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:KLJ9;L 
This research explores the ion chemistry and pyrolysis of a selection of formates. Alternative 

fuels have become increasingly popular over the past decade, one of particular interest is 

biofuels. Biofuels contain a variety of oxygenated compounds that are not present in 

traditional crude-oil fuels such as formates. Therefore, knowing the pyrolysis and ion 

chemistry of a selection of formates is of particular interest in being able to determine the 

environmental implications of switching to biofuels. The pyrolysis in particular for these 

formates have largely been studied using shock-tube experiments where both unimolecular 

and bimolecular reactions occur. This study employs the use of a micro-reactor coupled to 

imaging photoelectron photoion coincidence spectroscopy (iPEPICO) using synchrotron 

vacuum ultra-violet (VUV) radiation at the Swiss Light Source (SLS). The sample is introduced 

in the dilute-gas phase to optimise for unimolecular reactions. This thesis therefore presents 

the unimolecular pyrolysis chemistry of methyl formate, ethyl formate and methyl 

chloroformate and the ion chemistry of methyl chloroformate, phenyl formate and phenyl 

chloroformate. 

In chapter 3, the thermal dissociation of the atmospheric constituent methyl formate was 

probed by coupling pyrolysis with iPEPICO. The pyrolysis products of dilute methyl formate, 

CH3OC(O)H, were elucidated to be CH3OH+, CO, 2 CH2O and CH4 + CO2 as in part distinct from 

the dissociation of the radical cation (CH3OHҌω + CO and CH2OH+ + HCO). Density functional 

theory, CCSD(T), and CBS-QB3 calculations were used to describe the experimentally 

observed reaction mechanisms, and the thermal decomposition kinetics and the competition 

between the reaction channels are addressed in a statistical model. One result of the 

theoretical model is that CH2O formation was predicted to come directly from methyl formate 
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at temperatures below 1200 K, while above 1800 K, it is formed primarily from the thermal 

decomposition of methanol. 

Chapter 4 utilises the same techniques but expands on it by taking advantage of threshold 

photoionization and ion imaging, parent ions of neutral pyrolysis products and dissociative 

photoionization products could be distinguished, and multiple spectral carriers could be 

identified in several ms-TPES. The TPES and mass-selected TPES for ethyl formate are reported 

for the first time and appear to correspond to ionization of the lowest energy conformation 

having a cis configuration of the O=C(H)ςOςC(H2)ςCH3 and trans configuration of the O=C(H)ς

OςC(H2)ςCH3 dihedral angles. We observed the following ethyl formate pyrolysis products: 

CH3CH2OH, CH3CHO, C2H6, C2H4, HC(O)OH, CH2O, CO2, and CO, with HC(O)OH and C2H4 

pyrolyzing further, forming CO + H2O and C2H2 + H2.  

The reaction paths and energetics leading to these products, together with the products of 

two homolytic bond cleavage reactions, CH3CH2Oϊ + ϊCHO and CH3CH2
ϊ + HC(O)Oϊ, were studied 

computationally at the M06-2X-GD3/aug-cc-pVTZ and SVECV-f12 levels of theory, 

complemented by further theoretical methods for comparison. The calculated reaction 

pathways were used to derive Arrhenius rate parameters for each reaction. The reaction rate 

constants and branching ratios are discussed in terms of the residence time and suggest 

carbon monoxide as a competitive primary fragmentation product at high temperatures. 

Chapter 5 explores the pyrolysis chemistry of methyl chloroformate (MCF) in a similar manner 

but also introduces the study of the ion chemistry. The TPES for MCF was acquired for the 

first time; the geometry change upon ionization of MCF results in a broad, poorly defined 

TPES.  Franck-Condon simulations are consistent with an ionisation energy (IE) of 10.90 ± 0.05 

eV.  Ionized MCF dissociated by the expected loss of Cl with a measured appearance energy 
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(AE) of 11.30 ± 0.01 eV.  Together with the above IE, this AE suggests a reaction barrier of 0.40 

eV, consistent with that found from SVECV-f12 calculations (0.41 eV).  At higher internal 

energies, the loss of CH3Oω becomes competitive due to its more favourable entropy of 

activation.   

Pyrolysis of neutral MCF formed the anticipated major products of CH3Cl + CO2 (R1) and the 

minor products HCl + CO + CH2O (R2), all species being confirmed by their mass-selected TPES.  

Several possible reactions were computationally explored but these two were confirmed to 

be the dominant reaction channels.  R1 proceeds by a concerted Cl atom migration via a 4-

membered transition state in agreement with that proposed in the literature.  R2 is a two-

step reaction proceeding first by loss of HCl to make 2-oxiranone which then decomposes to 

CH2O and CO.  Kinetic modelling of the neutral decomposition could be made to simulate the 

observed reactions only if the vibrational temperature of the MCF was assumed not to cool 

during the expansion.   

Chapter 6 further expands on the ion chemistry study by exploring the ion dissociation of 

phenyl formate (PF) and phenyl chloroformate (PCF). Imaging photoelectron photoion 

coincidence (iPEPICO) spectroscopy and tandem mass spectrometry were employed to 

explore the ionisation and dissociative ionisation of phenyl formate (PF) and phenyl 

chloroformate (PCF). The threshold photoelectron spectra of both compounds are featureless 

and lack a definitive origin transition, owing to the internal rotation of the formate functional 

group relative to the benzene ring, active upon ionisation. CBS-QB3 calculations yield 

ionisation energies of 8.88 and 9.03 eV for PF and PCF, respectively. Ionised PF dissociates by 

the loss of CO via a transition state composed of a phenoxy cation and a HCO moieties. The 

dissociation of PCF ions involves the competing losses of CO (m/z 128/130), Cl (m/z 121), and 
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CO2 (m/z 112/114), with Cl loss also shown to occur from the second excited state in a non-

statistical process. The primary CO- and Cl-loss fragment ions undergo sequential reactions 

leading to fragment ions at m/z 98 and 77.  The mass-analysed ion kinetic energy (MIKE) 

spectrum of PCF+ showed that the loss of CO2 occurs with a large reverse energy barrier, which 

is consistent with the computationally derived minimum energy reaction pathway. 

Chapter 7 highlights the conclusions drawn from across the chapters 3-6 and brings chapter 

1 back into focus with how these findings can help to inform future studies on pyrolysis. 

Furthermore, chapter 7 discusses how future technologies for biofuels can be shaped with 

the understanding of the pyrolysis products of these biofuel related compounds. 
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Chapter 1. $GJE9L=K AF L@= LEGKH@=J= 

1.1. Background  

1.1.1. Structure of the atmosphere 

9ŀǊǘƘΩǎ ŀǘƳƻǎǇƘŜǊŜ ƛǎ ŎƻƳǇƻǎŜŘ ƻŦ ǎŜǾŜǊŀƭ ƭŀȅŜǊǎΣ ŜŀŎƘ ƻŦ ǿƘƛŎƘ ǇƻǎǎŜǎǎŜǎ ŘƛŦŦŜǊŜƴǘ ǇǊƻǇŜǊǘƛŜǎ ǿƛǘƘ 

different chemical environments, and it is therefore important to understand the structure of the 

atmosphere to understand the chemical processes that can be expected. The layer closest to the 

Earth is the troposphere. From the Greek word ΨtroposΩ ƳŜŀƴƛƴƎ ΨŎƘŀƴƎŜΩΣ ǘƘŜ ǘǊƻǇƻǎǇƘŜǊŜ ƛǎ 

characterised by its changing weather systems and varying temperature, with a turnover timescale 

on the order of days. This variation enables varied chemical reactions as there is increased mixing of 

gases, which can be affected by the weather. 

The troposphere is between 8 and 16 km in altitude, depending on where it is measured from Earth.1 

Although there is great variation in the temperature within the troposphere, the temperature is 

generally warmer closer to the Earth and decreases with increasing altitude, as depicted in Figure 

1-1. ¢Ƙƛǎ ƛǎ ŘǳŜ ǘƻ ǘƘŜ {ǳƴΩǎ ǊŀŘƛŀǘƛƻƴ ǿŀǊƳƛƴƎ ǘƘŜ 9ŀǊǘƘΣ ǿƘƛŎƘ ǘƘŜƴ ǿŀǊƳǎ ǘƘŜ ŀƛǊ ŎƭƻǎŜǎǘ ǘƻ ǘƘŜ 

9ŀǊǘƘΩǎ ǎǳǊŦŀŎŜΦ Heat is then distributed throughout the troposphere through convection currents 

and vertical mixing.  
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Despite being the smallest of the layers, it accounts for ~80% of the total mass of the atmosphere;2 

this is largely due to the effect of gravity in combination with the compressibility of air. This causes 

the density to decrease exponentially with increasing altitude.3 These factors combined with the 

large content of water vapour are largely responsible for clouds and stormy weather, which provide 

different environments for chemical reactions to occur. 

The stratosphere is the layer next to the troposphere and extends upward from the EŀǊǘƘΩǎ ǎǳǊŦŀŎŜ 

to an altitude of ~50 km. Where the troposphere and stratosphere meet is known as the tropopause. 

Unlike the troposphere, which is well-mixed, the stratosphere is composed of stable (stratified) 

layers. This means that with increasing altitude, the temperature increases as the main source of 

Figure 1-1: Diagram demonstrating the layers of the atmosphere and the change of 
temperature with increasing altitude. 
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ƘŜŀǘƛƴƎ ƛǎ ƴƻ ƭƻƴƎŜǊ ŦǊƻƳ ǘƘŜ 9ŀǊǘƘ ŀƴŘ ǎǳōǎŜǉǳŜƴǘ ŎƻƴǾŜŎǘƛƻƴΣ ōǳǘ ƛǎ ŘƛǊŜŎǘƭȅ ŦǊƻƳ ǘƘŜ {ǳƴΩǎ 

radiation.1 The distribution of molecules within the stratosphere is largely based on size, with heavier 

molecules closer to the Earth, owing to the greater effect of gravity on them. Mixing in the 

stratosphere is very slow, on a timescale of years, which leads to reduced chemical interactions with 

increasing altitude. The stratosphere contains the Ozone layer, which will be described in greater 

detail later. 

The mesosphere and thermosphere are two more layers that extend from the stratosphere 

respectively. These layers are largely decoupled from the lower layers and thus have little influence 

ƻƴ ǘƘŜ 9ŀǊǘƘΩǎ ǿŜŀǘƘŜǊ ƻǊ Ǉƻƭƭǳǘŀƴǘ ǘǊŀƴǎǇƻǊǘ ǇǊƻŎŜǎǎŜǎΣ ŀƴŘ ŀƭǎƻ ŜȄǇŜǊƛŜƴŎŜ ƭƛǘǘƭŜ ŜŦŦŜŎǘ ŦǊƻƳ ǘƘŜǎŜ 

processes. 4 

1.1.2. Radiation Exposure 

The Sun provides a wide range of wavelengths, spanning from the near-IR to soft X-ray regions of the 

electromagnetic spectra with a maximum intensity at ~500 nm, corresponding to the blue portion of 

the visible spectrum,5 depicted by the blue line in Figure 1-2. As radiation passes through the 

atmosphere, it is filtered according to the chemical environment.  
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When the radiation reaches the thermosphere, almost all the extreme ultraviolet radiation (below 

170 nm) is absorbed, as shown by the orange line in Figure 1-2.6 Absorption by O2 and N2 accounts 

for most of the absorption in the wavelength region of 91.2 ς 79.6 nm, while below 79.6 nm atomic 

O absorption dominates.6 This accounts for the increase in temperature in the thermosphere shown 

in Figure 1-1, and this leads to the ionisation of the gases in this region, known as the ionosphere. 

The gases here are above the turbopause and are no longer mixed but are separated according to 

molecular mass with heavier molecules at lower altitudes. The visible portion of the solar irradiance 

remains almost constant, unlike XUV radiation, which experiences large fluxes depending on solar 

activity, such as solar flares.  

Similar processes occur throughout the mesosphere; however, they lie beneath the turbopause, such 

that the gases undergo mixing. The mesosphere has very low gas density; therefore, bimolecular 

Figure 1-2: Adaptation of a solar irradiance spectrum (blue) and the spectra of radiation 
ǊŜŀŎƘƛƴƎ 9ŀǊǘƘΩǎ ǎǳǊŦŀŎŜ όƻǊŀƴƎŜύ with the visible region highlighted by its respective colours. 
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reactions are rare. The presence of polar mesospheric clouds contributes to the reflection of 

radiation back into space, as shown in Figure 1-3. 

 

As the radiation continues ŦǳǊǘƘŜǊ Řƻǿƴ ǘƘŜ 9ŀǊǘƘΩǎ ŀǘƳƻǎǇƘŜǊŜ ƛǘ ŜƴŎƻǳƴǘŜǊǎ ǘƘŜ ǎǘǊŀǘƻǎǇƘŜǊŜΣ 

where there is a notable reduction in the intensity of the high energy UV. Absorption from O3, O2, 

and O in what is known as the Ozone layer is largely responsible for this, as shown in Figure 1-3. The 

absorption region for O3 is complicated and spans across the region of ~950-100 nm with varying 

degrees of absorption cross section. The UV-Vis region of this spectrum is shown in Figure 1-4. 7,8 All 

the absorption bands are dissociative, leading to the production of O and O2, shown in equation 

ρȤσ. The strongest absorption band is known as the Hartley band and covers the region of ~300-

200 nm, which covers the UV-C region. The bands at longer wavelengths, known as the Chappuis and 

Wulf ōŀƴŘǎ ŀǊŜ ǿŜŀƪ ŀƴŘ ŘƻƴΩǘ ŀŎŎƻǳƴǘ ŦƻǊ ƳǳŎƘ ƛƴǘŜƴǎƛǘȅ ƭƻǎǎ ƻŦ ǊŀŘƛŀǘƛƻƴ ŜƴǘŜǊƛƴƎ ǘƘŜ 

atmosphere.9 

Figure 1-3: Figure of the way that radiation is absorbed and emitted from the Earth through 
the atmosphere. 
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O2 absorbs at a higher frequency than O3 due to the stronger bonds that comprise it. There are two 

sets of very intense absorption bands in the ultraviolet region: the Hopfield bands, which extend the 

wavelengths of 67 and 100 nm 10, and the SchumannςRunge continuum between 135 and 176 nm, 11 

with diffuse bands connecting them. At a slightly longer wavelength, the Herzberg continuum 

extends to the region of 240-260 nm with a lower absorption cross-section. These bands are 

dissociative (Equation ρπм) and have been proposed as the first step in the Chapman cycle,12 a series 

of reactions to describe O3 creation. Longer wavelength bands, including those in the visible and 

infrared regions responsible for the ionisation of O2 to O2
+ and vibrations, respectively, are also 

present but have a greater effect on tropospheric warming, as described later.13 Because of the 

absorption regions of O3 and O2, only low-energy UV (UVA & UVB) passes through the atmosphere 

to Earth, thus preventing harmful high-energy radiation from damaging biological organisms. This 

determines the photoinduced chemistry of the troposphere. 

Figure 1-4: Absorption Spectra of O2 (blue) and O3 (black) in the UV-Vis region, including band 
labels. Based on the image from International Geophysics.8
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hн
Ƙ˄ ˂ ғнпл ƴƳ
ựựựựựựựự  нh ρπм 

Bimolecular reactions can occur in the troposphere because of gas mixing and a higher concentration 

of gases; because this is still relatively low, the frequency of collisions is also low oxygen radicals are 

produced in the ground-level triplet state (3P), are highly reactive given their two unpaired electrons, 

and combine with O2 to form O3, where M is a nonreactive species that absorbs the energy released 

from the reaction. 

hҌhнҌa hоҌa ρπн  

Ozone also absorbs these higher-frequency photons, and its bond energy is lower than that of O2; 

therefore, O3 photolyses, but from a longer wavelength than O2. 

hо
Ƙ˄  ˂ғонл ƴƳ
ựựựựựựựự  hнҌh5

м  ρπо  

O(1D) is an excited singlet state of oxygen that relaxes to the 3P state. 

h 5м Ҍa hҌa ρπп  

Since O is regenerated, мπн can occur again, therefore equations (1-2) ς (1-4) are propagation steps. 

The termination step for the O3 sink occurs when O3 reacts with O, given in мπр. 

hҌhо нhн ρπр 

Halogen radicals and other pollutants such as OH and NO provide alternative sinks for O3. Halogen 

radicals are released into the atmosphere by chlorofluorocarbons and other halocarbons that do not 

ōǊŜŀƪ Řƻǿƴ ƛƴ ǘƘŜ ǘǊƻǇƻǎǇƘŜǊŜ ōŜŎŀǳǎŜ ƻŦ ǎǘǊƻƴƎŜǊ ōƻƴŘǎΤ ƘƻǿŜǾŜǊΣ ǘƘŜ ǎǘǊŀǘƻǎǇƘŜǊŜΩǎ ƘƛƎƘŜǊ 

energy radiation will enable dissociation into radicals and undergo a series of reactions of their own 

that lead to the depletion of O3.14 In recent years, this has led to a reduction in Ozone in the 

stratosphere, which is particularly prominent over the poles because of the extended periods of low 
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temperatures, leading to the formation of polar stratospheric clouds (PSC).15 Interactions on the 

surface of the PSCs allow for an increase in the rate of Ozone depletion, which further increases in 

the spring when PSCs are still present but increased temperature.16 Therefore, Ozone holes are 

formed at the poles. This means that the radiation that was once not reaching Earth in a significant 

quantity due to Ozone absorption was now extending beyond the stratosphere, enabling higher-

energy photochemistry in the troposphere. However, owing to legislation, including the Montreal 

Protocol, Ozone concentrations have again been increasing, and there has been a significant 

reduction in Ozone hole sizes.17 

Once past the stratosphere, tropospheric clouds and the Earth cause a large amount of radiation to 

be reflected into space. The Earth emits long-wave black-body radiation, depicted in Figure 1-3 by 

the red outgoing arrows, much of which is absorbed by molecules in the troposphere, such as water, 

CO2, and CH4, which are known as greenhouse gases. Upon absorption, these molecules vibrate. This 

kinetic motion leads to a temperature increase, thereby keeping the Earth warmer than it would 

without this absorption. This is essential for life; however, because it is low-frequency radiation, it 

does not have a significant impact on photolyzed reactions.  

1.1.3. Reactive Organic Carbon in the Atmosphere 

Volatile organic compounds (VOC) are organic molecules with a high vapour pressure at room 

temperature. The gas-phase molecules are then able to diffuse into the atmosphere and perform 

gas-phase chemistry. As previously mentioned, whether this is in the troposphere or stratosphere is 

determined by the relative bond strength. VOCs are emitted from both natural (biogenic) sources 

and anthropogenic sources, released from plants, burning of fuels, and are also commonly found in 

household chemicals such as paint or cleaning solvents.18,19 VOC concentrations are usually higher 



  

 Chapter 1 

9 
 

indoors than outdoors, but undergo thorough mixing in the troposphere. These chemicals are often 

toxic and contribute to tropospheric Ozone generation.  

Unlike stratospheric Ozone, tropospheric Ozone is a pollutant that can be detrimental to human 

health because the troposphere is a part of the atmosphere in which we live and the gases we 

breathe in. Tropospheric Ozone is generated through a series of chemical reactions involving nitrous 

oxides (NOx), carbon monoxide or VOCs, all of which require OH radicals. OH radicals are formed even 

ƛƴ ΨŎƭŜŀƴΩ ǘǊƻǇƻǎǇƘŜǊƛŎ ŎƻƴŘƛǘƛƻƴǎ ǿƘŜǊŜ h3 is present in low concentrations and is photolyzed to 

form O(1D) radicals as described in equation мπо. These O(1D) radicals react with water vapour to 

generate OH radicals, as shown in equation мπс.20  

h 5м ҌIнh нhI ρπс 

These hydroxyl radicals then react with NOx, CO, or VOCs. The scheme for VOC Ozone production is 

presented, and the schemes for NOx and CO are similar.21 The simplest VOC is methane, which is the 

molecule used in the scheme. 22 

hIҌ/Iп IнhҌ/Iо ρπт 

/IоҌhнҌa a/Iоhн ρπу 

a/IоhнҌbh/IоhҌbhн ρπф 

/IоhҌhн I/IhҌIhн ρπмл 

Here, HO2 is produced because methane is the example; in other systems, it may be RO2 which 

undergoes analogous reactions with NO to form RO and NO. 

IhнҌbhhIҌbhн ρπмм 
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NO2 is photolyzed by UV-A radiation and the resulting oxygen radicals can react with molecular 

oxygen to form Ozone, as in reaction мπн. The last three steps are the Ozone-forming steps of the 

cycle and are common, despite the precursor molecule. 

bhн
Ƙ˄  ό˂ғплл ƴƳύ
ựựựựựựự bhҌh ρπмн 

Atmospheric aerosols participate in a significant amount of the chemistry occurring in the 

troposphere. They range in size, from 10-9 ς 10-5 m, and chemical composition, the larger particles 

are primarily formed from mechanical processes, e.g. sea salt and plant debris, smaller particles are 

mostly emitted from combustion processes, or formed in the atmosphere.23 Particles are formed 

when the gas-phase molecules partition to the particle-phase, both surface and bulk reactions are 

then possible once in the particle-phase. Secondary organic aerosols (SOA) are formed largely from 

oxidised VOC reactions, causing changes in volatility and accumulation, as shown in Figure 1-5. 

Oxidation in the atmosphere has two main pathways, degradation to form higher volatility 

compounds, or incorporation of functional groups such as carbonyl, hydroxyl, and nitrate into the 

intact molecule, thus lowering the volatility of the molecule and therefore more likely to contribute 

to SOA formation.24 

Figure 1-5: Summary of secondary organic aerosol formation. 
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1.2. Formates   

Having looked at the major reactions of carbon in the atmosphere, the aim of the work undertaken 

in this study is to probe some of the reactions and products resulting from a small subset of molecules 

in the atmosphere. We will study methyl formate, ethyl formate, phenyl formate, methyl 

chloroformate, and phenyl chloroformate.  

1.2.1. Sources of formates 

Formates are largely released anthropogenically, with all non-chlorinated formates in this study 

being biodiesel components. Methyl formate is used as a drying agent for resins and foam blowing 

or as a precursor to other molecules in the chemical industry. Ethyl formate is used as a precursor in 

the chemical industry and used in pest control.25 All of the formates discussed can be produced in 

the atmosphere from oxidation of VOCs such as ethyl vinyl ethers with radicals such as OH, NO3 and 

O3.26,27 

The process by which this occurs for ethyl formate is as follows: 

hIҌ/нIрh/IҐ/IнҌҌhнҌbh
a
ᴼ/нIрh/IhI/IнhҌbhн ρπмо 

hIҌ/нIрh/IҐ/IнҌҌhнҌbh
a
ᴼ/нIрh/Ih/IнhIҌbhн ρπмп 

Here, ethyl vinyl ether undergoes OH addition to the carbon-carbon double bond. The resulting 

hydroxyalcoxyl radicals can react with O2 to form hydroxycarbonyl compounds; alternatively, they 

may undergo decomposition to form ethyl formate and formaldehyde. This route tends to 

dominate.26 

/нIрh/IhI/Iнh
a
ᴼ/нIрh/IhIҌI/Ih ρπмр 

/нIрh/IhIҌhнҦ/нIрh/hIҌIhн ρπмс 
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/нIрh/Ih/IнhI
a
ᴼ/нIрh/hIҌ/IнhI ρπмт 

Alternatively, in the absence of NOx, it has been shown that ethyl formate is formed, from self-

reaction of the ethyl vinyl ether that forms these hydroxycarbonyl compounds shown in reactions 

1.2-3-5.26 Phenyl formate is particularly useful in synthesis as a CO surrogate, due to the weak 

bonding and formation of the stable phenol.28,29 

Methyl chloroformate has uses in the chemical industry in synthesis of insecticides and formerly as a 

warfare agent in world war 1.30,31 Phenyl chloroformate  is also primarily used in the chemical 

industry as a reagent.32,33 

Chlorine atom-initiated oxidation of unsaturated species can lead to the formation of products such 

as chloroacetaldehyde and chloroacetone.34 However, the direct formation of chloroformates from 

oxidation processes has not yet been reported.  Elimination reactions in the atmosphere could lead 

to the formation of formates, as reported by Chuchani et al., where the elimination of CO led to the 

formation of methyl chloroformate.35 Therefore, it is expected that the decomposition of longer-

chain chlorinated species will lead to the formation of shorter chloroformates, such as those that are 

to be investigated in this study. 

1.2.2. Pyrolysis 

Formates are prevalent in biofuels,36,37 due to this they are exposed to high heat and pyrolysis 

conditions. Kinetic modelling experiments and engine experiments have shown that oxygenated 

hydrocarbons can reduce soot production in diesel engines.38 Knowledge of the pyrolysis is therefore 

of importance. Since the formates typically present in biofuels are long chain formates, it is simpler 

to use surrogates to study the expected chemistry. Previous shock-tube studies have shown the 

primary loses to be from the functional group to lose CO, CO2 and methanol among other 
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products.36,39ς41 Shock-tube studies have their limitations due to the lack of specificity in the type of 

dissociations occurring and also due to the longer residence time many sequential reactions can take 

place and not show the full scope of what is occurring in these processes.  Previous work using a 

micro-reactor coupled to imaging photoelectron photoion coincidence (iPEPICO) spectroscopy has 

enabled study of various molecules while optimising for unimolecular dissociations.42ς44  

1.2.3. Ion Chemistry 

One method of VOC abatement is to use nonthermal plasma.45,46 This process is characterised by low 

gas temperature, neutrals and radicals, and high electron temperature. These high-energy electrons 

cause ionisation and excitation of neutrals.45 This can be utilised to promote oxidative decomposition 

of VOCs present in the plasma, thus leading to VOC reduction in the plasma.  Such systems have been 

used for air filtration and have potential uses in retroactively adding to vehicles to primarily reduce 

NOx emissions, however, VOC emissions would also be reduced.46,47 Therefore ion-chemistry of these 

VOCs, particularly those found in automotives is of interest in determining the decomposition 

products and mechanisms. 

1.3. Goals 

This thesis will focus on the pyrolysis chemistry of methyl formate, ethyl formate and methyl 

chloroformate and the ion dissociation of methyl chloroformate, phenyl formate and phenyl 

chloroformate. A major goal is to compare the results from the micro-reactor coupled to iPEPICO 

with previous studies that involved higher sample pressures and thus were dominated by bi-

molecular reactions.  Each of these will be explored using iPEPICO at the Swiss Light Source (SLS) and 

will highlight the unimolecular reactions in the neutral (pyrolysis only) and ion (ion dissociation). 
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Chapter 2. 2=;@FAIM=K 

2.1. Introduction  

To study the ion chemistry and pyrolysis of the selected formates we used primarily iPEPICO at the 

Swiss Light Source (SLS). We used computational techniques to support the findings and to fit the 

data.   

2.2. Imaging Photoelectron Photoion Coincidence Spectroscopy 

(iPEPICO) 

iPEPICO was the primary experimental technique used for the study of both the ion chemistry and 

pyrolysis of the formates studied. An overall schematic of the iPEPICO apparatus at the SLS is shown 

in Figure 2-1 and where the left side focuses on sample introduction, the centre is for the study of 

pyrolysis and the right side is the iPEPICO set-up itself. 

  

Figure 2-1: Schematic of the pyrolysis set up at the SLS. The left shows the sample 
introduction by passing argon gas over the liquid sample that is contained in a cooled water 
bath. The centre shows the sample gas being diluted with more argon gas and passing 
through the cooled chamber as a molecular beam (blue dashed arrow) and into the 
microreactor, where circles highlight that pyrolysis occurs here to form different 
compounds. The right side shows the iPEPICO set up where the sample is ionised by 
synchrotron radiation (solid blue line), where the extraction potential causes the ions (green 
lines) and electrons (yellow lines) to be accelerated to their respective detectors. 
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2.2.1. Sample introduction 

All the samples studied are volatile 

liquids, therefore for sample 

introduction argon gas is passed 

over a container filled with the 

sample. The container is kept inside 

a cooled water bath at 8oC to 

maintain a constant vapour 

pressure. The sample gas and argon 

then passes out and is diluted by 

more argon gas to optimise for 

unimolecular reactions, the argon gas mixture then passes through to the pyrolysis chamber. Figure 

2-2 shows the experimental set-up at the SLS, the cooled water bath is not pictured. 

2.2.2. Pyrolysis Chamber 

Before the gas mixture passes into the Si:C heating tube it passes through a cooled chamber; the 

purpose of the cooled chamber is to ensure that all the instrument elements prior to the heating 

element are protected from heat damage. The mixture passes through an orifice to form a molecular 

beam. 

Figure 2-2: Sample introduction pictured at the SLS. 
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The molecular beam passes into the Si:C heating tube and unimolecular pyrolysis occurs. Here neutral 

decomposition occurs, so neutrals are formed. The cooled chamber and Si:C microreactor are 

pictured in Figure 2-3. The molecular beam containing the pyrolysis products and unreacted material 

passes through to the iPEPICO set up. 

2.2.3. iPEPICO 

The molecular beam is ionised by the synchrotron radiation, leading to the release of an electron and 

formation of a molecular ion. 

a
Ƙ˄
ᴼaҌҌ Ŝπ ςπм 

There is an extraction potential across the ionisation region that leads to the electrons and ions being 

accelerated in opposite directions, toward their respective detectors. Electrons travel 3 orders of 

magnitude faster than the ions, and upon the electron hitting the detector the time-of-flight timer 

starts and it ends when the ion hits the ion detector. This is a coincidence event. Equation нπн shows 

ǘƘŜ ǊŜƭŀǘƛƻƴǎƘƛǇ ƻŦ ǇƘƻǘƻƴ ŜƴŜǊƎȅ όƘ˄ύ ǿƛǘƘ adiabatic ionisation energy (IE), internal energy of the ion 

(Ei) and kinetic energy of the electron (KEe-) upon photoionisation.  

Figure 2-3: Cooling chamber and Si:C heating tube pictured at the SLS. 

Cooled 

chamber 

Si:C 
Heating 
tube 
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Ƙ˄  Ґ L9 Ҍ9ƛҌY9Ŝπ ςπн 

The electrons ǊŜƭŜŀǎŜŘ Ƴŀȅ ƘŀǾŜ ƪƛƴŜǘƛŎ ŜƴŜǊƎȅΣ ƪƴƻǿƴ ŀǎ ΨƘƻǘΩ ŜƭŜŎǘǊƻƴǎΦ Hot electrons can travel 

perpendicular to the detector, so upon acceleration the electron will hit the imaging detector off-

centre, shown in Figure 2-4a as route 1. Those with zero kinetic energy will not travel until accelerated 

by the extraction potential therefore they will hit the centre of the detector, route 2 in Figure 2-4a. 

Therefore, the centre spot of the electron detector is selected in the i2PEPICO software for data 

processing (Figure 2-4b), this eliminates the KEe- term in equation нπн. However, the hot electrons 

can also have kinetic energy in the direction towards or away from the electron detector, leading to 

them hitting the detector in the centre also, shown as route 3 in Figure 2-4a. To account for these, a 

Figure 2-4: (a) [left] Diagram showing how electrons can move upon ionisation of a molecule within 
the ionisation region of the iPEPICO. If the electron has kinetic energy perpendicular to the 
ŜƭŜŎǘǊƻƴ ŘŜǘŜŎǘƻǊ ǘƘŀǘ ΨƘƻǘΩ ŜƭŜŎǘǊƻƴ ǿƛƭƭ Ƙƛǘ ǘƘŜ ŘŜǘŜŎǘƻǊ ƻŦŦ ŎŜƴǘǊŜ όмύΦ LŦ ǘƘŜ ŜƭŜctron has 0 kinetic 
energy, a threshold electron, or has kinetic energy in the direction of the detector, it will hit the 
detector in the centre, 2 and 3 respectively. (b) [right] Electron detector images with the top 
showing the bright centre spot and the bottom showing the same image but with a ring selected 
for subtracting hot electron contribution to the threshold (centre) electrons. 
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ring is taken from around the centre spot and subtracted from the total of coincidences inside the 

ring, Figure 2-4b.  

Since the sample is introduced to the ionisation region as a molecular beam, the ions travel fast in 

the direction perpendicular to the detector with a narrow velocity distribution,43 this leads to a short 

intense line on the imaging ion detector. The background signal has a broad and uniform velocity 

distribution and no average momentum,43 leading to a broad uniform circular signal on the ion 

detector. The ions formed from neutrals in the molecular beam are selected by using an oval shape 

over that portion of the ion detector image, shown in Figure 2-5. 

 

 

 

 

Figure 2-5: Molecular beam selection on an iPEPICO ion detector image. Molecular beam selection 
depicted by yellow oblong. 
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2.3. Data processing 

2.3.1. iPEPICO Data 

The data extracted contains the electron intensity ŦǊƻƳ ǘƘŜ άŎŜƴǘǊŜέ ǎǇƻǘ ŀƴŘ ǘƘŜ άǊƛƴƎέ ŎƻǊǊŜŎǘion, 

integrated ion ƛƴǘŜƴǎƛǘƛŜǎ ŦǊƻƳ ŎƻƛƴŘƛŎŜƴŎŜǎ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǘƻ ŜƭŜŎǘǊƻƴ ŜǾŜƴǘǎ ŦǊƻƳ ǘƘŜ άŎŜƴǘǊŜέ ǎǇƻǘ 

(circle) ŀƴŘ ǘƘŜ άǊƛƴƎέ, acquisition times and the photon energy. This is used to create threshold 

photoelectron spectra (TPES), mass-selected TPES (ms-TPES) and breakdown diagrams (BD), the data 

that composes each of these is compiled in Figure 2-6. 

The first step in determing any of the above is to make the correction for hot electrons, this is done 

by multiplying the ring data with a multiplication factor (B) such as 0.6, then subtracting the resultant 

value from the ΨŎŜƴǘǊŀƭ ŎƛǊŎƭŜΩ data. If too much of the ring is subtracted from the inner-circle then it 

can produce negative signals in the data, so B is optimised to account for hot electron contribution 

while not leading to negative values.  

Figure 2-6: Diagram to show what the iPEPICO data can be used to make for data processing, 
including a small example of each respectively. 
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For breakdown curves the intensity is normalised by summing the individual peaks to be included in 

the BD curve then to divide the individual peaks by the sum value, equation нπо. This process is 

summarised in Figure 2-7. 

bƻǊƳŀƭƛǎŜŘ tŜŀƪ LƴǘŜƴǎƛǘȅҐ 
tŜŀƪ ÉƴǘŜƴǎƛǘȅ

В!ƭƭ .5 ǇŜŀƪ ƛƴǘŜƴǎƛǘƛŜǎ
Ҏмлл҈ ςπо 

  

Figure 2-7: Flowchart to depict how the raw iPEPICO data is processed to give the breakdown 
curves and TPES and ms-TPES. 
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2.3.2. Vibrational Structure 

The ms-TPES can sometimes show vibrational structure, this is due to the Franck-Condon principle. 

Since the equilibrium structure of the ion is not the same as the neutral equilbrium structure and 

nuclear displacement (Figure 2-8b)  is slower than for electrons, ionisation occurs into the vibrational 

state with the best nuclear overlap, therefore forming bands of higher intensity according to 

vibrational states. This is summarised in Figure 2-8. The FC-overlap can be simulated using Gaussian 

and overlaid on ms-TPES to show the vibrational structure occuring. 

 

2.3.3. Statistical Modelling 

Rice-Ramsperger-Kassel-Marcus (RRKM) theory is a chemical kinetics theory for estimating the rate 

of unimolecular reactions.48,49 In RRKM each vibrational mode is treated individually, giving it the 

advantage of not using a single oscillator to describe the entire system, unlike in the preceding RRK 

Figure 2-8: (a) [left] Energy level diagram showing vertical ionisation according to nuclear 
overlap, denoting the Franck-Condon Principle. (b) [right] equilibrium structure of the ion and 
neutral for C2H4 with bond lengths (Å) overlaid to highlight the change in structure upon 
ionisation. 
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theory.49,50 In RRKM it is assumed that the rate is related to the number of ways that energy can be 

distributed among the internal degrees of freedom of the reactant and transition state (unimolecular 

process), where the critical energy is located in one particular degree of freedom known as the critical 

oscillator.51  

The equation that defines the microcanonical rate 

constant (k(E)) is given in equation нπп where ̀  is the 

reaction degeneracy, the number of ways that the 

given reaction can proceed from the reactant 

moleculeΤ Ƙ ƛǎ tƭŀƴŎƪΩǎ Ŏƻƴǎǘŀƴǘ, Nἁ(E-E0ύ ƛǎ ǘƘŜ ΨǎǳƳ 

ƻŦ ǎǘŀǘŜǎΩ ŦƻǊ ǘƘŜ ǘǊŀƴǎƛǘƛƻƴ ǎǘŀǘŜ ŀǘ ŀƴ ƛƴǘŜǊƴŀƭ 

energy of E-E0;  ˊό9ύ ƛǎ ΨŘŜƴǎƛǘȅ ƻŦ ǎǘŀǘŜǎΩ ƻŦ ǘƘŜ 

reacting ion at an internal energy of E. The 

relationship of E and E0 is given in Figure 2-9.51  

 

ƪό9ύҐ 
ˋ

Ƙ

bϟό9π9лύ

ˊό9ύ
ςπп 

Nἁ represents the number of ways ǘƘŜ ŜƴŜǊƎȅ Ŏŀƴ ōŜ ŘƛǎǘǊƛōǳǘŜŘ ŀƳƻƴƎ ǘƘŜ ΨǎΩ ƴǳƳōŜǊ ƻŦ oscillators. 

Giving equal weighting to each of the configurations, they are all summed.51  Therefore, Nἁ(E-E0) 

reflects the number of ways to pass through the TS that has total energy E-E0 (Figure 2-9), thus the 

number of ways the reaction can proceed to products. The more ways to proceed to products, the 

higher the rate constant k(E).  ˊ ǊŜǇǊŜǎŜƴǘǎ ǘƘŜ ƴǳƳōŜǊ ƻŦ ǿŀȅǎ ǘƘŜ ŜƴŜǊƎȅΣ 9Σ Ŏŀƴ ōŜ ŘƛǎǘǊƛōǳǘŜŘ 

Figure 2-9: Energy level diagram to show the 
relationship between E and E0. 
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amongst the rotational-vibrational states of the reacting molecule.51 The more ways the energy is 

distributed, the more ways it cannot find its way into the critical oscillator.  

!ƴ ƛƳǇƻǊǘŀƴǘ ǇŀǊǘ ƻŦ ǘƘŜ ǎǘŀǘƛǎǘƛŎŀƭ ǇǊƻŎŜǎǎƛƴƎ ƛǎ ǘƘŜ ŘŜǘŜǊƳƛƴŀǘƛƻƴ ƻŦ ǘƘŜ ŀŎǘƛǾŀǘƛƻƴ ŜƴǘǊƻǇȅ όɲ{ἁ) 

and how this can affect how fast or slow the reaction proceeds.52  Transition states that are less 

constrained than the reacǘŀƴǘ ƛƻƴ ƘŀǾŜ ŀ ǇƻǎƛǘƛǾŜ ɲ{ἁ value, a typical example are bond-cleavage 

reactions, as the atoms are simply pulling away from each other. Where the transition state is more 

ŎƻƴǎǘǊŀƛƴŜŘ ǘƘŀƴ ǘƘŜ ǊŜŀŎǘŀƴǘ ƛƻƴ ǘƘŜ ɲ{ἁ value is negative, for example rearrangement processes. 

{ƛƴŎŜ ǘƘŜ ǾŀƭǳŜ ƻŦ ǘƘŜ ɲ{ἁ is 

determined by the geometry of the 

transition state compared to the 

reactant ion, ab initio vibrational 

frequency values can be used to 

ŘŜǘŜǊƳƛƴŜ ɲ{ἁ directly. If the TS 

geometry is not known, for example 

for a barrierless bond cleavage 

ǊŜŀŎǘƛƻƴ ǘƘŜƴ ǘƘŜ ɲ{ἁ can be 

estimated and changed according to 

the BD or TOF RRKM fitting.  

A positive ɲ{ἁ causes the rate to increase rapidly with increasing photon energy and will therefore 

dominate particularly at higher energies, shown in Figure 2-10. The opposite is true for a negative 

ɲ{ἁ this allows channels that have a higher activation energy to dominate at higher energies, despite 

being energetically less favourable.  

Figure 2-10: How the rate of reaction changes in RRKM 
according to the activation entropy using methyl 
chloroformate ion dissociation of a Cl neutral as an example. 
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The process by which the computer program that is used (minimal-pepico) operates by is summarised 

in Figure 2-11.53  The program includes the physical parameters of the ion optics in the iPEPICO 

experiment, the internal energy 

distribution of the parent ion (obtained 

based on the neutral temperature, 

shifted up by the photon energy less the 

adiabatic ionization energy) and the 

statistical rate constant for each reaction 

to calculate theoretical branching ratios 

and TOF distributions, which are then 

compared to the experimental data.  

Adjusting the various k(E) curves for the 

observed reactions is done manually and 

the results visually and mathematically 

compared to the experimental data to 

achieve the best fit possible. 

RRKM theory is used to calculate k(E) 

according to equation нπп.51,54 

Rovibrational densities and sums of 

states are calculated using M06-2X/aug-

cc-pVTZ rotational constants and 

harmonic vibrational frequencies by the direct count algorithm of Beyer and Swinehart.55 The DFT-

calculated rate-limiting transition states combined with the CBS-QB3-computed activation energies 

Figure 2-11: Flow diagram depicted the process by which 
minimalpepico determines the fitting of a breakdown 
curve or TOFs from iPEPICO data and RRKM. 
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serve as a starting point for the fitting procedure. The fit is optimised to reproduce the measurement 

within its signal-to-noise ratio by scaling the lowest five transition state vibrational frequencies, to 

adjust the entropy of activation ҟϟS, and barrier heights.  Frequency multiplication factors less than 

one increase, while values greater than one decrease, ҟϟS.54 The agreement between the 

experimental and theoretical breakdown curves was thus achieved by varying only ҟϟS to minimize 

the error function: 

9ǊǊƻǊҐмπ
ВŜƛƳƛƛ

ВŜƛ
н

ƛ ВƳƛ
н

ƛ

ςπр 

Where Ὡ and ά  refer to experimental and modelled fractional ion abundances in the breakdown 

diagram as well as TOF channel counts, weighted so that breakdown diagram and TOF modelling 

errors influence the fit in a balanced way.  
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2.4. Mass-analysed Ion Kinetic Energy Spectroscopy 

2.4.1. Experimental Set-up 

For the ion chemistry of phenyl 

chloroformate in chapter 6 MIKES was 

performed. This is completed at the 

University of Ottawa using a modified 

VG-ZAB mass spectrometer. The outline 

for the mode of operation is given in 

Figure 2-12. The sample is introduced as 

vapour into the ion source through a heated septum using a syringe, where it is ionised using electron 

ionisation. The ions are then accelerated to the magnetic sector where the ions are separated 

according to mass and the ion of choice can be selected.56 The selected ions then pass through to the 

second field-free region (FFR). The metastable ions undergo dissociation, those with sufficient 

internal energy to dissociate within the FFR, with no collisions. The resulting ions are detected in the 

first electrostatic analyser (ESA) according to their kinetic energy.57 

 

2.5. Computat ional Methods  

2.5.1. Basis Sets 

Basis sets are linear combinations of basis functions to create molecular orbital approximations. Basis 

functions are comprised of a linear combination of wavefunctions, each are solutions to the 

Schrödinger equation. The variational method is applied to optimise the coefficients for the basis 

functions, with the criteria being to find the lowest energy. A typical basis set is made up of a linear 

Figure 2-12: Schematic of the modified VG-ZAB instrument. 
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combination of atomic orbitals (LCAO), where each atomic orbital (AO) function is centred on its 

respective nuclei. The AOs can be Slater-type orbitals (exact hydrogenic orbitals) which are 

computationally heavy or Gaussian-type orbitals (GTO), where a Gaussian approximation is used. To 

better account for the molecular orbital shape in GTOs multiple basis functions are used for each AO. 

The number of basis functions applied to each AO is defined in the notation as shown in Figure 2-13 

using a double zeta basis set as an example. Triple zeta basis sets can be applied which instead of 2 

sets of basis functions adds 3 sets of basis functions to the valence orbitals.  

Polarisation functions are added throughout the studies to improve the accuracy by accounting for 

the polarizability of the molecules, it does this by adding these functions to the atoms defined in the 

basis set. Throughout the forthcoming chapters d,p polarisation is specified which adds the 

polarisation function d to second row atoms only and p polarisation function to hydrogen atoms.  

Diffuse functions are also added to the basis set to help describe the electronic structure of the 

outermost electrons and account for the long-range electron density. This is useful for systems that 

have weak intermolecular interactions, such as Van-der-Waals, therefore particularly helping in 

transition state determination. These are denoted by + or ++ depending on the number and 

application of the diffuse functions. 

  

Figure 2-13: Gaussian basis set notation summarised. 
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2.5.2. Correlation methods 

Density functional theory (DFT) calculations were performed. DFT methods were adapted from 

Hartree-Fock methods that assume electrons move in an average potential generated by all of the 

other electrons without accounting for the interactions between them, known as electron 

correlation. However, DFT treats electron correlation differently by using Kohn-Sham equations, 

which includes contributions from both exchange (the repulsion between identical electrons) and 

correlation (the tendency of electrons to avoid each other), known as the exchange-correlation 

functional. Hybrid functionals between Hartree-Fock exchange and DFT-exchange correlation can 

improve the accuracy of the calculations.  

B3LYP is used in this study which includes local (short-range) and non-local (long-range) exchange 

contributions, while staying less computationally intensive for the geometry optimisations. The 

commonly used B3LYP methods used in the chapters is B3LYP/6-311++G(d,p) which is a triple zeta, 

split valence basis set with the inclusion of diffuse and polarisation functions. This provides a good 

balance between a complete basis set and computational efficiency and is used for geometry 

optimisations as a result. 

Similarly, M06-2X-GD3/aug-cc-pVTZ is used throughout the chapters which is also a DFT method used 

for geometry optimisations. ½ƘŀƻΩǎ ŀƴŘ ¢ǊǳƘƭŀǊΩǎ aлс-2X functional is specified including DǊƛƳƳŜΩǎ 

empirical dispersion correction (GD3) and the cc-pVTZ and aug-cc-pVTZ basis sets of Dunning.58ς60 

The ΨŀǳƎΩ ǎǇŜŎƛŦƛŜǎ ŘƛŦŦǳǎŜ ŦǳƴŎǘƛƻƴǎ ŀǇǇƭƛŜŘ ǘƻ ΨŀǳƎƳŜƴǘΩ ǘƘŜ ōŀǎƛǎ ǎŜǘΣ ΨŎŎ-ǇΩ ǎǘŀƴŘǎ ŦƻǊ ϥŎƻǊǊŜƭŀǘƛƻƴ-

consistent polarised', 'V' shows they are valence-ƻƴƭȅ ōŀǎƛǎ ǎŜǘǎ ŀƴŘ Ψ¢½Ω ǎǘŀƴŘǎ ŦƻǊ ǘǊƛǇƭŜ ȊŜǘŀ.  

CCSD(T)61,62 is also specified in the chapters to refine the energetics by completing a single-point 

energy calculation. CC specifies a coupled-cluster method that takes the basic Hartree-Fock 
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molecular orbital method and to account for electron correlation uses multi-electron wavefunctions 

that use the exponential cluster operator. SD(T) allows for the number of excitations, single, double 

and triple respectively for S D and T. It is a much more computationally heavy method; however, it 

produces some of the most accurate energetics for small molecules. 

2.5.3. Composite Methods 

For more accurate energy determinations, single point composite calculations were implemented. 

These are more computationally intensive so were chosen to be energy calculations from the already 

determined geometries from the previously discussed B3LYP or M06 DFT methods. Composite 

methods apply more complete basis sets and then extrapolate to obtain the best energy 

approximation. The composite methods applied are CBS-QB363 and the more recently developed 

SVECV-f12 method of Ventura et al.64 The former delivers reasonably accurate energetics at a 

moderate computational cost.63 The latter is specially developed to give more accurate 

approximations for reaction barriers in particular.64 The basis sets that are applied before complete 

basis set extrapolation are shown in Figure 2-14. 

Figure 2-14: Flow chart showing the basis sets applied in the composite methods, CBS-QB3 
(left) and SVECV-f12 (right). 
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3.1. Published Contributions  

B. Lowe, A. L. Cardona, J. Salas, A. Bodi, M. A. Burgos Paci and P. M. Mayer, J. Mass Spectrom., 2022, 

57, e4868. 

B. Lowe, with supervision from P. M. Mayer, completed experimental data processing for the iPEPICO 

data and wrote the accompanying sections along with the introduction.  

A. L. Cardona along with assistance from J. Salas and supervised by M. A. Burgos Paci completed the 

computational side including the Gaussian calculations and statistical modelling, writing the methods 

and findings in the accompanying sections. 

A. Bodi assisted with work completed at the Swiss Light Source. 

3.2. Introduction  

The need for oxygenated fuel additives, designed to decrease particulate matter emissions, has led 

to the increased release of formates into the atmosphere. These formates are also produced in the 

atmosphere through reactions involving volatile organic compounds (VOCs).65,66 Understanding the 

role that these molecules play in atmospheric chemical processes is therefore of importance.  Methyl 

formate (MF) is a colourless liquid with a high vapour pressure which is commonly used as a quick-

dry finishing solvent in resins, a cooling agent, and a precursor to other molecules in the chemical 

industry.67 It is also produced in the atmosphere from oxidation of VOCs, such as ethyl vinyl ethers, 

with ωOH, NO3 and O3.26,27 In addition, methyl formate is a good model compound to understand the 
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chemistry of more complex esters used in the production of and found in biodiesel.65,66,68  When such 

esters experience high-temperature combustion environments, they may also decompose to smaller 

molecules or ions, such as CH3OCOω, CH3OH, and CO.69 The combination of the atmospheric presence 

of these molecules and the high engine temperatures that these formates are exposed to make the 

pyrolysis pathways significant in the determination of the atmospheric fate of these molecules. 

The increasing interest in biofuel development has inspired several studies on methyl formate 

combustion chemistry. The generally accepted mechanism was developed by Dooley et al.40 from 

shock tube experiments. They showed the major MF decomposition pathways to be hydrogen 

abstraction, with reactions (оπм) and (оπн) contributing 31% and 17%, respectively. The remaining MF 

is decomposed in unimolecular processes outlined in reactions (оπо) and (оπп), which contribute to 

38% and 3% to the total methyl formate decomposition.68  

/Iоh/IhҌhҦ/Iоh/h Ҍ hI σπм 

/Iоh/IhҌhIҦ/Iоh/h Ҍ Iнh σπн 

/Iоh/IhҦ/IоhI Ҍ /h σπо 

/Iоh/Ih Ҧ /IпҌ/hн σπп 

Dooley also saw CH2O as a product, however, attributed it to the sequential thermal decomposition 

of methanol (оπр). 

/IоhI Ҧ /IнhҌIн σπр 

This is in contrast to computational studies by Francisco70 suggesting the direct decomposition of 

CH2O from MF (оπс).  

/Iоh/Ih Ҧ /IнhҌ/Iнh σπс 
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Dooley disregarded this option because the activation energy calculated by Francisco, when inserted 

into his kinetic model, did not match his experimental results.40 In this study, we employ low-pressure 

pyrolysis to study primarily unimolecular decomposition processes as a function of temperature, 

identifying the products by photoion mass-selected threshold photoelectron spectroscopy (ms-

TPES). To distinguish neutral decomposition from dissociative ionization conclusively, it is important 

to know the chemistry and fragmentation paths of the MF radical cation.  MFҌω decompose to 

CH3OHҌω + CO at low internal energies,71 then the fragments CH2OH+ + HCOω dominate above 11.8 

eV. 

3.3. Experimental Procedures  

The experiments were carried out at the Swiss Light Source (SLS, Paul Scherrer Institut, Villigen, 

Switzerland) using imaging photoelectron photoion coincidence (iPEPICO) spectroscopy at the VUV 

beamline, the details of which have been described thoroughly elsewhere.72,73 Pyrolysis was carried 

out using the high-temperature pyrolysis microreactor previously described for this endstation.44,74 

Synchrotron radiation with 3 meV energy resolution was dispersed using a 600 grooves/mm grating, 

the higher harmonics filtered out using a differentially pumped gas filter filled with 9 mbar of a Ne:Ar 

mixture over 10 cm optical length.  The resulting monochromatic VUV radiation photoionises 

molecules in a 2×2 mm2 interaction region.  Both photoions and photoelectrons were velocity-

mapped on imaging RoentDek delay line detectors. The electrons are time- and position-stamped at 

the detector, and the delayed, coincident photoion signal is evaluated to obtain the time-of-flight 

mass spectrum. Threshold photoelectrons are detected at the centre of the electron detector, 

whereas non-zero-ƪƛƴŜǘƛŎ ŜƴŜǊƎȅ όάƘƻǘέύ ŜƭŜŎǘǊƻƴǎ ŀǊŜ ŘŜǘŜŎǘŜŘ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜƛǊ ƻŦŦ-axis 

momentum. Hot electrons without an initial lateral momentum component also have a trajectory to 

hit the centre spot. The mass spectrum based on electrons detected in a ring around the centre spot 
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is used to subtract the hot electron contamination from the centre signal to obtain the threshold 

photoionisation mass spectrum.75 Plotting the normalized intensity of a peak with a particular m/z 

ratio from these mass spectra as a function of photon energy yields the photoion mass-selected TPES, 

ms-TPES.76  

Pyrolysis experiments were performed by passing argon, at a pressure of 1.8 bar and a flow rate of 1 

sccm, over a vial cooled to 8 oC and containing the sample. At this temperature, the methyl formate 

vapor pressure is ca. 380 mbar.77 This mixture was further diluted with argon to a flow of 41 sccm, 

ǊŜǎǳƭǘƛƴƎ ƛƴ ŀōƻǳǘ лΦр҈ ǎŀƳǇƭŜ ƛƴ ŀǊƎƻƴΣ ǿƘƛŎƘ ŜȄǇŀƴŘŜŘ ǘƘǊƻǳƎƘ ŀ млл ˃Ƴ ǇƛƴƘƻƭŜ ƛƴǘƻ ǘƘŜ о ŎƳ 

long, 1 mm internal diameter, resistively heated SiC pyrolysis microreactor. Reactor surface 

temperatures had been measured in an identical pyrolysis setup by a type C thermocouple, and the 

reactor temperatures herein have been derived based on the previously observed power 

dependence (оπт):  

¢κϲ/ Ґ tκ² Ҏ мпΦнт Ҍ олоσπт 

Where T is the reactor temperature and P is the heating power. The reactor temperature is 

considered to represent the gas temperature inside the reactor to within 100 oC.78 The pressure and 

residence time in the reactor has been estimated to be 10ςпл ƳōŀǊ ŀƴŘ ǳǇ ǘƻ млл ˃ǎΣ 

respectively.78,79 The reactor is placed in the source vacuum chamber, where the pressure was ~ 5 × 

10ҍ5 mbar during measurements. The molecular beam exiting the pyrolysis reactor passed through a 

2 mm diameter skimmer into the detection chamber, kept at a pressure of 10ҍ6 mbar during 

measurements.  Cation velocity map imaging means we could select only ion signals from the 

molecular beam portion of the ion image (Figure A1-1 of appendix 1), disregarding the scattered, re-

thermalized background signal (Figure A1-2), thereby selecting unambiguously pyrolysis products 
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exiting the furnace. Temperatures between 200 and 1000 °C can be explored as a function of photon 

energy to probe the distribution of pyrolysis products as a function of temperature.   

3.4. Computational Details  

3.4.1. Electronic Structure Calculations 

The optimized structures and thermochemical properties for stationary points in the calculated 

reaction pathways were obtained using density functional theory (DFT) with Zhao´s and Truhlar´s 

M06-2X58 functional including Grimme´s empirical dispersion correction (GD3)59 and the cc-pVTZ 

basis set of Dunning.60 For transition states, intrinsic reaction coordinate (IRC) calculations were 

carried out to confirm that they connect the proposed reactants and products. Single-point energy 

calculations with coupled cluster singles and doubles including perturbative triples correction 

CCSD(T)61,62 were performed at the DFT-optimized geometries. In addition, the CBS-QB3 composite 

method was also used, which delivers reasonably accurate energetics at a moderate computational 

cost.63 The FranckςCondon simulation of the MF TPES was carried out at the B3LYP/6-311++G(d,p) 

level of theory. All electronic structure calculations were carried out using Gaussian 16.80 

3.4.2. Kinetics 

The kinetics calculations were carried out using the thermo and ktools programs of the MultiWell 

suite81ς83 over the temperature range of 300ς2500 K. The molecular channels were calculated using 

canonical transition state theory (TST) with Eckart asymmetric tunnelling correction.84 For 

dissociation channels, canonical variational transition state theory (CVTST) was used to locate the 

transition state assuming that the path corresponded to a bond being broken, i.e., a barrierless 

reverse association channel. Constrained geometry optimizations were carried out at fixed CςO and 

OςC bond distances depending on the case (Figures A1-4 and A1-5), starting with 30 points with a 

step size of 0.03 Å. The optimized geometries at each point were used to obtain the rotational 



  

 Chapter 3 

35 
 

constants, the vibrational zero-point energy (ZPE) corrections and frequencies orthogonal to the 

ǊŜŀŎǘƛƻƴ ǇŀǘƘΦ ¢ƘŜ /±¢{¢ ǊŀǘŜ Ŏƻƴǎǘŀƴǘ ŦƻǊ ŀ ƎƛǾŜƴ ǘŜƳǇŜǊŀǘǳǊŜ ƛǎ ƛŘŜƴǘƛŦƛŜŘ ŀǎ ǘƘŜ ƳƛƴƛƳǳƳ άǘǊƛŀƭέ 

CVST rate constant as a function of distance along the reaction coordinate.85ς87 Using the simulated 

kinetics constants, a sensitivity analysis was performed using the KINTECUS88 program to determine 

the weight of the proposed dissociation pathways at different pyrolysis temperatures. 

3.5. Results and Discussion 

MF pyrolysis mass spectra recorded at a photon energy of 14 eV and at varying pyrolysis 

temperatures are presented in Figure 3-1. The mass spectrum at 474 °C shows peaks at m/z 60 (MF+ 

= methyl formate radical cation), 32 (CH3OH+), 31 (CH2OH+) and 28 (CO+) with the assignment given 

in brackets. The m/z 18 peak corresponds to water, present in the chamber as background.  

When the pyrolysis temperature is increased to 688 °C and beyond, new peaks appear in the mass 

spectrum at m/z 44 (CO2+), 30 (CH2O+), and 29 (CHO+). It is also observed that the intensity of the m/z 

Figure 3-1: Mass spectra over varying pyrolysis temperatures recorded at 14 eV photon energy. 
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60 peak decreases when the temperature increases. The most abundant peaks are in accordance 

with previous studies.40,68,84  

To confirm the isomeric identity of the spectral carriers of the m/z peaks, the corresponding ms-TPES 

were extracted and compared with the literature. Figure 3-2 shows the TPES for m/z 60, ionized MF, 

at 688 °C.  

The origin band at 10.83 ± 0.01 eV agrees with the ionization energy reported by Waterstradt et al. 

using threshold electron detection89 and a recent He(I) photoelectron spectrum by Nunes et al.90 The 

peaks following show the presence of vibrational structure: the spacing of 832 cmҍ1 corresponds 

primarily to a stretching vibration of the methyl carbon and the adjacent oxygen and that of 1485 

cmҍ1 corresponding to a methyl group deformation, which were confirmed by FranckςCondon 

simulation of the spectrum, shown in red in Figure 3-2. 
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Figure 3-3 shows the ms-TPES for m/z 30 (CH2O). This TPES exhibits a single peak at 10.88 ± 0.01 eV, 

which corresponds to the ionization energy of formaldehyde, 10.889 eV.91 This is also in agreement 

with the PEPICO studies completed by Nishimura et al.71 

Figure 3-2: ms-TPES for m/z 60 (black markers), methyl formate, obtained at a pyrolysis 
temperature of 688 °C with a FC-simulation overlaid (solid red curve). 

10.83 ± 0.01 eV 

1485 cmҍ1 

832 cmҍ1 

10.88 ± 0.01 eV 

Figure 3-3: ms-TPES for CH2O, m/z 30, obtained at a pyrolysis temperature of 974 °C. 
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The ms-TPES for m/z 31 is shown in Figure 3-4. The peak indicated in red (10.88 eV) in the figure is 

the residual 13CH2O signal after correction based on the m/z 30 ms-TPES (Figure 3-3) and is likely an 

artefact. Dooley et al. showed that CH3Oω is produced when the CH3OCOω radical (formed by 

hydrogen abstraction from methyl formate) itself decomposes by reaction (оπу).68   

/Iоh/h Ҧ /Iоh Ҍ /h σπу 

However, the spectrum in Figure 3-4 exhibits a gradual onset starting from 10.72 eV and the profile 

is similar to that obtained by Yu et. al.92 for CH2OH+ produced from the dissociative photoionization 

of methanol. The authors complemented the TPES spectrum with theoretical modelling and assigned 

m/z 31 to CH2OH+.  In addition, this TPES was completed at 974 oC where neutral MF (and thus the 

radical cation) is in very low abundance (see Figure 3-1), so producing this amount of CH2OH+ from 

MFҌω dissociation is unlikely. Furthermore, if neutral ωCH2OH were made by pyrolysis, it would be 

observed at much lower photon energy than its onset in Figure 3-4 because of its low ionization 

energy of IE(CH2OH) = 7.56 eV.93 Finally, the recently measured TPES of CH3Oω by Tang et al.94 shows 

a discrete band at 10.72 eV, which is not observed in the present study, confirming that the peak 

corresponds to CH2OH+ from the dissociative photoionization of methanol.  

10.72 eV 13CH2O  

Figure 3-4: ms-TPES for m/z 31 obtained at a pyrolysis temperature of 974 °C. 
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Methanol radical cations are known to be a product of the dissociative photoionization of methyl 

formate, but the appearance energy for this process is 11.58 eV,95 higher than that shown in Figure 

3-5, indicating that neutral methanol is also being formed by pyrolysis and then ionized. However, at 

lower temperatures (and thus higher methyl formate radical cation abundance), we also observed a 

contribution to m/z 32 from the dissociative ionization of MF. 

3.5.1. Reaction Pathways and Kinetics 

Ground state reaction mechanisms for the thermal decomposition of methyl formate were evaluated 

using ab initio calculations. Six channels were postulated (Figure 3-6), which explain the final products 

found by experiment, plus two homolytic bond cleavages to form CH3Oω + HCOω (DOςC) and CH3ω + 

HCO2
ω (DCςO). The formyl hydrogen atom is presented in red in the figure.  

10.85 ± 0.01 

Figure 3-5: ms-TPES for CH3OH, m/z 32, obtained at a pyrolysis temperature of 974 °C. 
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Five channels start from the most stable conformer Z-methyl formate (Z-MF). DOςC and DCςO 

correspond to direct homolytic fission and are barrierless paths with loose transition states. The first 

one corresponds to the homolytic dissociation of the OςC bond to give HCOω and CH3Oω radicals and 

channel DCςO yields CH3ω + HCO2ω. The other channels give rise to closed-shell products. Channel 1 

yields CO and CH3OH involving a three-centre transition state, TS (TS_k1). In this case, the hydrogen 

from the formyl group is part of the TS and interacts with the central O to form the OςH bond of 

CH3OH. The second channel involves a four-centre TS (TS_k2) that dissociates to give two CH2O 

molecules. In this case, one H from the CH3 fragment is involved in the TS and migrates from the CH3 

Figure 3-6: Unimolecular dissociation mechanisms for MF. To highlight hydrogen migration, the 
formyl hydrogen atom is shown in red. 
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to the CH=O moiety. In the third channel, isomerization from the Z to the E conformer takes place 

first, followed by a four-centre TS, TS_k3, which dissociates to give CH4 and CO2 as final products. In 

this four-centre TS, the formyl H interacts with the methyl carbon to form CH4. Channel 4 gives, 

through a five centre TS (TS_k4), CH2O and hydroxy methylene fragment HOCH that further 

isomerizes to CH2O (TS_kIMύΦ aƻƭŜŎǳƭŀǊ ǎǘǊǳŎǘǳǊŜǎ ŦƻǊ ǘƘŜǎŜ ¢{Ωǎ ŀǊŜ ǇǊŜǎŜƴǘŜŘ in Figure 3-7, and the 

optimized structures for MF conformers and reaction products are included in appendix 1. 

 
Figure 3-7: Optimized geometries at the M06-2X-GD3/cc-pVTZ level of theory of the MF conformers 
and transition states for decomposition (bond lengths in Å). Blue arrows illustrate the normal mode 
with the imaginary frequency, corresponding to the reaction coordinate, in each TS. 

The minimum energy reaction surface for the thermal decomposition of MF is depicted in Figure 3-8 

and the calculated energies are presented in Table A1-1. The difference in the activation energy 

  

Z-MF E-MF 

  

TS_k1
 TS_k2 

  

TS_k3 TS_k4 

  

TS_MeOH TS_kIM 

 1 
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values between the three methods is less than 12 kJ molҍ1 (ca. 4%). For the final product energies, 

the three methods give more of a spread with deviations of 25% for route 1 and 12 % for the other 

routes. Inspection of Figure 3-7 and Table A1-1 indicate that the first step of channel 1 has the lowest 

activation energy (TS_k1), followed by TS_k2. The next TS is TS_k3 that is close in energy with the 

homolytic DOςC and DCςO paths. TS_k4 has the highest energy from reagent and TS_kIM corresponds 

with the highest energy TS of the PES and corresponds to the isomerization of the HC=OH 

intermediate. The second step of channel 1, which is the dissociation of CH3OH to CH2O and H2 

(TS_MeOH) is also a high energy path. 

 
Figure 3-8: Minimum energy reaction pathways for the thermal decomposition of MF at the M06-2X-
GD3/cc-pVTZ level of theory. 

3.5.2. Kinetic Analysis  

Theoretical rate constants for the decay channels discussed in the previous section are tabulated in 

Tables A1-1 and A1-3 in appendix 1. They correspond to two bond fission channels with loose TS 

P8+P9

P6+P7
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(kD_CςO and kD_OςC) and four isomerization channels over tight TS (k1 to k4). Our calculations estimate 

that the decomposition rate of MF to methanol and carbon monoxide is the dominant channel 

compared to the other molecular channels.  However, when the temperature increases, the fission 

channel of the OςC bond begins to be more favoured.  

From the rate constants calculated for the different channels, a sensitivity analysis for the MF 

concentration was performed for each temperature. In the sensitivity analysis, coefficients near zero 

represent reactions with no influence on the concentration of a particular species and positive and 

negative values indicate sources and sinks, respectively, for that component. The coefficients 

obtained are presented in Table A1-2. 

The coefficients obtained indicate that the prevailing channel is 1.  At 474 °C, all the other channels 

have zero coefficients, so only methanol and CO, the products from this channel are expected to be 

formed. This result agrees with the species present in the mass spectrum (Figure 3-1) at this 

temperature: MF+, CH3OH+, CH2OH+ (from methanol) and CO+. Also, when the temperature increases 

(688 °C, 973 °C and 1087 °C), the other channels are enabled (coefficients are nonzero) so in the mass 

spectra the signal of MF diminishes, and other products appear (CO2 and CH2O). 

In general, as the temperature increases, the differences between the computed rate constants 

decrease, which indicates a broader spectrum of decomposition products, such as formaldehyde, 

carbon dioxide and methane. This can be observed in Figure 3-9, where the ratio between k1 and k2 

is depicted as function of temperature with the energies and configurations obtained for the three 

theoretical methods. As can be seen, the ratio diminishes considerably with temperature, indicating 

that the rate constants become similar. A similar behaviour is observed for the other channels, shown 

in appendix 1. It is worth noting that, for the DOςC channel, the rate constant becomes higher than k1 
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around 1000 K. The fact that CH3Oω and HCOω are not observed in the experiment indicates that they 

likely react with surfaces in the furnace, or decompose sequentially. 

 
Figure 3-9: Relationship of the theoretical reaction rates k1 and k2 as a function of temperature. 

In Table A1-3, the Arrhenius parameters calculated from the reaction rate constants are listed at 

different temperatures. In general, there is good agreement with the values obtained previously40,96 

(Figure 3-10 and Figures A1-16 to A1-20 in appendix 1) but with deviation at low temperatures. Below 

1500 K, the partition functions differ by many orders of magnitude making the rate constants very 

sensitive to the vibrational frequencies from the electronic structure calculations. The CBS-QB3 

method presents a non-linear plot due to the known limitations of this method in transition state 

characterization.97,98 In addition, it is observed that the trend is similar, especially the increase in the 

pre-exponential factors of the decomposition channels through bond fission, calculated from loose 

transition states that are more sensitive to the uncertainty in the kinetic model. 
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Figure 3-10: Comparison between calculated k1 with previous experimental values. 

3.5.3. Formaldehyde branching ratio 

Francisco70 calculated that CH2O can come from both the decomposition of MF (our k2) or from the 

sequential decomposition of CH3OH formed in k1 (via TS_MeOH) as deduced by Dooley.40 The full 

kinetic model comparing these two pathways is described in appendix 1.  Due to the high barrier to 

methanol decomposition in Figure 3-8, CH2O formation directly from MF dominates at temperatures 

below 1200K (Figure 3-11).  At 747K, 99.96% of the formed formaldehyde comes directly from MF by 

path 2.  At higher temperatures the proportion of path 1 continues to increase until it reaches levels 

above 97% at 2500 K. Although the barrier TS_k1 is lower in energy, at low temperatures the energy 

of the system is not enough to overcome TS_MeOH and the formation of formaldehyde via path 2 is 

favoured.  As the temperature increases, the system has more energy and finally the ratio changes 

and the reaction goes almost exclusively by path 1. 
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Figure 3-11: .ǊŀƴŎƘƛƴƎ Ǌŀǘƛƻ ŦƻǊ ŦƻǊƳŀƭŘŜƘȅŘŜ ŦƻǊƳŀǘƛƻƴ ōȅ aC Ҧ /I3hI Ҍ /h Ҧ /I2O (P3) + H2 + 
CO (P2) (Y1ύ ŀƴŘ aC Ҧ н /I2O (P3) (Y2) as function of temperature in the thermal decomposition of 
MF. Calculated at M06-2X/GD3/cc-pVTZ level of theory.  See appendix 1 for full model details.   

3.6. Conclusions 

The low-pressure pyrolysis of methyl formate was studied using synchrotron radiation alongside 

theory to show the main channels to thermal decomposition. To reach the different decomposition 

channels, molecules were exposed to high temperatures.  The thermal decomposition pathways of 

the neutral were differentiated from dissociative ionization with the help of photoion mass selected 

TPES and trends of the ion abundance with pyrolysis temperature. We can accurately determine 

routes of thermal decomposition due to the low-pressure environment where primarily unimolecular 

processes occur at a quantifiable rate. We were also ablŜ ǘƻ ŎƻƳǇǳǘŀǘƛƻƴŀƭƭȅ ŎƻƴŦƛǊƳ CǊŀƴŎƛǎŎƻΩǎ 

prediction of methyl formate thermally decomposing directly to formaldehyde and not just via the 

initial loss of methanol.70  The predicted rates suggest this direct path is kinetically more favourable 

than the path forming CH2O from sequential methanol decomposition at low temperatures.   

The three predominant thermal channels elucidated in this study are: 
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These results also validate the methodology for studying larger formates and esters in the future.  
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4.1. Published Contributio ns 

B. Lowe, A. L. Cardona, J. Salas, A. Bodi, P. M. Mayer and M. A. B. Paci, J. Mass Spectrom., 2023, 

e4901. 

B. Lowe, with supervision from P. M. Mayer, completed experimental data processing for the iPEPICO 

data and wrote the accompanying sections along with the introduction.  

A. L. Cardona along with assistance from J. Salas and supervised by M. A. Burgos Paci completed the 

computational side including the Gaussian calculations and statistical modelling, writing the methods 

and findings in the accompanying sections. 

A. Bodi assisted with work completed at the Swiss Light Source. 

4.2. Introduction  

Biodiesel is a promising alternative to fossil fuels having a lower carbon burden on the atmosphere. 

It is typically made by the transesterification of vegetable oils to produce fatty acid methyl esters 

(FAMEs); alternative methods using ethanol can be used to produce fatty acid ethyl esters 

(FAEEs).36,99 !ƭǘƘƻǳƎƘ ǘƘŜ ŎƻƳōǳǎǘƛƻƴ ƻŦ C!99ǎ ƛǎ ŎƻƴǎƛŘŜǊŜŘ ǘƻ ōŜ ŎƭƻǎŜǊ ǘƻ ΨŎŀǊōƻƴ ƴŜǳǘǊŀƭΣΩ ƛǘ ƛǎ ǎǘƛƭƭ 

important to study the products resulting from combustion and thermal decomposition in the engine 

and their potential for toxic emissions.  Ethyl formate (EF) is the smallest of these ethyl esters and 

can be used to study the breakdown of larger FAEEs. Shock-tube methods by Balla et al. showed that 

the primary decomposition of ethyl formate is by a unimolecular elimination step to produce ethene 
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and formic acid.39 This accounted for up to 95% of the products at 927 oC.  Since the lowest pressure 

employed in the experiment was 0.01 atm, bimolecular reactions made a large contribution to the 

total decomposition. This includes the production of methane and propane. Carbon monoxide was 

further predicted to be released in the direct decomposition of EF and from the decomposition of 

formic acid. However, some products could not be quantified, including H2, H2O, and CO. Later shock-

wave studies by Ning et al.41 and Ren et al.96 also showed the dominance of the decomposition 

channel leading to ethene and formic acid. CO2 was proposed to be the minor product of a 

bimolecular reaction involving ethane rather than originate directly from EF. 

Previous theoretical studies explored the mechanism for forming C2H4 + HC(O)OH and found a six-

membered ring transition state mediating the reaction.100,101 Hermida-Ramón et al.102  predicted 

three local minimum-energy conformations for EF and studied how different levels of theory affect 

the predicted mechanism.  More recent work explored further decay channels predicted to be 

accessible at high temperatures following kinetic treatment of the results.39,69,103 

The experiment at the Swiss Light Source ionizes neutral molecules and radicals to form two distinct 

classes of ions relevant to this study: a) unfragmented parent ions of neutral EF and its pyrolysis 

products and b) ions resulting from the decomposition of the EF radical cation or of pyrolysis product 

parent ions themselves by dissociative ionization.  It is therefore important to understand the ion 

chemistry of EF to help identify the products of pyrolysis. Zha et al.104 studied the unimolecular 

decomposition of EFҌω using photoelectron photoion coincidence (PEPICO) spectroscopy and found 

that decomposition into C2H4
Ҍω + HC(O)OH dominated between 11.0 and 12.5 eV, while 

decomposition to CH2OH+ + CO + ωCH3 became the major path above 12.5 eV. Other observed 

dissociative ionization channels yielded CH2OCHO+ + ωCH3; C2H4COҌω + H2O; HCO2H2
+ + ωC2H3; C2H5O+ 

+ ωCHO; C2H5
+ + HC(O)Oω; and HCO+ + CH3CH2Oω. 
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In this study, we use a low-pressure pyrolysis microreactor coupled to imaging photoelectron 

photoion coincidence (iPEPICO) to determine the pyrolysis products for EF.44,74,105 Coincidence mass 

spectra were obtained at different temperatures as a function of photon energy to yield the photoion 

mass-selected threshold photoelectron spectra (ms-TPES) of thermal degradation products. In 

addition to experimental results, a computational study was performed to provide a complete 

mechanism, potential energy surfaces and unimolecular dissociation rate constants of EF. These 

results were compared with those obtained experimentally and in previous works to confirm and 

validate the implemented methods. 

4.3. Experimental Procedures  

Imaging photoelectron photoion coincidence (iPEPICO) spectroscopy experiments were carried out 

at the Swiss Light Source (SLS, Paul Scherrer Institute, Villigen, Switzerland) on the VUV beamline, 

which has been described in detail elsewhere.72,73 The set-up is as described in Chapter 3.3, using 

ethyl formate here as the sample. 

Previous work with these types of reactors have concluded that the role of unimolecular vs. 

bimolecular reactions is largely molecule dependent, with bimolecular reactions increasing with 

sample pressure (for obvious reasons).  Reactions involving 0.2% propionic acid in argon and 0.3% 

furfural in helium gave results consistent with primarily unimolecular chemistry,106,107 while 

benzaldehyde pyrolysis at similar concentrations evidenced bimolecular chemistry,106 as well as 

analogous acetone pyrolysis experiments.108 
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4.4. Computational Details  

4.4.1. Electronic structure calculations 

Computational methods are as described in Chapter 3.4.1. Comparisons to the other methods can be 

found in Appendix 2. 

4.4.2. Kinetics 

Kinetics calculations for the decomposition paths in the high pressure limit were carried out over the 

300ς2500 K temperature range: unimolecular dissociation rates were calculated using canonical 

transition state theory (CTST) with Eckart asymmetric tunnelling correction84 for molecular pathways 

and canonical variational transition state theory (CVTST) for barrierless pathways assuming that the 

reaction path corresponded to a homolytic bond dissociation channel.85ς87 Temperature and 

pressure-dependent rate constants were determined from master equation calculations done with 

MultiWell program suite.81ς83 

4.5. Results and Discussion 

4.5.1. Threshold photoelectron spectra 

Mass spectra obtained at 11 eV photon energy show the EF radical cation as a low intensity peak, 

decreasing in abundance with increasing pyrolysis temperature. At 14 eV, where all the products 

produced by pyrolysis can be ionised, major peaks were observed at m/z 44, 28, 26, and 18. The 

corresponding ms-TPES can be used to identify the spectral carriers of these peaks (Figure 4-1 ς 

Figure 4-5). 

Figure 4-1a shows the TPES for ethyl formate obtained without pyrolysis and the mass-selected TPES 

(ms-TPES) for m/z 74.  The ms-TPES intensity declines above 10.8 eV due to the dissociation of the 

radical cation.104  The measured ionisation energy, IE, of 10.60 ± 0.02 eV agrees with that measured 
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by Zha et al (10.61 ± 0.05 eV).104  The ms-TPES can be compared to the He(I) photoelectron spectrum 

ƻōǘŀƛƴŜŘ ōȅ |ƳƛŀƱŜƪ ŀƴŘ Ŏƻ-workers.109,110  They observed vibrational structure due to modes at 1567 

and 596 cmҍ1 and assigned an adiabatic IE of 10.588 eV. FC simulations (Figure 4-1a, red curves) 

compare favourably with the experimental spectrum and highlight vibrational excitation of three 

main modes, 575 cmҍ1 (scissor bend of the CO2 group), 703 cmҍ1 (internal rotation of the HC(O)O 

group relative to ethyl), and 1583 cmҍ1 (stretching of the CςO bond between HCO and the ethoxy 

ƎǊƻǳǇύΣ ǘǿƻ ƻŦ ǿƘƛŎƘ ǿŜǊŜ ƛŘŜƴǘƛŦƛŜŘ ōȅ |ƳƛŀƱŜƪ Ŝǘ ŀƭΦ109  Figure 4-1b corresponds to the ms-TPES of 

m/z 74 with the furnace at 717 oC (990 K).  The low signal in Figure 4-1b is due to the pyrolytic 

degradation of ethyl formate reducing the amount of m/z 74 produced by photoionization.  With the 

heater on, only the ms-TPES can be derived as the total electron signal has contributions from the 

ionization of neutrals formed by the pyrolysis of ethyl formate. 
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Figure 4-1: (a) TPES and ms-TPES for m/z 74 with 0 W on the furnace along with Franckς
Condon simulation (red) ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǘƻ ǘƘŜ Ƴƻǎǘ ǎǘŀōƭŜ /ҍ¢ ƛǎƻƳŜǊ όǎŜŜ ǘŜȄǘύ ƻŦ ŜǘƘȅƭ 
formate. (b) ms-TPES for m/z 74 at 717 °C, with the FranckςCondon simulation overlaid in red.  

(a) 

(b) 
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Figure 4-2 shows the m/z 30 ms-TPES. The measured IE of 10.87 ± 0.02 eV corresponds to the 

ionization energy of formaldehyde (CH2O, 10.88 eV).91  

 
Figure 4-2: ms-TPES for CH2O, m/z 30, obtained at 717 oC (990 K). The reported ionization energy of 
formaldehyde is 10.88 eV. 

The ms-TPES for m/z 44 is shown in Figure 4-3.  Observed pyrolysis species are acetaldehyde, IE = 

10.21 ± 0.02 eV (compared to the reported 10.24 eV),111 and CO2, IE = 13.76 ± 0.02 eV (compared to 

the known 13.78 eV).112 The FC simulation of acetaldehyde ionization matches very well with the 

experimental spectrum and displays a progression in a 1307 cmҍ1 mode corresponding to a hydrogen 

wagging mode. The m/z 44 ms-TPES also illustrates a unique analytical advantage of PEPICO 

detection: at the ionization energy of CO2, acetaldehyde dissociatively photoionizes. Thus, the pure 

CO2 TPES can be recorded and assigned in this energy range, although acetaldehyde is another 

significant component in the reaction mixture with 44 amu mass. 
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Figure 4-3: ms-TPES of m/z 44 indicating the presence of acetaldehyde (CH3CHO, left peak) 
and carbon dioxide (CO2, right peak). An FC simulation is overlaid in red for CH3CHO.  

The ms-TPES for m/z 28 exhibits three features in Figure 4-4.  The leftmost band is due to C2H4 formed 

by pyrolysis of EF, (IE = 10.50 ± 0.02 eV, corresponding to that obtained by Williams and Cool).113 FC 

simulations (shown in red) showed the major vibrational excitation to be 891 cmҍ1 corresponding to 

a rocking motion of the hydrogens. The broad peak in the centre of Figure 4-4 at ~12.5 eV also 

corresponds to C2H4
Ҍω; however, the ethylene cation seen in threshold ionization in this photon 

energy range is due to the dissociative ionization of ethane, C2H6. Ethane parent ions yield C2H4
Ҍω only 

0.57 eV (0 K) above the adiabatic ionization energy of 11.8 eV,114,115 due to the quantum tunnelling 

of H atoms.116 Our experiment has ions at much higher temperatures, which shifts the onset lower 

in energy.  We did not observe a TPES signal in coincidence with m/z 30 ions corresponding to C2H6
Ҍω 

(see Figure 4-2). Since the photoelectron spectrum for ethane is already broad due to JahnςTeller 

distortion and vibrational coupling effects,117 the resulting TPES for ethane in our experiment may be 
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below the detection limit.  The rightmost peak at 13.98 ± 0.02 eV is due to CO, based on its known 

ionisation energy.118 Thus, in the m/z 30 channel, PEPICO is capable of identifying three neutral 

spectral carriers independently. 

 
Figure 4-4: ms-TPES of m/z 28 showing the presence of ionized C2H4 from the pyrolysis of EF (left 
most peak), C2H4

Ҍω formed from the dissociation of C2H6
Ҍω (centre peak) and ionized CO from the 

pyrolysis of EF (right most peak). The FC simulation for C2H4 ionization is overlaid in red. 

Figure 4-5 shows the ms-TPES for m/z 46, which contains two sets of bands. The low-energy band 

with an onset at 10.46 ± 0.02 eV corresponds to ethanol, with a reported ionisation onset of 10.48 

eV.119 Its ionisation energy is ca. 100 meV lower, which indicates large geometry change and explains 

the broad nature of the peak.120 The 0 K appearance energy for H loss is 10.81 eV,120 which explains 

the disappearance of the ethanol signal above 10.75 eV. The set of peaks to the right are due to the 

ionization of formic acid (IE = 11.32 eV).121 The vibrational fine structure is primarily from an 

asymmetric CO stretch with a frequency of 1536 cmҍ1 as confirmed by the FC simulation. Two neutral 

spectral carriers are thereby identified. 

10.50 ± 0.02 eV 
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Figure 4-5: ms-TPES of m/z 46 showing ethanol (low-E band) and formic acid (high-E band) 
contributions. An FC simulation is overlaid in red for formic acid.  

Finally, the m/z 26 ms-TPES is shown in Figure 4-6. Acetylene is the carrier of the peak on the left at 

11.38 ± 0.02 eV, which is formed in the decomposition of neutral EF (IE = 11.40 eV).122 The vibrational 

fine structure is due to the active symmetric stretch at 1889 cmҍ1 as confirmed by the FC simulation. 

The high-energy band is due to C2H2
Ҍω formed in the dissociative ionisation of C2H4, with an 

appearance energy of 13.2 eV. The dissociative ionisation onset is skewed to lower photon energies 

by the high thermal internal energy of the precursor ion.123 Other hydrocarbon fragments could also 

produce C2H2
Ҍω  by dissociative ionization. At least two neutrals are, thus, found with the help of the 

m/z 26 ms-TPES. 
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Figure 4-6: ms-TPES of m/z 26 showing the ionization of C2H2 formed in the thermal 
decomposition of EF (left) and C2H2

Ҍω formed from the dissociative ionization of C2H4 (right). 
An FC simulation for C2H2 is overlaid in red. 

Based on the experimental TPES, the observed pyrolysis reactions of ethyl formate are summarized 

in Table 4-1. 

Table 4-1: Neutral reaction pathways based on products observed in the experiment and where these 
reactions are found in the literature. 

No. Reaction ms-TPES assigned of References 

R1 CH3CH2h/όhύI Ҧ /2H4 + HC(O)OH  C2H4, HC(O)OH 39,41,124 
R2 CH3CH2h/όhύI Ҧ /I3CH2OH + CO C2H5OH, CO 39,41,125 
R3 CH3CH2h/όhύI Ҧ /I3CHO + CH2O CH3CHO, CH2O 103,126 
R4 CH3CH2h/όhύI Ҧ /2H6 + CO2 C2H6*, CO2 96,103,115 
R1a I/όhύhI Ҧ /h Ҍ I2O CO 39,127 
R1b C2H4 Ҧ /2H2 + H2 C2H2 126 

*Ethane is not directly observed but inferred based on dissociative ionization products (see text). 
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4.5.2. The ethyl formate molecule 

We have labelled the oxygen and carbon atoms in EF as O1=C1(H)ςO2ςC2(H2)ςC3H3. The lower 

energy conformations of EF according to the cis-trans and cis-gauche dihedral angles O1-C1ςO2ςC2 

and C1ςO2ςC2ςC3 are denoted as /ҍD, ¢ҍD, /ҍ¢ and ¢ҍ¢, respectively (Figure 4-7). These 

conformations can be compared with previous studies that predicted between three and five 

equilibrium species.41,102,103 ¢ƘŜ /ҍD ŀƴŘ ǘƘŜ /ҍ¢ ŦƻǊƳǎ ŀǊŜ ǘƘŜ Ƴƻǎǘ ǎǘŀōƭŜ ŎƻƴŦƻǊmations of EF with 

an estimated enthalpy difference of about 1 kJ molҍ1 with all calculation methods (appendix 2). The 

results agree with previous experimental observations of the gas phase conformer distribution128 and 

calculated energy differences.102,129 The energy of the /ҍ¢ geometry was predicted to be 1.1 (1.2), 

19.6 (19.4), and 20.0 (19.7) kJ molҍ1 lower than /ҍD, ¢ҍD and ¢ҍ¢ geometries, respectively (energies 

at the M06-2X-GD3/aug-cc-pVTZ and SVECV-f12 levels). 

 

 

T-G C-G 

 

 

C-T T-T 
Figure 4-7: Optimized geometry of the EF minima 
conformation at the M06-2X-GD3/aug-cc-pVTZ level. 
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The calculated relative energies for the geometries of EF and all transition states between them can 

be found as supporting material. Of the four minimum EF molecular conformers found in this study, 

only the CςT conformer was found to have significant FranckςCondon factors near the ionization 

threshold (and is responsible for the FC simulations in Figure 4-1). This is due to the stable CςT radical 

cation conformation, which minimizes electrostatic repulsion between the O atoms and the 

neighbouring CH2 group hydrogens, both of which carry small positive charges. The other conformers 

undergo large geometry change upon ionization, which leads to small FC factors close to the adiabatic 

ionization energy and, presumably, a slowly rising and featureless photoelectron spectrum for the 

ground-state cation. 

4.5.3. Reaction pathways for the thermal decomposition of EF 

We considered eight EF decomposition pathways: six unimolecular rearrangement pathways that 

account for reactions listed in Table 4-1 through well-defined transition states and two direct 

homolytic bond fission pathways. A scheme of EF decomposition is shown in Figure 4-8 and the 

energetics for each path are summarized in Figure 4-9. There is good agreement between the 

calculation methods employed for the optimized structures and their energies (Table A2-1 in 

appendix 2). R1 corresponds to an internal elimination mechanism through a concerted six-

membered TS in which a hydrogen goes from C3 in the ethyl group to the carbonyl oxygen, while 

breaking the C1ςO2 bond. The relative energy for the TS_1 is 209.4 (208.1) molҍ1 (listed hereafter at 

the M06-2X-GD3/aug-cc-pVTZ and (SVECV-f12) levels of theory). This is the path with the lowest 

barrier and the products formed in this path are favoured in the thermal decomposition process. 

Reactions R2-R5 involve hydrogen migration. R5, which forms an isomer of CH2O, occur by the same 

hydrogen transfer mechanisms as reported for methyl formate.68,70,130,131 
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The calculated relative energies for TS_2, TS_3, TS_4 and TS_5 are 295.7 (284.7), 301.9 (301.9), 348.6 

(335.8) and 439.1 (429.0) kJ molҍ1. The hydroxymethylene intermediate (IM) formed in (R5) may 

finally yield formaldehyde through internal H rearrangement. 

 

 
Figure 4-8: Paths in the unimolecular decomposition of EF. The formyl hydrogen is 
shown in red. 
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Figure 4-9: Enthalpy diagram (298 K) for the unimolecular decomposition of EF at the M06-2X-
GD3/aug-cc-pVTZ level of theory. See Figure 8 for the description of each channel.  

Chou et al.103 proposed a four-membered ring TS for reaction R6, an H2 elimination yielding 

CH2CHOCHO + H2, at an energy of 471 kJ molҍ1 at the (U)B3LYP/aug-cc-pVQZ//(U)B3LYP/aug-cc-pVTZ 

level. Instead of this path, we have found a six-membered ring TS at ca. 170 kJ molҍ1 lower energy, 

namely 306 kJ molҍ1 at the M06-2X-GD3/aug-cc-pVTZ level. In TS_6, H2 is formed when the formyl 

hydrogen bonds to a C3 hydrogen while the C1ςH, O2ςC2 and C3ςH bonds are broken, leading to 

C2H4, CO2 and H2.  As can be seen in Figure 4-10, the six-membered ring geometry makes the TS_6 

energetically and sterically more feasible. 
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TS_1 TS_2 TS_3 

 
 

 

TS_4 TS_5 TS_6 
Figure 4-10: Optimized geometries of the EF thermal decomposition TS at the M06-
2X-GD3/aug-cc-pVTZ level of theory. 

The direct bond fission channels are endothermic with the C2ςO2 (R8) channel being 23.5 kJ molҍ1 

lower in energy than the O2ςC1 channel (R7). Secondary products as C2H2 and CH3CHO could also be 

produced from the decomposition of C2H4 (R1 and R6) and CH3CH2OH (R2) via H2 elimination. The 

C2H4 decomposition to C2H2 is a two-step H2 elimination through the ethylidene intermediate and 

two TS with relative energies 362.2 (355.7), and 506.5 (506.6) kJ molҍ1. While CH3CH2OH decays 

through a four-centre TS with an energy of 409.8 (402.0) molҍ1.  HC(O)OH could decay to CO + H2O 

via a three-centre TS at 361.9 (345.2) kJ molҍ1 or CO2 + H2 via a four-centre TS 365.0 (355.5) kJ molҍ1. 

The complete EF decomposition mechanism and schematic PES are shown in Figures A2-15 and A2-

16 in appendix 2. Reaction products agree with those reported in the experiments performed. 

The calculated barrier values for transition states at the SVECV-f12 level agree well with the previous 

values calculated with the high level methods41,103,129 with an estimated difference below 1%, 

suggesting that the SVECV-f12 composite method is a good choice for describing thermal 

decomposition barriers and mechanism of formates (Table 4-2). 
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Table 4-2: Relative zero-point corrected energy (E-ZPE) for the unimolecular thermal decomposition 
of EF. Comparison between methods (kJ molҍ1). 

 
 

 M06-2X-GD3/a-TZa  SVECV-f12  B3LYP/a-QZa,b  CCSD(T)/CBS(T-Q)c  

  TS Products  TS Products  TS Products  TS Products  

 R1  209.4 71.3  208.5 63.3  188.0 -  210.0 63.2  
 R2  295.7 51.0  284.7 41.8  274.1 -  285.8 39.8  
 R3  301.9 123.8  301.9 113.0  284.2 -  301.7 113.0  
 R4  348.6 -77.2  335.8 -88.5  299.4 -  335.1 -89.1  
 R5  439.1 336.6  429.0 330.8  405.3 -  429.7 330.1  
 R6  306.4 56.4  300.0 42.1  - -  - -  
 R7  - 417.2  - 412.0  - -  - 415.47  
 R8  - 393.4  - 389.6  - -  - 379.49  
a a-TZ stands for aug-cc-pVTZ and a-QZ represents aug-cc-pVQZ 
b Ref 103 
c Ref 41 

 

4.5.4. Kinetic Modelling 

High-pressure limit (HPL) rate constant calculations for all unimolecular decomposition pathways of 

EF employed harmonic vibrational frequencies also for large-amplitude internal motions. Considering 

ǘƘŜ ƭŜǎǎ ǘƘŀƴ млл ˃ǎ ǊŜǎƛŘŜƴŎŜ ǘƛƳŜ ƻŦ ǘƘŜ ǎŀƳǇƭŜ ƛƴ ǘƘŜ ƘŜŀǘŜŘ ǊŜƎƛƻƴ ƻŦ ǘƘŜ ǇȅǊƻƭȅǎƛǎ ƳƛŎǊƻǊeactor, 

the absolute rate constants are too low to account for the observed conversion of the sample. This 

is consistent with the findings of Pazdera et al., who calculated dimethoxymethane decomposition 

rate constants, which also appear to be too low for the reaction to proceed significantly in the heated 

zone.132 Photoelectron spectroscopy and dissociative ionization experiments have shown that the 

rovibrational cooling in the expansion is negligible after the sample leaves the reactor.43 Therefore, 

unimolecular reactions may proceed further during the ca. 1 ms collision-free flight time from the 

reactor exit to the ionization region. Therefore, only relative rate constants are analysed to obtain 

ōǊŀƴŎƘƛƴƎ ǊŀǘƛƻǎΦ ¢ƘŜ ŎŀƭŎǳƭŀǘŜŘ ǊŀǘŜ ŎƻƴǎǘŀƴǘǎΣ ŀǎ ǿŜƭƭ ŀǎ ǘƘŜ ǊŜƭŀǘƛǾŜ ŜƴŜǊƎƛŜǎ ƻŦ ǘƘŜ ¢{Ωǎ (Table A2-

1), indicate that the decomposition to HC(O)OH + C2H4 is the main reaction path in the temperature 

range used for calculations (300ς2500 K), in agreement with experimental observations. However, it 



  

 Chapter 4 

65 
 

is observed that when the temperature rises, other decomposition routes become energetically 

accessible. At 990 K (717 °C), the ratios of kn/k1 (n = 2ς6) are 

1.73×10ҍ3/6.65×10ҍ6/1.84×10ҍ6/6.03×10ҍ12/3.39×10ҍ5; when the temperature rises to 1347 K (1074 

°C), the ratios kn/k1 increase to 2.11×10ҍ2 /1.35×10ҍ4/1.22×10ҍ4/8.29×10ҍ9/7.71×10ҍ4 and, at 2500 K 

(2227°C) the ratios go to 0.51/6.1×10ҍ3 /2.48×10ҍ2/8.69×10ҍ5/4.4×10ҍ2. The branching ratios 

calculated assuming additive rate constants based in the energies at the SCVECV-f12 level for k1ς6 at 

1347 K (the highest experimental temperature) were 97.84 %, 2.06%, 0.01%, 0.01%, 0.0% and 0.8%, 

respectively (Figure 4-11). Data for all temperatures are depicted in Tables A2-2 to A2-16. It is 

observed that with increasing temperature the different reaction channels become more important 

(mainly R2), suggesting that experimental observation of products from the six channels is possible 

because of the high sensitivity of the technique. 

Pressure-dependent rate constants of the main reactions channels (R1 and R2) are given in Tables 

A2-17 to A2-18. The rates constants were calculated at pressures of 0.01, 0.1, 1.0, 10 and 100 bar for 

temperatures above 818 K and were used to obtain the fall-off curves and pressure-dependent 

Arrhenius parameters. As temperature increases the dependence of the unimolecular decomposition 

rate with pressure becomes stronger, i.e., at temperatures up to 2000 K the relationship is almost 

linear (Figures A2-31-2-32). 

The HPL Arrhenius parameters for the unimolecular decomposition of EF calculated with the M06-

2X-GD3/aug-cc-pVTZ and SVECV-f12 levels of theory can be found in Table 4-3 and compared to the 

other levels described in the computational section in Table A2-21. The Arrhenius form of the rate 

constants calculated at the SVECV-f12 level for the main paths are (The units of the activation energy 

are kJ molҍ1): 
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kмқ(T) = 2.55 × 1014 eҍ209.5/RT sҍ1, 

kнқ (T) = 1.89 × 1015 eҍ275.7/RT sҍ1, 

kоқ (T) = 2.34 × 1014 eҍ308.4/RT sҍ1, 

The kinetic values for different temperature and pressure are in good agreement with previous 

values.39,41,103 The calculated branching ratios at 1347 K explain only the formation of products by the 

R1 and R2 pathways. 

Acetaldehyde and formaldehyde are proposed to arise from hydrogen abstraction mechanisms and 

not through unimolecular EF decomposition.126 The present results in Figure 4-11 and those of Chou 

et al.103 suggest the unimolecular paths R3 and R5 are not kinetically competitive with formation of 

CO + ethanol (R2). However, the required homolytic cleave prior to the hydrogen abstraction 

reactions proposed by Osswald et al.71 makes this mechanism less competitive than R3. Bimolecular 

processes have been observed in SiC pyrolysis microreactors primarily when the primary 

decomposition channel yields reactive species, such as radicals24-26 or when reactants are supplied in 

large concentrations.133 The number density of the reagent in our system (1015 cmҍ3) together with 

the assumption of a high H abstraction rate constant of 10ҍ12 cm3 sҍ1 predicts a half-life of 600 ˃ s, 

higher than the residence time in the reactor. The missing primary radical products and the 

insufficient residence time in the reactor suggest that the unimolecular reaction R3 is the sole source 

of the acetaldehyde and formaldehyde in the present experiment, likely occurring during transit to 

the ionization region. CO2 is also a known minor neutral decomposition path accompanied by ethane 

loss and is a similar reaction to that seen in the decomposition of methyl formate.96,103,131 It can also 

be produced in formic acid decomposition along with H2; however, formic acid decomposition to CO 

and water is kinetically preferred.127,134 C2H4 is a product of the major EF decomposition pathway to 
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formic acid and ethene.39 CO can be formed directly from ethyl formate producing ethanol (R2) or 

from formic acid decomposition (R1a).39,41,135 The latter is the kinetically preferred reaction according 

to shock tube experiments39 and comparison of the RRKM rates of the two pathways.134 However, 

the barrier leading from formic acid to CO + H2O is significant (TS_1a, 351 kJ molҍ1).  A comparison of 

the overall yield of CO from reaction R2 (CO + CH3CH2OH) and formic acid (R1 then R1a) reveals that 

the former is dominant at low temperatures (where TS_1a cannot be reached, Tables A2-22-A2-26, 

Figures A2-33-A2-37).  R2 then declines in importance as R1 becomes dominant and returns to 

compete at high temperatures due to the looseness of the transition state compared to TS_1 (ɲϟS600K 

= 26 J Kҍ1 molҍ1, Figure 4-11, R2). We are unable to characterise H2O due to its presence in the 

background overlapping with the molecular beam signal. C2H2 has been studied as a decomposition 

product from C2H4 pyrolysis, which was determined to be through sequential H losses,  

via a C2H3 intermediate.126 

 

Figure 4-11: Branching ratios for the unimolecular decomposition of EF in the range of 300 to 2500 
K at the SVECV-f12 level of theory. 



  

 Chapter 4 

68 
 

Tables A2-2-A2-16 show the kinetics results obtained using different computational levels of theory. 

It is worth mentioning that the best results for energies and rates were obtained with the M06-2X-

GD3/aug-cc-pVTZ and SVECV-f12 levels of theory, while the CBS-QB3 method give results with the 

largest deviations from previously reported values (Table A2-21).  The explicit correction of the 

empirical dispersion included in the SVECV-f12 optimisation step better describes the non-covalent 

attractive forces present in some transition states, improving the performance of this method over 

CBS-QB3.97,136 In addition, it has been proposed that the f12 correction improves the convergence of 

the basis set; i.e. calculations with a TZ basis set are more accurate and faster than the standard 

CCSD(T)/5Z calculation.31 The energy values for the transition states at the SVECV-f12 level have a 

difference of less than 1% with the values calculated at the CCSD(T)/CBS(T-Q)//M06-2X/6-

311++G(d,p) level.41  

Table 4-3: Arrhenius parameters, A (sҍ1) and Ea (kJ molҍ1) for EF thermal decomposition in the range 
of 300ς2500 K. 

  
 M06-2X-GD3/a-TZ a  SVECV-f12  

  A Ea  A Ea  

 
k1  2.57×1014 210.5  2.55×1014 209.5  

 
k2  1.83×1015 286.4  1.89×1015 275.7  

 
k3  2.34×1014 308.4  2.34×1014 308.4  

 
k4  5.31×1015 357.3  5.31×1015 344.5  

 
k5  1.32×1015 446.2  1.33×1015 436.2  

 
k6  1.33×1015 314.4  1.33×1015 307.9  

 
k7  2.31×1014 401.1 

 
2.12×1014 397.2 

 

  k8   2.76×1014 425.0   2.66×1014 419.6   
a a-TZ stands for aug-cc-pVTZ 
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4.6. Conclusions 

Pyrolysis imaging photoelectron photoion coincidence spectroscopy was employed to elucidate the 

products of the thermal degradation of EF by their mass-selected threshold photoelectron spectra 

(ms-TPES).  Thanks to substantial differences in the ionization energies and dissociative 

photoionization of the lower-IE neutral, single mass channel ms-TPE spectra could be employed to 

identify multiple neutral spectral carriers unambiguously. The observed pyrolysis products for neutral 

ethyl formate are CH3CH2OH, CH3CHO, C2H6, C2H4, HC(O)OH, CH2O, CO2, and CO. The TPES of EF was 

acquired for the first time and confirmed a He(I) ionization energy for EF of 10.60 ± 0.02 eV.  Of the 

four lowest energy EF molecular conformers found in this study, only the lowest energy one (CςT), 

having a cis-configuration of the O=C(H)-O-C(H2)-CH3 dihedral angle and trans-configuration about 

O=C(H)-O-C(H2)-CH3 angle, was found to have significant FranckςCondon factors near the ionization 

threshold. 

The energetics and kinetics of the unimolecular thermal decomposition of ethyl formate were 

calculated. The predicted neutral pyrolysis reactions generally confirmed those in the literature.  The 

calculated absolute rates, however, are too low compared with the residence time of the 

microreactor, which may be indicative of unimolecular processes taking place in the collision-free 

environment after expansion. The primary thermal process yields formic acid and ethene, with 

several other reactions making up the remainder small fraction of the total reactivity. Previous 

studies suggested CO is primarily formed in the decomposition of the formic acid primary pyrolysis 

product. However, our kinetic analysis showed that direct CO loss from ethyl formate to yield the 

ethanol co-product is comparatively fast at high temperatures due to the looseness of the transition 

state compared to that governing the main decomposition channel R1. We also confirm that the 

primary steps of ethyl formate decomposition proceed to closed shell products. 
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5.1. Published Contributions  

In preparation. 

B. Lowe, with supervision from P. M. Mayer, completed experimental data processing for the iPEPICO 

data and wrote the accompanying sections along with the introduction.  

A. L. Cardona along with assistance from J. Salas and supervised by M. A. Burgos Paci completed the 

computational side including the Gaussian calculations and statistical modelling, writing the methods 

and findings in the accompanying sections. 

A. Bodi assisted with work completed at the Swiss Light Source. 

5.2. Introduction  

The pyrolysis of formates such as methyl and ethyl formate has been explored extensively due to 

their presence in biofuels.65,66 They are also released into the atmosphere from their use as industrial 

solvents, drying agents and pest control.67 Halogenated formates are formed by replacement of the 

H atoms by halogens and the thermal decomposition of methyl chloroformate (MCF) was explored 

by Johnson and Stimson in 1977.137 They showed that in the presence of surface-reaction inhibitors, 

MCF decomposed into methyl chloride and CO2 via a homogeneous (gas phase) reaction.  This rate is 

4000 times slower than the comparable reaction in ethyl chloroformate (ECF),138 which was 

attributed to ECF being able to form a 6-membered transition state, while MCF is limited to a more 

constrained 4-membered transition state in the decomposition mechanism. They also noted that 
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without surface-ǊŜŀŎǘƛƻƴ ƛƴƘƛōƛǘƻǊǎ ǘƘŜȅ ŘŜǘŜŎǘŜŘ ŀ ΨǇŜǊƳŀƴŜƴǘ ƎŀǎΩΣ ŜȄǇŜŎǘŜŘ ǘƻ ōŜ I2, CO and 

HCl,137 although they were unable to perform an analysis. 

The gas-phase ion chemistry of MCF was previously studied by electron ionization.139ς141 Holmes and 

Lossing showed that at 11.24 eV ionized MCF loses Cl to form CH3OCO+.140 The dissociation of 

CH3OCO+ then proceeds to form CH3+ + CO2.142 The ionisation energy (IE) and the photoelectron 

spectrum for MCF have not been reported.  

In this study we use a low-pressure pyrolysis chamber coupled to imaging photoelectron photoion 

coincidence (iPEPICO) to determine the pyrolysis products for MCF, as we have done previously for 

methyl and ethyl formate.131,143 Coincidence mass spectra were obtained at different temperatures 

as a function of photon energy to yield the mass-selected threshold photoelectron spectra (TPES) of 

thermal degradation products. The experimental results were modelled with density functional 

theory to elucidate reaction pathways and kinetic modelling to extract Arrhenius parameters.  We 

have also explored the dissociative photoionization of MCF and report the first threshold 

photoelectron spectra (TPES), and thus IE.   The experimental breakdown of the ions is 

computationally explored.  

5.3. Experimental Procedures  

Experimental details for the pyrolysis experiment are outlined in Chapter 3.3. Ion chemistry 

experiments are completed the same as those outlined in chapter 3 except with the high temperature 

reactor off.  
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5.4. Computational Details  

5.4.1. Electronic Structure Calculations 

Computational methods are as described in Chapter 3.4.1. Comparisons to the other methods can be 

found in Appendix 2. 

5.4.2. Kinetics 

The minimalPEPICO program was used to fit the iPEPICO breakdown curve.53  The procedure for the 

fitting is outlined in Chapter 2.3.3.  

Kinetics for the main thermal decomposition paths of MCF were modelled using the MultiWell 

Program suite (MW).82,83,144 Low frequency modes of MCF were treated as one dimensional (1D) 

hindered rotors. Relaxed scan of the corresponding dihedral at the M06-2X/GD3/cc-pVTZ was 

performed to determine the internal rotation potential energy and moments of inertia using the 

lamm module of MW. Unimolecular dissociation rates were calculated using the canonical transition 

state theory (CTST) with Eckard asymmetric tunnelling correction.84 The time concentration profiles 

and the temperature and pressure-dependent rate constants was modelled employing the RRKM/ME 

approach on the multiwell ƳŀǎǘŜǊ Ŝǉǳŀǘƛƻƴ ŎƻŘŜΦ 9ȄǇƻƴŜƴǘƛŀƭ Řƻǿƴ ƳƻŘŜƭ ғɲ9Ҕdown= 250 cm-1 was 

used to describe the collisional energy transfer probability. DenSum module implementation of the 

Beyer-Swinehart direct count algorithm55 was used for computing the sum and density of states. 

5.5. Results and Discussion 

5.5.1. Ion Chemistry 

The total electron TPES and mass-selected TPES (ms-TPES, m/z 94) for MCF are shown in Figure 5-1.  

Overlaid in blue is a Franck-Condon (FC) simulation of the molecular ionization employing an IE of 

10.90 eV, for which the onset and vibrational pattern in the experimental data is qualitatively 

reproduced.  As a comparison, the adiabatic and vertical IE determined at the CBS-QB3(sp)//B3LYP/6-
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311++G(d,p) level of theory are 11.02 eV and 11.43 eV, respectively.  The corresponding adiabatic 

CBS-QB3, G2 and G3 IE values are 10.98, 10.96 and 10.94 eV, respectively.  The lack of an obvious 

onset band in the TPES, and large difference between vertical and adiabatic IEs, is primarily due to 

the poor FC overlap of the neutral and ion geometries, Figure 5-1b.  .  Most notable is the 

CH3h /όhύ/ƭ ōƻƴŘΣ ǿƘƛŎƘ ƛǎ ƭƻƴƎŜǊ ƛƴ ǘƘŜ ƴŜǳǘǊŀƭ όмΦонл )ύ ǘƘŀƴ ƛƴ ǘƘŜ ƛƻƴ όмΦнпф )ύΦ   ¢ƘŜ ¢t9{ ōŀƴŘ 

at 10.85 eV is missing in the m/z 94 ms-TPES, indicating that this feature does not belong to the MCF 

spectrum. Indeed, it corresponds to the ionization of formaldehyde (IE 10.88 eV),44  a decomposition 

product of neutral MCF. 

The experimentally-derived appearance energy (AE) for Cl loss is 11.30 ± 0.02 eV, which agrees with 

the literature electron ionisation value of 11.24 ± 0.05 eV within the respective error bars.  Note that 

there was no kinetic shift in the data and so the AE could be read directly from the experimental 

breakdown curve.  Combined with the experimental IE determined with the help of the FC simulation, 

this AE yields an E0 = 0.40 ± 0.05 eV.  Thus, decomposition occurs only a few tenths of an eV above 

the IE.   The optimised minimum energy reaction pathway for the loss of Cl is shown in Figure 5-2b 

and illustrates the relatively small activation energy of 0.41 eV required for the dissociation which is 

close to the experimentally determined 0.40 eV. The primary fragment ion CH3OCO+ subsequently 

dissociates to CH3+ + CO2.45 As seen in the potential energy surface in Figure 5-2b, Cl loss is associated 

with a reverse barrier as the CO2 moiety becomes quasi-linear upon increasing CςCl bond length. 

Once the system passes the transition state, fragmentation is likely to be impulsive with 

suprastatistical kinetic energy release. This makes statistical analysis of the breakdown curve of 

consecutive CO2 loss challenging and superfluous,46,47 as the experimental energetic is unlikely to be 

more accurate or precise than the computational results shown in Figure 5-2b.  
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Figure 5-1: (a) TPES of m/z 94, methyl chloroformate with the FC-simulation overlaid in red 
and the experimental ionisation energy shown. (b)  M06-2X/aug-cc-pVTZ optimised 
structures for methyl chloroformate ion (left) and neutral (right). 

 

(b) 

(a) 
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Figure 5-2: (a)[Top] MCF breakdown diagram with RRKM fitting. (b) [Bottom] Reaction pathway for 
the dissociation of methyl formate ions, losing CH3O to the left and Cl to the right, with the energies 
relative to the minimum energy conformation of MCFҌω, calculated at the SVECV-f12 level. 

Figure 5-2a also shows the loss of CH3Oω to form ClCO+ which appears at higher photon energy. To 

compete at higher photon energies, the activation entropy for this channel had to be set ~ 25 J K-1 

mol-1 higher than that for CO2 loss (+4 J Kѐ1 molѐ1, as determined from the calculated TS vibrational 

frequencies). This is consistent with the lack of rearrangement required for CH3Oω loss. Figure 5-3 

(a) 
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shows the RRKM k(E) vs E. curves for both channels and shows that at higher photon energy the rates 

converge.  

  

5.5.2. Neutral decomposition 

Mass spectra obtained with increasing pyrolysis temperature are shown in Figure A3-1. Figure A3-1a, 

taken at 11.5 eV photon energy, shows the presence of the MCF radical cation as a low intensity 

peak, decreasing in abundance with increasing temperature. Figure A3-1b corresponds to 14.0 eV 

where all the products produced by pyrolysis can be ionised. Some of the major peaks are m/z 59, 

50/52, 44, and 36/38. The corresponding ms-TPES can be used to identify the molecular carriers of 

these peaks.  Figure 5-4 shows the ms-TPES for m/z 50 which corresponds to CH3Cl; the experimental 

IE is 11.26 ± 0.02 eV which agrees with the previously reported value of 11.29 eV using photoelectron 

spectroscopy.145  The FC-simulation shows a similar pattern to the observed ms-TPES for CH3Cl with 

the first main transition at 11.34 eV being 0->21 which corresponds to the 1032 cm-1 vibrational 

mode, a rocking motion of the methyl group. The second prominent transition at 11.46 eV is due to 

Figure 5-3: RRKM reaction rate constant plot of MCF-CO2 vs MCF-CH3CO. 
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the 0->61 transition which is from the 3068 cm-1 vibrational mode, a C-H stretch. The TPES for m/z 44 

(Figure A3-2a) also shows that CO2 is present, so both products of this decomposition channel are 

observed. 

 

Figure 5-4: ms-TPES for CH3Cl, m/z 50 with FC-simulation overlaid in red, obtained at 1088 oC. 

The TPES for m/z 36 with the furnace at 617oC is shown in Figure 5-5, which corresponds to HCl, with 

an IE of 12.70 ± 0.02 eV. A photoelectron value of 12.75 eV was derived by Weiss et al.49 who also 

observed vibrational structure due to the HςCl stretching mode at 2570 cmҍ1 in the cation. A 

threshold PES study by Yencha yielded 12.745 ± 0.002 eV.50 FC simulations (Figure 5-5, red line) 

compare favourably with the experimental spectrum and highlight vibrational excitation of 2590 

cmҍ1. 
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Figure 5-5: ms-TPES for HCl, m/z 36 with FC-simulation overlaid in red, obtained at 617 oC. 

The loss of HCl results in C2H2O2 which breaks down into CO and CH2O as seen by their TPES at m/z 

28 and 30 respectively (Figures A3-2b,c). 

In summary, the ms-TPES results demonstrate two main pyrolysis reactions with MCF decomposing 

to CH3Cl + CO2 and HCl + CO + CH2O, the first of which was the dominant reaction observed by 

Johnson and Stimson.137 We estimated the experimental percentage for dissociation and the 

branching ratios between R1 and R2.  Employing either measured or estimated photoionization cross 

sections for CH2O (18.8 Mb),52 CH3Cl (30 Mb)53 and MCF (39 Mb, based on the cross-section for 

methyl formate, 9 Mb, and the difference between CH4 and CH3Cl, 30 Mb)54 and their respective 

uncorrelated integrated peak areas at 1000 K, we derived an approximate % dissociation at this 

temperature of ~ 15% and an R2:R1 ratio of 0.1.  Note that the ion peaks for MCF and its main 

fragment, m/z 59, were summed to represent the total amount of undissociated precursor. 
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5.5.3. Thermodynamics  

Methyl chloroformate has conformations with anti and syn orientation of the methyl group with 

chlorine depending on the H3C-O-C(O)-Cl dihedral angle. The global minimum corresponds to the syn 

conformer (syn-MCF). Six reaction pathways were considered for the thermal decomposition of MCF 

in order to rationalize the experimentally identified products (Figure 5-6). 

 

Figure 5-6: Unimolecular thermal decomposition paths for MCF. 

The energetics relative to the syn-MCF conformation obtained at different level of theory are 

presented in Table A3-1, and the minimum energy reaction pathways at SVECV-f12 level of theory 

are shown in Figure 5-7. There is a good agreement between the levels of theory in the prediction of 

the reactivity trend of the different reaction paths. The main dissociation paths start from the higher 

energy conformer anti-MCF (16.9 kJ mol-1 relative to syn-MCF) which is separated from the global 

minimum by an energy barrier of approximately 42 kJ mol-1 (Figure 5-7). 
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Figure 5-7: Energy diagram (E+ZPE) for the unimolecular decomposition of MCF at SVECV-f12 level 
of theory 

The most energetically favourable decomposition path (R1) proceeds by a concerted Cl atom 

migration from the formyl to the methyl group to generate CH3Cl and CO2 via a 4-membered 

transition state (TS1Σ нслΦп ƪW Ƴƻƭѐ1), as predicted by Johnson and Stimson.51 Both decomposition 

paths (R2) and (R3) lead to CO and H2CO product formation by HCl loss. Path R2 follows a two-step 

mechanism, with intramolecular hydrogen abstraction for HCl loss forming the cyclic H2COCO 

intermediate (TS2Σ олпΦу ƪW Ƴƻƭѐ1) in the first step, which then promptly decomposes CO + H2CO with 

ƻǾŜǊ ŀ ǎǳōƳŜǊƎŜŘ ǘǊŀƴǎƛǘƛƻƴ ǎǘŀǘŜ ŀǘ нрмΦп ƪW Ƴƻƭѐ1 (TS2a) in the second one. In R3, these products 

are formed directly, but the barrier TS3 ƛǎ ŀōƻǳǘ пр ƪW Ƴƻƭѐ1 above TS2. Path R4 occurs by an 

intramolecular H-shift TS (TS4, отп ƪW Ƴƻƭѐ1), which produces H2CO and HC(O)Cl, similar to that 

reported for the decomposition of methyl formate.13  HC(O)Cl can eventually decompose to HCl and 

CO. The high relative energy of TS4 suggests that R4 is not a competitive path to HCl + CO + H2CO. 

Path R5 also can yield HCl + CO + H2CO over even higher-lying transition states (TS5Σ орфΦн ƪW Ƴƻƭѐ1 
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and TS5aΣ прсΦл ƪW Ƴƻƭѐ1), which makes this reaction pathway unlikely to contribute to the 

mechanism except at very high temperatures (see below). 

Finally, Cl atom loss is highly endothermic (343.9 kJ mol-1), which would make competition with R1 

and R2. Based on our results we suppose that the permanent gas that was studied by Johnson and 

Stimson was likely composed of HCl, CO and CH2O (or at higher temperatures than in this experiment, 

H2).137 

Bimolecular reactions have been demonstrated in some cases when using SiC microreactors.23,24 

Nevertheless, these were detected between the parent molecule and a primary product. In the 

present case, the only possibility could be a reaction with atomic chlorine, since the other 

decomposition products are closed shell molecules. Cl loss has a high activation energy (Figure 7) and 

if we assume an H abstraction rate constant of 10-12 cm3 molec-1 s-1 by Cl and a molecular number 

density of MCF of 1015 cm-3, reaction a half-life of 600 µs is obtained which is significantly higher than 

the residence time in the reactor. 

5.5.4. Kinetic Modelling 

Kinetic modelling was performed based on the optimized geometries at the M06-2X-GD3/aug-cc-

pVTZ level of theory for the main unimolecular decomposition paths (R1 and R2). Calculated rate 

constants, branching ratios, assuming additive rate constants, and Arrhenius parameters were 

calculated at the high-pressure limit (HPL) at 790ς2500 K. Microcanonical rate constants were 

computed using RRKM theory, the sums and densities of states were calculated in the harmonic 

approximation using the vibrational frequencies of the optimized structures. The internal energy is 

measured relative to the ZPE-corrected energy of syn-MCF. As both R1 and R2 reactions occur from 

the anti-MCF conformer, relative concentrations based on the pseudo-equilibrium between 
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conformers were considered (Table A3-2 in ESI). The values for rate constants obtained in this work 

are consistent with our previous works for alkyl formates (Table A3-3). The k1/k2 branching ratios at 

the HPL at 790, 890 and 1361 K were 99.9/0.1, 99.8/0.2 and 99/1 % respectively, the primary channel 

is Cl atom migration (R1) and dominates the decomposition at all temperatures. With increasing 

temperature, the branching ratio of R1 decreases from 99.9% at 790 K to 94.9 % at 2500 K. The 

Arrhenius parameters for thermal unimolecular decompositions calculated at levels of theory 

described in the computational section are listed in Table S7. The Arrhenius form of the rate 

constants for R1 and R2 are (Ea ƛƴ ƪW Ƴƻƭѐ1): 

k1 = 5.94 × 1016 e-285.5/RT s-1 

k2 = 2.46 × 1016 e-330.2/RT s-1 

The dominance presented by the R1 path in the whole temperature range agrees with the 

assumption that the reaction goes mainly through the R1 and R2 pathways. According to the results, 

it is expected that there is a low concentration of the products of the R2 reaction at low 

temperatures.  The experimentally derived branching ratio of 0.1 for R2 is consistent with the HPL 

kinetic model only at temperatures well above 1361 K (there the ratio of 0.01).  So as with previous 

work, we observe more dissociation and product ratios that are consistent with higher temperatures 

than measured in the experiment.  

5.6. Conclusions 

The TPES and ms-TPES of MCF and its dissociative ionization fragment ions were recorded for the 

first time using iPEPICO spectroscopy, and FC simulations used to evaluate the adiabatic IE for MCF 

as 10.90 ± 0.05 eV.  The unimolecular ion chemistry of MCF is characterized by the loss of CO2 as the 

most significant reaction occurring just above the ionization threshold (AE = 11.30 ± 0.02 eV). At 
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higher photon energies, loss of CH3Oω competes due to its more favourable activation entropy (AE = 

12.14 ± 0.19 eV). The decomposition of neutral methyl chloroformate, studied by pyrolysis and 

iPEPICO detection, confirmed that the major decomposition route is formation of CH3Cl + CO2, while 

the generation of HCl + CO + CH2O is able to compete due to the high temperatures in the experiment.  

This latter reaction ŎƻǳƭŘ ōŜ ǘƘŜ ǎƻǳǊŎŜ ƻŦ ǘƘŜ άǇŜǊƳŀƴŜƴǘ Ǝŀǎέ ŘŜǎŎǊƛōŜŘ ōȅ WƻƘƴǎƻƴ ŀƴŘ {ǘƛƳǎƻƴ.51 

The calculated reaction rate constants could be used to qualitatively predict the decomposition of 

MCF if the vibrational temperature remained high during the experimental timeframe, suggesting 

inefficient vibrational cooling after the molecules leave the pyrolysis reactor.   
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6.1. Published Contributions  

In preparation. 

B. Lowe, with supervision from P. M. Mayer, completed experimental data processing for the iPEPICO 

data, the computational calculations and the writing up.  

A. Bodi assisted with work completed at the Swiss Light Source. 

6.2. Introduction  

Phenyl formate (PF) is of interest in organic synthesis as a CO surrogate, eliminating the need to work 

with CO gas, thereby reducing toxicity.28,29 Being the simplest aromatic ester, it is also a component 

and a representative model compound of biofuels.37 Phenyl formate pyrolysis has been studied, and 

the primary reaction pathways were revealed to occur via an intramolecular hydrogen shift, followed 

by the release of CO or CO2, with CO loss being kinetically favourable.37 However, very little is known 

about the ion chemistry of phenyl formate. The related phenyl acetate exhibits an ionisation energy 

(IE) of 8.6 eV, and a dissociative ionisation channel to form CH2CO plus ionised phenol with an 

appearance energy, AE, of 10.15 eV.146  

Phenyl chloroformate (PCF) has been used in the chemical industry as a precursor to form N,N-dialkyl 

formamidines and as a hydrogen-bond donor catalyst.32,33 The pyrolysis of phenyl chloroformate has 

been previously studied, showing the loss of CO or CO2.  In contrast with PF, however, CO2 loss 
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dominates in t/CΣ ōŜŎŀǳǎŜ ƛǘ Ƙŀǎ ŀ ƭŀǊƎŜǊ ŀŎǘƛǾŀǘƛƻƴ ŜƴǘǊƻǇȅ ŀƴŘ ƭƻǿŜǊ ƻǾŜǊŀƭƭ ɲGἁ than CO loss.147 

The ion chemistry of phenyl chloroformate has not yet been reported in the literature.  

In this study, we explore the relationship between the ion chemistry of these formates and the high-

temperature unimolecular chemistry of the neutral employing imaging photoelectron photoion 

coincidence spectroscopy (iPEPICO) and tandem mass spectrometry.  The experimental data were 

modelled using RRKM theory, while reaction pathways were explored computationally using density 

functional theory.  

6.3. Experimental Procedures  

iPEPICO experiments carried out at the Swiss Light Source were completed the same as those 

outlined in Chapter 3.3 however, the sample was effusively inputted.  

The comparatively low draw-out field results in cation residence times in the acceleration region of 

several µs. If the unimolecular rate constant for fragmentation is in the 104ς107 ǎѐ1 range, ions will 

dissociate while still in the acceleration region, resulting in a smaller than nominal kinetic energy and 

larger than nominal time of flight for the fragment ion. This results in asymmetric time-of-flight (TOF) 

peaks for product ions, which can be modelled to extract unimolecular decay rate constants as a 

function of photon energy.  

Mass-analysed ion kinetic energy spectrometry (MIKES) experiments were performed on a modified 

VG-ZAB three sector instrument that has been described in detail previosuly.57,148  The spectrometer 

consists of a magnetic sector, followed by two electrostatic analysers (VG Analytical, Manchester, 

U.K.). Phenyl chloroformate vapour was introduced into the ion source where electron ionisation 

creates radical cations.  Ions were accelerated to 8 kV, and metastable molecular ions were selected 

with the magnetic sector and transmitted to the second field-free region (2FFR) of the instrument, 
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where those dissociating at rate constants between 104 and 106 ǎѐ1 form fragment ions. The fragment 

ions are then detected according to their kinetic energies by the first electrostatic analyser (ESA). 

Spectra were recorded using ZABCAT program, developed by Mommers Technologies (Ottawa, 

Canada).149 

6.4. Computational Details  

6.4.1. Electronic Structure Calculations 

Electronic structure calculations were carried out using the Gaussian 16 software suite.80. All 

structures were optimized with Density Functional Theory (DFT) using B3LYP/6-311++G(d,p).  CBS-

QB3 single-point energy calculations at these geometries were employed to obtain accurate relative 

energies for all structures.  Transitions states were confirmed by intrinsic reaction coordinates (IRC) 

calculations.  Franck-Condon simulations were carried out in Gaussian 16.  Rice-Ramsperger-Kassel-

Marcus (RRKM) calculations were performed using the direct count algorithm of Beyer and 

Swinehart.55 

6.4.2. Kinetics 

The minimalPEPICO program was used to fit the iPEPICO breakdown curve.54 The procedure for the 

fitting is outlined in Chapter 2.3.3.  

6.5. Results and Discussion 

6.5.1. Phenyl Formate 

The TPES and ms-TPES for PF+ω are shown in Figure 6-1. The TPES exhibits a broad peak, which is due 

to the large difference in the equilibrium geometry of the neutral and the cation leading to a poor 

FranckςCondon factor for the origin transition (Figure 6-1b).  The formate group is orthogonal to the 

benzene ring in the neutral, but the system is planar in the cation ground electronic state. There is a 
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ǎƳŀƭƭ ōǳƳǇ ŀǘ уΦун Ŝ± ƛƴ ǘƘŜ ¢t9{ ǿƘƛŎƘ ŘƻŜǎƴΩǘ ŀǇǇŜŀǊ ƛƴ ǘƘŜ Ƴǎ-TPES for PF; it does, however, 

appear in the m/z 94 ms-TPES (shown). While this corresponds to the CO-loss dissociative ionisation 

channel of PF, the signal at this energy is consistent with a band owing to phenol ionisation to a 

vibrationally excited level.150  Thus, photoion mass selection helps us identify a minor phenol 

contamination of the sample. At the same time, the 8.88 eV adiabatic IE calculated at the CBS-QB3 

level of theory is close to the experimental ionisation onset.   

PF+ω only exhibited the loss of CO in dissociative ionisation the current energy range. The breakdown 

diagram and the statistical fit to it is given in Figure 6-2a with experimental and RRKM TOF 

distributions in Figure 2b. Figure 6-2c shows the minimum energy CO-loss pathway in PF+. The DFT 

ŘŜǘŜǊƳƛƴŜŘ ŀŎǘƛǾŀǘƛƻƴ ŜƴǘǊƻǇȅ ŦƻǊ ǘƘŜ ŘƛǎǎƻŎƛŀǘƛƻƴ ƛǎ мл W Yѐ1 molѐ1 at 1000 K, and the RRKM fitting 

yielded E0 = 0.96 ± 0.05 eV, which, together with an IE of 8.88 eV, gives a 0-K appearance energy (AE) 

of 9.84 ± 0.05 eV. Although the IE of PF and phenyl acetate agree within their uncertainty, the loss of 

CO, which involves a 1,2-hydrogen shift, has a lower activation energy in PF+ compared to the 1.55 

eV activation energy for 1,3-hydrogen shift, which leads to the loss of CH2CO in phenyl acetate.146 
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Figure 6-1: (a) TPES and m/z 122 ms-TPES for PF+ with the CBS-QB3//B3LYP/6-311++G(d,p) 
calculated IE shown by a dashed line, (b) Structures of PF and PF+ optimised at the B3LYP/6-
311++G(d,p) level of theory.  

(a) 

(b) 
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Figure 6-2: (a) Breakdown diagram of PF+ losing CO with the statistical model overlaid as a solid line 
of the respective colours, (b) TOFs for the m/z 122 and 94 peaks for PF+ decomposition at the 
indicated photon energy, with RRKM fitting overlaid in red and (c) Minimum energy reaction 
pathway calculated for loss of CO from PF+ at B3LYP/6-311++G(d,p).   

 

(a) (b) 

(c) 


























































































































































































































































































