna position is always filled with a counterion, the 

positions of the rest of the counterions around the POM do not influence the properties 

of the system. Notably, these findings are in agreement with the available experimental 

data. Therefore, by using a highly charged system to test our model, we have 

demonstrated the efficiency and the robustness of our approach, which will be very 

helpful for the modelling of similar systems, as well as for the study of catalysis and 

electrocatalysis involving ionic species.  
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Appendix Chapter 6 

 

Figure S6.1. Ball-and-stick plus polyhedral representation for the seven cation 

distributions around the [PW11O39]7- that were considered in this work, labeled from A to 

G for simplification. Color legend: red for O, green for W, yellow polyhedral for P, and for 

K atoms at different position are labeled as different colors as seen from the Figure .  
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Figure S6.2. Ball and polyhedral representation for the adsorbed models, labeled as S 4-K, 

S4, C3-K, C3, Facing-K, and Facing respectively. −K represents that one K is directly 

linked to the four terminal oxygens of the lacuna, which is labeled as color of violet, while 

those K atoms in other positions are pink.  

 

 

 

Figure S6.3. Side (a) and top (b) view of the MEP distribution for PW11O39
7-. The lacuna 

region shows the most nucleophilic (negative) part (red region).  
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Figure S6.4. The supercell representation for S4-K and Facing systems, the short Od-Od 

distances are labeled.  

 

 

 

Figure S6.5: Projected density of states for PW11 adsorbed on Au(100) with C3-K and 

Facing orientation. 

UNIVERSITAT ROVIRA I VIRGILI 
DFT STUDIES ON POLYOXOPALLADATES AND POLYOXOMETALATES-SURFACE COMPOSITES: FROM STRUCTURE TO CATALYSIS 
Zhongling Lang 
 
 



 

 

 

Chapter 7 

WGSR Cocatalyzed by the POM-gold 

Composites: The Magic Role of the POMs 

 

 

 

 

 

 

 

 

 

 

 

 

 

Water-gas shift reaction (WGSR, CO + H2O → CO2 + H2) has been extensively 

investigated because of its relevance in industry. Ab initio density functional theory 

calculations combined with the periodic continuum solvation model were applied to 

provide a mechanistic network of WGSR co-catalyzed by Au(111) and a 

polyoxometalate in aqueous solution. The contributions of Mo(d) and O(sp) bands 

near the Fermi level of PMo12-Au(111) were found to be responsible for the activity of 

POM modified gold catalyst, serving as both electron and proton acceptors. We show 

that the interfacial water can easily dissociate at room temperature in the presence of 

CO and a PMo12 adsorbed on the surface, via proton transfer to the O of the POM and 

electron transfer from the surface to the POM. A detailed mechanism study from 

electronic and energy views are presented in this chapter.  
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7.1 Introduction  

The so-called “water-gas shift” reaction (WGSR), CO + H2O ↔ CO2 + H2 (ΔH = -41.1 

kJ/mol), is one of the most important industrial reactions, which can not only 

effectively reduce the concentration of carbon monoxide, but also manufacture 

hydrocarbons, methanol, and high purity hydrogen.[1,2] Since the high demand for clean 

energy and fuels, the development of water gas shift catalysts has gained attention in 

the scientific community. Numerous experimental and computational efforts have been 

carried out to find the best catalysts and elucidate the related mechanisms. [3-11] On one 

hand, a moderate amount of liquid water on the surface of late-transition metals can 

directly promote low-temperature WGSR, as shown experimentally using gold-

nanotube membrane catalysts.[12] On the other hand, catalysts with precious metal (Pt, 

Au, Pd, etc.) nanoparticles on oxide supports (Ceria, Titania, etc.) are the current 

pioneers owing to their unexpectedly high stability and catalytic activity.[13,14] For 

example, TiO2-Au and CeO2-Au based materials are proved to efficient catalysts for 

the WGSR at low temperature; both oxides and metals have significant influences on 

the activity.[15-17] These species are critical samples that help to understand the role of 

the metal-oxide interface and guide the further explorations by taking advantage of the 

unique properties of each component and the interaction between them. 

  Polyoxometalates (POMs) constitute a group of soluble and charged metal oxides 

with diverse structural and electronic properties, holding a special position between 

monomeric oxometalate units and in finite metal oxide frameworks.[18-20] Similar to 

classical metal oxides, POMs can also spontaneously adsorb on the metallic planar 

surfaces or nanoparticles (NPs).[21] The role of POMs in these composite materials is 

not only limited to stabilize the materials, but provide more functions such as 

improving catalytic activities and enhancing proton electron conductivity.[22-24] In a 

related work, Dumesic and co-workers have discovered the room temperature CO 

oxidation with liquid water assisted by aqueous H3PMo12O40 over noble metallic (Au, 

Pd, Pt, Ir, Ag) nanoparticles or nanotubes,  as the process described in equation 

(7.1).[25-28]  

CO(g) +  H2O(l) +  [PMo12O40](𝑎𝑞)
3−  →   CO2(g) +  [PMo12O40](𝑎𝑞)

5−  +  2H𝑎𝑞
+

  (7.1) 

Importantly, the reduced PMo12 can then serve as a fuel for electrical energy generation 

through re-oxidation in a fuel cell carbon anode. The utilization of the POM’s 

reversible reduction–oxidation provides one useful method for energy generation. 
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Some elemental reactions for this process have been proposed by experiment, as shown 

in equations (7.2)-(7.5). Asterisk “*” represents the surface site of metal. 

CO(g) + ∗ →   CO ∗                                                                         (7.2) 

H2O(l) + ∗  +  POM(aq) →   OH ∗ +H(aq)

+

 +   (POM)(aq)
𝑒−                (7.3) 

CO ∗  + OH ∗ →   COOH ∗  +  ∗                                                                                  (7.4) 

COOH ∗  + POM(aq) →   CO2(g) + ∗  + H(aq)

+

 +   (POM)(aq)
𝑒−          (7.5) 

The proposed mechanism assumes a heterolytic dissociation of water to form protons 

that are solvated by liquid water molecules, and electron subsequently transferred from 

the gold surface to POM. It is proposed water plays an important role in the reaction. 

The involvement of adsorbed hydroxyl and carbonyl radical intermediates was 

postulated in this proposal. In order to understand the mechanism more in detail, in this 

chapter we provide some perspectives from a theoretical point of view. Concerning the 

role of water, there are many dark points because of many contradictory proposals have 

been suggested. In this work, solvation effects were studied with a periodic continuum 

solvation model.[29,30] 

  Actually, computational modeling of the interaction between the POMs and surfaces 

or NPs is one urgent but rather complicate task due to the charge carried by POMs. 

After some of our early efforts, we know that the incorporation of counterions in the 

calculations is strictly necessary to obtain reasonable electronic properties for such 

systems.[31] In addition, the introduction of an implicit solvent model in the system 

weakens the over stabilization from the counterions and surfaces, which provided an 

easy way to consider the solvent effects. With these factors involved herein, we 

computationally investigate the WGSR activated by gold surface with POMs supported 

on. The first part of the discussion will focus on the interactions between the POMs 

and gold surfaces to help us to know the relationships between the structure and 

reactivity, and then a systematic analysis of reaction mechanism on the POM-Au(111) 

interface is presented. The role of POM and water will be revealed through the study.  

 

7.2 Computational details and models 

7.2.1 DFT parameters 

The geometry optimizations and energy calculations for all species were performed by 

means of periodic DFT with VASP 5.3 code.[ 32 ] The generalized gradient 
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approximation (GGA) with the Perdew–Wang 91 functional (PW91) was applied to 

describe the exchange and correlation term,[ 33 ] while the core-valence electron 

interactions were represented by using the project-augmented wave (PAW) method. [34]  

The valence electrons for each atom were expanded in plane wave basis sets with cut-

off energy at 500 eV, and the details are expressed as the following: 5d106s1 for Au, 

3p64s1 for K, 2s22p4 for O, 3s23p3 for P, 4d45s2 for Mo, 5d46s2 for W, 1s for H, and 

2s22p2 for C. All intermediate states (I) were optimized until the self-consistence 

reaches to 1·10-5 eV and 0.03 eV·A-1 for the electronic and the ionic convergence 

respectively. The transition states (TS) related to the water dissociation and CO 

oxidation processes were searched by combining of the climbing-image nudged-

elastic-band (CI-NEB)[ 35 ] and improved-dimer[ 36 ] (IDM) approaches. The TS were 

further confirmed by the existence of one imaginary frequency along the reaction 

coordinate. The preliminary CI-NEB steps were converged to energies < 1·10-4 eV and 

forces < 0.1 eV·A-1 for electronic energies and geometries respectively, while the 

convergence criteria for dimer steps were <1·10-6 and < 0.05 eV·A-1. The reciprocal 

space in slab models was described by using a 3 × 3 × 1 k-point grid mesh,[37] and Γ 

point was used for isolated molecules, such as H2O, CO, and K3PMo12O40. The energy 

corrections for solvent effects were achieved under the implicit solvation model 

(named VASPsol) that was developed by Hennig and co-workers.[38, 39]   

7.2.2  Models 

Since {111} facet is always the most stable and one prevalent configuration in metal 

NPs, the mechanistic study on {111} would be very useful for understanding the 

mechanism on NPs.[40] Regarding to the large size of gold NPs used in the experiment 

(10.5nm), the Au(111) surface was selected as the NP model, which was considered by 

a  (
5 0
3 6

) (matrix notation) periodic slab consisting of 3 atomic layers with 30 gold 

atoms per layer. Accordingly, the dimensions of the unit cell were 14.76 and 15.34 Å 

in a and b directions. A vacuum space of more than 10 Å was added in c direction to 

avoid the interactions between the replicated cells. As depicted in Figure 7.1, we have 

only considered the preferable S4 orientation of K3PMo12 (PMo12) and K3PW12 (PW12) 

on Au(111) for the mechanism study, because the main properties of the system are not 

strongly influenced by the different adsorption sites or rotation angles. This adsorption 

represents four bottom Od atoms adsorbed on four top Au sites and the P center faced 

the bridge site. The charge of the POM was compensated using three potassium atoms. 

The bottom two layers of Au were kept fixed at their bulk-truncated position, while all 

other atoms were fully relaxed during the optimization. For comparison, the reaction 
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was also performed on a bare Au(111) surface, modelled by a (
4 0
2 4

) cell with four 

Au layers.  

 

 

Figure 7.1. (a) Polyhedral and ball representation for the α-K3PMo12O40 deposited on Au(111) 

via S4 rotation axis from side view; (b) Top view of the model and the label for four different 

active sites on Au(111).  

 

7.3 Results and discussions 

7.3.1  Formation of POM-metal interface 

Because neither the bulk Au nor polyoxometalates show activity for WGRS, the origin 

for the unique catalytic activity of the current gold catalyst with POM supported on 

must be related to the synergy between the two components. To fully understand the 

catalytic mechanism, it is important to determine the electronic properties of the 

material. We first computed the adsorption of PMo12 and PW12 on Au(111). Only the S4 

orientation with four Od atoms directly contact to the top site of gold was considered in 

the current case. Other sites and adsorption modes were discussed elsewhere by 

Aparicio-Anglès.[31a] Similar to the behavior of PW11 and SiW12 on the gold surface, the 

interaction between K3PMo12 and gold is not very strong. Our results suggest that 

PMo12 can spontaneously adsorb on Au(111), with an adsorption energy (Eads) of -0.60 

eV in vacuum, and decreased to only -0.18 eV when the solvent was taken into account 

by using the implicit model. The adsorption for PW12 on Au(111) is slightly less 

favourable than PMo12, with  
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Figure 7.2. (a, c) Density of States (DOS) and Projected Density of States (PDOS) for systems 

PMo12-Au(111) and PW12-Au(111) respectively; (b, d) 500% extension of (a, c). 

 

energies of -0.50 and -0.04 eV in vacuum and solution respectively. In the presence of 

water, the gold surface show weak affinity for the adsorption of polyoxometalates. 

  In order to discuss the electronic properties of PMo12 and PW12 supported on Au(111), 

we depicted in Figure 7.2 the density of states (DOS) projected on all involved atoms. 

For the PMo12-Au(111) case, the front of the Mo(d) band is found very close to the 

Fermi level but has not yet been crossed, therefore it suggests that the PMo12 cannot be 

spontaneously reduced by gold when adsorbed on Au(111). Additionally, AIM Bader 

charge analysis also demonstrates that no remarkable charge transfer occurred between 

the gold surface and PMo12 (Table 7.2). However, the orgin of catalytic active for a 

composite catalyst is always related to its electronic features near the Fermi level. Due 

to the nearness of the Mo(d) band to the Fermi level, it is expected that the Mo(d) 

bands could potentially accept electrons from the gold surface if extra electrons are 

donated by the surfaces or other species. Analogously, the adsorbed PW12 also keeps 

its redox property and the W(d) band locates 0.5 eV higher than Mo(d), indicating that 
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to accept incoming electrons is more difficult than for Mo(d). Such electronic 

differences may be very relevant in the catalytic activity. 

7.3.2  Stability of adsorbed intermediates 

Table 7.1. The adsorption energies (eV) for K3PMo12, K3PW12 on Au(111), H2O, CO, and CO2 

adsorbed on clean and PMo12-Au(111). 

Species Preferred 

site 

aEads (Gas.) Eads (Sol.) bΔE 

PMo12-Au  -0.60 -0.18 0.42 

PW12-Au  -0.50 -0.04 0.46 

H2O-Au top -0.14 -0.13 0.01 

CO-Au fcc -0.33 -0.37 -0.04 

CO2-Au top -0.04 -0.05 -0.01 

H2O-(PMo12-Au) top/bridge -0.26/-0.24 -0.07/-0.13 0.19/0.11 

CO-(PMo12-Au) top/fcc -0.31/-0.29 -0.51/-0.51 -0.20/-0.22 

CO2-( PMo12-Au) top -0.06 -0.33 -0.27 

aAll adsorption energies are calculated through Eads = Etot – Esurf(POM/surf) – EX, Where 

Etot is the total energy of the system and the Esurf(POM/surf) is the energy of the relaxed 

bare or POM supported surface. bΔE is the adsorption energy difference between gas 

and solution. 

 

  To analyze how strong the key reaction intermediates are attached on the surface, the 

Eads for H2O, CO, and CO2 are presented in Table 7.1. The results show that water 

adsorbs weakly on both clean Au(111) and PMo12-Au(111), with Eads as low as -0.14 

and -0.26 eV, respectively. When surrounded with solvent, the interaction between 

solvated water and Au(111) become more weakly due to the increased contribution of 

water-water interactions. The behavior of CO on clean Au(111) and PMo12-Au(111) 

show similar results in vacuum with Eads ~ -0.3 eV. However, the CO adsorption in 

solution increases up to -0.51 eV on PMo12-Au(111), and its configuration is almost 

isoenergetic on the top and fcc sites. CO2 adsorbed on dry Au(111) and PMo12-Au(111) 

surfaces are both very weak, whereas its adsorption on solvated PMo12-Au(111) has 

raised to -0.33 eV. The inclusion of solvent shows stabilization for the adsorption of 

CO and CO2 molecules, and unfavorable adsorption for the others. Significant changes 

were obtained for the adsorption of POM as discussed above. It should be mentioned 
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that the adsorption for OH and COOH species are not listed, given that there are still 

significant limitations to obtaining accurate energies for radical species.   

7.3.3  WGSR mechanism on clean Au(111) 

 

Figure 7.3. (a) Calculated energy (eV) profile for WGSR on bare Au(111) with (red) and 

without (black) solvent considered. All energies are refferred to the water adsorbed state I0 

(defined as energy zero); (b) the main intermediates involved in the mechanism.   

 

Computationally, the WGSR mechanism on the clean Au surfaces or NPs has been 

widely analyzed, and mostly it is proposed that the reaction follows the redox and 

carboxyl pathways in which adsorbed CO interacts with O and OH to form CO2 and 

carboxyl, respectively. In both routes, the rate-determining step is the initial water 

dissociation, which determines the poor activity of bare gold surfaces. To compare 

with the WGSR on the POM-Au(111) system, we firstly performed the reaction on 

clean Au(111). Importantly, in this work we have also computed the reaction in a 
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continuum solvent model to reveal the contribution of solvent to the energy balance. 

The energy profiles and the main intermediates are represented in Figure 7.3. 

Consistent with the reported data, H2O weakly adsorbs on the top site of Au(111) with 

small exothermic of -0.14 eV, and a considerable barrier of 1.87 eV (TS1) is required 

to reach the dissociated state H* + OH* (I0 → I1).[41] The reaction proceeds when 

adsorbed OH and CO are in contact and react to form cis-COOH*. OH* diffuses easily 

from fcc to bridge site by overcoming a very low barrier of 0.11 eV (TS2), then 

combine with CO to form cis-COOH* with low barrier (0.06 eV) and high exothermic 

(0.86 eV) process (I3 → I4). Because the H atom in cis-COOH sits on the opposite 

direction of the surface, a transformation step occurs before decomposition to product. 

cis-COOH* evolves to its trans-state surpassing a barrier of 0.44 eV. Except for the 

water dissociation step, the H releasing from trans-COOH* to the surface also required 

a relatively high barrier of 0.82 eV (TS5). Apparently, the high barrier to break the 

hydroxyl bond in water is the key limitation for the catalytic activity of gold for WGSR, 

once OH* formed, subsequent steps occurred readily on the gold substrate. On the 

other hand, introduction of the solvent environment in the calculations did not provide 

any improvement for the activity of Au(111); even make it worse with barrier of 2.00 

eV for the rate-determining step. This trend is in line with the recent calculations for 

water dissociation on the Ru (0001) surface in an implicit solvent model.[42] Therefore, 

it is clear that the solvent (water) is not the origin of the catalytic activity of the 

Au(111).   

7.3.4 Activation of H2O by PMo12-Au(111)  

Based on the understandings for the electronic structure of PMo12-Au(111), we now 

discuss its interaction with interfacial water. For water adsorption, both top and bridge 

sites (m-I0) where can form one H-bond with the neighbouring Oc of PMo12 were 

considered (Figure S7.1). Unlike the classical metal oxide surface, water molecule is 

impossible to directly coordinate with the MoVI due to the absence of oxygen vacancies. 

The calculated results show the water is slightly more stable on the bridge than on the 

top by 0.02 eV. H2O spontaneously adsorbs on the POM modified surface with an 

adsorption energy of -0.26 eV (m-I0), which is 0.12 eV more favorable than that on 

clean Au(111). To start the WGSR, the initial step should be the dissociation of water 

to form adsorbed OH or O. As shown in Figure 7.4, the dissociated state with one H 

transferred to PMo12 (m-I1a) is calculated to be 0.75 eV more stable than H located on 

the surface (m-I1b), which supposes the water dissociation is very likely to occur 

through transferring its H to the adjacent oxygen of the POM,  and the dissociated OH 
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binds on the Au bridge site and link with the POM via H-bond. By comparing the 

electronic structure and Bader charge differences between m-I1a and m-I1b (Figure 

7.4 and Table 7.2), we observed that the electronic structure of the polyoxomolybdate 

in m-I1b almost keeps unaltered without reduction. Hence, Bader charge analysis 

shows that the net charges on PMo12 changed only in 0.1|e| from m-I0 to m-I1b. The 

net charge on the adsorbed H is 0.12|e| and -0.01|e| at the m-TS1b and m-I1b 

respectively, while it is 0.64|e| at the initial state, thus suggesting a homolytic 

dissociation of water in the m-I0 → m-TS1b → m-I1b route. Simultaneously, the 

charges on gold surface increased from 0.29|e| to 0.67|e|, which entails an electron 

depletion on the gold surface to stabilize the dissociated OH.  

 

 

Figure 7.4. Left: Optimized structures for m-I1a (a) and m-I1b (b); Right: DOS and PDOS 

representations for m-I1a and m-I1b. 

 

  However, the charge of PMo12 in m-I1a is noticeably increased by 0.35e with respect 

to that in m-I0, meanwhile the Mo(d) band is found that has already crossed the EF. 

This means that the PMo12 has been reduced along the dissociation (m-I0 → m-TS1a 
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→ m-I1a). The net charge for the transferred H in m-TS1a is 0.66|e|, this character 

supposes a heterolytic O-H cleavage via proton transfer to the POM and results in the 

OH- anion remaining on the surface. Because Mo(d) bands are near the Fermi level, the 

electron from adsorbed OH- will be transferred to the POM leading to a less charged 

OH adsorbate on the bridge site of Au. In addition, the presence of O2p bands above but 

nearby the Fermi level from PMo12 also promote the proton transfer. 

 

Table 7.2. Calculated Bader AIM charge for the main intermediates and transition states 

mediated by PMo12-Au(111). 

 ∑PMo12 ∑K ∑Au Hw1 Hw2 Ow C OCO 

PMo12-Au -2.86 2.69 0.17      

m-I0 -3.01 2.69 0.29 0.67 0.62 -1.27   

m-TS1a -3.29 2.69 0.46 0.64 0.62 -1.11   

m-TS1b -2.84 2.69 0.42 0.12 0.61 -1.01   

m-I1a -3.35 2.70 0.48 0.66 0.60 -1.09   

m-I1b -2.91 2.68 0.67 -0.01 0.62 -1.06   

m -I2 -3.46 2.69 0.54 0.68 0.62 -1.11 1.02 -0.98 

m-TS3 -3.46 2.69 0.55 0.62 0.64 -1.11 1.05 -0.98 

m-I5 -3.47 2.70 0.26 0.62 0.60 -1.08 1.44 -1.07 

m-I8 -3.49 2.71 0.25 0.67 0.64 -1.17 1.47 -1.08 

m-TS7 -3.54 2.71 0.20 0.65 0.63 -1.16 1.57 -1.06 

m -I9 -3.97 2.70 0.07 0.62 0.60 -1.07 2.09 -1.04 

m-I10 -3.07 2.70 0.23 0.66 0.63 -1.22 1.10 -1.03 

m-TS8 -3.22 2.71 0.24 0.65 0.63 -1.07 1.13 -1.06 

 

From an energy point of view (Figure 7.5a), the water dissociation is dramatically 

promoted by the presence of PMo12 on the surface. Herein, the energy zero is referred 

to the adsorbed water on PMo12-Au(111). Dissociation m-I0 → m-I1a is a somewhat 

endothermic process with reaction energy of 0.53 eV, which is much lower than the 

route with H and OH located both on the surface (1.28eV, m-I0→m-I1b). The 

activation of H2O needs to overcome a barrier of 0.55 eV, whereas 1.87 eV was 

required for the homolytic path. However, the heterolytic route is considered reversible, 
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as the reverse barrier is only 0.02 eV to give back H2O if the reaction stopped at the 

current step. 

 

 

Figure 7.5. (a) Energy comparison of two different pathways for water dissociation on PMo12 -

Au (111) performed in gas phase; (b) Energy profile for the water dissociation with (red and 

green) and without (black) solvent considered in the calculation; (c) The optimized 

intermediates and transition states in the main steps.  

 

7.3.5  Solvation effects on H2O activation 

Both experiments and DFT calculations have proposed that the presence of liquid 

water in the reactor plays critical role for the WGSR.[43-45] To provide insight into the 

solvation effects for the water dissociation, energy corrections were performed for each 

species by including the implicit solvent model. Figure 7.5b shows that the energy 

profile with solvent (red curve) is generally lower than without solvent (black curve). 

In the aqueous surroundings, the adsorption for the liquid H2O becomes very weak 

with only -0.07 eV. However, the solvent reduces slightly the barrier (0.52 vs. 0.55 eV) 

and reaction energies (0.46 vs. 0.53 eV) involved in this step, which shows a little 

favorable than that in gas phase without changing the trend.  

  On the other hand, we have also considered a combined solvent model by locating 

four water molecules close to the PMo12-Au interface (Figure S7.2), to further check 

the role of water. The transition state involves a dissociation of neighboring water, 
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which mediates the fast proton transfer to the POM along the H-bond chain in the 

water cluster. Due to the explicit H-bonds in the water network, the dissociation was 

found 0.11 eV more favourable than when only the implicit solvent is considered, with 

barrier of only 0.41 eV (green curve). No notable stabilization was obtained for OH in 

the presence of solvent; the reverse reaction is still very easy to occur. In other words, 

the dissociation of water would be almost impossible when only Au, K3PMo12, and 

water are included in the system. Beyond the POMs, the water molecule may also act 

as proton acceptor to form H3O
+ and OH- intermediates. However, the calculations 

show the H3O
+ is quite unstable on gold, which in turn results in spontaneously 

recombine of H3O
+ and OH- to water, this result is also obtained by Site et.al.[46] 

According to our calculations, we obtained that the adsorption of PMo12 on the gold 

surface favored the kinetics of the water dissociation notably by decreasing the reaction 

energy and dissociation barrier. Importantly, the reverse reaction to adsorbed water is 

always thermodynamically more favorable independent of the presence of solvent or 

not and also of the solvent model.    

7.3.6  CO oxidation steps 

  

Figure 7.6. Energy profile (eV) for CO oxidation steps “COads + OHads + HPMo12
e-

(aq) → 

COOHads + HPMo12
e-

(aq) → CO2(g) + H2PMo12
2e-

(aq)” with (red) and without (black) solvent 

considered in the calculation.    
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In the presence of CO, the oxidation of CO may take place as soon as the hydroxyl is 

formed (m-I1a). The elementary reaction steps with involved energies and geometries 

are displayed in Figure 7.6 and Figure 7.7 respectively. Two possible positions for CO 

adsorption were considered in the presence of OH*. When the CO occupies a top site 

(m-I2), the exothermic adsorption of CO (-0.30 eV) may supply the reaction to the next 

step. The two diffusion processes of OH* from the bridge to the contiguous fcc (m-I2 

→ m-I3) and then to another bridge site (m-I3 → m-I4) require overcoming low 

barrier of 0.23 eV and 0.12eV respectively. Once the OH* and CO* are ready, cis-

COOH is spontaneously formed with a reaction energy of -0.91 eV (m-I4 → m-I5). 

The final stages should be the decomposition of the carboxyl occurring by the cleavage 

of the OCO-H bond. Two possible paths for COOH* decomposition are computed. 

Following the typical channel on bare Au(111), cis-COOH* (m-I5) will undergo an 

isomeric transformation to trans-COOH* (m-I6) before splitting with a barrier of 0.44 

eV (m-TS4), leading to a more favourable position for H releasing. The COOH* 

dissociates to CO2 and H (m-I7) by desorbing the CO2 and transferring the H to the 

gold surface. This process is exothermic with an energy of -0.48 eV (orange square), 

although it requires a high barrier of 0.94 eV (m-TS5). A second pathway involves the 

dissociation of cis-COOH giving directly to the one electron reduced PMo12, but 

previously it is necessary to diffuse the COOH* nearby the PMo12. The diffusion of 

cis-COOH* The diffusion of cis-COOH* from one top (m-I5) to the adjacent top (m-

I8) needs a barrier of 0.45 eV, and two hydrogen bonds can be formed between 

HPMo12
e- and COOH*, see m-I8 in Figure 7.7. Although the PMo12 has been one 

electron reduced in the initial water dissociation step, the CO2 formation (m-I9) is still 

largely promoted by transferring a proton to the O of HPMo12
e-, with low barrier and 

high exothermic energy by 0.06 eV and -1.06 eV (black line) respectively. The proton 

transfer and weak interaction of CO2 with the surface will lead to a fast electron 

transfer from the surface to the POM, resulting in more reduced H2PMo12
2e-

 species. 

  This is evidenced by the Bader charge change of PMo12, where an electron transfer of 

0.5e from the surface (with COOH adsorbed) to PMo12 is obtained (m-I8 → m-I9). It is 

worth remarking that the net electron accumulation on PMo12 is less than two electrons 

after water dissociation and CO oxidation steps. The decreasing of net charge on the 

gold from initial (m-I0: 0.29|e|) to the final state (m-I9: 0.07|e|), suggesting a small 

amount of electrons are remaining on the surface. In summary, the water dissociation 

step is the rate determining step for the whole WGSR when the reaction is co-catalyzed 

by the hybrid PMo12-Au(111) system, the energy barrier being only 0.53 eV. 
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Figure 7.7. The main intermediates and transition states involved in the CO oxidation steps on 

PMo12-Au(111). 

 

  Alternatively, CO could also adsorb nearby the adsorbed OH and HPMo12
e- by 

locating on the short bridge of Au. Interestingly, as the CO and OH approach, the 

desorbed OH effortlessly re-abstracted the H (transferred in the first step) from POM to 

give H2O due to the small reverse barrier for water dissociation as discussed in section 

7.3.4. Consequently, it returns to the initial state with H2O and CO co-adsorbed on two 

adjacent top Au sites (m-I10). It is therefore expected that this equilibrium may 

provide a new channel for water dissociation. The co-adsorption energy is calculated to 

be -0.61 eV, which is a little lower than the sum of the independent adsorption energy 

of H2O and CO (-0.57 eV). Instead of forming the intermediate with OH adsorbed on 

the surface, the interplay of H2O and CO can lead to the adsorbed cis-COOH (m-I8) 
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species directly. H2O can easily transfer its H atom to the nearest neighboring Oc by 

overcoming a barrier as low as 0.39 eV (see m-TS8 in Figure 7.8, 0.34 eV in solution), 

and electron is transferred via the surface to the PMo12, simultaneously. It is worth 

noting that this process is an exothermic process with energy of -0.27 eV (m-I10 → m-

I8), and the reverse barrier in this route is 0.73 eV (0.78 eV in solution). With such 

relatively high barrier, the reverse reaction of H2O dissociation may not be facile. The 

remaining steps followed by decomposition COOH* to yield CO2 are the same as the 

discussed above. CO oxidation steps are also promoted by the solvent, with deceased 

barrier and more favourable reaction energies. Comparing to the dissociation of water 

to OH* state, such a route with CO and H2O interact to form COOH* directly can 

avoid the low barrier of reverse process, and also reduce the reactive barrier, which 

suggest a CO-assisted water dissociation mechanism in the current case. 

 

 

Figure 7.8. Energy profile for WGSR in the presence of H2O and CO co-adsorbed on the 

surface with (red) and without (black) solvent considered in the calculation, and the main 

intermediates and transition states are displayed.   

 

7.3.7 Complete reaction network 

Based on the computational results, a simple mechanism was proposed. The reaction 

pathways with the minimum-energy barriers involve the following steps: 

POM(aq) → POMads                                                                               (7.6) 
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H2O (l) + CO(g) → (H2O-CO) ads                                (7.7)        

(H2O-CO) ads + POMads → COOHads + HPOMe-
ads   (7.8) 

COOHads + HPOMe-
ads

 → CO2 (g) + H2POM2e-
ads

          (7.9) 

Among these steps, the PMo12 and CO assisted water dissociation to form COOH* (7.8) 

is the key step, the barrier being as low as 0.34 eV in solution. This very low energy 

allows understanding why the WGSR can proceed easily at room temperature on gold 

in the presence of aqueous PMo12. The proposed mechanism is comparable to the 

electrochemical CO oxidation on gold published by Weaver et al. [47]  In acidic solution, 

they suggested the following mechanism:   

H2O + COads → COOHads + H+ + e-    (7.10) 

COOHads → CO2(g) + H+ + e-                       (7.11) 

In which the rate-determining step also corresponds to the first electron transfer step. 

Because POMs can generally display multiple and reversible electron reductions 

without significant deformation of the POM framework. In the current case, the first 

and second electron related process are computed based on the same PMo12, which are 

found both exothermic from a thermodynamic point of view. The role of PMo12 herein 

is twofold: first to retain the H+ before going to the solvent, and second to act as 

electron reservoir. These properties are directly related to its electronic feature near the 

Fermi level of PMo12-Au(111). The process can be assumed as a proton assisted 

electron transfer as occurs in many catalytic reactions in the presence of POMs.   

7.3.8  The activity of PW12-Au(111) 

Having obtained the detailed WGSR mechanism for PMo12-Au(111), we are in a 

position to extent our investigation to other POMs, with the aim of obtaining a 

comprehensive understanding of the relevance of the POM in heterogeneous catalyst. 

By analysing the electronic structures, the PW12 adsorbed on Au(111) is expected to be 

relatively difficult for the WGSR respect to PMo12 due to the higher energy of W(d) 

bands. To confirm this issue, the energy profile associated to the PW12-Au(111) system 

is summarized in Figure 7.9. As expected, the water dissociation barrier increases up to 

0.59 eV (0.45 eV in solution) and the process becomes endothermic by 0.26 eV (w-I10 

→ w-I8). In addition, the decomposition of COOH* is also higher in energy than in the 

PMo12 case, needing to overcome a barrier of 0.29 eV (w-I8 → w-TS7) and the 

reaction to form the CO2 being exothermic by only -0.29 eV (w-I8 → w-I9). Present 

calculations clearly confirm that the reaction is sensitive to the nature of the POM. 
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Figure 7.9. Energy profile for WGSR in the presence of H2O and CO co-adsorbed on the PW12-

Au(111) surface with (orange) and without (gray) solvent considered in the calculation, and the 

main intermediates and transition states are displayed.  

 

Table7.3. Calculated Bader AIM charge for the main intermediates and transition states in the 

reaction steps when mediated by PW12-Au(111).  

 ∑PW12 ∑K ∑Au Hw1 Hw2 Ow C OCO 

w-I10 -2.84 2.72 0.12 0.62 0.63 -1.19 1.10 -1.04 

w-TS8 -2.85 2.72 -0.18 0.64 0.67 -1.09 1.19 -1.10 

w-I8 -3.04 2.72 -0.18 0.67 0.62 -1.12 1.42 -1.10 

w-TS7 -3.23 2.72 -0.21 0.69 0.63 -1.14 1.59 -1.05 

w-I9 -3.45 2.72 -0.44 0.58 0.63 -1.05 2.09 -1.06 

 

  In addition, the trend of Bader charge (Table 7.3) changes for PW12-Au(111) and 

PMo12-Au(111) are consistent with the energy profiles. The PW12 anion accepts only 

0.6e from the initial to the final state (w-I10 → w-I9), whereas the electrons transferred 

to PMo12 (m-I10 → m-I9) are 0.9e.  The relatively higher barrier in PW12-Au(111) 

should be ascribed to two aspects, one is the decreased basicity of O in PW12 related to 

the H accepting process, and another is the lower reduction ability of the 

polyoxotungstate with respect to polyoxomolybdate. Nevertheless, it is worth 
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mentioning that the deposition of both type of POMs on the surface improve the 

catalytic activity of the bare gold surface. 

7.4 Conclusions 

In this chapter, a systematic mechanism study for the low temperature WGSR on 

Au(111) with polyoxometalates supported on a gold surface was performed using an 

integrated approach based on first principles calculations and a periodic continuum 

solvation model. This work outlines the activity of a POMs-Au(111) catalyst for 

WGSR in aqueous solution. The main conclusions obtained from our calculations are 

as follows: (1) based on the electronic structures and atomic Bader charge analysis, we 

noticed that both PMo12 and PW12 are not reduced when adsorbed on the gold surface. 

The presence of conduction bands dominated by Mo(d) and O(sp) atomic orbitals, 

especially near the Fermi level, it allows the POM to accept electrons and protons. (2) 

In the presence of PMo12, the interfacial water dissociation and COOH decomposition 

steps turn out to be much more feasible by accommodating protons and electrons on 

the POMs. The most favourable reaction channel is proposed to be co-adsorption of 

H2O and CO on the PMo12-Au(111) surface, and leads to the direct formation of 

COOH* by avoiding the reversed water dissociation, highest barrier being less than 10 

kcal mol-1 (0.34 eV in solution). (3) The solvent effects were identified to accelerate 

the reaction by reducing the energy barrier and also increasing the exothermicity of the 

reaction in POM-Au(111). (4) The same reaction on PW12-Au(111) catalyst is 

calculated to be more difficult, that is, with higher barriers, which is fairly consistent 

with their redox properties. Overall, these results provide a mechanistic understanding 

of WGSR catalyzed by the PMo12-Au(111) system, revealing the crucial “magic” role 

played by the POM. 

  Preliminary studies on PMo12 supported Pd, Pt, Ag systems show less activities, 

behaviour that clearly differs from the activity order on the clean surfaces. A 

systematic analysis on these systems is under way in our group.  
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Appendix Chapter 7 

 

Figure S7.1. The adsorption modes of water on K3PMo12-Au(111).  

 

Figure S7.2. The optimized structures for water dissociation in the presense of three explicit 

water molecules on PMo12-Au(111). 
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Chapter 8 

DFT and TD-DFT Calculations for 

Polyoxometalate-TiO2 Interface 

 

Polyoxometalates loading on TiO2 particles are always utilized as a cocatalyst in the 

photocatalytic area. In this chapter, we are extending our strategy to model the 

interaction between PW11Ti and TiO2 surface, to give an insight into how the 

polyoxometalate affect the electronic properties of TiO2 and its photocatalytic activity.  
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8.1 Introduction and experimental background 

Titanium dioxide (TiO2) has received a lot of attention in energy conversion and 

environmental fields owing to its good stability, low cost, and less pollution as a 

photocatalyst.[1] In spite of these advances, the application of TiO2 still faces significant 

challenges due to the poor respond to ultraviolet light (5% in solar light). To improve 

optical absorption of TiO2-based materials, approaches such as dye-sensitization, 

doping or deposition of metal (or nonmetal) elements, etc. have been widely 

exploited.[2] 

   

 

Figure 8.1. Direct coordination of TiIV-substituted POM clusters to anatase-TiO2 cores and the 

photo-catalytic processes for hydrogen evolution reaction. Color code: Ti: light gray, WVI: 

yellow, WV: blue.  

 

  Polyoxometalates (POMs) is one well-defined class of molecular metal-oxides of the 

early transition metals (Mo, W, V, Nb, and Ta) with a wide-ranging of properties and 

applications.[3] These molecules have attracted large attentions as charge- or electron-

storages due to the ability to accept multiple electrons reversibly. Composite materials 

by incorporating of POMs have been thoroughly investigated for solar energy 

conversion,[4] molecular electronics,[5] batteries,[6] and catalysis.[7] For example, the 

modified materials by adsorption polyoxometalates on carbon, Au, and Hg electrodes, 

showing much more active towards the hydrogen evolution reaction.[8] The formation 

of POM monolayers on planar surface or nanoparticles has been well reviewed by 

several groups.[ 9 ] Recently, Weinstock and co-workers have reported that 

polyoxometalates can serve as covalently coordinated redox-active ligands for anatase-

TiO2 nanocrystals as shown in Figure 8.1, evidenced by the combination of solid and 

solution-state analytical methods.[10] By expansion, they found high activity of this 

material for hydrogen evolution reaction upon two light excitation steps. The POM-

TiO2 cores were firstly excited by UV light in MeOH/water solution to reduce POM. A 

further visible light driven electron transfer mechanism from the reduced POM to TiO2 
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core was proposed to create high reduced TiO2 nanocrystals (NCs). Once recued, the 

TiO2 NCs rapidly reduce protons in water to H2. In cooperation with Weinstock group, 

we have attempted to understand the photocatalytic activity of this material by 

combining of DFT and time-dependent DFT method. 

 

 

Figure 8.2. (a) Anatase TiO2 unit cell; (b) Side view of anatase TiO2(101) surface and the 

active sites on the surface. Color code: Ti: light gray, O: red.  

 

8.2 Computational details  

8.2.1  Models  

On one hand, the reaction of amorphous TiO2 with the lacunary α-PW11O39
7- at 170º 

can give the freely solvated [α-PW11TiO40]
5-, and it is assumed that the POM remains 

coordinated to the anatase surface through the (101) planes. A periodically repeated 

slab of TiO2(101) with cell dimensions 20.80 × 15.27Å2 was used to simulate the TiO2 

core, composed of six atomic layers with the bottom four layers fixed at its bulk 

configuration. A vacuum region higher than 15 Å was set to avoid interaction between 

the repeated cells. Considering the unsaturated sites on TiO2(101) (Figure 8.2b), Ti5c 

and O2c, the Ti=O ligand in [α-PW11TiO40]
5- was readily coordinated with surface Ti5c 

to form the PW11TiO-Ti5c linkage, as the model shown in Figure 8.3c. On the other 

hand, the POM-ligated TiIV atoms might coordinate to the anatase surface directly. 

Namely, the [α-PW11O39TiIV]3- interacts with the surface via the active O2c or O3c. 

Totally, five possible coordination modes (Figure 8.3) were constructed to ascertain the 

adsorption mode of POM capping ligands on TiO2(101). The details correspond to 
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model a: α-Na3PW11O39TiIV-O2c-2Ti, b: α-Na3PW11O39TiIV-O3c-3Ti, c: α-

Na5PW11O39TiIVO-Ti5c, d: α-Na5PW10TiO39WO-Ti5c, and e: α-Na5PW11TiO40 bounded 

to TiO2 via both WO-Ti5c and TiO-Ti5c linkages.  

  To simulate the absorption spectrum of TiO2 nanoparticles modified by 

polyoxometalates, we considered a (TiO2)38 cluster, obtained by appropriately “cutting” 

an anatase slab exposing the majority (101) surface. This model has been widely used 

and shown to accurately reproduce the electronic and structural properties of anatase 

TiO2. 

8.2.2 Methodology 

The geometry optimization and electronic structure calculations are performed using 

the projector augment wave (PAW) method implemented in the Vienna ab initio 

simulation package.[11,12] The electron exchange and correlation potential are treated 

with the Perdew-Wang 91 functional (PW91) and the kinetic energy cut-off was set to 

500 eV.[13] The DFT+U[14]approach is used to describe the TiO2, by setting U = 6.0 eV 

and J = 0.5 eV to treat the 3d electrons of Ti atoms (VASP).[15] Bulk lattice parameters 

of anatase TiO2 were obtained by allowing the ion position, cell shape, and volume to 

vary throughout minimization, with a Monkhorst-Pack k-point mesh of 7 × 7 × 4.[16] 

The reciprocal space for POM-TiO2 combined systems was described using two 

different Monkhorst Pack Schemes due to the large number of atoms: 1 × 1 × 1 for 

structure optimizations, and 5×5×1 for plotting the density of states (DOS). Solvent 

effects were included by means of the implicit solvation model (named VASP sol) 

implemented by Hennig and co-workers.[17] All optimizations were performed until 

self-consistence with thresholds of 1·10-5 eV and 3·10-2 eV·A-1 for the electronic and 

the ionic convergence respectively. The charge of the POM was compensated by using 

the equivalent sodium atoms displayed around the POM. 

  The geometry optimization of the clean and combined PW11Ti- and PW11Ti1e-(TiO2)38 

clusters were previously optimized in VASP with the same parameters as above for the 

slab calculations. The optimized geometries are then utilized to the single point time 

dependent density functional theory (TD-DFT) studies for the lowest 80 transitions, by 

using B3LYP functional together with 3-21G* and LANL2DZ/6-31G* basis sets for 

TiO2 and POM respectively in Gaussian 09.[18-19] The water effect was considered with 

the CPCM model.[ 20 ] Finally, with the aid of Multiwfn 3.2 software, the UV-vis 

spectrum for the designed model was generated as a sum of Gaussian curves with a 0.3 

eV half-height width, as well as the transition analysis.[21]  
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Figure 8.3. Polyhedral and Ball-stick representation of five possible coordination modes. a, 

Na3PW11TiO39 bounded to TiO2 via Ti-O2c; b, Na3PW11TiO39 bounded to TiO2 via Ti-O3c; c, 

Na5PW11TiO40 bounded to TiO2 via TiO-Ti5c; d, Na5PW11TiO40 bounded to TiO2 via WO-Ti5c; e, 

Na5PW11TiO40 bounded to TiO2 via both WO-Ti5c and TiO-Ti5c linkages. Color dode: Ti: light 

gray, O: red, W: yellow. 

8.3 Results discussions 

8.3.1  Bulk anatase TiO2 and clean TiO2(101) 

Table 8.1 compiles the calculated and experimental lattice parameters for the bulk 

anatase TiO2, showing good coincidence between experimental observed and 

computed values. It is well known that pure DFT functionals, such as PBE and also 

PW91 used in our case, always underestimated the band gap of TiO2 due to the self-

interaction errors. Thus the GGA+U approach was considered in our calculation to 

treat the 3d electrons of Ti atoms. The band gaps of the bulk and TiO2 (101) slab were 

computed to 2.75 eV, which have been largely improved with respect to GGA, 

differing from the experimental value in only 0.45 eV (Eexp = 3.2 eV). The DOS for the 
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(101) surface are illustrated in Figure 8.5a, which exhibits typical semiconductor 

character with valence band (VB) and conduction band (CB) states dominated mainly 

by the O2p and Ti3d states, respectively. Conversely, small densities from O2p (Ti3d) also 

contributes for the CB (VB). The overlap of Ti3d and O2p orbitals in the valence and 

conduction bands suggest the presence of covalent interaction between Ti and O atoms.  

 

Table 8.1. Comparison of calculated and experimental lattice parameters (Å) and bond lengths 

(Å) of bulk anatase TiO2. 

Å Exp. Cal. (gas) Cal. (sol) 

Lattice parameters    

a 3.782 3.818 3.814 

c 9.502 9.678 9.574 

Bond length    

d1 1.932 1.954 1.948 

d2 1.979 2.000 1.994 

 

8.3.2  Affinity of TiO2(101) for PW11Ti (PW11Ti 1e) 

The anatase (101) surface exhibits some unsaturated ions, five-fold coordinated Ti5c, 

two-fold coordinated O2c, and the saturated Ti6c and O3c ions, as labeled in Figure 8.2b. 

These sites are important in directing the adsorption of the polyoxometalates. Two 

forms of polyoxometalates were taken into account, [PW11TiO39]
3- and [PW11TiO40]

5-, 

which are distinguished by whether one terminal –O ligand is coordinated on Ti atom 

or not. Thus the O defect [PW11TiO39]
3- is more likely to approach the nucleophilic 

region (O2c or O3c), whereas the latter prefers the electrophilic region (Ti5c). Finally, 

five binding modes were constructed in Figure 8.3. Instead of the preferred S4 

orientation on the Au or Ag surfaces, the polyoxometalate was more likely to tilte 

adsorbed on TiO2(101) via Ti-O2c and TiO-Ti5c linkages, with distances located in 1.91 

to 2.02 Å. To have a quantitative measure of the interaction between the POM and the 

surface, the adsorption energies (Eads) were defined by eq. 8.1: 

𝐸ads =  𝐸total –  𝐸surf –  𝐸NaPOM     (8. 1) 

Where Etot is the energy of the whole system, Esurf is the energy of the relaxed bare 

surface, and ENaPOM is the energy of the POM surrounded by the counterions. In Table 
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8.2, the adsorption energies calculated in vacuum and solution are presented. As 

discussed in previous chapters, the adsorption energies in vacuum are overestimated 

due to the over stabilization from the counterions and, in general, to use adsorption 

energies in solution is more appropriate to better understand the real interactions 

between POMs and surfaces.  

 

Table 8.2. Adsorption energies (Eads) for the PW11Ti and PW11Ti1e adsorbed on TiO2(101) in 

vacuum and solution. 

Sites Eads(vac) Eads(sol) 

a -42.6 -13.3 

b -26.5 4.5 

c -41.5 -11.4 

d -15.9 -2.9 

e -55.0 -10.0 

c1e -57.4 -12.0 

e1e -58.6 -12.9 

a) All values are in kcal∙mol-1; 

b) c1e and e1e indicate the one electron reduced c and e. 

 

  As expected, the adsorption of Na3PW11TiO39 on O3c site (b) is unstable with an 

endothermic energy of 4.5 kcal∙mol-1, which is much energetic unfavorable than O2c (a). 

Due to the more basic nature of -TiO group than -WO, the connection between POM 

and TiO2(101) through -OTi (c) site is obviously stronger than that -OW (d), consistent 

with the longer Ti5c-O distance obtained in the latter. The model (e) with both TiO-Ti 

and WO-Ti linking in the model also strongly adsorbed on the surface. It can be seen 

that a, c, and e models in Figure 8.3 meet the most favorable adsorptions, with Eads all 

more than 10 kcal∙mol-1, indicating one side that these two forms (Na3PW11TiO39 and 

Na5PW11TiO40 ) of the POMs would both possible be present on the surface. On the 

other hand, the small differences between c and e also suggest the Na5PW11TiO40 can 

adsorb on the TiO2 via more than one connection. Indeed, the strong exothermic values 

also support the covalent adsorption of polyoxometalate on the TiO2 surface, which 

agrees fairly well with the experimental proposal by Weinstock et al. Furthermore, we 

have also considered the adsorptions of c and e with the POM in its reduced form. We 
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found that they are still tightly adsorbed on the surface with a little stronger with 

respect to its oxide form.  

 

 

Figure 8.4. 3D charge density difference map for models a-e from side view, ρdiff (r) = 

ρNaPOM/TiO2 (101) (r) − ρNaPOM (r) – ρTiO2(101) (r). Blue regions represent charge accumulations 

(electron density increase), whereas red regions represent charge depletions (electron density 

decrease). The charge differences are plotted with isovalue of 0.001 e/Bohr3 in Vesta code. 

   

Partitioning the charge density in real space can be used to define the interactions and 

charge transfer between the two subsystems. In Figure 8.4, the variation in the charge 

density was plotted for a-e systems in solution, by subtracting the electronic charge of 

a NaPOM/TiO2(101) system from its components NaPOM and TiO2(101). In all cases, 

the charge redistribution mostly takes place at the NaPOM/TiO2 interface region and 

relaxes a bit into the TiO2 slab, whereas almost no charge transfer on the POM far 

away from the interface was detected. With different binding manners, one can notice 

that there is only little density change between the interface of POM and TiO2 in b and 

d situations, while a significant density change occurs in a, c, and e, which support the 

stronger chemical bonding as obtained for adsorption energies. 
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Figure 8.5. DOS and PDOS for the clean TiO2 (101) surface (a), the isolated polyoxometalates 

(b) (c); PW11Ti-TiO2(101) (d); and PW11Ti1e-TiO2(101) (e) systems  in solution.  

 

8.3.3 Change in electronic structure of TiO2 by POM adsorption 

The covalent linkage between PW11Ti and TiO2 modifies some properties of the 

anatase. Figure 8.5 shows the DOS and PDOS for the clean and combined systems. 

Compared to the clean TiO2(101), the fully oxidized Keggin PW11Ti owns similar band 

gap of 2.5 eV by overall left shifting of the W(d) and O(sp) bands respect to that VB 

and CB in TiO2. The modification of TiO2 by this PW11Ti results almost no shift for 

the VB. However, the insert of small density of W(d) band at the bottom of the TiO2 

conduction band, has the consequence of overall band gap decreasing for the 

composite, which was found 0.8 eV lower than the band gap of clean TiO2 (2.75 eV). 

The narrowing of the band gap may induce some visible light absorption respect to the 

pure TiO2 or isolated polyoxometalate materials. Comparing the DOS given in Figure 

8.5d and 8.5e, with the reduced polyoxometalate (POM1e) on the TiO2, we observe that 

the W(d) bands appear below the Fermi energy and above the VB edge of the TiO2 

surface, namely, a new valence state was formed on the reduced polyoxometalate. 

There also show some empty (d) states just below the anatase conduction band. The 
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gap between the valence W(d) state and the high density of TiO2 acceptor states is only 

1.2 eV, expecting that electron transfer from POM1e to TiO2 could be easily occurred if 

further excitation are applied. 

 

 

Figure 8.6. The optimized structure of Na5PW11TiO40 (PW11Ti) and Na6PW11TiO40 (PW11Ti1e) 

adsorbed on the (TiO2)38 cluster. 

8.3.4 UV-vis spectrum simulation 

To simulate the absorption spectrum of TiO2 nanoparticles modified with PW11Ti and 

reduced PW11Ti1e, time-dependent DFT (TDDFT) calculations were performed based 

on a cluster model. Following the work by Angelis et al., we considered a neutral 

stoichiometric (TiO2)38 cluster by exposing the anatase {101} surface, which has 

shown to accurately reproduce the electronic and structural properties of anatase 

TiO2.
[22] The clusters were firstly relaxed in VASP by using the similar parameters as 

for the slab model. The optimized geometries for the full oxide and one electron-

reduced configurations are represented in Figure 8.6. Next, the geometries obtained 

from VASP were used for single point TDDFT calculations. 

  Figure 8.7 shows the simulated UV-visible absorption spectra of pure and combined 

systems at B3LYP level. For the bare (Ti2O2)38 cluster, a H-L (HOMO-LUMO) gap of 

4.24 eV is obtained, with a TDDFT lowest transition at 3.50 eV. This computed lowest 

excitation energy for TiO2 cluster is in good agreement with the reported band gap 

value for TiO2 nanoparticles of a few nanometres size, as well as with the experimental 

band gap (3.2 eV). It is worth noting that we have also performed the calculation for 

(Ti2O2)38 with CAM-B3LYP, the lowest excitation energy for this pure TiO2 is 

computed to 0.66 eV higher than the experimental value. Therefore, the calculations 

for combined systems are performed at B3LYP level.  
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Figure 8.7. Comparison of simulated UV-visible spectrum computed at B3LYP level for pure 

(TiO2)38 cluster (a), PW11Ti – (TiO2)38 (b), PW11Ti1e– (TiO2)38 (c), and also a comparison for all 

species (d).  

 

The isolated PW11Ti anion displays a H-L gap of 4.35 eV with the most important 

transitions (highest oscillator strengths) appearing at 4.42 eV. The combined PW11Ti-

TiO2 system has an absorption band that extends between ~ 3.1–3.7 eV (331-397 nm) 

with the peak centred at around 3.65 eV. Compared with the pure TiO2 adsorption 

range (299-354 nm), the absorption band edge of the PW11Ti-TiO2 is slightly red-

shifted. Here the two excited states (S59 and S75) that contributed in the transition 

with highest oscillator strengths are listed in Table 8.3. As for the molecular orbitals 

involved, the transition responsible for the band at 340 nm is essentially (ca. 32%) a 

HOMO-3 → LUMO+5 transition with partial oxygen ligand to Ti charge transfer 

character on TiO2 (Figure 8.8). In addition, we have also checked some lower intensity 

peaks, many of them showing transition character from TiO2 to POM. For the lowest 

excited state at 3.12 eV (S6), corresponding to the lowest transition at 397 nm, which is 

found a main contribution (77%) can be assigned to the HOMO-5 → LUMO transition. 

The occupied orbitals involved in this transition are almost localized on the TiO2 part, 

whereas the unoccupied states are localized on the POM. Therefore, one would also 

expect a potential transfer from the titania to the POM by visible light irradiation. This 
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result provides evidence for potential photo-activity of the POM-TiO2 based material. 

However, the experimental results provide by Weinstock et al. showing the POMs are 

more likely to behave as a local UV “filter”, due to the cover of POMs on the TiO2 

cores decreased the absorbance of TiO2. The photoexcited POMs outside the TiO2 core 

are easily accepted the electron from methanol in solution and lead to reduced POMs. 

 

 

Figure 8.8. Molecular orbitals (isovalue = 0.02) and electron density difference (EDD, sovalue 

= 0.001) representations involved in the S6 and S59 transitions for the PW11Ti–(TiO2)38. Electron 

density difference (EDD) shows that the HOMO-5 to LUMO transition involves electron 

transfer from titania to the POM. In the EDD representation green and yellow identify regions 

where the electron density increase and decrease, respectively. 

 

  For the pristine PW11Ti1e and PW11Ti1e-TiO2, two broad bands in the visible region 

are observed. The spectrum of PW11Ti1e-TiO2 is obviously red-shifted compared to 

TiO2, and the bottom of the spectrum has reached to 485 nm and extended to visible 

region, which effectively compensates the weak absorption of titania in the visible 

region. The calculated bands contain several excitations and the most important 

transitions are listed in Table 8.3. The simulated spectrum shows two peaks around 600 

nm and 1000 nm in visible region (Figure 8.7c). All these transitions take place from 

the HOMO of the complex, which is mostly localized on the d-type orbitals of W 

atoms in the POM. The HOMO of the combined system retains the nature of the  
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Table 8.3. Excitation energy (ΔE, eV), wavelength (λ, nm), oscillator strength (f) and orbitals of 

POM. This character suggests a MMCT mechanism type, where electrons are transferred from 

the W(d) orbital of POM to the Ti(3d) of TiO2 under visible composition of some representative 

transitions (Sn) in terms of MOs for PW11Ti – (TiO2)38 and α-MOs for PW11Ti1e
 – (TiO2)38. 

 

isolated anion. However, the composition of the unoccupied states involved in the 

transition at about 600 nm is quite different from those at 1000 nm. For example, the 

adsorption at 622 nm (S0 → S38, 1.99 eV) mainly arises from the α-HOMO to α-

LUMO+28 (30, 31, and 34) excitations, those unoccupied states show major donations 

from Ti(3d), and relatively smaller contributions from the W(4d) and O(2p) orbitals of 

POM. This character suggests a MMCT mechanism type, where electrons are 

Sn 
λmax 

(nm)  
ΔE(eV)  f  Main contribution  

 PW11Ti - (TiO2)38 

S0 → S6 397 3.12 0.0001 H-5→ L (77%) 

S0 → S59 340 3.65 0.0015 
H-3→ L+5 (32%), H-3→ L+6 (12%) 

H-3→ L+7 (9%), H-2→ L+6 (9%) 

S0 → S75 334 3.71 0.0016 
H-8→ L+5 (8%), H-6→ L+5 (3%) 

H-4→ L+5 (3%), H-3→ L+6 (3%) 

PW11Ti1e - (TiO2)38  

S0 → S46  595  2.08  0.01  
H → L+38 (13%), H → L+37(9%) 

H → L+63 (11%), H → L+65 (9%) 

S0 → S42  609  2.04  0.01  
H → L+34 (10%), H → L+36 (8%) 

H → L+62 (19%), H → L+65 (6%) 

S0 → S40  616  2.01  0.01  
H →L+30 (12%), H → L+31 (13%) 

H →L+60 (20%), H → L+64 (11%) 

S0 → S38  622  1.99  0.01  
H →L+28 (14%), H → L+30 (11%) 

H →L+31 (12%), H → L+34 (16%) 

S0 → S10  913  1.36  0.01  H → L+15 (85%), H → L+18 (5%) 

S0 → S7  1006  1.23  0.01  
H → L+8 (69%), H → L+7 (7%) 

H → L+9 (7%) 
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transferred from the W(d) orbital of POM to the Ti(3d) of TiO2 under visible light 

irradiation, resulting in the reduction of TiO2. It is worth mentioning that there are 

POM excited states that are strongly coupled to the TiO2, which may give rise to large 

rates of electron injection. The electron density difference map (EDDM) representation 

for state 38 shown in Figure 8.9 also supports the electron transfer from W orbitals to 

TiO2 upon visible excitation. All these results clearly support the experimental 

proposed mechanism for the hydrogen evolution. On the other hand, the most 

important (α-LUMO+15 and α-LUMO+8) unoccupied orbitals for the adsorption at 

913 (1.36 eV) and 1006 nm (1.23eV) are orbitals with significant W(d) contributions 

of POM, resulting that the excitation occurs mainly inside the POM. Hence, the DFT 

simulations help to understand how the reduced polyoxometalate improve the 

adsorption of TiO2 in visible region, and confirm the electron transfer mechanism 

between the reduced polyoxometalates and TiO2. 

 

 

Figure 8.9. Molecular orbitals and electron density difference representations involved in the 

S38 and S7 transitions for PW11Ti1e–(TiO2)38. 

 

8.4 Conclusions 

In this chapter, based on DFT and TDDFT calculations we have provided a detailed 

characterization of the electronic structure and absorption spectrum for the fully 

oxidized and reduced polyoxometalate modified TiO2 systems. Our results show that 

there is a covalent adsorption of the POM on the TiO2(101) surface with Eads > 10 
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kcalmol-1 in water. This interaction can take place via more than one POM-TiO2 

surface contact. By modification, a considerable decrease of band gap has been 

obtained for reduced PW11Ti1e adsorbed on TiO2(101) and UV-vis spectrum 

simulations further reveal that reduced POM can efficiently improve the weak 

absorption of TiO2 in visible region, thus improve its photocatalytic activity for 

hydrogen evolution reaction. Through the theoretical understanding, we are expected to 

provide more valuable insights into the POM-TiO2 system, and offer a molecular 

engineering guide to design novel highly efficient photocatalysts. 
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In addition to the conclusions presented in each chapter, the following general 

conclusions can be drawn from this thesis:  

 The capture of a Mn+ ion by a peripheral PdII-oxo shell involves the 

competition between the mother PdII and the guest metal ions, the main factors 

governing the formation of a particular MPd12 are the electrostatic-interaction 

between the cation and the surrounding oxo ligands and the dehydration ability 

of the cation in solution, in which the charge and size of the guest cation are 

critical.  

 

 The nature of the interaction for Pd-Ag and Ag-Ag-Ag in novel Ag4Pd13 and 

Ag5Pd15 compounds have been characterized with QTAIM method. Whereas 

Pd-Ag link shows “intermediate interaction” that be termed as partially 

covalent and partially electrostatic, the Ag–Ag–Ag homometallic interactions 

have a largely electrostatic nature.  

 

 A mechanistic study for the complete reduction of a AuIII salt to Au0 using an 

‘in built’ electron source, the Kabanos POM ([Na{(Mo2
VO4)3(μ2-O)3(μ2-

SO3)3(μ6-SO3)}2]
15–), has shown that the process is highly favourable from a 

thermodynamic point of view.  

 

 We have established a robust strategy for the modelling of charged species 

adsorbed on surfaces. The incorporation of counterions in the computational 

models is crucial for accurately reproducing the electronic properties. The 

inclusion of solvent reduces the over stabilization of the anion-cation or anion-

surface interactions, describing much better the adsorbed system. 

 

 The lacunary PW11 cluster does not preferentially adsorb on the gold surface 

via its more nucleophilic mono defect face but, rather, through less negatively 

charged terminal oxygen ligands, induced by the strong anion−cation 

interactions from the same and neighbouring units. 

 The water gas shift reaction is proposed to have a mechanism that mainly 

involves the carboxyl (COOH*) intermediate directly produced from CO and 

H2O at the PMo12
 supported Au interface, with a barrier as low as 7.8 kcal mol-

1 in solution for the determining step. The high catalytic activity is contributed 
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by the nature of Mo(d) and O(sp) bands nearby the Fermi energy of  PMo12-

Au(111). The role of POMs is to serve as both electron and proton acceptors. 

 The interaction of the TiO2 surface with both the fully oxidized PW11Ti and its 

reduced partner exhibits a covalent nature. The presence of the reduced anion 

efficiently improves the weak absorption of TiO2 in the visible region. 

Simulated UV-Vis spectrum suggests that reduced PW11Ti can transfer 

electrons to TiO2 under visible light irradiation. 
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