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Abstract 

 

The study of adsorbates over well defined surfaces is important to a wide variety of fields ranging from 

industrial catalysis to the origin of life. This thesis presents a series of theoretical studies on the 

adsorption of model molecules over several surfaces of rutile TiO2 and ruthenium. Evidence of 

formaldehyde polymerisation on adsorption led to an additional examination of its gas-phase 

polymerisation. 

 

The Lewis acidity of the proposed “(0 0 1)-brookite-like” model of the rutile TiO2 (0 1 1) surface was 

probed by a study of ammonia adsorption and compared with the bulk-terminated model. While both 

surfaces show a strong preference for molecular adsorption, the (0 0 1)-brookite-like model has a 

weaker adsorption energy, disagreeing with experiment. 

 

Adsorption studies of formaldehyde, formic acid and formamide were carried out over the (1 1 0) 

surface of rutile TiO2: Monomeric formaldehyde binds weakly through its carbonyl O to a surface 

cation. A strong dimerisation configuration was found, where formaldehyde dimers bridge between a 

surface cation and surface anion. Formic acid studies focused on its diffusion. It was shown that rather 

than the sliding diffusion suggested by prior studies, surface formates have a strong energetic 

preference toward walking diffusion. The findings suggest a way to control the rate of surface 

diffusion. Monomeric formamide adsorption was found to mirror formic acid, favouring the 

dissociation of a proton to surface oxygen.  

 

Formamide adsorption over the (0 0 0 1) surface of ruthenium with 2×1 oxygen overlayer was also 

investigated. Formamide adsorption energies were found to be far smaller than experimental values 

using DFT with a PBE functional, but could be improved relative to experiment using an empirical 

dispersion correction. Experimentally observed higher temperature adsorption modes were shown to 

relate to the generation of disorder in the oxygen overlayer. 

 

The equilibrium and kinetic barriers to gas-phase formaldehyde polymerisation were investigated. 

Brønsted acid initiated formaldehyde polymerisation proceeds by a neutral species, resulting from the 

addition of the acid across the C=O bond. Reaction energy barriers are considerably reduced by the 

simultaneous reaction of several monomers. Some initiation and growth is thermodynamically 

plausible in the gas-phase, but kinetically limited.  
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Chapter 1   

 

Introduction 

 

The catalysed reaction of molecules adsorbed to surfaces is of massive importance to modern 

society. Current world populations could not be supported without ammonia, produced through the 

Haber-Bosch process, to fertilise farmland [1]. A large number of other chemical reactions, from 

industrial plastics manufacture [2] to air purification and car exhaust treatment [3], are dependent on 

the reaction of adsorbed molecules over surfaces. The study of surface chemistry is also directly 

relevant to a diverse range of other fields from corrosion [4], tribology [5], fuel cell design [6], to the 

origin of life [7]. 

Modern experimental surface science largely originated in the 1960s, with the development of 

experimental techniques under ultrahigh vacuum conditions which could directly observe the adsorbed 

phase. Prior to this, the study of surface reactions was limited to examining the desorbing products of 

the reaction, with the actual reaction pathways on surfaces conjectural. This meant that catalyst 

improvement was limited to randomly trialling different modifications and observing which resulted in 

a superior yield of products. Knowledge of the reaction mechanisms instead allowed the identification 

of the rate limiting steps of the reaction, and hence indicated specific areas where catalyst design could 

be refined. The importance of these surface science techniques was recently acknowledged with the 

awarding of the 2007 Nobel prize in chemistry to Gerhard Ertl for his pioneering work in experimental 

surface chemistry [8]. 

While extremely useful, experimental surface science still has its limitations. For example, 

popular experimental techniques, such as vibrational spectroscopy, often prove insufficient to 

unambiguously determine an adsorption configuration. Even when sufficient spectroscopic data is 

available, the correct interpretation of the data is not always clear. Ab-initio computational studies 

allow the energies of the different adsorption configurations to be evaluated, indicating which 

configuration is the most stable. The theoretical reproduction of the various experimentally observed 

spectra provide further aid in identifying the adsorption configuration. Computational studies also have 
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considerable utility in the examination of reaction pathways and transition states. While recent 

advances in femtosecond spectroscopy have allowed for the direct experimental observation of some 

surface reaction pathways [9], they remain unsuited to the examination of reactions which occur as rare 

events. The importance of computational chemistry was also recognised with the joint awarding of 

1998 Nobel Prize in chemistry to Walter Kohn and John Pople for their contributions to the field [10]. 

This thesis comprises a number of computational studies on the adsorption of simple molecules 

over the surfaces of rutile titanium dioxide and ruthenium. Titanium dioxide is considered within the 

surface science community as a model material for exploring metal oxide reactivity, owing to both its 

applications in dark and photocatalysis, as well as practical considerations such as the ability to 

experimentally image its most stable surfaces using scanning tunnelling microscopy. It is not surprising 

then, that titanium dioxide is one of the most studied oxide surfaces, and a wealth of studies has already 

been collected on some of its surfaces [11-14]. In spite of this, its surface chemistry with many simple 

adsorbates has yet to be explored, particularly on what are traditionally considered its higher energy 

surfaces. The work contained within this thesis will probe a relatively new model of one such surface, 

the (0 0 1)-brookite-like model for the rutile TiO2 (0 1 1) surface [15, 16], and compare findings with 

results obtained for the original model of the surface. It will also add to the considerable studies 

available for the rutile TiO2 (1 1 0) surface, with focus given to the biologically and catalytically 

relevant molecules of formaldehyde, formic acid and formamide. Ammonia was chosen for the (0 1 1) 

surface as it represents a prototypical Lewis Base, and is therefore useful as an initial test adsorbate to 

probe the reactivity of the newly proposed (0 0 1)-brookite-like surface model. Experimental studies 

also exist on the very similar {0 1 1} faceted (0 0 1) surface of TiO2 [17], allowing comparisons with 

experiment to be made. The formaldehyde and formamide adsorbates similarly represent molecules 

with strong biological relevance, whose adsorption over TiO2 have been extensively studied 

experimentally [7, 18-21] but less so by computational means. Formic acid, on the other hand, has been 

extensively studied over several TiO2 surfaces by both theory and experiment [22-31], so the work 

presented here is restricted to examination of a possible new diffusion mechanism.  

While studying formamide over rutile TiO2, it became apparent that the experimental data 

available lacked techniques capable of resolving the specific adsorption configurations (particularly 

vibrational spectroscopy). With the apparent complexity of formamide adsorption over the rutile TiO2 

(with experimental evidence suggesting both some type of unimolecular adsorption, and some sort of 

reaction to form HCN polymers [7, 18, 21]), it was decided to continue the study of formamide 

adsorption on a surface that had vibrational spectroscopy of formamide adsorption available. 
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Unfortunately, no such studies exist for formamide over single crystal metal oxide surfaces. The closest 

single crystal based study to a metal oxide where vibrational spectroscopy was available was the 

ruthenium metal surface with 2×1 coadsorbed oxygen overlayer [32]. As such, the final section of this 

thesis provides a computational study for formamide adsorption to this ruthenium surface. Further 

reasons for studying the ruthenium surface came from this experimental paper reporting a particularly 

unusual adsorption configuration [32], which was found to be unstable on TiO2 and seemed unlikely to 

become stable on any surface. One of the central thrusts of this final chapter is to establish whether this 

adsorption configuration actually exists, or an alternate explanation exists for these experimental 

observations. The remainder of this section will review the surfaces and adsorbates studied within this 

thesis, and conclude with the overall aims of the work presented in each results chapter of the thesis. 

 

1.1 Titanium and Titanium Dioxide 

 

Titanium is, under standard conditions, a paramagnetic hexagonally close-packed metal which 

possesses a number of desirable engineering properties: the highest specific strength of any metal, 

corrosion resistance, biocompatibility and a definite endurance limit [33]. These properties have lent to 

titanium‟s use in a variety of applications, ranging from aerospace [34] and marine [35] structural 

components to biomedical implants [36]. Titanium metal itself is highly reactive, its corrosion 

resistance and biocompatibility are due to the formation of a coherent passivating oxide layer at its 

surfaces [37].  

Oxides of titanium have additional uses beyond passivation of titanium structural components. 

Titanium dioxide is a highly active metal-oxide photocatalyst [12], facilitating a number of important 

reactions, the most widely known of which being the photocatalytic splitting of water [38]. Titanium 

dioxide also acts as a catalyst for thermally driven reactions, the ultimate result of which is generally 

the decomposition of organic molecules [11]. The properties of titanium dioxide make it comparatively 

easy to study with experimental surface science techniques, and this coupled with the strong reactivity 

of titanium dioxide, and the ready availability of high quality titania crystals has led it to become a 

prototype material for the understanding of metal oxides. Consequently, it is one of the most studied 

metal oxide materials [11]. Titanium dioxide‟s electronic properties grant it a number of high 

technology applications: the wide band gap nature and ability to grow well defined thin films makes 

TiO2 a potential replacement for SiO2 as a gate dielectric [39]. Its semiconducting behaviour and ability 
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to strongly adhere with photosensitizing dye adsorbates has led to its use as an electrode within 

photovoltaic cell design [40]. Titanium dioxide also has a number of more mundane applications, 

including as a white colourant [41] and as a UV resistant coating [42]. 

There are three polymorphs of TiO2: rutile, anatase and brookite. The structures are shown in 

Figure 1.1. Rutile crystallises in the tetragonal space group P42/mnm. It is an indirect band gap 

semiconductor with a band gap of 3.06 eV [43]. It consists of tetragonally distorted Ti centred oxygen 

octahedra. Oxygen atoms show a trigonal planar coordination sphere built by Ti atoms. The TiO6 

octahedra are edge-shared forming chains running along the c axis. These chains are connected via 

common corners.  The nature of the tetragonal distortion in TiO2 differs from the commonly discussed 

Jahn-Teller distortion within coordination chemistry where bond lengths of two longitudinal species are 

extended or contracted relative to the 4 equatorial species. In the case of rutile, the equatorial bond O-

Ti-O angles also deviate from the ideal of 90°: about 81° for the edge-shared and about 99° for the 

corner-shared edges. In spite of this distortion, the Ti species remain in the same plane. Anatase also 

crystallises in the tetragonal system, within space group I41/amd. The structure differs from rutile in the 

coordination of the TiO6 octahedra. Four edges are now shared with the neighbouring octahedra in 

contrast to only two common edges in case of rutile. That leads to further distortion of the octahedral 

coordination of Ti. The equatorial O atoms are pushed out of plane with O-Ti-O angles of 156°. It 

possesses a larger band gap of 3.3 eV [44]. Brookite is the third allotrope of TiO2 and possesses 

orthorhombic symmetry, crystallising in space group Pbca. It contains zigzag chains of edge-shared 

TiO6 octahedra running along the crystallographic c axis (two edges are shared). These chains are again 

connected via common corners. The oxygen coordination is now significantly distorted and the Ti 

atoms are not centring the octahedra anymore to avoid repulsive Ti
4+

-Ti
4+

 interactions within the 

chains. It has been the subject of only limited study in comparison to the other two polymorphs. It has a 

band gap of 1.9 eV [45]. This thesis contains studies on two of the rutile TiO2 surfaces: the (1 1 0) and 

(0 1 1). 
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Figure 1.1: The three polymorphs of bulk TiO2. Rutile (top), Anatase (middle), Brookite 

(bottom); Blue spheres: titanium; Red spheres: oxygen. 
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1.1.1 The TiO2 (1 1 0) Surface 

 

The rutile TiO2 (1 1 0) surface is the most widely studied surface of TiO2 [11-13, 23, 25, 28, 46-

56], and also generally thought to be the most stable [11, 56]. The surface species consist of five-fold 

coordinated titanium and two-fold coordinated oxygen. There are also three-fold coordinated oxygen 

present at the surface layer, however these species possess bulk-like coordination and are therefore 

generally uninvolved with surface reactions. The (1 1 0) surface is shown in Figure 1.2. 

The TiO2 (1 1 0) surface has been successfully imaged at atomic resolution for some time now, 

using both STM [49, 57] and AFM [58]. The high stability of the surface coupled with the relatively 

early successful application of atomic resolution surface imaging constitute major scientific reasons for 

focus on the (1 1 0) surface [11]. 

 

 

Figure 1.2: The rutile TiO2 (1 1 0) surface. Blue Spheres: Titanium; Red Spheres: Oxygen. 
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1.1.2 The TiO2 (0 1 1) Surface 

 

One of the more controversial aspects to the surface science of TiO2 has been the structure of the 

TiO2 rutile (0 1 1) surface. Historically, the majority of studies have focused on the (1 1 0) surface of 

rutile and the (1 0 1) surface of anatase, the most stable surfaces of the two most widely used TiO2 

polymorphs. However, it is being increasingly recognised that, because the higher energy portions of 

crystalline surfaces and various defects possess higher reactivity, studying only the most stable surface 

precludes a full understanding of a material‟s surface reactivity [59]. More recently the (0 1 1) surface 

of rutile TiO2 has, in particular, received considerable attention; partly due to the incompatibility of 

early suggested models with experimental findings which spurred further research efforts, and also due 

to some experimental work suggesting the (0 1 1) surface may have stronger photochemical reactivity 

than the other rutile TiO2 surfaces [60, 61]. Up to now, studies on six distinct (0 1 1) structures have 

been reported [15, 16, 56, 62, 63]. The (0 1 1) surface also gains additional importance as the high-

energy (0 0 1) surface reconstructs on annealing to form an {0 1 1}-faceted surface [64].  

The original model was that of a bulk-terminated surface (Figure 1.3). This model suggested a 

corrugated surface featuring two-fold coordinated O at its peaks, three-fold coordinated O at its troughs 

and five-fold coordinated Ti sandwiched in between. This model was quickly found to be  

 

 

Figure 1.3: The bulk-terminated model of the rutile TiO2 (0 1 1) surface. 
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inaccurate based on LEED [64] and later STM [62] and AFM [63] results, which indicated a repeat unit 

twice as wide as the bulk-terminated model, and hence a 2×1 reconstruction. A variety of alternate 

models have been suggested to account for the 2×1 reconstruction. The second published model was 

based around the bulk-terminated surface with extra titanium and oxygen atoms in alternate 

corrugations [62]. These extra atoms were configured such that the extra Ti were pyramidally 

coordinated, and the terminal O were “double bonded” to a single Ti species. This model appeared to 

yield STM images in better agreement with experimental data [62], however its validity was questioned 

when the raised Ti=O groups failed to appear in AFM experiments [63].  

Another model was considered as the bulk-terminated surface with the excavation of a pair of Ti 

and O from alternate corrugations [63]. This model may be criticised for the lack of stoichiometry, 

especially yielding an excess of oxygen [15]: sub-stoichiometric TiO2 normally acts as an n-type 

semiconductor, yielding an excess of Ti and hence a partially reduced surface. Moreover an excess of 

oxygen is not evident from quantitative surface sensitive spectroscopic techniques such as x-ray 

photoelectron spectroscopy, where reports on the (0 1 1) surface indicate a single oxidation state for 

oxygen [65]. A modification to this model has been suggested that restores stoichiometry [15]. The 

latest model is a reconstruction similar to the (0 0 1) surface of brookite (Figure 1.4), This model, first  

 

 

Figure 1.4: The 2×1 (0 0 1)-brookite-like reconstructed model of the rutile TiO2 (0 1 1) 

surface originally proposed by Thorenton et al. [16]. 
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suggested by Thornton et al. [16], was confirmed through the fitting of experimental scattering data to 

a variety of theoretical models. This contrasts with earlier models, which were based on less definite 

observations such as the theoretical reproduction of STM images. Two types of five-fold coordinated 

titanium species exist on the surface, as well as two types of two-fold coordinated oxygen species. 

Further credence to this model is lent by computational studies of the surface energies of various 

models. This model has been shown to have the lowest surface energy and hence thermodynamically 

the most stable model, when compared with all other models suggested thus far [15, 16]. 

 

1.2 Ruthenium 

 

Ruthenium is a second row transition metal with a hexagonally close-packed magnesium 

structure type (space group P63/mmc). The crystal structure is shown in Figure 1.5. It has the distinction 

of being the least expensive platinum group metal. Ruthenium is used industrially as an alloying or 

coating compound: adding ruthenium to titanium significantly improves its corrosion resistance [66], 

while coating softer platinum group metals electrodes with ruthenium improves their wear resistance 

[67]. Ruthenium has also been used in the so-called super alloys [68], which are used to produce jet 

turbine blades. A range of chemical disciplines involve the study of ruthenium: it is of considerable 

interest to organometallic chemists as many ruthenium complexes are effective metathesis catalysts 

[69]. Within surface chemistry ruthenium has been studied extensively [9, 32, 70-75], both as a model 

surface and due to its possible direct applications as a catalyst. Of particular interest are reactions 

relating to the nitrogen containing compounds: iron and ruthenium are the two most effective catalysts 

for the Haber-Bosch process [76].  

 

Figure 1.5: The hcp crystal structure of ruthenium metal. 
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Ruthenium surfaces show particularly strong bonding with adsorbed oxygen [72, 77]. At higher 

coverages, ordered oxygen overlayers form. This thesis will focus on the (0 0 0 1) surface of ruthenium 

with a 2×1 oxygen overlayer, as a particularly thorough experimental study of formamide adsorption 

was carried out over this surface [32]. The surface is shown in Figure 1.6. 

 

 

Figure 1.6: The Ru (0 0 0 1) surface with 2×1 oxygen overlayer. 

 

1.3 Adsorbates 

 

This thesis primarily involves the adsorption of molecules over crystalline surfaces. The most 

elementary molecules possessing functional groups of interest have been selected. The use of the 

smallest adsorbates possessing each functional group conveys two benefits. Firstly, it helps limit the 

scope of the interaction with the surface to the functional group in question, without having to also 

consider different structural confirmations of a carbon chain or other functional groups. Secondly, from 

a purely pragmatic point of view, smaller molecules require less resources to study computationally. 

This thesis focuses on studies of the molecules ammonia, formaldehyde, formic acid and formamide. A 

summary of the uses and prior surface studies on each of these molecules is provided in this section. 

 

 

 

FCC site 

Surface Oxygen Occupying an HCP 
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1.3.1 Ammonia 

 

Ammonia has considerable application both in theory and practical experiment as a test for Lewis 

acidity. As a relatively strong Lewis base, it may be used to probe the Lewis acidity of various surface 

sites. As has been already noted, ammonia adsorption on surfaces also has major industrial relevance: 

ammonia is currently produced in large quantities to supplement nitrogen fixation in soils and is needed 

to sustain current food production levels [1]. The current process of ammonia synthesis (the Haber-

Bosch process) is based around catalysis over a ruthenium [78] or iron oxide [79] surface.  

Ammonia has previously been studied adsorbing to TiO2‟s (1 1 0) surface and bulk-terminated 

and Ti=O reconstructed models of the (0 1 1) surface using computation, and experimentally studied 

over its (1 1 0) [53, 80], {0 1 1}-faceted and {1 1 4}-faceted (0 0 1) [17, 81] surfaces. Molecular 

adsorption was generally favoured, although some dissociative adsorption was reported on the 

stoichiometric {1 1 4}-faceted (0 0 1) surface [81]. Dissociation was also reported when the (0 0 1) 

surface was reduced via argon bombardment [17]. Prior experimental and computation studies have 

also examined ammonia adsorption to a variety of other surfaces. Extensive ultraviolet photoelectron 

spectroscopy studies are available on Fe [82], Ni [83], Ir [84], Pt [85] metal surfaces as well as those of 

TiC [86] and ZnO [87]. Prior theoretical studies for ammonia adsorption exist over the TiC [86], Pt 

[85] and Al [88] surfaces.  

 

1.3.2 Formaldehyde 

 

Formaldehyde is an intermediate in a variety of chemical reactions, and a reactant or byproduct of 

a variety of industrial chemical processes, including plastics manufacture and petroleum production 

[89]. Formaldehyde has been identified as a carcinogen [90], so mechanisms for its efficient 

decomposition are important to air filter designs. Given many air filtration systems are based around 

decomposition of the contaminant over a heterogeneous catalyst, understanding the surface reactivity of 

formaldehyde is important to the design of more efficient air filtration systems. Formaldehyde is also of 

considerable relevance to astrochemistry [91-96], as formaldehyde was the first polyatomic molecule 

detected in outer space [96].  
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Formaldehyde polymerisation is a key part of formaldehyde‟s surface chemistry [19, 20, 50, 97-

108]. Because formaldehyde has been detected in the tails of cometary debris, it has been suggested 

that a paraformaldehyde polymer may be present within comets, giving formaldehyde polymerisation 

mechanisms strong relevance to astrochemistry [91-95]. Thus far, computational gas-phase studies 

have focused on ion or radical polymerisation mechanisms suitable to the low-temperature and high 

radiation environment of space [109, 110]. Thermal polymerisation mechanisms have not been subject 

to theoretical investigations, in spite of their fundamental importance in the understanding of many 

early gas-phase formaldehyde polymerisation experiments [111-115] as well as more recent surface 

based studies [19, 20, 50, 97-108]. 

For gas-phase polymerisation through use of a protic acid initiator, two possible mechanisms 

have been suggested. Norrish proposed a mechanism involving an initial transfer of the acidic proton 

from acid and formaldehyde carbonyl [111]. The subsequent destabilisation of the aldehyde‟s carbonyl 

leads to the formation of a bond between the anion and the aldehyde carbon in essentially one 

continuous step. The mechanism and its resulting dimer are shown in Figure 6.1 on page 90. The 

polymer growth step is then achieved by transferring the proton from its newly formed hydroxyl group 

to another formaldehyde monomer while simultaneously forming a C-O bond with it. The growth 

mechanism is also illustrated in Figure 6.1. 

Possible shortcomings of such a model are that the growing species is an alcohol, while in the 

liquid phase small amounts of short chain alcohols are actually added to prevent polymerisation of 

formaldehyde. However prior computational studies offer some support for this mode of interaction. In 

a study of formaldehyde interaction with ammonia and the resulting compounds, it has been noted that 

it is energetically favourable to add a formaldehyde molecule across the OH bond of NH2CH2OH [91]. 

Vogl on the other hand, later suggested cationic polymerisation through an oxonium ion, after an 

initiation involving the separation of H from the acid used as an initiator [116] – noting that this was in 

line with the then current polymerisation mechanisms for solution chemistry. Interestingly Norrish had 

also considered such a mechanism, but discounted it on the basis that ions are less likely to remain 

stable in the gas phase (as opposed to in high dielectric solvents).  
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1.3.3 Formaldehyde Surface Adsorption 

 

A number of prior studies exist for formaldehyde adsorbed to metal oxides [19, 20, 117]. In their 

infrared spectroscopic study of the adsorption of formaldehyde to metal oxide powdered surfaces, 

Busca et al. reported the dominant adsorbed species on powdered TiO2 (90% Anatase, 10% Rutile) to 

be dioxymethylene, a feature shared by ZrO2 and ThO2 [19]. Longer paraformaldehyde chains were 

also observed on TiO2 as well as on MgO. They finally note that, at temperatures of 170 K, there are 

indications of some monomeric formaldehyde adsorption; however this desorbs as the temperature is 

raised and is unobservable at 250 K. A limitation of this study lies in the use of a poly-crystalline 

sample containing both rutile and anatase TiO2. Because of this, one cannot attribute any adsorption or 

reaction to a particular bulk polymorph, let alone a single surface thereof. Instead the results are a 

sampling of adsorption and reaction on all surfaces of both polymorphs, weighted according to the 

abundance of each surface in the powder.  

The most comprehensive single crystal study of formaldehyde to TiO2 was probably that of Qiu 

et al. on the rutile (1 1 0) surface [20]. Monomeric formaldehyde is observed on the surface prior to a 

desorption event at 128 K. These monomers are believed to only weakly interact with the surface, 

based on a relatively small frequency shift in the C=O stretching mode. Above 128 K, no vibrational 

mode attributable to the C=O stretch is observed, however vibrations attributable to a single bonded C-

O ether stretch remain, suggesting the presence of either dioxymethylene or paraformaldehyde. The 

authors attempt to determine the adsorption site of paraformaldehyde by two procedures: firstly the 

surface is dosed with formaldehyde at 100 K, then the surface is dosed at the same temperature by 

carbon monoxide, which has a lower adsorption energy than formaldehyde and is known to adsorb to 

the Ti surface sites. No carbon monoxide is observed desorbing from the surface by way of temperature 

programmed desorption, suggesting the more strongly interacting formaldehyde/paraformaldehyde 

adsorbs to the same sites as carbon monoxide. The second procedure involved hydroxylating the 

surface oxygen species to test if this has any effect on surface adsorption chemistry. Aside from 

generating a “small” quantity of methanol in a side reaction, the generation of paraformaldehyde was 

apparently unaffected, which lends credence to the notion that the surface oxygens are not involved in 

the binding of paraformaldehyde to the surface. This though is also open to alternate interpretations –

such as the adsorbed H being able to replace the role that bonding with the surface oxygen might have 

taken. A vibrational study of formaldehyde adsorption conducted on NiO film grown on the Mo (1 0 0) 
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crystal [117] reported qualitatively similar results: at less than 115 K formaldehyde monomeric 

formaldehyde is present on the surface, while paraformaldehyde remains until 270 K. 

The majority of formaldehyde adsorption studies, however, have focused on metal surfaces [106, 

118-122]. A study based around electron energy-loss spectroscopy examined formaldehyde to the Ag 

(1 1 1) surface [120]. Formaldehyde was found to adsorb in a molecular fashion at low temperatures. 

Of particular note was that the orientation of the molecule was resolved: formaldehyde was found to 

adsorb tilted at a 57° angle to the surface normal. This was interpreted in terms of positioning the lone 

pair of formaldehyde to best interact with the surface. A tilted adsorption configuration was also 

observed in an analogous study of thioformaldehyde on the platinum (1 1 1) surface [119].  

Ultraviolet photoelectron spectroscopy studies have examined formaldehyde adsorbed to Cu and 

Ni [121] as well as W [118]. In the cases of both Cu and Ni, it was shown that molecular adsorption to 

the surfaces occurred primarily through the formaldehyde 2b2 orbital. In the case of W, the presence of 

other adsorbed species (due to formaldehyde decomposition) made assigning peaks difficult. High 

temperatures and pressures were shown to lead to a dimerisation of formaldehyde on the Cu surface, 

believed to be facilitated through hydrogen transfer between two formaldehyde molecules leading to 

methyl methanoate. The process was demonstrated to be reversible, with lower formaldehyde pressures 

decomposing methyl methanoate back into formaldehyde. On the Ni surface, no such reaction was 

observed, with formaldehyde instead decomposing to yield hydrogen and carbon monoxide. 

 

1.3.4 Formic Acid 

 

There is substantial interest in the carboxyl and carboxylate groups‟ interaction with metal oxide 

surfaces, as carboxylates are commonly used to anchor dyes to solar cell surfaces [123]. The carboxyl 

and carboxylate groups are also present in a wide variety of biologically relevant molecules, making 

their interaction with the oxides of titanium (which coat the surfaces of titanium based medical 

implants) of relevance to understanding implant biocompatibility. Formic acid is also isoelectric with 

formamide, so a review of the better studied formic acid molecule can provide insights into how 

formamide will behave when adsorbed. 

Formic Acid reactions have been studied experimentally on a variety of the rutile TiO2 surfaces 

[23-28, 49, 124, 125], including the (1 1 0) [23, 25, 28, 49, 124, 125], {0 1 1}-faceted (0 0 1) [26, 27], 
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{1 1 4}-faceted (0 0 1) [26, 27], and {1 1 0}-faceted (1 0 0) [24] surfaces. Its adsorption to rutile TiO2 

has also been the subject of several computational studies [28-30, 54], all of which have focused on the 

(1 1 0) surface. On the fully oxidised (1 1 0) surface, the dominant reaction process is a decomposition 

to yield CO and H2O. Cursory inspection suggests the elementary reaction: 

 HCOOH(ads) → CO(g) +H2O(g) 
(1.1)   

However the actual surface reaction process is more complex. It has been shown by X-ray 

photoelectron spectroscopy on both faceted reconstructions of the (0 0 1) surface [27], and electron 

energy-loss spectroscopy on the (1 1 0) surface [25], that the acid first dissociates its acidic proton to 

the surface oxygen sites. 

 HCOOH(ads) → HCOO
−

(ads) + H
+

(ads) 
(1.2)   

At temperatures of ~350 K, some of the dissociated hydrogen agglomerate in pairs on single 

oxygen surface atoms to form water, which desorbs from the surface yielding an oxygen point vacancy.  

 2H
+

(ads) + O
2−

(surface) → H2O(g) + V(surface) 
(1.3)   

where V denotes a surface vacancy. At the same temperature some of the dissociated formates undergo 

recombinative desorption. The recombinative desorption does not run to completion, as consumption of 

the dissociated protons through the water formation leaves an excess of formate on the surface with 

insufficient protons to recombine with. It is interesting to note that the loss of these surface oxygens do 

not formally constitute a reduction of the surface. The lack of reduction follows from the removal of 

two hydrogens in the formal oxidation state of 1+, which requires the surface oxygen to be removed in 

the 2− state to obtain a neutral gas-phase water molecule. By comparison, when oxygen defects are 

formed thermally or by way of electron beam bombardment, it is expected that the oxygen desorb as a 

neutral species, leaving its 2− formal charge behind and subsequently reducing the surface. 

 O
2−

(surface) → ½ O2(g) + V
2−

(surface) 
(1.4)   

At higher temperatures, formate decomposes by releasing one oxygen into the oxygen defect sites 

and subsequently repairing the defect. The remaining hydrogen is also released, most likely to the 

surface oxygen row, as water is once again evolved from the surface at this time. The remaining 

species, carbon monoxide, is also observed leaving simultaneously. 

 HCOO
−

(ads) + V → CO(g) + O
2−

(surface) + H
+

(ads) 
(1.5)   
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 O
2−

(surface) + 2H
+

(ads) → H2O(g) + V(surface) (1.6)   

On the {0 1 1}-faceted (0 0 1) surface, the reactions are reported to be similar, although carbon 

dioxide is also observed in the decomposition process [27]. Beginning from the formate species, carbon 

dioxide could be produced through transfer of the remaining hydrogen to the surface, although such a 

process would essentially amount to reducing the surface as the H is formally required to leave the said 

reaction as H
−
. This is in general agreement with the observations of a small hydrogen gas yield 

coincident with CO2 production, which (for charge conservation reasons) could not form on a fully 

oxidised surface with only H
+
 present.  

 HCOO
−

(ads) → CO2 (g) + H
−

(ads) 
(1.7)   

 H
−

(ads) + H
+

(ads)→ H2 (g) (1.8)   

It is noted however, that while the H is denoted as being in the −1 oxidation state for counting 

purposes, it is likely that the actual extra electron will be stored on surface or near surface Ti  and be 

transferred to the surface H on dissociation only [47]. 

In cases where the surface has been reduced through oxygen defect generation, an additional 

oxidation-reduction reaction occurs where some of the adsorbed formates are reduced to formaldehyde 

and the surface reoxidised. This presumably follows a similar reaction to the generation of carbon 

monoxide, noted previously with the exception that the vacancy is of the reduced type and a dissociated 

proton is also involved. The dissociated proton would probably be sourced from the afore-mentioned 

carbon monoxide evolving reaction. 

 HCOO
−

(ads) + V
2−

 + H
+

(ads) → H2CO(g) + O
2−

(surface) 
(1.9)   

The bonding mechanism of formates on the (1 1 0) surface are generally thought to be well 

understood. Experimentally, STM [49] and other techniques [23] have shown that dissociated formates 

on a stoichiometric TiO2 (1 1 0) surface adopt a bridging configuration across two surface Ti in the 

[0 0 1] direction. This is also consistent with computational studies [28-30, 54], where the most stable 

form of interaction is found to be the bridging configuration. The second highest energy configuration 

is generally found in computational studies to involve the formate in the          direction, with the 

acidic hydrogen placed between the surface O and formate to facilitate hydrogen bonding. Reported 

adsorption energies have, however, varied widely between different computational studies [28-30, 54], 

presumably due to different basis set sizes, different density functionals, or the extent of surface 

relaxation allowed in each study. In cases where oxygen point vacancies are present on the surface, a 
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new bridging configuration becomes available. The formate lies in the          direction with one of its 

oxygen above a five-fold coordinated surface titanium, and the other directly in the point vacancy. This 

configuration is reported to have energetic favour over the other bridging configuration and is 

experimentally observed after defects are generated through water desorption [28]. Interestingly, no 

chelating configuration (i.e. both O atoms of formate bonding to a single surface Ti) has been reported 

for formic acid binding to any rutile surface, although it is reported on the anatase (0 0 1) surface. 

 

1.3.5 Formamide 

 

Formamide is the simplest amide, and is isoelectric with formic acid. As with all other small 

molecules in this study, the simplicity of formamide makes it a good prototype molecule to examine the 

interaction of its functional group with the surface. The interaction of amides with surfaces is relevant 

to a diverse range of fields. These range from biocompatibility of medical implants, where interaction 

of secondary amide linkages in proteins and the oxide surface of a titanium implant help determine 

whether an implant will be rejected, to exploring the “RNA world” origin of life hypothesis, where 

formamide has been shown to yield nucleobases in a variety of reaction conditions without additional 

reactants [7, 126]. 

Formamide adsorption has been experimentally studied over the (0 1 1) surface of TiO2 [7, 18, 

21], the (1 1 1) surfaces of platinum [127] and nickel [128], and the (0 0 0 1) surface of ruthenium [32, 

70, 71]. In the case of the metal surfaces, multilayer adsorption was observed for high coverages and 

low temperatures (84 K for ruthenium, <170 K for nickel, and <200 K for platinum). For all three metal 

surfaces, monolayer coverages resulted in molecular adsorption of formamide. For particularly small 

coverages, both platinum and ruthenium produce immediate decomposition of the adsorbate, yielding 

ammonia and carbon monoxide.  

Over the TiO2 (0 1 1) surface, molecular formamide adsorption results at 80 K [7, 18, 21]. When 

the temperature is increased to 300 K, a more complicated and not completely understood form of 

bonding to the surface is adopted. X-ray photoelectron spectroscopy indicates the presence of at least 

three different environments for nitrogen: amides, secondary amines and either cyanide or surface 

nitriding. Two environments were present for carbon (amides and some sort of hydrocarbons). The 

amide peak could be saturated with sufficient dosage, while the hydrocarbon peak continued to grow 

with all dosages trialled [21]. This suggests that the hydrocarbon peak does not result from 
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conventional adsorption to the surface (as the surface cannot be saturated), and instead probably results 

from the formation of an HCN polymer.  At 450 K, a third peak appears in the carbon 1s XPS 

spectrum, intermediate between the other two in terms of binding energy. This is also consistent with 

the behaviour of HCN polymers, which shift from a one dimensional C-C backboned configuration 

(hence the hydrocarbon-like binding energy) to a two dimensional graphene like structure containing 

C=N bonds at around this temperature. Given the amide signal does not continue to grow with the 

hydrocarbon signal, it is likely that the amide signal results from a different adsorbed species to the 

HCN polymer. As the amide signal at 300 K matches that of the 80 K sample, the other species is 

probably monomeric formamide. The net thermal reaction over dark TiO2 is a decomposition of 

formamide to yield water, HCN, ammonia and carbon monoxide. This has been summarised via the 

two elementary reactions: 

 HCONH2(ads) → H2O(g)+ HCN(g) (1.10)   

 HCONH2(ads) → CO(g)+ NH3(g) (1.11)   

However, because the surface spectra indicate multiple forms of adsorbed species on the surface, 

the overall reaction is much more complicated. Monomeric formamide most likely follows an analogue 

of the prior studied formic acid decomposition route, while the formation of an HCN polymer should 

involve water condensation polymerisation. This thesis will focus on examination of monomeric 

formamide adsorption. 

 

1.4 Aims 

 

This thesis presents studies over the surfaces of titanium dioxide and ruthenium with a coadsorbed 

oxygen overlayer. The specific aims of this research presented in this thesis are to: 

 Examine the relative stability of the different sites on the newly proposed (0 0 1)-brookite-like 

model of the TiO2 (0 1 1) surface, and contrast these with the older bulk-terminated model, 

using ammonia as a model molecule.  

 Assess the plausibility of prior suggested mechanisms for gas-phase formaldehyde 

polymerisation. 
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 Determine if any portion of formaldehyde‟s “gas-phase polymerisation” actually occurs in the 

gas phase, and the reason that surface polymerisation appears to dominate over gas-phase 

polymerisation. 

 Examine the nature of formaldehyde bonding to the TiO2 (1 1 0) surface, and determine a 

plausible mechanism for polymerisation on the surface. Explain why formaldehyde polymers 

decompose back into monomers on this surface instead of desorbing intact. 

 Examine whether a walking diffusion mechanism of formic acid over the TiO2 (1 1 0) surface is 

more plausible than the currently suggested sliding mechanisms. 

 Determine the adsorption configurations for monomeric formamide over the TiO2 (1 1 0) 

surface.  Explore whether formamide could adopt a similar decomposition mechanism to formic 

acid. 

 Examine the adsorption mechanisms of formamide over the Ruthenium (0 0 0 1) surface with 

(2×1) oxygen overlayer. Determine whether the adsorption mechanisms based on experimental 

data are theoretically reproducible, and explain the reason for experimentally observed changes 

in adsorption mode with respect to temperature increases. 
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Chapter 2   

 

Theory 

 

This section provides an outline of the theory and methodology used in this thesis. A brief review 

is conducted on the ab initio methods employed within this thesis. The statistical mechanics behind 

equilibria, classical transition state theory, and the modifications that are employed on them to study 

desorption from surfaces are also reviewed. 

 

2.1 Wave function-Based Ab Initio Calculations  

 

2.1.1 The Many Body Wave Equation 

 

Ab initio methods in quantum chemistry are based around the solution of a many body wave 

equation describing a system. For a non-relativistic system, the total energy is given by the time 

independent Schrödinger Equation. In Dirac notation, this has the form 

             (2.1)   

Here, H is the Hamiltonian operator, E is the system‟s energy and   is the system‟s wave function. For 

a system of electrons and nuclei, and in the absence of an external electric or magnetic field, the 

Hamiltonian is given by (2.2) below when in real space coordinates and using Hartree atomic units. 

 

   
  

 

 

 

   

  
  

 

   
 

 

   

 
 

 
 

 

       

 

          

   
  

       

 

   

 

   

 
 

 
 

     

        

 

           

 

(2.2)   



Theory 

22 

From top left to bottom right, the terms represent the kinetic energy of the electrons, the kinetic energy 

of the nuclei, and finally the electron-electron, electron-nuclear and nuclear-nuclear coulomb 

interactions.   ,   , and    are the charge, mass and positional coordinates for nucleus  .    is the 

positional coordinate for electron  .   
  and   

  are the Laplacian operators for the coordinates of 

electron   and nuclei  . 

Equation (2.2) is difficult to solve, and a number of approximations are generally introduced in 

the study of polyatomic systems. The Born-Oppenheimer approximation notes that nuclear motion is 

considerably slower than electronic motion, owing to the far greater masses of nuclei than electrons. It 

is therefore generally reasonable to treat the nuclei as stationary while solving a simplified electronic 

Hamiltonian. The contribution of the internuclear repulsion and nuclear kinetic energy to the total 

energy are treated separately. The simplified electronic Hamiltonian is given by 

 

             
  

 

 

 

   

 
 

 
 

 

       

 

          

   
  

       

 

   

 

   

 (2.3)  

Even with this simplification, obtaining solutions for a polyatomic system remains a considerable 

challenge, and further approximations are needed. These approximations are generally concerned with 

how the wave function is represented. 

 

2.1.2 Hartree-Fock Theory 

 

Within Hartree-Fock theory, the wave function is approximated by a single Slater Determinant of 

single electron spin-orbitals   . This is the most elementary general form of multi-electron wave 

function which obeys the Pauli Principle. The Hartree-Fock wave function (   ) is given as 

 

    
 

   
 
             

   
             

  (2.4)  

Here,    are the electron coordinates and   is the total number of electrons.  
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The expectation value of the electronic Hamiltonian acting on     may be written in terms of the one 

electron spin-orbitals as 

 

                  
 

 
  

   
  

       

 

 

    

 

 
 

 
             

   

 (2.5)  

with the term              representing the two body electron-electron integrals.  

 
                 

       
     

 

       
              

                     

(2.6)   

In order to keep the spin-orbitals orthonormal during energy minimisation, a set of Lagrange 

multipliers     are added to the Hamiltonian. 

                              

     

 (2.7)   

Application of the calculus of variations to minimise (2.7) with respect to each        leads to the so-

called Hartree-Fock equations 

   
    

      
    

     (2.8)  

where    is the Fock operator acting on electron i. The Fock operator is defined as 

 

    
 

 
  

   
  

       

 

 

                 

 

 

 (2.9)  

Here    and    are the Coulomb and Exchange operators. The Coulomb operator    represents the 

classical repulsion felt by one electron in the mean field of another, and is given by 

 

          
     

 

       
           

(2.10)  

The exchange operator    needs to be defined in terms of the spin-orbital it acts upon. It is given as 

 

                      
     

 

       
           

(2.11)   

Limitations in the accuracy of Hartree-Fock theory stem from the use of a single Slater determinant of 

spin orbitals to approximate the wave function. The difference between the correct energy of a system 
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and that predicted by Hartree-Fock theory is labelled the electron correlation energy, so named because 

Hartree-Fock theory neglects correlations between electrons beyond those caused by the Pauli 

exchange term. 

The only advantage of Hartree-Fock theory over the other ab initio wave function based theories 

currently in use, is Hartree-Fock‟s scaling rate. Optimised Hartree-Fock codes typically scale at O(n
4
) 

or better with respect to the number of electrons in the system being studied, while methods including 

electron correlation scale less efficiently. 

 

2.1.3 Møller-Plesset Perturbation Theory 

 

Møller-Plesset perturbation theory seeks to treat electron correlation using time-independent 

perturbation theory. The unperturbed Hamiltonian was originally defined by Møller and Plesset to yield 

the Hartree-Fock energy, with the second-order energy correction yielding the first non-zero energy 

correction [129]. In more recently used formulations, the zero order Hamiltonian is taken as the sum of 

the single electron Fock operators, with the perturbation being the difference between this and the true 

many electron Hamiltonian [130].  

 
           

 

        

 

  (2.12)   

Under the latter formulation, the first-order correction yields the Hartree-Fock energy rather than zero, 

although subsequent corrections are identical. Within this thesis, results using second-order Møller-

Plesset theory (MP2) are reported. The second-order energy correction is given as: 

 

 
   

  
 

 
  

             

           

   

   

   

   

 (2.13)   

where    and analogous terms refer to the single electron eigenvalues, occ and vir refer to the set of 

occupied and virtual (unoccupied) orbitals obtained from a Hartree-Fock calculation. The term 

             is given by (2.6). Limitations to Møller-Plesset theory are twofold. Firstly computational 

demands scale less efficiently than Hartree-Fock: O(n
5
) for MP2, and even larger if higher order 

corrections are used. This limits the applicability to smaller systems. Secondly, treating correlation as a 

perturbation on the Hartree-Fock result assumes that Hartree-Fock theory provides results that are 
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reasonably close to reality, such that the perturbation series can be truncated at a low order and still 

yield an accurate result. 

 

2.2 Density Functional Theory 

 

Density functional theory provides an alternative to the wave function based methodology, where 

the electron density rather than the system wave function is used as the variational object. The 

theoretical justifications of density functional theory lie in the Hohenberg-Kohn theorems, which 

establish that  there is a one to one correspondence between the density of a non-degenerate system of 

electrons and the external potential acting on that system, and that the electron density may be treated 

as a variational object to find the ground state energy [131]. These theorems provide only a proof of 

existence for a density functional; the exact form of this functional remains unknown, so while density 

functional theory is formally exact, approximations must be introduced for its practical application. The 

later work of Kohn and Sham [132] postulated that the system of interacting electrons (for which a 

functional remains unknown) could be mapped onto a system of non-interacting electrons. The 

electronic energy of this system would be given by 

 

                   
 

 
  

         

      
                

   
      

      
  

 

 

 

(2.14)   

Here, the terms from left to right represent the kinetic energy of the electrons, the mean field electron-

electron repulsion energy, the exchange-correlation energy, and the external potential from the nuclei 

acting on the system of electrons. The exchange-correlation energy functional           is unknown; 

the net effect of the Kohn-Sham equations is to concentrate the unknown aspects of the system within 

this one term. Approximations to the exchange-correlation term are discussed in the next section.  

The electron density of a non-interacting system is given by the sum of the product of the single 

electron orbitals (referred to hereafter as Kohn-Sham orbitals) and their complex conjugates. 

 

        
         

 

 

 
(2.15)   
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With this definition, the kinetic energy of the non-interacting system is taken as  

 

               
    

  
 

 
       

 

 

 
(2.16)   

As with the Hartree-Fock equations, a set of Lagrange multipliers are added to maintain orthonormality 

between the various Kohn-Sham orbitals.  

                          

   

 (2.17)   

Differentiation by the complex conjugates of the Kohn-Sham orbitals results in a set of equations which 

provide the condition for energy minimisation. 

 

 
  

 

 
  

     

      
               

  

      
     

      
    

     (2.18)   

Here, the exchange-correlation potential           has been defined  

 
          

          

     
 (2.19)   

The central advantages to density functional theory over the wave function based methodology lie in its 

ability to treat correlation (although only approximately) while still scaling at O(n
3
).  

 

2.2.1 Exchange Correlation Approximations 

 

The Local Density Approximation 

The most elementary approximation for the exchange correlation functional is the Local Density 

Approximation (LDA). The LDA approximates the exchange correlation energy at each point of the 

system as the energy of a homogeneous electron gas resulting from the same density (         ) 

 
   

                     (2.20)   

The LDA exchange correlation potential is then given as  

 
   

    
    

   

     
                   

          

  
   

(2.21)   
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An exact expression for the exchange contribution of the LDA energy is known [133]. Exact 

expressions of the correlation contribution are only known in the limits of high and low electron 

density. Parameterisations based on Quantum Monte Carlo calculations have been used to interpolate 

between these limiting cases and provide an analytic expression [134]. 

 

The Generalised Gradient Approximation 

The Generalised Gradient Approximation (GGA) seeks to improve on the LDA by making it not 

only a function of the electron density, but also the norm of the gradient of the electron density. This 

may be represented symbolically as 

    
                    (2.22)   

A variety of different GGAs exist. Within this thesis, the GGA by Perdew, Burke, and Ernzerhof (PBE) 

[135] is used. This functional takes the form 

 
   

            
                        (2.23)   

Here       is the Wigner-Seitz radius,      is the spin polarisation, and      is the reduced density 

gradient. 

 

       
      

 
 

 
 
 

 
(2.24)   

     =                    (2.25)   

 
     

       

          
 
     

 (2.26)   

 

Higher-order expansions of the electron density are also possible; earlier “meta-GGA” 

functionals, for example, included the Laplacian of the electron density in addition to the electron 

density and gradient norm. More recent formulations of the meta-GGA use the kinetic energy density 

instead. However exchange-correlation functionals of this type have not been used in any of the studies 

presented in this thesis. 
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Hybrid Density Functional Theory 

Hybrid density functionals mix a fraction of the exchange energy obtained under electron gas 

based exchange functionals (ie GGAs or the LDA) with that obtained from a Hartree-Fock calculation. 

While this procedure has been used with isolated molecules for some time, it has found limited 

applications in plane-wave codes. This is primarily due to the added computational burden required to 

compute exact exchange for extended systems in a plane-wave basis. One of the most widely used 

hybrid functionals, the B3LYP functional [136], has been employed in the gas-phase formaldehyde 

polymerisation section of this thesis. This functional combines the exchange-correlation energies from 

a variety of functionals with the Hartree-Fock exchange as indicated below 

    
              

        
        

          
            

    (2.27)   

Here,   
    is the exchange energy from the local density approximation [137],   

   is the 

exchange energy from a Hartree-Fock calculation,    
      is the gradient correction to the LDA 

exchange by Becke [137],   
    is the gradient corrected correlation energy by Lee, Yang and Parr 

[138], and   
    is the LDA correlation energy by Vosko, Wilk, and Nusair [139].  The mixing 

parameters take the values   =0.2,   =0.72 ,   =0.81.   

 

2.3 Empirical Dispersion Correction (DFT-D) 

 

London dispersion interactions result from instantaneous polarisation of electron clouds in 

proximity to one another. Electron gas based exchange-correlation approximations are unable to 

reproduce this interaction. A empirical correction was suggested by Grimme [140], based on pair-wise 

interaction between atoms. This is referred to as DFT-D, and has the general form: 

 

                 
      

    
        

 

     

   

   

 (2.28)   

Here             is an energy correction added on to the total energy calculated via DFT.   and   are 

indicies over the various atoms. N is the total number of atoms.    is a constant determined by the 

exchange-correlation functional used (for PBE,   =0.75).      is the norm of the interatomic distance 

between nuclei   and  .        are a set of values governing the interaction between atoms. It has the 

form: 
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(2.29)   

      and      are a set of atom dependent constants.         is a damping function which largely 

eliminates the correction at small inter-atomic distances, where in reality dispersion interactions give 

way to chemical bonding and Pauli repulsion, and the system no longer obeys an attractive       
 
 

relation. 

 
        

 

   
   

    

      
   

 (2.30)   

Here,        is defined as the sum of the Van der Waals radii between the atomic radii, and   is a 

damping constant, which in the implementation used has a value of 20. 

Within this thesis, the DFT-D correction has been applied to some of the calculations in the study 

of formamide adsorption over the ruthenium metal surface, as a prior study found the correction to be 

important in the study of formamide adsorption over the Ag (1 1 1) surface [141]. 

 

2.4 Bloch’s Theorem 

 

The ab initio study of a macroscopic sized crystal and its surfaces without further approximation 

would be a daunting task. For example, a rutile TiO2 crystal around one cubic centimetre in volume 

possesses ~5×10
14

 valence electrons, while a current generation microcomputer employing density 

functional theory is challenged by a system of order 10
3
 electrons. Bloch‟s theorem allows for the 

treatment of infinite periodic structures, which accurately represent the bulk of large crystals. It shows 

that the wave function of an electron in an infinitely periodic lattice may be written in terms of a 

function periodic with the unit cell         , modulated by a plane-wave.  

                     (2.31)   

This reduces the task from studying an infinitely sized periodic system to that of its repeat unit, studied 

at an infinite number of k-points. As wave functions do not change significantly for small shifts in k-

vector, it is sufficient to sample a finite grid of k-points within the reciprocal space. k-point sampling 

within this thesis is undertaken using Monkhorst-Pack grids [142], which space points uniformly with 

respect to each reciprocal space lattice vector. The total energy of the system is taken as the average of 

that found at each k-point. 
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2.5 Basis Sets 

 

2.5.1 Gaussian Basis Sets 

 

Gaussian basis sets are of the linear combinations of localised orbitals variety, popular in the 

study of isolated molecules. These basis sets are usually constructed to resemble the atomic orbitals of 

the component atoms in the system under examination (leading to the less general alternate name 

“linear combinations of atomic orbitals”). The most obvious choice of basis function in this case are the 

atomic orbitals themselves, consisting of the product of an exponential function and a spherical 

harmonic. These are referred to as “Slater orbitals”. It is mathematically more efficient, however, to 

approximate the exponential with a series of Gaussians, leading to Gaussian basis sets. 

A Gaussian basis function is generally comprised of a set of primitive Gaussians multiplied by 

so-called contraction coefficients, and positioned such that when summed, a close approximation of a 

radial Slater type function is produced.  

                   

 

 (2.32)   

The resulting function (2.32) is referred to as a contracted Gaussian function. The contracted Gaussians 

are then multiplied by the Cartesian representation of spherical harmonics, yielding the final function.  

                  (2.33)   

Where  ,  ,   above, sum to equal the orbital angular momentum number  , and  ,  ,   are the Cartesian 

components of  . 

Gaussian basis sets are extremely popular for calculations on isolated molecules, principally 

because a small number of Gaussians can fit the radial component of a single electron wave function, 

and two-centre integrals may be efficiently computed. Because of their positional bias, Gaussian basis 

functions generate spurious Pulay forces which must be cancelled out [143]. The fact that the basis set 

size is determined by the number of nuclear centres present also introduces basis set superposition 

errors [144].  
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2.5.2 Plane-wave Basis Sets 

 

For a periodic system, one of the most desirable types of basis set is a Fourier series. Such a 

series is guaranteed to fit any well behaved periodic function in the limit that the basis set tends toward 

infinite size. A basis set of this type also possesses other advantages, such as an independence on the 

nuclear positions of the system. Under Bloch‟s theorem (2.31), plane-wave basis sets take the following 

form within positional space 

                              
 

 (2.34)   

Where    are a set of reciprocal lattice vectors, and    are a set of coefficients which are manipulated 

such that the basis set reproduces the desired wave function. In practical calculations, the series must be 

truncated at some point. This point is usually defined in terms of a kinetic cutoff energy, with only 

plane-waves corresponding to kinetic energies less than the cutoff energy being included.  

 
        

 

 
      

  
(2.35)   

 

2.6 Pseudopotentials 

 

In many cases, it is prohibitively expensive to perform an all-electron calculation. This is 

particularly true when plane-wave basis sets are used: oscillations of the orbitals in the core region, 

needed for the electrons to retain orthogonality with one another, require very large kinetic cutoffs to 

accurately reproduce. A solution to this involves noting that the vast bulk of the chemical interaction 

occurs between the valence rather than core electrons. It is therefore a reasonable approximation to 

replace the core electrons and nuclei with a pseudopotential, which reproduces the aggregate effect of 

the core electrons and nuclei on the valence orbitals over the valence region. This has two benefits to 

computational efficiency: firstly, the core electrons are completely removed from the calculation. 

Secondly, the potential may be manipulated to reduce the size of the basis set required to reproduce the 

portion of the valence orbitals within the core region, while leaving their behaviour within the valence 

region largely unaffected. 
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Ab initio pseudopotential construction begins by obtaining the all-electron wave functions ( ) 

through solution of the radial Schrödinger equation for an atom in a desired reference state. When the 

pseudopotential is being constructed for density functional theory, this equation takes the form [145]: 

 
         

 

 

  

   
      

 

 
  

     

      
           

      

   
       (2.36)   

Here   is the angular momentum number for the particular state. A core radius is then selected. A 

pseudo-wave function     is constructed that satisfies a variety of desirable properties: Generally, 

these include matching the all-electron wave function outside the core radius, remaining continuous 

and possessing continuous first and second derivatives, and reproducing the same energy eigenvalues 

as the all-electron wave function. In order to be efficiently reproduced within a plane-wave basis set, 

the pseudo wave function should also be nodeless and as smooth as possible. The constructed 

pseudopotential should be applicable to a variety of environments, not just the oxidation state it was 

created in. Central to this is the duplication of the logarithmic derivatives of the wave functions with 

respect to position, which govern the phase shifts of the electron on scattering. Outside the core radius, 

the logarithmic derivative should be replicated by the pseudo-wave function over a range of energies 

about that of the configuration it was generated in. To this end an additional criterion is added that both 

the logarithmic derivative of the wave function and its energy derivative are duplicated at and beyond 

the core radius. A final criterion, norm conservation, is often applied in which the total electronic 

charge within the core regions match for the all-electron and pseudo-wave functions. A screened 

pseudopotential (             ) is obtained by inverting the radial Schrödinger equation [145]. 

                 
      

   
 

 

     

  

   
      (2.37)   

The electron-electron repulsion and exchange correlation terms for the electrons in the valence portion 

are then subtracted to yield an ionic pseudopotential, which may be applied to cases where the valence 

electrons are treated explicitly. 

The presence of the angular quantum number   in the radial Schrödinger equation means that the 

resulting pseudopotential is dependent on the angular momentum of the function it acts on. The 

pseudopotential may be written as a combination of a local component (dependent only on the 

positional coordinate) and a semi-local component (semi-local in that it is also dependent on the 

angular component of the wave function, but not the radial component). This is known as a semi-local 

pseudopotential. Kleinman and Bylander observed that additional computational efficiency may be 
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gained by making the second component completely non-local (dependent on both the angular and 

radial portions of the wave function) [146]. Non-local pseudopotentials have the form 

 

               
    

        

   

 (2.38)   

Where         is a local potential (it is dependent only on the position coordinate r). The second term is 

non-local, in that it is dependent on the projection of the pseudo-wave function onto a set of localised 

wave functions     
  .      are a set of coefficients corresponding to the localised functions     

  .  

Ultrasoft pseudopotentials [147] allow the norm conservation constraint to be relaxed. In order to 

retain charge neutrality, charge augmentation functions are introduced such that the charge density is 

now given by 

 

         
                                 

   

 
 

 (2.39)   

Where        is given by 

          
            

          (2.40)   

Here,       and       are the all-electron wave functions corresponding to the pseudo-wave functions 

      and       respectively. Relaxation of the norm conservation constraint also requires that the 

orthogonalisation be changed with the introduction of an overlap operator  . 

               (2.41)   

 

         
    

        

   

 (2.42)   

Here     is the integral of        over the core area 

 
              

     

 

 (2.43)   

The main advantage to ultrasoft pseudopotentials is that the relaxation of the norm-conserving 

constraint grants additional freedom in the construction, so the resulting pseudo-wave functions are 

considerably smoother than those resulting from norm-conserving pseudopotentials, and can therefore 

be accurately represented with a smaller plane-wave basis set. 
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2.7 Population Analysis 

 

Population analysis involves the partitioning of the charge density in a molecule or extended 

system into contributions assignable to individual atoms, or the orbitals of these atoms. A variety of 

different methodologies exist for partition analysis. Mulliken [148] and Löwdin [149] population 

analysis project the charge density onto a set of predefined localised functions. Bader analysis, on the 

other hand, uses zero flux surfaces in the charge density itself to partition the charge density [150]. 

 

2.7.1 Löwdin Population Analysis 

 

Löwdin population analysis [149] is based around the projection of the system‟s orbitals onto a 

set of atom centred functions. The primary distinction between Löwdin population analysis, and the 

conceptually similar Muliken population analysis, involves subjecting the atom centred functions in the 

former to a Löwdin orthogonalisation procedure. Defining an overlap matrix between the various basis 

functions   as 

 

   
               

   
               

  (2.44)   

It has been shown that the operation of the positive square root of the inverse of   on a set of non-

orthogonalised functions   leads to a basis set ( ) that is both orthogonal and minimally different, in a 

least squares sense from the original set  . 

 
    

 
   

(2.45)   

The Löwdin population ( ) of a given atom centred function ( ) is obtained from the diagonal 

elements of the matrix resulting from the following operations: 

 
     

 
   

 
  

   
 (2.46)   

Where   is the density matrix formed from the projection of the states onto the set of localised 

functions.  
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Löwdin population analysis is heavily dependent on the basis   used to represent the atoms. 

Generally, minimal basis sets are preferred, as large atom centred basis sets increase the overlap 

between basis functions, leading to increased ambiguity in the assignment of population to a particular 

atom. In the case that atom centred basis functions are used for the self-consistent calculation, that basis 

(or a minimum basis set of the same type) is an obvious choice in which to perform a population 

analysis. Plane-wave basis sets, however, lack any dependence on the presence of a specific nucleus. 

Instead, the pseudo-wave functions of the atom centred pseudopotentials are used to form the minimal 

basis for the population analysis.  

 

2.7.2 Bader Population Analysis 

 

Bader Population Analysis [150] partitions the charge density using zero-flux surfaces of the 

charge density itself. As the name suggests, zero-flux surfaces are defined as surfaces where the inner 

product of the gradient of the charge density and the unit normal vector    to the surface equal zero for 

all points on the surface 

            (2.47)   

Volumes of charge density within the surface may be assigned to specific atoms based on the presence 

of their nuclei within the zero-flux surface. As nuclei generally represent local maxima for the charge 

density, only one nuclei at most should be present within each volume partitioned by a zero-flux 

surface, and the charge contained within may be assigned unambiguously to that atom. The Bader 

population of an atom is then merely the integral of the charge density contained within the relevant 

zero-flux surface. Bader population analysis differs from other forms of population analysis (such as 

Löwdin) in that the spacial domains assigned to each atom do not overlap. 
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2.8 Statistical Mechanics 

 

This section contains a brief review of the statistical mechanics used to compute the equilibria, 

reaction rates, and desorption rates discussed within this thesis. 

 

2.8.1 Partition Functions 

 

The partition function, provides a constant of proportionality to normalise a Boltzmann 

distribution. For a system with a discrete series of energy states with energies   , the partition function 

is given by the sum of the Boltzmann coefficients 

 
         

  

   
 

 

 (2.48)   

where   is the Boltzmann constant and   is the absolute temperature. A variety of useful quantities 

may be extracted from the partition functions. Of relevance to the determination of equilibria is the free 

energy  , which is obtained as 

              (2.49)   

The partition function of a single gas-phase molecule of a given type may be taken as the product of its 

translational and various internal degrees of freedom. The single particle translational component may 

be approximated by an ideal gas contained within a large three dimensional box. Applying the 

approximation that the rotational and vibrational modes of a molecule are completely separable, the 

internal partition function of a free molecule without electronic degeneracy is given by the product of 

the partition functions of a rigid rotor (describing the rotational degrees of freedom) and a set of 

harmonic oscillators (describing the vibrational degrees of freedom). Approximating the sum of the 

Boltzmann coefficients by an integral, the translational and rotational partition functions are given by 

         
      

 
 

 
 
  (2.50)   

             
 

 

      

  
  (2.51)   
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 (2.52)   

where   is the mass of the molecule   is Planck‟s constant, and   is a symmetry factor describing the 

number of rotational symmetry operations that the molecule possesses. The three rotational inertia 

values    for the rigid rotor partition function are given by the eigenvalues of the inertial tensor of the 

molecule   shown in (2.52). In the case of a linear molecule, the two non-zero eigenvalues are 

equivalent, so the   subscript is omitted in (2.51). 

       

    
      

                   

             
      

          

                      
      

 

 

 

   

 (2.53)   

where    is the mass of the ith atom in the molecule, and          represent the x/y/z Cartesian 

coordinate of atom i relative to the molecule‟s centre of mass. The sum of the Boltzmann coefficients 

for the harmonic oscillator, on the other hand, may be performed exactly as the sum to infinity of a 

geometric series, leading to the following vibrational partition function 

       
 

      
   

   
 

            

   

 (2.54)   

Here,    is the vibrational frequency for vibrational mode  . Nonlinear molecules possess 3N−6 

vibrational modes, while linear molecules possess 3N−5 as a result of losing one rotational mode. 

Under most circumstances when dealing with isolated molecules, the excited states for electronic 

degrees of freedom are too high in energy to contribute to the partition function. The electronic 

contribution is therefore simply the degeneracy of the electronic ground state of the molecule in 

question. For a set of individually distinguishable particles, the system partition function would simply 

be the individual particle partition function raised to the power of the number of particles in the system, 

however molecules of the same type are indistinguishable. To prevent over-counting, the system 

partition function is divided by the factorial of the number of particles in the system. 

   
                           

 

  
 

(2.55)   
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2.8.2 Equilibria 

 

Generally speaking, equilibrium between a system and its surroundings is obtained when the free 

energy is minimised with respect to a set of parameters describing the aforementioned system and its 

surroundings. For a chemical reaction, this implies a free energy minimisation with respect to species 

number, subject to the constraint that the number of each atomic species is conserved.  

     
  

   
 

       
  

   
 

     (2.56)   

Such a constraint is worked into the above equation by replacing the species specific     with the 

product of a general    representing an infinitesimal progression of the reaction and a set of 

coefficients    representing the number of each species consumed or produced by a single reaction 

(with negative    in the case that a species is consumed in the forward reaction). The derivatives are 

obtained from the earlier expression of free energy in terms of the system partition function, yielding  

 

  

   
               

      

  
 

 
 
        

          
  

 
       

      

  
 

 
 
       

(2.57)   

where the translational partition function has been written out explicitly in order to extract the V. (2.56) 

in combination with (2.57), yields  

      
  

 

     
      

  
         

  

 

 (2.58)   

where 
  

 
 has been replaced with the concentration   . The left-hand side is the commonly used 

equilibrium expression in terms of concentration. It is formally preferred, however, to express 

equilibrium constants in terms of dimensionless activities. This is achieved by dividing both sides by 

some standard concentration   . It is important to note that the total energy of a system is arbitrary to a 

point of reference. When comparing each side of a reaction, this point of reference must be chosen 

consistently and must include the difference in energy on reaction. This may be achieved by including 
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an additional Boltzmann coefficient accounting for the net difference in energy between the products 

and reactants. The final expression for equilibrium concentration then becomes 

   
   

  
 

  

 

      
  

   
     

      

  
 

 

  
        

  

 

 (2.59)   

For gas-phase species, the standard concentration may be set based on the ideal gas law for a given 

pressure and temperature. 

 

2.8.3 Transition State Theory 

 

Classical transition state theory [151] assumes there is a quasi-equilibrium between the initial 

reactant state(s) and the “transition state” – the saddle point on the potential energy surface between 

reactant(s) and product(s). The rate of reaction ( ) is proportionate to the fraction of species in the 

transition state, and the constant of proportionality is thought of as a frequency factor representing the 

rate at which species at the saddle point cross over to become products. The rate constant ( ) is the rate 

divided by the product of the reactant concentrations (   ) raised to whatever power their stoichiometry 

demands. 

     
 

   
  

 

                     
 

   
  

 

 (2.60)   

The transition state concentration is obtained using the equilibrium equation (2.59) found in the 

previous section. At the transition state, one vibrational mode will represent the reaction coordinate. As 

the potential approximates a concave down parabola near the transition state, a normal mode analysis 

will identify the reaction coordinate as possessing an imaginary frequency. This mode is excluded from 

the transition state partition function and replaced with the partition function for a one dimensional free 

gas restricted within a small section of space (  ).  

                           
      

  
 

   

   
(2.61)   

The frequency factor is given by the average rate at which the system will cross this small area of 

space. This is merely the average speed ( ) of the particle divided by the distance of   . 
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 (2.62)   

The average speed may be taken as the average speed from a one dimensional Maxwell distribution 

    
   

   
 

   

  
(2.63)   

Combining (2.59), (2.60), (2.61), (2.62), and (2.63) yields the expression for classical transition state 

theory: 

   
   

 

                  

            
  

 

     
  

   
  (2.64)   

A dash has been included on the transition state partition function as a reminder that the mode along the 

reaction coordinate has been removed from and is treated outside the                    term. 

 

2.8.4 Desorption Rates 

 

Desorption energies are obtainable experimentally through Temperature Programmed Desorption 

(TPD), a technique wherein the temperature is raised at a constant rate and the quantity and type of 

desorbing species are monitored by way of mass spectrometer. The desorption rate follows an 

Arrhenius type expression originally proposed by Polyani and Wigner. For first-order (molecular) 

desorption, the Polyani-Wigner equation takes the form 

 

  

  
   

  

  
     

  

   
  (2.65)   

Here    is the activation energy for the reaction and   is the fractional coverage of the surface,    is the 

temperature ramping rate. Experimental results are analysed through fitting of the above equation to 

experimental spectra to obtain the activation energy [152]. 

Theoretical justifications for such an expression may be extracted from classical transition state 

theory described previously, with the caveat that the reaction coordinate is a translational degree of 

freedom rather than an internal degree of freedom. The application of classical transition state theory 
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and similar approaches to molecular adsorption has caused controversy [153-156], as the transition 

state was assumed to be a gas-like state. This implies equilibrium with the gas-phase, while TPD based 

experiments are carried out under continuously pumped ultrahigh vacuum conditions where 

equilibrium is formally impossible. Theories at the time also suggested that an activated complex on 

the surface, rather than a gaseous state was the transition state [157]. In the defence of a gas-like 

transition state, the general assumption is only that a quasiequilibria exists with a state sufficiently far 

from the surface to behave like a gas-phase two dimensionally, while being restricted to a relatively 

small space in the dimension along the surface normal. In the limit to which diffusion out of this space 

and into the “actual gas-phase” is slow, one can interpret a quasiequilibrium existing between the 

surface and this pseudo-gas-phase transition state. This leads to a general expression of the form 

 

  

  
  

 

  

   

 

           

         
     

  

   
  (2.66)   

Where the             includes a translational partition function for two dimensional motion only due to 

the aforementioned usage of the third translational dimension as the reaction coordinate,  . The validity 

of such an approach has also been shown by explaining large measured pre-exponential factors 

obtained from long carbon chained alkanes. The large factors were attributed to the large rotational 

partition functions that long chain alkanes possess in the gas-phase, indicating the transition states 

possess far greater freedom than the adsorbed state [158]. This is consistent with the transition state for 

desorption being gas-like. 

In spite of the observation discussed in the previous paragraph, it is often assumed that the 

adsorbates exhibit the same freedom in the gas phase as on the surface, leading to the cancellation of 

the two partition functions above. For a molecular adsorbate, this amounts to treating the adsorbed 

species as having two dimensional gas-like freedom, so will be labelled the “surface gas” 

approximation. After this approximation is applied, one is left with a pre-exponential factor of      . 

This approximately equals 10
13

 at room temperature, and it is therefore quite common for experimental 

work to use a “standard” and constant value of around 10
13

 for the pre-exponential factor. 

The idea of adsorbates behaving as a gas on the surface is questionable: while adsorbates may 

behave in such a manner at small concentrations on a metallic surface, where the close packed nature of 

the atoms tends to result in small barrier heights and distances for individual diffusion steps, the same 

cannot be said for ionic surfaces. Here the distances between ions (particularly those of the same 

charge) are much greater, and between them are areas of opposing electrical charge which can greatly 

increase the barrier height. One might also consider that at higher concentrations of adsorbates, the 
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approximation of 2D gas-like behaviour breaks down – adsorbates are no longer free to travel on the 

surface because they will regularly encounter one another. It is therefore useful to consider the opposite 

situation, where adsorbates behave in the limit of localised species on particular sites. To do so one 

replaces the 2D translational partition function on the surface with the combination formula. This 

“fixed to site” approximation yields a rate expression of: 

 

  

  
 

 

          

 

 

  

 

        

        

     

  
     

  

  
  (2.67)   

where          and          represent the internal partition functions (those excluding translational 

motion) of the gas-phase and adsorbed molecule respectively.       is the site density. 

Another approach involves the addition of a sticking coefficient to the above transition state 

theory result. The sticking coefficient is often postulated to be of the form       , where   is either 

taken as a constant or function of temperature generally within an order of magnitude of unity. It is 

difficult to extract a theoretical value for   and will be assumed to equal unity in any TPD simulations 

in this thesis. The net effect of the inclusion of such a sticking coefficient is a cancellation of the 

      denominator in the above equation. 

 

2.9 Methods For Locating Transition States 

 

2.9.1 Hessian Eigenvector Following Methods 

 

One of the most elementary methods for locating a transition state involves the application of a 

Newton or quasi-Newton geometry optimisation method. If a starting geometry is selected sufficiently 

close to the transition state, evaluation of the Hessian will yield a negative eigenvalue. Iteratively 

updating the geometry of the system in the directions indicated by the eigenvectors of the Hessian will 

then move the system toward the transition state. The difficulty when applying this method is that the 

structure must be sufficiently close to the correct saddle point to yield a negative eigenvalue in the 

Hessian. In a considerable number of cases, it is difficult to guess the starting geometry with sufficient 

accuracy, leading to the failure of this method. 
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2.9.2 The Quadratic Synchronous Transit Guided Quasi-Newton Method 

 

Another method for finding transition states is the synchronous transit guided quasi-Newton 

method [159]. This method will be employed for finding the transition states in the gas-phase 

formaldehyde polymerisation section of this thesis. The method is actually a sequential application of 

two procedures: the quadratic synchronous transit method [160], followed by a quasi-Newton method.  

The quadratic synchronous transit method first performs a calculation at the midpoint of the line 

connecting the reactant and product configurations. From this point, a minimisation is carried out in the 

directions perpendicular to the line. A quadratic arc is then constructed, defined by this constrained 

minimum and using the reactant and product configurations as end points. A line search is then 

performed along the arc, with the highest energy point taken as an approximated transition state. From 

this point a quasi-Newton procedure is employed to obtain a more refined transition state geometry. 

 

2.9.3 The Nudged Elastic Band Method 

 

The nudged elastic band method [161] determines the minimum energy path between two 

configurations based on discretely sampling a set of points along the path. The method begins by 

making an initial guess of the path (in the most simplistic instance by way of linear interpolation 

between the two defined atomic configurations). Forces on the various nuclei (  ) are then calculated 

at a series of images along the path. Forces tangential to the path of the nudged elastic band are 

replaced with spring-like forces, dependent on the displacement of each atom from that in the 

preceding and succeeding images. The forces used in the nudged elastic band calculation for each 

image (      ) are then given by: 

                                                       (2.68)   

where    is the position at image  ,   is a spring constant.      is a unit vector tangential to the path 

formed by the nudged elastic band at image n. The use of spring forces serves to keep images evenly 

spaced along the path, while the forces perpendicular to the path minimise the energy with respect to 

the degrees of freedom orthogonal to the path. Atomic positions at each image are then evolved based 

on these forces and the procedure iterated until the nudged elastic band forces are minimised in every 
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image. An illustration of a nudged elastic band solution over a simple two dimensional potential is 

shown in Figure 2.1. 

The original nudged elastic band method has a number of shortcomings: firstly one is not 

guaranteed that one of the sampled images will lie exactly at the saddle point between starting and 

ending configurations. Particularly, in the case that the sampling along the path is coarse compared 

with topography of the energy surface, it is possible to greatly underestimate the energy barrier to 

proceeding between the two configurations by “missing” the saddle point. Insufficiently fine sampling 

also leads to errors in determining the tangential vector, which is computed based on the vector from 

the proceeding sampling point and toward the succeeding sampling point. While the latter problem is 

difficult to address without increasing the sampling density along the reaction coordinate, the former 

may be alleviated through the climbing image nudged elastic band approach. Here the image with the 

highest energy is not treated using spring forces. Instead the original force (   ) is used, but the 

direction of the force‟s projection in the direction tangential to the reaction pathway is reversed. This 

causes the highest energy image to climb the potential energy surface in the path direction, ensuring the 

transition state is captured.  

                                
(2.69)   

The climbing image nudged elastic band methodology is still vulnerable to the bad approximation of 

the tangent vector direction however, and as such still requires a “reasonable” number of images to  

 

Figure 2.1: Contour plot of a simple two dimensional potential, showing the minimum 

energy path between two local minima found using the nudged elastic band method. Red 

line: initial guess for minimum energy path; Blue line: optimised minimum energy path. 

Points along the path indicate where images were sampled. 
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function accurately. Additionally, as with most transition state seeking methodology, the nudged elastic 

band method is not guaranteed to find the global minimum energy path between two energy minima. 

 

2.10 Vibrational Frequencies 

 

Harmonic vibrational frequencies are obtained by considering the Taylor expansion of the 

potential of the system being studied with respect to a set of parameters   representing the atomic 

displacements. The series is expanded about a stationary point    (a local minimum for stable states, or 

a saddle point for transition states), hence first-order derivatives are all equal to zero. In the harmonic 

approximation, the series is truncated beyond second-order terms, and is given by 

 
        

 

 
 

       

   
 

 

   
    

       

      
      

    

 (2.70)   

Here     is a displacement of coordinate   relative to   . Forces are given by the negative derivatives 

with respect to the displacement of each coordinate. As forces are also the product of the masses (  ) 

and second derivatives of displacement with respect to time, a set of second-order differential equations 

are obtained: 

    

       

   
 

       

   
      

       

      
   

 

 (2.71)   

Solutions are desired where all atoms are displaced with the same angular frequency  , hence one 

examines solutions of the form              . The equations then become 

    
    

       

   
     

       

      
  

 

 (2.72)   

These equations may be recast in matrix form as 

         (2.73)   

where   is a row matrix containing the masses   ,   is a column matrix holding the displacement 

amplitude coefficients   , and   is the Hessian matrix (holding the second-order derivatives of the 

potential with respect to position). It may appear at first glance that (2.73) could be solved by operating 

by     on both sides, and treating the result as an eigenvalue problem. Unfortunately      is non-
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normal, and is therefore not guaranteed to be diagonalisable. The problem can, however, be recast into 

an easily solvable form by weighting   by     , converting to so-called mass weighted coordinates. 

                          
(2.74)   

As             is normal, it is guaranteed to be diagonalizable, hence may be solved as an 

eigenvalue problem to obtain the vibrational frequencies. The eigenvectors associated with each 

eigenvalue give to the mass weighted relative amplitudes of each atom‟s motion in each mode. 

Within this thesis, vibrational modes are represented by symbols. A description of the meaning of 

each symbol is provided in Table 2.1. 

 

Table 2.1: Explanation of vibrational mode symbols. 

Symbol Description 

ν 

A stretching mode, consisting primarily of elongation/contraction along a 

bond. Subscripts with “sym” or “asym” represent symmetric and 

antisymmetric motions when the mode involves the significant extensions 

by multiple atoms. 

δ 
A scissoring bending mode, the involved atoms move within a plane in 

opposing directions 

ρ 
A rocking bending mode, the involved atoms move within a plane in 

similar directions 

π A single atom out of plane bending mode. 

ω A “wagging” bending mode; atoms move out of plane in similar directions 

τ A torsional bending mode; atoms move out of plane in opposing directions 

 

2.10.1 Partial Hessian Vibrational Analysis 

 

Partial Hessian vibrational analysis [162] is an approximation popularised by Head et al. [163-

166], which considerably reduces the computational time required for vibrational analysis. Within the 

partial Hessian approximation, it is assumed that the full Hessian may be divided into two subsystems, 

the coupling between which is sufficiently small that it may be ignored to a first approximation. This 

means that if only one subsystem is of interest, one need only compute the Hessian for that subsystem, 
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and not for the entire system. Partial Hessian vibrational analysis is of particular utility when studying 

the vibrational modes of adsorbates on surfaces. In these cases the number of atoms in the slab or 

cluster representing the surface will often be much larger than the number of atoms in the adsorbate, so 

a massive decrease in the time required for the calculation may be gained by constructing a partial 

Hessian consisting of only the force constants of the adsorbate atoms instead of studying the entire 

adsorbate-substrate system.  

Partial Hessian vibrational mode analysis has particular applicability to the study of organic 

molecules over metal or metal oxide surfaces. Often for these adsorbates, interactions with the surface 

will be lesser than those within the adsorbate molecule. The force constants coupling the adsorbate and 

surface atoms are therefore usually of a lesser magnitude than those between the adsorbate atoms. The 

surface atoms which adsorbates bind to are also usually heavier than those found in organic molecules. 

This further reduces the size of the coupling terms between the adsorbate and surface atoms in the 

mass-weighted Hessian relative to those internal to the adsorbate, making their exclusion a more 

reasonable approximation. 

 

2.10.2 Intensities of Vibrational Frequencies from Infrared Spectroscopy 

 

Infrared (IR) spectroscopy is the most common experimental technique for probing the 

vibrational modes of molecules. As the name suggests, it involves irradiating a sample with IR light, 

and observing either which frequencies are transmitted (in the case of a largely transparent sample such 

as a gas, thin film, or liquid) or reflected (in the case of an opaque sample such as the surface of a 

crystal). The extent to which a particular vibrational mode adsorbs IR light is proportionate to the 

square of the portion of mode‟s dynamic dipole moment that lies in the direction of the electric field of 

the IR radiation. For a gas or liquid phase sample, molecules are randomly orientated, and the IR 

intensity of a given normal mode k with coordinates    is simply proportionate to the square of the 

norm of the mode‟s dynamic dipole.  

    
  

   
 

 

 
(2.75)   

For experiments on single crystal surfaces this will not completely hold, as most adsorbates have 

a preferred orientation relative to the surface while the infrared beam emitter and detector have a fixed 

geometry. Two factors lead to a rather extreme example of this in metal surfaces. Firstly in the case 
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glancing angle experiments on opaque metallic samples (a typical experimental configuration for the IR 

study of adsorbates on such a surface), virtually all light is reflected. S-polarised light (polarised 

perpendicular to the plane of incidence) undergoes a 180° phase shift on reflection. Near the surface, 

the combination of out of phase incident and reflected rays result in S-polarised light yielding a near-

zero electric field. P-polarised light (polarised parallel to the plane of incidence) does not undergo such 

a phase shift; the relative geometry of the reflected and incident rays strongly enhance the electric field 

perpendicular to the surface while largely cancelling the portion of the electric field parallel to the 

surface. This is illustrated in Figure 2.2. 

 

 

Figure 2.2: Diagram of IR radiation reflecting from a metal surface. Blue arrows lie within the 

plane of incidence while red arrows are perpendicular to it. P, S and P', S' indicate electric fields 

of P and S polarised light for the incident and reflected rays, respectively. The net electric field at 

the surface (E at surface) is entirely in the direction of the surface normal. 

 

Secondly, the presence of a dipole moment parallel with a metallic surface tends to induce an 

opposing dipole in the metal, leading to cancellation of the overall dipole. Dipoles perpendicular to the 

surface, on the other hand, are actually reinforced by the induced dipole in the metal surface. The net 

effect of these two factors is that only the z component of a vibrational mode‟s dynamic dipole moment 

contributes to its IR adsorption intensity 

    
   

   
 

 

 
(2.76)   
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2.10.3 Intensities of Vibrational Frequencies from High Resolution Electron 

Energy Loss Spectroscopy 

 

High Resolution Electron Energy Loss Spectroscopy (HREELS) is a form of vibrational 

spectroscopy based around the inelastic scattering of an electron beam impacting the sample. It is 

commonly used to probe the vibrational modes of adsorbates on surfaces. The main advantage of 

HREELS over over infrared spectroscopy for surface studies is based around greater surface selectivity: 

the electron beam does not penetrate as deeply into its target as compared to infrared radiation, so a 

greater proportion of the returned data results from interactions with adsorbate vibrational modes and 

surface rather than bulk phonons. 

Multiple inelastic scattering mechanisms exist. Dipole scattering [167] occurs through a long 

range interaction between the electron beam and dynamic dipole of a vibrational mode. Under this 

mechanism, and for adsorption to a metallic surface, the intensity of a given vibrational mode   relative 

to the intensity of the elastically scattered electron beam is given by  

 
     

        
 

       

              
 
   

   
 

  

  
         (2.77)   

Here    is the Bohr radius,    is the permittivity of free space,    is the energy of the elastically 

scattered beam, 
   

   
 is the component of dynamic dipole moment associated with the mode   which is 

perpendicular to the surface (replaced by the total dynamic dipole moment 
  

   
 in the case of a non-

metal surface),    is the coverage and    is the incidence angle of the beam with the sample.   ,    , and 

       are respectively given by 

 
   

   

   
 (2.78)   

 
    

  

  
 (2.79)   

 

        
   

 

     
                                          

 
    (2.80)   

   is the acceptor angle for the detector on the HREELS apparatus. 
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The intensity from dipole scattering on metal surfaces is proportional to the square of the 

dynamic dipole perpendicular to the surface. Because of that, the selection rule is immediately obtained 

that modes either without a dynamic dipole moment, or with a dynamic dipole completely parallel to 

the surface, are not observed through the dipole scattering mechanism. Dipole scattering tends not to 

significantly alter the direction of the electron beam, and so a typical experiment which monitors dipole 

scattering will place the detector in, or close to, the specular direction. 

The HREELS spectrum is also contributed to by short range collision based scattering 

mechanisms. Collision based scattering does not follow the same set of selection rules as dipole based 

scattering, hence a mode unobservable through dipole scattering may still contribute to the HREELS 

spectrum through collision based scattering. Unlike the dipole scattering mechanism, there is no simple 

expression which can predict the loss intensities from collision based mechanisms. Intensities from 

collision based scattering tend to be significantly lower than those of dipole based scattering. This is at 

least in part due to the greater range of angles over which the returning beam is deviated by impact 

scattering, meaning that less returning electrons are captured by a detector placed in any given position. 

Because the impact scattering occurs in non-specular directions as well as the specular direction, 

placement of an experiment‟s electron detector at a non-specular angle will exclude the dipole scattered 

electrons while retaining impact scattered electrons. This has been used in a number of experiments to 

gather additional information about the orientation of adsorbed molecules. 

 

2.11 Third-Order Birch Equation of State 

 

A number of equations of state exist to describe the reaction of a solid to isotropic compression. 

One of the most widely used has been the third-order Birch equation of state [168, 169]. It is given by 

      
 

 
    

  

 
 

 
 
  

  

 
 

 
 
    

 

 
   

      
  

 
 

 
 
     (2.81)   

Here    is the bulk modulus at zero pressure, and   
  is the pressure derivative of the bulk modulus at 

zero pressure. The bulk modulus, in turn is defined as the negation of the volume derivative of the 

pressure multiplied by the volume. Integration of the negation of (2.81) with respect to volume leads to 

an expression of energy relative to volume 
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(2.82)   

   and    are the minimum energy and volume which results in minimum energy.    is the bulk 

modulus, while     is its first derivative. Within this thesis, (2.82) has been fitted to calculated energies 

resulting from the isotropic expansion/compression of the unit cell through minimisation of the square 

difference in order to obtain    and   
 . 

 

2.12 Surface Energy 

 

Surface energy is defined as the excess energy at a unit area of surface beyond what is present at 

the bulk. The most obvious means of calculating the surface energy is therefore simply to obtain the 

energy from a slab based calculation, subtract the energy from an equivalent amount of the bulk 

material (obtained from a separate calculation on the bulk), and divide by the total exposed surface area 

on both sides of the slab. 

   
 

  
               (2.83)   

where   is the surface energy,       and       are the slab and bulk unit cell energies,   is the number 

of bulk unit cells in the slab, and   is the area of one side of the surface in the slab‟s periodic unit. 

It has been argued that such a methodology leads to a number of problems [170]: the use of 

separate periodic units for the bulk and surface slab may lead to a different basis set size (when a cell 

size dependent basis such as plane-waves are used) and k-point sampling density between the two 

calculations, and this will introduce a spurious energy difference between the two sets of calculations 

which will diverge linearly with respect to increasing slab size. Moreover, quantum size effects may 

cause the energy of a slab to oscillate with respect to slab thicknesses used in a non-convergent manner. 

An alternate methodology is to note that a simple rearrangement of the above equation implies a linear 

plot of the energy of differently sized slabs should allow the surface energy to be extracted from the y 

intercept. 

                  (2.84)   
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Maintaining a constant supercell size in all the slab calculations avoids any divergence from differing 

basis set sizes. As well as this, using a number of data points for the plot should average out any 

oscillation in surface energy due to quantum size effects. 

 

2.13 Wulff Construction 

 

Wulff constructions predict the shape of crystals at thermodynamic equilibrium. Central to the 

construction is the finding that the perpendicular distance between a surface and the origin at 

equilibrium is proportionate to the surface energy of the surface in question [171]. This may be shown 

by considering the total free energy contribution from all surfaces of the crystal. 

               

 

  (2.85)   

Here,    and    are the area and surface energy of surface i, respectively.          must be minimised 

while holding the overall volume of the crystal constant. The volume of the crystal is given by the sum 

of the volumes of the pyramids formed by the exposed surfaces (as the pyramid bases) and plot origin 

(as the peak). The total volume is then given as  

   
 

 
     

 

  (2.86)   

where    is the perpendicular distance between surface   and the origin. Volume can be retained during 

minimisation through the introduction of a Lagrange multiplier to (2.85) 

      

 

      
 

 
     

 

  (2.87)   

Here,   , the total volume, has been given the zero subscript to clarify that it represents a constant 

rather than (2.86). Setting the derivatives of (2.87) with respect to the various    to zero, it is 

immediately shown that, at equilibrium,    is proportionate to   . 

    
 

 
   

(2.88)   

The interior envelope enclosed by the various surfaces then provides the equilibrium crystal shape.  

The actual procedure for performing a Wulff construction is as follows: Firstly, equations for the 

various surface planes of the crystal are constructed so that each has a perpendicular distance to the 
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origin of the plot proportionate to the surface energy. Using linear algebra, the intersection points 

between each triplet of non-parallel surface planes are found. These points may or may not be part of 

the interior envelope. In order to eliminate those points outside the interior envelope, each point is 

taken in turn and the line formed between the origin and the point in question is examined. If a surface 

plane intersects the line between the origin and the point, the point is not part of the interior envelope 

and may be discarded. The points not eliminated form the vertices of the equilibrium crystal. 
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Chapter 3   

 

Methodology 

 

In this work, all surface slab based studies employed density functional theory using plane-wave 

basis sets and ultrasoft pseudopotentials [147], the PBE exchange correlation functional [135], and 

were conducted using the PWSCF program [172]. In the chapters covering TiO2 (chapters 4,5,7,8,9), 

the basis set was limited by a kinetic cutoff of 25 Ryd and charge density cutoff of 250 Ryd. For 

chapter 10 (covering the work on ruthenium), a kinetic cutoff of 30 Ryd and a charge density cutoff of 

300 Ryd were employed.  

k-point sampling was undertaken using Monkhorst-Pack grids [142]. The bulk rutile TiO2 unit 

cell (chapter 4) was sampled with a 4×4×6 k-point grid. The TiO2 (0 1 1) bulk-terminated surface was 

sampled using a 4×4×1 grid per surface repeat unit (chapters 4 and 5). For the (0 0 1)-brookite-like 2×1 

reconstructed model, 2×4×1 grids were used in order to maintain sampling density with the bulk-

terminated surface. The TiO2 (1 1 0) slabs were sampled at a grid density equivalent to a 2×4×1 grid 

per surface repeat unit (chapters 4, 7, 8, 9). The only exception to this was for the 1×3 slab used in 

chapter 9, which was unable to duplicate this sampling density due to its dimensions. In the case of the 

1×3 cell, a 2×2×1 grid was used for the super cell, resulting in a higher sampling density than in the 

remainder of the TiO2 (1 1 0) results presented.  

The ruthenium bulk unit cell was sampled with a 16×16×12 k-point grid. The slabs of the 

(0 0 0 1) surface were sampled maintaining the two-dimensional density used in the bulk, i.e. 8×16×1 

grids for the O-2×1 repeat unit, a 4×4 grid for a 2×4 slab of the O-2×1 covered surface, etc. 

Surfaces were examined using the periodic slab approach. At least 15 Å of vacuum space was 

present in each slab between repeating images. For calculations on isolated molecules using plane-

wave basis sets, cubic supercells of 15 Å length were used. 

Chapter 6 consists of a gas-phase study carried out using the Gaussian 09 program [173]. 

Calculations were carried out using density-functional theory employing the PBE and B3LYP 
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functional, as well as the MP2 wave function based method. The 6-311++G(2d,2p) basis set was used. 

Transition states were obtained using the quadratic synchronous transit guided quasi-Newton method, 

and were confirmed as first-order transition states (possessing one vibrational frequency). Equilibrium 

constants were obtained using equation (2.59), while rate constants were obtained using equation 

(2.64). 

HREELS intensities were obtained using equation (2.77). For chapters 10 and 7, the parameters 

used in the equation were based around matching those used in the experimental setup from which the 

calculations are being compared. For chapter 10, this amounts to an electron beam energy (  ) of 4 eV, 

and a beam incidence angle of 60° . For chapter 7, this corresponds to a beam incidence angle of 55°, 

and an electron beam energy of 10 eV . For chapter 5, no HREELS data for ammonia over the (1 1 0) 

surface of TiO2 was available from which to select the parameters, so the same parameters used in 

chapter 10 were reused in this chapter. In all cases, a detector acceptor angle of 3° was assumed. 
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Chapter 4   

 

Tests of the Rutile TiO2 Bulk and Surfaces 

 

This section contains a brief examination of the bulk properties of rutile TiO2 and a calculation of 

surface energies of the (1 1 0) and (0 1 1) surfaces, which will be the subject of adsorption studies in 

later chapters. Changes to the rutile TiO2 Wulff construction as a result of the new (0 0 1)-brookite-like 

model of the (0 1 1) surface are also examined. 

 

4.1 Methodology 

 

All calculations on the rutile TiO2 bulk and surfaces within this thesis were carried out using 

plane-wave basis sets and ultrasoft pseudopotentials. A kinetic cutoff of 25 Ryd and augmented charge 

density cutoff of 250 Ryd were used. 4×4×6 grids of k-points were employed to sample the bulk unit 

cell. The bulk-terminated surface was sampled with a 4×4×1, while the (0 0 1)-brookite-like surface 

model was sampled with 2×4×1 grid. Calculations were carried out using the PWSCF program [172]. 

 

4.2 Bulk Rutile TiO2 

 

Before conducting research on any of the surfaces, equilibrium internal geometry and lattice 

parameters were found for bulk rutile TiO2. These values were used in the construction of supercells. A 

search was conducted for the lattice parameters a and c that minimise the cell energy. An important 

side note is that the lower symmetry in TiO2 (as opposed to cubic systems) means that equilibrium 

positions of atoms are more sensitive to changes in the cell parameters. Consequently, it was found to 

be important that internal relaxation be allowed when considering external lattice parameters. The 
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volume of the cell was then varied isotropically and the results were fitted to the third-order Birch 

Equation of state [168, 169].  

 

Table 4.1: Computed bulk properties of rutile TiO2 including lattice parameters (a, c), bulk 

modulus and derivative (B0, B0‟). Also provided are experimental values as well as other 

computational results. 

 a (Å) c (Å) c/a B0 (GPa) B0‟ Band Gap (eV) 

This work (PBE) 4.651 2.961 0.6366 208 4.86 2.1 

GGA* [174] 4.624 2.992 0.6471 - - - 

LDA [174] 4.603 2.976 0.6465 244 5.4 - 

PW91 [175] 4.639 2.983 0.6430 218 - 1.9 

LDA [175] 4.554 2.937 0.6449 254 - 1.9 

PBE [176] 4.651 2.964 1.5692 - - - 

LDA [176] 4.574 2.927 0.6373 - - - 

PBE [177] 4.641 2.966 0.6391 194 - - 

LDA [177] 4.545 2.919 0.6422 234 - - 

LDA [178] 4.653 2.966 0.6374 240 4.63 2.0 

Experiment [43, 179-181] 4.594 2.965 0.6455 216 6.76 3.0 

* Study does not report the specific GGA employed 

 

The resulting values for the bulk modulus, as well as the equilibrium lattice parameters, are shown in 

Table 4.1 and compared with those found in other studies. Values are generally found to be in good 

agreement with other experimental and theoretical studies within the limits expected under DFT using a 

GGA exchange-correlation functional. The lattice parameter (a) was within 1.2% of the experimental 

value and similar to a number of  prior computational studies, while the lattice parameter (c) was within 

0.1% of experiment [179]. The bulk modulus was accurate to within 4% of experiment [180], in 

reasonable agreement with other GGAs, and generally in better agreement with experiment than those 

conducted with the LDA. The theoretical band gap, while very close to that of other theoretical studies, 

was only around two thirds that of its experimental value [43]. This is consistent with the well known 

tendency of LDA and GGA functionals to underestimate the band gap [182]. 
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4.3 Surface Energy of the (1 1 0) Surface 

 

The surface energy of the (1 1 0) surface is difficult to converge with respect to slab thickness 

[52], owing to a large oscillation in slab stability between odd and even numbers of Ti bearing layers. 

The net effect of this is that odd numbers of Ti-layers produce an excessively high surface energy, 

while even layers produce an excessively low value. In the large slab thickness limit, it has been shown 

that the two values do converge toward a central value, however such convergence requires up to 10 

Ti-layers [52] – an unfeasible proposition given the resources available to this study.  

An alternative approach is to note that, because even layered slab thicknesses always 

underestimate the surface energy and odd layered slab thicknesses always overestimate surface 

energies, odd and even slab thicknesses might be used to establish upper and lower bounds on the true 

value. Such an approach will also be applied to the calculation of adsorption energies when appropriate, 

as over and underestimation of surface energies has been shown to result in similar over and 

underestimation of adsorption energies for formates [28]. This pattern appeared to hold until adsorption 

energies were converged to within 1 kJ mol
−1

.  

Table 4.2 shows the computed surface energies for the (1 1 0) surface using equation (2.83) from 

page 51. Slab thicknesses of between 4 and 7 Ti-layers have been employed, with all layers allowed to 

completely relax. A 2×4 k-point grid has been used. As expected, strong oscillations are apparent 

between odd and even layers and the surface energy has not fully converged by the seven tri-layer slab. 

The overall pattern of convergence reported in prior cases is duplicated [28, 52]: even layered slabs 

underestimate the surface energy energy, while odd layered slabs overestimate it. Results using a linear 

fitting method discussed in equation (2.84) displayed a qualitatively similar pattern but even poorer 

convergence between odd and even layered values. This can be attributed to the small slab thicknesses 

and the fact that only two data points were available for each of the fittings.  

 

Table 4.2: Surface energies for the rutile TiO2 (1 1 0) surface for various slab thicknesses. 

Layers 
Equation (2.83)  Linear fit (Equation (2.84)) 

4 5 6 7  even layers odd layers 

Surface Energy (J m−2) 0.62 0.97 0.66 0.83  0.55 1.30 
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4.4 Surface Energy of the Bulk-Terminated (0 1 1) Surface 

 

The rutile TiO2 bulk-terminated (0 1 1) surface energy has been previously determined by 

Ramamoorthy et al. [183], employing density functional theory with the LDA exchange correlation 

functional during a study of all low index rutile TiO2 surfaces. A surface energy of 1.38 J m
−2

 was 

reported [183]. Recent studies have shown that the surface energy of the (1 1 0) surface oscillates 

strongly with respect to slab thickness. A particularly thick slab (containing 10 Ti-layers) was 

reportedly required to obtain a well converged value [52]. As such, the extent to which surface energy 

varies with odd-even slab thickness (0 1 1) will be given close scrutiny in this investigation.  

A close examination of the surface energy with respect to slab thickness is provided here. A 

4×4×1 k-point grid was used with kinetic cutoff and other details the same as in the bulk calculation. 

Other studies have shown the TiO2 (1 1 0) surface energy to converge when 6 Å vacuum space is 

present [54, 55], however additional space will be needed for later calculations where adsorbates are 

included. A vacuum space of at least 15 Å between repeating images of the TiO2 slab was therefore 

employed. The calculated surface energies are shown in Table 4.3.  

 

Table 4.3: Surface energies for the bulk-terminated (0 1 1) model for various slab 

thicknesses. 

 
Equation (2.83)  Linear fit  

(Equation (2.84)) Layers 5 6 7 8 9  

Surface Energy (J m−2) 1.00 0.94 0.97 0.95 0.96  1.01 

 

While some oscillation is apparent between the odd and even layers, the extent of this is far 

smaller than that observed for the TiO2 (1 1 0) surface. The surface energy difference between odd and 

even layers appears converged to within 0.01 J m
−2

 beyond 8 layers, as compared with the (1 1 0) 

reportedly not converging until 10 or more Ti-layers are included. The surface energy extracted, 

0.96 J m
−2

, is somewhat smaller than the value of 1.38 J m
−2

 found by Ramamoorthy et al. [183]. This 

is not unexpected as the referenced work was conducted using the LDA; it is a general observation that 

GGA based exchange correlation functionals yield lower surface energies than the LDA does [184]. 

The surface energy obtained in this study is, however, in better agreement with the value 0.89 J m
−2

 

from a more recent study also using a GGA functional [15]. 
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4.5 Surface Energy of the (0 1 1) “(0 0 1)-brookite-like” Surface 

 

The surface energy has been calculated for slabs of thickness 5-8 Ti-layers for the (0 0 1)-

brookite-like model of the (0 1 1) surface. The resulting surface energies are shown in Table 4.4. 

Surface energies were calculated both by direct comparison with a bulk TiO2 unit cell, and by way of 

line of best fit as discussed in the theory section. For the line of best fit, the 5 layer slab was excluded 

as it appeared to be unconverged. 

 

Table 4.4: Surface energies for the (0 0 1)-brookite-like (0 1 1) model for various slab 

thicknesses. 

 
 Equation (2.83)  Linear fit  

(Equation (2.84)) Layers  5 6 7 8  

Surface Energy (J m−2)  0.483 0.474 0.474 0.475  0.469 

 

The surface energies extracted here are in reasonable agreement with a previously published 

value of 0.42 J m
−2

 [15], and appear well converged for slabs over 6 Ti-layers in thickness. The surface 

energy of the (0 0 1)-brookite-like model appears to converge more quickly than the bulk-terminated 

model, requiring 6 Ti-layers to have consecutive values converge within 0.001 J m
−2

, as opposed to 8 

Ti-layers to converge to within 0.01 J m
−2

 in the case of the bulk-terminated model. The (0 0 1)-

brookite-like model is found to have a far lower surface energy than the bulk-terminated model, in 

agreement with theoretical results found by others [15, 16]. The extent of the reduction in surface 

energy, while consistent with the referenced work is somewhat surprising: it actually places the (1 1 0) 

surface energy higher than that of this (0 1 1) model. The (1 1 0) surface was generally regarded as the 

most stable rutile TiO2 surface, and therefore making up the majority of the exposed surface in TiO2 

crystals. This fact has been used in the past to justify the bulk of the work on TiO2 focusing on the said 

surface. The notion that the (0 1 1) surface may actually be more stable than the (1 1 0), and therefore 

presumably makes up a larger amount of the exposed surface area of TiO2, suggests a redirection of 

attention to this surface should be made. 
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4.6 Wulff Construction 

 

The (0 0 1)-brookite-like model of the (0 1 1) surface significantly lowers the (0 1 1) surface energy as 

compared to the bulk-terminated model. While the bulk-terminated model possesses the second highest 

surface energy of the low index surfaces [183], the (0 0 1)-brookite-like model possesses a lower 

surface energy than the (1 1 0) surface of rutile TiO2, which in turn is generally regarded as the most 

stable and therefore plentiful rutile TiO2 surface. A change in surface energy of this magnitude will 

considerably impact on the equilibrium structure of rutile TiO2 crystals. This thesis is aimed at 

understanding the reactivity of small molecules over surfaces, however one of the factors which 

determines the relevance of a surface to catalyst design is the relative areas of the different surfaces on 

each crystal. Because of this, a temporary digression is made here to examine the effects of this new 

model on the rutile single crystal equilibrium structure.  

The low index surfaces of rutile TiO2 ((1 1 0), (0 1 1), (1 0 0), (0 0 1)) have been previously 

studied using density functional theory with plane-wave basis sets using the LDA by Ramamoorthy et 

al. [183]. A Wulff construction was used to determine the equilibrium crystal structure. Because only 

two surfaces were examined in this thesis, surface energies from the paper by Ramamoorthy et al. will 

be used. The (0 1 1) surface energy of Ramamoorthy et al. [183] will be scaled by the ratio of the bulk-

terminated and (0 0 1)-brookite-like surfaces found in this thesis, in order to demonstrate the effect of 

the change in surface energy on crystalline shape. The resulting Wulff constructions are shown in 

Figure 4.1. The (0 0 1)-brookite-like model‟s low surface energy leads to a qualitatively different 

crystal shape to the bulk-terminated model. The (0 1 1) is now the majority surface, with the (1 1 0) 

surface relegated to much smaller subsections. The (0 0 1) and (1 0 0) surfaces do not have any 

presence at all, and require massive reductions in surface energy relative to the other surfaces to appear. 

The (1 0 0) surface, for example, requires its energy to be reduced to 89% of the (1 1 0) surface to have 

any presence in the Wulff construction. This provides a justification for the rough approximation of 

scaling the (0 1 1) surface energy to match the previously reported LDA results.  

Prior experimental studies have imaged the rutile TiO2 nanoparticles by way of scanning electron 

microscopy (SEM) [185]. The TiO2 nanoparticles largely conform to the shape suggested by the bulk-

terminated (0 1 1) surface energy, rather than the (0 0 1)-brookite-like model. TiO2 nano-crystals are 

often grown through the hydrolysis of TiCl4; a theoretical study has shown that the relative stabilities of 

the (0 1 1) surface reverse in the presence of water, due to stronger adsorption energies between water 

and the bulk-terminated model [186]. The experimental adoption of the crystal shape formed by the 



Tests of the Rutile TiO2 Bulk and Surfaces 

63 

bulk-terminated surface, rather than (0 0 1)-brookite-like model, provides further support to this 

hypothesis. 

 

 

 

 

 

 

Figure 4.1: Wulff construction of the rutile TiO2 crystal based on the surface energies 

calculated by Ramamoorthy et al. [183] (top), and the (0 0 1)-brookite-like surface energy 

for the (0 1 1) surface (bottom)) 
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Chapter 5   

 

Ammonia Adsorption over the Rutile TiO2 

(0 1 1) Surface 

 

This section presents a study of ammonia adsorption to the (0 1 1) surface of rutile TiO2. Two 

models of the surface are considered: the bulk-terminated model and the new (0 0 1)-brookite-like 

model. The lower titanium sites of the (0 0 1)-brookite-like model are shown to be more active to 

ammonia adsorption than its upper sites. It is shown that the (0 0 1)-brookite-like model yields 

adsorption energies which are too small to explain experimentally observed desorption temperatures, 

while the bulk-terminated model gives adsorption energies in reasonable agreement with experiment. 

This suggests that, unless the (0 0 1)-brookite-like model is in error, the experimentally observed 

adsorption of ammonia does not result from a simple unimolecular adsorption over the Ti sites of the 

perfect (0 1 1) surface, and must occur through some other mechanism, perhaps involving defects. 

 

5.1 Introduction 

 

The nature of the (0 1 1) surface of rutile TiO2 remained contentious throughout much of the time 

that research was conducted for this thesis. Because of this, the majority of the work presented here has 

focused on the (1 1 0) surface of rutile TiO2, in spite of the (0 1 1) surface being more directly relevant 

to experimental results in the case of formamide adsorption. Toward the end, however, strong evidence 

was published by two separate groups suggesting a new (0 0 1)-brookite-like model was the correct 

model for the (0 1 1) surface [15, 16]. Because the number of theoretical studies of adsorption to the 

(0 0 1)-brookite-like model was very limited, and there are multiple non-equivalent sites for adsorption 

on the (0 0 1)-brookite-like model, it was decided to study adsorption with a simple molecule which 

could be used to characterise the reactivities of the different surface sites. In this chapter, ammonia is 
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used as a prototype molecule to examine the Lewis acidity of the titanium sites on this model. The 

original bulk-terminated model of the surface is studied concurrently to highlight differences in the 

properties of the new model. The older bulk-terminated model also has additional relevance: it has 

recently been shown that, when placed in aqueous solution, the bulk-terminated model of the (0 1 1) 

surface becomes more energetically stable than the (0 0 1)-brookite-like model [186]. It is therefore 

possible that under certain experimental conditions, the bulk-terminated model may be the more 

accurate representation of the surface. The properties of both models should, therefore, be studied.  

 

5.2 Molecular Ammonia Adsorption 

 

Molecular ammonia adsorption has been studied over the bulk-terminated and (0 0 1)-brookite-

like models of the TiO2 (0 1 1) surface. As the bulk-terminated model of the (0 1 1) surface features 

only one type of surface cation, there is only a single possible adsorption configuration for molecular 

adsorption of ammonia: a Lewis base to Lewis acid type interaction between the lone pair on nitrogen 

and the formally unoccupied orbitals on a surface titanium atom. The (0 0 1)-brookite-like surface, on 

the other hand, has two inequivalent cationic sites (the upper and lower titanium atoms). Adsorption to 

both these sets of sites will be tested. Convergence of the adsorption energies with respect to slab 

thickness will also be tested. Table 5.1 shows the adsorption energy of ammonia to the bulk-terminated 

and (0 0 1)-brookite-like models of the (0 1 1) surface. Images of the molecular adsorption 

configurations studied are shown in Figure 5.1 on the next page. The bulk-terminated model is 

substantially more reactive to molecular ammonia adsorption, producing adsorption 

 

Table 5.1: Adsorption energies for various slab thicknesses for the molecular adsorption of 

ammonia over the bulk-terminated and (0 0 1)-brookite-like models of the rutile TiO2 

(0 1 1) surface. 

Layers Adsorption Energy (kJ mol−1) 
 Bulk-terminated Model  (0 0 1)-brookite-like model 

   Lower Site Adsorption Upper Site Adsorption 

5 −108.1  −53.9 (−56.3)a −38.7 
6 −101.2  −52.1 −39.1 
7 −104.3  −53.5 −42.7 
8 −104.1  - - 

a:  The bracketed energy term refers to the adsorption energy on a 1×2 repeat unit of the surface, all  
other adsorption energies have been calculated on 1×1 repeat units of the surface 
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Bulk-terminated surface, molecular adsorption to Ti sites. 

 

 
(0 0 1)-brookite-like Surface, adsorption to upper Ti sites. 

 

 
(0 0 1)-brookite-like surface, adsorption to lower Ti sites. 

 

Figure 5.1: Molecular ammonia adsorption over the bulk-terminated and (0 0 1)-brookite-

like models of the (0 1 1) surface. 
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energies approximately twice that of the (0 0 1)-brookite-like model. This is consistent with the 

observation in chapter 4 that the surface energy (and therefore reactivity) of the (0 0 1)-brookite-like 

model are substantially lower than the bulk-terminated model. Within the (0 0 1)-brookite-like model, 

the lower titanium sites give larger (more negative) adsorption energies for ammonia adsorption than 

the upper titanium sites. This is in agreement with experimental studies, which have observed the 

Lewis base formate binding to the valleys in the (0 1 1) surface rather than the elevated regions [62]. 

This suggests the valleys contain stronger Lewis Acid sites. The valleys of the (0 1 1) surface 

correspond to the lower Ti sites in the (0 0 1)-brookite-like model. 

Convergence of the adsorption energy on the bulk-terminated surface and lower sites of the 

(0 0 1)-brookite-like model appear to oscillate in a similar manner to the (1 1 0) surface with respect to 

slab thickness, with odd numbered layers resulting in a more reactive surface and the even layers 

resulting in a less reactive surface. The extent of this oscillation, however, is far smaller than what is 

observed on the (1 1 0) surface, with both the bulk-terminated and (0 0 1)-brookite-like models of the 

surface converged to ~3 kJ mol
−1

 between six and seven tri-layers. The upper sites on the (0 0 1)-

brookite-like model do not display the same oscillatory behaviour, and instead slowly increase 

adsorption energy with increasing slab size. However, given the increase in adsorption energy of the 

upper sites with respect to adding additional trilayers is relatively small, it is unlikely that the upper 

sites will become more stable than the lower sites in the large slab limit before converging. For 

comparative purposes, the adsorption energies for a number of other studies on rutile TiO2 have been 

compiled and are shown in Table 5.2. Adsorption energies for the bulk-terminated model of the surface 

are in reasonable agreement with experimental values for ammonia adsorption to both the {0 1 1} 

faceted (0 0 1) surface [17] at low coverages, and (1 1 0) surface [80]. They are 33.1 kJ mol
−1

 more  

 

Table 5.2: Adsorption energies for ammonia on TiO2 from prior studies. 

Surface, Reference Nature of Study Adsorption Energy (kJ mol−1) 
TiO2 (1 1 0), [51] Hartree-Fock, 2D slab −137 

TiO2 (1 1 0), [51] 
PW DFT, PW91,  

3D repeating slab 
−71 

TiO2 (1 1 0), [80] Experimental −86 

TiO2 {0 1 1} faceted (0 0 1) [17] Experimental 
Low coverage limit: −92 
High coverage limit: −52 

TiO2 (0 1 1) Bulk-terminated Model 
[187] 

PW DFT, PBE, 5 layer 
3D repeating slab 

−104 

TiO2 (0 1 1) Ti=O Model [187] 
PW DFT, PBE, 5 layer 

3D repeating slab 
−112 
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stable than an earlier computational study of ammonia adsorption to the (1 1 0) surface employing 

density functional theory, however this study used a particularly thin slab containing two oxygen-

titanium-oxygen trilayers; as has already been discussed, the (1 1 0) surface displays strong oscillatory 

behaviour of its surface reactivity with respect to the number of layers included in the surface, with 

even numbers of layers producing lower than expected surface energies and adsorption energies. The 

adsorption energies for the (0 0 1)-brookite-like model (−53.5 kJ mol
−1

 for lower sites, −42.7 kJ mol
−1

 

for upper sites) are in relatively good agreement with the experimental high coverage limit 

(−52 kJ mol
−1

), however, given the relatively large spacing at the coverage level studied (one ammonia 

for every two exposed upper or lower titanium atom, ~5.5 Å nitrogen atom to nitrogen atom distances 

for adjacent ammonia molecules), it is unlikely that further decreasing the coverage will produce 

sufficient gains in adsorption energy to reach the low coverage limit. A 1×2 five layer slab of the (0 0 

1)-brookite-like surface was used to conclusively settle this, as such a cell allows for coverage to be 

reduced by a factor of two. The resulting adsorption energy (shown as the bracketed value Table 5.1) 

increased by only −2.4 kJ mol
−1

, confirming that the low adsorption energies found for the (0 0 1)-

brookite-like model cannot be attributed to repulsive lateral interactions, and that the calculated 

adsorption energies should be compared with experimental results at low rather than high coverages. 

Adsorption energies from an earlier computational study to the (0 1 1) surface [187] are also 

shown in Table 5.2. The earlier study examined adsorption to the bulk-terminated (0 1 1) surface and 

also a reconstruction of the (0 1 1) featuring Ti=O double bonds, however it used thinner slabs and did 

not examine convergence with respect to odd-even layer slab thicknesses, nor was the currently 

accepted (0 0 1)-brookite-like model of the surface available for study at the time it was written. The 

results for the bulk-terminated five layer slab agree to ~1 kJ mol
−1

 with the value reported in this 

current work. The now discredited Ti=O reconstructed model displayed higher adsorption energies to 

the bulk-terminated model, in worse agreement with the experimental adsorption energies than the 

bulk-terminated model by 8 kJ mol
−1

. The larger adsorption energies on the Ti=O model, relative to 

both the other models studied and experimental values, are consistent with the Ti=O model not 

accurately representing the (0 1 1) surface. 

Bond lengths for adsorbed and gas-phase ammonia are shown in Table 5.3 on the following page. 

In the bulk-terminated model, one N-H bond is elongated relative to the other two on adsorption. The 

hydrogen atom in question (H(1)) is found to be close to a surface oxygen, and the elongation of the N-

H(1) bond most likely results from hydrogen bonding to the surface. The remaining two hydrogen atoms 

are comparatively distant from surface oxygen, and retain bond lengths close to those in the gas phase.  
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Table 5.3: Bond distances of ammonia adsorbed to the bulk-terminated and (0 0 1)-

brookite-like models of the (0 1 1) surface, and for gas-phase ammonia. 

Bond 

Bond length (Å) 

Bulk-
terminated 

Model 

 (0 0 1)-brookite-like model  
Gas 

phase  
Lower Site 
Adsorption 

Upper Site 
Adsorption 

 

N-H(1) 1.044  1.029 1.024  1.024 

N-H(2) 1.025  1.027 1.025  1.024 

N-H(3) 1.024  1.025 1.024  1.024 

N-Ti(surface) 2.243  2.345 2.304  - 

H(1)-O(surface) 1.800  2.499 2.552  - 

 

The (0 0 1)-brookite-like model does not display the same extension observed N-H bond in the bulk-

terminated model. This suggests that the hydrogen bonding observed in the bulk-terminated model is 

absent from the (0 0 1)-brookite-like surface, consistent with the greater hydrogen to surface oxygen 

separation on the (0 0 1)-brookite-like surface (~2.5 Å) as compared with the bulk-terminated surface 

(1.8 Å). The N-Ti bond length is larger for adsorption to the (0 0 1)-brookite-like model, as compared 

with the bulk-terminated model. This is consistent with the weaker adsorption energy on the (0 0 1)-

brookite-like model. Within the (0 0 1)-brookite-like model however, the N-Ti distance is actually 

shorter on the more weakly interacting upper sites than the lower sites. An explanation for this may be 

the repulsion from the other surface atoms, which are closer to ammonia adsorbed to the lower sites 

than ammonia adsorbed to the upper sites. 

 

5.3 Electronic Density of States and Population Analysis 

 

To further characterise the nature of ammonia interaction with the (0 1 1) surface, the electronic 

density of states will be examined. On page 71, Figure 5.2 shows the electronic density of states for the 

bulk-terminated (0 1 1) slab with molecular ammonia adsorption. In this, and all future density of states 

plots, zero energy is defined as the Fermi energy. Also shown is the partial density of states of 

ammonia, formed through projection of the density of states onto the relevant Löwdin orthogonalised 

atomic orbitals. The peaks in the density of states have been labelled according to the symmetry labels 

of the orbitals of gas-phase ammonia (which possesses C3v symmetry) for identification purposes. On 

the surface the molecule deviates slightly from strict C3v symmetry, and the labels should be considered 

as a means of relating the adsorbed electronic states with those from the gas phase rather than a strict  
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Figure 5.2: The electronic density of states for ammonia over the (0 1 1) bulk-terminated 

surface. Solid red line: total DOS; dashed black line: ammonia partial DOS. Zero energy is 

defined as the Fermi energy. 

 

Gas-phase 
symmetry 

and energy 

2a1 
(−21.1 eV) 

1e 
(−11.2 eV) 

1e 
(−11.2 eV) 

3a1 

(−6.2 eV) 

Gas-phase 
isosurface 

   
 

Isosurface 
when 

adsorbed to 
bulk-

terminated 
surface 

    
     

Figure 5.3: The Ammonia molecular orbitals, labelled in order of ascending energy in the 

gas-phase. Also shown are the analogous Γ-point bands for ammonia adsorbed to the 

(0 1 1) bulk-terminated surface of TiO2 for identification purposes. 
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description of the symmetry involved. In order to confirm the identity of the orbitals forming the 

ammonia partial DOS peaks, isosurface plots have been constructed of the gamma point orbitals 

corresponding to each peak. The plots are shown in Figure 5.3 on page 71, alongside the gas-phase 

ammonia molecular orbitals for comparative purposes. In the case where multiple orbitals spanned the 

energy domain of a peak in the ammonia partial DOS (i.e. in the case of the 3a1 peak), the orbital with 

the largest projection onto the atoms of ammonia was used. 

There is one well separated peak at the total DOS at −7.9 eV which projects almost entirely onto 

the ammonia partial DOS. Also present on the partial DOS are wider peaks coincident with the TiO2 

bands at −17.6 eV and −4.4 eV. The peak at −17.6 eV corresponds to the 2a1 orbital in ammonia, while 

the peak at −7.9 eV is assigned to two degenerate “π-like” e orbitals. The -4.4 eV peak results from the 

3a1 orbital. The presence of the 1e peak is consistent with experimental UPS studies, where the 1e 

orbitals are easily identified as a tight peak separate from the valence band states of the surface [82-84, 

86, 87, 188, 189]. 

A closer examination between the two bands in the 1e peak reveals a 0.1eV perturbation in the 

degeneracy of the two 1e orbitals (as opposed to being fully degenerate in the gas-phase). The 1e 

orbitals project more onto the H atoms than the 2a1 and 3a1. Any change in the environment of the H 

atoms therefore most strongly impacts on the 1e orbitals. It was noted earlier that the N-H(1) bond 

elongated by ~0.02 Å relative to the other two N-H bonds for ammonia adsorbed to the bulk-terminated 

model, due to hydrogen bonding with a nearby surface oxygen atom. The breaking of the degeneracy 

between the 1e orbitals is thus most likely also a result of hydrogen bonding, which would favour the 

1e orbital aligned in the direction of the H-bond over the orbital with a nodal plane in the said direction. 

The wider distribution of the 3a1 and 2a1 orbitals in the partial DOS suggests both orbitals are 

interacting with the surface states beyond what is observed for the 1e. This is also supported by the fact 

that the 3a1 and 2a1 peaks on the partial DOS occupy the same energy range as two sets of TiO2 bands.  

It is now sought to quantify the extent of charge transfer to the surface from each orbital. Table 

5.4 (shown on page 73) shows the sum of the individual orbital Löwdin populations in ammonia. The 

total drop in the Löwdin population of ammonia (equivalent to the drop in the integral of all states in 

the ammonia partial DOS up to the Fermi energy on adsorption) equates to 0.24 e
−
 relative to gas-phase 

ammonia. By comparison a Bader population analysis shows a smaller depopulation of 0.09 e
−
/repeat 

unit on adsorption. Qualitatively, though, both types of population analysis show ammonia behaves as 

expected, acting as a Lewis base when adsorbed to the surface. In difference to the earlier observations  
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Table 5.4: Populations of each ammonia partial DOS peak, and total Löwdin and Bader 

populations, for ammonia adsorbed to the bulk-terminated model of the TiO2 (0 1 1) 

surface. 

Orbital 
Energy of peak in 

NH3 partial DOS (eV) 

Partial DOS peak 
integrals for adsorbed 

ammonia 
(electrons/repeat unit) 

Partial DOS peak 
integrals for gas-phase 

ammonia 
(electrons/repeat unit) 

2a1 −17.64 1.92 1.97 
1e −7.91 1.91 1.96 
1e −7.91 1.81 1.96 
3a1 −4.49 1.98 1.97 

Total Löwdin Population  7.62 7.86 

Total Bader Population  7.91 8.00 

 

about the lack of interaction of the 1e states with the surface, one of the 1e orbitals here loses the 

greatest portion of projection onto the ammonia atomic orbitals (0.15 e
−
/repeat unit). The remaining 1e 

orbital shows only a small population loss (0.05 e
−
/repeat unit). Examining the projections of the two 

1e orbitals reveals that the 1e orbital most deficient in population is the 1e orbital oriented along the 

hydrogen bond. Conversely the energy region associated with the 3a1, while showing the broadest 

distribution of states, retains an integral very close to that of the gas-phase. Therefore the 3a1 orbital‟s 

interaction with the surface cannot be characterised in terms of charge donation to the surface states. 

The 2a1 shows a net loss of 0.05 e
−
/repeat unit, also relatively close to the gas-phase value compared to 

the loss observed in the 1e orbitals.  

Interpreting the DOS peak integrals is further complicated as the peaks labelled 3a1 and 2a1 are 

actually contributed to by multiple states, and as a result the integrals cannot be assigned to single 

canonical orbitals the way the 1e can. The extent to which the 3a1 and 2a1 combine with the multiple 

surface states needs to be underscored. This is not fully apparent from an inspection of the projected 

density of states, as one need only combine an adsorbate state with a single broader surface band to 

induce broadening of the partial DOS (as opposed to requiring a combination with multiple surface 

states). An examination of the individual orbital contributions to the DOS shows that no state has a 

projection onto the 3a1 peak of the ammonia partial DOS greater than 6%. Indeed more than half the 

3a1 population listed in Table 5.4 came from contributions of less than 1%. The 2a1 region, on the other 

hand, showed a far lesser degree of interaction with surface states with 83% of the 2a1 peak integral 

results from a single state at each k-point. 

The states with which the ammonia 3a1 combined, all had majority projection into the O(2p) 

rather than Ti(3d). This suggests the 3a1 should be thought of as combining with full bands in a largely 
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covalent manner rather than a more typical interpretation of charge donation from the ammonia 

molecule to an empty metal 3d state. This also provides a rationale for the lack of charge loss from the 

3a1 and 2a1 projections. Both orbitals are being incorporated into completely full bands: in the case of 

the 3a1, what are commonly referred to as the O(2p) bands, in the case of the 2a1 what are referred to as 

the O(2s). It should be reiterated that the TiO2 valence bands are actually quite covalent in nature and 

possess a considerable component on the Ti orbitals, and that terms such as O(2s) and O(2p) bands are 

therefore slightly misleading. Nonetheless, an interaction between a completely full ammonia orbital 

and completely full valence bands must be primarily covalent in nature, although presumably subject to 

some degree of re-hybridisation that may incorporate additional conduction band Ti states into the said 

valence band.  

The electronic density of states for ammonia adsorbed to the upper and lower sites of the (0 0 1)-

brookite-like model are shown in Figure 5.4 and 5.5 on page 75. Isosurface plots of the orbitals 

responsible for the ammonia partial DOS peaks are shown in Figure 5.6 on page 76. Löwdin and Bader 

populations for ammonia adsorption over the (0 0 1)-brookite-like model are summarised in Table 5.5 

and Table 5.6 also on page 76. Total Löwdin populations of ammonia are found to be the same for 

adsorption to either top or bottom sites at 7.6 electrons; a loss of 0.26 electrons relative to gas-phase 

ammonia. The pseudoatomic orbitals used for the projection do not fully span the molecular orbitals of 

ammonia, hence a gas-phase population of less than 8 electrons is observed. This constitutes a 

marginally larger charge donation to the surface as compared with the bulk-terminated model (0.24 

electrons). A Bader population analysis of ammonia adsorbed to top and bottom rows of the (0 0 1)-

brookite-like model has also been carried out. In difference to the Löwdin population analysis, a small 

difference in ammonia population is evident, depending on whether the ammonia molecule is adsorbed 

to the upper or lower titanium rows. Adsorption to the upper row results in a loss of 0.14 electrons, 

while an analogous adsorption to the lower row yields a loss of 0.11 electrons. As with the Löwdin 

figures, the Bader population indicates a marginally greater charge transfer on the (0 0 1)-brookite-like 

model of the surface than on the bulk-terminated model. This is somewhat surprising, given the trend 

runs opposite to that of adsorption energies: the more strongly bound adsorptions exhibit less charge 

transfer than the more weakly bound ones. This is, however, consistent with the earlier observation that 

the dominant mode of interaction with the surface is better characterised in terms of covalent bonding 

rather than charge transfer. 

While the total Löwdin populations were identical for adsorption to the upper and lower titanium 

sites, the charge donation from several of the individual ammonia orbitals was found to be more 

obviously site dependent. Table 5.5 and Table 5.6 (page 76) also show the ammonia partial DOS peak  
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Figure 5.4: DOS of the (0 1 1) (0 0 1)-brookite-like model with ammonia adsorbing to the 

upper Ti sites. Solid red line: Full DOS; dashed black line: ammonia partial DOS. Zero 

energy is defined as the Fermi level. 

 

 

Figure 5.5: DOS of the (0 1 1) (0 0 1)-brookite-like model with ammonia adsorption to the 

lower Ti sites. Solid red line: total DOS; dashed black line: Ammonia partial DOS. Zero 

energy is defined as the Fermi level. 
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Table 5.5: Populations of each ammonia partial DOS peak for ammonia adsorbed to the 

(0 0 1)-brookite-like surface's upper Ti sites. 

Orbital 
Energy of peak in NH3 

partial DOS (eV) 

DOS peak integral when 
adsorbed  

(electrons/repeat unit) 

DOS peak integral in gas 
phase 

(electrons/repeat unit) 
2a1 −16.4 1.92 1.97 
1e −6.86 1.90 1.96 
1e −6.86 1.90 1.96 
3a1 −3.59 1.88 1.97 

Total Löwdin Population  7.60 7.86 
Total Bader Population  7.86 8.00 

 

Table 5.6: Populations of each ammonia partial DOS peak for ammonia adsorbed to the 

(0 0 1)-brookite-like surface's lower Ti sites. 

Orbital 
Energy of peak in 
NH3 partial DOS 

(eV) 

DOS peak integral when 
adsorbed  

(electrons/repeat unit) 

DOS peak integral in gas 
phase 

(electrons/repeat unit) 
2a1 −16.56 1.92 1.97 
1e −6.72 1.87 1.96 
1e −6.72 1.87 1.96 
3a1 −3.82 1.94 1.97 

Total Löwdin Population  7.60 7.86 
Total Bader Population  7.89 8.00 
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Figure 5.6: The Ammonia molecular orbitals, in order of ascending energy in the gas-

phase. Also shown are the analogous Γ-point bands for ammonia adsorbed to the (0 1 1) 

bulk-terminated surface of TiO2 for identification purposes. 
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integrals for adsorption to the upper and lower titanium sites. Ammonia adsorption to an upper titanium 

site yields a greater depletion of the 3a1 partial DOS population, whereas adsorption to the lower 

titanium sites appears to cause a marginally greater depletion of the 1e orbitals. Depletion of the 2a1‟s 

projection onto the ammonia atomic wave functions is identical in both adsorption geometries. The 

largest site dependency in the individual DOS peak integrals occurs for the 3a1 peak. The 3a1 

populations in either configuration on the reconstructed surface were both slightly smaller than the 

bulk-terminated surface, consistent with the trend for total populations obtained with Bader analysis: 

that the adsorption energies are, if anything, more favourable with smaller charge transfers from 

ammonia to the surface. 

The distribution of states for the 3a1 (in terms of energy) is also dependent on whether ammonia 

is adsorbed to the upper or lower titanium sites. In the case of the upper sites, the 3a1 appears largely 

divided into two wide peaks (Figure 5.4, page 75). For adsorption to the lower sites, the 3a1 is more 

uniformly stretched across the entirety of the valence band range (Figure 5.5, page 75). This probably 

results as the lower titanium sites are populated by more band-like states, being closer to the bulk 

geometry of TiO2. The upper titanium sites in comparison are part of the surface reconstruction, and are 

therefore populated by states more localised about the reconstructed region. 

A common experimental object of study within ammonia to surface interaction is the energy 

difference between the 1e and 3a1 orbitals. This value has previously been experimentally measured by 

way of ultraviolet photoelectron spectroscopy (UPS) [53, 82-87, 188, 189]. It has also been reported in 

a number of theoretical studies [85, 86, 88]. The energy difference between the 3a1 and 1e orbitals is 

thought to be related to the strength of interaction with the surface: Given the 3a1 is expected to be the 

primary orbital interacting with the surface, and the 1e orbitals are generally thought to interact to a far 

lesser extent, a shift in the 3a1-1e energy separation will be symptomatic of a stabilisation in the 3a1 

orbital resulting from interaction with the surface.  

Table 5.7 (page 78) shows experimental 3a1-1e shifts taken from these studies. Also shown are 

the values taken from the computational results presented in this thesis. Generally speaking, there is a 

trend consistent with the above hypothesis: adsorption to surfaces generally reduces the observed 

Δ(3a1-1e). From the different shifts in the Δ(3a1-1e), it would appear that there is a significant shift 

dependent on the adsorption site over the (0 0 1)-brookite-like model of TiO2 (0 1 1) reconstructed 

surface. Adsorption to the lower sites results in a significantly smaller Δ(3a1-1e), which would aid a 

future experimental UPS study deduce which site ammonia adsorbs to. This will be shown to be 

slightly deceptive, due to a difference between the experimental and theoretical mechanisms used to  
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Table 5.7: Δ(3a1-1e) for ammonia adsorption to a variety of surfaces, found by way of 

experimental and computational means.  

surface Δ(3a1-1e) (eV) Method and reference 
Fe(1 1 1) 4.4 UPS [82] 
Ni(1 1 1) 4.3 UPS [83] 
Ir(1 1 1) 3.6 UPS [84] 
Pt(1 1 1) 3.1 UPS [85] 

Pt(1 1 1), Pt10 cluster 2.6 DFT-B3LYP-6-31G** [85] 
Al(1 1 1),Al10 cluster 1.75 Hartree-Fock [88] 

ZnO(0 0 0 1) 4 UPS[87] 
TiC(1 0 0) 4.2 UPS[86] 

TiC(1 0 0),Ti9C9 cluster 4.4 DFT-B3LYP-LACVP** [86] 
TiO2(1 1 0) 4.7-5.0 UPS [53] 

NH3-gas 4.9-5.6 UPS [189] 
NH3-solid 5.4 UPS [188] 

TiO2(0 1 1) Bulk-terminated 3.4/2.85 a This study 
TiO2(0 1 1) (0 0 1)-brookite-like  

lower sites 
2.9/2.91 a This study 

TiO2(0 1 1) (0 0 1)-brookite-like  
upper sites 

3.27/2.97 a This study 

a: For the TiO2 (0 1 1) results, normal text denotes values obtained from the ammonia 
 partial DOS, while bold text denotes those obtained from the difference DOS. 

 

extract the above data. The lack of a discernable 3a1 peak in experimental UPS data means that the 3a1 

is extracted via difference spectra: the spectrum of a clean surface is aligned (according to the Fermi 

energy, generally) and subtracted from the spectrum of the surface covered with adsorbates. This 

makes the implicit assumption that the only difference between the two spectra will be the presence of 

the ammonia orbitals. In reality, the valence states may change significantly due to (for example) 

relaxation of the surface on adsorption. Such a change is not limited to the states the adsorbate is 

directly bonding with, and so the experimentally observed difference spectra may not directly equate to 

what is observed via direct examination of the partial density of states. To illustrate this fact, the 

electronic DOS of a blank slab has been subtracted from the DOS of the analogous surfaces with 

ammonia adsorbed. Prior to the subtraction, the two sets of data were aligned according to their Fermi 

energies, mirroring how the experimental difference spectrum is extracted. The difference DOS is 

shown in Figure 5.7 to 5.9. The resulting energy differences are also shown in Table 5.7 as the bold text 

values. The difference between the upper and lower sites is now less than 0.1 eV rather than ~0.3 eV, 

and the bulk-terminated model appears to have a marginally smaller gap than the reconstructed model, 

qualitatively opposing results based on directly reading values from the ammonia partial DOS. As such, 

in spite of initial appearance based on the ammonia partial DOS, the Δ(3a1-1e) does not appear to be a 

useful quantity when determining the adsorption site of ammonia. 
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Figure 5.7: Difference Spectra for ammonia adsorbed to the bulk-terminated model of the 

(0 1 1) surface (straight line). Also shown is the ammonia partial DOS (dashed line). Zero 

Energy is defined as the Fermi level. 

 

 

 

Figure 5.8: Difference Spectra for ammonia adsorbed to the lower Ti sites of the (0 0 1)-

brookite-like model of the (0 1 1) surface (straight line). Also shown is the ammonia partial 

DOS (dashed line). Zero energy is defined as the Fermi level. 
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Figure 5.9: Difference Spectra for ammonia adsorbed to the upper Ti sites of the (0 0 1)-

brookite-like model of the (0 1 1) surface (straight line). Also shown is the ammonia partial 

DOS (dashed line). Zero energy is defined as the Fermi level. 

 

There is also a notable level of disagreement between experiment and theoretical predictions for 

the Δ(3a1-1e) in the specific case of TiO2. While there is some disagreement in the Δ(3a1-1e) between 

other experimental and theoretical studies of the same surface, the difference in Δ(3a1-1e) between 

experimental value for the TiO2 (1 1 0) surface, and the computed values for the (0 1 1) surface is 

particularly large (1.3 eV in the case of the bulk-terminated (0 1 1) surface using the partial  

DOS peak, 1.85 eV using the modal peak from the difference DOS). This is concerning as, while the 

(1 1 0) and (0 1 1) are different surfaces, the bulk-terminated model of the (0 1 1) has ammonia 

adsorbing to a very similar site to the (1 1 0) surface (a five-fold coordinated titanium with surrounding 

oxygens in a distorted square-base pyramid). One possibility for the disagreement is the use of the 

single electron energy eigenvalues in construction of the DOS plots. This ignores the fact that since 

electrons repel one another, removal of an electron from the system affects the other electrons within 

the system. A more comprehensive treatment of the system using a method such as the GW 

approximation, where the approximate interaction between the electron and its surroundings are also 

removed, may improve agreement. On the other hand, the fact that the Δ(3a1-1e) for non-adsorbed 

ammonia is actually in reasonable agreement with experiment suggests considerable cancellation 

occurs between the errors in the 3a1 and 1e energies. Another explanation may lie in noting that several 
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other peaks appear on the difference DOS with slightly lesser amplitude (between 0.5-4eV higher in 

energy than the modal peak). If measurements were taken from the correct one of these instead of the 

modal peak, better agreement with experiment would be restored. As such, only a relatively small 

change in the difference DOS is actually needed to restore agreement with experiment. Such a change 

could be reasonably expected between different surfaces, particularly as it is clear the (1 1 0) surface 

relaxes along the surface normal to a far greater extent than the (0 1 1) surface. 

 

5.4 Vibrational Analysis of the Two Models of the Rutile TiO2 (0 1 1) Surface 

 

The vibrational modes of ammonia adsorbed to the bulk-terminated and brookite models of the (0 1 1) 

surface have been calculated within the harmonic approximation by way of partial Hessian vibrational 

mode analysis. Results are shown in Table 5.8 on page 82. As shifts relative to the gas-phase rather 

than absolute values are often of greater interest in computed vibrational modes, the change in 

vibrational frequency relative to the gas-phase is also shown. No experimental vibrational spectroscopy 

has been carried out for ammonia adsorbed to a TiO2 single crystal so far. The EELS intensities found 

are, however, in reasonable agreement with a HREELS study over NiO (1 0 0) surface[190], where the 

relative order of intensities were also ν < δ < ω. It was further shown that the signal obtained for the ν 

and δ modes had a large contribution from impact scattering; the equation used to compute the EELS 

intensities in this thesis is based entirely around dipole scattering (shown in equation (2.77) on page 

49). This suggests that some level of weak signal may still be visible for the ammonia ν and δ modes 

over the TiO2 (0 1 1) as well, in spite of them being orders of magnitude smaller than the symmetric ω 

mode in the case of the (0 0 1)-brookite-like model. Prior experimental vibrational studies have, 

however, been reported on a polycrystalline rutile powder [191]. For comparative purposes, vibrational 

modes for this experimental study are provided in Table 5.9 on page 82.  

On the bulk-terminated model, a substantial red-shift appears in one of the N-H stretching modes. 

This mode has been associated primarily with motion of the hydrogen involved in hydrogen bonding 

with the surface. A similar, but less intense red-shift is apparent in one of the δ bending modes. By 

comparison the stretching and bending modes of ammonia on the (0 0 1)-brookite-like surface show far 

smaller shifts, presumably a function of the greater distance between ammonia and the surface oxygen 

species preventing strong hydrogen bonding. Neither a shift in the stretching modes to ~3000 cm
−1

, nor 
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Table 5.8: Calculated vibrational modes of ammonia on the TiO2 (0 1 1) surfaces. 

 Bulk-terminated (BT)  (0 0 1)-brookite-like 
(BL) 

 
Gas phase (G)  

Difference  

Mode 
Wave 

number 
(cm−1) 

EELS/IR 
Intensity 

a 

 Wave 
number 
(cm−1) 

EELS/IR 
Intensity 

a 

 Wave 
number 
(cm−1) 

IR 
Intensity 

 a 

 
BT-G  

(cm−1) 
BL-G 

(cm−1) 

ν(asym) 3474 
4.3×10−8 
1.6×10−4 

 3446 
7.6×10−7 
2.7×10−3 

 3458 6.5×10−2  16 −12 

ν(asym) 3397 
4.8×10−4 
1.6×100 

 3400 
6.1×10−5 

2.1×10−1 
 3458 6.5×10−2  −61 −58 

ν(sym) 3049 
2.2×10−3 
5.9×100 

 3291 
2.4×10−7 

7.5×10−4 
 3325 1.9×10−1  −276 −34 

δ 1570 
7.4×10−4 
4.9×10−1 

 1599 
5.7×10−4 

3.9×10−1 
 1608 3.4×10−1  −36 −7 

δ 1601 
2.1×10−4 
1.4×10−1 

 1592 
2.0×10−4 

1.4×10−1 
 1608 3.4×10−1  −6 −15 

ω 1167 
1.9×10−2 
7.4×100 

 1182 
3.4×10−3 

1.4×100 
 1004 2.9×100  163 178 

Frustrated 
rotation 

658, 
556, 323 

  
583, 

557, 249 
       

Frustrated 
Translation 

134, 
250, 208 

  
68, 186, 

139 
       

a: Bold italic text indicates IR intensities; normal text indicates EELS intensities. EELS intensities are given in 
ratios relative to the elastically scattered peak. IR intensities are given in units of D2 Å−2 amu−1 
 

 

Table 5.9: Experimental vibrational modes for ammonia on powdered polycrystalline TiO2, 

sourced from reference [191] 

Mode 
Experimental  

Polycrystalline (cm−1) 
Gas phase (cm−1) Difference (cm−1) 

ν(asym) 3400 3444 −44 

ν(asym) 3350 3444 −94 

ν(sym) 3250 3337 −87 

ν(sym) 3200 3337 −137 

δ 1600 1627 −27 

ω 1225 950 275 

ω 1180 950 230 

 



Ammonia Adsorption over the Rutile TiO2 (0 1 1) Surface 

83 

a shift in the bending modes is observed in the experimental polycrystalline sample of TiO2. IR and 

EELS intensities confirm that this mode should be easily detectable, under both IR and HREELS. 

Because the sample is polycrystalline, one cannot attribute the adsorption spectra to any particular 

surface; contributions to the spectra from each surface will be dependent on the relative sizes of the 

exposed surfaces. However in both Wulff constructions in Figure 4.1 on page 63, the (0 1 1) surface 

represents either the second most stable surface or the most stable surface, depending on whether the 

bulk-terminated or (0 0 1)-brookite-like models are employed. The absence of any strongly red-shifted 

experimental N-H stretching mode therefore suggests the (0 0 1)-brookite-like model is a more accurate 

depiction of the surface. Aside from the major shift in the hydrogen bonding stretch on the bulk-

terminated model, the largest shift in the vibrational modes is a blue-shift of the ω mode. Large blue-

shifts in this mode have been observed on a variety of other surfaces in addition to the NiO (1 0 0) and 

TiO2 polycrystalline samples already discussed. The mode in question involves the motion of the 

symmetric motion of all ammonia hydrogens in the direction normal to the surface. The blue-shift may 

therefore be attributed to repulsion from the surface causing a tightening of the mode‟s force constant. 

 

5.5 Temperature Programmed Desorption Simulation 

 

In section 5.1 it was shown that, while adsorption energies for the bulk-terminated surface are in 

fair agreement with experiment, those from the (0 0 1)-brookite-like surface are comparatively too 

small. Most experimental desorption energies are obtained by way of temperature programmed 

desorption (TPD). As discussed in chapter 2, section 2.8.4, desorption energies obtained from TPD can 

be strongly influenced by whether the pre-exponential factor is assigned a predetermined value or 

extracted along with the desorption energy, and what (if any) coverage dependence has been assumed. 

The experimental desorption energies reported often have a considerable degree of freedom associated 

with them. It is therefore useful to reverse the process when comparing theoretical and experimental 

results, and attempt to reproduce the experimental desorption spectrum using the calculated adsorption 

energies. 

Temperature programmed desorption spectra have been simulated using transition state theory 

based on the cases discussed in section 2.8.4. A 1 K s
−1

 heating rate is assumed, as well as an initial 

coverage of 0.5. The resulting spectra for the bulk-terminated and (0 0 1)-brookite-like surfaces are 

shown in Figure 5.10 and 5.11 respectively on page 84. For comparative purposes, experimental TPD  
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Figure 5.10: TPD Simulation of ammonia on the bulk-terminated rutile TiO2 (0 1 1) 

surface. Solid line: fixed adsorbate approximation; thin-thick dashed line: fixed adsorbate 

with sticking coefficient; uniformly dashed line:gas-like adsorbate. 

 

 

Figure 5.11: TPD Simulation of ammonia on the (0 0 1)-brookite-like rutile TiO2 (0 1 1) 

surface. Solid line: fixed adsorbate approximation; thin-thick dashed line: fixed adsorbate 

with sticking coefficient; uniformly dashed line: gas-like adsorbate. 
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of the {0 1 1}-faceted (0 0 1) surface are reported to show a desorption peak between 300 K and 350 K 

dependent on coverage. The bulk-terminated model reproduces this observed desorption relatively well 

within the approximation that ammonia molecules are restricted to specific sites. The suitability of the 

fixed site approximation can be expected, because TiO2 possesses multi-Ångstrom distances between 

adjacent surface titanium atoms. This should result in significant barriers to diffusion of the adsorbates, 

meaning they will be anchored to a fixed set of sites for the most part.  

The (0 0 1)-brookite-like model shows desorption peaks at a far lower temperature than is 

experimentally observed, even in the approximation that ammonia has two dimensional gas-like 

freedom on the surface. The fact that the experimental study was carried out on a {0 1 1} faceted 

(0 0 1) surface rather than on a fully cut (0 1 1) surface might be the cause of the disagreement. 

However recent experimental studies of acetic acid on the (0 1 1) single crystal surface yield similar 

desorption temperatures (400 K) to those conducted on an  {0 1 1}-faceted (0 0 1) crystal [65, 192]. 

The {1 1 0}-faceted (1 0 0) crystal has also been shown to yield similar results to the (1 1 0) single 

crystal for formic acid adsorption [24, 25]. One important difference in these studies may be that, in the 

case of Brønsted acids, much of the stabilisation of the adsorbed species results from the formation of 

an OH bond between the dissociated proton and the surface. This obviously does not occur for 

ammonia, which adopts an intact molecular adsorption. The lower adsorption energies on the (0 0 1)-

brookite-like surface are consistent with a recent computational and experimental study of water 

adsorbed to the (0 0 1)-brookite-like model of the (0 1 1) surface [193]. It was found that the adsorption 

energy of water was far lower than the other rutile surfaces, and it was shown that substantially higher 

adsorption energies could be obtained through water adsorption to oxygen point vacancies. A similar 

argument might be advanced that ammonia adsorbs to oxygen vacancy sites, however the experimental 

study confirmed the (0 0 1)-{0 1 1} faceted surface was well oxidised using x-ray photoelectron 

spectroscopy [17]. As such, only a very limited number of oxygen point vacancies should have been 

present. Other possibilities such as the ammonia molecules forming a large hydrogen bonding complex 

on the surface are unlikely. Hydrogen bonding for ammonia would require the ammonia molecule to 

forgo coordinate bonding to the surface to make the nitrogen available for hydrogen bonding. Prior 

studies have evaluated the lattice energy of hydrogen bonding ammonia crystals as 35 to 36 kJ mol
−1

 

[194, 195]. A hydrogen bonding structure would be less stable than standard molecular adsorption of 

ammonia to a titanium site on the (0 0 1)-brookite-like surface, and can be discarded as a possibility. It 

therefore seems that, barring a large difference in adsorption energies between the (0 1 1) surface and 

{0 1 1}-faceted (0 0 1) surface, there is disagreement between experimental observations and 

theoretical predictions for the (0 0 1)-brookite-like model of the (0 1 1) surface. 
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5.6 Dissociative Adsorption of Ammonia 

 

The possibility of dissociative adsorption of ammonia to the bulk-terminated and (0 0 1)-

brookite-like models of the (0 1 1) surface has also been briefly studied. The studied adsorption modes 

are shown on page 87 in Figure 5.12, while adsorption energies are shown in Table 5.10.  For both 

bulk-terminated and (0 0 1)-brookite-like models of the surface, seven layer slabs have been employed, 

as this thickness was shown to yield relatively well converged results in the case of molecular 

adsorption. For the (0 0 1)-brookite-like surface, six variations of dissociative adsorption were trialled, 

differentiated by whether the dissociated hydrogen was placed on the upper or lower oxygen atoms and 

whether the remaining NH2 group was placed on the upper or lower titanium atoms. Of these 

configurations, five led to stable local minima. One configuration, NH2 adsorption to the upper titanium 

sites and H adsorption to the nearest lower titanium, led to recombination to form NH3 during the 

geometry optimisation. In all trialled dissociative cases that resulted in local minima, energies were 

found to be considerably higher than molecular adsorption, to the extent that adsorption energies were 

positive (i.e. desorption was energetically favoured to dissociation). This is consistent with 

experimental observations on well defined fully oxidised TiO2 {0 1 1}-faceted (0 0 1) surfaces, where 

no dissociation of ammonia has been observed [17]. The results also suggest that the upper set of 

surface oxygens on the (0 0 1)-brookite-like model are more susceptible to reaction than the lower set. 

A similar trend was reported for oxygen defect formation and water adsorption on this surface [193]. It 

was found that the upper oxygen atoms were more easily removed to form oxygen point vacancies, 

suggesting they are of a higher energy and more reactive than the lower oxygen atoms. The reactivity  

 

Table 5.10: Adsorption Energies for the dissociative adsorption of Ammonia on the bulk-

terminated and (0 0 1)-brookite-like models of the TiO2 (0 1 1) surface. 

Surface Model NH2
− adsorption site H+ adsorption site 

Adsorption Energy  
(kJ mol−1) 

Bulk-terminated Surface Ti O 10 

(0 0 1)-brookite-like 
Surface 

Upper Ti Upper O 71 

(0 0 1)-brookite-like 
Surface 

Upper Ti Distant Lower O 102 

(0 0 1)-brookite-like 
Surface 

Lower Ti Upper O 42 

(0 0 1)-brookite-like 
Surface 

Lower Ti Adjacent lower O 67 

(0 0 1)-brookite-like 
Surface 

Lower Ti Distant lower O 77 
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(0 0 1)-brookite-like model: NH2 adsorbed lower Ti 
site, H adsorbed to lower O site more distant from 

NH2 

(0 0 1)-brookite-like model: NH2 adsorbed lower Ti 
site, H adsorbed to lower O site adjacent to NH2 

  
(0 0 1)-brookite-like model: NH2 adsorption to Upper  

Ti site, H adsorption to upper O site 
(0 0 1)-brookite-like model: NH2 adsorption to upper  

Ti site, H adsorption to distant lower O site 

  
(0 0 1)-brookite-like model: NH2 adsorption to lower  

Ti site, H adsorption to upper O site 
Bulk-terminated model: NH2 adsorption to  

surface Ti, H adsorption to surface O 
  

Figure 5.12: Dissociative adsorption modes for ammonia over the (0 0 1)-brookite-like and 

bulk-terminated models of the rutile TiO2 (0 1 1) surface. 
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of the titanium sites for NH2 adsorption followed what was observed in the case of molecular 

adsorption in Table 5.1 (page 66): adsorption to the lower titanium sites produced more favourable 

adsorption energies than the upper titanium sites. 

 

5.7 Conclusions 

 

Molecular and dissociative adsorption of ammonia has been studied on the bulk-terminated and 

(0 0 1)-brookite-like surface models of the rutile TiO2 (0 1 1) surface. For molecular adsorption the 

bulk-terminated model causes major shifts in the vibrational spectra of an ammonia stretching mode, as 

a result of strong hydrogen bonding with surface oxygen. Such a shift is not apparent with the (0 0 1)-

brookite-like model. Experimental studies do not observe any strongly shifted N-H stretching mode, 

suggesting the (0 0 1)-brookite-like model is more accurate. Adsorption energies for the (0 0 1)-

brookite-like model are roughly half as large as those on the bulk-terminated model of the surface. The 

adsorption energies found for ammonia on the (0 0 1)-brookite-like surface are in disagreement with 

experiment, while the bulk-terminated model yields adsorption energies in relatively good agreement 

with experiment. A previously raised possible explanation for this is that the experimental studies of 

ammonia adsorption to the (0 1 1) surface may have actually examined ammonia adsorption to defects, 

rather than to a perfectly oxidised surface. However this is in conflict with experimental reports 

indicating the surfaces to be well oxidised and hence largely defect free. Of the different adsorption 

sites on the (0 0 1)-brookite-like model of the (0 1 1) surface, the lower titanium sites and upper oxygen 

sites appear the most reactive. Dissociative adsorption is shown to be energetically unfavourable on 

both surfaces, in agreement with experiment. 
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Chapter 6   

 

Gas-Phase Formaldehyde Polymerisation 

 

6.1 Introduction 

 

Formaldehyde polymerisation is a critical part of formaldehyde adsorption to surfaces [19, 20, 50, 

97-108], with the formaldehyde polymer “paraformaldehyde” often constituting the majority form of 

adsorbed formaldehyde species. At the time of writing, no computational studies of formaldehyde 

polymerisation had been carried out over surfaces. In the absence of other computational studies on 

surfaces, gas-phase studies can often provide useful information from which to base a surface 

investigation. Unfortunately, computational studies on gas-phase formaldehyde polymerisation have 

focused on ion or radical based mechanisms [109, 110], probably due to their relevance to the 

astrochemistry of formaldehyde [91-95]. Thermal polymerisation mechanisms, which are more relevant 

to most surface polymerisation scenarios, have not been subject to computational investigation. An 

important link in the understanding of formaldehyde polymerisation is therefore missing. Because of 

this, it was decided that a computational study of gas-phase polymerisation should be conducted, prior 

to commencing with an investigation of formaldehyde‟s surface reactivity.  

Another factor that links the study of gas-phase formaldehyde polymerisation may be found in 

early experimental gas-phase formaldehyde polymerisation studies [18-22]. It was found that reaction 

rates for polymer growth were proportionate to the surface area of the apparatus, suggesting that most, 

if not all of the polymerisation reactions in formaldehyde “gas-phase polymerisation” actually occur in 

a condensed phase adsorbed to the surface of the apparatus, rather than the gas phase. Whether this is 

due to kinetic or thermodynamic reasons is unclear. A computational study of formaldehyde 

polymerisation should, however, elucidate the reasons for the reaction not proceeding in the gas phase, 

and therefore help to explain the role the surface plays in these reactions. 
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6.2 Methodology 

 

The gas-phase calculations presented in this section were carried out using the Gaussian 09 

software package [173]. Calculations were carried out using both pure and hybrid density functional 

theory using the PBE and B3LYP functional respectively. In order to provide some gauge of the quality 

of results, several of the calculations were duplicated using the MP2 wave function based method. In 

all cases the 6-311++G(2d,2p) basis set was used. Given the relatively large size of the basis set, BSSE 

corrections were not included. 

 

6.3 The Possibility of Ionic Polymerisation 

 

The gas-phase polymerisation mechanisms for paraformaldehyde suggested by Norrish and Vogl 

are illustrated in Figure 6.1. Norrish suggested a neutral polymerisation mechanism [111], while Vogl 

suggested an anionic mechanism [116]. In general, ions are unstable in the gas phase in the temperature 

range that formaldehyde polymerisation experiments are performed (at 300 K to 400 K), and are not 

expected under dark conditions. This casts significant doubt on Vogl‟s ion based mechanisms. 

 

  

Figure 6.1: The Initiation and growth schemes for formaldehyde polymerisation, proposed 

by Norrish and Vogl. 
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In order to briefly quantify their likelihood, the equilibrium position of the first step in Vogl‟s 

initiation scheme will be examined. Table 6.1 shows the (zero-point corrected) relative energies for the 

gas-phase heterolytic and homolytic dissociation of HCl. Energies were calculated by way of density 

functional theory using the PBE exchange-correlation functional. Also shown are the changes in free 

energy at 298.15 K and 400 K, representing the range of temperatures throughout which Norrish‟s 

experiments were carried out. Because of the magnitude of the energies involved, the resulting 

equilibrium constants are effectively zero. Both Vogl‟s ionic mechanism and its radical analogue can 

be ruled out for the reactions in this temperature range under dark conditions.  

Two mechanisms remain for catalysis with a Brønsted acid: either the acid does not significantly 

react, remaining largely as HX and using secondary interactions to weaken the C=O bond of 

formaldehyde similar to the Lewis acid mechanism, or the HX molecule adds across the formaldehyde 

C=O bond, essentially following Norrish‟s scheme. The next section will primarily examine the latter 

possibility, while also supplying evidence that the former possibility is unlikely. 

 

Table 6.1: Changes in energy on HCl dissociation, as required by Vogl‟s initiation scheme. 

Also shown are the changes in free energy at 298.15 K and 400 K. 

 Heterolytic (H+ + Cl−) Homolytic (H∙ + Cl∙) 

Dissociation energy (kJ mol−1) 1401 445 
ΔG (298.15 K) (kJ mol−1) 1366 406 

ΔG (400 K) (kJ mol−1) 1358 396 

 

6.4 Neutral Gas-Phase Paraformaldehyde Formation 

 

The first step in an investigation of gas-phase polymerisation is to calculate the equilibrium 

constants between paraformaldehyde oligomers and the monomers of formaldehyde and HCl in the gas 

phase. This will establish whether significant polymerisation in the gas phase is thermodynamically 

feasible, or whether formaldehyde must condense on a surface in order to undergo significant 

polymerisation. However prior to this, the equilibrium structures and energies of the said oligomers 

must be found. These results will be compared with available experimental data for formaldehyde 

polymerisation. Chloromethanol and the first five oligomers of formaldehyde (capped by OH and Cl 

groups) were chosen for investigation. These calculations were undertaken at the MP2 level, as well as 

within density functional theory using the PBE and B3LYP functional. Oligomers were placed in a 
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helical starting configuration for geometry optimisation, as paraformaldehyde is known to favour such 

a configuration [196-198]. The dimer, trimer, and tetramer were also investigated in cyclic-like 

configurations where terminal OH and Cl groups come together to facilitate hydrogen bonding. 

However these confirmations were found to have higher energies than the helical configurations. 

Figure 6.2 shows the structures of the helical and cyclic oligomer configurations found. Table 6.2 (page 

93) shows the change in energy for the formation of the first 6 (OH, Cl)-capped oligomers of 

formaldehyde in a helical configuration, while Table 6.3 (page 93) shows the energy difference 

between helical and cyclic conformations. Values are corrected for zero-point vibrational energies. 

Considerable disagreement exists between DFT results using the two functionals. The effect of this 

energy difference will be shown to have not only a quantitative, but also a qualitative difference in 

predicted equilibrium positions in the later sections. It is therefore important to examine the extent to 

which the two DFT functionals and the MP2 wave function method reproduce experimentally reported 

data. 

 

 

Chloromethanol 

 

  

(Cl, OH) capped 
helical dimer 

 

(Cl, OH) capped 
cyclic-like dimer 

 

(Cl, OH) capped 
helical trimer 

 

(Cl, OH) capped 
cyclic-like trimer 

 

(Cl, OH) capped 
helical tetramer 

 

(Cl, OH) capped 
cyclic-like tetramer 

 

(Cl, OH) capped 
helical 

pentamer 
 

  

(Cl, OH) capped 
helical hexamer 

 

  

Figure 6.2: (Cl, OH) capped formaldehyde oligomers in helical and cyclic conformations. 
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Table 6.2: Changes in energy for the formation of paraformaldehyde oligomers from 

formaldehyde and HCl, nCH2O + HCl → Cl(CH2O)nH. Values include zero-point 

vibrational energy. 

  ΔE (kJ mol−1)  

 DFT(PBE) DFT(B3LYP) MP2 

ClCH2OH −44.0 −27.1 −29.6 
ClCH2OCH2OH −91.5 −63.1 −77.7 

Cl(CH2O)2CH2OH −130.9 −97.5 −123.8 
Cl(CH2O)3CH2OH −170.7 −131.8 −170.1 
Cl(CH2O)4CH2OH −216.5 −166.1 −216.2 
Cl(CH2O)5CH2OH −248.0 −200.3 −262.4 

 

Table 6.3: Zero-point corrected energy differences between helical and cyclic-like 

confomers of the formaldehyde oligomers. 

  ΔE (kJ mol−1)  

 DFT(PBE) DFT(B3LYP) MP2 

ClCH2OCH2OH 2.21 4.30 5.38 
Cl(CH2O)2CH2OH 10.63 13.18 12.71 
Cl(CH2O)3CH2OH 18.50 24.35 -- 

 

6.5 The Thermodynamic Plausibility of Gas-Phase Polymerisation 

 

Figure 6.3 (page 94) plots the change in enthalpy and entropy on formation for the first six 

formaldehyde oligomers, relative to gas-phase formaldehyde and HCl. The gradient of such a plot 

should yield the average change in the enthalpy or entropy with respect to a single polymerisation step. 

A strong linear relationship is apparent, increasing confidence in the quality of the results and lending 

credence to their extrapolation to longer polymer chains than have been calculated. The changes in 

enthalpy on successive polymerisation from DFT(PBE) results agree very well with those conducted 

using MP2, while DFT(B3LYP) predicts somewhat lower enthalpy changes. The B3LYP functional 

does however yield an enthalpy for the addition of HCl with the formaldehyde monomer, which is in 

good agreement with the MP2 result (B3LYP: −33.5 kJ mol
−1

, MP2: −36.1 kJ mol
−1

), while the PBE 

functional predicts a larger value (−50.3 kJ mol
−1

). This accounts for the PBE formation enthalpies 

being shifted down by a constant amount relative to MP2 results in Figure 6.3. Table 6.4 (page 95) 

summarises the extracted information, and also shows the change in entropy on polymerisation. 

Entropies are dominated by translational and rotational components, and so vary only a small amount 

on change in level of theory used for the electronic calculation. Experimental values of the change in 

enthalpy and entropy for gas-phase formaldehyde polymerisation have been published by several 
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authors [199, 200] and are also shown in Table 6.4. The computed change in entropy (Table 6.4 

“PBE/MP2/B3LYP gas-gas”) is smaller than both experimental studies. This is not unexpected as the 

experiment deals with a solid crystalline formaldehyde polymer, which lacks much of the translational 

and rotational freedom possessed by gas-phase molecules. Also shown on the table is the computed 

change in entropy if both translational and rotational contributions are completely deducted from the 

oligomers (labelled as “PBE/MP2/B3LYP gas-solid”). This is in much better agreement with 

experiment, suggesting that the formaldehyde polymer had almost no freedom to move by reptation. 

Paraformaldehyde is known to be highly crystalline [201], so is not expected to possess any significant 

translational or rotational freedom. 

 

 

 
 

 

Figure 6.3: Plots of the change in enthalpy and entropy on oligomerisation relative to an 

equivalent number of formaldehyde monomers and HCl vs number of formaldehyde 

monomer units. Solid Line/Triangles: B3LYP;  Even Dashed Line/Circles: PBE; Uneven 

Dashed lines: MP2. 
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Table 6.4: Theoretical change in enthalpy and entropy on polymerisation with respect to a 

single polymerisation step, as well as experimental values [199, 200]. 

 
PBE/MP2/B3LYP 

(gas-gas) a 
PBE/MP2/B3LYP 

(gas-solid) b 
Exp 

[200] 
Exp 

[199] 
ΔH (kJ mol−1) −52/−51.1/−38.6 −67.3/−66.9/−53.9 −66.4 −68.4 

ΔS (J K−1 mol−1) −153.1/−155.6/−153.6 −163.6/−170.8/−164.0 −169.5 −174.3 
a:  (gas-gas) denotes pure theoretical results where the monomer and oligomers are treated 

as gas-phase species. 
b:  (gas-solid) results are based on the same calculations as (gas-gas), but with the oligomer 

contribution to ΔH adjusted by an experimental *29+ inter-chain interaction energy of 15.3 
kJ mol−1, and the removal of the oligomer rotational and translation entropy contributions. 

 

The computed polymerisation enthalpy is in good agreement with an earlier theoretical study on 

radical and anionic formaldehyde polymerisation [110], which found a polymerisation enthalpy of 

50 kJ mol
−1

. Polymerisation enthalpies are, however, smaller than experimental studies [199, 200]. A 

lack of agreement with experiment is expected, as the solid phase possesses an extra degree of 

stabilisation from secondary interactions between polymer chains. The energy of the secondary 

interaction between polymers has been experimentally evaluated as −15.3 kJ mol
−1

 [202]. When this 

number is added to the computed gas-phase formation enthalpy, excellent agreement between the PBE 

or MP2 results and, with experimental solid-gas results, is restored.  B3LYP results, however, still 

predict substantially smaller formation energies than experiment. This data is shown in the enthalpy 

row of the “PBE/MP2/B3LYP gas-solid” column of Table 6.4. 

The thermodynamic limiting factor on a polymerisation reaction is the enthalpy gained versus the 

entropy lost during a given polymerisation step. The bordering condition where ΔH = TΔS occurs is at 

~330 K for gas-gas PBE and MP2 results, and around ~400 K for gas-solid PBE and MP2 results as 

well as experimental results [200]. The latter temperature is also in good agreement with the 

observation of early experimental studies that polymer growth ceases and decomposition begins at 

around this temperature. 

In order to further illustrate the extent of possible gas-phase polymerisation, the equilibrium 

between formaldehyde, HCl and the first six formaldehyde oligomers will be examined. The chemical 

equations for the various equilibria have the form: 

                             (6.1)  
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Equilibrium constants were rendered dimensionless through division by the pressure at standard 

conditions and subsequently have the form: 

   

                 

  

 
     

  
 

 

 
    

  

 (6.2)  

MP2 results will be used in evaluating these equilibrium constants as they show the best agreement 

with experimental enthalpy and entropy. The equilibrium constants are shown in Table 6.5 (page 98). 

Figure 6.4 shows the resulting equilibrium partial pressures of the first six formaldehyde oligomers at 

temperatures between 298.15 K and 350 K, using the equilibrium constants in Table 6.5. Partial 

pressures were obtained for Figure 6.4 using the calculated equilibrium constants by finding the 

formaldehyde and HCl partial pressures which satisfied the conservation of HCl and formaldehyde 

monomer units across the range of oligomers, formaldehyde, and HCl. The reaction was assumed not to 

proceed beyond the hexamer because higher oligomers than the hexamer were not computed in this 

study. Initial partial pressures of 500 Torr formaldehyde and 25 Torr HCl were used, as these were the 

initial conditions of one of Norrish‟s experiments. At 298.15 K, the equilibrium appears biased towards 

polymerisation, with the highest partial pressure for the oligomer products lying at the largest oligomer 

studied. 

 

 

 
Figure 6.4: Predicted equilibrium partial pressures of the (Cl, H) formaldehyde oligomers 

between 298.15 K and 350 K, based on an initial partial pressure of 500 Torr formaldehyde 

and 25 Torr HCl. White bars: 298.15 K; / hatched bars: 305 K; X hatched bars: 310 K; \ 

hatched bars: 320 K; Black bars: 350 K. 
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Table 6.5 Equilibrium constants for gas-phase equilibrium between HCl, formaldehyde and 

the first six paraformaldehyde oligomers. Constants are based on MP2 results. Equilibrium 

constants were rendered dimensionless using a standard pressure of 1 atmosphere at each 

given temperature. 

 298.15 K 350 K 400 K 
ClCH2OH 1.64×10−1 1.87×10−2 3.86×10−3 

ClCH2OCH2OH 7.32×10−1 3.54×10−3 7.56×10−5 
Cl(CH2O)2CH2OH 1.42×100 3.41×10−4 8.37×10−7 
Cl(CH2O)3CH2OH 2.79×100 3.28×10−5 9.26×10−9 
Cl(CH2O)4CH2OH 5.31×100 3.09×10−6 1.00×10−10 
Cl(CH2O)5CH2OH 1.04×101 2.98×10−7 1.11×10−12 

 

However, at 305 K the oligomer with the largest partial pressure is the dimer, with partial pressures for 

the other oligomers dropping as molecular weight rises. The amount of reactant consumed is also 

substantially less. At 298.15 K, 13% of formaldehyde monomers and 62% of HCl molecules are 

consumed (and this would likely be higher were the equilibrium allowed to proceed beyond the 

hexamer). At 305 K, only 5% of formaldehyde and 32% of HCl molecules are consumed at 

equilibrium. Increasing the temperature further increases the bias toward monomeric formaldehyde. At 

350 K, less than 0.08% of formaldehyde monomers and 1.4% of HCl molecules are consumed at 

equilibrium. While significant polymerisation is thermodynamically allowable in the gas phase at room 

temperature, raising the temperature to as little as 305 K will substantially shift the equilibrium toward 

reactants, and reactions in the gas phase cannot be used to explain the experimentally observed 

polymerisation at temperatures between 305-400 K. 

 

6.6 Barriers to Initiation and Chain Growth 

 

The equilibrium constant and barrier to the addition of HCl across the CO bond of formaldehyde 

has been studied previously using density functional theory with the B3LYP functional [203]. A 

relatively high free energy of 8.8 kJ mol
−1

 was reported, leading to an equilibrium constant of 2.9×10
−2

. 

A relatively high activation energy barrier of 111 kJ mol
−1

 was also reported. In this section, barriers to 

initiation are examined by way of density functional theory using the PBE and B3LYP exchange 

correlation functionals as well as the MP2 method. Several molecules acting in concert can often 

reduce activation barriers. From a simple point of view, this works by reducing the net number of 

bonds broken or otherwise perturbed at any one time. Consider the examples of single  

  



Gas-Phase Formaldehyde Polymerisation 

98 

 

Figure 6.5: Initiation step using single and multiple formaldehyde species. Multiple 

formaldehydes serve to significantly lower or outright remove the energy barrier. 

 

HCl-formaldehyde and multiple formaldehyde-HCl reactions shown in Figure 6.5. The presence of HCl 

and several formaldehyde molecules together in a loop-like configuration allows the formation of new 

bonds at the same time as the H-Cl bond is broken, and therefore yields a lower activation energy 

barrier to initiation. Such a mechanism does, however, come at an added entropic cost, associated with 

the need to have several formaldehyde molecules close to one another. 

Two different multiple formaldehyde initiation possibilities were investigated: the first involves 

two formaldehyde molecules and one HCl molecule; the second involves three formaldehyde 

molecules and one HCl molecule. For comparative purposes the single formaldehyde HCl reaction to 

form chloromethanol is also considered. Transition states were located using the quadratic synchronous 

transit guided quasi-Newton procedure. All transitions were confirmed as first-order (possessing one 

imaginary frequency). Figure 6.6 (page 99) shows the transition states found. Table 6.6 (page 99) 

shows the activation energy and computed reaction rate constant using classical transition state theory. 

For three formaldehyde molecules, no transition state could be found. When three formaldehyde 

molecules and one HCl molecule were placed approximately 3-4 Å distant from one another with 

isolated equilibrium geometries, the molecules were observed combining into the Cl, OH terminated 

formaldehyde trimer during geometry optimisation. This suggests that for three formaldehyde 

molecules reacting simultaneously with HCl, there is no energy barrier, and the reaction will occur 

spontaneously when three formaldehyde molecules aggregate alongside an HCl molecule. This  
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Table 6.6: Activation barriers and derived rate constants for formaldehyde reaction with 

HCl, chloromethanol and the formaldehyde dimer. Normal text: PBE Results; Bold text: 

MP2 results; Italic text: B3LYP results. 

 
Energy barrier 

(kJ mol−1) 

Entropic contribution to 
free energy barrier 

(298.15 K) (kJ mol−1) 

Rate Constant  
(298.15 K) (s−1) 

Rate Constant 
(400 K) (s−1) 

HCl + CH2O 
89.1 

140.2 
115.0 

37.6 
37.9 
37.4 

2.17×10−9 

2.28×10−18 

6.57×10−14 

1.31×10−8 

2.57×10−12 

5.70×10−9 

ClCH2OH  
+ CH2O 

124.5 
153.6 
159.0 

44.3 
46.1 
44.3 

3.08×10−17 

1.56×10−22 

2.87×10−23 

5.65×10−6 

9.10×10−16 

3.12×10−16 

Cl(CH2O)2OH  
+ CH2O 

120.2 
149.7 
155.1 

44.2 
45.8 
44.4 

9.82×10−12 

7.30×10−22 
1.23×10−22 

1.34×10−5 

2.96×10−15 

9.13×10−16 

HCl + 2 CH2O 
−20.3 
31.1 
23.1 

82.9 
84.7 
83.3 

5.05×102 

3.53×10−7 

1.23×10−5 

2.99×102 

3.60×10−6 

5.96×10−5 

ClCH2OH  
+ 2 CH2O 

13.3 
61.8 
62.2 

92.7 
93.4 
91.5 

5.65×10−6 

1.63×10−14 

2.18×10−14 

1.34×10−5 

5.26×10−12 

8.14×10−12 

Cl(CH2O)2OH  
+ 2 CH2O 

25.8 
66.5 
76.0 

93.2 
94.0 
92.2 

3.15×10−8 

1.92×10−15 

7.43×10−17 

2.60×10−7 

9.88×10−13 

1.06×10−13 

 

H2CO + HCl → 
ClCH2OH  

Transition State 

 

 

2H2CO + ClCH2OH → 
ClCH2OCH2OH  

Transition State 

 

2H2CO + HCl → 
ClCH2OCH2OH 

Transition State 

 

 

H2CO + ClCH2OCH2OH → 
Cl(CH2O)2CH2OH 
Transition State 

 

H2CO + ClCH2OH → 
ClCH2OCH2OH 

Transition State 

 

 

2H2CO + ClCH2OCH2OH → 
Cl(CH2O)3CH2OH 
Transition State 

 

Figure 6.6: Transition states for the initiation and growth of a Cl, H capped formaldehyde 

polymer. 
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observation effectively disproves the earlier hypothesis that HCl acts only as a Lewis Base to 

encourage polymerisation. As soon as sufficient formaldehyde is present near an HCl molecule, HCl 

will react immediately to form the (OH, Cl)-capped oligomer. Given the lack of an energy barrier, it is 

difficult to predict a reaction rate for this trimer initiation.  

Transition states were found for initiation involving one or two formaldehyde monomers. Energy 

barriers were found to be substantially higher under B3LYP and MP2 compared to PBE, leading to 

qualitatively different interpretations of the results. Under PBE, gas-phase initiation involving two 

formaldehyde monomers and one HCl occurs sufficiently quickly to play a role within the experiments 

of Norrish et al. [111, 112]. The MP2 level of theory, on the other hand, suggests a time period of 

months to years for a significant reaction. B3LYP results for the initiation reaction are intermediate 

between the PBE and MP2 values, but generally also predict rates too slow to be applicable to 

experiment. Given PBE results actually predict a negative change in energy for one transition state 

(relative to the gas phase), the B3LYP and MP2 results appear more reliable.  

The transition states for the addition of formaldehyde across the OH bond of chloromethanol and 

the (OH, Cl)-terminated formaldehyde dimer have also been found. The results are also shown in 

Figure 6.6 and Table 6.6. The involvement of both one and two formaldehyde monomers in each 

reaction step has been considered. Reaction rate constants were obtained by assuming an equilibrium 

forms between the isolated gas-phase reactants and the transition state. Rate constants for the growth 

step are many orders of magnitude smaller than initiation. This results primarily from the smaller 

reduction in energy barrier on inclusion of a second formaldehyde monomer in the growth step as 

opposed to the initiation step, but is also contributed to by the reactants having higher rotational 

entropy in the growth phase (all reactants are non-linear molecules) as opposed to the initiation phase 

(where one reactant, HCl, is linear). Energy barriers are once again substantially higher under MP2 and 

B3LYP than PBE, however none of the levels of theory predicted a fast enough reaction rate to allow 

significant chain growth over the experimental ~1 hour time scale [111]. The energy barriers listed in 

Table 6.6 have not been subjected to counterpoise correction so it is unclear to what extent the energy 

barriers are affected by basis set superpositional error (BSSE). The qualitative predictions of the results 

will remain unchanged however. Corrections for BSSE will tend to raise the energy of the transition 

state over the isolated reactant molecules, and the energy barriers (without any such correction) are 

already sufficiently high so that the reaction does not proceed rapidly enough to conform to 

experimental findings. 
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While insufficient to conform to experimental results, the simultaneous reaction of two or more 

formaldehyde monomers during each addition step does lead to faster reactions as compared to single 

monomer additions. This results from a reduction in the energy barrier. However, as noted earlier, this 

is partially offset by raising the entropy barrier to the reaction. To quantify the extent to which the 

entropy decrease counters the lower energy barrier, the entropic contribution to the free energy barrier 

(i.e. −TΔS) for 298.15 K is also shown in Table 6.6. The effect of the entropic barrier is significant, 

with around half the drop in energy barrier countered by the rising entropic barrier. As neither MP2, 

B3LYP or PBE predict significant gas-phase chain growth, the experimentally observed “gas-phase” 

polymerisation growth reaction must actually occur almost entirely on the surface of the reaction 

vessel. Presumably a major function of the surface is to collect and concentrate the formaldehyde such 

that the entropic barrier over the polymerisation step is lessened. 

 

6.7 Conclusions 

 

The gas-phase polymerisation mechanisms of formaldehyde have been studied. Experimental 

enthalpies of polymerisation were found to be well reproduced by density functional theory using the 

PBE functional as well as the MP2 method, but they are significantly underestimated using B3LYP. 

Gas-phase polymerisation was found to be plausible in terms of equilibrium thermodynamics, but too 

kinetically limited to accurately reproduce experimental reaction rates for both polymer initiation and 

growth. This confirms that both initiation and growth during “gas-phase” polymerisation actually occur 

in an adsorbed phase on the surface of the apparatus rather than in the gas phase. 
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Chapter 7   

 

Formaldehyde Adsorption over the Rutile 

TiO2 (1 1 0) Surface 

 

Following on the results of the gas-phase polymerisation of formaldehyde presented in chapter 6, 

this section comprises a study of formaldehyde adsorption to the rutile TiO2 (1 1 0) surface. The study 

may be broadly divided into two areas. Firstly, monomeric formaldehyde adsorption is considered, and 

the vibrational modes of formaldehyde on the surface are calculated and compared with experimental 

data. Secondly results are presented on a possible bridging dimerisation configuration. It is shown that 

this configuration possesses a much larger adsorption energy than monomeric formaldehyde, and may 

therefore explain the experimentally observed higher temperature formaldehyde adsorption. 

 

7.1 Introduction 

 

Chapter 6 established that formaldehyde polymerisation does not proceed sufficiently quickly in 

the gas phase to account for experimental results, and therefore confirmed prior findings [113] that 

“gas-phase formaldehyde polymerisation” experiments actually examined surface polymerisation. The 

next logical step is a study of formaldehyde adsorption to a surface. While the early formaldehyde 

polymerisation experiments were carried out using silica apparatus, this chapter will focus on the rutile 

TiO2 (1 1 0) surface. This is primarily because experimental data is available for formaldehyde 

adsorption over a rutile TiO2 (1 1 0) single crystal, including vibrational spectroscopy [20]. 
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7.2 Methodology  

 

The adsorption of the formaldehyde to the TiO2 (1 1 0) surface has been studied by way of 

density functional theory using the PBE exchange-correlation functional. Plane-wave basis sets, limited 

by a kinetic cutoff of 25 Ryd and ultrasoft pseudopotentials have been employed. A charge density 

cutoff of 250 Ryd has been used to help ensure augmentation charges are sufficiently conserved under 

a Fourier transform. A 1×2 repeat unit of the surface was used with slabs of five and four Ti bearing 

layers in thickness for monomeric adsorption; for dimer adsorption, four to seven layers were used. 15 

Å vacuum space was inserted between repeating images of the slabs. k-point sampling was conducted 

on a uniform 2×2×1 grid for the 1×2 repeat unit and grids of equivalent density where larger repeat 

units are used. Calculations were carried out using PWSCF [172]. 

 

7.3 Monomeric Formaldehyde 

 

Two adsorption configurations were found for monomeric formaldehyde adsorption and are 

shown in Figure 7.1 (page 105). Adsorption energies of the two configurations are listed in Table 7.1. 

Both configurations involve formaldehyde bonding in tilted configuration to a surface Ti through its O 

atom and are differentiated only by the direction the molecule tilts along. In the less stable case, the 

formaldehyde is tilted directly in the          direction (toward the two-fold coordinated surface oxygen 

rows). This will be referred to as configuration 1. In the slightly more stable case, formaldehyde tilts 

part of the way between the [0 0 1] and          surface axis. This will be referred to as configuration 2. 

Slabs with successive numbers of odd and even layers have been shown to give upper and lower limits 

to surface energies [56] and adsorption energies [28] on the (1 1 0) surface. In their 

 

Table 7.1: Adsorption energies for the molecular adsorption of formaldehyde over the 

rutile TiO2 (1 1 0) surface. 

Configuration Adsorption Energy (kJ mol−1) 

 5 layer slab 4 layer slab Average 

Configuration 1 −45.4 −39.7 −42.6 

Configuration 2 −51.2 −44.3 −47.8 
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Configuration 1 Configuration 2 

Figure 7.1 Monomeric formaldehyde adsorption configurations over the rutile TiO2 (1 1 0) 

surface. 

 

examination of surface energies, Ramamoorthy et al. used the average between the five and six layer 

slabs to obtain an estimate for converged surface energy on this surface without extending slab 

thickness [56]. Given the relatively small difference in adsorption energy observed between odd and 

even slabs here (7 kJ mol
−1

 in the case of configuration 2), the same procedure will be used (with the 

four and five layer slabs) as a converged adsorption energy estimate. Structural information and 

adsorption is detailed in Table 7.2.  

 

Table 7.2: Computed bond distances and angles for the molecular adsorption of 

formaldehyde to the rutile TiO2
 
(1 1 0) surface 

 Formaldehyde-TiO2 Gaseous 
Formaldehyde  configuration 1 configuration 2 

Formaldehyde O-Ti 
distance (Å) 

2.358 2.383  

C-O distance (Å) 1.227 1.223 1.216 
C-H(1) distance (Å) 1.113 1.112 1.121 
C-H(2) distance (Å) 1.114 1.112 1.121 

H(1)-O(surface) distance (Å) 2.138 3.393  
C-O-Ti angle (°) 132.79 126.72  

H(1)-C-H(2) angle (°) 119.31 118.0 116.1 
H(1)-C-O angle (°) 121.69 121.80 121.9 
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The fact that the more stable configuration involves keeping the H atoms further from the surface 

oxygen row tends to suggest that hydrogen bonding does not play a significant role in surface 

interaction. This is further supported by the lack of extension of the C-H bond closest to the surface 

oxygen in configuration 1, which is only 0.001 Å longer than the other C-H bond. The nature of 

interaction with the surface oxygen row appears further elucidated by a brief examination of the bond 

angles. As formaldehyde possesses sp
2
 hybridisation, an ideal angle for interacting as a Lewis base with 

the surface is 120°. Angles very close to this (122.0°) have been reported for formaldehyde-BF3 

complexes [204]. By comparison both formaldehyde-surface configurations exhibit larger Ti-O-C bond 

angles, presumably the result of repulsion by the surface. The greatest Ti-O-C angle occurs in the case 

of the more weakly bound configuration 1, wherein H(1) formaldehyde is closer to the surface oxygen 

rows. The net effect of the surface oxygens therefore appears to be steric hindrance rather than 

attractive interaction, which prevent an otherwise more optimal formaldehyde to surface bond angle 

from being adopted.  

 

7.3.1 Vibrational Modes of Formaldehyde on TiO2 

 

The adsorption modes of formaldehyde to the five layer slab model of the TiO2 (1 1 0) surface 

have been calculated by way of partial Hessian vibrational mode analysis. Table 7.3 and Table 7.4 

(page 107) show the experimental and calculated vibrational modes of formaldehyde, both in the gas 

phase and adsorbed to the surface, as well as the shift on adsorption. Experimental results were sourced 

from references [20] and [205]. 

The computed CO stretching mode red-shifts on adsorption, in qualitative agreement with 

experiment, although the extent of the shift is only 33% of experiment. A red-shift is consistent with a 

weakening of the C=O bond due to formation of a weak dative bond between the O atom and the 

surface. The CH stretching modes are blue-shifted, and significantly decouple on adsorption. The 

stretching mode featuring the H closest to the surface finds good agreement with the one CH mode 

which is experimentally observed, although the magnitude of the shift relative to the gas-phase 

calculated value is excessive. The δ(CH2) mode red-shifts in agreement with experiment, although the 

extent of this shift is overestimated relative to experiment by a factor of two. The remaining modes 

(both ρ(CH2) and ω(CH2) bending modes) do not shift in the same direction as experiment. One of the 

major differences between experiment and theory involves the presence of large amounts of 
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Table 7.3: Experimental vibrational data for formaldehyde adsorbed over the rutile TiO2 

(1 1 0) surface and in the gas phase, sourced from references [20] and [205]. 

Mode 
Experimental Vibrational Wavenumber (cm−1) 

TiO2 (1 1 0) 
[20] 

Gas phase 
[205] 

Difference 

νasym(CH2) 2928 2843 85 
νsym(CH2) not observed 2783  
ν(C=O) 1694 1746 −52 
δ(CH2) 1492 1500 −8 
ρ(CH2) 1258 1249 9 
ω(CH2) 1153 1167 −14 

 

Table 7.4: Vibrational modes of formaldehyde over the rutile TiO2 (1 1 0) surface and in 

the gas phase, calculated using density functional theory with the PBE functional and 

plane-wave basis sets. 

Mode 
Adsorbed  Gas phase  Difference 

Wavenumber  
(cm−1) 

EELS 
intensitya 

 Wavenumber  
(cm−1) 

IR Intensitya  Wavenumber  
(cm−1) 

νasym(CH2) 2924 3.3×10-4  2807 3.16  117 
νsym(CH2) 2837 1.4×10-3  2757 1.95  81 
ν(C=O) 1706 6.5×10-3  1741 2.24  −35 
δ(CH2) 1453 3.5×10-3  1469 0.29  −16 
ρ(CH2) 1209 4.9×10-4  1210 0.20  −1 
ω(CH2) 1143 6.9×10-4  1138 0.16  4 

Frustrated  
Rotation 

309, 240, 154  
 

  
 

 

Frustrated Translation 130, 95, 92       
a:  EELS intensities are given in ratios relative to the elastically scattered peak. IR intensities are given in units 

of D2 Å−2 amu−1 

 

paraformaldehyde oligomer on the surface in the case of experiment. In the theoretical results presented 

here, only formaldehyde monomers are present on the surface. 

Only three of the six vibrational modes of formaldehyde were clearly observed in the 

experimental paper for formaldehyde adsorption: the CH stretch region is dominated by a peak 

resulting from paraformaldehyde, although the experimental study also assigns a CH stretching mode 

from the formaldehyde monomer to this region. The second CH stretching mode is not observed. The 

difficulty in observing the second CH stretching mode is also noted on metal surfaces. On platinum, for 

example, only the higher frequency CH stretch was reported except in the high coverage limit [104]. 

Here however, the opposite appears the case, in that the low frequency stretch provides a higher 

theoretical intensity than the higher frequency stretch. 
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Predicted EELS intensities are in partial agreement with experiment: the asymmetric stretch is 

predicted to be far weaker than the symmetric stretch, in agreement with the experimental observation 

of only a single CH stretching mode. The C=O stretch is also predicted to be of higher intensity than 

either CH stretching mode, in agreement with experimental surface observations. However the two 

lower frequency bending modes are predicted to have a lower EELS intensity than the CH asymmetric 

stretch, yet these bending modes are observed in experiment (albeit weakly) while the CH asymmetric 

stretch is not. A number of possible explanations exist for this discrepancy. Firstly, the experimentally 

observed bending modes may result from paraformaldehyde rather than monomeric formaldehyde. 

Paraformaldehyde would feature a different adsorption geometry, as well as multiple CH2 groups. It is 

therefore likely that at least some of these groups would be correctly oriented to generate a dynamic 

electric dipole moment perpendicular to the surface when vibrating. The second possibility is based on 

the mechanism used to predict the EELS intensities. In the work presented in this thesis, theoretical 

EELS intensities are calculated based only on electric dipole interactions. However, more complicated 

short range collision based interactions also contribute to electron energy-losses. Normally it is 

assumed that the dipole mechanism dominates when the detector is placed on a near specular angle to 

the electron gun, as was the case in the experimental paper. However given the bending modes in 

question are of a particularly low intensity, it may be reasonable to assign them to a collision based 

mechanism.  

Also observed for adsorbed formaldehyde are a number of low frequency modes corresponding 

to frustrated translations and rotations of the molecule on the surface. While the majority of these are of 

little spectroscopic use (due to their overlap with surface phonons), such modes can have a significant 

effect on zero-point energy due to their complete absence from the analogous gas-phase results. The net 

effect of zero-point vibrational energy was a reduction in the adsorption energy of 12.4 kJ mol
−1

. 

 

7.3.2 Electronic Density of States for Formaldehyde 

 

The electronic density of states for a formaldehyde monomer adsorbed to the TiO2 (1 1 0) surface 

in its lowest energy configuration are shown in Figure 7.2 (page 110). Also shown is the partial density 

of states for the formaldehyde monomer. The orbitals of formaldehyde are labelled based on the 

symmetry of formaldehyde in the gas-phase; when adsorbed, the symmetry is lowered by the presence 

of the surface. The lower four valence orbitals of formaldehyde (3a1, 4a1, 1b2, 5a1) appear as sharp, 
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well defined peaks that project largely onto the formaldehyde partial DOS, suggesting they remain 

localised. The two highest occupied orbitals cannot be observed on the total DOS due to their energy 

matching the slab valence band states, but may be identified in the partial DOS. In order to confirm the 

identity of the various molecular orbitals on the surface, isosurface plots of the single electron wave 

functions at the gamma point which correspond to the various peaks are shown in Figure 7.3 (page 

111). In the case that multiple states lay within the domain of a single peak on the formaldehyde partial 

DOS, the state which contained the largest projection onto the formaldehyde partial DOS was used. 

Also shown is the analogous wave function for isolated gas-phase formaldehyde for comparative 

purposes.  

The peak assignable to the 1b1 orbital is slightly broader than the lower energy formaldehyde 

orbital peaks, while the 2b2 peak shows considerable broadening. This indicates the 2b2 (and, to a lesser 

extent, 1b1) orbitals delocalise, most likely through combining with the surface states. This is also 

consistent with the tilting of formaldehyde on adsorption, as the direction of tilt brings one of the large 

lobes on the 2b2 close to the surface. The extent to which the 2b2 peak broadens is less than the 3a1 

peak of ammonia observed in the study of ammonia adsorption to the (0 1 1) surface in the previous 

chapter. This is consistent with the observed weaker adsorption energy of formaldehyde as compared to 

ammonia. Integrals for the various peaks in the formaldehyde partial DOS are shown in Table 7.5 (page 

112), along with the total Löwdin population and Bader population of formaldehyde. The Löwdin 

population analysis suggests a net charge transfer of 0.12 electrons from the surface to adsorbate, while 

the Bader population analysis suggests little significant charge transfer to the surface (0.02 electrons). 

The reduced charge transfer as compared with ammonia is also consistent with ammonia being a far 

stronger Lewis base than formaldehyde. 

The partial DOS peaks assigned to the 1b1 and 2b2, in spite of showing the greatest broadening 

and therefore greatest degree of bond formation with the surface, appear to have the largest integrals. 

As with the 3a1 and 2a1 peaks in the ammonia study, these two peaks are contributed to from multiple 

states (this is why the peak assigned to “1b1” can have a population higher than 2.0 electrons) each 

partially projecting onto the formaldehyde atomic orbitals with the vast remainder projecting onto the 

oxygen 2p atomic orbitals rather than Ti 3d. This suggests the 2b2 and 1b1 re-hybridise primarily with 

the already full valence states rather than the empty conduction states and places a more covalent than 

dative interpretation on their bonding with the surface. The peaks assigned to 5a1 and1b2 orbitals show 

a considerable reduction in integral of the formaldehyde partial DOS, suggesting they are involved in a 

more expected dative form of bonding. As the 1b2 shares the same essential symmetry as the 2b2 (ie the 

same symmetry as that of the orbital involved in the most intensive bonding to the surface), a degree of 
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interaction with the surface is expected. The 5a1 orbital possesses a large lobe directly downward from 

the oxygen atom, so some charge transfer to the surface is also expected. From a charge localisation 

point of view, the sp
2
 hybrid orbital about the O atom of formaldehyde pointing directly at the surface 

would be formed largely from a combination of the 5a1 and 2b2 orbitals, so the fact that both these 

orbitals interact with the surface is fairly intuitive. In difference to the 1b1 and 2b2 peaks, 52% of the 

charge donated from the 5a1 to the surface projects onto Ti states, suggesting its re-hybridisation on 

adsorption with conduction band states. This also fits with the classic view of a dative interaction where 

occupied states on the Lewis base combine with empty states in the Lewis acid.  

 

 

 

Figure 7.2: The electronic density of states for the molecular adsorption of monomeric 

formaldehyde over the rutile TiO2 (1 1 0) surface. The solid line is the total density of 

states, while the dashed line represents the partial DOS of formaldehyde. 
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Figure 7.3 Valence molecular orbitals of formaldehyde adsorbed over the rutile TiO2 

(1 1 0) surface. Also shown are the gas-phase molecular orbitals for comparative purposes. 
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Table 7.5: Total Löwdin and Bader populations, and integrals of the various peaks 

appearing on the partial DOS, of formaldehyde adsorbing over the rutile TiO2 (1 1 0) 

surface and in the gas phase. 

Peak Integral or Population Adsorbed Gas phase 

3a1 1.96 1.97 

4a1 1.94 1.95 

1b2 1.89 1.94 

5a1 1.82 1.94 

1b1 2.02 1.97 

2b2 1.99 1.96 

Formaldehyde Löwdin Population 11.61 11.73 

Formaldehyde Bader Population 11.98 12.00 

 

7.3.3 TPD Simulation for Monomeric Formaldehyde over TiO2 

 

In order to directly compare the adsorption energies reported in this thesis with experimental 

results, temperature programmed desorption spectra have been simulated, using both the surface gas 

and fixed to site approximations outlined in the theory section. The desorption activation energy was 

taken as the average of the adsorption energy calculated for the four and five layer slabs plus a 

correction for zero-point vibrational energy based on the vibrational modes from the partial Hessian 

vibrational mode analysis. For the fixed to site approximation, the internal partition function was 

assumed to be comprised only of the vibrational degrees of freedom (i.e. the molecule‟s rotations are 

severely hindered to the point that they become harmonic vibrations). A heating rate of 1.5 K s
−1

 (the 

same heating rate as was employed in the experimental study), and starting coverage of 0.5 (the 

coverage used to obtain the theoretical results) yields the TPD spectra shown in Figure 7.4 (page 113). 

For the fixed position approximation, peaks occur at 128 K. This increases to 130 K for the fixed with 

sticking coefficient model. Both results are in very good agreement with the 128 K experimentally 

observed value assigned to “physisorbed” methanol in the study of Qiu et al. [20]. The “free gas on the 

surface” result, on the other hand, results in a peak at 175 K. The failure of the surface gas 

approimxation is not unexpected: given the large distance between Ti adsorption sites (2.96 Å) and the 

presence of opposite charged ions between the adsorption sites means that diffusion will have a 

relatively high activation energy, and therefore occur as a rare event rather than sufficiently frequently 

to approach gas-like behaviour. 
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The experimental values show a broader curve than the above simulations, slowly beginning 

desorption at slightly above 100 K as opposed to ~110 K in Figure 7.4. The broadening most probably 

results from repulsive lateral interactions between adsorbates, which would cause the desorption energy 

to gain a coverage dependence. This was not considered in this theoretical study. The theoretical 

adsorption energies used in the above study also assume monomeric formaldehyde is the only species 

on the surface. The presence of paraformaldehyde on the surface may also cause either direct or surface 

mediated repulsion with the monomeric formaldehyde affecting its binding energy. Finally, the 

assumed starting coverage of 0.5 may not be the experimental starting coverage. A high starting 

coverage is possible given the low temperatures used in the referenced experimental study. This would 

not only result in greater lateral interactions, but also affect the fixed site model through the (1−θ) 

denominator in the fixed to site equation, leading to further broadening. 

 

 

 

Figure 7.4: TPD simulation of formaldehyde adsorbed over the rutile TiO2 (1 1 0) surface. 

Solid blue line: Fixed to site approximation; Dash-dot red line: fixed to site with sticking 

coefficient; Dashed green line: surface gas approximation. 
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7.4 The Adsorption of the Formaldehyde Dimer over TiO2 

 

In chapter 6, it was shown that the aggregation of several formaldehyde oligomers and an initiator 

results in a reaction to form oligomers capped at both ends. It is interesting to reflect on this in light of 

the reported presence of paraformaldehyde on TiO2. Because the TiO2 surface possesses both cationic 

and anionic surface species, it could conceivably cap both ends of a formaldehyde oligomer itself, 

without additional surface species. This section presents an examination of such a possibility. The 

postulated configuration is shown schematically in Figure 7.5. The formaldehyde dimer is assumed to 

bind through its terminal O atom to a surface Ti, and through the terminal C to a surface O. Such a 

configuration is adoptable without significant reorientation of molecules. Neither formaldehyde 

monomer needs to break internal bonds (beyond the conversion of the C=O double bonds to single 

bonds, which break at the same time new Ti-O and C-O bonds form). It is therefore unlikely that any 

significant barrier to dimerisation will exist, as opposed to other formaldehyde polymerisation 

mechanisms such as the esterfication observed on the Cu surface, which entails tautomerisation [121]. 

 

 

Figure 7.5: A possible scheme for dimerisation of formaldehyde on the surface with 

minimal internal rearrangement. 

 

The convergence of adsorption energy (per formaldehyde monomer) with respect to slab 

thickness is shown in Table 7.6 (page 115). It was not technically feasible to go beyond seven layers in 

this study, despite the adsorption energy not fully converging at that point. As was the case with the 

(1 1 0) surface energy, and as was remarked on in the case of monomeric formaldehyde adsorption, the 

odd and even layer slabs provide upper and lower limits respectively to the converged adsorption 

energy. Taking a simple average of the six and seven layer slabs yields an estimate of the converged 

value at −84.7 kJ mol
−1

. This is substantially higher than the monomeric value of −47 kJ mol
−1

, giving 

strong energetic favour to this dimerisation process.  
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Table 7.6: Adsorption energies for the proposed formaldehyde dimer over the rutile TiO2 

(1 1 0) surface. 

Slab thickness 
Adsorption energy per 

formaldehyde monomer  
(kJ mol−1) 

4 −69.5 
5 −103.3 
6 −76.1 
7 −93.3 

Average for 6 and 7 layer 
results 

−84.7 

 

 

Figure 7.6: Formaldehyde dimer adsorbed over the rutile TiO2 (1 1 0) surface. 

 

Formaldehyde – surface bond lengths, shown in Table 7.7, are far shorter than in the case of 

monomeric molecular formaldehyde adsorption. The O-Ti(surface) is much shorter than the monomer O-

Ti bond, suggesting much stronger bonding. The C(2)-O(surface) bond is particularly short for a surface-

adsorbate bond, having bond lengths essentially the same as the C-O bonds within the dimer. There is 

also some evidence of strain remaining within the dimer. The Ti(surface)-O(1)-C(1) bond angle in particular 

is 144.9°, while for monomers adsorbing to the surface the angle is 126°. The situation is further 

aggrieved when one considers that the monomer has sp
2
 hybridisation; the dimer possesses sp

3
 

hybridisation so an even smaller angle would be expected. The (OH, Cl)-capped formaldehyde dimer 

studied earlier (chloro-methoxy-methanol), for example had angles along its backbone of ~113° 

degrees, and a similar angle with the surface might be expected. The internal O-C-O  
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Table 7.7: Optimised bond lengths and bond angles for the proposed formaldehyde dimer 

adsorbed over the rutile TiO2 (1 1 0) surface. 

 Bond Length/Angle 
O(1)-Ti(s) distance (Å) 1.794 
O(1)-C(1) distance (Å) 1.414 

C(1)-H(1-1) distance (Å) 1.111 
C(1)-H(1-2) distance (Å) 1.104 
C(1)-O(2) distance (Å) 1.416 
O(2)-C(2) distance (Å) 1.424 

C(2)-H(2-1) distance (Å) 1.108 
C(2)-H(2-2) distance (Å) 1.103 
C(2)-O(s) distance (Å) 1.421 
Ti(s)-O(1)-C(1) angle (°) 144.9 
O(1)-C(1)-O(2) angle (°) 112.5 
C(1)-O(2)-C(2) angle (°) 115.6 
O(2)-C(2)-O(s) angle (°) 113.2 

 

angles, on the other hand, are reasonably close to those of the gas-phase (OH, Cl)-capped dimer. Most 

likely the more diffuse nature of the longer O-Ti bond gives it less dependence on precise bond angle, 

so the aforementioned bond distorts in favour of the shorter O-C bonds. 

The dimer configuration in this section appears at odds with one of the findings in the 

experimental study by Qiu et al. [20], that the formaldehyde does not involve itself in interaction with 

the O row. The conclusion of Qiu et al. was based around hydroxylation of the oxygen row having little 

to no effect on formaldehyde beyond the reported generation of a small amount of methanol. It is 

apparent, however, that the hydrogen from the surface hydroxyl groups may function as a replacement 

for surface oxygen, transferring from the surface oxygen to formaldehyde to form a methoxy moiety. A 

paraformaldehyde chain capped at one end by the methoxy group would most likely yield methanol on 

 

 

Figure 7.7: The proposed dimerisation scheme modified as a result of the hydroxylation of 

surface oxygens. 
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decomposition, particularly if hydroxyls were still present on the surface which could easily protonate 

the methoxy group during desorption. The experimental results therefore do not preclude the formation 

of the dimer suggested in this thesis. 

 

7.4.1 Electronic Density of States of the Formaldehyde Dimer 

 

The electronic density of states of the formaldehyde dimer adsorbed to rutile TiO2, and the partial 

DOS of just the atomic species in the dimer (excluding the surface oxygen and titanium to which they 

are directly bonded) are shown in Figure 7.8. Peak integrals for the formaldehyde partial DOS are 

shown in Table 7.8, as are the total Löwdin population and Bader population of the formaldehyde 

dimer species. Both the figure and table may be found on page 118. The formaldehyde dimer Löwdin 

population appears very high, larger than not only that of molecularly adsorbed formaldehyde, but gas-

phase formaldehyde as well. This suggests either the net effect of bonding in the formaldehyde dimer 

configuration is a transfer of charge into the adsorbate rather than from it, or that the basis used in the 

Löwdin projection is biased toward the sp
3
-like electronic configuration around formaldehyde dimer 

over the sp
2
 configuration of monomeric formaldehyde. Bader population analysis shows a definite 

decrease in population about the formaldehyde dimer species, suggesting the net effect of bonding is a 

charge transfer to, rather than from the surface, and the latter may be true. In order to test this, a 

Löwdin population analysis was carried out on a dimethyl ether using the same level of calculation. 

The resulting population suggests the basis does not bias, with both structures projecting to virtually the 

same extent onto the basis used (98.20% for formaldehyde and 98.21% dimethyl ether). 

The electronic density of states shows that the electronic structure has changed considerably 

when compared with monomeric formaldehyde, with a far greater degree of incorporation of the 

surface states into the formaldehyde dimer molecular orbitals evident. The partial DOS for 

formaldehyde in the TiO2 valence band region shows an integral of 11.2 electrons, making up close to 

half the total electron population on formaldehyde dimer. This suggests almost half the electronic 

population on formaldehyde dimer comes from states which are strongly integrated into the valence 

bands of the surface. This contrasts with monomeric formaldehyde where only two orbitals (the 2b2, 

and to a lesser extent the 1b1) were present, and neither was as strongly dispersed. Below the valance-

band region, there is also evidence of significant integration of states into the surface. All small peaks  
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Figure 7.8: Electronic density of states for the formaldehyde dimer adsorbed over the rutile 

TiO2 (1 1 0) surface. Solid line: total DOS; Dashed line: partial DOS of formaldehyde. 

Formaldehyde dimer peaks appearing in the integral table are identified here. 

 

Table 7.8: Total Löwdin and Bader populations, and Peak integrals for the peaks identified 

in the partial DOS of the formaldehyde dimer adsorbed over the rutile TiO2 (1 1 0) surface.  

Peak number Adsorbed Gas phase a 
1 1.81 -- 
2 1.12 -- 
3 1.36 -- 
4 1.75 -- 
5 1.64 -- 

6/7/8 4.62 -- 
valence band region 11.24 -- 

Dimer Löwdin 
Population 

23.59 23.46b 

Dimer Bader 
Population 

23.73 24.00b 

a: Analogous gas-phase values are unavailable for individual peaks as formaldehyde 
dimer is only stable while adsorbed.  
b:Total dimer population in the gas phase is that of two formaldehyde monomers. 

1 2 

3 

4 5 

6/7/8 

Valence 

band 

region 
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attributable to formaldehyde dimer molecular orbitals are less than completely accounted for by the 

formaldehyde dimer partial DOS, suggesting they too extend significantly into the surface. An 

examination of the integrals of these peaks shows all of them to have an integral smaller than the 5a1 in 

monomeric formaldehyde, which, itself, showed the most charge transfer to the surface out of all the 

orbitals in formaldehyde not in the TiO2 valence band energy range. 

 

7.4.2 TPD Simulation for the Formaldehyde Dimer Desorption 

 

The desorption mechanism for a formaldehyde dimer is more complicated than for monomeric 

formaldehyde. For monomeric formaldehyde desorption, the reaction coordinate amounts to elongating 

a single surface-adsorbate bond which lies along the surface normal. The point of maximum energy 

occurs in the limiting case of large adsorbate-surface separation, at which point the molecule should 

obtain gas-like freedom in the directions parallel to the reaction coordinate. In the case of the dimer, 

however, multiple adsorbate-surface bonds and adsorbate-adsorbate bonds are broken simultaneously 

with the dimer dividing into monomers during the desorption process. There are therefore more 

possibilities as to the position and nature of the transition state for desorption. 

If the same condition that was applied to the monomer is applied to the dimer for desorption 

transition state (that the transition state occurs in the limit of large separation of the adsorbates and 

surface), then the two desorbing monomers are treated as uncorrelated gas-like species at the transition 

state, and the activation energy for desorption is the energy barrier. Ignoring any changes in vibrational 

partition functions between adsorbed and transition state, and applying a 1.5 K s
−1

 heating rate (the 

same as was used in experiment), this results in desorption temperatures of 621 K assuming the 

adsorbed state has the same freedom as the transition state (i.e. either the adsorbed state has full gas-

like freedom equal to two independent molecules, or that the transition state occurs before the two 

molecules completely separate), and only 209 K in the case of fixed to site adsorbate behaviour. 

Neither of these desorption temperatures agree well with the experimental desorption temperatures 

264 K and 290 K. Besides the obvious disagreement with experiment, the assumption that the transition 

state occurs at large separation of the various species is extremely questionable, as this grants the 

transition state the added entropy of two positionally uncorrelated gas-like species. It is much more 

likely that the transition state for the dimer occurs at lesser degree of separation from the surface, 

sufficiently far apart for the bonds between monomers and the surface to be effectively broken, yet still 
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positioned with the adsorbates sufficiently close together that they be considered correlated rather than 

being treated as independent gas-phase species. 

A second possibility is that desorption occurs via a two step process: the dimer first breaking 

down into monomers, and the monomers then desorbing from the surface. The desorption of 

formaldehyde monomers has been shown (both experimentally and according to the results obtained 

earlier in this chapter) to occur at low temperatures. The rate-limiting step for desorption under this 

scheme will therefore not be the actual desorption, but the separation into monomers. While the energy 

barrier for this process has not been calculated directly, it must be at least 75 kJ mol
−1 

(the calculated 

difference in energy between the dimer and two monomers). Immediately after the dimer is broken into 

two monomers, one monomer occupies the nearest Ti site. The remaining monomer must transfer to 

one of the next nearest Ti sites, before which it will gain no stabilisation from the surface. A more 

reasonable estimate to the energy barrier might therefore be the energy difference between the dimer, 

one monomerically adsorbed monomer, and one monomer not bonded to the surface. This comes to 

122 kJ mol
−1

. The transition state to such a process would have similar entropy to the stable dimer 

state: all of the molecules in the transition state remain close to the surface, and therefore have their 

freedom restricted by the uneven surface potential. Under such assumptions, a 75 kJ mol
−1

 desorption 

energy yields a desorption peak at 289 K in good agreement with the higher energy experimental peak; 

a 122 kJ mol
−1

 activation, energy however yields a peak at 456 K. 

A final possibility is that one of the two monomer units in the dimer desorbs immediately, the 

other remaining adsorbed to the surface in the monomeric form. The monomer remaining on the 

surface would desorb very quickly afterward in a separate reaction step. The initial step would have the 

same energy as the high end estimate of the previous scenario (122 kJ mol
−1

). It would, however, have 

the advantage that one of the desorbing monomers would probably gain gas-like freedom in the 

transition state, thereby raising its entropy. Under the assumption that the adsorbed state is fixed to a set 

of sites, and the transition state features one formaldehyde with gas-like freedom, a desorption peak 

occurs at 328 K.  

Out of all the desorption mechanisms suggested, the second possibility (first decomposing the 

dimer into adsorbed monomers, then desorbing the two monomers in a separate step) yields a 

desorption temperature closest to experimental values if the absolute minimum possibility for the 

desorption energy barrier is used. More reasonable estimates led to excessively high temperatures for 

the desorption peak. The third possibility discussed places the desorption peak higher than those 
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Figure 7.9: Possible decomposition pathway for formaldehyde dimer: the monomeric unit 

attached to a surface O is released first while the unit attached to Ti adopts the molecular 

adsorption configuration 2. The said monomer then desorbs in a separate step. 

 

experimentally observed, but not overly so. One area which has been neglected in these examinations is 

the effect of the uncalculated vibrational modes. At around room temperature, the overall effect of the 

vibrational modes will most likely be a reduction in the free energy barrier to desorption, as the added 

zero-point energy is significantly larger than the entropy from the various vibrational modes. A useful 

example showing this is to consider the change in vibrational zero-point energy and vibrational entropy 

on polymerisation of the formaldehyde oligomers considered in chapter six. Using DFT with the PBE 

functional, the (OH, Cl)-capped monomers gained an average ZPE of 17.7 kJ mol
−1

 over monomeric 

formaldehyde for each polymerisation step. By comparison the gain in the vibrational contribution to 

entropy per polymerisation step was a comparatively small 0.055 J K
−1

 mol
−1

 at 298.15 K. Using this 

zero-point energy to correct the desorption activation barriers, the desorption temperature peak of the 

second mechanism is reduced from 456 K to 393 K; the third mechanism is reduced from 328 K to 

284 K. This leaves the third mechanism in good agreement with the higher temperature experimental 

desorption peak at 290 K. As a final note, it is unclear why the experimental study found two separate 

desorption peaks for paraformaldehyde. Generally this would be interpreted as there being two 

different adsorption sites with differing adsorption energies. Another possibility might be that the two 

peaks result from the decomposition of paraformaldehyde with different chain lengths, with longer 

chains able to retain the surface oxygen to surface titanium bridging configuration. 
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7.5 Interaction of Long Paraformaldehyde Chains with the Surface 

 

As well as the important job of capping the ends of formaldehyde polymer, surface-polymer 

interaction may also occur through interaction between the ether groups within the polymer chain and 

the surface. Qiu et al. noted that long paraformaldehyde chains may block CO from adsorption to 

surface titanium atoms [20], presumably through their presence about the surface. Studies of 

paraformaldehyde over the platinum (1 1 1) [104] and silver (1 1 0) [101] surfaces suggested 

paraformaldehyde adopts a linear (non-helical) configuration to maximise interaction between the ether 

groups and surface atoms. The TiO2 analogue for this configuration is shown in Figure 7.10. 

 

 

Figure 7.10: A previously suggested configuration for paraformaldehyde adsorption [50, 

53]. The linear configuration allows for maximum interaction between the ether group and 

surface atoms. 

 

In order to examine a long chain interacting with the (1 1 0) surface, consider that the ratio of 

paraformaldehyde repeat unit length to TiO2 (1 1 0) unit cell length is approximately 3:2, with ~1.9 Å 

per monomeric repeat unit in the gas phase for a helical polymer, and 2.96 Å per repeat unit of the 

(1 1 0) surface in the [0 0 1] direction. Because of this, placing a paraformaldehyde polymer in the 

[0 0 1] direction of the unit cell with a 3:2 ratio with surface repeat units should result in relatively little 

strain on the polymer chain.  

A supercell containing 1×2 unit cells of four layered TiO2 and three paraformaldehyde repeat 

units was therefore used in an initial attempt to study paraformaldehyde adsorption. The 

paraformaldehyde was initially placed in a linear (not helical) configuration, as this allows for 

maximum interaction between the ether groups and the surface and has previously been suggested by 

others [101, 104]. On geometry optimisation, the chain converted to a “more helical” arrangement, 

however was not able to fully adopt the helical configuration in the gas phase due to three 

formaldehyde repeat units being present in the supercell. An even number would have much better 

approximated the free gas helical arrangement. The resulting adsorption energy was very small, 
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amounting to only −3 kJ mol
−1

 per -CH2O- unit relative to gaseous formaldehyde monomers, and far 

smaller than the enthalpies of polymerisation calculated in the previous chapter. The cell was extended 

to house 1×4 repeat units of the surface, as this allowed for an even number of formaldehyde 

monomers (six) in the polymer chain. Side images of the polymer chain in the 1×4 are shown in Figure 

7.11 (page 124).  

Enlarging the cell to 1×4 size significantly enlarged the adsorption energy per formaldehyde 

monomer to −81 kJ mol
−1

. This adsorption energy is calculated relative to gas-phase formaldehyde 

monomers, and so contains both the polymerisation energy and the interaction energy between the 

paraformaldehyde chain and the surface. In order to evaluate just the surface-chain interaction energy, 

the energy of the paraformaldehyde chain in the absence of TiO2 slab has also been calculated, and was 

found to equal −66.3 kJ mol
−1

. For comparative purposes, the oligomers from chapter 6 calculated 

using Gaussian basis sets with both DFT/PBE and MP2 yielded polymerisation energies of ~−65 kJ 

mol
−1

 before zero-point vibrational energy corrections were applied. A simple subtraction suggests that 

the actual extent of interaction between the chain and surface are very limited, with interaction energies 

of −14.7 kJ mol
−1

 per formaldehyde. 

Table 7.9 shows the C-O back-bone lengths of the paraformaldehyde polymer, and O-Ti lengths 

between paraformaldehyde oxygens and the surface titanium. The adopted equilibrium geometry 

placed a paraformaldehyde oxygen close to directly above each of the five-fold coordinated surface 

titanium atoms, confirming that some level of attraction between paraformaldehyde and the surface 

occurs. Paraformaldehyde oxygen to surface titanium bond lengths are long (2.6-2.7 Å) relative to the 

formaldehyde monomer (2.38 Å), suggesting interaction between the surface and polymer chains is 

weak, consistent with the small chain to slab interaction energy discussed in the previous paragraph. 

The C-O backbone, on the other hand, had C-O bond distances reasonably similar to those found for 

the formaldehyde dimer in section 7.4, suggesting it was not excessively strained by being forced to 

conform to the periodic cell of the titanium dioxide slab. 

 

Table 7.9: Bond lengths for long chain paraformaldehyde adsorbed over the rutile TiO2 

(1 1 0) surface. 

Bond C(1)-O(1) O(1)-C(2) C(2)-O(2) O(2)-C(3) C(3)-O(3) O(3)-C(4) C(4)-O(4) O(4)-C(5) 

Bond Length (Å) 1.429 1.427 1.439 1.437 1.439 1.442 1.425 1.434 

Bond C(5)-O(5) O(5)-C(6) C(6)-O(6) C(6)-O(1) O(2)-Ti(1) O(3)-Ti(2) O(5)-Ti(3) O(6)-Ti(4) 

Bond Length (Å) 1.435 1.435 1.437 1.436 2.680 2.652 2.754 2.721 
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Figure 7.11: Side views of a long paraformaldehyde polymer adsorbed over the TiO2 

(1 1 0) surface. An interaction energy between the chain and surface of −14.7 kJ mol
−1

 was 

found. 

 

7.6 Conclusions 

 

Monomeric formaldehyde has been shown to adsorb to the TiO2 (1 1 0) surface via a bond 

between its oxygen and a surface Ti with an adsorption energy of 47.8 kJ mol
−1

. A tilted configuration 

is adopted, as is the case for its adsorption to several other surfaces; this serves to better orient the 2b2 

orbital with the surface, through which most of the bonding interaction occurs. No significant hydrogen 

bonding appears to occur between the formaldehyde H and surface oxygen. A far stronger mode of 

interaction with the surface was located for the formaldehyde dimer: this involved the dimer forming a 

bridge between surface Ti and surface O atoms and led to an adsorption energy of −84.7 kJ mol
−1

 of 

formaldehyde monomers. This adsorption energy is somewhat higher than expected given experimental 

TPD results, however may not be unreasonable if a multistep desorption process occurs. Longer 

chained paraformaldehyde can be expected to adopt a helical, rather than linear configuration and the 

ether groups only weakly interact with the surface. 

 



Formic Acid Diffusion over the Rutile TiO2 (1 1 0) Surface 

125 

Chapter 8   

 

Formic Acid Diffusion over the Rutile TiO2 

(1 1 0) Surface 

 

Formic acid adsorption has been studied over the rutile TiO2 surfaces on a considerable number 

of occasions [23-30]. It is well-established that formic acid dissociates to form formates and H
+
. The 

diffusion of adsorbed species across the surface is an important part of many catalytic reactions, and a 

greater understanding of formate diffusion is therefore of considerable interest. A previous 

computational study conducted by Käckell and Terakura examined the diffusion of formate using the 

nudged elastic band method [29, 30]. The study investigated two modes of formate diffusion, both 

involving a chelating transition state. In the first mode of formate diffusion examined, the formate 

moved in a sliding manner from a bridging configuration across one pair of Ti sites to the next. This 

diffusion mode is shown schematically in Figure 8.1.  

 

 

 

Figure 8.1: A top-down schematic representation of the sliding diffusion of formate over 

the rutile TiO2 (1 1 0) surface. Arrows show the motion of formate. 

 



Formic Acid Diffusion over the Rutile TiO2 (1 1 0) Surface 

126 

In the second mode of formate diffusion studied, both the formate and an adjacent dissociated 

proton moved simultaneously. Once again the formate diffused through a sliding motion between one 

pair of Ti and the next, although it rotated partially toward the dissociated proton during the formate 

diffusion process. The proton was simultaneously moved between neighbouring bridging oxygen sites 

during this process. This simultaneous diffusion mode is illustrated schematically in Figure 8.2. 

 

 

Figure 8.2: A top-down schematic representation of the simultaneous sliding diffusion of 

formate and H
+
 over the rutile TiO2 (1 1 0) surface. Arrows show the motion of the 

adsorbates. 

 

From a simple chemical point of view a sliding diffusion mechanism holds a number of 

disadvantages. Firstly, a sliding diffusion breaks both Ti-O(formate) bonds simultaneously. Secondly, 

the chelating configuration appears unstable for formates on the rutile TiO2 (1 1 0) surface, and did not 

appear to represent a binding local minimum in this study. Similarly, other computational studies 

carried out on rutile TiO2 surfaces do not report any stable chelating configuration [28-30, 54]; 

chelating configurations are also unstable on the majority (1 0 1) surface of anatase TiO2 [22], although 

have been reported as energetically favourable on the minority (0 0 1) surface of anatase TiO2 [31]. An 

alternative not investigated by Käckell and Terakura, is a rotating or “walking” type diffusion 

illustrated in Figure 8.3 (page 127). This mechanism involves diffusion from bridging configuration to 

bridging configuration by way of a monodentate hydrogen bonding intermediate step. Once again 

applying a simple chemical point of view serves to illustrate the advantages of this alternate diffusion 

mechanism: Instead of breaking both Ti-O(formate) bonds by way of sliding diffusion, one need only 

break one Ti-O(formate) bond and move the molecule in a rotational or “walking” manner, pivoting about 

the remaining Ti-O(formate) bond. This should lead to a lower energy transition state. Furthermore,  
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Figure 8.3: A top-down schematic representation of the walking diffusion of formate over 

the rutile TiO2 (1 1 0) surface. Arrows show the motion of formate. 

 

the high-energy chelating configuration is avoided, with formate instead moving through a 

monodentate configuration (which is generally understood to be the second most energetically stable 

configuration for formic acid on the (1 1 0) surface of rutile TiO2). An obvious limitation to the 

walking mode is the need for a dissociated proton on the appropriate adjacent surface oxygen, however 

this limitation is also present in the simultaneous diffusion mechanism studied by Käckell and 

Terakura.  

Regardless of such a pathway‟s validity as a mechanism for formate diffusion, it is obvious that 

the walking pathway will also have relevance in describing the dissociation of formic acid on 

adsorption as well as its recombinative desorption. The lowest energy path for formic acid dissociation 

would involve first adopting a hydrogen bonding configuration between formic acid and the surface, 

such as the monodentate configuration studied here. After transferring the proton, the formate would 

have to shift to adopt the favoured bridging configuration. This is merely the walking pathway studied 

here. The alternative would be to adopt the bridging configuration first, then dissociate the hydrogen 

and have it diffuse to the oxygen row without any means to stabilise it on the way. Similarly, prior to 

desorption formate must recombine with the dissociated proton. This would require either the formate 

using the walking pathway, or the hydrogen completely breaking its O-H bond with the surface and 

(without any means to stabilise it) diffuse a significant distance (~3.5 Å) to the formate. Given the high 

enthalpy associated with breaking an O-H bond, the use of the walking configuration studied here is 

considerably more likely. 
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8.1 Methodology 

 

In this study a 4 layer 1×4 supercell of the rutile TiO2 (1 1 0) surface has been employed for the 

nudged elastic band calculations, with larger slab thicknesses used to check convergence of the 

bridging mode of adsorption. A 2×1 k-point grid is used to maintain sampling density with the 

formaldehyde study conducted in the previous section on this surface. Details are otherwise identical to 

those used in Chapter 7 . 

 

8.2 Results and Discussion 

 

The two adsorption configurations for formic acid adsorption previously reported to have the 

largest adsorption energies [54] have been examined. Energies and illustrations of the two 

configurations are shown in Figure 8.4. Convergence of adsorption energies is shown in Table 8.1, 

while bond lengths for formic acid adsorption are shown in Table 8.2, both on page 129. The 

−87 kJ mol
−1

 adsorption energy of the bridging configuration in this study was substantially lower than 

 

  

Bridging  

(−88.3 kJ mol
−1

 adsorption energy) 

Monodentate + hydrogen bonding  

(−86.3 kJ mol
−1

 adsorption energy) 

Figure 8.4: The bridging and monodentate adsorption configurations for formic acid on the 

rutile TiO2 (1 1 0) surface. Also shown are the adsorption energies for the 4 layer slab. 
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Table 8.1: Convergence of adsorption energy formic acid over the TiO2 (1 1 0) surface in 

the bridging configuration 

Layers 4 5 6 7 8 9 10 

Adsorption Energy  

(kJ mol−1) 
−88.3 −155.0 −96.1 −128.2 −98.9 −118.4 −98.6 

 

the −187 kJ mol
−1

 reported by Bates et al. [54], and the −166 kJ mol
−1

 reported by Kackell and 

Terakura [29, 30]. It did appear in better agreement with the value of −135 kJ mol
−1

 obtained by 

Morikawa et al. [125], although still significantly weaker. In light of this disagreement, convergence of 

the bridging configuration‟s adsorption energy was tested with respect to slab thickness. Convergence 

is shown in Table 8.1. The adsorption energy of the even layered slabs is converged to within 0.3 kJ 

mol
−1

 between 8 and 10 layers, and deviates by ~10 kJ mol
−1

 between 4 and 10 layers. Odd layered 

slabs display higher adsorption energies, and do not appear converged by 9 layers (the maximum odd 

layer thickness trialled). The two studies with the greatest disagreement used odd slab thicknesses [29, 

30, 54]. All referenced work studies also froze some of the lower slab layers in the bulk configuration 

[28-30, 54, 125]. This is the probable source of disagreement with the work presented in this thesis.  

Another difference with the other reported studies involved the structure of the monodentate 

configuration. The monodentate configuration presented in this thesis appears to be essentially a 

molecular formic acid adsorption mode with a relatively short O(surface)-H bond length (1.503 Å), 

suggesting strong shorter (1.048 Å), confirming the monodentate configuration here should be thought 

of as a molecular rather than dissociated configuration. The opposite was reported by Bates et al. [54], 

with the acidic hydrogen clearly closer to the surface oxygen than the formate oxygen. Attempts to 

 

Table 8.2: Computed bond lengths for formic acid adsorbed to the rutile TiO2 (1 1 0) 

surface. 

Bond 
Bond lengths (Å) 

Bridging Monodentate Gas phase 

C-O(1) 1.273 1.307 1.364 

C-O(2) 1.277 1.244 1.214 

C-H(2) 1.11 1.107 1.110 

O(1)-H(1) -- 1.048 0.985 

O(surface)-H(1) 0.972 1.503 -- 

O(1)-Ti 2.085 -- -- 

O(2)-Ti 2.106 2.214 -- 
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obtain the configuration reported by Bates et al. resulted in a shift back to the molecular configuration 

shown in Figure 8.4. It is possible that the preference is also related to the use of odd slab thicknesses 

in the work of Bates. Simlar biasing toward dissociation have been reported for water adsorption to the 

TiO2 (1 1 0) surface for uneven slab thicknesses. 

Climbing image nudged elastic band calculations have been carried out to evaluate the relative 

energies of formate diffusion through both a two step bridging to monodentate to bridging rotational 

path, as well as duplicating the direct bridging to bridging sliding path studied by Käckell and Terakura 

for comparative purposes. 10 images were used to sample the bridging to monodentate pathway. 

Examining the second step of this pathway (monodentate back to bridging) is unnecessary for 

symmetry reasons: the second half of the diffusion will merely be the reverse process. The direct 

bridging to bridging path was sampled using 8 images. Extra images were used for the bridging to 

monodentate pathway as the path involves rotational rather than linear motion, and therefore requires 

extra images to accurately describe the reaction coordinate. Top and side images illustrating the 

diffusion sliding and walking diffusion are shown in Figure 8.5 and 8.6 respectively, on page 131. 

Activation energies for formic acid diffusion are shown in Table 8.3, along with those from Käckell 

and Terakura‟s study. 

The walking diffusion mechanism proposed in this study appears to have the lowest activation 

barrier (57.9 kJ mol
−1

), while the activation barrier for straight sliding diffusion of formate appears in 

relatively good agreement with the same diffusion mode in the previous study. The alternate mode of 

simultaneous diffusion suggested in the earlier study (involving the movement of both formate and the 

dissociated proton) is also higher than the energy of the walking mode here. Given the activation 

energies for the sliding diffusion of formate are in agreement to within 10.2 kJ mol
−1

 between the two 

studies, while the difference between the walking diffusion mode studied here and the simultaneous 

formate/proton diffusion studied by Käckell and Terakura is three times larger, it is unlikely that the 

 

Table 8.3: Activation energies of formate diffusion from this study and an earlier study by 

Käckell et al. [29, 30]. 

Diffusion Path 
Energy barrier 

(kJ mol−1) 

Sliding formate diffusion, this study 110.4 

Walking formate diffusion, this study 57.9 

Sliding formate diffusion, earlier study [29, 30] 120.6 

Simultaneous formate and H diffusion, earlier study [29, 30] 89.7 
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Figure 8.5: Top and side views of sliding formate diffusion. From left to right: starting 

state, transition state and final state. 

 

 

 

Figure 8.6: Top and side views of walking formate diffusion. From left to right: starting 

state, transition state and final state. 
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difference in energy between the latter two mechanisms is caused by a difference in calculation details 

(i.e. different pseudopotentials, basis-set size etc). It is therefore apparent that the energetically 

favoured mode of diffusion of formate on the TiO2 (1 1 0) surface is by “walking” between bridging 

and monodentate configurations.  

There are two experimental areas which may be compared with these results: the diffusion of 

formates, and the initial dissociation of formic acid into formate on adsorption. Prior studies have 

observed formate diffusion over the TiO2 (1 1 0) surface by way of STM [124]. It was found that when 

an area of the TiO2 (1 1 0) surface was completely cleared of formate and hydroxyls via increasing bias 

on the STM tip, formates from the surrounding area advanced into the cleared area in the [0 0 1] 

direction at an average speed of 1.5 Å per minute at a temperature of 300 K. Noting that the Ti-Ti 

distance is approximately 3 Å, this implies a bridging to bridging diffusion every two minutes. This 

time average may be compared with the above adsorption energies through application of classical 

transition state theory. Assuming that the two partition functions cancel, an application of classical 

transition state theory reveals rate constants of 3.7×10
−7

 s
−1

 at 300 K for the sliding diffusion mode, 

many orders of magnitude too slow to yield a time average of one diffusion every two minutes. 

Obtaining a value for the walking diffusion is more complicated, as the movement of surface H
+
 groups 

would also need to be accounted for, and subsequently the diffusion barrier for H
+
 would need to be 

known. However in the limit that H
+
 is always available to facilitate the formate diffusion, the rate 

constant for a bridging to monodentate step is found to equal 5.2×10
2
 s

−1
. This is again too fast to fit 

with experimental data. The diffusion of hydrogen along the surface oxygen row following the 

dissociative adsorption of water to a defect has been studied by others using both experimental means 

and DFT [206]. A theoretical value activation energy of 103 kJ mol
−1

 was obtained, while the 

experimental value was 71 kJ mol
−1

. Both these values are higher than the energy barrier for walking 

diffusion for formate found above. This would suggest that, at low coverages, the diffusion of 

hydroxyls (rather than formate itself) may be the rate limiting step to “formate diffusion”. The 

referenced study on hydroxyl diffusion involved water adsorption to point defects, hence the surface 

being studied was reduced rather than fully oxidised. Given there is evidence that the extra electrons on 

the reduced (1 1 0) surface of rutile TiO2 may localise near the hydrogen [47], the reported activation 

barriers for hydrogen diffusion may not be applicable to a fully oxidised surface. Nonetheless, as no 

study has been conducted for isolated hydrogen diffusion following carboxylic acid adsorption to a 

fully oxidised surface, the aforementioned study represents the only source of information from which 

to draw conclusions. 
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Another experimental area which may be compared with the above results is the initial 

dissociation of formic acid to formate on adsorption to TiO2. The presence of formate has been 

observed by EELS following formic acid adsorption at 110 K on the rutile TiO2 (1 1 0) surface [25], 

and by XPS at 135 K on the {0 1 1} faceted (0 0 1) surface [27], confirming that formic acid 

dissociatively adsorbs at these temperatures. Neither of these figures represents a lower temperature 

limit below which molecular adsorption becomes favoured, rather they were simply the temperatures at 

which the experiments were carried out. Dissociation at such low temperatures may be difficult to 

explain in light of the energy barrier for dissociation found in this study, which appears too high to 

readily occur at 110 K. To illustrate succinctly, if classical transition state theory is applied under the 

assumption that the partition functions of the monodentate and transition state completely cancel, one 

obtains a half-life for the conversion from formic acid to formates of roughly 30 million years. The 

assumptions used are quite reasonable as a first approximation, as both ground and transition states 

have lost translational and rotational freedoms, and at low temperatures the vibrational contributions to 

the partition functions become small. One possible explanation for the disagreement between 

experimentally observed low-temperature dissociation and the theoretically predicted half-lives lies in 

the release of the energy of adsorption, which would initially be concentrated in the newly formed 

vibrational modes between adsorbate and substrate. As such, the effective temperature for newly 

adsorbed molecules would be higher than the temperature of the environment, even if the adsorbates 

were cooled to the same temperature as the environment prior to dosing of the surface. Assuming this 

heat did not diffuse into the substrate quickly, it would provide the necessary energy to surmount the 

dissociation barrier. 

 

8.3 Conclusions 

 

This section has contributed to the already well studied system of formic acid adsorption over the 

rutile TiO2 (1 1 0) surface. The mechanism of formate diffusion is clarified: while formate diffusion is 

aided through the presence of nearby dissociated protons, the role of these protons is to provide a stable 

hydrogen bonded intermediate state which allows for a walking diffusion mechanism. This contrasts 

with earlier suggestions that the formate diffuses in a sliding motion together with the dissociated 

proton.  
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Chapter 9   

 

Formamide Adsorption over the TiO2 

(1 1 0) Surface 

 

This chapter contains a study of the adsorption modes of monomeric formamide over the rutile 

TiO2 (1 1 0) surface. The electronic structure of the most stable molecular and dissociative adsorption 

configurations are examined. Finally, adsorption configurations of a likely decomposition pathway for 

formamide, based on formic acid‟s decomposition pathway over this surface, are studied and discussed. 

 

9.1 Introduction 

 

The observation that formamide can undergo a photoreaction on the rutile TiO2 (0 1 1) surface to 

generate nucleobases is a particularly strong reason for further study of formamide adsorption over 

TiO2. However, given the uncertainty as to the precise nature of the TiO2 (0 1 1) surface during much 

of the time that this work was carried out [15, 16, 62, 63], prudence dictated that the study of 

formamide should be carried out on one of the better characterised and understood surfaces of rutile 

TiO2. As the (1 1 0) surface of rutile TiO2 is currently the most studied (and subsequently best 

understood) of the rutile TiO2 surfaces, the rutile TiO2 (1 1 0) surface was used to study formamide 

adsorption in this thesis. 

The use of a different surface to the (0 1 1) is not necessarily a problem. Much of the essential 

chemistry on the (0 1 1) surface appears to be duplicated by the (1 1 0) surface – in the case of formic 

acid, for example, dissociative adsorption has been shown to occur on both the (0 1 1) and (1 1 0) 

surface [25, 27]. Both appear to generate water through reaction of the dissociated protons with surface 

oxygen, and both yield the same major decomposition products. Experimental data suggests that much 

of adsorbed formamide at room temperature reacts to form an HCN polymer [7, 18], however there is 
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clear evidence from XPS that monomeric formamide is present at 84 K [7]. Moreover, some species 

must be present on the surface that is capable of yielding formamide on desorption. This is unlikely to 

be an HCN polymer and is instead more likely to be either monomeric formamide (or the conjugate 

base thereof) or some other polymer which retains oxygen in its repeat unit. In this section the 

adsorption modes of monomeric formamide adsorption will be examined. 

 

9.2 Methodology 

 

Calculations on the adsorption of formamide to the (1 1 0) surface have been carried out on 5 

layer slabs. A 25 Ryd kinetic cutoff has been used, along with an augmented charge density cutoff of 

250 Ryd. The k-point sampling was carried out at densities equivalent or greater than a 2×4 grid per 

surface unit cell. 15 Å vacuum space has been used to separate the repeating images of slabs. 

Calculations were carried out using the program PWSCF [172]. The work in this chapter was, 

chronologically, conducted prior to the other chapters. Because of this, it employs different surface 

relaxation methodology: Instead of allowing the positional relaxation of all atoms, the lower 3 layers of 

the TiO2 slab were frozen in their bulk positions. This duplicates the methodology of Bates et al. [54], 

who suggest a single sided relaxation of the surface provides faster convergence of adsorption energies 

than allowing all layers to relax. More chronologically recent work, presented in Chapter 8 suggests 

this may overestimate the absolute values of adsorption energies. The relative stability of the different 

adsorption configurations, on the other hand, should be less affected due to internal error cancellation.  

 

9.3 Formamide Adsorption Results 

 

The tested adsorption modes for formamide over the rutile TiO2 (1 1 0) surface are shown on the 

next page in Figure 9.1, while Table 9.1 (page 138) shows various structural parameters and adsorption 

energies. At a coverage of one formamide per 1×2 cell, there is virtually no difference in energy 

between the possible bridging configurations (labelled in the table as D1), and the monodentate plus 

hydrogen bonding configuration (labelled M1). For the D1 configuration, the position of the dissociated 

hydrogen was found to have a 1.6 kJ mol
−1

 affect on the adsorption energy. This very small change 

was, however, sufficient to dictate whether the dissociative or molecular adsorption configuration was 

energetically favoured at this level of coverage. 
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D1 Configuration M1 Configuration 

  
M2 Configuration M3 Configuration 

  
M4 Configuration I1 Configuration 

Figure 9.1: The studied adsorption configurations of formamide over the rutile TiO2 (1 1 0) 

surface. 
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Table 9.1: Adsorption energies and structural parameters for formamide adsorption over the 

(1 1 0) surface of rutile TiO2 using a 1×2 cell. 

Configuration D1 M1 M2 M3 M4* I1 

Adsorption Energy 
(kJ mol−1) 

−87.2 
/−85.7 

−87.0 −51.8 −2.1 * −70.0 

C-O bond length (Å) 1.289 1.251 1.241 1.233 1.215 1.311 
C-N bond length (Å) 1.317 1.333 1.342 1.353 1.444 1.299 

N-H(1) bond length (Å) -- 1.016 1.017 1.026 1.033 1.030 
N-H(2) bond length (Å) 1.025 1.055 1.015 1.022 1.035 -- 
C-H(3) bond length (Å) 1.110 1.111 1.111 1.112 1.114 1.102 
O-H(1) bond length (Å) -- -- -- -- -- 1.045 
O-Ti bond length (Å) 2.067 2.189 2.281 -- 2.393 -- 
N-Ti bond length (Å) 2.158 -- -- -- 2.341 2.202 

H(1)-O(surface) length (Å) 0.97 1.667 3.617 2.003 -- 1.506 
O-C-N angle (°) 125.2 126.1 126.6 126.0 124.4 126.9 
H-N-H angle (°) -- 120.1 118.5 119.1 107.6 -- 

Ti(surface)-N-C angle (°) 129.3 -- -- -- 117.3 139.0 
Ti(surface)-O-C angle (°) 123.0 145.7 142.6 -- 132.6 -- 

* The M4 configuration was found to represent a local energy minima only under gamma point 
sampling, and reverted to an M2 configuration during geometry relaxation at higher grid densities. 
Hence no adsorption energy is provided. 

  

Out of the different molecular adsorption configurations trialled, the M1 configuration, which 

orients the molecule in the          direction with the amino hydrogens toward the surface oxygens, had 

a larger adsorption energy than the M2 configuration, where formamide is oriented away from the 

surface oxygens in the         direction. This contrasts with the adsorption of formaldehyde studied in 

chapter 6, where formaldehyde bonded more weakly to the surface when angled in the          direction 

than in roughly the         direction. The difference can be explained in terms of the higher 

electronegativity of the formamide N, which makes the amino H more susceptible to hydrogen bonding 

than those on formaldehyde. A similar configuration was shown to exist for formic acid adsorption in 

chapter 7. 

A general trend is apparent in the bond lengths of the molecular adsorption configurations 

studied: larger adsorption energies lead to shorter Ti-O bonds, longer O-C bonds and shorter N-H 

bonds. This is reasonably understandable in terms of elementary bond orders: forming a coordinate 

bond with the surface partially breaks the C=O double bond, causing it to lengthen. In order to 

compensate for this, the C-N bond strengthens reducing the C-N bond length. Both the M1 and M3 

configurations appear to involve hydrogen bonding based on their equilibrium geometry. The M3 

bonds to the surface solely through hydrogen bonding, while the M1 also coordinate bonds through its 
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carbonyl O to a surface Ti. The adsorption energy for the M3 configuration is extremely small (−2.1 kJ 

mol
−1

), suggesting the strength of the hydrogen bonding in that configuration is extremely limited. In 

the M1 configuration however, hydrogen bonding appears to play a major role in the size of the 

adsorption energy: the M2 (which features O coordinate bonding without hydrogen bonding) has an 

adsorption energy 35.2 kJ mol
−1

 weaker than the M1 configuration; the M1 configuration has 

essentially the same coordinate bonding as the M2 but also allows for hydrogen bonding. 

When using only the Γ k-point for sampling the reciprocal space of the 1×2 cell of the surface 

(i.e. a sampling density of 1×2 per surface repeat unit), a local minimum appears to exist for molecular 

formamide coordinate bonding to the surface through its N atom, although it is substantially higher in 

energy than all other configurations examined. This configuration ceases to even represent a local 

minimum when sampling is increased to 2×2 regular grids or higher (as such no adsorption energy has 

been listed in the table). The lack of stability of N-bonding formamide appears to be a result of the 

large energy barrier to rotation of the amino group in formamide [207]. In order to place the size of the 

energy barrier for formamide rotation in context, it is useful to compare the barrier energy with the 

adsorption energy of a strong Lewis base to the surface. This will indicate to what extent the energy 

tradeoff for forming the dative bond between the amino group and the surface will offset the extra 

energy for out-of-plane formamide rotation. As ammonia adsorption to this surface has been studied 

previously by both theoretical [51] and experimental means [80], it will be used as an example of a 

strong Lewis base. An experimental study reported an ammonia adsorption energy of −86 kJ mol
−1

 on 

this surface [80], while computational work has put the value at −74 kJ mol
−1

 (DFT with the PW91 

functional, plane-wave basis sets) [51]. This compares with a rotational energy barrier of 78 kJ mol
−1

 

[207]. The extent of charge delocalisation in amides tends to further diminish their strength as Lewis 

bases. Even if there were no barrier to rotation of the amino group, the strength of any coordinate 

bonding between the N atom of formamide and surface cations would most likely be less than that of 

ammonia. The ammonia interaction energy is therefore a generous estimate. It is apparent that even 

with the generosity of the assumptions used, the energy gain on forming the Ti-N bond is cancelled out 

by the energy penalty associated with rotating the NH2 group. The lack of a stable adsorption mode 

which coordinate bonds through the N atom is therefore understandable. Molecular formamide 

adsorption involving N coordinate bonding has however been suggested to occur on the oxygen 

covered ruthenium (0 0 0 1) surface [32]. The plausibility of this configuration is discussed in detail in 

the next chapter. 

In order to gauge the dependence of coverage on the adsorption energies, the most stable 

dissociative and molecular configurations have been rerun in a 1×3 unit cell. As it was impossible to 
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maintain the same k-point sampling density moving from the 1×2 to 1×3 cell, k-point sampling was 

performed at a higher density by retaining the 2×2×1 grid for the 1×3 cell. The use of a 1×3 supercell 

places an extra empty Ti site and an additional 2.96 Å of space between neighbouring adsorbates, 

resulting in a lower level of coverage. The resulting adsorption energies and structural parameters are 

shown in Table 9.2 below. While both adsorption energies have increased relative to the 1×2 cell, the 

D1 (dissociative adsorption) configuration gains a slightly greater energetic favour over the M1 

(molecular adsorption) configuration when compared with the 1×2 cell. 

 

Table 9.2: Adsorption energies and structural parameters for formamide adsorption over the 

(1 1 0) surface of rutile TiO2 using a 1×3 cell. 

Configuration D1 M1 
Adsorption Energy  

(kJ mol−1) 
−106.5 −99.1 

C=O bond length (Å) 1.293 1.257 
C-N bond length (Å) 1.313 1.328 

N-H(1) bond length (Å) -- 1.058 
N-H(2) bond length (Å) 1.024 1.017 
C-H bond length (Å) 1.107 1.109 

H(1)-O(surface) length (Å) 0.971 1.641 
O-C-N angle (°) 125.07 125.9 
H-N-H angle (°) -- 120.1 

 

 

9.4 Formamidic Acid Isomerisation 

 

The I1 configuration studied in this section is a tautomerisation from formamide to formamidic 

acid. Similar tautomerisations within nucleobases have been postulated to cause the mutation of DNA 

[208, 209]. One of the reasons for studying formamide is that it acts as a prototype molecule, 

possessing similar functionality to several of the nucleobases, so there is considerable reason to 

examine the I1 mode (and whether the surface increases the amount of it present) in more detail.  

The relative gas-phase energies of formamidic acid and formamide were found based on the same 

computational methodology used in the surface portion of this study (plane-wave basis sets, PBE 

exchange correlation functional). In the gas phase, formamidic acid was found to be 72.9 kJ mol
−1

 less 

stable than formamide. Comparatively, on the surface the energy difference between formamide in the 
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D1 configuration and formamidic acid (I1) was only 17.2 kJ mol
−1

. Taking only the relative energies of 

formamide and formamidic acid into account, and applying a Boltzmann distribution leads to an I1 to 

D1 ratio of ~0.001 at 300 K, an enhancement of 5×10
9
 over the gas-phase value. There are, however, 

two factors which mitigate this. Firstly, if implanted in a biological system, a titanium dioxide surface 

is likely to be significantly hydroxylated, while the I1 configuration relies on exposed surface oxygens 

to facilitate hydrogen bonding. The hydroxylation of the surface will therefore reduce the number of 

sites available for the I1 configuration to form on.  

Secondly, while the relative energy between formamide and formamidic acid has been reduced, 

an extra entropy bias has been introduced which may offset the decrease in energy difference to some 

degree. For an adsorbate on the surface, the largest contributor to entropy at low temperatures is the 

configurational entropy gained from arranging adsorbates over the various adsorption sites on the 

surface. Dissociated adsorption in the D1 configuration introduces a second adsorbate (the dissociated 

hydrogen) onto a separate set of sites (the bridging oxygen rows). In order to illustrate this in a semi-

quantitative manner, an elementary model of the surface will now be considered. The surface will be 

assumed to consist of a set of identical Ti sites, and a set of identical O sites. All adsorption 

configurations will be assumed to take up a single Ti site per adsorption configuration (an 

approximation which will not hold in the large coverage limit, as formamide in the D1 configuration 

bonds to two rather than one surface titanium atoms, but should be reasonable for small coverages). 

Each dissociated formamide will release a proton which will occupy one O site. Molecular adsorbed 

formamide will not occupy these sites. Only the adsorption configurations with the three strongest 

adsorption energies (D1, M1, and I1) will be considered. The entropy of the system, excluding that 

obtained from vibrations, will then be given as: 

                                                     

                           
(9.1)   

Where     and    are the number of titanium and oxygen sites on the surface respectively, each 

assumed to equal 10
14

 (the order of magnitude of sites on a square centimetre of surface), and    , 

   ,     are the populations of the three adsorption configurations. The energy is taken as the simple 

sum of the product of the various adsorption energies (           ) and their populations. No 

consideration is given to coverage‟s effect on energy. 

                        (9.2)   
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In order to find the relative amount of each adsorption configuration adopted at surface equilibrium, the 

free energy was minimised subject to the constraint that the total formamide population be conserved. 

Table 9.3 shows the predicted equilibrium population fractions of each adsorption mode. 

 

Table 9.3: Predicted Populations of the D1, M1 and I1 Formamide adsorption modes over 

the rutile TiO2 (1 1 0) surface. 

Normalised Formamide 
Coverage 

D1 population  
fraction 

M1 population  
fraction 

I1 population  
fraction 

0.001 9.9995×10−1 4.5×10−4 9.7×10−7 
0.01 9.955×10−1 4.5×10−3 9.7×10−6 
0.05 9.77×10−1 2.3×10−2 5.0×10−5 
0.1 9.53×10−1 4.7×10−2 1.0×10−4 
0.5 7.2×10−1 2.8×10−1 6.2×10−4 

 

As a coverage of 0.5 is approached, the ratio of I1 to D1 configurations gets relatively close to the 

~0.001 value obtained from the elementary application of the Boltzmann distribution. However at 

lower coverages the I1 population fraction dies off quickly. The reasons for this may be traced back to 

the contributions of the oxygen row to the entropy, which reach a maximum as the D1 configuration 

occupies half the oxygen sites. Because of this, the chemical potential for the D1 configuration loses its 

entropy contribution from the oxygen row as half coverage in the D1 configuration is approached, and 

further additions to the D1 configuration become less favourable as the total population is increased. 

Significantly increased tautomerisation is therefore only likely for particularly large coverages of the 

surface. For smaller coverages (which are more realistic if the formamide molecules are taken as 

simplifications of larger molecules present in a biological system) the tautomerised (I1) population 

fraction is substantially less, and the D1 dissociative configuration strongly dominates. 
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9.5 Electronic Density of States of Formamide 

 

9.5.1 Dissociated Formamide DOS 

 

The electronic density of states of formamide adsorbed in the D1 configuration is shown in Figure 9.2 

and 9.3 on the next page, along with the partial DOS of the HCONH
−
 and H

+
 adsorbates. In order to 

confirm the association of the various DOS peaks with particular formamide molecular orbitals, the 

bands with the largest projection onto the atoms of formamide under each formamide partial DOS peak 

were identified. Isosurface plots of these bands were made at the Γ-point and compared with the gas-

phase formamide molecular orbitals. These isosurface plots are shown in Figure 9.4. While most of the 

bands located on the surface are in the same order as in the gas phase, the positions of 5 and 7 appear to 

have switched. This is not particularly surprising as, in molecular formamide, orbital 5 possesses a lobe 

around the hydrogen which is dissociated in the D1 configuration. The absence of a bond within this 

lobe can be expected to substantially raise the energy of orbital 5. The presence of the surface OH 

results in the creation of single orbital peaks just below the main O(2s) and O(2p) valence band areas. 

These have been identified based on their projection onto the dissociated H partial DOS and labelled 

“OH 1” and “OH 2” respectively. A large shoulder peak just below the Fermi energy and the peak 

above the O(2s) band region both result from leaving some of the layers unrelaxed, and do not relate to 

surface adsorbates. 

Three of the peaks in the partial density of states (labelled 1, 3 and 4) are distinguishable as 

discrete peaks on the total density of states plot. The remaining peaks (labelled 2, 7 and 5/6/8/9) 

overlap with the O(2s) and O(2p) valence band areas and can only be distinguished by examination of 

the partial DOS. In the case of the area designated as peak 5/6/8/9, the peaks from four of the 

formamide orbitals have broadened too much to be individually distinguishable on the formamide 

partial DOS. The large degree of broadening suggests strong rehybridisation with at least some of the 

orbitals. The partial DOS of formamide over the 5/6/8/9 peak range is shown in more detail in Figure 

9.3. As the molecule is oriented completely in the y-direction of the cell (corresponding to the          

direction on the surface), peaks corresponding to the π-orbitals (orbitals 6 and 8) will project entirely 

onto px atomic orbitals. The partial DOS consisting of only the formamide C, O and N px contributions 

is also shown in Figure 9.3. Based on the px partial DOS, the peaks at the upper and lower ends of the 

6/7/8/9 region distribution correspond to the π-like orbitals (6 and 8). These peaks are relatively 
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Figure 9.2: DOS of formamide adsorbed in the D1 mode to the rutile TiO2 (1 1 0) surface. 

Upper Solid line: Total DOS; Dashed line: HCONH
−
 Partial DOS; Lower Solid Line: 

dissociated H partial DOS. Peaks are numbered corresponding to entries in the peak 

integral table. 

 

 

Figure 9.3: Close-up of the DOS of the D1 formamide adsorption mode over rutile TiO2 

(1 1 0)  surface. Evenly dashed line: The HCONH
−
 partial DOS;  unevenly dashed line: 

partial DOS of the formamide N,C,O  px orbitals. The supercell‟s x-axis lies in the         
direction on the surface. 
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Figure 9.4: The formamide molecular orbitals, labelled in order of ascending energy in the 

gas phase. Also shown are the analogous Γ-point bands for formamide adsorbed in the D1 

configuration for identification purposes. 

 

narrow as compared to the remainder of the partial DOS in this region, suggesting a lesser degree of 

interaction with the surface than the remaining orbitals (7 and 9). A lesser degree of interaction with the 

surface is expected for the π-symmetry orbitals as they possess a node at the formamide-surface Ti 

bond axis. 

A continuous and relatively even distribution of states stretches evenly between peaks assigned to 

orbitals 6 and 8 in the partial DOS, suggesting some level of bonding with the surface does still occur. 
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The remainder of the states in the partial DOS correspond to orbitals 7 and 9. While it is not possible to 

easily divide the remaining states into either orbital, it is clear that both said orbitals interact with the 

surface to a significant extent as neither yields the tight peaks observed for the formamide orbitals 1, 3 

and 4 in the total DOS, nor indeed the peaks in the partial DOS corresponding to orbitals 2, 7, 6 and 8. 

A visual examination of the gas-phase molecular orbitals 5 and 9 (Figure 9.4) shows that lobes 

extending off the oxygen atom are oriented roughly toward the surface. In the case of orbital 5 they are 

directed along the C-O bond, and in the case of orbital 9 they are rotated approximately 90° from the  

C-O bond. The surface normal (and O-Ti bond axis) are close to midway between these two directions, 

so it is reasonable that both orbitals would be involved in bonding. 

DOS Integrals for the partial DOS peaks are shown in Table 9.4, along with the total Löwdin 

population of formamide. The total Löwdin population of the HCONH
−
 fragment is 17.18, above the 

total nuclear charge of 17. This is consistent with the notion that the fragment behaves as an ion on the 

surface. Orbital 7 shows the largest peak integral reduction on bonding to the surface (a loss 0.23 

electrons). The electronic density of states shows the peak corresponding to orbital 7 is just below the 

valence band region, and appears to produce a sharp peak without dispersion. Because of this, orbital 

7‟s mode of interaction with the surface is best described in terms of charge donation to the surface. By 

comparison orbitals 5,6,8,9 show an averaged loss of 0.06 electrons each. This combined with the 

higher degree of broadening in the DOS over the valence region suggests their interactions be better 

interpreted in terms of more covalent bonding and incorporation into the valance bands of the surface. 

 

Table 9.4: Integrals of the DOS peaks and total Löwdin population for formamide 

adsorbed in the D1 mode to the rutile TiO2 (1 1 0) surface. Also shown are the analogous 

data for formamide in the gas phase. 

Peak 
D1 adsorbed 
Formamide 

Gas-phase 
Formamide 

1 1.94 1.98 
2 1.97 1.97 
3 1.91 1.96 
4 1.91 1.94 
7 1.73 1.96 

6/5/8/9 7.64 7.90 
HCONH− total 

Löwdin population 
 

17.18 
 

17.71 
 

OH 1 0.30  
OH 2 0.23  

H+ total Löwdin 
population 

0.57  
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9.6 Molecular Formamide DOS 

 

The electronic DOS for formamide adsorbed in the M1 configuration is shown in Figure 9.5 and Figure 

9.6 on page 148, while the peak integrals and total Löwdin population assigned to formamide are 

shown in Table 9.5. For molecular adsorbed formamide it is somewhat easier to resolve the peaks 

corresponding to formamide molecular orbitals than in the dissociated (D1) case: for the M1 

configuration, 4 of the formamide orbitals (1, 3, 4 and 5) produce peaks outside the valence band 

energy ranges. Of the peaks in the O(2p) energy domain, a far lower dispersion of states occurs, such 

that two distinct peaks are evident, each corresponding to two molecular orbitals. This contrasts with 

the D1 configuration, where a single continuous distribution of states stretches across the valence 

region on the formamide partial DOS. The comparative lack of dispersion amongst the energies of the 

valence states in the M1 configuration is symptomatic of a lesser degree of bonding with the surface. 

Overall, the total Löwdin population for the M1 configuration shows a decrease of 0.1 electron 

when compared with gas-phase formamide. The largest contribution to this population reduction occurs 

from peak 5 (down 0.08 electrons) and combination peak 6/7 (down 0.18 electrons). Both formamide 

orbital 5 and orbital 7 (shown in Figure 9.7, page 149) possess large lobes pointing downward from 

carbonyl oxygen directly toward a surface titanium, so charge donation from these two orbitals is 

expected. 

 

Table 9.5: Integrals of the local DOS peaks and total Löwdin population for formamide 

adsorbed in the M1 mode to the rutile TiO2 (1 1 0) suface. Also shown are the analogous 

data for formamide in the gas phase. 

Peak 
M1 adsorbed 

formamide 
Gas-phase 
formamide 

1 1.96 1.98 
2 1.97 1.97 
3 1.95 1.96 
4 1.94 1.94 
5 1.88 1.96 

6/7 3.76 3.94 
8/9 4.09 3.96 

HCONH− Total 
Löwdin Population 

17.61 17.71 
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Figure 9.5: DOS of formamide adsorbed in the M1 mode to the rutile TiO2 (1 1 0) surface. 

Upper Solid line: Total DOS; Dashed line: HCONH
−
 Partial DOS. Peaks are numbered 

corresponding to entries in the peak integral table. 

 

 

Figure 9.6: Close-up of the DOS of the M1 formamide adsorption mode over rutile TiO2 

(1 1 0) surface. Evenly dashed line: The formamide partial DOS; unevenly dashed line: 

partial DOS of the formamide N,C,O  py orbitals. The supercell‟s y-axis is oriented in the 

[0 0 1] direction of the surface. 
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Figure 9.7: The formamide molecular orbitals, labelled in order of ascending energy in the 

gas phase. Also shown are the analogous Γ-point bands for formamide adsorbed in the M1 

configuration for identification purposes. 

 

The remaining orbitals show little to no peak integral reduction. The 8/9 combination peak 

actually shows a population above 4 electrons; this results from the peaks in the valence band region 

being contributed to by a large number of orbitals, rather than a single pair of orbitals. Orbitals 6 and 7, 

which were completely degenerate in the gas phase, have a peak to peak splitting of 0.53 eV in the M1 

configuration. The higher energy peak in the grouping assigned to orbitals 6 and 7 was found to result 
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almost entirely from states projecting onto the py orbitals of N, C and O (shown in Figure 9.6). Given 

the orientation of M1 formamide along the cell‟s x-axis, this indicates that the higher energy peak 

corresponds to the π-like orbital 6. The fact that orbital 7 is lowered in energy relative to orbital 6 is not 

surprising: orbital 6 is a π-bonding orbital possessing a nodal plane directly above the surface Ti, while 

orbital 7 possesses a large lobe extending toward the surface. It is therefore expected that orbital 7 will 

undergo more bonding with the surface, and subsequently possess a lower energy than orbital 6 when 

adsorbed. 

 

9.7 Initial Steps in Formamide Decomposition 

 

The overall thermally driven reaction for formamide over rutile TiO2 is one of decomposition, 

eventually yielding hydrogen cyanide, formamide, carbon monoxide and water. Of the two 

experimental investigations of formamide adsorption to single crystal rutile TiO2 [7, 18], one also 

reported the evolution of hydrogen [7]. The next phase of this study will examine the plausibility of 

formamide following an analogous route to the decomposition of formic acid [28]. A formic acid style 

decomposition route will consist of the following steps: 

 Generation of an oxygen point vacancy from the reaction of two dissociated hydrogens (sourced 

from the D1 configuration of formamide) and a surface oxygen to form water. 

 HCONH
−
 adopting a configuration which bonds directly to the point vacancy. 

 The dissociation of further hydrogen atoms from the formamide residue until the observed 

decomposition product (hydrogen cyanide or carbon monoxide + an extra O or N respectively) 

are all that remain.  

 Both hydrogen cyanide and carbon monoxide are weakly bound to TiO2, and should desorb 

very soon after forming. The extra O or N atom fills in the point vacancy in the oxide row, 

restoring a perfect surface in the case of O, or introducing a substitutional defect in the case of 

N. 

In the first of these steps the OCHNH
−
 ion is a spectator; the reaction is essentially a function of 

the dissociated protons and surface oxygen only, and is therefore identical to the already studied 

analogous reactions of formic acid. This study will therefore begin by studying the stable 

configurations of formamide in the defect, rather than the formation of the defect itself. 
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When considering how formamide may bond to the defect, inspiration may once again be drawn 

from the considerable base of knowledge in the adsorption of carboxylates at TiO2 defect sites. STM 

[28] and Fourier transform reflection adsorption IR spectroscopy [46] have observed carboxylates 

bonding to oxygen point vacancies on TiO2 by positioning a single formate O atom directly in the 

vacancy. The remaining formate O atom bonds to one of the five-fold coordinated surface Ti. For 

formamide, two analogues of this adsorption configuration are possible, differentiated by whether the N 

or O atom is placed over the vacancy. These two modes will be referred to as VN and VO¸ where the N 

and O refer to the atom directly above the vacancy. As two formamides and only a single vacancy are 

present in the cell, only one formamide actually adopts the VN or VO configuration. The other 

formamide remains in the D1 configuration. Because two formamides are needed for the first 

decomposition step, the supercell has been lengthened to house the 1×4 slab needed to support the 

adsorption of two formamide molecules. Aside from the lengthening of the supercell (and slab within) 

and reducing the k-point sampling to retain the sampling density, the calculation details are identical to 

those used for monomeric formamide adsorption using the 1×2 cell.  

The equilibrium geometry of the VN and VO configurations are shown in Figure 9.8, while 

structural parameters are provided in Table 9.6 (both on the next page), along with adsorption energies 

of the configurations per formamide unit. Because the studied adsorption configuration retains a 

formamide in the D1 configuration in addition to one in the VN/VO configuration, the adsorption 

energy here is an average for both the VN/VO and D1 configuration rather than simply a measure of 

the VN/VO configuration. The adsorption energies also include the removal of a single water molecule 

from the surface and are subsequently less than that of formamide in the earlier configurations studied. 

Both configurations have very similar adsorption energies and show a change in adsorption energy of  

  

VN VO 

Figure 9.8: Adsorption modes for the initial decomposition step of formamide. The VN 

Configuration places the formamide N atom within an oxygen vacancy, while the 

analogous VO configuration places the formamide O atom within the vacancy. 
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Table 9.6: Adsorption energy and structural properties of formamide adsorbed in VN and 

VO configurations . To prevent reduction of the surface, formamide in the D1 configuration 

is also present. 

 VO Configuration  VN Configuration 

 
Formamide in 

vacancy 
D1 formamide 

 Formamide in 
vacancy 

D1 formamide 

Adsorption Energy  
(kJ mol−1) 

−54.8/formamide 
 

−54.9/formamide 

C-O distance (Å) 1.333 1.293  1.256 1.292 

C-N distance (Å) 1.292 1.314  1.362 1.314 

C-H distance (Å) 1.105 1.107  1.110 1.107 

N-H distance (Å) 1.026 1.024  1.029 1.025 

O-Ti distance (Å) 2.172, 2.168 2.026  2.217 2.018 

N-Ti distance (Å) 2.297 2.171  2.286, 2.287 2.163 

O-C-N angle (°) 123.5 124.9  126.4 124.8 

 

−34 kJ mol
−1

 over the D1 configuration at an equivalent coverage. This compares with a change in 

energy of −50 kJ mol
−1

 reported for formic acid undergoing an analogous change in adsorption mode 

[28]. The larger change in energy reported for formic acid is consistent with its larger adsorption 

energies in general relative to formamide. Bond lengths vary considerably between the two 

configurations depending on which electronegative atom occupies the defect. In the VO configuration, 

the C-O bond has extended by 0.044 Å relative to the D1 configuration, indicative of stronger bonding 

between the surface and carbonyl O, and subsequent weakening of the C-O bond. The C-N bond 

contracts 0.025 Å, presumably weakening of the C-O bond stimulates a strengthening of the C-N bond 

to retain the bond order around the C. The contraction of the C-N bond is such that C-N is shorter in the 

VO configuration than in the I1 (formamidic acid isomerisation) configuration studied earlier. Similarly 

the C-O bond is longer in the VO configuration than in the I1. This suggests that bonds of sufficient 

strength have formed between the formamide oxygen and surface so that when drawing structures, the 

double bond should be considered between the carbon and nitrogen atoms, rather than the carbon and 

oxygen atoms. For the VN configuration, an analogous situation arises: the C-N bond elongates by 

0.033 Å and the C-O bond contracts by 0.045 Å relative to the D1 configuration. The N-H bond is also 

marginally elongated. 

The next step of a formic acid–like decomposition route is the further transfer of hydrogens from 

the VN or VO configuration to the surface, until the formamide residue becomes unstable and breaks 

up into either carbon monoxide or hydrogen cyanide and a N
3−

 or O
2−

 anion to fill the vacancy. A stable 

configuration for OCHN
2−

 was found when N was above the vacancy, this will be labelled the VN2 

configuration. For oxygen above the vacancy, removal of a single extra H from the N atom (to produce 
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OCHN
2−

) resulted in a rearrangement during geometry optimisation to immediately form HCN. The 

absence of a doubly deprotonated configuration with O in the vacancy is consistent with an elementary 

bonding picture: each vacancy formally possesses two dangling bonds, while oxygen becomes 

saturated at two bonds. With a structurally sound alternative for the remainder of the molecule 

(hydrogen cyanide), little to no barrier to decomposition would exist. Conversely, when nitrogen is 

above the vacancy, the nitrogen can accommodate the two bonds from the vacancy while also retaining 

a bond with the carbon atom. Cleaving the carbon nitrogen bond would leave an unstable HCO species, 

while cleaving the carbon oxygen bond would leave the oxygen with only a single bond to a surface 

titanium.  

Properties of the VN2 configuration are shown in Table 9.7. The transfer of the second proton to 

the surface oxygens is energetically unfavourable by 36.7 kJ mol
−1

 over the VN configuration, however 

the energy difference is sufficiently small so that the process can be expected to proceed at elevated. 

temperatures, especially as the dissociated H will be removed as desorbing water, driving the reaction 

to completion. In comparison to the VN configuration, Ti-N bond distances become substantially 

smaller in the VN2 configuration. This is consistent with stronger bonding to the surface taking over 

the role of the missing hydrogen. Both the C-N and C-O bonds also lengthen. The lengthening of the C-

N bond suggests that the C-N does not share in an increase in bond strength resulting from the loss of 

the N-H bond, and instead weakens. Weakening the C-N bond would facilitate further decomposition 

consistent with the suggested scheme, where the simultaneous breaking of the C-N bond and removal 

of the final hydrogen atom would result in the experimentally observed carbon monoxide evolution. 

 

Table 9.7: Adsorption energy and structural properties of doubly deprotonated formamide 

adsorbed in the VN2 configuration. To prevent reduction of the surface, formamide in the 

D1 configuration is also present. 

 
VN2 

formamide 
VN2 (D1 

formamide) 

Adsorption Energy (kJ mol−1) −18.2/formamide 

C-O distance (Å) 1.264 1.290 

C-N distance (Å) 1.349 1.315 

C-H distance (Å) 1.112 1.107 

N-H distance (Å) - 1.024 

O-Ti distance (Å) 2.207 2.020 

N-Ti distance (Å) 1.982, 2.021 2.162 

O-C-N angle (°) 126.1 124.8 

O(surface)-H distance (Å) 0.975 - 
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A reaction scheme consistent with these adsorption configurations is given in equation (9.3) and (9.4) 

below: 

 
HCONH

−
(ads, VN) → HCON

2−
(ads, VN2) + H

+
(ads) 

HCON
2−

(ads, VN2) + V → CO(g) + H
+

(ads) + N
3−

(s) 

(9.3)   

 HCONH
−

(ads, VO) + V → HCN(g) + H
+

(ads) + O
2−

(s) (9.4)   

Reaction (9.4) restores the surface to a defect free configuration, with the spectator formamide 

adsorbed in the D1 configuration now back to possessing a dissociated proton. Because the D1 

adsorption mode with dissociated proton has already been studied earlier in this section, focus will 

instead be given to reaction (9.3), where the oxygen row vacancy is replaced by a nitrogen point 

substitutional defect.  

The decomposition of formamide in the VN adsorption configuration through reaction (9.3) 

provides an explanation for the experimentally observed nitriding of the TiO2 surface after formamide 

adsorption. The calculated adsorption energies for the VN and VO configurations show very little 

difference in energy. Roughly even quantities of both configurations are expected, and therefore around 

half of adsorbed formamide molecules may be expected to decompose in a manner that causes nitrogen 

substitution. Experimental observations also showed carbon monoxide tended to be released 

simultaneously with water and ammonia, with desorption peaks in the TPD spectrum coincident with 

the same temperatures [18]. This would follow from a decomposition pathway which releases H
+
 onto 

the surface, which could combine with either surface oxygen or newly deposited surface nitrogen to 

desorb as water or ammonia respectively. This is therefore consistent with a formic acid type 

decomposition route.  

On the question of whether the adsorbate is actually monomeric formamide or some sort of HCN 

polymer, the evolution of carbon monoxide suggests a considerable presence of oxygen in the 

decomposing adsorbate. This is more likely to be monomeric formamide rather than a classical HCN 

polymer (which as the name suggests, lacks oxygen). Simultaneous CO and H2 evolution was also 

observed above 700 K in one study [7]. This would not fit reaction (9.3) or (9.4), unless either the 

substitutional nitrogen or surface oxygen were allowed to adopt higher formal oxidation states than N
3−

 

and O
2−

 ions. Relative electronegativities suggest the substitutional nitrogen is more likely to adopt the 

higher oxidation state than oxygen. Substitutional surface nitrogen has been previously studied on the 

(1 1 0) surface by DFT [48]. When a nitrogen is substituted for an oxygen atom in TiO2 over an 

otherwise pristine surface, it is impossible for it to adopt a more reduced state than N
2−

, owing to the Ti 

ions already being in their maximum oxidation state. While structures possessing N
2−

 were found to 
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represent local energy minima, they possessed higher energies than the removal of the nitrogen as 

gaseous N2 [48]. It can be reasonably assumed then that a reaction requiring the oxidation of N
3−

, such 

as the generation of hydrogen gas, will possess high energy barriers to formation. This may explain 

why large scale hydrogen gas evolution was only observed at temperatures above 700 K. Substitutional 

nitrogen was also reported to stabilise considerably in the presence of additional oxygen point 

vacancies [48]. It was shown that the electrons normally associated on the vacancy were instead 

relocated to the substitutional nitrogens, allowing the 3− oxidation state to be reached. In the above 

scheme, one of the two hydrogen atoms that remains on the surface would essentially perform the same 

role, donating its electron to allow the nitrogen to reach the 3− state (with the other hydrogen atom 

donating an electron to keep the D1 HCONH
−
 in the 1− state). 

 

9.8 Conclusions 

 

The possible molecular and dissociative adsorption configurations for formamide over the rutile 

TiO2 (1 1 0) surface have been studied by way of density functional theory. At a coverage of one 

formamide per two surface Ti, there is little difference in energy between molecular and dissociative 

adsorption configurations, while at lower coverages formamide is biased toward a bridging dissociative 

(D1) configuration. For the most energetically favoured adsorption configuration (the D1 

configuration), bonding between formamide and the surface appears to occur primarily through 

integration of the highest occupied molecular molecule and the fifth lowest energy molecular orbital 

(ordered in terms of energy in the gas phase) into the TiO2 valence bands, as well as localised charge 

donation to the surface from the seventh lowest energy molecular orbital (once again ordered in terms 

of gas-phase stability). Decomposition of formamide through the use of chemically generated oxygen 

defects has been examined. It was found that in terms of energy, formamide is equally likely to bind 

with either nitrogen or oxygen above the defect site, and is therefore able to either create substitutional 

nitrogen defects through decomposing with the nitrogen above the defect, or repair the vacancy by 

decomposing with oxygen above the defect. This provides an explanation of experimentally observed 

nitriding of the surface during adsorption experiments. That majority decomposition products that were 

observed in experimental studies are found to also be consistent  with a formic acid-style 

decomposition path. 
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Chapter 10   

 

Formamide Adsorption over the Ru 

(0 0 0 1) O-2×1 Surface 

 

 

10.1 Introduction 

 

This section represents a continuation of the study of formamide adsorption which began in the 

prior chapter with formamide adsorption over TiO2. At first glance, an oxygen pre-covered ruthenium 

metal surface may seem an unusual choice for a continuation of a study which began on a metal oxide 

surface. There are, however, two broad reasons why this surface has been selected. Firstly, no 

vibrational spectroscopy of formamide adsorption over a well defined single crystal TiO2 surface has 

been published, nor has any for formamide adsorption over any other well defined metal oxide surface. 

The Ru (0 0 0 1) O-2×1 surface represents the closest well defined crystalline surface to a metal oxide 

surface which has had formamide adsorption studied by vibrational spectroscopy [32]. The second 

reason relates to a particularly interesting finding within this vibrational spectroscopy study: molecular 

formamide was found to coordinate bond through its N atom to the surface. This is in direct opposition 

to what was theorised in chapter eight of this thesis: that formamide does not adopt such a 

configuration over TiO2 for reasons largely independent of the surface (the large barrier to rotation of 

the amino group). Because of this, it is particularly interesting to test whether the experimentally 

suggested configuration over the ruthenium surface can be duplicated within theory, or whether a 

different adsorption mode exists that can explain the experimentally observed vibrational spectrum. 

This section provides a study of formamide adsorption on the Ru (0 0 0 1) surface with 2×1 

oxygen overlayer. Because defects in the oxygen overlayer have been previously shown as vital to 

explaining adsorption properties over this surface, a section discussing the presence of point defects 

within the oxygen overlayer of the surface is also included. After this, formamide adsorption over 
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ruthenium surfaces with both perfectly ordered oxygen overlayers and disordered oxygen overlayers 

are considered. The calculated vibrational spectra for the various adsorption configurations are 

compared with those previously reported by experimental work in order to determine the probable 

modes of adsorption for formamide. 

 

10.2 Methodology 

 

All surface calculations were carried out within density functional theory using the PBE 

exchange-correlation functional [135]. Plane-wave basis sets were employed with a 30 Ryd kinetic cut-

off energy, and an augmented charge density cut-off of 300 Ryd. k-point sampling was conducted with 

a uniform 16×16×12 grid on the bulk unit cell, and grids of the same density on the larger cells. Spin 

polarised calculations were applied for obtaining the energy of gaseous oxygen atoms and molecules. 

Occupancy was smeared across the Fermi energy by the method of Maizari and Vanderbilt [210] with a 

smearing width of 0.005 eV. All slabs contained at least 15 Å vacuum space. In order to test the effect 

of dispersion interactions on the trialled formamide adsorption configurations, the empirical dispersion 

correction formulated by Grimme [140] has been applied when noted in the text. Calculations were 

conducted using the PWSCF program [172]. 

 

10.3 Bulk Ruthenium Optimisation 

 

Bulk properties computed for ruthenium are shown in Table 10.1 on the following page. The 

lattice parameter (a) was found to be slightly greater in this study as compared with a previous DFT-

based investigation [77], most likely due to the different exchange correlation functional or 

pseudopotentials employed. The bulk modulus was, however, found in excellent agreement with its 

experimental value and the a/c ratio found was identical to that obtained by a prior computational study 

[77] and was also in good agreement with the experimental value [211]. 
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Table 10.1: Computed bulk properties of Ru metal including lattice parameters (a, c), bulk 

modulus and derivative (B0, B0‟). Also provided are experimental values as well as other 

computational results. 

 This work GGA [77] LDA [77] Experiment [211] 

a (Å) 2.778 2.754 2.718 2.704 

c (Å) 1.750 1.735 1.719 1.707 

a/c 1.587 1.587 1.581 1.584 

B0 (GPa) 326 Not reported Not reported 321 

B0’ 5.2 Not reported Not reported Not reported 

 

10.4 Surface Energy Tests of the Ru (0 0 0 1) Surface 

 

As an additional test of the suitability of the basis set, exchange-correlation functional and 

pseudopotentials, the surface energy of the Ru (0 0 0 1) surface has been computed by way of linear 

plot of energy vs slab thickness. A graph showing the linear fit is provided in Figure 10.1 below. Table 

10.2 (page 160) shows the resulting surface energy in comparison to other theoretical work. Two 

studies based on density functional theory, one by Nørskov et al. using the revised PBE functional  

 

 

Figure 10.1: Graph of slab energy vs number of atomic layers for the Ru (0 0 0 1) surface. 

Surface energy is extracted from the y-intercept. 
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[212], the other by Chou et al. using the LDA [213], as well as one experimental study [214]. The 

surface energy found in this study appears in good agreement with  a theoretical study by Nørskov et 

al. This is somewhat expected given that both this thesis and the study Nørskov et al. employed GGA 

functionals. The values are, however smaller than an earlier DFT based theoretical study by Chou et al. 

and with experimental measurements. The higher surface energy obtained by Chou et al. is not entirely 

unexpected, as the LDA typically yields smaller surface energies than GGAs [184]. 

 

Table 10.2: Surface energy for the Ru (0 0 0 1) surface found in this study and in prior 

computational and experimental studies. 

 This study  

(PBE) 

[212]  

(RevPBE) 

[213] 

(LDA) 

[214] 

Experimental 

Surface Energy (J m−2) 2.71 2.76 3.1 3.08 

 

10.5 The Ru (0 0 0 1) O-2×1 Surface 

 

There is a very strong interaction energy for oxygen adsorbing to the (0 0 0 1) surface of Ru [72, 

77]. At higher coverages of oxygen, ordered oxygen overlayers form, progressing through 2×2, 2×1 

before finally reaching saturation at a 1×1 overlayer. The focus of this study, the Ru (0 0 0 1) O-2×1 

surface, is a close packed Ru surface with an ordered oxygen overlayer at a density of one oxygen per 

every two surface unit cells. In order to test convergence with respect to slab thickness, the adsorption 

energy of oxygen at the 2×1 coverage has been calculated and is shown in Table 10.3 below, at various 

slab thicknesses. Also shown is the reported value from Stampfl and Scheffler [77] at the same 

coverage. As the referenced work used an isolated oxygen atom as the reference state for this 

adsorption energy, the same reference state will be used here. Because an isolated O atom possesses  

 

Table 10.3: Adsorption energy of O on the Ru (0 0 0 1) surface at a 2×1 coverage relative 

to atomic oxygen in the gas phase. 

Number of layers 3 4 5 6 7 
Stampfl 

et al. 
[77] 

O Adsorption energy 
 at 2×1 coverage 

(kJ mol−1) 
−522 −529 −533 −529 −530 −509 
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unpaired spin, a spin polarised calculation will be used. The converged adsorption energy was 4 % 

higher than that obtained by Stampfl and Scheffler [77], probably due to either the use of differing 

exchange correlation functional, pseudopotentials or the relaxation methodology employed (Stampfl 

and Scheffler used a four layer slab with the bottom two layers of the slab fixed. Here all slab layers 

were allowed to relax). The three layer slab is converged to 1.5 % of the seven layer slab, while the six 

and seven layer slabs agree to within 1 kJ mol
−1

 or less than 0.2 %. While not fully converged, the three 

layer slab will be used for the remainder of the work on this surface, as it allows for wider supercells to 

be used on the limited computational facilities available to this study. This thickness has also been used 

by others in the study of graphene adsorbed to the Ru (0 0 0 1) surface [75]. 

 

10.6 Defects on the Ru (0 0 0 1) O-2×1 Surface 

 

The presence of surface defects can have a significant impact on adsorbate–surface interactions 

and act as key sites for a variety of reactions. It is therefore important to probe the extent to which point 

defects in the oxygen overlayer might be involved in surface reactions. The specific relevance of 

oxygen defects to formamide adsorption will be further elaborated on and illustrated later. This section 

will examine two forms of surface point defects: oxygen vacancies, and oxygen atoms displaced out of 

their ordered positions. 

 

10.6.1 Defects from the Absence of Surface Oxygen 

 

An initial estimate of point vacancies in the O-2×1 overlayer might be obtained by examination 

of the equilibrium defect concentration when oxygen is first dosed to the surface. Under the 

approximation that the defect creation energy is independent of defect concentration or configuration 

and the change on the surface vibrational partition function on removal of the atom is negligible, the 

statistical weight of a particular configuration of defects becomes simply the possible combinations of 

defects and the possible chemical potential for defect creation is given by 

            
               

        
   (10.1)   
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Here   is the change in energy on creation of a defect,          is the concentration of defects on the 

surface and        is the concentration of sites available on the surface for defect formation (ie the 

concentration of defects + surface oxygens left on the surface). Equating this with half the chemical 

potential of gaseous molecular oxygen at the given temperature and pressure will provide the 

equilibrium concentration of oxygen point vacancies during the initial dosing of the surface with 

oxygen. The chemical potential for gaseous oxygen is easily obtained from the gas-phase oxygen 

partition function  

 

          
   

   
       

      

  
 

 
 
       (10.2)   

Here    
 is the partial pressure of the gaseous oxygen present,   is the mass of an oxygen molecule, 

and the last log encapsuled term is the partition function of gaseous O2 with the volume removed from 

its translational component. The desorption energy for an oxygen atom from the overlayer was obtained 

from calculations on a 2×4 slab of the surface as follows: 

 
                 

 

 
                               (10.3)   

Here              refers to the energy of a perfect 4×2 slab of the surface,                refers to the 

energy of a 4×2 slab containing a single vacancy and                   refers to the energy of a single 

gas-phase molecule of oxygen. The oxygen molecule‟s energy was computed within a 15 Å supercell,  

 

 

Figure 10.2: Top view of the Ru (0 0 0 1) O-2×1 surface containing one oxygen vacancy 

defect. 
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and was conducted as a spin polarised calculation to account for the triplet ground state in O2 (treating 

oxygen as spin-paired overestimates its ground state energy by >100 kJ mol
−1

). The energy difference 

      above was found to equal 182 kJ mol
−1

. The predicted vacancy fraction at 80 K (the temperature 

at which oxygen is initially dosed in the experimental study [32]) amounts to only 3×10
−52

. Given there 

are typically of order 10
14

 sites for possible vacancies on the target surface of crystals used in these 

experiments, no defects will be observed.  

This figure is not in itself sufficient to rule out the presence of surface vacancies, as the post-dose 

annealing may cause further desorption. The same equilibrium methodology cannot be applied to 

vacuum annealing as was used for dosing, as at vacuum conditions no equilibrium formally exists with 

adsorbed species. In the long time limit, all adsorbates will desorb so long as a vacuum is maintained. 

Instead the rate of desorption must be examined in order to test whether significant desorption will 

occur. Experimental studies exist detailing the kinetics of defect formation through oxygen desorption 

[72]. It was found that the desorption process is second-order with respect to oxygen. This suggested 

that surface oxygen combine into molecular oxygen before desorbing, rather than desorbing as 

individual atoms. Temperatures of 1100 K were required to observe any oxygen desorption from the 

surface, and it is therefore reasonable to assume no significant desorption of oxygen occurs during the 

preparation of the surface for formamide adsorption. Desorption activation energies of 334 kJ mol
−1

 

were reported, well in excess of the 186 kJ mol
−1

 energy difference between the gas-phase and 

adsorbed oxygen found in this study. Presumably this indicates a transition state with a large energy 

barrier for the recombination of oxygen atoms to form O2 prior to its desorption. Because experimental 

evidence clearly shows that recombinative desorption of oxygen will not occur over the temperature 

range relevant to formamide experiments, and the nudged elastic band calculations needed to establish 

an activation energy for recombinative desorption take considerable time to complete, no further study 

will be undertaken for recombinative oxygen desorption in this thesis. 

 

10.6.2 Oxygen Defects from the Displacement of Oxygen 

 

In section 10.6.1 it was shown that given the method of surface preparation, the proportion of 

point vacancies in the oxygen overlayer resulting from oxygen desorption is essentially zero. Defects 

may also, however, take the form of oxygen species moving out of their ordered 2×1 configuration 

above the hcp sites: either to the unoccupied alternate set of hcp sites, or possibly the fcc sites. The first 
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step to probing the likelihood of oxygen defect formation in this manner is an examination of the 

relative energies of various oxygen displacements. Calculations have been conducted on a three layered 

2×4 supercell of this surface, featuring a single oxygen displaced into empty hcp or fcc sites. Images of 

the various displacement configurations examined are shown in Figure 10.3, while relative energies of 

the different configurations are summarised in Table 10.4 on page 165. Displacement into empty row-

hcp sites is the most energetically favoured form of defect formation with an energy difference of 16 kJ 

mol
−1

. The 2×4 cell implies an average defect density of one defect per every eight surface oxygens, 

and provides similar distances between defects in both surface parallel directions. The repeat images of  

 

  

Oxygen displacement to adjacent fcc site Oxygen displacement to distant fcc site 

  

Oxygen displacement to adjacent hcp site Oxygen displacement to distant hcp site 

Figure 10.3: The oxygen displacement configurations studied for the Ru (0 0 0 1) O-2×1 

surface. 
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Table 10.4: Oxygen displacement energies for the Ru (0 0 0 1) O-2×1 surface relative to 

the energy of a perfect surface. 

 hcp-adjacent hcp-distant fcc-adjacent fcc-distant 

Displacement Energy  
(kJ mol−1) 

19 16 18 120 

 

the defect are therefore spaced between perfect cell(s) on both surface parallel Cartesian directions. The 

preference of the empty row hcp sites is not unexpected: oxygen has been established previously to 

preferentially bind to the hcp sites [77], and placing an oxygen in an fcc site brings it particularly close 

to neighbouring oxygen atoms of the ordered layer, which presumably also results in strong nearest 

neighbour repulsion. The latter point is underscored by vacancy adjacent fcc sites being only 2 kJ mol
−1

 

higher in energy than the hcp sites. The main difference between adjacent fcc sites and distant fcc sites 

being the presence of nearest neighbour oxygens in the distant case. 

 

10.7 Estimates of Oxygen Layer Disorder 

 

The most elementary means of qualitatively estimating the extent of disorder in the oxygen 

overlayer is to assume the energy of defect creation is independent with respect to both the number of 

defects, and where the interstitial surface oxygen finds itself located. Such assumptions should be 

reasonable in the low defect concentration limit. As the hcp sites have been shown to be favoured for 

oxygen adsorption, it is further assumed that the surface oxygen species only adsorb to these sites. The 

last approximation is justified given the relative energies of the hcp and fcc sites: empty row hcp sites 

are the most energetically favoured sites to receive a displaced oxygen atom. While fcc sites 

immediately adjacent to the oxygen vacancy have almost the same energy, the number of such sites 

will only be proportionate to the number of vacancies, and as such have far lower statistical weight than 

the available hcp sites, legitimising their exclusion. Similarly those fcc sites not immediately adjacent 

to point vacancies appear to have far higher energies for oxygen accommodation, and thus, to a 

reasonable approximation, may also be excluded. Under such assumptions, the statistical weight ( ) is 

given as the product of the possible combinations of vacancies in the main oxygen lattice, and the 

combinations of displaced oxygen atoms in the unoccupied hcp site lattice.  

 
   

  

        
 

 

 (10.4)   
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Where   is the total number of hcp sites in the alternate rows, and   is the number of defects. Using 

this to provide the entropic contribution to the free energy, and seeking to minimise it with respect to 

defect number, a fractional expression for defect concentration can be found as: 

  

 
      

 

    
  (10.5)   

This is the same elementary expression that is commonly used to estimate interstitials within the bulk 

of simple crystals, where the same number of relevant interstitial sites exist as main lattice points (for 

example octahedral sites within a face centred cubic lattice). The expression predicts ~ 4 % of all 

adsorbed oxygen will adopt this disordered configuration at 300 K, and ~ 1 % at 225 K where 

formamide begins to change modes of adsorption on this surface. These are acceptably small numbers 

to validate the assumptions used, and potentially a large enough value to have some significant effect 

on the adsorption of species. However it should also be noted that only a very small fraction would be 

present at the 80 K when formamide is initially dosed, assuming the defect concentration was able to 

equilibrate at this temperature. As the energy was taken from a cell with higher defect concentration, 

this value can be seen as slightly conservative: as interactions between defects appear repulsive, 

increasing the spacing between defects to that appropriate for 4 % coverage most likely will result in a 

lower defect formation energy. Recently, STM has been carried out over a 2×1 oxygen covered 

ruthenium (0 0 0 1) surface at 7 K [74]. It was found that domains of differently orientated 2×1 oxygen 

overlayers form. The oxygen defect concentration was somewhat higher than the values found above 

(perhaps around 10 %), however most of the defects were present at the boundaries between domains. 

Within the domains the defect concentration appeared around a few percent. While in good agreement 

with the displacement defect values above for 200-300 K, this is considerably higher than the close to 

zero defect concentration predicted at 7 K. This suggests that the surface oxygens may lose mobility at 

200-300 K. 

The next avenue of study will examine the energy barriers to oxygen diffusion, and confirm at 

what temperatures the oxygen atoms are likely to reach the equilibrium concentrations over a 

reasonably short time frame (relative to the experiment). Transition states for oxygen displacement 

have been calculated by way of the climbing image nudged elastic band method for oxygen 

displacement along the surface from ordered to fcc-adjacent, and fcc-adjacent to hcp-adjacent. Eight 

images were used to interpolate the reaction coordinate. The hcp-adjacent to fcc-distant and fcc-distant 

to hcp-distant barriers have not been evaluated due to the high energy of the fcc-distant state, which 

even without any additional activation barrier will make a transition to the hcp distant state extremely 
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rare. This suggests that rather than direct hcp-distant to hcp-distant diffusion steps, surface interstitials 

migrate through a multistep process wherein either the vacancy migrates with the interstitial, or a new 

defect forms ahead of the interstitial to allow the interstitial oxygen to move without crossing the fcc-

distant configuration. Table 10.5 shows energy barriers along with activation barriers for desorption.  

 

Table 10.5: Activation barriers for oxygen atom diffusion on Ru (0 0 0 1) O-2×1 surface. 

 
ordered →  

fcc adjacent 
ordered ←  

fcc adjacent 
fcc adjacent →  
hcp adjacent 

fcc adjacent ←  
hcp adjacent 

Activation Barrier  
(kJ mol−1) 

66 47 48 47 

 

For comparative purposes, a study of O diffusion on the clean Ru (0 0 0 1) surface using plane-

wave basis sets and a PW91 exchange correlation functional obtained an activation energy of 52 kJ 

mol
−1 

[215], of similar order to the values obtained here on the O 2×1 covered surface. While STM has 

been carried out on the 2×1 oxygen covered surface, it was done so at 7 K, where no diffusion events 

are likely to be observed [74]. STM has, however, been previously used to examine oxygen diffusion 

over the clean Ru (0 0 0 1) surface [216]. It was found that at room temperature, oxygen diffuses too 

quickly to be resolved. Given that STM typically takes a period in the order of seconds to complete a 

single examination, this implies a time average diffusion rate of many steps per second. Invoking 

classical transition state theory with the assumption that the vibrational partition functions for O in its 

ordered state and ordered → fcc adjacent transition state completely cancel, and using the activation 

barrier shown in Table 10.5, one obtains a time average diffusion rate of 20 s
−1

 at 300 K, consistent 

with the rapid diffusion observed in the experiment. The diffusion rate drops to less than 0.01 s
−1

 at 250 

K, and order 10
−5

 s
−1

 at 200 K. This suggests that the surface oxygen layer is unlikely to equilibrate 

over experimental time periods at temperatures of much less than 250 K. This confirms that a lack of 

surface oxygen mobility is the reason that equilibrium defect concentrations expected for around 200-

300 K were observed on STM conducted at 7 K [74]. 
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10.8 Formamide Adsorption to the Ru (0 0 0 1) Surface  

 

Formamide adsorption to the oxygen covered Ru (0 0 0 1) surface has been studied by single 

sided adsorption methodology on slabs containing three Ru layers and a variety of supercell sizes (1×2, 

2×2, 1×4, 2×4 relative to the repeat unit of the O-2×1 surface). Adsorption energies are shown in Table 

10.6 below. Configurations labelled with “M” denote molecular adsorption, while those with a “D” 

represent dissociative adsorption configurations. The molecular adsorption configurations are 

illustrated in Figure 10.4 on the next page, while dissociative configurations are illustrated in Figure 

10.5 in the dissociative adsorption subsection. The calculations were initially attempted on a 1×2 

supercell of the oxygen covered surface. All calculations carried out on this cell resulted in formamide 

adopting the “M1” configuration, where formamide only bonds to the surface by way of a single long 

H-bond from the amine H to a surface O, and simultaneously H-bonds to neighbouring formamide 

molecules from the carbonyl O to remaining amino H (with an intermolecular hydrogen bonding length 

of 1.83 Å). The resulting adsorption energy was −43 kJ mol
−1

. The adoption of such a configuration 

from starting configurations with the O species near surface Ru, coupled with the relatively low  

 

Table 10.6: Adsorption energies for formamide on the Ru (0 0 0 1) O-2×1 surface. PBE 

indicates results obtained using „pure‟ DFT while PBE-D indicates that an empirical 

dispersion correction [140] has been applied. 

Adsorption mode and supercell size 
Adsorption energy (kJ mol−1) 

PBE PBE-D [140] 

M1, 1×2 perfect −43  

M2, 2×2 perfect −21 −73 

M2, 2×4 perfect −24  

D1, 1×4 perfect 12 −61 

D2, 1×4 perfect 22  

M3, 2×2 Oxygen displaced −74 −122 

M3, 2×4 Oxygen displaced −94  

M4, 2×2 Oxygen Vacancy −64 −121 

M4, 2×4 Oxygen displaced −87  

M5, 2×2 Oxygen displaced −59 −111 

M6 2×2 Oxygen displaced −33 −112 

M7 4×8 Oxygen displaced −56 −136 

D3, 2×2 Oxygen Vacancy −61 −122 

D4, 2×2 Oxygen Vacancy −54  
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M1 

  

M2 

  

M3 

  

M4 

  

M5 

  

M6 

  

M7 

  

Figure 10.4: Formamide molecular adsorption modes over the Ru (0 0 0 1) O-2×1 surface 
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adsorption energy for the configuration, suggest that any formamide interaction with the perfect surface 

is particularly weak. This assessment is also in agreement with the N-H bond lengths, which are shown 

(along with other relevant structural parameters) in Table 10.7 on page 171. The N-H bond of the 

hydrogen involved in formamide-formamide hydrogen bonding (H(2)) shows a larger degree of 

elongation relative to the gas phase than the hydrogen involved in hydrogen bonding to the surface O 

(H(1)). 

In larger cells, hydrogen bonding between neighbouring formamide species may be excluded due 

to the distance between neighbouring adsorbates. A 2×2 cell was used to study molecular formamide 

adsorption at a lower coverage. Molecular adsorption at this coverage level was found to occur through 

the oxygen atom of formamide bonding between two ruthenium atoms, as well as hydrogen bonding 

between a NH2 hydrogen of formamide and a surface oxygen. This has been labelled the “M2” 

configuration. Modes involving the amino group binding to surface Ru (both top-down with the amino 

group rotated in the manner suggested by Parmeter and Weinberg, and lying flat on the surface) were 

also examined, but found to be unstable. The adsorption energy decreased on movement from the 2×1 

cell and M1 configuration to 2×2 cell and M2 configuration. This agrees with the earlier suggestion 

that interaction between the surface and adsorbate is weaker than adsorbate-adsorbate hydrogen 

bonding. This is also consistent with the C-O bond distances: a greater elongation of the C-O bond 

occurs in the M1 configuration than the M2, suggesting that intermolecular hydrogen bonding between 

formamide molecules provides a stronger interaction than coordinate bonding between the formamide 

carbonyl and the perfect surface. Further increasing the cell size to a 2×4 cell showed a small increase 

in adsorption energy as well as a slight elongation of the C-O bond. However the general mode of 

interaction remained as the M2 mode.  

When one surface oxygen was removed or displaced away from its perfectly ordered position, 

additional stable adsorption modes were found. These modes all featured stronger adsorption energies 

than the perfectly ordered surface (for adsorption modes that involve increased disorder in the oxygen 

overlayer, the energy required to displace an oxygen away from its perfect configuration is included in 

the listed adsorption energies). One of the central differences between these modes and the earlier M2 

configuration is that the formamide carbonyl oxygen takes up position directly above a ruthenium 

atom. This mode of interaction could not be adopted with the perfectly ordered oxygen overlayer due to 

proximity of the surface oxygen atoms. Two different stable adsorption configurations were studied 

here: for the M3 configuration, in addition to the carbonyl oxygen interacting with the surface, the 

formamide amino group hydrogen bonds to a nearby surface oxygen. This hydrogen bond was found 
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Table 10.7: Bond distances of formamide adsorbed to the Ru (0 0 0 1) O-2×1 surface in 

configurations M1-M6. PBE indicates results obtained using „pure‟ DFT, while PBE-D 

indicates that an empirical dispersion correction [140] has been applied. 

Bond M1  M2    M3    M4    M5    M6   

Length/Angle PBE  PBE PBE-D  PBE PBE-D  PBE PBE-D  PBE PBE-D  PBE PBE-D 

C=O (Å) 1.245  1.236 1.246  1.253 1.254  1.252 1.253  1.251 1.252  1.267 1.271 

C-N (Å) 1.343  1.351 1.339  1.329 1.326  1.332 1.330  1.342 1.340  1.400 1.403 

C-H (Å) 1.112  1.114 1.110  1.107 1.106  1.106 1.105  1.105 1.105  1.104 1.103 

N-H(1) (Å) 1.020  1.027 1.036  1.047 1.054  1.033 1.036  1.017 1.018  1.032 1.034 

N-H(2) (Å) 1.032  1.014 1.016  1.015 1.015  1.015 1.015  1.014 1.014  1.027 1.027 

Ru-O (Å) 

 

 3.061 2.426  2.194 2.158  2.200 2.168  2.208 2.171  2.274 2.237 

Ru-N (Å) 

 

 

  

 

  

 

  

 

  

 2.270 2.235 

  

 

  

 

  

 

  

 

  

 

  O(surf)-H(1) (Å) 2.362  1.904 1.727  1.663 1.598  3.056 3.001  

  

 2.128 2.081 

  

 

  

 

  

 

  

 

  

 

  O-C-N (°) 126.0  125.3 126.1  127.2 127.2  126.9 127  122 121.4  121.8 121.7 

O-C-H (°) 120.9  121.0 119.0  117.3 117.0  117.8 117.6  122.7 122.5  122.6 122.6 

H(1)-N-H(2) (°) 119.9  119.8 119.9  119.6 119.4  119.3 119.3  119.6 120.0  114.7 115.0 

 

 

Table 10.8: Bond distances of formamide adsorbed to the Ru (0 0 0 1) O-2×1 surface in 

Gas-phase Formamide and configuration M7. PBE-D indicates an empirical dispersion 

correction [140] has been applied. 

Bond  Gas phase  Bond M7    Bond M7   

Length/Angle  PBE  Length/Angle PBE PBE-D  Length/Angle PBE PBE-D 

C=O (Å)  1.227  C(1)=O(1) (Å) 1.281 1.300  C(2)=O(2)  (Å) 1.265 1.298 

C-N (Å)  1.367  C(1)-N(1) (Å) 1.412 1.433  C(2)-N(2)  (Å) 1.402 1.427 

C-H (Å)  1.118  C(1)-H(3) (Å) 1.101 1.132  C(2)-H(6)  (Å) 1.100 1.127 

N-H(1) (Å)  1.016  N(1)-H(1) (Å) 1.032 1.031  N(2)-H(4) (Å) 1.032 1.030 

N-H(2) (Å)  1.018  N(1)-H(2) (Å) 1.025 1.023  N(2)-H(5) (Å) 1.023 1.026 

    Ru-O(1) (Å) 2.220 2.156  Ru-O(2) (Å) 2.291 2.148 

    Ru-N(1) (Å) 2.234 2.175  Ru-N(2) (Å) 2.284 2.173 

    O(1)-H(4) (Å) 1.928 2.043  O(2)-H(1) (Å) 1.877 1.986 

    

   

 

       

   

 

   O-C-N (°)  124.8  O(1)-C(1)-N(1) (°) 120.1 119.1  O(2)-C(2)-N(2) (°) 121.9 119.5 

O-C-H (°)  123.0  O(1)-C(1)-H(3) (°) 121.6 119.2  O(2)-C(2)-H(6) (°) 121.7 119.4 

H(1)-N-H(2) (°)  119.3  H(1)-N(1)-H(2) (°) 116.1 115.2  H(4)-N(2)-H(5) (°) 115.9 116.3 

 



Formamide Adsorption over the Ru (0 0 0 1) O-2×1 Surface  

172 

to be much stronger than that in the M1 and M2 configurations, having a much shorter bond distance. 

In the M4 configuration, the amino group stayed close to the surface but was sufficiently far from 

surface oxygens to rule out significant hydrogen bonding. In the M5 configuration, the molecule was 

tilted such that the amino group was directed away from the surface with the C-N bond in largely the 

direction of the surface normal. Of these new modes, the M3 proved to be the most energetically 

favoured, probably due to the added presence of a hydrogen bond absent from the M4 and M5 

configurations. As was the case for formamide on the perfect surface, no modes were found where the 

amino nitrogen bonded to surface ruthenium. The bond lengths for the M2-M5 configurations generally 

reflected their relative bond energies. The surface Ru-carbonyl O distances shortened in order of 

increasing stability (M2, M5, M4, M3). Internally, the bond lengths most affected by the surface were 

the C-O, C-N and N-H(1) bonds. As was the case with formamide over TiO2 discussed in chapter 8, the 

behaviour generally fits with an elementary picture of chemical bonding: bonding between the surface 

and oxygen decreases the bond order of the C-O bond, increasing the C-O bond length. To compensate 

for the reduced bond order about C, the C-N bond strengthens decreasing the C-N bond length. The 

order of C-O bond lengthening and C-N bond shortening matched that of the Ru-carbonyl O bond 

shortening, with the strongest bound (M3) configuration showing the greatest degree of C-O bond 

extension and C-N bond retraction. N-H(1) bond extension was largely a function of hydrogen 

bonding, with the M3 (strong hydrogen bonding) configuration showing greater extension than the M2 

(weakly hydrogen bonding) configuration, which in turn showed greater extension than the M5 (where 

hydrogen bonding is avoided on account of the amino group being directed away from the surface). An 

exception to this trend was the M4 configuration, which showed similar extension of the N-H(1) to the 

M2 configuration in spite of a large (~3 Å) separation between H(1) and the nearest surface oxygen 

atom. The extension in the M4 configuration must therefore result from relatively strong secondary 

bonding between surface ruthenium atoms and H(1); this may indicate that the M4 configuration plays 

a role as an intermediate in the formation of the dissociated formamide configurations. 

When two adjacent surface oxygens were displaced, side on configurations became stable local 

minima for adsorption. The M6 configuration comprises of a single formamide with the molecular 

plane parallel to the surface plane, with the O and N atoms of the molecule almost directly above 

surface ruthenium atoms. In difference to the other configurations, the amino group in the M6 

configuration significantly deviates from planarity with the rest of the molecule: the angle between the 

unit normal vectors of the planes formed by the atoms of the amino group and the (N,C,O) atoms of the 

molecule increased from fully planar in the gas phase to 39.4° in the M6 configuration. The M6 

configuration appears close to the high-temperature molecular adsorption mode suggested by Parmeter 
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and Weinberg, as it represents bonding to the surface through both O and N atoms. However a key 

difference exists in that the molecule‟s plane is parallel to the surface rather than perpendicular to it. 

The amino group is also only moderately perturbed from planarity, while the high-temperature 

molecular adsorption mode suggested by Weinberg has it undergo a 90° torsion about the C-N bond. A 

final modification to the M6 configuration was examined, where the displaced surface oxygens were 

moved further from the formamide molecule, allowing a second molecule to fit along side it, with both 

formamides still bonding to the surface in essentially the same manner as the M6 configuration (with 

oxygen and nitrogen atoms directly above surface ruthenium). This dimerised analogue of the M6 is 

designated the M7 configuration. The rationale behind the M7 configuration was based on the 

observation that hydrogen bonding between formamide molecules appears somewhat stronger than that 

between formamide and the surface oxygen (based on the M1 and M2 results), and that a dimerised 

configuration featuring formamide- formamide hydrogen bonding was possible while still retaining the 

O and N coordinate bonds to surface Ru when the molecule is flat on the surface. The M7 configuration 

was, per formamide, found to have a stronger adsorption energy than the M6 configuration. A bond 

length examination of the M6 and M7 configurations reveal that both the C-N and C-O bonds have 

lengthened. This behaviour is consistent with the interpretation that both the oxygen and nitrogen of 

formamide coordinate bonding to the surface, and differs from M2-M5, where the C-O bond 

lengthened while the C-N bond retracted. The magnitude of the C-O and C-N extension is also in 

excess of what is observed in the earlier configurations. This suggests that the extent of bonding 

between formamide and the surface may be greater for the flat to surface configurations. However the 

comparatively low adsorption energies in the non-dispersion corrected results indicate that this greater 

degree of interaction with the surface does not translate into a more stable adsorption mode. 

Overall the M3 configuration possesses the largest adsorption energy. Adsorption energies on the 

perfect surface are smaller than experimental values (based on a Redhead analysis [152] of temperature 

programmed desorption), which predicted two different modes of adsorption with desorption activation 

energies of 54 kJ mol
−1

 and 63 kJ mol
−1

 respectively. These experimental desorption activation 

energies are, if anything, conservative as a “standard” prefactor of 10
13

 was used in the Redhead 

analysis; this carries with it an assumption that the desorption transition state has the same freedom as 

the stable adsorbed state [217]. A possible explanation might be that one or both adsorption energies 

correspond to adsorption to disordered areas and that significant adsorption to the perfectly ordered 

surface simply does not happen; however it may also be that interactions not captured by the GGA, 

such as London dispersion interactions, contribute significantly to the adsorption energy. Prior 

evidence exists to support such a point of view in the case of formamide adsorption to a metal surface: 
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In a study of formamide adsorption to silver, it was found that DFT using a GGA produced lower than 

expected adsorption energies, and that the application of an empirical London dispersion correction 

was needed to make the computed results conform to experimental expectations [141]. To examine the 

effect of dispersion forces, the same empirical correction has been applied to the smallest examined cell 

size for each molecular adsorption configuration. These adsorption energies were also shown in Table 

10.6. All adsorption configurations show a significant increase in adsorption energy. The correction 

also changes the order of stability of the various adsorption configurations: without the dispersion 

correction, the order of molecular adsorbed modes on a 2×2 supercell is M3>M4>M5>M7>M6>M2. 

When including the dispersion correction the order becomes M7>M3>M4>M6>M5>M2. The “flat” 

adsorption modes (M7, M6) show the largest stabilisation from the correction, as they place all the 

nonhydrogen atoms in formamide (O, C, N) the closest to the surface ruthenium. The strong 

stabilisation of these configurations as a result of applying the dispersion correction is particularly 

important, as the M6 and M7 adsorption modes closely resemble the high-temperature molecular 

adsorption mode suggested by Parmeter and Weinberg. 

 

10.9 Dissociative Formamide Adsorption 

 

The dissociative adsorption of formamide has also been examined, and the trialled configurations 

and structural parameters are shown in Figure 10.5 and Table 10.9 respectively. Two dissociative 

adsorption configurations were studied in the presence of a perfectly ordered oxygen overlayer. In both 

configurations, formamide was assumed to dissociate a hydrogen from the amino group to the surface. 

The remainder of formamide was assumed to bind through the oxygen and nitrogen atoms of 

formamide to the exposed ruthenium atoms between rows of coadsorbed oxygens. The configurations 

differed in the location of the dissociated hydrogen. In the D1 configuration, the dissociated hydrogen 

was placed on the hcp sites of ruthenium metal. In the D2 configuration, the dissociated hydrogen was 

placed on the coadsorbed oxygen. A third configuration where hydrogen adsorbed to the fcc sites on 

ruthenium was also trialled, however the dissociated hydrogen relocated to the hcp sites (adopting the 

D1 configuration) during geometry optimisation. Because adsorption in this manner necessitated that 

formamide adopt an adsorption configuration between oxygen rows (as opposed to bridging between 

ruthenium atoms for the carbonyl and surface oxygen atoms for the amino hydrogen), the 2×2 cell used 

in molecular adsorption configurations was found to be too short in the second dimension and surplus 
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Table 10.9: Bond distances of formamide adsorbed to the Ru (0 0 0 1) O-2×1 surface in 

configuration M7. PBE-D indicates an empirical dispersion correction has been applied. 

 
D1 

 
 D2  D3 

 
 D4 

 

 
PBE PBE-D  PBE  PBE PBE-D  PBE PBE-D 

C=O 1.278 1.278  1.278  1.26 1.261  1.284 1.285 
C-N 1.312 1.311  1.312  1.347 1.347  1.312 1.312 
C-H(3) 1.106 1.105  1.106  1.104 1.103  1.105 1.104 
N-H(1) - 

 
 

 
 

  
 

  N-H(2) 1.021 1.02  1.021  1.024 1.023  1.023 1.022 
Ru-O 2.185 2.177  2.187  2.157 2.148  2.240,2.845 2.241,2.808 
Ru-N 2.136 2.126  2.145  2.238, 2.275 2.232, 2.262  2.101 2.086 

   
 

 
 

  
 

  O(surf)-H(1) 
 

 0.986  
  

 
  

   
 

 
 

  
 

  O-C-N 126.2 126.1  126.3  123.6 123.4  124.8 124.7 
O-C-H 115.7 115.8  115.7  117.8 118  116.2 116.3 

 

D1 

  

D2 

  

D3 

  

D4 

  

Figure 10.5: Formamide dissociative adsorption modes over the oxygen covered Ru 

(0 0 0 1) surface. 
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to requirements in the first dimension. As such, a 1×4 cell was used instead. The adsorption site of the 

dissociated hydrogen on the perfect surface was found to have virtually no affect on the internal bond 

lengths shown in Table 10.9 on the previous page: the C-O and C-N bond lengths are essentially 

identical in the D1 and D2 configurations. Similarly, the adsorbate to surface bond lengths (Ru-O and 

Ru-N) are virtually the same in the D1 and D2 configurations. The D1 configuration was energetically 

favoured over the D2, in agreement with the experimental observation that no OH stretch appears on 

the vibrational spectra, and no water desorbs from the surface. However both trialled configurations 

were found to have higher energies than gaseous formamide, suggesting that formamide should 

preferentially desorb rather than dissociate. This is in clear contradiction to experiment, where 

formamide converts from molecular to dissociative adsorption modes as the temperature is raised above 

250 K [32].  

The introduction of disorder in the overlayer was found to lead to significantly more stable modes 

of adsorption. Two adsorption configurations were trialled in which a single surface oxygen was 

removed. Both modes assumed hydrogen dissociated to surface Ru rather than O, as ruthenium was 

shown to be the preferred adsorption site for hydrogen on the perfect surface. The modes were 

differentiated by whether the N atom or O atom of formamide was directly above the ruthenium atom 

exposed by the surface oxygen removal. In the case of the D3 configuration, the oxygen was placed 

above the exposed Ru. The D4 configuration, on the other hand, had nitrogen above the exposed 

ruthenium. The D3 configuration proved to be marginally more energetically stable. As with the 

molecular M3-M5 configurations, the nitrogen or oxygen atom directly above the ruthenium exposed 

by surface oxygen removal shows a significantly lengthened bond to the formamide carbon, and shorter 

bond length with the nearest surface ruthenium than the other electronegative atom. The 

electronegative atom not in the defect suffers a reduction in bond length to maintain bond numbers 

around the carbon atom of formamide. Once again, this follows what is observed in the M3-M5 

configurations, but is different to the M6 and M7 where bonding to both the N and O atoms of 

formamide result in the simultaneous lengthening of the C-N and C-O bonds, instead of lengthening 

one at a cost of shortening the other. The net implication is that, while the M6 and M7 configurations 

bond roughly equally through both electronegative atoms to the surface, the D3 and D4 bond strongly 

only through one of the two electronegative atoms, and comparatively weakly through the other; the 

atom directly above the surface vacancy is the one involved in bonding strongly to the surface. As with 

the molecular adsorption modes, the dissociative adsorption modes were substantially stabilised by the 

use of an empirical London dispersion correction. The D1 configuration was no longer less 

energetically favoured than desorption, while the D3 adsorption configuration had approximately the 
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same adsorption energy as the M3 and M4 molecular adsorption configurations. This suggests that, 

barring kinetic limitations, an equilibrium containing siginificant portions of both dissociative and 

molecular adsorption configurations may form on the surface. 

 

10.10 Changes to the Electronic Structure upon Formamide Adsorption 

 

The M3 adsorption configuration represents the strongest binding configuration without dispersion 

corrections, and remains one of the strongest adsorption configurations after dispersion corrections are 

added. As such, it will be used to study the nature of formamide adsorption with the surface. A charge 

density difference plot for formamide adsorbed in the M3 configuration is shown in Figure 10.6 below, 

while the electronic density of states for the M3 configuration is shown in Figure 10.7 on page 178. 

Table 10.10 shows the change in Löwdin population over the ruthenium atom being coordinate bonded 

to by formamide.  

Table 10.10: Changes in Löwdin population on M3 formamide adsorption for the 

ruthenium atom being coordinate bonded to by formamide. 

                                           

−0.193 0.027 0.030 0.034 0.035 −0.005 0.114 0.006 −0.003 

 

Figure 10.6: Charge density difference plot showing an isosurface of the change in charge 

density on formamide adsorption in the M3 configuration. Red areas denote a gain in 

electron density on adsorption, while blue areas denote a loss. The isosurface was produced 

at a level of ±0.002 electrons/Bohr
3
. x and y directions of the figure correspond to the 

[1 0 0 0] and [0 0 0 1] lattice vectors, respectively. 
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The total Löwdin population on formamide displays a change of −0.3 electrons when adsorbed as 

compared to the gas phase. The overall chemical interaction between formamide and the surface is 

therefore one of charge donation to the surface. The net change in the population of all surface oxygens 

is +0.17 electrons, hence more than half of the net change transferred to the surface has been 

accommodated at the surface oxygen atoms. Of this, there is a +0.09 electron gain for the oxygen atom 

hydrogen bonding to the formamide molecule. The charge density difference plot clearly illustrates 

this: the large gain in electric charge is present over the surface oxygen atom. This runs counter to 

conventional expectations, which would suggest the major charge acceptor should be the atom which 

the adsorbate is coordinate bonded to. Instead, the ruthenium atom coordinate bonded to has a smaller 

net gain of +0.05 electrons. Table 10.10 shows this change decomposed into the various atomic orbital 

making up the valence shell of ruthenium. The largest change in the coordinate bonded ruthenium‟s 

atomic orbital population is a loss of charge from the     orbital, with the second greatest change being 

a gain in population on the    orbital. The remainder of the d orbitals show small population increases. 

The most likely explanation for this is a charge donation from formamide carbonyl lone pairs into the 

   orbital, which in turn causes repulsion from the     into the other ruthenium d orbitals. This is also 

shown in the charge density difference plot, whose most noticeable feature on the coordinate bonded 

ruthenium is a loss with the approximate shape of a     orbital. The electronic density of states in 

Figure 10.7 shows the partial DOS corresponding to formamide as well as the total DOS. 

 

Figure 10.7: Electronic density of states for formamide adsorbed in the M3 configuration. 

Solid red line: Total DOS; dashed line: formamide partial DOS. The peaks associated with 

the formamide orbitals are numerically labelled in order of the orbital‟s gas-phase stability. 
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Label and gas-

phase energy 

1 

(−25.4 eV) 

 

2 

(−22.9 eV) 

 

3 

(−15.7 eV) 

 

Gas-phase 

isosurface plot 

 
  

M3 isosurface 

plot 

   

 

Label and gas-

phase energy 

 

4 

(−13.9 eV) 

 

5 

(−11.9 eV) 

 

6 

(−10.1 eV) 

 

Gas-phase 

isosurface plot 

 
 

 

M3 isosurface 

plot 

   

 

Label and gas-

phase energy 

 

7 

(−10.0 eV) 

 

8 

(−6.8 eV) 

 

9 

(−6.1 eV) 

Gas 

phase isosurface 

plot 
   

M3 isosurface 

plot 

   

Figure 10.8: Isosurface plots of the molecular orbitals of formamide in the gas phase and 

adsorbed in the M3 configuration. 
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The partial DOS of formamide shows several broad distributions of states across the energy domain of 

the valence bands formed by ruthenium and the surface oxygen 2p states, suggesting considerable 

interaction between the higher energy formamide molecular orbitals and the surface. There are also 

broadened distributions of states within the surface oxygen 2s energy domain, which is largely devoid 

of ruthenium states. This confirms that the surface oxygens play a significant role in receiving donated 

charge from the adsorbate. Identity of the peaks on the partial DOS were confirmed through plotting 

isosurfaces of the Γ point orbitals constituting the peaks (Figure 10.8 on page 179). Orbitals have been 

labelled in ascending energy. In the case that multiple states were within the energy domain of a 

formamide DOS peak, the orbital with the largest projection onto formamide was used. Several of the 

higher energy orbitals are significantly affected by adsorption, to the point that the order of their 

relative energies are affected. Orbital 7 is now lower in energy than orbital 6; this combined with peak 

7‟s incomplete projection onto the formamide partial DOS confirms that it is involved in bonding to the 

surface. Peaks associated with orbitals six, eight and nine show considerable broadening, consistent 

with incorporation into the valence band states. In comparison orbitals 1, 3, 4 and 5 retain almost full 

projections onto the formamide partial DOS. Orbital 2 also shows only a partial projection onto the 

formamide partial DOS. This coincides with the appearance of an additional small peak on the 

formamide partial DOS in the oxygen 2s energy domain. This tends to suggest that orbital 2 involves 

itself in bonding with the O 2s of surface oxygens. This interpretation is supported by visual inspection 

of the isosurface of orbital 2, which includes a considerable presence on a nearby surface oxygen. 

 

10.11 Vibrational Mode Studies of Formamide 

 

10.11.1 Tests on the Reproduction of the Gas-Phase Vibrational Spectrum 

 

Prior to the actual calculation of formamide‟s vibrational modes on the Ru (0 0 0 1) O-2×1 

surface, it is important to establish the accuracy with which DFT replicates the experimentally observed 

vibrational modes of formamide. To that end a brief study has been undertaken in which the vibrational 

frequencies of formamide, as predicted by DFT using the PBE exchange correlation functional (the 

functional used throughout the majority of the results in this thesis) are compared with both 

experimental results and the results of several other exchange correlation functionals, as well as wave 

function based methods. Table 10.11 shows vibrational modes of formamide calculated at various 
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levels of theory using the Gaussian 09 software package [173], all employing the 6-311++G(2d,2p) 

Gaussian basis set. Included as well are the results of a similar calculation carried out on the modes of 

gas-phase formamide using the PWSCF program employing plane-wave basis sets (designated as PBE, 

PW-PP). Experimental results from three studies are also shown to the far right of Table 10.11. The 

bottom row of table 9 shows the RMS difference between the average experimental wavenumbers and 

theoretical ones derived from each calculation.  

 

Table 10.11: A comparison of the vibrational modes of gas-phase formamide at various 

levels of theory with experimentally reported values. Frequencies are in units of cm
−1

 

Mode PBE, PW-PP PBE LDA B3LYP HF MP2 Exp1 [218] Exp2  Exp3 

ν (as)(NH2) 3608 3641 3635 3726 3971 3777 3545 3570 3548 

ν (s) (NH2) 3466 3501 3492 3588 3830 3629 3450 3448 3427 

ν (CH) 2810 2859 2854 2952 3161 3023 2852 2855 2884 

ν (C=O) 1730 1736 1787 1783 1949 1773 1740 1755 1740 

δ (NH2) 1561 1565 1541 1623 1772 1629 1572 1580 1579 

δ (CH) 1346 1365 1356 1419 1545 1437 1378 1390 1400 

ν (CN) 1231 1234 1260 1266 1363 1275 1253 1255 1271 

ρ (NH2) 1015 1018 1025 1055 1176 1060 
  

1185 

π (CH) 984 989 992 1039 1150 1045 1030 1050 1052 

τ (NH2) 630 631 643 637 661 632 
  

682 

δ (NCO) 539 547 548 570 621 568 
 

565 564 

ω (NH2) 245 142 267 159 94 171 
 

289 303 

          
RMS error 66.9 80.1 61.2 91.9 220.6 112.1 

   
 

The harmonic frequencies predicted by density functional theory produce a better overall fit with 

experimental data (in terms of the RMS difference), however this is likely a result of a fortuitous 

cancellation between errors in the harmonic calculations and the anharmonic contributions to the 

frequencies not considered. However there are some exceptions to this general trend. In particular, both 

pure density functional methods underestimate the vibrational frequency of the π(CH) bending mode, 

placing it in the high 900 cm
−1

 range instead of the experimentally observed values of 1030-1052 cm
−1

. 

This is of particular importance: when the adsorption of formamide was experimentally studied, the 

presence of a mode at 970 cm
−1

 was used to assign an adsorption mode relating to the amino group. 
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The CH deformation mode predicted by the PBE functional may initially appear to be this mode, 

however it is not: The π(CH) mode under PBE already has a frequency in this region prior to 

adsorption, while the experimentally observed mode only appears after adsorption. The π(CH) mode 

does not change significantly on deuteration of the amino group, while the experimentally observed 

mode for Ru adsorbed to the surface showed a major shift on amino group deuteration. It is similarly 

reasonable to conclude that the analgous ~980 cm
−1

 π(CH) torsion observed in plane-wave calculations 

also results from a deficiency in the exchange correlation functional. The PBE results carried out using 

a plane-wave basis set actually provide a closer fit to experiment than those found using the same 

functional but Gaussian basis sets. Whether this results from the superiority of the basis set, or a 

fortuitous cancellation of errors resulting from, for example, the use of pseudopotentials was not 

examined. Nonetheless, it is apparent that the results generated using PWSCF are in relatively good 

agreement with both experiment and other computational methodology.  

 

10.11.2 Vibrational Frequency Studies of Molecular Formamide Adsorbed to the 

Ru (0 0 0 1) O-2×1 Surface 

 

Using partial Hessian vibrational mode analysis, the vibrational modes of formamide have been 

calculated for molecular adsorption to the perfect and defected surface. The procedure has been carried 

out with the surface oxygen involved in hydrogen bonding included in the partial Hessian, to aid in the 

description of any coupling that occurs between the hydrogen bonding N-H stretch and surface O. 

Table 10.12 (page 183) shows experimental vibrational modes of formamide adsorbed to the Ru 

(0 0 0 1) O-2×1 surface sourced from the published work by Parmeter and Weinberg [32]. Table 10.13 

and Table 10.14 (pages 184 and 185) show the calculated vibrational modes of molecular formamide 

adsorbed in configurations M2-M7. Given that absolute values can be inaccurate for theoretically 

predicted vibrational modes, the extent to which the various modes shift often proves to be more useful 

for comparison. The shifts in each mode relative to gas phase are therefore also shown in these tables. 

Qualitatively the predicted modes for molecular adsorption on the perfect surface are in 

reasonable agreement with the “low-temperature” mode of molecularly adsorbed formamide that 

Weinberg reports: the NH2 symmetric and asymmetric stretching modes show shifts in the correct 

direction, although the extent of the shifts are somewhat smaller than those experimentally observed. 

Similar observations were apparent for the CO stretch. The shift in the C-H stretch was in better 
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agreement, as was the amino group torsion. The red-shift of the C=O stretch in the experimentally 

observed low-temperature configuration is larger than the theoretical predictions for isolated 

formamide on the perfect surface, but agrees well with formamide adsorbed to a disordered oxygen 

overlayer (particularly the M4 and M5). Configurations with formamide lying flat on the surface (M6, 

M7) show a massive red-shift in the C-O stretch (262 cm
−1

 to 405 cm
−1

). While both the trialled M6 

and M7 configurations allow for some hydrogen bonding (between the amino hydrogen and surface 

oxygen in the case of the M6 configuration, and between amino hydrogens and carbonyl oxygens in the 

case of the dimer), the shift observed is far larger than that previously reported for hydrogen bonded 

formamide dimers. Vibrational spectroscopy of the formamide dimers in an argon matrix reported a 

considerably smaller 11.1 cm
−1

 red-shift in the C=O stretch [219]; computational results at the MP2 

level of theory have reported red-shifts in the harmonic frequencies of the C=O stretch of 8.7 cm
−1

, 

while those carried out under DFT with the PBE functional reported a red-shift of 25 cm
−1

 [219]. This 

confirms that the C-O double bond is effectively broken in the M6 and M7 configurations, in 

agreement with the earlier observation that the C-O bond is significantly lengthened in those 

configurations. A similar adsorption mode (with large shift in the C-O stretching mode) has been 

experimentally observed for formamide on hydrogen precovered Ru (0 0 0 1) [71], but has not been 

observed on oxygen precovered Ru (0 0 0 1), where the C-O stretch remains at around 1660-1680 cm
−1

 

[32].  

 

 

Table 10.12: Experimental vibrational modes for molecular formamide adsorption to the 

Ru (0 0 0 1) O-2×1 surface, taken from Parmeter and Weinberg. [32] 

Mode 
Assignment 

Low T molecular 
adsorption 

mode 

High T 
molecular 
adsorption 

mode 

Shift in Low T 
adsorption 

mode 

Shift in High T 
adsorption 

mode ν(as) NH2 3490 3505 −58 −43 
ν(s) NH2 3230 3315 −197 −112 

ν CH 2940 2985 56 101 
ν C=O 1660 1685 −80 −55 
δ NH2 1585 1595 6 16 
δ CH - 1375 - −25 
ν CN 1110 1115 −75 −70 

ρ NH2 - - - - 
τ NH2 790 970 108 288 
δ NCO 585 610 21 46 
ω NH2 - 315 - 12 
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Table 10.13: Computed vibrational modes for formamide adsorption to the Ru (0 0 0 1) O-

2×1 surface in the M2-M5 configuration. Bold Text: Amino hydrogens are protium; Italic 

Text: Amino hydrogens are deuterium. 

  M2      M3      M4      M5     

  Freq. 
(cm−1) 

Shift 
(cm−1) 

EELS 
Inten. 

 Freq. 
(cm−1) 

Shift 
(cm−1) 

EELS 
Inten. 

 Freq. 
(cm−1) 

Shift 
(cm−1) 

EELS 
Inten. 

 Freq. 
(cm−1) 

Shift 
(cm−1) 

EELS 
Inten. 

    

 

   

 

   

 

   
ν(NH2) 3578 (−37) 1.1×10−3 

 
3561 (−54) 1.0×10−3 

 
3568 (−47) 8.2×10−4 

 
3614 (−1) 2.1×10−5 

 asym. 2639 (−28) 1.8×10−3 
 

2616 (−52) 1.7×10−3 
 

2627 (−41) 1.3×10−3 
 

2678 (10) 1.8×10−5 

    

 

   

 

   

 

   
ν(NH2) 3311 (−160) 1.0×10−3 

 
2947 (−524) 1.2×10−3 

 
3193 (−278) 1.5×10−3 

 
3464 (−7) 1.1×10−3 

 sym. 2405 (−101) 6.9×10−4 
 

2160 (−346) 3.1×10−3 
 

2326 (−180) 1.2×10−3 
 

2503 (−3) 2.0×10−3 

    

 

   

 

   

 

   
ν(CH) 2855 (22) 2.2×10−3 

 
2931 (98) 3.0×10−3 

 
2949 (116) 6.8×10−4 

 
2948 (115) 1.3×10−4 

 
2856 (22) 2.0×10−3 

 
2937 (103) 5.0×10−4 

 
2950 (116) 5.2×10−4 

 
2949 (115) 1.3×10−4 

    

 

   

 

   

 

   
ν(CO) 1683 (−48) 1.6×10−2 

 
1666 (−65) 1.6×10−2 

 
1648 (−83) 9.8×10−3 

 
1646 (−85) 2.6×10−2 

 
1669 (−54) 1.6×10−2 

 
1643 (−80) 1.7×10−2 

 
1633 (−90) 1.0×10−2 

 
1629 (−94) 2.2×10−2 

    

 

   

 

   

 

   
δ(NH2) 1550 (−3) 1.5×10−4 

 
1560 (7) 8.8×10−4 

 
1527 (−26) 6.3×10−4 

 
1547 (−6) 6.9×10−4 

 
1290 (13) 3.3×10−4 

 
1108 (−169) 8.7×10−5 

 
1067 (−210) 1.0×10−6 

 
1083 (−194) 0.0×100 

    

 

   

 

   

 

   
δ(CH) 1349 (−7) 3.5×10−5 

 
1363 (7) 3.4×10−4 

 
1358 (2) 1.7×10−4 

 
1340 (−16) 1.3×10−3 

 
1357 (−6) 6.0×10−6 

 
1374 (11) 1.3×10−4 

 
1367 (4) 1.9×10−4 

 
1354 (−9) 6.2×10−4 

    

 

   

 

   

 

   
ν(CN) 1271 (43) 4.8×10−4 

 
1315 (87) 5.0×10−5 

 
1287 (59) 0.0×100 

 
1290 (62) 5.6×10−3 

 
1084 (22) 6.9×10−5 

 
1309 (247) 2.6×10−4 

 
1310 (248) 7.0×10−6 

 
1312 (250) 9.0×10−3 

    

 

   

 

   

 

   
ρ(NH2) 1045 (32) 2.2×10−4 

 
1067 (54) 4.1×10−4 

 
1034 (21) 5.1×10−5 

 
1051 (38) 1.1×10−4 

 
873 (11) 5.7×10−4 

 
879 (17) 9.5×10−4 

 
873 (11) 1.1×10−4 

 
893 (31) 1.1×10−3 

    

 

   

 

   

 

   
π(CH) 985 (−1) 4.5×10−4 

 
990 (4) 2.0×10−6 

 
971 (−15) 2.0×10−6 

 
993 (7) 2.0×10−5 

 
979 (−3) 3.2×10−4 

 
971 (−11) 2.8×10−5 

 
963 (−19) 0.0×100 

 
988 (6) 1.7×10−5 

    

 

   

 

   

 

   
τ(NH2) 724 (181) 2.1×10−5 

 
825 (195) 5.4×10−4 

 
670 (40) 1.1×10−4 

 
640 (10) 1.7×10−4 

 
554 (87) 1.1×10−4 

 
626 (135) 2.9×10−4 

 
526 (36) 5.0×10−5 

 
502 (11) 2.5×10−5 

    

 

   

 

   

 

   
δ(NCO) 569 (−61) 2.1×10−4 

 
592 (49) 1.8×10−3 

 
569 (26) 4.0×10−6 

 
605 (62) 3.4×10−3 

 
497 (6) 5.2×10−5 

 
521 (54) 5.0×10−5 

 
499 (32) 8.8×10−5 

 
534 (67) 3.5×10−3 

    

 

   

 

   

 

   
ω(NH2) 420 (167) 9.9×10−3 

 
530 (276) 1.7×10−3 

 
442 (188) 9.0×10−6 

 
348 (94) 1.1×10−3 

  323 (323) 6.5×10−3 
 

409 (409) 1.5×10−3 
 

341 (341) 1.7×10−5 
 

272 (77) 6.2×10−4 
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Table 10.14: Computed vibrational modes for formamide adsorption to the Ru (0 0 0 1) O-

2×1 surface in the M6 and M7 configuration. Bold Text: Amino hydrogens are protium; 

Italic Text: Amino hydrogens are deuterium. 

  M6      M7           

  Freq. 

(cm−1) 

Shift 

(cm−1) 

EELS 

Inten. 

 Freq. 

(cm−1) 

Shift 

(cm−1) 

EELS 

Inten. 

Freq. 

(cm−1) 

Shift 

(cm−1) 

EELS 

Inten. 

    

 

      ν(NH2) 3409 (−206) 5.2×10−5  3458 (−157) 3.5×10−5 3458 (−157) 2.5×10−5 

 asym. 2518 (−150) 4.8×10−5  2550 (−117) 2.0×10−6 2549 (−118) 0.0×100 

    

 

      ν(NH2) 3234 (−237) 7.0×10−6  3265 (−206) 6.1×10−4 3261 (−210) 1.7×10−4 

 sym. 2344 (−162) 3.3×10−5  2366 (−140) 8.9×10−4 2363 (−143) 1.5×10−4 

    

 

      ν(CH) 2973 (140) 3.0×10
−6

  2623 (−210) 3.7×10
−4

 2617 (−216) 4.6×10
−4

 

 

2973 (139) 3.0×10−6  2624 (−210) 2.8×10−4 2618 (−216) 5.5×10−4 

    

 

      ν(CO) 1469 (−262) 3.0×10−4  1346 (−385) 4.7×10−4 1337 (−394) 1.2×10−4 

 

1457 (−266) 1.7×10−4  1327 (−396) 3.2×10−4 1318 (−405) 0.0×10+0 

    

 

      δ(NH2) 1549 (−4) 6.6×10−4  1513 (−40) 9.7×10−4 1500 (−53) 5.0×10−4 

 

1201 (−76) 8.8×10−4  1145 (−132) 8.4×10−4 1142 (−135) 1.4×10−3 

    

 

      δ(CH) 1288 (−68) 4.3×10−4  1166 (−190) 6.4×10−4 1166 (−190) 5.6×10−4 

 

1288 (−75) 6.7×10−4  1170 (−193) 5.6×10−4 1166 (−197) 5.8×10−4 

    

 

      ν(CN) 1155 (−73) 5.3×10−4  1148 (−80) 2.0×10−4 1136 (−92) 0.0×100 

 

1022 (−40) 2.1×10−5  1025 (−37) 3.1×10−5 1007 (−55) 3.0×10−4 

    

 

      ρ(NH2) 980 (−33) 8.8×10
−4

  975 (−38) 1.0×10
−3

 971 (−42) 6.4×10
−4

 

 

817 (−45) 1.0×10−6  801 (−61) 2.1×10−3 793 (−69) 2.5×10−4 

    

 

      π(CH) 850 (−136) 7.7×10−3  846 (−140) 1.6×10−4 807 (−179) 2.2×10−4 

 

855 (−127) 8.0×10−6  874 (−108) 4.9×10−3 854 (−128) 2.0×10−6 

    

 

      τ(NH2) 753 (123) 6.9×10−4  684 (54) 6.8×10−4 675 (45) 2.4×10−4 

 

559 (68) 1.7×10−4  530 (39) 1.5×10−3 527 (37) 1.2×10−3 

    

 

      δ(NCO) 529 (−14) 4.2×10−5  526 (−17) 2.9×10−3 516 (−27) 1.2×10−3 

 

463 (−4) 2.0×10−6  466 (−1) 1.1×10−3 458 (−9) 1.4×10−3 

    

 

      ω(NH2) 866 (612) 6.1×10−3  917 (663) 6.5×10−3 915 (661) 8.7×10−3 

  641 (152) 1.5×10−2  683 (488) 6.3×10−3 672 (477) 2.8×10−4 
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Overall, the C-O stretching results suggest that formamide stimulates defect formation in the 

overlayer even down to 80 K. The NH2 stretching modes for formamide adsorption to a disordered 

oxygen overlayer appear more difficult to reconcile with experiment. The M3 mode, in particular, 

places the lower frequency NH stretching mode at approximately the same frequency as the CH stretch, 

while in experimental spectra two NH stretching modes are reported well above the CH stretching 

mode. This discrepancy could be the result of limitations in the PBE functional, but could also be 

explained by assuming several adsorption configurations are adopted simultaneously in equilibrium 

with one another. M4 configuration was found to have a very similar adsorption energy to the M3, 

which would allow significant quantities of both to be present at equilibrium. The results of a change in 

exchange correlation functional will be explored in the next section. 

None of the trialled configurations except for the M5 reproduce the observed strong loss intensity 

assigned to the CN stretch 1360 cm
−1

. While many of the other trialled configurations do predict a CN 

stretch at close to this frequency, the EELS loss intensities are very low. Experiment, on the other hand, 

produces an intensity roughly one third that of the C=O stretch. Computational results do predict the C-

N stretch to be strongly dipole active in the gas phase, however. The limiting factor on the surface is 

that the CN mode‟s dynamic dipole is oriented largely parallel to the surface in all configurations 

except for the M5. Given the large intensity of the experimental loss feature, it is difficult to attribute 

this feature to impact scattering. Instead it seems that some other configuration must be present to 

produce this. While it is tempting to suggest the M5 configuration is responsible for this loss feature, 

the M5 has a lesser adsorption energy than the M4 and M3, making it unlikely to be present in 

substantial enough quantities to contribute significantly to the spectrum. 

The remaining loss features in the experimental low-temperature molecular adsorption spectrum 

are of low intensity: a small isolated loss at 1100 cm
−1

, and small shoulders at 790 cm
−1

 and 1585 cm
−1

 

respectively. The shoulder at 790 cm
−1

 most likely corresponds to the NH2 torsional vibration. In terms 

of absolute frequency, the M3 mode at 820 cm
−1

 best agrees with this, while the M2‟s torsion produces 

a closer shift relative to gas-phase results. The M4 predicts a torsion at 663 cm
−1

, however such a mode 

is very likely to be obstructed from experimental view by the very large surface O signal. When the 

amino group was deuterated in the experiment, the 790 cm
−1

 mode was no longer observed, and instead 

a mode appeared at 920 cm
−1

. The NH stretching modes also shifts down by approximately 1000 cm
−1

. 

This behaviour is largely duplicated by theory: the NH stretching modes shift as expected, the NH2 

torsional mode shifts to a lower frequency that would likely be obscured by surface O stretching. The 

appearance of the mode at 920 cm
−1

 is qualitatively reproduced by the NH2 in plane rocking mode red-

shifting to 870-880 cm
−1

. 
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The most significant difference between low and high-temperature adsorption modes is the 

presence of a strong loss feature at 970 cm
−1

, which red-shifts to 770 cm
−1

 on deuteration of the amino 

group. This was assigned by Parmeter and Weinberg to formamide adsorbing with the amino group 

rotated to facilitate coordinate bonding through the nitrogen atom to the surface. The adsorption mode 

could not be reproduced theoretically, hence an alternate explanation is needed for the experimental 

spectra. The spectroscopic evidence leading to Weinberg‟s interpretation of coordinate bonding 

through the amino N, as well as the alternate explanations, will now be discussed.  

There are a number of advantages to Parmeter and Weinberg‟s original suggestion – that the 

amine group rotates out of plane to form an adsorption mode with bonds from both the carbonyl O to 

the Ru and the amino N to the Ru surface. Firstly, a rotation out of plane does significantly raise the 

wagging and torsional frequencies. Gas-phase MP2 calculations based on the 6-311++G(2d, 2p) basis 

set show that formamide‟s adoption of the high-temperature mode proposed by Weinberg and Parmeter 

results in a NH2 wagging mode at 850 cm
−1

. While less than the 970 cm
−1

 experimental observation, 

this could easily be further blue-shifted by the presence of the surface. Furthermore, the dynamic dipole 

associated with this mode is oriented largely in the direction of the C-H bond. This would help explain 

the large signal observed from the mode under electron energy-loss spectroscopy. EELS intensities are 

proportional to the square of the component of the dynamic dipole perpendicular to the surface, and the 

C-H bond lies perpendicular to the surface in Parmeter and Weinberg‟s proposed configuration. 

Finally, the CO stretch shows a blue-shift from 1650 to 1680 cm
−1

. A blue-shift might be expected in 

the case that the extent of double bond delocalisation was reduced as a result of out-of-plane motion. 

This would result in the C=O bond length shortening and force constant increasing. Shortcomings of 

the originally suggested configuration arise from all attempts in this study to find such a configuration 

being unsuccessful, as well as significant prior studies that report a considerable energy barrier 

associated with rotating the NH2 group out of the molecule‟s plane [207]. It is already well established 

in gas-phase studies of isolated formamide that rotating the amine group out of plane in the manner 

suggested by Parmeter and Weinberg results in a first-order transition state rather than a stable local 

minimum. Prior computational studies of gas-phase ions interacting with formamide have found local 

energy minima coordinate bonding between the ion and the N atom of formamide, however these 

tended to adsorb side-on to the amine group rather than top-down [220, 221]. This meant far less 

distortion out of plane of the amino group was needed. These facts, in conjunction with this study‟s 

own inability to find a stable configuration of the type suggested by Parmeter and Weinberg, cast 

considerable doubt on their assigned high-temperature molecular adsorption mode.  
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The most likely alternate explanation for the high-temperature molecular adsorption mode is the 

M6 and M7 configurations where formamide is positioned lying flat on the surface. These are the only 

configurations found which reproduce a mode of sufficient intensity in approximately the right position 

(i.e. relatively close to the 970 cm
−1

). Of the two, the dimerised M7 is the most likely candidate, having 

the largest adsorption energy, as well as producing the loss signal closer to the experimental value than 

the M6 configuration. There is a major problem with the side-on configurations, however. The 

orientation renders many of the other modes largely inactive to EELS as it orients their dynamic 

dipoles parallel with the surface, yet several of these modes have strong signals in experiment. 

Furthermore the C-O stretch is severely red-shifted relative to the other trialled adsorption 

configurations, while in experiment it is actually slightly blue-shifted relative to the low-temperature 

adsorption mode. A strong red-shift of the C-O stretch has been observed on hydrogen precovered Ru 

where it was assigned to an adsorption mode with the C-O bond flat to the surface [71], but has not 

been reported on oxygen precovered Ru [32]. The experimental spectrum could be explained if an 

equilibrium existed between the M7 and other large adsorption energy configurations, such as the M4 

and M3, as was also necessary to fully explain the experimental low-temperature molecular adsorption 

modes with the theoretical results. The remaining strong losses in intensity would be assigned to the 

other adsorption configurations rather than assigning every EELS loss to a single adsorption 

configuration. Because the M7 configuration has a larger adsorption energy than any of the other 

trialled configurations, it might be expected to dominate any such equilibrium. However, this would be 

balanced against the added entropic cost of aggregating two formamides close together, and the limited 

ability to relocate oxygen atoms to clear space for the dimer to adsorb. An assignment of the M7 

configuration also provides an explanation as to why raising the temperature causes the adoption of a 

second molecular adsorption mode: the M7 configuration‟s requirement that formamide dimerise 

would require the formamides to diffuse across the surface to one another. Moreover, surface oxygen 

would need to be displaced from their ordered positions to make room for the formamide to lie flat on 

the surface. Both these procedures possess energy barriers, which could only be rapidly surmounted 

when a sufficient temperature was reached. Such an explanation also covers why the other modes of 

adsorption are present on the oxygen precovered surface (as shown by the strong C-O stretch at 1660-

1680 cm
−1

 present on the oxygen covered surface, but absent from the hydrogen covered surface): 

hydrogen atoms on the Ru (0 0 0 1) surface are capable of recombination and desorption at relatively 

low temperatures, and are observed desorbing at the same temperatures on the hydrogen covered 

surface as the flat-on formamide adsorption configuration appears. This would mean that enough space 

could be cleared on the surface (through desorption of the coadsorbed hydrogen) for all adsorbed 

formamide to adopt a side-on adsorption mode. Oxygen, on the other hand, cannot desorb at the same 
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temperature range, owing to its extremely large adsorption energy. The only way to make room for the 

flat-on adsorption of formamide is through displacement of the oxygen atoms to other positions on the 

surface. This would produce a far smaller amount of available space than simply desorbing the 

coadsorbed species. It is therefore likely that there is insufficient room to accommodate all formamide 

on the oxygen covered surface in a flat-on adsorption configuration along with all the surface oxygen. 

A mixed adsorption configuration would instead need to be adopted. This would involve the M7 

configuration, as well as configurations with less oxygen displacement, such as the M3 and M4. 

On deuteration, the M7 (dimer) behaviour may not exactly reproduce what has been 

experimentally reported: While the mode most closely resembling the ω(NH2) stretch does significantly 

red-shift (by 243 cm
−1

 and 234 cm
−1

 on the M7 configuration, in comparison to an experimental value 

of 200 cm
−1

), a second strong adsorption signal (which appears to result mostly from the π(CH) mode, 

but has hybridised with the NH2 bending modes) suddenly produces a strong loss mode. No mention of 

the appearance of this mode is made in the experimental study, however neither is a complete HREELS 

spectrum provided to confirm its absence.  

 

10.11.3 Vibrational Frequency Studies of Dissociative Formamide Adsorbed to 

the Ru (0 0 0 1) O-2×1 Surface 

 

Table 10.15 shows the computed vibrational frequencies for configurations D1, D3 and D4 as 

well as the experimental frequencies sourced from Parmeter and Weinberg [32]. Given the lack of 

experimental data for a gas-phase HCONH species, it is not useful to provide the computational shift 

relative to the gas phase. For dissociative adsorbed formamide, the calculated largest intensity loss is 

found to correspond to the asymmetric NCO stretch, in agreement with the experimental assignment. 

The calculated frequency of this mode, 1274-1302 cm
−1

, is lower than the analogous experimental peak 

at 1395 cm
−1

. The analogous mode for molecular adsorption, the CN stretch, was similarly 

underestimated in all the cases studied. The NCO asymmetric stretch is predicted at 1524-1531 cm
−1

, 

however it is predicted to have a very small intensity associated with it. This is in agreement with 

experiment for both formamide and formic acid adsorption to the ruthenium surface, where the NCO 

asymmetric stretch could not be observed under EELS. The NH in plane bending mode frequency is in 

good agreement with the experimental value of 1140 cm
−1

, however the calculated loss intensity is very 

weak. The experimentally assigned peak, on the other hand, appears roughly two thirds the intensity of 
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Table 10.15: Calculated vibrational wavenumbers and intensities for the dissociated 

formamide adsorption to the Ru (0 0 0 1) O-2×1. Also shown are the experimental values 

taken from Parmeter and Weinberg [32]. 

Mode Assignment 
D1 (1×4 cell, perfect 

surface) 
(cm

−1
) 

D3 (2×2 cell, removed 
oxygen) 
(cm

−1
) 

D4 (2×2 cell, removed 
oxygen) 
(cm

−1
) 

Experimental[32] 
(cm

−1
) 

 Freq.  
(cm−1) 

EELS  
Inten. 

Freq.  
(cm−1) 

EELS 
Inten. 

Freq.  
(cm−1) 

EELS  
Inten. 

 

ν NH 3518 5.3×10
−5

 3421 2.9×10
−6

 3449 9.3×10
−5

 3365 

 2542 7.7×10
−5

 2504 7.8×10
−6

 2520 1.3×10
−4

 2480 

ν CH 2924 4.1×10
−4

 2967 6.3×10
−4

 2957 4.1×10
−4

 2980 

 2950 4.0×10
−4

 2967 6.3×10
−4

 2996 3.9×10
−4

 2960 

ν (NCO)(a) 1531 1.8×10
−4

 1524 6.6×10
−7

 1498 1.9×10
−4

 -- 

 1523 1.1×10
−4

 1511 4.5×10
−5

 1490 9.2×10
−5

 -- 

ν3 H(surf) 1184 1.0×10
−4

 1347 3.4×10
−4

 1194 1.2×10
−6

 -- 

 847 9.3×10
−5

 952 3.4×10
−8

 844 4.5×10
−6

 -- 

ν (NCO)(s) 1377 2.0×10
−3

 1279 4.4×10
−3

 1353 2.3×10
−3

 1395 

 1311 2.0×10
−3

 1224 4.7×10
−3

 1309 1.5×10
−3

 1360 

δ CH 1280 9.3×10
−5

 1321 3.2×10
−4

 1294 2.3×10
−4

 1340 

 1301 8.1×10
−6

 1317 3.9×10
−5

 1290 1.1×10
−3

 -- 

δ NH 1093 3.3×10
−6

 1130 2.2×10
−4

 1124 3.3×10
−5

 1140 

 888 2.3×10
−4

 899 7.2×10
−4

 887 2.6×10
−4

 920 

ν2 H(surf) 867 7.4×10
−6

 987 1.6×10
−5

 937 1.8×10
−4

 -- 

 635 4.8×10
−6

 702 2.7×10
−4

 662 2.3×10
−4

 -- 

π CH 916 1.8×10
−5

 935 2.6×10
−5

 933 9.4×10
−5

 -- 

 931 8.0×10
−6

 933 5.6×10
−5

 933 5.0×10
−9

 -- 

τ NH 547 9.8×10
−4

 780 3.0×10
−4

 679 2.7×10
−4

 -- 

 490 7.5×10
−4

 583 2.4×10
−4

 518 3.0×10
−4

 -- 

δ NCO 726 6.0×10
−4

 723 1.0×10
−3

 725 9.7×10
−4

 770 

 692 4.0×10
−4

 690 4.0×10
−4

 693 7.6×10
−4

 760 

ν1 H(surf) 756 3.2×10
−8

 698 1.3×10
−3

 809 3.6×10
−5

 -- 

 567 5.0×10
−10

 492 1.0×10
−3

 573 2.1×10
−5

 -- 

 

the CN stretch. An explanation for the lack of agreement might be an alternate assignment of the peak 

at 1140 cm
−1

 to dissociated H stretching on the surface. In the D1 configuration, where the dissociative 

H is the furthest from the remainder of formamide, the dissociated H stretch perpendicular to the 

surface produces a mode at 1184 cm
−1

, fairly close to 1140 cm
−1

 observed in the experiment. The D3 

and D4 modes, on the other hand, predict a dissociated H stretch at above 1300 cm
−1

. However in the 

case of the D3 and D4 modes, the dissociated H is substantially closer to the remainder of formamide; 

the dissociated H stretch would drop to the D1 level were the spacing between surface H and remainder 

of formamide increased. Furthermore, an assignment of this loss to dissociated hydrogen remaining on 

the surface is consistent with the action of the spectra on deuteration, which experimentally drops to 

920 cm
−1

. On the other hand, the loss intensity (although seventeen times larger than that of the NH in 
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plane bending mode) is still insufficient relative to the NCO symmetric stretch to completely explain 

the observed spectra. A final disagreement with experiment is in NH stretch, which also features a far 

lower loss intensity in the theoretical modes considered when compared to experiment. Given that the 

NH stretch dynamic dipole is in plane with the molecule, the disagreement cannot be resolved by 

suggesting dissociative formamide adopt a “flat-to-the-surface” adsorption mode in a dissociative 

analogue of the M6 and M7 configurations. As the NH stretch on the experimental spectrum is 

relatively weak, it is possible that the observed signal results from an impact scattering mechanism.  

Because each of the dissociative adsorption modes produce a large signal at around 1300 cm
−1

, it 

is worthwhile to revisit the earlier observation that formamide adopt several adsorption configurations 

in order to fully explain the molecular adsorption modes found. It was found that the only molecular 

adsorption mode that could produce a strong signal at around 1300 cm
−1

 had a substantially lower 

adsorption energy than the remainder of the modes, and was therefore unlikely to be found in 

significant quantities. The D3 dissociative mode, on the other hand, produces a strong loss signal in the 

correct vibrational range, and has an adsorption energy (post dispersion correction) of similar size to 

the M3 and M4 molecular adsorption modes. If the equilibrium explaining the “molecular” adsorption 

modes was extended to include the D3 configuration, all the major peaks in the experimental spectra 

are correctly predicted. The composite spectra of formamide in the M2, M3, M4, M5, M6 and M7 

configurations is shown alongside the individual formamide spectra in Figure 10.9 on page 192. 

Under the suggested mixed adsorption mechanism, the experimentally observed change in 

adsorption modes would have the following overall explanation: at low temperatures, the surface 

oxygen overlayer has limited mobility, preventing the flat-to-surface adsorptions (i.e. the M7 

configuration) from occurring. When the temperature is raised to 225 K, the surface oxygens become 

more mobile, and become disordered allowing stronger adsorption modes such as the M7. Some 

equilibrium also exists between dissociated and molecular hydrogen at this point. Increasing the 

temperature further to 250 K allows dissociated hydrogen on the surface to combine and desorb as 

gaseous hydrogen. The removal of hydrogen drives the surface equilibrium toward dissociative 

adsorption, resulting in the experimentally observed molecular to dissociative adsorption mode switch-

over. 
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Figure 10.9: Simulated EELS spectra for molecular formamide adsorption over the Ru 

(0 0 0 1) O-2×1 surface. 
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10.12 Conclusions 

 

Formamide adsorption on the Ru (0 0 0 1) surface with coadsorbed oxygen overlayer has been 

studied by way of density functional theory. Disorder in the oxygen overlayer and its effect on 

formamide adsorption has also been examined. It has been shown that density functional theory using 

the PBE GGA on the perfect surface does not produce sufficiently high adsorption energies to match 

experimental observations. Furthermore, dissociation of the amino H to the surface appears unlikely as 

there is an energetic bias for desorption over dissociation, in disagreement with experiment. The use of 

an empirical dispersion correction led to higher adsorption energies. Significantly higher formamide 

adsorption energies were also obtainable by introducing local disorder to the surface oxygen layer. 

Temperatures at which the oxygen layer was predicted to gain sufficient mobility to become disordered 

were consistent with the temperatures at which changes in the formamide adsorption mode have been 

experimentally reported, suggesting that experimentally observed changes in adsorption mode with 

increased temperature may result from a change in adsorption site made available by mobilisation of 

the oxygen overlayer. An examination of the predicted vibrational modes for the different adsorption 

configurations suggested that an equilibrium exists between a variety of modes on the surface. 

Dispersion corrected adsorption energies indicated a number of the adsorption configurations trialled 

had very similar adsorption energies, in support of this hypothesis. 
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Chapter 11   

 

Summary of Findings and Outlook for 

Future Studies 

 

This thesis has provided studies of biologically relevant small molecules, primarily over the 

surfaces of rutile TiO2, but also over the oxygen precovered surface of ruthenium. The latter being the 

closest surface to a metal oxide where vibrational spectroscopy over a well defined single crystal 

surface was available [32]. 

Ammonia adsorption to a new model of the (0 1 1) surface [59] of rutile TiO2 was examined. It 

was found that the lower titanium sites on this model act as stronger Lewis acid sites for ammonia 

adsorption than the upper set of sites. This was found to be consistent with prior experimental 

observations, which showed formates preferentially adsorbing to the lower titanium sites [62], and 

computational studies of water adsorbed to this surface [186]. Conversely, the upper set of surface 

oxygens were found to be more reactive than the lower set. Adsorption energies for the (0 0 1)-

brookite-like model were around half of values derived from experiment, while those for the bulk-

terminated model were in reasonable agreement with the experimental values. However the bulk-

terminated model yielded a particularly large red-shift on one of the N-H stretching vibrational modes, 

not observed in experiment. The absence of this shift from the (0 0 1)-brookite-like model, coupled 

with strong experimental evidence and computational evidence for the (0 0 1)-brookite-like model from 

other studies, tends to provide further evidence for its validity. It is clear, however, that the adsorption 

energies of the (0 0 1)-brookite-like model are far too small to account for experimental observations. It 

has been suggested in other studies that low theoretical adsorption energies over the (0 1 1) surface 

indicate that adsorption only occurs over defect sites [186]; however, experimental studies studying the 

(0 1 1) surface have reported it as fully oxidised, raising questions about this assignment [17].  

With the ambiguity around the role of defects on the (0 1 1) surface, it is clear that future research 

should focus on the role of defects on adsoption to the surface, before further adsorbates are examined. 
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The presence of oxygen point defects on the (1 1 0) surface was shown to yield a metallic surface under 

the LDA and GGAs. On the other hand experiment suggests that reduced TiO2 behaves as a 

semiconductor, producing isolated gap states. Both hybrid DFT [47] and +U corrections [222] to LDA 

or GGA functionals have been shown to reproduce the expected semiconducting character on the 

(1 1 0) surface, although the areas of charge localisation remain disputed. As such, a key area of future 

research on the (0 1 1) surface will involve examining its electronic structure and determining which 

computational techniques can accurately represent it. 

A study of gas-phase formaldehyde polymerisation has been presented. Computed polymerisation 

entropies and enthalpies under the DFT/PBE and MP2 levels of theory were found to be in agreement 

with experiment [202], once secondary chain interaction energies were accounted for. The B3LYP 

functional, on the other hand, was shown to yield excessively small polymerisation energies. Gas-phase 

polymerisation was found to be thermodynamically plausible, however rate constants for the initiation 

and the first couple of growth steps of formaldehyde polymerisation show that the polymerisation does 

not proceed at a sufficient speed to account for experimental polymerisation rates. This confirms that 

both initiation and growth portions of the gas-phase polymerisation reaction actually occur in an 

adsorbed phase on the surface of the experimental reaction vessels.  

Having established that both initiation and growth of polymer chains occur significantly only in 

the adsorbed rather than gaseous phase, a study was presented of formaldehyde adsorption to TiO2 as a 

model surface. Weakly bonding monomeric adsorption configurations were found which match 

experimental observations for low-temperature desorption [20]. A more strongly bound dimerisation 

configuration was also found, where the dimer bridges between a surface titanium and surface oxygen 

atom. It is likely that this configuration, or a longer chained analogue thereof, is the form of 

experimentally observed paraformaldehyde [20]. This configuration also provides an explanation as to 

why adsorbed paraformaldehyde decomposes prior to desorption, as bonding to the surface is required 

to maintain chain stability. Finally, the adsorption of an infinitely long paraformaldehyde chain was 

tested over the (1 1 0) surface. It was found that paraformaldehyde adopts a helical configuration, in 

contrast to earlier suggestions that a linear configuration is adopted. This chain was found to only very 

weakly bind to the surface, suggesting that the polymer only strongly interacts with the surface at the 

chain ends. 

There are two obvious broad areas for future formaldehyde adsorption studies over TiO2. Firstly, 

coadsorption studies with initiators would be a next logical step to determine the polymerisation route. 

Secondly, the energy barriers to conversion from formaldehyde monomers to dimers and higher chain 
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length oligomers should be evaluated. This would provide a valuable explanation as to why some 

formaldehyde remains adsorbed as monomers instead of polymerising at low temperatures. 

Continuing the examination of model molecules to the (1 1 0) surface, the diffusion pathways of 

formic acid were examined. It was shown that a walking diffusion pathway is energetically favoured 

over the (1 1 0) surface, rather than earlier suggestions of a sliding diffusion mode [29, 30]. The role of 

dissociated hydrogen was clarified during the study: the presence of the dissociated hydrogen was 

found to be important to formate diffusion, however the role of the hydrogen is one of stabilising a 

hydrogen bonded intermediate rather than simultaneously diffusing with the formate. 

Formamide adsorption was examined over both the (1 1 0) surface of TiO2, and an oxygen 

precovered ruthenium (0 0 0 1) surface. Over TiO2, bridging dissociative configuration and 

monodentate molecular adsorption configurations were found to be roughly evenly favoured at a 

coverage of one formamide per two surface repeat units. This dissociated configuration did, however, 

become energetically favoured at lower coverages. The local energy minima of molecular formamide 

undergoing a formic acid style decomposition pathway were examined. It was found that there was 

little difference in energy for formamide binding with either the nitrogen or oxygen atoms to surface 

oxygen point vacancies. This provided an explanation for experimentally observed nitriding of TiO2 

after formamide adsorption [7, 21]. 

Over the oxygen precovered Ru (0 0 0 1) surface, the equilibrium oxygen defect concentrations 

resulting from displacement of surface oxygens away from their perfectly ordered positions were 

evaluated. Predicted oxygen defect concentrations were larger than those experimentally observed 

through STM at liquid helium temperatures [74], but could be explained if surface oxygen atoms lose 

mobility at around 250 K. Approximate rate constants for oxygen atom diffusion were evaluated and 

found to agree that diffusion rates become prohibitively slow at around this temperature, confirming 

this to be the case. Formamide adsorption over a perfectly ordered oxygen precovered surface was 

shown to have too small adsorption energies to coincide with experimental desorption temperatures 

[32] when using the PBE functional. Substantially higher adsorption energies were found through both 

the application of an empirical dispersion correction, and the displacement of oxygen atoms from their 

perfectly ordered positions, bringing results into better agreement with experiment. Vibrational modes 

were simulated for a variety of adsorption configurations. It was found that the experimental HREELS 

spectra could only be duplicated from dipole-based scattering if multiple adsorption configurations 

were present simultaneously [32]. Several of the trialled adsorption modes had very similar adsorption 

energies, suggesting this may be the case. The appearance of a high-temperature molecular formamide 
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adsorption mode was reconciled in terms of formamide adopting an adsorption configuration lying flat 

to the surface. This configuration requires the displacement of additional surface oxygens, explaining 

why it is only observed when the temperature is raised. 

As the studies presented in the body of this thesis have established the stable adsorption modes 

for monomeric formamide adsorption to (1 1 0) surface of rutile TiO2, the next major area of study 

would be the formation of HCN polymers over the surface at relatively low temperatures. Another area 

would be establishing the reaction barriers for the decomposition of monomeric formamide adsorption 

modes studied in this thesis. 

Over the ruthenium surface, studies could be extended to examine formamide adsorption to both 

the clean and hydrogen precovered surfaces, in addition to the studies of the oxygen precovered surface 

presented in chapter 10 of this thesis. Additionally, further reaction pathways and barriers, such as 

those for formamide assisted oxygen diffusion and the decomposition of formamide on the surface 

could be examined. Given the slow rates of these processes under experimental conditions, ab initio 

molecular dynamics will not run on the time-scales needed for application to future studies. Instead, 

methodology useful for studying rare events such as metadynamics, or alternatively the further 

application of the nudged elastic band method to locate transition states, would be more appropriate to 

these studies. 
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