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Abstract

The chemistry of Criegee intermediates, produced in the atmosphere via oxidation
of unsaturated volatile organic compounds by ozone, has potentially important
impacts on atmospheric composition and thus on air quality and climate. In recent
years, there have been significant advances in our understanding of the properties
and chemistry of Criegee intermediates following the advent of photolytic sources
for use in laboratory experiments. Since the discovery of this photolytic production
method of Criegee intermediates, various methods have been employed for their
detection, which have yielded vast information on Criegee spectra and the kinetics
of Criegee reactions with other atmospheric species. However, discrepancies persist
in Criegee intermediate spectra, rate coefficients of Criegee intermediate reactions

and also in product yields.

In this work, the UV absorption cross-sections of the simplest Criegee intermediate
CH200, and kinetics of the CH.OO self-reaction and the reaction of CH.OO with |
are reported as a function of pressure. Measurements were made at 298 K using 248
nm pulsed laser flash photolysis of CH2l2/O2/N2 gas mixtures coupled with
time-resolved broadband UV absorption spectroscopy at pressures between 6 and
300 Torr. Results give a peak absorption cross-section of (1.37 + 0.29) x 101" cm? at
~340 nm and a rate coefficient for the CH>0O self-reaction of (8.0 + 1.1) x 10!
cm?® s, with no significant pressure dependence of the absorption cross-sections or
the self-reaction kinetics over the range investigated. On the contrary, the rate
coefficient for the reaction between CH>OO and | demonstrates pressure
dependence over the range investigated, with a Lindemann fit giving ko = (4.4 = 1.0)
x 102 cm® st and k» = (6.7 + 0.6) x 107 cm® s, The origins of 10 in the system

have been investigated, the implications of which are discussed.

Additionally, the CH.OO + SO reaction at room temperature was selected to
develop and characterise a robust and economical instrument that can be applied to a
wide range of problems in atmospheric chemistry and beyond. The development,
characterisation and initial results from the experiment using 266 nm pulsed laser
flash photolysis coupled with time-resolved mid-IR quantum cascade laser (QCL)
absorption spectroscopy are reported. The IR absorption spectrum of CH>.OO and
rate coefficient of the CH,OO + SO reaction with respect CH2OO loss and SO3
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production are reported at 298 K and pressures in the range 20-100 Torr. Results
indicate the CH>OO spectrum to be in good agreement with that of a previously
reported measurement in terms of relative peak heights and positions in the
wavenumber region 1285.5917-1286.0605 cm™, and a rate coefficient for the
CH200 + SO reaction of (3.8 + 0.5) x 10t cm® s from both CH,00 and SOs
measurements, with no significant pressure dependence over the pressure range
investigated. The product yield of SOs from the reaction of CH200 + SO: is
determined to be independent of pressure over the range investigated, with an SOs

absorption cross-section of (5.5 + 2.3) x 10*° cm? at ~1388.7 cmL.
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Chapter 1

Introduction

The study of the Earth’s atmosphere and air is one of the oldest realms of science
and the ever-changing nature of the atmosphere has been of interest to humans for
millennia. Over the last 200 years, it has been recognised that anthropogenic
activity, resulting in emissions of trace gases, has led to significant changes in the
natural environment and the composition of the Earth’s atmosphere and climate. In
today’s society there exists a global consensus that fossil fuel combustion and
emissions of radiatively active species, commonly referred to as greenhouse gases
(GHGs), produced by anthropogenic means are causing changes to the Earth’s

climate and contributing to rising global temperatures and diminishing air quality.*

Atmospheric composition is established, controlled and defined by emissions,
meteorology and chemistry, meaning changes to atmospheric composition can occur
both directly, through the release and movement of pollutants, and indirectly,
through the chemical transformation of pollutants, and can potentially result in
environmental issues such as ozone depletion, smog formation and climate change.
The chemistry occurring can differ vastly depending on which layer of the
atmosphere is being investigated i.e. the altitude from the Earth’s surface, and
chemistry and emissions can vary from region to region e.g. an urban environment
such as a busy megacity compared to a remote environment such as a tropical
rainforest. Understanding atmospheric chemistry is integral to addressing climate
change and issues relating to air quality and human health, along with the
accompanying legislative measures and policies which arise from the effort to
rectify such issues. An introduction to the Earth’s atmosphere and a brief discussion

of the chemistry occurring within this atmosphere are provided in this chapter.

1.1 The Earth’s Atmosphere and Climate System

The Earth’s atmosphere refers to the layer of gases surrounding the Earth. Retained
by gravitational interactions with Earth, the atmosphere is perpetually changing due

to dynamic processes and chemical reactions. This atmosphere is of fundamental
1
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importance to protecting and sustaining life on Earth as we know it, by creating
pressure allowing liquid water to exist on the Earth’s surface, absorbing solar
radiation warming the surface through heat retention, known as the greenhouse
effect which is described in detail below, and reducing temperature extremes

between day and night.

Air composition, atmospheric temperature and pressure all vary with altitude, and
Earth’s atmosphere is often classified into different layers which can be described by
their characteristic vertical temperature gradients.? While the temperature in the
atmosphere varies by a factor of less than two, the pressure changes by six orders of
magnitude,®> however the vertical temperature profile of the atmosphere is more
complex than the pressure profile, which essentially decreases exponentially with
increasing altitude. Consequently, most of the mass of the atmosphere is found at
low altitudes with over 99 % of the mass of the atmosphere residing below 50 km in
altitude. The variation in the vertical temperature and pressure profiles of the

atmosphere are shown in Figure 1.1.
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Figure 1.1: Typical variation of the vertical temperature profile and total pressure of the Earth’s

atmosphere with altitude in the range 0-100 km. Reproduced from reference 2.2

2



Chapter 1 Introduction

The lowest layer of the atmosphere, stretching out from the Earth’s surface at 0 km
to an altitude of approximately 7 km at the poles and 15 km at the equator and
containing 85-90 % of the atmosphere’s mass, is known as the troposphere. The
gradient of the tropospheric temperature profile is negative as it features a decrease
in temperature with increasing altitude since the primary heating source in this
region is a result of energy transfer from the Earth’s surface, thus the lowest part of
the troposphere, i.e. the Earth’s surface, is typically the warmest section with an
average temperature of approximately 15 °C or 288 K, and as the distance from the
source or altitude is increased, the temperature decreases.? Rapid vertical movement
of gases by convection is promoted in the troposphere due to the negative
temperature gradient, meaning that all species within this layer are vertically well
mixed, with nearly all atmospheric water vapour (H2O) or moisture found in this
layer making it the region where most of the Earth’s weather takes place. The
troposphere is often further divided into three layers, namely the Earth’s surface
layer, the boundary layer and the free troposphere. The boundary layer can extend
up to 2 km in altitude and is the region of the atmosphere closest to ground level, i.e.
Earth’s surface, and is directly affected by it mainly through highly turbulent and
fast mixing, hence interactions between the Earth’s surface and its atmosphere are
greatest here.> During the day, the Earth heats the surface layer by thermal
conduction (heat transfer via direct physical contact i.e. molecular collisions) which
mixes with the region above through thermal convection (heat transfer via bulk flow
of a fluid i.e. mass motion of molecules within a gas or liquid), meaning the
boundary layer is well mixed. The free troposphere is the region above the boundary
layer where interactions between the surface and atmosphere are less significant,
since the change in temperature with altitude, or temperature gradient inversion,
above the boundary layer is usually small resulting in slow transfer of species from
the boundary layer to the free troposphere, effectively trapping pollutants. During
the night, the Earth’s surface cools and the boundary layer becomes stably stratified,
minimising heat transfer and mixing to only weak or intermittent levels thereby
reducing the height of the boundary layer to the surface layer and hence confining

pollutants to this region.

The region of the atmosphere above the troposphere is the stratosphere,

approximately 15 to 50 km in altitude and separated from the troposphere by the
3



Chapter 1 Introduction

tropopause. Interactions between the atmosphere and solar radiation lead to a
positive temperature gradient in the stratosphere, meaning the temperature increases
with increasing altitude, in particular due to absorption of solar ultraviolet (UV)
light by atmospheric ozone (Os),> the majority of which is contained within the
stratosphere in what is referred to as the ozone layer, which restricts turbulence and
mixing.® Although the temperature may be -60 °C or 213 K at the tropopause, the
top of the stratosphere is much warmer at temperatures typically near 0 °C or 273 K.
Located directly above the stratosphere is the mesosphere, extending approximately
from 50 to 90 km in altitude within which rapid mixing is also experienced. The
mesosphere is bounded below by the stratopause and above by the mesopause, and
has a negative temperature gradient with the temperature cooling to approximately
-85 °C or 188 K in this region.?

Beyond the mesosphere lie the thermosphere and exosphere, the upper-most regions
of the Earth’s atmosphere at altitudes of 90 to 700 km and 700 to 10,000 km
respectively. The air is so rarefied and atoms and/or molecules are so far apart in
these layers that they can travel 1 km and hundreds of kilometres in the
thermosphere and exosphere respectively before colliding with another species. The
temperature in the thermosphere is reliant on solar activity? and gradually increases
with altitude to as high as 1500 °C or 1773 K, again giving a positive temperature
gradient, which is in fact a direct consequence of the low-pressure conditions, since
molecular collisions are so infrequent that any absorption of solar radiation by
species in this region leads to high translational velocities and high apparent
temperatures.® However, thermal equilibration between translational, vibrational and
rotational modes of species does not occur in the thermosphere given the low
number densities present, therefore this layer of the Earth’s atmosphere does not
store much energy. Due to the lesser still number of collisions between species in
the exosphere, this region no longer behaves like a gas and the particles constantly
escape into space, i.e. they are free-moving particles. The thermosphere and
exosphere are the regions where many of the satellites orbiting the Earth are
contained. It should be noted that the majority of the atmospheric chemistry
described within this chapter, and indeed this thesis, concerns the chemical
transformations occurring predominantly in the planetary boundary layer and the

free troposphere.
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As well as physical properties such as pressure and temperature, optical properties
also vary throughout the atmosphere, such as absorption, emission and scattering of
solar radiation. Solar actinic flux, which is measured in quanta s* cm? nm* and
varies as a function of altitude i.e. between the bottom and top of the atmosphere as
shown in Figure 1.2, is the sum of the direct solar flux, the downward scattered solar
flux via Rayleigh and Mie scattering and the upward diffuse flux from reflection and

radiation from the Earth’s surface.*
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Figure 1.2: Solar actinic flux a) at the top of the Earth’s atmosphere in the wavelength range 100-600
nm and b) at various altitudes within the Earth’s atmosphere and at the Earth’s surface in the
wavelength range 150-400 nm, illustrating the decreases in the actinic flux resulting from
strong absorption of solar energy by O, below ~180 nm and by Os, which is predominantly in

the stratosphere, between 220 and 300 nm. Reproduced from reference 4.4

The atmosphere surrounding the Earth is responsible for moderating its climate, with
the principal energy input being through solar radiation, as shown in Figure 1.3.
Prior to the industrial revolution which marked a period of development in the latter
half of the 18" century, the Earth’s surface temperature had remained relatively
constant and stable since the end of the last glacial period approximately 12,000
years ago,” suggesting that an equilibrium had been reached between the incoming
radiation from the Sun and the outgoing emission from the Earth and its atmosphere,
achieving what is referred to as a radiation balance. Of the energy the Earth receives
from the Sun, just under half is absorbed by the Earth’s surface, 30 % is reflected
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back out of the Earth’s atmosphere and the remaining approximately 20 % is
absorbed by gas molecules within the atmosphere,® with different molecules
absorbing different wavelengths of radiation, such as stratospheric ozone which
absorbs much (> 97 %) of the ultraviolet (UV) light at wavelengths between 200 nm
and 315 nm.’
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Figure 1.3: A schematic representation of the Earth’s energy budget. Adapted and reproduced from

reference 6.8

UV and visible energy from the Sun is absorbed by the Earth’s surface, which
re-emits this energy as infrared (IR) radiation. Although most of the IR emitted is
radiated directly into space, some is trapped in the Earth’s atmosphere by certain
naturally occurring molecules known as greenhouse gases (GHGSs), e.g. carbon
dioxide (CO.), water vapour (H20) and ozone (Os), which absorb it, and then
re-radiate or convert it to thermal energy, warming up the Earth’s surface and lower
atmosphere in a phenomenon referred to as the greenhouse effect.® Without any
‘natural’ greenhouse effect, the Earth would be too cold (-18 °C or 255 K) for liquid
water to exist and therefore uninhabitable, meaning the greenhouse effect is integral
to the balance of incoming and outgoing radiation which supports life on Earth.°
Unfortunately, problems arise when there are changes to this natural system,

described in detail further in this chapter.
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1.1.1 Air Quality

Air quality refers to the state of the air at any given time and in a particular place,
with good air quality describing clean unpolluted air which is vital to the
maintenance of the delicate balance of life on Earth, for humans, vegetation,
wildlife, water and soil alike.® Ambient air quality standards are legal guidelines
proposed by international and/or regional organisations, such as the World Health
Organisation (WHO) and the European Commission respectively, for concentrations
of pollutants in the air. Limits for selected pollutants set by the latter are summarised
in Table 1.1.2* Failing to meet these criteria results in poor air quality, which is when
pollutants reach high enough concentrations to endanger human health and/or the
environment, with one such result of air pollution being acid rain.® Adverse effects
of air pollution on human health include aromatics which are carcinogenic, nitrogen
dioxide which leads to cardiovascular effects and ozone which causes damage to
crops and can trigger respiratory health problems in humans.! Air quality is
controlled by the composition of the atmosphere which in turn is controlled by
emissions, meteorology and chemistry, therefore an improvement in air quality can
only be achieved by first understanding the chemistry occurring in the air and then
strictly regulating emissions of pollutants found to be detrimental to air quality,
including both primary pollutants such as nitrogen oxides (NO + NO_) and sulfur
oxides (SO + SO), collectively known as NOx and SOx respectively, and volatile
organic compounds (VOCs), and secondary pollutants such as ground level ozone
(O3) and particulate matter (PMz.s for small or fine particles with a diameter of 2.5

um or less and PMio for large or coarse particles with a diameter of 10 um or less).

Pollutant Concentration Averaging Period
Carbon monoxide (CO) 10 mg m Maximum daily 8 hour mean
Ozone (O3) 120 pg m Maximum daily 8 hour mean
. . 200 pg m3 1 hour
Nitrogen dioxide (NO,) 40 g e 1 year
. 350 ug m3 1 hour
Sulfur dioxide (SO,) 125 g m? 24 hours

Table 1.1: European Commission standards for concentrations of selected pollutants in the air.

Reproduced from reference 11.1!
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1.1.2 Climate Change

Climate change refers to a change in the usual climate patterns on a global or
regional scale, resulting in a long-term shift in weather patterns.® These changes
include temperature, precipitation patterns, and wind and storm force and frequency,
and are accompanied by major alterations in sea levels associated with melting ice
sheets and glaciers. More specifically, it refers to anthropogenic climate change
rather than natural climate change, i.e. any change apparent from the mid to late 20%"
century onwards and attributed principally to human use of fossil fuels
consequentially leading to increased levels of atmospheric GHGs such as COs..
Global warming is the process by which the overall temperature of the Earth’s
atmosphere exhibits a gradual increase, generally attributed to the greenhouse effect
caused by increased levels of CO., chlorofluorocarbons (CFCs), and other GHGs. In
particular, global warming is the enhanced greenhouse effect caused by high
atmospheric concentrations of GHGs, such as CO,, methane (CHsa), nitrous oxide
(N20) and Oz produced via anthropogenic sources, resulting in additional warming
of the Earth’s atmosphere over ‘natural’ conditions leading to the observed
temperature increase.! Radiative forcing (RF) is the change in the net irradiance
(difference between incoming and outgoing radiation energy) compared with an
unperturbed atmosphere (taken as pre-industrial 1750). There is much uncertainty in
RF values for many forcing agents such as aerosols, the direct and indirect effects of
which both have negative RF values as shown in Figure 1.4, since aerosols cool the

atmosphere and offset climate change.'? 13

The Intergovernmental Panel on Climate Change (IPCC) fifth assessment report
2013 concluded a total increase in RF of approximately 2.4 W m? relative to the
start of the industrial era in 1750 as shown in Figure 1.4.12 It was claimed that the
dominant cause of the observed climate change and warming since the mid-20™"

century was extremely likely to be human influence (>95% probability).
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Radiative forcing of climate between 1750 and 2011 cfidence
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Figure 1.4: A schematic radiative forcing diagram from the IPCC 5™ assessment report 2013,
showing the most significant factors contributing to global warming and the radiative forcing

value associated with each forcing agent. Reproduced from reference 12.12

In 2010, parties to the United Nations Framework Convention on Climate Change
(UNFCCC) agreed that warming should be limited to below 2 °C in order to avoid
dangerous levels of climate change, with the year 2015 seeing the first time since
records began that the annual global average temperature reached the halfway mark
to this limit with a 1 °C anomaly since pre-industrial times.!* The IPCC sixth
assessment report is due to be finalised and published in full by 2022 in time for the
2023 Global Stocktake by the UNFCCC,® when countries will review progress
towards the Paris Agreement, which is a legally binding international treaty on
climate change signed in 2016 with the goal of keeping global warming to well
below 2 °C while pursuing efforts to limit it to 1.5 °C compared to pre-industrial

levels.16

The above two phenomena, air quality and climate change, are well established in
their own right, with links and feedbacks across each. However, their causes are
similar, that is the release of air pollutants originating from a variety of
anthropogenic sources and human activities. Burning of fossil fuels such as coal, oil

and natural gas is the major source common to both.
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1.1.3 Atmospheric Composition and Trace Atmospheric Species

The composition of the Earth’s atmosphere primarily consists of nitrogen (78.1 %),
oxygen (20.9 %) and argon (0.9 %). The remainder of the atmosphere comprises
what are known as trace species, several of which are listed in Table 1.2.}" Despite
their low abundance, it is these trace species present in the atmosphere which dictate
much of the atmospheric chemistry taking place, thereby having a profound
influence on the atmosphere and major implications for air quality and climate
change. There are many different types of trace gases present in the atmosphere,
namely those which are produced naturally, i.e. from geothermal sources such as
volcanoes emitting SO», or extreme heat of lightning during thunderstorms
producing NO, and biogenic sources such as plants and micro-organisms emitting
VOCs, including isoprene and monoterpenes, and those which are produced from
anthropogenic sources such as fossil fuel combustion emitting NO, NO2, SO, CO»
and unburnt fuel.)” These reactive species have a role to play in the atmospheric

composition of other trace species through chemical and photochemical reactions.
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) Chemical  Volume Mixing .
Constituent . i Major Sources
Formula  Ratio in Dry Air*
Nitrogen N2 78.084 % Biological
Oxygen 0, 29.948 % Biological
Argon Ar 0.934 % Inert
Carbon dioxide CO; 416 ppmv** Combustion, ocean, biosphere
Neon Ne 18.18 ppmv Inert
Helium He 5.24 ppmv Inert
Methane CH,4 1.7 ppmv Biogenic, anthropogenic
Hydrogen H, 0.55 ppmv Biog%nr:gigggga?i%c;?enic,
Ozone (stratosphere) 0Os 0.5-10 ppm Photochemical
Nitrous oxide N20O 0.31 ppmv Biogenic, anthropogenic
Carbon monoxide Co 50-200 ppbv Photochemical, anthropogenic
Ozone (troposphere) 0Os 10-500 ppbv Photochemical
VOCs RH 5-500 ppbv Biogenic, anthropogenic
Nitrogen oxides NOx 10 pptv-1 ppmv Soils, lightning, anthropogenic
Ammonia NH; 10 pptv-1 ppbv Biogenic, anthropogenic
Hydroxyl OH 0.1-10 pptv Photochemical
Hydroperoxyl HO; 0.1-10 pptv Photochemical
Formaldehyde HCHO 0.1-1 ppbv Photochemical
Sulfur dioxide SO, 10 pptv-1ppbv Photochemical, volcanic,

anthropogenic

*Excludes water vapour

**This is the atmospheric concentration of CO, as measured in April 2021

Table 1.2: Chemical composition of the atmosphere. Adapted and reproduced from reference 17.%7

Of the trace species in the atmosphere, water vapour, H20, which is the most potent

greenhouse gas and typically constitutes a few percent of the troposphere, exerts the

greatest influence on atmospheric chemistry through its roles as a reactant, in the

formation of hydroxyl radicals, and a catalyst, since it can significantly alter reaction

mechanisms and pathways of important atmospheric reactions through the catalytic

effect.’® It is also constantly transferred between the troposphere and terrestrial

reservoirs in the water or hydrological cycle, which describes the continuous

movement of water between land and ocean surfaces and the atmosphere. Water

11
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vapour is much less abundant in the stratosphere, with typical concentrations on the
order of a few ppmv (parts per million by volume) and the primary stratospheric
source of H2O thought to be the oxidation of methane.? Another important trace
species is carbon dioxide, CO», which is also a greenhouse gas, the concentration of
which has seen a constant and steady increase since the industrial revolution, and

which has the largest radiative forcing effect on the atmosphere (Figure 1.4).

Similarly, ozone, Os, is a greenhouse gas, and is an important trace gas which is
naturally occurring and present throughout the Earth’s atmosphere, however it is not
uniformly distributed since it exists in varying concentrations within the atmosphere
strongly depending on altitude, with the maximum concentration found in what is
known as the stratospheric ozone layer. Stratospheric ozone is formed naturally by
solar UV radiation breaking apart oxygen molecules (O2) to produce two highly
reactive oxygen atoms (O) which then combine with another oxygen molecule to
produce Os.° A steady-state stratospheric concentration of ozone, known as the
Chapman mechanism, is set up since this continual production is balanced by its
equally continual destruction via reactions with sunlight and a wide variety of
naturally occurring and man-made chemicals in the stratosphere, such as hydrogen
and nitrogen oxides and those containing chlorine and bromine. Tropospheric O3
production cannot occur following solar photolysis of O, molecules due to the
reduced solar intensity at wavelengths below 250 nm, which is a direct result of UV
absorption by Oz and O in the stratosphere. Instead, the presence of tropospheric O3
is partially due to regular downward transportation from the stratosphere, with
significant contribution from chemical formation,’® which is discussed in detail
further in this chapter. Another reactive trace species which, although only present
in small concentrations in the atmosphere, controls much of its oxidative chemistry,
is the hydroxyl radical, OH, with the primary tropospheric source being solar

photolysis of ozone, as discussed in detail further in this chapter.

1.2 Atmospheric Emissions of Volatile Organic Compounds

One important class of trace atmospheric species is volatile organic compounds

(VOCs). These are organic species with a high vapour pressure present in the gas

12
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phase at room temperature and atmospheric pressure. Emissions of VOCs can occur
via natural processes or human/industrial processes, with some anthropogenic VOCs
being regulated by the law and various bodies such as the VOC Solvents Emissions
Directive in the European Union, the Environmental Protection Agency (EPA) in the
US, and the World Health Organisation (WHO), as some VOCs can be harmful to
human health and/or the environment.?® 2! It is necessary to know and understand
the chemistry of both biogenic and anthropogenic VOCs in order to accurately
assess the competition in reactions and their relative impacts in different regions or

environments.

Total VOC emissions from biogenic sources, which are those made in life processes
by nature i.e. produced by living organisms such as plants, animals, microbes and
fungi, are estimated to be more than 8 times as much as the total anthropogenic
VOC emissions, which are those originating in or from human activity.?? Excluding
methane (CHs), approximately 1150 teragrams of carbon per year (Tg Clyr) is
released into the atmosphere in the form of VOCs which can be credited to
biological sources. Comparatively, anthropogenic sources account for only

approximately 142 Tg C/yr in the form of VOCs.??

1.2.1 Biogenic VOCs from Plants

The majority of biogenic VOCs are released by plants with the most abundant
compound emitted being isoprene (2-methyl-1,3-butadiene, CsHs).?® Isoprene is
produced and emitted by many (but not all) perennial plants, such as various species
of trees e.g. oaks, poplars and eucalyptus, and shrubs. It has been reported that of the
1150 Tg Clyr of VOCs emitted globally by biological sources, approximately 528
Tg Clyr is solely due to isoprene emissions, equating to 600 Tg per year of

isoprene,?* half of which is from tropical broadleaf trees.

A major class of VOCs is terpenes, which are derived biosynthetically from units of
isoprene, and are mainly hydrocarbons, although some contain alcohol, aldehyde
and ketone functional groups. Hence terpenes are classified sequentially by
increasing chain of isoprene units.?®> One such type of terpenes are monoterpenes,
consisting of two isoprene units (dimers of isoprene), with the molecular formula

CioH1e. Examples of monoterpenes include limonene (present in citrus fruits),
13
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linalool (present in lavender), myrcene (present in hops) and pinene (present in pine

trees and existing as one of two isomers, either a-pinene or B-pinene).

1.2.2 Anthropogenic VOCs from Fossil Fuels and Other Sources

Use of fossil fuels such as coal, oil and gas can emit VOCs in two ways: either
directly as products e.g. gasoline, or indirectly as by-products such as from vehicle
exhaust gas emissions e.g. benzene which is a known human carcinogen. VOCs,
including those from fossil fuels, influence climate through their production of
organic aerosols and their involvement in photochemistry and photochemical smog
formation, which is characterised by high concentrations of Oz and fine particles.
Photochemical production of tropospheric Oz occurs in the presence of NOx (NOx =
NO + NOg, nitric oxide and nitrogen dioxide respectively), carbon monoxide (CO)
and light, along with VOCs.?® The chemistry which occurs and its mechanism is

discussed further in this chapter.

Chlorofluorocarbons (CFCs) were used widely in the 20th century as cleaning
products, refrigerants, solvents and propellants in aerosol applications. It was later
discovered that CFCs contribute to ozone depletion in the upper atmosphere and
hence the manufacture and use of such products has been strictly regulated, phased
out and in some cases banned under the Montreal Protocol 1989, and replaced with
the counterpart hydrofluorocarbons (HFCs).?” Although this legally binding
document was introduced due to the role of CFCs in ozone depletion, their
atmospheric impacts are not restricted to their part as active ozone reducers. This
class of anthropogenic VOCs is also a very potent greenhouse gas with a potential

for increasing the greenhouse effect larger than that of CO,.28-%°

Another major source of anthropogenic VOCs are paints and solvents. Many
building materials emit formaldehyde (HCHO) and paint solvents include acetone
and ethyl acetate,®" 32 all of which are irritants, therefore, unsurprisingly, the paint
industry is progressively shifting towards the use of aqueous solvents in paints.
Dichloromethane (CH2Cl,) is found in adhesive removers and aerosol spray paints
and metabolises to carbon monoxide (CO) in the human body. VOCs are of concern
as both indoor and outdoor air pollutants and their effects on air quality are severely

concerning. Evidently, atmospheric emissions of VOCs are abundant, diverse and
14



Chapter 1 Introduction

ubiquitous, with most if not all VOCs creating adverse effects, either directly in the
form of the VOC itself, or through the chemical transformations of such emissions,
which will ultimately determine their impacts on air quality and climate. Not only
are there implications of this chemistry in the atmosphere, but also for human health.

1.3 Atmospheric Chemistry and Oxidation

The atmospheric fate of most VOCs is to undergo oxidation, leading to cascades of
complex reactions and conversion into highly reactive oxidation products,3 3
influencing other atmospheric trace constituents.® ¢ The removal and main
atmospheric degradation process for VOCs, or indeed any atmospheric trace species
which can undergo oxidation, is the reaction with the hydroxyl radical (OH), which

is the principal oxidant of the troposphere under sunlit conditions.3"°

OH radicals are highly reactive and consequently short-lived. Atmospheric
generation of OH (R1.1-1.2) is primarily through solar photolysis of ozone forming
the electronically excited oxygen atom O(D) which reacts with water vapour to

produce two OH radicals*:
Os+hv(2<340nm) —  O(*D) + O, (RL.1)
O(D) + H.0 —  20H (R1.2)

Most of the O(*D) atoms formed in the initial step by ozone photolysis are quenched
to ground state O(*P) which reacts with O to form ozone (R1.3), with only a small
proportion (approximately 1-4 %) proceeding to the formation of OH.

+M

O(CP) + 02 — O3 (R1.3)

Since the formation of OH via the above reaction scheme is dependent upon
radiation from the sun, this suggests that OH production will occur primarily during
the day. This is evident in observed time profiles of OH over the course of a day,
which typically illustrate a diurnal cycle i.e. OH concentration is highest during the
day reaching its peak at midday and reaching a minimum during the night when no
sunlight is present.®” 0 Along with the hydroxyl radical, OH, the two other leading
oxidising species in the air are the nitrate radical, NOs, and ozone, Os. Although O3

is also active during the day, Os and NO3s become more significant during the night.
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As OH is highly reactive towards atmospheric trace species, it is not surprising that
the atmospheric concentration of OH is very low, at approximately 10° molecules
cm3, equivalent to a mixing ratio of ~0.04 pptv (parts per trillion by volume).*° The
reactive nature of the OH radical means it reacts rapidly following formation hence

its atmospheric lifetime is often less than one second, on the order of 0.01 to 1 s.4%42

1.3.1 Reactions of the OH Radical

Oxidation chemistry is responsible for the removal of VOCs and other primary
pollutants such as CH4, SO, and NOx from the atmosphere, whilst also potentially
leading to the production of secondary pollutants such as ozone and secondary
organic aerosol (SOA) as part of the oxidation chain. The oxidation of many species
emitted into the atmosphere is initiated by reaction with OH. Many of these
reactions produce hydroperoxy (HO2) and peroxy (RO2) radicals, which are key
intermediates in the formation of secondary atmospheric pollutants. HO2 and RO:

formation reactions are represented in R1.4-1.5 and R1.7-1.10 respectively.

OH radicals are closely coupled with HO> radicals, with OH and HO> collectively
referred to as HOx (HOx = OH + HO,).%%*2 A major process for HO, formation is
reaction of OH with CO:

+M

OH+CO = (HOCO) — H+CO; (R1.4)

+M
H+ O — HO> (R1.5)

In clean air, OH can be reformed from HO> via reaction with ozone:
HO2 + O3 — OH+20: (R1.6)

Tropospheric OH is also consumed in another important removal process which is

reaction with CHs, forming the methyl peroxy radical (RO,):

OH+CHs —  H20+CHs (R1.7)

+M
CHs + O — CH302 (R1.8)

Similar reactions to that of CH4 occur for most hydrocarbons or saturated VOCs,
RH, with OH. The hydroxyl radical has a strong tendency to remove or abstract a

hydrogen atom from the organic species (RH) forming an organic alkyl radical (R),
16
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which then reacts rapidly with molecular oxygen (O2) in the atmosphere forming

RO, radicals via the following generic mechanism*%-42;

OH+RH — H.O + R (R = organic group) (R1.9)

+M
R+ 0> — RO- (R1.10)

In polluted or industrial environments with high concentrations of NO, reactions
R1.11-R1.13 are important. These ensuing reactions constitute the exclusive

pathway for chemical formation of ozone in the troposphere:

HO;+NO —  OH+NO; (R1.11)
RO;+NO —  RO+NO; (R1.12)
RO + O —  R’CHO + HO (R1.13)

Both HO2 and RO2 compounds are an essential part of the ozone cycle as their
chemistry can lead to Oz production through reactions R1.14-R1.15.40%2 Ozone,
which is a tropospheric pollutant and a greenhouse gas, is a component of

photochemical smog.

NO; + hv (1 < 420 nm) —  NO+O(P) (R1.14)
+M
OCP) + O = Os (R1.15)

The series of reactions R1.4-R1.5 and R1.9-R1.13 are radical chain reactions
(indicated by red arrows in Figure 1.5) which oxidise CO, VOCs and NO, but also
cause a cycling or interconversion between OH, HO, and RO radicals. Including
reactions R1.14-R1.15, this leads to a coupling of O3, HOx and NOx cycles. Radical
recycling via reactions R1.11-R1.13 is of particular relevance as it constitutes a
secondary source of OH, significantly enhancing the oxidation efficiency of the

troposphere.*?
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Figure 1.5: Schematic representation of atmospheric HOx chemistry, illustrating initiation of radical

Os

chemistry (shown by the blue arrows), chain reactions (shown by the red arrows) and

termination steps (shown by the black arrows). Reproduced from reference 43.4

Alkoxy radicals, RO, produced in reaction R1.12, are generally converted to
OVOCs (oxygenated VOCs) either by rapid reaction with O yielding carbonyl
compounds, R’CHO (reaction R1.13) or by unimolecular decomposition and
isomerisation reactions. OVOCs are important in atmospheric chemistry as they can
contribute significantly to organic reactivity in various tropospheric regions, thereby
affecting the atmospheric lifetime of OH. Furthermore, photolysis of OVOCs can be
an important source of radicals in urban conditions, and OVOCs are precursors to
secondary organic aerosols (SOA) which play a role in air quality and climate.*?

ROx (= OH + HO2 + RO + ROy) loss processes in remote, clean environments with
very low concentrations of NO are a source of peroxides (H202, ROOH), as shown
in reactions R1.16-R1.17. These represent termination of radical chemistry through

recombination reactions of peroxy radicals.
+M
HO2+HO, —  H:0:+0:; (R1.16)

HO:+RO2 — ROOH + O (R1.17)

In polluted regions with high NO concentrations recombination reactions are a
source of nitric acid (HNO3) and organic nitrates (RONO3), as shown in reactions
R1.18-R1.19. Such chain termination reactions suppress concentrations of OH, HO>

and ROz radicals.
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M
OH+NO; —  HNOs (R1.18)

M
RO;+NO —  RONO; (R1.19)

1.3.1.1 Oxidation of Unsaturated VOCs

Unsaturated VOCs or alkenes, such as isoprene, can undergo a different reaction
mechanism with the OH radical. Instead of abstraction of a hydrogen atom as with
alkanes (R1.9-R1.10) where the reaction involves breaking of a hydrogen-carbon
bond, alkenes react typically via addition of OH across the carbon-carbon double
bond*®*:

OH + R2C =CR2 - OHR:C - CR2 (R1.20)
OHR:C-CR2+ 02 — OHR:C -CR:00  (R1.21)

As well as this main addition reaction pathway (reactions R1.20-R1.21), hydrogen
abstraction can also occur as with alkanes, but to a lesser extent as the addition
reaction takes precedence,** however both reaction pathways result in the formation
of RO> radicals. Atmospheric oxidation of unsaturated VOCs can also be initiated
by other oxidising species such as Oz and NOs, both of which react via addition
across the C=C double bond.*’*®* As mentioned previously, although Os is an active
oxidant during the day, oxidation reactions of VOCs initiated by Oz and NO3
become more important under conditions of low intensity of solar radiation, i.e.
during the night and in winter, when OH-initiated oxidation of VOCs is limited as a
result of reduced photochemistry.

The nitrate radical, NOs, is an atmospheric oxidant produced via the reaction of NO>
with ozone (R1.22), and subsequently reacts with NO: to rapidly establish a
chemical equilibrium with N,Os (R1.23):38 4546

NO: + O3 — NOsz + O2 (R1.22)
+M
NOs+NO, = N2Os (R1.23)

During the day, the NOz produced is rapidly photolysed by solar radiation (R1.24),

leading to low day time concentrations since NOs is heavily suppressed:*® 46

NOs + Av (% < 590 nm) —  NO2+O(CP) (R1.24)
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However, during the night, NO3z radicals accumulate and are present at significant
concentrations,®> 4 in contrast to OH radicals which are formed following
photolysis of ozone resulting in high day time and low night time concentrations.
NOs-initiated oxidation of unsaturated VOCs occurs via addition across the C=C
double bond and results in the formation of RO radicals.3® 3% %6 Oxidation of

unsaturated VOCs through reaction with Os is discussed in the following section.

1.3.2 Ozonolysis in the Gas Phase

Ozone displays high reactivity towards unsaturated VOCs, meaning it has great
capacity to be a major atmospheric degradation pathway of such compounds, with
oxidation of alkenes by ozone known as ozonolysis.3"* Globally, the Os-initiated
oxidation of unsaturated VOCs in ozonolysis removes ~10 % of isoprene (CsHs), the
most abundant and dominant VOC emitted into the atmosphere, and is a
substantially larger sink for monoterpenes (CioHis) and sesquiterpenes (CisHo4)
owing to the faster rate coefficients for reaction with ozone compared to isoprene.*’
Oxidation by ozone is also significant for alkenes such as ethene (C2H4) and propene
(CsHe) which are emitted anthropogenically in vehicle exhausts. Oxidation of
alkenes by ozone leads to cleavage of C=C double bonds, resulting in production of

a carbonyl product and a carbonyl oxide, referred to as a Criegee intermediate.*®

Ozonolysis reactions have long been predicted to produce carbonyl oxides or
Criegee intermediates,*® and proceed via a 1,3-dipolar cycloaddition of the Os
molecule across the unsaturated C=C bond in the VOC to form an intermediate
called a molozonide or a primary ozonide. Subsequently the primary ozonide
undergoes a retro 1,3-dipolar cycloaddition leading to cleavage, forming the
corresponding carbonyl oxide or Criegee intermediate, and an organic compound in
which the carbon-carbon double bond is replaced by a carbonyl group i.e. a C=0
double bond as part of an aldehyde if the R group is a H, or a ketone. The general
reaction (R1.25) and mechanism (Figure 1.6) for atmospheric ozonolysis of alkenes

are shown below:

R.C=CR;+0s — (CsRs03) — CR,00 + CR20 (R1.25)
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Figure 1.6: Reaction scheme for the gas phase ozonolysis of alkenes. Adapted from reference 49.4°

Ozonolysis reactions make particularly significant contributions to the tropospheric
oxidising capacity at night and in winter when photochemistry is limited by the low
intensity of solar radiation,3® 3% 45 %0. 51 making ozonolysis an important atmospheric

process with significant implications for the atmospheric oxidation of VOCs.

1.4 Criegee Intermediates

Criegee intermediates are an important reactive species in the atmosphere with the
generic formula CR200.*® The simplest Criegee intermediate is formaldehyde
oxide, CH200. Criegee intermediates were first postulated in 1949 by Rudolf
Criegee,*® after whom they are named, as key intermediates in the ozonolysis of
alkenes, to explain the formation of observed products upon investigating the
reaction of the alkene 9,10-octalin (C10Hze) with ozone. Criegee also later suggested

a mechanism for ozonolysis reactions,*® which is summarised in Figure 1.6.

In early work on Criegee intermediates carried out in 1975, it was proposed that the
Criegee had a biradical structure, i.e. a molecule containing two radical centres.>?
However, after great speculation over the nature of this species, a recent
investigation in 2013 employing infrared spectroscopy has suggested that the
electronic structure is zwitterionic in character rather than biradical, with a
strengthened (shorter) C-O bond and a weakened (longer) O-O bond.>® A zwitterion
is a neutral molecule with two charge centres, giving it simultaneous positive and
negative electrical charges, making it a dipolar ion with both cationic and anionic
states and hence an overall charge of zero. The resonance structures of the simplest

Criegee intermediate CH,OO where R = H are shown in Figure 1.7.
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Figure 1.7: Structure of the Criegee a) and b) zwitterion, and c) biradical. Adapted from references 49

and 52 respectively.4® 52

Typically, the Criegee intermediate is initially produced vibrationally excited with
high internal energy, owing to the high exothermicity of the reaction, 200 — 250 kJ
mol? as shown in the potential energy surface (PES) diagram in Figure 1.8,*
leading to a subsequent competition between decomposition, producing various
atmospheric trace constituents such as OH, HO2, CO and CO2, and collisional
stabilisation.>™ Unimolecular decomposition/dissociation of Criegee intermediates
has implications for non-photolytic OH production at night and in winter,40 4% 50. 56
discussed in detail below. Collisional stabilisation, the rate of which depends on the
overall pressure (i.e. concentration of inert bath gas species M, often N2, He or Ar),
removes excess energy from a proportion of the excited Criegee intermediate
molecules, forming a small steady-state concentration of stabilised Criegee
intermediates (SCIs), which can then undergo bimolecular reactions. The yield of
SCls formed is also dependent on the size of the carbonyl coproduct. The various
bimolecular reactions of SCIs and their atmospheric implications are discussed in
detail further in this chapter.
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Figure 1.8: A potential energy diagram (PES) of generic alkene ozonolysis (R represents any alkyl

substituent or H atom) forming a Criegee intermediate. Typical exothermicity for primary

ozonide formation from reactants is > 200 kJ mol, with this well being ~60 kJ mol* deep

relative to Criegee formation, and the barrier to isomerisation of Criegees typically being

60-80 kJ molt. The Criegee intermediate shows R; and R; in the syn- and anti- positions

respectively, with the pathway along the PES taken by each conformer labelled. Reproduced

from reference 54.5
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Vibrationally excited Criegee intermediates undergo decomposition to produce
important atmospheric species such as OH and HO,. The mechanism does not
require solar radiation and hence provides an important route for OH production in
the absence of sunlight. Field measurements at an urban site of both summer and
winter time OH and HO: radicals taken during the PUMA (Pollution of the Urban
Midlands Atmosphere) campaigns held in summer 1999 and winter 2000 showed
the noon time concentration of OH during winter to be only a factor of 2 less than
during summer despite a factor of 15 reduction in OH production from the
photolysis of ozone.>® The measured noon time concentrations of HO, were similar
for summer and winter. A detailed box-model of the fast reaction chemistry was able

to quantitatively reproduce the high winter time concentrations measured for OH,
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showing that the winter radical pool (OH, HO2 and RO) is sustained by reactions of
unsaturated hydrocarbons with ozone and by the photolysis of carbonyls, and it was
concluded that the high OH concentrations evidenced that there is significant
chemical processing of VOCs in winter in regions where emissions are high. This
was the first report in the literature revealing decomposition of Criegee

intermediates formed from alkene ozonolysis as a source of radicals during winter.

Another campaign in which the relevance of ozonolysis reactions on tropospheric
oxidation was highlighted is the RONOCO (ROle of Nighttime chemistry in
controlling the Oxidising Capacity of the atmOsphere) aircraft campaign,
investigating tropospheric night time oxidation chemistry and the role of radical
species at night. Observations of OH, HO2, NOs, N2Os and a number of supporting
measurements were made during a series of night time and day time flights over the
UK in summer 2010 and winter 2011, reflecting the first simultaneous airborne
measurements of these species, and observed concentrations of these short-lived
species were compared with those calculated by a box model using a detailed
chemical scheme. Initiation of night time tropospheric oxidation chemistry through
production of HOx and ROx radicals, although mainly due to the reaction of NO3
with unsaturated VOCs, included a significant contribution from the reaction of O3
with unsaturated VOCs as well.*> Alkene ozonolysis reactions reportedly influenced
the night time HOx radical budget both indirectly, via production of RO> radicals
which, under night time conditions, react with NO3 to produce RO radicals which
react with O2 to produce HOx, and directly, through decomposition of Criegee
intermediates to produce OH and HO2. Loss of HOx and ROx radicals occurred
through a combination of processes including HO2 + RO> reactions and radical
propagation was primarily achieved through reactions of NO3z with RO, radicals.
Thus, it was concluded that the NO3 radical at night plays a similar role to both OH
and NO during the day in that it acts both as a chain initiator in ROx radical
production (like OH during the day) and the chain propagator in tropospheric
oxidation (like NO during the day).*® A separate comparison of day time and night
time oxidation analysing the rates of reaction of OH, O3z and the NOs radical with
measured alkenes during the campaign indicated that the summer night time
troposphere can be as important for the processing of VOCs as the winter day time

troposphere.®” Furthermore, the analysis showed that while on average, oxidation
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reactions of NO3 with alkenes dominated the night time production of HO, during
summer, oxidation reactions of Oz with alkenes dominated the night time production

of HO during winter.

1.4.1 Atmospheric Concentration of Criegee Intermediates

The atmospheric processes by which Criegee intermediates are produced in, and
removed from, the atmosphere control and dictate the concentration of Criegee
intermediates present in the atmosphere. Ozonolysis rate coefficients are small, on
the order of 107-10-8 cm? 5% whereas rate coefficients of secondary reactions
such as bimolecular reactions between SCls and some key trace atmospheric species
such as (H20)2, SOz, NO; and organic acids may be large, on the order of 10-1%-10-12
cm® st This slow rate of formation of SCls by ozonolysis and fast rate of
destruction by various reactions (unimolecular or bimolecular) results in a small
steady-state concentration of SCIs in the atmospheric ozonolysis of alkenes, and is
reflected in ozonolysis experiments carried out in laboratory chamber studies, as
discussed below, since SCIs are formed in these experiments in the same way they
are formed in the atmosphere. Difficulties in measuring SCIs in the atmosphere at
all, and particularly of measuring SCls directly in the laboratory, are indicative of
the low concentration of Criegees present. In the first direct experimental
measurement of CH>OO in the gaseous ozonolysis of ethene reported in 2015, a feat
which had previously proven difficult, Womack et al.>> employed Fourier transform
microwave spectroscopy and a modified pulsed nozzle to facilitate high reactant
concentrations with rapid sampling and sensitive detection. Despite researchers
being able to directly detect the Criegee intermediate, it was the least abundant
species detected in the system, and the relatively small abundance of this compared
to that of the most abundant species in the system, HCHO, in the ratio 1:3.3 x 108
CH200:HCHO,* clearly indicated the challenges in detection of CH.00 from

ozonolysis reactions in the gas phase.

In the atmosphere, however, since the trace species which contribute to formation of

SClIs, namely Os and unsaturated VOCs, have been measured, a reasonable

estimation of the concentration of SCls can be made from a combination of

theoretical and field studies, i.e. using the steady-state approximation (refer to
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Chapter 2 for further details) with detailed chemical modelling.>® Various
estimations of SCI concentrations have been made based on the availability of
experimental measurements and quantum calculations of the formation and loss
processes of SCls, with the estimated concentration of Criegee intermediates in the
atmosphere calculated to be in the range 103-10° cm=.>%®! Figure 1.9 shows the
global variation of the simulated annual-average boundary layer production rate of
Criegee intermediates, illustrating the Criegee intermediate production rate to be on
the order of 10%*-10° cm™ s in forests and industrial regions, consisting of high
concentrations of Criegee intermediate precursor species, outside of which the

Criegee intermediate production rates are several orders of magnitude slower.°

9OISSO° 120°W  60°W 0° 60°E  120°E  180°

Criegee intermediate production rate / cm®s™

100.5 101.:’) 10‘2.:’) 103.:’) 10»1.:') 10')')

Figure 1.9: The annual average production rate of Criegee intermediates in the atmospheric boundary

layer simulated using a global transport model. Reproduced from reference 60.%°

Furthermore, measurements of VOC and Os concentrations in urban and rural sites
along with the estimated SCI concentration based on these measurements, and the
daily, weekly and annual variation of these species has shown the highest
concentration of SCIs was expected in a polluted urban site, impacted by high levels
of VOCs from vehicle exhausts, whereas the lowest concentration was predicted at a
rural site.®? The levels of annual average SCI concentrations for the urban and rural
UK sites estimated to be in the range 100-2980 cm™ and 30-730 cm respectively.
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Results suggested that SCls exhibit a diurnal cycle with peaks during the afternoon
given the higher concentration of both VOCs from anthropogenic emissions at urban
sites and Os from photochemical production, giving an average day to night time
ratio of the concentration of SCI of ~1.5. Weekly cycles indicated higher
concentrations of SCls at the weekend than during the weekdays for urban sites by
~10-20 % due to reduced vehicular traffic hence low NOx emissions increasing the
VOC/NOx ratio and resulting in higher Oz production. On the contrary, no
significant difference between weekday and weekend SCI concentrations were
predicted at the rural site lacking vehicular traffic, thus minimising the role of NOx
for altering O3 concentrations between weekdays and the weekend. A clear seasonal
cycle of the concentration of SCIs peaking in May was predicted, the main factor in
which was the increased levels of Oz during Spring months since the change in VOC

concentration throughout the year was not significant.®

As stated above, the atmospheric concentration of SCIs is dependent on the
processes which effectively remove Criegees from the atmosphere. In turn, the
importance and significance of the various potential Criegee intermediate reactions
in the atmosphere is not only dependent on the rate coefficient for the reaction but
also the relative atmospheric concentrations of each species. Relative rates of the
bimolecular reactions of SCIs determine which will play the more dominant role in
the atmosphere, and the competition between reactions of SCls with trace
atmospheric species is expected to vary from one Criegee intermediate to another.
The various bimolecular channels of SCI reactions are discussed in detail further in
this chapter, along with their relative rates and hence relative importance in the
atmosphere, and the atmospheric impacts of these reactions in terms of product

formation and its implications on atmospheric chemistry.

1.5 Previous Studies of Criegee Intermediate Chemistry

In early studies of ozonolysis reactions, Criegee intermediates eluded direct
detection due to their highly reactive nature and the lack of a method suitable for
direct detection. For this reason, only indirect experimental evidence of Criegee

chemistry was available, resulting in reaction rates with large uncertainties as a
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result of an absence in detailed and evidenced understanding of the mechanisms
related to Criegee production and loss. As stated above, rate coefficients of
ozonolysis are relatively small whereas bimolecular reactions of SCIs may be rapid,
often leading to a small steady-state concentration of stabilised Criegee
intermediates (SCIs) in ozonolysis systems, indicative of the atmospheric SCI
concentration. The effects of Criegee intermediate chemistry in the troposphere
remained uncertain despite access to, and support from, decades of theoretical

studies and indirect experimental measurements.%

1.5.1 Indirect Measurements of Criegee Intermediates

Initial investigations used Criegee intermediate scavengers to investigate the
bimolecular reactions of SCIs in experiments in atmospheric simulation chambers.
However, such experiments of Criegee intermediates in ozonolysis reactions proved
challenging given the low steady-state concentration of Criegees formed in the
chamber during ozonolysis, therefore reaction kinetics of Criegee chemistry were
inferred by observation and quantification of the formation of stable products.5® 8
Scavengers such as SOz, HCHO and H20 were used and products such as H2SOs,
hydroxy methyl formate (HCO.CH.OH) and hydroperoxide (H202) respectively
were used to quantitatively derive information on Criegee kinetics.®® The main fate
of Criegee intermediates was expected to be the reaction with water due to the high
concentration of water vapour in the troposphere, with an expected rate coefficient
on the order of 106 cm?® 51,63 85 however, the rates of Criegee reactions with most
atmospheric trace species were largely thought to be relatively slow, such as rate
coefficient of the reaction of Criegee with NO2, inferred from the yield of the
carbonyl product formed, determined to be on the order of 1014 cm? s,

One study by Cox and Penkett investigated the reactions of various Criegee + SO>
systems,®” inferring the rate of reaction by reference to measurement of the sulfuric
acid aerosol formed in the oxidation of SOz to H2SO4. It was concluded that the rates
of sulfuric acid aerosol formation are greater for internally unsaturated alkenes, 2-
methyl-2-butene and cis-pent-2-ene, than for the terminally unsaturated 4-methyl-1-
pentene and propene.’” This was confirmed in a subsequent study, which
investigated the reaction of the Criegee intermediate CH3CHOO, formed from
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ozonolysis of cis-but-2-ene, with SOz in detail. A rate coefficient of (4.3 £ 0.7) x
101° cm® st was reported, and it was concluded that the effects of the ozone-alkene

reaction could have a significant contribution to atmospheric oxidation of SO,.%

Further adding to the complications of using ozonolysis chamber experiments to
study Criegee intermediates in the laboratory, modelling of these experiments to
interpret observations and results was difficult due to the complex ozonolysis
mechanism with multiple reactions occurring simultaneously resulting in several
routes to production of these stable products within the chamber. The exact nature of
the mechanisms and extent of reactions within the system, by way of production,
stabilisation and removal of Criegee intermediates, was not well understood,
therefore kinetics determined from these experiments were highly uncertain. Due to
the transient nature of Criegee intermediates, large uncertainties persisted in reaction
kinetics and overall chemistry and hence their impacts on atmospheric

composition.®3 64

1.5.2 First Direct Detection of Criegee Intermediates and Reaction
Kinetics

Criegee intermediates were not directly detected in the gas phase until 2008 when
Taatjes et al. measured the simplest Criegee, CH,OO, by tunable synchrotron
photoionisation mass spectrometry (PIMS)®® (for further detail refer to Chapter 3).
The CH200 intermediate was produced following photolysis of oxalyl chloride,
(COCI)2 (R1.26), generating ClI atoms, which then reacted with dimethyl sulfoxide,
(CH3)2S0 (DMSO0), in excess oxygen:

(COCI), + hv ()=248 nm) —  COCI+CO+Cl  (R1.26)
CH3sSOCHs + Cl . CHsSOCH; + HCl  (R1.27)
CHsSOCH: + O, —  CH200+CHsSO  (R1.28)

The mass to charge ratio (m/z) signal for H.CS", a by-product of the reaction system
observed in the photoionisation mass spectrum, was found to interfere with the
CH200" signal. Moreover, the yield of CH,OO obtained was too small for this
method to be considered as a convenient source of CH200.
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Direct detection of Criegee intermediates in the gas phase with kinetic analysis was
documented by the same group in 2012, with Welz et al. reporting a sought-after
source for the selective production of CH,00.® The reactive species CHal was
produced by photolysis of dilodomethane, CH:l>, at a wavelength of 248 nm (R1.29)
at 298 K and a pressure of 4 Torr. Reaction of iodomethyl radicals and excess
oxygen (R1.30) formed an isomer of CH20: detected by tunable synchrotron
photoionisation mass spectrometry which was identified to be the CH.OO Criegee
intermediate based on its threshold energy for photoionisation.

CHlz + hv (=248 nm) —  CHal +1 (R1.29)
CHal + O —  CH,00+1 (R1.30)

The species CH202 has three potential structural isomers all with m/z = 46,
dioxirane, formic acid and the Criegee intermediate formaldehyde oxide, and Welz
et al. identified the species detected in the time-resolved mass spectrum as the third
isomer, the CH,OO Criegee, based on the ionisation energy of the product
conforming to theoretical predictions of CH.00.” Dioxirane and formic acid have
considerably higher ionisation energies, 10.82 eV and 11.33 eV respectively,’? 72
than that observed for the CH»>O; isomer in the photoionisation spectrum of ~10 eV,

which matched closely to the calculated ionisation energy for CH,OO of 9.98 eV.

Kinetics of CH200 reactions with SO2 and NO> were measured under pseudo-first
order conditions by Welz et al.”® Rate coefficients of (3.9 + 0.7) x 10! cm® st for
CH200 + SO and (75) x 102 cm® s for CH200 + NO, at 298 K and 4 Torr,
were determined, showing CH200 to be much more reactive than previously
anticipated, with SO2 and NO- reacting more than 1000 times faster than expected
according to previous indirect measurements.®”: %8 These increased rates of reaction
could have implications for atmospheric production of sulfate and nitrate aerosols,
as the final products of these reactions were suggested to be SOz and HCHO or NO3
and HCHO respectively. Both rates of reaction suggest more diverse and reactive
Criegee chemistry than anticipated with implications for understanding atmospheric
fates of trace species. Other reactions investigated included CH.OO with NO and
H20, postulated to produce NO2 and HCHO, and hydroxymethyl hydroperoxide
(HOCH200H, HMHP) respectively, for which upper limits for the rate coefficients

of <6 x 10 cm® st and < 4 x 1015 cm? s were determined respectively.’®
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1.5.2.1 Photolytic Production Method of Criegee Intermediates Using
Di-iodoalkane Precursors

The high reactivity of Criegee intermediates makes direct measurements
challenging, and therefore requires preparation of the Criegee intermediate in situ
and in relative isolation with rapid and sensitive monitoring. The photolytic method
of production for SCls in laboratory experiments, identified and introduced by Welz
et al. in 2012,° whereby flash photolysis of a di-iodoalkane precursor in the
presence of a large excess of O is employed, has enabled the direct detection of
Criegee intermediates. This photolytic source of SCIs produces the Criegee in high
yield resulting in concentration of SCls several orders of magnitude higher than in
chamber experiments employing ozonolysis reactions, making it possible to directly
detect, measure and monitor the Criegee intermediate itself using analytical
techniques which are well established in the field of atmospheric chemistry. This
pioneering technique has stimulated active research into Criegee intermediates,
consequently allowing for Criegee chemistry to be at the forefront of modern
research after over 60 years of its proposal. Photolytic generation of SCIs has
opened avenues for new opportunities and increased laboratory Kinetic studies of
these species in isolation.

Application of this new reaction scheme is not limited to the simplest Criegee
CH200 for which the precursor is diiodomethane, CHal2,%% 77¢ its discovery has
encouraged similar schemes to be tested and applied to the formation of other larger
alkyl substituted SCls: e.g. for CH3CHOO the precursor is 1,1-diiodoethane,
CH3sCHI2, "8 for (CH3),COO the precursor is 2,2-diiodopropane, (CHz)2Cl,,8284
and for C2HsCHOO the precursor is 1,1-diiodopropane, C2HsCHI2.%2 Promoting
synthesis of some larger Criegees via this method, more specifically those which do
not have the same R groups such as CH3CHOO and C,HsCHOO, comprises
differences to the production of the simplest CH,OO Criegee and other symmetrical
intermediates such as (CH3).COQ, in that more than one conformer can exist and
hence be produced.®® For example, the CH3CHOO Criegee has two conformers,
namely syn-CH3CHOO and anti-CH3CHOO, the structures for which are shown in
Figure 1.10, and each of which is produced in differing yields following photolysis

of the di-iodoalkane precursor and has differing reactivities towards co-reactants.
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00

H57.57
\( 1.380

syn-CH;CHOO anti-CH;CHOO

Figure 1.10: Structures for syn-CHsCHOO and anti-CHsCHOO with bond lengths in A. Reproduced

from reference 85.8°

Flash photolysis experiments investigating Criegee Kkinetics indicate much higher
reactivity than previously expected on the basis of chamber ozonolysis experiments.
Furthermore, although the high concentrations of SCls generated using this method
are advantageous and required to study Criegees in the laboratory e.g. in terms of
spectroscopy and Kinetics, this leads to the potential for Criegee self-reactions to
take place under laboratory conditions.®%° Due to the relatively low steady-state
concentration of Criegee intermediates generated during atmospheric ozonolysis of
alkenes, the Criegee self-reaction is not itself atmospherically relevant as it is
unlikely to compete with other processes under atmospheric conditions and so is
likely to play an insignificant role in the atmosphere. Nonetheless, since it has the
potential to be important under laboratory conditions owing to the high
concentrations of SClIs formed, this reaction can potentially impact all Criegee
reaction Kkinetics determined in the laboratory. Hence Criegee self-reaction kinetics
are important as they can largely influence Criegee kinetics under laboratory
conditions, therefore must be taken into account to ensure that the Criegee
self-reaction has no impact in experiments of Criegee + X, where X is a trace
atmospheric species whose reaction with SCIs is atmospherically significant such as
SO,, NO2 and (H20)2. The Criegee self-reaction can also be closely coupled to
Criegee spectra, i.e. Criegee absorption cross-sections,” ¢ since significant changes
in concentration can occur on the timescale of the absorption measurements, making
Criegee self-reaction kinetics important for determination of Criegee spectra and for
further studies of Criegee reaction Kinetics using spectroscopy. The UV absorption
cross-sections and self-reaction kinetics of the simplest Criegee intermediate
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CH20O0 are discussed in detail in Chapters 4 and 5 respectively, along with the
experiments and analysis carried out and results obtained for their determination in

this work.

The yield of SCI produced following photolysis of a di-iodoalkane precursor in the
presence of excess O2 has been of interest since the introduction of this scheme as a
method for producing Criegees in the laboratory since this information is required to
quantify the concentration of SCI produced in the system. Consequently, this yield is
crucial in determination of both spectral and kinetic data on Criegee intermediates
for systems investigated under laboratory conditions in which the photolytic
production method of Criegees is employed. The yield of CH,OO from the reaction
of CHal radicals with O, as a function of total pressure haa been measured
previously in this laboratory by Stone et al.*® at 295 K and pressures between 25 and
450 Torr following 248 nm photolysis of CH2l2 in the presence of excess oxygen
using three complementary methods. Results from the three methods were found to
be similar, with the yield of CH20O decreasing with increasing pressure and an 18
% CH.0O0 yield being reported at atmospheric pressure.

1.6 Spectral Detection Methods of Criegee Intermediates

In recent years, there have been significant advances in our knowledge and
understanding of the properties of Criegee intermediates and substantial progress has
been achieved in the proficiency of Criegee chemistry following the advent of
photolytic sources for use in laboratory experiments. In the study by Welz et al.,”
tunable synchrotron photoionisation mass spectrometry (PIMS) was used to
explicitly assign the Criegee intermediate, and although exceptionally useful and
important in the initial assessment and results of direct Criegee investigations and
for devising and orchestrating the future of Criegee chemistry, this technique is not
universal. The instrumentation used in such a setup is very specialist and expensive,
with limited and restricted accessibility and availability, and operating the pressure
and temperature controls for such a system is challenging. Alternative analytical

techniques exist which are much more widely applicable than the PIMS method,
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such as absorption and fluorescence spectroscopy, the principles for which are

discussed in detail in Chapter 3.

Since the introduction of the photolytic production method of SCls, many
spectroscopic techniques have been successfully implemented to investigate the
Criegee intermediate itself and the reactions of Criegee intermediates. Spectroscopic
detection of Criegee intermediates has been achieved in varying regions of the
electromagnetic spectrum, employing methods including ultraviolet (UV) absorption
spectroscopy,’37" 79818284 infrared (IR) absorption spectroscopy,®® & & microwave
spectroscopy,® °! and laser induced fluorescence (LIF) spectroscopy of reaction
products.®? Using a combination of these methods, spectra of CH,00,5% 7376
CH3CHOO,"# (CH3),CO0828 and C,HsCHOO® have been reported.

Such detection methods have the potential to enable direct detection of SCls in
chamber experiments to investigate the discrepancies between kinetic results of flash
photolysis and chamber measurements, as stated above. This also has implications
for investigations of Criegees which cannot be generated photolytically in the
laboratory, such as larger SCIs since their photolytic production may be more
challenging as it is contingent on the availability of analogously larger
di-iodo-substituted precursors which are more difficult to synthesise, but in
particular those from biogenic sources such as isoprene and monoterpenes for which
ozonolysis is a significant atmospheric sink. For this reason, accurate spectroscopic
data along with accurate kinetic information are required for evaluation of Criegee
reactions which will occur in chamber experiments. Measurements of UV
absorption spectra of Criegee intermediates have indicated that the UV absorption
cross-sections of SCls are relatively large, on the order of ~10"7 cm? 737 thus
giving UV absorption spectroscopy vast potential for use in the measurement of
atmospherically relevant SCI reaction kinetics. Exploitation of this property has led
to UV detection methods as a basis for kinetic measurements and determining rates
of Criegee reactions in the laboratory. However, significant uncertainties exist in
Criegee UV absorption spectra reported in the literature. The UV absorption
cross-sections of the simplest Criegee, CH200, are the focus of Chapter 4 of this

thesis, where they are discussed in detail.
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1.7 Criegee Chemistry and its Atmospheric Impacts

The field of Criegee chemistry is an exciting one, and the recent discovery of the
photolytic production method to produce collisionally stabilised Criegee
intermediates in the laboratory has enabled direct detection of SCIs. Although
extensive investigations into the reactions of Criegee intermediates have been
carried out since this discovery, these studies are far from comprehensive in their
analysis of Criegee intermediates and their reaction rate coefficients, and many
unanswered questions still remain. Many bimolecular reaction pathways of SCls are
known to exist, however mechanistic features and kinetics have been difficult to
study until recently. There have been a number of studies of SCI reaction kinetics
utilising a wide range of direct detection methods, investigating the reactions of
SClIs with several atmospheric inorganic species, such as SOz, NO2, NO, water
(H20) and water dimer ((H20).), and organic species, such as carboxylic acids and
carbonyl compounds. Kinetics and products of oxidation reactions of SCls with
802,70’ 74,78, 79, 84, 89, 92-95’ N02,70’ 78, 92 (H20)2’96-99 and organic acids,loo, 101 have been
reported to be significant in the atmosphere. Relative rates of the bimolecular
reactions of SCIs determine the extent of the competition between different
atmospheric loss pathways, and dictate which will be dominant in the atmosphere.
The reaction with water dimer is expected to be the dominant chemical sink for SCls
in the troposphere since the atmospheric concentration of H.O and (H20) is
significantly higher than that of SOz, and hence the higher concentration
compensates for a lower rate coefficient for this bimolecular reaction. Table 1.3
summarises the rate coefficients, Kreaction, Of the atmospherically relevant bimolecular
reactions of the simplest Criegee intermediate, CH.OO, with key atmospheric
species, and provides details of estimations of the effective first-order rate

coefficients, kefr, for these reactions.
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Kreaction Assumed Number 1
Co-reactant 3 1 ) _ 5 Keit/s
/cm®s concentration  density / cm
(H20), % 6.5x101? Hr>36%* >1.6 x 101 1040
SO, "° 39x10M1 50 ppbv 1.2 x 102 47
NO; " 7 x 1012 50 ppbv 1.2 x 10*2 8
Carboxylic acids 1 1 x 1010 5 ppbv 1.2 x 101! 12

*Hr = relative humidity

Table 1.3: Estimations for the effective first-order rate coefficient, ke, for the reactions of CH,O0
with key atmospheric species at 298 K and 760 Torr, calculated by multiplication of the rate
coefficient for the reaction, Kreaciion, Dy the typical number density of each species in the

atmosphere. Adapted and reproduced from reference 96.%

Criegee intermediates may have an important role in the atmospheric chemistry of
sulfates, nitrates and organic acids. Studies probing the kinetics of reactions with
SO, and NO: provide evidence that SCIs not only contribute to pollutant removal
but also to aerosol formation, since these bimolecular reactions result in SOA
production of sulfate and nitrate,> " and hence may be involved in offsetting global
warming by way of planetary cooling through increased aerosols,*® but also lead to
poor air quality and respiratory health issues. Thus, this chemistry is likely to affect
the formation of new atmospheric particles, the production of secondary cloud
condensation nuclei and ultimately, the climate. This demonstrates the connection
between anthropogenic activities such SO, emissions, natural ecosystems such as
biogenic VOC emissions and SOA formation, and climate, from cloud properties to

radiative forcing.

Bimolecular reactions of Criegee intermediates with SO also play an essential and
important role in the implications of SO, oxidation to sulfur trioxide, SOg,
potentially revealing a previously unknown route for SOz production in the
atmosphere, with consequences for the global H.SO4 budget since SOz reacts with
water vapour to produce gaseous sulfuric acid,>® usually deposited through acid rain
or snow which can damage ecosystems and materials. Independently, recent field
measurements of sulfuric acid in regions impacted by high emissions of unsaturated
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VOCs have supported this notion, as unknown oxidants of SO, have been

indicated.1%?

Unimolecular decomposition reactions of excited Criegee intermediates have also
been investigated and are of particular interest as they can lead to formation of
formic acid which dissociates into various products, one of which is OH.4% 55: 56 64
Hence Criegee chemistry, which is driven by ozone and so does not require solar
photolysis like OH driven chemistry, has been associated with non-photolytic OH
production, especially under low solar radiation conditions such as in the winter
time and at night. Despite the efficiency drop in the reactions involved in
photolytically generated OH during winter, field measurements have shown OH
concentrations in winter to be much higher than expected, with this difference in
production of OH attributed to ozonolysis of alkenes, dominated by Criegee

chemistry.

Alkene ozonolysis is the dominant source of Criegee intermediates in the
atmosphere, and so inclusion of this chemistry in regional and global chemical
transport models is vital to accurately obtain radical concentrations, branching ratios
of product channels for the oxidation of unsaturated VOCs by ozone, kinetics for
Criegee reactions and the overall effect of Criegee chemistry from alkene ozonolysis
on atmospheric composition.1® Certain atmospherically relevant questions, such as
this fractional yield of excited Criegee intermediate and SCI from the alkene
ozonolysis of various VOCs, can only be investigated by probing the alkene-ozone
system, requiring the use of chamber studies.!® Chamber studies, such as those
conducted in the EUPHORE (EUropean PHOtoREactor) atmospheric simulation
chamber, generally tend to be relative rate experiments (for further information refer
to Chapter 3), employing indirect methods of Criegee detection.'%1% Such relative
rate studies are complementary to direct studies and can yield a vast amount of
valuable information. However absolute studies and direct measurements of SCIs
and their reaction kinetics, such as those carried out with techniques used and
developed in this work (for further information refer to Chapters 3 and 6), are

required to make full use of the information provided by these relative rate studies.

Since the recent discovery of the photolytic method of Criegee intermediate
production, which brought to light the faster reactivity of Criegee intermediates than
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previously anticipated, for example for the reaction between SCls and SOq,
incorporation of these faster kinetics into relative rate studies has allowed detailed
and in-depth investigations of Criegee chemistry and its atmospheric impacts.
Relative rate studies measuring the loss of SO in the presence of various
alkene-ozone systems as a function of water vapour or humidity have enabled
quantification of the relative rates of reaction of various SCIs, including conformer

specific reactivity, with SO, and water, and their decomposition rates. 0410

Modelling Criegee chemistry in all its complexity is important to accurately gauge
its overall atmospheric impacts, and modelling studies necessitate the availability of
accurate kinetic parameters such as rate coefficients and branching ratios for alkene
ozonolysis reactions and Criegee intermediate reactions alike. Information is
required for the various types of Criegee intermediate reactions, such as those stated
above, in order to model the impact of Criegee chemistry on e.g. production of OH,
SOA and HzSOa.

Reactions of various Criegee intermediates which have been investigated via direct
probing of the Criegee indicate a number of important channels for the atmospheric
loss of Criegees. Reported rate coefficients in the literature of some reactions are in
agreement, however discrepancies remain for others. One such reaction is the
CH20O0 self-reaction, which, although itself is unlikely play a significant role in the
atmosphere owing to the small steady-state concentration of SCI present, is
important under laboratory conditions owing to the higher concentration of SCI
formed.85® This reaction can potentially impact all CH,OO reaction kinetics
investigated under laboratory conditions and hence requires accurate quantification.
The CH200 self-reaction and its kinetics are the focus of Chapter 5 of this thesis,

where they are discussed in detail.
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1.8 Overview of this Thesis

This thesis will describe the kinetics of Criegee intermediate reactions relevant to
atmospheric chemistry. The Kkinetics of the reaction of the simplest Criegee
intermediate, CH>0O0, with itself and with SO will be discussed and experimental
determination of the rate coefficients of these reactions using time-resolved UV and
IR absorption spectroscopy respectively will be described. The UV and IR
absorption spectra of CH>OO will be discussed. The characterisation and
development of a time-resolved mid-IR absorption spectroscopy instrument will also
be described.

The experimental work described in this thesis employed production of CH,O0
from photolysis of CH:l; in excess O at either 248 nm or 266 nm. All experiments
were carried out at room temperature and a range of pressures below atmospheric

pressure.
A summary of the chapters presented in this thesis is as follows:
Chapter 2 introduces theories of chemical reactions and photochemistry.

Chapter 3 describes methods used to investigate gas phase kinetics and detect
reactive species, including those used throughout this thesis, and provides details of
the apparatus used in the UV detection of CH200 described in this thesis.

Chapter 4 provides details of the experimental determination of the UV absorption

cross-sections of CH200.

Chapter 5 discusses the experimental determination of the kinetics of the CH.OO
self-reaction and the reaction between CH>0O and | using time-resolved absorption

spectroscopy.

Chapter 6 gives details of the development, characterisation and initial results of a
time-resolved mid-IR absorption method with respect to the IR absorption spectrum
of CH>0O0 and the kinetics of the reaction between CH>OO and SO:..

Chapter 7 summarises the work presented in this thesis and the key findings from it,

and outlines possible future work.
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Chapter 2
Theory of Gas Phase Kinetics and Photochemistry

The ability to understand the chemistry occurring in the atmosphere requires
knowledge and understanding of the kinetics and photochemistry of atmospheric
species. This chapter introduces the concepts of chemical kinetics, i.e. the rate at
which species interact with each other and chemical reactions take place, and
photochemistry, i.e. the ways in which species interact with radiation and the chemical
effects of light.

2.1 Rate Theory of Gas Phase Kinetics

Reaction kinetics is a branch of physical chemistry concerning the measurement of
rates of chemical reactions where a chemical reaction is defined as the transformation
of chemical compounds from reactants to products. Chemical reactions in
atmospheric chemistry can occur over a vast range of different timescales.! Although
reaction kinetics was limited to the study of relatively slow reactions until the mid-20"
century, the development of new techniques exploiting faster electronics, lasers and
more sensitive detection techniques has allowed for the kinetics of increasingly
reactive species to be probed.? Advances in the field of measuring increasingly fast
rates of reaction has in fact surpassed reaction kinetics and led to the observation of
reaction dynamics, i.e. the mechanism by which a reaction takes place, on the

femtosecond timescale (107° s).3
A general gas phase chemical reaction can be described as:
aA +bB — cC+dD (R2.1)

where A, B, C, and D are chemical species and a, b, ¢, and d are the absolute values
of the stoichiometric coefficients for each species, which are negative for reactants

and positive for products.

The rate of reaction, r, is defined as the rate of decrease in the concentration of

reactants per unit time, -%, or the rate of increase in the concentration of products
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per unit time, +d£i—f]. A generic rate equation describing r can be written for all

chemical reactions, which, for the general reaction shown above is:

= LTdA] _ K[A]“[BY (Equation 2.1)

where -% is the rate of change of A, k is the rate coefficient (which can vary with

both temperature and pressure), [A] and [B] are the concentrations of reactants A and
B respectively, and « and £ are the orders of the reaction with respect to [A] and [B]
respectively. The exponents « and 8 can only be determined experimentally and
provide information on how the rate of reaction varies with the concentration of the
associated reactant. It should be noted, however, that the rate equation of certain
limited reactions can be predicted provided that the mechanism of the reaction is well
understood. The overall order of the reaction is given by the sum of the exponents in

the rate equation (a + ).

An elementary reaction is a one-step chemical reaction, in which one or more
chemical reactant species react directly to form products in a single reaction step and
with a single transition state, where a transition state is defined as a particular
configuration along the reaction coordinate corresponding to the maximum potential
energy along the minimum energy pathway, so represents a saddle point on the
potential energy surface (PES). A reaction coordinate is an abstract one-dimensional
coordinate which represents progress along the reaction pathway upon conversion
from reactants to products. A PES is defined as a surface analogous to a landscape
which describes the energy of a system, particularly a collection of atoms, as a
function of certain parameters known as reaction coordinates, typically the progress

of the reaction, the positions of the atoms or the bond lengths between atoms.

For an elementary reaction, the order of the reaction with respect to a particular
reactant is equivalent to the absolute value of the stoichiometric number for that
reactant. The molecularity of a reaction or step is described as the number of species
(molecules, ions, atoms or free radicals) which come together to collide and react. It
follows then, that for an elementary reaction, the molecularity of the reaction
corresponds to the total number of reactant molecules participating in the reaction,

and is equivalent to the overall order of the reaction. An elementary reaction involving

54



Chapter 2 Theory of Gas Phase Kinetics and Photochemistry

only one reactant species is termed a unimolecular reaction and is first-order, an
elementary reaction involving two species is termed a bimolecular reaction and is
second-order, and an elementary reaction involving three species is termed a
termolecular reaction and is third-order. For bimolecular reactions, rate coefficients
can be made simpler to determine by monitoring the reaction under pseudo-first-order
conditions under which pseudo-first-order Kkinetics apply. Under such
pseudo-first-order conditions, the concentration of one reactant species is in large
excess relative to the concentration of the other reactant species, hence the

concentration of the species in excess is, in effect, considered to be constant.

For an elementary reaction, the rate law or rate equation, which is the equation that
links the initial or forward rate of reaction with the concentration or pressures of the
reactant species taking part in the chemical reaction and the constant parameters of
the reaction such as rate coefficients, can be predicted from the stoichiometry of each
participating reactant species. On the other hand, for a complex reaction, which is
described in further detail below, the rate equation and overall order of reaction cannot
be reliably deduced from the stoichiometry of the overall reaction and must be
determined experimentally, since the unknown reaction mechanism for the reaction
comprises more than one elementary step. Once the experimental rate equation has
been determined, it if often useful for establishing the reaction mechanism by which
the reaction takes place.

A complex reaction, otherwise known as a multistep, stepwise or overall reaction, is
a chemical reaction with one or more reaction intermediates and consists of at least
two consecutive known elementary reactions. In complex reactions, not all bonds are
broken and formed at the same time as in elementary reactions, hence one or more
reaction intermediates appear within the reaction pathway upon going from the
reactants to the products. A reaction intermediate is defined as a molecular entity that
is formed from the reactants, or preceding intermediates, and reacts further to give the
products, or succeeding intermediates, of a chemical reaction, i.e. it is the reaction
product of each of the steps in a multistep reaction, except for the last one which forms
the final product(s). Since reactive intermediates are usually short lived, they are very

seldom isolated.
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In general, there is one relatively very slow elementary step within the sequence of
elementary steps making up the complex reaction. This slowest individual elementary
reaction within the reaction mechanism is referred to as the rate-determining step
(RDS) of the reaction, i.e. the overall reaction cannot proceed any faster than this RDS
proceeds, and can often be used to approximately determine the overall rate of the
reaction. Species involved in, or prior to, this RDS will normally appear in the rate
equation; conversely species involved after the RDS do not appear in the rate
equation, i.e. the reaction rate is independent of, and hence zero-order with respect to,

the concentration of these species.

Experimental investigations and modelling of such complex reactions require
understanding of the fundamental elementary reactions making up the complex
reaction. Techniques employed to investigate the rates of complex reactions in relative
isolation involve simplification of the reaction via detailed knowledge of each of the
elementary processes taking place. Details of such experiments within the scope of
this thesis are provided alongside the details of the corresponding reaction system in
Chapter 5, in which the kinetics of the CH.00 + CH200 and the CH200 + I reactions
are discussed in detail, with the mechanism used to describe the reactions occurring
in this complex system including the reaction of CH:l + O to generate CH,OO and

the subsequent reactions of the simultaneously generated CH210, peroxy radical.

2.1.1 The Steady State Approximation

For a complex reaction, it is often possible to derive the overall rate equation from a
combination of each of the multiple elementary rate equations making up the complex
rate equation, using the steady-state approximation (SSA). The SSA describes a
situation in which it is assumed that, after an initial induction period, the
concentrations of reactive reaction intermediates in a system reach a small and

constant level. Thus, for a reaction consisting of the elementary reactions:

A+B — C (R2.2)
C+D — P1+ P2 (R2.3)
C — Ps+ P4 (R2.4)

the rate equation for the rate of formation of products can be written as:
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dp] _  dP] _
+7 + 7 ky 3[C][D]
(Equation 2.2)
ro= 4 d[Ps;] _ N dP;] _ ks 4[C]

dt dt

The SSA requires that the intermediate species have a small and invariant
concentration. For this to be true, the rate of removal of the intermediate species must
far exceed its rate of production, i.e. the step(s) or elementary reaction(s) constituting
loss of the intermediate species (R2.3 and R2.4) are much faster than those
constituting its formation (R2.2) hence ka3 >> ka2 and ka4 >> k2.2 with a criterion
commonly used being that ko.3/ko2 > 10 and k2.4/ko2 > 10. This is often the case for
reactive intermediate species since they are formed slowly and react readily, so their
concentration does not build up and remains low. Application of the SSA involves
setting the net rate of change of the concentration of the reaction intermediate in the
reaction mechanism equal to zero, i.e. its concentration as constant, so that the kinetic
equations can be simplified by setting the rate of formation of the intermediate equal
to the rate of its destruction. It is assumed that the time required to achieve this

steady-state concentration is negligible compared to the total reaction time.
In this case, the rate equation can be simplified by applying the SSA to species C:

d[C
+% = kp2[A][B] = (ka5 [C][D] + k> 4[CD) = O (Equation 2.3)

which, upon rearranging, gives the steady state concentration of species C as:

(] ky2[Al[B]

= Equation 2.4
ky 3[D]+k; 4 (Fa )

which can be substituted back into the rate equation for the formation of products.
This thesis focuses on the direct detection of the reaction kinetics of Criegee
intermediates, discussed in detail in Chapter 1. The SSA is applied to intermediate
species in reaction systems and since Criegee intermediates are intermediate species
in atmospheric reactions, they can be thought to exist in a steady state concentration
in the atmosphere. For complex systems, such as those in Criegee intermediate
reactions presented in this thesis and discussed further in Chapter 5, application of the
SSA can give complex rate equations such as that shown above. This is true for any

number of product channels for an overall reaction with any combination of reactions.
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2.2 Temperature and Pressure Dependence of Rate Coefficients

Rate coefficients often depend on temperature and/or pressure conditions, which can
be probed by studying rates of reactions over a range of temperatures and pressures.
Indeed, the rate coefficients of many atmospheric and combustion reactions can vary
considerably over a relatively narrow range of temperatures and pressures.* Since both
temperature and pressure within the Earth’s atmosphere vary sufficiently enough to
cause significant changes to rate coefficients of certain reactions (as shown in Figure
1.1 in Chapter 1), it is important to understand the fundamental concepts behind the
temperature and pressure dependence of rate coefficients. The experiments reported
in this thesis were conducted at room temperature and a range of pressures below
atmospheric pressure. Despite determination of chemical kinetics and hence rates of
chemical reactions relying upon experimental measurements, theoretical approaches
can also be utilised to determine rate coefficients. As with experimental
measurements, advances in technology has enabled theoretical calculations to be

carried out much quicker, cheaper and more accurately than in previous years.

2.2.1 Temperature Dependence

In reaction kinetics, the Arrhenius equation is used to describe positive temperature
dependence. An empirical experimental observation is that, for many reactions, the

rate coefficient, k, varies with temperature according to this Arrhenius equation®:
_ E .
k=A exp (— a/RT) (Equation 2.5)

where A is the pre-exponential factor and represents the frequency of collisions
between reactant species whether they result in product formation or not but occurring
with the correct orientation to react, Ea is the activation energy of the reaction and is
the minimum amount of energy that is required by and must be provided to reactant
species to overcome the reaction barrier and result in a chemical reaction, R is the gas

constant and T is the absolute temperature.

The pre-exponential factor and the activation energy are collectively described as the
Arrhenius parameters, and are used to parameterise the temperature dependence of
the rate coefficient k for a particular reaction. It can be seen from the formula for the
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Arrhenius equation that the exponential term, exp(-Ea/RT), increases with
temperature, therefore the rate of reaction will also increase as temperature increases
for a reaction involving species which exhibit Arrhenius behaviour, as depicted in
Figure 2.1. Several theories have been advanced to explain this temperature
dependence, with two of the fundamental theories commonly used to determine rate
coefficients of elementary reactions exhibiting positive temperature dependence being
simple collision theory (SCT) and transition state theory (TST), brief summaries for

which are provided below.

a b
A Transition A
Negative slope corresponds
to positive activation energy
>
o
o x
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barrier Products behaviour
Reaction coordinate 1T

Figure 2.1: Schematic representation of a) a typical reaction coordinate or potential energy surfaces
(PES) for an exothermic reaction with a substantial barrier to reaction products, which adheres
approximately to the Arrhenius equation (Equation 2.5), showing the potential energy of the
system as the reaction takes place, and b) the typical Arrhenius plot corresponding to this system
where an Arrhenius plot is defined as a plot of the log of the rate coefficient k as a function of
the inverse of the temperature T, and should be linear with a slope equal to -E4/R for reactions

which exhibit Arrhenius behaviour. Adapted from reference 6.5

2.2.1.1  Simple Collision Theory

At the simplest and most basic level, rate coefficients for elementary chemical
reactions in the gas phase can be rationalised in terms of, and calculated by using,
simple collision theory (SCT). It is assumed in SCT that the reacting species (atoms
and molecules) behave as hard, structureless spheres undergoing elastic collisions,
and that a reaction may only occur upon/during a collision, i.e. that no intermolecular
forces are in operation between the species. SCT states that when reactant species
collide, only a certain fraction of collisions, called successful collisions, result in a

perceptible or notable change. In order to break the existing bonds and form the new
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bonds, at the moment of impact these successful collisions must have enough energy,
also known as the activation energy, to overcome the energy barrier to reaction,
resulting in the reaction products being formed. Increasing the concentration of the
reactant(s) leads to more collisions overall and hence more successful collisions,
while increasing the temperature increases the average kinetic energy of the reactant
species and hence the number of collisions with enough energy to form products, both

of which lead to an increase in the overall reaction rate.

An estimation of the rate coefficient, k, for a reaction between two species A and B
can thus be calculated using SCT,’ by equating the rate of reaction, r, for the reaction
between these two species to the total number of collisions between the reactants per
unit volume and time, also known as the collision frequency, Zag, multiplied by the
fraction of species with sufficient energy to react upon collision, F:

r=Zsg F (Equation 2.6)
The collision frequency, Zag, is obtained from the kinetic theory of gases and is given
by:

Zap = Veor Na” [A][B] (Equation 2.7)

where Vo is the collision volume which describes the notional volume swept out by
a moving molecule in unit time, Na is Avogadro’s constant, and [A] and [B] are the
concentrations of reactant species A and B in molar units respectively. The collision
volume is determined by the product of the collisional area of the reaction between
species A and B, also known as the collision cross-section, oag, and the mean relative

speed of species A and B, Crel:

1
8k T \ /2 ,
(Equation 2.8)

Vcol ~ OAB Erel ~ O0AB (
WU

where o5 = 7(rs +75)?, raand rg are the radii of species A and B respectively, kg is

the Boltzmann constant, T is the temperature (K), pag is the reduced mass of reactant

species A and B, u,, = % ma and mg are the masses of species A and B
A B
) 8kpT\ /2 )
respectively, and the term (?) represents the mean relative speed of A and B.
AB

Substituting this formula for collision volume into the equation for the collision
frequency gives:
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8kgT
ZAB = OAB T

1
/>
) NA* [A][B] (Equation 2.9)
AB

The fraction of colliding species with sufficient energy to overcome an energy barrier
(the activation energy) to rearrangement of electrons during the reaction, F, is given
by the fraction of species with a kinetic energy above a certain critical value, &, within
a distribution of kinetic energies. This distribution of Kkinetic energies, f(E) is

described by:

1 .
f(E)= m exp (— E/ ks T) (Equation 2.10)

Integration of this distribution of Kinetic energies between limits of ¢, the critical
energy for reaction, and infinity, gives the fraction of species, F, with Kinetic energy

above the critical value:

o0 1 |
F:f(EE‘g):f T P (_E/kBT) dE (Equation 2.11)
1 ]
- _F .
T ker) P (- s 7)dE (Equation 2.12)
=exp (=% T) (Equation 2.13)
B

SCT therefore predicts the rate of reaction, r, of the elementary chemical reaction

between two species A and B to be given by:

8ksT\ 72
r=om( Na? [A][B] exp (- e 7) (Equation 2.14)
AB

When this expression for rate of reaction is compared to the rate equation for an

elementary reaction, it is derived that, for such a reaction, SCT predicts the rate

coefficient, k, to be given by:

1/

8kgT \ 2

k=o0xp < 7F,UB > N2 exp (— g/kBT) (Equation 2.15)
AB
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which compares well with the experimentally determined Arrhenius equation given
above. This expression offers the first theoretical explanation for the Arrhenius

equation on a molecular basis.

Upon comparison of rate coefficients calculated by SCT with known rate coefficients
determined experimentally, it is evident that this theory fails to estimate rate
coefficients accurately, with reaction rate coefficients of more complex species being
increasingly more inaccurate. This can be explained by the fact that in the SCT,
species have been treated as spherical and so able to react in all directions, which is
not the case since the orientation of the collisions is not always proper for the reaction,
i.e. a reaction will only occur between species A and B until and unless they are

oriented in the correct manner.

A new concept must be introduced into the SCT to rectify this problem, termed the
steric factor, ps, which represents the probability that the two reacting species will
collide with the proper orientation to yield the corresponding product(s), and is
defined as the ratio between the experimental value for the pre-exponential factor A
from the Arrhenius equation and the calculated value for the collision frequency Zag:

A experimental

pg = (Equation 2.16)
ZAB, calculated

The result of the steric factor is often less than unity, and is usually lower for more
complex reactant species. This is reasonable since the more complex and
unsymmetrical the structure for a reactant, the more orientational restrictions it is
likely to have and the more precise the correct orientation is likely to be. It should be
noted that the steric factor does try to account for the discrepancy between
experimentally determined and theoretically calculated rate coefficients, but it is not
predictive and there is no generic formula to calculate it, it is simply the ratio between
two differently determined results, one empirically and the other theoretically.
Difficulty in assessing this steric factor still leaves the SCT imperfect for the

calculation of reaction rate coefficients.

Using the SCT is a good starting point for the estimation of reaction rate coefficients
since it provides insight into the physical description and significance of the Arrhenius
parameters, and can qualitatively predict the broad features of many rate coefficients,

particularly the exponential dependence of k on temperature. However, given that it
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cannot make accurate quantitative predictions of rate coefficients, its use presents
challenges in that it is not practically applicable beyond a certain point, and that results
determined via its use may potentially be inaccurate. The limitations of the theory are
embedded in its assumptions that reacting species are equivalent to hard spheres
which react instantaneously on collision if sufficient energy is available, and that
intermolecular forces and internal energy distributions are negligible. These
assumptions ignore the structure of the reactant species and overlook the importance
of intermolecular forces, both of which can, to some extent, control if and how

reactions involving these species materialise.

In reality, reactions will in fact only occur if the reacting species collide in such a way
that certain steric requirements are met, and reactions will not be instantaneous since
a finite time is required for structural and energetic redistributions to occur.
Furthermore, there are often long-distance interactive forces occurring between the
reacting species, leading to both temporary and permanent changes. Incorporation of
these ideas into SCT has proven to be problematic, hence a more sophisticated model
is required to obtain more accurate theoretical estimations of reaction rate coefficients.

2.2.1.2  Transition State Theory

Transition state theory (TST), sometimes referred to as activated complex theory,
explains the reaction rates of elementary chemical reactions in the gas phase by
considering the reaction to take place as a trajectory across a PES. The PES for the
co-linear reaction A +BC — AB + C is shown in Figure 2.2. Unlike SCT, TST
accounts for the formation of an intermediary species between the reactants and
products of a reaction, termed the activated complex, ABC¥, which is the cluster of
atoms around the highest energy point along the reaction coordinate in the PES. For
the reaction shown, as A and BC come into proximity they distort, and the potential
energy rises to this maximum point or peak in the PES, at which the exact

configuration of the cluster is called the transition state.
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Figure 2.2: 3D potential energy surface (PES) for the reaction A + BC. Reproduced from reference 7.’

It should be noted that the terms transition state and activated complex are sometimes
used interchangeably, however they mean different things, so it is important to
highlight the specific differences between them. The transition state, located at the
peak of the PES for the reaction, refers only to the highest potential energy of the
atoms participating in the chemical reaction and is the one and only molecular
configuration that occurs at this point, whereas the activated complex covers a range
of configurations that the atoms form on their way from reactants to products and may

be present at any point near the transition state.

TST treats the activated complex as existing in a special type of chemical equilibrium,
known as the quasi-equilibrium, with the reactants, and assumes that once the
transition state has been reached, it is impossible for this to re-form reactants and so
inevitable that the reaction will proceed towards the formation of products. A
quasi-equilibrium is described as a thermodynamic process during which the system
only deviates from the equilibrium by an infinitesimal amount, i.e. a process that takes
place so slowly such that the system appears to be static. It is also assumed in TST
that the energy distribution of the reactant molecules is described by a Boltzmann
distribution, and that a single reactive vibration of the activated complex, considered

to be separable from all other vibrations and rotations of the complex, is responsible
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for the motion over the energy barrier to reaction, i.e. this motion over the barrier is a

classical process.
The overall reaction:
A+BC — AB+C (R2.5)
upon applying the TST to fully describe the system, can be written as:
A+BC = ABC! — AB+C (R2.6)

and the rate equation, r, can be written as:

_ _%g.z _ﬂiﬂ Ksimol[A[BC]
(Equation 2.17)
. = ,dABl _ dC] F[ABCH
dt dt

Since a quasi-equilibrium is present between the reactants and the intermediary
species, the equilibrium constant for the quasi-equilibrium, Keg, is:

o [ABCH]
4" [A][BC]

(Equation 2.18)

rearrangement of which means that the concentration of ABC* can be expressed in
terms of the concentration of A and BC and the equilibrium constant:

[ABC*] = K,[A][BC] (Equation 2.19)

Combining Equation 2.17 - Equation 2.19 derives a formula describing the rate of

reaction:
r =K [ABC*] = KK [AI[BC] = kyimoi[A][BC] (Equation 2.20)

from which it is evident that the bimolecular rate coefficient for the reaction, Kpimol, IS

given by:
kbimol = k:tKeq (Equation 221)

It follows that before this rate coefficient kvimor Can be determined using TST, there
are two parameters which must be defined, the rate coefficient k* and the equilibrium

constant Keg.
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The equilibrium constant Keq can be described, via a temperature dependent
expression using the general result from statistical mechanics, as a product of an
exponential function dependent upon the size of the activation barrier (denoted by ¢
in Equation 2.22), i.e. the energy difference between the zero-point energy of the
reactants (A + BC) and the products (AB + C), determined by spectroscopy, and the

total molecular partition functions of species A, BC and the activated complex ABC*

which are called Qa, Qsc and Qagct respectively, each made up of the product of the
translational, rotational and vibrational partition functions of each species, calculated

using statistical mechanics and spectroscopic data:

Opct
Koo = exp(—¢ (Equation 2.22)
0,0, )

Since it is assumed that a single vibration, which is independent of all other vibrations
and rotations in the activated complex, leads to dissociation of this activated complex

ABC? to form products AB + C, the total partition function for the activated complex,

Qagct, can be separated into two components, namely q, the vibrational partition

function of ABC* describing the reactive vibration that leads to dissociation, and

Qasct', the total partition function of ABC* excluding the contribution from this

reactive vibration:
Oupct =9 Oapct’ (Equation 2.23)
The vibrational partition function q can be approximated to:

_ T Equation 2.24
= (Equation 2.24)

where v is the frequency of the reactive vibration.

The rate coefficient k* is directly proportional to the frequency of the vibrational mode
responsible for converting the activated complex to products, v. However, every
vibration does not necessarily lead to the formation of products, AB + C, as a fraction
of the vibrations also lead to the formation of reactants, A + BC, so a proportionality
constant, referred to as the transmission coefficient, «, is introduced to account for the
proportion of reactive vibrations, with vibrational frequency v, which lead to product
formation. It is worth noting that the transmission coefficient is often assumed to be

unity. k* is thus determined to be:
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K = kv (Equation 2.25)

The overall rate coefficient for the reaction, Koimoi, iS therefore determined by

substituting the above factors into Equation 2.21, and can be defined as:

Kpimol = K %gj—g}; exp (— ¢/ ke T) (Equation 2.26)
which again resembles the experimentally determined Arrhenius equation provided
above. Itis clear from the TST and SCT variations of the Arrhenius equation that rate
coefficients often exhibit temperature dependence, a dependence which is
proportional to the activation barrier of the reaction and can potentially be predicted
for reactions which exhibit Arrhenius behaviour using these theories, however an

advantage of TST over SCT is that it inherently includes molecular complexity.

Although there is generally good agreement between results of rate coefficients
calculated using TST and experimentally determined rate coefficients, especially for
small reaction systems for which accurate PESs are available, and certainly better
agreement with experimental results than when compared to rate coefficients obtained
using SCT, accurate predictions of rate coefficients are still not achieved. This is
because the statistical mechanical formulation of TST, as described above, requires
both the structure and vibrational frequencies of the transition state to be known
accurately. This is very difficult in reality, particularly since many PESs are not
accurate enough to provide such information. For many reactions, especially those
involving larger species, it is often difficult to employ this form of TST in a
meaningful manner due to the fact that the number of variables is too large. As such,
despite it becoming increasingly possible to calculate transition state structures with
reasonable reliability and comparison of the magnitude of the calculated and
experimental rate coefficients providing information about the mechanism of the
reaction, this form of TST is still not a fully predictive tool, particularly when used to
explain the temperature dependence of rate coefficients of complex reactions.

Rather than employing this statistical mechanical method of extracting parameters for
TST, involving calculation of partition functions, which is not only difficult but also
computationally expensive, TST can also be used in conjunction with thermodynamic
quantities. The thermodynamic form of TST is designed for use in the interpretation

of kinetic data from more complex systems. The rate coefficient k* remains the same
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as before in the thermodynamic formulation of TST, therefore only the equilibrium
constant Keq needs to be determined, this time without the use of partition functions
but by using thermodynamic quantities instead. It is worth noting that the
thermodynamic formulation of TST involved thermodynamic quantities specifically
for the formation of the transition state and not for the formation of the product(s) of

the reaction.

For a system at chemical equilibrium, the change in Gibbs free energy, AG, which is
the energy associated with a chemical reaction which can be used to do work, is

defined as:
AG = -RTInK, (Equation 2.27)

which, when modified to represent terms for an activated system with a transition

state, and rearranged, gives:
$
Keq=exp(=29"/p7) (Equation 2.28)

The standard definition for the Gibbs free energy is given by the sum of the enthalpy,
H, defined as the heat evolved (either released of absorbed) by a chemical reaction at
constant pressure and temperature, plus the product of the temperature and the

entropy, S, defined as the degree of disorder or randomness, of the system:
AG = AH - TAS (Equation 2.29)

Upon substituting the Gibbs free energy of activation term with this standard
definition, and again modifying to represent terms for an activated system with a

transition state, the equilibrium constant, Keq, can be defined as:

Keq =exp (— AHY ) RT) exp (AS i R) (Equation 2.30)

which, when substituted into Equation 2.21, the overall rate coefficient for the

reaction, gives:

kgT ¥ ¥ :
Kimol = K% exp (AS / R) exp (— AH"/ RT) (Equation 2.31)

Consequently, if the changes in entropy and enthalpy of transition state formation,
AS* and AH* respectively, are known, the overall rate coefficient for the reaction,
knimol, can be calculated directly. It is worth noting that the entropy of activation, AS?,
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and the enthalpy of activation, AH*, are related to the pre-exponential factor, A, and
the activation energy, Ea, in the Arrhenius equation respectively. It is also important
to clarify that both the enthalpy and entropy terms in this thermodynamic formulation
of the TST relate only to the enthalpy and entropy of the transition state of the system,

and not to the enthalpy and entropy of the reaction as a whole.

While TST is a widely applicable theory which has provided a conceptual foundation
for understanding how reactions occur, it does have limitations. According to TST,
atomic nuclei behave according to classical mechanics, and it is assumed that a
reaction does not occur unless and until reactant species collide with enough energy
to form the transition structure. This is not strictly true since quantum mechanics states
that for any barrier with a finite amount of energy, it is feasible that particles can
tunnel through the barrier. This means that for a chemical reaction in which reactants
do not collide with enough energy to traverse the energy barrier, there is still a
possibility that the reaction will proceed. Tunnelling probability increases with
decreasing barrier height, making it an important phenomena for reactions with
relatively low energy barriers, and negligible for reactions with large activation

barriers.

TST also fails for some reactions at high temperature, since it assumes the reaction
system will pass over the lowest energy saddle point on the PES. Although for
reactions occurring at relatively low temperatures, this description is consistent,
molecules populate higher energy vibrational modes at high temperatures, which
means that their motion becomes more complex and it is possible for collisions to

generate transition states far away from the lowest energy saddle point.

When applied to each elementary step of a complex reaction, TST assumes that each
intermediate is long-lived enough to reach a Boltzmann distribution of energies before
continuing to the next step, which is not always true. In cases where the intermediates
are in fact very short-lived, the momentum of the reaction trajectory from the reactants
to the intermediate can carry forward to affect product selectivity. Given these
limitations, several alternative versions of TST have been proposed to account and
correct for these fundamental issues faced when considering reactions for which TST
does not work, e.g. for reactions with low energy barriers, for reactions at high

temperatures and for complex reactions with short-lived reaction intermediates.

69



Chapter 2 Theory of Gas Phase Kinetics and Photochemistry

Examples of these are microcanonical variational TST, canonical variational TST,

improved canonical variational TST, nonadiabatic TST and semiclassical TST.

2.2.1.3  Theory of Barrierless Reactions

A fundamental concept of both SCT and TST is the assumption of the presence of an
energy barrier to reaction, i.e. that on the reaction path between the initial and final
arrangements of atoms and molecules, there exists a barrier, separating the minima of
the PES pertaining to the initial and final states of the reaction, with the magnitude of
this barrier relating to the activation energy, which is the minimum amount of energy
that must be provided to reactant species for a chemical reaction to occur. It then
follows that for a chemical reaction exhibiting such behaviour to proceed at a
reasonable rate, the temperature of the system should be high enough such that there
exists an appreciable number of reactant species with translational energy equal to or
greater that the activation energy, and that upon increasing the temperature of the
system, since the number of reactant species with this energy or more increases, so

does the rate of reaction.

However, not all reactions behave in this manner. Indeed, some reactions, including
those of interest in atmospheric and combustion systems, exhibit negative temperature
dependences, meaning they occur faster at lower temperatures, i.e. the rate of reaction
increases with decreasing temperature. When following an approximately exponential
relationship so that the rate coefficient can still be fit to an Arrhenius expression, this
results in an apparent negative value for activation energy since there is no energy
requirement for bonds to be broken before molecular rearrangement can occur to give
products. Elementary reactions exhibiting such behaviour are typically called
barrierless reactions, given the lack of an energy barrier to reaction, with PESs such
as that depicted in Figure 2.3. Various processes occurring in the atmosphere and in
combustion systems can be barrierless reactions, e.g. reactions between two reactive
radicals and addition reactions such as those between radicals and O». To interpolate
between determinations of rate coefficients for barrierless processes or to extrapolate
beyond the measured range, the temperature dependence can be parameterised using

empirical descriptions of the reaction in the form:
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—n

T .
k=A (M) (Equation 2.32)

where A and n are determined through fitting to experimental observations.
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Reaction coordinate 1T

Figure 2.3: Schematic representation of a) a typical potential energy surface (PES) for an exothermic
reaction with no energy barrier, showing the potential energy of the system as the reaction takes
place and exhibiting strong non-Arrhenius behaviour, and b) the typical Arrhenius plot
corresponding to this system, where an Arrhenius plot is defined as a plot of the log of the rate
coefficient k as a function of the inverse of the temperature T, and should be linear with a slope

equal to -E4/R for reactions which exhibit Arrhenius behaviour. Adapted from reference 6.°

Although originally developed to explain reactions with energy barriers, SCT and
TST can still provide good descriptions of barrierless reactions, however kinetic
treatment of such reactions is more difficult and determination of reaction rate
coefficients for barrierless reactions is not best achieved via the use of conventional
TST. A fundamental flaw within TST is the assumption that during the course of a
reaction, the transition state is not crossed more than once, and so any crossing of this
transition state is counted as a reaction from reactants to products. For reactions where
the energy within the system is small compared to the large activation energy, this
assumption is a fairly accurate description of the system, however it becomes less
accurate for reactions where the activation energy is small, since, in reality, it is
possible for a species to cross the surface at which the transition state exists and turn
around, or cross multiple times and only truly react once. As such, rate coefficients
calculated using unadjusted TST tend to be upper limits, or in the case of reactions
with insignificant energy barriers, they are overestimated. Additionally, in reactions

with barriers, the saddle point is taken as the transition state, and although it is still
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possible to assign a transition state in a barrierless reaction, this is no longer a saddle
point. To account for these issues and determine the temperature dependence of such
barrierless reactions, variational TST (VTST) can be used to locate the position of the
transition state that defines a successful reaction on the PES. Distinctly, for a
barrierless reaction, the transition state is determined more from entropy than
enthalpy, since the enthalpy term, which is related to the activation energy in the
Arrhenius equation as defined and described above, becomes negligible for a

barrierless reaction.

It has been shown that even certain reactions with activation barriers can demonstrate
a strong negative temperature dependence at very low temperatures due to an effect
predicted in the early 20" century known as quantum mechanical tunnelling (QMT),
which is defined as a quantum mechanical phenomenon where a species is able to
penetrate through the potential energy barrier to reaction which is higher in energy
than the species’ own kinetic energy. Work at the University of Leeds has also
demonstrated this effect of reactions adhering to the Arrhenius equation at high

temperatures with non-Arrhenius behaviour at low temperature.®

2.2.2 Pressure Dependence

Gas phase kinetics includes two types of reactions for which the rate coefficients
exhibit pressure dependence. These are unimolecular dissociation/recombination
fall-off reactions and chemically activated bimolecular reactions. In principle, both
these reactions are both temperature and pressure dependent, however the pressure
dependence may be insignificant under certain conditions. Dissociation reactions are
defined as processes in which large species, such as molecules or complexes, separate
or split to form smaller species, such as atoms, ions or radicals, often in a reversible
manner, with the opposite of dissociation reactions being termed association or
recombination reactions. Chemically activated reactions are processes by which
vibrationally excited species are produced from the reaction of precursor species, with
the excited species being so due to the energy released by the reaction being
channelled into the products, giving them energy greater than would be thermally

predicted, hence an increased propensity to undergo further chemical reactions.
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Among the reactions which display this pressure dependence are dissociation
reactions, elimination reactions, isomerisation reactions, radical-radical
recombination reactions and addition reactions of radicals to multiple bonds. All of
these reactions can be considered as a sequence of at least two steps with one being
an excitation process followed by either a deactivation step, in which excess energy
is removed by a bath gas to stabilise the excited species, or by a reaction, producing
generally two or more products. Of note is that the detail which distinguishes a
pressure dependent reaction from a pressure independent one is the process of energy
transfer, which is the relocation of energy from one system to another. Generally, rates
of dissociation/recombination reactions increase with increasing pressure while those
of chemically activated reactions decrease with increasing pressure. In both cases,
various expressions are available which allow for the high- and low-pressure limiting

rates to be connected.

2.2.21 The Lindemann Mechanism

Gas phase dissociation and isomerisation reactions often display first-order kinetics
at high pressures, with the rates of such reactions also typically increasing with
temperature, demonstrating the requirement for reactant species to acquire adequate
energy to overcome an energy barrier to reaction. However, the observed first-order
kinetics apparently preclude collisional activation, which is defined as a bimolecular
process in which the energy is transferred from a collision partner, usually a bath gas,
to the reactant species, such that the reactant species is left with an excess of energy,

i.e. internally excited.

The first and simplest kinetic model to qualitatively describe the pressure dependence
of a chemical reaction was proposed by Lindemann® in the 1920s, which splits the

overall unimolecular reaction:
AB — A+B (R2.7)

which designates either a dissociation or an elimination reaction, into two elementary

steps:

AB + M AB* + M (R2.8)

=
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k
AB* 3 A+B (R2.9)

where M is any other species, often a bath gas, which is able to produce or deactivate
the energised species AB* (* denotes a species in the excited state). Note that the first
step is a reversible reaction with rate coefficients ki and and k-1 in the forward and

backward directions respectively.

The first step, a strong collision between the reactant species AB and the bath gas M,
transfers enough energy to AB to reach a state above the reaction barrier and produces
the excited species AB*, constituting the excitation step. This energised state then
either loses energy in a subsequent collision to re-form AB, i.e. undergoes the reverse
of the first step otherwise known as deactivation, or it rearranges to the products A +
B, i.e. undergoes a reaction.

The rate of formation of the products A and B from this mechanism are both given
by:

+@ — +@ = ky[AB*] (Equation 2.33)
dt d 2 1 '

After a short time, formation and consumption of the excited species AB* will be in
balance, i.e. the concentration of AB*, [AB*], reaches the steady-state concentration,
the details for which are provided above. Application of the SSA to AB* gives:

ki[AB][M]

A= Mg

(Equation 2.34)

which, when substituted into the original equation for rate of formation of the

products, gives:

+@ _ +@ — b [AB*] = kyki[AB][M]

Equation 2.35
dt di e [M] ey (Equation 2.35)

The rate coefficient which is actually measured experimentally, kag obs, is defined as
a unimolecular rate coefficient since the rate of reaction is observed to be dependent

on the concentration of reactant species AB:

LAAL_ dIB] —k AB
dt - dt - AB,ObS[ ]

kyki [M]

where kAB,obs = m

(Equation 2.36)
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from which it is evident that kasbs IS dependent on the concentration of species M,

which is any collision partner and usually refers to the bath gas.

The two limiting cases of low- and high-pressure, equating to low and high
concentration of collision partner, usually bath gas, where [M] tends towards zero
(IM]—0) and infinity ([M]—x) respectively, lead to expressions for the low- and

high-pressure rate coefficients, ko and k.. respectively.

At low pressures, since [M]—0, this means that k.i[M]<<k>, therefore the rate of

formation of products is simplified to:

d[A]  dB] _
+7 = +7 = kl [AB][M] = kAB,obs[AB]

where kpp obs = ko = k1 [M] (Equation 2.37)

demonstrating that the reaction exhibits effectively second-order kinetics overall, with
the Lindemann mechanism predicting that the rate coefficient increases as the pressure
is increased in this low-pressure region since kag,obs IS directly proportional to [M].
As such, when expressed as a function of [M], the rate coefficient takes the form of

an apparent first-order rate coefficient.

At high pressures, since [M]—oo, this means that k-1[M]>>k», allowing simplification
of the rate of formation of products to:

LAALdBL Rk AB
dt - dt - k_l [ ]_ AB,ObS[ ]

_ kk

where kpp obs = koo = i (Equation 2.38)
-1

for which the rate coefficient is, in fact, a unimolecular rate coefficient since it is first
order with respect to [AB]. This rate coefficient is termed the high-pressure limit,

since at these high pressures, the rate coefficient becomes independent of pressure.

A schematic representation of the experimentally observed rate coefficient, kag,obs, as
a function of total pressure, [M], is shown in Figure 2.4. The plot illustrates an initially
linear dependence of kagons On [M] at low pressure, with curvature where Kag,obs
departs from this linear relationship at a certain pressure and falls off, leading to the

limiting value of kasobs at high pressure. The transition region in which kagobs
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switches from the low-pressure to the high-pressure regime is called the fall-off

region.
A
kObS _.":. fall-off /
regime
kobs :ﬂ
K
kobs = kl [1\4]
>
[M]

Figure 2.4: Schematic diagram of the apparent first-order or unimolecular rate coefficient, kag,obs, as a
function of total pressure, [M], showing that the observed rate is second-order at low pressures
and tends to a limiting first-order value at high pressures. Reproduced and adapted from

reference 10.1°

The unimolecular rate coefficient kas obs at any pressure is usually expressed in terms
of both ko and k., or alternatively, in terms of the reduced pressure, pr, defined as:

P, ko[M] :
kaB.obs = ko where p_ = (Equation 2.39)
> 1+pr r koo
which, when substituted in to the expression for kag,obs, gives:
kO[M]koo .
kAB,obs = m (Equation 2.40)

Termolecular recombination or association is the reverse reaction of unimolecular
dissociation, as described above. The principle of detailed balancing ties both

reactions together by the thermodynamic equilibrium constant:

Ke _ kAB,obs

q= (Equation 2.41)
kA+B,0bs
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Consequently, ka+s,obs, like kag,obs, IS pressure dependent. As characterised above, a
pressure-dependent reaction is a process that is composed of an excitation step
followed by either deactivation or reaction to, often multiple, products. Upon close

inspection of the generic termolecular recombination or association reaction:
A+B+M — AB +M (R2.10)

in terms of the underlying scheme of elementary reactions:

L&

A+B AB* (R2.11)

ky

AB*+M =S  AB+M (R2.12)

it is evident that these criteria of what constitutes a pressure-dependent reaction are
met. In three-body, or termolecular, reactions two reactant species, A and B, react to
yield one single product species, AB, with the reaction requiring a third body, M, to
stabilise the excited product, AB*, by collision. Once again, M is any species, often a
bath gas, which is able to produce or deactivate the energised species AB*. Note again
that the first step is a reversible reaction with rate coefficients k> and and k> in the
forward and backward directions respectively, and that both the elementary steps
making up the association reaction are in the opposite order to those making up a
dissociation reaction shown earlier, since association and dissociation are opposite
reactions of each other. The excitation step here is called chemical activation since
the energised AB* species is created upon the formation of a new bond during the
recombination or association process, whereas for a dissociation reaction, the

excitation occurs due to collisions with the bath gas, known as collisional activation.

A similar mechanism to that proposed by Lindemann for unimolecular kinetics can
be used to explain the observed pressure dependence of many termolecular association
reactions, via application of the SSA to species AB* and substitution into the equation

for rate of formation of products, giving:

d[AB] o1 _ Kako[A][B]M]
T kilABT = kot [M]

(Equation 2.42)

The experimentally observed termolecular rate coefficient, ka+g,obs, IS therefore given

by:
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d
, dIAB]
dt

= ka+p,obs[Al[B]

k.1k,[M]

Equation 2.4
T et [M] (Equation 2.43)

where K obs =

In a similar fashion to unimolecular reactions, at low pressures, since k-1[M]<<ka, the

rate of formation of products is simplified to:

LdIAB] _ kiks
itk

[A]B]IM] = ka+p,00s[Al[B]

1k .
P [M] (Equation 2.44)
2

where kA+B,obs = kO =
resulting in a third-order rate equation.

Equally, at high pressures, since k.1[M]>>k>, the rate of formation of products is
simplified to:

d[AB]
dt

+

= ko [A][B] = ka+p obs[A][B]
where kp g obs = koo =k (Equation 2.45)

resulting in a second-order rate equation.

Similarly to the dissociation rate coefficient kag,ons, the association rate coefficient
Ka+s,obs at any pressure can also be expressed in terms of both ko and k.. This is
demonstrated in this thesis to explain the pressure dependence of the rate coefficient
for the reaction between CH>OO and I, further details for which are provided in
Chapter 5.

When compared to experimental results of observed rate coefficients of unimolecular
dissociation and termolecular association reactions as a function of total pressure, it
is apparent that although the Lindemann model is qualitatively correct, its quantitative
assessment is sometimes not accurate. In other words, although it can explain the
occurrence of a fall-off region, for a unimolecular dissociation reaction, it predicts the
location of the fall-off region to occur at pressures which are several orders of
magnitude higher than experimentally observed and for cases in which the
high-pressure limit k. is known from experiments, the calculated rate coefficient k2 is

found to be unrealistically large. For such unimolecular dissociation reactions, the
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Lindemann mechanism predicts that kasobs decreases with pressure and that its
reciprocal, 1/kag,obs, is a linear function of the reciprocal of pressure, or equivalently

1/[M], via inversion and rearrangement of the equation to give:

I _kMith k1

= = (Equation 2.46)
kagobs  koki[M]  kyki ki [M]
and substitution for an expression equating to a straight-line plot:
1 I 1 1 .
= —+—.— (Equation 2.47)

kAB,obs koo kl [M]

Experimentally, however, for many reactions, although kasbs does decrease at low
pressure, the graph of 1/kag obs as a function of 1/[M] is quite often curved rather than

linear.

In the simplest form, the Lindemann mechanism fails for two main reasons. Firstly,
the treatment of the rate of activation and deactivation is too simplistic in that the
theory assumes that the rate coefficients for the bimolecular activation and
deactivation steps, ki and k-1 respectively, do not depend on energy and can be directly
calculated from kinetic collision theory, hence the internal degrees of freedom of the
reactant species are completely neglected and so the theory consequently
underestimates the rate of activation. Secondly, according to the theory it is assumed
that the unimolecular step is not energy dependent since it takes no account for the
fact that a unimolecular reaction specifically involves one particular form of
molecular motion, meaning that the process is in fact energy dependent. Subsequent
theories of unimolecular reactions have attempted to address these problems by
recognising the need to consider how energy is distributed in an energised model,
taking into account the requirement for energy to be located in the correct bond for a
reaction to occur and the fact that the probability of this happening depends on how

much energy is available and how big the species carrying the energy is.

2.2.2.2  The Hinshelwood Theory

The Hinshelwood theory!! further develops the Lindemann mechanism by taking into
account the energy distributed among vibrational degrees of freedom, and thus offers

a solution for the first problem regarding the bimolecular step of the Lindemann
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mechanism. The Lindemann theory neglects the vibrational modes of the reacting
species, since in collision theory, it is assumed that only translational energy is
available to surmount the energy barrier to reaction. The model inherently assumes
that AB can be treated as different species to AB*, when, in reality, AB* and AB are
the same species with the only difference being that AB* contains additional internal
energy, mainly stored in vibrational modes. Hinshelwood suggested that the internal
energy of the reacting species AB, contained in its vibrations, can assist it to overcome
this activation barrier. A given amount of excess energy in AB* can be stored in many
different combinations of vibrations, or states, and the number of states increases
rapidly with energy. Since AB* exists in many different states, the probability to
excite AB to AB* therefore increases as it scales with the number of states, with the

probability of forming a particular state given by the Boltzmann distribution.

Hinshelwood derived an expression for this probability of the reacting species AB
being collisionally activated to the reactive state AB* based on the assumption that
all vibrations are classical or simple harmonic oscillators at equilibrium. A further
assumption made is the strong collision assumption meaning that every collision can
form AB in any state, i.e. that the probability of deactivation of AB* in any given
collision is unity. The result of the Hinshelwood adaptation to the Lindemann theory
is that theoretical value of the rate of activation, ki, increases compared to the initial
Lindemann model, that of the rate of deactivation, k.1, remains unchanged due to the
strong collision assumption, and that of the rate of the unimolecular reaction, ko,
decreases due to the increase in ki via rearrangement of the high-pressure rate
coefficient, k,. This modification improves the some of the issues with the original
model since it moves the fall-off regime to a lower pressure range, leads to a more
realistic value for k2, and accounts for vibrational degrees of freedom in reactant
species leading to the increase in ki being more pronounced for larger species since
they have more oscillators or vibrations, i.e. more ways of distributing energy. An
important consequence of the Lindemann-Hinshelwood treatment is that the
probability of activating AB to AB* depends on the number of oscillators, i.e. on the
size of the reacting species AB, with larger species more easily activated than smaller
ones. In general, when compared to experimental results of unimolecular rate

coefficients, the Lindemann-Hinshelwood model reproduces the location of the
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fall-off region well, however the shapes of experimental fall-off curves are still not

accurately captured.

2.2.2.3  The Rice-Ramsperger-Kassel-Marcus Theory

A further refinement to the Lindemann mechanism to account accurately for pressure
dependence of rate coefficients for unimolecular reactions was made by Rice and
Ramsperger,'? Kassel,®* and Marcus,* leading to the development of the more
elaborate RRK, and later RRKM theory. It was developed by Rice and Ramsperger in
1927 and Kassel in 1928 to give the RRK theory and was generalised into the RRKM
theory in 1952 by Marcus who took into account TST, details for which are provided

above.

The second reason why the Lindemann mechanism on its own fails can be addressed
by recognising that a minimum amount of energy must be localised in specific modes
of molecular motion in order for the unimolecular step to take place. RRK theory
considers the internal energy distribution of the energised species AB*, and separates
the formation of the generally excited species AB*, with enough energy to react but
not in the correct mode, from that of the specifically excited activated complex AB*,
with sufficient energy located in the correct mode or bond for the reaction to occur,

leading to the modified reaction scheme:

ky

AB + M = AB*+M (R2.8)
k

AB* S AB! (R2.13)
k.

AB? S A+B (R2.14)

The basic idea of RRK theory is that conversion of AB* to products is thought to
proceed via a critical geometry AB*, with AB* and AB* having the same energy, but
in AB* this energy is randomly distributed among all oscillators whereas in AB* a
specific amount of energy is localised into the reactive mode. The localisation
probability decreases as the number of oscillators or modes increases since there are
more modes to spread the energy across, and consequently, the rate coefficient for the
unimolecular step, k2, becomes smaller as the reacting species becomes larger and

more complex, in contrast to the behaviour of the rate coefficient for activation, ki.
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RRK theory was then modified to what is known as the RRKM theory, in which AB*
is identified as the transition state of the reaction, where a transition state is defined
as the dividing surface between the reactants and products of the reaction, with its
location being determined by the condition that every trajectory or flux which passes
this surface will form products, i.e. undergo reaction, without recrossing. The second
assumption of RRKM theory is the ergodicity assumption, which requires fast and
complete randomisation of the available freely distributable energy among only all
active modes after excitation, and recognises that only part of the internal energy can
be freely distributed among different modes, i.e. that contributions to the internal
energy exist which are assigned to a particular mode and hence are not distributable,
such as the zero-point energy of vibrations. As such, the energy of the reacting species
is partitioned into fixed and non-fixed components, with only the latter energy, which
can flow freely among the various modes of motion of the reacting species, being able
to contribute to the reaction. Hence, RRKM theory uses vibrational and rotational
partition functions to separate contributions from various modes and obtain
population distributions amongst various energy levels, for which, detailed and
accurate thermodynamic data for both stable species as well as for the transition state

is required as input.

As a result, when such reliable thermodynamic information is available, RRKM
theory can often accurately reproduce experimental results. Unfortunately, however,
such data are not available for many of the transient species within the reaction and
so often, RRKM theory cannot be used to determine the pressure dependence of rate

coefficients for unimolecular reactions.

2.2.2.4  The Troe Fall-off Form

A general description for any fall-off curve is provided by the Troe fall-off form,*®
which demonstrates that the introduction of a broadening factor, F, itself a function
of ko and k-, applied to Equations 2.36 and 2.43 for a unimolecular and termolecular
reaction respectively, and in the same form as Equation 2.40, can accurately replicate
the pressure dependence of many experimentally determined rate coefficients, Kobs:

_ ko[M]k

obs = m (Equation 2.48)
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where

F=F, [H (log10 (/%.1:/1]))2 l (Equation 2.49)

Although the exact value of F¢ depends on the specific reaction which is being
investigated, it has been shown that taking the value of F¢ to be 0.6 provides an
adequate description for most atmospheric reactions of interest.*® For rate coefficients
with broad fall-off curves, a more detailed description of the broadening factor F has
also been provided by Troe®®:

ko[M]
F = (H ke )1/ (Equation 2.50)
(o]
where
In(2) ko[IMT\? :
m I(l-b)+b ( Okoo ) l (Equation 2.51)
where
q= ﬂ (Equation 2.52)
In (Fc/ 10)

The role of the broadening factor in the Troe fall-off form is to correct the shape of

the Lindemann fall-off curve to match the experimental data.

2.3 Theory of Photochemistry

Atmospheric composition, which is determined by atmospheric emissions and
chemistry, impacts air quality. Air quality, in turn, is driven primarily by
photochemistry, with two of the main atmospheric oxidants, Oz and OH, being formed
in the atmosphere via photochemistry (further details are provided in Chapter 1).
Other important atmospheric processes such as global warming and the production of
stratospheric ozone are also impacted by photochemistry. This section will introduce

the concept of photochemistry, and the importance of molecular absorption of solar
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radiation on the composition and chemistry of the atmosphere. Photochemistry is the
branch of chemistry concerned with the chemical effects of light and the interaction
of chemical species with electromagnetic radiation. Electromagnetic radiation is also
referred to as photons and light, with photons being the elementary particles which
carry electromagnetic energy, manifesting as light across a wide range of energies,
frequencies or wavelengths, which can be organised onto a spectrum. Generally, the
term photochemistry is used to describe a chemical reaction caused by absorption of
ultraviolet (UV), visible light or infrared (IR) radiation, of wavelengths in the ranges
100-400 nm, 400-750 nm and 750-2500 nm respectively.

2.3.1 The Beer-Lambert Law

Absorbance of a species at wavelength 4, A;, is defined as the natural logarithm of the
ratio of intensities of light without and with the attenuating or absorbing species

present, lo, and I, respectively, and is given by:

I
4, =1n <ﬂ> (Equation 2.53)
1

where lo, is the average light intensity of the incident light at wavelength 2and |y is

the light intensity at wavelength A after transmission through the sample of length I.

For a species at homogeneous concentration [C], the total attenuation of light or total
absorbance at a given wavelength 1, A;, is determined by and related to the properties
of the medium through which the light is travelling via The Beer-Lambert law. These
properties are the probability that each attenuating species in the medium, i, will
absorb a photon of light at wavelength 1, i.e. the absorption cross-section of the
species at wavelength 4, o;,, the concentration of each attenuating species i in the
medium, [C];, and the total distance or path length travelled by the light through the

attenuating or absorbing medium, |, and are described by the Beer-Lambert law:

=n

A= Z i, [Clil (Equation 2.54)
i=1

In the atmosphere, absorbance can occur as a result of absorption of electromagnetic

or solar radiation by a species such as an atom, molecule or radical, or by scattering
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of this radiation due to various species such as atoms, molecules or particles. It can be
seen from the Beer-Lambert law that absorbance is linearly dependent on both the
absorption cross-section and concentration of the absorbing species, and on the path
length of the light through the absorbing sample. Measurement of species
concentrations both in the atmosphere and in the laboratory can therefore be made
possible by virtue of absorption spectroscopy if the absorption cross-sections for the
corresponding species are known. Absorption spectroscopy in the UV/visible region
of the electromagnetic spectrum, resulting in electronic excitation of the species under
consideration, is particularly useful in atmospheric science for determination of
species concentration since UV/visible absorption cross-sections are well known for

many atmospherically important species.

2.3.2 Absorption of Electromagnetic Radiation by Molecules

A significant portion of the chemistry leading to atmospheric change is often initiated
by the interaction of atmospheric species with solar radiation. The principle of
photochemical transformations is that the mechanism by which the activation energy
required for the reaction is provided is through light. Absorption of this
electromagnetic radiation by atmospheric species involves interaction between an
incident photon and the absorbing molecule leading to a transition between energy
levels within the molecule. Since electromagnetic radiation is quantised, meaning it
can only have certain discrete values and is not continuous, energy can be gained or
lost, i.e. absorbed or emitted respectively, only in integral multiples of the smallest
unit of energy, known as a quantum. The energy of a quantum is proportional to the
frequency of the radiation, v, with the fundamental proportionality constant being h,
known as Planck’s constant. Electromagnetic radiation is composed of indivisible
quantum packets called photons, which are particles of light with a particular, fixed
and quantised energy:

E=hv=— =hcv (Equation 2.55)

where v is the frequency of the light, A is the wavelength of the light, v is the
wavenumber of the light, h is Planck’s constant and c is the speed of light. Most

importantly, this leads to the conclusion that electromagnetic radiation must be

85



Chapter 2 Theory of Gas Phase Kinetics and Photochemistry

absorbed as an integer number of photons, and absorption of a photon occurs only if
the energies of the levels of the absorbing species allow a transition equivalent in

energy to that of the incident photon.

When molecules are supplied by an external source with photons of energy, the
photons are absorbed by the ground state electrons in the molecules, ending in a higher
energy excited state. In the broad sense, there exists three distinct types of excitations
which arise from transitions involving changes in the electronic, vibrational and
rotational energy levels of the absorbing molecule, most often corresponding to the
UVl/visible, IR and microwave regions of the electromagnetic spectrum
respectively.!’” Hence, photon absorption by a molecule AB results in production of

an excited molecule AB*, depending on the photon energy:
AB + hv — AB* (R2.15)

Electronic and vibrational excitations are often coupled, giving rise to vibronic
transitions, which involve simultaneous changes in electronic and vibrational energy
levels of the molecule, resulting in the spectrum of the molecule in the UV/visible
region. In the gas phase, vibronic transitions are also accompanied by changes in
rotational energy, and although all three types of transitions are present, rotational fine
structure cannot always be resolved and observed, as is the case for the experimentally
observed CH>O0O UV absorption spectrum discussed in Chapter 4. The spacing
between adjacent vibrational energy levels decreases, with the separation eventually
decreasing to zero when the molecule photodissociates into a continuum of states, as
shown in Figure 2.5. For absorption spectra, the vibrational coarse structure for a
given electronic transition forms a single progression or a series of transitions with a
common level, often the lower level which is the zero-point energy of the bond.
Similarly, vibrational and rotational excitations are also often coupled, giving rise to
ro-vibrational transitions, which involve changes in both vibrational and rotational
energy states of the molecule, resulting in IR and Raman spectra of molecules in the
gas phase. These spectra often exhibit sharp and evenly spaced peaks centred around
a transition energy corresponding to the difference in energy between the two
vibrational energy levels or states. Since changes in rotational energy levels are much

smaller than changes in vibrational energy levels, changes in rotational state tend to

86



Chapter 2 Theory of Gas Phase Kinetics and Photochemistry

give fine structure to the vibrational spectrum. Typically, ro-vibrational transitions

occur between low-lying vibrational states, and are not dissociative at 298 K.

Dissociation limit

Potential Energy

Internuclear Separation (r)

Figure 2.5: Schematic diagram of a morse potential curve, which is a convenient interatomic interaction
model for the potential energy of molecules and illustrates an approximation for the vibrational
structure of the molecule, showing the first four transitions from the vibrational ground state to
the first four vibrational energy levels in green. The number of vibrational energy levels is finite,
and energy levels become closer together until they become a continuum at the dissociation
limit, shown in red. Note the excited states v = 1-4 are below the dissociation limit, and will not

lead to bond cleavage in this example.

When a molecule undergoes electronic excitation from the ground state via the
absorption of a photon, an electronically excited upper state is formed, with the fate
of the excited state depending on its structure, i.e. whether it is a bound or an unbound
state. A bound state is one where the molecule is confined to a potential well with
guantised energies such that the molecule has a tendency to remain localised in this
region of space whereas an unbound state, also known as a repulsive state, has no
discrete values for allowed energies, i.e. all energies are allowed, hence represents a

continuum of energies with no quantisation.

In the case of electronic transitions consisting of excitation of a ground state gas phase
molecule to a bound upper state, the transition involves a simultaneous change in
electronic, vibrational and rotational energy states of the molecule, called a

ro-vibronic tranisition.'® The structure of allowed ro-vibronic transitions exhibit one
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or more sharp peaks, the intensities of which are governed by the Franck-Condon
principle, which states that during an electronic transition, the probability of a
transition between vibrational energy levels in the lower or ground state and the upper
or excited state increases as the degree of overlap of the two vibrational wavefunctions
increases, as illustrated in Figure 2.6. Above the dissociation limit, instead of discrete
lines, a continuum of states is found since translational motion is no longer quantised.
An electronically excited molecule with a bound excited state will relax down to the
stable ground electronic state via one of many possible energy transfer processes,

which are discussed further below.

Excited electronic state

Potential Energy

Internuclear Separation (r)

Figure 2.6: Schematic diagram showing the probability of transitions from vibrational levels in the
ground electronic state to those in the upper electronic state increases with increasing degree of

overlap between the phases of the wavefunctions, as governed by the Franck-Condon principle.

When the absorption of photons excites a ground state molecule to an unbound
repulsive excited state, the molecule will rapidly travel along the PES of the excited
state and proceed along the reaction coordinate to the formation of products, for which
a schematic is shown in Figure 2.7. For an electronically excited molecule with an
unbound or repulsive upper state, broad, smooth, continuous and featureless spectra

are observed. Following excitation, the rapid proceeding of the system along the
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reaction coordinate leads to a change in the structure of the molecule, often resulting

in dissociation to two or more atoms or molecules.
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Figure 2.7: Schematic diagram showing the absorption of photons from the ground electronic state to
an unbound upper electronic state which results in a broad featureless absorption band in the
observed spectrum. Following excitation to the repulsive excited state PES, the reaction

proceeds along the reaction coordinate to the formation of products.

In some spectra, the line structure is observed to disappear at energies below the
dissociation limit and instead a strong continuous feature is observed, however
reappears again at higher energies. This observation is explained by a phenomenon
known as predissociation, which is a process in which a molecule excited to particular
vibration levels of a bound excited state can be transferred onto an unbound or
repulsive excited state of the same energy where the potential curves of the two states
cross.'8 From the rovibronic state on the excited electronic state surface, the molecule
can either relax down to a lower or ground electronic state by spontaneous emission
of radiation or be transferred to the dissociative state by internally or externally

induced coupling, as shown in Figure 2.8. Predissociation is often connected with an
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internal conversion from the bound excited electronic state towards the unbound and
hence dissociative excited electronic state. Sometimes, predissociation is introduced
by additional external factors, such as collisions with other molecules pushing a
molecule from the bound to the unbound state, or alternatively, for a molecule under
the influence of an external field, selection rules may be overridden. Such instances

are known as collision- or field-induced predissociation.

1
| Bound excited electronic state
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Figure 2.8: Schematic diagram showing the absorption of photons from the ground electronic state to
a bound upper electronic state which intersects an unbound upper electronic state, allowing for
dissociation of molecules which cross from the bound to the unbound excited state surface at
energies corresponding to where the crossing takes place but lower than the dissociation limit
of the bound excited state. This phenomena, called predissociation, results in a strong continuous

feature in the observed spectrum, above and below which discrete line structure is observed.

It is assumed that there is some level of relatedness between the vibrational state(s) at
the level of intersection and the translational motion during dissociation. Such
circumstances allow separation of the molecule via the unbound and dissociative

excited state without supplying the energy required for dissociation on the bound
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excited state. Interpretation for observation of discrete lines in the range beyond the
continuum caused by predissociation is that for higher vibrational states on the bound
excited state surface, a conversion towards the unbound dissociative excited state is
excluded again.

2.3.3 Fates of Electronically Excited Molecules

A number of possible fates exist for electronically excited molecules following

absorption of a photon of light,” *°® which are summarised in Figure 2.9.

Photoluminescence

AB + hv
r
A+B AB* + e
Dissociation lonisation
AB'« AB* »BA
Intramolecular Isomerisation
energy transfer
M
E
AB + C* AB
Intermolecular i Quenching
energy transfer AE + y
Direct

ABE reaction

+
AgrE Charge
ABE' transfer

Figure 2.9: Schematic diagram showing some of the possible fates of the electronically excited

molecule AB*. Reproduced and adapted from references 7 and 19.71°

The dissociation pathway:
AB + hy —  AB* (R2.15)
— A+B (R2.16)

is of particular importance in the atmosphere since the photolytically produced
fragments A and B are often highly energetic and hence intrinsically reactive. The
effective rate coefficient for solar photodissociation of a molecule at wavelength 4, J;,
is given by:
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2
Jy= / I, o) ®; di (Equation 2.56)

22
where |, is the solar intensity at wavelength 4, o is the absorption cross-section of the
molecule at wavelength A (which can be temperature dependent) and @; is the
quantum yield for dissociation of the molecule at wavelength A (which can be both
temperature and pressure dependent). Values for o; and &; are provided by
experimental laboratory measurements while radiative transfer models, such as the
one discussed in Chapter 4 used to calculate the photodissociation rate of CH>OO, are
used to compute 1;, taking into account the actinic flux at the top of the atmosphere,
the absorption of solar radiation by other species in the atmosphere, such as O» and
O3, and factors such as scattering and surface albedo.

Following excitation of a molecule from a ground state to a bound upper state, the
excited electronic singlet state S; or S, can undergo a variety of different processes or
paths to dissipate the extra energy and relax back down to the ground state So. The
excited state exists for a finite time (typically 1 — 10 nanoseconds) during which time
the molecules are subject to a multitude of possible interactions with their molecular
environment. First, the energy of the excited electronic singlet state is partially
dissipated via intramolecular vibrational relaxation to lower lying vibrational levels
of the same excited state yielding a relaxed singlet excited state, e.g. S1° — Si.
Molecules initially excited by absorption can return to the ground state and thereby
depopulate the excited state via internal conversion to a lower lying singlet excited
state e.g. S; — Sy, intersystem crossing to a nearby triplet excited state e.g. Ti,
emission of a photon via fluorescence from excited singlet states or phosphorescence
from excited triplet states, and collisional energy transfer also known as quenching.
The phosphorescence transition T1 — So is in fact spin forbidden and so occurs on a
slower timescale than the other processes. These processes can be summarised in what
is known as a Jablonski diagram,” shown in Figure 2.10, which depicts each process

which can occur upon excitation of an electron.
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Figure 2.10: Schematic of a Jablonski energy level diagram showing the principle fates of electronically
excited states in a molecule, with the left panel depicting a singlet manifold and the right panel
depicting a triplet manifold, and with the full arrows representing radiative processes and the

dashed arrows representing non-radiative processes. Adapted from reference 20.2°

The Jablonski diagram shows the types of transitions which can occur in a molecule
and each of these possibilities is dependent on the time scale of each transition. Table

2.1 summarises the time scales of these processes.

Transition Time Scale Radiative?
Absorption 10 yes
Internal Conversion 1014 -10s no
Vibrational Relaxation 10 -10"s no
Fluorescence 10°-10"s yes
Quenching 1010s no
Non-radiative Relaxation 1010s no
Intersystem Crossing 108 -103s no
Phosphorescence 104-107s yes

Table 2.1. A summary of the possible transitions/processes which can occur in a molecule and their

time scales.
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The faster the transition, the more likely it is to occur as determined by selection rules
therefore it is important to understand the time scale of each process to ascertain
whether the process can occur. Some photochemical reactions are several orders of
magnitude faster than thermal reactions, with reactions as fast as 10 seconds and
associated processes as fast as 101° seconds often observed. Additionally, different
processes can be both radiative (emit a photon of light) or non-radiative (do not emit
a photon of light). The time a molecule spends in the excited state is determined by
the sum of the kinetic constants of all de-excitation processes.’

2.3.4 Broadening of Spectral Lines

A spectral line is a bright or dark line in an otherwise uniform and continuous
spectrum resulting from emission or absorption of light in a narrow frequency range
compared with nearby frequencies. An important detail to note is that a spectral line
does not occur at a single frequency but rather extends over a range of frequencies,
i.e. it has a non-zero linewidth. The shape of a spectral line is described as the form
of a feature corresponding to an energy change in a species such as an atom or
molecule, with the width of the spectral line being the frequency range over which

this change in energy occurs, both of which are controlled by a number of effects.

Absorption lines of molecules are of finite width since the lifetime of excited states,
i.e. time for photon emission or absorption, is finite and results in natural broadening,
also known as lifetime broadening, which is the same at all frequencies. The
Heisenberg uncertainty principle, which explains why both the precise position and
momentum of a particle cannot be determined simultaneously, relates the lifetime of
an excited state with the inherent uncertainty in quantising the energy levels between
which the transition occurred. However, this natural broadening is often
inconsequential in comparison to the broadening attributable to the motions and
collisions of the gas molecules.!® Such line broadening is the phenomena whereby the
spectral lines of molecules appear to spread over a greater frequency range, and is

often evident in IR or vibrational spectroscopy.

The shape of spectral lines due to molecular collisions is referred to as pressure or

collisional broadening and is associated with the presence of nearby atoms or
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molecules which affect the radiation of an individual molecular entity. Collisions of
other molecules with the molecule of interest interrupt the radiation process since they
can supply or remove small amounts of energy during the radiative transition, thereby
allowing photons with a broader range of frequencies to produce a particular transition
of a molecule and shortening the characteristic time of the radiation, hence increasing
the uncertainty in the energy, as in natural broadening. The duration of the collision
IS much shorter than the lifetime of the radiation process. This is the primary
broadening mechanism in the troposphere.

Line shape due to the movement of molecules is referred to as thermal or Doppler
broadening and is associated with the Doppler-shifting of frequencies at which the
molecules experience the incident radiation by virtue of their random motions towards
or away from the source of the radiation. This again allows a broader range of
frequencies of radiation to affect a particular molecular transition. Furthermore, the
molecules undergoing radiation have a distribution of velocities, with this distribution
becoming wider with increasing temperature of the molecules. Since the spectral line
is a combination of all the absorbed or emitted radiation, the higher the temperature
of the molecules, the broader the spectral line. Doppler broadening becomes the
dominant broadening mechanism at low pressures, i.e high altitudes, where collisions

are less frequent.

Natural broadening and pressure or collisional broadening are both homogeneous
effects meaning they affect all molecules equally hence result in Lorentzian profiles
of spectral lines whereas Doppler or thermal broadening is an inhomogeneous effect
meaning it affects only certain classes of molecules and hence results in Gaussian
profiles of spectral lines.

2.4 Concluding Remarks

In general, theories enable knowledge to be gained, predictions to be made and
conclusions to be drawn. As such, theoretical explanations of gas phase kinetics and
photochemistry developed over the years have enabled and continue to enable good
approximations of molecular behaviour. Theories such as those discussed in this

chapter provide valuable insights, knowledge and understanding of fundamental
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chemical and physical processes occurring in the atmosphere. While theories are
useful in the information they provide, they require experimental verification, which
not only demonstrates their accuracy but also facilitates their development allowing
for required modifications to be made, and the theory of reaction kinetics is no
exception. Experimental principles and techniques used to study gas phase reaction

kinetics are discussed in the following chapter.
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Chapter 3

Experimental Techniques for the Investigation of Gas
Phase Kinetics

In order to carry out Kinetic investigations on gas phase reactions, whether this is to
determine the magnitude of the rate coefficient of a reaction or to establish the order
of a reaction, it is necessary to measure the change in concentration, or a property
related to concentration, of one or more of the reactants and/or products in the reaction
as a function of time. Kinetic experiments must therefore bring together and mix
reactants and initiate the reaction on a timescale that is well defined and negligible
compared to that of the reaction, detect and measure the concentration of reactants or
products with a system which has a suitable time resolution to respond to rapidly
changing concentrations after initiation, and accurately measure and control the
conditions under which the reaction occurs such as temperature and pressure. For the
study of elementary reactions, which occur on very short timescales on the order of
1072 seconds or less, various kinetic and analytical techniques can be used to fulfil
these sometimes difficult but required criteria. The rates of such fast reactions are not
only of practical interest, for example in modelling atmospheric chemistry, but also
provide information about the mechanisms of the molecular interactions by which the

reactions occur, i.e. molecular dynamics.

Gas phase reactions predominantly control both atmospheric and combustion systems,
hence understanding the fundamental processes taking place during these reactions is
of great importance to gain insight into the past, present and future state of the Earth’s
atmosphere, how and why changes in the atmosphere occur, and the environment in
which we live. Significant progress has been made in the measurements of gas phase
reaction kinetics over recent years, particularly in the identification of product yields
from multichannel reactions. Both the development of laser flash photolysis and the
advancement in many time-resolved detection techniques have made it possible to
probe the reaction Kkinetics of short-lived species, such as radicals. Despite these
advances in experimental methods and developments in computational methods
leading to improvements in the accuracy of simulations used to model atmospheric

systems, there are still many gas phase reactions about which little is known.
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Furthermore, the accuracy of chemical models is only as good as the data which is put
into the models, and calculations made by these chemical models still require
validation. This means that more experimental work needs to be carried out and
accurate measurements need to be acquired, both in the laboratory and in the field, to
both verify and support computational work, and further our knowledge and

understanding of the chemical processes occurring in the atmosphere.

Kinetics are associated with rates of change, so it is beneficial to consider the range
of timescales within which the study of chemical processes takes place. Prior to 1945
the practical limit for kinetic investigations was on the order of seconds, with reactions
faster than this being difficult to measure. Development of flash photolysis and flow
methods, both of which are discussed below, in the mid-1940s, extended the lower
time limit of kinetic experiments down to the millisecond range (10 s). However, it
was in the 1970s that the most dramatic changes in kinetic measurements began to
occur, as the availability of lasers capable of very short-lived pulses and fast
electronics gradually opened up the study of reactions occurring beyond the order of
microseconds (10° s) to those which are completed in nanoseconds (107° s),

picoseconds (102 s), and even femtoseconds (10°%° s).

This chapter outlines the experimental methods used to study rapid gas phase reaction
kinetics and discusses the principles, advantages and disadvantages of each. The
relative rate method is described, along with two basic and widely used techniques for
the mixing and initiation of reactions with fast kinetics, known generally as flow
methods and perturbation or pump-probe methods, followed by an overview of some
of the common detection techniques which can be employed to monitor the reaction
via monitoring of reactant(s) and/or product(s) concentrations. A detailed description
of the pulsed laser flash photolysis (PLFP) kinetic technique is also provided in this
chapter, with a particular focus on its coupling with the absorption spectroscopy
analytical technique, since these were the experimental methods used for the work
described in this thesis. Two different absorption spectroscopy techniques were
employed in experiments described in this thesis, ultraviolet absorption spectroscopy,
for which the details on specific methodology used for data collection and analysis
are provided in the final section of this chapter, and infrared absorption spectroscopy,
which is the focus of Chapter 6 of this thesis.
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3.1 Kinetics Techniques

Experimental technigues used to investigate rates of reaction can be either relative, in
which the kinetics of the reaction are measured in relation to those of well-known and
characterised reactions, or absolute, in which the kinetics of the reaction are measured
independently of any other reaction. A description of the relative rate method is
provided here. Two absolute kinetic methods commonly used for mixing and
initiation of rapid experimental reactions are also discussed, termed flow methods,
with a particular focus on discharge flow, and pump-probe methods, with a particular
focus on laser flash photolysis.

3.1.1 Relative Rate Method

In certain cases, direct isolation of an elementary reaction for real time analysis, hence
direct determination of the reaction rate coefficient, can be challenging, particularly
in cases where the concentration of a reactant is difficult to measure. Under such
circumstances, an alternative technique is required for the measurement of such
reactions, and instead of a direct measurement, indirect determination of the rate
coefficient may be possible via the relative rate method, made popular by Atkinson!
in the atmospheric sciences. This method measures the loss of a reactant relative to
that of a reference compound in the presence of a single reactive species, where the
rate coefficient of the reaction of the reactive species with the reference compound is
known while the rate coefficient of the reaction of the same reactive species with the
reactant compound is to be determined.

Known concentrations of the reference and reactant compounds are introduced to a
reaction vessel, such as a chamber, and allowed to mix with (precursor(s) of) the
reactive species. A small but essentially constant concentration of the reactive species
is generated, for example via use of photolysis lamps, and the concentrations of the
reference compound and the reactant compound are determined as a function of time
by taking samples from the reaction vessel at certain times throughout the reaction
and analysing them using an appropriate detection method. The ratio of Kreactant/Kreference
is determined from the concentrations of the reactant compound and the reference
compound and their rates of disappearance, i.e. the rate of change of concentration of

each compound. Commonly used detection techniques to measure relative reactant
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concentrations and monitor the reactions include gas chromatography (GC) and
Fourier transform infrared spectroscopy (FTIR), both of which are discussed in further
detail below. A specific detail to note is that the absolute concentration of the reactive
species does not need to be known since the decay of one compound is measured

relative to that of another with a known rate coefficient.?

When R;: and Ry, the reactant compound and reference compound respectively, are
present in the same reaction mixture in the presence of a reactive species, for example

OH, for the reactions:

k

OH+R; 3 products (R3.1)
kR,

OH+R2 — products (R3.2)

the consumption of the reactant compound R and reference compound R2 due to

reaction with the reactive species OH are dictated by the rate equations:

_ d[:;l] = kg, [OH][R,] (Equation 3.1)
_ d[jtz] = kg, [OH][R,] (Equation 3.2)

and assuming that the only loss process occurring for each compound is the reaction

with the reactive species, integrating the rate equations over time gives:

[Ri], = — kg, f [OH].dt + [Ry], (Equation 3.3)
0

[Ry], = — kg, J [OH].dz + [R;], (Equation 3.4)
0

which, upon rearranging, gives:

In (%) = — kg, Of [OH].d¢ (Equation 3.5)
In (?;22]]‘2) = — I, Of [OH].dt (Equation 3.6)
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which can be combined to describe the relationship between the rate coefficients kr,

and kr, for the competing reactions and equated to:

In <[[II{{—11]](:> = l;_i In <[[11:—22]]‘:> (Equation 3.7)

Thus, a plot of In([R1]y/[R1]y) vs In([R2],/[R2],) should be linear with a gradient of
kr,/Kr, and an intercept of zero.* * Knowledge of the absolute rate coefficient kg,
allows the relative rate coefficient kr, to be converted into an absolute one, thereby

enabling determination of the rate coefficient of the reaction between the reactant
compound and the reactive species. In practice, it is more often the case that if the
absolute rate coefficient is known accurately for one member of a group of reactions
for which the relative rate coefficients have been determined, the relative rate

coefficients can all be converted into absolute ones.

An advantage of the relative rate method is that measurement of the concentrations of
reactive species, which are often present in very low concentrations and have short
lifetimes, is not required. Although, by using these low concentrations, the reactions
often occur over minutes to tens of minutes and so experiments are performed over
these timescales, which allows for the use of detection techniques with relatively poor

time resolution.

Compared with the relative rate method, absolute methods are performed over faster
timescales, with numerous techniques available to investigate chemistry occurring on
varying timescales and under differing temperature and pressure conditions.
Furthermore, in contrast to relative rate methods, absolute techniques do not require
previous knowledge of the Kinetics of a reference compound. Each of the rapid kinetic
techniques discussed in the next section can be coupled to a range of detection

techniques, which will also be discussed.

3.1.2 Flow Methods

In the use of flow methods to study the kinetics of gas phase reactions, the ability to

achieve rapid linear gas flow velocities enables the controlled interaction of gases on

short timescales. Often, microwave discharge is used to generate the reactant species,

separately and continuously, and immediately prior to injection into the reaction
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vessel, typically a flow tube, where it mixes into the main flow.? Production of
reactant species A, from the precursor AB, using microwave discharge, which

subsequently reacts with the co-reactant C can be written as:

p-wave
AB b A+B (R3.3)
A+C - AC (R3.4)

The common practice of employing microwave discharges in experiments with flow
methods has coined the term discharge flow (DF) to describe this technique. The
typical setup for a discharge flow experiment, as shown in Figure 3.1, consists of a
main flow tube through which the bath gas flows directly, along with the reactive
species flows, with a moveable injector through which the co-reactant is added to the

main flow tube.

Reactive
Bath species
Reactant gas precursor
re & e
= = =
A 4
H-wave Main flow
discharge tube
Moveable A : To pump
injector . |
" -
Mixing z Detection
point point

Figure 3.1: Schematic diagram of a typical discharge flow experimental setup, where z is the distance
between reaction initiation or mixing point and detection point, and MFC denotes mass flow

controllers.

Initiation of the reaction occurs at the tip of the moveable injector, which is where the

reactant species are allowed to mix, with the timescale of the reaction being limited

by the distance between the tip of the injector and the detector, i.e. the distance over

which the reactants mix. Detection of reactant and/or products species occurs
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downstream from this mixing point at the detection point, where the relative
concentrations of reactants and/or products are monitored, with the flow
characteristics enabling determination of the elapsed time between mixing and
detection.

Knowledge of the velocity of the gas mixture in the flow tube allows for the reaction
time, i.e. the time between initiation of the reaction due to mixing and detection of

reactants and/or products, to be calculated via the relationship:
t=%4 (Equation 3.8)

where t is the reaction time, z is the distance between the initiation or mixing and
detection points and v is the linear flow velocity of the gas mixture in the reaction

vessel.

The detection of reactant or product species concentration is thereby carried out at this
time point and can be plotted as the appropriate point on a concentration vs time (or
distance) graph. Varying the position of the reactant injector along the flow tube, i.e.
the distance between mixing and detection points, and measuring the signal associated
with the relevant species concentration at each point whilst the flow rate is held
constant then provides a series of reactant and/or product concentrations recorded at
various times after the initiation of the reaction. In this way, a concentration vs time
profile of the species concentration as a function of injector position, and hence
reaction time, is gradually assembled, the analysis of which enables kinetic parameters
such as the reaction rate coefficient to be determined. If one of the reacting species is
suitably unreactive and can be kept present in a constant excess, with the added
reactant typically being in excess of the reactive species concentration, the DF
experiment can be conducted under pseudo-first-order conditions, meaning the kinetic
parameters can be determined without knowledge of absolute concentrations for the

minor reactant species.’ %3

Certain limitations and restrictions apply for the experimental conditions under which
the DF technique can be applied.® The first of these is that a uniform concentration of
reactants is needed, which requires rapid and homogeneous reactant mixing with a
well characterised gas flow, however in reality, mixing of gases takes a finite time.
While this is insignificant if the timescale of mixing is short compared to that of the

reaction, for fast reactions a significant portion of the reaction will already be
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complete before a uniform concentration is achieved. For this reason, timescales of
reactions studied by DF are limited to the millisecond time range. The second is the
need to retain a uniform flow velocity along the length of the flow tube which can
only be attained at low pressures. This means that DF experiments are generally
limited to pressures below 10° Pa. High pressure experiments are further restricted
since reactant mixing will also be slower at higher pressures and such systems would
require large pumping capacities, however, there have been developments of high
pressure flow systems in which these flow effects are accounted for, since these
systems would enhance the range of experimental conditions that can be
investigated.® 7 Further complications can arise from the use of low reaction pressures
due to diffusion of reactants and heterogeneous processes occurring on the walls of
the reaction vessel, both of which contribute to unwanted removal of reactant species.
Heterogeneous chemistry can be somewhat reduced by coating the walls of the flow
tube with materials such as halocarbon wax or Teflon, which remove the reactant

species from the wall surfaces.? ®

Despite these disadvantages, the DF technique has played an important role in gas
phase Kinetics over the years. Since reaction gas flows in DF experiments are in the
steady state, signals can be accumulated over long periods of time to improve the
signal-to-noise ratio, S/N, and as time resolution is achieved by variation of the
distance between mixing and detection points, detection techniques do not need to
have rapid response times. Consequently, a wide variety of sensitive detection
techniques, including resonance fluorescence (RF), laser-induced fluorescence (LIF),
laser magnetic resonance (LMR) and mass spectrometry (MS), can be coupled to DF

experiments.?®

3.1.3 Pump-Probe Methods

Measurement of not only rapid chemical reactions but also ultrafast chemical
phenomena, such as movements of atoms or electron excitations, has been enabled
owing to what are known pump-probe techniques. Such methods, otherwise known
as perturbation methods, work on the principle that when a system at equilibrium is
subjected to a sudden perturbation, the effects of this disturbance can be monitored in

real time as a new equilibrium is established. The most commonly used pump-probe
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method employed to study kinetics of gas phase reactions is flash photolysis (FP)
where photolysis refers to the use of light to dissociate a molecular species into
smaller and simpler units, often ions or free radicals, meaning the possibility of side
reactions, which can often lead to complex kinetics and mixtures of products, is

minimised.

In laser flash photolysis, a short duration laser pulse of high intensity light,
constituting the pump, is used to initiate a reaction via generation of the desired
reactive species. Production of these reactive species may either be directly by
photolysis, for example through excitation, or as a result of further rapid chemistry
initiated through photodissociation of a suitable precursor species. Subsequently,
reactant(s) and/or product(s) are measured as they decay and/or are formed
respectively, using various detection techniques constituting the probe, to monitor the
progress of the reaction of the generated reactive species with other species. The probe
source may be pulsed, for example a second and weaker laser pulse, in which case
varying the time delay or interval between the first and second pulses can be used to
construct the evolution of the concentration-time behaviour of the reaction over its
course, or continuous, for example a light source or a laser operated in continuous
mode, in which case a complete concentration-time trace over the entire timescale of
the reaction can be acquired per photolysis pulse, from which kinetic information can
be obtained.? Similar to the discharge flow method, flash photolysis experiments are
often conducted under pseudo-first-order conditions, by creating a situation where the
concentration of the co-reactant is in large excess of the initial concentration of the
reactive species produced by photolysis, in which case a bimolecular rate coefficient
can be obtained from the pseudo-first-order rates of decay of reactants or formation
of products.? Until the discovery and development of this kinetic technique of flash
photolysis, there was no practical way of studying the kinetics of reactions involving
highly reactive species. The idea was pioneered by Norrish and Porter in 1949, for
which they were awarded the Nobel Prize in Chemistry in 1967.8°

Both the major disadvantages of flow systems such as discharge flow, mixing time
and pressure limitations, are overcome by flash photolysis. Since reactant and
precursor species are premixed and flowed into the reaction cell at the required

temperature and pressure as a reaction mixture, meaning one or more of the reactive
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species is generated in situ, this allows a homogeneous concentration of reactants to
be obtained across the reaction cell if the photolysis beam used is of a uniform
intensity, hence there is no mixing time. One requirement of the technique, however,
is that production of the reactive species must occur on a timescale shorter than that
of the reaction being investigated, necessitating that precursor gas mixtures be
designed carefully to ensure that this is the case. Typically, reactants and precursor
premixed samples are flowed into the photolysis cell at pressures in the range
0.001-10 atmospheres (1 x 10%-1 x 10 Pa), although the technique can be used to
investigate reactions at pressures of up to several hundred atmospheres if required,
giving flash photolysis a much more versatile pressure range for the measurement of
reaction kinetics than discharge flow.? In terms of pressure restrictions, the only one
applicable to flash photolysis is that when subjected to the photolysis pulse, gases at

low pressures may undergo adiabatic shock due to their typically low heat capacity.

Furthermore, probe light is often directed into the centre of the cell, with this probe
region also being the location where the reactant species are generated and hence the
reaction is monitored. This, combined with the pressure ranges employed in flash
photolysis, results in complications from heterogeneous chemistry occurring on the
walls of the cell, such as interferences from wall loss and wall catalysed reactions,
being minimised and hence usually being rendered insignificant, which is a further
advantage of flash photolysis over flow techniques. Limitation of flash photolysis in
terms of the timescale of reactions which can be studied originates from the duration
of the light pulse which produces the photolysis flash. In conventional flash photolysis
where the source of the first flash was from a gas flash lamp, this duration could be
several milliseconds, permitting measurement of processes with lifetimes on the
microsecond timescale, however these light sources have since been generally
replaced due to the advent of fast and high powered lasers in laser flash photolysis,
with laser pulse durations being sufficiently short enough to last on the order of
nanoseconds or less, gradually extending the range of timescales which could be
experimentally followed to picoseconds and even femtoseconds. In flash photolysis,
the rapid production of reactants following the photolysis of precursors decouples the
kinetics of reactant production from the kinetics of the subsequent reaction processes,
enabling the analysis of fast reactions on a wide array of timescales from milliseconds

to femtoseconds depending on the nature of the photolysis source.® 2 1
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An additional property of lasers making their use for photolysis advantageous over
the use of flash lamps is that lasers have high specificity since, unlike flash lamps
which have a broadband output, lasers have the ability of being tuned to specific
wavelengths, offering control over which species are photolysed. Secondary
chemistry may occur in the event that not only the precursor but also a co-reactant is
photolysed at the wavelength of the flash, although this can be minimised, if not
avoided, by using laser photolysis since the wavelength of the light which triggers the
reaction can be adjusted to activate one particular kind of molecule without affecting
others that might be present. Moreover, the fact that lasers are highly directional, can
produce high energy pulses and do not suffer much from power degradation also
means that lower precursor concentrations can be used since a significant quantity of
reactant species can be produced from very low precursor concentrations, further
minimising the occurrence of unwanted reactions, and simplifying the overall kinetics
of the system. Despite this, the selection of a suitable precursor for the experiment is
important, such that secondary reactions between the reactive species and the
precursor are negligible.!! A disadvantage of the flash photolysis technique is the need
and availability of a suitable photolytic precursor since the discharge flow method
does not have this requirement, making it more versatile. Fast and swift collection of
data is enabled by the fact that lasers can be operated at high pulse repetition rates,
with the rate of data collection only limited by the rate at which fresh reactants can be

added to the cell between each laser pulse in order to again avoid secondary chemistry.

Because of the real time nature of flash photolysis experiments, a prerequisite of any
detection technique which may be applied to follow the reaction is that it must have a
rapid response time in order to respond to rapidly changing concentrations and
achieve the necessary time resolution. Species produced after the flash can be
monitored as a function of time using a range of detection techniques, with
spectroscopic methods often being employed, such as absorption or fluorescence,?
both of which are discussed in more detail below. Subsequent analysis of the
concentration-time profiles of reactant and/or product species provides Kinetic

parameters for the reaction being studied.
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3.1.3.1 Light Sources for Flash Photolysis

As described above, conventional flash photolysis used flash lamps to generate the
transient species within the reaction,'? and whilst lamps are still employed in some
experiments, the majority of flash photolysis experiments are now conducted with
lasers, which have the advantage of short pulse duration, high repetition rate, a narrow
and precisely defined wavelength range, and a well-defined spatial profile. For lasing
to commence in any laser employed in flash photolysis experiments two criteria must
first be met. These are population inversion in the laser medium, which is a gas, liquid
or solid where stimulated emission may take place, and the existence of an optical
cavity within which amplification of the emitted light may occur.'® These criteria are
embedded in the word laser, which is an acronym for light amplification by stimulated
emission of radiation. The mechanism by which lasers operate is centred on three
basic radiative processes which can link any two energy levels, and are shown in
Figure 3.2. Absorption of a photon by a lower state, spontaneous emission of a photon
by the upper state, for example via fluorescence, as it returns to the lower state, and
stimulated emission of a second photon from the upper state to the ground state by the
first photon, i.e. two photons are produced, where the stimulated photon is coherent
in direction and phase with the stimulating photon.? ' 1* Different lasers can be
employed in experiments to photolyse the precursor and initiate reactions, including
excimer lasers, Nd:YAG lasers, both of which were employed in experiments detailed
in this thesis in Chapters 4 and 5 and Chapter 6 respectively, and dye lasers. The

principles involved in the operation of each type of laser are briefly discussed here.

Before Absorption During Absorption Spontaneous Emission Stimulated Emission
Electron in the ground Electron absorbs a Absorbed energy is If other photons are present, the
state. photon of a spedific re-emitted spontaneously  electric field of an incoming photon
energy and is by emitting a photon in of a specific energy can interact
promoted from the any direction and with the excited electron causing it
ground to the excited electron moves back to to drop to the ground state and

state. the ground state. emit an additional photon.
Excited State: F, — (

Excited State: [E;

Ez'E]_:AE:hV

Figure 3.2: Schematic diagram to explain the absorption and emission of light in quantum theory.

Reproduced and adapted from reference 11.1
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3.1.3.1.1 Excimer Laser

One particular type of laser which is widely used in flash photolysis experiments is
the excimer, or exciplex, laser, so called due to the formation of the active laser
medium known as an excited dimer or excited diatomic complex which is
electronically excited to produce the laser light.!t: ¥ Excimer lasers are pulsed gas
lasers which operate in the near ultraviolet region of the electromagnetic spectrum,
and have pulse durations in the range 10-20 ns, repetition rates of up to 500 Hz, and
high pulse energies of up to ~250 mJ pulse™. Laser radiation is produced in excimer
lasers by passing a pulsed electric discharge through a noble halide gas mixture
containing a buffer (helium), a noble gas (Ar, Kr, or Xe), and a halogen (either F2 or
HCI), to promote the active medium to an excited state by forming ions which
combine to give the electronically excited species, or the exciplex, which then
undergoes stimulated emission as it returns to the ground state. Exciplex compounds
have bound upper electronic states and dissociative ground electronic states, between
which the lasing action occurs.> * Since a population inversion, whereby the
population of an excited state exceeds that of a lower state, is required to obtain laser
action, this property of exciplexes is exploited in excimer lasers as a repulsive ground
state means the ground state never becomes significantly occupied since its population
is immediately removed by dissociation, hence creating a population inversion
between the bound excited state and the dissociative ground state.? ' When light
of the correct wavelength passes through the laser cavity consisting of the active
medium where the population inversion is maintained, it is amplified because the rate
of stimulated emission exceeds that of absorption. This inversion is generated and
bounded in this laser cavity via the use of mirrors which reflect the light back and
forth through the active medium, with one mirror made partially reflecting to allow

some of the light out.?

The wavelength of the laser light depends on the composition of the exciplex formed
and hence the gas mixture chosen, since the energy separation between the excited
and ground states is different for each exciplex, with some of the major excimer
wavelengths being 308 nm, 248 nm and 193 nm,® from the gas mixtures Xe/HCI/He,
Kr/F2/He and Ar/F2/He respectively, corresponding to the exciplexes XeCl, KrF and
ArF respectively. These wavelengths are particularly useful since the photon energies

provided are comparable to bond dissociation energies (300-500 kJ mol™) and hence
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absorption of such a UV photon often results in the cleavage of one or more bonds.?
1 The combination of these short wavelengths and with high power make excimer
lasers ideal for generating significant quantities of radicals or reactive species.
Experiments detailed in this thesis in Chapters 4 and 5 utilised a KrF excimer laser at
a wavelength of A = 248 nm, for which a Kr/Fo/He gas mixture was used, creating
excited Kr* and F ions which form the KrF exciplex, where He acts as a third body

in the reaction.

3.1.3.1.2 Nd:YAG Laser

An Nd:YAG laser is a solid-state laser which utilises a crystalline lattice of
neodymium-doped yttrium aluminium garnet (Nd:Y3Ais012) as the lasing medium.
An important factor in the lasing action which occurs in Nd:YAG lasers is that in the
host YAG crystal, ~1 % of the yttrium ions are replaced by Nd*" ions, with the
stimulated emission required for lasing occurring from electronic excitation of these
Nd3* ions.® 17 A high-power xenon flashlamp is fired, constituting the pump and
producing broadband light across the near-UV, visible and near-IR range of the
electromagnetic spectrum, and if the pumping from the flashlamp is sufficiently
strong enough, it initiates a population inversion within the energy levels of the Nd**
ions. When the light enters the cavity containing the active medium, a small
percentage of the pumping light is absorbed by the Nd*" ions in the YAG crystal
lattice, promoting excitation from the ground state into a higher energy state which
rapidly relaxes to a lower electronic state. Stimulated emission occurs between this
lower electronic state and another even lower state when a photon passing through the
lasing medium at the same frequency as the lasing transition is amplified by an
induction decay of some of the Nd®* ions from the upper to the lower state, with the
resultant state of this stimulated emission then rapidly relaxing back to the ground
state of the Nd®* ions. Mirrors on either side of the active laser medium within the
cavity reflect the amplified light back in resulting in significant amplification of the
light at the wavelength of the lasing transition. A partially reflective surface is present
on one of the two mirrors, allowing most light to pass through. The primary emission
of light from this particular atomic transition within the Nd®* ions in Nd:YAG lasers

is at a fundamental wavelength of 1064 nm in the near-IR, although different
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wavelengths of light can be produced from a phenomena known as frequency mixing,
with the second, third and fourth harmonics of Nd:YAG lasers emitting 532nm,

355nm and 266 nm light respectively.!3 18

Operation of Nd:YAG lasers is often in the pulsed mode, which typically requires
Q-switching to optimise the energy output from the laser.!® During pumping or
excitation of the active medium, the population inversion slowly reaches a
steady-state, alongside the light intensity within the active medium being amplified
but reaching a saturation intensity due to spontaneous emission. However, the time
taken to reach this saturation intensity is significantly less than that to attain the
maximum population inversion, hence Q-switching is introduced in order to
synchronise these two events and thereby gain the maximum output from the laser.
An optical switch or shutter is inserted into the laser cavity which, when closed, limits
the light intensity within the active medium and waits for a maximum population
inversion in the Nd®" ions to be reached (~250 ps), at which point the switch opens,
releasing the full power of the laser into the cavity and active medium, hence allowing
stimulated emission. Since the active medium is already largely excited, the intensity
of light in the cavity increases rapidly, leading to the output of a short pulse of high
energy photons.*® Experiments detailed in this thesis in Chapter 6 employed the fourth
harmonic of an Nd:YAG laser giving a wavelength of 1 = 266 nm, and the laser was
used in the pulsed mode with a Q-switch.

3.1.3.1.3 Dye Laser

Dye lasers use solutions of organic dyes as the active laser medium, enabling them to
have a tuneable output of many different wavelengths of light compared to lasers
which use solid or gaseous active media.**?° For efficient lasing to occur, the organic
dye used in the laser must absorb strongly at the excitation wavelength of the pump
laser and have a broad fluorescence spectrum, with the wavelength of light emitted
always being greater, i.e. lower in energy, than the wavelength of light absorbed.
Since the dye is dissolved in solution, the multitude of available energy levels within
the dye molecules is broadened due to enhanced intermolecular interactions within
the solution, giving the emission spectra of laser dyes their characteristic broadness,

due to which the laser can be tuned to a selected output wavelength.?:
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In a dye laser, a short pulse of monochromatic light from a flash lamp or another laser
e.g. an Nd:YAG laser is used to excite the dye to a singlet state.'® Rapid vibrational
relaxation ensues, and the molecule emits a photon via fluorescence to relax back
down to the ground state, with the speed of this fluorescence process creating a
population inversion between the ground vibrational level of the upper electronic state
and the excited vibrational level of the ground electronic state (see Chapter 2 for
further details on photochemistry). With each instance of light passing through the
excited dye solution contained in the cavity, it gains intensity through spontaneous
emission. The mirrors in the cavity reflect a number of photons of the fluorescent light
back into the dye solution, or laser medium, and stimulate emission if the photons are
of the correct frequency, resulting in this stimulated emission dominating over
spontaneous fluorescence. In order for the wavelength of light directed back into the
cavity to be monochromatic, a diffraction grating must be used within the optical
cavity of the dye laser. This grating only resonates light of a certain wavelength, hence
only allows this wavelength of light back into the cavity where it can stimulate further
emission, and therefore only amplifies light at this single wavelength.?? Since one of
the two mirrors consists of a partially reflective surface, this enables some light to
pass through and escape the cavity, resulting in a monochromatic laser light output
beam. Like in the case of an Nd:YAG laser, this beam can undergo frequency
doubling to generate the second-harmonic of the dye laser, where a crystal is used to
double the optical frequency i.e. half the vacuum wavelength, of the input beam, with

the output beam produced propagating in the same direction as the input beam.?®

3.1.4 Summary of Kinetic Techniques in Atmospheric Chemistry

Over the 40 years since its introduction, the flash photolysis method became more
powerful and sophisticated owing to developments in both optics and lasers, with
interest in the technique growing considerably as the practical applications expanded
from chemistry, facilitating research into a whole host of other areas including but not
limited to biology, biochemistry, material sciences and environmental sciences. Flash
photolysis revolutionised the study of photochemistry, particularly that relating to the
chemistry of highly reactive species, such as free radicals, which cannot be isolated

or stored but can be easily produced from photolysis of an appropriate precursor. It
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has been and continues to be used extensively in investigations of extremely fast
reactions down to the femtosecond timescale as the technique can isolate even very
low concentrations of otherwise unobservable portions of chemical reactions and has
proven invaluable for understanding the complicated kinetics relating to atmospheric

chemistry.

Whilst flow and perturbation methods comprise the two main categories of kinetic
experiments carried out, particularly in research pertaining to atmospheric science,
other techniques do exist and have been developed and applied to this field of study,
such as shock tubes and relaxation methods, however a detailed discussion of these is
outside the scope of this work. Nevertheless, in all cases, the basic requirements of
specificity, sensitivity and ease of reactive species generation are present and fulfilled,
along with the ability to conduct experiments under the desired pressure and
temperature conditions, making these techniques ideal for implementation in
atmospheric research. The kinetic technique employed in this work, along with the

selected analytical techniques, are discussed later in this chapter.

3.2 Analytical Techniques

Once a reactive species of interest has been generated, a variety of different techniques
exist which can be used for detection. A range of experimental techniques have been
utilised to monitor short-lived species in gas phase kinetics, with a selection of the
most commonly employed analytical techniques, along with their merits and
shortcomings, are described here. These techniques are mass spectrometry (MS),
laser-induced fluorescence (LIF), and absorption spectroscopy which is further
divided into ultraviolet absorption spectroscopy, cavity ring-down spectroscopy
(CRDS), and infrared absorption spectroscopy, all of which can be and are typically
used with both flow and flash photolysis methods. Alternative analytical techniques,
such as resonance fluorescence (RF), laser magnetic resonance (LMR) and gas
chromatography (GC), all of which are mentioned in this chapter as detection
techniques often used in conjunction with one or more of the kinetic techniques
discussed in this chapter, are also frequently employed, however a detailed discussion

of these methods is outside the scope of this thesis.
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3.2.1 Mass Spectrometry

The general principle behind mass spectrometry (MS) is that different atoms and
molecules can be separated due to their differing masses, and MS operates on the basis
that a charged species, such as an ion, in motion can be deflected by a magnetic field.
The magnitude of the force experienced by the charged species is directly proportional
to the mass-to-charge ratio, m/z, of that particular charged species, with ions of the
same m/z ratio undergoing the same amount of deflection. Hence, MS identifies
charged or ionic species based on their m/z ratio and their abundance.? * Although
there are many different types of mass spectrometers, they all share the same four
basic key stages, ionisation, acceleration, separation, and detection, which are coupled
together in the MS analytical technique.?®> Mass spectrometers frequently employed

in gas phase kinetics are the quadrupole and time-of-flight (ToF) mass spectrometers.

Only charged particles can be deflected in a mass spectrometer, meaning that before
entering the spectrometer the species of interest must be ionised. Several suitable
methods exist through which the gas sample may be ionised, including by thermal
means, by applying an electric field or by impacting the sample with energetic
electrons, ions or photons, with the ionisation method chosen dependent on the nature
of the sample.?® lonisation methods are often classified as either soft ionisation
methods or hard ionisation methods, which refer to processes which impart little or
high quantities of residual energy onto the subject species respectively, therefore
resulting in little fragmentation or invoking large degrees of fragmentation
respectively. Examples of soft ionisation techniques include electrospray ionisation
(ES), fast atom bombardment (FAB), matrix-assisted laser desorption/ionisation
(MALDI), field ionisation (FI), thermal ionisation (TI), chemical impact ionisation
(CI), secondary ion mass spectrometry (SIMS) and photoionisation mass
spectrometry (PIMS), and the most common example of a hard ionisation method is
electron impact ionisation (EI). Samples containing complex mixtures of gaseous
species often demand soft ionisation techniques to reduce fragmentation of the parent

molecule and limit complications in detection and analysis.

The PIMS system in particular, which uses a high energy photon to dissociate the
gaseous molecule, is very effective, with the distinct advantage of photoionisation

over other methods of ionisation being its high specificity. The wavelength of light
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used in photoionisation can be tuneable, which means that the vacuum UV (VUV)
radiation used to ionise different species can be specifically selected such that only
one isomer is ionised. As such, PIMS can be used in investigations which seek to use
MS as a means of resolving chemical kinetics mechanisms and isomeric product
branching. It can be considered the ideal soft ionisation technique since the tuneability
of the photoionisation energy results in reduced fragmentation as the molecule is
supplied with just enough energy to ionise meaning there is not enough excess energy
available to induce fragmentation. In instances where a synchrotron light source is
utilised, such as the experiments resulting in the first direct detection of Criegee
intermediates®” 2 (see Chapter 1 for further details), tuneable photon energies for
ionisation can be scanned to acquire a photoionisation spectrum in conjunction with
the mass spectrum obtained from MS. A pulsed laser flash photolysis-photoionisation
mass spectrometry (PLFP-PIMS) system was designed and built at the University of
Leeds in collaboration with Kore technology,?® and has been used to measure Criegee

intermediate reaction kinetics.
Upon ionisation, the energetically unstable molecular ion, M™, is formed:
M+ e — M™ + 2¢ (R3.5)

which may further fragment into smaller ions and free radicals. After ionisation, the
newly formed ions must then be accelerated towards the spectrometer, which is
achieved by having a large potential difference between the gas sample inlet and the

mass spectrometer.

A mass analyser within the spectrometer is used to separate the charged particles
according to their m/z ratio, with the ions then detected proportionally to their
abundance. A number of different mass analysers are utilised in MS, however the two
most common ones are the quadrupole mass analyser and the time-of-flight (ToF)
mass analyser.?> The quadrupole mass analyser selects ions with a specific m/z ratio
so that only a certain mass is detected.? A quadrupole achieves this by filtering ions
as they move between four parallel metal rods, with the transverse rods coupled
together giving two pairs of rods, across which opposing radio frequency voltages are
applied, such that only ions of a certain m/z ratio have the correct trajectory to pass
through the quadrupole and reach the detector while ions which do not have the
required m/z ratio collide with the rods and are lost.®! The range of m/z ratios detected
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can be tuned by varying the voltages across the rods. The quadrupole mass analyser
is a popular technique for separating ions and a low-cost method for detection.

However, is limited since only one species can be detected at once.

The other main method to differentiate between ions in MS experiments is to use the
ToF mass analyser. lons are initially accelerated from the ionisation region into the
mass spectrometer by using high voltages to accelerate the charged species towards
the detector. By accelerating the ions through a such a constant electric field, the
resultant kinetic energy of all the ions is identical, however the velocities at which
they accelerate are dependent on their individual m/z ratios, meaning the time taken
to reach the detector will depend on the m/z ratio of the ion, and consequently the
lightest ions will arrive at the detector first.?* 2° lons are often detected using an
electron multiplier, with results of MS experiments typically presented as a mass
spectrum, which is a plot of intensity as a function of the m/z ratio. Despite quadrupole
MS instruments being simpler to operate since complete time-resolved traces can be
taken per pulse, unlike with ToF-MS where the delay time between the pump and
probe pulses require scanning, the latter has one major and very important advantage.
It allows observation of all the ion species generated at once, therefore theoretically,
both the decay of reactants and growth of products can be measured simultaneously,
with ToF-MS being capable of monitoring species on the millisecond timescale.?®
Also, because it can detect multiple species at once, it is possible to measure different

products formed in multichannel reactions and determine product yields.

3.2.2 Laser-Induced Fluorescence

Laser-induced fluorescence (LIF) spectroscopy is a fluorescence technique in which
the target species is electronically excited from its ground state using a laser as a light
source, with a dye laser commonly being used, meaning the output from the laser is
tuneable such that it is selected to match and hence probe a specific transition within
the species of interest. Following this excitation of the species to an upper electronic
state, several processes can occur, which can be represented on a Jablonski diagram
and are discussed in detail in Chapter 2, however the process analysed in LIF is the
corresponding fluorescence, in which an excited species relaxes back down to the

ground electronic state by emitting a photon, the signal of which is detected using a
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photomultiplier tube (PMT).? Before the excited species returns to the ground state, it
can undergo a loss in vibrational energy via relaxation to the lowest lying vibrational
energy level in this upper electronic state, and as a result the emitted photon can be
either at a lower frequency, and hence longer wavelength, than the excitation photon,
termed off-resonance fluorescence, or at the same frequency and hence same
wavelength, called on-resonance fluorescence. Competition between all the processes
the excited species can undergo, as summarised in Chapter 2, means that often LIF
experiments are performed at low pressures to avoid quenching.®? As the fluorescence
signal is proportional to the number of ground state molecules present in the reaction
mixture, the fluorescence intensity provides a relative measure of the concentration of
the species of interest, allowing a concentration profile of this species to be built up
as a function of time by varying the delay time between initiation of the reaction, for
example through laser flash photolysis, and the light source inducing fluorescence,

i.e. the probe laser pulse.

An advantage of LIF is that the range of commercial dyes available offers a
wavelength output range of 320 nm-1 um, providing the probe light required to
monitor a variety of atmospheric species. Currently, the most common technique used
to detect the OH radical, an important species in the field of atmospheric chemistry,
is LIF, at an excitation wavelength of either ~282.5 nm or 308 nm. On-resonance
fluorescence detection is employed for excitation at 308 nm, where the fluorescence
also occurs at 308 nm, while excitation at ~282.5 nm typically involves off-resonance
detection at 308 nm.%? LIF is a highly sensitive technique particularly useful for
detection of species during field campaigns since interferences can occur due to the
presence of other species and atmospheric concentrations can be low, for example OH
detection can be conducted using LIF and atmospheric OH concentrations are on the
order of [OH] ~ 10° cm™. Moreover, time-resolved monitoring of low species
concentrations, e.g. radicals, on the order of <10%2 cm, often required during kinetic
studies to simplify the chemistry occurring, maintain pseudo-first-order conditions
and avoid unwanted secondary chemistry, necessitates the use of sensitive detection
techniques. Exploitation of the well-defined spatial profile of light generated by a laser
enables improved sensitivity of species detection using the LIF technique. To optimise
the technique, in most LIF configurations, detection occurs perpendicular to the

direction of probe laser propagation, since fluorescence emission occurs in random
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directions and this orthogonal arrangement helps distinguish the fluorescence signal
from the background scattered probe laser light.> Monitoring the off-resonance
fluorescence through an optical interference filter and averaging the signal over
several photolysis laser pulses can further increase the signal-to-noise ratio, S/N, of
the LIF technique since this allows the signal to be measured relative to a zero

background.

However disadvantages of the LIF technique do exist, such as the fact that it does not
provide an absolute measurement of the concentration of the species of interest, rather
a relative concentration is given meaning calibration is required before conversion to
an absolute concentration of the species can be determined.? Furthermore, as stated
above, LIF studies are generally limited to low pressures of <100 Torr due to
collisional quenching, hence restricting the range of conditions under which
experiments can be conducted, however recent developments in the sampling and
detection methods employed have enabled high pressure measurements to be made.
Finally, despite the ability to tune the dye laser emission of LIF systems offering high
selectivity to probe a wavelength corresponding to a transition between specific
rovibrational states within the electronic bands of a particular species, this technique
is not universal, since it can only be used to monitor certain species, namely those that
have a bound and accessible upper electronic state and hence fluoresce.? This means
that LIF is not suitable for larger molecules or radicals due to the increased difficulty
in monitoring of such species because of the competition between fluorescence and
other processes, since larger molecules have more vibrational modes which are more

likely to undergo intersystem crossing and radiationless transitions than fluorescence.

3.2.3 Absorption Spectroscopy

Absorption spectroscopy is another important detection technique commonly used to
monitor fast reactions and detect short-lived species, and operates on the basis of
measuring the absorbance of light by the species of interest at a particular wavelength
or within a wavelength range due to interactions of the radiation with the species. The
intensity of this absorption varies as a function of wavelength, or frequency, with this
variation being referred to as the absorption spectrum. Absorption spectroscopy is

complementary to fluorescence spectroscopy, such as the LIF process described
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above, in that fluorescence deals with transitions from the excited state to the ground
state while absorption measures transitions from the ground state to the excited state.
In theory, absorption spectroscopy can be employed as a universal technique in gas
phase Kinetics since all species, i.e. molecules/atoms/radicals, absorb light of certain
wavelengths specific to that particular species, often in the UV/visible and/or IR
regions of the electromagnetic spectrum. The fraction of light absorbed by the target
species at certain characteristic wavelengths is proportional to the concentration of the
species in the reaction mixture, as defined by the Beer-Lambert law (refer to Chapter
2 for further details):

i=n

I
A;=In (%) = Z ois [Cli ! (Equation 3.9)
7

i=1

where A, is the absorbance at wavelength A, lo, is the incident light intensity at
wavelength 4, 1, is measured change in light intensity at wavelength 1, gi, is the
wavelength specific absorption cross-section of species i, [C]i is the concentration of

species i and | is the optical path length.

One of the major advantages of absorption spectroscopy, which is highlighted in the
Beer-Lambert law, is that since the absolute concentration of the target species is
directly proportional to absorbance, it can be determined from measurement of the
absorbance provided the cross-sections of the target species and path length of the
sample are known.? Typically, during absorption spectroscopy, a broadband light
source, such as an arc lamp, is used to generate light at a frequency absorbed by the
reactant species. The light is passed through the reaction cell containing the reaction
mixture, and a monochromator is used to select and direct only light of frequency
pertinent to species absorption towards a detector. Laser radiation can also be used as
the probe light source during absorption experiments, with the output of a dye laser
able to be tuned to a specific absorption line without the need for a monochromator,
or a quantum cascade laser (QCL) operated at a selected single wavelength, or
wavenumber, able to provide a stable light source, as is used in experiments reported
in Chapter 6. Alternatively, the entire range of wavelengths supplied by a broadband
source can be utilised, as is the case in experiments reported in Chapters 4 and 5 of
this thesis, in which a laser driven light source (LDLS) was used, for which

experimental details are also provided further in this chapter.
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As is often the case with the other analytical techniques described here, absorption
spectroscopy experiments are also usually initiated using laser flash photolysis to
generate reactant species in the cell, and the ratio of the incident to transmitted light
intensity, lo,/l; can be measured as a function of time to give the change in
concentration of the reactant and/or product species throughout the reaction.®* This
allows a complete concentration-time profile to be recorded, using absolute species
concentrations in real time, each time the photolysis laser is fired, making data

acquisition during absorption detection more efficient than by fluorescent means.

Absorption techniques require accurate measurement of the light intensity passing
through the reaction cell both prior to and following the onset of absorption due to the
production of reactive species, which, under typical experimental conditions where
reactive species are generated in low concentrations to minimise the contribution of
secondary chemistry to the observed kinetics, generally corresponds to only a small
perturbation in light intensity. Such small changes in I, compared to lo;, mean that
experiments in which absorption detection methods are used often result in poor
signal-to-noise ratio, S/N, hence poor sensitivity, especially when compared to
fluorescent detection methods which monitor the reactive species signal relative to a
zero background level of light, making it much easier to detect small variations. As a
result, absorption techniques often require relatively high concentrations of reactive
species, typically on the order of 102 to 10** cm depending on the cross-section and
optical path length, in order to detect appreciable intensity changes in the analysis
light. Signal averaging can be used to improve the S/N ratio, which works on the
concept that since the absorption signal is reproducible from one photolysis pulse to
another whilst the contribution of noise from a variety of sources to the observed
signal is random, adding together a series of data points averages out the noise leaving

behind the absorption profile with a significantly enhanced S/N ratio.?

According to the Beer-Lambert law, provided in Equation 3.9, the amount of light
absorbed is directly related to the product of the reactive species concentration and
the path length of the light passing through the reaction cell. Consequently, the issue
of noise described above can be overcome, and sensitivity of the technique improved,
by the strategic placement of highly reflective mirrors at either side the reaction cell

allowing the probe light to pass multiple times through the absorption region prior to
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detection. Such an arrangement is commonly referred to as a multipass cell or
instrument and increases the path length of the system which in turn increases the
absorbance. The White® and Herriot®® cell designs, with three and two spherical
mirrors of identical radius of curvature respectively, represent the optical
arrangements most often used in experiments which utilise multipassing of probe
light. Both the experimental designs employed in work described in this thesis in

Chapters 4 and 5 and Chapter 6 respectively included multipass alignments.

The main disadvantage of absorption spectroscopy is that many different species can
absorb at the same or similar wavelengths, resulting in overlapping spectra if species
in the reaction mixture, whether reactant(s) or product(s), other than the species of
interest absorb at the wavelength(s) being monitored.®* This can be particularly
problematic when measuring in the UV region of the spectrum as many species have
unstructured spectra in this region so may be difficult to identify and distinguish
between. However, such interferences can be minimised by resolving time profiles of
absorbance at all wavelengths such that absorbance due to each individual species

within a mixture may be observed at each relevant wavelength.®’

3.2.3.1 Ultraviolet and Infrared Absorption Spectroscopy

For many species of interest, absorption occurs in the UV, visible and/or infrared (IR)
regions of the electromagnetic spectrum, and UV absorption cross-sections in
particular are well known for many species which may be encountered in the
atmosphere and/or in reaction systems studied in the laboratory. As a result, the most
commonly employed spectroscopic methods are UV/visible absorption spectroscopy
and IR absorption spectroscopy. In recent years, the development of tuneable UV,
visible and IR lasers has also greatly enhanced the selectivity and sensitivity of these
absorption spectroscopy techniques, making them highly influential detection
methods for the determination of kinetic and mechanistic information relating to rapid

gas phase reactions.

Since applications for each spectral region of the electromagnetic spectrum have

developed independently of each other, each spectral region has acquired its own

preferred units, with the UV region conventionally given in units of nm (10° m) and

referred to in terms of wavelength, A, and the IR region, which can be further
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characterised into three sub-regions, near-IR (NIR), mid-IR (MIR) and far-IR (FIR),
is given in units of pm (10® m) when in terms of wavelength. However, infrared
measurements are almost exclusively reported in terms of wavenumber, v, which is
the reciprocal of wavelength and is conveyed in units of cm™. It is worth noting that
most IR studies investigating reactions of atmospheric relevance tend to focus on the

1-16 um, or 10,000-625 cm™, spectral range.*

Many species which play an important role in atmospheric chemistry absorb radiation
in the UV/is region of the electromagnetic spectrum, making UV absorption
spectroscopy ideal for use in investigations of atmospheric reactions.®? In the UV
region of the electromagnetic spectrum, which extends over the wavelength range
10-400 nm, species undergo electronic and vibrational transitions between vibrational
levels of the lower and upper electronic states, therefore UV absorption spectroscopy
utilises the properties of absorption from such transitions and the associated vibronic
structure, with UV absorption spectra exhibiting a combination of broad, featureless
spectra and discrete, sharp lines (see Chapter 2 for further details). It is worth noting
that O, absorbs strongly below 190 nm which places a limit on the UV experiments
which can be performed in air, and requires the use of vacuum UV experiments for
detection below 190 nm since any Oz in the system needs to be removed or an
oxygen-free atmosphere needs to be used, commonly pure nitrogen. UV absorption
spectroscopy benefits from wide applicability and high accuracy, however, can be
influenced by stray light and is not very selective since several species can absorb at
the same wavelengths. Additionally, UV spectra tend to be broad and structureless

meaning it can sometimes be difficult to distinguish spectra for different species.

Nearly all atmospheric species exhibit moderate to strong absorptions in the IR region,
making IR absorption spectroscopy an extremely versatile tool in atmospheric
studies.®? The IR region spans the wavelength range 0.7-1,000 um, approximately
equivalent to the wavenumber range ~14,000 cm-10 cm®, with the NIR, MIR and
FIR ranges being 0.7-2.5 um or 14,000-4,000 cm, 2.5-25 pm or 4,000-400 cm:, and
25-1,000 pm or 400-10 cm™ respectively. Absorption of radiation in the IR region
involves interactions with molecular vibrations and rotations resulting in transitions
between rotational levels of the ground and excited vibrational states in the ground
electronic state, with IR absorption spectra consisting of a series of vibrational bands,
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from fundamental molecular vibrations corresponding to normal vibrational modes
(e.g. stretching and bending) and the associated ro-vibrational structure, and from
overtones and combination bands of molecular vibrations, each with a series of closely
spaced rotational absorption lines at high resolution (see Chapter 2 for further details
on photochemistry). For a vibrational mode of a species to be IR active, hence appear
in the IR spectrum, it must be associated with a change in the dipole moment of the
species, rendering some modes IR inactive. High resolution IR can avoid by-product
interferences due to the distinct structure of ro-vibrationally resolved spectra, giving
high selectivity and allowing unambiguous identification of species especially
desirable when more than one species which absorbs in the same region is present in
the mixture. However, infrared absorption can lead to complicated looking spectra
which can be difficult to interpret.

3.2.3.2 Cavity Ring-Down and Cavity Enhanced Spectroscopy

Cavity ring-down spectroscopy (CRDS) is a technique utilised in measuring
absorption for various applications, including Kinetic determination of reactions.
Light is introduced into an optical cavity consisting of two highly reflective mirrors
and reflected thousands of times inside the cavity giving an effective path length on
the order of kilometres. A small fraction of the light, typically <107 % per reflection
depending on the mirrors, leaks out of the other side of the cavity and is measured by
a detector. The rate of, or time taken for, the light intensity exiting the optical cavity
to decay to 1/e of its initial intensity, referred to as the ring-down time, is measured
in the presence and absence of the absorbing species, and can be used to calculate the
concentration of the absorbing species in the gas mixture in the cavity via:®

Rl 1
a=0,[C]= —1(— - —) (Equation 3.10)

C \7T Ty

where o is the absorption coefficient specific to the absorbing species at the resonance
wavelength of the cavity, 4, and is equivalent to the wavelength dependent absorbance
A, divided by the path length | from the Beer-Lambert law provided above in Equation
3.9, o, is the absorption cross-section of the species at wavelength A, [C] is the
concentration of the species, c is the speed of light, z and 7o are the ring-down times

in the presence and absence of the absorbing species respectively, and R, is the ratio
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between the cavity length (the distance between the two mirrors) and the absorption

path length, | (the overlap region of the photolysis and probe laser beams).

CRDS experiments often use laser flash photolysis to initiate reactions within the
cavity, and can utilise various probe light sources, hence be coupled with multiple
absorption spectroscopic techniques, including UV and IR absorption spectroscopy.
CRDS is a highly sensitive technique given its long path length due to the multipass
nature of the system, and is not affected by fluctuations in probe light intensity since
the ring-down time is independent of this intensity. Conventional CDRS operates at
single wavelength or over a very small wavelength range, with optics typically being
highly reflective (>99.99 %) at £ 5 % of the centre wavelength, however outside of
this range the mirrors lack reflectivity to enable broadband multipass absorption
spectroscopy measurements, making it unsuitable for applications where multipass
absorption over a wide range of wavelengths is desired.3® Furthermore, overlap of the

photolysis laser with the cavity region can be challenging in CRDS experiments.

Cavity enhanced absorption spectroscopy (CEAS) is a modification of the CRDS
technique based on an off-axis arrangement of the optical cavity and allows the
radiation absorption of species within the cavity to be determined.®® Since light
intensities are directly measured in CEAS, unlike CRDS, this technique is not immune
to fluctuations in probe light intensity.>® CEAS is also often coupled with incoherent
broadband light sources such as a xenon arc lamp, a light-emitting diode (LED) or a
super continuum (SC) laser, meaning while dichroic mirrors are used in CRDS, CEAS
uses highly reflective broadband optical cavity mirrors to multipass the probe
radiation through the cavity and increase the effective path length of the absorption.*
This path length in CEAS experiments is wavelength dependent as a result of the
dependence of the number of passes on the reflectivity of the cavity mirrors, and can
vary significantly for broadband light sources requiring calibration of the path length

as a function of wavelength.

Despite absorption techniques employing the cavity enhanced technique having a
greatly increased path length of the probe light, the sensitivity of such techniques is
impeded by the fact that the probe intensity which reaches the detector is low. Whilst
it is beneficial to extend the path length of the absorption, sufficient probe light

intensity (number of counts) is required to detect small changes in absorbance.
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3.3 Experimental Details and Procedure of This Work

The following section outlines the specific apparatus used during this work, with
details of the photolysis and probe lasers used to initiate and monitor reactions within
the reaction cell respectively, the spectroscopic technique used to detect species and
follow reactions, and the way in which data was collected, processed, and analysed to

determine both spectroscopic and kinetic parameters.

UV absorption cross-sections of the CH200 Criegee intermediate (described in
Chapter 4), along with kinetics of the CH.OO self-reaction and the reaction between
CH200 and | (described in Chapter 5), were studied using laser flash photolysis of
CHo2l2/O2/N2 gas mixtures, coupled with broadband time-resolved UV absorption
spectroscopy. The development and characterisation of the experimental apparatus
has been described in detail elsewhere,®” *! briefly described in Chapters 4 and 5, and
is summarised here. Figure 3.3 shows a schematic of the experimental setup used to
carry out the work described in Chapters 4 and 5 of this thesis. Note that the IR

experimental setup and work carried out using this setup are described in Chapter 6.

Rotary pump Gas mixture flows in towards the cell . I
D - —
y/ N
n,—| MFC / \
® 3 — Gas mixing
& 0, manifold
8E
2 E T CH,l,—| MFC
@ o0
E3 l
s <
- Multipass Beam dump
mirror mounts \

Filter/' B | Spectrograph 1

Spectrograph 2] camera 2

LDLS ——8M & Camera 1
Laser Driven Light Source

Figure 3.3: Schematic diagram of the experimental setup used in this work, with the red line showing
the path of the single pass probe beam, the orange line showing the path of the multipass probe
beam and the dashed grey lines combined with the light blue section within showing the overlap
region of the photolysis beam, used to generate the reactive species, with the multipassed probe

beam, used to monitor the reaction.
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3.3.1 Gas Handling and Initiation of Chemistry

Precursor gases were mixed in a gas manifold at known flow rates determined by
calibrated mass flow controllers (MKS Instruments), for which details are provided
in Appendix 1, with CHzl2 introduced into the gas flow by passing a known slow flow
of N2 through a bubbler containing liquid CH:l» at room temperature, and passed into
a 1.5 m long glass reaction cell. The reaction cell was 54 mm inner diameter, and
sealed with fused silica windows at both ends. The total flow rate was maintained at
4000 standard cm® per minute (sccm) at 100 Torr and adjusted accordingly with
pressure to maintain constant number densities for reactant gases and a constant
residence time in the cell of ~6 s. Total pressure in the cell was determined by a
capacitance manometer (MKS Instruments) and controlled by a rotary pump (EM2,
Edwards) by throttling the exit to the reaction cell. The pressure gauge operates by
measuring the change in electrical capacitance between a metal diaphragm and an
adjacent, fixed powered electrode within the gauge. All experiments were performed
at T = (298 + 2) K in N2 (BOC oxygen free, 99.998 %) at pressures between 6 and
300 Torr. CHal2 (Alfa Aesar 99 %) concentrations were in the range 1 x 102 — 4 x
10" cm™ and O, (BOC, 99.5 %) concentrations were varied between 1 x 10® and 4

x 10*" cm3. Gases and chemicals were used as supplied.

Reactions R3.6-R3.10 were initiated in the reaction cell by an excimer laser (KrF,
Lambda-Physik CompEx 210), operating at a wavelength of 2 = 248 nm, for which
details of the working procedure are provided above. This KrF excimer laser was
aligned along the length of the reaction cell using a dichroic turning mirror (Edmund
Optics). The timing of the photolysis laser was controlled by a delay generator (SRS
DG535) with a pulse repetition rate of 0.15 Hz such that a fresh gas mixture was
photolysed on each pulse. The typical laser fluence was measured to be ~25 mJ cm?,
giving [CH200]i=o on the order of ~10'! cm. The timescale for production of such
concentrations of CH200 from CH2l + Oz (R3.7a) and subsequent loss via multiple

pathways (R3.8-R3.10) was observed to be on the order of 10s ms, typically 50 ms.

CHal, + hv (/=248 nm) > CHal +1 (R3.6)

CHal + 02 —  CH,00+1 (R3.72)
+M

CHyl + 02 —  CH2lO; (R3.7b)
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CH200 + CH200 — products (R3.8)
CH200 + | — products (R3.9)
CH200 — products (R3.10)

3.3.2 Monitoring Species and Reactions

Absorption of UV/visible radiation by species within the cell was monitored using a
laser-driven light source (LDLS, Energetiq EQ-99X), which provides ~10 mW cm
of light at wavelengths between 185 and 850 nm. When compared to a standard Xenon
arc lamp, the LDLS is more suitable for this application since the output is more stable
leading to an improved S/N ratio and hence requiring shorter averaging/integration
times, and the temperature of the spectral output is much higher (~11,000 K vs 3,000
K) resulting in more UV radiation. Furthermore, the light source is derived from a
much smaller point (100-200 um vs ~2-3 mm), making the beam from the LDLS
much easier to collimate over the long distances (up to ~20 m) required for such an
application than that from a standard Xenon arc lamp. Output from the LDLS was
directed onto an off-axis parabolic mirror (ThorLabs) to collimate the beam.
Approximately 10 % of the light was aligned along the length of the cell to give a
single pass through the cell overlapping completely with the photolysis beam, with
the remaining light aligned in the multipass arrangement described in detail in

previous work,*! for which a brief description is provided here.

The multipass optical arrangement features up to fourteen 12 mm diameter mirrors,
each of which are spherically curved with a 2.4 m radius of curvature, and are UV
enhanced such that their reflectivity is ~85 % in the UV region (custom made by
Knight Optical). Mounts were used for the mirrors, consisting of 2 back plates and 8
individual threaded mounting disks, all made from aluminium, with these threaded
mounting disks held in place with L-shaped brackets which are slotted to allow
vertical, horizontal and transverse translation of the mounting disk assembly
(designed in SolidWorks 2013 and custom built in-house). Mirrors were adhered to
the threaded mounting disks, with the disks separated from the back plate using small
silicone O-rings. M3 screws were fed through the back plate, through the O-rings and

screwed into the threaded mounting disks, allowing the angle of each mirror to be
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adjusted as required such that the probe beam can be arranged in a multipass

configuration as shown in Figure 3.3.

The number of passes between the mirrors can be altered for different applications
and desired path lengths, with 7 passes typically being sufficient for measuring
cross-sections in the UV region (250-400 nm), however a maximum of 13 passes can
be achieved, particularly useful for measuring small cross-sections in the UV/visible
region. The fact that each mirror was able to be adjusted allowing for translational
motion meant that the overlap between the photolysis and probe beams could be
maximised. Probe intensity of the LDLS was recorded at wavelengths between 185
and 600 nm for the single pass arrangement, and 250 and 850 nm for the multipass
arrangement, with near constant radiance across the spectral range. The UV/vis
wavelength range 280-450 nm is an important spectral region as many molecules

absorb strongly within this range.

Of the two most common types of multipass absorption experiment systems, the
White® and Herriott®® cells, the mutipass arrangement employed in this work most
closely resembles the Herriott cell, however with the added component of possessing
fully translatable mirrors for each pass of the probe beam. This ability to translate
each mirror independently is an important feature of this experimental instrument
since, unlike the Herriott cell which is constrained by the required geometry dictated
by the distance between and the radius of curvature of the two mirrors, the multipass
setup within the reaction cell employed in this work allows each pass of the probe
light to cut through the path of the photolysis laser, in this case an excimer laser,
optimally, thereby optimising the overlap between the photolysis and probe beams
and hence maximising the path length. Determination of this path length of multipass

arrangement is described in detail in the Appendix 2.

3.3.3 Data Acquisition

Transient absorption spectra of the reactant gas mixture were recorded before, during

and after photolysis. The output beams from both the single and multipass

arrangements were each passed through sharp cut-off filters (248 nm RazorEdge

ultasteep long-pass edge filter, Semrock) to minimise the impacts of scattered excimer

light and focused onto fibre optics via fibre launchers (Elliot Scientific). Outputs from
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the fibre optics were directed onto spectrographs (CP140-103 Imaging Spectrograph,
Horiba) and imaged onto line-scan charge-coupled device (CCD) detectors
(S7030-1006 FFT, Hamamatsu), giving spectral resolution of 1.5 nm FWHM and time
resolution of 1 ms. Wavelength calibration was performed via measurements of the
well-known Hg emission spectrum from a low pressure Hg pen-ray lamp (Oriel), for
which further information, along with details of the CCDs used and how they work,
are provided below. Timing of the cameras was controlled by the same delay
generator used to control the firing of the excimer laser. Intensity data recorded by the
cameras were typically averaged for 100 to 400 photolysis shots and were transferred

to a PC for analysis.

3.3.4 Principles of CCD Operation

Measuring multipassed broadband absorption requires a detector with multiple
channels, the most common of which is the charge-coupled device (CCD) and has
been used by numerous groups in spectroscopic and kinetic studies.*> “ CCDs
comprise an array of photosensitive metal oxide semiconductor pixels which allow
conversion of incident light to photocharge, which is stored in a potential well within
each pixel, with the number of photons incident on each pixel within a given exposure
time upon absorption of radiation being proportional to the accumulated charge of that
pixel. Thus, situating a CCD in the dispersive plane of a spectrograph enables
wavelength resolved intensities to be recorded, since the broadband probe light is
separated into a frequency spectrum and wavelength resolved using the spectrograph,

which projects a narrow wavelength range (~0.1-1 nm) onto each pixel.

The spectrographs used in the experimental setup described here included gratings
with 285 grooves / mm and had a range of ~650 nm, with the camera collecting the
multipassed light measuring between 250 and 850 nm and the single pass camera
recording in the range 185-600 nm. The high light throughput of the spectrographs
meant that despite short exposure times of 1 ms, sufficient light and hence charge was
accumulated on the CCD pixels to see adequate signal for absorption measurements.
Light entered the spectrographs through narrow slits (25 pm and 50 pum) illuminating
the diffraction gratings causing the light to be wavelength dispersed, and was imaged

onto the CCDs using 70 mm off-axis parabolic mirrors.
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The cameras used were 1D line-array CCD detectors comprising an array of 1024 by
64 pixels. The wavelength dispersed light illuminated the CCD during exposure, after
which the charge accumulated in each of the pixels in the 64 rows was summed
vertically and binned into the readout register as 1 line of 1024 pixels, giving a
wavelength resolved intensity spectrum, as shown in the schematic in Figure 3.4. Data
was read off the CCD at a speed of > 1000 Hz (780 ps minimum read time), acquiring
time resolved absorption data at a time resolution of 1 ms. Typically, such high data
acquisition read rates would be associated with and achieved by using a 2D CCD
array, in which each time slice is shifted into a masked area of the array and at the end
of each photolysis pulse the entire 2D array is read. Shifting and masking CCD signals
in this way can intrinsically introduce charge accumulation due to processes within
the CCD itself, termed dark noise, however the fast expose-bin-read cycle of the line
CCD described here avoids this effect without the requirement of expensive cooling
systems. Although faster 1D CCDs exist, they tend to be less efficient at collecting
light since faster read rates necessarily result in shorter exposure times and therefore
less charge accumulation, which results in a reduction of the instrument sensitivity.
Experiments to determine the UV absorption cross sections of CH200 and the rate
coefficient of the CH,OO self-reaction, described in Chapters 4 and 5 respectively,

were performed using this 1D line-array CCD.
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Figure 3.4: A schematic of the acquisition process of the 1D line-array CCD, showing the wavelength

dispersed light illuminating the line CCD array during exposure, after which the charge

accumulated in each row of the 64 pixels within the array is summed and transferred to the

readout register before being transferred to the computer, and the cycle restarts (curly arrows).

All wavelength calibrations were performed via measurements of the well-known Hg

emission spectrum from a low pressure Hg pen-ray lamp. Each peak from the Hg

spectrum is associated with an emission line of a particular wavelength, which is

assigned to the pixel number at which the line is observed. Plotting A / nm against

pixel number gives a linear relationship, the gradient and intercept of which are used

to calibrate the wavelength, as shown in Figure 3.5.

Wavelength = (Gradient x Pixel Number) + Intercept (Equation 3.11)
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Figure 3.5: Wavelength calibration graphs showing a) Hg pen-ray lamp emission lines as measured by
the spectrograph in the multipass arrangement, with each peak corresponding to an emission
line and pixel number on the CCD and b) a plot of pixel number vs wavelength (nm) of the
corresponding peak, and a fit of Equation 3.11 (red line), to give gradient = 0.52248 and intercept
=190.19481.

3.3.5 Data Processing and Analysis

The raw data from the CCD was output as a 2D array of pixel number vs time which
was converted into wavelength vs time using the wavelength calibration, where the
magnitude of the intensity recorded represents the amount of charge accumulated by
each pixel during exposure and effectively constitutes the z axis. This array gave
information on intensity for each of the 2000 time points in 1 millisecond intervals
over the 2 second timescale of the run and each of the 1024 wavelength points in ~0.6
nm intervals over the wavelength range 4 = 250-850 nm. The intensity of the light
prior to the photolysis laser pulse at time to was averaged at each wavelength and
represents lo;, and the intensity of light after the photolysis laser pulse at every
recorded time subsequent to to represents I,t>0. A cut of the 2D array through the time
axis provides a view of the spectrum at any given time delay, which have x and y
assignments of wavelength and intensity respectively. Alternatively, for Kinetic
applications, a cut can be taken through the wavelength axis to give the time evolution
of the intensity for any given wavelength. Only a description of the data processing
prior to or during analysis is given here, and a detailed description of the data analysis
in which absorbance was calculated from the recorded intensities according to the

Beer-Lambert law, and the analytical procedures carried out to determine the transient
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absorbance spectra, the identity and contributions from each absorbing species,

species concentrations and kinetic parameters, is provided in Chapters 4 and 5.

A baseline correction was applied to the data to correct the absorbance signals in the
region of interest for fluctuations in probe lamp output intensity. Correction based on
the average apparent absorbance between 500 and 600 nm, where it is expected that
there are no absorbing species, has been implemented in this analysis. Fixing the
absorbance, A, to zero in a wavelength region where no absorption occurs in this way
reduces the noise due to lamp fluctuations, thereby increasing the S/N ratio and
decreasing the number of excimer laser pulses required to obtain the desired quality

of signal.

There was also evidence for probe lamp fluctuations affecting lo;, the light intensity
in the 1 second timescale prior to photolysis, resulting in apparent non-zero
absorbance signals once chemistry is complete and thus absorbance is expected to be
zero. The photolysis laser was fired 1000 ms after the camera was initiated, over
which timescale there can be significant variation in lo,. Given that the processes
under investigation occur in the first 50 ms post-photolysis, the period of time used to
determine lo,; was also selected to be the 50 ms prior to photolysis, hence giving
CH.0O0 decay profiles which return to the baseline at long times, i.e. give the expected

zero concentration once the chemistry has occurred.

A description of only the experimental details of the more established UV setup used
for experiments described in this thesis is provided here. Details of the IR setup used
for much of the remainder of the experiments described in this thesis are provided in
Chapter 6. Fundamental concepts of gas flow, generation of reactive species and
monitoring the reaction by absorption spectroscopy are the same for UV and IR
experiments, however the IR system is discussed in detail in Chapter 6 in terms of

design, characterisation and initial results.
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Chapter 4
CH200 UV Absorption Cross-Sections

Ozonolysis reactions, resulting in the production of reactive Criegee intermediates,
make significant contributions to the tropospheric oxidising capacity, particularly at
night and in winter when photochemistry is limited by the low intensity of solar
radiation.> 2 These Criegee intermediates play important roles in many aspects of
atmospheric chemistry. Not only does Criegee intermediate formation involve ozone
and alkene destruction (through production via ozonolysis), their reactions also
involve OH formation (through chemical decomposition of the highly internally
energised product of ozonolysis reactions), and stabilised Criegee intermediates can
undergo bimolecular reactions with other trace atmospheric species and hence
contribute to pollutant removal, aerosol formation (global cooling), acid rain
formation and the global H.SO4 budget, which is described in further detail in Chapter
1.

Direct detection of reactive Criegee intermediates is thus important for determination
of reaction kinetics, products and mechanisms, and their relative significance in the
atmosphere. The recent availability of the photolytic method for producing Criegee
intermediates proposed by Welz et al.? has enabled them to be produced at relatively
high concentrations under laboratory conditions in relative isolation, thereby making
them easier to detect directly in the laboratory using various different spectroscopic
detection methods, including ultraviolet (UV) absorption, infrared (IR) absorption,
microwave spectroscopy, laser induced fluorescence (LIF) spectroscopy (of reaction
products), and mass spectroscopy (MS). These spectroscopic detection methods have
facilitated characterisation of the structures and spectral parameters of Criegee
intermediates, for which further detail is provided in Chapter 1.

UV absorption spectroscopy is a widely employed detection method in atmospheric
chemistry. Utilisation of this detection method to study the kinetics of Criegee
intermediate reactions and obtain accurate kinetic parameters is only possible if
accurate UV absorption cross-sections for the Criegee intermediate of interest are
available. Measurements of the UV absorption cross-sections of CH,OO have

indicated that the absorption cross-sections are relatively large, on the order of ~10
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cm?,*7 thus making UV absorption spectroscopy a highly useful tool for the
measurement of atmospherically relevant Criegee intermediate reaction kinetics. UV
absorption cross-sections of CH>OO have been reported by several groups, however
there are significant discrepancies in the absolute cross-sections reported, and in the

shape and peak of the spectrum, as is shown in Figure 4.1.

0.3 x Beames et al. (2012)
0.3 x Sheps (2013)
Ting et al. (2014)

Absorption cross section / 10" cm?

Wavelength / nm

Figure 4.1: Comparison of absolute CH,OO cross-sections determined in previous work. Note that the

results of Beames et al. and Sheps® are scaled by a factor of 0.3.

4.1 Directly Observed CH>OO0 UV Spectrum

The first measurements of the UV spectrum of CH>.OO were reported by Beames et
al.*in 2012, in which an action spectrum was observed by monitoring the change in
the CH,OOQ photoionisation signal on irradiation with UV light generated by a tunable
Nd:YAG pumped dye laser at wavelengths between 280 and 420 nm. A pulsed valve
system was used to produce jet cooled CH.OO following photolysis of CHzl; at 1 =
248 nm in the presence of Oz in Ar at ~1300 Torr, with CH200 monitored following
single photon photoionisation in a time-of-flight mass spectrometer at A = 118 nm, a
VUV radiation equivalent to 10.5 eV, so that only the CH>0O Criegee isomer was
photoionised and detected. Excitation of CH,00 from the ground X*A’ electronic
state on irradiation with UV light resulted in depletion of the photoionisation signal
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at m/z = 46, with the extent of depletion combined with knowledge of the UV photon

flux used to determine the cross-sections.

The spectrum was observed to be broad in the wavelength region 300 — 370 nm, with
a maximum cross-section of (5.0 + 0.7) x 107 cm? at 2 ~335 nm, indicating an
atmospheric lifetime of CH,OO of ~1 s at midday with respect to photodissociation
by solar photolysis.* This lifetime was concluded to be comparable to that for key
bimolecular reactions of CH200 with SO, and NO: in the troposphere, expected to
occur at a rate of ~2 s, thus making UV absorption photolysis a potentially significant
decay path for CH200 under daytime conditions in the troposphere. In a subsequent
paper by the same group investigating the UV absorption spectrum of the
alkyl-substituted Criegee intermediate CH3CHOO using the same experimental
technique, it was determined that experimental factors, such as homogeneity of the
laser beam and laser-molecular beam overlap, suggested an uncertainty in absolute

cross-section measurements on the order of a factor of 2.8

The large UV induced depletion observed, approaching 100 % near the peak of the
profile at ~335 nm, indicated rapid dissociation of CH,00 promoted to the B'A’ state,
consistent with the theoretically computed fully repulsive excited BLA’ potential along
the O-O coordinate as shown in the potential energy surface (PES) in Figure 4.2.
Products of this repulsion have been reported as formaldehyde and excited atomic
oxygen.®

CH.00 (B'A’) — HCHO (X*A;) + O(*D) (R4.1)
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Figure 4.2: Prediction by Beames et al.* of the UV absorption spectrum of CH,OO (green) using the
ground XA’ (black) and excited BLA’ (red) electronic state potential energy curves along the

0O-0 radial coordinate R obtained from CASSCEF calculations.

A broad UV spectrum was also reported by Sheps® in 2013 at ~0.2 nm intervals using
time-resolved broadband cavity-enhanced absorption spectroscopy with a Xe arc
lamp operating in the wavelength range 300-450 nm. This work had a spectral
resolution of 2 nm, and was conducted at a temperature of 295 K and a pressure of
5.1 Torr, with the improved wavelength resolution of the technique revealing the
significant vibronic structure at longer wavelengths predicted previously.*® However,
the direct absorption measurements demonstrated a wider absorption spectrum than
observed for the action spectrum,* with a lower peak absorption cross-section of (3.6
+0.9) x 10"Y” cm? occurring at a longer wavelength of ~355 nm. The cavity-enhanced
measurements used photolysis of CH212/O2/He mixtures at A = 266 nm, leading to the
total observed absorbance containing overlapping contributions from CH20O0, the
depletion of CH2l., and the production of 10 radicals from unavoidable secondary

chemistry occurring in the reaction system.

Separation of the spectral contributions was achieved by the addition of SO: to the

reaction system to aid identification of the contribution from CH.0O0.° Scaling of the
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total absorbance observed following complete removal of CH,OO by SO, as shown
in Figure 4.3, to the time dependence of the absorbance signal in a region of the
spectrum dominated by 10 absorption, and subtraction of the scaled spectrum from
the total absorbance observed at each time point in the experiment enabled
identification of the CH.OO absorbance, assuming that the time dependence of CHzl»
is negligible, i.e. that the CHzl> concentration, determined from the observed CHal
precursor depletion signal, remains constant following photolysis. Fitting the kinetics
of the time dependence of the CH>OO signal gave a bimolecular rate coefficient for
the reaction of CH.00 with SO, of (4.1 + 0.3) x 10! cm® s, a value in agreement
with that reported previously by Welz et al.® of (3.9 + 0.7) x 10" cm?® s2, and also
enabled determination of the CH.0O absorbance immediately following photolysis
(i.e. at t = 0). Separate experiments to measure the CH.l absorbance, and hence
concentration, combined with knowledge of the CH,00 yields from CHal + Q'3
gave the absolute CH,OO concentration produced in the system (=5 x 10 cm™).
Absolute absorption cross-sections for CH,OO could then be ascertained from the
Beer-Lambert law using the total absorption path length, which varied with the probe
wavelength and was measured to be 40-56 m across the spectral range, by measuring

the well-characterised absorbance spectra of known concentrations of NO2 and CHal».
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Figure 4.3: Absorption spectra a) of contributions other than CH,OO in the experimental spectra
measured by Sheps® of overlapping spectral interferences due to 10 formation and CHal
depletion taken in the presence of SO, and averaged between t = 4-4.4 ms which are time points
after photolysis at which CH,0O had reacted away completely; used in the data analysis carried

out by Sheps® for b) 10; ¢) CHzl, (negative due to its depletion by the photolysis laser pulse).

The UV absorption cross-sections of CH200 were also reported by Ting et al.® in
2014, using photolysis of CH2l2/O2/N2 at 4 = 248 nm to generate CH>OO at total
pressures between 8 and 760 Torr at a temperature of 295 K. Broadband transient
absorption spectroscopy with a 2 nm spectral resolution was used in a single pass cell
in the spectral range of 280-480 nm to obtain the total absorbance in the reaction
system, which, similarly to the work of Sheps,® contained significant contributions
from CHal2 and 10O, as shown in Figure 4.4. Separation of the contribution from 10 to
the total absorbance was achieved by using the characteristic vibronic structure in the
10 spectrum to identify and subtract the contribution from 10 at each time point. The
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CHo2l. contribution was determined by subtracting the 10-corrected absorbance at a
time point following complete reaction of CH200O, when only CH:l, contributes to
the 10-corrected absorbance, from an earlier time point, when both CHzl> and CH.OO
contribute. Experiments were performed in which CH200 removal was dominated by
CH200 self-reaction, and in which SO, was added to increase the removal rate via
CH200 + SO, as shown in Figure 4.4.
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Figure 4.4: Absorption spectra a) measured by Ting et al.® at various delay times showing the depletion
of CHzl; resulting in negative absorbance peaked at ~290 nm, the broad and strong absorption
band peaked at ~340 nm most likely due to the short-lived CH,OO and at longer delay times,
the formation of 10 giving sharp peaks in the 410-460 nm range; b) used in the data analysis
carried out by Ting et al.® for CHzl, and 10; ¢) measured by Ting et al.® at t = 10.6 ps and
different SO, concentrations showing that the intensity of the band peaked at ~340 nm decreases

at higher SO, concentrations.
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Initial concentrations of CH,OO were determined to be ~10' cm™ by measurements
of CH2l absorbance and the known yield of CH.OO from CH2l + O, and were used
to obtain a peak CH,00 absorption cross-section of (1.26 + 0.25) x 10 cm? at A =
340 nm, a maximum near that reported by Beames et al.* of ~335 nm. The spectral
shape observed by Ting et al.® at 0.5-0.6 nm intervals was similar to that reported by
Sheps,® with significant vibronic structure at 2 > 340 nm, in agreement with the results
of Sheps.® Cross-sections at A = 308.4 nm and at A = 351.8 nm were also measured
independently by Ting et al.® in a molecular beam experiment to monitor the effects
of UV laser irradiation on CH>OO ion signals, obtained by electron impact ionisation
and quadrupole mass spectrometry, with similarities to the experiments performed by
Beames et al* The molecular beam experiments gave photodissociation
cross-sections of ¢ = (8.09 + 0.90) x 10 cm? at 1 = 308.4 nm and ¢ < (1.21 + 0.13)
x 101" cm? at 2 = 351.8 nm, which scale to a peak cross-section of (1.23 + 0.18) x
1017 cm? at A ~340 nm.

Subsequent experiments by Foreman et al.” in 2015 using photolysis of CH2l2/O2/N2
at 4 = 355 nm with single-pass broadband absorption spectroscopy at a total pressure
of 50 Torr over the temperature range 276-357 K with a spectral resolution of 0.12
nm, and cavity ringdown spectroscopy at a total pressure of 70 Torr and room
temperature with a spectral resolution of 0.0014 nm, were carried out to determine
high resolution absorption cross-sections of CH200 at wavelengths between 362 and
476 nm. Contributions to the total absorbance from CH2l, were negligible over the
wavelength range under consideration, while those from 10 were subtracted in a

similar method to that employed by Ting et al.®

Measurements of the initial CHzl> concentration and photolysis laser fluence were
used to estimate the initial CH2l concentration, and thus the initial CH>OO
concentration (~1.5 x 10** cm™ for broadband absorption measurements and ~5 x 10'?
cm for cavity ringdown measurements, with an estimated uncertainty of ~28 % for
both types of measurement) from the measured yields of CHzl + O2. The results of
both the absorption measurements and the cavity ringdown experiments showed good
agreement with both the spectral shape and absolute cross-sections reported by Ting
et al.,® and indicated no significant temperature dependence of the cross-sections as

shown in Figure 4.5 and no resolvable rotational fine structure in any of the vibronic
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features in the spectrum. An average separation between the vibronic features of ~9.5

nm (~610 cm™) was reported with absolute cross-sections given at 0.06 nm intervals.

Relative absorbance

380 400 420
Wavelength / nm

Figure 4.5: Temperature dependence of the CH,0O absorption spectrum measured by Foreman et al.’
over the range 276-357 K. Spectra are offset for clarity with the grey shading representing the

1o uncertainty.

4.2 Theoretically Calculated CH.OO UV Spectrum

The first theoretical prediction of the electronic spectrum of CH>OO was reported by
Lee et al.'% in 2012, prior to the availability of the directly observed spectra discussed
above.*’ Several groups have since attempted to simulate the CH.OO UV spectrum
using theoretical calculations considering the electronic states of CH.OO and their
decomposition dynamics and hence rationalise the observed UV spectra reported in

the literature.'%’

A combination of electronic structure and Franck-Condon factor calculations were
used by Lee et al. to predict the features of the CH.OO UV spectrum, indicating the
presence of a broad but intense absorption band in the region 250-450 nm owing to

the BA’ «— XA transition, with a computed band maximum of (318 + 8) nm for this
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transition of CH.00.1° The calculations also suggested that the spectrum would
exhibit extensive vibronic structure, owing to excitation of O-O stretching modes and
C-0O-0 bending modes, and that there were hints of CH.OO absorption in previous
measurements of the UV spectrum assigned to CH210; by Gravestock et al.'® Both
the predicted UV spectrum of CH>OO reported by Lee et al. and the measured UV

spectrum assigned to CH210; by Gravestock et al. are shown in Figure 4.6.

400 450
“o-o,
7 o I o
0.0004 © O 000
! . Ll v Ll v T b 1 L] v T . T M L)
250 275 300 325 350 375 400 425 450
Wavelength / nm

Figure 4.6: UV absorption spectrum of CH,OO a) computed by Lee et al.® at a Boltzmann vibrational
temperature of 0 K; b) measured by Gravestock et al.'® following 193 nm photolysis of a
CHoal,/02/N;, reaction mixture once corrected for absorption by 10 and CH3l and assigned to
CH:10,.

Time-resolved UV absorption spectroscopy was employed by Gravestock et al.® to
monitor 10 at an analysis wavelength of 427.2 nm following photolysis of
CHa2l2/O2/N2 at wavelengths of 193 nm or 248 nm at room temperature and
atmospheric pressure. Dependence of the production rate and yield of 10 on the
concentrations of CH:l, and O, was observed, indicating that 10 is not a direct
photolysis product of the CHzl> + O reaction but is produced via secondary radical
processes, and leading to the suggestion that the production of 10 was dominated by
the reaction between CH2102 and I. Absorption spectra recorded between 250 and 450

nm at approximately 10 nm intervals and corrected for absorption by 10 and CHal
148



Chapter 4 CH,OO UV Absorption Cross-Sections

showed a broad absorption of an unknown species ‘X’ in the reaction mixture.
Time-resolved absorption traces recorded at 337.2 nm (where strong absorption of
species ‘X’ was observed) and 427.2 nm (where absorption is dominated by 10)
showed a correlation between the removal of the 337.2 nm absorber ‘X’ and the
formation of 10 at 427.2 nm, suggesting that they are formed consecutively and that

species ‘X’ is a direct precursor to 10 in the reaction system.

By comparison of the absorption spectrum obtained (once corrected for absorption by
IO and CHo>l) with the known spectra of CH>CIO, and CH2BrO> and the spectrum
reported in the literature for CH210,, the broad absorption of the unknown species ‘X’
in the reaction mixture, observed in the wavelength range 250-450 nm with a
maximum at 327.2 nm determined to have an absorption cross-section of ¢ > 1.7 x
1018 cm?, was assigned as being most probably but not unambiguously due to the
CH210; peroxy radical. It has since been reported by Stone et al.® that under the
experimental conditions employed by Gravestock et al.,'® the production of CH210;
dominates over that of CH>OO owing to the pressure dependent branching ratios for
the CHal + O reaction (R4.3), with a yield of ~18 % CH>O0O at atmospheric pressure.
From the typical CH2l> concentrations employed in experiments conducted by
Gravestock et al.®® of 10%4-10" cm, the laser fluence of the excimer laser and the
absorption cross-section of CHzl2 at 248 nm, it was calculated that approximately 19
% of the initial CHzl> concentration was photolysed. Combining this with the reported
yield of CH200 at atmospheric pressure by Stone et al.™* (for which more details are
provided in section 4.4) suggests an estimated CH,OO concentration of 10'2-10%3 cm?®
in experiments carried out by Gravestock et al.,'® which has been shown to be
sufficient for absorption measurements of CH,00.*’

CHalz + hv (=248 nm) —  CHal +1 (R4.2)

CHal + 02 —  CH,00+1 (R4.3a)
+M

CHal + 02 —  CH,lO; (R4.3b)

Contrary to the findings of Lee et al.,* results reported in 2014 by Samanta et al.,**
who computed the CH,OO absorption spectrum at O K by performing
one-dimensional and two-dimensional calculations along the O-O bond length and the

C-0-0 bond angle using the dynamically-weighted state-averaged complete active
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space self-consistent field (DW-SA-CASSCF(14,10)) method, indicated the
simulated electronic absorption spectrum to be broad and structureless, lacking any
vibrational features due to the dissociative nature of the excited BA’ vibrational state,
as shown in Figure 4.7. Such a spectrum devoid of vibrational structure is in
agreement with the experimental results of Beames et al.* for jet cooled CH,00 (~10
K), but not with those of Sheps® and Ting et al.® at room temperature, and those of
Foreman et al.” at 276-357 K, all displaying vibronic structure on the long-wavelength
side of the observed spectra. However, results showed the maximum absorption to be
near ~245 nm,'* a much lower wavelength than obtained in any of the experimental

spectra.*’
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Figure 4.7: Absorption spectra for CH,OO with the theoretical spectra labelled ‘1-D’ and ‘2-D’
showing the results calculated at 0 K by Samanta et al.** based on the one-dimensional cut of
the diabatic surfaces along the O-O bond length at C-O-O bond angle = 120° and on the
two-dimensional diabatic surfaces respectively, and the experimental spectrum labelled ‘exp’
showing a Gaussian fit to the data reported by Beames et al.* Note that all the spectra are scaled

so that the maximum intensity is equal to unity.

Conversely, the UV absorption spectrum of Meng and Meyer® reported in 2014, also
predicted at 0 K but by performing full-dimensional calculations using the multilayer
multiconfigurational time-dependent Hartree (ML-MCTDH) approach with the
multireference configuration interaction (MRCI(8,8)) treatment of electronic
structure, indicated a maximum at ~334 nm, much closer to those of experimental

measurements, but with a spectral width much narrower than observed
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experimentally, as shown in Figure 4.8.%" Furthermore, the strong oscillations
observed did not match any of those in experimental results, particularly on the low-
energy side of the spectrum where vibrational structure was observed experimentally,

but the computed spectrum displayed a more diffuse spectral shape.®

T
9D ML-MCTDH
Ting et. al.
Beames et. al.
- Beames et. al. (Gaussian fitted)
Sheps -

08

06 |

04 -
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Energy (eV)

Figure 4.8: Absorption spectra for CH,OO with the theoretical spectrum labelled ‘9D ML-MCTDH’
showing the results calculated by Meng and Meyer'® obtained via a Fourier-transform of the
auto-correlation function followed by a broadening of the spectrum by convoluting it with a
Gaussian, and the experimental spectra of Ting et al.,® Beames et al.,* Beames et al.* with a

Gaussian fit to the data and Sheps?® labelled in the figure.

It was stated by Dawes et al.'® in 2015 that neither of these theoretical models using
quantum dynamics is adequate to accurately describe the electronic structure and/or
dynamics of CH200, as high-level treatment of dynamic electron-correlation is
required to accurately describe its electronic states. Using a one-dimensional
simulation based on the high-level explicitly correlated multireference configuration
interaction (MRCI-F12) electronic structure level of theory and large active spaces, a
potential energy well was identified in the excited B*A’ vibrational state with an
equilibrium geometry differing substantially from that of the ground X®A’ state
mainly in three coordinates,'® presumed to be responsible for the structure observed

in the experimental UV spectra of Sheps,® Ting et al.® and Foreman et al.’

The O-O and C-O bond distances in CH>OO were both reported to be significantly

longer, and the £COO angle significantly smaller, in the excited state than the ground
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state counterpart, by Dawes et al.*® Although large differences in these coordinates
was also reported by Lee et al.,* their simulated absorption spectrum was centred at
~318 nm, a shorter wavelength than observed experimentally,*” unlike the vertical
excitation energy to the BLA’ state predicted by Dawes et al.'6 of 3.751 eV, an energy
equating to ~331 nm, close to those obtained experimentally by Beames et al.* and
Ting et al.’ of 335 nm and 340 nm respectively, as shown in Figure 4.9. Despite the
limitations of this model, the calculated UV absorption spectrum using a
one-dimensional model and a potential energy surface (PES)!*® was found to be in
good agreement with experimental observations.*” However, although this simulation
by Dawes et al.*® was able to replicate the position and width quite well, it did not
fully reproduce the long-wavelength side of the experimentally observed spectra*’
and it only signalled the emergence of a vibrational structure.

1.2
— Ting et al."’
1.01 RN Sheps'®
= Beamesetal'
.8 1 This work

Normalized cross section (arb. unit)

250 300 350 400 450 500
Wavelength (nm)

Figure 4.9: Absorption spectra for CH200 with the theoretical spectrum labelled ‘This work’ showing
the results calculated by Dawes et al.'® using a 1D model and PESs at the MRCI-F12 level of
theory for geometries relaxed along the ground vibrational state, and the experimental spectra

reported by Ting et al.,® Sheps® and Beames et al.* labelled in the figure.

The quality of any calculated spectrum should be judged on all its parameters i.e. the
position(s) of the peak(s), the width(s) of the peak(s) and the absolute cross-sections.’

A consistently lacking feature of these theoretical studies of the CH>OO absorption
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spectrum,’® 1416 highlighted by Sren et al.!” in 2018 as being essential in the
atmospheric context yet absent in all of these simulations, is absolute intensities. In
an assessment of whether theory and quantum chemical methods available in the
present day can provide UV absorption cross-sections accurate enough to be used (e.g.
in atmospheric models), Sr3en et al.>” showed that high quality data can be obtained
at a reasonable computational price. The development and application of a new
composite computational scheme applicable for systems larger than CH>OO (i.e. up
to ~15 atoms) was concluded to enable prediction of absorption spectra for Criegee

intermediates not yet determined experimentally,

Calculation of absorption cross-sections was done by Srseii et al.}” using the
semiclassical reflection principle approach coupled with an efficient implementation
of the path integral molecular dynamics and the UV spectrum was processed using
the kernel density estimation method.!” New composite approaches were formulated
in which the effect of triple excitations on excited state energies and oscillator
strengths was estimated from calculations utilising a smaller basis set, combining the
equation-of-motion coupled-cluster singles and doubles (EOM-CCSD) and the
equation-of-motion coupled-cluster singles, doubles and triples (EOM-CCSDT)
methods, and the coupled cluster theory of the second (CC2) and third (CC3) orders,
denoted equation-of-motion coupled-cluster singles, doubles/triples (EOM-CCSDI/T)
theory and coupled cluster theory of the second/third order (CC2/3), providing
excellent absorption cross-sections for CH200 at an acceptable computational cost.
The modelled absolute CH,OO UV absorption cross-sections'’ closely resembled the
experimental data of Ting et al.® with the position and width of the spectra being
almost identical, however the theoretical peak, at ~(1.5 — 1.8) x 10°*" cm? !’ appeared
to be a little more intense than the experimental spectrum,® and the vibrational
structure in the experimental data® was not recovered in the computed spectrum, as
shown in Figure 4.10.17 Simulations of the spectrum were found to be complicated
due to the difficult electronic structure of the Criegee intermediate with the biradical

component in the structure setting limitations for computational methods.’
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Figure 4.10: Absorption cross-sections for CH,OO with the theoretical spectra labelled ‘CC2/3” and
‘EOM-CCSD/T’ showing the results calculated by Srien et al.!” obtained with the composite
methods based on the coupled cluster theory and equation-of-motion coupled-cluster theory
respectively, both using the aug-cc-pVDZ basis set, and the experimental spectrum reported by

Ting et al.® labelled in the figure.

Although there is some discrepancy in reported absolute CH.OO absorption
cross-sections as well as the shape and peak of the spectrum, all previous studies have
demonstrated that Criegee UV absorption cross-sections are relatively large, on the
order of ~10"1" cm?.4" Qualitatively, the absorption measurements recorded have
similar spectra, displaying distinct vibronic band structure®’ superimposed on an
underlying continuum*7 (described in further detail in Chapter 2), yet quantitatively,
the absolute absorption cross-sections vary by approximately a factor of three. Spectra
of CH>OO reported in the literature highlight the challenges associated with
measuring absorption cross-sections for a species which is reacting on the timescale
of the experimental measurements. In order to utilise UV absorption spectroscopy in
the study of Criegee intermediates and their reaction Kinetics, it is important to
eliminate discrepancies arising in the current literature. Accurate measurements of the
absolute absorption cross-sections of CH>OO in the UV region are also necessary to
predict the true fate of CH200O in the troposphere. In this work, the absolute CH>00
UV absorption cross-sections have been determined at 298 K as a function of pressure
in the range 6 to 300 Torr using flash photolysis coupled with time-resolved
broadband UV absorption spectroscopy.
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4.3 Experimental

Experiments were carried out as described in Chapter 3 therefore only a brief

description is given here.

The UV absorption cross-sections of the CH>0O0 Criegee intermediate were studied
using laser flash photolysis of CH2l2/O2/N2 gas mixtures, coupled with broadband
time-resolved UV absorption spectroscopy. The development and characterisation of
the experimental apparatus has been described elsewhere,*® 2 and is summarised in
Chapter 3.

Precursor gases were mixed in a gas manifold at known flow rates determined by
calibrated mass flow controllers (MFCs, MKS Instruments), with CHzl introduced
into the gas flow by passing a known slow flow of N2 through a bubbler containing
liquid CH2l, at room temperature. The total flow rate was maintained at 4000 standard
cm?® per minute (sccm) at 100 Torr and adjusted accordingly with pressure to maintain
constant number densities for reactant gases and a constant residence time in the cell
of ~6 s. All experiments were performed at T = (298 = 2) K in N2 (BOC oxygen free,
99.998 %) at pressures between 6 and 300 Torr. CH:l, (Alfa Aesar 99 %)
concentrations were in the range 1 x 102 — 4 x 10'® cm™ and O, (BOC, 99.5 %)
concentrations were varied between 1 x 10'® and 4 x 10%" cm™. Gases and chemicals

were used as supplied.

Reactions R4.2-R4.6 were initiated in the reaction cell by an excimer laser operating
at a wavelength of 1 = 248 nm. The typical laser fluence was measured to be ~25 mJ

cm?, giving [CH200]= on the order of ~10% cm,

CHalz + hv (A=248 nm) —  CHal +1 (R4.2)
CHal + O, —  CH.00+1 (R4.3a)
CHal + O S CHJO,  (R4:3b)
CH200 + CH.00 — products (R4.4)
CH200 + | — products (R4.5)
CH200 — products (R4.6)
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Absorption of UV/visible radiation by species within the cell was monitored between
250 and 850 nm over an effective path length of (443 + 21) cm and (1136 + 143) cm
for 7 and 13 multipass arrangements of the probe beam respectively (further
information is provided in Appendix 2). A spectral resolution of 1.5 nm full width at
half maximum (FWHM) and time resolution of 1 ms was determined for data obtained
using this experimental setup, with intensity data recorded typically averaged for 100

to 400 photolysis shots.

4.4 Analysis

The raw data was output as a 2D array of intensity vs time for each of the 2000 time
points in 1 millisecond intervals over the 2 second timescale of the run vs wavelength

for the range 1 = 250-850 nm in 1024 wavelength points.

Using the Beer-Lambert law the total observed absorbance, A, can be calculated at

a given wavelength, 4, and time point, t, throughout the run:
Ay =In(lo/11;) = 2 0i4 [Clic ] (Equation 4.1)

where lg, is the average light intensity at wavelength A prior to photolysis and I, is
the light intensity at wavelength 4 and time t following photolysis; and where g;; is
the absorption cross-section of each individually absorbing species i in the system at
wavelength 4, [C]i, is the concentration of each individually absorbing species i in
the system at time point t, and | is the total path length of the light being absorbed by
all individually absorbing species through the system.

The total absorbance observed, i.e. the transient absorption spectrum, was found to
contain contributions from the absorbance of CHzl2 (Ach2i2,.2), CH200 (AcH200,:1)
and 10 (Aio,..):

Ari = Acmongi + Ac00.4, + A10.4 (Equation 4.2)

This is because the spectra of these three contributing species, CHzl2, CH.OO and 10,

overlap in the wavelength region of interest as shown in Figure 4.11.
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Figure 4.11: The overlapping spectral contributions from CHzl,,2% 22 10?22 and CH,00*® absorbance

observed in the experimental transient absorption spectra.

Substituting in the absorption cross-section, concentration and path length terms for

each absorbing species gives:
Ay = ocron, A[CH2l2]: [ + ochz200,, [CH200], I + a10, [10]: 1

(Equation 4.3)

where och212,; is the CHzl2 absorption cross-section at wavelength A, A[CHal2]: is the
change in CH2l, concentration at time t following photolysis, ocH200,; is the CH200
absorption cross-section at wavelength A, [CH200Q]: is the concentration of CH200 at
time t, o0, is the 10 absorption cross-section at wavelength 2, [IO]: is the
concentration of 10 at time t, and | is the effective path length of the light.

The contribution from 1O is readily distinguished by the strong vibronic structure in
the region 400-450 nm as shown in Figure 4.12, and a fit of the 10 reference
spectrum?: 2 over this wavelength range was performed to remove the contribution
from 10, giving A’ ;:

A"ty =Asi - A10,47 = Achon,s + AcH200,40
= ocnziz, A[CHzlz2]s [ + ocma00. [CH200], (Equation 4.4)
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The CHoal2 spectrum is observed as a negative absorption due to its depletion upon
photolysis, as shown in Figure 4.12. As described in previous work,> ¢ it is assumed
that following photolysis, the change in the concentration of CH:l, at time t,
A[CHal2]:, is constant with respect to time, hence A[CH:l.] at any time t after
photolysis (t > 0) is the same, and so the value determined for A{CH:l>] at a late time
point can also be used during analysis at early time points. Since the CHo:l
concentration remains constant after photolysis, the absorbance owing to CH>OO can
be determined by subtraction of the absorbance A';, at a late time point following
photolysis (typically 50 ms after photolysis, when CH>00 has reacted and A';; =
ocH212,, A[CHzl2] 1) from the absorbance A';; at an earlier time point following
photolysis (where A';; = och2i2,, A[CH2l2] | + ocH200,, [CH200]t I).

A't=early,) - A'=1ate,r = (AcH212,2 + AcH200,,2) - (AcH212,.2)
= (ochai2,; A[CH2I2] I + ocHz00, [CH200]; 1)
- (ocnznz,, A[CH2l2] 1)
= ocH200,. [CH200]; [ (Equation 4.5)

The average CH>O0 absorbance spectrum in the first 50 ms following photolysis was
thus determined and normalised to the maximum absorbance to determine the overall
shape and position of the CH200 spectrum. This combination of CH.OO absorbance
from several time points within the first 50 ms after photolysis, such as those shown
in Figure 4.12, allows for the shape of the CH>OO spectrum to be determined with an
improved signal-to-noise ratio, however requires that the spectrum be normalised by
dividing the average absorbance spectrum for all time points considered by the
maximum absorbance in the averaged spectrum, resulting in a determination of the
ratio of the CH.OO UV absorption cross-section at wavelength 1 to the maximum
CH200 UV absorption cross-section at the wavelength corresponding to the peak of
the spectrum, Apeak, 0cH200.: / Omaximum,cH200.2peak. The normalised CH200 spectrum,

0CH200,. | Gmaximum,CH200,peak, 1S Shown in Figure 4.13.
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Figure 4.12: A 3-D representation of experimental transient absorption spectra at various time points
and wavelengths, displaying the overlapping spectral contributions from 10 (strong vibronic
structure in the 400-450 nm region), CHal, (constant negative absorption due to depletion
following photolysis in the 280-360 nm region), and CH,OO (strong broad absorption in the
280-450 nm region with a peak at ~340 nm and vibronic structure at wavelengths above 360

nm) from which the normalised CH,OO spectrum was determined.
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Figure 4.13: Normalised CH,OO spectrum, och200,i / Gmaximum,cH200,ipeak, determined from CH,OO
absorbance at time points within the first 50 ms after photolysis of CH.I./O2/N2. For these data,

p =70 Torr, [O2] =2.19 x 10 cm™®, [CH2l;] = 9.72 x 102 cm™, A[CH2l2] | = 6.06 x 10* cm™2.

Substituting this determination of ocH200,: / Gmaximum,CH200,ipeak INtO A, means that

A';, thus becomes:

A= A[CHL] [ + — 22094 < CH00],/
12 = ocnanz,, A[CHalz] Omaximum,CH200 ipeak [CH200];
Omaximum,CH200,/peak

(Equation 4.6)

Absorption cross-sections for the reference CHalz spectrum,?t 2 geppi2,, and the
normalised CH200 spectrum, ocH200,: / Gmaximum,CH200,ipeak, Were subsequently fit to
A, at each post-photolysis time point and wavelength in the region 280 — 450 nm, to
determine A[CH2l:] I, and the product of the maximum CH>OO cross-section,
Omaximum,CH200 ipeak, and [CH200]; I. Figure 4.14 shows typical fits of reference spectra
10 and CHal»?*% and of the normalised CH,OO spectrum to the total absorbance

observed at various time points including immediately following photolysis.
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Figure 4.14: Total observed absorbance (A, black) at the first post-photolysis time point, t = 1.64 x 104
s following photolysis of CH212/O2/N2, and various other time points after photolysis throughout
the reactionatt=4.16 x 103s,t=9.16 x 103s,t=1.92 x 102 s and t = 3.92 x 10 s respectively.
Contributions from CHzl,, 10 and CH,OO determined by fitting reference spectra to the
observed absorbance, and the fit residual, are also shown. It can be seen that the CHzl, depletion
signal remains approximately constant over time following photolysis and that CH,OO
completely reacts within 50 ms following photolysis. For these data, p = 70 Torr, [O;] = 2.19 x
10Y7 cm®, [CHal2] = 9.72 x 102 cm3, A[CHal2] | = 6.06 x 10%** cm™?, [CH,00]= = 7.27 x 10%
cm3, [CH200]t=1.64x10%s = 7.06 x 10** cm™3, [10] = 1.96 x 10! cm3.
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Absolute CH>OO cross-section values can be determined from the normalised
CH200 spectrum if omaximum,cH200,peak [CH200]: | and [CH20O0]: | are known for a
given time point, allowing for determination of omaximum,cH200,ipeak. HOWeVer, while
the fit of the reference CHzl, spectrum?! 22 and the normalised CH,OO spectrum to
A’ gives omaximum,cH200,peak [CH200]: | for all time points after photolysis (t > 0),
[CH20O0]: | can only be determined for t = 0.

The yields of CH,O0 and CH2lO; from the reaction of CH:l radicals with O as a
function of total pressure have been measured previously in this laboratory by Stone
et al.® at 295 K and pressures between 25 and 450 Torr using three complementary
methods, with the yield of CH>OO decreasing with increasing pressure and an 18 %
CH200 vyield being reported at atmospheric pressure. This pressure dependent yield
of CH200 following photolysis of CH:l in the presence of O reported by Stone et
al.*3 was used to determine the product of the initial concentration of CH,00 and the
path length, [CH20O]i=0 |, from the observed product of the depletion of CHzl, and
the path length, A[CH2l2] I, which is equivalent to the product of the initial
concentration of CHal radicals and the path length, [CH2l]i=o0 I. Although the path
length, I, was experimentally determined for the 7 and 13 multipass configurations of
the probe beam, for which a more detailed description is given in Appendix 2, it
should be noted that an advantage of this data analysis is that the determination of
omaximum,CH200,ipeak 1S Independent of the path length, hence the value of | does not need

to be known.

Two further methods were used to determine A[CHz2l.] and therefore [CH2l]i=0 and
[CH200]t=0. The first one of these methods was via measurement of the spectrum of
CHoal> before each run with the photolysis laser turned off, combined with the
measured laser energy and the pressure dependent CH,OO vyield from the reaction of
CH2l + O, (R4.3a) as determined by Stone et al.** The absorbance was given via
measurement of the intensity of light without, lo, and with, I, the absorbing species
present, which were measured with N2/O> and N2/O2/CHal> respectively. The
literature spectrum of CHzl, is well defined,?% 2 hence a fit of this reference spectrum
to the observed absorbance in the experimental spectrum gave the concentration of
CHalz in the reaction cell via the Beer-Lambert Law, Achzizt, = ochziz, [CH2l2]: 1,
where Achzi2,t, IS the total observed absorbance due to CHal» at time t and wavelength
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A, ocHzi2,. 1S the absorption cross-section of CHzl. at wavelength 4, [CH2l2] is the
concentration of CHzl, at time t, and | is the path length over which absorbance is
observed and equals 1050 cm (the length of the cell, 150 cm, multiplied by the number
of passes of the probe beam, 7).

The excimer laser energy was measured and [CH2I] was calculated via the following
equations. First, the energy of a single photon was calculated at the photolysis

wavelength, 248 nm:

Ephoton = —— - =8.01x10"7 (Equation 4.7)

A (248 nm

The laser fluence was measured for each experiment and taking a typical laser fluence

value of Ewta = 25 mJ cm gives the number of photons:

No. of photons (cm™) = Lowl — 312 x 10! photons cm™ (Equation 4.8)

photon

The fraction of CH2l> photolysed is dependent on the absorption cross-section of

CHal2 at 248 nm, och2i2, 248 nm, Via the equation:
Fraction CH,I, photolysed = No. of photons X achai2, 248nm  (EQuation 4.9)

oCH212, 248 nm Was taken as 1.56 x 10718 cm? 2% 22 giving the fraction of CH:l, photolysed

as 4.87 x 102, [CH2l]=o0 Was then calculated via:
[CH,I],_, = Fraction CH,I, photolysed x [CH,I,] (Equation 4.10)

The pressure dependent CH200 yield from the reaction of CH:l radicals and O has

been reported in the literature,® via the relationship:

1
CH,00 yield

(((1.90 +0.22) x 10™'?) x total pressure (cm'3)) +(1.10 £ 0.23)

(Equation 4.11)
From this [CH200]=0 could be deduced via:
[CH,00],_, = [CH,]],_, * CH,00 yield (Equation 4.12)
Taking a typical value of CHzl2 to be 8 x 10'2 cm™ and a pressure of 70 Torr, this

gives a value for [CH200]i=o of 2.54 x 10 cm i.e. on the order of 10! — 102 cm3,
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A comparison of the results from the above two methods for calculating A[CH:l2],
and hence [CH2l]i=o and the initial concentration of CH200, [CH200]=0, is shown in
Figure 4.15. Method 1 refers to the depletion in the CH2l> precursor concentration
from fits to A';; to determine [CH200]i=0, and Method 2 refers to the measured
spectrum of CHazl2 along with the measured laser fluence to determine [CH200]=o.
The comparison shows the ratio of the initial CH.OO concentration calculated via the
two methods via a direct comparison between the value of [CH2l]i=o | determined from
Method 1 and the value of the product of [CH2l]t=0 determined from Method 2 and the
independently measured path length, I, for the 7 pass arrangement of the probe beam,
(443 £ 21) cm.

=
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o | from Method 2 /10 cm™
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X
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Figure 4.15: Comparison between two different methods for determining A[CH:l.], and hence [CH2l]=0
and [CH200]:=o, via the ratio of the value for [CH2l]wo | determined using Method 1, which
refers to fitting the CH.l, depletion signal in experimental transient absorption spectra, to that
determined using Method 2, which refers to measuring the spectrum of CH.l.. The slope of the

graph is 0.66 + 0.05 and the intercept is 0.05 + 0.22.

From the comparison, it can be seen that there is a correlation between the two
methods, with the results showing the value of [CH2l]i=0 | determined via Method 2
to be 66 % of that determined via Method 1. For both methods, it is assumed that the

time dependence of the CHzl, concentration is negligible and hence that [CH2l;] is
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constant throughout the timescale of the reaction, which is a valid assumption to make
since the observed absorption spectra show the CH:l. depletion signal to be steady
over time and hence time profiles for [CH2l2] show a constant negative absorption.
Thus, the difference observed in results from these two methods of determining
[CH2l2], and hence [CH2l]t=0 and [CH200]:=0 is thought to be due to a combination of
experimental factors such as the inherent error associated with measurement of the
path length required for Method 2 and the stability in the excimer laser fluence. Since
Method 1 does not require the path length to be known and relies on measurements
taken simultaneously with those for CH20O, it is likely that this is the more accurate
method, and hence the method that was selected as the one to be used in the analysis

of the experimental data.

A third method for determination of A[CH2l2] in the reaction cell was also recorded,
via use of the calibrated MFC through which CHzl, entered the reaction mixture, the
vapour pressure of CHal, at 298 K, 1.2 Torr,?* and the back pressure on the regulator
for the supply of N. passed through the bubbler containing liquid CH:lz, varied
between 0.25 and 1 bar above atmospheric pressure. However, this method was
limited in that it assumes complete saturation of the MFC with the gas flowing through
it, which was not always the case, especially for compounds with low volatility such
as CHal2. The concentration of CH2l> determined via measurement of the CHal2
spectrum (Method 2) was on average 30-50 % that calculated from the vapour

pressure and calibrated MFC.

Thus, [CH200]i=0 | is determined from the observed product of the depletion of CHal>
and the pressure dependent yield of CH,0O from the CHzl + O reaction,*® however,
Omaximum,cH200ipeak [CH200]=0 |, which is required to determine omaximum,CH200,ipeak
and hence ochH200,, remains unknown. In order to determine omaximum,CH200,ipeak
[CH200]=0 |, an extrapolation of the time profile of Gmaximum,cr200,peak [CH200] |
back to t = 0 is required, therefore it was necessary to fit the time profile for the
absorbance at the wavelength at which the maximum CH>OO cross-section is
observed, AcH200,t,ipeak = Gmaximum,cH200,ipeak [CH200]: |, determined from the fit of the
CHal2 cross-sections?™ 22 and normalised CH,0O cross-sections to the observed

absorbance, to a mixed first- and second-order analytical kinetic loss equation.
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The fit of a mixed first- and second-order analytical Kinetic loss equation to the data
includes a first-order loss component for CH20O, primarily resulting from diffusion
out of the probe beam, and a second-order loss component for CH>0O, owing to
bimolecular reaction processes of CH>OO in the system, namely the CH>0O
self-reaction and the CH>OO + | reaction, on the timescale of the experiment, for
which further details are provided in Chapter 5. The rate of change in [CH200] for

such a mixed-order process is? 2°:

B d[CI-;ztOO] — Jist [CH200] + 2kand [CH2007 (Equation 4.13)

where kist is the rate coefficient for the first-order loss of CH>00 and kang is the rate
coefficient for the second-order loss of CH>OO in the system. The mixed-order
integrated rate equation is?> 26:

k15t [CH200] =0

H>O0]; =
[CH:001 kist €15t - 2 kond [CH200]i=0 + 2 kand [CH200] =0 ek1st!

(Equation 4.14)

The time-profile for the absorbance at the wavelength at which the maximum CH>00
cross-section is observed is in the Beer-Lambert law form of Ach200.tipeak =
omaximum,cH200,peak [CH200]:t |, which, when substituted into the integrated rate

equation, gives:

AcH200,1 ipeak

Omaximum,CH200,/peak l

i ( AcH200,=0,ipeak )
Ist
s Omaximum,CH200,/peak l

Acmoo A “

,1=0,Apeak CH200,=0,Apeak

kist éfisit -2 kznd< L >+2k2nd( L )eklstt
Omaximum,CH200,ipeak [ Omaximum,CH200, peak [

(Equation 4.15)

The mixed first- and second-order analytical kinetic loss equation to which the
time-profile of the product Achz00.t,ipeak = Omaximum,cH200.2peak [CH200]: | was fit, to
determine  AcH200,t=0,ipeak = Omaximum,cH200,peak [CH200Q0]i=0 | and hence
Omaximum,CH200,ipeak, Can then be obtained by rearranging the substituted integrated rate

equation:
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AcH200,1peak =
kist AcH200,=0,ipeak

kand kand
st bt -2 ( )4 opearct 2 ) 4 onea €415t
s Omaximum,CH200,ipeak i CH200,1=0,lpeak Omaximum,CH200,/peak / CH200,1=0,Apeak

(Equation 4.16)

where AcH200,t=0,ipeak = Tmaximum,cH200,ipeak [CH200]t=0 | (the value of [CH200]=0 | is
determined from the observed product of the depletion of CHzl> and path length,
A[CHal2] 1, and the pressure dependent CH.0O yield from CHal + 02'%), kus is the
first-order loss component for CH>OO, primarily resulting from diffusion out of the
probe beam, and kong is the second-order loss component for CH.0OO owing to both
the CH200 self-reaction and the reaction of CH.OO + I. Figure 4.16 shows the fit

result.
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Figure 4.16: Temporal profile of the product omaximum,cH200,ipeak [CH200]t | = Achz00,,ipeak (green,
orange and purple points) determined from the observed absorbance at each time point and the
respective fit of the mixed-order equation (Equation 4.16, green, orange and purple lines) to the
data. For all these data p = 70 Torr; for the data shown in green [O;] = 2.19 x 10% cm, and
[CH2lz] = 9.72 x 10* c¢m3, and the fit to the data gives Acr200.t=0peak = Gmaximum,CH200, ipeak
[CH,00]0 | = (4.55 +0.03) x 107, kust = (34.3 + 1.3) s and kang / Gmaximum,cHz00,peak | = (21614
+309) s?; for the data shown in orange [O,] = 1.49 x 10% cm™, and [CH2l,] = 1.91 x 10% cm??,
and the fit to the data gives Ach200,t=0,ipeak = Gmaximum,cH200,ipeak [CH200]i=0 | = (3.31 £ 0.03) %
1073, kit = (20.6 + 2.6) s and Kand / Omaximum.cH200,ipeak | = (19048 * 559) s%; and for the data
shown in purple [O;] = 1.50 x 10*” cm, and [CH2l,] = 7.25 x 10*2 cm®, and the fit to the data
QiVes Ackz200,=0.peak = Tmaximum.cH200.peak [CH200]i=0 | = (1.94 + 0.02) x 1073, kust = (20.6 + 2.6)
st and Kand / omaximum.cr200.peak | = (19048 + 559) s, From the product of the CH.l depletion
and path length, for the data shown in green A[CHzl,] | = 6.06 x 10 cm?, for the data shown
in orange A[CHol2] | = 3.89 x 10%** c¢m?, and for the data shown in purple A[CHal2] | = 2.28 x
10% cm2, and pressure dependent CH,0O0 yield, Y ch200, p=70 Torr = 0.65, the product of the initial
concentration of CH,OO and path length was calculated to be [CH,00]i=o | = 3.96 x 10** cm
for the data shown in green, [CH20Q]i= | = 2.54 x 10 cm for the data shown in orange, and
[CH200]=0 | = 1.49 x 10 c¢cm? for the data shown in purple. Gmaximum,cHz00peak 1S then

calculated from omaximum,cH200,ipeak [CH200]t=0 | / [CH200]=0 I.

From the value obtained for AcH200,t=0,ipeak = Omaximum,cH200,ipeak [CH200]=0 | from

the mixed-order fit to the Ach200 tpeak, and knowledge of [CH200]=o |, the parameter
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Omaximum,CH200,ipeak Was determined. Absolute absorption cross-sections for CH.OO,
ocH200,, were thus determined from the normalised CH2OO cross-sections and the
value of oOmaximum,cH200,ipeak. While the Kkinetic fits performed to determine
Omaximum,CH200 ipeak dO provide some information regarding the kinetics of CH20O0 loss
in the system, a more detailed analysis, described in Chapter 5, was performed to
determine the CH2OO self-reaction kinetics to enable investigation of secondary

chemistry within the system.

4.5 Results and Discussion

The absorption cross-sections for CH>OO determined in this work are shown in Figure
4.17 and provided in tabulated form in Appendix 3. Results from this work indicate a
maximum absorption cross-section of (1.37 + 0.29) x 101" cm? at a wavelength of
~340 nm. Results of the average value determined for omaximum,cH200,peak at €ach
pressure under which experiments were carried out are shown in Figure 4.18,
indicating that there is no significant dependence of the CH,OO UV absorption
cross-sections on pressure in the range 6 to 300 Torr.

1.6
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1.24
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0.8
0.6
0.4+
0.2

0-0 L] L] L] L] L] L] L] L]
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Absorption cross section / 10" cm?

Figure 4.17: Absolute CH,OO cross-sections determined in this work (purple line), with the lo

standard deviation (grey shading).
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Figure 4.18: Dependence of omaximum,cH200.:peak ON pressure. Results are displayed as the mean value at

each pressure, with errors given by the standard deviation of all values at each pressure.

The maximum CH>OO absorption cross-section determined in this work is in
agreement with previous work by Ting et al.® which reports a maximum cross-section
of (1.23 £ 0.18) x 10"Y” cm? at a wavelength of ~340 nm. A comparison of the CH,00
UV absorption cross-sections determined in this work with those reported in previous
work is shown in Figure 4.19, and a comparison of the maximum CH>OO0
cross-section reported and the wavelength corresponding to this peak is given in Table
4.1.
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0.3 x Beames et al. (2012)
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Ting et al. (2014)
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Figure 4.19: Comparison of absolute CH2OO cross-sections determined in this work (purple line), with
the 1o standard deviation (grey shading), and results from previous work. Note that the results

of Beames et al.* and Sheps® are scaled by a factor of 0.3.

Stud Temperature Pressure Photolysis  Detection Omaximum  Amaximum
y /K / Torr A/ nm Technique /10 cm?  /nm
seamesel 10K 1300 248 PIMS 5 335
Sheps® 295 51 266 CE-UVA 3.6x0.9 355
Ting et al.® 295 8-760 248 UVA/PIMS 1.23+0.18 340
Foremanet - 576-357 50 355  UVAI/CRDS i i
This work 298 6-300 248 UVA 1.37+£0.29 340

Table 4.1: Summary of results for the maximum CH.OO UV absorption cross-section and the
wavelength corresponding to this maximum cross-section obtained in this work and reported in
the literature. PIMS = photoionisation mass spectrometry; CE-UVA = cavity-enhanced UV

absorption; UVA = UV absorption; CRDS = cavity ringdown spectroscopy
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Vibronic structure is evident at wavelengths above 360 nm in the CH200 spectrum
observed in this work, with eight bands observable, in agreement with previous work
by Sheps,® Ting et al.® and Foreman et al.” The physical processes taking place which
give rise to this observed vibronic structure are described in detail in Chapter 2. Band
centres for the vibronic features observed in the CH>OO spectrum are listed in Table
4.2, indicating good agreement between the results obtained in this work and those

reported by Ting et al.® and Foreman et al.’

Band centre / FWHM / Band centre / Band centre / nm

nm (This work) nm nm Ting et al.® Foreman et al.’
364.3 17.5 363.6 364.272
372.0 13.3 372.0 371.955
380.2 10.6 380.7 380.040
388.4 10.3 389.3 388.863
399.0 8.9 399.0 397.915
408.6 10.9 409.3 408.680
420.2 11.7 420.5 419.305
431.5 7.9 - 431.109

Table 4.2: Band centres and widths of the vibronic features observed in the CH,OO spectrum. Ting et
al.% report only seven of the features observed in this work and in the work of Foreman et al.”
The weak feature centred at ~431 nm has been tentatively assigned as the band origin by

Foreman et al.”

To investigate the agreement between the CH>OO absorption spectrum determined in
this work and in the work of Ting et al.® and Foreman et al.,” differential absorption
spectra, the difference between a maximum and an adjacent minimum, were
calculated for each study. This was done by fitting a Gaussian function (Equation
4.17) to the absorption cross-sections, as shown in Figures 4.20, and then subtracting
the smooth part of the Gaussian from the absolute CH,OO cross-sections to find the

differential CH200 cross-sections, as shown in Figure 4.21.
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2
(ACHZOO,Gaussian - lCHZOO,maximum,Gaussian)

OCH200,Gaussian,. — OCH200,maximum,Gaussian EXP - 2W2

(Equation 4.17)

where ocH200,maximum,Gaussian 1S the fitted Gaussian parameter for the maximum
absorption cross-section of CH20O0 (i.e. the height of the Gaussian curve’s peak),
AcH200,maximum,Gaussian 1S the  fitted Gaussian parameter for the wavelength
corresponding to the maximum absorption cross-section of CH>OOQ (i.e. the position
of the centre of the peak of the Gaussian curve) and W is the fitted Gaussian parameter

for the width of the Gaussian (i.e. controls the width).
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Figure 4.20: Absolute CH,OO cross-sections for a) the work of Ting et al.® (green) and the Gaussian
fit of Equation 4.17 to this data (black); b) the work of Foreman et al.” (orange) and the Gaussian

fit of Equation 4.17 to this data (black); c) this work (purple) and the Gaussian fit of Equation
4.17 to this data (black).
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Figure 4.21: Differential CH,0O0 cross-sections for a) the work of Ting et al. (green), b) the work of
Foreman et al.” (orange) and c) this work (purple), each calculated by subtracting the Gaussian
function fitted to the absolute CH,OO cross-section from the absolute CH,OO cross-sections.
The graphs shows the agreement between the shapes and positions of the vibronic features in
the spectrum for all 3 studies and also displays the increased signal to noise in this work

compared to Ting et al.® and Foreman et al.”

The differential spectra for results obtained in this work and those reported by Ting et

al.® and Foreman et al.” are shown in Figure 4.21, displaying the agreement between
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the shapes and positions of the vibronic features in the spectrum. These differential
spectra also demonstrate the increased signal-to-noise ratio of data and results from

this work compared to those previously reported.® ’

Discrepancies in the shape of the CH200 spectrum, and position and absolute value
of the maximum cross-section, between the experimental spectra reported in the
literature have been discussed in detail in previous work.*" 1" The shape of the
absorption spectrum reported by Sheps® was in good agreement with that of the action
spectrum reported by Beames et al.* on the high-energy side of the peak. However the
observation of vibronic structure by Sheps® led to the conclusion that the difference
between spectra reported by Beames et al.* could have arisen from excitation to
long-lived BXA'" vibrational states, as a sufficiently long-lived upper or excited state
would be able to support vibrational and rotational structure, which arise upon
simultaneous changes in vibrational and electronic energy states in a molecule, known
as vibronic coupling. Such vibronic transitions can also be accompanied by changes

in rotational energy in the gas phase, as described in Chapter 2.

On the contrary, for a repulsive or unbound state with no minimum in the potential
energy there would be no discrete vibrational energy levels, rather a continuum of
levels would be formed instead, as is formed at energies above the dissociation limit
for a bound state. If the potential curve of a repulsive state crosses that of a bound
state, a phenomenon known as predissociation occurs, where excitation to particular
vibrational levels in the bound state allows the electrons in the molecule to rearrange
and cross onto the unbound repulsive state (internal conversion) to dissociate without
supplying sufficient energy for dissociation on the bound state. Such a state is easily
identifiable in electronic absorption spectroscopy as it often appears as a strong
continuous feature in the spectrum in the spectral range corresponding to the energies
at which this crossing takes place, above and below which discrete line structure is

observed.

Since vibronic transitions were not observed in experiments by Beames et al.,* it was
determined by Sheps® that their photodissociation quantum yield must have been < 1,
meaning the bound states relax to lower electronic states by fluorescence or
non-radiative processes such as intersystem crossing rather than by photodissociation.

If the quantum yield for photodissociation of CH20O is unity at all UV wavelengths
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measured, the action spectrum reported by Beames et al.* would have the same shape
and absolute cross-sections as the absorption spectrum, whereas quantum yields of <
1 for dissociation would lead to different shapes and magnitudes of the action and
absorption spectra. It should be noted that given the resolution of the experiments
conducted by Beames et al.# it is highly unlikely that vibronic transitions would have
been evident in the measurements since the band centres of the vibronic features in

the spectrum are separated by approximately 10 nm.

It was stated by Ting et al.® that there is discrepancy in the argument used by Sheps®
as there is no theoretical evidence for the non-radiative process, and photodissociation
is actually faster than rotation, which is on the picosecond timescale, as indicated by
the measurement of the photoproduct anisotropy,® hence the slower fluorescence
process cannot compete with rapid dissociation. The complete depletion of CH200
observed in the molecular beam experiments carried out by Ting et al.® indicated a
dissociation quantum yield of unity at both 308.4 and 351.8 nm, hence the
photodissociation cross-section obtained at these wavelengths is equal to the
absorption cross-section.

Differences between their results and the results of Beames et al.* were rationalised
by Ting et al.® by arguing that Beames et al.* only estimated laser fluence from their
dye laser pulse energy and spot size. Since the spot size of a dye laser is prone to being
non-uniform, it is difficult to quantify the actual laser fluence without a laser beam
profiler, leading to a possible underestimation in laser fluence and thus an
overestimation in CH>OO photodissociation cross-sections. For this reason, Ting et
al.® concluded that as a reference molecule (Cl2) was used in their work to effectively
calibrate the laser fluence and cancel the effect of a non-uniform laser spot, their
results should be more accurate. It has also been postulated by Ting et al.® that
temperature effects, as in the case of the Huggins or Hartley bands of Oz where smaller
cross-sections are obtained at lower temperatures, may give rise to varying spectral
shapes and hence cross-sections of CH.0O, possibly explaining why a weaker
spectrum is observed by Beames et al.* at 1 > 360 nm, for which T = ~10 K, than in
the other observed spectra, which were recorded at T = 298 K. The much faster decay
on the short-wavelength side of the experimental spectrum observed by Sheps,® as
well as the higher reported peak position and absolute absorption cross-section than
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that of Ting et al.® was attributed to the complexity of the cavity-enhanced

measurements.

The observed lack of temperature dependence in the range 276-357 K in the
absorption cross-sections observed by Foreman et al.” indicated that the vibrational
structure was not due to hot bands, but rather the excitation to bound levels of the
BLA’ state. While the peak progression was found to be dominated by a component
with a wavenumber of ~610 cm™ (wavelengths of 7.5-11.5 nm), it was concluded
that the variation in the band contours was strongly suggestive of other modes leading
to significant vibrational congestion in the spectrum, as suggested originally by
Sheps,® who claimed that excitation to relatively long-lived B*A’ vibrational states
was responsible for the structure in the spectrum. It was further stated by Foreman et
al.” that the argument used by Ting et al.® against the existence of long-lived states on
the basis that angular anisotropy of O(*D) photofragments indicates sub-picosecond
excited state lifetimes neglects the fact that the longest photolysis wavelength used in
the ion imaging study was 360 nm,® which is the short wavelength onset of the
structured region of the CH>0O0 spectrum. Dissociation photoproducts have not been
detected following excitation in the structured region of the CH>OO spectrum at

wavelengths larger than 360 nm.

It was expected by Foreman et al.” that the lower lying bound levels of CH.00 would
have a slower dissociation rate than the repulsive excited B*A’ state which may lead
to resolvable rotational fine structure in the absorption spectrum superimposed on the
vibrational coarse structure, however none was observed. Broad widths of the
individual vibrational bands coupled with the absence of vibrational peak progression
in the VUV depletion measurements by Beames et al.,* indicating a photodissociation
quantum vyield in this region of < 1, led to the conclusion that the rapid excited state
dynamics evidenced by broad bandwidths must be attributed to non-dissociative

population transfer.

While the results determined in this work are in agreement with those reported by
Ting et al. and Foreman et al., discrepancy remains when compared to results reported
by Beames et al. and Sheps. The complexity of cavity-enhanced measurements, with
mirrors having differing reflectivities at different wavelengths, and the errors

associated with a wavelength dependent path length, may explain the larger absolute
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absorption cross-sections and quicker fall off on the short-wavelength side of the
CH,00 spectrum observed by Sheps® than that observed in this work, while the
CH200 action spectrum recorded under jet cooled conditions by Beames et al.* may
be subject to temperature effects.

4.6 Atmospheric Photolysis Rate

Since the UV absorption cross-sections of CH20O have been measured beyond 280
nm where solar flux also increases sharply, this means that CH.OO UV absorption
overlaps with the UV radiation penetrating the upper atmosphere to reach the
troposphere, which can potentially result in daytime photolysis of this Criegee
intermediate. Atmospheric excitation of CH,00 from the ground X*A’ state via
absorption of a photon upon irradiation from solar light may result in photolysis of
the molecule via the dissociative excited B*A’ vibrational state. It is important to
quantify the potential rate of solar photolysis of CH200 in the atmosphere as it could
be a significant atmospheric sink of CH200. A solar photolysis lifetime of ~1 s at
midday was calculated by Beames et al.* for CH,OO from which it was concluded
that photochemical loss may be a significant decay path for CH.OO under daytime
conditions in the troposphere. In light of the more recent measurements of the
absorption cross-sections for CH,00® © in which significantly smaller cross-sections
are reported, this value of solar photolysis lifetime needs recalculating in order to

obtain an accurate result.

Since absorption of solar radiation by molecules provides the energy required to break
bonds and hence form radicals, this can also initiate oxidation of both biogenic
(natural e.g. from plants) and anthropogenic (human made e.g. from vehicle exhausts)
emissions in the Earth’s atmosphere. Using the absolute absorption cross-sections for
CH200 determined in this work, the photochemical loss rate of CH>OO via solar

irradiation, JcH200, can be estimated:

A=

JcH200 = f/1 _o  Pcmoos ocmoos Fi di (Equation 4.18)

where @ch200, IS the photodissociation quantum yield of CH.00 at wavelength 4,

and is assumed to be unity at all wavelengths, och200, is the absolute CH.0O0
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absorption cross-section at wavelength 4, and F; is the solar actinic flux for a 0° zenith

angle at the Earth’s surface.

The tropospheric ultraviolet and visible (TUV) radiation model?” calculates the
diurnal variation in atmospheric photolysis rates of species which absorb in the actinic
window based on absorption cross-sections, quantum vyields, solar actinic flux and
wavelength at a given latitude, longitude, altitude, date and time. Solar actinic flux
varies across the Earth’s atmosphere and as a function of wavelength, and is described
in detail in Chapter 1. This variation in actinic flux at a certain point in the Earth’s
troposphere, i.e. as a function of longitude, latitude and altitude, across the wavelength
region in the actinic window, is coded into the model with consideration towards
atmospheric inputs such as the vertical profiles of N2, Oz, O3, SO2, clouds and
aerosols, all of which attenuate electromagnetic radiation at given wavelengths of

light via absorption and/or scattering.

The annual mean photolysis rate, Jch200, at the Earth’s surface (ground level) under
clear sky conditions was calculated using the TUV radiation model as a function of
latitude and longitude using absorption cross-sections reported in this work, and is

shown in Figure 4.22.
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Figure 4.22: Annual mean photolysis rate, JcHz00, at the Earth’s surface calculated using the TUV

radiation model with CH,OO UV absorption cross-sections observed in this work.
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The value determined for Jcr200 using this method at 0° longitude and 0° longitude
is 1.9 x 10°® s%, as shown in Figure 4.22, which, when converted to the corresponding
solar photolysis lifetime using the relationship z = (Jchz00)? s, gives a value of 5.3 x
10° s (~147 hours or ~6 days). This result is significantly different to the solar
photolysis lifetime calculated by Beames et al.* of ~1 s at midday, and indicates that
photochemical loss of CH>OO does not play a significant role in the overall
atmospheric lifetime of this Criegee intermediate during the daytime. For comparison
with photolysis rates of other important atmospheric molecules which absorb in the
actinic window, the photolysis rate of Oz with respect to O(*D) formation is typically
one order of magnitude higher (1 x 10° s giving a photolysis lifetime of ~1 day)?
and that of NO, with respect to NO and O(*P) formation is typically two to three
orders of magnitude higher (on the order of 1 x 10% s? to 1 x 102 s giving a

photolysis lifetime between ~3 hours and ~15 minutes).

The global photolysis rate of CH200 was also calculated using absorption
cross-sections observed by Beames et al.,* Sheps® and Ting et al.® using the TUV
radiation model, and the ratios of the annual mean Jch200 at the Earth’s surface for
each of these studies relative to the absorption cross-sections reported in this work are

shown in Figure 4.23.
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Figure 4.23: Ratios for the annual mean photolysis rate, Jchz00, at the Earth’s surface calculated using
the TUV radiation model with CH,OO UV absorption cross-sections observed in the work of a)
Beames et al.,* b) Sheps® and c) Ting et al.® relative to the CH,OO absorption cross-sections
reported in this work i.e. CH,OO absorption cross-sections reported by Beames et al., Sheps and
Ting et al. / CH,00 absorption cross-sections reported in this work respectively. Note that the

scales vary in each plot.

It can be seen from Figure 4.23 that the ratios of the CH>OO photolysis rate calculated
using CH,OO absorption cross-sections reported by Beames et al.,* Sheps® and Ting
et al.® relative to the absorption cross-sections reported in this work at 0° longitude
and 0° longitude are 14, 5.6 and 0.9 respectively, which equates to absolute photolysis
rates of 2.7 x 10°s?,1.1 x 10° st and 1.7 x 10°° s respectively. These results indicate
good agreement between the photolysis rate calculated using the CH200 absorption
spectrum observed in this work of 1.9 x 10 s and that calculated using the CH.00
absorption spectrum observed in the work of Ting et al.® of 1.7 x 10 s, which are
both significantly slower (one order of magnitude) than the photolysis rates calculated
according to the CH,0O absorption spectra observed by both Beames et al.* and
Sheps.®
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It should be noted that the photolysis rate calculated here using CH>.OO absorption
cross-sections reported by Beames et al.* equates to a solar photolysis lifetime of 3.7
x 10* s (~10 hours), which is significantly different to the CH2OO solar photolysis
lifetime calculated by Beames et al.* of ~1 s at midday. This value reported by Beames
et al.* should be regarded with uncertainty since it is not known exactly how this value
was calculated and it is difficult to reconcile this result with the details of the
calculation provided. For comparison, using the same TUV radiation model?” used
here to calculate the photolysis rate of CH>OO, the photolysis rates of other
atmospheric species was calculated at the same longitude and latitude. The photolysis
rates calculated were, for O3 to make O, and O('D), 3.9 x 10° s, for NO, to make
NO and OCP), 1.0 x 102 s%, and for 10 (which exhibits an absorption spectrum in a
similar wavelength region to CH>OO but further into visible range and has absorption
cross-section values on the order of 10"Y” cm? like CH,00) to make | and O atoms,
1.2 x 10t s, which equate to solar photolysis lifetimes of 2.6 x 10* s (~7 hours), 100
s and 8 s for O3, NO2 and 10 respectively.

Oxidation reactions of CH,OO with key atmospheric species, such as (H20)., SO,
NO- and carboxylic acids, have been found to be atmospherically significant in terms
of both reaction kinetics and products, however the reaction with water dimer is
considered to be the dominant chemical sink of stabilised Criegee intermediates in the
troposphere due to its relative abundance. Typical atmospheric concentrations of
(H20)2, SO2, NO2 and carboxylic acids are at > 36 % relative humidity (Hr), 50 ppb,
50 ppb and 5 ppb respectively, which, when multiplied by the second-order rate
coefficients of their reactions with CH>0O, give estimations of effective
pseudo- first-order rate coefficients of >1000s™, 50s?, 9s*and 12 s respectively.?
Comparing these rate coefficients to that calculated for the photolysis rate of CH.00
using CH.00 absorption cross-sections reported in this work of 1.9 x 10 s signifies
that the fractional atmospheric loss of CH200 through photolysis is negligible when
compared to losses through these bimolecular reaction channels, thus solar photolysis

is not an important loss mechanism for CH>OO in the atmosphere.
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4.7 Conclusions

The UV absorption cross-sections of the Criegee intermediate CH2OO have been
investigated at a temperature of 298 K and pressures between 6 and 300 Torr using
pulsed laser flash photolysis of CH21,/O2/N2 gas mixtures coupled with time-resolved
broadband UV absorption spectroscopy.? Results indicate a broad UV absorption
spectrum for CH,00, with a peak absorption cross-section of (1.37 + 0.29) x 10/
cm? at 1 ~340 nm showing no significant pressure dependence, and vibronic structure
at wavelengths greater than the maximum of the spectrum, in good agreement with
results by Ting et al.® and Foreman et al.” Eight resolvable vibronic bands have been
observed, the positions and shapes of which are in good agreement with the work of
Ting et al.® and Foreman et al.,” with results from this work exhibiting an increased
signal-to-noise ratio than those of Ting et al.® and Foreman et al.,” suggesting
increased data quality for the determination of absolute CH>OO UV absorption
cross-sections. The photolysis rate of CH,00 was calculated to be Jcrzoo = 1.9 x 10®
s’ using the tropospheric ultraviolet and visible (TUV) radiation model?” and UV
absorption cross-sections for CH>OO reported in this work, which, in contrast to the
findings of Beames et al.* indicates solar photolysis to be an insignificant
atmospheric sink for CH200.

The most fundamental aspect of investigating reactive Criegee intermediate chemistry
is to have direct and definitive identification of the Criegee, enabling it to be detected
and monitored throughout a reaction. The high reactivity of Criegee intermediates
inevitably leads to relatively short lifetimes, making measurements via direct
detection challenging as it necessitates in situ preparation of the Criegee intermediate
with rapid and sensitive monitoring. Since the UV absorption cross-sections of
Criegee intermediates have been shown to be relatively large, this method of detection
is ideal for measuring the kinetics of Criegee intermediate reactions, including those
which are important under atmospheric conditions. However, in order to take
advantage of this property of Criegee intermediates and determine accurate reaction
kinetics, accurate absorption cross-sections are first required. Results presented here
for the UV absorption cross-sections of the simplest Criegee intermediate, CH.0O,
will thus be useful for future studies of CH>OO reaction kinetics employing UV

absorption spectroscopy as the detection method.
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Chapter 5
CH200 Self-Reaction Kinetics

Experiments have shown a rapid CH,00 + CH20O self-reaction,** the kinetics of
which can be closely coupled to the measurement of the absorption cross-sections,
including those in the UV (Chapter 4) and IR (Chapter 6) regions, since significant
changes in concentration can occur on the timescale of the absorption measurements.
However, there are notable discrepancies in previous measurements of CH,OO
self-reaction Kkinetics, with rate coefficients reported differing by almost one order of

magnitude,* as is shown in Figure 5.1.
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Figure 5.1: Comparison of directly measured rate coefficients for the CH200 self-reaction, CH200 +

CH200, in previous work.

In the atmosphere, the steady state concentration of Criegee intermediates produced
from atmospheric ozonolysis of alkenes is relatively small, with estimated
atmospheric concentrations reported to be on the order of 10% to 10° cm=3.51 Under
these typical atmospheric conditions, this rapid CH>OO self-reaction is not likely to
play a significant role as it is unlikely to compete with processes of trace reactive

species at higher atmospheric concentrations. However, it can potentially impact
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determination of kinetic parameters for all experiments carried out under laboratory
conditions, where the concentration of Criegee intermediates is relatively high, owing
to the photolytic production method of Criegees first proposed by Welz et al.1* in
2012, whereby a diidoalkane precursor is photolysed in excess oxygen. Under these
conditions, potential impacts of the CH>0O self-reaction must be taken into account.
CH200 self-reaction kinetics are important for further studies of CH>OO chemistry
and the determination of other CH2OO reaction kinetics, including those which are of
atmospheric relevance such as the reactions with (H20)2,158 SO,* 41926 and organic
acids,?” 8 among others. The reaction between CH,00 and 1 is also potentially

important in laboratory experiments using CHzl> photolysis to generate CH200.

5.1 Theoretical Studies of CH.OO0 + CH.00 and CH.00 + |

Prior to the availability and introduction of a method allowing direct measurements
of experimentally determined rate coefficients for the kinetics of the CH.0O0
self-reaction, theoretical analysis played an important role in the understanding of
Criegee intermediates and their chemistry. Vereecken et al.?® used a combination of
quantum chemical calculations with theoretical kinetic methodologies, at the
spin-restricted open-shell coupled-cluster singles, doubles (triples) with a meta hybrid
functional (ROCCSD(T)//M06-2X) level of theory, to predict the potential energy
surfaces (PES), reaction mechanisms and kinetics of reactions between CH>OO and
various co-reactants, including itself. The CH>OO self-reaction was found to be

3 51 at room

barrierless with a rate coefficient of approximately 4 x 10! cm
temperature, with an estimated uncertainty of a factor of 5 and constant within 20 %
over the temperature range 250-350 K. This fast CH.OO self-reaction nearing the
collision limit was reported to be driven by the zwitterionic character of the Criegee
intermediates, however, it was concluded that the low atmospheric concentration of
Criegee intermediates limits the impact of their self-reactions to experimental

conditions where the concentration is much higher.

The CH200 self-reaction energy profile of the simultaneous double head-to-tail
cycloaddition to form two new C-O bonds in a six-membered cyclic biperoxide was

found to be purely attractive with no evidence of a pre-reactive complex, well-defined
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transition state or energy barrier, and the reaction was reported to be highly
exothermic, ~ -420.5 kJ mol™,?° as shown in Figure 5.2. Subsequent chemistry was
found to involve chemically activated breakage of the weaker O-O bonds forming a
singlet peroxide bisalkoxy radical, OCH.OOCH-O, the dominant reaction channel of
which was expected to be elimination of HCHO forming singlet OOCH,O, which in
turn dissociates to HCHO + O2(*A), with an overall exothermicity of -310.0 kJ mol™.
Several higher energy pathways were also found to be accessible in chemically
activated reactions leading to the formation of acids, peroxy acids and carbonyl

compounds.

CH,00 + CH,00
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Figure 5.2: Zero-point energy (ZPE) corrected potential energy surface (PES) of the CH,00 + CH,00
head-to-tail cycloaddition reaction and subsequent chemistry, in units of kcal mol?, at the

MO06-2X level of theory, calculated by Vereecken et al.?°

Alongside the first experimental measurements of the CH>OO self-reaction, Su et al.!
performed high-level theoretical calculations, using the coupled-cluster singles,
doubles (triples) method with the Becke 3-parameter, Lee-Yang-Parr hybrid

functional and an augmented version of the correlation-consistent polarised valence
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only triple-zeta pseudopotential basis set (CCSD(T)//B3LYP/aug-cc-pVTZ-pp) to
investigate the energies of possible reaction channels in the system, including the
CH00 self-reaction and the reaction between CH200 and I. Similar to Vereecken et
al.,® the PES calculated by Su et al.,* shown in Figure 5.3, demonstrated the dominant
channel (minimal energy path) of the formation of a (CH200)> cyclic dimer to have
no barrier and a large exothermicity, calculated to be -386.6 kJ mol™, before further
decomposition to products (2 HCHO + Oz (*Ag) (electronically excited)). The rapid
CH200 self-reaction was reported to be a result of this barrierless entrance channel,
the large exothermicity for the formation of a cyclic dimeric intermediate due to the
strong head-to-tail zwitterionic interaction, and the small barrier to decomposition of
the dimer via a transition state. However, Su et al.! predicted a much faster rate
coefficient for the CH,0O self-reaction of 2.2 x 10°° cm? s at 343 K independent of

pressure in the range 20-100 Torr, and a value of 2.4 x 101° cm? st at 298 K.

1.2

2H,CO + 10,

! 1109 1055
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Figure 5.3: Potential energy surface (PES) for the CH,00 + CH,OO reaction, with pathways computed
by Su et al.! at the CCSD(T)//B3LYP/aug-cc-pVTZ-pp level with corrections for vibrational
zero-point energy (ZPE). Relative energies at 0 K are given in units of kcal mol* with transition
states and reaction intermediates labelled TS and LM respectively. The reaction proceeds via
(CH200); and TS1 whereas the path via TS2 is unimportant due to the higher barrier involved.
Computed optimised geometries for CH,OO and (CH,OQ), are shown (lengths are in
Angstroms (A), angles are in degrees (°) and ¢ is the dihedral angle).
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Calculations carried out by Su et al.! investigating the reaction of CH.00 + | were
shown to have three product channels, with the formation of CH:l + O via
decomposition of internally excited CH210; reported as the dominant product channel
at both 298 K and 343 K with a rate coefficient of (8.1-7.6) x 10" cm®s™ and (9.3-8.9)
x 101 cm?® st respectively over the pressure range 20-100 Torr, despite the lowest
energy pathways of the PES leading to formation of CH210, and HCHO + 10, as
shown in Figure 5.4. The computed pathways showed formation of CH21O> to be
either by direct attack of the | atom at the C atom of CH,OO with no barrier or via an
intermediate with the | atom attached to the terminal O atom followed by
rearrangement to CH210> via a transition state, and formation of HCHO + 10 to
proceed from decomposition of the same intermediate with the | atom attached to the
terminal O atom via a different transition state followed by abstraction of the terminal
O atom of CH>OO by the | atom.

5.9

2CH,l + 30,

CH,00 + 2 (2P,,)

~422
H,CO + 20

Figure 5.4: Potential energy surface (PES) for the CH,OO + | reaction, with pathways computed by Su
et al.! at the CCSD(T)//B3LYP/aug-cc-pVTZ-pp level with corrections for vibrational
zero-point energy (ZPE). Relative energies at 0 K are given in units of kcal mol* with transition

states and reaction intermediates labelled TS and LM respectively.
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5.2 Experimental Studies of CH200 Self-Reaction and CH.00 + |
Kinetics

Self-reaction kinetics of CH,00 were first reported by Su et al.! using flash photolysis
of CH2l2/O2/N; at 2 = 355 nm with step-scan Fourier-transform infrared spectroscopy
to monitor CH>0O0, generated in a multipass White cell, throughout the reaction.
Observed decays of CH>.OO were analysed considering potential loss of CH>00
through reaction with | atoms and CHal radicals as well as loss through the CH.00
self-reaction, with results indicating a CH20O self-reaction rate coefficient of (4 + 2)
x 1079 cm3 st at 343 K at total pressures between 20 and 100 Torr, as shown in Figure
5.5. Such a rapid self-reaction was attributed to the zwitterionic nature of CH20O, but
theory by Vereecken et al.?® (details of which are provided above) predicted a
significantly lower rate coefficient of ~4 x 101 cm® s over the temperature range
250-350 K.

[CH,00]-" (104 cm3 molecule™")

0 50 100 150
Time (us)

Figure 5.5: Two representative plots of the inverse of the CH,OO concentration, [CH,00]?, versus
reaction time, t, measured by Su et al.,* with data shown as circles and triangles representing
experiments carried out under different conditions, the fitted rate coefficients shown as solid
lines, and error bars reflecting only one standard deviation in the fitting. Experiments were
recorded at 343 K, and for traces labelled ‘1’ and ‘2’, 10 Torr and 90 Torr respectively. Both
plots exhibit a linear relationship between [CH,OO]* and t, which indicates second-order
behaviour, for which results of the effective second-order rate coefficients for traces labelled ‘1’
and ‘2’ were (3.1 £ 0.1) x 10"° cm® s* (blue) and (4.5 + 0.2) x 10°° cm® s* (red) respectively,

approaching the gas kinetic collision value.
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According to the quantum-chemical calculations carried out by Su et al.! the
bimolecular association of two CH>OO molecules produces a cyclic dimeric
intermediate, (CH200)2, with the terminal O atom (with a partial negative charge) of
one CH200 molecule bonded to the C atom (with a partial positive charge) of the
other CH200 molecule in a barrierless reaction with large exothermicity. A rate
coefficient of (4 + 2) x 10" cm® s was also reported for the reaction of CH200 + |,
with the dominant product channel determined to be the reformation of reactants CHal
and O; at 343 K.1

Buras et al.? observed a CH.0O self-reaction rate coefficient of (6.0 + 2.1) x 10!
cm?® s at 297 K using flash photolysis of CH2l2/O; at A = 266 nm in N2 and He in a
Herriot cell at total pressures between 25 and 100 Torr. CH200 was monitored by
UV absorption spectroscopy at 2 = 375 nm with simultaneous near-infrared absorption
measurements of | atoms at 1315.246 nm to quantify the initial CH200 concentration
and investigate the role of CH.OO + I. The estimated uncertainty for the initial
CH200 concentration was reported to be + 35 %. These measurements also enabled
determination of the CH,OO absorption cross-section at 375 nm, which was found to

be in agreement with the results of Ting et al.*

While CH200 decays were observed to become faster with increasing initial CH,OO
concentration as expected and as shown in Figure 5.6, | atom decays were found to be
completely insensitive to the initial concentrations of both CH>0OO and I, and to the
concentration of CH:l in the system, indicating a negligible reaction between CH.00
and 1. As a result, the reaction was reported to have no significant impact on the
observed CH,00 decays, and an upper limit of 1.0 x 10! cm? s was reported for
the rate coefficient of CH>OO + I. Both the CH200 self-reaction rate coefficient and
the upper limit for the CH20O + | rate coefficient reported by Buras et al.? were at

least a factor of 5 smaller than those reported by Su et al.
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Figure 5.6: Decays of simultaneously recorded CH,OO (left) UV and | atom (right) IR absorbance
measured by Buras et al. at 297 K and 50 Torr He over a range of initial CH,OO concentration,
[CH200]=0, values. Solid black lines are fits of a ‘complex’ kinetic model requiring numerical

integration. Only every 100" data point is shown for clarity.

Further experiments by Ting et al.,® using flash photolysis of CH2l2/O2/N; at A = 248
nm with broadband transient UV spectroscopy, were performed to investigate the
kinetics of the CH200 self-reaction at 295 K at pressures between 7.6 and 779 Torr.
Temporal profiles of CH.OO0 and 10, obtained by deconvoluting the total observed
absorbances through knowledge of the CH200 and 10 absorption cross-sections,
were fitted to a detailed chemical mechanism using numerical integration, as shown
in Figure 5.7, to determine a rate coefficient for the CH.OO self-reaction of (8 £ 4) x

1011 ecmd st
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Figure 5.7: Representative temporal profiles of concentrations of CHl, CH,O0 and 10 recorded by
Ting et al.® upon photolysis of a flowing mixture of CH,l2/O2/N; at 295 K in two experiments
near 100 Torr with differing initial CH,OO concentrations, i.e. a) with small [CH200]=o, where
[CH,00] decreased and [10] increased slowly, and b) with high [CH,00]:=0, where [CH200]
decreased and [10] increased rapidly, indicating the second-order nature of the decay of CH,0O0,
and that some 10 was produced from subsequent reactions of CH,OO. The decrease in
concentration of CHal, upon laser irradiation gave the initial CHzl concentration, i.e. —[CHal3]
= [CHal]i=o. Concentrations of CHal (blue), CH,OO0 (black), 10 (red), ICH,OO0 (grey), |
(magenta, scaled by 0.5), and HCHO (green, scaled by 0.5) simulated with a kinetic model using

numerical integration are shown as lines. The inset shows a more detailed view in the 0-40 ps

region.

However, the results were observed to be sensitive to the kinetics of the reaction
between CH,0O and I, in contrast to the observations of Buras et al.,? with the best
fit to the data giving a rate coefficient of ~8 x 101! cm® s for CH.00 + 1.2 The yield
of CH200 from CHal + O2 was found to have a pressure dependence smaller than that
reported previously by Stone et al.,®! with a yield of approximately 30 % at
atmospheric pressure® compared to the previously reported value of 18 %.

Cavity ringdown spectroscopy has also been used by Chhantyal-Pun et al.# to monitor
CH200 at 4 = 355 nm to determine the self-reaction kinetics of CH>OO, using flash
photolysis of CH21/O2/N2 at 4 = 355 nm at 293 K over the pressure range 7-30 Torr.
Initially, the observed decays were fit to an analytical solution describing a mixed
first- and second-order loss of CH.OO (the equation for which is provided in Chapter
4) to find the first-order component to the loss. However, the second-order component
to the loss was found to depend on the total pressure in the system, as shown in Figure

5.8, with an observed rate coefficient of (1.61 + 0.03) x 1072° cm® s at the highest
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pressure measured of 30 Torr, indicating the presence of second-order losses other
than CH.OO self-reaction. Fits to the data obtained at 7 Torr using numerical
integration and considering losses through CH200 self-reaction and CH.OO + I, as
shown in Figure 5.8, showed no significant contribution from CH>OO + I, in
agreement with the results of Buras et al.,? and gave a rate coefficient of (7.35 + 0.63)
x 101 cm? st for the CH,0O self-reaction. A conservative upper limit estimate of 1

x 10" cm? st was used for the reaction of CH,0O0 + I.*
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Figure 5.8: Results reported by Chhantyal-Pun et al.* showing a) the CH,OO overall scaled second
order decay rate coefficient, k’, obtained from fitting the kinetic decay traces to a second-order
decay equation, as a function of total pressure or N2 concentration, and depicts a positive
relationship between the two, with error bars representing the 1c uncertainties from the fits of
the Kinetic decay traces, and b) numerical kinetic fits to the CH,OO decay trace at 7 Torr using
various values for the rate coefficient of the CH,OO + | reaction, referred to as Kiodine, With the
CH200 concentration obtained using the absorption cross-section of CH,OO at the probe
wavelength of 355 nm reported by Ting et al.*® and the change in ring-down rate, and indicates

no significant contribution from the reaction between CH,OO and | at this pressure.

Although the results at 7 Torr were not significantly affected by CH.00 + I,% it is
likely that the results obtained at higher pressures were impacted by CH>OO + | which
is evident from the increase in the rate of CH>OO loss as the pressure is increased.
However, this clear secondary chemistry observed to impact the loss of CH2OO0 in
experiments by Chhantyal-Pun et al.* at pressures above 7 Torr was attributed to
changes in the CH210; yield from CH.l + O as a function of pressure and a potential
reaction between CH>.OO and CH.10; rather than the reaction between CH>OO and
l.
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Discrepancies in the kinetics for the CH200 self-reaction and the reaction between
CH200 and I have consequences for understanding of CH,OO chemistry under both
laboratory and atmospheric conditions and hence impact the accuracy of atmospheric
modelling. The reaction of CH,OO + | has eluded detailed investigation with no
systematic study of this reaction in the literature despite the discrepancies between
rate coefficients reported by previous studies. In this work, the kinetics of the CH200
self-reaction and the reaction of CH,OO and | have been determined at 298 K as a
function of pressure in the range 6 to 300 Torr using time-resolved broadband UV

spectroscopy.

5.3 Experimental

Kinetics of the CH20O0 Criegee intermediate self-reaction and the reaction between
CH200 and | were investigated using laser flash photolysis of CH2l/O2/N2 gas
mixtures, coupled with broadband time-resolved UV absorption spectroscopy. All
experiments were performed at T = (298 + 2) K in N2 (BOC oxygen free, 99.998 %)
at pressures between 6 and 300 Torr. CH:l, (Alfa Aesar 99 %) concentrations were in
the range 1 x 102 — 4 x 10% cm™ and O, (BOC, 99.5 %) concentrations were varied
between 1 x 10% and 4 x 10" cm. Gases and chemicals were used as supplied. More
details of the experimental procedure are given in Chapters 3 and 4. Reactions R5.1-

R5.5 were initiated in the reaction cell as described in Chapter 3.

CHal + hv (4=248 nm) —  CHal +1 (R5.1)
CHal + O —  CH:00+1 (R5.23)
CHal + 02 2 CHo; (R5.2b)
CH200 + CH200 — products (R5.3)
CH200 + | — products (R5.4)
CH200 — products (R5.5)
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5.4 Analysis, Results and Discussion

Experiments carried out in this work to determine the rate coefficient for the CH,OO
self-reaction were analysed first by fitting analytical kinetic loss equations to the data,
and subsequently by using numerical integration to account for secondary chemistry
in the system, specifically the reaction between CH,OO and I. A detailed description
of each analysis is provided here along with results and a discussion of the

implications of these results.

5.4.1 Analytical Kinetic Loss Equation

Where the data has been analysed using an analytical kinetic loss equation, the
analysis carried out in this chapter to determine the kinetics of the CH20O0 loss in the
system is linked to that carried out in the previous chapter to determine CH.OO UV
absorption cross-sections. As described in Chapter 4, the time-profile of the product
AcH200.t,ipeak = Gmaximum,cH200,ipeak [CH200] |, where Achz00.t,ipeak IS the absorbance at
the wavelength at which the maximum CH.OO cross-section is observed,
Omaximum,CH200,ipeak 1S the maximum CH200 UV absorption cross-section at the
wavelength A corresponding to the peak of the spectrum, [CH.OOQO]: is the
concentration of CH,OO at time t, and | is the effective path length of the light, was
determined from the fit of the reference CH:l, cross-sections®? 3 and the normalised

CH>00 cross-sections to the observed absorbance.

Conventionally, kinetic analysis is performed in terms of concentration of one or more
species. As described in Chapter 2, rates of reaction and integrated rate equations
include terms for rate coefficients and concentrations, regardless of the order of the

th order. In these

reaction e.g. zero-, first-, second-, pseudo-first-, mixed-, n
experiments, as explained in Chapters 3 and 4, simultaneous detection of spectral and
kinetic parameters was achieved, hence the analysis also inherently contains
simultaneous determination of both types of parameters, i.e. absolute absorption
cross-sections for CH20O0 cannot be determined without kinetic analysis and, equally,
rate coefficients for reactions/processes by which the concentration of CH>0OO decays

over time cannot be determined without spectral analysis.
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Consequently, the analysis carried out to determine results reported in Chapter 4, for
the UV absorption cross-sections of CH>OO, and to determine results reported in this
chapter, Chapter 5, for the rate coefficients and kinetics of CH>OO loss in the system
(as established solely from fitting an analytical equation to the data and not from
numerical integration), was executed simultaneously. For this reason, the
concentration term for CH.OO was used in the Beer-Lambert Law form in this
analysis, which means that rather than fitting a CH200 concentration vs time profile
to the integrated rate equation, a time-profile of the product, omaximum,cH200,ipeak
[CH20O0]: I, which is equal to Achz00,t,1peak, Was fit to a substituted integrated rate

equation.

54.1.1 Second-Order Kinetics
It might be expected that the decay profile of AcH200.t,1peak Would exhibit second-order
kinetics owing to the dominant loss of CH20O occurring via self-reaction, for which

the rate of reaction is given by:

__ d[CH:00]
dt

= kana [CH200]* (Equation 5.1)
where kong is the rate coefficient for the overall second-order loss of CH200 in the
system. The second-order integrated rate equation is therefore:

1
[CH,00]; [CH200]0

+ kona t (Equation 5.2)

The time-profile for the absorbance at the wavelength at which the maximum CH200
cross-section is observed is in the Beer-Lambert law form of Ach200.t,peak =
omaximum,cH200,peak [CH200]:t |, which, when substituted into the integrated rate

equation, gives:

1 1
Y = 7 +kowmat  (Equation 5.3)
( CH200,t,/peak ) ( CH200,=0,/peak )
Omaximum,CH200,/peak [ Omaximum,CH200,/peak [

The second-order analytical kinetic loss equation to which the time-profile of the
product AcH200,tpeak = Gmaximum,cH200,2peak [CH200]: | was fit can then be obtained by

rearranging the substituted integrated rate equation:
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1

AcH200,jpeak =
( 1 ) 4 ( kand ) ;
ACHZOO,FO,/Ipeak Omaximum,CH200,peak [

(Equation 5.4)

where AcH200,t=0,ipeak = Tmaximum,cH200,ipeak [CH200]t=0 | (the value of [CH200]=0 | is
determined from the observed product of the depletion of CH2l> and path length,
A[CH2l5] |, and the pressure dependent CH20O yield from CHal + O2%1), and kang is
the second-order loss component for CH200 owing to both the CH.OO self-reaction
and the reaction of CH>OO + I. Figure 5.9 shows the fit result, and illustrates that
second-order Kkinetics were not adequate to describe the system accurately since the
equation fit does not agree with the fast part of the CH.OO decay (the initial, fast
exponential decay) or with the slower CH200 decay show in the tail (the region where
the concentration of CH20O starts to level off as the CH.OO loss within the system
comes to an end). Instead, the kinetics observed in the experimental decays describing

the loss of CH,OO were found to be representative of a mixed-order reaction.
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Figure 5.9: Temporal profile of the product omaximum,cr200.1peak [CH200]t | = Achz00,ipeak (Qreen, orange
and purple points) determined from the observed absorbance at each time point and the
respective fit of the second-order equation (Equation 5.4, green, orange and purple lines) to the
data. For all these data p = 70 Torr; for the data shown in green [O;] = 2.19 x 10% cm, and
[CH2lz] = 9.72 x 10* c¢m3, and the fit to the data gives Acr200.t=0peak = Gmaximum,CH200, ipeak
[CH200] =0 | = (4.98 + 0.20) x 1073 and Kand / Gmaximum,cH200,peak | = (87612 + 4482) sL; for the
data shown in orange [O,] = 1.49 x 10%7 cm™, and [CH2lz] = 1.91 x 10% c¢m, and the fit to the
data gives AcH200,1=0.ipeak = Omaximum,cH200,peak [CH200]t=0 | = (3.63 % 0.16) x 10 and kong /
Omaximum,cH200,peak | = (85292 + 4461) s%; and for the data shown in purple [O,] = 1.50 x 107
cm?3, and [CHalp] = 7.25 x 10 cm?, and the fit to the data gives Ach200.t=0peak =
Omaximum,cH200,zpeak [CH200] =0 | = (2.10 % 0.06) x 10 and Kang / Gmasimum.cH200.1peak | = (79570 +
2894) s1. The fit of a second-order equation does not sufficiently describe the kinetics observed

in the system.

54.1.2 Mixed-Order Kinetics

The fit of a mixed first- and second-order analytical kinetic loss equation to the data
includes a first-order loss component for CH2.0O, primarily resulting from diffusion
out of the probe beam, and a second-order loss component for CH.00, owing to
bimolecular reaction processes of CH.OO in the system, namely the CH>0O0
self-reaction and the CH>OO + | reaction, on the timescale of the experiment. The rate

of change in [CH200] for such a mixed-order process is* 34:
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__ d[CH;00]

—— = kist [CH200] + 2k2ng [CH.007? (Equation 5.5)

where kist is the rate coefficient for the first-order loss of CH200 and kang is the rate
coefficient for the second-order loss of CH>OO in the system. The mixed-order
integrated rate equation is thus* 3:

k1t [CH200] =0

CHxO0]; =
[CH:00] kst €1t = 2 kong [CH200]=0+ 2 kand [CH200] =0 e1st!

(Equation 5.6)

The time-profile for the absorbance at the wavelength at which the maximum CH200
cross-section is observed, determined from the fit of the CHzl. cross-sections®? 3 and
normalised CH>0O cross-sections to the observed absorbance, is in the form
AcCH200,tipeak = Omaximum,cH200,;peak [CH200]t I, which, when substituted into the

integrated rate equation, gives:

A CH200,t,Apeak

Omaximum,CH200,ipeak l

i ( AcH200,=0,ipeak >
1st
s Omaximum,CH200,/peak /

AcH200,~ A ]

,t=0,/peak CH200,=0,Apeak

kst ekmt -2 kond ( P > + 2 kond ( L ) eklstt
Omaximum,CH200,ipeak / Omaximum,CH200,ipeak /

(Equation 5.7)

The mixed first- and second-order analytical kinetic loss equation to which the
time-profile of the product AcH200tipeak = Gmaximum,cH200,ipeak [CH200]¢ | was fit, to
determine  AcH200,=0,ipeak =  Omaximum,CH200,peak [CH200]i=0 | and hence
Omaximum,CH200,2peak @S described in Chapter 4, can then be obtained by rearranging the
substituted integrated rate equation:

AcH200,1jpeak =
kist Ac200,1=0,ipeak

and k2nd
g kst -2 ( )A et 2 ( ) A o mea €M1t
s Gmaximum,CH200 peak [/~ CH200.=0./peak Omaximum,CH200 jpeak [/~ CH200,:=0./Apeak

(Equation 5.8)

where AcH200,t=0,ipeak = Tmaximum,cH200,ipeak [CH200]¢=0 | (the value of [CH200]i=0 | is

determined from the observed product of the depletion of CHzl> and path length,
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A[CHal2] 1, and the pressure dependent CH.0O yield from CHal + 02!, kus is the
first-order loss component for CH>OO, primarily resulting from diffusion out of the
probe beam, and kong is the second-order loss component for CH.OO owing to both
the CH200 self-reaction and the CH200 + | reaction. Figure 5.10 shows the fit result.

000 001 002 003 004 005 006 0.07
Time/s

Figure 5.10: Temporal profile of the product gmaximumcrz200,peak [CH200]: | = Achz00,,1pea (green,
orange and purple points) determined from the observed absorbance at each time point and the
respective fit of the mixed-order equation (Equation 5.8, green, orange and purple lines) to the
data. For all these data p = 70 Torr; for the data shown in green [O;] = 2.19 x 10* cm, and
[CH2l;] = 9.72 x 10% c¢m3, and the fit to the data gives Acr200,t=0peak = Gmaximum,CH200,2peak
[CH200]=0 | = (4.55 + 0.03) x 1073, kst = (34.3 £ 1.3) s™ and Kand / Gmaximum,cH200,peak | = (21614
+309) s?; for the data shown in orange [O2] = 1.49 x 10 cm™3, and [CH2l,] = 1.91 x 10% cm?3,
and the fit to the data gives Ach200 t=0ipeak = Tmaximum,cH200,ipeak [CH200]t=0 | = (3.31 £ 0.03) %
1073, kist = (20.6 + 2.6) s and Kand / Gmaximum,cH200,ipeak | = (19048 * 559) s; and for the data
shown in purple [O2] = 1.50 x 10Y7 cm3, and [CH2l,] = 7.25 x 10*2 cm3, and the fit to the data
gives AcH200,t=0,peak = Omaximum,cH200,ipeak [CH200]t=0 | = (1.94 + 0.02) x 1073, kast = (20.6 £ 2.6)
st and Kand / Gmaximum,cHz00.1peak | = (19048 + 559) st From the product of the CH,l, depletion
and path length, for the data shown in green A[CHzl2] | = 6.06 x 10** cm2, for the data shown
in orange A[CHol2] | = 3.89 x 10% c¢m?, and for the data shown in purple A[CHal2] | = 2.28 x
10% cm2, and pressure dependent CH,OO0 yield, Y ciz00, p=70 Torr = 0.65, the product of the initial
concentration of CH,OO and path length was calculated to be [CH200]= | = 3.96 x 10* cm?
for the data shown in green, [CH200]i= | = 2.54 x 10 cm for the data shown in orange, and
[CH200]=0 | = 1.49 x 10 cm? for the data shown in purple. omaximum,cHz00,peak IS then
calculated from omaximum,cH200,1peak [CH200]i=0 | / [CH200]=0 I.
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While determination of omaximum,cH200,1peak Was independent of the effective path
length, I, determination of the kinetic parameter kang requires knowledge of the path
length. This was determined for a seven and thirteen multipass configuration of the
probe beam from experiments in which the absorbance owing to 10 from a single pass
of the probe beam through the reaction cell, which overlapped completely with the
photolysis laser and thus has a path length equal to the 1.5 m length of the reaction
cell, was compared to the absorbance owing to 10 measured simultaneously from the
multipass arrangement. A more detailed description of these experiments and the
subsequent analysis is given in Appendix 2. For seven passes of the probe beam
through the cell, | was determined to be (443 + 21) cm, and for thirteen passes of the

probe beam through the cell, | was determined to be (1136 + 143) cm.

The global fit of multiple time-profile traces of AcH200,t.peak at Various AcH200,t=0,ipeak
to the mixed-order analytical loss equation for CH>OO gave the local parameter
AcH200,=0,peak fOr each time-profile and global parameters of kist and kong /
Omaximum,CcH200ipeak |. The value for the maximum CH20O absorption cross-section,
Omaximum,CH200 jpeak, Was determined from Ach200,=0,peak and the previously
determined [CH2OO]i=0 | for each time-profile as described in Chapter 4. From this
determination of omaximum,cH200,ipeak @along with knowledge of the path length, |, the
rate coefficient for the second-order loss of CH,OO, kong, was determined from the

parameter Kand / omaximum,cH200,2peak |.

and
kond = Omaximum,CH200,ipeak [ (Equatlon 59)
Omaximum,CH200, peak l

The rate coefficient for this second-order loss component of CH200 in the system
was observed to be independent of pressure over the range 6-300 Torr, as shown in
Figure 5.11, with an average value of kang = (1.3 + 0.4) x 10°2° cm?® s as determined
by Equation 5.9. The uncertainty is the 1o standard deviation of the mean value for
all pressures. On comparison of this value with reported rate coefficients for the
CH200 self-reaction in the literature, as shown in Figure 5.1, it is clear that in general,
the value obtained in this work is greater than those quoted in the literature for studies
conducted at the same temperature.* Measuring a higher reaction rate coefficient
than previously reported values can indicate that other loss processes are contributing

to the overall loss of CH20OO, potentially due to secondary | atom chemistry.
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Figure 5.11: Rate coefficients for the second-order loss component CH,QO in the system (kzng) as a
function of pressure at 298 K determined in this work (black points) from the fit of the
mixed-order equation (Equation 5.8) to the data. Uncertainties represent the 1o standard

deviation of the mean values at each pressure.

5.4.1.2.1 Secondary Chemistry
In this analysis is has been assumed that the system can be described as a mixed-order
reaction with a simplified chemistry scheme involving only R5.1, R5.2a, R5.3 and
R5.5, where R5.5 accounts for any other loss mechanism of CH.OO which is not
second-order.

CHalz + hv (1=248 nm) —  CHal +1 (R5.1)
CHal + O —  CH:00+1 (R5.23)
CH200 + CH200 — products (R5.3)
CH200 — products (R5.5)

It is evident from R5.1 and R5.2a that | atoms are formed in the system in a 2:1 ratio
of I:CH200 when the chemistry in the system is initiated, i.e. at time t = 0. It is the

subsequent chemistry of these | atoms which leads to the observed 10 absorption in
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the experimental spectrum. However, it is unclear what the reactive species are, how

10 is formed or what the ensuing chemistry of the 10 radical is.
| + reactant — 10 (+ products) (R5.6)
IO + reactant — products (R5.7)

Secondary chemistry may also influence the observed CH>OO decay via the reaction
between CH>OO and | (R5.4), thereby potentially affecting the rate coefficient derived
for the second-order loss component of CH200, kang.

CH200 + | — products (R5.4)

Experiments conducted in this work were carried out at lower initial CH2l;
concentrations than previous work ([CHzl2] on the order of 10'2-10" cm™ compared
to approximately 102-10® cm™ respectively), hence lower initial CH,00
concentration than previous work ([CH200]i=o on the order of 10*-10%2 ¢cm in this
work compared to approximately 10*2-10%* cm in previous work), as summarised in
Table 5.3. This lower initial concentration of CH>0O indicates higher sensitivity to

CH200 detection than previous work.

Since this initial analysis does not take into account any secondary | atom chemistry
(which impacts the kinetics obtained but not the absorption cross-sections), but the
analyses used in work conducted at the same temperature by Buras et al.,2 Ting et al.®
and Chhantyal-Pun et al.* do take this into account, this may be the origin of the
differences in the rate coefficient determined from this mixed-order analysis in this
work and those previously reported in the literature. However, it is important to note
that of these studies in the literature which include the reaction CH>OO + | in the
analysis to determine the CH20O self-reaction rate coefficient, only Ting et al.? found
this reaction to impact the kinetics in the system. It is worth noting that, as summarised
in Table 5.3, Ting et al.® used a photolysis wavelength of 248 nm, as in this work,
whereas Buras et al.? and Chhantyal-Pun et al.* used a photolysis wavelength of 355

nm.

While the mixed-order kinetic fits performed to determine omaximum,cH200,ipeak dO
provide some information regarding the kinetics of CH>0O loss in the system, a more
detailed analysis was required to determine the CH>OO self-reaction kinetics to enable

investigation of secondary chemistry within the system.
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5.4.2 Numerical Integration

Concentrations for CH.O0 were determined from the fits of A';, as described in
Chapter 4, which gave the product omaximumcHz200peak [CH200]: 1, using
Omaximum,CH200peak = (1.37 = 0.29) x 101" ¢cm? and knowledge of the path length (I =
(443 = 21) cm for 7 passes of the probe beam or | = (1136 + 143) cm for 13 passes of
the probe beam).

Kinetics describing the observed CH.OO decays were fit with the numerical
integration package FACSIMILE® using the mechanism shown in Table 5.1. Fits
were performed globally at each pressure investigated to determine the rate
coefficients for the CH20O self-reaction (ks.3), CH200 + | (ks.4) and the first-order
rate coefficient (kss) describing CH>OO loss by diffusion out of the probe beam, with
the initial CH200 concentration as a local parameter for each trace in the global fit.
Initial concentrations of CH:l, | and CH210, were determined from their relationship
to the initial CH200 concentrations using previous measurements of the yields of
CHzl + O, (R5.2) as a function of pressure from this laboratory, as described in
Chapter 1. At each pressure, a range of initial CH.OO concentrations was used in
order to provide greater sensitivity to the second-order components of the loss (ks.3
and ks 4) over the first-order components of the loss (kss). A typical fit is shown in
Figure 5.12. A summary of the conditions under which experiments were carried out
and the fit results from these experiments at all pressures investigated is provided in
Appendix 4.
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Reaction . Rate Coefficient, k
Number Reaction femd sl Reference
R5.2a CHal + O2 » CH200 + | Y x (1.5 x 10712 31,36, 37
M
R5.2b CHal + O2 +—> CH>10, (1-Y) x (1.5 x 10?) 31, 36, 37
R5.3 CH200 + CH,00 —» 2 HCHO + K Determined
' 02 >3 in fit
R5.4 CH200 + | - products ks.4 Detier:rpiitned
R5.5 CH200 - loss kss * Determined
in fit
R58 CH2|02 + CHZIOC)ZZ d 2 CHZIO + 90 % 10_11 38
R5.9 CH210;2 + 1 - CH210 + 10 3.5 x 10! 38
R5.10 CH210 - HCHO + | 1.0 x 10° * 38
R5.11 10 + 10 — products 1.5 x 1010 3,39

Table 5.1: Summary of the reactions and rate coefficients used in the model to fit to experimental

observations of CH,OO to determine the rate coefficients ks 4, ks.4 and ks s. Initial concentrations

of CH,OO were determined by fitting to the data, with initial concentrations of CHal, | and

CH:10; determined from our previous measurements® of the yields of CHzl + O,, where Y

indicates the yield of CH,OO from CHal + O, and their relationship to the initial concentration
of CH,00. *Units of s,
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Figure 5.12: Temporal profile of the experimentally observed [CH,OQ] (green, orange and purple
points) and the respective model fit (green, orange and purple lines) using the mechanism given
in Table 5.1. For all these data p = 70 Torr; for the data shown in green [O;] = 2.19 x 10Y” cm’3,
and [CH2l,] = 9.72 x 10* cm®, and the fit to the data gave [CH,00]i=0 = (7.27 + 0.12) x 10!
cm3, ks3=(9.5%0.9) x 10t cm®s?, ks4 = (4.4 £ 0.4) x 10 cm® st and kss = 0.030 + 0.002
s'%; for the data shown in orange [O;] = 1.49 x 10'7 cm3, and [CH2l,] = 1.91 x 10% cm®, and the
fit to the data gave [CH200]=0 = (5.24 + 0.11) x 10** cm™, ks3 = (7.9 £ 0.4) x 10 cm3 s, ks 4
= (5.0 £0.2) x 10" cm® s and kss = 1.00 + 0.21 s*; and for the data shown in purple [O;] =
1.50 x 10% cm®, and [CHal2] = 7.25 x 10* cm, and the fit to the data gave [CH,00]i=0 = (3.08
+0.13) x 10" cm™®, ks3 = (8.1 + 1.3) x 10 cm3 s, ks4 = (5.0 £ 0.5) x 10t cm® st and ks s =
0.15+0.27 s%.

5421 CH200 + CH200 and CH200 + | Reaction Kinetics

The rate coefficient for the CH>OO self-reaction was not observed to display any
significant dependence on pressure, as shown in Figure 5.13 and Table 5.2, with an
average value of ks3 = (8.0 + 1.1) x 10! cm® st over all pressures. The uncertainty
is the 1o standard deviation of the mean value for all pressures combined with the

uncertainties determined from the sensitivity analysis described below.
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Figure 5.13: Rate coefficients for the CH,OO self-reaction (ks3) as a function of pressure at 298 K
determined in this work (black points) from the fit of a kinetic model (Table 5.1) to the data
using numerical integration. Uncertainties include the 1o standard deviation of the mean values
and the uncertainties determined from the fit sensitivities to reactions R5.8-R5.11 and the

branching ratios for reaction R5.4.

A comparison of results obtained for the rate coefficient of the CH20O self-reaction
in this work with values previously reported in the literature is shown in Figure 5.14
and a summary of results reported in previous work is given in Table 5.3. Results from
this work are in agreement with those reported by Ting et al.,® Buras et al.2 and the
results of Chhantyal-Pun et al. at 7 Torr, which are all significantly lower than that
reported by Su et al.! at a temperature of 343 K using infrared absorption

spectroscopy.
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Figure 5.14: Comparison of rate coefficients for the CH,OO self-reaction (ks ) as a function of pressure
determined in this work at 298 K (black points), with uncertainties including the 1o standard
deviation of the mean values and the uncertainties determined from the fit sensitivities to
reactions R5.8-R5.11 and the branching ratios for reaction R5.4, and results reported in previous

work at 295 + 2 K (blue, orange and red points) and 343 K (green points).

Figure 5.15 shows the rate coefficient obtained in this work for the reaction between
CH200 and I as a function of pressure, with values at each pressure given in Table
5.2. This work shows significant pressure dependence in the kinetics for CH200 + I,
with ks4 varying from (1.1 +22) x 102 cm3 s at 6 Torr to (5.5 £ 2.1) x 10 cm3 st
at 300 Torr. A Lindemann fit (Equation 5.10), for which more detail is provided in
Chapter 2, to the observed kinetics as a function of pressure gives ks40 = (4.4 £ 1.0)
x 102 cmP® st and ks = (6.7 + 0.6) x 101! cm® s}, where the uncertainty if the 1o

standard deviation of the fit.
_ k540 [M] ks.am )
ka = /(k5,4,0 [M] + ks.4.0) (Equation 5.10)

where [M] is the total pressure in units of cm™, and ks4,0 and ks 4. are the low and

high pressure limits of the rate coefficient for reaction R5.4 respectively.

213



Chapter 5 CH200 Self-Reaction Kinetics

94
8 4
74

5

ks4/10 cm3s?
= N W

04%
0 50 100 150 200 250 300
Pressure / Torr

Figure 5.15: Rate coefficients for the CH,OO + | reaction (ks4) as a function of pressure at 298 K
determined in this work (black points) from the fit of a kinetic model (Table 5.1) to the data
using numerical integration. Uncertainties include the 1o standard deviation of the mean values
and the uncertainties determined from the fit sensitivities to reactions R5.8-R5.11 and the
branching ratios for reaction R5.4. The fit of this work to the Lindemann equation (Equation
5.10, shown by the grey line, with the 95 % confidence bands to the fit shown by the light grey

shaded region) gives ks40 = (4.4 + 1.0) x 10%° cm® s and Ks4.. = (6.7 + 0.6) x 10 cm3 s,
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Pressure / Torr ks3 /101 cm3 st ksa /101 cmd st
6 79+1.1 0.1 +02
15 75+£1.0 2214
30 8.0x£12 24+1.8
70 85+£1.0 43x1.7
120 83x11 43x1.7
160 85+11 5122
200 7711 6.2+2.8
250 79+13 54+24
300 76x£1.0 55+£21

Table 5.2: Summary of results for the rate coefficients for the CH,0O self-reaction (ks3) and CH,O0
+ 1 (ks.4) as a function of pressure at 298 K. Values at each pressure are the mean values obtained
over all experiments at that pressure. Uncertainties include the 16 standard deviation of the mean
values and the uncertainties determined from the fit sensitivities to reactions R5.8-R5.11 and the

branching ratios for reaction R5.4.

A comparison of results obtained for the rate coefficient of the reaction between
CH200 and I in this work with values previously reported in the literature is shown
in Figure 5.16 and a summary of results reported in previous work is given in Table
5.3. Despite the discrepancies between values from previous studies, no systematic
study of the CH20O0 + | reaction has been carried out in the literature to date. The
extensive data set collected in this work over a range of pressures and initial radical

concentrations has enabled a detailed investigation of the CH200 + I reaction.
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Figure 5.16: Comparison of the rate coefficients for the reaction between CH,0O0 and | (ks4) as a
function of pressure determined in this work at 298 K (black points), with uncertainties including
the 1o standard deviation of the mean values and the uncertainties determined from the fit
sensitivities to reactions R5.8-R5.11 and the branching ratios for reaction R5.4, and results
reported in previous work at 295 + 2 K (blue, orange and red points) and 343 K (green points).
The fit of this work to the Lindemann equation (Equation 5.10, shown by the grey line, with the
95 % confidence bands to the fit shown by the light grey shaded region) gives kso = (4.4 + 1.0)
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x 10%° cm® s and ks = (6.7 + 0.6) x 10 cm3 s,
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Temperature  Pressure  Photolysis  Detection [CH200]i=0

Stud ks3/ 10 cm3st Ks.
y /K / Torr J/nm  Technique /10'%cm3 >3 >
Suetal., 20141 343 10-100 355 FTIR 100 - 800 40 + 20 (4+2) x10 cm®st
Buras et al., 2014 2 297 25— 100 266 UVA 20 - 200 6.0+2.1 <1x10"cmdst
Ting et al., 2014 3 295 7.6-779 248 UVA 200 - 2000 8214 (6-10) x 10" cm® st
Chhantyal-Pun et al., 2015 * 293 7-30 355 CRDS 25-50 7.35+0.63 <1x10M"cmds?
ko = (4.4 % 1.0) x 102
_ cmé st
This work 298 6 - 300 248 UVA 1-10 80+11
Koo = (6.7 % 0.6) x 101t
cm®st

Table 5.3: Summary of results for the rate coefficient for the CH,OO self-reaction (ks.s) and for the reaction between CH,OO and | (ks.4) obtained in this work and reported in

the literature. FTIR = Fourier transform infrared; UVA = UV absorption; CRDS = cavity ringdown spectroscopy.
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Previous studies of the CH20O0 self-reaction have indicated varying impacts of the
reaction between CH>OO and I. Table 5.3 summarises the range of values for ks 4 that
have been reported in the literature. Buras et al.? reported an upper limit for ks 4 of 1
x 10t cm?® s on the basis of measurements of both CH-0O and | atoms. These
measurements, performed between 25 and 100 Torr at 297 K with initial
concentrations on the order of 10'2-10* cm, indicated that the kinetics of | atoms
loss were independent of the initial concentrations of CH>OO or I, and were
dominated by diffusion. Chhantyal-Pun et al.* also reported an upper limit of 1 x 10!
cm?® st for ks4 for experiments at 7 Torr and 293 K, although clear secondary
chemistry was observed to impact the loss of CH>OO at pressures above 7 Torr. The
pressure dependence observed in the kinetics describing the loss of CH>OO in the
experiments by Chhantyal-Pun et al. was attributed to changes in the CH10- yield
from CHzl + Oz as a function of pressure and a potential reaction between CH.OO
and CH10:..

The results of Su et al.! indicated ks4 = (4 + 2) x 101! cm? s between 10 and 100
Torr, in broad agreement with the results of this work but it should be noted that
experiments were conducted at 343 K and gave a significantly higher value for ks3
than determined in this work and in other studies. It is also worth noting that for the
analysis of these experiments carried out by Su et al.,! accurate IR absorption
cross-sections of CH,O0 were required,*® which are not available in the literature
since values reported contain significant uncertainties given the reduced sensitivity of
IR absorption measurements, hence Kkinetic data determined from these IR
cross-sections also intrinsically contain large uncertainties. Experiments performed
by Ting et al.® over a range of pressures (7.6 to 779 Torr) at 295 K also indicated
significant impacts of CH200 + | on the loss of CH20O0 across the entire pressure
range investigated, with the best fits to the observed CH>OO decays giving pressure
independent ks 4 values in the range 6-10 x 10t cm® s, in agreement with the high
pressure limit obtained in this work. Thus, while there are significant discrepancies
for ks4 reported in the literature, the pressure dependence observed in this work
provides some insights as to the source of the discrepancies and reconciles the results
of Chhantyal-Pun et al.* and Ting et al.,®> with the results of Buras et al.? at low

pressures within the experimental uncertainties of this work.
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5.4.2.2  Sensitivity Analysis

In order to investigate the sensitivity of ks3 and ks 4 to the parameters used in the model
(Table 5.1) to fit to the observed CH.OO decays, each of the rate coefficients used in
the model were sequentially doubled and halved and the effects of the fitted values of
ks3 and ks4 were determined. Results are provided in terms of a sensitivity factor
which is defined as the fractional difference in the fit result for the rate coefficient,
i.e. ks.3 or ks.4, compared to the fit result determined using rate coefficients as listed in

Table 5.1, subtract 1, and is given by:

kout

kbase_case

SF -1 (Equation 5.11)

where SF is the calculated sensitivity factor, kout is the rate coefficient determined
from the fit result for the sensitivity to whichever reaction is being considered/altered,
Koase case 1S the rate coefficient determined for whichever reaction is being
considered/altered when it is unaltered i.e. as determined using the reaction model
shown in Table 5.1.

Results from the sensitivity analysis are shown in Figure 5.17, and indicate no
significant dependence of ks 3 on the parameters used in the model. For ks 4, the results
indicate there is some sensitivity at low pressures to the rate coefficients used for
R5.8-R5.11. The rate coefficients for R5.8-R5.10 used in the model shown in Table
5.1 are based on laser induced fluorescence measurements of 10 and HCHO
production following photolysis of CH2l2/O2/N; at 100 Torr by Gravestock et al.,®
and were obtained by fitting a model containing reactions R5.2b and R5.8-R5.10 to
the experimentally observed HCHO, assuming that all CH21O produced in R5.8
rapidly decomposes to HCHO + I. For R5.11, the rate coefficient used in the analysis
is that used by Ting et al.,® which is higher than the current IUPAC recommendation®®
but was required to adequately model the 10 loss in the system, suggesting the
presence of other loss processes for 10 which could not be separated from 10 + 10
with any sensitivity. While there is some sensitivity of kss to R5.8-R5.11,
uncertainties for kss reported in this work include uncertainties arising from

sensitivity to the rate coefficients for R5.8-R5.11.
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Figure 5.17: Sensitivity of a) ks 3 and b) ks 4 to the rate coefficients adopted in the model used to fit to
experimental observations. Results are shown for analyses at 70 Torr (red) and 300 Torr (blue).
The sensitivity factor is calculated using Equation 5.11 and defined as the fractional difference
in the fit result subtract 1 for a) ks 3 and b) ks4 compared to the fit result determined using the

rate coefficients as given in Table 5.1.
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The potential for reaction between CH.OO and peroxy radicals (RO), such as
CH2102, has been investigated in theoretical studies, with predicted rate coefficients
for CH,00 + RO reactions between 3.74 x 102 cm®s™ and 1 x 1071 ¢m3 1.5 4142
The impact of any such reaction on the results reported in this work was investigated
by incorporating a reaction between CH,OO and CH2IO: in the model at the upper
limit of the predicted rate coefficients for CH200 + RO». Results at 70 Torr were
affected by ~2 %, with those at 300 Torr affected by ~5 %.

Simulations were also performed to determine the sensitivity of the results for ks 3 and
ks.4 on the products of CH>0OO + | specified in the model. Since the products, and
branching ratios, of CH.OO + | are uncertain, fits were performed in which the
reaction was considered simply as a loss mechanism for CH.OO and | (i.e. with no
products specified, as shown in Table 5.1), and in which varying branching ratios
were considered for production of CHzl + Oz, CH2102, and HCHO + IO:

CH200 +1 — CHal + 02  (R5.4a)
+M

CH200 +1 —  CH2102 (R5.4b)

CH200 + | — HCHO + 10 (R5.4c)

where branching ratios are defined as o, p and y for reaction channels R5.4a, R5.4b

and R5.4c respectively, forming CH2l + Oz, CH2102 and HCHO + 10 respectively.

The impacts on ks 3 and ks 4 of varying the branching ratios for channels R5.4a-c are
shown in Figure 5.18. For ks 3, there is little sensitivity of the results to the nature of
the products or branching ratio for R5.4. For ksa4, there is some sensitivity to the
branching ratio adopted in the model, particularly at low pressures and if the reaction
proceeds primarily via R4a to form CHzl + O.. Although Su et al. predicted that
production of CHal + O is the dominant reaction channel for R5.4, the kinetics of this
reaction pathway are not expected to exhibit any significant pressure dependence, and
the lowest energy pathways in the reaction result in production of CH210, or HCHO
+10.1 R5.4a is expected to be thermodynamically unfeasible due to the existence of
an activation barrier to such a reaction given the reactants are lower in energy, i.e.
more stable, than the products, hence an additional driving force is required for the
reaction to occur, and since the forward reaction between CH.I and O, has been shown

to occur (R5.2a and R5.2b) and is fast, the reverse reaction between CH>0O and | to
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produce CHzl and O; (R5.4a) is unlikely to occur. Previous measurements of the
HCHO products of CH.OO0 chemistry from this laboratory indicate that the CH.00
self-reaction and CH200 + | ultimately produce HCHO in 100 % vyield, either directly
or via formation and subsequent chemistry of CH210,.2% 3! Ting et al.® have also
indicated that channels producing CH2102 and HCHO + 10 are more significant than
that producing CH2l + O». The possibility that the reaction proceeds 100 % via R5.4a
has therefore been excluded from further analysis. For all other combinations of
branching ratios, the results for ks.4 are within 20 % of the value given by the model
in which the reaction is treated as a loss mechanism for CH.OO and | but with
products unspecified. Results reported for ks 3 and ks 4 in this work used the model as
shown in Table 5.1 (i.e. with products for R5.4 not specified) and include uncertainties
resulting from assumptions regarding the rate coefficients and branching ratios
adopted in the model.
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Figure 5.18: Sensitivity of a) ks.3 and b) ks 4 to the branching ratios adopted in the model for the reaction
between CH,00 and | (R5.4). Branching ratios are defined as o for channel R5.4a (producing
CHal + Oy), B for channel R5.4b (producing CH21O;), and vy for channel R5.4c¢ (producing HCHO
+ 10). Results are shown for analyses at 70 Torr (red) and 300 Torr (blue). The sensitivity factor
is calculated using Equation 5.11 and defined as the fractional difference in the fit result subtract
1 for a) ks.3 and b) ks.4 compared to the result determined for fits in which no products for R5.4

are specified.

5.4.2.3  Source of 10 Radicals

The production of 10 following photolysis of CH2l2/O> mixtures has long been an
outstanding question in the literature and has been investigated in a number of
previous studies, with several arguments proposed to explain the source of 10 within
the system. Early studies of the reaction between CH:zl and O indicated that 10 was
produced directly from CHal + 0.6 3743 44 However, later studies have provided
evidence that 10 is not produced directly from the reaction between CH:l and O, but
is a product of secondary reactions involving | atoms.® 38 45 46 Dillon et al.®
monitored the production of 10 using laser-induced fluorescence (LIF) spectroscopy
following photolysis of CH212/O- at a wavelength of 351 nm at pressures between 15

and 60 Torr, and observed a non-linear dependence of the 10 yield on the fluence of
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the photolysis laser and on the concentration of O, suggesting an indirect
radical-radical mechanism. Subsequent work was carried out by Gravestock et al.,*®
in which 10 was monitored via time-resolved broadband UV absorption spectroscopy
following photolysis of CH2l./O; at wavelengths of 193 nm or 248 nm at room
temperature and atmospheric pressure, under which conditions the chemistry of
CH2102 dominates over that of CH200 owing to the pressure dependent branching
ratios for CHzl + Oz. Gravestock et al. observed a dependence of the production rate
and yield of 10 on the concentrations of CH:l, and O, indicating an indirect
mechanism and leading to the suggestion that the production was dominated by the
reaction between CH102 and 1. Ting et al.® have also indicated that production of 10
at high pressures is dominated by CH2102 + | (R5.9), while production at lower
pressures (p < 60 Torr) is dominated by CH.00 + | (R5.4). Foreman and Murray*®
monitored the production of I10(v=0) and 10(v=1) using cavity ringdown
spectroscopy following 355 nm photolysis of CH2l2/O. at 52 Torr and 295 K, with
measurements indicating that the production of 10(v=0) was dominated by secondary
chemistry, such as CH>OO + I. Production of 10(v=1) was observed to occur with a
rate coefficient five times larger than that for IO(v=0), but with a smaller yield, with
results indicating direct production of 10(v=1) from the reaction of excited CHl*

with O, and a dependence of the mechanism on the degree of excitation of CH21.%

Typical 10 concentration-time profiles observed in this work were found to be
characterised by a rapid production of 10 that occurs within 1 ms of photolysis,
followed by a slower production and subsequent decay, as has been observed in
previous studies.3 % In this work, the initial 10 concentration observed from the rapid
production and the peak 10 concentration were both observed to be dependent on the
initial concentration of CHal radicals. The initial concentration of CH2l in the system,
[CH2l]t=0, was determined from the observed depletion in CH:zl> absorbance. The
concentration of 10 radicals produced in the initial rapid process and hence observed
at the first post-photolysis time point, [10]i=1.64x10*s, Was observed to be directly
proportional to [CH2l]=o, as shown in Figure 5.19a, with a yield of rapid 10 formation
of (14.8 £ 0.5) % of the initial CH2l concentration. Similarly, the maximum or peak
1O concentration, [I0]max, Was also observed to be directly proportional to [CH2l]:=o,
as shown in Figure 5.19b, with an 10 yield of (17.2 + 0.5) % of the initial CHal
concentration.
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Figure 5.19: Relationships between a) the concentration of 10 produced within 1 ms of photolysis, i.e.
observed at the first post-photolysis time point, and the initial concentration of CH:lI, and b) the
maximum concentration of 10 and the initial concentration of CH,l. Linear fits to the data (red
lines) give a) gradient = (14.8 + 0.5) and intercept = (-2.3 + 6.1) x 10° cm™ and b) gradient =
(17.2 £ 0.5) and intercept = (3.5 + 0.6) x 10%° cm3,
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Gravestock et al.®® observed similar behaviour in the dependence of the peak 10
concentration on the initial CH2l concentration, but with a higher yield of yield of
30-40 %, with results indicating that 10 is not a direct photolysis product of CH2l2/O>
but is produced via secondary radical processes. It was postulated that 10 could be
produced by a multi-photon process on photolysis of CHzl, at 248 nm, leading to the
production of CH> radicals which react rapidly with the excess Oz to form HCHO +
O, with subsequent production of 10 through the reaction of O + CH2l> — 10 + CHol.
However, this mechanism could only account for ~5 % of the 10 observed in the
system.*® Subsequent work by Foreman and Murray*® monitored production of both
I0(v=0) and 10(v=1) by cavity ringdown spectroscopy following CH2l./O2 photolysis
at 355 nm, and found 10(v=0) to be predominantly formed through secondary
chemistry involving formation of CH.OO which reacts with | atoms, while 10(v=1)
was formed exclusively via a direct mechanism of CH2l + O2 with a rate coefficient
that was five times larger than that for 10 (v=0), yet the maximum vibrationally
excited population was observed to be significantly smaller than that of the ground
state. This observed behaviour suggested production of excited CHzl* radicals is
required for direct production of 10, which is generated on reaction with Oa. It was
concluded that as collisions and reactions remove the photolytically produced
internally excited CH2I* population, the direct reaction is quenched, and the slower
sequential mechanism continues to result in predominantly 10(v=0). The impact of
excited CHl* on secondary production of HCHO and OH radicals has also been

observed in other studies of CH200 chemistry.? 47

In this work, the focus for 10 radicals is on the 10 production in the system which
occurs following the initial rapid production. Figure 5.20 shows the ratio of the
maximum observed IO concentration to the concentration of 10 generated by the
initial rapid production observed in this work, representing the yield of 10 produced
in the system following the initial rapid growth, as a function of pressure. The yield
of 10 was observed to increase with increasing pressure, with limited production of
IO at low pressures. Model simulations constrained to the observed initial 10
concentrations (i.e. the rapid 10 production) were compared to the observed temporal
behaviour of 10 to investigate the impacts of CH>0O + | (R5.4) and CH2102 + 1 (R5.9)
on the subsequent production of 10 using the mechanism given in Table 5.1. The rate

coefficient used for R5.9 in the model shown in Table 5.1 is taken from the work of
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Gravestock et al.,*® in which laser-induced fluorescence was employed to monitor the
formation of 10 and HCHO following photolysis of CHl,/O; at 100 Torr, with
kinetics determined by fitting to the HCHO observations. A mechanism producing 10
directly from CHzl + O2 was found to be inconsistent with their observations, which
led to the conclusion that the formation and subsequent reactions of CH2102 are most

likely to be responsible for 10 production.
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Figure 5.20: Ratio of the maximum observed 10 concentration to the concentration of 10 generated by
the initial rapid production observed in this work, representing the yield of 10 produced in the
system following the initial rapid growth, as a function of pressure. Uncertainties are the 1o

standard deviation of the mean values at each pressure.

Production of 10 in the system following the initial rapid production in this work
potentially results from the chemistry of CH>OO or CH2IOz, or a combination of the
two. If produced through reactions of CH>OO, 10 can be produced either directly, via
R5.4c, or indirectly, via R5.4b by way of production of CH2102 which then proceeds
to generate 10 through R5.9. Figures 5.15 and 5.16 indicate that R5.4b is the dominant
channel of the CH>0O + I reaction and that R5.4c does not occur since association
reactions, such as R5.4b, exhibit pressure dependence whereas bimolecular reactions,
such as R5.4c, do not. As the fit of the Lindemann equation through the experimental
data (Figure 5.15 and 5.16) shows that at zero pressure the overall rate coefficient of
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R5.4 is zero or very small, this signifies that the contribution of R5.4c to the overall
rate coefficient for R5.4 is not significant. Since R5.4a has already been excluded as
a potential pathway for the reaction between CH>0O and | at 298 K, this suggests that
the only viable channel for this reaction is the production of the CH2102 peroxy
radical. Figure 5.21 shows typical comparisons between observed and simulated 10
profiles, constrained to the initial observed 1O concentrations, in which R5.4
exclusively produces CH210- (i.e. R5.4b is the only reaction pathway considered), at
two different pressures. Simulations in which R5.4 produces 100 % CH:IO;
underpredict the observed 1O at early times following photolysis where a growth is
seen, and overpredict the observed 1O at late time points following photolysis where
the 10 decay can be observed. This suggests that both the production and decay of 10
in the system are underestimated in the model as listed in Table 5.1. This discrepancy
between observed and simulated 10 may be due to uncertainties in the chemistry of

the CH210> peroxy radical.
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Figure 5.21: Experimentally observed 10 concentrations (black points) and simulated 10 profiles using
the mechanism given in Table 5.1, except where specified otherwise, and constrained to the
observed 10 concentration at t = 1.64 x 10“ s, at a) 70 Torr and b) 300 Torr. The reaction
between CH,00 and | (R5.4) was set to produce CH210; with 100 % yield (red). Adjustments
made to the rate coefficients of the CH210- self-reaction (R5.8) and the CH2lO; + | reaction
(R5.9) to simulate 10 profiles which better represented the 10 observed in the system than using
rate coefficients as given in Table 5.1 were a) 3 x ksg (green), 1.5 x ksg (orange) and a
combination of both 3 x ksg and 1.5 x ksg (blue) for which p = 70 Torr, [O,] = 1.49 x 10 cm?,
[CH2lz] = 1.57 x 10% cm'3, and [CH200]=0 = 6.77 x 10 cm™ and b) 2.75 x ksg (green), 1.25 x
ks.9 (orange) and a combination of both 2.75 x ks g and 1.25 X ks g (blue) for which p = 300 Torr,
[02] = 1.76 x 107 cm3, [CHal2] = 1.30 x 102 cm3, and [CH.00]= = 3.50 x 10 cm3,

To investigate whether this is the case, simulations were performed in which the rate
coefficients for reactions involving CH210, (R5.8 and R5.9) were systematically
increased and decreased, and the simulated 10 profile was compared to the
experimental data. Figure 5.21 shows that while increasing the rate coefficient for the
CHo:IO: self-reaction (ks.g) brings the simulated 10 at late times into agreement with
the observed 10O, it is still underestimated at early times. It can also be seen that
increasing the rate coefficient for the CH2102 + | reaction (ks9) increases the 10
production such that the experimentally observed 10 at early times is accounted for,

but overestimates 10 at later times. On average, an increase in the rate coefficient for
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the CH210- self-reaction of a factor of 3 was required in order to simulate an 10 profile
in agreement with the observed 10 whereas the increase required for the rate
coefficient of the CH2102 + | reaction is approximately a factor of 2. An example of
the 10 profiles simulated upon these adjustments to the rate coefficients for the
CH2I0 self-reaction and the reaction between CH2102 and | and their comparison to
experimental data is given in Figure 5.21a for data at 70 Torr and in Figure 5.21b for
data at 300 Torr. These results suggest that kinetics of CH2102 chemistry in the model,
in particular that of the CH210> self-reaction, need to be significantly altered in order
to account for the observed 10 in the system. It should be noted that these adjustments
to the rate coefficients of R5.8 and R5.9 show that a combination of changes to both
rate coefficients may be required, and demonstrate the magnitude of these changes, in
order to produce an 10 simulation which can account for the 10 observed in the
system. However, a quantitative analysis of CH2102 chemistry is outside the scope of
this work. It is worth noting that an attempt was made to simultaneously fit the
numerical integration model listed in Table 5.1 to both time-resolved CH.OO and 10
traces experimentally observed in this work, however the model showed little
sensitivity to the experimental 10 data. Results reported in this work for ks.3 and ks 4
include uncertainties arising from assumptions regarding rate coefficients and

branching ratios used in the model given in Table 5.1.

5.4.2.3.1 CH200 + 10 Sensitivity
Impacts of a potential reaction between CH20O0 and IO were also investigated in this
work through model fits in which the reaction between CH>OO and 10 was included
in the mechanism. A previous study in the literature has provided an estimated rate
coefficient of this reaction of 1.5 x 1071° cm® s, where the main focus of the study
was determination of the kinetics of the CH>OO + O3 reaction and no 10 data was
collected.*® Work has also been carried out in this laboratory to determine the rate
coefficient of the reaction between CH>OO and Og, in which both CH.OO and 10
were measured simultaneously and a fitting scheme along with numerical integration
have been used to determine the rate coefficient of the CH>0OO + 10 side reaction in
this system, giving a value of (7.6 + 1.4) x 10"** cm® s'2.%° It was reported that results
for the rate coefficients determined for CH,OO + Oz and CH>00 + 1O were not
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sensitive to the value of the rate coefficient for CH.OO + | owing to the low
concentration of | atoms in the system as a result of efficient titration of I to 10 through
reaction with Os. Under such conditions of high [Oz], | atoms are rapidly converted
to 10 leading to a higher relative concentration of 10 to I, and hence the dominant
secondary chemistry reaction is shifted from CH>OO + 1, as in this work, to CH.00
+10.

CH200 + 10 — products (R5.12)

In this work, fits were performed with the rate coefficient for CH.00 + 10 fixed to a
series of values between 1 x 101t and 1 x 10°1% cm® s%, with the mechanism otherwise
as shown in Table 5.1. However, results for ks3 and ks obtained by fitting to the
observed CH>OO profiles showed low sensitivity to the inclusion of a reaction
between CH200 and 10 in the model with a rate coefficient below 1 x 101° cm?®s?,
regardless of whether the model was constrained or unconstrained to the observed
initial 10 concentrations. This confirms the expectation that the reactions of CH,OO
with itself and the | atom dominate the system considering the relative amounts of
CH200, I and 10 ([I]>[CH200]>[I0]), and hence sensitivity of the system to R5.12
is expected to be minimal. Figure 5.22 shows the impacts on the fit results for ks 3 and
ks4. For the largest rate coefficient adopted in the model for CH,OO + 10, the fit
results for ks 3 and ks 4 are within 15 % of the values obtained from model fits in which
CH200 + 10 is not considered, with the loss of 10 dominated by the 10 self-reaction.
Results for ks3 and ks.4 reported in this work are thus given from fits performed in

which the reaction CH>0O0 + 10 is not considered.
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Figure 5.22: Sensitivity of ks (green) and ks4 (orange) to the rate coefficient for CH,OO + 10, Ks .12,
adopted in the model used to fit to experimental observations. Results are shown for model fits
performed at p = 300 Torr, at which pressure the effects, if any, of a potential CH,00 + 10
reaction are expected to be most prevalent due to the high yield of 10 in the system. The
sensitivity factors are calculated using Equation 5.11 and defined as the fractional difference in
the fit result for the rate coefficient compared to the result obtained for fits in which CH,OO +

10 is not considered subtract 1.

5.5 Conclusions

The kinetics of the CH>00 self-reaction and the reaction of CH>.OO with I have been
investigated at a temperature of 298 K and pressures between 6 and 300 Torr using
pulsed laser flash photolysis of CH21,/O2/N2 gas mixtures coupled with time-resolved
broadband UV absorption spectroscopy.*® Kinetics of the CH,0O0 self-reaction have
been shown to be independent of pressure over the range investigated, with a rate
coefficient of (8.0 + 1.1) x 101t cm® s over all pressures, in agreement with results
reported by Ting et al.,® Buras et al.? and the results of Chhantyal-Pun et al.* at 7 Torr.
The reaction between CH>OO and 1 is significant in the reaction system, with a

pressure-dependent total rate coefficient ranging from (1.1 *22) x 102 cm3 s at 6

11

Torr to (5.5 + 2.1) x 10* cm® s at 300 Torr which can be parameterised by a
Lindemann fit using ko = (4.4 + 1.0) x 10?° cm® s and ks = (6.7 + 0.6) x 10** cm®
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s, The pressure dependence observed in the rate coefficient of the CH.00 + |
reaction in this work, with an extensive dataset over a range of pressures and initial
radical concentrations, offers some clarity as to the source of the discrepancies in
previously reported measurements and reconciles the results of Ting et al.?
Chhantyal-Pun et al.* and Buras et al.? The production of 10 in the system has also
been investigated as a function of pressure. Results indicate that 10 formation results
from the chemistry of both CH>OO0 and CH2IO,, with relative contributions from
CH200 and CH2lO2 chemistry varying as a function of pressure owing to the
pressure-dependent yields of CH,OO and CH210, from CH2l + O and the pressure
dependence of the CH>0O0 + | reaction.
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Chapter 6

Identification, Monitoring, and Reaction Kinetics of
Reactive Trace Species Using Time-Resolved Mid-Infrared
Quantum Cascade Laser Absorption Spectroscopy:
Development, Characterisation, and Initial results

The behaviour of reactive intermediates is critical to understanding the chemistry of
complex systems. In the gas phase, reactive intermediates govern the chemistry and
composition of planetary atmospheres,! the interstellar medium and star-forming
regions,? as well as controlling combustion processes and autoignition.® # In the
Earth’s atmosphere, the chemistry of reactive intermediates determines the rate at
which compounds emitted into the atmosphere are removed and transformed into
other species, and thus drives changes to air quality and climate (refer to Chapter 1

for further details).>®

Experimental investigation of the spectroscopy, Kinetics, and reaction mechanisms of
reactive intermediates is key to understanding the behaviour of such species, requiring
sensitive and specific detection techniques capable of monitoring changes in
concentrations during the course of reactions commonly occurring on microsecond to
millisecond timescales. Flash photolysis experiments, in which a reactive species is
generated rapidly by a brief pulse of light from a flashlamp or laser and then monitored
throughout its subsequent reactions (further information is provided in Chapter 3),
have enabled the study of many reactions of interest. However, while the flash
photolysis method can be coupled to a wide range of techniques to determine the
kinetics of a reaction, limitations remain, particularly surrounding the identification

of reaction products and measurements of product yields.

6.1 Measuring Reactive Trace Species

For the study of fast reactions, spectroscopic or mass spectrometric techniques are
typically required to provide the necessary time resolution. A detailed
intercomparison of some of the most widely employed analytical detection techniques

for atmospheric chemistry applications is provided in Chapter 3, therefore only a brief
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discussion is given here. Laser-induced fluorescence (LIF) spectroscopy has been
demonstrated to have both high sensitivity and specificity for the measurement and
identification of reactants and products, but is not an absolute technique and so
requires either calibration or the use of an internal standard to determine yields.’
Moreover, LIF can only be applied to the relatively small number of species that
exhibit fluorescence spectra. Mass spectrometry can be applied more widely,
particularly if soft ionisation techniques such as photoionisation are employed, but
such techniques can be costly and require sampling of a reaction mixture into an
ionisation and detection region which can limit investigations to low pressure
regimes.®'! Absorption techniques can therefore be beneficial as these can provide

absolute measurements over a wide range of temperatures and pressures.

Absorption measurements based on ultraviolet (UV) spectroscopy have been used
successfully to measure the kinetics of a wide range of reactions of interest, with
advantages for radical-radical reactions where absolute concentrations are required.
While UV absorption spectra can be relatively broad and featureless,'? developments
in the use of broadband light sources have enabled the separation of multiple
absorbing species with overlapping spectra,® particularly if any of the spectra display
distinctive vibronic structure, such as in experiments discussed in Chapter 4 for the
determination of the UV absorption cross-sections of the simplest Criegee
intermediate formaldehyde oxide, CH.0O0. Multipass* and cavity enhanced
techniques®® can also offer significant improvements to sensitivity. However, UV
absorption experiments are typically employed to monitor changes in reactant
concentrations to determine reaction kinetics, such as in experiments discussed in
Chapter 5 for the determination of reaction kinetics of the CH.OO self-reaction,
CH.00 + CH»00, and the CH.OO + I reaction, but identification of products and
measurement of product yields is often not possible owing to a lack of suitable UV

absorption features or low UV absorption cross-sections for product species.

There is thus interest in the development and use of infrared (IR) techniques which,
despite lower absorption cross-sections compared to the UV, have the potential to be
implemented more extensively since most species exhibit some features in the IR
region of the spectrum. IR absorption techniques are also often advantageous over
other spectroscopic methods since IR transitions are typically not dissociative, 16
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and as a result do not suffer lifetime broadening or probe-induced photochemistry,
and Doppler broadening in the IR is less problematic than in the UV or visible, leading
to better resolution of closely spaced features.'® 1 Furthermore, the distinct structure
of ro-vibrationally resolved spectra observed in high resolution IR can avoid
by-product interferences, provides high selectivity and allows for unambiguous
identification of species, especially desirable when more than one species which
absorbs in the same region is present. Where reaction products cannot be measured
via UV absorption, IR absorption provides a method to detect and track product
formation from which rates of reaction, identification of products and quantification

of product yields can be determined.

The mid-IR region of the electromagnetic spectrum (between 2.5 and 25 um or 4000
and 400 cm™) is of particular interest for spectroscopic measurements since it presents
windows of atmospheric transmission where many molecules of interest, including
but not limited to CO, CHa4, NO, N0, HCHO, NH3 and SO,,'" have fundamental
absorption bands. Furthermore, the majority of complex organic molecules (typically
more than 5 atoms) have signatures between 7 and 12 um. Absorption spectra in the
mid-IR of major small atmospheric species of potential interest for atmospheric
chemistry are shown in Figure 6.1. Because the absorption lines for a given gas can
typically be several orders of magnitude (often 100x) stronger or more intense in the
mid-IR than the near-IR overtone or combination bands (0.7-2.5 um or 14,000-4000
cm™), there has been significant activity in recent years to develop practical, room

temperature tuneable lasers to cover this region.
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Figure 6.1: Absorption spectra in the mid-IR region (2.5-25 pm or 4000-400 cm™) for major
atmospheric species as simulated from the HITRAN data base showing integrated line intensities

at 296 K . Reproduced from reference 17.%

For many reactions of atmospheric interest, products have been determined by
long-path Fourier transform infrared (FT-IR) absorption spectroscopy in atmospheric
simulation chambers used to study reactions at a mechanistic level, 2! but this
method has relatively poor time resolution compared to direct studies of elementary
reactions and can be influenced by secondary chemistry and wall reactions which may
transform reactive products into more stable species on the timescale of the
experiment. Step-scan FT-IR experiments,?> 23 in which spectra are recorded at
successive timepoints during the course of a reaction, offer improved time resolution
and aid direct identification of reaction products. However, step-scan FT-IR has
relatively poor spectral resolution compared to other techniques and is not typically
employed to investigate reaction kinetics owing to the length of time required to
record a suitable time profile.
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6.2 Quantum Cascade Lasers

Diode lasers,'® quantum cascade lasers (QCLs),?*?® and frequency comb lasers®®-3!
can be used to give both high spectral resolution and high temporal resolution, and
can be applied to measurements of transient species. Frequency comb lasers can
provide extremely high resolution spectra, but there are, at present, relatively few
examples® of their application in chemistry and chemical kinetics owing to relatively
high cost and complexity of the experimental setup. In contrast to diode lasers,
mid-infrared QCLs do not require cryogenic cooling operation and do not suffer issues
related to uneven diode quality or unpredictable tunability.'® The spectral output of
QCLs can be tailored to transitions over a wide range, providing access to regions of
the spectrum not readily accessible with diode lasers or frequency comb lasers.?® 27 32
QCLs have high output powers, and can reach several hundred mW to ~1 mw,6.26-28
compared to typical powers of a few mW for diode lasers,® and absorbances on the
order of 10 have been reported for QCL-based infrared absorption experiments for
stable species.®® The high resolution, specificity, and sensitivity of QCL-based
absorption techniques has led to the development of a number of field instruments for
detection of trace species in the atmosphere,'” * including CH4,% % C0,,*®¢ OCS,*®
N20,%%7 H,0,% HCOOH,*® and HONO® which can be challenging to monitor by
other methods. The high power and spectral resolution of QCL light sources, enabling
sensitive and specific experiments in regions of the spectrum characterised by strong
fundamental transitions, have also led to interest from the chemical kinetics

community.

QCLs consist of layers of semiconductor material that create a series of coupled
quantum wells in which the layer thickness determines the depth of the quantum well
and thus the energy of emitted photons.?* 28 In contrast to diode lasers, which involve
electronic transitions between conduction and valence bands, laser action in QCLs
involves intersubband transitions within the conduction band, typically via a
three-level system.?:4% 4! In the absence of an electric field, electrons are confined in
the quantum wells within an injector region. When an electric field is applied, the
guantum wells within the injector region align and electrons are injected into an upper
intersubband state, creating a population inversion. Relaxation of electrons to a lower

intersubband state, resulting in photon emission, followed by tunnelling of electrons
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from the lower intersubband state into the injector region of the next layer creates a
cascade of electrons as the layer structure is traversed, leading to increased photon
emission and significant optical gain.?® This design of alternating wells and barriers,
or active and injector regions, often numbering 500-1000,% is shown in Figure 6.2
which schematically illustrates the operating mechanism of QCLs. Broadband
emission can be achieved using external cavity (EC) QCLs, which can give coverage
of several hundred cm™, or Fabry-Perét (FP) QCLs, giving coverage of ~50 cm™,
while single mode emission relevant to this work is achieved using distributed
feedback (DFB) QCLs.*? For emission in the mid-IR, DFB QCLs can be operated at
room temperature, with control of the temperature of the semiconductor and the

applied current allowing fine tuning of the laser output within a range of ~5 cm™.3?
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Figure 6.2: Simplified schematic of the working mechanism of QCLs, showing the conduction band
structure for the QCL, where the laser transition is between subbands 3 and 2. Reproduced from

reference 26.%

Pulsed QCLs have been used to measure the production of CO in the combustion of
n-heptane,*? and have been used to determine the IR absorption spectrum and
cross-sections of the Criegee intermediate CH200.%* Quasi-continuous QCLs,
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pulsed QCLs in which the pulse period is relatively long compared to the lifetime of
the species under investigation, have also been used to investigate the spectra and
kinetics of CH,00,% and continuous wave (cw) QCLs have been used to investigate
the kinetics of not only CH,00%-! but also other larger Criegee intermediates*’ as
well as the spectroscopy and kinetics of the atmospherically important peroxy radicals
HO, 5258 and CH30..%* Measurements of SO, and SOg at high sensitivity have also
been demonstrated using quasi-continuous QCLS, used to detect and monitor SO, and
SQOs in aircraft test combustor exhausts at room temperature.> Figure 6.3 shows the
approximate wavelength region coverage for tuneable lasers in the IR region including
QCLs, and demonstrates the versatility of mid-IR QCLs since they operate at useful
wavelengths for measurement of many trace atmospheric species in this region, as
depicted in Figure 6.1. In recent years, the design flexibility of QCLs has further
expanded the achievable wavelength range to ~3-25 um, resulting in almost complete
coverage of the mid-IR region.?® While mid-IR QCLs have been employed to study
the kinetics and spectroscopy of reactive species relevant to atmospheric chemistry,
there are still few examples of the use of QCL-based techniques to identify reaction

products and to determine product yields.
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Figure 6.3: Wavelength region coverage for room temperature, solid state tuneable lasers in the IR,
with arrows indicating the direction of research activity in a rapidly developing field. Key: CW-
continuous wave; QW DFB- quantum well distributed feedback; VCSEL- vertical cavity surface
emitting laser; DFG- difference frequency generation; ICL- interband cascade laser; OPO-

optical parametric oscillator; QCL- quantum cascade laser. Reproduced from reference 16.6
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6.3 Criegee Intermediate + SO2 Reaction

A new experimental system has been developed in this laboratory using mid-IR QCL
measurements of reactive and product species as the basis for detection. The intention
of developing such an instrument is to monitor reaction kinetics and product yields of
reactions of interest. One such reaction of interest is that of CH200 + SO, since it
has potentially significant atmospheric implications, which are discussed further in
this chapter and in Chapter 1. As part of the development and characterisation of the
new experimental system developed in this work, it was important to study and
measure a reaction with well-established kinetics using this new system to test the
system’s accuracy, validity and reproducibility. Since the kinetics of the reaction
between CH>OO and SO are now well-established in the literature, details for which
are provided below, this reaction was selected to be used as a test case for the system.
Employing mid-IR QCL detection during this work also enabled the product yields of
the CH200 + SO- reaction to be investigated, which are not as well studied and

established in the literature as the kinetics of the reaction.

The reactions of Criegee intermediates with SO, have been demonstrated to be
important in the atmosphere (refer to Chapter 1 for further information). The
bimolecular reactions between Criegee intermediates and SO result in the production
of sulphate aerosol, secondary organic aerosols (SOA) and sulphuric acid, H2SOa,
through oxidation of SO to sulphur trioxide, SOs, and thus influence air quality and
climate.>®®® It is essential to study these reactions to determine the kinetics and
product yields, and hence quantify their impact on the atmospheric concentration and

subsequent chemistry of other trace species.

The first direct measurements of the kinetics for the reaction between CH,OO and
SO, were carried out by Welz et al.*® at 298 K in 4 Torr of He, following 248 nm
photolysis of CHzl. in excess O, and a rate coefficient of (3.9 + 0.7) x 10!t cm® s?
was reported with the products of the reaction predicted to be HCHO + SOa. This rate
coefficient was several orders of magnitude larger than previous measurements based
on indirect measurements in ozonolysis reactions, with potentially significant impacts

on the understanding of atmospheric oxidation of SO,.

CH200 + SO - HCHO + SOs3 (R6.1)
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Following the work of Welz et al., several studies have investigated the kinetics of
the CH200 + SO; reaction at room temperature using the same photolytic production
method of CH,0O first proposed by Welz et al.® Various spectroscopic techniques
have been employed in these subsequent studies to detect either CH,00,4: 6266
HCHO formed by the reaction,® or OH as a proxy for CH,00.%":%8 A summary of the
previously measured values reported in the literature for the rate coefficient of this

reaction, ke.1, is provided in Table 6.1.

Temperature  Pressure  Photolysis  Detection Bath kg1 /10

Study . 31
/K | Torr 1 nm Technique gas cm°s
ngglcezthl., 208 4 248 PIMS He  39%0.7
Sheps, 295 5 255 UVA  He 4103
2013% ° T
Stone et al 295 50-450 355 HIC_JIIFIO N2
one et al 3.42+0.42
295 15 248 PIMS He
'-'2“032‘7'-’ 295 50-200 351 LIFOH  Ar 353029
Chhantyal-
Punetal., 295 30 355 CRDS N 3.80%0.04
2015%
aT“ggglgés 298 30-756 248 UVA N, 357+028
LIZUO §t7 al, 300 10 355 LIFOH Ar 3.88%0.13
Howes et 295 2 248 PIMS He 3.74+0.43
66
al., 2018 295 50 248 UVA N 3.87+045
cand 295 10.4 266 FTAR N2 36%0.1

Table 6.1: Summary of results for the rate coefficient of the CH,OO + SO, reaction (ks1) reported in
the literature in experiments using laser flash photolysis (LFP) of CH:l, in the presence of excess
O, coupled with a range of detection techniques. PIMS = photoionisation mass spectrometry;
UVA = ultraviolet absorption; LIF = laser induced fluorescence; CRDS = cavity ringdown

spectroscopy; FT-IR = Fourier transform infrared.

248



Chapter 6 Time-Resolved MIR-QCL Absorption Spectroscopy Instrument

The number of photolytic experiments investigating the CH.00 + SO reaction
employing a wide variety of detection techniques and over a range of pressure
conditions, and the good agreement between the results determined from these various
studies summarised in Table 6.1 suggest that the rate coefficient for this reaction at
room temperature is relatively well characterised and shows no significant pressure
dependence at pressures between 1.5 and 760 Torr.®® The current IUPAC

recommendation for the CH.00 + SO reaction is a pressure independent rate

coefficient of (3.70%045) x 1071t cm® s at 298 K.%°

The pressure dependence of the CH.OO0 + SO- reaction was investigated by Stone et
al.®3 over the pressure range 1.5-450 Torr and a pressure independent rate coefficient
for the reaction of (3.42 + 0.42) x 101! cm3 s! was reported. This experimental study
employing laser induced fluorescence (LIF) detection of the HCHO produced in the
reaction between CH>00 and SO, (R6.1) observed HCHO production in 100 % vyield,
which, along with the lack of pressure dependence observed in the kinetics for this
reaction, not only suggest that HCHO, and thus SO3, are products of the reaction, but
also imply that SOs is produced in the same yield as HCHO. The SOz product of the
reaction has also been directly observed by photoionisation mass spectrometry
(PIMS) at 4 Torr,”® and by transient step-scan Fourier transform infrared (FT-IR)

absorption spectroscopy at 110 and 214 Torr.*

A number of theoretical studies have also suggested that the dominant product channel
of the CH.O0 + SO> reaction under atmospheric conditions is the production of
HCHO and SOs, with the reaction mechanism occurring via the formation of a
five-membered secondary ozonide cycloadduct.>” 727 Another product channel
proposed by Aplincourt and Rui-L6pez of the SO catalysed isomerisation of CH.00
to formic acid via production of a secondary ozonide is thus rendered a minor channel
of the reaction,”® supported by experimental studies using PIMS™ and FT-IR
absorption spectroscopy’® in which no production of formic acid was observed,
further indicating this to be a negligible product channel of the CH>OO + SO reaction.
An investigation of the potential energy surface (PES) for the reaction between
CH200 and SO, combined with Rice-Ramsperger-Kassel-Marcus (RRKM) or master
equation simulations was carried out by Vereecken et al.>” and Kuwata et al.”* in order

to predict product yields. Both studies reported the reaction to be under the low
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pressure regime with negligible stabilisation of the secondary ozonide up to pressures
considerably above atmospheric pressure, however Vereecken et al.%’ predicted a
yield of 68 % HCHO + SO; at atmospheric pressure whereas Kuwata et al.”* predicted
a yield of at least 97 % at the same pressure.

Mechanisms for the formation of the secondary ozonide and the subsequent
production of HCHO and SO3 from the two studies also differed. Vereecken et al.®’
predicted barrierless formation of the secondary ozonide in the initial encounter
between CH>OO and SO., followed by homolytic cleavage of the O-O bond
producing the OCH>0S(O)O biradical, and subsequent p-scission to form the
dominant HCHO and SOs products. As well as this major product channel, minor
product channels of fomyl sulfinic acid (HC(=0)OS(=0)OH) and bisoxy biradical
(H2C(0)0O) by decomposition of the OCH20S(0)O biradical at yields of 15 % and 17
% respectively at atmospheric pressure were predicted by Vereecken et al.>” On the
contrary Kuwata et al.,”* in qualitative agreement with previous theoretical studies
conducted by Jiang et al.”? and Kurtén et al.,”® predicted the barrierless formation of
a pre-reaction complex in the first reaction step leading to production of the secondary
ozonide, which then undergoes cycloreversion to the direct formation of
predominantly HCHO + SOs. The PES predicted by Kuwata et al.”* incorporated two
distinct stereochemical pathways to product formation owing to the existence of
diastereomeric endo- and exo- conformers of the pre-reaction complex and the
secondary ozonide. This PES predicted and described by Kuwata et al.” and produced
later by Wang et al.”* is shown in Figure 6.4a. A combination of the quantum chemical
calculations carried out with statistical rate theory models allowed for a rate
coefficient for the CH,00 + SO reaction of (3.68 + 0.02) x 10* cm?® s to be
predicted by Kuwata et al., with no significant pressure dependence in the pressure
range 1-760 Torr.”* This predicted value is in good agreement with the results
determined for the rate coefficient of the CH200 + SO reaction from experimental
measurements. Furthermore, a forthcoming publication from this laboratory® of the
first study investigating the temperature dependence of the rate coefficient for the
CH200 + SO reaction in the temperature range 223-344 K and at 85 Torr, using
time-resolved broadband UV absorption spectroscopy to monitor CH20O0, has
demonstrated the reaction to exhibit a negative temperature dependence, consistent

with the PES of the reaction from the calculations reported by Kuwata et al.’”
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Figure 6.4: The potential energy surface (PES) of the CH,OO + SO, reaction a) predicted by Kuwata
et al.” using the B3LYP/6-311G(2d,d,p), reproduced from reference 71,”* and b) obtained using
MESMER calculations by reducing the PES determined by Kuwata et al.”* to only the dominant
mechanism for HCHO + SO; production, giving a simplified PES, reproduced from reference
76.® Two stereochemical pathways proceeding through endo- and exo-forms of species are
shown distinguished by a) the black and red colours respectively, and b) the light blue and dark
blue colours respectively. Calculated energies (in kJ mol?) for transition states, intermediates
and products are a) from the work of Kuwata et al.,”* with the initial steps to form the endo- and
exo-conformers of the pre-reaction complex (3a and 3b respectively) and the secondary ozonide
(5a and 5b respectively) shown in the lower left, and b) from the work of Kuwata et al.,” except
for the endo- and exo-conformers of the pre-reaction complex (3a and 3b respectively) and the
transition state (TS-4a and TS-4b respectively) to formation of the secondary ozonide (5a and
5b respectively), which are from MESMER calculations,” with energies calculated by Kuwata

et al.” shown in light and dark red (for endo- and exo-conformers respectively) for comparison.
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The forthcoming publication from this laboratory also includes a master equation
analysis using the Master Equation Solver for Multi-Energy well Reactions
(MESMER), a full description of which is given in previous work,’”82 which was
used to fit the PES for the CH200 + SO; reaction to the experimentally measured rate
coefficients as a function of temperature.”® These calculations were based on a PES
obtained by reducing the PES determined by Kuwata et al.”* to only the dominant
mechanism for HCHO + SOs production via both stereochemical pathways owing to
the existence of endo- and exo-conformers of the pre-reaction complex and the
secondary ozonide,”® with the reduced or simplified PES shown in Figure 6.4b.
Simulations using MESMER showed that there was no significant loss of accuracy
from reduction of the PES to only the main pathway, and that the reduced mechanism
dominates the fate of the CH.OO + SO reaction under all conditions used in the
calculations (T = 223-344 K and p = 2-760 Torr).”

As stated above, the formation of SOz from the CH.00 + SO reaction indicates that
the reaction has potentially significant implications for the atmospheric production of
H>SO4 and sulphate aerosol. Although the dominant tropospheric removal of CH.OO
is expected to be through reaction with the water dimer, (H20)2 (refer to Chapter 1 for
further details), the reaction of CH,OO with SO; is fast enough to potentially compete
with the CH,OO0 + water dimer reaction and hence impact SO2 oxidation in SO rich
environments and/or under conditions of low absolute humidities. As also mentioned
previously, there is much interest in the investigation of atmospheric species of
interest, including Criegee intermediates and SO2/SOs, using IR spectroscopy. Mid-IR
QCL absorption spectroscopy provides an ideal method of monitoring Criegee
intermediates such as CH.OO, and detecting products of reactions of Criegee
intermediates such as the SOs product of the CH,OO + SO: reaction. Such IR
investigations of Criegee reactions not only yield information of IR spectra but also

allow reaction kinetics and product yields to be determined.

In this work, the development, characterisation, and initial results from a robust and
economical experiment using laser flash photolysis coupled with time-resolved
mid-infrared QCL absorption spectroscopy that can be applied to a wide range of
problems in atmospheric chemistry and beyond are reported. The experimental setup
is described, along with time-averaged measurements of absorption spectra of stable
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species, and time-resolved measurements of photolytically generated species and
reaction products that can be used to determine spectra of reactive species as well as
reaction kinetics and product yields. The kinetics of the CH200 + SO reaction were

measured as a way of testing the experimental system.

6.4 Experimental

A schematic of the experimental setup is given in Figure 6.5. The reaction cell has
been used previously in IR diode laser experiments®®° and consists of a central
cylindrical stainless steel cell of length 70 cm and internal diameter 40 mm, connected
via bellows at each end to stainless steel sections of length 15 cm and 7 cm internal
diameter which are furnished with 60 mm diameter UV grade CaF, windows
(Crystran). The end sections can house spherical mirrors of diameter 50 mm within
the cell to enable internal alignment of a Herriott cell for the IR probe beam. The end
sections of the cell are mounted on axial translation stages to enable changes of up to
5 cm to the distance between the spherical mirrors and alignment of the Herriot cell,

which is facilitated by the bellows connecting the sections of the cell.
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Figure 6.5: Schematic diagram of the experimental setup used in this work, with the red dashed lines

showing the path of the multipass probe beam.
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6.4.1 Gas Handling and Initiation of Chemistry

Reagent gases, such as NO (BOC Special Gases, 99.5 %) and SO (Sigma-Aldrich,
99.9 %) (Section 6.7.2), are prepared manometrically at known concentrations in N2
and stored in glass bulbs before mixing with N> (BOC, 99.99 %), and in some cases,
02 (BOC, 99.999 %), in a stainless steel mixing line at known flow rates determined
by calibrated mass flow controllers (Tylan, 2900 series) (further details are provided
in Appendix 1). For experiments involving species in the liquid phase at room
temperature, such as CHzl (Sigma-Aldrich, 99 %) and CHzl> (Sigma-Aldrich, 99 %)
(Sections 6.7.1 and 6.7.2), the liquid is contained within a bubbler held at 0 °C and
entrained into the vapour phase by passing a known flow of N2 through the bubbler
which is subsequently combined with the main gas flow in the mixing line. Gas
mixtures prepared in the mixing line are passed into the reaction cell via one of the
end sections, with the other end section connected to a rotary pump (Edwards 210
ED660). The total pressure in the cell is monitored by a capacitance manometer (MKS
Instruments, 626A) and controlled by throttling the exit of the cell to the pump, with
cell pressures from < 5 Torr to above atmospheric pressure achievable. Experiments
reported in this work were performed at room temperature, although the temperature
control of the reaction cell is possible by surrounding the cell with ceramic heaters
(Watlow, WATROD tubular heater) or a bath filled with an appropriate solvent (e.g.
methanol) chilled by a refrigerated immersion probe (LabPlant Refrigerated
Immersion Probe, RP-100CD), both of which are available in this laboratory.

For experiments involving reactive species generated by photolysis, chemistry within
the cell is initiated by the fourth harmonic of an Nd:YAG laser (Continuum Powerlite
8010), giving 266 nm (typical fluence 30 mJ cm), or the third harmonic of the same
Nd:YAG laser, giving 355 nm (typical fluence 150 mJ cm™). The photolysis beam
has diameter ~ 1 cm and is aligned through the centre of the reaction cell using a pair
of mirrors (ThorLabs NB1-K04 for operation at 266 nm and ThorLabs NB1-K08 for
operation at 355 nm). For all experiments reported in this work the repetition rate of
the photolysis laser was set to 1 Hz and the flow rate through the reaction cell was
sufficiently high to ensure that a fresh gas mixture was photolysed for each photolysis
shot.
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6.4.2 Monitoring Species and Reactions

Infrared probe radiation is provided by one of several cw mid-IR DFB QCLs,
depending on the application, providing radiation at centre wavenumbers of ~1286
cm™ (Alpes Lasers), ~1390 cm™ (ThorLabs) and ~1906 cm™ (Thorlabs), with tuning
of ~5-10 cm™ around each centre. Temperature and current control of the QCL, which
determines the precise output wavenumber of a given QCL, is controlled by a
combined laser current and thermoelectric (TEC) controller (ThorLabs,
ITC4002QCL). The current and TEC controller is operated in constant current mode,
which provides current control up to 2 A in 0.1 mA steps with accuracy £(0.1 % +
800 pA) and stability < 150 YA, and temperature control between 123 and 423 K in
0.001 K steps with stability < 0.002 K. For QCLs operating at ~1286 cm™ and ~1390
cm?, the QCLs are housed in high heat load (HHL) packages, which are integrated
with a ZnSe aspheric lens to collimate the output beam (divergence < 6 mrad), and
mounted on a heatsink (Hamamatsu HHL mount, A117909-1) to dissipate excess
heat. For the QCL operating at ~1906 cm™, the QCL is mounted on a two-tab C mount
(ThorLabs) housed within a thermoelectrically cooled mount (ThorLabs C-Mount
Laser Mount, LDMC20/M) which also accommaodates a Geltech aspheric lens (focal
length 1.873 mm, ThorLabs, CO37TME-E) to collimate the output beam. Mounted
QCLs are positioned on a pitch and yaw stage (ThorLabs, PY003/M) on an adjustable
height platform (ThorLabs, C1519/M) to aid alignment through two adjustable
aperture irises (ThorLabs, ID8/M) which are separated by > 70 cm. A collimated laser
diode operating at 635 nm (ThorLabs, CPS635R) is co-aligned through the irises via
a mirror (ThorLabs, PF10-03-G01) on a flip-mount (ThorLabs, FM90/M) to guide
alignment of the QCL beam through the reaction cell. After the beam passes through
the second iris, it is directed into the reaction cell by a pair of 1”” Al mirrors (ThorLabs,
PF10-03-GO1), with the beam focussed into the centre of the cell by a 17 ZnSe plano-
convex lens (focal length 1000 mm, ThorLabs, LA7753-G).

There are two options available for alignment of the probe IR beam through the cell
in a multipass arrangement to increase the total pathlength and sensitivity, with the
mirrors reflecting the probe beam located internal to the cell or external to the cell. In
the internal arrangement, circular Au concave spherical mirrors (diameter 50 mm,
radius of curvature 50 cm) are mounted inside the end sections of the cell. The mirrors

have a central 25 mm hole to allow the UV photolysis beam to pass through the centre
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of the cell, and a 6 mm hole at a radius of 20 mm to allow the IR probe beam to enter
and exit the cell. Alignment of the mirrors is achieved using three adjustable screws
accessible from the exterior of the end sections of the reaction cell. During
experiments the mirrors are purged with a low flow (~5 sccm) of N2 provided by Y4”
entry ports in the end sections of the cell and monitored by a gas flow meter (Tylan).
This design enables the alignment of a Herriott cell within the reaction cell, with >30
passes possible, maximising the total path length of the IR probe whilst minimising
the number of passes through the CaF, mirrors.

In the external mirror arrangement, custom built mirror mounts with a central 12 mm
hole are located exterior to the cell and are used to mount six Ag mirrors (12 mm
diameter, 2.4 m radius of curvature, Knight Optical) in a circular arrangement at each
end of the cell, similarly to the arrangement previously described for the multipass
UV absorption experiment in this laboratory.’* These mirrors can be aligned
independently of each other via three alignment screws for each mirror, and enable up
to 13 passes through the reaction cell. While this arrangement has a lower total
pathlength than the internal mirror arrangement, and requires the IR beam to pass
through the CaF> cell windows on each pass, it was found that the stability of the IR
signal was improved compared to the internal mirror setup owing to impacts of
vibrations on the internal mirrors that were less problematic with the external mirror

array.

On the final pass of the IR probe beam through the cell, with either mirror
arrangement, the beam is directed onto a 1” Au off-axis parabolic mirror (reflected
focal length 4”, ThorLabs, MPD149-M01) and focussed onto the detector. The
detector is a DC-coupled photovoltaic Mercury-Cadmium-Telluride (MCT) detector
(Vigo System, PVMI-3TE-8-2x2-TO8-wBaF2-35), integrated with a pre-amplifier
(Vigo System, MIP-DC-100k-F-M4) with bandwidth up to 100 kHz. For a small
number of experiments involving the detection of NO, use of an AC-coupled
photovoltaic MCT detector (Vigo System, PVMI-3TE-8-2x2-TO8-wZnSeAR-35),
integrated with a pre-amplifier (Vigo System, MIP-10k-50M-F-M4) with bandwidth
10 kHz to 50 MHz was also investigated. This is discussed further in Section 6.7.2.
Unless stated otherwise, results shown are those obtained with the DC-coupled
detector.
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The signal is transferred to an oscilloscope via a sheathed BNC cable for data
collection and processing, with the settings on the oscilloscope dictating the time
resolution of the experiment. For measurements of stable species, all spectra reported
in this work were recorded using a traditional oscilloscope (LeCroy Wavenumber-2,
LT262, 350 MHz, 1 GS/s sample rate, 8 bit resolution), while for reactive species
produced in photolytic experiments, the use of a Picoscope (Pico Technology,
PicoScope 6402C, 250 MHz, 5 GS/s sample rate, 12 bit resolution) was also
investigated. This is discussed further in Section 6.7.2.

Synchronisation of the photolysis laser and oscilloscope is achieved using a
custom-built digital delay generator based on National Instruments hardware, with the
overall experiment and data collection controlled by custom LabVIEW software. The
software enables stepping of the current applied to the QCL at a set temperature to
vary the output wavenumber, which is used to measure the variation in the probe
intensity across the tuning range with and without a sample present to determine the
spectra of stable species. For reactive species produced by, or following, photolysis,
the average pre- and post-photolysis intensities are determined over specified time
ranges at each current setting to give the absorption spectrum. Further details are given
in Section 6.7.2.

6.5 Analysis, Results and Discussion

Experiments were carried out in this work to characterise the mid-IR QCL absorption
spectroscopy instrument developed in this laboratory. Time-averaged measurements
of the absorption spectra of stable species, i.e. SO2 and CHzsl, were carried out, as well
as time-resolved measurements of photolytically generated species, i.e. CH>0O, and
reaction products, i.e. SOs, which were used to determine the absorption spectra of
these reactive species as well as reaction kinetics of the CH.OO + SO, reaction as a
function of pressure and investigate the SOz product yield of this reaction as a function
of pressure, which allowed for an estimation of the absorption cross-section for SOs.
A description of the analysis carried out at each stage is provided here along with

results and a discussion of the implications of these results.
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6.5.1 Time Averaged Experiments

Figure 6.6 shows the variation in the output wavenumber with current and temperature
for the QCL centred at ~1390 cm™, measured by directing the output beam into a
commercial FT-IR spectrometer (Bruker IFS66), with the variation in output power,
measured by a thermal power sensor (ThorLabs, S401C & PM100D), with current
given in Figure 6.7. The behaviour demonstrated in Figure 6.6 is typical of the
DFB-QCLs used in this work, and while the resolution of the FT-IR spectrometer is
significantly lower (typical resolution ~0.1 cm™)* than that achievable with the QCL
sources (typical resolution/linewidth < 0.002 cm™),** such measurements can provide
a good indication for the current and temperature settings required to find a

spectroscopic transition of interest.
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Figure 6.6: Variation in output wavenumber for the QCL centred at ~1390 cm™ as a function of the
current and temperature applied to the QCL. The output wavenumber was measured by a

commercial FT-IR spectrometer.
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Figure 6.7: Variation in output power for the QCL centred at a) ~1390 cm™ and b) ~1286 cm™ as a
function of the current applied to the QCL at constant temperatures of 293 K, 298 K, 303 K and
313 K.
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Characterisation of the output wavenumber of the QCL can also be achieved through
measurement of the absorption spectrum of a stable species with a well-defined
rovibrational spectrum. Spectra for SO2 and CHzsl were recorded using the external
mirror arrangement by measuring the variation in QCL intensity across the tuning
range of the QCL for the cell filled with N2 and for the cell filled with N2 and the
species of interest under otherwise identical conditions. The absorbance, Aj, at each
wavenumber v, was calculated from the Beer-Lambert law (refer to Chapter 2 for

further information):

A:=1n (%) ~ 5:[C]i (Equation 6.1)

where 150 and |; are the intensities at wavenumber v without and with the species of
interest present, respectively, o is the absorption cross-section at wavenumber v, [C]
IS the concentration, and | is the path length of the IR probe beam through the sample.
In measurements of stable species in experiments in which no photolysis takes place,
the total path length can be determined from the geometry of the cell and optical

arrangement, and was ~13 m for the measurements discussed here.

Figure 6.8 shows the normalised observed absorbance spectra for SO> and CHal
alongside the comparison to normalised spectra available on the HITRAN database®
which were used to provide a more precise calibration of the QCL output wavenumber
with the current setting than provided by the FT-IR measurements shown in Figure
6.6. The measured spectra indicate the capacity for high resolution measurements
made possible by the narrow laser linewidth, with the resolution of the CHal

measurements significantly higher than that available in the HITRAN database.
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Figure 6.8: Normalised observed spectra (black) for a) SO, and b) CHsl with corresponding normalised
spectra reported on the HITRAN database® (multiplied by -1) (red). HITRAN data for SO, (a)
are given as line intensities, and thus do not account for any line broadening, while those for
CHsl (b) are given as absorption cross-sections at 760 Torr, but at a lower resolution (0.06 cm™)
and with more significant pressure broadening than measured by the QCL experiment and thus
do not display the rovibronic structure evident for the higher resolution and lower pressure

measurements made in this work.
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6.5.2 Time Resolved Experiments

6.5.2.1 Stable Species

Photolytic experiments were initially performed for systems demonstrating a step-
change in the time-resolved signal intensity at a given wavenumber on photolysis,
such that a species was produced or depleted on photolysis with no significant further
chemistry. Figure 6.9 shows the change in intensity by NO observed on photolysis of
a flowing mixture of NO2/N> at a wavelength of 355 nm obtained in experiments using
the QCL centred at 1906 cm™ tuned to an absorption line for NO. Measurements of
the change in NO signal as a function of the initial NO2 concentration were also made,
and are shown in the inset to Figure 6.9. For the measurements of NO, the AC coupled
detector was used, giving relative changes in intensity rather than absolute intensities
which can be used to give absorbance. The QCL was housed in a two-tab C mount
within a thermoelectrically cooled unit, and the internal spherical concave Au mirrors
were used. For all other measurements reported in this work, the DC coupled detector
was used, with the QCLs housed in HHL mounts with the external mirror
arrangement. It was found that the internal mirror arrangement was subject to greater
noise resulting from vibrations within the laboratory than the external mirror
arrangement. In addition, collimation of the QCL beam exiting the two-tab C mount
was more challenging than for QCLs housed in HHL mounts in which the collimation
lens is integrated into the mount, and while collimation of the probe for NO was
achieved, use of HHL mounted QCLs for applications such as those described here is

recommended where feasible.
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Figure 6.9: Normalised change in intensity at ~1906 cm observed on 355 nm photolysis of NO,. For
the data shown in the main figure [NO2]o = 2.3 x 10% c¢cm3, p = 50 Torr, and laser fluence 150
mJ cm=2. The inset shows the normalised average post-photolysis change in intensity as a
function of the initial NO2 concentration (black points) with the line of best fit (red). The
measurements shown were recorded with the AC coupled detector, giving relative changes in
intensity rather than absolute intensities which can be used to give the absorbance. The data

shown are the mean of 1000 photolysis shots.

Figure 6.10 shows the time-resolved absorbance observed on 266 nm photolysis of
CHsl/N2 mixtures and the average post-photolysis change in absorbance as a function
of the initial CHasl concentration. Photolysis of CHsl leads to a decrease in
concentration, and thus an increase in signal intensity and a negative absorbance. The
extent of change in absorbance reflects the absorption cross-section at the
measurement wavenumber, the change in concentration, and the effective path length
resulting from the overlap between the UV photolysis beam and the IR probe beam.
For the 266 nm laser fluence of 30 mJ cm and CHjsl absorption cross-section of 9.7
x 1019 cm? at the photolysis wavelength,®” a change in CHsl concentration of 4 % is
expected on photolysis. For the absorbance data shown in Figure 6.10 and an
estimated IR cross-section of CHsl at ~1287 cm™ of 2 x 102! cm? ® the effective path

length of the IR probe beam can thus be estimated as (290 + 30) cm.
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Figure 6.10: Changes in absorbance at ~1287 cm™* observed on 266 nm photolysis of CHsl. For the
data shown in the main figure [CH3l]o = 5.5 x 10% cm, p = 50 Torr, and laser fluence 30 mJ
cm. The inset shows the average post-photolysis change in absorbance as a function of the
initial CHsl concentration (black points) with the line of best fit (red). The data shown are the

means of 200 photolysis shots.

6.5.2.2 Reactive Species

The behaviour of reactive species was investigated through 266 nm photolysis of
CH2l2/02/N2 and CH2l2/O2/N2/SO, mixtures,®® resulting in the rapid production
(Kcrz1+02[02] > 2 x 10° 1) of the Criegee intermediate CH,00 (R6.2-R6.3), followed
by its removal through the CH>0O self-reaction (R6.4), CH200 + | (R6.5), and, in
the presence of SO,, CH200 + SO> (R6.1):

CHal, + hy —  CHyl+1 (R6.2)
CHal + O; —  CH00 +1 (R6.3a)
S CHiO; (R6.3b)
CH,00+CH;00 —  2HCHO + O, (R6.4)
CH200 + | —  CH.O; (R6.5)
CH;00 + SO, —  HCHO +SOs (R6.1)
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Figure 6.11 shows the spectrum obtained in the absence of SO, by measuring the
average pre- and post-photolysis absorbances for an observed time-profile for a given
QCL current setting, and thus a given wavenumber, and then stepping to the next
current setting and repeating. The step in current for these experiments was 0.1 mA,
the smallest step-size available with the current controller used. The pre-photolysis
region was defined as -4000 ps to -500 ps, owing to detection of some radiofrequency
noise associated with the Q-switch delay of the photolysis laser which was set to 280
us, and the post-photolysis region as 500 ps to 6000 ps, where t = 0 is the time at
which the photolysis laser is fired. Experiments were performed at 50 Torr and each
time-resolved trace was averaged for 1000 photolysis shots. The concentration of
CHql, for these experiments, determined from the flow rates of gases in the cell, the
vapour pressure of CHl> and measurements of the saturation of the flow with CHal»
in experiments with similar flow rates (described in Chapters 4 and 5), was ~2 x 10
cm, and the 266 nm laser fluence was 30 mJ cm, giving an expected initial CH,00
concentration of ~7 x 102 cm™ using previous measurements of the yield of R6.3.88
The CH200 spectrum measured in this work is in good agreement with that reported
by Chang et al,*® and is provided in tabulated form in Appendix 5. The resolution
observed in this work is similar to the resolution of < 0.004 cm™ reported by Chang
et al.*® based on the observation of non-overlapped peaks, although the line width of
the QCLs used in this work and in that by Chang et al.*® should enable higher

resolution of < 0.002 cm™.
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Figure 6.11: Normalised CH,OO spectrum obtained in this work (red line) and that reported by Chang
et al.*® (black line). Measurements made in this work were obtained at a total pressure of 50 Torr
at 298 K in the absence of SO, with [CH2l,] ~2 x 10%* ¢cm™ and a laser fluence of 30 mJ cm™2.
The data shown are the means of 1000 photolysis shots at each current setting on the QCL with

the wavenumber calibrated using the results reported by Chang et al.*®

Kinetics describing the loss of CH.OO were monitored in separate experiments with
the QCL set at the peak in the CH,0O0 spectrum (~1285.73 cm™). Figure 6.12 shows
the decays obtained at a pressure of 50 Torr in the absence of SO». Previous work to
determine the UV absorption cross-sections and kinetics of R6.4 and R6.5,%% 8°
including that performed in this laboratory,® and described in Chapters 4 and 5, has
demonstrated that the loss of CH2OO can be described by a mixed first- and

second-order model:

[CH OO] _ klst[CH2OO]0
2N ekt -2 ke g[CH, 001, + 2 kppg[CH,00] ekl

(Equation 6.2)

where [CH>0O0]: is the concentration of CH>OO at time t, [CH200]o is the initial
concentration of CH,OO, kist represents first-order losses of CH>OO, such as

diffusion and wall loss, and kang represents second-order losses of CH20O resulting
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from a combination of R6.4 and R6.5. Equation 6.2 can also be given in terms of

absorbance and the absorption cross-section for CH200 and path length:

kygA;
A; = v (Equation 6.3)
’ k t A\ZO A\;,O k t
klste Istf - 2 k2nd i +2 k2nd i etlst

where A;; is the absorbance at time t and wavenumber v, o7 is the absorption
cross-section for CH.00 at wavenumber v, which has been determined to be (3.9 +
0.6) x 108 cm? at wavenumber v which corresponds to the peak of the spectrum at
~1285.73 cm™* for a total pressure of 50 Torr,* and | is the effective path length of the
IR probe beam. Results obtained in experiments described in Chapter 5 have indicated
kang = (1.30 % 0.4) x 101° cm® s at 50 Torr, and Equation 6.3 can thus be fit to the
observed CH>00 decays to determine the effective path length. Fits were performed
globally for experiments in which precursor concentrations were varied in the range
0.1 - 2.0 x 10%** cm®, giving [CH200]o in the range 0.4 — 6.0 x 10'? cm™ for a laser
fluence of ~30 mJ cm at 50 Torr total pressure, with ¢ fixed at a value of 3.9 x 1018
cm? and kang fixed to a value of 1.30 x 10° cm® s*. Values for A;o were treated as
local variables for each CH>OO trace, with kist and | treated as global parameters and
fits giving kst = (400 + 4) s and | = (235 + 80) cm. While the effective path length
determined from experiments involving CH200 ((235 + 80) cm) is lower than that
determined from experiments involving CHasl ((290 + 30) cm, as described above),
the results are in broad agreement and the system was realigned between experiments

which may explain the difference.
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Figure 6.12: Typical time-resolved absorbance signals for CH,OO obtained at a wavenumber of
~1285.73 cm™. Data are averages of 1000 photolysis shots at a total pressure of 50 Torr. For
these data, CHal, concentrations were 2 x 10 cm (blue), 1.4 x 10%** cm (green), and 2.4 x
10% cm (purple), and [SO2] = 0. The fit to Equation 6.3 is shown by the solid red lines, which
gave kist = (400 = 4) st and | = (235 + 80) cm.

The 1o limit of detection, in terms of absorbance, can be determined from the standard
deviation of the post-photolysis baseline signal and was found to be 4.6 x 107 for a
10 s integration time when averaging 250 photolysis shots. For the estimated path
length of (235 + 80) cm (as described above) and typical IR absorption cross-sections
of ~10"1® cm?, the limit of detection for these data can be estimated as ~2 x 102 cm,
For CH,00, which has high absorption cross-sections at ~1285 cm™ of ~1018 cm?,

the limit of detection in terms of number density is thus ~2 x 10! cm™,

In the presence of excess SO- the observed decays of CH>OO are dominated by R6.1

and the loss of CH20O can be described by pseudo-first-order kinetics:
At = At=0 exp(-k't) (Equation 6.4)

where A; is the absorbance at time t, Ao is the absorbance at time zero, and k' is the
pseudo-first-order rate coefficient, given by k' = ke 1[SO2] + kphys Where Kks.1 is the

bimolecular rate coefficient for reaction between CH>00 and SO> and Kpnys is the rate
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coefficient representing physical losses of CH.OO such as diffusion out of the probe

region.

Fits of Equation 6.4 to the observed CH>0O0 decays obtained in the presence of SO
(Figure 6.13) were performed to determine the pseudo-first-order rate coefficients, k',
which can plotted against the known SO> concentration to give the bimolecular rate
coefficient ke.1. Figure 6.14 shows typical bimolecular plots of k' against the SO-
concentration (experimental conditions and results are provided in Appendix 6),
giving ke1 = (3.7 £ 0.2) x 10 cm® s at 20 Torr, k1 = (3.8 £0.3) x 10 cm3 s at

50 Torr, and ke1 = (4.0 £ 0.3) x 10 cm® s at 100 Torr, in good agreement with the

current IUPAC®® recommended value of (3.70"935) x 10 cm?3 s and previous work

as listed in Table 6.1,%% 66268 demonstrating that ks 1 is independent of pressure over
the range investigated. The data shown in Figures 6.12-6.14 indicate that the
experiment developed in this work is able to measure the spectra and kinetics of
reactive species to a high degree of accuracy and precision, and that a high dynamic

range up to at least 20,000 s! can be achieved.
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Figure 6.13: Typical time-resolved absorbance signals for CH,OO in the presence of SO, obtained at
a wavenumber of ~1285.73 cm™. Data are averages of 250 photolysis shots at a total pressure
of 50 Torr with [CH2l,] = 1.9 x 10%* cm3, Fits to Equation 6.4 are shown by the solid red lines,
which gave k' = (2810 + 50) s for [SO2] = 9.9 x 10% cm (blue points), k' = (5860 + 90) s for
[SO;] = 1.4 x 10% cm® (green points), and k' = (9860 + 280) s* for [SO;] = 2.2 x 10* cm®
(orange points).
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Figure 6.14: Bimolecular plots of the pseudo-first-order rate coefficents, k', determined from fits of
Equation 6.4 to observed CH,OO decays as a function of [SO2] at total pressures of 20 Torr
(blue points and line, giving ke1 = (3.7 £ 0.2) x 101 cm® s, intercept = (467 + 605 s%)), 50 Torr
(green points and line, giving ke1 = (3.8 £ 0.3) x 101! cm® s, intercept = (714 + 861 s1)), and

100 Torr (orange points and line, giving ks1 = (4.0 £0.3) x 10"1* cm3 s, intercept = (106 + 890

s1)). Also shown is the current IUPAC recommendation® of (3.70°0:45) x 10X cm? s (red line).

For these data T = 298 K and initial CH.l, concentrations were in the range 2.1-9.5 x 10 cm3,

Error bars are 1o.

Further experiments were performed with the CH212/O2/N2/SO system to monitor the
production of SO3 at ~1388.7 cm™. Previous work in this laboratory has demonstrated
that HCHO is produced in R6.1,%® and theory has predicted the co-production of
S03.5" ™ Experimental work by Wang et al.”* using step-scan FT-IR spectroscopy
with a resolution of 1 — 4 cm™ have indicated the production of SOz following
photolysis of CH2l2/O2/N2/SO2 mixtures, but kinetics of SOz production have yet to

be reported to confirm direct production through R6.1.

The QCL operating at ~1390 cm™ was tuned to an absorption feature in the SOs
spectrum using a sample of gaseous SO3/N: in an infrared absorption cell prepared
from solid SO3 (Sigma-Aldrich, >99 %) in a glove box purged with N2. The QCL was

subsequently scanned over the absorption feature in experiments in which SOz was
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expected to be produced following photolysis of CH212/O2/N2/SO> mixtures. The SO3
spectrum obtained in photolytic experiments in this work, using the method described
above for CH,00, is shown in Figure 6.15 and compares well to calculations®® of the
positions and relative line strengths of SOs absorption features reported on the

HITRAN database.®
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Figure 6.15: Normalised SO3 spectrum obtained in this work (red) from experiments in which SOz was
produced following photolysis of CH2l,/02/N2/SO, mixtures with the normalised line intensities
for SO; reported on the HITRAN database®® (blue, multiplied by -1). Measurements made in
this work were obtained at a total pressure of 50 Torr at 298 K, with [CHl,] = 5.4 x 10 cm

and [SO;] = 4.2 x 10*°> cm’®,

For experiments to monitor the kinetics of SOz production, a PicoScope was used to
collect the signal owing to lower absorbance signals for SOz compared to CH>OO for
given experimental conditions, with the faster transfer rate and memory (5 Gs/s and
12 bit, respectively) of the PicoScope compared to the traditional LeCroy oscilloscope
(transfer rate 1 Gs/s and 8 bit memory) effectively decreasing the limit of detection.
For experiments with the LeCroy oscilloscope described above, the 1o limit of

detection was determined to be 4.6 x 107 for a 10 s integration time when averaging
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250 photolysis shots, while that using the PicoScope was found to be 6.5 x 10 for

the same conditions.

Figure 6.16 shows an example of the time-resolved SO3 absorbance, which can be
described by a pseudo-first-order growth combined with a first-order loss (Equation

6.5) and used to provide an alternative determination of ke 1:

Aok .
At: 0*growth {e‘klosst - e‘kgrowtht} (Equatlon 65)
(kgrowth'kloss)

where A; is the absorbance at time t, Ao is the maximum absorbance which relates to
the initial radical concentration and yield of SOz, kgrowth iS the pseudo-first-order rate
coefficient describing the growth of SOz which is equal to ke 1[SO-], and Kioss is the
first-order rate coefficient describing the loss of SOz which is expected to be

dominated by physical losses such as diffusion out of the probe region.
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Figure 6.16: Time-resolved absorbance signals for SO3 obtained at a wavenumber of 1388.7 cm™. Data
are averages of 250 photolysis shots at a total pressure of 50 Torr at 298 K and are shown for
[SO2] = 2.1 x 10* cm™ (blue), with [CH2l,] = 2 x 10 cm™. The fit to determine the kinetics
describing the production and loss of SO is also shown (red) and gave Kgrowth = (8248 + 65) s
and Kioss = (298 + 6) s,

The bimolecular plots obtained through SOs measurements at total pressures of 20,
50, and 100 Torr are shown in Figure 6.17 (experimental conditions and results are
272



Chapter 6 Time-Resolved MIR-QCL Absorption Spectroscopy Instrument

provided in Appendix 6) and demonstrate the capability of the instrument to measure
the kinetics describing product formation to at least 25,000 s*. The bimolecular plots
give ke1 = (3.6 £0.3) x 10 cm® st at 20 Torr, (3.9 £ 0.3) x 10 cm® st at 50 Torr,
and (4.0 +0.2) x 10"t cm®s™ at 100 Torr, in excellent agreement with that determined
through measurements of CH>OO described above and the current IUPAC
recommendation.®® These results thus demonstrate direct production of SO3 through
R6.1.

SO, /10" cm?®

Figure 6.17: Bimolecular plots of the pseudo-first-order rate coefficents, Kgrowth, determined from the
observed SOs profiles as a function of [SO;]. Data were obtained at total pressure of 20 Torr
(blue points and line, giving ke1 = (3.6 + 0.3) x 10°** cmq s, intercept = (1052 + 1364 s1)), 50
Torr (green points and line, giving ke1 = (3.9 + 0.3) x 101! cm? s, intercept = (123 + 941 s1)),
and 100 Torr (orange points and line, giving ke1 = (4.0 £ 0.2) x 10t cm® s, intercept = (380 *
379 s1)). Also shown is the current IUPAC recommendation of ¢ of (3.707345) x 10-1* cm3 s

(red line). Error bars are 1c.

Observations of product formation can also be used to investigate product yields in
cases where the absorption cross-sections are known. For SOs, absorption
cross-sections at the required resolution are not available, but previous measurements
from this laboratory of HCHO formation® from R6.1 and theoretical studies®” "
indicate a yield of unity for HCHO and co-production of SOs, with no significant
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pressure dependence under ambient conditions. The observation of SO3 production in
this work supports these suggestions, and assuming that the yield of SOz is also unity
over the pressure range investigated it is possible to assess the SOz absorption
cross-section at the measurement wavenumber. Theoretical investigations®” ™ of the
reactions of larger Criegee intermediates (e.g. (CH3)>COQ) with SO have indicated
that the kinetics and product yields of such reactions may be pressure dependent, with
the potential for stabilisation of initial addition products at atmospheric pressure rather
than production of SOs. Assessment of the absorption cross-section for SOs from
analysis of results from CH>00 + SO will thus provide valuable information for
future studies of SOz product yields from reactions of SO, with other Criegee

intermediates.

The parameter Ao in Equation 6.5 represents the absorbance relating to the total
concentration of SOs produced (i.e. the concentration that would be produced if there
were no loss processes for SOz in the system). Thus, for an SOz yield of unity, Ao
should be equal to the initial CH200 concentration multiplied by the cross-section of
SOs at the measurement wavenumber and the effective path length of the probe beam.
Figure 6.18 shows the parameter Ao as a function of pressure, normalised for the initial
concentrations of CH>OO, which depend on the initial concentration of CH:l», the
absorption cross-section of CHzl at the photolysis wavelength of 266 nm, the laser
fluence, and the pressure-dependent yield of CH,OO from CHazl + O (experimental
conditions and calculation results are provided in Appendix 6). No significant
dependence of the normalised Ao on pressure is observed, providing further support
to a lack of pressure dependence in the kinetics and product yields of R6.1, but also
suggesting that there is little impact of pressure broadening on the SO3 absorption line
investigated in this work. Significant pressure broadening would result in a reduction
in the effective absorption cross-section for SOz with increasing pressure, and hence
a reduction in normalised Ao with pressure. It may be that pressure broadening across
the spectrum has resulted in little impact on the specific point in the spectrum at which
measurements were taken, since other lines may have broadened into the
measurement region to counteract broadening of the transition under investigation.
However, it is still potentially useful to use the results obtained in this work to estimate
the absorption cross-section for SOs.
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Figure 6.18: Ao parameters obtained from fits of Equation 6.5 to SOs; absorbance-time profiles
normalised for initial concentrations of CH-0O. The line of best fit (solid red line) has a slope
of (6.2 £ 5.0) x 102 cm® Torr? and an intercept of (1.3 + 0.3) x 106 cm?3, which represents the
product of the absorption cross-section for SOs at the measurement wavenumber and the

effective path length of the IR probe beam. Error bars are 1c.

Assuming a yield of unity for SOz and little impact of pressure broadening over the
range investigated, the intercept of Figure 6.18, which has a value of (1.3 £ 0.3) x
1018 cm?3, should be equal to the product of the absorption cross-section for SOs, o,
and the path length of the probe beam, I. Using the value of | = (235 = 80) cm
determined through observations of CH,OO, the absorption cross-section for SOs at
the measurement wavenumber of ~1388.7 cm™ can thus be estimated to be (5.5 + 2.3)

x 101 cm?2.

6.6 Conclusions

A new, robust and economical experimental system has been developed in this
laboratory which uses laser flash photolysis coupled with time-resolved mid-infrared
QCL absorption spectroscopy. This mid-IR QCL technique used in the instrument
described in this work has applications in atmospheric chemistry and chemical
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kinetics, among wider uses in trace gas analysis in industrial processes and medical
diagnostics. Time-averaged measurements of absorption spectra of the stable species
CHal and SO aided characterisation of the output wavenumber of the QCLs used.
Additionally, time-resolved experiments have been carried out employing 266 nm
photolysis of CH2l2/02/N2 and CH212/O2/N2/SO2 gas mixtures at 298 K and pressures
between 20 and 100 Torr to develop and characterise the system, and the CH,OO +
SO- reaction was selected as a test case for this development and characterisation.
Such time-resolved measurements of photolytically generated species (CH.OO) and
reaction products (SOs) have been used to determine spectra of reactive species
(CH200) as well as reaction kinetics (of the CH>00 + SO> reaction) and product
yields (of SOs). Results indicate the IR absorption spectrum of CH200 to have
defined rovibrational structure and be in good agreement with that previously reported
by Chang et al.*® in the wavenumber region 1285.5917-1286.0605 cm™ in terms of
relative peak heights and positions. A rate coefficient of (3.8 £ 0.5) x 10t cm?® s has
been determined for the reaction between CH>OO and SO, from measurements of

both the CH200 reactant loss and SOz product formation, in good agreement with the

current IUPAC®® recommended value of (3.70"935) x 10 cm?3 s and previous work

as listed in Table 6.1,%% 56 62-8 with no significant pressure dependence observed over
the pressure range investigated. Determination of the kinetics of SOs production
reported here confirm direct production of SOz from the CH200 + SO reaction, as
predicted by theory.>” 7 The product yield of SO3 from the reaction of CH.0O + SO,
has been found to be independent of pressure over the range investigated, consistent
with previous measurements of the HCHO co-product yield reported by Stone et al.,®®
and an SOz absorption cross-section of (5.5 + 2.3) x 102 cm? at ~1388.7 cm™ has

been determined.
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Chapter 7

Summary and Future Work

Criegee intermediates are an important class of trace species produced during
atmospheric ozonolysis, i.e. the atmospheric oxidation of unsaturated volatile organic
compounds by ozone.' 2 The chemistry of these zwitterionic species has implications
for the non-photolytic atmospheric production of OH, particularly under conditions
of low solar radiation such as at night and during winter,%® and for production of other
radicals such as HO2 and RO, sulphate aerosol, secondary organic aerosol (SOA),
gaseous sulphuric acid (H2SO4) and acid rain, thus affecting the formation of new
atmospheric particles and secondary cloud condensation nuclei, and ultimately, the
climate.”! Since the recent introduction of the diiodoalkane photolysis method to
generate Criegee intermediates and enable direct detection,” a number of
investigations have been carried out into the spectroscopic and kinetic properties of
various Criegee intermediates. The work carried out and described in this thesis has

investigated the spectra and kinetics of the simplest Criegee intermediate CH,OO.

7.1 Summary of Results

Measurements of Criegee intermediate ultraviolet (UV) absorption cross-sections of
CH200, the simplest Criegee intermediate, have indicated that the absorption
cross-sections are relatively large, on the order of 10Y" cm?!*'® making UV
absorption spectroscopy a useful tool for the measurement of atmospherically relevant
CH200 reaction kinetics. However, there are significant uncertainties in the UV
absorption cross-sections and in the shape of the CH>0O spectrum. Significant
uncertainties have also been reported in the rate coefficient for the CH,OO + CH,OO
self-reaction,'®1® which is not itself atmospherically important but for which an
accurate value is required since it largely influences CH,OO kinetics under laboratory
conditions, and the kinetics of which can be closely coupled to the determination of
absorption cross-sections since significant changes in concentration can occur on the
timescale of the absorption measurements. The CH20O self-reaction has the potential
to impact all CH200 reaction kinetics determined under laboratory conditions, where
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the self-reaction becomes important due to the large concentration of CH>OO formed
in such experiments, hence it is necessary to quantify the contribution of this CH200

self-reaction to the observed kinetics.

The UV absorption cross-sections of CH.0O, and the kinetics of the CH.O00
self-reaction, CH200 + CH,00, and the reaction between CH>OO and | have been
investigated using pulsed laser flash photolysis of CH2l2/O2/N2 gas mixtures at 248
nm coupled with time-resolved broadband UV absorption spectroscopy at pressures
between 6 and 300 Torr and a temperature of 298 K. Results indicate a broad UV
absorption spectrum for CH200, with a peak absorption cross-section of (1.37 £ 0.29)
x 101" cm? at A ~ 340 nm and vibronic structure at wavelengths > 340 nm, in good
agreement with results reported by Ting et al.}* and Foreman et al.® Kinetics of the
CH200 self-reaction have been shown to be independent of pressure over the range
investigated, with a rate coefficient of (8.0 + 1.1) x 10"* cm® s™* over all pressures, in
good agreement with the current IUPAC recommendation. The CH>0O + | reaction
is significant in the reaction system, with a pressure dependent rate coefficient ranging
from (1.1 22 x 102 cm® st at 6 Torr to (5.5 + 2.1) x 10 cm?® s at 300 Torr which
can be parameterised by a Lindemann fit using ko = (4.4 + 1.0) x 102° cm® s and ks,
= (6.7 £ 0.6) x 10! cm® s1. The production of 10 in the system resulting from
secondary | atom chemistry has also been investigated as a function of pressure.
Results indicate that 10 formation results from the chemistry of both the CH,OO
Criegee intermediate and the CH2102 peroxy radical, with relative contributions from
CH200 and CH:lO. chemistry varying as a function of pressure owing to the
pressure-dependent yields of CH>00 and CH2lO2 from CH2l + Oz and the pressure
dependence of the CH,OO + | reaction. The kinetics of the CH200 + | reaction along
with its impacts in laboratory measurements of CH>0O kinetics,'®*° and the source
of 10 radicals following photolysis of CH:l, in excess 02,2 2926 have long been of
interest with significant discrepancies for both reported in the literature. However,
results determined in this work of the pressure dependent rate coefficient for the
CH200 + I reaction and the production of 10 in the system resulting from chemistry

of both CH.0O0 and CH10- have resolved these discrepancies.

As is the case for many other species of atmospheric interest, infrared (IR) absorption

spectroscopy, particularly in the mid-IR region of the electromagnetic spectrum and
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using quantum cascade lasers (QCLS), has also been indicated to be a promising
method of CH,0O0 detection,?”® for determination of not only reaction kinetics but
also product yields. The CH.00 + SO bimolecular reaction has potentially
significant implications for the atmospheric production of sulphate aerosol, secondary
organic aerosols and sulphuric acid, hence can influence air quality and climate, and
can significantly impact our understanding of the atmospheric oxidation of SO, to
S0s.”1! Although the kinetics of this reaction at room temperature are well studied in
the literature,”- 13 19.33.36-40 there exists a lack of experimental information on the SO3
product yield of the reaction. Observation of the HCHO co-product in 100 % yield
with a lack of pressure dependence implies SOs to be produced in the same yield,*®

and theory suggests that the SOs3 yield may vary for larger Criegee intermediates.

Experiments described in this thesis have enabled development and characterisation
of a new, robust and economical instrument carrying the potential to be utilised in
various reaction systems and be applied to a vast array of challenges in atmospheric
chemistry and beyond. The development, characterisation and initial results of the
instrument from experiments investigating the CH.OO + SO reaction are reported.
The IR absorption spectrum of CH20O0 and rate coefficient CH200 + SO- reaction
with respect to CH200 loss and SOz production have been determined using pulsed
laser flash photolysis of CH2l2/O2/SO2/N, gas mixtures at 266 nm coupled with
time-resolved mid-IR quantum cascade laser (QCL) absorption spectroscopy at
pressures between 20 and 100 Torr and a temperature of 298 K. Results show the
observed CH200 spectrum to have defined rovibrational structure and be in good
agreement with that reported previously by Chang et al.*® in terms of relative peak
heights and positions in the wavenumber region 1285.5917-1286.0605 cm™. Kinetics
of the CH.00 + SO- reaction have been determined to be independent of pressure
over the pressure range investigated, with a rate coefficient of (3.8 + 0.5) x 10t cm?®
st from both CH200 and SOs measurements over all pressures, in good agreement
with the current IUPAC recommendation. Results indicate the product yield of SOs
from the reaction between CH>OO and SO: to be independent of pressure over the
range investigated, with an SO3 absorption cross-section of (5.5 + 2.3) x 102 cm? at
~1388.7 cm™.
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Results obtained in this work will provide valuable kinetic data for use in the
determination of reaction kinetics of CH2OO reactions with various atmospheric
species when employing UV and IR absorption spectroscopy to detect and monitor
CH200, and for use in atmospheric chemistry models when accounting for CH.OO
chemistry. The new mid-IR QCL absorption spectroscopy instrument designed,
developed and characterised as part of this work can be used to investigate a wide
range of systems applicable to fields such as atmospheric chemistry and combustion
chemistry.

7.2 Future Work

The field of Criegee chemistry is a new and exciting one, and although considerable
progress has been made in the understanding of Criegee intermediates and their
reactions since the introduction of the photolytic production method of Criegee
intermediates, this research is far from exhaustive. To date, most investigations have
been largely limited to the simplest Criegee intermediate, CH20O, or its methyl
substituted derivatives, syn- and anti-CHsCHOO. An extension to larger Criegee
intermediates, abundantly present and important in the atmosphere, is not only
desirable, but is necessary to completely comprehend the chemistry which is

occurring.

Furthermore, kinetic data for the various bimolecular reactions of the various Criegee
intermediates with trace atmospheric species is limited in the literature. Not only is
there a lack of detailed investigations into the pressure dependence of Criegee
reactions, but the kinetic analysis of reactions as a function of temperature is scarce
still, and the product yields of various reaction channels of atmospherically relevant
Criegee reactions also await characterisation. Both pressure and temperature
dependent kinetics, along with product yields, need to be assessed to establish the
effects and implications of Criegee chemistry in the real world, since, without this
information it is impossible to fully appreciate the extent to which Criegee
intermediate chemistry impacts atmospheric composition, air quality and climate

change.
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Relative rates of bimolecular reactions of Criegee intermediates determine which will
play the more dominant role in the atmosphere, with the competition between
reactions of (H20)., SO2, NO2 and carboxylic acids among others expected to vary
dependent on the Criegee intermediate. Accurate measurements of the rate
coefficients for these reactions along with their temperature and pressure dependence
are vital to evaluate their atmospheric importance as potential Criegee sink processes

and determine which reactions are more atmospherically relevant for each Criegee.

The reaction of CH,OO with water is of interest since the rate of the reaction exhibits
a quadratic dependence on the concentration of H2O, suggesting a reaction with the
water dimer (H20).. This reaction between CH>OO and water dimer has been shown
to be rapid, and is important since it is expected to be the dominant atmospheric sink
for CH>OO owing to the high concentration of H.O and hence (H20)2 in the
atmosphere. Therefore, future experiments should focus on the kinetics of the CH.00
+ (H20)2 reaction as a function of both pressure and temperature and determination

of product yields from this reaction.

Furthermore, there is the potential to study larger Criegee intermediates via the
methods utilised throughout this work, and hence experiments to determine
absorption cross-sections and reaction kinetics of larger Criegee intermediates with
atmospherically relevant co-reactant species can be investigated. For example,
theoretical studies of the reactions of larger Criegee intermediates, e.g. (CH3).COQ,
with SO2 have indicated the kinetics and SOz product yields of these reactions to be
pressure dependent, with potential stabilisation of the initial addition adducts formed
during the reaction at atmospheric pressure rather than production of SOs.
Experimental determination of such reaction kinetics and product yields as a function

of pressure is warranted to assess the atmospheric implications of these reactions.
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Appendix 1: MFC calibrations

Calibration of all MFCs was carried out periodically by varying the gas flow into the

MFC and monitoring the displacement of bubbles through a flow tube.

UV experimental setup described in Chapter 3 and experiments/results from this
setup described in Chapters 4 and 5. MFC calibrations for each of the MFCs used in
Chapters 4 and 5 (listed by serial number, S/N) are shown below.
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MFC S/N: 01179528 calibration graph
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IR experimental setup and experiments/results from this setup described in Chapter
6. MFC calibrations for each of the MFCs used in Chapter 6 (listed by serial number,
S/N) are shown below.
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MFC S/N: AA0290197 calibration graph
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Appendix 2: Effective path length in UV experiments

In the experimental setup described in Chapter 3 and the work described in Chapters
4 and 5, the optics controlling the path of the multipass beam were arranged to give
either 7 or 13 passes through the cell. The effective path length of the multipass
arrangement has been determined and reported in previous work,! however was
remeasured in this work using a different method for the 13 pass configuration. The
effective path length of the multipass arrangement, |, was determined from
experiments in which the absorbance owing to 10, which is produced by secondary
chemistry in the system following photolysis of CH21/O2/N2 mixtures as described in
detail in Chapter 5, observed from a single pass of the probe beam through the reaction
cell, which overlapped completely with the photolysis laser and thus has a path length
which is fixed, definite, and equivalent to the 150 cm length of the reaction cell, was
compared to the absorbance owing to 10 observed simultaneously from the multipass

arrangement, as described in Chapter 3.

Due to the high CHazl> concentrations (1 x 10* — 1 x 10% cm™) employed in

experiments to determine the path length, to enable high levels of absorbance to be

observed and so that excellent S/N ratio was obtained without the need for signal

averaging (these experiments were averaged over ~5 photolysis shots), large

concentrations of 10 were produced in the system, resulting in absorbance owing to

OIl0 and I also being observed on the timescale of the experiment, which are most
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likely produced from the subsequent chemistry of 10 in the system. The time profile
of the ratio of the absorbance observed in the multipass arrangement to that
simultaneously observed in the single pass arrangement for each species was obtained
via the method of data analysis described in detail in Chapter 4, in which reference
spectra® of all the absorbing species were fit to the total absorbance observed to
determine the contribution from each species. The 10 time profile showed formation
an instant production following photolysis, followed by a slower production over 5
ms following photolysis, followed by an overall decay over a timescale of 150 ms.
The OIO time profile, like 10, was observed to be formed quickly following
photolysis and subsequently appeared to slowly decay over a timescale of 150 ms.
The I time profile did not show I, to be produced instantly following photolysis,
rather it was depicted to grow in slowly over a timescale of 50 ms, with the rate of
growth then appearing to slow down and the concentration beginning to level off or
reach a steady-state. When investigating the transient absorbance spectra collected
over time, an absorbance was clearly displayed in the 400-650 nm range, with distinct
vibronic structure on the high wavelength side, growing in on the same timescale as
the 10 decay, as shown in the figure below. Despite similarities in the wavelength
range over which I, and OIO exhibit UV absorption spectra, both species were able
to be fit to the overall absorbance, however due to the lack of regular structure in the
OIO spectrum, both reference and observed, the absorbance owing to OIO was not

used to determine the path length.
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Figure showing the transient absorbance spectra with contributions from CH.0O0 (380-450 nm), 10
(400-450 nm), OIO and 1, (400-650 nm) at various time points following photolysis in
experiments to determine the path length observed from a) the multipass arrangement

comprising 13 passes and b) the single pass arrangement.

Since the wavelength grids for the two cameras detecting light from the single pass
and multipass arrangements respectively were different, the analysis required
reference spectra of each of the absorbing species to be fit to the total observed
absorbance, in order to perform an interpolation of the two wavelength grids. The
ratio of the absorbance of 10 in the first 5 ms following photolysis and of I> in the
time range of 100-105 ms following photolysis, i.e. a short period of time over which
the concentration of both species was not rapidly changing, measured using the single
pass and multipass arrangements was determined. The average of 15 individual
experiments along with the standard deviation between them were concluded to be
the value and error for the path length of the configuration comprising 13 passes of

the probe beam. An example of the absorbance observed owing to 10 in one of these
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experiments in both the single pass and multipass arrangements is shown in the figure
below. The effective path length of | = (443 + 21) cm was obtained from the 7 pass
arrangement of the probe beam through the reaction cell in previous work,! and | =
(1136 + 143) cm was obtained from the 13 pass arrangement of the probe beam
through the reaction cell using the method described here, when considering the total

overlap between the photolysis and probe beams.
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Figure showing the simultaneously observed 10 absorbance in the single pass (red) and multipass (blue)
arrangement along with the reference 10 spectrum? 3 (black) which was fit to the observed

absorbance.

Appendix 3: CH.OO0 UV absorption cross-sections

Table summarising the CH>OO0 UV absorption cross-sections described in Chapter 4.

Wavelength /| Absorption cross- Wavelength /| Absorption cross-

nm section / 10" cm? nm section / 10" cm?
280.5 0.25 285.0 0.29
281.1 0.25 285.6 0.29
281.6 0.25 286.2 0.30
282.2 0.27 286.7 0.31
282.8 0.25 287.3 0.33
283.3 0.28 287.9 0.32
283.9 0.30 288.4 0.36
284.5 0.28 289.0 0.35
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Wavelength /| Absorption cross- Wavelength /| Absorption cross-
nm section / 107 cm? nm section / 107 cm?
289.6 0.36 318.5 1.04
290.1 0.38 319.1 1.06
290.7 0.38 319.6 1.07
291.3 0.40 320.2 1.10
291.8 0.38 320.8 1.10
292.4 0.39 321.3 1.11
293.0 0.40 321.9 1.13
293.5 0.41 322.5 1.14
294.1 0.43 323.0 1.17
294.7 0.47 323.6 1.17
295.2 0.47 324.2 1.18
295.8 0.48 324.7 1.19
296.4 0.48 325.3 1.19
296.9 0.50 325.9 1.22
297.5 0.52 326.4 1.23
298.1 0.53 327.0 1.22
298.6 0.55 327.6 1.25
299.2 0.54 328.1 1.25
299.8 0.56 328.7 1.26
300.3 0.58 329.3 1.27
300.9 0.58 329.8 1.28
301.5 0.60 330.4 1.28
302.0 0.62 331.0 1.30
302.6 0.63 3315 1.30
303.2 0.64 332.1 1.31
303.7 0.66 332.7 1.32
304.3 0.67 333.2 1.32
304.9 0.70 333.8 1.34
305.4 0.72 334.4 1.34
306.0 0.73 334.9 1.35
306.6 0.75 335.5 1.34
307.1 0.77 336.1 1.36
307.7 0.78 336.6 1.35
308.3 0.79 337.2 1.35
308.8 0.80 337.8 1.36
309.4 0.82 338.3 1.36
310.0 0.82 338.9 1.36
310.5 0.85 339.5 1.36
311.1 0.88 340.0 1.37
311.7 0.87 340.6 1.37
312.3 0.89 341.2 1.37
312.8 0.90 341.7 1.38
313.4 0.93 342.3 1.37
314.0 0.94 342.9 1.38
314.5 0.95 343.5 1.37
315.1 0.96 344.0 1.37
315.7 0.98 344.6 1.37
316.2 0.99 345.2 1.36
316.8 1.01 346.9 1.35
317.4 1.02 347.4 1.36
317.9 1.04 348.0 1.36
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Wavelength /| Absorption cross- Wavelength /| Absorption cross-
nm section / 107 cm? nm section / 107 cm?
348.6 1.36 382.0 0.74
349.1 1.34 382.6 0.69
349.7 1.34 383.2 0.64
350.3 1.34 383.7 0.61
350.8 1.33 384.3 0.57
351.4 1.32 384.9 0.57
353.1 1.27 385.4 0.57
353.7 1.29 386.0 0.58
354.2 1.29 386.6 0.59
354.8 1.28 387.1 0.63
355.4 1.28 387.7 0.65
355.9 1.27 388.3 0.66
357.6 1.26 390.0 0.61
358.2 1.23 390.5 0.56
358.8 1.21 391.1 0.53
359.3 1.19 391.7 0.49
359.9 1.19 392.2 0.45
360.5 1.16 392.8 0.42
361.0 1.17 394.5 0.40
361.6 1.16 395.1 0.39
362.2 1.17 395.6 0.41
362.7 1.17 396.2 0.43
363.3 1.18 396.8 0.44
363.9 1.17 397.3 0.47
364.4 1.16 397.9 0.46
365.0 1.14 398.5 0.46
365.6 1.11 399.0 0.44
366.1 1.08 400.7 0.37
366.7 1.03 401.3 0.33
368.4 0.97 401.9 0.31
369.0 0.97 402.4 0.28
369.5 0.99 403.0 0.26
370.1 1.00 403.6 0.25
370.7 1.02 405.3 0.26
371.2 1.02 405.9 0.27
371.8 1.01 406.4 0.28
372.4 0.99 407.0 0.30
372.9 0.96 407.6 0.31
373.5 0.92 408.1 0.30
374.1 0.88 408.7 0.31
374.7 0.85 409.3 0.31
375.2 0.81 409.8 0.27
375.8 0.80 410.4 0.25
376.4 0.78 411.0 0.25
376.9 0.78 411.5 0.21
377.5 0.78 412.1 0.19
379.2 0.84 412.7 0.18
379.8 0.84 413.2 0.18
380.3 0.83 413.8 0.17
380.9 0.81 414.4 0.16
381.5 0.77 416.1 0.17
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Wavelength /| Absorption cross- Wavelength /| Absorption cross-

nm section / 107 cm? nm section / 107 cm?
416.6 0.16 433.6 0.10
417.2 0.17 434.2 0.09
417.8 0.18 434.8 0.08
418.3 0.18 435.4 0.06
418.9 0.17 435.9 0.05
419.5 0.17 437.6 0.06
420.0 0.16 438.2 0.07
420.6 0.16 438.8 0.08
421.2 0.16 439.3 0.08
421.7 0.15 439.9 0.06
422.3 0.15 440.5 0.07
422.9 0.14 441.0 0.06
423.4 0.14 441.6 0.06
424.0 0.12 442.2 0.06
424.6 0.11 442.7 0.07
425.1 0.12 443.3 0.07
426.8 0.07 443.9 0.08
427.4 0.06 444 .4 0.06
428.0 0.08 445.0 0.05
428.5 0.09 445.6 0.05
429.1 0.09 446.1 0.05
429.7 0.10 446.7 0.07
430.2 0.11 447.3 0.06
430.8 0.12 447.8 0.05
431.4 0.12 448.4 0.05
431.9 0.12 449.0 0.04
432.5 0.11 449.5 0.05
433.1 0.10

Appendix 4: UV experiments investigating CH.OO + CH>0OO0 and
CH200 + I reactions

Table summarising the conditions and numerical integration results of all experiments
carried out using broadband time-resolved UV absorption spectroscopy to determine
kinetics for the CH200 + CH200 and CH200 + | reactions, as described in Chapter
5. The table shows the summary for all experiments at a single pressure, with
experiments conducted at a total of nine pressures in the range 6-300 Torr. All
experiments were carried out at a temperature of 298 K. In the table, ks 3 refers to the
rate coefficient for the CH.OO self-reaction, ks 4 refers to the rate coefficient for the
CH200 + | reaction, and ks s refers to the rate coefficient for the first-order CH.0O

loss.
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Pressure| [CHalo] / [O2] /' |[CH2O0]i = / kss/ Ksal Koo/t
/ Torr cm cm cm cmist cmist 55189
6 5.46E+12 | 1.51E+16 1.67E+11 7.58E-11 6.03E-12 37.935
6 1.73E+13 | 1.71E+16 4.29E+11 7.04E-11 6.21E-15 50.254
6 4.86E+12 | 1.49E+16 1.83E+11 7.32E-11 6.30E-13 53.111
6 8.86E+12 | 1.35E+16 1.30E+12 8.56E-11 8.18E-13 36.591
6 3.54E+12 | 1.49E+16 4.28E+11 7.04E-11 6.21E-15 50.254
6 5.99E+12 | 1.33E+16 8.94E+11 8.56E-11 8.18E-13 36.591
6 1.59E+13 | 1.22E+16 1.94E+12 7.58E-11 6.03E-12 37.935
6 1.26E+13 | 1.39E+16 1.76E+12 7.04E-11 6.21E-15 50.254
6 1.75E+12 | 1.56E+16 2.14E+11 7.42E-11 5.07E-13 53.312
6 8.36E+12 | 1.40E+16 1.11E+12 7.58E-11 6.03E-12 37.935
6 1.38E+13 | 1.36E+16 1.84E+12 8.56E-11 8.18E-13 36.591
6 4.19E+12 | 1.11E+16 6.09E+11 7.32E-11 6.30E-13 53.111
6 1.46E+13 | 1.11E+16 1.70E+12 7.58E-11 6.03E-12 37.935
6 8.68E+12 | 1.13E+16 1.14E+12 7.42E-11 5.07E-13 53.312
6 1.77E+13 | 1.11E+16 1.45E+12 8.42E-11 7.08E-15 43.572
6 5.94E+12 | 1.28E+16 6.49E+11 8.42E-11 7.08E-15 43.572
6 1.14E+13 | 1.41E+16 1.04E+12 7.32E-11 6.30E-13 53.111
6 3.37E+12 | 1.45E+16 3.97E+11 8.42E-11 7.08E-15 43.572
6 1.80E+13 | 1.39E+16 7.19E+11 8.88E-11 1.29E-14 46.184
6 5.40E+12 | 1.66E+16 2.47E+11 8.42E-11 7.08E-15 43.572
6 3.00E+12 | 1.83E+16 1.38E+11 8.88E-11 1.29E-14 46.184
6 1.42E+13 | 1.64E+16 5.90E+11 8.88E-11 1.29E-14 46.184
6 9.76E+12 | 1.74E+16 3.24E+11 7.32E-11 6.30E-13 53.111
6 1.52E+13 | 1.62E+16 3.97E+11 7.42E-11 5.07E-13 53.312
6 6.87E+12 | 1.72E+16 2.58E+11 8.88E-11 1.29E-14 46.184
6 2.06E+13 | 1.60E+16 6.11E+11 7.42E-11 5.07E-13 53.312
15 3.89E+12 | 1.58E+17 2.29E+11 7.22E-11 3.17E-11 6.229
15 5.44E+12 | 8.92E+16 3.13E+11 8.81E-11 1.80E-11 4971
15 4.11E+12 | 8.99E+16 2.50E+11 7.22E-11 3.17E-11 6.229
15 1.52E+12 | 9.07E+16 1.18E+11 7.21E-11 1.02E-11 16.453
15 2.13E+12 | 8.58E+16 7.53E+10 8.81E-11 1.80E-11 4,971
15 1.27E+12 | 8.55E+16 1.21E+11 7.24E-11 1.23E-11 17.415
15 4.44E+12 | 4.55E+16 3.01E+11 7.09E-11 3.54E-11 7.974
15 4.63E+12 | 4.75E+16 2.89E+11 7.21E-11 1.02E-11 16.453
15 3.65E+12 | 4.63E+16 1.94E+11 7.24E-11 1.23E-11 17.415
15 2.10E+12 | 4.83E+16 1.17E+11 7.09E-11 3.54E-11 7.974
15 5.16E+12 | 4.39E+16 2.42E+11 7.24E-11 1.23E-11 17.415
15 3.41E+12 | 4.75E+16 1.75E+11 8.81E-11 1.80E-11 4,971
15 2.63E+12 | 4.63E+16 3.35E+10 7.22E-11 3.17E-11 6.229
15 5.49E+12 | 4.67E+16 1.53E+11 7.22E-11 3.17E-11 6.229
15 7.38E+12 | 4.74E+16 2.28E+11 7.09E-11 3.54E-11 7.974
15 7.12E+12 | 4.32E+16 2.47E+11 8.81E-11 1.80E-11 4971
15 8.86E+12 | 4.40E+16 1.12E+11 7.21E-11 1.02E-11 16.453
30 7.08E+12 | 1.40E+17 2.57E+11 7.56E-11 7.11E-13 19.285
30 7.54E+12 | 1.38E+17 2.15E+11 7.56E-11 7.11E-13 19.285
30 4.62E+12 | 1.38E+17 1.73E+11 7.18E-11 3.69E-11 0.004
30 1.97E+12 | 1.33E+17 9.88E+10 7.56E-11 7.11E-13 19.285
30 1.01E+12 | 1.35E+17 4.27E+10 7.56E-11 7.11E-13 19.285
30 7.19E+12 | 8.49E+16 4.38E+11 9.33E-11 2.34E-11 0.168
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Pressure| [CHalo] / [O2] /' |[CH2O0]i = / kss/ Ksal Koo/t
/ Torr cm cm cm cmist cmist 55189
30 9.02E+12 | 8.68E+16 3.35E+11 7.18E-11 3.69E-11 0.004
30 4.60E+12 | 8.58E+16 2.37E+11 7.96E-11 3.29E-11 0.860
30 8.26E+12 | 8.31E+16 5.70E+11 7.96E-11 3.29E-11 0.860
30 9.29E+12 | 8.62E+16 4.69E+11 7.18E-11 3.69E-11 0.004
30 2.51E+13 | 8.59E+16 8.90E+11 9.33E-11 2.34E-11 0.168
30 2.36E+13 | 8.89E+16 8.04E+11 7.18E-11 3.69E-11 0.004
30 1.67E+13 | 8.81E+16 6.98E+11 7.96E-11 3.29E-11 0.860
30 1.55E+13 | 8.56E+16 5.30E+11 9.33E-11 2.34E-11 0.168
30 1.02E+13 | 8.47E+16 4.42E+11 7.96E-11 3.29E-11 0.860
30 8.16E+12 | 8.36E+16 3.68E+11 9.33E-11 2.34E-11 0.168
70 7.25E+12 | 1.50E+17 3.08E+11 8.10E-11 5.01E-11 0.146
70 8.13E+12 | 1.51E+17 3.60E+11 8.86E-11 4.19E-11 8.512
70 8.86E+12 | 1.49E+17 3.82E+11 8.73E-11 4.42E-11 0.009
70 1.91E+13 | 1.49E+17 5.24E+11 7.93E-11 5.04E-11 1.000
70 4.83E+12 | 1.51E+17 2.16E+11 8.14E-11 3.42E-11 4.253
70 6.15E+12 | 1.50E+17 3.35E+11 7.88E-11 3.50E-11 0.001
70 8.53E+12 | 1.51E+17 2.85E+11 8.10E-11 5.01E-11 0.146
70 9.97E+12 | 1.50E+17 6.27E+11 8.14E-11 3.42E-11 4.253
70 9.45E+12 | 1.48E+17 5.61E+11 7.88E-11 3.50E-11 0.001
70 1.28E+13 | 1.49E+17 5.57E+11 9.50E-11 4.37E-11 0.030
70 1.54E+13 | 1.48E+17 5.77E+11 8.86E-11 4.19E-11 8.512
70 1.57E+13 | 1.49E+17 6.77E+11 9.50E-11 4.37E-11 0.030
70 1.29E+13 | 1.48E+17 6.25E+11 8.14E-11 3.42E-11 4.253
70 5.81E+12 | 2.11E+17 6.31E+11 9.50E-11 4.37E-11 0.030
70 3.69E+12 | 2.18E+17 5.64E+11 8.10E-11 5.01E-11 0.146
70 5.73E+12 | 2.18E+17 5.80E+11 8.73E-11 4.42E-11 0.009
70 6.98E+12 | 2.19E+17 6.05E+11 8.10E-11 5.01E-11 0.146
70 4 85E+12 | 2.22E+17 6.81E+11 7.93E-11 5.04E-11 1.000
70 9.72E+12 | 2.19E+17 7.27E+11 9.50E-11 4.37E-11 0.030
70 1.16E+13 | 2.22E+17 6.79E+11 7.93E-11 5.04E-11 1.000
70 4.36E+13 | 2.04E+17 2.36E+12 7.88E-11 3.50E-11 0.001
70 6.44E+12 | 2.07E+17 6.19E+11 8.86E-11 4.19E-11 8.512
70 1.13E+13 | 5.51E+16 9.42E+11 8.73E-11 4.42E-11 0.009
70 5.64E+12 | 5.53E+16 5.59E+11 8.14E-11 3.42E-11 4.253
70 8.95E+12 | 2.08E+17 1.49E+12 7.88E-11 3.50E-11 0.001
120 6.00E+12 | 1.79E+17 6.04E+11 8.68E-11 3.53E-11 4,368
120 1.66E+13 | 1.78E+17 6.19E+11 7.30E-11 4,92E-11 9.541
120 1.61E+13 | 1.79E+17 6.66E+11 7.30E-11 4,92E-11 9.541
120 1.77E+13 | 1.79E+17 6.79E+11 7.73E-11 5.06E-11 0.142
120 1.59E+13 | 1.76E+17 5.38E+11 8.37E-11 4.41E-11 9.031
120 1.43E+13 | 1.77E+17 5.88E+11 7.73E-11 5.06E-11 0.142
120 1.43E+13 | 1.78E+17 5.45E+11 9.18E-11 3.45E-11 2.922
120 1.65E+13 | 1.77E+17 6.24E+11 8.37E-11 4.41E-11 9.031
120 1.63E+13 | 1.76E+17 6.25E+11 9.18E-11 3.45E-11 2.922
120 1.87E+13 | 1.78E+17 6.92E+11 8.37E-11 4.41E-11 9.031
120 3.42E+12 | 1.76E+17 6.92E+11 8.68E-11 3.53E-11 4.368
120 3.33E+13 | 1.78E+17 7.86E+11 9.18E-11 3.45E-11 2.922
120 2.25E+12 | 2.15E+17 3.68E+11 7.30E-11 4.92E-11 9.541
120 3.65E+12 | 2.19E+17 2.79E+11 8.68E-11 3.53E-11 4.368
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Pressure| [CHalo] / [O2] /' |[CH2O0]i = / kss/ Ksal Koo/t
/ Torr cm cm cm cmist cmist 55189
120 1.50E+12 | 2.19E+17 2.35E+11 9.18E-11 3.45E-11 2.922
120 1.85E+12 | 2.21E+17 2.38E+11 7.73E-11 5.06E-11 0.142
120 1.28E+12 | 2.21E+17 1.72E+11 7.30E-11 4.92E-11 9.541
120 1.70E+12 | 2.27E+17 1.85E+11 8.37E-11 4.41E-11 9.031
160 2.72E+13 | 1.76E+17 8.80E+11 8.59E-11 5.96E-11 1.872
160 3.05E+13 | 1.77E+17 9.62E+11 7.52E-11 4.44E-11 0.151
160 3.17E+13 | 1.77E+17 9.12E+11 8.31E-11 4.62E-11 4,915
160 2.31E+13 | 1.75E+17 6.00E+11 7.52E-11 4.44E-11 0.151
160 2.02E+13 | 1.76E+17 5.96E+11 8.31E-11 4.62E-11 4,915
160 1.30E+13 | 1.76E+17 6.59E+11 9.23E-11 457E-11 2.800
160 1.19E+13 | 1.76E+17 4. 70E+11 7.52E-11 4.44E-11 0.151
160 1.25E+13 | 1.76E+17 4.42E+11 8.59E-11 5.96E-11 1.872
160 6.56E+12 | 1.77E+17 6.48E+11 8.48E-11 4,15E-11 0.014
160 1.49E+13 | 1.76E+17 5.06E+11 7.68E-11 7.69E-11 0.316
160 4.00E+12 | 1.77E+17 4 87E+11 8.31E-11 4.62E-11 4,915
160 9.48E+12 | 1.77E+17 6.41E+11 7.68E-11 7.69E-11 0.316
160 1.23E+13 | 1.76E+17 3.84E+11 7.68E-11 7.69E-11 0.316
160 1.63E+13 | 1.76E+17 5.89E+11 8.59E-11 5.96E-11 1.872
160 1.53E+13 | 1.76E+17 4 52E+11 8.48E-11 4.15E-11 0.014
160 1.57E+13 | 1.76E+17 4.79E+11 9.32E-11 4.49E-11 0.104
160 1.71E+13 | 1.77E+17 5.21E+11 8.48E-11 4.15E-11 0.014
160 2.85E+13 | 1.75E+17 6.38E+11 9.32E-11 4.49E-11 0.104
160 3.09E+12 | 2.62E+17 2.62E+11 8.59E-11 5.96E-11 1.872
160 1.38E+13 | 2.62E+17 3.92E+11 9.32E-11 4.49E-11 0.104
160 9.43E+12 | 2.65E+17 2.87E+11 8.31E-11 4.62E-11 4,915
160 8.74E+12 | 2.64E+17 3.43E+11 7.52E-11 4.44E-11 0.151
160 2.95E+12 | 2.66E+17 1.73E+11 9.23E-11 4 57E-11 2.800
160 2.08E+12 | 2.66E+17 1.50E+11 8.48E-11 4.15E-11 0.014
160 4 47E+12 | 4.02E+17 9.57E+11 7.68E-11 7.69E-11 0.316
160 4.17E+12 | 1.90E+17 4 54E+11 9.23E-11 4.57E-11 2.800
160 3.04E+12 | 3.53E+17 5.36E+11 9.23E-11 457E-11 2.800
200 8.63E+12 | 1.77E+17 3.17E+11 7.52E-11 3.90E-11 4.614
200 9.59E+12 | 1.77E+17 493E+11 7.25E-11 6.67E-11 1.054
200 1.12E+13 | 1.76E+17 3.65E+11 6.39E-11 8.31E-11 0.089
200 1.07E+13 | 1.76E+17 3.35E+11 8.61E-11 5.43E-11 0.332
200 1.17E+13 | 1.76E+17 3.38E+11 8.16E-11 7.88E-11 0.937
200 1.24E+13 | 1.77E+17 4.46E+11 6.39E-11 8.31E-11 0.089
200 1.59E+13 | 1.76E+17 3.51E+11 7.25E-11 6.67E-11 1.054
200 1.22E+13 | 1.75E+17 3.87E+11 7.25E-11 6.67E-11 1.054
200 9.55E+12 | 1.75E+17 4.13E+11 8.05E-11 5.25E-11 0.001
200 492E+12 | 1.77E+17 3.85E+11 7.52E-11 3.90E-11 4.614
200 7.38E+12 | 1.77E+17 4.24E+11 8.16E-11 7.88E-11 0.937
200 1.08E+13 | 1.76E+17 3.02E+11 8.61E-11 5.43E-11 0.332
200 1.09E+13 | 1.76E+17 3.24E+11 8.05E-11 5.25E-11 0.001
200 1.16E+13 | 1.76E+17 3.96E+11 8.16E-11 7.88E-11 0.937
200 1.42E+13 | 1.75E+17 4.06E+11 8.61E-11 5.43E-11 0.332
200 1.26E+13 | 1.76E+17 3.78E+11 8.05E-11 5.25E-11 0.001
200 2.73E+13 | 2.07E+17 6.79E+11 6.39E-11 8.31E-11 0.089
200 2.40E+12 | 2.07E+17 4.09E+11 7.52E-11 3.90E-11 4.614
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Pressure| [CHalo]/ [02] /' |[CH2O0]; = / Kss/ Ksal Ko/t
/ Torr cm cm cm cmi®st cmi®st 5519
200 4.44E+13 | 2.07E+17 1.60E+12 8.16E-11 7.88E-11 0.937
200 7.58E+12 | 2.06E+17 1.01E+12 8.05E-11 5.25E-11 0.001
200 4.40E+12 | 2.07E+17 8.03E+11 7.52E-11 3.90E-11 4.614
250 3.85E+12 | 1.77E+17 2.69E+11 6.81E-11 7.08E-11 0.002
250 9.53E+12 | 1.77E+17 4.15E+11 6.81E-11 7.08E-11 0.002
250 1.43E+13 | 1.77E+17 4.76E+11 6.75E-11 6.28E-11 0.512
250 2.04E+13 | 1.77E+17 4 95E+11 8.84E-11 3.32E-11 6.041
250 1.70E+13 | 1.77E+17 3.74E+11 8.67E-11 5.25E-11 4.867
250 1.03E+13 | 1.76E+17 3.07E+11 8.42E-11 4,98E-11 5.743
250 1.07E+13 | 1.77E+17 3.02E+11 8.67E-11 5.25E-11 4.867
250 9.69E+12 | 1.77E+17 3.07E+11 6.81E-11 7.08E-11 0.002
250 3.66E+12 | 1.77E+17 2.01E+11 6.75E-11 6.28E-11 0.512
250 6.86E+12 | 1.77E+17 1.92E+11 6.81E-11 7.08E-11 0.002
250 8.70E+12 | 1.77E+17 2.51E+11 8.42E-11 4,98E-11 5.743
250 1.24E+13 | 1.77E+17 2.61E+11 8.84E-11 3.32E-11 6.041
250 8.47E+12 | 1.76E+17 2.98E+11 8.67E-11 5.25E-11 4.867
250 1.00E+13 | 1.76E+17 3.22E+11 6.75E-11 6.28E-11 0.512
250 1.06E+13 | 1.76E+17 3.34E+11 8.42E-11 4.98E-11 5.743
250 1.64E+13 | 3.19E+17 3.27E+11 8.84E-11 3.32E-11 6.041
250 9.58E+12 | 3.22E+17 1.73E+11 8.42E-11 4.98E-11 5.743
250 1.79E+13 | 3.21E+17 2.88E+11 6.75E-11 6.28E-11 0.512
250 3.10E+13 | 3.20E+17 2.52E+11 8.84E-11 3.32E-11 6.041
250 1.85E+13 | 3.21E+17 1.58E+11 8.67E-11 5.25E-11 4.867
300 3.28E+12 | 1.77E+17 2.65E+11 8.44E-11 4.52E-11 2.363
300 6.20E+12 | 1.76E+17 1.85E+11 7.01E-11 6.08E-11 7.329
300 7.21E+12 | 1.77E+17 1.59E+11 7.01E-11 6.08E-11 7.329
300 7.67E+12 | 1.77E+17 2.59E+11 7.53E-11 5.15E-11 4.393
300 1.13E+13 | 1.77E+17 1.92E+11 8.42E-11 6.07E-11 0.044
300 8.35E+12 | 1.76E+17 2.80E+11 7.09E-11 4.91E-11 8.302
300 8.69E+12 | 1.76E+17 3.70E+11 7.09E-11 491E-11 8.302
300 1.30E+13 | 1.76E+17 3.50E+11 7.53E-11 5.15E-11 4.393
300 7.96E+12 | 1.76E+17 2.62E+11 7.01E-11 6.08E-11 7.329
300 4.46E+12 | 1.77E+17 2.57E+11 8.42E-11 6.07E-11 0.044
300 2.88E+12 | 3.32E+17 2.85E+11 7.08E-11 6.32E-11 0.112
300 8.10E+12 | 3.31E+17 2.44E+11 7.09E-11 491E-11 8.302
300 4.68E+12 | 3.32E+17 1.79E+11 7.53E-11 5.15E-11 4.393
300 9.78E+11 | 3.30E+17 1.61E+11 7.09E-11 491E-11 8.302
300 7.46E+12 | 1.35E+17 2.44E+11 8.44E-11 4.52E-11 2.363
300 9.06E+12 | 1.35E+17 2.46E+11 7.08E-11 6.32E-11 0.112
300 1.43E+13 | 1.35E+17 2.77E+11 8.42E-11 6.07E-11 0.044
300 1.08E+13 | 1.34E+17 1.98E+11 7.08E-11 6.32E-11 0.112
300 7.79E+12 | 1.35E+17 2.10E+11 8.44E-11 4.52E-11 2.363
300 1.24E+13 | 1.35E+17 2.36E+11 7.53E-11 5.15E-11 4.393
300 1.60E+13 | 1.35E+17 2.55E+11 7.01E-11 6.08E-11 7.329
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Appendix 5: Normalised CH20O IR absorption spectrum

Table summarising the normalised CH>OO IR absorption spectrum described in
Chapter 6.

Current|Wavenumber(Normalised signal Current|Wavenumber|Normalised signal
/I A /cm™ / arbitrary units /I A /cm™ / arbitrary units
0.3120 | 1285.5917 0.1644 0.3076 | 1285.6595 0.0167
0.3119 | 1285.5933 0.1483 0.3075 | 1285.6610 0.0737
0.3118 | 1285.5949 0.2114 0.3074 | 1285.6625 0.0608
0.3117 | 1285.5965 0.1895 0.3073 | 1285.6640 0.0929
0.3116 | 1285.5981 0.1555 0.3072 | 1285.6654 -0.0394
0.3115| 1285.5996 0.1495 0.3071| 1285.6669 -0.0159
0.3114 | 1285.6012 0.1297 0.3070 | 1285.6684 0.0090
0.3113 | 1285.6028 0.1549 0.3069 | 1285.6699 0.0636
0.3112 | 1285.6044 0.1729 0.3068 | 1285.6713 0.0926
0.3111 | 1285.6060 0.1187 0.3067 | 1285.6728 0.0698
0.3110 | 1285.6075 0.1728 0.3066 | 1285.6743 0.0819
0.3109 | 1285.6091 0.4635 0.3065 | 1285.6757 0.0912
0.3108 | 1285.6107 0.5307 0.3064 | 1285.6772 0.1962
0.3107 | 1285.6122 0.4291 0.3063 | 1285.6787 0.1358
0.3106 | 1285.6138 0.3362 0.3062 | 1285.6801 0.2346
0.3105| 1285.6153 0.2778 0.3061 | 1285.6816 0.2715
0.3104 | 1285.6169 0.2992 0.3060 | 1285.6830 0.2658
0.3103 | 1285.6185 0.3443 0.3059 | 1285.6845 0.2392
0.3102 | 1285.6200 0.2077 0.3058 | 1285.6859 0.1812
0.3101 | 1285.6216 0.2652 0.3057 | 1285.6874 0.1176
0.3100 | 1285.6231 0.1478 0.3056 | 1285.6888 0.2521
0.3099 | 1285.6246 0.1212 0.3055 | 1285.6902 0.1223
0.3098 | 1285.6262 0.1454 0.3054 | 1285.6917 0.1314
0.3097 | 1285.6277 0.1455 0.3053 | 1285.6931 0.2657
0.3096 | 1285.6293 0.0816 0.3052 | 1285.6945 0.1545
0.3095 | 1285.6308 0.1991 0.3051 | 1285.6960 0.3557
0.3094 | 1285.6323 0.1168 0.3050 | 1285.6974 0.2454
0.3093 | 1285.6339 0.1277 0.3049 | 1285.6988 0.3806
0.3092 | 1285.6354 0.0676 0.3048 | 1285.7002 0.2396
0.3091 | 1285.6369 0.0520 0.3047 | 1285.7017 0.1361
0.3090 | 1285.6384 0.0221 0.3046 | 1285.7031 0.1782
0.3089 | 1285.6400 0.1014 0.3045 | 1285.7045 0.1811
0.3088 | 1285.6415 -0.0109 0.3044 | 1285.7059 0.2033
0.3087 | 1285.6430 -0.0292 0.3043 | 1285.7073 0.1740
0.3086 | 1285.6445 -0.0291 0.3042 | 1285.7087 0.1966
0.3085 | 1285.6460 -0.0386 0.3041| 1285.7101 0.1744
0.3084 | 1285.6475 -0.0787 0.3040 | 1285.7115 0.2197
0.3083 | 1285.6490 0.0374 0.3039 | 1285.7129 0.2806
0.3082 | 1285.6505 -0.0225 0.3038 | 1285.7143 0.3478
0.3081 | 1285.6520 0.0427 0.3037 | 1285.7157 0.4232
0.3080 | 1285.6535 0.0064 0.3036 | 1285.7171 0.4289
0.3079 | 1285.6550 0.0192 0.3035| 1285.7185 0.3496
0.3078 | 1285.6565 0.0362 0.3034 | 1285.7199 0.4900
0.3077 | 1285.6580 0.0191 0.3033 | 1285.7213 0.5482
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Current|Wavenumber|Normalised signal Current|Wavenumber|Normalised signal
/ A /cm™ / arbitrary units / A /cm™ / arbitrary units
0.3032 | 1285.7227 0.6817 0.2981 | 1285.7901 0.2386
0.3031 1285.7241 0.6982 0.2980 1285.7913 0.1882
0.3030 1285.7254 0.7409 0.2979 1285.7926 0.2722
0.3029 | 1285.7268 0.8212 0.2978 | 1285.7938 0.1815
0.3028 1285.7282 0.9064 0.2977 1285.7951 0.1967
0.3027 | 1285.7296 1.0000 0.2976 | 1285.7963 0.2495
0.3026 | 1285.7309 0.9154 0.2975| 1285.7976 0.1804
0.3025 | 1285.7323 0.9220 0.2974 | 1285.7988 0.1595
0.3024 | 1285.7337 0.7013 0.2973 | 1285.8001 0.1758
0.3023 1285.7350 0.6493 0.2972 1285.8013 0.2768
0.3022 | 1285.7364 0.5863 0.2971 | 1285.8025 0.2491
0.3021 | 1285.7377 0.5268 0.2970 | 1285.8038 0.2169
0.3020 | 1285.7391 0.4149 0.2969 | 1285.8050 0.2060
0.3019 | 1285.7404 0.4146 0.2968 | 1285.8062 0.2254
0.3018 | 1285.7418 0.3114 0.2967 | 1285.8075 0.2844
0.3017 | 1285.7431 0.3140 0.2966 | 1285.8087 0.3067
0.3016 | 1285.7445 0.2890 0.2965 | 1285.8099 0.2937
0.3015 1285.7458 0.2605 0.2964 1285.8111 0.3105
0.3014 1285.7472 0.3684 0.2963 1285.8124 0.3512
0.3013 | 1285.7485 0.4310 0.2962 | 1285.8136 0.3343
0.3012 1285.7498 0.3071 0.2961 1285.8148 0.2687
0.3011| 1285.7512 0.3577 0.2960 | 1285.8160 0.2034
0.3010 | 1285.7525 0.2779 0.2959 | 1285.8172 0.1932
0.3009 | 1285.7538 0.3978 0.2958 | 1285.8184 0.2584
0.3008 1285.7552 0.3726 0.2957 1285.8196 0.2143
0.3007 1285.7565 0.3446 0.2956 1285.8208 0.1384
0.3006 | 1285.7578 0.3565 0.2955 | 1285.8220 0.1505
0.3005 | 1285.7591 0.3471 0.2954 | 1285.8232 0.1990
0.3004 1285.7604 0.4279 0.2953 1285.8244 0.1511
0.3003 | 1285.7618 0.4012 0.2952 | 1285.8256 0.1153
0.3002 | 1285.7631 0.4692 0.2951 | 1285.8268 0.1372
0.3001 | 1285.7644 0.4649 0.2950 | 1285.8280 0.1193
0.3000 | 1285.7657 0.5443 0.2949 | 1285.8292 0.1351
0.2999 1285.7670 0.6083 0.2948 1285.8303 0.1634
0.2998 | 1285.7683 0.5490 0.2947 | 1285.8315 0.2031
0.2997 | 1285.7696 0.4858 0.2946 | 1285.8327 0.1728
0.2996 | 1285.7709 0.4615 0.2945 | 1285.8339 0.1447
0.2995 | 1285.7722 0.4428 0.2944 | 1285.8350 0.3117
0.2994 | 1285.7735 0.4329 0.2943 | 1285.8362 0.2185
0.2993 | 1285.7748 0.4018 0.2942 | 1285.8374 0.2572
0.2992 1285.7761 0.2429 0.2941 1285.8385 0.3867
0.2991 1285.7773 0.4676 0.2940 1285.8397 0.2247
0.2990 | 1285.7786 0.2624 0.2939 | 1285.8409 0.1344
0.2989 | 1285.7799 0.3382 0.2938 | 1285.8420 0.1571
0.2988 1285.7812 0.1140 0.2937 1285.8432 0.2570
0.2987 | 1285.7825 0.2056 0.2936 | 1285.8443 0.3186
0.2986 | 1285.7837 0.2729 0.2935 | 1285.8455 0.2746
0.2985 | 1285.7850 0.2097 0.2934 | 1285.8466 0.2968
0.2984 | 1285.7863 0.2421 0.2933 | 1285.8478 0.3896
0.2983 1285.7875 0.1618 0.2932 1285.8489 0.2197
0.2982 1285.7888 0.1806 0.2931 1285.8501 0.3414
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Current|Wavenumber|Normalised signal Current|Wavenumber|Normalised signal
/ A /cm™ / arbitrary units / A /cm™ / arbitrary units
0.2930 | 1285.8512 0.2804 0.2879 | 1285.9061 0.1095
0.2929 1285.8523 0.2171 0.2878 1285.9071 0.0761
0.2928 | 1285.8535 0.2551 0.2877 | 1285.9081 0.0543
0.2927 | 1285.8546 0.2986 0.2876 | 1285.9091 0.1109
0.2926 | 1285.8557 0.0928 0.2875| 1285.9101 0.0537
0.2925 | 1285.8569 0.1800 0.2874 | 1285.9111 0.1098
0.2924 | 1285.8580 0.0262 0.2873 | 1285.9121 0.1004
0.2923 | 1285.8591 0.0032 0.2872 | 1285.9131 0.0111
0.2922 | 1285.8602 0.0527 0.2871| 1285.9141 0.0385
0.2921 1285.8613 0.0001 0.2870 1285.9151 0.0304
0.2920 1285.8625 0.1224 0.2869 1285.9161 0.1103
0.2919 | 1285.8636 0.1096 0.2868 | 1285.9171 0.0308
0.2918 1285.8647 0.1744 0.2867 1285.9181 0.0128
0.2917 | 1285.8658 0.0840 0.2866 | 1285.9191 0.0337
0.2916 | 1285.8669 0.1393 0.2865 | 1285.9201 0.0704
0.2915| 1285.8680 0.0846 0.2864 | 1285.9210 0.0297
0.2914 | 1285.8691 0.1509 0.2863 | 1285.9220 0.0265
0.2913 1285.8702 0.1750 0.2862 1285.9230 0.0181
0.2912 1285.8713 0.1233 0.2861 1285.9240 0.0134
0.2911 1285.8724 0.1494 0.2860 1285.9249 0.0301
0.2910 | 1285.8735 0.1566 0.2859 | 1285.9259 0.0276
0.2909 | 1285.8746 0.2350 0.2858 | 1285.9269 0.0282
0.2908 | 1285.8756 0.2571 0.2857 | 1285.9278 0.0037
0.2907 | 1285.8767 0.1734 0.2856 | 1285.9288 0.0001
0.2906 1285.8778 0.1721 0.2855 1285.9298 0.0190
0.2905 1285.8789 0.1824 0.2854 1285.9307 0.0615
0.2904 | 1285.8800 0.1752 0.2853 | 1285.9317 0.0243
0.2903 | 1285.8810 0.1616 0.2852 | 1285.9326 0.0612
0.2902 | 1285.8821 0.1097 0.2851 | 1285.9336 0.0182
0.2901 | 1285.8832 0.1285 0.2850 | 1285.9345 0.0122
0.2900 | 1285.8842 0.1140 0.2849 | 1285.9355 0.0279
0.2899 | 1285.8853 0.1063 0.2848 | 1285.9364 0.0226
0.2898 | 1285.8864 0.1010 0.2847 | 1285.9373 0.0150
0.2897 1285.8874 0.1501 0.2846 1285.9383 0.0189
0.2896 | 1285.8885 0.0402 0.2845 | 1285.9392 0.0140
0.2895 | 1285.8895 0.1094 0.2844 | 1285.9401 0.0121
0.2894 1285.8906 0.1292 0.2843 1285.9411 0.0182
0.2893 | 1285.8916 0.1386 0.2842 | 1285.9420 0.0119
0.2892 | 1285.8927 0.1252 0.2841 | 1285.9429 0.0169
0.2891 | 1285.8937 0.1409 0.2840 | 1285.9438 0.0092
0.2890 1285.8948 0.1412 0.2839 1285.9448 0.0212
0.2889 1285.8958 0.1522 0.2838 1285.9457 0.0074
0.2888 | 1285.8969 0.1512 0.2837 | 1285.9466 0.0241
0.2887 | 1285.8979 0.1235 0.2836 | 1285.9475 0.0190
0.2886 | 1285.8989 0.0771 0.2835 | 1285.9484 0.0137
0.2885 | 1285.9000 0.1189 0.2834 | 1285.9493 0.0161
0.2884 | 1285.9010 0.0272 0.2833 | 1285.9502 0.0070
0.2883 | 1285.9020 0.3272 0.2832 | 1285.9511 0.0186
0.2882 | 1285.9030 0.1411 0.2831 | 1285.9520 0.0065
0.2881 1285.9041 0.0086 0.2830 1285.9529 0.0029
0.2880 | 1285.9051 0.1012 0.2829 | 1285.9538 0.0035
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Current|Wavenumber|Normalised signal Current|Wavenumber|Normalised signal
/ A /cm™ / arbitrary units / A /cm™ / arbitrary units
0.2828 | 1285.9547 0.0033 0.2777 | 1285.9971 0.0080
0.2827 1285.9556 0.0192 0.2776 1285.9979 0.0052
0.2826 | 1285.9565 0.0372 0.2775| 1285.9986 0.0126
0.2825 1285.9574 0.0464 0.2774 1285.9994 0.0002
0.2824 | 1285.9583 0.0015 0.2773 | 1286.0002 0.0066
0.2823 | 1285.9592 0.0452 0.2772 | 1286.0009 0.0260
0.2822 | 1285.9600 0.0135 0.2771| 1286.0017 0.0006
0.2821 | 1285.9609 0.0216 0.2770 | 1286.0024 0.0071
0.2820 | 1285.9618 0.0026 0.2769 | 1286.0032 0.0010
0.2819 1285.9627 0.0283 0.2768 1286.0039 0.0130
0.2818 | 1285.9635 0.0141 0.2767 | 1286.0047 0.0067
0.2817 | 1285.9644 0.0220 0.2766 | 1286.0054 0.0083
0.2816 | 1285.9653 0.0152 0.2765 | 1286.0062 0.0066
0.2815| 1285.9661 0.0198 0.2764 | 1286.0069 0.0101
0.2814 | 1285.9670 0.0145 0.2763 | 1286.0076 0.0051
0.2813 | 1285.9678 0.0244 0.2762 | 1286.0084 0.0067
0.2812 | 1285.9687 0.0398 0.2761 | 1286.0091 0.0074
0.2811 1285.9695 0.0117 0.2760 1286.0098 0.0067
0.2810 1285.9704 0.0284 0.2759 1286.0106 0.0026
0.2809 | 1285.9712 0.0175 0.2758 | 1286.0113 0.0082
0.2808 1285.9721 0.0127 0.2757 1286.0120 0.0034
0.2807 | 1285.9729 0.0212 0.2756 | 1286.0127 0.0038
0.2806 | 1285.9738 0.0490 0.2755 | 1286.0135 0.0020
0.2805 | 1285.9746 0.0410 0.2754 | 1286.0142 0.0081
0.2804 1285.9754 0.0387 0.2753 1286.0149 0.0039
0.2803 1285.9763 0.0240 0.2752 1286.0156 0.0029
0.2802 1285.9771 0.0115 0.2751 1286.0163 0.0167
0.2801 1285.9779 0.0142 0.2750 1286.0170 0.0073
0.2800 | 1285.9788 0.0138 0.2749 | 1286.0177 0.0143
0.2799 | 1285.9796 0.0098 0.2748 | 1286.0184 0.0052
0.2798 | 1285.9804 0.0323 0.2747 | 1286.0191 0.0080
0.2797 | 1285.9812 0.0093 0.2746 | 1286.0198 0.0035
0.2796 | 1285.9820 0.0328 0.2745 | 1286.0205 0.0050
0.2795 1285.9829 0.0143 0.2744 1286.0212 0.0041
0.2794 | 1285.9837 0.0076 0.2743 | 1286.0219 0.0033
0.2793 | 1285.9845 0.0001 0.2742 | 1286.0226 0.0098
0.2792 | 1285.9853 0.0097 0.2741| 1286.0233 0.0030
0.2791 | 1285.9861 0.0175 0.2740 | 1286.0239 0.0054
0.2790 | 1285.9869 0.0038 0.2739 | 1286.0246 0.0001
0.2789 | 1285.9877 0.0076 0.2738 | 1286.0253 0.0004
0.2788 1285.9885 0.0036 0.2737 1286.0260 0.0005
0.2787 1285.9893 0.0002 0.2736 1286.0266 0.0068
0.2786 | 1285.9901 0.0001 0.2735| 1286.0273 0.0005
0.2785 | 1285.9909 0.0050 0.2734 | 1286.0280 0.0000
0.2784 | 1285.9917 0.0029 0.2733 | 1286.0286 0.0163
0.2783 | 1285.9924 0.0102 0.2732 | 1286.0293 0.0032
0.2782 | 1285.9932 0.0031 0.2731| 1286.0300 0.0025
0.2781 | 1285.9940 0.0067 0.2730 | 1286.0306 0.0016
0.2780 | 1285.9948 0.0232 0.2729 | 1286.0313 0.0008
0.2779 1285.9956 0.0112 0.2728 1286.0319 0.0142
0.2778 1285.9963 0.0036 0.2727 1286.0326 0.0022
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Current|Wavenumber|Normalised signal Current|Wavenumber|Normalised signal
/ A /cmt / arbitrary units / A /cmt / arbitrary units

0.2726 | 1286.0332 0.0030 0.2702 | 1286.0481 0.0142
0.2725| 1286.0339 0.0162 0.2701 | 1286.0487 0.0062
0.2724 1286.0345 0.0040 0.2700 1286.0492 0.0131
0.2723 | 1286.0352 0.0020 0.2699 | 1286.0498 0.0001
0.2722 | 1286.0358 0.0000 0.2698 | 1286.0504 0.0115
0.2721 | 1286.0364 0.0072 0.2697 | 1286.0510 0.0006
0.2720 | 1286.0371 0.0064 0.2696 | 1286.0516 0.0009
0.2719 | 1286.0377 0.0005 0.2695 | 1286.0521 0.0007
0.2718 | 1286.0383 0.0054 0.2694 | 1286.0527 0.0010
0.2717 | 1286.0390 0.0049 0.2693 | 1286.0533 0.0309
0.2716 1286.0396 0.0181 0.2692 1286.0538 0.0218
0.2715 | 1286.0402 0.0130 0.2691 | 1286.0544 0.0052
0.2714 | 1286.0408 0.0093 0.2690 | 1286.0550 0.0021
0.2713 | 1286.0414 0.0037 0.2689 | 1286.0555 0.0050
0.2712 | 1286.0421 0.0000 0.2688 | 1286.0561 0.0071
0.2711| 1286.0427 0.0116 0.2687 | 1286.0566 0.0230
0.2710 | 1286.0433 0.0061 0.2686 | 1286.0572 0.0089
0.2709 | 1286.0439 0.0002 0.2685 | 1286.0577 0.0067
0.2708 1286.0445 0.0108 0.2684 1286.0583 0.0013
0.2707 | 1286.0451 0.0007 0.2683 | 1286.0588 0.0170
0.2706 | 1286.0457 0.0089 0.2682 | 1286.0594 0.0009
0.2705 | 1286.0463 0.0001 0.2681 | 1286.0599 0.0183
0.2704 | 1286.0469 0.0148 0.2680 | 1286.0605 0.0112
0.2703 | 1286.0475 0.0031

Appendix 6: IR experiments investigating CH>OO + SO; reaction

Tables summarising the conditions and results of all experiments carried out using
time-resolved mid-IR QCL absorption spectroscopy to develop and characterise this
experimental setup, determine kinetics of the CH200 + SO reaction by monitoring
both the CH200 reactant and the SOs product, and determine the SOs yield and hence
absorption cross-section, as described in Chapter 6. Tables show the summary for all
experiments at a single pressure, with experiments conducted at a total of 3 pressures
in the range 20-100 Torr. All experiments were carried out at a temperature of 298 K.

For experiments monitoring CH200, Ao is the absorbance at time zero and k’ is the
pseudo-first-order rate coefficient for the reaction between CH,OO + SO, at a
particular [SO2]. For experiments monitoring SOz, Ag is the maximum absorbance
which relates to the initial radical concentration and yield of SOs, Kgrowth IS the
pseudo-first-order rate coefficient for the reaction between CH,OO + SO, at a

particular [SO2] describing the growth of SOz, and kiess is the first-order rate
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coefficient describing the loss of SOs. For determination of the SO3 IR absorption
cross-section, assuming an SOs yield of unity for the reaction between CH200 + SO,
the parameter Ao, which represents the absorbance relating to the total concentration
of SOz produced, is equal to the product of the initial CH200 concentration, the SO3
IR cross-section at the measurement wavenumber, and the effective path length of the
IR probe beam. Following from this, normalisation of the parameter Ao for the initial
CH200 concentration at all pressures, Ao / [CH200]o, provides information on the
pressure dependence, if any, of the kinetics and product yields of the CH200 + SO-
reaction. Furthermore, assuming an SOz yield of unity and with knowledge of the path
length of the probe beam, Ao / [CH200]o also allows estimation of the IR absorption

cross-section of SOz at the measurement wavenumber.

Data at 20 Torr monitoring CH200

[SO,] /ecm™| Ay error | k'/st | error
0.00E+00 | 0.00145 | 0.00001 559 6
1.17E+14 | 0.00124 | 0.00003 5555 203
1.71E+14 | 0.00109 | 0.00003 7094 251
2.11E+14 | 0.00095 | 0.00003 6613 295
2.56E+14 | 0.00153 | 0.00004 9463 309

3.40E+14 | 0.00086 | 0.00002 | 13983 512
4.26E+14 | 0.00109 | 0.00003 | 17276 482
4.67E+14 | 0.00106 | 0.00003 | 18072 544
5.31E+14 | 0.00141 [ 0.00003 | 19555 457

Data at 50 Torr monitoring CH200

[SO,] /ecm™| Ay error | k'/st | error
0.00E+00 | 0.00168 | 0.00001 424 5
9.92E+13 | 0.00124 | 0.00002 2813 53
1.43E+14 | 0.00221 | 0.00002 5859 86
1.84e+14 | 0.00117 | 0.00004 10044 373
2.23E+14 | 0.00164 | 0.00004 9864 277
3.07E+14 | 0.00161 | 0.00002 12018 169
3.81E+14 | 0.00123 | 0.00003 16529 388
4.25E+14 | 0.00101 | 0.00003 15804 441
4.54E+14 | 0.00224 | 0.00003 19523 313
5.37E+14 | 0.00162 | 0.00003 19918 435
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Data at 100 Torr monitoring CH200

[SO,] /ecm™| Ay error | k'/st | error
0.00E+00 | 0.00369 | 0.00001 505 5
1.03E+14 | 0.00152 | 0.00002 3199 58
1.50E+14 | 0.00236 | 0.00003 6362 122
1.89E+14 | 0.00104 | 0.00004 7828 362
2.29E+14 0.00132 | 0.00003 7218 264
3.07E+14 | 0.00110 | 0.00002 14722 369
3.84E+14 0.00095 | 0.00001 14729 204
4,18E+14 | 0.00080 | 0.00003 16408 674
4,55E+14 | 0.00158 | 0.00003 19660 404
5.27E+14 | 0.00228 | 0.00003 19513 265

Data at 20 Torr monitoring SO3

[SO]/cm™| A error  |K growtn / S| error | kioss / s | error
1.03E+14 | 0.000217 | 0.000005 4390 320 -548 11
1.36E+14 | 0.000319 | 0.000009 6947 483 81 9
2.28E+14 | 0.000336 | 0.000014 6638 181 -266 9
3.18E+14 | 0.000468 | 0.000012 12908 458 -129 5
3.96E+14 | 0.000138 | 0.000013 17586 538 -237 31
5.71E+14 | 0.000750 | 0.000015 20041 965 196 6
6.49E+14 | 0.000270 | 0.000016 24205 1244 -257 13

Data at 50 Torr monitoring SO3

[SO,] / cm™ Ao error |k grown / S| error | kioss / s | error
9.34E+13 | 0.001230 | 0.000004 3961 47 394 10
1.39E+14 | 0.000403 | 0.000012 6095 169 288 9
2.14E+14 | 0.001090 | 0.000005 8248 65 298 6
2.95E+14 | 0.001600 | 0.000036 9423 88 203 4
4.37E+14 | 0.000645 | 0.000009 17741 489 279 7
5.80E+14 | 0.000675 | 0.000005 22662 493 898 13

Data at 100 Torr monitoring SO3

[SO,] / cm™ Ao error |k grown / S| error | kioss / s | error
9.55E+13 | 0.000961 | 0.000008 4007 83 3 6
1.40E+14 | 0.001500 | 0.000008 5425 74 334 6
2.15E+14 | 0.000994 | 0.000010 9007 171 21 3
2.86E+14 | 0.001050 | 0.000011 11526 219 -23 3

318




Appendices

SOz yield and IR absorption cross-section

Pressure| [CHlol/ | |[CHOOL/| [SO,] / Ao orror |AOICH00L
/ Torr cm?® cm? cm? /cm?
20 8.70E+13 | 2.18E+13 | 3.10E+12 | 7.75E+11 | 1.03E+14 | 0.000217 | 0.000005 6.99E-17 1.75E-17
20 8.66E+13 | 2.16E+13 | 3.08E+12 | 7.71E+11 | 1.36E+14 | 0.000319 | 0.000009 1.03E-16 2.60E-17
20 8.54E+13 | 2.14E+13 | 3.04E+12 | 7.60E+11 | 2.28E+14 | 0.000336 | 0.000014 1.10E-16 2.80E-17
20 8.83E+13 | 2.21E+13 | 3.14E+12 | 7.86E+11 | 3.18E+14 | 0.000468 | 0.000012 1.49E-16 3.74E-17
20 8.73E+13 | 2.18E+13 | 3.11E+12 | 7.77E+11 | 3.96E+14 | 0.000138 | 0.000013 4.43E-17 1.18E-17
20 8.90E+13 | 2.23E+13 | 3.17E+12 | 7.93E+11 | 5.71E+14 | 0.000750 | 0.000015 2.37E-16 5.93E-17
20 8.80E+13 | 2.20E+13 | 3.14E+12 | 7.84E+11 | 6.49E+14 | 0.000270 | 0.000016 8.60E-17 2.21E-17
50 1.90E+14 | 4.75E+13 | 5.81E+12 | 1.45E+12 | 9.34E+13 | 0.001230 | 0.000004 2.12E-16 5.30E-17
50 1.92E+14 | 4.81E+13 | 5.89E+12 | 1.47E+12 | 1.39E+14 | 0.000403 | 0.000012 6.85E-17 1.72E-17
50 1.90E+14 | 4.75E+13 | 5.82E+12 | 1.45E+12 | 2.14E+14 | 0.001090 | 0.000005 1.87E-16 4.69E-17
50 1.96E+14 | 4.89E+13 | 5.99E+12 | 1.50E+12 | 2.95E+14 | 0.001600 | 0.000036 2.67E-16 6.71E-17
50 1.91E+14 | 4.78E+13 | 5.85E+12 | 1.46E+12 | 4.37E+14 | 0.000645 | 0.000009 1.10E-16 2.76E-17
50 1.91E+14 | 4.77E+13 | 5.84E+12 | 1.46E+12 | 5.80E+14 | 0.000675 | 0.000005 1.16E-16 2.89E-17
100 3.88E+14 | 9.69E+13 | 9.60E+12 | 2.40E+12 | 9.55E+13 | 0.000961 | 0.000008 1.00E-16 2.51E-17
100 3.85E+14 | 9.62E+13 | 9.53E+12 | 2.38E+12 | 1.40E+14 | 0.001500 | 0.000008 1.57E-16 3.94E-17
100 3.84E+14 | 9.61E+13 | 9.51E+12 | 2.38E+12 | 2.15E+14 | 0.000994 | 0.000010 1.04E-16 2.61E-17
100 3.80E+14 | 9.50E+13 | 9.40E+12 | 2.35E+12 | 2.86E+14 | 0.001050 | 0.000011 1.12E-16 2.79E-17
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