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Summary 

 

Since the advent of the Industrial Revolution, the cost of society’s dependence on 

fossil fuels has only continued to grow. For humanity to have any hope of outgrowing 

its reliance on non-renewable feedstocks, it is critical that the mechanistic chemistry 

behind heterogeneous catalysis is properly understood so that sustainable catalytic 

processes may be developed. In the hope of contributing towards this goal, this thesis 

is a comprehensive computational study of the catalytic conversion of bio-based 

platform molecules. Particular emphasis has been devoted to the hydrogenation, 

reductive amination, and pyrolysis of biomass derivatives over platinum group metal 

and metal oxide catalysts. By constructing density functional theory (DFT) models of 

key intermediates and their associated transition states, accessible pathways for the 

hydrogenation of both the chain C=C bond and furanic ring system of the furfural 

derivative ALD-1 were identified over Pd(111). In agreement with experiment, chain 

hydrogenation was shown to be facile over Pt(111) and Ru(0001), but not ring 

hydrogenation. Partial charge analysis revealed that the distribution of electron density 

across the adsorbate played a critical role in the selectivity of these catalysts. This 

work was then extended to the reductive amination of furfural derivatives over Pd(111) 

and Ru(0001), where accessible mechanisms were identified for the formation and 

hydrogenation of imine intermediates. A final DFT study on the ceria-catalysed 

pyrolysis of sinapic acid (SA) confirmed that the disappearance of С=О and O–H 

vibrational modes in experimental infrared spectra was caused by SA’s 

decarboxylation to 4-vinylsyringol. By complementing all calculations with 

experimental data, it is the hope of the author that this thesis will help inform the 

development of sustainable syntheses and deepen our collective understanding of 

bio-based heterogeneous catalysis. 
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2 Laplacian with respect to the coordinates of the 𝑖th electron  

∇𝜌 Gradient of the electron density  

𝟏 Identity matrix 
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Compounds 

Abbreviation 
  

Name 
  

Structure 
  

4VS 4-vinylsyringol   

…….. 

ALD-1 (E)-1-(furan-2-yl)-5-methylhex-1-en-3-one 

 

ALD-2 1-(furan-2-yl)-5-methylhexan-3-one 

 

ALD-3 5-methyl-1-(tetrahydrofuran-2-yl)hexan-3-one 

 

EtOAc ethyl acetate  
 

MIBK methyl isobutyl ketone  
 

SA sinapic acid  
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1. Introduction 

 

Synthetic chemistry has a crisis on its hands. Humanity’s dependence on non-

renewable feedstocks such as petroleum and natural gas has come at a grave 

environmental cost. If current consumption trends are not reversed, the planet’s 

reserves of fossil fuels are expected to be depleted within the next hundred years.22 

Chemists no longer have the luxury of waiting for the problem to fix itself. Renewable 

alternatives to traditional feedstocks must be developed if synthetic chemistry as we 

know it is to survive. 

    This chapter begins with a brief introduction on the properties and uses of biomass 

and its derivatives in Section 1.1. This is followed by a review of prominent materials 

in heterogeneous catalysis in Section 1.2. A review on the role of computational 

modelling in contemporary catalysis research is provided in Section 1.3. A discussion 

of bio-based catalysis in industry is given in Section 1.4. Finally, a broad structural 

outline of the thesis as a whole is provided in Section 1.5. 

 

1.1. Biomass 

Biomass, broadly defined as non-fossilised matter derived from living organisms,23 is 

one of the most abundant sources of renewable platform chemicals known to the 

physical sciences. Unlike fossil fuels, which take millions of years to replenish, 

biomass can be regenerated on human timescales, offering a sustainable source of 

hydrocarbons that can then be processed into fuels, solvents, and high-value platform 

chemicals.24–27 

    While an exhaustive list of biomass sources would be impossible to compile, a 

selection of common examples is provided in Figure 1.1. Aquatic sources of biomass 

such as algae and seaweed can be used to synthesise textile dyes.28,29 The waste 

and carcasses of animals in the livestock industry are valuable sources of 

fertilisers,30,31 fuel,32,33 and adhesives.34 Bio-based waste generated by factories and 

urban settlements can be used to manufacture paper products,35,36 polymers,37 and 

cosmetic items such as shampoos.38 
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Figure 1.1. Selection of biomass sources and uses. 
 

    Two particularly abundant sources of high-value feedstocks are wood-based 

biomass (e.g. sawdust, branches, leaves, lumber shavings) and biomass from the 

agricultural sector (e.g. fruit and vegetable waste, straw, crop husks). Large quantities 

of wood-based biomass are generated as by-products of the forestry, construction, 

and printing industries. While the most widespread and traditional use of both 

resources has been direct combustion for heat,39 the chemical composition of wood-

based and agricultural biomass allows for the generation of a wide selection of useful 

and valuable compounds. Both materials can be transformed into bio-oil, a liquidised 

natural feedstock used as a fuel and as a source of monomers for the production of 
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plastics.40–42 Synthetic chemists have learned to exploit the high quantities of 

lignocellulose (Section 1.1.2) present in both wood-based and agricultural biomass, 

allowing for the generation of solvents,24,43 platform chemicals,44 and medicinal 

compounds.45,46 

 

1.1.1. Furfural 

One example of a platform chemical that can be synthesised from agricultural biomass 

is furfural, a colourless, almond-scented liquid commonly used as a precursor in 

organic synthesis.47,48 In many ways, furfural is a model reagent for sustainable 

catalysis. It is relatively easy to store and transport, it can be recovered inexpensively 

and renewably from cereal grains, and cheap ways to extract it from food waste have 

been known since the 1920s.49–51 While freshly prepared furfural will darken and 

discolour if exposed to oxygen over long periods of time, this process is slow and can 

be easily mitigated by storing furfural under its own vapour pressure immediately after 

distillation.48,52 

    Furfural and its derivatives play a critical role in modern industrial chemistry. As 

shown in Scheme 1.1, furfural can be hydrogenated to furfuryl alcohol, a crucial 

component in the production of rocket fuel and dyes in the textile industry.53–55 It can 

also be oxidised to both maleic acid, a precursor to polyester resins in the automotive 

industry,56 and 2-furoic acid, a compound used in the production of renewable 

flavouring agents.57,58 Furthermore, furfural’s ring system allows it to participate as a 

diene in Diels-Alder reactions; a property that can be exploited by synthetic chemists 

to generate high-value feedstocks such as benzaldehyde.59,60 

    Furfural readily partakes in aldol condensation reactions through its aldehyde 

group,47,61,62 allowing for the formation of a wide variety of unsaturated derivatives. 

These compounds have proven to be highly receptive to reductive amination, a family 

of reactions in which carbonyls are reduced to amines via imine intermediates.47,63 

Advances in the field of synthetic organic chemistry have shown that the yield and 

stereochemistry of amines produced in this fashion can be optimised with great 

precision. For instance, it was shown in 2019 by Jiang et al.64 that a family of THF-

derived amines could be synthesised from furfural derivatives using NH3 and 

molecular hydrogen over a Pd/Al2O3 catalyst. In the same year, Yuan et al.63 showed 

similar success using the furfural derivative 5-hydroxymethylfurfural (HMF) as a 

starting reagent and Ni6AlOx as a recyclable catalyst.  
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Scheme 1.1. Furfural and a selection of its most common derivatives. Adapted from 
Bielski and Grynkiewicz (2021).59 
 

1.1.2. Lignocellulosic Biomass 

Lignocellulose, the primary structural component of plant cell walls, is a highly 

abundant source of bio-based platform chemicals. Due to lignocellulose’s presence in 

every species of plant with a vascular system,65 unprocessed lignocellulosic biomass 

has a cost close to zero, and it can be cheaply refined into valuable feedstocks. Since 

at least 2005,27 ethanol derived from lignocellulose has had a lower purchase cost 

than petroleum,24,26 and as fossil fuel supplies continue to dwindle, it is likely that its 

affordability will only increase over time. 

    The exact composition of lignocellulosic biomass varies from plant to plant, but it 

typically consists of three major components: (1) cellulose, a linear structural polymer 

that prevents cell walls from collapsing in on themselves;
66
 (2) hemicellulose, an 

amorphous heteropolymer composed of a wide variety of sugar residues; and (3) 

lignin, a class of phenolic polymers that fortifies the strength and hardness of the cell 
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walls, protects the plant from UV radiation, and facilitates the transport of water and 

salt in the plant’s vascular system.
67–70

 

    The differences in chemical composition between these three materials is reflected 

in how varied their applications are in industry. The sugars in cellulose and 

hemicellulose can be fermented into biofuels
24,66

 and used as feedstocks for the 

synthesis of biodegradable polymers.
71
 The composition of lignin is highly dependent 

on the species, age, and part of the plant that it’s sourced from,
72
 but it has gained 

recognition as a valuable and renewable source of aromatic compounds such as 

sinapic acid (SA), an unsaturated ketone found in fruit
73,74

 with potent antioxidant 

properties
75
 that is being investigated as a treatment for Alzheimer's and Parkinson’s 

disease.
76
 Lignin’s amorphous structure makes it a challenging material to 

computationally model (Section 1.3), but model compounds such as SA can be used 

in such simulations to gain valuable insights into lignin’s chemical properties. 

 

1.2. Heterogeneous Catalysis 

Alongside the search for renewable organic feedstocks, much attention has been 

directed towards the development of heterogeneous catalysts for biomass processing 

and refinement. For humanity to have any hope of moving towards a society in which 

high-value chemicals can be sustainably produced on an industrial scale, the art and 

science of catalyst development must be mastered. Platinum group metals (PGMs) 

such as Pd, Pt, and Ru have proven especially popular in the field of heterogeneous 

catalysis. Each of these elements offers a unique blend of activity, selectivity, and 

stability, leading to an outpour of research on their catalytic properties. While the CO2 

emissions associated with the mining and processing of PGMs must be accounted for 

in any life-cycle analysis of a catalytic process,
77
 a substantial portion of the negative 

environmental impact is generally offset by the durability and reusability of PGMs, as 

well as the ease with which they can be recovered from scrap metal.
78
 For over a 

decade, recycling processes for spent PGM catalysts have existed with recovery rates 

as high as 95%,
79,80

 and due to the pressing economic demand for PGMs in the 

electronic and automotive sectors,
81,82

 it is likely that the efficiency of these processes 

will increase as the Earth’s supplies of PGM-bearing ore dwindle. 

 



7 
 

1.2.1. Pd 

Of all the elements in the d-block, Pd has proven to be one of the most popular 

heterogeneous catalysts for hydrogenation
83–86

 and C–C cross coupling.
87–89

 In the 

context of biomass processing, Pd catalysts have shown exceptional selectivity and 

activity in the hydrogenation of furfural and its derivatives,
47,64,90

 as well as other platform 

chemicals derived from biomass.
86,91,92

 

    As reported by Alibegovic et al.
93
 (Scheme 1.2),  composite Pd-Fe3O4 nanoparticles 

are highly selective catalysts for the hydrogenation of furfural to furfuryl alcohol, with 

both selectivity and conversion exceeding 99%. Pd has also proven especially useful 

as a component in reductive amination catalysts due to its ability to activate molecular 

hydrogen and ammonia,
94,95

 allowing for the sustainable production of amines of a high 

value in the agricultural and pharmaceutical sectors.
96–98

 

 

 

Scheme 1.2. Hydrogenation of furfural to furfuryl alcohol over Pd-Fe3O4 
nanoparticles.

93
 Reaction conditions: i-propanol (48 mL), H2 (6 MPa), 120 °C, 450 min.  

 

1.2.2. Pt 

Although Pt is less commonly used than Pd for hydrogenation catalysis, it still plays a 

crucial role in biomass upgrading due to its ability to facilitate deoxygenation and 

oxidation. Pt has been frequently utilised as a catalyst in the hydrodeoxygenation of 

bio-based aldehydes
99,100

 and ketones,
101,102

 a process used to upgrade the energy 

density of bio-oil (Section 1.4).
103

 Pt is particularly adept at oxidising carbon monoxide 

and unburned hydrocarbons in car exhaust fumes, leading to its widespread adaption 

as a component in catalytic converters.
104,105

 Levulinic acid, a platform chemical featured 

in Scheme 1.1 that can be derived from biomass by subjecting furfural to 

hydrolysis,
59,106

 was shown by Touchy et al.
107

 (Scheme 1.3) to readily undergo solvent-

free reductive amination over Pt and molybdenum oxide nanoparticles coloaded with 
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titania (Pt-MoOx/TiO2), allowing for the formation of a wide variety of five-membered 

heterocycles. 

 

 

Scheme 1.3. General scheme for the solvent-free reductive amination of levulinic acid 
over Pt-MoOx/TiO2 nanoparticles.

107
 Reaction conditions: Pt-MoOx/TiO2 (0.1 mol%), H2 

(3 bar), 100 °C, 20 h. 
 

1.2.3. Ru 

Ru has been one of the least expensive of the PGMs for at least half a decade (Figure 

1.2),
108

 making it an attractive and affordable catalyst for industrial-scale processes. Ru 

is particularly effective at cleaving C–O bonds
109,110

 and is substantially more oxophilic 

than both Pd and Pt.
111

 In homogeneous catalysis, Ru’s oxophilicity and access to a 

wide range of oxidation states has been exploited to create a range of highly Lewis 

acidic complexes for liquid-phase catalysis.
112,113

 It has also proven to be a useful and 

relatively inexpensive material in heterogeneous catalysis. A study by Mu et al.
114

 on 

the upgrading of bio-based pyrolysis oils found that Ru was less susceptible to 

catalytic spoilage than Pd and Pt due to its low selectivity towards by-products 

associated with coke formation. Dendrimer-encapsulated Ru nanoparticles were 

shown by Nemanashi et al.
115

 to be an excellent catalyst for the hydrogenation of 

levulinic acid to γ-valerolactone (Scheme 1.4), with 100% conversion and a selectivity 

towards γ-valerolactone exceeding 99%. 
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Figure 1.2. Average global base prices of Pd (blue), Pt (orange) and Ru (red) from 1 
September 2021 to 1 September 2025. Data collated from the Johnson Matthey PGM 
price database.

108
  

 

 

Scheme 1.4. General scheme for the catalytic hydrogenation of levulinic acid to γ-
valerolactone.

115
 Reaction conditions: catalyst (0.5 mol%), levulinic acid (2 mmol), H2 

(10 bar), 150 °C, 5 h.  
 
 
1.2.4. Ceria 

While PGMs remain the most popular materials in heterogeneous catalysis, metal 

oxides have also shown promise in this regard. Ceria (CeO2) is a metal oxide that has 

garnered attention in recent years for its unique redox chemistry.
116–118

 While historically 



10 
 

used as a support for transition metals,
119,120

 ceria nanoparticles have shown promise 

as catalysts in their own right; particularly, in the field of biomass pyrolysis. Shao et 

al.
121

 reported that ceria facilitates the generation of oxygenated carbonyl compounds, 

while Wan et al.
122

 highlighted its ability to selectively catalyse the production of linear 

ketones from waste plant matter.  

 

1.3. Computational Catalysis 

The study of heterogeneous catalysis at the atomic level has been transformed over 

the past few decades due to the advent of computational chemistry. The development 

of density functional theory (DFT) and substantial increases in both the power and 

affordability of computers since the 1980s have allowed researchers to model 

chemical reactions at unparalleled levels of accuracy. While exact solutions to the 

multi-electronic Schrödinger equation remain unattainable,
123

 modern DFT modelling 

allows for the calculation of key properties (Figure 1.3) such as binding configurations, 

adsorption energies, charge distributions, surface energies, electronic structure, and 

activation energies.
3,4,124

 Many of these properties are extremely difficult to measure 

experimentally, giving computational modellers a unique advantage at understanding 

catalytic processes at the atomic scale. 

    In contemporary research, experimental studies of heterogeneous catalysts are 

frequently complimented with DFT modelling work so that hypotheses relating to 

reaction mechanisms, selectivity, and adsorption configurations can be supported until 

they can be confirmed or disproven by experiment. For instance, by constructing a 

DFT model of an adsorbate binding to the surface of a catalyst, analysis of the 

adsorbate’s charge distribution and electronic structure can provide valuable insights 

into its reactivity. Mechanisms can also be validated by modelling the transition states 

associated with pairs of elementary steps, allowing for the calculation and comparison 

of activation energies. 
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Figure 1.3. A selection of chemical properties that can be modelled at the DFT level 
by computational chemists. 
 

    DFT models of heterogeneous systems have yielded profound insight in the field of 

hydrogenation catalysis; particularly, over the facets of transition metal nanoparticles. 

For instance, a DFT mechanistic study by Narayanan, Kaushik, and Gupta
125

 on the 

hydrogenation of furfural over Ru(0001) (Scheme 1.5) revealed a mechanism with a 

low activation energy (𝐸𝐴 = +74.2 kJ mol–1) for its reduction to tetrahydrofurfuryl alcohol 

(THFA), a renewable solvent used in the textiles industry.
126,127

 Ring hydrogenation was 

shown to optimally proceed through the initial reduction of the C4=C5 double bond. 
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The corresponding route, in which the C2=C3 bond was hydrogenated (𝐸𝐴 = +129.2 

kJ mol–1), had an activation energy nearly 75% higher than the optimal pathway. 

 

 

Scheme 1.5. Hydrogenation of furfuryl alcohol to THFA over Ru(0001). Activation 
energies calculated at the PBE-D3(0) level5,9 in VASP.13,14 
 

    Other computational studies of catalytic hydrogenation have used DFT modelling 

software to determine the binding configurations of key intermediates over transition 

metal surfaces. A microkinetic study by Cao et al.
128

 on the Pt-catalysed hydrogenation 

of (E)-crotonaldehyde, a common wastewater pollutant in the petrochemical 

industry,
129,130

 identified a novel, low energy 1,4-addition mechanism (Figure 1.4) for its 

reduction to but-1-en-1-ol (𝐸𝐴 = +42.3 kJ mol–1); an intermediate that quickly 

tautomerises to the dominant product, butyraldehyde.
131,132

 

 

 
Figure 1.4. Free energy profile of the reduction of crotonaldehyde (CAL) to but-1-en-
1-ol (ENOL). Hydrogenation can either proceed via 1,4-addition (solid line) or 4,1-
addition (dashed). Adapted from Cao et al. (2011).

128
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1.4. Industrial Bio-Based Catalysis 

Waste generated by the forestry and food sectors such as the stalks of cereal grains, 

sawdust, leaves, and fruit peels remain an under-utilised source of valuable platform 

chemicals.
133–135

 Workers in these sectors, particularly those in developing countries 

with little recycling infrastructure in place,
136,137

 often treat biomass as low-value refuse 

to be burned for heat or sent to landfill. Beyond the negative effects on local 

ecosystems that result from this approach, there are compelling economic incentives 

for investing in biomass conversion facilities. As shown in Figure 1.5, lignocellulosic 

biomass can be converted into a range of valuable products. Microorganisms can 

ferment the sugars present in biomass to ethanol, a widely used solvent and biofuel.39  

They can also decompose organic waste via anaerobic digestion into a sustainable 

and nutrient-rich fertiliser known as digestate.
138

 Biomass can undergo gasification (i.e. 

incomplete combustion in an environment of limited oxygen) to syngas, a gaseous 

mixture of H2 and CO used both as a heating source and a feedstock for platform 

chemicals such as methanol and ammonia.
139,140

 

    Bio-oil is generally produced from biomass in two ways. In hydrothermal 

liquefaction, wet biomass is converted into bio-oil by processing it in superheated 

water; usually, at temperatures and pressures exceeding 250 °C and 4 MPa, 

respectively.
141

 Alternatively, bio-oil can be sourced from wood-based biomass by 

subjecting it to pyrolysis (i.e. heating it at high temperatures in an inert environment). 

Char, a black, carbon-based residue produced by pyrolysis, has been historically 

discarded as a waste product, but it in turn can be used as an additive in soils to 

counteract acidity and improve water retention.
142,143

 

    Considerable attention has been devoted to the potential applications of bio-oil in 

the transport, agricultural, and chemical sectors. However, “raw” bio-oil has several 

properties that make it an undesirable feedstock in comparison with petroleum-based 

compounds. These properties include, but are not limited to, low thermal stability;
144,145

 

high tendency towards coke formation;
146

 low calorific value, limiting its utility as a 

source of heat;
144,147

 and high acidity, a property that can lead to the corrosion of 

machinery and storage containers.
148

 Many of these issues are exacerbated if the oil 

is rich in oxygenated compounds such as carboxylic acids and ketones, as they can 

catalyse undesirable polymerisation side reactions.
149
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Figure 1.5. A selection of lignocellulosic biomass conversion routes and their 
associated products. 
 

    To combat this, bio-oil can be “upgraded” by subjecting it to hydrodeoxygenation 

(HDO), a catalytic process in which oxygen is removed from the oil in the form of water 

under an atmosphere of hydrogen gas. By decreasing the total oxygen content of bio-

oil, HDO can increase its energy density by as much as 46 MJ kg–1,
103

 bringing its 

calorific value in line with petroleum-based fuels. A representative reaction of this 

process is the hydrodeoxygenation of guaiacol to benzene (Scheme 1.6), a process 

usually performed over transition metal catalysts in industry.
150–154

 A DFT study by 

Morteo-Flores et al.
153

 identified a low-energy pathway for guaiacol HDO over Ni(111), 

in which guaiacol is first demethylated to catechol, followed by deoxygenation to 

phenol, and a final hydrogenolysis to the product. While this mechanism has yet to be 

confirmed experimentally over Ni-based catalysts, kinetic studies of guaiacol HDO 

have confirmed that the DFT mechanism is preferred over Pt/ZrO2,
155

 showing that the 



15 
 

production of catechol was four orders of magnitude faster than the direct 

hydrogenolysis of guaiacol to phenol. This highlights the importance of catechol as a 

crucial intermediate and the power of DFT as a tool for evaluating the mechanistic 

character of catalytic reactions. 

 

 

Scheme 1.6. Three potential mechanisms for guaiacol HDO to benzene. Mechanism 
favoured by DFT for guaiacol HDO over Ni(111) highlighted in green. 
 

1.5. Thesis Outline 

This thesis focuses of the applications of DFT modelling in the study of bio-based 

heterogeneous catalysis, with particular emphasis on two processes: (1) the 

hydrogenation and subsequent amination of furfural derivatives and (2) the pyrolysis 

of model compounds from lignocellulosic biomass over nanoceria. By constructing 

DFT models of key intermediates associated with these reactions, this work seeks to 

deepen our collective understanding of how catalyst choice can affect the selectivity 

and yield of bio-based processes. The results of the author’s calculations will then be 

compared against experiment, thus combining theoretical and practical chemistry to 

construct a robust framework for the design of catalysts capable of converting 

renewable feedstocks to high-value platform chemicals.  

    Chapter 2 is a review of the computational methods that form the theoretical 

foundation of this thesis. The following three chapters cover the simulations work 

conducted over the course of the author’s doctoral studies. Chapter 3 is an 
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investigation of the catalytic hydrogenation of the furfural derivative (E)-1-(furan-2-yl)-

5-methylhex-1-en-3-one (ALD-1) over Pd(111) and Pt(111) (Figure 1.6). Particular 

attention is given to the energetics and mechanistic pathways governing the 

hydrogenation of chain C=C bonds and the furanic ring, as well as to the role of charge 

distribution in influencing catalyst selectivity. 

 

 

Figure 1.6. Objectives of Chapter 3. 

 

    Chapter 4 is a continuation of this work that focuses on the reductive amination of 

the hydrogenation product 5-methyl-1-(tetrahydrofuran-2-yl)hexan-3-one (ALD-3) to 

its corresponding amine, IMI-3, over Pd(111) and Ru(0001) (Figure 1.7). Chapter 5 

turns to the catalytic pyrolysis of  biomass over CeO2(111) (Figure 1.8). Using sinapic 

acid (SA) as a model compound for lignocellulosic biomass, this chapter aims to 

investigate the contributions of different compounds to infrared spectra taken during 

pyrolysis, as well as study the mechanistic chemistry underpinning SA’s 

decarboxylation to 4-vinylsyringol (4VS). The thesis then concludes with Chapter 6, 

which summarises the key findings of the author’s doctoral research and offers a 

selection of recommendations for future work in the field. 
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Figure 1.7. Objectives of Chapter 4. 

 

 

Figure 1.8. Objectives of Chapter 5. 
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2. Computational Theory 

 

This chapter begins with a brief review of the most common approximations in 

computational chemistry (Section 2.1), followed by a discussion on the theoretical 

background and applications of density functional theory in Sections 2.2 and 2.3. 

Finally, the chapter concludes with a short discussion of transition state search 

methods in Section 2.4. 

 

2.1. Common Approximations 

The non-relativistic energy of any chemical system can be analytically determined by 

solving the time-independent Schrödinger equation: 

 

 

where 𝐻̂ is the Hamiltonian operator, 𝐸 is the non-relativistic energy of the system, 

and 𝜓 is the time-independent wave function. In spite of its apparent simplicity, 

Equation 2.1 cannot be solved analytically for any chemical system with two or more 

electrons.1,2 Consequently, theoreticians must make several approximations when 

trying to solve the Schrödinger equation for realistic systems. These approximations 

are a necessary compromise, and they form the theoretical foundation of almost every 

algorithm employed in contemporary computational chemistry research.  

 

2.1.1. The Born-Oppenheimer Approximation 

Since its formulation in the 1920s,3  the Born-Oppenheimer approximation (BOA) has 

cemented itself as one of the theoretical foundations of quantum chemistry. Under the 

BOA, nuclear and electronic motion are assumed to be separable from one another, 

drastically reducing the computational complexity of the Schrödinger equation for 

many-electron systems. The justification for this assumption is that electrons are 1,836 

times lighter than protons,4,5 and thus move on much slower timescales. 

Consequently, nuclei can be treated as static with respect to the electrons during 

electronic structure calculations. 

    Due to the enormous computational speedup that results from the BOA, it is often 

applied without question in a wide range of quantum chemical calculations, particularly 

 𝐻̂𝜓 = 𝐸𝜓 (2.1) 
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those involving systems with large numbers of nuclei. However, in the words of 

Edward Condon,6 Born and Oppenheimer’s 1927 paper is “among those difficult ones 

that are more often cited than read.” If misapplied, the BOA can introduce non-

negligible errors, especially in systems where electronic and nuclear motion are 

strongly coupled.7 The BOA is known to break down for excitations in metallic 

structures, and applying it carelessly when modelling semiconducting materials such 

as graphene can lead to errors in the electronic structure.8 Fortunately, while the BOA 

is by no means applicable to every chemical system, it remains a sensible 

approximation for most systems of interest in catalysis, and will thus be applied for all 

calculations in this thesis. 

 

2.1.2. The Frozen Core Approximation 

The BOA is a prerequisite for several other approximations considered necessary for 

computational surface chemistry; chief among them, the frozen core approximation 

(FCA). Under the FCA, it is assumed that the core orbitals of each atom in the system 

do not change shape. The physical justification for this approximation is that the 

chemistry of an element is largely dictated by the electrons in its valence orbitals. Core 

electrons, which experience much stronger attraction to the nucleus, have a negligible 

effect on bond formation compared to the valence electrons.9 As a result, the shape 

and energy of core orbitals are relatively insensitive to changes in molecular geometry, 

and their relaxation contributes minimally to the total energy. For large atoms, 

neglecting the relaxation of the core orbitals can significantly reduce the computational 

cost of geometry optimisation. 

    Due to the large numbers of atoms (and in turn, the large numbers of electrons) that 

would otherwise have to be modelled to properly simulate the chemical properties of 

metal surfaces, the FCA is generally considered to be an essential approximation for 

most systems of interest in catalysis. However, for high-precision simulations work, 

theoretical chemists must proceed with caution; particularly, if the work in question 

involves condensed matter. When atoms are brought closer to one another during 

crystal formation, the increase in the kinetic energy of core electrons gives rise to non-

negligible changes in the shape of the core orbitals.10,11 This effect will be even more 

pronounced if the system contains heavy elements such as Bi, where electrons in the 

core orbitals can reach velocities exceeding 75% of the speed of light.12,13 Due to 

relativistic effects, the mass of the electrons in the Bi 1s orbitals will increase by 26%, 
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leading to the orbital’s radius contracting by approximately 20%.14 Wang et al.15 

showed that applying the FCA in DFT models of Tl, Bi, and Po lead to substantial 

errors in the excitation and ionisation energies. Fortunately, in typical catalytic 

systems, errors induced by the FCA are typically small in comparison to the kinetic 

energy changes of the valence electrons, and can generally be neglected out of 

practical necessity.10  

 

2.2. Density Functional Theory 

In a ground-breaking paper in 1964,16 Pierre Hohenberg and Walter Kohn showed that 

the energy of any chemical system can be expressed exactly as a functional of its 

electron density. This energy functional 𝐸[𝜌] can be expressed as a sum of four terms: 

 

where 𝑇𝑛𝑖 is the kinetic energy of the non-interacting electrons, 𝑉𝑛𝑒 is the nuclear-

electron interaction, 𝑉𝑒𝑒 is the classical electron-electron repulsion, and 𝐸𝑋𝐶 is the 

exchange correlation energy. It can be shown17 that the set of molecular orbitals 𝜒𝑖 

that minimises 𝐸[𝜌] must satisfy the following eigenvalue equation:   

 

 

where 𝜀𝑖 is the energy of a single electron in the 𝑖th molecular orbital.  The Kohn-Sham 

one-electron operator (ℎ̂𝑖) can be expressed as follows: 

 

 

where 𝑁 is the total number of nuclei in the system, 𝑍𝑘 is the atomic number of the 𝑘th 

nucleus, ∇𝑖
2 is the Laplacian taken with respect to the coordinates of the electron at 𝒓𝒊, 

and |𝒓𝒊 − 𝑹𝒌| is the absolute difference in position between the 𝑖th electron and the 

𝑘th nucleus. A dummy integration variable 𝒓′ is used to calculate the classical 

𝐸[𝜌] =  𝑇𝑛𝑖 + 𝑉𝑛𝑒 + 𝑉𝑒𝑒 + 𝐸𝑋𝐶 (2.2) 

  

ℎ̂𝑖𝜒𝑖 = 𝜀𝑖𝜒𝑖 (2.3)  

ℎ̂𝑖 = −
1

2
∇𝑖

2 − ∑
𝑍𝑘

|𝒓𝒊 − 𝑹𝒌|

𝑁

𝑘

+ ∫
𝜌(𝒓′)

|𝒓𝒊 − 𝒓′|
ⅆ𝒓′ + 𝑉𝑋𝐶 (2.4) 
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electrostatic repulsion between the electron at 𝒓𝒊 and the rest of the system. The final 

term in Equation 2.4 is the functional derivative 𝑉𝑋𝐶, usually referred to as the 

exchange correlation potential: 

 

 

    Equations 2.2 to 2.5 form the bedrock of Kohn-Sham density functional theory (KS-

DFT).18 It should be highlighted that DFT is both broader and older than the Kohn-

Sham formalism, and that “pure DFT” calculations can be undertaken independently 

of these constraints.19–21 However, the vast majority of computational chemistry 

papers that have made use of DFT post-1980 implicitly assume the use of the Kohn-

Sham formalism. Consequently, the “KS-” prefix will be dropped for the remainder of 

this thesis. 

    Provided the terms on the right-hand side of Equation 2.4 are known, the ground 

state energy of any chemical system can be determined analytically, providing 

theoretical chemists with exact solutions to the Schrödinger equation. Unfortunately, 

while Hohenberg and Kohn’s proof conclusively shows that the energy of a system 

can be expressed as a functional of its electron density, it tells us nothing about how 

these functionals can be determined through experiment; or even, more troublingly, if 

they can be experimentally determined at all.17 The largest practical barrier associated 

with DFT and the reason that, in practice, it remains an inexact technique, is that 𝐸𝑋𝐶 

is unknown for the vast majority of chemical systems, save for a handful of extremely 

simplified models. As such, computational chemists have no choice but to approximate 

𝐸𝑋𝐶, either through semi-empirical methods, or by modifying 𝐸[𝜌] in more fundamental 

ways to account for additional variables alongside the electron density.  

    DFT did not find much early success in theoretical chemistry. While primitive DFT 

packages gave good quantitative predictions for metallic surfaces, they failed to model 

covalent systems to sufficient degrees of accuracy. For DFT models of catalytic 

systems, the BOA and FCA are often enforced out of practical necessity, further 

frustrating any efforts to solve the Schrödinger equation analytically for bulk matter. 

However, since the development of GGA functionals in the 1980s (Section 2.3), 

modern DFT software packages have been able to model chemical systems to 

extremely high degrees of accuracy; particularly, in surface chemistry, where most 

𝑉𝑋𝐶 =
𝛿𝐸𝑋𝐶

𝛿𝜌
 (2.5) 
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systems of interest involve large numbers of atoms. In recognition of its success, DFT 

has become one of the most heavily cited research topics in the history of the physical 

sciences. Of the ten most cited papers in peer-reviewed physics journals between 

1980 and 2010, eight focused on DFT, including all of the papers in the top three.22–25 

 

2.2.1. Exchange and Correlation Energies 

The exchange correlation energy is typically evaluated by constructing an exchange 

correlation functional 𝐸𝑋𝐶[𝜌], which can be expressed as the sum of the exchange 

energy 𝐸𝑋[𝜌] and the correlation energy 𝐸𝐶[𝜌]: 

 

 

    𝐸𝑋[𝜌] is a measure of energy that arises from the violation of the Pauli exclusion 

principle.17 Under this principle, no two electrons in the same atom can have the same 

set of quantum numbers. When atoms move towards each other, electrons in identical 

quantum states are repelled from one another in a process known as Pauli repulsion. 

𝐸𝐶[𝜌], the correlation energy, is a harder property to describe in a physically intuitive 

manner, but it can be loosely defined as a measure of how the movement of a single 

electron is affected by the movement of all of the other electrons in the system.26 In 

the language of Hartree-Fock theory,27,28 a formalism that reduces all electron-electron 

interactions to an average “mean-field” potential, the correlation energy can be 

expressed as follows: 

 

 

where 𝐸𝐻𝐹 is the Hartree-Fock energy of the system and 𝐸 is the true, non-relativistic 

energy of the system. 

    Until the 1980s, DFT functionals were typically based on the groundwork of the local 

density approximation (LDA). The key assumption of the LDA is that the local electron 

density of the system is treated as if it were perfectly homogenous at all occupied 

points in space. Under these constraints, the exchange correlation energy of the entire 

system can be solely determined from the electron density 𝜌 at any position 𝒓. In 

𝐸𝑋𝐶[𝜌] = 𝐸𝑋[𝜌] + 𝐸𝐶[𝜌] (2.6) 

𝐸𝐶[𝜌] = 𝐸 − 𝐸𝐻𝐹 (2.7) 
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atomic units, exchange functionals that arise from this assumption (𝐸𝑋
𝐿𝐷𝐴) typically take 

the following form: 

 

 

for some constant 𝐶. Due to the variation that can arise in their construction, no 

analogous expression exists for LDA correlation functionals (𝐸𝐶
𝐿𝐷𝐴), but historically, 

they were constructed by fitting the functional to the results of quantum Monte-Carlo 

(QMC) calculations.17,29,30 

    A shortcoming of the LDA is that it implicitly assumes that spin-up and spin-down 

electrons contribute equally to the exchange correlation energy of the system. A more 

sophisticated variant of the LDA called the local spin density approximation (LSDA) 

accounts for this by replacing the 𝜌4 3⁄ (𝒓) term with the sum of the individual spin 

densities raised to the 
4

3
th power: 

 

 

    By the end of the 1980s, LSDA functionals had made their LDA counterparts largely 

obsolete, as they could model atoms with unpaired electrons in their valence shells to 

unparalleled degrees of accuracy.31 However, there are fundamental 

oversimplifications in both the LDA and LSDA that must be addressed; namely, the 

assumption that the electron density of a chemical system will ever be perfectly 

homogeneous at every point in space, even for a single frame of a calculation. Up until 

the 1980s, LSDA functionals were generally considered satisfactory for metals, as the 

electron density is distributed relatively evenly across the surface. However, for 

organic systems, LSDA functionals overestimate the strengths of covalent bonds, 

sometimes by as much as 100 kJ mol–1.32 For heterogeneous catalysis, this is an 

unacceptable compromise, and more accurate functionals must be employed if the 

system is to be accurately modelled computationally. 

     The functionals used in this work are based on a more complex variant of the LSDA 

known as the generalised gradient approximation (GGA). In GGA functionals, the 

𝐸𝑋
𝐿𝐷𝐴 = 𝐶 ∫ 𝜌4 3⁄ (𝒓) ⅆ𝒓 (2.8) 

𝐸𝑋
𝐿𝑆𝐷𝐴 = 𝐶 ∫ (𝜌↑

4∕3(𝒓) + 𝜌↓
4∕3(𝒓)) ⅆ𝒓 (2.9) 
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gradient of the electron density (∇𝜌) is included as a variable alongside the density 

itself. As well as modelling covalent bonds more accurately, GGA functionals have 

generally eclipsed LSDA functionals for metals, as they do not share the LSDA’s 

tendency to overbind metal atoms to one another, leading them to often underestimate 

properties such as lattice constants (Section 2.2.6).33 

 

2.2.2. PBE 

It is estimated that more than 300 DFT functionals were developed between 1980 and 

2020.34,35 As the discipline of computational chemistry continues to evolve, it is 

inevitable that the number and quality of these functionals will increase, but few have 

had as large an impact on the field as PBE, a GGA functional developed by Perdew, 

Burke, and Ernzerhof in 1996.25 On the cusp of its thirtieth anniversary, PBE remains 

one of the most popular DFT functionals in the field of molecular modelling. It is a 

popular benchmark in computational chemistry research; both in the development of 

new functionals and the training of machine learning models designed to predict 

molecular or material properties from first principles. 

    One of PBE’s biggest strengths is its generality. At the time of its release, PBE was 

one of the first GGA functionals to be largely free of empirical parameters. Almost all 

of the parameters invoked in the construction of PBE are derived from boundary 

conditions in solid state physics or are fundamental constants of nature, lending it a 

robustness that makes it broadly applicable across a wide range of fields. The PBE 

correlation energy (𝐸𝐶
𝑃𝐵𝐸) can be expressed as follows: 

 

where 𝑟𝑠 = (3/4𝜋𝑛𝑝𝑑)1/3 is the Wigner-Seitz radius, 𝑛𝑝𝑑 is the particle density of the 

system, and 𝜁 = (𝜌↑ − 𝜌↓)/𝜌 is the system’s relative degree of spin polarisation.25,36 

The gradient contribution term 𝐻 invokes a dimensionless parameter 𝑔𝐶 that ensures 

the preservation of physical behaviour as the gradient of the electron density tends to 

infinity. The PBE exchange energy (𝐸𝑋
𝑃𝐵𝐸) is as follows: 

 

𝐸𝐶
𝑃𝐵𝐸 = ∫ 𝜌(𝒓) ∙ (𝜌↑

4 3⁄ (𝑟𝑠, 𝜁) + 𝜌↓
4 3⁄ (𝑟𝑠, 𝜁) + 𝐻(𝑟𝑠, 𝜁, 𝑔𝐶)𝑑𝒓  

(2.10) 

  

𝐸𝑋
𝑃𝐵𝐸 = ∫ 𝜌(𝒓) ∙ 𝜀𝑋

𝑃𝐵𝐸(𝒓) 𝑑𝒓 = ∫
−3𝜌(𝒓)ℯ2𝑘𝐹

4𝜋
∙ 𝐹(𝑔𝑋) 𝑑𝒓 

(2.11) 
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where ℯ is the elementary charge and 𝑘𝐹 = √3𝜋2 ∙ 𝜌(𝒓)3
 is the Fermi wave vector. The 

enhancement factor 𝐹(𝑔𝑋), a function of a second dimensionless gradient contribution 

term 𝑔𝑋, ensures that the PBE exchange energy obeys a litany of specialised 

boundary conditions relating to spin scaling and diamagnetic susceptibility.37–40 The 

mathematical details of these conditions are largely beyond the scope of this thesis, 

and are discussed in greater detail in Perdew, Burke, and Ernzerhof (1996).25 

However, one boundary condition that warrants further discussion is the local Lieb-

Oxford criterion,41 a bound for the indirect part of the Coulomb repulsion energy. It 

should be highlighted that, at the time of PBE’s development, 𝐶𝐿𝑂 ≤ 1.68 was the 

strongest known bound for the Lieb-Oxford constant, but this bound has since been 

tightened to 1.44 ≤ 𝐶𝐿𝑂 ≤ 1.64.42–45 The local Lieb-Oxford criterion holds if the 

following inequality is met at all points of real space:   

 

 

where 𝜀𝑋(𝒓) is the “extra” term that undergoes integration alongside the local electron 

density when calculating the exchange energy; in the case of Equation 2.11, 𝜀𝑋
𝑃𝐵𝐸(𝒓). 

Following the work of Becke,46 all of the necessary criteria for a physically accurate 

exchange energy can be satisfied by calculating 𝐹(𝑔𝑋) as follows: 

 

 

where 𝜇 = 0.220 and 𝜅 = 0.804 are dimensionless constants. With these values of 𝜇 

and 𝜅, the upper bound of 𝐹𝑃𝐵𝐸(𝑔𝑋) is locked to 1.804, a value that satisfies the local 

Lieb-Oxford criterion for all possible charge densities.  

 

2.2.3. revPBE and RPBE 

Within eighteen months of the publication of Perdew, Burke, and Ernzerhof’s work in 

Physical Review Letters, a one-page response to the paper by Zhang and Yang47 was 

published in the same journal. In less than 400 words, the authors demonstrated that 

the molecular atomisation energies could be modelled more accurately by neglecting 

𝜌(𝒓) ∙ 𝜀𝑋(𝒓) ≥ −𝐶𝐿𝑂𝜌4 3⁄ (𝒓) (2.12) 

𝐹𝑃𝐵𝐸(𝑔𝑋) = 1 + 𝜅 −
𝜅

1 +
𝜇𝑔𝑋

2

𝜅

 (2.13) 
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the local Lieb-Oxford criterion and raising the value of 𝜅 to 1.245; an empirical value 

derived by fitting the exchange-only ground state energies of single atoms from helium 

to argon to the exact exchange-only energies of Engel and Vosko.48 The new 

functional, now known as revPBE, reduced the mean absolute error of molecular 

atomisation energy calculations by nearly 40%. While revPBE can generate Coulomb 

repulsion energies that break the local Lieb-Oxford criterion in rare instances, its 

exchange term 𝐸𝑋
𝑟𝑒𝑣𝑃𝐵𝐸 satisfies a weaker upper bound known as the integrated Lieb-

Oxford criterion (Equation 2.14). As highlighted by revPBE’s developers,47 most 

systems that satisfy the integrated bound will satisfy the local Lieb-Oxford criterion in 

practice, but the possibility remains that the local bound may be violated at some 

region of space whilst still satisfying the integrated bound due to compensatory regions 

of electron density elsewhere in the system. 

 

 

    Within a year of revPBE’s release, the revised-Perdew-Burke-Ernzerhof functional 

(RPBE) was developed by Hammer et al.49 The design philosophy of the RPBE 

development team was to create a functional that could reproduce the accuracy of 

revPBE whilst satisfying the local Lieb-Oxford criterion. This was achieved by 

changing the form of the enhancement factor: 

 

 

where 𝜇 = 0.220 and 𝜅 = 0.804, following Perdew, Burke, and Ernzerhof’s original 

formulation. A graphical comparison of how strictly the enhancement factors of PBE, 

revPBE, and RPBE obey the local Lieb-Oxford criterion is provided in Figure 2.1. 

  

∫ 𝜌(𝒓) ∙ 𝜀𝑋
𝑃𝐵𝐸(𝒓) 𝑑𝒓 ≥ 𝐸𝑋𝐶 ≥ −𝐶𝐿𝑂 ∫ 𝜌4 3⁄ 𝑑𝒓 

(2.14) 

𝐹𝑅𝑃𝐵𝐸(𝑔𝑋) = 1 + 𝜅(1 − ⅇ−𝜇𝑔𝑋
2∕𝜅) (2.15) 
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Figure 2.1. The degree to which the enhancement factors of PBE (red), revPBE (blue), 
and RPBE (green) obey the local Lieb-Oxford criterion. Both 𝐹(𝑔𝑋) and 𝑔𝑋 are 
dimensionless. Data taken from Hammer et al. (1999).49   
 

2.2.4. DFT-D3(0) 

While the development of PBE and its derivatives has been heralded as a 

breakthrough in the field of computational chemistry, it has been known for several 

decades that GGA functionals fail to account for long-range interactions such as the 

London dispersive force.50 To properly account for this shortcoming, a common 

solution is to introduce an additive corrective term that can be calculated separately 

once the DFT ground state energy has been determined. A popular example is the 

“zero-damped” DFT-D3(0) dispersion correction, developed by Grimme et al.51 as a 

successor to the group’s DFT-D152 and DFT-D253 methods. For each pair of atoms 𝐴 

and 𝐵 in a system separated by a distance 𝑅𝐴𝐵, the pairwise corrective term 𝐸𝑑𝑖𝑠𝑝
𝐷3(0)

 is 

calculated as follows:  

 

where 𝑠𝑛 is a global scaling parameter that is dependent on the choice of DFT 

functional, and 𝐶𝑛
𝐴𝐵 is an 𝑛th-order dispersion coefficient based on the atomic charge 

and polarisability of 𝐴 and 𝐵. The factor of  −
1

2
 is present to prevent double counting 

𝐸𝑑𝑖𝑠𝑝
𝐷3(0)

= −
1

2
∑ ∑ 𝑠𝑛

𝐶𝑛
𝐴𝐵

𝑅𝐴𝐵
𝑛 𝑑𝑛

𝐷3(0)(𝑅𝐴𝐵)

 

𝑛=6,8

 

𝐴≠𝐵

 

 

(2.16) 
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any of the atom pairs. A damping function 𝑑𝑛
𝐷3(0)

 is employed to prevent the double-

counting of correlation effects at intermediate distances: 

 

 

where 𝑅AB
𝑐𝑢𝑡 is a pre-determined cut-off radius for 𝐴 and 𝐵, and 𝛼𝑛 is an empirical 

“steepness parameter” that ensures physicality at typical covalent bond distances.   

 

2.2.5. DFT+U 

Strongly correlated electrons are poorly represented by GGA functionals.54 When 

studying f-block materials (e.g. rare earth oxides), GGA functionals struggle to 

accurately model localised electronic states.55 If unaccounted for, this deficiency can 

lead to errors in the electronic band structure and the incorrect assignment of oxidation 

states. The DFT+U method accounts for this failure by introducing an additive term to 

the DFT energy. For a set of 𝑛 electrons, 𝐸𝐷𝐹𝑇+𝑈[𝜌] is calculated as follows:  

 

 

where 𝐸𝐻𝑢𝑏 is the Hubbard model,56 a functional that helps describe electron 

localisation in strongly correlated materials. The double-counting corrective energy 𝐸𝑑𝑐 

is a subtractive term that removes interactions already accounted for in the standard 

DFT energy. 

    Since the development of DFT+U in the 1990s, several implementation methods 

have been suggested. The exact construction of 𝐸𝑑𝑐 can vary widely depending on 

which DFT+U implementation method is used, but the rotationally invariant method of 

Liechtenstein et al.57 is one of the oldest. Under this formalism, the double counting 

term is constructed from two semi-empirical terms: the Coulombic parameter 𝑈 and 

the exchange parameter 𝐽. In the computational literature, these parameters are often 

expressed through a single constant, 𝑈𝑒𝑓𝑓 = 𝑈 − 𝐽.58 When calculating 𝐸𝑑𝑐 (Equation 

2.19), the following sum is evaluated for each spin-up (𝑛𝑖
↑) and spin-down (𝑛𝑖

↓) electron 

across every 𝑖th atom, where 𝑛𝑖 = 𝑛𝑖
↑ + 𝑛𝑖

↓. 

𝑑𝑛
𝐷3(0)

=
1

1 + 6(𝑟𝐴𝐵 ∕ (𝑠𝑛𝑅AB
𝑐𝑢𝑡))

−𝛼𝑛
 (2.17) 

𝐸𝐷𝐹𝑇+𝑈[𝜌] = 𝐸𝐷𝐹𝑇[𝜌] + 𝐸𝐻𝑢𝑏[{𝑛}] − 𝐸𝑑𝑐[{𝑛}] (2.18) 
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   A major drawback of the DFT+U formalism is that 𝑈𝑒𝑓𝑓 is highly system specific. 

Sensible values for 𝑈 and 𝐽 can only be determined for a given material through 

extensive testing, and individual 𝑈𝑒𝑓𝑓 values must be obtained for every element in the 

system; typically, by fitting the results of benchmark calculations to experimental 

observables such as band gaps and reaction enthalpies.59,60 This dependency on 

semi-empirical tuning undermines the generality and transferability of DFT+U, and 

limits its usefulness when modelling novel systems with little experimental data to 

benchmark against. In such cases, modellers may turn to post-GGA methods that can 

model strongly correlation to a higher degree of accuracy. Examples of such methods 

include second-order Møller–Plesset perturbation theory (MP2)61,62 and the random 

phase approximation (RPA) of Langreth and Perdew.63 Unfortunately, these methods 

are severely limited by computational cost. MP2 and RPA are severely limited by 

computational cost,64 making them impractical for large periodic systems. As such, 

despite its limitations, DFT+U remains the more practical choice, and will be the 

primary method employed for the modelling of strongly correlated materials within this 

work.  

 

2.2.6. Brillouin Zones and 𝒌 Points 

Despite several decades of computational and theoretical advances, performing DFT 

calculations on systems with more than a few hundred electrons remains prohibitively 

computationally expensive. Fortunately, for periodic materials such as metals and 

ionic crystals, this limitation can be overcome by only performing DFT calculations on 

the system’s unit cell and infinitely repeating it three dimensions. This approach, 

known as periodic DFT, is one of the most cost-effective ways to accurately model the 

electronic structure of bulk materials and catalytic systems.  

    The length of the sides of a three-dimensional unit cell can be expressed in three 

lattice constants: 𝑎, 𝑏, and 𝑐. For face-centred cubic (fcc) and body-centred cubic (bcc) 

crystal structures, the unit cell will take the form of a perfect cube. As every side of the 

cell is uniform in length, only one constant is needed to define it (𝑎 = 𝑏 = 𝑐). For 

𝐸𝑑𝑐[{𝑛𝑖𝑗}] = ∑
1

2
𝑈𝑛𝑖(𝑛𝑖 − 1) −

1

2
𝐽[𝑛𝑖

↑(𝑛𝑖
↑ − 1) + 𝑛𝑖

↓(𝑛𝑖
↓ − 1)]

 

𝑖

 (2.19) 
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hexagonal closed packed (hcp) structures, the unit cell takes the shape of a hexagonal 

column. Despite this added complexity, only one additional lattice constant is needed 

to completely describe a hcp unit cell. By setting 𝑎 = 𝑏 equal to the basal parameter 

of the cell and 𝑐 to its height, the dimensions of the cell can be exactly specified with 

only two constants (Figure 2.2).  

 

 
Figure 2.2. Lattice constants for fcc (blue) and hcp (orange) unit cells. 
 

    Once the unit cell has been optimised, the full surface may be constructed using the 

slab model. Under the constraints of this approach, the metal is represented with a 

periodic supercell, consisting of repeated layers of atoms stacked on top of one 

another. A large column of empty space known as the vacuum layer is then added to 

the topmost layer to limit any interaction between the atoms in the top layer and bottom 

layer. A slab representation of Pd(111) is given in Figure 2.3. 
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Figure 2.3. p(5×5×5) slab model of furfural adsorbed on Pd(111) with 15 Å of vacuum, 

repeated in a 3×3×2 pattern in Cartesian space. The boundaries of the unit cell are 
highlighted in blue. 
 

    The Brillouin zone of a lattice, commonly referred to as the first Brillouin zone in 

mathematics, is generated by projecting the primitive cell of a lattice in reciprocal 

space. Graphical representations of the Brillouin zones for bcc, fcc, and hcp crystal 

systems are given in Figure 2.4. Points of high symmetry in a Brillouin zone are known 

as critical points. An example is the point at the Brillouin’s zone centre, known in solid 

state physics as the Γ-point. 

 

 
Figure 2.4. Brillouin zones for bcc, fcc and hcp crystal systems. Critical points are 
highlighted in red. Adapted from Setwayan and Curtarolo (2010).65 
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    When a lattice 𝑳 is projected into reciprocal space, its projection 𝑴 must satisfy the 

following relation: 

 

 

where 𝟏 is an identity matrix. For a three-dimensional lattice 𝑳 = 𝒂𝟏 + 𝒂𝟐 + 𝒂𝟑 whose 

sides are defined by a set of primitive vectors {𝒂𝟏, 𝒂𝟐, 𝒂𝟑} (i.e. the smallest set of 

vectors that can generate all possible vectors in the lattice), its projection in reciprocal 

space 𝑴 = 𝒃𝟏 + 𝒃𝟐 + 𝒃𝟑 can be generated as follows: 

 

 

where 𝛺 = 𝒂𝟏 ∙ (𝒂𝟐 × 𝒂𝟑) = 𝒂𝟐 ∙ (𝒂𝟑 × 𝒂𝟏) = 𝒂𝟑 ∙ (𝒂𝟏 × 𝒂𝟐) is the scalar triple product. 

It should be highlighted that the factor of 2𝜋 is an optional addition to Equations 2.21 

– 2.23. While the factor is included by convention in solid state physics, it is often 

dropped in X-ray crystallography.66,67 An advantage of constructing a set of primitive 

vectors in this fashion is that, for any 𝒃𝒊 and 𝒂𝒋, the orthogonality relation (Equation 

2.24) will be automatically satisfied, where 𝛿𝑖𝑗 is the Kronecker delta (Equation 2.25).  

 

 

    As shown by Ashcroft and Mermin,66 {𝒃𝟏, 𝒃𝟐, 𝒃𝟑} is also a set of primitive lattice 

vectors for the Brillouin zone. Consequently, any three-dimensional vector in 

reciprocal space 𝒙 can be expressed as the linear sum 𝒙 = 𝑥1𝒃𝟏 + 𝑥2𝒃𝟐 + 𝑥3𝒃𝟑 for 

some set of constants {𝑥1, 𝑥2, 𝑥3}, thus providing a convenient framework for the 

𝑒𝑖𝑳∙𝑴 = 𝟏 (2.20) 

𝒃𝟏 =
2𝜋

𝛺
𝒍𝟐 × 𝒂𝟐 (2.21) 

𝒃𝟐 =
2𝜋

𝛺
𝒂𝟏 × 𝒂𝟑 (2.22) 

𝒃𝟑 =
2𝜋

𝛺
𝒂𝟏 × 𝒂𝟐 (2.23) 

𝒃𝒊 ∙ 𝒂𝒋 = 2𝜋𝛿𝑖𝑗 

 

(2.24) 

  

𝛿𝑖𝑗 = {
 1      𝑖 = 𝑗

 
 0       𝑖 ≠ 𝑗

 

 

(2.25) 
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analysis of periodic wave functions. In accordance with Bloch’s theorem (Equation 

2.26),68 the time-independent wave function 𝜓(𝒓)  associated with each electron in a 

perfect crystal must be expressible in the following form for some vector 𝒌 known in 

solid state physics as the wave vector, and a periodic function of position in real space 

𝑢(𝒓) with the same periodicity as the crystal. 

 

 

    Wave vectors and the periodic functions associated with them are not unique for 

given wave functions. In fact, for any valid wave function, an infinite number of 

solutions to Equation 2.26 can be generated by setting 𝒌 = 𝒌 + 𝒌′, where 𝒌′ is any 

lattice vector of the system in reciprocal space. However, the Brillouin zone of the 

lattice can be uniquely defined by a linearly independent set of reciprocal lattice 

vectors 𝒃𝟏, 𝒃𝟐, and 𝒃𝟑. Therefore, by restricting sampling of the reciprocal lattice to 

the Brillouin zone, the resultant wave vectors will form a linearly independent basis 

set. These wave vectors can then be used to generate solutions to the individual 

Schrödinger equations associated with the electrons in the system without 

redundancy. In this context, wave vectors are more commonly referred to in the 

computational chemistry literature as 𝒌 points. Under the Monkhorst-Pack scheme,69 

the partition scheme used in all calculations in this thesis, uniform grids of 𝒌 points are 

generated as linear combinations of 𝒃𝟏, 𝒃𝟐, and 𝒃𝟑: 

 

 

where 𝑁1, 𝑁2, and 𝑁3 define the number of subdivisions along each reciprocal lattice 

vector for all integers 0 ≤ 𝑛𝑖 ≤  𝑁𝑖 − 1. 

    If 𝑁1, 𝑁2, and 𝑁3 are large, more points along the reciprocal lattice vectors will be 

sampled, giving a more accurate representation of the Brillouin zone, but this can lead 

to impractically long convergence times. Conversely, smaller grids lead to quicker 

convergence, but can introduce significant sampling errors. With this in mind, 

researchers must make a careful compromise between physical accuracy and 

computational cost when specifying values for 𝑁1, 𝑁2, and 𝑁3. 

𝜓(𝒓) = 𝑢(𝒓) ∙ ⅇⅈ𝒌𝒓 (2.26) 

𝒌 =
2𝑛1 + 1 − 𝑁1

2𝑁1
𝒃𝟏 +

2𝑛2 + 1 − 𝑁2

2𝑁2
𝒃𝟐 +

2𝑛3 + 1 − 𝑁3

2𝑁3
𝒃𝟑 

(2.27) 
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2.3. Applications of DFT to Catalysis 

Once a suitable exchange correlation functional and a robust 𝒌 point partition scheme 

have been selected, DFT modelling software can be used to model heterogeneous 

catalytic systems at the quantum mechanical level. This section outlines how DFT can 

be applied to compute a selection of key physical and chemical properties relevant to 

catalysis. Experimental parameters such as the bulk modulus of a catalyst (Section 

2.3.1), the surface energy of its facets (Section 2.3.2), and the adsorption energy of 

any reactants or intermediates (Section 2.3.3) can be calculated directly from DFT 

calculations, even for catalytic systems where measuring these quantities 

experimentally remains a practical impossibility. Purely computational descriptors 

such as net atomic charge (Section 2.3.4) and projected density of states plots 

(Section 2.3.5) can also be used to provide further insight into the electronic structure 

of the catalyst and its interactions with adsorbates.  

 

2.3.1. Bulk Modulus 

The isothermal bulk modulus (𝐵) of a solid is a measure of its resistance to uniform 

compression at constant temperature. Due to the relative ease with which bulk moduli 

can be measured both experimentally and computationally, they are often used as 

benchmarks in computational chemistry and solid state physics. The bulk modulus of 

a solid can be measured experimentally by applying a pressure 𝑝 and measuring the 

change in volume at constant temperature 𝑇:  

 

where 𝑉𝐼 and 𝑉𝐹 are the initial and final volumes of the material, respectively. 

Computationally, the bulk modulus can be determined by conducting a series of 

geometry optimisation calculations on the material’s unit cell, each at a slightly 

different volume near the equilibrium geometry. By plotting the energy as a function of 

volume, the bulk modulus can be determined by using an equivalent form of Equation 

2.28 that takes the second derivative of the energy at equilibrium: 

𝐵 = (
𝑝𝑉𝐼

𝑉𝐼 − 𝑉𝐹
)

𝑇

 

 

(2.28) 



41 
 

 

where 𝑉0 is the equilibrium volume of the unit cell.  

 

2.3.2. Surface Energy 

Surface energy is defined as the energy required to cleave a particular surface from 

the bulk material. For a completely relaxed metal slab, its surface energy 𝛾 can be 

calculated as follows: 

 

where 𝐸𝑆𝑈𝑅 is the ground-state energy of the slab, 𝑛 is the total number of atoms in 

the slab, 𝐸𝐵𝐿𝐾 is the per atom ground-state energy of the bulk, and 𝐴 is the surface 

area of the exposed plane. As the face is exposed on both the top and bottom of the 

slab, a factor of  
1

2
 is present to avoid double counting the surface energy. 

    Given the practical difficulties involved in preparing perfect surfaces along given 

crystal planes, absolute values for surface energy are difficult to measure 

experimentally.70,71 As such, they are commonly expressed in the analytical literature 

as ratios of one another (e.g. 𝛾𝑃𝑑(111) 𝛾𝑃𝑑(001)⁄ ). However, predicted values for 𝛾 from 

periodic DFT calculations have shown good agreement with these ratios, which can 

be experimentally determined via scanning tunnelling microscopy.72 

 

2.3.3. Adsorption Energy 

In heterogeneous catalysis, it is often useful to calculate the adsorption energy (𝐸𝑎𝑑𝑠) 

of the adsorbates over a given catalyst. Following Sabatier’s principle,73 the adsorption 

of active species to a catalyst is a critical factor when determining the rate of a 

heterogeneous process. The catalyst must bind the reactants strongly enough to 

activate them, but not so strongly that it inhibits product desorption. A large and 

negative 𝐸𝑎𝑑𝑠 signifies that adsorption is exoergic, implying strong binding interactions 

𝐵 = 𝑉0 (
𝑑2𝐸

𝑑𝑉2
)

𝑉=𝑉0

 

 

(2.29) 

𝛾 =
𝐸𝑆𝑈𝑅 − 𝑛𝐸𝐵𝐿𝐾

2𝐴
 

 

(2.30) 
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between the adsorbate and the catalyst. Conversely, a positive 𝐸𝑎𝑑𝑠 indicates 

endoergic and thermodynamically unfavourable adsorption. 

    For a given system where a substrate 𝑌 binds to the surface of a catalyst, 𝐸𝑎𝑑𝑠  is 

defined as follows: 

 

where 𝐸𝑌∗ is the ground state energy of 𝑌 adsorbed to the surface, 𝐸∗ is the ground 

state energy of the naked surface, and 𝐸𝑌 is the ground state energy of the unbound 

substrate. 

 

2.3.4. Charge Analysis 

After geometry optimisation, it is often useful to conduct a second round of analysis to 

determine the distribution of electronic charge across individual atoms. Methods for 

the assignment of net atomic charges (NACs) have been available since the 1950s, 

but the computational chemistry community has yet to reach a consensus on the “best” 

method for NAC determination. Mulliken charge analysis,74 one of the oldest charge 

partition methods in quantum chemistry, is fast and easy to implement, but this comes 

at the cost of a heavy dependency on basis set choice. Counter-intuitively, Mulliken 

charge analysis generally becomes less accurate as the quality and size of the basis 

set improves, leading to poor predictions for tightly optimised systems.75–77 The 

Hirshfeld method,78 developed in response to Mulliken’s work in 1977, is both more 

accurate and far less dependent on the modeller’s choice of basis set, but is known to 

underestimate molecular dipole moments and the charge densities on metal centres.79 

In 1985, the field was further advanced by the development of the Bader method,80,81 

a scheme that assigns partial charges by dividing the electron density into a collection 

of “atomic basins” centred on the nuclei in the system and assessing the NAC of each 

basin. For converged electronic structures, the Bader method is independent of basis 

set,82 but dense 𝒌 point grids are needed to accurately determine the NACs; a 

requirement that can incur significant computational cost for large systems.83,84 

Furthermore, even if the electron density is thoroughly sampled, covalent bonds with 

large dipole moments (e.g. O–H) are poorly handled by the Bader method’s basin 

𝐸𝑎𝑑𝑠 = 𝐸𝑌∗  − 𝐸∗ − 𝐸𝑌 

 

(2.31) 
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partition scheme, often leading to the gross overestimation of NACs associated with 

these bonds.85,86 

    One of the most robust methods in the field of charge analysis is the density derived 

electronic and chemical (DDEC) family of population analysis schemes, first 

developed by Manz and Scholl in 2010.87,88 As of 2016, the most recently developed 

method in this family is DDEC6.89,90 NACs generated with DDEC6 are completely 

independent of basis set, and the method has performed favourably in systemic 

reviews of charge analysis schemes.91,92 Unlike other high-ranking charge analysis 

methods such as the natural population analysis of Reed et al.,93 DDEC6 analysis was 

designed to work regardless of the periodicity of the system, and can be easily 

conducted for periodic structures through the population analysis package 

CHARGEMOL.87–90 In all DDEC methods, the NAC of a given atom 𝐴 (𝑞𝐴) is calculated 

by evaluating the following contour integral: 

 

 

where 𝑧𝐴 is the nuclear charge of atom 𝐴 and 𝜌𝐴(𝒓𝐴) is the local electron density of 

the atom at 𝒓𝐴. The manner in which 𝜌𝐴(𝒓𝐴) is evaluated depends on the specific 

DDEC method employed. In DDEC6, it is approximated as follows:  

 

 

where 𝜌𝐴
𝑖𝑜𝑛(𝒓) is a reference electron density for atom 𝐴 in a specified ionic state, taken 

from an pre-tabulated library.88 𝑤𝐷𝐷𝐸𝐶6(𝒓) is a weight function that accounts for 

overlapping regions of electron density between individual atoms. The operator 𝑆̂ 

computes the “spherical average” of the local electron density about 𝒓𝐴, thus ensuring 

that 𝜌𝐴(𝒓𝐴) is spatially continuous and spherically symmetrical. Further detail on 

spherical averaging is provided in Manz and Limas (2016).89 

 

  

𝑞𝐴 = 𝑧𝐴 − ∮ 𝜌𝐴(𝒓𝐴) ⅆ𝒓𝐴 (2.32) 

𝜌𝐴(𝒓𝐴) ≈ 𝜌𝐴
𝑖𝑜𝑛(𝒓𝐴) ⋅ 𝑆̂ [

𝜌(𝒓)

𝑤𝐷𝐷𝐸𝐶6(𝒓)
]

𝒓𝐴

 

 (2.33) 
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2.3.5. DOS and PDOS 

The density of states (DOS) of a solid 𝐷(𝐸) is a measure of the number of different 

states that an electron with energy 𝐸 can occupy. For a periodic system with 𝑛 

accessible energy levels, the DOS can be expressed as a sum of a series of integrals 

across the Brillouin zone with respect to each 𝒌 point: 

 

 

where 𝑉𝑐𝑒𝑙𝑙 is the volume of the unit cell, and 𝜀𝑛(𝒌) is the one-electron energy 

eigenstate (i.e. the solution to Equation 2.3) at energy level 𝑛. The spin-degeneracy 

factor 𝑆𝑒 is set to 1 for spin-polarised systems, where each energy eigenstate 

contributes to a spin-up or spin-down electron, and to 2 for spin-degenerate systems, 

where each energy eigenstate contributes to a pair of electrons with opposite spins.94 

The Dirac delta function 𝛿(𝑥) (Equations 2.35 – 2.37) is used to ensure that only 

eigenstates 𝜀𝑛(𝒌) = 𝐸 contribute to 𝐷(𝐸). 

 

 

    Due to the large number of unoccupied energy eigenstates that may contribute to 

𝐷(𝐸) for a given solid, experimentally measuring the “complete” 𝐷(𝐸) of solid materials 

remains a challenging problem in condensed matter physics. However, occupied 

states can be studied through photo-emission spectroscopy (PES). This is typically 

easiest at energy levels close to the Fermi level (𝐸𝐹), the minimum energy required to 

add a single electron to a solid. Above 0 K, the occupancy of energy levels close to 

the Fermi level can be measured using the Fermi-Dirac distribution (Equation 2.38), 

a function that calculates the probability that a level with energy 𝐸 will be occupied by 

𝐷(𝐸) =
𝑆𝑒𝑉𝑐𝑒𝑙𝑙

8𝜋3
 ∑  

𝑛

∫ 𝛿(𝐸 − 𝜀𝑛(𝒌)) 𝑑𝒌
𝐵𝑍

 (2.34) 

             𝛿(𝑥) = {
 ∞      𝑥 = 0

 
 0       𝑥 ≠ 0

 (2.35) 

∫ 𝛿(𝑥)
∞

−∞

= 1 (2.36) 

                       ∫ 𝑓(𝑥) ∙ 𝛿(𝑥 − 𝑎)
∞

−∞

= 𝑓(𝑎) (2.37) 
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an electron at temperature 𝑇. As shown in Figure 2.5, this probability is equal to 0.5 

at 𝐸 = 𝐸𝐹. 

 

 

 

Figure 2.5. Fermi-Dirac distribution plots for a model system with a Fermi level of 5 
eV. Plots taken at 0 K (blue), 500 K (orange), and 3000 K (green).  
 

    On its own, the Fermi-Dirac distribution will predict the occupancy of an energy 

level, but unless the compound’s band structure has been thoroughly characterised 

beforehand, it cannot be used to deduce the contributions of specific atomic orbitals 

(AOs). For pure, homogeneous materials, AO occupation can be determined via X-

ray absorption spectroscopy (XAS)95–97 and resonant inelastic X-ray scattering 

(RIXS),98,99 but these techniques are limited by their cost, high sensitivity to phase 

inhomogeneity, and their impracticality for beam-sensitive materials such as organic 

matter and zeolites.100–102  Alternatively, the results of an electronic structure DFT 

calculation with a suitably dense 𝒌 point grid103 can be used to construct a projected 

             𝐹(𝐸) = (1 + 𝑒
𝐸−𝐸𝐹
𝑘𝐵𝑇 )

−1

 (2.38) 
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density of states (PDOS) plot, a computational technique that decomposes the DOS 

into a series of contributions from individual AOs. As well as allowing for the calculation 

of the band gap between different orbitals, PDOS plots can be used to analyse the 

binding character104,105 and degree of orbital hybridisation96,106,107 present in catalytic 

systems. For instance, highly populated d-orbitals close to the Fermi level are 

indicative of strong metallic character,104 and a strong degree of p-d hybridisation in 

transition metal oxides has been shown to correlate with enhanced electronic 

conductivity and catalytic performance.108,109  

 

2.3.6. The Langmuir-Hinshelwood and Eley-Rideal Mechanisms 

Bimolecular reactions over heterogeneous catalysts typically proceed via one of two 

mechanisms. Under the Langmuir-Hinshelwood mechanism (Figure 2.6a), two 

reagents 𝐴 and 𝐵 adsorb to the catalyst and react with one another over the surface. 

The product, 𝐴𝐵, then desorbs from the catalyst. Meanwhile, under the Eley-Rideal 

mechanism (Figure 2.6b), also known as the Langmuir-Rideal mechanism, one of the 

reagents adsorbs to the surface and is then attacked by the other directly from the gas 

or liquid phase. As highlighted by Prins,110 the term “Eley-Rideal” is a historical 

misnomer, and originally referred to a mechanism in D.D. Eley’s doctoral thesis, in 

which one reagent was chemisorbed to the catalyst, while the other was 

physisorbed.110–112 However, in contemporary usage, the term has been broadened to 

refer to all reactions in which one reagent is non-chemisorbed, and will thus be used 

in this fashion for the remainder of this thesis. 

    Generally, it is uncommon for Eley-Rideal kinetics to outcompete Langmuir-

Hinshelwood kinetics in heterogeneous catalysis.113–115 As the reagent approaches a 

surface, the probability it will enter an energetic well associated with chemisorption 

increases.113,116 The probability of a mechanism being dominated by Langmuir-

Hinshelwood kinetics further increases if the reagents are known to form strong bonds 

with the catalysts. Consequently, it was assumed that the kinetic profile of all reactions 

in this thesis would be dominated by the Langmuir-Hinshelwood mechanism. 
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Figure 2.6. Representation of the (a) Langmuir-Hinshelwood and (b) Eley-Rideal 
mechanisms over a transition metal catalyst. In steps 2a and 2b, reagent 𝐵 can be 
physisorbed to the catalyst’s surface.  
 

2.3.7. Computational Spectroscopy 

Once the geometry of a compound has been optimised, further DFT calculations can 

be performed to predict its spectroscopic properties. One of the most common ways 

to calculate a chemical system’s vibrational modes is the finite displacement method. 

Every 𝑖th atom in the system is moved a small distance ±𝑢 from its equilibrium position 

along each Cartesian direction 𝑑 ∈ {𝑥, 𝑦, 𝑧}. Single point energy calculations are then 

performed after each displacement to evaluate the forces on all atoms in the system 

following positive (𝐹𝑖,𝑑
+ ) and negative (𝐹𝑖,𝑑

− ) displacements along 𝑑. The second 

derivative of the energy at equilibrium with respect to coordinates 𝑢𝑖,𝑑 and 𝑢𝑖′,𝑑′ is then 

approximated as follows: 

 

 

𝜕𝐹𝑖,𝑑

𝜕𝑢
≈

𝜕2𝐸0

𝜕𝑢𝑖,𝑑𝜕𝑢𝑖′,𝑑′
=

𝐹𝑖,𝑑
+ − 𝐹𝑖,𝑑

−

2𝑢
 (2.39) 
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    Each second derivative calculated using the finite displacement method 

corresponds to an element of the Hessian (𝐇), a 3𝑁 ×3𝑁 matrix describing the 

curvature of the PES, where 𝑁 is the total number of atoms in the system. The mass-

weighted Hessian (𝐇𝒎𝒘) is then calculated as follows: 

 

 

where 𝐌 is a diagonal matrix containing the masses of all atoms in the system. Each 

eigenvalue of 𝐇𝒎𝒘 (𝜆𝑖) corresponds to a normal vibrational mode 𝜈𝑖 (Equation 2.41). 

Depending on the symmetry of the system, five (for linear molecules) or six (for non-

linear molecules) of these modes will correspond to rotation and translation. As these 

operations do not change the energy of the system, their corresponding eigenvalues 

should, in principle, equal zero, but small numerical inaccuracies in the calculation of 

the Hessian can result in low magnitude imaginary frequencies.117 

 

 

    The remaining eigenvalues of 𝐇𝒎𝒘 correspond to vibrational modes that may be 

observed experimentally by infrared (IR) spectroscopy. Under the double harmonic 

approximation, in which higher-order contributions to the energy and electric dipole 

moment 𝝁 are neglected,118,119 the IR intensity of the 𝑖th vibrational mode 𝐼𝑖 can be 

approximated as follows: 

 

 

where 𝑛𝑝𝑑 is the particle density and 𝑐 is the speed of light. Normal-mode coordinates 

(𝑄𝑖) are calculated as follows: 

 

 

𝐇𝒎𝒘 = 𝐌−1∕2𝐇𝐌1∕2 (2.40) 

𝜈𝑖 =
√𝜆𝑖

2𝜋
 (2.41) 

𝐼𝑖 ≈
𝑛𝑝𝑑𝜋

3𝑐
|

𝑑𝝁

𝑑𝑄𝑖
|

2

 (2.42) 

𝑄𝑖 =
𝑢𝑖,𝑑

𝑋𝑖,𝑑
 (2.43) 
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where 𝑋𝑖,𝑑 is the 𝑖th eigenvector of the mass-weighted Hessian along 𝑑.  

 

2.4. Transition State Theory 

When studying the mechanism of a chemical reaction, a critical step is the 

identification of its associated minimum energy path (MEP), the pathway along the 

potential energy surface (PES) from the reactant to the product with the smallest 

changes in energy between the intermediates. While a reaction can proceed via many 

possible pathways, the MEP is, by definition, the most energetically favourable, and is 

thus the most statistically likely pathway to occur. 

    Once the energetic minima of the MEP have been optimised, work can begin on 

identifying the transition states, intermediates corresponding to energetic maxima 

between each elementary step. On the PES, these states correspond to first-order 

saddle points, where the energy of the system is at a maximum along the MEP and at 

a minimum in all other directions. Due to the negative curvature at this point in the 

direction of the MEP, a single negative vibrational eigenvalue will be present. As the 

frequency is equal to the square root of the corresponding vibrational eigenvalue, this 

will result in the presence of a single imaginary frequency corresponding to motion 

along the MEP (e.g. bond formation or dissociation).120 In vanishingly rare cases, 

higher-order saddle points can indicate the presence of alternative mechanisms that 

must be taken into consideration. For instance, a 2019 computational study by 

Pradhan and Lourderaj121 showed that the denitrogenation of 1-pyrazoline can 

theoretically proceed via a second-order saddle point. However, in the vast majority of 

cases, the additional imaginary frequencies typically correspond to low intensity 

intramolecular rotations (e.g. terminating methyl groups). 

    By definition, transition states are less energetically stable than their corresponding 

minima, and are difficult to observe experimentally. “Long-lived” transition states have 

been detected via ultrafast pulse spectroscopy,122,123 but their lifetimes rarely exceed 

the femtosecond scale, even if the measurement is taken at temperatures close to 

absolute zero. Fortunately, computational chemists have an enormous number of tools 

at their disposal to predict the chemical structures of transition states once the MEP 

has been identified.  
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2.4.1. NEB, CI-NEB, and NEB-TS 

One of the most popular ways to computationally model the MEP of a given reaction 

is the nudged elastic band method (NEB). In a NEB calculation, a set of images is 

generated across the reaction coordinate. All of the images then undergo constrained 

optimisation in parallel with one another, with spring forces between the images to 

enforce equal spacing to their neighbours. Provided the intermediate structures are 

correct, the optimised pathway will closely model the true MEP, allowing for the 

calculation of the activation energy. 

    Early NEB scripts were useful for generating an outline of a reaction’s MEP, but it 

often took multiple attempts to accurately calculate the activation energy of the 

reaction. If one of the images did not correspond to a first-order saddle point, the “true” 

transition state of the reaction would be missed, leading to an underestimation of the 

activation energy. This, combined with the heavy computational resources required to 

run even a single NEB calculation from start to finish, was one of the largest practical 

barrier for researchers when the field was in its infancy.  

    To amend this, a refinement of NEB designed specifically for the calculation of 

activation energies was developed by Henkelman and Jónsson124 called the climbing 

image nudged elastic band method (CI-NEB). In a CI-NEB calculation, the image with 

the highest energy after optimisation is unrestrained by spring forces, and is allowed 

to “climb” up the energy profile until it reaches the saddle point. The other images are 

optimised normally, and provide the purpose of defining the rest of the MEP. 

    In the twenty years since its development, CI-NEB has generally been 

acknowledged by the computational chemistry community as the superior modelling 

method to NEB. However, both methods suffer from slow convergence, particularly for 

large systems. In 2021, a new approach called NEB-TS was developed by Ásgeirsson 

et al.125 to improve the efficiency of PES searches. A NEB-TS calculation is divided 

into two halves. In the first half, CI-NEB is used to approximate the minimum energy 

path until the forces acting on the climbing image drop below a user-defined threshold. 

Next, a new transition state search begins from the climbing image along an 

eigenvector of the initial Hessian. The search continues uphill along this trajectory until 

it reaches a saddle point. If the initial CI-NEB calculation was carried out successfully, 

this saddle point will correspond to the true transition state (Figure 2.7).  
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Figure 2.7. Points of a NEB-TS calculation on a potential energy surface. The saddle 
point search begins with a CI-NEB calculation (crimson). Once the force threshold has 
been reached, a new search starts (blue) starts from the climbing image until a saddle 
point is found. Adapted from Ásgeirsson et al. (2021).125 
 

    The original NEB-TS paper125 included a benchmarking study, comparing the 

performance of NEB-TS and CI-NEB on over a hundred different reactions. This study 

confirmed that NEB-TS offers a substantial improvement in both efficiency and 

accuracy over its predecessors. Provided the user is careful with their choice of force 

threshold, NEB-TS can provide a significant increase in the speed of transition state 

searches, making it an attractive choice for modellers looking to study large systems 

at the DFT level. 

 

2.4.2. The Dimer Method 

Alongside their work on the nudged elastic band method, Henkelman and Jónsson126 

also developed the dimer method, a local search algorithm that uses first derivatives 

of the system’s potential energy to identify saddle points on the potential energy 

surface. By definition, a NEB calculation requires multiple images to construct a model 

of the MEP, and the accuracy of the results will always be limited by the number of 
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images the chemist can afford to model along the reaction coordinate. Five image NEB 

calculations are generally satisfactory for most systems of interest to surface chemists, 

but more images may be required for high accuracy simulations work.127 In contrast, 

the dimer method only requires a single trial structure corresponding to the transition 

state. As shown in Figure 2.8, the dimer method can be broken down into four stages. 

First, a vector across the PES known as the dimer axis (𝒖𝜉) is defined by conducting 

a frequency calculation on a trial structure 𝒒 and extracting a negative vibrational mode 

corresponding to the chemical process in question (e.g. bond formation). Next, the 

energies and forces of 𝒒 and the structure corresponding to the “end” of the dimer axis 

(𝒒 + 𝛿𝒖𝜉) are evaluated. In the third stage, the dimer axis is rotated through a pre-

defined angle 𝜙1 so that it becomes parallel to the direction of maximum negative 

curvature across the PES. Finally, a second rotation is performed about the angle that 

minimises the negative curvature along the dimer (𝜙𝑚𝑖𝑛). The search then continues 

along a new vector 𝒒 + 𝜖𝑵̅, which moves “uphill” in an orthogonal direction from 𝒖𝜉. 

Here, 𝜖 is a trial step size for the movement of the atoms between iterations. Following 

the recommendations of Heyden, Bell, and Keil,128 𝜖 = ±0.01 Å per atom was judged 

to be satisfactory for all transition state calculations in this work. 

 

 

Figure 2.8. The four steps of the improved dimer method: (a) defining the dimer axis; 
(b) evaluating the forces and energies of the endpoints; (c) rotating the dimer axis to 
minimise the curvature; (d) continuing the search in an orthogonal direction if a saddle 
point has not been found. Adapted from Bucko (2024).129  
 

    An advantage of the improved dimer method is that the Hessian does not need to 

be explicitly evaluated at any point. Instead, the termination condition of the transition 

state search is governed by a user-determined force threshold. After each iteration, 

the potential energy is maximised along the dimer axis and minimised in all other 

directions. In principle, if the force threshold is tight enough, the search will continue 

until a saddle point is reached, indicating that a transition state has been found. Due 

to the expense of evaluating the Hessian for each individual atom, this makes dimer 
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calculations particularly attractive for transition states searches involving large 

numbers of atoms. The efficiency of dimer calculations in recent years has been 

further improved by the development of the improved dimer method, a variant of the 

original algorithm developed by Heyden, Bell, and Kiel128 that significantly reduces the 

numerical noise associated with the PES search.  

    The dimer method is significantly less computationally demanding than NEB-based 

methods, but it is not an approach without its flaws. By definition, NEB calculations 

optimise images at each step along the MEP associated with the reaction. If the 

mechanism of the reaction is well known, the chances of atoms “hopping” to positions 

that correspond to incorrect saddle points on the PES are relatively small. The dimer 

method, meanwhile, can often prematurely end the PES search at higher-order saddle 

points. A cheap and straightforward way to validate dimer calculations that has since 

been adopted as standard practice is to run an additional frequency calculation on the 

optimised structure. If a single imaginary frequency is present, the structure 

corresponds to a saddle point on the PES, thus confirming that a true transition state 

has been found. 
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3. Catalytic hydrogenation of furfural derivatives over 

Pd(111) and Pt(111) 

 

Work from this chapter is due to be reproduced in the following publication: M. Quayle, 

Z. Wu, M. Pera‐Titus, and A. Roldan. Mechanistic insights into the catalytic 

hydrogenation of furfural derivatives over Pd and Pt. J. Catal. 2026. 

 

3.1. Introduction 

Furfural and its derivatives are precursors to several useful compounds in organic 

synthesis. Their amenability to both oxidation and hydrogenation has been readily 

exploited by organic chemists, leading to the development of cheap synthetic routes 

for a variety of platform chemicals. Examples include tetrahydrofuran (THF), a polar 

solvent and polymer precursor commonly used in the textiles industry;1–3 

dimethylfuran, a high-octane, energy dense biofuel;4,5 5-aminolevulinic acid, a 

biodegradable herbicide that has shown promise in neurology as a visualising agent 

for malignant tumors;6–8 and 5-hydroxymethylfurfural (HMF), a feedstock with a wide 

variety of uses in the pharmaceutical and food industries.9–12 

    Advances in green polymer chemistry have enabled the transformation of furfural 

derivatives into bio-based monomers, paving the way for recyclable polymers with 

tailored functionalities.13 For instance, HMF can be readily oxidised to 2,5-

furandicarboxylic acid (FDCA).14,15 As a feedstock, FDCA is a renewable precursor to 

polyethylene terephthalate (PET), the most common component of disposable plastic 

bottles,16 but it also readily polymerises with other furfural-based monomers. A series 

of biogenic polymers, largely consisting of FDCA and its fellow furfural derivative, 

succinic acid,17,18 have been developed by Lomelí-Rodríguez et al.19,20 for use in the 

coatings industry. While PET remains the industry standard for the plastic packaging 

of soft drinks, FDCA can also undergo polycondensation to polyethylene furan-2,5-

dicarboxylate (PEF),21 a fully recyclable, heat resistant plastic that is being 

investigated as an eco-friendly replacement to PET.22 

    In keeping with the Twelve Principles of Green Chemistry,23,24 many furfural-based 

reactions have been developed into one-pot catalytic schemes.5,25,26 By restricting 

themselves to a single vessel, synthetic chemists can minimise the need to purify or 

handle any intermediates associated with the reaction. Several economic and 
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environmental advantages are associated with one-pot reactions; chief among them, 

lower solvent usage, lower processing costs, and a sharp reduction in the generation 

of waste. For instance, the ketone (E)-1-(furan-2-yl)-5-methylhex-1-en-3-one (ALD-1) 

can be synthesised directly from furfural via a one-pot aldol condensation with methyl 

isobutyl ketone (MIBK). As shown in Scheme 3.1, the C=C double bond on the 

branching chain of ALD-1 is reduced over both Pd and Pt, generating ALD-2. However, 

the subsequent hydrogenation of ALD-2’s ring system to ALD-3 is catalyst dependent. 

Over Pd/Al2O3, catalysis is highly selective towards ALD-3. Even at temperatures as 

mild as 80 oC, the furanic ring system is fully hydrogenated, with conversion reaching 

100% within hours.26 Over Pt/Al2O3, however, catalytic activity and selectivity towards 

ALD-3 was poor, resulting in ALD-2 being the dominant product. 

 

 
Scheme 3.1.  A selection of ALD-1 hydrogenation routes. The ring system of the 
dominant organic product is untouched over Pt/Al2O3 (orange), but fully hydrogenated 
over Pd/Al2O3 (blue). 

 
    To better understand the mechanistic underpinnings of ALD-1 hydrogenation, 

comprehensive DFT reaction profiles were constructed using slab models of Pd and 

Pt. Transition state modelling was then employed to quantify the thermodynamic and 

kinetic barriers associated with both chain and ring hydrogenation. In parallel, the 

optimised structures were subjected to partial charge analysis to map the distribution 

of electron density across the substrates. For both Pd and Pt, the (111) surface was 



60 
 

chosen, as it is among the most catalytically active surfaces in prior experimental 

studies on Pd- and Pt-catalysed hydrogenation.27–30 

    Typically, when an unsaturated organic compound binds to the surface of a metal 

nanoparticle, its C=C double bonds will rarely be reduced by gas phase molecular 

hydrogen. Instead, H2 adsorbs on the surface and dissociates into a pair of individual 

hydrogen atoms, which then migrate across the surface to the substrate. 

Hydrogenation then proceeds via a Langmuir-Hinshelwood type mechanism, as has 

been repeatedly observed both experimentally and theoretically for a variety of 

transition metal catalysts.31–36 With this in mind, intermediates were generated for each 

product by adding hydrogen atoms to the substrate one at a time to ensure the 

construction of a physically accurate picture of the reaction profile. This approach 

allowed for the direct comparison of  Pd- and Pt-catalysed hydrogenation, highlighting 

differences in adsorption energetics, activation barriers, and the electronic factors 

governing selectivity. 

 

3.2. Methods 

All spectroscopic validation of the DFT calculations (Section 3.6) was undertaken by 

Zhuoli Wu at the Cardiff Catalysis Institute. Spin-polarised single point energy 

calculations were conducted by Dr Alberto Roldan (Figure 3.7) to determine the 

radical character of the chain hydrogenation intermediates. All remaining 

computational work in this chapter was undertaken by the author. 

    DFT models of all possible hydrogenation intermediates of ALD-1 over Pd(111) and 

Pt(111) were constructed in VASP.37 After benchmarking (Section 3.3), all 

calculations were carried out under the constraints of the generalised gradient 

approximation (GGA) at the RPBE-D3(0) level.38,39 Gas phase species were optimised 

at the centre of 20×20×20 Å3 unit cells, which were then sampled with 1×1×1 

Monkhorst-Pack 𝒌 point meshes.40 Unit cells of the metal slabs and the optimised 

surfaces were each sampled with 13×13×13 and 3×3×1 Monkhorst-Pack meshes, 

respectively. 

    All atoms were modelled using the projector augmented wave (PAW) potentials of 

Kresse and Joubert.41,42 The plane-wave cutoff energy was set to 500 eV, the ionic 

convergence threshold was set to 0.03 eV/Å, and the electronic convergence 

threshold was set to 1×10–5 eV. Each surface was represented with a p(6×6×5) slab 
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separated by a 20 Å vacuum layer along the z-axis. To improve convergence, the 

bottom three layers were frozen after the initial step of each calculation. The transition 

states associated with each hydrogenation step were identified using the improved 

dimer method. A round of frequency analysis was conducted on all transition states to 

confirm the presence of a single imaginary frequency along the reaction coordinate. 

Further detail on the experimental validation of the DFT calculations and the 

parameters employed in transition state analysis can be found in Section A.1 and 

Section  A.2, respectively. 

 

3.3. Preliminary Calculations 

Functional benchmarking tests were performed with PBE-D3(0), revPBE-D3(0), and 

RPBE-D3(0). In anticipation of future simulations work on the reductive amination of 

ALD-1 over Ru(0001) (Chapter 4), Ru was benchmarked alongside Pd and Pt. After 

the optimisation of H2 and NH3 in the gas phase (Table 3.1), The lattice constants and 

bulk moduli (Tables 3.2 and 3.3) were calculated from the metal unit cells. The 

adsorption energies of NH3@Pd(111), NH3@Ru(0001), and monoatomic H (Table 

3.4) were then calculated. Following the findings of previous studies on the binding 

conformations of hydrogen43–47 and ammonia46,48–51 on Pd(111), Pt(111), and 

Ru(0001), the monoatomic H atoms were placed over fcc hollow sites, and the NH3 

molecules were placed over top sites, with the central N atom facing the surface. 

    All three functionals predicted the bond lengths of molecular hydrogen and 

ammonia to within ±0.01 Å of experiment.52,53 The average bond angle of NH3 was 

predicted to within ±0.5% of the experimental value of 106.7° (Figure 3.1).54 As shown 

in Table 3.2, all three functionals were able to predict the lattice constants of Pd, Pt, 

and Ru to within ±1% of experiment.55 While RPBE-D3(0) slightly underpredicted the 

bulk moduli of all three metals (Table 3.3), its predicted adsorption energies for H over 

fcc hollow sites showed the best agreement with experiment. Consequently, it was 

selected for all remaining DFT modelling work in this chapter. Meanwhile, revPBE-

D3(0) performed well in the lattice constant and bulk moduli tests, but incorrectly 

predicted that the dissociative adsorption of H2 over Pt(111) was endoergic. 
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Figure 3.1. A molecule of gas phase NH3 optimised at the RPBE-D3(0) level. 
Measurements were compared to the experimental values provided in Table 3.1. 
 

 

H2 (g) + NH3 (g) PBE-D3(0) revPBE-D3(0) RPBE-D3(0) Exp. Ref. 

H–H (Å) 0.75 0.75 0.75 0.74 52 

avg. N–H (Å) 1.02 1.02 1.02 1.02 53 

avg. 𝜃 (°) 106.3 106.2 106.2 106.7 54 

Table 3.1: Functional benchmarking of H2 (blue) and NH3 (green) optimisation in the 
gas phase against experimental values. 
 

    Regardless of functional or catalyst choice, the magnitude of NH3’s adsorption 

energy of was overestimated. For NH3@Pd(111), PBE-D3(0) overbound by almost 

100 kJ mol–1. A 2024 paper by Borkar and Shetty49 demonstrated that adding a zero 

point energy (ZPE) correction to this figure only exacerbated this issue (𝐸𝑎𝑑𝑠 = –195.8 

kJ mol–1). In the computational literature, Ford et al.48 were able to obtain a reasonable 

estimate for the adsorption energy of NH3 over Pt(111) (𝐸𝑎𝑑𝑠 = –90.7 kJ mol–1) using 

the 1991 Perdew-Wang functional (PW91),56 suggesting that this issue is likely a 

shortcoming of PBE-family functionals rather than a fundamental failure of DFT 

modelling. 
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Lattice Constants PBE-D3(0) revPBE-D3(0) RPBE-D3(0) Exp. Ref. 

fcc Pd, 𝑎 (Å) 3.88 3.87 3.92 3.89 55 

fcc Pt, 𝑎 (Å) 3.92 3.90 3.94 3.92 55 

hcp Ru, 𝑎 (Å) 2.69 2.68 2.69 2.71 55 

hcp Ru, 𝑐 (Å) 4.25 4.23 4.25 4.28 55 

Table 3.2. Calculated Pd, Pt, and Ru lattice constants against values measured via X-
ray crystallography. 

 

Bulk Moduli PBE-D3(0) revPBE-D3(0) RPBE-D3(0) Exp. Ref. 

Pd (GPa) 193 186 156 180 55 

Pt (GPa) 281 275 240 278 55 

Ru (GPa) 328 331 311 320 57 

Table 3.3. Calculated bulk moduli of Pd, Pt, and Ru against experimental values. 

 

𝑬𝒂𝒅𝒔 PBE-D3(0) revPBE-D3(0) RPBE-D3(0) Lit. Ref. 

H2@Pd(111)  –58.0 –48.2 –56.2 –43.4 43 

H2@Pt(111)  –24.2 +7.1 –36.7 –41.5 44 

H2@Ru(0001)  –56.2 –48.8 –45.6 –86.8 45 

NH3@Pd(111)  –173.2 –170.2 –169.7 –195.8 (PBE-
ZPE), –73.6 
(exp.) 

49,50 

NH3@Ru(0001) –146.1 –142.2 –134.4 –44.4  46 

Table 3.4. Adsorption energies of monoatomic H over hollow sites (blue) and NH3 over 
top sites (green) against values from the literature. Energies reported in kJ mol–1. 
Unless stated otherwise, literature values have been taken from experiment. 

 
    After the optimisation of the metal slabs, the surface energies of Pd(111), Pt(111), 

and Ru(0001) were then calculated following Equation 2.24. The calculated surface 

energy for Pd(111) was within 2% of the experimental value of de Boer et al.,58 and 

the RPBE-D3(0) surface energy for Pt(111) showed good agreement with the 

computational value of Singh-Miller and Marzari59 (𝛾 = 1.49 J m–2), calculated using 

PBE without dispersion corrections. However, both the RPBE-D3(0) and PBE surface 

energies for Pt(111) were drastically smaller than the experimental value of Tyson and 

Miller60 (𝛾 = 2.49 J m–2). The value for the surface energy of Ru(0001) from the same 

paper (𝛾 = 3.04 J m–2) is closer to the calculated value of 3.27 J m–2, but in this case, 

RPBE-D3(0) was shown to slightly overestimate the surface energy, being larger than 
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both the experimental value and the computational value of Vega et al.61 (𝛾 = 2.95 J 

m–2), calculated using the PBEsol functional of Constantin et al.62,63 with no dispersion 

corrections. It should be highlighted that, due to the difficulty of preparing pristine 

Ru(0001) and Pt(111) crystals, Tyson and Miller’s figures were approximated by 

expressing the surface energy as a function of the surface tension of the metal in the 

liquid phase. While this technique allows for the approximation of the “average” 

surface energy of a metal’s high-index lattice planes, it lacks the sensitivity to resolve 

facet-specific surface energies. Moreover, the authors make the assumption that all 

surfaces present in the metal will melt and roughen at identical temperatures to one 

another; an assumption that is likely to oversimplify the complex, facet-dependent 

behaviour of real materials. 

 

Surface Energies RPBE-D3(0) Literature References 

𝛾, Pd(111) 2.04 2.00 (exp.) 58 

𝛾, Pt(111)  1.55 1.49 (PBE), ~2.49 (exp.)  59, 60   

𝛾, Ru(0001)  3.27 2.95 (PBEsol), ~3.04 (exp.) 60, 61 

Table 3.5. Surface energies of Pd(111) and Pt(111) calculated at the RPBE-D3(0) 
level (blue) against values from the computational literature. Values reported in J m–2. 

 
    To ensure that RPBE-D3(0) correctly captured the binding conformations of 

aromatic hydrocarbons, furan molecules were placed over Pd(111) and Pt(111) at 0°, 

45°, and 90° angles to the surface normal and the plane normal of the ring system. In 

agreement with previous work on the bonding conformations of furan and its 

derivatives,64,65 RPBE-D3(0) calculations successfully predicted that the flat 

conformation was preferred in all cases; a preference that can be attributed to the 

maximisation of orbital overlap between the π-system of the furan ring and the d-

orbitals of the atoms on the metal surface.  
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Figure 3.2. Furan molecules adsorbed over Pt(111) at (a) 0°, (b) 45°, and (c) 90° 
angles relative to the surface. 
 
Angle 𝑬𝒂𝒅𝒔 Pd(111) 𝑬𝒂𝒅𝒔 Pt(111) 

0° –174.0 –159.4 

45° –91.7 –48.3 

90° –80.5 +2.0 

Table 3.6. Stability of adsorbed furan at 0°, 45°, and 90°. Figures reported in kJ 
mol–1. 
 

    Further optimisation at the RPBE-D3(0) level showed that furfural and ALD-1 

adopted similar binding conformations (Figures 3.3 and 3.4), with the alkyl chain 

positioning itself away from the surface. As discussed by Liu et al.66 in their work on 

the effects of dispersion corrections on furfural catalysis, the zero-damping D3 

dispersion correction lead to mild overbinding (Table 3.7). However, furfural’s 

conformational geometry remained effectively unchanged by the introduction of a 

dispersion correction. The same cannot be said about the activation energies on 

intermediary transition states. In previous studies of PBE-family functionals, dispersion 

corrections have been shown to significantly increase the accuracy of estimating 

activation energies.39,67,68 Provided that the structures corresponding to the 

elementary steps are modelled in a consistent fashion, the activation energies of 
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reactions on the surface will, in principle, be more accurate if a dispersion correction 

is employed. The only steps with significant potential for error are the adsorption of H2 

and ALD-1, both of which are known experimentally to readily adsorb to both Pd(111) 

and Pt(111), and the desorption of the products. As the geometry of the adsorbates 

was effectively unchanged, the decision was made to keep the D3(0) dispersion 

correction in all subsequent calculations at the compromise of overbinding to ensure 

the activation energy barriers for all reactions on the surface were modelled as 

accurately as possible. 

 

 
Figure 3.3. Binding conformations of (a) furfural and (b) ALD-1 over Pd(111). 
 



68 
 

 

 
Figure 3.4. Binding conformations of (a) furfural and (b) ALD-1 over Pt(111).  
 

𝑬𝒂𝒅𝒔 Pd(111) Pt(111) References 

Furfural, RPBE-D3(0) –244.1 –101.3 — 

ALD-1, RPBE-D3(0) –230.3 –179.5 — 

Furfural, PBE –89.7 — 66 

Furfural, PBE-D3(0)  –190.1 –102.3 66,69 

Table 3.7. Calculated adsorption energies of furfural and ALD-1 at the RPBE-D3(0) 
level (blue) against PBE and PBE-D3(0) values from the literature (pink). Values 
reported in kJ mol–1. 

 

  



69 
 

3.4. Chain Hydrogenation 

The names and structures of the intermediates associated with chain hydrogenation 

are given in Scheme 3.2. The hydrogenation of ALD-1 can occur at four possible sites: 

the chain C=C bond, the carbonyl group, and the two C=C bonds of the ring system. 

Henceforth, the C2=C3 and C4=C5 bonds will be referred to as the ortho and para 

hydrogenation sites, respectively. 

 

 

Scheme 3.2. Intermediates associated with the chain hydrogenation of ALD-1 to ALD-
2. H adatoms from dissociated H2 are highlighted in pink. 

 

    As reported by Jiang et al.,26 the first site of ALD-1 to undergo hydrogenation over 

transition metal catalysts is the chain C=C bond. As such, this site was the first to be 

considered. As shown in Figure 3.5, the total activation energy barriers for chain 

hydrogenation were low for both Pd(111) (𝐸𝐴 = +46.5 kJ mol-1) and Pt(111) (𝐸𝐴 = +33.9 

kJ mol-1). The activation energy barriers for β-hydrogenation over both Pd(111) (𝐸𝐴 = 
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+109.9 kJ mol-1) and Pt(111) (𝐸𝐴 = +131.8 kJ mol-1) were more than twice as large as 

the corresponding barriers for hydrogenation at the α-carbon. 

 

Figure 3.5. The energy profile for the chain hydrogenation of ALD-1 over Pd(111) 
(blue) and Pt(111) (orange). Transition states between minima are marked with 
coloured circles. Inset are schematic representations of A (left) and C (right).  

 
    The computational work of Jia et al.70 on the hydrogenation of unsaturated ketones 

found that α-hydrogenation is driven by the distribution of partial charges across the 

molecule. DDEC6 population analysis confirmed that this charge redistribution is 

taking place ALD-1 in the gas phase (Figure 3.6a). Due to its proximity to a partially 

positive C=O carbon (𝑞 = +0.44 e), electron density accumulated at the α-carbon (𝑞 = 

–0.23 e) to prevent the formation of a localised positive charge. When ALD-1 binds to 

the catalyst through its ring system, this buildup in electron density at the α-carbon 

likely facilitates the attack of H adatoms from the surface. To verify this hypothesis, a 

second round of DDEC6 population analysis was conducted on ALD-1 adsorbed to 

Pd(111) and Pt(111). As shown in Figures 3.6b and 3.6c, the discrepancy in negative 

charge between the vinyl carbons is preserved over both Pd(111) and Pt(111). 

Regardless of catalyst, the charges on the C=C carbons did not change by more than 

±0.01 units of elementary charge. The DDEC6 partial charges of the H and O atoms 

are provided in the appendix. 
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Figure 3.6. DDEC6 charge analysis of ALD-1 (a) in the gas phase and adsorbed to 
(b) Pd(111) and (c) Pt(111). Carbon atoms with partial positive and negative charges 
are highlighted in red and blue, respectively. Figures given in units of elementary 
charge. 

 
    The radical character of the chain hydrogenation intermediates was assessed by a 

supplemental round of spin-polarised single point energy calculations. As shown in 

Figure 3.7, the magnetic moments of the Bα adsorbate atoms were negligible over 

both Pd(111) and Pt(111) (|𝓂| ≤ 0.005 𝜇𝐵). While a small magnetic moment was 

observed on the α-carbon of Bβ over Pd(111) (𝓂 = 0.042 𝜇𝐵), significant 

delocalisation of an unpaired electron was observed in Bβ@Pt(111) between the α-

carbon (𝓂 = 0.351 𝜇𝐵) and the oxygen of the carbonyl group (𝓂 = 0.182 𝜇𝐵). 

Although the ease with which radical species can delocalise likely contributes to the 

marked stability of the Bβ intermediate over Pt(111), the absence of intermediates with 

radical character along the more energetically favourable α-hydrogenation pathway 

suggests that charge distribution is a stronger predictor of stability than radical stability. 
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Figure 3.7. Detected magnetic moments in adsorbate C and O atoms in the 
Bβ intermediates over (a) Pd(111) and (b) Pt(111). 
 

    In addition to occurring at a carbon with a more localised negative charge, α-

hydrogenation further benefits from the favourable sterics of the A→Bα transition state. 

This is illustrated in the optimised transition state structures corresponding to A→Bα 

and A→Bβ hydrogenation over Pt(111) (Figure 3.8). While the interatomic distances 

between the carbon and the migratory H atom are similar in both cases, the α-carbon 

is able to adopt a favourable vector of approach with an H–Cα–H angle of 100.1°; a 

figure close to the H–Cα–H bond angle of 107.5° in the sp3-hybridised product. In 

contrast, hydrogenation can only be initiated at the β-carbon through an unfavourable 
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bond formation angle of 94.3°. While this barrier may be surmountable at high 

temperatures, it is likely that α-hydrogenation mechanism will dominate regardless of 

whether a Pd or Pt catalyst is used. 

 

Figure 3.8. Optimised transition state structure for α- and β-hydrogenation over 
Pt(111). 
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3.5. Ring Hydrogenation 

A comprehensive schematic of the intermediates associated with ring hydrogenation 

is provided in Scheme 3.3. A reaction profile for ortho hydrogenation is provided in 

Figure 3.9. In agreement with experiment, the activation energy for ring hydrogenation 

was substantially lower over Pd(111) (+69.1 kJ mol−1) than over Pt(111) (+114.0 kJ 

mol−1). In both cases, ortho hydrogenation was energetically favoured over para 

hydrogenation. Over both Pd(111) and Pt(111), the preferred order of hydrogenation 

was B2, then CORTHO, then D4, then E. A complete table of intermediate energies and 

activation energy barriers is provided in the appendix (Section A.3). 

 

 

Scheme 3.3. Intermediates associated with the ring hydrogenation of ALD-2. H 
adatoms from dissociated H2 are highlighted in pink. 
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Figure 3.9. The energy profile for ortho ring hydrogenation of ALD-2 over Pd(111) 
(blue) and Pt(111) (orange). Transition states between minima are marked with 
coloured circles. Inset are schematic representations of A (left), CORTHO (centre), and 
E (right).  

 

    A profile depicting the minimum energy path associated with para hydrogenation is 

provided in Figure 3.10. As with ortho hydrogenation, the energetically optimal order 

of carbon hydrogenation was identical regardless of catalyst: B5, then CPARA, then D3, 

then E. The activation energy for para hydrogenation over Pd(111) (𝐸𝐴 = +96.1 kJ mol-

1) was shown to be almost 40% higher than the corresponding activation energy barrier 

for ortho hydrogenation. While the energetic difference between the routes is relatively 

large, it is plausible that Pd-catalysed para hydrogenation could compete with ortho 

hydrogenation at conventional operating temperatures of 180 °C.26 

    The large energy barrier associated with para hydrogenation over Pt(111) (𝐸𝐴 = 

+208.3 kJ mol-1) is likely insurmountable under operating temperatures and pressures. 

It should be noted that if the hydrogenation of the para product first takes place at 

carbon-2 (CPARA→D2), hydrogenation over both Pd(111) (𝐸𝐴 = +314.1 kJ mol-1) and 

Pt(111) (𝐸𝐴 = +326.0 kJ mol-1) becomes even more insurmountable. The transition 

state corresponding to the hydrogenation of carbon-3 over Pt(111) (CPARA→D3), a step 

with a particularly high activation energy, is given in Figure 3.11. The migration of the 

H atom to the ring carbon is hindered by an unfavourable angle of approach (70.6°), 

as well as the large interatomic distance between carbon-2 (2.01 Å) and the catalyst 

surface (2.08 Å). 
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Figure 3.10. The minimum energy path for para hydrogenation over Pd(111) (blue) 
and Pt(111) (orange). Transition states between minima are marked with coloured 
circles. Inset are schematic representations of A (left), CPARA (centre), and E (right). 

 

 

 

Figure 3.11. Optimised transition state structure for the hydrogenation of the para 
product to the intermediate D3 over Pt(111).  

 
    As shown in Figure 3.12a, carbon-2 (𝑞 = +0.21 e) had the greatest partial positive 

charge of any of the ring carbons in the gas phase due to its proximity to an 

electronegative O atom at the 1-position. Over both Pd(111) and Pt(111), all of the 

ring carbons became more positively charged; a likely consequence of electrons in the 

π-system being donated into the d-orbitals of the surface metal atoms. Unlike the chain 

C=C bond of ALD-1, catalyst choice had a marked effect on the polarisation of ALD-
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2’s ring carbons. Over Pt, all of the ring carbons became more positively charged; 

particularly, carbon-2 (∆𝑞 = +0.07 e) and carbon-3 (∆𝑞 = +0.08 e). This suggests that 

ortho hydrogenation is a “selectivity bottleneck” that must be surpassed if the reduction 

of ALD-2’s ring system is to be thermodynamically feasible. If carbon-3 is 

hydrogenated first, even more electron density is siphoned away from the ring system, 

further destabilising it.  
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Figure 3.12. DDEC6 charge analysis of ALD-2 (a) in the gas phase and adsorbed to 
(b) Pd(111) and (c) Pt(111). Carbon atoms with partial positive and negative charges 
are highlighted in red and blue, respectively. Figures given in units of elementary 
charge. 

 
    The extent to which positive charge accumulates at carbon-2 during ortho 

hydrogenation was assessed by conducting a final round of DDEC6 charge analysis 

on the B2→C and B3→C transition states. Over both Pd(111) and Pt(111) (Figures 

3.13a and 3.13c), hydrogenation at the 2-position led to a significant reduction in 

localised positive charge. Conversely, this problem was greatly exacerbated over 

Pd(111) when carbon-3 was hydrogenated first (Figure 3.13b), leading to the 

generation of a highly positive partial charge (𝑞 = +0.35 e) on carbon-2. Over Pt(111), 

a transition state for B3→C hydrogenation (Figure 3.13d) was identified with an 

effectively unchanged carbon-2 partial charge from ALD-2 (∆𝑞 = –0.01 e), but this 

preservation of further charge accumulation came at the cost of significantly distorting 

the bonds connecting carbon-2 to carbon-5 and the hydrogenated α,β-chain (∠ = 

128.3°). This disparity in the localisation of positive charge explains why the activation 

energy for B3→C is far higher than the corresponding activation energy for B2→C 

over both Pd(111) and Pt(111). Regardless of catalyst choice, the optimal 

thermodynamic pathway was shown to begin with the immediate hydrogenation of 

carbon-2 to minimise the accumulation of a point positive charge at this position. 
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Figure 3.13. DDEC6 charge analysis of a selection of ortho hydrogenation transition 
states: (a) B2→C@Pd(111); (b) B3→C@Pd(111); (c) B2→C@Pt(111); (d) 
B3→C@Pt(111). Carbon atoms with partial positive and negative charges are 
highlighted in red and blue, respectively. Figures given in units of elementary charge. 
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    A profile of the minimum energy pathway for the total hydrogenation of ALD-1 to 

ALD-3 is provided in Figure 3.14. The complete path shows a marked preference for 

ortho hydrogenation over both Pd and Pt, and that the poor selectivity of Pt-catalysis 

towards ring hydrogenation is the result of steep energetic penalties associated with 

the accumulation of positive charge on the ring carbons. 

 

Figure 3.14. The minimum energy pathway for the hydrogenation of ALD-1 to ALD-3 
over Pd(111) and Pt(111). After binding to the catalyst in the gas phase, ALD-1 
undergoes α-chain hydrogenation (pink) to ALD-2, and ortho ring hydrogenation 
(cream) to ALD-3. All dissociated hydrogens (H*) are bound at hollow sites. 

 

3.6. Experimental Validation 

GC-MS (Figure 3.15) confirmed that ALD-1 readily hydrogenates over Pd/Al2O3. 

Within five minutes, ALD-1 was completely consumed. The yield of ALD-3 plateaued 

at 100% within two hours, showing that Pd is fully selective towards ring 

hydrogenation. Over Pt/Al2O3, however, the dynamics of the reaction proved to be 

more complicated. Hydrogenation of ALD-1 was initially slow. For the first two hours, 

there were still traces of ALD-1 in solution. The production of ALD-2 via chain 

hydrogenation dominated the early stages of the reaction. For comparison, ALD-2 was 

nearly consumed within an hour over Pd/Al2O3 under the same conditions. At the 

three-hour mark, there was a “crossover” between the yields of the hydrogenation 

products as the remaining molecules of ALD-2 underwent reduction to ALD-3. 

    When the reaction was left to run overnight, the yields of both ALD-2 and ALD-3 

sharply declined, resulting in final yields of 33% and 12%, respectively, leaving 55% 
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of the product unaccounted for. At temperatures above 150 oC, it is well known that 

furfural and its derivatives readily undergo polymerisation and ring opening over 

Pt.13,71–73 Following the work of Mizugaki et al.71 on the conversion of furfural to 1,2-

pentanediol, it is likely that opening the ring in the presence of H2 will result in the 

formation a diol. The stereochemistry of this diol will depend on whether ring cleavage 

occurs at the C2-O or C5-O bond. In the case of furfural over Pt nanoparticles,13,71 ring 

cleavage typically occurs after the reduction of the carbonyl group. However, if the ring 

is opened before this can happen, branching hydroxy ketones and long-chain alkenes 

will be generated. If these molecules are generated at our chosen operating 

temperatures, they will likely polymerise, either with themselves or unreacted 

molecules of ALD-1, ALD-2, and ALD-3 bound to the surface. 
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Figure 3.15. GC-MS plots of the evolution of ALD-1 to the chain hydrogenation 
product ALD-2 and the fully hydrogenated ketone ALD-3 over (a) Pd/Al2O3 and (b) 
Pt/Al2O3. Measurements taken at 5, 15, 30, 60, 120, 180, and 1080 minutes. 
 
    If any of these compounds undergo ring opening on the surface, a complex web of 

side reactions emerges, significantly impacting the distribution of the products. It was 

only by combining spectroscopic and computational methods that the true nature of 

the reaction became clear: The low yields of ALD-3 over Pt/Al2O3 are the result of a 

complex combination of factors that would have been highly challenging to discern 

with GC-MS or DFT in isolation; namely, high energy barriers associated with ring 

hydrogenation, the facilitation of Pt-catalysed ring cleavage, and a range of 

polymerisation side reactions. 
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3.7. Conclusions and Perspectives 

In conclusion, accessible energy pathways for the chain (𝐸𝐴 = +33.9 kJ mol-1) and ring 

(𝐸𝐴 = +69.1 kJ mol−1) hydrogenation of ALD-1 over Pd(111) were identified through a 

combination of computational modelling and spectroscopic analysis. While chain 

hydrogenation over Pt(111) was thermodynamically accessible, the reduction of ALD-

1’s furanic ring system was limited by high activation energy barriers barring both ortho 

and para hydrogenation. Over both surfaces, the selectivity towards α-hydrogenation 

was found to be driven by both the distribution of charge on the carbon chain and the 

sterics of the routes’ respective transition states. 

    An aspect of this work that warrants further study is the characterisation of the 

compounds making up the remaining 55% of the product mixture formed over Pt/Al2O3. 

A hypothetical mechanism for Pt-catalysed diol formation is provided in Scheme 3.4. 

If the ring system is hydrogenated before cleavage, the C2-O bond breaks, forming 9-

methyldecane-1,7-diol; otherwise, the ring will break at the C5-O bond, forming 2-

methyldecane-4,7-diol. If previous experimental studies on the Pt-catalysed ring 

cleavage of furfural are indicative of ALD-2 and ALD-3’s chemistry on Pd/Al2O3,13,71–

73 the initial step is expected to be the hydrogenation of the ketone to an alcohol, 

followed by cleaving the C2-O or C5-O bond. However, if the ring system opens before 

the C=O bond can be reduced, branching diketones and hydroxy ketones will be 

generated. At the chosen operating temperature of 180 °C, these compounds will likely 

polymerise; either with themselves, or with unreacted molecules of ALD-1, ALD-2, and 

ALD-3 bound to the surface. 
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Scheme 3.4. Hypothetical mechanism for the formation of diols, diketones, and 
polymerised hydrocarbons over Pt/Al2O3. 
 

    While the mechanism depicted in Scheme 3.4 remains speculative, it offers a 

plausible explanation for the significant loss in mass balance observed when ALD-1 is 

hydrogenated in the presence of Pt nanoparticles, highlighting the need for further 

experimental analysis relating to ring opening and polymerisation. It is the hope of the 

author that this chapter showcases how combining computational modelling with 

spectroscopic techniques can help deepen our collective understanding of the 

mechanistic chemistry involved in Pd and Pt catalysis. 
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4. Reductive amination of furfural derivatives over Pd(111) 

and Ru(0001) 

 

4.1. Introduction 

Amines are essential compounds in the energy, agricultural, and pharmaceutical 

sectors.1–4 As such, it is of critical importance that the mechanistic chemistry behind 

amination is properly understood so that the selectivity and yield of industrially scalable 

syntheses can be maximised. Historically, amines were produced on an industrial 

scale through the N-alkylation and nucleophilic substitution of alkyl halides.5,6 While 

the yields of these processes are high, they each share a number of environmental 

drawbacks; chief among them, the generation of large volumes of waste halide salts. 

Consequently, green chemists have shifted their attention to reductive amination, a 

family of reactions where amines are synthesised from carbonyls via an imine 

intermediate. While reductive amination can be conducted with a wide range of amines 

and reducing agents,7–9 it is typically performed with molecular hydrogen and ammonia 

over a metal catalyst. The general mechanism for “classical” reductive amination over 

NH3 and H2 is well known, and has been extensively studied by physical chemists 

(Scheme 4.1).10–14 The reaction begins with NH3 acting as a hard nucleophile and 

attacking the carbonyl centre through the lone pair on the nitrogen, forming a 

hemiaminal intermediate. Water is then eliminated, forming an imine, and H2 

hydrogenates the C=N bond to generate the final amine.  

    Due to its low operating costs and high selectivity, reductive amination is currently 

the most popular way to produce amines at the industrial scale.15 If the feedstock has 

only one carbonyl group to attack, the only waste product typically generated via 

classical reductive amination is water. Variants of this mechanism such as the 

Leuckart-Wallach reaction8,16 have shown great utility in the pharmaceutical industry, 

and has been used successfully by medicinal chemists to synthesise antibiotics and 

anti-HIV agents.9,17 
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Scheme 4.1. General mechanism for the classical reductive amination of a carbonyl 
through a hemiaminal and an imine intermediate. 
 

    However, reductive amination is not without its drawbacks. A common problem with 

the classical route is that H2 tends to over-reduce carbonyls to their corresponding 

alcohols.18 Pressurised ammonia is also a dangerous reagent to work with in large 

quantities. If used in excess, it can lead to catalytic spoiling and the corrosion of the 

walls of the reaction vessels.12,19 Nevertheless, while precautions must be taken, 

reductive amination remains one of the most environmentally friendly ways to 

synthesise amines known to synthetic chemists. 

    The hydrogenation of ALD-1 over Pd(111) and Pt(111) featured in the previous 

chapter was originally reported by Jiang et al.20 in 2019 as part of a larger one-pot 

reductive amination scheme (Scheme 4.2). The initial step of the reaction, an aldol 

condensation with methyl isobutyl ketone (MIBK) over an Amberlyst-26 catalyst bed, 

takes place under identical conditions as the initial step of Scheme 3.1. After ALD-1 

is formed, H2 and NH3 were introduced into the reaction vessel. Over Pd/Al2O3, the 

dominant product was the fully hydrogenated primary amine, AMI-3. Even under mild 

conditions, Pd/Al2O3 proved to be a highly selective catalyst, with a final AMI-3 yield 

of 92% after 12 hours. However, over Ru/C, the dominant product was an amine with 

its ring system untouched (AMI-2). 
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Scheme 4.2. One pot reductive amination from furfural and MIBK over Pd/Al2O3 and 
Ru/C. Reaction conditions: ALD-1 (0.2 g), NH3 (5 bar), H2 (20 bar), 120 °C, 12 h. 
Conversion of ALD-1 was over 99% for both catalysts. 
 

    As an expansion of the author’s previous modelling work on the Pd- and Pt-

catalysed hydrogenation of ALD-1, a second investigation was undertaken on its 

reductive amination over Pd(111) and Ru(0001). Following the methodology of the 

previous chapter, Section 4.3 details the construction of a reaction profile for the chain 

and ring hydrogenation of ALD-1 over Ru(0001), with the aim of providing a 

mechanistic explanation for the preservation of the unsaturated ring system over this 

catalyst. As described in Section 4.4, new rounds of transition state analysis were 

then carried out for the three main sub-reactions associated with reductive amination 

over transition metal catalysts: (1) the formation of the hemiaminal via the nucleophilic 

addition of NH3; (2) the formation of the imine via the elimination of water; (3) the 

formation of the final amine by hydrogenating the C=N bond of the imine. Like 

molecular hydrogen, ammonia does not typically react with adsorbed substrates from 

the gas phase. Following Langmuir-Hinshelwood kinetics, it was assumed that the 

initial step of the reaction would be the adsorption of both the furfural derivative and 

NH3 to the metal surface, followed by nucleophilic substitution at the carbonyl group.   
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4.2. Methods 

DFT models of all possible reductive amination intermediates of ALD-1 over Pd(111) 

and Ru(0001) were optimised in VASP.21 All calculations were carried out under the 

constraints of the generalized gradient approximation (GGA) at the RPBE-D3(0) 

level.22,23 Gas phase species were optimised at the centre of 20×20×20 Å3 unit cells, 

which were then sampled with 1×1×1 Monkhorst-Pack 𝒌 point meshes.24 Unit cells of 

the bulk and the slab models were each sampled with 13×13×13 and 3×3×1 

Monkhorst-Pack meshes, respectively. 

    All atoms were modelled using the projector augmented wave (PAW) potentials of 

Kresse and Joubert.25,26 The plane-wave cutoff energy was set to 500 eV, the ionic 

convergence threshold was set to 0.03 eV/Å, and the electronic convergence 

threshold was set to 1×10–5 eV. Each surface was represented with a p(6×6×5) slab 

separated by 20 Å of vacuum along the z-axis. To improve convergence, the bottom 

three layers were frozen after the initial step of each calculation. The transition states 

associated with each hydrogenation and amination were identified using the improved 

dimer method and validated with a round of frequency analysis. 

 

4.3. Hydrogenation 

Similarly to Pd and Pt, it is known from the experimental findings of Jiang et al.20 that 

that the hydrogenation of ALD-1 first occurs over Ru at the chain site. In all the 

products resulting from Ru catalysis, the α,β-double bond present in ALD-1 was 

reduced. It can be inferred from this result that the barrier associated with chain 

hydrogenation is low. A complete energetic profile for chain hydrogenation over 

Ru(0001) is provided in Figure 4.1. The reaction profiles for chain hydrogenation over 

Pd(111) and Pt(111) (Figure 3.5) have been superimposed over the data for Ru(0001) 

for comparison. The bonding conformations of ALD-1 over all three surfaces is 

provided in Figure 4.2. Transition state analysis revealed that chain hydrogenation is 

facile over all three metals, with activation energies under +50 kJ mol–1 in all cases. 

Like Pd(111) and Pt(111), α-hydrogenation was the most favourable hydrogenation 

route over Ru(0001), with an activation energy of +48.8 kJ mol–1.  



94 
 

 

Figure 4.1. Reaction profile for the chain hydrogenation of ALD-1 over Pd(111) (blue), 
Pt(111) (orange), and Ru(0001) (red). Transition states between minima are marked 
with coloured circles. Inset are schematic representations of A (left) and C (right). 
 
 

 



95 
 

 
Figure 4.2. Adsorption configurations of ALD-1 over (a) Pd(111), (b) Pt(111), and (c) 
Ru(0001).  
 

    The difference in activation energies between α- and β-hydrogenation (∆𝐸𝐴 = 

+115.1 kJ mol–1) was at its largest over Ru(0001). If, as hypothesised in Chapter 3, 

the selectivity towards α-hydrogenation is driven by the accumulation of negative 

charge on the α-carbon, the disparity in electron density between Cα and Cβ should be 

even larger over Ru(0001) than over Pd(111) and Pt(111). However, DDEC6 

population analysis (Figure 4.3) revealed that the charge distribution of ALD-1 and 

ALD-2 over Ru(0001) was effectively identical the distribution of the adsorbate over 
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Pd(111) and Pt(0001). It should be noted that, unlike Pd(111) and Pt(111), the most 

energetically favourable bonding confirmation of ALD-1 over Ru(0001) exhibited a 

formal Ru–O bond through the carbonyl O atom (𝑑 = 2.18 Å), leading to a substantial 

reduction in the partial charge of the carbonyl C atom from +0.44 e (Figure 3.6a) to 

+0.36 e (Figure 4.3a). Ru’s oxophilicity has been well documented in the experimental 

and theoretical literature.27–30 Ru has a Kepp oxophilicity27 of 0.4; a value that places 

its tendency to form oxygen bonds on par with atomic hydrogen. For comparison, Pt 

and Pd each have Kepp oxophilicities of 0.0 and 0.1, respectively. Across the 

optimised intermediates adsorbed to Ru(0001), close contact between the C=O group 

and the metal surface was frequently prioritised over contact with the ring system, 

increasing the migration distance between H adatoms and the C=C bonds. It can thus 

be inferred that Ru(0001)’s poor selectivity towards ring hydrogenation is a result of 

both unfavourable charge distribution and poor sterics. 

 

 



97 
 

 
Figure 4.3. DDEC6 charge analysis of (a) ALD-1 and (b) ALD-2 adsorbed to Ru(0001). 
Carbon atoms with partial positive and negative charges are highlighted in red and 
blue, respectively. Figures given in units of elementary charge. 
 

    Reaction profiles for the ortho and para hydrogenation of ALD-2’s ring system over 

all three metals are provided in Figure 4.4 and 4.5, respectively. Unlike Pd(111) and 

Pt(111), transition state analysis showed that the activation energy for ortho 

hydrogenation over Ru(0001) (𝐸𝐴 = +134.0 kJ mol–1) was higher than the 

corresponding figure for para hydrogenation (𝐸𝐴 = +109.7 kJ mol–1). While this figure 

is slightly smaller than the calculated activation energy barrier for Pt(111) ring 

hydrogenation (𝐸𝐴 = +114.0 kJ mol–1), this difference is within the ±4 kJ mol–1 limit of 

chemical accuracy.31 It can thus be inferred that Pt(111) and Ru(0001) are equally 

poor catalysts for the ring hydrogenation of ALD-2. 
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Figure 4.4. Reaction profile for the ortho hydrogenation of ALD-2 over Pd(111) (blue), 
Pt(111) (orange), and Ru(0001) (red). Transition states between minima are marked 
with coloured circles. Inset are schematic representations of A (left), CORTHO (centre), 
and E (right). 
 

Figure 4.5. Reaction profile for the para hydrogenation of ALD-2 over Pd(111) (blue), 

Pt(111) (orange), and Ru(0001) (red). Transition states between minima are marked 

with coloured circles. Inset are schematic representations of A (left), CPARA (centre), 

and E (right). 

 

    As shown by DDEC6 analysis of the B2→C and B3→C transition states over 

Ru(0001) (Figure 4.6), hydrogenation at carbon-3 led to a substantial build-up of 

partial positive charge on carbon-2 (𝑞 = +0.31 e). As observed over Pd(111) and 

Pt(111), this problem could, in theory, be mitigated by initially hydrogenating carbon-

2 (𝑞 = +0.18 e). However, over Ru(0001), a lower energy transition state was 

accessible through an attack at carbon-5 (Figure 4.7). Similarly to ortho hydrogenation 
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over Pd(111) and Pt(111), para hydrogenation over Ru(0001) was at its most 

energetically favourable when the C=C carbon with the greatest localised positive 

charge was hydrogenated first. The relative energy difference between the A4→B and 

A5→B transition states over Ru(0001) was negligible (|Δ𝐸| = 0.6 kJ mol–1),  but the 

same cannot be said for the B5→C and B4→C states (|Δ𝐸| = 35.6 kJ mol–1), 

highlighting a clear preference for initial hydrogenation at carbon-5. However, when 

compared to Pd(111), the activation energies of both ortho and para hydrogenation 

remain high over Ru(0001). It can thus be inferred that neither of these processes will 

be energetically competitive with Pd-catalysed ring hydrogenation at the operating 

temperature of 180 °C employed by Jiang et al.20 
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Figure 4.6. DDEC6 charge analysis of the (a) B2→C@Ru(0001) and (b) 
B3→C@Ru(0001) ortho hydrogenation transition states. Carbon atoms with partial 
positive and negative charges are highlighted in red and blue, respectively. Figures 
given in units of elementary charge. 
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Figure 4.7. DDEC6 charge analysis of the (a) A→B5@Ru(0001) and (b) 
B5→C@Ru(0001) para hydrogenation transition states. Carbon atoms with partial 
positive and negative charges are highlighted in red and blue, respectively. Figures 
given in units of elementary charge. 
 

4.4. Amination 

After NH3 and H2 adsorb to the surface of the catalyst, amination typically proceeds 

via three sequential sub-reactions: (1) the carbonyl C undergoes nucleophilic attack, 

forming a hemiaminal after proton rearrangement; (2) the hydroxyl group of the 

hemiaminal is protonated and eliminated as water, generating an imine; (3) the imine 

is hydrogenated at its C=N double bond, giving the final product. H2 is known to readily 

dissociate over Pd(111), Pt(111), and Ru(0001), but the number of N–H bonds cleaved 

during the dissociation of ammonia is known to vary with metal composition and 

temperature.32–34 Following the work of Liu et al.32 on the dissociation of ammonia over 

transition metal nanoparticles, it was assumed that the rate-limiting effects of the 

decomposition of *NH3 would be smaller at 120 °C than those of the elimination of 

water from the carbonyl; especially for Ru(0001), a catalyst that DFT has shown to be 

particularly effective at stabilising *NH2, *NH, and *N species. Alongside ammonia 

itself, it is likely that the amine can be formed from a multitude of its decomposition 

products on the surfaces of the nanoparticles. However, in the interests of simplifying 

the investigation, *NH2 was selected as a reagent for transition state searches due to 

the ease with which trial single-step mechanisms could be constructed.  
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    Using the same methodology employed for chain and ring hydrogenation, energetic 

profiles were constructed for each amination sub-reaction. Due to the compounds’ 

similarities in structure and the spatial separation between the ring system and the 

carbonyl group, it was assumed that the activation energies of ALD-2 and ALD-3 

amination would be similar to one other, and that the ring system had little effect on 

the reactivity of the carbonyl group. Consequently, to conserve computational 

resources, all transition state calculations were performed on ALD-3 and its 

derivatives.  

    In contrast with the reaction profiles generated for hydrogenation, the DFT profiles 

for amination showed mixed agreement with experiment.20 The activation energies of  

hemiaminal formation (Section 4.4.1) were substantially higher than expected over 

both metals, erroneously suggesting that amination is catalytically unviable over 

Pd(111) and Ru(0001). Additionally, the transition states associated with imine 

formation (Section 4.4.2) proved challenging to model with the improved dimer 

method, necessitating the adoption of a simplified mechanism (Scheme 4.4) to 

provide an upper bound for the activation energy. Unlike hemiaminal formation, 

however, this upper bound proved to be relatively low over both Pd(111) (𝐸𝐴 = +78.9 

kJ mol–1) and Ru(0001) (𝐸𝐴 = +83.9 kJ mol–1), suggesting the existence of a lower 

energy pathway that can be readily accessed over both catalysts. Furthermore, the 

hydrogenation of the imine to the amine (Section 4.4.3) was shown to readily 

catalysed by both Pd(111) and Ru(0001). Taken together, these findings indicate that, 

despite methodological limitations, reductive amination remains viable over transition 

metal catalysts. 

 

4.4.1. Carbonyl to Hemiaminal 

The intermediates associated with the generation of the hemiaminal via nucleophilic 

addition are provided in Scheme 4.3. Two initial steps for this sub-reaction were 

considered: the protonation of the carbonyl O (BO) and the attack of the NH2 from the 

surface (BN). A reaction profile for the minimum energy pathway (MEP) of ALD-3 to 

HEMI-3 is provided in Figure 4.8. The direct attack of adsorbed NH2 proved to be  

energetically inaccessible over both Pd(111) (𝐸𝐴 = +196.5 kJ mol–1) and Ru(0001) 

(𝐸𝐴 = +187.2 kJ mol–1). While the BN→C transition state remained equally 
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inaccessible over both metals (|∆𝐸𝐴| = 2.4 kJ mol–1), a wide gulf in stability was 

observed for the A→BN state (|∆𝐸𝐴| = 98.6 kJ mol–1).  

 

 

Scheme 4.3. Intermediates associated with the nucleophilic addition of ALD-3 and 
dissociated ammonia to HEM-3. Adsorbed H and NH2 highlighted in pink. 
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Figure 4.8. Minimum energy path for the amination of ALD-3 to HEM-3 over Pd(111) 

(blue) and Ru(0001) (red). Transition states between minima are marked with coloured 

circles. Inset are schematic representations of A (left) and C (right). 

    As shown in Figure 4.9, the A→BN transition state over Pd(111) adopts a strained 

conformation with a Cα–CCARBONYL–CtBu bond angle of 113.2°. Over Ru(0001), this 

angle (116.2°) was closer to the idealised sp2-sp3 intermediary value of 115°. While 

this strain likely contributes to the destabilisation of the transition state over Pd(111), 

it is improbable that such a minor change in geometry would incur an energetic penalty 

of nearly 100 kJ mol–1. DFT is known to underestimate the stability of compounds with 

strong localised charges;35–38 a problem that has shown to be further exacerbated in 

calculations where solvent is not accounted for.37,38 Therefore, while the amination of 

ALD-3 to HEM-3 was not predicted to be energetically viable, the calculated activation 

energies for this sub-reaction are likely computational artefacts resulting from the 

neglect of solvation and limitations in the DFT methodology. 
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Figure 4.9. A→BN transition states over (a) Pd(111) and (b) Ru(0001). 
 

4.4.2. Hemiaminal to Imine 

Computationally modelling the dehydration of the hemiaminal to the imine with the 

improved dimer method proved challenging. In the liquid phase, this sub-reaction 

typically proceeds via a single-step intramolecular elimination, and is known to be 

highly sensitive to solvent.10,39 As shown in Scheme 4.4a, the alcohol forms a bond 

with a proton on the neighbouring amine group. As the N–H bond breaks, a C=N bond 

forms, leading to the cleavage of the R–O bond and the elimination of the alcohol 

group as a water molecule.  

    There are several difficulties associated with constructing a DFT model of this 

mechanism. In solution, hemiaminals are short-lived and typically require extensive 
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stabilisation from neighbouring functional groups or co-ordinating metal ions to be 

spectroscopically detected at room temperature.40–42 They can be further stabilised by 

forming networks of hydrogen bonds with molecules of polar solvents,39,43 but 

modelling these networks at the DFT level typically requires the implementation of 

expensive explicit solvation codes, making them impractical for reactions whose 

intermediates feature large numbers of atoms. 

    This issue is further complicated by the difficulty of locating viable transition states 

on the PES for intramolecular elimination. Due to the wide array of configurations that 

the leaving group can adopt when it is cleaved from its host, imaginary frequencies 

corresponding to the cleavage and formation of multiple bonds are often coupled with 

“spurious” imaginary vibrational nodes,44,45 making it challenging to isolate single-

order saddle points on the PES for these reactions. Guess transition states generated 

by the improved dimer method for the single-step elimination were heavily 

contaminated with extra imaginary frequencies. 

    In the hope of finding an upper bound for the activation energy of imine 

dehydrogenation, a trial multi-step mechanism was used in lieu of the single-step 

mechanism. As illustrated in Scheme 4.4b, the mechanism begins with the 

assumption that the energetic cost of protonating the alcohol group to R–+OH2 is 

negligible in comparison to the cleavage of the C–O bond. A simplified transition state 

was then isolated in which bond cleavage occurs independently of proton transfer. The 

carbocation generated by this step was then assumed to rapidly undergo a water-

mediated deprotonation to the final imine. To prevent artificially lowering the total 

energy of the system by introducing an extra H atom, one of the H adatoms was used 

to protonate the R–OH group. The number of adatoms was then restored in the final 

structure by moving one of the H atoms from the R–NH2 group to the surface. 
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Scheme 4.4. Single-step (a) and multi-step (b) elimination mechanisms for the 
dehydration of a hemiaminal to an imine. 
 

     

    A reaction profile for the trial multi-step elimination is provided in Figure 4.10. The 

upper bound activation energies for the conversion of HEM-3 to IMI-3 proved to be 

relatively accessible over both Pd(111) (𝐸𝐴 = +78.9 kJ mol–1) and Ru(0001) (𝐸𝐴 = 

+83.9 kJ mol–1). Despite their energetic similarities, the A→B transition states over 

each surface showed a marked difference in conformation. Over Pd(111), the O–H 

bonds in the leaving OH2 group were identical in length (𝑑 = 1.01 Å), slightly shorter 

than the experimental O–H bond length of gaseous H2O (𝑑 = 1.05 Å).46 Meanwhile, 

over Ru(0001), the O–H bond closest to the surface was stretched to 1.18 Å. This 

suggests that the cleavage of water from HEM-3 could be aided over Ru(0001) by 

bonding interactions between the OH2 group and the metal surface.  
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Figure 4.10. Reaction profile for the trial multi-step elimination over Pd(111) (blue) and 
Ru(0001) (red). Transition states between minima are marked with coloured circles. 
Inset are schematic representations of the hemiaminal (left), the E1 transition state 
(centre), and the final imine (right). Proton transfer steps have been assumed to be 
energetically negligible. 
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Figure 4.11. Multi-step transition states over (a) Pd(111) and (b) Ru(0001). 
 

4.4.3. Imine to Amine 

While the first two sub-reactions proved challenging to model with the improved dimer 

method, accessible transition states were successfully located for the final 

hydrogenation of the imine to the amine. As shown in Scheme 4.5, hydrogenation of 

the C=N bond can first occur at either the carbon (BC) or the nitrogen (BN). In 

agreement with experiment, the reduction of the C=N bond to the final amine proved 

to be facile over both catalysts. The activation energy for the imine hydrogenation of 

IMI-2 was approximately half as large over Pd(111) (𝐸𝑎 = +40.1 kJ mol–1) than the 

Ru(0001) (𝐸𝑎 = +75.6 kJ mol–1). A complete reaction profile for this process is provided 

in Figure 4.12. Over both Pd(111) and Ru(0001), a marked preference for initial 

hydrogenation at the nitrogen was observed; a process likely driven by the substantial 

difference in Pauling electronegativity between N (𝜒𝑃 = 3.04) and C (𝜒𝑃 = 2.55).47,48 

This preference was particularly apparent over Pd(111), where the activation energy 

for C-hydrogenation (𝐸𝑎 = +245.1 kJ mol–1) was almost five times larger than that for 

N-hydrogenation. 
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Scheme 4.5. Intermediates associated with the hydrogenation of IMI-3 to AMI-3. H 
adatoms from dissociated H2 are highlighted in pink. 

 

    DDEC6 charge analysis (Figure 4.13) revealed that the charge distribution of the 

adsorbate was effectively identical over both catalysts. As expected, a large charge 

gradient was observed across the C=N bond (|Δ𝑞| = 0.90 e), with negative charge 

congregating at the N atom. It is likely that, similarly to the α-hydrogenation of the 

chain C=C bond in Section 4.3, this localised build-up in electron density is 

responsible for the marked preference for the N-hydrogenation of the imine over both 

Pd(111) and Ru(0001). 
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Figure 4.12. Reaction profile for the hydrogenation of IMI-3 to AMI-3 over Pd(111) 
(blue) and Ru(0001) (red). Transition states between minima are marked with coloured 
circles. Inset are schematic representations of A (left) and C (right). 
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Figure 4.13. DDEC6 charge analysis of IMI-3 adsorbed to (a) Pd(111) and (b) 
Ru(0001). Atoms with partial positive and negative charges are highlighted in red and 
blue, respectively. Figures given in units of elementary charge. 
 
 

4.5. Conclusions and Perspectives 

In agreement with experiment, the RPBE-D3(0) profile successfully predicted that the 

ring hydrogenation of ALD-1 is more energetically favourable over Pd(111) than 

Ru(0001). While chain hydrogenation was shown to be readily catalysed by both 

metals, high energy barriers associated with ring hydrogenation were identified for 

both the ortho and para mechanisms over Ru(0001). Conversely, DFT was shown to 

overestimate the activation energies associated with amination. While the upper 

bounds associated with the trial elimination mechanism were shown to be relatively 

accessible at operating temperatures of 180 °C, attempts to locate low-energy single 

step elimination transition states with the improved dimer method were unsuccessful. 

   The first facet of this reaction that should be investigated in future work is the role 

that solvation plays in the stabilisation of intermediates and transition states over 

Pd(111) and Ru(0001). Both experimental and theoretical studies have shown that 

solvent mediation is a critical factor in low-temperature reductive amination.7,49–51 It is 

likely that MIBK, the solvent used by Jiang et al.20 in their work on this synthesis, helps 

facilitate the amination of ALD-2 and ALD-3. Due to the computational costs 

associated with explicit solvation, individually encasing the adsorbates in a solvation 

shell of MIBK molecules was deemed unfeasible for this investigation. While implicit 
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solvation codes such as VASPsol52,53 can mimic the bulk properties of solvents, 

localised effects such as the formation of hydrogen bonding networks are neglected. 

Furthermore, benchmarking work by Oğuz et al.54 has shown that VASPsol introduces 

non-negligible errors in the energetic profiles. The authors highlight that these errors 

were especially pronounced for amines and alcohols. In light of these issues, the 

VASPsol code was not employed in this thesis. However, the possibility remains that 

other solvation packages may be able to successfully capture the stabilising effects of 

solvent at the DFT level.  

    Another facet of this reaction that should be investigated in future work is the viability 

of non-Langmuir-Hinshelwood mechanisms. While ring, chain, and imine 

hydrogenation were successfully modelled at the DFT level with Langmuir-

Hinshelwood mechanisms, the same could not be said for the formation of the 

hemiaminal and the imine. A mechanistic pathway not considered in this investigation 

was the Eley-Rideal mechanism,55,56 a route in which ammonia attacks the carbonyl 

from the gas or liquid phase instead of adsorbing to the catalyst and migrating across 

the surface. As noted in Section 2.3.6, the Langmuir-Hinshelwood mechanism is 

generally favoured in heterogeneous catalysis,56–59 but it has been experimentally 

shown by Guo et al.14 that the Eley-Rideal mechanism outcompetes the corresponding 

Langmuir-Hinshelwood mechanism for the reductive amination of cyclopentanone 

over Ru/Nb2O5. While a solvent-mediated Langmuir-Hinshelwood mechanism remains 

the likely candidate for this reaction’s minimum energy pathway over Pd and Ru 

nanoparticles, the possibility of reductive amination proceeding via an alternative, 

lower energy mechanistic pathway cannot be discounted without further experimental 

and computational work. Nevertheless, it is the hope of the author that the work 

conducted in this chapter provides a theoretical bedrock for future research on green 

reductive amination and helps inform the design of new processes in heterogeneous 

catalysis. 
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5. Pyrolysis of sinapic acid over CeO2(111) 

 

Work from this chapter has been reproduced in the following publication: T. Kulik, N. 

Nastasiienko, B. Palianytsia, M. Quayle, A. Nastasiienko, P. R. Davies, D. Wass, and 

A. Roldan. Catalytic Pyrolysis of Sinapic Acid on Nanoceria: Surface Complexes, 

Valorisation of Products, Experimental, and Atomistic Approaches. ChemSusChem. 

2025, 19, (1), e202501249. https://doi.org/10.1002/cssc.202501249.  

 

5.1. Introduction 

Ceria (CeO2) is an intriguing material to study from both a synthetic and computational 

point of view. Throughout the twentieth century, ceria’s primary use in heterogeneous 

catalysis was as a support for transition metal catalysts. To this day, Cu/CeO2 remains 

one of the most popular catalysts for the water-gas shift reaction, a cost-effective 

industrial process for the production of molecular hydrogen.1,2 Beyond its role as a 

support, pure ceria has shown promise as a redox catalyst. When ceria nanoparticles 

are introduced into a reaction vessel, O atoms on the surface will rapidly react with 

surrounding species, causing neighbouring Ce atoms to oscillate between the Ce4+ 

and Ce3+ oxidation states. This process is known as redox cycling,3 and its efficiency 

– and consequently, ceria’s effectiveness as a redox catalyst – is highly dependent on 

nanoparticle size and the concentration of oxygen vacancies in the structure.4–7 

    Ceria’s utility as a redox catalyst has not gone unnoticed in the field of catalytic 

biomass pyrolysis. A spectroscopic study by Shao et al.8 showed that ceria is an 

effective catalyst for the extraction of acetic acid, glycol aldehyde, and other high-value 

carbonyls from waste straw and bagasse. Subsequent work by Wan et al.9 highlighted 

nanoceria’s utility as a selective catalyst in the pyrolytic extraction of linear ketones 

from waste plant matter. 

    Due to the hundreds, if not thousands, of different compounds that may be present 

in a sample of organic matter, modelling catalytic processes involving biomass at the 

DFT level remains challenging. In these cases, it is often practical to select a model 

compound, a molecule whose structure and chemical properties have proven to be 

broadly representative of more complex compounds. In the case of biomass pyrolysis, 

an excellent example of such a compound is sinapic acid (SA). In nature, SA is plentiful 

and easy to handle, and it can be extracted in high concentrations from food waste.10 
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SA is particularly abundant in strawberries,11 but smaller concentrations have been 

detected in cranberries,12 lemons,13 and blueberries.14 Even higher concentrations of 

SA have been detected in herbs and spices such as rosemary15 and borage.16 As 

shown in Scheme 5.1, sinapic acid decomposes into an array of aromatic compounds 

when it is subjected to high temperatures. Under these conditions, SA is readily 

decarboxylated to 4-vinylsyringol (4VS), a powerful antioxidant that has been 

investigated by medicinal chemists as a treatment for colon cancer.15,17 Devinylation 

of 4VS yields syringol, a flavouring agent that imparts a “wood-smoked” taste to 

barbecued meat and barrel-aged alcoholic drinks.18,19 Demethoxylation to guaiacol 

and subsequent deoxygenation of the methoxy group20 yields o-cresol, which can be 

further broken down to useful bulk chemicals such as phenol, toluene, and 

benzene.21,22 

 

 

Scheme 5.1. Selection of common pyrolysis routes for SA (red) following its extraction 
from biomass. SA can be sourced in high yields from strawberries via an acid-base 
extraction into ethyl acetate (EtOAc).11 
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    Ceria is a difficult material to model at the DFT level. The electrons in Ce’s 4f orbitals 

are highly localised and experience strong on-site Coulomb interactions. As these 

interactions are poorly described by GGA functionals,23 the degree of delocalisation 

experienced by the 4f electrons will be overestimated. If unaccounted for, this will lead 

to significant inaccuracies in ceria’s electronic structure, but DFT+U corrections 

(Section 2.2.5) can help alleviate this problem by introducing a Hubbard correction 

parameter (𝑈𝑒𝑓𝑓) to the DFT energy. 

    The focus of the final computational chapter of this work is ceria’s utility as a 

heterogeneous catalyst in biomass-based chemistry. To better understand the role 

that ceria plays in SA pyrolysis, a series of IR spectra were generated by conducting 

frequency analysis on optimised DFT structures of the adsorbate. The computational 

work of the author (Sections 5.3 and 5.5) was then validated using in situ diffuse 

reflectance Fourier-transform infrared (DRIFTS) spectroscopy, temperature-

programmed desorption mass spectrometry (TPD-MS), thermogravimetric analysis 

(TGA), and differential thermal analysis (DTA) by the members of the Tetiana Kulik 

Group at the Chuiko Institute of Surface Chemistry in Kyiv, Ukraine (Section 5.4). 

 

5.2. Methods 

All DFT calculations were carried out in VASP24,25 at the PBE-D3(0) level.26,27 Gas 

phase SA and its conjugate base were optimised in the centre of a 20×20×20 Å3 unit 

cell sampled with a 1×1×1 Monkhorst-Pack mesh.28 Oxygen-terminating CeO2(111), 

the facet with the lowest surface energy for ceria,29 was represented with a p(7×7×2) 

slab (Ce = 98, O = 196), as recommended by Engel et al.30  to balance accuracy and 

computational cost for catalytic modelling at the PBE-D3(0) level. Each slab was 

separated with a 20 Å vacuum layer along the z-axis. The Brillouin zones of the unit 

cell and the slab were sampled with 13×13×13 and 3×3×1 Monkhorst-Pack meshes,28 

respectively. The plane-wave cutoff energy was set to 500 eV, the ionic convergence 

threshold to 0.03 eV/Å, and the electronic convergence threshold to 1×10−5 eV. 

Following established benchmarking work for ceria,30–32 the rotationally invariant 

DFT+U scheme of Liechtenstein et al.33 was used to more accurately describe the 

electrons in the Ce 4f orbitals, with a Hubbard correction parameter 𝑈𝑒𝑓𝑓 of 4 eV (𝑈 = 

5 eV, 𝐽 = 1 eV). Infrared spectra were generated from the optimised structures using 

an in-house code. The transition state associated with decarboxylation was identified 
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using the improved dimer method.34,35 Experimental details relating to spectroscopy 

are provided in the appendix (Section A.5). 

 

5.3. Preliminary Work 

The electronic structure of the catalyst was investigated by modelling the partial 

density of states (PDOS) of the CeO2(111) unit cell (Figure 5.1). A clear band gap 

was observed, with high occupation in the d-orbitals near the Fermi energy (𝐸𝐹 = 5.52 

eV). However, the width of the band gap (𝐸𝐺 = 2.21 eV) was substantially lower than 

the experimental value for nanoceria, which, depending on the preparation method 

and the size of the nanoparticles, can range from 2.7 – 3.7 eV, with gaps larger than 

3 eV being the most common.36–38 As PDOS data was only recorded for electrons in 

the Ce orbitals, ceria’s second O2p-Ce5d band gap with a width between 5.5 – 6.0 eV39–

41 was not observed; a likely consequence of Ce’s 5d and 6s electrons being donated 

into the 2p orbitals of the O atoms.42 

    The underestimation of metal oxide band gaps (e.g. CeO2, NiO, MgO) is a well-

documented deficiency of DFT.32,43–47 As shown in Table 5.1, the degree of error can 

be slightly reduced under the rotationally invariant DFT+U scheme of Liechtenstein et 

al.33 by increasing 𝑈𝑒𝑓𝑓, but this comes at the cost of introducing further errors in both 

the lattice parameters and the Gibbs free energy of formation (Δ𝐺𝑓
°) of the catalyst. As 

such, a Hubbard correction parameter 𝑈𝑒𝑓𝑓 of 4 eV (𝑈 = 5 eV, 𝐽 = 1 eV) was used for 

all subsequent optimisation work, following the recommendations of previous 

benchmarking work on ceria.30 

 

Benchmarking 
𝑈𝑒𝑓𝑓 

Exp. Ref. 0 eV 4 eV 7 eV 

3d-4f band gap (eV) 2.08 2.21 2.70 ~3.00 
30,32,43–47

 

𝑎 (Å) 5.43 5.43 5.49 5.41 
30,36,48

 

Δ𝐺𝑓
° (eV) –12.0 –11.4 –10.5 –11.3 30,32 

Table 5.1. The effects of 𝑈𝑒𝑓𝑓 on the band gap, lattice parameter (𝑎), and Gibbs free 

energy of formation (Δ𝐺𝑓
°) of CeO2. All calculations were conducted with the PBE-D3(0) 

functional. The benchmarking data for 𝑈𝑒𝑓𝑓 = 0 eV and 𝑈𝑒𝑓𝑓 = 7 eV, and the formation 

energies for all 𝑈𝑒𝑓𝑓 values, were taken from Engel et al.30  
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Figure 5.1. Projected density of states plot for electrons in the s (red), p (blue), d 
(green), and f (purple) orbitals in Ce. 

 

    As shown in Tables 5.2 and 5.3, the lattice parameters and ionic bond lengths of 

the optimised CeO2 unit cell were each within 0.4% of experiment. Following the 

assumption that the energetic barrier associated with the dissociation of SA’s acidic 

proton would be easily surmountable at pyrolytic temperatures, both SA and its 

conjugate base were optimised in the gas phase. The latter was then used for all DFT 

calculations on the CeO2(111) surface. Following the observations of previous studies 

of hydrogen clustering on CeO2(111),49 the acidic hydrogen was placed on an O top 

site. Two binding conformations were tested for the conjugate base: (1) the molecule 

lies parallel to the surface and binds to the catalyst through its aromatic ring system; 

(2) the molecule adopts a perpendicular conformation and binds to a Ce atom through 

its COO– group (Figure 5.2). In agreement with experimental studies on the binding 

configurations of aromatic compounds on ceria,50,51 a pronounced preference for the 

flat conformation was observed, albeit at the cost of overbinding.  
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fcc CeO2 PBE–D3(0) Exp. Ref. 

𝑎 (Å) 5.43 5.41 34, 35 

𝑑(Ce4+, O2–) (Å) 2.37 2.37 52 

Table 5.2. Lattice parameters and ionic spacing of fcc CeO2. 
 

CeO2(111) Perpendicular Parallel 

𝐸𝑎𝑑𝑠  (kJ mol–1) –82.6 –237.1 

𝑑(Ce—OCARBONYL) (Å) 2.93 2.80 

𝑑(Ce—HTOP) (Å) 0.98 0.98 

Table 5.3. Adsorption energies and interatomic distances of dissociated SA in the 
parallel and perpendicular configurations over CeO2(111). 
 

 

 

Figure 5.2. Dissociated sinapic acid over CeO2(111) in the parallel (top) and 
perpendicular (bottom) configurations. 
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5.4. Experimental Spectra 

5.4.1. TPD-MS 

Throughout the pyrolysis of SA, a range of ions were detected by TPD in the gas phase 

(Figure 5.3). Above 310 °C, gaseous products with molar masses of 154, 139, 111, 

93, and 96 were detected by mass spectrometry (Figure 5.4). Analysis of the ions’ 

mass-to-charge ratios (𝑚/𝑧) confirmed the formation of +CH3 (𝑚/𝑧 = 15), H2O+ (𝑚/𝑧 = 

18), CO+ and +C2H4 (𝑚/𝑧 = 28), СН3О+ (𝑚/𝑧 = 31), and CO2
+ (𝑚/𝑧 = 44). In 

agreement with the experimental work of Nunes et al.,53 this fragment range is 

indicative of the formation of syringol (𝑀𝑟 = 154) in the gas phase. A complete list of 

pyrolysis products is provided in Table 5.4. The vapour pressure of the system was at 

its highest between 250 and 450 °C, suggesting that the gasification of the products 

was at its most intense between these temperatures. Further information on vapour 

pressure analysis is provided in the appendix (Figure A.6). 

 

 

Figure 5.3. TPD spectra for ions with mass-to-charge ratios of 15 (purple), 18 (red), 
28 (blue), 31 (black), and 44 (green). 
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Figure 5.4. Mass spectra of SA@CeO2 (1.2 mmol/g) pyrolysis products. Spectra 
recorded at 240 °C (a), 325 °C (b), and 430 °C (c). 
  

a) T = 240 ◦C 

b) T = 325 ◦C 

c) T = 430 ◦C 
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Compounds Main fragments (m/z) Temp. range (oC) References 

Benzene 78, 77 300 – 380 53 

Toluene 91, 92 325 53 

o-cresol 107, 108 340 53 

Pyrocatechol 110, 64 325 53 

Indene 116, 115 330 – 500 53 

Pyrogallol 126, 52, 80, 108 320 – 450 53 

Naphthalene 128 210 – 500 53 

Syringol 154, 139, 111, 93, 96 310 53 

4-methyl syringol 168, 153, 125 325 54 

4VS 180, 165, 137 237 55 

Xanthene 182, 181, 152 230 – 750 53, 56 

4-propenyl syringol 194, 179, 167 327 55 

Table 5.4. Pyrolysis products of SA detected over CeO2. 

 

5.4.2. FT-IR 

The FT-IR spectra of SA over CeO2 (Figure 5.5) proved to be highly sensitive to heat. 

As the temperature increased from 20 °C to 470 °C, the shoulder region corresponding 

to the С=О vibrational mode at 1664 cm–1 began to fade, disappearing entirely by 170 

°C. The peaks at 1263 cm−1 and 1273 cm−1, both of which correspond to vibrations of 

the O–H hydroxyl bond, also vanished at this temperature. The peaks at 1606 cm–1 

and 1639 cm–1, each of which correspond to C=C vibrational modes, were still visible 

at 170 °C, but both showed a marked decrease in intensity as the temperature 

continued to increase, becoming nearly imperceptible at 260 °C. The diminishing 

intensity of these peaks indicates the thermal degradation of both carboxylate and 

aromatic surface complexes. At 200 °C, a broad band emerges at 1633 cm–1, which 

can be partially attributed to the decomposition of aromatic moieties in SA. This band 

is consistent with the formation of free vinyl groups following CO₂ elimination, typically 

absorbing near 1645 cm–1. 
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Figure 5.5. FT-IR spectra of pure CeO2 and SA@CeO2 (0.6 mmol g–1) after heating 

from 20 °C (black) to 470 °C (turquoise). 

 

5.5. Computational Spectra 

The simulated IR spectrum for SA in the gas phase (Figure 5.6) showed satisfactory 

agreement with experiment. The wavenumbers of all key peaks were correctly 

identified. In particular, the symmetrical stretch of the α,β-double bond (1302 cm–1) 

was captured within a single wavenumber of the experimental value (1303 cm–1). 

However, the model underestimated the intensities of the vibrational modes at 1495 

cm–1 and 1206 cm–1, and slightly overestimated the modes in the 2800–3100 cm−1 

range. 
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Figure 5.6. Simulated (red) and experimental (lilac) IR spectra of SA. Both spectra 
recorded in the gas phase. A representation of the optimised structure of SA at the 
PBE–D3(0) level is provided in the inset (C = brown, H = white, O = red). Experimental 
IR data adapted from the National Institute of Standards and Technology (NIST).57 
 

    The predicted IR spectrum of the flat conformation of SA over CeO2(111) (Figure 

5.7) bore little resemblance to the experimental spectra. After the transmittance of the 

vibrational modes were normalised, a sharp peak at 1801 cm−1 corresponding to a 

symmetrical carboxylic acid C–O stretch dwarfed the rest of the spectrum. While the 

model correctly predicted the presence of a peak corresponding to an alkene stretch 

at 1563 cm−1, it underestimated the relative intensity of this mode with respect to the 

peak at 1801 cm−1. The peak at 755 cm−1, the only other wavenumber with an intensity 

distinguishable from background noise, corresponded to an asymmetric methoxy 

stretch, which was found to be coupled with a carboxylic acid C–O scissoring mode. 
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Figure 5.7. Simulated IR spectra of SA’s conjugate base in the parallel configuration 
over CeO2(111). An optimised structure of the adsorbate at the PBE-D3(0) level is 
provided in the inset. 
 

    As shown in Table 5.4, SA can undergo decarboxylation to 4VS when subjected to 

high temperatures and pressures. Previous experimental studies on the CeO2-

catalysed pyrolysis of caffeic and coumaric acid55,58 were accompanied by the 

formation of a selection of decarboxylated compounds; chief among them, 

pyrocatechin, vinyl guaiacol, and vinyl phenol. With this in mind, a second round of 

atomistic simulations was carried out to investigate the possibility that the 

decarboxylation of SA was being catalysed by CeO2(111). The simulated IR spectrum 

of 4VS over CeO2(111) (Figure 5.8) bore a much closer resemblance to the 

experimental spectrum. The peak of highest intensity corresponds to an asymmetric 

methoxy stretch at 1215 cm–1. Two peaks from the methoxy group at the 6-position 

showed high intensity: an asymmetric stretch (1085 cm–1) on the C–O bond, and a 

scissoring mode (901 cm–1) centred on the oxygen. The fingerprint region was 

bookended by an asymmetric stretching frequency on the vinyl C=C (1618 cm–1). 
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Figure 5.8. Simulated IR spectra of 4VS in the parallel configuration over CeO2(111). 
An optimised structure of the adsorbate at the PBE-D3(0) level is provided in the inset. 
 

    While the spectra of adsorbed 4VS showed much stronger agreement with 

experiment than adsorbed SA, this interpretation of the data only holds true if the 

energy barriers associated with CO2 formation are within reach under experimental 

conditions. An upper bound for the decarboxylation barrier heights was determined by 

freezing the surface and constructing a guess TS structure corresponding to an SN2 

mechanism. This structure was then used as a starting point for a TS search using the 

improved dimer method. This search yielded an elementary step with a corresponding 

activation energy of +189 kJ mol–1 (Figure 5.9). While relatively high, decarboxylation 

activation energies exceeding +150 kJ mol–1 are common for cyclic hydrocarbons,59,60 

and are likely to be surmounted at 170 °C (i.e. the temperature at which the FT-IR 

peak for С=О vibration disappeared entirely). It should also be noted that, while an 

SN2 mechanism is a likely candidate for the minimum energy pathway associated with 

decarboxylation, lateral interactions between neighbouring adsorbates may facilitate 

the cleavage of the carbonyl group. Even if the PBE-D3(0) figure of +189 kJ mol–1 is 

an overestimation of the “true” activation energy barrier for decarboxylation, it is a good 

predictor that this process is feasible over nanoceria at pyrolysis temperatures, thus 

explaining the similarities between the experimental FT-IR data and the calculated IR 

spectrum for 4VS@CeO2. 
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Figure 5.9. Representation of the SN2 transition state associated with the 
decarboxylation of SA’s conjugate base to 4VS over CeO2(111). 
 
 

5.6. Conclusions and Perspectives 

The combination of DFT modelling and experimental spectroscopic techniques yielded 

valuable mechanistic insights into the pyrolysis of SA over CeO2(111). The gradual 

disappearance of the bands associated with carboxylate and hydroxyl functional 

groups and the accessible mechanism identified for decarboxylation suggests that the 

formation of 4VS is highly favourable at high temperatures over nanoceria.  

    One area worthy of future study is the role of O vacancies and other surface defects 

on nanoceria pyrolysis; an area neglected in this thesis so that more attention could 

be directed towards computational spectroscopy and transition state analysis. When 

an O2– ion is removed from the surface of a ceria nanoparticle, it typically leaves behind 

two electrons from its 2p orbitals.61 The electrons typically localise on a pair of Ce4+ 

ions (thus reducing them to Ce3+), but in rarer cases, they can form a localised, 

negatively charged vacancy in place of the O atom.62–64 The effects that O vacancies 

have on the electronic structure and catalytic properties of nanoceria are challenging 

to model at the DFT level. The distribution of the electrons throughout the material is 

known to be highly sensitive to the presence of impurities and surface morphology.65 

    Furthermore, the work of Wan et al.9 on ceria-catalysed pyrolysis suggests that, 

while (111) facets are the most catalytically active facets for ceria nanorods and nano-

polyhedra, catalysis over cubic nanoparticles is dominated by the CeO2(100) facet. 
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C
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While the study in question used xylan as a model compound rather than SA, it is 

possible that a lower energy pathway for decarboxylation may be more accessible on 

other facets of the nanoparticles; particularly, if cubic particles are being formed under 

reaction conditions. Future work should aim to incorporate these defect states into 

atomistic models to more accurately reflect the conditions present during high-

temperature pyrolysis and to uncover their role in bond activation and product 

selectivity. 
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6. Conclusions and Future Work 

 

The final chapter of this thesis summarises the main findings of the two reactions 

investigated: the hydrogenation and reductive amination of ALD-1 over Pd(111), 

Pt(111), and Ru(0001) in Section 6.1; and the ceria-catalysed pyrolysis of SA in 

Section 6.2. Each of these sections is supplemented by a selection of suggestions for 

future work in the field. 

 

6.1. ALD-1 Hydrogenation and Reductive Amination 

As observed experimentally, sequential chain and ring hydrogenation of ALD-1 to 

ALD-3 was shown to be facile over Pd(111). The high activation energies associated 

with ring hydrogenation over Pt(111) and Ru(0001) were shown to originate from the 

buildup of positive charge at the ortho site of the furanic ring system. While the high 

yields of ALD-3 over Pd(111) were verified via GC-MS (Figure 3.14), the exact 

structure and yield distribution of the side products over Pt(111) remained elusive. 

Furfural derivatives will often polymerise with one another on the surface of Pt 

nanoparticles.1–3 While polymerisation was likely a major source of by-products, lateral 

interactions between adsorbates had to be neglected out of computational necessity 

due to the large number of atoms in the system. While ALD-2 was correctly identified 

through TS analysis as the likely dominant product of Pt-catalysed ALD-1 

hydrogenation, a complete picture of the mechanistic chemistry driving this reaction 

would require each side product to be identified experimentally.  

    Another aspect of this reaction that requires further investigation is the role of 

solvation on each elementary step’s activation energy. In the thirty years since VASP’s 

release,4,5 there remains no clear consensus on the best way to account for solvation 

effects in DFT models of heterogeneous catalytic systems. Explicit solvation models, 

wherein each molecule of solvent is modelled at the atomic level, remain unfeasible 

for large systems (Figure 6.1c). A more practical approach is implicit solvation (Figure 

6.1a), a model in which the solvent is treated as a continuous “averaged” potential. 

This method is especially popular in the field of computational biochemistry, where 

modelling the interactions of large proteins with individual molecules of solvent would 

be impractical. 
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    The implementation of implicit solvation for periodic DFT packages is non-trivial. For 

VASP users, the most common implicit solvation plugin is VASPsol, developed by 

Mathew et al.6,7 in 2014. While VASPsol remains an acceptable choice for systems 

with heavy solvent dependencies, a review by Oğuz et al.8 revealed a number of 

systematic errors relating to geometry optimisation and transition state calculations. 

These issues were particularly pronounced for amines and other organic molecules 

with nitrogen-based functional groups. Due to the heavy focus on amine chemistry in 

Chapter 4, VASPsol was not considered in this work to ensure consistency and 

comparability with the DFT calculations conducted in Chapter 3. 

 

 
Figure 6.1. MeO– anions in water, as represented by (a) implicit, (b) QM/MM, and (c) 
explicit solvation models. The cavity boundaries in the implicit and hybrid models are 
highlighted by a dark blue mesh. Adapted from Pliego and Riveros (2020).9 
 

    A potential method that could be employed in future work on the hydrogenation and 

amination of furfural derivatives is QM/MM solvation (Figure 6.1b). In a QM/MM 

calculation, the region of greatest interest to theoreticians, colloquially referred to as  

the “QM region”, is modelled at the DFT level. Typically, the QM region encompasses 

the solute and a small selection of neighbouring solvent molecules. The rest of the 

solvent molecules in the “MM region” are then modelled using classical molecular 

mechanics, drastically reducing the cost of the calculation. QM/MM has proven 

especially popular in the field of computational biochemistry, as it allows theoreticians 

to model the effects of localised solvation has on large, complex molecules such as 

proteins. The largest barriers in contemporary QM/MM research are the extensive 

parameterisation that must be conducted to ensure that the boundary separating the 

QM and MM region is properly modelled and the poor transferability of QM/MM codes 

across catalytic systems, but such a study could allow for new insights into the effects 

of solvent on the hydrogenation and amination of ALD-1 and other furfural derivatives. 
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    Another low-cost solvation technique that warrants consideration in future 

computational studies in this area is microsolvation. Instead of simulating the solvation 

of the entire system, solvent molecules are placed at key sites around the structure to 

capture the effects of total solvation as accurately as possible. In the case of polar 

solvents, priority is given to parts of the system with localised charges or functional 

groups that are known to form extensive networks of hydrogen bonds; a property that 

has been shown in previous computational studies to drastically improve the stability 

of solvated organic molecules.10–12 By design, microsolvation is not intended to be a 

substitute for complete solvation models, but it has proven to be a useful technique in 

the field of computational organic chemistry. For instance, in a DFT study on the 

structural chemistry of triazole-water clusters (TZ(H2O)1-8), Hattab et al.13 used 

microsolvation modelling to demonstrate the existence of strongly stabilising networks 

of hydrogen bonds between the solvent molecules and the nitrogen atoms in TZ’s ring 

system. As shown in Figure 6.2, the most stable clusters were those with eight water 

molecules in compressed, cube-like configurations, linked together by hydrogen 

bonds; a stabilising factor that would have been exceedingly difficult to model without 

explicitly modelling the water molecules. 

 

6.2. Sinapic Acid Pyrolysis 

While DFT analysis of pyrolysed SA successfully predicted the formation of 4VS over 

CeO2(111), computational modelling molecular spectra remains a formidable 

challenge. For small molecules in the gas phase, frequency analysis can often 

approximate the individual wavenumbers of IR peaks. For catalytic systems, however, 

complications quickly arise. The broadness of an IR peak is a trivially simple property 

to measure experimentally, but it remains extremely challenging to model at the DFT 

level due to highly sensitivity to the formation of hydrogen bonds and intramolecular 

proton shuttling; a problem that is further exacerbated for compounds in the liquid 

phase.14–16 For an accurate infrared spectrum to be generated, the conformational 

PES of a given molecule must be extensively explored. While state-of-the-art 

modelling methods can predict IR spectra to extremely high degrees of accuracy, they 

are often dependent on an optimisation at the CCSD(T) level,17–19 making them 

impractical for large catalytic systems. 
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Figure 6.2. Solvation energies of TZ(H2O)n clusters as a function of cluster size. The 
three most stable conformations are given on the right-hand side. Figure adapted from 
Hattab et al. (2025).13 
 

    The effects of O vacancies and surface defects on nanoceria-catalysed pyrolysis 

were also neglected in this work so that more attention could be expended on 

computational spectroscopy. Machine learning (ML) models have shown great 

promise in contemporary research on the morphological properties of ceria catalysts; 

particularly, doped ceria, a family of materials whose electronic structure has proven 

challenging to model at the DFT level.20–22 For example, a 2022 study by Pentyala et 

al.20 showed that ML models could successfully predict vacancy formation energies in 

Pd-Zr-substituted ceria. The 2024 work of Barrios Herrera et al.23 further demonstrated 

that ML models could successfully predict the conformational geometry of Ni-doped 

ceria nanoparticles. 

    ML transition state searches have also shown great promise in the field of 

theoretical chemistry. ML-NEB, a transition state search method developed in 2019 by 

Garrido-Torres et al.,24 uses machine learning to construct a simplified “surrogate” 

model of the PES. A classical NEB calculation, its speed greatly increased by the 
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simplicity of the surface, is then performed over the surrogate PES. CatTSunami, a 

2025 ML model developed by Wander et al.,25,26 is capable of performing transition 

state searches at over 25 times the speed of conventional NEB calculations within an 

activation energy accuracy of 91%; a feat made possible due to its training set of over 

900 converged NEB calculations. Building on this work, future studies could utilise 

machine learning models in combination with DFT+U calculations to more effectively 

model the effects of O vacancies and the introduction of dopants on ceria’s reactivity, 

with the goal of helping the development of new sustainable processes in bio-based 

heterogeneous catalysis. 
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A. Appendix 

 

All spectroscopic work relating to the hydrogenation of ALD-1 (Section A.1) was 

undertaken by Zhuoli Wu at the Cardiff Catalysis institute. All experimental analysis 

corresponding to the pyrolysis of SA (Section A.3) was undertaken by the members 

of the Tetiana Kulik Group at the Chuiko Institute of Surface Chemistry in Kyiv, 

Ukraine. 

 

A.1. Experimental Analysis of ALD-1 Hydrogenation 

A.1.1. Reagent Preparation 

10.4 mmol furfural (Sigma Aldrich, 99%), 100.0 mmol methyl isobutyl ketone (Sigma 

Aldrich, ACS reagent, ≥98.5%), and an Amberlyst® A26 Ion Exchange Resin catalyst 

(Sigma Aldrich, 16-50 mesh) were reacted for 2 hours at 393 K in a 35 mL sealed 

glass reactor tube. The solvent was removed via rotary evaporation, giving (E)-1-

(furan-2-yl)-4-methylpent-1-en-3-one (ALD-1) with 96% yield. Gas chromatography 

confirmed a purity of 97.5%. 

 

A.1.2. Hydrogenation Analysis 

Catalytic testing of the hydrogenation of ALD-1 (3.2 mmol) over Pd/Al2O3 (66 mg, 

Sigma Aldrich) and Pt/Al2O3 (66 mg, Sigma Aldrich) nanoparticles was conducted at 

180 °C in a stainless-steel autoclave (50 mL, DG Innovative Engineering Design 

Solutions). Once MIBK (59.3 mmol, Sigma Aldrich) and H2 (<99%, 20 bar, British 

Oxygen Company) had been fed into the reaction vessel, the yields of the 

hydrogenation products were monitored over an 18-hour period via gas 

chromatography-mass spectrometry (GC-MS). 
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A.1.3. Mass Spectrometry

Figure A.1. Mass spectrometry plots of ALD-1, ALD-2, and ALD-3.  
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Pd/Al2O3 
  

Duration (min)   Conversion, ALD-1 Yield, ALD-2 Yield, ALD-3  

1080 100% 0% 100% 

180 100% 0% 100% 

120 100% 1% 100% 

60 100% 7% 95% 

30 100% 28% 71% 

15 100% 49% 53% 

5 100% 69% 28% 

 

Pt/Al2O3   

Duration (min)   Conversion, ALD-1 Yield, ALD-2 Yield, ALD-3  

1080 100% 12% 33% 

180 100% 39% 65% 

120 100% 56% 49% 

60 98% 55% 41% 

30 95% 53% 39% 

15 83% 48% 27% 

5 60% 36% 26% 

Table A.1. Hydrogenation yields over Pd/Al2O3 and Pt/Al2O3. 

 

A.1.4. Nanoparticle Characterisation 

As shown in Figure A.2, the nanoparticles were characterized with a Jeol 2100-JEM 

transmission electron microscope (TEM). The microscope was equipped with a 0.2 

nm Gatan digital camera, a high-angle annular dark-field (HAADF) detector set to 

STEM mode, and a 3D tomographic scanner. A 150 point scan conducted in the 

ImageJ software package1 revealed that the mean diameter of the nanoparticles were 

4.29 nm for Pd/Al2O3 and 2.27 nm for Pt/Al2O3 (Figure A.3). 
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Figure A.2. 0.2 nm resolution TEM images of the Pd/Al2O3 (left) and Pt/Al2O3 (right) 
nanoparticles at 77 K. 
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Figure A.3. Mean diameter of (a) Pd/Al2O3 and (b) Pt/Al2O3 nanoparticles. 

 

A.2. Transition State Analysis, ALD-1 Hydrogenation 

All transition states were identified using the improved dimer method.2,3 Initial guess 

structures were constructed by linearly interpolating the positions of the atoms from 

the coordinates of the optimized intermediates. These structures were then subjected 

to vibrational analysis to identify the dimer axis, a vector along the potential energy 

surface (PES) corresponding to an imaginary vibration mode associated with bond 

formation. Constrained optimizations were then carried out along the dimer axis until 

a transition state was identified, with a trial step size of ±0.01 Å. All optimized 

structures were then subjected to a second round of vibrational analysis to confirm the 

presence of a single order saddle point on the PES. Due to the length of the 

adsorbate’s branching chain, low-intensity imaginary frequencies corresponding to 

methyl group rotations were neglected. Complete raw data sets for chain 

hydrogenation, ring hydrogenation, and the total minimum energy path are provided 

in Tables A.2, A.3, and A.4, respectively. 

 

b) 
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 Chain Hyd. Pd(111) (kJ mol-1) Pt(111) (kJ mol-1) Ru(0001) (kJ mol-1) 

A 0.0 0.0 0.0 

A➡Bα 21.9 33.9 48.8 

A➡Bβ 108.5 131.8 163.9 

Bα 3.2 -27.3 -43.5 

Bβ 86.1 33.3 -41.4 

Bα→C 46.5 33.9 32.7 

Bβ→C 109.9 64.7 22.0 

C -47.5 -91.3 -36.9 

 

Table A.2. Relative ground state energies of all chain hydrogenation elementary steps 

over Pd(111), Pt(111), and Ru(0001). Cells marked with arrows (➡) correspond to 

transition states between two stable intermediates. Steps on the minimum energy path 
are highlighted in light blue for Pd(111), light orange for Pt(111), and light red for 
Ru(0001). 
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 Ring Hyd. Pd(111) (kJ mol-1) Pt(111) (kJ mol-1) Ru(0001) (kJ mol-1) 

A 0.0 0.0 0.0 

A➡B2 57.6 114.0 86.4 

A➡B3 105.7 69.0 138.1 

A➡B4 76.6 77.4 79.6 

A➡B5 96.1 70.0 79.0 

B2 32.0 61.4 55.4 

B3 90.3 -15.3 122.5 

B4 16.5 52.3 37.2 

B5 23.7 31.4 0.1 

B2➡CORTHO 69.1 97.1 134.0 

B3➡CORTHO 392.1 205.5 135.4 

B4➡CPARA 104.7 189.3 122.6 

B5➡CPARA 67.2 114.0 87.0 

CORTHO -10.8 4.5 14.0 

CPARA 11.4 60.6 8.3 

CPARA ➡D2 314.1 326.0 141.4 

CPARA➡D3 36.1 208.3 109.7 

CORTHO ➡D4 51.4 78.4 92.5 

CORTHO ➡D5 66.2 65.4 93.2 

D2 135.7 62.0 39.6 

D3 -18.5 49.1 81.0 

D4 -44.3 7.4 38.2 

D5 -7.0 44.1 62.6 

D2➡E 180.0 134.9 221.7 

D3➡E 58.1 146.8 95.7 

D4➡E 42.8 99.7 91.7 

D5➡E 68.2 136.8 364.6 

E -2.2 33.7 -17.0 

 
Table A.3. Relative ground state energies of all ring hydrogenation elementary steps 

over Pd(111) and Pt(111). Cells marked with arrows (➡) correspond to transition 

states between two stable intermediates. Steps on the minimum energy path are 
highlighted in light blue for Pd(111), light orange for Pt(111), and light red for Ru(0001). 
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 Total Hyd. Pd(111) (kJ mol-1) Pt(111) (kJ mol-1) Ru(0001) (kJ mol-1) 

ALD-1 (g) + 3H2 (g) + * 0.0 0.0 0.0 

ALD-1* + 2H* + 2H2 (g) -249.1 -253.4 -270.9 

(A→Bα) + 2H2 (g) -215.2 -231.5 -222.1 

Bα + 2H2 (g) -276.4 -250.2 -314.4 

(Bα→C) + 2H2 (g) -215.2 -206.9 -238.3 

ALD-2* + 2H2 (g) -340.4 -300.9 -307.9 

ALD-2* + 4H* -411.3 -434.9 -383.6 

A→B2 / A→B5 -353.7 -320.9 -304.6 

B2 / B5 -379.3 -373.6 -383.5 

B2→CORTHO / B5→CPARA -342.2 -337.8 -296.7 

CORTHO / CPARA -422.1 -430.5 -375.3 

CORTHO→D4 / CPARA→D3 -359.9 -356.6 -273.9 

D4 / D3 -455.6 -427.5 -302.7 

D4→E / D3→E -368.5 -335.3 -288.0 

ALD-3* -413.4 -401.3 -400.6 

ALD-3 (g) + * -287.1 -287.1 -287.1 

 
Table A.4. Relative ground state energies of all elementary steps on the minimum 

energy pathway associated with the hydrogenation of ALD-1 to ALD-3 over Pd(111) 

and Pt(111). Cells marked with arrows (➡) correspond to transition states between 

two stable intermediates. Steps associated with chain hydrogenation and ring 

hydrogenation are highlighted in pink and cream, respectively. 

 

A.3. DDEC6 Raw Data 

DDEC6 analysis4,5 was conducted throughout Chapter 3 (Figures A.4 to A.6) and 

Chapter 4 (Figures A.7 and A.10). The Cartesian coordinates (𝑥, 𝑦, 𝑧) and partial 

charges (𝑞) of all adsorbates are given in Tables A.5 to A.11. Due to the ease with 

which charge can be distributed across atoms in a metal slab, the metal atoms 

remained effectively neutral, regardless of adsorbate. In all calculations, the partial 

charge magnitude |𝑞| of every Pd, Pt, and Ru atom in the system was less than 0.05 

units of elementary charge. As such, the partial charges of these elements were 

neglected for brevity. 
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Figure A.4. DDEC6 raw data for the initial ring hydrogenation state over (a) Pd(111) 
and (b) Pt(111). 
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Figure A.5. DDEC6 raw data for the B2→C ring hydrogenation transition state over 
(a) Pd(111) and (b) Pt(111). 

 

  

Pd

O

C

H

a   d     B  C

    t      B  C

Pt

O

C

H



150 
 

 
Figure A.6. DDEC6 raw data for the B3→C ring hydrogenation transition state over 
(a) Pd(111) and (b) Pt(111). 
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Figure A.7. DDEC6 raw data for the initial states for (a) chain and (b) ring 
hydrogenation over Ru(0001). 
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Figure A.8. DDEC6 raw data for the initial states for the (a) B2→C and (b) B3→C 
ortho ring hydrogenation transition states over Ru(0001). 
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Figure A.9. DDEC6 raw data for the initial states for the (a) A→B5 and (b) B5→C para 
ring hydrogenation transition states over Ru(0001). 
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Figure A.10. DDEC6 raw data for the initial states for the IMI-3 intermediate over (a) 
Pd(111) and (b) Ru(0001). 
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A.3.1. Pd(111) and Pt(111) Hydrogenation 

RING – A Pd(111) Pt(111) 

Element 𝒙 (Å) 𝒚 (Å) 𝒛 (Å) 𝒒 (e)  𝒙 (Å) 𝒚 (Å) 𝒛 (Å) 𝒒 (e)  

O 12.84 5.78 14.68 -0.12 13.56 6.76 13.39 -0.15 

O 8.86 8.62 13.99 -0.41 9.47 9.66 13.58 -0.40 

C 7.53 6.00 15.91 0.14 8.10 6.71 15.25 0.14 

C 8.03 7.47 15.94 -0.30 8.50 8.21 15.22 -0.30 

C 10.38 7.00 14.92 -0.26 10.84 7.76 14.08 -0.24 

C 9.07 7.78 14.87 0.48 9.58 8.62 14.23 0.48 

C 11.6 7.91 14.69 -0.18 12.08 8.68 13.97 -0.21 

C 6.87 5.68 14.55 -0.37 7.60 6.25 13.88 -0.37 

C 6.55 5.76 17.07 -0.37 7.02 6.49 16.33 -0.37 

C 12.90 7.16 14.67 0.23 13.33 8.11 13.39 0.30 

C 14.22 7.56 14.6 -0.24 14.50 8.83 13.10 -0.16 

C 15.01 6.36 14.54 -0.16 15.57 7.89 12.76 -0.12 

C 14.13 5.31 14.58 0.03 14.87 6.54 12.76 0.05 

H 8.40 5.34 16.03 0.05 8.99 6.11 15.52 0.04 

H 8.49 7.66 16.93 0.11 8.88 8.49 16.22 0.11 

H 7.18 8.16 15.81 0.12 7.62 8.83 15.02 0.12 

H 10.33 6.26 14.10 0.10 10.72 7.19 13.14 0.10 

H 10.47 6.44 15.86 0.11 10.94 7.03 14.89 0.11 

H 11.47 8.45 13.74 0.07 12.33 9.07 14.98 0.12 

H 11.65 8.69 15.47 0.11 11.81 9.55 13.36 0.11 

H 6.51 4.64 14.52 0.11 7.29 5.20 13.88 0.12 

H 6.01 6.35 14.36 0.11 6.75 6.86 13.54 0.11 

H 7.58 5.82 13.72 0.08 8.39 6.35 13.11 0.09 

H 7.04 5.95 18.04 0.11 7.38 6.81 17.33 0.10 

H 5.68 6.42 16.99 0.11 6.12 7.08 16.09 0.11 

H 6.20 4.72 17.07 0.11 6.74 5.43 16.39 0.11 

H 14.57 8.58 14.56 0.14 13.22 11.69 11.66 0.00 

H 16.09 6.29 14.44 0.13 16.55 7.97 13.24 0.14 

H 14.24 4.23 14.57 0.11 14.67 2.80 11.67 0.00 

H 15.42 3.81 12.15 -0.08 18.15 9.68 11.81 0.00 

H 12.42 5.66 12.08 -0.08 11.83 4.43 11.66 0.01 

H 15.34 5.78 11.89 -0.08 14.61 9.90 13.25 0.15 

H 13.81 8.12 12.04 -0.08 15.36 5.70 13.26 0.10 

Table A.5. DDEC6 raw data for the initial ring hydrogenation state over Pd(111) and 
Pt(111). 
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RING – B2→C Pd(111) Pt(111) 

Element 𝒙 (Å) 𝒚 (Å) 𝒛 (Å) 𝒒 (e)  𝒙 (Å) 𝒚 (Å) 𝒛 (Å) 𝒒 (e)  

O 12.84 5.78 14.12 -0.19 13.66 6.92 13.40 -0.19 

O 8.96 8.79 14.02 -0.41 9.68 9.71 13.49 -0.40 

C 7.59 6.07 15.86 0.14 8.38 6.82 15.27 0.14 

C 8.01 7.56 15.86 -0.31 8.70 8.34 15.19 -0.30 

C 10.43 7.14 14.98 -0.26 11.18 8.05 14.39 -0.26 

C 9.11 7.92 14.87 0.48 9.84 8.77 14.28 0.48 

C 11.63 7.90 14.40 -0.17 12.35 8.95 13.96 -0.18 

C 7.03 5.67 14.49 -0.37 8.03 6.26 13.88 -0.37 

C 6.57 5.80 16.98 -0.37 7.20 6.60 16.24 -0.37 

C 12.95 7.17 14.58 0.19 13.71 8.25 14.02 0.18 

C 14.24 7.69 13.96 -0.10 14.94 8.92 13.43 -0.07 

C 15.00 6.52 13.61 -0.15 15.73 7.89 12.81 -0.14 

C 14.09 5.37 13.59 0.06 14.89 6.63 12.78 0.08 

H 8.49 5.45 16.06 0.05 9.26 6.29 15.66 0.05 

H 8.38 7.83 16.87 0.11 8.96 8.69 16.21 0.11 

H 7.14 8.20 15.64 0.12 7.80 8.90 14.87 0.12 

H 10.29 6.20 14.40 0.12 11.13 7.18 13.71 0.12 

H 10.59 6.83 16.02 0.11 11.31 7.65 15.40 0.10 

H 11.46 8.08 13.32 0.06 12.40 9.85 14.59 0.11 

H 11.71 8.90 14.86 0.11 12.18 9.29 12.93 0.07 

H 6.73 4.61 14.45 0.11 7.77 5.19 13.92 0.12 

H 6.14 6.28 14.23 0.10 7.19 6.81 13.43 0.11 

H 7.77 5.83 13.69 0.08 8.89 6.36 13.18 0.10 

H 6.98 6.05 17.97 0.11 7.43 6.99 17.24 0.11 

H 5.67 6.41 16.83 0.11 6.30 7.12 15.87 0.11 

H 6.27 4.75 16.99 0.12 6.96 5.53 16.32 0.12 

H 13.74 8.38 12.54 -0.03 14.52 10.15 12.23 -0.02 

H 16.07 6.39 13.80 0.13 16.79 7.79 13.08 0.13 

H 14.40 4.39 13.96 0.10 14.63 2.82 11.66 0.01 

H 16.69 3.03 12.17 -0.11 18.17 9.69 11.81 -0.01 

H 13.16 7.10 15.68 0.07 13.96 8.07 15.09 0.07 

H 15.73 5.85 10.56 -0.09 15.41 9.76 13.94 0.13 

H 14.71 8.58 14.35 0.14 15.35 5.72 13.18 0.09 

Table A.6. DDEC6 raw data for the B2→C ring hydrogenation transition state over 
Pd(111) and Pt(111). 
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RING – B3→C Pd(111) Pt(111) 

Element 𝒙 (Å) 𝒚 (Å) 𝒛 (Å) 𝒒 (e)  𝒙 (Å) 𝒚 (Å) 𝒛 (Å) 𝒒 (e)  

O 13.98 8.28 14.55 -0.13 14.82 8.78 13.78 -0.13 

O 8.99 8.82 14.39 -0.42 9.82 9.57 13.41 -0.39 

C 7.56 6.08 16.15 0.15 8.30 6.84 15.23 0.14 

C 8.08 7.54 16.21 -0.31 8.70 8.33 15.12 -0.30 

C 10.45 7.06 15.16 -0.25 11.19 7.87 14.40 -0.25 

C 9.16 7.89 15.19 0.48 9.89 8.66 14.24 0.47 

C 11.67 8.03 15.25 -0.22 12.42 8.72 14.05 -0.21 

C 7.04 5.73 14.75 -0.37 7.95 6.25 13.86 -0.37 

C 6.45 5.90 17.20 -0.37 7.09 6.70 16.18 -0.37 

C 12.95 7.42 14.76 0.35 13.73 7.95 13.96 0.29 

C 13.48 6.11 14.90 -0.26 14.20 6.78 14.82 -0.22 

C 14.87 6.19 14.34 -0.12 15.68 6.80 14.50 -0.16 

C 15.17 7.55 14.12 0.05 15.96 7.99 13.95 0.06 

H 8.39 5.39 16.40 0.04 9.14 6.27 15.66 0.04 

H 8.51 7.72 17.21 0.11 8.94 8.71 16.13 0.11 

H 7.25 8.24 16.06 0.12 7.85 8.92 14.75 0.12 

H 10.48 6.58 14.15 0.10 11.13 7.00 13.71 0.11 

H 10.46 6.30 15.91 0.11 11.25 7.45 15.42 0.10 

H 11.48 8.90 14.65 0.13 12.44 9.63 14.67 0.13 

H 11.77 8.37 16.31 0.11 12.31 9.06 13.00 0.08 

H 6.66 4.70 14.70 0.11 7.65 5.20 13.92 0.12 

H 6.22 6.40 14.45 0.11 7.14 6.82 13.38 0.11 

H 7.84 5.82 13.99 0.09 8.82 6.30 13.17 0.10 

H 6.81 6.13 18.22 0.11 7.31 7.11 17.18 0.10 

H 5.60 6.57 16.98 0.11 6.22 7.25 15.77 0.11 

H 6.07 4.86 17.20 0.12 6.80 5.65 16.29 0.11 

H 12.88 5.39 14.31 0.14 14.04 7.02 15.90 0.12 

H 15.55 5.36 14.20 0.13 16.39 6.01 14.72 0.13 

H 13.40 5.72 15.94 0.15 14.63 2.82 11.66 0.01 

H 16.19 7.87 13.96 0.13 18.10 9.65 11.81 -0.01 

H 12.45 5.55 12.07 -0.08 13.86 7.11 12.44 -0.09 

H 12.56 7.33 12.97 -0.12 13.67 5.85 14.61 0.14 

H 13.81 8.10 11.92 -0.06 16.89 8.44 13.59 0.11 

Table A.7. DDEC6 raw data for the B3→C ring hydrogenation transition state over 
Pd(111) and Pt(111). 
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A.3.2. Ru(0001) Hydrogenation 

Ru(0001) CHAIN – A RING – A 

Element 𝒙 (Å) 𝒚 (Å) 𝒛 (Å) 𝒒 (e)  𝒙 (Å) 𝒚 (Å) 𝒛 (Å) 𝒒 (e)  

O 12.53 5.32 11.26 -0.15 12.38 5.53 12.19 -0.12 

O 9.91 9.57 10.55 -0.34 9.73 9.46 10.92 -0.34 

C 7.69 7.78 12.93 0.14 7.46 7.65 13.03 0.14 

C 8.56 8.96 12.44 -0.27 8.40 8.88 12.84 -0.31 

C 10.62 7.60 11.71 -0.27 10.49 7.50 12.08 -0.26 

C 9.73 8.67 11.51 0.36 9.55 8.67 11.87 0.48 

C 11.95 7.67 11.20 -0.09 11.96 7.96 12.18 -0.18 

C 6.76 7.27 11.82 -0.36 6.65 7.38 11.75 -0.37 

C 6.87 8.21 14.16 -0.38 6.52 7.90 14.22 -0.38 

C 12.87 6.64 10.97 0.26 12.92 6.81 12.19 0.22 

C 14.32 6.74 10.65 -0.21 14.30 6.73 12.18 -0.24 

C 14.73 5.35 10.45 -0.08 14.63 5.33 12.16 -0.16 

C 13.54 4.51 10.66 0.02 13.44 4.64 12.16 0.02 

H 8.35 6.95 13.24 0.05 8.07 6.76 13.25 0.05 

H 9.00 9.47 13.32 0.11 8.87 9.10 13.81 0.12 

H 7.91 9.71 11.94 0.10 7.82 9.75 12.52 0.12 

H 10.65 6.13 9.44 -0.04 10.39 6.85 11.18 0.11 

H 10.30 6.73 12.28 0.12 10.21 6.91 12.95 0.11 

H 12.35 8.67 11.06 0.12 12.09 8.57 13.09 0.10 

H 12.11 8.68 9.23 -0.06 12.19 8.61 11.32 0.10 

H 6.15 6.42 12.15 0.11 5.98 6.51 11.88 0.12 

H 6.08 8.08 11.48 0.10 6.03 8.25 11.48 0.11 

H 7.35 6.93 10.94 0.10 7.32 7.16 10.90 0.10 

H 7.52 8.49 15.00 0.11 7.08 8.05 15.16 0.11 

H 6.24 9.08 13.92 0.11 5.90 8.80 14.05 0.12 

H 6.21 7.40 14.50 0.11 5.84 7.04 14.36 0.12 

H 14.96 7.45 11.18 0.14 14.98 7.57 12.15 0.14 

H 15.74 4.98 10.70 0.14 15.62 4.89 12.12 0.13 

H 13.60 3.53 11.12 0.11 13.17 3.59 12.12 0.10 

H — — — — 13.46 7.80 9.55 -0.05 

H — — — — 10.74 3.11 9.57 -0.05 

H — — — — 12.07 5.45 9.55 -0.04 

H — — — — 14.82 5.43 9.54 -0.04 

Table A.8. DDEC6 raw data for the initial states for chain and ring hydrogenation 
over Ru(0001). 
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Ru(0001) RING – B2→C RING – B3→C 

Element 𝒙 (Å) 𝒚 (Å) 𝒛 (Å) 𝒒 (e)  𝒙 (Å) 𝒚 (Å) 𝒛 (Å) 𝒒 (e)  

O 12.31 5.32 11.93 -0.15 12.49 5.67 11.78 -0.11 

O 9.76 9.52 11.07 -0.36 9.70 9.61 11.17 -0.37 

C 7.44 7.72 13.16 0.14 7.47 7.62 13.16 0.14 

C 8.40 8.93 12.97 -0.31 8.42 8.84 13.06 -0.31 

C 10.42 7.50 12.19 -0.27 10.5 7.55 12.10 -0.25 

C 9.54 8.72 11.99 0.47 9.54 8.74 12.04 0.47 

C 11.89 7.76 11.82 -0.17 11.96 8.02 12.07 -0.21 

C 6.68 7.42 11.86 -0.37 6.69 7.42 11.84 -0.37 

C 6.47 7.99 14.32 -0.38 6.49 7.80 14.34 -0.38 

C 12.82 6.66 12.33 0.17 12.92 6.96 11.63 0.31 

C 14.28 6.63 11.95 -0.09 14.42 6.99 11.82 -0.23 

C 14.60 5.28 11.73 -0.16 14.76 5.52 11.67 -0.14 

C 13.4 4.57 11.62 0.13 13.61 4.82 11.68 0.06 

H 8.05 6.84 13.42 0.05 8.07 6.71 13.35 0.05 

H 8.86 9.17 13.94 0.12 8.90 8.99 14.04 0.12 

H 7.83 9.82 12.64 0.12 7.84 9.75 12.83 0.12 

H 10.02 6.70 11.52 0.12 10.3 6.95 11.19 0.11 

H 10.33 7.12 13.22 0.11 10.29 6.91 12.97 0.11 

H 12.24 8.71 12.24 0.11 12.27 8.37 13.08 0.11 

H 12.00 7.86 10.72 0.09 12.06 8.89 11.40 0.11 

H 6.00 6.56 11.99 0.11 6.02 6.55 11.90 0.11 

H 6.08 8.29 11.54 0.11 6.09 8.31 11.60 0.11 

H 7.37 7.17 11.04 0.10 7.39 7.24 11.00 0.10 

H 7.01 8.16 15.27 0.11 7.03 7.91 15.29 0.11 

H 5.85 8.88 14.11 0.11 5.87 8.70 14.18 0.11 

H 5.79 7.13 14.46 0.12 5.82 6.93 14.42 0.12 

H 14.97 7.42 12.23 0.13 14.92 7.64 11.09 0.12 

H 15.58 4.86 11.54 0.14 15.77 5.11 11.61 0.14 

H 13.22 3.52 11.42 0.10 13.37 3.77 11.62 0.12 

H 14.82 5.44 9.47 -0.04 13.18 7.50 9.81 -0.09 

H 10.77 3.11 9.58 -0.06 10.75 3.10 9.57 -0.06 

H 12.75 6.65 13.44 0.07 12.05 5.43 9.50 -0.05 

H 14.28 7.28 10.13 -0.09 14.67 7.37 12.82 0.14 

Table A.9. DDEC6 raw data for the initial states for the B2→C and B3→C ortho ring 
hydrogenation transition states over Ru(0001). 
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Ru(0001) RING – A→B5 RING – B5→C 

Element 𝒙 (Å) 𝒚 (Å) 𝒛 (Å) 𝒒 (e)  𝒙 (Å) 𝒚 (Å) 𝒛 (Å) 𝒒 (e)  

O 12.23 5.46 11.92 -0.13 12.87 5.45 12.20 -0.16 

O 9.68 9.52 11.10 -0.37 10.14 9.45 10.93 -0.34 

C 7.41 7.64 13.13 0.14 7.97 7.86 13.24 0.14 

C 8.36 8.87 13.01 -0.31 9.03 8.98 13.01 -0.30 

C 10.40 7.49 12.15 -0.26 10.92 7.45 12.02 -0.25 

C 9.49 8.70 12.01 0.48 10.04 8.68 11.91 0.47 

C 11.89 7.88 12.12 -0.20 12.4 7.85 12.25 -0.20 

C 6.64 7.42 11.81 -0.37 7.15 7.60 11.96 -0.37 

C 6.43 7.84 14.30 -0.38 7.05 8.26 14.41 -0.37 

C 12.80 6.69 12.10 0.28 13.35 6.71 12.05 0.31 

C 14.18 6.57 12.20 -0.24 14.7 6.74 11.70 -0.26 

C 14.50 5.21 12.05 -0.11 15.12 5.40 11.49 -0.02 

C 13.28 4.54 11.72 0.08 14.01 4.53 12.01 0.02 

H 8.01 6.74 13.33 0.05 8.50 6.94 13.51 0.05 

H 8.83 9.04 13.99 0.12 9.60 9.12 13.95 0.11 

H 7.79 9.77 12.74 0.12 8.53 9.93 12.76 0.12 

H 10.19 6.84 11.28 0.11 10.84 6.92 11.05 0.11 

H 10.16 6.91 13.06 0.11 10.58 6.78 12.81 0.11 

H 12.14 8.52 12.98 0.12 12.52 8.26 13.27 0.12 

H 12.07 8.49 11.21 0.11 12.68 8.65 11.55 0.12 

H 5.97 6.55 11.87 0.11 6.39 6.82 12.14 0.12 

H 6.04 8.30 11.55 0.11 6.63 8.51 11.63 0.11 

H 7.35 7.24 10.98 0.10 7.79 7.26 11.13 0.10 

H 6.97 7.95 15.26 0.11 7.63 8.43 15.33 0.11 

H 5.81 8.74 14.15 0.11 6.50 9.18 14.18 0.11 

H 5.76 6.97 14.39 0.12 6.32 7.46 14.61 0.12 

H 14.87 7.40 12.33 0.15 15.27 7.64 11.51 0.15 

H 15.49 4.76 12.01 0.13 14.88 5.19 9.77 -0.04 

H 13.02 3.51 11.95 0.11 13.68 3.72 11.34 0.09 

H 13.47 7.79 9.55 -0.06 13.41 7.80 9.54 -0.07 

H 10.75 3.10 9.58 -0.06 14.25 4.11 13.01 0.10 

H 13.25 4.41 10.29 -0.01 12.10 5.43 9.56 -0.06 

H 14.83 5.46 9.49 -0.04 16.16 5.07 11.48 0.12 

Table A.10. DDEC6 raw data for the initial states for the A→B5 and B5→C para ring 
hydrogenation transition states over Ru(0001). 
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A.3.3. Pd(111) and Ru(0001) Amination 

IMI-3 Pd(111) Ru(0001) 

Element 𝒙 (Å) 𝒚 (Å) 𝒛 (Å) 𝒒 (e)  𝒙 (Å) 𝒚 (Å) 𝒛 (Å) 𝒒 (e)  

N 12.66 8.52 15.62 -0.55 8.79 10.69 12.93 -0.55 

O 9.67 4.54 15.11 -0.24 10.39 6.01 12.21 -0.22 

C 15.02 5.66 15.27 0.13 12.48 10.91 12.62 0.13 

C 14.50 7.05 14.84 -0.26 11.07 11.33 12.15 -0.26 

C 12.00 6.37 14.72 -0.19 10.20 8.90 12.11 -0.21 

C 13.05 7.40 15.13 0.35 9.94 10.35 12.46 0.35 

C 10.55 6.82 14.94 -0.19 8.96 8.00 12.22 -0.19 

C 14.93 5.48 16.80 -0.37 12.52 10.69 14.14 -0.38 

C 16.46 5.48 14.78 -0.35 13.51 11.97 12.19 -0.37 

C 9.52 5.81 14.45 0.20 9.20 6.60 11.68 0.22 

C 8.04 6.19 14.65 -0.20 8.08 5.56 11.89 -0.21 

C 7.32 4.81 14.74 -0.16 8.83 4.21 12.00 -0.17 

C 8.49 3.80 14.75 0.06 10.31 4.62 11.86 0.06 

H 14.39 4.89 14.78 0.04 12.74 9.96 12.12 0.04 

H 14.63 7.11 13.73 0.07 11.09 11.45 11.05 0.08 

H 15.15 7.83 15.27 0.09 10.82 12.32 12.57 0.09 

H 12.19 5.42 15.26 0.11 11.00 8.51 12.76 0.11 

H 12.17 6.12 13.65 0.06 10.62 8.85 11.09 0.08 

H 10.38 7.77 14.39 0.09 8.13 8.44 11.64 0.10 

H 10.38 7.04 16.00 0.10 8.62 7.94 13.26 0.10 

H 15.30 4.49 17.10 0.11 13.53 10.38 14.47 0.11 

H 15.54 6.24 17.31 0.11 12.27 11.63 14.67 0.11 

H 13.89 5.58 17.16 0.11 11.80 9.93 14.47 0.11 

H 16.52 5.60 13.68 0.07 13.49 12.12 11.09 0.09 

H 17.13 6.23 15.23 0.11 13.29 12.94 12.66 0.11 

H 16.85 4.48 15.03 0.11 14.53 11.67 12.47 0.11 

H 7.92 6.77 15.58 0.10 7.53 5.80 12.81 0.10 

H 6.66 4.63 13.88 0.06 8.54 3.51 11.20 0.08 

H 8.38 2.97 15.47 0.07 11.02 4.06 12.50 0.08 

H 6.71 4.74 15.65 0.09 8.64 3.72 12.96 0.09 

H 9.69 5.63 13.34 -0.01 9.38 6.70 10.54 0.01 

H 7.67 6.80 13.81 0.06 7.36 5.59 11.05 0.08 

H 8.64 3.37 13.73 0.01 10.66 4.49 10.79 0.03 

H 13.47 9.12 15.83 0.24 8.76 11.70 13.11 0.24 

H 13.86 8.05 12.07 -0.07 8.00 12.40 9.57 -0.05 

H 12.46 10.49 12.17 -0.08 9.34 10.05 9.54 -0.04 

Table A.11. DDEC6 raw data for the IMI-3 intermediate over Pd(111) and Ru(0001). 
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A.4. Transition State Analysis, Amination 

To ensure consistency across the reaction profile for reductive amination, the same 

dimer method settings were used for both the hydrogenation (Section A.2) and 

amination steps.  

 

 Ketone → Hemi  Pd(111) (kJ mol-1) Ru(0001) (kJ mol-1) 

A 0 0 

A→BN 196.5 97.9 

BN 158.9 6.94 

BN→C 184.8 187.2 

BO→C   

C 35.0 70.3 

Table A.12. Relative ground state energies of all elementary steps associated with the 
dehydrogenation of ALD-3 to HEM-3 over Pd(111) and Ru(0001). Cells marked with 
arrows (→) correspond to transition states between two stable intermediates. 
 

 Hemi → Imine  Pd(111) (kJ mol-1) Ru(0001) (kJ mol-1) 

A 0.0 0.0 

A→B 78.9 83.9 

B 21.5 -73.5 

Table A.13. Relative ground state energies of all elementary steps associated with the 
dehydrogenation of HEM-3 to IMI-3 over Pd(111) and Ru(0001). Cells marked with 
arrows (→) correspond to transition states between two stable intermediates. 
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 Imine → Amine Pd(111) (kJ mol-1) Ru(0001) (kJ mol-1) 

A 0.0 0.0 

A➡BN 50.9 58.7 

A➡BC 245.1 152.4 

BN -41.9 -7.5 

BC 151.1 -40.1 

BN→C 40.1 75.6 

BC→C 208.1 217.6 

C 13.4 11.2 

 
Table A.14. Relative ground state energies of all elementary steps associated with the 
hydrogenation of IMI-3 to AMI-3 over Pd(111) and Ru(0001). Cells marked with arrows 

(➡) correspond to transition states between two stable intermediates. Steps on the 

minimum energy path are highlighted in light blue for Pd(111) and light red for 
Ru(0001). 
 

A.5. Experimental Analysis, SA Pyrolysis 

A.5.1. Preparation of Reagents 

Nanosized ceria (99.5%) and SA (≥98%) were purchased from Sigma-Aldrich. CeO2 

was pre-calcined at 500 °C for 2 h to remove organic matter. A series of SA/CeO2 

samples (0.1, 0.3, 0.6, 0.9, and 1.2 mmol g–1) were prepared by impregnating CeO2 

(100 mg) with SA ethanolic solution (2 mL). The suspensions were stirred and dried 

at room temperature in air. SA was immobilized on the catalyst’s surface in 

concentrations of 0.1 – 1.2 mmol g–1. 

 

A.5.2. Spectroscopic Details 

In situ diffuse reflectance Fourier-transform infrared (DRIFTS) spectroscopy was 

conducted using a Thermo Nicolet Nexus FT-IR spectrometer equipped with a Nexus 

Smart Collector. Spectra were recorded from 20 °C to 470 °C at intervals of 30 °C. All 

spectra were recorded over a range of 4000 – 400 cm−1. The spectroscopic resolution 

was ±4 cm−1, the total number of scans was 50, and the scan velocity was 0.5 cm s–1. 

Before any FT-IR spectra were taken, the CeO2 and SA/CeO2 samples were mixed 

with KBr (≥ 99%, Alfarus, Kyiv, Ukraine) in a 1:10 ratio. Pure SA was mixed with KBr 

at a ratio of 1:100. KBr was pre-calcined at 500°C for 2 h. 
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    TPD-MS spectra were taken with an MX-7304 monopole mass spectrometer 

(Electron, Sumy, Ukraine) with an electron ionization beam, re-equipped for thermal 

desorption measurements.31 At the beginning of each reading, 15 mg samples were 

placed in a quartz-molybdenum ampoule and pumped at room temperature to a 

pressure of 5×10–5 Pa. Heating was increased from room temperature to 750 °C at a 

programmed linear rate of 0.17°C s–1. Volatile thermolysis products entered the 

ionization chamber of the mass spectrometer and were ionized and fragmented under 

the action of electrons. The range of the investigated masses was 1 – 220 a.m.u. The 

slow heating of the sample and the high pumping rate of volatile thermolysis products 

made it possible to neglect diffusion effects. Under these conditions, the intensity of 

the ion current was proportional to the rate of desorption. 

    Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) were 

conducted using a TGA/DTA analyzer (Q-1500D, Budapest, Hungary). 100 mg 

samples were heated from room temperature to 1000 °C in an air atmosphere at a 

linear rate of 10 °C min–1. 

 

A.5.3. Thermal Analysis 

As shown in Figure A.11, the TG and DTG plots plateaued at 450 °C, suggesting that 

the bulk of thermal decomposition occurs before this temperature is reached. 87.8% 

of the SA was converted into volatile products, with the remaining 12.2% being 

converted into coal. Supplemental temperature programmed desorption (TPD) plots 

are provided in Figure A.12. As shown in Figure A.13, the vapour pressure during 

pyrolysis was at its highest between 250 and 450 °C, suggesting that gasification of 

the products was at its most intense in this temperature range. 
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Figure A.11. Differential thermal analysis (DTA, red), differential thermogravimetric 
analysis (DTG, black), and thermogravimetric (TG, blue) plots for SA over CeO2.
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  a) 

  b) 
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Figure A.12. TPD curves for each ion by their mass-to-charge ratio: (a) 154, 139, 111, 
96, 93; (b) 180,165, 137; (c) 168, 153, 125, 110, 95.   
 
 

 

   
Figure A.13. Vapour pressure of the pyrolysis products as a function of temperature.  

  c) 
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