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Abstract 

Ionic Liquids (ILs) have drawn a great deal of attention as carbon capture 

agents, and in order to understand them studies must be performed probing the 

CO2–IL interaction. Many studies have focused upon measuring the solubility 

of CO2 within ILs, with fewer studies directly probing the CO2 adsorption 

environments within the IL. Understanding of the adsorption environments is of 

fundamental for the use of ILs industrially, if they are to be successfully applied 

within carbon capture and storage devices. Temperature programmed desorption 

(TPD) has been used to study the CO2–IL interaction within two ionic liquids; 

1-octyl-3-methylimidazolium tetrafluoroborate ([C8C1Im][BF4]) and 1-octyl-3-

methylimidazolium bis(trifluoromethylsulfonyl)imide ([C8C1Im][Tf2N]). 

Experiments were performed utilising low temperature line of sight mass 

spectrometry (LTLOS MS), ensuring that only species desorbing from the 

surface are observed. Surfaces were formed through a coadsorption method, 

where IL was deposited by chemical vapour deposition at a rate of ≈ 1 layer per 

minute while CO2 was simultaneously leaked into the chamber at pressures 

between 2×10−8 and 2×10−6 mbar. This study finds that CO2 does not form a 

monolayer on a gold surface at ≈ 90 K, with no CO2 TPD peak seen for those 

experiments, showing Edes,CO2
 (the activation energy of desorption of CO2) 

< 24.5 kJ mol−1. When IL and CO2 are coadsorbed the IL is seen to stabilise the 

CO2, such that a TPD peak for CO2 is seen, with the amount of stabilisation 

depending upon the IL used. Comparison of experimental TPD curves with 

calculated TPD profiles, using CO2 states with a range of binding energies, 

shows that there are multiple CO2 environments within the ILs. The use of TPD 

allowed the relative populations of these CO2 adsorption environments to be 

measured, which is not possible using solubility measurements and Henry’s 

constants, providing insights into the IL–CO2 interaction. CO2 was observed to 

desorb from sites within the bulk IL, which have activation energies of 

desorption in the range 24.5 to 43 kJ mol−1. The CO2 was seen to be stabilised 

most within the [C8C1Im][BF4], giving a stabilisation in Edes of up to 

18.5 kJ mol−1. The [C8C1Im][Tf2N] was typically seen to stabilise twice as much 

CO2 as [C8C1Im][BF4], which is consistent with the experimental Henry’s 

constants. 
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Further to this a new experimental technique for determining surface 

structure, utilising high energy X-rays in the total reflection regime, to generate 

an X-ray standing wave (XSW) and detect the resulting photoelectrons from 

layered surfaces has been demonstrated. The variable period X-ray standing 

wave (VPXSW) technique relies on the fact that at low incident angles (typically 

< 2°) total external reflection of X-rays is observed. The incident and reflected 

X-rays interact to generate an XSW along the surface normal, with nodes and 

antinodes at different heights, z, above a reflector for different angles of 

incidence. By scanning the incident angle of the X-ray from 0° upwards the 

periodicity of the XSW decreases, resulting in the nodes and antinodes sweeping 

towards the surface. As this sweeping occurs the nodes and antinodes pass 

through material adsorbed on the surface of the reflector, and the photoelectron 

signal fluctuates. Comparing the fluctuations in the measured photoelectron 

signal to a theoretical model allows surface layering to be detected at larger 

depths and with a higher information content than with other surface science 

techniques. This allows distance information, relative to the interfaces between 

different materials, to be obtained for different chemical species. Data is 

presented from a surface consisting of the ionic liquid [C8C1Im][BF4] on a 

Si(001) reflector, held at ≈ 90 K, with a thick IL layer adsorbed on the reflector 

and a CHCl3 marker layer on top of the IL. Results from the frozen surface 

indicate a 12 Å layer of CHCl3 and background water had been dosed on top of 

a 211 Å IL layer. These values agree well with what was expected for this model 

IL system with a thin marker layer, designed to test the technique. It is therefore 

shown that VPXSW with photoelectron emission can be used to successfully 

characterise thin films with thicknesses between 15 Å and ≈ 300 Å with 

chemical shift specificity, something not possible with current experimental 

techniques. 
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Chapter 1 

 

Introduction  
 

1.1. An introduction to this thesis 

 This thesis looks at aspects within the broad topic of the surface structure 

of ionic liquids and their interaction with small molecules. Within this thesis 

there are two main branches of research. The first (chapter 4) is the development 

of a synchrotron based technique, variable period X-ray standing wave 

(VPXSW) analysis with photoelectron detection, which can be used to probe the 

surface structure and surface layering of thick layers (up to 100’s Å). The second 

part (chapters 5 and 6) looks at the interaction between two imidazolium based 

ionic liquids (ILs) and the small molecule, carbon dioxide. These studies use 

temperature programmed desorption (TPD) with a newly developed low 

temperature line of sight mass spectrometry setup. This allows the study to focus 

on the strength of interaction rather than the solubility of CO2 within the ionic 

liquids, which has already been well studied in the literature (see section 1.2.3). 

 

1.1.1 Surface structure analysis 

Any interaction between the two phases of a biphasic system occurs at 

an interface and in cases where one of these phases is vapour/vacuum the 

interface can be described as a surface (surface can also be used to describe the 

solid–liquid interface but not the liquid–liquid interface, although different 

people may have differing definitions). A large number of processes occur at 

surfaces varying from catalysis [1-5] and electrochemistry [2, 4] to gas capture 

[4, 6] and lubrication [7]. Surfaces are of particular interest due to the way that 

their properties vary from those of a bulk material, due to the fact that surface 

molecules are less coordinated than bulk molecules since the layer above them 

is different to every other layer of the material. This can lead to dangling bonds, 

and hence a greater reactivity, or can result in restructuring of the surface to 

minimise the energy penalty for the dangling bonds [2]. Functionalisation of 

porous surfaces with thin films has been observed to increase selectivity and 

yields in catalytic reactions [8], as well as keeping costs down for expensive 



Chapter 1: Introduction 

2 

 

catalytic materials. The vast number of processes occurring at surfaces indicates 

the great importance of understanding the surface structure and having 

experimental techniques which have the ability to probe a range of different 

surfaces over length scales up to 100 nm. 

It is the characterisation and determination of thin film composition that 

shall be focussed on within this study, an area for which many experimental 

techniques exist. Ellipsometry can be used to probe film thicknesses ranging 

from 0.1 to 100 nm [9] and can be used to give information on the dielectric 

constants of a thin layer. The technique utilises the change in the polarisation of 

a beam of optical light when it reflects from a surface, where the change in 

polarisation within the material on the surface is related to the optical constants 

of that material. These can then be used to determine the band gaps or the 

conductivities of the layers on the surface as well as the film thickness. The 

sensitivity of the technique is dependent upon the contrast between the optical 

constants of the substrate and the adsorbed layers [10]. Ellipsometry is 

analogous to specular X-ray reflectivity (XRR) in which an X-ray is reflected 

from a surface (for low incident angles, typically from 0° to 5°) and detected to 

probe the electron density perpendicular to the surface plane [11-13]. The X-

rays are scattered by electrons, so in regions with higher electron density a 

greater degree of scatter occurs allowing the technique to determine layers of 

differing electron density. This means that there needs to be a large difference 

in the electron density of the substrate and the adsorbed layer for the best contrast 

and sensitivity in the results [10]. These techniques have the ability to probe 

thick surfaces in a non-destructive way due to the fact that the photons used are 

not attenuated significantly by the material they are travelling through, allowing 

them to be reflected from the substrate layer. These types of technique are 

suitable for looking at layering if prior information on the surface is available, 

but since they lack elemental analysis there is limited use for characterisation of 

thin films of unknown components and determining the structure of such 

surfaces. 

X-ray photoelectron spectroscopy (XPS) [2, 14-16] uses an X-ray 

incident upon a surface at a large angle (≈ 30°), such that it is transmitted into 

the surface and absorbed by the material within that surface. The absorption of 

the X-ray photons ionises the absorbers causing photoelectrons to be ejected 
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from the surface. In laboratory based sources the X-rays are typically generated 

from an aluminium anode, giving Al Kα X-rays at an energy of 1486.6 eV [14]. 

The X-rays themselves are not highly attenuated by matter so penetrate the 

surface and are not surface sensitive, however the photoelectrons produced have 

attenuation lengths on the order of nanometres. This means that the 

photoelectrons can only escape from the top-most parts of the surface, before 

they are attenuated, allowing them to be used to probe films up to 10 nm thick. 

The surface sensitivity can be enhanced through the use of angle resolved X-ray 

photoelectron spectroscopy (ARXPS) [14, 15, 17, 18] in which the sample can 

be tilted, focussing on the top 1 to 3 nm of the surface. The background theory 

of XPS is discussed in more detail in section 2.2. 

X-rays have also been used to characterise surfaces in X-ray standing 

wave (XSW) techniques of different forms [19]. The basic premise of all XSW 

techniques are similar; an incident X-ray and a reflected X-ray of the same 

wavelength and phase overlap in time and space, adding together to generate a 

standing wave which can be used to probe the layers adsorbed on a surface. One 

such set of XSW techniques rely on the satisfaction of the Bragg condition [4, 

20], 

𝑛𝜆 = 2𝐷ℎ𝑘𝑙sin⁡(𝜃) 

by tuning either the X-ray photon energy (altering the wavelength, λ) or the angle 

relative to the diffracting plane (not the crystal surface), θ, to generate a reflected 

wave (n is the order of diffraction and Dhkl is the layer spacing between the 

planes with Miller indices (hkl)) [21-23]. The standing wave that is generated 

has a known standing wave period (2Dhkl for first order diffraction) and behaves 

in a predictable fashion, with the phase of the X-ray standing wave shifting as 

the angle or photon energy is scanned through the Bragg condition. As an 

antinode passes through an adsorbed atom there is an observed increase in the 

detected signal (which can be photoelectrons, Auger electrons or X-ray 

fluorescence). By collecting XSW scans from a variety of different crystal 

planes the data sets can be used to triangulate the positions of the adsorbed atoms 

and identify the adsorption sites and orientation of the adsorbed molecules. For 

the traditional XSW technique the standing wave is set up from the crystal planes 

of the substrate, so for angles of incidence in the range 0° to 88° the crystal needs 

to be near perfect [21], which is not always the case, resulting in distortion of 
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the standing wave. Normal incidence X-ray standing wave (NIXSW) overcomes 

this issue by fixing the angle of incidence upon the diffracting plane to 90° 

(hence scanning of photon energy is required) which minimises the effect of the 

crystal imperfections and degree of collimation of the X-ray beam [22]. Since 

these XSW techniques rely upon diffraction from crystal planes the XSW 

wavelength is fixed, based upon the plane separation Dhkl, and is typically in the 

range 1 to 4 Å [24]. This provides the opportunity to probe a single atomic layer 

and bond lengths, however in the case of multi-layered adsorbates or large 

molecules there may be two or more antinodes within the adsorbed layer, 

producing multiple signals and making data very difficult to analyse. The XSW 

period can be increased by using artificially made layered substrates, such as the 

one described in ref. [24] where tungsten layers are separated by 25 Å using 

silicon as a spacer. This allows the XSW period to be increased allowing larger 

systems to be probed (such as the Langmuir–Blodgett films discussed in [24]), 

however the standing wave period is still fixed within a given experiment using 

a given substrate. 

 Another XSW technique that has been used to probe materials with 

larger layer thicknesses is variable period X-ray standing wave (VPXSW) 

analysis [25, 26], also referred to as total reflection XSW [27], grazing incidence 

XSW [28, 29] or glancing angle XSW [30, 31]. This relies upon the total external 

reflection of an X-ray from a flat surface, much in the same way as X-ray 

reflectivity, to produce the XSW. Since the reflection does not occur through 

diffraction of the X-rays from crystal planes by satisfying the Bragg condition 

the XSW wavelength is not fixed based upon the layer spacing Dhkl. Instead the 

standing wave period is related to the angle of incidence of the X-ray to the 

surface, where scanning the angle of incidence causes the XSW period to vary, 

for a fixed photon energy (hence the name of the technique is ‘variable period 

XSW’) [25, 32]. In much the same way as other XSW techniques the antinodes 

and nodes of the XSW can be used excite (or not, in the case of nodes) adsorbed 

layers of material on a surface. By scanning the incident angle of the X-ray the 

phase and the period of the XSW change which produce oscillating profiles as 

they pass through layers adsorbed on an X-ray reflector. This gives the VPXSW 

technique the ability to accurately probe adsorbed layers with thicknesses 

ranging from 10’s Å up to 1000 Å thick [25, 26, 32, 33]. Since the XSW is 
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produced from the reflection of X-rays, the standing wave only exists for low 

incident angles limiting the incident angle to a range of ≈ 0° to 5°, although this 

is substrate and photon energy dependent. An evanescent wave is formed within 

the reflector surface, as a result of the total external reflection, and has a 

penetration depth which is dependent upon the intensity of the standing wave at 

the surface (which varies with incident angle). This evanescent wave has been 

used within total reflection XPS studies as the inelastically scattered background 

is low [14, 34]. The work discussed in ref. [34] could be considered to be a 

VPXSW study, although the author of the work made no comment on this in the 

paper. 

 All VPXSW experiments to date have utilised X-ray fluorescence as the 

detection method [25, 27, 29, 31, 33], in which the photons released from the 

decay of electrons into core holes emits photons [35]. The X-ray photon energies 

chosen to set up the standing waves in these studies have tended to be large (over 

5 keV) to ensure the X-ray photons can ionise the core electrons in order to 

produce fluorescence, but also that the fluorescence photon produced has 

sufficiently large energy to be successfully transmitted through the adsorbed 

layer to the detector, rather than being absorbed by the overlayer [29]. The 

incident X-ray energy is tuned to optimise the signal from a given species, so in 

ref. [29] an X-ray energy of 15.2 keV was used to optimise detection of the Ge 

Kα fluorescence peaks, whereas in ref. [32] an X-ray energy of 9.8 keV was 

chosen to optimally excite the Zn K fluorescence. This use of X-ray fluorescence 

does give elemental specificity, but requires some prior knowledge of the 

surface composition in order to optimise the X-ray energy, although this is true 

for most detection techniques. Use of X-ray fluorescence, however, limits the 

species that can be detected to ones with higher atomic weights as fluorescence 

yields are low for light atoms [24, 35, 36] such as carbon, nitrogen and oxygen. 

Although this allows good contrast in the fluorescence profiles to be obtained, 

as there is a heavy metal layer such as zinc [26, 32] or germanium [29] on top 

of hydrocarbon spacer molecules, it greatly limits the use of the technique in 

understanding many polymeric, organic and biological species, which are 

composed mainly from light elements such as carbon, nitrogen and oxygen. 

Utilising photoelectron detection can resolve these issues as photoelectrons have 

been used to characterise all species except hydrogen and helium. Not only do 
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photoelectrons allow elemental specificity, they can also be used to give 

information on the chemical environment of a particular photoelectron emitter. 

The fact that the produced photoelectrons are inherently surface sensitive, due 

to their attenuation lengths being on the 10’s of Å scale [2, 14, 37], can also be 

used to provide extra information on the adsorbed layers at the surface. Through 

changing the photon energy used to generate the XSW the photoelectron kinetic 

energies and hence the attenuation lengths can be varied [2], allowing much 

thicker layers to be probed than with conventional XPS. The side effect of 

increasing the photon energy is a decrease in the photoionisation cross section 

[36], however experimental results described in this work show that reasonable 

absorption cross sections and attenuation lengths can be obtained for photon 

energies of 3 keV. It will be shown that VPXSW with photoelectron emission 

can be used to successfully characterise thin films with thicknesses between 

15 Å and ≈ 300 Å with chemical shift specificity, something not possible with 

current experimental techniques. 

 

1.1.2. Small molecule capture 

 The interaction of small molecules with ionic liquids is not only of 

importance from an academic perspective, as such studies will allow the 

suitability of ILs for new applications to be better understood. There is also a 

need for such applications with a global emergency arising from the emission of 

the small molecules generated upon burning fossil fuels such as coal, oil and 

natural gas. Worldwide energy consumption is increasing year on year, at an 

average rate of 1.9% for 2005 to 2015 [38], although it appears to be slowing 

with the 10 year average yearly consumption increase for 2007 to 2017 being 

1.8% [39]. Over 80% of this energy is generated through the combustion of coal, 

oil and natural gas [39]. This is correlated to a statistically significant increase 

in the global temperature of over half a degree in the past century which, if left 

unchecked, could cause melting of the polar ice caps and increased sea levels 

[40]. Since it is understood by most scientists and political leaders that this rise 

in temperature is due to high emission of greenhouse gases, government bodies 

have agreed that action should be taken. This includes a legal obligation for 

countries to reduce greenhouse gas emissions by 40%, relative to the levels 
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measured in 1990, by the year 2030 [41] and to 80% of 1990 levels by 2050 

[42]. 

 Carbon dioxide (CO2) has been identified as one of the major 

contributors to greenhouse gas levels (between 67% for the least developed 

countries and 81% for the most developed) [43]. The National Oceanic and 

Atmospheric Administration (NOAA) measure the concentration of CO2 in dry 

air in Mauna Loa, Hawaii and have tracked the changes in the yearly average for 

global CO2 levels. As of May 2017 the yearly average CO2 level was 

406.17 ppm [44] (which can be compared to the value of 280 ppm in 1800 [43]). 

Using this value as a mole fraction of CO2 in the atmosphere (4.0617×10−4) it 

can be seen that the partial pressure of CO2 in the atmosphere is 0.412 mbar 

(given that atmospheric pressure is 1.01325 bar). The sharp increase in CO2 

levels has occurred mainly in the last 70 years (CO2 level was 310 ppm in 1950), 

and is the reason many research projects and reviews have been and are being 

focussed on CO2 capture and storage devices and strategies to prevent CO2 

generated from industrial processes escaping into the atmosphere [40, 45-48]. 

 Present carbon dioxide capture technologies utilise amines of various 

forms to react chemically with the CO2 molecules within flue gas from a power 

plant [46, 47, 49, 50]. This type of technology has been used since 1930 to 

separate CO2 from natural gas and hydrogen with use of monoethanolamine 

(MEA) dissolved in water [49, 51]. Application of liquid MEA and other amines 

for removal of CO2 from flue gas has been tested but some issues have arisen. 

These are largely to do with the financial implications of using the technology. 

During the CO2 capture mechanism within amines a chemical reaction occurs 

and a carbamate (R1O2CNR2R3, with a chemical bond between the amine 

nitrogen and the CO2 carbon) is formed. The regeneration of this carbamate is 

an energy intensive process, requiring temperatures of the order 130 °C for hours 

to get the CO2 out of the carbamate using a “stripper” molecule [47, 50]. This 

regenerative process incurs the majority of the operational costs, responsible for 

56% of the costs (the energy required for regeneration costs $29 per ton of CO2 

captured whilst total costs are $52 per ton of CO2 captured) for use of amines 

(30% MEA solution) as carbon capture methods [49]. There are also issues 

arising from the reasonably high vapour pressures of the amines (MEA has a 

vapour pressure of ≈ 8.5 mbar at 293 K (capture temperature) and a vapour 
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pressure of ≈ 16 bar at 393 K (regeneration temperature)) and amine degradation 

processes, both leading to the cost of having to replace the amine as well as loss 

of the amine to the environment. Other issues include degradation of the amine 

species which can be induced thermally (generally above 200 °C, higher than 

the temperatures used during the general CO2 capture process), through 

oxidative degradation by O2, SO2 and other oxides [49] or by carbamate 

polymerisation [47]. It has been found that using a wet amine can help regenerate 

some of the damaged species that form (urea groups) through thermal 

degradation [46]. As well as the cost of losing and replacing the amine it has 

also been found that the amines are very corrosive to the pipe networks used to 

transport them during the cycling from CO2 capture to regeneration [47, 52]. 

This corrosion is found to vary with amine type, with high corrosion rates for 

the cheap and widely used MEA, ocurring at an accelerated rate when the amine 

is loaded with CO2 [52]. The use of ionic liquids within carbon capture and 

storage devices is seen by some as a viable alternative to amine technologies 

[47, 53]. 

 

1.2. Introduction to ionic liquids 

Ionic liquids (ILs, also referred to as room temperature ionic liquids—

RTILs) have been defined as liquids composed solely of ions, whilst having a 

melting temperature below 100 °C [54-56]. This is in contrast to an ionic 

solution, where ions are dissolved within another solvent, such as sodium 

chloride in water. It is noted by Seddon that the definition of 100 °C as the upper 

limit for melting temperature was a convenient, but arbitrary choice [56]. 

Interest in ILs has increased since 1998, when Freemantle noted the use of ILs 

as novel solvents for industrial processes [57] due to their low vapour pressures 

(hence preventing solvent evaporation contributions to air pollution), large 

liquid ranges and ability to dissolve “almost anything organic”. The wide variety 

of properties that an ionic liquid can have is made possible due to the highly 

tuneable nature of the ions from which the IL is composed. Ionic liquids have 

been synthesised with high liquid ranges and thermal stabilities [58], large 

electrochemical windows [59] and almost negligible vapour pressures [60, 61]. 

This has led to the development of many different uses for ILs such as solvents 
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for synthesis and catalysis of transition metal compounds [5, 62], lubricants in 

mechanical systems [7, 63], electrochemical solvents [64]—and therefore uses 

in chemical sensors [65] and in fuel cell devices [66]—but most relevant to this 

work is their application to the capture of small molecules [67-72]. It is very 

tempting to think that the term “ionic liquid” describes a molecular system in 

particular, when instead the term describes a broad range of species. It is 

important to understand that not all ILs have the same properties meaning that 

the suitability of an IL for a given application depends upon its chemical 

composition and the effects this has upon its physical properties. 

As previously mentioned ionic liquids are made solely of ions, from their 

definition, which means they have strong coulombic interactions, just like in an 

ionic solid (such as sodium chloride). In an ionic solid these ionic interactions 

lead to very high melting temperatures (1074 K for NaCl [4]), however the 

difference in an ionic liquid is the type of ions that are used. Generally the cation 

is a bulky non-symmetric organic molecule, often with the charge localised on 

a nitrogen (such as in an imidazolium, ammonium, pyridinium or 

pyrrolidinium), with a large variety of anions which can vary from elemental 

ions (chloride) to inorganic (tetrachloroferrate(III)) and larger 

(tris(pentafluoroethyl)tirfluorophosphate) anions. It is the use of the bulky and 

non-symmetric cations and anions which prevent effective packing leading to 

the liquid state of ILs, but also their strong cohesive forces and often very low 

vapour pressures at near ambient conditions [73-75] whilst the anions often give 

the chemical properties of the system [57]. The non-equilibrium vapour pressure 

of 1-ethyl-3-methylimidazolium ethylsulfate ([C2C1Im][EtSO4]), being 

evaporated through a Bayard–Alpert pressure gauge, has been measured to be ≈ 

5×10−8 mbar at 500 K [76]. This value is much lower than the value obtained for 

the ionic liquid 1-butyl-3-methylimidazolium bis(trifluoromethylsolfonyl)imide 

([C4C1Im][Tf2N]) measured using the Knudsen method, where the vapour 

pressure was seen to be 2.74×10−3 mbar at 507.54 K [77]. An empirical equation 

for the vapour pressure variation with temperature (as found using a Knudsen 

method) for [C4C1Im][Tf2N] is given in equation 2 of ref. [77], which when 

extrapolated to 298 K calculates the vapour pressure of [C4C1Im][Tf2N] to be 

5×10−12±2 mbar. 
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The fact that the ions in ILs are not necessarily monoatomic means that 

there is the possibility for many other interactions to occur between the ions and 

any other species. The formal charges on the ions means that interactions with 

other charged species or surfaces can be observed, which has been seen to result 

in effects such as ionic layering at a charged sapphire interface [78]. The charges 

on the ions could also interact with molecules which possess multipole moments 

(such as dipoles or quadrupoles). It has been discussed that the cations used in 

ILs are generally organic and bulky, with the bulky moiety usually being a 

hydrocarbon chain (also referred to as a hydrocarbon tail). As a result of the ions 

having hydrocarbon tails, which only have the ability to have dispersion 

interactions, phase segregation between the non-polar tails and the polar/ionic 

parts of the ions has been attributed as the driving force for layering at the liquid–

gas interface [79, 80]. These topics (and more) are covered in a review on the 

structure of ILs, and the various interactions that have been observed within 

them, by Hayes, Warr and Atkin [81].  

 

1.2.1. Ionic Liquids under ultra-high vacuum 

 It was discussed in section 1.2 that one of the reasons that ionic liquids 

are so popular is that they have the ability to be solvents which have very low 

vapour pressures [57]. For [C4C1Im][Tf2N] the vapour pressure was estimated 

to be ≈ 5×10−12±2 mbar at 298 K, based upon the extrapolation of an empirical 

relationship between vapour pressure and temperature [77]. This vapour 

pressure is comparable to most laboratory based ultra-high vacuum (UHV) 

apparatus, which typically operate with base pressures below 10−9 mbar [2]. As 

a result ILs and their mixtures can be purified using UHV distillation techniques 

in order to produce spectroscopically pure materials and remove impurities that 

are not removed by low vacuum (or even high vacuum) drying techniques which 

affect the IL properties and hinder the ability of the IL to perform properly, such 

as affecting electrochemical onset potentials [82, 83]. Since some ILs have 

vapour pressures below that of the operating pressure for vacuum systems it is 

possible to study ILs using vacuum techniques in order to understand the IL 

structure further [84, 85]. Of particular interest is the surface structure of the ILs, 

as any molecule that attempts to interact with the IL from outside (i.e. not a 
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solute within the IL) will come into contact with the IL surface [17, 18]. 

Understanding how the IL surface is arranged for different cation–anion pairs 

will allow chemists to better design and modify ILs for the tasks that they are 

required to do [7, 86-88]. 

 Surface science techniques such as XPS [61, 84, 89], XRR [78, 79, 90] 

and mass spectrometry based techniques [91], such as TPD [76, 92, 93], as well 

as vacuum scanning probe microscopy [94] have been performed on ILs. As 

XPS is sensitive to the top 5 to 10 nm of material in a layer it has been used to 

try and determine how the ionic composition affects surface layering within ILs. 

It has been observed using ARXPS that, as the cation chain length—on an 

imidazolium based cation or on the anion—is increased, the surface region 

becomes enriched with carbon suggesting that the IL arranges such that the alkyl 

chains are at the liquid–vacuum interface [18, 89].  An XRR study on an 

imidazolium IL with an 18-member carbon chain on the cation also showed that 

the carbon chain appears to protrude from the liquid surface into the vacuum, 

with ionic ordering occurring in the surface layers but decaying away with 

distance into the bulk liquid [79]. It was observed by ARXPS that the degree of 

surface enrichment, or layering, was dependent upon the relative sizes of the 

ions, with the surface structure being dominated by carbon for ILs in which 

cations had longer alkyl chains and smaller anions [17, 18]. This result however 

does not seem to be supported by all XRR studies of IL layering at the solid–

liquid interface (solid was charged sapphire), where it was observed that 

[C4C1Im][PF6] (larger anion) shows a greater degree of layering than 

[C4C1Im][BF4] (smaller anion) [78]. Temperature programmed desorption 

studies have been used to probe IL surfaces to understand the kinetics of 

desorption [76, 95], composition in the vapour phase [88, 91] and interaction 

with small molecules. 

Sticking probability and TPD experiments of water vapour interacting 

with the surface of [C8C1Im][BF4] and [C2C1Im][Tf2N] found that the water 

initially adsorbs to the IL surface before being absorbed into an ionic under layer 

[96]. The activation energies for desorption found from the TPD experiments 

could be used to elucidate the surface structure of the IL film, with the higher 

activation energy for absorption into the ionic under layer measured for the 

[C8C1Im][BF4] suggesting that the liquid–vapour interface is composed of 
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hydrophobic carbon tails. These findings are supported by XRR experiments in 

which an IL–water mixture was studied, showing that water could be observed 

to be adsorbed in the near surface region with the cations and the anions in the 

ionic under layer [90]. For ILs with long chains—in which the surface is 

composed of carbon tails—it would be expected that the solid IL glass, which is 

formed upon cooling to below the glass transition temperature of the IL, will be 

terminated by a carbonaceous layer. This was also suggested by TPD results in 

which the activation energies of desorption of water adsorbed on glassy layers 

of [C8C1Im][BF4] and [C2C1Im][Tf2N] were lower than the activation energy of 

desorption from water ice, suggesting that destabilisation of the water by the 

carbon chains has occurred [96]. 

Another TPD study looking at the interaction of [C2C1Im][Tf2N] with 

acetone exposed the frozen IL glass to acetone vapour at 100 K and observed 

that there was no stabilisation of the acetone by the IL, relative to acetone 

desorption from gold [88]. The IL was also dosed on top of a frozen acetone 

layer at 100 K (which is below the glass transition temperature for the IL) where 

it was observed that a “porous solid IL”, like an IL equivalent of snow, stabilised 

the acetone by up to 16 kJ mol−1 relative to desorption form the IL glass. This 

further suggests that the IL surface is composed from hydrophobic parts of the 

IL that cannot support interactions with ionic or polar regions. Furthermore this 

illustrates that the IL can have different morphologies in the solid phase 

depending upon the dosing method (dose then cool or dose onto a cooled 

surface). Understanding the surface structure of ILs in these different phases (IL 

glass or IL ‘snow’) will be useful in determining how incoming molecules 

interact with the IL surface and discovering whether they adsorb or reflect. 

Although ILs have attracted much attention for their surface properties and 

interaction with small gaseous molecules whilst under vacuum, the majority of 

work that has been performed to probe these interactions has been performed at 

ambient or elevated pressures with the IL in the liquid phase, as discussed in the 

following sections.  
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1.2.2. Ionic liquids as gas capture agents 

As mentioned previously ionic liquids have been targeted as gas capture 

agents, specifically as replacements for amine technologies for CO2 capture 

from the flue gas released at combustion power plants. There is a virtually 

limitless combination of ions that can be used to generate ILs [55], with 

modification of the ionic structure and composition affecting the physical 

properties of the IL. This has led to generation of task-specific ionic liquids 

(TSILs) [59, 60, 97] which have been specifically designed to perform a 

particular task. The first example of this included the addition of urea, thiourea 

and thioether groups onto imidazolium cations in order to capture mercury(II) 

and cadmium(II) metal ions from aqueous solutions [97]. This method utilised 

the phase separation behaviour between an aqueous layer and an IL layer and 

operated on the principle that the solvated metal ions would not enter the IL 

phase without an aqueous solvation shell unless the ion was complexed by the 

ligand groups attached to the IL. This allowed the metal ions to be removed from 

the aqueous solution by the IL and then the IL (containing the metal ions) to be 

separated from the aqueous phase. 

In reality ILs are not composed solely of ions, often with impurities from 

synthesis or dissolved gases within the ILs. These impurities have been seen to 

affect many of the measureable properties of the ILs [82]. A study of such effects 

was performed by Seddon et al. showing that water impurities (due to absorption 

from atmospheric air) were seen to reduce the viscosity of imidazolium ILs 

whilst chloride impurities (from synthesis of the IL) were seen to increase the 

viscosity of the ILs [98]. For ILs used in gas capture it should be expected that 

the properties of the IL also vary upon absorption of the gases they capture. It 

has been observed that SO2 (a component of flue gas from industrial processes) 

capture increases the viscosity of the ionic liquid 1,1,3,3-

tetramethylguanidinium lactate, making transportation of the IL–gas mixture for 

separation more difficult. It was also observed that when there is SO2 and water 

in the simulated flue gas the viscosity increase is not as large, with the added 

benefit being that there is no apparent effect on the SO2 absorption capacity by 

the presence of the water [67]. The findings from these studies serves well as a 

reminder that it is not just the properties of the IL itself that need to be considered 
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when designing a new solvent or gas capture agent, but also the properties of the 

IL with the molecules of interest within it. 

In the same way that there is a large variety of ions that can be used to 

compose ILs there is also a large range of different solute molecules that have 

been studied within ILs. Often when discussing the solubility of a molecule 

within an IL Henry’s law is used to relate the mole fraction of the gas within the 

IL, xgas, to the pressure of the gas above the IL, Pgas: 

𝑃𝑔𝑎𝑠 = 𝐻𝑔𝑎𝑠𝑥𝑔𝑎𝑠 

Using this convention the Henry’s constant, Hgas, has units of pressure 

and is inversely proportional to the solubility, meaning that the lower the 

Henry’s constant for a gas within a particular IL, the more soluble that gas is in 

the IL. Since Henry’s law is only really applicable for low gas 

concentrations/mole fractions deviation from linearity is observed for high gas 

pressures [4]. Different gases have different sizes and polarities affecting their 

solubilities within different ILs, as observed in both experimental and theoretical 

studies [69, 99-102]. It is not surprising that there is not a single model for 

successfully describing the solubility of a gas within an IL given the huge 

quantity of variables involved, however it is acknowledged by many that the 

gas–anion [100, 101] and IL–IL interactions [103] are the most important factors 

[99]. A review by Hu et al. [99] looks into how the molecular characteristics of 

an IL influences the solubilities of different gases within ILs, concluding that 

the vibration and motion of the IL ions, to generate space in the IL network, is 

one of the most important factors in the physical absorption of gases (when 

chemical bonding is not considered). 

Focusing on the characteristics of the IL which affect gas solubility, the 

interaction of the anion with the solute molecule is often seen to have a large 

influence on the solubility. This comes from experimental studies in which 

variation of the anion has a larger effect on the gas solubility than if the cation 

is changed, for a given gas [100, 104]. An infrared spectroscopy study has also 

been performed showing that the CO2 associates with the anion in two 

imidazolium based ILs [105]. The findings in these experimental studies are 

reinforced by theoretical studies in which the contribution to the solute–IL 

interaction is found to be larger for the anion than for the cation [69, 106]. Many 
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of the commonly studied anions are heavily fluorinated (hexafluorophosphate 

[PF6]
−, bis(trifluoromethylsulfonyl)imide [N(CF3SO2)2]

− (often written as 

[Tf2N]−) and tetrafluoroborate [BF4]
−) meaning that the partial negative charges 

on the fluorine atoms can interact with any multipoles present on solute 

molecules and promote interaction through electrostatic forces [100, 101]. 

Theoretical calculations, however, have shown that the van der Waals 

interactions between both the anion and the cation, and the solute molecule are 

much larger than the coulombic contribution, irrespective of the solute molecule 

identity [69]. 

Aside from the anion–solute interaction it has been observed that there 

is an inverse relationship between the anion–cation interaction strength and the 

solubility of a solute within the IL [103, 106]. It is reasoned that a weaker anion–

cation interaction will mean there is a smaller energy penalty when cavities are 

formed for the solute molecules to slot into, as well as the anion becoming more 

available for bonding with the solute [106]. The energetics relating to the 

formation of cavities, generating a large free volume for solutes to sit in, within 

the IL is regarded as one of the most important factors for gas capture [99, 102, 

103, 106]. Such cavities can be formed through the motions of flexible side 

chains on the ions [99], with increases in solubility observed for imidazolium 

based ILs which have longer alkyl chains on the cations [45, 99, 100, 106]. There 

are however caveats to this trend of increasing solubility with increasing 

flexibility in the cation, which depend on the gas that is being studied (discussed 

later). Molecular dynamics simulations of the structures of a variety of 

imidazolium based ILs have shown that upon CO2 adsorption there is not much 

variation in the radial distribution function of ions, suggesting the structure is 

not perturbed much by the CO2, supporting the idea that CO2 (and other solutes) 

fill existing gaps within the IL network [104] rather than making new ones. The 

gaps in the IL network can be segregated into polar and non-polar domains [99, 

107], depending on the environment of the IL surrounding the cavity, which in 

turn depends on the chemical structure of the ions (longer alkyl chains lead to a 

greater distribution of non-polar domains). The distribution of polar versus non-

polar domains has been seen to affect the solubility of a given gases, with given 

characteristics, within ILs [69, 99, 102]. 
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As well as looking at trends in solubility due to characteristics of the IL 

there are also a similar collection of observations on gas solubility based on the 

properties of the gas studied. It has already been discussed that solutes which 

interact strongly with the IL ions are more likely to be more soluble [69] 

(although this is not always the case—CO is an exception despite possessing a 

dipole moment and being reasonably polarisable, for a small molecule [100]). 

This means that often molecules which have large dipoles or quadrupoles, in 

relation to their size (such as CO2, H2S or N2O), will interact strongly with ionic 

liquids and their charged regions or polar domains [69, 100]. This means that 

there is a trade-off between maximising cavity size (through large flexible ions) 

and ensuring that there are enough polar domains within the IL for the polar 

molecules to bind. The solubility of CO2 within imidazolium ILs has been seen 

to be adversely affected by substitution of the C2 hydrogen (the one between the 

nitrogen atoms, fig. 3.5b) with a methyl group, resulting in an increase in the 

Henry’s constant despite the greater free volume created for the gas to sit in, 

suggesting that CO2 interacts with the imidazolium cation at this position [99, 

104]. 

Higher solubilities are observed if gases can undergo specific 

interactions, such as hydrogen bonding or π–π stacking, with the ions within the 

IL [62, 100]. It is postulated that π–π stacking and other van der Waals forces 

could explain the high solubility of benzene observed within an imidazolium IL 

[100]. It has been observed through molecular dynamics simulations that water 

molecules interact strongly with the anion in 1-butyl-3-methylimidazolium 

tetrafluoroborate ([C4C1Im][BF4]), at low water concentrations [108], despite 

many imidazolium ILs being observed to phase separate with water [75, 97]. For 

solute molecules which do not have any specific interaction or multipole 

moments, having a high polarisability, and hence the ability to interact through 

dispersion forces, appears to increase solubility [106]. This has been described 

in a review article which correlated solubility data for alkenes of different 

lengths within ILs. It was observed that as the length of the alkene increased the 

solubility of the alkene in all ILs studied also increased [5]. This idea is not 

supported by experiments which studied the solubilities of ethane and ethene, 

which have the same number of carbon atoms, within different ILs. Since the 

ethene has a double bond it has a higher quadrupole moment than ethane, and 
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was observed to have higher solubilities within three different imidazolium 

based ILs, despite ethane having a higher polarisability [100, 101]. The effect of 

gas polarisability is also cited for the higher solubility of SO2 within ILs than 

CO2 [106]. In scenarios where the gas molecules have weak interactions with 

the IL, such as homonuclear diatomics or monoatomics with low polarisabilities 

(H2, Ar and N2), the gas solubility is driven by the Gibbs free energy of forming 

cavities within the IL for the gas to fit into. As a result the higher gas solubilities 

are observed for ILs which have large flexible ions (such as cations with long 

tails which have a multiple degrees of freedom) [99]. The fact that a given IL 

(one designed to have a large volume of polar domains, for example) can solvate 

a particular type of gas (polar ones) readily and not others (hydrocarbons or N2) 

makes them ideal candidates for gas separation, as the IL (in this case) becomes 

very selective towards certain gas molecules (the polar ones) [53, 99, 101, 102]. 

 

1.2.3. Ionic liquids for use in carbon dioxide capture 

 The general trends observed in experimental and theoretical studies for 

gas solubilities within ILs discussed so far can be applied to looking at IL–CO2 

systems specifically. There has been a large volume of work into this area [81] 

due to the fact that ILs have the ability to succeed in areas where amine 

technologies struggle (high thermal ranges, low volatilities and often utilising 

physical adsorption of CO2 rather than chemical adsorption). Carbon dioxide 

does not have a dipole moment, due to its linear nature, but does have a 

reasonably large quadrupole moment [100, 109]. Owing to its small size CO2 

has a low polarisability in comparison to gases with a greater number of atoms 

(small hydrocarbons), but a larger polarisability than many of the small 

molecules (N2, O2) that may also be found in flue gas mixtures [100]. 

The characteristics of CO2 have led many to conclude that CO2 

associates with the polar domains of an IL, which are mainly dictated by the 

anion in most ILs (where the cation doesn’t have a functionalised hydrocarbon 

tail) [72, 100]. This has been observed in both theoretical calculations, with the 

CO2 molecule sitting tangentially to the spherical [PF6]
− and [BF4]

− anions 

[104], and experimentally in infrared spectroscopy, where the CO2 was observed 

to interact chemically with the [PF6]
− and [BF4]

− anions in a Lewis acid–base 
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type interaction, with the anions acting as Lewis bases [105, 106]. As a result it 

has been suggested that having a larger, more diffuse anion [102] with a greater 

degree of fluorination (such as the [Tf2N]− anion) will lead to a greater CO2 

solubility within the IL [99]. This hypothesis was tested through measurement 

of the CO2 solubility in [C2C1Im]+ ILs with the anions [Tf2N]−, [BF4]
−, 

bis(pentafluoroethanesulfonyl)imide ([BETA]−) and nonafluorobutanesulfonate 

([NFBS]−) where the increased quantity of fluoroalkyl chains increase the degree 

of fluorination of the anion [110]. It was observed that the highest CO2 solubility 

occurred in the [BETA]− containing IL, suggesting that degree of fluorination 

may be a factor in CO2 solubility, however the [BETA]− anion was also the 

largest, so would have created the greatest free volume. It was also observed that 

the [NFBS]− anion had very similar CO2 solubility properties to [Tf2N]−, despite 

a higher degree of fluorination in [NFBS]−, but similar ion sizes (and hence free 

volumes). Further evidence for the fluorination of ions increasing the CO2 

solubility comes from studies in which the alkyl tails on cations have been 

substituted for fluorine containing tails, leading to reductions in the Henry’s 

constants (CO2 solubility increases) [72, 111]. One disadvantage of such 

systems was the increased viscosity of the heavily fluorinated IL relative to the 

non-fluorinated analogues, although it is discussed that this can be negated 

through tuning the ion design [111]. 

Studies, however, have also been published in which non-fluorous 

anions have had high CO2 solubilities, such as the observation that ILs with the 

tetracyanoborate anion ([B(CN)4]
−) appear to be better at solvating CO2 than the 

[Tf2N]− containing analogues [68, 103]. It is suggested that this observation 

could be due to the weaker cation–anion interaction or the larger free volume 

and larger average pore size that occurs in [C2C1Im][B(CN)4] (relative to the 

[Tf2N]− analogue) [103]. The experimental study claims that the enthalpies of 

dissolution indicate the CO2–[Tf2N]− interaction and the CO2–[B(CN)4]
− 

interaction are similar in strength [68], whilst a computational paper says the 

CO2–[B(CN)4]
− interaction is more attractive and is one of the reasons for the 

increased CO2 solubility [103]. Addition of ether groups to the alkyl chains on 

the cation has been observed to increase the CO2 solubility slightly (although 

ref. [53] claims there is little or no change in the CO2 solubility in ether 

functionalised ILs). The solubility increase is thought to be caused both through 
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the increased free volume (due to extra flexibility in the chain given by the ether 

groups) [112] and the possibility the interaction of the CO2 with the ether oxygen 

atoms, assuming analogies can be drawn from the interaction of CO2 with 

dimethyl ether [112, 113]. Hopefully these discussions indicate that predicting 

the solubility of CO2 within an IL is a complex issue with many factors affecting 

the outcome. 

In addition to the aforementioned studies to try and understand what 

makes CO2 bind to an IL, some research groups have simply utilised knowledge 

from current amine technologies, either by using ILs as a solvent for dissolving 

amines in [111] or by adding amine groups to the IL ions [114]. It was observed 

that there appears to be no significant increase in the solubility of CO2 in 

[C4C1Im][Tf2N] with addition of 2.7 weight % polyethyleneimine (Henry’s 

constant in [C4C1Im][Tf2N] was 37 ± 3 bar and 38 ± 3 bar with the addition of 

the amine) [111]. The use of ILs with amine groups within a polymer membrane 

has been shown to be a highly selective CO2 transport mechanism across the 

membrane, although it was noted that water was required for the CO2 capture by 

the amine groups on the IL [114], which will limit the use of this technology at 

higher temperatures (as the membrane will dry out). 

Since there is no definitive adsorption model for CO2 within ILs many 

different research groups have concluded that different characteristics are the 

most important factor for CO2 adsorption within an IL. What is apparent from 

all of the literature is that there are multiple factors that need to be considered 

rather than just one most important characteristic of the IL for CO2 capture. 

Further to this it is also important that the energetics of the CO2–IL interaction 

are not neglected, since the majority of studies focus on the solubility 

(determined by the Henry’s constants). The variation of Henry’s constant with 

temperature gives an average enthalpy for adsorption of the CO2 within the IL 

(strictly the average enthalpy is found from gradient of a graph of ln(Hgas) vs. 

1/T, multiplied by the molar gas constant, R). As this only gives an average 

enthalpy value, it highlights the importance of experimental studies probing the 

variety of interaction energies and adsorption sites within an IL for CO2 (and 

other solutes). The work in this thesis details a procedure by which to obtain the 

range of adsorption sites for CO2 within two ILs, information which is of great 
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importance if ILs are to be utilised as substitutes for amine technologies, 

especially in studying the regeneration stage. 

 

1.3. Introduction to synchrotron studies 

 A brief introduction to synchrotron radiation and synchrotron studies is 

given here, although the reader is directed to references [35], [115] and [116] for 

a more comprehensive review. A synchrotron is a roughly circular particle 

accelerator with circumferences ranging from ≈ 100 m to 2500 m (circumference 

of Diamond light source, UK, where the work in this study was undertaken is 

562 m) [115] in which magnets are used to vary the trajectory of the electrons 

and maintain the correct path. To prevent the loss and scattering of electrons, 

resulting in reduction of the X-ray intensity too rapidly, the synchrotron storage 

ring is under UHV maintaining a pressure below 10−10 mbar, resulting in a 

lifetime for the electron beam of 10 to 20 hours [116]. The action of accelerating 

the electrons around a curved path by bending magnets produces low intensity 

(by synchrotron standards, but still much higher intensity than laboratory 

sources) bending magnet radiation which can be manipulated and used to probe 

surfaces. To generate much higher brilliance light (where brilliance 

encompasses photon flux and the area over which the light spreads out) devices 

are inserted into the path of the electrons. Devices such as undulators and 

wigglers force the electrons to undertake multiple oscillations along their path, 

generating X-rays which can be used [115]. The undulator radiation that is 

produced consists of a range of photon energies with different fluxes, so requires 

monochromating, focussing and shaping prior to use, with the desired 

parameters dependent upon the experiment to be performed. 

Some of the surface science techniques discussed in this chapter require 

the use of synchrotron radiation sources due to the ability to provide an intense 

and well defined X-ray beam alongside the ability to tune the majority of the 

beam properties such as polarisation and beam energy [14, 35]. The X-ray 

standing wave techniques, discussed in section 1.1.1, make use of synchrotron 

sources to allow the photon energy ranges to be tuned during a scan (for XSW 

and NIXSW [21]) or to select the desired photon energy to optimise detection 

for a given element (VPXSW [29, 117]). The intense well defined X-ray beam 
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allows experiments to be performed for a fraction of the time of laboratory based 

X-ray sources whilst getting very high quality data with high resolution [14]. 

Furthermore it is often not possible to undertake such experiments with 

laboratory sources as the X-ray sources lack the sufficient brightness due to 

difficulties in focussing X-rays [116]. 

Synchrotron based VPXSW studies have been performed with X-ray 

fluorescence as the detection method to observe transitions in Langmuir–

Blodgett films for a zinc arachidate bilayer adsorbed on top of a ω-tricosenoic 

acid bilayer on top of an octadecyl thiol coated gold reflector as a function of 

temperature [32]. It was observed that at low temperatures the Zn Kα 

fluorescence signal contained clear oscillations that upon fitting implied a thin 

zinc layer was suspended 218 Å above the gold substrate. Ellipsometry gave the 

total film thickness to be 215 Å, however as the X-ray fluorescence was used to 

detect the signal it was not possible to determine the total film thickness in this 

study as it was not possible to measure the signal from the carbon species in the 

arachidate. It was calculated that the total film thickness as measured by 

VPXSW was 245 Å by making the assumption that the hydrocarbon chains are 

fully extended on top of the zinc layer. Under the assumption that the 

hydrocarbon chains were all fully extended and perpendicular to the mirror 

surface the total film thickness would have been expected to be 256 Å. This is 

41 Å thicker than the ellipsometry measurement, representing a 16% error, 

suggesting that it may not have been valid to make this assumption. Upon 

heating of the sample to 105 °C the zinc layer was observed to change its 

position above a gold surface, yielding a VPXSW profile with fewer clear, well 

defined oscillations. It was noted by the author in ref. [32] that “The underlying 

structural change in the film that leads to this inward spread of the Zn layer 

cannot be completely determined from this result, since this measurement is only 

directly sensitive (via fluorescence) to the heavy-atom distributions in the film”. 

Further experimentation using simultaneous calorimetry and time resolved X-

ray diffraction found that the temperature at which the VPXSW profile varied 

corresponded to the bulk melting temperature of the ω-tricosenoic acid [26]. It 

is possible that had photoelectron detection been utilised, within the studies 

discussed, the melting transition may have promoted changes in the relative 

intensities of chemically shifted carbon environments as the ω-tricosenoic acid 
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(which contains oxygen as carboxylic acid groups) collapse together. The same 

research group later showed that a system with 14 ω-tricosenoic acid bilayers 

between the gold sample and the zinc layer could also be analysed using the 

VPXSW technique with X-ray fluorescence [33]. This equated to successfully 

analysing a zinc layer 925 Å above the reflector surface showing that the 

VPXSW technique has the ability to be applied to a wide range of film 

thicknesses. 

Later VPXSW studies at the DELTA synchrotron (Dortmund, DE) 

utilising fluorescence detection looked at the ability of the VPXSW profile to 

model thicker layers of a material [28, 29], rather than just thin layers of metals 

at elevated heights. Experiments consisted of studying germanium layers 

(thicknesses of 29, 76, 309 and 1010 nm, defined by the manufacturer but 

checked with XRR) adsorbed on silicon substrates. In order to get a fluorescence 

signal from the Ge a photon energy of greater than 11.1 keV (BE for Ge 1s level 

is 11.1 keV [36]) had to be used. The experimentally measured signals for the 

29 and 76 nm samples showed some slight oscillations, due to nodes and 

antinodes passing into the thick layers, but these were less prominent than 

oscillations due to nodes and antinodes passing through the thin gold layer on 

top of polystyrene on silicon, also studied within their work. There were no clear 

oscillations observed for the VPXSW profiles of the 309 or 1010 nm Ge 

samples, with the experimental data looking like a smooth edged step which 

made fitting the VPXSW profiles difficult. The fitting for these layers gave layer 

thicknesses of 100 nm, suggesting that this may be an upper limit for the film 

thicknesses probed by this technique. It is discussed that this is due to the fact 

that there are multiple nodes and antinodes present within the thick layer of 

material producing an averaged fluorescence signal, which looks like a step [29]. 

This comes as a result of the fact that the photons produced by the fluorescence 

are not heavily attenuated by the material they travel through. With 

photoelectrons, which have attenuation lengths in the range 1 to 10 nm (energy 

dependent), the signal from an emitter decays exponentially with increasing 

distance of the emitter below the surface. In a VPXSW study of a thick layer this 

would result in slight oscillations when nodes or antinodes pass into the surface 

irrespective of thickness, as this is where the majority of photoelectrons are 

produced. Further to this the use of fluorescence as a detection method puts a 
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lower limit on the X-ray energy (11.1 keV in refs. [28, 29]), which has the effect 

of reducing the standing wave period relative to the energies that are typically 

used in photoelectron studies (1.5 to 3 keV) since the standing wave period 

decreases with X-ray energy [32]. This makes the issue of node and antinode 

averaging worse as having a shorter standing wave period means a greater 

number of nodes and antinodes enter the surface within a given angular range. 

This would require smaller angular steps to detect, however, in the absence of 

manipulators capable of making smaller angular steps, leads to an averaging of 

the signal. There will be a limit to the maximum thickness of the layer that can 

be probed by photoelectrons, as over 99% of the photoelectron signal comes 

from within the top 5λ of the surface (where λ is the photoelectron attenuation 

length). Eventually increasing the layer thickness will not affect the VPXSW 

profile as you will only be detecting the top x nm of a layer that is x + y nm thick. 

Choosing an appropriate photon energy (which affects the kinetic energies of 

the photoelectrons) allows the attenuation lengths of the photoelectrons to be 

varied and a broad range of film thicknesses to be studied. The discussed studies 

which have used the VPXSW method with fluorescence reiterates the fact that 

photoelectron detection can provide information not currently available from 

existing VPXSW or surface science techniques. 
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Chapter 2 

 

Background theory  
 

2.1. Application of vacuum techniques 

 The experiments described within this thesis were all performed under 

ultra-high vacuum (UHV) conditions, with background pressures during 

measurements being below 1×10−9 mbar (not including surface preparation 

pressures which reached 2×10−6 mbar). Despite the fact that very few real world 

processes occur under UHV conditions (atmospheric pressure is ≈ 1000 mbar) 

application of UHV techniques is vital in gaining a fundamental understanding 

of everyday processes. The low pressures used in vacuum science result in 

longer mean free paths (average distance a species can travel before a collision 

occurs) for species within the vacuum chamber and hence fewer collisions of 

gaseous molecules with other species in the vacuum. The mean free paths for N2 

at 300 K and atmospheric pressure (1.01325 bar) can be calculated to be ≈ 

68 nm, whereas under vacuum (1×10−7 mbar) and at 300 K the average distance 

travelled before a collision with another gas molecule is ≈ 680 m [1], which is 

larger than most vacuum chambers. As a result it is unlikely that species 

desorbing from a surface will be scattered prior to detection. Further to the 

increased mean free path of desorbing species using low pressures reduces the 

impingement rate (which is directly proportional to pressure) of molecules upon 

a surface such that at a pressure of 1×10−9 mbar a molecule hits a surface of area 

1 cm2 every 1000 seconds, on average [1]. The advantage of this is that a surface 

which has been prepared can be studied in the absence of collisions and 

interference from other contaminating species, allowing conclusions to be made 

on the interactions of the molecules that have been placed on the surface rather 

than having to consider the possible effect of the contaminant. Using UHV 

conditions reduces the number of variables within the experiment by simplifying 

the system somewhat. 

 Vacuum science also allows the use of experimental techniques which 

cannot be used under ambient conditions, often due to the short mean free paths 

of different species that can be studied. UHV conditions allow the detection of 

photoelectrons, which are readily absorbed or scattered by matter [1, 2], giving 
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elemental discrimination of species adsorbed upon a surface in techniques such 

as X-ray photoelectron spectroscopy (XPS). Near ambient pressure XPS 

techniques have been developed, in which the sample is held in a cell at higher 

pressure (over 1 mbar [3] and up to 250 mbar [4]) however the photoelectrons 

still pass into vacuum to be studied, as they have short mean free paths at 

elevated pressures. Apparatus such as mass spectrometers, providing 

identification of molecules based upon their mass to charge (m/z) ratios and 

fragmentation patterns, can be utilised to detect material desorbing from a 

surface in techniques such as temperature programmed desorption (TPD). Under 

ambient conditions this desorbing material would be scattered by background 

gases and there would be large signals being detected due to the background 

molecules making the species of interest harder to detect. To some extent this 

could be remedied by performing a subtraction of the background signals but 

there would still be a small signal to noise ratio. 

 Since vacuum chambers operate at low pressures the quantity of gas 

adsorbed to the walls of the vacuum chamber or the vacuum components 

becomes a factor which requires consideration. This is in contrast to ambient 

pressure studies within a chamber where the amount of gas adsorbed on the 

surface of the chamber is reasonably small in relation to the quantity of gas 

within the chamber. The result of having to consider species adsorbed onto the 

walls is that vacuum chambers will exhibit a memory effect, meaning that if a 

particular substance is released into the vacuum system it will adsorb to the walls 

and may slowly desorb from these surfaces over time, resulting in a persistent 

peak in whichever spectra are collected [1]. As with any desorption process 

application of heat can accelerate the desorption rate (a process referred to as 

baking), however this is not usually performed mid-experiment. As a result it 

may be necessary to consider ‘wait’ stages to allow desorption of species from 

the chamber walls, as performed within the CO2 TPD studies discussed in this 

work, resulting in a lower background pressure and a better signal to noise ratio 

in collected data.  
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2.2 X-ray interaction with matter 

 Wilhelm Röntgen discovered X-rays on the 8th of November 1895 when 

observing that photosensitive films detected some form of radiation when 

covered by an optically opaque screen [5]. Röntgen immediately began utilising 

these X-rays for imaging materials and observed that materials consisting of 

light atoms (such as wood and flesh) were not as effective at attenuating the X-

rays as materials made of heavy atoms (metal and bone) [6]. This was the first 

observation that X-rays were attenuated differently in different materials and 

gave birth to the use of X-rays in medical imaging, which was implemented just 

3 months after the discovery of X-rays [5]. Further study of the interaction of 

X-rays with matter led to the discovery that X-rays were refracted from materials 

slightly differently to the way other light sources were refracted. It was observed, 

by Compton, that X-rays underwent total external reflection at grazing angles 

indicating that the refractive index of X-rays within matter is less than unity, 

with Compton measuring a value of 0.999995 from crown glass with an X-ray 

wavelength of 0.1279 nm (≈ 9700 eV) [5, 7]. Discussions relating to X-ray 

interactions in matter can be found in many textbooks, [5, 8-10], with a summary 

given in this work. The refractive index, n, of X-rays within any material can be 

written in the form 

𝑛 = 1 − 𝛿 − 𝑖𝛽   Equation 2.1 

where δ is the refractive index decrement, i represents the quantity √−1 and β is 

the X-ray absorption index [5, 10]. The values of δ and β depend on both the 

material to be studied and the X-ray energy or wavelength and have small values, 

with δ typically ≈ 10−4 and β typically ≈ 10−6, which can be estimated to a high 

degree of accuracy through predictive formulae [11]. 

𝑛1 cos(𝛼1) = 𝑛2 cos(𝛼2)  Equation 2.2 

Snell’s law, eq 2.2, describes how the incident angle, α1, and the refracted 

angle, α2, are related for transmission of light across a boundary between two 

media of refractive indices n1 and n2, as shown in fig. 2.1. Consider the case of 

an X-ray incident upon a surface under vacuum (so n1 = 1 and α1 shall be referred 

to as α) and n2 is known to be less than 1 (eq 2.1). Mathematically the value of 

cos(α2) cannot be greater than 1, so there exists the case for small values of α 

(those below some critical angle, αc) that Snell’s law cannot be satisfied. It is in 
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this small angular regime that the incident X-ray beam is being totally reflected 

by the surface, blue line in fig. 2.1. The critical angle (in radians) can be 

estimated through evaluation of 𝛼𝑐 ≈ (√2𝛿) (derived in section 2.3.5) [10]. Total 

reflection of the incident X-ray continues as the angle of incidence is increased 

to the critical angle, α = αc, at which point a travelling wave is also transmitted 

across the surface of the reflector, shown by the dashed red lines in fig. 2.1. 

Increasing the incident angle past the critical angle results in the reflected 

component of the X-ray decaying as the proportion of the X-ray transmitted into 

the surface increases, shown by the green line in fig. 2.1. It is this total reflection 

of the X-rays that is utilised to set up the standing wave in the variable period 

X-ray standing wave technique described in sections 1.1.1 and 1.3, and shall be 

discussed in more detail in section 2.3. In the case where multiple layers exist 

within a surface the presence of multiple interfaces results in multiple reflections 

and refractions (section 2.3).  

 For grazing angles of incidence the total external reflection is not truly 

‘total’ as an evanescent wave penetrates the surface of the reflector, but its 

intensity decays rapidly with distance into the surface and the wave has a short, 

angle dependent, penetration depth into the surface [9, 10]. For angles of 

incidence greater than the critical angle X-rays penetrate the surface (being 

refracted slightly) and can interact with the material within the surface. X-rays 

interact with the electrons within a material and can either be scattered or 

absorbed, with the likelihood of interaction depending on the electron density 

Figure 2.1: A diagrammatic representation of the way in which X-rays (with electric field 

strength E1) at different incident angles, α, relative to the critical angle, αc, reflect and refract 

(with transmitted angle α2) from an interface between two layers. For incident angles below 

the αc (blue lines) the X-ray is totally reflected, with the reflected angle the same as the incident 

angle, while an evanescent wave decaying into the reflector. For angles greater than αc (green 

lines) a component of the incident X-ray is reflected (E1
R) while the rest is transmitted (E2). 

When the incident angle is equal to αc (red dashed lines) then the transmitted component of the 

X-ray travels across the surface of the reflector. 
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and the X-ray energy [10]. It is the scattering of X-rays by the electrons that 

leads to the reflection and refraction of X-rays, which has been discussed, with 

denser materials (such as gold) being better X-ray reflectors than materials such 

as silicon. This allows experimental techniques such as X-ray reflectivity to 

probe the electron density perpendicular to the surface plane to detect layering 

[8, 12]. In order to detect the elemental composition of a surface, absorption of 

the X-ray photons must be considered. 

 

2.2.1. Absorption of X-rays by matter 

 X-rays, like all electromagnetic waves, can be considered as both 

particles and waves [13]. The macroscopic interaction of X-rays with matter, 

such as refraction and reflection, can be described by treating the X-ray as a 

wave which scatters from the electrons in the surface. In order to understand the 

absorption of X-rays by matter and the various processes which occur as a result 

of this absorption X-rays must be considered as particles, or photons. The 

photoelectric effect, characterised by the Einstein equation, eq 2.3, describes the 

properties of the photoelectron that is generated upon absorption of a photon and 

subsequent ionisation of the atom [13, 14]. 

𝐾𝐸 = ℎ𝜈 − 𝜙 − 𝐵𝐸⁡   Equation 2.3 

Equation 2.3 gives the relationship between the energy of the incident photon of 

energy, hν (h is Planck’s constant and ν is frequency in Hz), the effective binding 

energy of the electron, BE, the kinetic energy of the photoelectron, KE and the 

work function, ϕ. The work function accounts for the difference between the 

Fermi level (the energy halfway between the highest occupied energy level and 

the lowest unoccupied energy level at 0 K) and the vacuum level (energy at 

which the photoelectron is at rest ‘just outside’ the atom) and captures all of the 

uncertainties involved with surface contact potentials and the detector work 

function. The work function can be considered as a constant for a given 

experimental setup with a given surface but may vary if the surface is modified 

as the surface charging may vary, though is typically no larger than 5 eV [14]. 

It can be seen, from eq 2.3, that for a fixed photon energy and work function that 

the photoelectron kinetic energy is dependent upon the effective binding energy 

of the electron that has been ionised. It is these kinetic energies that are measured 
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in X-ray photoelectron spectroscopy (XPS) to characterise the material on the 

surface (section 2.2.2). A schematic of the processes occurring in photoemission 

is shown in fig. 2.2. In the example shown the incoming photon (hν) is absorbed 

by an electron, a core electron from the 1s orbital in fig. 2.2a (blue circle). Figure 

2.2b shows the generation of a photoelectron with kinetic energy, KE (dictated 

by eq 2.3) and a core hole, h●+ (an electron deficiency). 

 Often the binding energy of a photoelectron peak is quoted in XPS, rather 

than the kinetic energy. This is a result of the fact that the binding energies of 

the detected photoelectrons from a given core level (e.g. C 1s) do not vary with 

photon energy, whereas the kinetic energies do. Tables of electron binding 

energies exist allowing the peaks in the electron distribution curves (EDCs) to 

be identified and help elucidate the surface composition [14, 15]. The calculated 

binding energy can be used to identify not only the element that has emitted the 

photoelectron but also the chemical state that the atom is in, through analysis of 

initial state effects, also called chemical shifts [14, 16], assuming final state 
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Figure 2.2: A diagram representing the photoemission process after (a) absorption of a photon 

with energy hν by an electron (blue circle) in the 1s (K) level. (b) For sufficiently large photon 

energies ionisation leaves behind a core hole in the 1s level and generates a photoelectron with 

kinetic energy, KE, given by eq 2.3. The dashed black lines represent the vacuum level while 

the dashed red line represents the energy that is an energy hν above the 1s level. 
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effects (due to the core hole) are assumed to be constant. This is demonstrated 

within fig. 2.3 where two different carbon environments exist, one bound to 

another carbon atom (fig. 2.3a) and one where the carbon is bound to a nitrogen 

atom (fig. 2.3b). In the case where the carbon is bound to the nitrogen, the more 

electronegative nitrogen atom draws electron density away from the carbon, 

leaving the carbon in a slightly more electropositive environment. This means 

that the carbon atom bound to the nitrogen will bind its core electrons more than 

the carbon atom which is bound to another carbon, resulting in a photoelectron 

with a lower kinetic energy and a higher binding energy. The observed effect in 

the photoelectron signal is a separation of the total signal into two states, which 

may be able to be fitted with two components, assuming the resolution is high 

enough and there are not too many other overlapping chemical states. For a C 1s 

electron in a simple hydrocarbon molecule the typical binding energy is 284.0 

to 285.5 eV whilst carbon bound to nitrogen has a binding energy of 285.5 to 

288.5 eV [14] depending on the system. 

 After generation of the photoelectron and core hole in the surface the 

exited atom will relax into its ground state, through an electron in a higher level 

decaying into the core hole level. The energy gained from this decay can either 

be used to generate an Auger electron or can generate an X-ray photon, as shown 

in fig. 2.4 [10, 14]. Figure 2.4a shows the processes that occur in Auger electron 

generation, where an electron in a higher level (2p1/2 or L2 level) relaxes into the 

core hole (1s or K level). This releases an energy equal to BE(K)−BE(L2) which 

can then be used to ionise an electron from the 2p3/2 (or L3) level (purple arrow). 

The resulting Auger electron (referred to as a KL2L3 Auger electron due to the 

levels involved) will have kinetic energy approximately equal to  

Figure 2.3: An illustration of the initial state effects observed for two different carbon 

environments, in which the bonding environment of the photoelectron emitter affects the 

photoelectron kinetic energy, which in turn affects the apparent binding energies of the C 1s 

photoelectrons. The fact that the carbon in (b) is in an electropositive environment makes 

extraction of electrons more difficult, resulting in lower photoelectron kinetic energies than 

in neutral (a) or electronegative carbon environments. 
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𝐾𝐸(𝐾𝐿2𝐿3) = 𝐵𝐸(𝐾) − 𝐵𝐸(𝐿2) − 𝐵𝐸(𝐿3) − 𝜙 Equation 2.4 

if interactions between the core holes and relaxations are neglected [10, 14]. It 

can be seen in eq 2.4 that the kinetic energy of an Auger electron does not depend 

on the X-ray photon energy as the X-ray only generates the core hole while the 

energy depends on the transitions between electron levels. Figure 2.4b shows 

the pathway for an atom with a core hole to relax, involving emission of a 

photon. As the transitions occur between bound electronic states they must obey 

the selection rules Δl = ± 1 (orbital angular momentum) and Δs = 0 (spin angular 

momentum) [10]. In fig. 2.4b an electron from the L3 level decays into the K 

level emitting a Kα1 photon (green arrow, in general any electron decaying from 

an L level to a K level is referred to as a Kα photon with the subscripts used to 

denote spin orbit splitting). Auger electron emission and X-ray fluorescence are 

the main competing processes for relaxation of excited atoms [17] with Auger 

emission being the dominant decay process for lighter elements and 

Figure 2.4: Energy level diagrams showing the two main competing methods for relaxation of 

an electron (filled blue circle) into a core hole (empty blue circle), either by (a) emission of an 

Auger electron or (b) emission of an X-ray photon. In the Auger emission the energy gained from 

an electron decaying into a core hole is transferred to another electron (purple line) to ionise that 

electron. In the X-ray fluorescence process the energy gained from an electron decaying into the 

core hole is released as an X-ray photon. 
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fluorescence being the more dominant process for heavier elements (cross over 

occurs at an atomic number ≈ 30, zinc) [5, 10, 14]. As the emitter relaxes (usually 

over a time period of 100 fs [10, 14]) it is positively charged, doubly so if Auger 

emission has occurred, which can have an effect upon the outgoing 

photoelectron. Furthermore in cases where an electrical insulator is adsorbed 

upon a metallic conductor the motion of electrons from the metal to the adsorbed 

layer can also affect the photoelectron. These are referred to as final state effects 

(effects reliant upon the state of the photoelectron emitter after photoemission) 

and are usually neglected due to their small size in comparison to initial state 

effects (chemical shifts) [16]. 

 

2.2.2. Photoelectrons as a surface probe 

 It was discussed in section 2.2.1 that photoelectrons are generated as a 

consequence of the absorption of X-rays by matter. The photoelectrons that are 

generated have kinetic energies that can be measured by a concentric 

hemispherical analyser (CHA) to allow binding energies to be calculated using 

eq 2.3. The X-rays have attenuation lengths on the order of 1 μm in silicon for 

an X-ray at 1000 eV and 10 μm in silicon at 10000 eV [10], hence are not very 

surface sensitive. Photoelectrons are generated whenever X-rays interact with 

matter and are an effective tool to probe the surface structure of a material. This 

is a result of the short attenuation lengths, λ, of the photoelectrons with kinetic 

energies of ≈ 10 to 500 eV within matter giving λ ≈ 0.1 to 3 nm [1, 2, 18]. The 

attenuation length encapsulates the scattering that occurs from both inelastic 

collisions (ones where energy is lost from the photoelectron, characterised by 

the inelastic mean free path, IMFP) and elastic collisions (where energy is 

conserved but the velocity of the electron has varied) of electrons with matter. 

The Beer–Lambert law, eq 2.5, can be used to give an expression for the 

intensity, Id, of photoelectrons emitted from a thin layer of material a distance d 

below the surface, as shown in fig. 2.5. 

𝐼𝑑 = 𝐼0exp⁡(
−𝑑

𝜆cos⁡(𝜃)
)   Equation 2.5 

I0 represents the photoelectron intensity measured from an uncovered layer of 

the material being probed (the blue species in fig. 2.5) and θ represents the angle 

between the surface normal and the detector vector. In many XPS setups the 
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value of θ is 0, meaning that cos(θ) = 1, however θ can be used to make the 

photoelectrons even more surface sensitive. By tilting the sample (increasing θ, 

fig. 2.5b) the photoelectrons from the blue layer of material travel through a 

greater quantity of green material, than when θ = 0°, leading to greater 

attenuation. This results in signal from the deepest layers being totally attenuated 

and hence increases the proportion of signal that is due to species closer to the 

surface. This is the principle behind angle-resolved XPS (ARXPS) which 

increases the surface sensitivity for a fixed photon energy, allowing 

enhancement of signal from the topmost layers of the surface. 

The surface sensitivity of photoelectrons can also be tuned through 

variation of the attenuation lengths, which depend upon the kinetic energies of 

the photoelectrons that have been produced from the surface. It can be observed 

from the universal electron curve for inelastic mean free paths [2] that as the 

electron energy in increased or decreased too much the IMFP increases, with a 

minimum in the IMFP of ≈ 1 nm occurring at ≈ 50 eV [1, 2, 18]. In order to 

probe thicker surface layers with photoelectrons the X-ray photon energy can be 

increased in order to generate photoelectrons with larger KEs, eq 2.3. The 

Figure 2.5: Diagrams illustrating the change in path length, and hence effect on photoelectron 

intensity through application of eq 2.5, for a sample in which the surface normal deviates from 

the detector vector by an angle θ. The diagram in (a) shows the setup when the surface normal 

points along the detector vector and a photoelectron emitter at a depth, d, with an emitted 

intensity I0, has a path length equal to d through the material. In (b) the angular deviation 

means that the photoelectron path length through the material is d/cos(θ). Note that in (a) θ = 

0 so cos(θ) = 1, giving d/cos(θ) = d. 
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disadvantage to this is that as the X-ray energy is increased the X-ray absorption 

cross section decreases [5, 10, 15]. The absorption cross section varies with hν−3 

but increases with atomic number as Z4 [10]. For carbon (graphite) changing the 

photon energy from 1 keV to 10 keV results in a drop in the absorption 

coefficient by a factor of ≈ 100, but the IMFP increases from ≈ 1.4 nm to ≈ 

12 nm [18] allowing films 10 times thicker to be probed. Through use of 

synchrotron sources with high intensity X-ray beams the decrease in the 

absorption coefficient from increasing the photon energy can be somewhat 

negated, however X-ray induced effects such as surface charging and damage 

need to be considered [14, 19-21]. This X-ray damage can take many forms, 

such as bond breaking, cross linking, charge accumulation and stimulated 

desorption, as discussed in detail in chapter 9 of ref. [14]. These processes can 

occur either due to the irradiation by X-rays or by the generation of an intense 

photoelectron flux from a substrate by the X-ray photons. If damage is a 

significant issue it is advised that reduction of the X-ray flux will reduce the rate 

of damage of a surface, alternatively collection of spectra in a shorter time 

through reduction of the detector counting time (reducing the resolution) can 

help minimise sample damage [14]. It has also been observed that reducing the 

sample temperature can reduce the rate of damage to a surface, which is not 

solely explained by an Arrhenius factor, indicating that the effect is not simply 

due to reduced diffusion rates [22]. 

 

2.2.3. Calculating photoelectron attenuation lengths 

 The attenuation lengths for the photoelectrons studied within this work 

were estimated from the inelastic mean free paths (IMFP) using the relationship 

λ = 0.8×IMFP [14]. The IMFPs can be estimated to a reasonable degree of 

accuracy (10% error compared to experimental measurements) using the TPP 

(Tanuma, Powell and Penn) method [18, 23, 24]. A program (NIST IMFP 

database) exists for calculating the IMFP for photoelectrons using this model for 

kinetic energies in the range 50 to 2000 eV based on the chemical formula, 

density, number of valence electrons and band gap [25], however this range does 

not cover all the photoelectron KEs that are used in this work. It was therefore 

necessary to estimate the IMFPs of photoelectrons through the different layers 



Chapter 2: Background Theory 

42 

 

based upon the calculation of IMFPs for high energy photoelectrons in ref. [18]. 

The two materials that the photoelectrons had to travel through in this work were 

a silicon oxide layer and a layer of frozen [C8C1Im][BF4], CHCl3 and H2O 

(organic material). 

For the silicon oxide layer it was assumed that the attenuation properties 

would be similar to silica (SiO2), which was a material for which values could 

be calculated in the computer database [25], meaning that the constants in the 

TPP equation had been optimised. The IMFP values for photoelectrons 

travelling at 1800 eV and 2000 eV through silica were calculated, using the 

program, to be 46.36 Å and 50.43 Å. A linear extrapolation was then performed 

to calculate the IMFP (Å) for the Si 2p and O 1s photoelectrons travelling 

through the silicon oxide layer with a given KE (eV) using the equation 

𝐼𝑀𝐹𝑃𝑆𝑖𝑂2 = 50.43 + (𝐾𝐸 − 2000) ×
4.07

200
  Equation 2.6 

The values of 68.7 Å and 59.9 Å were calculated for photoelectrons with KEs of 

2900 eV and 2467.7 eV (Si 2p and O 1s, respectively) and are shown in table 

4.1. IMFPs for SiO2 had not been calculated at high electron energies so 

comparison of the extrapolated IMFPs with literature values was not possible, 

however it was possible to compare the calculated IMFPs with those for silicon 

[18]. For a photoelectron with KE ≈ 1800 eV through Si the IMFP was 39.2 Å, 

which is 7.16 Å less than what the database gave for SiO2 (which was 46.36 Å). 

If the linear extrapolation is valid then similar differences should be observed 

for photoelectrons with other kinetic energies (assuming the rate of change in 

IMFP with energy is the same for Si and SiO2). For photoelectrons with KE ≈ 

2440 eV (O 1s) the high energy calculation through Si gave an IMFP of 50.1 Å 

while the extrapolation for SiO2 gave an IMFP of 59.4 Å, representing a 

difference of 9.3 Å. For the Si 2p photoelectron, the IMFP calculated for an 

electron with KE ≈ 2980 eV through Si was 59.2 Å, while the extrapolated value 

for SiO2 gave 70.4 Å, a difference of 11.2 Å. The differences observed for the 

extrapolation are of the correct order of magnitude (around 10 Å) but show that 

this extrapolation may not be the perfect method for obtaining the IMFPs, but 

does serve as a reasonable estimate. 

For the layer composed of [C8C1Im][BF4], CHCl3 and H2O the 

photoelectron attenuation properties were assumed to be the same as glassy 
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carbon, for which IMFPs have been calculated for high electron KEs. This meant 

that an interpolative method could be used for finding the IMFPs within the 

organic layer. For photoelectron energies of 1998.2 eV and 2981.0 eV the IMFPs 

for the electrons transmitted through glassy carbon were calculated as 46.8 Å 

and 65.0 Å, respectively [18]. Assuming a linear interpolation this gave a 

gradient of ΔIMFP / ΔKE = 18.2 / 982.8 Å eV−1. Using this interpolation on data 

points within ref. [18] reproduced the IMFPs to 0.1 Å, suggesting that linear 

interpolation would be an appropriate method for calculating the IMFPs over 

this energy range. Since it is expected that there will be some difference between 

the glassy carbon and the organic layer that is being studied the IMFP for 

photoelectron attenuation within [C8C1Im][BF4] was calculated at 1998.2 eV, to 

allow a correction to be applied to convert from glassy carbon values to organic 

layer values. Using the TPP predictive formula in the NIST IMFP database [25] 

with a density of 1.115 g cm−1 [26], band gap of 8.2 eV [27], and 112 valence 

electrons an IMFP for an electron with KE = 1998.2 eV through [C8C1Im][BF4] 

was found to be 55.0 Å. It can be seen that this is 8.2 Å larger than for the glassy 

carbon so a correction of 8.2 Å must be added to the interpolated glassy carbon 

values to give IMFPs for photoelectrons through the organic layer (assumed to 

behave like the IL). The equation for calculating the IMFPs (Å) of a 

photoelectron with kinetic energy, KE (eV), transmitted though the organic layer 

used in this study is therefore 

𝐼𝑀𝐹𝑃𝑜𝑟𝑔𝑎𝑛𝑖𝑐 = 46.8 + 8.2 + (𝐾𝐸 − 1998.2) ×
18.2

982.8
 Equation 2.7 

The “46.8” is the IMFP for a photoelectron with KE = 1998.2 eV travelling 

through glassy carbon and is the starting point for the interpolation while the 

“+8.2” is the required shift to correct the glassy carbon IMFP to the 

[C8C1Im][BF4] (which represents the organic layer) IMFP. This equation has 

been used to obtain the values of IMFP (and hence λ) used in this study, shown 

in table 4.2. These IMFPs (and hence attenuation lengths) are calculated 

assuming that the IL layer is in a form which has its normal liquid density, 

whereas the IL was deposited on a cooled surface producing what is assumed to 

be a less dense IL ‘snow’. The effects of the IL being in a snow-like morphology 

on the IMFP has not been accounted for, although it is believed that the IMFPs 

(and λ values) would increase in a less dense medium. 
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2.3. Variable period X-ray standing wave analysis 

 X-ray standing wave techniques were introduced in section 1.1.1 with a 

discussion of the different ways of generating X-ray standing waves. In the 

VPXSW technique the total reflection of X-rays from a surface is utilised to 

generate a reflected wave, of the same wavelength as the incident X-ray, 

allowing superposition of the incident and reflected waves to generate a standing 

wave above the reflector surface. This was mentioned in section 2.2 where it 

was discussed that for incident angles (α) below some critical angle (αc, which 

is material dependent) the X-ray would be totally reflected, and for α larger than 

αc the proportion of the X-ray that is reflected will decay as the X-ray is 

transmitted into the surface. The theory behind the reflection of X-rays from a 

polished surface using dynamic X-ray theory is based on work by Parratt in 1954 

[12] with the topic being covered in many text books [8-10], whilst texts on the 

theory for VPXSW with X-ray fluorescence can be found in refs. [28-31]. The 

key procedures and results from these works are summarised in the following 

section. 

 

2.3.1. Variable period standing wave intensity above a semi-infinite 

reflector 

 When looking at the reflection and refraction of X-rays by a surface the 

angles involved are very small (tens of milliradians) meaning that small angle 

approximations for expansions of (mainly trigonometric) functions are 

appropriate [9]. In a system with multiple layers the angle of refraction, in 

radians (all the angles considered will be in radians), within any given layer can 

be found using Snell’s law (eq 2.2) and the expansion of cosine to a series with 

the small angle approximation [32] 

cos(𝑥) = 1 −
𝑥2

2!
+

𝑥4

4!
−⋯ ≈ ⁡1 −

𝑥2

2
  Equation 2.8 

Considering a surface under vacuum (δ1 = β1 = 0), and using the assumption that 

δm, βm and αm are suitably small such that combinations of these with power 3 or 

higher are neglected, and that δm and βm are so small that any combination of 

these with power 2 or higher can be neglected then the angle of refraction of an 
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incident X-ray beam upon the mth layer of a multilayer system with N layers will 

be [12, 29] 

𝛼𝑚 = (𝛼1
2 − 2𝛿𝑚 − 2𝑖𝛽𝑚)

1/2  Equation 2.9 

where α1 is the incident angle (the same as α) in radians from within the m = 1 

layer (vacuum). It can be seen that for a hypothetical interface between 2 layers 

of vacuum (where no refraction is expected) the refracted angle in the 2nd 

vacuum layer (m = 2), α2, would be equal to (α1
2)1/2 = α1 as δ2 and β2 would both 

equal zero for a vacuum layer. Considering now the interface between the first 

layer (vacuum) and a second layer consisting of a semi-infinite reflector (with 

non-zero values for δ2 and β2), as depicted in fig. 2.1, the X-ray incident upon 

the interface from the first layer (m = 1) has the form of a plane wave with an 

amplitude, E1, wave vector, k1, and propagates in the direction dictated by the 

vector, r. 

𝜓1 = 𝐸1exp⁡(𝑖𝒌1 ∙ 𝒓)    Equation 2.10 

The component of the wave which is reflected can be described by an amplitude, 

E1
R, and a wave vector, k1

R, whilst the component of the wave transmitted into 

the second layer is described by the amplitude, E2, and the wave vector, k2, 

whilst the angle of refraction, α2, can be calculated using eq. 2.9. In order to 

calculate the proportion of the X-ray incident upon the interface between layers 

1 and 2 that is reflected and transmitted the Fresnel reflection coefficient, FR
1, 2, 

and Fresnel transmission coefficient, FT
1, 2, are used [9, 12]. These represent the 

proportion of the X-ray amplitude (not the intensity, which is the absolute square 

of the amplitude) that is reflected or transmitted at an interface and are derived 

from consideration of Snell’s law and the fact that at a phase boundary the wave 

and its derivative must be continuous [9]. For the 2 layer system discussed here 

the Fresnel coefficients can be calculated as [9, 12]. 

𝐹1,2
𝑅 =

𝐸1
𝑅

𝐸1
≈

𝛼−𝛼2

𝛼+𝛼2
   Equation 2.11  

𝐹1,2
𝑇 =

𝐸2

𝐸1
≈

2𝛼

𝛼+𝛼2
   Equation 2.12  

The reflectivity of the material at the layer 1–layer 2 interface at a given angle, 

R(α), is defined as the absolute square of the reflection coefficient, |FR
1, 2|

2. In 

order to calculate the intensity, I(α, z), of the standing wave some height, z, 
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above the reflector for the incident angle, α, the absolute square of the sum of 

incident and the reflected X-rays needs to be calculated 

𝐼(𝛼, 𝑧) = ⁡ |𝐸1 + 𝐸1
𝑅|2 = (𝐸1 + 𝐸1

𝑅)(𝐸1
∗ + 𝐸1

𝑅∗)  Equation 2.13 

where the star (*) represents the complex conjugate. Expanding the brackets, 

substituting in for E1
R and using the expression for the reflection coefficient, an 

expression can be obtained for the intensity which, after some factorising and 

substituting in for the reflectivity gives [29]: 

𝐼(𝛼, 𝑧) = |𝐸1|
2 [1 + 𝑅(𝛼) + 2√𝑅(𝛼)⁡cos (Φ(𝛼) −

2𝜋𝑧

𝐷(𝛼)
)]  Equation 2.14 

The term |E1|
2 represents the intensity of the incident X-ray beam, Φ(α) gives the 

phase shift between the incident and reflected X-rays and D(α) gives the period 

of the standing wave (spatial separation between two adjacent antinodes) above 

the reflector. The functions for the phase shift and the period are 

Φ(𝛼) = tan−1 (
𝐼𝑚(𝐹1,2

𝑅 )

𝑅𝑒(𝐹1,2
𝑅 )
)  Equation 2.15 

𝐷(𝛼) =
𝜆

2⁡sin(𝛼)
  Equation 2.16 

respectively, where Im(FR
1, 2) and Re(FR

1, 2) represent the imaginary and real 

parts of the reflection coefficient (from eq 2.9 it can be seen that α2 will be 

complex as β2 ≠ 0). These equations themselves are not of direct use in the 

VPXSW experiments that have been performed within this study as they are 

only applicable to a 2 layer model in which the first layer is vacuum and the 

second is a reflector. They do, however, demonstrate the procedures used in 

calculating the reflection and transmission coefficients and as a result the 

standing wave intensity. Use of the above standing wave intensity is limited to 

cases where a low concentration of molecules are adsorbed on a reflector 

surface, such that the adsorbed molecules do not cause total external reflection 

of the X-rays, and only interact with the standing wave field.  

 

2.3.2. Variable period standing wave intensity in a multi-layered 

system 

 For systems with a greater number of layers than 2 (a 2 layer system only 

represents the vacuum and a semi-infinite reflector) additional factors need to 

be considered and the mathematics behind the science becomes more 
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complicated. Having a system composed of N+1 layers (where layer 1 is vacuum 

and layer N is adsorbed on a semi-infinite reflector) the interfaces between any 

two layers m and m+1 will reflect and transmit different components of the 

incident X-ray. In the general case the Fresnel reflection coefficient can be 

written as [9, 12, 29] 

𝐹𝑚,𝑚+1
𝑅 =

𝐸𝑚
𝑅

𝐸𝑚
≈

𝛼𝑚−𝛼𝑚+1

𝛼𝑚+𝛼𝑚+1
   Equation 2.17 

while the Fresnel transmission coefficient can be written as [9, 12, 29] 

𝐹𝑚,𝑚+1
𝑇 =

𝐸𝑚+1

𝐸𝑚
≈

2𝛼𝑚

𝛼𝑚+𝛼𝑚+1
  Equation 2.18 

which can be seen to be the same as the reflection and transmission coefficients 

that were obtained for the case of the interface in the 2 layer model (between 

layers 1 and 2, m = 1). The αm values in eqs 2.17 and 2.18 are calculated using 

eq 2.9 so the reflection and transmission coefficients are angle and material 

dependent. For a system with multiple layers, such as the one shown in fig. 2.6, 

Figure 2.6: A ray diagram for a 3 layered system showing how X-rays incident at an angle 

of α reflect and refract from the different interfaces in the surface. The 4 rays shown (I, II, 

III, and IV) all have different values for α, which have been exaggerated for the purpose of 

this illustration. Ray I (light blue) has α less than αc, 2, ray II (dark blue) has α = αc, 2, ray III 

(purple) has α = αc, 3 while ray IV (red) has α larger than αc, 3 and shows multiple reflections 

within layer 2. Fading of lines shows that the amplitude is reduced as the X-ray has been 

partially reflected and partially transmitted from the interface. 
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it is possible to observe total reflection in the low angular regime (α < αc, ray I, 

light blue). As the incident angle is increased it can match the critical angle of 

one of the layers, such as ray II (dark blue) which has α = αc,2 or ray III (purple 

line) with α = αc,3. This results in the refracted X-ray being a traveling X-ray 

propagating across the interface (rays IIT
2 and IIIT

3). As critical angles are 

surpassed transmission through the layers occurs, and with each interface 

refracting and reflecting the X-ray multiple reflections become possible (as can 

be seen in ray IV, red line). The Fresnel reflection and transmission coefficients 

do not account for multiple reflections from the same interface. To account for 

multiple reflections Parratt’s recursion formulation can be used, alongside the 

definition of an effective reflection coefficient at the interface of layers m and 

m+1, 

𝑟𝑚,𝑚+1 =
𝐸𝑚
𝑅

𝐸𝑚
   Equation 2.19 

to show that the effective reflection coefficient at the interface of layers m−1 and 

m is [9, 12, 29] 

𝑟𝑚−1,𝑚 =
𝐹𝑚−1,𝑚
𝑅 +𝑟𝑚,𝑚+1exp(−2𝑖𝑘1𝛼𝑚𝑑𝑚)

1+𝐹𝑚−1,𝑚
𝑅 ⁡𝑟𝑚,𝑚+1exp(−2𝑖𝑘1𝛼𝑚𝑑𝑚)

 Equation 2.20 

where dm is the thickness of layer m measured in the z-direction (parallel to the 

surface normal, seen in fig. 2.6) and k1 represents the magnitude of the wave 

vector for the incident X-ray 

𝑘1 = |𝒌1| =
2𝜋

𝜆
   Equation 2.21 

The exponential term represents the phase factor which comes as a result of the 

multiple reflections of the X-ray between the interfaces m and m+1. It can be 

noticed that in the case where a semi-infinite reflector is used as layer m, and dm 

= ∞ (so there is then no interface between layers m and m+1 and so no multiple 

reflections) that the exponential term becomes zero (e−∞ = 0) and the rm−1, m 

reduces to FR
m−1, m. It can be seen that the recursion formula in eq 2.20 calculates 

the reflection coefficient for the m−1, m interface considering factors from the 

m−1, m and m+1 layers, so repeated use of this formula will eventually obtain 

the r1, 2 for the interface of the vacuum and the top layer of the surface (m = 2). 

Once obtained this effective reflection coefficient can then be used to find the 

reflectivity from the surface 

𝑅𝑚,𝑚+1 = |𝑟𝑚,𝑚+1|
2
   Equation 2.22 
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The reflectivity requires the recursion formula to be applied from the interface 

of the adsorbed layers and semi-infinite reflector (using m = N+1 in eq 2.20) and 

to be repeatedly applied for each layer in the surface [9, 12, 29]. An effective 

transmission coefficient, tm−1, m can be defined to account for the multiple 

reflections that occur in a multilayer system and are not accounted for in the 

Fresnel transmission coefficient. 

𝑡𝑚−1,𝑚 =
𝐸𝑚(𝑑𝑚)

𝐸𝑚−1(𝑑𝑚−1)
   Equation 2.23 

This gives the proportion of the X-ray amplitude that is transmitted at the m−1, 

m interface into layer m, where Em(dm) is the electric field amplitude within layer 

m a height dm above the interface between layers m and m+1. As dm is the 

thickness of the layer m, Em(dm) is the electric field strength just below the m−1, 

m interface (a height, z, of dm above the m, m+1 interface). This electric field 

strength, Em(dm), is calculated through consideration of all of the layers that the 

X-ray, incident upon the surface from the vacuum (with amplitude E1), has 

passed through [29] 

𝐸𝑚(𝑑𝑚) = 𝐸1∏ 𝑡𝑗−1,𝑗
𝑚
𝑗=2   Equation 2.24 

where this expression gives the X-ray electric field strength just below the 

interface of layer m−1 and layer m, where attenuation through layers 1 to m is 

accounted for by the βm terms in the complex angles, αm (eq. 2.9). The effective 

transmission coefficient can been calculated as [29] 

𝑡𝑚−1,𝑚 =
(1−𝐹𝑚−1,𝑚

𝑅 𝑟𝑚−1,𝑚)⁡exp(𝑖𝑘1𝛼𝑚−1𝑑𝑚−1)

𝐹𝑚−1,𝑚
𝑇   Equation 2.25 

The dependence of tm−1, m on rm−1, m (eq 2.20) is a result of the multiple reflections 

which result from a system with more than 2 layers. 

 Having defined all the necessary terms and expressions the intensity of 

the X-ray standing wave intensity at a height, z, above the m, m+1 interface 

within any layer, m, of a multilayer system can be calculated as a superposition 

of the incident and reflected X-rays above the m, m+1 interface [29] 

𝐼𝑚(𝛼, 𝑧) = |𝐸𝑚(𝑑𝑚)|
2 exp(−2𝑘1𝐵𝑚𝑑𝑚) ×⁡[exp(2𝑘1𝐵𝑚𝑧) +

𝑅𝑚,𝑚+1 exp(−2𝑘1𝐵𝑚𝑧) + 2√𝑅𝑚,𝑚+1 cos(Φ𝑚
𝑅 − 2𝑘1𝐴𝑚𝑧)] 

 Equation 2.26 
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where the phase shift between the incident and the reflected X-rays, ΦR
m, is 

defined in terms of the real and imaginary parts of the effective reflection 

coefficient 

Φ𝑚
𝑅 = tan−1 (

𝐼𝑚(𝑟𝑚,𝑚+1)

𝑅𝑒(𝑟𝑚,𝑚+1)
)  Equation 2.27 

and the functions Am and Bm are defined as  

𝐴𝑚 = 𝑅𝑒(𝛼𝑚)    𝐵𝑚 = −𝐼𝑚(𝛼𝑚)   

 

2.3.3. VPXSW with photoelectron detection in a 3 layer system 

Having discussed the theory behind calculating the intensity of the 

VPXSW within any layer, m, for a system with any number, N, of layers, 

attention shall now be turned to 3 layer systems, like those studied within this 

work. In this work layer 1 is a vacuum layer and layer 3 is a silicon reflector, 

while the nature of layer 2 varies dependent upon the surface being studied 

(either SiOx or [C8C1Im][BF4]). The fact that a system with a known number of 

layers is being studied means that some of the expressions that have been 

discussed so far can be simplified. The standing wave intensity within layer 1 

(the vacuum) need not be calculated as there is no species present to detect the 

XSW intensity, from the definition of a vacuum. The standing wave intensity 

within layer 2, I2(α, z) can be calculated using eq 2.26 giving [29] 

𝐼2(𝛼, 𝑧) = |𝐸2(𝑑2)|
2 exp(−2𝑘1𝐵2𝑑2) ×⁡[exp(2𝑘1𝐵2𝑧) +

𝑅2,3 exp(−2𝑘1𝐵2𝑧) + 2√𝑅2,3 cos(Φ2
𝑅 − 2𝑘1𝐴2𝑧)]  Equation 2.28 

where the expression for E2(d2) can be shown to be E1 t1, 2 using eq 2.24. The 

expression for r2, 3 (used in calculating R2, 3) simplifies to FR
2, 3 as the silicon 

reflector is assumed to be semi-infinite in size while the expression for t1, 2 

becomes 

𝑡1,2 =
1−𝐹1,2

𝑅 ⁡𝑟1,2

𝐹1,2
𝑇    Equation 2.29 

as the exponential term becomes 1 due to the vacuum layer having an effective 

thickness of zero (d1 = 0) as there is no matter capable of X-ray attenuation 

within it. All other expressions are defined as in sections 2.3.1 and 2.3.2. The 

XSW intensity within a 250 Å thick [C8C1Im][BF4] layer (layer 2) is shown as 

a 3D image in fig. 2.7, which shows how the XSW intensity varies with incident 

angle, α, and height above the reflector, z. The incident X-ray intensity has been 
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normalised to intensity of the incident X-ray (E1 = 1), however, the XSW 

intensity is dependent upon the multiple reflections within the surface so is not 

simply 4 ((E1+ER
1)

2 = (1+1)2), as may be expected. The plot in fig. 2.7 shows 

that as the incident angle is swept from 0° upwards, oscillations in the XSW 

intensity occur at different heights above the reflector allowing layers at 

different heights to be distinguished. Looking at fig. 2.7 for a fixed value of 

angle shows how the XSW intensity varies above the reflector (i.e. at α = 1.5° 

there are five antinodes within the surface).  

In the studies performed within this thesis the XSW intensity was probed 

via photoemission. The photoelectron flux produced from within the material in 

layer 2 results from a combination of the X-ray intensity (I2(α,z), which 

generates the photoelectrons), the number density of absorbing species within 

layer 2 (ρ2(z)) and the attenuation of photoelectrons as they escape the surface. 

The generation of photoelectrons leaves behind core holes (h●+), which decay 

and produce X-ray fluorescence and Auger signals. The attenuation of 

photoelectrons is dependent upon the position of the electron emitter in relation 

to the vacuum layer (layer 1) and the material in layer 2, as described by eq 2.5 

(it is assumed that θ = 0°). The 3 layer model is shown in fig. 2.8a, where z = 0 

Figure 2.7: A 3D image of the X-ray standing wave intensity within a 250 Å [C8C1Im][BF4] 

layer on a silicon reflector. The X-ray intensity can be observed to be low below the critical 

angle of the IL (≈ 0.43°) as only an evanescent wave probes the IL layer. For angles above 

the critical angle the X-ray intensity can be seen to oscillate, dependent upon the position of 

nodes and antinodes (which depend on z and α). 
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is defined as being at the surface of the reflector, shows that within layer 2 (total 

thickness of d2) a layer located at position z is a distance (d2 − z) beneath the 

vacuum–layer 2 interface. The intensity of photoelectrons generated 

experimentally at the point z within a thin slice of the surface δz, Ie,0(α,z), is 

𝐼𝑒,0(𝛼, 𝑧) ∝ 𝜎𝑎𝑏𝑠𝐼2(𝛼, 𝑧)𝜌2(𝑧)𝛿𝑧  Equation 2.29 

where σabs is the X-ray absorption cross section for the photoelectron being 

detected. In order to find the total photoelectron flux, Ie, tot(α), from a certain 

section of the IL layer, between z1 and z2, the following integral must be 

performed 

𝐼𝑒,𝑡𝑜𝑡(𝛼) = ∫ 𝐼𝑒,0(𝛼, 𝑧)⁡exp (
−(𝑑2−𝑧)

𝜆2
)𝑑𝑧

𝑧2
𝑧1

 Equation 2.30 

where λ2 is the photoelectron attenuation length through layer 2. It is assumed 

that the angle of incidence is suitably small that the angular effect of tilting the 

sample by α does not affect the electron path length and hence the electron 

attenuation. The integral in eq 2.30 gives the photoelectron signal measured by 

an EDC at fixed incident angle, α, within an experiment. The experimental EDCs 

are then combined to form the experimental VPXSW profile—which is a 

function of angle.  

In order to model the experimental VPXSW profiles the photoelectron 

signal had to be calculated. VPXSW profiles were normalised to a maximum 

value of 1, meaning that the differences in the absorption cross sections for 

different elements [15] could be ignored, as well as allowing comparison 

Figure 2.8: A diagram of a 3 layer model showing how the calculation for photoelectron signal 

from a surface is performed. The adsorbed layer (layer 2) has a thickness, d2, and z = 0 is defined 

as the reflector (layer 3) surface. The image in (a) shows how an integral could be performed 

over the range z1 to z2, while (b) shows the calculation method used in analysis here, where a 

sum of the photoelectron signal over a layer of thickness t and centred at z0 is performed. Note 

also how the surface of layer 3 is also defined as zsub = 0, meaning that zsub increases with 

distance below the vacuum layer (opposite direction to z). 
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between different datasets. The adsorbed material was also assumed to be 

uniform in density, so ρ2(z) is a constant, which will also be removed by the 

normalisation. The integral in eq 2.30 was not solved directly, to model the 

photoelectron VPXSW profile, due to the fact that the photoelectron intensity 

generated at position z depends upon I2(α, z) making the mathematics behind the 

integration complicated. In order to calculate the total photoelectron flux from a 

segment of layer 2, within the analysis software used in this work [33], a section 

of layer 2 is defined with a thickness, t, centred at the position, z0, above the Si 

reflector (layer 3), as shown by the blue dashed lines in fig. 2.8b. The 

photoelectron signal from a slice of thickness δz = 1 Å a height z above the Si 

reflector (having to travel a distance (d2 − z) through layer 2) was then calculated 

using eq 2.5, assuming that the tilt of the surface did not affect the electron path 

length. The total photoelectron intensity for the model VPXSW profile in the 

layer specified, Ie, mod(α), is a sum of all of the 1 Å slices of layer 2 between z0 – 

t/2 and z0 + t/2 for a given α 

𝐼𝑒,𝑚𝑜𝑑(𝛼) = ∑ 𝐼𝑒,0(𝛼, 𝑧)⁡exp (
−(𝑑2−𝑧)

𝜆2
) 𝛿𝑧

𝑧0+𝑡/2
𝑧0−𝑡/2

 Equation 2.31 

In order to calculate the total VPXSW profile the sum in eq 2.31 needs to be 

performed for all of the values of α within the experimental range. Like the 

experimentally measured signal, the VPXSW profile obtained from the model 

photoelectron signal is normalised to a maximum of 1, to remove any effects of 

the differences in absorption cross sections for different photoelectron peaks 

within layer 2 (after corrections have been applied, see section 2.3.4) and to 

allow different datasets to be compared. The calculations used within this study 

assume that the density of layer 2 is constant, for the surfaces in this work, 

however it is possible to use different density profiles within the software (such 

as a Gaussian for a thin layer which may diffuse from an original position). By 

tuning the values of z0 and t the VPXSW profile for a thick slab (large t) or thin 

marker layer (small t) can be calculated. 

 As well as measuring the photoelectron signal and obtaining VPXSW 

profiles from the material within layer 2 it is also possible to measure the 

photoelectron signal from the silicon reflector (layer 3). As the reflector is 

modelled as semi-infinite the expression for the X-ray intensity in eq 2.26 is not 

suitable for modelling the X-ray intensity within the Si. The semi-infinite nature 
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of the reflector will mean that once an X-ray penetrates the Si layer it will not 

be reflected back, however there can still be multiple reflections within layer 2 

which mean multiple rays enter the reflector. These multiple rays are accounted 

for in the expression for Em(dm) (eq 2.24), as it depends upon the transmission 

coefficients (which itself accounts for the reflection coefficients) for the layers 

the X-ray has travelled through. In order to work out the amplitude of the X-ray 

that is transmitted into the Si reflector the Fresnel transmission coefficient at the 

layer 2–layer 3 interface, FT
2, 3 (eq 2.18), needs to be considered (as there are 

not multiple reflections from beneath layer 3) in the rearranged form 

𝐸3 = 𝐸2 (
2𝛼2

𝛼2+𝛼3
)   Equation 2.32 

where E2 and E3 represent the electric field strength (amplitude) at the interface. 

As mentioned earlier eq 2.24 is not suitable for calculating E3 as it assumes that 

the layer you are calculating the X-ray electric field strength (Em) for is adsorbed 

on top of another layer. In order to calculate the X-ray amplitude E2 just above 

the interface between layer 2 and the silicon reflector (z = 0) the electric field 

strength just below the layer 1–layer 2 interface, E2(d2), can be used (from eq 

2.24) and can be corrected to account for attenuation of the X-ray as it passes 

through layer 2 towards the reflector by using an exponential factor [9] 

𝐸2 = 𝐸2(𝑑2)⁡exp(𝑘1𝐼𝑚(𝛼2)𝑑2)  Equation 2.33 

noting that although the exponential is a positive, that the imaginary part of α2 

is negative (eq 2.9). The X-ray amplitude just below the layer 2–layer 3 

interface, E3, will be attenuated as it travels through the reflector layer meaning 

that the X-ray amplitude at a position zsub below the reflector, E3(zsub) can be 

calculated by multiplication of an exponential factor  

𝐸3(𝑧𝑠𝑢𝑏) = 𝐸3⁡exp(𝑘1𝐼𝑚(𝛼3)𝑧𝑠𝑢𝑏)  Equation 2.34 

Despite the exponential power appearing to be positive the imaginary part of α3 

is negative resulting in the exponential decay that is expected for attenuation by 

the Beer–Lambert law, as was the case in eq. 2.33. To calculate the intensity of 

the X-ray at a position zsub below the substrate surface for an incident angle, α, 

(I3(α, zsub)) the absolute square of E3(zsub) is required. Using equations 2.32 to 

2.34 this can be shown to be equal to 
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𝐼3(𝑎, 𝑧𝑠𝑢𝑏) = |𝐸2(𝑑2)|
2⁡exp(2𝑘1𝐼𝑚(𝛼2)𝑑2) |(

2𝛼2

𝛼2+𝛼3
)|
2

exp(2𝑘1𝐼𝑚(𝛼3)𝑧𝑠𝑢𝑏)⁡

 Equation 2.35 

where eq 2.9 can be used to find the α2 and α3 values while eq 2.24 is used to 

calculate E2(d2). It was not possible to simply use the intensity of the X-ray 

within layer 2 (eq 2.28) at z = 0 (just above the reflector surface) to find the 

intensity of the X-ray that would be transmitted through the layer 2–layer 3 

interface. This is due to the fact that the X-ray intensity in layer 2 is composed 

from the X-rays that are incident upon interface 2, 3 and reflected from interface 

2, 3, while the intensity within layer 3 is only concerned with the X-ray incident 

upon interface 2, 3. 

Much like the case for the photoelectron signal in layer 2, the total 

photoelectron flux from the substrate (layer 3) will be dependent upon the 

density of photoelectron emitters, the absorption cross section and the X-ray 

intensity within the substrate. The number of photoelectrons produced within a 

thin layer δzsub of the substrate Ie,sub,0(α, zsub) is 

𝐼𝑒,𝑠𝑢𝑏,0(𝛼, 𝑧𝑠𝑢𝑏) ∝ 𝜎𝑎𝑏𝑠𝐼3(𝛼, 𝑧𝑠𝑢𝑏)𝜌3(𝑧𝑠𝑢𝑏)𝛿𝑧𝑠𝑢𝑏 Equation 2.36 

The photoelectrons then need to travel to toward the detector which requires 

travelling through a thickness, zsub, of silicon reflector and d2 of the material in 

layer 2. Both of these layers will attenuate the photoelectrons, dependent upon 

the attenuation length, λ, of the photoelectron through the material. This gives 

the intensity of photoelectrons emitted from a thin slice of the substrate, δzsub, 

positioned at zsub and attenuated through the two layers (by repeated use of eq. 

2.5 for each attenuating layer) reaching the detector to be 

𝐼𝑒,𝑠𝑢𝑏(𝛼, 𝑧𝑠𝑢𝑏) = 𝐼𝑒,𝑠𝑢𝑏,0(𝛼, 𝑧𝑠𝑢𝑏)⁡exp (
−𝑑2

𝜆2
) exp (

−𝑧𝑠𝑢𝑏

𝜆3
) Equation 2.37 

where λ2 and λ3 are the photoelectron attenuation lengths through layer 2 and 

layer 3, respectively. The experimentally measured photoelectron signal, at a 

given angle α, is a sum across all of the thin slices of the semi-infinite substrate 

𝐼𝑒,𝑠𝑢𝑏,𝑚𝑜𝑑(𝛼) = exp (
−𝑑2

𝜆2
) × ∫ 𝐼𝑒,𝑠𝑢𝑏,0(𝛼, 𝑧𝑠𝑢𝑏)⁡exp (

−𝑧𝑠𝑢𝑏

𝜆3
)𝑑𝑧𝑠𝑢𝑏

∞

𝑧𝑠𝑢𝑏=0

 Equation 2.38 

The photoelectron signals from each angle are then combined to generate a 

VPXSW profile which has its maximum intensity normalised to 1 to remove any 

effects resulting from differences in absorption cross section (the same as for the 
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VPXSW profiles from layer 2). It is also assumed that the small tilt of the sample 

(as α is varied) does not affect the photoelectron path length and that the density 

of the substrate is uniform. 

For the analysis software used within this work [33] the experimentally 

measured photoelectron signal from the substrate was modelled by taking a sum 

of the photoelectron signal in 1 Å slices from zsub = 0 Å to zsub = 1000 Å for an 

uncovered substrate. Despite 1000 Å not being equal to infinity, given that the 

photoelectron attenuation lengths used in this work were all less than 100 Å, 

over 99.995% of the photoelectrons are emitted from top 1000 Å of the surface. 

This sum over the 1000 Å uncovered substrate was then attenuated by layer 2 

(with thickness d2) with one calculation. This gives the model photoelectron 

intensity, Ie,sub,mod(α), to be  

𝐼𝑒,𝑠𝑢𝑏,𝑚𝑜𝑑(𝛼) = exp (
−𝑑2

𝜆2
) × ∑ 𝐼𝑒,𝑠𝑢𝑏,0(𝛼, 𝑧𝑠𝑢𝑏)⁡exp (

−𝑧𝑠𝑢𝑏

𝜆3
) 𝛿𝑧𝑠𝑢𝑏

1000
𝑧𝑠𝑢𝑏=0

 

 Equation 2.39 

The model photoelectron signal is calculated for each angle, α, then is assembled 

into a VPXSW profile prior to normalisation of the VPXSW profile to a 

maximum of 1, enabling it to be compared to the experimental VPXSW profiles, 

which are also normalised. The value used for λ3 in the calculations in this work 

was 58 Å for Si 2p photoelectrons travelling through the silicon substrate. This 

value is larger than the expected attenuation length based upon high energy 

IMFP calculations (IMFP for Si 2p electrons through Si is 59.2 Å [18], see 

section 2.2.3). This inaccuracy, however, does not affect the photoelectron 

signal as the substrate layer used in the summation (eq 2.39) is thicker than the 

increased escape depth of the faster electron. The assumption of a 1000 Å thick 

reflector layer would not be sufficient for photoelectrons with attenuation 

lengths larger than 200 Å as then there would be a ≈ 1% chance that a 

photoelectron from an emitter below 1000 Å is detected. 

 

2.3.4. Corrections applied to calculated VPXSW profiles 

 The equations described in section 2.3.3 calculate the X-ray intensities 

and the photoelectron flux coming from the surface, for whichever photoelectron 

species is being studied. The detected signal, however, is different and in order 

to accurately model the detected photoelectron flux coming from the surface a 
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few corrections must be made. The first correction that is required is one relating 

to the path length for the X-rays through layers 2 and 3, as illustrated in fig. 2.9a. 

For a system in which layer 2 has thickness d2, the path length for the X-ray 

through layer 2, p2, (blue line) can be found from the definition of sin(x) to be 

𝑝2 =
𝑑2

sin(𝛼2)
    Equation 2.40 

This shows that for smaller angles there is an increased path length through layer 

2, which results in a greater quantity of emitted species (photoelectrons, Auger 

electrons and X-ray fluorescence photons). This results in a larger experimental 

photoelectron signal for low angles than calculated by eq 2.31. To correct for 

the increased path length in the calculated photoelectron signal, division by 

sin(α2) is required. Under the assumption that the angles are small (so sin(x) ≈ 

x) and that α2 ≈ α the calculated photoelectron signal can be divided by α to 

correct for the X-ray path length. A similar argument holds for the X-ray path 

through the reflector (layer 3), with the photoelectron signal also being corrected 

by division by α.  

 The second correction that is applied to the calculated photoelectron 

intensity is one which accounts for the changing X-ray footprint with angle. 

Figure 2.9b shows that the footprint of an X-ray with fixed beam height, hbeam, 

depends upon the angle of incidence, α, where smaller angles of incidence lead 

to larger X-ray footprints. This can be seen visually in fig. 2.9b as the largest 

footprint (thick red) is produced by the beam with the smallest angle of 

Figure 2.9: Diagrams depicting the two corrections made to the VPXSW signal within the 

analysis software in order to get a better match between the calculated and experimental 

profiles. The path length correction (a) accounts for the variation in path length through the 

adsorbed layer (layer 2) when the incident angle is changed. For smaller values of α the path 

length is longer, resulting in a higher photoelectron flux. The effect of α on the footprint is 

shown in (b), where smaller values of α result in larger footprints (hbeam is fixed). Since the 

analyser can only detect photoelectrons from an area characterised by the radius danal then 

for shallow angles (α < αfoot) a correction is required. 
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incidence, while the largest angle of incidence (blue beam) generates the 

smallest footprint. Using the triangle shown within the blue beam of fig. 2.9b 

the footprint can be seen to be given by eq 2.41. 

𝑓𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡 = ⁡
ℎ𝑏𝑒𝑎𝑚

sin(𝛼)
   Equation 2.41 

The concentric hemispherical analyser has the ability to accept photoelectrons 

from an area on the sample characterised by a diameter, danal (purple dashed 

lines). For large incident angles (blue beam) the X-ray footprint is smaller than 

the analyser diameter and all of the photoelectrons that are produced can be 

detected (assuming emission along the surface normal). In this region no 

correction to the calculated photoelectron signal is required. For the case where 

the incident angle is suitably small, such that the X-ray footprint is larger than 

the analyser diameter (red beam), then not all of the produced photoelectrons are 

detected, but are included within the total calculated signal (Ie, mod). As a result 

the calculated photoelectron intensity will be too large for these smaller angles, 

so needs to be modified to match the experimentally measured signal (Ie, meas). 

The angles for which the correction needs to be applied are those below αfoot, the 

angle for which footprint = danal (black beam). Using eq 2.41 it can be shown 

that  

sin(𝛼𝑓𝑜𝑜𝑡) = ⁡
ℎ𝑏𝑒𝑎𝑚

𝑑𝑎𝑛𝑎𝑙
   Equation 2.42 

It is assumed that the photoelectron flux (intensity per unit area) is constant, so 

for the low angle case where the footprint is larger than the analyser area, the 

photoelectron flux (PE flux) is given by 

𝑃𝐸⁡𝑓𝑙𝑢𝑥 = ⁡
𝐼𝑒,𝑚𝑒𝑎𝑠

𝑑𝑎𝑛𝑎𝑙
   Equation 2.43 

while for cases where the angle is sufficiently large and the footprint is smaller 

than the analyser area then  

𝑃𝐸⁡𝑓𝑙𝑢𝑥 = ⁡
𝐼𝑒,𝑚𝑜𝑑

𝑓𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡
   Equation 2.44 

Combining these equations into one, by setting the PE flux terms equal to each 

other, and rearranging gives  

𝐼𝑒,𝑚𝑒𝑎𝑠 = 𝐼𝑒,𝑚𝑜𝑑
𝑑𝑎𝑛𝑎𝑙

𝑓𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡
  Equation 2.45 

then substitution for footprint using eq 2.41 gives 

𝐼𝑒,𝑚𝑒𝑎𝑠 = 𝐼𝑒,𝑚𝑜𝑑⁡sin(𝛼)
𝑑𝑎𝑛𝑎𝑙

ℎ𝑏𝑒𝑎𝑚
  Equation 2.46 
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which can be rewritten, using eq 2.42, as 

𝐼𝑒,𝑚𝑒𝑎𝑠 = 𝐼𝑒,𝑚𝑜𝑑 ⁡
sin(𝛼)

sin(𝛼𝑓𝑜𝑜𝑡)
  Equation 2.47 

This shows the required correction to the modelled photoelectron intensity 

(Ie, mod), such that it matches the experimentally measured intensity (Ie, meas). The 

value of sin(αfoot) used in this study was kept constant at 0.012 but was chosen 

to obtain the best fits to the data (hbeam was known to be 30 μm but danal was 

unknown). Using eq 2.42 to calculate the unknown value of danal using hbeam as 

30 μm and sin(αfoot) as 0.012 gave a value of 2.5 mm for the analyser diameter 

on the surface, which seems to be a sensible value (i.e. not too far from the 

standard sample size of ≈ 1 cm). Variation of the ratio danal/hbeam can be observed 

to have a large effect upon the tail of the VPXSW signal (for angles greater than 

the one at which the peak maximum occurs) due to the effect of the footprint 

upon the intensity of the VPXSW peak maximum. As the peak maximum 

determines the normalisation factor for the VPXSW profile, if the VPXSW 

maximum changes so does the relative intensity of the signal at high angles 

(where the footprint correction is not applied). The switching over from the 

section of the VPXSW profile which has been corrected for the footprint (low 

angles) and the section which does not require correction (high angles) can be 

seen by a small kink in the VPXSW simulations, at around 0.7°. This correction 

is only an approximation as the X-ray intensity is not uniform across the whole 

footprint and also it is unlikely that the photoelectron capture efficiency is the 

same across the whole analyser diameter. 

 

2.3.5. Calculated VPXSW profiles for different surface structures 

Section 2.3.3 has discussed the mathematical form of the X-ray 

intensities and the photoelectron yield from within the adsorbed layer (layer 2) 

and the reflector (layer 3). The use of some example VPXSW profiles can aid in 

the visualisation of these mathematical functions, and in determining what effect 

changing the different parameters (such as layer thickness, layer position or 

attenuation length) within these functions has on the shapes of the model 

VPXSW profiles, after the corrections (section 2.3.4) have been applied. The 

critical angle, αc, is important in determining the shape of the VPXSW profile 

and depends upon the material within the layer that the X-ray is incident upon 
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and the X-ray energy (as the δ and β values depend on the material and the X-

ray energy). An approximation for the critical angle of a material (refractive 

index, n, given by eq 2.1) under vacuum (n1 = 1) can be made through the 

application of Snell’s law (eq 2.2) and knowing that at α1 = αc then α2 = 0 radians, 

as a travelling wave is transmitted across the surface of the reflector. 

cos(𝛼𝑐) = (1 − 𝛿 − 𝑖𝛽)  Equation 2.48 

Using the small angle approximation for cos(x) and the assumption that β is 

much smaller than δ (the ratio for β/δ is < 0.02 for [C8C1Im][BF4] with hν = 

3000 eV [11]) the critical angle can be approximated to be 

𝛼𝑐 ≈ √2𝛿   Equation 2.49 

As a result different materials and different X-ray energies will produce different 

VPXSW profiles. The examples that will be discussed within this section 

assume that the X-ray energy is 3000 eV and that the material within layer 2 is 

[C8C1Im][BF4] on top of a silicon reflector. For convenience the angles will be 

discussed in terms of degrees, rather than radians, despite the calculations all 

using the radian unit for angle. There are two main changes that are observed in 

the XSW as the incident angle is increased; as α is increased from 0° to αc the 

phase shift between the incident and reflected rays changes from 180° (node at 

surface) to 0° (antinode at the surface, phase shift stays at 0° for α > αc) [28, 34], 

and that the XSW period decreases as the incident angle increases, like a 

compressing bellows [28, 29]. These two effects will now be described in more 

detail with model VPXSW profiles to aid visualisation. 

The XSW set up from a 3 layer surface, shown in fig. 2.7, for α = 0° has 

a period of ∞ (so an antinode at ∞) and a node at the surface, so there is no X-

ray interaction with matter. As the angle is increased, but is still below αc, 2, the 

XSW period begins to decrease and the phase difference between the incident 

and reflected wave starts to change from 180° (out of phase) towards 0° (in 

phase, at α = αc, 2), such that there is a non-zero X-ray intensity at the surface 

[28, 34]. This results in an increase in the evanescent wave intensity at the 

surface and within the adsorbed layer, producing a photoelectron signal which 

rises with angle, giving a smooth leading edge in the data, however total external 

reflection means that only the top most layer is being probed (buried layers will 

not be producing photoelectrons if the top layer is sufficiently thick). As α 
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matches αc, 2 a travelling wave propagates across the surface of the reflector (fig. 

2.6, ray II, dark blue) [9] and produces a large photoelectron flux, and a peak in 

the VPXSW profile. As α is increased further the X-ray penetrates through layer 

2 and sets up an X-ray standing wave from the surface of the reflector (or the 

next interface in a multi-layered surface). A smooth increase in the XSW 

intensity, resulting in photoelectron generation, from the substrate is observed 

as angle increases, in much the same way as it did for the second layer, initially 

with a node at the interface and the first antinode at ∞ (observed in fig. 2.7 for z 

=0°, the reflector surface). As angle is increased further the XSW phase shifts 

and the XSW period decreases, with the evanescent wave caused by the phase 

shift producing photoelectrons from the reflector (which will be attenuated by 

the material in layer 2) and the XSW producing photoelectrons within layer 2. 

The XSW (within layer 2) has a period which decreases with angle, meaning 

that the antinodes start getting closer together as angle increases. As an XSW 

antinode impinges upon a thin layer within layer 2 photoelectrons are generated, 

while a node passing through a thin layer results in no photoelectron production. 

This means that the first antinode in the XSW will pass through layers which are 

at a greater height above the surface at a lower angle than the angle at which it 

will pass through layers which are deeper within the surface. Put simply—the 

smaller the angle for which a peak is observed in the signal, the closer to the 

vacuum that layer is. The effect of having nodes and antinodes passing through 

the surface results in the oscillatory VPXSW profiles, where the position of the 

oscillations (in angle) indicate the position of the layer in the surface (the layer 

height above the reflector). 

The plot in fig. 2.10 shows the effect of changing the thickness, d2, of 

the layer being probed by the XSW on the VPXSW profile. The photoelectron 

attenuation length, λ2, being used in the calculations is 53 Å [18]. The leading 

edges (before the peak at α ≈ αc, 2) are all very similar as the photoelectron 

intensity is affected only by the evanescent wave and the attenuation length. For 

the thinner layers (blue solid and blue dashed lines) the evanescent wave can 

probe the whole layer while for thicker layers the evanescent wave decays away 

before probing the entire layer, resulting in greater similarity in the leading edges 

for thicker layers (the leading edges of the red dashed and solid orange lines in 

fig. 2.10 are almost identical). All of the VPXSW profiles peak at an angle 
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around the critical angle of [C8C1Im][BF4] (αc, 2 = 0.4274° [11]) as the travelling 

wave passes across the surface of the [C8C1Im][BF4]. The X-ray then sets up a 

standing wave from the silicon reflector, where increasing the angle causes the 

antinodes and nodes to sweep towards the IL–Si interface. The thicker layers of 

IL meet the first incoming antinode at lower angles than the thinner layers, 

resulting in small peaks in the VPXSW signal (the peak in the red dashed line, 

α ≈ 0.7°, occurs at a lower angle than the orange solid line, α ≈ 0.8°). As the 

incident angle is increased further, and α surpasses αc, 3, the XSW intensity and 

photoelectron signal begin to decay away as the reflected component of the X-

ray decreases. 

The silicon substrate photoelectron signal is observed in fig. 2.11 for 

surfaces with different IL layer thicknesses, where an attenuation length for the 

Si 2p photoelectrons through layer 2 of 58 Å was used [18]. The attenuation 

length for the Si 2p photoelectrons through the silicon used was also 58 Å despite 

59.2 Å being more accurate [18]. This inaccuracy does not affect the final result 

as it only affects the number of photoelectrons reaching the silicon reflector 

surface, as the reflector is modelled as semi-infinite (see section 2.3.3). Since 

Figure 2.10: VPXSW profiles showing the calculated photoelectron signal (with corrections 

applied) for a silicon reflector with a [C8C1Im][BF4] layer adsorbed upon its surface. The 

different lines represent the profiles from IL layers with different thicknesses, d2. Thicker IL 

layers produce VPXSW profiles with a greater number of oscillations as more antinodes and 

nodes pass into the surface.   
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the VPXSW profile is normalised, the photoelectron intensity from the silicon 

prior to attenuation is not important, only the attenuation of the Si photoelectron 

signal through layer 2. The intensity of the evanescent wave increases with angle 

[9], allowing it to generate a significant signal from deeper within a layer. 

Surfaces in which d2 is less than the depth for which the evanescent wave can 

probe produce a significant number of photoelectrons, at a given angle, resulting 

in a Si 2p photoelectron signal whilst the X-ray is being totally reflected at the 

layer 1–layer 2 interface. For the surfaces with thicker IL layers the evanescent 

wave doesn’t reach the reflector, resulting in a flat section in the measured 

substrate VPXSW profiles. A trend of increased degree of flatness with layer 2 

thickness can be seen in fig. 2.11 in the 0° to 0.5° angular range, with the thickest 

layer (red dashed line) having the lowest photoelectron signal for the largest 

angular range before a sharp rise in the photoelectron intensity as the X-ray 

penetrates through the IL layer and reaches the silicon substrate. The peak in the 

substrate VPXSW corresponds to the travelling wave across the IL–reflector 

interface at α = αc, 3 = 0.5971° [11] before the signal decays away as the standing 

wave intensity decreases. The transmitted X-ray intensity through the substrate 

Figure 2.11: VPXSW profiles showing the calculated photoelectron signal (with corrections 

applied) from a silicon reflector beneath a [C8C1Im][BF4] layer of varying thickness. The 

different lines represent the profiles from beneath IL layers with thicknesses, d2, as given in the 

legend. Thicker IL layers produce substrate VPXSW profiles with a later leading edge onset as 

the depth that the evanescent wave probes increases with angle. 
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continues to produce a non-zero photoelectron flux for all angles so the signal 

will not decay to zero. 

Having observed the variation in VPXSW profile with total layer 

thickness on the reflector in fig. 2.10, the signal from different segments of layer 

2 can be calculated. This may be of use if layer 2 is assumed to be an “organic 

layer” which is composed of multiple organic species, with similar X-ray 

properties but differing photoelectron environments, adsorbed on the reflector. 

The differences in the photoelectron VPXSW profiles can be used to determine 

layering of organic species within the organic layer. Figure 2.12 shows the 

calculated VPXSW profiles for a layer with varying thickness, t, occupying the 

top t Å of layer 2, which had a total thickness, d2, of 250 Å and used λ2 = 53 Å. 

It can be noticed that all of the VPXSW profiles in fig. 2.12 are very similar as 

they are all at the surface of the IL layer (which starts at z = 250 Å), meaning 

that they all experience the first antinode of the XSW at the same angle, 

producing a peak in the VPXSW profile. For the thinner marker layers (red line) 

the VPXSW profile oscillations are more distinct as the thin marker layer 

samples a narrower region of the XSW intensity, whereas for a thicker marker 

layer the photoelectron signal is an average of the entire XSW intensity within 

Figure 2.12: A comparison of calculated VPXSW profiles for photoelectrons produced by a 

marker layer of thickness t, which sits at the top of a 250 Å [C8C1Im][BF4] layer. As the thickness 

of the marker layer is increased the amplitude of the oscillations decreases (more prominent 

oscillations are observed for thinner layers) and the angular position of peaks increases slightly. 
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the layer. This results in an averaging effect, within a layer which is thick enough 

(blue lines), resulting in a slight broadening of the oscillations observed above 

0.5° and less clear modulations in the VPXSW profile. 

It has been observed that thinner layers give VPXSW profiles with 

clearer oscillations, so by using a thin marker layer the effect of the layer 

position on the measured photoelectron flux can be observed. In order to probe 

the XSW intensity within layer 2 the VPXSW profiles for a thin layer (t = 10 Å) 

centred at different heights, z, above the reflector surface were calculated, fig. 

2.13. The total thickness of layer 2, d2, was kept constant at 250 Å while the 

attenuation length, λ2, used was 53 Å [18]. Looking at the leading edge (below 

0.5°) of the VPXSW profile a similar trend is observed to that in fig. 2.11 for 

the substrate signal, where an increased degree of flatness is observed for layers 

which are buried deeper within layer 2. It can also be seen that the angle at which 

the VPXSW profile peaks is dependent upon the relative position of the layer to 

the vacuum, with layers closer to the vacuum (red line) peaking at lower angles 

than marker layers at lower z values (solid blue line). For angles greater than 

0.5° a large variation in the VPXSW shape can be observed, depending on the 

Figure 2.13: A comparison of the calculated VPXSW profiles for a marker layer with thickness, 

t, of 10 Å at different heights z above the silicon reflector surface. Layers closer to the surface 

have oscillations at lower angles as the nodes and antinodes of the XSW collapse from ∞ towards 

the reflector surface with increasing angle. Layers positioned closer to the reflector have later 

leading edges due to the fact that the evanescent wave produces more photoelectrons from deeper 

positions at increased angle. 
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marker layer position. This makes fitting thin marker layers easier and more 

accurate than fitting thick layers, as has been noted in VPXSW studies detecting 

the X-ray fluorescence [30, 34, 35]. It is observed that for marker layers at larger 

z positions (situated closer to the vacuum layer) a greater number of oscillations 

are observed and the oscillations occur at lower angles, as the antinodes move 

towards the reflector surface with increasing angle [28, 34]. 

One of the advantages of using photoelectron detection in the VPXSW 

technique was the inherent surface sensitivity that comes as a result of the 

photoelectron attenuation length being on the order of 10 Å. The effect of the 

photoelectron attenuation length on the calculated VPXSW profile from a 250 Å 

IL layer is shown in fig. 2.14. Since 95% of the photoelectron signal comes from 

the top 3×λ2 [14], using a low attenuation length has the effect of probing a thin 

layer. This effect can be seen in the VPXSW using attenuation lengths of 1 Å 

(solid blue) and 10 Å (blue dashed) producing multiple, clear oscillations 

(similar to the marker layer VPXSW profiles in fig. 2.13). Larger attenuation 

lengths produce VPXSW profiles which are more featureless, with smaller 

oscillations (green and golden dashed lines only show one significant 

Figure 2.14: A comparison of the calculated VPXSW profiles from a 250 Å [C8C1Im][BF4] 

layer on top of a silicon reflector with different photoelectron attenuation lengths through the IL 

layer (λ2). The λ2 = 53 Å was the attenuation length used for the photoelectrons from the IL 

travelling through the IL within this work while λ2 = 10000 Å is an approximate attenuation 

length for an X-ray fluorescence photon (so resembles the fluorescence VPXSW signal). 
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oscillation). The red line in fig. 2.14 represents an attenuation length of 1 μm (= 

10000 Å) which is an estimate for the attenuation length of an X-ray photon, 

produced by X-ray fluorescence, with hν ≈ 3000 eV [10]. The difference in the 

VPXSW profiles for λ2 = 53 Å and λ2 = 10000 Å demonstrates the advantage of 

using photoelectron detection over X-ray fluorescence as the VPXSW profile 

has a greater number of features, making it easier to model by the researcher. 

Photoelectron attenuation lengths also vary with the core level photoelectron 

peak that is being monitored (as they have different binding energies and hence 

different photoelectron kinetic energies) [14]. This allows more information to 

be extracted from the surface than with fluorescence detection where attenuation 

lengths will all be very similar. Aside from the leading edge and the first peak, 

the position of the oscillations within the VPXSW profile do not change much 

with attenuation length, with the main effect being upon the VPXSW intensity. 

Since it is the angular position of the oscillations that is used as the primary 

fitting criteria for the VPXSW profiles, rather than the intensity, any slight errors 

in the estimated attenuation lengths do not have a large effect on the fitting. This 

is a consequence of the XSW intensity being the dominant factor in the 

generated photoelectron signal, rather than the photoelectron attenuation. The 

main issue with photoelectron detection, however, is demonstrated by the 

similarity of the 1 Å (solid blue) and 10 Å (blue dashed) VPXSW profiles. As 

the attenuation length is not large enough to probe the full layer, only the top of 

layer 2 is probed resulting in two very similar VPXSW profiles. The only 

difference in the two VPXSW profiles is a slight change in the leading edge and 

position of the oscillation at ≈ 0.7°. This means that the true depth of the layer 

being probed cannot be determined and any buried layers would not be detected. 

 

2.4. Temperature programmed desorption 

 Temperature programmed desorption (TPD) [1, 36, 37] is a destructive 

technique (the surface is destroyed during the experiment) which can be used to 

study the kinetics of desorption through the measurement of the activation 

energy of desorption (Edes). The activation energy of desorption can also give 

information on the binding environments within the surface. Low Edes values are 

indicative of physical adsorption (or physisorption) through van der Waals 
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interactions [38] whilst higher Edes values can indicate chemical adsorption (or 

chemisorption, typically > 100 kJ mol−1 [1]), in which electron transfer occurs 

and a chemical bond is formed between the adsorbed species and the surface. 

The premise of the TPD experiment is a simple one in which a surface is 

prepared and then heated, usually at a constant rate, whilst the desorbing species 

are monitored. The Polanyi–Wigner equation, eq 2.50[1], describes the decrease 

in surface coverage as the sample is heated for a simple system 

−
𝑑𝜃

𝑑𝑇
×

𝑑𝑇

𝑑𝑡
= 𝜃𝑛𝐴𝑛(𝜃)exp⁡(

−𝐸𝑑𝑒𝑠(𝜃)

𝑅𝑇
)  Equation 2.50 

where θ is the relative coverage, t is time (s), n is the order of desorption, An(θ) 

is the pre-exponential factor (typically taken to be 1013 s−1 [37]), Edes(θ) is the 

activation energy for desorption (J mol−1) and may be a function of coverage, R 

is the molar gas constant (8.314 J K−1 mol−1) and T is the temperature of the 

surface (K). The relative coverage is defined in terms of layers, where θ = 1 

represents a monolayer of material. The change in the surface coverage can be 

related to the measured signal of the desorbing species (−
𝑑𝜃

𝑑𝑡
) by noticing that 

the two terms on the left of eq 2.50 (the rate of coverage decrease with respect 

to temperature and the heating rate) can be combined into one term (the rate of 

coverage decrease with respect to time, which will be equal to the 

experimentally measured signal). For species in which the lateral interactions 

are suitably small the activation energy of desorption is not dependent on surface 

coverage, allowing it to be written simply as Edes, giving the Polanyi–Wigner 

equation in its more usual form: 

−
𝑑𝜃

𝑑𝑡
= 𝜃𝑛𝐴𝑛exp⁡(

−𝐸𝑑𝑒𝑠

𝑅𝑇
)  Equation 2.51 

 In 1962 Redhead [37] demonstrated the linear sweep method of TPD 

(rather than flash desorption, in which the surface was rapidly heated) for some 

basic systems (argon on tungsten and hydrogen on tungsten) as a proof of 

concept. Up until this point flash desorption had been used to ensure that peaks 

in the pressure signal (the method of monitoring the desorption) were observed 

as vacuum systems were not able to pump gas away fast enough for slow heating 

rates to produce peaks (only a step up in the signal) [39]. Redhead found that the 

observed peak shape could be used to determine the order of desorption and 



Chapter 2: Background Theory 

69 

 

found ways of relating the activation energy of desorption to the temperature at 

which the peak maxima occurred [1]. 

As Redhead observed the order of desorption affects the peak shape 

observed in the TPD spectrum and can provide useful information on the 

desorption mechanism. Zero order desorption (n = 0) represents desorption from 

multilayers where there is no apparent variation in surface composition (as the 

molecule below the desorbing species is the same as the desorbing molecule, 

fig. 2.15a) [1]. First order desorption (n = 1) is observed for surfaces where the 

surface composition varies upon desorption as shown in fig. 2.15b, whilst other 

orders of desorption can indicate that a more complicated desorption mechanism 

occurs (e.g. combination of two species prior to desorption for a second order 

case) [1]. From eq 2.51 it can be seen that for n = 0 the desorption signal is 

independent of the surface coverage (θ0 = 1), so the experimental peak shape 

increases exponentially with temperature. Strictly zero order desorption doesn’t 

provide a peak (just an exponential increase) but as the material on the surface 

runs out the order of desorption ceases to be zero order, so the signal decreases 

sharply giving a peak in the data. As a result the maximum temperature for the 

desorption peak for a system observing zero order kinetics depends on the initial 

surface coverage, fig. 2.16a, where larger initial coverage result in higher 

temperatures for the peak maximum. The peak shape for first order desorption 

is different, having a maximum at a constant temperature, irrespective of initial 

coverage as shown in fig. 2.16b [1, 39]. This makes it possible to detect the point 

at which desorption changes from multilayer desorption (zero order) to 

monolayer desorption (first order), which is employed for finding the monolayer 

coverages for the ILs studied in this work (appendices 8.3 and 8.8). The areas 

Figure 2.15: Diagram illustrating the difference between zero order desorption of IL (a) 

where the apparent surface composition is constant upon desorption and first order 

desorption of CO2 (b) where there is an apparent change in surface composition (the number 

of CO2 atoms which can be seen from above).  

  

  n = 0 n = 1 
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under the desorption curves, shown in fig. 2.16, are related to the initial surface 

coverages on the surface, so the integral of desorption rate can be used to find 

the initial coverage on the surface, which has been used in this work to determine 

the initial coverages of the IL layers studied.  

As mentioned previously the Polanyi–Wigner equation can be used to 

find the activation energy of desorption for different species on a surface. In the 

case of zero order desorption (n = 0) eq 2.51 can be rearranged by taking natural 

logarithms of both sides to give: 

𝑙𝑛 (−
𝑑𝜃

𝑑𝑡
) = 𝑙𝑛(𝐴𝑛) −

𝐸𝑑𝑒𝑠

𝑅

1

𝑇
  Equation 2.52 

Plotting a graph of 𝑙𝑛 (−
𝑑𝜃

𝑑𝑡
) versus 

1

𝑇
 will give a linear plot where the activation 

energy of desorption can be found from the gradient and the pre-exponential 

factor can be found from the y-axis intercept. Since the initial coverage affects 

the maximum temperature achieved for a zero order peak, and hence the 

temperature range over which desorption occurs, more accurate activation 

energies of desorption can be found for larger initial coverages, which have a 

greater number of data points. For cases where higher desorption orders are 

observed (such as n = 1) the parameters within the Polanyi–Wigner equation (θ, 

Edes and An) can be varied until a modelled TPD peak matches the experimentally 

observed TPD peak. Cases where experimental data cannot be adequately fitted 

0.15

0.10

0.05

0.00
D

e
s
o
rp

ti
o

n
 r

a
te

 (
la

y
e
rs

 s
-1

)

380360340320300280

Temperature / K

 0.1
 0.2
 0.5
 1.0
 1.5
 2.0
 2.5

0.06

0.04

0.02

0.00

D
e

s
o
rp

ti
o

n
 r

a
te

 (
la

y
e
rs

 s
-1

)

380360340320300280

Temperature / K

 0.1
 0.2
 0.5
 1.0
 1.5
 2.0
 2.5

Figure 2.16: Temperature programmed desorption spectra calculated using eq 2.51 for varying 

initial coverages in the range 0.1 to 2.5 layers to observe the effect of order of desorption on the 

peak shape. The spectra in (a) observe zero order desorption, whist the spectra in graph (b) obey 

first order desorption. The pre-exponential factor has been taken to be A = 1013 s−1 and the 

activation energy of desorption had a fixed value of 100 kJ mol−1 and a heating rate of 0.5 K s−1.  
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by a single peak modelled by the Polanyi–Wigner equation may indicate that 

multiple binding sites exist within the surface or a multi-step mechanism is 

involved. The total experimental desorption peak can then be modelled by a sum 

of desorption environments with varying Edes (and possibly An) values, as has 

been performed within this thesis.  

 

2.5. Line of sight mass spectrometry 

 The use of line of sight (LOS) techniques, such as line of sight mass 

spectrometry (LOSMS) attempts to ensure that the experimental signal is only 

measured from a certain area within a sample, as defined by the line of sight area 

[40-43]. This greatly reduces the amount of molecules entering the detection 

region which reduces the background error that results from the detection of 

undesired species. The net result is an improved signal to noise ratio for the 

species of interest. There is also the benefit of knowing that the detected 

molecules originated from a specific part of the sample, as there is no way for 

species originating from other sources to enter the detector without reflecting 

from the sample. Such reflections from the sample often have a time delay, 

relative to the signal from the surface, so can be accounted for by subtractions 

which can be applied during data processing. The line of sight methods 

described in refs. [40-43] are set up with the use of a liquid nitrogen cooled 

shroud (boiling point of 77 K) made of copper, due to its high thermal 

conductivity, surrounding a detector. When gases collide with the wall of the 

LOS shroud the assumption is that the molecule is cryogenically frozen in place, 

or cryopumped. As a result any species desorbing or reflecting from the surface 

must pass thorough the line of sight tube without colliding with the LOS shroud. 

This results in a focal area existing on the surface—defined through the use of 

two apertures, assuming species travel only in straight lines (curved paths due 

to external fields are not considered)—as shown in fig. 2.17. The focal area 

consists of an umbra, of diameter dU—from inside which a species adsorbed on 

the surface can see all of the detector—and a penumbra, of diameter dP—from 

which an adsorbed species can only partially see the detector. The red dotted 

lines in fig. 2.17 show the boundaries for line of sight trajectories which result 

in detection for areas of the sample which are within the umbra, whilst black 
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dashed lines show the allowed trajectories for species desorbing from the 

penumbra. As discussed the penumbra represents areas of the sample that can 

only partially see the detector, through line of sight, with areas of the sample at 

larger radii (from the centre of the LOS) seeing the least of the detector. The 

implication of this is that there is only a small fraction of the total signal that 

originates from the outer most parts of the penumbra, although the exact fraction 

does depend on the exact LOS geometry. This means that having a penumbra 

radius slightly larger than the area of the sample being studied is not too large 

an issue, although due to the quadratic nature of the area–radius relationship 

(Area = πr2) large mismatches (10 to 20% difference) of the penumbra radius 

and the sample radius can lead to significant errors in the measured signal. The 

diameters of the umbra and penumbra defined by the apertures of radius dM and 

dN, a distance lM + lN and lN from the sample, respectively (as shown in fig. 2.17) 

can be calculated for a line of sight setup through consideration of basic 

trigonometry. Derivations for equations 2.53 and 2.54 can be found in appendix 

8.1 and the supplementary information of reference [41]. 

𝑑𝑈 = 𝑑𝑁 (1 −
𝑙𝑁

𝑙𝑀
(
𝑑𝑀

𝑑𝑁
− 1))  Equation 2.53 

𝑑𝑃 = 𝑑𝑁 (
𝑙𝑁

𝑙𝑀
(
𝑑𝑀

𝑑𝑁
+ 1) + 1)  Equation 2.54 

 In reality not all molecules adsorb indefinitely to the liquid nitrogen 

cooled copper shroud, as the residence time of some species may be too low on 

the cooled copper tubes. The average residence time (the length of time a species 

will stick to a surface before it desorbs due to thermal energy), 𝜏, can be 

calculated through use of the Frenkel equation (eq 2.55) [1]:  

Line of sight tubes Aperture N 
Mass spec. 

ionisation region 

with aperture M 

lN l
M
 

Umbra 

diameter = d
U
 

Penumbra 

diameter = d
P
 

d
M

 d
N
 

Sample 

Figure 2.17: A diagram of a line of sight setup for a LOSMS experiment, showing the aperture 

diameters and distances required to calculate the umbra, dU, and penumbra, dP, diameters using 

eqs 2.53 and 2.54. It should be noted that there are two LOS tubes within the LTLOS setup, 

where the inner tube (≈ 45 K) is thermally shielded by the outer tube (≈ 80 K). 
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𝜏 = 𝜏0exp (
𝐸𝑑𝑒𝑠

𝑅𝑇
)   Equation 2.55 

Here 𝜏0 is the time period between escape attempts (typically 10−13 s [38], the 

same as for a molecular vibration on a surface), Edes is the activation energy of 

desorption (J mol−1), R is the molar gas constant (8.314 J K−1 mol−1) and T is the 

kelvin temperature of the surface. Using a literature value for the activation 

energy of desorption of CO2 on a Cu(110) crystal of 21 kJ mol−1 [44], eq 2.55 

for copper LOS tubes at 80 K gives a residence time of ≈ 5 s. This limits the 

effectiveness of the LOS technique on species with low Edes values such as N2O, 

H2S, CO2, N2, Ar and H2 which are not effectively cryopumped with current 

experimental setups [40, 41]. This means that such species can be detected 

without travelling along the line of sight (they can bounce off of the LOS tubes) 

so studies of such species will not experience the benefits of the LOS system. In 

order to study CO2 with line of sight techniques a new low temperature line of 

sight (LTLOS) apparatus has been developed in this work. 

The operating principle is almost identical with the detector surrounded 

by a copper shroud, meaning that the only way to get a species in to the detector 

region is to travel along the line of sight. The cooling is provided by a helium 

refrigerator—which cools through the expansion of helium gas in a closed 

circuit—with two stage cooling allowing the use of two LOS tubes achieving ≈ 

80 K and ≈ 45 K. The 80 K tube is placed outside the 45 K tube, as shown in fig. 

2.17, to act as a thermal shield for the colder tube reducing the thermal load on 

the coldest part of the refrigerator. Despite the fact that the aperture is connected 

to the warmer outer tube, the cooler inner tube defines the line of sight. This is 

due to particles on non-LOS trajectories colliding with the inner tube, at which 

point it is assumed the particles adsorb to the cold inner tube indefinitely. The 

lower temperatures that can be achieved by the LTLOS apparatus allow a greater 

range of gases to be studied through line of sight methods. Looking again at the 

example of the CO2 on the copper tubes (Edes = 21 kJ mol−1), the residence time 

for the CO2 on the LTLOS tubes at 45 K is ≈ 2.4×1011 s (≈ 7600 years). This 

demonstrates that once a CO2 molecule collides with the LTLOS tubes, from a 

non-LOS trajectory, it will no longer interfere with the experiment. The detector 

region is also differentially pumped such that once molecules have made it 

through the line of sight they can be extracted after detection, which prevents a 



Chapter 2: Background Theory 

74 

 

build-up of species within the detection region. There are still limitations with 

the species which can be studied by the LTLOS setup as not all species will 

adsorb indefinitely on the copper tube. For a typical TPD experiment, which 

takes 2 hours to perform, in order for the LTLOS to be effective a minimum 

residence time of 2 hours is required to prevent species desorbing from the LOS 

tubes during the experiment. Using eq 2.55 with τ = 7200 s and τ0 = 10−13 s finds 

that the ratio Edes/T needs to be greater than 323 J K−1 mol−1 to ensure that the 

LOS setup will be suitable (the stay time will be over 2 hours) for a gas with a 

given Edes on the LOS tube. For the current LTLOS setup (T = 45 K) species 

with an activation energy of desorption greater than 14.5 kJ mol−1 would be able 

to be studied but H2, Ar and N2 are still not effectively cryopumped [41]. The 

experimental setup of the LTLOS apparatus used within this study (dimensions 

and distances) is described in section 3.2.2. 

The effect of using a LTLOS setup with a quadrupole mass spectrometer 

can be observed within fig. 2.18, which shows the background spectra (averaged 

over 10 cycles) for mass to charge ratios of 0 to 100 amu (emission current = 

100 μA, multiplier voltage = 2700 V) for different LOS tube temperatures, when 
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Figure 2.18: A graph showing the measured background mass spectrum for LOS tubes of 

different temperatures, with a logarithmic vertical scale. The sample was positioned into the LOS 

area, so material could be reflected into the mass spectrometer. The shown mass spectra are 

averages of 10 scans for line of sight tube temperatures of 298 K (room temperature, before the 

LOS was cooled), ≈ 80 K (equivalent to liquid nitrogen cooled LOS) and ≈ 40 K (LTLOS 

operating temperature). 
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a room temperature gold sample is sitting in the LOS area. It can be seen that 

when the LTLOS is not operating and the tubes are at room temperature (red 

signal in fig. 2.18) the signals can be seen to be large (≈ 106 CPS for m/z = 18 

and 28 amu). This is due to a combination of the matter entering the LOS 

aperture, which can be reflected from the tubes and detected, as well as material 

that is already adsorbed to the LOS tubes or within the mass spectrometer being 

able to desorb and be detected. Attempting to observe a small change in the 

signal of one of these peaks would be difficult, given the large background 

intensities. After cooling the LOS to approximately liquid nitrogen temperatures 

(as monitored by a thermocouple attached to the inner LOS tube) it can be seen 

that the intensities of all peaks have reduced, with many having a background 

level in the range 102 to 103 CPS (green data). Even at 80 K signals due to N2 

(28 amu), O2 (32 amu) and CO2 (44 amu) are still quite large with each of them 

being over 104 CPS. Once the LOS tubes reach ≈ 40 K it can be seen that the 

CO2 background signal has dropped to ≈ 103 CPS and most other mass fragments 

also have low signal intensities. With only H2O (m/z = 18 amu) having an 

intensity over 103 CPS. This is a result of the sample reflecting background water 

along the line of sight into the mass spectrometer despite a background pressure 

below 1×10−8 mbar. A residual background signal will also exist for molecules 

which are within the region of the mass spectrometer (which itself is not cooled) 

as desorption from the surrounding chamber walls occurs. As well as reducing 

the detected signal from background species the restriction of the analysis area 

on the sample leads to a reduced signal intensity from the surface, relative to a 

system without line of sight, however the reduced background signal means a 

greater relative peak intensity is observed. For the LTLOS setup used within this 

work the desorbing signal from a surface is reduced by a factor of ≈ 12000, 

relative to having the detector just above the surface [41]. This factor is affected 

by the geometry of the LOS setup, with systems in which the distance between 

the sample and detector is minimised and the LOS diameter is increased 

producing higher signals.  

 The TPD spectra in this study were detected using a quadrupole mass 

spectrometer rather than through variations in the measured pressure signal, 

which has been used for early studies [37, 39]. Quadrupole mass spectrometers 

[45, 46], like all mass spectrometers, allow separation of species with differing 
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mass to charge ratios (m/z). This allows a greater specificity to be achieved in 

molecular detection, however due to the fact that multiple species can have the 

same m/z (N2
●+, CO●+ and C2H4

●+ all have m/z = 28 amu) dependence on a 

single m/z signal for a given species is not recommended. The quadrupole mass 

spectrometer utilises the fact that a charged particle will experience a force when 

exposed to electric fields. The electric fields are set up by four rods or poles 

(hence the name quadrupole), positioned every 90° on the circumference of a 

circle, running parallel to the direction of travel for a molecule travelling along 

the line of sight, fig. 2.19. The four poles are paired such that the potential on 

diametrically opposite rods are equivalent at any given time, resulting in a force 

exerted on the travelling ion which is perpendicular to its direction of travel. By 

oscillating the potentials applied to the rods an oscillating electric field will be 

set up causing the ion to oscillate as it travels along the mass spectrometer. The 

magnitude and stability of the oscillation of the ion will depend upon the 

frequency and magnitude of the oscillating potentials and the mass to charge 

ratio of the ion. The Mathieu equations [45, 47] equate the force experienced by 

the ion to the path of the ion through the oscillating field. Ions which have the 

correct m/z, for the given mass spectrometer settings, will experience a stable 

trajectory (green path in fig. 2.19), pass through the mass spectrometer and 

collide with the electron multiplier to generate a current which can be detected. 

Ions which do not experience a stable trajectory collide with one of the poles 

and are lost (red path in fig. 2.19). In practice, when selecting species with 

Figure 2.19: A schematic diagram showing the operating principles of the quadrupole mass 

spectrometer, in which four poles are used as a mass filter through periodic switching of the 

potentials applied to the poles. Only mass to charge ratios (m/z) which are stable for the 

voltages applied (green) at a given time are able to pass through to the poles to the detector, 

whilst other mass fragments collide with the poles and are eliminated. 
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different m/z to detect, the frequency of voltage oscillation is kept constant, as 

the voltages applied to the rods are the easiest parameters to vary electronically 

[46]. This allows rapid scanning and variation of the m/z that can be detected in 

the mass spectrometer meaning that the signals from certain mass fragments can 

be monitored with a temporal resolution of 100 ms, whilst still attaining a 

reasonable intensity. Quadrupole mass spectrometers have been shown to be 

suitable for use with TPD by previous studies [41, 42, 48, 49]. 
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Chapter 3 

 

Experimental section  
 

 The experiments discussed in this thesis were performed in two separate 

locations. The variable period X-ray standing wave analysis monitored through 

photoelectron detection experiments were performed at the Diamond Light 

Source, Oxfordshire, UK on the I09 beamline. The temperature programmed 

desorption experiments were performed within the School of Chemistry at the 

University of Nottingham, UK. All experiments were performed under ultra-

high vacuum conditions, as detailed in the proceeding sections. 

 

3.1. Diamond I09 beamline 

 The I09 beamline at the Diamond light source has a vacuum system 

which is composed of three chambers for sample introduction, sample 

preparation and sample analysis. The chambers are pumped with oil free pumps 

(turbomolecular pumps and ion pumps, backed by scroll pumps) to maintain a 

background chamber pressure of ≈ 1×10−10 mbar in the analysis chamber. The 

experimental setup within the analysis chamber is depicted in fig. 3.1 with the 

sample placed on a manipulator which can translate in 3 dimensions and rotate 

Figure 3.1: A schematic diagram of the experimental setup within the analysis chamber at 

the I09 beamline at the Diamond light source. The sample was mounted on a manipulator 

that could move in the x, y and z directions as well as rotate about the y-axis (and also the z-

axis, though this was not used). The X-ray beam came in at 90° to the electron analyser and 

the diode detector was moved in order to collect the reflected beam. 
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about the y-axis, shown by the yellow arrow. A monochromatic X-ray beam is 

incident upon the sample at 90° to the concentric hemispherical analyser (CHA) 

and was polarised such that its electric field vector is parallel to the electron 

detector. Having the electric field polarised in this direction minimises the effect 

of non-dipole effects (which affect the angular distribution of photoelectrons 

that are emitted from the surface) [3, 4]. Variable period X-ray standing wave 

(VPXSW) profiles were obtained through the collection of electron distribution 

curves (EDCs) for different incident X-ray angles, α, at a fixed X-ray energy. 

Collection of a VPXSW profile for a given photoelectron peak (e.g. C 1s) was 

performed as follows. The value of α was scanned from 0° to 2.5° in 0.025° steps 

with a C 1s EDC collected at each step (101 scans in total), taking approximately 

20 minutes per VPXSW profile. The VPXSW profile is then extracted from the 

variation of the fitted peak areas under the EDCs with angle using software 

written within the research group at Nottingham [6].  

Despite the fact that the emission angle of the surface varies during the 

collection of the EDCs (which enhances the surface sensitivity and is the 

principle of operation in angle resolved X-ray photoelectron spectroscopy [7, 

8]), no angular correction was made. This is due to the fact that the small angular 

range sampled here effects the escape depth by less than 0.1% (escape depth 

varies by a factor of cos(2.5°), given in eq 2.5). EDCs of the photoelectrons 

leaving the surface were collected with a concentric hemispherical analyser (VG 

Scienta EW4000 10 keV, 200 mm radius hemisphere, lens acceptance angle ± 

30°, resolution < 40 meV at 3000 eV) operating in snapshot mode, collecting 

signal from a range of kinetic energies at once (range dependent upon pass 

energy), with the total EDC being a sum of the snapshots over the energy range. 

A diode detector was used to align the sample through the use of two processes. 

The first involved using the diode detector to find 0° for the sample by initially 

moving the sample out of the way of the incident X-ray and letting the maximum 

X-ray intensity be measured by the diode detector. The sample (with α = 0°) was 

then moved along the positive z-direction until the measured X-ray intensity was 

half its maximum value (as the X-ray beam is cut by the edge of the sample 

surface). The second method used the diode detector positioned at 2° (relative 

to the incident X-ray) and scans α from 0° to 2° to find the angle at which the 

maximum reflectivity (which corresponds to α = 1°) occurs. If the reflectivity 



Chapter 3: Experimental section 

82 

 

maximum occurs at an angle which differs from α = 1° (for the detector at 2°) 

then the angular range is shifted to ensure that maximum reflectivity occurs at α 

= 1°. The first and second alignment processes are repeated iteratively until the 

angular range does not require shifting, indicating the sample is correctly 

aligned. The diode detector also allowed simultaneous collection of the reflected 

X-ray (XRR) during experimental VPXSW scans. The sample preparation 

chamber was equipped with a quadrupole mass spectrometer (Hiden RC 511), 

allowing the purity of gaseous materials to be ascertained. The ionic liquid 

evaporator and its cooled collimator (taken from Nottingham, described in 

section 3.2.3) was attached the sample preparation chamber. The sample on the 

manipulator could be cooled to around 90 K and heated up to 650 K. 

 

3.2. Temperature programmed desorption chamber 

Temperature programmed desorption experiments were performed in a 

stainless steel vacuum chamber under UHV conditions—pumped by two oil 

diffusion pumps and a titanium sublimation pump—with the line of sight tubes 

acting as a cryopump. The chamber was baked at 150 °C for 36 hours prior to 

Figure 3.2: A schematic of the vacuum system used for the temperature programmed desorption 

studies described in this work. The gold sample is mounted on a manipulator which can translate 

in three dimensions and rotate about the z-axis (vertical axis), and is situated in the centre of the 

chamber such that all components point toward the sample. Circles with crosses in them represent 

valves whilst the dashed green line represents the IL beam trajectory upon evaporation and the 

dashed red line represents material desorbing along the line of sight into the mass spectrometer. 
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use (after being open to the air to attach new components) but not prior to each 

experimental run, achieving a base pressure of 5×10−10 mbar, as measured by a 

Bayard-Alpert type ionisation gauge (Vacuum Generators) calibrated for 

nitrogen gas. A schematic of the vacuum chamber is shown in fig. 3.2 with a 

photograph of the main analysis chamber shown in fig. 3.3. A disk shaped gold 

crystal (Au(111)) with a diameter 10 mm, was mounted on a manipulator 

capable of three dimensional translation as well as rotation about the z-axis, 

which could be cooled to a temperature of ≈ 88 K with liquid nitrogen. The 

surface was prepared for IL–CO2 studies by annealing to 510 K to ensure that 

all physisorbed material had desorbed (leaving behind only material chemically 

bound to the surface, which would be unlikely to desorb during the experiment), 

as the interaction of the gold with the IL or CO2 was not the focus of this study. 

The sample temperature was monitored through use of type K (chromel/alumel) 

thermocouples and was accurate to ± 2 K. Attached to the main analysis chamber 

via a gate valve was an IL evaporator (described in section 3.2.3), which could 

be independently pumped. There was also a gas line attached to the analysis 

chamber via a leak valve, which could be independently pumped, allowing gases 

to be dosed into the chamber. 

 

IL molecular beam 

Line of Sight 

tubes 

x 

y 

z 

θ 

Figure 3.3: A photograph of the gold sample and manipulator used in this study, with a set 

of axis showing the translational and rotational capabilities of the sample manipulator. Ionic 

liquid is dosed by chemical vapour deposition in a molecular beam (green path). Only 

material desorbing and travelling along the line of sight (red path) are detected by the mass 

spectrometer. 

Gold 

sample 
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3.2.1. Temperature programmed desorption setup 

Temperature programmed desorption was performed by heating the 

sample with two tungsten filaments from the reverse side of the sample 

manipulator to which the gold crystal was affixed. Heating was performed in 

two regimes starting with a constant voltage (8.3 V AC), and therefore a constant 

power, heating regime from ≈ 88 K to ≈ 230 K before swapping to a constant 

heating rate (0.5 K s−1) power supply (built in Nottingham) for ≈ 230 K to 510 K. 

During the CO2 desorption the constant power heating regime was observed to 

produce a heating rate which was reasonably linear up to 200 K (≈ 0.67 K s−1) 

before a reduced heating rate was observed at higher temperatures. The heating 

regimes were swapped over after the CO2 desorption had finished (generally by 

180 K) but before the IL desorption had begun. The temperature at which the 

heating regimes were swapped was varied and was not seen to affect the 

measured TPD profiles of either the CO2 or the IL. A constant heater power was 

required during the CO2 desorption as the constant heating rate (0.5 K s−1) supply 

used a feedback loop which turned the filaments on and off to control the 

temperature. The turning on and off of the filaments, for the lowest surface 

temperatures, caused non-linear heating rates and therefore spurious signals in 

the experimental data. TPD spectra were monitored through the use of low 

temperature line of sight mass spectrometry (section 2.5), where ion signals of 

interest were tracked by a Hiden RC 511 quadrupole mass spectrometer (m/z = 

1 to 511 amu), using the MASSoft 7 software. 

The general procedure for a temperature programmed desorption 

experiment is as follows. The surface of the gold crystal was heated to 510 K to 

clean the surface, before the surface was cooled to ≈ 90 K. Once the crystal had 

reached its minimum temperature the surface was formed (with various 

quantities of IL and/or CO2). After the surface had been formed a 20 minute wait 

whilst keeping the surface at ≈ 90 K was performed. This wait allowed the 

background pressure to recover after dosing the CO2, giving a lower background 

in the mass spectrometer signal, as well as allowing any CO2 which was only 

loosely bound on the surface to desorb (material which was not captured by the 

IL but had a stay time on the surface of a few minutes). After the 20 minute wait 

TPD was performed (first constant power heating then constant rate heating) up 

to 510 K, allowing the cycle to be performed again. The mass spectrometer was 
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used with a filament emission current of 1 mA, an electron energy of 70 eV and 

a multiplier voltage of 2700 V when tracking the mass fragments. The mass to 

charge ratios that were detected, for a counting time of 400 ms per point, during 

TPD for m/z = 44 (CO2
+●), 28 (CO+●, N2

+●), 20 (HF+●), 18 (H2O
+●) and 12 amu 

(C+●), as well as the fragments for the IL of interest; 195 ([C8C1Im]+) and 96 amu 

([C1C1Im]+) for [C8C1Im][BF4] or 195 ([C8C1Im]+) and 83 amu ([HC1Im]+) for 

[C8C1Im][Tf2N]. Data was analysed using scripts and programs written within 

the research group using the Igor Pro 6.34A programming language. 

 

3.2.2. Low temperature line of sight setup 

 The low temperature line of sight (LTLOS) apparatus has been 

developed to allow the study of the desorption of molecules which were not able 

to be studied by existing line of sight methods [9-11], for which only species 

that are successfully cryopumped at ≈ 77 K (with liquid nitrogen) could be 

successfully monitored. The theory behind the LTLOS setup is discussed in 

section 2.5, also showing a schematic diagram of the operating principle in fig. 

2.17. The low temperature line of sight setup consists of two copper tubes of 

outer diameter 25 mm and 15 mm arranged concentrically (the smaller diameter 

tube will be referred to as the ‘inner’ tube and the larger diameter tube referred 

to as the ‘outer’ tube). The LOS tubes were attached to a Leybold Coolpak 

4000 D helium refrigerator which maintained an inner tube temperature of ≈ 

45 K and an outer tube temperature of ≈ 80 K, monitored by type K 

(chromel/alumel) thermocouples. The outer tube acts as a thermal shield from 

heat radiation and the majority of the chamber gas, reducing the thermal load on 

the inner tube. The LTLOS tubes were designed in such a way that it is not 

possible for a molecule to enter the mass spectrometer ionisation region from 

the sample chamber without passing through the line of sight tubes. For 

molecules that are cryopumped at 45 K, a detection in the mass spectrometer is 

only possible by desorption from or reflection from the sample and by travelling 

along the line of sight, as all other trajectories result in a collision with the inner 

tube and indefinite adsorption (an assumption of being cryogenically pumped). 

The outer tube had an aperture attached to it, of diameter 6 mm, positioned 10 

cm from the sample to define a line of sight area on the sample. The mass 
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spectrometer ionisation region is also defined by an aperture of 6 mm, 

approximately 50 cm from the sample. Using this information the parameters lM 

= 400 mm, lN = 100 mm, dM = 6 mm and dN = 6 mm can be found and using eqs 

2.53 and 2.54 a line of sight area with an umbra of diameter dU = 6 mm and a 

penumbra of diameter dP = 9 mm is defined on the sample surface. It is assumed 

that a molecule will only get a single pass through the mass spectrometer 

ionisation region to be detected before it is pumped away from the detector 

region. Using the known sample manipulator geometry and the dipstick attached 

to the bottom of the manipulator (which can be seen in fig. 3.3, below the gold 

sample) experiments, similar to those described in ref. [11] in which acetone 

vapour was reflected into the mass spectrometer by moving the dipstick across 

the LOS area, could be performed to detect the line of sight area from the 

increases in the detected signal. This ensured that the sample could be positioned 

such that the LOS area was focused solely upon the sample area during TPD 

experiments. 

 

3.2.3. Ionic liquid evaporator 

 Ionic liquids were dosed onto the gold crystal through a chemical vapour 

deposition method, which has been used previously for IL systems [12-14] and 

has been seen to dose ILs intact (without thermal decomposition) [14]. An 

Figure 3.4: A photograph of the IL evaporator showing the setup with a vial containing IL 

in it. Beneath the copper tube a halogen bulb is situated which provides the heat to evaporate 

the IL. It can be seen that two bolts are used to keep the IL vial in the centre of the vacuum 

casing and also are where the thermocouples are connected to measure IL temperature. 

Thermocouple 

connections 

Vial and IL inside 

copper casing 

Bulb heating 

copper casing 
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evaporator was built in-house and consisted of a glass vial housed within a 

copper housing, which was heated by a halogen light bulb (20 W, 12 V), as 

shown in fig. 3.4. Note that due to the design of the copper housing for the glass 

vial (which contained the IL) there was not direct irradiation of the IL by light 

from the bulb, removing any possible effects of intense light (such as 

photodegradation) on the IL. The temperature of the IL was measured with the 

use of a type K (chromel/alumel) thermocouple in contact with the outside of 

the copper casing, so only gives the temperature of the IL accurate to ± 5 K. 

Since the evaporation rate is exponentially dependent upon the temperature (eq 

2.51) a small change in temperature can result in a large change in desorption 

rate, however these variations in temperature and IL dose rate are accounted for 

by calibration of the IL coverage. The IL evaporator is mounted on the chamber 

at a 45° angle, as shown in the schematic diagram, fig. 3.2. Approximately 10 cm 

above the evaporator, along the IL evaporation path, a liquid nitrogen cooled 

collimator (8 mm diameter) was situated to capture any volatile gases released 

from the IL during evaporation. A gate valve was situated between the IL 

evaporator and the analysis chamber to allow the IL dose to be turned “on” or 

“off” by opening or closing the valve, once the IL had been heated to its 

evaporation temperature. The IL evaporator could be independently pumped by 

a diffusion pump which allows the IL to be degassed easily. The ILs were held 

at 373 K when not in use to prevent any gases being absorbed within the IL. The 

degassing process involved heating the IL to the temperature at which it begins 

to evaporate (IL dependent) ensuring that all volatile materials dissolved within 

the IL would be removed before introduction into the analysis chamber (see 

section 3.3). Potential impurities such as water or nitrogen were not observed in 

any of the mass spectra, so it is assumed they were removed by the degassing 

procedure. As a result water or other impurity content of the ILs was not checked 

before experimentation as this would not have been a reflection of the IL purity 

once under vacuum. 

 

3.3. Materials used and beamline parameters 

Two ionic liquids were studied in this work, 1-octyl-3-

methylimidazolium tetrafluoroborate ([C8C1Im][BF4], ions b and a shown in fig. 
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3.5) and 1-octyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 

([C8C1Im][Tf2N], ions b and c in fig. 3.5). Both of the ILs were synthesised in 

Nottingham by members of the Licence group using procedures based upon 

those discussed in literature [15, 16] and were observed to be of high purity 

through the use of diagnostic spectrometry. ILs were introduced into the vacuum 

chamber with an initial slow degassing procedure to prevent violent release of 

volatile components and splatter of the IL. The slow degassing procedure 

consisted of iterative cycles of heating the IL (≈ 373 K) isolated from vacuum 

conditions, followed by a slight reduction in pressure (to approximately half the 

original pressure), followed by heating and so on, over the period of 6 to 8 hours 

after which the IL was left exposed to UHV conditions. As mentioned previously 

the IL was left at 373 K under UHV conditions when not in use to aid in the 

removal of gaseous species. After the IL which had been introduced to the 

vacuum system had been degassed, prior to its first use for chemical vapour 

deposition the IL was prepared by heating it up to its evaporation temperature to 

ensure that all volatile species which may have been stable within the IL had 

been removed. 

Surfaces within this study were exposed to the vapours CO2 (99.8% 

British Oxygen Company, UK) and CHCl3 (analytical standard, Sigma-

Aldrich). Before use of the vapour from the liquid source (CHCl3), the liquid 

was placed in a UHV compatible glass tube and attached to the vacuum chamber, 

frozen with liquid nitrogen and pumped on to remove any gaseous species that 

did not condense at liquid nitrogen temperatures. After allowing the liquids to 

thaw out aliquots of the gas were expanded into the gas line and their purity 

checked with residual gas analysers prior to dosing. For the CO2, only expansion 

Figure 3.5: A diagram showing the ions used to compose the ionic liquids studied within 

this work where white atoms represent hydrogen, pink atoms represent boron, grey atoms 

represent carbon, dark blue atoms represent nitrogen, red atoms represent oxygen, light blue 

atoms represent fluorine and yellow atoms represent sulfur. The ion (a) is the 

tetrafluoroborate anion ([BF4]−), (b) is 1-octyl-3-methylimidazolium ([C8C1Im]+) and (c) is 

the bis(trifluoromethylsulfonyl)imide ([Tf2N]−). 

a b c 
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then pumping cycles were performed to remove any impurities in the gas line 

prior to use. All of the gases dosed onto the surfaces were seen to be pure with 

no major contaminants observed in the mass spectra during dosing. 

The silicon crystal used in the VPXSW studies, described in chapter 4, 

was a polished Si(001) surface with dimensions 10×10×1 mm with a thin native 

oxide on its surface. Prior to introduction of the silicon crystal to the vacuum 

system it was rinsed in acetone. No attempt was made to remove the native oxide 

layer either by acid treatment or argon ion bombardment under vacuum. The X-

ray beam used to study the silicon surface had its intensity reduced to prevent 

damage of materials that would be adsorbed onto its surface. The intensity was 

reduced by a factor of 200, where the beam was reduced by a factor of 20 by 

using slits in the beamline and was further reduced, by a factor of 10, by detuning 

the undulator gap. To further reduce the effects of beam damage each new 

VPXSW profile was collected on a fresh patch of the surface ensuring that the 

surface was as undamaged as possible when beginning the scan. Some X-ray 

damage of the surface was still observed as the sample had to be aligned at every 

position, meaning that prior to every VPXSW scan the surface had received 

between 30 and 60 seconds of X-ray irradiation. The X-ray beam itself had a 

height (perpendicular to surface plane) of 30 μm and a width (parallel to the 

surface plane) of 0.3mm. The photon energy was set to 3000 eV as this produced 

photoelectrons with reasonably large attenuation lengths (≈ 50 Å), allowing 

transmission of the photoelectrons through thicker layers than under traditional 

XPS (Al Kα radiation has hν = 1486.6 eV) with slower photoelectrons. 

 

3.4. Surfaces studied 

Each of the experiments performed within this study looked at slightly 

different surfaces, whether the IL was varied or the surface structure was varied. 

The synchrotron study looked at the ionic liquid [C8C1Im][BF4], with a thin layer 

on top of it. The temperature programmed desorption studies looked at the 

interaction of CO2 with two different ILs but looked at the same surface 

structures, as described in the following sections. 
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3.4.1. VPXSW studies of silicon and its native oxide 

 Prior to the silicon surface having any [C8C1Im][BF4] deposited onto it 

VPXSW profiles of the silicon substrate with its native oxide layer were 

collected. These experiments were performed with a surface temperature of 

293 K and photoelectrons were collected for the Si 2p (KE ≈ 2892 to 2902 eV) 

and O 1s (KE ≈ 2457 to 2473 eV) regions. The binding energies of the collected 

photoelectron peaks were calibrated such that the Si 2p3/2 signal from the silicon 

substrate was at the 99.42 eV literature value [17] to account for the work 

function of the spectrometer and any contact potentials that existed. This 

resulted in a correction of −1.46 eV being applied to the binding energies for the 

EDCs collected on this surface. A 3 layer model was used to calculate the 

theoretical VPXSW profiles of the surface in which the first layer was vacuum, 

the second layer was silicon oxide and the third layer was silicon substrate. The 

silicon oxide was assumed to be the same as SiO2 (despite multiple oxide 

environments existing in reality [18, 19]) and had the X-ray parameters β2 = 

4.1625×10−6 and δ2 = 5.1740×10−5 giving a critical angle αc, 2 = 0.5828° [2] 

(using the values for silica within the online database). Parameters for the silicon 

substrate were found to be β3 = 7.4998×10−6 and δ3 = 5.4303×10−5 giving a 

critical angle αc, 3 = 0.5971° [2] (using the values for Si within the ‘Index of 

Refraction’ online database [2]). 

 

3.4.2. VPXSW studies of [C8C1Im][BF4] on silicon 

 After the silicon surface with its native oxide had been characterised the 

silicon was cooled to ≈ 90 K and a thick layer of [C8C1Im][BF4] was adsorbed 

onto the surface. The evaporator was set to 573 K and the surface was exposed 

to the IL for 30 minutes. It was not known what the IL layer thickness would be 

for such an IL dose as the IL evaporation had not been calibrated for the chamber 

at Diamond, but assuming the same deposition rate as in the chamber at 

Nottingham 30 minutes of IL would give a layer of IL approximately 30 layers 

(≈ 300 Å) thick. Since the sample temperature was 90 K, which was less than 

the glass transition temperature of [C8C1Im][BF4] (Tg = 189.7 K [20]), the IL is 

expected to have been deposited as a porous ‘snow’ (see section 3.4.3). After 

formation of the thick IL layer a thin CHCl3 layer was deposited on the surface 
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(exposure of 5×10−6 mbar s). The sample was then left for ≈ 2 hours at 90 K, 

during which time background water adsorption occurred (which was not known 

to have occurred until data analysis had taken place), despite a background 

pressure of ≈ 1×10−10 mbar, resulting in an exposure of 0.7×10−6 mbar s of water. 

 In order to obtain VPXSW profiles for the IL, CHCl3 and substrate layers 

EDCs were collected for the Si 2p (KE ≈ 2893 to 2903 eV), B 1s (KE ≈ 2794 to 

2810 eV), C 1s (KE ≈ 2701 to 2717 eV), N 1s (KE ≈ 2585 to 2602 eV), O 1s 

(KE ≈ 2455 to 2470 eV), F 1s (KE ≈ 2301 to 2316 eV) and Cl 1s (KE ≈ 158 to 

185 eV) photoelectrons. All of the collected EDCs were calibrated using the 

Si 2p3/2 substrate signal which could be seen through the organic (IL + CHCl3) 

layer. A shift of −1.7 eV in binding energy was required to ensure that the BE 

of the detected Si 2p3/2 photoelectron peak matched the literature value of 

99.42 eV [17], and was subsequently applied to the BE for each of the 

photoelectron spectra collected from this surface. The surface itself consisted of 

6 layers (vacuum, H2O, CHCl3, [C8C1Im][BF4], SiOx, Si substrate) however a 3 

layer model was used to calculate the X-ray standing wave intensities, in which 

the first layer was vacuum, the second layer was an organic layer and the third 

layer was a silicon substrate. This model assumes that the H2O, CHCl3 and 

[C8C1Im][BF4] can be modelled as a single organic layer, with the same X-ray 

parameters. Since the organic layer consisted mainly of the IL it was assumed 

that using the X-ray parameters of the IL would be best to define the organic 

layer. It can be seen from table 3.1 that the X-ray parameters and the critical 

angles for the three components of the organic layer are similar, meaning that 

the use of the IL parameters should provide a reasonable approximation. As a 

result the X-ray parameters used for the second layer in the theoretical model 

Table 3.1: The X-ray parameters obtained from the online database (reference [2]) for the 

components within the organic layer composed of H2O, CHCl3 and [C8C1Im][BF4]. In the 

theoretical 3 layer model used for the analysis of the VPXSW profiles the organic layer used 

the IL X-ray parameters as the majority of the organic layer was IL. Given the similarity of the 

X-ray components for the constituent parts of the organic layer, the assumption made seems 

reasonable. Constants were calculated for a 3000 eV X-ray photon. 

Component H2O CHCl3 [C8C1Im][BF4] 

Density (g cm−1) 1.00 1.4788 [1] 1.115 [5] 

δ value 2.6161×10−5 2.9278×10−5 2.7828×10−5 

β value 6.4437×10−7 6.4970×10−6 5.1271×10−7 

αc (°) 0.3662 0.4384 0.4274 
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were β2 = 5.1271×10−7 and δ2 = 2.7828×10−5 giving a critical angle αc, 2 = 

0.4274° [2] (using a [C8C1Im][BF4] density of 1.115 g cm−3 at 283.15 K [5]). 

Using the 3 layer model also assumes that the silicon substrate and the silicon 

oxide layer can be modelled as a single layer. Previous XRR studies have 

modelled the silicon oxide and silicon as a single layer without any significant 

issues, due to their very similar X-ray constants [21]. Since the majority of the 

reflector is composed from silicon the X-ray parameters for silicon were used 

for layer 3 where β3 = 7.4998×10−6 and δ3 = 5.4303×10−5 giving a critical angle 

αc, 3 = 0.5971° (using the values for Si within the ‘Index of Refraction’ online 

database [2]). 

 

3.4.3. Surfaces studied whilst probing the IL–CO2 interaction 

 As mentioned previously the interaction of CO2 with the two ionic 

liquids [C8C1Im][BF4] and [C8C1Im][Tf2N], shown in fig. 3.5, was probed with 

TPD. Different surfaces were formed and studied on the gold crystal. After 

formation of the surface a 20 minute wait (arbitrarily chosen based on the rate 

of chamber pressure recovery) was employed before the TPD experiment was 

begun, in order to allow the chamber pressure to drop after exposure to CO2 and 

allow any material which had a short stay time (due to a low activation energy 

of desorption) to desorb. This allowed for better quality data to be collected as 

the residual CO2 in the chamber which remained from dosing (pressures used 

during dosing were up to 2×10−6 mbar) had time to pump away so that it did not 

affect the observed CO2 TPD signal. After the 20 minute wait TPD begun using 

initially a constant power heater before swapping to a constant rate heater after 

the CO2 had desorbed (section 3.2.1). 

Experiments to calibrate the IL coverage, through calculation of the 

monolayer coverage for each of the ILs (see appendices 8.3 and 8.8) were 

performed by measuring TPD spectra for the ILs for different initial coverages 

(dose lengths) of the IL, evaporated onto a room temperature gold surface. The 

mass fragments m/z = 195 and 96 amu were tracked during these experiments 

for [C8C1Im][BF4] and the fragments m/z = 195 and 83 amu were tracked for 

[C8C1Im][Tf2N] as they were found to be the most intense signals, which agrees 

with findings in the literature [22]. Similar TPD experiments were performed 
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for CO2 by exposing the cleaned (by annealing only) gold surface, cooled to ≈ 

90 K, to the CO2 on its own to see if there was any adsorption (a TPD peak) in 

the absence of IL. No CO2 TPD peak was observed during these experiments so 

instead the CO2 signal was calibrated by looking at the mass spectrometer 

response to CO2 being leaked into the chamber, as described in appendix 8.5. 

Experiments in which each of the ILs and CO2 were coadsorbed (the gold 

crystal was exposed to the IL molecular beam and the CO2 simultaneously) at ≈ 

90 K for timescales between 2 and 20 minutes were performed for the two ILs, 

with CO2 pressures ranging from 2×10−8 to 2×10−6 mbar. IL molecular beams 

were formed as a result of the evaporator design (which has a liquid nitrogen 

cooled collimator) with the evaporator temperature set to 573 K for 

[C8C1Im][BF4] and 519 K for [C8C1Im][Tf2N]. Since the ILs were being 

deposited on a surface with a temperature ≈ 90 K, which is below their glass 

transition temperatures (Tg = 189.7 K for [C8C1Im][BF4] [20] and Tg = 189 K 

for [C8C1Im][Tf2N] [23, 24]), the ILs were not deposited as liquids. Instead they 

stuck where they landed in the conformations they arrived in, like an IL 

‘snow’—which is a thicker, less dense layer than that of a liquid film containing 

the same quantity of IL. Deposition as an IL ‘snow’ has been observed with XPS 

and was observed to melt back into an IL film of the expected thickness upon 

heating [12]. Due to the fact that the IL condenses where it lands it is unlikely 

that the ion pairs will pack closely together, which results in pores for the CO2 

to adsorb within. These pores will be formed randomly and should represent the 

whole range of binding environments that are available for the CO2 within the 

two ILs. This notion is supported by reference [25], which discusses the 

formation of thin metallic films being evaporated onto a surface and freezing 

into place, that it is “virtually impossible to produce vacuum deposits which are 

free from pinholes through which corrosive agents may penetrate”. Further 

observations of the growth of silver and platinum films observed that grainy 

surface growth occurred, rather than flat layers [26], which may be similar to the 

IL ‘snow’, which is expected to have some roughness to its surface. Such growth 

had also been observed for non-metallic species such as LiF where it was 

observed that layers up to 2 μm thick were porous and for thicker layers could 

develop inaccessible voids in its structure [27]. Diagrams representing the 

surfaces formed during experiments involving CO2 and IL, demonstrating the 
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principle of dosing the IL at low temperatures to result in a porous ‘snow-like’ 

network, are shown in fig. 3.6. In each case the green layer represents the IL 

deposited on the surface, blue represents CO2, yellow represents the gold crystal 

and white represents vacuum. The expected surface formed from a coadsorption 

experiment is shown in fig. 3.6a where the pores in the IL ‘snow’ structure are 

filled with CO2 molecules.  

In addition to the IL–CO2 coadsorption experiments a variety of layered 

experiments were also performed, in an attempt to provide further insight into 

the IL–CO2 interaction. Diagrammatic representations of these layered 

experiments are shown in figs. 3.6b–d, in which IL is evaporated onto the gold 

surface first and CO2 is added to the surface afterwards, in some way. Figure 

3.6b represents a surface in which 10 minutes of IL is deposited on a cold (≈ 

90 K) gold surface, forming an IL ‘snow’, before being exposed to 10 minutes 

of CO2 at a pressure of 5×10−7 mbar. It is expected that the IL ‘snow’ layer will 

be empty (the white spaces within the IL layer in the diagram), and once CO2 is 

added one can probe whether the CO2 diffuses into the pores in the IL snow. The 

quantities of IL and CO2 used in this experiment were the same as for the 10 

minute long IL–CO2 coadsorption performed with a CO2 pressure of 

5×10−7 mbar, which will provide a direct comparison with the data from a 

coadsorbed system. Figure 3.6c represents a surface in which a 10 minute IL 

glass is formed prior to exposure to 10 minutes of CO2 at a pressure of 5×10−7 

mbar. The IL glass is formed by evaporating the IL onto the gold substrate at 

room temperature (it could be any temperature between the glass transition 

temperature and evaporation temperature) and then cooling the IL below its 

Figure 3.6: Diagrammatic representations of the different multicomponent surfaces (IL and 

CO2) formed in this study. The gold rectangle represents the gold substrate, green sections 

represent the ionic liquid, blue sections represent the carbon dioxide and white represents 

spaces/pores. Image (a) shows the surface structure after a coadsorption (simultaneous 

adsorption) of IL and CO2, with the CO2 filling the pores in the IL ‘snow’, (b) shows a layer 

of IL ‘snow’ being exposed to a CO2 dose, which may adsorb to the surface sites within the IL, 

(c) shows an IL glass layer (frozen from a liquid film so it’s non-porous) exposed to a CO2 

dose and (d) shows an IL–CO2 coadsorption on top of an IL ‘snow’ layer. 

a b c d 
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glass transition temperature. The glass is not expected to be as porous as the IL 

‘snow’ since it is expected that the IL glass will have the same structure as a 

liquid IL film, since the glass transition is one in which a viscous liquid solidifies 

as its temperature is reduced. The porosity of an IL film has been estimated by 

calculating the fractional free volume, which is 0.15 (15% free space) for 

[C8C1Im][BF4] [28]. To reflect this the diagram of the glass layer is thinner but 

has no white spaces in it, demonstrating that for the same quantity of IL, but in 

a non-porous structure the layer would be expected to be thinner. Again the same 

quantity of IL and CO2 are used as in the 10 minute, 5×10−7 mbar coadsorption 

and the CO2–IL ‘snow’ layered surface allowing direct comparisons to be made. 

A third type of layered system was also studied in which a 10 minute IL–CO2 

coadsorption with a CO2 pressure of 5×10−7 mbar was performed on top of 5 

minutes dose of IL ‘snow’ (all on a 90 K surface). Figure 3.6d shows the 

structure of this surface in which the quantity of CO2 deposited during the 

coadsorption is the same as in the other layered structures, with the total IL 

coverage being different due to the 5 minute IL snow beneath the coadsorption. 
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Chapter 4 

 

Development of the variable period X-ray standing wave 

technique with photoelectron detection 
 

4.1. Introduction and background 

Sections 1.1.1 and 1.3 discussed how X-rays have been used to 

characterise surfaces in previous studies for a variety of surface morphologies 

ranging from layers which are one molecular layer thick, using normal incidence 

X-ray standing waves [1-3], through ultra-thin films using X-ray photoelectron 

spectroscopy [4-7] to layers 100’s Å thick using X-ray reflectivity [8-10]. It has 

been seen that for systems with thick adlayers variable period X-ray standing 

wave (VPXSW) analysis can be used through the detection of X-ray 

fluorescence [11-14], which has the advantage of giving elemental precision for 

very thick layers (up to 1000 Å), since X-ray photons are not highly attenuated 

by matter. Fluorescence yields, however, are low for lighter elements [16, 17] 

due to competition from Auger electron emission (the other method of relaxation 

for a core hole state). Consequently X-ray fluorescence studies are limited to use 

on surfaces which possess heavier atoms such as zinc [11] or germanium [12]. 

Using photoelectron emission as the detection method allows detection of all 

species except hydrogen and helium. This makes photoelectron techniques much 

more applicable to studies involving organic and biological molecules, which 

contain predominantly light elements (H, C, N and O), in an attempt to fully 

understand their nature. Photoelectrons also make it possible to gain not only 

elemental specificity but also discrimination between different chemical 

environments, through the chemical shift. The inherent surface sensitivity of 

photoelectrons, which are heavily attenuated by matter [7, 19, 20], can also 

provide extra information on the structure of adlayers on the substrate being 

studied. This comes as a result of the attenuation length for a photoelectron being 

related to the electron kinetic energy meaning different photoelectrons with 

different kinetic energies will have different escape depths from the surface. 
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4.2. Variable period X-ray standing wave analysis of the silicon 

substrate 

 The results discussed in the proceeding section were obtained from the 

experiments described in section 3.4.1. After introduction of the silicon substrate 

(Si(001)) into the vacuum chamber of beamline I09 at the Diamond light source, 

experimental data was collected for the surface prior to the surface being cooled 

(Tsurf = 293 K) or any material being deposited onto it. Since the substrate was 

only rinsed prior to use and not treated with acid or bombarded whilst under 

vacuum, the silicon substrate had a native oxide layer [5, 21], which is typically 

around 10 Å thick [22]. Electron distribution curves (EDCs) were collected for 

incident X-ray angles, α, in the range 0° to 2.5° for the silicon surface with an 

X-ray photon energy of hν = 3000 eV. The EDCs were fitted and the VPXSW 

profiles were extracted using software developed and written within the research 

group [23] as was the software for comparing the experimental VPXSW profiles 

to theoretical ones [24]. 

 

4.2.1. Fitting the electron distribution curves for the silicon 

substrate 

The EDCs collected at α = 2.5° for the Si 2p and O 1s photoelectrons are 

shown in fig. 4.1a and fig. 4.1b, respectively. As discussed in section 3.4.1 the 

binding energies (BEs) of all peaks have been calibrated using the literature 

value of Si 2p3/2 bulk = 99.42 eV [25]. Figure 4.1a shows the spin-orbit split 

Si 2p1/2 (BE ≈ 100.0 eV) and 2p3/2 (BE ≈ 99.4 eV) photoelectron peaks due to 

silicon in the bulk silicon environment, whilst the spin-orbit pair at higher 

binding energies (≈ 103 eV, shown in the inset) are due to silicon within the 

silicon oxide layer. The fits to the EDCs were obtained by modelling individual 

environments with Gaussian peak shapes of width σ, which were allowed to vary 

during fitting. The spin-orbit pairs had the area ratio of 2p3/2:2p1/2 fixed to 2:1 

[7] and the binding energy separation of the spin-orbit split peaks set to 0.6 eV, 

in accordance with the literature [21, 22, 25]. At α = 2.5° the peaks for the Sibulk 

environments had the width σ = 0.3 eV, whilst the Sioxide environments had 

larger widths of σ = 0.7 eV to accommodate the range of different oxide 

environments that exist within the oxide layer [21, 22]. The separation between 
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the Si3/2 bulk and the Si3/2 oxide photoelectron peaks was found to be 3.5 eV, which 

is in agreement with literature values [21, 22]. Figure 4.1b shows the O 1s 

photoelectron peak with a single environment at a binding energy of ≈ 532 eV, 

corresponding to the silicon oxide. The fitting parameters for the EDCs at an 

Photoelectron 
Binding energy 

± 0.1 (eV) 

Kinetic energy 

± 0.1 (eV) 
IMFP (Å), λ (Å) 

Gaussian width, 

σ, ± 0.1 (eV) 

O 1s 532.3 2467.7 60, 48 1.0 

Si 2p1/2 oxide 103.5 2896.5 

69, 55 

0.7 

Si 2p3/2 oxide 102.9 2897.1 0.7 

Si 2p1/2 bulk 100.0 2900.0 0.3 

Si 2p3/2 bulk 99.4 2900.6 0.3 

 

Table 4.1: Information extracted from the fitting of the electron distribution curves at α = 

2.5° for the silicon substrate with its native oxide layer. As mentioned the binding energies 

have been calibrated to the literature value for Si 2p3/2 bulk and a photon energy of 3 keV was 

used in the experiments. Inelastic mean free paths (IMFPs) have been calculated for electrons 

travelling through a silicon oxide layer where attenuation lengths (λ) derived from these (λ = 

0.8×IMFP) [7] were used in the VPXSW fitting. 

Figure 4.1: Electron distribution curves for the silicon substrate and its native oxide layer, 

showing both the Si 2p region (a) and the O 1s region (b). The black circles represent the 

experimental data whilst the red lines represent the fitted photoelectron signal, calculated from 

the sum of the background (green line) and the fitted components shown. The inset in (a) shows 

the shifted silicon environments in the native oxide. 
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angle of 2.5° (the angle which gets closest to traditional XPS experiments, where 

α is typically ≈ 30°) are summarised in table 4.1. 

 

4.2.2. Extraction and fitting of the substrate variable period X-ray 

standing wave profiles 

 The VPXSW profiles were obtained from the areas of the fitted Gaussian 

profiles to the experimental photoelectron peaks at the different incident angles, 

α. The VPXSW profiles for the silicon and oxygen environments are shown in 

fig. 4.2, where the maximum intensities have been normalised to one, to allow 

comparisons to be made with the theoretical model. It can be seen that the 

VPXSW profiles for the two bulk silicon environments (black circles, filled for 

Si 2p3/2 and empty for Si 2p1/2) are very similar, which is expected, but are 

different to the VPXSW profiles observed for the silicon oxide environments 

corresponding to the Si 2p3/2 oxide, Si 2p1/2 oxide and O 1s (filled blue squares, 

empty blue squares and blue tringles, respectively). This demonstrates that the 

VPXSW technique can identify species which are in different strata of a surface. 

The fact that the Si 2poxide and the O 1s VPXSW profiles match each other 

Figure 4.2: Variable period X-ray standing wave profiles for the photoelectrons detected for a 

silicon substrate with a silicon oxide layer. Markers represent experimental data points whilst the 

solid red line represents the VPXSW fit for a 15 Å thick SiOx layer and the solid green line shows 

the VPXSW profile for the silicon substrate below. Dashed lines show the critical angles of the 

SiOx and Si, which can be seen to match the peaks in the VPXSW profile reasonably well. 
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demonstrates that layers which overlap spatially can be monitored through 

different emitting species and give the same result for this technique, which is 

an essential trait for any experimental technique. The ability to detect the two 

different VPXSW profiles for the Sibulk and the Sioxide layers just from the Si 2p 

region is something which would not have been possible with the X-ray 

fluorescence technique and could save time (by only collecting the Si 2p EDCs) 

in the case of surfaces which evolve with time.  

 The experimental VPXSW profiles (markers in fig. 4.2) have been fitted 

with a calculated VPXSW profile (red line in fig. 4.2) which is based on a 3 

layer model, in which the first layer is vacuum, the second layer is silicon oxide 

(SiOx) and the third layer is silicon. The X-ray parameters for these layers are 

described in section 3.4.1, and give critical angles for the SiOx and Si to be αc, 2 

= 0.5828° and αc, 3 = 0.5971°, respectively (with no critical angle for the vacuum 

layer as its refractive index is unity and it contains no matter to scatter the X-ray 

with). An X-ray incident on the surface will initially hit the SiOx layer and for 

incident angles lower than αc, 2 the X-ray is reflected, setting up a standing wave 

from the silicon oxide layer and an evanescent X-ray decaying into the SiOx 

layer. This evanescent wave describes the observed photoelectron signal in the 

Si and SiOx layers for angles below the critical angle, for which the X-ray is 

totally externally reflected. Since the intensity of the evanescent wave increases 

with the intensity of the X-ray standing wave at the surface, then as the incident 

angle increases towards the critical angle and the standing wave shifts its phase 

from having a node at the surface (at α = 0°) to having an antinode at the surface 

(at α = αc, 2), the VPXSW profile for SiOx shows a steep increase with angle. The 

increase in the Si VPXSW profile is also due to the evanescent wave, and occurs 

since the SiOx layer is only thin (a few Å), so some of the evanescent X-ray 

intensity is felt by the Si, explaining the shallower increase in the Si VPXSW 

profile than in the SiOx profile. The photoelectron intensity for the SiOx peaks 

near the critical angle, αc, 2 = αc, SiOx, as a travelling X-ray propagates across the 

surface of the SiOx layer for α = αc, 2, before an increase in the angle leads to a 

decay in the reflected component of the X-ray from the SiOx layer (hence a 

decaying standing wave intensity from the SiOx) and a travelling wave through 

the SiOx surface towards the Si substrate below. The X-ray then reflects from 

the Si layer until the incident angle matches the critical angle of the Si layer (plus 
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the small angular deviation for refraction of the X-ray in the SiOx layer) at which 

point a travelling wave propagates across the Si surface leading to a peak in the 

observed photoelectron intensity. For incident angles larger than the critical 

angle of silicon the component of the X-ray which is reflected decreases, leading 

to a decay in the intensity of the standing wave and hence an observed decay in 

the photoelectron intensity with increasing angle, α. The photoelectron intensity 

will continue to decay with angle until the point at which the intensity matches 

that of bulk XPS performed on the beamline (with a travelling X-ray through the 

surface). The fact that the X-ray standing wave only probed a thin film meant 

that the effects of having a variable period, where the period of the standing 

wave decreased as incident angle increased, were not observed (but would have 

been for thicker layers). In reality the observed VPXSW peak maxima differ to 

the critical angles due to surface roughness and undulations which make the 

apparent incident angle slightly different to the incident angle relative to the 

surface plane (see section 4.5). 

 The calculated VPXSW profile for the SiOx layer, shown by the red line 

in fig. 4.2, corresponds to a 15 Å SiOx layer on top of a silicon reflector. 

Attenuation lengths (λ) for photoelectrons were calculated to be 0.8×IMFP 

(inelastic mean free path) [7] for the different photoelectrons detected. The 

IMFPs of photoelectrons travelling through the native oxide layer were 

approximated by considering the native oxide to have the same electron 

scattering properties as SiO2, and were calculated through use of the Tanuma, 

Powell and Penn method by extrapolation of values from a database [26], as 

described in section 2.2.3. IMFPs for photoelectrons of energy 2900.6 eV (for 

Si 2p photoelectrons) and 2467.7 eV (for O 1s photoelectrons) travelling through 

SiO2 are shown in table 4.1, along with the attenuation lengths. For the 

calculated VPXSW profile shown in fig. 4.2 an attenuation length of 52 Å was 

used, which is an average of the attenuation lengths for the Si 2p and the O 1s 

photoelectrons. The photoelectron attenuation length only begins to have a 

significant effect on the VPXSW profile shape when the layer thickness is larger 

than the attenuation length, resulting in some of the photoelectron flux from 

deeper layers in the surface being significantly attenuated. The layer thickness 

was obtained through a method in which a variety of calculations with different 

SiOx thicknesses were performed and compared to the experimental data, as 



Chapter 4: Development of the variable period X-ray standing wave technique 

with photoelectron detection 

104 

 

shown in fig. 4.3a. It can be seen that the 15 Å model is the best match to the 

experimental VPXSW profile, but due to either the noise in the data or some 

assumptions made in the theory (the layers can be approximated as cuboids) the 

true SiOx thickness could be well modelled in some parts by the black 5 Å profile 

and in others by the green 25 Å profile, giving an error of ± 10 Å. 

Figure 4.3: Variable period X-ray standing wave profiles for the photoelectrons detected from a 

silicon substrate with a silicon oxide layer. The markers represent experimental data for (a) the 

O 1s photoelectrons from the SiOx layer and (b) the Si 2p3/2 photoelectron signal for the silicon 

substrate. Coloured lines represent theoretical models for different layer thicknesses to determine 

sensitivity of the VPXSW with respect to layer thickness, allowing errors to be determined. 

a 

b 



Chapter 4: Development of the variable period X-ray standing wave technique 

with photoelectron detection 

105 

 

The green line in fig. 4.2 shows the fit to the substrate VPXSW profile 

which results from a 15 Å layer of SiOx being adsorbed on top of the silicon 

surface, agreeing with the results from the SiOx layer. The substrate VPXSW 

profile can be seen to peak after the SiOx VPXSW profile, which indicates that 

the SiOx is closest to the vacuum layer. The green line is observed to be a good 

match to the experimental data for both the bulk Si 2p3/2 and Si 2p1/2 but would 

not be considered a good fit for the SiOx layer. In a similar fashion to the SiOx, 

the error for the Si substrate VPXSW profile was plotted alongside the VPXSW 

profiles that result from substrates with different SiOx layer thicknesses on them, 

fig. 4.3b. The Si 2p3/2 VPXSW profile can be seen to match the low layer 

thicknesses very well for lower angles (below ≈ 1°), but then at higher angles is 

better matched by the thicker layers. Most of the experimental VPXSW profile 

is matched by layers in the thickness range 5 to 25 Å, giving an error of ± 10 Å 

for the SiOx layer thickness determined by the substrate VPXSW profile. All of 

the VPXSW profiles have had the footprint and path length corrections, 

discussed in section 2.3.4, applied to them. 

 

4.3. Variable period X-ray standing wave analysis of an ionic 

liquid slab with a chloroform marker layer 

 After the silicon substrate had been characterised, identifying the native 

oxide layer thickness, the substrate was cooled to 90 K prior to adsorption of the 

ionic liquid, [C8C1Im][BF4]. A thick IL layer was evaporated onto the surface, 

as described in section 3.4.2, after which a thin chloroform (CHCl3) layer was 

adsorbed on top. A thin layer of water was also adsorbed on the surface, 

adventitiously, from the background gases in the vacuum chamber. The B 1s, 

C 1s, N 1s and F 1s photoelectron peaks were detected to probe the IL layer, the 

Cl 1s for the CHCl3 layer and the Si 2p and O 1s photoelectron peaks were 

detected to study the substrate, with the binding energies and kinetic energies 

for these photoelectrons shown in table 4.2. EDCs were collected for incident 

X-ray angles, α, of 0 to 2.5° in steps of 0.025° (101 in total) taking between 15 

and 20 minutes per photoelectron peak studied. Each new set of EDCs, for each 

new element, was performed on a fresh part of the surface (by moving the 

sample vertically, perpendicular to the X-ray beam) in an attempt to reduce the 
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X-ray damage. Damage was observed in the setup scans of the surface and has 

also been observed in previous studies of [C8C1Im][BF4] systems after 

prolonged irradiation by X-rays [18].  

 

4.3.1. Fitting the electron distribution curves for the [C8C1Im][BF4] 

and the CHCl3 layers 

 Figure 4.4a–d shows the EDCs collected at α = 2.5° for the photoelectron 

peaks which correspond to the elements within the [C8C1Im][BF4], with figure 

4.4e showing a colour coded structure representing the different chemical 

environments observed. All spectra show the experimental data (circular 

markers), the background (green line), the photoelectron components (coloured 

lines) and the sum of the fitted components (red line = background + 

components). As mentioned previously the photoelectron spectra have been 

calibrated, through matching the Si 2p3/2 bulk peak to the literature value of 

99.42 eV [25], giving the required BE correction that has been applied to all 

Photoelectron 
Binding energy 

± 0.1 (eV) 

Kinetic energy 

± 0.1 (eV) 
IMFP (Å), λ (Å) 

Peak width, σ, 

± 0.1 (eV) 

Cl 1sCl
● 2825.6 174.4 

11, 9 

1.6 

Cl 1sCHCl
3
 2823.2 176.8 1.6 

Cl 1sCl
− 2821.0 179.0 1.3 

F 1sanion  686.3 2313.7 61, 49 1.4 

O 1swater 533.4 2466.6 
64, 51 

1.4 

O 1ssmall 531.2 2468.8 1.0 

N 1scation 401.6 2598.4 
66, 53 

1.4 

N 1sdamage 399.6 2600.4 1.5 

C 1shetero 286.6 2713.4 
68, 54 

1.5 

C 1salkyl 284.9 2715.1 1.1 

B 1sanion 194.2 2805.8 70, 56 1.1 

Si 2p1/2 oxide 103.6 2896.4 

72, 58 

1.0 

Si 2p3/2 oxide 103.0 2897.0 1.0 

Si 2p1/2 bulk 100.0 2900.0 0.5 

Si 2p3/2 bulk 99.4 2900.6 0.5 

 

Table 4.2: Information extracted from the fitting of the electron distribution curves at α = 2.5° 

for photoelectrons detected from the silicon substrate beneath an organic layer ([C8C1Im][BF4] 

and CHCl3). As mentioned the binding energies have been calibrated to the literature value for 

Si 2p3/2 bulk. Inelastic mean free paths (IMFPs) have been calculated for electrons travelling 

through an organic layer where attenuation lengths (λ) have been derived from these (λ = 

0.8×IMFP) and were used in the VPXSW fitting. 
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spectra (−1.7 eV, section 4.3.2). The doublet peak, which is not fitted but is 

observed at a BE ≈ 200 eV, in fig. 4.4d corresponds to the Cl 2p emission from 

the chloroform layer, whilst the orange fit represents the peak due to the boron 

in the anion. The EDC in figure 4.4c shows the carbon environments observed 

within the IL cation, with the light grey peak corresponding to photoelectrons 

emitted from environments around the positively charged imidazolium ring, 

giving a higher BE than the photoelectrons emitted from the alkyl chain (black 

line). The relative peak positions of the C 1shetero and C 1salkyl photoelectron 

peaks was fixed to 1.7 eV during the fitting procedure, which agrees with the 

literature value [15] but neither the widths nor intensities were constrained. 

Figure 4.4a shows the single fluorine environment due to the [BF4]
− anion where 

no constraints on peak position or width were used during fitting. The EDC for 

the N 1s region is given in fig. 4.4b where the peak widths (table 4.3) and peak 

separation (2.0 eV) were fixed to prevent peak ‘swelling’ (where one peak 

swells to take up more room to give a better fit mathematically, but does not 

make sense physically) which would affect the shape of the measured VPXSW 

Figure 4.4: Electron distribution curves for the species within the [C8C1Im][BF4] overlayer for 

an incident angle, α = 2.5°, for the F 1s (a), N 1s (b), C 1s (c) and B 1s (d) regions. The colour 

coded diagram of the IL species (e) shows the origin of each photoelectron species based on the 

literature. All fits show the experimental data as black circles, background signals as green lines, 

photoelectron environments as coloured lines and total fits (background + components) as red 

lines. 
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profiles. All of the fitted components of the EDCs for the IL have binding 

energies which match those observed in the literature for the pristine, 

undamaged IL [15], with the exception of the light blue nitrogen environment 

shown in fig. 4.4b. Table 4.3 shows a comparison of the binding energies 

observed in the fitting for the [C8C1Im][BF4] components in this study and the 

literature values for the same IL. Since the literature photoelectron spectra have 

been calibrated using the aliphatic carbon peak of the cation (C 1salkyl = 

285.0 eV), in the same way that the spectra in this study have been calibrated to 

the Si 2p3/2 peak, table 4.3 also shows the binding energy shifts relative to the 

C 1salkyl peak. The difference in the ‘shift’ columns shows how well the 

experimental and literature photoelectron peak positions match, where it can be 

seen that the experimental shifts observed here agree with the literature shifts to 

0.3 eV. 

This new nitrogen environment at 399.6 eV is one which develops over 

the duration of the VPXSW experiment, as can be seen from fig. 4.5. The EDC 

shown in fig. 4.5a was collected for α = 0.025°, after approximately 30 seconds 

of X-ray irradiation, where it can be seen that only one nitrogen environment 

exists within the EDC at ≈ 402 eV in contrast to the two environments observed 

in fig. 4.4b. Figure 4.5b shows how the area of these two nitrogen environments 

vary as a function of angle, which is an indirect measure of exposure to X-rays 

and photoelectrons (the damage causing species). The plot shows that initially 

all of the nitrogen is in the cationic form (dark blue line) at the lowest angles, 

prior to the irradiation occurring, then as the angle and X-ray exposure increases 

Photoelectron 
Binding energy 

(eV) 

Literature BE 

(eV) [15] 

Shift relative to 

C 1salkyl (eV) 

Literature BE 

shift (eV) 

F 1sanion  686.3 686.0 +401.4 +401.0 

N 1scation 401.6 402.0 +116.7 +117.0 

N 1sdamage 399.6 399.4 [18] +114.7 +114.4 

C 1shetero 286.6 286.4 +1.7 +1.4 

C 1salkyl 284.9 285.0 0.0 0.0 

B 1sanion 194.2 194.3 −90.7 −90.7 

 

Table 4.3: Binding energies used within this study for the [C8C1Im][BF4] compared to literature 

values [15] for the binding energy for the same IL performed by XPS. Binding energy differences 

between the C 1salkyl and the other photoelectron peaks are calculated (“shift” columns) to enable 

the two data sets to be compared due to the different calibrations used for the binding energy 

scales. 
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an increase in the proportion of the total nitrogen peak composed of damaged 

species is observed. It would be expected that this increase in proportion of 

damaged species would be a smoother function than is shown by the light blue 

line in fig. 4.5b, especially in the angular range of 0.0° to 0.4°. The rate of 

damage is expected to increase with X-ray intensity, so the peak at around 0.4° 

(≈ αc for the IL) could be due to the travelling wave across the IL surface. It is 

thought that charging of the frozen IL distorted the measured EDCs leading to 

peak ‘swelling’ (see section 4.4 for more details) making analysis of the data in 

fig. 4.5 very difficult. 

Damage of the [C8C1Im]+ cation has been observed previously within 

XPS studies, with the damage peak emerging at a BE ≈ 2.6 eV lower than the 

N 1scation peak [18]. It can be seen that this shift is similar to the 2.0 eV shift in 

the damage peak observed in this study (table 4.3). The fact that the damage 

peak is observed at a lower binding energy than the cation peak suggests that the 

nitrogen in the damaged species is within a less positive environment, as the 

nitrogen had less of a hold on the emitted photoelectron, prior to emission. It has 

been suggested that the damaged nitrogen environment has a binding energy 

which corresponds to that of an uncharged nitrogen species [18]. It is expected 

that X-ray damage of all of the IL species should be observed due to the intense 

photon flux. Any damage in the imidazolium ring should also be observed in the 

C 1s EDCs, however it is believed that this carbon damage peak would reside 

beneath the cation envelope, making detection of this damage peak difficult. The 

lack of detection of damage peaks in the boron or fluorine EDCs could indicate 

that these species do not damage (which is unlikely), that the damage species 

Figure 4.5: (a) An electron distribution curve for the N 1s region at an angle of α = 0.025°, prior 

to significant X-ray damage of the [C8C1Im][BF4] species. (b) The proportion of the total 

nitrogen photoelectron signal composed from each of the components as a function of angle (X-

ray irradiation), with the dark blue line showing the cation and the light blue line shows the 

damage proportions. 
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reside under existing photoelectron peaks or that the damaged species generated 

desorb into the vacuum after production (as discussed in section 4.3.4). 

EDCs for the Cl 1s photoelectron peak, emitted from the CHCl3 layer on 

top of the [C8C1Im][BF4] slab, are shown in figure 4.6 for incident angles of α = 

0.025° (4.6a) and α = 2.5° (4.6b). It can be seen that the EDC for the fresh 

surface, prior to a large X-ray dose, is dominated by the pristine CHCl3 chlorine 

environment (pink line fig. 4.6a), with only small contributions from the other 

chlorine environments. After exposure to X-rays for ≈ 20 minutes, the amount 

of time to collect 100 EDCs at different incident angles, it can be seen that new 

chlorine environments are observed to dominate the EDC collected for α = 2.5° 

(fig. 4.6b). The environment, represented by light blue in fig. 4.6b, to the higher 

binding energy side of the pristine CHCl3 peak must be in a more electropositive 

environment than the chlorine in CHCl3, which are themselves slightly 

electronegative. The chemical environment at lower BE, represented by the 

purple line in fig. 4.6b, must be in a more electronegative environment (making 

the photoelectron easier to eject). It is rationalised that, due to the BE shift of 

+2.4 eV for the light blue chemical environment and −2.6 eV for the purple 

environment, the low BE peak is due to chloride anions (Cl−) and the high BE 

peak is due to a neutral chlorine environment (Cl●). The neutral chlorine cannot 

be in the form of Cl2 as this has a vapour pressure of ≈ 10−4 mbar at 90 K [27], 

Figure 4.6: (a) An electron distribution curve for the Cl 1s region at an angle of α = 0.025°, prior 

to significant X-ray damage of the CHCl3 species. (b) Shows an EDC collected at α = 2.5° after 

X-ray damage has occurred. (c) The proportion of the total chlorine photoelectron signal 

composed from each of the components as a function of angle (X-ray irradiation), with the dark 

purple line showing the Cl− species, the pink line showing the CHCl3 species and the light blue 

line shows the Cl● species. 
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so would be likely to desorb from the surface at the pressure experiments were 

carried out at (≈ 10−10 mbar) even if it were stabilised by the ionic liquid. It is 

possible that formation of a chlorine radical has occurred which has adsorbed 

near the site of production, possibly near a [BF4]
− anion where the fluorine draws 

some of the electron density away from the Cl●. The contribution of the damage 

peaks to the overall chlorine signal is shown as a function of incident angle 

(which is an indirect measure of the total of X-ray exposure) in fig. 4.6c. It is 

observed that as the angle, and therefore X-ray dose, increases the proportion of 

the total Cl 1s photoelectron peak due to the CHCl3 decreases rapidly. In 

response to this the proportion of the total chlorine peak due to the Cl− 

environments increases, with the Cl− environment being the dominant peak in 

the chlorine EDC for angles greater than ≈ 0.6°. The fact that the majority of the 

damage occurs for angles lower than 0.6° suggests that the X-ray is the primary 

source for damage. The XSW intensity is large within the organic layer for 

angles below the silicon critical angle, after which the X-ray is simply 

transmitted through all the layers (including the reflector) resulting in a larger 

photoelectron flux. The proportion of neutral chlorine environments stays 

approximately constant throughout the VPXSW scan. This result seems to 

suggest that the neutral chlorine environment does not result from a damaged 

species (as this would lead to a signal increase with angle), but also does not get 

damaged (as this would be shown by a signal decrease with angle). This could 

indicate some form of energy redistribution by chlorine atoms in these sites 

possibly suggesting that these chlorine species are at the CHCl3–IL interface. 

This could explain why the intensity of this peak is consistently low but constant, 

as the interfacial area will not vary with time, under the assumption that diffusion 

of the IL and CHCl3 is not possible at 90 K.  Being in an interfacial region with 

the IL would lead to either fluorine or the cations drawing electron density from 

the Cl● making it appear to be in a more positive environment than in CHCl3. It 

is more likely that the Cl● is a reaction intermediate for the damage reaction, 

initially increasing in concentration (formed from ClCHCl3) before reaching a 

steady state concentration as it is converted to another damage product (Cl−). 

This would suggest that the two processes 

CHCl3 → ●CHCl2 + Cl● 
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Cl● + e− → Cl− 

occur during X-ray irradiation of the CHCl3 layer. Once again charging of the 

organic layer is believed to be the cause of the wiggles in the curves of fig. 4.6c 

for angles below 1°, as seen for the nitrogen damage species in fig. 4.5b. 

 

4.3.2. Fitting the electron distribution curves for the substrate 

below the [C8C1Im][BF4] and CHCl3 layers 

 As well as collecting EDCs for the adsorbed layers EDCs were also 

collected for the silicon substrate with its native oxide, shown in fig. 4.7. The 

EDC for the Si 2p region at α = 2.5° (fig. 4.7a) shows the Sibulk and Sioxide 

chemical environments, however the spin-orbit split Si3/2 and Si1/2 peaks are no 

longer clearly resolved, as they were in fig. 4.1a. This can be seen quantitatively 

by comparing the peak widths (σ) of the substrate photoelectron signals in table 

4.1 and 4.2, where it can be seen that the Si 2p3/2 bulk peaks before the organic 

layer was deposited were 0.3 eV, but 0.5 eV after deposition. This is due to use 

of different detector settings for the two sets of EDCs, as the detector was made 

more sensitive (at the cost of resolution) for observing the buried silicon layer. 

It is possible that the electric fields due to the adsorbed ion pairs within the IL 

may be interfering with the substrate photoelectrons, distorting the substrate 

peaks. Fitting has been performed including the spin-orbit split peaks, with the 

constraint that the Si 2p3/2 and Si 2p1/2 peaks are separated by 0.6 eV (based on 

literature values [25]) and had a 2:1 ratio of areas for Si 2p3/2:Si2p1/2 [7]. Due to 

the lack of resolution between the spin-orbit pairs for the substrate peaks the 

widths had to be fixed to 0.5 eV for the bulk silicon environments and 1.0 eV 

for the silicon oxide environments. It can also be observed that the intensity of 

the Si 2p3/2 bulk peak is reduced when the organic layers are adsorbed on the 

surface relative to the clean substrate (ΔI ≈ 450×103 and 250×103 counts 

respectively), due to the scattering of the photoelectrons by the IL and CHCl3 

layers. This reduction in the silicon peak intensity is not as large as would be 

expected for a thick film, due to the fact that the detector settings were not the 

same for these two sets of Si 2p EDCs in fig. 4.7a and fig. 4.1a. Calibration of 

the Si 2p3/2 bulk peak to the literature value of 99.4 eV [25] (corresponding to a 

BE shift of −1.7 eV) was performed and applied to all of the EDCs for the 
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Si/IL/CHCl3 surface to account for any contact potential and the work function 

of the spectrometer.  

The fit to the O 1s photoelectron peak for α = 2.5° is shown in fig. 4.7b 

where it can be seen that two environments have been fitted. The O 1ssmall 

environment at BE ≈ 531 eV has a high intensity for α in the range 0 to 0.75°, 

which is in the angular range that the travelling wave propagates along the 

surface, maybe suggesting this oxygen species corresponds to material at an 

interface. Initially it was expected that this O 1s EDC would show the 

photoelectrons emitted from the SiOx layer, with a lower intensity due to 

attenuation of the photoelectrons by the overlayer. It is observed, however, that 

the peak intensity on fig. 4.7b (ΔI ≈ 800×103 counts) is over twice as large as 

that for the uncovered SiOx peak intensity in fig. 4.1b (ΔI ≈ 300×103 counts, with 

the same detector sensitivity settings as the uncovered substrate). The VPXSW 

data (see section 4.3.5) conclusively proves that the oxygen species is positioned 

at a large height (≈ 200 Å) above the reflector surface, showing that the oxygen 
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Figure 4.7: (a) An electron distribution curve for the Si 2p region at an angle of α = 2.5°, for a 

silicon substrate with its native oxide buried beneath a [C8C1Im][BF4] and CHCl3 layer. (b) The 

EDC of the O 1s region in an attempt to see the native oxide from the substrate, instead showing 

the presence of water adsorbed from the background over a 2 hour period at ≈ 10−10 mbar. In 
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environment is due to a species other than the SiOx layer. There was a 2 hour 

time separation between surface preparation and the collection of EDCs and it 

is postulated that during this time background water adsorption occurred. 

Despite the background pressure being ≈ 10−10 mbar the 2 hour wait meant that 

the 90 K surface had been exposed to 7.2×10−7 mbar s of water (assuming all of 

the background pressure was due to water). Using the approximation that 

1×10−6 mbar s is one langmuir (technically 1 L is 1×10−6 Torr s, so 

1×10−6 mbar s can be considered a metric langmuir), which can be roughly 

approximated to one monolayer of material, then ≈ 0.7 layers of water could 

have adsorbed on the surface, giving a large oxygen photoelectron signal. The 

O 1s peak due to the SiOx would be expected to be observed at BE ≈ 532 eV, as 

it is in fig. 4.1b, but is masked by the peak due to the adsorbed water. 

 

4.3.3. Extraction and fitting of the VPXSW profiles for the silicon 

substrate 

After fitting of the substrate EDCs for all incident X-ray angles had been 

performed the VPXSW profiles could be extracted from the variation of area for 

the photoelectron environments at each angle. The VPXSW profiles extracted 

from the Si 2p EDCs for the Sibulk environments are shown as black circles in 

fig. 4.8 and as blue squares for the Sioxide environments. Due to the fitting 

constraints used for the substrate EDCs, described in section 4.3.2, the spin-orbit 

pairs (2p3/2 and 2p1/2) have exactly the same VPXSW profiles, so only ‘bulk’ 

and ‘oxide’ profiles are shown. The ‘bulk’ VPXSW profile is a sum of the 

Si 2p3/2 bulk and Si 2p1/2 bulk components while the ‘oxide’ VPXSW profile is a 

sum of the Si 2p3/2 oxide and Si 2p1/2 oxide components (normalisation performed 

after the sum). The experimental data in fig. 4.8 can be seen to have a different 

shape to that observed in fig. 4.2, where initially the experimental VPXSW is 

seen to be flat until α ≈ 0.3°, when the VPXSW intensity begins to rise sharply 

before peaking at α ≈ 0.6°. This difference is due to the presence of an overlayer 

(the IL and CHCl3) and the total reflection of the X-ray by this layer, which also 

has a thickness large enough to prevent the evanescent wave reaching the 

substrate below for low angles. The rise in VPXSW intensity is initially due to 

the evanescent wave decaying from the surface of the organic layer until the 
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incident angle surpasses that of the critical angle for the organic layer and the 

X-ray penetrates through to the silicon substrate. Once the X-ray illuminates the 

substrate a standing wave is set up which now probes the organic layer adsorbed 

on the silicon surface. As the incident angle is increased past the critical angle 

of the silicon reflector the intensity of the reflected X-ray decreases and the 

standing wave intensity decays, resulting in photoelectron signal from the X-ray 

penetrating into the silicon substrate. 

The experimental surface is modelled by a 3 layer system in which the 

first layer is the vacuum above the surface, the second layer is organic material 

with a critical angle αc, 2 = 0.4274° and the third layer is the silicon reflector with 

a critical angle αc, 3 = 0.5971°. The model assumes that the IL, CHCl3 and H2O 

can be modelled by the same X-ray parameters, which is a reasonable 

assumption given the similarity of their X-ray parameters (table 3.1). There is 

also the assumption that the SiOx and Si layers can be modelled as a single 

substrate layer, which is reasonable given the similarity of their X-ray 

Figure 4.8: Extracted VPXSW profiles for the silicon substrate below the [C8C1Im][BF4] and 

CHCl3 layers. Markers represent experimental data whilst the VPXSW profile for a theoretical 

model in which the silicon is buried beneath 223 Å of organic material is represented by a red 

line. The dashed pink line shows the model VPXSW profile for a 15 Å oxide layer buried beneath 

a 223 Å organic layer using λ = 58 Å (for Si through the IL). Since the EDC fitting used 

constraints on the peak areas and peak widths the VPXSW profiles for the 2p3/2 and 2p1/2 spin-

orbit pairs are identical so there is not a VPXSW profile for each photoelectron peak. The 

Si 2ptotal is a VPXSW profile for the total silicon substrate, where the individual VPXSW profiles 

were added together before normalisation. 
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parameters (so therefore their critical angles) and has been performed previously 

for silicon substrates [28]. The red line in fig. 4.8 shows the curve that is obtained 

if it is assumed that there is a 223 Å layer of organic material on top of the 

reflector and the attenuation length of the Si 2p photoelectrons through the 

organic layer is λ = 58 Å (table 4.2). The theoretical model matches the 

experimental data very well for low angular regimes (below 1°) but fails to 

reproduce the same signal intensity at higher angles. Increasing the layer 

thickness fits the VPXSW decay slightly better, but at the cost of a less good fit 

for low angles, however the exact decay could not be reproduced. The error in 

the layer thickness has been estimated as ± 15 Å by using the same method as 

described for the VPXSW profiles for the silicon without the organic layer dosed 

onto it (section 4.2.2). Essentially the experimental data is compared with a 

range of layer thicknesses to see which layer thicknesses could be deemed to fit 

the experimental data sufficiently well, with the plots for this process shown in 

appendix 8.2. 

Both the Si 2pbulk and Si 2poxide VPXSW are shown in fig. 4.8, where 

they can be seen to have good agreement for angles below the silicon critical 

angle, but differ at higher angles. This is due to the fact that in the calculation 

for the substrate VPXSW intensity the reflector is treated as very thick (1000 Å, 

section 2.3.3). By using a model to calculate the photoelectron signal from a 

15 Å thick layer (representing the SiOx) buried beneath a 223 Å organic layer 

(so total layer thickness was 238 Å), with λ = 58 Å, the pink dashed line in fig. 

4.8 is obtained. This can be seen to model the Si 2poxide component reasonably 

well, with slight deviation at higher angles due to the noise which results from 

lower signal intensity for the oxide layer (see fig. 4.7). The substrate VPXSW 

profile for a 238 Å adsorbed layer is not significantly different to one with a 

223 Å adsorbed layer, as shown in appendix 8.2. Since both the silicon and the 

native oxide were being modelled as a single layer a VPXSW profile was 

generated for the total silicon signal. This was done by adding the VPXSW 

profiles, before normalisation had been performed, for the Si 2pbulk and Si 2poxide 

then normalising to generate the Si 2ptotal profile (purple triangles) shown in fig. 

4.8. The similarity of the Si 2ptotal VPXSW profile to the Si 2pbulk profile shows 

that the majority of the substrate signal comes from the bulk silicon layer. It is 
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possible that using a theoretical model with a greater number of layers (here it 

is a 3 layer system) may reproduce the Si 2poxide VPXSW more accurately. 

 

4.3.4. Extraction and fitting of the VPXSW profiles for the 

[C8C1Im][BF4] layer 

The extracted VPXSW profiles for photoelectrons emitted from the 

[C8C1Im][BF4] are shown in fig. 4.9 for the carbon (black triangles), boron 

(orange diamonds), fluorine (pink squares) and nitrogen (blue circles) species. 

The VPXSW profile shown for the carbon is a sum of the measured VPXSW 

profiles for the C 1salkyl and C 1shetero groups, where the intensities of the peaks 

were added prior to normalisation of the VPXSW profiles (different, incorrect, 

results are obtained if you normalise the individual VPXSW profiles then add 

them together as this has the effect of increasing the relative intensity of the least 

abundant species). The C 1shetero and C 1salkyl (and therefore C 1stotal) were 

observed to have very similar shapes indicating that both groups have the same 

distribution within the surface, which agrees with the fact that the environments 

are both present on the cation. The nitrogen VPXSW shown is also a sum of the 

Figure 4.9: Extracted VPXSW profiles for the [C8C1Im][BF4] layer adsorbed on a silicon 

substrate and beneath a CHCl3 layer. Experimental data is shown as markers, where good 

agreement can be seen in the shapes of the VPXSW profiles for the nitrogen, carbon and fluorine 

with boron differing slightly. The red line shows the VPXSW profile for a model in which the 

bottom 211 Å of a 223 Å organic layer is emitting photoelectrons. Critical angles for the organic 

layer and the substrate are shown as dashed lines. 
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two observed nitrogen components, N 1sdamage and N 1scation, as seen in fig. 4.10. 

The two VPXSW profiles, prior to normalisation, for the N 1scation and the 

N 1sdamage (dashed lines within fig. 4.10) do not have the same shape, although 

they are similar. Since the damaged species is generated as the X-ray exposure 

(and therefore angle) increases the N 1sdamage has a higher relative intensity than 

the N 1scation at high angles, and continues to grow as angle increases. The peak 

in the damage species does appear to occur at a lower angle than N 1scation which 

may suggest that the damaged species has diffused to the surface (since layers 

closer to the surface experience peaks in their VPXSW profiles at lower angles). 

This is not likely as the surface is at 90 K with the IL frozen in place, making 

diffusion of species through it difficult. Presence of the damaged species at the 

surface could be a result of the X-ray traveling wave which propagates across 

the IL surface at the IL critical angle. It is also possible that the X-ray damage 

is highest at low angles (where the XSW exists in the organic layer) giving an 

early peak in the N 1sdamage VPXSW profile or is just an artefact of the fitting 

due to charging of the surface (see section 4.4). The VPXSW profiles of the 

N 1scation and the N 1sdamage were not able to be well modelled by any theoretical 

model independently due to the changing concentrations with time caused by 

the damage. It is rationalised that, due to the surface temperature being around 

90 K, the damaged nitrogen species will remain in a similar position to the cation 

Figure 4.10: Extracted VPXSW profiles for the different nitrogen species within the 

[C8C1Im][BF4] layer adsorbed on a silicon substrate and beneath a CHCl3 layer. It can be 

seen that the shape of the VPXSW profiles for the damaged and cation species are different 

due to the fact that the amount of damaged species within the IL layer increases as a function 

of angle (X-ray irradiation). The total nitrogen photoelectron signal is found from adding the 

signals from the cation and damaged species. 
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from which it was formed so the total nitrogen VPXSW profile (N 1stotal = 

N 1sdamage + N 1scation) should be suitable to probe the IL layer. It can be seen 

from fig. 4.9 that the N 1stotal VPXSW profile is in good agreement with the 

profiles observed for fluorine and carbon signals from the IL.  

The similarity of all of the VPXSW profiles for all individual 

[C8C1Im][BF4] components suggests that the IL is homogeneous due to 

randomly orientated ion pairs which have adsorbed where they land (since the 

surface temperature is lower than the IL glass transition temperature, Tg = 

189.7 K [29]) to form an IL ‘snow’. The IL VPXSW profiles can be fitted with 

a model (red line in fig. 4.9) which assumes that there is IL within the bottom 

211 Å of a 223 Å organic layer adsorbed on the silicon reflector (in other words 

the top 12 Å of the organic layer doesn’t contain any IL, which agrees with the 

presence of a CHCl3 layer on top of the IL). The error in the IL layer thickness 

was estimated as ± 10 Å through comparison of the experimental data for the IL 

species to theoretical models with IL layer thicknesses ranging from 196 Å to 

221 Å, whilst keeping the organic layer thickness fixed to 223 Å (see appendix 

8.2 for the plot). The attenuation length used for the VPXSW fit has been taken 

as an average of the attenuation lengths for the C 1s, N 1s, F 1s and B 1s 

photoelectrons travelling through the IL, table 4.2, giving λ = 53 Å. Description 

of how the attenuation lengths were calculated can be found in section 2.2.3. 

Only the boron VPXSW profile, in fig. 4.9, differs significantly in its 

shape, having a delayed onset of the rise in the VPXSW profile and a less 

pronounced oscillation at α ≈ 0.7°, relative to the C 1stotal, N 1stotal and F 1sanion 

VPXSW profiles which can be seen to match each other and the fit very well. In 

order to get a better fit for the boron VPXSW profile the IL layer needs to be 

196 Å thick (appendix 8.2), suggesting that the boron is not present in the top 

27 Å of the organic layer, or the top 15 Å of the IL layer. This boron deficiency 

could be related to self-assembly of the IL surface, which may have arranged in 

such a way as to ensure the surface structure consists solely of cations with the 

alkyl chains protruding from the surface, as has been observed in previous 

studies of IL systems [8, 30, 31]. This explanation, however, seems unlikely 

since the adsorption of the [C8C1Im][BF4] has occurred at approximately 90 K, 

so the IL is believed to have stuck where it lands in the conformation it arrived 

in as a ‘snow’ (not a liquid), making rearrangement of the ions unlikely (in the 
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absence of any surface heating by the X-ray beam). It is instead believed that the 

boron has undergone X-ray damage, despite not detecting a damaged boron 

species peak in the EDCs. 

A study of radiation damage due to ionising radiation exposure (not 

necessarily X-rays) has been performed looking at the effects on the anions of 

ILs [32]. These studies were performed by freezing the ILs (a temperature of 

50 K) to allow the study of the fragmentation pathways upon absorption of 

ionising radiation. It was observed that the ionising radiation produced electrons 

and “holes” (h+●, electron deficiencies on molecules), which could then go on to 

initiate reactions within surrounding molecular species. In the case of the [BF4]
− 

anion, interaction with a hole results in the following decomposition pathway 

(reaction (19) in ref. [32]): 

[BF4]
− + h●+ → BF3 + F● 

It is rationalised that this pathway occurs through donation of the electron from 

the [BF4]
− to the hole and then fission of a B–F bond, rather than other 

decomposition methods such as the formation of F2 and ●BF2 (observed for the 

[B(CN)4]
− analogue) through energetics arguments (F2 is not as stable as C2N2 

so there is not enough energy gain to make it a thermodynamically viable 

option). The fluorine radical then goes on to react with nearby alkyl tails (C–H 

bonds) to generate HF (reaction (20) in ref. [32]). In the studies performed in 

this work the surface was held at 90 K, so assuming the same radiation induced 

decomposition reactions occur then formation of HF and BF3 is expected. Using 

the Antoine equation [33] for calculating the vapour pressure 

log10(𝑃) = 𝐴 −
𝐵

(𝑇+𝐶)
   Equation 4.1 

the vapour pressure, P (bar), for a species with known parameters A, B (K) and 

C (K) at a temperature, T (K) can be found. For HF the parameters for the 

temperature range 198.5 to 292.9 K are A = 4.16129, B = 1142.985 K and C = 

−17.993 K [34]. Extrapolating these values to 90 K gives a vapour pressure of ≈ 

2×10−12 bar (≈ 2×10−9 mbar) demonstrating that the HF would not desorb under 

the conditions of the study (pressure ≈ 10−10 mbar) if the HF is stabilised by the 

presence of the IL. For the BF3 species the parameters are A = 4.68215, B = 

663.463 K and C = −30.795 K for the temperature range of 118.5 K to 172.5 K 

[34]. Extrapolation of these values to 90 K gives the vapour pressure to be ≈ 
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3×10−7 bar (≈ 3×10−4 mbar), meaning the BF3 would be highly likely to desorb 

from the surface under the experimental conditions used in this study, even if it 

were stabilised due to dipole or van der Waals interactions with the surrounding 

IL molecules. As a result it would not be expected that photoelectron peaks due 

to the BF3 would be observed, meaning only the B 1sanion should be observed, 

despite damage to the boron occurring. It is suspected that the fluorine 

photoelectron peak due to the presence of damaged HF is masked by the fluorine 

in the anion, whilst the inability for the HF to desorb may explain why the top 

15 Å of the IL layer shows the presence of fluorinated species but no boron 

containing species. 

 

4.3.5. Extraction and fitting of the VPXSW profiles for the CHCl3 

layer 

It was observed in figure 4.6 that new chlorine environments (other than 

the pristine CHCl3 environments) develop over the 20 minutes that the EDCs, 

from which the VPXSW profiles are generated, were collected. The VPXSW 

profiles, prior to normalisation, for these damaged species are shown as dashed 

lines in fig. 4.11 along with the total chlorine VPXSW profile (solid green line, 

total = CHCl3 + Cl− + Cl●). The shapes of the VPXSW profiles can be seen to 

reflect the fact that the CHCl3 environment (dashed pink line) is decreasing over 

time and the damage species environments are growing in intensity with X-ray 

Figure 4.11: Extracted VPXSW profiles for the different chlorine species within the CHCl3 

layer adsorbed on a [C8C1Im][BF4] layer, on a silicon substrate. It can be seen that the shape 

of the VPXSW profiles for the damaged species is different to the CHCl3 due to the fact that 

the amount of damaged species increases as a function of angle (X-ray irradiation). The total 

photoelectron signal is found from adding the signals from CHCl3 and Cl− and Cl● species. 
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irradiation timescale. The hallmark of this is a higher relative intensity at higher 

angles for the damaged Cl− environment (dashed purple line), since these 

represent longer X-ray doses as angle was scanned from 0° upwards. It was 

found in fig. 4.6c that the amount of the Cl● environment doesn’t appear to vary 

too much with angle, suggesting either that it is due to a species which does not 

damage with irradiation, possibly due to energy redistribution effects caused by 

being at the IL–CHCl3 interface, or that it is a reaction intermediate. It is 

rationalised that as the surface is at 90 K the damaged species should not travel 

far from where they were generated, so fitting the Cl 1stotal profile will be 

sufficient to model the CHCl3 layer, despite the variation in the intensities of the 

chlorine environments with X-ray exposure and therefore angle. 

The VPXSW profile for the Cl 1stotal profile was modelled using the three 

layer model, described in section 4.3.3, in which the first layer is the vacuum, 

the second layer is an organic material (used to model the [C8C1Im][BF4], CHCl3 

and H2O layers) with the third layer being the silicon substrate and its native 

oxide (treating them both as one layer). The Cl 1s photoelectrons were calculated 

to have an attenuation length of λ = 9 Å through the organic layer, which is much 

lower than the IL photoelectrons (λ = 53 Å) due to the low electron kinetic 

energy (≈ 175 eV, table 4.2). The model for the normalised Cl 1stotal VPXSW 

profile is shown in fig. 4.12 (red line) and used λ = 9 Å, whilst the experimental 

data shown as green squares. The fact that the CHCl3 layer is only a thin 

overlayer results in a VPXSW profile with more pronounced oscillations than 

were observed in the IL VPXSW profiles. Oscillations come as a consequence 

of increasing the incident angle, α, which shortens the standing wave period so 

the antinodes and nodes of the standing wave pass through the CHCl3 layer. At 

α ≈ 0.55° the signal nearly drops to zero as an XSW node passes through the 

CHCl3 layer and at α ≈ 0.7° an antinode passes through the CHCl3 layer 

generating a peak in the data. This is in contrast to the VPXSW profile observed 

for the [C8C1Im][BF4] profiles (fig. 4.9) where the IL was a thick layer so had 

less pronounced oscillations as the antinodes and nodes just pass into the surface 

rather than through the surface layer. 
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Thinner layers at large distances (over 200 Å) above the surface plane 

will produce VPXSW profiles with more features in them, making them easier 

to model (peaks in the data are easier to model than monotonic decays). The 

theoretical VPXSW profile in fig. 4.12 assumes that the signal is coming from 

the top 12 Å of a 223 Å organic layer, which agrees with the VPXSW models 

from both the substrate VPXSW profiles and the IL VPXSW profiles. The error 

in the layer thickness is estimated to be ± 15 Å (see appendix 8.2 for plots and 

discussion). The VPXSW profile is not as sensitive to the variation in layer 

thickness as it is to the variation in layer position. Figure 4.13 shows the 

experimental data for the Cl 1stotal VPXSW profile alongside a range of 

theoretical VPXSW profiles for 12 Å thick CHCl3 layers centred at different 

heights above a surface. It can be seen that as the layer position is increased the 

position of the local maxima at ≈ 0.7° and ≈ 1.1° decreases as the standing wave 

antinodes meet them at lower angles due to their higher position in the surface. 

From fig. 4.13 it can be seen that the blue line representing a 12 Å thick layer 

centred at 217 Å (which is the same model as one in which the top 12 Å of a 

223 Å layer is composed of CHCl3) is the best fit to the oscillation positions in 

Figure 4.12: Extracted VPXSW profiles for the CHCl3 and H2O layers adsorbed on top of an 

[C8C1Im][BF4] layer, all of which is on a silicon substrate. Experimental data is shown as 

markers, and a good agreement can be seen in the shapes of the VPXSW profiles for the total 

chlorine and total oxygen profiles. The red line shows the VPXSW profile for a model in which 

the top 12 Å of a 223 Å organic layer is emitting photoelectrons. Critical angles for the organic 

layer and the substrate are shown as dashed lines. 
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the experimental data. Consideration of the other models plotted in fig. 4.13 

suggests that the positions of the experimental oscillations are within error of 

the 207 Å and 227 Å layers giving a ± 10 Å error in the position of the CHCl3 

layer. Fits to the individual chlorine environment VPXSW profiles shown in fig. 

4.11 (CHCl3, Cl− and Cl●) were attempted, but suitable matches could not be 

found. This again confirms that the addition of all of the chlorine environments 

to make a Cl 1stotal VPXSW profile was suitable to model the CHCl3 layer. 

As well as showing the VPXSW profile for the sum of chlorine 

environments fig. 4.12 also shows the VPXSW profile for the O 1s signal (blue 

circles), which is thought to be due to background water adsorption as discussed 

in section 4.3.2. The fact that the O 1s VPXSW profile matches the chlorine 

VPXSW profile, and the VPXSW model for the top 12 Å of the 223 Å organic 

layer, so well is an indication that these layers are at very similar heights above 

the reflector surface. This supports the argument that the oxygen species is water 

which has adsorbed from the background over the period of 2 hours. The fact 

that the oxygen is not seen to be present throughout the whole organic layer is 

an indication that the background pressure (of water) was low enough to prevent 

Figure 4.13: A comparison of the extracted VPXSW profiles for the total chlorine signal (green 

squares) to theoretical models with a thickness of 12 Å at a variety of heights above the surface 

in an attempt to estimate an error in the layer position. The legend indicates the position of the 

centre of the CHCl3 layer at the top of the organic layer. An attenuation length of 9 Å was used 

in the theoretical models. 
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interference with the majority of the surface. The organic layer was deposited 

over a 30 minute period, meaning that there would have been 0.18 metric 

langmuirs of water spread over the 223 Å organic layer which was not 

concentrated enough to give a significant photoelectron signal. The exposure of 

the surface to the background water over a 2 hour period at 90 K gave a 

concentrated water layer, which was the crucial factor in the observation of the 

adventitiously adsorbed water. 

 

4.4. Observation of photoelectron binding energy shifts with 

incident angle  

 Charging of the surface has already been mentioned in section 4.3.4 as 

the reason behind the growth of the N 1sdamage peak not being as smooth as one 

might expect (a peak might be expected at α = αc, organic, where the travelling 

wave propagates across the surface of the organic layer promoting a greater 

quantity of damage). Aside from a few brief comments there has been no attempt 

to describe or discuss charging of the surface. X-ray charging [7, 15, 35-37] is 

observed on partially or non-conducting surfaces due to the release of 

photoelectrons, which are negatively charged, from the surface under X-ray 

irradiation. This leaves behind positively charged holes, or electron deficiencies, 

which has the effect of building up a positive charge on the surface. A 

conducting surface connected to the sample manipulator, which is grounded, 

simply draws electrons from the sample manipulator to balance out the lost 

photoelectrons. For a non-conducting surface this process cannot occur 

efficiently enough and the positive charge builds up on the surface shifting the 

photoelectron peaks to higher binding energies (the photoelectrons are retarded 

by the positive surface charge, hence giving a higher apparent binding energy) 

as well as distorting the shape of the photoelectron peaks (in the case of a non-

uniform charge density where different parts of the surface have slightly 

different charges) [7, 35]. 

 Charging was observed for all surfaces in this study although when no 

organic layer was present the charging of the surface was observed to be only 

by ≈ 0.6 eV in comparison to when the IL and CHCl3 were adsorbed, where 

charging was observed to be on the order of 10 eV for the organic layer. 
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Charging of the substrate peaks below the organic layer is difficult to observe 

due to the fact that the X-ray is totally reflected form the organic layer, resulting 

in little or no X-ray intensity irradiating the silicon surface, in the angular range 

where charging is expected to be observed. The large difference in the amount 

of charging observed in the organic layer and in the substrate layer is due to the 

low surface temperature used in this study (Tsurf ≈ 90 K). When the IL is in the 

liquid state it is observed to be an electrical conductor, allowing it to be used as 

an electrochemical solvent [38-40], however at temperatures lower than its glass 

transition temperature (Tg = 189.7 K [29]) the IL will be a solid preventing the 

ions from migrating and neutralising the build-up of charge.  

Figure 4.14 shows the effect of the observed charging on the binding 

energy and the peak width of the F 1sanion component of the IL, which is 

representative of the charging observed in all of the IL photoelectron peaks. The 

X-ray charging has the effect of shifting the binding energy to more positive 

values, from ≈ 684 eV up to ≈ 693 eV, and broadening the peak from ≈ 1.2 to ≈ 

2.0 eV, before both the BE and the width begin to decrease and reach stable 

values (approximately 686.3 eV and 1.4 eV, respectively). The angular range 

Figure 4.14: A comparison of the changes in the binding energy (blue triangles, left axis) and 

the width (red circles, right axis) of the Gaussian peak used to model the F 1s photoelectron 

intensity within the organic layer. The plots show that the angular range over which the binding 

energy shifts is the same as the angular range over which the width swells. Both of these effects 

have been related to surface charging in previous XPS studies and suggests that the surfaces 

studied here are also charging. 

2.0

1.6

1.2

P
e

a
k
 w

id
th

 (e
V

)

2.52.01.51.00.50.0

Angle,  (°)

692

688

684

B
in

d
in

g
 e

n
e

rg
y
 (

e
V

)

 F 1sanion width

 F 1sanion BE



Chapter 4: Development of the variable period X-ray standing wave technique 

with photoelectron detection 

127 

 

over which the binding energy shifts and the peak width broadens is observed to 

be the same (0° to 0.55°) supporting the claim that these effects are due to 

charging of the surface. The fact that the surface appears to charge up by 10 V 

and then discharge is thought to be a result of the changing X-ray beam intensity 

at the surface, as well as the amount of the sample that is being irradiated by the 

X-ray (the X-ray footprint on the sample), as the incident angle is scanned. The 

charging observed in the IL is observed to be very similar to the charging in the 

CHCl3 layer, as shown in fig. 4.15. Both photoelectron peaks are observed to 

shift in binding energy by ≈ 10 eV before the BE decreases and reaches a steady 

value.  

Since it is thought that the X-ray intensity at the surface is related to the 

amount of surface charging observed, fig. 4.16 shows a comparison of the shift 

in the binding energy of the F 1sanion peak (blue triangles) with the F 1sanion 

VPXSW profile (pink squares). Here the VPXSW profile represents the X-ray 

intensity and the number of photoelectrons emitted from the IL layer, which 

should be related to the amount of charging within the IL layer. The peak in the 

VPXSW profile is observed to occur at ≈ 0.5° (where a travelling wave 

Figure 4.15: A comparison of the variation in binding energy for the IL species (represented by 

the F 1sanion, blue triangles, on left axis) with the other component within the organic layer, the 

CHCl3 (represented by the Cl 1sCHCl3
, green diamonds, on right axis). The similarity in the 

binding energy shift for the two species indicates that the layers undergo similar charging 

processes. 
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propagates across the organic layer surface) whereas the maximum BE shift is 

observed at ≈ 0.25°. These two angles are different as the number of 

photoelectrons released from the IL layer (monitored by tracking the F 1s 

electrons with a kinetic energy ≈ 2310 eV) is not necessarily representative of 

the total number of photoelectrons emitted from the surface. Had the drain 

current from the sample (the amount of current drawn by the sample from the 

sample manipulator) been measured it is expected that the drain current, which 

would have shown the amount of current drawn to compensate total 

photoelectron flux from the sample, would have mirrored the binding energy 

shift observed in the organic layer. Both the VPXSW profile and the BE shift 

drop to low levels at α = 0.55°, as the X-ray is transmitted through the organic 

layer and the X-ray standing wave is set up from the silicon reflector with a node 

within the IL layer. There is a slight increase in the binding energy shift of the 

F 1sanion photoelectron peak at ≈ 0.7°, which is also the angle at which the small 

bump in the F 1sanion VPXSW profile occurs. This is due to a standing wave 

antinode passing into the IL layer, supporting the claim that increased X-ray 

intensity (and hence photoelectron flux) is observed to increase the amount of 

charging and BE shift, which agrees with previous studies of X-ray charging [7].  

Figure 4.16: A plot comparing the binding energy of the Gaussian peak used to fit the F 1sanion 

to the VPXSW profile extracted from the fits to the EDCs. It can be seen that the maximum 

binding energy (blue triangles, left axis), due to surface charging, and the maximum F 1s 

photoelectron flux (pink squares, left axis) do not occur at the same angle.  
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The amount of charging is thought to be related to the total photoelectron 

flux from the surface, which itself is determined by a combination of the X-ray 

intensity, X-ray path length through the surface and the X-ray footprint on the 

sample. This means that it is possible to produce a greater total photoelectron 

flux from the sample either by increasing the X-ray intensity or by increasing 

the area of the surface that is irradiated, through increasing the X-ray footprint 

on the sample. Since the X-ray intensity at the surface increases with incident 

angle, α, (section 2.3) but the X-ray path length and X-ray footprint decrease 

with incident angle then it seems sensible that a peak is observed in the plot of 

binding energy versus incident angle as these processes compete. By rearranging 

eq 2.41 (section 2.3.4) to make α the subject and using the footprint = sample 

length the angle at which the footprint becomes smaller than the sample, αfoot 

can be found. 

𝛼𝑓𝑜𝑜𝑡 = sin−1 (
ℎ𝑏𝑒𝑎𝑚

𝑠𝑎𝑚𝑝𝑙𝑒⁡𝑙𝑒𝑛𝑔𝑡ℎ
)   Equation 4.2 

The experimental section (section 3.3) describes that the sample was 10 mm 

long and the X-ray beam height, hbeam, was 30 μm. Using these values finds the 

angle at which the footprint is the same length as the sample to be αfoot ≈ 0.17°, 

which is reasonably close to the angle at which the maximum binding energy 

shift is observed. The difference in αfoot and the angle at which the binding 

energy is at a maximum could be a result of the X-ray not being in the centre of 

the sample, meaning that the apparent sample length (the length of the footprint 

at the point the footprint just crosses the edge of the sample) is smaller, leading 

to a larger αfoot value. This could be an indication that the maximum in surface 

charging occurs at the angle where the largest possible area of the sample is 

irradiated producing the largest photoelectron flux. Alternatively the effect of 

the X-ray path length could explain the slight variation of the maximum in the 

charging from αfoot, as the maximum path length through the material occurs for 

α > αc (when the X-ray starts to penetrate into the surface) causing the BE peak 

maximum to shift towards higher α values. Unfortunately the drain current was 

not measured during these experiments meaning that the relationship between 

the amount of surface charging and total photoelectron flux cannot be verified. 
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4.5. Overall surface structure determined by variable period 

X-ray standing wave analysis 

 This chapter has demonstrated the ability of the variable period 

X-ray standing wave technique to fit a large range of film thicknesses of 

different materials. The technique was able to detect the native oxide layer on a 

silicon wafer, despite the similarity of the optical properties of the two materials, 

with a native oxide thickness of 15 ± 10 Å observed. A surface consisting of a 

thick layer of the ionic liquid [C8C1Im][BF4] with a thin layer of CHCl3 on top 

was then prepared on the silicon surface. Using the VPXSW profile formed from 

the silicon substrate photoelectron peaks the thickness of the organic layer could 

be determined to be 223 ± 15 Å, although the substrate signal could not be used 

to work out how much of the organic layer was IL or CHCl3 as the analysis 

software treated the whole organic layer as one species. The VPXSW profiles 

obtained from species within the IL (fluorine, nitrogen, carbon and boron) could 

be used to find the thickness of the IL layer, which was known to be deposited 

on the surface before the CHCl3. The VPXSW profiles could be successfully 

modelled by a theoretical curve which assumed that the photoelectron signal 

came from the bottom 211 ± 10 Å of the organic layer. The CHCl3 VPXSW 

profile was then compared to theoretical models to show that a good fit could be 

obtained if it was assumed that the photoelectron signal only came from the top 

12 ± 15 Å of the organic layer, but the position of this CHCl3 layer was observed 

to be centred at 217 ± 10 Å, which agrees with the IL film thickness determined 

by VPXSW analysis. The errors discussed with this VPXSW technique are quite 

large however thicker layers will tend to have smaller errors in both position 

determination and thickness determination. Having a greater quantity of 

oscillations makes matching the phase of the experimental and theoretical 

oscillations easier, as varying the layer thickness slightly changes the phase of 

the oscillations in the VPXSW profile [11]. 

Combining all of the information gathered from the fitting of the 

different profiles the structure of the surface can be determined, with a pictorial 

representation shown in fig. 4.17. The VPXSW technique allowed the identity 

of an unknown oxygen containing species to be confirmed as an adsorbed water 

layer on the top of the organic layer. This discovery was somewhat serendipitous 
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as the O 1s photoelectron peak was being studied to look at the native oxide, 

however a scan over the whole photoelectron kinetic energy range would 

identify species which were not known to be present on the surface. Without the 

VPXSW profile providing the information that the oxygen layer was on the 

surface (the VPXSW profile was the same as the CHCl3 profile) it is unlikely 

that the identity of the oxygen species would have been found. This result shows 

that the VPXSW technique with photoelectron detection has great potential for 

determining surface layering. The fact that the work here only used a 3 layer 

model (vacuum, material in the layer, substrate) simplified the fitting and was 

fine for the native oxide layer on the silicon substrate. The model was also 

observed to be a sufficient approximation to a 6 layer system (vacuum, H2O, 

CHCl3, [C8C1Im][BF4], SiOx, Si), although it is not known whether using a 6 

layer system would be of any benefit as this would introduce a greater number 

of variables which would take longer to optimise (the ‘fitting’ is presently 

performed by comparison of the experimental data and a model by a human). It 

Figure 4.17: A diagrammatic representation of the surface formed and analysed within this 

study using the variable period X-ray standing wave technique with photoelectron emission. 

The layer thicknesses have been determined through matching the experimental VPXSW 

profiles to theoretical models, with all of the data agreeing with the surface structure shown. 
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has however been observed that the buried Si 2poxide VPXSW profile did not 

match the buried Si 2pbulk VPXSW, so it is possible that a 6 layer model could 

remedy this. 

It has been observed that variable period X-ray standing wave analysis 

with photoelectron detection can be used to successfully determine the layering 

of a surface. There is still development of the technique required in order for it 

to become a tool that can be used on more complex systems as at present the 

fitting is not automated. Despite using an ionic liquid as a thick layer in this 

study, the fact that the surface temperature was around 90 K meant that the IL 

was not actually a liquid. This made finding a model for the surface much easier 

as it was known that the morphology of the surface would not vary in time 

(liquid surfaces can form droplets over time [41]). Another factor which made 

the fitting much easier was that the surface structure was known (with the 

exception of the water layer), in that it was known that the substrate would 

probably have a native oxide, onto which IL was dosed as a thick layer with a 

thin CHCl3 on top. This meant that finding the correct model was easier than the 

case where there was no prior idea of where the different species might be, 

although after spending some time looking at the VPXSW profiles for different 

layers it becomes easier to deduce where different layers are based upon the 

profile shape (see section 2.3.5). 

The shape of the leading edge, at the low angles, is a big factor in 

deducing the approximate position of a layer as species which are closest to the 

vacuum layer will have earlier rises in the leading edge, whilst buried interfaces 

will have a flat VPXSW profile before a sharp rise in the leading edge. Also the 

greater the number of oscillations or wiggles in the profile the closer that layer 

is to the vacuum layer, and the more pronounced the oscillation the thinner the 

layer (thick layers have ‘wiggles’, like the IL in this study). The chemicals used 

in this study were chosen as they had different elements within them which 

would make the photoelectron peak fitting easier. Using photoemission meant 

that different VPXSW profiles could be obtained from species with different 

chemical shifts however if the shift is not sufficiently large to be clearly resolved 

constraints must be used to prevent peak ‘swelling’ when fitting the EDCs. This 

issue is one which is commonplace in bulk XPS leading to databases of the 

chemical shifts of different compounds [7, 35]. 
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All of the fits discussed in this work have assumed that the interfaces are 

perfectly flat and do not have any roughness. This is unlikely to be true in reality 

and may be the cause of the theoretical models not matching the experimental 

data perfectly in some of the cases described here. If the surface is too rough the 

X-rays will not be efficiently reflected and the standing wave will not be set up. 

This does not appear to have been the case here, but even small surface 

undulations affect the local angle of incidence of the X-ray, as shown in fig. 

4.18, which will affect the measured VPXSW profile. Using angle θ as a 

measure for the local undulation, the fact that the angles in a triangle (composed 

of the blue line, black dashed line and green dashed line) must add up to 180° 

and that the angles along a line (the X-ray on the left) must also add up to 180° 

it can be found that an X-ray can be incident upon the surface at an angle of α + 

θ. If the angle α + θ surpasses the critical angle, αc, then the X-ray will not reflect 

from that local surface and will instead propagate into the material, emitting 

photoelectrons at angles below the critical angle. It is not known what the 

morphology of the IL ‘snow’ is, in terms of its surface roughness, however the 

ability to set up a standing wave from its surface must be an indication that it is 

reasonably flat.  

X-ray induced effects such as surface charging and beam damage were 

observed within this study, complicating interpretation of some of the electron 

distribution curves. Use of photoelectron detection allowed damaging of the 

adsorbed species to be identified much more easily than if X-ray fluorescence 

Figure 4.18: A diagrammatic representation of the effect of surface roughness on the 

VPXSW technique. X-rays are represented by the blue arrows incident upon the surface at an 

angle α relative to the surface plane (green dashed line). If the surface has a roughness, which 

can be characterised by an angle θ, then it can be seen that the X-ray may be incident upon a 

surface at an angle of anywhere between α (at the top of an undulation) and α + θ. Further to 

variation in the incident angle, surface undulations also cause shadows to be formed, where 

some areas are not irradiated by the X-rays. 

α 
α + θ  

θ 

Incident X-rays 
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had been used due to the chemical shift specificity. The use of a low temperature 

sample (Tsurf ≈ 90 K) meant that some of the damaged species remained adsorbed 

to the sample (such as HF) allowing it to be detected, however more volatile 

suspected damage products (such as BF3) were not observed. Damaging of the 

surface could be reduced through reduction in the X-ray beam intensity, as was 

employed within this study, however this also reduces the experimental signal. 

Surface charging was observed to affect the photoelectron binding energies and 

peak shapes, making extraction of VPXSW profiles from the EDCs difficult in 

some cases. This resulted in constraints being applied to the fits for the binding 

energies and peak widths of certain chemical components (especially ones 

where multiple environments were observed under one envelope such as CHCl3 

and N 1sdamage). It is not thought that the use of constraints affects the validity of 

the VPXSW profiles, but may explain why the binding energies of the IL 

components only matched the literature values to 0.3 eV. 
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Chapter 5 

 

Stabilisation of carbon dioxide within the ionic liquid 1-octyl-3-

methylimidazolium tetrafluoroborate 
 

5.1. Introduction 

In section 1.2.3 the notion of utilising ionic liquids (ILs) to capture small 

molecules, including carbon dioxide (CO2), was introduced. It was discussed 

that many factors contribute to the solubility of small molecules within ILs, 

including the nature of the small molecule itself, the way the small molecule 

interacts with the ions and the way that the cation and anion interact with each 

other. It was concluded by many studies that the free volume within an IL was 

one of the most important factors for gas solubility [1-4]. Systems which had a 

weaker interaction between the IL cation and anion, resulting in a greater space 

between the ions, had greater free volumes for gaseous species to fit into [3]. 

The nature of the gas should not be neglected in solubility considerations, with 

the solubility of the gas molecule within an IL often being related to its 

polarisability [4]. This relationship did not hold for all molecules and it was 

hypothesised that this was due to the presence of dipole moments, quadrupole 

moments and opportunities to hydrogen bond [5]. The effects of these different 

factors, across ILs in general, have been studied in order to maximise the 

solubility of gases within ILs, where gas solubility is discussed in terms of 

Henry’s constants. The convention used in this text, when referring to Henry’s 

constants is 

𝑃𝑔𝑎𝑠 = 𝐻𝑔𝑎𝑠𝑥𝑔𝑎𝑠 

where Pgas is the pressure of the gas above the IL, Hgas is the Henry’s constant 

and xgas is the mole fraction of the gas within the IL, such that the Henry’s 

constant is inversely proportional to the solubility (a smaller Henry’s constant 

means a higher gas solubility). In this convention Hgas has the same pressure 

units as Pgas. 

In this study we chose to look at the IL 1-octyl-3-methylimidazolium 

tetrafluoroborate ([C8C1Im][BF4]) largely due to the fact that it is an IL that has 

been well studied within the research group in Nottingham [6-9], so seemed to 

be a natural starting point. It has been shown, with the use of X-ray photoelectron 
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spectroscopy (XPS), that [C8C1Im][BF4] has been able to be deposited onto a 

surface using a chemical vapour deposition method without damaging or 

decomposing the IL. The photoelectron spectra of the [C8C1Im][BF4] which had 

been evaporated onto the surface were the same as the photoelectron spectra 

collected from a droplet of the bulk IL, introduced via a load lock [6]. This is a 

key result as the surfaces that have been studied here were prepared by chemical 

vapour deposition (see section 3.2.3). 

In addition to being well studied within our research group 

[C8C1Im][BF4] has both a long alkyl chain, on the cation, and a fluorinated 

anion, both of which have been seen to increase CO2 solubility [10]. It is 

commonly regarded, both experimentally and theoretically, that having an IL 

with a more fluorinated anion allows more favourable interactions between the 

partial negative charge on the fluorine atoms and the partial positive charges on 

the carbon of the CO2 molecules’ quadrupole moment [5, 11], however recent 

studies on [C2C1Im] containing ILs show that there are exceptions to this rule 

[12]. This topic shall be discussed in more detail in chapter 6. The  literature also 

suggests that there are interactions between the aromatic ring [13] and the 

hydrogen in the C2 position on the imidazolium ring of the cation (the carbon 

between the two nitrogen atoms) and the CO2 molecules, due to the possibility 

of hydrogen bonding of this most acidic proton with solutes [14]. It was 

concluded that this CO2 interaction was less significant than those with the 

anion, as substituting the proton attached to the 2-carbon with a methyl group 

did not have a drastic effect on the solubility of CO2 within the ILs (A 10% 

change in the Henry’s constant for [C4C1Im][BF4] at 25°C was observed upon 

substituting the C2–H for a C2–CH3, compared to a 50% change upon swapping 

the [BF4] for a [Tf2N] anion [11]). The effect of alkyl chain length, or more 

specifically the free volume of the pores that occur due to motions of the alkyl 

chain, has also been discussed as a factor which enhances the solubility of CO2 

within ILs [1, 4, 10]. It is argued that having a larger free volume means that 

there is more space for the CO2 molecules to slot into without disturbing the IL 

from its bulk structure too much, hence reducing energy penalties to absorption. 

Looking specifically at studies including [C8C1Im][BF4] and CO2, 

results show that Henry’s constants increase with temperature [10], meaning that 

the solubility of CO2 within the ILs decreases with temperature. This agrees with 
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the fact that CO2 adsorption within ILs is an exothermic process (ΔS will be 

negative as the gas is confined to a smaller volume upon adsorption, so to ensure 

ΔG = ΔH − TΔS < 0 for a spontaneous process the reaction must be exothermic). 

This suggests that there are reasonably strong CO2–[C8C1Im][BF4] interactions 

formed upon adsorption. A large quantity of the previous work on 

[C8C1Im][BF4]−CO2 systems has focussed on measuring and calculating 

solubility of CO2 and the effects of tuning the IL to increase the CO2 solubility. 

Henry’s constants for CO2 within [C8C1Im][BF4] at 300 K have been found to 

range from 15 to 55 bar [10, 15, 16]  in a mixture of experimental and 

computational studies. It should be realised that solubility and stability are not 

necessarily the same thing, meaning that just because a lot of CO2 can be 

dissolved within an IL does not mean the IL will be an effective carbon capture 

agent. It is important to factor in how tightly the IL holds onto the CO2 molecule, 

as having a high CO2 solubility would be futile if the IL does not bind the CO2 

reasonably well, requiring the CO2 pressure to be far greater than 1 bar to capture 

it effectively. A similar argument can be made for the converse point, that use 

of an IL with too high a CO2 binding energy means extraction of the CO2 from 

the IL would require extreme conditions, as is required for amine technologies 

(see section 1.1.2). This point reiterates the importance of having measurements 

of the activation energy for desorption (to find the heat of adsorption) for CO2 

from ILs. Only a few studies have looked at the binding energies, or the heats of 

adsorption, of CO2 molecules within [C8C1Im][BF4]. These studies have 

included theoretical calculations [4, 16] with others obtaining thermodynamic 

values from solubility experiments [10, 15], which will represent average 

interaction enthalpies under high pressure conditions. As solubility 

measurements only give averaged CO2 binding energies they do not give any 

idea of the range of binding sites that are available within the IL, or how these 

sites correlate to the molecular structure of the IL. This work aims to provide 

vital information on the types of adsorption sites present within imidazolium 

based ILs, to assist the design and implementation of future IL-based CO2 

capture devices [17]. 
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5.2. Temperature programmed desorption of [C8C1Im][BF4] 

 The theoretical description and experimental setup for temperature 

programmed desorption (TPD) can be found in earlier chapters, see sections 2.4 

and 3.3. As mentioned previously, desorption of bulk [C8C1Im][BF4] has been 

performed within the research group [7]. This was achieved by use of a silver 

dipstick sample, which could be immersed in a vial of IL to obtain a thick 

(enough to be visible with the naked eye) IL layer, and then by performing TPD. 

The enthalpy of vaporisation for the IL was be calculated from the activation 

energy of desorption and an estimated change in heat capacity of −94 JK−1mol−1, 

which was applied to all ILs despite it being estimated for [C4C1Im][Tf2N] [18]. 

Differences for the change in heat capacity for [C8C1Im][BF4] will have the 

effect of changing the enthalpy of vaporisation, but not the activation energy of 

desorption. As the TPD was performed using a thick [C8C1Im][BF4] layer, 

comprising of millions of layers of ion pairs, the thermodynamic values obtained 

were accurate with reasonably small errors (Edes = 137 ± 3 kJ mol−1, ΔvapH298 = 

162 ± 3 kJ mol−1) [7]. As a result these literature values can be used as a reference 

value for the parameters that are obtained from TPD within this study. The 

experiments discussed here probe ultra-thin IL films, no more than 30 ion pairs 

thick, which may have different desorption properties to the bulk films discussed 

previously so may yield different activation energies of desorption.  

 Prior to experiments being performed with CO2 and [C8C1Im][BF4] 

mixtures, calibrations were performed for the IL with the mass spectrometer. 

The number of counts that corresponded to a monolayer (a single IL layer) was 

determined for each of the mass channels used to detect the [C8C1Im][BF4]. The 

mass channels detected for this IL were m/z = 195 and 96 amu, which are due 

to the ions [C8C1Im]+ (molecular cation) and [C1C1Im]+ (fragmentation loss of 

a seven membered alkyl chain, C7H17), respectively [19]. Monolayer calibration 

was achieved though collection of TPD spectra (m/z intensity vs. temperature) 

as the initial IL coverage on the gold sample was varied. The shape of the 

collected TPD spectrum could then be analysed, allowing the transition between 

first order peak shape and zero order peak shape to be the indication that 

multilayers had formed. The peak area of the monolayer could then be used to 

calibrate any experimental TPD peak of the [C8C1Im][BF4], detected from the 
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m/z = 195 amu channel, to find the initial IL coverage of the sample. Discussion 

of this calibration, showing the variation in TPD peak shape, can be found in 

more detail in appendix 8.3. All experiments on [C8C1Im][BF4] were completed 

within 4 months of the IL monolayer calibration, meaning that aging of the 

electron multiplier within the mass spectrometer detector, among other factors 

affecting detection efficiency, can be assumed to be negligible.  

 As previously mentioned the IL films studied here were no thicker than 

30 layers of the ion pair, so TPD spectra of just the IL film were collected to 

ensure that the behaviour of these thin films was comparable to that of bulk films 

(such as those discussed in refs. [7, 20]), as well as ensuring that the IL itself did 

not produce TPD peaks which could be mistaken for CO2. Figure 5.1 shows the 

TPD spectrum for a surface consisting of 21.6 ± 2.2 layers. Leading edge 

analysis, described in section 2.4, can be used to determine the activation energy 

of desorption for an experimental data set, as shown in fig. 5.2. By comparison 

with eq 2.52, a plot of ln(desorption rate) vs. reciprocal temperature was used to 

find the activation energy of desorption from the gradient of the line of best fit 

in fig. 5.2 and the pre-exponential factor from the y-axis intercept. For this 21.6 

± 2.2 layer [C8C1Im][BF4] surface Edes was found to be 130 ± 2 kJ mol−1, and A 
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Figure 5.1: Experimental TPD data, detecting the cation parent ion (m/z = 195 amu), for a 

[C8C1Im][BF4] layer with an initial thickness of 21.6 ± 2.2 layers (black dots) with a zero 

order theoretical desorption peak for comparison (red line). The theoretical peak has been 

calculated using the parameters Edes = 130 kJ mol−1 and A = 3.3×1014 s−1, found from leading 

edge analysis. Experimental data was collected with a heating rate of 0.5 K s−1. 
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was calculated to be 3×1014 ± 1 s−1. The experimentally determined Edes is close 

to the literature value of 137 ± 3 kJ mol−1 [7], suggesting a thin IL layer behaves 

in a similar fashion to a bulk layer, which has been seen for other ILs [21]. The 

mismatch between the literature and experimental value for Edes is caused by 

having a much smaller dataset over which to perform leading edge analysis in 

this experiment, due to the much smaller quantity of IL on the surface.  

The plot in fig. 5.1 also contains a theoretical zero order desorption 

profile, calculated using the Polanyi–Wigner equation [22] (eq 2.51, see section 

2.4 for definition of terms). The parameters used in this theoretical curve are 

based on those determined from the fit in fig. 5.2, with n = 0, Edes = 130 kJ mol−1, 

pre-exponential factor, A = 3.3×1014 s−1 and heating rate of 0.5 K s−1. The 

agreement between the theory and experiment is generally good, especially for 

lower temperatures before the IL layer depletes. Once the IL film gets to the 

final layer or two the experimental and theoretical curves begin to differ. This is 

due to factors such as possible surface patchiness [7] and interactions between 

the IL and the substrate stabilising the final layer of IL, with respect to the bulk, 

hence altering the desorption properties from zero order to first order. 

Figure 5.2: A plot showing the graph of ln(desorption rate) vs. reciprocal temperature used in 

leading edge analysis for the 21.6 ± 2.2 layer [C8C1Im][BF4] sample. Blue markers represent 

experimental data with the red line showing a linear fit giving Edes = 130 ± 2 kJ mol−1. The 

error bars come from the error in the experimental data points, which is a constant value, but 

due to the logarithmic scale the noise can be seen to have a smaller effect on the data points 

with a larger signal. Fitting was performed in the temperature range 430 to 458 K. 
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Desorption of the IL was primarily monitored through analysis of the 195 amu 

mass fragment, as this is due to the molecular ion peak, with the 96 amu 

fragment being used to double-check that the IL was behaving as expected, since 

both fragments originate from the imidazolium cation. 

The zero-order desorption of the IL was reproduced by the 96 amu 

fragment at the same temperature (≈ 450 K), as can be seen in appendix 8.4. An 

unexpected peak was also observed at lower temperatures (desorption occurs 

from 300 K), believed to be due to a decomposition product within the IL 

evaporator vial. Formation of contaminants has been observed previously 

through heating under vacuum, including HF, from hydrolysis of fluorinated 

anions by trace water [23], 1-alkyl-3-methylimidazolium-2-triflouroborates, 

through reaction of the tetrafluoroborate anion with the C2 position on the 

imidazolium ring [24], and other unidentified products [25]. Presence of these 

is the reason for the use of a liquid nitrogen cooled collimator in the chamber 

setup (see section 3.2.3). Figure 5.3 shows the ratio of the contaminant peak area 

to the [C1C1Im]+ peak area (ratio = peak area desorbing at 300 K ÷ peak area 

desorbing at 450 K) as a function of IL evaporator uses. It can be seen that there 

are increases in the amount of contaminant present with number of uses (which 

has an approximate relation to time spent at an elevated temperature under 

vacuum). The increase in ratio is much steeper when the IL is running out, shown 

by the red line, with a clear decrease in ratio of contaminant to IL area when 

more IL was added to the vial (shown by the steep drop at index = 0). After 

replenishing the IL the ratio of contaminant to IL increases slowly with number 

of uses of the IL evaporator, which could be due to a larger reduction of IL with 

time than contaminant, resulting in a net contaminant concentration increase. 

Unfortunately the identity of the contaminant is unknown. The mass to charge 

ratio m/z = 20 amu (HF) was tracked during the experiment but no peak was 

seen, suggesting the contaminant had a different identity, possibly as that 

described in ref. [24] (1-octyl-3-methylimidazolium-2-triflouroborate). It is not 

likely that the contaminant is 1-octyl-3-methylimidazolium-2-triflouroborate, as 

this is seen to desorb at higher temperatures than the corresponding 1-alkyl-3-

methylimidazolium tetrafluoroborate IL (otherwise distillation of the IL would 

not be possible), whereas here the contaminant is seen to desorb before the IL in 

the experimental TPD data. It would only be possible for the contaminant to be 
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1-octyl-3-methylimidazolium-2-triflouroborate if it were heavily destabilised 

within the [C8C1Im][BF4], however this is thought to be unlikely due to the 

similarity of the molecules and the number of possible interactions.  

Experimental data used within this study correspond to indices 1–22, which have 

an approximately constant ratio of contaminant, so if CO2 is stabilised by the 

contaminant we would expect it to stabilise the same proportion of CO2 in each 

experiment, meaning any variations in CO2 capture must be due to the IL. The 

presence of a contaminant is surprising given that XPS after chemical vapour 

deposition did not show any sign of a contaminant [6], though this could be due 

to the contaminant having a low surface concentration or having the same 

photoelectron binding energies as the IL. Furthermore there were no changes in 

the m/z = 44 amu TPD profile, which was to be used for monitoring CO2 

desorption, when a surface containing only IL was studied. 

 

5.3. Temperature programmed desorption of CO2 containing 

systems 

 As referred to in the experimental section (3.4.3) experiments were 

performed on a variety of CO2 containing systems. The bulk of this work looked 

at IL and CO2 coadsorption, that is exposing the gold substrate to the 

[C8C1Im][BF4] and the CO2 simultaneously, but various layered systems were 

Figure 5.3: This plot shows how the ratio of the peak areas of the contaminant with m/z = 

96 amu to the [C1C1Im]+ cation (tracked by 96 amu) changes with number of uses of the IL 

evaporator (blue dots). The red and green lines are to guide the eye for the sections before 

and after the IL had been replenished in the evaporator respectively. Index = 0 represents the 

first experiment after topping up the IL vial. 
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also studied. The proceeding sections present and discuss at the results obtained 

from these various systems.  

 

5.3.1.  Desorption of CO2 from a gold substrate 

 The gold substrate used in these studies was a Au(111) crystal, however 

neither the IL–Au(111) or CO2–Au(111) interaction were the focus of these 

studies. Consequently the gold surface was not cleaned to regenerate the 

Au(111) crystal structure, through anneal and argon ion bombardment cycles. 

The gold–CO2 and CO2–CO2 interaction (multilayer formation) have been 

discussed elsewhere, finding that physisorption of CO2 on polycrystalline gold 

surfaces occurs at 77 K [26] with CO2 multilayers also forming at 77 K [27]. In 

the work discussed here the gold surface was prepared only by annealing to 

583 K, to ensure all the remnants of the previous surface had desorbed, a 

procedure similar to that discussed in ref. [26]. Figure 5.1 shows that 583 K is a 

suitable annealing temperature as the IL layer has finished desorbing by about 

480 K, so any cracked or damaged fragments on the surface that are going to be 

able to desorb (i.e. are not chemisorbed to the surface) will have done so by 

583 K. 

 The preliminary experiments included adsorption of solely CO2 on the 

prepared gold crystal to see if there was a significant quantity of CO2 

physisorption on an 88 K surface, with results shown in fig. 5.4. The 

experimental data has had both a background subtraction and pressure 

subtraction applied to it, as discussed in detail within ref. [28], but summarised 

here. Figure 5.4a shows the data after background subtraction only, removing 

the base m/z = 44 amu signal, which originates from background gases in the 

vacuum system. The background is successfully modelled by a linear fit, 

however due to experimental noise the subtraction is responsible for making 

some of the data points negative. The pressure subtraction allows the removal 

of peaks from the TPD spectrum which are due to reflections of gas molecules 

from the analysis area into the detector. This subtraction is very important for 

the experimental setup discussed here since the sample manipulator has various 

components made from different materials, which all achieve different 

minimum temperatures (due to the manipulator design). The pressure 
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subtraction allows the removal of spurious signals which are due to CO2 

desorbing from those other areas (such as the liquid nitrogen reservoir or the 

filaments used to heat the sample), reflecting off the analysis region of the  

surface and contributing to the experimental signal. Practically this involves 

subtracting the pressure signal, multiplied by a constant (constant ≈ 

2.0×1010 CPS mbar−1), from the experimental signal. The constant used varies 

slightly (by ≈ 0.2×1010 CPS mbar−1) between data sets as an m/z = 44 amu peak 

at higher temperatures, due to CO2 desorbing off of colder parts of the 

manipulator, is used to find the constant. Figure 5.4b shows the effect of 

performing a pressure subtraction on the experimental data. 

 Looking at the experimental data itself the importance of applying a 

pressure subtraction can be seen in fig. 5.4a. After application of only a 

background subtraction the data gives a peak area for m/z = 44 amu of 19000 ± 

Figure 5.4: Experimental TPD data (heating rate of 0.67 K s−1) for a surface prepared from 

a 10 minute dose of CO2 at a pressure of 5×10−7 mbar on a gold surface at 88 K with (a) a 

background subtraction applied and (b) background and pressure subtractions applied. 

Markers show experimental data points, dashed lines show the ‘zero line’ and dotted lines 

are to smoothing splines to guide the eye. Peak area before pressure subtraction is 19000 ± 

6000 counts and 2000 ± 4000 counts after pressure subtraction. 

a 

b 
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6000 counts, suggesting that CO2 is stabilised on the gold surface. This result 

was unexpected since the literature [26] shows adsorption of CO2 at 77 K, which 

is a lower temperature than could be achieved with the experimental setup and 

CO2 pressures discussed here. The experimental chamber pressure is shown as 

a solid green line in fig. 5.4a and behaves as expected for the initial stages of a 

TPD experiment. The pressure initially jumps from its base pressure as the TPD 

experiment begins and the filaments turn on, desorbing any material adsorbed 

on them (mainly CO2 which was leaked into the chamber). Since the heater is 

operated in constant power mode the filaments remain on and the surrounding 

parts of the manipulator also heat up (gold sample included), promoting 

desorption of CO2. As all the CO2 desorbs from the surroundings and is pumped 

away the chamber pressure decays towards the base pressure. The chamber 

pressure is dominated by desorption of species which do not originate from the 

sample surface, so the approximation is made that the pressure subtraction does 

not remove signal which is due to species in the analysis region of the sample. 

Once the pressure subtraction has been performed, fig. 5.4b, the peak area for 

the m/z = 44 amu signal is given to be 2000 ± 4000 counts, indicating that no 

CO2 is stabilised on the bare gold substrate, as originally expected. This 

demonstrates a standard method for removal of reflected signals from the TPD 

data, allowing detection of species that are adsorbed to the surface. These 

subtraction methods can be applied to the IL–CO2 studies to ensure that only 

TPD peaks due to CO2 interacting with the IL remain in the spectra. 

 The fact that CO2 could not be stabilised on the gold substrate meant that 

a maximum activation energy of desorption could be estimated for the CO2 on a 

gold substrate. As discussed in the experimental section (3.2.1) experiments 

incorporated a 20 minute wait between the end of surface preparation and the 

beginning of the TPD. During this time any CO2 that may have been adsorbed 

must have desorbed from the surface, as no CO2 TPD peak is observed, so the 

maximum residence time for the CO2 on the gold is 1200 s. The lowest 

temperature, from all the CO2 experiments, achieved by the gold sample was 

88 K. Upon using the equation for surface residence time, eq 2.55 (see section 

2.5 for definition of terms) with a typical value of 𝜏0 = 10−13 s, the maximum 

activation energy for desorption for CO2 on gold can be found to be ≈ 

27 kJ mol−1. This value can be used as a reference for discussions involving the 
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Edes, CO2 within ILs. Literature values for the enthalpy of sublimation for pure 

CO2 at 100 K give the value for ΔsubH100 = 26.8 kJ mol−1 (this value is within 

error of both studies) [29, 30], which is comparable to the Edes found from the 

stay time calculation. 

 The inability to form a monolayer or multilayers of CO2 on the gold 

substrate means that a monolayer calibration, like the one discussed for the IL 

in section 5.2, could not be performed. In order to perform a quantitative analysis 

of the CO2 signal a calibration had to be completed. Since the experimental 

signal will vary depending on the experimental setup (emission current, 

multiplier voltage and chamber geometries) the calibration is only valid for the 

setup discussed here. The calibration involved monitoring the m/z = 44 amu 

signal as a function of CO2 pressure, with details presented in appendix 8.5. The 

calibration allows the experimentally determined signal (in CPS) to be converted 

to a pressure of CO2. It is shown that for the experimental setup discussed here 

𝑃𝐶𝑂2 = (3.45 ± 0.04) × 10−11 × ∆(𝑆44)  Equation 5.1 

where, PCO2
 is the pressure of CO2 (mbar), ∆(𝑆44) is the change in mass 

spectrometer signal, from the baseline, for m/z = 44.0 amu channel (CPS) and 

the constant has units of mbar CPS−1. This means that peak areas for desorption 

profiles, experimentally given in counts, can be converted to CO2 coverages, 

expressed in mbar s. This will give a quantity of CO2 which has been captured 

by the IL which is analogous to an exposure, but for the captured CO2. 

 

5.3.2. Desorption of CO2 from within [C8C1Im][BF4] 

Section 3.4.3 details the coadsorption experiments performed on the gold 

substrate, for which the cooled gold surface was exposed to CO2 and 

[C8C1Im][BF4] simultaneously. Experimental data has been corrected to account 

for the flux of CO2 reflected off of the sample into the mass spectrometer with 

pressure and background subtractions [28], as described in section 5.3.1. Figure 

5.5 shows data for coadsorptions using a constant CO2 pressure of 1×10−6 mbar 

but varying dose lengths, so therefore varying quantities of [C8C1Im][BF4]. It 

can be observed that CO2 desorption profiles, despite being reasonably noisy, 

are detected in the range 90 to 160 K. As fig. 5.4b shows that without the IL no 

CO2 desorption peak is observed, the presence of the IL [C8C1Im][BF4] allows 
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stabilisation of the carbon dioxide by 70 K. Furthermore it can be seen that the 

longer coadsorption times, meaning larger quantities of IL, have larger CO2 

desorption peaks. This suggests that the CO2 is stabilised within the ‘bulk’ IL 

rather than only at the gold–IL or IL–vacuum interfaces, which would have 

resulted in the same quantity of CO2 captured irrespective of dose length. 

The peak areas for the experimental data shown in fig. 5.5 have been 

converted to CO2 coverages, using eq 5.1 and are shown in table 5.1, along with 

the other CO2 and [C8C1Im][BF4] coadsorption results. Data is expressed in 

‘×10−6 mbar s’ or ‘metric langmuirs’ as an approximation to the langmuir unit, 

which is 1×10−6 Torr s, and is often taken to be roughly equal to a monolayer of 

material [22]. As mentioned previously all data has had pressure and background 

subtractions applied to them before integration of the TPD signal to obtain a 

result representing the quantity of CO2 stabilised within the [C8C1Im][BF4], 

negating the effects of reflected CO2 peaks. The relationship, observed in fig. 

5.5, between the increased quantity of CO2 stabilised for greater amounts of IL 

on the surface, for a given dose pressure of CO2, can be seen to hold for most of 

the experimental data in table 5.1. Exceptions occur for the shorter coadsorption 

Figure 5.5: Experimental data for [C8C1Im][BF4] and CO2 coadsorptions on gold at ≈ 90 K 

using a constant CO2 pressure of 1×10−6 mbar. Open red circles represent the 20 minute 

coadsorption, purple squares the 10 minute coadsorption, open blue triangles the 5 minute 

coadsorption and green circles the 2 minute coadsorption. Coloured lines are smoothing 

splines through the experimental data to guide the eye through the shapes of the TPD 

profiles. The black dashed line shows the ‘zero line’ with points lying below it due to the 

background subtraction. The heating rate for TPD was approximately 0.67 K s−1. 



Chapter 5: Stabilisation of carbon dioxide within the ionic liquid 1-octyl-3-

methylimidazolium tetrafluoroborate 

150 

 

times due to smaller quantities of CO2 being stabilised, making the results more 

susceptible to the effects of random fluctuations in the m/z = 44 amu baseline, 

detected by the mass spectrometer (which is the main contribution to the noise 

in the detected signal). Plots of the experimental data for the [C8C1Im][BF4]–

CO2 coadsorptions at other pressures can be found in appendix 8.6. 

The data within table 5.1 also shows that, when looking at fixed 

quantities of [C8C1Im][BF4], e.g. the ‘20 minute’ column, the higher the pressure 

CO2 Dose 

Pressure 

Coadsorption 

Dose Length 
20 minutes 10 minutes 5 minutes 2 minutes 

2×10−8 mbar 

Initial IL 

coverage, θIL 
— 10.8 ± 1.1 — — 

CO2 peak area 

(counts) 
— 7500 ± 2000 — — 

CO2 coverage 

(10−6 mbar s) 
— 0.26 ± 0.07 — — 

5×10−8 mbar 

Initial IL 

coverage, θIL 
22.2 ± 2.2 12.0 ± 1.2 4.7 ± 0.5 2.2 ± 0.2 

CO2 peak area 

(counts) 
22000 ± 2500 20000 ± 5000 9100 ± 1500 6900 ± 1200 

CO2 coverage 

(10−6 mbar s) 
0.76 ± 0.22 0.70 ± 0.17 0.31 ± 0.05 0.24 ± 0.04 

1×10−7 mbar 

Initial IL 

coverage, θIL 
25.4 ± 2.5 12.8 ± 1.3 5.9 ± 0.6 3.0 ± 0.3 

CO2 peak area 

(counts) 
28000 ± 2500 30000 ± 1000 12000 ± 2000 12000 ± 5000 

CO2 coverage 

(10−6 mbar s) 
0.97 ± 0.25 1.05 ± 0.13 0.42 ± 0.07 0.42 ± 0.17 

2×10−7 mbar 

Initial IL 

coverage, θIL 
27.4 ± 2.7 — — — 

CO2 peak area 

(counts) 
42000 ± 3000 — — — 

CO2 coverage 

(10−6 mbar s) 
1.46 ± 0.10 — — — 

5×10−7 mbar 

Initial IL 

coverage, θIL 
19.5 ± 2.0 11.3 ± 1.1 5.0 ± 0.5 2.1 ± 0.2 

CO2 peak area 

(counts) 
45000 ± 1500 31000 ± 2500 21000 ± 2500 10000 ± 2000 

CO2 coverage 

(10−6 mbar s) 
1.57 ± 0.20 1.08 ± 0.11 0.73 ± 0.09 0.35 ± 0.07 

1×10−6 mbar 

Initial IL 

coverage, θIL 
23.1 ± 2.3 11.7 ± 1.2 5.4 ± 0.5 2.1 ± 0.2 

CO2 peak area 

(counts) 
72000 ± 1500 50000 ± 4000 25000 ± 1000 6400 ± 3000 

CO2 coverage 

(10−6 mbar s) 
2.49 ± 0.23 1.71 ± 0.14 0.87 ± 0.03 0.22 ± 0.10 

2×10−6 mbar 

Initial IL 

coverage, θIL 
21.7 ± 2.2 — — — 

CO2 peak area 

(counts) 
86000 ± 2000 — — — 

CO2 coverage 

(10−6 mbar s) 
2.97 ± 0.07 — — — 

 

Table 5.1: A table of all the collected experimental data for [C8C1Im][BF4] coadsorptions, 

with errors. White rows show the IL coverage from time integrated TPD peaks divided by the 

IL monolayer coverage, light grey rows show experimentally measured CO2 peak areas after 

pressure and background subtractions have been applied and dark grey rows show the peak 

areas converted to CO2 coverages within the IL. 
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of CO2 used during the coadsorption the greater the quantity of CO2 captured. 

This is not an entirely surprising result as it is well known that the surface 

coverage of a gas on the surface is related to the pressure of the gas itself, as can 

be described by an adsorption isotherm. Increasing the surface coverage of CO2 

will increase the number of CO2–IL interactions and would be expected to 

increase the amount of CO2 stabilised within the IL. The experimental data is 

represented graphically for the variation in amount of CO2 stabilised within a 

[C8C1Im][BF4] layer, with applied CO2 pressure, in appendix 8.6. Due to the use 

of vacuum apparatus in the discussed experimental setup there was an upper 

limit on the pressure of CO2 that could be used during experiments. From section 

1.1.2 the partial pressure of CO2 in the atmosphere was approximated to be 

0.4 mbar [31], which would have been too high a pressure to study within the 

setup used. Issues were present for the CO2 pressure of 2×10−6 mbar, which 

caused a large quantity of background reflection from the sample, making 

analysis of that particular dataset difficult. Complications arose as the reflection 

peak, due to multilayers of CO2 forming on colder parts of the sample 

manipulator and desorbing as it heated up, occurred at a temperature which 

overlapped with the TPD peak of CO2 from the [C8C1Im][BF4]. This made 

specifying a background region difficult and was the reason only one 

coadsorption experiment was performed using 2×10−6 mbar of CO2.  

It can be seen from table 5.1 that each surface studied had a slightly 

different IL coverage, θIL (units of IL layers), seen in the white rows of the table, 

even though the coadsorption times were the same. Since it has been seen that 

the quantity of IL affects the amount of CO2, ACO2
, captured by the surface (fig. 

5.5), strictly the peak areas in table 5.1 cannot be compared directly to one 

another. To compensate for the effect of the variable IL coverage on the total 

quantity of CO2 stabilised, the average amount of CO2 stabilised per IL layer 

can be calculated. The data for the average CO2 quantity per layer of 

[C8C1Im][BF4] (10−6 mbar s layer−1) is shown as a series of constant coverage 

curves in fig. 5.6, where the lines are solely to guide the eye and do not represent 

fits to an isotherm model. There are only 3 data points plotted for the 2 minute 

coadsorption data due to the erroneous 2 min., 1×10−6 mbar data point (obtained 

peak area for CO2 captured was far too low), which has been discounted from 
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the plot. Figure 5.6 shows that as the pressure of CO2 used during coadsorption 

is increased, the quantity of CO2 stabilised per IL layer also increases. It is 

already widely accepted that increasing the pressure of CO2 above the IL will 

increase the concentration of CO2 within the IL (so will increase the amount of 

CO2 per IL layer), as this is simply Henry’s law. The surprising result is that 

there is a variation in the average amount of CO2 stabilised per IL layer for 

different coadsorption timescales. This suggests that the CO2 capture efficiency 

is not constant throughout the experiment, moreover the results in fig. 5.6 show 

that CO2 capture is most efficient for shorter coadsorption timescales. Since the 

CO2 adsorption properties should not be time dependent, they must instead be 

dependent upon the thickness of the IL layer that is on the surface. The results 

indicate that there is a larger amount of CO2 per layer of [C8C1Im][BF4] for the 

thinner IL layers (shorter coadsorption times) than in the thicker layers. This is 

a result which is also observed in the [C8C1Im][Tf2N]–CO2 coadsorptions, and 

will be discussed in more detail in the next chapter, see section 6.3.2. 

It can be seen that the quantity of CO2 stabilised within the IL depends 

on both the quantity of IL dosed and the pressure of CO2 used during dosing. 

Considering the results in table 5.1, a correction can be applied to allow 
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Figure 5.6: These constant coverage curves show the variation in the amount of CO2 

stabilised per layer of [C8C1Im][BF4] as the dosing pressure of CO2 is varied. It can be seen 

that the pressure of CO2 used during dosing affects the quantity of CO2 stabilised within the 

IL, with CO2 capture more efficient for shorter coadsorption times. Lines are used solely to 

guide the eye for the 2 min (thick dashed), 5 min (thin dashed), 10 min (thick solid) and 20 

min (thin solid) data sets. 
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comparison of experimental datasets which have the same CO2 exposure as each 

other during sample preparation (exposure = dose pressure × dose time). Since 

the actual IL and CO2 coverages were roughly grouped corresponding to their 

coadsorption timescales, corrections have been applied to the data such that the 

20 minute datasets have been corrected to 20 IL layers, 10 minute data has been 

corrected to 10 IL layers and so on (which assumes an IL deposition rate of 1 IL 

layer per minute). This correction is achieved through dividing the CO2 peak  

area by the experimental IL coverage, to get the amount of CO2 stabilised per IL 

layer, then multiplying this by the ‘desired IL coverage’ (a 20 minute 

coadsorption has a desired IL coverage of 20 layers). The corrected data are 

shown in table 5.2, which can now have coverages for equivalent CO2 exposures 

compared directly. Comparison of CO2 peak areas for the 5×10−7 mbar, 20 

minute coadsorption data ((1.61 ± 0.20)×10−6 mbar s) and the 1×10−6 mbar, 10 

minute coadsorption data ((1.46 ± 0.12)×10−6 mbar s) shows that there is a 

CO2 Dose 

Pressure 

Coadsorption 

Dose Length 
20 minutes 10 minutes 5 minutes 2 minutes 

2×10−8 mbar 

CO2 peak 

area (counts) 
- 7000 ± 1900 - - 

CO2 coverage 

(10−6 mbar s) 
- 0.24 ± 0.06 - - 

5×10−8 mbar 

CO2 peak 

area (counts) 
19900 ± 2300 16900 ± 4200 9700 ± 1600 6400 ± 1100 

CO2 coverage 

(10−6 mbar s) 
0.69 ± 0.20 0.58 ± 0.14 0.33 ± 0.05 0.22 ± 0.04 

1×10−7 mbar 

CO2 peak 

area (counts) 
22200 ± 2000 23800 ± 800 10300 ± 1700 8200 ± 3400 

CO2 coverage 

(10−6 mbar s) 
0.76 ± 0.20 0.82 ± 0.10 0.36 ± 0.06 0.28 ± 0.12 

2×10−7 mbar 

CO2 peak 

area (counts) 
31000 ± 2200 - - - 

CO2 coverage 

(10−6 mbar s) 
1.07 ± 0.20 - - - 

5×10−7 mbar 

CO2 peak 

area (counts) 
46600 ± 1500 27600 ± 2200 21400 ± 2500 9800 ± 2000 

CO2 coverage 

(10−6 mbar s) 
1.61 ± 0.20 0.95 ± 0.10 0.74 ± 0.09 0.34 ± 0.07 

1×10−6 mbar 

CO2 peak 

area (counts) 
62400 ± 1300 42400 ± 3400 23300 ± 900 6200 ± 2900 

CO2 coverage 

(10−6 mbar s) 
2.15 ± 0.20 1.46 ± 0.12 0.80 ± 0.03 0.21 ± 0.10 

2×10−6 mbar 

CO2 peak 

area (counts) 
79200 ± 1800 - - - 

CO2 coverage 

(10−6 mbar s) 
2.73 ± 0.20 - - - 

 

Table 5.2: A table showing the amount of CO2, ACO2
, stabilised during [C8C1Im][BF4] 

coadsorptions, with errors, after IL coverage correction has been applied (see text for details). 

Light grey rows show CO2 peak areas in experimental units, after pressure and background 

subtractions have been applied and dark grey rows show the peak areas converted to CO2 

coverage within the IL. Since these data are corrected for IL coverage, experiments with the 

same exposures of CO2 can be directly compared. 
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greater amount of CO2 stabilised within the 20 minute dose, despite the use of a 

lower dose pressure. This is reflected in the rest of the data in table 5.2, where 

the exposures are the same (5×10−8 mbar, 20 min. coad.; 5×10−7 mbar, 2 min. 

coad. and 5×10−8 mbar, 10 min. coad.; 1×10−7 mbar, 5 min. coad. to name a 

few). These comparisons for experiments with the same exposures are shown 

and discussed in appendix 8.10. Of the eight comparisons that can be made, 

where exposures are the same for the [C8C1Im][BF4]–CO2 system, in  six of the 

cases the surface with more layers of IL has stabilised the greater quantity of 

CO2. This indicates that not all CO2 sites are equal, with some sites requiring 

larger dose pressures to access. One can speculate that these sites may involve 

small clusters of CO2 near the IL molecule, although further experimentation 

and computational modelling may be able to clarify the situation further. This 

result also indicates that having a larger quantity of IL, and lower CO2 pressure, 

will stabilise more CO2 than having a higher pressure of CO2, but smaller 

quantity of IL, which is consistent with the idea that an IL layer of given 

thickness will eventually saturate. 

 

5.3.3. CO2 adsorption within layered [C8C1Im][BF4] systems 

Since the experiments discussed have been performed under high 

vacuum conditions, a cooled (≈ 90 K) sample has had to be used in order to 

maximise the residence time of CO2 on the sample surface, enhancing the 

probability of the CO2 being captured by the IL. As the experiments performed 

were coadsorptions, where the [C8C1Im][BF4] and CO2 were dosed onto the 

substrate simultaneously, the IL was also dosed onto a cooled surface. Since the 

surface temperature was below the glass transition temperature for 

[C8C1Im][BF4] (Tg = 189.7 K [32]), it was postulated that this would result in a 

porous IL network being formed. The conceptual analogy of water precipitation 

can be used for the ion pairs, which arrive individually and are expected to stick 

where they land, like snow, rather than forming a densely packed IL glass, like 

an ice sheet. Section 3.4.3 describes the layered systems studied here, providing 

more description of the solidified IL morphologies. 

Experiments were performed in which layers of [C8C1Im][BF4] were 

prepared as the IL ‘snow’ and IL glass, before being exposed to CO2 at a pressure 
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of 5×10−7 mbar for 10 minutes. As discussed the IL ‘snow’ is formed by dosing 

the IL onto a surface with a temperature of ≈ 90 K (which is below that of the 

ILs glass transition temperature), whereas an IL glass is formed by dosing the 

IL onto a room temperature surface as a liquid (since Tsurf ≥ Tg, IL), then cooling 

the sample below Tg, IL to ≈ 90 K. Such experiments allow the nature of the CO2–

IL interaction to be probed further. The pressure and background subtracted  

results of these experiments are shown as the open green triangles (CO2 on IL 

‘snow’) and filled blue circles (CO2 on IL glass) in figure 5.7. It can be seen that 

there does not appear to be any stabilisation of CO2 on the IL glass, as the data 

is scattered about the ‘zero line’ which is also confirmed by the peak area (3000 

± 2000 counts). There does, however, appear to be a small quantity of CO2 being 

stabilised in the ≈ 90 to 120 K temperature range for the CO2 dosed onto the 

[C8C1Im][BF4] ‘snow’, although it is only just discernible (peak area of 7000 ± 

3000 counts). The idea that CO2 is stabilised within the IL ‘snow’ is supported 

by a comparison of the 10 minute coadsorption with PCO2
 = 5×10−7 mbar (pink 

open circles) and the 10 minute coadsorption (PCO2
 = 5×10−7 mbar) on top of 5 

minutes of [C8C1Im][BF4] ‘snow’ (filled grey squares). It is not surprising that 

Figure 5.7: A comparison between layered and coadsorbed (coad.) [C8C1Im][BF4]–CO2 surfaces 

after a pressure and background subtraction has been applied. In all cases CO2 was dosed for 10 

minutes at a pressure of 5×10−7 mbar, with data shown for CO2; on 10 minutes of IL glass (filled 

blue circles), on 10 minutes of IL ‘snow’ (green triangles), coadsorbed (10 min.) on top of a 5 

minute IL ‘snow’ (solid grey squares) and coadsorbed (10 min.) on gold (pink circles). Lines are 

smoothing splines used to guide the eye through the noise in the data. The dashed black line 

represents the ‘zero line’. The heating rate during TPD was 0.67 K s−1. 
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these plots are similar as they both involve a 10 minute coadsorption with the 

same CO2 pressure, however a difference is observed in the ≈ 90 to 120 K 

region. The data for the coadsorption on top of the IL ‘snow’ appears to show 

that more CO2 is stabilised within the IL for the ≈ 90 to 120 K temperature range. 

It is possible that this discrepancy could be due to experimental errors, such as 

fluctuations in the 44 amu baseline, although this is the temperature region in 

which CO2 was observed to be stabilised within the IL ‘snow’ layer. It is possible 

that some CO2 is stabilised within the 5 minute (≈ 5 IL layers) IL ‘snow’ in 

addition to the CO2 stabilised within the 10 minute coadsorption on top of this 

‘snow’ layer, leading to an enhanced CO2 signal observed in this temperature 

range, relative to the 10 minute coadsorption only data. This further supports the 

claim that the CO2 peak seen for the desorption experiment from the IL ‘snow’ 

is real, despite the data being quite noisy.  

This result suggests that the CO2 can become stabilised through 

interactions which occur with the surface of the [C8C1Im][BF4] ‘snow’, but is 

not stabilised by the surface of the IL glass. Since the IL ‘snow’ is believed to 

hit the cold surface and stick instantly where it lands, in the orientation it arrives 

in, it is expected that the surface of the [C8C1Im][BF4] ‘snow’ will have regions 

which are non-polar (aliphatic chain of the cation) and some which are more 

ionic (imidazolium head group and anion). The surface structure for the 

[C8C1Im][BF4] glass is expected to consist of aliphatic chains, as the structure 

of the surface should be the same as that of the IL liquid film before it was frozen 

[9]. (There is an ongoing debate in the literature, see review [33], over the exact 

surface structure of imidazolium based ILs, however current opinion favours the 

idea that the aliphatic chains protrude from the bulk film and into the vacuum 

[34]). TPD experiments have been performed at temperatures from 50 K 

showing that the activation energy for desorption of CO2 on octadecanethiol 

self-assembled monolayers, which also have a surface layer of alkane chains, is 

17.2 ± 2 kJ mol−1 [35]. This suggests that CO2 would not stick to an aliphatic 

surface at the temperatures used in this study (Tsurf ≈ 90 K, which gives Edes ≈ 

27 kJ mol−1), and supports the idea that the IL glass surface is made of aliphatic 

chains, whereas the surface of the [C8C1Im][BF4] ‘snow’ is not made purely of 

aliphatic chains. For the data represented by green triangles in fig. 5.7 the CO2 

was dosed on top of an IL ‘snow’ layer, so the CO2 molecules are only 
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interacting with the surface region of the IL ‘snow’. It is expected that the 

surface sites are less stable than bulk sites, due to the CO2 being in a less co-

ordinated site than it would be in the bulk. This is reflected in the experimental 

TPD peak in fig. 5.7 for the CO2 dosed on [C8C1Im][BF4] ‘snow’, with 

desorption occurring at lower temperatures (only ≈ 90 to 120 K, green triangles) 

rather than over the same temperature range as the TPD peak observed in the 

CO2 and [C8C1Im][BF4] coadsorption (≈ 90 to 160 K, grey squares). 

 

5.3.4. Comparison of experimental CO2 signal to the Polanyi–

Wigner equation 

 Following the discussion about the existence of different types of 

binding site for CO2 within the [C8C1Im][BF4] ‘snow’ (section 5.3.3), it is clear 

that the TPD peaks observed in the coadsorption experiments are not due to a 

single CO2 binding site. This means that CO2 molecules exist in different 

environments within the IL, so the experimentally measured TPD peak is due to 

the sum of TPD peaks of CO2 from the different binding sites. Each of these 

binding sites could have different activation energies of desorption, Edes, 

meaning that the experimental data in this study can be characterised by a range 

of Edes, CO2 values. In order to evaluate this range of activation energies for CO2 

within the IL the experimental data must be fitted with theoretical peaks given 

by the Polanyi–Wigner equation [22] (eq 2.51, see section 2.4 for definition of 

terms), similar to the fitting that was performed with the [C8C1Im][BF4] peak in 

section 5.2. Unlike the fitting of [C8C1Im][BF4] there is not a known TPD peak 

area for 1 layer of CO2 as there was with the IL coverage, due to the CO2 not 

forming multilayers on the gold surface, making it impossible to determine the 

experimental signal for the desorption of a monolayer. The implication is that a 

desorption rate, in terms of layers per second, could not be determined meaning 

that finding the initial state population in layers of CO2 was not possible. This 

meant that a relative scale has been used, where the most populated CO2 state 

was assigned a relative population of one. 

 Theoretical TPD peaks for CO2 desorption from within a [C8C1Im][BF4] 

network were generated as a sum of TPD peaks from a series of theoretical CO2 

adsorption sites, weighted by their relative populations. All the theoretical CO2 
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TPD peaks were assumed to be first order (n = 1), used a pre-exponential factor 

of A = 1013 s−1, which is typical for small molecules [21], and a heating rate 

similar to the one used during CO2 desorption, which was ≈ 0.67 K s−1. 

Theoretical CO2 states were evenly spaced in activation energy of desorption 

from 26 kJ mol−1 upwards, in arbitrarily chosen steps of 1.5 kJ mol−1. The fact 

that a monolayer coverage could not be calculated for CO2 meant that the 

desorption rate could not be calibrated, so the assumption of A = 1013 s−1 had to 

be made. The pre-exponential factor, A, and the activation energy of desorption 

are not independent variables, with a change in A by an order of magnitude 

affecting Edes by 2 kJ mol−1 (had A been chosen as 1014 s−1 the lowest fitted 

Edes, CO2 would have been 24 kJ mol−1). Since the assumption made about A has 

an effect on the absolute values of Edes, conclusions can only really be drawn on 

the relative values of Edes, which is the same as the relative stabilisation of the 

CO2 molecules. 

The experimental data for the 10 minute [C8C1Im][BF4] and CO2 

coadsorption using a CO2 pressure of 1×10−6 mbar, pink line in fig. 5.8a 

expressed in terms of pressure, has been fitted by a sum of individual CO2 states 

(blue lines) which have the relative populations shown in fig. 5.8b. The sum of 

theoretical states is shown as the black line in fig. 5.8a, and can be seen to match 

the shape of the experimental data reasonably well. It can be seen that an 

individual CO2 state is much narrower than the experimentally observed 

desorption peak, meaning that it was not possible to fit the data with just a single 

CO2 state. The CO2 signal and relative populations have been expressed in terms 

of a pressure/exposure using eq 5.1 allowing a comparison to be made between 

the original dose (600×10−6 mbar s) and the stabilised quantity of CO2 ((1.71 

± 0.14)×10−6 mbar s, table 5.1). About 0.3% of the CO2 exposed to the 

10 minute, 1×10−6 mbar coadsorption was captured, although the purpose of the 

experimental setup described here was not to capture CO2 effectively, but probe 

the IL–CO2 interaction. Capture efficiency may have been affected by the fact 

that experiments were performed at low temperature and low pressure meaning 

that the probability of a CO2 molecule being in the correct place when an IL 

molecule is in the correct conformation is reduced relative to high temperature 

and pressure studies. This will be discussed further in chapter 6. As discussed 

previously correlating the experimental values to a desorption rate was not 
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possible, so the axes in fig. 5.8a have been scaled manually to obtain the best 

looking fit. This scaling does not affect the fit itself, or the values obtained from 

the fit provided, if the conversion between relative population and CO2 state 

population is performed correctly. The simulated CO2 state population (right 

hand axis on fig. 5.8b) was calculated by dividing the total quantity of CO2 

stabilised (in mbar s) by the sum of the relative populations, before multiplying 

by the individual relative populations to give the amount of mbar s stabilised 

within each state. It is important to stress that it can only be deduced that there 

is a distribution of CO2 states within the IL, with an inability to elucidate the 

exact nature of the binding site from these experiments. It is not possible to infer 

the orientation of the CO2 molecules, relative to the IL molecules, or the 

structure of the IL network, from the results collected here. Further 

experimentation would be required in conjunction with some form of 

computational modelling to calculate the interaction energy of CO2 in different 

orientations around the [C8C1Im][BF4] molecules. 

 Despite the simulated CO2 adsorption sites not being directly related to 

any real conformations of CO2 within the IL, information can still be extracted 

from the fitting. Studies found that CO2 adsorbed on octadecanethiol self-

assembled monolayers had an Edes = 17.2 ± 2 kJ mol−1 [35], which has already 

been discussed as being lower than the minimum activation energy that can be 
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Figure 5.8: An example of the fitting performed to the TPD spectra, using the 10 minute 

coadsorption for which PCO2 = 1×10−6 mbar, to find the distribution and population of theoretical 

CO2 adsorption sites within the [C8C1Im][BF4]. The plot in (a) shows the experimental data 

(heating rate = 0.67 K s−1), converted to a pressure (pink line), after it has been fitted to a sum of 

theoretical states (black line). The individual CO2 states used in the fitting are also shown (blue). 

The relative populations of the theoretical CO2 states, found from the fitting are shown in (b), 

which has also been converted to a population using the CO2 peak area. 
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probed in this study. For coadsorptions at low temperature the IL sticks where it 

lands on the surface, in the conformation it arrived in, meaning statistically there 

will be a wide variety of adsorption sites for CO2. The CO2 molecule itself has 

a quadrupole which would be able to interact strongly with other quadrupoles, 

dipoles or formal charges. It is postulated that sites where CO2 has a large 

interaction with a non-polar domain, such as the aliphatic cation tail, will have 

lower activation energies of desorption, as there are only weak dispersion 

interactions available for bonding. It is thought that as the degree of ‘aliphatic 

nature’ of the pore decreases, the activation energy of desorption increases, due 

to the greater number of interactions with the ionic regions of the IL molecule. 

This argument suggests that the CO2 is most tightly bound by the ionic regions 

of the IL, the imidazolium head group and the anion, as these are the sites which 

have the highest activation energies of desorption. This theory is in agreement 

with the literature which states that the nature of the anion is more important, 

when considering the interactions with CO2, than the structure of the cation, for 

imidazolium based ILs [1, 5, 11].  

Fitting of the experimental TPD profiles with the sum of theoretical 

states shows that the typical activation energy of desorption range for CO2 

Figure 5.9: Plots showing how the population of CO2 states with different Edes vary as the 

pressure of CO2 used during coadsorption with [C8C1Im][BF4] is varied. Data shown here is for 

coadsorptions with 10 minutes of IL, where state populations have been calculated from the 

relative populations found by fitting the TPD peak (heating rate = 0.67 K s−1) with a sum of 

hypothetical CO2 adsorption sites, as described in the text. 
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desorption from [C8C1Im][BF4] is Edes = 26 to 43 kJ mol−1 (table 5.3), 

representing a stabilisation of at least 17 kJ mol−1 (the term ‘at least’ is used in 

case the CO2 binds to the surface at a temperature just below the minimum 

temperature obtained here, giving it an Edes just below 26 kJ mol−1). It can be 

seen from fig. 5.8 that the population distribution of CO2 within [C8C1Im][BF4] 

is not uniform, with a greater number of CO2 molecules having Edes = 32 to 

39.5 kJ mol−1 than have Edes = 26 to 32 kJ mol−1. This is confirmed by the 

average activation energy of desorption, Edes, ave for the 10 minute 1×10−6 mbar 

data being 33.3 kJ mol−1 (table 5.3 shows averages for all coadsorption data). 

The variation in CO2 site populations for each experiment in the 10 minute 

[C8C1Im][BF4]–CO2 coadsorptions can be compared, as shown in fig. 5.9. 

Looking at the 1×10−7, 5×10−7 and 1×10−6 mbar population distributions, in fig. 

5.9, higher CO2 populations are observed for the more stable adsorption sites. A 

trend can also be seen that as the CO2 pressure used during dosing is increased, 

a higher proportion of the CO2 is stabilised within the sites with lower Edes, 

suggesting that some of these sites may require higher CO2 pressures to access. 

The data for lower CO2 dose pressures (2×10−8 and 5×10−8 mbar) does not seem 

to follow the trends discussed, with population distributions that are more 

uniform. This is also reflected in the low pressure data for different coadsorption 

timescales (see figures in appendix 8.7 for population distribution graphs for the 

20 minute, 5 minute and 2 minute coadsorption data). It would be expected that 

the more stable CO2 sites become populated first, at all pressures, as statistically 

these are the hardest to escape from once a CO2 molecule has been captured (see 

residence time equation, eq 2.55). The fact that this trend is not always observed 

may suggest something about the capture process for the CO2 molecules by the 

IL, which will be discussed further in chapter 6.  

Table 5.3 shows the parameters obtained from fitting the experimental 

TPD peaks with a sum of hypothetical CO2 adsorption sites. From this it can be 

confirmed that the typical range of activation energies of desorption for CO2 

from [C8C1Im][BF4] is Edes = 26 to 43 kJ mol−1. The average activation energy 

of desorption, Edes, ave, is calculated by taking a weighted average of the data, 

that is 

𝐸𝑑𝑒𝑠,⁡𝑎𝑣𝑒 =
∑ 𝐸𝑑𝑒𝑠,⁡𝑖×𝑖 ⁡𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒⁡𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛𝑖

𝑡𝑜𝑡𝑎𝑙⁡𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒⁡𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛
     Equation 5.2 
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This results in a value which gives an idea of what the population distribution 

looks like, with larger values representing a higher population in the more 

stabilised states and a lower value representing a larger proportion of CO2 

molecules in the less stabilised adsorption sites. If the CO2 population were 

uniformly distributed across all the adsorption sites over the range 26 to 

42.5 kJ mol−1 the calculation for Edes, ave would yield 34.3 kJ mol−1. It should be 

noted that the weighted average is sensitive to the Edes range, so care must be 

taken when drawing conclusions from data with different Edes ranges. The data 

in table 5.3 doesn't really show any clear trends in the Edes, ave values, which 

could be a result of the experimental noise but may be an indication that there is 

no real trend in the data. This could be a result of the way in which the surface 

CO2 Dose 

Pressure 

Coadsorption 

Dose Length 

20 minutes 

(20 layers) 

10 minutes 

(10 layers) 

5 minutes 

(5 IL layers) 

2 minutes  

(2 IL layers) 

2×10−8 mbar 

Edes range 

(kJ mol−1) 
— 26.0 – 38.0 — — 

Average Edes 

(kJ mol−1) 
— 29.7 — — 

5×10−8 mbar 

Edes range 

(kJ mol−1) 
26.0 – 41.0 26.0 – 44.0 26.0 – 39.5 26.0 – 39.5 

Average Edes 

(kJ mol−1) 
33.3 34.9 33.1 33.7 

1×10−7 mbar 

Edes range 

(kJ mol−1) 
26.0 – 42.5 26.0 – 42.5 26.0 – 41.0 29.0 – 41.0 

Average Edes 

(kJ mol−1) 
33.4 35.1 33.0 34.5 

2×10−7 mbar 

Edes range 

(kJ mol−1) 
26.0 – 42.5 — — — 

Average Edes 

(kJ mol−1) 
33.4 — — — 

5×10−7 mbar 

Edes range 

(kJ mol−1) 
26.0 – 41.0 26.0 – 41.0 26.0 – 44.0 26.0 – 38.0 

Average Edes 

(kJ mol−1) 
34.0 34.1 34.4 32.5 

1×10−6 mbar 

Edes range 

(kJ mol−1) 
26.0 – 41.0 26.0 – 39.5 26.0 – 39.5 26.0 – 39.5 

Average Edes 

(kJ mol−1) 
34.2 33.3 33.8 31.6 

2×10−6 mbar 

Edes range 

(kJ mol−1) 
26.0 – 41.0 — — — 

Average Edes 

(kJ mol−1) 
33.0 — — — 

 

Table 5.3: Table showing the parameters collected from performing fitting of the 

experimental TPD peaks with the hypothetical CO2 adsorption sites within the 

[C8C1Im][BF4]. The average activation energy of desorption has been calculated from a 

weighted sum, as described in the text. As the TPD fitting is judged by the human eye it is 

difficult to estimate errors for these values, however errors due to noise in the experimental 

data will be proportionally larger for the lower IL coverages and CO2 pressures. Column 

headings give an approximate guide to the [C8C1Im][BF4] layer thickness used in each case, 

but each surface has slight variation in IL coverage (as seen in table 5.1). 
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is prepared, where the lack of a trend may indicate that the CO2 capture 

mechanism could be random (see section 6.3.2). Speculative conclusions could 

be drawn which suggest that the low pressure data has Edes, ave values that are 

larger than 34.3 kJ mol−1, suggesting that the CO2 fills the high binding sites 

preferentially, as seen in fig. 5.9 (ignoring the 2×10−8 mbar data). For the higher 

pressures the Edes, ave values tend to fall to approximately the value of 

34.3 kJ mol−1, which could suggest all the sites fill up more uniformly at higher 

pressures. Further conclusions cannot be drawn from comparisons of the Edes, ave 

values due to the differences in Edes ranges for the adsorption sites in the 

experiments. 
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Chapter 6 

 

Stabilisation of carbon dioxide within the ionic liquid 1-octyl-3-

methylimidazolium bis(trifluoromethylsulfonyl)imide  
 

6.1. Introduction 

 In chapter 5 it was seen that carbon dioxide could be captured within the 

ionic liquid 1-octyl-3-methylimidazolium tetrafluoroborate over an activation 

energy of desorption range of 26 to 43 kJ mol−1. Since the CO2 was not seen to 

form multilayers on the gold substrate, these results represented a stabilisation 

of the CO2 within the [C8C1Im][BF4] of up to 17 kJ mol−1. The true stabilisation 

could be greater than this if it is found that the Edes for the CO2 on the gold was 

actually a value smaller than 26 kJ mol−1 (but isn’t able to be measured by the 

setup here). As discussed the [C8C1Im][BF4] had been well studied within the 

research group at Nottingham, largely contributing to the decision to study its 

interaction with CO2. Within the field of ionic liquids, ILs containing the anion 

bis(trifluoromethylsulfonyl)imide ([Tf2N]−) have been considered as some of 

the most hopeful options for carbon capture and storage devices, with large 

quantities of research into such ILs [1-6]. To allow comparisons to be drawn 

with this previous work and provide insights into future work it was decided that 

the interaction of carbon dioxide with the ionic liquid 1-octyl-3-

methylimidazolium bis(trifluoromethylsulfonyl)imide ([C8C1Im][Tf2N]) would 

be studied using temperature programmed desorption. 

It is widely regarded that for ILs with a given cation the [Tf2N]− 

containing IL has a much higher CO2 solubility than the [BF4]
− containing 

analogue [2, 5, 7, 8]. This has been attributed to the increased degree of 

fluorination (quantity of fluorine atoms on anion) of the [Tf2N]− anion relative 

to the [BF4]
− anion, rather than anion induced free volume differences. A 

molecular dynamics study looking at CO2 solubility within [C2C1Im][Tf2N] and 

[C2C1Im][BF4] found that the cavity size distributions within these two ILs were 

very similar, indicating no major difference due to changing the anion [9]. 

Increased fluorination of the anion has been seen to increase the volume of polar 

domains within the IL which can interact with the quadrupole on the CO2 

molecule [10, 11]. Further experiments to investigate the effect of anion 
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fluorination on ILs used phosphate anions with varying length fluoroalkyl chains 

attached, which were seen to yield higher CO2 solubilities than the [Tf2N]− 

containing ILs [8, 12]. It should be noted that, in the cases discussed, as the anion 

changes both the volume of the fluorinated domains and the free volume of the 

IL change. It is therefore possible that some of the solubility increase is due to 

the ability of CO2 to slip into space generated due to the extra motion of the 

longer fluoroalkyl chains [12], observed as an increased free volume in the IL 

structure, rather than increase in volume of fluorinated domains. This increase 

in the number of degrees of freedom of alkyl tails, and hence free volume created 

within the IL structure, with chain length, is believed to be the cause of the slight 

CO2 solubility variations that occur when the imidazolium cation is varied [7]. 

Studies also showed that, despite the anion often being the major contributing 

factor to CO2 solubility [2, 3], fluorination of the alkyl chain on the imidazolium 

has been seen to increase CO2 solubility significantly. The Henry’s constants 

(which are inversely proportional to solubility) for [C8C1Im][Tf2N] and its 

fluorinated cation analogue [C8F13C1Im][Tf2N] are 30 ± 1 bar and 4.5 ± 1 bar 

respectively [13]. The fluorinated cation makes the IL nearly seven times better 

at dissolving CO2, however an undesirable increase in viscosity of the IL is 

observed when the cation is fluorinated, limiting the rate of CO2 uptake and the 

ability to easily transport the IL, if used as an industrial processes. There are, 

however, studies where the degree of fluorination of the anion has been 

increased, but the CO2 solubility has not [14]. This could have been due to the 

change in the anion structure from an imide to a sulfonate, suggesting there are 

multiple factors, not just the degree of fluorination, in determining CO2 

solubility within ILs. 

The strength of the anion–cation interaction has also been cited as a 

factor in determining the ability of a given IL to dissolve CO2, with the observed 

trend being that a weaker anion–cation interaction leads to a larger solubility of 

CO2. This is related to the idea that for ions which are less attracted to each other 

the energy penalty for squeezing CO2 between the ions, by increasing the ionic 

separation, is reduced [4, 9]. This would predict a larger solubility for CO2 in 

[C8C1Im][Tf2N] than in [C8C1Im][BF4], if comparisons are drawn from the 1-

ethyl-3-methylimidazolium analogues, where a stronger anion–cation 

interaction was calculated in [C2C1Im][Tf2N] relative to [C2C1Im][BF4] [9]. The 
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experimentally determined values of the Henry’s constants of CO2, at 

approximately 300 K, for the two [C8C1Im]+ containing ILs are 54 ± 3 bar for 

[C8C1Im][BF4] [15] (an older reference has a value of 15 ± 0.1 bar for this IL 

[16], although they say that they see the correct trend in solubility but not the 

correct values) and 30 ± 1 bar for [C8C1Im][Tf2N] [13]. For these Henry’s 

constants (in units of pressure) the solubility of the gas is inversely proportional 

to the constant, which appears to support the inverse correlation of ion 

interaction and CO2 solubility. Further to the effects of anion–cation interaction 

strength, calculations of the binding energy between the anions studied here 

([Tf2N]− and [BF4]
−) and the CO2 molecule were performed in ref. [4]. These 

quantum calculations gave values of −15.79 kJ mol−1 for the interaction between 

CO2 and [Tf2N]− and −21.55 kJ mol−1 for the CO2–[BF4]
− interaction (negative 

interactions are defined as attractive and stable). This, when compared to the 

Henry’s constants from the literature, suggests that the solubility and stability of 

a gas within a given IL are not always related (results in refs. [2, 10] suggest that 

they are) despite the observation of increased solubility with interaction strength 

for some solute–IL combinations. 

When considering the interaction between a CO2 molecule and an IL 

molecule, chemical calculations from theoretical methods can be a vital tool in 

understanding the nature of the interaction. Care, however, should be taken 

when considering theoretical results as the experimental results obtained from 

bulk systems may not match up with single molecule calculations. One such 

example can be seen in ref. [4], where quantum calculations have predicted that 

the interaction between [C2C1Im][Tf2N] ion pair and CO2 occurs primarily 

through the carbon of CO2 interacting with the oxygen on the anion, with the 

oxygen of the CO2 also interacting with a hydrogen from the methyl group on 

the cation. Given the previous discussion, finding that the degree of fluorination 

is one of the key factors in determining the CO2 solubility, it might be expected 

that the CO2 interacts with the fluorine on the anion. Other calculations on the 

interaction between imidazolium cations and carbon dioxide also suggest that 

the most likely interaction between the CO2 and the cation will involve the 

aromatic ring of the cation [17]. Molecular dynamics simulations using a model 

in which 90 ion pairs ([C4C1Im][[PF6]) and 10 CO2 molecules have been 

performed [3]. The resulting radial distribution functions could be used to 
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conclude that the CO2 aligned itself tangentially to the [PF6]
− anion to maximise 

the favourable interactions with the fluorine atoms. Despite the anion in the 

quantum calculation from ref. [4] being different, it might still be expected that 

the CO2 would become most stabilised by aligning itself near the fluorinated 

parts of the [Tf2N]−. Such an alignment would maximise the opportunity for 

Lewis acid–base interactions to occur between the CO2 and the fluorine atoms 

[14], with the carbon on the CO2 acting as the Lewis acid and the fluorine on the 

anion acting as the Lewis base (which is a different suggestion to ref. [14], which 

claims the Lewis acid–base interaction will be between the O in CO2 and the F 

in the anion). It can be seen that the theoretical models agree that the CO2 will 

interact most favourably with the anion, but exactly how is still not certain. It is 

likely that the observed differences in the quantum calculation and the molecular 

dynamics simulation are due to the presence of neighbouring molecules, which 

modify the potential felt by the CO2 molecule such that the most stable binding 

site within a bulk IL domain is no longer the same as for the CO2–ion pair 

interaction. To some extent this type of information could be gained from TPD 

studies by looking at the CO2 interaction strength as a function of the IL layer 

thickness, as the IL layer goes from a ‘2D’ monolayer to a more bulk-like 

structure for increased thicknesses.  

 

6.2. Temperature programmed desorption of [C8C1Im][Tf2N] 

The reader is referred to the previous chapters (sections 2.4, 2.5 and 3.2) 

for a detailed description of the theoretical principles of temperature 

programmed desorption (TPD) and the experimental conditions used in this 

study. Studies of the desorption of bulk [C8C1Im][Tf2N] have been performed 

within the research group, in much the same way as described for [C8C1Im][BF4] 

in chapter 5. To recap, the ILs were coated onto a silver dipstick by an immersion 

method, before withdrawing the dipstick from the IL to leave a bulk IL layer on 

the surface. The dipstick could then be heated in a linear fashion whilst the 

signals from the ion fragments of interest for the IL were monitored by line of 

sight mass spectrometry. From the desorption curve the activation energy of 

desorption, Edes, was obtained, which allowed further calculation of 

thermodynamic parameters. The values for the energies of desorption for bulk 
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[C8C1Im][Tf2N] films were found to be Edes = 131 ± 2 kJ mol−1 and ΔvapH298 = 

149 ± 2 kJ mol−1 [18]. The [C8C1Im][Tf2N] films discussed in this work have 

thicknesses no larger than 20 layers of ion pairs, compared to the millions of 

layers of ion pairs in a bulk film (assuming a film has thickness 1 mm and an 

ion pair layer has thickness 10 Å the bulk layer is 106 IL layers thick). As a result 

there may well be deviations for the experimentally measured activation 

energies of desorption here, from the literature values, as surface effects such as 

clustering and interactions with the gold substrate have a more significant effect 

on the desorption. 

Studies of the desorption of [C8C1Im][Tf2N] from the gold substrate 

alone were performed prior to the studies of IL coadsorption with CO2, which 

allowed the quantity of [C8C1Im][Tf2N] dosed to be converted from 

experimental counts to a surface coverage in terms of IL layers. The 

experimental signal for the [C8C1Im][Tf2N] was recorded by monitoring the m/z 

= 195 and 83 amu mass fragments, which are due to the ions [C8C1Im]+ 

(molecular cation) and [HC1Im]+ (fragmentation loss of the eight membered 

alkyl chain, C8H16), respectively [19]. By collecting TPD spectra for different 

initial coverages (controlled by varying the length of time that the gold sample 

was exposed to the IL vapour) the transition between first order desorption and 

zero order desorption could be determined, allowing a monolayer coverage to 

be obtained. The monolayer calibration for [C8C1Im][Tf2N] is described in detail 

in appendix 8.8. These desorption studies of the IL on its own also allowed 

confirmation that the IL does not generate mass fragments that could be 

mistaken for CO2 in later coadsorption experiments (meaning that the 

[C8C1Im][Tf2N] does not generate an increase in the m/z = 44 amu fragment 

during desorption). Figure 6.1 shows an example of a [C8C1Im][Tf2N] 

desorption profile for an initial IL coverage of 15.6 ± 1.6 layers, obtained from 

the experiments performed within this study. The experimental signal has been 

divided by the monolayer coverage to give a signal of desorption rate in 

layers s−1, rather than in terms of mass spectrometer counts, which allows a 

direct comparison to be made with the theoretical desorption rate as predicted 

by the Polanyi–Wigner equation [20] (eq 2.51, see section 2.4). The theoretical 

model in fig. 6.1 has been fitted using the parameters found from the leading 

edge analysis, θ = 15.6, n = 0, Edes = 133 kJ mol−1, pre-exponential factor, A = 
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1.1×1016 s−1 and heating rate of 0.5 K s−1. The experimentally measured 

exponential leading edge can be seen to be well matched by the theoretical 

model, until around 420 K, at which point the theoretical model continues to 

increase exponentially, whilst the experimental signal starts to drop off 

gradually. The exact cause for the deviation of the experimental signal from the 

theoretical model is not known, as the deviation is influenced by a number of 

factors. These include possible surface patchiness [18] and substrate–IL 

interactions causing first order desorption for the final layer of IL, as described 

in chapter 5 for the case of [C8C1Im][BF4] desorption. The activation energy of 

desorption and pre-exponential factor for [C8C1Im][Tf2N] were found by 

performing leading edge analysis, utilising eq 2.52 (see section 2.4 for 

description). The plot of ln(desorption rate) vs. reciprocal temperature is shown 

in fig. 6.2, giving a straight line with gradient = −Edes/R and intercept = ln(A) for 

the desorption. The experimentally measured activation energy of desorption 

calculated from this leading edge analysis was found to be 133 ± 3 kJ mol−1 with 

a pre-exponential factor of A = 1.1×1016±1 s−1. The activation energy of 

desorption is seen to be in good agreement with the literature value (131 ± 

2 kJ mol−1), despite the large difference in initial coverage [18].  
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Figure 6.1: Experimental TPD spectrum (heating rate of 0.5 K s−1) for a 15.6 ± 1.6 layer 

thick [C8C1Im][Tf2N] film, as detected by the m/z = 195 amu fragment (black dots), 

compared to a theoretical zero order desorption curve (red line) as modelled by the Polanyi–

Wigner equation using the parameters Edes = 133 kJ mol−1 and A = 1.1×1016 s−1, found from 

the leading edge analysis. 
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As mentioned previously the [C8C1Im][Tf2N] signal was monitored by 

following the intensity of the m/z = 195 and 83 amu fragments. The reason for 

tracking the 83 amu fragment rather than the 96 amu fragment (which was 

tracked in [C8C1Im][BF4]) is a consequence of the signal intensity of the 83 amu 

peak being larger than the 96 amu peak. This result is also observed in the 

literature for the fragmentation of [C8C1Im][BF4] and [C8C1Im][Tf2N] ILs 

within a quadrupole mass spectrometer [19]. It should be noted that the smaller 

peak at lower temperature observed in the 96 amu signal for [C8C1Im][BF4] 

(discussed in fig. 5.3 and appendix 8.4) was not observed during desorption of 

[C8C1Im][Tf2N]. This result suggests that the contaminant peak in 

[C8C1Im][BF4] is not induced by thermal decomposition of the cation, but 

instead is due to either a contaminant in the synthesised IL or a reaction induced 

by the presence of the [BF4]
− anion. The experimental TPD spectra do not show 

any desorption peaks for the contaminant HF (m/z = 20 amu), which has been 

seen to be produced in some fluorine containing ILs [21]. 

 

Figure 6.2: Leading edge analysis performed on the experimental data (blue dots) for 

desorption of [C8C1Im][Tf2N] from a film 15.6 ± 1.6 layers thick. Error bars represent the 

noise in the experimental signal, and are included to show how this is accentuated by taking 

the natural logarithm of the data. The linear fit has been applied over the temperature range 

386 to 422 K. The values calculated from the gradient and intercept of the line of best fit are 

Edes = 133 ± 3 kJ mol−1 and A = 1.1×1016±1 s−1, respectively. 
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6.3. Temperature programmed desorption of CO2 containing 

systems 

Once the [C8C1Im][Tf2N] had been observed to behave as expected, with 

respect to its evaporation and desorption, studies of [C8C1Im][Tf2N]–CO2 

systems were performed. Section 5.3.1 has discussed the fact that when the CO2 

was dosed onto the cooled gold substrate (88 K) no CO2 desorption peak was 

observed, after pressure and background subtractions had been applied [22]. 

This meant that the maximum activation energy for desorption that the CO2 

could have from the gold surface would be ≈ 27 kJ mol−1, if the CO2 had 

desorbed just below the minimum temperature that could be achieved 

experimentally by the gold substrate. The experimental details regarding surface 

formation can be found in section 3.4.3, with the discussion of the results 

obtained from these surfaces occurring in the proceeding sections. 

 

6.3.1. Desorption of CO2 from within [C8C1Im][Tf2N] 

The experimental procedure associated with these results has been 

discussed in section 3.2 and the presented experimental data has been corrected 

to compensate for signal due to CO2 reflecting off of the sample into the mass 

spectrometer through application of pressure and background subtractions 

(discussed in section 5.3.1 and reference [22]). Experimental data for the 

surfaces formed from the coadsorption of [C8C1Im][Tf2N] and CO2, with a CO2 

pressure of 1×10−6 mbar, are shown in fig. 6.3. It can be seen that for all IL 

coverages shown (from 2 minutes, which is approximately 2 IL layers, up to 20 

minutes, approximately 20 IL layers) that experimental CO2 TPD peaks exist 

above the dashed zero line in fig. 6.3. This confirms that the CO2 must be 

stabilised within the [C8C1Im][Tf2N] under UHV conditions, as without the IL 

being present the CO2 was not seen to be stabilised on the gold substrate (fig. 

5.4). The data shows that as the quantity of IL is increased the CO2 desorption 

peak area increases, suggesting that the CO2 is being stabilised within the porous 

IL network, or ‘bulk’ IL, rather than just at the interfacial (IL–gold and IL–

vacuum) regions. For CO2 adsorbing into bulk IL sites, it is expected that having 
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larger quantities of IL will mean that more adsorption sites should exist, whereas 

there should be approximately the same quantity of interfacial adsorption sites 

for all layer thicknesses. (There will be a greater number of sites at the edges for 

a thicker layer, akin to a tower building having more windows than a house of 

the same floor area although this is negligible when the height is ≈ 200 Å but 

the floor area is ≈ 1 cm2). This type of result was also observed for the 

experiments with [C8C1Im][BF4] and CO2 (section 5.3.2.). Similar trends in the 

peak areas are observed for other CO2 dose pressures used during coadsorption, 

with a graphical representation of the data for these other pressures shown in 

appendix 8.9.  

The experimental peak areas, representing the quantity of CO2 stabilised 

within the [C8C1Im][Tf2N] under different experimental conditions (initial IL 

coverages and CO2 dose pressures) are shown in table 6.1. The peak areas are 

shown in both experimental counts (light grey rows) and in 10−6 mbar  s 

(equivalent to a ‘metric langmuir’, where 1 true langmuir equates to 10−6 Torr s 

and is a rough approximation to a monolayer of material [20], dark grey rows). 

The conversion to mbar s was performed by application of eq 5.1 (see section 

Figure 6.3: A comparison of the experimental data for the desorption of CO2 from within the 

coadsorbed [C8C1Im][Tf2N]–CO2 network for a CO2 dose pressure of 1×10−6 mbar with 

varying IL coverages. Experimental data points, after pressure and background subtractions 

have been applied, are shown by the markers whilst lines represent smoothing curves applied 

to the data to guide the eye. The dashed black line represents the ‘zero line’ for experimental 

signal. The heating rate during TPD was approximately 0.67 K s−1. 
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5.3.1 for details) to the experimentally measured peak areas. Studying the data 

in table 6.1 it can be observed that increasing the quantity of IL or increasing the 

CO2 dose pressure leads to a greater quantity of CO2 being captured within the 

IL, and hence a larger desorption peak area. Exceptions to this trend can be seen 

and are generally accompanied by either large errors in the peak area, which is 

a consequence of only being able to use low dose pressures of CO2 due to 

working under UHV (e.g. 10 minute, 1×10−7 mbar data), or experimental IL 

coverages which differed from those with the same coadsorption times (e.g. 10 

minute, 5×10−8 mbar data). Random fluctuations in the mass spectrometer signal 

have a more significant effect on the data which has either a low initial IL 

coverage or a low CO2 pressure, due to reduced signal intensities of these 

experiments leading to a lower signal to noise ratio. The ‘1×10−6 mbar’ row in 

table 6.1 represents the experimental peak areas for the data shown in fig. 6.3, 

where it can be seen that the peak areas confirm quantitatively what is seen by 

CO2 dose 

pressure 

Coadsorption 

dose length 
20 minutes 10 minutes 5 minutes 2 minutes 

5×10−8 mbar 

Initial IL 

coverage 
17.6 ± 1.8 17.0 ± 1.7 4.3 ± 0.4 2.2 ± 0.2 

CO2 peak 

area (counts) 
25000 ± 3000 35000 ± 9000 12000 ± 6000 11000 ± 3000 

CO2 coverage 

(10−6 mbar s) 
0.85 ± 0.10 1.20 ± 0.31 0.42 ± 0.19 0.39 ± 0.10 

1×10−7 mbar 

Initial IL 

coverage 
15.9 ± 1.6 12.0 ± 1.2 4.8 ± 0.5 2.1 ± 0.2 

CO2 peak 

area (counts) 
34000 ± 4000 38000 ± 13000 4000 ± 3000 6000 ± 5000 

CO2 coverage 

(10−6 mbar s) 
1.17 ± 0.15 1.32 ± 0.45 0.13 ± 0.10 0.20 ± 0.17 

2×10−7 mbar 

Initial IL 

coverage 
19.1 ± 1.9 9.5 ± 1.0 4.1 ± 0.4 1.7 ± 0.2 

CO2 peak 

area (counts) 
44000 ± 6000 22000 ± 7000 16000 ± 6000 6000 ± 4000 

CO2 coverage 

(10−6 mbar s) 
1.52 ± 0.21 0.77 ± 0.22 0.56 ± 0.21 0.21 ± 0.15 

5×10−7 mbar 

Initial IL 

coverage 
13.4 ± 1.3 11.0 ± 1.1 5.6 ± 0.6 1.8 ± 0.2 

CO2 peak 

area (counts) 
49000 ± 2000 39000 ± 6000 20000 ± 4000 15000 ± 3000 

CO2 coverage 

(10−6 mbar s) 
1.69 ± 0.07 1.34 ± 0.21 0.69 ± 0.15 0.53 ± 0.10 

1×10−6 mbar 

Initial IL 

coverage 
16.7 ± 1.7 8.4 ± 0.8 5.0 ± 0.5 1.8 ± 0.2 

CO2 peak 

area (counts) 
71000 ± 5000 60000 ± 10000 27000 ± 5000 12000 ± 3000 

CO2 coverage 

(10−6 mbar s) 
2.46 ± 0.17 2.05 ± 0.36 0.92 ± 0.17 0.53 ± 0.10 

 

Table 6.1: A table of all the collected experimental data for [C8C1Im][Tf2N]–CO2 

coadsorptions, with errors. White rows show the IL coverage from time integrated TPD peaks 

divided by the IL monolayer coverage, light grey rows show experimentally measured CO2 

peak areas after pressure and background subtractions have been applied and dark grey rows 

show the peak areas converted to CO2 coverages within the IL. 
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the trends in the graph qualitatively; that a larger initial IL coverage leads to a 

greater quantity of CO2 captured, for a fixed CO2 dose pressure.  

The fact that the initial IL coverage varies, even for surfaces with the 

same coadsorption timescales, makes direct comparison of peak areas difficult, 

as fig. 6.3 shows that the CO2 peak area is dependent upon initial IL coverage. 

This is a problem that can be solved by looking at either the average amount of 

CO2 stabilised per IL layer or by correcting the CO2 peak area to that of an ‘ideal 

IL coverage’ (i.e. 20 layers for a 20 minute coadsorption, 10 layers for a 10 

minute coadsorption and so on). These two methods are essentially the same, as 

the experimental CO2 peak area is divided by the IL coverage to give an average 

amount of CO2 per IL layer, but the latter method multiplies the average amount 

of CO2 stabilised per IL layer by the coadsorption time length. Figure 6.4 shows 

the experimental data for the amount of CO2 stabilised per IL layer as a function 

of CO2 pressure used during coadsorption, whilst table 6.2 shows the CO2 peak 

areas after correction assuming a [C8C1Im][Tf2N] dose rate of 1 IL layer min−1 

is observed. Figure 6.4 shows that thinner layers of IL appear to stabilise a 
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Figure 6.4: Experimental plots showing the variation in the average amount of CO2 stabilised 

per layer within the porous [C8C1Im][Tf2N] network as a function of the CO2 dose pressure 

used during coadsorption. The markers show experimental data points, whilst the lines serve 

only to guide the eye through the experimental data and do not represent fits to an isotherm 

model. Line and marker colours have been matched up (red line for red markers) and solid 

lines have been used for filled markers whilst dashed lines have been used for hollow markers. 

The error in the data points has been calculated from the error in the integrated peak areas for 

the CO2 desorption peaks. 
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greater quantity of CO2 per layer, which would not be expected as all IL layers 

should be equal, and is discussed more in section 6.3.2.  

Consideration of the corrected values in table 6.2 makes it clearer to see 

the trends in the experimental CO2 peak areas than it was in table 6.1. The 

corrected data in table 6.2 confirms that the CO2 peak area increases with IL 

coverage, for a given dose pressure, and also that the amount of CO2 captured 

increases with CO2 dose pressure, for a fixed initial IL coverage. Table 6.2 also 

allows experiments with the same CO2 exposure (dose length × dose pressure) 

to be compared, which can allow determination of whether a larger quantity of 

IL or a larger pressure of CO2 is the more significant factor in CO2 capture. An 

example of this is the comparison of the amount of CO2 stabilised for the 1×10−7 

mbar, 20 minute ((1.47 ± 0.15)×10−6 mbar s) and the 2×10−7 mbar, 10 minute 

((0.81 ± 0.23)×10−6 mbar s) experiments. It can be seen that despite the exposure 

of the surface to the CO2 being the same (1.2×10−4 mbar s), a greater quantity of 

CO2 is captured in the case where the initial coverage of IL was larger. This 

comparison has been performed in detail in appendix 8.10, where it was found 

that of the twelve surfaces which had the same exposure to CO2, eleven of them 

have a larger quantity of CO2 stabilised when the initial [C8C1Im][Tf2N] 

CO2 dose 

pressure 

Coadsorption 

dose length 
20 minutes 10 minutes 5 minutes 2 minutes 

5×10−8 mbar 

CO2 peak 

area (counts) 
28000 ± 2800 21000 ± 5300 14000 ± 6500 10000 ± 2700 

CO2 coverage 

(10−6 mbar s) 
0.96 ± 0.10 0.71 ± 0.18 0.48 ± 0.22 0.35 ± 0.09 

1×10−7 mbar 

CO2 peak 

area (counts) 
43000 ± 4400 32000 ± 11000 4000 ± 2700 5400 ± 4300 

CO2 coverage 

(10−6 mbar s) 
1.47 ± 0.15 1.09 ± 0.37 0.14 ± 0.09 0.19 ± 0.15 

2×10−7 mbar 

CO2 peak 

area (counts) 
46000 ± 6300 24000 ± 6800 20000 ± 7300 7100 ± 4900 

CO2 coverage 

(10−6 mbar s) 
1.59 ± 0.22 0.81 ± 0.23 0.68 ± 0.25 0.24 ± 0.17 

5×10−7 mbar 

CO2 peak 

area (counts) 
73000 ± 3000 36000 ± 5500 18000 ± 3800 17000 ± 2800 

CO2 coverage 

(10−6 mbar s) 
2.51 ± 0.10 1.23 ± 0.19 0.61 ± 0.13 0.59 ± 0.09 

1×10−6 mbar 

CO2 peak 

area (counts) 
85000 ± 6000 71000 ± 12000 27000 ± 5100 14000 ± 2900 

CO2 coverage 

(10−6 mbar s) 
2.95 ± 0.21 2.46 ± 0.43 0.93 ± 0.17 0.47 ± 0.10 

 

Table 6.2: A table of all the experimental data for [C8C1Im][Tf2N]–CO2 coadsorptions, with 

errors, after IL coverage correction has been applied. Light grey rows show CO2 peak areas 

in experimental units, after pressure and background subtractions have been applied and dark 

grey rows show the peak areas converted to CO2 coverage within the IL. Since these data are 

corrected for IL coverage, experiments with the same exposures of CO2 can be directly 

compared. 
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coverage is larger. This is the same trend that was observed for the case of 

[C8C1Im][BF4] in section 5.3.2, which suggests that a greater quantity of carbon 

dioxide will be captured by these ILs if the IL is in large excess, rather than by 

increasing the CO2 pressure. 

The observation that quantity of IL is a more significant factor in CO2 

capture than CO2 pressure is consistent with the idea that an IL layer of any 

given thickness will eventually saturate, as discussed previously 5.3.2. It is also 

possible that having too high a pressure will result in CO2 reflection rather than 

CO2 adsorption or capture as the surface coverage of CO2 increases. A literature 

value for the enthalpy of sublimation for CO2 in the temperature range 70 to 

103 K is 27.2 kJ mol−1 [23]. This value is of the order of the maximum possible 

activation energy of desorption of CO2 from gold hypothesised in section 5.3.1. 

Considering this result along with the idea that within solid CO2 there are 

interactions from many neighbouring CO2 molecules, meaning that the Edes for 

an isolated CO2 molecule or pair will be lower, means CO2 will not be likely to 

form clusters on the surfaces studied here. This lack of CO2 cluster formation is 

supported by the experimental observation that CO2 was not seen to be stabilised 

on the cooled gold crystal. Increasing the CO2 pressure will mean that the CO2 

surface coverage increases, which means the probability of an incident CO2 

molecule hitting an adsorbed CO2 increases. Since the temperature is too high 

for CO2–CO2 interactions to be stable, such a collision results in reflection of 

the incident CO2, meaning it cannot be captured. By having a larger quantity of 

IL and a lower dose pressure the probability of an incident CO2 hitting a pre-

adsorbed CO2 is lower, hence increasing the efficiency of CO2 capture. 

 

6.3.2. Comparison of the quantity of CO2 captured within 

[C8C1Im][BF4] and [C8C1Im][Tf2N] 

It can be seen from fig. 6.4 that as the CO2 dose pressure used during 

coadsorption is increased, then the amount of CO2 captured is increased. This 

result matches Henry’s law which states that the concentration of gas dissolved 

within a solution is proportional the partial pressure of the gas above the 

solution, where in the case here, ‘solution’ refers to the frozen IL network. It can 

be noticed, from the lines that guide the eye through the experimental data, that 
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there is not a linear relationship between the average amount of CO2 stabilised 

per IL layer and the CO2 dose pressure. Instead there appears to be a trend 

towards saturation at higher CO2 pressures, where an increase in pressure will 

not generate an increase in amount of CO2 stabilised, leading to a plateau in the 

data. This result is consistent with that of a Langmuir isotherm, where adsorption 

will occur up to a monolayer of material, at which point the surface coverage 

reaches saturation and adsorption ceases (multilayers are not allowed to form 

within the Langmuir adsorption model) [24, 25]. An interesting trend in fig. 6.4 

can also be seen, with the average amount of CO2 stabilised per IL layer being 

smaller for thicker IL films. This is a result that was also observed for the 

stabilisation of CO2 within [C8C1Im][BF4] (section 5.3.2, fig. 5.6). This suggests 

that not all IL layers are equal, since dosing a greater quantity of IL results in 

less CO2 stabilised within each IL layer, on average. Considering the dosing 

mechanism used, where the IL is evaporated onto the cooled surface in a low 

pressure CO2 atmosphere, there is no reason why the CO2 atmosphere or IL 

vapour that is being dosed should change with time. What does change with time 

is the surface composition, as before dosing the surface does not have any IL on 

it, instead being a gold substrate, possibly with chemisorbed IL fragments on it. 

As dosing of the IL proceeds the gold surface becomes covered and the surface 

structure becomes that of the IL ‘snow’, which is assumed to be made of ion 

pairs in random orientations as they stick where they land in the conformations 

they arrive in. If it is assumed that these two types of surface, the gold with 

chemisorbed fragments and the IL ‘snow’, have different adsorption properties 

for the CO2, then the following rationalisation for the observed results can be 

made. Assuming that for a CO2 molecule on the gold with the carbonaceous 

cracked IL (containing charged or polar nitrogen groups) on its surface has a 

larger activation energy of desorption than for CO2 on the IL ‘snow’, then CO2 

adsorbed on the gold surface would have a longer residence time and hence be 

more likely to be captured by the IL upon dosing. Once a few IL layers had been 

dosed then the gold surface would no longer be visible and CO2 adsorption 

occurs on an IL ‘snow’ surface, which is composed of both charged ionic regions 

and alkyl tail regions. This would lead to an increased quantity of CO2 captured 

within the first few layers of IL that were dosed, before a constant capture rate, 

characteristic of CO2 on the IL ‘snow’, occurring for all subsequent IL layers. A 
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model of this form would explain the experimental observation in figs. 5.6 and 

6.4, that the average amount of CO2 captured per IL layer decreases as total IL 

coverage increases. 

A model based on these assumptions can be proposed, where the 

concentration (in mbar s per IL layer) of CO2 within the first two IL layers, [C1], 

is expected to be larger than the concentration (in mbar s per IL layer) of CO2 

within all subsequent IL layers, [C2], for a surface comprising of θIL layers of 

IL. This model is represented diagrammatically in fig. 6.5, showing the regions 

of the IL on the gold surface with different CO2 concentrations, with the amount 

of CO2 stabilised within a given region (in mbar s) being found from the multiple 

of the concentration and the layer thickness. By using fig. 6.5 the total amount 

of CO2 stabilised within the θIL layers of IL, for a given dose pressure, can be 

found to be: 

𝑇𝑜𝑡𝑎𝑙⁡𝐶𝑂2⁡𝑠𝑡𝑎𝑏𝑖𝑙𝑖𝑠𝑒𝑑⁡(𝑚𝑏𝑎𝑟⁡𝑠) = 2[𝐶1] + (𝜃𝐼𝐿 − 2)[𝐶2] Equation 6.1 

Assuming that [C2] = k×[C1], where k is a constant, then eq 6.1 becomes: 

𝑇𝑜𝑡𝑎𝑙⁡𝐶𝑂2⁡𝑠𝑡𝑎𝑏𝑖𝑙𝑖𝑠𝑒𝑑⁡(𝑚𝑏𝑎𝑟⁡𝑠) = [𝐶1](2 + 𝑘(𝜃𝐼𝐿 − 2)) Equation 6.2 

For an equation describing the amount of CO2 stabilised per IL layer, eq 6.2 can 

be divided by the IL coverage, θIL: 

𝐶𝑂2⁡𝑠𝑡𝑎𝑏𝑖𝑙𝑖𝑠𝑒𝑑⁡𝑝𝑒𝑟⁡𝐼𝐿⁡𝑙𝑎𝑦𝑒𝑟⁡(𝑚𝑏𝑎𝑟⁡𝑠) =
[𝐶1](2+𝑘(𝜃𝐼𝐿−2))

𝜃𝐼𝐿
 Equation 6.3 

Au(111) with carbonaceous layer 

[C1] CO2 per IL layer 

[C
2
] CO

2
 per IL layer 

2 IL layers 

(θIL − 2) 

IL layers 

Figure 6.5: A diagrammatic representation of the proposed surface composition using the 

simple model proposed in the text. It is proposed that there are [C1] mbar s of CO2 per IL 

layer stabilised within the first 2 IL layers and then [C2] mbar s of CO2 per IL layer for 

subsequent IL layers. θIL is the total IL coverage (number of IL layers). 
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 The average amount of CO2 stabilised per IL layer can be plotted as a 

function of the amount of IL dosed onto the surface, which will allow the 

experimental data to be fitted by the model in eq 6.3. This has been performed 

for the [C8C1Im][BF4]–CO2 coadsorption data (from table 5.1 in section 5.3.2) 

in fig. 6.6, where it can be seen from the least squares fits to the experimental 

data points that the average amount of CO2 stabilised per IL layer decreases as 

the IL coverage increases. A clear trend can also be seen in the best fit lines, 

Figure 6.6: Experimental data for the average amount of CO2 stabilised within a [C8C1Im][BF4] 

layer (see section 5.3.2 for data) as a function of IL layer thickness, for the different pressures 

studied. Experimental data points (not the IL coverage corrected values) are shown as markers 

with lines representing fits of the form given in eq 6.3. The data clearly shows that increasing 

the pressure of CO2 used during dosing increases the amount of CO2 stabilised per IL layer. 

CO2 

dose 

pressure 

(mbar) 

[C8C1Im][BF4] [C8C1Im][Tf2N] 

[C1] (10−6 

mbar s per 

IL layer) 

k 

[C2] (= k × 

[C1]) (10−6 

mbar s per 

IL layer) 

[C1] (10−6 

mbar s per 

IL layer) 

k 

[C2] (= k × 

[C1]) (10−6 

mbar s per 

IL layer) 

1×10−6 0.27 ± 0.03 0.38 ± 0.08 0.10 ± 0.02 0.24 ± 0.04 0.57 ± 0.13 0.14 ± 0.02 

5×10−7 0.20 ± 0.03 0.36 ± 0.09 0.07 ± 0.02 0.26 ± 0.04 0.38 ± 0.10 0.10 ± 0.02 

2×10−7 — — — 0.14 ± 0.06 0.53 ± 0.30 0.07 ± 0.03 

1×10−7 0.16 ± 0.04 0.27 ± 0.14 0.04 ± 0.02 0.12 ± 0.08 0.60 ± 0.51 0.07 ± 0.06 

5×10−8 0.12 ± 0.02 0.27 ± 0.11 0.03 ± 0.01 0.18 ± 0.07 0.20 ± 0.14 0.04 ± 0.01 

 

Table 6.3: A table of all the fitting parameters, from eq 6.3 for the two IL–CO2 systems studied 

here, as described in the main text. The fitting parameters correspond to the fits shown by the 

line in figs. 6.6 and 6.7. Errors in the [C1] and k values come direct from the least squares fitting 

whilst errors in [C2] have been calculated by multiplying the value of [C1] by the error in k. 
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showing that as the CO2 dose pressure used during coadsorption is increased, 

the average amount of CO2 stabilised per IL layer also increases, as is predicted 

by Henrys’ law. Similar fits, using the model in eq 6.3, have been applied to the 

experimental data points for [C8C1Im][Tf2N] coadsorptions, shown in fig. 6.7. 

The fits to the experimental data for [C8C1Im][Tf2N] do not form as nicely 

nested plots as is the case for [C8C1Im][BF4], but when looking at the larger IL 

coverages the same trend with CO2 pressure is observed, where having a higher 

pressure of CO2 used during coadsorption leads to a greater quantity of CO2 

stabilised per IL layer. In both cases the fitting used the errors in the CO2 peak 

areas in the weighting coefficients in the fits, meaning that points with larger 

errors are trusted less in the least squares fitting procedure. The fitting 

parameters for both IL–CO2 systems are shown in table 6.3, where it can be seen 

that all of the k values are less than one. This confirms that the amount of CO2 

stabilised in the layers closest to the gold surface is greater than the amount of 

CO2 captured by every other layer of IL.  

Considering the ‘[C8C1Im][BF4]’ column in table 6.3 it can be seen that 

the fitting parameters [C1] and [C2] are larger for higher CO2 dose pressures, as 

Figure 6.7: Experimental data for the average amount of CO2 stabilised within a 

[C8C1Im][Tf2N] layer as a function of IL layer thickness, for the different pressures studied. 

Experimental data points (not the IL coverage corrected values) are shown as markers with lines 

representing fits of the form given in eq 6.3. When looking at the fitted lines at higher IL 

coverages, it can be seen that increasing the pressure of CO2 used during dosing increases the 

amount of CO2 stabilised per IL layer. 
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expected from the trend observed in fig. 6.6 and Henry’s law. Focussing on the 

values of k for [C8C1Im][BF4] it appears that there is no real trend in the values, 

with maybe a slight increase in k with increasing pressure. The value k is the 

fraction of CO2 captured within the IL multilayers, relative to the first few IL 

layers, which appears to be constant and smaller than one, supporting the 

proposed model that CO2 capture is more efficient in the first few layers than in 

subsequent IL layers. Thinking about the physical significance of k, one can 

rationalise that k represents the change in capture efficiency of CO2 when the 

surface changes from ‘gold with a carbonaceous layer’ to that of an IL ‘snow’. 

This constant may be related to factors such as the sticking probability of CO2 

on each of the two surfaces, but should not vary with CO2 dose pressure as the 

pressure has no real influence on the gold or the frozen IL structure. It would be 

reasonable to assume that k will vary if either of the two surfaces (the ‘gold with 

carbonaceous material’ or the IL ‘snow’) were to change, as changing the 

surface will affect the CO2 capture efficiency on that surface. It can be seen from 

table 6.3 that the value range of 0.30 ≤ k ≤ 0.38 lies within the errors of all of 

the fitted k values for [C8C1Im][BF4].  

The data for CO2 captured within [C8C1Im][Tf2N] is also shown in table 

6.3, where it can again be seen that there is a general increase in the fitted [C1] 

and [C2] parameters as the CO2 pressure used during dosing is increased. The 

increase in [C2] is better behaved than the increase in [C1] with pressure, which 

is a consequence of the errors that occur in the experimental data, especially for 

the lower IL coverages. There is not a k range that is within the error bounds of 

all the fitted values for the case of [C8C1Im][Tf2N], as there was in the case of 

[C8C1Im][BF4]. It is suspected that this is due to the fitting being affected by 

either or both of the 2 minute dose data points for the pressures 5×10−8 mbar and 

1×10−6 mbar, which are at higher and lower y-positions than expected, 

respectively. Ignoring these two pressures it can be seen that the range 0.28 ≤ k 

≤ 0.48 lies within the errors of the other fitted k values for [C8C1Im][Tf2N], 

supporting that idea that k is a constant value and further supporting the proposed 

model. 

Comparing the k ranges for the two IL–CO2 systems we can see that the 

ranges are very similar, this is not surprising as the ILs are both very similar, so 

would be expected to have similar surface structures [26]. Taking the average of 
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the k ranges for the two ILs gives kave([C8C1Im][BF4]) = 0.34 and 

kave([C8C1Im][Tf2N]) = 0.38. As discussed earlier the k value is expected to 

change as either the ‘before dosing’ or ‘after dosing’ surfaces are changed, and 

here the IL is different, affecting the ‘after dosing’ surface. This data appears to 

suggest that the CO2 finds it easier to adsorb to the surface of [C8C1Im][Tf2N] 

(larger kave value) than to the surface of [C8C1Im][BF4]. This can be interpreted 

as being due to either the increased stay time of a given CO2 molecule on the 

[C8C1Im][Tf2N] surface or as a greater number of surface adsorption sites 

available in [C8C1Im][Tf2N], relative to the [C8C1Im][BF4]. The latter argument 

would be consistent with the fact that larger Henry’s constants are observed for 

[C8C1Im][Tf2N] than [C8C1Im][BF4] [13, 15]. This conclusion is a speculative 

one, since the k ranges observed are very similar, and are only so if some of the 

experimental data is ignored (lower pressures for [C8C1Im][Tf2N]). The fact, 

however, that the [C2] values, the amount of CO2 stabilised per bulk IL layer, 

are seen to be larger for the [C8C1Im][Tf2N] data than for the [C8C1Im][BF4] 

data, at all pressures, is in agreement with the Henry’s constants from literature, 

and is a much more robust argument than the one regarding the kave values. 

 

6.3.3. CO2 adsorption within layered [C8C1Im][Tf2N] systems 

So far CO2 adsorption, or a lack of, has been studied on the bare gold 

surface and within the IL [C8C1Im][Tf2N] as part of a coadsorbed system, in 

which the IL and CO2 are dosed onto the surface simultaneously. Experiments 

were also performed to see if CO2 would adsorb onto, and be captured within, 

the [C8C1Im][Tf2N] network for a layered dosing mechanism, similar to the 

experiments discussed in section 5.3.3 for [C8C1Im][BF4]. The minimum surface 

temperature achievable with the experimental setup discussed was ≈ 90 K, 

which is below the glass transition temperature for [C8C1Im][Tf2N] (Tg = 189 K 

[27, 28]). This enables IL surfaces to be formed as either an IL ‘snow’ 

(deposition of IL on a 90 K surface) or an IL glass (deposition of IL on a room 

temperature surface, then cooling to 90 K), with more detail on the different 

surfaces formed available in section 3.4.3. This allows CO2 to be dosed onto the 
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different types of IL surface in an attempt to understand the CO2 adsorption 

mechanism further. 

Separate experiments were performed where the IL was prepared as an 

IL glass layer and an IL ‘snow’ layer, both approximately ten IL layers thick, 

before being exposed to 10 minutes of CO2 at a pressure of 5×10−7 mbar. The 

pressure and background subtracted TPD profiles for these experiments are 

shown in fig. 6.8, where the glass data shown as the blue filled circles with the 

blue line and the ‘snow’ data is shown as green open triangles with a dashed 

green line. There does not seem to be any significant difference between the CO2 

signal observed from the TPD experiments on the IL glass and IL ‘snow’, with 

both TPD peaks being only slightly above the black dashed zero line (peak areas 

of 4000 ± 3000 and 4000 ± 2000 counts, respectively). An experiment in which 

a 10 minute [C8C1Im][Tf2N]–CO2 coadsorption was performed on top of a five 

IL layer thick ‘snow’ layer (15 minutes of IL in total with no CO2 in the bottom 

5 layers). This was performed to investigate if doing coadsorption on top of an 

IL snow affected the quantity of CO2 stabilised, relative to the 10 minute 

coadsorption experiment on gold. The data for these experiments are also shown 

Figure 6.8: Experimental TPD curves, after application of pressure and background 

subtractions, for CO2 desorption from different layered structures of CO2 and [C8C1Im][Tf2N]. 

Markers represent experimental data points while lines represent smoothing splines to guide the 

eye through the data. In all cases CO2 was dosed for 10 minutes at a pressure of 5×10−7 mbar, 

with differences in the data occurring due to the nature of the IL dosing method, as described in 

the text. The dashed black line represents the zero level for the pressure and background 

subtracted TPD signal. The heating rate during desorption was approximately 0.67 K s−1. 
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in fig. 6.8 as the filled black squares with solid black line and open orange circles 

with dashed orange line, respectively. The comparison of these two data sets 

shows that a greater quantity of CO2 is captured if the adsorption is performed 

on the gold surface (39000 ± 6000 counts) rather than on the IL ‘snow’ surface 

(31000 ± 2000 counts). This could be due to a combination of factors such as 

the observation that the CO2 prefers to adsorb to the gold than the IL ‘snow’ 

(section 6.3.2) however it is more likely to be a factor relating to the quantity of 

IL. Despite the fact that the coadsorption time scales are the same, there was a 

larger quantity of [C8C1Im][Tf2N] deposited during the coadsorption on the gold 

surface than during the coadsorption on the IL ‘snow’. As a result only the 

shapes of the TPD profiles can really be compared, and in doing this it can be 

seen that there is a greater quantity of CO2 desorbing at lower temperatures for 

the ‘coadsorption on snow’ data than for the ‘coadsorption on gold’ data. 

Although there is no significant low temperature TPD peak shown for the CO2 

on [C8C1Im][Tf2N] ‘snow’ experiment (green triangles) it would be expected 

that any CO2 stabilised in the surface region of the underlying 5 minute ‘snow’ 

layer would desorb at a lower temperature, to reflect the fact that the CO2 is in a 

poorly coordinated surface state. This effect was seen in the case of CO2 in 

layered [C8C1Im][BF4] in section 5.3.3 (fig. 5.7), with the CO2 on 

[C8C1Im][BF4] ‘snow’ showing a TPD peak at low temperatures (≈ 90 to 120 K), 

so it would seem sensible for the same effect to be observed in [C8C1Im][Tf2N]. 

The lack of any significant CO2 desorption peak from the [C8C1Im][Tf2N] 

‘snow’ could, however, be an indication that the interaction strength between 

the [C8C1Im][BF4] and the CO2 is stronger than the interaction between the 

[C8C1Im][Tf2N] and CO2. The lack of any significant TPD peak for the CO2 on 

the IL glass experiment is also in agreement with the discussion in section 5.3.3 

in which it is argued that the IL glass surface is made up of alkyl chains for long 

chain imidazolium based ILs. Desorption of CO2 from alkyl chains 

(octadecanethiol self-assembled monolayers) has been seen in the literature to 

occur with an activation energy of desorption equal to 17.2 ± 2 kJ mol−1 [29], 

which is below the activation energy of desorption that can probed with this 

experimental setup (Tsurf ≈ 90 K corresponds to Edes ≈ 27 kJ mol−1). 
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6.3.4. Comparison of experimental CO2 signal to the Polanyi–

Wigner equation 

So far a lot has been discussed about the amount of CO2 captured by the 

two ILs studied here, as can be seen in chapters 5 and 6. However, a relatively 

small amount has been discussed about the type of CO2 environment that exists 

in [C8C1Im][Tf2N]. It was seen in the previous chapter (section 5.3.3) that there 

was not just one single CO2 binding site within [C8C1Im][BF4] so it can be 

expected that a range of binding sites for CO2 will also exist within 

[C8C1Im][Tf2N]. In order to learn more about the nature of the CO2–IL 

interaction the experimental data can be modelled by a sum of CO2 TPD peaks, 

each of which is given by the Polanyi–Wigner equation (eq 2.51 [20]). Each of 

the hypothetical CO2 environments is modelled by a first order desorption peak 

(n = 1), with the same parameters used as discussed in section 5.3.4 (pre-

exponential factor of A = 1013 s−1, heating rate = 0.67 K s−1). The hypothetical 

CO2 states do not correspond to known adsorption sites or CO2 geometries and 

the Edes values of the states have been chosen to vary from 26 kJ mol−1 by a 

multiple of 1.5 kJ mol−1 (the same scale as was used for [C8C1Im][BF4] in 

section 5.3.4). Changes in the activation energy of desorption ranges, as the 

dosing pressure and IL quantity is varied, allows some suggestions to be made 

about the nature of the adsorption environments of the CO2 within the ILs. 

The pressure and background subtracted experimental data for the 

10 minute, 1×10−6 mbar [C8C1Im][Tf2N]–CO2 coadsorption, converted to a 

pressure equivalent by use of eq 5.1, is shown as the pink line in fig. 6.9a. The 

blue lines represent the first order desorption curves from the equally spaced, 

hypothetical CO2 adsorption sites within the IL with the thick black line 

representing the sum of the individual desorption curves. It can be seen that the 

width of an individual CO2 desorption curve (blue) is much thinner than the total 

CO2 TPD peak (pink), meaning that multiple CO2 states are required to model 

the experimental data. The initial populations of each of the adsorption sites are 

varied manually until the black curve in fig. 6.9a matches the pink curve, with 

fig. 6.9b showing the initial populations corresponding to the fit. As discussed 
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in section 5.3.4, since the CO2 coverage could not be calibrated (a monolayer 

would not form), the initial coverages could only be found using a relative scale 

(a maximum initial coverage for each site of one was defined for convenience). 

The relative coverage was then converted to a CO2 state population, shown in 

fig. 6.9b, through use of the experimental peak area, the sum of the relative 

coverages and eq 5.1 (as described in section 5.3.4). The fit shown in fig. 6.9 

can be seen to match the experimental data well and is representative of the 

majority of the fits performed, with fits becoming poorer at lower pressures and 

coadsorption time scales. 

A comparison of the fitted 10 minute, 1×10−6 mbar data for a 

[C8C1Im][Tf2N]–CO2 system in fig. 6.9 and the corresponding data for the 

[C8C1Im][BF4] system, fig. 5.8, can be performed, provided that it is kept in 

mind that the IL coverages vary slightly (11.7 ± 1.2 layers for [C8C1Im][BF4] 

and 8.4 ± 0.8 layers for [C8C1Im][Tf2N]). It can be seen that there is a greater 

experimental desorption signal and larger initial state population seen for CO2 

desorbing from [C8C1Im][Tf2N] than for CO2 desorption from [C8C1Im][BF4], 

despite there being less IL on the [C8C1Im][Tf2N] surface. This agrees with the 

previous observations in this study and the literature values of the Henry’s 

constant, that a greater quantity of CO2 is captured by the [C8C1Im][Tf2N] than 

by [C8C1Im][BF4]. The data shown in fig. 6.9 shows a greater proportion of CO2 
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Figure 6.9: An example of the fitting performed to the data, using the 10 minute coadsorption 

for which PCO2 = 1×10−6 mbar, to find the distribution and population of theoretical CO2 

adsorption sites within the [C8C1Im][Tf2N]. The plot in (a) shows the experimental data, 

converted to a pressure (pink line), after it has been fitted to a sum of theoretical states (black 

line). The individual CO2 states used in the fitting are also shown (blue). The relative populations 

of the theoretical CO2 states, found from the fitting are shown in (b), which has also been 

converted to a population using the CO2 peak area. The heating rate during TPD was 0.67 K s−1. 
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molecules in lower binding energy sites than were observed in the corresponding 

[C8C1Im][BF4] case. It can be seen that this appears to be characteristic of the 

CO2 adsorption site distribution in [C8C1Im][Tf2N]. The initial coverages for the 

hypothetical CO2 adsorption sites, corresponding to the fits within a 20 minute 

[C8C1Im][Tf2N] layer are shown in fig. 6.10. These results differ to the 

distribution of adsorption sites within [C8C1Im][BF4], where it was observed that 

there was a greater quantity of CO2 molecules captured within high binding 

energy sites than in low binding energy sites. As expected it can be observed 

that initial populations of the adsorption sites increases as the CO2 pressure used 

during coadsorption increases, with all sites increasing their population with 

pressure. Fits to the other experimental data have also been performed and the 

initial population distributions can be found in appendix 8.11. These initial 

populations also increase with the applied pressure during dosing, again by a 

similar proportion across the range of desorption sites. Another observation is 

that the Edes profiles for [C8C1Im][Tf2N] all appear to have a ‘top-hat’ like 

distribution, which is different to the ‘double peak’ distribution seen for the 

[C8C1Im][BF4]–CO2 coadsorptions. 

Figure 6.10: Plots showing how the population of CO2 states with different Edes vary as the 

pressure of CO2 used during coadsorption with [C8C1Im][Tf2N] is varied. Data shown here is for 

coadsorptions with 20 minutes of IL, where state populations have been calculated from the 

relative populations found by fitting the TPD peak with a sum of hypothetical CO2 adsorption 

sites, as described in the text. The heating rate was assumed to be 0.67 K s−1. 
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The range of activation energies of desorption observed for each of the 

experiments performed have been obtained from the fitting procedure and are 

given in table 6.4. From table 6.4 it can be seen that the typical range of 

activation energy of desorption for CO2 within [C8C1Im][Tf2N] is 24.5 ≤ Edes ≤ 

38.0 kJ mol−1. Since there was not the ability to form CO2 multilayers it was not 

possible to observe a zero order desorption, which would have given a fixed 

value of the pre-exponential factor, A. Since the Edes can be affected by the value 

of A it is only possible to talk about relative Edes values, or stabilisation values, 

as the assumptions made about A may be incorrect. The Edes range in 

[C8C1Im][Tf2N] represents a stabilisation of at least 14.5 kJ mol−1, which is less 

than in the case of [C8C1Im][BF4], which had an upper limit of Edes = 43 kJ mol−1 

(minimum stabilisation of 18.5 kJ mol−1). The obtained values from this study 

can be compared to Edes values determined experimentally for CO2 on different 

surfaces, with typical values ranging from 21 kJ mol−1 on clean Cu(110) [30] to 

48.9 kJ mol−1 on a MgO(100) surface [31]. It can be seen that CO2 can be 

stabilised by [C8C1Im][BF4] as effectively as on metals and their oxides (see in 

Table 5 of Ref. [31]), however the most stable site of CO2 within the ILs is not 

CO2 dose 

pressure 

Coadsorption 

dose length 

20 minutes 

(20 layers) 

10 minutes 

(10 layers) 

5 minutes  

(5 IL layers) 

2 minutes 

(2 IL layers) 

5×10−8 mbar 

Edes range 

(kJ mol−1) 
24.5 – 36.5 24.5 – 38.0 24.5 – 38.0 26.0 – 41.0 

Average Edes 

(kJ mol−1) 
29.6 30.7 30.5 34.3 

1×10−7 mbar 

Edes range 

(kJ mol−1) 
24.5 – 36.5 24.5 – 41.0 24.5 – 36.5 26.0 – 36.5 

Average Edes 

(kJ mol−1) 
29.8 31.7 29.3 32.2 

2×10−7 mbar 

Edes range 

(kJ mol−1) 
24.5 – 38.0 24.5 – 38.0 24.5 – 36.5 24.5 – 35.0 

Average Edes 

(kJ mol−1) 
30.3 30.1 30.8 29.0 

5×10−7 mbar 

Edes range 

(kJ mol−1) 
24.5 – 36.5 26.0 – 38.0 24.5 – 35.0 24.5 – 38.0 

Average Edes 

(kJ mol−1) 
29.6 31.0 30.0 31.5 

1×10−6 mbar 

Edes range 

(kJ mol−1) 
24.5 – 36.5 24.5 – 36.5 24.5 – 36.5 24.5 – 35.0 

Average Edes 

(kJ mol−1) 
29.3 30.2 31.0 29.7 

 

Table 6.4: Table showing the parameters collected from performing fitting of the 

experimental TPD peaks with the hypothetical CO2 adsorption sites within the 

[C8C1Im][Tf2N]. The average activation energy of desorption has been calculated from a 

weighted sum, as described in the text. As the fitting of simulated profiles to experimental 

profiles is judged by the human eye it is difficult to estimate errors for these values, however 

errors due to noise in the experimental data will be proportionally larger for the lower IL 

coverages and CO2 pressures. 
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as stable as CO2 within supported polyethylenimine (heat of sorption ≈ 

66.1 kJ mol−1) [32]. It is important to stress that nothing is known about the 

orientation of the CO2 molecules within the IL, and that the values for the first 

order CO2 states were chosen arbitrarily. The results can however be used to 

make suggestions on the nature of the CO2–IL interaction.  

The difference in the shape of the CO2 desorption curves between the 

two ILs studied has been mentioned briefly, but this can be studied in greater 

detail by looking at the average activation energy of desorption, Edes, ave, in table 

6.4. As discussed in section 5.3.4 Edes, ave, is calculated by taking an average of 

the Edes range, weighted by the initial populations of each state. As a reference, 

if the initial population were equally distributed across all the states across the 

typical range for [C8C1Im][Tf2N] (24.5 to 38.0 kJ mol−1) the Edes, ave would be 

31.3 kJ mol−1. Values above this indicate that the distribution has a greater 

quantity of CO2 stabilised within higher binding energy sites, whilst a lower 

value represents distributions where the CO2 is stabilised primarily in low Edes 

sites. The weighted average is very sensitive to the Edes range over which the 

Edes, ave is calculated, so strictly comparisons can only be made with other 

datasets with the same Edes range. Examining table 6.4 it can be seen that the 

majority of Edes, ave values are equal to or below 31.3 kJ mol−1, suggesting that 

the [C8C1Im][Tf2N] stabilises the CO2 in a larger quantity of weakly binding 

environments. This is in contrast to the binding in [C8C1Im][BF4] where the 

shapes of the TPD peaks and the Edes, ave values showed that a larger proportion 

of the CO2 was stored in sites with higher binding energies. This result could 

come as a consequence of the difference in anion size between the two ILs. It 

has been discussed that the CO2 is likely to bind to the more ionic regions of the 

IL, so with the larger [Tf2N]− anion, which will make up more of the IL surface 

area, there are likely to be a greater number of adsorption sites within the IL than 

with the smaller [BF4]
− anion. To maximise the solubility of CO2 within an IL, 

calculations suggest that the anion should be large and delocalised and the 

hydrocarbon bulk on the cation must be reduced [33] to promote more 

interactions of the CO2 with the charged regions. Other groups, however, have 

suggested that the hydrocarbon bulk should be increased as this weakens the 

cation–anion interaction, which reduces the energy penalty for CO2 squeezing 

into the structure [4]. Observations in this work suggest that the [BF4]
− anion 
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has the ability to form stronger interactions with the CO2 molecules, leading to 

larger Edes values, than the [Tf2N]− anion. This finding is supported by a 

computational study which calculated the [BF4]
−–CO2 binding energy to be 

−21.55 kJ mol−1 and the  [Tf2N]−–CO2 binding energy to be −15.79 kJ mol−1 [4]. 

The minimum temperature achieved during the [C8C1Im][Tf2N] 

experiments was lower than during the [C8C1Im][BF4] experiments, meaning 

that adsorption sites with lower Edes were able to be probed. This also means that 

the experimental peak areas, which have been compared and discussed 

qualitatively, are not truly comparable. This is due to the fact that there are some 

low Edes CO2 sites available in the [C8C1Im][Tf2N] studies that were not 

available for the [C8C1Im][BF4] studies, but may have been able to be filled 

(which could have increased the amount of CO2 stabilised). This can be 

compensated for by using the initial simulated coverages for the state with Edes 

= 24.5 kJ mol−1 and subtracting it from the total CO2 coverage within the 

[C8C1Im][Tf2N]. The CO2 coverage of the 24.5 kJ mol−1 state is typically ≈ 

0.1×10−6 mbar s for low coadsorption timescales (2 and 5 minutes) or ≈ 

0.2×10−6 mbar s for longer coadsorption timescales (10 and 20 minutes), as can 

be seen from fig. 6.10 and appendix 8.11. Even if these approximate corrections 

were applied to the data in table 6.2 (the data shown in this table has not had the 

population of the lowest CO2 state subtracted from it but has been corrected for 

differences in [C8C1Im][Tf2N] coverage) the values would still be larger than 

the values in table 5.2 (IL coverage corrected values for [C8C1Im][BF4]), in the 

general case. This indicates there is still a larger quantity of CO2 stabilised within 

the [C8C1Im][Tf2N] than the [C8C1Im][BF4], despite the fact that [C8C1Im][BF4] 

has a larger Edes range over which it can stabilise CO2 (representing a larger 

possible range of binding environments). This result agrees qualitatively with 

the Henry’s constants in literature, despite the experimental setup not being 

optimised for this type of measurement. The observations support the argument 

that solubility and strength of interaction are different quantites, and that just 

because there is a high solubility of CO2 within a particular IL, it does not mean 

that CO2 will bind to the IL effectively. 

Up to this stage the energetics of the CO2 binding has been discussed in 

terms of stabilities, relating to the difference in the activation energies of 

desorption that have been observed within this study, and the Edes that is just 
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below the detectable range for this experimental setup. Literature values for the 

enthalpy of sublimation for pure CO2 at 100 K give the value for ΔsubH100 = 

26.8 kJ mol−1 (this value is within error of both studies) [23, 34]. Using similar 

arguments to those made for calculating the enthalpy of vaporisation for ILs [18, 

35] the enthalpy of sublimation for the CO2 desorbing from the IL can be found 

for the data here. Since sublimation is occurring into a vacuum—so a negligible 

quantity of work is done upon expansion of the CO2 into the gas phase—the 

activation energy of desorption, Edes, is equal to the change in internal energy 

for sublimation at the average temperature of desorption, ΔsubUTave, (Tave for CO2 

desorption from [C8C1Im][BF4] was 130 K and 120 K for desorption from 

[C8C1Im][Tf2N]). The enthalpy can be calculated from the internal energy using 

the expression ΔH = ΔU + PΔV, the ideal gas law, PΔV = ΔnRT, and the 

knowledge that 1 mole of solid CO2 will sublime to give 1 mole of CO2 in the 

gas phase (Δn = 1). This gives the expression ΔsubHTave = ΔsubUTave + RTave which 

for [C8C1Im][BF4] with Tave = 130 K gives RTave = 1.1 kJ mol−1 and for 

[C8C1Im][Tf2N] with Tave = 120 K gives RTave = 1.0 kJ mol−1. These values can 

be used to show that the maximum enthalpy of sublimation for the CO2 from 

within [C8C1Im][BF4] is ΔsubH130 = 44.1 kJ mol−1 and from within 

[C8C1Im][Tf2N] is ΔsubH120 = 39.0 kJ mol−1. It can be seen that both of the 

enthalpy values for CO2 desorption from within the IL are larger than the 

enthalpy of sublimation of pure CO2 and represent stabilisation of the CO2 by 

17.3 and 12.2 kJ mol−1 within [C8C1Im][BF4] and [C8C1Im][Tf2N], respectively. 

To the best of our knowledge there are no literature values for the enthalpies of 

sublimation of CO2 from within different ILs (variations of Henry’s constants 

with temperature can give enthalpies of solvation, which involves other 

processes such as mixing, meaning the results are not directly comparable). 

Comparisons can be made to a computational study which calculated the [BF4]
−–

CO2 binding energy to be −21.55 kJ mol−1 and the [Tf2N]−–CO2 binding energy 

to be −15.79 kJ mol−1 [4]. The calculation shows that the CO2 is stabilised by 

5.76 kJ mol−1 in the [BF4]
− system relative to the [Tf2N]− system (under the 

assumption that the contributions to the CO2 binding from the [C8C1Im]+ cation 

will be the same). This result is an agreement with the findings from this study 
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where it can be seen that the [C8C1Im][BF4] stabilises the CO2 by 5.1 kJ mol−1 

relative to [C8C1Im][Tf2N]. 

It was seen in section 5.3.4 that for the 600×10−6 mbar s CO2 dose during 

coadsorption the [C8C1Im][BF4] had a capture efficiency of ≈ 0.29%, which is 

close to the capture efficiency observed for [C8C1Im][Tf2N] of ≈ 0.34% (CO2 

coverage = (2.05 ± 0.36)×10−6 mbar s, table 6.1). It might have been expected 

that the capture efficiency of the two ILs would be significantly different to one 

another, to reflect the observation in the literature that the [C8C1Im][Tf2N] has a 

greater degree of fluorination and a smaller Henry’s constant (larger CO2 

solubility). The difference in capture efficiency, and the capture efficiencies 

themselves, for the two ILs are small, which is probably a consequence of the 

way in which the surface is prepared. The surface preparation method used here 

means that the adsorbing CO2 will probably be interacting with a solid phase IL, 

rather than a liquid phase IL which would have had the ability to rearrange and 

maximise favourable interactions with the CO2 molecule. 

 

6.4. Discussion of the CO2 adsorption mechanism within 

imidazolium based ionic liquids 

 Throughout the CO2 adsorption work in chapters 5 and 6 there have been 

some results and assumptions made which elucidate the nature of the CO2 

capture mechanism during coadsorption. It has been seen that the CO2 does not 

form multilayers on the gold surface, and that the average amount of CO2 

captured per layer of IL increases with applied CO2 pressure. This suggests that 

the surface coverage of the CO2 could be modelled by a Langmuir isotherm [24, 

25], in which the surface coverage increases with gas pressure but saturates at a 

monolayer. From the shapes of the experimentally observed TPD peaks for 

different CO2 dosing pressures it has been seen that the expected behaviour, in 

which the more stable adsorption sites fill up first, does not occur. Upon 

adsorption it might be expected that, due to the low activation energy of 

desorption, the CO2 would be allowed to diffuse around the surface until it finds 

a more stable site, from which the energy barrier to diffusion is sufficiently large 

to prevent further diffusion or the molecule desorbs. This would mean that at 

low pressures the more stabilised sites would fill up first, then as the applied 
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CO2 pressure during dosing was increased the less stable sites would fill up once 

maximum occupancy of the most stable sites was achieved. The mechanism 

described (Langmuir–Hinshelwood) is observed in many adsorption studies and 

is the basis for most heterogeneous catalysis reactions [25, 36], but was not 

observed in these experiments (the shapes of the Edes profiles do not support this 

mechanism). Since the CO2 has a sufficiently low activation energy of 

desorption on the gold or IL ‘snow’ surface it is argued that the amount of time 

that the CO2 is adsorbed on the surface is so short that there is not much time for 

the CO2 to diffuse around and find the most stable adsorption site. This suggests 

instead that the adsorption of CO2 by the IL during coadsorption may be more 

similar to an Eley–Rideal mechanism [37, 38]. In the Eley–Rideal mechanism a 

reaction occurs when an incident molecule collides with an adsorbed species to 

form a new species. For the system discussed here the CO2 is the species 

adsorbed on the surface at a particular instant, and the incoming ion pair collides 

with the adsorbed CO2 to capture it. In this model the probability of the IL 

capturing a CO2 molecule upon coadsorption is related to the surface coverage 

of CO2, which can be described by the Langmuir isotherm model. With the 

assumption that the IL is dosed at a constant rate it can be shown (appendix 8.12) 

that for a system undergoing Eley–Rideal adsorption kinetics; 

1

𝐶𝑂2⁡𝑐𝑎𝑝𝑡𝑢𝑟𝑒𝑑⁡𝑝𝑒𝑟⁡𝐼𝐿⁡𝑙𝑎𝑦𝑒𝑟
=⁡

1

𝑘2
+⁡

𝐾𝑎

𝑘2
×

1

𝑃𝐶𝑂2
  Equation 6.4 

where PCO2
 is the pressure of CO2 (mbar), Ka is the Langmuir adsorption 

isotherm constant (mbar) and k2 is the rate constant for the adsorption of CO2 

(units of ‘per layer of IL’). The units of CO2 captured ‘per IL layer’ can be 

converted to mbar s through the application of eq 5.1. Equation 6.4 can be used 

to determine the constants associated with Eley–Rideal kinetics, however 

treating the IL–CO2 adsorption system with a Langmuir–Hinshelwood model 

also gives the same linear fit, but with a different interpretation of the constants 

(appendix 8.13). This means that the linear fit itself does not confirm Eley–

Rideal kinetics, but can still be used to obtain useful information. In order to do 

this the experimental data for the ILs has been used to generate plots of 1/amount 

of CO2 per IL layer vs. 1/pressure, with linear fits used to determine the 

parameters Ka and k2. Figure 6.11 shows the linear fits of the form shown in eq 
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6.4 to the [C8C1Im][BF4] coadsorption data, with the parameters obtained from 

the fitting shown in table 6.5.  

The [C8C1Im][BF4] coadsorption data appears to be well modelled by 

the linear fits, with the only major deviation occurring for the 20 minute point 

corresponding to the lowest pressure. This is a strong indication that Eley–

Rideal kinetics are observed for this system, and maybe all CO2–IL 

coadsorptions performed with this method. Studying the values of the fit 

parameters in table 6.5 it can be seen that the values of k2, the rate constants for 

the capture of CO2, are all approximately the same value (≈ 0.16×10−6 per IL 

layer) which seems sensible as there should be no reason why the rate constant 

Coadsorption 

length  

y-axis intercept 

(106 mbar−1 

s−1) 

k2 

(10−6 mbar s) 

Gradient  

(106 s−1) 
Ka (mbar) 

20 min. 6.8 ± 0.6 0.15 ± 0.01 (18.5 ± 4.4)×10−7 (27.1 ± 6.4)×10−8 

10 min. 6.8 ± 0.6 0.15 ± 0.01 (6.0 ± 1.5)×10−7 (8.9 ± 2.2)×10−8 

5 min. 5.7 ± 0.3 0.18 ± 0.01 (5.5 ± 1.4)×10−7 (9.6 ± 2.5)×10−8 

2 min. 5.6 ± 1.7 0.18 ± 0.04 (1.8 ± 1.4)×10−7 (3.2 ± 2.4)×10−8 

Table 6.5: A table showing the fitting parameters corresponding to eq 6.4, for the 

Table 6.5: A table showing the fitting parameters corresponding to eq 6.4, for the 

[C8C1Im][BF4]–CO2 coadsorptions to test whether Eley–Rideal kinetics are observed for CO2 

capture. The gradients and intercepts (measured directly from the graph) are shown as well 

as the parameters k2 and Ka.  

 

Figure 6.11: Experimental data for the [C8C1Im][BF4]–CO2 coadsorptions plotted in such a way 

to determine the constants associated with Eley–Rideal kinetics, as described in the text. Data 

points are represented by individual markers with the corresponding linear fits represented by 

lines of the same colour as the markers. For added clarity the 5 minute and 20 minute markers 

are not filled and have dashed lines representing their fits. Data can generally be seen to be well 

modelled by linear fits. 
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for capturing CO2 should vary with dose length. Data for the [C8C1Im][Tf2N]–

CO2 coadsorptions has also been plotted in the form of eq 6.4, as shown in fig 

6.12. It should be noted that the data points corresponding to the 5 minute, 

1×10−7 mbar coadsorption (value of (36 ± 72)×106 mbar−1 s−1 layer) and 

2 minute, 1×10−7 mbar coadsorption (value of (10 ± 40)×106 mbar−1 s−1 layer) 

have been removed from the plot as their errors were so large in comparison to 

all of the other values on the plot. Data points are shown as markers with the 

linear fits, based on eq 6.4, shown as lines. The fit parameters obtained from the 

linear fits to the [C8C1Im][Tf2N]–CO2 coadsorption data are shown in table 6.6. 

The values of k2 for [C8C1Im][Tf2N] appear to vary more than the ones for 

[C8C1Im][BF4] do, and as discussed a variation in k2 with IL layer thickness 

would not be expected. Since k2 should be a constant the average value for 

[C8C1Im][Tf2N] is ≈ 0.21×10−6 per IL layer, which can be seen to be larger than 

the value for [C8C1Im][BF4]. This suggests that the CO2 is more effectively 

captured by the [Tf2N]− containing IL (a larger rate constant for CO2 capture is 

observed), which is in agreement with the CO2 solubilities and Henry’s 

constants in the literature. 

Figure 6.12: Experimental data for the [C8C1Im][Tf2N]–CO2 coadsorptions plotted in such a 

way to determine constants for CO2 capture by the IL assuming Eley–Rideal kinetics, as 

described in the text. Data points are represented by individual markers with the corresponding 

linear fits represented by lines of the same colour as the markers. For added clarity the 5 minute 

and 20 minute markers are not filled and have dashed lines representing their fits. Data can 

generally be seen to be well modelled by linear fits. 
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Regarding the Ka values, the Langmuir adsorption isotherm constants, in 

tables 6.5 and 6.6 slight variations are seen as the amount of IL dosed during the 

coadsorption varies. The general trend shows that Ka increases as the 

coadsorption timescale increases. Thinking about the origin of the constant Ka, 

it can be seen that Ka represents the inverse of the equilibrium constant for the 

adsorption reaction [25]; 

𝐶𝑂2(𝑔) + 𝑎𝑑𝑠. 𝑠𝑖𝑡𝑒 ⇌ 𝐶𝑂2(𝑎𝑑𝑠) 

so can be thought of as the equilibrium constant for the desorption reaction. It 

would make sense that the equilibrium constant for the desorption reaction 

would increase with IL coverage if the more favourable gold surface is being 

covered up and replaced with [C8C1Im][BF4] ‘snow’. Notice from the magnitude 

of the Ka values (≈ 10−8) that the equilibrium lies a long way to the adsorbed 

CO2 side (if Ka is the equilibrium constant for the forwards going desorption 

reaction). Comparing the Ka values for the two ILs studied here it can be seen 

that the values in [C8C1Im][BF4] appear to be slightly larger than those observed 

in [C8C1Im][Tf2N]. This suggests that the CO2 coverage on the [C8C1Im][Tf2N] 

surface will be higher than the CO2 coverage on [C8C1Im][BF4] at any given 

CO2 pressure, aiding in capturing a larger quantity of CO2. 

An Eley–Rideal mechanism can aid in the explanation of why the CO2 

capture efficiencies in this study are so low (observed to be ≈ 0.3%). In order for 

the CO2 to be captured the incoming ion pair must hit the adsorbed CO2 in the 

correct orientation. Using the Langmuir adsorption isotherm (eq 8.6) with an 

approximate value for Ka ≈ 10×10−8 it can be seen that the surface coverage of 

CO2 at a pressure of 1×10−6 mbar on [C8C1Im][BF4] is about 0.91 and has a 

Gibbs free energy of desorption of ≈ 12 kJ mol−1 (using ΔG = −RT ln(Ka) at T = 

90 K, meaning the Gibbs free energy of adsorption is −12 kJ mol−1). With such 

a large surface coverage of CO2 it may be surprising that a greater quantity is 

Coadsorption 

length  

y-axis intercept 

(106 mbar−1 s−1) 

k2 

(10−6 mbar s) 

Gradient 

(106 s−1) 
Ka (mbar) 

20 min. 6.4 ± 0.4 0.157 ± 0.008 (7.5 ± 1.1)×10−7 (11.8 ± 1.7)×10−8 

10 min. 4.4 ± 0.8 0.22 ± 0.04  (5.8 ± 2.4)×10−7 (13.3 ± 5.3)×10−8 

5 min. 5.6 ± 1.3 0.18 ± 0.03 (3.2 ± 4.4)×10−7 (5.8 ± 7.9)×10−8 

2 min. 3.4 ± 0.6 0.29 ± 0.05 (1.1 ± 1.1)×10−7 (3.1 ± 3.2)×10−8 

Table 6.6: A table showing the fitting parameters corresponding to eq 6.4, for the 

Table 6.6: A table showing the fitting parameters corresponding to eq 6.4, for the 

[C8C1Im][Tf2N]–CO2 coadsorptions to test whether Eley–Rideal kinetics are observed for 

CO2 capture. The gradients and intercepts (measured directly from the graph) are shown as 

well as the parameters k2 and Ka.  
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not captured by the incoming ion pair. It is thought that the efficiency of capture 

is highly dependent upon the orientation of the incoming ion pair as well as the 

temperature of the incoming IL molecule (which is ≈ 500 K from being 

evaporated). This means that the IL molecule comes in with RT ≈ 4.1 kJ mol−1, 

which may be enough to disperse weakly bound CO2 from the surface, affecting 

the capture efficiency. 

The IL orientation effect may explain why the [C8C1Im][Tf2N] has a 

larger rate constant (k2) for the capture of CO2, as there is a larger ionic area due 

to the larger [Tf2N]− anion present than in [C8C1Im][BF4]. This issue is unique 

to the experimental setup used here (cooled surface with frozen IL), as in liquid 

studies the IL can rearrange to accommodate the CO2 molecule, whereas in this 

study the binding sites available are determined statistically. The benefit of this 

method is that the whole range of possible binding sites will be probed, which 

allows the nature of the IL–CO2 binding to be better understood. The ionic area 

can be tuned through choice of ions so experiments with a [C2C1Im]+ cation may 

be expected to show slightly higher capture efficiencies due to the greater ionic 

area and therefore larger ‘reaction’ cross section for CO2 capture. 

 

6.5. Relating observed exposures (mbar s) to number of CO2 

layers 

 Over the previous two chapters the quantity of CO2 stabilised has been 

discussed in terms of an exposure equivalent of ‘mbar s’, or ‘metric Langmuir’ 

which is 10−6 mbar s. As has been discussed in detail, this was due to the fact 

that CO2 did not form multilayers on the gold surface studied here, so a 

monolayer calibration using TPD could not be performed. This meant that the 

experimental signal could not be related to an absolute number of CO2 layers. 

The amount of ‘mbar s’ of CO2 can be converted to a number of CO2 layers if 

some approximations are made. It can be seen, from the kinetic theory of gases, 

that the rate of gas molecules colliding with a surface, Zwall, can be given by [25]  

𝑍𝑤𝑎𝑙𝑙 =
𝑃

√2𝜋𝑚𝑘𝐵𝑇
      Equation 6.5 

where P is the applied pressure of the gas (Pa), m is the mass of an individual 

gas molecule (kg), kB is the Boltzmann constant (1.38×10−23 J K−1) and T the gas 

temperature (K). Given that the area of the surfaces studied in this project were 
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≈ 1 cm2 = 10−4 m2 (see section 3.2) and the mass of a CO2 molecule is ≈ 

7.308×10−26 kg (molecular weight (44.01×10−3 kg) divided by Avogadro’s 

constant) the number of CO2 molecules that hit the surface due to 1 mbar s of 

exposure can be found. Noting that 1 mbar = 100 Pa and assuming the gas 

temperature is around room temperature (≈ 300 K), the number of molecules 

(narea) hitting a given area (a) in a given time (t) can be given by:  

𝑛𝑎𝑟𝑒𝑎 = 𝑍𝑤𝑎𝑙𝑙 ⁡𝑎⁡𝑡      Equation 6.6 

It can be seen that for a 1 mbar s exposure 2.294×1020 CO2 molecules hit the 1 

cm2 surface, or are released from the surface, if looking at a 1 mbar s exposure 

equivalent during desorption. To convert the number of molecules into a number 

of layers the density of solid CO2 is required (1663.0 kg m−3 at 90.15 K [39, 40]) 

then using the fact that the mass of 1 mole of CO2 is 44.01×10−3 kg the molar 

volume of CO2 can be found to be Vm = 2.646×10−5 m3. The volume of 1 CO2 

molecule will be the molar volume divided by Avogadro’s number giving a 

molecular volume of 4.395×10−29 m3. Under the assumption that the CO2 

molecule is a cube it can be rationalised that each CO2 molecule will take up a 

surface area of 12.45×10−20 m2 (molecular volume cube rooted, then squared). 

As mentioned the gold surface had an area of 1×10−4 m2, so the number of CO2 

molecules that could fit on the gold surface (the surface area divided by the 

molecular area) is 8.03×1014 CO2 molecules. This is an approximation of the 

number of CO2 molecules within 1 layer on the surface. 

Using this value and the number of molecules desorbing from the surface 

for 1 mbar s it is possible to find a conversion factor from mbar s to layers of 

CO2. Doing this gives the relationship 1 mbar s = 2.857×105 molecular layers of 

CO2, or in terms of the ‘metric Langmuir’; 1×10−6 mbar s = 0.2857 layers of 

CO2. This conversion factor can be used to see that the 20 minute 

[C8C1Im][Tf2N]–CO2 coadsorption with a pressure of 1×10−6 mbar stabilised 

(2.95 ± 0.21)×10−6 mbar s  (table 6.2) or 0.84 ± 0.06 layers of CO2 within 20 

layers of IL. Using the same procedure as for the CO2 calculation, assuming the 

ion pair can be approximated as cubic in shape, but using the molar volume of 

[C8C1Im][Tf2N] = 0.359×10−3 m3 mol−1 [18] it can be seen that one layer of IL 

is comprised of 1.412×1014 ion pairs. These numbers can then be used to find 

the average coordination number of the CO2 by taking the ratio of the number 

of IL molecules in a layer to the number of CO2 molecules in a layer. This means 
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that in the 20 minute, 1×10−6 mbar experiment each CO2 is coordinated by 4.2 

± 0.3 [C8C1Im][Tf2N] ion pairs, on average ((20 IL layers × 1.412×1014 

molecules per IL layer) ÷ (0.84 CO2 layers × 8.03×1014 molecules per CO2 

layer)). 

Studying instead at the 20 minute, 1×10−6 mbar CO2 coadsorption for 

[C8C1Im][BF4] it can be seen that 20 layers of IL stabilise (2.15 ± 

0.20)×10−6 mbar s (table 5.2) or 0.61 ± 0.06 layers of CO2. Using the molar 

volume of [C8C1Im][BF4] = 0.255×10−3 m3 mol−1 [18] and assuming each ion 

pair can be modelled as cubic in shape it is found that there are 1.774×1014 ion 

pairs per layer. In a similar way to the case for [C8C1Im][Tf2N] it can be seen 

that each CO2 molecule is coordinated by 7.2 ± 0.6 [C8C1Im][BF4] ion pairs, on 

CO2 dose 

pressure 

Coadsorption 

length 20 minutes 10 minutes 5 minutes 2 minutes 

 [C8C1Im][BF4] 

2×10−8 mbar 
Layers of CO2 — 0.07 ± 0.02 — — 

Coordination — 32 ± 6 — — 

5×10−8 mbar 
Layers of CO2 0.20 ± 0.06 0.17 ± 0.04 0.09 ± 0.01 0.06 ± 0.01 

Coordination 22 ± 5 13 ± 3 12 ± 2 7 ± 1 

1×10−7 mbar 
Layers of CO2 0.22 ± 0.06 0.23 ± 0.03 0.10 ± 0.02 0.08 ± 0.03 

Coordination 20 ± 4 9 ± 1 11 ± 2 6 ± 2 

2×10−7 mbar 
Layers of CO2 0.31 ± 0.06 — — — 

Coordination 14 ± 2 — — — 

5×10−7 mbar 
Layers of CO2 0.46 ± 0.06 0.27 ± 0.03 0.21 ± 0.03 0.10 ± 0.02 

Coordination 10 ± 1 8.1 ± 0.8 5.2 ± 0.6 4.5 ± 0.8 

1×10−6 mbar 
Layers of CO2 0.61 ± 0.06 0.42 ± 0.03 0.23 ± 0.01 0.06 ± 0.03 

Coordination 7.2 ± 0.6 5.3 ± 0.4 4.8 ± 0.2 7 ± 2 

2×10−6 mbar 
Layers of CO2 0.78 ± 0.06 — — — 

Coordination 5.7 ± 0.4 — — — 

 [C8C1Im][Tf2N] 

5×10−8 mbar 
Layers of CO2 0.28 ± 0.03 0.20 ± 0.05 0.14 ± 0.06 0.10 ± 0.03 

Coordination 13 ± 1 9 ± 2 6 ± 2 3.5 ± 0.7 

1×10−7 mbar 
Layers of CO2 0.42 ± 0.04 0.31 ± 0.11 0.04 ± 0.3 0.05 ± 0.04 

Coordination 8.4 ± 0.8 6 ± 1 22 ± 9 6 ± 3 

2×10−7 mbar 
Layers of CO2 0.45 ± 0.06 0.23 ± 0.07 0.19 ± 0.07 0.07 ± 0.05 

Coordination 7.7 ± 0.9 8 ± 2 5 ± 1 5 ± 2 

5×10−7 mbar 
Layers of CO2 0.72 ± 0.03 0.35 ± 0.05 0.17 ± 0.04 0.17 ± 0.03 

Coordination 4.9 ± 0.2 5.0 ± 0.7 5.0 ± 0.9 2.1 ± 0.3 

1×10−6 mbar 
Layers of CO2 0.84 ± 0.06 0.70 ± 0.12 0.27 ± 0.04 0.13 ± 0.03 

Coordination 4.2 ± 0.3 2.5 ± 0.4 3.3 ± 0.5 2.6 ± 0.5 

 

Table 6.7: A table of all the collected experimental data for both the [C8C1Im][BF4]−CO2 

and [C8C1Im][Tf2N]−CO2 coadsorptions, showing the number of layers of CO2 captured in 

each experiment and the average coordination number for each CO2 molecule, with errors. 

White rows show the total amount of CO2 captured by the ILs in units of layers of CO2, using 

the calculations shown in the main text. Light grey rows show the average coordination 

number for a CO2 molecule that is the average number of ion pairs per CO2 molecule 

captured. Smaller average coordination numbers are an indication of more efficient CO2 

capture by the ionic liquid. 
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average ((20 IL layers × 1.774×1014 molecules per IL layer) ÷ (0.614 CO2 layers 

× 8.03×1014 molecules per CO2 layer)). Table 6.7 shows the total number of 

layers of CO2 captured by each IL experiment and the average coordination 

numbers for CO2 for each of the coadsorption experiments performed in this 

study for each of the ILs. It can be seen that the coordination number ranges 

from 2.5 to 20, depending on the experimental conditions used. Smaller 

coordination numbers accompany the higher pressure and shorter timescale 

coadsorptions, which is consistent with the other findings in this study. In all 

cases the CO2 coordination numbers for the [C8C1Im][Tf2N] experiments are 

smaller than the coordination numbers for the [C8C1Im][BF4]. This result 

suggests that the [C8C1Im][Tf2N] is able to interact with CO2 molecules in a 

larger variety of ways, meaning that the orientation of the ion pair in relation to 

the CO2 molecule is not as important as it is for [C8C1Im][BF4]. The larger 

coordination number for the [C8C1Im][BF4] indicates that only 1 in every 7.2 

ion pairs arrives at an adsorbed CO2 on the surface in a correct orientation to 

bind, whereas there is almost double the chance that a [C8C1Im][Tf2N] ion pair 

will arrive in a correct orientation. This suggests a stronger, more directional 

interaction between the CO2 and the [C8C1Im][BF4], which would explain the 

observations in the Edes and ΔsubH ranges, that the CO2 is more stabilised within 

the [C8C1Im][BF4] than in the [C8C1Im][Tf2N]. 

The coordination number, defined as the number of IL molecules per 

CO2 molecule can also be used to calculate the mole fraction of CO2 within the 

IL, defined as the number of moles of CO2 within one mole of the IL–CO2 

coadsorbed mixture. Working out the mole fraction, noticing that the 

Avogadro’s constants cancel out, gives an expression in terms of the number of 

molecules of IL (no. IL) and CO2 (no. CO2), as: 

𝑥𝐶𝑂2 =
𝑁𝐴×𝑛𝑜.⁡⁡𝐶𝑂2

𝑁𝐴×𝑛𝑜.⁡⁡𝐶𝑂2+𝑁𝐴×𝑛𝑜.⁡⁡𝐼𝐿
=

𝑛𝑜.⁡⁡𝐶𝑂2

𝑛𝑜.⁡⁡𝐶𝑂2+𝑛𝑜.⁡⁡𝐼𝐿
     Equation 6.7 

From the definition of the coordination number then if no. CO2 is taken to be 1, 

then no. IL is equal to the coordination number, giving that the mole fraction can 

be worked out as: 

𝑥𝐶𝑂2 =
1

1+𝑐𝑜𝑜𝑟𝑑𝑖𝑛𝑎𝑡𝑖𝑜𝑛⁡𝑛𝑢𝑚𝑏𝑒𝑟
   Equation 6.8 

This then allows Henry’s constants to be estimated for the CO2 within the IL at 

88 K (the temperature at which the CO2 was captured), recalling that: 
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𝐻𝐶𝑂2 =
𝑃𝐶𝑂2

𝑥𝐶𝑂2
= 𝑃𝐶𝑂2 × (1 + 𝑐𝑜𝑜𝑟𝑑𝑖𝑛𝑎𝑡𝑖𝑜𝑛⁡𝑛𝑢𝑚𝑏𝑒𝑟) Equation 6.9 

It can be seen that, due to the low pressure values and low temperatures, the 

Henry’s constants at 88 K are all of the order 10−6 mbar or 10−9 bar, indicating 

very high solubilities, relative to ≈ 300 K (where the Henry’s constants are 54 ± 

3 bar for [C8C1Im][BF4] [15] and 30 ± 1 bar for [C8C1Im][Tf2N] [13]). This is 

rationalised by the fact that the temperature is much lower for the Henry’s 

constants from this work. It can be seen that the ratio of the Henry’s constants 

at 300 K is 1.8:1 ([C8C1Im][BF4]:[C8C1Im][Tf2N]), and using the values of 

coordination number in table 6.7 the ratio of “coordination number + 1” values 

for the two ILs can be seen to agree with the 1.8:1 value. This suggests that the 

CO2 is approximately twice as soluble in the [C8C1Im][Tf2N] as it is in the 

[C8C1Im][BF4] at 300 K and 88 K. Despite the fact that this experimental setup 

was not designed to be able to measure the Henry’s constants of the CO2 within 

the two ILs studied here, the fact that the experimentally observed ratio agrees 

with the ratio for literature values is a strong indication that the experiments 

undertaken in this study are consistent with the literature and can be trusted. 
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Chapter 7 

 

Conclusions  
 

7.1 Variable period X-ray Standing wave 

The first variable period X-ray standing wave experiments to be 

performed with photoelectron detection have been used to successfully 

determine the surface structure of a layered system. VPXSW relies on 

generation of an XSW that is set up from a reflector surface in the grazing angle 

regime (α ≈ a few degrees), where total external reflection of X-rays occurs. The 

XSW period (separation between adjacent antinodes) varies as the incident angle 

is scanned, such that nodes and antinodes sweep through layers adsorbed on top 

of the reflector. This produces an oscillatory profile in the photoelectron signal, 

with the angular position and amplitude of the oscillations dependent upon the 

position and thickness of the adsorbed layer, which can then be compared to a 

calculated VPXSW profile from a model system. The VPXSW technique has 

been used previously with X-ray fluorescence detection [1, 2] however this 

limits the technique to studies in which thin layers of heavy elements (such as 

zinc [1] and germanium [3]) are present. Photoelectrons bring the advantage of 

chemical state specificity (using chemical shifts) and an inherent surface 

sensitivity (due to their short attenuation lengths) allowing a greater quantity of 

information to be gained from experiments, compared to X-ray fluorescence 

studies. The short attenuation lengths of photoelectrons does affect the 

maximum film thickness that can be probed. However photoelectron attenuation 

lengths can be increased by increasing the X-ray energy, to produce faster 

photoelectrons, at the cost of a reduction in the X-ray absorption cross section 

[4].  

VPXSW with photoelectron detection was used to probe layered surfaces 

with thicknesses ranging from 15 Å up to around 230 Å with a resolution of 

± 15 Å. VPXSW profiles of a Si(001) crystal with its native oxide layer could 

be measured by the Si 2pbulk, Si 2poxide and the O 1s photoelectron peaks, where 

the substrate and oxide layer were observed to have clearly distinguishable 

experimental profiles. The calculation for the model VPXSW profiles assumed 

that the surface was composed of 3 layers (vacuum, SiOx and Si) and could 
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successfully model the substrate and oxide layer when a 15 ± 10 Å SiOx layer 

on top of the Si reflector was used. The silicon and its native oxide then had a 

thick [C8C1Im][BF4] ‘snow’ layer adsorbed onto it, with a thin CHCl3 layer 

adsorbed on top of the IL. There was also a thin layer of adventitiously adsorbed 

water from the background gases in the chamber on top of the CHCl3. This 

represented a 6 layer system (vacuum, H2O, CHCl3, [C8C1Im][BF4], SiOx, Si), 

with the XSW intensity modelled by calculations for a 3 layer system (vacuum, 

‘organic’ layer, Si). The calculations for the photoelectron signal were not 

constrained to a 3 layer model with VPXSW profiles for the H2O and CHCl3, 

[C8C1Im][BF4], SiOx and Si reflector (5 layers including vacuum) all 

successfully modelled by the calculations using the XSW for a 3 layer system. 

The fitting gave a total organic layer thickness of 223 Å, in which the 12 Å 

closest to the vacuum was composed of H2O and CHCl3 (so the 211 Å closest to 

the SiOx/Si reflector was composed of IL). Although the SiOx was treated as a 

reflector from the perspective of the XSW intensity calculations, treating the 

SiOx as part of the reflector from the photoelectrons perspective did not provide 

a great fit to the Si 2poxide VPXSW profile. To model the Si 2poxide photoelectron 

signal, obtained from the SiOx, the model required a 15 Å layer on top of the Si 

reflector to be buried beneath a 223 Å organic layer (total thickness of 238 Å on 

the Si reflector). This mismatch came as a result of the substrate VPXSW 

calculation assuming that the substrate layer is 1000 Å thick (semi-infinite 

substrate), which was not true for the SiOx layer. 

X-ray induced damage effects were detected within this study due to the 

ability of photoelectrons to differentiate between elements within different 

chemical environments (chemical shift specificity). Damage is expected to have 

occurred for all species within the ‘organic’ layer but was only directly observed 

for nitrogen and chlorine, although the top 15 Å of the IL layer was seen to be 

boron deficient. For low angles (which also represents low X-ray exposure) the 

majority of the nitrogen and chlorine photoelectron signals were from species 

with binding energies representative of the pristine, undamaged environments. 

However as the angle (and hence X-ray exposure) was increased the proportion 

of photoelectrons being emitted from damaged nitrogen and chlorine 

environments increased. Damage products have been postulated, with the 

damaged nitrogen species observed to have a binding energy characteristic of a 
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neutral nitrogen environment [5], while chlorine is seen to be converted into 

chloride ions from the CHCl3, possibly with a chlorine radical as an 

intermediate. The boron deficiency in the top 15 Å of the [C8C1Im][BF4] layer 

is thought to be due to X-ray induced decomposition of the [BF4]
− anion to BF3 

and HF. The BF3 is thought to desorb, despite the surface temperature being 

around 90 K, but the HF is thought to remain as there is no observed fluorine 

deficiency in the VPXSW profile. Such information would not be available from 

an X-ray fluorescence study as the elements involved are light and the 

fluorescence does not provide chemical shift specificity. 

As well as X-ray induced damage effects, surface charging was also 

observed to affect the surfaces studied. Charging is commonly observed in XPS 

studies for insulating samples [6]. However in standard XPS the angle of 

incidence is fixed and the X-ray intensity is constant. Within the VPXSW study 

the X-ray intensity varies with angle giving rise to a surface charging which is 

dependent upon angle. This results in a binding energy shift in the photoelectron 

peaks of up to 10 eV over the angular range of 0° to 0.5° (≈ αc), before dropping 

to a more constant value of around 3 eV, for higher incident angles. The charging 

mechanism is not completely understood but is thought to be due to the 

competition of the X-ray intensity within the organic layer (which increases with 

angle) and the X-ray path length within the organic layer and X-ray footprint 

(which decrease with incident angle). 

Corrections to the modelled photoelectron signal had to be applied in 

order to match the experimental signal adequately. The first correction that was 

applied accounted for the change in the X-ray path length with incident angle, 

as X-rays transmitted into the adsorbed layer at shallower angles have longer 

path lengths. Longer path lengths allow a greater quantity of X-ray absorption 

and a greater photoelectron signal than is predicted from the theory, resulting in 

the model VPXSW having too low a photoelectron intensity at low angles 

(which overestimated the photoelectron intensity at high angles, due to 

normalisation of the VPXSW profiles). The second correction was to account 

for the X-ray footprint, which is larger for shallower angles of incidence. This 

correction was required as the CHA will only detect the photoelectrons emitted 

from within a given area of the sample, so for angles where the X-ray footprint 

was larger than the CHA detection area photoelectrons were being produced, 
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and included in the theoretical models, that were not detected. In the model 

VPXSW profile this gave a larger intensity than was observed in the 

experiments, hence a correction was applied for angles where the footprint was 

too large. Further improvements to the model VPXSW profiles could be 

observed if a greater number of layers were included in the XSW calculation as 

this would have allowed a better fit for the SiOx layer beneath the organic 

material. Effects such as surface roughness (which affects the local angle of 

incidence) could be accounted for as the majority of real-world systems do not 

have well defined flat interfaces (an assumption of the theory used here). 

Overall, the ability of photoelectrons to easily detect all elements, except 

hydrogen and helium, and the success in modelling a simple layered system 

shows the possibility for VPXSW with photoelectron detection to study 

biological films and biomimetic systems, with thicknesses on the order of 250 Å, 

which are predominantly composed of light elements in differing chemical 

environments. 

 

7.2 Temperature programmed desorption 

It has been observed that ultra-thin layers (less than 30 IL layers thick) 

of [C8C1Im][BF4] and [C8C1Im][Tf2N] behave similarly to bulk layers (millions 

of IL layers thick), with respect to their desorption properties. This was 

measured through the activation enrgies of desorption, where for ultra-thin 

layers of [C8C1Im][BF4] Edes was measured to be 130 ± 2 kJ mol−1 (literature 

value for bulk film is 137 ± 3 kJ mol−1 [7]). In the case of [C8C1Im][Tf2N] 

leading edge analysis found that Edes was 133 ± 3 kJ mol−1 with the literature 

value for a bulk film being 131 ± 2 kJ mol−1 [7]. This confirmed that there was 

no decomposition of the ultra-thin IL films studied here upon adsorption onto 

the gold surface, giving confidence that studies with IL and CO2 would be 

probing the IL–CO2 interaction rather than the interaction of CO2 with a 

decomposition product, or species which was not representative of the IL. 

 Low temperature line of sight mass spectrometry has been developed and 

successfully demonstrated to allow line of sight studies to be applied to 

experiments studying capture of CO2, which could not have been performed 

with existing line of sight setups. Null TPD experiments were performed in 
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which the gold surface, cooled to 88 K, was exposed to CO2 at a pressure of 

1×10−6 mbar in an attempt to form CO2 multilayers. This would have allowed a 

reference value for the activation energy of desorption to be found for the CO2 

on the gold to allow comparisons to be made with the IL–CO2 systems, as well 

as allowing the CO2 coverage to be calibrated through the use of TPD. A CO2 

signal was not observed for these null experiments giving an estimation for the 

maximum possible Edes for CO2 from the gold to be ≈ 27 kJ mol−1, based upon 

a stay time of 1200 seconds at 88 K, although the true value could be lower than 

this. This value calculated from the stay time was seen to be similar to the 

enthalpy of sublimation of CO2 at 100 K, ΔsubH100 = 26.8 kJ mol−1 [8, 9], 

indicating it was a suitable value to use for subsequent discussions of the 

stabilisation of CO2 within the ILs. 

 Studies in which the CO2 was coadsorbed with the ILs showed CO2 TPD 

peaks, indicating that the CO2 was successfully stabilised within the two ILs 

studied. It was seen that as the quantity of IL that was coadsorbed with the CO2 

was increased, the quantity of CO2 captured increased. This unsurprising result 

confirmed that the CO2 is captured within the bulk of the IL film, rather than just 

at the surface or interfacial layers (which would result in a fixed quantity of CO2 

being captured irrespective of amount of IL dosed). It was also seen that 

increasing the pressure of CO2 whilst keeping the quantity of IL constant 

increased the amount of CO2 captured, due to the increased CO2 coverage that 

results from higher dose pressures. The CO2 desorption curves could be 

compared to the Polanyi–Wigner equation to determine the range of activation 

energies of desorption for CO2 within each of the ILs. It was not possible to 

model the experimental data with a single CO2 adsorption site, indicating that 

multiple binding sites exist within the ILs. In the case of [C8C1Im][BF4], the CO2 

was observed to exhibit Edes values up to 43 kJ mol−1, which translates to a range 

for the enthalpy of sublimation of CO2 from the [C8C1Im][BF4] of 27.1 to 

44.1 kJ mol−1. Studies on the [C8C1Im][Tf2N]–CO2 coadsorption systems found 

that the experimental data could be modelled by a series of CO2 desorption peaks 

with Edes in the range 24.5 to 38.0 kJ mol−1, giving enthalpies of sublimation of 

25.5 to 39.0 kJ mol−1 for CO2 within [C8C1Im][Tf2N]. None of the model CO2 

desorption peaks correspond to known adsorption geometries, as the Edes values 

used in the fitting were arbitrarily chosen. In order to gain further insights into 
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the arrangement of CO2 around the IL ion pair or within the IL film quantum 

chemical calculations in for a wide variety of IL and CO2 conformations would 

be required (current calculations have only looked at the most stable 

conformations). 

The obtained values of enthalpy clearly show that the CO2 is stabilised 

by up to 5.1 kJ mol−1 more within the [C8C1Im][BF4] than in the 

[C8C1Im][Tf2N]. This experimentally observed stabilisation is close to the 

results of quantum calculations of different IL ion pairs and a CO2 molecule, 

showing that the CO2 is stabilised by 5.76 kJ mol−1 more in a [BF4]
− system 

relative to the [Tf2N]− system, based on the anion–CO2 interaction [10]. This 

result may appear odd, at first, since it has been observed that CO2 is more 

soluble in [C8C1Im][Tf2N] than in [C8C1Im][BF4] (Henry’s constant for CO2 in 

[C8C1Im][Tf2N] is 30 ± 1 bar for [11] and in [C8C1Im][BF4] is 54 ± 3 bar for 

[12], where a smaller Henry’s constant denotes a larger solubility). This result 

demonstrates the fact that solubility (the amount of gas that can be held) and 

stability (how tightly that gas is held) are not necessarily related, highlighting 

the importance of studying not just the solubility of a gas within ILs, but also 

looking at the gas stability and trying to understand the bonding that occurs 

between the species. 

 As well as coadsorption studies between the CO2 and the IL, experiments 

in which CO2 was dosed onto IL glass layers and IL ‘snow’ layers were 

performed. In the case of [C8C1Im][Tf2N] there was no significant CO2 TPD 

peak on either the IL glass or IL ‘snow’, suggesting that CO2 was not stabilised 

within the surface layers of the IL, at the IL–vacuum interface. For 

[C8C1Im][BF4], CO2 was not stabilised when exposing the IL glass, which is 

expected to have low porosity and a surface composed of aliphatic chains, to the 

gas. CO2 was, however, captured by the surface of the [C8C1Im][BF4] ‘snow’, 

which is expected to have both anions and cations exposed at the surface, in 

random orientations. The fact that the [C8C1Im][BF4] ‘snow’ stabilises some 

CO2, when the glass does not, suggests that the attractive interactions between 

the IL and the CO2 occur between the ionic regions and the CO2 molecule, and 

that the aliphatic chains do not interact strongly with the CO2. The lack of any 

significant CO2 stabilisation in the [C8C1Im][Tf2N] ‘snow’, when CO2 is seen to 

adsorb on [C8C1Im][BF4] ‘snow’ could be explained in terms of interaction 
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strength between the IL and the CO2. The weaker CO2–[C8C1Im][Tf2N] 

interaction strength means that in the less coordinated surface sites of the ‘snow’ 

surface the CO2 cannot be captured effectively, however for the [C8C1Im][BF4] 

the interaction with CO2 is strong enough, even in the less coordinated sites, to 

capture the CO2 resulting in a measured TPD peak. This argument with the 

interaction strengths agrees with the observation that the enthalpy range for CO2 

desorption from [C8C1Im][BF4] is larger than the enthalpy range of desorption 

from [C8C1Im][Tf2N]. The observation that the aliphatic chains prevent the CO2 

from being captured by the IL glass is concerning, if ILs are to be used in carbon 

capture, given that the surface structure of the IL (at the liquid vapour interface) 

is believed to be composed of aliphatic chains. This will result in an energy 

barrier to absorption of the CO2 by the IL [13], limiting the effectiveness of 

certain methods of CO2 extraction (e.g. just passing the gas over the IL surface 

may not capture CO2 as effectively as bubbling the gas through the IL, which 

increases the IL surface area and hence the amount of CO2 captured). 

 It was observed that the average quantity of CO2 captured per IL layer 

decreased as the quantity of IL used in the coadsorption increased, for both 

liquids studied. This led to the conclusion that a greater quantity of CO2 was 

captured in the first few IL layers than in the subsequent (bulk) layers. It was 

rationalised that since the IL layers themselves should be the same, irrespective 

of how much IL exists on the surface already, then the observed effect was a 

consequence of differences in the CO2 coverage on the gold surface (which may 

have carbonaceous material and exposed charges chemisorbed to it) and the IL 

‘snow’ surface. Comparisons of the amount of CO2 captured per layer of ‘bulk’ 

IL showed that the CO2 is more effectively captured by the [C8C1Im][Tf2N] 

((0.14 ± 0.02)×10−6 mbar s of CO2 captured per IL layer at 1×10−6 mbar) than 

by the [C8C1Im][BF4] ((0.10 ± 0.02)×10−6 mbar s of CO2 captured per IL layer 

at 1×10−6 mbar). This observation agrees with the Henry’s constants from 

literature showing that CO2 is more soluble in [C8C1Im][Tf2N] than in 

[C8C1Im][BF4]. This is believed to be due to the greater proportion of ionic 

regions in the [C8C1Im][Tf2N] resulting from the larger, more diffuse anion. 

The fact that surface coverage of CO2 was such an important factor in 

determining the capture efficiency of the CO2 gave an insight into the adsorption 

mechanism of CO2 capture. A model in which the CO2 is captured through an 
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Eley–Rideal type mechanism, where the incoming ion pair collides with an 

adsorbed CO2 molecule to capture it, is proposed. It was observed that the 

experimental data could be adequately fitted by the equations derived from this 

proposed model. The Eley–Rideal mechanism could be confirmed, in future, 

with experiments in which the IL flux is varied (through use of different 

evaporator temperatures) to see if this affects the rate of CO2 capture, with a 

higher IL flux leading to a higher rate of CO2 capture if Eley–Rideal kinetics are 

observed (whereas the rate of CO2 capture would be independent of the IL flux 

for a Langmuir-Hinshelwood type mechanism). It is shown, by the equilibrium 

constants for the desorption reaction obtained from the fits, that the equilibrium 

state is one in which CO2 is mostly adsorbed, with a typical value for the 

equilibrium constant (10×10−8) giving a CO2 surface coverage on the IL at a 

pressure of 1×10−6 mbar of 0.91 (meaning the surface is 91% covered in CO2), 

and a Gibbs free energy of adsorption in the IL ‘snow’ of ≈ −12 kJ mol−1 at 90 K.  

 Using the kinetic theory of gases the number of CO2 molecules captured 

by each of the ILs could be estimated, allowing the number of layers of CO2 

captured within the IL films to be calculated. It was observed that up to 0.05 ± 

0.01 layers of CO2 could be captured per layer of [C8C1Im][BF4] and 0.09 ± 0.02 

layers of CO2 could be captured per layer of [C8C1Im][Tf2N]. Using a simple 

model in which the IL and CO2 molecules are modelled as cubes (so the area of 

an adsorbed molecule could be modelled as the cube root of the molar volumes, 

squared) CO2 coordination numbers (the number of ion pairs per CO2 molecule 

stabilised) could be calculated. It was shown that the coordination number of 

CO2 in [C8C1Im][Tf2N] was about half that of the CO2 coordination in 

[C8C1Im][BF4] (the average CO2 molecule within [C8C1Im][BF4] is surrounded 

by approximately twice as many IL molecules as a CO2 molecule within 

[C8C1Im][Tf2N]). Relating this coordination number to the mole fraction of CO2 

within the IL allows Henry’s constants, at ≈ 90 K, for CO2 within each of the 

ILs to be estimated. The key result from this is that the Henry’s constant is 

proportional to the “CO2 coordination + 1”, so it is seen that the ratio of Henry’s 

constants for [C8C1Im][BF4]:[C8C1Im][Tf2N] at ≈ 90 K is about 1.8:1, which is 

the same as the ratio of Henry’s constants for [C8C1Im][BF4]:[C8C1Im][Tf2N] at 

≈ 300 K. This consistency of the ratio of Henry’s constants further validates the 

results collected and conclusions made within this study.  
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 This study has focussed on vacuum studies of the IL–CO2 interaction, 

resulting in systems that are not directly related to ambient conditions. Since the 

IL was dosed through evaporation onto a cold surface it adsorbed as an IL ‘snow’ 

rather than a liquid, which is not directly comparable to the IL morphology under 

ambient conditions. Studying the IL ‘snow’ allowed the entire range of possible 

CO2 binding environments to be sampled, though studies in which the CO2 

adsorption environment within the liquid phase is probed should be performed. 

It is expected that this will result in a smaller variety of different binding 

environments, but with larger populations, as the IL will arrange in certain ways 

to accommodate the CO2. Such studies would need to occur with higher 

temperatures, to ensure that the IL is in the liquid phase, and pressures, ensuring 

that the CO2 coverage is sufficiently large to be captured by the IL. The IL itself 

could be dosed through a dipstick method (immersion followed by emersion), 

which could allow the IL to be saturated with CO2 in a separate chamber then 

transferred to the analysis chamber to be coated onto the dipstick sample and 

studied. This could circumvent any issues from the inefficiency of CO2 capture 

that would be a consequence of working at lower pressures due to the vacuum 

equipment in the analysis chamber. 
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Appendices 
 

8.1 Derivation of umbra and penumbra diameters for a line of 

sight setup 

 By using the schematic diagram of the setup of the LTLOS in fig. 2.17, 

expressions can be defined relating the diameter of the LOS umbra, dU, and the 

diameter of the LOS penumbra, dP, to the diameter of aperture N on the outer 

LTLOS tube closest to the sample, dN, and the diameter of aperture M on the 

mass spectrometer, dM. This can be done using trigonometry and noticing that 

within the geometry there are a collection of similar triangles (triangles with the 

same angles but different side lengths). A slightly less detailed version of this 

derivation can also be found in the supporting information of reference [1]. 

Figure 8.1 shows an accentuated version of the diagram in fig. 2.17, but now 

with the axis of symmetry along the centre shown as the dashed green line and 

the distances x and y defined. Considering the geometry of the umbra and the 

associated triangles that can be made, fig. 8.2, it can be seen that all of the 

triangles have the same angle, θ. Utilising this fact, the trigonometric ratio 

tangent and the information in fig. 8.2 the following simultaneous equations can 

be formed: 

𝑑𝑀

2(𝑙𝑀+𝑙𝑁+𝑥)
=

𝑑𝑁

2(𝑙𝑁+𝑥)
 rearranges to 𝑑𝑀𝑙𝑁 + 𝑑𝑀𝑥 = 𝑑𝑁𝑙𝑀 + 𝑑𝑁𝑙𝑁 + 𝑑𝑁𝑥 1) 

𝑑𝑀

2(𝑙𝑀+𝑙𝑁+𝑥)
=

𝑑𝑈

2𝑥
 rearranges to  𝑑𝑀𝑥 = 𝑑𝑈𝑙𝑀 + 𝑑𝑈𝑙𝑁 + 𝑑𝑈𝑥  2) 

𝑑𝑁

2(𝑙𝑁+𝑥)
=

𝑑𝑈

2𝑥
  rearranges to  𝑑𝑁𝑥 = 𝑑𝑈𝑙𝑁 + 𝑑𝑈𝑥   3) 

𝑑𝑀 𝑑𝑁 

𝑙𝑀 𝑙𝑁 

𝑥 𝑦 

𝑑𝑃 

𝑑𝑈 

Figure 8.1: A diagram showing the setup for the LTLOS with the centre of symmetry (green 

dashed line) and the distances y (from aperture N to the point where the penumbra lines of sight 

cross) and x (from the sample surface to the point where the umbra lines of sight cross). These 

can be used to make triangles, allowing the equations for the umbra and penumbra diameters to 

be derived. 
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Where equation 1) is formed from considering triangles (a) and (b), equation 2) 

comes from triangles (a) and (c) and equation 3) comes from triangles (b) and 

(c). Substituting 2) and 3) into 1) (for the terms “dMx” and “dNx”, respectively) 

gives the equation: 

𝑑𝑀𝑙𝑁 + (𝑑𝑈𝑙𝑀 + 𝑑𝑈𝑙𝑁 + 𝑑𝑈𝑥) = 𝑑𝑁𝑙𝑀 + 𝑑𝑁𝑙𝑁 + (𝑑𝑈𝑙𝑁 + 𝑑𝑈𝑥) 

 Equation 8.1 

Noticing that the terms “dUx” and “dUlN” are common to both the left and right 

sides of the equation, and that the diameter of the umbra, dU, is the desired 

subject of the equation, then the above equation can be rearranged to:  

𝑑𝑈 =
𝑑𝑁𝑙𝑀+𝑑𝑁𝑙𝑁−𝑑𝑀𝑙𝑁

𝑙𝑀
= 𝑑𝑁 + 𝑑𝑁

𝑙𝑁

𝑙𝑀
− 𝑑𝑀

𝑙𝑁

𝑙𝑀
 Equation 8.2 

Through factorising the above equation the diameter of the umbra for a given 

LOS setup can be found to be given by eq 2.53: 

𝑑𝑈 = 𝑑𝑁 (1 +
𝑙𝑁

𝑙𝑀
(1 −

𝑑𝑀

𝑑𝑁
)) = 𝑑𝑁 (1 −

𝑙𝑁

𝑙𝑀
(
𝑑𝑀

𝑑𝑁
− 1)) Equation 2.53 

Considering now the penumbra, one can generate the similar triangles shown in 

figure 8.3. Since all these triangles are similar their tangents can be equated 

giving the three simultaneous equations 

𝑑𝑀

2(𝑙𝑀−𝑦)
=

𝑑𝑁

2𝑦
  rearranges to  𝑑𝑀𝑦 = 𝑑𝑁𝑙𝑀 − 𝑑𝑁𝑦⁡  i) 

𝑑𝑀

2(𝑙𝑀−𝑦)
=

𝑑𝑃

2(𝑙𝑁+𝑦)
 rearranges to  𝑑𝑀𝑙𝑁 + 𝑑𝑀𝑦 = 𝑑𝑃𝑙𝑀 − 𝑑𝑃𝑦 ii) 

𝑑𝑁

2𝑦
=

𝑑𝑃

2(𝑙𝑁+𝑦)
  rearranges to  𝑑𝑁𝑙𝑁 + 𝑑𝑁𝑦 = 𝑑𝑃𝑦  iii) 

Figure 8.2: A diagram showing triangles, (a), (b) and (c) that can be formed when considering 

the umbra geometry from fig. 8.1. The geometry of the LOS setup means that all the tringles 

have the same angles, so the tangents can be equated allowing the value of dU to be found. 

𝑑𝑀
2

 

𝑙𝑀 + 𝑙𝑁 + 𝑥 

a 

𝜃 

𝑑𝑁
2

 

𝑙𝑁 + 𝑥 

b 

𝜃 

𝑥 

𝑑𝑈
2

 

c 

𝜃 
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Substituting equations i) and iii) into ii) (for the terms dMy and dPy) gives the 

equation: 

𝑑𝑀𝑙𝑁 + (𝑑𝑁𝑙𝑀 − 𝑑𝑁𝑦) ⁡= 𝑑𝑃𝑙𝑀 − (𝑑𝑁𝑙𝑁 + 𝑑𝑁𝑦)   Equation 8.3 

The “−dNy” terms cancel and since the diameter of the penumbra, dP, is the 

desired subject of the equation rearrangement gives: 

𝑑𝑃 =
𝑑𝑀𝑙𝑁+𝑑𝑁𝑙𝑀−𝑑𝑁𝑙𝑁

𝑙𝑀
= 𝑑𝑀

𝑙𝑁

𝑙𝑀
+ 𝑑𝑁 − 𝑑𝑁

𝑙𝑁

𝑙𝑀
  Equation 8.4 

By factorising the above equation the diameter of the penumbra can be found 

for a particular geometry of the LOS setup by using eq 2.54: 

𝑑𝑃 = 𝑑𝑁 (
𝑙𝑁

𝑙𝑀
(
𝑑𝑀

𝑑𝑁
+ 1) + 1)   Equation 2.54 

In all cases the units used for the diameters and lengths should be in the same, 

so if millimetres are used for the distances, the obtained diameters for the umbra 

and penumbra will also be in millimetres. 

 

8.2 Determination of errors in layer thicknesses for VPXSW 

on Si 

 Determination of errors in the fitting of variable period X-ray standing 

wave (VPXSW) layer thicknesses is something which (at present) can only be 

performed by comparing the best model to the data with other subtly different 

models to the data (e.g. ones with different layer thicknesses) and seeing whether 

the new model could be considered to be within error of the experimental data. 

By performing this task iteratively the upper and lower bounds can be found for 

the layer thickness which successfully model the experimental data and hence 

errors can be found. This procedure is subject to the judgement of the Author 

Figure 8.3: A diagram showing the three triangles, (a), (b) and (c) that can be formed when 

considering the penumbra geometry from fig. 8.1. From the geometry of the problem all the 

triangles have the same angles, which means that taking the tangent of all of the triangles gives 

fractions which can be compared and equated to solve for dP. 

𝑑𝑀
2

 

𝑙𝑀 − 𝑦 
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a 
𝑑𝑁
2
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(or whomever is fitting the data) so may differ depending upon the user. This is 

the same procedure as the one described in section 4.2.2, in fig. 4.3, and shall be 

applied to the 3 layer model in which the silicon substrate is covered in an 

organic layer ([C8C1Im][BF4] and CHCl3) beneath a vacuum layer. 

 By using the VPXSW profiles from the Si 2pbulk, Si 2poxide and Si 2ptotal 

photoelectron peaks the organic layer was found to be 223 Å thick (section 

4.3.3). Figure 8.4 shows the experimental data for the Si 2ptotal VPXSW profile 

compared with models in which the thicknesses range from 208 Å to 248 Å. The 

attenuation length used for the Si 2p photoelectrons through the organic layer 

was 58 Å. It is observed that the VPXSW profiles for the substrate are all very 

similar, especially in the low angle (under 1°) regime, making it difficult to rely 

solely on the substrate VPXSW profile to determine film thickness. The 

decaying tail of the theoretical VPXSW profile can be seen to be a better match 

to the experimental data for thicker films, but as the film thickness increases the 

goodness of fit at low angles decreases. As a result the compromise of a film 

thickness of 223 Å (solid green line) is suggested for the best fit with an error of 

± 15 Å. 

Figure 8.4: The total substrate signal (Si 2ptotal, markers) has been compared to the theoretical 

models for a variety of organic layer thicknesses in an attempt to estimate the error in the organic 

layer thickness determined by VPXSW. 
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 To estimate the errors involved with the determination of the IL layer 

thickness a series of theoretical models were compared to the C 1stotal and 

B 1sanion VPXSW profiles. The organic layer thickness was assumed to be 

223 Å, as determined by the substrate VPXSW profile, and the attenuation 

length of the photoelectrons from the IL species within the organic layer was 

assumed to be 53 Å. The theoretical VPXSW profiles in fig. 8.5 show the effect 

of varying the thickness of the IL layer, whilst keeping the total organic layer 

thickness constant. It can be seen that in the lower angular regime (below 0.6°) 

the thicker IL layers are better models to the C 1s signal, but in the high angle 

regime (above 0.6°) the thinner IL layers are a better match to the C 1s VPXSW 

profile. It can be seen that the 211 Å layer is the best compromise, and hence is 

used as the best fit value. Since the majority of the data is successfully modelled 

by the thicknesses in the range 201 Å to 221 Å an error of ± 10 Å is estimated. 

It can be observed that the leading edge at low angles of the B 1sanion VPXSW 

profile is fitted much better by a 196 Å layer than a 211 Å IL layer, which may 

Figure 8.5: A comparison of the extracted VPXSW profiles for the IL components C 1stotal 

(black triangles) and B 1sanion (orange diamonds) to theoretical models with varying layer 

thicknesses in an attempt to estimate an error in the layer thickness. It can be observed that the 

leading edge at low angles of the B 1sanion VPXSW profile is fitted much better by a 196 Å layer 

than a 211 Å IL layer, which was observed to be the best fit of the other IL components. An 

attenuation length of 53 Å was used in the theoretical models. 
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suggest that the boron species has been damaged at the surface and desorbed 

into the vacuum, as discussed in the main text (section 4.3.4).  

 A plot to determine the error associated with the thickness of the CHCl3 

layer is shown in fig. 8.6, where the experimental data is shown as green squares 

and theoretical models for different layer thicknesses are shown as coloured 

lines. The total thickness of the organic layer was kept constant, so only the 

proportion of the organic layer composed of the CHCl3 was varied (which varies 

the thickness of the IL layer to keep total organic layer thickness constant). The 

attenuation length used in calculations of the theoretical models for the Cl 1s 

photoelectrons through the organic layer was 9 Å. It can be seen that there is not 

too much variation in the theoretical VPXSW profiles as the layer thickness 

changes, due to the short attenuation length for the photoelectrons, with 87% of 

the photoelectron signal coming from the top 18 Å (2×λ) of the layer. The result 

of this is that increasing the layer thickness past this depth will not affect the 

VPXSW profile too much. This can be seen in fig. 8.6 as the 17 Å to 27 Å 

theoretical models are almost indistinguishable. This makes estimation of the 

error difficult as a layer 100 Å thick will give the same VPXSW profile as one 

that is 20 Å thick. Considering the theoretical model for the 2 Å layer (black 

Figure 8.6: A comparison of the extracted VPXSW profiles for the total chlorine signal (green 

squares) to theoretical models with varying layer thicknesses in an attempt to estimate an error 

in the layer thickness. Only the thickness of the CHCl3 layer is varied, not the thickness of the 

organic layer, with the legend indicating the thickness of the CHCl3 layer at the top of the organic 

layer. An attenuation length of 9 Å was used in the theoretical models. 
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line) a slight shift in the position of the peak at ≈ 0.7° is observed, but it is not a 

big enough shift to make it easily distinguishable from the 12 Å model (blue 

line). As a result of these considerations the error in the CHCl3 layer is assumed 

to be the same as the error in the IL layer thickness as measured by the substrate 

signal, which is ± 15 Å. 

In the case where the photoelectron attenuation length is sufficiently 

large the error will tend to decrease for thicker layers, in which a greater number 

of oscillations are present in the VPXSW profile, as errors are judged from the 

ability of the model to reproduce the experimentally observed oscillations. 

Having a greater quantity of oscillations makes matching the phase of the 

experimental and theoretical oscillations easier, as varying the layer thickness 

slightly changes the phase of the oscillations in the VPXSW profile [2]. The 

VPXSW profile is not as sensitive to layer thickness changes as it is to layer 

position changes (section 2.3.5 and 4.3.5). 

 

8.3 Monolayer determination of [C8C1Im][BF4] using TPD 

 Determination of the monolayer coverage of [C8C1Im][BF4] was 

required to allow the IL coverage to be represented in terms of layers rather than 

the experimentally detected ‘counts’. The monolayer coverage was determined 

through a series of calibration experiments in which the detected mass 

spectrometer peak areas, from [C8C1Im][BF4] TPD peaks, were measured for a 

range of different initial quantities of IL on the gold surface. Experiments were 

performed on a room temperature sample, so the IL will have been deposited as 

a liquid, rather than an IL ‘snow’ which is observed when the IL is dosed onto a 

sample which is cold (≈ 88 K). The only expected difference between dosing at 

these temperatures, aside from the morphology of the IL, is the sticking 

probability of the IL on the surface, which will be closer to 1 for a cold surface 

than a room temperature one (at room temperature sticking probability is still 

expected to be close to 1 due to the low volatility of ILs). [C8C1Im][BF4] was 

dosed from an evaporator at 573 K, as discussed in section 3.4.3, with dose 

lengths varying between 0 and 600 seconds. The monolayer coverage was 

defined by the point at which the TPD peak shape went form first order (all peak 

maxima at the same temperature) to zero order (temperature of peak maximum 
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increases with initial coverage), indicative of multilayer desorption. It is 

assumed the IL evaporation occurs at a constant rate, for a given evaporator 

temperature. This is because the evaporator has an excess of IL in it, so will 

observe zero order desorption kinetics, meaning that for a fixed temperature a 

constant desorption/evaporation rate occurs. Figure 8.7 shows [C8C1Im][BF4] 

TPD spectra, following the m/z = 195 amu fragment intensity, from a gold 

surface for initial dose lengths ranging from 0 to 180 seconds. The plots have 

been offset for clarity and smoothing splines have been used on the data to 

enable the temperature at which the intensity maximum occurs to be identified 

more easily. It is clear to see that for all [C8C1Im][BF4] dose lengths below 120 

seconds the peak maxima (for the cases where a clear peak maximum can be 

seen) occur at ≈ 427 K (purple line), with the peak for the 120 second IL dose 

(filled blue circles) being at 428 K. It is believed that the 120 second 

[C8C1Im][BF4] dose corresponds to the desorption of a monolayer from the gold 

surface. To find the number of counts (unit of experimentally measured peak 

areas) that correspond to this monolayer coverage a calibration curve of 

experimental peak area against dose length was generated, fig. 8.8, and modelled 

Figure 8.7: Experimental TPD data for [C8C1Im][BF4] desorption from a gold surface 

tracking the m/z = 195 amu mass channel (heating rate of 0.5 K s−1). The gold surface was 

exposed to IL for timescales ranging from 0 to 180 seconds, with data shown as markers 

and smoothing splines have been added to guide the eye through the noise of the data. 

Solid lines and darker shading represent filled markers and dashed lines with lighter 

shading represent hollow markers with datasets offset for clarity. The purple line at T = 

427 K represents the temperature at which the peak maxima sit for the first order TPD 

peaks. 
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by a straight line of the form y = mx. Fitting gave the gradient of the line to be 

22.1 ± 0.3 counts per second of IL dosed. The equation of best fit was then used 

with the dose time of 120 seconds to obtain the monolayer coverage of 2650 

± 50 counts, which could be used to convert all of the m/z = 195 amu peak areas 

to IL coverages in layers. It can be seen that the error in the monolayer coverage 

itself, from the fit in fig. 8.8, is very small (less than 2% of the monolayer area). 

This error comes purely from the fitting and does not account for any error in 

the determination of the switching point from first order to zero order desorption. 

It can be seen, in fig. 8.7, that the 120 second TPD peak is first order in shape 

and that the 180 second TPD peak is zero order, however it is possible that the 

switchover occurs for any dose length between 120 and 180 seconds. Using the 

fit from fig. 8.8 this would mean that the true monolayer coverage could lie 

anywhere between 2650 and 3980 counts, which represents a 50% error in the 

monolayer coverage (2650 ± 1330). Looking at how much the peak maximum 

for the 180 seconds dose has shifted from the purple line, it is apparent that the 

shift from first order to zero order shape occurred at a time closer to 120 seconds 

than 180 seconds. Hence an estimated error in the monolayer coverage of 10% 

(± 265 counts) has been assumed, in determining errors for [C8C1Im][BF4] layer 

thicknesses. As discussed in section 5.2 the IL was studied primarily through the 

Figure 8.8: A calibration curve for the integrated peak area for the m/z = 195 amu TPD peak 

with dose length for [C8C1Im][BF4], where experimental data (blue markers) has been fitted 

by an equation of the form y = mx (black dashed line). The gradient of the best fit equation 

was calculated to be 22.1 ± 0.3 counts per second of IL dosed.  
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m/z = 195 amu peak, so a calibration was not performed on the m/z = 96 amu 

mass channel. 

 

8.4 Temperature programmed desorption curve for 

[C1C1Im]+ 

 As mentioned in section 5.2 the desorption of [C8C1Im][BF4] was 

monitored through the m/z = 195 and 96 amu fragments corresponding to 

[C8C1Im]+ and [C1C1Im]+ respectively. The desorption profile for the m/z = 

195 amu fragment is shown and discussed in section 5.2, with the corresponding 

desorption profile for the 96 amu fragment shown in fig. 8.9. It can be seen that 

there are two desorption peaks observed in the 96 amu trace, when only the one 

at ≈ 450 K, due to the [C1C1Im]+, was expected, based on the 195 amu data. The 

possible origins of the unidentified peak at ≈ 300 K are discussed in the main 

text, although the exact identity of the contaminant is unknown. The 

experimental data shown in fig. 8.9 corresponds to the point with index −7 in 

fig. 5.3, which can be seen to have a higher concentration of the contaminant 

than during the CO2 experiments, as the IL was running out. The 96 amu TPD 
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Figure 8.9: Experimental TPD data for the m/z = 96 amu mass fragment for a [C8C1Im][BF4] 

layer with an initial thickness of 21.6 ± 2.2 layers (blue dots) fitted with a zero order theoretical 

desorption peak for a fragment of the imidazolium cation ([C1C1Im]+, red line) and a peak to 

describe a contaminant within the IL (black line). The heating rate was 0.5 K s−1. 
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profile has been fitted with two theoretical peaks, shown as black and red lines 

in fig. 8.9, using the Polanyi–Wigner equation (eq 2.51). There is an added 

complication in the fitting of the m/z = 96 amu profile that a monolayer 

calibration was not performed for this ion fragment. As a result the desorption 

rate has been calculated by assuming that the peak on the right (due to 

[C1C1Im]+) corresponds to 21.6 layers of IL, as found by the m/z = 195 amu plot. 

This number of IL layers was used to convert the zero order peak area for the 

96 amu fragment (87760 counts) into a monolayer coverage equivalent of 

4063 counts. This value was used to convert the 96 amu experimental data into 

a desorption rate, allowing it to be fitted with the theoretical peaks. The red line 

represents the desorption of the [C8C1Im][BF4] (21.6 ± 2.2 layers thick) and has 

parameters n = 0, Edes = 130 kJ mol−1, pre-exponential factor, A = 3.3×1014 s−1 

and heating rate of 0.5 K s−1. The black line represents the theoretical fit to the 

contaminant peak with the parameters initial coverage = 13.8 layers, n = 1, Edes 

= 97 kJ mol−1, pre-exponential factor, A = 1×1014 s−1 and heating rate of 

0.5 K s−1. The high temperature peak can be seen to be well modelled by the red 

line, which has the same fit parameters as for the m/z = 195 amu peak in fig. 5.1. 

The reasonably high Edes value for the contaminant within the IL suggests that 

some strong interactions are present, which could indicate some form of 

hydrogen bonding or dipolar interaction with the IL. This would explain why 

the degassing procedure to prepare the IL for use was unsuccessful in removing 

the contaminant, although does not give a definitive answer for the contaminant 

identity. 

 

8.5 Calibration of experimental signal to a CO2 pressure 

 Calibration of the CO2 signal could not be performed by using the 

transition from first order TPD peak shapes to zero order TPD peak shapes for 

CO2 adsorbed on the gold surface, like the [C8C1Im][BF4] was. This was due to 

the fact that the minimum sample temperature that could be reached in this study 

(≈ 88 K) was not low enough to stabilise either monolayers or multilayers of 

CO2 on the gold surface. Calibration of the experimental signal to a CO2 pressure 

allows the results to be discussed in terms of quantities which are more relatable 

to both the amounts of CO2 that the surface was initially exposed to and studies 
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performed by other research groups. Calibration of the CO2 signal, shown 

graphically in fig. 8.10, was performed by leaking CO2 into the vacuum chamber 

at different pressures ranging from 1×10−8 mbar to 2×10−6 mbar, whilst 

collecting the m/z = 44 amu signal, with the same spectrometer settings that 

would be used for collection of experimental data. During calibration the gold 

substrate was at room temperature and was in the analysis position such that the 

CO2 that would collide with the sample and would be reflected into the mass 

spectrometer. This meant that the chamber pressure and the CO2 pressure local 

to the surface were the same, as the sticking probability of the CO2 on the room 

temperature gold was assumed to be zero. As the LTLOS was in operation the 

pressure within the mass spectrometer is dictated by the local pressure above the 

gold surface. The change in m/z = 44 amu signal was plotted against the change 

in pressure, fig. 8.10b, to obtain a graph which could be fitted with the model 

y = mx. The gradient of the graph in fig. 8.10b is calculated to be (2.07 

± 0.04)×1010 CPS mbar−1, so after correction for pressure gauge sensitivity from 

nitrogen to CO2 (pressure gauge was calibrated for nitrogen) the equation of best 

fit for the calibration curve was found to be 

Figure 8.10: Results obtained from the calibration experiment to relate the CO2 pressure to 

measured signal in the m/z = 44 amu fragment. The plot in (a) shows the measured quantities; 

pressure detected by the ion gauge (dashed green line) and the experimentally detected signal 

(pink line). Inset (b) shows the change in the 44 amu peak signal versus the pressure in the 

chamber due to CO2 being leaked in, with the pink data points being obtained from (a). Data 

has been modelled with a fit of the form y = mx (blue dashed line), where the gradient is 

(2.07 ± 0.04)×1010 CPS mbar−1. 

a b 
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∆(𝑆44) = (2.90 ± 0.06) × 1010 × 𝑃𝐶𝑂2  Equation 8.5 

where ∆(𝑆44) is the change in the mass spectrometer signal for the m/z = 44 amu 

trace (CPS), and PCO2
 is the pressure of CO2 in the chamber (which is the same 

as the local CO2 pressure). This can be rearranged to give the expression for the 

pressure of CO2 for an experimentally measured signal: 

𝑃𝐶𝑂2 = (3.45 ± 0.04) × 10−11 × ∆(𝑆44)  Equation 5.1 

Equation 5.1 can also be used to convert peak areas from the experimentally 

measured ‘counts’ to ‘mbar s’, as described in section 5.3.1. From the way in 

which the calibration was performed the CO2 ‘pressure’ during a TPD 

experiment will be equivalent to the CO2 pressure locally, above the gold 

surface. This differs from the chamber pressure as during an experiment the CO2 

desorbing from the gold expands into the vacuum, resulting in a chamber 

pressure which is lower than the local CO2 pressure. The pressure seen by the 

mass spectrometer is also lower than the local CO2 pressure, due to gas 

expansion into the LTLOS setup, which was differentially pumped. Since the 

LOS area is filled with the sample surface it is assumed that the pressure in the 

mass spectrometer is proportional to the pressure of CO2 local to the surface, 

allowing the m/z = 44 amu signal to be related to a CO2 pressure. 

 

8.6 Graphical representations of experimental data for the 

variation in quantity of CO2 stabilised within 

[C8C1Im][BF4] with varying IL coverage and CO2 dose 

pressure   

 Further to the graph shown in fig. 5.5, in which the experimentally 

measured TPD peaks for CO2 desorbing from [C8C1Im][BF4] for a variety of IL 

coverages and a fixed CO2 dose pressure of 1×10−6 mbar are shown, this 

appendix includes plots of the experimental data for the other CO2 pressures 

used where the IL coverage was varied. Although the peak areas and trends in 

this data can be determined from table 5.1, it can often be helpful to have a 

graphical representation of the data as well. All TPD spectra in this appendix 

were collected with a heating rate of 0.67 K s−1. Looking at the data for the 

coadsorptions performed with a CO2 pressure of 5×10−7 mbar, fig. 8.11, there 
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isn’t as clear a trend in the peaks as can be seen in fig. 5.5. What is also confusing 

is that the 10 minute peak appears to be larger than the 20 minute peak (from the 

smoothing curves) but gives a smaller peak area. This is the result of noise in a 

Figure 8.11: Experimental TPD curves, after application of pressure and background 

subtractions, for the [C8C1Im][BF4]–CO2 coadsorptions performed with a constant CO2 

pressure of 5×10−7 mbar. Markers represent true experimental data points, with the 

smoothing curves shown to guide the eye through the noise in the data. The colours of lines 

and markers correspond to each other, with the red line representing the smoothing curve for 

the red markers. The dashed black line represents the zero level in CO2 signal. 

Figure 8.12: Experimental TPD curves, after application of pressure and background 

subtractions, for the [C8C1Im][BF4]–CO2 coadsorptions performed with a constant CO2 

pressure of 1×10−7 mbar. Experimental data is shown as coloured markers, with smoothing 

splines of the same colour used to guide the eye through the noise. The dashed black line 

represents the zero mark for the signal (signals below zero are possible due to the pressure 

and background subtractions). 
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few of the data points pulling the 20 minute smoothing spline to lower values, 

which is why the smoothing splines are used only as a rough visual guide. 

Figures 8.12 and 8.13 show the [C8C1Im][BF4]–CO2 coadsorption data for the 

1×10−7 mbar and 5×10−8 mbar experiments, respectively. As was discussed in 

section 5.3.2, the effect of using lower pressures during coadsorption and hence 

stabilising smaller quantities of CO2 means that the signal to noise ratio for these 

plots is lower. The general trend can still be seen in both graphs; that increasing 

the quantity of IL can be seen to stabilise a greater quantity of CO2, for a given 

pressure of CO2.    

As well as looking at how the experimental data varies with changes in 

[C8C1Im][BF4] coverage for fixed CO2 dose pressures, as shown in fig. 5.5 and 

the preceding section, the data can also be analysed by looking at how the peak 

shapes vary with CO2 dose pressure for fixed initial [C8C1Im][BF4] coverages. 

The experimental data is largely the same as that shown in figs. 5.5 and 8.11 to 

8.13, with a few extra datasets due to pressures that were only used once (e.g. 

2×10−6 mbar in the 20 minute data), but are grouped by constant IL coverage 

(more accurately coadsorption timescale, since the IL dose rate is not always 

observed to be exactly 1 layer min−1). The figures confirm what can be seen from 

Figure 8.13: Experimental TPD curves, after application of pressure and background 

subtractions, for the [C8C1Im][BF4]–CO2 coadsorptions performed with a constant CO2 

pressure of 5×10−8 mbar. Markers represent data points for the different coadsorption 

timescales, with the lines representing smoothing splines through the data. Markers and lines 

of the same colour correspond to one another (i.e. purple markers and purple lines both 

correspond to 10 minute coadsorption). Black dashed line shows the zero position for the 

pressure and background subtracted signal. 
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the data in table 5.1; that increasing the dose pressure used during coadsorption 

increases the quantity of CO2 captured by the IL. Figure 8.14 shows the data for 

the 20 minute coadsorptions, fig. 8.15 shows the data for the 10 minute 

Figure 8.14: Experimental TPD curves, after application of pressure and background 

subtractions, for the 20 minute [C8C1Im][BF4]–CO2 coadsorptions, with varying CO2 

pressures. Markers represent true data points whilst lines with same colour as the markers 

represent smoothing splines for that data, to help guide the eye through the noise. Dashed 

lines correspond to open markers and solid lines to filled markers. The dashed black line 

represents the zero mark for the pressure and background subtraction axis. 

Figure 8.15: Experimental TPD curves, after application of pressure and background 

subtractions, for the 10 minute [C8C1Im][BF4]–CO2 coadsorptions, with varying CO2 

pressures. Markers represent true data points whilst lines with same colour as the markers 

represent smoothing splines for that data, to help guide the eye through the noise. Dashed 

lines correspond to open markers and solid lines to filled markers. The dashed black line 

represents the zero mark for the pressure and background subtraction axis. 
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coadsorptions, fig. 8.16 shows the data for the 5 minute coadsorption data and 

fig. 8.17 shows the 2 minute coadsorption data. All graphs have smoothing 

splines to help guide the eye through the noise in the data, and a dashed black 

Figure 8.17: Experimental TPD curves, after application of pressure and background 

subtractions, for the 2 minute [C8C1Im][BF4]–CO2 coadsorptions, with varying CO2 

pressures. Markers represent true data points whilst lines with same colour as the markers 

represent smoothing splines for that data, to help guide the eye through the noise. Dashed 

lines correspond to open markers and solid lines to filled markers. The dashed black line 

represents the zero mark for the pressure and background subtraction axis. 

Figure 8.16: Experimental TPD curves, after application of pressure and background 

subtractions, for the 5 minute [C8C1Im][BF4]–CO2 coadsorptions, with varying CO2 

pressures. Markers represent true data points whilst lines with same colour as the markers 

represent smoothing splines for that data, to help guide the eye through the noise. Dashed 

lines correspond to open markers and solid lines to filled markers. The dashed black line 

represents the zero mark for the pressure and background subtraction axis. 
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line to represent the zero level for the pressure and background subtracted data. 

The trend, increasing quantity of CO2 captured with increase in pressure, is 

displayed most clearly in fig. 8.16, but can be seen in most of the plots. The 

2 minute coadsorption data (fig. 8.17) visually do not seem to follow any trend 

as the smoothing splines are affected by the low signal to noise ratio. The CO2 

TPD profiles appear to have a ‘double peak’ appearance to them, which may be 

suggestive of two types of CO2 binding environment within the [C8C1Im][BF4] 

network, as discussed in section 5.3.4. Hopefully these plots have helped 

illustrate the trends observed in table 5.1, and have aided in understanding of the 

experimental data.  

 

8.7 CO2 population distributions for the [C8C1Im][BF4]–CO2 

coadsorption data 

 Figure 5.9 shows the population distributions for the 10 minute 

[C8C1Im][BF4]–CO2 coadsorptions, which are obtained from fitting the 

experimental TPD spectra with a range of hypothetical CO2 environments. 

These individual CO2 environments have activation energies of desorption 

ranging from 26 kJ mol−1 upwards (in steps of 1.5 kJ mol−1), with the relative 

population of each state being varied to ensure that the sum of the hypothetical 

TPD profiles give the best fit to the experimental TPD profile. These fitted 

relative populations can be converted into a CO2 coverage by using the 

relationship 

∑𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒⁡𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛𝑠 = 𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙⁡𝑃𝑒𝑎𝑘⁡𝐴𝑟𝑒𝑎⁡(𝑚𝑏𝑎𝑟⁡𝑠)  

which means that the individual relative populations need to be multiplied by 

the experimental peak area divided by the total relative population. Figure 8.18 

shows the fitted population profiles for the [C8C1Im][BF4]–CO2 coadsorption 

data for the 20 minute doses. As discussed in the main text there appears to be a 

greater proportion of the CO2 stabilised in the 33 to 42 kJ mol−1 range than there 

is in the 26 to 33 kJ mol−1 range for the pressures of 5×10−7 mbar and 

1×10−6 mbar. The highest pressure of 2×10−6 mbar appears to have a more even 

distribution of CO2 environments, possibly indicating a requirement for a higher 

pressure to access certain environments. As was the case for the 10 minute 

coadsorption data, fig. 5.9, the lowest pressure results do not have the population 
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distribution that would be expected (a higher quantity of CO2 in more stabilised 

states), instead appearing to have a reasonably uniform distribution of states. 

Figures 8.19 and 8.20 show the population distributions from the 5 minute 

Figure 8.19: Fitted CO2 TPD spectra for the 5 minute [C8C1Im][BF4]–CO2 coadsorption 

experiments. Pressures used are shown in the legend, with red colours used for the 

“10−6 mbar”, blues for “10−7 mbar” and greens for “10−8 mbar”. CO2 states can be seen to 

have Edes values ranging from 26 to 44 kJ mol−1. There appears to be a link between the 

dosing pressure and the CO2 state population. 

 

Figure 8.18: Fitted CO2 TPD spectra for the 20 minute [C8C1Im][BF4]–CO2 coadsorption 

experiments. Pressures used are shown in the legend, with red colours used for the 

“10−6 mbar”, blues for “10−7 mbar” and greens for “10−8 mbar”. CO2 states can be seen to 

have Edes values ranging from 26 to 43 kJ mol−1. 
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[C8C1Im][BF4]–CO2 and 2 minute [C8C1Im][BF4]–CO2 coadsorptions, 

respectively. These datasets are included for completeness as drawing any 

meaningful conclusions from them is difficult. The 5 minute data shows the 

trend that dosing with a higher CO2 pressure stabilises more CO2, with the CO2 

coverage for a given Edes value generally increasing with pressure. The 

population distributions appear to consist of two peaks, one at high Edes and one 

at low Edes, although this is possibly an artefact from the noise in the data and 

not an indication that the 5 minute IL dose has managed to order itself such that 

these two types of site exist. The 2 minute data in fig. 8.20 have not been 

discussed in the main text due to the fact that there is no trend seen in any of the 

data. The 1×10−6 mbar CO2 dose (light red line), which is expected to have 

stabilised the most CO2, can be seen to have some of the lowest CO2 populations. 

This is a direct result of having small quantities of CO2 desorbing from the 

surface, the intensities of which are comparable to the noise in the background 

m/z = 44 amu signal. It should be noted that, due to the high levels of noise 

associated with all of the CO2 TPD spectra, the findings based on the shape of 

the population profiles are speculative, with further experimentation required to 

Figure 8.20: Fitted CO2 TPD spectra for the 2 minute [C8C1Im][BF4]–CO2 coadsorption 

experiments. Pressures used are shown in the legend, with red colours used for the 

“10−6 mbar”, blues for “10−7 mbar” and greens for “10−8 mbar”. The data in this graph does 

not appear to exhibit any trends, since the experimental signal was of the same order as the 

background noise level, so is included only for completeness. There is no consistency in Edes 

range or population distribution shape for this data. 
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confirm these results. The adsorption site distribution is assumed to be random, 

due to the nature of the IL dosing mechanism (IL molecule sticks where it lands 

in the conformation it arrived in), but there may a statistical distribution of 

binding sites which could help explain the CO2 population distributions seen 

here, and explain why the higher Edes sites are not the most occupied at low CO2 

dose pressures. 

 

8.8 Monolayer determination for [C8C1Im][Tf2N] using TPD 

 As described in appendix 8.3 the IL [C8C1Im][BF4] was dosed onto the 

cooled gold substrate at a rate of approximately one layer of ion pairs per minute. 

This was a convenient dosing rate as it allowed quick judgements on the data to 

be made as the number of layers of IL was approximately the same as the length 

of the dose in minutes. The desorption temperature for [C8C1Im][BF4] was 

inherited from previous studies on the IL within the group, however such studies 

of [C8C1Im][Tf2N] had not been performed within the group previously. As a 

result it was decided that the temperature at which the IL [C8C1Im][Tf2N] doses 

at a rate of one layer per minute, would be found. Experiments were performed 

in which the gold surface, at a temperature of 273 K, was exposed to 1 minute 

of [C8C1Im][Tf2N] with the IL evaporator set to different temperatures (strictly 

the evaporator used a variable transformer, so a temperature could not be chosen, 

but would be attained through thermal equilibrium at a given voltage setting). 

The TPD spectra, following the m/z = 195 amu fragment, for the four 

temperatures studied are shown in fig. 8.21. From analysing the shapes of the 

desorption peaks the transition between first order TPD peak shape 

(characterised by peak maxima all being at the same temperature) and zero order 

TPD peak shape (characterised by the sharp drop off) can be seen to occur 

between the 519 K and 521 K spectra. The first order peak maxima occur at 

381 K (purple dashed line), whereas the 521 K spectrum maximum occurs at a 

temperature of 383 K. Despite this being only a small difference, considering it 

alongside the fact that the 521 K data displays a pointier, more zero order shape 

than the 519 K data, means that it can be concluded that for the IL 

[C8C1Im][Tf2N] a dose rate of a monolayer per minute is achieved with an 

evaporator with Tevap ≈ 519 K. 
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Shortly after this calibration of the IL monolayer coverage had been 

performed, the mass spectrometer developed a fault and needed repairing. It was 

decided that another experiment to confirm the monolayer coverage should be 

performed, similar to the one described in appendix 8.3, in which the length of 

time the gold substrate was exposed to the IL for was varied. This would ensure 

that any errors induced by the fault in the mass spectrometer would be negated, 

as the monolayer coverage would be obtained with the repaired mass 

spectrometer. The room temperature gold surface was exposed to the IL 

[C8C1Im][Tf2N] for timescales between 60 and 240 seconds, using an IL 

evaporator temperature of 519 K. The resulting TPD spectra are shown in fig. 

8.22 where it can be seen that the 60 second [C8C1Im][Tf2N] dose gives a first 

order peak shape, whilst larger doses (90 to 240 seconds) give more ‘triangular’ 

zero order peak shapes. The monolayer coverage, calculated from the integrated 

peak area underneath the 60 second background subtracted TPD spectrum (blue 

squares), was found to be 10960 ± 40 counts, with the small error resulting from 

the low background signal in the m/z = 195 amu. A larger source of error in the 

determination of the monolayer coverage is the determination of the exact dose 
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Figure 8.21: TPD spectra for the IL [C8C1Im][Tf2N], following the m/z = 195 amu fragment, 

for initial coverages corresponding to a 1 minute dose at the evaporator temperatures shown 

(509 to 536 K). Markers represent background subtracted experimental data and solid lines 

represent smoothing curves to guide the eye. The purple dotted line identifies T = 381 K, 

which can be seen to correspond to the maximum temperature for the first order TPD peaks 

(509 and 519 K). The heating rate during TPD was 0.5 K s−1. Spectra have been offset for 

clarity. 
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length at which the transition from first order TPD peak to zero order peak 

occurs. The peak area corresponding to the 90 second dose length is ≈ 15050 

± 60 counts, and this can be seen to be a zero order TPD peak. As a result the 

transition between first and zero order (and hence the transition from monolayer 

to multilayer) in theory could have occurred anywhere between 60 seconds of 

dosing and 90 seconds of dosing. This would suggest an error in the monolayer 

coverage of 50%, however, from looking at how far the peak maximum has 

shifted in the 90 second dose spectrum relative to the 60 second dose, a more 

reasonable estimation of the error in the monolayer coverage is 10%. This 10% 

error in the monolayer coverage corresponds to a 10% error in the calculated 

[C8C1Im][Tf2N] coverage. 

A comparison of the position of the first order TPD peak maxima in figs. 

8.21 and 8.22 show that they are different (Tmax = 381 K and 388 K, 

respectively). The physical interpretation of this shift in peak maximum is an 

increase in Edes for the IL, which may be due to the gold surface adjusting with 

subsequent desorption runs, as carbonaceous material chemisorbs to the surface 

during experimental runs. 
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Figure 8.22: TPD spectra for the IL [C8C1Im][Tf2N], following the m/z = 195 amu fragment, 

for varying initial coverages between 60 and 240 seconds. Experimental data is shown as 

markers whilst solid lines represent smoothing curves to guide the eye through the shape of 

the data. The black dotted line can be seen to represent the position of the maximum of the 

first order TPD peak (387 K). Peak shapes for doses over 60 seconds exhibit zero order 

shapes. The heating rate during TPD was 0.5 K s−1. Spectra have been offset for clarity. 
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8.9 Graphical representations of experimental data for the 

variation in quantity of CO2 stabilised within 

[C8C1Im][Tf2N] with varying IL coverage and CO2 dose 

pressure 

 Figure 6.3 shows the experimentally measured TPD peaks for CO2 from 

surfaces with varying initial [C8C1Im][Tf2N] coverages but a fixed CO2 dose 

pressure of 1×10−6 mbar used during coadsorption. The data representing the 

amount of CO2 stabilised for all of the surfaces studied for this IL are shown in 

table 6.1, with graphical representations of these data shown in this appendix, 

for added clarity. Experimental data for the [C8C1Im][Tf2N]–CO2 coadsorptions 

for the 5×10−7 mbar studies are shown in fig. 8.23, where it can be seen that as 

the quantity of IL is increased, the CO2 TPD peak increases, indicating a greater 

quantity of CO2 is stabilised. A similar trend can be seen in the plots for the 

coadsorption data for CO2 pressures of 2×10−7 and 1×10−7 mbar, shown in figs. 

8.24 and 8.25 respectively. Figure 8.26 shows the [C8C1Im][Tf2N]–CO2 

coadsorption data for a CO2 pressure of 5×10−8 mbar, however this data does not 

Figure 8.23: A comparison of the experimental data for the desorption of CO2 from within 

the coadsorbed [C8C1Im][Tf2N]–CO2 network for a CO2 dose pressure of 5×10−7 mbar with 

varying IL coverages (IL dose rate ≈ 1 layer per minute). Experimental data points, after 

pressure and background subtractions have been applied, are shown by the markers whilst 

lines represent smoothing curves applied to the data to guide the eye. Markers and lines 

which are the same colour correspond to each other. The dashed black line represents the 

‘zero line’ for experimental signal. The heating rate during TPD was around 0.67 K s−1. 
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appear to show the same trend as the other data sets, with the 10 minute (orange) 

data showing a larger peak area than the 20 minute (red) data (peak areas given 

in table 6.1). The reason for this discrepancy is unknown but is likely due to the 

Figure 8.24: A comparison of the experimental data for the desorption of CO2 from within 

the coadsorbed [C8C1Im][Tf2N]–CO2 network for a CO2 dose pressure of 2×10−7 mbar with 

varying IL coverages. Experimental data points, after pressure and background subtractions 

have been applied, are shown by the markers whilst lines represent smoothing curves applied 

to the data to guide the eye. The times correspond to coadsorption timescales, where ≈ 1 

layer of IL was deposited per minute. Markers and lines which are the same colour 

correspond to each other. The dashed black line represents the ‘zero line’ for experimental 

signal. The heating rate during TPD was around 0.67 K s−1. 

Figure 8.25: A comparison of the experimental data for the desorption of CO2 from within 

the coadsorbed [C8C1Im][Tf2N]–CO2 network for a CO2 dose pressure of 1×10−7 mbar with 

varying coadsorption timescales (≈ 1 IL layer per minute). Experimental data points, after 

pressure and background subtractions have been applied, are shown by the markers whilst 

lines represent smoothing curves applied to the data to guide the eye. Markers and lines 

which are the same colour correspond to each other. The dashed black line represents the 

‘zero line’ for experimental signal. The heating rate during TPD was around 0.67 K s−1. 
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use of a low CO2 pressure, resulting in a smaller quantity of CO2 stabilised and 

a greater susceptibility to the effects of background noise.  

 Further to studying how the amount of CO2 stabilised within the IL 

varies with a fixed CO2 dose pressure and variation in initial IL coverage, it is 

also possible to look at the variation in CO2 peak area as a function of dose 

pressure used for similar initial IL coverages (same coadsorption timescales). 

The data is exactly the same as that shown in figs. 6.3 and 8.23 to 8.26, but 

allows the trends with variation in pressure to be seen on the graphs, rather than 

the trends with IL quantity. Experimental data for the 20 minute coadsorptions 

can be seen in fig. 8.27, where a clear trend of increasing CO2 peak area with 

increasing dose pressure can be seen. The experimental CO2 TPD profiles all 

appear to be similar in shape, which could either be coincidental or an indication 

that there is a very even distribution of adsorption sites within the 

[C8C1Im][Tf2N] network. Figure 8.28 shows the variation of the CO2 TPD peak 

shapes as the CO2 dose pressure was varied for the 10 minute coadsorption 

timescale (which results in an IL layer ≈ 10 ion pairs thick). Experimental data 

for the 5 minute and 2 minute coadsorption data sets are shown in figs. 8.29 and 

8.30 respectively. The TPD profiles in figs. 8.28 to 8.30 show the general trend 

Figure 8.26: A comparison of the experimental data for the desorption of CO2 from within 

the coadsorbed [C8C1Im][Tf2N]–CO2 network for a CO2 dose pressure of 5×10−8 mbar with 

varying coadsorption timescales (≈ 1 IL layer per minute). Experimental data points, after 

pressure and background subtractions have been applied, are shown by the markers whilst 

lines represent smoothing curves applied to the data to guide the eye. Markers and lines 

which are the same colour correspond to each other. The dashed black line represents the 

‘zero line’ for experimental signal. The heating rate during TPD was around 0.67 K s−1. 
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of an increased CO2 peak area results from a larger dose pressure used during 

coadsorption, but each figure has at least one exception where the data is not 

quite in the correct order. One of the causes for this is that although the 

Figure 8.27: A comparison of the experimental data for the desorption of CO2 from within 

the coadsorbed [C8C1Im][Tf2N]–CO2 network for varying CO2 dose pressures, but a 

coadsorption timescale of 20 minutes (≈ 20 IL layers). Experimental data points, after 

pressure and background subtractions have been applied, are shown by the markers whilst 

lines represent smoothing curves applied to the data to guide the eye. Markers and lines 

which are the same colour correspond to each other. The dashed black line represents the 

‘zero line’ for experimental signal. The heating rate during TPD was around 0.67 K s−1. 

Figure 8.28: A comparison of the experimental data for the desorption of CO2 from within 

the coadsorbed [C8C1Im][Tf2N]–CO2 network for varying CO2 pressures, but a fixed 

coadsorption timescale of 10 minutes (≈ 10 IL layers). Experimental data points, after 

pressure and background subtractions have been applied, are shown by the markers whilst 

lines represent smoothing curves applied to the data to guide the eye. Markers and lines 

which are the same colour correspond to each other. The dashed black line represents the 

‘zero line’ for experimental signal. The heating rate during TPD was around 0.67 K s−1. 



Appendices 

243 

 

coadsorption timescales are the same the IL layers are not necessarily exactly 

the same thickness (layer thicknesses can vary by 25 to 50%). This is a result of 

Figure 8.30: A comparison of the experimental data for the desorption of CO2 from within 

the coadsorbed [C8C1Im][Tf2N]–CO2 network for varying CO2 pressures, but a fixed 

coadsorption timescale of 2 minutes (≈ 2 IL layers). Experimental data points, after pressure 

and background subtractions have been applied, are shown by the markers whilst lines 

represent smoothing curves applied to the data to guide the eye. Markers and lines which are 

the same colour correspond to each other. The dashed black line represents the ‘zero line’ 

for experimental signal. The heating rate during TPD was around 0.67 K s−1. 

Figure 8.29: A comparison of the experimental data for the desorption of CO2 from within 

the coadsorbed [C8C1Im][Tf2N]–CO2 network for varying CO2 pressures, but a fixed 

coadsorption timescale of 5 minutes (≈ 5 IL layers). Experimental data points, after pressure 

and background subtractions have been applied, are shown by the markers whilst lines 

represent smoothing curves applied to the data to guide the eye. Markers and lines which are 

the same colour correspond to each other. The dashed black line represents the ‘zero line’ 

for experimental signal. The heating rate during TPD was around 0.67 K s−1. 
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the evaporator temperature not being exactly the same, so the IL desorption rate 

is different, as discussed in the main text 3.2.3.  

 

8.10 Comparison of corrected CO2 desorption peak areas for 

experiments with the same CO2 exposure 

 As discussed in section 5.3.2 a comparison of the corrected experimental 

peak areas— for the CO2 desorption peak from the IL—from experiments where 

the same exposure (exposure = dose pressure × dose time) of CO2 was performed. 

These comparisons can be used to help determine whether having a larger 

quantity of IL or having a larger dose pressure of CO2 is the more significant 

factor in capturing a larger quantity of CO2. In this appendix the comparisons 

are made for both of the ILs studied in this thesis. 

 For the studies of the [C8C1Im][BF4]–CO2 system the exposures of each 

of the experiments performed can be shown in table 8.1, where the exposures 

have been calculated in terms of ‘10−6 mbar minutes’, for ease of comparison. 

Cells in the table 8.1 which have the same exposure, and therefore the same 

colour, are able to have their corrected peak areas (in counts from table 5.2) 

directly compared. These comparisons are listed below, with the smaller dose 

pressures and larger initial IL coverages on the left, for ease of comparison. 

2×10−8 mbar, 10 minutes: 7000 ± 1900  and  1×10−7 mbar, 2 minutes: 8200 ± 3400 

5×10−8 mbar, 20 minutes: 19900 ± 2300  and  1×10−7 mbar, 10 minutes: 23800 ± 800 

5×10−8 mbar, 20 minutes: 19900 ± 2300  and  5×10−7 mbar, 2 minutes: 9800 ± 2000 

1×10−7 mbar, 10 minutes: 23800 ± 800  and  5×10−7 mbar, 2 minutes: 9800 ± 2000 

5×10−8 mbar, 10 minutes: 16900 ± 4200  and  1×10−7 mbar, 5 minutes: 10300 ± 1700 

1×10−7 mbar, 20 minutes: 22200 ± 2000  and  1×10−6 mbar, 2 minutes: 6200 ± 2900 

5×10−7 mbar, 20 minutes: 46600 ± 1500  and  1×10−6 mbar, 10 minutes: 42400 ± 3400 

CO2 Dose 

Pressure 

Dose pressure 

in ‘10−6 mbar’ 
20 minutes 10 minutes 5 minutes 2 minutes 

2×10−8 mbar 0.02 - 0.2 - - 

5×10−8 mbar 0.05 1 0.5 0.25 0.1 

1×10−7 mbar 0.1 2 1 0.5 0.2 

2×10−7 mbar 0.2 4 - - - 

5×10−7 mbar 0.5 10 5 2.5 1 

1×10−6 mbar 1 20 10 5 2 

2×10−6 mbar 2 40 - - - 

Table 8.1: The values in the table show experimental exposures, calculated in units of 

Table 8.1: The values in the table show experimental exposures, calculated in units of 

10−6 mbar minutes from the equation exposure = dose pressure (in 10−6 mbar) × dose time 

(minutes), for the experiments with [C8C1Im][BF4]–CO2 coadsorptions. Cells with the same 

colour background represent experiments with the same exposure, and are compared in the 

main text. 
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5×10−7 mbar, 10 minutes: 27600 ± 2200  and  1×10−6 mbar, 5 minutes: 23300 ± 900 

Of the eight direct comparisons for data with the same CO2 exposure that can be 

made for the corrected peak areas for CO2 desorption from [C8C1Im][BF4], six 

of them (75%) exhibit a larger peak area for the case where a greater initial IL 

coverage is used.  

 A similar comparison can be performed for the corrected CO2 peak areas 

for desorption from [C8C1Im][Tf2N]. Table 8.2 shows the surface exposures to 

CO2, in the convenient units of ‘10−6 mbar minutes’, where surfaces which had 

the same exposure are represented by cells with the same colour. The 

comparisons of peak areas (in counts, from table 6.2) are listed below, with 

smaller dose pressures and larger initial IL coverages on the left, for ease of 

comparison.  

5×10−8 mbar, 20 minutes: 28000 ± 2800  and  1×10−7 mbar, 10 minutes: 32000 ± 11000 

5×10−8 mbar, 20 minutes: 28000 ± 2800  and  2×10−7 mbar, 5 minutes: 20000 ± 7300 

5×10−8 mbar, 20 minutes: 28000 ± 2800  and  5×10−7 mbar, 2 minutes: 17000 ± 2800 

5×10−8 mbar, 10 minutes: 21000 ± 5300  and  1×10−7 mbar, 5 minutes: 4000 ± 2700 

1×10−7 mbar, 20 minutes: 43000 ± 4400 and 2×10−7 mbar, 10 minutes: 24000 ± 6800 

1×10−7 mbar, 20 minutes: 43000 ± 4400 and 1×10−6 mbar, 2 minutes: 14000 ± 2900 

1×10−7 mbar, 10 minutes: 32000 ± 11000 and 2×10−7 mbar, 5 minutes: 20000 ± 7300 

1×10−7 mbar, 10 minutes: 32000 ± 11000 and 5×10−7 mbar, 2 minutes: 17000 ± 2800 

2×10−7 mbar, 10 minutes: 24000 ± 6800 and 1×10−6 mbar, 2 minutes: 14000 ± 2900 

2×10−7 mbar, 5 minutes: 20000 ± 7300 and 5×10−7 mbar, 2 minutes: 17000 ± 2800 

5×10−7 mbar, 20 minutes: 73000 ± 3000 and 1×10−6 mbar, 10 minutes: 71000 ± 12000 

5×10−7 mbar, 10 minutes: 36000 ± 5500 and 1×10−6 mbar, 5 minutes: 27000 ± 5100 

Of the twelve comparisons that can be made for surfaces which experience the 

same exposure to CO2 eleven (92%) of them exhibit a larger peak area when a 

larger quantity of IL is used and a lower dose pressure, relative to using a smaller 

quantity of IL and a higher dose pressure. This is the same trend as was observed 

in the exposure comparisons for [C8C1Im][BF4], and suggests that a greater 

CO2 Dose 

Pressure 

Dose pressure 

in ‘10−6 mbar’ 
20 minutes 10 minutes 5 minutes 2 minutes 

5×10−8 mbar 0.05 1 0.5 0.25 0.1 

1×10−7 mbar 0.1 2 1 0.5 0.2 

2×10−7 mbar 0.2 4 2 1 0.4 

5×10−7 mbar 0.5 10 5 2.5 1 

1×10−6 mbar 1 20 10 5 2 

Table 8.2: The values in the table show experimental exposures, calculated in units of 

Table 8.2: The values in the table show experimental exposures, calculated in units of 

10−6 mbar minutes from the equation exposure = dose pressure (in 10−6 mbar) × dose time 

(minutes), for the experiments with [C8C1Im][Tf2N]–CO2 coadsorptions. Cells with the same 

colour background represent experiments with the same exposure, and are compared in the main 

text. 
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quantity of carbon dioxide will be captured if it is ensured that the quantity of 

IL is in an excess, rather than ensuring that the CO2 pressure is high. 

 

8.11 CO2 population distributions for the [C8C1Im][Tf2N]–CO2 

coadsorption data 

 Section 6.3.4 describes the fitting procedure that is performed to 

determine the activation energy of desorption range for the CO2 captured within 

the IL [C8C1Im][Tf2N] from the various coadsorption experiments. The pressure 

and background subtracted CO2 TPD signal is compared to a sum of first order 

CO2 TPD peaks, simulated from hypothetical adsorption environments with 

evenly spaced Edes values. The initial populations of each of the hypothetical 

CO2 peaks are varied until the sum of CO2 states matches the experimental 

signal. The distribution of these initial populations can be used to gain 

information on the CO2–IL interaction. Here the hypothetical CO2 states start 

with an Edes = 24.5 kJ mol−1, with the next CO2 state having an Edes 1.5 kJ mol−1 

higher than the preceding one. A heating rate of 0.67 K s−1 was used when 

simulating the TPD peaks. As discussed in section 6.3.4 and 5.3.4 a relative scale 

had to be used for the initial populations of the hypothetical CO2 states. To 

Figure 8.31: Plots showing how the population of CO2 states with different Edes vary as 

the pressure of CO2 used during coadsorption with [C8C1Im][Tf2N] is varied. Data shown 

here is for coadsorptions with 10 minutes of IL, where state populations have been 

calculated from the relative populations found by fitting the TPD peak with a sum of 

hypothetical CO2 adsorption sites, as described in the text. 
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convert the populations from a relative scale to one which was comparable to 

the experimental data, the relative populations had to be multiplied by the 

Figure 8.33: Plots showing how the population of CO2 states with different Edes vary as the 

pressure of CO2 used during coadsorption with [C8C1Im][Tf2N] is varied. Data shown here 

is for coadsorptions with 2 minutes of IL, where state populations have been calculated from 

the relative populations found by fitting the experimental TPD peak with a sum of 

hypothetical CO2 adsorption sites. As the 2 minute data gives the smallest CO2 signal during 

TPD it is the most susceptible to experimental noise. 

Figure 8.32: Plots showing how the population of CO2 states with different Edes vary as the 

pressure of CO2 used during coadsorption with [C8C1Im][Tf2N] is varied. Data shown here 

is for coadsorptions with 5 minutes of IL, where state populations have been calculated from 

the relative populations found by fitting the experimental TPD peak with a sum of 

hypothetical CO2 desorption peaks. 
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experimental TPD peak area ÷ the sum of relative populations under the CO2 

peak. Figure 6.10 shows the initial population distributions for the 20 minute 

coadsorption data and whilst table 6.4 gives some data to help describe the 

distribution, graphs can also assist. Figure 8.31 shows the Edes distributions 

observed within the IL for the 10 minute coadsorption case where it can be seen 

that the typical range for the activation energy of desorption is 24.5 ≤ Edes ≤ 

38.0 kJ mol−1, as discussed in section 6.3.4. Population distributions for CO2 

within the 5 minute and 2 minute coadsorptions are shown in figs. 8.32 and 8.33 

respectively, which also show similar Edes ranges. With the exception of the 

2 minute data, which is the most susceptible to experimental noise due to the 

low signals, the Edes profiles all have a similar ‘top hat’ like distribution, where 

the population of all adsorption sites over the Edes range are approximately equal. 

 

8.12 Probing Eley–Rideal reaction kinetics via graphical 

methods 

 It was discussed in section 6.4 that the capture of CO2 by the ILs 

[C8C1Im][BF4] and [C8C1Im][Tf2N] during coadsorption might occur through 

an Eley–Rideal style mechanism. In order to test whether Eley–Rideal kinetics 

are observed the following processes occurring on the surface can be considered; 

𝐶𝑂2⁡(𝑔) ⁡→⁡𝐶𝑂2⁡(𝑎𝑑𝑠)    i)  

𝐶𝑂2⁡(𝑎𝑑𝑠) ⁡→ ⁡𝐶𝑂2⁡(𝑔)    ii)  

𝐶𝑂2⁡(𝑎𝑑𝑠) + 𝐼𝐿(𝑔) ⁡→ ⁡𝐶𝑂2⁡(𝑐𝑎𝑝𝑡)   iii)  

The coverage of CO2 on the surface can be seen to depend on these three 

processes, however under the assumption that process iii) is slow (as the IL is 

dosed at a rate of approximately 1/60th of a monolayer per second, giving ≈ 

1 layer min−1) then the equilibrium coverage of CO2 (ads) on the surface is 

dictated solely by i) and ii), so can be described by an isotherm. The Langmuir 

adsorption isotherm, eq 8.6, seems a reasonable choice as the surface coverage 

saturates at 1 layer, which is in keeping with the fact that CO2 multilayers are 

not observed on the gold surface. 

𝑃𝐶𝑂2 = 𝐾𝑎 ×
𝜃𝐶𝑂2⁡(𝑎𝑑𝑠)

(1−⁡𝜃𝐶𝑂2⁡(𝑎𝑑𝑠)
)
   Equation 8.6 
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where, PCO2
 is the pressure of CO2 (mbar), Ka is the Langmuir adsorption 

isotherm constant (mbar) and θCO2 (ads)
 is the surface coverage of CO2 in layers of 

CO2. The rate of formation of CO2 (capt), νr (layers of CO2 per second), can be 

determined by considering the process in iii) 

𝜈𝑟 =⁡𝑘2 × [𝐶𝑂2⁡(𝑎𝑑𝑠)] × 𝐹   Equation 8.7 

where, k2 is the rate constant for the process (in ‘per layer of IL’), [CO2 (ads)] is 

the surface concentration of CO2 (layers of CO2) and F is the flux of IL incident 

upon the surface per second (IL layers s−1). If CO2 is captured during a 

coadsorption experiment, by the IL landing on an adsorbed CO2 molecule, over 

a time, t, then the total amount of CO2 captured will be given by: 

𝑡𝑜𝑡𝑎𝑙⁡𝐶𝑂2⁡𝑐𝑎𝑝𝑡𝑢𝑟𝑒𝑑 = 𝜈𝑟 × 𝑡 = ⁡𝑘2 × [𝐶𝑂2⁡(𝑎𝑑𝑠)] × 𝐹 × 𝑡   Equation 8.8 

One can notice that F×t is the IL coverage (θIL), so it can be shown that the 

amount of CO2 captured per IL layer can be given by: 

𝐶𝑂2⁡𝑐𝑎𝑝𝑡𝑢𝑟𝑒𝑑⁡𝑝𝑒𝑟⁡𝐼𝐿⁡𝑙𝑎𝑦𝑒𝑟 =
𝜈𝑟×𝑡

𝐹×𝑡
=⁡𝑘2 × [𝐶𝑂2⁡(𝑎𝑑𝑠)] Equation 8.9 

It can be seen that the amount of CO2 stabilised per IL layer is dependent upon 

the surface concentration of CO2, so to effectively capture CO2 there is a 

requirement for either a high CO2 pressure or for the CO2 to stick to the surface 

for a reasonable length of time. The Langmuir adsorption isotherm, eq 8.6, can 

be rearranged to make the surface coverage of CO2 the subject;  

𝜃𝐶𝑂2⁡(𝑎𝑑𝑠) =⁡
1

(
𝐾𝑎

𝑃𝐶𝑂2
+1)

   Equation 8.10 

and then, using the knowledge that [CO2 (ads)] = θCO2 (ads)
, can be substituted into 

eq 8.9; 

𝐶𝑂2⁡𝑐𝑎𝑝𝑡𝑢𝑟𝑒𝑑⁡𝑝𝑒𝑟⁡𝐼𝐿⁡𝑙𝑎𝑦𝑒𝑟 = ⁡𝑘2 ×⁡
1

(
𝐾𝑎

𝑃𝐶𝑂2
+1)

    Equation 8.11 

By taking the inverse of eq 8.11 the equation of a straight line can be obtained 

for a plot of 1/amount of CO2 per IL layer vs. 1/pressure; 

1

𝐶𝑂2⁡𝑐𝑎𝑝𝑡𝑢𝑟𝑒𝑑⁡𝑝𝑒𝑟⁡𝐼𝐿⁡𝑙𝑎𝑦𝑒𝑟
=⁡

1

𝑘2
+⁡

𝐾𝑎

𝑘2
×

1

𝑃𝐶𝑂2
  Equation 6.4 

Any data which obeys this linear relationship will confirm that Eley–Rideal 

kinetics are observed in the adsorption system. If CO2 capture occurred through 

a Langmuir–Hinshelwood type mechanism, where the CO2 diffused into 

adsorption sites within the IL network, then due to the low IL dosing rate CO2 
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saturation of the IL network would be expected. The gradients and y-axis 

intercepts of such a graph can be used to calculate the values of Ka and k2 for the 

system. 

 

8.13 Derivation of equations for a Langmuir–Hinshelwood 

mechanism of CO2 capture by ILs 

It has been discussed in section 6.4 and appendix 8.12 that the CO2 

capture by the ILs may occur through an Eley–Rideal type mechanism in which 

the CO2 is adsorbed to the surface and then an incident IL molecule collides with 

the adsorbed CO2 to capture it (provided the IL is in the correct orientation). The 

other commonly used model for surface reactions is the Langmuir–Hinshelwood 

mechanism in which the surface atoms are mobile and can diffuse into 

adsorption sites, if the stay time is long enough. Assuming a Langmuir–

Hinshelwood kinetics system, in which the IL forms adsorption sites on the 

surface that the CO2 can diffuse into in order to be captured, then the following 

processes are observed 

𝐶𝑂2⁡(𝑔) ⁡→ ⁡𝐶𝑂2⁡(𝑎𝑑𝑠)    i)  

𝐶𝑂2⁡(𝑎𝑑𝑠) ⁡→ ⁡𝐶𝑂2⁡(𝑔)    ii)  

𝐼𝐿(𝑔) ⁡→ ⁡ 𝐼𝐿(𝑠𝑖𝑡𝑒)    iii)  

𝐶𝑂2⁡(𝑎𝑑𝑠) + 𝐼𝐿(𝑠𝑖𝑡𝑒) ⁡→ ⁡𝐶𝑂2⁡(𝑐𝑎𝑝𝑡)   iv)  

Assuming that CO2 adsorption (i) is a faster reaction than CO2 capture (iii) and 

that the surface coverage of the CO2 is such that it depends on the number of 

free sites (CO2 will not adsorb on another CO2 or a binding site within the IL—

which would be an Eley–Rideal capture event—but can adsorb onto IL which is 

not in a CO2 capture conformation (allowing adsorbed CO2 to diffuse around on 

the surface). This means that coverage of the CO2 can be found to be, as dictated 

by reactions i) and ii), a Langmuir isotherm for competitive adsorption of the 

form: 

𝜃𝐶𝑂2⁡(𝑎𝑑𝑠) =⁡
1

(
𝐾𝑎

𝑃𝐶𝑂2
+1)

(1 − [𝐼𝐿(𝑠𝑖𝑡𝑒)])    Equation 8.12 

In this case θCO2 (ads) is the surface coverage of CO2, Ka is the Langmuir isotherm 

constant in mbar (which is defined as the rate constant for the desorption reaction 

over the rate constant for the adsorption reaction), [IL(site)] is the surface 
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coverage of IL sites which can adsorb CO2 and PCO2 is the pressure of CO2 

(mbar). This isotherm can be derived from the consideration of the rates of 

adsorption and desorption. The rate of CO2 adsorption is  

𝑅𝑎𝑡𝑒𝑎𝑑𝑠 = 𝑘𝑎𝑑𝑠𝑃𝐶𝑂2[𝑓𝑟𝑒𝑒⁡𝑠𝑖𝑡𝑒𝑠]    Equation 8.13 

while the rate of CO2 desorption is 

𝑅𝑎𝑡𝑒𝑑𝑒𝑠 = 𝑘𝑑𝑒𝑠[𝐶𝑂2⁡(𝑎𝑑𝑠)]     Equation 8.14 

where kads and kdes represent adsorption and desorption rate constants, 

respectively, [free sites] represents the surface coverage of unoccupied states 

and [CO2 (ads)] is the surface concentration of CO2. Working in terms of the 

relative surface coverages (such the maximum surface coverage is 1) the 

following relationship can be found: 

[𝑓𝑟𝑒𝑒⁡𝑠𝑖𝑡𝑒𝑠] = ⁡1 − [𝐶𝑂2⁡(𝑎𝑑𝑠)] − [𝐼𝐿(𝑠𝑖𝑡𝑒)]    Equation 8.15 

For a surface at equilibrium the rate of adsorption (eq 8.13) and desorption (eq 

8.14) are equal, giving 

𝑘𝑎𝑑𝑠𝑃𝐶𝑂2[𝑓𝑟𝑒𝑒⁡𝑠𝑖𝑡𝑒𝑠] = ⁡𝑘𝑑𝑒𝑠[𝐶𝑂2⁡(𝑎𝑑𝑠)]    Equation 8.16 

By rearranging eq 8.16 and defining that the Langmuir Isotherm constant, Ka, as 

kdes/kads then  

𝐾𝑎 =
𝑃𝐶𝑂2[𝑓𝑟𝑒𝑒⁡𝑠𝑖𝑡𝑒𝑠]

[𝐶𝑂2⁡(𝑎𝑑𝑠)]
=

𝑃𝐶𝑂2(1−[𝐶𝑂2⁡(𝑎𝑑𝑠)]−[𝐼𝐿(𝑠𝑖𝑡𝑒)])

[𝐶𝑂2⁡(𝑎𝑑𝑠)]
    Equation 8.17 

This can then be rearranged into the form shown previously (eq 8.12) by noting 

that⁡[𝐶𝑂2⁡(𝑎𝑑𝑠)] = ⁡𝜃𝐶𝑂2⁡(𝑎𝑑𝑠). Unlike in the Eley–Rideal case the capture of CO2 

does not occur through the IL landing on the adsorbed CO2, instead the IL will 

stick to the surface (from evaporation) and may form an adsorption site. It is 

assumed that this adsorption site formation would be related to the orientation 

that the molecule lands in, so statistically it can be said that a proportion c1 of 

the IL molecules stick to the surface in an orientation such that a CO2 adsorption 

site is formed. The rate of surface site formation, νr, site, will therefore be related 

to the flux of the incoming IL (FIL) and the fraction of IL molecules that are in 

the correct orientation to form adsorption sites; 

𝜈𝑟,⁡⁡⁡𝑠𝑖𝑡𝑒 =⁡𝑐1𝐹𝐼𝐿      Equation 8.18 

This rate of adsorption site generation should not vary with IL dosing time or 

CO2 pressure (it can be seen that this rate is independent of these two factors). 

This argument also implies that within 1 layer of IL then there will be c1 layers 
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of IL binding sites formed (so c1 IL binding sites per IL layer, giving a surface 

coverage of c1). This means that the total number of IL binding sites within an 

IL layer of thickness θIL is  

[𝐼𝐿(𝑠𝑖𝑡𝑒)]𝑡𝑜𝑡𝑎𝑙
= 𝜃𝐼𝐿 × 𝑐1     Equation 8.19 

The total number of adsorption sites can also be obtained from multiplying the 

rate of formation by the time over which IL evaporation occurred (as flux is ‘per 

unit time’).  

𝑡𝑜𝑡𝑎𝑙⁡𝑛𝑢𝑚𝑏𝑒𝑟⁡𝑜𝑓⁡𝐼𝐿⁡𝑠𝑖𝑡𝑒𝑠 = 𝜈𝑟,⁡⁡⁡𝑠𝑖𝑡𝑒 × 𝑡 = ⁡𝑐1𝐹𝐼𝐿𝑡 = ⁡ 𝑐1𝜃𝐼𝐿   Equation 8.20 

The result to take from this is that the surface coverage of the empty IL sites is 

constant (the unknown value c1) when there is not any process reducing the 

coverage of the empty sites (no CO2 adsorption). The rate of CO2 capture, with 

a rate constant, k3, in equation iv) can be written as: 

𝜈𝑟,𝑐𝑎𝑝𝑡 =⁡𝑘3𝜃𝐶𝑂2⁡(𝑎𝑑𝑠)[𝐼𝐿(𝑠𝑖𝑡𝑒)]    Equation 8.21 

In this Langmuir–Hinshelwood mechanism it is assumed that the IL is frozen in 

place and doesn’t diffuse around (unlike in most normal Langmuir–

Hinshelwood mechanisms where both species are mobile). The CO2 is able to 

diffuse around and find a stable site (if it reaches one within the stay time of a 

given CO2 molecule). The CO2 can be described by an isotherm as it is in 

equilibrium with the surface and gas phase, whereas the IL coverage cannot be 

described by an isotherm (unlike most other Langmuir–Hinshelwood 

mechanisms). Instead the fact that the IL has a fixed generation rate means that 

the surface concentration of IL sites will depend on the CO2 pressure/coverage. 

Assuming that the IL flux is very high in comparison to the rate of CO2 

capture within the IL ‘snow’ network (physically meaning that c1 is small) the 

rate of change of IL sites is dictated only by the flux of incoming IL 

𝑑

𝑑𝑡
[𝐼𝐿(𝑠𝑖𝑡𝑒)] = ⁡ 𝑐1𝐹𝐼𝐿      Equation 8.22 

Integration of eq 8.22 gives (assuming that at time = 0 there are no adsorption 

sited within the IL) 

∫ 𝑑[𝐼𝐿(𝑠𝑖𝑡𝑒)]
[𝐼𝐿(𝑠𝑖𝑡𝑒)]

0
=⁡∫ 𝑐1𝐹𝐼𝐿𝑑𝑡

𝑡

0
     Equation 8.23 

So the concentration of IL sites is 

[𝐼𝐿(𝑠𝑖𝑡𝑒)] = ⁡ 𝑐1𝐹𝐼𝐿𝑡      Equation 8.24 
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Taking the expression for rate of CO2 capture (eq 8.21) and substituting the 

expression for the CO2 coverage gives 

𝜈𝑟,𝑐𝑎𝑝𝑡 =⁡𝑘3
1

(
𝐾𝑎

𝑃𝐶𝑂2
+1)

(1 − [𝐼𝐿(𝑠𝑖𝑡𝑒)])[𝐼𝐿(𝑠𝑖𝑡𝑒)]    Equation 8.25 

Multiplying out the brackets on the right, and making the assumption that the 

surface concentration of IL sites is so small that higher powers (the squared 

term) can be ignored gives 

𝜈𝑟,𝑐𝑎𝑝𝑡 =⁡𝑘3
1

(
𝐾𝑎

𝑃𝐶𝑂2
+1)

[𝐼𝐿(𝑠𝑖𝑡𝑒)]    Equation 8.26 

Substituting in for the concentration of IL sites we get  

𝜈𝑟,𝑐𝑎𝑝𝑡 =⁡𝑘3
1

(
𝐾𝑎

𝑃𝐶𝑂2
+1)

𝑐1𝐹𝐼𝐿𝑡     Equation 8.27 

Where the flux of IL multiplied by the time is just the IL coverage, θIL. To look 

at the total CO2 captured we need to multiply the rate by the time so 

𝑡𝑜𝑡𝑎𝑙⁡𝐶𝑂2⁡𝑐𝑎𝑝𝑡𝑢𝑟𝑒𝑑 = ⁡𝜈𝑟,𝑐𝑎𝑝𝑡 × 𝑡 = ⁡𝑘3
1

(
𝐾𝑎

𝑃𝐶𝑂2
+1)

𝑐1𝜃𝐼𝐿 × 𝑡   Equation 8.28 

The total amount of CO2 captured per IL layer can then be found by dividing by 

the total IL coverage 

𝑡𝑜𝑡𝑎𝑙⁡𝐶𝑂2⁡𝑐𝑎𝑝𝑡𝑢𝑟𝑒𝑑⁡𝑝𝑒𝑟⁡𝐼𝐿⁡𝑙𝑎𝑦𝑒𝑟 = ⁡
𝜈𝑟,𝑐𝑎𝑝𝑡×𝑡

𝜃𝐼𝐿×𝑡
=⁡𝑘3

1

(
𝐾𝑎

𝑃𝐶𝑂2
+1)

𝑐1 

 Equation 8.29 

This is then virtually the same expression as was obtained for Eley–Rideal 

kinetics (eq 8.11) with the difference being that the rate constant (the rate of 

capture for Eley–Rideal ,which was k2) is now a combination of c1 and k3 (the 

proportion of IL that forms a CO2 binding site and the rate constant for CO2 

capture). It makes sense that the equation is essentially the same as both of the 

processes are first order in kinetics (there is something immobile being hit by 

another species) with the assumed ‘immobile’ object being different in the two 

cases. This differs to most Langmuir-Hinshelwood kinetics seen in literature 

where there are two mobile species on the surface leading to second order 

kinetics for reaction. Note that in this derivation of Langmuir–Hinshelwood 

kinetics the assumption that IL flux is high was made, which is opposite to the 

assumption made in the Eley–Rideal derivation. If the IL flux is not assumed to 

be high then the CO2 capture becomes controlled by the IL flux and saturation 
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of the IL would be expected to be seen (but isn’t experimentally). The Eley-

Rideal kinetics successfully describe why the most stable CO2 adsorption sites 

within the IL are not observed to fill up first, whereas Langmuir-Hinshelwood 

kinetics assumes that the most stable sites will up first as the CO2 will diffuse 

across the surface until it finds a stable site. To test whether Eley–Rideal or 

Langmuir–Hinshelwood kinetics are observed the IL flux would need to have 

been varied, as the rate of CO2 capture is dependent upon the IL flux in the Eley–

Rideal kinetics but is independent of the IL flux for Langmuir–Hinshelwood 

kinetics. 
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