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Abstract

This thesis presents two aspects of computational studies on the endohe-

dral transition metal-based Zintl clusters, polyanionic clusters formed by

p-block metal/metalloid in combination with alkali or alkaline earth met-

als. The first focuses mainly on the fundamental questions of electronic

structure, metal-metal bonding and geometry in Sn-containing Zintl ions.

We consider how the interactions between the Sn and the transition metal

vary as a function of metal and also of composition of the cage, and probe

the interplay of metal-metal, metal-Sn and Sn-Sn bonding. The late tran-

sition metals typically have relatively inert d10 cores, and interactions with

the cage are minimal. However, as the d orbitals become higher in en-

ergy in the middle of the periodic table, back-bonding causes a weakening

and then, ultimately, cleavage of some of the Sn-Sn bonds in the cluster.

All the work reported in this first aspect has been done in collaboration

with experimental colleagues from Professor Zhong-Ming Sun’s group at

Nankai University in China.

The second component of the thesis is a study of the potential role of these

endohedral clusters in catalysis. The [Ru@Sn9]
6– cluster has been shown

to be an active catalyst for the reverse water-gas shift (rWGS) reaction

when supported on CeO2, but details of the exact structure of the sup-

ported species, or the mechanism, remain uncertain. The cluster appears

not to survive intact on absorption - instead, it forms a RuSn9 monolayer,

maximising the number of Sn-O and Ru-O bonds. The junction between

the Ru and Sn atoms in the monolayer proves to be highly oxophilic, and

oxide ions in these bridging sites can be transferred to the bound CO in

a low-barrier step, leading to effective catalysis. It seems, therefore, that

the composition of the cluster is more important than its geometry in the

context of catalysis.
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Chapter 1

Introduction

This thesis describes a series of computational studies into Sn-containing Zintl ions.

The precise composition of the clusters varies, but the common feature of all of them

is the presence of tin atoms. A diverse family of these clusters has been synthesised

over the years, and the relative abundance of the element makes it an attractive

proposition for applications such as catalysis. The thesis is divided up into two

distinct components. In Chapter 3, I will describe how I have used theory (primarily

DFT) to explore the electronic structure of Zintl ions containing endohedral transition

metals. Here endohedral refers to clusters where smaller atom(s) or molecule(s) are

enclosed within a larger polyhedron. The emphasis here is on fundamental electronic

structure, on relating structure to electron count, and understanding what the role of

the transition metal is in stabilising the cluster. At one extreme, the metal may be

electronically inert, simply filling a void in the main-group cluster, and at the other it

may be engaged in covalent bonding to the atoms of the cage: understanding how the

role of the metal varies across the periodic table is central to understanding the diverse

structural chemistry that we observe. Chapter 3 is further divided into three separate

case studies, all of which have been performed in collaboration with colleagues based

in the research group of Professor Zhong-Ming Sun at Nankai University in Tianjin,

China. Two of the case studies have been published as joint works and have reported

the synthesis, spectroscopy, X-ray diffraction and bonding. In all cases, the synthesis,

spectroscopy and structural work were done by others, my own contribution being

the computational component. The specific contributions of co-workers are stated

at the beginning of each sub-chapter. The second main results chapter (Chapter

4) discusses the possible role of Zintl clusters, and specifically a Ru-based cluster,

[Ru@Sn9]
6– in catalysing the water-gas shift (WGS) and CO methanation reactions.

This is again based on work done by the Nankai group, but the experimental work

has been published separately in ACS Catalysis.3

1



This first introductory chapter provides a short review of the general field of cluster

chemistry and the tools that have been used to interpret electronic structure in this

context. Most important amongst these are the various electron-counting rules such

as the Wade-Mingos rules, Jemmis’ rules, and the Zintl-Klemm concept that have

emerged over the years to relate structure to electron count. I will then present a

brief overview of the use of clusters in catalysis. Detailed reviews of the relevant

literature will then be presented at the start of each chapter.

1.1 Zintl Clusters

The exploration of Zintl phases and Zintl clusters over the past century has led to

some fascinating developments in inorganic and materials chemistry. These classes

of compounds have been identified as having unique structures, bonding, and elec-

tronic properties which have very often challenged conventional bonding models. Zintl

phases, first described by the German chemist Eduard Zintl in the 1930s, are a class

of solid-state compounds that typically contain a combination of alkali and alkaline

earth metals with p-block elements. These phases are remarkable in their ability to

form electrides or electron-rich anionic structures wherein the metal cations donate

electrons to stabilise the p-block metal/metalloid clusters’ structure. A classic exam-

ple of Zintl phase is Na4Pb9 which was first reported by Zintl et al.4 but the structure

(Figure 1.1(b)) was only confirmed much later, in the 1970s, by Kummer et al.5 using

X-ray crystallography. Isolated polyanions can be extracted from the Zintl phases

using crown ethers or cryptands to stabilise the alkali metal cation, and these small

clusters are typically referred to as ‘Zintl clusters’ or ‘Zintl ions’. The structures of

these clusters can be described using electron counting rules that are familiar from

the work of Wade, Mingos and others on boranes. Examples of homoatomic and

heteroatomic Zintl clusters include [P4]
2– , [Si4]

4– , [In4]
– , [In4Bi5]

3– , [Sb@In8Sb12]
3–

etc.6–9 In this thesis, I will be mainly focusing on group 14 Zintl clusters, and specif-

ically those that contain an encapsulated transition metal.

1.1.1 Group 14 Zintl Clusters

The homoatomic group 14 deltahedral Zintl clusters (polyhedral clusters with tri-

angular faces, ∆) have general formula [En ]q – , where n is the number of vertices

(n = 4, 5, 9, 10, 12) and q is the charge on the cluster, ranging between 2-4. The

structures of representative clusters are shown in Figure 1.1. The smallest member
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Figure 1.1: Deltahedral structures of group 14 (Ge, Sn, Pb) clusters [En ]q – (n=5, 9,
10, 12 and q = 2, 3, 4).

of this family, tetrahedral [E4]
4– , is found in the A4E4 (E= Si-Pb; A= Na-Cs) Zintl

phases.10,11 The clusters are isoelectronic to P4.

The [E5]
2– clusters are D3h symmetric trigonal bipyramids which can be extracted

from Zintl phases with a higher proportion of the main-group element, E, than the

1:1 ratio found in A4E4. For example, [Si5]
2– anion was extracted from the Rb12Si17

phase.12 Wade’s electron counting rules (vide infra) predict that the 12 skeletal elec-

trons should lead to a closo geometry. [Ge5]
2– is unique in the sense that it acts as

a nucleophile through the lone pairs without a significant change in the structure.13

The 9-vertex [E9]
x – clusters are particularly interesting because the charge on the

cluster can vary from 2- to 4-, leading to distinct changes in geometry and symme-

try. For example, the closo dianion [E9]
2– (E = Si, Ge)14,15 has a D3h symmetric

tricapped trigonal prismatic geometry while the 2-electron reduced analogues [E9]
4–

preferentially adopt a C4v-symmetric nido-monocapped square antiprismatic struc-

ture.16 The paramagnetic [E9]
3– ion, with 21 skeletal electrons, falls between the D3h

and C4v limits. The difference between C4v and D3h geometries is rather subtle, and

so it is perhaps unsurprising that the two isomers are often close in energy. Sevov

et al. proposed that all 3 different charge states of [E9]
q – (q = 2, 3, 4) can be in

equilibrium in solution.17 These 9-vertex clusters are sufficiently robust to be used

as molecular building blocks for oligomers, polymers and mesoporous solid phases.

The majority of studies of the [E10]
2– family have been conducted on Pb and Ge,18,19

and only a few 10-vertex Sn10 clusters20 have been reported to date, typically sta-

bilised either by ligands or by encapsulated atoms. The most common structure is a

D4d-symmetric bicapped square antiprism with 22 skeletal electrons.

Finally, the most symmetric of the Zintl clusters is the 12-vertex icosahedral

family, [E12]
2– . Icosahedral [Sn12]

2– (“stannaspherene”)21 and [Pb12]
2– (“plumba-

spherene”)22 have been reported in the gas phase, but [Ge12]
2– has not been isolated.
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A computational study reveals that the Ih symmetric structure of [Ge12]
2– is in fact

less stable than a C2v symmetric arachno- tetra-capped cube.23 The preference of

this alternative structure in Ge is probably related to variations in sp hybridisation

which favour localisation of s character in the lone pair in the heavier atoms. The

major focus of this thesis is the incorporation of transition metal(s) into the clusters.

In the next section, we will briefly discuss the developments and research that have

been done in the field of TM-Zintl clusters.

1.1.2 Structure and Electron Counting Rules for Clusters

A number of different models have been developed that relate the structure of metal

clusters to their valence electron count, perhaps the best known of which is the

polyhedral skeleton electron pair theory (PSEPT), often known as ‘Wade’s rules’.24

Kenneth Wade first formulated these electronic counting rules in the context of main-

group clusters (boranes) and a further extension to transition-metal based clusters

was done by Michael Mingos; the rules are known as Wade-Mingos rules.25–27 The

structures of boranes (BnHm) have fascinated chemists since their discovery by the

German chemist Alfred Stock in the early 20th century,28 and another giant in the

field, William Nunn Lipscomb, was awarded the Nobel Prize in 1976 for his studies

on their structure. Furthermore, H.C. Brown shared the Nobel Prize in 1979 for

synthetic work in organic chemistry utilising boranes:29 back-to-back Nobel prizes in

the same field highlight the importance of borane chemistry from the perspective of

structure, chemical bonding, and applications.

The simplest borane is diborane B2H6, the bonding in which has been exten-

sively studied for almost a century. B2H6 is also one of the most synthetically useful

chemical intermediates, providing a precursor to many heavier boranes.28,30 B2H6 is

a classic example of a compound featuring a 3 centre- 2 electrons (3c-2e) bond, some-

times called a banana bond. The molecular orbital arrangement that leads to the

stabilisation of B2H6 is illustrated in Figure 1.2: the two sp3 hybridised BH2 units

overlap with the H s orbital.

An extensive family of larger borane compounds with n≤12 boron atoms at the

vertices is also known, the general structural motif being based on polyhedra with

triangular faces, often called deltahedra. These can, in turn, be categorised based on

the number of missing vertices of the polyhedron. The IUPAC definition of boranes

shown in Figure 1.3 identifies several different sub-classes: (i) closo - deltahedra of n

boron atoms at n vertices; (ii) nido - nB atoms occupy n the vertices of an (n+1)-

vertices polyhedron i.e., a closo-polyhedron with one missing vertex; (iii) arachno -
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Figure 1.2: MO plot of a 3c-2e B-H-B bond. The low bond order (0.5) of the B-H
bond length in the 3c-2e bond elongates the bond relative to the terminal analogue.

an n+ 2-vertex cluster with two vertices missing; (iv) hypo- and klado- are even more

open clusters with n+ 3 and n+ 4 missing vertices respectively.

Figure 1.3: Structure of boranes with different numbers of vertices (n).

The Wade-Mingos rules are based on the number of skeletal electron pairs (SEP)

available for bonding in the cluster. The SEP count can be calculated as follows:
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1. Calculate the total valence electrons count (TVEC) from the chemical formula

of the cluster.

2. Subtract 2 electrons for each B-H unit.

3. Divide the remaining number of electrons by 2 to get the number of SEPs.

4. The shape of the cluster is determined by the number of vertices (n) and the

available SEPs are below:

• (n+ 1) - closo

• (n+ 2) - nido

• (n+ 3) - arachno

• (n+ 4) - hypo

For example, B5H9 consists of 24 TVEC and 5 B-H units, giving a SEP count of 7,

two more than the vertex count of 5, so the cluster has a nido- structure (n+2). If a

closed-shell (d10) transition metal is present in the cluster, 10 electrons are subtracted

from the total electron count. Jemmis has extended Wade’s method to condensed

polyhedral boranes where a large cluster is formed by the fusion of small subclusters

through sharing a triangular face, an edge, a single vertex, or four vertices.31,32 This

electron counting method is called the ‘mno’ rules, which are invaluable in relating

polyhedral boranes, condensed polyhedral boranes and β-rombohedral boron. The

rule states that a macro-polyhedral system is stable when it has m + n + o electron

pairs where m is the number of polyhedra, n is the number of vertices and o is the

number of condensed polyhedra that share only a single common atom. Wade’s rule

is a special case where m = 1 and n = 0. The relationships between clusters revealed

by the mno rules are, in many ways, similar to the relationship between benzene,

condensed benzenoid aromatics and graphite revealed by Hückel’s 4n+ 2 rule.33,34

The Wade-Mingos and Jemmis rules can be rationalised using frontier orbital

theory, and are not restricted to boranes. Fragments, isolobal with the BH unit can

replace the corners and a range of different types of clusters can be produced. For

instance, the CH+ fragment is isolobal with BH, and so the same set of rules can be

applied to carboranes like C2B4H6.
35 A BH or M(CO)3 unit (M = Fe, Ru, Os) is also

isoelectronic with group 14 elements (Sn, Pd), which is why the counting rules also

apply to many Zintl clusters like closo-Pb12
2– ,22 and metal carbonyls such as closo-

[Os6(CO)18]
2– .36 For example, in case of Pb12

2– Zintl cluster, the TVEC is 12×4+2 =

50 and has 12 Pb (≡ B-H) units, each Pb (≡ B-H) units consisting a lone pair which
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are not involved in skeletal electron count, giving a SEP count of (50−12×2)/2 = 13,

one more than the vertex count of 12, so the cluster has a closo- structure (n+1),

with icosahedral symmetry.

1.1.3 Transition-metal Encapsulation in Group 14 Zintl Clus-
ters

Transition metal doping in the heavier group 14 Zintl clusters (tetrels) is now a

well-established phenomenon. Ligand-free group 14 Zintl clusters with incorporated

transition metals have the general formula of [M@En ]q – (M = Si, Ge, Sn, Pb), and

are known as endohedral Zintl ions and/or inter-metalloid clusters. The encapsulated

metals are usually from the right side of the d-block series and the clusters contain

the heavier (Ge, Sn, Pd) elements of the group because of the larger cavity of the

cage. The most common way to synthesise endohedral Zintl clusters is to react an

empty cage-cluster precursor, [En ]q – , with a low-valent organometallic complex. The

transition metal will then either be encapsulated inside the cage, or added to the

outside, increasing the number of vertices by one.

To date, the maximum number of vertices for monometallic endohedral clusters is

12. Some examples of 9-vertex clusters are [Cu@E9]
3– (E = Sn, Pb),37 [M@Sn9]

4– (M

= Co, Ni)17,38 and [Ni@E9]
3– (E = Ge, Sn). Like empty E9 clusters, the monometallic

M@E9 are highly flexible with a geometry somewhere between tri-capped trigonal

prismatic (D3h) and mono-capped square antiprismatic (C4v). The [Cu@E9]
4– (E =

Sn, Pb) cluster has almost perfect D3h symmetry, but the nickel analogue [Ni@Sn9]
4–

cluster17 is slightly distorted from (C4v) symmetry. These endohedrally filled clusters

can act as ligands to transition metal atoms to form metal-centered and -capped

species, known as “Rodolph’s complexes”. For example, [Ni@Ge9(NiL)]x – (L = CO,

C≡C-Ph, en), [Pt@Sn9Pt(PPh3)]
2– , [Ni@Sn9Ni(CO)]3– etc.39 All of these structures

are well-described as neutral d10 transition metal atoms encapsulated within a E9
4–

cage. The [Ni@Sn9]
4– system shows remarkably flexible redox activity between 3-/4-

charge states. A very recent addition to this family, the [Ru@Sn9]
6– cluster, has been

reported by Fässler and co-workers, and has been used as a CO2 reduction catalyst

on CeO2 support. This cluster will be the focus of the work described in Chapter 4.

Like their empty counterparts, 10-vertex endohedral clusters commonly adopt bi-

capped square antiprismatic deltahedral structures, as for example in [Ni@Pb10]
2– ,

but non-deltahedral pentagonal prismatic structures are also found in [M@Ge10]
3– (M

= Co, Fe).40–42 The C2v symmetric [Fe@Sn10]
3– , can be viewed as an intermediate be-

tween these two limits.43 DFT studies reveal that the Ni0 (d10) remain inert and that
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the negative charge is localised on the cage in the case of [Ni@Pb10]
2– ,44,45 whereas,

significant Co-Ge bonding is present in D5h-symmetric [Co@Ge10]
3– . Ligand-free 12-

vertex Zintl clusters can also adopt different structures, depending on the identity of

the transition metal, the main group element and the charge of the system. Icosahe-

dra dominate for heavier elements of group 14 (Sn, Pb) and for transition metals from

the right-hand side elements of the d block. Examples of icosahedral [M@E12]
q – in-

clude M = Rh, Ir: E = Sn, q = 3; M = Ni, Pd, Pt: E = Pb: q = 2; M = Co, Rh, Ir: E

= Pb: q=3.17,45–49 All of the above can be viewed as containing a d10 atom/ion inside

a E12
2– cage, and the cages are almost perfectly icosahedral. In other cases, however,

the icosahedron can be strongly distorted. For example, [Mn@Pb12]
3– is elongated

along one 2-fold axis, leading to D2h point symmetry,50 while [Au@Pb12]
3– is elon-

gated along a 3-fold axis to a quasi-D3d symmetry.51,52 DFT studies show that in both

cases there is significant charge transfer to the cage, which is more reduced than the

2- charge state characteristic of a closo geometry. Even when the cage is formally in

the 2- charge state, distortions can occur if the metal is particularly electron-rich, as

for example in [Co@Ge12]
3– (D5d) and [Rh@Sn12]

3– , which crystallises in two isomeric

forms, one icosahedral and one slightly distorted to D3d symmetric structure.48 In the

first part of Chapter 3, we will explore the origins of these distortions in the context of

a newly synthesised cluster, [Ru@Sn12]
4– . In that context, it is noteworthy that the

closely related [Ru@Ge12]
3– cluster reported by Goicoechea and co-workers53 adopts a

completely different non-deltahedral ‘fullerene-like’ D2d-symmetric structure: we have

previously argued that this reflects string back-bonding from the metal to the cage.

An additional isomeric form of the 12-vertex cage is the hexagonal prism with D6h

symmetry. This has not yet been reported in the crystalline phase, but there is com-

pelling evidence that this structure is the stable form of silicon clusters like [Cr@Si12]

and [Mn@Si12]
+.54–56 Finally, we note a different structural motif wherein the 12-

vertex cage adopts a structure based on two square antiprisms stacked on top of each

other: this motif can encapsulate either one two metals inside the cage(s), as shown in

Figure 1.4(b). Some examples are [Ni2@Sn7Sb5]
3– , [Ni2@Pb7Bi5]

3– , [Co2@Sn6Sb6]
3–

etc.57–59 We will discuss new clusters of this type, [Fe2@Sn4Bi8]
3– and [Cr2@Sb12]

3– ,

in the second section of Chapter 3.2

The monomeric E12 cages discussed in the previous paragraph can accommodate

a single (or a maximum of two in triple-decker architecture) transition metal. A

number of recent studies have been devoted to encapsulating more metal atoms in

the cage, which naturally demands an increase in the nuclearity of the main-group

component. The fusion of deltahedral cages is one possible route to a larger cluster
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Figure 1.4: Endohedral Zintl clusters containing one or two transition metal ions.

and there is a clear analogy to the conjugation of several borane units to form a bigger

cage, as set out in Jemmis’ mno rules. This can be done by sharing a single vertex

such as [M2Sn17]
q – where, M= Ni, Pt: q=4; M= Co: q=5,60,61 sharing edges as in

[Rh3Sn24]
5– ,48 or complete polyhedral fusion to form a continuous large cage such

as in [Pd2Ge18]
4– .62 The important question here is whether any direct interactions

are present between the metal ions. Structural parameters (M-M bond lengths) are

not always the best index of the presence of bonding, simply because the positions of

the metal ions are tightly constrained by the structures of the main-group cage. The

presence or absence of metal-metal bonds is the central question that we address in

sections 2 and 3 of Chapter 3.

The ambiguous role of the endohedral metal in these clusters will be emphasised

throughout in Chapter 3. At one extreme, the metal may simply be a closed-shell

ion (d0 or d10), filling the endohedral cavity without forming covalent bonds to the

atoms of the E12 shell. At the opposite limit, mixing the d orbitals of the metal

with those of the shell may lead to strong covalent bonding, with implications for

structure and reactivity. The varying role of the metal d orbitals is a common thread

that links the various chapters of this thesis. The key characteristics of transition
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Figure 1.5: Radial distribution functions for the core and valence orbitals of Co and
Rh.

metals which make them unique and versatile are (i) variable oxidation states (ii)

formation of coordination compounds, with implications for spin state, spectroscopy

and magnetism (iii) metallic bonding between d orbitals. The flexible oxidation state

displayed by transition metal ions is particularly relevant to catalysis, and they are of

vital importance in metalloenzymes. The electronic structure of the transition metals

does, however, present a very substantial challenge to theory. The reason for this is

that the nd electrons experience very strong repulsions from other nd electrons, but

also from the ns- and np-‘semi-core’ electrons, which are more stable but have their

radial maxima in the same region of space (see Figure 1.5). Particularly for the first-

row metals, where the 3d orbital lacks radial nodes, the d − d repulsion is extreme,

placing a high premium on an accurate treatment of exchange and correlation effects.

For the heavier transition metals, relativistic effects also become important, leading

to the strong contraction of inner s orbitals and the expansion of outer orbitals of

higher angular momentum. This complexity is intrinsically linked to the remarkably

diverse chemistry of the transition elements, but it presents a challenge to theory.

1.2 Cluster Catalysis

The ‘cluster-surface analogy’ is a well-established principle in catalytic chemistry.63

The simple idea is that a cluster of metal atoms somehow replicates the properties of

a metal surface (vacant coordination sites, metal-metal bonding), and is, therefore, a

potential locus for catalytic activity. Metal nanoparticles (MNPs) have been used for

several decades to catalyse different chemical reactions and their cost-effectiveness,

activity, efficiency and durability are active areas of research. Noble metals have
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found extensive use in this area due to their durability, but the high-cost implica-

tions have driven the search for alternatives. It is well known that decreasing the

dimension and size of nanoparticles can increase the catalytic performance.64 This

last observation points naturally to the concept of single-, double and triple-atom

catalysis (SACs, DACs and TACs) where the ’nanoparticle’ is reduced to its small-

est conceivable dimensions. The chemistry of single-atom catalysts (SACs) is now

relatively well established and many reviews have been devoted to their synthesis

and activity.65–67 SACs have obvious potential because they offer 100% active atomic

utilisation which naturally leads to high catalytic performance, high selectivity and

adsorption of reactants at the unique active atomic centre. However, it has some

drawbacks, especially for reactions with many intermediates which might demand

more flexibility than can be provided by a single metal site. In this context, double-

and triple-atom catalysts (DACs and TACs) offer more options, and the logical ex-

tension to this is to consider heterogeneous single-cluster catalysts (SCCs) consisting

of atomically precise and isolated clusters on a supported surface.63 SCCs bridge the

gap between heterogeneous SACs and MNCs.68,69 In the sub-nanometer regime, the

single clusters typically consist of 2-20 atoms and may be homoatomic, heteroatomic

and may incorporate a mixture of non-metallic atoms as promoters or ligands. The

synthesis of SCCs with well-defined atomic compositions and structures is a chal-

lenging task because under-coordinated metal ions are rather unstable, but progress

with physical methods such as gas-phase condensation, ion implantation and laser

ablation suggests that these experimental challenges will, ultimately, be surmount-

able.70,71 More precise techniques like atomic layer deposition72,73 may also present

opportunities to control the size and composition of deposited clusters on the sup-

ports. The choice of support material and reaction conditions (temperature, pressure,

duration and post-treatment procedures) is also crucial to achieving the desired size

and shape of the cluster.

Computational studies have been central to our understanding of structure-property-

performance relationships in SCCs, which often show fascinating quantum phenomena

due to electronic confinement.74,75 The properties of SCCs are influenced not just by

the size and the identity of the metal, but also by the metal-support interactions.76

The catalytic activity of SCCs depends critically on the interactions between the ac-

tive sites and the reactive intermediates, and the larger number of atoms compared

to a SAC, DAC or TAC offers greater flexibility to tailor the adsorption sites and

electronic structures of the catalysts, improving the potential of catalysing complex

reactions compared to the SACs. For example, Pd-based SACs are unable to catalyse
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the methane to methanol conversion reaction because of weak interaction between Pd

and CH4, whereas a Pd2 cluster can provide the multiple adsorption sites required to

activate both CH4 and O2.
77 The incorporation of heteroatoms, size-dependent elec-

tronic properties, and the nature of the support in SCCs provides a valuable strategy

for adapting catalytic efficiency and selectivity. A schematic model of challenges and

future directions in the synthesis, characterisation and application of SCCs is shown

in Figure 1.6.63

Figure 1.6: Schematic model of challenges and future directions in the synthesis,
characterisation and application of SCCs. Adapted with permission from Reference.63

Copyright 2023 Nature Publishing Group UK London.

In the case of heteroatomic clusters, the synergy between the different metal atoms

provides a further handle to tune the properties, and a number of heterometallic

SCCs have been used for reactions such as the hydrogen evolution reaction (HER),

the oxygen evolution reaction (OER), the oxygen reduction reaction (ORR), CO2/CO

reduction reaction, N2 reduction reaction, (reverse) water gas shift reaction (WGSR)

etc.78–80 In our work, reported in Chapter 4, I will emphasise the importance of the

Ru-Sn junction in this context. The metal clusters are typically anchored to the sup-

port through covalent bonds and/or electrostatic interactions,81 allowing the support

to modulate the geometric, electronic and catalytic properties of the nanoclusters.

The most common supports are oxides (CeO2, Al2O3, Fe2O3, MgO, SiO2), 2D mate-

rials (graphene, MoC, MoS2 and some porous materials (graphdiyne, carbon-nitride

compounds, MOFs), and we can make a clear distinction between those which are

redox active (CeO2, TiO2, Fe2O3) and those which are not. For example, the Pt4

cluster retains the gas-phase tetrahedral structure when deposited on a MgO support
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surface but changes to a square-planar geometry when deposited on TiO2(110) as a

result of significant charge transfer from metal to the Ti4+ ions.82

Looking ahead, the diverse range of SCCs offers huge potential for designing ad-

vanced catalysts with tailored performance in various thermocatalytic, electrocat-

alytic and photocatalytic reactions. Zintl clusters have recently been shown to have

potential as homogeneous catalysts for organic transformations, although it is not

clear yet whether the cluster is active in the reaction or merely acts as a support.83,84

Some metal-free Zintl clusters have, however, been reported to be effective catalysts

for organic reactions: for example, Mehta and co-workers have pioneered metal-free

[P7]
n – clusters that are very effective for CO2 reduction to methanol.85–87 Only a

few Zintl clusters have been deposited on supports most notably the work by Sun

and co-workers where the [Ru@Sn9]
6– Zintl cluster supported on a CeO2(111) surface

proves to be highly efficient and tunable for CO2 reduction via the reverse water gas

shift reaction.3 This experimental work provides the motivation for Chapter 4, where

a full review of the key findings will be presented.
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Chapter 2

Theoretical Background

In this chapter, we introduce the fundamental principles of quantum theory essential

in chemistry and electronic structure theory based on modern computational methods,

which are utilised in several projects. We also discuss some fundamental models used

to analyse the results such as chemical bonding and density of states.

2.1 Schrödinger Equation

Fundamental studies of quantum mechanics start with the Schrödinger equation which

describes how the quantum state of a physical system changes with time. Most of

the computational chemistry studies are mainly concerned with the time-independent

Schrödinger equation to find the solutions for electronic systems:

Ĥψ = Eψ (2.1.1)

Ĥ is the total energy Hamiltonian, ψ is the wavefunction.

Ĥ = T̂e + T̂N + V̂ee + V̂Ne + V̂NN (2.1.2)

where,

• T̂e is the kinetic energy of electrons

• T̂N is the kinetic energy of nuclei

• V̂ee is the potential energy of electron-electron interaction

• V̂Ne is the potential energy of electron nucleus interaction

• V̂NN is the potential energy of nucleus-nucleus interaction
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Electrons are negatively charged particles whereas nuclei are positively charged.

There is Coulomb repulsion between electron-electron (V̂ee) and nucleus-nucleus (V̂NN),

on the other hand, there is attraction force between electron and nucleus (V̂Ne). The

Hamiltonian operator for a molecular system with M nuclei and n electrons can be

written as (in atomic units)

Ĥ = −1

2

N∑
i=1

∇2
i −

1

2

M∑
A=1

1

MA

∇2
A −

N∑
i=1

M∑
A=1

ZA

riA
+

N∑
i=1

N∑
j>i

1

rij
+

M∑
A=1

M∑
B>A

1

RAB

(2.1.3)

where ∇2 is the Laplacian operator for the kinetic term, MA is the mass and ZA is

atomic number of the nucleus A, rij = |ri− rj|, riA = |ri− rA| and RAB = |RA−RB|.
To make this equation simpler and easier to handle in quantum mechanics the

first approximation is considered, called Born-Oppenheimer Approximation. Based

on the fact that the nucleus is much heavier than the electrons, the wave functions of

an atomic nucleus and electrons can be approximated to treat them separately. This

allows us to neglect the nuclear kinetic term T̂N and the internuclear potential term

V̂NN , and define the electronic hamiltonian as:

Ĥe = T̂e + V̂Ne + V̂ee (2.1.4)

or,

Ĥe = −1

2

N∑
i=1

∇2
i −

N∑
i=1

M∑
A=1

ZA

riA
+

N∑
i=1

N∑
j>i

1

rij
(2.1.5)

The observable energy E of the system can be obtained from the expectation value

of the Hamiltonian Ĥ operating on a wavefunction ψ(τ):

E =
⟨ψ| Ĥ |ψ⟩
⟨ψ|ψ⟩

=

∫
ψ∗Ĥψδτ∫
ψ∗ψδτ

(2.1.6)

The Schrödinger equation is difficult to solve exactly (except for the simplest case,

one-electron systems), so we are interested in finding the solution of the eigenvalue

equation as close as possible. The theorem, known as the Variation Principle, allows

us to systematically approach the ground state wavefunction. This states that the

energy associated with a trial wavefunction ψ′ is always greater than the ground-state

energy. The equal energy is only achievable when the trial wavefunction is the true

wavefunction of the system.

E ′ =
⟨ψ′| Ĥ |ψ′⟩
⟨ψ′|ψ′⟩

≥ E0 =
⟨ψ0| Ĥ |ψ0⟩
⟨ψ0|ψ0⟩

(2.1.7)
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2.2 Hartree-Fock Theory

2.2.1 Slater Determinant

The next step is to formulate the wavefunction in such a way that it is consistent

with the Pauli exclusion principle, which demands that the total wavefunction has to

be antisymmetric with respect to the exchange of any two particles. A simple prod-

uct of individual wavefunctions (called orbitals) does not satisfy these antisymmetry

requirements, but a Slater determinant, shown below, does.

An N-electron Slater determinant can be defined as:

ΨHF (x1,x2, ...,xN) =
1√
N !

∣∣∣∣∣∣∣∣∣
χ1(x1) χ2(x1) · · · χN(x1)
χ1(x2) χ2(x2) · · · χN(x2)

...
...

...
χ1(xN) χ2(xN) · · · χN(xN)

∣∣∣∣∣∣∣∣∣ (2.2.1)

where ΨHF is the total wavefunction, χi(xi) is the spin-orbital (product of spatial

wavefunction and spin function) of the i-th electron and the variable x include the

spatial and spin part. If any two rows (representing two electrons) are swapped

(exchanging particles), the determinant changes sign.

2.2.2 Hartree-Fock Equation

The next step is to simplify the Hamiltonian from equation 2.1.5. We can define an

one-electron operator h as follows

h(i) = −1

2
∇2

i −
∑
A=1

ZA

riA
(2.2.2)

and a two-electron operator v(i, j) as

v(i, j) =
1

rij
(2.2.3)

Now, the electronic Hamiltonian can be written as

Ĥe =
∑
i

h(i) +
∑
i<j

v(i, j) (2.2.4)

The Hartree-Fock energy expression from the Hartree-Fock wavefunction and the

Hamiltonian is:

EHF = ⟨Ψ| Ĥe |Ψ⟩

=
∑
i

⟨χi| ĥ |χi⟩ +
1

2

∑
ij

⟨χiχj|χiχj⟩ − ⟨χiχj|χjχi⟩

≡
∑
i

⟨χi| ĥ |χi⟩ +
1

2

∑
ij

⟨χiχj| |χiχj⟩

(2.2.5)
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where the one electron integral is

⟨χi| ĥ |χj⟩ =

∫
dxiχ

∗
i (xi)h(i)χj(xi) (2.2.6)

and the two-electron integral is

⟨χiχj|χiχj⟩ =

∫
dxidxjχ

∗
i (xi)χ

∗
j(xj)

1

rij
χk(xi)χj(xj) (2.2.7)

The orbitals χi should be normalised and the overlap integral between two orbitals

χi and χj can be constrained as:

⟨χi|χj⟩ = δij (2.2.8)

To enforce this constraint while minimising the total energy functional, Lagrange

multipliers are introduced. The Lagrangian, L, that is used to incorporate the nor-

malisation condition into the variational principle, is given by:

L = E[χi] −
∑

λi(⟨χi|χi⟩ − 1) (2.2.9)

where λi is the Lagrange multiplier associated with the normalisation constraint

for each orbital and ensures that the orbitals remain normalised during the optimi-

sation of the energy functional.

To minimise the energy expression, we apply the variational principle with the

help of Lagrange’s multiplier and eventually arrive at the Hartree-Fock equation:

ĥ(xi)χi(xi)+
∑
j ̸=i

[∫
dxj|χj(xj)|2r−1

ij

]
χi(xi)−

∑
j ̸=i

[∫
dxjχ

∗
j(xj)χi(xj)r

−1
ij

]
χj(xi) = ϵiχi(xi)

(2.2.10)

The first term in the square bracket gives the Coulomb interaction of an electron in

spin-orbital χi with the average charge distribution of the other electrons, called the

Coulomb term (Ĵj(xi)). The term in the second square bracket does not have a simple

classical analogue, but instead arises from the antisymmetry of the wavefunction. It

is superficially similar to the coulomb term, except that the spin orbitals χi and χj

are swapped, and this term is called the ‘exchange term’ (K̂j(xi)).

Now, this equation becomes considerably more compact.[
ĥ(xi) +

∑
j ̸=i

Ĵj(xi) −
∑
j ̸=i

K̂j(xi)

]
χi(xi) = ϵiχi(xi) (2.2.11)
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We can introduce a new operator, the Fock operator as,

f(xi) = ĥ(xi) +
∑
j

Ĵj(xi) − K̂j(xi) (2.2.12)

Note that the exchange term enters the equation with the opposite sign to the

Coulomb term, and so the role of exchange interaction is to reduce the repulsion

between like-spin electrons.

Finally, the Hartree-Fock equation in the simplest form can be written as,

f(xi)χi(xi) = ϵiχi(xi) (2.2.13)

2.2.3 Self-Consistent Field (SCF)

The Hartree-Fock equation can be solved by introducing a finite number of M known

basis functions ϕα to form a spin-orbital χi, known as a molecular orbital (MO) which

is constructed by the linear combination of atomic orbitals (LCAO) belonging to the

basis ϕα with coefficient Cα. Now,

χi(xi) =
M∑
α=1

Cαiϕα(xi) (2.2.14)

The Hartree-Fock equation looks like;

f(xi)
M∑
α=1

Cαiϕα(xi) = ϵi

M∑
α=1

Cαiϕα(xi) (2.2.15)

This can be represented in a matrix form and is called the Roothan-Hall equation;

FC = ϵSC (2.2.16)

where F is the matrix of the Fock operator, Fαβ = ⟨ϕα| f |ϕβ⟩, C is the coefficient

vector, ϵ is the diagonal matrix of the orbital energies ϵi and S is the overlap matrix,

Sαβ = ⟨ϕα|ϕβ⟩. The HF equation can be solved by using an iterative process. This

process is called the ‘Self-Consistent F ield’ (SCF ) method, which takes a set of

guessed spin orbitals and iteratively improves them, as shown in a schematic plot in

Figure 2.1.

18



Figure 2.1: Flow diagram of the SCF cycle.

2.3 Density Functional Theory

Density Functional Theory is an approach to solving the Schrödinger equation by util-

ising the particle density instead of the wavefunction. The Hartree-Fock N-electron

wavefunction (ΨHF ) depends on 3N spatial and N spin variables, making the equa-

tion complicated for larger systems. In DFT, the wavefunction is replaced with the

electron density which depends on only 3 dimensions of space and still can capture

most of the properties like ground state energy, charge density, molecular orbitals etc.

efficiently. The electron density n(r), with the normalised wavefunction, Ψ can be

written as

n(r) = N

∫
d3r2· · ·

∫
d3rNΨ∗(r, r2, ..., rN)Ψ(r, r2, ..., rN) (2.3.1)

This relation can be reversed; if we know the ground state density n0(r), it is possible

to extract the ground state wavefunction Ψ0(r1, ..., rN). Ψ is a unique functional of
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n0

Ψ0 = Ψ[n0] (2.3.2)

The theoretical basis of DFT lies in two key theorems proposed by Hohenberg and

Kohn88 in 1964:

1. The first Hohenberg-Kohn theorem states that the ground-state properties of a

many-electron system are uniquely determined by its electron density n(r).

2. The second theorem establishes that there exists a functional E[n] of the electron

density which gives the ground state energy of the system. The functional obeys

the variational theorem, i.e. it gives the lowest energy if and only if the input

density is the true ground state density.

While the Hohenberg-Kohn theorems establish the theoretical basis for DFT, they

do not provide a practical method to compute the functional E[n]. Indeed, even

before density functional theory was legitimised by Hohenberg and Kohn, there were

many attempts to utilise the density to approximate the Hartree-Fock theory and find

the electronic ground state. The earliest of these was by Thomas and Fermi, who

proposed a solution in 1927 based on a statistical distribution of electrons in atoms

and has the simple form:

ETF [n(r)] = C1

∫
drn

5
3 (r) − C2

∫
dr
n(r)

r
+

1

2

∫
dr1dr2

n(r1)n(r2)

|r1 − r2|
(2.3.3)

The first term is an approximation to the kinetic energy, the second term is

electron-nucleus interaction and the last term is electron-electron interactions. The

main contribution of total energy comes from the kinetic term and it is here that the

Thomas-Fermi kinetic energy proves to be very inaccurate, often failing to predict the

presence of bonds. In 1965, Kohn and Sham realised that the kinetic energy could be

calculated accurately using a set of orbitals (Kohn-Sham orbitals) which reproduced

the density. The Kohn-Sham equation89 which is a non-interacting Schrödinger equa-

tion of a fictitious system where particles don’t interact with each other, can generate

the same density as in an interacting system. The Kohn-Sham approach allowed for

the calculation of properties of matter at the atomic and molecular scale at a level of

accuracy that was previously unavailable. The Kohn-Sham theory also introduces a

non-interacting kinetic energy functional Ts and Kohn-Sham potential veff (r). The

KS wavefunction is a single Slater determinant constructed from a set of KS orbitals,

χi that are the lowest energy solution to[
− ℏ

2m
∇2 + veff (r)

]
χi(r) = ϵiχi(r) (2.3.4)
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ϵi is the orbital energy of the corresponding KS orbital χi and the density of N particle

system is

n(r) =
N∑
i

|χi(r)|2 (2.3.5)

In Kohn-Sham density functional theory, the total energy of the system can be written

as a functional of charge density and the total energy expression is

E[n] = Ts[n] +

∫
drvext(r)n(r) + EH [n] + Exc[n] (2.3.6)

where Ts is the KS kinetic energy which can be expressed as

Ts[n] =
N∑
i

∫
drχ∗

i (r)

(
− ℏ

2m
∇2

)
χi(r) (2.3.7)

vext is the potential acting on the interacting system (electron-nucleus interaction),

EH is the Hartree (or Coulomb) energy and Exc is the exchange-correlation energy

EH [n] =
1

2

∫
dr1dr2

n(r1)n(r2)

|r1 − r2|
(2.3.8)

and,

vxc(r) ≡
δExc[n]

δn(r)
(2.3.9)

is the exchange-correlation potential. The Exc is complicated to solve numerically, as

the exact electron-electron interaction is hard to calculate.

2.3.1 Exchange-Correlation Functionals

Different exchange-correlation terms have been proposed mainly fitting to some par-

ticular small electronic systems. The simplest formalism is the Local Density Ap-

proximation (LDA) which assumes that the Exc depends on the density at a point

r:

ELDA
xc [n] =

∫
drn(r)ϵxc[n(r)] (2.3.10)

Under the LDA, the exchange-correlation energy is decomposed into exchange and

correlation terms linearly,

Exc = ϵx + ϵc (2.3.11)

The exchange term is analytic and can be calculated at each point using the equation

ϵx = −3

4

(
3

π

)1/3 ∫
n(r)4/3dr (2.3.12)
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The most successful LDA approaches are based on a uniform electron gas model in

which the total number of electrons (N) and the volume of gas (V) approach infinity,

but the electron density (n =N/V) is finite and constant everywhere. The exact form

of the correlation term ϵc is unknown and numerous different approximations have

been proposed. The local density approximation by itself does not give a significant

accuracy in a real system as it relates to a homogeneous electron density, whereas

the electron density in a real molecular system is very inhomogeneous. Therefore,

we need to take into account the gradient of the electron density at that point. This

is known as the ‘gradient corrected’ or ‘generalised gradient approximation’ (GGA)

method and the function can be expressed as:

EGGA
xc [n] =

∫
drn(r)ϵxc[n(r),∇n(r)] (2.3.13)

Most of the GGA functionals modify the expression for ϵx (or ϵc) by adding a correc-

tion term to the LDA exchange (or correlation) term,

ϵx = ϵLDA
x + ∆ϵx

[
|∇n(r)|
n

4
3 (r)

]
(2.3.14)

This class of functions is widely used because of its good compromise between com-

putational cost and accuracy. The first popular GGA exchange functional was pi-

oneered by Becke90 in 1988 and other exchange functionals are FT97, OPTX, PW

fitting different empirical parameters.91 Alternative GGA exchange functionals have

been developed based on rational function expansion of the reduced functional, which

does not contain empirical parameters, including B86, PBE and mPBE.92,93 In terms

of GGA correlation functionals, a popular one is P86 which fits one empirical param-

eter to the correlation energy of the neon gas atom. Another popular functional is

LYP, developed by Lee, Yang and Parr which contains four empirical parameters for a

helium atom. A combination of exchange and correlation corrected GGA functional

resulted in some popular functionals such as BLYP, BP86, and BPW91 to try to

describe the whole system.90

Particularly in the case of transition metals, HF theory tends to over-stabilise high-

spin ground states, whereas GGA functionals favour low-spin states. A good strategy

is to combine two methods called ‘hybrid functional’ in which the exchange functional

is partially described as in Hartree-Fock theory, and the correlation functional is the

default of GGA. The most commonly used hybrid functional for molecular DFT

especially in organic chemistry is B3LYP.94,95 The simplest way to represent a hybrid

functional is:
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Ehybrid
xc = αEGGA

x + (1 − α)EHF
x + EGGA

c (2.3.15)

For example, PBE0 uses PBE as its GGA basis and α = 1
4
.92,93 Another hybrid

functional HSE06 is increasing in popularity especially in solid state calculations as

it is computationally cheap and uses the PBE0 hybrid functional for short range

and PBE at long range, with hlthe error function to interpolate smoothly between

two.96 Adding the Hubbard correction term (U) for electronic repulsion with GGA

functional can predict the energy fairly correctly with significantly low cost com-

pared to the hybrid functional.97,98 The Hubbard U correction, also known as the

DFT+U method, introduces an additional term to the DFT functional to account

for the on-site Coulomb interaction between localised electrons. The idea behind the

Hubbard U correction is to modify the effective electron-electron interaction to better

treat localised electron correlations, especially on transition metal ions or lanthanide

elements where d or f orbitals are strongly correlated.

2.4 Basis Sets

In HF, DFT and post-HF methods we compute the electronic structure of chemical

systems by solving the Schrödinger equation where the Hamiltonian operator operates

on the wavefunction. In order to calculate the various matrix elements required in

the SCF procedure, we require a basis set - a set of functions that describe the spatial

properties of the electrons. Localised atomic-orbital-like functions are typically used

as a basis in molecular systems whereas a plane wave basis is more appropriate to the

periodic boundary conditions of a periodic solid-state calculation. A complete basis

set would have an infinite number of independent basis functions, but of course, this

is not achievable in practice and so pragmatic choices need to be made.

2.4.1 Atomic Orbital Basis Sets

Atom-centred basis functions can be classified into two categories, Slater-type or-

bitals (STOs) and Gaussian-type orbitals (GTOs). The STOs can be mathematically

written as:

χSTO(r) = NYl,m(θ, ϕ)rn−1e−ζr (2.4.1)

where N is the normalisation constant, ζ is the orbital exponent. r, θ, ϕ are spherical

coordinates and Yl,m is the angular momentum part, which describes the shape of

the orbitals. n, l and m are the principal, angular and magnetic quantum numbers
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respectively. The e−r dependence of STOs is exactly what is found in hydrogen-like

systems, but STOs are mathematically inconvenient, particularly when it comes to

the analytical calculation of the two-electron integrals noted above. Gaussian-type

orbitals provide an alternative to the STOs. The GTOs can be expressed as:

χGTO(r) = NYl,m(θ, ϕ)r2n−2−le−ζr2 (2.4.2)

And the key difference is that they have an e−r2 dependence. This is a less

accurate depiction of atomic wavefunctions - GTOs decay too rapidly away from the

nucleus and they fail to reproduce the cusp at the nucleus. However, there are some

advantages to GTOs over STOs as basis functions. The first one is that the basis

functions are separable in x, y, z directions and the other is that the product of two

GTOs is a GTO (The Gaussian product theorem). These two features combine to

make the calculation for the two-electron integrals much easier and more feasible. The

practical solution is then to use a linear combination of many Gaussian functions to

represent a single Slater orbital, thereby avoiding most of the problematic properties

of a single Gaussian function. GTO basis sets are extensively used in HF and post-

HF methods, where the calculation of the 2-electron integrals is unavoidable. In the

non-hybrid KS-DFT method, in contrast, the two-electron integrals are not required

and so STO basis functions become a viable alternative: the Amsterdam Density

Functional (ADF) package, which is used extensively in this thesis, is a case in point

and all calculations reported here utilising ADF package, use Slater-type functions.

The Slater-type basis is conceptually easy to understand as it is similar to the hy-

drogenic orbital. In STOs, the hierarchy to improve the accuracy to represent correct

atomic orbital (AO) is by:

(i) gradually increasing the number of STOs of the same symmetry but a different

exponent of ζ for each AO. This is known as “split valence” because mainly each

valence orbital is separated into multiple basis functions.

(ii) adding a number of sets of polarization functions, which correspond to higher

angular momentum. This effect allows the orbital to distort from the original sym-

metry and provide a better description of the molecular environment. For example,

in H electron is likely to be in the s orbital but the addition of a p function allows

polarisation.

A minimal basis set would be described as a “single zeta” (SZ), where there is no split

valence. Whereas, “DZ” uses two STOs (two split valences) to describe an AO. A

triple-zeta basis with one polarisation can be represented as “TZP”. The naming of

basis sets in ADF follows this convention closely, with TZP and TZ2P, for example,
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representing triple-zeta basis sets with one and two sets of polarisation functions,

respectively.

GTO basis sets are more complex to describe, simply because many primitives

can be used and so many types of basis sets are developed. A well-known example of

a minimal basis is STO-3G, developed by Pople and co-workers. The STO-3G basis is

constructed by 3 GTOs to represent the STO (SZ). The general representation of this

type of basis set could be STO-nG, where each STO is modelled by n Gaussians. The

valence electrons are most important to capturing all the properties of the molecular

system, there it is important to include more accurate descriptions of the valence

electrons like split-valence, polarisation and diffusion. Diffuse functions are necessary

for a correct description of anions, excited states and diffused electron clouds in

second and third-row transition metals. A common example of a Pople-type split-

valence basis set is 6-31G, where each core orbitals are represented by 6 primitive

GTOs, where valence orbitals are described by 2 basis functions (DZ), the first one

consists of 3 primitive and the second one consists of 1 primitive GTOs. The general

expression could be W-XYZG where each core orbital is modelled with W primitive

GTOs, and each valence orbital is described by 3 basis functions composed of X, Y

and Z primitives respectively.99 If we include a polarisation function, denoted as *

and a diffuse function, denoted as + in the basis set then it could be represented

as W-XYZ+G*. For example, the 6-31+G* basis set is a double-zeta basis set with

one polarisation function and one diffusion function. Several basis sets have been

developed over the last few decades and they do not necessarily have to be Pople-

style basis sets. The nomenclatures of those basis sets are given uniquely by the

developers. One example is the Karlsruhe “def2” sets which is a development of

the “double-zeta” concept to improve the accuracy. The basis sets of “def2” family

are usually found as def2-SV (SV= split-valence), def2-TZV (triple-zeta) and so on.

Adding polarisation functions as P and diffusion function D to the TZ basis set, we

can write it as def2-TZVPD.100 Generally, the largest basis set will give better results

compared to the smaller one.

2.4.2 Plane Wave Basis Sets

Both STOs and GTOs are constructed considering that all the basis functions are

atom-centered. However, a completely different approach has been used to construct

wavefunctions for periodic systems of solids, which is a plane wave basis. Plane-wave

basis functions take the form of ‘near free electron’ wavefunctions and oscillate in

one spatial direction (remain constant in the other two directions). From Bloch’s
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theorem, the eigenstates of an electron in a potential with translational symmetry

(e.g. in a crystal) can be described by Bloch wave:101

ψn,k(r) = eikrfn,k(r) (2.4.3)

where k is the wavevector in reciprocal space, n is the electron band index (the concept

of band is discussed in detail later, in section 2.6) and fn,k(r) has the periodicity of

the system, i.e.,

fn,k(r) = fn,k(r + R) (2.4.4)

R is the lattice vector. The Block wave ψn,k(r) can be simplified by splitting it into

two parts. The exponential part is called the ‘phase’ part and the other part is called

the ‘cell-periodic’ part i.e. fn,k(r) as it represents the periodicity of an infinite cell.

The cell-periodic part can be written as a linear combination of plane waves

fn,k(r) =
∑
G

cG,n,ke
iGr (2.4.5)

where G is the reciprocal lattice vector. Now the wavefunction ψn,k(r) can be ex-

panded as

ψn,k(r) =
∑
G

cG,n,ke
i(G+k)r (2.4.6)

This equation is analogous to a linear combination of atomic orbitals, but the localised

orbitals have been replaced by delocalised waves. Again, it’s not feasible to work

with an infinite basis set. A finite basis set could be described by, firstly, rather

than taking infinite numbers of k-points and sampling only a special set of k-points

in the first Brillouin zone. Secondly, by setting an energy cutoff value Ecutoff in the

calculation. For a specific k, the place wave basis function which satisfies the criteria

of ℏ
2m

|G + k|2 ≤ Ecutoff will be considered. The unit of Ecutoff is the unit of energy,

therefore the cutoff condition can be viewed as the kinetic energy of the plane wave

ei(G+k)r.

2.4.3 Core electrons and Pseudopotential

Atomic orbitals close to the nuclei (core orbitals) usually oscillate rapidly and do not

generally contribute to bonding, rather atomic orbitals oscillate smoothly in the outer

region (valence orbitals) and capture most of the useful information of the system.

The full electron basis sets described above are computationally expensive, especially

for translational metals and heavier elements for a larger system. Therefore, we can

consider only the valence orbitals in the equation, treating the core approximately.
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Implementing an ‘effective core potential’ (ECP) or ‘frozen core’ approximation to

the core electrons of heavier atoms can be more economical without compromising

accuracy.102 The SCF procedure runs only on the valence electrons, where the core

orbitals’ energy is already given, and the relativistic effect is also considered. For

solid-state periodic systems where we use a plane wave basis set, the common way to

represent the core is to account for ‘pseudopotential’.103 In this model, the nucleus

and core are represented by an electrostatic potential and the valence electrons inter-

act with the electrostatic potential (pseudopotential). An advanced pseudopotential

method that combines the benefits of pseudopotentials and full wavefunction meth-

ods is the Projector Augmented-Wave (PAW) method.104 Using a projector technique

allows for a more accurate description of the core and valence electrons.

2.5 Analysis: Qualitative Models of Chemical Bond-

ing

Chemical bonding is one of the fundamentals of chemistry that helps us understand

the structures, properties, and reactions of molecules and solids. The presence or

absence of a bond is not uniquely defined, and it has long been a challenge in inorganic

chemistry to decide how best to describe a structure. In this section, I will review

some of the quantum chemical approaches which have been developed to explore the

nature of chemical bonds, from Lewis’s localised pair of electrons to the delocalised

models.

2.5.1 Foundations

Though speculation about the nature of chemical bonding started several centuries

ago, major developments in the field only occurred in the early 20th century af-

ter Rutherford’s discovery of an atomic nucleus surrounded by electrons and Bohr’s

model. Niels Bohr proposed the electronic orbitals as a basis of the theory that

atoms interact with each other through their electrons.105 In 1916, chemist Gilbert

N. Lewis proposed a bonding model by the concept of electron pairing, in which

two atoms may share a pair of electrons to form a bond.106 He also highlighted that

more electron sharing (one to six) could effectively contribute to forming multiple

bonds between two atoms. This model treats bonds as primarily two kinds, covalent

bonds and ionic bonds. In an ionic bond, the electron pairs are mostly localised on

the more electron-negative atom whereas in a covalent bond, the electron pairs are

shared equally between two atoms. This concept has been utilised in the octet rule
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which states that electron sharing or transfer proceeds until an atom acquires an octet

(eight electrons) configuration on the valence shell, equivalent to a noble gas atom.

This simple model has been very effective in predicting the structure and formula of

stable compounds, which are represented in modern chemistry by ‘Lewis structure’ or

‘dot-cross diagram’. The role of the electron pair and the quantitative description of

bonding must be based on the Schrödinger equation and the Pauli exclusion principle,

which reconciles covalent bonding with wavefunction-based descriptions of electrons.

Two sophisticated theories are (i) valence bond theory (VBT) which includes orbital

hybridisation and resonance, and (ii) molecular orbital (MO) theory which is based on

the linear combination of atomic orbitals (LCAO). We will mainly focus on the MO

theory as it is now far more prevalent in quantum chemistry. Molecular Orbital (MO)

theory provides a quantum mechanical description of the formation of bonds and the

electronic structure of molecules by considering the linear combination of atomic or-

bitals (LCAO) into molecular orbitals that are not associated with any single atom

but rather on the entire molecule. In this model, when two atoms are significantly

close to each other, their atomic orbitals combine in a constructive way (in-phase) to

give a “bonding” molecular orbital that has lower energy and in a destructive manner

(out-of-phase) to give an “antibonding” molecular orbital of higher energy. A “non-

bonding” orbital can be associated with atomic orbitals that do not interact positively

or negatively with one another and don’t contribute to the bond strength. The MOs

will be filled by electrons which have lower energy first, obeying the Pauli exclusion

principle. Since we will have the total number of molecular orbitals as the sum of the

atomic orbitals, every bonding combination must have a corresponding anti-bonding

combination. The total number of electrons determines the stability of the molecule

through the “bond order”, defined as half of the difference between the number of

electrons in bonding orbitals and antibonding orbitals (BO = 1
2
[nb−na]). Bond order

also provides information about how strong the bond is: bond order zero suggests no

bond, whereas a positive bond order confirms that the bond is stable. MO Theory

also offers a straightforward explanation for the existence of paramagnetic molecules

such as O2, where unpaired electrons populate degenerate orbitals. MO Theory can

also be extended readily to polyatomic molecules, taking full advantage of molecular

symmetry.

2.5.2 Modern Methods

Density Functional Theory (DFT) is used to investigate the electronic structure of

molecules and solids. The molecular orbitals (MOs) obtained from DFT calculations
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provide detailed information about the distribution and interactions of electrons in a

system. Extracting bonding information from DFT molecular orbitals is essential for

understanding the nature of chemical bonds, electron delocalisation, and molecular

stability. In this context, several analytical methods can be employed to interpret the

bonding characteristics, including visualisation of molecular orbitals, Natural Bond

Orbital (NBO) analysis, bond order calculations (like Mayer’s analysis), and topo-

logical analysis via the Quantum Theory of Atoms in Molecules (QTAIM). These

methods offer different perspectives on bonding and provide complementary insights

into the bonding structure of molecules.

Mayer’s bond order is a numerical measure that quantifies the strength and type

of bonding between two atoms based on the overlap of their molecular orbitals as

the overlap integral derived from the DFT wavefunction. For a bond between two

atoms A and B, the bond order is computed from the density matrix elements of the

occupied orbitals of A and B. On the other hand, NBO theory transforms the molec-

ular orbitals into a set of real-space orbitals that more accurately describe chemical

bonding by partitioning the electron density, which can be interpreted as the ”lo-

calised” representation of bonding interactions. NBO analysis provides information

about natural population analysis (NPA), which quantifies the electron density of

each atom and helps to identify the bond order. These methods could not be pre-

cise for more complicated systems where the number of atoms is large, delocalised

and correlated. An advanced technique is the QTAIM, developed by Richard Bader,

which analyses the electron density distribution within a molecule by studying its

topological properties. It divides a molecule into several distinct regions correspond-

ing to atomic regions and bonds. These regions are derived from the critical points

in the electron density, providing a more accurate and physically meaningful descrip-

tion of bonding interactions than traditional approaches like molecular orbital theory

alone. The most important critical point is the bond critical point (BCP) for bond-

ing analysis between two atoms and the electron density at the BCP capture most of

the information. A high electron density at the BCP means a strong covalent bond

and vice versa. The Laplacian of the electron density, ∇2n(r) is another important

quantity to get information about the nature of the nature of the chemical bond. If

the ∇2n(r)(BCP ) < 0, then it is a covalent bond and if the value is positive then

there is an ionic or non-covalent interaction. QTAIM analysis also helps to study the

electron delocalisation (resonance or conjugation), charge distribution, non-covalent

interaction (hydrogen bonding, van der Waals forces) etc. in a molecular system.
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2.6 Electronic Structure in Solids

In molecular systems, we describe the electronic configuration and properties by

analysing the discrete energy levels of the system based on MO theory. However,

the crystals possess translational symmetry in crystalline solids and describe a range

of energy levels (bands) based on the electronic band structure. This can be derived

by solving quantum mechanical wavefunctions for an electron in a large, periodic

lattice of atoms or molecules, called band theory. Two complementary models have

emerged to describe the formation of electronic bands and band gaps in periodic

solids. The first one is the ‘nearly free electron model’, where the electrons are as-

sumed to move freely and delocalise in the lattice and this model has been utilised in

Bloch’s theorem. The other is the ‘tight-binding model’ where electrons are localised

in atomic orbitals. In a crystal lattice, the overlap of a large number (N ≈ 1022) of

such orbitals turns each discrete energy level into a band: for example, in diamond

(Figure 2.2), the s and p orbitals form separate bands which merge into sp hybrids

at short interatomic distances.

Figure 2.2: A hypothetical example of band formation for a large number of carbon
lattices for diamond crystal. Adopted from Wikipedia, Electronic band structure, re-
trieved from https://en.wikipedia.org/wiki/Electronic_band_structure, ac-
cessed on 14 January 2025.

Roald Hoffmann has described in detail how chemistry and physics connect in

the solid state. It’s relatively easy to understand the chemical bonding and energy

levels for molecular systems, but it is not easy in solids. The ‘tight binding model’

could describe the bonding in a solid, similar to the linear combination of atomic

orbitals (LCAO) approach to construct the molecular orbital. The simplest example

to understand the band structure in terms of atomic orbital is by considering the

extended Hückel theory on a hydrogen polymer, shown in Figure 2.3.
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Figure 2.3: The band structure and DOS of the H atom chain.

The in-phase combination of 1s orbitals (k = 0) lies at the bottom of the band

while the out-of-phase combination (k = π
a
) is at the top.

The Density of States (DOS) is a useful concept for understanding the electronic

structure of crystalline materials. The DOS describes the number of one-electron

states in an infinitesimal energy interval dE;

DOS(E)dE = number of levels between E and E + dE (2.6.1)

In general, DOS(E) is proportional to the inverse of the slope of E(k) vs k (band),

the flatter the band, the greater the DOS at that energy. In the region of k-space

where the band energy E(k) varies slowly (in this case, near the edge of the Brillouin

zone), there are many electronic states in small energy intervals (dE), therefore large

peaks in DOS, whereas in the middle it is the opposite. The density-of-states curve

counts levels and the integral of DOS up to the Fermi level is the total number of

occupied MOs, multiplied by two gives the total number of electrons. Therefore, the

DOS curve plots the distribution of electrons in energy and represents the return

from reciprocal space (k) to real space. The DOS is an average over the Brillouin

zone, over all k that might give molecular orbitals at the specified energy. Therefore,

both MOs and DOS are interconnected. In periodic calculations, the wavefunction is

constructed from delocalised plane wave basis functions. This wavefunction describes

delocalised electrons interacting with ionic centres, formed of nuclei and their core

electrons. To understand the chemical behaviour and trends, we need to extract

the properties of individual atoms from our calculation. Common examples include

charge and spin densities, and the “projected density of states” (PDOS) which is the
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DOS arising from a particular atom or atomic orbital. There is no single correct way

to define an atom in a crystal, in quantum mechanical terms, so we must select a

method for projecting the delocalised wavefunction onto the atoms.

2.7 Summary

In this section, I have summarised several methodologies and approximations, utilised

throughout this thesis to calculate the energies of electronic wavefunctions. It started

with the Born-Oppenheimer approximation, followed by the Slater determinant for

many-body systems and the Hartree-Fock Theory. The density functional theory has

been discussed briefly with different functionals. Both atomic and plane wave basis

sets have been introduced, and analytical methods are discussed for chemical bonding.

Finally, a brief discussion about the electronic band structure and DOS in solids has

been introduced.
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Chapter 3

Fundamental Studies of Electronic
Structure and Bonding:
Competition Between Metal-Metal
and Metal-Sn Interactions in Zintl
Clusters

In this chapter, I discuss three quite distinct but related studies of the structure and

bonding of Sn-based Zintl clusters that contain one or more endohedral transition

metals. The work described in sections 3.2 and 3.3 has been published in the ‘Chi-

nese Chemical Letters ’ and ‘Inorganics ’ journals, respectively.1,2

The work in section 3.1 has been submitted for consideration in the ‘Dalton Trans-

actions ’ journal. All sections of this chapter have been carried out in collaboration

with the group of Professor Zhong-Ming Sun at Nankai University, and all experi-

mental work (synthesis, spectroscopy and crystallography) was carried out there. The

computational work described was performed by the author. The experimental work

is described in as much detail as is necessary to explain the context of the calculations,

but the author claims no credit for these aspects. In addition, the work in section

3.2 was carried out with a colleague in Oxford, Zisheng Li. In the initial stages,

the author carried out the calculations on [Fe2Sn4Bi8]
3– while ZL independently did

the work on [Cr2Sb12]
3– . Only whilst writing up this work we realised that the two

clusters are, in fact, very closely related through their shared valence electron count,

and it is for this reason that they are reported together.
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3.1 Electronic Structure and Bonding in an Endo-

hedral Zintl Cluster: [RuSn12]
4–

3.1.1 Introduction

The family of endohedral Zintl clusters is already quite diverse. The inclusion of the

d-block elements,107,108 the lanthanides and the actinides109–111 makes it more diverse

and unique to apply in several fields of material science and catalysis.112,113 But it

is fascinating to study the fundamentals of the nature of the chemical bond between

the metal and the cage.114,115 These clusters are unique because of their electronic

flexibility. Although strong bonding interactions between the cage and the endohedral

atom are possible, they are not essential to the stability of the cluster. It is, therefore,

possible to find a wide range of bond types within a closely related family of clusters.

Numerous studies have been performed on their electronic structure using density

functional theory as well as other wavefunction-based methods.107,114,116–118

Earlier endohedral Zintl ions contained metal ions with a closed-shell d10 configura-

tion. Classic examples are the icosahedral [Ni/Pd/Pt@Pb12]
2– and bi-capped square

antiprismatic [Pt@Pb10]
2– , shown in the right column of Figure 3.1.45 These deltahe-

dra are based on triangular faces and highly connected vertices, and their geometries

are straightforward to rationalise in terms of Wade’s rules.24 Each cluster has a total

valence electron count of 4n+ 12 (60 and 52, respectively) where n is the number of

vertices. Of these electrons, 10 can be assigned to the metal nd shell and the remain-

ing 4n+ 2 electrons can belong to the cage with a closo structure.24 The clusters are

therefore straightforwardly formulated as M0@Pb10/12
2– . The distribution of elec-

trons into metal- and cage-based sets becomes complicated when we move to the left

in the d block, where the metal atom typically has fewer nd electrons and higher en-

ergy. In some cases, transfer of charge density from the metal into the vacant orbitals

of the cage can cause subtle distortions to the deltahedral structure. For example,

[Mn@Pb12]
3– cluster adopts D2h-symmetry,50 [Rh@Sn12]

3– is D3d-symmetric48 and

[Fe@Sn10]
3– is C2v-symmetric.119 (Figure 3.1, central column). At the same time, in

more extreme cases it can favour the adoption of entirely different, 3-connected archi-

tectures such as pentagonal prismatic [M@Ge10]
3– (M = Fe, Co),41,120 and bi-capped

pentagonal pyramids, [Ru@Ge12]
3– ,121 and [Ta@Ge4As8]

3– 122 (Figure 3.1, left col-

umn). These 3-connected ‘fullerene-like’ architectures are typically associated with

electron-precise counts. Electron-precise here means a total valence electron count

at the cage of 5n, according to the 5n rule. This can only be reached if we assume

that some or all of the metal d electrons also contribute to the count at the cluster.
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Figure 3.1: Structural trends within the M@E10 and M@E12 families.

This is slightly different from the deltahedral case, where the metal d electron con-

tribution may not need to reach the characteristic 4n+ 2 electron counting rule. For

[Ta@Ge8As4]
3–, for example, the count for the [Ge8As4]

3– unit is 8×4+4×5+3 = 55,

with the 5 valence electrons of Ta raising the total count to 5n = 60. This represents a

marked departure from deltahedral cases such as [Ni@Pb12]
2– where the characteristic

4n+ 2 electron count is reached without any contribution from the d electrons on the

metal. The varying structural chemistry shown in Figure 3.1 indicates the different

roles of metal d electrons that dictate the structure of the cluster, from a core-like

inert deltahedron to a fullerene-like analogue.

In this section, we investigate the electronic structure and bonding of a new mem-

ber of this family, [Ru@Sn12]
4– , isoelectronic with both [Rh@Sn12]

3– and [Pd@Sn12]
2– .

Like its Rh counterpart, it is approximately icosahedral but with distinct low-symmetry

distortions that reflect the lower effective nuclear charge of Ru compared to Rh and

Pd. The structure is also strikingly different from that of [Ru@Ge12]
3– , which adopts

a fullerene-like architecture. We use density functional theory (DFT) to explore the

origins of the structural trends in this intriguing family of clusters.
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3.1.2 Computational Details

All DFT calculations were performed using the Amsterdam density functional (ADF)

package, version 2021.104.123 The exchange-correlation functional, proposed by Perdew,

Burke and Ernzerhof (PBE)124 was considered in all the calculations which are open-

shell and the scalar relativistic effects were incorporated using the zeroth order rel-

ativistic approximation (ZORA).125 Slater-type basis sets of polarised triple-zeta

(TZ2P) were chosen, considering all electrons for all the atoms.126 Given the flat-

ness of the potential energy surface (vide infra), we have used a very fine numerical

integration grid and applied convergence criteria on energies and forces that are a fac-

tor of 10 smaller than the defaults. The confining effect of the cation in a crystalline

environment was approximated using a conductor-like screening model (COSMO,

ϵ = 79.38).127 The choice of methods, basis sets, other parameters and solvation

models are adopted from several previous studies conducted on Zintl clusters, mainly

by our group.2,48,128

3.1.3 Results and Discussion

3.1.3.1 Structural Characterisation

Zhong-Ming Sun and co-workers have recently synthesised [Ru@Sn12]
4– Zintl ion sta-

bilised by 4 [K(2.2.2–crypt)]+ cations in ethylenediamine (en) solution. The crystal

structure of the compound was analysed by using single-crystal X-ray diffraction.

The asymmetric unit of [K(2.2.2–crypt)]4[Ru@Sn12], 1, and the structure of the

[Ru@Sn12]
4– anion are shown in Figure 3.2, and key bond lengths are summarised

in Table 3.1. The unit cell contains one cluster anion, four [K(2.2.2) crypt]+ cations

and two ethylenediamine (en) molecules, with the shortest K+-Sn contacts in excess

of 6.5 Å. The anion adopts an approximately Ih-symmetric architecture, very similar

to those of the isoelectronic clusters [Rh@Sn12]
3– and [Pt@Pb12]

2– .48,49 The average

Ru–Sn bond length of 2.90 Å is considerably longer than those in the other known

binary Ru/Sn cluster, [Ru@Sn9]
6– (2.64–2.70 Å), probably a consequence of the in-

trinsically smaller radius of the Sn9 cage, but also longer than those in binary alloy

phases (2.60–2.80 Å) and in clusters where the Ru is exo-, rather than endohedral,

with respect to a Snn clusters such as [Sn19{Ru(COD)(en)}2]4– (2.678–2.794 Å),129

[Sn20{Ru(COD)}2]6– (2.683–2.767 Å).130 There are, however, some striking distor-

tions of the icosahedron in [Ru@Sn12]
4– that lower the point symmetry from Ih to Ci.

The 12 Ru-Sn bonds separate into six symmetry-distinct, mutually trans, pairs, the

shortest of which is 2.79 Å, the longest 3.03 Å and the bond distance varies over a
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range of 0.24 Å. The 20 Sn-Sn bonds are similarly separated into 10 symmetry-related

pairs with bond lengths spanning 0.18 Å from the shortest (2.94 Å) to the longest

(3.12 Å). Distortions from perfect Ih symmetry are also apparent in [Rh@Sn12]
3– , but

they are much less pronounced: the Rh-Sn bond lengths vary over a range of 0.08 Å,

from 2.87 Å to 2.95 Å, while the bonded Sn-Sn distances vary between 3.04 Å and

3.13 Å. The group 10 clusters, [Ni@Pb12]
2– , [Pd@Pb12]

2– and [Pt@Pb12]
2– , are also

closer to perfect icosahedral symmetry, with the M-Pb and Pb-Pb bonds distributed

over 0.11 Å and 0.07 Å, respectively.

Figure 3.2: Unit cell of [K(2.2.2–crypt)]4[Ru@Sn12], 1 and the structure (both X-ray
and DFT) of the anion [Ru@Sn12]

4–
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Table 3.1: Crystallographic and DFT-optimised bond lengths (all values in Å), rel-
ative energies (Erel against the respective Ih symmetric geometry and number of
imaginary frequency (Nimag) for members of the M@E12 family .

M-E E-E Nimag Erel(eV) ref

[Ru@Sn12]
4– X-ray (Ci) 2.79-3.03 2.94-3.12 This work

DFT (Ih) 2.96 3.11 0 0.0
DFT (D2d) 3.04-3.12 2.85-2.96 0 +1.07

[Rh@Sn12]
3– X-ray (D3d) 2.87-2.95 3.04-3.13 48

DFT (Ih) 2.96 3.12 0 0
DFT (D2d) 3.01-3.14 2.83-2.99 0 +1.79

[Pd@Pb12]
2– X-ray 2.98-3.09 3.13-3.20 45

DFT (Ih) 3.09 3.25 0 0.0
DFT (D2d) 3.12-3.32 2.97-3.14 2 +3.71

[Pt@Pb12]
2– X-ray 3.06(av.) 3.05-3.22 49

DFT (Ih) 3.09 3.25 0 0

[Ru@Ge12]
3– X-ray (D2d) 2.67-2.77 2.44-2.60 53

DFT (Ih) 2.66 2.80 2 0
DFT (D2d) 2.71-2.78 2.48-2.62 0 -1.27

[Ru@Ge12]
4– DFT (Ih) 2.66 2.80 5 0

DFT (D2d) 2.73-2.75 2.49-2.65 0 -0.95

[Mn@Pb12]
3– X-ray (D2h) 2.87-3.30 3.10-3.74 50

DFT (Ih) 3.09 3.25 0 0
DFT (D2h) 2.90-3.20 3.15-3.42 0 -0.65
DFT (D2d) 3.22-3.40 2.98-3.10 5 +2.38

[Au@Pb12]
3– X-ray (D3d) 2.84-3.09 3.10-3.25 52

DFT (Ih) 3.15 3.31 0 0
DFT (D3d) 1.54-1.73 3.14-3.60 0 -0.66
DFT (D2d) 3.06-3.55 3.16-3.82 3 +0.25
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3.1.3.2 Electronic Structure

In surveying the singlet potential energy surface of [Ru@Sn12]
4– , we have started from

a perfectly icosahedral geometry and also from a range of similar structures with small

distortions imposed along the C5, C3 and C2 axes. We have also initialised calcula-

tions from the X-ray geometry (Ci point symmetry). In anticipation of a rather flat

potential energy surface, we have imposed tight geometry convergence criteria, and

have used a very fine integration grid to avoid artifacts due to numerical noise. All of

the above calculations, however, converged on the same perfectly icosahedral struc-

ture, indicating that the distortions observed in the crystallographic data must be a

consequence of the periodic lattice (the averaged effect of which is modelled by a high

dielectric continuum in our calculations) rather than an intrinsic electronic driving

force. In the previous study of isoelectronic [Rh@Sn12]
3– , it was concluded that the

crystallographic data show distortions of the icosahedron (in this case approximately

D3d-symmetric) despite the presence of only a single, perfectly icosahedral, minimum

on the potential energy surface. Bürgi and Dunitz have established the principle of

structural correlation, wherein a molecule can be deformed by the lattice along low-

frequency modes.131 In both [Ru@Sn12]
4– and [Rh@Sn12]

3– , the preferred distortion

coordinate appears to reflect the arrangement of cations in the unit cell: in the title

compound 1, for example, the P 1̄ space group imposes a centre of symmetry at the

Ru center, and the 16 nearest neighbour K+ ions are distributed in pairs around this

center (Figure 3.3). In [Rh@Sn12]
3– , in contrast, the 12 nearest neighbour K+ ions

have approximate trigonal symmetry, and the anion is distorted to an approximately

D3d-symmetric geometry. These observations suggest that the icosahedra have several

low-frequency modes along which the cluster can distort, according to the particular

arrangement of cations in the lattice.

The computed vibrational spectrum of [Ru@Sn12]
4– shows two allowed t1u sym-

metric modes at 117 cm−1 and 155 cm−1 which correspond to the bands at 74 cm−1

and 102 cm−1 computed for [Pt@Pb12]
2– by Cetin and co-workers.132 The 74 cm−1

mode has been observed in the experimental FTIR spectrum, while the 102 cm−1

mode has been tentatively assigned to a shoulder at 118 cm−1. Of more direct rele-

vance to the low-symmetry distortions in [Ru@Sn12]
4– are the low-frequency modes

which have gerade symmetry (hg), meaning that the inversion center is retained during

the displacement. The distortions to D3d and Ci symmetry observed in the crystal

structures of [Rh@Sn12]
3– and [Ru@Sn12]

4– , respectively, both retain the inversion

center, and can be reached by distortion along the soft hg mode. The frequency

of this hg mode decreases in the order Sn12
2– (68 cm−1) > [Rh@Sn12]

3– (45 cm−1)
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Figure 3.3: Disposition of the [Ru@Sn12]
4– and [Rh@Sn12]

3– anions in relation to the
surrounding K+ ions in the lattice.

> [Ru@Sn12]
4– (16 cm−1), and the very soft mode in the latter clearly allows for a

stronger response to the asymmetric cation environment. The trend in vibrational

frequencies correlates with the increasing ability of the transition metal to donate

electron density into the vacant orbitals of the Sn12 cage. In strict Ih symmetry

the 4d orbitals of the transition metal have hg symmetry so the acceptor orbital on

the cage must be the hg-symmetric LUMO+1, and the projected DOS and overlap-

population based DOS for [Ru@Sn12]
4– in Figure 3.4 shows a small amount of Ru 4d

character (orange colour) in this orbital, ∼ 2 eV above the Fermi level. Distorting

to the Ci-symmetric geometry allows mixing of the components of the gg symmetric

LUMO and the hg-symmetric LUMO+1, and a small amount of 4d character begins

to accumulate in the LUMO at ∼ 0.5 eV. The distortions from Ih symmetry make

the Sn12 cage a more effective electron-acceptor by allowing the LUMO, rather than

the LUMO+1, to participate in back-bonding.
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Figure 3.4: Projected Density of States (PDOS) and Overlap Population Density of
States (OPDOS) and for the spin-α manifold of [Ru@Sn12]

4– in Ih (left) and at the
Ci-symmetric geometry of the X-ray structure. The Fermi level, Ef , is defined as the
mid-point between the HOMO and the LUMO.

The very low value of the hg-symmetric mode for [Ru@Sn12]
4– indicates that the

anion lies on the cusp of structural instability, even in the absence of a low-symmetry

lattice. It is, therefore, instructive to compare it to the Ge cluster, [Ru@Ge12]
3– ,

which adopts an entirely different D2d-symmetric architecture where the vertices of

the Ge12 cage are 3-connected. It was argued that this ‘fullerene-like’ architecture

reflects the presence of greater electron density on the E12 unit (compared to the

alternative icosahedral arrangement), and so we anticipate that the stability of the

D2d structure should also correlate with the tendency of the icosahedra to distort

discussed in the previous paragraph. A plot of the relative energies of the Ih- and D2d-

symmetric isomer is shown in Figure 3.5 confirms this prediction: the D2d-symmetric

structure is less stable than Ih for all the Sn clusters, but the gap narrows as the metal

becomes more electron-rich, and [Ru@Sn12]
4– lies only 1 eV below the crossover point.

Extrapolating further, the next member of the isoelectronic series, [Tc@Sn12]
5– sits
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almost exactly on the intersection of the Ih and D2d curves, and the hg-symmetric

mode of the icosahedron is now imaginary (52i cm−1). It is likely, therefore, that

this cluster will exhibit dynamic behaviour as a result of the accidental degeneracy

of different structural types.

Figure 3.5: Relative energies of the Ih-symmetric (with sub-groups), D5h-symmetric
and D2d-symmetric isomers of M@E12 family.

3.1.4 Conclusions

In this work, we have explored the structure of a new member of the endohedral

icosahedral family, [Ru@Sn12]
4– . Analogues containing group 9 or group 10 metals

(Rh, Ni, Pd, Pt) are well known, but this work represents the first encapsulation of

a group 8 metal into a [Sn12] cage. The more electron-rich metal is better able to

engage in back-bonding to the cage, which softens the lowest frequency hg-symmetric

vibrational mode, to the point where it is only 16 cm−1 in [Ru@Sn12]
4– . This softness

makes the cluster anion very susceptible to low-symmetry deformations in response

to the arrangement of cations in the lattice, and indeed the X-ray structure shows

very pronounced distortions to a Ci symmetric geometry. The rhodium analogue,

[Rh@Sn12]
3– , is also distorted, but to a lesser extent due to the greater effective
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nuclear charge of the metal. In the following section, I move on to a system where

the transfer of electron density from metal to Sn is much more pronounced.
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3.2 Electronic Structure and Metal-Metal Bonds

in Zintl Clusters: [Fe2Sn4Bi8]
3– and [Cr2Sb12]

3–

3.2.1 Introduction

The families of M@E10 and M@E12 clusters are well established in contrast to the

relatively small number of examples in the literature of clusters containing dimeric

units, M2@En , or even larger metal fragments, M3@En or M4@En .133 We have briefly

discussed about the electron counting rules for different families of clusters in Chap-

ter 1. The possibilities of metal-metal bonding in these clusters introduce a further

dimension to the problem. The covalent bonds between the metal centers may pro-

mote the release of electron density from M-M antibonding states onto the cage and

vice versa. The electronic structure of silicon- and germanium-based clusters such

as Mn2Si12,
134–137 may be easy to compute but experimental characterisations are

restricted, especially the neutral or cationic clusters.138–142 Several attempts have

been made by researchers to note the general pattern of structural trends for the

endohedral clusters M@E12 and M@E10 and the role of the transition metal atom.

Metal-metal bonding plays a crucial role in the extended family of endohedral M2 clus-

ters, equivalent to the M@E12 and M@E10 clusters in single-metal analogues. Some

of the examples of the triple-decker E12 architectural clusters are [Ni2Bi12]
4+,143 and

also the mixed Sn/Pb/Sb/Bi clusters [Ni2Sn7Sb5]
3– , [Ni2Sn7Bi5]

3– , [Ni2Pb7Bi5]
3– and

[Co2Sn5Sb7]
3– .57–59 These might have the potential to fill this void because the prolate

architecture is ideally suited to accommodate an M2 dimer, just as the icosahedron

is ideally suited for a single metal atom. All of the Ni and Co clusters mentioned

above are rather similar, in terms of the geometry and the valence electron counts.

They share a common valence electron count of 76, and all show approximate D4h

point symmetry (in some cases, with slight distortion) and similar M-M distances of

∼ 2.45 Å.

In this section, we report the electronic structure characterisation of two new

open-shell members of the M2@E12 family, [Fe2Sn4Bi8]
3– and [Cr2Sb12]

3– , (Figure

3.6) both of which have a valence electron count of 75, one fewer than the Ni/Co

clusters described above. Both of the clusters have been experimentally synthe-

sised and characterised by our experimental collaborator Z.M-Sun and co-workers

from China. [Fe2Sn4Bi8]
3– retains the D4h-symmetric geometry, the same as the 76-

electron clusters but [Cr2Sb12]
3– has a very different C4v-symmetric geometry where

some of the Sb-Sb bonds are substantially elongated. We use density functional the-

ory to place the diverse structural chemistry of this family into context and argue
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Figure 3.6: Structural trends within M2E12 families. The two new clusters reported
in this section are highlighted in the box.

that [Fe2Sn4Bi8]
3– and [Cr2Sb12]

3– are the dimeric analogues of slightly distorted

[MnPb12]
3– and fullerene-like [RuGe12]

3– , respectively, just as the 76-electron Ni and

Co clusters are analogues of [PtPb12]
2– .

3.2.2 Computational Details

All calculations described in this section were performed with the Amsterdam Density

Functional (ADF) package, version 2021.104.123 The exchange-correlation functional

proposed by Perdew, Burke and Ernzerhof (PBE)124 was used throughout, and scalar

relativistic effects were introduced using the Zeroth Order Regular Approximation

(ZORA).125 The sensitivity of the results to the choice of functional was tested by

also performing calculations using the M06-L144 and hybrid PBE0 functionals.93 For

all geometry optimisations, a triple-zeta quality basis set of Slater-type orbitals was

used, supplemented by two sets of polarisation functions (‘TZ2P’).126 All electrons

were included in the basis set. A ‘good’ setting of the numerical grid was used in all

calculations.145 The Conductor-like Screening Model (COSMO, ϵ= 78.39) was applied

to simulate the confined effects of the crystalline environment.127 All SCF procedures

were conducted using the default setting of ADF: at convergence, the commutator of

the Fock matrix and the density matrix is less than 10−6.

3.2.3 Results and Discussion

3.2.3.1 Structural Characterisation

From the X-ray crystallographic data (received from the experimental collaborator

as mentioned above) we extract the asymmetric unit of [K(2.2.2–crypt)]3[Fe2Sn4Bi8]
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(2) and the structure of the [Fe2Sn4Bi8]
3– anion, shown in Figure 3.7. The key

bond lengths of both X-ray structures and calculated geometries are summarised

in Table 3.2. The asymmetric unit contains a single [Fe2Sn4Bi8]
3– anion along

with three [K(2.2.2–crypt)]+ cations, with the shortest K+-Bi distance of 6.5 Å.

The anion adopts a D4h-symmetric triple-decker architecture, very similar to those

of the 76-electron Ni2 and Co2 clusters described in the introduction. The Fe-Fe

separation of 2.395 Å is marginally shorter than the Co-Co and Ni-Ni analogues

(∼ 2.45Å).57–59,143 The average Sn-Sn bond length in the equatorial plane is 3.373

Å, somewhat longer than the corresponding values of 3.264, 3.290 and 3.298 Å for

[Ni2Sn7Sb5]
3– , [Ni2Sn7Bi5]

3– and [Co2Sn5Sb7]
3– , respectively. The average Fe-Sn

bond length of 2.669 Å is also ∼0.03 Å longer than the corresponding values for

three 76-electron clusters. The Fe-Bi and Bi-Bi bond lengths (average 2.697 Å and

3.095 Å, respectively) are marginally longer than those in [Ni2Bi12]
4+ (2.678 Å and

3.045 Å, respectively).

Figure 3.7: X-ray and DFT structures of the 75-electron anions [Fe2Sn4Bi8]
3– and

[Cr2Sb12]
3– (side and top views).

Similarly, the asymmetric unit of [K(18-crown–6) ]4[Cr2Sb12] ·Cp, 3, contains one

[Cr2Sb12]
3– anion along with a single Cp– unit and four [K(18-crown–6) ]+ cations.

The bond lengths are summarised in Table 3.2. The cluster anion in 3 is significantly

distorted from D4h to C4v-symmetry and can be considered as separate CrSb8 and
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Table 3.2: Total valence-electron count (VE) and crystallographic and DFT-optimised
bond lengths for members of the M2E4E

′
8 family (all values in Å).

VE M-M M-E M-E′ E-E E′-E′ E-E′ ref

[Fe2Sn4Bi8]
3– 75 X-ray 2.39 2.67 2.69 3.37 3.09 3.29 This work

DFT (D4h) 2.37 2.68 2.71 3.40 3.10 3.30
[Cr2Sb12]

3– 75 X-ray 2.32 2.78 2.757 3.61 2.75 3.55 This work
2.83 2.74 3.72 2.80

DFT (D4h) 2.16 2.79 2.64 3.64 3.19 3.09
DFT (C4v) 2.29 2.78 2.77 3.62 2.85 3.51

2.83 2.73 3.65 2.87

[Ni2Bi12]
4+ 76 X-ray 2.43 2.68 2.74 3.37 3.04 3.39 143

DFT (D4h) 2.45 2.69 2.75 3.39 3.06 3.416
[Ni2Sn7Bi5]

3– 76 X-ray 2.44 2.63 2.66 3.29 3.01 3.30 58

[Ni2Pb7Bi5]
3– 76 X-ray 2.49 2.71 2.71 3.40 3.06 3.35 57

[Ni2Sn7Sb5]
3– 76 X-ray 2.43 2.61 2.59 3.26 2.89 3.27 59

[Co2Sn5Sb7]
3– 76 X-ray 2.41 2.62 2.57 3.29 2.88 3.25 59

CrSb4 fragments (Figure 3.7, in the first instance. Although the Sb-Sb distance of only

3.549 Å between the atoms of the Sb4 and Sb8 units suggests that this separation

is not entirely clearcut. The CrSb8 unit is similar to the [MAs8]
q – and [MSb8]

q –

anions (M = Nb, Ta, Cr, Mo) which have the same crown-like E8 motif.146 The Cr-

Cr bond length is 2.319 Å, even shorter than the Fe-Fe bond in [Fe2Sn4Bi8]
3– . The

average Sb-Sb bond length within the Sb8 crown is 2.801 Å, typical of Sb-Sb single

bonds, while the remaining Sb4 unit is a distorted square with bond lengths between

2.75 and 2.76 Å (average 2.755 Å). For comparison, the computed Sb-Sb distance

for gas-phase cyclo-Sb4
2– is 2.82 Å, in sandwich complexes of Sb4

2– reported by

S. Li and co-workers.147 The [Cr2Sb12]
3– anion is sandwiched between two of the

[K(18-crown–6) ]+ cations which are aligned along the approximate 4-fold rotation

axis, with K-Sb distances in the range 3.23-3.72 Å (to CrSb4) and 4.26-4.66 Å (to

the lower face of CrSb8). The alignment of cations along the principal axis is similar

to the packing in the one-dimensional 1
∞[RbNbAs8]

2– chains in Rb3NbAs8.
148 The

other two cations sandwich the Cp– anion. The absence of bonds between the central

and upper Sb4 units in the Cr2 system emphasises the differences between the two

clusters. Their structures are in fact closely related, the Sb-Sb distances between the

upper and central Sb4 units are only 0.75 Å longer than those between the central

and lower Sb4 units (3.549 Å vs 2.801 Å).

3.2.3.2 Electronic Structure

We have encompassed the electronic structure of the two new clusters along with the

whole family of closely related examples set out in Table 3.2 where we have highlighted

the total valence electron count, including the transition metal 3d electrons, as a

central variable. Interestingly, these two new 75-electron clusters 1,2 are clearly
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more electron-deficient than their 76-electron analogues. The reason could be that

an orbital does not have stability in the earlier transition metals and the electron

density on the M2 fragment is more accessible to the cage for Fe and particularly

for Cr, than for Ni. The effect of changing the transition metal from Fe to Cr is

combined with the change in p-block element from a group 14 element (Sn) in 1 to a

more electronegative group 15 element (Sb) in 2 on the equatorial plane, might also

have the effect of drawing electron density away from the metal. A good starting

point for our analysis is therefore to consider the 76-electron Ni2 clusters, [Ni2Bi12]
4+,

[Ni2Sn7Bi5]
3– , [Ni2Pb7Bi5]

3– and [Ni2Sn7Sb5]
3– , where the 3d electrons are the most

core-like, in the same way that we have used [NiPb12]
2– as a reference point in the

icosahedral family.50,118,149 We choose [Ni2Bi12]
4+ to illustrate the key points, simply

because it has the same point symmetry as [Fe2Sn4Bi8]
3– (D4h), and therefore it would

be easy to understand and make a fair comparison.

3.2.3.3 76-electron [Ni2Bi12]
4+: A Natural Reference Point

The ground state of [Ni2Bi12]
4+ is a spin-singlet with DFT-optimised structural pa-

rameters in close correspondence with the X-ray data and also the computational

work reported in reference143 (Table 3.2). Figure 3.8 shows three complementary

perspectives on the electronic structure of this cluster: (a) the Kohn-Sham molecular

orbital array, (b) the density of states (PDOS), projected onto Ni 3d, Bi 6s and Bi

6p, and, finally, (c) the Overlap Population-based Density of States (OPDOS), some-

times referred to as the Crystal Orbital Overlap Population (COOP) in a solid-state

context.

The OPDOS indicates whether states at a given energy have bonding (positive

OPDOS) or anti-bonding (negative OPDOS) character with respect to specific pairs

of atoms. The PDOS shows that almost all the Ni 3d characters (green) accumulate

below the Fermi level, and the Ni-Ni OPDOS shows that these levels range from π

bonding (3eu with positive OPDOS) at the bottom to σ antibonding (4a2u) near the

top, and the computed Mayer bond order of 0.452 confirms the absence of significant

Ni-Ni bonding, as noted by Ruck et al. in their original report of this cluster.143 All

the above is consistent with a formulation as Ni2
0@Bi12

4+, the analogue Ni0@Pt12
2– .

The HOMO-LUMO gap in [Ni2Bi12]
4+ is significantly large (1.77 eV) and we find

a large gap in the isolated Bi12
4+ cation as well (1.44 eV). This observation indi-

cates that the triple-decker geometry is suited to accommodate precisely 56 valence

electrons. Dehnen and co-workers have noted that capping the two square faces of

[Sn7Bi5]
3– (isoelectronic with Bi12

4+) would generate an approximately deltahedral
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14-vertex structure, in which case the E12 geometry should be classed as arachno with

a natural electron count of 4n + 6 = 54, not 56.24,58 Jemmis’ ‘mno’ rules31 offer a

different perspective. If the cluster is viewed as two square antiprisms fused via a

shared square face (rather than a single 12-vertex polyhedron), the predicted count is

4n+ 2m+ 2o = 48 + 4 + 4 = 56, where m, n and o are the number of fused polyhedra

(2), the number of vertices (12) and the number of open faces (2), respectively. The

difference of 2 in the two electron-counting schemes arises from the assumed presence

of 2 strongly bonding internally directed hybrids (1 per polyhedron) in the Jemmis

scheme but only 1 in the single polyhedron according to the Wade scheme. The

deviation from Wade’s rules is therefore a natural consequence of the prolate rather

than spherical structure of the cluster. No matter how we choose to rationalise the

56-electron count, the important point is that it is the ‘natural’ one for triple-decker

E12 clusters because it generates a large HOMO-LUMO gap, just as 4n + 2 = 50 is

the ‘natural’ count for the icosahedral geometry and 5n = 60 is the ‘natural’ count

for the fullerene-like geometry in [TaGe4As8]
3– .121,122

3.2.3.4 75-electron [Fe2Sn4Bi8]
3– .

The ground state of the 75-electron [Fe2Sn4Bi8]
3– cluster is a doublet (2A2u) with

optimised Fe-Fe, Sn-Sn, Sn-Bi and Bi-Bi bond lengths that are within 0.03 Å of

the crystallographically-determined values (Table 3.2). The spin-α and spin-β Kohn-

Sham eigenvalues, PDOS and OPDOS plots are shown in Figure 3.9.

Compared to the [Ni2Bi12]
4+ reference, one electron has been removed from the

spin-β component of the Fe-Fe σ∗ orbital, 4a2u, which now lies above the Fermi level.

This results in a formal Fe-Fe bond order of 0.5, consistent with the contraction of

the M-M bond from 2.429 Å in [Ni2Bi12]
4+ to 2.395 Å in [Fe2Sn4Bi8]

3– . The PDOS

and OPDOS plots in Figure 3.9 indicate that a substantial amount of Fe π∗ character

(green) is now found above the Fermi level, mixed with antibonding states on the cage

in 5eg (the negative peak in the Fe-Fe OPDOS at ∼+1.0 eV). The Fe-Fe π character

remains largely below the Fermi level (in 5eu at -1.8 eV), conferring a degree of Fe-Fe

π character on the bond and indeed the calculated Fe-Fe Mayer bond order is 0.923,

somewhat higher than the formal value. The π component to the Fe-Fe bond reflects

that there is a higher tendency of back-bonding with the vacant levels of the E12 cage

compared to the Ni2 analogues. This change is captured in the difference density

plots shown in Figure 3.10 (the difference between the self-consistent density and the

sum of the pre-formed fragments).
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Figure 3.10: Difference density plots for [Ni2Bi12]
4+ and [Fe2Sn4Bi8]

3– , showing the
difference in electron density between the self-consistent solution and the sum of two
separated fragments (Ni2 + Bi12

4+ or Fe2
3– + Sn4Bi8, respectively). Contours range

from −3 × 10−3 to 3 × 10−3 e au−3, and values on the x and y axes are in Å.

In both cases, a 56-electron configuration is imposed on the E12 cluster (Bi12
4+

and Sn4Bi8
0, respectively), with 20 and 19-electron configurations on Ni2

0 and Fe2
3– ,

respectively. The plot on the left (Figure 3.10) shows that redistribution of electron

density upon formation of [Ni2Bi12]
4+ from Ni2

0 and Bi12
4+ which is limited to a

redistribution of electron density between the 3dz2 and 4s orbitals on the Ni2
0 core.

In contrast, the charge transfer from the filled orbitals of the Fe2
3– fragment to the

vacant levels of Sn4Bi8 is substantial, with charge accumulating at the poles of the

cluster in [Fe2Sn4Bi8]
3– (red regions just inside the top and bottom Bi4 rings) and a

blue region of depletion around the Fe atoms, both of which carry the fingerprint of

the Fe-Fe π∗ orbital 5eg.

The experimentalists were unable to collect strong evidence to prove the para-

magnetism of 1, therefore it is plausible that the crystal may contain a mixture of

[Fe2Sn4Bi8]
2– and [Fe2Sn4Bi8]

4– rather than [Fe2Sn4Bi8]
3– , as proposed by Corbett

and co-workers for the Ge9
2–/4– pair. To explore this use, we report the optimised

structures of clusters 1 in their 2-, 3- and 4- states in Table 3.3. The most striking

feature of the data in the table is the insensitivity of the geometry to charge. The

4- anion is diamagnetic, with the vacancy in the Fe-Fe σ∗ orbital in Figure 3.9 filled,

while the most stable state of the 2- analogue is a triplet with a second electron re-

moved from the Fe-Fe δ∗ orbital of b1u symmetry. Despite the variations in formal

Fe-Fe bond order from 1.0 (2-) to 0.0 (4-), the bond lengths vary by less than 0.08 Å,
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reflecting the rigidity of the triple-decker E12 cage.

Table 3.3: Comparison of the optimised geometries of [Fe2Sn4Bi8]
2– , [Fe2Sn4Bi8]

3–

and [Fe2Sn4Bi8]
4– (all distances in Å).

Fe-Fe Fe-Sn Fe-Bi Sn-Sn Sn-Bi Bi-Bi
[Fe2Sn4Bi8]

2– S = 1 2.34 2.74 2.74 3.51 3.32 3.14
[Fe2Sn4Bi8]

3– S = 1
2

2.37 2.68 2.71 3.40 3.30 3.10
[Fe2Sn4Bi8]

4– S = 0 2.42 2.67 2.75 3.37 3.35 3.11

3.2.3.5 75-electron [Cr2Sb12]
3–

The ground state of [Cr2Sb12]
3– is also a spin doublet, with C4v symmetry and an

optimised Cr-Cr distance of 2.29 Å, shorter than the X-ray value (2.319 Å).

The symmetry of the ground state, 2B2, is also different from the isoelectronic

[Fe2Sn4Bi8]
3– cluster, with the unpaired electron now residing in the 5b2 orbital (Fig-

ure 3.11 left), a linear combination of Cr dx2−y2 orbitals with local Cr-Cr δ∗ symmetry.

The Cr-Cr σ∗ orbital, 10a1, is vacant in both α and β-spin components, indicating

a formal σ bonding with bond order 1.0 compared to the [Fe2Sn4Bi8]
3– where bond

order is 0.5. The corresponding Mayer Bond order is larger, 1.38, a direct measure of

stronger Cr-Cr bonding.

To understand the relationship between [Cr2Sb12]
3– and [Fe2Sn4Bi8]

3– in terms of

different structures and electronic configurations, we need to establish the origins of

the distortion from D4h to C4v symmetry in the former. To do so, we first constrain

[Cr2Sb12]
3– to the D4h-symmetric potential energy surface, where we again find a

doublet ground state, and the unpaired electron again resides in an orbital with Cr-

Cr δ∗ character (2b2u) (Figure 3.12, left). The Cr-Cr separation is even shorter, at

2.161 Å, and the equatorial Sb4 unit is very substantially expanded (Sb-Sb = 3.636

Å compared to Sn-Sn = 3.40 Å in [Fe2Sn4Bi8]
3– ). These structural differences can

be reflected in changes in the electronic configuration. The 1a2g orbital that was

vacant in both [Ni2Bi12]
4+ and [Fe2Sn4Bi8]

3– is occupied in [Cr2Sb12]
3– , and the Sb-

Sb antibonding character of the orbital drives the expansion of the equatorial plane.

At the same time two metal-based spin orbitals, 4a2uα and 2b1uβ are depopulated

and the M-M antibonding nature of the former leads to the large Mayer bond order

(1.382) and the contraction of the Cr-Cr bond. The Cr2 unit is oxidised to a much

higher degree than the Fe2 unit in [Fe2Sn4Bi8]
3– . In short, the Cr2 unit transfers

two electrons from its uppermost, antibonding levels into an Sb-Sb antibonding level

localised on the equatorial ring, simultaneously strengthening the Cr-Cr bond while
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weakening the Sb-Sb bonds. The D4h symmetric structure is, however, 0.86 eV less

stable than the C4v global minimum. The driving force for the distortion comes from

the energetic proximity of the now-occupied 1a2g orbital and the vacant 1a1u orbital,

which is a similar linear combination of Sb 5p orbitals, but localised on the terminal

Sb4 units.

A distortion to C4v point symmetry allows mixing between 1a2g and 1a1u, both of

which transform as a2 in the lower symmetry - a second-order Jahn-Teller distortion.

The evolution of the valence orbitals along a distortion coordinate linking the D4h and

C4v structures is shown in the Walsh diagram in Figure 3.12 where the stabilisation

of 1a2 and the destabilisation of 2a2 are shown in blue. The 1a2 orbital becomes

bonding between the lower and middle Sb4 planes (Sb2 and Sb3 in Figure 3.11) while

2a2 is Sb-Sb antibonding. Note that when both 1a2g and 1a1u are vacant, as they are

in [Fe2Sn4Bi8]
3– , there is no equivalent driving force and therefore no distortion. The

differences between [Fe2Sn4Bi8]
3– and [Cr2Sb12]

3– originate from a combination of two

factors: (i) the higher energy of the 3d orbitals in Cr vs Fe and (ii) the lower energy

of the 5p orbitals on Sb vs Sn, which controls the energy and hence the occupation

of the 1a2g orbital.

3.2.4 Conclusions

We have structurally characterised two new members of the M2E12 family, [Fe2Sn4Bi8]
3–

and [Cr2Sb12]
3– , both of which have 75 valence electrons. Despite having same elec-

tron count, the clusters have quite different structures, [Fe2Sn4Bi8]
3– is approximately

D4h-symmetric, very similar to the 76-electron analogues [Ni2Bi12]
4+, but [Cr2Sb12]

3–

has C4v symmetry, with a CrSb8 crown capped by a CrSb4 fragment. The structural

landscape can be understood in terms of a progressive upward shift in the energies

of the metal d orbitals relative to those on the cage as we move from Ni to Fe and

then to Cr (Figure 3.13). This leads to increased back-bonding in [Fe2Sn4Bi8]
3– and

[Cr2Sb12]
3– , to an orbital crossing that shifts two electrons from Cr-Cr antibonding

states into the Sb-Sb antibonding 1a2g orbital. This then triggers a second-order

Jahn-Teller distortion, leading to the observed C4v-symmetric structure.

The trends in electronic structure and geometry for the M2E12 family can be

analogous to the chemistry of their counterparts ME12 and/or ME10 family. Like,

[Ni2Bi12]
4+ is the direct analogue of [NiPb12]

2– and [PtPb10]
2– , [Fe2Sn4Bi8]

3– is the

analogue of [MnPb12]
3– and [FeSn10]

3– while [Cr2Sb12]
3– is the analogue of [RuGe12]

3–

and [FeGe10]
3– . In the sense that the nd electrons shift from being structurally inert

in the first group (Ni2) to being a minor perturbation to the core deltahedral structure
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and minor charge transfer in the second (Fe2) and then to driving a switch to lower

connectivity architectures with more M-cage interaction in the third (Cr2). The Zintl

cluster family offers a rich diversity with many different combinations of elements

possible by identifying the underlying electronic factors which drive structural changes

and systemic patterns within this remarkable family.

Figure 3.13: Overview of the trends in electronic structure across the 75- and 76-
electron M2E12 series.
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3.3 Metal-Metal Bonding in Pentagonal Bipyra-

midal Cluster Compounds Containing a cyclo-

Sn5 Ring: [(CO)3MSn5M(CO)3]
4– (M = Cr,

Mo)

3.3.1 Introduction

The chemistry of cyclo-Pn5 rings of the pnictogens (Pn) is well established, and

many compounds of P5
– and its heavier congeners, As5

– and Sb5
– , have already

been reported in the literature.150–152 These compounds are not only interesting from

a synthetic point of view but also as Pn is isolobal with a CH group,153,154 allowing us

to rationalise the similar structural chemistry of complexes of P5 and C5H5 .155 Similar

compounds with cyclo-Tt5 rings containing the tetrel (Tt) elements Si, Ge, Sn and

Pb are less explored. An isoelectronic relationship with Pn5 would require a –6 formal

charge on Tt. Tadorov and Sevov reported both Sn5
6– and Pb5

6– in a family of Zintl

phases, Na8BaPb6, Na8BaSn6 and Na8EuSn6 where the charge was balanced by the

presence of isolated Tt4– and Tt5
6– ions in the unit cell.156 In late 1970s the lighter

homologues of Tt5
6– , such as Si5

6– and Ge5
6– were crystallised and characterised in

the binary phases such as Li12Si7 and Li11Ge6.
157–159 The planar cyclo-Pn5

– rings or

Tt5
6– rings can be stabilised by aromaticity (having 6π electrons) or by the number of

valence/skeletal electrons. In terms of Wade’s rule, the Tt5
6– clusters have a 2n+6 =

16 skeletal electrons count or, equivalently, 4n+6 = 26 total valence electron counts,

which leads to a 5-vertex arachno cluster based on a pentagonal bipyramid with

two missing trans vertices. These two perspectives are equally valid and emphasise

that the electronic structure of ring compounds and clusters of heavier main group

elements is often quite complicated, with different interpretations possible.

After the report of Sn5
6– and Pb5

6– rings,156 Fässler and co-workers synthesised

a molecular analogue, [(CO)3MoPb5Mo(CO)3]
4–, which they formulated as a Pb5

4–

ring bridging two neutral Mo(CO)3 fragments.160 The total electron count is now

4×5+4=24 which means the ring consists of 4π electrons with anti-aromatic char-

acter rather than aromatic. But the Pb-Pb bond lengths in this cluster (3.0138 -

3.0647 Å) are marginally shorter than those in the aromatic (6π) Pb5
6– unit with a

total electron count of 26 in Na8BaPb6 (3.047 - 3.117 Å). The electronic structure

reveals a very substantial charge transfer from the Pb5
4– ring to the Mo(CO)3 frag-

ments and back bonding from the metal (Mo) to the ligand (CO). Therefore, the

C-O stretching frequencies are substantially reduced from the free CO value of 2143
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Figure 3.14: Examples of pentagonal bipyramidal cluster architectures from the tran-
sition metal series and main-group: cyclo-Sn5

6–; Tl7
7–; [(CO)3MoPb5Mo(CO)3]

4–;
[CpCrP5CrCp]0/– and [(CO)3CrSn5Cr(CO)3]

4–, this work .

cm−1 to 1889 cm−1. This can confirm a simple correlation between bond lengths and

formal charge on the five-membered ring. Gholiee et al. have recently published a

detailed computational survey of the family of pentagonal bipyramidal clusters with

general formula [(CO)3ME5M(CO)3]
4–, M = Cr, Mo, W; E = Si, Ge, Sn and Pb.161

Their analysis, using the M06-2X functional in combination with a def2-TZVPP basis,

agrees with the conclusion from Fässler and Kaupp, that there is substantial charge

transfer from the formally Tt5
4– ring to the M(CO)3 fragments and eventually carries

a positive charge. Clearly, the formal charge is at best a first approximation, and the

balance between M-M, M-Tt and Tt-Tt bonding is a delicate one.

In this section, we report the electronic structure analysis of two tin analogues of

Fässler’s lead cluster, [(CO)3MSn5M(CO)3]
4–, M = Cr (4) and Mo (5). Both com-

pounds are formed from the reaction of K4Sn9 with the organometallic precursors

M(MeCN)3(CO)3 (M = Cr, Mo), and both feature a planar cyclo-Sn5 motif capped

by two M(CO)3 fragments. This new structural data provides a platform to con-

sider the general features of bonding in the family of pentagonal bipyramids. In the

later part, we take the opportunity to compare these two new clusters to closely re-

lated species that share the pentagonal bipyramidal architecture and to compare the

different electron-counting models that have been applied in this context.
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3.3.2 Computational Details

All DFT calculations were performed using the ORCA 5.0.1 software.162,163 A range of

functionals were considered, including the generalised gradient approximation (GGA)

functional proposed by Perdew, Burke, and Ernzerhof (PBE),124 the hybrid B3LYP,95

the meta-hybrid M06-2X164 and the double-hybrid, B2PLYP.165,166 Scalar relativistic

effects were included using the zeroth-order relativistic approximation (ZORA).167 A

valence triple-zeta polarised relativistically re-contracted Karlsruhe basis set (ZORA-

def2-TZVP)168–170 was employed for H, C and O171 and segmented all-electron rel-

ativistically contracted (SARC) basis sets were used for heavier elements. The RI-J

approximation to the Coulomb integrals (J) was made using the (SARC/J)169,170

auxiliary basis set appropriate for ZORA calculations. The conductor-like polaris-

able continuum model (CPCM) was implemented taking water as a solvent with a

dielectric constant (ϵ) 80.4 to model the confining potential of the cation lattice.172–175

The multiwfn package was used to analyse the topology of the electron density and to

compute bond orders.176 Similar methodologies, models and parameters were adopted

in previous journals for DFT calculations and analysis.177,178

3.3.3 Results and Discussion

3.3.3.1 Structural Characterisation

The X-ray diffraction structures of the two anions [(CO)3CrSn5M(CO)3]
4– (4) and

[(CO)3MoSn5Mo(CO)3]
4– (5) are shown in Figure 3.15. The X-ray analysis reveals

that 4 crystallises in the triclinic space group P1 and contains a [(CO)3CrSn5Cr(CO)3]
4–

anion with a [K2(en)3]
2+ unit and two [K([2.2.2 ] – crypt)]+ cations per cluster. 5 crys-

tallises in the monoclinic space group P21/c with one [(CO)3MoSn5Mo(CO)3]
4– anion,

three [K(18-crown–6) ]+ cations and one further, isolated, K+ in the unit cell. The

structure of the [(CO)3MSn5M(CO)3]
4– anions (M = Cr, 4; Mo, 5) look like the Pb

analogue,160 pentagonal bipyramids with a Sn5 ring capped by two M(CO)3 frag-

ments at the vertices. The M–M distances along the principal axis are 2.948(9) Å

and 3.1393(5) Å in 4 and 5, respectively. Fässler and co-workers showed that the

Mo-Mo distance of 3.2156(8) Å in [(CO)3MPb5M(CO)3]
4– is longer than the Mo-Mo

bond in [Mo2(CO)10]
2– (Mo-Mo = 3.123 Å).179

The corresponding Mo-Mo distance of 3.1393(5) Å in the structure 5 is almost

identical to that in [Mo2(CO)10]
2–, while the Cr-Cr distance of 2.948(9) Å in 4 is

shorter than that in [Cr2(CO)10]
2–, 2.970 Å.179 Therefore, the identification of metal-

metal bonds in systems with bridging ligands is very difficult, as illustrated by the
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Figure 3.15: X-ray and DFT structure of anionic [(CO)3CrSn5Cr(CO)3]
4– and

[(CO)3MoSn5Mo(CO)3]
4– , respectively.

spirited debate over the existence or otherwise of a Fe-Fe bond in Fe2(CO)9.
180–182

But in this case, it seems clear that direct metal-metal bonding cannot be excluded

just based on the structural data alone. The Sn5 rings are almost perfectly planar,

with the sums of the interior angles close to the ideal value of 540◦(4: 539.850◦; 5:

539.928◦). The Sn–Sn bond lengths in 4 (av. 2.878 Å) and 5 (av. 2.934 Å) similar

to the values in the Sn5
6– clusters: 2.883 Å in Na8EuSn6, 2.921 Å in Na8BaSn6,

highlighting the absence of a simple relationship between bond length and formal

charge.156

3.3.3.2 Electronic Structure

The DFT-based optimised structures of Sn5 clusters [(CO)3MSn5M(CO)3]
4–, (M =

Cr, Mo) are shown in Figure 3.15 and the bond lengths are compared in the table 3.4,

along with corresponding values for Fässler’s Pb5 cluster, using a range of exchange-

correlation functionals.160 The gradient corrected functionals (PBE) give somewhat

shorter M-M bond lengths compared to their hybrid functional (B3LYP),95 which is

a relatively common observation in systems with weak metal-metal bonds.183 But the

double hybrid functional B2PLYP165,166 predicts M-M bond lengths that are shorter

than those of the other functionals and even shorter than the experimental values.

Despite the functional dependence of the absolute bond lengths, the calculations

replicate the important trends in the crystallographic data, irrespective of functional.

Within the pair of Sn5 clusters, the optimised Cr-Cr bond length is ∼ 0.2 Å shorter

than the Mo-Mo bond and the Sn-Sn bonds in the Sn5 ring are distinctly shorter

in the Cr complex than its Mo counterpart. Likewise, the 0.07 Å elongation of the
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Mo-Mo distance in [M(CO)3Pb5M(CO)3]
4– vs [(CO)3MSn5M(CO)3]

4– as seen in the

X-ray data is reproduced across all functionals.

Table 3.4: Optimised bond lengths for [(CO)3MSn5M(CO)3]
4– , M = Cr, Mo and

[(CO)3MoPb5Mo(CO)3]
4– for PBE, B3LYP and B2PLYP functionals

M-M M-Tt Tt-Tt
[(CO)3CrSn5Cr(CO)3]

4– X-ray 2.94 2.87 2.93
PBE 2.97 2.88 2.91

B3LYP 3.07 2.91 2.91
M062X 2.97 2.86 2.88

B2PLYP 2.85 2.87 2.93
[(CO)3MoSn5Mo(CO)3]

4– X-ray 3.14 2.93 2.94
PBE 3.19 2.99 2.98

B3LYP 3.27 3.02 2.98
M062X 3.20 2.97 2.95

B2PLYP 3.15 2.98 2.97
[(CO)3MoPb5Mo(CO)3]

4– X-ray 3.21 3.05 3.04
PBE 3.22 3.08 3.09

B3LYP 3.31 3.11 3.10
B2PLYP 3.17 3.06 3.09

A schematic molecular orbital diagram showing the interaction between a Sn5
4–

fragment and a (CO)3M–M(CO)3 unit is summarised in Figure 3.16.

Note that the orbitals of the Sn5
4– ring are labelled according to D5h point sym-

metry while those of M(CO)3 and (CO)3M–M(CO)3 are labelled according to C3v and

D3h, respectively. The complete cluster has only Cs point symmetry (where the mir-

ror plane passes through one of the CO ligands of the top Cr/Mo and one of the CO

ligands of the bottom Cr/Mo, facing opposite and one of the Sn atoms in Figure 3.15)

but is labelled according to D3h to retain the parentage of the orbitals in which the

ligand (CO) orientation is slightly nonsymmetric. The bonding interaction between

the Sn5
4– ring and the transition metal center is dominated by charge transfer from

the highest occupied orbitals on Sn5
4– with Sn-Sn σ (e′1) and Sn-Sn π (e′′2) character,

which overlaps with in- and out-of-phase combinations of the degenerate LUMO of

M(CO)3 (2e′ and 2e′′, respectively) to generate near-degenerate pairs with a′ and a′′

symmetry ((5a′,3a′′), (6a′,4a′′). The air- and moisture-sensitivity of both 4 and 5 has

prevented the measurement of infra-red spectra for either, but our computed C=O

stretching frequencies (1712 cm−1 and 1744 cm−1 for 4 and 5, respectively) indicate

a similar red-shift to that observed in the Pb5 analogue (measured, 1737 cm−1,160

calculated 1744 cm−1). In addition, there is a further significant interaction between
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Figure 3.16: Schematic molecular orbital diagram for [(CO)3MSn5M(CO)3]
4– . Note

that the orbitals of the M(CO)3, M2(CO)6 and Sn5 fragments are labelled according
to C3v, D3h and D5h point symmetry, respectively. The cluster itself has only CS

point symmetry, but labels appropriate to D3h are nevertheless used to emphasise
the parentage of the orbitals.

the out-of-phase combination of dz2 orbitals and the Sn5 π a′′2 orbital, which desta-

bilises the antibonding combination to the extent that it constitutes the LUMO of

the complex (8a′). This LUMO, an iso-surface plot which is shown in Figure 3.16, is

clearly localised primarily on the Sn5 ring, with relatively minor contributions from

the out-of-phase combination of Cr dz2 orbitals.

3.3.3.3 Electron-counting andMetal-Metal Bonding in Pentagonal Bipyra-
midal Clusters

To place these new Sn5 clusters into an appropriate context, it is useful to compare

them with other 7-vertex cluster compounds (examples in Figure 3.14) with the same

or similar formal electron counts. Perhaps the most obvious point of comparison is
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with the 7-vertex main-group clusters Tl4Bi3
3– and Tl7

7– , the former was synthesised

recently by Dehnen184 and co-workers and the latter by Corbett and co-workers in

2000.185 The Tl4Bi3
3– cluster has a total valence-electron count of 4n+2 = 30, a

skeletal-electron count of 2n+2 = 16, and is a classically closo cluster. It is worth

emphasising that the additional 2n electrons included in the total count correspond

to the radially directed lone pairs on the seven vertices, which have dominant 6s

character in both clusters. Corbett’s Tl7
7– cluster has a total electron count of 28,

two electrons fewer (4n = 28) and is compressed along the principal axis, generating

a short trans-annular Tl-Tl bond. Its a′′2-symmetric LUMO (the HOMO of Tl4Bi3
3– ),

shown in Figure 3.17, has Tl-Tl π∗ character around the equator, just like the LUMOs

of [(CO)3MSn5M(CO)3]
4– , but also substantial Tl 6s character on the apical Tl atoms,

giving rise to the direct Tl-Tl bond.

We have analysed the electronic structure of [(CO)3MSn5M(CO)3]
4– in terms

of the well-established electron-counting model. Fässler and Kaupp formulated the

skeletal electron count as 2n = 14 skeletal electrons, treating the Mo(CO)3 fragment

as a zero-electron donor. The assumption here is that the occupied 3d orbitals, in-

cluding the 3dz2 orbitals aligned along the principal axis, are not involved in the

cluster bonding. The linear combinations of 3dz2 are the direct analogues of the

6s radial lone pairs in Tl4Bi3
3– , and if we include these we reach a total-electron

count of 28 (= 4n), highlighting an isolobal analogy to Tl7
7– . So why, then, do we

consider a trans-annular Tl-Tl bond present in the main-group cluster, but not in

[(CO)3MSn5Cr(CO)3]
4–? The resolution to this is somewhat subjective: if the a′′2

LUMO is localised entirely on the apical atoms, a trans-annular bond is fully devel-

oped while the equatorial 5-membered ring retains the full complement of 6π electrons.

At the opposite extreme, if the LUMO is localised entirely in the equatorial plane,

the electron deficiency is accommodated in an anti-aromatic 4π ring while both in-

and out-of-phase combinations of 3dz2 are occupied, leaving no trans-annular bond.

The LUMOs shown in Figure 3.18 suggest that the amplitude of the LUMO is in-

deed shifted towards the apical atoms in Tl7
7– compared to [(CO)3CrSn5Cr(CO)3]

4– ,

justifying the rather different descriptions of bonding.

A connection between these two limiting descriptions can be established through

the P5-bridged clusters, CpCrP5CrCp and Cp∗CrP5CrCp∗ and their one-electron re-

duced analogues.186,187 The neutral Cp cluster has a Cr-Cr separation is 2.69(1) Å,

considerably shorter than that in 4, and Hoffmann’s analysis of the bonding con-

cludes that there is indeed Cr-Cr bonding present.188 The one-electron reduced ana-

logue [CpCrP5CrCp]– noted in Scherer’s original report of the synthesis of the Cp*
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Figure 3.17: HOMO and LUMO isosurface plot of Tl4Bi3
3– and Tl7

7– , respectively.

compound is particularly interesting in the present context because its total va-

lence electron count of 28 establishes a further isolobal relationship to both Tl7
7–

and [(CO)3CrSn5Cr(CO)3]
4– .187 The optimised structure of [CpCrP5CrCp]– is sum-

marised in Table 3.5, the Cr-Cr bond length of 2.61 Å is indicative of an even

stronger Cr-Cr interaction than in the neutral species. The 28 available electrons

in [CpCrP5CrCp]– can either be partitioned to give a 6π-electron P5
– ring and two

d5 CpCr fragments (and hence a Cr-Cr bond) or as a 4π-electron P5
+ ring with two

d6 CpCr– fragments (and hence no Cr-Cr bond). The LUMO shown in Figure 3.18 is

clearly strongly localised on the apical Cr atoms with relatively minor contributions

on the equatorial P5 ring, confirming that the electron deficiency is accommodated

on the apical atoms.

An important point to take from this analysis is that there is no black-and-white

distinction between the electronic structure models for [(CO)3CrSn5Cr(CO)3]
4– (M

= Cr, Mo), [CpCrP5CrCp]– and Tl7
7– . All three share a common skeletal-electron

count of 28, 2 fewer than the closo count of 30 and they constitute a continuum

of situations defined by the shape of the LUMO, and hence the electron deficiency

(relative to the closo form) is accommodated. In terms of the molecular orbital

diagram shown in Figure 3.16, the limiting cases defined by [(CO)3CrSn5Cr(CO)3]
4–

and [CpCrP5CrCp]– are connected by a shift in the relative energies of the metal-

and E5-based fragments. A downward shift of the orbitals on the E5 ring will increase

the metal dz2 character in the LUMO, increasing the importance of the trans-annular
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bonded resonance form.

3.3.3.4 QTAIM Analysis

The Quantum Theory of Atoms in Molecules (QTAIM) offers an alternative per-

spective on the nature of the bonding in these systems. However, we note that the

separation of metal-metal and metal-ligand bonding remains far from simple.189

Table 3.5: Comparison of Mayer bond orders (BO) and QTAIM parameters for
the trans-Annular M-M Bond Critical Points (BCPs) for 28-electron M2E5 clusters,
[(CO)3CrSn5Cr(CO)3]

4– , [CpCrP5CrCp]– , and Tl7
7–

[Cr2Sn5(CO)6]
4– [Mo2Sn5(CO)6]

4– [CpCrP5CrCp]– Tl7
7–

rM−M/Å 2.97 3.19 2.62 3.32
BOM−M 0.39 0.28 0.72 0.31
δM−M 0.40 0.44 0.93 0.52

ρBCP/ au 0.028 0.029 0.055 0.020
Gb / au 0.010 0.011 0.026 0.009
Vb / au -0.015 -0.017 -0.045 -0.010

Figure 3.18: Molecular graphs and contour plots of the LUMOS of
[(CO)MSn5M(CO)3]

4– (M = Cr, MO), [CpCrP5CrCp]– and Tl7
7– . Bond Critical

Points (BCPs) are shown in the molecular graphs as red dots.

The delocalisation index, δ, offers a direct measure of Cr-Cr bond strength and

the values of 0.26 and 0.59 for [(CO)3CrSn5Cr(CO)3]
4– and [CpCrP5CrCp]– , respec-
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tively. This correlates directly with the computed values for the Mayer bond order

(0.39 and 0.72) extracted from the wavefunction itself (Table 3.5). The topology of

the electron density reveals bond critical points (BCPs) midway between the Cr cen-

tres for both [(CO)3CrSn5Cr(CO)3]
4– and [CpCrP5CrCp]– (see molecular graphs in

Figure 3.18), but the electron density at the BCP (ρBCP ) is considerably larger for

the latter (0.055) than the former (0.028). Following Macchi’s classification of the

local indicators of bond type, the balance between kinetic (Gb) and potential (Vb)

energies is consistent with an open-shell-type interaction in both, although the local

dominance of Vb over Gb in [CpCrP5CrCp]– is indicative of enhanced covalent Cr-Cr

character.190 All of the indicators, structural and electronic, are therefore consistent

with the conclusion that Cr-Cr bonding is considerably stronger in [CpCrP5CrCp]–

than it is in [(CO)3CrSn5Cr(CO)3]
4– . The Mayer bond order, delocalisation index

and properties of the trans-annular BCP for the Tl7
7– cluster suggest that it sits

closer to [(CO)3CrSn5Cr(CO)3]
4– than to [CpCrP5CrCp]– on this spectrum of bond

types.

3.3.4 Conclusions

The two new cluster compounds, [(CO)3MSn5M(CO)3]
4– , M = Cr, Mo, feature a pair

of zero-valent M(CO)3 fragments bridged by a cyclo-Sn5 unit. The Sn clusters are

isostructural with the Pb analogue, [(CO)3MoPb5Mo(CO)3]
4– , reported previously

by Fässler and co-workers. The LUMO of both clusters has a dominant Sn-Sn π

character, consistent with their formulation as Sn5
4– rings coordinated to two zero-

valent Cr(CO)3 fragments. The electronic structure makes a striking contrast with

the isoelectronic [CpCrP5CrCp]– anion, where the relative energies of the orbitals on

the E5 and M2 fragments are reversed, causing the LUMO to have dominant Cr-Cr σ∗

rather than Sn-Sn π character. The Tl7
7– cluster is isolobal with both clusters and the

axial compression in this hypo-electronic cluster is strikingly reminiscent of the short

Cr-Cr bond in [CpCrP5CrCp]– . This triad of 28-electron clusters therefore maps out

a continuum of situations between two limits where (i) The LUMO is localised in the

equatorial E5 ring ([(CO)3Cr/MoSn5Cr/Mo(CO)3]
4– ), and (ii) the LUMO is localised

on the M2 caps ([CpCrP5CrCp]– ), forming a trans-annular bond. This continuum

perspective establishes a link between apparently quite different electron-counting

perspectives.
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3.4 Summary and Conclusions

In this Chapter, I have discussed the electronic structure of a number of new clusters

that contain Sn in combination with a range of different transition metals. The

[Ru@Sn12]
4– cluster serves as a benchmark, where back-bonding from a single metal

to Sn does not drive structural change, but softens the Sn-Sn vibrations. In the

latter sections, I turn to bimetallic clusters (two transition metals) and show how the

subtle interplay of metal-metal and metal-Sn bonds determines the structure. The

majority of known transition metal encapsulated Zintl clusters are well described

as ‘closed-shell’ clusters where the TM has a d10 electronic configuration and there

is little or no direct interaction with the cage, preserving its original structure and

symmetry. On the other hand, in cases where the d-orbitals on the metal are not

core-like, interactions with the orbitals of the cage, increase the total electron count

of the cluster. Therefore, a careful consideration of the role of the metal d electrons

is essential to understanding the structural diversity within this family of clusters.

In the first compound, [Ru@Sn12]
4– we have found that in X-ray structure the

cluster is slightly distorted from an ideal icosahedral geometry, but the DFT analy-

sis indicates that, at least in the gas phase, the equilibrium structure has perfect Ih

symmetry. However, back-bonding is reflected in a very soft hg-symmetric vibrational

mode, and also the energetic proximity of the 3-connected (fullerene-like) architecture

adopted by endohedral [Ru@Ge12]
3– and [Ta@Ge8As4]

3– . It seems likely, therefore,

that the distortions observed in the solid state are a consequence of the presence

of K+ cations in the lattice, which are not included in the model. Theoretically,

we have shown that if we go beyond Ru, [Tc@Sn12]
5– would be very close to the

cross-over point to the 3-connected D2d structure cluster, reflecting the further desta-

bilisation of the d-orbitals and enhanced back-bonding to the gg-symmetric LUMO

of the icosahedral cage. Backbonding becomes more prominent in the case of our

next study, comparing the structural chemistry of the isoelectronic pair [Fe2Sn4Bi8]
3–

and [Cr2Sb12]
3– . The former has an ideal triple-decker architecture with D4h sym-

metry, very common for the M2E12 family cluster, where the metal d-electrons are

core-like. [Cr2Sb12]
3– , in contrast, is significantly distorted from D4h to C4v symmetry

and can be viewed, to a first approximation, as a CrSb8 crown with a separate Sb4

ligand. The upward shift of d-orbital energy from Ni to Fe to Cr leads to increased

back-bonding in both systems. In [Cr2Sb12]
3– , orbital crossing occurs, transferring

electrons from a Cr-Cr antibonding orbital to a Sb-Sb antibonding orbital, breaking

the Sb12 unit into two fragments. The metal-metal bonding is significant for both
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of the systems and post-optimisation analysis suggests the M-M formal bond order

is 0.5 and 1 for Fe2 and Cr2 clusters, respectively. The interplay of M-M and M-Sn

bonding is less straightforward in the final pair of structures [(CO)3MSn5M(CO)3]
4–,

M = Cr, Mo, because a single orbital is both M-M and Sn-Sn bonding. The LUMO

in [(CO)3CrSn5Cr(CO)3]
4– has dominant Sn-Sn π rather than metal d character for ,

leading us to propose a formulation as Sn5
4– , with neutral M(CO)3 fragments. The

multiple bond character leads to Sn-Sn bond distances of 2.91 Å, shorter than single

Sn-Sn bond distances of 3.067(2)-3.167(3) Å in Ca31Sn20.
191
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Chapter 4

Catalysis of the Water-Gas Shift
Reaction by Ru@Sn9

4.1 Introduction

The use of Zintl clusters or metalloids rather than isolated noble metal atoms as the

catalytic centre offers the potential to exploit the interactions between transition and

main-group metal to achieve low-barrier reactions, and recent work from our collab-

orators in Tianjin suggests that Zintl clusters are effective catalysts for the reverse

water gas shift (rWGS) and CO2 methanation reaction. Common active catalysts for

WGS (or r-WGS) reactions are highly dispersed or isolated transition metals such

as Ru, Ni, Rh, Ir and Pd on oxide surfaces.192 Recently, Sun et al. have reported

the selective reduction of CO2 on highly dispersed RuSnOx sites, derived from a

[Ru@Sn9]
6– Zintl cluster.3 Different reaction media, pressures and temperatures were

used to explore the selectivity of the catalyst, but an atomic-level understanding of

the mechanism, and how it relates to the electronic properties of the cluster remain

unclear.

Metal oxide surfaces are often used as excellent support for noble metals because of

their flexible oxidation states and high activity in redox reactions, which is often due

to oxygen defects in CeO2, Al3O4, TiO2 etc. Cerium oxide is one of the most efficient

compounds, in part because of facile changes in oxidation state between Ce4+ to Ce3+,

and is widely used in high-performance oxygen storage applications and catalytic

redox reactions, solid oxide fuel cells, water-gas shift reactions, etc. Ceria (CeO2)

itself is not highly efficient for catalytic reactions but, over the past two decades,

numerous studies have been conducted on depositing different transition metals on

the oxide surface, with remarkable success.193 These supported oxides maintain high

catalytic efficiency while reducing the huge cost of using bulk noble metal catalysts or
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larger (nano)particles of Au, Pt, and Pd in industrial processes. Here, we will briefly

discuss about the water-gas-shift (WGS) reaction and the development of ceria-based

noble metal catalysts for the WGS reaction.

4.1.1 The Water Gas Shift (WGS) Reaction

The Water Gas Shift Reaction (WGSR) is an important reaction in many indus-

trial processes like hydrogen production, manufacturing ammonia, steam-methane

reforming, hydrocarbon production etc. It is the conversion of carbon monoxide in

the presence of water vapour to carbon dioxide and hydrogen. A schematic model of

how the WGS process is utilised in industries is shown in Figure 4.1. This reaction

is thermodynamically exothermic.

CO + H2O −−⇀↽−− CO2 + H2 ∆H = −41 kJ/mol (4.1.1)

Even though the WGSR was discovered in 1780 by an Italian physicist Felice

Fontana, this method started to be implemented extensively in industries long after,

in the early 20th century for mass production of hydrogen at a lower cost. Because

of the huge demand for hydrogen, there is always a need for large-scale hydrogen

production in industries. A cheap and efficient catalyst can facilitate the demand.

Therefore it’s always a motivating topic for researchers to discover a better catalyst.

The conventional way of hydrogen production in ammonia synthesis plants has been

using iron oxide-chromium oxide catalyst at higher temperatures 310-450◦C since the

early 20th century. But over the years a lot of developments have been done to tune

the catalyst properties like efficiency, reducing sulfur poisoning, thermal stability etc.

Noble metals on a support offer a great potential to be excellent catalysts. Based on

these developments and our interest we have discussed briefly mainly three types of

catalysts in this section : (i) High-Temperature Shift Catalysts, (ii) Low-Temperature

Shift Catalysts, and (iii) Ceria and Noble Metal-based Catalysts.

4.1.1.1 High-Temperature Shift Catalysts

As the name suggests High-Temperature Shift (HTS) catalysts work well at rela-

tively high temperatures in a range of 310-450◦C, whereas they fail badly at lower

temperatures.194 The HTS catalyst iron oxide-chromium oxide started being used

commercially in 1914, with the composition of 74.2% Fe2O3, 10% Cr2O3, 0.2% MgO

and remaining percentage attributed to volatile components. Fe-based HTS catalysts
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Figure 4.1: Scheme of methane-steam reforming and ware-gas-shift process for H2

production.

are synthesised by the co-precipitation method as hematite (Fe2O3) and then reduced

to magnetite (Fe3O4) during the process.195

3 Fe2O3 + CO −−⇀↽−− 2 Fe3O4 + CO2 ∆H = +24.8 kJ/mol (4.1.2)

2 Fe3O4 + H2O −−⇀↽−− 3 Fe2O3 + H2 ∆H = +16.3 kJ/mol (4.1.3)

A careful reduction process is required to avoid the formation of metallic iron which

could lead to the Fischer-Tropsch process and produce hydrocarbons. Once Fe2O3

is reduced to Fe3O4, still, chromium remains as Cr3+ in Cr2O3 and inhibits the re-

crystallisation of magnetite, acting as a stabiliser. The Fe-Cr catalysts can only be

used for 3-5 years because of the sintering and need to be replaced.192,196 Several

studies show that the catalytic activity of Fe-Cr catalyst depends on the Fe2+/Fe3+

electronic nature of the system and adding some cations which have similar charge,

size and ionisation potential as Fe2+ in the lattice can influence the stabilisation

and reactivity of the catalysts, for example, Mn2+, Ni2+, Zn2+, Co2+ transition metal

promoters and other metal cations, Ba2+, Pb2+, Hg2+ etc.197–199 Among all transition

metal promoters, rhodium has been proven to be one of the most effective HTS-

WGS catalysts for hydrogen release.200 Even though various promoters have been

reported for catalytic advancement, the number of promoters has been narrowed

down considering the toxicity and environmental impact. The Fe-Cr-based catalysts

exhibit outstanding catalytic activity but several attempts have been made to find a

suitable substitute which is chromium-free. A good replacement could be Al, Al-Cu

or Ni.201 Recently, Alumina has been believed to be a good HT-WGS catalyst because

of its higher surface area and thermal stability.202
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4.1.1.2 Low-Temperature Shift Catalysts

This reaction occurs at slightly low temperatures in the range of 200-250◦C or be-

low. The Low-Temperature Shift (LTS) catalyst is a mixture of ZnO, CuO and

Al2O3/Cr2O3. The typical composition, reported by Newsome et al. is 68-73% ZnO,

15-20% CuO, 9-14% Cr2O3, 2-5% Mn, Al and MgO, whereas 32–33% CuO, 34–53%

ZnO, 15–33% Al2O3 composition was mentioned by C. Rhodes et al.194,203,204 ZnO

and Cr2O3 helps on the crystallisation of the catalyst and Al2O3, mainly inactive,

in some cases helps in the dispersion and minimises pellet shrinkage. These Cu/Zn

catalysts are air sensitive, sulfur, halogen and unsaturated hydrocarbon intolerant,

so these need to be protected. ZnO is a good protector from sulfur poisoning.

CuO + H2 −−⇀↽−− Cu + H2O ∆H = −80.8 kJ/mol (4.1.4)

As LTS catalysts are very sensitive and selective, the conversion ratio is quite high

even at low intake. Like HTS catalysts, some TM promoters like Mn can promote

Cu/Al2O3 efficiency for CO conversion of about 90% in WGSR.205 The Cu-based LTS

catalyst is not only restricted to the mixture of Cu-Zn, a variety of different structural

modifications, and incorporation of noble metals and oxide supporting system have

been developed by the researchers over the years to minimise the poisoning, sintering

effect and maximise the stability, efficiency and sustainability of the catalysts. For in-

stance, Cu-based perovskites are stable and efficient (for example La1.85Ca0.15CuO4),

also Cu nanoparticle or CuO supported on CeO2, ZrO2 has a high stability and con-

version rate.206

4.1.2 Ceria and Ceria-supported Catalysts

4.1.2.1 Ceria (CeO2)

Cerium dioxide (CeO2 or ceria) was first used by Ford Motor Company as an oxygen

storage component in car converters around 50 years back. Since then there has been

a massive spike in implementing ceria not only in the car industries but also in petro-

chemical industries, fertiliser factories, fuel cells etc.193 Ceria is directly involved with

some important catalytic reactions such as water gas shift reaction, photocatalysis,

reforming process, thermochemical water splitting, and hydrocarbon reaction, thus

representing a big market.

Cerium (Ce) is one of the most abundant rare earth elements on earth and af-

fordable to use. It does not fall in the ‘critical rare earth’ category, which means the

risk of use is comparatively low. That allows researchers to exploit the element for
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different uses. Therefore, the number of research articles on ceria and ceria-based

catalysts has increased exponentially over two decades. Different phases of cerium

oxides can be formed after the oxidation of metallic Ce, mainly Ce(III) and Ce(IV)

ionic states in Ce2O3 and CeO2 respectively, depending on the reaction temperature

and oxygen pressure. Non-stoichiometric CeO2–y can be found after releasing oxygen

from the crystal and the oxygen vacancies are very common in ceria, which leads to

a mixture of oxidation states in ceria.

CeO2 − yO → CeO2−y +
y

2
O2 (4.1.5)

This excellent ability to shift between Ce(III) and Ce(IV) states by buffering oxygen

in the crystal makes ceria and ceria-based mixed oxides unique. This property is called

oxygen storage capacity (OSC), introduced to evaluate and compare redox properties,

especially in automotive converters. Several experimental techniques can be used to

study the oxygen storage kinetics such as oxygen buffering capacity (OBC).207

Many theoretical studies have been performed to provide a fundamental under-

standing of the electronic structure and properties of CeO2 (ceria) and ceria-based

catalysts.208 One of the most common investigations is to find the position of extra

electrons when the system is reduced. Reduction can happen either by oxygen vacan-

cies and/or by the supported materials. In some studies, it has been revealed that

for an oxygen-defected CeO2 surface, the Ce ion close to the oxygen vacancy (nearest

neighbour, NN) does not reduce to Ce3+ from the initial Ce4+, but the reduction

would be a bit far away from the vacant site which is called ‘next nearest neighbour’

(NNN).209,210 DFT with the HSE06 (hybrid functional) and DFT+U (Hubbard cor-

rection) was used for this analysis. However, the LDA+U method suggested the NN

Ce ion reduction. Therefore, the localisation of the electrons depends on the methods

adopted in the study to some extent but mainly depends on the supported system.

Applications of Ceria

The applications of ceria and ceria-based catalysts are quite diverse (Figure 4.2) and

crucial for modern chemical technologies.

A. Three-Way Catalysts (TWC) :

As the name suggests, three major reactions are catalysed by TWCs, oxidation of CO

and hydrocarbons (CH) and the reduction of nitrogen oxides (NOx ). These are the

major pollutants produced in the automobile engine by combustion of gasoline and

the automotive TWCs are used to remove those pollutants. Al2O3 doped ceria, some

CeO2 based promoters CexZr1–xO2, noble metal supports Pt/Pd on CeO2 and mixed

oxides CeO2-ZrO2 are commonly used as TWCs.211 The principal role of the CeO2 is
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Figure 4.2: Applications of CeO2 based catalysis in several fields.

to act as an oxygen buffer, extending the three-way ‘window’ (Figure 4.3 (a)).212

B. Diesel Engines :

Along with CO, NOx and hydrocarbons, soot is one of the main pollutants in diesel

engines which has a negative impact on the environment and human health. Several

processes have been tested to reduce the soot emission and catalytic filtration is one

of the advanced techniques where soot is usually oxidised.

CeO2 based materials have been good catalysts for soot combustion, in fact, some

catalytic modifications can improve the performance significantly like cobalt oxide

support, rare earth -modification, Ce-Zr oxide, nano alloy support etc. Two mecha-

nisms have been proposed so far for soot combustion by ceria-based catalysts (Figure

4.3 (b)) : (i) Active oxygen mechanism where soot is oxidised by the O present in

CeO2 and then the vacancy is filled by the supplied oxygen gas, (ii) NO2 assisted

mechanism, where NO (generated during the combustion of diesel) is firstly oxidised

to NO2 by CeO2 and then NO2 oxidise the soot.213

C. Steam Reforming :

Steam methane reforming (SMR) is the most widely used method in industries to

produce hydrogen. Compared to other reforming processes, SMR produces a higher

H2/CO ratio. As is thermodynamically endothermic, it requires a higher temperature

for the reaction:

CH4 + H2O −−⇀↽−− CO + 3 H2 ∆H0
298 = +206.2 kJ/mol (4.1.6)

Nevertheless, a number of reports have been published on CeO2-based catalysts for

the SMR process and the amount of work has exponentially increased over the past

two decades. Some of the systems used for the SMR process are noble metal sup-

ports Ru, Ni, Pt, Pd and Rh on CeO2, a series of mixed oxides Yb2O3, Gd2O3,
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Figure 4.3: (a) Conversion efficiency of TWCs. Adapted with permission from Refer-
ence.212 Copyright 2000 Elsevier. (b) scheme of soot combustion reaction mechanism
on ceria-based catalysts. Adapted with permission from Reference.213 Copyright 2014
Elsevier.

La2O3 etc. with CeO2, Ni/Ce0.8Zr0.2O2, bi-metallic support on ceria Rh-Pt/CeO2,

Cu/CeO2/ZrO2 and so on.

D. Water Gas Shift Reaction :

The WGS reaction has been discussed in the previous section, but it is important to

note the importance of this process in the context of the SMR process. Industrial pro-

cesses including methanol synthesis, Fischer-Tropsch synthesis or hydroformylation

reaction require well-defined H2/CO/CO2 ratios to control the processes efficiently.

E. Oxidation of Organic Compounds :

CeO2 and CeO2-based materials are excellent catalysts for the conditioning of volatile

organic compounds (VOC), extensively used in wastewater plants to remove organic

pollutants. The reaction follows a Mars-van Krevelen (MvK) type mechanism where

ceria supplies oxygen to the adsorbate and is re-oxidised by supplied oxygen. Methane

is the most difficult VOC to oxidise and a major environmental hazard. A recent re-

view on Au-based catalysts and TM metal supports has been published which has

great capability for VOC combustion.214

F. Partial Hydrogenation :

Ceria can be a good alternative to the traditional Pd-based catalyst (Lindlar’s cata-

lyst) for partial reduction of alkynes to olefins because of its high activity, selectivity

and low cost.

G. Photocatalysis :

Ceria-based materials have gained attention in the field of photocatalysis as an al-

ternative to conventional TiO2 for both water splitting and wastewater treatment.
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CeO2 has a wider band gap (3.2-3.4 eV) which falls in the UV range, although the

presence of O vacancies and noble metal doping (Fe, Co, Mn) bring this gap into the

UV/visible region.

Although ceria-supported noble/transition metals-based catalysts have found ex-

tensive use in heterogeneous catalysis, an atomic-level understanding remains elusive.

Here, we briefly discuss some previous studies on ceria-based catalysts.

4.1.2.2 Au-Ceria

Historically, Au has been considered an inert material for catalytic reactions since

the late 80’s.215 Haruta et al. discovered a small nanoparticle of Au supported on

some oxide systems can exhibit low-temperature CO oxidation activity and be used

as a catalyst in different reactions such as oxidation and WGS reactions.216 There are

many factors to decide the reactivity of Au-based catalysts like particle size, reaction

condition, pretreatment conditions, support system etc. Goodman and coworkers

have done a lot of research on the model reactions of Au nanoparticles (NPs) on

TiO2 support and found that the quantum size of the NPs significantly determines

the reactivity.217 Flytzani-Stephanopoulos et al. found that the whole NPs do not

participate in the reaction rather the Au atoms’ contact with the support is crucial

as Au can be partially oxidised to Auδ+.218 The interaction between Au and oxide

support stabilises the NPs by increasing the contact area. A common phenomenon in

these systems is oxygen vacancies on the oxide surface, which could be single, double

or multiple vacancies as well as surface, subsurface or bulk vacancies. Many exper-

imental and computation studies have been performed to determine the structure,

vacancies and reaction rate of Au-based catalysis. Several DFT studies by Liu et al.

show Au atoms will be adsorbed on top of O on the CeO2(111) pristine surface and

O vacant site for the defective surface.219 Au is oxidised to Auδ+, on the other hand,

partial reduction of CeO2 both in the absence and presence of oxygen vacancy, leading

to electron transfer to the vacant 4f orbital of ceria. The adsorption energy of Au

on different ceria surfaces suggests that the partially reduced ceria (with O vacancy)

is the best support of Au compared to pure CeO2 and completely reduced Ce2O3 is

rather inert.220 Au is the active site for catalysis and O vacancy does influence the

process. It was also concluded that neither single Au atoms nor sizable NPs have the

highest efficiency but some ultrasmall Au clusters could be very effective for catalysis.

Another DFT study by Henkelman et al. on Au NPs supported by CeO2 explained

how CeO2 with O vacancy influences the CO oxidation reaction and the adsorption
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behaviour of the Au13 NPs.221 The choice of the size of Au NPs determines the ge-

ometry of the structure. A pyramidal-like 3-layered Au13 nano cluster would be the

most stable structure both for pure ceria and O vacant surface Figure 4.4.

Figure 4.4: Au NPs model on supported ceria for CO oxidation. Adapted with
permission from Reference.221 Copyright 2012 American Chemical Society.

They suggested that CO and O2 will be co-adsorbed on the Au NPs but it will

follow the M-vK mechanism where CO will be oxidised by the lattice oxygen, following

the oxidation of the lattice by supplied O2. A slightly different technique was used by

Rodriguez et al. where CeO2–y and TiO2–y nanoparticle was supported on Au(111)

support for the WGS reaction.222 It was mentioned that CeO2/Au(111) has higher

catalytic activity, and follows a lower energy path compared to Au(100) or Cu(100)

and some other reported systems. They concluded that water dissociation is the rate-

determining step. Kim et al. reported that the inclusion of Pd, Pt and Ti into an

Au13 NC-supported CeO2 can significantly improve the formation energy of oxygen

vacancy and catalytic activity can be optimised.223 A supported Au catalyst can

exhibit excellent CO oxidation activity at low temperatures but suffers from Au NPs

sintering under reaction conditions, resulting in rapid deactivation of the catalyst.

Therefore, there are constant efforts to find new materials with anti-sintering abilities

and diverse applications.

4.1.2.3 Pt-Ceria

Pt is another noble metal which has gained attention for its catalytic activity for

different chemical reactions, especially the WGS reaction. Compared to Au, Pt is

bound strongly with CeO2, which minimises the sintering phenomenon and encourages

Pt to disperse over the surface. However, the CO molecule has a higher binding energy

with Pt, which leads to CO adsorption on the Pt site and charge transfer from the

metal to the surface. A theoretical study by Bruix et al. on Pt single atom supported

on pure CeO2 suggests that Pt will bind to the bridging site of two top-layer oxygen
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atoms.224 However, the dispersion of Pt at different positions on the surface can’t be

ruled out. Open-shell DFT calculation shows the oxidation of Pt0 to Pt+ and the

reduction of Ce4+ to Ce3+. Xu et al. mentioned that the CO oxidation activity on

Pt/CeO2 comes from two aspects: 1) small-sized particles disperse over the surface

to provide more active sites. 2) charge transfer from metal to the support.225 An

interesting study by Vayssilov et al. reveals how the morphology of supported oxide

determines the oxygen spillover on the Pt nanoclusters (NCs).226 Two types of CeO2

supports for Pt8 NC were considered. (i) CeO2 slab and (ii) Ce40O80 nanoparticle.

It has been reported that there is a significant charge transfer from the Pt8 NC to

both supports. However, the oxygen spillover from the CeO2 to the Ru8 NC would

be preferable for the Ce40O80 NPs whereas it’s energetically not favourable for the

CeO2 slab system (Figure 4.5). Two main factors that drive oxygen spillovers are the

oxygen vacancy formation energy from the support and the oxygen binding energy

with the Pt NC.

Figure 4.5: Oxygen release and oxygen spillover in extended and nanostructured
Pt–CeO2 models. Adapted with permission from Reference.226 Copyright 2011 Nature
Publishing Group UK London.

The adsorption behaviour, structure and electronic properties of Pt8 NC on CeO2
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(111) surface were studied by Bruix et al.227 The geometry optimisation revealed that

the Pt8 forms two layers on the support. The bottom layer contains six Pt atoms

directly in contact with surface oxygens and the top layer has two Pt atoms. Vecchietti

et al reported the role of oxygen vacancies on CeO2-supported Pt cluster for WGS

reaction is significant.228 The oxygen vacancy formation energy or the supported oxide

reducibility can increase the reaction rate by adsorbing the water faster. The metal-

support interface plays an essential role in CO adsorption and water dissociation.

4.1.2.4 Pd-Ceria

Pd is also a very commonly used catalyst for WGS reactions and three-way catalytic

(TWCs) reactions because of its low cost and excellent CO oxidation performance.

Like Pt catalyst, Pd-based catalytic performance depends on the cluster size and the

dispersion over the oxide surface. Sintering of the small NPs is the main reason for the

degradation of catalytic performance for most of the noble metals including Pd, hence

several techniques could be used to prevent it. Embedded materials can also prevent

the sintering and enhance the stability and reactivity.215 Cargnello et al. prepared

Pd/CeO2 nanostructures by self-assembly and found a good catalytic activity for CO

oxidation.229 Pd is not inert for catalytic reactions, different facets of Pd solids like

Pd(111), Pd(100) etc. can have different reactivities but supported Pt can exhibit

a higher reactivity for CO oxidation. The rate of CO oxidation mainly depends on

the CO adsorption energy on Pd and supported Pd has a strong CO binding energy.

A computational study by Yang et al. shows the existence of different adsorption

features for a single Pd atom on a clean and O-vacant CeO2 surface.230 Pd prefers

to be adsorbed at the two oxygen-bridging sites for a clean surface whereas in the

reduced surface, it will be slightly away from the vacancy but the adsorption energy

would be much stronger. They also concluded that oxygen removal from a Pd/CeO2

system is much easier than a clean CeO2 because the extra electrons can be easily

accommodated at the partially occupied metal d-orbital and can have good oxygen

storage capacity.

4.1.2.5 Other Metal-Ceria

The studies were not only restricted to Pt, Pt and Au. Some other noble metals (Rh,

Ru, Ir etc.) and transition metals (Cu, Ag, Ni, Fe, Co etc.) based catalysts were

investigated in the past few decades. Some model catalysts are shown in Figure 4.6.

Several journal articles have been published on Rh and Ir nanoclusters supported

on oxides to act as good WGS catalysts.231,232 The WGSR on Rh/CeO2 catalyst
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Figure 4.6: Examples of CeO2 supported metal catalysts.

takes place at the Rh-CeO2 interface. Catalytic activity depends on the support

exclusively as Rh/CeO2 is highly active for WGSR whereas Rh/SiO2 is not under

similar reaction conditions.233 A theoretical investigation by Chen et al. shows that

a small Rh4 cluster can be a good catalyst for WGSR and the mechanism will follow

the carboxylic pathway (vide infra). The adsorption of Rh4 is favourable when it

forms a layered cluster on top of oxygens on the surface.234 Non-noble metal-based

catalysts on supported oxides have caught the researchers’ attention because of the

lower price and similar reactivity for different catalytic reactions. Like noble metal

supports, the active site for the reaction is the metal support interface and the strong

metal support interaction (SMSI) promotes stability and reactivity. Due to the strong

interaction between Cu and CeO2 and the high dispersion of Cu on ceria, Cu/CeO2

has a high catalytic activity in WGSR. Su et al. also mentioned the lattice oxygen

self-spillover on the ceria-supported Cu system can increase the catalytic ability in

WGSR.235 They reported on a reducible oxide support, oxygen spillover causes a

highly dispersed monolayer structure with partial reduction of Cu. This causes strong

adsorption of CO at the Cu-ceria interface increasing the reaction rate. Ni supported

on CeO2 can be used as a WGS catalyst and the catalytic activity was enhanced

significantly after adding a small amount of La to the surface for the catalyst.236 Ag

deposited on CeO2 nanocubes and nanorods can influence the catalytic activity of CO

oxidation. The shape of the Ag NPs and the oxygen vacancies of the oxide surface

control the reactivity to a certain extent.237 Thinon et al. compared various metals

81



on oxide catalysts under identical WGSR conditions.238 The reaction temperature

was 300◦C and two different reactant gas compositions as shown in Figure 4.7. They

reported that Pt, Au noble metals had high CO2 production yield, whereas on Rh,

Rh catalysts, produced CO2 gas was further reduced to methane, resulting in a low

yield of CO2. The reduction process depends on the partial pressure of the mixture

of gases and the activation energy barriers of the system.

Figure 4.7: Carbon dioxide yield of various metals on oxide catalysts at 300◦C.
Adapted with permission from Reference.238 Copyright 2008 Elsevier.

Although noble/transition metals play an important role in catalytic reactions,

however, there are some disadvantages because of high cost and poor selectivity at

high temperatures. New strategies like metal doping to support oxides and/or adding

a second metal (bimetallic compound) can efficiently improve the catalytic perfor-

mances.239 Introduction of metals into the support not only improves the activity

but also forms stable compounds with different physical and chemical properties such

as interfacial effect, synergistic effect etc. It reduces the sintering and aggregation of

noble metals. Doping of TMs and noble metals can lower the activation energy barrier

of oxygen reduction, produce oxygen vacancy or defect and increase the Ce3+/Ce4+

ratio on the support which has a great influence on catalytic activity.215 Metals such

as Co, Fe, Cu, and Pd low-valence cations can influence intrinsic oxygen vacancy on
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support and increase CO oxidation. Park et al. showed that Cu-doped CeO2 has

higher catalytic activity than Ni- or Co-doped ceria.240

Adding a second metal can be an effective strategy to tune catalytic performance

through modification of electronic and structural factors or via a bifunctional effect

in which atoms of the two metals provide catalytic sites which play unique roles, such

as separating the adsorption of different reactants or intermediates.241,242 Designing

a CeO2 -supported Pd-based bimetallic system (Pd-Ag, Pd-Cu) can improve CO

oxidation activity by offering different active sites.243

The key takeaway messages from here are how the metal nanoclusters will be

adsorbed on the support and what is the role of oxygen vacancy, metal support inter-

action and charge transfer, which has a great impact on the structure and reactivity

of the catalysts.

4.1.2.6 Ru-Ceria

Ru is also highly active for several catalytic processes and ceria-supported Ru and Ru-

based bimetallic catalysts are active for WGSR.244 Utaka et al. reported the catalytic

performances of Ru, supported on different oxide surfaces for WGS reaction.245 Since

WGS is an exothermic reaction, it will be more effective at low temperatures. It is

worth noting that the WGS reaction is reversible and produced CO2 can be reduced to

CO (rWGS reaction), whereas both CO2 and CO can be reduced by the produced H2

to CH4 (methanation reaction). Methane is stable at low temperatures. Even though

the WGSR is fast on Ru catalysts, it could be hindered by the presence of H2. There

is a competition between the CO oxidation (WGS) or reduction (rWGS, methanation

etc.) processes if the catalyst is active for the methanation reaction. Some of the

metal catalysts such as Ru-based ones tend to have high activity for methanation

reactions. It was concluded that even though Ru has a tendency for methanation

reaction, different oxide supports (ZrO2, V2O3 etc) can have some activity for WGS

reaction in various temperature zones and reaction conditions.

Recently, Sun et al. synthesised a CeO2 supported Ru/Sn-based catalyst using

[Ru@Sn9]
6– Zintl cluster as a precursor and studied the catalytic activities towards

CO2 hydrogenation reactions (rWGS and methanation).3 The endohedral cluster dis-

persed over the surface and formed Ru-SnOx bimetallic cluster, confirmed by EDX

spectroscopy. A few minor peaks of RuSn2 and Ru3Sn7 were also observed. The CO

chemisorption on Ru also confirmed that the endohedral Ru atom, trapped inside the

[Sn9] cage, came out and dispersed on the surface. The X-ray photoelectron spectra

(XPS) showed Sn was partially oxidised and indicated direct Sn-O interaction on
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the surface. STEM characterisation technique also provided the presence of isolated

single Ru atoms or pseudo-clusters. However, the researchers could not manage to

characterise Sn and postulated that probably the crystal structure of [Ru@Sn9]
6–

is entirely or partially preserved after landing on the surface. Therefore, a detailed

understanding of the adsorption and/or dispersion of the [Ru@Sn9]
6– cluster is still

lacking. The schematic plot in Figure 4.8 indicates the dispersion of the cluster and

the reaction site of the reaction is unknown.

Figure 4.8: Schematic description of CO2 hydrogenation over separated active sites
of Ru NPs on top of CeO2. Adapted with permission from Reference.3 Copyright
2020 American Chemical Society.

The key questions to be addressed are:

1. Does the cluster remain intact after absorption, or do strong interactions be-

tween surface and adsorbate lead to monolayer formation?

2. If a monolayer is formed, what is the most favourable position for the Ru atom?

3. Is it possible to identify a smaller model (with fewer Sn atoms and therefore a

smaller unit cell) which captures the essential features of the full system?

The Ru-SnOx/CeO2 catalyst is highly selective towards rWGS reaction over metha-

nation reaction in CO2 hydrogenation, but the selectivity could be switched to ≈ 100%

methanation by simply adding H2O to the reaction system. With the combination

of kinetic studies and in situ characterisations, the key reaction intermediates were

captured, where carboxyl (COOH*) and formate (HCOO*) are the intermediates for
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rWGS reaction and methanation reaction, respectively. However, a thorough com-

putational study is required to determine the reaction mechanism and the potential

energy surface of those reactions.

In this study, we adopt DFT study to investigate the stability of the [Ru@Sn9]
6–

Zintl cluster on the CeO2(111) surface by comparing the optimised energies of the

cluster on the surface with a dispersed structure where the Ru and Sn atoms are

dispersed on the surface. Note that, if the cluster remains intact, it is designated as

[Ru@Sn9]
6– , and the ‘@’ indicates the metal is encapsulated. If its charge state and

structure are uncertain (as is the case for the absorbed species) the empirical formula

RuSn9 is used instead. In many cases, clusters prove not to be stable on the surface

but rather are disrupted by strong metal-support interactions (SMSI). An important

first objective therefore is to establish the stability of the RuSn9 cluster on the sur-

face under normal reaction conditions. Once this has been done, we report how the

oxygen defect (vacancy) on the surface is participating to stabilise the system. Later,

we investigate the reaction mechanism of the WGS reaction and CO methanation

reaction on the most stable catalyst. Since the WGS reaction is a reversible process

and the forward reaction is exothermic and thermodynamically more favourable in

ideal conditions, we have studied the WGS reaction rather than the reverse-WGS

reaction. However, the potential energy surface remains the same, only the direction

of the reaction changes.

4.2 Computational Details

Spin-polarised Density Functional Theory (DFT) calculations were performed to in-

vestigate the optimised structure and potential energy surface for all the elementary

steps in the WGS and CO methanation reactions on the CeO2(111) surface, utilis-

ing the Vienna Ab initio Simulation Package (VASP) code.246,247 We used a plane

wave basis set and the projector augmented wave (PAW) method to describe the

interaction between valance electron and atomic cores.248 To accurately treat the

highly localized Ce 4f orbitals and correct the self-interaction energy, we applied the

Hubbard-correction term (U) with a value of Ueff = 5.0 eV to the Ce 4f states.249

This Ueff value was reported to describe the electronic structure of reduced ceria in

previous studies.250,251 The exchange and correlation were treated within the gen-

eralised gradient approximation (GGA) using the Perdew-Burke-Ernzerhof (PBE)

functional, as apllied in several journals.124,252 The valence electron density of all the

atoms is, for Ce: twelve (5s2, 5p6, 6s2, 5d1, 4f 1), O: six (2s2, 2p4), Ru: eight (5s1,
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4d7), Sn: four (5s2, 5p2) H: one (1s1) and C: four (2s2, 2p2). Two sets of supercells

were constructed to reduce the computational cost, especially for the transition state

calculation, and different values in a few parameters were set: (i) 3×6×1 supercell

to study the stability and absorption of RuSn9 cluster on CeO2 surface (big cell),

ii) 2×4×1 supercell to study the reaction mechanism of WGS and CO methanation

reaction (small cell) (Figure 4.9). The kinetic energy cut-off was chosen to 510 eV

for a 3×6×1 cell and 400 eV for a smaller one to describe valence electrons by plane

wave basis, as reported in journals.253,254 The reciprocal space was sampled using a

2×2×1 Monkhorst pack special k-point grid and the Gaussian smearing with sigma

value 0.1 eV was applied for electronic optimisation for bigger cell whereas, gamma-

centred 1×1×1 k-point was used with a lower sigma value of 0.05 for the smaller

cell.252,255 The electronic structure and geometry optimisation calculations ran until

they reached the convergence threshold of 10−5 eV and 10−3 eV, respectively. Force

convergence, using a tolerance of 0.01 eV/Å threshold was considered wherever needed

(to verify the accuracy). Transition states (TSs) for the elementary reactions were

located using the climbing-image nudged elastic band method (CI-NEB) and were

confirmed as having a single imaginary frequency.256,257

The adsorption energy is defined as

Eadsorption = E(surface+adsorbate) − E(surface) − E(adsorbate) (4.2.1)

where E(surface+adsorbate) is the total energy of the adsorbate interacting with the

surface; E(surface) and E(adsorbate) are the total energies of the bare surface and free

adsorbate in the gas phase, respectively.

A stoichiometric O-terminated CeO2(111) surface was obtained by a slab-cutting

process. Firstly, the unit cell of bulk cubic (Fm3m) CaF2-like optimised structure with

lattice parameter 5.40 Å was taken and a (111) slab was cut out.258 The supercell was

modelled by transforming the unit cell to 3×6×1 and 2×4×1 supercells to make the

surface approximately square and large enough to avoid interaction with neighbouring

cells. Nine atomic layers (3 ML) were considered and only the uppermost 3 atomic

layers (1 ML) were allowed to relax. A 16 Å vacuum gap was imposed in the supercell

to avoid interactions between periodic images along the z-axis.
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Figure 4.9: Computational models of different size of CeO2(111) supercells. The big
cell (3×6×1) is for studying the adsorption behaviour of RuSn9 on the CeO2 surface
and the smaller cell (2×4×1) to study the oxygen defect and reactivity of the catalyst.

4.3 Adsorption of [Ru@Sn9]
6– on CeO2(111)

In this section, we build up a model for the absorbed Zintl cluster on a CeO2 surface.

We begin by considering the absorption of Sn atoms and clusters, where there is some

literature precedent to compare to, and then introduce the Ru atom in a second step.

4.3.1 Adsorption of Sn atoms

Zhao et al. have previously reported a DFT study of the adsorption of up to 4 atoms

of Sn on a CeO2(111) surface.252 For a single Sn atom, they concluded that the

hollow position in the middle of three O atoms proves to be the preferred adsorption

site rather than the top of oxygen on the surface (Figure 4.10 (a)). However, with

increasing surface coverage by two or more Sn atoms, this preference is reversed,

favouring the ‘on top of O’ configurations, shown in Figure 4.10. Their study was

focused on the monolayer structures where all Sn atoms make contact with the surface,
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but a key question that we seek to answer here is whether the RuSn9 system absorbs

as a mono-layer or as an intact 3-dimensional cluster. As a precursor to this, we have

extended the work reported by Zhao to compare monolayer vs 3-dimensional cluster

absorption for Snx clusters, and also expanded the scope of the study to include up to

5 Sn atoms. The lowest energy structures found for one (a and b), two (c), three (d),

four (e and f) and five (g, h and i) Sn atoms are collected in Figure 4.10 and various

energetic parameters are collected in Table 4.1. Where comparison is possible, the

results for the smaller clusters are fully consistent with Zhao’s work.252

Table 4.1: Adsorption energies (Eads) and total and average (per Sn atom) Sn-Sn
cohesive energies (ESn−Sn) of x Sn on the CeO2(111) surface.

Figure 4.10 configurations Eads/eV Etotal
coh(Sn−Sn)/eV Eav

coh(Sn−Sn)/eV

(a) 1Sn-hollow -4.78
(b) 1Sn-1O top -2.42
(c) 2Sn-2O top -6.17 -1.32 -0.66
(d) 3Sn-3O top -9.74 -2.47 -0.82
(e) Td-Sn4 cluster -11.98 -4.71 -1.18
(f) 4Sn-4O top -13.87 -4.17 -1.04
(g) 5Sn-5O top -17.51 -5.39 -1.08
(h) 1Sn top 4Sn (middle) -16.16 -6.48 -1.29
(i) 1Sn top 4Sn (edge) -15.94 -6.26 -1.25

As reported by Zhao, a single Sn atom prefers to bind to the 3-fold hollow position

on the surface (a, -4.78 eV), with the alternative position on top of surface oxygen

(b) over 2 eV less stable (∆Eabs= -2.42 eV). The Sn-O bond length in b is 1.98 Å

compared to 2.18 Å for a. For two Sn atoms, however, the preference switches to

the on-top sites, which allows the two Sn atoms to form a direct Sn-Sn bond (this

is not possible in the hollow sites because the Sn atoms are too deeply embedded in

the surface). We can estimate the strength of the Sn-Sn interaction by defining the

cohesive energy through the following equations:

The total adsorption energy, Eads and Sn-Sn cohesive energy, Ecoh(Sn−Sn), are

defined using the equations below:

Eads = ExSn/surface − (Esurface + xESn)

ESn−O = Eads(1Sn−1Otop) − (Esurface + ESn)

Etotal
coh(Sn−Sn) = Eads − x′ESn−O

Eav
coh(Sn−Sn) = Etotal

coh(Sn−Sn)/x
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Figure 4.10: Lowest energy structures for different number of Sn adsorbed on the
CeO2(111) surface: (a) 1Sn-hollow, (b) 1Sn-1O top, (c) 2Sn-2O top, (d) 3Sn-3O top,
(e) tetrahedral Sn4 cluster, (f) 4Sn-4O top, (g) 5Sn-5O top, (h) and (i) 1Sn top of
4Sn.
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where ExSn/surface is the total energy of the system with x Sn atoms adsorbed

on the surface. Esurface is the energy of the pristine CeO2 surface and ESn−O is the

energy change when a single Sn atom is absorbed on top of a surface oxygen, -2.42 eV

(model (b) in Figure 4.10). The Sn-Sn cohesive energy, Etotal
coh(Sn−Sn), is then defined as

the total absorption energy minus the sum of the energies of the Sn-O bonds formed,

where ‘x′’ denotes the number of Sn-O bonds formed whereas ‘x’ refers the total

number of Sn. We assume here that the Sn-O bond energies are independent of the

surface coverage (-2.42 eV in each case). If the Sn atoms are infinitely separated

on the surface, then Etotal
coh(Sn−Sn) would be zero, so the value reflects the extent to

which the Sn atoms interact with each other. The average Sn-Sn cohesive energy,

Eav
coh(Sn−Sn) is defined by the amount of Sn-Sn interaction energy felt by a single Sn

atom. For the Sn2 system (c), the total Sn-Sn cohesive energy is -1.32 eV, indicating

a strong residual Sn-Sn bonding interaction each Sn atom contributes -0.66 eV.

For 3 Sn atoms, the most stable structure has a triangle of Sn atoms, all sitting

on top of surface O sites (Figure 4.10 d). In this case, the total cohesive energy is

-2.47 eV, or -0.82 eV per Sn atom, with more Sn-Sn bonding interactions. For the Sn4

system, we have considered two possible configurations, (e) a tetrahedral Sn4 cluster

adsorbed on the surface and (f) a monolayer structure. The monolayer, (f), is -1.89

eV more stable than the intact cluster, (e), and the Sn-Sn cohesive energy of (f) is

-1.04 eV per Sn atom, higher than the Sn3 as the number of Sn-Sn interactions has

increased. The total cohesive energy of the tetrahedral Sn4 cluster (e) is greater, at

-4.71 eV than the monolayer (f), -4.17 eV. But the extra Sn-O bonding for monolayer

(f), stabilises the structure. Similar patterns emerge for Sn5, where the most stable

isomer, (g), is a monolayer with 5 Sn atoms on top of surface O sites. Alternative

structures with one Sn atom on top of a Sn4 monolayer are less stable, again by

approximately 1.5 eV, despite the greater Sn-Sn cohesive energy provided by the larger

number of Sn-Sn interactions. The data collected in Figure 4.10 and Table 4.1 indicate

that the stability of the surface-absorbed clusters is a compromise between Sn-O

bond formation, favouring monolayers, and Sn-Sn bonding interactions, favouring

intact clusters. Clearly, in these systems, the Sn-O bond formation dominates, and

monolayers prevail. Similar compromises are apparent in related studies on transition

metal clusters, where, for example, the Pt8 cluster prefers to form a double layer on

a CeO2(111) surface, the bottom layer consisting of 6 Pt with 2 Pt sitting in 3-fold

positions above this.227 Likewise in Ru6 on CeO2, 1 Ru sits on top of the Ru5 layer

surface.259

90



The highly localised nature of the 4f orbitals of Ce provides a convenient measure

of the degree of charge transfer between the adsorbate and the surface. Ce4+ has no

f electrons and hence no spin density, and so reduction of the surface is immediately

obvious from the formation of Ce3+ ions which have characteristic spin densities close

to 1.0. By monitoring the number of such sites, we can estimate the degree of charge

transfer from the cluster to the surface. Zhao noted (up to 4 Sn) that the degree of

reduction of CeO2 increases with Sn coverage, with an approximate 1:1 ratio between

the number of Sn atoms bound to the surface and the number of reduced Ce centres.252

xCe4+ + xSn → xCe3+ + xSn+

Figure 4.11: Spin density for the xSn/CeO2(111) configurations.

Similar charge transfer behaviour has been observed in the systems shown in Fig-

ure 4.11, with the 1:1 ratio persisting in the 4-atom clusters. The reduced Ce3+ ions

have spin density (blue) that has the characteristic 8-lobed shape of an fxyz orbital.

For 3 Sn, partial spin has been found on the Sn atoms, suggesting 3 electrons are

transferred to the surface and the Sn3 appears to have unpaired electrons, however,

the degree of reduction of the surface is consistent. For the 5-atom monolayer, struc-

ture (g), however, we find only four reduced Ce sites on the surface, (even number

of electrons are transferred) which suggests that the extent of charge transfer is, ulti-

mately, limited by the accumulation of positive and negative charges on the absorbate
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and surface sites. We explore this issue in more detail in the following discussion of

the RuSn9 cluster.

4.3.2 Adsorption of RuSn9 Cluster

In Sun’s experimental investigation, an anionic [Ru@Sn9]
6– Zintl cluster was used

to prepare the highly dispersed Ru–SnOx/CeO2 catalyst, but the extent to which

the cluster remains intact when on CeO2 is not clear.3 The [Ru@Sn9]
6– endohedral

Zintl cluster has a closo tri-capped trigonal prismatic geometry with D3h symmetry

where the anionic cluster is stabilised by counter cations (K+). The total formal

charge distribution of the cluster [Ru2–@Sn9
4– ] implies a d10 configuration of the Ru

metal.38 The empty Sn9
4– cluster has C4v symmetry, although the structural and en-

ergetic difference between this and the tri-capped trigonal prism is marginal. Clearly,

the presence of a metal at the centre of the cluster favours the more symmetric D3h

geometry. A similar trend has been noted in [Au@Pb12]
3– , which has an electron

count consistent with a nido geometry (4n+ 4), but instead adopts a distorted closo

structure.52 The structure of the cluster after absorption on the CeO2 surface is, how-

ever, ambiguous. As noted previously, spectroscopic measurements have confirmed

the dispersion of the cluster homogeneously over the surface and the data has been

interpreted as showing the presence of smaller fragments such as RuSn2, Ru3Sn7 as

well as isolated Ru centres and/or Ru-Sn bimetallic compounds. There is no strong

evidence of a soft landing of the [Ru@Sn9]
6– cluster where the structure remains in-

tact. The purpose of this section is therefore to probe the most stable structures of

RuSn9 on a CeO2(111) surface.

We have optimised geometries for the CeO2(111) surface with an intact, approxi-

mately D3h-symmetric, Ru@Sn9 cluster (A in Figure 4.12) and also with a range of

different planar raft-like structures where all 9 Sn atoms make direct contact with the

CeO2 surface (B - E in Figure 4.12).

For the raft-like structures, there are a number of possibilities for the position

of Ru, which may be adsorbed on the CeO2 surface at the edges of the Sn9 island

or, alternatively, on top of thereof, maximising the number of contacts to Sn atoms.

Specifically, we have considered four distinct raft-like geometries where, in all cases,

the Ru and Sn atoms sit on top of O atoms on the CeO2 surface, as the Sn atoms do

in the most stable geometries of the Snx clusters described in the previous section.

In the structural family denoted B, the 10 atoms of the cluster form a triangular

‘island’, with all 10 atoms making direct contact with the surface. There are then

three possible positions for the Ru atom: in the centre (1B), on a vertex (2B) or
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Figure 4.12: Different RuSn9 models after absorption on the surface. A: the intact
cluster, B: a symmetric triangular RuSn9 ‘island’, C: Ru on top of a Sn9 mono-layer,
D: Ru at the edge of the Sn9 mono-layer and E: less compact RuSn9 monolayers,
coordinated by higher number of Sn. The numbers correspond to the position of the
Ru atom for the different models.

along an edge (3B), in figure 4.12. In the structural family C, only the 9 Sn atoms

make contact with the surface, and the Ru atom sits on top of the Sn9 monolayer,

maximising the number of Ru-Sn bonds. Again, there are different possibilities,

labelled 4C - 8C in Figure 4.12. In the structural family D, we retain the same

Sn9 motif as in C, but now Ru is absorbed at the junction of the Sn9 island and the

CeO2 surface. Finally, structural family E contains a number of alternative structures

where the Sn9 island is less compact.

4.3.2.1 Model A: Intact Ru@Sn9 Cluster

Absorption of the cluster onto the surface starting from a geometry where the Ru@Sn9

cluster is intact, leads to a local minimum on the surface with a similar spherical

structure, but distorted and cannot retain the symmetry. The cluster bonds to the

surface via four Sn atoms, each of which sits on top of a surface O atom (Sn-O =

2.06 - 2.14 Å). The Sn-Sn bonds adjacent to the CeO2 surface are elongated (3.18 -

4.42 Å) and the average Sn-Sn bond distance is ∼ 3.34 Å, higher than the isolated

cluster (3.05 - 3.14 Å). It indicates a strong metal support interaction and the unstable

nature of the cluster on the surface. The transfer of charge from the absorbed cluster

to the CeO2 surface that was highlighted for the Snx clusters is also apparent here:

an analysis of the spin densities shows that three Ce ions have been reduced from the

+4 to +3 charge state. For comparison to the other structural models, the energy of

the intact cluster model A is taken as the reference (E = 0).
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4.3.2.2 Model B: Symmetric Triangular Island

In this model, all 10 atoms (9 Sn and Ru) are in direct contact with the surface,

forming a monolayer, and there are three possible positions for the Ru atom, (1B)

Ru at the centre, surrounded by 6 Sn atoms, (2B) Ru at the vertex of the triangle, and

(3B) Ru on one of the edges. The three models differ in the balance between Ru-Sn

and Sn-Sn bonding: 1B maximises the number of Ru-Sn contacts while 2B maximises

the number of Sn-Sn contacts. The optimised structures and relative energies of these

submodels are shown in Figure 4.13.

Figure 4.13: Optimised structures, bond distances (in Å) and the number of reduced
Ce atom(s) of the submodels of the model (B): a symmetric triangular ‘island’ after
dispersion.

The first point to note is that all three models from the B family are substantially

(> 3 eV) more stable than the intact cluster model, A - this offers an immediate

indication that absorption of the cluster in its intact structure is unlikely. The in-

creased number of Sn-O and Ru-O bonds in structures 1B - 3B compared to the

intact cluster, A, also leads to a much higher degree of charge transfer, and we find

either 8 or 9 Ce ions are reduced from the +4 to the +3 state, these ions being lo-

cated in the region of the surface just below the absorbed cluster. This is consistent

with the trend noted by Zhao for Sn1–3 and extended to Sn4 and Sn5 in the previous

section, where there is an approximate 1:1 ratio between the number of Sn-O bonds

formed and the number of reduced Ce ions in the surface layer. The most stable of

these structures, 3B, corresponds to the maximum degree of charge transfer (9 Ce3+

ions), suggesting that the charge transfer is an important driver of stability. The
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geometries of the optimised structures also indicate that the Ru atom forms 2 or at

most 3 strong bonds (< 3 Å) to the Sn atoms, with any additional Ru-Sn contacts

being rather longer. The Sn atoms directly bonded to the Ru also tend to separate

from the remainder of the Snx raft by around 4.5 Å, perhaps reflecting the polarity

of the Ru-Sn bonds.

4.3.2.3 Model C: Ru on Top of Sn9 Monolayer

In this model, a Sn9 monolayer is absorbed on the CeO2 surface, with Ru seated

in several positions on top of the monolayer. Optimised structures and energies are

shown in Figure 4.14. All four structures, 4C, 5C, 7C and 8C have the Ru in a 3-fold

site on the Sn9: attempts to locate a minimum with Ru on top of a single Sn atom

(6C in Figure 4.12) led instead to rearrangement to one of the structures shown in

Figure 4.14. The Ru-Sn bond distances are very similar in all four models (2.47 Å

to 2.57 Å) and are significantly shorter than those found in the B structural family.

Charge transfer from the cluster to the surface is again significant: 8 Ce4+ ions close

to the cluster are reduced to Ce3+.

Figure 4.14: Optimised structures, bond distances (in Å) and number of reduced Ce
atom(s) of the submodels of model (C): Ru on top of Sn9 monolayer.

4.3.2.4 Model D: Ru Edge of Sn9

In model C, the Ru atom sits on top of the Sn9 layer, whereas in model D it is placed

at the junction of the Sn9 layer with the CeO2 surface. The possible sites are shown

in Figure 4.12D, numbered 9-16, and the optimised geometries of the lowest-energy

structures are shown in Figure 4.15. Three distinct types of Ru-Sn interactions have
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Figure 4.15: Optimised structures, bond distances (in Å) and number of reduced Ce
atom(s) of the submodels of the model (D) where Ru is positioned at different edging
sites of the Sn9 layer.

been considered (i) Ru surrounded by 3 Sn, 9D (ii) Ru bonded to 2 Sn atoms (10-13D)

and (iii) Ru bonded to a single Sn atom(14-16D).

The shift of the Ru atom to a position where it makes direct contact with the CeO2

surface enhances the degree of charge transfer, and we find that either 9 or 10 Ce ions

are reduced to the +3 charge state. We also note again the tendency of the Sn atoms

directly bonded to the Ru to separate from the others that were apparent in structural

family B. The most stable of these structures is 9D, and indeed this proves to be

the most stable motif amongst all the possibilities that we have considered, with an

energy 5.29 eV below the reference point, structure A. In 9D, the Ru is coordinated

to three Sn atoms with bond lengths of 2.68 - 2.74 Å, and the RuSn3 is separated

from the residual Sn6 island at Sn-Sn distances of about 3.5 Å. The RuSn3 motif in

9D is rather similar to that in the most stable member of the B family, 3B.

The charge transfer from the cluster to the Ce ions in the surface has been empha-
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sised as an important driver of stability, and the distribution of these reduced Ce ions

relative to the absorbed cluster is shown in Figure 4.16(a) for the most stable isomer,

9D. The reduced Ce3+ ions have spin density (blue) that has the characteristic 8-

lobed shape of an fxyz orbital and the reduced Ce atoms are very close (underneath)

to the Sn. The projected density of states shows a prominent majority-spin Ce 4f

peak below the Fermi level, confirming the reduction of these ions. The five Ce atoms

that sit directly under the Sn9 island are all reduced, as are four additional nearest

neighbours. The localisation of charge in the vicinity of the absorbed cluster sug-

gests that electrostatic interactions between the net negatively charged CeO2 surface

and the net positively charged cluster play an important role in the stability of these

structures.

Figure 4.16: Spin Density and Projected Density of States (PDOS) of (a) model 9D
and (b) the smaller model, RuSn3.

4.3.2.5 Model E: Ru Coordinated by a Higher Number of Sn

Prompted by the stability of 9D, in a final step we have searched for other arrange-

ments of Ru and Sn on the surface that contain the stable RuSn3 motif or higher
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coordination of Ru. These are collected in family E, Figure 4.17. Amongst these, the

Figure 4.17: Optimised structures, bond distances (in Å) and number of reduced Ce
atom(s) of the submodels of model E: Ru coordinated by a higher number of Sn .

most stable in model 17E (∆E= -4.53 eV), where again we find the RuSn3 unit with

Ru-Sn bond lengths between 2.73 Å and 2.81 Å, but the residual Sn6 unit is less com-

pact than in 9D, with fewer Sn-Sn bonds. The characteristic transfer of 9 electrons

to the CeO2 surface is common to 17E, 9D and 3B, the most stable members of their

class. Structurally, 9D, 17E and 3B are simply related by the shifts of one or more

Sn atoms: this is most obvious for the 17E - 3B comparison, where translation of the

Sn atom at the top left of 17E to the apex position at the bottom right generates 3B.

The energies of all structures from the A, B, C, D and E families are summarised

in Figure 4.18. The most stable structure of each model are shown in Figure 4.19.

All of the possible structures of a dispersed (raft-like) cluster are more stable than an

intact (approximately spherical) RuSn9 cluster by > 3.0 eV (per unit cell). Amongst

all the structures considered, 9D (shown in Figure 4.12) is the most stable, and the

motif where a Ru atom makes direct contact with the CeO2 surface and 3 Sn atoms

in a T-shaped geometry is common to the most stable members of families B (3B),

D (9D) and E (17E). A rather different geometry, 5C, is also relatively stable, where

the Ru atom again contacts three Sn atoms (now in a facial geometry) but does not

bond directly to the surface. The relative flatness of the potential energy surface

suggests that the Ru atom may have some degree of mobility over the Sn ‘island’

under catalytic conditions.

The computed energies discussed above appear to resolve the debate about the

presence (or otherwise) of intact clusters on the surface - energetically these are very

unfavourable. We can explore the origins of the stability of the monolayers (B - E)
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Figure 4.18: Relative energy plot of all the model isomers w.r.t the intact cluster
model (A).

Figure 4.19: Most stable structure of A, B, C, D and E families. (top and side view)

through the energy cycle laid out in Figure 4.20. In this figure, the energies of isolated

clusters correspond to single-point calculations carried out at the geometries that the

(neutral) clusters adopt when absorbed on the surface.

The total energy difference of 5.23 eV between models A and 9B can be decom-

posed into the sum of the dissociation and rearrangement of the cluster from the

compact 3-dimensional structure to the monolayer (+7.89 eV in the gas phase) and

then re-absorption of the monolayer (-16.60 eV) minus the adsorption of the intact
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Figure 4.20: Schematic model to analyse the dispersion of Ru@Sn9 cluster to form a
monolayer in terms of energies.

cluster (-3.48 eV). It is clear that the rearrangement from the 3-dimensional form to

the monolayer is very unfavourable in the gas phase, but this is more than compen-

sated for by the high interaction energy of the monolayer which, as we have noted

above, is driven by the strong charge transfer to the CeO2 surface.

4.3.3 Smaller Model: RuSn3

Whilst the discussion in the previous section appears to resolve the debate about

the structure of the absorbed species, the formation of a RuSn9 monolayer presents

significant challenges for our computational study of the reaction mechanism for the

WGS reaction. Specifically, the RuSn9 monolayer, 9D, occupies a much larger area

on the CeO2 surface than the intact cluster (A), and so a larger unit cell is required

to prevent interactions between the clusters in neighbouring cells. This concern is

particularly pressing given the high degree of charge transfer to the surface, and the

slow 1
r

dependence of coulomb interactions with distance. The 3×6×1 expansion of

the unit cell used for the previous calculations is tractable for the small number of

calculations reported in figure 4.18, it is unlikely to be useful for a wider study of the

mechanism of various catalytic reactions which demand transition state searching as

well as the location of minima. We have, therefore, sought to identify smaller models

that capture the key electronic features of the electronic structure of the full system.

The separation of the RuSn3 unit from the Sn6 island that is common to the most

stable structures, 9D, 3B and 17E, suggests that one possibility is to model the active

site as RuSn3 rather than RuSn9, in which case the dimensions of the unit cell in x

and y direction can be reduced. From Figure 4.21, the Sn6 unit and the RuSn3 units

100



are separated by Sn-Sn distances of 4.07 Å , considerably greater than those within

the Sn6 unit (3.28 Å).

Figure 4.21: Comparing the Sn-Sn and Ru-Sn bond distances for the main model,
RuSn9 and the smaller model, RuSn3.

We have optimised the structure of the isolated RuSn3 unit in a smaller 2×4×1

expansion of the CeO2(111) surface, and find that the Ru-Sn distances are largely

unchanged by the removal of the Sn6 component (2.65-2.72 Å vs 2.69-2.74 Å in 9D).

In contrast, the Sn-Sn distances are more strongly affected, contracting from ∼ 3.3 Å

to ∼ 3.0 Å. The greater sensitivity of the Sn-Sn distances is unsurprising given that

these atoms are in direct contact with the Sn6 island that is absent in the smaller

model. The projected density of states (PDOS) and spin density plot for the smaller

RuSn3 model is compared to that of the full RuSn9 unit (in 9D) in Figure 4.16. The

smaller number of Sn atoms in the model leads to a reduced transfer of charge to the

surface (only 3 Ce ions are reduced), but the spin density on Ru and the localisation

of the reduced Ce3+ ions in the region of the surface directly below the absorbed

cluster are common to both the large and small models. The PDOS plots are also

striking similar, both showing the majority-spin 4f peak below the Fermi level that

is characteristic of Ce3+. In light of these similarities, structural and electronic, we

proceed to study the mechanism using the smaller RuSn3 system as our basic model

for the catalytic unit.

4.3.4 Influence of Oxygen Defects

Before moving on to the study of catalysis, we explore one further aspect of the

surface absorption of the cluster on CeO2, the possible role of defects. The presence
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of oxide ion defects is an intrinsic feature of oxide surfaces, and there have been many

discussions of oxygen spillover wherein oxygen can be extracted from the surface by

an absorbed species, which is itself oxidised.226,227 Yang et al. have shown that the

deposition of Pt on a CeO2 surface reduces the oxygen vacancy formation energy

relative to a clean CeO2 surface and also that the vacancy formation will occur close

to the adsorbate.260

Figure 4.22: Optimised structures, relative energies and number of reduced Ce atoms
of different numbers of oxygen-spillover systems where black circles are the oxygen-
vacancy sites.

Using the RuSn3 model identified in the previous section, we have searched for

isomeric structures where one or more O atom is extracted from the surface to form

Ru-O or Sn-O bonds. The extraction of a single O atom (1O vac in Figure 4.22) to

form a terminal Ru=O unit is exothermic (∆E = -1.13 eV), as is the extraction of

a second oxygen to form two Ru-O-Sn bridges (∆E = -2.25 eV) (2O vac in Figure

4.22). Models where the vacancy position is further away from the RuSn3 are less

stable by ∼ 0.2 eV. Extraction of a third or fourth oxygen to bridging Sn-O-Sn sites

is marginally endothermic, while extracting a fifth oxygen to form a terminal Ru=O

unit is very unfavourable. Each extraction step results in the 2-electron reduction of
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Figure 4.23: Comparison of the oxygen vacancy formation and oxygen spillover ener-
gies for both with or without adsorbate on the CeO2(111) surface. A single oxygen
atom was pulled out from the surface and placed in the vacuum, subsequently the
oxygen atom was adsorbed on the cluster.

the CeO2 surface (marked by an increase of 2 in the number of reduced Ce centres)

with concomitant oxidation of the RuSn3 unit, to the point where the 5O vac model

has 13 reduced Ce centres, indicating a very significant charge separation between

adsorbate and support.

Further insight into the thermodynamics of vacancy formation comes from the

elementary processes shown in Figure 4.23. On the isolated surface, the oxygen

vacancy formation energy is extremely high (+4.96 eV), consistent with the high

stability of the CeO2 lattice. In the presence of the absorbed cluster, the formation of

the defect is still highly endothermic (+4.33 eV), but the formation of the Ru-O bond

in 1O vac more than compensates, leading to the oxygen spillover energy of -1.13 eV.

The oxygen spillover of the system may well exert a significant impact on the catalytic

efficiency of the Ru–SnOx/CeO2 system. The remaining part of this chapter involves

the exploration of the mechanism using the basic RuSn3 model shown in Figure 4.21

and compares the impact of oxygen spillover in the reaction mechanism.
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4.4 Mechanistic Studies of the Water Gas Shift

Reaction

4.4.1 Mechanism

The precise reaction mechanism of the water gas shift reaction remains a matter of

some debate and depends on a number of factors including the catalyst (specifically

whether it is redox-active or not) and the reaction temperature: high temperature

(HT) or low temperature (LT) pathways have been proposed.261 The two most widely

accepted pathways are the redox pathway and the associative pathway, which are

reviewed below.262

4.4.1.1 Redox Pathway

The redox mechanism is often invoked for the high-temperature WGSR (HT-WGSR),

for example in the dominant industrial process involving Fe-Cr catalysis,263–265 where

the accessibility of Fe2+/Fe3+ redox couple is a key feature. The redox pathway has

also been proposed for some examples of the low-temperature WGSR.266,267

A schematic representation of the redox pathway is shown in Figure 4.24, and in

the set of steps A-I set out below:

Figure 4.24: Schematic representation of redox pathways in water-gas-shift reaction.
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CO + H2O + ∗ → CO∗ + H2O
∗ (A)

H2O
∗ → OH∗ + H∗ (B)

OH∗ → O∗ + H∗ (C)

CO∗ + O∗ → CO2
∗ (D)

H∗ + H∗ → H2 (E)

CO2
∗ → CO2 (F)

2 H2O
∗ → 2 OH∗ + 2 H∗ (G)

2 OH∗ → H2O
∗ + O∗ (H)

H2O
∗ → H2O (I)

In the redox pathway, adsorption of CO and H2O on catalyst surface sites (denoted

as ‘*’) (step A) is followed by dissociation of H2O* to OH* and H* (step B). Next,

further dissociation of the O-H bond in OH* leads to atomic oxygen (O*) formation

on the surface (step C). The active oxygen atom can then oxidise CO to CO2 (step D).

H-H bond formation between two absorbed hydrogens (H*) is followed by desorption

of H2 and CO2 gas (steps E and F). A variant on this scheme involves the absorption

of a further molecule of H2O followed by O-H bond cleavage to leave two OH* groups

(step G). Proton transfer and water loss then lead to the absorbed oxygen species

(steps H, I).

In the sequence of steps A → F, surface bound water is the ultimate source of the

oxygen atom that oxidises CO. An alternative is that the oxidation step involves one

of the oxide ions of the lattice, the lattice vacancy then being back-filled by absorbed

water. This mechanism, first proposed by P. Mars and D. W. van Krevelen and

subsequently named the Mars-van Krevelen (MvK) pathway, is shown in the top row

of Figure 4.24.268

4.4.1.2 Associative Pathway

The alternative associative mechanism, first proposed in the 1920s, is the dominant

mechanism for low-temperature WGS, and involves a formate (HCOO) intermedi-

ate269 Figure 4.25 shows a schematic representation of the associative pathway, and

the sequence of steps, J - M, are shown below.
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Figure 4.25: Schematic representation of associative pathways through different in-
termediates in the water-gas-shift reaction.

CO∗ + OH∗ → HCOO∗ (J)

HCOO∗ → CO2
∗ + H∗ (K)

CO∗ + OH∗ → COOH∗ (L)

COOH∗ → CO2
∗ + H∗ (M)

The initial steps are the same as the redox mechanism up until water dissociation

(steps A and B), leading to surface-bound hydrogen and hydroxyl groups. In the

so-called ‘carboxyl pathway’, the adsorbed OH* then transfers to the CO* (step L)

to form a carboxyl (COOH*) intermediate. Cleavage of the O-H bond and transfer

of the hydrogen to the surface (step M) then generates CO2 and H2. An alterna-

tive possibility is that the surface-bound hydrogen is transferred to the carbon of the

CO*, followed by oxygen to generate a formate (HCOO*) intermediate (steps J, K,

the so-called ‘formate path’). Armstrong and Hilditch first proposed the formic acid

decomposition mechanism to account for Cu-based catalysts.269,270 Formate species

are able to decompose spontaneously to CO and OH, but the presence of H2O pro-

motes the alternative decomposition to CO2 and H2. Gokhale et al. argued that the

carboxyl (COOH) pathway is the major mechanism, with the formate species acting

as a spectator.271

The precise identity of the active intermediate in the associative mechanism is still

debated in the literature, and the balance between carboxyl and formate pathways is

likely to be highly system-dependent. Computational studies appear to support the

carboxyl pathway as the thermodynamically more stabilised mechanism compared to

the formate path, at least on oxide surfaces.272,273 The formation of hydroxyl ions
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controls the turnover frequency for the WGSR, and so reducible surfaces (e.g. CeO2)

prove to be more effective than redox inert supports (e.g. SiO2) and extended metal

surfaces (e.g. Pt). The formate pathway, in contrast, appears to be more viable

on extended metal surfaces, although it can be effectively blocked by introducing

dispersed metal catalysts supported on the reducible oxide support.

Several DFT studies on supported noble metal catalysts have been devoted to

predicting the most favourable mechanism for the WGS reaction. However, one of the

main challenges is to correctly predict the rate-determining step (RDS) of this process

and different systems have different rate-limiting steps. Rodriguez et al. reported that

the cerium and titanium oxide nanoparticles supported on an Au(111) surface show

excellent catalytic efficiency for WGS reaction.222 In the reaction mechanism, CO

was adsorbed on the Au surface and H2O adsorbed on the oxide nanoparticles. The

reaction goes through the carboxyl pathway and the water dissociation step H2O* →
OH* + H* is the RDS. The WGS reaction on Cu-nanocluster, Cu(111) or Pd(100)

catalysts appear to follow very similar pathways.271,274,275 However, DFT and kinetic

studies of the WGS reaction on a Pt(111) surface propose the COOH* → CO2* + H*

is the rate-determining step.273 Another study on single atom Au catalysts supported

on CeO2, TiO2 and ZrO2 with/without oxygen vacancy has explored different possible

pathways for WGS reaction.272 All three mechanistic paths (carboxyl, formate and

redox) were compared and rate-determining steps were analysed. The carboxyl path

is the lowest energy path, and the RDS in this case is H2 formation. In contrast, O-H

dissociation and -CHO formation prove to be the RDS for redox and formate path,

respectively. It is clear from these studies that the identity of the rate-determining

step is strongly dependent on the identity of the catalyst.

In the following section, we explore the reaction mechanism of the water-gas-shift

reaction on a RuSn3/CeO2 (111) catalyst and extend our study to the oxygen spillover

RuSn3 catalyst, exploring how the spillover affects the reaction pathway.

4.4.2 Results and Discussion

Heterogeneous catalysis is known to be highly dependent on the reacting site of the

surface and the supported nanoparticles, metalloids, or atoms. CeO2(111) supported

nanoparticles, especially those containing heavier transition metals, have been studied

extensively over the past two decades. Many of these catalysts are very efficient

for producing H2 via the water gas shift (WGS) reaction, as well as the formation

of methanol and methane. The outcome of these reactions is highly dependent on

conditions: a 1:1 ratio of CO and H2O typically leads to the formation of H2 but

107



an increase in the pressure of H2 increases the amount of hydrocarbon side-products,

CH4 and methanol. Our aim in this study is to establish the most effective active site

for the initial step in the WGS reaction, leading to H2 gas and CO2.

4.4.2.1 Choice of Model Catalyst

In Figure 4.12, we showed the adsorption and stability of the RuSn9 cluster on

the CeO2 surface. We observed that the cluster is not energetically stable in its

3-dimensional form, but rather is dispersed over that surface to maximise the con-

tact area and form a monolayer of RuSn9. A detailed survey of the potential energy

surface has identified a smaller RuSn3 fragment as a common feature in most of the

stable structures, leading us to use this more tractable species as a model for the

active site. The resulting reduction in computational cost is critical to the project,

particularly for transition state searching. Therefore, we proceed to the mechanistic

study with this smaller model, RuSn3 supported by CeO2(111) as shown in Figure

4.26. We also showed in the previous section that O-spillover from the oxide surface

to the nanocluster is thermodynamically favoured and in fact, the 2O-spillover at

the Ru-Sn bridging site (Figure 4.22) is the most favourable structure of all those

considered. We have, therefore, also considered the WGS reaction on the spillover

system.

Figure 4.26: Cluster dispersion and choice of catalysts for the mechanistic study.

4.4.2.2 WGSR on a Pristine Surface

The energies and structures of key stationary points on the potential energy surface

for the WGSR are summarised in Figure 4.27. The flow of charge between the surface

and the adsorbate is mapped in Figure 4.28. Both associative and redox pathways

have been considered. The first step of the reaction is CO adsorption on top of Ru in

an end-on fashion, precisely as we would expect from known organometallic chemistry.
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The CO adsorption stabilises the system significantly by -2.85 eV and the Ru-C bond

distance is 1.86 Å. The C-O bond distance slightly increases to 1.176 Å from the

free CO gas species (1.144 Å). A recent study on a ceria-supported Ru single-atom

catalyst also shows strong CO adsorption (∆E = -2.25 eV).276 Absorption of CO in

a tilted mode is considerably less favourable in energy, as shown by the red line in

the figure. The next step is to search for favourable binding sites for H2O. If H2O

is placed on the RuSn3 unit, the calculations typically either expel the H2O or fail

to converge. In contrast, water adsorbs exothermically (-0.3 eV) on the surface Ce

atom close to the cluster. Analysis of the magnetic moments on the surface Ce ions

confirms that the binding of CO and H2O has no impact on the charge transfer, there

being 4 reduced Ce3+ ions in each case. Similar features have been noted for a CeO2

supported Au matrix catalyst.222 The H2O can then dissociate exothermically to H*

+ OH* (step B) with a barrier of only 0.16 eV. We have identified two possible sites

for the absorbed OH*, one close to one of the Sn atoms of the cluster (INT2, green

path, CO* + HO*–Sn + H*), the other further away from it (black path, CO* +

HO* + H*). The stabilisation by Sn is clearly significant as the former is more stable

by 0.88 eV.

Figure 4.27: Energy profile (in eV) of the water-gas-shift reaction on a
RuSn3/CeO2(111) pristine catalyst and comparison of both redox (green) and car-
boxyl (black) pathways. Steps are shown in bold letter. INT = intermediate, TS =
transition state; superscripts on TS indicate the path.
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Figure 4.28: Schematic representation of the charge transfer to the surface during the
WGS reaction.
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From the more stable position of the OH* group (green path), the system follows a

redox mechanism wherein OH* bond cleavage places a H* atom on the surface oxygen

and the activated O* binds strongly at the Sn/Ru junction, forming a bridging oxide

(INT3). The barrier height for OH dissociation is 0.64 eV, and the formation of the

bridge (CO* + O* + 2 H*) is exothermic (-0.28 eV). The reduction of the surface by

the H* atom causes a further increase in the number of reduced Ce3+ ions (to 5).

The bridged Ru-O-Sn motif is precisely the same as the one noted previously in the

spillover studies (Figure 4.22), suggesting that the Ru-Sn junction is a favourable

locus for the oxidation of the cluster. From the bridging site, the O* (oxide) is then

transferred to the adsorbed CO* with a barrier of 0.61 eV, the CO2* being bound on

top of the Ru site. The effective oxidation of the RuSn3(CO) unit drives a further

electron transfer to the surface (6 Ce3+ ions). The two H* adsorbed on the surface

can then bind together and desorb as H2 gas, withdrawing two electrons from the

surface and completing the cycle. In reference to the schemes for the mechanism

discussed previously, the role of the RuSn3 appears to be to stabilise the surface

oxygen species (formed in step C of the redox pathway) by forming a stable Ru-

O-Sn bridge (INT3). From the alternative OH* intermediate (black line at -3.43

eV), we can also identify a carboxyl-like associative pathway where the OH* migrates

directly to the CO* absorbed on Ru forming COOH* intermediate, followed by proton

transfer and CO2 desorption. This pathway merges with the red ‘CO bent’ pathway

because the surface-Ru-CO angle is naturally bent when the OH* binds to it. It is

clear, however, that this associative pathway is far less favourable, and that the more

reactive O* species in INT3 is required to disrupt the strong Ru-C and C=O bonding

in the bound carbonyl.

The largest barrier, 0.64 eV, (not considering the adsorption and desorption steps)

on the redox pathway (green line) is that between INT2 and INT3, labelled TSO
2 in

Figure 4.27, corresponding to the cleavage of the second OH bond. This value is

considerably lower than the value of 1.34 eV reported for a Co/MoS2 catalyst.263

The most stable point on the surface corresponds to the oxide intermediate (INT3),

which is 0.28 eV below the preceding hydroxide (INT2), and 0.5 eV below the CO2

intermediate, INT4. The relatively low barrier for O-H bond cleavage is related to the

stability of the oxide, which in turn is a consequence of the oxophilicity of the Ru-Sn

junction. The alternative carboxyl pathway passes through the structure identified

as ‘COOH* + H*’ in Figure 4.27, which lies 1.77 eV higher than INT3. On that

basis, we believe that the redox pathway is preferred in this case, due to the relative

stability of the Ru-O-Sn junction.
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Figure 4.29: Projected DOS and optimised structure of the oxide intermediate.

The very high stability of the Ru-O-Sn intermediate has prompted us to look in

more detail at its electronic structure. The synergic effect of the Ru-Sn bridging site

reduces the barrier to O-H dissociation and stabilises the O atom at the bridging

position. The structural features of the oxide intermediate are shown in detail in

Figure 4.29. The distance between Sn and the atomic oxygen is 2.05 Å, shorter than

the Sn and surface oxygen bond distance (2.09 Å), and the Ru-O (atomic) distance

is the same with the Ru-O (surface) bond distance (2.01 Å). This is clear evidence

of strong Ru and Sn bonding interaction with the atomic oxygen, stabilising the key

oxide intermediate. The projected density of states (PDOS) plot of the atomic O,

Ru confirms the strong hybridisation of the Ru/Sn/O states. The potential energy

surface in (Figure 4.27) shows that the formation of the oxide intermediate O* from

OH* (step C) is the highest barrier for the redox pathway while H* transfer from

carboxyl (COOH*) to the surface (step M) is the RDS for the associative pathway,

with barriers of 0.64 eV and 1.13 eV, respectively.

The surface reaction is happening significantly lower energy level compared to the

gas phase WGS reaction as shown in Figure 4.27. The adsorption energy of supplied

gases and desorption of produced gases are quite high. In this reaction medium,

continuous supplies of CO(g) and water vapour drive the reaction to the desired

products.

4.4.2.3 WGSR following Oxygen Spillover

We have also investigated the reaction mechanism of WGS reaction on the catalyst

formed by oxygen spillover from the CeO2 surface to the cluster (Figure 4.26). The

total energy of the 2O-spillover catalyst is -2.25 eV lower than the pristine system

(Figure 4.22) and, as a result, all intermediates on the pathway are also lower. In
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order to facilitate the comparison of the important steps, we set the energy of the

isolated catalyst (pristine or 2O-spillover) to zero. In Figure 4.30 we plot the relative

potential energy surfaces for key intermediates (without transition states) of the WGS

reaction for the 2O-spillover catalyst (blue and pink) and the pristine catalyst (black

and green).

Figure 4.30: Energy profile of WGS reaction on an oxygen spillover
2 O–RuSn3/CeO2–y catalyst compared to the pristine RuSn3/CeO2 catalyst. The
red colour oxygen (O) in intermediates (INT) indicates the bridging oxygen and Ov

indicates the water oxygen which fills the surface vacancy.

In the pristine catalyst, the key steps (i) binding of CO and H2O (step A), (ii)

cleavage of O-H bonds, with H* migrating to oxides on the CeO2 surface and (iii)

migration of the oxide to the Ru-Sn junction (steps B and C) and, from there, to the

bound CO (step D). In the case of the 2O-spillover catalysts, the mechanism is subtly

different because the Ru-Sn bridging sites are already occupied by oxide ions, leaving

no space for a further oxide to migrate into these positions. The initial step, CO ab-

sorption onto Ru, is very similar to that in the pristine catalyst, but the adsorption
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energy is significantly less negative, -1.56 eV compared to -2.85 eV. The presence of

oxygen in the Ru-Sn bridging sites results in the oxidation of the RuSn3 cluster com-

pared to the pristine catalyst (as measured by the greater number of Ce3+ ions in the

surface), and this, in turn, reduces the amount of electron density at Ru available to

back-donate to the bound CO. The binding of H2O is, however, quite different in that

it fills one of the vacant sites on the CeO2 surface, rather than binding on top of the

Ce on the surface. O-H bond cleavage then occurs in step B, and we have identified

two intermediates with very similar energies (labelled INT2 and INT3 in Figure 4.30).

In INT2, the hydrogen is bound to the oxide in the Ru-Sn bridging position, while

in INT3 it is bound to one of the surface oxides, leaving the Ru-O-Sn bridge unpro-

tonated. From this point, migration of one of the Ru-O-Sn bridging oxides to the

bound CO* occurs to form CO2*, a step that is endothermic by 0.55 eV compared to

0.50 eV in the pristine catalyst. The very similar thermodynamics for the O-transfer

step in the pristine and 2O-spillover catalysts reflect the fact that the structure of

the (CO)Ru-O-Sn unit is largely unchanged in the two mechanisms: the bound H2O

has filled one of the vacancies on the surface and placed two addition hydrogen on

the surface oxides, but this does not influence the bound cluster, at least to a first

approximation. We note that during the process of O* transfer to the bound CO*

in 2O-spillover catalyst, a successive oxygen spillover to the bridging site occurs and

keeps the catalyst same. We therefore conclude that the key step in the reaction, the

migration of O* to bound CO, is not strongly influenced by the presence or otherwise

of surface defects.

4.5 CO Methanation: A side Reaction of WGSR

In the experimental study of the WGS reaction by Sun and co-workers, significant

amounts of hydrocarbons were also observed. This has prompted us to explore an

alternative pathway, leading to methane.

4.5.1 Introduction

All of the reactions described in the previous section are reversible, and so the pre-

cursor, CO can be reduced to CH4 or other hydrocarbons by the generated H2 unless

it is removed from the reaction vessel. Therefore, we have extended our study to

CO reduction by produced hydrogen gas in WGSR. Methanation is a general term
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to describe the conversion of carbon oxide (COx ) to methane (CH4) through hydro-

genation. It is an important step used to remove traces of CO (remaining after the

water–gas shift reaction) during hydrogen production in commercial methane steam

reformers.277 Research into COx conversion into synthetic fuels and chemicals is one

of the most active research areas in the search for clean and sustainable energy sys-

tems.278–280 The methanation reaction is not only important for the catalytic conver-

sion of CO into valuable products but also plays a significant role in hydrogen-based

energy systems. Burning of coal, fossil fuels, or wood emits dangerous greenhouse

gases (COx ) and conversion of these to methane or substitute natural gas (SNG)

offers a promising avenue to both reduce emissions and replace fossil-derived fuels.

Methanation reaction of CO and CO2 can be described as follows:

CO + 3H2 → CH4 +H2O ∆H = −206 kJ/mol

CO2 + 4H2 → CH4 + 2H2O ∆H = −164 kJ/mol

The process is highly exothermic and is carried out in the presence of a catalyst to

accelerate the reaction and also to increase the selectivity of the product. Otherwise,

the hydrogenation of the gases can lead to the forming of different hydrocarbons.

Two main routes of the methanation reaction are classical carbon monoxide (CO)

methanation, which uses CO as a feedstock, and the other one is carbon dioxide

(CO2) methanation. We will be mainly focusing on the CO methanation reaction as

the starting precursor is CO, which we have used in water-gas-shift reactions as well.

Catalysts are crucial for the methanation process, not only for the reaction ac-

celeration and selectivity but also for up- and downstream processes. This process

was first discovered by Sabatier and Senderens in 1902, where nickel was used as a

catalyst.281 In the subsequent 120 years, many noble and transition metal catalysts

have been discovered that are capable of accelerating the methanation reaction.278

The highly exothermic nature of the process means that coke formation and sintering

limit catalyst lifetime, and there has been a continuous search for improved perfor-

mance. For example, Fischer et al. studied a range of unsupported metal catalysts

such as Ru, Rh, Ir, Ni, Pt, Pd, Fe, Ag etc. under methanation reaction conditions,

noting that Ru has extremely high activity.282 However, another study by Vannice

reported that though the reactivity of Ru is very high, the noble metals (Pt, Pd)

have higher selectivity.283 Ni is also a highly selective catalyst with moderate reac-

tivity and is much cheaper than any of Ru, Pd or Pt.284 It therefore remains the

most commonly applied active metal for commercial methanation applications. Fe
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catalysts are known for high reactivity, but low selectivity towards methanation re-

action.285 Whilst the identity of the metal influences the methanation reaction, the

support, promoter and preparation conditions can also be important in determining

the activity and selectivity of the reaction. A large surface area can be obtained by

supporting a small particle of active metals on the large surface support, and oxide

supports such as Al2O3, SiO2, TiO2 are often used to create large surface areas and, in

the latter case, flexible oxidation states. Al2O3 is mostly commonly used as support,

often with promoters such as MgO which increase the thermal stability and catalytic

activity of Ni catalysts. However, CeO2 has recently found extensive use.278,284

Two types of CO methanation mechanisms have been proposed in the literature.

Figure 4.31 shows a schematic pathway of the reaction. The first ‘associative’ pathway

involves the transfer of adsorbed H* to the CO*. The second ‘dissociative’ pathway

involves CO* bond cleavage followed by hydrogenation.

Figure 4.31: A schematic draw of both associative and dissociative mechanistic path
of CO methanation reaction.

Previous studies have shown that the direct C-O bond breaking is not kinetically

favourable, but H* can assist the process.286,287 In an associative pathway, carbonyl

(CO*) can be reduced by the H* and two intermediates are possible: (i) H bonds

to C to generate a formyl intermediate CHO* and (ii) H* binds to the O of the

carbonyl to form a hydroxyl (COH*) intermediate. Successive reduction of these

two intermediates will lead to the C-O bond dissociation and release of H2O(g) and

116



CH4(g). In the case of the dissociative pathway, the C-O bond of the adsorbed

CO* will dissociate first and produce atomic C* and O* intermediates. Consecutive

reduction of both C* and O* will be released as CH4(g) and H2O(g) from the catalytic

surface.

Figure 4.32: A schematic view of all possible intermediates for the associative pathway
in CO methanation reaction. Blue and green colour paths are the commonly followed
reaction path and these intermediates are used in the mechanistic study.

There are many possible pathways leading to the final products, differing in the

order of C/O-H bond formation and C-O bond cleavage - a schematic diagram of all

possible intermediates for the associative path is shown in Figure 4.32. The blue path

(formyl) and green path (hydroxyl) in the figure have been considered to connect the

intermediate steps for mechanistic study.

In this section, we have tried to understand the reaction pathway of CO metha-

nation reaction on a pristine RuSn3/CeO2 catalysts. We have selected specifically

pathways that differ in the order of formation of C-H and O-H bonds.

4.5.2 Results and Discussion

The energies and structures of the key stationary points of the potential energy

surface for the associative pathway of the CO methanation reaction on a pristine

RuSn3/CeO2(111) catalyst are summarised in Figure 4.33. The blue pathway cor-

responds to the sequence of reactions shown in blue in Figure 4.32 while the green
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pathway corresponds to the green steps in the same figure. We note that the H2 ad-

sorption steps (a, f, g, m and v in Figure 4.32) are not added in the potential energy

plot (Figure 4.33). The initial steps involve binding of CO, precisely as we have de-

Figure 4.33: Energy profile of CO methanation reaction via associative mechanism;
dark blue path indicates the reaction goes through formate (CHO*) intermediate and
the green path indicates hydroxyl (COH*) pathway.

scribed in the previous section. The CO binds end-on on the Ru atom, with a binding

energy of -2.84 eV. A molecule of H2 can then bind to the surface with a binding en-

ergy of -2.56 eV, forming two surface O-H groups. The adsorption energy of hydrogen

after dissociation for a clean CeO2(111) surface is reported as ∼ -2.16 eV.288,289 From

there, one hydrogen can migrate from the surface O-H to the Ru centre (∆E = 1.5

eV). From that point, there are two possibilities for the migration of the hydrogen

to the bound CO. In the first (blue line in Figure 4.33) the hydrogen migrates to

the carbon, generating a formyl intermediate, CHO*. The alternative is to migrate

to the O terminus of the ligand, which is thermodynamically more favoured by -0.33

eV, but kinetically disfavoured, with a transition state energy difference of +0.96 eV,
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compared to the formyl intermediate. The second hydrogen can then migrate, again

either to carbon or oxygen, giving three possible products denoted HCHO*, H2CO*

and C* + H2O. Of these, the latter, where the C-O bond is cleaved, is much less sta-

ble than the alternatives where the C-O bond remains intact. From here, binding of a

second molecule of H2 leads to two surface O–H groups one of which can migrate to

C to form H3CO* or H2COH*, or to O to form CH* + H2O. Migration of the second

hydrogen then yields either methanol, CH3OH*, which is only very weakly bound to

the surface, or H2C* + H2O, the two products having rather similar energies. It is

likely that the CH3OH then desorbs from the surface, and is the source of methanol

observed in the reactions, while the CH2* is reduced by a further molecule of ab-

sorbed H2 to generate CH4. The favoured pathway is a balance of thermodynamic

and kinetic factors. Thermodynamically, the most stable intermediate for the first

hydrogen transfer is COH*, with hydrogen bound to the oxygen, but this is accessible

only via a high-energy transition state. Alternatively, the CHO* intermediate is less

stable but is accessed via a much lower energy transition state. The preference for

the formyl pathway is typical for a range of methanation catalysts that have been

reported in the literature.290,291

Figure 4.34: Energy profile comparison between the favourable associative path (via
formate intermediate) and the dissociative path for CO methanation reaction.

Finally, we have compared the formyl path against the dissociative pathway for

the methanation reaction. The energies and structures of the stationary points of

the potential energy surface of the dissociative pathway are summarised in Figure
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4.34 where they are also compared against the lowest energy associative path (formyl

path). In the dissociative path, the key intermediate after CO bond dissociation is C*

+ O*, which is very high in energy, 1.36 eV less stable than the CHO* intermediate.

Successive reduction of dissociated O* leads to H2O(g) while reduction of C* gener-

ates CH4(g). The overall path of the dissociative mechanism (red path) is, however,

sufficiently high compared to the formyl path to be ruled out as a viable mechanism

in this case.

4.6 Summary and Conclusions

In this chapter, I have explored the adsorption of a Zintl cluster on a CeO2(111)

surface and its catalytic activity. The isolated [Ru@Sn9]
6– Zintl cluster has D3h sym-

metry and a tri-capped trigonal prismatic geometry, but the 3-dimensional structure

is highly unstable when absorbed on the surface. Indeed, the thermodynamically

favoured geometry is a monolayer where all the atoms (1 Ru and 9 Sn) bind with

surface oxygen, leading to oxidation of the cluster and reduction of the CeO2 sur-

face, indicated by the presence of Ce3+ ions. The absorption is a balance between

formation of Sn/Ru-O bonds (favouring the monolayer) vs Sn-Sn cohesive interaction

(favouring a 3-dimensional structure), and the former clearly dominates. After careful

consideration of several model systems, we conclude that the Ru atom is coordinated

by three Sn atoms in the most stable structures. Model 9D (Figure 4.12) is the lowest

energy. Model 9D shows a clear separation between a RuSn3 unit and the remaining

Sn6 unit (Figure 4.21), which suggests that a smaller RuSn3 model might capture all

the important features of the full model (RuSn9), while significantly reducing the cell

size and computational cost of the subsequent survey of the catalytic pathway. Our

initial studies were focused on a pristine CeO2 surface, but we then considered the

possibility that oxide ions might ‘spillover’ from the surface onto the RuSn3 cluster of

our minimal model. In fact, it proves thermodynamically favourable to extract two

oxide ions from the surface, which then occupy bridging sites between the Ru and Sn

atoms, with concomitant reduction of the CeO2 surface.

A detailed mechanistic study of the WGS reaction was then performed using both

the pristine surface catalysts and also the ‘spillover’ catalysts with the oxides in the

bridging sites. The mechanism is rather similar in the two cases, with the key inter-

mediate being the oxide in the Ru-Sn bridging position noted above. Migration from

here to the ruthenium-bound CO generates CO2 in a ‘redox’ pathway. The alterna-

tive carboxyl path, commonly found in low-temperature catalysts, has a considerably
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higher energy. The role of the RuSn cluster appears, therefore, to be to stabilise the

activated oxygen, O*, that is the key intermediate in the redox pathway. We have

also reported a preliminary study of the competing methanation reaction, where the

formation of formyl intermediate is kinetically favoured and follows the lower energy

path over the alternative hydroxyl path.
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Chapter 5

Summary and Future Work

The work of this thesis falls into two distinct chapters. The first is a fundamen-

tal study of electronic structure and metal-metal bonding in Sn-based Zintl clusters

that contain transition metals (Chapter 3). The second is focussed on the catalytic

applications of these clusters, specifically on the adsorption behaviour and catalytic

activity of the [Ru@Sn9]
6– cluster on a supported oxide surface (Chapter 4), mo-

tivated by the experimental work of Sun and co-workers. Density function theory

(DFT) methods have been utilised throughout the thesis for all the calculations to

locate minima and transition states on the potential energy surfaces. Throughout,

we have used molecular orbital diagrams and density of states as qualitative tools to

interrogate the electronic structure.

The key to understanding these systems is the role of transition metal and how

interactions with the cage influence the shape and electronic properties. We have

mainly focused on Sn-based clusters where different transition metal(s) are incorpo-

rated. The availability of metal d-electrons determines the strength of the metal-cage

and metal-metal bonding. On the right side of the d block elements typically contain

closed-shell d10 configurations, and have relatively little effect in the cage. However,

moving further left on the periodic table, the energy of the d orbitals increases and

metal-cage interactions become more prominent via metal-to-cage charge transfer.

In [Ru@Sn12]
4– , weak back-bonding causes slight distortion from the ideal icosahe-

dron that is adopted by Sn12
2– or [Ni@Sn12]

2– . The back-bonding is much more

prominent in the M2E12 family, and indeed in [Cr2Sb12]
3– , we see that it is strong

enough to cleave some of the Sb-Sb bonds, causing a distortion to C4v symmetry.

The nature of the M-M bonding is quite ambiguous in the 7-vertex metal Sn clusters,

[(CO)3MSn5M(CO)3]
4– (M = Cr, Mo), but our analysis suggests that the Sn5 unit is

best considered to be in a 4- oxidation state, leaving the M(CO)3 units neutral: the

Cr-Cr and Mo-Mo bonds are therefore weak despite the short M-M distances.
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The endohedral Zintl cluster [Ru@Sn9]
6– shows great promises as a catalyst when

supported on a CeO2 surface. The noble/transition metal plays the pivotal role as

the main active site but the p-block element also has an important part to play in

stabilising key intermediates in bridging sites. The strong metal-support interaction

(SMSI) destroys the nearly spherical [Ru@Sn9]
6– cluster and disperses it as a mono-

layer where all the atoms make contact with the CeO2(111) surface. A systematic

search of possible geometries for the dispersed cluster indicates that the most stable

configuration of the monolayer has the Ru atom surrounded by three Sn atoms. The

Ru-Sn junction opens up new catalytic pathways for water-gas-shift (WGS) and CO

methanation reactions by stabilising the intermediate at this site. In this context,

it seems that the composition of the cluster (i.e. the fact that it contains both Ru

and Sn) is more important than its structure, which does not survive the process of

chemisorption.

The understanding of the relationship between local atomic environments and

the reactivity of clusters is important for gaining a deeper understanding of catal-

ysis and building predictive models for faster and more efficient discovery of cata-

lysts. Our current theoretical models are solely based on stationary points on the

potential energy surface identified by DFT, and future work will involve microkinetic

modelling of product distributions using kinetic Monte Carlo (KMC) simulations.

High-throughput screening of compounds to search for desirable properties, as well

as data-driven approaches such as machine learning to inform the design of catalysts

for a targeted chemical reaction, are also emerging fields of research that will be

important as the field of computational catalysis evolves.
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national Edition, 2006, 45, 3459–3462.

[19] T. B. Tai and M. T. Nguyen, Journal of chemical Theory and computation,

2011, 7, 1119–1130.
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P. Prabhakaran and S. Bajohr, Fuel, 2016, 166, 276–296.

[279] A. Hatta, A. Jalil, N. Hassan, M. Hamid, M. Bahari, M. Aziz, M. Alhassan,

N. Ibrahim, N. Jusoh and N. Hairom, Materials Today Chemistry, 2023, 33,

101743.

[280] A. Hatta, A. Jalil, N. Hassan, M. Hamid, A. Rahman, L. Teh and D. Prasetyoko,

International Journal of Hydrogen Energy, 2022, 47, 30981–31002.

[281] I. Fechete, Comptes Rendus Chimie, 2016, 19, 1374–1381.

[282] F. Fischer, H. Tropsch and P. Dilthey, Brennst. Chem, 1925, 6, 265–271.

[283] M. Vannice, Catalysis Reviews—Science and Engineering, 1976, 14, 153–191.

[284] G. A. Mills and F. W. Steffgen, Catalysis Reviews, 1974, 8, 159–210.

[285] G. P. Van Der Laan and A. Beenackers, Catalysis Reviews, 1999, 41, 255–318.

[286] M. Andersson, F. Abild-Pedersen, I. Remediakis, T. Bligaard, G. Jones, J. Eng-

bæk, O. Lytken, S. Horch, J. H. Nielsen, J. Sehested et al., Journal of Catalysis,

2008, 255, 6–19.

[287] B. Miao, S. S. K. Ma, X. Wang, H. Su and S. H. Chan, Catalysis Science &

Technology, 2016, 6, 4048–4058.

[288] K. Werner, X. Weng, F. Calaza, M. Sterrer, T. Kropp, J. Paier, J. Sauer,

M. Wilde, K. Fukutani, S. Shaikhutdinov et al., Journal of the American Chem-

ical Society, 2017, 139, 17608–17616.

[289] O. Matz and M. Calatayud, ACS Omega, 2018, 3, 16063–16073.

[290] S. Eckle, H.-G. Anfang and R. J. Behm, The Journal of Physical Chemistry C,

2011, 115, 1361–1367.

142



[291] C. Zhi, Q. Wang, B. Wang, D. Li and R. Zhang, RSC Advances, 2015, 5,

66742–66756.

143


