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Abstract 

Zeolites are a unique type of heterogenous catalysts that have soared in importance 

since their initial use within industry in the 1950’s, largely due to their ability to be shape-

selective. Octahedral manganese oxides are another type of heterogenous catalyst that 

have emerged in significance and have been identified recently to be highly active and 

selective in the hydrogenation of α, β-unsaturated aldehydes. In this thesis, using density 

functional theory (DFT) and Molecular Dynamics (MD), we conducted numerous studies 

aiming to understand heterogenous catalytic reactions over zeolites and two different 

octahedral manganese oxides. 

To further understand shape-selectivity in zeolites, a complete free energy profile 

for different chain-sized alkynes in Cu-SSZ-13 was studied, using DFT and biased MD 

calculations. The results unequivocally show that the alkyne with size most 

commensurable to the hole to be thermodynamically favoured to adsorb. In addition, the 

elongation of the chain by just one methylene group from the optimum size has a major 

negative impact on the free energy within the zeolite. Finally, the effect of van der Waals 

(vdW) forces was quantified for the optimally sized alkyne. It was found that without the 

inclusion of vdW interactions, the molecule will not enter the hole from a thermodynamic 

perspective.  

To identify the reaction mechanism for selective hydrogenations of α, β-unsaturated 

aldehydes on manganese oxides, a thorough investigation of the possible mechanisms 

was conducted on birnessite (OL) and cryptomelane (OMS-2).  

Using acetaldehyde as the substrate molecule, the mechanism on Birnessite, is 

proposed to proceed via a solvent assisted Eley-Rideal mechanism with molecular 

hydrogen in the liquid phase. Birnessite has no available adsorption site without the 

introduction of an oxygen vacancy and a traditional Langmuir-Hinshelwood style 



v 
 

mechanism cannot occur because substrate adsorption within the vacancy is too large, 

which effectively poisons the catalyst. Furthermore, the solvent molecule is more 

thermodynamically favoured to fill the vacancy and also more likely from a concentration 

perspective.  

The selectivity of the reaction is also found to be influenced by the choice the 

solvent used when using cinnamaldehyde as the chosen α, β-unsaturated aldehyde. The 

formation of the unsaturated alcohol, cinnamyl alcohol, is favoured in pure methanol, 

whilst formation of the saturated aldehyde, hydrocinnamaldehyde, is favoured in water / 

methanol (10:1). The change in selectivity is reported to be governed by the hydrogen 

distance from the surface and the ability of the hydrogen molecule to diffuse within 

solution. 

On cryptomelane, the catalytic surface has an open adsorption spot for the 

acetaldehyde substrate. The adsorption on this site is not too strong and thus the 

hydrogenation reaction can occur via a traditional Langmuir-Hinshelwood mechanism. 

It is proposed that the reaction is most likely to occur via a Horiuti-Polanyi Mechanism 

where the hydrogen molecule dissociates on the surface. Finally, for cinnamaldehyde, a 

simple investigation found that the adsorption geometry of the molecule can have a 

profound impact on the reaction barriers for CC or CO hydrogenation. The reaction 

favours hydrogenation at the CC bond when the molecule is adsorbed horizontally across 

the surface, whilst the reaction barrier is smaller for the CO bond when adsorbed 

vertically and perpendicular to the surface. 
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Abstract 

In this opening chapter, we give a succinct overview of all the main subjects being 

presented within this thesis. A brief history of catalysis is provided, focusing primarily 

on heterogenous catalysis which is the focus of this work. Secondly, within heterogenous 

catalysis, a concise synopsis of zeolites is discussed highlighting their increasing 

importance within the field of chemistry. Finally, a short introduction into metal oxides 

and why they are important within catalysis is included. 

1.1 A Brief introduction into catalysis 

The term catalysis was first coined in 1836 by Swedish chemist Jöns Jakob 

Berzelius. In his famous paper he wrote:  

“the catalytic power seems actually to consist in the fact that substances are able 

to awake affinities, which are asleep at a particular temperature, by their mere 

presence and not by their own affinity.” 1-2 

The notion that the presence of substances within a reaction could increase the 

ability of others to react was supported by Ludwig Wilhelmy, in 1850 and Augustus 

Harcourt, in 1866, when studying the addition of acids to sugar cane and clock reactions 

respectively.3-4 By the early 19th Century, there was sufficient experimental evidence to 

propose that certain materials could influence the rate of a reaction without being 

consumed. An example being the work of Humphry Davy who was able to oxidise a 

combustible gas with atmospheric oxygen and a platinum surface without the production 

of a flame. In the late 19th Century Wilhelm Ostwald defined the rate of a chemical 

reaction and in his Nobel prize lecture stated:  

“catalytic action consists in the modification, by the acting substance, the 

catalyst, of the rate at which a chemical reaction occurs, without that substance itself 

being part of the end-products formed.” 2 
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The ability to investigate the mechanisms of catalysis became applicable in the 

1920s following the pioneering work into adsorption and kinetics by Langmuir (1915) 

and Hinshelwood (1927).5 These concepts combined with the advancement of 

experimental techniques, including greater and more intricate spectroscopic techniques, 

make it possible for chemists to study and probe reactions at the microscopic level.  

A catalyst speeds up the rate of chemical reactions by providing an alternative 

reaction pathway with a lower energy barrier. The catalyst provides a surface to which 

reacting molecules can bond, which can significantly help the reaction to proceed and 

form the products. The products can then dissociate from the surface leaving the same 

unchanged surface which can then take part in the reaction again. This creates a cycle 

which in principle can be continuous and never-ending in an ideal environment as shown 

in Figure 1.1 below.  

 

 

Figure 1.1 Reaction energy pathway for a non-catalysed and catalysed reaction showing the 

adsorption and desorption processes.5 Adapted from Ref [5] 
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The field of catalysis is commonly separated into three main areas: 

1. Heterogenous Catalysis – the catalyst is present in a different phase from that of 

the reactant and the site of catalysis is typically at a surface.  

 

2. Homogenous Catalysis – the catalyst functions in the same phase as the reactant. 

(i.e. liquid/liquid or gas/gas) 

 

3. Enzyme Catalysis – the catalysts are extremely specific and specialised enzymes. 

(e.g. enzymatic proteins.) 

 

Heterogenous catalysis is the most dominant form of catalysis accounting for ~90% 

of all chemical reactions and is of great importance within a large array of biological and 

chemical industries.6,7 These catalysts are employed to help reduce the dangers of needing 

high temperatures and pressures but also from an economic perspective in reducing costs. 

They are used in various well-known reactions within modern society including ammonia 

synthesis8,9,10,11 , CO oxidation12,13,14 and the Fischer-Tropsch reaction. 15,16,17,18 The 

advancement of science and innovative engineering has enabled the use of new materials 

to act as heterogenous catalysts. The conventional catalysts of pure transition block 

metals19,20,21 are now in competition with more exciting and complex materials, for 

example, zeolites22,23 and carbon nanotubes.24,25 
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1.2 Heterogenous Catalysis 

1.2.1 Adsorption & Desorption 

In heterogenous catalysis, the processes of adsorption and desorption are crucial to 

the overall mechanism. When reactant molecules approach a surface, they begin to 

interact with the orbitals and electronic states of the material. When the adsorbate is far 

from the surface, the bonding is weak and the main type of bonding is physisorption, 

primarily through van der Waal forces. On the other hand, when the molecule is closer to 

the surface, the bonding is much stronger and is dominated by chemisorption, where 

chemical bonds are formed between overlap of their electron clouds. The orbitals of the 

adsorbate and the orbitals of the surface mix to form a chemical bond.  There can be a 

fine balance between these forces because if the overall bonding is too strong, the 

molecules may become cemented to the surface. This can prevent any reaction taking 

place at all between adjacent adsorbates but can also poison the catalyst rendering it futile. 

Oppositely, if the adsorption is too weak, the molecule may not stay on the surface long 

enough for the chemical reaction to take place. The strength of adsorption can be 

calculated from the change in potential energy of a system as a function of distance.26 

                                    ∆𝐸(𝑧) = 𝐸'()(𝑧) 	− 𝐸'()(∞)		                                      (1.1) 

Where ∆𝐸 is the total energy, 𝐸'() is the potential energy and 𝑧	is the distance.  

It is also imperative to measure the rate of adsorption and desorption. In 

heterogenous catalysis, the Langmuir isotherm is one of the most extensively used to 

understand the rates of adsorption and desorption.27 The Langmuir isotherm relates the 

coverage with the free energy and gas-phase pressure of an adsorbate. The adsorption 

model has several basic assumptions:28 

1. The surface is perfectly uniform. 

2. All the possible adsorption sites are equivalent. 
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3. Each site can only contain one adsorbate and are localised on the surface. 

4. There are no interactions between neighbouring adsorbates. 

An equation for the adsorption of a molecule can be written based on these 

assumptions:  

                                                𝐴. + 𝑆	 ↔ 𝑆𝐴23                                                 (1.2) 

Where 𝐴. is the adsorbate in the gas phase, S is the surface and 𝑆𝐴23 is the 

adsorbate bonded to the surface.  

The rate of adsorption and desorption can be written as: 

                                               𝑟23 = 	𝑘23𝑝7	[𝑆]																																																								(1.3) 

 

                                                𝑟3 = 	𝑘3	[𝐴23]                                                    (1.4) 

Where 𝑟23, 𝑘23, 𝑟3 and 𝑘3  are the rates and constants of adsorption and desorption 

respectively. 𝑝7 is the partial pressure of A, [S] is the concentration of surface sites and  

[𝐴23] is the adsorbed concentration of A. 

In the late 19th Century, the Arrhenius equation was derived to quantify the 

relationship between temperature and the rate of a reaction:29                                           

																																																																			𝑘 = 𝐴𝑒;<
=2
>?@																																																											(1.5) 

Where k is the rate, A is a pre-exponential constant, Ea is the activation energy, R 

is the universal gas constant and T is the temperature.  

It is logical to understand that increasing the reaction temperature will increase the 

rate of a reaction. The molecules have more kinetic energy that will increase the number 

of collisions. This in turn produces more successful collisions with the required activation 

energy for a reaction to occur. Indeed, collision theory can also be used to determine the 

rates of reaction through the Hertz–Knudsen equation:30ab-31                                                 

																																																													𝑟23 = 	
𝑃7𝐴	

E2𝜋𝑚𝑘I𝑇
𝑆(																																																			(1.6) 



Chapter 1 – General Introductions 

7 
 

         Where 𝑟23 is the rate of adsorption, 𝑃7 is the pressure of the particles, A is the 

surface area, 𝑆( is a sticking coefficient, m is the mass and 𝑘I is the Boltzmann constant.  

The final method to be discussed in determining the adsorption and desorption 

properties is using Molecular Dynamics (MD). This approach allows computational 

chemists to visualise the probable movement of molecules at the atomic level through 

simulations.32,33 They also give an insight into which molecules are likely to 

preferentially adsorb over another. MD simulations are also extremely useful for 

analysing solid-liquid interfaces and the interaction between different adsorbates in 

solution. The simulations can be combined with various computational techniques 

including Density Functional Theory and Force Fields to accurately depict the movement 

of molecules. 34,35 The benefits of this approach are that the thermodynamic properties 

and behaviour of the system can be incorporated into the simulation. This can help enable 

a more real-life analysis of the adsorption and desorption processes which can’t be seen 

efficiently from experimental analysis. In this thesis, MD simulations are used throughout 

including a biased technique known as Umbrella Sampling.36  

1.2.2 Surface Mechanisms  

The investigations into the processes of adsorption and desorption have yielded the 

discovery of three different reaction mechanisms, that account for the majority of 

heterogenous catalytic reactions.  

1. The Langmuir-Hinshelwood Mechanism (LH mechanism) 

This mechanism is based largely on Langmuir’s adsorption isotherm and is the most 

popular mechanism observed within catalysis, especially on metal surfaces.37,38,39 In this 

type of reaction, both reactant molecules adsorb to the surface of the catalyst. The surface 

facilitates diffusion of the molecules where they can react and desorb. The reaction rate 

is determined by: 
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                                                 𝐴23 +	𝐵23 ↔ 𝐴𝐵23                                          (1.7)                                

                                                   𝑟MN = 𝑘𝜃7𝜃P                                                    (1.8) 

Where 𝑟MN is the rate, k is a rate constant and 𝜃7, 𝜃P alluding to the coverage of 

reactant A and B.  

The reaction is optimised when there are stoichiometric amounts of reactants A and 

B on the surface and can disperse entirely across the surface. As mentioned previously, 

the strength of adsorption is critical for reactions of this type in order to increase the 

reactivity. The Langmuir-Hinshelwood mechanism is common practice in the oxidation 

of CO to CO2.40,41,42 

2. The Eley-Rideal mechanism (ER mechanism) 

In a reaction of this type, a molecule in the gas phase reacts with a molecule already 

adsorbed on the surface, subsequently followed by desorption of the product.43-44 The 

reaction rate can be described by: 

                                             𝐴. +	𝐵23 ↔ 𝐴𝐵23                                                (1.9)                                        

                                                  𝑟=> = 𝑘𝜃P𝑃7                                                  (1.10) 

Where 𝑟=> is the rate, k is a rate constant and 𝜃P, 𝑃7 alluding to the coverage of 

reactant B and the partial pressure of A. 

The reaction is enhanced when the coverage of A and partial pressure of B are both 

high. The hydrogenation of CO2 to give methanol, in which H2 is the adsorbed species is 

an example of an Eley-Rideal mechanism.45 

3. Mars-Van Krevelen mechanism (MvK mechanism) 

The Mars-Van Krevelen mechanism is perhaps the least well-known and most 

uncommon in surface catalysis. In reactions of this type, the catalytic surface takes part 

in the reaction mechanism. It was discovered that in a two-step process, an adsorbed 

aromatic compound was oxidised by an oxygen in the surface lattice first, before further 
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oxidation in the gas phase from another reactant.46 The overall process therefore consists 

of a reactant A adsorbing to the surface, reacting with the surface (reaction 1) and then 

finally this surface-reactant A reacting with the other reactant B in the gas phase (reaction 

2). The reaction rate can be determined by: 

                                               𝑟RST = 𝑘𝜃U7𝑃UP                                                (1.11) 

Where 𝑟RST is the rate, k is a rate constant and 𝜃U7, 𝑃UP alluding to the coverage of 

reactant A in reaction 1 and the partial pressure of B in reaction 2. 

In contrast to the other two mechanisms, when this reaction is completed a vacancy 

is left on the surface. This is typically either filled by reactant A or from diffusion of 

species from bulk to surface. CO oxidation under high pressure using a platinum surface 

is an example of a Mars-van Krevelen reaction.47-48 

1.2.3 Adsorbate-Adsorbate interactions 

There are often numerous free sites available on a surface and these can 

theoretically all be filled by reactant particles. The adsorption of many molecules and 

their presence near each other can have an effect on their adsorption energy as well as 

their bonding geometry.49-50 The effect can be either  positive or negative for the reactant 

molecules adsorption energy. It has been found both experimentally and theoretically, 

that CO adsorbate-adsorbate reactions are repulsive on metal surfaces and cause a 

weakening of adsorption energies. 51,52,53 The change in adsorption energy can therefore 

have an impact on the reaction barrier as it can greatly change the adsorption and 

desorption processes.52 If the molecules are not bonded in direct vicinity to each other the 

interactions can be attractive.25 

1.2.4 Solvent effects 

The choice of solvent can have a large impact on the kinetics, mechanisms and 

selectivity of a reaction. In catalysis, there are many solvent properties that can influence 
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the reaction which include polarity, mass transfer, hydrogen bond donating and hydrogen 

bond accepting ability.54 The Kamlet-Taft parameters can be used to measure polarity in 

terms of, polarizability π*,hydrogen bond accepting ability β and hydrogen bond donating 

ability α.55 Chase et al. found that the β-property of the solvent’s polarity greatly affected 

the ability of iron pentacarbonyl (IPC) to catalyse the photo-assisted isomerisation of allyl 

alcohol. 56 Solvents with a high β value were observed to compete in the bonding to the 

catalyst inhibiting the reaction.  

Solvents can coordinate, for example via hydrogen bonds, to reactant molecules and 

transition states which can stabilise them and change the preferential path of a reaction.  

An example is in the hydrogenation of CO2 were water actually reacts with the starting 

material to form HCO3-. 54, 57 A solvent that stabilises a specific transition state over a 

competing transition state can control the selectivity of a reaction.  

Solvents can also coordinate or interact with the catalyst surface, blocking a 

potential binding site or effecting the coordination geometry of a reactant at another site 

in close vicinity. Mosconi et al. reported that the performance of dye-sensitised solar cells 

(DSSCs) depended hugely on the adsorption geometry of the dye on the surface. It was 

stated that the coordination of water on the surface greatly impacts the adsorption 

geometry and adsorption energy of the dye when compared to in vacuo.58  

Solvents have an abundant of parameters that can affect reactions and play a 

monumental role in heterogenous catalysis. They have the ability to inverse selectivity, 

alter the catalytic properties of the surface and increase the rate of reactions. It is therefore 

very important for scientists to choose wisely when selecting a catalyst for a certain 

chemical process.  
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1.3 Zeolites 

The first results chapter (Chapter 3) is concerned with reactant shape-selectivity in 

zeolites when different chain length alkynes are adsorbed in Cu-SSZ-13. The difference 

in free energies for these alkynes were calculated in the gas phase, the zeolite hole and at 

the copper adsorption site. The differences in free energy were calculated and compared. 

Alkynes were chosen because their bonding with Cu is large enough to enable 

comparative differences in free energy. The aim of this section is to introduce why 

zeolites are so extensively studied and to give a brief introduction into the work I have 

conducted on them. 

1.3.1 Introduction to Zeolites 

In 1756, the term ‘zeolite’ was first coined by Swedish mineralogist Axel Fredrik 

Cronstedt and to this day they still play a large role in chemical research.59 This is 

emphasised by the increase in papers containing zeolites, which has surged dramatically 

over the past ten years.  

 

Figure 1.2     A plot showing the relative rise in number of publications per year between 2005 

and 2018, referring to zeolites as found on the ISI Web of Knowledge.60 
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Currently, there are now a total of 232 individual zeolite structures, many of which 

occur naturally.61 Zeolites belong to the “molecular sieve” family of chemistry and are 

microporous crystalline solids with intricate three-dimensional structures. 62 The primary 

structural units of zeolites are usually AlO4 or SiO4 tetrahedral units which assemble to 

form cages or rings of different sizes. These can range from small 6-membered (6MR) to 

large 12 membered (12MR) cages with pore sizes from 0.3 to 1.0nm.63 In the 1970’s, 

Meier and Olson proposed the use of framework types (CHA, FAU, LTA) to assign 

different zeolites with distinct features, including composition, ring size, channels, pore 

size etc.64 A number of these are shown in Figure 1.3 below.  

 

Figure 1.3 The framework types of some representative zeolite structures. (a) MOR framework 

type and its 12-ring channel, (b) SFN and its 14-ring channel, (c) FER and its 10-ring channel 

and (d) SSO and its 18-ring channel.65  Adapted from Ref [64] with permission from Royal 

Society of Chemistry.  
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Zeolites have been utilised in industry from as early as the 1950’s using a FAU-

type zeolite in oil refining and their importance in industry and catalysis has only 

continued to expand. 66-67 

1.3.2 Zeolite Catalysis 

After the first synthetic routes for creating a zeolite were discovered by Barrer, 

Milton and co-workers, the great potential for zeolites to be used in catalysis were 

recognised.68 There are a huge array of different industrial reactions that now employ 

zeolites with the largest consumer being the fluidised catalytic cracking process.68 Their 

applications include molecular growth reactions, for example aromatic alkylation 

reactions in addition to molecular isomerisation reactions. The reason zeolites are so 

useful is because Lewis and Bronsted acid sites can be readily formed within their 

framework.69 

1. Brønsted Acid sites 

As mentioned earlier, zeolites typically contain SiO4 tetrahedral units. It is possible 

to replace Si atoms with Al atoms to create a Brønsted acid site. With aluminium only 

possessing a 3+ charge as opposed to the 4+ change of silicon, a H atom must be 

introduced to keep the solid neutral.62-70 The acidity and reactivity of a zeolite is linked 

to their Si/Al ratios. The acidity is also linked to the distribution and position of the Al 

sites. Various studies have found that Al atoms choose to adopt a position in the 

hemisphere of the cage.71,66 It is also important to acknowledge Löwenstein’s rule of 

‘aluminium avoidance’ when exchanging Al atoms during modelling, i.e. no Al-O-Al 

chains.72 This rule is generally respected, however there are a few exceptions in the 

literature, for example, in anhydrous conditions in the acidic form of a zeolite.73 
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2. Lewis Acid sites 

A Lewis acid site is typically created in a zeolite by metal ion exchange within the 

zeolite. The most popular metal ions used are iron or copper which can generate 

numerous different oxidation states for molecular adsorption. In computational 

chemistry, a lot of care needs to be put into the modelling of the zeolite, as often there 

are numerous positions for the metal ion to exchange. It is particularly prevalent in Fe 

exchanged zeolites as there are four different locations and structures that have been 

reported. 74-75 In Cu-SSZ-13, there are eight different positions for the Cu2+ ion as reported 

by Göltl et. al. (Figure 1.4)76 It was found that the Cu ion was most stable within the 6-

MR. The metal centres allow a large diversity of molecules to adsorb on zeolites rather 

like the traditional flat metal surfaces seen prior in catalysis. 

 

Figure 1.4 The eight different copper ion positions in Cu-SSZ-13 with their relative energetic 

stability (ΔEexcCu(II) [kJ mol-1]) in the corner. Si atoms are shown in yellow, O in red, Al in 

silver, and copper cations in blue. 
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1.3.3 Shape Selectivity  

A short introduction into the concept of shape selectivity will be presented here. 

Reactant shape selectivity will be discussed in the greatest detail as this is the basis of 

Chapter 3 and a condensed literature review is provided. A thorough review on reactant 

shape selectivity can be found in the introduction of Chapter 3. The other forms of shape 

selectivity will be included but not discussed in great detail.  

Weisz and Frilette coined the term ‘shape-selectivity’ in the 1950’s when only 

molecules that could conform to the constraints of the zeolite showed reactivity.77-78 

Zeolite pores can behave similarly to an enzyme’s active site which is specific to a certain 

substrate. Zeolites have a unique shape, size and topology of their pore which can be 

exploited to target different molecules. Different zeolites therefore prefer different shapes 

and sizes of molecules based on size exclusion (molecules that are too large can’t fit 

inside), this is known as ‘shape selectivity’. The size of the pore in relation to the 

molecule can have a considerable impact on the rate of diffusion. This can often lead to 

the diffusion of molecules being the rate determining step in catalytic reactions. Zeolites 

can exhibit many different types of shape-selectivity and research into these is extensive 

and well documented in the literature.79 The three main types are reactant,80 transition,81-

82 and product selectivity83, however many more exist including inverse shape 

selectivity.84  

1. Reactant Shape Selectivity  

For a reaction to occur, the reactant molecule needs to be adsorbed into the zeolite 

and diffuse quick enough to the active site. If a molecule is too large then it will fail to 

diffuse into the zeolite and thus no reaction can take place, see Figure 1.5a. An early 

example of this was observed by PB Weisz, where only linear forms of butenes and 

butanes were combusted in a Pt/A crystal whilst branched forms failed to react altogether 
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using a gas chromatography method to measure conversion.85 In most cases, molecules 

that are larger than the optimum size for the hole diffuse much slower into the pores and 

thus to the adsorbed site.  This results in a significantly lower rate of conversion and 

therefore a much lower yield. Denayer et al. studied the hydrocracking of different chain 

length alkanes (n-hexane to n-octane) in Zeolite Y using gas chromatography to measure 

conversion and adsorption.86 They calculated the Henry constants from the first moment 

of the response peak of the gas chromatogram and found that they increased exponentially 

with molecular weight, with a factor of 2.6 per extra carbon atom. Denayer et al. also 

studied the adsorption of linear and branched paraffins in various FAU zeolites which 

included NaY, HY and USY using a tracer chromatography method.87 Again, they found 

that the Henry constants increased linearly with carbon number for all zeolites. Yury 

Kissen conducted research into the reactivities of alkanes ( C8-C17) in catalytic cracking 

reactions on Zeolite Y using gas chromatography.88 His results showed a clear correlation 

between reactivities and chain length where the reactivities were observed to increase by 

a factor of 2 per carbon atom. Santilli and Zones studied the cracking of n-hexane and n-

hexadecane in SSZ-16 and ZSM-15 both independently and together. 89They found that 

a reactant is smaller can completely inhibit the cracking of the larger molecule.  

Reactant shape selectivity has also been studied computationally through molecular 

simulations. Piccini et al. studied the adsorption of methane to propane in H-CHA both 

experimentally using heats of adsorption using a thermogravimetry differential scanning 

calorimeter and computationally using a hybrid MP2/DFT method.90 They found that the 

adsorption in both experiments increased with carbon number and that the free energy 

became more negative with addition of an extra methylene group. Vlugt et al. used 

configurational-bias Monte Carlo simulations (CBMC) to calculate the adsorption of 

linear and branced alkanes in silicate.91 They found a linear increase for the heats of 



Chapter 1 – General Introductions 

17 
 

adsorption and henry coefficients with chain size up to C12. Smit and Maesen calculated 

the free energy of formation of different reaction intermediates in the hydrocracking of 

n-decane in four different hole sized zeolites, MEL, MFI, TON and FAU.92 In their results 

they found that the largest zeolite, FAU, which can easily accommodate all molecules 

has little change in free energy between all molecules. The smallest zeolite, TON, greatly 

increases the free energies of formation between the molecules as branched species can 

not fit into the pore. MFI and MEL that are similar in size but differ structurally are 

selective towards different intermediates.    

2. Transition state selectivity  

When a molecule is adsorbed there are often many products and numerous 

pathways the reaction can proceed. This often means a plethora of products can be 

formed, especially in the petrochemical industry. A zeolite’s topology can often have a 

profound effect on the reaction pathway by changing the Gibbs Free Energy of formation 

of the transition states. The pores can prevent the formation of a di-branched product (see 

Figure 1.5b) or stabilise a particular intermediate over another.  

3. Product Shape Selectivity  

When a product is formed at the reaction centre sometimes it is too large or too 

strongly bonded to desorb, see Figure 1.5c. This means this product is not observed and 

can often lead to a deactivation of the zeolite. This is an extreme case of shape-selectivity 

and rather like reactant-shape selectivity, the difference in product yields is as a result of 

diffusion or mass transfer. The products that can desorb with the smallest restrictions to 

mass transfer will be produced more readily. 
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Figure 1.5. The three main types of shape selectivity. (a) Reactant shape selectivity, (b) Transition 

state selectivity and (c) Product shape selectivity. Reprinted from Ref [79] with permission from 

Nature 2008.  

 

1.3.4 Theoretical Approach and Calculations on Zeolites 

The early approach to model and probe a zeolite’s properties through quantum 

calculations was the use of cluster models. 93 In cluster models the TO4 units are arranged 

in a way to mimic the zeolite structure where T refers to the number of Si /Al atoms. A 

large cluster model is typically needed to accurately calculate the properties of a zeolite 

and the size is usually indicated by the number of T atoms in the model, for example 15-

T.  The cluster model can be highly effective in determining the properties of zeolites, 

however when cutting the cluster, “dangling bonds” are formed at the ‘cut-out’ of the 

zeolite. These are then saturated with hydrogen atoms which therefore cause the zeolite 

composition to differ from the true form. In the zeolite work carried out in this thesis, we 

include the entire zeolite structure within a unit cell which stops the need to saturate 

terminal oxygens as seen in the cluster model. This method has been successful in the 

literature at modelling and calculating the energies of adsorption and reaction barriers on 

metals and their oxides.94 



Chapter 1 – General Introductions 

19 
 

1.4 Metal Oxides 

The results chapters 4-6 are concerned with the hydrogenation of carbonyl 

compounds on two different manganese oxides, birnessite (OL) and cryptomelane (OMS-

2). The reaction mechanism for the reaction on OL is determined to be different to 

traditional hydrogenation reactions on metal oxides whilst on OMS-2 the reaction can 

occur via a traditional mechanism. The effect on the solvent used on the selectivity of 

acrolein and cinnamaldehyde was studied on OL. It was discovered that the choice of 

solvent has a large impact on the selectivity calculated. The aim of this section is to 

introduce why metal oxides useful for hydrogenation and why they are reactive for 

reactions of this nature.  

1.4.1 Introduction to metal oxides 

In the late 1950s, the research into metal oxide catalysis boomed as it was 

discovered they are highly effective in acid-base and oxidation reactions.95 They are now 

used in a huge range of catalytic industrial reactions including selective catalytic 

reduction of NOx,96  steam reforming,97 water gas shift 98 and methanol synthesis.99 They 

are particularly prevalent in the petroleum industry and continue to expand, notably in 

environmental applications.100-101 Metal oxides are also extremely diverse and can be 

paired or doped with a plethora of other materials. These include other metals, silica, 

clays, zeolites and many more. Metal oxide surfaces terminate with an O2- and these 

materials can generate several different surface features that make them highly active for 

catalysis. 

1.4.2 Hydrogenation reactions on metal oxides 

Hydrogenation reactions on metal oxides and solid surfaces in general are hugely 

important in a plethora of industrial applications which include the food, petrochemical 

and fragrance industries.102,103,104 In general, on solid catalysts, the most common and 
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accepted mechanism for hydrogenation reactions is the Horiuti-Polanyi mechanism 

(Figure 1.6-Part A) which involves three main steps:105,106,107,108 

1. Adsorption of the unsaturated bond and hydrogen dissociation on the surface 

2. Addition of one of the dissociated hydrogens to the unsaturated bond 

3. Subsequent addition of the second dissociated hydrogen atom  

This mechanism is prevalent in a wide range of hydrogenations including the 

saturation of aldehydes, ketones and alkenes. 109,110 However, there are occasions 

whereby the hydrogenation reaction occurs via a non-Horiuti–Polanyi mechanism (Part 

B) in which the hydrogenation reaction occurs via molecular hydrogen on the surface as 

opposed to dissociated hydrogen.111,112 This occurs because some surfaces are too inert 

to effectively break the H-H bond and therefore high barriers for hydrogen dissociation 

are calculated. This was observed by Yang et al. using an Au/TiO2 catalyst, where the 

free energy barrier for hydrogen dissociation was 0.95 eV.113  

 

Figure 1.6 Schematics showing the two main types of heterogenous hydrogenation reactions– (a) 

Horiuti–Polanyi mechanism and the (b) non Horiuti–Polanyi mechanism. 

However, when solvent is in the system these can fill defects on the surface and 

change the traditional reaction mechanisms. This will be discussed in the next section. 

1.4.3 Metal Oxide Defects 

The surface of a metal oxide can contain a number of defects and vacancies which 

increase the activity and reactivity of reactions.114 Metal oxides readily have point defects 

on the surface which arise from missing or substituted ions. Point defects come in two 
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forms, Schottky or Frenkel defects. Schottky defects arise from vacant ionic sites on the 

surface of the oxide. The vacancy on the surface can form from the loss of the metal or 

oxygen atom resulting in a position for an adsorbate to bond. Oxygen vacancies are 

particularly prevalent in OL and OMS-2. 115In liquid phase reactions this vacancy is often 

filled by water forming hydroxyl atoms on the surface.  

                                                    𝑂W< +	𝐻W𝑂 → 2𝑂𝐻<                                           (1.12) 

In the work in this thesis, methanol and water / methanol (10:1) are the chosen 

solvents. They both contain an oxygen atom that can fill an oxygen vacancy formed on 

the surface. It has been found on other metal oxides that water and methanol can 

dissociate at room temperature on oxygen vacancies. Oviedo et al. through density 

functional theory calculations found that methanol can dissociate at room temperature in 

seconds on TiO2 with a barrier of 0.40 eV.116 This suggests that oxygen vacancies can be 

blocked by solvent and change the reaction mechanism. Carbonyl compounds, for 

example, the species in this thesis can also adsorb on oxygen vacancies as they have an 

oxygen atom. The adsorption of these species with oxygen can be very strong and 

hydrogenation of the oxygen in the vacancy is extremely difficult as found by Ye et al. 

They studied they hydrogenation of CO2 to CH3OH on Ln2O3 and calculated the barrier 

to hydrogenate the oxygen in the vacancy was 2.52 eV compared to 1.14 eV for the other 

oxygen hydrogenation.117 

Frenkel defects form from ions displacement to another location or interstitial sites 

on the surface.118 The metal oxide surface, similar to zeolites can undergo ion exchange 

or doping. These cause electronic defects on the surface of the oxide which again can 

increase reaction activity. For example, if an Al3+ ion replaces  a Si4+ ion, this increases 

the p-type conductivity of the material as there is an electron hole in the valence band, 

enabling the surface to accept an electron.81 The ability for chemists to alter the surface 
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of metal oxides inspires great potential to continue to use these surfaces in the future for 

further reactions.  

 

Figure 1.7. Top view of representative defects on metal oxide surfaces. (a) clean surface, (b) 

surface substitution or doping, (c) Schottky defect and (d) Frenkel defect.119 Adapted from Ref 

[119]. 
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Abstract 

In this chapter, we give a concise overview of the quantum-chemical theories, 

including the preliminary theories of quantum chemistry and extending a particular focus 

on density functional theory (DFT). The main approximations of DFT which allow the 

computational modelling of systems are discussed. The applications of DFT calculations 

are outlined and includes transition state calculations and other technical aspects. Finally, 

ab initio and biased molecular dynamics techniques are reviewed along with how they 

are implemented within computational chemistry. 

2.1 History and Preliminary theories of Quantum Chemistry 

2.1.1 The Schrödinger Equation 

Quantum Mechanics dates back to the late 19th century and the principle 

foundations were created by the early 20th century. The use of Quantum mechanics 

enables the mathematical description of the motion and interaction of sub-atomic 

particles. In 1926, Erwin Schrödinger derived an equation that represented a symbolic 

milestone in the creation of quantum mechanics, Equation 2.1.1 The equation describes 

how the wave function of a physical system evolves over time, where quantum effects 

including wave-particle duality are significant.

                                                    Ĥ𝛹 = 𝐸𝛹                                                       (2.1) 

Where Ĥ is the Hamiltonian operator, Ψ is the wavefunction of the system and E is 

the energy of the system.  

The Hamiltonian operator contains both the potential and kinetic energy of the 

system and are represented by the following equations: 

																																																														Ĥ = 	−
ћ
2𝑚∇+ + 𝑉																																																						(2.2) 
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Where 𝑉 is the potential energy of the system, ћ is Planck’s constant (ћ/2π), m is 

the mass and ∇ is the Laplace Operator,2,3 which is defined as:                                          

																																																									∇+= 	
𝜕+

𝜕𝑥+ +	
𝜕+

𝜕𝑦+ +
𝜕+

𝜕𝑧+ 																																																(2.3) 

Where x, y and z are the three-dimensional cartesian coordinates.  

The wavefunction of a system can be obtained by solving the Schrödinger equation. 

The wavefunction is acknowledged to be the probability distribution of a system and 

shows the probability of finding a particle at a definite position. However, it is only 

possible to definitively solve the Schrödinger equation for the most simple of systems 

that involve no more than one electron, i.e. H and H+. For more complex systems 

involving many atoms and electrons, the calculation of the electronic structure is not 

possible. The use of various computational methodologies and approximations are 

needed to solve this equation for many body systems. 

2.1.2 The Many Body Problem 

It is incredibly difficult to predict the movement of systems and calculate their 

interactions with each other when they contain three or more sub-atomic particles. In 

1927, Max Born and Robert Oppenheimer proposed an approximation in which the 

motion of the nucleus and electrons in a species can be separated, the Born-Oppenheimer 

approximation.4  This was proposed because the motion of an electron is emphatically 

faster than that of a nucleus, even for the smallest of nuclei. Therefore, the intricate 

motion between electrons and nuclei in a system can be considerably simplified by 

ignoring the movement of the nuclei by essentially fixing its position. Basically, it is 

assumed that electrons move or orbit around a static atomic nucleus. Thus, we can 

separate the Hamiltonian in the Schrödinger equation into electronic and nuclear parts: 

                                            Ĥ =	𝑇7 + 𝑇8 + 𝑉77 + 𝑉78 + 𝑉88                                         (2.4) 
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Where 𝑇7	&	𝑇8 are the kinetic operators of the nuclei and electrons, and 

𝑉77, 𝑉78	&	𝑉88 represent the Coulombic interactions of nuclei-nuclei, nuclei-electrons and 

electron-electrons respectively.  

The implementation of the Born-Oppenheimer approximation allows the 

Schrödinger Equation to be separated: 

                                     𝛹;<;=𝑟, 𝑅A⃑ B = 𝛹8=𝑟, 𝑅A⃑ B. 𝛹C=𝑅A⃑ B                                      (2.5) 

Where 𝛹8=𝑟, 𝑅A⃑ B and 𝛹C=𝑅A⃑ B are the electronic and nuclear contributions to the total 

wavefunction respectively. The electronic and nuclear coordinates are represented by 𝑟 

and 𝑅A⃑ . This allows the electronic eigenvalue energy to be calculated: 

                               Ĥ8=𝑟, 𝑅A⃑ B	𝛹8=𝑟, 𝑅A⃑ B = 𝐸8=𝑅A⃑ B	𝛹8=𝑟, 𝑅A⃑ B                                 (2.6) 

Where 𝐸8=𝑅A⃑ B represents the electronic energy.  

The momemtum associated with the nucleus can be alluded back to the Hamiltonian 

operator. The electronic eigenvalue energy can be calculated time and time again with 

respect to the position of the atomic nuclei. Subsequently, the Schrödinger Equation can 

be rewritten as:  

                                D𝑇7 + 𝐸8=𝑅A⃑ BE	𝛹7=𝑅A⃑ B = 𝐸;<;𝛹7=𝑅A⃑ B                                   (2.7) 

Where 𝐸;<; is the total energy, which is a combination of the total electronic energy 

with inclusion of the nuclei-nuclei interactions.  

2.1.3 Electron Exchange and Correlation  

When calculating a quantum system, it is also important to consider the intrinsic 

spin of the particles. If a particle has spin 1/2, or fermions, i.e. electrons, then it is 

important to consider electronic exchange as all fermions must be subject to the Pauli 

Exclusion Principle.5 This states that the wavefunction must change sign if a pair of 

electrons are exchanged. This ensures that no two electrons can have the same set of 
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quantum numbers. For particles with an integer spin, or bosons, i.e protons and neutrons, 

they do not have to abide by the Pauli Exclusion Principle. 

Another important effect to consider is electronic correlation which can be 

recognised as the mutual relationship between the electrons in the system. This means 

that the motion of an electron is dependent on the other electrons in the system. There is 

a dynamic correlation between electrons and vdW forces will be experienced between 

them. This makes sense because if two electrons are in close proximity to each other then 

a repulsive force should be experienced because they both possess the same charge. 

2.1.4 The Hartree-Fock Approximation with Self-Consistent Field 

Theory 

The Born Oppenheimer equation is extremely difficult to solve due to the 

multiplicity of electrons. In 1928, D. R. Hartree derived a series of equations in an attempt 

to solve the many body problem. The Hartree method treats the electrons as individual 

and distinguishable particles and describes interactions using classic electrostatic 

potentials for constant distribution of charge.6 The method assumes that the particles do 

not interact and fails to take into account electronic correlation. With electrons being 

regarded as individuals, the total wavefunction can be calculated by the product of their 

single electron wavefunctions.  

                              𝛹;<; = 	𝛹F,G(1)𝛹+,I(2)…𝛹7,I(𝑁)                                   (2.8) 

=L𝛹𝑟M

C

MNF

 

Where 𝛹;<; is the total wavefunction and 𝛹𝑟M is a set of single-electron 

wavefunctions. This approach takes into account Pauli’s Exclusion prinicple. 

Consequently, electron 1 occupies 𝛹F with spin 𝛼 whilst electron 2 occupies 𝛹+ with spin 

𝛽.  
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In 1930, Vladimir Fock built upon the Hartree method creating a new equation 

and method, the Hartree-Fock method.7 This time the electrons are not treated as 

distinguishable but unique particles. This method obeys the Pauli Exclusion principle and 

upon electron exchange the sign of the wavefunction changes. The wavefunction is 

written in the form of a Slater determinant which enacts anti-symmetry: 8 

                    𝛹(𝑟) = 	 F
√C!

S

𝛹F(𝑟F) 𝛹+(𝑟F) ⋯
𝛹F(𝑟+) 𝛹+(𝑟+) ⋯
⋮

𝛹F(𝑟C)
⋮

𝛹+(𝑟C)
⋱
⋯

		

𝛹C(𝑟F)
𝛹C(𝑟+)

⋮
𝛹C(𝑟C)

S                           (2.9) 

Where the rows represent electron coordinates and the coloumns express single 

wave functions.  

The exchange of rows or columns in the Slater determinant will cause the sign to 

change, thus ensuring anti-symmetry is maintained. The determinant also guarantees that 

no two electrons can have the same quantum state as this would produce zero. The 

wavefunctions can be calculated by a variation method to find the lowest Hartree-Fock 

energy.3  

Although the Hartree-Fock method does incorporate electronic exchange, it 

neglects electronic correlation. Electronic correlations between electrons with differing 

spins are not included so the overall energy of the system is not accurate. The quest to 

completely solve the many body problem continues. 
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2.2 Density Functional Theory 

In 1927, Llewellyn Thomas and Enrico Fermi, both independently theorised the use 

of electron density to solve the Schrödinger equation and this became the origin of 

Density Functional Theory.9,10 The subsequent Thomas-Fermi theory became the 

foundations for the development of DFT in the 1960’s. 

2.2.1 Hohenburg-Kohn Theorems 

In 1964, Pierre C. Hohenberg and Walter Kohn, reported a breakthrough method in 

which electron density could be used to determine electronic structures.11 Their first 

theorem states that the external potential is dictated by a unique functional of the electron 

density ρ(r) in the groundstate. Therefore, the total energy is a unique functional of the 

groundstate. In this they assumed that another electronic state with another external 

potential gave rise to the same electron density. The first Hohenburg-Kohn theorem can 

be written as: 

                                        𝐸WX[𝛹(𝑟)] → 𝐸WX[𝜌(𝑟)]                                           (2.10) 

Where 𝐸WX reperesents the energy of the groundstate and the parenthesis [] means 

a functional. In this case, the groundstate energy is a functional of the electron density 

rather than a combination of variables.   

The second theorem states that the electron density that minimises the total energy 

is the exact ground state density which can be obtained variationally. This can be 

determined relatively easily as the electron density is the square of the wavefunction. This 

means that for large systems the wavefunction only depends on three coordinates. The 

energy functional for the ground-state of a given external potential can be written as:  

                                       𝐸WX[𝜌(𝑟)] 	≥ 	𝐸WX[𝜌WX(𝑟)]                                        (2.11) 

Where the energy of the groundstate obtained from the groundstate density, 

𝐸WX[𝜌WX(𝑟)], is smaller than the energy of the groundstate obtained from a random 

electron density, 𝐸WX[𝜌(𝑟)].  
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The Hohenburg-Kohn thereoms combined with the Born-Oppenhemier 

approximation allow the total energy of a system to be represented by; 

                                   𝐸[𝜌] = 𝑇[𝜌] +	𝑉78[𝜌] +	𝑉88[𝜌]	                                  (2.12) 

Where 𝑇[𝜌], 𝑉87[𝜌]and	𝑉88[𝜌] are the kinetic, nuclear-electron and electron-

electron values, respectively. The value for  𝑉78[𝜌] is system dependant unlike the other 

two terms and can be expressed as: 

                                       𝑉78[𝜌] = 	∫𝑉78(𝑟) 𝜌(𝑟)	𝑑𝑟                                        (2.13) 

The work by Hohenburg and Kohn support the Thomas-Fermi model but fail to 

present a practical method for the calculation of the total energy using its relative electron 

density. 

2.2.2 The Kohn-Sham Equations 

In 1965, Walter Kohn and Lu Jeu Sham, reported a method whereby a fictitious 

system of non-interacting particles would have the same kinetic energy of the interacting 

system.12  The non-interacting system would therefore imitate the electron density of the 

actual interacting system. In the Kohn-Sham system, the many-body electronic 

wavefunction can be regarded as a single Slater determinant of the lowest energy single-

electron wavefunctions: 

 

																																											c−
ħ+

2𝑚𝛻+ + 𝑉8ff(𝑟)g𝜑M(𝑟) = 𝜀M𝜑M(𝑟)																																(2.14) 

 
Where 𝜀M is the orbital energy of the corresponding Kohn-Sham orbital, and 𝑉8ff is 

the effective external potential. The density of the system can be calculated from: 

                                             

																																																													𝜌(𝑟) = 	k|∅M(𝑟)|+
C

MNF

																																																(2.15) 

                                         
Hence, the total energy of the Kohn-Sham equation can be calculated by: 
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                 𝐸[𝜌] = 𝑇o[𝜌] +	∫ 𝑉8p; (𝑟)𝜌(𝑟)𝑑𝑟 +	𝐸88(𝜌) + 𝐸qr(𝜌)                 (2.16) 

Where 𝑇o[𝜌] is the kinetic energy of non-interacting electrons, 𝑉8p; is the external 

potential, 𝐸88(𝜌) is the energy of the electron-electron interactions and 𝐸qr(𝜌) is the 

exchange-correlation energy of the electrons.  

The values for 𝑇o[𝜌], 𝑉8p; and 𝐸88(𝜌) can be calculated exactly, however the true 

form of 𝐸qr(𝜌) remains unexplained. DFT can be interpreted as an exact method 

compared to Hartree-Fock due to no approximations having been introduced in the 

theory. However, to perfectly evaluate the Kohn-Sham equations the exact exchange-

correlation energy, 𝐸qr(𝜌), is required. Although substantial effort has been made to 

exactly calculate this term, a solution has not been found. Instead, we employ the use of 

approximate exchange-correlation functionals, for example Local Density 

Approximation (LDA), Generalised Gradient Approximation (GGA) and Hybrid-DFT. 

2.2.3 Local Density Approximation (LDA) 

The idea of calculating the exchange-correlation functional by local density 

approximation dates back to the Thomas-Fermi model. The notion was suggested in 

Kohn-Sham’s paper and in the LDA approximation the electron density is treated as a 

locally homogenous gas.12 In other words, 𝐸qr , at each specific location is equal to that 

of a uniform electron gas:  

                                 𝐸pstuv[𝜌(𝑟)] = ∫ 𝜌(𝑟)𝐸qr[𝜌(𝑟)]	𝑑𝑟	                                (2.17) 

Where 𝐸qr[𝜌] is the exchange-correlation energy for a uniform gas with electron 

density 𝜌(𝑟). 

The LDA functional is relatively accurate at predicting molecular structures and 

vibrational frequencies, however it tends to overestimate binding energies and therefore 

calculate inaccurate bond lengths. This is because the electron exchange energy cannot 

be calculated with a high degree of accuracy and is defined by the Dirac Formula:                                 
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																																																				𝐸qr[𝜌(𝑟)] = 	−
3
4 w
3
𝜋y

F
z
{𝜌(𝑟)

|
z𝑑𝑟																																(2.18) 

Ceperly & Alder (CA)13 and Perdew & Wang (PW92)14 developed two LDA 

functionals that are widely used.  

2.2.4 Generalised Gradient Approximation (GGA) 

The progression of quantising the exchange-correlation energy from LDA led to the 

development of the Generalised Gradient Approximation (GGA). These functionals were 

found to be as accurate as LDA in cases where LDA was acceptable but also in other 

calculations where LDA was insufficient. In GGA, the electron density is treated as a 

non-homogenous gas and is also dependant on the derivatives of the density. The 

exchange-correlation energy in the GGA approximation can be written as: 

                  𝐸qrWWv[𝜌] =	= ∫ 𝜌(𝑟)𝐸qr	[𝜌(𝑟)]	𝐹qr[𝜌(𝑟), ∇𝜌(𝑟)]	𝑑𝑟                   (2.19) 

Where 𝐹qr[𝜌(𝑟), ∇𝜌(𝑟)] is a function that adjusts the LDA exchange functional to 

incorporate electron density gradients.  

These functionals are commonplace in computational chemistry with popular 

examples being PBE15 and BLYP.16 

2.2.5 The Quest for Exchange-Correlation Perfection  

The GGA functionals calculate most catalytic properties with an acceptable degree 

of accuracy, errors ~ 0.2 eV. However, the quest to reduce these errors even further has 

led to the advancement of these functionals to a new level of accuracy. The quest to 

optimise the functionals has led to the development of hybrid functionals such as 

HSE06.17 The exchange energy is calculated by Hartree-Fock, whilst the correlation 

energy is approximated by DFT. The hybrid exchange-correlation functional can be 

expressed as: 

                                  𝐸qr
����M� = 	𝛼𝐸q�� + (1 − 𝛼)	𝐸ru��                                 (2.20) 
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Where 𝛼 is a weighting factor, 𝐸q�� is the Hartree-Fock exchange energy and 𝐸ru�� 

is the DFT correlation energy.  

 The HSE06 functional has a 3:1 ratio of DFT to Hartree-Fock and incorporates 

Coulomb shielding. The progression of these functionals can be visualised from Jacob’s 

ladder.18 

 

Figure 2.1 An illustration depicting the Jacob’s ladder of density functional approximations. 

Adapted from Ref [18] 

As you progress up the rungs on the ladder, the chemical accuracy of the calculation 

increases, however, the computational time and cost also increases. It is therefore 

important to use an appropriate functional that is sufficient for the specific calculation, as 

a higher functional may not give a hugely different result. The search for an accurate 

functional with a moderate cost is still a challenge for computational chemists. The quest 

for the ‘perfect’ functional which calculates the electron exchange and correlation energy 

exactly continues.  
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2.3 Application of DFT – The main approximations 

The Kohn-Sham equations provide a method of solving the Schrödinger equation 

and the mapping of a small many-body system in a restricted space with non-interacting 

electrons. However, a problem occurs when the system is periodically expanded and there 

is an infinite number of non-interacting electrons. This creates an infinite number of 

wavefunctions that must be incorporated to represent each electron. Also, each electron 

has the ability to move throughout the whole material and theoretically a boundless basis 

set would be required to describe the electron. To overcome these problems, it is 

necessary to construct a unit cell with definite space and employ plane wave basis sets 

which are repeated in all three dimensions, x, y and z. 

2.3.1 Basis sets  

In ab-initio calculations it is pragmatic to represent the electronic wavefunction in 

terms of a mathematical function rather than writing out the Kohn-Sham equations/ 

orbitals explicitly. There are many different types of basis set which all have a unique set 

of functions for a specific shape, these include: 

• Gaussian-type orbitals (GTOs)  

• Slater-type orbitals (STOs)  

• Gaussian augmented plane waves (GAPWs)  

• Plane waves (PWs) 

The two most frequently used for systems with finite space are Slater and Gaussian 

type orbitals. These basis sets have a distinct combination of atomic orbitals and the 

Gaussian basis function has the form:  

                             𝐺7��(𝑟, 𝜃, 𝜑) = 𝑁7𝑟7�F𝑒�G�
�𝑌��(𝜃, 𝜑)                             (2.21) 
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Where n, l, m are quantum numbers, N is a normalising constant, r is the distance 

of the electron from the atomic nucleus, 𝑟7�F𝑒�G�� and 𝑌��(𝜃, 𝜑) are the radial and 

angular parts of the orbital, respectively.  

The STO-type represents the exact orbitals of a hydrogen atom, whereas the GTO-

type do not mirror the shape of an atomic orbital strongly. To overcome this problem, 

each STO can be replaced with a set of Gaussian functions. The real orbitals can therefore 

be expressed by the linear combination of GTO’s. The GTO-type is less computationally 

taxing in terms of time and cost when compared to STO-type basis sets. This makes them 

a lot more common within theoretical chemistry. The type of basis set that should be used 

depends on the specific system. A more precise basis set may be required when the system 

is very large.  

2.3.2 The supercell Approach 

In computational modelling, it is impractical to build a bulk solid with an endless 

number of atoms and electrons. It is also nearly impossible to calculate these materials in 

this way when employing traditional DFT calculations. Instead, a supercell is 

constructed, which is a unit cell that is repeated in all three dimensions. The entire space 

can be calculated from the interactions on the periodic boundary by the individual space. 

Bloch’s theorem can be used to derive the periodic wavefunction, which is consequently 

named the Bloch wave.19 

                                                       𝛹	(𝑟) = 𝑒M�A⃗ .�AA⃗ 𝑢(𝑟)                                              (2.22) 

                                                         𝑢	(𝑟) = 𝑢(𝑟 + 𝑙)	                                              (2.23) 

Where  𝛹(𝑟) refers to the Bloch wave, 𝑢(𝑟) refers to a periodic function where 𝑙 is 

the length of the unit cell, 𝑘A⃗  is a wave vector in the first Brillouin zone (BZ) of the 

reciprocal lattice and i is an imaginary number.  

The periodic function is expanded in terms of a Fourier series to give: 
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																																																													𝑢	(𝑟) =k𝐶M,W𝑒MW.�
W

																																																(2.24) 

                                     
Where G refers to the reciprocal lattice vectors. The electronic wavefunction can 

therefore be expressed as:  

 
																																																							𝛹(�⃗�) =k𝐶M,��W𝑒M(��W).�

W

																																											(2.25) 

 
A finite number of plane waves can be used in periodic systems to solve the 

electronic wavefunction. The plane waves can undergo Fast Fourier Transform (FFT) 

from real to reciprocal space which enables the characterisation of periodic materials to 

be simplified. Bloch’s theorem allows the problem associated with an infinite number of 

electrons to be eradicated. In DFT calculations, the number of k-points used should be 

appropriate with the type of calculation and size of the periodic system. This includes the 

size of the vacuum space as plane waves calculate not only the atoms but the amount of 

space as a whole. The greater the number of k-points the more accurate the calculation, 

however this simultaneously increases the computational cost. It is therefore important 

to generate a supercell that is suitable to avoid cross boundary interactions whilst also 

avoiding unneeded vacuum space.  

2.3.3 The pseudopotential approximation and the Projector augmented 

wave (PAW) method 

The electronic states within a molecule can be sub-divided into three main 

categories: 

1. Core electrons – electrons in close proximity to the nucleus 

2. Semi-core electrons – electrons further away from the nucleus than the core 

electrons but do not take part in bonding 

3. Valence electrons – electrons that participate in chemical bonding 
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To calculate the wavefunctions for all electrons requires an extraordinary amount 

of plane waves and a vast amount of computational resources. In DFT calculations, the 

pseudopotential approximation is used to deal with this problem.20 The core electrons, 

the electrons that are not involved in bonding are replaced and represented by an effective 

potential or ‘pseudopotential’. The pseudopotential mimics the potential and properties 

of the molecule that would been generated by the core electrons without the 

computational difficulty. The valence electrons are the electrons that are involved in 

bonding and therefore the majority of physical and chemical properties stem from the 

interaction of valence electrons. The pseudopotential approximation in ab-initio 

calculations is performed using the Projector-Augmented Wave (PAW) method.21,22 The 

valence electrons tend to have rapid oscillations near the nuclear core generating 

oscillating wavefunctions. The PAW method smooths these wavefunctions making them 

computationally less complex and therefore making the calculations more efficient.  

2.3.4 Van der Waals Forces 

In this thesis, the D2 and D3 correction methods are used. The D2 correction 

method is useful for transition metal surface calculations that do not contain a liquid 

phase. The correction is given by the following expression:23                                        

																																												𝐸�Mo� = 	−
1
2kkk′

t

C��

�NF

C��

MNF

𝐶�M�
𝑟M�,t�

𝑓�,�=𝑟M�,tB																																(2.26) 

         Where 𝑁�; means all atoms and the summations include all the translations of the 

unit cell L= (l1, l2, l3). 𝐶�M� relates to the dispersion coefficient for the atom pair i,j. 𝑟M�,t 

is the distance between atom i in cell L=0 and atom j in cell L. 𝑓�,� is a dampening 

function to minimise contributions from interactions with typical bond distances. This 

means that for 𝐸�Mo� , interactions over a large distance are negligible and can be ignored. 
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This is suitable for layers of metals where the bottom layers should add very little to the 

vdW forces experienced by surface adsorbates.  

The D3 method is utilised when a liquid phase or solvent is present and for 

calculations involving zeolites. This is because the dispersion coefficients are geometry 

dependent, as they are adjusted based on local geometry which is important in solvents 

as they play a role in the adsorption geometry of reactants. In the D3-method, the 

correction is given by the following expression24: 

 

																										𝐸�Mo� = 	−
1
2kkk′

t

C��

�NF

C��

MNF

�𝑓�,�=𝑟M�,tB
𝐶�M�
𝑟M�,t�

+ 𝑓�,�=𝑟M�,tB
𝐶�M�
𝑟M�,t�

 													(2.27) 

 
 
2.4 Application of DFT – The Technical Aspects & 

Calculations 

2.4.1 Geometry Optimisation 

The ground-state energy of a system can now be calculated due to the fundamental 

theories and approximations discussed previously in this section. The ground-state 

energy can be calculated by solving  𝐸WX[𝜌(𝑟)] 	≥ 	𝐸WX[𝜌WX(𝑟)] (equation 2.11). The 

optimisation calculation describes the energy of the system in terms of the position of the 

atoms. The ground-state energy of the system is found when the position of the atoms are 

at the local energy minimum on the potential energy surface (PES) as shown in Figure 

2.2 below.25  
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Figure 2.2 An illustration of the potential energy surface showing the local energy minimum. 

Reprinted from ref [23] with permission from World Scientific Publishing. 

In Figure 2.2, the transition state is located at the saddle point of the potential energy 

surface. This point is a local area maximum with respect to the reaction coordinate but is 

a local area minimum with respect to all other directions. In the optimisation process a 

‘guessed structure’ is built from an understanding of the chemistry involved with the 

material. The better the initial guess, the faster and less computational taxing the 

calculation will be. There are various minimisation methods used in the literature – the 

steepest descent method, the conjugate gradient method 26 and the Quasi-Newton 

method.27 The Quasi-Newton method is an advancement of Newton’s method to find the 

stationary point of a function where the gradient is zero. The steepest descent method 

finds the local minimum by taking steps to reduce the negative gradient at the present 

point. The conjugate gradient method considers the sign of the gradient calculated from 

the previous step and is very efficient at finding the ground-state location when the 

original guess structure is accurate.  
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2.4.2 Transition states and the Constrained Minimisation Method 

The transition state is the highest energy structure that forms in a reaction pathway 

as shown in Figure 2.3 below. 

 

Figure 2.3 The energy profile for a generic reaction showing the position and energy of the 

transition state in relation to the reactant and products. ∆Gǂ represents the activation free energy 

for the reaction.  

The activation free energy can be used to calculate the rate constant, k, for a reaction 

by utilising transition state theory:28 

                                                          

																																																																	𝑘 =
𝑘¢𝑇
ℎ 𝑒

�∆Wǂ
�¦� 																																																							(2.28) 

                                                    
Where 𝑘¢ is the Boltzmann constant, ℎ is Planck’s constant, T is the temperature 

and ∆𝐺ǂ is the free energy difference of the transition state from the reactant state.  

There are multiple methods to determine the transition state, however in this thesis, 

we located the transition state using a constrained minimisation technique.29,30 In this 

method, a guessed structure based on our chemical knowledge is modelled. The distance 

between the two reacting atoms is set to a value appropriate for a transition state of that 
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type of bond. This distance is then fixed, and the geometry is optimised for all other 

degrees of freedom. The energy is then calculated and depending on the results, the fixed 

bond length is increased or decreased to find the transition state. The energy along the 

reaction coordinate can be observed by varying the constrained distance. The transition 

state is known when the energy along this reaction coordinate is maximised but is 

minimised with respect to all other degrees of freedom whilst keeping the forces on all 

atoms below a certain threshold.  

2.4.3 Free Energy and Thermodynamic Correction  

The free energy and thermodynamic correction for adsorbates on the surface is 

calculated from partition functions. For these species on the surface, the vibrational 

contribution to the partition function is considered whilst the rotational and translational 

contributions are ignored. It is reasonable to assume that their contributions are minimal 

when a molecule is bonded to a surface. The overall vibrational contribution is considered 

and includes inputs from zero-point energy (ZPE), vibrational thermal energy and 

vibrational entropy. The ZPE correction is expressed by: 

 

																																																																		𝐸§¨© =k
ℎ𝑣M
2

M

																																																					(2.29) 

 

Where ℎ is Planck’s constant and 𝑣M is the vibrational frequency. The standard molar 

vibrational thermal contribution is expressed by: 

 
                                                   

																																																							𝑈M�< = 𝑅𝑇k
ℎ𝑣M/𝑘¢

𝑒
¯°
�¦� − 1M

																																																(2.30) 

                                     
Where R is the gas constant, T is the temperature and 𝑘¢ is Boltzmann’s constant. 

The standard molar vibrational entropy is expressed by: 
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																																					𝑆M�< = 𝑅𝑇k	[
ℎ𝑣M/𝑘¢

𝑒¯°/�¦� − 1
M

− ln(1 − 𝑒
¯´°
�¦�)]																											(2.31) 

                            
The Gibbs free energy for surface adsorbates can therefore be summarised as: 

                                              𝐺< = 𝐸;<; + 𝐸§¨© + 𝑈< − 𝑇𝑆                                     (2.32) 

Where 𝐸;<; is the total energy from geometry optimisation using DFT. 

The correction for gas phase molecules was calculated directly using GAUSSIAN 

09.31  

2.5 Molecular Dynamics (MD) 

2.5.1 Ab Initio Molecular Dynamics (AIMD) 

Molecular dynamics is a strong computational method that allows the movement of 

atoms and molecules at the atomic level within a system to be visualised. Our chosen 

approach, to calculate the movement of atoms is calculated by solving Newton’s 

equations of motion and the Schrödinger equation which generates the potential energy 

of atoms.32,33 This can be used to simulate the movement of molecules in real laboratory 

conditions. In MD simulations, an initial system is modelled, and an energy calculation 

is submitted. These calculations can incorporate quantum mechanics with first principles, 

where their name is given ab-initio Molecular Dynamics (AIMD). Following the 

completion of the energy calculation, the forces or acceleration on the atoms are 

calculated. The atoms are allowed to move based on the time step set and their position 

in the system is adjusted according to their forces. The energy calculation is performed 

again, and their forces recalculated. This is repeated until an acceptable level of accuracy 

is achieved, see Figure 2.4.  
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Figure 2.4 Schematic showing the general method used during a MD Simulation 

The advantage of using molecular dynamics simulations is that the thermodynamic 

behaviour of the system can be included in the calculation. The effects of temperature 

and pressure can be observed, which is not included in the ground-state or structure 

optimisation calculations. Molecular dynamic simulations have evolved over the years 

and the Nosé-Hoover thermostat makes it possible to perform MD simulations in the 

canonical ensemble.34 In the NVT ensemble, the amount of substance (N), Volume (V) 

and Temperature (T) is conserved. The Nose-Hoover algorithm creates a temperature-

controlled simulation which enables the probability from the MD simulations to be 

related to the free energy.  

2.5.2 Biased molecular dynamics - Umbrella sampling 

Biased molecular dynamics is a powerful technique to force molecules to move in 

a particular direction or to a certain location. The approach creates an artificial potential 

that is added to the potential energy surface. The simulations are then carried out using 

this biased potential which generates a biased probability for the movement of atoms. In 

this thesis, a biased molecular dynamics technique, known as Umbrella Sampling, is 

utilised.35 This method uses a localised energy well to constrain one or more degrees of 

freedom in the system – these are typically bond lengths or bond angles. 
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Figure 2.5 The change in the potential energy surface when using biased molecular dynamics 

In the system above, a normal MD simulation beginning at point A would cause the 

molecule to move to point B to lower the overall free energy. In order to sample the free 

energy at point A, an artificial chemical potential is required to create a potential well 

(blue dashed line) to lock the molecule in that position. This creates a new biased potential 

surface (orange line) that in turn generates a biased probability of the molecule residing 

at that point along the reaction coordinate. Umbrella sampling allows the full reaction 

coordinate to be sampled by creating a biased potential surface along the entire pathway. 

It is important when choosing a biased potential that the adjacent wells from neighbouring 

MD simulations overlap each other. This is essential to ensure that the probability results 

can be connected to each other and that a reaction barrier has a significant level of 

reliability.  
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Figure 2.6 (A) A series of artificial wells built long a reaction coordinate and (B) a depiction of 

the necessary overlap required between adjacent biased potential simulations. 

 The Umbrella sampling simulations can be combined with ab-initio DFT 

calculations and the Gaussian well can be expressed as: 

                                              

																																																				𝜔(𝜉) = ℎ𝑒
w−|𝜉

𝑟−𝜉|2
2𝑤2

y
																																																(2.33) 
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Where w and ℎ refer to the width and depth of the Gaussian well respectively and  

𝜉 is the reaction coordinate.  

The free energy can be related to the probability using Boltzmann’s distribution 

through the canonical partition function, when the calculations have been conducted in 

the canonical ensemble: 

                                                           

																																																																			𝐴 = 	−
1
𝛽 𝑙𝑛𝑄																																																								(2.34) 

                                                   
Where 𝛽 = 1/𝑘¢𝑇 and Q =∫𝑒[�I©(�)]𝑑C𝑟 and A is the Helmholtz free energy.  

In each MD simulation an artificial chemical potential is introduced, and the energy 

of the potential surface can be observed to be: 

                                                𝐸�(𝑟) = 	𝐸»(𝑟) + 𝜔M(𝜉)                                           (2.35)   

Where 𝐸�(𝑟), 𝐸»(𝑟) and 𝜔M(𝜉) are the biased potential energy, unbiased potential 

energy and artificial energy potential.  

After each MD simulation in a window, a bias probability distribution function is 

generated. The unbiased probability distribution can be related to the biased probability 

distribution with the artificial chemical potential by:  

                            

																																𝑃M» = 𝑃M»(𝜉)𝑒[�I½°(¾)] ×
∫ 𝑒[�I©(�)] 𝑒{�I½°[¾(�)]}𝑑C𝑟

∫ 𝑒[�I©(�)] 𝑑C𝑟
																			(2.36) 

                           
From this the unbiased free energy can be obtained from:                       

																																											𝐴M»(𝜉) = 	− w
1
𝛽y 𝑙𝑛𝑃M

�(𝜉) − 𝜔M(𝜉) +	𝐹M																																(2.37) 

                                                           

																																																	𝐹M = −
1
𝛽
𝑙𝑛 Â

∫ 𝑒[−𝛽𝐸(𝑟)] 𝑒{−𝛽𝜔𝑖[𝜉(𝑟)]}𝑑𝑁𝑟
∫ 𝑒[−𝛽𝐸(𝑟)] 𝑑𝑁𝑟

Ä																																(2.38) 

                                   
Where wi is the bias potential of window I, 𝐴M(𝜉) is the free-energy curve, P is 

the Probability, u/b = unbiased/biased, ξ is the reaction coordinate, β =1/𝑘¢T  and 𝐹M is 

the free energy shift.  
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𝐹M, is undetermined but not required for a single curve at one window. It is needed 

however when combining free energy curves. The windows are combined using the 

weighted histogram analysis method (WHAM).36,37 In this method, the global distribution 

is calculated by a weighted average of the distributions of the individual windows. 𝐹M, the 

free energy shift arising from the addition of the biased potential, is different for each 

simulation. The values for 𝐹M connect the free-energy curves Ai(ξ) obtained in the 

different windows. The WHAM method is able to determine the free energy shift and 

therefore generate the free energy curve for the entire reaction coordinate. 

In heterogenous catalysis, umbrella sampling enables the processes of adsorption, 

desorption and overall reactions to be amply studied and the free energy barriers 

calculated. 
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Abstract 

Zeolites have a unique porous framework and have been known to exhibit shape-

selectivity for many years. However, the complete free energy profile for a molecule as 

it enters a zeolite’s pore from the gas phase and then to a reaction site is not well 

documented. In this work, we present a biased Molecular Dynamics approach to calculate 

the free energy profile in all three environments for different chain length alkynes in Cu-

SSZ-13. The results explicitly show the molecule commensurate in size to the pore to be 

thermodynamically favoured. In other words, the molecule with greatest similarity in 

shape to the pore will preferentially travel into the pore and be heavily favoured to adsorb 

at the reaction site. The effect of van der Waals (vdW) forces between the molecule and 

the zeolite cage is quantified for the optimally shaped alkyne. By understanding the 

complete free energy landscape for each molecule using this approach, it should help to 

predict which molecules will preferentially undergo adsorption in a chosen zeolite. 
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3.1 Introduction 

Zeolites belong to the molecular sieve family of chemistry and consist of pores or 

cages which can trap molecules. They are found in a multitude of reactions within 

industry since the 1950’s and their importance arises from the unique shape, size and 

topology of their pore which can act similar to an enzyme’s active site. This makes them 

highly selective towards specifically shaped molecules and are therefore recognized to 

exhibit ‘shape-selectivity’.  The term shape selectivity has been known for over 60 years 

after Weisz and Frilette reported the different product selectivities in an LTA-type zeolite, 

were only molecules that could access the pore were catalytically converted.1 This 

capability has allowed zeolites to have a wide range of uses and are particularly 

recognised in fluid catalytic cracking reactions 2-3  and isomerisation processes.4,5,6  

Zeolites can exhibit many different forms of shape-selectivity and research into 

these is extensive and well documented in the literature – reactant,7 transition,8,9 product,4 

secondary shape selectivity,10 inverse shape selectivity11 and many more.12, However, in 

this study, we focus mainly on reactant shape-selectivity as we investigate the movement 

of molecules from the gas phase to the reactive site.  

 

 

Figure 3.1 An illustration depicting reactant shape selectivity through a zeolite pore. The larger 

branched reactant molecule is unable to diffuse through the pore and therefore no reaction 

occurs.13 Adapted from Ref [13] 
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Reactant shape selectivity is a rather simple concept – for a reaction to occur the 

molecule needs to fit the shape constraints of the zeolite pore and diffuse quick enough 

to the active site. If the molecule is too large and cannot permeate the pore, the molecule 

will fail to adsorb and no reaction will occur.4 This was observed by PB Weisz et al. 

where only linear forms of butenes and butanes were combusted whilst branched forms 

failed to react altogether.14 This is an extreme case and it is more common for zeolites to 

successfully adsorb more than one molecule, however one molecule is likely to be more 

favoured to the others. This results from this molecule being able to diffuse faster or the 

molecule having a free energy of adsorption which is higher in comparison to the others. 

In this study, we focus mainly on the latter reason as we will be simulating the free 

energies of different chain length alkynes. In this chapter, we hope to build upon the 

current literature by explicitly calculating the free energy of a molecule when it is in the 

gas, pore and adsorption phases using ab-initio DFT calculations and biased molecular 

dynamics. We can then create a profile for how the shape of a molecule effects its free 

energy as it transitions from the gas phase to the pore and then the pore to the adsorbed 

site. The use of constrained and biased MD simulations allows us to force the molecule 

from the adsorbed site directly into the centre of the pore, regardless of whether the 

molecule is too large to fit. 

Experimentally, Denayer et al. calculated that increasing the chain length of n-

alkanes caused an increase in adsorption constants and Gibbs free energy of adsorption.15 

The overall effect results in an increase in activity as the chain length increases. This is 

associated with an increase in stability gained from the increase in vdW forces when the 

molecule is similar in shape to the hole. This supports experimental work by Haag et al.16 

who reported that increasing the number of methylene groups increased the number of 

adsorbent-adsorbate vdW interactions and thus the stability. 
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 Picinni et al. combined heats of adsorption from experiment and ab-initio theory 

to calculate accurate adsorption thermodynamics of small alkanes in a chabazite zeolite.17 

They employed a hybrid Møller−Plesset perturbation theory and complete basis set 

method (MP2/CBS) to calculate the adsorption free energy of methane, ethane and 

propane in H-chabazite (Fig. 3.2). The figure clearly shows that the free energy of 

adsorption increases with chain size both experimentally and theoretically with good 

agreement.  

 

Figure 3.2 The Gibbs free energy of adsorption for methane, ethane and propane in H-Chabazite 

using experimental and ab-initio calculations. Reprinted from ref [17] with permission from ACS 

Publications.  

Smit and Maesen proposed a free energy landscape approach to understand reactant 

shape selectivity within different sized zeolite pores for hydroconversion reactions.18 

They adopted a configurational-bias Monte Carlo method to calculate the free energy 

differences between various reaction intermediates and n-decane in different types of 

zeolites – TON, MEL, MF1 and FAU. (Fig. 3.3). The TON zeolite is the smallest zeolite 

with the narrowest pore (2.31 Å x 1.56 Å x 5.11 Å) and therefore can barely accommodate 

the heavily branched reaction intermediates as seen from the large values of 𝐺"# − 𝐺%&'(). 

This zeolite therefore greatly extrapolates the free energy differences between the 



Chapter 3 – Understanding Shape Selectivity in Zeolites 
 

65 
 

different intermediates. Oppositely, the FAU type zeolite which is the largest with the 

widest pore (7.35 Å x 7.35 Å x 7.35 Å) has minimal effect on the free energy differences 

for all the reaction intermediates. The MEL and MFI zeolites have similar structures and 

therefore have comparable free energies for the majority of intermediates; however, they 

have notable differences for the intermediates that snuggly fit their pore.  

 

Figure 3.3 The free energy differences in TON, MEL, MFI and FAU type zeolites for different 

reaction intermediates and corresponding n-decane. Reprinted from ref [18] with permission from 

Nature Reviews.  

However, how significant is the decrease to free energy when the molecule becomes 

too large? This will be investigated by choosing a molecule that is larger than the 

optimum size for the hole in our chosen zeolite.  

To the best of my knowledge, there is no study that has calculated the free energy 

of a molecule in all three phases using this technique to truly understand the free energy 

landscape. It was found that the molecule most similar in size to the pore is favoured for 

all free energy transitions and that increasing the size of the molecule beyond the pore 

size has a detrimental effect on the free energy. Finally, we quantify how large the vdW 

effect is when the molecule is within the pore. It is found that vdW forces are essential 

for a molecule to move from the gas phase to the zeolite pore from a free energy 

perspective.  
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3.2 Computational Methods 

All calculations in this chapter were carried out using the Perdew-Burke-Ernzehof 

(PBE)19  functional conducted using the Vienna ab initio Simulation Package (VASP) at 

300K.20,21 The D3 correction method with Becke-Johnson damping was used to represent 

the inclusion of vdW interactions.22 The project-augmented wave (PAW) method was 

used to represent the core−valence interaction.23,24 The Brillouin zone was sampled with 

k-points 6 x 6 x 6 for lattice parameters optimisation. A cut-off energy of 400 eV was 

used for total energy calculations and all atoms could fully relax until the forces were 

below 0.05 eV / Å.  

In this work, the chemisorption energies were calculated via the following method:   

𝐸+, = 	𝐸/0/ −	1𝐸230 +	𝐸56 

Where 𝐸+, is the adsorption energy, 𝐸/0/ is the total energy of the system after 

adsorption, 𝐸230 is the energy of the clean zeolite and 𝐸5 is the energy of the alkyne in 

the gas phase. 

The canonical ensemble conditions were imposed by a Nose–Hoover thermostat 

(NVT) for all free energy calculations.25 To calculate the free energy of the species, the 

total energies were thermodynamically corrected using standard formulas of statistical 

thermodynamics. This includes correction for Zero Point Energy (ZPE), internal energy 

and entropy derived from partition functions26,27,28 (outlined in section 2.4.3). 

𝐺 = 𝑍𝑃𝐸 + 𝑈 − 𝑇𝑆 

Where 𝐺 is the free energy, 𝑍𝑃𝐸 is the zero-point energy, 𝑈 is the internal energy, 

𝑇 is the temperature in Kelvin and 𝑆 is the entropy at calculation temperature. 
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To simulate the molecules moving from the adsorbed site to the hole, biased 

molecular dynamics simulations, known as umbrella sampling, were conducted. These 

were carried out using a VASP code which incorporates biased molecular dynamic 

components.29,30 The artificial Gaussian well implemented in the simulations consisted 

of height -385.94 kJ mol-1 and width 57.891 kJ mol-1. The chosen reaction coordinate to 

constrain was the Cu-CH bond between the optimised adsorption structure and 5.1 Å 

away from the copper ion position. The centre of the zeolite pore is 5 Å away from the 

Cu ion and the reaction coordinate was sampled in 0.1 Å increment windows. The Cu-

CH bond was chosen because in the adsorbed optimised structure for all alkynes, this 

carbon has a shorter bond length than the Cu-CR carbon. This carbon is also less sterically 

hindered and is bonded to the copper ion for a greater period of time, especially for the 

larger chain alkynes. Each simulation was carried out for 10 ps and the Weighted 

Histogram Analysis Method (WHAM)31 was used to analyse the relationship between 

free energy and statistical probability results from the MD simulations. The 1d-WHAM 

code from Alan Grossfield was used in this project.32  
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3.3 Results & Discussion 

3.3.1 The optimisation of the Cu-SSZ-13 model 

 

Figure 3.4 The structure of SSZ-13. (a) the optimised unit cell and (b) an illustration showing the 

six-membered (6MR) and 8-membered rings (8MR) where the Cu2+ ion can reside. Red and 

yellow balls represent O and Si atoms, respectively; this is consistent throughout the thesis. 

SSZ-13 is a specific type of aluminosilicate zeolite with a chabazite (CHA) 

structure. The structure consists of double 6-membered rings (6MR) connected via 4- and 

8-membered rings creating a rather complex 3D structure. The unit cell composition of 

SSZ-13 is HxAlxSi12-xO24 where the value of x can be 0,1 or 2 and is dependant on the 

Si/Al ratio.  A Cu2+ ion site can be introduced into the structure when it is associated with 

two Al atoms in the zeolite framework. Goodman et al. have suggested that the 

distribution of Al in the framework is never completely uniform.33 It is therefore critical 

to test all possible positions of the Al atoms and correctly employ the topology that gives 

the lowest energy.  

The first step in the optimisation of the Cu-SSZ-13 structure is to determine the 

position of the Al atoms when they replace the silicons in the framework. In total, nine 

different options were calculated with the lowest energy configuration shown in Figure 

3.5 and their relative energies provided in Table 3.1.  
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Figure 3.5 The optimisation of the SSZ-13 framework with (a) showing the possible locations of 

the Al atoms and (b) the optimised framework. Purple balls represent Al atoms.  

Al positions Total Energy / 
eV 

Relative energy/ 
eV 

1,3 -276.38 0.19 

1,4 -276.57 0 

1,5 -276.23 0.34 

1,6 -276.41 0.16 

1,7 -276.46 0.11 

1,8 -276.30 0.27 

1,9 -276.23 0.34 

1,10 -276.05 0.52 

1,11 -276.35 0.22 

 

Table 3.1 The optimisation of the SSZ-13 framework showing the total energies of Al in each 

position and their relative energy in relation to the lowest energy conformation.  

The 1,2 and 1,12 positions were not calculated as this would break Löwenstein’s rule of 

‘aluminium avoidance’ which is generally observed in systems.34 The optimised structure 

of Cu-SSZ-13 is formed when the Al atoms are substituted in the 1,4 positions in the 

framework which is 0.11 eV lower than its nearest energy rival. This configuration is 
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now the starting point for incorporating the Cu2+ cation into the zeolite cages. The Cu2+ 

cation was placed within the 6MR and 8MR ring and the optimised structures are shown 

in Figure 3.6 and the energies in Table 3.2.  

 

Figure 3.6 The optimised structure of Cu-SSZ-13 when the Cu2+ cation is residing in the (a) 6MR 

and (b) 8MR, respectively. Salmon balls represent Cu atoms.  

Cu position Total Energy / 
eV 

Relative energy/ 
eV 

6MR -283.14 0 

8MR -281.38 1.76 

 

Table 3.2 The optimisation of the SSZ-13 framework showing the total energies of Cu in each 

ring and their relative energy in relation to the lowest energy location. 

The optimised structure of Cu-SSZ-13 is formed when the Cu2+ cation is located 

within the 6MR. This structure is calculated to be 1.76 eV lower than the position within 

the 8MR. In Figure 3.6, the structure in the  6MR is highly symmetrical with the Cu2+ 

residing directly in the centre of the 6MR. The Cu2+ is also bonding directly to four 

oxygen atoms in comparison to three in the 8MR configuration. This serves to increase 

the stability of the Cu2+ and thus lower the total energy considerably. The 6MR is also 

favoured as the copper ion is in a square planar geometry. A Cu2+ ion has a d9 electron 
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configuration which from crystal field theory wants to adopt a square planar geometry to 

increase its stabilisation energy. 

Overall, the optimised structure of Cu-SSZ-13 is formed when the Al atoms are in 

the 1,4 positions in the framework and in the same 6MR. Consequently, the Cu ion 

favours to reside in the middle of the same 6MR. This structure is consistent with results 

presented by Göltl et al 35.  

 

Figure 3.7 Structural illustrations of the optimised Cu-SSZ-13 (a) unit cell and (b) the 6-MBR 

where the Cu2+ reactive site resides with Cu-O bond lengths of 1.99 and 2.04 Å.   

3.3.2 Alkyne adsorption in the optimised Cu-SSZ-13 model 

The effect of shape selectivity was tested by increasing the chain length at one end 

of the simplest alkyne molecule, acetylene. In total four alkynes were studied – acetylene, 

methyl acetylene, ethyl acetylene and propyl acetylene. The results from Piccini et al. 

suggest that the smallest three molecules can fit the shape restraints of the pore in SSZ-

13.17 Propyl acetylene was included to investigate and understand what happens to the 

free energy when the molecule becomes too large. The optimised adsorption geometries 

for each alkyne are shown in Figure 3.8 with their corresponding adsorption energies and 

information shown in Table 3.3.  
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Figure 3.8 Structural illustration of the adsorption of acetylene (a, b), methyl acetylene (c, d), 

ethyl acetylene (e, f) and methyl acetylene (g, h). The left and right columns show the adsorption 
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in respect to the unit cell and in the 6-MBR ring, respectively. White and grey balls represent H 

and C atoms, respectively. 

Alkyne Chemisorption Energy / eV 
Bond Length / Å 

Cu-CH Cu-CR 

H-C≡C-H -0.58 2.20 2.20 

H-C≡C-CH3 -0.89 2.05 2.72 

H-C≡C-C2H3 -1.11 2.05 2.71 

H-C≡C-C3H7 -0.84 2.22 2.71 

 
Table 3.3 Adsorption information for each alkyne including chemisorption energy and copper to 

carbon bond lengths 

In Figure 3.8, it is clear that as the alkyne gets larger the molecule needs to bend in 

order to fit into the shape restraints of the zeolite pore. The acetylene molecule can sit 

flat across the zeolite pore but as the chain gets larger the adsorption geometry of the 

chain becomes more vertical. From Table 1, the copper to carbon bond lengths as 

expected are the same for the symmetrical acetylene molecule, however for all other 

unsymmetrical alkynes this is not observed. The C-H carbon for methyl acetylene and 

ethyl acetylene positions itself closer to the Cu2+ ion, which creates a Cu-CH bond shorter 

than acetylene and propyl acetylene. This is observed despite these molecules being 

larger than acetylene. This shortened Cu-CH bond length is reflected in the chemisorption 

energies.  From Table 1, they increase until ethyl acetylene indicating that this molecule 

has the greatest stability and bonding with the copper site from total energies. The 

following and largest alkyne, propyl acetylene, has a much lower chemisorption energy 

due to the molecule being to large to fit into the size constraints of the zeolite framework. 

This is reflected by the elongation of the HC-Cu bond length by 0.17 Å because the 

molecule is simply too large to bond as near to the Cu2+ site. It is interesting to note that 

despite this molecule being larger than the optimum size for the pore, it has a greater 

chemisorption energy than acetylene. The steric restriction is not great enough to prevent 
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the molecule from adsorption and can perhaps still benefit from vdW forces with the 

zeolite framework. The chemisorption energies and bond lengths suggest that Cu-SSZ-

13 would have preferential adsorption for ethyl acetylene if all species were present at 

the same time. This alkyne is the molecule that can fit the pore most optimally and this 

is reflected in a chemisorption energy that is -0.22 eV greater than its nearest competitor.  

3.3.3 Calculating the Free Energy Change from Gas to adsorbed site 

When the chemisorption energies of the adsorbed structure and the energy of each 

alkyne in the gas phase are known, the free energy picture can begin to be assembled. By 

calculating the thermodynamic correction value from total energies using vibrational 

frequencies for the adsorbed species and Gaussian for the gas phase, the free energy 

change from the gas phase to the adsorbed site can be calculated. Figure 3.9 shows the 

calculation process through their energy profiles for each alkyne. The free energy changes 

for all molecules are explicitly shown in Table 3.4.  
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Figure 3.9 Free energy change from gas phase to adsorbed site for (a) acetylene, (b) methyl 

acetylene, (c) ethyl acetylene and (d) propyl acetylene. The notation (g) represents gas phase, (ad) 

refers to the adsorbed phase and (free) constitutes the free energy of the phase. All in units of eV.  

 

 

 

 

 

 

 

 

Table 3.4 The free energy change from gas phase to adsorbed site for all alkynes 

 

 

Alkyne Free Energy 
Change / eV 

Acetylene -0.202 

Methyl acetylene -0.402 

Ethyl acetylene -0.593 

Propyl acetylene -0.317 
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The free energy change from gas phase to adsorbed site show a similar trend to 

chemisorption energies. The free energy change increases until ethyl acetylene with its 

value being the largest by 0.18 eV. This is reflective of this molecule having the greatest 

chemisorption energy and thus the strongest bonding to the Cu2+ ion. The free energy 

change decreases for the largest alkyne which is a consequence of both a decrease in 

chemisorption energy but also its steric bulk. The molecule is larger than the zeolite pore 

and will therefore cause steric strain with the framework resulting in a reduced ability to 

travel from the gas phase to the zeolite adsorption site. A molecule with a large negative 

chemisorption energy has strong adsorption and therefore will have a large free energy 

change. These results are in good agreement with previous experimental and theoretical 

work where the adsorption increases with chain length. 16,17,36 They also follow the same 

trend as observed by Piccini et al. for similar molecules in the same chosen zeolite.17 

3.3.4 Calculating the Free Energy Change from adsorbed site to pore 

The optimised adsorption structure can be used as the starting point to calculate the 

free energy change from the adsorbed site to the centre of the zeolite pore. The molecule 

can be forced from the adsorbed site into the hole using a biased and constrained MD 

technique called umbrella sampling. Through a series of Molecular Dynamics 

calculations along a reaction coordinate, in this case the distance from absorbed site to 

the centre of the hole, the free energy change can be calculated using a Weighted 

Histogram Analysis Method.31 Each molecule has been forced from its optimised 

adsorption structure to the centre of the pore and the free energy curves from umbrella 

sampling are shown below in Figure 3.10 and the free energy values are presented in 

Table 3.5. 
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Figure 3.10 The free energy curves for all alkyne desorptions to the centre of the zeolite pore. 

 

 

 

 

 

 

 

 

Table 3.5 The free energy change from adsorbed site to the centre of the zeolite pore for each 

alkyne 

The primary observation is that the free energy change of desorption to the pore 

follows the same trend as gas phase to the adsorbed site and with chemisorption energies.  

This can be rationalised on analysis of the chemisorption energies, because a larger 

chemisorption energy means the molecule is harder to desorb as the bonding is stronger. 

A molecule that is strongly adsorbed has a lowering of its entropy. This is because the 

bond is much stronger and becomes more fixed to the surface. When the bonding with 

the Cu2+ site is broken, a molecule which had a large chemisorption energy will 

Alkyne Free Energy 
Change / eV 

Acetylene 0.198 

Methyl acetylene 0.309 

Ethyl acetylene 0.336 

Propyl acetylene 0.292 
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experience a much greater increase in entropy compared to a molecule with a much 

smaller chemisorption energy. In comparison to all other alkynes investigated, the curve 

for acetylene is observed to have a flat start and a double minimum which is strikingly 

different from the others. This molecule is symmetrical so when the constrained bond is 

broken the other bond can still participate in bonding and is therefore not necessarily 

broken. Consequently, the non-constrained bond can continue to bond with the Cu2+ 

adsorption site for a longer period due to there being minimal steric hinderance (only a 

H atom). In the other alkyne curves this is not observed because the bulkier end is further 

away from the Cu site in the original optimised structure and therefore will definitely be 

broken before the constrained HC-Cu bond. The beginning of the largest three free energy 

curves are very similar in shape. Ethyl acetylene has the strongest bonding with the 

adsorbed site and therefore requires more energy to break the bonds. This is noticeable 

in the free energy curve as it has the steepest free energy rise at the beginning during the 

bond breaking process. Another interesting part of Figure 3.10 is the flat part of the propyl 

acetylene curve during the middle phase immediately after the bond breaking process. 

We need to remember that this molecule is larger than the hole so the molecule will 

become sterically hindered as it moves directly into the pore. Instead the molecule 

translates and bends to avoid travelling directly into the pore. As the bond gets larger, the 

molecule also bends to avoid interaction with another Cu2+ centre as this would increase 

the overall energy. However, when the molecule is forced into the hole at bond lengths 

above 4.5 Å, the molecule can not move or bend to avoid interaction with either the ring 

or an adjacent Cu2+ centre, resulting in an increase in free energy. The optimised 

gemotries of each alkyne in the centre of the pore are provided in Figure 3.11, to help 

illustrate that this alkyne is too sterically big to adhere to the dimensions of the pore. 

From Figure 3.11, it is clear that all the alkynes can fit lineraly into the zeolite pore except 
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for propyl acetylene. This alkyne can be seen to twist to avoid steric clash with the zeolite 

cage.  

 

Figure 3.11 Structural illustration of the adsorption of acetylene (a, b), methyl acetylene (c, d), 

ethyl acetylene (e, f) and methyl acetylene (g, h) within the centre of the SSZ-13 pore.  
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The overall free energy change for propyl acetylene was 0.29 eV which is very 

similar to methyl acetylene, which would be expected due to their similar chemisorption 

energies. Overall, the free energy change from adsorbed site to the zeolite pore correlates 

strongly with chemisorption energies and shows the optimumly sized ethyl acetylene to 

have the greatest value. 

3.3.5 Calculating the Free Energy Change from gas phase to pore 

The final free energy change to calculate in order to complete the free energy 

landscape is from the gas phase to the pore. This change lets us know how likely a 

molecule is actually going to enter the zeolite and whether a reaction is at all feasible to 

happen. When the free energy changes from gas to adsorbed site and adsorbed site to pore 

are known, this can be calculated very easily as the difference between these changes.  

Alkyne 
Free Energy 

Change 
 g → pore 

Free energy 
change  

pore → ad 

Free energy 
change  
g → ad  

Acetylene -0.004 -0.198 -0.202 

Methyl acetylene -0.093 -0.309 -0.402 

Ethyl acetylene -0.257 -0.336 -0.593 

Propyl acetylene -0.025 -0.292 -0.317 

 
Table 3.6 All the free energy changes for each alkyne, where g and ad represent gas and adsorbed 

phases respectively. All in units of eV. 

The results from Table 3.6 clearly show that ethyl acetylene is greatly favoured to 

move from the gas phase to the zeolite pore. In fact, it is 2.75 times more likely to move 
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from the gas phase to the hole than its closest rival. The results undoubtedly show the 

effects of shape selectivity on the movement of molecules into zeolites. Ethyl acetylene 

is most similar in size to the zeolite pore of SSZ-13 and benefits extensively from the 

stability gained from vdW forces with the zeolite framework. This is emphasised by the 

very small negative free energy seen with acetylene. It only has a few atoms to interact 

with the framework and therefore a smaller number of vdW interactions. This alkyne also 

easily fits the dimensions of the pore and when in the centre of the pore the bond lengths 

between the hydrogens in the molecule and the oxygens of the framework are too large 

to have significant hydrogen bonding. Consequently, the environment inside the pore and 

in the gas phase are very similar resulting in a negligible free energy change. This 

molecule is thermodynamically limited to enter the zeolite pore compared with the other 

alkynes. Another interesting observation is the huge difference in free energy change 

observed when adding an extra methylene group onto the optimally sized alkyne. The 

free energy change from gas to hole is ten times less for propyl acetylene compared to 

ethyl acetylene which is caused by the molecule being too large to fit comfortably into 

the pore. The molecule cannot avoid steric strain with the ring or with a Cu2+ metal site. 

It is in this transition that we fully see the effect of shape selectivity as a small difference 

in size creates a huge difference. This work supports and builds upon previous theoretical 

studies where the molecule that fits the best is observed to have the most favourable free 

energy profile. 17,18  
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3.3.6 The overall free energy landscape 

The overall free energy landscape for all molecules investigated is now known and 

the results clearly illustrate the effect of shape selectivity within zeolites. The free energy 

change for all transitions is largest when the molecule is optimally sized to fit into the 

Cu-SSZ-13 structure. In other words, when only thermodynamics is considered the ethyl 

acetylene molecule is most favoured to move from the gas phase to the hole and then 

from the hole to the adsorbed site. Therefore, this molecule is the beneficiary of shape 

selectivity in Cu-SSZ-13 and is most likely to adsorb and undergo a reaction from a 

thermodynamic point of view. The effect of shape selectivity on free energies for all 

transitions can be easily summarised in Figure 3.12. 

 

Figure 3.12 Schematic depicting the overall free energy landscape showing all free energy 

changes. All in units of eV.  
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3.3.7 Quantifying the effect of vdW forces on ethyl acetylene 

It is known that molecules enter zeolite pores due to the beneficial vdW interactions 

with the zeolite cage or pore.37,38 However, it is not well quantified from an experimental 

or theoretical approach. In this section, we attempt to calculate the effect vdW forces play 

on adsorption of ethyl acetate to the zeolite pore in Cu-SSZ-13. This molecule was chosen 

as it provided the greatest benefit from shape selectivity in the previous sections and 

should give the best result in comparison to the other alkynes. The method to obtain a 

value for the effect of vdW forces was to carry out the same free energy landscape 

calculations, however with the exclusion of vdW forces in the calculations.  

3.3.7.1 Calculating the Free Energy Change from Gas to adsorbed site 

The optimised adsorption structure of ethyl acetylene was recalculated without the 

inclusion of vdW forces and is shown in Figure 3.13 below. The Cu-CH bond length is 

observed to lengthen from 2.05 Å to 2.26 Å, which consequently results in a loss of 

chemisorption energy from -1.11 eV to -0.69 eV. This immediately indicates that the 

inclusion of vdW forces will play an integral role in the complete free energy landscape.   

 

Figure 3.13 Structural illustration of the adsorption of ethyl acetylene without vdW forces in 

respect to (a) the unit cell and (b) in the 6-MBR ring, respectively.  
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The new chemisorption energy can now be used to regenerate the free energy 

profile, Figure 3.14, and free energy change from the gas phase to the adsorption site. 

The reduction in chemisorption energy has a significant impact on the free energy change 

from gas to adsorbed site. This free energy change reduces by 0.35 eV from -0.593 eV 

with vdW forces to -0.243 eV without vdW forces.  

 

Figure 3.14 Free energy change from gas phase to adsorbed site for ethyl acetylene without vdW 

forces. The notation (g) represents gas phase, (ad) refers to the adsorbed phase and (free) 

constitutes the free energy of the molecules position. All in units of eV. 

3.3.7.2 Calculating the Free Energy Change from adsorbed site to pore 

The free energy change from adsorbed site to pore was calculated using the same 

method as highlighted in Section 3.3.4 with the only difference being the exclusion of 

vdW forces from the biased MD calculations. The free energy curves from umbrella 

sampling are shown below in Figure 3.15 below.  
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Figure 3.15 The free energy curve for ethyl acetylene desorption to the centre of the zeolite pore 

with and without vdW forces.  

The effect of vdW forces is also calculated to be large for the free energy change 

from adsorbed site to the centre of the pore. The exclusion of vdW forces results in a 

decrease in free energy change from 0.336 with vdW to 0.231 without vdW forces. This 

is a total free energy change difference of 0.105 eV. The start of the free energy curve is 

observed to be similar to the corresponding vdW curve. There is a sharp increase in free 

energy during the desorption process as the Cu-CH bond is broken. The main difference 

between the two curves is during the middle section where there is an actual drop in free 

energy change with no vdW forces. This is due to the molecule gaining no form of 

stabilisation or benefit of hydrogen bonding with the zeolite framework compared to the 

vdW calculation. The molecule would therefore much rather be bonded to the Cu2+ site 

that in between the site and the pore.  The curve finishes off similarly to the vdW forces 

due to a reduction in steric clash when it is in the centre of the pore and an increase in 

entropy. This results in a free energy increase in the zeolite pore for both curves.  
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3.3.7.3 Calculating the Free Energy Change from gas phase to pore 

The final part of the free energy picture is to once more calculate the free energy 

difference from the gas phase to the pore. This is again calculated from the difference 

between the two other free energy changes as shown in Table 3.7.  

 
Free Energy 

Change 

 g → hole 

Free energy 
change  

hole → ad 

Free energy 
change  

g → ad  

No vdW 0.015 -0.231 -0.216 

With vdW -0.257 -0.336 -0.593 

 

Table 3.7 All the free energy changes for ethyl acetylene with and without vdw forces. All in 

units of eV. 

This is perhaps the most striking and important result as there is change in sign for 

free energy. The exclusion in vdW forces causes the free energy change from gas phase 

to pore to differ by 0.272 eV and change from -0.257 to 0.015 eV. The results indicate 

that when there are no vdW forces involved there is no driving force to make the molecule 

move into the zeolite pore. This seems rational as in the gas phase the molecule has lots 

of entropy and without some form of stabilisation from the zeolite hole the molecule will 

not enter the hole. However, when there is a beneficial impact from vdW forces, the 

molecule will enter and therefore the free energy change turns negative. This result would 

also suggest that this molecule from a thermodynamic perspective is unlikely to undergo 

a reaction as it will not enter the pore to begin with. This study proves that vdW forces 

are integral for molecules to enter zeolites and by optimising the amount of vdW forces 

a molecule can be driven into the pore. This is in good agreement with the general opinion 
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on why molecules move into zeolites37,38 and our results give a quantification of how 

large these forces are. 

3.3.7.4 The overall free energy landscape 

The overall free energy landscape for ethyl acetylene with and without vdW forces 

is now known and the results clearly highlight the connection between shape selectivity 

and vdW forces. The effect of vdW forces and the impact on free energy can be easily 

illustrated in Figure 3.16. It is obvious that the most significant impact of vdW forces is 

when moving from the gas phase to the pore.  

 

 

Figure 3.16 Schematic depicting the overall free energy landscape showing all free energy 

changes for ethyl acetylene with and without vdW forces. All in units of eV.  
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3.4 Conclusions 

In this study, the shape selectivity of four alkynes in Cu-SSZ-13 were studied using 

DFT calculations and biased molecular dynamics. The free energy for each alkyne was 

calculated in the gas phase, the centre of the pore and at the adsorption site. The free 

energy transitions between each position was calculated with inclusion of vdW 

interactions. For ethyl acetylene, the same free energy calculations and transitions were 

investigated, however this time with the exclusion of vdW interactions in order to 

quantify their importance. The following conclusions were obtained regarding the shape 

selectivity of alkynes in Cu-SSZ-13: 

• The optimised structure of Cu-SSZ-13 is when the Al atoms are in the 1,4 

positions in the framework and in the same 6MR. The Cu2+ ion favours to 

reside in the middle of the same 6MR at 300K. 

• Ethyl acetylene which is the molecule most commensurable in size to the 

zeolite pore is the biggest beneficiary of shape selectivity. This alkyne is 

most likely from a free energy point of view, to move from the gas phase to 

the zeolite pore and finally onto the reaction site.  

• When one more methylene group is added to ethyl acetylene, the molecule 

is 10 times less likely to enter the zeolite pore from the gas phase when 

comparing the free energy change values. This emphasises the importance 

of shape selectivity within zeolites as a small change in size can make a 

huge difference to free energy. 

• The inclusion of vdW interactions for ethyl acetylene causes a complete 

change in sign for the free energy change from gas phase to the pore. In 

other words, the transition from gas phase to the centre of the pore is only 

likely to occur with the influence of vdW forces. 
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Abstract 

Heterogenous hydrogenation reactions are very important within a wide range of 

chemical industries. On solid surfaces, these reactions typically occur via a Langmuir-

Hinshelwood style mechanism either through molecular or dissociated hydrogen. In this 

work, we find through DFT and biased Molecular Dynamics calculations that the 

hydrogenation of acetaldehyde on birnessite is unlikely to occur through a traditional 

Langmuir mechanism. This arises from the strong adsorption of the aldehyde on the 

surface, which makes the hydrogenation of the carbonyl oxygen extremely difficult. On 

this surface, we suggest that in the gas phase this hydrogenation reaction is unlikely to 

occur, and that methanol solvent is required for the reaction, where it preferentially fills 

the oxygen vacancies and spontaneously dissociates on the surface. The subsequent 

dissociated hydroxyl group then acts as the coordination point for the carbonyl bond and 

using ab-initio DFT calculations and biased molecular dynamics, we have proposed that 

this reaction occurs via a solvent assisted Eley-Rideal mechanism with molecular 

hydrogen in the liquid phase. 
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4.1 Introduction 

In heterogenous catalysis, there are three main surface reaction mechanisms that a 

reaction can proceed through, see Figure 4.1. The Langmuir Hinshelwood mechanism 

(Part A) involves both reactant molecules adsorbing to the surface before a reaction 

occurs.1 The Eley-Rideal mechanism (Part B) in which only one reactant molecule 

adsorbs to the surface and the other reactant molecule reacts with the adsorbed species 

from the gas phase.2 Finally, the Mars-Van Krevelen mechanism (Part C) where the 

surface itself takes part in the reaction mechanism.3 One of the reactant molecules forms 

a bond with the surface followed by reaction with the other reactant molecule in the gas 

phase.    

 

Figure 4.1 Schematics showing the three main surface mechanisms – (a) Langmuir-Hinshelwood, 

(b) Eley-Rideal and (c) Mars-Van Krevelen.  

Hydrogenation reactions on heterogenous catalysts are hugely important in a 

plethora of industrial applications which include the food, petrochemical and fragrance 
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industries.4,5,6 In general, on solid catalysts, the most common and accepted mechanism 

for hydrogenation reactions is the Horiuti-Polanyi mechanism. 7,8,9,10 

This mechanism is prevalent in a wide range of hydrogenations including the 

saturation of aldehydes, ketones and alkenes. 11,12 However, there are occasions whereby 

the hydrogenation reaction occurs via a non-Horiuti–Polanyi mechanism in which the 

hydrogenation reaction occurs via molecular hydrogen on the surface as opposed to 

dissociated hydrogen.13,14 This occurs because some surfaces are too inert to effectively 

break the H-H bond and therefore high barriers for hydrogen dissociation are calculated. 

This was observed by Yang et al. using an Au/TiO2 catalyst, where the free energy barrier 

for hydrogen dissociation was 0.95 eV.15  

These reactions all occur via molecular hydrogen and the unsaturated molecule 

bonding to the surface at some stage and thus the reaction occurs via a Langmuir-

Hinshelwood style mechanism. It is therefore worth asking the following fundamental 

questions.  

1) If hydrogen bonding is too weak will molecular hydrogen bind to the surface? 

2) If only limited adsorption sites are available, which molecule will preferentially 

adsorb to the surface? This is particularly important in the liquid phase. 

3) Is it possible for hydrogenation reactions to not involve adsorption of hydrogen? 

In order to answer these questions, in this work, we have calculated the free energy 

profiles for the hydrogenation of aldehydes on a metal oxide catalyst called Birnessite. 

The catalyst is a two-dimensional layered structure comprised of edge shared MnO6 

octahedra, with the interlayer region occupied by either water molecules and/or metal 

cations.16 It is a natural substance found as manganese nodules dredged from ocean floors 

and possesses numerous surface defects usually in the form of oxygen vacancies.17  
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Manganese oxide octahedral molecular sieves have recently been used for 

hydrogenation reactions of aldehydes which were seen to show high activity and 

selectivity.18 This particular material does not have an adsorption site without an oxygen 

vacancy and therefore competitive adsorption on the vacancy should be observed.  

The Langmuir-Hinshelwood style mechanisms were studied in the gas phase to 

determine their viability on Birnessite. It was found that direct adsorption of the carbonyl 

bond on an oxygen vacancy is too strong and the hydrogenation barrier for the oxygen 

atom is too large from first principle calculations. The values for the adsorption of 

acetaldehyde in the oxygen vacancy was 2.22 eV and the barrier lowest barrier to 

hydrogenate this atom was 1.493 eV. This suggests that a mechanism that involves 

aldehyde adsorption is unlikely to occur on this surface and effectively eliminates a 

conventional Langmuir mechanism. Consequently, the reaction mechanism in the liquid 

phase was also examined using methanol as the chosen solvent. Methanol was chosen as 

this has been employed with manganese oxide surfaces in the literature and was seen to 

show positive results with aldehydes.18 The addition of solvent adds another species in 

competition to adsorb to any oxygen vacancies and thus the possibility to impact the 

reaction mechanism. It was found from DFT calculations and molecular dynamic 

simulations that the methanol solvent fills the oxygen vacancies and dissociates on the 

surface leaving a methoxy and hydroxyl group on the surface. The carbonyl group can 

then bond to the hydroxyl group on the surface with a much lower chemisorption energy 

than that observed with the surface. The hydrogenation reaction is then seen to proceed 

via an Eley-Rideal mechanism with molecular hydrogen in the liquid phase. This greatly 

reduced the reaction barrier from biased molecular dynamics simulations.   
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4.2 Computational Methods 

All calculations in this chapter were carried out using the Perdew-Burke-Ernzehof 

(PBE)19  functional conducted using the Vienna ab initio Simulation Package (VASP) at 

300K. The project-augmented wave (PAW) method was used to represent the 

core−valence interaction.20,21 The Brillouin zone was sampled with k-points 6 x 6 x 6 for 

lattice parameters optimisation and 1 x 1 x 1 for optimisation and MD calculations using 

the expanded supercell. A two-layer, 1 x 6-unit cell was used with the top layer and 

adsorbates allowed to fully relax until the forces were below 0.05 eV / Å, while the 

bottom layer was fixed. The transition states (TS) were calculated by a constrained 

minimisation technique, whereby the TSs were confirmed when (i) all forces on the atoms 

are below 0.05 eV / Å and (ii) the total energy reaches a maximum along a specific 

reaction coordinate but remains a minimum with respect to the other degrees of 

freedom.22,23 A cut-off energy of 400 eV was used for total energy calculations for plane 

wave basis sets to expand the valence electron states.  

In this work, the chemisorption energies were calculated via the following method:   

𝐸"# = 	𝐸&'& −	)𝐸*"& +	𝐸,- 

Where 𝐸"# is the adsorption energy, 𝐸&'& is the total energy of the system after 

adsorption, 𝐸*"& is the energy of the clean catalyst and 𝐸, is the energy of the alkyne in 

the gas phase. 

The canonical ensemble conditions were imposed by a Nose–Hoover thermostat 

(NVT) for all the free energy calculations.24 Figure 4.2 shows how well the temperature 

is controlled by the thermostat for a simulation of 40,000 steps with a 5 fs time-step.To 

calculate the free energy of the species, the total energies were thermodynamically 

corrected using standard formulas of statistical thermodynamics. This includes correction 
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for zero Point Energy (ZPE), internal energy and entropy derived from partition 

functions25,26,27  (outlined in section 2.4.3). 

𝐺 = 𝑍𝑃𝐸 + 𝑈 − 𝑇𝑆 

Where 𝐺 is the free energy, 𝑍𝑃𝐸 is the zero-point energy, 𝑈 is the internal energy, 

𝑇 is the temperature in Kelvin and 𝑆 is the entropy at calculation temperature.  

In the liquid phase calculations, the methanol bulk consisted of 10 methanol 

molecules placed randomly above the MnO2 top layer to explicitly simulate the 

methanol/MnO2 interface with an approximate density of 0.792 kg m-3. The number of 

methanol molecules required was calculated using Equation 4.1.28  

																																								𝜌56786 =
𝑁𝑚56786

;)�⃑�𝑥𝑏@⃑ -. ((𝑧E̅"F − 𝑧EGH)𝑂K"#)𝑧)L ;
																														(4.1) 

Where 𝑁 is the number of methanol molecules, 𝑚56786 is the atomic mass of 

methanol, ;�⃑�𝑥𝑏@⃑ ; is the volume defined by two lattice vectors a and b, 𝑧E̅"F is the 

maximum z distance for oxygen, 𝑧EGH is the minimum z distance for oxygen and 𝑂K"# is 

the atomic radius of oxygen. 

The system was then completely optimised until all forces were below 0.05 eV / Å 

to act as a starting point for MD simulations. The optimised structure was then allowed 

to thermally equilibrate at 300K for a minimum of 50 ps. 

The umbrella sampling calculations were carried out using a VASP code which 

incorporates biased molecular dynamic components. 29,30 The artificial Gaussian well 

implemented in the simulations consisted of height -578.91 kJ mol-1 and width 38.594 kJ 

mol-1. The chosen reaction coordinate to constrain was from one H of the H2 molecule to 

either the C or O of the carbonyl group on the acetaldehyde molecule (H-CO or H-OC). 

The constrained coordinate was sampled in 0.1 Å increment windows going beyond the 
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typical transition state bond lengths for C-H and O-H bonds. Each simulation was carried 

out for 10 ps with a time-step of 5 fs and the free energy profiles were determined using 

the Weighted Histogram Analysis Method (WHAM)31. The 1d-WHAM code from Alan 

Grossfield  was used in this project. 32 

 

Figure 4.2 – Graph showing how well the temperature is monitored by the Nose-Hoover 

thermostat 
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4.3 Results & Discussion 

4.3.1 The optimisation of the Birnessite surface 

As mentioned previously, Birnessite is a naturally found octahedrally layered 

manganese oxide which has the ability to possess surface oxygen vacancies. The spaces 

between the layers can be synthesised to possess a number of different metals which 

commonly include K, Na and Ca. The catalyst prepared by Manyar et al. incorporated K 

into the crystalline structure using a sol-gel method and the molecular formula of their 

structure was determined to be KMn0.6Mn2O4.1.5H2O. The optimised structure from a 

side on view for the Birnessite catalytic surface is shown below in Figure 4.3.  

 

Figure 4.3 The structure of the Birnessite model - (a) the optimised lattice of OL and (b) depicting 

the layered surface with general formula KMn2O4. Oxygen and Manganese atom are represented 

by red and purple balls respectively. 

The structure is similar in composition to the experimental surface and the model is 

similar to the structure modelled from the study by Gaillot et al.33 The distance between 

the layers in our model is 6.434 Å and is similar to those obtained from their experiments 

(6.394 Å). 

To probe the mechanism for hydrogenations of acetaldehyde, a 6 x 4 x 2-unit cell 

with a 15 Å vacuum space was created to prevent spurious interactions between 
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periodically repeated supercells, Figure 4.4. This is the same supercell used in the liquid 

phase simulations, however the vacuum layer has been filled with methanol to accurately 

depict solvent effects.  

 

Figure 4.4 The structure of the optimised 6 x 4 x 2 unit cell with 15 Å vacuum space from (a) 

front on and (b) top-down views.  

4.3.2 Investigation of the non-Horiuti-Polanyi Mechanism with 

molecular hydrogen on the surface 

The first point to note is that without the formation of an oxygen vacancy, no 

adsorption of hydrogen or acetaldehyde was observed to occur. In effect, the surface can 

be interpreted as being inert as the reactant molecules just hover above the surface with 

no chemistry taking place. However, when oxygen vacancies are formed both the 

hydrogen molecule and acetaldehyde can adsorb to the catalytic surface. The position of 

the oxygen vacancies were tested. The hydrogen molecule has an adsorption energy of -

0.67 eV and the acetaldehyde molecule has an adsorption energy of -2.22 eV. The 

adsorption strength of the aldehyde is quite large but can be rationalised by the fact the 

oxygen bonds to three Mn centres. This offers a significant level of bonding with the d 

orbitals of the metal resulting in strong interactions of their electron clouds and thus a 
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strong bond. The initial structure is shown in Figure 4.5, where the hydrogen molecule 

and acetaldehyde have adsorbed on two oxygen vacancies in close proximity to each 

other. 

 

Figure 4.5 (a) The position of the oxygen vacancies and (b) the initial structure showing the 

adsorption of H2 and C2H4O in those oxygen vacancies. 

The first step in this mechanism after adsorption of the reactants is the attack of one 

H from molecular hydrogen to either the C or O of the unsaturated C=O. The results from 

ab-initio DFT calculations and the constrained minimisation technique show 

unequivocally that attack of the C of C=O is heavily favoured. The barrier for attack of 

C is 0.310 eV compared to 0.827 eV for O, which is expected as the carbon is activated 

from the adsorption of the O to the surface. The bonding of the aldehyde to the surface 

vacancy is large with a chemisorption value of 2.02 eV which will also increase the 

reaction barrier for O hydrogenation. Additionally, when we optimise the structure after 

the hydrogenation of O, we find that the H goes back to the surface forming a hydroxyl 

group as shown in intermediate state (IMS). This suggests that hydrogenating the O first 

forms an unstable structure and confirms that the first point of hydrogenation is the C. 

The second step involves the addition of the second H which is now solely in the oxygen 

vacancy. The barrier for the addition of the second H to the O atom is extremely large 

with a value of 2.132 eV. The reaction mechanism and reaction energy profiles are shown 
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in Figures 4.6 and 4.7 respectively. The addition of the first hydrogen results in the Mn-

H bonds shortening from 1.95 Å, 1.93Å and 1.75Å to 1.84 Å, 1.83Å and 1.73Å 

respectively. This means the H is more strongly and tightly bonded to catalytic surface 

and thus the removal from the vacancy is markedly more difficult. The addition to the 

strongly bonded O atom of the aldehyde to the surface is also a prohibiting factor in why 

this secondary hydrogenation step is so difficult. The results indicate that the 

hydrogenation of acetaldehyde will not take place via the non-Horiuti-Polanyi 

mechanism with molecular hydrogen.  
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Figure 4.6 The non-Horiuti-Polanyi reaction mechanisms using molecular hydrogen on the 

surface from (a) side views and (b) top views where IS, IMS, TS and FS stand for initial state, 

intermediate state, transition state and final state respectively.  

 

Figure 4.7 The relative energy profiles for the non-Horiuti-Polanyi mechanism. 

4.3.3 Investigation of the traditional Horiuti-Polanyi Mechanism 

The second mechanism investigated was the Horiuti-Polanyi mechanism which is 

the most common hydrogenation mechanism on solid catalysts. The Horiuti-Polanyi 

mechanism differs from the first mechanism investigated as the hydrogenation process 
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no longer takes place through molecular hydrogen. The first step after H2 and 

acetaldehyde adsorption on the oxygen vacancies is the dissociation of H2 on the surface. 

The dissociation of H2 on birnessite results in one H on the oxygen vacancy and the other 

H forming a hydroxyl group (OH) on the surface. This can occur relatively easy with a 

barrier of 0.397 eV with the reaction mechanism and energy profile shown in Figures 4.8 

and 4.9 respectively. 

 

 

Figure 4.8 The reaction mechanism for the dissociation of hydrogen on the surface from (a) side 

views and (b) top views. 

 

Figure 4.9 The relative energy profile for the dissociation of molecular hydrogen on birnessite. 
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The dissociation of H2 into Mn-H and O-H leaves two possible reaction pathways 

for the reaction to proceed. The Mn-H hydrogen can react first with the unsaturated C=O 

followed by subsequent addition of the O-H hydrogen or oppositely the O-H hydrogen 

can react first followed by Mn-H. The attack of the Mn-H to the C of the C=O is 

calculated to be favoured over the attack of the O-H hydrogen by 0.18 eV. The reaction 

barrier was calculated to be 0.654 eV for Mn-H compared to 0.834 eV for O-H. The 

intermediate state (IMS) of the Mn-H attack is also calculated to be energetically more 

stable by 0.043 eV than the O-H attack, however this value is relatively small. The second 

step of the hydrogenation shows the opposite result. The addition of H from O-H is more 

favourable than Mn-H by a considerable 0.639 eV. The barriers for both are large with 

effective barriers of 1.493 eV and 2.132 eV for O-H and Mn-H respectively. The H on 

the Mn has a slight negative charge whilst the H on the O has a small positive dipole. It 

is therefore not surprising that the hydride on Mn-H attacks the positive carbon, while the 

more protonic hydrogen on the oxygen favours attack of the oxygen of the carbonyl. The 

two reaction pathways with transition states are shown in Figure 4.10 and the reaction 

energy profiles are depicted in Figure 4.11.  
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Figure 4.10 The reaction mechanisms for the Horiuti-Polanyi hydrogen on the surface using 

dissociated hydrogen from (a) side views and (b) top views.  

 

The large barriers for the second hydrogenation step suggest that the Horiuti-

Polanyi mechanism is not the mechanism through which hydrogenation reactions occur 

on birnessite. The addition from dissociated hydrogen on the oxygen vacancy is too 

difficult and a mechanism with a lower barrier is required. The large barriers for both the 

Horiuti-Polanyi and non-Horiuti-Polanyi mechanism advocate that a traditional 

Langmuir-Hinshelwood mechanism will not work for this reaction on birnessite.  
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Figure 4.11 The relative energy profiles for the Horiuti-Polanyi mechanism. 

4.3.4 Investigation into a coordination-based mechanism 

The barriers for the hydrogenation of acetaldehyde when it is adsorbed on the 

surface have been found to be large. In this approach, we decided to have the 

acetaldehyde coordinated to the surface to see if this has a reducing effect on the 

hydrogenation barriers. The first step in this approach is to force the hydrogen molecule 

to dissociate on the surface and create two hydroxyl groups whereby the acetaldehyde 

molecule can coordinate via hydrogen bonding to C=O bond. The acetaldehyde molecule 

has a coordination strength of -1.15 eV with the surface hydroxyl which is significantly 

lower than the 2.22 eV when directly bonded to the surface. The next step is 

hydrogenation of the C by the hydroxyl H that the molecule is not coordinated to. The 

barrier for this hydrogenation step is still very large, 1.48 eV, however an interesting 

point was observed. This step resulted in the O of the CO bond, simultaneously and 

spontaneously picking up the other H from the hydroxyl group it was coordinated to. This 

means that the hydrogenation reaction occurred in a single step. The primary problem in 

the investigations seen prior was the hydrogenation of the O which is now possible when 
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the molecule is not strongly adsorbed to the surface. This approach also gave the lowest 

barrier so far and is a mechanism that can be developed on. The high barrier does indicate, 

however, that this is not the mechanism for the reaction and that another approach is 

needed, where the hydrogen source is not strongly adsorbed to the surface. The reaction 

mechanism and profiles are shown below in Figures 4.12 and 4.13 respectively. 

 

Figure 4.12 The reaction mechanism for the coordination-based hydrogenation of acetaldehyde 

from surface hydroxyl groups.  

 

Figure 4.13 The relative energy profile for the coordination-based hydrogenation of acetaldehyde 

4.3.5 Investigation into a solvent assisted Eley-Rideal mechanism with 

molecular hydrogen 

The main problems with this reaction have been the adsorption strength of the 

aldehyde to the surface and the hydrogen source also coming from the surface. In the 

coordination-based mechanism, the first of these issues was resolved, however a large 
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barrier for the reaction was still observed. In this approach, we hope to resolve the issues 

with surface hydrogen being the source for the hydrogenations by adding solvent to the 

system. In this system, methanol is chosen as the solvent as it has been used on similar 

manganese oxides in the literature.18 The solvent adds another competitor that can adsorb 

and dissociate on the surface oxygen vacancies. The chemisorption free energies for each 

species in the oxygen vacancy are shown in Table 4.1.  

Cu position Free Energy Ad 
/ eV 

Methanol -2.57 

Hydrogen -0.026 

Acetaldehyde -1.85 

Table 4.1 The chemisorption free energies of methanol, hydrogen and acetaldehyde on the surface 

The chemisorption free energies show that methanol is most thermodynamically 

favoured to adsorb in an oxygen vacancy by 0.72 eV. The results categorically show that 

the hydrogen molecule is the least favoured and most unlikely to adsorb on the surface. 

The methanol solvent is also the most abundant in the reaction and the probability of a 

methanol molecule adsorbing to the surface is also very high. To test if a methanol 

molecule is more likely to adsorb than an acetaldehyde molecule a simple MD simulation 

was conducted. A methanol molecule and an acetaldehyde molecule were placed 

equidistant from an oxygen vacancy and the system was allowed to optimise. It was found 

that the methanol molecule adsorbed on the vacancy over the acetaldehyde molecule. 

Another interesting result from the MD simulation was that the methanol molecule 

spontaneously dissociated on the surface at 300 K, resulting in an O-CH3 and O-H. The 

hydroxyl group provides a coordination site for the carbonyl group of the aldehyde as 

seen in section 4.3.4 previously. The MD simulation and free energy results allow a 
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system to be developed whereby a methanol molecule is dissociated on the surface with 

the aldehyde adsorbed to the hydroxyl group. The rest of the system is filled with solvent 

to the correct density and with a molecular hydrogen in the liquid phase. The system was 

then optimised until the forces were under 0.05 eV and then an MD simulation was run 

for 50 ps at 300K to allow the system to thermally equilibrate. The system is shown in 

Figure 4.14 below, which is the system prior to constrained MD calculations. 

 

Figure 4.14 The starting system for the hydrogenation of acetaldehyde in methanol by molecular 

hydrogen 

After relaxation of the system, the hydrogen molecule is observed to reside close 

to the surface and parallel to the C=O bond of the aldehyde. The acetaldehyde is found 

to bond with the hydroxyl group in an upright orientation due to the presence of the 

methoxy group on the surface. This geometry reduces the steric strain on the system. This 

is the starting point for the umbrella sampling calculations where the hydrogen molecule 
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is forced to react with the C and O of the acetaldehyde carbonyl bond. The free energy 

profiles for attack of the C and O of acetaldehyde are shown in Figure 4.15.  

 

Figure 4.15 The free energy profiles for the hydrogenation of acetaldehyde in methanol, where 

the attack of C and O of the C=O are shown by the blue and orange curves respectively. 

When the hydrogen molecule is forced to attack the carbon and the C-H bond begins 

to form, the O of the CO bond simultaneously picks up the H of the OH on the surface. 

This is the same as what was observed with the coordination-based mechanism in section 

4.3.4. The other H of the hydrogen molecule then moves to the surface and regenerates 

the O-H on the surface but on a different oxygen atom. This is important as another 

acetaldehyde molecule can then coordinate to this hydroxyl group and the reaction can 

occur again with a cycle being formed. The free energy barrier for this mechanism is only 

0.83 eV at 300 K, which is a great reduction to any of the other mechanisms seen prior, 

although they are static calculations. These are not directly comparable, but it is 

reasonable to assume that this reaction is likely to occur with a barrier lower than seen 

previously due to magnitude the barrier has been decreased by. To ensure that this is the 

preferred mechanism for this reaction in the liquid phase, the same calculations were 
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performed but the hydrogen molecule attacked the O of the C=O. In this reaction, as the 

O-H bond forms the other H of the hydrogen molecule reacts with the C of the carbonyl. 

The barrier for this reaction is much greater, 1.25 eV, and unquestionably shows that 

attack of the C is favoured. 

This system resolves both the main issues seen with the traditional Langmuir-

Hinshelwood style mechanisms and greatly reduces the barrier of hydrogenation. The 

solvent in the system plays an integral role in filling the surface vacancies but also 

providing a bonding hydroxyl after dissociation. The preferential solvent adsorption on 

the surface allows the hydrogenation reaction to occur by an Eley-Rideal mechanism, 

which alleviates the high barriers observed when the hydrogen source is adsorbed on the 

surface. The coordination of the aldehyde to the hydroxyl group also enables the O of the 

C=O to be hydrogenated by virtue of the aldehyde not being directly bonded to the 

surface. 
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4.4 Conclusions 

In this study, the hydrogenation of acetaldehyde on birnessite was studied in both 

the gas and liquid phase using DFT calculations and biased molecular dynamics. The 

reaction barriers for each mechanism investigated was calculated and the following 

conclusions were obtained: 

• The non-Horiuti-Polanyi mechanism with molecular hydrogen is not a 

viable mechanism for this reaction. The second hydrogenation step is too 

difficult, arising from the strength of aldehyde and H adsorption on the 

surface oxygen vacancies. 

• The common Horiuti-Polanyi mechanism is also not suitable for this 

reaction as the bonding of the aldehyde to the surface is still too large and 

the hydrogenation barrier of O is too high. 

• The coordination-based mechanism in the gas phase enabled the 

hydrogenation of the O to be achieved as the aldehyde is no longer directly 

bonded to the surface. Although the barrier was reduced, it is still not the 

correct mechanism as the overall barrier was still too large. The reaction 

does not occur via a traditional Langmuir-Hinshelwood mechanism. 

• The addition of methanol solvent to the system enables the reaction to occur 

with a reasonable barrier. The solvent molecule is calculated from free 

energy analysis to preferentially adsorb on the surface vacancies and 

spontaneously dissociate. The aldehyde can then bond with the resulting 

surface hydroxyl. The hydrogen molecule is now in the liquid phase and the 

reaction is observed to proceed through an Eley-Rideal mechanism with a 

barrier of 0.82 eV at 300 K. 
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Abstract 

The selective hydrogenation of α, β-unsaturated aldehydes is of great importance 

and the ability to tune the selectivity is highly desirable. In this study, we determined that 

the hydrogenation of these species can be tuned by changing the solvent in the system 

using DFT calculations and biased Molecular Dynamics. In methanol, the hydrogenation 

favours formation of the unsaturated alcohol, whilst in water / methanol (10:1), the 

reaction favours the saturated aldehyde. The change in selectivity is governed by the 

distance and position of the hydrogen molecule in relation to the surface, combined with 

its ability to move in solution. A simple study for the hydrogenation of acrolein in water 

proved that methanol is essential in the water system to change the selectivity from the 

CO to the CC bond. In pure water, the reaction still favoured the hydrogenation of the 

CO caused by a change in the adsorption geometry of acrolein. We have shown that the 

selectivity of the hydrogenation can be tuned to a desired product by the choice of solvent.  
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5.1 Introduction 

In heterogenous catalysis, the selective hydrogenation of α,β-unsaturated aldehydes 

and ketones is of significant importance and interest in a wide array of chemical 

industries. It is particularly prevalent in the fine chemical industry during the production 

of pharmaceuticals, fragrances and flavours.1,2,3 The interest of these reactions arises from 

the scientific usefulness to either hydrogenate the C=C or C=O bond, which is a 

challenging and demanding problem. The production of unsaturated alcohols is highly 

desirable but often very difficult as the production of the unsaturated aldehyde is typically 

thermodynamically favoured.4,5,6 The use of Nobel metals such as Pt, Au,  Re, Ru and Ir 

are typically used as catalysts for these reactions,7,8,9,10,11 Traditionally, palladium 

catalysts are employed to selectivity hydrogenate the carbonyl group, whilst platinum is 

utilised for the selective hydrogenation of the alkene group.12 However, there is growing 

motivation to stray away from these materials due to their scarcity within nature and thus 

their rising cost. This has led to the study of new and innovative materials to carry out 

these reactions. Zhang et al. reported the use of a cobalt supported on zeolite ZSM-5 

catalyst to selectively produce cinnamyl alcohol from cinnamaldehyde.13 In recent work 

by Manyar et al., the selective hydrogenation of cinnamaldehyde was reported on the 

non-noble metal manganese oxide, OMS-2.13 The pure oxide was selective towards 

hydrocinnamaldehyde with 86% selectivity at 97% cinnamaldehyde. The selectivity was 

tuned to selectively form cinnamyl alcohol when Pt was introduced to the catalyst with 

80% at 96% cinnamaldehyde conversion. In this work, we have investigated the catalytic 

selectivity of octahedral layered manganese oxides (OL) in liquid phase hydrogenation 

of α, β-unsaturated aldehydes and ketones. The selective hydrogenation of α, β-

unsaturated aldehydes at the C=O group produces the unsaturated alcohol, whilst the 
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selective hydrogenation at the C=C double bond produces the saturated aldehyde, see 

Figure 5.1.  

 

Figure 5.1 Reaction scheme for the selective hydrogenation of either C=C or C=O bond of an α, 

β-unsaturated aldehyde. 

In previous work, we reported a solvent-assisted Eley-Rideal mechanism for the 

hydrogenation of acetaldehyde in methanol. In this work, we have investigated how the 

choice of solvent effects the selectivity of two different α, β-unsaturated aldehydes, 

cinnamaldehyde and acrolein in methanol and water/methanol using this reaction 

mechanism. The pathway in which reactions of this type proceeds is dependent on 

numerous factors which includes the choice of solvent.14 Cinnamaldehyde was chosen as 

one of the α, β-unsaturated aldehydes as it is of particular interest in the fine chemical 

industry. The two selective products of cinnamaldehyde hydrogenation produce cinnamyl 

alcohol and hydrocinnamaldehyde, which are used as a precursor in pharmaceutical 

synthesis and in perfumery respectively.12 The results from our studies are in 

collaboration with experimental data collected by Manyar et al. who also studied this 

system. Acrolein was also studied to prove that the results and selectivities obtained are 

reproducible for another α, β-unsaturated aldehyde. Furthermore, acrolein being the 

simplest of these species should act as a good model for future studies. There have been 

several experimental studies into how the solvent effects the hydrogenation of α, β-
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unsaturated aldehydes and the most important solvent effects are attributed to its polarity, 

hydrogen solubility, interactions between the catalyst and the solvent, and solvation of 

the reactant in the bulk liquid.3,15,15 There are also a multitude of different solvents 

employed to carry out reactions of this nature which include polar, non-polar, ionic and 

supercritical fluids.16,17,18 It is generally accepted that polar solvents prefer the 

hydrogenation of the C=O bond, whilst non-polar solvents favour the C=C bond. 

However, there are occasions where the selectivity differs from this general consensus, 

for example, in the hydrogenation of methylbutenal on Pt(111) where the unsaturated 

alcohol was the predominant product.4,19 In the current literature, there is no coherent 

rationalisation for solvent effects and no clear arguments for why certain solvents prefer 

certain reaction pathways in these reactions. We use ab-initio DFT calculations alongside 

biased molecular dynamics to support experimental results for the hydrogenation of 

cinnamaldehyde in pure methanol and 10:1 water/methanol solvents. It is found that in 

methanol, the selectivity is dominated by hydrogenation of the C=O bond, whilst in 

water/methanol the C=C bond is preferred. The difference in selectivity was observed to 

be governed by the distance of the hydrogen molecule in relation to the surface and the 

relative diffusion of the hydrogen molecule in solution. The same trends in selectivity 

were replicated for acrolein in the same solvent systems. The hydrogenation of acrolein 

in pure water was also investigated to determine the importance of methanol dissociation 

in the reaction mechanism. In pure water, the water dissociates on the surface leaving two 

O-H groups, which in turn alters the adsorption geometry of the α, β-unsaturated aldehyde 

on the surface. This results in the selectivity being in favour of the unsaturated alcohol 

compared to the saturated aldehyde in water/methanol. The results show that methanol 

dissociation is essential in the water/methanol system to tune the selectivity towards the 

C=C bond.  
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5.2 Computational Methods 

All calculations in this chapter were carried out using the Perdew-Burke-Ernzehof 

(PBE)20  functional conducted using the Vienna ab initio Simulation Package (VASP) at 

300K. The projector-augmented wave (PAW) method was used to represent the 

core−valence interaction.21,22 The Brillouin zone for optimisations was sampled with k-

points 1 x 1 x1 using the expanded supercell. A two-layer, 1 x 6-unit cell was used with 

the top layer and adsorbates allowed to fully relax until the forces were below 0.05 eV / 

Å, while the bottom layer was fixed. 

The canonical ensemble conditions were imposed by a Nose–Hoover thermostat 

(NVT) for all the free energy calculations.23 To calculate the free energy of the species, 

the total energies were thermodynamically corrected using standard formulas of 

statistical thermodynamics. This includes correction for zero Point Energy (ZPE), 

internal energy and entropy derived from partition functions24,25,26  (outlined in section 

2.4.3). 

𝐺 = 𝑍𝑃𝐸 + 𝑈 − 𝑇𝑆 

Where 𝐺 is the free energy, 𝑍𝑃𝐸 is the zero-point energy, 𝑈 is the internal energy, 

𝑇 is the temperature in Kelvin and 𝑆 is the entropy at calculation temperature. 

In the liquid phase calculations, the solvent bulk consisted of either 10 methanol 

molecules, 14 water molecules or 1 methanol and 11 water molecules. These were placed 

with intuition from previous known structures for liquid water and methanol above the 

MnO2 top layer to explicitly simulate the solvent/MnO2 interface with an approximate 

fixed density of 0.792 kg m-3 or 1.000 kg m-3 for pure methanol and water respectively. 

The water/methanol system is a good estimate of the experimental system used by 
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Manyar et al. The number of solvent molecules required for each system was calculated 

using Equation 4.1 (see section 4.2). 

The system was then completely optimised until all forces were below 0.05 eV / Å 

to act as a starting point for MD simulations. The optimised structure was then allowed 

to thermally equilibrate at 300K for a minimum of 50 ps.  

The umbrella sampling calculations were carried out using a VASP code which 

incorporates biased molecular dynamic components. 27,28 The artificial Gaussian well 

implemented in the simulations consisted of height -578.91 kJ mol-1 and width 38.594 kJ 

mol-1. The chosen reaction coordinate to constrain was from one H of the H2 molecule to 

the C of the carbonyl group on the acetaldehyde molecule (H-CO).The constrained 

coordinate was sampled in 0.1 Å increment windows going beyond the typical transition 

state bond lengths for C-H bonds. Each simulation was carried out for 10 ps and the free 

energy profiles were determined using the Weighted Histogram Analysis Method 

(WHAM)29. The 1d-WHAM code from Alan Grossfield was used in this project. 30 

The collaborative experimental procedure as carried out by Manyar et al. (not mine) 

is shown here. Hydrogenation experiments were performed in a 100 cm3 Autoclave 

Engineers’ high-pressure reactor, which had a pressure range of 0–20 MPa gauge and a 

maximum temperature limit of 573 K. In a typical experiment, the reactor was charged 

with substrate (0.006 mol) and catalyst (0.1 g) suspended in methanol (60 cm3). The 

reactor was purged three times with N2, the mixture was agitated at 1500 rpm and heated 

to 373 K. After purging with H2 three times, the reactor was pressurised to 1 MPa, which 

corresponded to t=0. The reaction was monitored by sampling at regular time intervals, 

with analysis of the samples by GC equipped with a Stabilwax capillary column and FID 

detector. 
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5.3 Results & Discussion 

5.3.1 The selectivity of cinnamaldehyde and acrolein in pure methanol 

The solvent-assisted Eley-Rideal mechanism with molecular hydrogen reported 

previously (section 4.3.5) was tested first for cinnamaldehyde in pure methanol. Similar 

to acetaldehyde, the molecular hydrogen molecule is observed to reside close to the 

surface and parallel to the C=O bond. The umbrella sampling calculations were 

conducted for C=O and C=C hydrogenation from the same starting position and the free 

energy curves plotted, Figure 5.2.  

 

Figure 5.2 The free energy profiles for the hydrogenation of cinnamaldehyde in methanol, where 

the attack of CO and CC are shown by the blue and orange curves respectively. 

The curves clearly show that in pure methanol solvent, the hydrogenation of the CO 

bond and the formation of cinnamyl alcohol is favoured. The barrier for CO 

hydrogenation is 0.82 eV which is similar to the CO barrier for acetaldehyde in section 

4.3.5 (0.83 eV). The hydrogenation of CC and the formation of hydrocinnamaldeyde is 

more difficult with an effective barrier of 1.02 eV. The hydrogen molecule being situated 

close to the surface means it is further away from the CC bond and thus the curve begins 

at 2.59 Å for the CC curve compared to 2.47 Å for the CO curve. In the CC hydrogenation 
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reaction, after the first H of the hydrogen molecule bonds with one of the C of the CC 

bond, the other H of the hydrogen molecule immediately hydrogenates the other C. This 

results in one barrier for the complete hydrogenation of the CC bond which is similar to 

the mechanism previously reported for the CO reaction. The selectivities obtained from 

biased MD calculations are in excellent agreement with the experimental results obtained 

by Manyar et al. who found the CO bond to be heavily favoured in methanol. The results 

from their experiments are shown in Table 5.1 below. 

Reaction 
Temp / °C 

Sel. Cinnamyl 
alcohol / % 

Sel.  
hydrocinnamaldeyde / 

% 

Other 
Products / % 

  

60 82 10 8   

70 78 20 2   

80 86 9 5   

90 86 6 8   

Table 5.1 The hydrogenation of cinnamaldehyde on OL at different temperatures in pure 

methanol 

The same umbrella calculations were then conducted for the same system but with 

acrolein as the substrate molecule to ensure the same selectivity is achieved for multiple    

α, β-unsaturated aldehydes. The free energy curves for acrolein are presented in 

Figure5.3, below.  
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Figure 5.3 The free energy profiles for the hydrogenation of acrolein in methanol. 

The hydrogenation of acrolein in methanol exhibits the same selectivity seen 

previously with cinnamaldehyde. The barrier for CO hydrogenation is favoured with a 

barrier of 0.84 eV, which is in good agreement with the barrier for cinnamaldehyde. The 

barrier for CC hydrogenation was calculated to be 1.09 eV, which once more is in good 

agreement with the barrier for cinnamaldehyde. The main difference in this system is that 

the hydrogen molecule is a similar distance away from the CC and CO bond but does not 

appear to have altered the selectivity. The results conclusively show that formation of the 

unsaturated alcohol is the favoured pathway for α, β-unsaturated aldehydes in pure 

methanol solvent. 

5.3.2 The selectivity of cinnamaldehyde and acrolein in water/methanol  

The same biased MD calculations were carried out for the same two molecules; 

however, the choice of solvent is changed. The solvent is water / methanol (~10:1) with 

the dissociated solvent on the catalytic surface still being methanol. The free energy of 

adsorption for methanol is -2.57 eV compared to -1.91 eV for water in the gas phase. This 

suggests that methanol is most preferential to dissociate on surface vacancies and that the 
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surface will typically have methoxy groups. The free energy curves for cinnamaldehyde 

in water / methanol are shown below in Figure 5.5. 

 

Figure 5.4 The free energy profiles for the hydrogenation of cinnamaldehyde in water / methanol 

In contrast to the pure methanol system, the selectivity is now in favour of the CC 

bond when water is also present in the solvent. The barrier for CC hydrogenation is 0.88 

eV compared to 1.25 eV for CO hydrogenation. From Figure 5.4, the hydrogen molecule 

starts closer to the CC bond which is opposite to the pure methanol system and plays an 

important role in why the selectivity is changed. The results from the biased MD 

simulations are in good agreement with the selectivities obtained from experimental 

results from Manyar et al. for another manganese oxide surface.12 

Once more, the same calculations were then conducted for acrolein to ensure the 

same selectivity is achieved for multiple α, β-unsaturated aldehydes. The free energy 

curves for acrolein are presented in Figure5.5, below.  
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Figure 5.5 The free energy profiles for the hydrogenation of acrolein in water / methanol 

The hydrogenation of acrolein in water / methanol follows the same reaction 

pathway as seen with cinnamaldehyde. The reaction favours the hydrogenation of CC by 

0.26 eV. The barrier for CC is 0.76 eV compared to 1.02 eV for CO. The hydrogen 

molecule, similar to the cinnamaldehyde system, is observed to reside closer to the CC 

bond than the CO bond. The results show that the selectivity can be tuned to either favour 

the CO or CC bond by changing the nature of the solvent and that the selectivities can be 

replicated on different substrate molecules.  

5.3.3 Understanding the change in selectivities with choice of solvent 

The choice of methanol as the solvent results in the hydrogenation reaction 

favouring the CO, whilst the choice of water / methanol favours the CC bond. In other 

words, the selectivity is reversed depending on the chosen solvent which begs the 

question - What are the possible reasons for the change in selectivity? A number of 

possible reasons are presented in the forthcoming sections. 
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5.3.3.1 Hydrogen distance from the surface 

The distance of the hydrogen molecule from the surface appears to play an integral 

role in the observed selectivities. In the free energy profiles seen previously, there is a 

strong correlation between the hydrogenation barrier and the distance the molecule is 

from the desired bond. For example, the barrier for CO hydrogenation for 

cinnamaldehyde in methanol and water / methanol was 0.82 eV and 1.25 eV, when the 

hydrogen molecule in the optimised system was 2.47 Å and 2.63 Å from the bond 

respectively. In the methanol system, the hydrogen molecule is observed to locate closer 

to the birnessite surface than in the water / methanol system and therefore closer to the 

CO bond. The α, β-unsaturated aldehydes in presence of the methoxy group on the surface 

prefer to coordinate in a vertical orientation and the hydrogen molecule being close to the 

surface means it is closer to the CO bond. In the water /methanol system, the hydrogen 

molecule is further away from the surface and therefore locates closer to the CC bond, 

which enables easier attack for formation of the saturated aldehyde. The distance of the 

hydrogen molecule from the surface was measured for the cinnamaldehyde system in 

both systems over 10 ps, see Figure 5.6. The hydrogen molecule is further away from the 

surface over the whole time period and has a much greater range of distances from the 

surface in water. In the methanol system, the hydrogen molecule is much closer to the 

surface and the range is very small. This suggests that in the methanol system the 

hydrogen molecule is confined to the surface and therefore attack of CO is more likely 

compared to water / methanol.  
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Figure 5.6 The distance of the hydrogen molecule from the surface in methanol and water / 

methanol for hydrogenation of cinnamaldehyde.  

The hydrogen molecule distance from six surface oxygen atoms in both solvents 

was also measured over 10 ps to confirm this correlation. The average distances over the 

10 ps are presented in Table 5.2 below.  

Oxygen atom Methanol / Å Water : Methanol / Å 

1 3.39 6.07 

2 3.00 5.58 

3 1.17 3.83 

4 1.14 3.90 

5 3.61 6.60 

6 3.28 6.13 

Average 2.70 5.35 

Table 5.2 The measured distance of the hydrogen molecule from surface oxygen atoms over 10 

ps in both solvents 
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The hydrogen molecule is on average 2.65 Å closer to the surface in methanol than 

in water / methanol. The carbon of the CO bond is situated 3.22 Å from the surface in the 

thermally equilibrated system whilst the carbon of the CC bond is 4.42 Å from the surface. 

From Table 5.2, it is clear that in the methanol system, the hydrogen molecule is closer 

to the CO bond, whilst in water / methanol it is much closer to the CC bond. These results 

provide evidence into why the hydrogen distance is important in the observed selectivities 

and the correlation they have with the observed hydrogenation barriers.   

5.3.3.2 The ability of hydrogen to move in solution 

In the previous section, from Figure 5.6, it was noted that the hydrogen molecule in 

water / methanol had a much greater range of hydrogen distances from the surface, whilst 

on the other hand, the hydrogen molecule appeared to be confined to the surface in 

methanol. This prompted an investigation into the ability of the hydrogen to move in 

solution for both solvents. The self-diffusion coefficients of the hydrogen molecule were 

calculated from their mean square displacement based on the Einstein relation for three 

dimensional systems:31,32 

𝐷, =
𝑙𝑖𝑚
𝑡 → ∞

1
𝑡
〈
1
𝑁6

|𝑟9::⃗ 	(𝑡) − 𝑟9::⃗ (𝑡?)|@
A

BCD

〉 

Where 𝑟9::⃗ 	(𝑡) is the position vector of the diffusing molecule in the supercell at time 

t, 𝐷, is an average over all N diffusing molecules whose positions are given by the vector 

r⃗i(t) and for various time origins 𝑡?. 

The mean square displacement of hydrogen in both methanol and water / methanol 

at 300K are shown in Figure 5.7. The original data from a sample of the reaction 

coordinate are shown in the appendix. The trendlines clearly show that hydrogen in the 

water / methanol system travels a greater distance and has an increased degree of freedom 

in solution compared to pure methanol.  
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Figure 5.7 The mean square displacement of hydrogen in methanol and water/methanol at 300 K. 

The self-diffusion coefficients can be calculated from the graph using:33 

𝑀𝑆𝐷(𝜏) = 6𝐷𝜏 + 𝑏 

Where 𝑀𝑆𝐷 is the mean square displacement, D is the diffusion coefficient, b is the 

offset at time 0, 𝜏 is the time interval and 6 represents the number of degrees if freedom 

for 3D systems.  

The calculated self- diffusion coefficients of hydrogen are 5.67 x 10-9 m2 s-1 and 

2.52 x 10-9 m2 s-1 in water / methanol and methanol respectively. The value of hydrogen 

in water /methanol is in good agreement with the value for hydrogen in pure water.34-35  

The hydrogen molecule in water / methanol can move 55 % faster than in methanol. This 

increased diffusion power enables the molecule to move further away from the surface 

and attack the CC bond which is positioned at a greater distance from the surface. In 

methanol, the confined hydrogen molecule is more isolated to the catalytic surface and 
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has a decreased ability to attack the CC bond as it is closer to the CO bond. The self-

diffusion coefficients give an insight into the ability of the hydrogen molecule to move 

in solution. The results show that movement of the molecule is enhanced in water / 

methanol and can be correlated to the increased CC bond selectivity seen with this 

solvent.  

5.3.4 Investigation into the importance of methanol 

The hydrogenation reaction for acrolein was carried out in pure water to investigate 

the importance of methanol and its dissociation on the observed selectivities. When water 

dissociates on the surface, it forms two identical hydroxyl groups. The favoured 

coordination of acrolein is observed to change when there is no methoxy group on the 

surface. The molecule lies horizontally across the surface in contrast to the vertical 

orientation observed in methanol and methanol / water, Figure 8.  

 

Figure 5.8 The preferred coordination geometry of acrolein in a) water and b) methanol & 

methanol / water. 

The change in adsorption geometry results in the CO and CC bond being a similar 

distance from the surface compared with the vertical geometry. This means the position 
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of the hydrogen molecule is not as important as it has similar ability to attack each bond. 

The hydrogenation of this molecule was carried out using the same method as seen 

previously and the free energy profiles for CO and CC attack are presented in Figure 5.9. 

 

Figure 5.9 The free energy profiles for the hydrogenation of acrolein in water  

The hydrogenation is in favour of the CO bond in pure water, however the 

difference in hydrogenation barriers is observed to decrease. The barriers for CO and CC 

hydrogenation are 0.85 eV and 1.00 eV, respectively. When methanol was present in the 

water system and dissociated on the surface, the opposite selectivity was observed due to 

the change in adsorption geometry. In this system, the hydrogen molecule is a similar 

distance from the CO and CC bond in the thermally equilibrated system. This results in 

the reduction in difference between the two barriers. The results show that methanol 

dissociation on the surface is important in tuning the selectivity towards either CO in pure 

methanol or CC in water / methanol. The use of pure water as the sole solvent does not 

change the selectivity but only serves to reduce the difference between the hydrogenation 

barriers. 
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5.4 Conclusion 

In this study, the selective hydrogenation of cinnamaldehyde and acrolein was 

studied in pure methanol and water / methanol (10:1) using DFT calculations and biased 

molecular dynamics. The reaction barriers for CO and CC hydrogenation were calculated 

and the reasons for the observed selectivity in each solvent investigated. The selective 

hydrogenation of acrolein in pure water was also studied to determine the importance of 

methanol dissociation on the selectivity of the reaction. The following conclusions were 

obtained: 

• In pure methanol, the reaction favours the formation of the unsaturated alcohol, 

whilst in water / methanol the reaction favours the saturated aldehyde. 

• The selectivity is governed by the distance and position of the hydrogen molecule 

in relation to the surface and thus the CC and CO bonds. In methanol, the molecule 

is confined to the surface and is situated closer to the CO bond. In water, the 

hydrogen molecule can move further away from the surface and is therefore able to 

locate closer to the CC bond. 

• The self-diffusion coefficient of hydrogen in water / methanol was calculated to be 

over 55% larger than in pure methanol. This means the hydrogen molecule can 

move in solution much greater and has the increased capability of hydrogenating 

the CC bond. 

• In pure water, the hydrogenation of acrolein was in favour of the CO bond. The 

coordination geometry was observed to change to a horizontal orientation, where 

the hydrogen molecule was situated at a similar distance from both the CC and CO 

bonds. This resulted in a decrease in difference between the two hydrogenation 

barriers. This study proved that methanol addition to water and its dissociation on 

the surface is essential to tune the selectivity towards the CC bond. 
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5.6 Appendix 

The following diagram, Figure 5.8 shows a small sample of the mean square 

displacement for the diagram seen in Figure 5.7. These have been added together to give 

the total 10 ps seen in Figure 5.7. 

 
 

 
 

Figure 5.10 The mean square displacement of hydrogen in methanol and water/methanol at 300 

K during a sample simulation. 
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Abstract 

It is recently known that hydrogenation of aldehydes can occur on manganese oxide 

octahedral molecular sieves (OMS), however, the actual mechanism with effective 

barriers remains unclear. The mechanism for the hydrogenation of acetaldehyde on OMS-

2 in the gas phase was studied using DFT calculations and the transition states obtained 

through constrained minimisation. The reaction cannot occur through molecular 

hydrogen on the surface as the hydrogenation of the oxygen in the carbonyl group is too 

difficult. The reaction is determined to occur via a Horiuti-Polanyi mechanism from 

dissociated hydrogen on the surface with an effective barrier of 0.213 eV. The reaction 

pathway for the hydrogenation of the α, β-unsaturated aldehyde, cinnamaldehyde, was 

calculated to be dependent on its adsorption geometry. The hydrogenation of the CO bond 

is preferred when the molecule is adsorbed vertically in relation to the surface. However, 

the hydrogenation of the CC bond is favoured when the aldehyde is adsorbed horizontally 

across the catalytic surface. These results should prove valuable in future studies to 

increase selectivity for a desired product. 
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6.1 Introduction 

This work is a continuation of the work completed in chapters 4 and 5 on Birnessite, 

however with a different manganese oxide, cryptomelane (OMS-2). Consequently, this 

introduction will be short in comparison to the others. As mentioned previously, the 

selective hydrogenation of α, β-unsaturated aldehydes are highly desired because of their 

use in everyday products. Manganese oxide octahedral molecular sieves can possess 

numerous oxidation states Mn2+ - Mn4+ and can readily produce a significant amount of 

lattice oxygen vacancies. This has made them extremely useful as catalysts in selective 

oxidation and decomposition reactions.1,2,3 It is proposed that selective oxidation 

reactions make use of these oxygen vacancies and that the reactions occur via a Mars-van 

Krevelen mechanism.1  

OMS-2 has a one-dimensional tunnel structure formed from edge and corner 

sharing MnO6 octahedral units. Their structures have the general formula KMn8O16.nH2O 

and can be prepared using precipitation and sol-gel techniques.4,5 Although, their use in 

selective oxidations was known, the first reported use for selective hydrogenation 

reactions was in 2013. Manyar et al. reported the selective hydrogenation of 

ketoisophorone and cinnamaldehyde on clean and platinum supported OMS-2.5 The 

selectivity differences between the two catalysts is stated to be by virtue of their different 

adsorption energies on Pt and OMS-2. Although, the mechanism and reaction barriers 

where not reported, the paper did show that hydrogen dissociation on OMS-2 can be 

achieved very easily in the presence of water, Figure 6.1. 
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Figure 6.1 The transition state structure for H2 dissociation using water on OMS-2. Reprinted 

from ref [4] with permission from ChemCatChem. 

 

There have been many papers since for various hydrogenation reactions using 

manganese oxide octahedral molecular sieves which include diols, arenes and acids.6,7 

However, the mechanism for hydrogenation reactions on OMS-2 is not well documented 

and the effective barriers have not been reported.  

In this work, similar to chapter 4, the Polanyi and non-Polanyi mechanisms have 

been investigated for acetaldehyde hydrogenation on OMS-2 in the gas phase. It is found 

that both mechanisms allow acetaldehyde to be hydrogenated due to the presence of an 

open Mn site for substrate and H2 adsorption. This was not previously observed on 

Birnessite because a vacancy was required for adsorption. It was also found on Birnessite 

that substrate adsorption on the oxygen vacancy was too large and effectively poisoned 

the catalyst. On OMS-2, the Polanyi mechanism was calculated to be favoured as 

dissociation of the hydrogen molecule resulted in the reaction barrier reducing by more 

than 5-fold. The selective hydrogenation of cinnamaldehyde was also studied using the 

proposed Polanyi mechanism in the gas phase. The adsorption geometry was found to 

have a significant impact on the reaction barriers for CC and CO adsorption. If the 

molecule is adsorbed horizontally across the catalyst surface, then the CC bond is 

favoured and the thermodynamic product, hydrocinnamaldeyde, is formed. However, if 
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the molecule adsorbs vertically, the CO bond is favoured and cinnamyl alcohol is 

produced. The change in selectivity being associated with the adsorption geometry could 

be beneficial in future studies that hope to preferentially form a particular product.  
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6.2 Computational Methods 

All calculations in this chapter were carried out using the Perdew-Burke-Ernzehof 

(PBE)8  functional conducted using the Vienna ab initio Simulation Package (VASP) at 

300K. The project-augmented wave (PAW) method was used to represent the 

core−valence interaction.9,10 The Brillouin zone was sampled with k-points 2 x 2 x 6 for 

lattice parameters optimisation and 1 x 1 x 2 for optimisation and transition state 

calculations. A 1 x 6-unit cell was used with all atoms allowed to fully relax until the 

forces were below 0.05 eV / Å. The transition states (TS) were calculated by a constrained 

minimisation technique, whereby the TSs were confirmed when (i) all forces on the atoms 

are below 0.05 eV / Å and (ii) the total energy reaches a maximum along a specific 

reaction coordinate but remains a minimum with respect to the other degrees of 

freedom.11,12  A cut-off energy of 400 eV was used for total energy calculations for plane 

wave basis sets to expand the valence electron states. A 15 Å vacuum space was used to 

prevent spurious interactions between periodically repeated supercells. 

In this work, the chemisorption energies were calculated via the following method:   

𝐸"# = 	𝐸&'& −	)𝐸*"& +	𝐸,- 

Where 𝐸"# is the adsorption energy, 𝐸&'& is the total energy of the system after 

adsorption, 𝐸*"& is the energy of the clean catalyst and 𝐸, is the energy of the alkyne in 

the gas phase. 
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6.3 Results & Discussion 

6.3.1 The optimisation of the OMS-2 surface 

As mentioned previously, the general formula of OMS-2 is KMn8O16.nH2O. The 

optimised structure for the OMS-2 catalytic surface is shown below in Figure 6.2. 

 

Figure 6.2 The structure of the OMS-2 model - (a) the optimised lattice and (b) illustrating the 

supercell catalytic surface. 

The optimised lattice parameters from DFT calculations (9.85 Å, 9.85 Å, 2.74 Å) are 

in excellent agreement with previous computational (9.81 Å, 9.88 Å, 2.76 Å)4 and 

experiment results (9.82, 9.82, 2.85).13 The OMS-2 (001) surface was used to model the 

adsorption and mechanism processes of acetaldehyde and cinnamaldehyde, which has a 

vacant Mn site for adsorption in the gas phase, as shown Figure 6.2b.   

 

 

 

 



Chapter 6 – The Mechanism for the Hydrogenation of Aldehydes on OMS-2 
 

149 
 

6.3.2 Investigation of the non-Horiuti-Polanyi Mechanism with 

molecular hydrogen on the surface 

Opposite to OL, the OMS-2 unit-cell has a free Mn adsorption site without the 

formation of an oxygen vacancy. This means that acetaldehyde and molecular hydrogen 

can adsorb to the surface in the gas phase and competitive adsorption at a vacancy is not 

observed. The acetaldehyde molecule adsorbs onto the Mn site with a chemisorption 

energy of -1.16 eV, whilst the H2 molecule adsorbs with a chemisorption energy of -0.45 

eV. Using our knowledge from OL and section 4.3.2, the first step in the non-Horiuti-

Polanyi mechanism is attack of the carbon of the carbonyl bond in acetaldehyde. The 

reaction barrier for this step is 1.169 eV. This barrier is larger than that calculated for OL, 

however this can be rationalised by the lower chemisorption value for acetaldehyde on 

the surface. The adsorption value is 1.06 eV less and therefore the Carbon atom is less 

activated resulting in a transition state higher in energy to achieve this reaction. 

 Oppositely, the second hydrogenation of the remaining H on the surface to the 

oxygen of the carbonyl is very straightforward. The effective barrier is only 0.318 eV as 

the oxygen atom is less strongly bonded to the surface than in OL. The barrier for this 

mechanism is 1.169 eV and with the correct reaction conditions it is feasible for this 

reaction to occur. However, the dissociation of the H2 molecule on the surface may reduce 

the reaction barrier and this approach was therefore investigated next. The reaction 

mechanism and reaction energy profiles are shown in Figures 6.3 and 6.4 respectively. 
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Figure 6.3 The non-Horiuti-Polanyi reaction mechanism using molecular hydrogen on the 

surface. 

 

 

Figure 6.4 The relative energy profile for the non-Horiuti-Polanyi mechanism. 
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6.3.3 Investigation of the traditional Horiuti-Polanyi Mechanism 

In the literature, the dissociation of hydrogen on the surface has been calculated to 

be relatively difficult with barriers of <1.79 eV, however if water is present the 

dissociation is straightforward, 0.10 eV.4 The substance itself has water in the structure 

and in this section, we assume water is present so the dissociation can take place and we 

allow the hydrogen atoms to assume the positions seen in the literature and shown in 

Figure 6.5.   

 

Figure 6.5 The location of the hydrogen atoms after dissociation on OMS-2 

There are two possible pathways this reaction can occur. The initial attack can either 

come from the H bonded to Mn or from the H bonded to O. In this work, both reaction 

pathways have been calculated and the results show that the Mn-H route is favoured. The 

barrier for the first hydrogenation in Mn-H pathway was calculated to be 0.213 eV and 

the second barrier from O-H, 0.171 eV. The reaction barrier for the second step may seem 

surprisingly small but this step can be interpreted as a hydrogen transfer between two 

oxygens. This represents a significant reduction from the 1.169 eV barrier seen with 

molecular hydrogen on the surface. The barrier for the first transition state for the 

opposite pathway, Figure 6.6, was 1.437 eV, which shows a huge increase in the effective 

barrier. This pathway is therefore heavily unfavoured and is more disfavoured than the 

non-Horiuti-Polanyi mechanism.  
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Figure 6.6 The first transition state for the unfavoured pathway following H2 dissociation 

The reaction mechanism for the favoured pathway and reaction energy profiles are 

shown in Figures 6.7 and 6.8 respectively. 

 

Figure 6.7 The Horiuti-Polanyi reaction mechanism with dissociated H2 on the surface. 



Chapter 6 – The Mechanism for the Hydrogenation of Aldehydes on OMS-2 
 

153 
 

 

Figure 6.8 The relative energy profile for the Horiuti-Polanyi mechanism. 

6.3.4 The effect adsorption geometry has on the selective hydrogenation 

of cinnamaldehyde  

Cinnamaldehyde can either adsorb horizontally and parallel to the surface or 

vertical and perpendicular to the surface, Figure 6.9. In the gas phase, the adsorption 

parallel to the surface is slightly favoured in relation to chemisorption energies. The 

horizontal orientation has a chemisorption energy of 1.38 eV compared to 1.07 eV for 

vertical adsorption.  

 

Figure 6.9 The (a) horizontal and (b) vertical adsorption of cinnamaldehyde on OMS-2 
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The reaction barriers for CC and CO hydrogenation using our Horiuti-Polanyi 

mechanism were calculated for both adsorption geometries. In the horizontal geometry, 

the reaction barrier for the first step for CC and CO were 0.285 eV and 0.699 eV 

respectively, whilst for the vertical orientation the barriers were 0.706 and 0.494 eV. The 

results seem to suggest that the distance of the H from the bonds has a significant effect 

on the reaction barriers. This is similar to the selectivities seen with OL where the 

selectivity was governed by the distance of the bonds from molecular hydrogen. From 

Figure 6.9, it is clear that the CC bond is much closer to the H on the Mn when flat across 

the surface, whereas the CO bond is closer when positioned perpendicular to the surface. 

The first transition states for each geometry are shown below in Figure 6.10.  

 

Figure 6.10 The transition states for the first hydrogenation step for (a) CO-horizontal, (b) CC 

horizontal, (c) CO-vertical and (d) CC-vertical 

The subsequent second step of the hydrogenation is very easy with the barriers for 

CC and CO calculated to be 0.251 eV and 0.350 eV respectively with the transition states 

shown in Figure 6.11. The first step of the hydrogenation is the key step in driving the 

reaction towards a specific product. If chemists can utilise experimental conditions, for 

example solvents, to promote a certain adsorption geometry then the selectivity for these 
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important molecules can be enhanced in the future. The complete total energy profile can 

now be generated for each reaction pathway and is provided in Figure 6.12. 

 

Figure 6.11 The transition states for the second hydrogenation step for (a) CO (b) CC. 

 

Figure 6.12 The relative energy profiles for selective hydrogenation of cinnamaldehyde on OMS-

2 using the Horiuti-Polanyi mechanism. 
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6.4 Conclusion 

In this study, the hydrogenations of acetaldehyde and cinnamaldehyde on 

cryptomelane (OMS-2) were studied in the gas using DFT calculations. The reaction 

barriers for each mechanism investigated was calculated and the following conclusions 

were obtained: 

• The non-Horiuti-Polanyi mechanism with molecular hydrogen can occur on 

this surface in contrast to OL. The reaction barrier was calculated to be 

1.169 eV for acetaldehyde, however this mechanism is not favoured if the 

molecular hydrogen can be dissociated on the surface. 

• The common Horiuti-Polanyi mechanism was observed to be the more 

favourable reaction pathway for the hydrogenation of acetaldehyde. The 

barrier was significantly reduced to 0.213 eV with initial attack occurring 

from the Mn-H followed by subsequent attack from the O-H. 

• The adopted adsorption geometry of the cinnamaldehyde substrate was 

calculated to be crucial in the selected pathway of the reaction. The 

hydrogenation of the CC bond is favoured when the molecule is adsorbed 

across the surface, whilst hydrogenation of the CO bond is favoured when 

the molecule is adsorbed perpendicular to the surface. 

• The change in selectivity is primarily governed by the H distance from each 

bond. The CC bond is significantly closer to the Mn-H when bonded across 

the surface, however the CO bond is closer when adsorbed vertically away 

from the surface.  
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