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General introduction  
 
 
 
 
In this chapter we discuss the motivation for the research presented in this thesis. We 

would like to emphasise the importance of a detailed knowledge of surface processes at a 
molecular level. In this thesis we deal with the interaction between unsaturated 
hydrocarbons (adsorbates) and metal surfaces. Adsorbate is the general term for a 
molecule that establishes an attractive interaction with a surface. After interacting, the 
molecule can diffuse, react with other molecules, decompose or finally desorb. The detailed 
characterisation of surface overlayers, the accurate assignment of vibrational spectra of 
adsorbed molecules, and the exhaustive scan of the possible reaction pathways are not only 
of fundamental importance but also of interest for many applications such as 
heterogeneous catalysis. Computational Chemistry can be a valuable experimental partner 
for understanding surface processes. 

This chapter is organised as follows: section 1.1 discusses the importance and the fast 
and amazing development of surface science and heterogeneous catalysis; section 1.2 
briefly explains the uses of unsaturated hydrocarbons in the chemical industry; section 1.3 
discusses the role of vibrational spectroscopies in surface science and heterogeneous 
catalysis; section 1.4 briefly describes the evolution of theoretical tools to simulate surface 
phenomena; section 1.5 justifies the use of single crystals to model catalysts; and section 
1.6 discusses the scope of this theses and provides an outline of it. 
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1.1 Introduction 
 
Though surface science touches on a wide range of applications and basic science, its 

traditional realm has always been heterogeneous catalysis. From a historical perspective, 
the contributions of surface science to catalysis are obvious. Technologies based on 
surface-catalysed chemistry first emerged between 1870 and 1912 when key processes were 
developed such as the oxidation of hydrochloric acid to chlorine (Deacon process, 1871), 
the oxidation of sulphur dioxide to sulphur trioxide (Messel, 1875), the reaction of methane 
with carbon dioxide and hydrogen (Mond, 1888), the oxidation of ammonia (Oswald, 
1901), the oxidation of ethylene (Sabatier, 1902) and the synthesis of ammonia (Haber, 
Mittasch, 1905–1912) [1]. 

Surface chemistry has become the centre of chemistry development thanks to its 
importance in the chemical industry. It has progressed very quickly, particularly in the 
production areas of commodity chemicals (e.g. olefins, methanol, ethylene glycol) and 
petroleum refining. 

 Along with the discovery of numerous processes relevant to the industry, new 
instrumentation and surface techniques have been developed [2]. The emphasis has been on 
surface probes that enable the study of various surface properties, such as structure, 
chemical composition, oxidation states, vibrations of adsorbates, heats of adsorption. Some 
of the most popular surface science techniques of the last four decades are: Low Energy 
Electron Diffraction (LEED), Photoelectron Diffraction (PhD), Reflection Absorption 
Infrared Spectroscopy (RAIRS), High Resolution Electron Energy Loss Spectroscopy 
(HREELS) and Thermal Desorption Spectroscopy (TDS), to name but a few. None of these 
techniques provides all the information needed and the tendency is to use a combination of 
them. 

Parallel to the improvement of the structural determination methods, the development 
of ab initio calculations based on electronic structure theory has greatly improved our 
understanding of surface processes at a molecular level. In the 1990s, periodic first-
principle calculations within the Density Functional Theory (DFT) framework became 
affordable. These methods have emerged as a helpful partner for researching reactivity on 
surfaces because they provide detailed information of surface phenomena for systems of 
considerable size. 

The amazing growth of surface chemistry has continued uninterrupted to the present 
day. Today, heterogeneous catalysis is the basis of the chemical industry. In fact, more than 
90% of chemical manufacturing processes use catalysts in one form or another, and new 
technologies involving catalysts are introduced every year [3]. The economic importance of 
catalyst development is obvious. 

 
 

1.2 Unsaturated hydrocarbons and their importance in the chemical industry 
 
The catalytic conversion of hydrocarbons is at the heart of many important industrial 

processes such as oil refining, commodity chemicals manufacturing, pharmacological 
synthesis and the abatement of polluting by-products [4]. 
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The study of the structure, properties and reactivity of molecules such as propylene, 
butadiene or butene and propyne over metal surfaces on simple models and ideal conditions 
is not just of academic interest, it is also useful for understanding intricate industrial 
processes. The importance of these molecules in our everyday lives is unquestionable. In 
fact, propylene (or propene) is one of the major building blocks of the petrochemical 
industry. This molecule is usually obtained as a co-product of the catalytic cracking process 
to obtain gasoline, as a co-product of the steam cracking process used to make ethylene, or 
by dehydrogenation of propane. The materials derived from propylene include: 
polypropylene, acrylonitrile, propylene oxide, oxo alcohols, cumene and isopropyl alcohol. 
This species is therefore a key constituent of innumerable products: CDs and optical disks; 
clear film food wrap; eyeglasses flexible foams used in furniture; rigid foam insulation; 
bullet-proof windows; car headlights, disk brake pads and bumpers; and a huge amount of 
moulded plastic goods such as food containers and kitchen utensils. Butenes (1-butene and 
2-butene), 1,3-butadiene and propyne are also valuable raw materials. These compounds 
are primarily obtained from refinery gases (C4 fraction) or as by–products of ethylene and 
propylene production. Most butenes are used for the production of octanes, which are 
important constituents of gasoline.  1-butene also fills an important role in the production of 
low-density polyethylene. The largest use of 1,3-butadiene is in the production of styrene-
butadiene rubber, which is used to manufacture tyres, adhesives, sealants, coatings and the 
soles of shoes. Propyne (methylacethylene) is also a product of naphtha cracking. This 
molecule (together with propadiene) is one of the main components of a fuel gas used in 
gas welding (to manufacture metal and thermoplastics). 

 
 

1.3 Experimental techniques relevant to research on metal surfaces 
 
Detailed knowledge of the adsorbate-surface interaction is crucial to understanding the 

subsequent surface processes. Various spectroscopies (UPS, TDS, NEXAFS, RAIRS, 
EELS) and other techniques (LEED, PhD) have already provided information on surface 
species generated by adsorption. Table 1.1 presents some of these surface science 
techniques and gives a short explanation of the information we can obtain. 

There is no doubt that vibrational spectroscopies (RAIRS and HREELS) have been a 
prime analytical tool in heterogeneous catalysis for half a century. They have played a 
crucial role in surface science thanks to their enormous versatility. This is not surprising 
and the reasons are not hard to find: both RAIRS and HREELS are non–destructive 
techniques; spectra can be obtained using inexpensive commercial spectrometers; and there 
is invaluable literature to help interpret the spectra. Moreover, infrared spectroscopy can 
operate under conditions of pressure and temperature that are not far removed from those 
for catalytic reactions.  On the other hand, while HREELS employs low energy electrons 
and is necessarily restricted to ultra-high vacuum (UHV), the use of such low energy 
electrons ensures that it is highly sensitivity. We offer a more detailed description of these 
techniques in section 2.6, Chapter 2. 
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Hydrocarbons can suffer isomerisation or decomposition reactions on the surface. In 
such cases, vibrational spectroscopy usually fails. Also, band assignment is too complex 
and the structural information obtained is often incorrect.  To obtain all the information we 
need, we can use a combination of techniques. The information provided by ‘real’ 
quantitative techniques such as PhD and LEED can help us to interpret vibrational spectra. 
Unfortunately, these techniques require very expensive instrumentation, cumbersome 
procedures and complex mathematical treatments of the data. Theoretical calculations can 
provide a rigorous way to assign all the observed frequencies unambiguously and at no 
extra cost. 

 
 

1.4 Contributions from computational chemistry 
 
Many of the advances in heterogeneous catalysis have been achieved serendipitously 

or, at best, by trial and error. The key question is how electronic structure calculations can 
help us in the rational design of catalysts. Experimental characterisation of active sites and 
the detection of reaction intermediates are always challenging. Simulation can allow 
specific questions to be asked and focus costly experimental work on solving particular 
problems. Besides, short-lived transition states are extremely difficult or impossible to 
study by direct experiment. One hopes that reliable calculations will reveal insights into 
otherwise inaccessible reaction pathways.  

Researchers have been trying to develop a general theoretical framework for 
understanding the processes that occur on surfaces and predict molecular structures, bond 
energies, molecular properties, transition state structures and energies for systems of 

Table 1.1 Some of the methods available for studying surfaces 
 
Acronym Name Information gained 
HREELS 
or 
VEELS 

High Resolution Electron Energy 
Spectroscopy or Vibrational Electron Energy 
Spectroscopy 

Adsorbate vibrations 

LEED Low Energy Electron Diffraction  Structure of the near 
surface region 

NEXAFS 
or 
XANES 

Near Edge X-ray Absorption Fine Structure 
Spectroscopy or  X-ray Absorption Near 
Edge Spectroscopy 

Orientation of the adsorbed 
molecules 

PhD Photoelectron Diffraction Structural information 
around each atomic species 

RAIRS Reflection Absorption Infrared Spectroscopy Adsorbate vibrations 
UPS Ultraviolet Photoemission Spectroscopy Bonding of adsorbates to 

the surface 
TPD  
or  TDS 

Temperature Programmed Desorption or 
Thermal Desorption Spectroscopy 

Adsorption energies; 
natures of the adsorbed 
species 
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increasing size. Unfortunately, the lack of hardware (powerful computers) and software 
(efficient algorithms) has for years hindered the application of first-principles theory in 
catalysis. 

In the 1970s and 1980s, quantum chemistry methods were already very successful. The 
Hartree-Fock (HF) method and simplified techniques such as the Extended Hückel (EH) 
method became standard tools for studying organic and main-group inorganic molecules. 
More sophisticated techniques based on the HF method, the so-called post-HF methods, 
were also developed. These post-HF methods improved the description of the electronic 
structure and provided highly accurate results. Although these methods have contributed 
considerably to our understanding of surface processes, their applications have been 
restricted to rather small systems.  Catalytic systems are generally too big to be handled. 
The Density Functional Theory (DFT) based methods were an alternative way to study 
heterogeneous catalytic processes. The theoretical chemistry community was averse to 
accepting DFT for a long time because it believed the methods were not accurate enough 
[5]. Thanks to developments in the formulation of DFT algorithms, the accuracy reached by 
these methods is now comparable to that of expensive post-HF methods. Since the 1990s, 
DFT-based methods have become more and more popular among computational chemists. 
For the large and medium systems, DFT is the optimal tool for achieving a good accuracy 
in the results with modest computational demands. 

Today, theoretical calculations have reached the point where molecular structures are 
predicted to an accuracy comparable to that of the most sophisticated experiments [6,7]. 
Moreover, as calculated vibrational spectra are usually close to the experimental values, 
they provide a rigorous way to assign all the observed frequencies in an unambiguous way. 

There have been dramatic advances in hardware along with the development of new 
algorithms and theoretical methods. Improved computer performance has also been crucial 
to the advances in quantum chemistry. Faster single processors and parallel architectures 
with many lower cost processors have made the treatment of larger problems affordable. At 
the same time, the introduction of user-friendly graphical interphases has made high-
performance computing available to a wider community.    

The increasing number of papers and the Nobel Prizes awarded to Professors John A. 
Pople and Walter Khon are obvious indicators that computational chemistry has reached a 
significant point in its development. Modelling, theory and simulation can improve our 
understanding of known systems, provide qualitative (and even quantitative) insights into 
experimental results and guide the design of new systems [8]. 

 
 

1.5 Model catalysts 
 
A catalyst is an active chemical spectator. The catalyst speeds up a reaction by 

lowering the activation barrier. However, the acceleration of the reaction is not the key 
factor. The catalysts must speed up the right reaction (i.e. it has to be selective) [9]. 

The first step in each heterogeneous catalytic process is the adsorption of the reactants 
on the active phase of the catalysts, which usually consists of metal particles. The 
complexity of the ‘real’ catalysts makes it demanding to establish a molecular level 
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understanding of the surface processes. A first approach to studying the surface chemistry 
of hydrocarbons is obtained by modelling single-crystal surfaces [10,11] and therefore 
avoiding the complexities of the actual catalysts.  The basic idea behind the use of single-
crystals is that the small metal particles of the ‘real’ catalysts exhibit the same or similar 
crystalline phases and the same or similar electronic structure. Although these studies 
neglect the effect of the support and particle size, they do reveal certain aspects of how 
surface reactions proceed and can significantly contribute to our understanding of 
heterogeneous catalytic processes. 

 
1.6 Scope and outline of this thesis 

 
The aim of this thesis is to study the structure and reactivity of several unsaturated 

hydrocarbons on metal surfaces using Density Functional Theory methods. We have 
studied three systems: propyne on the (111) surface of Cu, Pt, Pd and Rh; propylene on 
Pt(111) and 1,3-butadiene and butenes on Pt(111) and Pd(111). 

In the following Chapters, we will show that first-principle calculations can play a 
crucial role in characterising adsorbed overlayers, help to assign complicated vibrational 
spectra of large molecules and help to identify surface intermediates. This is invaluable in 
the study of surface reactions.  The aims of this thesis are therefore several: 

 
• To describe the adsorbate-surface interaction. To compare the adsorption 

structures with experimental data available. To identify short-lived reaction 
intermediates. To establish their structure and properties.  

 
• To quantitatively simulate the vibrational spectra of adsorbed hydrocarbons. To 

compare with experimental spectra and corroborate band assignation. To 
determine the fingerprint for short-lived reaction intermediates. 

 
• To study the possible reaction pathways. To establish the thermochemistry for 

hydrocarbon intermediates. To obtain the transition states. To calculate the 
reaction barriers. To provide insights into the factors that control reaction 
selectivity. 

 
The thesis is outlined as follows. 
In this Chapter (Chapter 1), we summarise the motivations behind the thesis, the aims 

and the questions it addresses. 
In Chapter 2, we briefly describe the method we used for our quantum calculations. 

We also provide the computational details for this particular study. 
After these introductory chapters we discuss our results. In Chapter 3, we describe in 

detail the application of normal mode calculations to interpret RAIRS and HREELS spectra 
of propyne on a series of metal surfaces (Cu, Pt, Pd and Rh). We would like to emphasise 
that not knowing the extent to which normal modes are made up of two or more internal 
coordinates can lead to confusion as to whether observed isotopic shifts are reasonable or 
not. We were able to study the isotopic effects thanks to the IRIAN code [12]. 
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In Chapter 4, we investigate the decomposition of propylene on the clean and 
sulphated Pt(111) surface. We determine the nature and relative stability of each of the 
decomposition fragments.  The study is completed by simulating vibrational spectra. We 
aim to find the fingerprint of short-lived surface intermediates so that they can be identified 
in experiments. 

In Chapter 5, we study the hydrogenation of 1,3-butadiene on the Pt(111) and Pd(111) 
surfaces mainly to determine the causes of the different selectivity observed experimentally 
on these metal surfaces. We explore the possible reaction pathways in detail and focus on 
the role of reaction intermediates.  

In Chapter 6 we present our main conclusions from the foregoing chapters. Finally, 
we provide a summary in Catalan and a list of published and submitted publications. 
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