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Abstract

A Time-Resolved UV-Vis Absorption Spectrometer (TRUVAS) has been
constructed with the ability to record time-resolved absorption spectra between

~250-800 nm, with a maximum time-resolution of 0.78 ms.

The rate of reaction of the C1 Criegee Intermediate (formaldehyde oxide) with water
vapour has been studied. The removal rate constant shows a quadratic dependence on
[H.0], implying reaction with the water dimer, (HO).. The removal rate of the Criegee
intermediate via. reaction with the water dimer ((H20)2) was discovered to be 4.0 £ 1.2
x 10" cm® molecule™! s7!, and sufficiently fast to dominate the species’ removal in

the troposphere. This result was published in PCCP3,

The primary motivation for building the TRUVAS instrument was to measure the
absorption cross-sections of isoprene-derived peroxy radicals in the actinic region,
with a view to calculating the total atmospheric photolysis rates.

The total atmospheric photolysis rates of the isoprene, 2,3-dimethylbutadiene and
butadiene hydroxyperoxy (HP) radicals were calculated at noon in Borneo, and were
found to be 1.27, 1.81 and 1.01 x 103 s respectively.

The absorption spectra of ethylene, but-2-ene and 2,3-dimethylbut-2-ene
(TetraMethyl Ethylene — TME) HP radicals were measured. The measured
absorption spectra show a marked broadening effect, with the Gaussian width
increasing 11% from ethylene to but-2-ene HP radical absorption spectrum, and 26%
to the TME HP radical, which translate to atmospheric photolysis rates of 0.552, 1.21
and 1.68 x 10352,

The absorption spectra of the methyl, tertiary-butyl and cyclohexyl peroxy radicals
are presented. The methyl peroxy absorption spectrum measured in this study largely
agree with the numerous existing studies. Atmospheric photolysis of methyl peroxy

radicals comprises around 1% of the species’ removal in the marine boundary layer.
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Figure 3.20: Energy and correlation diagram for the electronic excitation
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Figure 4.14: The absorption cross-sections for OH production of the
isoprene HP radical ensemble as measured by Dr. Robert Hansen
using the 3 laser experiment. Values are given as averages of a
number of runs, and errors are propagated from the standard
deviation of the results. More details can be found in Hansen et al.
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10 TSRO UR PSR 130
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Figure 4.18: Energy and correlation diagram for the electronic excitation
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Figure 5.2: The methyl peroxy radical absorption spectrum prior to the
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shown in black. Modified Gaussian functions (discussed in more
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Figure 5.8: The absorption cross-section (black line) and the 16 error
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instrument. The point at which the 2 values are equivalent
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1 Introduction

1.1 Air quality and climate change

Climate change as a result of human activity is one of the biggest challenges facing
society today. A considerable amount of effort goes into trying to elucidate and
quantify both the causes of climate change which has already been observed and the
role which human activity plays and will continue to play in coming years, decades
and centuries. For the purposes of informing the public and the policy makers, the
research carried out on many topics is summarised by organisations including the
Intergovernmental Panel on Climate Change (IPCC)*, the National Oceanic and
Atmospheric Administration (NOAA) and the National American Space
administration (NASA). The IPCC report AR5, which was released in September
2013, is perhaps the most extensive aggregation of research on climate change to
date. The effects of climate change are broad and include the effects on the world’s
Oceans such as sea level rises®*, ocean acidification® and ocean warming®; effects
on the cryosphere such as the decrease in mass of land ice such as glaciers®’ and the
Greenland and Antarctic ice sheets®®, as well as the rapidly decreasing extent of
Arctic sea ice®. These effects on the cryosphere are important when considering the
global impact of climate change, however their relevance to this study is limited, and
they will not be discussed in any more detail here. Findings and conclusions within
the IPCC report are generally expressed in terms of either quantitative probabilistic
terms, ranging from virtually certain (99—-100% probability) to exceptionally unlikely
(0-1%) or qualitative statistical confidence terms ranging from very low to very high
confidence, depending on which is the more suitable method of inferring the level of
understanding of a certain topic. An example of this method of conveying certainty
would be that the fifth Intergovernmental Panel on Climate Change (IPCC) report
states with 95% confidence that humans are the main cause of the current global

warming.



1.1.1 The effects of climate change on the atmosphere:

Greenhouse gas emissions by humans have led to a change in the composition of the
atmosphere most notably an increase in greenhouse gas concentrations in the
atmosphere, the most important of which are carbon dioxide (CO2), methane (CHa),
tropospheric ozone (O3) and nitrous oxide (N20) . It is worth noting that CFCs also
play a large part in the increase in overall radiative forcing estimates, however their
concentration in the atmosphere has mostly levelled out due to the implementation
of sanctions banning their use entirely, as a result of the Montreal Protocol and
subsequent amendments. The aim of the Montreal Protocol was primarily to try and
prevent further damage to and facilitate the recovery of the ozone layer, however
recent research suggests that the cessation of CFC emissions has also contributed to
the apparent retardation of radiative forcing increase observed in the period 1998-
201249 Since CFCs were used widely as refrigerants and propellants, various
replacements have been used, including HydroFluoroCarbons (HFCs). HFCs are
subsequently being phased out due to their contribution to Radiative Forcing (RF),
which is the difference between radiant energy received by the earth and energy
radiated back to space relative to pre-industrial Earth (pre-1750). RF is affected by
various physical processes, as shown in Figure 1.1 which shows the most recent
estimates of the effects that anthropogenic activity has had on RF. The consequences

of such an increase in RF on the atmosphere are numerous, as shown in Figure 1.2.

The observed changes with the greatest likelihood are the “warmer and/or fewer cold
days and nights over most land areas”, and the “warmer and/or more frequent hot
days and nights over most land areas”, and is very likely (90-100%) to have been
caused by human activity. Whilst it may be convenient to discuss changes in climate
in terms of global change, a description of changes observed at the regional level can
be more appropriate, especially when considering the frequency of such phenomena
as drought*3, heavy precipitation events* *° and intense tropical cyclone activity*®
47 An increase in the frequency and severity of these regional effects can pose a
substantial threat not only to natural ecosystems such as forested*® and semi-arid

regions*® but also to human life, both directly**->! and indirectly®?,
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Figure 1.1: Radiative forcing estimates for the main contributors to the total radiative forcing

change since pre-industrial times (taken from the IPCC Assessment Report 5)%,
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1.1.2 Methane lifetime

Of the contributors to increased radiative forcing, methane is second only to CO> in
its contribution to the trapping of outgoing radiation and warming of the Earth.
Methane is a VOC emitted in large quantities annually (~600 Tg yr?)*® and today
exhibits an atmospheric concentration 150% greater than pre industrial times as a
result of human activity. The primary removal mechanism of methane is via. its
reaction with the OH radical, forming the methyl radical (R 1.1), which rapidly reacts
with oxygen in the atmosphere to yield methyl peroxy radicals (R 1.2).

CH4+ OH — CH3 + H.0O
R1.1

CH3+ 02+ M — CH30, + M
R1.2

The global warming potential (the amount that a molecule increases RF relative to
CO_) of methane over a 20 year period is 84 fold greater than that of CO2, so per unit
concentration has a vastly more profound effect on RF. Since reaction with OH is the
primary removal mechanism of methane in the atmosphere, it is vital that OH radical
concentrations are well known so as to accurately predict the atmospheric lifetime of

methane.

1.1.3 Air Quality and emissions

Another challenge which faces modern society is that of deteriorating air quality, and
the way in which human activity impacts on the composition of the air we breathe.
Studies have shown that there is a link between chronic mortality and exposure to
ozone (03)** and fine particulate matter, which is a mixture of black carbon, metals,
sulphates, nitrates, and other direct and indirect by-products of incomplete
combustion and high-temperature industrial processes. > Another important
tropospheric pollutant is NOx (NO and NO2), which is formed from fossil fuel
combustion. Chronic exposure to NO: is linked to airway inflammation, and
exacerbation of asthma symptoms in humans.*®8 NOx plays an important role in the
chemistry of the troposphere, essentially catalysing the oxidation of carbon based
emissions, as described in section 1.3.1. Atmospheric radical chemistry plays a vital
role in our understanding of both climate change and air quality, as it controls the

lifetimes of emissions in the atmosphere.



1.2 Photochemistry

This section will introduce the concept of photochemistry, and the importance of
molecular absorption of solar radiation on the composition and chemistry of the

atmosphere.

1.2.1 The Beer — Lambert Law

The Beer-Lambert law describes the relationship between the attenuation of light
passing through a medium (A), the concentration of the attenuating species (C), the
distance travelled by the light through the attenuating medium (I), and the probability

that each attenuating species will absorb a photon () as shown in E 1.1.5% 0

A=o0-C-1 El1l

Absorbance is defined as the natural logarithm of ratio of the intensities of light with

(1) and without (lo) the attenuating species present, shown in E 1.2.

A= lnIT0 E12

E 1.1 shows that absorbance is linearly dependent on both the concentration of the
attenuating species, and the path length of the light through the medium. Attenuation
can occur as a result of absorption of the electromagnetic radiation by an atom or

molecule, or by scattering due to atoms, molecules and particles.

1.2.2 Absorption of electromagnetic radiation by molecules

Absorption of electromagnetic radiation by molecules involves the interaction
between an incident photon and the absorbing molecule leading to a transition
between energy levels within the molecule. Broadly speaking, excitations resulting
from molecular absorption can be separated into three distinct types: electronic
excitation, vibrational excitation and rotational excitation, which most often
correspond to the UltraViolet/Visible (UV/Vis), Infra-Red (IR) and microwave
regions of the electromagnetic spectrum, respectively. Vibrational and rotational
excitation are often coupled, giving rise to ro-vibrational transitions, which exhibit
sharp, evenly spaced peaks, centred about a transition energy corresponding to the

difference in energy between the two vibrational energy levels. Typically ro-



vibrational transitions occur between low-lying vibrational states, and are not
dissociative at 298 K as shown in Figure 1.3
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Figure 1.3: A diagram of a morse potential curve, showing the first 3 transitions from the
vibrational ground state to the first 3 vibrational energy levels. 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 —3 are below the
dissociation limit, and will not lead to bond cleavage in this example.

Electronic excitation involves the absorption of a photon leading to the formation of
an electronically excited upper state. The fate of the excited state depends on its
structure: an electronically excited molecule with a bound upper state will relax down
to the ground electronic state via. some energy transfer process, whereas an
electronically excited molecule with an unbound or repulsive excited state will
rapidly traverse the potential energy surface of the excited state and proceeding along
the reaction co-ordinate to form new products. Electronic transitions which excite a
ground state gas phase molecule to a bound upper state are called ro-vibronic
transitions, and involve a simultaneous change in electronic, vibrational and
rotational energy states. Ro-vibronic transitions exhibit structure in the form of one
or more sharp peaks, the intensities of which are governed by the Franck-Condon
principle, whereby the probability of a transition between vibrational levels in the
upper and lower state increases with an increase in the degree of overlap of the 2

wavefunctions, as shown in Figure 1.4.
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Figure 1.4: Transitions from vibrational levels in the ground state to vibrational levels in the
upper state are more likely to happen when the phase of the wavefunctions overlap.

Following excitation to a bound state, the excited state can undergo a variety of
different processes to relax back down to the ground state, including intramolecular
vibrational relaxation to lower lying vibrational levels of the excited state, internal
conversion to a lower lying singlet state, intersystem crossing to a nearby triplet

excited state, fluorescence and collisional energy transfer (quenching).

In cases whereby the absorption of photons excites the ground state molecule to
unbound or repulsive excited states, smooth and continuous spectra are observed.
Following excitation the rapid proceeding of the system along the reaction co-
ordinate leads to a change in the structure of the molecule, often resulting in
dissociation to 2 or more atoms or molecules. A general schematic of this process is

shown in Figure 1.5.
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Figure 1.5: Absorption of photons from the ground electronic state to an unbound upper state
results in a broad featureless absorption band. Once on the repulsive excited state potential
energy surface, the reaction proceeds along the reaction co-ordinate

1.2.3 Fates of electronically excited molecules

For broad, featureless absorption bands such as those observed ubiquitously for the
UV absorption band of peroxy radicals®’-%, the molecule is excited to a higher energy

electronic state, with a different potential energy surface (PES). Interactions between
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nuclei and molecular orbitals on repulsive excited state PES are different to those of
the stable ground state PES, in that some of the bonding molecular orbitals which
bound the atomic nuclei in the ground state become anti-bonding, causing the nuclei
to repel and change configuration. The potential energy, or Correlation Interaction
(C1) curve for the O-O bond co-ordinate in the methyl peroxy radical calculated by
Jafri et al.”® is shown in Figure 1.6. From the ground X2A" state, several
electronically excited states are accessible, the first of which is a low-lying bound
state with 124’ symmetry, followed by the 224" and 224’ states, and the 324" and
32 A’ states. The broad absorption band in the UV (Amax = 240 nm) arises from the

22A" « X?A" transition.

-189.18

Hartree)

<-189.28 -
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Figure 1.6: Potential energy curves for the ground state, and first three excited states of the
0-0 bond in the methyl peroxy radical, reproduced from Jafri et al.”

The points where the potential energy curves cross are known as conical
intersections, whereby the Born-Oppenheimer approximation breaks down, and
nuclear motion and electronic motion are coupled, facilitating the possibility of non-
adiabatic processes involving the crossing of the system between 2 potential energy
surfaces. The energy and correlation diagram for the possible fates of the
electronically excited A4’ and B2A" (A and B terms are synonymous with states 1

and 2 shown in Figure 1.6) states of the methyl peroxy radical calculated by
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Hartmann et al.”* is shown in Figure 1.7. The transition shows the relative energy of
the excited peroxy radical upon absorption of a 248 nm photon, and the potential
states accessible, including CH;0(X?E) + 0(*D) and CH;0(X%E) + 0(3P) from

adiabatic O-O bond scission.

A CH;0(4%4,) + 0(®P)

600 = .
CH,0,(B2A™)
- x = = CH;0(X?E) + 0(*D)
450 =
OH(A%T") + CH,0(X'A,)
o 0,(b'%,) + _
5 2(b°%,) CH,0(4'4")
£ - — p—
S 300
= . — v2 3 2 ~3 Alr
o 0y(a's,) = CH;0(X?E) + 0(°P) OH(X"I) — CH,0(a%A")
T —_ —_
150 = 0:(X°%) )
(A2
—_— e e, CH,00H(X?4"
P T R R e—— —
CHy(X24,") +

CH;0,(X?A™)

OH(X?M) + CH,0(X'A;)

-150

Figure 1.7: Energy and correlation diagram for the electronic excitation of the methyl peroxy
radical, and the products of excited methyl peroxy radicals: Products of C-O bond cleavage are
shown on the left, and products from O-O bond cleavage are shown on the right. Reproduced
from Hartmann et al.”* Note this diagram is duplicated multiple times throughout this work,
and is referred to as a base-case for the absorption of photons by peroxy radicals.

The transition 424" < X2?A”, between the ground and low lying first electronically
excited state gives rise to a sharp peak at 7383cm™ (1354.46 nm)’2. The sharp Near
IR (NIR) absorption peaks are often used as diagnostic tools for the detection of RO>
species in preference to the broad B?4"” « X2A" absorption band, despite the fact
that the NIR A%2A4’ « X2A" is forbidden, and has cross sections typically 4-5 orders
of magnitude smaller than the UV absorption band.”> 7 The position of the peaks of
the 424’ « X2A" depends on the R group attached to the peroxy moiety, allowing

the resolution of multiple RO, species.”> ™ The A?A’ state is not dissociative with
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respect to the O-O bond, however Frost et al.” suggest that at the higher vibrational
levels within this state, some molecules may possess sufficient energy (barrier to
intramolecular rearrangement ~20 kJ mol )" to cross the CH,00H (X?A") transition
state, rearranging to the unstable CH,O00H intermediate, which falls apart to
formaldehyde and OH. The requirement of vibrational excitation to facilitate this
intramolecular rearrangement would suggest that this channel is minor (Boltzmann
temperature of 20 kcal mol? = 10° K) and so the most probable fate of the
CH;0,(A%A") state is quenching back down to the ground electronic state.
Fluorescence is not observed from the (424’ state from any peroxy radical.”? The
energy and correlation diagram shown in Figure 1.7 is reproduced numerous times
throughout this thesis to aid the reader, and it is assumed that analogous peroxy
radicals have similarly analogous electronic states and correlations.

Another example of an electronic transition to a bound excited state is the OH
A%Xt « X211 transition at 308 nm. The excited (42X *,v’=0) state is bound, and has
2 possible fates: quenching or radiative emission (fluorescence). The fluorescence
quantum vyield, shown in E 1.3, depends on the rate of these processes; ks is the rate
of fluorescence, which for (OH(A%2%) ,v’=0) is 1.43 x 108 s* (fluorescence lifetime
~700 ns’®) and is independent of pressure and temperature and ko is the rate of
collisional quenching, which depends on the rate and the efficiency of collisions.

_ Photons emitted through fluorescence kg

Total number of photons absorbed ks + kg EL13

At 760 Torr of air and 298 K, the lifetime of OH(A%X ) with respect to quenching is
~1ns’® (kg =1x10°%s?),

1.2.4 The Tropospheric Ultraviolet and Visible (TUV) Radiation Model

The Atmospheric Chemistry Observations and Modelling (ACOM) Tropospheric
Ultraviolet and Visible (TUV) Radiation Model is used to calculate the tropospheric
actinic flux at a given latitude, longitude, date and time.”” The model calculates the

actinic flux at a certain point in the earth’s troposphere by considering atmospheric
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inputs, including vertical profiles of N2, Oz, O3, NO2, SO, clouds, and aerosols, all
of which attenuate electromagnetic radiation at certain wavelengths of light via.
absorption, scattering, or both. The actinic flux at a point in the troposphere 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, as shown in Figure 1.8.
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Figure 1.8: The ACOM TUV calculated actinic flux at 12 noon on the 30" of July 2015 at 0°
latitude and 0° longitude. The total radiation (pink) is the sum of the direct solar radiation
(black), the downward diffuse radiation (red) and the upward diffuse radiation (blue).

The sharp lines which are apparent in the solar flux calculated by TUV are a result
of absorption bands of various atoms and molecules in the atmospheres of the Sun
and the Earth. The numerous (>10%) sharp absorption lines are called Fraunhofer lines
are caused by a variety of molecules, atoms and ions, including but not limited to Oo,
Fe, Mg, Na and Ca*.”®8! Absorptions from larger molecules such as SOz, NO2 and
Os are included in the TUV model, as their spatial and temporal distributions depend
on the time of day, location, and actinic flux levels, the spectra of these molecules in

the actinic window are shown in Figure 1.9.
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Figure 1.9: UV-Vis / NIR absorption spectra of SO (Vandaele®? — Black), NO: (Vandaele?®® —
Red), the Oz NIR overtone and Herzberg band (Bogumil® — Blue and Pink respectively)

The output from TUV is used to calculate atmospheric photolysis rates of molecules
which absorb in the actinic window, particularly Oz and NO», as well as trace

oxidation products such as aldehydes and ketones.

Absorption of solar radiation by molecules provides the energy required to break
bonds, forming radicals and initiating the oxidation of biogenic (natural) and
anthropogenic (from humans) emissions in the Earth’s atmosphere. In the following
section the photolysis products of key photochemical reactions, and their subsequent

reactions are outlined.
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1.3 Atmospheric Chemistry

1.3.1 Tropospheric radical chemistry

The OH radical is the most important atmospheric oxidant and is responsible for
removing many pollutants from the atmosphere. An example of this is NO2 oxidation
to HNO3z by OH, which is the dominant NOy sink during the day (R 1.3).

NO; + OH+ M — HNO3z + M R1.3

HNO3 is then removed by wet or dry deposition.® The primary source of OH in the
troposphere is the reaction of excited O atoms (O'D) from ozone photolysis (R 1.4)
(A <330 nm), with water vapour (R 1.5). R 1.5 competes with R 1.6 and R 1.7 which
remove O'D via. collisional quenching by O, and N respectively.

O3 + hv — 02 + O(*D) R 1.4

O(*D) + H20 — 20H R1.5
O(*D) + 02 - O°P + O3 R 1.6
O(*D) + N2 — O°P + N R1.7

Table 1.1: Rates of the 3 main O(*D) removal processes, with branching ratios. The rate of R
1.5 depends on [H20], which is calculated for 70% relative humidity and 298 K here. Rate
coefficients are taken from the Master Chemical Mechanism and rates are calculated at 289 K
and 760 Torr.%6

Reaction k / cm?® molecule s Rate at 298 K, 760 Torr /s Brzigf[:ir;ing
R15 2.14 x 10! 1.03 x 108 0.112
R1.6 353 x 101 2.32x 108 0.217
R1.7 2.42 x 10! 6.19 x 108 0.671

Since the OH radical is the primary oxidising species in the atmosphere, a
comprehensive understanding of its reactivity is the key to understanding the
chemistry of the atmosphere as a whole. Figure 1.10 is a schematic of the major HOx
(OH and HO») reaction cycles in the troposphere.
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R-H
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Figure 1.10: The tropospheric HOx cycle. R represents any alkyl group.
OH+CO - H+CO> R18
H+O+M— HO2+M R 19

Reactions R 1.8 and R 1.9 outline the formation of the hydroperoxy radical (HO>) in

the troposphere.
R-H+ OH — R + H0 R 1.10

R+0,+M—>RO+M R1.11

Reactions R 1.10 and R 1.11 outline the formation of alkyl peroxy radicals (RO>) in
the troposphere, where R is an alkyl group. The most significant mechanism of OH
recycling is represented as the reaction between RO, (or HO2) and NO (R 1.12)
producing NO,. NO, can be photolysed by solar radiation to produce O(’P) (R 1.13),
which combines with molecular oxygen to form ozone. This mechanism is

significant at NOx concentrations as low as NOyx = 55 ppt and NO = 20 ppt.#’
HO, + NO — OH + NO; R112
NO, + hv — NO + O(°P) R1.13

OCP)+02+M — O3+ M R114
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This reaction scheme represents the major source of Os in the troposphere, and it is
important to emphasise the role of NOx (NO and NO.), which essentially facilitates
the formation of Os. 8 8 NO as previously stated, is formed primarily through
industrial processes, specifically processes which involve high temperature

combustion in the presence of nitrogen, of which there are four types:

1: Thermal NOXx refers to NOx formed through high temperature oxidation of the
diatomic nitrogen found in combustion air. Reaction R 1.15 is endothermic, and leads

to enhanced NO production at high temperatures.

N2 +0O — NO +N R1.15
N+0,—>NO+0 R1.16
N+ OH — NO + H R1.17

2: Fuel NOx refers to NOx formed from the liberation of nitrogen from within fuels

such as coal and oil, forming radicals which ultimately end up as either NOx or Na.

3: Prompt NOx formation happens via. different processes to both thermal and fuel
NOx. Prompt NOy formation occurs when radical fragments from fuel, e.g. C, CH
and CH: react with N2 in air.

4: N20 conversion to NOx can occur at high pressures and temperatures, R 1.19

leads to the net formation of NOy, in competition with R 1.20.

N2+ O+ M — N0+ M R1.18
N20 + O — 2 NO (Eact 97 kJ mol™) R1.19
N20+ 0O — N2+ O2 R 1.20

Areas which burn large amounts of hydrocarbons (e.g. industrial and urban centres)
are often subject to high NOx concentrations (> 10 ppb).8” Ozone concentrations
depend on both NOx and VOC concentrations; a condition best illustrated by 3D
contour plots (ozone isopleths), such as the examples in Figure 1.11.
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Figure 1.11: . Typical peak ozone isopleths generated from initial mixtures of VOC and NO, in
air. (a) Two dimensional depiction generated from the Empirical Kinetic Modeling Approach
(EKMA) model (b) three dimensional depiction. The VOC-limited region (e.g., at point D) is
found in some highly polluted urban centres while the NO, limited region (e.g., at point A) is
typical of downwind suburban and rural areas. Taken from “Atmospheric Chemistry of
Tropospheric Ozone Formation: Scientific and Regulatory Implications” by Finlayson-Pitts et
al.%

NO- concentrations depend on the rate of conversion of NO to NO> by reaction with
O3z or ROy, highlighting the importance of the peroxy radical in the production of
tropospheric ozone. Typically NOx levels are high in densely populated areas due to
processes which involve combustion in air, for example in combustion engine in a
car or a HGV. Areas with high populations are particularly important in terms of air
quality, as the negative health effects of a specific amount of an emitted pollutant
affect a greater number of people in total. NOx emissions are not the only harmful
by-product of high temperature combustion; polycyclic aromatic hydrocarbons
(PAHSs) are formed during incomplete combustion of fossil fuels®®, biomass®? and
cigarette smoke®® amongst other things. Certain PAHs have been shown to be highly
carcinogenic® % and are linked to chronic mortality in those subject to high levels
of exposure® and are thought to contribute to 40,000 to the mortality burden in the
UK annually.®” Whilst NOx and PAH emissions primarily affect local air quality,
transport of these pollutants can be important when considering air quality of
surrounding areas. Reaction of the peroxyacetyl radical with NO: results in the
reversible formation of PeroxyAcetyl Nitrate (PAN), a relatively long-lived species
which acts as a reservoir for NOx and can be transported many miles, and cause an

increase in tropospheric ozone in areas which would otherwise be unperturbed.®
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Understanding these pollutants in terms of their sources, sinks and transport is

important for attempting to minimise their effects on the environment.

1.3.2 Atmospheric modelling

Atmospheric modelling involves using complex reaction systems in which chemical
mechanisms detailing gas-phase chemical processes are utilised to outline the
tropospheric degradation of emitted (biogenic, anthropogenic and natural)
compounds. There are 4 main types of atmospheric model:

0-D (Box) models such as the Empirical Kinetic Modeling Approach (EKMA)
represent the atmospheric domain as one box, where concentrations of species within
the box are uniform, and are a function of time only. Sources of species include
emissions and transport into the box. Advection is the transport of a species by the
mean horizontal motion of an air packet and entrainment is the vertical movement of
air parcels due to turbulent mixing. Species are removed from the box by transport
(advection and detrainment), chemical transformations or other removal processes

such as uptake by aerosols or wet/dry deposition.

1-D models assume that species concentrations are functions of altitude and time,
analogous to a set of box models stacked to form a column or row of boxes (vertical
or horizontal) and can be used to model such things as the effect of clouds on
radiative transfer®® 1% and were historically used to model vertical profiles of trace
species such as CHz and NOZ™,

2-D models assume that species concentrations are uniform in one dimension and
depend on the other two dimensions and time, to model, for example the effect of

variations in atmospheric UV flux over time on the middle atmosphere.1%2

3-D or Global models depend on all 3 dimensions as well as time. The chemistry
within global models is often greatly simplified due to the computational demands
of modelling such a large and complex domain. 3-D models have many applications,
for example to assess the impact of the emissions of trace gases (e.g. NOx) on
greenhouse gas concentrations in the troposphere, and the resulting effect on

radiative forcing.1%3

The Master Chemical Mechanism (MCM), is a complex reaction model first
developed at the University of Leeds by Pilling et al. in 1996% and was originally
developed to provide comprehensive analyses of the degradation of specific organic
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compounds and their effect on boundary layer ozone formation to aid air quality
policy in Europe. Since then, the MCM has shown its efficacy for calculating how
radical and closed-shell intermediates formed during VOC degradation are
distributed within the atmosphere. The MCM V3.2 is the most recent version, and
draws upon an extensive bank of reaction schemes to describe the degradation
processes of 143 primary emitted VOCs, with ~5600 degradation products which
undergo ~13500 reactions. Reaction rates used within the MCM are either measured
directly, or are defined based on rates of reaction between similar chemical species

using structure reactivity correlations.®

Y !

photolysis OH reaction NOj reaction 05 reaction

initiation carbonyls, ALVOC and alkenes, dienes, alkenes, dienes,

reactions ROOH, RC(0)00H oxveenated products aldehydes and and unsaturated
and RONO, xye produ athers oxygenated products

) Y r Y
oxy: RO peroxy: RO; excited Criegee stabilised Criegee
. ' R R’
reactions of J 0, reaction reaction with [RC(OO)R €(00)

intermediates decomposition NO, NO,, NO;, stabilisation reaction with H,0,
isomerisation HO,, RO, decompaosition NO, NO,, CO and SO,

, Y

oxygenated products

products 9 carbonyls, ROOH, ROH, RC(0)00H, RC(O)OH,
RONO,, PANs, multifunctional and CO

................................

Figure 1.12: A flow chart outlining the 3 major classes and the key reactions of atmospheric
species as described in the MCM. Taken from “Protocol for the development of the Master
Chemical Mechanism, MCM v3 (Part A): tropospheric degradation of non-aromatic volatile
organic compounds” by Pilling et al.®

Reactions within atmospheric models are represented as a sequence of elementary
reactions, each of which may have more than one product. The relative rate of
formation of a specific product of a reaction determines the branching ratio, and the
absolute rates of formation (in the case of intermediate species) or emission (in the
case of primary species) and removal of a species determines the amount of the
species in the atmosphere. Formation of reactive species occurs in one of two main
ways: solar induced photolysis as deiscussed in 1.2.3; or chemical processes
involving the reaction of a molecule with a reactive radical as shown in Figure 1.12.

Key removal processes include further chemical transformation of a species and
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deposition to a surface, be that uptake by solid or liquid aerosol, to the ocean surface

or to solid surfaces on land.1%®

1.3.3 Atmospheric Field Measurements

Atmospheric models alone cannot infer the level of understanding of the chemistry
governing the composition of the atmosphere; a method of verification is required to
test whether the model is accurately calculating concentrations of trace gases within
the atmosphere. Comparison between field measurements and atmospheric models
is a key method for verifying that the chemical and physical processes are well
understood. The OH radical is the most important species when considering the
oxidising capacity of the atmosphere, as it reacts with almost all known trace gases,
both organic and inorganic, and as a result is a good target species to model. For an

atmospheric trace gas X, the lifetime of X is given by E 1.4

11 E14

X = T k[oH]

For removal of trace gas X by OH, a key atmospheric process, the lifetime of X (7x)
Is dependent on the reciprocal of k, the second order rate coefficient of the X + OH
reaction, and the OH concentration. It is therefore vital to our understanding of trace
gas distributions to quantify both of these terms. The lifetime of OH in the
atmosphere is usually around or below 1s and is a good target for indicating the
accuracy of models, as OH concentrations are dictated almost entirely by chemical,
rather than transport processes. Many species have much longer lifetimes in the
atmosphere, for example isoprene (~ 1 hour)!% and methane (~ 8 years)'?’. Since
[OH] defines the oxidative capacity of the atmosphere, the OH lifetime in a region
of the atmosphere is indicative of the level of reactive trace species; the greater the
concentration of OH sinks (e.g. reaction with VOCs), the shorter the OH lifetime.
The total rate of removal of OH is expressed as the summation of the rates of all
removal processes (sinks) combined into a single rate coefficient — k; as defined by
E15.

k, = o
As mentioned previously [OH] defines the oxidative capacity of the atmosphere in

E15

the day time, and therefore the lifetime of trace species such as methane, CO and
isoprene, hence it is very important that [OH] is measured accurately in a wide range

of environments globally. Three methods for measuring atmospheric [OH] have been
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utilised in the field, namely laser induced fluorescence (LIF) including more
specifically the Fluorescence Assay by Gas Expansion (FAGE) techniquel®: 109;
selected ion-Chemical lonisation Mass Spectrometry (CIMS)’® and Differential
Optical Absorption Spectroscopy (DOAS)'°. Note that the DOAS technique is no
longer used in the field to measure OH due to the small absorption cross-section of
the OH radical, and resulting lack of sensitivity of the method. The method most
relevant to this study is the LIF — FAGE technique as it is used most extensively in
the field.

1.3.4 Laser Induced Fluorescence spectroscopy

Laser Induced Fluorescence spectroscopy is a method which employs a laser pulse
to excite a specific electronic transition of a species to an excited state, which
subsequently relaxes back down to the molecule’s ground state, via. emission of a
photon, as discussed in 1.2.3. The intensity of the emission is an indicator of the
concentration of the fluorescing molecule at any given time, assuming constant
pressure and bath gas constitution. LIF is a technique which shows high sensitivity
and selectivity, due to the absence of a background or zero reading, and is useful for
measuring low concentrations of small molecules which fluoresce, for example the
OH radical. The number of molecules which fluoresce is dependent on the number
of excitation events (1.2.2), and the fluorescence quantum yield (1.2.3E 1.3). Lasers
emit high numbers of photons with a very narrow range of wavlengths, and are useful

for generating high concentrations of excited OH* (E 1.6)

OH + hv — OH* EL16
OH* — OH + hv E17
OH*+M — OH +M E18

Fluorescence (E 1.7) and quenching (E 1.8) are competitive processes, and so to
increase the fluorescence quantum yield, the pressure and therefore rate of of

collisional quenching must be reduced.
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1.3.5 Fluorescence Assay by Gas Expansion — FAGE

The Fluorescence Assay by Gas Expansion (FAGE) technique was established by
Hard et al. in 1979, and in more recent years developed by various groups,
including FAGE groups at the University of Leeds® 18 198110 penn State® 7 12 13,25,
20, 12114 and Jilich?™ 22 115 amongst others. FAGE employs the expansion of
tropospheric air into a fluorescence cell at low pressure. The low pressure FAGE cell
increases the OH fluorescence lifetime so that the on-resonance fluorescence
initiated by a probe laser at 308 nm can be separated from the light of the same
wavelength which reaches the detector as a result of scattering effects (e.g. light
reflected by surfaces within the cell). FAGE can be used to determine OH radical
concentrations in ambient air down to concentrations in the order of ~10° molecule
cm3, which is well below OH concentrations seen in the majority of tropospheric

environments. 109

1.4 Atmospheric radical chemistry in remote forested locations

The following section contains a brief review of atmospheric radical chemistry in
remote forested locations, outlining results of some of the previous field
measurements and the unexpected results obtained, as well as proposed explanations

for the observed results.

1.4.1 Isoprene

Isoprene (IUPAC - 2-methyl-1,3-butadiene) is an unsaturated VOC, and is emitted
into the atmosphere by plants in large quantities (500 - 750 Tg yr™).116 Isoprene is
emitted by two main plant functional types: broad leaf (evergreen and deciduous)
trees and shrubs, which account for 51% and 46% of total emissions respectively. As
with all emitted VOCs, their degradation and subsequent removal from the
atmosphere is initiated by reaction with radical species or ozone/alkene chemistry,
which during the day is dominated by OH. As mentioned previously, it is important
that the chemistry of these atmospheric trace species is well understood, to ensure

that the chemistry which governs models is as accurate as possible.
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Discrepancies between concentrations of species in models and field measurements
indicate that the current understanding of the specific chemical and physical
processes involved is either incorrect or incomplete.!*”*% An example which
supports this statement is the case of [OH] prediction as a result of isoprene oxidation
in low NOx environments.11> 118120 The first measurements of OH in an environment
with low NOx and high biogenic VOC concentrations was carried out in 1991 at Fritz
peak in Colorado, which employed the use of two methods to measure [OH] :
Chemical ionisation mass spectrometry (CIMS) and Long-Path Differential Optical
Absorption Spectrometry (LP-DOAS).2t Using the reaction schemes known at the
time, which only contained reaction schemes for the net increase of OH from ozone
photolysis followed by the reaction of O(*D) with water vapour, and net loss of OH
by reaction with CO and methane, models predicted [OH] to be a factor of ~4 greater
than those observed in the study, a result which highlighted the need for further
investigation. The discrepancy between the modelled and measured OH
concentration prompted two suggestions to explain this observation: firstly that [OH]
was being measured incorrectly, and that the true [OH] was greater (in line with [OH]
as predicted by models) or alternatively the suggestion that some other process was
taking place; one which involved a radical scavenger which readily reacts with and
removes OH. It is important to note that the two measurement techniques employed
in this study were carried out separately, and were intrinsically different: LP-DOAS
measurements were carried out by Mount et al. of the Aeronomy Laboratory and
CIMS measurements were carried out by Eisele et al. of Georgia Tech.
Intercomparison between these two methods yielded the result that the measured OH
concentrations were said to be in relatively good agreement, and the majority of
disagreements were said to be explained by known interferences with the techniques
(for example rain along the path of the LP-DOAS instrument). The intercomparison
of the two techniques leads the authors to suggest that the possibility of additional,
not yet realised OH removal processes may be a more probable explanation for the
discrepancy than erroneously low OH measurements. Attempts were made to
reconcile the models with the observed OH concentration by including the presence
of 2 ppb of isoprene in the model, which showed great improvement in the agreement
with the model; however this purely speculative modification to the model was
unsupported by evidence, due to the lack of measurements of biogenic VOCs.

Between July-August 1997 the AEROsols formation from Blogenic organic Carbon
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(AEROBIC) campaign measured OH and HO: radical concentrations using ground
based FAGE in a low NOy, biogenically influenced region of north-western Greece,
and was the first of its kind to measure OH in a clean, biogenic emission driven
atmosphere in which the first order removal rate of OH by reaction with biogenic
VOCs alone is ~10 s*.% An important objective of the AEROBIC campaign was to
improve the representation of the oxidation mechanisms of biogenic VOCs in the
MCM, containing detailed mechanisms for the degradation of isoprene and a-pinene,
another biogenic VOC emitted in large quantities by trees. In contrast to the Fritz
Peak study, OH concentrations were found to be elevated well above the levels
predicted by the MCM (Figure 1.13, Table 1.2), with the agreement between the
modelled and measured OH concentration worsening as NOx concentrations
decrease (Table 1.2).
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Figure 1.13: Black circles represent [OH] measurements by FAGE in the AEROBIC campaign
on the 26, 27, 31 July and 2 August 1997 at a remote forested location in north-western Greece.
Solid grey line represents [OH] as predicted by the MCM. [OH] measurements are averaged
over 15 minutes and 26 for the measurements and models are 70% and 30% respectively.

Table 1.2: Average concentrations of measured and modelled OH and HO2 between 11:00 and
15:00 h on each day. Also shown are measured (meas) and modelled (mod) [HO2]/[OH] ratios
and the NO and NO: concentrations. Taken from Heard et al.’.

[OH]/108 [HO2)/10° [HO2)/[OH] [NOJ/ppt [NO:]/ppt

(molecules cm®)  (molecules cm™)

Mod Meas Mod Meas Mod Meas

26-Jul 1 6.4 3.6 6.1 396 109 61 3064
27-Jul 1.5 3 4.4 3.4 295 134 94 1118
31-Jul 1.7 2.8 5.7 0.4 361 17 93 132

02-Aug 1.5 3.1 4.7 089 317 45 97 1364
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Such observations were again reported during the Program for Research on Oxidants:
Photochemistry, Emissions and Transport (PROPHET) campaign carried out in a
deciduous forest in North Michigan, where OH levels were again under predicted by
as much as a factor of 6 as shown in Figure 1.14 (for [NO] <100 pptv).1** Attempts
to reconcile the models with the field measurements by increasing the levels of NO
which reduced the discrepancy, but created additional problems associated with

reactions of NO which based on known chemistry would result in Oz generation.
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Figure 1.14: Relationship between modelled and measured [OH] from the PROPHET campaign
(median [NO] = 68.5 pptv).1%

The agreement between the AEROBIC and PROPHET campaigns regarding the
underprediction of OH radical concentrations in low NOy, high isoprene atmosphere
was substantiated by aircraft measurements made on the INtercontinental Chemical
Transport EXperiment-A (INTEX-A)!® and Guyanas Atmosphere-Biosphere
exchange and Radicals Intensive Experiment with the Learjet (GABRIEL)'??, which
both found that the ratio of [OH]measured t0 [OH]modelled iNCreases with increasing
isoprene concentration, reaching a factor of 5 increase at isoprene mixing ratio of 1
ppb. The results of these studies serve to provide evidence that the missing source of

OH is directly linked to the degradation of isoprene in low NOy environments.

The OP3 campaign conducted by a number of groups (including the University of
Leeds) in Borneo had a number of objectives, of which the most relevant to this
literature review are the investigations into emission rates from plants, which in this
region is dominated by isoprene (Borneo isoprene emissions account for 2% of the

global annual budget)'?3; the oxidative processing of these emissions in the
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atmosphere, dominated by OH, and the effects of these observations on the global

atmospheric chemistry and climate.

OH obs/mod

10 100 1000 10 100 1000
Isoprene (pptv) lsoprene (pptv)

Figure 1.15: [OH]obs/[OH]mod Versus isoprene concentration and [OH] versus isoprene
concentration from the INTEX-A (circles) and PROPHET!!* campaigns (Triangles). Taken
fromRenetal.

The campaign sought to address these questions by closely coupling aircraft and
ground based measurements of primary emissions and their oxidation products, with
modelling studies.*?® The maximum observed OH reactivity was 83.6 + 26.0 s with
the diurnally averaged noontime maximum being 29.1 + 8.5 s%; significantly higher
than the OH reactivity calculated using the observed OH sink concentrations from
the campaign which peaks at approximately 18 s™.12* Isoprene is the dominant sink
in the calculated OH reactivity at noon, accounting for 37% of OH loss and
displaying a diurnal profile which follows that of OH reactivity. The discrepancy
between observed and calculated OH reactivity highlights a missing sink of OH in
this region, and would require an additional source of OH reactivity, which would
require a carbon input equivalent to a 50% increase in isoprene concentration.2* OH
concentrations were measured in the field during OP3 using FAGE, with mean peak
concentrations of ~2.5 x 10® molecule cm™. At noon, when both OH and OH
reactivity is at a diurnal maximum, an OH production rate tenfold greater than the

total rate from known OH sources is required to maintain these concentrations.

OH concentrations were significantly under-predicted throughout the campaign by
a zero-dimensional box model using known chemistry. Attempts to reconcile
measured and modelled [OH] were made by making adjustments to the chemical
processes which determine [OH] calculated by the model. The 5 different scenarios
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are outlined in Table 1.3, and are displayed graphically in Figure 1.16 and Figure
1.17, (JOH] and [HO2] respectively).

Table 1.3: Description of the 5 different scenarios for OH production, as well as the effect of
these processes on the 24 hour mean [OH]catculated/[OH]measured for each scenario. f is the fraction
of O(*D) which reacts with H20 to form OH, rather than being quenched to O(®P). Taken from

Whalley et al.?.

Scenario  oH e Symbol (Fig.2) G ele

(1) 2j(0'D)[03][H,0]f 0.05
) (1)+kNO+HO, [HO2][NO] +k0; +HO0, [031[HO2] +0.26k0; +csHg [O31[CsHg I+ — 0.15
2j(Hy07)[H05]+ j(CH300H)[ROOH]

3) (2)+kcsHg+0n[CsHg][OH] — 0.37
4) (2)+2.7 x kg +on[CsHgJ[OH] - 1.0*
; 1.0

(5) (2)y+kx4HO, [XI[HO2] ([X] = 0.74 ppbv)

* [OH]cglc. :[OH]meas. = | during afternoon and evening hours only (noon-midnight).

—— OH measured
Scenario 1

—— Scenaro 2

—— Scenario 3

& —— Scenario 4

3x10° — —— Scenario 5

-3

[OH] _ molecule cm

| [ I I |
00:00 06:00 12:00 18:00 00:00
Time (LT)

Figure 1.16: A comparison of the measured mean diurnal [OH]measured (black line, grey shading
= 1o standard deviation) with [OH]carculated fOr the 5 different modelling scenarios. See Table 1.3

for details on the model scenarios.
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Figure 1.17: A comparison of the measured mean diurnal [HO2]measured (black line, grey shading
= 1o standard deviation) with [HO2]carculated fOr scenarios 2, 3 and 5. See Table 1.3 for details on
the model scenarios.

Whalley et al. conclude that additional OH sources are required to reconcile the
modelled and measured [OH] in this remote, low NOx environment. Furthermore,
based on known chemistry, an increase in isoprene alone is insufficient to adequately
reconcile models, as this would worsen the HO> measurement/model agreement, so

any OH production process must also include a HO- sink.

When considering the effect of biogenic emissions on a larger scale, Global models
are subject to a conflicting argument concerning the amounts of BVOCs emitted, and
the concentration of [OH]: Isoprene emissions in models have been reduced by half
or more relative to predicted emission rates''®, so that the depletion of [OH] and
isoprene resulting from the reaction between the two species falls more in-line with
the observed concentrations of both these species. Various hypotheses have been
suggested to try and explain the discrepancy between measured and modelled OH.
In the following section, a brief review of the suggested explanations is accompanied
by reasons why each hypothesis may or may not serve to explain the observed

discrepancies in OH measurement.
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1.4.2 HO; + RO, — OH reactions

As a result of the Southern Oxidant Study (SOS), it was suggested that errors in the
modelled OH concentrations could be the result of a misrepresentation of the
formation via. the RO2 + HO- reaction and subsequent reaction of the organic
peroxides formed. Evidence to support this hypothesis includes the observed
dependence on NO concentration: In environments with significant NO
concentrations, reactions between NO and HO2 and RO> dominate and limit peroxide
formation. The absence of processes which limit the production of organic peroxides
would result in greater amounts of these species being produced, so any
misrepresentation of their chemistry would result in an amplified miscalculation of
model predictions in a high VOC low NO environment. It was proposed that OH
regeneration from the RO2 + HO> reaction, where RO is the peroxy radical formed
from isoprene oxidation (ISOPO>), could provide the missing source of OH required
to reconcile observed and modelled OH concentrations. Evidence contrary to this
theory consists of laboratory measurements which suggest that the branching ratio of
this reaction is much slower than would be required to achieve such reconciliation,
as OH vyields from RO2 + HO> reactions have only been seen to be significant for
acyl, a-alkoxy, a-carbonyl and a-hydroxy functionalised organic peroxy radicals,
whereas isoprene derived peroxy radicals are thought to have much lower yields of
OH upon reaction with HO2 (6%) by structure-reactivity correlations with similar

molecules.?

1.4.3 Incomplete mixing (Air mass segregation)

Thus far, only chemical processes have been proposed to explain the observed
elevated [OH] versus models as seen in high isoprene atmospheres, however the rates
of these chemical processes assume that the system is fully mixed. Boundary layer
dynamic effects were incorporated into modelling studies by Butler et al.*??. and
Pugh et al.?® where it was found that a reduction in the rate of the reaction between
OH and isoprene by 50% as a result of mass segregation of packets of air containing
elevated concentrations of each species (as opposed to complete mixing), could
somewhat improve agreement between models and field measurements. As a result

of these findings, as well as a study by Orlando et al.*?> which investigated the effects
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of boundary layer dynamics on the reactivity of OH and isoprene, it was concluded
that the OH/isoprene model discrepancy could in equal parts due to physical dynamic
processes as chemical mechanistic effects. These findings are in contrast to those of
other groupst*® 126127 “which emphasise the importance of an unknown OH source
in the oxidation of isoprene. Further studies by Dlugi et al. ! suggest that an upper
limit of 15% for the reduction of the rate of the OH + Isoprene reaction by air mass
segregation effects is appropriate, a finding which was later supported by Pugh et al.

as a result of a model analysis'?®

carried out based on highly spatially resolved
isoprene measurements to quantify the small scale fluctuations in BVOC
concentrations. Further evidence to suggest that the observed model discrepancies
are mechanistic in nature rather than due to the aforementioned physical processes is
the dependence of the magnitude of the measured to modelled OH discrepancy on
the concentration of NO, which would not be expected to be observed if air mass

segregation was a dominant process.'?8

1.4.4 OH regeneration via. isomerisation of Isoprene peroxy radicals:
The Leuven Isoprene Mechanism (L1M)

The unimolecular decomposition of isoprene to yield OH as part of the isoprene
oxidation process was investigated by Peeters et al.*?” using ab initio and density
functional theory (DFT) at the University of Leuven, resulting in the comprehensive
Leuven Isoprene Mechanism (LIM). The first iteration of the LIM (LIMO) proposed
two reaction channels subsequent to this initial OH oxidation and O addition which
could result in recycling of OH: 1,5-H shift followed by unimolecular decomposition
and 1,6-H shift to form photolabile hydroperoxy-methylbutenals (HPALDSs), which
it was thought would photolyse to OH. A more recent study by Wolfe et al. on the
photolysis of the C6 HPALD, found the quantum yield for photolysisto be 1.0 £ 0.4
and a quantum yield for photolysis to OH of 1 £ 0.8, concluding that the C5 HPALD
formed from isoprene oxidation would likely exhibit similar photolytic behaviour.*?®
Peeters et al. suggested that these processes could improve the representation of
isoprene oxidation in models by up to 50%.1%" 1% The LIMO is shown in Figure 1.18.
Note that the addition of O2 to the OH-isoprene adduct is a reversible process, with
ISOPO> isomers resulting from 1 and 4 OH addition interchanging under near

pristine, low NOx conditions such as the Borneo rainforest.
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Figure 1.18: The LIMO reaction scheme for isoprene oxidation following 1-OH (top, 60%) and
4-OH (bottom, 40%) addition to isoprene, at 303 K calculated by Peeters et al.. HPALD
formation occurs as the result of 1,6-H-shift from the Z-4-OH-1-O0 and Z-1-OH-4-O0 isomers.

Bulk rates of the unimolecular 1,5 and 1,6-H shift reactions depend on both the
isomerisation rate from the corresponding ISOPO> isomer, and the population of the
ISOPO; isomer. The rate of the 1,5-H shift followed by unimolecular decomposition
was calculated by both Peeters et al.’?” %0 and da Silva et al.'** with the rate
calculated by Peeters et al. exceeding that of da Silva by a factor of ~8. Both da Silva
et al. and Peeters et al. predict the same products of the 1,5-H shift channel, forming
OH, formaldehyde and methyl vinyl ketone (MVK) or methacrolein (MACR) as
shown in Figure 1.18. A study by Paulot et al.'?® observed a yield of MVK and
MACR of 12 + 12 %, leading Peeters and Muller'® to further increase the rate of the
1,5-H shift by a factor of 5. Paulot et al. however, assign the observed yield of MVK
and MACR to a radical channel in the ISOPO, + HO- reaction, rather than the
unimolecular 1,5-H shift channel.
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A chamber study carried out at the California Institute of Technology by Crounse et
al. provided experimental evidence of HPALD formation from the 1,6-H-shift
isomerisation in the OH initiated oxidation of Isoprene. The rate of isomerisation
(k1.21) was calculated relative to the rate of reaction of the isoprene hydroxyperoxy
radical with HO2 (R 1.22, k122 = 2.06 x 103e300D) recommended by the MCM®®
in agreement with experiments by Boyd et al.32,

ISOPO2 — HOx + HPALD R1.21
ISOPO; + HO2 — ISOPOOH + O3 R1.22

The rate of HPALD formation observed during these experiments was substantially
slower (~50 x slower) than the bulk isomerisation rate predicted by Peeters et al.
Hofzumahaus et al.*® noted that whilst the inclusion of the aforementioned HOx
regeneration pathways improves the agreement between [OH]measured and
[OH]modelted, previously well-characterised [HO2] agreement worsens, a finding
supported by modelling studies by Stone et al.'® More recent chamber studies by
Fuchs et al.!** at Julich assess the impact of RO isomerisation on OH recycling using
various iterations of the Leuven Isoprene Mechanism (LIM), as well as the MCM
and a generic OH recycling mechanism, whereby a species X which reacts with RO>
and HO; to regenerate OH in a similar way to NO.*® Fuchs concludes that the overall
OH recycling by processes outlined in the LIMO is exaggerated beyond the
experimental evidence, however the author remarks that agreement between
[OH]modelled from the various models used, and the observed [OH]ops Worsens over
the duration of the experiment, implying that the missing OH recycling mechanism

is linked to reaction products which build up over time.

Peeters et al. subsequently acknowledged the shortcomings of their original LIMO
model, in particular the overestimation of 1,5 and 1,6-H shift isomerisation rates,
attributed to the fact that LIMO was based on quantum chemical data calculated at
too low levels of theory'3*. The upgraded LIM1 mechanism has much slower bulk
rates of 1,5 and 1,6-H shift isomerisation, and predicts HPALD formation rates much
closer to the study by Crounse et al., exceeding the experimental HPALD formation

rate by a near constant factor of 1.8.
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Figure 1.19: The upgraded LIM1 mechanism of the OH initiated oxidation of isoprene. Rate

constants shown are at 298K.
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Furthermore, the LIM1 mechanism accurately predicts the strong temperature
dependence of the rate of HPALD formation seen by Crounse et al., resulting from
the enhanced dissociation and interconversion rates of the ISOPO radical isomers.
Another feature of the LIM1 is the more detailed analysis of the products of 1,6-H
shift, with introduction of a second channel from the “Z,Z’-OH-allyl” adduct leading
to the formation of dihydroperoxy-carbonyl peroxy radicals (di-HPCARP) shown in
Figure 1.19, which the authors assign a yield of 50%.

Whilst the LIM1 is a comprehensive mechanism of the OH initiated oxidation of
Isoprene, comprising multiple isomerisation reactions which efficiently recycle OH,
it falls short of reconciling the discrepancy between measured and modelled [OH] in

near-pristine, high-BVOC environments.

1.4.5 Possible instrumental interferences

It has been suggested that concentrations of OH and HO> detected by LIF at low
pressures using FAGE may experience an interference in some environments,
specifically environments subject to high BVOC emissions such as isoprene or
methyl-butenol, initiating discussion as to whether such interferences could explain
the observed difference between measured and modelled OH.}2 1% Mao et al.
propose that the decomposition of Criegee intermediates formed from ozonolysis of
BVOCs in the sample gas could yield OH, and provide an explanation for the
elevated OH radical concentration observed by LIF studies. It is suggested by this
group that atmospheric trace gas concentrations specific to certain atmospheres may
influence the magnitude of the interference, for example ozone concentration in the
case of ozonolysis. It is also suggested that the 30-40% smaller [OH] measured by
CIMS compared to LIF in the BEARPEX field campaign which the study is based
on, may be due to interference from BVOCs and that the BVOC concentration in the
atmosphere of their measurements is lower than many of the previous field
campaigns, which they offer as a potential explanation for the elevated [OH] seen

previously.

The recent SAPHIR chamber study conducted at Julich by Fuchs et al. provides
evidence contrary to the suggestion that the elevated OH levels seen are an artefact
of the FAGE technique, by using a combination of inherently different techniques:
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FAGE and DOAS.** Conditions in the simulation conducted at Jilich were intended
to replicate those seen on the PRIDE-PRD field campaign in China, which showed
elevated [OH] concentrations seemingly characteristic of low NOy, high isoprene
environments. Comparison between OH measurements by FAGE and DOAS gave a
slope of 1.02 + 0.01 and an intercept of (1.0 + 0.3) x 10° molecule cm~, implying
good agreement between the two fundamentally different methods, and reducing the
likelihood of the elevated [OH] concentrations being a result of instrumental
interference inherent to the FAGE technique. Further evidence to suggest that [OH]
has not been erroneously over measured lies in the results of modelling studies using
data obtained in the OP3 field campaign, in which glyoxal and formaldehyde were
monitored by DOAS™®. The constraints on the atmospheric model require elevated
[OH], (close to the measured [OH]) to reproduce the glyoxal and formaldehyde

concentrations which were observed.*2% 13

Summary

The introductory chapter to this work begins by outlining the “big picture” with
respect to the effects that human activity has on the Earth’s atmosphere, and the
importance of understanding of the processes which contribute to the changes in
climate observed since pre-industrial times. To effectively reduce the negative
impacts associated with the unprecedented rate of greenhouse gas emission, climate
modelling and meta-analysis of primary research is required to inform policy at the

national and international level.

Understanding reaction mechanisms which affect the oxidation capacity of the
atmosphere is important for accurately calculating the atmospheric lifetime and
therefore global warming potential of anthropogenic emissions such as methane, as

well as other hydrocarbons and VOCs.

Discrepancies between measured and modelled OH concentrations in near-pristine,
high-BVOC, particularly high [isoprene] environments have been observed in
numerous field campaigns, as described in section 1.4.1. Various OH recycling
mechanisms have been suggested, all of which fall short of reconciling the

underprediction of [OH] in models.
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The Leuven Isoprene Mechanism (LIM) is a detailed mechanism based on
sophisticated quantum chemical data. Importantly, the LIM highlights the complex
OH-initiated oxidation mechanism of isoprene in near-pristine environments: when
NOx levels are low, rates of removal of certain isoprene peroxy radicals via.
bimolecular reaction becomes comparable with various isomerisation reactions, as

outlined in section 1.4.4.

Products of the aforementioned isomerisation reactions include the photolabile
hydroperoxy-methylbutenals (HPALD), which photolyse at wavelengths within the
actinic window to form OH. Whilst photolysis of HPALDs to OH is efficient, the
rate of their formation is insufficient to reconcile measured and modelled [OH] in

remote, near-pristine environments.

The work contained within this thesis outlines the measurement of total absorption
spectra of peroxy radicals, with a view to investigating the role that photolysis of
these species plays in remote, high BVOC, low NOx environments. The TRUVAS
instrument measures total absorption cross-sections, which are used in conjunction
with absorption cross-sections for the formation of OH measured using LIF

spectroscopy.

Chapter 2 outlines experimental details of the newly built TRUVAS instrument,
including a summary of previous time-resolved absorption spectrometric methods.
The TRUVAS instrument has a number of advantages over previous time-resolved
absorption experiments, particularly the ability to measure time resolved absorption
over a broad range of wavelengths (~600 nm range). Various experimental results
obtained with the TRUVAS instrument are presented to demonstrate the ability of
the instrument for measuring spectroscopic and kinetic parameters. Results discussed
in this section include the rate of reaction of the simplest Criegee intermediate
(formaldehyde oxide) with H,O dimer, which was published in Physical Chemistry
Chemical Physics (PCCP)3.

Chapter 3 is the first of 3 results chapters, all of which focus on absorption spectra
of various peroxy radicals. The absorption spectra of hydroxyperoxy (HP) radicals
derived from ethylene, but-2-ene and 2,3-dimethylbut-2-ene (TME) are presented in
this chapter. The main focus of these results is on the effect that the increasing
molecule size and number of electron pushing groups bonded directly to the peroxy

radical centre has on the absorption spectra of these peroxy radicals. Unlike the
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spectra of the isoprene, butadiene and 2,3 dimethylbutadiene HP radicals, the suite
of peroxy radicals studied in this section only have a single isomer per peroxy radical,
allowing the effect of increased substiution of the peroxy radical centre to be
investigated on wholly separate systems. A broadening effect on the absorption
spectra was observed, increasing from the ethylene HP to but-2-ene HP and again to
the TME HP radical spectra. The atmospheric photolysis rates are presented in this
chapter, increasing greatly with the aforementioned broadening effect from 0.552 to
1.21 and 1.68 x 105! for the ethylene, but-2-ene and TME HP radicals respectively.
Finally in this chapter, the absorption cross-sections for OH formation for the
ethylene and TME HP radicals measured by Dr. Hansen are presented alongside the
total absorption cross-sections and used to generate wavelength dependent OH

quantum yields for photolysis of these HP radicals.

Chapter 4 focuses on the absorption spectra of the isoprene HP radical ensemble,
which comprises 8 isomers. Alongside the isoprene HP radical spectum, the spectra
of butadiene and 2,3-dimethylbutadiene are presented, the isomeric HP radicals of
which mimic 3 of the isoprene HP radicals each respectively. The broadening effect
observed for the single isomeric HP radicals outlined in chapter 3 is again observed
in the absorption spectra of the dienes measured here, increasing from butadiene, to
isoprene, to 2,3-dimethylbutadiene, due to the increasing fraction of tertiary HP
radicals. Absorption cross-sections for OH formation are again presented, and used

to generate the quantum yield for OH formation from the isoprene HP radical.

Chapter 5 contains the absorption spectra of the methyl, tertiary-butyl (t-butyl) and
cyclohexyl peroxy radicals. The methyl and t-butyl peroxy radicals are generated by
photolysing t-butyl peroxide in the presence of oxygen, in a manner not currently
employed in any existing studies. The quantum yield for OH production from the
methyl peroxy radical is shown to be much larger than for the previous HP radicals,
appearing to have a near-unit quantum yield at wavelengths longer than 305 nm.
Despite the high quantum yield for OH formation, the rate of photolysis of methyl
peroxy radicals at noon in Cape Verde to OH does not contribute significnatly to the

rate of OH formation in this region.



41

2 Experimental

2.1 Absorption spectroscopy

Absorption spectroscopy is widely used as a method of detecting molecules, atoms
and radical species in gas, liquid and solid phase media. A common application of
absorption spectroscopy is for Gas-Phase kinetics and spectroscopic measurements,
since the technique allows concentrations of species to be followed in time,
particularly in the infra-red and UV/Vis regions. Most UV-Vis absorption systems
currently in use are single-pass, such that the probe light travels directly from the
source into the detector, without being directed through the sample more than once.
The advantage of a single pass absorption system is that the intensity of the light that
reaches the detector is high, as only a small fraction of the incident light passing
through the sample is lost; useful for probing systems with high optical densities.
Absorption systems of this type often utilise monochromators to select very narrow
wavelength ranges (~1 nm) in order to follow changes in absorption over time for a
given wavelength. Multiplexing absorption systems exist in the literature, typically
restricted to a range roughly ~100-200 nm wide.**"-13° The Beer-Lambert law (E 2.1)
describes the linear relationship between absorbance (A) and concentration (c) of an
absorbing species as a function of wavelength. Since cross sections are fixed, and
concentrations are determined by experimental factors (excimer energy, precursor
cross sections, probe light stability etc.), then it is desirable to extend the path length
when probing molecular absorptions, so as to increase to magnitude of the
absorbance. Multipassing the probe light through the sample is a commonly

employed technique to increase the absorbance measured in absorption experiments.

A | l =
=—In—=0gy-c-
Iy A 2.1

The White!* 140-143 and Herriott!4% 144149 designs represent the two most often used

optical arrangements utilised for the multipassing of probe light through a sample.

2.1.1 The White cell
First described in 1942 by John U. White'#!, the White optical arrangement involves
three spherical mirrors of identical radius of curvature, arranged such that the
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incoming light is reflected between the mirrors and finally out of the cell. The number
of passes through the cell medium must be a multiple of 4, and can be adjusted by
changing the angle of the two smaller mirrors. White cells have proven very useful
for certain applications!'® 142 143 however the sensitivity of the technique for
transient absorption spectroscopy is hindered by the requirement of an acute angle of
overlap with the photolysis light source. A simplified schematic of the White optical
arrangement is shown in Figure 2.1, with an example of how a photolysis laser may
be aligned to overlap with the detection region of the probe beam in the optical
arrangement. Note that whilst the probe beam used with a White optical arrangement
does not necessarily need to be highly collimated (unlike the Herriott optical
arrangement discussed below), divergence of the probe beam becomes increasingly
problematic as the distance between the 2 identical mirrors and the large mirror is

increased.

Figure 2.1: A simple schematic of the White optical arrangement, with an example of a typical
geometry used to overlap a photolysis beam, typically an excimer laser. The number of passes
can be altered by increasing the distance between the mirrors, as well as the angle () of the 2
smaller mirrors.
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If one were to attempt to achieve a long overlap of photolysis and probe beams
(greater than a few metres), the length, width and therefore total volume of the
reaction cell would necessarily have to increase substantially, causing significant

issues with reagent flow and cell evacuation.

2.1.2 The Herriott cell

The Herriott cell, first outlined by Donald R. Herriott in 1965'* employs two
identical spherical mirrors, one of which contains an entrance/exit hole for the probe
beam. The number of passes is determined by the separation of the two mirrors and
the angle of attack of the probe beam. Herriott cells are used extensively in absorption
spectroscopy’*1%° owed to their simplicity of operation, resistance to mechanical
disturbance and their stability.1*° A simple schematic of a spherical Herriott cell is
shown in Figure 2.2, coupled with an excimer beam coaxial to the absorption cell,
similar to the setup used by Pilgrim et al.1*® Astigmatic Herriott cells operate on the
same principle as spherical Herriott cells, except the 2 multipassing mirrors are not
equivalent in their radius of curvature. 1> The resulting circulating optical beam
of the astigmatic optical arrangement more fully fills the whole volume of the cell,
with a pattern of spots on the cell mirrors that more evenly fills their area, allowing

a greater number of passer per unit volume of the cell.

The astigmatic Herriott cell is often used when a smaller, lighter cell is beneficial,
for example in aircraft mounted systems, however this arrangement would be
unsuitable for photolysis experiments, as coaxial excimer alignment is precluded by
the spread of the beam path into the centre of the mirrors. Of the common types of
absorption experiment, the multipass arrangement in the TRUVAS instrument most
closely resembles the Herriott cell, but with the added feature of fully translatable
mirrors. The ability to translate each mirror is a vital feature of the TRUVAS
instrument, as it allows each pass to cut through the path of the excimer optimally,
unlike the spherical Herriott cell, which is constrained by the required geometry

shown in Figure 2.2
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Figure 2.2: A simple schematic of a typical spherical Herriott optical arrangement. An excimer
beam is shown running coaxial along the cell, overlapping with the probe beam. The probe beam
in a Herriott optical arrangement must be highly collimated in order to follow the specified
beam path. Multiple beam path geometries are achievable by altering the angle with which the
probe beam enters the cell, however the possible beam paths are constrained by the requirement
of the probe to exit the cell through the same hole through which it entered, and must be aligned
accordingly.

The most salient drawback of this technique is the requirement of a highly collimated
laser light source to probe absorption, limiting the technique to single-wavelength
absorption experiments, and is as such unsuitable for the multiplexed, broad-band
absorption spectroscopy achieved by the TRUVAS instrument.

2.1.3 Cavity Ring-Down Spectroscopy

Cavity ring-down spectroscopy (CRDS) is a technique which has enjoyed great
success in measuring absorption for a variety of applications, including: probing the
weak A?A’ « X2A"” NIR transition of peroxy radicals’ ™3 %165 Kinetic
measurements of OH and HO_ 1°8 166 and direct measurement of atmospheric trace
species'®®. CRDS operates by introducing light into an optical cavity through the rear
of a set of highly reflective optics and measuring the rate at which the light intensity
exiting through the far side of the optical cavity decreases (the “ring down time”); a
simple schematic is shown in Figure 2.3. E 2.2 links the concentration of the
absorbing species, to the measurable properties z and 7o.

(] R; (1 1>
= X = — - — —
@ ? Cc \T Ty E22

where c is the speed of light, o is the absorption cross section of the species A, z and
70 are the ring-down times (time taken for the light intensity to fall to 1/e of its initial
intensity) in the presence and absence of the absorbing species, and Ry is the ratio
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between the cavity length (L, distance between the two mirrors) and the absorption
path length.

Cavity mirrors

/\

Probe light
source

Detector

Leaked photons

Figure 2.3: A simple schematic of an optical cavity. Probe light is introduced from the back side
of one of the cavity mirrors and is reflected many times (often >1000 reflections) inside the
cavity. A small fraction (typically <10 % per reflection, depending on the specification of the
mirrors) of the light “leaks” out of the far side of the cavity, and is measured by a photodetector.
An example of a possible geometry for coupling a photolysis beam is shown.

Conventional CRDS optics are highly reflective (>99.99%) over a small range of
wavelengths (~50 nm); however the reflectivity of the optics outside the specified
range is too low to perform broad-band, multiplexed absorption spectroscopy, and is
as such unsuitable for applications where multiplexed absorption over a wide range

of wavelengths is desirable.

2.1.4 Incoherent Broad Band Cavity Enhanced Absorption
Spectroscopy

First developed by Fiedler et al. in 2003'¢7, Incoherent Broad Band Cavity Enhanced
Absorption Spectroscopy (IBB-CEAS) is a technique which uses broad-band optical
cavity mirrors and an incoherent broad band light source such as a Xenon arc lamp*®”
188 “or a super continuum laser'®® 170 to probe the absorption of molecules within an
optical cavity. Similarly to CRDS, probe light is directed at the back of one cavity
mirror, through which a small fraction of light enters the cavity. Unlike the dichroic
mirrors used in CRDS, IBB-CEAS uses broad-band reflective mirrors to trap and
multipass the probe radiation through the sample to enhance the effective path length

of the absorption.
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Recent instrumental developments by Chandler and Sheps!® have resulted in a
system which can measure time resolved, multiplexed absorption of transient radical
species, a technique termed Time-Resolved Broad Band Cavity-Enhanced
Absorption Spectroscopy (TR-BB-CEAS). This technique uses a novel time-
resolved absorption spectrometer, which uses a rotating mirror, synchronised with
the excimer pulse to “sweep” the outgoing light from the optical cavity across a 1024
x 1024 pixel Charge Coupled Device (discussed in the subsequent section 2.1.5)

array to give a time-resolved spectrum.

high reflection

photolysis laser

mirrors

T

rotating mirror

white-light source
(Xe arc lamp)

= {iME  —

ruled grating

Figure 2.4: A schematic of the TR-BB-CEAS setup designed by Sheps et al. , taken from “Time-
Resolved Broadband Cavity-Enhanced Absorption Spectroscopy for Chemical Kinetics”.6?
Radical generation is achieved by an excimer laser perpendicular to the axis of the cavity.

The effective path length of this setup is wavelength-dependent, due to the
dependence of the number of passes on the reflectivity of the cavity mirrors and
varies between 56-160 m. The system must be calibrated against a “molecular

absorption standard”, which in this case is NO2.

The TRUVAS instrument can measure absorption cross sections down to
wavelengths of around 260 nm for the multipass optical arrangement, and ~ 190 nm
for the single pass arrangement. The wavelength range 280-450 nm an important
spectral region as many molecules (including peroxy radicals) absorb strongly in the
U.V. The TR-BB-CEAS is limited in its ability to measure absorption at wavelengths
lower than 300 nm as the cavity mirrors are not sufficiently reflective below this
wavelength to facilitate the cavity-enhancement effect. Cavity enhanced absorption
techniques greatly increase the path length of the probe light, however the sensitivity

of these techniques is impeded by the fact that the probe intensity which reaches the
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detector is low. This effect can be exemplified by considering the probe intensity
required to detect an absorbance of 107°.

I
-4 _
€ A E23
11, I »
o T Tloe E 2.4
-5 _
1-e® " ~107° E25

Equation E 2.4 shows the fraction of o absorbed as a function of I and lo, substituting
E 2.3 gives the fraction of light absorbed for absorbance A. E 2.5 shows that ~10°
of the probe intensity is absorbed, and therefore I and lo must exceed 10° counts to
detect an absorption of 107°. This illustrates that whilst it is beneficial to extend the
path length of absorption, sufficient probe intensity is required to detect small

changes in absorbance.

2.1.5 Charge Coupled Device (CCD)

In order to measure multiplexed absorption, a detector with multiple channels is
required, of which the Charge Coupled Device is the most common. First used for
spectroscopic and kinetics applications by Rowley et al.1”*, CCDs comprise an array
of metal oxide semiconductor pixels which accumulate charge upon absorption of
electromagnetic radiation. The amount of charge accumulated by each pixel is
proportional to the number of photons which are incident on the pixel within a given
exposure time. Broadband probe light is separated into a frequency spectrum using a
spectrograph, which projects a narrow (~0.1-1 nm) range of wavelengths onto each
pixel. Traditionally, 2D CCDs are used for time-resolved absorption applications by
shifting the charge obtained by each row of pixels in the detection region, to the
adjacent row in the 2D array, as shown in Figure 2.5.1% 172 Once all the rows in the
2D array have been exposed, the array is transferred to the readout register, before
being amplified and read by a computer. An alternative method for achieving
temporally resolved absorption spectra is via. “sweeping” the probe light across the
CCD chip, a method more recently developed by Chandler and Sheps'®® as part of
their time resolved TR-BB-CEAS setup shown in
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Figure 2.4. A spinning mirror sweeps the entire output spectrum onto ruled optical
grating, which disperses the probe cavity output in wavelength horizontally and
projects it vertically across the CCD detector. Both aforementioned techniques
essentially involve mapping spectral and temporal information onto a CCD, creating

a two-dimensional “transient absorption image” of a chemical reaction.
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Figure 2.5: A simple schematic of the charge transfer process of a 2D CCD absorption
experiment. The first row is the active region of the CCD, where incoming photons are
converted into charge, which accumulates on each pixel (top left). Parallel electrodes are phased
such that charge accumulated by a row of pixels is shifted to the adjacent row and stored (top
right) in the storage region (shown in grey). Once the storage region is full (bottom left) the 2D
array is transferred into the readout register, before being amplified and transferred to a
computer for analysis.

A drawback common to both 2D CCD techniques is the requirement of cooling: the

long exposure times (>ms) necessary for each technique results in substantial “dark
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current”, whereby charge accumulates in the potential wells of the CCD pixels due
to thermally generated electron-hole pairs. To account for dark current, the
contribution to the overall intensity from dark current must be measured, and

subtracted from the probe intensity measured by the CCD.

Each CCD will have a specification dark current at a particular temperature, however
in reality, dark current fluctuates randomly. Random fluctuations in dark current is
termed dark current noise, and contributes to the overall noise on the absorbance
signals measured by a CCD absorption experiment. To reduce the level of thermally
generated dark current, and therefore dark current noise, various cooling systems are
employed, including liquid nitrogen and most commonly electronic Peltier cooling

systemst/1-174,

2.2 Instrumental

A schematic of the setup is shown in Figure 2.6. The instrument outlined in this paper
features 14 individually translatable mirrors, adjusted to direct the probe beam in
such a way that overlap with the excimer beam, which is directed coaxial to the centre
of the cell , is maximised. The reaction cell is a 1.5 m long glass tube, 54 mm OD,
with ’2” OD inlet and outlet ports, manufactured by York Glassware, sealed with 3
mm thick, 60 mm diameter fused silica windows at both ends. Additional to the
multipass optical arrangement is a single-pass optical arrangement, which intersects
the reaction volume only once. The probe beams in this setup are produced by a Laser
Driven Light Source (LDLS — Energetiq EQ-99X purchased from Elliott scientific).
The LDLS is more suitable for this application than a standard Xe short arc lamp
because temperature of the spectral output is much higher (~11000 K vs 3000 K),
producing more UV radiation. The output of the LDLS is more stable, affording
improved signal-to-noise and shorter required averaging/integration times. The
ionisation source is from a much smaller point (100-200 pum vs ~2-3 mm long for a
standard Xenon arc lamp), making the beam much easier to collimate over the long
distances (up to ~20 m) required for this application.
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Figure 2.6: A schematic of the experimental setup. The yellow beam shows the path of the
multipass optical arrangement, and the red beam shows the path of the single pass optical
arrangement.

To cell 1‘

Mixing manifold

Figure 2.7: The mixing manifold setup used to mix reagent and buffer gases in known ratios. A-
E represent mass flow controllers A — Tylan FC260-SA 10 slm; MKS flow controllers Type
1179A: 1 slm (B), 500 sccm (C), 50 sccm (D) and 20 sccm (E). The pre-manifold bubbler can be
attached to any of the flow controllers. The backing pressure of the bubbler is regulated using
a BOC line regulator. Typically residence times in the mixing manifold are 0.1-1 s, depending
on the total flow rate.



51

Gases are introduced to a mixing manifold via. 5 separate mass flow controllers
(MFCs - Figure 2.7), the largest, Tylan (FC260-SA 10 slm) delivers the buffer gas
(N2 / Departmental), and a range of MKS flow controllers (Type 1179A, 1 slm, 500
sccm, 50 sccm and 20 sccm) for the O2 and other reagents. If hydrogen peroxide is
used for an experiment, the mixture of buffer and reagent gases can be passed through
a bubbler containing hydrogen peroxide solution (50% - Sigma-Aldrich). Gas is
evacuated from the cell by an Edwards (EM2) 2-stage rotary pump, holding the cell
at a typical pressure of ~50-100 Torr (cell pressure can be readily altered in the range
10-760 Torr)

Probe intensity is recorded between 250 and 850 nm for the multipass arrangement
and 185-600 nm for the single pass arrangement using a high throughput
spectrograph and a fast-read (1 kHz) line-array CCD, which is significantly
populated (10-100% of 65535 counts, depending on wavelength) per millisecond, to
produce 2D time-resolved absorption spectra. A KrF excimer laser (Lambda-Physik
CompEx 210 — 248 nm) is directed along the cell using a dichroic turning mirror to
initiate chemistry. The duty cycle of the excimer is selected to allow sufficient time
for the processed reaction mixture to be pumped out of the cell, to be replaced by
unprocessed reagents avoiding secondary photolysis of reaction products.

2.2.1 Optical Arrangement

The multipass optical arrangement is one previously unreported in the literature,
featuring up to fourteen 12 mm diameter mirrors. The number of mirrors can be
altered for different applications and desired path lengths — typically 8 passes is
optimal for measuring cross sections in the UV (250-400 nm), however up to 13
passes can be used if small cross sections in the visible region are to be measured.
Each of the mirrors is adjustable, allowing for translation in the x and y planes
(vertical and lateral), so that the overlap between the probe beam and the excimer
beam can be maximised. The 12 mm diameter mirrors are spherically curved with a
2.4 m radius of curvature and are UV enhanced such that their reflectivity is ~85%
in the UV (custom made by Knight Optical). The mounts were designed in
SolidWorks 2013 and consist of 2 aluminium back plates and 8 individual threaded
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mounting disks, onto which the mirrors are mounted. M3 screws hold the disks in
place and silicone O-rings separate the threaded disks and mounting plate, which
allows the angle of each mirror to be adjusted so that the probe beam can be arranged
in the configuration outlined in Figure 2.6, which maximises overlap with the
excimer beam along the axis of the cell. The final design of the mirror mount
assembly, uses small O-rings to give the <1 mm adjustability required, as shown in

Figure 2.8.

-

Figure 2.8: A schematic of the mirror mount design. The M3 screws are fed through the back
plate, through the orange silicone O-rings, and screwed into the threaded mounting plate.
Mirrors are adhered to the mounting plate with superglue.

The mounting plates and threaded disks were milled from aluminium in-house and
the optical mounts are fixed in place with custom made L-shaped brackets, which are
slotted to allow vertical and horizontal translation of the mount assembly. To remove
as much scattered excimer light as possible, whilst retaining probe intensity at short
wavelengths (250-290 nm), a sharp cut-on filter (248 nm RazorEdge® ultrasteep
long-pass edge filter — Semrock) is placed in the path of the beam, before the fibre-
launcher for the multi-pass arrangement. For the single pass arrangement, light enters

the spectrograph directly for optimum throughput of UV light (down to ~180 nm)

2.2.2 The Camera/ Spectrograph

The spectrographs (Horiba CP140 - Imaging Spectrograph) used in this experimental
setup have a range of 650 nm. A schematic of the spectrograph is shown in Figure
2.9. The camera which collects the multipassed light is set to record 250-800 nm, and
the single pass camera ~185-600 nm (the lower wavelength limit is dictated by the

geometry of the spectrograph). The F number of the spectrograph, which is a measure
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of the light throughput, is relatively low (2.5), resulting in lower resolution than many
spectrographs (resolution 1.5 nm FWHM), but total light throughput is high. High
throughput is desirable as exposures are typically less than 1 ms. With such short
exposure times, more light is required to accumulate sufficient charge on the CCD

pixels to see adequate signal for measuring absorption.
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Figure 2.9: A schematic of the Horiba CP140 spectrograph used in this experiment. Light enters
the spectrograph through a narrow (~0.1 mm) slit, illuminating the diffraction grating, which
wavelength disperses the light. The divergent wavelength dispersed light is focussed onto the 1D
line array CCD by 70 mm off-axis parabolic mirror.

The cameras used here are 16 bit line CCD detectors (Hamamatsu S7030-1006 FFT)
which comprise an array of 1030 by 64 pixels, aligned with the dispersive axis of the
spectrograph (average dispersion = 24.2 nm/mm). Charge which accumulates on
pixels is binned and summed by the 64 vertical clocks (FFT — Full Frame Transfer)
into the horizontal sum register. An important feature of this CCD chip is that the
data are read off at a speed > 1000 Hz (780 ps minimum read time), meaning time
resolved absorption data are acquired at a time resolution of 1 ms. Such high data
acquisition read rates are most commonly achieved by using a 2D CCD array, and
shifting each time slice into masked areas of the array, and then reading the 2D array

at the end of each shot.*’* 17
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Figure 2.10: The acquisition process of the 1D line-array CCD. The wavelength dispersed light
illuminates the line CCD array during the exposure (typically ~0.7 ms for a 1 ms cycle). After
the exposure, the charge accumulated in each row of the 64 pixel CCD array is summed, and
transferred to the readout register, before being transferred to the computer.

Masking and shifting CCD signals in this way introduces the possibility of “dark
noise”’; charge accumulation due to processes within the CCD itself, however the fast
expose-bin-read cycle of the line-CCD avoids this effect without the need for
expensive cooling systems. Faster “1D” CCDs do exist, however they tend to be less
efficient at collecting light and faster read rates necessarily result in shorter exposure
times and therefore less charge accumulation, which would negatively impact the
instrument sensitivity.’® The wavelength is calibrated using the emission from a Hg
pen-ray lamp, the emission lines of which are well-known. The light from the pen-
ray lamp is directed into the spectrograph, with each of the peaks being assigned to

a Hg atomic emission line, as shown in Figure 1.9.

Wavelength = m X pixel number + ¢ E26

For this reason the single pass absorption arrangement is useful for retaining The

CCD in the second camera used in this experiment is positioned in the spectrograph
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so that it can measure light <180 — 600 nm. When broadband light is passed through
fused silica windows and reflected off aluminium mirrors, ~15% of the light is lost.

Short wavelengths are attenuated the most strongly, meaning the UV light which
reaches the detector in the multipass system is much less intense (~80% relative to
550 nm) than in the broadband light from the LDLS light source directly. high
intensity of UV probe intensity for probing absorption at wavelengths shorter than

250 nm, simultaneous to the multipass absorption system.

60000 —
50000

40000

Intensity

30000
20000

10000

5 | B B

T ¥ T T ¥ T

400 600 800 1000
Pixel number

®  Penray emission line points
Linear best fit

550

500

450

A/ nm

400 +

350

300

T L T y 1 ' I ¢ 1 L 1
500 600 700 800 900 1000
Pixel number

Figure 2.11: Hg pen-ray lamp emission lines are shown as they are measured by the
spectrograph/CCD of the multipass camera in the top graph. Each peak corresponds to an
emission line and a pixel number on the CCD, and is plotted on a graph of A/nm vs Pixel number
to construct a linear plot (bottom). The gradient and intercept of the points describes the
relationship between the pixel number and the corresponding wavelength, which for the
multipass camera were calculated to be m = 0.571 and ¢ = 846.3.
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2.2.3 Stray light contamination

The camera/spectrograph was found to experience scattering of long-wavelength
light onto regions of the CCD. To investigate this effect, filters were used to block
out the desirable wavelengths of light, to reveal the intensity of the stray light
(referred to henceforth as “false photons”). Between 250-280 nm the UV light
intensity collected by the CCD is low (~100-2000 counts), and so even small
intensities of non-UV light collected by the CCD in these regions will affect the
absorbance calculated using Beer-Lambert’s Law (E 2.1). This effect can be

described mathematically using equations E 2.7-E 2.9.

I I +1

At,obs —In 0,0bs —1In 0,real false E27 where
It,obs It,real + Ifalse A is

t,obs

1 Lo obs — Irai

At,real = 1In 0,real — 0,0bs false E28 the
It,real It,obs - Ifalse

if At,real > 0: then IO,real > It,real |At,real| > |At,obs| E29

absorbance is measured by the instrument at time t. I 5,5 and I, o5 are the intensities
measured by the instrument at a particular wavelength pre-trigger and at time t
respectively. Iy req; and I .4 are the intensities of real (i.e. the wavelength assigned
to that region of the CCD based on the Hg lamp calibration) probe light measured by
the instrument at a particular wavelength pre-trigger and at time t respectively. Irq;se
is the intensity of the scattered light, assumed to be due to light between 850-1100
nm, as this range corresponds to the wavelength region beyond the maximum
wavelength incident on the CCD chip, and the maximum wavelength detectable by
the CCD. Since none of the molecules studied in these experiments are believed to
absorb strongly in this region, ¢, is assumed to be constant before and after the
excimer. The observed intensities comprise the sum of the real and false photons,
and so to calculate the real intensities (and therefore real absorbances), Irqse is
subtracted from the observed intensities. When IL..q; > Irgise + Atrear = Atobs
however at short wavelengths (250-280 nm) where real intensities are low, Ifq;se
becomes comparable to I,.,; and leads to underestimation of the absorbance change.
To characterise and attempt to correct for this effect, real wavelengths of light were

filtered from the probe beam using long-pass filters, in order to observe the residual
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It q5¢ Signal. Figure 2.12 shows the intensity measured by the CCD as a function of

wavelength with the various filters in place.
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Figure 2.12: Intensity measured by the CCD/spectrograph of the LDLS lamp output with a
variety of filters in-line. The razoredge filter is used to block excess scattered excimer light from
entering the spectrograph and damaging the CCD, and cuts on sharply at 248 nm
(Transmissionass nm = 2.7 x 10°%), whilst transmitting UV light >250 nm (Transmissionzso nm =
0.841, Transmissionzso nm = 0.923). Intensities were also recorded using the razoredge filter
(black line) and 2 coloured Perspex filters, which cut on at 750 nm (green line) and 600 nm (blue
line). Note the Razoredge filter was in place for all 3 of the plots shown.

Figure 2.13 shows the false and observed intensities in the region of interest. The
number of false photons stays approximately constant across the region pictured, and
as such, it was deemed reasonable to subtract a single, constant number from each
intensity profile obtained by the TRUVAS instrument. The magnitude of this

constant was determined using a process outlined in the following section (precursor

concentration measurement). Figure 2.14 shows the ratio of lfase t0 lobs from the
measurements shown in Figure 2.12, which declines from ~25% at 250 nm to ~1%

at 310 nm, highlighting the enhancement of this effect at the shorter wavelengths.

Whilst the issue of scattered light within the spectrograph is a solved with relative

ease for the multipass setup, the same is not true for the single pass setup, which
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experiences unpredictable levels of stray light, and as such is not used to make

quantitative time resolved absorption measurements.
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Figure 2.13: An expanded version of the plot shown in Figure 2.12. Note the observed intensity
at ~250 nm with both the <600 and <750 nm filters is significant compared to the observed
intensity with the Razoredge filter, comprising ~40% of the total signal. The intensity of the
false signal remains almost constant at around 112 counts between 250-390 nm for the <600
nm filter. The false light from the <750 nm filter appears to deviate slightly, most likely due to
the extinction of some of the wavelengths of light responsible for the false signal.
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Figure 2.14: The ratio of lfaise to lons from the measurements shown in Figure 2.12. The ratio falls
from ~25% at 250 nm to ~1% at 310 nm.
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2.2.4 Precursor concentration measurement

In order to accurately calculate the radical density at to, it is imperative that the
precursor cross section is well-known (E 2.10).

[Radical]y = Ny4g nm X [Precursor] X oprecursor,248 nm E 2.10

The TRUVAS instrument can be used for non-time resolved absorption
spectroscopy, whereby the absorption of stable molecules can be measured. This is
achieved by measuring light intensity in the presence and absence of the precursor,
using the same camera for both | and lo. The bubbler shown in Figure 2.15, is
designed such that the down pipe carrying the main flow into the bubbler chamber is
not submerged in the precursor liquid, so as to avoid creating aerosol particles in the
flow which attenuate the probe light (as discussed in 1.2.1). The absorbance
measured is then used to determine the concentration of the absorbing species, by
multiplying a literature spectrum by M, where M is the product of [Precursor] and I,
the path length. Since the probe beam in these experiments is not required to overlap
with a photolysis laser, the path length is simply the length of the cell, multiplied by
the number of times the probe beam is passed through the cell, which for the 7 pass
arrangement is 1050 cm (7 x 150 cm). As explained in the previous section, scattered
light of undesirable wavelengths is incident on the CCD at short wavelengths. The
measurement of the absorption due to a precursor such as H>0O», which has a well
characterised absorption spectrum®’’18 can be used as a template to estimate the
number of counts to subtract from the observed intensities (ltase) measured by the

CCD detector, as shown in Figure 2.16.
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Figure 2.15: A schematic of the bubbler positioned beyond the mixing manifold, used to
introduce H202 (amongst other low vapour pressure liquids) into the reaction cell. To measure
lo, both quarter turn plug valves are turned to the off position and the needle valve is opened.
Turning the quarter turn plug valves to the on position allows some of the main gas flow to pass
through the bubbler, carrying the H20: into the reaction cell. The needle valve position can be
adjusted to allow more or less of the main flow to bypass the bubbler; the more open the needle
valve, the smaller the H20: concentration measured in the reaction cell. When it is desirable to
obtain the highest possible H2O2 concentration, the needle valve is fully closed.
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Figure 2.16: The JPL recommendation for the H202 absorption spectrum is multiplied by M.
The value of M is varied until the spectrum approximately matches the measured absorbance
at wavelengths longer than 320 nm.
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Figure 2.17 shows the real absorbance due to H2O», obtained by increasing ltaise and
M until the 2 spectra are in agreement. Typically the number of counts which require
subtraction from the intensities measured by the camera due to stray light is around
90-120. The subtraction calculated via. this method is then applied to the
corresponding time resolved absorption trace; typically lrase remains relatively
constant throughout a day of experiments.

. -H,0, JPL Recommendation (Gaussian fit) x 1050 x C,,
104 Corrected H,0O, absorbance measured by TRUVAS instrument
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Figure 2.17: An example of the absorbance measured due to H20: in the reaction cell with a
suitable number of counts (lraise) sSubtracted from lops for the absorbance to match the up scaled
literature spectrum.

2.2.5 Data processing

Data are transferred from the camera to the computer via. the dedicated Peripheral
Component Interconnect (PCI) board supplied with the camera. The transfer rate of
the PCI board is sufficiently fast to read the data in real time, and the data are fed
into a LabVIEW program written in-house, which converts the raw 2D array, which
is in the form of Pixel number vs. time, into wavelength vs. time, where in both cases
the magnitude of the number is effectively the Z axis, representing the amount of

charge accumulated by each pixel during the exposure. The intensity of the light prior
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to to is averaged and represents lg, and the intensity of the light subsequent to to
represents It (Figure 2.18). A cut through the 2D array can be taken through the
wavelength axis to view the spectrum at a given time delay, which have x and y
assignments of wavelength and absorbance respectively. Alternatively, for Kinetic
applications, cuts through the time axis gives the time evolution of the total

absorbance change for any given wavelength.
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Figure 2.18: An example of a time resolved intensity trace from the generation of Isoprene
hydroxyperoxy radicals via. H202 photolysis at 248 nm. |, is the average of 1000 points prior to
to, ltis the intensity at time t. The spike in intensity at t = 0 is due to residual excimer pickup at
248 nm.

To account for fluctuations in lamp intensity, a wavelength region where no
absorption occurs (typically 500-600 nm) is fixed to 0 (referred to as “pinning”
hereafter). Fixing A to 0 where no absorption is seen in this way reduces the noise
due to lamp fluctuations (Figure 2.19), and reduces the number of excimer shots
required to obtain a satisfactory signal and therefore increases the number of
experiments which can be performed in a given time period. Signals are deemed

satisfactory by the user inspection, since analysis is carried out prior to data
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Figure 2.19: An example of the effect of pinning on a time resolved absorption trace (1 ms time
resolution). The black trace is unpinned, raw data and the red trace is pinned at 600 nm, where
the absorbing species (isoprene hydroxyperoxy radical)** has negligible absorption cross
section, reducing the noise due to fluctuations in lamp intensity. The red trace displays less
random fluctuation due to fluctuations in lamp intensity, and is therefore more useful for kinetic
analysis.

2.2.6 Effective path length

Whilst this setup is optimised to maximise the overlap between the probe beam and
the excimer beam, complete overlap inside the cell is not possible, such that the path
length for photolytic experiments is not equal to the length of the cell multiplied by
the number of passes (Figure 2.20).

Figure 2.20: A diagram illustrating incomplete overlap of probe and excimer beams within the
cell. The blue beam represents the KrF excimer laser volume; the volume of the probe beam
(yellow) which does not overlap with the excimer inside the cell is shown in red and the volume
of the probe beam which does overlap the excimer beam is shown in yellow behind the
transparent cell.
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For this reason it is necessary to measure the extent of the overlap between the
excimer and the probe, which is achieved by photolysing isopropyl nitrate at 248 nm
(PrNOz = (CH3).CHONO) to yield NO, with a quantum yield of near unity (R
2.1).138

IPrNO3 + hv — 'PrO + NO» R 21

The magnitude of the NO> absorption is measured using the multipass arrangement,
and in a single pass coaxial along the excimer beam simultaneously, as illustrated in
Figure 2.21.

Acoaxial _ AMultipass

I I E211
coaxial multipass
_ AMultipass
lmultipass = leoaxial ° A ] E212
coaxial

The measurement of the absorbance coaxial to the excimer beam has a well
constrained path length equal to the length of the cell (150 cm), making it possible
to then calculate the effective path length - Imuitiapass (E 2.11, E 2.12).

Camera 1

LDLS Light source /

N\
=\

] [
1 i

Perspex filter sy

Camera 2

Figure 2.21: Multipass (top, black beam trace) and coaxial (bottom, red beam trace). Note, the
coaxial beam overlaps with the excimer beam for the entirety of the length of the cell, and as a
result, is constrained to 150 cm.

In practice, the high resolution NO, spectrum measured by Vandaele et al. & was
degraded using the rectangular smooth adjacent averaging technique, whereby each
point is replaced by the average of n adjacent points, in order to visually match the
resolution of the TRUVAS instrument (1.5 nm FWHM). The degraded NO- spectrum
was then multiplied by a number M (E 2.13 and E 2.14), until it matched the
absorbance measured by each camera. The ratio of the value of Mmuitipass and Mcoaxial
is multiplied (E 2.15-E 2.17) by the coaxial path length (lcoaxial = 150 cm) to yield the
effective multipass path length Inutipass (E 2.18).
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Mcoaxiar = CNOZ X leoaxial E 2.13

Mmultipass = CN02 X lmultipass E 214

Acoaxial,NOZ = Mcoaxial X (NOZ SpeCtrum) E 2.15

AMultipass,NOZ = Mpuitipass X (NO; spectrum) E 2.16

AMultipass,NOZ _ Mmultipass X{—Ngﬁﬁ%ﬂ%ﬁ%)
Acoaxial,NOZ Mcoaxial X{—Ngﬁﬁ%ﬂ%ﬁ%) E2.17
AMultipass,NOZ ) _ Mmultipass I =1

coaxial — coaxial — ‘multipass

Acoaxial,NOZ Mcoaxial E2.18

'PrNO3 photolysis to NO is the ideal method for this application due to the strong,
structured, well characterised absorption spectrum of NO: in the visible region. A
photolytic species which absorbs in the visible region is necessary due to the
requirement of the coaxial beam passing through the dichroic 248nm turning mirror,

which absorbs very strongly below ~350 nm.

The effective path length is essentially My,iipass divided by Mc,qxiq; multiplied by
150 cm (the coaxial path length), which in the example shown in Figure 2.21 returns
a value of 430 cm. The average value of 10 experiments was found to be 442+21 cm
for the configuration comprising 7 passes. The error on the path length is given as
the standard deviation of the results from the 10 runs. 7 passes were chosen as a
trade-off between total effective path length, and retention of suitable levels of UV
light (250-350 nm), since UV light is scattered (and therefore lost) more efficiently
by surfaces, particles and dust along the beam path. The maximum number of passes
with the current configuration is 13, yielding a path length of 1040 + 78 cm.
Changing the number of passes can be achieved readily by simply directing the probe
beam from the mirror corresponding to the desired number of passes +1, into the

detector.
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Figure 2.22: The degraded Vandaele et al. NO2 spectrum® (red) is multiplied by M until it
overlaps with the absorbance measured from 'PrNOs photolysis from NO2 (black). The coaxial
absorbance is shown in the top graph, and the multipassed absorbance is shown in the bottom
graph. The traces shown here were obtained simultaneously, using the optical arrangement
shown in Figure 2.21.

2.2.7 Absorption Cross-section Calculation

The Beer-Lambert law (1.2.1, E 1.1), states that the absorption cross section at a
given wavelength is equal to the ratio of the observed absorbance signal, to the sum

of the number density of molecules per cm® and the path length in cm. To calculate
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the radical density, the precursor concentration and the number of photolytic

absorption events must be measured.

The precursor concentration is measured using the aforementioned stable molecule
mode and the excimer energy is measured using a calibrated energy meter
(Molectron IMAX 11). The excimer beam is approximately 12 mm wide, and 30 mm
high, overfilling the 1 cm diameter energy meter sensor, allowing an accurate

representation of the excimer beam energy to be measured.

For each experiment, the excimer energy is measured before and after the cell, with
the excimer energy taken as the average of the 2 values; measuring the excimer
energy in this way allows the measurements to be carried out without moving the
reaction cell. The accuracy of this method of measuring the excimer energy was
verified by comparing the value to the value of the excimer energy measured with
the energy meter in a position half way between the mirror mounts, with a quartz
window placed in the position of the first window of the cell in order to mimic the
level of scatter and divergence experienced by the excimer beam within the cell. The

values obtained for the excimer energy using both methods agreed to ~5%.
E I I Iﬂ
H I [l I EI
L
! ]

Figure 2.23: The energy meter (red rectangle) was placed in front of the cell (top) and after the
cell (middle) with the average of the values measured in each position taken as the excimer
energy in the middle of the cell. The bottom arrangement was used to verify the agreement
between the aforementioned method and the real excimer energy in the middle of the cell; a
quartz window is placed in the same position as the cell window, and the excimer energy is
measured half way between the mirror mounts.

The energy from the energy meter is converted into fluence (n,,010ns) Of 248 NM

photons and is used to calculate the radical density, using the precursor concentration

and precursor cross section at 248 nm (E 2.19).

Nphotons,248 nm X 0248 X @ragicar X [Precursor] = [Radical] E 2.19
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The radical concentration calculated using E 2.19 represents the radical generated
from the 248 photolysis of a radical precursor. The excimer beam diverges by
approximately 15% over the detection region. Often the molecule being probed is
made via. reaction of this radical with a reagent, to form the target radical species, a
peroxy radical for example. To extract cross sections, it is assumed that [Radical] is
equal to the concentration of the target radical (i.e. 100% of radicals formed from
precursor photolysis react to form the target species) at to — the moment the excimer
fires. If the target radical is removed via. reaction, it is necessary to extrapolate the
absorption signal back to to, to give Ao the absorption signal at the moment the
excimer fires. The absorption signal observed by the instrument at to is unusable, due
to contamination by the intense 248 nm excimer pulse, some of which is reflected

along the path of the probe beam, entering the spectrograph.
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Figure 2.24: A time resolved absorption trace for the ethylene HP radical self-reaction at 280
nm. A second-order fitting function is used to extrapolate the absorbance signal back to t0. A0
is the absorbance at t0, prior to any removal of absorbing species by self-reaction or diffusion.

The equation E 2.20 describes a second order loss consistent with the time self-

reaction (kseif), coupled with a first order diffusion loss, to account for loss of the
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analyte via. diffusion (kaiff) out of the beam, as well as “pump out” (reactants pumped
out of the reaction cell and replaced with fresh reactant and buffer mixture).

kaifrNo

A, = U0
t kdiffekdifft

- 2kselfNO + 2kselfNOekdifft X1 x 7 E 2.20

2.3 Instrument Performance and Results

2.3.1 RO- absorption spectra

The UV-vis time resolved absorption spectrometer described here has been
constructed to measure cross sections of organic peroxy radicals as part of the
National Earth and Research Council (NERC) funded Peroxy Radical Photolysis and
its Impact on Atmospheric Chemistry (PRIPIAC) project.'®! Peroxy radicals are
measured in this system by photolysing an OH precursor (H202) at 248 nm in the
presence of a co-reagent (for example alkene) and oxygen; the OH adds to one side
of the double bond (R 2.2) followed by the addition of oxygen to the other side of
the double bond (R 2.3).

CaHa+ OH = HOCH:CH; R22

M
HOCH;CH; + 0z > HOCH2CH,0; R2.3

Figure 2.25 shows an example 2D time resolved absorption spectrum of the ethylene

hydroxyperoxy radical.

The ability to measure small (<1 x 10 cm? molecule) cross sections at
wavelengths longer than 280 nm is important when considering the photolysis rates
of atmospheric radicals and molecules. Figure 2.26 shows the absorption cross-
sections for the ethylene hydroxyperoxy radical measured by the TRUVAS
instrument, compared to the IUPAC recommendation by Lightfoot et al., which are
shown to have a similar shape and magnitude, providing some verification as to the
accuracy of the cross section measurements made by the TRUVAS instrument, and
highlighting the improved sensitivity and smaller limit of detection compared to

existing systems.®’
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Figure 2.25: A 2D time and wavelength-resolved absorption spectrum (left) of the
HOCH.CH:0: radical. Absorbance decay traces (top right) for the removal of the
HOCH.CH:0: radical by self-reaction at a range of wavelengths, and absorbance as a function
of wavelength at a range of time delays (bottom right).
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Figure 2.26: HOCH2CH:0: absorption cross sections. The solid black line represents the cross
sections measured using the TRUVAS instrument. The red crosses represent cross sections
measured by Lightfoot et al.5” Currently the smallest measured cross sections in the literature
are around 7.7 x 10'® cm? molecule® at 300 nm. The experimental data obtained using this
instrument measure the HOCH2CH:02 cross section down to ~2.2 x 102 at ~340 nm, which
represents in excess of an order of magnitude greater sensitivity compared to previous
measurements.



71

2.3.2 Limit of Detection

The Limit Of Detection (LOD) of the system is determined by the level of noise
relative to the signal or Signal to Noise Ratio (SNR). To see a signal-to-noise ratio
of 1 for example, the signal must be at least as big as the random noise experienced
by the system, therefore the LOD is equal to the level of noise on the absorption
signal. In the absence of any reagents or photolysis pulse, I and lo are equivalent, and
should produce a plot with absorbance values of 0. Deviation of the absorption away
from 0 in this case is due exclusively to the noise experienced by the system. The
standard deviation of (indicative of noise level) of the absorbance signal in the
experiment at 300 and 500 nm was probed, and found to be 2.3 x 10 and 5.5 x 10
respectively after 2000 camera shots. Figure 2.27 shows how the standard deviation

of the absorption baseline decreases as a function of the number of averages.
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Number of averages
standard deviation of the absorption signal as a function of the number of averaged shots at 300
nm (black) and 580 nm (red). A close up of the graph is shown, note the standard deviation has
fallen to roughly 5.5 x 10 (300nm) and 2.2 x 10 (580 nm) after ~2000 shots .

If the SNR is to be equal to 1, then the observed absorption must be greater than or
equal to the noise (E 2.21). Using equations E 2.21 and E 2.22, the minimum cross
section detectable at 300 nm by the system at a typical radical concentration of 5 x
10 molecules cm™ (typically radical concentrations in this experiment are in the
range 3-9 x 10 molecules cm™®) and a path length of 442 cm, is 2.4 x102* cm?
molecule™.

Omin " C 1 =5.5X% 10~° E 221
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55X 107> 5.5x 107>

> =
Tmin = c-l 5 x 1013 x 442 E 2.22
=2.4 X 1072 cm? molecule™!

In reality, for broad, featureless absorption bands, such as the B-X transition
common to all peroxy radicals®’%°, noise can be reduced using a digital filter such as
the Savitzky-Golay*®? (SG) smoothing filter. In short, the SG filter essentially fits a
low order polynomial through successive subsets of n points adjacent to each point,
and replaces the point with the value of the polynomial at the central point of each
subset. The SG filter in this way can improve the signal-to-noise ratio of a dataset

without greatly distorting the signal.
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Figure 2.28: The cyclohexane spectrum measured by the TRUVAS instrument with and
without the SG filter applied are shown as red and black solid lines respectively. The value of
the 1o error of the dataset with and without the SG filter applied are shown as red and black
dotted lines respectively. The point at which the value of the cross section and the 1c error of
the cross section cross is given as the detection limit for a particular set of experiments, and is
much larger for the unfiltered dataset (~1 x 102 at ~340 nm) compared to the dataset with
the SG filter applied (3.21 x 10?2 cm? molecule™ at 353.1 nm).

As shown in Figure 2.28, the application of the SG filter to a dataset can improve the
signal-to-noise ratio by more than an order of magnitude. The SG filter is applicable
to the data generated using the TRUVAS instrument, due to the fact that the data
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points are close together and evenly spaced (0.57 points nm™), in contrast to most
other studies of peroxy radical spectra (typically points spaced 5 nm apart).

2.3.3 Kinetic application example — The reaction of the Criegee
intermediate with water dimer

The first set of experiments carried out using this apparatus investigated the simplest
stabilised Criegee Intermediate (CI — formaldehyde oxide, CH,OO) which has been
the subject of significant interest in recent times.®> % 18 CIs are important
atmospheric species as they are the major product of alkene ozonolysis!®. The
simplest Criegee intermediate (CH,OO) is the product of the ozonolysis of
ethylene®®* 18 which is emitted by anthropogenic and biogenic sources in large
amounts worldwide.'®® Experimentally, CH,OO is made via. diiodoalkane photolysis
(R 2.4), in this case CHa2l. in the presence of oxygen, which yields the stabilised CI:
CH.00 (R 2.5).%8

CHalo + hv — CHal + | R24
CHzl + O2 — CH202 + | R25

The system showed great efficacy in investigating reactions of CH,OO, owed to its
high sensitivity in the region of the broad CH,OO absorption band centred around
340 nm (Figure 2.29). The rate constant for CH,OO with water dimer (R 2.7) was

found to be 4.0 + 1.2 x 1072 cm® molecule ! s7'.3

CH,00 + (H,0), - HO-CH,OOH + H,0 R2.7

Previous studies of the reaction of the CI suggested that reaction with H2O in the
atmosphere would be a minor sink for the CI*®" (kw20 = 4 x 10 cm® molecule s7),
however these experiments were conducted at relatively low pressures and [H20],
and focussed on the removal by monomeric H.O vapour (R 2.6). Typically

experiments studying the reactions of Cls require the concentration of the CI to be
CH.00 + H,0 — HO-CH,0O0H R 2.6

in excess of 10 molecule cm, whereas this system can detect CH,00 down to
around 10* molecule cm3, which is important when considering the rapid self-

reaction of the Cls, which dominate their removal when their concentration is high.
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The ability of the system to detect low CI concentrations and therefore minimise the
self-reaction rate allows the reaction of Cls with other species to be probed within
the timescale of this experiment. The ability of the TRUVAS instrument to operate
under a range of pressures facilitated the investigation of the pseudo first-order loss
of Cl in the presence of H,O at pressures where [H20]> > 10'2 molecule cm
(increasing pressure and [H20] results in a higher concentration of the H20 dimer®),

in contrast to previous experiments carried out at lower pressures.

Removal rate constants up to 600 s were measured for removal of CI by (H20)2.
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Figure 2.29. -In(1/10) spectrum of the system at early-times over the wavelength range 300 — 800.
CHz:l, was photolysed at 248 nm (energy ~ 50 mJ pulse* cm) in the presence of O2: total
pressure (N2), Oz, CHzl2 and H20 equal 1.52x10%, 1.77x10'7, ~3 x1013 and 2.2x10%* molecule
cm’3, respectively. The spectrum is recorded 1 milli-second after the photolysis laser. The sharp
peaks in the spectrum above 400 nm are due to 10, while the spectrum between 300 — 460 nm is
the Criegee intermediate, CH20O0. In red and blue the literature spectra of 10 and CHo:l:
(inverted to aid clarity) have been added to guide the eye.

Kinetic parameters were obtained using the modified exponential decay function E
2.23:

[CH,00] = [CH,00]s exp(—Kest) + [B]s exp(—kit) + C E2.23
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which includes a first order loss term due to CH,OO removal, a first order expression
to account for the contribution to the observed absorbance from 10 and a constant C to
account for the step-change decrease in absorbance due to precursor removal via.

photolysis of the dilodomethane precursor.

Despite the observation of second order CH,OO loss in some studies'® ¥ at high (~10"
molecule cm) [CH.OQ], first order removal kinetics were observed under all conditions,
consistent with experiments carried out by Sheps et al.. The first-order removal kinetics

of CH,0O0 are most likely due to removal via. unimolecular dissociation.!%-1%

CH200 — Products R28

The observed rate coefficient kobs comprises the sum of the rates of the unimolecular
first order loss (k1 , R 2.8) and kz* the rate of removal by water (ko”= k2[H20]), as
shown in E 2.24.

Kobs = k1 + ko' E2.24

Bimolecular rate coefficients were calculated based on the rate of removal of CH.00
in the presence and absence of H,O, whereby subtraction of koss in the absence of water
(whereby kons = k1) from kops in the presence of water yields the contribution to the

removal rate from reaction with water ky'.

k2' = kobs — kl E 2.25

Time-resolved absorbance data at 353, 350, 346, 344 and 341 nm were analysed using
global fitting, whereby kons Was treated as a global parameter and all other parameters

were local.



76

16

12

10" Absorbance

T T T T T T T T T

1
-25 0 25 50 75 100

Time / ms

Figure 2.30. In(lo/l) versus time traces for wavelengths that correspond predominantly to the
Criegee intermediate (black- 353 nm, red — 350 nm and blue — 344 nm) and 10 (green 436 nm).
Traces at 341 and 346 nm have been omitted for clarity. The Criegee intermediate removal
under all conditions is much faster than 10 removal. The above data returns Kobs = 221 + 17 s1,
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Figure 2.31. Bimolecular plot of the removal rate constant, k2 in the presence of H20 vapour,

which exhibits distinct upward curvature. The solid line is the least squares fit of a quadratic
function to the data.
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2.4 Experimental chapter - Conclusion

A novel TRUVAS experiment has been designed, which can measure absorption
between ~260 — 600 nm simultaneously, with a maximum time resolution of 780 ps.
The path length of the instrument is increased by a factor of 8-13 by the novel
multipass optical arrangement. If the cross sections of the absorbing species is
known, time resolved concentrations, and therefore Kinetic parameters can be
measured; similarly if the concentration of the absorbing species is known, cross
sections of absorbing species can be measured. The TRUVAS experiment outlined
in this paper has shown a greater than 10 fold increase in sensitivity compared to
other time resolved UV-Vis absorption instruments, particularly in the actinic region
(A >300 nm), where solar flux is high. The broad range of wavelengths able to be
probed by this instrument is an important feature, facilitating the Kinetic
measurement of multiple species simultaneously. The TRUVAS experiment outlined
here has proven to be a powerful tool for measuring absorption cross sections of

transient species, as well as kinetic parameters for important atmospheric reactions.*
194
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3 Measurements of the absorption spectra of the Ethylene, But-

2-ene and TME hydroxyperoxy radicals

3.1 Introduction

Ethylene, systematic name ethene, is the simplest alkene and a biogenic VOC emitted
in large quantities by plants, soil and the oceans (~4, ~3 and ~1 Tg yr™ respectively)
186 Biogenic sources account for 74% of global emissions, the remaining 26% of the
total budget is anthropogenic, with the majority of anthropogenic ethylene emitted
from biomass burning resulting from terrestrial land clearing (77%) and to a lesser
extent fossil fuel combustion (21%).1% Removal by OH is the main (~89%) sink for
ethylene in the atmosphere, (OH + C;Hs k =8.2 x 1012 cm® molecule™ s2) initiating

a series of oxidation reactions which breaks the molecule down®.

The principal aim of the work outlined in this section is to measure total absorption
cross-sections for hydroxyperoxy (HP) radicals above 260 nm, particularly those
above 300 nm, in order to calculate the total photolysis rate, as well as quantum yields
for OH generation from the photolysis of these species in the actinic region, in an
attempt to find a pathway which reconciles discrepancies between measured and
modelled [OH] in remote, low NOy, high VOC environments. The ethylene HP
radical is the most atmospherically relevant of the 3 HP radicals discussed in this
section, however the but-2-ene and 2,3 dimethylbut-2-ene (TME) HP radicals are
investigated to probe the effect of alkyl substitution of the peroxy radical carbon
centre on the spectra of the HP radical.

The transition which gives rise to the broad, featureless absorptions of HP radicals is
the B — X transition, from the electronic ground state, to the unbound B state.
Previous works show that most HP and alkyl peroxy radicals have similar UV
absorption spectra, displaying absorption maxima between 240-250 nm?®3: 66. 67, 196,
Miller et al.”> ™ describe a shift in the position (Amax) Of the near IR A — X electronic
absorption band of alkyl peroxy radicals, observing red shifting as the number of
carbons in the alkyl chain increases. Miller et al. attribute the red shifting of the IR
absorption band to the destabilisation of the ground electronic X state due to
inductive effects from the additional alkyl groups attached to the a peroxy carbon

centre. In this chapter, absorption spectra of a series of the 3 symmetrical HP radicals
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of ethylene, but-2-ene and TME are presented, illustrating the effect that increasing
the number of electron donating constituents and size of the molecule has on the
shape and intensity of the B — X absorption band. It has also been shown that
functional groups attached to the peroxy radical carbon centre have an effect on the
position and width of the broad B — X transition; electron withdrawing groups
shifting the maximum to shorter wavelengths®. Electron withdrawing groups more
than one carbon away from the peroxy radical centre are thought to have little effect

on the spectra.®’

Whilst the ethylene HP radical is of atmospheric relevance, but-2-ene and TME are
not thought to be present in large concentrations in the atmosphere. The motivation
for studying the absorption cross-sections of these radicals is their analogy to the
different isoprene HP radical isomers, of which there are 6: 1 tertiary HP radical, 2
secondary HP radicals, and 3 primary HP radicals, as shown in Figure 3.1. When
measuring the OH initiated isoprene HP radical absorption spectrum, the HP radical
isomers are necessarily formed as a mixture, with yields described by computational
investigations in the Leuven Isoprene Mechanism (LIM)*27:130:132 35 well as a recent
experimental study.'®” As such, spectra measured in this way are “ensemble” cross-
sections, such that the sum of the absorption cross-sections of each isomer (o; ),

multiplied by the fractional concentration of that isomer (y,,).

0) ensemble = Z(O_A,a ’ Xa) + (O-/l,b ’ Xb) + (O-/l,c “Xc) o (O-A,n * Xn) E 3.1

The ethylene, but-2-ene and TME HP radicals are all formed as a single isomer, owed
to the fact that they are symmetrical molecules and both OH attack sites are
degenerate, forming exclusively primary, secondary and tertiary HP radicals
respectively. Investigation of the absorption spectra separately then allows the effect
of the degree of substitution of the peroxy radical carbon centre to be investigated,
with a view to applying and comparing the findings to the more complex isoprene

system.
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Figure 3.1: The 6 HP radical isomers generated from the OH initiated Isoprene HP radical
scheme. The 3 primary HP radical isomers are shown in the blue box, alongside the somewhat
analogous ethylene HP radical. The green box shows the 2 possible secondary isoprene HP
radical isomers, alongside the but-2-ene HP radical. The red box shows the sole tertiary isoprene
HP radical isomer, (thought to be the most abundant) and the analogous TME HP radical.

3.2 Experimental

The absorption cross-sections of the HP radicals of ethene, but-2-ene and 2,3-
dimethylbutene (TME) were measured using the TRUVAS instrument outlined in
section 2.2. HP radicals were generated via. reaction of alkenes with OH from H.O>
photolysis at 248 nm using a KrF excimer laser (R 3.1). The OH-alkene adduct reacts
rapidly with Oz to form the corresponding HP radical (R 3.1-R 3.7).

HooH 22" 201 R 3.1

CH,CH, + OH + [M] » CH,CH,0H + [M] R 3.2
CH,CH,OH +0, + [M] = 0,CH,CH,0H + [M] R 3.3
CHyCHCHCHs + OH + [M] - HyCHCHCH;0H + [M] R 3.4
CHyCHCHCH50H + 0, + [M] = 0,CH;CHCHCH;0H + [M] R 35

(CHs),CC(CHs), + OH + [M] > (CHs),CC(CHs),0H + [M] R 3.6
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(CH3),CC(CH3),0H + 0, + [M] - 0,(CH3),CC(CH3),0H +[M] R3.7

The H>0O> concentration and the 248 nm photon flux produced by the excimer laser
are measured, in order to calculate [OH] at to (typically ~3-6 x 10% cm™). OH then
rapidly reacts with an excess of alkene, to form the corresponding hydroxyalkene
radical, which then adds Oz and is stabilised by [M] to form the HP radical. Under
the regime whereby the alkene is in excess, the vast majority (>99%) of the OH reacts
with the alkene (R 3.2,R 3.4 and R 3.6) rather than with the H202, (R 3.8)

meaning [OH]o ~[HP radical]o.
HOOH + OH — HO2+ H20 R 3.8

None of the 3 alkenes studied in this chapter have significant absorption cross-
sections (<107!) at 248 nm, negating the need for consideration of radical production

via. alkene photolysis.

Table 3.1: experimental conditions for the results shown in Figure 3.2-Figure 3.4.

[H202] / 10715 [OH]/ 1018 Protar / Excimer energy / mJ

molecule cm™ cm3 Torr pulse
Ethylene run 1 4.28 6.79 128 70.0
Ethylene run 2 2.24 3.55 128 70.0
Ethylene run 3 4.34 6.72 237 68.2
Ethylene run 4 4.67 7.23 239 68.2
Ethylene run 5 4.67 6.92 244 65.3
Ethylene run 6 4.67 6.48 244 61.2
Ethylene run 7 4.66 5.69 244 53.8
Ethylene run 8 4.67 7.94 244 75.0
Ethylene run 9 5.68 9.67 128 75.0
Ethylene run 10 2.72 4.62 128 75.0
Ethylene run 11 2.56 4.36 237 75.0
Ethylene run 12 2.18 3.71 127 75.0
Ethylene run 13 2.75 4.68 239.5 75.0
But-2-ene run 1 4.04 51 47 55.6
But-2-ene run 2 1.90 2.4 417 55.6

But-2-ene run 3 2.70 34 182 55.6
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But-2-ene run 4 4.28 5.4 98 55.6
But-2-ene run 5 5.87 7.4 98 55.6
TME HP 1 2.06 2.5 182 53.5
TME HP 2 4.45 54 112 535
TME HP 3 6.67 8.1 98 535
TME HP 4 3.46 4.2 98 53.5

3.3 Results

The absorption cross-sections of the ethylene, but-2-ene and TME HP radicals were
measured using the TRUVAS instrument over a range of pressures and radical
densities. The hydrogen peroxide concentration is measured for each experiment in
the method described in section 2.2.4, and used in conjunction with the excimer

power to calculate the radical density.

Figure 3.2 shows the individual absorption cross-sections of the ethylene HP radical
measured from 13 separate runs carried out under a range of conditions. No pressure
dependence was observed for the total absorption cross-sections measured for the
ethylene HP radical. 1 o confidence limits were constructed by considering both the
5% error in the path length (443 + 21 cm) and the standard deviation of the absorption
cross-sections calculated for each run at each wavelength, and summing these 2
values. Since the absorption spectrum measurements for the ethylene HP radical
displayed no pressure dependence, and good reproducibility, fewer runs were carried
out for but-2-ene (Figure 3.3) and TME (Figure 3.4).
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—— Ethylene HP run 1
—— Ethylene HP run 2
—— Ethylene HP run 3
—— Ethylene HP run 4
—— Ethylene HP run 5
—— Ethylene HP run 6
—— Ethylene HP run 7
—— Ethylene HP run 8
—— Ethylene HP run 9
—— Ethylene HP run 10
—— Ethylene HP run 11
—— Ethylene HP run 12
—— Ethylene HP run 13
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Figure 3.2: Runs 1-13 of the ethylene HP radical absorption cross-sections. Transient absorption
profiles are recorded at 0.57 nm intervals (resolution 1.5 nm) following the pulsed excimer
photolysis of H202-Ethylene-O2-N2 mixtures at 248 nm.
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Figure 3.3: Runs 1-5 of the but-2-ene HP radical absorption cross-sections. Transient absorption
profiles are recorded at 0.57 nm intervals (resolution 1.5 nm) following the pulsed excimer
photolysis of H202-but-2-ene-O2-N2 mixtures at 248 nm.
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—— TME HP run 1
— TME HP run 2
—— TME HP run 3
— TME HP run 4
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Figure 3.4: Runs 1-4 of the TME HP radical absorption cross-sections. Transient absorption

profiles are recorded at 0.57 nm intervals (resolution 1.5 nm) following the pulsed excimer
photolysis of H202-TME-O2-N2 mixtures at 248 nm.

Since the upper B2A" state is unbound, the UV absorption band of the HP radicals
are broad and featureless. To improve the data, a Savitzky-Golay*? smoothing filter
is applied to the absorption spectra, as outlined in section 2.3.2. An example of the
effect of a Savitzky-Golay filter on an absorption spectrum measurement is shown
in Figure 3.5. A second order function (E 2.20) is used to simulate the early time
removal of the absorbing species via. self-reaction. The value of A is calculated
using E 2.20 for a single wavelength, and scaling the whole absorption spectrum by
the ratio of the calculated Ao/As1, correcting for the inability to use the data at to as
outlined in section 2.2.7.
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Figure 3.5: An example of the effect of smoothing on a single run of the ethylene HP radical. A
second-order Savitzky-Golay?*® filter is applied with 60 points in the window. The plot is shown
on both log (top) and linear (bottom) axes.
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Figure 3.6: Average values for the absorption spectra for the ethylene, but-2-ene and TME HP
radicals, with 1o error bars, shown on linear (top) and logarithmic (bottom) axes. Averages are
constructed from the plots shown in Figure 3.2 (ethylene), Figure 3.3 (but-2-ene) and Figure 3.4
(TME) and error bars are constructed from the sum of the standard deviation of the points used
in the averaging, and the error in the path length (~59%b).
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Figure 3.6 shows the ethylene HP, but-2-ene HP and the TME HP on the same axis.
It can be seen that the greater the degree of substitution of the peroxy radical centre,
the more red-shifted the absorption spectrum, i.e. the absorption spectrum of the
tertiary TME HP radical extends further into the visible region than the But-2-ene
HP radical absorption spectrum, followed by the ethylene HP. This effect is shown
on a logarithmic scale in Figure 3.6, showing the TME HP radical spectrum

extending the furthest into the visible region.

The smallest reliable absorption cross-sections are presented here as the point where

the 16 confidence interval value is equal to the calculated absorption cross-section
which is 1.6 x 102° at 344 nm, 4.4 x 10%! at 372 nm and 1.65 x 102! at 408 nm for
the ethylene HP, the but-2-ene HP and TME HP respectively, as shown in Figure 3.7.

But-2-ene HP

—-— But-2-ene HP 95% confidence
—— Ethylene HP

—-— Ethylene HP 95% confidence
—— TME HP

—-— TME HP 95% confidence

1x107"°

MR E T |

1x10=°

o / cm? molecule™

| |} ! |
380 400 420
A/ nm

Figure 3.7: A plot showing the absorption cross-sections and the corresponding 16 error value.
The point at which the 2 values are equivalent is given as the lower limit of the absorption cross-
sections that have been measured, which are 1.6 x 102° at 344 nm , 4.4 x 10% at 372 nm and
1.7 x 102 at 408 nm for the ethylene HP, the but-2-ene HP and TME HP respectively.
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3.4 Existing studies on the absorption spectra of ethylene, but-2-
ene and TME hydroxyperoxy radicals

The ethylene HP radical has been studied previously by Cox et al.'%, Murrells et
al.? and Anastasi et al.?®, disagreeing somewhat on the magnitude and shape of the
absorption spectrum. An exhaustive list of previous studies of the ethylene HP radical
absorption spectra is shown in Figure 3.8. The spectrum measured in this study most
closely resembling the recommended absorption cross-sections in an extensive
review of peroxy radical kinetics, spectra and atmospheric chemistry by Lightfoot et
al.’. The recommendation by Lightfoot comprises an average of absorption cross-
sections measured in the studies by Murrells et al. and Cox et al. , excluding the
points measured by Cox et al. at 270, 280 and 290 nm, deemed subject to
considerable uncertainty by the authors). The experiments carried out previously in
all 3 of the studies named are significantly different; Anastasi et al. generate the
ethylene HP radical via. pulsed radiolysis of SFe-H2-C2Hs-O2 mixtures using 2-MeV
electrons from a field emission accelerator. The spectrum measured by Anastasi et
al. exhibits significant absorption cross-sections below 210 nm, and absorption
cross-sections above 210 nm smaller than the studies by Jenkin et al. and Murrells et
al. indicating prompt formation of HO> unaccounted for in their analysis. Another
drawback of the method used by Anastasi et al. is the high concentration of the
ethylene HP (~10% cm) and inefficient conversion of F to ethylene HP necessitating
of the use of estimated rate coefficients to calculate the concentration of the analyte.

Murrells et al. employ the reactions R 3.1-R 3.4 to generate the ethylene, but-2-ene
and TME HP radicals, in both flash photolysis and molecular modulation
experiments. Both methods give the same result within the error limits of each

method, suggesting the model used by Murrels et al. to calculate [RO-] are accurate.
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Figure 3.8: Previous studies on the absorption spectrum of the ethylene HP radical by Anastasi
et al.?®, Cox et al.'® and Murrells et al.!® as well as recommendations from Lightfoot®’,
alongside the absorption cross-sections measured in this study. The recommended absorption
cross-sections by Lightfoot et al. are given to 7.7 x 101° at 300 nm and represent the smallest
reliable literature absorption cross-sections available.
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The spectra of but-2-ene HP and TME HP have previously been studied by Murrells
et al.?%, representing the only published work on the absorption spectra of these
radicals. Whilst the substituted ethylene HP radicals (but-2-ene and TME HP) are of
less atmospheric importance than the ethylene HP radical, they are useful for
illustrating the effect of substituent groups on the peroxy radical centre. The spectra
recorded in this study are in good agreement with the spectra measured by Jenkin et
al., exhibiting similar shape and magnitude and agreeing within the error of each set
of measurements (Figure 3.9 and Figure 3.10).

—— But-2-ene HP - Jenkin et al MMS
—— But-2-ene HP - Jenkin et al LFP
But-2-ene HP - This study

4x107°

3x10™" H

2x107"®
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1x107™"®

T T
250 300
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Figure 3.9: previous absorption cross-sections measured for the but-2-ene HP radical by Jenkin
et al.? using Molecular Modulation Spectroscopy MMS and Laser Flash Photolysis (LFP)
methods. The smallest absorption cross-sections measured by Jenkin et al. are 8.3 and 7.9 x 10
19 ¢cm? molecule® at 300 nm for MMS and LFP methods respectively. The absorption cross-
sections measured in this study are shown in blue.
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Figure 3.10: previous absorption cross-sections measured for the TME HP radical by Jenkin et
al.?®* using MMS and LFP methods. The smallest absorption cross-sections measured by Jenkin
et al. are 1.1 x 10*° at 350 nm and 1.02 x 10 cm? molecule at 290 nm for MMS and LFP
methods respectively. The absorption cross-sections measured in this study are shown in blue.

3.5 Atmospheric photolysis rates:

The absorption cross-sections of the ethylene, but-2-ene and TME HP have been
measured beyond 280 nm, where solar flux increases sharply. The excitation of HP
radicals via. absorption of a photon results in photolysis of the molecule via. the
unbound upper B state, as described in section 1.2.3. Calculating the rate of the
photolysis of these species in the atmosphere is important, as currently it is not
included as a loss process of HP radicals in models, and could be a significant sink
for RO in the atmosphere. Calculating total photolysis rates requires both the
absorption cross-sections of the molecule, as well as the total solar flux at a certain
date, time and place. The Tropospheric Ultraviolet and Visible radiation model”’
(TUV) calculates solar flux as a function of wavelength, in this case at intervals of 1
nm, giving Actinic flux / (quanta s* cm? nm™) vs wavelength / (nm). The data
generated by the instrument in this study has wavelength intervals of .57 nm, and
must be fitted with a suitable function, so that absorption cross-sections can be
aligned with the output from TUV. A simple Gaussian function is used to fit the

experimental data, as shown in Figure 3.11. A Gaussian function (E 3.2) was used to
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fit to the experimental data, as shown in Figure 3.11, with parameters given in Table
3.2.

E3.2

Table 3.2: Parameters from Gaussian function shown in E 3.2, where x, is the wavelength at
which the Gaussian function is at a maximum, w is the Gaussian width at one tenth the height
of the maximum and a is the height of the curve’s peak.

Ethylene HP But-2-ene HP TME HP
X, 241 247 252
w 67.1 nm 74.6 nm 84.6 nm
a 2.43 x 10716 2.83 x 10716 2.21 x 1016
| | |
But-2-ene HP - 6x10™ -
3x107"8 —— Ethylene HP 'E
——TME HP =
e (Gaussian Fit of But-2-ene HP o
% Gaussian Fit of Ethylene HP &
% @ Gaussian Fit of TME HP ‘_0
qo) Actinic flux at 1° latitude (noon) L 4x10™ )
S 2x107 S S
E c
©
N >
= &
3 X
o} =
1%10°18 4 - 2x10™ ©
=
©
<
0 . - : . 0
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A/nm

Figure 3.11: Gaussian fits to the experimental data, necessary for calculating photolysis rates
(Left Y axis). Actinic flux at 1° latitude at 12 noon calculated by TUV is shown in green (right
Y axis).

To calculate the total photolysis frequency (the rate of loss of the HP radical due to
photolysis, regardless of the products), Jwta the photolysis frequency at each
wavelength J;wtal is calculated for each of the ethylene, but-2-ene and TME HP
radicals. To calculate J; wtal the total photolysis frequency at a particular wavelength,

the absorption cross-section is multiplied by the radiant (actinic) flux (S, ,) at
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wavelength 4 (E 3.3). . Figure 3.12 shows J; total @S @ function of 4 for each HP radical,
the photolysis rates for the 3 HP radicals increase at all wavelengths in the order
TME HP > but-2-ene HP > ethylene HP. To quantify the total photolysis rate in the
atmosphere, Jwotal must be calculated (E 3.4) by integrating the J;.ttal VS A function, to
find the total area underneath the plot. The broad, featureless UV absorption band
common to all peroxy radicals is due to excitation to the repulsive B state, and so the
quantum yield for dissociation from the excited state (ddissociation) 1S assumed to be 1.
To calculate J; total, the absorption cross-section is multiplied by radiant (actinic) flux
(Se2) at wavelength 1. Total photolysis rates for each HP radical calculated at noon
and 1°latitude are given in Figure 3.12. TME HP has the fastest rate of photolysis in
the atmosphere, with a rate of 1.68 x 102 s, followed by but-2-ene HP with a rate
of 1.21 x 103 st and ethylene with a rate of 0.552 x 103 s. Actinic flux at I’latitude
is used in this example as it corresponds to the latitude of Borneo in Southeast Asia’s
Malay Archipelago, which was subject to an extensive field campaign Oxidant and
Particle Photochemical Processes above a Southeast Asian tropical rainforest
(OP3)119' 123,124

(N Se,)L = ]l,total E3.3

Jeotat = 2(02 * Se 1) E34
Large amounts of of biogenic VOCs are emitted by plants in rainforest environments,
the primary sink of which is via. reaction with OH. Unsaturated compounds undergo
OH addition, and subsequently O addition in the atmosphere (for example the
reactions R 3.2-R 3.4) to form HP radicals. The most dominant removal processes
for these HP radicals is via. reaction with NO (R 3.9) and HO> (R 3.10).

HOCH>CH>00 + NO — HOCH>CH>0 + NO2» R 3.9

HOCH2CH200 + HO2 — HOCH2CH200H + O2 R 3.10

The rate coefficients of these reactions are included in the MCM, and at 300 K are
equal to 9.0 x 10 and 1.2 x 10* cm® molecule® s* for R 3.9 and R 3.10

respectively.



94

5x10° 1
But-2-ene HP
—— Ethylene HP
4x107° — TME HP
- 3x107° -
w
ﬁ(‘)
2x10° 1
1x10”° H
0 .l
) 4 T ¥ I
300 350 400

A/ nm
Figure 3.12: J; values for the ethylene, but-2-ene and TME HP radicals calculated from the
actinic flux at noon and I’latitude calculated by ACOM TUV”’. The total photolysis rates (J) of
these HP radicals is calculated by integrating each function.

Table 3.3: removal rates of the ethylene, but-2-ene and TME HP radicals via. photolysis

Ethylene HP radical But-2-ene HP radical TME HP radical

Jrotal / 103 s 0.552 1.21 1.68

NO and HO; concentrations of 1 x 10°and 2 x 108 molecule cm™ were used based
on average noon values measured during the OP3 campaign in Borneo? 2% 120,123,124,
yielding removal rates of the ethylene HP radical of 8.9 x 103 and 2.3 x 103 s
corresponding to lifetimes of 1.9 and 7.2 minutes respectively (Table 3.4. Removal
of ethylene HP by photolysis has a rate of 0.552 x 10 s which represents 5 % of
the rate of removal via. reaction with NO and HO., as shown in Figure 3.13 and a
lifetime of 30.2 minutes. Removal of ethylene HP radicals via. Photolysis is a process
which should be included when considering the fate of the ethylene HP radical in

near-pristine environments.
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Table 3.4: The lifetime of the ethylene HP radical with respect to the 3 removal processes
outlined here, based on [NO] = 1.0 x 10° molecule cm, [HOz] = 2.2 x 108 molecule cm™,

Removal process TrO2 / Minutes

NO 1.9
HO:2 7.2
Photolysis 30.2
Total 1.4

ENO EHO2 Photolysis

Figure 3.13: Removal rates of the ethylene HP radical. Removal via. reaction with NO and HO-
comprise 75.7 and 19.6% of the total removal rate at noon in Borneo respectively. Photolysis of
the ethylene HP radical comprises 4.7% of the total removal rate under these conditions.

If the rate of photolysis of the ethylene HP radical is important for its budget, it
follows that the products of the photolysis should be considered. The principal aim
of this investigation, in conjunction with the work carried out by Dr Hansen into the
absorption cross-sections of HP radicals, was to test the propensity of these radicals
to photolyse to OH, in an attempt to reconcile measured and modelled OH
concentrations in remote, low NOx, high VOC environments such as the Borneo
rainforest studied in the OP3 campaign®!® 123124 Whilst the instrument in this work
is effective for measuring absorption cross-sections of peroxy radicals, determination
of the products of the photolysis is precluded by the absence of products with strong
absorption features. Alongside the work carried out with the TRUVAS instrument, a
3-laser photolysis experiment was employed by Dr. Robert Hansen to measure the
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absorption cross-section for OH production of various peroxy radicals!®, including
the ethylene and TME HP radicals between 310 and 362.5 nm (Figure 3.14). In short,
a radical precursor is photolysed within a LIF cell at 248 nm, to yield radicals; in the
case of the ethylene and TME HP radicals, hydrogen peroxide is photolysed to yield
2 OH radicals, as per R 3.1. OH radicals react with ethylene or TME via. R 3.2 or R
3.6 and subsequently with Oz via. R 3.3 or R 3.7 to form the corresponding HP
radical. The reaction mixture is then photolysed a second time using a high energy,
tuneable YAG pumped dye laser to photolyse the HP radicals, followed by a 308 nm
OH probe laser, at a delay of typically 1-2 ps. OH is detected via. LIF at 308 nm
before and after the tuneable photolysis laser, with the increase in OH observed
immediately prior to the 248 nm photolysis assigned as OH from RO2 photolysis.

The absorption cross-section for OH formation from an RO: radical (oo, o) is
equal to the total absorption cross-section (ogo,,2) multiplied by the quantum yield
for OH production (¢go, 1) . The OH absorption cross-section at a particular

wavelength in the experiments by Dr Hansen, is dependent on the absorption cross-

section of the radical precursor at that wavelength, as illustrated in E 3.5 and E 3.6.

OHgo, [RO,]o X [AV]10R0, 1P R0,

OHy, 0, - [H,0,] % [W]301,0,1PH,0,1
_ [Av]24s nm[H20210H202,248 nm®PH,0,,248 nm X [hV]AURoz,/lﬁbRoz,/l

E35
[H20;] X [Av]2014,0,1PH,0,,2
_ [AV]248 nmOH,0,,248 nmURoz,/lﬁbRoz,/l
OH,0,,1
OR0,1 PrO, 0 = TH3052
“ z [hV] 248 nmUH202,248 nm E 3.6

where 0Hg,, and OHy, o, represent the OH generated from 248 nm photolysis of the
corresponding peroxy radical and hydrogen peroxide respectively; [RO,], is the
concentration of RO> radicals at to; [hv]; is the number of photons of wavelength Z;
Oro, 2 and ¢po, ; are the absorption cross-sections and OH quantum yields of the
peroxy radical at wavelength 4;[H,0;],04,0,2 and ¢y, 0,1 are the concentration,
absorption cross-section and OH quantum yield for hydrogen peroxide at wavelength

A respectively.
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Figure 3.14: The absorption cross-section for OH production of the ethylene and TME HP
radicals as measured by Dr. Robert Hansen using the 3 laser experiment. Values are given as
averages of a number of runs, and errors are propagated from the standard deviation of the
results.
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Figure 3.15: Total absorption cross-sections of the ethylene HP radical as measured by the
TRUVAS instrument, with the 16 confidence band (red). The absorption cross-sections for OH
generation are shown (black crosses) with confidence limits. As shown in Figure 3.7, the smallest
reliable absorption cross-sections measured by the TRUVAS instrument for the ethylene HP
radical are around 344 nm.
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Figure 3.16: The OH quantum yield (¢oHro2) for the ethylene HP radical, from the ratio of
6on,/ Gty between 310 — 345 nm. The quantum yield appears to increase as a function of
wavelength, a linear fit yields a gradient of 0.0126 + 0.0017.
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Figure 3.17: Total absorption cross-sections of the TME HP radical as measured by the
TRUVAS instrument, with confidence limits (red). The absorption cross-sections for OH
generation are shown (black crosses) with confidence limits. As shown in Figure 3.7, the smallest
reliable absorption cross-sections measured by the TRUVAS instrument for the TME HP
radical are around 408 nm.
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Figure 3.18: The OH quantum yield (¢oH,ro2) for the TME HP radical, from the ratio of con,/
orotal,). Detween 305 — 363 nm. The quantum yield appears to decrease as a function of wavelength,
a linear fit yields a gradient of -0.0004+0.0003.

3.6 Discussion

The measurements of the 3 HP radical total absorption cross-sections outlined here
show a clear trend; the more substituted the peroxy radical carbon centre, the more
red-shifted the absorption cross-section into the actinic window. Although the extent
of the enhanced absorption cross-sections in the actinic window appear small, actinic
flux rises sharply beyond 280 nm, amplifying the increase in the photolysis rates
disproportionately, as shown in Figure 3.12, whereby the overall photolysis rate (at
noon in Borneo) of the secondary but-2-ene HP radical (1.21 x 103 s) is more than
double that of the ethylene HP radical (0.552 x 107 s1), and the TME HP radical
photolysis rate is faster still (1.68 x 107 s™). Whilst the ethylene HP radical is the
most atmospherically relevant of the 3 HP radicals outlined in this chapter, the

comparison between their absorption spectra is important when considering structure



100

activity relationships. Previous studies have shown that electron withdrawing groups
attached to the peroxy radical carbon centre have the propensity to shift the
absorption spectra towards shorter wavelengths®®. In this study, it has been
demonstrated that the electron pushing alkyl groups attached to the peroxy radical
centre has the opposite effect; red-shifting absorption spectra to extend to longer
wavelengths, dramatically increasing the photolysis rates of HP radicals in the
atmosphere, as shown in Figure 3.12. OH production absorption cross-sections of the
ethylene and TME HP radicals are of similar magnitude over the range 305 — 360
nm. OH quantum yields from the photolysis of ethylene and TME HP radicals in the
atmosphere are around 35% (Figure 3.15, Figure 3.16) and 12% (Figure 3.17, Figure
3.18) respectively.

Clear red shifting and broadening of the B — X absorption band observed for the 3
alkene HP radicals is observed. The electronic ground and excited states of all HP
radicals discussed here are assumed to be analogous to those of methyl peroxy
(CH302), which is the most well characterised peroxy radical.5: 62 70-72, 198,202 \jj| ey
et al. describe a shift in the position (Amax) Of the near IR A — X electronic absorption
band of alkyl peroxy radicals, observing red shifting as the number of carbons in the
alkyl chain increases. Miller et al. attribute the red shifting of the IR absorption band
to the destabilisation of the ground electronic X state due to inductive effects from
the additional alkyl groups attached to the o peroxy carbon centre. Destabilisation of
the ground electronic state of the peroxy radical is thought to coincide with an
increase in energy the electronically excited states, and so for a change in the
transition energy to be observed, the destabilisation of the ground state must exceed
that of the excited state giving rise to the transition. The alkyl groups effectively
donate electron density toward the electronegative O atom bonded directly to the o
carbon, which serves to decrease the polarisation, and therefore electrostatic

restoring force of the O-O bond.
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Figure 3.19: Suggested explanation for the broadening observed due to inductive effects from
alkyl substitution of the a peroxy carbon. The blue potential curve represents the O-O bond
adjacent to the least substituted (primary) o carbon, and has the narrowest and deepest
potential energy well. The green curve represents the secondary peroxy radical, and the red
curve represents the tertiary potential energy well. Note this diagram is both speculative and
qualitative.

Figure 3.19 shows a qualitative illustration of the proposed effect of the induction
of electron density from alkyl groups toward the peroxy moiety; increased
substitution destabilises the O-O bond stretch for the ground state, resulting in a
broader, shallower well. Miller et al.”? calculated an increase in the energy of the
ground state for the alkyl peroxy series methyl , ethyl, propyl and butyl peroxy. A
destabilisation of ~10 kJ mol™ per additional carbon in the alkyl chain attached to
the peroxy radical carbon centre was observed between methyl and ethyl peroxy,
with the effect diminishing with increasing total chain length to ~3 kJ mol™* for the
change in the ground state energy between n-propyl and n-butyl peroxy radicals. A
broader and shallower well would be expected to have more population in higher

vibrational states, facilitating excitation to the upper state at longer wavelengths.
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The electronically excited states of the methyl peroxy radical have been calculated
by Jafri et al., who provides potential energy surface information with respect to the
0-0 and C-0 bond stretch, as shown in Figure 3.20. Dissociation about the C-O bond

would give rise to an alkyl radical and molecular oxygen (R 3.12-R 3.14).

A CH,0(A%A)) + 0(3P)
600 =
CH.0,(B?A
- I = = CH;0(X?E) + 0('D)
450 T
OH(A?z*) + CH,0(X'A,)
o biz)) _
E 0,( g). ___ CH0(4'A")
2300 = m—
- * — 2 3 2 ~3 411
= 0,(a'Ay) : = CH;0(X*E) + 0(PP) OH(X*“IT) — CH,0(@3A™)
3 — -
150 T 0.(X3%,
— e hh e s CH,00H(?A™)
s 19 e O ESETSRERETAC o o —
CH3(XZA2”) =
0 = —_—
CH,0,(X%4™)
OH(X?I) + CH,0(X'4,)
-150

Figure 3.20: Energy and correlation diagram for the electronic excitation of methyl peroxy, and
the products of excited methyl peroxy: Products of C-O bond cleavage are shown on the left,
and products from O-O bond cleavage are shown on the right. Reproduced from Hartmann et
al.”

Hartmann et al. propose a mechanism for OH formation from electronic excitation
of CH3O> via. a non-adiabatic process (i.e. one which involves a crossing between 2
excited state potential energy surfaces) involving isomerisation of excited
CH;0,(B?A") to excited CH,00H(%?4"") and then subsequent dissociation to
CH,0(X'A,) plus rotationally hot OH (422*).”* Hartmann et al. also note that

excitation of CHzO; at 248 nm could produce O(*D), which would react rapidly to
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form the observed OH(A2?x*), however the experiments carried out by Dr Hansen at
the University of Leeds show OH production from the excitation of CH3O; at
wavelengths longer than the threshold wavelength for O(*D) (273 nm - Table 3.5).

Table 3.5: Potential reaction pathways resulting from electronic excitation of ground state
CHs0: (X?A4"). 4Hr /kJ mol™ represents the change in potential energy between the ground
state CH3O:2 and the corresponding intermediate or product. Threshold wavelength is the
longest A able to excite ground state CH3O: to its corresponding state in a 1-photon absorption
process. Symmetries are taken from Hartmann et al..”

Threshold
Reaction AHr /kJ mol*  Wavelength /
nm
CH;0,(X?A”) + hv - CH;0,(B?A") - - R3.11
- CH3(X?A;") + 0,(X3Z,) 129.0 927 R3.12
- CH3(X?A;") + 0,(a'4,) 223 836 R 3.13
- CH3(X?A;") + 0,(bX)) 286 418 R3.14
- CH30(X?E) + 0('D) 438 273 R 3.15
- CH;0(X2E) + 0(°P) 248 482 R 3.16
- CH,00H(*A") 293 408 R3.17
CH,00H(?A") -» OH(A%X") + CH,0(X'A)) 299 400 R3.18
- OH(X%I) + CH,0(X'A)) -88 - R3.19
- OH(X2I) + CH,0(A'A") 243 493 R 3.20

Ethylene HP radical photolysis experiments were carried out in a Helium-H; buffer
mixture by Dr Hansen in order to confirm or deny the production of O(*D) by
detection of OH(A42xt), which would be formed via. reaction R 3.21. Indeed no
OH(A2%xt) was detected, suggesting the route to OH formation from ethylene and
TME HP radical photolysis is not occurring via. O(*D), but via. the isomerisation

route similar to that suggested by Hartmann et al. for CH3O..

0(*D) + H, » OH(X?N) + H R 3.21
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Zhu et al. have more recently calculated the possible fates of excited CH3Og,
proposing a concerted H-migration/OH-elimination mechanism from the excited
CH,O00H(2A4"") transition state, which lies 288 kJ mol? above the OH(X?I) +
CH,0(X'A,) products.” The transition state CH,O00H(?4"") lies 293 kJ mol* above
the CH;0, ()?ZA”) ground state, corresponding to a threshold frequency of 408 nm.
Upon excitation to the electronically excited state, the reaction proceeds via. the
repulsive B state, before either continuing along the O-O bond stretch to yield the
alkoxy radical and O(®P) or crossing via. the 24" transition state resulting in

concerted H-migration/OH-elimination.

A similar reaction pathway from the excited B state of ethylene and TME HP radicals
is the most likely route to the photolytic formation of OH observed by Dr Hansen.
The mechanism for H-migration/OH-elimination proposed by Zhu et al. occurs via.

a 4 membered transition state in the methyl peroxy radical.

T2, 0. *A TS3,C,

Figure 3.21: The configurations of the 3 transition states leading to H-migration/OH-elimination
calculated by Zhu et al.”™

Zador et al. calculated the stationary points on the ethylene HP electronic ground

state potential energy surface?®®

, shown in Figure 3.22. Of the reaction pathways in
Figure 3.22, 3 result in the formation of OH via. H-shift: R 3.22 is a concerted 1,4-
H-migration/OH-elimination reaction, yielding OH and glycolaldehyde, R 3.23 is a
concerted 1,5-H-migration/OH-elimination reaction yielding OH and 2-oxiranol, R
3.24 outlines 1,6-H-migration/CH20-elimination, yielding CH2O and the unstable

CH20O0H radical, which decomposes unimolecularly to CH>O and OH.
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No potential energy surfaces have been calculated for the TME HP radical, however
potential reaction pathways to OH are presented here based on the analogous
reactions of the ethlene HP radical. R 3.26 shows 1,6-H-migration/OH-elimination
resulting in the formation of 2,2,3-trimethyl-3-oxetanol, R 3.27 shows 1,5-H-
migration/OH-elimination resulting in the formation of 2,3-dimethyl-3-buten-2-ol
oxide and R 3.28 shows the 1,6-H-migration/Acetone-elimination reaction leading
to the unstable hydroperoxy isopropyl radical, which decomposes unimolecularly
via. R 3.29 to acetone and OH.

" o
/ o
g OH R 3.26
OH
H"——O.\ o
/
| o) H,C
H,C R
’ R 3.27
H—O' OH
OH
O----H O—H O—H
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The OH yields from the electronic excitation of the ethylene and TME HP radicals
depend on the branching ratios of all adiabatic and non-adiabatic reaction pathways
from the excited state. An explanation for the decreased OH vyield from TME to
ethylene HP radical photolysis could be that the difference in stability of the co-
products of the OH elimination pathways. For the ethylene HP radical, OH
elimination co-products are the stable glycolaldenyde molecule, 2-oxiranol and
formaldehyde, for the TME HP radical, the co-products of OH elimination are 2,2,3-
trimethyl-3-oxetanol: a strained 4 membered cyclic ether, 2,3-dimethyl-3-buten-2-ol

oxide: a strained 3 membered cyclic ether and acetone.

3.7 Conclusion

In summary, the novel TRUVAS instrument has been employed to measure total
absorption cross-sections of HP radicals resulting from the addition of OH and
subsequently O to alkenes ethylene, but-2-ene and TME. A red shifting and
broadening effect has been observed, increasing in the series ethylene > but-2-ene >
TME HP radicals. The broadening and red shifting effect is attributed here to the
change in the ground state potential energy surface; specifically the O-O peroxy
bond, which is weakened by inductive effects (shown by Miller et al.”?), facilitating
electronic excitation from higher rovibrational levels of the ground X2A"" state to the

upper B2A" state.

Atmospheric photolysis rates (Jwtar) at noon in Borneo were calculated using TUV,
Jiotal = 0.552 x 10251, 1.21 x 103 st and 1.68 x 107 st for the ethylene, but-2-ene
and TME HP radicals respectively. As the number of alkyl groups bonded directly
to the peroxy radical carbon centre increases, the peroxy radical becomes
increasingly photolabile: an effect which could be important for other substituted

atmospheric peroxy radicals.

OH absorption cross-sections for the ethylene and TME HP radicals were measured
by Dr Hansen at the University of Leeds, and were used in conjunction with the total
absorption cross-sections measured by the TRUVAS instrument to calculate ¢on ro2
- the quantum yield for OH formation upon excitation of the HP radicals to the upper
B state. ¢on roz for the ethylene HP radical increases steadily from around 21 + 8%
at 310 nm to around 64 + 70% at 345 nm. ¢ow roz for the TME HP radical remains

relatively constant at around 13 £ 4 between 305-365 nm, deacreasing slightly at



108

longer wavelengths. The decrease in the OH quantum yield from the excited states
of the ethylene and TME HP radicals is due to the rates of the non-adiabatic H-
migration/OH-elimination reactions, relative to other non-adiabatic processes, such

as adiabatic O-O bond cleavage.

Further work is required to determine the products of ethylene and TME HP radical
photolysis. R 3.25 yields 2 molecules of formaldehyde per reaction, which can be
detected using the sensitive Laser Induced Fluorescence spectroscopy method

outlined in section 1.3.4.
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4 Measurements of the absorption spectra of the Isoprene,

Butadiene and 1,3-Butadiene Hydroxyperoxy radicals

4.1 Introduction

2-methyl-1,3-butadiene, more commonly known as isoprene, is a diene emitted
largely by deciduous trees, and is the single largest non-methane hydrocarbon
emission globally (=500 Tg yr?), comprising roughly half of the biogenic VOC
budget.!® 2%4 In remote forested regions such as the Borneo rainforest,
concentrations of isoprene are usually in the range 100-1000 pptv.2% Significant
effort has been made by the atmospheric chemistry community to understand the
oxidation of isoprene, not only because of its relative abundance, but also its role in
HOx levels observed in low (<50 ppt) NOx, high (~3-4 ppb) VOC (particularly high
isoprene) environments. Large discrepancies currently exist between measured
levels of OH and those predicted by models; OH levels are expected to be low in
these high-VOC environments, due to the short lifetime of OH as a result of removal
via. reaction with VOCs. 2% 22 119,123,124 |n polluted urban environments, OH is
recycled by NOyx subsequent to reaction with VOCs. Various OH recycling
mechanisms have been proposed for reconciling measured and modelled [OH] in
near-pristine, high [isoprene] , low [NOx] (<50 ppt NO) environments, outlined in

section 1.4.

The oxidation of isoprene in the atmosphere is initiated, as with most atmospheric
trace species, by the OH radical. Isoprene is a diene with 2 olefinic groups, to which
addition of OH occurs with a rate coefficient close to the kinetic limit?® (~1 x 100
cm® molecule s1). Upon addition of OH to the isoprene molecule, 8 potential

hydroxyperoxy (HP) radical isomers are formed, as shown in

Figure 4.1, with relative abundances given in Table 4.1. The HP radical isomers HP
R1 and HP R6 are minor adducts (~4.2 and 2.0 % respectively), decomposing under
atmospheric conditions to yield the corresponding carbonyl species and HO». These
reactions are included in the Master Chemical Mechanism (MCM) as 1-step
processes (R 4.1,R 4.2).8

The OH initiated oxidation of 1,3-butadiene (BD) and 2,3-dimethyl-1,3-butadiene
(DMBD) forms 2 sets of HP radicals (see Figure 4.2), each of which essentially
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mimics (meaning is structurally similar, differing only by 1 methyl group) 4 of the 8
HP radical isomers present for the isoprene HP radical ensemble.

Table 4.1: Relative abundances of the 8 HP radical products of OH initiated isoprene oxidation
based on branching ratios calculated by Peeters et al.are given, as well as those determined
experimentally by Wennberg et al.** 197 1 3-butadiene and 1,3-butadiene are also included and
branching ratios are assumed to be identical to those of their analogous isoprene carbon centred
radical and are similar to those given by Jenkin et al.®!

Isomer isoprene isoprene 2,3-dimethyl 1,3- 13-
(Peeters) (Wennber butadiene butadiene

HP R1 ~3.5% ~3.5% 6.7 % -

HP 4.42 % 3.7£2% 3.5% -

HP 16.7 % 84+3% 23.7% -
HP R3 40.8 % 4654 % 66 % -

HP 1.2% 47+£2% - 3.2%

HP 21.9% 56+15 - 22.0%
HP RS 21.9% 242+3% - 61.3 %
HP R6 ~3.5% ~3.5% - 13.4 %

HP radicals HP R1-HP R2C are mimicked by the 4 HP radical isomers formed from

(0] (0] i

)%+0H$HPR1$H02+M R41
(0] (0]

)\/+0H 3 HPR6 3 HO, + PN R4.2

DMBD and HP radical isomers HP RAT - HP R6 are mimicked by the HP radical
isomers formed from BD as shown in Figure 4.2. The differences between the
isoprene HP radical isomers and their analogues are simply the extra methyl group
on the 3 position for DMBD, and the lack of methyl group on the 2 position for BD;
neither difference affects the degree of substitution of the peroxy radical carbon
centre, and should have negligible effects on the absorption cross-section of the

peroxy chromophore (B — X transition).”
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Figure 4.1: All 8 HP radical isomers formed subsequent to OH addition to isoprene. The minor
HP radical isomers shown at the top and bottom account for ~8%o of the total HP radical yield
and are not considered in the Leuven isoprene Mechanism. 127:1%0. 13 The HP radicals shown in
the coloured boxes are the major products of the OH and subsequent O: addition; the HP
radicals shown in the blue, green and red boxes are primary, secondary and tertiary HP radicals
respectively. Note the species labelled HP R2T and HP R2C are Trans and Cis isomers
respectively, as are HP R4T and HP R4C.
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Figure 4.2: Isoprene HP radical isomers shown alongside the analogous HP radical isomers
formed from OH initiated oxidation of DMBD (HP R1-HP R2C) and BD (HP R4T - HP R6).

This study aims to investigate the propensity of isoprene HP radical photolysis to
reconcile measured and modelled OH discrepancies observed in remote forested
locations.? 28 29 123,124,136 The TRUVAS instrument was used to measure total
absorption cross-sections for the isoprene, DMBD and BD HP radical isomer
ensembles. DMBD and BD HP radical isomer absorption cross-sections were
investigated to further probe the effect that the degree of substitution of the peroxy
radical carbon centre has on the shape and intensity of the broad, featureless B — X
transition common to all peroxy radicals.®” The total ensemble absorption cross-
sections measured by the TRUVAS instrument were used with experimental work
carried out by Dr. Robert Hansen, in which absorption cross-sections for photolysis

to OH were measured, to calculate the OH photolysis quantum yield. %
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Isoprene photolysis to OH accounts for around 1% of the observed OH
measured/modelled discrepancy in the Borneo rainforest. The quantum yield to OH
from photolysis is around 11 + 2 % from 310 — 345 nm.*®* At 345 nm it appears that
the quantum yield for OH production resulting from electronic excitation increases
sharply to around 30 + 20 %, indicating a switching in the dominant reaction pathway
of the excited B state. The remaining 90% of HP radical photolysis most likely leads
to O(®P). Isoprene HP absorption cross-sections have previously been studied by
Jenkin et al., who estimated absorption cross-sections of the isoprene HP radical
ensemble at 280 and 290 nm to be 2.8 and 2.1 x 107*® cm? molecule™ respectively,
based on existing allyl and B-hydroxy peroxy spectra.5! 199 207. 208 The ahsorption
cross-sections used for the isoprene HP ensemble by Jenkin et al. were used to
determine the radical density of the HP radicals in the system, and were found to
agree well with the calibrated OH radical concentration in the study, implying that
the absorption cross-sections used were appropriate.

4.2 Experimental

The absorption cross-sections of the HP radicals of isoprene, DMBD and BD
measured using the TRUVAS instrument. Each of the molecules was reacted with
OH, generated from HO, photolysis at 248 nm using a KrF excimer laser (R 3.1).
The OH-alkene adduct reacts rapidly with O to form the corresponding HP radical
(R 3.2-R 3.7).

HOOH —5 20H R43

Isop + OH — - IsopOH R4.4

- [sopOH +0, — 0,IsopOH R 4.5
DMBD + OH — DMBDOH R4.6
DMBDOH + 0, - 0,DMBDOH R4.7
BD + OH — BDOH R4.8

BDOH + 0, - 0,BDOH R4.9
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The H202 concentration and the 248 nm photon flux produced by the excimer laser
are measured via. the methods outlined in sections 2.2.4 and 2.2.7 respectively, in
order to calculate [OH] at to (typically ~3-6 x 10%3 cm3). OH then rapidly reacts with
an excess of alkene (typical [Alkene] ~ 2 x 10 molecule cm?3), to form the
corresponding hydroxyalkene radical, which then rapidly adds O to form the HP
radical. Concentrations of the dienes used in these experiments must be controlled to
ensure that >95% of the OH reacts with the alkene (R 3.2, R 3.4, and R 3.6, rates
given in Table 4.2) rather than with the H205, (R 3.8 —kio = 1.7 x 10"2 cm® molecule”
1s1) such that [OH]o =~ [HP radical]o (Table 4.2). All of the alkenes studied in this
chapter are thought to have significant absorption cross-sections (>102' cm?
molecule™) at 248 nm, and so the alkene concentration must be optimised, so as to

limit photolysis of the diene, but ensure complete conversion of OH to RO..

HOOH + OH - HO, + H,0 R 4.10

Diene concentrations are estimated using equation E 4.1, whereby the vapour
pressure of the diene at room temperature, divided by the regulated carrier gas
pressure, gives the partial pressure of the diene/carrier gas mixture which flows
through one of the flow controllers, allowing the concentration of the diene in the

main flow to be estimated.

PVapour,298 K The

Procal = Pdiene E4.1

concentration of isoprene was measured using the stable molecule concentration
measurement technique outlined in the section 2.2.4, to test the accuracy of the
estimation method, agreeing well: [isoprene] estimated = 2.17 x 10 molecule cm-
3, [isoprene]measured= 2.0 x 10%° molecule cm= as shown in Figure 4.3.

Table 4.2: The rate of reaction of OH with isoprene, DMBD and BD are used to calculate the
ratio of [diene]/[H202] required to ensure >95% of OH reacts with the diene.?®

[diene]/[H202]for >

Molecule Kdiene + OH (><101°) KH202 + oH/ Kdiene + oH 95% conversion
Isoprene 1.0 0.017 0.34
DMBD 1.2 0.014 0.28

BD 0.67 0.025 0.51
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Figure 4.3: Isoprene absorbance measured with the single-pass arrangement (Black dot-dash)
compared to the spectra measured by Martins et al.?° The literature spectrum is multiplied by
the path length (I = 150 cm) and [Isoprene] was varied until the resulting curve matched the
recorded isoprene absorbance, in manner described in section 2.2.4. [Isoprene] for the trace

shown was found to be 2 x 10 molecule cm-.

Isoprene + H,O,
Isoprene only
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sl
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Figure 4.4: An example of the absorption signal observed due to isoprene photolysis at the
concentration shown in Figure 4.3 (red line). Absorption due to isoprene photolysis products
accounts for roughly 2% of the absorbance seen when hydrogen peroxide is present (black line),
and as such, is a minor source of error.



116

Table 4.3: Conditions for the experimental data shown in Figure 4.5, Figure 4.6 and

[H202] / 101 [OH]/ 1012 Protar / Excimer energy / mJ
molecule cm™ cm Torr pulse™
Isoprene run 1 6.4 7.6 82 52.3
Isoprene run 2 3.1 3.7 82 52.3
Isoprene run 3 5.8 6.5 82 49.3
Isoprene run 4 4.8 5.3 82 48.6
DMBD run 1 3.2 3.8 82 52.3
DMBD run 2 6.7 7.9 82 52.3
DMBD run 3 8.4 9.4 82 49.2
DMBD run 4 4.3 4.8 135 49.2
BDrunl 6.7 7.9 82 52.3
BD run 2 3.3 3.9 82 52.3
BD run3 8.2 9.1 82 48.9

4.3 Results

The absorption cross-sections of the isoprene, DMBD and BD HP radical ensembles
were measured using the TRUVAS instrument over a range of pressures and radical
densities. The hydrogen peroxide concentration is measured for each experiment in
the method described in section 2.2.4, and used in conjunction with the excimer
power to calculate the radical density 2.2.7). A Savitzky-Golay smoothing filter'®? is

applied to the data, details of this process are given in section 2.3.2.

Figure 4.5, Figure 4.6 and show the individual absorption cross-sections calculated
separate absorption experiments for the isoprene, DMBD and BD HP radical
ensembles, carried out over a range of initial peroxy radical densities (3.7 — 7.6 x
10" cm™®). 16 confidence limits were constructed by summing the 5% error in the
path length (443 £ 21 cm) and the standard deviation of the absorption cross-sections

calculated for each run at each wavelength.



117

Average absorption cross-sections with 1o error bars are shown in Figure 4.8 and
Figure 4.9. It can be seen that the DMBD ensemble absorption cross-sections exhibit
spectral red shifting, and extend further out into the visible region than both the
isoprene and BD radical ensembles. An explanation for this is the relative abundance
of HP radicals with substituted, electron-rich peroxy radical carbon centres, shown
in the previous chapter to broaden and red-shift the broad UV absorption band. Based
on computational studies®, around 66% (Table 4.1) of the HP radicals formed from
OH initiated oxidation of DMBD are expected to be the tertiary HP R3 isomer as
shown in Figure 4.2. The absorption cross-sections of the isoprene HP radical
ensemble, which has a mixture of 8 distinct HP radical isomers, lie between the
DMBD and BD HP, showing a greater degree of red shifting than BD, but a lesser
degree of red shifting than DMBD. Of the 8 potential HP radical isomers of isoprene,
2 have substituted peroxy radical carbon centres : HP R3 (tertiary) and HP R5
(secondary), which comprise 40.8% and 21.9% respectively, based on computational
studies by Peeters et al. ** or 46.5 + 4 % and 24.2 + 3 % respectively based on recent

experimental results by Wennberg et al.*®” as shown in Table 4.1.
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Figure 4.5: Runs 1-4 of the isoprene HP radical absorption cross-sections (1 — black, 2 — red, 3
— blue, 4 — pink. Conditions given in Table 4.3). Transient absorption profiles are recorded at
0.57 nm intervals (resolution 1.5 nm) following the pulsed excimer photolysis of H20:-isoprene-
O2-N2 mixtures at 248 nm.
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Figure 4.6: Runs 1-3 of the DMBD HP radical absorption cross-sections (1 — black, 2 — red, 3 —
blue, 4 — pink. Conditions given in Table 4.3). Transient absorption profiles are recorded at 0.57

nm intervals (resolution 1.5 nm) following the pulsed excimer photolysis of H202-DMBD-0O2-N2
mixtures at 248 nm.
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Figure 4.7: Runs 1-3 of the BD HP radical absorption cross-section (1 — black, 2 —red, 3 — blue.
Conditions given in Table 4.3). Transient absorption profiles are recorded at 0.57 nm intervals
(resolution 1.5 nm) following the pulsed excimer photolysis of H202-BD-O2-N2 mixtures at 248
nm.
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Figure 4.8: Average values for the absorption spectra for the isoprene, BD and DMBD HP
radical ensembles, presented on a linear scale with 1o confidence bands. Averages are
constructed from the plots shown in Figure 4.5 (isoprene), Figure 4.6 (DMBD) and (BD) and
confidence bands are constructed from the sum of the standard deviation of the points used in
the averaging, and the error in the path length (~5%b).
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Figure 4.9: Average values for the absorption spectra for the isoprene, BD and DMBD HP
radical ensembles, presented on a log scale with 1c error bars. Averages are constructed from
the plots shown in Figure 4.5 (isoprene), Figure 4.6 (DMBD) and (BD) and error bars are
constructed from the sum of the standard deviation of the points used in the averaging, and the
error in the path length (~5%0).
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Figure 4.10: Absorption cross-sections and the corresponding 16 error value. The point at which
the 2 values are equivalent is given as the lower limit of the absorption cross-sections that have
been measured, which are 4.1 x 10-2* cm? molecule at 373 nm, 5.2 x 102 cm? molecule® at 368
nm and 1.0 x 10%° cm? molecule? at 379 nm for the isoprene HP, the BD HP and DMBD HP
respectively.
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The absorption cross-sections measured for the BD HP radical ensemble exhibit the
smallest absorption cross-sections beyond 291 nm, most likely owed to the fact that
there are no tertiary HP radical isomers formed from the OH initiated oxidation of

BD. The Secondary HP R5 HP radical isomer shown in

Figure 4.1, is the most abundant HP radical formed from BD, at 61.3% as shown in
Table 4.1, all other HP radical isomers formed from BD are primary. The values for
the absorption cross-sections of the isoprene, DMBD and BD HP radical ensembles
are almost equivalent at 291 nm. At shorter wavelengths, the BD HP radical
ensemble has largest absorption cross-sections, followed by isoprene, with the
DMBD exhibiting the smallest absorption cross-sections at short wavelengths. The
smallest reliable absorption cross-sections are given as the point where the lo
confidence interval value is equal to the calculated absorption cross-section which
are 4.1 x 102! cm? molecule? at 373 nm , 5.2 x 10! cm? molecule™* at 368 nm and
1.0 x 102 cm? molecule at 379 nm for the isoprene HP, the BD HP and DMBD HP
respectively (Figure 4.10).

The following section covers previous work carried out on the absorption cross-

sections of isoprene, DMBD and BD HP radicals for comparison.

4.4  Existing studies on the absorption spectra of Isoprene,
butadiene and 2,3-dimethylbutadiene hydroxyperoxy radicals

Previous work on the absorption cross-sections of the HP radical ensembles of
isoprene, DMBD and BD are limited to a kinetic study by Jenkin et al., in which
values for the absorption cross-sections of each diene are assigned based on
experimentally determined®® 199 207, 208, 211, 212 ghsorption cross-sections of peroxy
radicals with allyl and B-hydroxy functionality, which have similar absorption cross-
sections at the wavelengths studied. Absorption cross-sections of 2.8 x 10718 ¢cm?
molecule™ at 270 nm and 2.1 x 108 cm? molecule™ at 280 nm were assigned to each
of the isoprene, DMBD and BD HP radical ensembles, and were found to agree well
with the radical calibration method used in the study, which involved using the HO>
(formed via. reaction R 3.8) self-reaction rate and literature absorption cross-

sections, to quantify the number of radicals generated.
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Figure 4.11: Absorption cross-sections of the isoprene, BD and DMBD HP radical ensembles
(black, red and blue lines respectively), compared to the absorption cross-sections assigned to
the 3 radical ensembles by Jenkin et al..?* Jenkin et al. assumed that 6270 and o250 of the isoprene,
BD and DMBD HP radical ensembles were equivalent, however slight differences between the
absorption cross-sections are observed in this study.

Figure 4.11 shows the absorption cross-sections of the isoprene, BD and DMBD HP
radical ensembles (black, red and blue lines respectively), compared to the absorption
cross-sections assigned to the 3 radical ensembles by Jenkin et al.* Overall the
absorption cross-sections measured in this experiment are smaller in magnitude than
those assigned by Jenkin et al. and differ in magnitude between each HP radical
ensemble, from ~11% for the BD HP radical absorption cross-section at 270 nm, to
~27% for the DMBD HP radical absorption cross-section at 280 nm. The source of
this error is most likely the calibration method used by Jenkin et al., which is
dependent on both the absorption cross-section of HO at 270 nm. The absorption
cross-section of HO2 at 270 nm was estimated by Jenkin et al. using the Lightfoot
recommendation®” which extends only to 1.8 x 10 *° cm? molecule? at 260 nm.
Direct measurements at 270 nm by Maricq et al.?*® and Sander et al.?** are both
approximately 1.1 x 10 "*® cm? molecule™ at 270 nm in contrast to the value used by
Jenkin et al. of 6.0 x 10 2° cm? molecule® at 270 nm. Any error in the HO2 cross

section used to calibrate the system used by Jenkin et al. would translate directly into
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an equivalent error in the cross sections used in the experiments, and substantial error

margins on the presented absorption cross-section values.

In the following section, the results and implications of these experiments are
discussed, in particular the potential products formed consequently to the electronic
excitation of the HP radicals to the repulsive B state — the transition which gives rise

to the broad, featureless UV absorption spectra common to all peroxy radicals.

4.5 Atmospheric photolysis rates

The absorption cross-sections of the isoprene, DMBD and BD HP radical ensembles
have been measured beyond 280 nm, where solar flux increases sharply. The
excitation of HP radicals by UV-vis photons corresponds to the B — X transition, a
broad, featureless transition to the unbound B state, common to all peroxy radicals.
For a broad, featureless UV-Vis absorption spectrum, it is reasonable to assume that
the upper state is repulsive, and the reactive intermediate formed traverses the
potential energy surface, leading to bond cleavage; either direct photolysis or
isomerisation and subsequent decomposition. Calculating the rate of the photolysis
of these species in the atmosphere is important, as currently it is not included as a
loss process of HP radicals in models, and could be a significant sink for RO in the
atmosphere, as well as a source of other reactive trace intermediates in the
atmosphere. Calculating total photolysis rates requires both the absorption cross-
sections of the molecule, as well as the total solar flux at a certain time and place.
The Tropospheric Ultraviolet and Visible (TUV) model”’ (discussed in section 1.2.4)
calculates solar flux as a function of wavelength at a particular time and location. For
this application the solar flux was calculated at intervals of 1 nm, giving actinic flux
/ (quanta s* cm® nm™) vs wavelength / (nm). The data generated by the TRUVAS
instrument generates absorbance profiles at wavelength intervals of 0.57 nm, and as
such does not align with the output from TUV. For absorption spectra to be used in
conjunction with TUV to calculate photolysis rates, a function describing their
magnitude as a function of wavelength must be used to fit to the data, and extract y
values (croz2(v) at each x value (A) generated by TUV. A modified Gaussian model,
based on a Gram—Charlier A series?® (GCAS - E 4.2) was used to fit absorption
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cross-section measurements of the HP radical ensembles to obtain Gro2p) —

absorption cross-section as a function of wavelength.

Z2 _
e"?(1+%(z3—Z)+%(z4—6z3+3));2:’1’IC E4.2

7= wam w
It should be noted that a simple Gaussian function was unsuitable for fitting the
absorption spectra, likely due to the fact that the spectra are in fact ensemble HP
radical spectra, i.e. they are spectra comprising more than one different absorbing
species, which likely have different spectra, necessitating the use of a more flexible

Gaussian function.

Table 4.4: Parameters for the Gram-Charlier A series (GCAS) fits to each HP radical ensemble
spectra. The parameters can be used to simulate the absorption spectra of each of the HP radical
ensembles for wavelengths >280 nm.

Parameter isoprene DMBD BD
A 2.58 x 106 2.85x 106 2.83 x 10716
w 32.0 34.9 31.6
Ac 250.9 247.4 248.3
as 0.546 0.636 0.449
a4 0.204 0.170 0.241

To calculate J;ota: the total photolysis frequency at a particular wavelength, the
absorption cross-section is multiplied by the radiant (actinic) flux (S.,) at
wavelength 1 (E 4.3), assuming a total quantum yield of photolysis of unity. Figure
4.13 shows J; tota @S a function of 1 for each HP radical; it can be seen by inspection
that the photolysis rates for the 3 HP radicals increases at all wavelengths in the order
DMBD HP > isoprene HP > BD HP. To quantify the total photolysis rate in the
atmosphere, J must be calculated (E 4.4) by integrating the J; vs 4 function, to find

the total area underneath the plot.

oy - Se,/l = ])l,total E43

Jtotar = 2(0y - Se,l) E44
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Figure 4.12: GCAS fits to the experimental data, necessary for calculating photolysis rates (Left
Y axis). Actinic flux at 1° latitude (corresponding to Borneo) at 12 noon on 30" June, calculated

by TUV is shown in green (right Y axis).
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Figure 4.13: Ji values for the isoprene, DMBD and BD HP radical ensembles calculated from
the actinic flux at noon and I'latitude on the 30" of June, calculated by ACOM TUV. The total
photolysis rates (J) of these HP radicals are calculated by integrating each function. I’ latitude
is used in this example to calculate the photolysis rates of these HP radicals in the Borneo
rainforest, studied in the OP3 campaign, in which OHmeasured €xceeded OHmodeled by up to an

order of magnitude.
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Total photolysis rates for each of the isoprene, DMBD and BD HP radical ensembles
are calculated at noon and I°latitude on the 30" of June are presented in Figure 4.13.
The DMBD HP radical ensemble has the fastest rate of photolysis in the atmosphere,
with a rate of 1.81 x 102 s, followed by the isoprene HP radical ensemble with a
rate of 1.27 x 10 s and BD HP radical ensemble with a rate of 1.01 x 103 s,
Actinic flux at I’ latitude is used in this example as it corresponds to the latitude of
Borneo in Southeast Asia’s Malay Archipelago, which was subject to an extensive
field campaign Oxidant and Particle Photochemical Processes above a Southeast
Asian tropical rainforest (OP3).11% 123 124 | arge amounts of biogenic VOCs are
emitted by plants in rainforest environments, the primary sink of which is via.
reaction with OH. Unsaturated compounds undergo OH addition, and subsequently
O2 addition in the atmosphere (for example the reactions R 3.2-R 3.7) to form HP
radicals. The most dominant removal processes for these HP radicals is currently via.
reaction with NO (R 4.11) and HO: (R 4.12).

HO-Isop-00 + NO — HO-Isop-O +NO, R4.11
HO-Isop-00 + HO, — HO-Isop-OOH R 4.12
HO-DMBD-00 + NO - HO-DMBD-0 +NO, R 4.13
HO-DMBD-00 + HO, - HO-DMBD-OOH R4.14
HO-BD-00 + NO — HO-BD-0 +NO, R 4.15
HO-BD-00 + HO, —» HO-BD-OOH R 4.16

The rate coefficients of these reactions are included in the MCM, and at 300 K are
equal to; kiz = 9.04 x 1072 cm® molecule™ s and k12 = 1.61 x 10! cm® molecule™
s, The rate coefficients of the reaction of the BD HP radicals are included in the
MCM; kis = 9.04 x 102 cm® molecule™ s and kig = 1.43 x 101! cm® molecule s°
!, Rates of reaction of the DMBD HP radicals with NO and HO- are not included in
the MCM, values are taken from Jenkin et al.; kis = 1.43 x 10t cm® molecule? 1.6
Example NO and HO2 concentrations of 1.0 x 10° and 2.2 x 108 molecule cm™ were
used, as these values are typical noon concentrations as measured in the OP3

campaign.?® 123

Removal of isoprene HP by photolysis has a rate of 1.27 x 10~ st which is equivalent

to roughly 14 % of the rate of removal via. reaction with NO and 45% of the rate of
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removal via. reaction with HO; at noon in Borneo; a significant removal process, and
one which should be included when considering the fate of the isoprene HP radical

in remote, forested locations.

Table 4.5: Rates of removal of the the isoprene, DMBD and BD HP radical ensembles by
reaction with NO ([NO]= 1.0 x 10° molecule cm®), HO: ([HOz] = 2.2 x 108 molecule cm®) and
by photolysis due to actinic flux at I’latitude at 12 noon on the 30" of June, estimated by TUV,
consistent with the OP3 field campaign.”” Values for [NO], [HO:] are based on average noon
values measured during the OP3 campaign in Borneo.? 22 120,123,124

Isoprene DMBD BD

HP HP HP

kno /10712 7 9.04 9.04 9.04

knoz2/101t st 1.61 1.73 1.43
Rateroz+No / 1073 s 9.04 9.04 9.04
Rateroz+Hoz2 / 1073 s 3.54 3.81 3.15

Jtotar / 1073 571 1.27 1.81 1.01

Jiotal / Kno % 100% 14 20 11

Jtotal / KHoz % 100% 45 45 45
Jtotal / (Jtotal + Kno + KHo2) x 100% 9.2% 12 % 7.7 %

If the rate of photolysis of the isoprene HP radicals are important, it is therefore
important for the budget of isoprene HP radicals that the products of the photolysis
should be considered. The principal aim of this investigation, in conjunction with the
work carried out by Dr Hansen into the absorption cross-sections of HP radicals, was
to test the propensity of these radicals to photolyse to OH, in an attempt to reconcile
measured and modelled OH concentrations in remote, low NOX, high VOC
environments, such as the Borneo rainforest studied in the OP3 campaign. 119 123,124
Whilst the instrument in this work is effective for measuring absorption cross-
sections, it is unable to determine products of the HP radical photolysis, and as such
measures the total absorption cross-section. Alongside the work carried out with the
TRUVAS instrument, a 3-laser photolysis experiment was employed by Dr. Robert
Hansen to measure the absorption cross-section for OH production of various peroxy

radicals, including the isoprene HP radicals between 310 and 362.5 nm (Figure 4.14).
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In short, a radical precursor is photolysed within a LIF cell at 248 nm, to yield
radicals; in the case of the isoprene HP radical, hydrogen peroxide is photolysed to
yield 2 OH radicals, as per R 3.1. OH radicals react with isoprene via. R 3.2 and
subsequently with O via. R 4.5 to form an ensemble of isoprene HP radical isomers,

with relative abundances of each isomer given in

Figure 4.1. The reaction mixture is then photolysed a second time using a high
energy, tuneable YAG pumped dye laser to photolyse the isoprene HP radicals,
followed by a 308 nm OH probe laser, at a delay of typically 1-2 ps. OH is detected
via. LIF at 308 nm before and after the tuneable photolysis laser, with the increase in
OH observed immediately prior to the 248 nm photolysis assigned as OH from RO>
photolysis. The OH absorption cross-section for the isoprene HP radical ensemble

(GHoisopreneo, o) 15 €Qual to the total absorption cross-section (oxoisopreneo, ;)
multiplied by the quantum yield for OH production (¢noisopreneo,,)- The OH

absorption cross-section at a particular wavelength in the experiments by Dr Hansen,
is dependent on the absorption cross-section of the radical precursor at that

wavelength, as illustrated in E 3.5 and E 3.6.

OHyoisopreneo, 3 [HOisopreneOZ]o X [hV]AO'HOisopreneO2‘/1d’HOi:mpreneOz_/1
OHy,o0, [H202] X [W]a0H,0,1PH,0,4

[hV]248 nm[H 2 02]0H202,248 nm®PH,0,,248 nm X [hV]AUHOisopreneoz‘ld’HOisoprenet

= E 45
[H202] X [W]20H,0,1PH,0,4

[Av]248 nmOH,0,,248 nm O'HOisopreneOz‘A¢H0isopren602,/1

OHy05,2

_ O0H,0,,A
O-HOisopreneOz‘)LquOisopreneOz_;L - h E4.6
[Av]248 nmOH,0,,248 nm

where OHyoisopreneo,, and OHpy,o, represent the OH generated from 248 nm

photolysis ~ of  isoprene HP  radicals and hydrogen peroxide
respectively; [HOisopreneO,,], is the concentration of isoprene HP radicals at to;

[Av]; is the number of photons of wavelength Z;  opoisoprenco,, and
®Hoisopreneo,, are the absorption cross-sections and OH quantum yields of the

peroxy radical at wavelength 4;[H,0,],04,0,2 and ¢y,0, 2 are the concentration,
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absorption cross-section and OH quantum yield for hydrogen peroxide at wavelength

A respectively.
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Figure 4.14: The absorption cross-sections for OH production of the isoprene HP radical
ensemble as measured by Dr. Robert Hansen using the 3 laser experiment. Values are given as
averages of a number of runs, and errors are propagated from the standard deviation of the
results. More details can be found in Hansen et al. (2017).1%
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Figure 4.15: The total absorption cross-sections of the isoprene HP radical ensemble as
measured by the TRUVAS instrument, with 16 confidence limits (red) on linear (top) and
logarithmic (bottom) y axes. The absorption cross-sections for OH generation are shown (black
crosses) with confidence limits. As shown in Figure 4.10, the smallest reliable absorption cross-
sections measured by the TRUVAS instrument for the isoprene HP radical are around 373 nm.
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Figure 4.16: The OH quantum yield (¢on,ro2) for the isoprene HP radical ensemble, from the
ratio of con,/ Gtoraly. between 310 — 362.5 nm. An increase in ¢on,roz is observed towards longer
wavelengths. Note ¢on,ro2 values presented here differ slightly from those published in PCCP.*%
The isoprene HP radical ensemble total absorption cross-sections were re-measured subsequent
to the submission of the paper to PCCP, however the values are not significantly different when
error bars are taken into consideration. The error bars become increasingly large at longer
wavelengths due to the decrease in signal to noise of both experiments as the absorption cross-
sections become smaller at longer wavelengths.

4.6 Discussion

The measurements of the 3 HP radical total absorption cross-sections outlined here
show a clear trend; the greater the proportion of more substituted carbon centred
peroxy radicals, the more red-shifted the ensemble absorption cross-section into the
actinic window becomes. The total absorption cross-sections presented in this
chapter are ensemble absorption cross-sections, which, as previously described,
means that the observed absorption cross-section is a summation of the absorption
cross-sections of individual HP radical isomers formed from OH addition to various
sites of each diene, multiplied by the branching ratio leading to the corresponding
isomer. To highlight the role that the degree of substitution, or more specifically
electron density pushing substituents bonded directly to the peroxy radical carbon

centre, symmetrical HP radicals with only 1 isomer were investigated. These results,
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shown in the previous chapter of this work, show a clear red-shifting, broadening
effect on the UV absorption spectrum of the HP radicals. The spectra presented in
this chapter show a similar trend, in that the ensemble HP radical total absorption
cross-sections appear red shifted as the percentage of tertiary and secondary HP
radicals increases. Although the extent of the enhanced absorption cross-sections in
the actinic window appear small, actinic flux rises sharply beyond 280 nm,
amplifying the increase in the photolysis rates disproportionately. This effect is
shown in Figure 4.13, whereby the overall photolysis rate (at typical noon solar flux
in the Borneo rainforest) of the predominantly tertiary DMBD HP radical ensemble
(1.81 x 10 s1) is 40% larger than the isoprene HP radical ensemble (1.27 x 1073 s°
1, which is in turn 26% larger than that of the BD HP radical ensemble (1.01 x 1073
s'1). Whilst the isoprene HP radical ensemble is the most atmospherically relevant of
the 3 HP radical ensembles outlined in this chapter, the comparison between their
absorption spectra is important when considering structure activity relationships.
Previous studies have shown that electron withdrawing groups attached to the peroxy
radical carbon centre have the propensity to shift the absorption spectra towards
shorter wavelengths.® ®7 In this study, it has been demonstrated that alkyl groups
attached to the peroxy radical centre has the opposite effect; red-shifting absorption
spectra to extend to longer wavelengths, dramatically increasing the photolysis rates

of HP radicals in the atmosphere.

The observed red shifting and broadening of the B — X absorption band observed for
the 3 diene HP radical ensembles is consistent with the observed red shifting and
broadening of the ethylene, but-2-ene and TME HP radical absorption spectra shown
is section 3.3. The electronic ground and excited states of all HP radicals discussed
here are assumed to be analogous to those of methyl peroxy (CHs0.), which is the
most well characterised peroxy radical bt 62 70-72. 198,202 \jjler et al. describe a shift
in the position (Amax) Of the near IR A — X electronic absorption band of alkyl peroxy
radicals, observing red shifting as the number of carbons in the alkyl chain increases.
Miller et al. attribute the red shifting of the IR absorption band to the destabilisation
of the ground electronic X state due to inductive effects from the additional alkyl
groups attached to the o peroxy carbon centre. Destabilisation of the ground
electronic state of the peroxy radical is thought to coincide with an increase in energy
the electronically excited states, and so for a change in the transition energy to be
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observed, the destabilisation of the ground state must exceed that of the excited state
giving rise to the transition. The alkyl groups effectively donate electron density
toward the electronegative O atom bonded directly to the a carbon, which serves to

decrease the polarisation, and therefore electrostatic restoring force of the O-O bond.
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Figure 4.17: Suggested explanation for the broadening observed due to inductive effects from
alkyl substitution of the a peroxy carbon. The blue potential curve represents the O-O bond
adjacent to the least substituted (primary) o carbon, and has the narrowest and deepest
potential energy well. The green curve represents the secondary peroxy radical, and the red

curve represents the tertiary potential energy well. Note this diagram is both speculative and
qualitative.

Figure 3.19 shows a qualitative illustration of the proposed effect of the induction of
electron density from alkyl groups toward the peroxy moiety; increased substitution
destabilises the O-O bond stretch for the ground state, resulting in a broader,
shallower well. Miller et al.” calculated an increase in the energy of the ground state
for the alkyl peroxy series methyl , ethyl, propyl and butyl peroxy. A destabilisation
of ~10 kJ mol! per additional carbon in the alkyl chain attached to the peroxy radical
carbon centre was observed between methyl and ethyl peroxy, with the effect

diminishing with increasing total chain length to ~3 kJ mol for the change in the
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ground state energy between n-propyl and n-butyl peroxy radicals. A broader and
shallower well would be expected to have more population in higher vibrational

states, facilitating excitation to the upper state at longer wavelengths.

A CH;0(A*4,) + 0CP)
600 ™
CH-0,(B2A"
AT = CH,0(X2E) + 0('D)
450 T
OH(A%T") + CH,0(X'A,)
. 0,(b'%,) }
ol 2( g)_ . CH,0(A'A™)
S - — R
2300 m—
% 0,(a'h,) * E CH,0(X?E) + 0(3P) OH(X*I) —cH 0(a%4")
g B — e
150 ™ 0:(x 3%
C—— CH,00H(?A"™")
CHy(R24,") + o
0 = —_—
CH;0,(X%A™)
OH(X?I) + CH,0(X'4;)
-150 ~

Figure 4.18: Energy and correlation diagram for the electronic excitation of methyl peroxy, and
the products of excited methyl peroxy: Products of C-O bond cleavage are shown on the left,
and products from O-O bond cleavage are shown on the right. Reproduced from Hartmann et
al.”

The electronically excited states of the methyl peroxy radical have been calculated
by Jafri et al., who provides potential energy surface information with respect to the
0O-0 and C-O bond stretch. Dissociation about the C-O bond would give rise to an
alkyl radical and molecular oxygen (R 3.12-R 3.14).
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Table 4.6: Potential reaction pathways resulting from electronic excitation of ground state
CH:z02 (X2A4"). AHr /kJ mol™* represents the change in potential energy between the ground
state CH3O2 and the corresponding intermediate or product. Threshold wavelength is the
longest A able to excite ground state CH3O: to its corresponding state in a 1-photon absorption
process. Symmetries are taken from Hartmann et al..”

Threshold
Reaction AHRr /kJ mol*  Wavelength /
nm
CH30,(X?A") + hv » CH;0,(B%A") - - R 4.17
- CH3(X%A4;") + 0,(X3%,) 129.0 927 R 4.18
— CH3(X%A,"") + 0;(a'Ay) 223 836 R 4.19
- CH3(X?A;") + 0,(b'%,) 286 418 R 4.20
- CH;0(X*E) + 0('D) 438 273 R4.21
- CH;0(X*E) + 0(®P) 248 482 R 4.22
- CH,00H(*A") 293 408 R 4.23
CH,00H(*A") - OH(A?’:") + CH,0(XA,) 299 400 R 4.24
- OH(X*I) + CH,0(X'A,) -88 - R 4.25
- OH(X?M) + CH,0(A'A") 243 493 R 4.26

Hartmann et al. propose a mechanism for OH formation from electronic excitation
of CH30> via. a non-adiabatic process (i.e. one which involves a crossing between 2
excited state potential energy surfaces -) involving isomerisation of excited
CH;0,(B?A") to excited CH2OOH (24"") and then subsequent dissociation to
CH20(X'A4,) plus rotationally hot OH(A4%x*).”* Hartmann et al. also note that
excitation of CHzO; at 248 nm could produce O(*D), which would react rapidly to
form the observed OH(A2x*), however the experiments carried out by Dr Hansen at
the University of Leeds show OH production from the excitation of CH30. at
wavelengths longer than the threshold wavelength for O(*D) (273 nm - Table 3.5).
Isoprene HP photolysis experiments were carried out in a Helium-H; buffer mixture
by Dr Hansen in order to confirm or deny the production of O(*D) by detection of
OH(A?x ™), which would be formed via. reaction R 4.27. Indeed no OH(42%X ) was

detected, suggesting the route to OH formation from isoprene HP radical photolysis
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is not occurring via. O(D), but via. the isomerisation route similar to that suggested
by Hartmann et al. for CH3O..

O0(*D)+ H, - OH(X*N) + H R 4.27

Zhu et al. have more recently calculated the possible fates of excited CH3O»,
proposing a concerted H-migration/OH-elimination mechanism from the excited
CH,O00H(24") transition state, which lies 288 kJ mol™? above the OH(X?IT) +
CH,0(X'A,) products.” The transition state CH,O0H (24" lies 293 kJ mol* above
the CH50,(X2A’) ground state, corresponding to a threshold frequency of 408 nm.
Upon excitation to the electronically excited state, the reaction proceeds via. the
repulsive B state, before either continuing along the O-O bond stretch to yield the
alkoxy radical and O(®P) or crossing via. the 24"’ transition state resulting in
concerted H-migration/OH-elimination. A similar reaction pathway from the excited
B state of isoprene HP radicals is the most likely route to the formation of OH

observed by Dr Hansen.'%

4.7 Summary

In summary, the novel TRUVAS instrument has been employed to calculate total
absorption cross-sections of HP radical ensembles resulting from the addition of OH
and subsequently O to 3 dienes: Isoprene, BD and DMBD. A red shifting and
broadening effect has been observed, increasing in the series BD HP > isoprene HP
> DMBD HP, in agreement with the observation of a similar trend for the ethylene >
but-2-ene > TME HP radicals. The extent of the red shifting is quantified here by
observing the change in wavelength of the point where the absorption cross section
for each molecule is equal to 1 x 107*® cm? molecule, which is 335.8 , 341.1 and
349.3 for the BD HP, isoprene HP, DMBD HP radical ensembles respectively. The
broadening and red shifting effect is attributed here to the change in the ground state
potential energy surface; specifically the O-O peroxy bond, which is weakened by
inductive effects (shown by Miller et al.”?), facilitating electronic excitation from
higher rovibrational levels of the ground X2A" state to the upper B2A" state. OH
absorption cross-sections for the isoprene HP radical ensemble were measured by Dr

Hansen at the University of Leeds, and were used in conjunction with the total
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absorption cross-sections measured by the TRUVAS instrument to calculate ¢pon,ro2
- the quantum yield for OH formation upon excitation of the HP radicals to the upper
B state. ¢on,ro2 remains relatively constant at around 11% until ~350 nm, at which
point an increase to around 30% is observed. A possible explanation for such an
effect could be the promotion of the H-migration/OH-elimination channel at lower
excitation energies, which requires a tight 4 membered ring transition state. Another
explanation of the uptick in ¢pon,ro2 could be the “switching off” of other product
channels at lower excitation energies due to the inaccessibility of these channels from

the excited B state at lower excitation energies.
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5 Alkyl peroxy radical absorption spectra — Methyl, tertiary-

butyl and cyclohexyl peroxy radicals

5.1 Introduction

The methyl peroxy radical is the most important atmospheric peroxy radical, chiefly
due to its role as an intermediate in the oxidation of methane in the atmosphere.®”: 1%
216 Methane is emitted in large quantities globally (~500-600 Tg yr't), 90% of which
is removed via. reaction with the OH radical.>* 21" 218 The reaction of OH with
methane?® 220 (k; ~ 6.5 x 10 cm® molecule™ s?) yields the methyl radical(R 5.1),
which rapidly reacts with molecular oxygen to form the methyl peroxy radical (R 5.2

— M = bath gas, Nz or O2).
CH4 + OH — CH3 + H20O R5.1

CHs + Oz = CH302 R5.2
In polluted, high NO environments (>100 ppt), methyl peroxy radical removal is
dominated by reaction with NO to form NO2 and an alkoxy radical (R 5.3). NO:
photolyses readily due to absorption of solar UV radiation to yield O°P atoms (R
5.4), which react with O to form ozone (R 5.5). This process accounts for ~25% of
tropospheric ozone production globally, (the remaining ~75% coming from HO and
other RO; species forming NO, from NO)8. &,

CH302 + NO — CH30 + NO2 R5.3
NO; + hv — NO + Q%P R5.4

M
O°%P + 0, - 03 R5.5

In pristine environments such as Cape Verde, a tropical island off the west coast of
Africa, very low NO concentrations are observed (~2 ppt), limiting the removal of
methyl peroxy radicals by NO. In low NO environments, the reaction of the methyl

peroxy radical with HO,, OH and RO species become competitive with NO.*6!

Methyl peroxy radical concentrations, whilst not measured in the atmosphere
directly, can be estimated using a box model such as the Master Chemical
Mechanism (MCM).86: 104,123,161, 221 Nethy| peroxy radical concentrations in pristine

environments such as the Borneo rainforest?® (~2 x 108 molecule cm=) and Cape
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Verde!®2 221 (~ 9 x 108 molecule cm™) are estimated to be significantly higher than
polluted urban environments such as London??? (~ 5 x 107 molecule cm™®), chiefly

due to their enhanced removal via. reaction with NO.

The methyl peroxy radical is commonly detected by probing the broad, featureless
B — X transition common to all peroxy radicals, with Amax at around 240 nm.%267. 198,
223,224 Other methods for investigating the methyl peroxy radical include the use of
cavity enhanced techniques to study the weak (<10% cm? molecule®) 4 — X
absorption band in the near IR, which enjoys much greater selectivity due to the

bound A state giving rise to structured absorption bands "% 73 202

Hartmann et al. describe a method for detecting methyl peroxy radicals via. laser
flash photolysis — laser induced fluorescence (LFP — LIF), involving laser excitation
of the methyl peroxy radical at 248 nm to yield various fragments, including OH,

which can be detected sensitively using LIF." 2%

The bulk of this chapter involves the investigation of the absolute absorption cross-
sections of the methyl peroxy radical using the novel TRUVAS system, with a view
to further understanding the photochemistry of these radicals in the troposphere.
Total absorption cross-sections are used to calculate the total photolysis rate (J value)
of methyl peroxy radicals in the atmosphere (assuming 100% photolysis), to
determine whether photolysis is competitive with the removal reactions outlined
above. Total absorption cross-sections will be combined with absorption cross-
sections to form OH measured by Dr Hansen at the University of Leeds to provide

OH quantum yields as a function of wavelength.

The absorption spectra of cyclohexyl peroxy and tertiary butyl (t-butyl) peroxy
radicals have been measured using the TRUVAS instrument. Cyclohexane is a minor
constituent of petrol in the UK, Europe and the USA, comprising ~0.1-1 % by
weight.??® As with all alkanes, the oxidation of cyclohexane proceeds via. the alkyl
peroxy radical, which for cyclohexane is the cyclohexyl peroxy radical. Cyclohexyl
peroxy radicals are formed in the atmosphere by H abstraction from cyclohexane??’
(ke = 2.9 x 102 cm® molecule s) primarily by the OH radical (R 5.6) to form the
cyclohexyl radical, which reacts with O, forming the cyclohexyl peroxy radical (R
5.7).
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CsHi12 + OH — CgHi1 + H20 R5.6

CeH11 + O2 2 CeH1102 R5.7
The absorption spectrum of the cyclohexane peroxy radical was measured, in part,
to aid comparison of the results obtained by the TRUVAS instrument, to those
measured previously by Rowley et al.%® in order to further probe the accuracy of
absorption cross-sections measured by the TRUVAS instrument. The cyclohexyl
peroxy radical was chosen specifically, as it only forms a single isomer, and reacts

relatively quickly with OH compared to other alkanes.

Isobutane is a common alkane, used for a variety of applications, such as propellants,
refrigerants and combustion fuels. Tert-butyl (t-butyl) peroxy radicals are formed in
the atmosphere via. H abstraction from the tertiary carbon of isobutene by the OH
radical®®2% (R 5.8, ks ~ 3 x 1022 cm® molecule® s, to form the t-butyl radical,

which adds O to form the t-butyl peroxy radical.
(CH3)3CH + OH — (CH3)3C + H20 R5.8

M
(CH3)sC + O2 - (CH3)3CO; R 5.9

5.2 Experimental

Technical details of the standard experimental procedure and the experimental setup
are described in detail in section 2.2 of this work. Specific details pertaining to the
nature and mixing ratios of reagents, key reactions, and data analysis are presented

in the following section.

Generation of methyl peroxy radicals

The absorption cross-section of the methyl peroxy radical was measured using the
TRUVAS absorption system. Methyl peroxy radicals were generated via. photolysis
of t-butyl hydroperoxide at 248 nm, to yield OH and hot (rotationally or vibrationally
excited) t-butoxy radicals with a quantum yield of unity (R 5.10).2! Hot t-butoxy
rapidly decomposes to form acetone and methyl radicals (R 5.11), which combine
with Oz to form the methyl peroxy radical (R 5.12)%%,

(CH3)3COOH + hv — (CH3)3CO + OH R 5.10
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(CHz)3CO — (CH3)2CO + CHs3 R5.11

CHs + Oz - CH30; R5.12

OH formed from the 248 nm photolysis of t-butyl hydroperoxide (R 5.10) is
intercepted by ethanol (R 5.13), to prevent formation of t-butyl peroxy radicals (R
5.14). OH abstracts primarily from the o carbon at room temperature (92 = 8 % at
298 K) yielding the hydroxyethyl radical (R 5.13, kiz = 3.2 x 1012 cm® molecule! s°
1y, which combines with O to form the unstable 1-hydroxyethylperoxy radical (R
5.15).2% The 1-hydroxyethylperoxy radical rapidly falls apart to yield acetaldehyde
and HOz (R 5.16).

CH3CH20H + OH — CHsCHOH + H,0 R5.13
(CH2):COOH + OH — (CHz)sCOO + H,0 R5.14
CH3CHOH + 0, = CHaCHOH(O2) R5.15
CH3CHOH(O2) — CHsCHO + HO; R 5.16

T-butyl hydroperoxide (70% in water — Sigma Aldrich), was introduced into the
buffer/reagent mixture from a bubbler. The concentration of the t-butyl
hydroperoxide was measured in situ using the TRUVAS instrument. Ethanol was
introduced into the system from a bubbler which sits in-line, after the mixing
manifold, in order to introduce high concentrations of the ethanol into the reaction
mixture. It was essential to add sufficient ethanol to the reaction mixture to intercept
the OH generated, in order to prevent interference in the absorption cross-section
measurements from the t-butyl peroxy.

1
k,.[thutyl peroxide] = T % k,3[Ethanol] ES5.1
[Ethanol] _ k4 x50 356 x 1072 x50 c6 EEo
[tbutyl peroxide] k3 3.2 x 10712 '
[Ethanol] = [tbutyl peroxide] X 56 E5.3

E 5.1-E 5.3 give the conditions necessary for 98% of OH generated from t-butyl
hydroperoxide photolysis to be intercepted via. reaction with ethanol. Ethanol
concentrations must exceed t-butyl peroxide concentrations by a factor of 56 to
achieve a conversion rate of 98%, a value deemed acceptable in this study, and not a

major source of error. Ethanol concentrations were estimated based on the increase
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in pressure upon opening the ethanol bubbler to the system, typically 30 — 40 Torr
corresponding to a concentration of around 1.15 x 10'® molecule cm=. To prevent
evaporative heat loss (and therefore inconsistent and diminished ethanol
concentrations) due to ethanol evaporation, the bubbler was submerged in a
temperature controlled water bath, set to 23° C. T-butoxy radical density at to was
calculated by measuring the excimer energy per pulse, which was converted to 248

nm flux (E 5.4,E 5.5). A detailed description of this procedure is given in section 2.2.

hc
Epulse = 7 X Nyhotons E54
AXE,y,
Nphotons = % ES5.5

248 nm flux was then multiplied by the concentration of t-butyl peroxy, and the t-
butyl peroxy absorption cross-section at 248 nm, to give the t-butoxy radical density,
which rapidly converts to acetone and methyl (and therefore methyl peroxy) with a

quantum yield of unity.?32

[CH303]0 = Npnotons X Otbnp 248 nm X [tbutyl hydroperoxide] E5.6

Generation of T-butyl peroxy radicals

Experiments were carried out to determine the absorption spectrum of the t-butyl
peroxy radical. Experiments were carried out in the manner prescribed for the methyl
peroxy radical experiments, differing only in that the OH scavenger — Ethanol, was
not added. OH formed from 248 nm photolysis of t-butyl peroxide then abstracts H
from the peroxide group preferentially, to form the t-butyl peroxy radical (R 5.14).2%

Generation of cyclohexyl peroxy radicals

Cyclohexyl peroxy radicals were generated by photolysing hydrogen peroxide at 248
nm (R 3.1) using a KrF excimer laser, in the presence of cyclohexane and O,. OH
abstracts an H atom from cyclohexane (R 5.18), producing a cyclohexyl radical,

which rapidly combines with O, to form the cyclohexyl peroxy radical (R 5.19).

HOOH 228 0N R5.17

CeHy, + OH - CgHyy + H,0 R 5.18
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CeHyp + 02 5 CeH110, R5.19
Hydrogen peroxide concentrations were measured in situ using the TRUVAS
instrument (details on this procedure are given in section 2.2.4), and 248 nm flux was
calculated by measuring the excimer energy (details on this procedure are given in
section 2.2.7) and using equation E 5.5. The RO concentration at to (where to is the
ms within which the excimer is fired) was calculated using equation E 5.7, assuming

a conversion rate of OH to cyclohexyl peroxy radicals of 100%.

[C6sH1102]0 = Mpnotons X 202 248 nm X [hydrogen peroxide] ES.7

Cyclohexane does not absorb light in the region probed by the TRUVAS
instrument?*, allowing high concentrations (up to 6 x 10'® molecule cm™) to be

added, to ensure >99% conversion of OH to RO> (as opposed to reaction with H20>).

5.3 Results

Methyl peroxy radical absorption spectrum

The absorption spectrum of the methyl peroxy radical was measured using the
TRUVAS instrument, via. 248 nm photolysis of t-butyl hydroperoxide in the
presence of ethanol and O». tn represents a 1 ms time interval, beginning n ms after
the excimer pulse. 5 runs were carried out at a range of pressures between 95.5 —
301.5 Torr N2/O2 ([O2]/[N2] ~0.1). No pressure dependence was observed over the
range studied.

Table 5.1: Experimental conditions for the methyl peroxy radical experiments. The results of
these runs are shown in Figure 5.1.

Total P/ [peroxide] /10 Excimer energy  [radical] / 10%

Torr molecule cm™ /mJ molecule cm™
CH30Ozrun 1 185 2.58 71.8 4.62
CH3O2z run 2 301.5 1.48 71.8 2.65
CH3zO2run 3 142.5 2.1 71.8 3.76
CHzOz2run 4 142.5 0.961 71.8 1.72
CH30z run5 95.5 1.81 71.8 3.24
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Figure 5.1: Runs 1-5 of the methyl peroxy radical absorption spectrum (1 — black, 2 — red, 3 -
blue, 4 — pink, 5 - green. Conditions given in Table 5.1). Transient absorption profiles between
250-650 nm were recorded at .57 nm intervals (resolution 1.5 nm) following the pulsed excimer
photolysis of t-butyl peroxide-ethanol-O2-N2 mixtures at 248 nm.

A Savitzky-Golay smoothing filter'®? was applied to each of the 5 runs shown in
Figure 5.1 to filter out noise from the recorded spectra; The average values were
calculated at each wavelength and 1o error bars were constructed from the sum of
the standard deviation across all 5 runs at each wavelength and a 5% overall error
from the uncertainty in the path length. Formation of the methyl peroxy radical via.
t-butyl peroxide photolysis in the presence of ethanol leads to the production of
acetone, HO> and acetaldehyde in stoichiometric amounts, such that every methyl
peroxy radical generated, 1 acetone, acetaldehyde and HO> molecule are formed.
Although the absorption cross-sections of these species are small (<10 cm?
molecule?), they overlap with the methyl peroxy radical spectrum, and must be
accounted for by subtracting the absorption cross-sections of these species from the

methyl peroxy radical spectrum recorded by the TRUVAS instrument.
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1 Unsubtracted methyl peroxy spectrum
3x10™ = Acetaldehyde - (Martinez et al.)
| — Acetone (Gierczak et al.)
= ——HO, (Tyndall et al.)
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Figure 5.2: The methyl peroxy radical absorption spectrum prior to the subtraction of the
spectra of acetaldehyde, acetone and HO: is shown in black. Modified Gaussian functions
(discussed in more detail in section 4.5) were fit to experimentally determined absorption cross-
sections (red: Acetaldehyde — Martinez et al.?®®, blue: Acetone — Gierczak et al.*%), or
extrapolated from experimentally determined absorption cross-sections (magenta: HO: -
Tyndall et al. ). The absorption cross-sections of the 3 contaminant species were subtracted
from the average value of the experimental results to yield the pure methyl peroxy radical
spectrum, shown in green.
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Figure 5.3: The methyl peroxy radical absorption spectrum measured by the TRUVAS
instrument. 1o error bars are shown, constructed by adding together the spread of results and
the 5% error in path length (see section 2.2.7). The spectrum is shown on both linear (top) and

logarithmic (bottom) scales.
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Figure 5.4: A blown up part of the absorption cross-section (black line) shown in Figure 5.3 and
the 16 error value (red line) for the absorption cross-section measurements of the methyl peroxy
radical measured using the TRUVAS instrument. The point at which the 2 values are equivalent
represents the smallest reliable absorption cross-section for the methyl peroxy radical measured
by the TRUVAS system, calculated to be 1.38 x 10-%* cm? molecule™* at 338.6 nm.

T-butyl peroxy radical absorption spectrum

The absorption spectrum of the t-butyl peroxy radical was measured using the
TRUVAS instrument. T-butyl hydroperoxide was photolysed using a 248 nm
excimer laser in the presence of O, ([O2] 0.6-1.4 x 10'® molecule cm) in an N
buffer, to yield methyl peroxy and t-butyl peroxy radicals (R 5.10-R 5.12).

Table 5.2: Experimental conditions for the t-butyl peroxy radical experiments. The results of

these runs are shown in Figure 5.5. Note [radical] is given as the concentration of the t-butyl
peroxy radical, rather than the sum of the t-butyl and methyl peroxy radicals

Total P/ [peroxide] / 10 Excimer [radical] / 10*

Torr molecule cm? energy / mJ molecule cm

T-butyl peroxy run 1 63 2.1 71.8 3.85

T-butyl Peroxy run 2 63 1.44 71.8 2.58
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Figure 5.5: Compound spectra (i.e. spectra comprising the sum of both the methyl and t-butyl
peroxy radical absorption spectra) of the products of t-butyl peroxide photolysis at 248 nm
(conditions given in Table 5.2). The spectrum shown comprises the sum of the methyl peroxy
and the t-butyl peroxy radical spectra, since both were present in equal amounts in the reaction
mixture. Transient absorption profiles were recorded at .57 nm intervals (resolution 1.5 nm)
between 250-650 nm.

- Tert-butyl peroxy + Methyl peroxy
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Figure 5.6: Average compound spectra (i.e. spectra comprising the sum of both the methyl and
t-butyl peroxy radical absorption spectra) from runs 1 and 2 shown in Figure 5.5 (black). 1¢
error bars are shown, constructed from the sum of the spread of results and the 5% error in
path length. The methyl peroxy radical spectrum is shown in red, to illustrate the difference
between the spectrum recorded with and without ethanol present; the difference between the 2
spectra represents the absorption spectrum of the t-butoxy radical.
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Figure 5.7: The t-butyl peroxy radical absorption spectrum measured by the TRUVAS
instrument. 16 error bars are shown, propagated from the errors in both the methyl peroxy
radical absorption spectrum, and the compound spectrum shown in Figure 5.5. The spectrum
is shown on both linear (top) and logarithmic (bottom) scales.
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Figure 5.8: The absorption cross-section (black line) and the 16 error value (red line) for the
absorption cross-section measurements of the t-butyl peroxy radical measured using the
TRUVAS instrument. The point at which the 2 values are equivalent represents the smallest
reliable absorption cross-section for the t-butyl peroxy radical measured by the TRUVAS
system, calculated to be 1.80 x 10° cm? molecule™* at 331.6 nm.

Cyclohexyl peroxy radical absorption spectrum

The absorption spectrum of the cyclohexyl peroxy radical was measured using the
TRUVAS system. Cyclohexyl peroxy radicals were generated via. reaction of
cyclohexane with OH, from the 248 nm photolysis of H2Oz, in the presence of Oz. 3
runs were carried out, the results of which are presented in Figure 5.9 (experimental

conditions given in Table 5.3).
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Figure 5.9: Runs 1-3 of the cyclohexyl peroxy radical absorption spectrum (1 — black, 2 —red, 3
— blue. Conditions given in Table 5.3). Transient absorption profiles were recorded at .57 nm
intervals (resolution 1.5 nm) following the pulsed excimer photolysis of H202-cyclohexane-O2-
N2 mixtures at 248 nm. Note the spread of results for these experiments is very small, and the
spectra presented here overlap.

Table 5.3: Experimental conditions for the cyclohexyl peroxy radical experiments. The results
of these runs are shown in Figure 5.9.

[radical] /
10*2 molecule
cm®

Total P/ [peroxide] / Excimer energy /

Torr x 10 molecule cm™ mJ

Cyclohexyl
Peroxy run 1 173 5.20 77.6 9.16

Cyclohexyl
Peroxy run 2 176.5 2.35 77.6 414

Cyclohexyl
Peroxy run 3 260.5 6.50 77.6 115
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Figure 5.10: The cyclohexyl peroxy radical absorption spectrum measured by the TRUVAS
instrument. 1o error bars are shown, constructed from the sum of the spread of results and the
5% error in path length. The spectrum is shown on both linear (top) and logarithmic (bottom)
scales.
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Figure 5.11: The absorption cross-section (black line) and the 16 error value (red line) for the
absorption cross-section measurements of the cyclohexyl peroxy radical measured using the
TRUVAS instrument. The point at which the 2 values are equivalent represents the smallest
reliable absorption cross-section for the cyclohexyl peroxy radical measured by the TRUVAS
system, calculated to be 3.21 x 102> cm? molecule at 353.1 nm.

5.4 Previous studies

The absorption spectra of methyl, t-butyl and cyclohexyl peroxy radicals have been
measured using the TRUVAS instrument. The following section will discuss the
results, and compare these results with those previously obtained in the literature.

Methyl peroxy radical

The methyl peroxy radical absorption spectrum has been studied numerous times
over the past 40 years, initially by Parkes et al. who observed a weak, broad, smooth
absorption band between 200-300 nm 5567, 198,223,224, 237248 A comprehensive review
of the methyl peroxy radical absorption spectra measured prior to 1992 by Lightfoot
et al. was published in Atmospheric Environment.®” Results obtained between 1973

and 1985 were subject to significant disagreement, differing up to a factor of 2
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between Kan et al. 2** and Adachi et al.??®> both of whom employed the same
technique (flash photolysis of azomethane), with no clear explanation as to the source
of this disagreement given by Lightfoot et al.. Tyndall et al. published a second broad
review of peroxy radical spectra and chemistry in 2001'°¢, attributing the
discrepancies in the Kan measurements (in addition to other pre — 1990
measurements) to incomplete conversion of methyl radicals to methyl peroxy.
Tyndall et al. also note the overestimation of absorption cross-sections measured by
McAdam et al. and Moortgat et al. are most likely due to the use of NOCI as an
actinometer.

The spread of results of the pre — 1985 experiments was improved upon significantly
between 1987-1991 resulting in a recommendation by Lightfoot based on values
measured by Jenkin et al. % Moortgat?**, Veyret and Lesclaux®*, Simon?¥,

Schneider and Moortgat®*, Dagaut and Kurylo?3, and Lightfoot and Jemi-Alade®®.

Fahr et al. >* (1997) and Roehl et al. 2#° (1996) have measured the methyl peroxy
radical absorption spectrum, in good agreement with the recommendations by
Lightfoot et al. in terms of the peak height and width of the B — X absorption band,
however disagreement exists with respect to the shape and intensity of the absorption

spectrum at wavelengths > 280 nm as shown in Figure 5.12.
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Figure 5.12: A selection of previous measured methyl peroxy radical absorption spectra. Adachi
et al. 22 (black squares), Jenkin & Cox % (red circles), Fahr et al. ??* (blue triangles), JPL 2011
recommendation (Pink triangles) = Tyndall *® (Purple triangles), Lightfoot recommendation
(green diamonds), Maricq & Wallington (navy line), Parkes et al. (orange stars) and Kan et al.
(cyan crossed circles).
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Tyndall et al. also produce a recommended absorption spectrum based on McAdam
etal. 22 | Moortgat et al. 2** (only data > 205 nm), Simon et al. %, Lightfoot and
Jemi-Alade ® | Jenkin and Cox %8 (shape only), and Maricq and Wallington 2 (two
experiments), which is the current accepted recommendation by JPL (shown in
Figure 5.12).2%

Table 5.4: Various methyl peroxy radical absorption cross-sections experiments and
experimental details. Note this list is not exhaustive and is intended to highlight the various
techniques employed prior to this study.

Ref. Method Technique

Flash photolysis of azomethane in the presence of

; 223
Adachi 1980 O, using pulsed Xe lamp (A > 280 nm)

Flash Photolysis

Jenkin Cox . . Molecular Modulation
1997198 254 nm photolysis of CHal in the presence of O Spectroscopy
Eahr 199722 193 nm photolysis of acetone in the presence of Laser flash photolysis

02

193 nm photolysis of O in the presence of

; 68
Lightfoot 1990 methane

Flash photolysis

193 nm photolysis of methyl chloride in methane

Maricq 199162 Laser flash photolysis

and O
+ X .
o) X Adachi (1980)
ax10®{ R © Jenkin & Cox (1991)
é X A  Fahr (1997)
] + Lightfoot (1992)
Q@ X —— Maricq & Wallington (1992)
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Figure 5.13: Absorption cross-sections for the methyl peroxy radical measured by various
groups, alongside recommendations by Lightfoot (green crosses) and Tyndall (purple squares).
The absorption cross-sections measured in this study > 260 nm are shown (purple line) with 16
error bars.



156

The absorption spectrum between 260 — 338 nm is shown alongside previous studies
and recommendations in Figure 5.13. It can be seen that the magnitude of the
absorption in the region is in good agreement with the 2001 recommendation by
Tyndall et al., more so than the 1992 Lightfoot recommendation, however the shape
of the absorption measured by the TRUVAS instrument agrees more closely with the
spectrum measured by Maricq and Wallington®?. Since most studies which probe the
B — X absorption band are concerned primarily with following the concentration of
methyl peroxy radicals to measure the rates of reactions, less emphasis has been
placed on defining the shape of the absorption band in the actinic region (>270 nm),
in favour of defining the overall shape and peak intensity for spectroscopic kinetic
measurements. If the smallest reliable literature absorption cross-section is taken as
the smallest of those recommended by Tyndall et al.: 5.2 x 10° cm? molecule™ at
295 nm, the smallest reliable absorption cross-section measured by the TRUVAS
instrument: 1.38 x 102 cm? molecule™ at 338.6 nm represents an increase in

sensitivity of more than 2 orders of magnitude.

T-butyl peroxy radical

The t-butyl peroxy radical has been studied previously by Kirsch and Parkes 2°1,
Anastasi et al. %', Tomas et al. 22 and Wallington et al.%, all of which are in
reasonably good agreement, as shown in Figure 5.14.

Table 5.5: Previous studies of the t-butyl peroxy radical, alongside a brief description of the
methodology used to generate the t-butyl peroxy radical species.

Ref. Method Technique
Anastasi et al. 27 OH (generateguftr;n;;é)c()iggotoIy5|s) Tt Flash Photolysis
Kirsch and i
Photolysis of azo-tert-butane Molecular Modulation
Parkes 2% Spectroscopy
Lightfoot > 280 nm photolysis of Cl, + isopropane Flash photolysis
Tomas 252 Photolysis of Brzallrc]j ;23 ggesence of t-butyl Flash photolysis
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Figure 5.14: T-butyl peroxy radical absorption spectra measured by Anastasi et al. 2" (black
squares), Kirsch and Parkes 25! (red circle), Lightfoot recommendation ¢ (blue triangle), Tomas
22 (pink triangles), Wallington ¢ (green diamonds) and Lightfoot % (navy triangles).
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Figure 5.15: The t-butyl peroxy radical spectrum measured by the TRUVAS system is shown
(navy line) with 16 error bars alongside previous measurements (details given in Figure 5.14
and
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Table 5.5).
The absorption spectrum measured by the TRUVAS instrument agrees well with

previous studies at around 280 nm, with the agreement worsening at shorter
wavelengths, as shown in Figure 5.15. Possible explanations for this could lie in the
experimental methods used previously to generate the t-butyl peroxy radical. In the
study by Anastasi et al., Xe flash lamps were used to generate OH via. HO
photolysis, however at the wavelengths required to photolyse H2O, t-butyl
hydroperoxide has significant absorption cross-sections as shown in Figure 5.16, and
would presumably photolyse to OH and hot t-butoxy as per reaction R 5.10, leading

to an overestimation of the absorption cross-sections for the t-butyl peroxy radical.
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Figure 5.16: The absorption spectra of t-butyl peroxide (black line - Baasandorj?®!) and water
vapour (red line — JPL recommendation?®).

The rotationally hot t-butoxy formed via. reaction R 5.10 will decompose to acetone
and methyl via. reaction R 5.11 with methyl radicals combining with O2 to form
methyl peroxy radicals via. reaction R 5.12. In fact Anastasi et al. comment that they
observe residual signal, which they cannot account for in their analysis.?*” Reasons

for inconsistencies surrounding the absorption spectrum of the t-butyl peroxy radical
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measured by other groups are unclear, however the chemical schemes used to
generate the radical were significantly more complex than the methodology outlined
here, and could be subject to numerous errors, such as side reactions and unwanted
photolysis products (for example HO2) unaccounted for in their respective analyses.
Indeed there are numerous cases in the literature where photolysis quantum yields of
a precursor have been found to be in error, subsequent to the study in which they are
used.®” Incomplete conversion of OH to t-butyl peroxy radicals in the experiments
carried out in this study could lead to an underestimation of the t-butyl peroxy radical
absorption cross-sections, and reconcile the differences between previous
measurements and the measurements by the TRUVAS instrument presented here.

Absorption spectrum of the cyclohexyl peroxy radical

Previous experimentally determined absorption cross-sections of the cyclohexyl
peroxy radical are shown in Figure 5.17. The UV absorption spectrum of the
cyclohexyl peroxy radical has previously been studied by Rowley et al. via. Cl>
photolysis at wavelengths >300 nm in the presence of cyclohexane.®® Cl formed from
Cl, photolysis reacts rapidly (k = 3-4 x 101 cm® molecule® s1)% 2%3 with
cyclohexane to yield the cyclohexyl radical, which combines with O, to form the

cyclohexyl peroxy radical.

A more recent study by Platz et al. employs pulsed radiolysis of SFe to generate F
atoms, which abstract H from cyclohexane to yield the cyclohexyl radical, combining

with O2 to yield cyclohexyl peroxy radicals.?%

In addition to the single absorption cross-section value for the maximum of the
cyclohexyl peroxy radical absorption spectrum presented in Figure 5.17, Platz et al.
present an absorption spectrum which is broader, more intense and slightly red-
shifted (~10 nm) compared to the spectrum measured by Rowley et al..%® The reason
for this slight disagreement between the 2 methods is unclear, however the spectrum
measured in this study resembles the spectrum measured by Rowley et al. remarkably
well, over and above both the Platz et al. measurements and the Lightfoot

recommendation as shown in Figure 5.18.
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Figure 5.17: Previous measurements of cyclohexyl peroxy radical absorption cross-sections by
Rowley et al. (blue triangles) ® and Platz et al. (red circles) 26, The Lightfoot recommendations
for the cyclohexyl peroxy radical absorption cross-sections are given (black squares).®’
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Figure 5.18: Cyclohexyl peroxy radical absorption spectrum measured by the TRUVAS system
(green line) with 1o error bars. Previous measurements of cyclohexyl peroxy radical absorption
cross-sections by Rowley et al. (Blue triangles — original data, Pink triangles — rescaled to 4.58
x 1078 cm? molecule at 240 nm) ® and Platz et al. (red circle) 2%. The Lightfoot
recommendations for the cyclohexyl peroxy radical absorption cross-sections are given (black
squares).’
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The absorption spectrum for the cyclohexyl peroxy radical measured by the
TRUVAS instrument is presented down to absorption cross-sections as small as 3.21
x 1022 cm? molecule™ at 353.1 nm, representing the smallest reliable absorption
cross-sections measured by the instrument, and the smallest UV absorption cross-
section of any transient peroxy radical species in the literature to date. The high
degree of precision observed for the cyclohexyl peroxy radical in particular, is likely
due to the slow self-reaction rate and therefore removal of the species (2.42 x 1074
cm® molecule s1).%% Uncertainties in the extrapolation procedure could be a
contributing factor toward the variation in spread in results between systems: if
significant removal of the target species occurs within the first millisecond, the
extrapolated Ao will be more sensitive to the parameters used to perform the

extrapolation, than if only a small fraction of the absorbing species is lost in this time.

5.5 Atmospheric photolysis rates of methyl peroxy radical

The absorption cross-section of the methyl peroxy radical has been measured from
260-338 nm using the TRUVAS instrument. The broad, featureless B — X transition
involves excitation to the repulsive B state, common to all peroxy radicals.®*° In the
following section, the potential impact of methyl peroxy radical photolysis on the
tropical marine boundary layer will be discussed, including total photolysis rates and
the potential for OH formation from the dissociation of the excited B state, based on

experiments carried out by Dr Robert Hansen at the University of Leeds.

A Gaussian function (E 5.8) was used to fit to the experimental data, as shown in
Figure 5.19 with parameters given in Table 5.9.

@l

y:W\/T[/Z !

E5.8

Table 5.6: Parameters from Gaussian function shown in Figure 5.19, where x, is the wavelength
at which the Gaussian function is at a maximum, w is the Gaussian width at one tenth the height
of the maximum and a is the height of the curve’s peak.

X 242.3 nm

w 49.3 nm

a 2.20 x 1071
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Figure 5.19: The methyl peroxy radical absorption cross-section measured by the TRUVAS
instrument (black line) alongside a gaussian fit to the data (grey line), the parameters of which
are given in Table 3.2. The actinic flux as a function of wavelength is shown in green, calculated
for the 15th of august at 12:00 noon local time (15° North, 23.5° West — corresponding to Cape
Verde) using the ACOM TUV model.”

To calculate J;twotal the total photolysis frequency at a particular wavelength, the
absorption cross-section is multiplied by the radiant (actinic) flux (S.,) at
wavelength A (E 4.3). Figure 5.20 shows J;. tota @S & function of 4 for the methyl peroxy
radical. Due to the fact that the UV absorption band observed is due to excitation to
the repulsive B state, and that the absorption band is broad and featureless, the
quantum vyield for dissociation from the excited state (ddissociation) IS assumed to be 1.
To quantify the total photolysis rate in the atmosphere, Jwta must be calculated (E
4.4) by integrating the J; wotar VS A function, to find the total area underneath the plot
as shown in Figure 5.20, which for the methyl peroxy radical was calculated to be
4.12 x 105 st at noon in the tropics (15° North, 23.5° West) on the 15" of August.

o) - Se,/l = ]A,total E5.9

Jtotar = 2(0y Se,l) E5.10



163

2x10°
£
@

T 1x10° 4
\(<
el

O -

T T T y T v T g T 1
280 300 320 340 360
A/ nm

Figure 5.20: J;wta Values for the photolysis of methyl peroxy radicals due to actinic flux as a
function of wavelength is shown in green, calculated for the 15" of August at 12:00 noon local
time (15° North, 23.5° West — corresponding to Cape Verde) using the ACOM TUV model,
discussed in section 1.2.4. The Jwta value is calculated by integrating the function to give the
area, calculated to be 4.12 x 105 s,

Table 5.7 and Figure 5.21 show the main sinks for methyl peroxy radicals at Cape
Verde. Removal rates given in Table 5.7 are calculated by multiplying the
bimolecular rate coefficient by the typical concentration of the co-reactant, the
references for which are given within the table. Removal via. photolysis accounts for
around 1% of the total removal rate of methyl peroxy radicals under these conditions,
and has a minor influence on the removal of methyl peroxy radicals in this
environment. With a removal rate of 4.17 x 107 s, the lifetime of methyl peroxy
radicals with respect to removal via. photolysis is ~6.7 hours, which far exceeds the
lifetime with respect to the removal of methyl peroxy radicals via. the two most
dominant removal processes: reaction with HO2 (12 minutes) and OH (20 minutes)
and the total lifetime of the methyl peroxy radical (4 minutes).
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Table 5.7: Removal rates of methyl peroxy radicals at noon in Cape Verde via. reaction with
HO2, OH, NO, NO2 and ROz as well as for the removal via. photolysis, as shown in Figure 5.20.
References for each value are given next to each value. RO: includes all alkyl peroxy radical
species.

Typical noon

CH30:2

Removal  concentration kspedesfl"g’_tfzy' removal (t){;)tg{ /
: of speciesat ~ Ref P’ Ref rateat rersoz
via. C cm removal minutes

ape Verde / 4o noon /
J— molecule™ s 104 51 rate

HO: 2.70 x 108 221 5.21 24 14.1 35.3 12
OH 5.00 x 108 221 160 162 8 20.1 21
NO 2.10 x 107 161 7.70 8 1.62 4.06 103
NO2 3.08 x 108 161 4.00 8 12.3 30.9 14
RO:2 1.00 x 10° 161 0.34 254 3.4 8.55 49
Jtotal 0.412 1.04 405
Total 39.8 4

mHO2 mOH NO mNO2 mRO2 J

Figure 5.21: Removal rates of methyl peroxy radicals via. reaction with HO2 (dark blue — 35.3
%), OH (red — 20.1 %), NO (green — 4.06 %), NO2 (purple — 30.9 %) and RO: (light blue — 8.55
%) compared to removal via. photolysis (orange — 1.04 %) at Cape Verde.

The OH absorption cross-sections of the methyl peroxy radical were measured in a
similar manner to those of ethylene, TME and Isoprene HP radicals presented in
sections 3.3 and 4.3 respectively. In short, a radical precursor is photolysed within a
LIF cell at 248 nm, to yield radicals; in the case of the methyl peroxy radical, t-butyl
peroxide is photolysed to yield hot t-butoxy and OH. Ethanol is added to scavenge
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OH (R 5.13) and hot t-butoxy rapidly decomposes to form acetone and methyl
radicals (R 5.11), which combine with Oz to form the methyl peroxy radical (R 5.12).
The reaction mixture is then photolysed a second time using a high energy, tuneable
YAG pumped dye laser to photolyse the methyl peroxy radical, followed by a 308
nm OH probe laser, at a delay of typically 1-2 ps. OH is detected via. LIF at 308 nm
before and after the tuneable photolysis laser, with the increase in OH observed

immediately prior to the 248 nm photolysis assigned as OH from RO; photolysis.
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Figure 5.22: Total methyl peroxy radical absorption cross-sections with 16 error bars are shown
in black. Red crosses represent the absorption cross-sections for OH production from the
methyl peroxy radical as measured by Dr Hansen, with 2¢ errors. Note the large error bars
>300 nm are due to significant spread in experimental results, as well as uncertainties in the t-
butyl peroxide absorption cross-section at these wavelengths.

The OH absorption cross-section for methyl peroxy radical (o¢p, ) is equal to

02,00
the total absorption cross-section (O-CHsoz,A) multiplied by the quantum yield for OH
production (¢ cp,0,,2)- The OH absorption cross-section at a particular wavelength
in the experiments by Dr Hansen, is dependent on the absorption cross-section of the

radical precursor at that wavelength, as illustrated in E 5.11 and E 5.12.
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OHcpyo,  [CH30,]0 X [AV]20cH,0,1PcH;0,,2
OHipuoon  [tbuOOH] X [AV];0tpu00m,1Ptbuoon,a

_ [AV]248 nm[tbUOOH |01pu00H,248 nm Pebuoon 248 nm X [hV]AUCH3021¢CH302,A

E5.11
[tbuOOH] X [hV]30tbuoon1Pebuoon 4
_ [AV]248 nmOtbuoon,2a8 nmo_CH302'1¢CH3OZ,A
Otbu0OH A
_ OtbuOOH,A
OCH;0,AP CHy0,0 = n E5.12
[AV]248 nmOtbuoon,248 nm

Where OHcy, 0, and OHy,y 00 represent the OH generated from 248 nm photolysis
of methyl peroxy radicals and t-butyl peroxide respectively; [CH30,], is the
concentration of methyl peroxy radicals at to; [hv]; is the number of photons of
wavelength 4, ocp,0,2 and $cp,0,4 are the absorption cross-sections and OH
quantum vyields of the peroxy radical at wavelength A;[tbuOOH], 0,00, and
deruoon 2 are the concentration, absorption cross-section and OH quantum yield for

t-butyl peroxide at wavelength A respectively.

The absorption spectrum of t-butyl peroxide in the literature currently only extends
to 300 nm. Absorption cross-sections at wavelengths >300 nm are inferred from the
absorbance measured by the TRUVAS instrument, scaled to the literature value at
300 nm, providing the “shape” of the tail of the t-butyl peroxy radical UV absorption
band. Any inaccuracies in this process due to, for example, short term lamp drift,
whereby artefacts in the absorbance arise due to fluctuations in the lamp output
between the measurement of | and lo would have a directly proportional effect on
OcH,0, 0 Measured by Dr Hansen, and could explain why o¢y,o, ., appears to
exceed ocy,0,2 (the total methyl peroxy radical absorption cross-section) at
wavelengths longer than 300 nm. Another explanation for the measured OH
absorption cross-sections exceeding total absorption cross-sections, could be
contamination of the OH yield by contributions from t-butyl peroxy radicals. Any
OH which is not scavenged by ethanol (R 5.13) will react with the t-butyl peroxide
precursor to yield t-butyl peroxy radicals (R 5.14), which would likely photolyse to
OH via. a similar concerted H-migration/OH-elimination of the excited B state
proposed by Zhu et al. for the formation of OH from the methyl peroxy radical.”™
Additional OH formed from t-butyl peroxy radical photolysis could explain the
discrepancy between the 2 results, however the 2¢ error margins on the presented

values by Dr Hansen are inclusive of the total absorption cross-section measurements
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by the TRUVAS instrument, and do not present a significant problem. Since the
absorption cross-sections measured by the TRUVAS instrument are subject to fewer
sources of inaccuracy, and are based on a more well-known method of measuring
absorption cross-sections, OH absorption cross-sections above 300 nm are
interpolated from the total absorption cross-sections, and a quantum yield of unity is

assumed as shown in Figure 5.23.
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Figure 5.23: OH absorption cross-sections from experiments by Dr Hansen <305nm are
concatenated with the Gaussian fit to the total absorption cross-sections (black line) measured
by the TRUVAS instrument between 305 — 360 nm, to generate the absorption spectrum for
photolysis of methyl peroxy radicals to OH (red line).
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Figure 5.24: The interpolated OH absorption cross-sections shown in Figure 5.23 are used to
calculate the photolysis rate of methyl peroxy radicals to OH in the atmosphere due to actinic
flux at noon in Cape Verde on the 15" of August, calculated using the ACOM TUV model.”
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Figure 5.24 shows J(OH) for the methyl peroxy radical at noon around Cape Verde,
with avalue of 3.89 x 10 s, The rate of methyl peroxy radical photolysis to OH is
~94% as fast as the total methyl peroxy radical photolysis rate, i.e. the overall
quantum yield of photolysis to OH: ¢ ¢y, 0, 0n = 0.94 in the atmosphere. Typically
J(O'D) in the tropical boundary layer is ~3 x 10~ s; a comparable value to the J(OH)
value for the methyl peroxy radical calculated here. O(*D) is formed via. ozone
photolysis by solar radiation at A < 320 (R 5.20).

O3 +hv — O(D) + O R 5.20
O(*D) can react with H2O in the atmosphere to make 2 OH radicals (R 5.21), or
undergo collisional stabilisation by molecular oxygen (R 5.22) or nitrogen (R 5.23)
to O%P, with reactions R 5.21-R 5.23 representing the dominant sinks for O(*D) in

the atmosphere.

O(*D) + H,0 — 20H R5.21
O(*D) + 02 — O°P + O, R 5.22
O(*D) + N2 — O°P + N, R5.23

Table 5.8: Rates of the 3 main O(*D) removal processes, with branching ratios. R 5.21 depends
on [H20], which is calculated for 70% relative humidity here. Values are taken from the
MCM.%

Reaction Rate at 298 K, 760 Torr /s Branc_hing
ratio
R5.21 1.03 x 108 0.112
R 5.22 2.32 x 108 0.217
R 5.23 6.19 x 108 0.671

At 70% relative humidity, 11.2 % of O(*D) formed reacts with H2O, with each
reaction forming 2 OH, the rate of formation of OH from O(*D) is 3 x 10 x 0.224
=6.72x 1081,

To estimate the total OH flux from both ozone and methyl peroxy radical photolysis,
the Jwotal Value for each process is multiplied by the concentration of each species (E
5.13).
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d[OH],
dt

Typical methyl peroxy radical and ozone concentrations in Cape Verde are around 1

= ](x) X [x] E5.13

x 10° (40 ppt) and 1 x 10% (40 ppb) molecule cm= respectively, yielding OH
formation rates of 3.89 x 10* and 6.48 x 10° molecule cm™ s from methyl peroxy
radicals and ozone photolysis respectively.62 25° The additional OH formation from
methyl peroxy radicals contributes ~0.6 % to the total OH formation in Cape Verde,
and is therefore almost negligible when modelling the atmospheric chemistry of this

climate, and similar climates (pristine tropical marine boundary layer).

5.6 Discussion

OH formation from methyl peroxy radical photolysis has previously been observed
by Hartmann et al., who propose a mechanism for OH formation from electronic
excitation of CHzO; via. a non-adiabatic process (i.e. one which involves a crossing
between 2 excited state potential energy surfaces) involving isomerisation of excited
CH;0,(B?A") to excited CH2OO0H (24"") and then subsequent dissociation to
CH,0(X'A,) plus rotationally hot OH (42x%).” Hartmann et al. also note that
excitation of CH3O; at 248 nm could produce O(*D), which would react rapidly with
any hydrocarbon present to form OH. The experiments carried out by Dr Hansen at
the University of Leeds show OH production from the excitation of CH3O; at
wavelengths longer than the threshold wavelength for photolytic O(*D) formation
(273 nm - Table 3.5), implying unimolecular OH formation. The energies of possible
states resulting from electronic excitation of the ground state methyl peroxy radical
(X?A") to the excited B?A" state, and its subsequent reaction are shown in Figure
1.7.
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Table 5.9: Potential reaction pathways resulting from electronic excitation of ground state
CH:302 (X?A4"). AHr /kJ mol™ represents the change in potential energy between the ground
state CHsO2 and the corresponding intermediate or product. Threshold wavelength is the
longest X able to excite ground state CH3zO- to its corresponding state in a 1-photon absorption
process. Symmetries are taken from Hartmann et al..”

Threshold
Reaction AHr [k mol*  Wavelength /
nm
CH30,(X*A") + hv —» CH30,(B?A") - - R5.24
- CH3(X%A4;") + 0,(X3%,) 129.0 927 R 5.25
- CH3(X%A4,"") + 0;(a'Ay) 223 836 R 5.26
- CH3(X?A;") + 0,(b'%,) 286 418 R 5.27
- CH30(X?E) + 0(1D) 438 273 R 5.28
- CH30(X?E) + 0(3P) 248 482 R 5.29
- CH,00H(*A") 293 408 R 5.30
CH,00H(?A"") » OH(A%’E*) + CH,0(X'A,) 299 400 R5.31
- OH(X*I) + CH,0(X'4,) -88 - R 5.32
- OH(X*M) + CH,0(A'A") 243 493 R 5.33

Zhu et al. have more recently calculated the possible fates of excited CH3O»,
proposing a concerted H-migration/OH-elimination mechanism from the excited
CH,00H(?A"") transition state, which lies 288 kJ mol™? above the OH(X?I) +
CH,O0(X'A,) products.” The transition state CH,O0H(?A"") lies 293 kJ mol* above
the CH30, (XZA”) ground state, corresponding to a threshold frequency of 408 nm.
Upon excitation to the electronically excited state, the reaction proceeds via. the
repulsive B state, before either continuing along the O-O bond stretch to yield the
alkoxy radical and O(°P) or crossing via. the 2A”’ transition state resulting in
concerted H-migration/OH-elimination to yield the OH(X2IT) + CH,O0(X*A,)

products.



171

A CH;0(4%A)) + 0(3P)

600 =
CH.0,(B%A"
= x = == CH;0(X*E) + 0('D)
450
OH(A%*) 4+ CH,0(X'4,)

Ll 0 b12 .. A "
E 2(0'%) CH,0(AA")
2300 = ; = —
% 0,(a'Ay) = CH;0(X*E) + 0(*P) OH(X*M) — CH,0(@%4")
g —_— — -

150 1 0.(X*%y)

CH,00H(?A™)

" s
...............
o ——

CHy(R?4,") + »

CH;0,(X?A")

OH(X?M) + CH,0(X'4A,)

-150

Figure 5.25: Energy and correlation diagram for the electronic excitation of the methyl peroxy
radical, and the products of excited methyl peroxy radicals: Products of C-O bond cleavage are
shown on the left, and products from O-O bond cleavage are shown on the right. Reproduced
from Hartmann et al.”

In the OH absorption cross-section experiments conducted by Dr Hansen, OH is
detected as OH(X?II) via. the A?Z* « XZ?II transition at 308 nm, under the
assumption that any vibrationally hot OH(X?2IT) formed from methyl peroxy radical
photolysis, will have relaxed down to the X211 state. Based on estimated [H20O] in the
cell, excited OH(X?I) has a lifetime of around 6-7 ps; H2O is an efficient quencher
of excited OH, with a rate coefficient of 1.3 x 10'" cm® molecule' s™'. To test this
assumption, the delay between the photolysis and probe lasers was varied between

1-10 ps, resulting in no change in the measured ocy,0,,, Value over this range,

implying that the OH(X?IT) measured is representative of the total OH generated

from methyl peroxy radical photolysis.
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57 Summary

In summary, the absorption spectra of methyl, t-butyl and cyclohexyl peroxy radicals
have been measured using the novel TRUVAS instrument beyond 260 nm. The
absorption spectrum of the methyl peroxy radical measured here agrees well with
previous recorded spectra between 260-280 nm, and offers some clarification
regarding the shape of the spectrum beyond this range, down to a absorption cross-
section of 1.38 x 102! cm? molecule™ at 338.6 nm. The current smallest absorption
cross-section in the most recently accepted recommendation by Tyndall et al.is 5.2
x 101° cm? molecule™ at 295 nm, and so the absorption cross-sections measured by
the TRUVAS instrument offer an increase in sensitivity of more than 2 orders of
magnitude. The importance of atmospheric photolysis of methyl peroxy radicals was
assessed, showing a modest enhancement of the total removal rate of methyl peroxy
radicals via. photolysis of ~1% at noon in Cape Verde in the tropics. The contribution
to the rate of OH formation from methyl peroxy radical photolysis by solar radiation
at noon in Cape Verde was estimated to be around 0.6 % of the rate of formation via.

reaction of O(*D) with water vapour.

The absorption spectrum of the t-butyl peroxy radical was measured via. photolysis
of t-butyl peroxide at 248 nm, yielding equal amounts of t-butyl and methyl peroxy
radicals, resulting in the measurement of a compound spectrum of methyl peroxy and
t-butyl peroxy radicals. The absorption spectrum of the methyl peroxy radical
measured by the TRUVAS instrument was then subtracted from the compound
spectrum measured from the photolysis of t-butyl peroxide to calculate the t-butyl
peroxy radical absorption spectrum. Agreement between previously reported
literature values and the values measured by the TRUVAS instrument is good
between 270 — 280 nm, worsening at shorter wavelengths. The most likely
explanation for this is lack of sensitivity of the TRUVAS instrument at these
wavelengths due to lack of signal at shorter wavelengths (detailed explanation given
in the experimental section of this work), an effect compounded by the subtraction
of 2 spectra. The t-butyl peroxy radical absorption spectrum was measured down to
1.80 x 102° cm? molecule™® at 331.6 nm, which represents an increase in sensitivity
of over 2 orders of magnitude compared to the smallest literature absorption cross-

sections at 1 x 10718 cm? molecule™ at 280 nm.
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The absorption spectrum of the cyclohexyl peroxy radical was measured via.
photolysis of hydrogen peroxide at 248 nm in the presence of O and cyclohexane.
The spectrum measured by the TRUVAS instrument agrees very well with the
spectrum measured by Rowley et al., measured down to 7.3 x 10*° cm? molecule™
at 300 nm. The smallest reliable absorption cross-section for the cyclohexyl peroxy
radical measured by the TRUVAS system is calculated to be 3.21 x 10%? c¢cm?
molecule™ at 353.1 nm, representing an increase in sensitivity of more than 3 orders
of magnitude above previous measurements. The absorption spectrum of the
cyclohexyl peroxy radical is a good example of the sensitivity of the TRUVAS
system, particularly in the actinic region where absorption cross-sections of peroxy

radicals are small.
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6 Synopsis

6.1 Background

The background of the research leading to this project is centred around the problem
of discrepancies between measured and modelled OH levels in remote, near-pristine
environments, particularly those which experience high levels of the BVOC
isoprene. In these remote low NOx, high isoprene environments, the rapid reaction
of OH with isoprene is currently essentially a sink for OH, i.e. reaction of OH with
isoprene results in a net loss of OH and the formation of a suite of peroxy radicals.
In urban environments, NOx levels are sufficient to recycle peroxy radicals via. R
6.1-R 6.5.

OH + R-H — R + H20 R6.1
R+0;+M — ROz +M R6.2
RO, + NO — RO + NO R6.3
R-O + O — HO, + R=0 R6.4
HO, + NO — OH + NO R6.5

In remote environments, where [NOx] is low, R 6.2 and R 6.5 are too slow to
efficiently recycle OH. Under these conditions [OH] measured exceeds [OH]

predicted by models up to a factor of 10.

Various mechanisms have been proposed to attempt to find an OH recycling route
from the isoprene peroxy radical, including various intramolecular H-shifting
reactions. A 1,6-H shift mechanism was proposed by Peeters et al.*?” which results
in photolabile HPALD molecules, which would readily photolyse in the atmosphere
to OH. HPALD formation rates measured in chamber studies!®® convincingly
contradict the extent of OH recycling proposed by Peeters via this mechanism,
leading Peeters to reassess the rates of the 1,6-H shift in a following publication®*,

The Peroxy Radical Photolysis and its Impact on Atmospheric Chemistry (PRiPIAC)
projects aim was to investigate the possibility of direct photolysis of isoprene derived

peroxy radicals to OH as a viable OH recycling mechanism in remote, near-pristine
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environments, which could reconcile discrepancies between measured and modelled
[OH].

OH production from peroxy radical photolysis has been observed numerous times in
previous studies, particularly the study by Hartmann et al.”* in which excited OH
radical formation was observed when photolysing the methyl peroxy radical at 248

nm.

Peroxy radicals ubiquitously exhibit a broad-featureless UV absorption band,
typically 30-50 nm wide, centred around 220-260 nm. This absorption band arises
from the B?A4” « X?A"” transition, from the ground X2A" state, to the excited,
unbound B2A" state. Numerous fates of the unbound B2A" states are possible,
including the concerted H-migration/OH-elimination pathway, which represents a

photolytic source of OH from the electronic excitation of peroxy radicals.

Absorption cross-sections of peroxy radicals have been measured in the past by
various groups, however historically the B2A” « X2A" absorption band has been
used as a diagnostic tool for measuring the concentrations and therefore rates of
reactions of peroxy radicals in kinetic experiments, and are usually measured down
to around 1 x 10"*® cm? molecule. The focus of this project is on the photolability of
peroxy radicals in the actinic region, above 280 nm. In this region, the absorption
cross sections of peroxy radicals tend to be small (<10° cm? molecule®) and so a

sensitive method of detection is required for this purpose.

6.2 Implications

The total absorption cross-section measurements outlined in this thesis were used in
conjunction with cross-sections for OH formation measured as part of the PRIPIAC
project to determine OH quantum vyields and overall photolysis rates of isoprene
derived peroxy radicals in remote tropical locations, resulting in a publication in
PCCP®, Whilst isoprene derived peroxy radical photolysis to OH does contribute
to lessening the [OH] measured to modelled discrepancy, it falls short of contributing
significantly to modelled [OH] concentrations, increasing [OH] above the base case

by around 1% in the case of the Borneo rainforest, as shown in Figure 6.1.
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Figure 6.1: Modeled diurnal average OH concentrations for the base (black) and OHexp (orange)

cases, calculated at 15 minute intervals. The inset shows, for clarity, an expanded view of the area
contained within the blue box from 11:15-12:30 LT. Taken from Hansen et al.***,

Total photolysis rates of the various atmospherically relevant peroxy radicals were
calculated at noon in Borneo, based on the total absorption cross-sections measured
using the TRUVAS instrument, and were found to be minor removal processes for
these molecules in the atmosphere. Of the peroxy radicals studied in this thesis, the
isoprene and ethylene HP and methyl peroxy radicals are of the most atmospheric
relevance. Removal of the isoprene and ethylene HP radicals via photolysis at noon
in Borneo represents around 9.6 and 4.9 % of their removal (respectively) by reaction
with NOx and HO2 combined: their most dominant removal processes in Borneo.
These total removal rates are not insignificant, and should be incorporated into
models which calculate the concentrations of these species in the complex Borneo

rainforest atmospheric chemistry.

Whilst the methyl peroxy radical was shown to have a near unity quantum yield for
photolysis to OH in the actinic region, the absorption cross-sections of the species in
the actinic region is insufficient to significantly impact either OH formation or
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methyl peroxy removal in the marine boundary layer, increasing the rates of these
processes by around 1 and 0.6 % respectively at noon in Cape Verde.

One of the initial reactions studied by the TRUVAS instrument was that of the
Criegee intermediate formaldehyde oxide with water vapour, specifically water
dimer, which forms at high partial pressures of water vapour. Previous studies into
the reaction of water dimer with water were carried out at low water concentrations,
and found the rate of reaction of formaldehyde oxide with water to be slow (kn2o =
4 x 10 cm® molecule s?), and not a dominant sink for the species in the
atmosphere. Due to the ability of the TRUVAS instrument to operate at a wide range
of pressures, significant concentrations of water vapour (similar to those in the
atmosphere) could be introduced to the reaction mixture, increasing the concentration
of water dimer to around 1.2 x 10 molecule cm™ The rate of reaction of
formaldehyde oxide with water dimer was found to be 4.0 + 1.2 x 102 cm® molecule?
s1, corresponding to a removal rate in the atmosphere of around 1000-2000 s* and
representing the dominant sink of the simplest Criegee intermediate in the
atmosphere. This result has significant atmospheric implications, as it represents a
paradigm shift in the reactions of formaldehyde oxide, which it was thought may
contribute significantly to particle formation and air quality via reactions with SO>
and NO2 respectively.

6.3 Future Work

In this thesis it has been demonstrated that local constituent groups effect the width
and position of the UV absorption band of peroxy radical species. Modest increases
in the absorption cross sections of peroxy radicals can increase their photolability in
the atmosphere, as shown for the ethylene — but-2-ene — TME HP radical absorption
spectra, whereby a factor of 3 increase is observed in the atmospheric photolysis rate
between the primary ethylene HP radical and the tertiary TME HP radical.
Absorption cross-sections of peroxy radicals with particularly electron-rich groups
bonded directly to the peroxy radical carbon centre could exhibit significant red-
shifting and therefore significant increases in the rate of their photolysis in the
atmosphere. For this reason, it is important that absorption spectra of other peroxy
radicals, for example those derived from aromatic compounds, are measured in order

to investigate their potential to photolyse in the atmosphere.
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Whilst the reaction of the simplest Criegee intermediate with water dimer is able to
be studied using the TRUVAS instrument, it was found that the removal rate of the
higher Criegee intermediates precluded the investigation of their reactions. Better
time-resolution would facilitate the study of more reactive Criegee intermediates,
particularly to investigate whether the same rapid rate of reaction of the higher
Criegee intermediates with water dimer occurs. To achieve faster time-resolution
from the TRUVAS instrument, as well as solving problems of stray light

contamination, alternative spectrograph/CCD systems should be considered.
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