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Abstract 

This thesis investigated the use of a TiO2 catalyst to increase atmospheric ·OH concentrations in 

order to reduce atmospheric CH4 concentrations, an important greenhouse gas that contributes 

to climate change effects. Firstly, a reference library of important atmospheric molecules was 

created using the Matrix-Isolation technique coupled with Fourier-Transform Infrared 

Spectroscopy (MI-FTIR). The spectra collected for these molecules were assigned using a 

combination of literature data and data calculated by Gaussian-16 software. This reference 

library was then used to create correction functions that could be applied to spectra collected 

of other molecules. Detection of ·OH was then attempted using the MI-FTIR technique, 

combined with Tesla-coil discharge applied to gas-phase water mixtures to form the radicals. 

This technique was ultimately deemed unsuitable due to difficulties in detection. A 

spectrofluorophotometer was then used as the excitation source, in combination with a built in-

house cell that housed a TiO2-coated slide in the presence of water and hydrocarbons, detected 

by a residual gas analyser (RGA). The results of these experiments were also inconclusive due to 

detection difficulties. The photocatalytic activity of TiO2 slides under aqueous conditions was 

tested and confirmed using probe molecules of coumarin and terephthalic acid to detect for ·OH 

oxidation products using emission fluorescence spectroscopy, from which a quantum yield for 

·OH formation under aqueous conditions was established. Finally, a rough atmospheric model 

was established to give insight to the effect of changing atmospheric concentrations of 

molecules on other concentrations. A perturbation rate for a specific particle density of TiO2 was 

added to this model to establish the effect on the concentrations, and it was found that ·OH, 

HOO·, and H2O2 concentrations remained relatively stable, whereas CH4 and O3 experienced 

significant decreases. Overall, TiO2 was predicted to be an appropriate atmospheric catalyst for 

removal of methane, but further research is required for implementation.   
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1.1 Chapter Overview 

Key mitigation strategies that have either been proposed or are being researched to reduce the 

effect of GHGs are largely focused on CO2 reduction (discussed further in section 1.4). This work 

investigates one mitigation strategy that has potential to act against global warming with the 

aim to indirectly reduce atmospheric CH4 concentration by increasing its main sink, the hydroxyl 

radical (·OH), by utilizing a TiO2 catalyst. Due to the interconnectedness of atmospheric reaction 

cycles and components, adding or removing large amounts of molecules could be detrimental 

to the atmospheric environment as a whole, especially considering a molecule as important as 

·OH. Therefore, a brief introduction into the atmosphere and atmospheric chemistry is required, 

as one single aspect of atmospheric chemistry, like removal of CH4, cannot be studied in 

isolation. A brief understanding of current mitigation strategies is covered to better understand 

the choice of selected target molecules and mitigation method, alongside a brief discussion of 

CH4, ·OH, and TiO2 chemistry. 
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Solar window reference: 16  

Figure 1.3 Incoming radiation in microns versus percentage transmitted by the atmosphere. Absorption bands are 
labelled by corresponding molecule. The window of atmospheric importance is highlighted. This is the region where 
energy can be radiated away from Earth, so any molecule that absorbs in that region will have a large warming impact. 
The solar window is where all energy comes in from the Sun, with a lot of absorption in that region from water vapour. 
Image adapted from open access source Mikolajcyzk et al. (2017).16 

CH4 N2O 
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Annual Emissions graph references: 20-22 

 

  

Figure 1.4 Annual anthropogenic emissions (in tonnes) of N2O, CH4, and CO2, the three main GHGs involved in 
global warming. N2O and CH4 are plotted in units of tonnes of CO2 equivalents, which weights emissions against 
the GWP of each molecule. The rate of increase in all three skyrockets in the mid 20th century, but has been 
increasing since 1850. Data reproduced from Our World in Data under a Creative Commons license.20-22 
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1.3.2 Short-Lived Climate Forcers and Other GHGs 

Short-lived climate forcers (SLCFs) also contribute a forcing to the Earth, though it is much 

smaller than that of the GHGs discussed in section 1.3.1. SLCFs have atmospheric lifetimes 

usually shorter than twenty years.23 They encompass a range of compounds like CH4, O3, and 

aerosols. Some significant SLCFs and other GHGs are briefly discussed below.23 

Chlorofluorocarbons (CFCs), found in aerosols and refrigerants, created the O3 hole by breaking 

down and releasing chlorine in the stratosphere, which then destroys O3.1, 8 They have a lifetime 

greater than 100 years but were replaced by SLCFs of hydrochlorofluorocarbons (HCFCs) and 

hydrofluorocarbons (HFCs), which have lifetimes of days to months or years.1, 23 These GHGs are 

being phased out (as of the Kigali Amendment in 2016) as although they are not as impactful as 

CFCS, they are still O3-depleting substances and therefore have a positive ERF from destroying 

stratospheric O3.12   

Ozone (O3) is also a direct SLCF as it blocks incoming solar radiation.23 Its forcing effect depends 

on its distribution within the atmosphere.23 O3 is an air pollutant in urban areas, formed from 

and degraded by reactions with NOx (nitrogen oxides), but is largely found in the stratosphere 

(90%).23 Its lifetime varies from a few hours in polluted areas to several months in the lower 

stratosphere.23 Global mean surface O3 concentration has decreased within the range of  

0.69 ± 0.16 ppb to 2.28 ± 0.24 ppb, and further decrease is expected as the climate warms due 

to the destruction of O3 by water vapour, which will increase with increased global surface air 

temperature (GSAT).23  

Nitrogen oxides (NO· and NO2·, collectively referred to as NOX) are indirect SLCFs that are 

strongly coupled to other important atmospheric reaction cycles (discussed later in section 1.6). 

Nitrogen compounds are released due to both chemical and industrial processes and from use 

of fertilizers.8, 19 Natural emissions of NOx come from the nitrification/denitrification process in 

soil.19, 23 NOx compounds have an average lifetime of about a day, meaning they vary in 

concentration across space and are usually higher in concentration near sources.14, 23, 24 They are 

involved in reactions that convert NOx to HNO3, NO-, and organic nitrates.23 Concentrations of 

NOx have increased, and are highest near urban and highly populated areas, mostly in the form 

of NO2·.23 During the day, NO· and NO2· are the dominant forms of NOx and contribute to the 

production of tropospheric O3, and at night NO3· becomes the dominant form.24 In polluted 

environments, NOx concentrations control the production of secondary ·OH, an important 

atmospheric molecule (see section 1.6).23, 24 NOx therefore has a positive ERF by producing O3 

and a negative ERF by producing ·OH, which then reduces CH4 lifetime.23  
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Non-methane volatile organic compounds (NMVOCs) cover a wide range of organic molecules 

with different lifetimes that are present in the atmosphere.23 As a result, concentrations are 

extremely variable.23 NMVOCs are mostly biogenically emitted, but concentrations can be 

anthropogenically affected by actions like afforestation or deforestation as they are emitted by 

plant life.23, 25 NMVOCs are involved in atmospheric reactions, often photo-oxidation reactions 

that form products involved in O3 formation and therefore have a positive forcing, or products 

that form secondary organic aerosols (SOAs), which have a negative forcing.23  
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involved completely phasing out coal power for clean energy, committing to protection of 

natural habitats and a halting of deforestation, commitments to phase out fossil-fuel powered 

vehicles, and a commitment from six major CH4 emitting countries to reduce CH4 emissions 

(amounting to ~ 46% of CH4 emissions globally).32 These pledges and the conference itself 

provide insight into what could be achieved when working as one global community on a 

multifaceted problem from a financial, political, and scientific standpoint.   
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CH4 mindmap reference: 54  

Figure 1.5 Summary of how increasing CH4 concentrations will affect the atmosphere. Notably, [·OH] would be 
reduced from an increase in reactions with CH4 which would extend CH4's atmospheric lifetime. An increase in CH4 
also would mean a greater amount migrating to the stratosphere, where the impact of water vapour (produced as an 
oxidation product) would have a greater impact in blocking radiation than the water vapour produced in the 
troposphere by the same reaction.  Data summarised from Reisinger (2018).54 
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In Chapter 3, a variety of techniques are used in attempts to create and detect ·OH radicals. 

Matrix-isolation and FTIR spectroscopy are used to detect radicals created using a flow of water 

vapour excited by a Tesla-coil. Experiments are run using hydrocarbons to detect radical reaction 

products.  

In Chapter 4, a combination of UV irradiation is used to create radicals and a residual gas analyser 

(RGA) to detect reaction products. TiO2 is coated onto slides and held in a fluorescence cell (built 

in-house) to react with water vapour and hydrocarbons. The TiO2-coated slide is tested for 

photocatalytic ability and the rate of formation of ·OH is determined from this. 

In Chapter 5, a simple atmospheric model is created to investigate the effect of increasing ·OH 

concentrations on the concentrations of important atmospheric molecules. A perturbation rate 

is calculated for a chosen particle density of TiO2 and added to the model to determine the effect 

on the other concentrations modelled.  

(Berger image reference:89 

TiO2 equation references: 90, 91  



https://www.mpi.govt.nz/funding-rural-support/environment-and-natural-resources/environment-and-climate-change-research/
https://www.mpi.govt.nz/funding-rural-support/environment-and-natural-resources/environment-and-climate-change-research/
https://climateactiontracker.org/global/temperatures/
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2.0 Establishing a MI-FTIR Correction Function  

2.1 Introduction 

The initial technique chosen for the detection of radicals and reaction products generated from 

the use of a TiO2 catalyst was matrix-isolation (MI) Fourier-Transform Infra-Red (FTIR) 

spectroscopy. This technique was chosen over other potential methods as it was the most 

appropriate available technique. MI is a technique that uses an inert carrier (host) gas, in this 

case argon, at high concentrations compared to sample (guest), to build a thin layer of molecules 

over a CaF2 window cooled to < 20 K, as shown in Figure 2.1. By heavily diluting the sample with 

weakly interacting argon,  intermolecular interactions are minimised. Cooling the sample 

reduces the likelihood of vibrational, rotational, and translational motions by freezing the guest 

molecules in place in a host lattice, giving clear and sharp spectra of only vibrational transitions 

of singular sample molecules.1 The MI system used was built in-house. Experimental layout is 

discussed further in section 2.3.1. 

Most radical lifetimes in ambient terrestrial conditions are very short, making investigation of 

the radical itself difficult. Radical detection can be done either indirectly (by converting to more 

stable products) or directly (detecting the radical itself). Common techniques include spin 

trapping, which converts ·OH to a stable product by reaction, electron paramagnetic resonance 

(EPR),2 pulse radiolysis, laser induced fluorescence (LIF), and continuous-wave cavity-ring-down 

(cw-CRD) spectroscopy.2-4 MI has advantages over these other techniques when it comes to 

investigating specifically radicals and reaction intermediates. By immobilising molecules, 

reactions are hindered from occurring, so radicals can last longer than their usual short lifetimes 

Figure 2.1 Image of the matrix-isolation setup, specifically the vacuum chamber housing, with an inset diagram of 
how the sample and carrier gas are distributed on the CaF2 window. 
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computational data for expected products or intermediates. Finally, the process of creating a 

correction function also gives insight to the accuracy of computed spectra. Computed intensities 

are known to be inaccurate, depending on the level of theory employed.6, 9 This, coupled with 

the known shift in vibrational frequency, makes comparison of experimental peaks with the 

computed spectra somewhat difficult, and having a correction function to apply to congested, 

or unknown to literature, spectral peaks gives an increased confidence in the peak assignments.  
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section 2.4.3). Additionally, a correction function was found by establishing the linear 

relationship between vi and wi for all molecules in the reference library. The correction function 

was calculated by level of theory, basis set, and spectral region, discussed in more detail in 

section 2.4.2.  
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2.4 Establishing the Functions 

2.4.1 Peak Assignments 

To create the scaling and correction functions, first the observed experimental peaks in section 

2.3.2 were assigned to the corresponding literature vibrational frequency where available, as 

well as to the corresponding computational frequency from B3LYP and MP2 calculations at the 

highest converged level of basis set. Every calculated frequency assigned in this work has had 

anharmonic corrections applied. Tables of assignments for each molecule are found in appendix 

A, with an example table of assignments given as Table 2.2. 

Peaks found in the experimental spectra were assigned to calculated or literature peaks based 

on several factors: whether calculated or literature peaks were expected in the area as well as 

how many were expected; size and shape of the experimental peak; and how close to the 

experimental value the calculated or literature data was. More intense peaks were assigned in 

preference to less intense peaks when present in the same region, since for a peak to become 

intense it must keep growing throughout the deposition process, a result of continuous sample 

addition. Computed intensities were not strongly considered when assigning experimental data, 

as discussed in section 2.2 above, except for any IR inactive bands that were calculated (intensity 

of 0).  Sharp peaks (< 1 cm-1 FWHM) were assigned in preference to broad peaks when present 

in the same region, as broad peaks are usually an indication of intermolecular interactions of 

Table 2.2 Table of assigned literature and calculated frequencies to experimental data for benzene. Calculations 
are anharmonic and at QZ level. Not all calculated or experimental peaks are assigned.  

Literature 
Wavenumber 

(cm-1)30 

B3LYP QZ 
Wavenumber 

(cm-1) 

MP2 QZ 
Wavenumber 

(cm-1) 

Experimental 
Wavenumber (cm-1) Shape 

3103 
 

3086.1 3099.7 Sharp 
3080 

 
3079.2 3079.4 Sharp 

 
 

3079.2 3077.2 Sharp, shoulder 
 

 
3079.2 3075.8 Sharp, shoulder 

3048 
  

3046.8 Sharp 
 3044 3030.3 3030.9 3037.6 Medium 
1481 1487.2 1481.1 1483.3 Sharp 
 1481 1487.6 1481.2 1483.0 Broad, shoulder 

  1186.3 1182.0 1180.2 Sharp 
    1182.0 1180.2 Sharp 

1178 1182.4 1156.1 1179.5 Sharp 
 1038 

 
1042.3 1040.7 Sharp 

1038 
 

1042.3 1040.7 Sharp 
1010   1030.2 1039.1 Sharp 
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multiple sample molecules, usually from inadequate dilution. For example, in regions where 

peaks were expected but only broad peaks were present, these peaks were assigned. For some 

samples, only broad peaks were attainable due to difficulty in getting a high dilution of sample.  

For every molecule, not every experimentally determined peak was able to be assigned, as some 

peaks could be from overtone or combination bands, could be from background noise, or could 

be from other contaminant molecules present in the scan. Additionally, not all calculated or 

literature peaks could be seen in the experimental data, as peaks were often beyond the 

detection range of the iS50R MCT detector (below 800 cm-1) or were obscured by background 

absorptions, usually due to atmospheric water.  
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Figure 2.10 Plot of experimental frequency versus corresponding computed value for molecules in the reference 
library, by level of theory calculated at the cc-pVTZ level. It is assumed that the relationship between the two values 
is given by the linear regression trendline. 

Figure 2.9 Plot of experimental frequency versus corresponding computed value for molecules in the reference 
library, by level of theory calculated at the cc-pVDZ level. It is assumed that the relationship between the two values 
is given by the linear regression trendline. 
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that B3LYP calculations are closer to experimental data than MP2 calculations, with the scaling 

factors found for B3LYP generally closer to unity than for MP2.  
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and adjusted R2 values for MP2 data. For B3LYP assignments, there is a 0.0001 difference for the 

correction function data and a 0.0007 for then literature factor data. These differences are 

insignificant, indicating a good fit. Tables 2.15 and 2.16 give the RMSE for the acetone and  

2-propanol assignments. The data are visualised in Figures 2.12 and 2.13. For acetone 

assignments, the computed data corrected by the correction function has the lowest RMSE for 

both B3LYP and MP2 data. For the B3LYP assignments, the correction function RMSE is lower 

than the scaling and literature factor RMSE by ~ 8 cm-1. For the MP2 assignments, the difference 

is ~ 24 cm-1, which is a significant difference. For 2-propanol, the lowest RMSE is different 

depending on the computed data that has been corrected. For B3LYP assignments, the literature 

factor has the lowest RMSE by ~ 8 cm-1; for MP2 assignments, the correction function has the 

lowest RMSE by ~ 7 cm-1; and for the literature data assignments, the scaling factor has the 

lowest RMSE by ~ 1 cm-1. Overall, data assigned using the correction function gives a lower RMSE 

and therefore gives a better fit to experimental data.  

 

 

Table 2.13 R2 and adjusted R2 values for the assigned experimental and corresponding cc-pVQZ computed 
values for acetone. 

Function Applied B3LYP MP2 
R2 Adjusted R2 R2 Adjusted R2 

Literature Factor 0.9983 0.9977 0.9998 0.9998 
Scale Factor 0.9998 0.9998 0.9999 0.9999 
Correction Function 0.9998 0.9997 0.9999 0.9999 

 

Table 2.14 R2 and adjusted R2 values for the assigned experimental and corresponding cc-pVQZ computed 
values for 2-propanol. 

Function 
Applied 

B3LYP MP2 Literature 
R2 Adjusted 

R2 
R2 Adjusted 

R2 
R2 Adjusted 

R2 
Literature 
Factor 1.0000 1.0000 0.9998 0.9998 0.9998 0.9998 
Scale Factor 0.9999 0.9999 0.9999 0.9999 0.9999 0.9999 
Correction 
Function 0.9999 0.9999 0.9999 0.9999 0.9998 0.9998 

 

Table 2.15 RMSE error for the assigned experimental and corresponding cc-pVQZ computed values for acetone. 

Function Applied B3LYP RMSE (cm-1) MP2 RMSE (cm-1) 

Literature Factor 19.2513 30.7166 
Scale Factor 13.9603 8.0283 
Correction Function 11.6589 6.5831 
Lowest RMSE Correction Function Correction Function 
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Figure 2.14 RMSE between the corrected computed wavenumbers and the corresponding assigned experimental 
wavenumbers for 2-propanol. The corrections applied are the correction and scaling factors calculated in this work, 
and the literature factors given by Sinha et al. (2004).28 The wavenumbers are calculated using the cc-pVQZ basis 
set. 

Figure 2.13 RMSE between the corrected computed wavenumbers and the corresponding assigned experimental 
wavenumbers for acetone. The corrections applied are the correction and scaling factors calculated in this work, 
and the literature factors given by Sinha et al. (2004).28 The assignments are split into B3LYP and MP2 levels of 
theory and are calculated using the cc-pVQZ basis set. 

Table 2.16 RMSE error for the assigned experimental and corresponding cc-pVQZ computed values for  
2-propanol. 

Function Applied B3LYP 
RMSE (cm-1) 

MP2 
RMSE (cm-1) 

Literature 
RMSE (cm-1) 

Literature Factor 4.2047 12.9458 7.9968 
Scale Factor 12.5801 10.4958 6.7158 
Correction Function 9.5170 6.0489 7.9968 
Lowest RMSE Literature Factor Correction Function Scale Factor 
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Zapato Trujillo et al. (2023) found that applying a general scaling factor gave worse agreement 

than applying a factor by spectral region.27 Roy et al. (2014) found that for low frequencies, both 

B3LYP and MP2 calculations underestimated values, whereas for high frequencies, MP2 

overestimates and B3LYP underestimates them, which correlates with the improved agreement 

by spectral region.14 Application of a correction function by spectral region is more feasible for 

small datasets like those used in this work, which is why conventionally a global scaling factor is 

applied. For this work, the functions used in the following chapter are applied by spectral region 

as it gives more insight into the potential differences between the calculated and experimental 

data and is not an infeasible task due to the small number of molecules and calculated 

vibrations. However, were the data set used in this work to be any bigger, a general function 

applied not by spectral region but by level of theory and basis set only would be more 

appropriate.  

Overall, the correction function determined in this work gave lower RMSE when used to 

assigned corrected computed frequencies to experimental frequencies, compared to data 

corrected by a literature factor and by the scaling factor determined in this work. The correction 

function will be used to correct the computed frequencies in Chapter 3 before analysing reaction 

spectra. 30  





https://cccbdb.nist.gov/vibnotesx.asp


https://ui.adsabs.harvard.edu/abs/2023arXiv230204448Z
http://cccbdb.nist.gov/
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3.0 Radical Formation and Detection 

3.1 Introduction 

With the correction function established (see Table 2.12), the next step was to investigate a 

radical source and a formation method. First, the use of Tesla-coil discharge as a method of 

radical formation was validated for use with the experimental setup available. The same system 

used in Chapter 2 was used in this work with additional modifications included as experiments 

were conducted. A radical source was established using a series of mixtures of water, oxygen, 

and argon which were subjected to Tesla-coil discharge to see if any HOx radicals could be 

formed and then trapped in the matrix. Second, the radicals were attempted to be reacted with 

chosen hydrocarbons, and their radical intermediates detected in the matrix. 

 

 

  









74 
 

  

Figure 3.2 Peaks assigned to CO from a spectrum of acetone subject to Tesla-coil discharge. 

Wavenumber (cm-1) 
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3.4 Radical Reaction Experiments 

Once the radical source was established and the method for radical formation validated, radical 

reactions with chosen molecules from the reference library were run. Simple molecules with 

clear reference spectra and well-characterised, easy to determine, or few intermediates and 

potential products were preferred. These experiments were run to establish whether the 

radicals produced by the method defined in section 3.3 could react with hydrocarbons, and that 

the reaction between these molecules could be detected via the presence of reaction 

intermediates or products trapped in the matrix. This would allow for confident detection of 

products when applying the TiO2 catalyst to the ·OH formation process, such that the increase 

in formation of ·OH and subsequent reaction intermediates and products could be determined 

to prove catalytic ability. Isotopic substitution, whilst typically employed for this kind of work, 

was not used here as it was not available. 

Experiments were run using a similar MI setup as described in section 3.2 above, but with an 

additional gas line included for the sample that added downstream of the irradiated water and 

argon mixture (see Figure 3.5). This means that only the water and argon will be subjected to 

Tesla-coil discharge and therefore only ·OH be formed. Thus, reaction products and 

intermediates isolated in the matrix should have come only from reaction of the unexcited 

sample with the irradiated flow of water and argon. This minimises possible products, as well as 

reactions of the sample with itself if it were to be subject to Tesla-coil discharge. There is 

potential for background contaminants like O2 or previously used samples to be present, but 

they should be low in concentration and therefore have an insignificant effect compared to the 

amount of ·OH produced. For the isoprene sample specifically, the sample was kept in an ethanol 

Figure 3.5 Final gas-handling layout for matrix-isolation radical reaction experiments. There are three lines; the 
water and argon line connect before being subjected to Tesla-coil discharge, after which the sample line connects 
by way of a PTFE union tee (to avoid radical scavenging). Each line can be valved off and rough pumped individually. 
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3.4.1 ·OH + Propyne 

The first molecule chosen for reaction with ·OH was propyne, as it is small, has only two possible 

sites of ·OH addition or H abstraction, gives a reference spectrum with clear and sharp peaks, 

and has well-characterised reaction products.25  

Oxidation of propyne by ·OH has two pathways it can follow:  

Reaction 3.3a occurs from attack at the central carbon, and 3.3b from attack at the terminal 

carbon. Following this, in the presence of oxygen the two intermediates form a carbonyl radical 

and a carboxylic acid as products, or the intermediate from 3.3b can undergo rearrangement to 

give ketene and the methyl radical as products (3.5b).25 

The oxidation pathways in Scheme 3.3 give the oxidation products ethanoic acid and the formyl 

radical (3.4), formic acid and the acetyl radical (3.5a), and ketene and the methyl radical (3.5b).25 

No oxygen was added to the vacuum chamber, so reaction products from reactions 3.4 and 3.5a 

are unlikely to form at detectable concentrations. As such, the reaction products shown in 

Scheme 3.2 are investigated instead. Calculations for the intermediates given in scheme 3.2 

were calculated at B3LYP/cc-pVTZ level with anharmonic corrections and transformed using the 

correction function determined in Chapter 2. 

For the propyne radical reaction experiment, after a background and an argon baseline was 

established, water vapour from a glass sample tube of milli-Q water was allowed to flow through 

the water line, mixing with the argon in line before entering the vacuum chamber, for ~ 20 

Scheme 3.2 Reaction of ·OH and propyne.25 

Scheme 3.3 Reactions of propyne intermediates from Scheme 3.2 in the presence of O2 or undergoing 
rearrangement.25 
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Annealing the matrix affected 3 significant peaks, listed in Table 3.8. Two of these peaks 

disappeared when annealed to 35 K and remained gone even when cooled back to 8 K, and one 

disappeared at 35 K but returned at 8 K. All the peaks affected by annealing listed in Table 3.8 

could be assigned to 2 molecules. Usually, when a peak experiences a change during the 

annealing process it is due to movement of the molecule in the matrix. In this case, it could be 

due to either a radical being able to move and react with other molecules, reducing a peak in 

intensity and remaining at this new reduced intensity even when cooled back down, or could be 

due a change in conformation or lattice site of a molecule, which would cause the peak to 

reappear or shift back to the original position once cooled down. The two peaks that did not 

return when cooled back to 8 K can thus be assigned to intermediates, and the peak that did 

return assigned to isoprene. 
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which then returns to the original intensity or thereabouts at 8 K, shown in Figure 3.6. Table 3.10 

gives the assignments of these peaks.  

There is some conflicting literature information about the assignment of the 2149 and  

2138 cm-1 peaks. The majority of literature assigns the 2149 cm-1 peak to the complex CO·H2O 

and the 2138 cm-1 peak to the CO monomer, attributing the temperature dependence exhibited 

during annealing by the monomer peak to librational motion, a kind of constricted rotation. 

When looking at the propyne blank run, which had no water added to the gas stream, the most 

intense and sharpest peak is at 2136 cm-1, with the 2138 cm-1 peak the second most intense 

(Figure 3.7). Since there is no additional water added to the system, peaks attributed to the 

presence of CO and its aggregates would be expected in greater intensity than that of the 

CO·H2O complex. If this is the case, the 2138 cm-1 peak can be attributed to the CO monomer, in 

agreement with the majority of literature data. However, when looking at the peaks in this range 

found in the acetone experiment in section 3.2, the most intense peak present is at ~ 2149  

cm-1, with a much less intense and broad peak barely present at ~ 2138 cm-1, which would 

indicate the 2149 cm-1 peak is attributed to the monomer CO and the 2138 cm-1 peak to an 

aggregate or complex.  
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Figure 3.7 CO attributed peaks for the propyne blank experiment (blue) and propyne TC-discharge experiment (red). 
For the TC-discharge experiment, the 2149 cm-1 and 2138 cm-1 peaks are of similar intensity, but for the blank 
experiment, the 2138 cm-1 peak is more intense, second only to the 2136 cm-1 peak. 
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Table 4.4 Slope, intercept, standard errors for each, and adjusted R2 value for the calculated concentration vs 
irradiation time plots (Figures 4.10 and 4.11) for both 7-hydroxycoumarin and 2-hydroxyterephthalic acid 
solutions. 

Property 7-Hydroxycoumarin 
(mol/L) 

2-Hydroxyterephthalic Acid 
(mol/L) 

m 5.95x10-10 4.37x10-9 
c 5.88x10-10 2.42x10-7 
Standard error of m 8.93x10-12 2.21x10-10 
Standard error of c 1.28x10-9 1.26x10-8 
Adjusted R2 0.9933 0.9916 

 

Figure 4.11 Plot of concentration of 2-terephthalic acid produced from photooxidation of terephthalic acid vs 
illumination time. 

Figure 4.10 Plot of concentration of 7-hydroxycoumarin produced from photooxidation of coumarin vs illumination 
time.  



117 
 

4.4 Experimental Infrastructure 

Having established the photoactivity of the TiO2 slides and the ability of the 

spectrofluorophotometer to be used as an excitation source, RGA experiments were 

undertaken.  

4.4.1 RGA Infrastructure and Experimental Conditions 

The RGA setup was built in house using stainless steel ultra high-vacuum (UHV) vacuum 

chambers, seen in Figure 4.12.  

The first chamber is pumped by two water-cooled diffusion pumps (an Edwards Diffstak model 

100 DN2 backed by an Edwards R5 rotary-vane pump, and an Alcatel Crystal 160E backed by an 

Edwards E2M18 rotary-vane pump), with pressure monitored by a thermocouple gauge and an  

MKS Type 286 readout, readout on an SRS IGC100. The chamber pressure was measured using 

an Edwards Penning model 6 gauge and readout. The second chamber is pumped by a Leybold 

Turbovac 50 turbopump controlled by a Turbotronik NT 10. The RGA chamber was pumped by 

a Turbovac 450i. Both the second and third (RGA) chambers are backed by an Edwards R5 rotary-

vane pump, and chamber pressure was measured by an ion gauge via the readout on the SRS 

IGC100. The RGA is connected at the end of the third chamber. Pressure is measured by a Pirani 

gauge (SRS PG105 UHV) and an ion gauge in each chamber, readout on either an Edwards 

Penning 8 or the SRS IGC100. The feedthrough line from the fluorescence cell is positioned in 

front of the gate valve separating the chambers on a translational stage, which moves the line 

Figure 4.12 Diagram of vacuum chamber setup (top-down view). The translational stage can bring the gas line closer 
to the vacuum chamber entrance, which has an adjustable size entry hole.  
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4.4.2 Fluorescence Cell 

The fluorescence cell was built in house, using stainless steel chambers and piping, and Swagelok 

unions and quarter-turn plug valves, with a combination of o-rings greased with high-vacuum 

grease or copper flanges in between joins. Quartz windows (2.5 cm diameter) were mounted on 

3 sides, so that light could pass through or emission could be measured (see Figure 4.13). A 

feedthrough of Ultrachem tubing (Leda) runs from inside the cell to entry of the vacuum 

chamber of the RGA. The tubing is connected to 0.005 inch internal diameter polyether ether 

ketone tubing that sits just above the surface of the mounted slide, siphoning reaction products 

to the RGA directly from the surface and point of illumination, shown in Figures 4.13 and 4.14. 

The slide holder, also seen in Figure 4.14, can be rotated so that the incidence angle of the 

excitation source can be changed. The cell can be valved off at both the gas input side and at the 

feedthrough line to the RGA for static experiments, allowing gas to build up inside, or it can have 

gas flowed through it continuously for dynamic experiments.  

Pressure in the fluorescence cell is measured using an MKS baratron (model 622A13TBE) 

attached to the purification manifold and the SRS IGC100 controller as used in Chapter 2. After 

swapping the RGA from the 300 to the 200, a MKS baratron (model 722B13TGA2FA, readout on 

Figure 4.13: Schematic representation of the fluorescence cell and associated gas-handling for RGA experiments. 
The cell is connected to both a gas source and rough pump which can be valved off individually, and to the vacuum 
chamber. 
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Figure 4.17 Mass spectrum whilst flowing H2O2 into the vacuum chamber. The large peak at 34 m/z indicates the 
detector is sensitive to H2O2, especially since the peak is insignificant in background data. This spectrum comes 
specifically from run 5. 
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For the last experiment, M11, only two masses are tracked, 44 m/z for (CO2/CH3CHO) and 28 

m/z for ethylene. This is so the time taken during scans is reduced, as it took ~ 2 mins to conduct 

a scan, giving a total scan time of ~ 12 mins to collect data on two masses in triplicate. The 

experiments were conducted such that the irradiation periods were greater than the time taken 

to collect data in order to allow build up of reaction products. Additionally, by reducing the time 

taken to conduct scans, the experiment could be run for a longer total time to give a better 

indication of the overall trend in counts. Seen in Figure 4.21, there is a general decreasing trend 

for 28 m/z (ethylene), which is expected since ethylene would be used up either in reactions or 

when flowed out of the cell. For 44 m/z (CO2/CH3CHO), the counts cycle around the initial value 

with no significant increasing or decreasing trend seen, maintaining a count around the initial 

value. This could indicate the product is being continually formed as if the product was not being 

formed, a lack or a decrease in signal would be observed, as seen in M10. The fact that the signal 

is relatively steady could be associated with the product being replenished by reactions after 

each scan. The blank experiment M9, seen in Figure 4.22, also tracks only 28 m/z (ethylene) and 

44 m/z (CO2/CH3CHO), and shows a similar decreasing trend. In contrast, M11 has a much 

smoother trend, with the data seen in M9 subject to spikes, exhibiting greater variability. Both 

M9 and M11 do have a similar count value for each mass, ~ 350 counts for ethylene initially and 

~ 100 counts for CO2/CH3CHO initially. It is expected that a steeper decreasing trend in 44 m/z 

Figure 4.20 Plot of average counts for a mixture of ethylene/argon/H2O in the presence of a TiO2 slide. The 
experiment, M8, is run as a blank so no excitation light is added. Scan 0 is the empty cell, 1 the cell containing the 
gas mixture, 2 after 60 minutes of irradiation, 3 after 120 minutes of irradiation, and 4 after 180 minutes of 
irradiation. 
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More variables and reactions were added to the model during development, and some were 

removed in order to make the model less computationally taxing. HCO· and H2CO were found to 

be involved in only a handful of reactions, so by fixing them at the SS values calculated in 

previous iterations, computational complexity was lessened. Over time, other variables also 

became fixed as their values did not appreciably change between model iterations; CH4, O3, O1D, 

O3P all became fixed variables. This makes sense for O3P and O1D as production of both is 

dependent on O3, which in itself has only one major reaction considered.  
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Name Calculated Variables Iterations Notes 
V9 OH·, HOO·, H2O2, CH3·, 

CH3O2·, CH3OOH, CH3O·, 
NO·, NO2·, NO3· 

56 Calculated variables set to 0 initially 
except NO· and NO2· which are set to 
literature steady-state 
concentrations, trying to reach 
steady-state 

V10 OH·, HOO·, H2O2, CH3·, 
CH3O2·, CH3OOH, CH3O·, 
NO·, NO2·, NO3· 

9 Literature steady-state 
concentrations used as initial inputs 
except CH3· and CH3O· set at 0, 
trying to reach steady-state 

V11 OH·, HOO·, H2O2, CH3·, 
CH3O2·, CH3OOH, NO·, NO2·, 
NO3· 

25 Literature steady-state 
concentrations used as initial inputs 
except CH3· set at 0, fixed CH3O·, 
trying to reach steady-state 

V12 OH·, HOO·, H2O2, CH3O2·, 
CH3OOH, NO·, NO2·, NO3· 

15 Literature steady-state 
concentrations used as initial inputs, 
fixed CH3·, trying to reach steady-
state 

V13 OH·, HOO·, H2O2, CH3O2·, 
CH3OOH, NO·, NO2·, NO3· 

23 Literature steady-state 
concentrations used as initial inputs, 
changed time step, trying to reach 
steady-state 

V14 OH·, HOO·, H2O2, CH3O2·, 
CH3OOH, CH3O·, NO·, NO2·, 
NO3· 

21 Calculated variables set to 0 initially 
except NO· and NO2· which are set to 
previous steady-state 
concentrations, unfixed CH3O· 

V15 OH·, HOO·, H2O2, CH3O2·, 
CH3OOH, CH3O·, NO·, NO2·, 
NO3· 

11 Literature steady-state 
concentrations used as initial inputs 
to test robustness of construction 

V16 OH·, HOO·, H2O2, CH3O2·, 
CH3OOH, CH3O·, NO2·, NO3· 

7 Literature steady-state 
concentrations used as initial inputs 
to test robustness of construction, 
fixed NO· value to see if it solved NOx 
instability 

P1 OH·, HOO·, H2O2, CH3O2·, 
CH3OOH, CH3O·, NO2·, NO3· 

40 Literature steady-state 
concentrations used as initial inputs, 
except for CH3O2·, CH3OOH, CH3O·, 
which are set to zero. Added term 
for ·OH production by TiO2 to 
simulate continuous production  

P2 OH·, HOO·, H2O2, CH4, CH3·, 
CH3O2·, CH3OOH, CH3O·, 
NO2·, NO3·, O1D, O3P, O3 

80 Literature steady-state 
concentrations used as initial inputs. 
Added term for ·OH production by 
TiO2 to simulate continuous 
production. Unfixed range of 
variables included in CH4 reactions 

P3 OH·, HOO·, H2O2, CH4, CH3·, 
CH3O2·, CH3OOH, CH3O·, 
NO·, NO2·, NO3·, O1D, O3P, 
O3 

100 Literature steady-state 
concentrations used as initial inputs. 
Calculated perturbation rate for TiO2 
added to ·OH production equation. 
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significantly from the literature SS concentrations used as inputs. V16 had 19 fixed 

concentrations, 8 variable concentrations, and a final total of 7 iterations, with NO· fixed at 

literature SS concentrations compared to V14. Overall, the variables do not deviate largely from 

the literature SS concentrations used as their input values, deviating only by a factor of 10 except 

for CH3O· which deviated by a factor of 100. This indicates that the simulation is stable at these 

values, as the total time elapsed for this simulation is 1.68x106 s, or 467 hours, which is very 

significant on an atomic timeframe. This simulation thus emulates a good approximation of 

atmospheric conditions and concentrations reached, and achieves satisfactory results for the 

intended indicative purpose, and can therefore be used to investigate the impact of increasing 

the ·OH formation rate via photocatalysis using TiO2 by adding in a perturbation term. 

 

 

 

 

 

  

Table 5.10 List of input and output concentrations for variables in the final simulation V16. Input concentrations 
are taken from expected steady-state values to determine whether the simulation will deviate largely from 
them.  

Molecule Initial Concentration  
(molecule cm-3) 

Final Concentration  
(molecule cm-3) 

Change 
(molecule cm-3) 

Ref. 

·OH 1.70x107 1.37x107 3.30x106 3 
HOO· 1.20x109 6.29x108 5.71x108 3 
H2O2 1.50x1010 1.11x1010 3.90x109 6 
CH3O· 1.00x102 1.87 9.81x101 6 
CH3O2· 5.10x108 7.04x107 4.40x108 3 
CH3OOH 1.40x1010 2.62x109 1.14x1010 6 
NO2· 3.10x108 3.23x107 2.78x108 6 
NO3· 1.80x106 1.67x106 1.30x105 6 
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5.5 Conclusion 

In this chapter, an indicative model of the atmosphere and its important constituents was 

constructed to indicate the effects of increasing ·OH production on atmospheric reactions, 

specifically those involved with the HOx cycle and CH4 oxidation. A zero-dimensional model was 

constructed, using 79 chemical equations. The concentration of the variables was calculated 

iteratively for each chosen time step, with concentrations becoming fixed when a steady-state 

value was reached (approximately equal production and loss rates and no significant change in 

concentration). The model was tested for robustness and found not to deviate from literature 

steady-state concentrations when they were used as inputs, indicating stability and the ability 

to simulate atmospheric conditions. The model was then used to simulate the effect of a 

perturbation, where an extra term for the rate of ·OH formation by TiO2 photocatalysed water 

breakdown was added. This resulted in a decreased CH4 concentration (by ~ 53 % over ~ 29,000 

hours) and a decreased O3 concentration.  

Overall, the model was able to replicate some atmospheric concentrations for the variables 

calculated, reaching steady-state values similar to literature. Other variables consistently 

reached the same steady-state concentration across different simulations, but the value was 

very different to literature, potentially due to differences in the construction of the production 

and loss equations used here. With further opportunity, the model could have been optimised 

to improve accuracy by improving the production and loss equations or by fixing the variables 

at a literature steady-state concentration.  

Significant difficulties were encountered in constructing and testing the simulation. Running or 

modifying the simulations was very computationally taxing and time consuming. Increasing 

computer power could help with this issue. Additionally, the time step used poses an issue in 

that it must be less than the shortest lifetime to prevent instabilities in the calculation appearing, 

so it takes a significant amount of CPU time to affect the concentrations of long-lived variables 

like H2O2. In fixing variables at steady-state concentrations during the simulation, the time step 

is able to be changed, but if the variable is fixed too early it can influence the final steady-state 

concentration reached of other variables, or remove flexibility of the system to respond to 

changes.  

Future work with this model would address the assumptions used when constructing the model, 

as well as improving the production and loss equations used for each variable. The behaviour of 

NO· should be investigated and fixed such that a steady-state value close to literature is reached. 
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The calculation of the rate of ·OH formation for a given concentration of TiO2 assumes that 

similar conditions to the probe system in section 4.3 are used in the atmosphere, by assuming a 

monolayer coverage of water on the TiO2 surface in the atmosphere will have the same rate of 

·OH production as the aqueous environment used in Chapter 4, and assumes that all produced 

holes react only in the reaction of interest. It also uses a particle size of TiO2 that is not optimal 

for lifetime in the atmosphere. Additionally, the perturbation rate is added as a continuous 

factor, simulating a constant concentration of TiO2, where it is more likely a set mass of TiO2 

would be released. Further simulations could model either a plume of TiO2 added, or could 

account for deposition of the TiO2 and therefore reduced concentration over time, allowing 

required replenishment rates to be determined.  

The relationship between amount of CH4 removed and TiO2 particle size or particle density could 

also be determined. This would require further simulations using rates calculated with different 

particle densities of TiO2, from which a plot of a particle density versus percentage of CH4 

removed could be established. This would then give the ability to choose an optimal particle 

density of TiO2 for a chosen targeted removal percentage of CH4. Due to time constraints, these 

further simulations could not be run.  

 

  



https://kinetics.nist.gov/


https://www.stats.govt.nz/indicators/temperature


https://ozonewatch.gsfc.nasa.gov/statistics/annual_data.html
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A. Chapter 2: Assigned Calculated And Experimental Data 
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Table A.1 Table of matrix isolation experiments run to collect reference library data. Some molecules have had 
multiple spectra collected, usually to gain a clearer, sharper spectrum or because the initial spectrum had 
contamination.  
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A.1 2-methyl-2-butene 

�Z���(�W���í 

 

 

  

Table A.2 Table of assigned calculated wavenumbers to experimental data for 2-methyl-2-butene. Calculations 
are anharmonic and at TZ level. Not all calculated or experimental peaks are assigned. 

Literature 
Wavenumber 

(cm-1)1  

B3LYP TZ 
Wavenumber 

(cm-1) 

MP2 TZ 
Wavenumber 

(cm-1) 

Experimental 
Wavenumber 

(cm-1) 
Shape 

3024 
 

3003.7 3002.1 Medium   
2984.1 2985.3 Medium, shoulder   
2976.9 2976.5 Medium, shoulder 

2972 
 

2973.9 2972.2 Sharp  
2958.2 

 
2952.7 Broad, shoulder 

2931 2943.6 2955.5 2944.9 Broad 
2908 2928.4 

 
2926.1 Broad  

2892.4 
 

2871.9 Broad, shoulder  
2844.0 

 
2864.9 Broad 

1681 1690.7 1688.9 1624.2 Medium  
1384.9 1386.0 1384.7 Sharp  
1379.3 1378.5 1378.3 Sharp  
1201.6 1220.2 1215.6 Broad  
1101.1 1116.2 1114.2 Sharp, shoulder  
1077.0 1077.7 1082.1 Medium  
1046.3 1052.6 1052.7 Sharp  
1042.3 1040.7 1036.5 Sharp  
992.6 993.7 989.1 Medium, shoulder 
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Figure A.1 Section from ~ 3020 �t 2850 cm-1 of annotated 2-methyl-2-butene spectrum. 
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Figure A.2 Section from ~ 1630 �t 1580 cm-1 of annotated 2-methyl-2-butene spectrum. 
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Figure A.3 Section from ~ 1160 �t 980 cm-1 of annotated 2-methyl-2-butene spectrum. 
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Figure A.4 Comparison graphs for experimental wavenumber versus calculated wavenumber. 

Table A.3 Slope, intercept, and standard errors of each for the comparison graphs for 2-methyl-2-butene. 

�s���o�µ�� ���ï�>�z�W �D�W�î 

�u �ì�X�õ�õ�ô�í �í�X�ì�ì�ì�ð 

�� �ì�X�î�ï�í�ñ �r�ó�X�í�õ�õ�ò 

�^�š���v�����Œ�������Œ�Œ�}�Œ���(�}�Œ���u �ì�X�ì�ì�ò�õ �ì�X�ì�ì�ñ�ñ 

�^�š���v�����Œ�������Œ�Œ�}�Œ���(�}�Œ���� �í�ï�X�ô�õ�í�õ �í�í�X�î�ñ�ð�ò 
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A.2 Acetylene 

  

Table A.4 Table of assigned calculated wavenumbers to experimental data for acetylene. Calculations are 
anharmonic and at QZ level. Not all calculated or experimental peaks are assigned. 

Literature 
Wavenumber 

(cm-1)2 

B3LYP QZ 
Wavenumber 

(cm-1) 

MP2 QZ 
Wavenumber 

(cm-1) 

Experimental 

Wavenumber 
(cm-1) 

Shape 

3289 3291.0 
 

3288.6 Sharp   
3245.6 3240.7 Sharp 

 

Figure A.5 Section from ~ 3350 �t 3200 cm-1 of annotated acetylene spectrum. 
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A.3 �r-Pinene 

  

Table A.5 Table of assigned calculated wavenumbers to experimental data for �r-pinene. Calculations are 
anharmonic and at DZ level. Not all calculated or experimental peaks are assigned. 

B3LYP DZ 
Wavenumber 

(cm-1) 

MP2 DZ 
Wavenumber 

(cm-1) 

Experimental 
Wavenumber 

(cm-1) 
Shape 

 
3047.6 3054.4 Broad 

3022.3 3030.3 3030.2 Very broad 
3015.7 3000.5 3000.0 Sharp 
2980.6 2995.5 2984.8 Sharp 
2955.5 2960.0 2960.6 Medium 
2950.9 2946.1 2945.5 Sharp 
2933.9 

 
2933.6 Sharp 

2931.3 
 

2930.3 Broad 
2925.9 2929.2 2925.8 Sharp 
2913.7 

 
2919.3 Sharp 

2903.7 
 

2900.5 Broad 
2893.5 

 
2894.5 Broad 

2889.1 
 

2890.8 Broad 
2885.8 

 
2884.0 Broad 

2875.2 
 

2874.1 Medium 
1397.0 1371.5 1382.5 Broad 
1367.8 1368.2 1379.4 Broad 
1366.8 1355.7 1366.3 Broad 
1327.1 1332.9 1333.8 Very broad 
1293.9 1271.1 1272.4 Broad, shoulder 
1235.8 1228.4 1223.7 Medium 
1211.3 1218.9 1218.9 Medium, shoulder 
1195.8 1205.5 1207.8 Sharp 
1191.3 1173.1 1183.2 Broad 
1169.2 1168.7 1169.4 Broad 
1114.3 1127.3 1127.8 Medium  

1097.4 1104.5 Broad, shoulder 
1087.8 1086.3 1086.2 Broad, split peak 
1078.4 1065.5 1064.6 Medium, shoulder 
1050.4 1047.0 1053.3 Broad 
1030.9 1029.1 1044.8 Broad 
1009.5 1014.8 1016.4 Sharp, split peak 
985.8 994.4 998.9 Broad 
952.1 964.2 960.8 Medium 
939.0 950.0 954.1 Medium 
924.8 938.0 930.1 Broad 
897.0 889.8 887.6 Medium 
878.1 

 
878.6 Medium 
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Figure A.7 Section from ~ 1250 �t 850 cm-1 of annotated �r-pinene spectrum. 
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Figure A.8 Section from ~ 1390 �t 1350 cm-1 of annotated �r-pinene spectrum. 

Figure A.6 Section from ~ 3060 �t 2820 cm-1 of annotated �r-pinene spectrum. 
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Figure A.9 Comparison graphs for experimental wavenumber versus calculated wavenumber. 

Table A.6 Slope, intercept, and standard errors of each for the comparison graphs for �r-pinene. 

�s���o�µ�� ���ï�>�z�W �D�W�î 

�u �ì�X�õ�õ�ô�ò �ì�X�õ�õ�ô�î 

�� �ï�X�ð�ô�ò�ô �ð�X�õ�õ�ì�ì 

�^�š���v�����Œ�������Œ�Œ�}�Œ���(�}�Œ���u �ì�X�ì�ì�í�ó �ì�X�ì�ì�í�ð 

�^�š���v�����Œ�������Œ�Œ�}�Œ���(�}�Œ���� �ï�X�ð�ò�ñ�õ �î�X�ð�ì�ð�ï 
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A.4 �r-Pinene Oxide 

�d�����o������ �X�ó���d�����o�����}�(�����•�•�]�P�v�����������o���µ�o���š�������Á���À���v�µ�u�����Œ�•���š�}�����Æ�‰���Œ�]�u���v�š���o�������š�����(�}�Œ���r�r�‰�]�v���v�����}�Æ�]�����X�������o���µ�o���Ÿ�}�v�•�����Œ����
���v�Z���Œ�u�}�v�]�������v�������š���� �•���o���À���o�X���E�}�š�����o�o�������o���µ�o���š�������}�Œ�����Æ�‰���Œ�]�u���v�š���o���‰�����l�•�����Œ�������•�•�]�P�v�����X�� 

B3LYP DZ 
Wavenumber 

(cm-1) 

MP2 DZ 
Wavenumber 

(cm-1) 

Experimental 
Wavenumber (cm-1) Shape 

 
3074.2 3079.4 Sharp   
3050.7 3063.3 Sharp  
3046.0 3046.7 Sharp  
3035.3 3040.0 Broad   
3032.6 3037.9 Broad   
3011.9 3012.4 Sharp  

3006.6 
 

2994.1 Sharp  
2992.4 

 
2992.5 Sharp  

2982.0 2983.6 2983.6 Sharp  
2974.8 

 
2974.7 Sharp  

2968.0 2965.3 Sharp  
2963.0 2959.4 2962.0 Broad   

2959.4 
  

 
2956.4 2956.9 Broad   
2956.7 

  

2949.6 
 

2948.9 Broad  
2936.0 2939.9 2939.2 Broad  
2935.8 

 
2935.2 Sharp  

2930.5 
 

2927.4 Sharp  
2916.1 

 
2916.6 Broad  

2914.0 
 

2914.2 Sharp  
2889.3 

 
2867.9 Sharp   

1374.5 1379.4 Sharp  
1371.3 1369.2 1369.6 Sharp  
1359.6 

 
1361.4 Sharp  

1354.7 1358.4 1354.1 Sharp   
1336.2 1343.1 Broad  

1330.9 1319.4 1323.4 Sharp  
1306.6 1307.7 1307.1 Broad  
1287.3 1274.6 1277.3 Sharp   

1266.9 1268.3 Sharp  
1259.2 

 
1262.2 Broad  

1256.3 
 

1246.9 Sharp   
1233.6 1235.2 Sharp  

1223.0 
 

1225.0 Sharp   
1218.4 1216.6 Sharp   
1219.2 
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B3LYP DZ 
Wavenumber (cm-1) 

MP2 DZ 
Wavenumber (cm-1) 

Experimental 
Wavenumber 

(cm-1) 
Shape 

1207.4 
 

1201.0 Broad  

1199.7 1195.2 1197.0 Broad  

1181.3 1178.0 1180.2 Sharp  

1144.9 1152.2 1156.7 Sharp  
 

1122.9 1123.8 Sharp  

1111.2 1103.5 1101.0 Sharp  

1089.3 1082.1 1086.1 Sharp  

1071.6 1062.8 1068.7 Sharp  

1051.6 1060.1 1059.6 Broad  

1046.0 
 

1047.9 Sharp  
 

1044.7 1040.7 Sharp  

1039.1 
 

1039.2 Sharp  
 

1003.2 1008.6 Sharp  

994.9 
 

995.8 Sharp  
 

990.4 993.8 Sharp  
 

967.5 967.3 Sharp  

958.2 
 

946.1 Sharp  
 

947.8 943.1 Sharp  

935.5 939.2 936.2 Sharp  
 

939.7 934.3 Sharp  

929.4 
 

928.3 Sharp  
 

895.8 898.7 Sharp  

888.9 
 

896.9 Broad  

881.4 
 

882.6 Sharp  
 

867.0 862.6 Sharp  

852.5 
 

859.7 Broad  
 

849.4 842.2 Sharp  

832.6 
 

835.7 Broad  
 

824.5 818.5 Sharp  

807.0 
 

817.2 Sharp  
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Figure A.10 Section from ~ 3110 �t 3030 cm-1 of annotated �r-pinene oxide spectrum. 
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Figure A.11 Section from ~ 3000 �t 2900 cm-1 of annotated �r-pinene oxide spectrum. 

�t���À���v�µ�u�����Œ���~���u�r�í�• 

���
��•

�}
�Œ

���
��v

���
�

 



�í�ô�ð 
 

�� 

  

Figure A.12 Section from ~ 1280 �t 1200 cm-1 of annotated �r-pinene oxide spectrum. 
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Figure A.13 Section from ~ 1100 �t 1030 cm-1 of annotated �r-pinene oxide spectrum. 
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Figure A.14 Section from ~ 1010 �t 900 cm-1 of annotated �r-pinene oxide spectrum. 
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Figure A.15 Section from ~ 870 �t 830 cm-1 of annotated �r-pinene oxide spectrum. 
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Figure A.16 Comparison graphs for experimental wavenumber versus calculated wavenumber. 

Table A.8 Slope, intercept, and standard errors of each for the comparison graphs for �r-pinene oxide. 

�s���o�µ�� ���ï�>�z�W �D�W�î 

�u �ì�X�õ�õ�ô�ï �í�X�ì�ì�í�ñ 

�� �í�X�ó�ï�ô�í �r�í�X�ñ�ô�ð�ô 

�^�š���v�����Œ�������Œ�Œ�}�Œ���(�}�Œ���u �ì�X�ì�ì�í�î �ì�X�ì�ì�ì�ó 

�^�š���v�����Œ�������Œ�Œ�}�Œ���(�}�Œ���� �î�X�í�ô�ó�ñ �í�X�ï�ï�ô�í 
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A.5 Benzene 

�d�����o�����Œ���(�W���î��  

�d�����o������ �X�õ���d�����o�����}�(�����•�•�]�P�v�������o�]�š���Œ���š�µ�Œ�������v���������o���µ�o���š�������Á���À���v�µ�u�����Œ�•���š�}�����Æ�‰���Œ�]�u���v�š���o�������š�����(�}�Œ�������v�Ì���v���X��
�����o���µ�o���Ÿ�}�v�•�����Œ�������v�Z���Œ�u�}�v�]�������v�������š���Y�•���o���À���o�X���E�}�š�����o�o�������o���µ�o���š�������}�Œ�����Æ�‰���Œ�]�u���v�š���o���‰�����l�•�����Œ�������•�•�]�P�v�����X�� 

Literature 
Wavenumber 

(cm-1)16 

B3LYP QZ 
Wavenumber 

(cm-1) 

MP2 QZ 
Wavenumber 

(cm-1) 

Experimental 

Wavenumber 
(cm-1) 

Shape 

 3103 
 

3086.1 3099.7 Sharp 
3080 

 
3079.2 3079.4 Sharp   
3079.2 3077.2 Sharp, shoulder   
3079.2 3075.8 Sharp, shoulder 

3048 
  

3047.7 Sharp, shoulder 
 3044 3030.3 3030.9 3037.6 Medium 
1481 1487.2 1481.1 1483.3 Sharp 
 1481 1487.6 1481.2 1483.0 Broad, shoulder 

  1186.3 1182.0 1180.2 Sharp 
    1182.0     

1178 1182.4 1156.1 1179.5 Sharp 
 1038 

 
1042.3 1040.7 Sharp 

1038 
 

1042.3   
1010   1030.2 1039.1 Sharp 
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Figure A.17 Section from ~ 3150 �t 3030 cm-1 of annotated benzene spectrum. 
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Figure A.18 Section from ~ 1490 �t 1480 cm-1 of annotated benzene spectrum. 
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Figure A.20 Section from ~ 12300 - 1170 cm-1 of annotated benzene spectrum. 
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Figure A.19 Section from ~ 1050 - 1030 cm-1 of annotated benzene spectrum. 

�t���À���v�µ�u�����Œ���~���u�r�í�• 

���
��•

�}
�Œ

���
��v

���
�

 



�í�õ�ì 
 

 

 

��  

Table A.10 Slope, intercept, and standard errors of each for the comparison graphs for benzene. 

�s���o�µ�� ���ï�>�z�W �D�W�î 

�u �í�X�ì�ì�ò�ó �ì�X�õ�õ�ô�ñ 

�� �r�í�ï�X�î�ó�ì�ô �ó�X�ñ�ì�ñ�õ 

�^�š���v�����Œ�������Œ�Œ�}�Œ���(�}�Œ���u �ì�X�ì�ì�í�í �ì�X�ì�ì�î�ô 

�^�š���v�����Œ�������Œ�Œ�}�Œ���(�}�Œ���� �í�X�õ�ó�ì�ó �ò�X�î�ò�ï�î 
 

Figure A.21 Comparison graphs for experimental wavenumber versus calculated wavenumber. 
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A.6 �t-Pinene 

 

�d�����o������ �X�í�í���d�����o���� �}�(�� ���•�•�]�P�v������ �o�]�š���Œ���š�µ�Œ���� ���v���� �����o���µ�o���š������ �Á���À���v�µ�u�����Œ�•�� �š�}�� ���Æ�‰���Œ�]�u���v�š���o�� �����š���� �(�}�Œ���t�r�‰�]�v���v���X��
�����o���µ�o���Ÿ�}�v�•�����Œ�������v�Z���Œ�u�}�v�]�������v�������š�����•���o���À���o�X���E�}�š�����o�o�������o���µ�o���š�������}�Œ�����Æ�‰���Œ�]�u���v�š���o���‰�����l�•�����Œ�������•�•�]�P�v�����X 

B3LYP DZ 
Wavenumber 

(cm-1) 

MP2 DZ 
Wavenumber  

(cm-1) 

Experimental 
Wavenumber 

(cm-1) 
Shape 

  3138.2 3161.8 Sharp 
3069.5 3083.7 3075.8 Sharp 
3021.7 3012.1 3014.6 Broad, shoulder 

  3002.1 3004.0 Medium, shoulder 
  2997.4 2994.8 Sharp 
  2993.6 2985.0 Broad, shoulder 

2980.7 2975.9 2975.9 Sharp 
2963.9 2958.1 2962.6 Medium 
2954.0 2955.5 2958.5 Medium, shoulder 
2945.8 2946.1 2945.8 Medium 
2936.2 2930.9 2932.5 Sharp 
2914.2   2919.3 Sharp 
2907.4   2909.4 Medium, shoulder 
2905.0   2901.7 Medium, shoulder 
2885.6   2886.9 Medium 
2864.5   2875.4 Sharp 
2898.2   2826.2 Broad 
1452.3 1465.3 1460.1 Medium 
1445.3 1450.9 1446.8 Broad 
1389.3 1373.1 1384.2 Sharp 
1372.0 1358.0 1369.0 Sharp 
1324.9 1318.1 1319.6 Broad 

  1292.3 1296.4 Medium 
1278.2 1261.6 1262.9 Sharp 
1274.4   1258.4 Medium, shoulder 
1248.9   1234.3 Sharp, shoulder 
1242.3 1249.8 1231.9 Sharp 

  1226.2 1220.7 Broad 
1220.6 1223.7 1216.6 Sharp, shoulder 
1201.4 1205.7 1203.8 Sharp 
1191.1 1192.0 1195.5 Sharp 
1183.5 1176.0 1187.1 Sharp 
1131.8 1140.5 1144.0 Sharp  

1100.9 1104.2 Sharp 
1087.8 1083.3 1081.6 Broad 
1072.9   1076.4 Broad, shoulder 
1047.3 1057.1 1056.3 Sharp 
1033.6 1045.4 1049.4 Medium 
1002.2 1015.9 1012.9 Medium 
977.9 969.5 974.2 Medium 
964.1 958.0 955.2 Sharp 
942.4 942.9 941.1 Sharp 
929.1 934.9 927.5 Sharp 
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B3LYP DZ 
Wavenumber 

(cm-1) 

MP2 DZ 
Wavenumber  

(cm-1) 

Experimental 

Wavenumber (cm-1) Shape 

882.3 888.5 878.5 Sharp 
914.5 905.0 903.5 Sharp 
898.3   884.9 Medium, shoulder 
869.1 880.1 877.2 Sharp 
841.4 852.9 853.1 Broad 
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Figure A.22 Section from ~ 3020 �t 3860 cm-1 of annotated �t-pinene spectrum. 

Figure A.23 Section from ~ 1320 �t 1180 cm-1 of annotated �t-pinene spectrum. 
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Figure A.24 Section from ~ 1150 �t 1000 cm-1 of annotated �t-pinene spectrum. 
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Figure A.25 Section from ~ 890 �t 870 cm-1 of annotated �t-pinene spectrum. 
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Figure A.26 Comparison graphs for experimental wavenumber versus calculated wavenumber. 

Table A.12 Slope, intercept, and standard errors of each for the comparison graphs for �t-pinene. 

�s���o�µ�� ���ï�>�z�W �D�W�î 

�u �ì�X�õ�õ�ó�õ �í�X�ì�ì�í�ð 

�� �í�X�î�î�ï�ò �r�î�X�î�ï�î�ò 

�^�š���v�����Œ�������Œ�Œ�}�Œ���(�}�Œ���u �ì�X�ì�ì�î�ñ �ì�X�ì�ì�í�ï 

�^�š���v�����Œ�������Œ�Œ�}�Œ���(�}�Œ���� �ð�X�ó�ñ�ô�ð �î�X�ð�õ�ò�ô 
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A.7 Cyclopropylacetylene 

 

�d�����o�����Œ���(�W���ï�� 

  

Table A.13 Table of assigned literature and calculated wavenumbers to experimental data for 
cyclopropylacetylene. Calculations are anharmonic and at QZ level. Not all calculated or experimental peaks are 
assigned. 

Literature 
Wavenumber 

(cm-1)3  

B3LYP QZ 
Wavenumber 

(cm-1) 

MP2 QZ 
Wavenumber 

(cm-1) 

Experimental 

Wavenumber 
(cm-1) 

Shape 

3340 3343.7 3365.1 3339.9 Sharp 
3112 3083.1 3155.2 3101.8 Sharp 
3105 3066.1 3142.7 3100.6 Sharp 
3044 3038.0 3085.0 3026.5 Sharp 
3042 3018.2 3066.7 3024.4 Sharp 
3036 2990.9 3067.0 3021.5 Sharp 
2144 2185.7 2095.2 2137.1 Sharp 
1355 1362.8 1352.9 1356.3 Broad 
1204 1190.0 1202.5 1200.1 Sharp 
1199 1174.8 1179.3 1174.9 Sharp 
1123 1123.4 1121.0 1122.5 Sharp 
1094 1090.4 1089.3 1089.5 Sharp 
1060 1062.1 1048.7 1053.2 Sharp 
1038 1036.5 1026.2 1031.7 Sharp 
942 940.2 950.9 940.6 Sharp 
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Figure A.27 Section from ~ 3350 �t 3310 cm-1 of annotated cyclopropylacetylene spectrum. 
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Figure A.28 Section from ~ 3130 �t 3000 cm-1 of annotated cyclopropylacetylene spectrum. 
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Figure A.29 Section from ~ 2150 �t 2120 cm-1 of annotated cyclopropylacetylene spectrum. 

�t���À���v�µ�u�����Œ���~���u�r�í�• 

���
��•

�}
�Œ

���
��v

���
�

 

Figure A.30 Section from ~ 950 �t 935 cm-1 of annotated cyclopropylacetylene spectrum. 
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Figure A.31 Comparison graphs for experimental wavenumber versus calculated wavenumber. 

Table A.14 Slope, intercept, and standard errors of each for the comparison graphs for cyclopropylacetylene. 

�s���o�µ�� ���ï�>�z�W �D�W�î 

�u �í�X�ì�ì�ñ�ô �ì�X�õ�ó�õ�ï 

�� �r�í�ì�X�ð�ñ�ì�ì �î�ò�X�í�õ�í�î 

�^�š���v�����Œ�������Œ�Œ�}�Œ���(�}�Œ���u �ì�X�ì�ì�ñ�î �ì�X�ì�ì�ñ�î 

�^�š���v�����Œ�������Œ�Œ�}�Œ���(�}�Œ���� �í�í�X�ð�ô�ì�ð �í�í�X�ð�ó�ó�ó 
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A.8 Ethylene 

 

�d�����o�����Œ���(�W���ð�� 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table A.15 Table of assigned literature and calculated wavenumbers to experimental data for ethylene. 
Calculations are anharmonic and at QZ level. Not all calculated or experimental peaks are assigned. 

Literature 
Wavenumber 

(cm-1)4 

B3LYP QZ 
Wavenumber 

(cm-1) 

MP2 QZ 
Wavenumber 

(cm-1) 

Experimental 
Wavenumber (cm-1) Shape 

  
 

3157.1 3163.4 Sharp 
3105.0 

  
3112.3 Medium 

3086.0 3079.6 3019.9 3083.7 Very sharp 
2988.7 2976.8 

 
2996.2 Very sharp 

1622.9 
  

1624.0 Medium, split peak 
1443.5 1444.6 1446.2 1440.6 Sharp 
1342.2 

  
1360.9 Broad, shoulder 

1217.0 
  

1261.7 Broad 
  

  
959.4 Medium 

949.3 963.5 965.2 947.1 Medium 
939.6     945.8 Medium, shoulder 
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Figure A.32 Section from ~ 3160 �t 2900 cm-1 of annotated ethylene spectrum. 
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Figure A.33 Section from ~ 1640 �t 1540 cm-1 of annotated ethylene spectrum. 
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Figure A.34 Section from ~ 1450 �t 1420 cm-1 of annotated ethylene spectrum. 
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Figure A.35 Section from ~ 970 �t 930 cm-1 of annotated ethylene spectrum. 
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Figure A.36 Comparison graphs for experimental wavenumber versus calculated wavenumber. 

Table A.16 Slope, intercept, and standard errors of each for the comparison graphs for ethylene. 

�s���o�µ�� ���ï�>�z�W �D�W�î 

�u �í�X�ì�í�î�ï �í�X�ì�î�ï�ô 

�� �r�î�ñ�X�î�î�õ�ñ �r�ï�õ�X�ð�ó�ò�ò 
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A.9 Geraniol 
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Table A.17 Table of assigned literature and calculated wavenumbers to experimental data for geraniol. 
Calculations are anharmonic and at DZ level. Not all calculated or experimental peaks are assigned. 

Literature 
Wavenumber 

(cm-1)5 

B3LYP DZ 
Wavenumber 

(cm-1) 

MP2 DZ 
Wavenumber 

(cm-1) 

Experimental 
Wavenumber 

(cm-1) 
Shape 

  2974.2 2976.9 2977.9 Medium 
  2960.5 2944.6 2942.6 Medium 

2922.16 2924.3 2924.2 2925.2 Medium 
  2891.9 2890.6 2894.2 Broad, shoulder 
  2862.0 

 
2863.7 Medium 

  2847.3 
 

2846.8 Broad, shoulder 
  2761.1 

 
2736.9 Broad 

1234.44 1250.9 1276.1 1267.1 Medium, shoulder 
  1192.3 1187.2 1181.1 Very broad 
  1167.1 

 
1168.9 Very broad 

  1161.7 1152.2 1160.1 Very broad 
  

 
1126.2 1128.2 Broad 

  1101.9 
 

1109.6 Broad 
1099.43 

 
1097.1 1096.4 Broad 

  1074.9 
 

1084.3 Broad 
  1052.6 1052.2 1049.2 Broad 
  1041.9 1044.4 1032.7 Broad, shoulder 

1004.93 1017.8 1016.1 1010.2 Broad 
  980.7 988.7 989.4 Medium 
  978.5 984.4 974.5 Broad, shoulder 
  934.7 954.5 951.0 Broad 
  877.7   893.9 Medium 
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Figure A.38 Section from ~ 3050 �t 2700 cm-1 of annotated geraniol spectrum. 
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Figure A.37 Section from ~ 1200 �t 900 cm-1 of annotated geraniol spectrum. 
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