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This research explores the ion chemistry @ydolysis of a selection of formateAlternative

fuels have become increasingly popular over the past decade, one of particular interest is
biofuels. Biofuels contain a variety of oxygenated coomms that are not present in
traditional crudeoil fuels such as formates. Therefore, knowing the pyrolysis and ion
chemistry of a selection of formates of particular interest in being able to determine the
environmental implications of switching to Wieels. The pyrolysis in particular for these
formates have largely been studied using shtdée experiments where both unimolecular
and bimolecular reactions occur. This study employs the use of a-neiaobtor coupled to
imaging photoelectron photoion @acidence spectroscopy (IPEPIQ@)ng synchrotron
vacuum ultraviolet (VU\) radiation at the Swiss Light Source (ST%).sample is introduced

in the dilutegas 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 3the thermal dissociation of the atmospheric constituent methyl formate was
probed by coupling pyrolysis witREPICOLhe pyrolysis products of dilute methyl formate,
CHOC(O)H, were elucidated to be 4CH, CO, 2 CiD and Ck+ CQas in part distinct from

the dissociation of the radical cation (§M “ CO and GBH + HCO). Density functional
theory, CCSD(T), and @BB3 calculations were used to describe the experimentally
observed reaction mechanisms, and the thermal decomposition kinetics and theetitiom
between the reaction channels are addressed in a statistical model. One result of the

theoretical model is that G formation was predicted to come directly from methyl formate



at temperatures below 1200 K, while above 1800 K, it is formed ptiyrfaoim 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 aald be distinguished, and multiple spectral carriers could be
identified in several mM¥PES. The TPES and nsa$scted TPES for ethyl formate are reported

for the first time and appear to correspond to ionization of the lowest energy conformation
having &cis configuration of the O=C@¢0¢C(H)cCh and trans configuration of the O=C(H)
O¢C(H)cCH dihedral angles. We observed the following ethyl formate pyrolysis products:
CHCHOH, CKCHO, &, GHi;, HC(O)OH, GB, CQ, and CO, with HC(O)OH angHC

pyrolyzing further, forming CO +@8 and H, + H.

The reaction paths and energetics leading to these products, together with the products of
two homolytic bond cleavage reactions,£LHO +'CHO and GI@H' + HC(O)Dwere studied
computationally at the MO&XGD3/augccpVTZ and SVEGM2 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 chloroforrfl€F)n a similamanner

but also introduces the study of the ion chemistifhe TPES for MCF was acquired for the
first time; the geometry change upon ionization of MCF results in a broad, poorly defined
TPES. Fran€kondon simulations are consistent with ianisation energy (BE) of 10.90 + 0.05

eV. lonized MCF dissociated by the expected loss of Cl with a meagyrearance energy



(AB of 11.30 £ 0.01 eVTogether with the above IE, this AE suggests a reaction barrier®f 0.4
eV, consistent with that found frorSVEC¥12 calculations (@1 eV). At higher internal
energies, the loss of GB® becomescompetitive due to its more favourable entropy of

activation.

Pyrolysis of neutral MCF formed the anticipated major products gCCHC®(R1) and the
minor products HCI + CO +0HR2), all species being confirmed by their redected TPES.
Several possible reactions were computationally explored but these two were confirmed to
be the dominant reaction channels. R1 proceeds by a actert€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 HCI to makianonewhich then decomposes to
CHO and CO. Kinetic modelling of the nalilecomposition 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 theligsociation 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 (PH) @renyl
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 ionisati®@BS)B3 calculations yield
ionisation energies of 8.88 and 9.03 eV for PF and PCF, respectively. lonised 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 thenpeting losses of C@n(z128/130), Clr/z121), and



CQ (m/z112/114), with Cl loss also shown to occur from the second excited state in-a non
statistical process. The primary C&nd Clloss fragment ions undergo sequential reactions
leading to fragmenions atm/z 98 and 77. The massalysed ion kinetic energy (MIKE)
spectrum of PCFshowed that the loss of G@ccurs with a large reverse energy barrier, which

is consistent with the computationally derived minimum energy reaction pathway.

Chapter 7 hghlights the conclusions drawn from across the chaptesa®d 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 wit

the understanding of the pyrolysis products of these biofuel related compounds.

Vi
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Chapter1. $ GJE9L=K AF L @=

1.1. Background

1.1.1. Structure of theatmosphere

9 NI KQa dY23aLKSNE Aa O2YLRASR 2F aSOSNrt €1 &
different chemical environments, and it is therefore important to understand the structure of the
atmosphere to understand the chemical processiest can be expectedThe layer closest to the

Earth is the troposphereFrom the Greek word#oposQY S+ yAy 3 WOKI y3ISQs (K
characterised by its changing weather syssand varying temperature, with a turnover timescale

on the order of dag. 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 kmaltitude, depending on where it is measured from Edrth.
Although there is great variation in the temperature within the troposphere, the temperature is
generally warmer closer to the Earth and decreases with increasing altitudspasted inFigure
1-1.¢KA&a Aa RdzS G2 GKS {dzyQa NIRAIFGAZ2Y g NYAy3
9 I NI K Q &Hedt dzihBEnl-diStS8b@ted throughout the troposphere through convection currents

and vertical miing.
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Figure 1-1: Diagram demonstrating the layers of the atmosphere and the chan
temperature with increasing altitude

Despite being the smallest of thayers it accounts for ~80% of the total mass of the atmosplyere
this is largely due to theffect of gravity in combination with the compressibility of d&ihis causes

the density to decrease exponentially with increasing altitddéhese factorcombined 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 fromHHeJE K Qa & dzN.
to an altitude of ~50 knmWWhere the troposphere and stratosphere meet is known as the tropopause
Unlike the troposphere, which is wetlixed, the stratosphere is composed of stable (stratified)

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

2



Chapter 1
KSFGAYy3 Aa y2 f2y3aSNI FNRY (GKS 9IFNIK |yR &dza

radiation! Thedistribution 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 theming in the
stratosphere is very slow, on a timescale of years, which leads to redhesadical interactions with
increasing altitudeThe stratosphere contains th@zonelayer, which will be described in greater

detail later.

The mesosphere and thermosphere are two more layers that extend from the stratosphere
respectivelyThese layers arlargely decoupled from the lower layers and thus have little influence
2y GKS 9FNIKQa 6SFEGKSNI 2NJ L2t dziil yad GNIFyaLR2 NI

processes?

1.1.2. Radiation Exposure

The Sun provides a wide range of wavelengths, spanning from theRearsoft Xay regions of the
electromagnetic spectra with a maximum intensity at ~500 nm, corresponding toltieeportion of
the visible spectruni, depicted by the blue line ifrigure 1-2. As radiation passes through the

atmosphere, it is filtered according to the chemical environment.
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Spectral Irradiance

>

250 500 750 1000 1250 1500 1750 2000 2250 2500
Wavelength /[ nm

Figure 1-2: Adaptation of a solar irradiance spectrutblue) and the spectra of radiati
NBI OKAyYy 3 9 NI KviidthedviditNdrdgionighiighted by i Eespectbaours

When the radiation reaches the thermosphere, almost all the extreme ultraviolet radiation (below
170 nm) is absorbed, ahown by the orange line iRigurel-2.5 Absorption by @and N> accounts

for most of the absorption in the wavelength region of 9¢.29.6 nm, while below 79.6 nm atomic

O absorption dominate$This accounts for the @mease in temperature in the thermosphere shown

in Figurel-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 altituddse visible portion of the solar irradiance
remains almost constant, unlike XUV radiation, whegperiences 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 mixinfhe mesosphere has very low gas density; therefbmmolecular
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reactions are rareThe presence of polar mesospheric clouds contributes to the reflection of

radiation back into space, as showrigurel-3.

Figurel-3: Figure of the way that radiation is absorbed and emitted from the Earth thr
the atmosphere

As the radiationcontinues¥ dzNIi KSNJ R2gy GKS 9 NI KQa | 0Y2aLXKS
wherethere is a notable reduction in the intensity of the high energy Alvsorption from @, O,
and O in what is known as tli@@zonelayer is largely responsible for this, as showFRigurel-3. The
absorption region for ®is complicated and spaacross the region of ~95000 nm with varying
degrees of absorption cross sectidime UV-Vis region of this spectrum is shownFigurel-4. 78 All
the absorption bands are dissociative, leading to the production of O anhdhOwn in equation

pZ& . The strongest absorption band is known as the Hartley band and covers the region ef ~300
200 nm, which covers the U¥ regionThe bands at longer wavelengths, known as the Chappuis and
Wuf o yRa NB 6S+H]1 YR R2y Qi | 002dzyd F2NJ YdzOl

atmosphere?
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Figurel-4: Absorption Spectrof O (blue)and Q (black)in the U\WVis region, including bal
labels. Based on the image frdnternational Geophysics

O, absorbsat a higher frequency thansue to the stronger bonds that comprise Tthere are two
sets of very intense absorption bands in the ultravioletioagthe Hopfield bands, which extend the
wavelengths of 67 and 100 ntfy and the SchumargRunge continuum between 135 and 176 ritn,
with diffuse bands connecting themAt a slightly longer wavelength, the Herzberg continuum
extends to the region of 24260 nm with a lower absorption crosection. These bands are
dissociative (Equatiopm) andhave beerproposed as the first step in the Chapman cyéle series

of reactions to desdpe Oz creation. Longer wavelength bands, including those in the visible and
infrared regions responsible for the ionisation of © O;* and vibrations, respectively, are also
present but have a greater effect on tropospheric warmiag described latet? Because of the
absorption regions of £€and Q, only lowenergy UV (UX & UVB)asses through the atmosphere
to Earth, thus preventing harmful higdnergy radiation from damaging biological organisifisis

determines the photoinduced chemistry of the troposphere.
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Kn < §F HYIWA
h, okt H h pPTM

Bimolecular reactions can ocdarthe tropospherebecause of gas mixing and a higher concentration
of gases; because this is still relatively low, the frequency of collisions isalsaygen radicals are
produced in the groundevel tripletstate €P), are highly reactivgiventheir two unpaired electrons,

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

from the reaction.

ht,ba hpba PTH
Ozonealso absorbs these high#mrequency photons, and its bond energy is lower than that gf O

therefore, Q photolyses, but from a longer wavelength thap O

Kn < Yi
hy Wil hb h ™5 o1

O(D) is an excited singlet state of oxygen that relaxes tcfhstate.

h Wba hba pTm

Since O iegenerated ME canoccur again, therefore equatior§s-2) ¢ (1-4) are propagation steps.

The termination step fothe Oz sinkoccurswhen Q reacts with O, given invip .

hib, HHR PP
Halogen radicals and other pollutants such as OH and NO provide alternative sinksHaioQen
radicalsare released into the atmosphere by chlorofluorocarbons and other halocarbons that do not
ONBIF]1 R2gy Ay GKS UGUNRLIRZALKSNBE 0SOFdzasS 2F a&aiN
energy radiation will enable dissociation into radicals and und@rgeries of reactions of their own
that lead to the depletion of © In recent years, this has led @ reduction inOzonein 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 (PS@)eractions on the
surface of the PSCs allow for an increase in the oatezonedepletion, whichfurther increases in

the spring when PSCs are still present increased temperaturd® Therefore,Ozoneholes are
formed at the polesThis means that the radiation that was once not reaching Earth in a significant
guantity due toOzoneabsorption was now extending beyond the stratosphere, enabling higher
energy photochemistry in the traygsphere.However, owing to legislation, including the Montreal
Protocol, Ozone concentrations have again been increasing, and there has been a significant

reduction inOzonehole sized’

Once past the stratosphere, tropospheric clouds and the Earth cause a large amount of radiation to
be reflectedinto space.The Earth emits lorgave blackbody radiation, depicted ifrigurel-3 by

the red outgoing arrows, much of which is absorbed by molecules in the troposphere, such as water,
CQ, and CH which are known agreenhouse gaseklpon 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-il@guency radiabn, 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 gagphase molecules are then able tliffuse into the atmosphere and perform
gasphase chemistry. As previously mentioned, whether this is in the troposphere or stratosphere is
determined by the relative bond strengtNW.OCs are emitted from both natural (biogenic) sources
and anthropogenic aaces, released from plants, burning of fuels, and are also commonly found in

household chemicals such as paint or cleaning sol&Ata/OC concentrations are usually higher
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indoors than outdoors, but undergiorough mixing in the tropospherdhese chemicals are often

toxic and contribute to tropospheri®zonegeneration.

Unlike stratospheri®zone troposphericOzoneis a pollutant that can be detrimental to human
health because the troposphere is a parttbk atmosphere in which we live and the gases we
breathe in.Tropospheri€®©zoneis generated througla series of chemical reactions involving nitrous
oxides (NG, carbon monoxide or VOCs, all of which require OH radicals. OH radicals are formed even
AYE8l yQ (NER LR &LIKS NI preséniy IBw dbricénifadionsgakdSisNgBotolyzed to
form O{D) radicals as described in equatiowo . These GD) radicals react with water vapour to

generate OH radicals, as shown in equatimre .20
h wSdH,h HhI pTC

These hydroxyl radicals then react with ;NOO, or VOCs. The scheme for \@32Gneproduction is
presented, and the schemes for Néhd CO are simil&t.The simplest VOC is methane, which is the

molecule used in the schem®.

hilbl il pTT
/ LtBh,ba a/ jh, pTy
al jhybbh/ Lhibh pTTH
/| tht, 1 /1 hHk PTH /1

Here, HQ is produced because methane tlsee example; in other systems, it may be Réhich

undergoes analogous reactions with NO to formd&@ NO.

| hbb hhl Ibh, PTE M
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NG is photolyzed by UMA radiation and the resulting oxygen radeabn react with molecular
oxygen to formOzone as inreaction M . The last three steps are tH@zoneforming steps of the

cycle and are commqulespite the precursor molecule.

uln
bh wwwy bhbh PTM H

Atmospheric aerosolgarticipate in a significant amount of the chemistry occurring in the
troposphere. They range in size, from?€10° 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 formedtie atmosphere?® Particles are formed
when the gagphase molecules partition to the partiefghase, both surface and bulk reactions are
then possible once in the particfghase.Secondary organic aerosols (SOA) are formed largely from
oxidised VOC reactions, causing changes imtility and accumulation, as shown 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 formatior?#

Submicron
Particle

Condensation and

o accumulation of less
O oxidised molecules

Oogo Oxi»chtion

VOCs Clusten.r cff highly
oxidised
molecules

Figurel-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 uneertak
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-ctdorinated formates in this study
being biodiesel componentdlethyl formate is used as a drying agent for resins and foam blowing
or as a precursor to other molecules in the chemical indusitlyyl formate is used as a precursor in
the chemical industrnd usedin pest controB® All of the formates discussechn beproduced in

the atmosphere from oxidation of VOCs such as ethyl vinyl ethers with radicals such ass@hkid NO

03.26,27

The process by which this occurs &byl formate is as follows:
hI/ﬁquh/III‘H'bbthbH%/Hlph/IhI/IHhﬂsm pPTM O

hifl h/ 1 Fbehbb /0 h/ h/ Lhitbh pTEI

Here, ethyl vinylether undergoes OH addition to the carboarbon double bondThe resulting
hydroxyalcoxyl radicals can react with ©© form hydroxycarbonyl compounds; alternatively, they
may undergo decomposition to form ethyl formate and formaldehyddis route tendsto

dominate?26

Jl h 71l W8 g h/ T hi bl /1 h OTH P

Il h /1 hH B/l h /h 1 b pTH C
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Jal W7 418 [ hih T B Ll oTH T

Alternatively, in the absence of NGt has been shown that ethyl formate is formed, fraalt
reactionof the ethyl vinyl ether that forms these hydroxycarbonyl compounds shown in reactions
1.2-3-5.26 Phenyl formate igarticularly useful in synthesis as a CO surrogate, due to the weak

bonding and formation of the stable phenii?°

Methyl chloroformate has uses in the chemical industry in synthesissecticides antbrmerly as a
warfare agent in world war 323! Phenyl chloroformate is also prarily used in the chemical

industry as a reagerit33

Chlorine atominitiated oxidation of unsaturated species can lead to the formrabf products such

as chloroacetaldehyde and chloroacetoftddowever, the direct formation of chloroformates from
oxidation processes has not yet been reportdelimination reactions in the atmosphere cduéad

to the formation of formates, as reported by Chuchani et al., where the elimination of CO led to the
formation of methyl chloroformaté® Therefore, it is expected that the decomposition of longer
chain chlorinated speciegill 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 biofueld?” due to this they are exposed to high heat and pyrolysis
conditions. Kinetic modelling experiments ah engine experiments have shown that oxygenated
hydrocarbons can reduce soot productimndiesel engine€ Knowledge of the pyrolysis is therefore
of importance Since the formtes typically present in biofuels are long chain formaiess simpler

to use surrogates to study the expected chemistPyevious shockube studies have shown the
primary loses to be from the functional group to lose CO, @ methanol among other

12
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products36:3%41 Shocktube studies have their limitédns 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 proce$devious work using a
micro-reactor coupled tamaging photoelectron photoion coincidenc® EPICDspectroscopyhas

enabled study of various molecules while optimising for unimolecular dissocidtdhs.

1.2.3.1lon Chemistry

One method of VOC abatement is to use nonthermal pla&ffalhis process is characterised by low

gas temperature, neutrals and radicals, and high electron temperaifurese hig-energy electrons

cause ionisation and excitation of neutrd®his 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
NQO emissions, however, VOC emissions would also be rediié¢étiherefore ionchemistry of these

VOCs, particularlyhbse 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 mioeactor coupled to iPEPICO

with previous studies that involved higher sample pressures @ were dominated by bi-
molecular reactionsEach of these will be explored using iPEPICO at the Swiss Light Source (SLS) and

will highlight the unimolecular reactis in the neutral (pyrolysis only) and ion (ion dissociation).

13



Chapter2.2=; @F Al M=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 tstifgobndings 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 studiedn overdl schematic of the iPEPICO apparatus at the SLS is shown
in Figure2-1 and where the left side focuses on sample introduction, the centre is for thdysof

pyrolysis and the right side is the IPEP#e@up itself.

e
40 sccm Ar ——
Si:C Heating
1 SCCHTTE l LOg asg sig e o _; _— Extraction
_\ (—' m— - S0 04 s g \ potential
Cooled
chamber
M+
Cooled water bath

8°C

Figure 2-1: Schematic of the pyrolysis set up at the SIBe left shows the samg
introduction bypassing argon gas over the liquid sample that is contained in a cooled
bath. The centre shows the sample gas being diluted with more argon gas and
through the cooled chamber as a molecular beam (bdashed arrow) and into tf
microreactor, where circles highlight that pyrolysis occurs here to form diff
compounds. The right side shows the IPEPICO set up where the sample is iol
synchrotron radiation (solid blue line), where the extractiatgmtial causes the ions (gre
lines) and electrons (yellow lines) to be accelerated to their respective detectors.

14
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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 ® to

maintain a constant vapour

pressure. The sample gas and argon

| .- . then passes out and is diluted by

Figure2-2: Sample introduction pictured at the SLS.

more agon gasto optimise for
unimolecular reactionsthe argon gas mixture then passes through to the pyrolysis charklzpire

2-2 showsthe experimentaket-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 ¢hbhenber
purpose of the cooled chamber is to ensure that all the instrument elements piting heating
element are protected from heatamage The mixture passes through an orifice to form a molecular

beam.

15
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The molecular beam passes into the Si:C heating tube and unimolpygubdysis occurs. Here neutral
decomposition occurs, so neutrals are formékhe cooled chamber and Si:C microreactor are

picturedin Figure2-3. The molecular beam containing the pyrolysis products and unreacted material

passes through to the iPEPICO set up.

Figure2-3: Cooling chamber and Si:C heating tube pictured at the SLS.

2.2.3.IPEPICO
The molecular beam is ionised by the synchrotron radiation, leddittte release of an electron and

formation of a molecular ion

KA

aoabbs CTM

There is an extraction potential across the ionisation region that leads to the electrons and ions being
accelerated inopposite directiors, toward their respective detector€lectrons travel 3 orders of
magnitude faster than the iongnd uponthe electron hitting the detector théime-of-flight timer

starts andt endswhen the ion hits the ion detectofThis is acoincidence eventquationHm shows

GKS NBfFGA2yaKALl 2&afiabafikiéhisadiof ensrgy3IN)Hriternal Energy ofthe ibi

(E) and kinetic energypf the electron (K& upon photoionisation.

16
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KA LI99b¥hg CTH
TheelectronsNB f S 8SR Yl & KI @S {1 AySidA OHoSee&rNE &ah traleyf 2 6 V
perpendicular to the dtector, so upon acceleration the electron will hit thmagingdetector off
centre, shown irFigure2-4aas route 1. Those with zero kinetic energy will not travel until accelerated
by the extraction potential therefore they will hit the centre of the detectooute 2in Figure2-4a.
Therefore, the centre spot of the electron detector is selectedhe i2PEPIC@oftware for data
processingFigure2-4b), this eliminates the KEterm in equationHm. 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 routie Figure2-4a. To account for these, a

Figure2-4. (a)[left] Diagram showing how electrons can move upon ionisaifamolecule withi
the ionisation region of the IPEPICIDthe electron has kinetic energy perpendicular to
St SOGNRBY RS(SOG2NI GKIF{d WK23GQ St S @tioNEay0 kinet
energy, a threshold electron, or has kinetic energy in the direction of the detector, it will |
detector in the centre, 2 and 3 respective(®) [right] Electron detector images with the t
showing the bright centre spot and thmttom showing the same image but with a ring sele:

for subtracting hot electron contribution to the threshold (centre) electrons.
17
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ring is taken from around the centre spot and subtracted from the total of coincidences inside the

ring, Figure2-4b.

Since the sample is introduced to the ionisation region as a molecular beam, the ions travel fast in
the direction perpendicular to thedetector with a narrow velocity distributiof? this leads to a short
intense line on thamagingion detector. The backgrounsignal has a broad and uniform velocity
distribution and no average momentufd,leading to a broad uniform circular signal on the ion
detector. The ions érmedfrom neutrals in the molecular beam aselected by usingn oval shape

over that portion of the ion detectoimage shownin Figure2-5.

Effusive
Sample

e

Molecular
beam

Figure2-5: Molecular beam selection on an iIPEPICO ion detector image. Molecular beam s
depicted by yellow oblong.
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2.3. Data processing
2.3.1.iIPEPICO Data

The data extracted contains the electron intensSiyNB Y (G KS G OSY G NB¢ &Edn2 i |y
integratedionA Y 1 Sy aAidASa FTNRY O2AYRAOSYyOSa O2NNBalLRyl
(circle)l Yy R (i K Sacqaisitbrytithé and the photon energy. This is used to create threshold
photoelectron spectra (TPES), mastected TPE&s- TPESand breakdown diagram®D) the data

that composes each of these is compiladrigure2-6.

TPES = electron intensity vs photon energy

ms-TPES =ion intensity,,, vs photon energy

Breakdown diagram = normalized % of product ion to parent
ion vs photon energy

Figure2-6: Diagram to show what the iPEPICO data can be used to make for data pro
including a small example of each respectively.

The first step in determing any of the aboveasnake the correction for hot electrons, this is done
by multiplying the ring data with a multiplication fact@)such as 0.6, then subtracting the resultant
value from theW O S y (i NHata.If @& MUIOH oftle ring is subtracted from the inngirde then it

can produce negative signals in the dataBgs optimised to account for hot electron contribution

while not leading to negate values.
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Raw data extracted

Circle-ringxB

Where B is a multiplication
factor

Divide by acquisition
time, D and a scale
factor

Peak Intensity

) All BD peak intensities

TPES & Breakdown
ms-TPES Curve

Figure2-7: Flowchart to depict how the raw iPEPIC@eda processed to give the breakdc
curves and TPES and-iiBES.

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, equat®This process is

summarised irFigure2-7.

t SIBIG.Sy anadie

b2 NYH t A& SR Qe 8t PN G o s AP 2 5 5
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2.3.2.Vibrational Structure

The msTPES can sometimes show vibrational structure, this is dtleetéranckCondon principle
Since the equilibrium structure of the ion is not the same as the neutral equilbrium structure and
nuclear displacemen{Figure2-8b) is slower than for electrons, ionisation occurs into the vibrational
state with the best nuclear overlap, therefore forming bands ofhargintensity according to
vibrational statesThis is summarised iigure2-8. The F&verlap can be simulated usig@gussian

and overlaid on m3PE$o showthe vibrational structure occuring.
] ] ] ] |
20 -
15+ B
VAVAVAN
A

-4 -2 0 2 4 6
Nuclear Displacement

Figure2-8: (a) [left] Energy level diagram showingrtical ionisation according to nucle
overlap, denoting the FrangRondon Principlgb) [right] equilibrium structure of the ion ar
neutral for GHs with bond lengths(A) overlaid to highlight the change in structure ug
ionisation

2.3.3. Statistical Modelling

RiceRamspergeiKasseMarcus (RRKMheory is a chemical kinetics theory for estimating the rate
of unimolecular reaction$4° In RRKM each vibrational mode is treated individually, giving it the

advantage of not using a single oscillator to describe the entire sysiahke in the preceding RRK
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theory.*®9In RRKM it is assumed that the rateakatedto the number of ways that energy can be
distributed among the internal degrees of freedom of the reactamd transition state (unimolecular
process)where the critical energy is located in one peutar degree of freedom known as the critical

oscillator>?

The equation that defines the microcanonical rate
constant (k(E)) is given in equatiem where " is the

reaction degeneracgythe number of ways that the

given reaction can proceed fronthe reactant
moleculeT K A& t f NA(BBUQ ar a0 20yKaSi I
2T adriasSaqQ F2NJ GKS GNIFyaAa
energy of By, ~ 098 WRSyaaiade 2F a
reacting ion at an internal energy of Hhe

relationship of E andofis given inFigure2-9.51

Figure2-9: Energy level diagram to show f
relationship betweerk and k&

NN P
8,0
169—g—l9—“, ¢m

N® represents the number of ways K S Sy SNH& OFly 0SS RA &G NIcidatms SR |
Giving equal weighting to each of the configurations, they are all suntnékherefore NY(ER)
reflects the number of way® pass through the TS thath total energy ¥ (Figure2-9), thusthe
number of wayghe reaction can proceed to product3he more waygo proceed to productsthe

higher therate constant kK(E). NBLINBSaASyiGa (GKS ydzyoSNI 2F gl &a
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amongst the rotationalibrational states of the reacting moleclifeThe more was the energys

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

7 A

'y AYLERNIFIYyGOG LINI 2F GK a0l GAaGAOKE LINPYOSaaA
and how this can affect how fast or slow the reaction proce&ddransition states that are less
constrained than the reacl yi A2y K| &luel a typlgah exampl® &e bodteavage
reactions, as the atoms are simply pulling away from each other. Where the transition state is more
O2YalGNI AYSR (KIYy S%v#us is Nggdtive ifdr gxkample BafrangdthProcesses.
{AyO0OS GKS @glrtdsS 27
10 4

determined by the geometry of the

transition state compared to the

Activation Entropy reactant ion, ab initio vibrational

+14 J K" mol

< 10° 4
~ +3 JK! mol” frequency values can be used to
i —— -6 J K" moal”
—— 14 J K" mol”! oA oA A
. m RS G SN K didctly.nlif the TS
1 geometry is not known, for example
3 2 3 2 for a barierless bond cleavage

Ey/ eV

Figure 2-10: How the rate of reaction changes in RF NBFOuAz2y UK $3h bel KS

according to the activation entropyusing methy

chloroformate ion dissociation of a Cl neutral as an exal estimated and changed according to

the BD or TOF RRKM fitting.

A positiven § causes the rate to increase rapidly with increasing photon energy and will therefore
dominate particularly at higheenergies shown inFigure2-10. The opposite is true for a negative
n §this allows channels that have a higher activation energy to dominate athégieggies, despite

being energetically less favourable.
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The process by which the computer program that is used (minpepico) operates by is summarised

in Figure2-11.5 The programincludesthe physical parameters of thien optics in theiPEPICO

Calculate p(E) and Nt(E-E,) for all dissociations

Generate internal energy distribution of M* using the
M’s p(E), energy resolution functions and experimental
hv

In the case of slow or parallel dissociations, calculate
dissociation rates as a function of the ion internal
energy

Calculate dissociation rate(s) of the intermediate
fragment ion as a function of internal energy

Using experimental voltages determine a reaction time
to then determine the % products to parent.

Calculate TOF distributions for selected TOFs (if
applicable)

Compare calculated breakdown curves and TOF
spectra to experimental data

Adjust E; and AS* until best fit to experiment is
reached

Repeat from step (1) until convergence is reached

Figure2-11: Flow diagram depicted the process by wi
minimalpepico determines the fitting of a breakdc

curve or TOFs from iPEPICO data andvVRRK

experiment the internal energy
distribution of the parat ion (obtained
based on the neutraltemperature
shifted up by the photon energy less the
adiabatic ionization energy and the
statisticalrate constant for eaclneaction
to calculate theoretical branching ratios
and TOF distributionswhich are then
compared to the experimentaldata
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 theoryis used to calculatek(E)

according to  equation Hm.5L54

Rovibrational densities and sumef

statesare calculated usingi06-2X/aug

cGpVTZ rotational constants and

harmonic vibrational frequencies kige direct count algorithm of Beyer and SwinehzxfThe DFT

calculated ratdimiting transition states combined with the GBB3computed activation engies
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serveas a starting point for the fitting procedur&he fitis optimisedo reproduce the measurement
within its signato-noise ratio by scaling the lowest five transition state vibrational frequencies, to
adjust the entropy of activatiok”S,and barrier heights Frequency multiplication factors less than
one increase while values greater than one decregs&’S>* The agreement between the
experimental and theoretical bré@own curves wathus achieved by varyingnly k“Sto minimize

the error function

B;SY
9 NJ\LE[—N:]JA;?EA: CIp
BxS BxYX

WhereQ and & refer to experimental andnodelled fractionaion abundances in the breakdown
diagram as well as TOF channel countsighted so that breakdown diagram and T@Bdelling

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

2.4.1. Experimental Setup

] FFR 2 For the ion chemistry of phenyl
Magnetic
Sector chloroformate in chapter 6 MIKESas
performed. This is completed at the
Field-free FFR3

region (FFR) 1

mﬂ

Figure2-12: Schematic of the modified VZAB instrumen

University of Ottawa using a rddied

VGZAB mass spectrometer. The outline

for the mode of operation is given in
Figure2-12. 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 magnegicta where the ions are separated
according to mass and the ion of choice can be sele¥@&te selected ions then pass through to the
second feld-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 kinetergyr’

2.5. Computational 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
Schbdinger equation.The variatioml method is applied to optimise the coefficients for the basis

functions, with the criteria beingp find the lowest energyA typical basis set is made up of a linear
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combination of atomic orbitals (LCAO), where each atomic orpi@l)function is cented on its
respective nuclei.The AOs can be Slatgpe orbitals (exact hydrogenic orbitalsyhich are
computationally heavy oGaussiartype orbitals (GTO), where@aussian approximation is used. To

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

The number of basis functions applied to each AO is defined in the notation as shBigare2-13

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

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

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

MPG

N is the number of - shows a split-basis M is the number of
Gaussian functions set where the inner and basis functions used

used for each inner- valence orbitals are for each inner-
shell orbital treated separately valence orbitals

Figure2-13: Gaussian basis set notation summarised.

the polarizability of the molecules, it does this by addingsth functions to the atoms defined in the
basis set. Throughout the forthcoming chapters d,p polarisation is specified which adds the

polarisation functiord to second row atoms onlgnd p polarisation function to hydrogen atoms

Diffuse functions are atsadded to the basis set to help describe the electronic structure of the
outermost electrons and account for the lomgnge electron density. This is useful for systems that
have weak intermolecular interactions, such as ‘anWaals, therefore particuldy helping in

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

application of the diffuse functions.
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2.5.2.Correlation methods

Density functional theory (DFT) calculations were performed. DFT metheds adapted from
HartreeFock methods that assume electrons move in an average potential generated by all of the
other electrons without accounting for the interactions between theknown as electron
correlation However, DFT treats electron correlation differently by using Ksfam equations
which includes contributions from both exchange (the repulsion between identical electrons) and
correlation (the tendency of electrons to adoeach other), known as the exchangerrelation
functional. Hybrid functionals between Hartré®ck exchange and DEXchange correlatiortan

improve the accuracy of the calculations.

B3LYP is used in this study which includes local (shnge) and no-local (longrange) exchange
contributions, while staying less computationally intensive for the geometry optimisatibne.
commonly used B3LYP methods used in the chapsd88LYP/&@11++5d,p) whichis a triple zeta,
split valence basis set with thedlusion of diffuse and polarisation functiorihis provides a good
balance between a complete basis set and computational efficiency and is used for geometry

optimisations as a result.

Similarly M06-2XGD3/augccpVT4s used throughout the chaptevshich is also a DFT methaded
for geometry optimisationsaK I 2 Qa | y R -2X RibzKohdish@eéifiechinclading NA YY S Q&
empirical dispersion correction (GD&)d the cepVTZ and augcpVTZ basis sets of Dunnit¥fe

TheWl dz3Q ALISOATASA RAFTFAzAS T dzy @@ yal HyLRE ATS2RNI (%

consistent polarised’, 'V' shows they are valeicg f € o0l aAa asSida yR We¢wnQ

CCSD(1%2is also specified in the chapteto refine the energetics by completing a singleint

energy calculation CCspecifies a coupledcluster method that takes the basic Hartréeck
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molecular orbital method and to aount for electron correlation uses mukiectron wavefunctions
that usethe exponential cluster operato6D(T) allows for the number of excitations, single, double
and triple respectively for S D andlIiTis a much more computationally heavy methdawever, 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 chdsebe energy calculations from the already
determined geometries fronthe previously discusseB3LYFor M0O6 DFT methodsComposite
methods apply more complete basis sets and then extrapolate to obtain the éestgy
approximation The composite methodapplied areCBSQB33 and the more recentlydeveloped
SVEC¥12 method of Ventura et & The formerdelivers reasonably accurate energetics at a
moderate computational cds$® The latter is specially developed to give more accurate
approximations for reaction barriers in particuffThe basis sets that are applied before complete
basis seextrapolation are showin Figure2-14.

CBS-QB3 SVECV-f12

B3LYP/6-311G(2d,d,p) CCSD(T)-F12/pVDZ-F12

(5D, 7F)
CCSD(T)/6-31+G(d’) CCSD(T)-F12/pVTZ-F12
weasoqicases  COpRieiebes et
MP2/CBSB3

Complete basis set
extrapolation

Figure2-14: Flow chart showing the basis sets applied in the composite methodsQBE
(left) and SVEGN 2 (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. MagsrSpectron2022,

57, e4868.

B. Lowewith supervision from P. M. Mayampmpleted experimental data processing for the iPEPICO

data and wrote theaccompanying sectioredong with the introduction.

A. L. Cardona along with assistance from J. Salhsupervised by M. A. Burgos Ramnpleted 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 formategdanthe atmosphere. These formates are also produced in the
atmosphere through reactions involving volatile organic compounds (V®&4)nderstanding 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 cooliagent, and a precursor to other molecules in the chemical
industry®’ It is alsoproduced in the atmosphere from oxidation of VOCs, such as ethyl vinyl ethers,

with “OH, N@and Q.?6?7In 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 iek#&®®.68 When such
esters experience higtemperature combustion environments, they may also decompose to smaller
molecules or ions, such as KO, CHOH, and C® 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 Doolé¥ febral.
shock tube expements. They showed the major MF decomposition pathways to be hydrogen
abstraction, with reactionsofw) and 6tH) contributing 31% and 17%espectively. The remaining MF

is decomposed in unimolecular processes outlined in reactiomd &nd 6m), which contribute to

38% and 3% to the total methyl formate decompositfén.

/ bh/ 1 h&hify/ bh oM
I Lth/ 1 hblh i bl oTH
/ Lth/ | WIEh Ib/ h o1
I bth/ 1 hi Y h om

Dooley also saw GB as a prodct, however, attributed it to the sequential thermal decomposition

of methanol 61p).

I Lth1 IMhh b, o

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

CHO from MF ¢rc).

I Lth/ 1 hi [t Lh ot
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Dooley disregarded this option because the activation energy calculated by Francisco, whem inserte
into his kinetic model, did not match his experimental restflis this study, we employ loywressure
pyrolysis to study primarily unimolecular decomposition processes as a function of tempegratur
identifying the products by photoion maselected 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 MHical cation. MF“decompose to
CHOH % CO at low internal energiésthen the fragments C¥DH + HC®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 photoelectrphotoion coincidence (iPEPICO) spectroscopy at the VUV
beamline, the details of which have been described thoroughly elsewBé?@yrolysis was carried

out using the higktemperature pyrolysis microreactor previously described for this endstdtidh.
Synchrotron radiation with 3 meV energy resolution was dispersedjusb600 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 2x2 mrinteraction region. Both photoions and photoelectrons were velocity
mapped on imagingroentDek delay line detectar$he electrons are timend positionstamped at

the detector, and the delayed, coincident photoion signal is evaluated to obtain thedfrfight

mass spectrum. Threshold photoelectrons are detected at the centre of the electron detector,
whereas norzero]l AYSGA O SySNHe& o6aK20¢é0 St SOGNRakid& | NF
momentum. Hot electrons without an initial lateral momentum componalso 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 spectrurii.Plotting thenormalized intensity of a peak with a particularz
ratio from these mass spectra as a function of photon energy yields the photoionsalessed TPES,

ms-TPES®

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 and contaimg the sample. At this temperature, the methyl formate

vapor pressure is ca. 380 mb@rThis mixture was further diluted with argon to a flow of 41 sccm,
NBadzZ GAy3 Ay 062dzi nop: alYLIES Ay NH2YyS>S GKAOQ
long, 1 mm internal diameter, resistively heated SiC pyrolysis ne@mctor. 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

dependencedrr):
¢tkc/ I tk2 P Mn®HT b o0no0mT

Where T is the reactor temperature andP is the heating power. The reactor temperature is
considered taepresent the gas temperature inside the reactor to within 2008 The pressure and
residence time in the reactor has been estimated to becrl®i Y o6 NJ Iy R dzLd 0
respectively’®™ The reactor is placed in the source vacuum chamber, where the pressure was ~ 5 x
10*® mbar during measurements. The molecular beam exiting the pyrolysis reactor passed through a
2 mm diameter skimmer into the detection chamber, kept at a pressure08f mbar during
measurements. Cation velocity map imaging means we could select only ion signals from the
molecular beam portion of then image (Figurd1-1 ofappendix }, disregarding the scattered,+e

thermalized background signal (Figukd-2), thereby selecting unambiguousfyyrolysis 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
MO06-2>¢8 functional including Grimme’s empirical dispersion correction (&S28) the cepVTZ

basis set of Dunnin® For transition states, intrinsic reaction coordinate (IRC) calculations were
carried out to confirm that they connect the proposed reactants and products. Sioghk energy
calculations withcoupled cluster singles and doubles including perturbative triples correction
CCSD(1%2were performed at the DF®ptimized geometries. In addition, the GB83 composi
method was also used, which delivers reasonably accurate energetics at a moderate computational
cost® The FranokCondon simulation of the MF TPES was carried out at the B3BYP#8-G(d,p)

level of theory. All electronic structure calculations were carried oirtigiGaussian 1%.

3.4.2.Kinetics

The kinetics calculations were carried out using thermo and ktools programs of the MultiWell
suite?1<83 over the temperature range of 3@@500 K. The molecular channels were calculated using
canonical transitin state theory (TST) with Eckart asymmetric tunnelling correcfibrizor
dissociation channels, canonical variational transition state theory (CVTST) was used to locate the
transition state assuming that the path corresponded to a bond being brokena barrierless
reverse association channel. Constrained geometry optimizations were carried out at {®eahG

O¢C bond distances depending on the case (Fighde4 andAl-5), starting with 30 points with a

step size of 0.03 A. The optimized geometriesath point were used to obtain the rotational
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constants, the vibrational zefpoint energy (ZPE) corrections and frequencies orthogonal to the
NBFOGAZ2Y LI GKd ¢KS /+x¢{¢ NIXYGS O2yadlyd F2NJ |
CVST rate catant as a function of distance along the reaction coordirf&t€.Using the simulated
kinetics constants, a sensitivity analysis was performed using the KINF€idgam to determine

the weight of the proposed dissociation pathwatddifferent 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 presentenh Figure3-1. The mass spectrum at 474 °C shows peaks 260 (MF
= methyl formate radical cation), 32 (§3H), 31 (CEHOH) and 28 (CO with the assignment given

in brackets. Then/z 18 peak corresponds to water, present eetchamber as background.

28 > CO* 30  CH,0*
31 > CH,OH*
32 > CH,OH"
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Figure3-1: Mass spectra over varying pyrolysis temperatures recorded at 14 eV photon e

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

spectrum atm/z44 (C@"), 30 (CHOY), and29 (CHO. It is also observed that the intensity of théz
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60 peak decreases when the temperature increases. Thd ailmsdant peaks are in accordance

with previous studie$?6884

To confirm the isomeric identity of the spectral carriers of tve peaks, the corresponding RISPES
were extracted and compared with tHigerature. Figure3-2 showsthe TPES fan/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 detectidhand a recent He(l) photoelectron spectrum by Nuned .8t ahe

peaks following stw the presence of vibrational structuréhe spacing of 832 crhcorresponds
primarily to a stretching vibration of the methyl carbon and the adjacent oxygen and that of 1485
cmP! corresponding to a methyl group deformation, which were confirmed by Fg@wkdon

simulation of the spectrum, shown in reaFigure3-2.
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Figure 3-22. msTPES for m/z 60 (black markers), methyl formate, obtained at a py

temperature of 688 °C with a Fnulation overlaid (solid red curve).
Figure3-3 showsthe msTPES fom/z 30 (CHO). This TPES exhibits a single peak at 10.88 £ 0.01 eV,
which corresponds to the ionization energy of formaldehyde, 10.88% atfis is also in agreement

with the PEPICO studies completed bghithura et af!

10.88 + 0.01 eV

v

10.0 10.2 10.4 10.6 10.8 11.0 11.2 11.4 11.6 11.8 12.0
Photon Energy / eV

Intensity / arbitrary units

Figure3-3: ms-TPES for CB, m/z 30, obtained at a pyrolysis temperature of 974 °C.
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The msTPES fom/z 31 is showrin Figure3-4. The peak indicated in red (10.88 eV) in the figure is

the residuaf*CHO signal after correction based on th#z 30 msTPESHigure3-3) and is likly an
artefact. Dooley et al. showed that GEB* is produced when the GBCQ radical (formed by

hydrogen abstraction from methyl formate) itself decomposes by reactioy) (2

/vh/ h /M b /h o1y

However, the spectrunn Figure3-4 exhibits a gradual onset starting from 10.72 eV and the profile
is similar to that obtained by Yu et. @lfor CHOH produced from the dissociative photoionization
of methanol. The authors complemented the TPES spectrum with theoretartlling and assigned
m/z 31 to CHOH. In addition, this TPES was completed at @7 4vhere neutral MF (and thus the
radical cation) is in very low abundance ($a@gure3-1), so producing this amount of GBIH from
MP «issociation is unlikely. Furthermore, if neuttaIHOH were made by pyrolysis, it would be
observed at much lower photon energy than its onsefigure3-4 because of its low ionization
energy of IE(CIOH) = 7.56 e®R Finally, the recently measured TPES ofGBHy Tang et al* shows

a discrete band at 10.72 eV, whichnist observed in the present study, confirming that the peak

corresponds® CHOH' from the dissociative photoionization of methanol.

10.72 eVISC&O

Intensity / arbitrary units

10.0 10.5 11l.0 1£.5 12l.0 12'.5 13:.0 13..5 1/3:.0
Photon Energy / eV
Figure3-4: msTPES for m/z 31 obtained at a pyrolysis temperature of 974 °C.
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Methanol radical cations are known tme a product of the dissociative photoionization of methyl
formate, but the appearance energy for this process is 11.58 bB\gher than that showrn 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 othserve

contribution tom/z 32 from the dissociative ionization of MF.

10.85 + 0.0]
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g ]
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10.4 10.5 10.6 10.7 10.8 10.9 11.0 111 11.2 113 114

Photon Energy / eV

Figure3-5: ms-TPES for GBH, m/z 32, obtained at a pyrolysis temperature of 974 °C.

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 warstulated Figure3-6), which explain the final products
found by experiment, plus two homolytic bond cleavages to forrsGBH HCO (Do) and ChP+

HCQ®(Dx0). The formyl hydrogen atom is presented in red in the figure.
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Figure3-6: Unimolecular dissociation mechanisms for MF. To highlight hydrogen migratic
formyl hydrogen atom is shown ied.

Five channels start from the most stable conform®&methyl formate (AMF). xc and Dxo
correspond to direct homolytic fission and are barrierless paths with loose transition states. The first
one corresponds to the homolytic dissociation of theGbond to give HC@nd CHO?radicals and
channel o yields Ck*+ HC@® The other channelgive rise to closeghell products. Channel 1
yields CO and GBH involving a threeentretransition state, TS (TS)kIn this case, the hydrogen
from the formyl group is part of the TS and interacts with the central O to form ttté kbnd of
CHOH. Thesecond channel involves a feoentre TS (TS 2k that dissociates to give two QB

molecules. In this case, one H from thes@Bigment is involved in the TS and migrates from the CH
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to the CH=0 moiety. In the third channel, isomerization fromZhe the E conformer takes place
first, followed by a foucentre TS, TS skwhich dissociates to give €&hd CQas final products. In

this fourcentre TS, the formyl H interacts with the methyl carbon to formuGEhannel 4 gives,
through a fivecentre TS (TS4), CHO and hydroxy methylene fragment HOCH that further
isomerizesto CH¥ (TS k0 ® a2t SOdzf | NJ a & NHzO i dzNI &igureR NanditheS a S

optimizedstructures for MF conformers and reaction products are includegbpendix 1.

Z-MF EMF
i o=
v 3 B e 2
J =2 ' 183 3
TSki TSka
= .73\1.20
> :", 169
e p
’. 210 -f‘
TSks TSka
y 143 /17
096
ﬁfﬂ’ 125 i‘
") 9
TS meoH TS kim

Figure3-7: Optimized geometries at the MBBX-GD3/cepVTZ level of theory of the MF conformers
and transition states for decomposition (bond lengths in A). Blue arrows illustrate the normal mode
with the imaginary frequency, corresponding to the reaction coordinate, in each TS.

The minimum energyeaction surface for the thermal decomposition of MF is depicteeigure3-8
and the calculated energies are presentedTableAl-1. Thedifference in the activation energy
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valuesbetween the three methods is less than 12 kJ%¥h(a. 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 ofigure3-7 andTableAl-1 indicatethat the first step of channel 1 has the lowest
activation energy (TS1k followed by TS k2. The next TS is TS_k3 that is close in energy with the
homolytic @xcand Qxo paths. TS_k4 has the highest energy from reagent ands &otkesponds

with the highest energy TS of the PES and corresponds to the isomerization ofCth®@HH
intermediate. The second step of channelwlhich is the dissociation dEHOH to CEO and H

(TSwmeoH is also a high energy path.

H;COCHO - Products
570 4
TS_kny
(504)
; i TS_k, TS
470 - P (4a6) PstP; (440)
| ‘ T (426) —
: \ | PgtR 35Ky
370 - : —— Py#HCOH . (39%6) TS k, {374},
il { ~(331) (327) : '
g ! | . Ts—kﬂ‘,—,“\
= | i Lot (299);
= 270 i L
il : vood i W ; ;
T 2P; : ““_ | 2p; | Py+Pyt+H,
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-30 4
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Figure3-8: Minimum energy reaction pathways for the thernd@composition of MF at the MOBX
GD3/cepVTZ level of theory.

3.5.2.Kinetic Analysis

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

Tables Al-1 and A1-3 in appendix 1 Theycorrespond to two bond fission channels with loose TS
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(ko_zoand ko ac) and four somerization channels over tight TS & ks). 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, iba fiss
channel of the QC bond begins to be more fawed.

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 concentratiof a particular speciesnd positive and
negative values indicate sources and sinks, respectively, for that component. The coefficients

obtained are presented ifiableAl-2.

The coefficients obtained indicate that the prevailing channel i8tl474 °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 presenthie mass spectrungFigure 3-1) at this
temperature: MF, CHOH", CHOH" (from methanol) and COAIlso, when the temperature increases
(688 °C, 973 °&hd 1087 °C), the other channels are enabled (coefficients are nonzero) so in the mass

spectra the signal of MF diminishes, and other products appeard@DCHO).

In general, as the temperature increases, the differences between the computed rateantsst
decrease, which indicates a broader spectrum of decomposition products, such as formaldehyde,
carbon dioxide and methane. This can be obseindeigure3-9, wherethe ratio between kand k

is depicted as function of temperature with the energies and configurations obtained for the three
theoretical methods. As can be seen, the ratio diminist@ssiderably with temperature, indicating

that the rate constants become similar. A simib@haviouris observed for the other channels, shown

in appendix 11t is worth noting that, for the &cchannel, the rate constant becomes higher than k
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around D00 K. The fact that GEand HC®are not observed in the experiment indicates that they

likely react with surfaces in the furnace, or decompose sequentially.
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Figure3-9: Relationship of theheoretical reaction ratesikand k as a function of temperature.

In TableAl-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 prevfisly

(Figure3-10andFiguresAl-16to A1-20 inappendix ) 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&)BBS

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

characterizatior?”-%8In addition, it is observed that the trend is similar, espectallyincrease 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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Figure3-10: Comparison between calculatedkith previous experimental values.

3.5.3.Formaldehyde branching ratio

Franciscé® calculated that CE#D can come from botthe decomposition of MF (ourkor from the
sequential decomposition of GEIH formed in k (via TSweor as deduced by Doolé§.The full

kinetic model comparing these two pathways is describeabpendix 1 Due to the high barrier to
methanol decomposition ifigure3-8, CHO formation directly from MF dominates at temperatures
below1200K Figure3-11). At 747K, 99.96% of the formed formaldehyde comes directly from MF by
path 2. At higher temperatures the proportion of path 1 continuesitwease until it reaches levels
above 97% at 2500 K. Although the barrier T8 lower in energy, at low temperatures the energy

of the system is not enough to overcome W&y 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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Figure3-11: . N} YOKAY 3 NI GA2 F2NJ F2NMIIf RESKRERREFHFRNN I G A
CO(P2)@ I YR a4 (P (¥ asfuhction of temperature irhe thermal decomposition of
MF. Calculated at MOBX/GD3/cepVTZ level of theorySeeappendix Ifor full model details.

3.6. Conclusions

The lowpressure pyrolysis of methyl formate was studied using synchrotron radiation alongside
theory to show the mainttannels to thermal decomposition. To reach the different decomposition
channels, molecules were exposed to high temperaturBlse thermal decomposition pathways of

the neutral were differentiated from dissociative ionization with the help of photoion rsatected

TPES and trends of the ion abundance with pyrolysis temperature. We can accurately determine
routes of thermal decomposition due to the legvessure environment where primarily unimolecular
processes occur at a quantifiable rate. We were als&ablii 2 O2 YLJdzi | G A2y f € &
prediction of methyl formate thermally decomposing directly to formaldehyde and not just via the
initial loss of methanol® The predicted rates suggest this direct path is kinetically more favourable
than the path forming CH¥D 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.\ass$, Spectrom2023,

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. Bugositeteid 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 proming 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
(FAMESs); alternative methods using ethanol can be used to produce faity edhyl esters
(FAEES¥®! f 1 K2dzZAK GKS O2Yo6dzaliAzy 2F C! 994 Aad O2ya.
important to study the products resulting from combustion and thermal decompaosition in the engine
and their potential for toxic emissions. Ethyl formate (Eff)assmallest of these ethyl esters and

can be used to study the breakdown of larger FAEEs. Stbeknethods 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?® This accounted for up to 95% of the products at 927Since 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, includingbO, and CQ.ater shock

wave studies by Ning et &l.and Ren et al® also showed the dominance of the decomposition
channel leading to ethene and formic acid. .Gfas proposed to be the minor product of a

bimolecular reaction involving ethane rather than originate directly from EF.

Previous theoretical studies explored the mechanfemforming GHs + HC(O)OH and found a-six
membered ring transition state mediating the reactit:'°t HermidaRamoén et al®® predicted
three local minimurrenergy conformations for EF and studied how different levels of theory affect
the predicted mechanism.More recent work explored further decashannels predicted to be

accessible at high temperatures following kinetic treatment of the res8f3103

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 resulignfrom 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 &*atudied the unimolecular
decomposition of BEFusing photoelectron photoion coincidence (PEPICO) spectroscopy and found
that decomposition into &°>“+ HC(O)OH dominated eten 11.0 and 12.5 eV, while
decomposition to C¥DH + CO +#ChH became the major path above 12.5 eV. Other observed
dissociative ionization channels yielded,OBHO+ “CH; GHi.CC “ HO; HCGH,' + “GHs; GHsO*

+“CHO,; eHs* + HC(0)® and HCO+ CHCHO®
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In this study, we use a lepressure pyrolysis microreactor coupled to imaging photoelectron
photoion coincidence (iPEPICO) to determine the pyrolysis products fér£fCoincidence mass
spectra were obtained at different temperatures as a function of photon energy to yield the photoion
massselected threshold photoelectron spectra (fRPES) of thermal degradation prads. 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 amgbrevious 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, Villigeerl@nd) on the VUV beamline,
which has been described in detail elsewhéé€® The setup is as described iGhapter 33, using

ethyl formate here ashe 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 imgpl¥.2% propionic acid in argon and 0.3%
furfural in helium gave results consistent with primarily unimolecular chemi8¢df/ while
benzaldehyde pyrolysis at similar concentrations evidenced bimolecular cheAffstag, well as

analogous acetone pyrolysis experimetts.
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4.4. Computational Details

4.4.1.Electronic structure calculations

Computational methods are as describeddrapter 34.1 Comparisons to the other ethods can be

found inAppendix 2

4.4.2.Kinetics

Kinetics calculations for the decomposition paths in the high pressure limit were carried out over the
300¢2500 K temperature range: unimolecular dissociation rates were calculated using canonical
transition stae theory (CTST) with Eckart asymmetric tunnelling correttfonmolecular pathways

and canonical variational transition state theory (CVTST) for barrierless pathways assuming that the
reaction path corresponded to a homolytic bond dissociation chafff€l. Temperature and
pressuredependent rate constants were determined from master equation calculations done with

Multiwell program suite®<83

4.5. Results and Discussion

4.5.1.Threshold photoelectron spectra

Mass spectra obtained at 11 eV photon energy show the EF radical catiotoasintensity peak,
decreasing in abundance with increasing pyrolysis temperature. At 14 eV, where all the products
produced by pyrolysis can be ionised, major peaks were observedz44, 28, 26, and 18. The
corresponding Mg PES can be used to idéyptthe spectral carriers of theggeaks Figure4-1 ¢

Figure4-5).

Figured-1a shows the TPES for ethyl formate obtained without pyrolysis and the-setssted TPES
(msTPES) fom/z74. The mSPES intensity declines above 10.8 eV due to the dissociation of the

radical cationt® 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 e¥) The msTPES can be compared to the He(l) photoelectron spectrum

200F AYSR 0@ -workeks1®t'Srhey bbgeR/ed@iprational structure due to modes at 1567

and 596 crit and assigned an adiabatic IE of 10.588 eVsif@lations Figure4-1a, redcurves)
comparefavourablywith the experimental spectrum and highlight vibrational excitation of three
main modes, 575 chh (scissor bend of the G@roup), 703 cr¥t (internal rotation of the HC(O)O

group relative to ethyl), and 1583 é&h(stretching of the @O bond between HCO and the ethoxy
ANRdzLIO S (62 2F 6KAOK ¢ @NBured-B Soyréspomds 1 the mIPEJ ol A | O
m/z 74 with the furnace at 717C (990 K). The low signalkigure4-1b is due to the pyrolytic
degradation of ethyl formate reducing the amountrofz 74 produced by photoionization. With the
heater on, only the mdPES can be derived as the total electron signal has contrilsutiom the

ionization of neutrals formed by the pyrolysis of ethyl formate.

52



Chapter 4

—~~
Q
—

10.60 £ 0.02 eV —=—Total Electron TPES

—e—Mass Selected TPES
m/z 74

Intensity / arbitrary units
., e

-14

O 1 N T
10.4 10.5 10.6 10.7 10.8 10.9 11.0 111 11.2 11.3 11.4
Photon Energy / eV

10.60 £ 0.02 eV,
o I ——m/z 74
: —— FC-Simulation
2 |
5 I
=
- I
©
= |
< ] |
-
©
~ |
> .
et
= f
c
[]
)
E -
I
- | |
|
| I A VAN
0 L] L] L] L) T L] L]

10.4 10.5 10.6 10.7 10.8 109 11.0 111 11.2 11.3 114
Photon Energy / eV

Figure4-1: (a) TPES and mBPES for m/z 74 with 0 W on the furnace along with Fig
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Figure4-2 shows them/z 30 msTPES. The measured IE of 10.87 £ 0.02 eV corresponds to the

ionization energy of formaldehyde (&b{ 10.88 eV}t

10.87 £ 0.02 eV

—

Intensity / arbitrary units

0 T L] — L]
10.2 10.4 10.6 10.8 11.0 11.2 11.4

Photon Energy / eV
Figure4-2: ms-TPES for CB, m/z 30, obtained at 717C (990 K). The reported ionization energy of
formaldehyde is 10.88 eV.

The msTPES fom/z 44 is shownn Figure4-3. Observed pyrolysis species are acetaldehyde, IE =
10.21 + 0.02 eV (compared to the reported 10.24 8¥and CQ, IE = 13.76 + 0.02 eV (compared to
the known 13.78 e\A'? The FC simulation of acetaldehyde ionization matches very well with the
experimental spectrum and displays a progression in a 136¥rmote corresponding to a hydrogen
wagging mode. Then/z 44 msTPES also illustrates a unique analytical advantage of PEPICO
detection: at the ionization energy of gQcetaldehyde dissociatively photoionizes. Thus, the pure
CQ TPES can be recorded and assigned in this energy range, although acetaldehyokhes a

significant component in the reaction mixture with 44 amu mass.
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Figure4-3: msTPES ofn/z 44 indicating the presence of acetaldehyde {CHO, left pea
and carbon dioxide (GOright peak). ArC simulation is overlaid in red for CHIO.

The msTPES fam/z 28 exhibits three featres inFigure4-4. The leftmosband is due to £ formed

by pyrolysis of EF, (IE = 10.50 + 0.02 eV, corresponding to that obtained by Williams aAtf EGol).
simulations (shown in red) showed the major vibrational excitation to be 8%1 @mresponding to

a rocking motion of the hydrogens. The broad peak in the ceotrBigure4-4 at ~12.5 eV also
corresponds to &° ¥ however, the ebylene cation seen in threshold ionization in this photon
energy range is due to the dissociative ionization of ethasids. Ethane parent ions yieldld® ®nly

0.57 eV (0 K) above the adiabatic ionization energy of 118V due to the quantum tunnelling

of H atoms!'® Our experiment has ions at much higher temperatures, which shifts the onset lower
in energy. We did not observe a TPES s$ignaoincidence witm/z 30 ions corresponding to,Bs® ©
(seeFigure4-2). Since the photoelectron spectrum for ethane is already broad due tocJatier

distortion and vibrational coupling effectd!the resulting TPES for ethane in our esxtpent 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!® Thus, in them/z 30 channel, PECO is capable of identifying three neutral

spectral carriers independently.

- 10.50 £ 0.02 eV 13.98 £0.02 eV

Intensity / arbitrary units

100 105 110 115 120 125 13.0 135 140

Photon Energy / eV

Figure4-4: msTPES ain/z 28 showing the presence of ionizedHz from the pyrolysis of EF (I
most peak), gHi® Gormed from the dissociation of B> {{centre peak) and ionized CO from
pyrolysis of EF (right most peak). The FC simulatiorpFridhization is overlaid in red.

Figure4-5 showsthe msTPES fom/z 46, which contains twaets ofbands. The lovenergy band

with an onset at 10.46 + 0.02 eV corresponds to ethawith a reported ionisation onset of 10.48
eV11ts ionisation energy is ca. 100 meV lower, which indicates large geometry change and explains
the broad nature of the peak® The 0 K appearance energy for H loss is 10.8%%\hich explains

the disappearance of the ethanol signal above 10.75 eV. The pedt to the right are due to the
ionization of formic acid (IE = 11.32 é¥)The vibratonal fine structure is primarily from an
asymmetric CO stretch with a frequency of 1536%as confirmed by the FC simulation. Two neutral

spectral carriers are thereby identified.
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Figure4-5: msTPES of/z 46 showing ethanol (lovie band) and formic acid (high band
contributions. An FC simulation is overlaid in red for formic acid.

Finally, them/z 26 msTPES is shown Figure4-6. 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 = 1140Té\)vibrational

fine strucure is due to the active symmetric stretch at 188%tas confirmed by the FC simulation.
The highenergy band is due to 8" “formed in the dissociative ionisation of:HE, with an
appearance energy of 13.2 eV. The dissociative ionisation onset iségkewmver photon energies

by the high thermal internal energy of the precursor i8hOther hydrocarbon fragments ctilialso
produce GH.® “by dissociative ionization. At least two neutrals are, thus, found with the help of the

m/z26 msTPES.
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Figure 4-6: msTPES ofm/z 26 showing the ionization of .8, formed in the therme
decomposition of EF (left) andHE® formed from the dissociative ionization ofHG (right).
An FC simulation for:Bzis overlaid in red.

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

in Table4-1.

Table4-1: 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 CHCHh/ 0 h 0 }Hs HHC(O)OH GHi, HC(O)OH 39,41,124
R2 CHCHh/ 6 h 0 I:CHBHA+CO GHsOH, CO 39,41,125
R3 CHCHh/ 6 h 0 | 3CHB +/Ci® CHCHO, CD 103,126
R4 CHCHh/ 0 h 0 }Hs HBQ/ GHgs*, CO 96,103,115
Rlal / é6hoh!l 4® / h B | CO 39,127
Rlb GHilH o+ H GH. 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 havelabelledthe oxygen and carbon atoms in EF@&CIH)XO2CIH)cC3Hs. The lower
energy conformations of EF according to thet@ass and ciggauche dihedral angles €11cO2cC2

and CtO2CzxC3 are denoted ag L,D¢ 5,0 b @nd ¢ L, drespectively(Figure 4-7). These
conformations can be compared with previous studies that predicted between three and five
equilibrium specie4!192103¢ K S / t D YR (KS / b¢ ¥ 2 Matidns df BRBwithi K S
an estimated enthalpy difference of about 1 kJ Fhalith all calculation methodsappendix 2. The
results agree with previous experimental observations of the gas phase conformer distribt o
calculated energy differencé821?°The energy of thé b geometry was predicted to be 1.1 (1.2),
19.6 (19.4), and 20.0 (19.7) kJ kAtdwer than/ b,0 b &d¢ b geometries, respectively (energies

at the M062XGD3/augccpVTZ and SVEEGM2 levels).

8o.c.0c=-175.97 Bococ= 0.56

8cocc= 8873 8c.o.cc=80.66
T-G GG

8o.coc= 0.00 80.c.0.c =180.00

8c.0.c.c =180.00 8co.c.c =180.00
GT TT

Figure 4-7: Optimized geometry of the EF minin
conformation at the MO&XGD3/augccpVTZ 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 T conformer was found to have significant FeagCondon factors near the ionization
threshold (and is responsible for the FC simulatiorisgure4-1). This is due to the stab{& T radical

cation conformation, which minimizes electrostatic repulsion between the O atoms and the
neighbouring CkHgroup hydrogens, both of which carry small positive charges. The other conformers
undergo large geometry change upon ionization, which l¢adsnall 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 decompositioh EF

We considered eight EF decomposition ipafys: six unimolecular rearrangement pathways that
account for reactions listedn Table 4-1 through welldefined transition states and two direct
homolytic bond fission pathways. A scheme of EF decomposition is shofigure4-8 and the
energetics for each path are summarizedHRigure 4-9. Thereis good agreement between the
calculation methods employed for the optimized structures and trexiergies (TableA2-1 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 C4O2 bond. The relative energy fire TS 1 is@.4 (208.1) mét (listed hereafter at

the M06-2XGD3/augccpVTZ and (SVEEM2) levels of theory). This is the path with the lowest

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

Reactions RR5involve hydrogen migration. R5, which forms an isomer af0CKHccur by the same

hydrogen transfer mechanisms as reported for methyl fornf&t€.130.131
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The calculated relative energies fo6_2TS_3TS 4andTS_Hare 295.7 (284.7), 301.9 (301.9), 348.6
(335.8) and 439.1 (429.0) kJ folThe hydroxymethylene intermediate (IM) formed in (R5) may

finally yield formaldehyde through internal H rearrangement.
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Figure 4-8: Paths in the unimolecular decomposition of EF. The formyl hydroc

shown in red.
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Figure4-9: Enthalpy diagram (298 K) for the unimolecular decomposition of EF at the2
GD3/augccpVTZ level of theory. See Figure 8 for the description of each channel.

Chou et al® proposed a fowmembered ring TS for reaction R6, ap élimination yielding
CHCHOCHO +ht an energy of 471 kJ ribét the (U)B3LYP/awgp-pVQZ//(U)B3LYP/augepVTZ
level. Instead of this path, we have found asi@mbered ring TS at ca. 170 kJ rhimwer energy,
namely 306 kJ mdl at the M062XGD3/augccpVTZ level. ITS_6 H is formed when the formyl
hydrogen londs to a C3 hydrogen while the €1, OZ,C2 and G bonds are broken, leading to
GHs, CQ and H. As can be seean Figure4-10, the sixmembered mg geometry makes th&S_6

energetically and sterically more feasible.
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TS 4 TS 5 TS_6
Figure4-10: Optimized geometries of the EF thermal decomposition TS at the |
2X%GD3/augccpVTZ level of theory.

The direct bond fission channels are endothermic with the@2(R8) channel being 23.5 kJ rhol
lower in energy than the @GZ1 channel (R7). Secondary products:as &d CHCHO could also be
produced from the decomposition of2k (R1 and R6) and @EHOH (R2) via +klimination. The
GHs decomposition to ek is a twastep H elimination throughthe ethylidene intermediate and
two TS with relative energies 362.2 (355.7), and 506.5 (506.6) k3. Mdlile CHCHOH decays
through a fourcentre TS with an energy of 409.8 (402.0) FholHC(O)OH could decay to CO,® H
via a threecentre TS at 361.9845.2) kJ mét or CQ + H via a fourcentre TS 365.0 (355.5) kJ rtiol
The complete EF decomposition mechanism and schematic PES areishHaguresA2-15 andA2-

16 inappendix 2 Reaction products agreeith those reported in the experiments performed.

The calculated barrier values for transition states at the SMEZMvel agree well with the previous
values calculated with the high level methébd¥312°with an estimated difference below 1%,
suggesting that the SVEEM2 composite method is a good choice for describing thermal

decomposition barriers and mechanism of formaf€able4-2).
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Table4-2: Relative zergpoint corrected energy (ZPE) for the unimolecular thermal decomposition
of EF. Comparis between methods (kJ nfd).

M06-2X-GD3/aTZ2 SVECY12 B3LYP/aQZP CCSD(T)/CBSQ@Y
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

2a-TZ stands for augepVTZ and ®QZ represents augcpVQZ

b ReflOS

[ RefAl

4.5.4.KineticModelling

Highpressure limit (HPL) rate constacalculations for all unimolecular decomposition pathways of

EF employed harmonic vibrational frequencies also for largelitude internal motions. Considering

0KS tSaa GKIFIy mnn >a NBAaARSYyOS GAYS 2 TFealtd,S al
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 lowtfog reaction to proceed significantly in the heated
zone®*? Photoelectron spectroscopy and dissociativaization experiments have shown that the
rovibrational cooling in the expansion is negligible after the sample leaves the réadioerefore,
unimolecular reactions may proceed further during the ca. 1 ms collfsenflight time from the

reactor exit to the ionizabn region. Therefore, only relative rate constants aralysedto obtain

ONI YOKAY 3 NI GA2ad ¢KS OFf Odzf SR NI ( STaDenL & G I y |
1), indicate that the decomposition to HC(O)®I:H is the main reaction path in the temperature

range used for calculations (3€600 K), in agreement with experimental observations. However, it
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is observed that when the temperature rises, other decomposition routes become energetically
accessible. At 990 K (717 °C), the ratios ofkéki (n = 26) are
1.73x16%6.65x1(3%1.84x1(%6.03x1(1%/3.39x13° when the temperature rises to 1347 K (1074
°C), the ratiokn/ki increase to 2.11x#9/1.35x1341.22x104/8.29x1¢%7.71x16* and, at 2500 K
(2227°C) the atios go to 0.51/6.1x10 /2.48x13%/8.69x10°4.4x1¢2. The branching ratios
calculated assuming additive rate constants based in the energies at the SZHEM | forkics at

1347 K (the highest experimental temperature) were 97.84 %, 2.06%, 0.01P%,®.0% and 0.8%,
respectively Figure4-11). Datafor all temperatures are depicteth TablesA2-2 to A216. 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.

Pressuredependent rate constants of the main reactions channels (R1 and R@jvare in Tables
A2-17to A218. Therates 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 thedflicurves and pressurdependent
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 (Figure#\2-31-2-32).

The HPL Arrhenius parameters for the unimolecular decomposition of EF calculated with the M06
2X%GD3/augccpVTZ and SVEEM2 levels of theory can bieund inTable4-3 and compared tdhe

other levels described in the computational sectionTableA2-21. The Arrhenius form of the rate
constants calculated at the SVER2¥ level for the main paths are (The units of the activation energy

are kJ mat):
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K K(T) =255 x 19 el;209.5/RTSLl’

ke « (T) = 1.89 x 11§ eb2757RTgHL
Ko « (T) = 2.34 x 11 gb3084RT 1

The kinetic values for different temperature and pressure are in good agreement with previous
values3?41.103The 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 fronrdwyen abstraction mechanisms and

not through unimolecular EF decompositi&ii The present resultis Figure4-11 andthose of Chou

et al19suggest the unimolecular paths R3 and R5 atekimetically competitive with formation of

CO + ethanol (R2). However, the required homolytic cleave prior to the hydrogen abstraction
reactions proposed by Osswadtlal.”* makes this mechanism less competitive than R3. Bimolecular
processes have been sérved in SiC pyrolysis microreactors primarily when the primary
decomposition channel yields reactive species, such as raditéds when reactants are supplied in
large concentration$33 The numbedensity of the reagent in our system @mP3) together with

the assumption of a high H abstraction rate constant df26m? s*! predicts a haHife of 600>s,
higher than the residence time in the reactor. The missing primary radical products and th
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. C{s also a known minor neutral decomposition path accompanied by ethane
loss and is a similar reaction to that seen in the decomposition of methyl forft&'311t can also

be produced in formic acid decomposition along with lkbwever, formic acid decomposition to CO

and water is kinetically preferret?/13*GHa is a product of the major EF decomposition pathway to
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formic acid and ethené? CO can be formed directly from ethyl formate producing ethanol (R2) or
from formic acid decomposition (R1¥)*1135The latter is the kinetically preferred reaction according
to shock tube experiment&and comparison of the RRKM rates of th pathways!** However,

the barrier leading from formic acid to CO #CHs significant[S_1a351 kJ mét). A comparison of
the overall yield of CO from reaction R2 (CO 3CE¥DH) and formic acid (R1 then R1a) reveals that
the former is dominant at low temperaturgsvhere TS_1lacannot bereached, Table82-22-A2-26,
FiguresA2-33-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 comparef tt(n"Ssook

= 26 J K mol’!, Figure4-11, R2). We are unable to characteriseCHdue to its presence in the
background overlapping with the molecular beam signgthGasbeen studied as a decomposition
product from GHa pyrolysis, which was determined to be through sequential H losses,

via a GHs intermediate 126
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Figure4-11: Branching ratios for the unimolecular decomposition of EF in the range of 300 t

K at the SVEGN2 level of theory.
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TablesA2-2-A2-16 showthe kinetics results obtained using different computational levels of theory.
It is worth mentioning that théest results for energies and rates were obtained with the NQ3®
GD3/augcepVTZ and SVEGM2 levels of theory, while the CEEB3 method give results with the
largest deviations from previously reported valudaljle A2-21). The explicit correction othe
empirical dispersion included in the SVECX optimisation step better describes the naovalent
attractive forces present in some transition states, improving the performance of this method over
CBSQB3?"13¢|n addition, it has been proposed that the f12 correction improves the convergence of
the basis set; i.e. cal@ations with a TZ basis set are more accurate and faster than the standard
CCSD(T)/5Z calculatiéhThe energy values for the transition states at the SVEEVevel have a
difference of less than 1% with the values calculated at the CCSD(THQOB®S06-2X/6-

311++G(d,p) levét

Table4-3: Arrhenius parametersA ($) andE, (kJ mdit) for EF thermal decomposition in the range
of 300;2500 K.

M06-2X-GD3/aTZ2 SVECY12
A E A Ea
k1 257104 210.5  2.55x10% 209.5
k2 1.8310°5 286.4  1.89x135 275.7
ks 2.34x10“ 308.4  2.34x10* 308.4
K4 5.31x10"° 357.3  5.31x10° 3445
Ks 1.32x10%  446.2  1.33x10° 436.2
Kes 1.33x10" 314.4  1.33x16°> 307.9
k7 2.31x104 401.1  2.12x164 397.2
ks 2.76x10% 425.0  2.66x104 419.6

aa-TZ stands for augepVTZ
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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 maskected thresholghotoelectron spectra
(msTPES). Thanks to substantial differences in the ionization energies and dissociative
photoionization of the lowelE neutral, single mass channel-iiRE spectra could be employed to
identify multiple neutral spectral carriers umdiguously. The observed pyrolysis products for neutral
ethyl formate are C¥CHOH, CECHO, &1, GHs, HC(O)OH, GH, CQ and CO. The TPES of EF was
acquired for the first time and confirmed a He(l) 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 energyaje (C
having acisconfiguration of theO=QH)}O-QH.)-Ch dihedral angle andrans-configuration about
O=(QH)}O-QH.)-CHs angle, was found to have significant FratiCkndon 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 abolute rates, however, are too low compared with the residence time of the
microreactor, which may be indicative of unimolecular processes taking place in the cdtiégon
environment after expansion. The primary thermal process yields formic acid dhest 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 showedttdaect CO loss from ethyl formate to yield the
ethanol ceproduct 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 stepsof 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. Bugosieieid 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 ofdrmatessuch as methyl and ethyl formate has been explored extensively due to
their presence in biofuel®%6They are also released into taémosphere from their use as industrial
solvents, drying agents and pest conttbHalogenated formates are formed by replacement of the
H atoms by halogerand the thermal decompsition of methyl chloroformate (MCF) was explored
by Johnson and Stimson in 19%7 They showed that in the presence of surfaeaction inhibitors,
MCF decomposed into methyl chloride and>®@i@ a homogeneous (gas phase) reactidhis rate is
4000 times slower than the comparable reaction in ethyl chloroformate (BEMhich was
attributed to ECF being able to form anembered transition state, while MCF is limited to a more

constrained 4membered transition state inhie decomposition mechanism. They also noted that
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HCIL37 although they were unable to perform an analysis.

Thegasphase ion chemistry dfICFwas previously studied by electron ionizatibi!'4! Holmes and
Lossing showed that at 11.24 eV ioniZzé€Floses Cl to form GACO.X4° The dissociation of
CHOCO then proceeds to form G+ CQ.14? The ionisation energylE)and the photoelectron

spectium for MCFhave not been reported.

In this study we use a loyressure pyrolysis chamber coupleditoaging photoeleton photoion
coincidenceiPEPICYQo determine thepyrolysisproducts forMCF, as we have done previously for
methyl and ethyl formaté3'143Coincidence mass spectra were obtained at different temperatures
as a function of photon energy to yield theassselected threshold photoelectron spe@r(TPES)f
thermal degradation products. The experimental results were modelled with density functional
theory to elucidate reaction pathways and kinetic modelling to extract Arrhenius parameiées.
have also explored the dissociative photoionization oMCF andreport the first threshold
photoelectron spectra (TPES), and thlis The experimental breakdown of the ions is

computationally explored.

5.3. Experimental Procedures

Experimental details for the pyrolysis experimeare outlined in Chapter 3.3. lon 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 aescribed in Chapter 3.4.Comparisons to the other methods can be

found inAppendix 2

5.4.2.Kinetics

The minimalPEPICO program was used to fit the iPEPICO breakulwa® The procedure fothe
fitting is outlined in Chapter 2.3.3.

Kinetics for the main thermal decomposition paths of MCF were modelled usini/ti@/Nell
Program suite (MW3283.144 ow frequency modes of MCF were treated as one dimensional (1D)
hindered rotors. Relaxed scan of the corresponding dihedral at the -RXW&D3/cepVTZ was
performed to determine the internal rotation potential energy and moments of inertia using the
lammmodule of MW. Unimolecular dissociation rates were calculated usingaherscal transition
state theory (CTST) with Eckard asymmetric tunnelling correg4ibhe time concentration profiles
and the temperature and presswuaependent rate constants was modelled employing the RRKM/ME
approach on thenultiwell Y 8 0 SNJ Sljdzt A2y O2RS O Q2RO Was A | f
used to describe theollisional enegy transfer probabilityDenSummodule implementation othe

BeyerSwinehart direct counalgorithnP® was used for computing the sum and density of states.

5.5. Results and Discussion

5.5.1.lon Chemistry

The total electron TPES and mastected TPESW6TPESN/z 94) forMCFare shownin Figure5-1.
Overlaid inblue is a FrancilCondon (FC) simulation of the molecular ionization employing an IE of
10.90 eV, for which the onset and vibrational pattern in the experimental datguditatively

reproduced. As a comparison, the adiabatic and vertical IE determined at th@ERp)/B3LYP/6
72



Chapter 5
311+6(d,p) level of theory are 11.02 eV and 11.43 eV, respectivélye corresponding adiabatic

CBSQB3, G2 and G3 IE values are 1019896 and 10.94 eV, respectivelyhe lack of an obvious

onset band in the TPE&nd large difference between vertical and adiabatic ikEprimarily due to

the poor FC overlap of the neutral and ion geometriegyure5-1b. . Most notable is the

CHh / o6hov/f 02YyRXI 6KAOK A& f2y3aISNIAY GKS ySdziNI
at 10.85 eV is missing in tine@ z94 ms- TPES, indicatirthat this feature does not belong to the MCF
spectrum. Indeed, it corresponds to the ionization of formaldehyde (IE 10.88 eMjecomposition

product of neutral MCF.

Theexperimentallyderived appearance energy (AE) for Cl loss is 11.30 £ 0,0th&W agrees with

the literature electron ionisation value of 11.240.( eVwithin the respective error barsdNote that

there was no kinetic shift in the data and so the AE could be read directly from the experimental
breakdown curve Combined with theexperimentalEdetermined with the help ofhe FC simulation,

this AE yields af = 0.9 + 0.05 eV.Thus, @composition occurs only a few tenths of an eV above
the IE The optimised minimum energy reaction pathway for the loss of Cl is shofiguine5-2b

and illustrateghe relatively small activation energy o#Q.eV required for the dissociation which is
close to the experimentally determined @.4V. The primary fragment io€HBOCO subsequently
dissociates to C#i+ CQ.*° As seen in the potential energy surfand-igure5-2b, Cl loss is associated
with a reverse barrier as the G@oiety becomes quadinear upon increasingdCl bond length.
Once the system passes the transition state, fragmentatise likely to be impulsive with
suprastatistical kinetic energy release. This makes statistical analysis of the breakdown curve of
consecutive Cgloss challenging and superfluotfsl’ as the experimental energetic is unlikely to be

more accurate or ggcise tharthe computational results showin Figure5-2b.
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- ms-TPE
(@) [osoz005ey, ms-TPES (x5)

+ TPES
FC simulation

Intensity / arbitrary units
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10.8 10.9 11.0 11.1 11.2

Photon Energy / eV

1.751 1.671

1.185 1.265

1.320 1.437 1.249 1.489

2 .9

1.084

Figure5-1: (a) TPES of m/z 94, methyl chloroformate with thedt@ulation overlaid in rec
and the experimental ionisation energy showfh) MO06-2X/augccpVTZ optimised
structures for methyl chloroformate ion (left) and neutral {rijy

74



Chapter 5

100

(a)

80 4 .

AE =11.30 £ 0.02
60 - i "
..« MCF*

. « [MCF-CI]*
“, + CH;

40 4
[MCF-CH,O]*

Normalised Intensity / %

20 4 M

11.0 11.5 12.0 12,5 13.0 13.5 14.0
Photon Energy / eV

225

2.00

1.25

100

Relative Energy / eV

9
0.75 °=4 I )
0.50 ‘J ‘
? 0.41)
025 > & “‘J
o> Vb » "o ’
000 | W (-0.004)

-0.25

Figure5-2: (aJTop] MCF breakdown diagram with RRKM fittiihg [Bottom] Reaction pathway fo
the dissociation of methyl formate ions, losingsOHo the left and ClI to the right, with the energi
relative to the minimum energy conformation of MCfealculatedat the SVECY12 level

Figure5-2a alsoshows the loss of GB”to form CICOwhich appears at higher photon energho
compete at higher photon energies, tlaetivation entropy for this channel had to be set ~ 25'J K
mol* higher than that for C®loss (+4 J&molé', as determined from the calculated TS vibrational

frequencies).This is consistent with the lack of rearrangement required fosGBlbss Figure5-3
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shows the RRKIME) vs E. curves for both channels and shows that at higher photon energy the rates

converge.

Photon Energy / eV

11.0 11.5 12.0 12.5 13.0 13.5 14.0
10% 4 . . T

1013 a

1012 l

" 101t

10% -

[MCF-CO,]"
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107 -

108 4

Rate Constant / s

107 4
108+

10° -

104 T T T T T T T T
0.0 0.5 1.0 15 2.0 25 3.0

lon Internal Energy / eV

Figure5-3: RRKM reaction rate constant plot of MCB vs MCFCHCO.

5.5.2.Neutral decomposition

Mass spectra olatined with increasing pyrolysis temperature are showRigureA3-1. FigureA3-1a,
taken at 115 eV photon energy, shows the presence of M€F radical cation as a low intensity
peak, decreasing in abundance with increasing temperatiigureA3-1b corresponds to 14 eV
where all the products produced by pyrolysis can be ionised. Some of the major peaks &@, m/z
50/52, 44, and 36/38The corresponding rABPES can be used to identify tmelecularcarriers of
these peaksFigures-4 showsthe msTPES for m/z 50 which corresponds tea@Hhe experimental

IE is 11.26 £ 0.02 eV which agrees with the previously reported value of 11.29 eVhasoelgrtron
spectroscopy*® The F&imulation shows a similar pattern to the observed-TRES for GBI with

the first main transition at 11.34 eV lmgj 0>2' which corresponds to the 1032 chvibrational

mode, a rocking motion of the methyl group. The second prominent transition at 11.46 eV is due to
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the 0->6! transition which is from the 3068 chvibrational mode, a @ stretch. The TPES for m/z 44

(FigureA3-2a) also shows that G@ present, so both products of this decomposition channel are

observed.

——m/z 50

i 11.26 +0.02 eV

Intensity / Arbitrary Units

f T T T 1
11.2 11.4 11.6 11.8 12.0

Photon Energy [ eV

T
10.8 11.0

Figure5-4: ms- TPES for GBI, m/z 50 with FGimulation overlaid in red, obtained at 1088

The TPES for m/z 36 with the furnace at®l1is showin Figure5-5, which correponds to HCI, with
an |IE of 12.70 + 0.02V. A photoelectron value of 12.75 eV was derived by Weiss*&tdilo also
observed vibrational structure due to thecBIl stretching mode at 2570 é&hin the cation. A
threshold PES study by Yencha yielded 12.%4).002 eV FCsimulations Figure5-5, red line)
compare favourably with the experimental spectrum and highlight vibrational excitation of 2590

cmbl,
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Figure5-5: ms- TPES for HGh/z 36 with F&imulation overlaid in red, obtained at 62C.

The loss of HCI results iBH2O, which breaks down into CO and £LHas seen by their TPES at m/z

28 and 30 respectively (Figura8-2b,c).

In summary, the m3PES results demonstrate two main pyrolysis reactions with MCF decomposing
to CHCI + C@and HCI + CO + &} the first of which was the dominant reacti@bserved by
Johnson and Stimsod! We estimated the expemental percentage for dissociation and the
branching ratios between R1 and R2. Employing either measured or estimated photoionization cross
sections for C#D (18.8 Mbf? CHCI (30 Mb)® and MCF (39 Mb, based on the crestion for
methyl formate, 9 Mb, and the difference between £&hd CHCI, 30 Mb)* 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 geakdCF 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 the3dd-O-QO)Cldihedral angle. The global minimum corresponds to the syn
conformer 6ynMCF) Six reaction pathwaywere considered for the thermal decomposition of MCF

in order to rationalize the experimentally identified produ@@gure5-6).

——> H,C-Cl * CO,
(1
o)
| > NCHz t oHal
(2) O/ (23)
4} Cl H
~ 3
H,C @ >=o + HCl + o
MCF H
o A
H H
> o+ >:O
4 (4a)
H Cl
. Co+ HC/O\CI
(%) 3 (Sa)
0
SN+ o
Cl
© H;C C
0

Figure5-6: Unimolecularthermal decomposition paths for MCF

The energetics relative tthe synMCF conformation obtained at different level of theory are
presentedin TableA3-1, and the minimum energy reaction pathwaysSAfEC¥12 level of theory

are shown irFigure5-7. There is a good agreement between the levels of theory in the prediction of
the reactivity trend othe different reaction pathsThe main dissociation paths start from the higher
energy conformeanti-MCF (16.9 kJ mbkelative tosynMCF) which is separated from the global

minimum by an energy barrier of approximately 42 kJ-h{Blgure5-7).
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Figure5-7: Energydiagram E+ZPEfor the unimolecular decomposition of MCFSAWECY12 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 {CHand C®via a 4membered
transition state TSE H ¢ n @A), a§ prédidtedl byeJohnson and Stim8ébBoth decomposition

paths (R2) and (R3) lead to CO an@® product formation by HCI loss. Path R2 follows astep
mechanism, with intramolecular hydrogesbstraction for HCI loss forming the cycligC®CO
intermediate TSZ o n n ®Yin theWirst¥sted, which then promptly decomposes CQGHwith
2PSNI I &adz0 YSNHSR (NI yIETsain2hy sedondroneSin R3{itheseproddets | W
are formed directly, but the barrieTS3A & | 0 2 dzii ! abgve TB2Patl’ R4 axcurs by an
intramolecular Hshift TSTS40 1 n 1 Y which preduces O andHC(O)Clsimilar to that
reported for the decompsition of methyl formate® HC(O)Gtan eventually decompose t6Cl and

CQ The high relative energy 01S4suggests that R4 is not a competitive path to HCI + CeC@H

Path R5 also can yield HCI + CQGHover even highdying transition states{SE o p dpdH | W
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and TS5& n p c @), hish Mmakes éis reaction pathway unlikely to contribute to the

mechanism except at very high temperatures (see below).

Finally, Cl atom loss is highly endothermic (343.9 k3)mehich would make competitiowith R1
and R2. Based on our results we suppose that the permanent gas that was studied by Johnson and
Stimson was likely composed of HCI, CO an®@ét at higher temperatures than in this experiment,

H2) 137

Bimolecular reactions have been demonstrated in some cases when using SiC microféattors.
Nevertheless, these were detected between the parent molecule and a primary product. In the
present case, the only possibility could be a reaction withnmatochlorine, 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 of46m* molec! s? by Cl and a molecular number
density of MCF of 28cm3, reaction a haffife of 600 ps 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 the268B6D3/augcc

pVTZ level of theory for the an unimolecular decomposition paths (R1 and R2). Calculated rate
constants, branching ratios, assuming additive rate constants, and Arrhenius parameters were
calculated at the higipressure limit (HPL) at 76R500 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 ZRiorrected energy o§ynMCFE As bothR1 and R2 reactions occur from

the anti-MCF conformer, relative concentrations based on the psewsdmilibrium between
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conformers were considereableA3-2 in ESI). The values for rate constants obtained in this work
are consistent with our previous waKor alkyl formatesTableA3-3). Theki/ 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 Rledreases 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 Rand R2 arelkA Yy W Y2 f e

ki=5.94 x 18 ¢2855RTg1

ko= 2.46 x 18 e3302RTgl

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 pathwaysdiuagto 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 ab® 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 M®PES of MCF and its dissociativeziation 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 eVheunimolecular ion chemistry of MCF is characterized by the loss pa<ibe

most signiicant reaction occurring just above the ionization threshold (AE = 11.30 + 0.02 eV). At
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higher photon energies, loss of §competes due to its more favourable activation entropy (AE =
12.14 + 0.19 eV). The decomposition of neutral methyl chloroformstiedied by pyrolysis and
iPEPICO detection, confirmed that the major decomposition route is formationz6fl GHCQ) while

the generation of HCI + CO +;OHks able to compete due to the high temperatures in the experiment.
This latter reactio02 dzf R 6 S GKS a2dz2NDOS 2F (GKS aLISNXYPYy Sy
The calculated reaction rate constants could be used to qualitatively predict the decomposition of

MCEF if the vibrational temperature remained high during the experimentagfiiame, 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. Matycompleted 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 formatgPF)s of interest in organic synthesis as a CO surrogate, eliminating the neeatko
with CO gas, thereby reducing toxictfiz’ Being the simplest aromatic ester, it is also a component
and a representative model cqround of biofuels’” Phenyl formate pyrolysis has been studied, and
the primary reaction pathways were revealed to occur via an intramolecular hydrogerfaioiyed

by the release of CO or g@ith CO loss being kinetically favourablélowever, very little is known
about the ion chemistry of phenyl formate. Thedated phenyl acetate exhibits an ionisation energy
(IE) of 8.6 eV, and a dissociative ionisation channel to foraCGHplus ionised phenol with an

appearance energy, AE, of 10.15%%/.

Phenyl chloroformate (PCF) has been used in the chemical industry as a precursorXoNeafiakyl
formamidinesandas a hydrogeitbond donor catalyst?33The pyrolysis of phenyl chloroformate has

been previously studied, showing the loss of CO of. Cl@ contrast with PF, however, €l0ss
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The ion chemistry of phenyl chloroformate has not yet been reported in the literature.

In this study, weexplorethe relationship between the ion chemistry of these formates and thé-hig
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 exploredwatnqmally 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.

Thecomparativelylow draw-out field results in cabn residence times in the acceleration region of
several ps. If the unimolecular rate constant for fragmentation is in tHe 11 a ‘&range, ions will
dissociate while still in the acceleration region, resulting in a smaller tieainal kinetic energy and
larger than nominal time of flight for the fragment ion. Thasultsin asymmetric timeof-flight (TOF)
peaks for product ionswhich can be modelled to extract unimolecular decay rate constants as a

function of photon energy.

Massanalysed ion kinetic energy spectrometry (MIK&®eriments were performed on a modified
VGZAB three sector instrumetiat has been described in detail previosbiy*® Thespectrometer
consists of a magnetic sector, followed by two electrostatic analysers (VG Analytical, Manchester,
U.K.) Phenyl chloroformatevapourwas introducedinto the ion sourcewhere dectron ionsation
creates radical cationdons were accelerated t® kV, and metastable molecular ions were selected
with the magnetic sector and transmitted to the second fiiee region (2FFR) of the instrument,
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where those dissociating at rate constants betweefdtd 1¢ a ‘dorm fragment ions. The fragment
ions are then detected according to their kinetic energies byfitst electrostatic analyser (ESA).
Spectra were reorded using ZABCAT progradeveloped by Mommers Technologies (Ottawa,

Canada}®

6.4. Computational Details

6.4.1.Electronic Structure Calculations

Hectronic structure calculations were carried out using the Gaussian 16 software %uifdl
structures were optimizeavith Density Functional Theory (DRIBingB3LYP/&11+%3d,p). CBS

QB3 singlgoint energy calculations at these geometries were employed to obtain accurate relative
energies for all structures. ransitions statesvere confrmed byintrinsic reaction coordinates (IRC)
calculations.FranckCondon simulations were carried out in Gaussian 16. -RarespergeKassel
Marcus (RRKM) calculations were performed using the direct count algorithm of Beyer and

Swinehart®®

6.4.2.Kinetics
The minimalPEPICO program was used to fit the iPEPICO breakdowpf dev@rocedure for the

fitting is outlined in Chapter 2.3.3.

6.5. Results and Discussion

6.5.1. Phenyl Formate

The TPES and A®ES for PFare shown irFigure6-1. 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
FranckCondon factor for the origin transitiofrigure6-1b). The formate group is orthogonal to the

benzene ring in the neutral, but the system is planar in the cation ground electronic state.i$lze
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appear in them/z94 msTPES (shown). While this corresponds to thdd@® dissociative ionisation
channel of PF, the signal at this energy is consistdth a band owing to phenol ionisation to a
vibrationally excited leveR® 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 Hi@B3BS

level of theory is close to the experéntal ionisation onset.

PF“only exhibited the loss of CO in dissociative ionisation the current energy range. The breakdown
diagram and the statistical fit to it is given Kgure 6-2a with experimental and RRKM TOF
distributions inFigure 2bFigure6-2c shows the minimum energy GGss pathwayn PF. The DFT
RSGSNXYAYSR | OGAGIGAZ2Y Sy *NMBdRR1060KNNditHe RRKRIAitNg 2 O A
yielded& =0.96+ 0.05 eV, which, together with an IE of 8.88 eV, giveKappearance 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 t®/drogen shift, has a lower activationengy in PFcompared to the 1.55

eV activation energy for 1;8ydrogen shift, which leads to the loss of2CB in phenyl acetatk®
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Figure 6-1: (a) TPES anan/z 122 msTPES for PRwvith the CBSQB3//B3LYP/®11+%(d,p)
calculated IEshown by a dashed lineg(b) Structures of PF and PBptimised atthe B3LYP/¢
311++3(d,p) level oftheory.
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Figure6-2: (a) Breakdown diagram of PFosing CO withthe statistical model overlaid as a solid
of the respective colourgb) TOFs for than/z 122 and 9 peaks for PFdecompositionat the
indicated photon energywith RRKM fitting overlaith red and(c) Minimum energy reactio
pathwaycalculated for loss of CO from*Rf B3LYP/@11++G(d,p).
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