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Summary (no more than 300 words)

This thesis is centred around a common theme of using computatio nal chemistry to
investigate reactions that either produce or deplete atmospheric Criegee intermediates
(Cls). The computational work investigates many novel reaction mechanisms and generates
kinetic and product branching data for these reactions which is then reviewed in the

context of their impact on local tropospheric environments.

Firstly, the ozonolysis of a large array of alkenes is examined, as known sources of Cls. The
results of this study indicate -Hdomsintheaalkenor s i ncl
substituents and others besides all have a significant influence on the ozonolysis rate

constants and the fractional distribution of different Cl yields.

Assessments of bimolecular Cl sinks are also examined, particularly via reaction with
gaseous alcohols. The high reactivity of many Cl + alcohol reactions shows that in
geographical areas such as Sao Paulo, where biofuel use is prevalent, that alcohols are
likely a significant sink of Cls. The bimolecular chemistry of a series of Cls derived fr om a
new range of synthetic hydrofluoroolefin refrigerants are also examined, because their
refrigerant precursors are being emitted in ever larger quantities, and their fluorinated

substituents make their Cl chemistry distinctive.

Both the Cls and their alkene precursors are classified into several sets of taxonomic

groups on the basis of common structural features and similar bimolecular chemistries. By

linking computational ozonolysis chemistry to the structural alkene features, this

classificationallows t he aut hor to generate a new theoret:i
predict the ozonolysis chemistry of lengthy, conformationally flexible alkenes. This model

is used to determine the reaction rate and branching fractions of the O 3 + Z-2-hexene

reaction, but could be applied to many other alkenes, and perhaps even adapted to

explore the bimolecular reactivity of lengthy Cls.
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Preface

Chapter 4 consists of my work in two previously published papers:

&Criegee Intermediate dAlcohol Reactions, A Potential Source of Functionalized
Hydroperoxides in the Atmosphered by Met@li ,lpublesimed by ACS Earthand Space
Chemistry, DOI: 10.1021/acsearthspacechem.7b00108

6 An Extended Computational &todhobf REmatctegersbnbg
et al. , published in Journal of Physical Chemistry A, DOI: 10.1021/acs.jpca.8b09349

It is anticipated that the work in this Chapter will produce up to four other publications
At least two publications, consisting from the data and text in Chapter 3. It is anticipated
that this work will produce at least one publication, from the data and text in Chapter 5.
It is anticipated that this work will produce at least one publication, from the data and

text in Chapter 6.
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1. Introduction

1.1 The Origins of Atmospheric Chemistry

Throughout history, discoveries made in atmospheric sciences have been shown to have a
considerable impact on human life, whether it be informing the authorities about
deleterious tropospheric emissions on a local level (e.qg. toxic volcanic H 2S @s) or
demonstrating the effect that carbon dioxide (CO ;) emissions have on global atmospheric
temperatures .? One of the first landmark discoveries in atmospheric chemistry was the
reaction between limewater and CQ. Joseph Black showed both that CO; gas exists and
identified its presence in human breath, by observing the precipitation of calcium

carbonate in lim ewater (see in Equation 1.1). 3

Ca(OH)@g + CQg Y CaCQg + H0p) Equation 1.1

The 18" century contains many such important atmospheric chemistry discoveries, for

example by the chemist Henry Cavendish, who observed that adding iron or zinc to

hydrochl oric or sulphuric acid produced hydrogen
and 1.3).*

Fe(s) +2 HClaq) Y FeClZ(aq) + H2(g) Equation 1.2
Zne) + H'SQag) Y ZnSQaq) + Hog) Equation 1.3

Joseph Priestley, another 18™ century chemist, identified dioxygen (O ») by focusing the
sun's rays on mercuric oxide (see Equation 1.4).° But O, was originally identified as

dephlogisticated air under the now superseded phlogiston theory .

2 HgQs + I 2 Hgs) + Oz Equation 1.4

Antoine Lavoisier helped to disprove this phlogiston theory and documented a series of
elements and reactions using a new chemical nomenclature. This involved identifying
some gaseous elements including: dihydrogen (H), by reacting water (H »O) and iron,
producing H. and iron oxide (Equation 1.5); and CO., as a gas emitted by the reaction of

charcoal and mercury oxide (Equation 1.6). °
Fes)+ HOp Y FeQs) + Hyg) Equation 1.5
2 HgQs + Gs) Y 2 Hgs) + CQy) Equation 1.6

These discoveries continued throughout the 19 ™ and 20" centuries including the important

discovery of the noble gases, helium in 1895, and neon, kry pton and xenon in 1898-1900."

1



In 1840n 4 4 , C. F. Sch°nbein discovered that the el ect
odour 6 whi ch h e, oriozbeer(Sed Hquatod 1.72.%° O

HoOag) + Qo) Y Hagg) + Osg) Equation 1.7

Schonbein also discovered the production of gaseous Qs in lightning storms, which is
characterized by o0zoneds distinctive smell . Thes
measurements of ozone concentrations within various strata of the atmosphere have

identified O 3 as a tropospheric species vital to the survival of life on earth.



1.2

The Role of Ozone in Different Atmosphere Strata

The atmosphere, the small layer of gas that surrounds planet Earth, is divided up into

regions, or strata, for the purposes of scientific classification (see Figure 1.1). These

strata are so classified by their altitude range, because each stratum has a di fferent

altitude -temperature relationship. These different altitude

fi temperature profiles emerge

from each stratum having a different proximity to the earth, molecular composition, and

degree of transmission of electromagnetic solar radiation. Within a stra tum there is often

good horizontal chemical transport and therefore uniformity with longitude and latitude,

but lack of vertical transportation between strata (often a matter of years) significantly

reduces mixing and leads to a more distinct molecular com position for each stratum.

Figure 1.1: A vertical profile of the temperature (solid line), and pressure (short
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horizontal long -dashed lines. The source of this graphic

85 km in Figure 1.1, known as the mesopause, which is a span of temperature inflection

between the thermosphere and the mesosphere. As molecules descend through the

thermosphere their average temperature decreases until the altitude approaches

ca. 85 km. High in the thermosphere, higher energy solar radiation being is absorbed by

these molecules (typically N, and O;), which increases the thermal temperature. However,

the temperature increases as the altitude reduces from here because there is improved

energy transfer from a photoactive ozone layer in the stratosphere. There is little change

in the ¢ hemical composition of the mesosphere and thermosphere.
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Figure 1.2: Absorption spectra of diatomic oxygen [O ;] and of ozone [O 3] within the key DNA spectral ranges
(Figure 1.2a); 1° and absorption spectrum of calfthymus DNA molecule (Figure 1.2b). 1!

Within the stratosphere, there is an increase in the complexity of the chemistry present,

and a largely positive temperature gradient with altitude. As seen in the thermosphere,

this profile is due to increased solar radiation absorption: photochemistry caused by UV
electromagnetic radiation interaction with the ozone layer. As shown in Figure 1.2a, O 3
acts as a very effective screen for much of the high frequency UV ranges, as the
stratospheric abundance of O; causes only ~5 % of the UVB radiation (28@ 315 nm) to
reach the earth surface, and absorption by either O 3 or O, sees almost total elimination of
surface level UVC radiation (1001 280 nm).***3 Figure 1.2b shows that DNA is photoactive
at both UVC and UVB frequency ranges and so absorption of UV light by G; prevents DNA
damage caused by exposure to highdrequency radiation, which could otherwise lead to
cataracts and skin cancer. *** As shownin Figures 1.2a & 1.2b, UVA radiation (315&00nm)
is much less efficiently absorbed by O 3 and DNA than UVB & UVC, which means that, whilst
95% of UV energy that reaches the earth surface is of UVA frequency, this has a much less

deleterious impact on DNA.

The absorption of UV radiation that we are benefiting from is the electronic excitation of
stratospheric Oz molecules, causing homolytic O-O bond fission to produce an O, molecule
and an excited singlet O atom, O( 'D). Many of the resulting radical reactio ns are
exothermic, the energy from which can be transferred by collision with buffer gases, such
as O and dinitrogen (N 2), but which is predominantly non -radiative. O 3, as a greenhouse
gas, (GHG) can also absorb IR radiation, and this energy can also be transferred to
surrounding molecules, either by IR re -emission and absorption or through collisional
energy transfer (see Section 1.3.1 for more details). As 90% of atmospheric O 3 is in the
stratosphere, this is observed as a temperature increase in this stratum as the heat is

retained rather than transferred by vertical transport.  '* At lower altitudes within the



stratosphere (50A 20 km) the number of UVB & UVC photons reduces, triggering fewer
photochemical reactions and thus affording a slower temperature decrease to ca. 220 K.

The altitude i temperature profile seen over the stratosphere then inverts within in the

tropopause (20 12 km), within the troposphere there is reduced photochemical activity,

and increased proximity to the heat emitted from the Earth at lower altitudes causes a

negative temperature gradient with altitude. '° The troposphere contains roughly 85% of all
atmospheric mass, and with >50% of atmospheric gases populating the altitude below 5.5

km. ™ Most anthropogenic (human-sourced) activity takes place in the troposphere, as even

Mount Everest, t he worl dos rMKhaifadhe highestbuildinga i n , at
at 829.8 m; and the cruising altitude for most long -haul flights, 10 fi 13 km, are all within

this stratum. ** Most gases produced by human activity are found in the troposphere, with

tro pospheric lifetimes too short to support vertical transport into the stratosphere.  ** The

troposphere retains the v ast majority of H ;O evaporatedfromt he Eart hds surf aces
as HO vapour rises the tropospheric temperature drops towards the tropopause, and the

water vapour freezes before it reaches the stratosphere, causing precipitation.

The importance of the di stinction between the different strata is seen for gaseous O 3,
where in the troposphere it is problematic to human health as it is a strong oxidant, that if
inhaled can cause or trigger severe respiratory problems. *” Tropospheric O; caused an
estimated 14,000 premature deaths in the EU in 2016 and it ha s a harmful impact as a
GHG, which is in stark contrast to the beneficial impact of stratospheric O 3 in preventing
cataracts and skin cancer. 3! Sources of tropospheric O3 include: car exhaust fumes,
such as nitrous oxides (NQ), volatile organic compounds (VOCSs), and carbon monoxide
(CO); vertical transport from the stratosphere; and the photolysis of NO ; in the presence
of 0..1%'° When there is a localised temperature inversion in urban environments (when
the ground level air is cooler than the troposphere above it), O 3 and N, sulphur oxide
(SQy), smoke and other particulates, can become trapped because they cann ot rise or
circulate. *® This localised trapped pollution produces a fog called photochemical smog,
which is harmful to those populating the urban zone because these pollutants can oxidise
both biogenic and human tissue. 2*°?° Tropospheric Os also provides an important sink for

other pollutants, for example it globally removes D10% of the alkene isoprene.?

The fact that the presence of gaseous ozone in the atmosphere has both beneficial and
detrimental effects on human health depending on its distribution, makes it an archetypal

illustration of the importance of understanding the distribution of an atmospheri ¢ species.

This study focuses on ozonéi alkene reactions (alkene ozonolysis), and their reaction

products. Al kenes are emitted from many sources
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and automobile fuel burning, meaning that the focus of this reportis  tropospheric
chemistry. This is consistent with the short atmospheric lifetimes of both non  -halogenated
alkenes (0.37 hrs i 1.4 days) and of alkene ozonolysis products, Criegee intermediates (<1
s).2?®® This makes penetration into the stratosphere much more difficult because the time
scales for inter -strata mixing often is months to years. % These lifetimes are short relative
to their alkane equivalents (10 days fi 12 years), while halogenated alkenes can last up to
ca. 1 month, making the scope for vertical transport into other atmospheric strata

greater.

1.3 The Chemical Composition of the Atmosphere

Most of the atmosphere is predominantly composed of two gases N ; and O, (see Figure
1.3). However, accurate atmospheric modelling requires extended information about a
variety of non -negligible atmospheric species for example the monitoring of GHG
abundance and its effects on global temperature, or more localised hydrogen sulphide
(H2S) emissions from volcanos? Biogenic and anthropogenic species with more marginal
atmospheric abundances, such as BHO (~0fi 40,000 ppm) and CQ; or even with trace

presence, such as sulphur dioxide (SQ) and chlorofluorocarbons (CFCs) have been shown
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Figure 1.3: Atmospheric composition of the Earth (obtained from NASA data). 27
The monitoring of trace atmospheric species depends on their fluxes, which are made up
of two components: their sources which are the processes that pro duce or release the

species involved (e.g. volcanic eruptions); and their  sinks, which refers to their removal by



decomposition mechanisms, precipitation and/or solvation in oceans. These sources and
sinks fl ow i n anresenmisst wherd at mobpberigspesiesadcumulate for
significant periods of time, such as the methane (CH ) reservoirs in shale formations and
Siberian permafrost. 2*2° Tropospheric chemistry can often vary between different local
ecosystems, for example emission local to individual towns or cities. Biogenic emissions,
meaning atmospheric processes that emerge naturally without human input, often have
the greatest impact upon rural or pristine environments such as rainforests, conservation

areas and more remote countryside.

1.3.1 Major Atmospheric Species

The largest component (~78%) of the atmosphere, the inert gas N », is involved in some
atmospheric processes, such as te nitrogen cycle (a process by which various bacteria
convert N3 into nutrients before being converted back to N ; by denitrifying bacteria), and
are also used to synthesize fertilizers and explosives. **®* O, gas constitutes most of the
remaining atmospheric composition (21%), which is required for combustion of fossil fuels
and a key component in many biological funct ions, such as respiration, building

deoxyribose nucleic acids (DNA) and synthesis of amino acids >%°%

Many of the reactions that involve O », are also either significant sources of CO », such as
respiration or fossil fuel combustion, or important sinks, such as photosynthesis. *** Since

M/ 19" century, the increased

the beginning of the industrial revolution in the 17
combustion of wood, then coal and finally oil and natural gas for fuel on mass scale has
led to a significant increase in atmospheric CO,.%*? During the combustion of fo ssil fuel,
incomplete combustion processes like the burning of impurities or burning in O »-poor
environments, produce pollutants such as SO,, NOx and CO(see Section 1.3.2). The low
efficiency incomplete combustion process is more prevalent when burning coal, a fossil

fuel that is rich in impurities compared to natural gas. 2

This increase in atmospheric CO, between 1960 2019, seen in Figure 1.4a, appears
marginal, with respect to N > or O, abundance. However, the importance of both
understanding the chemistry of how pollutants breakdown and monitoring their abundance
in the atmosphere is brought into sharp fo cus by the impact that increasing CO »
concentrations along with other GHGs are causing to the global climate. As demonstrated
in Figure 1.4, the increase in the concentration of CO » in the atmosphere correlates with
rising global temperatures. GHGs absorhbinfrared (IR) radiation either emitted directly
from the sun, solar emissions reflected off the earth surface, or from visible solar

radiation absorbed by the earth and re -emitted as IR radiation, that would otherwise



escape into space.? This excess energy in the GHGs, is then transferred to other species
either by collision or re -emission causing net global warming. The increase in global
temperature is a strong contributing factor to glacial meltin g, droughts, and flooding from

rising sea levels.?
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Figure 1.4: CO, concentrations over 60 years observed at NOAA's Mauna Loa Observatory in Hawaii (Figure

1.4a);27 Figure 1.4b shows yearly temperature anomalies from 1880t 0 2019 (obtained from NASA data). 43
Other deleterious impacts of the increase in atmospheric CO ; includes acidifying of the
oceans (through the processes outlined in Equations 1.8f11.11), and contributing to human
health problems, particularly increasing blood pressure, respiratory problems and lo  wering
cognitive ability. ** As shown in Equation 1.8, the atmospheric CO, (CQOyg) is in dynamic
equilibrium with the aqueous CO » (COyaq) in Sea water, meaning as atmospheric CO; levels
increased, according to Le Chatelier principles , the equilibrium moves to the right and

more COpag) is produced. *®

CQ@z CQag Equation 1.8
CQag+ HOp 2 H2LQ (ag) Equation 1.9
H.CQaq) 2 HCQ (aq) + |_r(aq) Equation 1.10
HCQ (g 2 CcCQ?> @q + H' g Equation 1.11

This has some benefits as the decrease in CQ) reduces the impact of CO, emissions on
climate change, but this aqueous CO» contributes to acidification of oceans. Equation 1.9
shows that COyaq), With the excess H >Qy, is also in equilibrium with dihydrogen carbonate
(carbonic acid or H2CGQyag)), so this increase in CO; drive s the equilibrium to produce more
H2CQy(ag).-

Sea water is an effective pH buffer solution, where the dissolved salt containing a

hydrogen carbonate ion (HCOs"(.g)) can act as either a H -acceptor or a H-donor, in

8



equilibrium with H ,CQyaq) Or the carbonate ion (CO:™" (.g)) respectively, as seen in Equation

1.10 & 1.11. This increase in H2CQaq) drives the equilibrium in Equation 1.10 to produce

more HCQ (aq) and H' (ag), but these species appear on opposite sides of the equilibrium in
Equation 1.11. Thismi | dl'y al kaline O0Osea water buffero also
basic CQ% aq) ions, the additional H * aq) ions pushing the equilibrium towards producing

HCQ (q), overcoming the forward reaction and moderating the increase in acidity. This

means the overall effects of additional CO g in Sea water are: an increase in HCOs" (aq)

and H" availability. This additional H * availability, also known as acidity, has lowered the

pH from ~8.20 to ~8.07, between 1766 and 2007, and has contributed to the de gradation

of calcifying organisms, which has led to bleaching of the coral reefs. 48

The main source of H2O in the atmosphere is evaporation from large bodies of salt and
fresh water but there is also a contribution from biological respiration. Gaseous H >0 or
atmospheric droplets are used to facilitate photosynthesis by landing or colliding with

plant leaves, although the main source of water for photosynthesis is precipitation and
uptake through roots. 4°*° Tropospheric H.Og abundance (referred to as relative humidity)
can vary significantly, ~0fi 40,000 ppm, depending on factors like proximity to bodies of
water and time of d ay.*® Absorption of solar UV radiation by O 3 up to ~310 nm, via the
Hartley band , or within the 320 fi 360 nm range, via the Huggins band induces photolysis
to produce Oy and an excited singlet O(*D) atom. This O('D) species can react with H,0,
producing a significant source of the atmospheric detergent, OH radicals (sometimes
referred to as HO%g).'%° Alternatively, as part of the Chapman cycle, excited O('D) atoms
stabilises down to ground-state triplet O( 3P) atoms, through collisions with N 2 and Ozg),
and this O(CP) reacts with O to produce Ogz().'>* For more details on OH radicals, please
see Section 1.5.1.%®4

The atmosphere also has a trace population of noble gases like helium (He) , argon (Ar),
neon (Ne), and krypton (Kr), which are inert and act as buffer gases or collisional energy
guenchers (such as the collisional stabilisation of Criegee intermediates examined in

Section 1.5) in gas-phase process?*®

1.3.2 Minor Atmospheric Gases and Other Trace Species

The minor trace gases, such as carbon monoxide (CO) or NQ to HCI & alkanes, are
important, because , although they are frequently described as trace, they have large
enough abundances to impact human health and take part in the rich chemistry of the
troposphere. Though many of these gases are considered anthropogenic pollutants, even in

an environment that has much reduced exposure to human populations, such as in the
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countryside, toxic gases and substances can be inhaled or ingested by animal and plant
matter, which can subsequently be consumed by humans in the process of
bioaccumulation. This process has been demonstrated with the consumption of micro -
plastics in aquatic environments by fish. Micro -plastics accumulating in the oceans have
been consumed by fish which are then consumed by humans. This has led to toxic tra ce
impurities in human food products and is speculated to have a serious impact on human
health. %8 CH, emissions from natural gas pipelines or permafrost in Siberia are similar
examples of process with these kinds of externalities , except that these processes cause
harm through contributing to climate change. °%®° Nominally biogenic CH, emissions from
Siberia permafrost has been accelerated by global warming, which makes it an example of

both natu ral and anthropogenic externalities .>%*

Nitric oxide and nitrogen dioxide (collectively known as NO x) are trace gases that are toxic
to human health because long term exposure can contribute to lung cancer and other
serious respiratory illnesses, leading to hospitalisation or even death. %*® One example of
the importance in studying trace tropospheric gases, like NO x, would be the 2015
Volkswagen emissions scandal where the Environmen tal Protection Agency (EPA) of the
United States of America (USA) determined that the car manufacturers, like Volkswagen,
had programmed their turbocharged direct injection (TDI) diesel engines to activate their
emissions controls only during laboratory te sting.”®® These TDIs had been installed in 11
million cars worldwide and this lack of emissions controls meant NO x emissions were much
larger than expected. ®° Between 2008 2015, it is estimated that due to the use of the
odefeat deviced de s ibasederissions, the OSvexperiencbdes9 | a b
premature deaths and $450 million in social costs, with Germany experiencing 1200

premature deaths and 01.9 billion in e®tess heal

NGO« gases emitted from vehicle exhaust emissions has also been shown to be harmful in
other ways, such as its role in generating photochemical smog and acid rain. 27> NOx is a
precursor of other pollutants too, such as: O 3, which is known to cause respiratory
problems; nitrates in microscopic pollutants suspended in the air, called particulate

matter (PM); and aero sols, an airborne solid, liquid or multiphase suspension of that
particulate matter. These pollutants all contribute to serious respiratory problems and in

fact it is estimated that in 2010, there were 13,162 short -term premature deaths in China
from exposure to PM2.5, particulate matter with an in aerodynamic diameter <2.5 O mt®"®
> Additional evidence has shown that smoking tobacco has not only led to serious health
problems and often smoker deaths (~439,000 in the USA in 2019), but it affects those

10



around them through opassi ve s monkuchofgvbichcand 1,

be attributed to the detrimental effect of particulate matter. 76o8

Pollutant emissions can also emerge from wetlands and bogs (~40% of the global CH;
budget), livestock farming and Rice paddy fields (~30% and ~11% of CH emissions

respectively). 27°%1
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Figure 1.5: Diagram of gaseous emissions from volcanoes and their effects on the atmosphere and
environment from study by Mather et al.. 82

Anthropogenic exploitation of geothermal energy for electricity and heating, as well as
natural volcanic eruptions, leads to toxic particulate emissions and increased emissions of

H.S, which is deadly at 700 mg/m 3, CO; (1% of global budget), SO, hydrochloric acid (HCI),

bromine monoxide and chlorine dioxide (Figure 1.5). 28183%0

Other natural products that are harmful pollutants are: CO ,, CO and particulate matter
from forest fires; and evaporation off or  droplet formation from sea -water which emit
significant levels of dissolved gases (such as HCI), sea salt aerosols and

hydrochlorocarbons. *-2
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1.4. The Thermochemistry and Kinetics of Key Tropospheric Species

After these trace gases or precursors are emitted into the atmosphere, they undergo a
broad range of chemical reactions for example those with Criegee intermediates
(described further in Section 1.6, and a focus of this thesis). While atmospheric reactions
are often thermodynamicall y favourable, these reactions frequently have kinetic barriers
that make the reaction less favourable than can be inferred from the thermodynamics
alone. This is observed in the contrasting atmospheric processes: H> +% O, Y H,0, which,
while thermodynamic ally favourable, is a very slow reaction (unless there is an ignition)
due to a large kinetic barrier; CH 00 + CHOH, where the reaction goes to completion due
to a low kinetic barrier; % and CQ 2 CQO (ag), Where the ongoing forward and reverse
processes put the reaction in e quilibrium. These types of systems are generalised in
Equations 1.12 & 1.13:

W+ XY WX Equation 1.12 W+Xz Y+Z Equation 1.13

With respect to atmospheric models, the main purpose of measuring experimental
information or calculating kinetic information about the irreversible reactions is to see the
effect these reactions will have on (W and/or X) species depletion or WX product
formation, determined using the rate equation (Equation 1.14). In order to determine the
rate of a reaction (rate 2o), either the rate of consumption of the reactant(s) or

production of the product(s), at any given time during the reaction process, the rate law
of that reaction must also be known. This rate law or rate equation express 2oas a
function of all the concentrations of all the reactants, as shown in Equation 1.14, and
these rely on three factors: the MWa&KLtheat s& conc
reaction orders, w & x; and the thermal rate constant, k(T), the key kinetic descriptor.
The order of the reactants refers to how many stoichiometric units of that reactant take
part in the rate determining step, and these reaction orders dictate the relationship
between reactant concentration and rate. Examples of this includes where the rate  is:
first -order with respect to reactant W, where the decline of [W] is in a linear relationship
with the decreases in rate; second -order with respect to reactant W, where a decline of
[W] causes a decrease in rate that is exponential; or zero -order with respect to all
reactants, where the rate is not determined by reactant concentration, where the

important species may be a catalyst. Often each reactant can have a different order (i.e.
first -order with respect to reactant W and second-order with respectt o reactant X) and

the sum of these individual orders are collectively the overall order of the reaction .%*

rate 2o = k(T) x [W]" x [X]* Equation 1.14

12



k(T) = Alc © x ®/RT Equation 1.15

As shown in Equation 1.15, the rate constant, is the key kinetic descriptor of the
relationship between rate and the activation energy (E.), also referred to as the energy
barrier. This rate constant also includes a pre-exponential factor (A), which is dictated by
entropic factors and collision orientation. One crucial point here is that the pressure or
concentration function (c°) in Equation 1.15 does not produce pressure-dependence for
bimolecular rate constants, due to the presence of the exponential component ( e®/RT),
which is also pressure-dependent (as displayed in greater detail in the derivation of the
computational rate constant in Equations 1.19 fi 1.34). This cancels out any pressure-
dependence caused by the c® component. For this reason, the ¢ ° function is often
integrated into the pre -exponential, when Equation 1.15 is displayed in the literature. %
However, the author has separated them here to show that, when analysing a bimolecular
gas-phase process, the inverse pressure (1/c® component of the pre -exponential causes

the rate constant to be expressed in cm 2 molec.* s* units (often shortened to cm 3 s?).

This link between energy barriers and rate constants shows that if a theoretical rate
constant is to be calculated, at a minimum one requires the one -dimensional potential
energy surface (PES) along the reaction coordinate. To calculate this PES, the structures
and the energies of key stationary points (minima and transition states) on the PES need to
be computed. An example PESfor OH+ NG is provided:

N
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Figure 1.6: Example one-dimensional potential energy surface (PES) for the OH+ NG; reaction involving stages
from left to right of: raw reactants; pre  -reaction complex; transition state; and products. %

This PES displays an important contrast between the reversible formation of a pre -reaction
complex (PRC) and the irreversible nature of product formation, where the reverse

reaction would involve overcoming a very large positive -going transition state (TS)
energetic barrier. The degree of preference for the forward reaction  (r1) over the

backward reaction ( r.1) is expressed in the PRC equilibrium constant, Keg in Equation 1.18:
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rate (W+XY PRC) =rate (PRCY W+X) Equation 1.16
ki x [W] % [X] =ks1 x [PRC] Equation 1.17

. 0Yo 0 _
v —_ — Equation 1.18
w W Q

Keo for the formation of these PRCs is derived from the rate equations at the point of
equilibrium, where the rate of forward reaction and backward reaction are equal (shown

in Equations 1.16 & 1.17). This generalised concept is referred to as steady state theory.
Re-arrangement of this equation to Equation 1.18 uses the PRCin place of the original
reactants, W & X, and is derived by using the k(T) for forward PRC formation reaction, ki,

divided by that of the reverse PRC decomposition reaction, k-1.

This thesis relies on computed kinetic and thermodynamic properties for the  systems
under investigation, therefore the relative energies of all stationary points on the PES

need to be identified. This total energy can be artificially broken up into several different
sets of contributions, such as total electronic energy ( @), whi ch is the energy of formation
of that single fixed geometry at the stationary point. Vibrational contributions can be
incorporated into the total energy to produce the energy of the system at 0 K, known as

the zero-point energy (ZPE): the lowest harmonic e nergy level at the bottom of the
internuclear potential energy well. This ZPE does not take into consideration the thermal
energy from molecular movement along translational ( E), rotational ( E), vibrational ( E),
and electronic ( E) degrees of freedom, shown in Equation 1.19, referred to as internal
thermal energy (Eqt).%"?® As seen in Equation 1.20, internal thermal energy ( o) at 298 K

and the total electronic energy ( o) makes up the total thermal energy at 298 K (Uzgsx).

= + + +
ot —E+E+E +E Equation 1.19 U =0 + Ot Equation 1.20

One of the important components to determining the rate constant is the enthalpy of both
the reactants and the transition state, which is a description of the internal energy of the

system maintained at a constant pressure and volume adjusted (see Equation 1.21). %

Hogsk = Uzgsk O poV Equation 1.21
Another important contributor to the rate constant is the entropy of the system: a
measure of the distribution of the energy between the translational (  S), rotational ( S),
vibrational ( S), and electronic ( &) modes of motion of the system (see Equation 1.22).
The entropy is low if the motion involved is distributed over a small number of modes as
that makes the reaction more likely to occur spontaneously. The Gibbs free energy, G, is a

comprehensive thermodynamic term to desc ribe the maximum energy stored in the
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system, that is free for work, and it is composed of the entropy and thermal enthalpy of

the system as shown in Equation 1.23.

St =S +S+S+S Equation 1.22 G=HA TS Equation 1.23

This Gibbs Free energy links the thermochemistry of these molecules to the Arrhenius

equation (see Equation 1.15). The Arrhenius equation combines the concepts of the

Boltzmann distribution and the activation energ y, to produce the rate constant but which

also incorporates a pre dexponential ( A) factor accounting for the likelihood of reaction

based on collisional orientation probabilities. The activation energy and the pre -

exponential factors also account for the en thalpy and entropy changes within the

reaction. The r &)isassigned to kerthe hActvhtipryenefgge whereas the
preexponenti al i ncorporates a natur a$g,amdhgvonent i al

these factors impact the rate constant (k(T)) and are described in Equations 1.241 1.25. %
k(T)=Ax1Q J Equation 1.24 A=—x1Q | Equation 1.25

Because of the nature of enthalpy and entropy factors this can all be displayed as a
function of Gibbs free energy in producing the unimolecular rate equation (Equation 1.26).
In this thesis, calculations are performed to determine two key parameters ofan vy
reaction: the theoretical rate constant, or  krueg used to ascertain the reactivity of the
reaction; and the product branching ratio ( B), which measures the proportional yield of
competing reaction rate constants.

. QY.

Q —q7
Q

<

Equation 1.26

To determine these rate constants for unimolecular reactions this is sufficient, however if
the reactions are like OH+ NQ; seen in Figure 1.6, Equation 1.26 does not fully satisfy
these requirements. This is because Equation 1.26 does not take into consideration the
impact of pressure or the Kgq of pre-reaction complex (PRC) formation. PRC formation
must be considered because it can impact the degree of pressure or temperature

dependence in the rate constant or product formation in many gas -phase reactions.

If the TS barrier is high in energy (large positive -going E,), hotter conditions produce
larger rate constants . This is because the thermal contributions to the collision energy are
more significant. If the TS is lower in energy, the reactants already possess much of the
energy required to react, even at lower temperatures, and excess energy facilitates PRC

decomposdtion, so colder conditions produce larger rate constants. In addition, colder
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temperatures can assist in stabilising pre -reactant complexes, orienting the system

towards reaction dgiving rise to a more favourable Arrhenius pre -factor.

The rate constant Equation 1.26 contains a constant c®, a function of concentration, which
is set to 1 for all unimolecular reactions, such as r.; and rp, and is unitless because they
are not a function of concentration. However, for bimolecular reactions, such as many
studied in this thesis, the pre -reaction complex formation reaction ( k) is caused by the
reactant colliding with the excess co -reactant (pseudo first order kinetic conditions), and
therefore the ¢ ° is concentration of gas in the system (units = molec./cm 3). This therefore

makes the concentration of gas in the forward reaction (& ) a component of the Keq

equation. This is important as gas phase reactions require collisions with co -reactants.

Keqg — E'Q yQ,i vy {éY QYed Yy — Y9, Yo iy P

— = p — Equation 1.27
@, @, o, @,

For bimolecular systems, @ value is determined using the ideal gas law, which is derived

from Boyleds | aw, Char | e Thisaeabgss laavueabcridestbegadr o6 s |
thermodynamic behaviour of gases using a monoatomic ideal gas with no possible

designated polarity, and therefore only undergoes elastic collision. This ideal gas law uses

the universal gas constant (R = 8.3145 J K'!) to describe the relationship between pressure

(Po) and temperature ( T) of the system, with the volume provided (V) and the number of

gas molecules (n) within the system. This is rearranged from Equation 1.28 to 1.29 to find

the concentration of gas determined in number of molecule per cm 3, as a function of

pressure and temperature, which in this thesis is assumed to be standard (Po=1atmand T

= 298 K), unless otherwise stated. This can then be incorporated into the Keq equation as

shown in Equation 1.30.

A C Y'Yy

Lw €YY W - — V] — Q7!
v Y'Y V]

Equation 1.28 Equation 1.29 Equation 1.30

To derive an accurate Kgq value, the reversible reactants 2 PRCreaction is understood to

be in equilibrium, with a PRC population remain ing effectively unchanged. The PRC also
progresses through an irreversible ounimolecul ar
the rate constant for this pathway, ko, is derived using Equation 1.34. However, the rate

of PRC reaction to product is generally small enough not to affect equilibrium or

consequentially Keg value, throughout. This is the steady state approximation . This means

that the full bimolecular rate constant from reactantsto  products for that transition state

barrier ( krg), can be determined using a composite rate constant, as seen in Equations
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1.32f 1.34. If there are multiple TS barriers for a reaction, these krsare grouped into one

rate constant (Equation 1.31).

Q BQ Q 0 Q
Equation 1.31 Equation 1.32
6 0V n —~'gY Y |
0 Q
Equation 1.33 Equation 1.34

These rate constant equations are used in this study to calculate the theoretical rate

constants for the reactions computed.
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1.5 The Importance of Alkene Ozonolysis inthe  Troposphere

Both the unimolecular and bimolecular rate constants described above a re critical to
understanding how quickly tropospheric species are generated or breakdown in the
troposphere and in differentiating between which of the numerous production and

depletion mechanisms contribute most considerably to the abundance of those spec ies.
The key reactions undertaken in this thesis are major depletion processes for harmful
pollutants, such as Oz and SQ; and/or they generate species that perform this function,
such as OH radicals or Criegee intermediates (CIs). In the following section s a background
to the main species studied in this thesis, common alkenes (Sections 1.5.1/ 1.5.5), Criegee

intermediates (Sections 1.5.3 and 1.6) and hydrofluoroolefins (Section 1.7) is provided.

1.5.1 Sources and Sinks of OH radicals in the Atmosphere.

Tropospheric pollutant removal can proceed through physiological sinks, which include:
dissolving in lakes and oceans, such as with CQ dissolving into sea water; atmospheric
escape into space by low mass species (~50 g/s of helium is lost from earth); and t hrough
molecules and particulates being removed by water droplets and being rained out. 2191192

Water droplet adsorption usually occurs via diffusional collision, a mechanism that

benefits small diameterspecies( <0. 1 Om), or via initial col lisi
di amet er s p g Thiseaves(agraup & species with a range of medial diameters
(referred to as the 0Greenfieldd gap), that are

are prone to have longer atmospheric residence times. 0314

As well as providing a pathway for physiological removal, pollutant collision with, and
adsorption by, a water droplet can also facilitate another type of removal process,
through chemical reaction. The surface of the droplet can either provide a viable ¢ o-
reactant for the pollutant or facilitate a reaction with another atmospheric species by

providing a catalytic surface. '°°
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Figure 1.7: A diagram of OH radicals (represented by HO in this diagram only) with their sources and sinks. 106

OH radicalsare known as an atmaospheric detergent , as their oxidative capacity and

tropospheric abundance, means they play a very significant role in cleansing the

atmosphere of various pollutants, including SO 2, NO,, alkanes and many other species (see

Figure 1.7).2 The oxidative capacity of OHradicalsc omes from the oxygends r
electron and small molecular structure. The reaction of OH radicals with other pollutants

has a strong propensity to form more stable, less toxic products than their precursors,

such as CQ from CO and HNQ from NO,. "1 OH radicalsreactions can also produce

hydroperoxyl and alkylperoxy radicals (HO: & RQ), both also sinks for toxic pollutants ,

such as NQ.*®

This detergent role demonstrates the importance of OH radicals in the troposphere,
however, as the main source is photolysis of Os in the presence of water vapour, their
abundance is significantly diminished by the lack of UV radiation at night -time or in
shaded areas. On the other hand, while night -time OH radicals are significantly less
abundant (~1.85 x 10° molec./cm ®) than during daytime (~1 x 10 ® molec./cm 3), they are
not depleted to a negligible level, due to non -photolytic OH yield from the gas -phase
ozonolysis of alkenes.'®'%%! This production of OH radicals from alkene ozonolysis has

been verified experimentally for a range of alkenes and the OH yield can vary
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significantly, for example from ozonolysis of styrene (~0.07) compared to limonene
(~0.86).

The prior literature investigating Os + alkene reactions shows that these reactions have
experimental rate constants ( kexg large enoughto be very atmospherically significant
(~10%1 10" cm?® s%). 1% Similarly large literature kexpvalues shown for ozonolysis of
propene, methyl vinyl ketone (MVK) and styrene (1.0 x 10 */, 45 x 10% & 1.2 x 10"/
cm?® s?, respectively) show that ozonolysis is viable for alkenes with a range of functional
groups, not just those that contain straight chain substituents.  *? This importance of the
Os; + alkene reaction is significant enough to be responsible ~10% of isoprene depletion,

the most prevalent VOC in the troposphere. %

Alkene ozonolysis contrasts with the Oz reactions with saturated alkanes , such as CH and
n-butane, which have very low experimental rate constants ( kexp~1.4 x 10%& 9.8 x 10
cm?® s1), 1011311 The importance of a double bond in ozonolysis reactions, inferred from

this contrast, is confirmed by the low rate constants for the ozonolysis of substituted
alkanes with functional groups including: aromatic alcohols, such as p henol and o-cresol
(<102 & <2.6 x 10™'° cm?® s1) and ketones, like 3 -methyl butanone (6.3 x 10 ?* ¢cm?® s%).1°
These low rate constants for alkanes make them less likely to produce OH radicals during

ozonolysis compared to the ozonolysis of alkenes.

1.5.2 Ozonolysis of Alkenes

Ozonolysis of alkenes was first hypothesised for the liquid phase reaction in 1949 by
Rudolph Criegee and later verified in 1975. ***7 This led him to postulate the mechanism
for the gas-phase ozonolysis of various alkenes, shown in Figure 1.8, which has
subsequently been verified for such alkenes as: 2,3 -dimethyl -2-butene, cis-2-hexene and
ethene. 1%181° Computational studies of the ozonolysis of 1,3 -butadiene, isoprene and
carene all show the same reaction pathway. *?°*?? O, + alkenes can alsoreact via an
oOepoxidati ond c h a-alkeeekan <5% %r diees) whth praduces Q and

an epoxide (explored further in  Appendix Section 1.7). 12%22

Figure 1.8 shows a sample ozonolysis mechanism. The fird step is a concerted
electrophilic addition from the two terminal O atoms in O 3. This produces a heteroatomic
5-membered ring called a primary ozonide (POZ), with internal torsional strain and ~200
250 kJ mol™ of excess energy, almost guaranteeing instantaneous POZ fragmentation. *?3
The short-lived POZ fragments along the C-C bond and one of the two O-O bonds,
subsequently forming a carbonyl compound, such as an aldehyde or ketone, and a Criegee

intermediate (Cl). Due to the excess energy produced by the exothermic reactions of both
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the ozonolysis and POZ decomposition steps, a large proportion of the Cls are produced
with significant internal excitation often referred to as a hot or excited Cl. However,
several factors that increase the stabilisat ion fraction of the CI population include:
formation from the less exothermic ozonolysis processes; the internal electronic stability

of the CI; and larger substituent groups on the carbonyl co -product. 10124125
H H Atmospheric Unimolecular
>=< Detergent Decay to OH

HyC H
Propene [
=<:/=< ™o ‘
o i ol
Terpenes + O\‘/ \"0 )0]\ + (o]
LR R l
HoC CHy )=< POZ
Isoprene Ra Rs
H
"m Bimolecular Collisional
H Reactions with | wm—— st Dbillsim:‘ia o
\_  Styrene 50,, NO, and H,0 avilisatio

Figure 1.8: Reaction schematic for the ozonolysis of atmospheric alkenes and subsequent Criegee
intermediates processes.

About 37% 50% of the tropospheric excited ClI yield undergoes rapid unimolecular
decomposition due to their initial  internal energy. 2126435 The remaining Cls are
collisionally quenched producing stabilised Criegee intermediates (sCls). These can break
down through pathways such as slower, thermal unimolecular decomposition, bi molecular
reactions with other trace gases or UV photolysis. 23126:132.134135 Qe jmportant
experimentally verified observation from the literature is that these Cls generated from

alkene ozonolysis are a major source of OH radicals. 13623

1.5.3 Key Characteristics of Criegee Intermediat es (CIs)

Key to these CI species, featured in Figure 1.9, is the carbonyl oxide functional group
(C=0-0). Carbonyl oxides are frequently described in the literature as having both
zwitterionic and biradical character related to each other as  resonance structures,
although recent computational examinations of the CI electronic structure suggests the
systems have greater zwitterionic character. 3%'%° |t is worth noting that the degree of
zwitterionic or biradical character affects the CO bond length, Rcg, in the CI, as the
average C=0 bond (zwitterionic representation) is shorter than a single C -O bond (the
biradical depiction). The gre ater unsaturated character of the C=0 bond in the
zwitterionic Cl leads to a more electron rich C=0 bond with a highly electronegative

central oxygen. This then leads to increased repulsion from a highly electronegative
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terminal oxygen and an increased O-O bond length, Roo, compared to the biradical Cl. So,

the degree of biradical/zwitterionic character can be measured by the  Rod Rco bond ratio.

The two R groups attached to the carbonyl oxide can be composed of substituents with a
wide range of size and complexity, for example from phenyl (Ph) to fluorine groups ( -F)
and from fi H to dodecalkyl (i (CH)1:CHs) groups. The interaction between the substituents
and the core carbonyl oxide group can alter the sCI chemistry with respect to both
unimolecular decomposition and bimolecular reactions with other atmospheric species
(discussed in Chapters 4i5). If the R 1 and R. substituents differ, there will be two
chemically distinct conformers: the syn-Cl, where the largest R substituent is synto the
terminal O; and th e anti-Cl, which has the largest R substituent anti to the terminal O.
They typically exhibit a high barrier to interconversion (~160 kJ mol * for CH;CHOO) and
have different reactivities. *'*?If the Cl has an unsaturated bond in one of the

subst it ue ncarbon poaition, thexe will be two conformers, the cis and trans
conformer, where the unsaturated bond is either perpendicular or opposite to the C=0 -O
bond respectively. Both these phenomena are exhibited for the four conformers for the
MACROO sCls as evn in Figure 1.9.

MACROO trans Ccis
H (o] H (0]
\ / \ /
c=0 c=0
anti /
HZC=C\ H,C—C
C H3 C HZ
CH CH2
Vi Vi
H,C=C O | H,c—C 0
syn \ / \
/C=0 cC=0
H |-|/

Figure 1.9: MACROO sClI conformers based by characteristics.
This categorisation system divides the various sCls into: syn-sCls,anti-sCls, and
disubstituted sCls, such as synCHCHOO,anti -CHCHOO & (CH).COO espectively; this
notation is used throughout this thesis. Despite having two identical substituents (i H),
CHOO is often categorised separately from any of these groups. This is because it has a
reactivity that does not involve the electrochemical impacts  of the syn-/ anti -substituted
groups. The i H groups are also small and so they only have a limited steric impact.
Throughout this thesis these categorisations are important in the analysis of sCls both in

terms of bimolecular reactions and unimolecular dec omposition.
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The excess energy produced by the highly exothermic ozonolysis reaction has led to
challenges in experimentally generating sCls in a laboratory environment. **3 The first
direct detection and assignment of an sCl was executed by Taatjes et al. , where
formaldehyde oxide, CH>OO, was produced from reacting dimethyl sulfoxide (DMSO) with

Cl radicals in the presence of gaseous O, (Equations 1.35 & 1.36).**
CHSOCH+ CIY CHSOCH + HCI Equation 1.35
CHSOCH+ O, Y CHSO + CHOO Equation 1.36

Another method for sCI production was used by both Welz et al. and Huanget al. where a
diiodoalkane, like CHl,, is photolyzed and the resultant photofragment reacted with
oxygen: CHl + O, (Equations 1.37 & 1.38). 145146

CHlz+heY CHl + 1 Equation 1.37
CHI+ O, Y CHOO + I Equation 1.38

This method does have significant drawbacks including that diiodoalkanes are: expensive,

toxic and reactive, making their storage difficult; and it does not directly correlate with

the branching fractions of the CI s from alkene ozonolysis ****” While, these methods were

initially utilised to obtain CH >00, they can also be used to obtain other Cls, such as the
oOomowmarbstitutedd met hyl f or maynbtaathGHLCEOG xi de conf ol
(Equations 1.39&1.40) and o0di substitutedd6é6 di methyl for mal c
(CH),COQ 8149

CHCHb+ K aCHCHI +1 Equation 1.39

CHCHI+ QY syn/ anti-CHCHOO + | Equation 1.40

1.5.4 The Importance of a Taxonomic Classification System for  Alkenes

As these alkene ozonolysis reactions are known to be effective tropospheric sinks for the

important pollutants, alkenes and ozone, as well as a non -photolytic source for

doat mospheric detergentod OH radicals, sandowl edge
product branching ratios are particularly important in modelling the atmosphere. As seen

previously, it is alkene reactions with gaseous O 3 that produces secondary OH radicals. As

the ozonolysis chemistry changes depending on the size and composition of the >C=C<

substituent groups, the OH yields for this vast number of alkenes become difficult to

model without a form of taxonomic classification.

23



Abundance of Alkenes in the Rainforests Abundance of Alkenes in Megacities

|soprene Ethene ‘
MQSE Propene : ‘
8 Limonene § 1-Butene |
c _Pi S 2-Methyl-1-butene
@ o-Pinene | 2 Trane.2-bufone
< Clsé[?éziﬁzzz = i‘ 2-Methyl-2-butene
? i = Cis-2-butene
$ Trans-B-ocimene | G o
S p-Pinene | 8 Trans-2-pentene
£ t-Terpinene | NN g 1,3-Butadiene
& Camphene| ING— pentene| |
B-Thujene |G Cis-2-Pentene| |
Myrcene | N Isoprene| ]
A-3-Carene | I : | ! 1-Hexene| ]
107 108 10° 1010 10" 10° 10" 10" 1012
Tropopsheric Abundance (molec./cm?) Tropopsheric Abundance (molec./cm?)

Figure 1.10: Fractional prevalence of different alkenes in example natural and anthropogenic environments.

Often atmospheric chemists divide alkenes into two groups based on a structural and

source classification (see Figure 1.10): larger structures that predominate in natural
environment s, | i ke spngne;amdéhe smalkeospucteresehata nd Ul
predominate in anthropogenic environments, such as propene and isobutene. 8110453 Thjg
natural/anthropogenic classification of alkenes can work well in  very local atmospheric
models, but the rate constants and OH yields show significant cross -over between groups
and large diversity within these classifications. This implies that a much more rigorous

analysis of literature trends is vital to understand an vy relationship between the structure

and functionality of the alkene substituent groups, and the ozonolysis reaction chemistry.

1.5.4 Literature Experimental Trendsi n Alkene Ozonolysis

Comparison of computational data generated in this thesis with existing experimental data
is vital for benchmarking the computational work and for comparing trends across
molecular systems. Developing accurate trends in structure compar ed to reactivity is vital,
because it is not possible to study every potential tropospheric alkene ozonolysis reaction
to their fullest extents. One way this can be performed is through the generation of
taxonomic classifications, grouping like -alkene structures and their corresponding k(T)
value & product branching ratio ( B). These taxonomic groups can reduce the number of
computational calculations required and represent the chemistry of this group of O 3 +
alkene reactions to a single equation or group of equations. These classifications can be
used at the ab initio level, but can also be used in atmospheric models. The AtChem 2
software uses a similar taxonomic group , RO;, to simulate the reactions of a large variety
of similar alkyl peroxide radicals, reducing the number of separate calculations that need

to be undertaken considerably. **
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There is some literature precedence for alkene taxonomic classification in this area. One
example of this was a structure -activity relationship (SAR) analysis by McGillen et al. ,
which linked the alkene structure and the experimental rate constant ( kexd value, 181
kexpwas linked with structure using an inductive and a steric impact of substituent
groups.'*®1% The inductive factor is deduced from the number of alkyl substituent groups
on the >C=C< bond, creating an electron donati ng impact and therefore inducing a
destabilisation of the alkene bond, allowing it to become more reactive. This is verified by
the increased kexpvalue for 2,3 -dimethyl -2-butene over ethene (1.24 x 10 ° & 1.68 x 108
cm?® s1).1%° This is counterbalanced with a steric factor which is a sum of the different
steric interferences anticipated depending on proximity of extra alkyl groups to the >C=C<
bond.®

@ Ry Rs (b) W 2
c_ N
= Z 67N ch,
R> Ra H

Figure 1.11: Comparison of Alkene substituent positions (Figure 1.11a); and N, n bra&hchi@g positions
(Figure 1.11b).

The effect of branched substituent alkyl chains on rate constants is reduced to negligible
when additional alkyl groupsar e at t a c h epdsitian®or tbevord (fqr greater
explanation of this see Appendix Section 1.6.4). %" This approximation is used by
McGillenetal., who esti mate t hat addi t-cadaonadndlzeyokdy |
has no effect on the kexpvalue.'® Heteroatom substitution also alters rate constants and is

explored in a later SAR.**®

H CH, H H
N\ / N\ /
cC=C C=C

\ / \
H,C H HsC CHj
E-2-butene Z-2-butene
H CH H H
N, 4/ N
c—cC c—C
7\ 7\
H,C H H,C CH,
E-1,3-butadiene Z-1,3-butadiene

Figure 1.12: Example of E-and Z-butene conformers and E-and Z-1,3-butadiene conformers
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The SAR model initially created by McGillen et al. , does not include the effect of different
conformeric orientations. As shown in Figure 1.12, alkenes like 2 -butene can have the two
alkyl substituent groups either in the trans (or E) orientation, where the CH 3 groups are in
opposite positions to each other; or the cis (or Z) position, where they are orthogonal to
each other. This separates these alkenes into two distinct taxonomic groups, cis- & trans-
alkenes, that frequently display markedly different bimolecular reaction rates. These

groups have a high degree of internal coherence in the experimental literature, meaning
that when comparing the ozonolysis of 2 -pentene and 2-butene, the cis sterecisomers see
a similarly lower kexevalue and OH yield compared to their trans counterpart. °*'8 Alkenes
which have two C=C bonds, known as dienes, also exhibit cis-/ trans-isomerisation. Shown
in Figure 1.12 is an example of a diene, 1,3 -butadiene (H.C=CHCH=CH), where the trans-
isomer has the two C=C bonds in opposite positions to each other. The cis-isomer has the
two C=C bonds inorthogonal positions to each other. *** As the C-C bond that would rotate
bet ween the two conf oreletronovertap setweer theotwodCEG s e d
double bonds, the C-C bond gains some double-bonded character. This conjugation lowers
the energy of the overall molecule and provides a higher barrier to internal rotation than a
typical C-C single bond. Despite this conjugative effect, dienes typically react with ozone

inamanner i denti cal to d6monoenesad.

Ozonolysis studies of various alkenes have included the unsaturated oxygenates such as
unsaturated alcohols, aldehydes, ketones and esters. It has been found that they exhibit
the same stages of the ozonolysis reaction profile, principally reacting along the >C=C<
bond rather than along the C=0 unsaturated bond. *°***° By-products of these reactions
include hydroxy -aldehydes and hydroxy-ketones alongside their Criegee intermediate
equivalent. One distinct set of reactions is the ozonolysis of cyclic alkenes like 1,2
dimethyl -1-cyclohexene or heteroatomic cyclic alkenes, such as furans. **8° These differ
from typical alkene ozonolysis reactions because the cyclic nature of the alkene reactant
means that only one final product is formed, a long chain with an aldehyde/ketone group
at one end and a carbonyl oxide (COOQ) group on other end. The nature of a cyclic alkene is
a reduced ability for internal rotation which produces steric hindrance/ring strain when

the O3 + cycloalkene reaction occurs.

Experimental product branching ratio ( Eexe) values are less available within the current
literature than kexpvalues for two major reasons. The Cls produced from alkenes
ozonolysis often undergo rapid unimolecular decomposition meaning that detection of
these Cls is often very challenging. This can be overcome by the observation of either the

sCl yields in conjunction with unimolecular decomposition products, or by recording the
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yield of the aldehyde/ketone by -product. The measurement of the aldehyde/ketone by -
product is an imperfect tool for measuring Cl yield be cause the high OH yield may have an
impact on the aldehyde/ketone by -product concentration present and because it is

difficult to determine a yield that discriminates between Cl conformer yields, as these

high energy CI conformers may interconvert. Until v ery recently, the difference in yields

of the different sCI conformers was inferred using OH yield. %9962 Thjs inability to
accurately discriminate between CI conformers at point of production is problematic
because these indirect measurements in the literature infer that changes in the alkene
structure, e.g. cis-/ trans-isomerisation, can alter the Cl yield but without

quantification. %93 The effect of alkene substituents on the rate constants and  Brueo of

ozonolysis is studied in Chapters 3 and 6.

1.5.5 Criegee Intermediates as a Source of OH Radicals

The unimolecular decomposition of Cls falls into two groupings: rapid fragmentation of
internally energetic Cls that are formed upon initial ozonolysis, which often produces OH
radicals; and sCl unimolecular decomposition through cyclisation or H -transfer aftert his
initial energy has been collisionally dissipated. The prompt fragmentation can lead to
various atmospheric species including CO, CQ, HCO and CHOH 108133135.164467 Tha jdentity
and the Brueoof Cls produced is critical to understanding the overall OH yield of an alkene
ozonolysis, demonstrated by the fact that CH 00" has a smaller OH yield (~0.12) than
CHCHO® (~0.23+0.18). 108:133.135.16467

1.5.6 The Atmospheric Impact of Aldehydes and Ketones

Also of interest in this study are the carbonyl co -products of the O ; + alkene reactions:
aldehydes and ketones. Both folic emissions of isoprene and alkene evaporation from fuels
have been shown to be notable sources of formaldehyde (HCHO). The production of
gaseous HCHO from oxidation ofterpenes and other alkenes, by O ; and OH radicals, and
the subsequent increased HCHO tropospheric abundance is harmful to human health. 1°81¢°
Often emitted from smokin g cigarettes, HCHO is chemically harmful to humans because it
can cause skin irritation and is carcinogenic and toxic if inhaled. %' HCHO is identified
by the US environment protection agency to be the most important carcinogen found

outdoors, after PM and 0Os.1"?

Although a tropospheric pollutant, significant proportions of these aldehyde/ketone
emissions are removed by photolysis, by being dissolved in the oceans or via reactions with

OH radicals.>**"® Photolysis of HCHO and other aldehydes are known to produce H +
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HCQO RCOZ!® These HCO or RCO then react with Q to produce CO alongside gaseous HQ@
and RQ radicals. *® This photochemical process is known to contribute tropospheric
abundances of HQ and RQ radicals, throughout the year.'™ Formaldehyde is emitted from
many building materials found indoors, like plywood, glues, and paints and are removed by
reaction with OH radicals also producing HO, & RQ; radicals. ™" The problems that arise
from the increases in formaldehyde emissions that build up inside the house can be

mitigated with increased air flow and specially chosen houseplants. %

sCls can also react with the carbonyl species co-products, and studies of these reactions
can be found in both ¢ omputational and experimental literature. These analyses show a
potentially significant role for these carbonyl species as CHOOreactions with CH3;CHO and
(CR)2CO havelarge kexpvalues (102 A 1012 cm® s1). 17738 The theoretical analysis by Ma
Qiao et al. shows that final products of reactions between aldehydes/ketones with the
sCls,CHOOand PhCHOO may include noteworthy products like formic and benzoic acid.
In Chapter 5, some sCl reactions with aldehydes like HCHO, CRCHO and CECFO are
analysed. This is due to their significance in local atmospheric concentrations and that

they may have an enhanced role as sCl sinks due to their status as co-products of the same

Oz reaction.
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1.6 Criegee intermediates (Cl) Chemistry

1.6.1 Unimolecular sCIl Reactions

As mentioned briefly above, prior to collisional stabilisation, the Cls produced from

ozonolysis may undergo molecular fragmentation processes to produce a variety of

different products. After collisional stabilisation, unimolecular decompositio  n is still

viable, energy constraints mean that there are fewer available fragmentation  pathways

and the sCls decompose at much slower rates. The main unimolecular reactions involved in

the decay of sCk, whether it be via ring-closure, H-migration or inte rnal rotation , all of

which feature in Figure 1.13, varies depending on the substituents on the sCl and their

orientation. ' The unimolecular decomposition and therefore the atmospheric lifetime

depends fundamentally on these unimolecular reaction mechanisms. For example, the

slower 1,3-ring closure mechanismof CHOO pr oduces a |yo-BsytbansClsi f et i me

with synrCH g r o u mis0.0026), which have a more swift 1,4-alkyl H-migration sCI

H 1833185
breakdown mechanism.
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Figure 1.13: Commonunimolecular reactions involved in the sCl decay process. 2

CHOO, the most exhaustively investigated sCl, is also the simplest and m ost abundant sCl,
with a relatively high concentration in environments like the amazon rainforest (~10  °
molec. cm™).# Nevertheless, measuring sCl abundance at this low level is extremely
difficult, especially considering the short sClI lifetimes. So, in a Novelli et al. study, the
steady-state concentrations of sCls in the lower troposphere are estimated using two
methods. 2 Firstly, as the inlet pre -injector laser -induced fluorescence assay by gas
expansion (IPFLIFFAGE) technique is sensitive to OH formed from unimolecular sCl
decomposition, Novelli et al. used this technigue in conjunction with rates for the sCl

OH reaction, to indirectly measure sCl concentrations. % A second method, used by Novelli
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et al. and other studies, involves: measuring tropospheric alkene abundances and, using
known alkene ozonolysis chemistry, t o generate an sCl production rate; using unexplained
production rates of OH (likely generated from the sCI OH reaction) and H>SQ (likely
generated from sCI + SQ) to estimate sCI depletion rates; and using these production and
depletion rates to estimat e an overall steady -state sCl abundance *®>'¢ Vereecken et al.
reported that the primary unimolecular decomposition mechanism for CH .00 is1,3-ring
closure, where the terminal O undergoes bond formation to the carbon atom with a
relatively low rate constant ( kun ~ 0.3 ). '8 However, other sCls that react via 1,3-ring
closure, like anti-CHCHOO andanti -EtCHOO, do havelarger kun values (53 & 74 s). 18

sClswithasyna |l ky | gr oup aHs,duchhassyriQHELHAOe (CHLCOO andsyn
H,C=CHC(CH)OO, have a more rapid accessible unimolecular reaction channel: 1,4-alkyl-
H-migration . This process involves a Htransfer from the syn-CH; group to the terminal O
to produce a vinyl hydroperoxide (VHP). This gives a moderately high overall kyni (~350f
650 s that usually has a larger kunithan 1,3-ring closure .8 For example, the kuwi for this
pathway is ~136 s?, larger than the kun for anti-CHCHOO (=53 8), which can only react

via the 1,3-ring closure pathway. %2

I f there i s a >pbsitbxwithrespett toithe carbbngl oxie, the sCl forms
separate cis and trans conformers. The high interconversion TSso barrier of this internal

c o nj u g @ystendrotation is more important for Cls with unsaturated groups in the
synposition, such as anti -H,C=CHC(CH)OO (see Figure 1.13). Without this TS;so pathway,
anti -H,C=CHC(CH)OOwould have to fragment via the 1,3-ring closure pathway, but by
effectively linking the trans and cis conformer via TSisg the system can still access the

1,4-alkyl-H-migration channel.

That swift unimolecular decomposition reaction of the cis-sCl conformer of

anti -H,C=CHC(CH)OO is referred to as a 1,5-unsaturated -ring closure, which, as seen in
Figure 1.13, involves the terminal oxygen attacking the n-carbon. This produces a very
large kuni value (~10° -107 s%). 82 This 1,5-unsaturated -ring closure mechanism is not
observed for sCls like syn-H.C=CHC(CH)OO where the conjugated group in the anti-

position. 182

Other sClreaction channels can exist but are of limited consequence fo r the sCls in this
work. Unimolecular reaction studies have been performed for the 1,4-alkyl-H-migration
unimolecular decomposition of syn-CHCHOO, (CH).COO and bothcis and trans
conformers of synCH=CHC(CKH)OO, in Section 4.6.
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1.6. 2 Bimolecular Depletion Mechanisms for sCls

If the carbonyl oxide group is predominantly zwitterionic, then the moiety is also polar

and thus likely to be highly reactive, even with systems that have weak polarities. sCls are

involved in many important bimo lecular reactions with other trace atmospheric species,

particularly those that are polar, maximising dipole -dipole interactions. As an example,

OH radicals are normally thought o03$OOamnpeteh e O0at mc
with OH as a sink for polar pollutants, like HNO 3 and NG, especially in environments like

boreal forests where the [ CHOQ is high (~1-5 x 10 molec. cm ). ***

An example of a tropospherically important bimolecular sCl reaction is that of sCl + SO ..
This involves not only the removal of SO», a toxic substance known to cause respiratory
problems, but these reactions have important secondary products too, such as SO 3. 18%190
SQ is implicated in the production of both acid rain and atmospheric aerosols, making

them vital to include in atmospheric models. 841°%192 Bimolecular sCl reactions with H >0,
(H20). and alcohols have also been shown to be crucial because they are important sources
of -hydlroxy-hy dr oper oxi d e-alkydxydlkyPhydropenosidesl{AAAH), which are
significant sources of OH radicals. 5°%10%19%49% 5| g also readily reacts with gaseous
tropospheric species including aldehydes, oxidants and acids (both organic and inorganic),
such as CHCHO, NQ, HNO; and HCI respectively, 11+105.184.191,192,196

Given the breadth of sCl bimolecular tropospheric reactions, and the abundance of Cls in
both urban and pristine environments, it is clear that sCI chemistry is of great atmos pheric
importance. However, the scientific community is still lacking a great deal of information

on many of the sCI reactions likely to be tropospherically relevant, particularly given the
challenges associated with experimentally studying sCls directly. For this reason, this
thesis interrogates sCls reactions with several trace atmospheric co -reactants for which
little or no experimental data exists. Chapter 4 features the reactions between various

sCls and the common atmospheric alcohols, methanol, ethan ol and isopropanol. Chapter 5
studies the reaction of various important atmospheric species with the hydrofluoroolefin -
derived sCls (HFGsCIs): CHOO, syn/ anti -CRCHOO andsyn-/ anti -CRCFOO. The HF&sCls
are becoming more important atmospherically over time because of the increase in the

use of anthropogenic HFOs which are discussed in the next section.
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1.7. The Importance of Hydrofluoroolefins (HFOSs)

HFOs are alkenes that contain halogenated substituent groups such as -CF;, -F and -Cl.
HFOs are currently being introduced as refrigerants in various markets, such as the United
States of America (USA), the European Union (EU) and China!®%!®®* HFOs can also undergo
ozonolysis to produce Cls, and these HFO derived Cls, once collisionally stabilised, can
subsequently go on to react with trace tropospheric species. However, HFOs and HFO -sCls
are likely to have very different chemistry to typical alkenes and sCls, dueto  the
halogenated substituent groups. This introduction to the HFO refrigerants provides the
context for the further exploration of HFO ozonolysis chemistry and its tropospheric

implications in Chapters 3 & 5 of this thesis.

1.7.1 The Impact of Chlorofluoroc arbons (CFCs) on the Atmosphere

Various groups of chemicals have been used as refrigerants throughout the 19™ i 21
centuries. Prior to refrigeration technology, other methods of food preservation were used
such as the addition of salt or the dehydration of meat, to prevent spoiling. 2°®*°2 Milk and
other foods that spoiled relatively quickly were kept fresh by packing alongside snow and
ice. It was not until the mid -18" century that the first artificial refrigeration machine was
invented by the Scottish chemist Willi am Cullen.?®® This involved using pumps within a
liquid diethyl ether mechanical con tainer to create a partial vacuum. This caused the
ether to boil resulting in the absorption of heat from the air, and cooling the environment.
The pursuit of more commercially applicable refrigerators involved devices that used

water vapour compression and liquified gases such as NH; at low temperatures and high
pressures?* This culminated, in 1834, with Jacob Perkins, the father of the refrigerator
inventing the first continually operating refrigerator, which used a vapour -compression

system.?

The following commercially viable refrigerators were industrial scale to preserve
agricultural products at places of production, processing, transport, and distribution. This
resulted in the lowering of the price of these goods globally, and reduced wastage. After
gas absorption technology was applied to refrigeration systems and ice machines by
Ferdinand Carré, they operated using various gases as coolants including methyl formate
(CHOCHO), methyl chloride (CHsCI), SO: and NH. 2“2% These refrigerators contributed to
society in many ways because, while most food previously had to be produced close to
places of consumption, these inventions, alongside innovations in the expansion of
fertiliser use, communications, and shipping, meant food could be imported from cheaper

and more efficient producers. 2°?% This also had a secondary effect: food production was
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made more efficient and waste was reduced meaning more of the working population

could work in other economi c areas, such as heavy industry.

Despite this major advancement, the first generation of refrigerants, NH 3, SG,, CH;OCHO
and CHCI were all harmful if they leaked and were also potentially explosive meaning

they were unsafe for home storage. ?*° A new second generation of refrigerants were
designed in the 1930s by Thomas Midgely Jr. and co-workers, which were called
chlorofluorocarbons (CFCs). Examples of CFCs include freonll and -12 (CECL & CFCE)
and these were beneficial because they were inert, non -toxic, and exhibited the high
volatility of the first generation .*2?° As shown inFigure 1.14a, between the 1950s-70s,
refrigerators were increasingly used and CFC atmospheric emissions from factory

production, home use over a long duration and disposal in landfills, all increased. *°
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Figure 1.14: Graphical representation of the concentration of CFCs over time (Figure 1.14a)° and how this
the effect of increased CIO presence on O3 in the stratosphere on 16th September 1987 (Figure 1.14b). 1021
Imagesobtained from Calvert et al., 2015 .10

These emissions led to a significant build -up of CFCs in the atmosphere, as one of the only
significant sinks for CFCs is photolysis by UV radiation below 255 nm which gives these
species long atmospheric lifetimes (45 fi 100 yrs).? As CFC abundance increased, they were
observed to be able to traverse the low t emperatures of the tropopause and rise into the
stratosphere. In the stratosphere CFCs undergo photolysis forming chlorine radicals which
catalytically deplete stratospheric O 3. This was found to be especially important at the
poles, where every winter a strong circumpolar vortex in the stratosphere is formed that

not only prevents latitudinal transport of most species but the temperature drops below

180 K. The HNQ@ and H,O condense on sulphate aerosols to form polar strato spheric
clouds, which provide surfaces to convert reservoirs of HClI and CIONO», from the CFC
breakdown, into Cl radicals. This increased level of Cl radicals proceeds to react with O 3
leading to higher local mixing ratios of oxychloryl (CIO) radicals, as shown in Figure 1.14b,

and degradationof Oswas so | arge that it | ed?Thisaléoled |
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to a subsequent increase in peopleds | evel

cataracts, and skin cancer, as mentioned in Section 1.2. ?*?

Other damage caused by CFCs comes from their high global warming potential (GWP). Due
to the large absorption of IR light at many different fr  equencies, the GWPyoo of CFG11
(4660), and other such CFCs, are much higher than CQ. This means that despite the very
low atmospheric concentration of CFC -11 (~600 ppt), the impact on atmospheric

temperatures are significant.

These adverse effects led t o global concerted commitment and action to reduce CFC
usage. The Montreal Protocol, signed in 1987, committed to reduce CFC emissions to zero
over the next few decades. All major countries in the world signed the treaty.  2**¥® This
was achieved by substituting the CFCs with a third generation of refrigerants,
hydrofluorocarbons and hydrochlorofluorocarbons (HF Cs & HCFCs)which had a much
lower ozone depletion potential (ODP). 22421¢Dye to this international action and HFC
substitution, CFCs have been reduced significantly since the 1980s and with each major
CFC seeing a reduction in atmospheric concentration of between 4 and 15% over the 6
years between 2005-2011.2

Without the implementation of the Montreal Protocol, it is estimated there would be an
extra 1.5 million skin cancer deaths and 45 million additional cases of cataracts. 22 While
the recovery of the O ; layer is underway, there are still occasional countries and
companies that break the Montreal protocol, which subsequently reduces the rate of
recovery of the O 3 layer. 2*"?*® Despite CFCabundance decreasing global temperatures are

continuing to increase due to the increase in emissions of other GHGs, such as HFCs>%?

1.7.2 The Impact of Hydrofluorocarbons and  Hydrochloro fluorocarbon s (HFCs &
HCFCs) on the Atmosphere

HFCs and HCFCs, the CF€frigerant replacements, are synthesised using
chloroalkanes/chloroalkenes, such as chloroform, trichloroethene, and HF gas. 2'%??° These
third generation refrigerants are used in various parts of the manufacturing sector

including for the production of electronics, air -conditioning and automobile engine

coolants. ??*

Whilst they have low ODP values, like CFCs, HFCs and HCFCs are significance GHGs. As
seen in table 1.1, as HFC and HCFC emissions have increased so have global
temperatures. ?*?*®* HFCs and HCFCs, such as HF34a and HCFE22, have high absorption

of IR radiation at many frequenc ies and similarly long atmospheric lifetimes (13.4 and 11.9
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yrs respectively), leading to high GWP 100 values (1300 and 1760 respectively).? On the
other hand, these species have significantly lower GWPs than the most prevalent CFCs
(4000 fi 14,000).2 By curbing the use of HFCs, the world could avoid a subsequent global
temperature rise of 0.4 °C by 210022?? There is a small contribution to ozone depletion
from HCFG22 and HFG134a, but this is minor compared to that of CFCs. 2%

Table 1.1: Comparison of CFCs, HFCs and HFOs as refrigerants in Global Warming Potential over 100 years
(GWRyp); Ozone Depletion Potential (ODP), atmospheric lifetime and sCls emitted from reaction with O 3

Name Structure GWRy  ODP Lifetime HFGsCls ref
(yr)
HFG 1234yf CRCF=CH 4 0 10.5 days CHO0O0 224,224
Syn/ Anti-CRCFOO
HCFQ1233zd E-CICH=CHCF 14 0.0005 26 days Syn/ Anti-CICHOO 2225226
Syn/ Anti-CRCHOO

HFG1234ze  EFCH=CHCF <1 0 16.4 days Syn/ Anti-FCHOO 224227
Syn/ Anti-CRCHOO
CFC11 CFC} 4660 1 45 N/A 224
CFC12 CCLF, 10,200 0.82 100 N/A 2
HFG134a CHFCR 3710 0.0013 134 N/A 2,216
HFG245fa CHRCHCR; 858 0 7.7 N/A 224

The need to curb HFC and HCFC emissions led to an amendment to the Montreal protocol,
called the Kigali amendment. This favoured the phasing out of these gases in favour of
hydrofluoroolefin (HFO) substitutes. ?*® These HFOs have a much shorter lifetime (10 i 30
days) than HFCs/HCFCs, yielding much lower GWRy values (~1i 14).2:24224.225.22/Ag shown in
Table 1.1, compared to both CFCs and HFCs, HFOs have an insignificant impact on the
stratospheric ozone and climate change, however, the swift decomposition channel means

that their reactive tropospheric chemistry may well be more important.

1.7.3 The Impact of HFO emissions on the Atmosphere

These fourth -generation refrigerants can be divided into hydrochlorofluoroolefins (HCFOSs)
and hydrofluoroolefins (HFOs) but, for the purposes of this thesis, they are grouped

together as HFOs. There are several main HFOs that are used in commercial circulation
including: HFO-1234yf (CRCF=CH), HCFO1233zd(E) (E-CICH=CHC{§} and HFO-1234ze([E)
(E-FCH=CHC{. 227229230 |n the USA, HFQ1234yf, produced by manufacturers like Chemours
and Honeywell, is being used as a viable replacement for the automobile engine coolant,
HFG134a.2'®% The EU has stated its intention of replacing all HFCs with GWP 100 >150 with
HFOs19% HFEG 1234yf is very difficult to ignite with an electrical spark, only igniting

when mixed with PAG oil and temperatures > 900 °C.%*® With the restriction on HFCs

coming into force in 2020, other HFOs such as HFO 1345yf (CRCRCH=CH), HFO-1336mzz
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E (ECRCH=CHC§ and HFO-1336mzzZ (Z-CRCH=CHC}, may also be used as future

refrigerants. 2®%

HFOs have several atmospheric decomposition pathways, including reactions with CI, NO 3
or OH radicals. HFO-1234yf, HCFO1233zd(E) and HFG-1234ze(E) exhibit large kexpvalues
with OH radicals (~10*/i 10 cm?® s?), with slightly smaller kexevalues for Cl radicals
(~10™ A 10'° cm® s1). 2™@3° There are some computational chemistry studies on these
reactions in literature and these are important to expl ore further as HFO decomposition
pathways have been shown to increase the abundance of important species like
tropospheric trifluoroacetic acid (TFA). 199224226237.240.241 A exhaustive study of these Os +
HFO reactions exploring all pathways as a full understanding of the bimolecular reaction
rate constant, determines the effectiveness of O 3 as a HFO sink, and the CI branching
ratios demonstrate the ability of a reaction to act as a source of hydrofluoroolefin  -derived
sCls (HFGsCIs).

The HFOs of interest in this thesis (HFO-1234yf, HCFO1233zd, HFOQ1234ze and HFQ
1345yf) have small ozonolysis r at e ¢ o n’S¢md st bait theyGare tlll found
locally at atmospheric concentrations high enough to be considered important, especially
near cities that have elevated levels of O 3.102%6:227.241 The fact that the ko, for HFOs is
lower than the kod kna/ kei equivalents does not exclude the importance of these
ozonolysis processes for HFOs. For example, many alkenes, including isoprene, have ako,
smaller than kown and, due to the much higher concentration of O 3 over OH radicals,

ozonolysis is still very competitive with OH radicals as an important alkene sink. 24%243

Knowing the major tropospheric sinks of HFOs, producing more accurate ozonolysis rate
constant values, in this case krueg for bimolecular sinks and applying them into both local
and global atmospheric models is becoming more vital with increased HFO use. Chapter 3
examines the krueovalues of several HFOs; which Cls are produced from these reactions
and relative branching fractions; and places these values in the context of the ozono lysis

of other non -halogenated alkenes.

Finally, the existing experimental and computational literature of sCls has very little
analysis of these new HFO derived sCls (HF&sCIs). Reactions involving HFGsCls, such as
syn/ anti-FCHOO syn-/ anti -CICHOO,syn/ anti -CRCHOO, are examined but are sparsely
distributed amongst many different computational studies. These studies generally involve
these sCls as part of a greater computational examination of sCl reactions with a low
reactivity species, like CO », Hz, CHs, or low abundance tropospheric species, like
CRCH=CH. This means that the analysis of HFO-sCls in Chapter 5, is amongst the first

extensive computational analysis of HFO-sCls.
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1.8. The role of Computational Chemistry in the Study of Atmospheric
Chemistry

Oneselfevi dent truism used to be that ochemistry is
has come into question more recently. #** With the development and increasing application
of more advanced computer processing, software product development and large -scale
data storage, huge volumes of chemistry research is n ow being performed in silico. The
application of computational chemistry can now not only be usedto complement
experimental analysis of chemical properties, reaction mechanisms and reaction outcomes
but it can also be used to forecast reactions that are e ither too expensive to perform in a
laboratory setting or are simply beyond current experimental capabilities. As such,
computational models are applied to investigate everything from the unimolecular
decomposition of small species to the interactions of | arge macrostructures, such as
enzymes bonding with pharmaceutical products. °318224524¢ Computational chemistry has
been used to model reactions in a diverse set of environments including qguantum

tunneling in gas-phase reactions, the effect of changing solvents on the speed of a liquid -

phase reaction, and the effect of solid surfaces as reac tion catalysts. 93247@50

1.8.1 Foundations of Theoretical Chemistry and the Construction of Basis Sets.

To perform computational models of chemical reactions, an understanding of each
component of the atom is required. Atoms contain protons, neutrons, and electrons which
have elementary charges (qe) of +1, 0 and -1 respectively (1 ge ~ 1.602 x 10'° Coulomb).
The number of protons in the atomic nucleus, referred to as the atomic number, defines
what element the atom is on the p eriodic table. The number of neutrons in the nucleus
dictates the el ementds isotope, but this has no
example, a carbon atom must have 6 protons, but it can have 6, 7 or 8 neutrons in its
nucleus depending on whether the atom is a Carbon-12, -13 or -14 isotope respectively.
Electrons, unlike protons and neutrons, are not found within the nucleus but have their
greatest locational probability in the area  surrounding the nucleus. They are lighter in
mass (5.489 x 104 amu) than protons or neutrons (~1 amu). The number and distribution
of electrons associated with the atom/molecule relative to the number of protons dictates

the molecules total charge and polarity.

In purely classical mechanics, there is a clear distinction between a patrticle, like a
neutron, and a wave, such as electromagnetic radiation. But the later discovery that both
crystals and gold foil could cause the diffraction of beams of electrons, defin ed as

particles under <cl assical me ¢ h-particleduality | ed t o Loui
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principle: that matter has a joint wave and particle character.  °?*! This meant that
classical mechanics was superseded by quantum mechanics which dictates that the larger
the mass of the matter involved and the slower the movements of that body, the less
wave-like properties are exhibited. (It is favourable for an electron to exhibit the

properties of a wave due to its small mass, and the information determining the behaviour

of that wave are mathematical ly represented in a single term, the wavefunction (U)).

Nucleusfi nucleus, electron fi electron and electron finucleus interactions are all critical to
understanding the chemistry of a system but determining the exact behaviour of any given
electron is difficult due to the  Heisenberg uncertainty principle . This theory dictates that
the location and momentum of any given su batomic patrticle, including an electron, cannot
be known exactly at any given point in time. This gives rise instead to a probabilistic
treatment of electronic structure and this probabilistic distribution can be derived from

the integral of the radial wav efunction (| L3 as shown in Figure 1.15:
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Figure 1.15: The relationship between probability distribution and a normalized wavefunction s. 94

The atomic orbital , made up of angular and radial wavefunction components, are the
basis of atomic orbital theory (AO theory). This calculation of the electron radial
distribution for hydrogen atoms is dependent on the Born -Oppenheimer (BO)
approximation: that the electrons respond almost instantaneously to external
perturbations, compared to the nucleus, due to the larger mass of the proton and neutron
components. The BO approximation contributes considerably to producing an accurate
representation of a one celectron system, such as a hydrogen atom, and even multi -nuclear
systems such as H', because both hydrogen atoms are effectively stationary compared to
the electron movement. However, AO theory produces an incomplete interpretation of
multi -electron systems, such as helium, because electron fi electron repulsion cannot be
modelled effective ly in conjunction with the two nucleus -electron interactions, referred

to as the multibody problem.

Despite this, AO theory still maps the behaviour of electrons with a significant amount of

precision and therefore the orbital wavefunction can be usefuli n determining the overall
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electronic energy of the system. For example, the computational Hartree -Fock (HF)

approach involves determining the electronic energy and probability distribution of an

orbital, ©O, based off t he asnsaupledmaotiannThe hat each e
relationship between the O of a particle (such &
in one direction, and the energy of the electron ( E) is described by the time -independent

Schrddinger equation:

HO = BO Equation 1.41

where H is the shorthand for the Hamiltonian operator, which is the function that gives

the value of the energy ( E). The wave function, O, is a normal mathematical function that
contains information determining the character of the wavefu nction depending on
nucleus/nuclei ( R) and electronic ( r) coordinates of the atom/molecule described for an
isolated system. Not only is the number of orbitals vital in determining the electronic

energy of an atom, but the behaviour of an atomic/molecular  system can differ depending

on the type of orbitals involved.

Each orbital wavefunction associated with an atom can contain up to two electrons and
each orbital has a unique quantum mechanical description based on the quantum features
referred to as: orbit al shell number, orbital subshell, and orbital angular momentum. The
orbital shell number, also known as the principal quantum number, referred to by the
symbol n, is used to describe all electrons that have the same ground state energy or

0or bi t a [The srhital bubshell (1) dictates the type of orbital wavefunction that the
electron(s) occupies and therefore the shape of its probability distribution, referred to by
their labels (s, p, d, f, g etc.). The orbital angular momentum ( m;) describes the orbital
angular direction, which have multiple degenerate orientations, often referred to by using
cartesian axi s | ab ed @rbitdlsxare singulatly degeneratB,¢he aus e 0
simplest example of orbitals displaying all these features are the 2p , 2py and 2p;, orbitals,
which are shown to be p orbitals in the second electronic shell with orientations along the
X, y and z axes respectively. In a two fi electron orbital wavefunction, referred to as paired

electrons, each electron is distinguished from the o ther by adopting opposite spin angular

momentum (ms[ W] ), an intrinsic quantum mechani-cal prc
symmetric orientations, ms[ W] = md[ WH ¥t
Most atomic/ molecular systems include both o0Coul

attraction between electrons and nuclei, and Coulombic repulsion, interelectron
repulsions or internuclear repulsion, but as shown within the HF ansatz, internuclear
electron in teraction is more difficult to model. There are two types of Coulombic

interelectron interactions, electron exchange and electron correlation , both exhibited in
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all multi -electron systems. The electron exchange term relies on the Pauli exclusion

principle, which requires two fermions, such as electrons, to be antisymmetric to each

other whilst in the same orbital (demonstrated by the ms[ W] property). El ectro
exchange, which is included in HF modelling, takes into consideration the tendency of

electrons of the same spin state to stay away from each other, leading to a subsequent

reduction in Coulomb repulsion.

One method of calculating the motion of electron pairs is by means of an  electron
correlation term, which combines using an electrostatic field to model the interactions
between electron pairs and determining the impact of lower orbital electrons on higher
orbital electrons using a collective Coulombic repulsion. 22 This term approximates the
Coulombic attraction between the higher orbital electrons a nd nucleus, also known as
nucl ear oOshieldingd6, arising from either dynamic
exchange contribution and the small correlation contribution in the wavefunction by the
fact that two electrons cannot be in the same location a tthe same time are incorporated
in the Slater determinant of the Hartree -Fock molecular wavefunction. The Slater
determinant is a shorthand explanatory N x Nrectangular array representing the occupied
spin orbitals (the product of spatial and spin compon ents of the orbital) and its expansion

252 If a

give a full HF wavefunction polynomial, then used to determine the HF energy level.
single molecular structure has two singly occupied molecular orbitals with near
degenerate electron configurations, then they may produce overlapping but not identical

interactions and excitations. This static electron correlation means that using only single

determinant generates inadequate energies, especially if the calculations involve multi -

radical species or bond dissociation. 23 In contrast, dynamic electron correlation , is the

effect of the spontaneous motion of single electrons drawing close enough to other

electrons to cause short -range electron fi electron interactions and how this adjusts the

el ect r on &SWhereas statimelectron correlatio n is partially accounted for by

imported Coulomb repulsion factors , dynamic correlation is not accounted for at all in HF
methods.®**The Coul omb factomsapgplkined oe@lui sions and
interactions to the electron consistent with the average position of the other electrons.

Other computationa | chemistry approaches, such as DFT, and in higher level ab initio

methods, such as coupled cluster and MP2, do incorporate electron exchange and

correlation using other techniques with various degrees of accuracy.

In molecular systems, covalent , &onds are formed when an unpaired atomic spin electron
pairs with another electron associated with a different atom, forming a single molecular

orbital rather than two atomic orbitals. According to molecular orbital theory (MO theory),
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rather than each orbital be ing described separately, bonds are constructed with a linear
combinations of atomic orbitals A molecular orbitals (LCAGMO), adopting a wavefunction
that is a superposition of the two atomic orbitals. The , dond is formed by overlapping
orthogonal orbitals along the internuclear axis and has cylindrical symmetry. Multiple
bonds can be formed between the same atoms but creating a second or third bond that is
“ donding in nature. This “ &ond cannot be formed using s-orbitals and involves
overlapping p-orbitals (or higher) that are parallel to each other rather than orthogonal
and, unlike a ,, dond, exhibits electron density above and below the internuclear axis,

with the intermolecular axis a nodal plane of symmetry.

The reason why the bonded atom system is lower in energy than the separate atoms is
that the wavefunction contains constructive interference of this in-phase molecular
orbital represented by the greatly enhanced electron density along that internuclear

bond. The equilibrium bond length is the internuclear separation minimum of the energy
curve and the probability density is greatly enhanced along that internuclear bond

lowering the energy of the bonding orbitals. The addition of *“ donds decreases the bord
length and increases the overall bond dissociation energy. The capacity of each of the
atomic orbitals is two electrons, so the LCAO -MO generates an analogousantibonding MO.
The antibonding MO can be occupied by either the additional electrons in electr on rich
systems, such as k; by ionisation, such as with O ,"; or by electron excitation. The
occupation of antibonding orbitals generates destructive interference increasing the
length of the bond and, if the antibonding orbitals becomes patrtially or fully occupied, the
highest occupied molecular orbital is then out-of-phase. This combination of energy of
electrons in all the antibonding and bonding orbitals is greater than the individual
fragments, which means it is energetically favourable for the respect ive , d “ dond to
break if all antibonding orbitals are occupied.

Most computational representations of these atomic and molecular orbitals are
approximations, and require the use of basis functions to model electron densities: Slater -
type orbital (STO) or cartesian Gaussiantype orbitals (GTO). These functions differ

significantly in probability -radial dependence, both seen in Figure 1.16.
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Figure 1.16: Graphical Representation of Slater and Gaussian -type orbitals. 25°

The Slater-type 1s orbital shows a steep incline at the peak of the distribution (  r=0) and
slower declines of probability distribution at the larger radii, contrasting significantly with

the Gaussiantype 1s orbital, which has a flatter peak at r=0 and a steeper incline
probability distribution further away from the nucleus.  *** However, STOs see a swift
exponential increase in computational power required to undertake calculations, whereas
GTOs are much more efficient to calculate, due to the complexit y of the Slater -type radial
component in the calculation. 2927 The integration of individual Gaussian functions,
referred to as Gaussian primitives, are much swi fter to calculate, so if a linear

combination of these Gaussian primitives are overlapped, such as in Figure 1.17, they
produce GTOs, with a very similar distribution to the STOs, but at much greater efficiency.
A larger number of overlapped Gaussian primitives, referred to as a basis set, can be
calibrated to produce a more similar basis set to the Slater function by fitting these
Gaussian shapes to a Slater exponentid, referred to as STO-3G or STQ4G, depending on

the number of Gaussians.?®®

STO-30G 15 Basis function

+ + =

Figure 1.17: Graphical Representation fitting Gaussian primitives to Slater exponentials. 25

In contrast to these minimal basis sets, which involve using one type of basis fun ction for
each separate atom, various other types of basis sets have been derived, the Pople and
the Dunning basis sets, using other more intensive approaches. The higherdevel double or

triple zeta basis sets involve using multiple atomic GTOs in linear c ombination to
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representoneat omi ¢ orbitalds input into a molecul ar
the charge distribution brought about by heteroatomic bonding. %°°2%° This is important as

identical atoms in different environments may be treated as stereochemically similar

under simple basis sets. However as these different zeta functions can produce broad er or

more diffuse wavefunctions by incorporating the character of other atomic orbitals into

their molecular orbitals, a more accurate representation of the character is more likely, in

terms of the polarity or reactivity of certain functional groups and  the molecule as a

whole. 26!

Another way of increasing the accuracy of the wavefunction and the corresponding
electronic energy is to use polarisation functions on the valent set of electrons. This is
where valent orbitals can incorporate character from other orbitals with higher angular
momentum, because that character is seen in the valence orbitals other bonding

atom(s). 262283 polarization functions allow the expansion of the basis set into different
spherical harmonic functions, because polarization wit hin a molecule would distort
electron density away from typical atomic orbital distributions. An example of this would
be the addition of p- or d-orbital gaussian primitives of s-atomic orbital or d- or f-orbital
character to a p-orbital for the purpose of mapping the distorting in a LCAO-MO
representation. %2 In a homoatomic bond the significant proportion of electron density
shift from each atom would be even shared along the interatomic axis. However, along a
polar bond, electron density may be so drawn away from a p-orbital on one atom that the
asymmetric electron distribution maybe better represented with some  d-orbital character
in that p-orbital. The inclusion of polarisation functions is necessary and proper when
modelling Criegee intermediates, as the COO group sees significant changes in the
electron distribution, and therefore unimolecular and bimolecular reactivity, depending

on what substituent groups are attached.

Diffuse or augmentation functions are particularly important for basis sets representing
broad electron distributions, such as in hydrogen bonds or conjugated systems, and are
therefore another important component to denoting the intermolecular interactions in
pre-reaction complexes and transition states. #*? To represent the electron density spread
over a large region in these environments, additional G aussian primitives included into the

GTOs are very broad but shallow, to replicate this wider distribution of electron density.

Pople basis sets involves treating valence electrons with higher level basis sets, but the
core electrons are treated with minim al basis sets, which is referred to as split valence , to
reduce CPU time.?°?%* The construction of this split basis set is indicated by a hyphen

using the abbreviation N -MPG: where N is used to describe the number of gaussian
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primitives to construct the minimal GTO for the core orbitals; M and P representing the
number of gaussian primitives for two or three basis GTOs representing the multi -zeta
basis sets.?*® An asterisk, *, is used to incorporate polarisation, with two asterisks, **,
included to add this polarisation to the low mass atoms in the molecule as well.
Unspecified diffuse functions are included by a plus sign, +, or specified diffuse function

by includi ng terms in parentheses. 2°2

Dunning correlation -consigent basis sets are often used to describe the wavefunction for
correlated approaches, such as DFT and MP2, but it differs from Pople-type basis sets
because it uses correlation -consistent (cc) basis functions modelled for HF and DFT
calculations. %® The different components that construct th e Pople basis set are the same
as those that construct the aug-cc-pVnZ basis set describing: augmentation (or diffuse),
aug; correlation -consistent, cc; polarisation, p; with n of zeta functions, nZ(n=D, T, Q,
and 5 etc [ double, triple, quadruple, five zeta). While Pople basis sets, sometimes have
shorter job run times than their equivalent Dunning basis set calculations, the Dunning
approach does have a few significant advantages including that it has been found to
produce accurate spectroscopic and molecular energy calculations, particularly for small
molecular reactions. 2%%°25” However, the main advantage that Dunning cc basis sets have
is that, as the addition of more zeta functions to the aug -cc-pVnZ basisset @ =D, T, Q,
and 5), the electron correlation energy converges closer to the complete basis set

value. 266,268,269

1.8.2 Foundations of Ab Ini tio Calculations

Alongside the use of basis sets to model electron densities, each computational chemistry
calculation involves using one if not multiple methodological approaches, such as Magllerd
Plesset (MP), coupled cluster or density functional theory (  DFT) methods. One of the
oldest and most common computational chemistry approaches is to use HF theory. Even
though MO theory using HF approaches produces mathematical orbital constructs without a
true representation of electron correlation and exchange, H F is in widespread use due to
its accurate representation of many systems. 22 HF theory is also the basis of all the post -
Hartree Fock (post-HF) methods with the inclusion of other coefficients to represent
electron correlation to a much greater extent, e.g. as  Mgller &lesset (MP) and coupled
cluster theory. T his inaccuracy in electron correlation factors is problematic as every
electron i electron repulsion within the molecule can cause perturbations in electron

probability distribution, even if many are on a small scale. It is often touted that HF
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produces a molecular energy with >99% accuracy, however it is often the remaining 1 %

that is the issue.

There are many different computational chemistry approaches but two of the main

approaches used most frequently over the last decade are post -HF and DFT methods. Ore

of the main concerns with computational chemistry calculations is the computational cost

required to undertake the job, so eliminating 0L
selecting an efficient method is particularly important. One of these bottlene  cks is the

scalability of these calculations, especially where studies involve calculations of a

significant size range of molecular systems. Much of the computational literature is

devoted to transforming the high intensity post -HF calculation approaches, such as CCSD

and CCSDT (with N and N scaling respectively), into more efficient approaches such as

the N* scaling HF and DFT methods, without seeing a similar reduction in the accuracy of

the molecular energies calculated.

Large sources of computational cost within geometric optimisation and vibrational
frequency calculations can mean these computations often require using a lower level of
theory than that used for molecular energy calculations. However, even using a lower -
level post-HF approach, such as MP2, to undertake geometric optimisation and vibrational
frequency calculations often produces more costly computations than that of DFT. The ab
initio method of optimisation proceeds using a cyclical, iterative, energy only optimisation
method. This involves: inputting distortions at each potential point using every degree of
freedom in both potential directions, while freezing all other co  -ordinates; de termining
the steepest descent pathway, undertaking a number of linear distortions down this
descent pathway; and this new slightly optimised structure is then tested again for the
steepest descent pathway using analysis along every single degree of freedo m, beginning
the cycle again until the bottom of the energy well is established. %27 Whereas analytical
approaches, such as those employed by most DFT implementations proceeds by
determining an analytical estimate of the second derivative matrix, referredtoa  sthe
Hessian rather than calculating gradients numerically. ?* Diagonal force constants, derived
from the analytical Hessian and empirical rules, are analysed to derive stretches, bends,
torsions and out-of-plane deformations and the force and direction of these modes used to
identify the driving direction of the steepest descent. ?"* The geometric distortions applied
to that structure are driven in that direction, repeati  ng the calculation of the Hessian and
the primitive modes until the bottom of the energy well is reached. 2 The analytical
approach to optimisation and vibration frequencies (as well as some other lower level

approaches) has been shown to be excellent at determining the minimum energy or
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transition state geometries but not in finding the true energy of that stationary point
compared to many post-HF approaches, such as CCSD(Ty*+27227* This means a mixed
approach, of using DFT (see section 1.8.3) for geometry optimisation and vibrational
frequencies, and a post-HF approach for the final molecular energy is conceivably an

accurate and efficient methodology.

As the variation theorem states that the energy derived is always the upper -bound to the
tru e energy, the quality of an ab initio approach can be found by comparing the energy
value to the true energy (Ewe) and that the lower the calculated energy typically the
greater the quality of the wavefunction. % As shown in Equation 1.42, a significant cause
for the energy gap between Ege and Buaree-rock IS the electron correlation energy
(Ecorrelation ) and relativistic effect energy ( Eelativisic ). The Eenaivisic include effects such as
spin-orbital coupling and is mostly only significant for heavy atoms, therefore a negligible
contribution in most of atmospheric chemistry. 2*? This means to obtain a good
representation of the true energy an ab initio approach must have good representation of

Ecorrelation .

Ecorrelation = Eirue O Bnartree-Fock O Erelativistic Equation 1.42

One method of measuring this Ecorelation iS Using the Mgller dPlesset (MP) treatment based on
many-body perturbation theory. °* Under MP nomenclature the sum of the one -electron
energies and internuclear repulsions (referred to as MPO) is corrected by the exchange and
Coulomb integrals (referred to as the EY correction ), to produce the MP1 energy (Ewey),
which is the same as Exartree-Fock. MP2 is then produced from the Ewpiand a perturbation

correction , as shown in Equation 1.43.2%2

— 2) - — 1)
Bvp2= BEvp1+ E( Equation 1.43 Evp1= EHartree-Fock - EMP0+ E( Equation 1.44

In perturbation theory the species involved in the system analysed are not all in the

ground state, with different proportions in different levels of excitation depending on the

temperature of the system. The most common excitation is where, for a small pr  oportion

of the molecules per mole, have one pair of electrons move into the unoccupied orbital,

referred to as a doublet excitation . This is more stable than two unpaired electrons and

therefore this transition is more likely to lower the energy, whichis  knownasBr i | | oui nds
theorem . This doublet excitation is a small but significant energy contribution, referred to

as E? in the total energy, but the size of that contribution depends on the size of the

energy gap between occupied and unoccupied orbitals . The increased computational cost

of calculating the contribution is significant because it requires calculating the  four -centre
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two-electron i nt egral s, produced by having two el

centres for each bonding or virtual or bital. 2°2

What distinguishes coupled cluster approaches from MP2approaches is that the
correlation contribution of the Y is calculated using a summation of determinants or
cluster operators . To include examination of both the singlet and doublet excitations
contributions in the coupled cluster appr oach, known as CCSD, is very important because
the promotion of a pair of electrons will fill the virtual orbital, like in MP2, but a singlet
promotion also has some contribution to the system too. 22 CCSD has a larger scaling factor
(N®) than MP2 (N*) due to the need to produce a cluster operator for the sing let excitation
contribution which still is calculated using a four -centre two -electron integral. Whilst the
triplet excitation has smaller contributions to the overall wavefunction than that of the
doublet, it is still important but calculating using the C  CSDT approach has large
computational expense. One way to represent the triplet contribution is using coupled
cluster approximation calculations that do not include refining iterations, referred to as

the perturbative triplet method, or CCSD(T). Often, CCS D(T) outperforms the other CC
methods with accuracy and applicability for medium -sized molecules, but to calculate a
larger molecule, the computational power and resources required increase at a rapid

pace.??

Reduced computational cost can also be achieved by applying a local correlation
treatment, based on the knowledge that the correlation energy between electrons in
different parts of the molecule reduces rapidly with decreased proximity.  ’® Localised
approximations often include those derived by Pulay and Saebg, which are that the
correlat ion of these proximate electrons can be confined to a localised molecular orbital
(LMO). Therefore one can calculate interactions between LMO pairs using accurate
methods (full CC calculations), approximated (perturbation theory) or even a neglected,
depending on their increasing distance from each other. 2"®2’" This means the wavefunction
calculations of the excitations required for CCSD & CCSD(T) are restricted to the excited
states and to co-located LMOs, significantly reducing the number of virtual orbitals that
need to be calculated. The impact of localisation approximations on calculation efficiency
can be shown by the fact t hat using a local density -fitted approach has been shown to
reduce length of CCSD(T) calculations by 1-2 orders of magnitude. "> However, one
potential source of inaccuracy is that this localisation into finite LMOs may be accurate for
a reactant but this impact of correlation on different LMOs may not be contiguous through
TS and products, which may lead to less accurate full potential energy surfaces. This could

be described as dividing the system into energy -based LMOs or AO bases, or
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ofargment ati ons schemesd6 and then the final ener g

these energies.?’®

Much of the computational cost that emerges from the coupled cluster m ethod, such as
LCCSD(T), are that as it uses a LCAEMO approach, incorporating calculations of fourd
centre two &lectron repulsion integrals , which provides calculation with N* scaling. This
emerges from the two -electron electrostatic repulsions, I s ', from the combination of

two atomic orbital measured with one -electron density, » , which have both bonding
and anti-bonding contributions, ... » and?* » . This repulsion factor is also directly

proportional to the interelectron distance ( » ):

” v4 ” v4
> N Equation 1.45 > o Equation 1.46

. . > > , . » > > > _
Y, > > > Equation 1.47

The four -centre refers to, as seen in Equation 1.47, the overall contributions to the

electron density of the linear combination of the 2 atomic orbitals, producing both

bonding and anti-bonding orbitals with the anti -symmetric contributions of ms[ W] = KN
(..., 7, ...,and ?*), which produces the N*scaling. This scaling can be altered however by

the introduction of auxiliary basis functions , which is produced from ( Equation 1.48) the

" » and” » , which include the expansion coefficient, 'O , and auxiliary one -

electron integrals , ... » g derived from a linear combination of the auxiliary atomic

basis functions.

L 4 N S 6 0 ‘s o ..» Equation 1.48

To produce an approximation of the four dcentre two delectron repulsion integrals , three
auxiliary integrals are required one 2 -centre 2-electron repulsion integral (Equation 1.49)

and two 3-centre 2-electron repulsion integrals (Equations 1.50 & 1.51):

O o> O > ... » Equation 1.49
1

L@ o> O Equation 1.50

0¢ . (0] 0] p— Equation 1.51
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These three repulsion integrals are important because they can be incorporated into the

full electrostatic repulsion auxiliary two -electron integrals |, Y ,, from the expansion

of these auxiliary basis sets into the following equation:

‘g D 0% , Equation 1.52
n O@

The combination of this 2 x three d&entre and 1 x two dcentre approximation that produces
these density fitting (DF) calculations, have N* and N? scaling and therefore involves
significantly less computati onal effort to produce the electrostatic repulsion integrals than
the N* calculation of electrostatic repulsion. 2”° These factors produce this four centre two -

electron repulsion integrals 1 &) 1} through the following equation:

i mn 6 6 60 S Equation 1.53

However, this DF method uses an approximation in the one -electron density functions

(" » and” » ), which is generated from matrix elements of the electron density
expanded in the atomic orbitals . These involve bonding and anti -bonding contributions
which are standardised to fitting (or auxiliary ) basis functions[... » and... » ]Jand
their expansion coefficients (6 , 6 , 6 and 6 ). This auxiliary basis function is
determined using the products of the atomic orbital gaussian basis functions and the
expansion coefficients is fitted to incorporate the factors such as Coulo mb and overlap. %°
The expansion coefficients are determined by comparing the full one -electron integrals
with those calculated for the auxiliary equivalent and a re automatically adjusted,

sometimes adjusted by 5 or 10 times, to bring the one -electron coefficient inline. 2%

A significant benefit of using DF approximations is that the reduction in computational
cost scaling transfers to the overall LCCSD(T) approach, reducing that cost by a further
order of magnitude, and the use of externally designed auxiliary basis sets makes the
calculations even more efficient. #1282 There are some downsides to this method, such as
that density fitting involves pre -optimised auxiliary basis sets and this makes it more
accurate only for specific quantum chemical methods. 22 While error emerges for both
density fitting and to a lesser extent local approximations, these are small compared to
effect of variation of the basis set. 2’ This is important because the reduction in
computational cost by applying both density fitting and localised approximations can
provide scope utilising larger basis sets, which leads to more efficient and accurate

calculations.
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As both localisation and density -fitting of the coulomb electrostatic correlation integrals
increases computational efficiency, the electron exchange integrals of the HF step

becomes the calculation bottleneck with larger structures. 29?2 To resolve this the density
fitting approach can be applied to these HF integrals with a linear combination of these
basis functions. This density-fitted Hartree -Fock (DFHF) method uses localised occupied
orbitals to construct an exchange matrix and is therefore much more efficient compared

to traditional HF, pure ab initio calculations. 2794

Another additional factor that can be applied to a LCCSD(T) to make it competitive is the
employment of the F12 theory, which uses a Slater -type correlation ansatz to describe
dynamic correlation. %° The linearized F12 theory are mainly in corporated into methods
that involve approaches, such as MP2 and CCSD(T), that involve excitations using virtual
orbital functions and extends the cluster double excitation operator ( T>).?% This cluster
operation includes the studies of both the occupied orbitals factors, denoted as i, j, k & |
indices, and virtual orbitals, denoted as a, b, ¢ & d indices to describe the electron

excitation operators (O and O ).%’

~ Pvo Py o Equation 1.54
C C

p) 6 ¢SO0 g 1OY Equation 1.55

The explicitly correlated terms, 0 and Y , are calculated amplitudes with both the
singlet excitation and the doublet excitations, which are derived on the accuracy of the
two -centre one-electron repulsion integrals . Rather than using multiple gaussian
determinants (‘Qwn| 1 ) to derive these electron repulsion integrals , the Fi,

coeffi cient incorporates a Slater determinant to describe the short -range intermolecular
distances (i ) for the purpose of producing these doublet integrals ( Equation 1.56). The

inclusion of a Slater -type function makes this F12 method non -linear and the > also

includes a strong-orthogonality projector, 0 , which is a function of the orbital projection
operators of the occupied, virtual, and complete orbitals. The 0 s a function of
expansion coefficients when the approach involves using the auxil iary basis sets, such as

those seen in the density -fitted approach.

O Qo nl i O (o) Equation 1.56

o

There are two F12 approaches: the F12a integral, which neglects contributions from

explicitly correlated configurations of double excitations, except for the approximated )
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amplitude coefficient; or the F12b integral, which also includes greater ¢ onsideration of
explicitly correlated and conventional amplitudes with the use of a new term. 2% However
the F12a integral is useful to incorporate into LCCSD(T) methods because the smaller and
medium size basis sets, such as the augcc-pVDZ and augcc-pVTZ adopted in this thesis,
estimate the basis set limit well and converge close to that limit. %3289 The F12b integral is
preferred for the largest basis set aug -cc-pvVQz 28289

1.8.3 Foundations of Density Functional Theory (DFT) Approach

While ab initio approaches like DRLCCSD(TF12a are strong performing computational
methods at analysing the molecular energy, using these types of approaches for analysing
vibrational frequency and optimisation ¢ alculations are made difficult by the large scaling
and the exhaustive numerical technique required, as mentioned in the previous section.
The use of analytical techniques of determining the Hessian used in the DFT optimisation
method, and the lower scalin g (~N°), makes DFT excellent for vibrational frequency and
optimisation computational analysis. This lower scaling comes from the fact that

electronic energy contribution in DFT calculations, Ht ], is generated from an electron
density function, t, not a w avefunction. This electron density function maps electron

di stribution conceptually as a o0cloudd6é or
relative to position in the molecule. The first Hohenberg-Kohn theorem, one of the central
principles of DFT, is that the electron probability density, Ht ], is the sum of:
contributions to kinetic energy from electron -nucleus and electron -electron potential

energy (Euassica[t ]); and exchange-correlation energy ( Exdt ]), as shown in Equation 1.57.%%

o O 0 Equation 1.57

The DFT method has considerable variety in calculating the mathematical Exdt]term, by
applying one of many empirically derived functionals (a function of a function): equations
that converts the electron density into the energy contribution. This functional is

particularly critical because the combined treatment of the exchange and correlation
contributions reduce computational cos t compared to their separate treatmentin  ab initio
methods. This universal function Exdt ] incorporates spin -based electronfi electron effects
and nonclassical corrections to the classical electron fi electron interactions. Whilst
Hohenberg-Kohn theorem does justify the existence of the Exdt ] term, it does not provide
a means for determining it. This generates the central problem of DFT, which is that while
the Exdt ] term does exist, the functional can be and is calculated using various different

approximation mechanisms without a clear theoretical justification for adopting one over
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the other, normally ultimately chosen based on empirical performance evidence, and
chosen on a systemby-system basis > The second concern is that as functionals are all
approximations, DFT calculations can produce molecular energies below the true energy of

the system and thus do not reliably follow the variational theorem .%?

Nevertheless, the Kohn-Sham (KS) theorems, asserted by W. Kohn and L.J. Sham, state
that other molecular properties can be calculated from the electron density and using
these molecular properties as a gui de a variational approach may yield a more accurate
electron density functional. 2°°?*! This was implemented iteratively and generated the
Kohni Sham equations, the basis of producing an accurate functional, mitigating the effect
of not having prior accurate electron density or functional. The first step of this
implementation is to deter mine the electron density (see Equation 1.58) using the Kohnfi

Sham equations.

i $ 1S Equation 1.58

As this modelling of the electron density is designed to measure the impact of the
remaining electrons, referred to as an electron cloud , on molecular one -electron
perturbations, this electron density, p(r), differs significantly from the multi -electron
wavefunction distribution, | Y| ? seen in ab initio methods. Equation 1.58 shows that
density of this electron cloud is modelled by producing an integrated molecular
wavefunctions [ 1 of all other electrons (referred to as Ne) in the system, dispersed ov er
all spins and all coordinates, whereas the | Y| ? is the probability of finding electron 1 and
electron 2 in a certain cartesian region with specific spins. The electron density is
modelled using Kohn-Sham orbital (U;), which are non -wavefunction based molecular
orbitals, determined iteratively using a Kohn-Sham equation, Equation 1.59. This Kohn-
Sham equation obtains the Kohn-Sham orbital energies (a) of a Kohnd&ham two-electron

spatial wavefunctions (I p) from t hree fact @) slassical 6cored fact
contributions from electron 1 and electron 2 ( Q. —'Q 1), and exchange-correlation
potential  (Vxd1]): *

U p Q ‘l—c’QTf P @ pr p -7 p Equation 1.59

Kohn and Sham introduced a concept of non-interacting electrons which are used to
describe electrons in the core of the molecule because their interactions are so negligible,

that modelling these electrons as if they have no interactions with outer electrons give a
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very similar electron density distribution as the rea | system. 22! This means that the
potential and kinetic energy of attraction of each nucleus and the non -interacting
electrons can be integrated into one core term. The classical electrostati ¢ potential from
electrons 1 & 2 are simply a contribution of the electron density and interelectronic
distance. * This KS approach mitigates the inaccuracies of DFT by expressing the molecular
energy as a sum of terms, with two terms (the core term and the classical electron static
contributions) easily calculated if electron density is known, and a smaller less understood
term, the Vxd1], meaning that even large errors would have a small impact. °* This Vxd1],
is a functional derivative, and is the only term that needs to be devised, and is referred to
as the DFT functional. This Vxd1] is defined as the collective deviations in electron
correlation and exchange between the true interelectronic repulsion energy and the
classical collective repulsion of the electron cloud, seen in  Equation 1.60:

10

o Equation 1.60

Much of the difficulty in defining a Vxcfactor for DFT calculations is that Exd{]is a
function that is based on multiple values of electron density, t (r), rather than a single
point of electron density. This is because a change in the location of the el ectron, r, will
lead to electron perturbations caused by a cumulative array of changes in interelectronic
interaction that depend on proximity to different parts of the electron cloud. Therefore,
whenrgoes t hr ough srnelcdrrespohding rew glectro® density of § (r +
&) involves an additional change in the electron density at multiple locations in the
mol ecul e, r etf. e rAr ecdb ntha naag { @anges dre apptiesl {0 ¢he B«
equation and are used to calculate the resultant change inexchange-c or r e | &dtlion, ©
: 10 7 , , :

10 7 ﬁj i ] W > 7K Equation 1.61
An iterative mechanism to determine Vxd1] involving the use of Kohn d&Sham orbitals (see in
Figure 1.18) is adopted to reduce inaccuracies in DFT. While technically DFT does not
involve wavefunctions, a Kohn 8ham approach to calculate noninteracting -system kinetic
energy and Exdt ] does use Kohn&Sham orbitals in an iterative manner to determine the

value and convergence of the electron density.
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Figure 1.18: The Procedure for implementing the Kohn -Sham equations in DFT 2

This KohndSham approach involves a mechanism triggered by inputting a logical trial
electron density, such as a Hartree -Fock/experimentally -derived estimate, to calculate KS
orbitals and Exdt ] values.® The second step is to calculate an approximate derivative of
the relationship between the exchange -correlation energy and the electron density to
derive an approximate Vxd1] (Equation 1.60). The third step is the estimated Vxd1] and
the Kohn-Sham equation (Equation 1.59) are then used to obtain preliminary Kohn-Sham
orbitals . The fourth step is that the KS orbitals are then used to determine the electron
density (Equation 1.58), which generates an improved estimate of electron probability
density. This cycle is repeated for the new approximation of electron density until the

newly derived electron density is convergent with the previously calculated one, as shown
in figure 1.18 . The final KS orbitals are used to determine an accurate electron density

and overall Exdt]. Finally, using the overall Exdt ], alongside the previously calculated
classical contribution ( Ecassicalt ]), the overall electricalenergy H 1] i s c¢ Bquatianl at ed (
1.57).

Employing the less intensive DFT approach to generate molecular structures also means
that using higher accuracy aug-cc-pVTZbasis sets instead of the lower devel cc-pVDZ cc-
pVTZis within normal computational cost requirements (for species with < 100 atoms). For
these reasons, since the 1990s, DFT has become very widely available and has been
increasingly applied throughout computational chemistry literature, as shown by Figure
1.19.%2
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Figure 1.19Number of publ i cat i odemsityvuhcdonal tthhee oprhyréa sies of ound i n tit
and keywords (using Web of Science search functions).2%2

Much research employs the method outlined above, using DFT for optimisation but not
single-point energy calculations, so a functional may be adopted to produce accurate
geometric structures instead choosing a functional because it adopts a sound theoretical

approach towards molecular energy consideration. 224226.241,22274,293

One of the most prevalent functionals in the literature is the hybrid Becke, 3  -parameter,

and Leedyang®Parr (B3LYP) functional.?**®% This functionalisdes i gned t o ocombi ne,
variable proportions, local and generalised gradient approximation [GGA] treatments of

exchange and correlation with HF exchange and are based on the adiabatic connection

f or mu¥?¥ 6GA treatment refers to determining exchange and correlation energy
dependencies using the gr ag@)adonythé t(a)maluei®ectr on d
The B3LYP equation is displayed below:

O O O w0 O ®w O O ® O O
Equation 1.62: B3LYP fitting coefficient equation.

The B3LYP fitting coefficients derived from the fitting of the formulation energies of small
molecules, Ny, N: and N, are 0.2, 0.81 and 0.72, respectively. Local density approximation
functionals for the electron correlation and exchange arethe O andO  coefficients,
respectively. Generalised gradient approximations, ‘O and 'O , are the correlation
functional of Lee, Yang and Parr and the exchange functional Becke 1988 (B -88)

respectively. 223 The HF exchange function is 'O

Selecting a specific functional beyond B3LYP may be difficult as a whole suite of
functionals are used in the literature, such as: meta -GGA (or Minnesota) functionals, like
MO62X; and modi f i gatamBter matel fori kMatias Gunctlonal,
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MPW1K294:301302 However, even in full view of this choice, DF T is still widely used, applied
in >50% of computational studies, with B3LYP overwhelmingly the most popular
functional. 2°22°° B3LYP has also been extensively used in the computational literature to
determine chemistry of ozonolysis of alkenes and bimolecular chemistry of Criegee

intermediates, both of significant interest in this thesis. ~ 131:191:195.293:303808

Throughout Chapters 3fi 6 of this thesis, the computational chemistry data carried out by

the author was obtained using state -of-the-art, high -level computational chemistry
approaches to determine the tropospheric chemistry of many important gas -phase
reactions. The computational chemistry approaches used in this thesis is borne out of
much | iterature pr eceden cearctbgrouphandfother studieshe aut hor &
around the world. One such study by Chhantyal -Pun et al. used the same approach seen in
this thesis (DFHF/DF~LCCSD(TF12a/aug-cc-pVTZ//B3LYP/aug-cc-pVT2) to produce one -
dimensional potential energy surfaces for various sCls reactions with TFA, which produced
theoretical rate constants very similar to those measured experimentally. This study
provides a significant computational chemistry precedent for accurate modelling of sCI +
TFA reactions, such as those analysed in this thesis (see Section 5.4.2), but also for
bimolecular sCI reactions in general. **° Another such precedent provided for bimolecular
sCl reactions, is the studies by the Anglada group, which explore the sCI + H ;0O & (H20).
reactions, using a similar computational approach ( CCSD(T)aug-cc-pVTZ//B3LYP/aug-cc-
pVT2), as they produce rate const ants quite comparable with the experimental

literature. °2% Similar precedence, where coupled cluster and/or B3LYP methods produce
theoretical rate constants similar to those measured experimentally, can be found for

alkene ozonolysis in the literature. *?%223% These and other similar such examples provide
a solid foundation for apply ing these types of computational approaches to the

tropospheric reaction chemistry explored in this thesis. 194272274
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1.9 Aims and objectives

1.9.1 The Ozonolysis of Alkenes

The first target of this thesis is to produce a computational analysis of the ozonolysis of
various alkenes, and to investigate if these alkenes can be divided into taxonomic groups

to make them more applicable to atmospheric models. This will involve determining the
structure of all stationar y points on the potential energy surface and determine, using
these structures, the spectroscopic profiles and raw energies using harmonic frequency

and molecular energy calculations. The insights from inputting these structures and the
information from th ese calculations into MESMER software allows the production of Master
Equation rate constants ( kwg) and product branching ratios ( Brueg. These are then
compared with both experimentally determined results (  kexd and the theoretical canonical
rate constant s (Kcan).

The common patterns and factors which would make taxonomic classification possible may
emerge within the kmveand Brieovalues when analysed in comparison to the different
features within the alkenes studied. These features may include: increasin g steric bulk
within substituents; hyper -¢c o n j u g &15; E-dZ-cadformer; conjugation; and

halogenation. An analysis of the epoxide channel and its impact is also undertaken.

1.9.2 Examining Criegee Intermediate dAlcohol Reactions

This is a computational in terrogation of the reaction between various atmospheric alcohols
and sCls to determine if these sCls can also be divided into taxonomic groups. The alcohols
of study in this section include methanol, ethanol and isopropanol because they are
amongst the most common in the troposphere. The sCl taxonomic groups would be based
on if their reactivity correlate with important features such as: synvs anti conformers;
number of substituent groups; halogenation of substituents; conjugation between

unsaturated substituents and sCI group; and a vinyl hydroperoxide channel.

Another aim of this chapter is to validate

rates, by comparing the unimolecular decomposition of various sCls with high level semi -

classical on-the-fly methods.
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1.9.3 Bimolecular sinks of Criegee intermediates derived from

Hydrofluoroolefins.

The new generation of alkene refrigerants called HFOs undergo ozonolysis to produce HFO-
derived sCls (HFGsCIs). This study identifies HFO-sCls that have not been previously
investigated ( syn/ anti-CRCHOO andsyn-/ anti -CRCFOOQO) and compares their reactivity,
using computational chemistry, to a benchmark sCI (CH 200). The reactivity of these sCls
are computed, generating kveand the Brieovalues for their reactions with various
atmospheric trace constituents. The focus of this sCI analysis involves investigating the
changes in hyperconjugation and hydrogen bonding which emerge from fluorination of the
CH; substituent group, altering the reactivity of the COO group; and whethera -F
substituent group provides inductive effects on both the COO and the -CFK groups. The co-
reactants are examined to see if the reaction i s multi-step, with a short -lived
intermediate(s) or whether it is one step. This is used to determine if the HFO -sCls are an
effective sink or source of pollutants compared to CH >00; and observing the effect of
heteroatom tuning of the co -reactants, fromt he H,O and HF to HS and HCI, has on the

reactivity of the sCls.

1.9.4 Modelling the Ozonolysis of Alkenes With Lengthy Alkyl Substituents

The aim of this section is to determine the krueoand the Brueovalues of the ozonolysis of

cis-2-hexene using a new model based on trends and not direct computational

calculations. As a molecule with large amounts of conformeric flexibility, lots of transition

states would emerge, putting the system at the very limit for direct calculation. The

purpose of these new semi-empirical models is to produce a relative Gibbs free energy

(nG) for each anticipated transition state and th
MESMER file. This MESMER file would then determine thekveand the Brueovalues of the
ozonolysisforcis-22hexene. These cal cul ated &G were detern
cal cul ated reactant s, i nter medi at es, final pr odu
similar systems and anticipated structural factors on a system -by-system basis. The model

is applied to cis-2-hexene and on the basis that it produces reliable results, this could be

used for other large molecules such as trans-2-hexene.
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2. Method s

In this thesis, the author seeks to use computational chemistry approaches to determine
the kinetics of various g as-phase reactions, such as alkene ozonolysis and bimolecular
reactions of stabilised Criegee intermediates (sCls). This method section fundamentally
outlines how to generate two important sets of computational results, the theoretical rate
constants (krneo) and the product branching ratios ( Brieq. The ktnweoconstant is a factor
that relates the proportional relationship between the rate of reaction and the pressure of
the reactants, and so is a measure of reactivity. For reactions with more than one final
product, Brieoshows the degree of preference for each reaction pathway, through a
relative product yield. These thermochemical considerations are important principally
because they contribute to understanding the scale and rate of either depletion or
generation of important tropospheric species, vital to atmospheric modelling. All raw KtHEO

& Brueovalues can be found in the appendix.

Most calculations in this thesis are generated in the following steps: using a computational
chemistry programme, such as Gaussian09, to produce geometric structures of the
stationary points on a reaction potential energy surface including minima structure s
(reactants, complexes, intermediate products or final product) and the transition states;
the form of these stationary points (the collective term for minima and transition states)
are verified by computing harmonic frequencies of their structures and ev aluating the
number of imaginary frequencies, and finally linking these stationary points together with
intrinsic reaction co -ordinate (IRC) calculations; and using the information obtained by
computational calculations to determine krieo& Brueovalues, often using interpretive
software packages and with high level ab initio refined molecular energies. While the
backgrounds of thermochemistry and computational chemistry are specified in greater
detail in Sections 1.4 & 1.8, the theoretical methods by which  these ktheo& Brieovalues

are calculated are delineated in this section.

2.1 Obtaining Sationary Points on a Reaction Surface

All stationary points on the PES need to be identified, including: reactants; all minima
(including pre -reaction complexes, i ntermediate products, post -reaction complexes and
final products); and the transition states (TS) between these minima. Identifying every
stationary point on the PES is important because the harmonic frequency and molecular
energy (ME) calculations of these optimised structures, determine the kinetic data needed
to ascertain the krueo& Brueovalues. The optimised structures and harmonic frequencies at

these stationary points are identified using the computational chemistry suite ~ Gaussian
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09.3!° These optimisation and harmonic frequency calculations apply the most exhaustively
used density functional theory (DFT) hybrid functional: Becke, 3-parameter, Lee dYang
Parr; or B3LYP 332 The high-nonlocality, hybrid meta -exchange DFT functional, M062X,
has also been used sparingly, predominantly to verify the reliability of B3LYP as a useful

functional for this study (see Section 4.2). ***®*Dunni ngés augmented, corre
consistent, polarised-v al enc e, triplaugccpVThwas lised fosadlt |, or
calculated PES structures.?%4300314315 gome yse ismade oft he | ower | evel, doubl

set equivalent, aug-cc-pVDZ for the extensive IRC calculations of large structures. The
methods used for geometric optimisation and harmonic frequency calculations, are
abbreviated to B3LYP/augcc-pVTZand M062X/aug-cc-pVTZ

In this thesis, to simplify understanding of the PES with multiple competing reaction
channels, the stationary points are mostly labelled by: the stage of the reaction; the type
of reaction undertaken (in subscript); and a number to dis tinguish it from other
channels/subchannels. An example of this nomenclature would be in the ozonolysis of 1 -
propene, where formaldehyde oxide, or FO, is generated while forming a post -reaction
complex with its co -product, labelled as C 0 1 and Geo 2, via the transition states, TS ro 1

and TSo 2, respectively.

TSs can be obtained using two different types of Synchronous Transit -Guided Quast

Newton (STQN) met hods, r ef erfTaaQSiamettodusd&s@ST206 and
ol inear synchronous transit or quadratic synchroc
TS estimate, between the reactant(s) and product(s) geometries; and optimises away from

the minimum structure uphill along the minimum energy reacti on potential energy curve

using a quasikNewton or eigenvector -following algorithm until the structure

converges .23 QST3 operates through the same method, except it requires a third input

geometry, an estimated TS suggested by the user, which substitutes for the initial

algorithm -estimated TS in QST2. QST2 is dfen easier to implement and does not require

any a priori knowledge of the transition state. Alternatively, QST3 can converge more

quickly to a solution, and can also converge to the lowest energy solution more readily,

assuming the user has some estimation for the transition state geometry. The optimisation

precision of both minima and TS structures can be altered by variation of the convergence

criteria or the modification of the integration grids. 3%/

Minima and TS structures can be differentiated by their harmonic frequency calculations,
as minima have 0 x imaginary frequencies whereas TSs have only 1 x imaginary frequency.
To verify that any given TS is the true inversion point between reactant(s) and product(s),

an intrinsic reaction co -ordinate (IRC) calculation is used to map the minimum energy
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pathway (MEP) from a TS to the local minima. Each TS requires 2 x IRC calculations to map
the MEP in the forward or backward direction of the positive transition vector, referred to
asforward and reverse IRCs respectively.®*’ This can be thought of as mapping the

reaction from the transition state to the products or reactants.

The IRC calculations involve specification of the size of the gap between points, which is
labelled as stepsize (stepsize 1 = 0.01 amu®?/Bohr) and, while the stepsize used for IRCs
varies significantly within this thesis, the standard used is a stepsize of ~10. 3! The number
of steps provided was 120, referred to by Gaussian09as cycles, which is typically

sufficient to map out enough of the full reaction curve to optimise a final minimum energ vy
geometry. All IRCs must be calculated using structures derived with the same functional

and basis set and all force constants are computed at every point of the IRC.

Under several circumstances, IRCs for reaction pathways cannot be calculated, and so
other methods have to be derived to observe the MEP. IRCs require initial forces within
the TS to proceed along the MEP, but with low TS barriers, that have small imaginary
frequencies, that initial force is much diminished, making IRCs very difficult to asce  rtain.
IRCs also require a TS inversion point to successfully produce a reaction profile, and
barrierless reactions have no inversion point to start the IRC. Instead of IRCs, a MEP is
obtained using a relaxed PES scan, referred to as the Gaussian09 operation,

modredundant. This process is described below.

A relaxed PES scan is obtained through a repeating process of: incremental
increases/decreases of a specific bond length, bond angle or dihedral angle; freezing that
feature; re -optimising the rest of the geometry; and obtaining a molecular energy for the
new structure. To obtain an incremental change in that bond length, that maps an MEP
from reactant to product, a relaxed PES scan(s) is undertaken using a starting geometry
that is either, the reactant(s), product(s) or an anticipated TS. An example of this function
in use can be found in Section 5.5.1, for the reaction, between synCRCFOO + CRCOOH,
with many other examples in the appendix. A successful modredundant MEP will form an
asymptote with no inve rsion point with respect to the energy of the system, whereas a low

TS profile will have a small peak within this same asymptotic MEP.

Molecular orbital calculations were also performed using the B3LYP/augcc-pVTZ
functional and basis set, using the Gaussian09software package, and rendered and
displayed using the WebMO software. For further details on basis sets, see Section 1.8.1,

and for further details on B3LYP and other DFT functionals, see Section 1.8.3.
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Single point molecular energies of all stationary points in this thesis are calculated using a

coupled cluster (CC) approach, involving single, double and perturbative triple excitat ions,

with additional density fitting approximations to both the correlation correction and the

Hartree Fock components.?*® Localisation approximations and a Slater-type correlation

0OFl12a06 component are al so i nc*Thpsecoapteg¢austéernt o t hi s
calculations were also performed using aug-cc-pVTZ basis sets. All calculations performed

using this DFHH DRLCCSD(TF12a/aug-cc-pVTZ approach were completed using the

MOLPRGQQuantum Chemistry Software package.®'® For further details on couple cluster

approaches, see Section 1.8.2.

2.2 Conventional Transition Sate Theory ( ktst) Rate Constants

To obtain the relative zero -point corrected energy ( aPB, enthalpy ( a#29sx) and Gibbs
free energy (a829sx) (discussed further in section 1.4), appropriate correction factors from
the B3LYP/augcc-pVTZ harmonic frequency calculations are requir ed. These correction
factors are then applied to the DRHF/DFLCCSD(TF12a/aug-cc-pVTZ energies. Partition
functions (Q) are also obtained from the harmonic frequency calculations. These data are
used for the conventional transition state rate constant eq uations (Equations 2.1 2.6),
using either the Q and aZPEvalues or the aG0s« Value, as used in previous studies: 27431°

Q BQ o) 0 Ko)
Equation 2.1 Equation 2.2
0 Y—\CU — Q7 ] 0 !Z—"YQ oo
u U U V]
Equation 2.3 Equation 2.4
. QYO ; - . QY _ o o
Q 570 y y ] 2 50 y oy o
Equation 2.5 Equation 2.6

The factors in these equations are: |l is the tunneling constant (see section 2.6); kg is
Boltzmann constant; T istemperature; hi s Pl a n c k 0Rss the gas sohstamt;t Py is
the pressure of the system; Qrs, Qprg Qr1and Qre are the partition functions for transition
state, pre -reaction complex, reactant 1 and reactant 2; aZPEsand aZPEkrcare the
relative zero-point corrected energy of the transition state and pre -reaction complex;
a&Grs and agGpreare the relative molar Gibbs free energy for the transition state and pre -
reaction complex, at 298 K. All aZPEs & aZPkrcand a5rs & adpreare relative to the sum
of the zero-point corrected energy and the Gibbs free energy of the raw reactants ,

respectively.
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2.3 Dipole -Dipole Capture ( kq-4) and Collision Limits ( kcoll)

The rate constants in this study are fundamentally restrained by the ability for the
molecules to collide. If the molecules have no attractive or repulsive forces towards each
other, the rate of collision (  kcor) only depend on temperature (T), and the mass and the
size of the molecules involved, as shown in Equation 2.8. The limits to this collision
frequency can be altered somewhat if the molecules are charged or have a signif icant
permanent dipole. In this thesis, there are no charges under consideration, but many
reactants have significant dipoles, such that rate constants will increase to the dipole -
dipole capture limit ( kq.q). The methods for calculating, both the  kg.¢ and the keon values,

and the reduced mass, |, (required for both methods), Equations 2.7 2.9, are:

o] o “j- - T 7Qvy | Equation 2.7
- QY ! .
0 ljJ“_‘ “ i Equation 2.8
) a a
Equation 2.9
a a

Equation 2.7 involves several factors: Cis a constant dependent on the anisotropy of the
capture potential; [ is the reduced mass, calculated using Equation 2.9 and the atomic
masses of reactants 1 and 2 (m; & my); Up1 & pp2 are the dipole moments of reactants 1
and 2 found in the B3LYP/augcc-pVTZ harmonic frequency file. Equation 2.8 also
incorporates the radius of reactants 1 and 2 ( rr1 & rry). These calculations have been used
to analyse sCl reactions with trifluoracetic, pyric and other organic acids. The Cvalue can
vary depending on whether the model adopted is isotropic, adiabatic anisotropic or non -
adiabatic anisotropic (C= 4.08, 2.68 and 1 .953 respectively). In this study, the C value

used was the isotropic constant, due to the frequent use of isotropic  kq.4 constants in the
literature. %23 |sotropic kg4 is referred to as kq.q for the remainder of the study. All
isotropic, adiabatic anisotropic & non -adiabatic anisotropic kg.g values and all kcou values

for all reactions in the thesis are provided in the appendix.

2.4  Kinetic and Statistical Thermodynamical Package (KiSThelP)

Rate constants, as well as both Wigner and Eckart tunneling correction factors, lwigner &
l eckart, (discussed in the next section), can be calculated using the software Kinetic and
Statistical Thermodynamical Package (KiSThelP). The KiSThelPsoftware uses harmonic

vibrational frequencies, in conjunction with the coupled -cluster refined energies to derive
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Keg k2; k2 + llwigner; OF K2+ lleckarr. The KiSThelP software only allows for determination of
the components of a rate constant and not for the product branching ratios. These
components of the rate constant can be used in Equations 2.1 & 2.2 to determine the

overall rate constants.

One very useful classification of the different types of reaction in this thesis depends on
whether the reaction goes directly through to completion, referred to as a single/one  -step
reaction; or reacts to produce a short -lived intermediate(s) before decomposing int o the
final product(s), described as a two -/multi -step reaction. This classification does not refer
to pre -/post -reaction complexes as examples of short-lived intermediates and does not
refer to the number of different final products. KiSThelP  is used for the sCI + alcohol
reaction section (Chapter 4), as it is an example of a single -step reaction, without

involving any intermediate products. The implications of this are that the component rate -
coefficients ( krg) provided by both different channels and subc hannels are sufficient to

determine the overall kryeoand Brueovalues.

2.5 Master Equation Solver for Multi  -Energy Well Reactions (MESMER)

The Master Equation Solver for Multi -Energy Well Reactions (MESMER) software was used
to compute both krueoand Brueovalues for the ozonolysis of alkenes (Chapters 3 & 5) and
the HFO-sCls reactions (Chapter 4) as it can generate product branching ratios for multi -

step reactions, which have multiple final product s.

Using a MESMER template and the softwareOpenBabel all raw harmonic frequency

Gaussian filesfor all stationary points on the reaction potential energy surface are

compiled into a singl e 0. x kdyceacfionihfeematohbnid f i |l e r €
parameters to be inserted manually before any MESMER calculations take place. The first

of these is the bath gas and that bathbglasds col
gas and an <& kw.> factor of 300 cm * throughout. Standard < & Ew.> values are 250/ 500

cm™ for systems with O, and N, bath gases *?*®*** Each MESMER file requires the input of

the relative zero -point corrected energy, not the raw electron energy.  Quantum

mechanical external rotors (QM rotors) are used instead of classical rotors, which has

precedent in the literature for reactions involvin g Criegee intermediates. *° Excess

reactant concentrat ion is set at 1 x 10" molec. cm™ and the inverse Laplace transform

(ILT) capture rate coefficient is set at 1 x 10 °cm?® s*. An Eckart tunneling factor is used

for all reactions with TS barriers but, u nlike with the KiSThelPsoftware, MESMER

incorporat es the Eckart factors into its rate constants and does not produce them

separately.
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Al l reactions with sizeable barriers use a si mpl
(SimpleRRKNI method, which specifies the use of the ] ecart function. If the TS barrier is
quite low, with a small imaginary frequency, the J ecan function is not applied, as
tunneling has little impact on the overall rate . For reactions where the J eckart function is
not applied, it is noted in the appendix . All barrierless reactions which invol ve two
reactants but form one product, such as the association of a pre -reaction complex, an
inverse Laplace transformation , or MesmerILT, method is used to calculate K ¢q. As this
MESMER calculation is based opseudo-first order rate constant calculations, all chemical
structures in the system must be classified as: a deficient reactant , the concentration
dependent reactant; excess reactants; modelled structures, which are the intermediate
products; and sinks, the final products of the reactio n. If there are multiple products to a
SimpleRRKMpathway these products often initially form a structure referred to as a post -
reaction complex, using intermolecular bonds between the multiple products, and the

structure of that complex is used as the sink rather than the separated products .

If the reaction involves one intermediate product undergoing a barrierless unimolecular
dissociation into two products, such as when CHOOdecomposes into HCO + OH, a reverse
inverse Laplace transformation (reverse ILT) method is adopted. 32°*?" This requires both
final products to be set as separate sink structures, the pre -exponential factor is assigned
to the reverse function with a value equated to the dipole -dipole capture limit ( kg.q) of the
equivalent forward reaction. This replicates the literature use of the reverse ILT method
for the HCO + OH and CH + NH exit channels in the unimolecular decompositions of CH ;00
and CH;NH respectively. 32327 However, the pre -exponential factors used in these studies
are experimental rate constant ( kexd taken from the literature, instead of the  kg.q values.
This can be found in section 5.3.1 in the case of the sCI 23 + HCHO reaction, where the
intermediate HOZ product produces sd 1 + CRECHO, through a barrierless channel.

MESMER calculates master equation rate constants kwg), derived through microcanonical

rate constants, which use a rigid rotor harmonic oscillator approximation and a stochastic
energy-grained master equation (EGME) . These EGME cal cul ations de
which are a obundled6 of rovibrational states wit
these can be used to approximate the distribution of the deficient reactants across the

stages of energy schematic, as a function of time. 32! The accuracy of the micro -canonical

rate constants and therefore the whole system, depends on the grain size, which must be

selected for each system. The default grain size used herein is 10 cm™, but many systems

are too large or complex to use this small grain size, so larger grain sizes are selected . The

highest energy to which the specified energy range spans is dictated by the
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energyAboveTheTopHill procedure. This sets that t he highest energy as ~x xkT, and x is
set to 30, in line with prior Criegee intermediate studies. 32*? The grain size used for each

reaction system are found in the appendix.

The software allows the user to specify temperatures over which to compute the rate
constants, and in general 200, 275, 298, 325 & 400 K temperatures have been selected
herein, all at standard pressure. The temperatures and pressures are modified in those
instances where direct comparison with experimental conditions are required. These

temperatures have been selected as they span the temperature range of the troposphere.

The MESMER software produces two types of rate constants, the full master equation
treatment rate constant ( kwg) and the individual canonical rate coeffi cients which,
coupled with the steady state approximation, produce the overall canonical rate constant
(kcan. This use of the steady state approximation to produce the overall canonical rate

constant (kcan), is displayed in Equation 2.10.

0 ﬁ 0 Equation 2.10
Both types of rate constants produced by MESMER are generated from single step reactions
or from pseudo-single step simulations of multistep reactions. On the other hand, MESMER
calculations of the full rea ction cannot only produce the final product branching ratios for
both the single -step reactions and two -step reactions but also the fractional species
population the whole system as a function of time. This is done in both numerical and

graphical represent ation.

2.6  Tunneling ( II) Constants

One quantum mechanical phenomenon of note is where the quantum shift of particular
atoms involved in transition state mechanisms ca
the classical energy reaction barriers between reactant(s) and product(s). Thisis referred
to as quantum tunneling and can have a strong impact on mechanisms involving low mass
atom motion, due to the significant capacity for smaller atoms to exhibit the properties of

a wave. A computational examination of the synCHCHOO and HO reaction by Anglada
and Sole, showed that importance of quantum tunneling, not only by this feature

increasing the overall rate constant, but by also increasing the product yield of vinyl
hydroperoxide from ~ 2% to ~51%. This shows the important impact of quant um tunneling
on both overall krieoand Brueovalues, which could be replicated in other reactions with
significant amount of low mass atom motion, such as the synCHCHOO + MeOH and GI©@O

+ (H.O), reactions.
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There are several methods for obtaining the tu nneling constant () which are included in
this study. One of the simplest Il constant is referred to as the Wigner factor, developed

by E. Wigner.*?® To calculate this simple tunneling correction, this formula is supplied: 3%

d
p — — Equation 2.11

This involves several factors including: T is temperature; hi s Pl anc k dksis const ant ;
Bol t zman n 6 dm(\c pistise imaginary frequency of the transition state.  This

method is mainly used as a comparison to the other tunneling methods, found in Section

3.5.1. The main method used throughout this study is the asymmetrical Eckart tunneling

correction ( leckart). The lleckar is calculated using the probability of tr  ansmission through

the one-dimensional energy barrier (p(E)) ( Equation 2.12). The W, N,
that are part of the formation of p(E), are formed by Equations 2.13 /1 2.18:

Al QE| 1 Al QE]

no »p AT QE| 1 AT GQE Equation 2.12
°_iio P o
| B Equation 2.13 f B 0 Equation 2.14
p I‘/ln " o y,dj'ﬁ y:d:f
1 Cﬁ o O Equation 2.15 0 Equation 2.16
6 ygh € ygh € Equation 2.17 O GE [ d —_— Equation 2.18

The three main inputs into these equations are: the zero -point corrected energy barrier
betweenthepre-r eact i on mini ma and the 'E"Sjﬁ gotlnezelerd1—e of or wa
point corrected energy barrier betweenthepost -r eact i on mi ni ma and TS or
barrier, ygh & and the imaginary frequency of the transition state, Im(v #. The Eckart

function is then calculated using Equation 2.19.

ydﬁé

noQ Ao Equation 2.19

The KiSThelPsoftware uses a 15-point Gaussi_aguerre integration to evaluate Equation

2.19. Both the llwigner and ll eckart tunneling corrections are non -ab initio methods of

computing tunneling constants. This llecatt UnNel i Nng constantds main ber
compared to llwigner, cOMbined with its comparative computational cheapness, particularly

when compared to the more complex methods such as semiclassical on-the-fly instanton

methods. ¥ In section 4.5.1, the accuracy of the ll eckart tunneling corrections is

benchmarked, by comparing it with these more accurate methods.
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This instanton method is based on using ring-polymer beads to map a series of geometries,

or oObeadsbo, which are on the transition state pa
beads, N, was varied between 16 -256 beads depending on the different levels of theory

used. Calculations were performed using either DRDFT//B3LYP/cc-pVTZor CCSD(T)/ce

pVTZto investigate unimolecular decomposition of syn-CHCHOO and syn

CH=CHC(CHOO. AsNY b, Eyring & instanton rate constants
values, however the com putational cost also increases. Higher -level electronic structure

methods can also be used to increase the accuracy, as the more precise PES obtained, the

smaller the errors of the bead shapes. **°834 Instanton calculations are carried out using the

Molpro computational package. **® The appendix has a full breakdown of raw data from this

work.

2.7 Structure Activity Relationship  Rate Constant ( ksap

The accuracy of the theoretical alkene ozonolysis chemistry calculated for this thesis are
sometimes compared to values calculated using a structure -activity relationship (SAR)
model derived by McGillen and co-workers.*® The equations that produce the SAR rate
constant, ksag (Equations 2.2011 2.22) were derived by fitting a large number of alkene
ozonolysis kexpvalues to the number of relevant structural ~ features of those alkenes. 8
Therefore, in this thesis, these ksarvalues are used as a substitute for kexpvalues, where

such values are not found in the literature, such as for O 3 + 2,4-dimethyl -2-pentene. 1°

The structural features are key because the number of alkyl substituents do have an

inductive effect on the >C=C< bond, but the size and the position of those substituents can

inhibit O 3 reaction with that >C=C< group. **8 In this SAR model, the inductive contribution

("®@is dictated only by the number of alkyl groups attached to  the >C=C< bond (ranging

from 0fi4). The steric contribution ( Y, according to Equation 2.20, is derived from a sum

of: the obstruction caused by two alkyl substituents at one end of the >C=C< bond ( io =

020) ; the obstr u-alkyligoups (0:E0.@38)t;r aanld t he obst-ructi on
alkyl groups (i 2 = 0.020). These steric and inductive factors are combined into a single

compound inductive steric factor, the 0wd v ain Hguation 2.21.

Y Bi Equation 2.20 w wY O Equation 2.21

A good example to explain this method is 2,4 -dimethyl -1-pentene because the total steric
contribution (~0.283) has at least one steric contribution from each factor: 1~ x 0.20, for

the one set of alkyl groups at the end of an alkene bond; 2 x 0.033forthe twoe xt rra W
alkyl groups; 1 x 0.020 forthe o n e e xatkyl grough 8% As 2 4-dimethyl -1-pentene has

3 alkyl substituent groups and therefore the total inductive factor (or  0lé) would be 3.
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The 6a® Vv a | REgeation 2.21 is composed of: a total inductive effect, |[; y, a negative
constant (-4.04); and the total steric effect (S, (Equation 2.20). This 6c® v al ue i s then
only independent factor to the ksarvalue in Equation 2.22:

1T ¢ oW PE Y TBrLvw p P T TEUYX Equation 2. 22

For a full background to this method see appendix.

2.8 Determining the Primary Theoretical Rate Constants ( Krreo)

In this thesis, the primary theoretical rate constant ( krueg is usually calculated using
either the MESMER master equation rate constant (kvyg) or conventional transition state
theory ( krs7). However, as stated in section 2.3, the main restraint on those reactions,
which are either barrierless or with large kve values (010° cm?® s), is the rapidity of
collision, calculated using the isotropic dipole-dipole capture limit ( Kq.q). In situations
where kve > Kd-a , Ka-d IS employed as the primary kryeoconstant because the kinetic barrier
is so low that every collision leads to a reaction. The collision limit (  Kcov) is also referred
to in the main body of the thesis as a comparative tool in situations such as where  kexpis

slightly lower than both krhe and kq.a constants.

2.9 Defining the Reliability of this  Computational Chemistry Approach

As DFT functionals, such as B3LYP in theDFHF/DFLCCSEF12a//B3LYP/aug-cc-pVTZ
approach (referred to here as the B3LYPoptimised approach), are often purposely built
and selected because they model the particular target chemical systems well, making an
extended error calculations difficult. Instead, here, the author provides a level of
confidence for this B3LYPRoptimised approach by comparing the energies of the TS
barriers for sCl + alcohol reactions against both experimentally and other computationally

derived barriers.

The first technique used to examine the reliability involves comparing the relative energy
(DE) of, for instanc e, the TSaaan1 & TSaaan2 barriers from CH>OO + MeOH using theB3LYPR
optimised approach (-3.8 & 0.1 kJ mol ) to that of another approach, here the DRHF/DF
LCCSEF12a//M062X/aug -cc-pVTZ approach (-7.1 & 3.2 kJ mol *%). The energy differences
between these approaches for each TS are averaged to determine a scope of agreeability
factor, ( Dacree~+3.2 kJ mol™). These small Dacreevalues provide a rough indicator of a
good quality confidence level for the B3LYRoptimised approach. Also, when Aroeira et al.
produced the CH,OO + MeOH T&an 1 barrier (-6.2 kJ mol™), using an exhaustive
QCISD(T)/CBS//ICCSD(T)/ANObased approach, the Dacreevalue was also quite small (2.4

kJ mol™), further authenticating the  confidence level for the B3LYRoptimised approach.
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The second assessment of reliability involves comparing the relative Gibbs free energy of
the TS structure, say the DGrreovalue of the TSaaan 1 from the CH20O0 + MeOH reaction
(42.6 kJ mol™), to those derived from other experimental or theoretical studies, such as
McGillen et al. study (DGexp(TSsaan1) ~ 37.2 kJ mol™). This the DGrueoVvalue is the key
thermodynamic value that characterizes the relationship between the TS, the krneovalues
and the product Brueovalues at a specified temperature and so a sensitivity variation
(Dseng, derived from difference in - DG (TSaan 1) values, can also indicate a confidence
level for the B3LYPRoptimised approach. The modest size of the Dsensivalues (~5.3 kJ mol”

1 further confirms confidence in this B3LYPoptimised approach.

In the extended sensitivity study of many sCI + alcohol reactions, in Appendix Section 2.9,
the B3LYPoptimised approach mostly yield similarly modest Dacreeand Dsensifactors when
compared to with methodologies in both the experimental and computational literature.

For this reason, the Dacree~+3.2 kJ mol™ seems to be the adequate estimation of the
margin of uncertainty in the data. However, this is not a traditional error calculation, and
instead the Dacreeand Dsensivalues are derived by evaluating numerical discrepancies
between different overall approaches. Also of note is that the number of decimal places
given in the data presented in this thesis, does not neces sarily reflect the DacreeOr Dsensi

values given here.
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3.0 The Ozonolysis of Alkenes: A Computational Study

This chapter provides a comprehensive computational chemistry examination of alkene
ozonolysis, a natural removal mechanism for alkenes found wi thin the troposphere. This
analysis is important because this route, and in turn the formation of a primary ozonide, is

a common depletion mechanism for alkenes and O3, both of which can be harmful to
human health. The magnitude or tropospheric significanc e of these depletion pathways
are quantified principally through determining the master equation rate constant ( Kwg).
Identifying the products from fragmentation of the POZ intermediate and determining the
branching ratio ( Brueqg of the subsequent products is also a principle aim of this study. This
BrueoVvalue is important principally because one of the primary products, Criegee
intermediates (CI), are implicated in the depletion of many different toxic pollutants, and
contrary to this positive effect are implicated in secondary aerosol formation. Through  out
this chapter, the alkenes are grouped by structural and electronic factors such as: the
number of >C=C< substituents, st er-hydrogenUiHk)
atoms within these substituents. If such groupings by substituent characte ristics is seen to
have a clear relationship with the kyveand/or Brueovalues, then these taxonomic groupings
could be used to produce predictive models of ozonolysis of alkene chemistry, reducing

computational cost of such calculations.

3.1 Introduction

3.1.1 The Overall Chemistry and Importance of Alkene Ozonolysis

Tropospheric alkenes are associated with respiratory irritation and occasionally

carcinogenic health problems and they also have a significant role in depleting other

harmful pollutants (e.g. SQ and NQ). Alkenes, such as 2-butene (seen in Figure 3.1), are
distinguished from alkanes by the unsaturated nature of a >C=C< functional group. The

four substituent groups attached to the >C=C< bond have a significant influence on alkene
chemistry, as shown by the capacity for bulky groups to lower reactivity by hindering the
approach of co-reactants to the >C=C< bond. Some substituents can alter electronic
character of the alkene, as shown by additional alkene or carbonyl groups in di -alkenes (or

dienes) and unsaturated ketones (or enones).

If the >C=C< bond has two different substituents at each end (like with 2 -butene in Figure
3.1), the alkene exists in two different isomeric forms: the  E-isomer and the Z-isomer
(sometimes also referred to as trans- & cis-isomers). E- & Z-alkenes have a high energy

barrier to interconversion because the *“-component of the >C=C< bond involves a coplanar
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overlap of the two singularly -occupied 2p; orbitals and the 180 ° spin involved in
isomerisation interrupts that over lap.%*® The separate boiling points for E- & Z-2-butene

(3.7 & 0.9 °C) show that E- & Z-alkenes have their own distinct characteristics. %

H4;C H H,;C CH;
H CHs H H
E-2-butene Z-2-butene

Figure 3.1: Terminology used throughout, E -and Z-2-butene conformers.

It is importan t to understand alkenes sources and sinks in order to capture changes in their
tropospheric concentrations, perhaps as a result of changing pollution levels, which
ultimately may have an impact on human health or the biosphere in general. Sources and
sinks fall into two main categories: biogenic and anthropogenic. Biogenic sources of
alkenes are predominantly from foliar emissions. Biogenic sources generate species
including isoprene, emitted from shrubs and boric forests, W & N-pinene from pine trees
and limonene from orange peels. 81°%52 Anthropogenic alkenes are produced either by
human activity such as ethene and propene evaporation from automobile fuel, or synthetic
alkenes produced for human uses such as HFG1234yf and HFG1233zd(e), which are used

as car refrigerants, 227337338

The differentiation between biogenic and anthropogenic alkene emissions provides a
practical example of the different impact between  global and local emissions. Global
emissions are usually released at such a rate and/or have a long enough lifetime thatth eir
presence and impact can be significant on a planetary level, seen with the greenhouse
effect caused by large amounts of CO, emissions. Many other types of species that are
generated are referred to as local because, even if they have a negligible effec ton a
planetary level, they have significant abundances in the region near large emitters. These
include species that have strong emissions caused by certain geographic features (e.g.
volcanic H»S), large human populations (e.g. vehicular SO3), or uncommon conditions of

weather restricting or causing an amalgamation of pollutants (e.g. photochemical smog).

Biogenic alkenes dominate the global emission profile, with isoprene emissions totalling
~80% of biogenic volatile organic compound (VOC) emissons.?** Many of the biogenic
alkenes have comparably larger molecular weights, such as isoprene, the most

tropospherically -emitted alkene at ~600 Tg (C) yr '*.%

Locdised tropospheric species, on the other hand, are generated at high rates only in

certain areas, such as volcanoes or cities, have little planetary impact due to short
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lifetimes and/or low global emission rates. While anthropogenic emissions of ethene and
propene are small on a global level, 8 Tg (C) yr ** of the 200 Tg (C) yrTl by some studies,
the emissions from car fuel has been shown to cause significant concentrations of such

gaseous alkenes in Mega Cities!®***

Despite the large variety of sinks ( such as those formed in reactions with NO; and CI
radicals), reactions with OH radicals and ozone (Os) (referred to as alkene ozonolysis) are
the dominant decay pathways for many gaseous alkenes. **#??#22” One of the key reasons
the alkene ozonolysis, featured in Figure 3.2, is explored in this study is that the process
has been implicated as a major source of night -time OH radicals. OH radicals are
predominantly produced during the day through the excited singlet O( 'D) atom, generated
by the photolysis of O 5 reacting with abundant gaseous H»O (see Sections 1.3.1 &
1.5.1).1°*> A night-time abundance of OH radicals (referred to as an atmospheric
detergent) is important because OH radicals has a significant capacity to remove toxins
and radical species, such as NQ, SO, and NO.? For further details on OH radicals, see

Introduction Section 1.5.1 .

Tropospheric Oz, a major reactant in this chapter, has some very harmful effects because

it is both a greenhouse gas and a strong oxidant. 21?234 This strong oxidising effect means
it can cause severe respiratory problems and it is also implicated in the formation of
photochemical smog in urban environments. 2'92° These health costs of tropospheric O3 are
somewhat offset by their reaction with significant lev els of tropospheric alkenes, as the
Criegee intermediates (Cls) and secondary OH radicals produced are both implicated with
removal of atmospheric toxins. #** While further details on other atmospheric processes
involving O3 can be found in introduction sections 1.3.1 and 1.5, this process of alkene
ozonolysis, will be the main subject of further discussion and research in this chapter. The

reaction sequence of the ozonolysis of alkenes is found in Figure 3.2:
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HECHCFQ >=<
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H
H Bimolecular .
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H Reactions with

Stabilisation
\ Styrene / 50,, NO, and H,0

Figure 3.2: Reaction schematic for the ozonolysis of atmospheric alkenes and subsequent Criegee
intermediates processes.

The initial 1,3 i cycloaddition step in the ozonolysis reaction sequence produces a short -
lived 5-membered ring intermediate compound, known as a primary ozonide (POZ), or a
1,2,3-trioxolane adduct. The excess energy produced during the ozonolysis step and t he
significant amount of tortional strain within the structure, leads to almost instantaneous
fragmentation after POZ formation. This fragmentation proceeds via mutual fissures in the
original >C=C< bond and one of the Oi Ofi O bonds, after formation into an aldehyde or
ketone and a ClI, represented by RzR«CO and RR.COO respectively in Figure 3.2. There is
also some theoretical and experimental evidence that small yields of epoxide products can
be produced from the O 3 + alkene reaction. 231342 Conformeric rotation within the ring
structure of the POZ is limited to pseudorotation, whereas the R; fi Rs groups can freely
rotate along the POZ - substituent bond axis.) The energy barriers reported for both
pseudorotations (usually ~12.6 kJ mol ) and alkyl substituent rotations (~9.2 fi 13.4 kJ
mol™) are found in the theoretical literature to be low, meaning these POZ conformers
likely freely interconvert. %33 This free interconversion between POZs means all
cycloaddition pathways can produce all POZ conformers and POZ fragmentation

mechanisms do not differentiate between different POZs.

The large amount of internal energy released during O s + 2,3-dimethylbutene (ca. 200 i
250 kJ mol™), is common across alkene ozonolysis reactions and therefore most Cl

products will be generated with a high degree of internal energy. '? This excess energy
leads to a significant fraction of the Cls (37 1 50%) fragnenting before they can undergo
stabilising collisions to form what are termed herein as stabilised Criegee intermediates
(sCls) 123126335 The degree of rapid unimolecular Cl fragmentation and the OH yield

changes depending on the CI produced, for example the OH yield of CHOG'is ~0.12 and of
CHCHO® is ~0.23+0.18.108:133.135.164467 preyjioys studies have shown that altering the alkene

substituents has a significant impact on the ozonolysis rate constants, Cl identity &
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branching fraction, which has a knock -on effect on the ensuing yields of OH radical & the
sClspecies.’ As both these species are consequential in atmospheric models, the
importance of determining the ozonolysis chemistry of each tropospheric alkene is
highlighted . As shown in Figure 3.3, the main structure of the CI/sCl is a unsaturated
carbonyl oxide (COO) group with two fla nking substituent groups attached to the central C

atom.

In much of the literature, it has been observed that sCI bimolecular chemistry aligns
significantly with certain structural groups (disubstituted sCls, syn-sCls andanti-sCls) and
so examples of each are included in Figure 3.3 as well as the simplest CI ( CHOO).
OMonosubstitut eds£&£HGOCIbrs two sepacate and s& s@HdClconformers,
which differ only by the spatial position of the largest substituent by the greatest number

of atoms (see Figure 3.3). These conformers are chemically distinct, like E- & Z-alkenes,
due to their significantly different chemistries and high barrier to interconversion (>100 kJ
mol™). For instance, if the i CH; substituent for CH3CHOO is in theanti position, th e

hyper conj-H gtants induee grehter reactivity in, or activates, the COO functional

group. 311134 Whereas, if the fi CH; substituentisinthe synp osi t i o n-H atdms eas e

have a hyperconjugative stabilising effect and can also form an electrostatic force of
attraction with the terminal oxygen on the COO group, both of which reduce the reactivity
of, or deactivate , the COO group.®**%3* Large syn substituents can also have a reductive

effect by obstructing between with the COO group and the co -reactant.

disubstituted sCI anti -sCl syn-sCl simplest sCl
o’ o’ o-° 0,0
e' s; : "
AN C
H,C”~ “CH;, H,c~ H H™  "CHj H” ~H
(CHs)>,CO0 anti -CHsCHOO synCHCHOO CHOO
Figure 3.3: Schematic of 3 groups of sCls (disubstituted, anti - & syn-sCl) with examples of each; and the

simplest sCl
Disubstituted sCls, such as (CH).COO, have substituents in both the anti- & syn positions
meaning that the impact on the COO groups is a combination of both of these types of
activating and deactivating hyperconjugative factors (referred to collectively as  electronic
effects ). 931127 However, CHOOis categorised separately, as the fi H substituents in the
anti and syn positions do not provi de the same the electronic effects as other

substituents. >+11!

One of the key hypotheses of this chapter is that factors seen to alter or impact upon sCl

chemistry, such as bulky substituents obstructing reactions site, also influence the
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ozonolysis chemistry of alkenes. As the presence of hyperconjugative UH atoms within
alkyl substituent groups can alter the character of the COO group in an sCl, adjusting the
number of WH atoms within alkene substituents also tunes the chemistry of the
unsaturated >C=C< bond. If these alkene struct ural features do impact electronic and
steric aspects of the ozonolysis chemistry, a taxonomic classification system could be
constructed to determine ozonolysis chemistry of a much wider variety of alkenes, without
the burden of significant computational cost. As alkene ozonolysis is not just responsible
for the reduction of O ; and alkene populations, but also indirectly responsible for
depleting pollutants through secondary reactions with OH radical and sClI species (see
Chapters 4i 5 for further examples), shows the importance of such a model. ? A
computational chemistry analysis into the ozonolysis of various alkene is undertaken in this
chapter to discern whether generating such a taxonomi c classification model using factors

mentioned above is possible.

3.1.2 Alkene Involved in this Study.

As discussed previously, here the author uses computational chemistry to determine the
master equation rate constant ( kug) & branching fractions of alke ne ozonolysis products
(Brueq; assessing how this relates to the common electronic and structural factors; and
whether this analysis allows for generating taxonomic alkene groups for a predictive
model. The alkenes studied in this chapter, labelled Alkene s 1ii 20, are grouped in Figure
3.4 on the basis of common structural features. These groups are referred to as:
monosubstituted alkenes, trisubstituted alkenes, hydrofluoroolefins, E- & Z-alkenes, and

2-methylpropene.
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Figure 3.4: Alkenes, labelled 1-20 and delineated by structural factors, modelled for ozonolysis analysis in
this chapter.

Monosubstituted alkenes have the common structure of R :i CH=CH, where the AR,
position is substituted with increasing ly bulky and complex substituents. As seen in Figure
3.4, the chosen group consists of propene, 1 -butene, 3 -methyl-1-butene, 3,3 -dimethyl -1-
butene and methyl vinyl ketone, referred to herein as Alkenes 1i 5. As there is a stepwise
decline in the number of WH atoms within the A Ry group across Alkenesl1fi5, comparing
the different kwe and/or Brueovalues of these reactions can be used to determine whether
altering the number of hyperconjugative UiH atoms does tune the ozonolysis chemistry.
The tropospheric importance of the O 3 reaction with Alkenes 1fi4 are important in urban
areas due to the high abundance of Alkenes 1 & 2, in major cities such as Porto Alegre,
Brazil (28.3 & 7.8 ppb respectively). 82 The high boiling points of Alkenes 3 & 4 restricts
the tropospheric role of their ozonolysis reactions. 3% However, the highest tropospheric
levels of Alkene 5 are in the rainforest (~1 ppb) and so the O 3 + Alkene 5 reaction is more

important in natural environments, 18234
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The trisubstituted alkenes, 2-methyl -2-butene, 2 -methyl -2-pentene, 2,4 -dimethyl -2-
pentene, 2,4,4 -trimethyl -2-pentene and mesityl oxide, are labelled 6f 10. The stepwise
decline in the number WH atoms in the i R, group above is replicated for Alkenes 6110,
affording a direct comparison of reactivity trends. When the ozonolysis of Alkenes 6fi10 is
compared to Alkenes 1i 5, the inductive impact of two additional i CH groups can be
guantified across 5 different reaction sets. Of these trisubstituted species, the largest
typical urb an concentrations are for Alkenes 6 & 7 (~0.1A 1 ppb) and even higher
abundances in cities like Porto Alegre (17 & 4 ppb respectively). 822 Much like with
Alkenes 3 & 4, the greater number of substitue nt branches, and corresponding increase in
boiling point, produces lower tropospheric concentrations for Alkenes 8 & 9 (~0.01 ppb).3*
Another important comparison is that between the enones (Alkenes 5 & 10), which, as
they both have an fi C(O)CH substituent group, are used to determine whether conjugated
carbonyl substituent gro ups have a comparative inductive or reductive impact on Kkme
values or Cl yields. While determining the impact of ketone substituents, such asthe i
C(O)CH group, is important, the very high boiling point of Alkene 10 (130 °C) and lack of

biogenic or anthropogenic emitters makes significant tropospheric presence unlikely. 34

The halogenated alkenes, 2,3,3,3 -tetrafluoropropene, 3,3,4,4,4 -pentfluoro -1-butene, 1-
chloro-3,3,3-trifluoropropene and 1,3,3,3 -tetrafluoropropene, are labelled 11fi14. These
hydrochlorofluoroolefins (HCFOs) and hydrofluoroolefins (HFOs) are referr ed to generically
as HFOs throughout this thesis. Studies of HFO ozonolysis have been sparing in the
literature, but they are included in this chapter because they are now being phased in to
replace older haloalkane refrigerants, with larger ozone depletio n potentials (ODPs)
and/or high global warming potentials (GWPs). *°"1% Greater HFO salesin the EU, US and
China has led to increased HFOemissions from factories and landfills. 2*°3*” Currently only
a small tropospheric HFOconcentration has gathered in certain cities (~1 ppg i 1 ppt),
but concentrations are projected to grow up to ~0.3 ppb in some cities, increasing the
importance of O ;3 + Alkenes 11fi 14 reactions. #2°40347348 One additional advantage to
including Alkenes 11 14 in this study, is that by comparing the haloalkyl substituent s (i
CxFx+1) to that of equivalent alkyl groups (A GHax+1), the impact of hyperconjugative  UiH
atoms can be further assessed. This is similar to the comparisons made between the
different bimolecular sCI chemistry of syn-& anti-CRCHOO withsyn-& anti-CHCHOO, in
chapters 4 & 5.

The E & Z-alkene group, E- & Z-2-pentene and E- & Z-2-butene, labelled 1518, are used
to study the effect of decreasing WH atoms on ozonolysis chemistry. However, of more

importance is the study of how E- v. Z-isomerisation impacts such ozonolysis chemistry.
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The calculations for the ozonolysis of Z-2-hexene, or Alkene 19, is studied in much greater
detail in chapter 5, as t he high conformational flexibility causes a large degree of
complexity in calculations. However, the data obtained for the O 3 + alkene 19 reaction is
used, when discussing trends in the E- & Z-alkene group, and so is included on Figure 3.4.
Oz reactions with E- & Z-alkenes are important because, despite low levels of Alkenes 15ii
18 in rural environments (~0.01 ppb), they are abundant in urban areas like Mexico City
(0.37112.48 ppb). 18234

In this chapter, it is anticipated that there may be some significant ozonolysis trends

observed by comparing the Brryeovalues of (CHs)2COO for Alkenes6fi 10 with that of CHOO

from alkenes 1A5, due t o t he i ndu eHaiomseon alkylgraupsthavedn t he U
Clchemistry. So, the analysis of 2 -methylpropene, referred to as Alkene 20, reaction with

Os may provide additional context to such trends. In addition, this reaction is important

due to the significant levels of Alkene 20 seen in cities such as Taipei, Mexico City and

Porto Alegre (0.51, 5.28 & 16.5 ppb). For more in -detail tropospheric abundance levels of

Alkenes 1fi 20 in various locations, see Appendix Section 1.5.
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3.2 General Overview of Alkene Ozonolysis

3.2.1 Ozonolysis of Alkene 1 (CH3CH=CH)

To compute kve & Brueovalues, potential energy surfaces (PES) of all O3 + alkene reactions
must be calculated. The ozonolysis of Alkene 1, known as propene, is selected to describe
the overview of the general reaction because it is both an abundant alkene in  many
environments and it has a simple structure. ¥ A general schematic of the cycloaddition

stage of Oz + Alkene 1 is shown in Figure 3.5.

POZ 1 TSz201 Alkene 1 + &; TSz02 POZ 2
//o\
\\0// o.\\\olll,o i 0~ ‘\~o OAOLO :I: ’0\
N -— ! ! - g — \ / —= o0 o
\ / \ { H \ | H \ /
HIC—C.1IlH Ho\ H H Ho\ N Hit.c—C:1IH
- c==c od’ c==c¢ ~>
HaC H Hyc? Vi Hee C‘H Hie? (" HaC H
-235.2 11.6 0.0 16.0 -235.7

Figure 3.5: Different Structures in the Cycloaddition Step of O 3 + Alkene 1 reaction with relative energies (kJ
mol-1)

Os + Alkene 1 react to form POZ conformers 1 & 2 via the two 1,3 -cycloaddition channels,
TSz01 & 2, that differ mainly on the basis of the orientation of the oxygen at point of
reaction. All O ; + alkene reactions in this study exhibit at least one structure that coul d be
characterised as TSozo01 or 2, except for Alkenes 17 & 20, where any TSoz02 is degenerate
to TSozo 1. Very frequently, the raw reactants form a short -lived pre -reaction complex
(PRC), prior to cycloaddition. PRCs in these reactions have negligible ef fects effect on the
rate constants in this study, therefore the only reference to PRCs in this chapter are found

in the PES figures, and their chemical structures are in the Appendix.

The TSz02 structure in Figure 3.5 has a greater energy barrier than T Szo01, because the
different orientation of the central oxygen in the O 3 means there is greater steric
repulsion with the fi CH; substituent group, which leads to a greater POZ yield from TS o201
(0.842) than TSpz02 (0.158). The preference for TS o0z01 is a common occurrence in this
thesis and is often exacerbated when the i R; substituent is more bulky generating greater
repulsion in the TSozo 2 structure(s). However, the differential in POZ yields is difficult to
verify experimentally due to rapid interconv ersion between these POZs under most
conditions, and because of the swift POZ fragmentation pathways. The similarity between
the kve value produced by this study (3.24 x 10" cm® 1) and the literature experimental
rate constants (kexp= 0.991 1.01 x 10" cm?® s?) help to substantiate that the

computational approach used throughout this thesis produces reliable results for the

ozonolysis of alkenes.?*°
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As the POZ conformers can often freely interconvert over the low energy isomerisation
barrier (TSpo2, displayed in Figure 3.6, all POZ conformers can access all fragmentation
pathways. Using this assumption, to reduce computational cost, a different MESMER
treatment was assembled, where all cycloadditions and POZ fragmentations of a single O 3
+ alkene reaction are channelled through a single POZ structure. An analysis in Appendix
Section 1.6.2, found little difference in  Brueoresults between the full MESMER treatment
and this new MESMER treatment for any of the ozonolysis of Alkenes 1, 6, 11, 13 & 18.
This new MESMER treatment is applied to all other O3 + alkene reactions expect for O 3 +
Alkenes1, 6, 11, 13 & 18.
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Figure 3.6: PES of the O; + Alkene 1 reaction (Propene). Energies are relative to raw reactants . The POZ 1 & 2
rings are not chemically distinct due to interconversion over the low TS  pozbarrier.

Unlike the ozonolysis of ethene, which only produces one set of final products ( CHOO+

HCHO), the POZ fragmentation process, shown in Figure 3.6, involves multiple reaction

pathways generating different products. All fragmentation pathways have a Cl produ ct but

the proportions of oOstabilizedd6 ClI to ohoto CI s
referred to collectivel y Baesof eadd ClsThe finavgroglutts di scus si
for POZ fragmentation from Os; + Alkene 1, shown in Figure 3.6, are : anti-CHCHOO +

HCHO, via the TSwm pathway; synnCHCHOO + HCHO, via the TSnpathway; and CHOO+

CHCHO, via the TS0 1 & 2 pathways. Ozonolysis of all alkenes in this study, except for

Alkene 20, form at least one set of anti- & syn-Cl conformers. All TSs are labelled

according to the CI conformer that they lead to, i.e. any TS that yields  anti-Cls are
referredamtbo dsn aTh® aftermath of a POZ fragment a
TS0 1, the final products may form a post -reaction complex, Ceo 1 in this instance. The

significant excess of energy of the final products causes the intermolecular bonds, holding

the complex together, to break and the products drift apart. Outside of their usefulness in

MESMER calculations (see Section 2.6), posteaction complexes have little impact in this

chapter and so they are mainly discussed in the appendix.
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As mentioned in Section 1.5.4, comparing these Brneovalues with experimental branching

ratios (BEexa is challenging because of the short Cl atmosphericlif et i mes (especially

Cls), therefore BEexpdata is sparing. So, to compare the Brueovalues in this chapter to the

literature, Bexpdata for Cls must be inferred from the branching ratios of the two

aldehyde/ketone co -products.

Although the experimental yields of aldehyde & ketone co -products cannot be used to

determine the Eexpvalues of different anti & syn conformers of the same ClI, experimental

OH yield can be used to infer a comparative anti or syn preference. This method is based

on the premise that a high OH vyield for an O; + alkene reaction is often due to the high

decay rate constant ( kun) of the Cl produced, and, as displayed in Table 3.1, the kyn for

syn- or anti-Cl often differ significantly

.82 Therefore, an experimental OH yield can be

used to infer whether anti- or syn-Cl formation is favoured.

Table 3.1: Unimolecular rate constants (k un) of Cls in this study derived by Vereecken et al. 182

kai (5) | CFCHOO| EICHOO | 'PrCHOO | '‘BuCHOO | CHOO | MeCOO
Syn- 136 205 6.7 0.01
Anti- 53 74 102 111 03 478

The literature OH yields and the Eexpvalues of the co-products provide adequate points of
comparison to determine the accuracy of the Brueovalues calculated in this chapter. As
seen in the PES of Q + Alkene 1 in Figure 3.6, POZ fragmentation via TSanm & TSsynis very
Banti (0.452) & Bsyn (0.276), are not just larger than
the individual branching ratios of TS r0l & 2 (0.157 & 0.115), but are larger than the total
Utroo value of ~0.272 (the Utrooterm is used here for the collective CHOO+ CHCHO
yield, here the sum of the yields from TS 01 & 2). The literature on the ozonolysis of
Alkene 1 shows aBexprange for CHOO+ CHCHO of~0.38f1 0.45, which is somewhat higher

than the computational Utroo value above, 1031166350852 Haowever both Bexpand Brueovalues

favourable and their branching ratios,

agree that CHOO+ CH;CHO does not comprise the majority of the Cl yield.

When considering the OH yield, it must be noted that of the three Cls generated in this
reaction two of them, anti-CHCHOO andCHOO have quite low kun values, compared to
synCHCHOO. This means that as theexperimental OH yield range for the ozonolysis of
syn-CHCHOO can be

inferred 10:131.166.350852 Thjg experimental trend is i n agreement with the theoretical study

Alkene 1 is quite low (0.32 /1 0.33), a low to medium yield for

in this section because it shows & + Alkene 1 has a medium Bryeo value for synrCHCHOO
(~0.276) compared to the strong dominance of Brueo value for anti-CHCHOO(~0.452).
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There is some probability of O ; + alkene reactions forming epoxides, but due to low Brueo
values (L 0.01), analysis of this pathway is restricted to Alkenes 1 & 5 and is explored only

in the appendix.

In summary, these calculations for O 3 + Alkene 1, produce a kve value that is similar to the
kexpvalues found in the literature . On top of this, the aldehyde/ketone co -product and the
OH yields provide satisfactory substitutes for the Eexpvalues and the Brrueovalues for the O3

+ Alkene 1 appear to be in broad agreeme nt wi t Ieexdisludsé¢ i 6 ut e v al

3.2.2 How Multiple Conformers of Alkenes and Intermediate Products Affect
Ozonolysis Chemistry using O 3 + Alkene 2 (EtCH=CH>)

Like a large number of alkenes in this study, Alkene 2 has multiple conformers and all
PESs, rate constants and product branching ratios are calculated under the assumption
that the lowest energy conformer found is that of the ground state. With many of the
TSozo structures, the intrinsic reaction co -ordinate (IRC) calculations lead to reactan t
structures that involve the other, higher energy, alkene conformers. In these situations, it
is always possible that the barrier between reactant conformers inhibits reaction via these
TSs. This is particularly pertinent in cases where the alkene reactan ts are either
conjugated (Alkenes 5 & 10) or have very bulky substituents (Alkene 8). Due to this
possibility, in Appendix Section 1.6.1, the ozonolysis of Alkenes 5, 8 & 10 are analysed
with respect to how such conformeric barriers may affect the cycloadd ition chemistry. It
was found to have negligible effect for these more extreme examples and it is therefore

assumed to have very little impact on the other such reactions in this chapter.

TSz01.1 TSz01.2 TSz01.3 TSz02.1 TSz02.2 TS202.3
WO | o aon |1 o
q‘ ll.‘) q‘\\\ ///,9 i 0Ol i (?‘ :'o qA L(? i o040 I
\ ! \ ' 3 T \ | \ | v T
H,\ I oH \ ! \ / H, ! i+ \H \ | \ !
3&26‘;\ H/"‘E:"“ é' H i zmmz g /("o'::xé‘;\ H/,,'é____ é',\\H Hmaas g
" = ~ H A
HZT o y H3C—C:2 H HZT H C/ A" |-|3<:—c:2 H
2V~ 2% ~—
CH;, CH, CH, CH
11.2 10.9 10.7 15.4 17.3 12.6

Figure 3.7: Multiple TS 0z01 and TSz02 subchannelsfor O3 + Alkene 2 reaction with energies (in kJ mol?) are
relative to the raw reactants.

The ozonolysis of alkenes that have longer and more flexible R 1 groups, such as the fi Et

group in alkene 2, often produce multiple TS 0z01 and TSzo 2 structures, seen in Figure

3.7. The main difference between these TS o0z01.1fi1.3 and TSz02.112 . 3 O0subchannel

is the orientation of the A Et group. These alkenes with longer and more flexible R 1 groups
also produce multiple conformers of POZ 1 & 2 (POZ 1.1 1.3 & POZ 2.1 2.3) and multiple
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subchannels for each of the TSant, TSsyy TSro 1 & TS0 2 channels, which are labelled in a
similar way to the TS 0z01 & 2 subchannels. However, throughout this chapter, unless
otherwise stated, only the lowest energy subchannels for each channel is referenced,
although each is included in calculating the kwe & Brueovalues. Where possible consistent
labelling through the ozonolysis reactions has been maintained both within the reaction
(PRC 1.1Y TSz01.1 Y POZ1.1Y TSo01l.1Y Go1.1) and between reactions and a full
breakdown of all these energies and structures are found in Appendix Section 1.3.

One other particular abbreviation of note is that a yield of the dimethyl formaldehyde
oxide is referred to by the abbrevi atsxmdO0G60.DMFOO6

One distinction made in this chapter is betwe en CRCFOO structures, where the syn- and
anti - conformers are assigned with reference to the position of largest group by mass
(always Ry) in relation to the terminal oxygen, as seen in Figure 3.8. Another degree of
complexity comes with systems, such as with Alkenes 15 & 16, that produce multiple syn-
and anti -Cls via multiple TSanmiand TSynchannels. In such reactions, the label of TS anmi
1.1/ 1.3 and TSsyn1.1f 1.3 produces anti - & syn-EtCHOO because it has the substituent
with the greatest molecular we ight and consequentially TSanm 2.1 2.3 and TSsyn2.10 2.3
produces anti- & synCHCHOO (see Figure 3.8).

Alkene 11 Alkenes 15 & 16
TSN TSy TSwnl.1il.3  TSywl.1Al1.3 TSwn2.1f2.3 TSyn2.17 2.3
0,0 o,O 0’0 o,0 0,0 _0
Il Il I L I I
F.c” OF F-C~cr, et~ S H H™ T Et H,C” “H S ch,
anti -CRCFOO  syn-CRCFOO anti -EtCHOO  syn-EtCHOO anti -CH;CHOO syn-CH;CHOO

Figure 3.8: Different Structures of some Clsproduced in the ozonolysis of Alkenes 11, 15 & 16.
While the aldehyde/ketone co -products do have some significant atmospheric importance,
such asformaldehyde, which is a toxic respiratory irritant, the main product of interest
discussed in this chapter are the Cls due to the ability of Cl secondary reactions to
produce OH radicals and deplete pollutants .'®"!"* This is also because the
aldehyde/ketone co -products have longer atmospheric lifetimes and as a result their

yields from these reactions are already quite well established.
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3.3 Results of the Ozonolysis of Alkenes

When determining the relationship between the electronic and/or steric impact of alkene
substituent groups and the ozonolysis kve & Braeovalues, a collation of the calculated data
into several tables of reference is very useful. The similar fluctuations in relative

reactivity between alkenes, represented by the energy barriers (| Erg) and kyve values, may
be observed to pair with common changes in substituent groups ( R, R, Rs & R4), both
found in Table 3.2. The collective numberof s u b st i {Hwatemstare dlso suspected to
have an impact on ozonolysis chemistry, as mentioned in Sedion 3.1 and so are also
included in Table 3.2. To see if kue values are accurate and to confirm that observed
alkene ozonolysis trends are correct, the experimental ( kexp) rate constants from the
literature are also collated in Table 3.2. All ozonolysis kue values in this section fall
significantly <10 ° cm® s, so the k¢4 capture moment is not employed during the entirety
of this chapter .

Table 3.2: The substituent features of Alkenes 120 and a collation of the important values of the ozonolysis

cycloaddition step of those alkenes: the number label  (#no0); the number of Nhydrogens (N-H); the identity of

alkene substituents ( Ry, Rz, R3 & Ra4); the lowest energy TS ozo 1 & 2 cycloaddition barriers ( | Erg); the Master
Equation rate constants ( kvg); and the comparative literature experimental rate constants (kK  exa.

Substituent groups ] Ers (kJ mol 1) k (10-38 cm® s1)

#no | NH Ry R> Rs Re | TSoz0l | TSozo02 Kme * Kexp Ref
1 3 CHs H H H 11.6 16.0 32.4 9.9110.1 349
2 2 Et H H H 10.7 12.6 103 9.65110.9 353
3 1 iPr H H H 9.8 11.5 49.6 7.3 9.5 353
4 0 ‘Bu H H H 10.3 17.3 22.5 3.8 3.9 354
5 0 C(O)CH H H H 15.2 7.8 69.0 4.5 5.0 10,355
6 9 CHs H CH | CH -1.64 2.37 4336 386 797 385
7 8 Et H CH | CH -0.8 -2.2 5114 4061 454 118
8 7 iPr H CH | CH 3.2 4.8 245.9 (223) SAR 118
9 6 ‘Bu H CH | CH 3.7 6.3 245.6 125 139 385
10 6 C(O)CH H CH | CH 12.8 10.4 1.57 8.1+2.8 356
11 0 CRK F H H 31.3 27.5 0.0114 (2.77£0.21) x 103 348
12 0 CRCR H H H 26.5 27.3 0.0299 0.201 0.234 357.358
13 0 CRr H H Cl 26.2 28.6 0.0185 (1.46+0.12) x 10°® 239
14 0 CRK H H F 29.9 29.6 0.0081 (2.81+0.21) x 103 359
15 5 Et H H CH 2.1 7.6 1127 159.211 315 360
16 5 Et H CHs H 0.6 4.1 2835 1271 128.27 360
17 6 CHs H H CHs 6.8 361 127.8i1 190 360
18 6 CH H CH H 3.1 10.9 1175 121.5f 125 360
19 5 nPr H CHs H 1.4 7.2 3528 ** 105n 114 360

20 6 CH CH H H 12.3 30.2 10.8A1 11.4 109,353,360

* Note 1: Conditions of the used for determination of  kue (such as grain size) are in appendix.
** Note 2: Included for comparative purposes only, full analysis of O 3 + alkene 19 in chapter 6.

In this chapter, the POZ fragmentation in all O 3 + alkenes reactions yield more than two
sets of products, meaning extracting any trends from the data and producing taxon omic
groups from such reactions may be challenging. For the purpose of data representation
these POZ fragmentation Bryeovalues are split into two broad reactant groupings: Alkenes
11 12 & 20 because they yield at least one disubstituted CI (referred to as X.COOQO); and
Alkenes 1-12 because they yield only syn & anti conformers of monosubstituted CI. The
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comparison between the yields of POZ fragmentation for Alkenes 1A 12 & 20 group, from
the literature ( Wkcoo& OH yield) and this chapter ( Bann, Bsyn& Becoquy Or Brcoqy) are
displayed in Table 3.3. As direct experimental methods of measuring syn & anti-Cl yields
(Banti & Bsyy are used only sparingly in the literature, the  OH yields (an indirect method of
differentiating between such conformers as see n in section 3.2.1) are included instead.
This is in contrast to experimental branching ratios ( BEexg of X2,COO which are measured
directly and so are compared to the collective theoretical X >COO yield (Ukcog calculated

in this chapter.

Table 3.3: The collation of product distributions of O 3 + alkenes 1fi12 & 20: alkene label (#no); the number
of N-hydrogens (N-H); the lowest energy TS 0z01 & 2 cycloaddition barriers ( | Erg ; thedvalues of anti- & syn-
RICROO amBrBsyy ; t he col |l ect i weeof X600 eoodF wbodya kBob?2); and the

experi ment algpofXiCO@ (Ixcaowamrd OH yields found in the literature.

#no | NH Theoretical Literature _ ref
BanTi Bsvyn Bx.coqi) | Bx.coqn Wk.coo Wk.coo OH Yield

1 3 0.452 0.276 0.157 0.115 0.272 0.35-0.45 0.18 -0.39 10.131,166,3500852
2 2 | 0427 | 0.201 0.199 0.173 | 0.373 0.36 0.29 -0.41 161352,361,362
3 1 0.431 0.115 0.267 0.187 0.454 0.49 - 352
4 0 0.470 0.059 0.303 0.168 0.471 0.68 - 352
5 0 0.046 0.020 0.588 0.345 0.934 0.65-0.95 0.13-0.16 166,355,363,364
6 9 0.223 0.076 0.495 0.206 0.701 0.68 0.81-0.98 10,162,365
7 8 0.152 0.037 0.653 0.158 0.811 - - -
8 7 0.117 0.014 0.718 0.151 0.868 0.81 - 352
9 6 0.114 0.010 0.778 0.098 0.876 0.82 - 10

10 6 0.024 0.729 0.243 0.004 0.972 - - -

11 0 0.001 0.000 0.499 0.500 0.999 - - -

12 0 0.045 0.004 0.524 0.427 0.955 0.261 - 357

20 6 Bchoa 0.158 B(CHy).coa 0.842 0.842 0.75 0.60-0.84 161,361,362,366

Note: O3 + alkene 20 yields no anti - & syn-Cls andEcroo & E(CH).coovalues are presented differently herein.

The branching fractions for O ; + Alkenes 13fi 19 are displayed in a similar way in Table

3.4, except with new Brreolabelling, for anti- & syn-RIR.COO Eantiri & Bsynri) and anti- &

SYynRsR«COO Bantirs & Bsyngg .+ One ot her i mport an tkceodi fifser ence
replaced with a combined Ukcroo value (Wkcroo=Bantiri+ Bsynr)  @and a csesmbi ned W
v a | usen=BsWki+ Bsynra). These combined values provide appropriate values to

compare to theUkerope rainde OtHaly i ® | d literatdreues from t he

The identification of the trends seen in these tables and their comparison with
experimental trends are found subsequently in Sections 3.4fi 3.7. The numbers of

particular interest are quoted in the text or PES figures.
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Table 3.4: The important features of the product distributions of O

3 + alkenes 131 19: alkene label (#no); the
number of N-hydrogens (N'H); Brueoof the anti -/syn-RiICRO O af1iR10 I syNri) or anti -/syn-RsCRO O  afmilRrs &
Bsynr3); combined Bryeovalues for R1ICRC O O ri€rj80) and syn-Cls (Nsyn); and literature  Bexp values of both

conformers of R1RC O O r¢rNO) and OH radical (OH yield).

#no | NH Theoretical Literature _ ref
BanTi-R1 Bsynr1 BanTi-R3 Bsynrs Ukcroo Usvn Ukcroo OH Yield

13 0 0.415 0.312 0.188 0.085 0.728 0.397 0.63 - 367
14 0 0.473 0.450 0.050 0.027 0.923 0.477 - - -
15 5 0.229 0.203 0.266 0.302 0.391 0.448 - 0.46 162
16 5 0.378 0.064 0.453 0.104 0.429 0.094 - 0.27-0.29 162
17 6 0.520 0.480 - - 1 0.480 1 0.19-0.64 10,165,368
18 6 0.872 0.128 - - 1 0.225 1 0.17-0.41 10,131,161
19 5 0.478 0.032 0.452 0.038 0.512 0.070 - -

3.4 Discussion of the Ozonolysis of Monosubstituted Alkenes

The purpose of studying the ozonolysis of the monosubstituted alkenes (Alkenes1A5 in
Figure 3.9), as a group, is that they follow the same R 1CH=CH structures, except for the
increasing complexity of the fiR; substituent (from ACH & fiEtto AiPr & fitBu) soa
common trend for the kve & Brieovalues may be established. Briefly mentioned in Section
3.1, i s -Hatems ofb i@ sUbstituent is suggested to have a hyperconjugative
impact on the unsaturated COO group, (see Chapter 4 for more details) and t his affect
could also apply to an unsaturated >C=C< bond.*** As there is a gradual decline in the
number of hy p e-Hatans pbetwgea Alkeres 1filllin the A Ry substituent, the

affect this has on the ozonolysis chemistry of alkenes can be examined.

H,C H Et H iPr H tBu H CH,
>_< )_( >_< >_< 0=C H
H H H H H H H H H> CH
1 2 3 a4 5

Figure 3.9: Chemical Structures of Alkenes 1fi5
Os; + Alkene 5 is important because a fi C(O)CH substituent is thought to have a reductive
effect on the >C=C< bond and this provides an important contrasting effect to that of the
hyperconjugative effect of UWH atoms. While Os + Alkene 1 is analysed mainly in Section

3.2.1, itis also studied in comparison to the other monosubstituted alkenes her e.

3.4.1 The Ozonolysis of Alkene 2 (EtCH=CH)

Of the multiple cycloaddition TSs for the O s + Alkene 2 reaction, the lowest energy TS oz01
& 2 barriers (TSoz01.3 ~ 10.7 kJ mol™ & TSoz02.3 ~ 12.6 kJ mol™) are significantly lower
than their Alkene 1 + O; equivalents (TSozo1 ~ 11.6 kJ mol™ & TSoz02 ~ 16.0 kJ mol™?). The
resultant kve value (1.03 x 10'® cm?® s™) is higher but still within an order of magnitude of
the literature kexpvalue (0.97111.09 x 10*" cm®s?). The TSzo 1 barrier for O 5 reactions

with Alkenes 1 & 2 calculated in this chapter are both low compared to the TS ozobarriers
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for O3 + ethene (14.6 kJ mol %), determined by Olzmann et al. , indicating that the i CH &
fi Et substituents increases the reactivity. '®° This is also reflected in the literature where
the kexpvalue for Oz + Alkenes1 & 2 (~10*" cm? s') exceeds that of O 3 + ethene (~1.45f
1.59 x 108 cm? s1), 199349353 The fact that O 5 + Alkenes 1 & 2 have larger rate constants
than ethene indicates that alkene ozonolysis is facilitated by hyp erconjugative UiH atoms
in substituents, but whether this is the sole contributor to the rate increase is unclear,

because Alkene 2 has a larger kvevalue than 1, despi t e hdadhatomsg f ewer W

The POZ fragmentation in the Alkene 2 + Qs reaction shows higher TS barriers for
pathways that generate CHOO (TS0 1.3 =-158.5 kJ mol™* & TS02.3 = -156.7 kJ mol™)
than those that produce anti- & syn-CHCHOO (TS 3 =-164.4 k mol™ & TSsyn3 =-163.3
kJ mol™). Nevertheless, the reduction i n-H dtoms between Alkenes 1 & 2 produces a
large increase in the collective theoretical yield of CHOO (Utroo = 0.373) for Alkene 2.
This theoretical Utnoo value for O3 + Alkene 2 is similar to that of the experimental  Utroo
value (0.36). 161352352 However an experimental Utkoo pattern is hard to discern as the

experimental Utnoo Oz + alkene 1 has a large range (0.35f 0.45), 161:352.361.362

The greater theoretical Utroo value for Oz + Alkene 2 leads to a reduced Brneovalue for
syn-EtCHOO + HCHO (0.201) compared to that ofsynnCHCHOO + HCHO for Alkend
(0.276). As both these syn-Cls have significantly larger kun values than CHOQ, this decline
i nBsy® mi ght be expected to give+AlkeredappearstoH yi el d.
have a larger OH yield (0.29f1 0.41) than of Alkene 1 (0.18f 0.39), although within the
margin of uncertainty. Regardless, this observation is difficult to verify as there is no
universal strict linear relationship between the two  Bsynvalues and the OH yields. This
small decline in the Bsynvalue could be compensated for by the greater kuni value for syn-
EtCHOO (205 8) than syn-CHCHOO (74 ), which could even generate an increase in OH
yield. The Brueodifferences between O ;3 + Alkenes1 & 2 are marginal and produce the

same overall trend: Banti > Bsyn> Bcroo(1y > Bchoo ().

One important aspect of this Alkene 2 + O; reaction is a small reduction in the Brueovalue
for syn-EtCHOO, which is caused by an unusually highTSsyn2 barrier by ~12f 13 kJ mol™.
This high barrier is not seen in the TS syn1 & 3 structures because the specific orientation
of the i Et substituent in the TS syn2 structure places the i Et group close enough to an
oxygen atom to cause noticeable steric repulsion (see Figure 3.10). Throughout this
chapter, steric and rotational distortions like this cause greater energy barriers than
anticipated (often by >10 kJ mo 1), including for: TS syn2, TSsyn2.2 & TSsyn1.2 for Oz +
Alkenes 7, 15 & 16 reactions. For the purpose of simplicity, the impact of each such

distortion is simply integrated into the  kwe & BrueoVvalues in this chapter. In Chapter 6,
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these distortions are explored in detail, to determine the impact on O

new FESP model.

3 + Alkene 19 in the

Alkene 1 + &3 Alkene 2 + O3
TSvn TSynl TSyn2 TSvn3
H\ T H H H H H H
______ L/ | |
UL U = O =
\\\\ :’; HW 1,// H H\W" ”f,// H H\W'" “, CH
H O, 0% A %/ o %/ { 4 Ve
AN / CH; O-.___ | c”/, O-—e ol c"’// O--___ | c"//
S e S L E
-161.1 -162.5 -150.7 -163.3

Figure 3.10: Geometries and energies of the different TSsynstructure of the O 3 reactions with Alkene 1 & 2.
The arrows in the figure show the movement that takes place in as the molecule processes through the
relative transition states and indicate s what steric interactions might result.  Energies (in kJ molt) are

relative to raw reactants .

3.4.2 The Ozonolysis of Alkenes 3 & 4 (iPrCH=CH & tBUCH=CH)

Much like with Alkene 2, the significant conformational flexibility of  Alkene 3, means its
reaction with O 3 produces a large number of TS structures on the PES. This is important
because the TSHz01.1 & TSoz02.3 of O3z + Alkene 3 have lower energy barriers (9.8 & 11.5

kJ mol™) than their Alkene 2 equivalents. If only the lowest energy barriers for each TS oz0
1 & TSoz02 channel were calculated, Alkene 3 would have the larger kyvevalue. But by
using all cycloaddition subchannels (TSoz01.1A 1.3 & TSoz02.172.3), O3 + Alkene 3
generates the smaller of the two kwe values (4.96 x 10 cm® s*). This downward trajec tory
in kve values between O3 + Alkenes 2ii 3 continues for Alkene 4 with the lowest kye value
(2.24 x 10" cm® s1). This kue decline is consistent with the kexpdata for both O 5 + Alkene 3
(7.3719.5 x 108 cm® 1) and Alkene 4 (3.8 3.9 x 108 cm?® s?) reported in the

literature. 34°3%33% This reduction in overall kye values from Oz + Alkenes 2fi 4 correlates

d e c |-H atoms im the fAtRihsebstituentwhesh infaysf

t -H &mne actilate the >C=C< bond.

with a w

t hat

stepwi se

The increasingly large Utwoo values for both O3 + Alkenes 3 & 4 (0.454 & 0.471) continue
the same upward Utroo trajectory seen for Alkenes 1 & 2, showing that (see Figure 3.11)
many Brueotrends persist across all Oz reactions with Alkenes 1fi4. The data for Os +
Alkenes 3 & 4 reactions in the experimental literature  also show increasingly large Utroo
values of 0.49 to 0.68, respectively. As shown in Figure 3.11, the increased theoretical
Bsynvalues, 0.115 and

0.059, (in green) with the remaining Bant remaining steady at ~0.45 (in orange).

Utroo values (in purple), have the effect of gradually reducing the
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Product Branching Ratio of O, + R,-CH=CH,

Alkene 4
0.47 0|06 0.47
[tBuCH=CH;]
Alkene 3
0.43 0.11 0.45
@ [iPrCH=CH,]
& I
I Alkene2
0.43 0.20 0.37
[EtCH=CH;)
Alkene 1
0.45 0.28 0.27
[CHsCH=CH,]
o 20 40 e 8 100

Branching Ratio (Irueo)
[ anti-R,CHOOQ + HCHO [[] syn-R,CHOO + HCHO [0 CH,00 + R,CHO

Figure 3.11: Branching Ratios (Brueq of O3 + Alkenes 1, 2, 3 & 4 reactions (R1 group refers to CH 3, Et, iPr &
tBu respectively).

Throughout the ozonolysis reactions with Alkenes 1fi 4, the barrier heights vary very little
for any of the following POZ fragmentation channels: TS anmi (-164 to -161 kJ mol™), TSro 1
(-160 to -156 kJ mol™) & TSro 2 (-158 to -154 kJ mol™). The only fragme ntation channel,
that varies significantly in barrier height is the TS synchannel (-164 to -149 kJ mol™*) and
the dominance of the higher TS synbarriers increases with the size of the i Ry substituent.

Alkene 1 + Alkene 4 +
syn-CHCHOO © ©
TSyn TSwn2 TSvn3
20 O---___ O--_ O--____
= ,l o “==0 /I O
o7 = VAR - A
II EE Himec, O = Hilne G o = Hin € o
.C A ///H e E' 4d ¢ R “~¢' CHj
DA W S TNy SN | AN
(|:‘ ConiH CiiicHg C-uilicH,
H H H;C H
N/A -161.1 -161.1 -149.6
Figure3.122Schematic featuring the impact of st-Hdédambinasymg i ntr am
position with the terminal oxygens in the carbonyl oxide group. Energies (in kJ mol-1) are relative to raw
reactants.

These higher TSynbarriers appears to be at least partially due to the steric repulsion

between one of the O atoms and the increasingly bulky i R; substituent (iPr & tBu), also

seen in Figure 3.10 for the TSsyn2 in Oz + Alkene 2 reaction. These increases in TSsyn

barrier heights leads to the stepwi se reduction in Bsynvalues across the G; reactions with

Alkenes 1 4 (see Figure 3.11). The low TSsynbarrier heights, seen for O 3 + Alkenes1,

coul d be t heHaamsinthe i CHsts@bstitillient group providing a degree of

hyperconjugative stabilisi ng to the newly forming COO group. A further explanation is that

t h o sHatodds could form intramolecular bonds with the terminal Cl oxygen during
transition, as shown in Figure 3-HhtBmsinBkByns s ame s

position produce a ~14 kJ mol™ lower energy for syn-CHCHOO, than the anti -CHCHOO,
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whi c h h-b atoms i a $in position. * This degree of stabilisation ca n change
depending on the TS itself, such as for O3 + Alkene 3 reactions between TSsyn2, which has
this stabilising bond, and TSsyn3, which has no stabilising bond (see Figure 3.12). The
proportion of TSs siatorhsinghe substitseh tadbcrehsesshetwegn tHa

O; + Alkenes 1i 4 systems.

3.4.3 The Ozonolysis of Alkene 5 ( CHsC(O)CH=CH)

While these trends, such as decreasing kve rate constants and a declining Bsynbranching
ratio, well describes the ozonolysis chemistry of the monosubstitute d and anthropogenic
Alkenes 1fi 4, many important biogenic alkenes have significantly different ozonolysis
chemistry. The O3 + Alkene 5 reaction is important because it is a biogenic alkene and
therefore is abundant in locations like the rainforest (~1  ppb), whereas Alkenes 14 have
largest prevalence in major cities .82 Also, the inclusion of Alkene 5 allows an analysis
of how an electron withdrawing @ C(O)CH substituent affects the ozonolysis che mistry,
compared to the analysis of Alkenes 1fi4, which only have electron -donating alkyl
substituents (i CH;, AEt, AiPr & fitBu). This is particularly important because by including
this electron -withdrawing group it can be observed whether the decline in bo th the kwe
rate constants and the Bsynbranching ratio seen for O 3 + Alkenes 1A 4 is due to the

electronic factors reported in previous sections or purely due to steric factors.
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Figure 3.13: A schematic and the relative energies (kJ mol 1) of the different TS ozostructures of O 3 + Alkene 5
and the E- or Z-isomer of that alkene 5 structures. Energies (in kJ mol) are relative to raw reactants.

One important factor to consider is that the conjugation between the i C(O)CH and the
>C=C< means there are two Alkene5 conformers with a moderately sized isomerisation
barrier (TSiso~ 20 kJ mol™) between them. The two minimum energy geometries are
designated as either E- or Z-isomer in line with CahnIngold-Prelog rules, and, as shown in
Figure 3.13, the cycloaddition structures are also divided by the same E- or Z-orientation.
However, this TSisobarrier does not inhibit the ground state E-isomer reacting via the low
energy Z-orientated TSoz01.1 (15.2 kJ mol™) and TSoz02.1 (7.8 kJ mol™) structures. As

shown in the investigation in Appendix Section 1.6.1, this is because the significant
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additional energy the alkene requires to undertake cycloaddition, is in enough excess to

make free interconversion between E- or Z-isomers take place.

One important phenomenon to note here is that the TS oz02.1 structure has the lowest
cycloaddition pathways for O 3 + Alkene 5. This is rare because of the steric repulsion
between the central oxygen in the O 3 and the Ry substituent (alkyl groups for Alkenes 1fi4)
usually increases the barrier height for TS 0z02 compared to the lower TS o0zo 1 energy
barrier. This is also unusual because, as seen in Figure 3.13, the TSoz0 2.1 structure places
the electronegative ketone oxygen near the central oxygen of the O 3, which would usually
coulombically repel each other increasing the barrier height. If it is the inclusion of the Z-
isomer that causes the low energy of TSoz02.1, thi s only has a minor effect for the other
Z-orientated cycloaddition TS 0z01.1 (15.2 kJ mol ™) compared to E-orientated TSoz01.2
(17.4 kJ mol™).

The computational analysis of the O 3 + Alkene 5 reaction in this chapter gives a middling
kve value (6.90 x 10°*" cm® s), with ~92% of this cycloaddition proceeding via the low
energy TSzo2.1 structure .1%%° Alkenes 3 & 4 have lower reactivity compared to Alkene 5,
which may be partially explai ned by the fact that their fiPr & fitBu substituents are
bulkier than that of the A C(O)CH group in Alkene 5 and such steric bulk is also known to
inhibit reactivity. However, the abrupt decline in reactivity between the highly reactive
Alkene 2 and Alkene 5, without any significant increase in steric bulk, provides evidence
that drops in reactivity correlate with decrease i n t h e n uhhdioens. There is &l
larger gap between the kexpvalue (4.5f5.0 x 108 cm?® s?) and the kve value of the O3 +

Alkene 5 reaction than seen for O 3 reactions with Alkenes 1f 4.1%3%
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Figure 3.14: A schematic and the relative energies (kJ mol 1) of the different POZ and TS anT Structures of O 3 +
alkene 5 differentiated by the cis or trans orientation . Energiesare relative to raw reactants.

An additional note to the O 3 + Alkene 5 reaction is that where the POZ conformers and

POZ fragmentation pathways have the ketone functional group 0 c4 st o sisdtton oD
the structure (in red), the energies of these geometries are increased by ~15 i 20 kJ mol*
compar ed transot le e lamisysiae Figure 3.14 for examples). This is because the

cis orientation maximises the repulsive energies between the electronegative oxygens in
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ketone and the 1,2,3 -trioxolane in the POZs (although all POZ conformers still free
interconvert). The higher energy of TSs with cis orientations (TSanmil, TSsynl, TS01.1 &
TS0 2.1) mean they produce quite low Brreovalues. Therefore, only TSs with trans
orientations (TSanmi2, TSsyn2, TS01.2 & TSeo0 2.2) are studied herein.
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Figure 3.15: PES of ozonolysis of Alkene5, methyl vinyl ketone, showing structures and energies the lowest
energy for all major channels. POZs 1.1, 2.2, 2.1 & 2.2 all interconvert via various TS  pozstructures (see
Appendix Section 1.6.2). Energes are relative to raw reactants.

Due to the consistently low TS ro barriers, POZ fragmentation in O 3 + Alkene 5 has high
Brueovalues for CHOO (~0.934). This is in line with the experimental literature which  gives
a high collective Utroobranching ratios of 0.65 i 0.95.%%° An expected repercussion, of the
Utroovalue is low yield for these Cls from the other TS syn& TSanmi channels, syn- & anti -
methylglyoxal oxide ( syn- & anti -CHC(O)CHOO). Even though thebsynvalue for O3 +
Alkene 5 (0.020) is the lowest seen for any of the monosubstituted alkenes, it is in fact

quite similar to the equivalent BEsynvalue found for Oz + Alkene 4 (0.059) and is therefore
not unprecedented. On the other hand, the high TS anm barriers for O 3 + Alkene 5 results in
a much lower Banti (0.046) compared to Os + Alkene 1ii 4 (~0.45). The OH yield (0.131 0.16)
from the experimental literature is low because CHOOis the dominant Cl generated in
this reaction, and this Cl does not have a large kuyn value.®®3%* Usually, the remaining
variation in OH yield is indicative of whether Bsynor Banti preferentially generated,

however a prerequisite for understanding the validity of this analysis would access to
experimental kuyni values for anti- & syn-CHC(O)CHOO which could not be found. The low
OH yield may also be due to increased product stability that comes from the increased size
and the el ectron delocalisation of aldehyde, methylglyoxal. The low  Bsynor Bantivalues are
likely due to instability of anti- & syn-CHC(O)CHOO, which the author proposes is due to
two factors: the de c-Hatoms which stabiliseTSgnstradtuees duonfy

ozonolysis of Alkenes 1ii 3; and the presence of the electron -withdrawing i C(O)CH group.
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3.4.4 Temperature Dependence for the Ozonolysis of Alkenes1 i5

According to studies by Leather et al. and Renet al. respectively, the ozonolysis of Alkene
4 (between 218 288 K) and the ozonolysis of Alkene 5 (between 2811 295 K) both display
a slow positively correlated kex#itemperature relationship. 3*°%° The author has calculated
a similarly positive krueditemperature dependency for both O 3 + Alkenes4 & 5 over the
same temperature profile, as seen in Figure 3.16, further authenticating the reliability of

this method .***%° The kruedi temperature relationship for O 3 + Alkene 4 calculated here is
of such similarity to the slow positive trend to the  kexptemperature dependence measured
by Leather et al. , a ~1 order of magnitude difference is m aintained through every Krueo&
kexpdata points, both seen in Figure 3.16. While O 3 + Alkene 5, is slightly less in agreement
because the difference between the krieo& Kexpvalues are somewhat larger than 1 order
of magnitude, the positive kruedi temperature inclines are also parallel enough to maintain
a similar difference in krneo& Kexpdata points throughout. This implies that if there is an
error in the calculation it is  consistent throughout and so the reactivity trends are likely to
be qualitatively correct.
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Figure 3.16: Graphical representations of the theoretical & experimental relationship between
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with the rate constant ( ktnueo& kexd for the ozonolysis of Alkene 4 (Figure 3.16a) and Alkene 5 (Figure 3.16b)
(for full details and numbers check Appendix Section 1.2.1) 335355

Temperature dependencies of the kwefor alkenes 1, 2 and 3, have been also reviewed in

this stu

dy .

For

t hose
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kenes, t

o t he

which studied these alkenes at the range of temperatures investigated in this paper. O

Alkenes 11i 3 also have a positive temperature dependence as shown in Table 3.5.

Table 3.5: Temperature dependence of Alkenes 11 3.

aut hor 6 s

3+

Alkene Rate Constants (10 *" cm?® s?) at Temperature (K)
200 275 298.15 325 400
1 0.263 2.04 3.24 5.23 15.3
2 0.913 6.58 10.3 16.3 45.9
3 0.487 3.21 4.96 7.82 22.1
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3.4.5 Summary

In summary, this analysis of the ozonolysis of Alkenes 15 contains several noteworthy
observations including that many of the theoretical trends agree with the experimental

data. With the exception of the increases in reactivity form Alkenes 1 to 2, a general

trend is that a decline in the number of WH atoms for Alkenes 2 5 (replaced with either

fi CH; groups or a ketone C=0 bond) leads to a drop in kue values. With respect to Brueo
values, the preference for anti- over syn-RiICHOO increases as thei R, substituent
increases in complexity. The Brueovalues of CHOO+ RICHOincreases over the course of Os
reactions with Alkenes 1i 5. The gradual increase in Utroo across Alkenesli 4 increases
substantially to Alkene 5, with only minor yields of other Cls, which is attributed to the
deactivating effect a i C(O)CH on the COO group

3.5 Discussion of the Ozonolysis of Trisubstituted Alkenes

The common features of Alkenes 6f 10 are that they have a trisubstituted >C=C< bond and
that their A R; and fi Ry substituents are fi CH; groups. The same stepwise variation of the A
R: substituent groups seen for Alkenes 1i 5, is replicated between Alkenes 6i 10 (see
Figure 3.17) and here the autho r explores similar chemical trends. The analysis of the
Alkenes 11 5 shows that substituents with UH atoms have an inductive effect on the

>C=C< group during ozonolysis, and so the prospect that additional UWH atoms in 6-10 A
CH; groups accelerates ozonolyss is also examined in this section . The same decline in Bsyn
values seen for Alkenes 1ii 5, is likely to occur across the O 3 reactions with Alkenes 6 10
as the number of UWH atoms on the i Ry group decreases. The change infiR; and fi R4
substituents to i CH; groups means that the POZ fragmentation produces the Cl dimethyl -
formaldehyde oxide (DMFO or (CH;).COOQ) via TSwrostructures. These (CHs).COO yields are
compared with CHOO formation via TS ro structures seen for O3 + Alkenes1i 5 in the
previous section. To assist in this comparison, the O 3 + Alkene 20 reaction is also analysed,
as it is the only O 3 + monoalkene reaction that produces both CHOOand (CH).COO.

HC  CH
H CH;

6 7 8

2 H,e  H

Et CH; iPr.  CH; tBu  CH, A
>_< >_< >_< HiC—C  CH;, :_:
H ©CHy H  CHy H  CHs H: (
9

3

cH;  H,C H
10 20

Figure 3.17: Chemical Structures of Alkenes 6f 10 and Alkene 20

3.5.1 Ozonolysis of Alkenes 6 ( CHiCH=C(CH)2)

If the two additional i CH; substituents in the R s and R4 positions had no inductive effect

on the >C=C< bond then, during the cycloaddition they would act only to sterically hinder
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the reactions and therefore O ; + Alkene 6 would exhibit a lower reactivity than Alkene 1.
However, Alkene 6 has lower TSzo 1 and 2 barriers (-1.64 and 2.37 kJ mol™) and reaction
via TSzo 1 dominates cycloaddition (0.901). This produces a larger ke value for Alkene 6
(4.34 x 10" cm® s) than Alkene 1 by just over two orders of magnitude, indicating that
the nine WH atoms on the three i CH; substituents have an inductive effect on the >C=C<
bond of Alkene 6. This larger rate constant agreeswith the literature, which also yields
larger kexpvalues for Os + Alkene 6 (~3.86f1 7.97 x 10*® cm® s) than for Alkene 1 (~9.9f

10.1 x 1018 cm? g'1), 10.335:349

(b) —— Alkene 6
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Figure 3.18: The fractional populations of the reactant and product species over time during O 3 reactions
with Alkene 1 on the left (Figure 3.18a) and Alkene 6 on the right (Figure 3.18b). Excess Q reagent
concentration is ~1.0 x 106 molec./cm 3.

As mentioned above, the new i CH; groups in the R; and Ry positions for Alkene 6,

replacing the fiH groups seen in Alkene 1, changes the RsR,COOQO CI to (CH),COO from

CHOQ altering Brieov al ue s .cwktdawde voall ue (a catchall term to
collective Bryeovalue for (CH3).COO + CHCHO) for O; + Alkene 6 in this chapter ( 0.701) is

shown to be accurate compared to the equivalent value in the experimental literature

(0.68). WhereasFi gur e 3. 18b dicsqobvalyeslomindtes POZt he W

fragmentation in the O ; + Alkene 6 reaction, Figure 3.18a shows that Oz + Alkene 1 give a

small Utroo value compared to other pathways. Thi s pr ovi des -Hawomgsimnce t ha

an alkyl fi R substituent induces higher yields for Cls with that i R group as a substituent.

While the preference for anti- over syn-Cls in POZ fragmentation is maintained for Oz +
Alkene 6, the high Wcry).coovalue leads to much reduced Banti (0.241) and Bsyn(0.005)
values compared to Os + Alkene 1, as seen in Figure 3.18. The high experimental OH yield
for Oz + Alkene 6 (0.81i10.98) exceeds that seen for alkenes 1, 2 & 5 and is in good
agreement with the high Uicr).coovalue calculated here . 1035383364 Thjs js because
unimolecular fragmentation of (CHs)>COOis swift ( kuni ~478 s?) and it leads to a high yield

of vinyl hydroperoxide, which decomposes to form OH radicals. '
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3.5.2 Ozonolysis of Alkenes 7 ( EtCH=C(CH)>)

The lengthening of the f R, alkyl chain from fi CH (Alkene 6) tofi Et (Alkene 7) is the same
change between Alkenes 1 & 2. Therefore, changes in chemistry due to this longer AR,
alkyl chain, such as lowering the energy of TS 0z01.3 & TSoz0 2.3 structures (-2.2 & -0.4 kJ
mol™) compared to the analogous barriers for Alkene 6 (-1.64 and 2.37 kJ mol™), replicate
trends already seen for Alkenes 1 & 2. It is possible for the fi Et substituent to reduce
reaction rates by providing steric bulk which inhibit reactions of O 3 + Alkene 7. However,
as shown in Figure 3.19, this is not the case for TSpzo1.1 & 1.3 for Alkene 2 (in black) or
Alkene 7 (in red), where the fi Et group adopt analogous low energy orientations. The TSozo
1.2 structure for O 3 + Alkene 2 has a low barrier because it has no other substituents and
consequently the A Et group can adopt a low energy eclipsed orientation to the >C=C<
bond. However, the additional A CH; group in the i R; position of Alkene 7 means that a
similar eclipsed orientation for A Et group has a significantly higher energy. Alkene 7
therefore has a different o rientation where the A Et group is proximate to the O 3 in the

TSzo 1.2 structure causing a steric repulsion that increases the barrier height.

Alkene 1 Alkene 6
TSz01.1 TSz01.2 TSz01.3 TSz01.1 TSoz01.2 TSz01.3
0/, i WOy,
0“‘\ o o o 0 +
.“ ,’I q‘-“\ /"'? i q‘\\\oln,? i ! v Q“\\ol”'(,) I O‘.\\\O//,,(I) I
H \ ! H ' \ I
H,C H Vi v, A HZC( ‘cus ’ \/ |\ 1N
H,C—CH CH _ CH
| HZC\CH 3 2 ﬁ 3 H3;C—CH, 3
CH, 3 CHj 2
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Figure 3.19: Effect of adjacent extra fi CH; substituents on TSozo 1 subpathways by comparing Alkenes 2
(black) and 7 (red). Energies (in kJ mol 1) are relative to raw reactants.

However, despite the steric repulsions in the TS 0z01.2 & TSoz02.2 structures, Alkene 7
still has a larger ozonolysis kue value (5.11 x 10" ¢cm?® s?) than Alkene 2, due to the
activati ng eH dtomsihtheavio additiomal W CH; substituents. While Alkene 6
does feature fi CH; substituents, it has a lower kye value than Oz + Alkene 7 because, as
observed with the shift in reactivity between Alkenes 1 & 2, the lengthening the R ;1 group
here increases the rate constant. This large kve value calculated here and the kexerange
(4.061 4.54 x 10° cm3s™) for O3 + Alkene 7 are consistently the highest in this

chapter. 10118

Al t hough t o t he geahe expasimedtal UcH).coomaleedor the reaction of O 3
+ Alkene 7 hasyet to be determined in the literature, if the POZ fragmentation trend seen
for O3 + Alkenes 1 5 continues for Alkenes 6 10, then the WcHy).coovalue for Oz + Alkene

7 should be between that seen for Alkenes6 & 8. As the theoretical UicHy).coovalue
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(0.811) exceeds that of Alkene 6 (0.68) and is similar to that of Alkene 8 (0.81), these

results seem to be both consistent and relatively accurate. Similarly, the  Brueovalue Oz +

Alkene 7 declines for both anti- & synEtCHOO (0.152& 0.037) compared to Alkene 6

(0.241 & 0.005). This correlates with a reduction in the number of UH atoms on the iRy

substituent, while the WH rich WcHy).coovalues hold. This provides additional evidence for

the authoro6s hypothesis that branching fractions

with more UWH atoms on their alkyl substituents .

3.5.3 Ozonolysis of Alkenes 8 & 9 ( iPrCH=C(CH)2 & tBUCH=C(CH)2)

While the lengthening of the A R; substituent froma A CH; to an i Et group (6 to 7 - see
Figure 3.20) causes an increase in reactivity, the further supplementation of the ARy group
into AiPr & AtBu groups, causes a deactivation of the >C=C< bond in Alkenes8 & 9. This
inversion in ozonolysis reactivity is seen in the lowest energy TSzol & 2 barriers of Oz +
Alkene 8 (3.2 & 4.8 kJ mol %), which is then augmented for Alkene 9 with further increases
in barrier heights (3.7 & 6.3 kJ mol ™).

HiC CH; Et CH; iPr  CH; tBu  CHs
H ©CH H ©CH; H c: H, H c: H,

6 7 8 9

3

Figure 3.20: Chemical Structures of Alkenes 6fi 10 and Alkene 20
To determine the accuracy of the kyvevalue of O; + Alkene 8, it is compared to a structure -
activity relationship rate constant (ksag, becauset o t he aut hor oksxevddueo wl edge
has been measured for this reaction in the literature. °*'8 This method, derived by
McGillen et al., usesan equation produced from a correlated pattern of some structur al
features and literature to project this  ksarconstant (further details in Method Section
2.7).18 Both the ksarconstant (2.2 x 10 cm® s1) and the kwevalue (2.459 x 106 cm?® s?)
for Oz + Alkene 8 are both similar and, as shown in Figure 3.21, both much reduced

compared to the O3 + Alkene 7 rate constants.
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Figure 3.21: Comparison of ozonolysis for Alkenes 1fi 10 using experimental rate constants ( Figure 3.21a) and
theoretical rate constants ( Figure 3.21b).1°
Note: iPrCHC(CH)2 kexprate constant is derived from the k sarfound in the text.

This is followed by a similar reduction for both the  kue value (2.456 x 10'® cm?® s?) and the
literature kexprange (1.25f 1.39 x 10® cm?® s?) for O3 + Alkene 9. However, given the

degree of computational uncertainty observed in Method Section 2.9, the difference in

ozonolysis kve values for Alkenes 8 & 9 is slight. Not only does Figure 3.21 display how well

the computational work here reproduces the trends in  kexpconstants, but it also shows

how much the trends in kve values of Oz + Alkenes 6fi 10 mirror those of O 3 + Alkenes 1fi 5.

All O; reactions with Alkenes 7/ 9 have larger rate constants than those of Alkenes 2fi4,

once again showing the inductive power of the two additional i CH; substituents.
However, the trend that a st ephvatomeinthedRdgroug i on
for Alkenes 2fi4 leads to a corresponding decline in ozonolysis kve values, is also clearly

reflected here across Oz + Alkenes 7/ 9 too.

Product Branching Ratio of O; + R,-CH=C(CH;),

Alkene 9
0.11 +—0.01 0.88
[tBUCH=C(CH3),]
Alkene 8
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@ [iPrCH=C(CH:).)
&
5 Alkene 7
0.15 |0.04 0.81
[EtCH=C(CH3)]
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Branching Ratio (Freo)
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Figure 3.22: Branching Ratios (Brueq of O3 + Alkenes 6-9 reactions.
The gradual increase in (CHs).COO branching ratios (cH).cod seen between Os + Alkenes

6 & 7 reactions continues with small incremental increases for O 3 + Alkene 8 (UdcH).coo~
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0.868) and Os + Alkene 9 (WcH).coo~ 0.876). This agrees with the literature which also
sees small increases in experimental WcH,).coovalues for Oz + Alkenes8 (0.81) and Os +
alkene 9 (0.82), compared to O ; + alkene 6. As displayed in Figure 3.22, these increases in
WcHs).coovalues (in purple) across Oz + Alkenes6fi 9 lead to a consequential gradual
decrease in both Banti (in orange) & st (in green) values, in line with the decline in the
numb e r-H adms ilthe R1 group of the anti- or synRCHOO. This is the same trend
seen for Oz + alkenes 1A 4. These trends again indicate that the Cl with the large numbers
of s ub s tH atomsegain prefdrence in POZ fragmentation. Also shown throughout
this analysis of Os + alkenes 6fi 9 is that the POZ fragmentation continues the consistent

preference for anti- over syn-Cls.

3.5.4 Ozonolysis of Alkene 10 (CHC(O)CH=C(CH)2)

The kve value for O3 + Alkene 10 (1.57 x 108 cm® s?) is lower than that seen for O 3 +

Alkene 7 (5.11 x10®cm®sY) , which reaffir ms-Hatdmsin t he decl ine
substituents and its replacement with a ketone group (the i C(O)CH) both have

deactivating impacts on the >C=C< bond. This is confirmed by the experimental literature

where the kexpof Oz + Alkene 10 (8.1 x 10* cm® s?) is also much lower than that of O 3 +

Alkene 7 (4.06fi4.54 x 10'° cm?® s). 101183 The deactivating effect of the i C(O)CH group

can also be observed in the low ozonolysis kve value of Alkene 5, which is also an enone

when (in Section 3.4.3) it was compared to Alkene 2.

Alkene 10 also has a lower ozonolysis kve value than all other trisubstituted Alkenes 69
(~10*° cm® s?) in this chapter, which, seenin Figure 3.21 in Section 3.5.3, corrobora tes
the experimental literature. However, this  kve value for Oz + Alkene 10 is also lower than
that seen for O3 + Alkene 5 (6.9 x 10" cm® s1), which while not reflected in the average
kexpvalues in Figure 3.21, it is still within the margin of uncertai  nty.%3% As the reduction
i N n u mb-el atons toeslot fully account for this low reactivity for Alkene 10, the
author also proposes that the additional steric bulk of the i C(O)CH group in conjunction

with the A CH; substituent may inhibit reaction.

The POZ fragmentation from the O 3 + Alkene 10 follows the trends observed for Alkenes
19, t hat t he i nduc tHiatorasintwopi&Zles substitients Iéads tdiery
high Wcr)coovalue (0.972). The subordinate Bryeovalues for syn- & anti -methylglyoxal

oxide (0.004 & 0.024) are similar to those seen for O ; + Alkene 5 (0.020 & 0.046). This
implies that these small Brreovalues is not just the impact of strong i n d u ¢ tHiatoras W
promoting (CHs).COO formation but the steric and electronic rep ulsion of the fi C(O)CH

group hindering CI formation. Much like with Os reactions with Alkenes 8 & 9 no literature
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OH yield for Os + Alkene 10 is known to the author. However, the high (CH 3).COO
branching ratio likely produces a high OH yield for Os + Alkene 10, as it does for O3 +
Alkene 6 (OH yield ~ 0.811 0.98).

3.5.5 Comparing Oz + Alkene 20 ((CH 3).C=CH) with other Trisubstituted

Alkenes

Observed throughout this section is that systems with two A CH; groups in the fiR; and i Ry
positions, e.g. Alkenes 69, inductive effects impact both  kue values and CI formation
during ozonolysis, comparedfi H substituted Alkenes 1ii4. To see if (CH3),COO formation is
preferred over CHOOin absolute terms, rather than just through comparative ana lysis in
different alkenes, the ozonolysis of (CH 3),CCH (Alkene 20), which yields both Cls, is
explored. This is then then compared to the mono -substituted Alkene 1 and the

trisubstituted Alkene 6 (see structures in Figure 3.23).

R, Rj Hs;C H H;C . CH3, Hs;C . H
:’ : H H H CH, HsC H
R, Ry

1 6 20

Figure 3.23: Chemical Structures of General Alkene and Alkenes 1, 6 & 20

The ozonolysis kye value of Alkene 20 (3.02 x 10"" cm® s?) is not only well within an order
of magnitude of the kexprange (1.08fi1.14 x 10 cm?® s), it also agrees with the literature
in that it is less reactive than O 3 + Alkene 6 (kme~ 4.3 x 10*° cm?® s%). However, unlike in
the experimental literature, the  kwe value of Alkene 1 (3.24 x 10" cm?® s?) is smaller than
that of Alkene 20, but it should be noted that since both Alkene 1 and 20 deviate by less
than 10% of each other for both the kme and kexpvalues, this discrepancy is not significant.
This is not unusual, for example, McGillen et al. state that disubstituted i CH groups on
one end of a >C=C< bond can steric impede and electronically promote alkene

ozonolysis.M®

With respect to POZ fragmentation, the reaction of Alkene 20 confirms the trend inferred
during the ozonolyses of Alkenes 1fi10, t hat t h e-H atont in the tivor @CHW
groups lower the energy barrier to (CHs).COOformation, (TS pwmro~ -172.8 kJ mol™),
compared to that of CHOO (TS0 -158.4 kJ mol™). The dominant WcH,).coovalue (0.842) is
in good agreement with that seen in experimental yields (~ 0.75) and, the high decay rate
of the dominant (CH 3),COO product generates the high experimental OH yield (0.60f 0.84).
The most important observation is that this Uich,).coovalue exceeds that of O ; + Alkene 6
(0.701), showi ngatorhsant2 x i @Hlgnoaps dowmwmote Cl formation

compare to fi H substituents. However, the effect of sterically bulky  substituents is also
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observed, when compared to O3 reactions with Alkenes 8 & 9 which maximises the size of
WcHs).coovalues (~0.868 & 0.876), as i iPr and i tBu substituents inhibit formation of the
other Cls.

3.5.6 Summary

In summary, the study of Alke nes 6 10 & 20 provides additional evidence of the trends
inferred earlier, that the i-HaomsibfiGHesubstifuénssct of
generally increase the ozonolysis rate constant. The exception to this is the ozonolysis of

Alkene 10, where a reductive effect of a i C(O)CH group, also seen in Os; + Alkene 5,

diminishes the kue value considerably. This is best visualised in Figure 3.21 in section

3.5.3.

One very important trend seen in the ozonolysis of Alkenes 69, is that the inductive

impact of the i CH; substituentsin iRsandfiRkposi ti ons pr cwduoowluesi zabl e
(0.610.9) during the POZ fragmentation. These are significantly larger than the

comparable Utroo values (0.2-0.5) in Alkenes 1ii 4, which have i H substituents instead.

The preference for anti-Cls oversyn equivalence continues due to lack of steric inhibition

during the TSanm mechanisms. However, as the R; substituent group enlarges from the

hyperconjugated fi CH; group to the bulky fitBu and i C(O)CH groups, the Brueovalues for

both anti & syn-Cls shrink.

3.6  Discussion of the Ozonolysis of E- and Z-Alkenes

The common features of alkenes in this section is that they have two alkyl substituents
(referred to as disubstituted ) but, unlike with Alkene 20, the two alkyl substituents in
Alkenes 15A 19 are located at either end of the >C=C< bond. This particular chemical
sequencing produces two chemical structures with different spatial arrangements (see
Figure 3.24): an Eisomer, such as Alkenes15 & 17, where the two alkyl groups are in the
fi Ry and i Ry positions; and a Z isomer, such as Alkenes16, 18 & 19, where the two alkyl
groups are in the i R, and i Rs positions. These are also referred to as trans & cis isomers,

respectively and, due to a high barrier to interconversion, are chemically distinct.

Ri R; Et H Et CH; HiC H  HsC CH; nPr CHs
= = o= = =
R, Ry H CH; H H H CH; H H H H

15 16 17 18 19

Figure 3.24: Chemical Structures of Generic Alkene and Alkenes 15 19
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By comparing the ozonolysis chemistry of Alkenes 15fA 18, it can be observed whether the
i nducti ve -Hal@gesnalkylgfoupsls affected by E or Z structural positions of
substituents, something which could not be observed in the analysis of Alkenes 1ii 10. In
addition to this, as the identity of the i Ry substituent switches from an fi Et group in
Alkenes 15 & 16 to a i CHs group in Alkenes 17 & 18, it can be observed whether the
consequent i al -Hdtenmslaffedts the nzorolpsis themistry of E & Zisomers
differently. The theoretical trends of O 3 + Alkene 19 are also mentioned in Subsection

3.6.2 only for comparative purposes, and so for the full analysis see Chapter 6.

To the aut hor ds Kk noanydftdegCs + Alkenmes 1h X0 aeaatiang, the omly
literature data for the Eexp values for the O3 + Alkenes 151 18 reactions are OH yields. As
both synCHCHOO andsyn-EtCHOO have similarkun values that are also much higher than
both the anti- equivalents, a high OH vyield for any of the O 3 + Alkenes 15i 18 reactions is
simply indicative of a high collective yield of both  syn-Cls Uévy.
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3.6.1 The Ozonolyses of Alkenes 17 & 18 ( E- & Z-CH;CH=CHCH)

The simplest E- or Z- hydrocarbon alkenes are Alkenes 17 & 18 and so may provide a basic

framework for understanding the ozonolysis chemistry of similar E- or Z-alkenes. Alkene

17 is similar to Alkene 20 in one key respect, which is that due to the presence of a high
degree of symmetry in Alkene 17, the ozonolysis reaction only has one cycloaddition
structure , as shown in Figure 3.25. This degree of symmetry gives the TSzo0a degeneracy
of 2, doubling the raw kue value of Oz + Alkene 17 to 3.61 x 10'® cm?® s. However, the
cycloaddition TSozo 1 mechanism for Os + Alkene 18 has a significantly lower energy

barrier (0.6 kJ mol™), which produces a higher ozonolysis ke value (1.18 x 10 cm® s?)
than Alkene 17.

7@ H HsC, CH, Moo
e=d “o=¢ ;S o
W cw, 68 H H o | §
3 - S y
04 = — 3537 | & "
— ; =3 <
e 0.0 \__, : 00 R P
o =225 ' | TS (2)=-162.6
S ] \ | TSawn (2) =-173.1
L
g II ‘I 0“‘\\0‘\‘\9 :
>, -100 - \ R é
[8)] 1 . & "y
g 0 5 Ve \ CH,
< &g 1 L G, .
w 0\ i I, TSanm (E) ! TSsv (2)
R R S o S
"‘g =200 H E;HJ H 1 |TSst| : ,'TSANI\H\
@ TSanm (E) = -170.9 | ! (E) 4 vl
o | Tsewie)=-1737 ' |
o.. ; -2458 ~239 |
<Y 1-286.0 |
- J 1% — A
. A e 2962 -2872
o -299.7

Figure 3.25: The PESs of the ozonolyses ofAlkene 17 (in black) and Alkene 18 (in violet), with the POZ
fragmentation transition states labelled according to the E or Z structure of the alkene involved ((TS anTi (E) &

TSsyn(E) are part of the ozonolysis of Alkene 17 and TS (Z) & TSsyn(Z) are part of the ozonolysis of Alkene
18)). The ozonolysis of Alkene 18 produces two POZ conformers, but as they are not chemically distinct they
are represented as one POZ at ~239 kJ mol1. Energies are relative to the raw energy of Os; + Alkene 17.

Based on limited literature, it appears that the average kexevalues for Oz + Alkene 18

(1.25 x 10*° cm?® s') does not exceed that of Alkene 17 (1.90 x 10® cm?® s%).3%° While this
appears to contradict the computational trend observed in this chapter, the difference

between such kexpvalues is marginal, and the range of kexepvalues within the literature are

within uncertainty. Crucially, however these ke values are shown to be within order of

magnitude of this literature kexerange.

The low POZ fragmentation TSsynbarrier (-173.7 kJ mol™) for O3 + Alkene 17, seen in

Figure 3.25, indicates a slight preference for syn-CHCHOO over theanti -equivalent (TSani

~-170.9 kJ mol ™), whereas the TSanm Structure of O 3 + Alkene 18 is much lower in energy
(-178.1 kJ mol™?) than the TSsyn(-167.6 kJ mol™?), following the preference fo r anti-Cls

observed for Alkenes 11 10. Although the Brxeovalues for Os + Alkene 17 shows a marginal
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preference for anti-CHCHOO (0.520) over the syn conformer (0.480), this is much more
evenly split than that seen for Alkene 18 (Banti~ 0.775 & Bsyn~ 0.255). The higher syn-
CHCHOObranching preference for Os + Alkene 17 compared to Alkene 18 is in agreement
with the literature because a Orzechowska and Paulson study records that G + Alkene 17
has a larger OH yield (0.64) than Alkene 18 (0.33) and high OH yield is indicative of high
BrueoVvalues for syn-CHCHOO*? While there is a large range of experimental OH yields for
the ozonolysis of Alkenes 17 & 18 across many studies, when considering all studies (see

Appendix Section 1.4) O; + Alkenes 17 usually has a higher OH yield.*®?

3.6.2 The Ozonolyses of Alkenes 15 & 16 ( E- & Z-EtCH=CHCH)

One important observation here is that the new i Et substituent appears to have increased
ozonolysis kye values for both Alkene 15 (1.13 x 10™*° cm® s1) and Alkene 16 (2.83 x 10%°
cm?® s?) above those seen for Alkenes 17 & 18 (3.61 & 11.8 x 10® cm?® s?), which have fi
CH substituents in the R ; position instead. The inductive influence of this i Et substituent
is consistent with similar trends already observed here between Alkenes 1 & 2 and 6 & 7.
This is also in agreement kexpvalues noted by Calvert et al. , where O3 + Alkene 15 (3.15 x
10 cm?® s1) & Alkene 16 (~1.28 x 10 cm?® s!) are marginally more reactive than O 3
reactions with Alkene 17 (1.2811.90 x 10 cm® s') and Alkene 18 (~1.25 x 10 cm?® s
respectively. ° The inductive im pact of increasing the length of the R ; substituents from a
fi CH; to an A Et group appears to be supplemented by further lengthening to an A nPr
group, as the krueovalue for Oz + Alkene 19 calculated in Chapter 6, is larger (3.53 x 10
cm?® s?) than those seen for Oz + Alkenes 16 & 18.

Ozonolysis of the Z-isomer, Alkene 16, has a larger kve value than the E-isomer, Alkene

15, replicating the higher theoretical reactivity seen for the  Z- over the E-isomer, also
seen for Oz + Alkenes 17 & 18. This is not quite consistent with Calvert et al. , which shows
a larger kexpvalue for E-isomer, Alkene 15 rather than the Z-isomer, Alkene 16 (both
noted above). *° Given the wide range of kexpreported in the literature, it is difficult to

infer absolute trends in the datasets. With this in mind, the data presented in this report
seems entirely plausible, particularly given the consistency of trends in alkene substitution

that have already been clearly identified.

Two underlying factors that are important for the O 3 reactions with Alkenes 15 & 16 (E

and Z-2-pentene), not seen for Alkenes 17 & 18 when considering POZ fragmentation, are
that: the greater conformational flexibility of Alkenes 15 & 16 leads to a large number of
TS structures; and the new fi Et substituent means POZ fragmentation generates of syn &

anti -EtCHOO, as well assyn- & anti -CHCHOO. This multiplicity of different fragmentation
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mechanisms for POZs seen during the ozonolysisof Alkenes 15 & 16 are divided into four
different channels on the basis of the products they generate: TS anmi 1 that produces anti -
EtCHOO + CBCHO; TSyn1 that produces synEtCHOO + CECHO; TSnr 2 that produces
anti -CHCHOO + EtCHO; and Tssn2 that p roduces synCHCHOO + EtCHO. As with the
previous reactions, unless required, only the lowest energy TS (or subchannel) of each
channel are discussed herein (although the intricacies of individual TSs are discussed

further in Chapter 6, to aid determining the reaction chemistry of O 3 + Alkene 19).

During the Os + Alkene 15 reaction, the lowest energy subchannel for each POZ
fragmentation channel give very comparable energies: TS anti 1.3 (-172.59 kJ mol™), TSsvn
1.3 (-174.22 kJ mol™), TSanm 2.3 (-172.83 kJ mol™?) and TSsyn2.3 (-175.23 kJ mol™Y). This
similarity in energi es gives rise to a near-even distribution of products between each
channel, as seen in Figure 3.26. The Brueofraction for Cls calculated in this study are
compared to literature Cl measurements obtained using the indirect approach of inferring
branching ratios from two aldehyde/ketone co -products.® Suchco-product yields would

be used to verify the collective Cl branching fraction for anti- & syn-EtCHOO calculated in
this chapter ( Ukchoo~ 0.391). However, to the authords knowl edge
not been conducted and published in any literature for either the  Os reactions with
Alkenes 15 or 16, like it has for Alkene 2.

Product Branching Ratio of O; + E- and Z-alkenes

Alkene 19

B 45% 3% 4%
(Z-nPrCH=CHCH;] B ’ e

Alkene 16 40%

51% 6% | 3P
[Z-EtCH=CHCHs]

Alkene 18

87% 13%
[Z-CHsCH=CHCHs] ° ’

Alkene

Alkene 15

29% 26% 0 329%
[F-FtCH=CHCH3] ° i 13% i

Alkene 17

52% 48%
[E-CH3CH=CHCH3]

T

T T T
. 2 20 60 80 100
Branching Ratio (Frueo) [%)

[_Jant-R,CHOO + CH,CHO [_]anti-CH,CHOO + R,CHO
[_]syn-R,CHOC + CH,CHO [_]syn-CH,CHOO + R,CHO

Figure 3.26: Branching Ratios (Brueg of O3 + Alkenes 15-19 reactions.
In contrast to Alkene 15, the lowest TSbarriers for each POZ fragmentation channel of the
Os + Alkene 16 reaction have larger energy gaps between them: TS 1.3 (-179.02 kJ mol
B, TSsyn1.3 (-167.78 kd mol™), TSanm 2.3 (-179.58 kJ mol™) and TSsyn2.3 (-169.13 kJ mol™).
Figure 3.26 shows this gives rise to a much more uneven product distribution , with two CI
products anti -CHCHOO (0.510) andanti -EtCHOO (0.395) dominating CI formation yields.
During the analysis of the Oz + Alkenes 1fi 10, it was determined that a i CH; substituent

induced a greater preference for Cl formation due to the further hyperconjugation
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provided by t-iatonsdhdn intheofmEagrouplThis is reflected here, not

only in this preference for anti-CHCHOO overanti -EtCHOO formation, but al so in the

greater Brueovalue for synrCHCHOO (0.060) thansyn-EtCHOO (0.034). Thisdisfavour for

Cls that have subst it udmatomssisshotnn thedtow coteativeb er s o f
theoretical Ukchoovalue for Os + Alkene 16 (0.429), and the slightly smaller Uicroofor

Alkene 15 (0.391). However, as the indirect experimental yield is not av ailable within the

current literature, this cannot be fully verified.  ° Yet, also shown in Figure 3.26, this

greater preference for CH sCHOO does not apply to Q + Alkene 19, which shows a slight

theoretical preference for nPrCHOO over CH3;CHOO. This change in Cl preference is

thought to be due to accumulated small changes in steric interaction, rather than

hyperconjugative interactions, however this is discussed further in Chapter 6.

One common POZ fragmentation pattern that is seen throughout this section is in that
ozonolysis of the E-alkenes (Alkenes15 & 17) have greater tendency to form syn-Cls than
do G; reactions with Z-alkenes (Alkenes 16, 18 & 19). One notable example of this is that
Os; + Alkene 15 is a rare example where a syn-Cl, synrCHCHOO, has a plurality of the CI
branching fraction although the overall Uvynvalue for O; + Alkene 15 (0.448) is still not
dominant over the collective Ukvm branching fraction (0.552). Nevertheless, this is very
different to the ozonolysis of the Z-orientated Alkene 16, where anti-Cls dominate POZ
fragmentation products such that the collective  Uiynvalue is marginal (0.094). Both these
syn-Cls produced in O; + Alkenes 15 & 16 reactions have larger kyn values and hence are
likely to produce greater OH yields compared to their anti equivalents. Consequentially,
the fact that Os; + Alkene 15, both has a larger theoretical propendency to produce syn-Cls
and a greater experimental OH vyield (0.46) than Os; + Alkene 16 (OH vyield ~ 0.2711 0.29)
shows that this theoretical work is in agreement with the literature. The marginal
importance of syn-Cl formation to ozonolysis of Z-alkenes continues for O; + Alkene 19,
which, as shown in Figure 3.26, has a Brreodistribution dom inated by anti-Cls though a

literature OH yield of this reaction has yet to be found.

3.6.3 Summary of the ozonolysis of E- & Z-alkenes

In summary, several important computational trends identified for O 3 reactions with
Alkenes 1fi 10 continued for the reactions with Alkenes 15 18, including that substituting
the A CH; group in the R position with an fi Et group increased the kwvevalue. Another
noteworthy observation was that, where CI formation competed during the POZ

fragmentation step of Oz + Alkenes15 & 16 reactions, it was found CH s:CHOO generally
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had a larger branching fraction than EtCHOO. This confirmed an observation that could

only be made indirectly by comparing different O 3 + Alkenes 1fi 10 reactions.

A new observation that was made during this section, included that the Z-alkenes (16 &
18) had larger ozonolysis kve values than their E-orientated counterparts. However, both

the E & Z-alkenes, such asAlkenes 15 & 16 (E- & Z-EtCHCHCE), have lower ozonolysis

kve values than their trisubstituted counterpart, Alkene 7 (EtCHC(CH),), but higher than
their monosubstituted equivalent, Alkene 2 (EtCHCH). One other noteworthy finding was
that comparative to disubstituted alkenes, ozonolysis o f E-alkenes produce greater

guantities of syn-Cls than Z-alkenes.

3.7 The Ozonolysis of Halogenated Alkenes

The series of halogenated alkenes (Alkenes 11 14) analysed in this section are part of a
generation of new refrigerants referred to as hydrofluorool efins (HFOs)2*2 They are
currently being put into commercial circulation to replace the previous atmospherically
detrimental chlorofluorocarbon (CFC), hydrochlorofluoro carbon (HCFC) and
hydrofluorocarbon (HFC) refrigerants. HFOs are being introduced because of their relative
non-toxicity, short atmospheric lifetimes, low global warming potentials (GWP) and low
ozone depletion potentials (ODP). 2197347 For further details on the harmful impacts of the
CFC, HCFC and HFC refrigerants and the general benefits of HFOs see Introduction Section
1.7. The HFOs explored in this study, and displayed in Figure 3.27, either have halogen
substituents, such as i F or fi Cl, and/or haloalkyl substituents, such as A CFK or i CRCF.

F;€  H F;C—CF, H FRC H FC H
F H H H H cl H F
11 12 13 14

Figure 3.27: Chemical structures of Alkene 11fi 14 (also referred to as HFOSs)
Alkenes 11, 13 & 14 are included her e as they are already in industrial and commercial
use, so it is vital to understand their mechanisms of decomposition and their subsequent
products thereby to observe their effect on local and global atmospheric
models,197198:224.226.347 Eqr example, it is already known that Alkene 11 is breaks down into
trifluoracetic acid (TFA), a tropospheric gas known to cause irritation to th e respiratory
tract. **° Increased use of HFOs in cities like Beijing has led to an increase in local
tropospheric concentrations of TFA and such increases will likely therefore lead to

increased respiratory problems. 1%

While Alkene 12 is in limited commercial circulation, the analysis of O 3 + Alkene 12 can be

used from a more fundament al-Fatems mhe TGRLCHR e
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substituent have a reductive impact on the >C=C< gro up, in contrast to the inductive

i mpact -Halmghavidlon Alkene2. Such a reductive ef-Fect has
atoms in i CK substituents on the COO functional group in anti-sCls (discussed further in
Chapters 4 & 5) and so such an effect could plausibly be found for unsaturated >C=C<
bonds too. Further effects of different halogen and haloalkyl substituents on the

ozonolysis chemistry are discussed in this section in the reactions of O ; with Alkenes11,
13 & 14, which can be compared directly to other non -halogenated alkenes. This includes
analysis of how the alternation of -H and alkyl substituents to either halogen and haloalkyl
groups affects CI formation yields. Also discussed in this section is the comparat ive impact
of the halogen and haloalkyl substituents on CI formation yields, across all the O 3 reactions
with Alkenes 111 14. While, some computational analysis of O 3 + Alkenes11, 12 & 13 is
present in the literature, the analysis conducted here is much mo re extensive as it

includes previously unidentified TSs and final products in each case. 224226241

Of sCls produced from these HFO + @ reactions (referred to as HFO -sCls), only CHOOand
syn-/ anti -CICHOO have been experimentally observed. 22422636971 \whjle refere nces to
them are sparing in the computational literature, some studies say that HFO -sCls, like
anti -/ synrCRCHOO, can be bimolecular sinks for atmospheric toxins, such as CG and
CH,.9327327430535832E g v anal y ssiGl 6o fr edaHR Gioosrirsposptieric Bpeoies, r

see Chapter 5.

3.7.1 Ozonolysis of Alkenes 11 ( CRCF=CH)

Ozonolysis of Alkene 11 (CRCF=CH) is significant because it is the only alkene in this

study, excluding Alkene 20, that has a substituted R > group. The ozonolysis reaction PES is
similar to Alkene 1, but has a few significant differences, such as the TS oz01 pathway
(31.3 kJ mol™) which has a larger energy barrier than TS 0z02 (27.5 kJ mol™). Both these
barriers are comparably large which give rise to a small ke (1.14 x 10% cm?® s*) compared
to O3 reactions with Alkenes 1fi 10 & 15 18 (108 810" cm? s). The kexpis also small,

(2.77 x 10?' cm® s*) showing encouraging reliability for this calculation. 3%

Unlike Alkene 20, where i R, and i R, substituents are the same, Alkene 11 has differing i
R: and i R, substituents, a i Ck and an i F group. So, for the purposes of this study, as the
il CR; group is assigned as the primary substituent with the i R, position in alkene as it has
the larger molecular weight. This is mostly important when discussing the CI orientation
because, whether the primary i R, substituent (the fi Ck group) is either syn-periplanar or
anti -periplanar to the terminal oxygen, distinguishing synCRCFOO fromanti -CRCFOO

respectively. Furthermore, the two POZ fragmentation barriers TS syn& TSant are referred
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to as such depending on whether they produces the syn or anti-CRECFOO conformer. All

POZ fragmentation mechanisms for Os + Alkene 11 are displayed in Figure 3.28.

TS TSN TSo1 TSo02
?"“‘-}o ,9"“‘}0 f? """"" o ?"“‘;o
Hitn-C. o HiumC. o F5ClineCl o Fm..l-ci o
H Ho S FC
FiCY F H
\F \CF3 \H \H
-120.9 -112.8 -188.1 -187.1
Q@ Q@ ¢ T
HCHO +anti-CRECFOO| HCHO +synCRCFOO CHOO+ CRCFO

Figure 3.28: A schematic and the relative energies (kJ mol 1) of the TS ant1 & TSsynstructures of O 3 + alkene 11

in conjunction with the products these mechanisms generate.

Energies are relative to raw reactants.

The POZ fragmentation process of Os + Alkene 11, shown in Figure 3.28, has very low

barriers for generating CHOO+ CRCHO (T$o 1 & 2), whereas the generation of syn &
anti -CRCFOO proceeds via much higher energy TS structures (Tawn & TSsyy. To the

aut hords knowl e

dge, the

only |

iterature compari s

analysis of this reaction by Paul et al. , and this shows similar sized energy barriers for
TS (-120.5 kJ mol™) and TSo 1 (-187.8 kJ mol™) to those observed in Figure 3.28.2%* This

is the largest energy variation in POZ breakdown pathways in the whole alkene ozonolysis

study undertaken here, and therefore is responsible for the very large collective

CHOO

branching fraction ( Utroo ~ 0.99). However, the Brueovalue of anti-CRCFOO (2.49x 10°)
still exceeds that of syn-CRCFOO(3.31 x 107), despite their overall Brueovalue is L 0.01.

3.7.2 Ozonolysis of Alkenes 12 ( CRCRCH=CH)

The cycloaddition step in the ozonolysis of Alkene 12 (CRCRCH=CH) is much more

energetically demanding than for O 3 + Alkene 2 (EtCH=CH), as shown by the 15.8 kJ mol *

difference in barrier heights for TS o0z01 (see Figure 3.29). This leads to a much low er

ozonolysis kye value for Alkene 12 (2.99 x 10?° cm?® s?) than Alkene 2 (1.03 x 10*° cm® s*)

and that low kwe value is within an order of magnitude to the literature

234 x10° cm®s?).¥"38 T hj s
AEt

demonstrates

kExpvaIue (20 -

t hat -Htatoresinrthbep | ac e me

subst i t-kadoms does retluoe tHi reactivity of the alkene. This observation

could not wholly be vindicated using just the O 3 + Alkene 11 reaction, as the fiF

substituent in the fi R, position likely also has a further reductive impact on the reactivity

of the >C=C< bond. The substitution of the f Et substituent with a i CRCF group also

replaces the N-H atoms with N-F

at oms,

however

ozonolysis chemistry is explored in Chapter 6 instead .
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Figure 3.29: A comparative of the O 3 + Alkenes 2 and 12 PESs using the lowest energy barriers for each
channel only. Energies are relative to raw reactants.

The decline in the number of WH atoms between Oz + Alkenes?2 & 12 appears to result in

an increase in the energy barrier for each POZ fragmentation mechanism. However, as

shown in Figure 3.29, the TSanm & TSsynbarriers for O 3 + Alkene 12, see much greater

increases than those of TS0 1 & TS0 2 barriers, resulting in a much larger collective  Utroo
value (0.955) than observed for Oz + Alkene2 ( 0. 373) . This indicates

H at oms-FatomsmthéURisub st i

tuent (Ha ,ad opressrFRamssh N

marginalises the formation of the CI with that substituent. Asthe  Utroo value for O3 +

Alkene 12 is not as large as that seen for Alkene 11 (I 0.999), this chapter also provides

indirect evidence that the fiF substituent in Alkene 11 (CRCF=CH) further marginalises

formation of the CI with that substituent. However the only literature study found of this

reaction produces a much lower collective Utroo value (0.261) for O3z + Alkene

12 161,361,362,366

3.7.3 0Ozonolysis of Alkenes 13 ( E-CFsCH=CHCI) and Alkene 14 ( E-CRCH=CH)

It is quite plausible that Alkenes 13 & 14 have comparable ozonolysis chemistry, as they

share two key common structural features: a i Ck group in the fi Ry position and a halogen

(either a A Cl or an fi F group) in the in the A R position. This similarity is reflected by the
fact that the TSz01 & 2 structures for O 5 + Alkene 13 have similar energies (26.2 & 28.6
kJ mol™) to that of Alkene 14 (29.9 & 29.6 kJ mol ™). This leads to O3z + Alkene 13 having

only a marginally larger kve value (1.85 x 10%° cm® s?) than O3 + Alkene 14 (8.1 x 10% cm?®

sh). These results confirm that an i F group have a greater reductive impact on the >C=C<

bond than the fi Cl group. Both the kve values for Os + Alkenes13 & 14 are close to or

within an order of magnitude of their

kexpvalues (
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The POZ fragmentation pathways of O3 reactions with Alkene 13 & 14 only produce CI
products with either a i CF or a halogen substituent and the TSs are labelled accordingly:
TSwn 1l and TSynl produce anti- & synnCRCHOO and T 2 & TSsyn2 produce anti & syn
conformers of either CICHOO or FCHOO. In the structure of both Alkenes 11 & 12, only
one end of the alkene >C=C< bond includes halogen and/or haloalkyl substituent(s) and as
these deactivating groups hinder Cl formation the Brueodistribution is imbalance d in favour
of CHOQ However, as the chemical sequencing of Alkene 13 places a deactivating group
at either end of the >C=C< bond, all the POZ fragmentation barriers have comparable
energies (-148.1 to -136.4 kJ mol™) and a wide distribution of ClI produc ts is generated. O3

+ Alkene 14 also has a similar wide Brueodistribution and for the same reasons.

While the theoretical analysis of O 3 + Alkenes11 & 12, discussed previously, established
that formation of a Cl with a i Ck (and i CRCF) substituent were disfavoured compared
to those with A H substituents, the analysis of O 3 + Alkenes 13 shows high overall UtrcHoo
value (0.728). This is a similar UtrcHoovalue to that found in the experimental literature
(0.63) for O3 + Alkene 13, but due to the nature of the experimental method a slight  Brueo
preference found for anti-CRCHOO (0.415) over the syn conformer (0.312), seen in this
chapter has yet to be expe rimentally validated. *’ The much lower Brueovalues for anti- &
syn-CICHOO (.188 & 0.085) clearly show that the i CFk group is much less of a hindrance
to Cl formation than a i Cl substituent. The Os; + alkenes 14 reaction exacerbates this Brueo
preference for anti-& synrCRECHOO (0.473 & 0.450), as the new fi F substituent appears to
diminish the Brreodistribution for anti-& syn-FCHOO (0.050 & 0.027).

3.7.3 Summary of the ozonolysis of HFOs

In summary, there are several trends that are worth observing including that the addition

of haloalkyl groups (such as i Ck & A CRCFR) and halogen substituents (such as A F or fi Cl)
to the > C=C< group reduces the alkene ozonolysiskve value. Furthermore, during POZ
fragmentation, CI formation with the haloalkyl substituents, such as i Ck & i CRCF;, are
diminished compared to purely alkyl substituents, including i CH & fi Et. Both these
observations agree with one of the central hypotheses in this chapter, that UWH atoms in

an alkyl substituent, increase the kwe values and induces a formation preference for Cls

with that substituent. This is especially the case if the a Ikyl substituent, like A Et, is
compared to electron withdrawing groups, such as i C(O)CH or fi CRCFR. This section also
shows that overall Cl preferences for POZ fragmentation Bryeovalues is CRCHOO > CICHOO

> FCHOO, with the usual preference for anti-Clsover syn-Cls being maintained.
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3.8 Atmospheric implications

The research in this chapter has wide tropospheric implications because these O ; + alkene
reactions are attributed with depleting both O 3, which triggers severe respiratory
problems, and many prevalent alkenes, such as Alkenes 1 & 5, in both rural and urban
environments (see Propene and MVK concentrations in Figure 3.3)). Experimental
approaches to determining the ozonolysis chemistry of these tropospheric alkenes has
several key hazards & problems including that: ozone is explosive in high concentrations;
the exothermicity of the reaction can cause instantaneous decay of the initially formed

Cls; and the formaldehyde and other carbonyl products are known to be a skin irritant,
carcinogenic and toxic if inhaled .3"*3"* A computational approach i s therefore quite a
suitable cost-effective and low hazard alternative method to determine the ozonolysis

chemistry of a variety of tropospheric alkenes .

Abundance of Alkenes in Megacities Abundance of Alkenes in the Rainforests

Ethene ]
Propene |
1-Butene |
2-Methyl-1-butene |
Trans-2-butens| )
2-Methyl-2-butene| ]
Cis2butene| ]
Trans-2-pentene| |
13-Butadiene| |
1Pentene| ]
Cis-2-Pentene :l
Isoprene“:l
1-Hexene| ] A-3-Carene| I

109 1010 1011 1012 107 103 109 1010 1011
Tropopsheric Abundance (molec./cm?®) Tropopsheric Abundance (molec./cm®)

Megacity Alkenes
Rainforest Alkenes

Figure 3.30: Abundance of Different Gaseous Alkenes in Megacities and Rainforests (data obtained from that
assembled by Vereecken et al.). 182

Understanding the ozonolysis chemistry of these alkenes is also vital to atmospheric
models because these reactions produce significant primary yields of stabilised Cls and
secondary yields of OH radicals, implicated in depleting tropospheric toxins. The
experimental data on Cl branching fractions in the literature uses the aldehyde or ketone
co-product yields to determine the Cls, which has become an important route to
confirming the accuracy of the calculations in this chapter. However, the inherent
weaknesses of these experimental methods include that these co -product yields cannot
distinguish between the syn and anti-Cl or between hot Cls or stabilised Cl yields, both
essential to understand the subsequent atmospheric implications of such a reaction.
Where experiments are too challenging at present, computational methods such as those
used here can determine the yield of excited Cls, including the difference between  syn
and anti - conformers. Stabilisation of these Cls can be predicted based on total sys tem
pressure, internal energy during formation and geometric size (which can support

stabilising IVR). Computed OH yields can then be added to atmospheric models,
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potentially both local and global, which can be used to assist in subsequent determination

of various atmospherically important outcomes, e.g. OH co -product yields.

One of the most important ozonolysis reactions in this study comes from predominantly
biogenically emitted alkenes such as Alkene 5, methyl vinyl ketone (MVK). Alkene 5 is a
product of the ozonolysis of isoprene and therefore being able to model its ozonolysis
rates is important as isoprene accounts for ~80% of VOC emissions?:8133937> 1004 of
tropospheric isoprene undergoes by ozonolysis, producing significant levels of both Alkene

5 (10-18%) and methacrolein (MACR, 2844%)8133°3% Alkene 5 has also been shown to have
strong abundances in rural environments, including rain and temperate forests and it has
been determined by Vereecken et al. to therefore be generating a significant portion of
the Cl in such locations. *® The O; + Alkene 5 (6.9 x 10"’ cm® s*) was found to have a fairly
average ozonolysiskve value compared to that of the other mono -substituted alkenes

calculated in this chapter, Alkenes 1fi4 (~2.2f110.3 x 10 cm® s?).

In addition to the above tropospheric implications, MVK reactions are also responsible for
~10% of Clgeneration in temperate forests (see Figure 3.3 1). The CHOObranching
fraction is undeniably dominant in both the theoretical work in this chapter (0.934) and

the experimental literature (0.65 1 0.95), providing a substantial source for CHOOQin
atmospheric models.*®3% Also, as the literature Eexpvalues for anti- & syn-CHC(O)CHOO
have yet to be measured for O 3 + Alkene 5, these consistent Brueovalues, generated for
the Cls in this chapter, can be used to determine the relative atmospheric significance of
these product Cls. Due to the sizeable yields of methyl vinyl ketone oxide and

methacrolein oxide found for O 3 + isoprene, much computational and theoretical analysis
has been compiled to study the chemistry of such Cls (including by the author in chapter
4).37%878 sing the data obtained from the research in this chapter it may be that
atmospheric models determine a significant role for anti- & synrCHC(O)CHOO leading to a
greater computational and theoretical body of work. A Vereecken et al. study suggests
~2% of Cls in temperate forests are CHC(O)CHOO conformers'®? These new computational
studies could include unimolecular decomposition of (both hot and stabilised) Cis and
bimolecular reactions with species know to react strongly with sCls, such as H >0, (H20)

and alcohols 93,195,293,376,377,379
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Figure 3.31: Fractional Cl population by Alkene Source in both an Example Megacity, Mexico City and a
Temperate Forest (diagram obtained from that assembled by Vereecken et al.). 182

This research is also important with respect to atmospheric models because it can supply a
kve value for the O 3 reaction with Alkene 8, (2.46 x 10" cm? s'), where the literature
does not provide a kexpvalue,'? or alternatively provide POZ fragmentation yields of Oz +
Alkene 7, where the branching fractions of (CH 3).COO (0.868),anti- (0.117) and syn
iPrCHOO (0.014) are unknown?° Both these important observations can be added directly
to the data se ts for atmospheric models if required. These computational values of O 3 +
Alkenes 7 & 8 in this chapter are, as explained in previous sections, important to
atmospheric models overall because they provide valuable data points in describing
ozonolysis chemistry trends between Alkenes 6fi 10 that currently can only be inferred
from the literatur e. Knowledge of these trends is important if an overall taxonomic model

is to be produced that is both reliable and cost -effective.

According to a study by Vereecken et al. , in megacities like Mexico City, Alkenes 15 & 16
(E- & Z-2-pentene) have significant abundance and their reactions with O 3 give significant
Clyields (see Figure 3.31)." ¥ However, to the a wttdrauredBxvhlues wl edge
for Oz + Alkenes 15 & 16 have been measured, so the Brueovalues for Cl yields provide
important data sets for atmospheric models of megacities .'° In experimental analysis of O3
reactions with other urban alkenes (Alkenes 1, 6, 17 & 18) this differentiation between

the anti- & syn-ClI could be partially inferred by OH yields. However, as O 3 + Alkenes15 &
16 produces both syn-CHCHOO andsyn-EtCHOQO, it is unclear which syn-ClI produces a
higher OH yield. As this anti- & syn-Cl differentiation is included in these computational
analyses for O; + Alkenes 15 & 16, the author also determines whether syn-CHCHOO or
syn-EtCHOO have greater yields. Furthermore, this differentiation between anti- & syn-Cls

supplied in the computational analyses for O ;3 reactions with Alkenes 1, 6, 15A 19 is vital
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because urban environments have a variety of different pollutants and anti- & syn-Cls can

deplete such pollutants at very different speeds. '

When investigating HFOs, it must be considered that the USA, China and the EU have plans
to increase HFO (Alkenes11f 14) use as refrigerants and insulation foam so their emissions
and their breakdown mechanisms, including via reaction with O s, have become of greater
interest in the literature. 197198224226347 pre|iminary studies show that, as HFOs breakdown
via other mechanisms, the O ; concentrations in the region increase, making these
ozonolysis reaction more likely .**° This study is important to atmospheric models as the
current literature computa tional studies on HFO derived systems are much less extensive
and the experimental analysis of such reactions (except for O ; + Alkene 12) do not supply
Cl yields, 1022426241357 \Whjlst the kue values for O3 + HFOare somewhat lower than those of
the other alkenes in this study , yields of 6 H FOC | (anth & syn conformers of CICHOO,
FCHOO & CECHOO) are quite significant. The atmospheric implications of this Cl yield is
likely to be the greater depletion of many pollutants because, as shown in Section 4.4 and
Chapter 5 (as well as previous computational studies), these HFO -sCls have high

bimolecular reactivity. 9273372

Lastly, one very important atmospheric implication is the many observations made in this

thesis about how the structure of an alkene affects ozonolysis chemistry, for example the

manner and magnitude with which steric hinderance alters branching fractions and

reactions rates (by altering transition state ene rgies). The careful notation of how

different structural features increase or reduce reactivity helped the author with building

the OFre8t Enetgyal Projectiond model in Chapter
the ozonolysis chemistry of larger alkene s. This model significantly reduces the number of

calculations required to produce extensive potential energy surfaces and provides

accurate descriptions of the ozonolysis chemistry. If they were to provide an accurate set

of alkene taxonomic groups, furth er models of alkene ozonolysis chemistry built either by

the author or other computational chemists. These could include: the reducing impact of

hal oal kyl groups on rate constant-Blatontsfeechdsenef i ci
in i CH; groups) have on CI formation and that enones have very little capacity to generate

epoxide yields (compared to dienes for example) .'*3*? Once the ozonolysis of alkene

model(s) are built there would be a significant reduction of computational power required

to process atmospheric simulations, or alternatively with similar computational  cost

chemical accuracy could be greatly increased.
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3.9 Further Study

This ozonolysis study included 20 alkenes which is a particularly large number for the full
computational analyses, however, the study could be extended into many different
alkenes, essentially ad infinitum . Below are assembled groups of further work divided into

categories that may be appropriate to follow:

Examination of the effect that decreasing the number of n-H atoms on the fi Ry substituent
(similar to the reduction in the number of UH atoms examined in this chapter) has on
ozonolysis chemistry. This is already pursued in Chapter 6. This involved lengthening fiR;
group from an fi Et group in cis-2-pentene to an fi nPr group in cis-2-hexene and, using the
OFree Bthewmugy ur al Pr arodeldeérived im hapteFeEBItRYuld be
further extended to include 1-pentene, 4-methyl-1-pentene and 4,4-dimethyl -1-pentene.
Further research and adaption of the FESP model seen in Chaptel6 could be expanded to
include complex fi Ry substituents such as asecbutyl or neo-pentyl groups. This would
develop of substantial new structure -activity relationship (SAR) model, but one that could

also determine CI branching fractions. 1*®

Secondly, further extension o f this study could investigate the effect of substitution of the
fi R> substituent (seen for Alkene 20), including alkenes where R 1=R, and Rs=R:.. Examples
of this could include tBu ;C=CH or tBu,C=C(CH)..

Another area of study could include substitution of the /i Ry group with other common
functional groups to determine their impact on Cl formation, such as esters, ketones or
other alkene groups. This has already been conducted to some extent with the use of
enones, Alkenes5 and 10, and HFOs, Alkenes 11 14. Despite this, there are other groups
that could be used in the i R: group, such as aldehydes, which may produce significant
differences to their ketone equivalents. Out of possible aldehydes, it is especially

important to analyse the ozonolys is of methacrolein, OHC-C(CH)=CH,, as it is a significant
co-product of isoprene reacting with OH or O 3 and therefore found in many temperate
forests and rainforests. #1823 |f either aldehydes or dienes were studied, exploration of
the epoxide pathway would need to be applied to at least an example alkene each, such

as the abundant methacrolein and isoprene compounds. This would need to include an
application of a different theoretica | method to determine epoxide energies (see appendix

for more details) .

Cyclic alkenes such as cyclohexene, Uipinene and as well as heteroatomic cyclic alkenes
such as furans, thiophenes and pyrroles are all viable targets and may undertake novel

ozonolysis pathways worthy of study. As an example, the ozonolysis reaction produces Cl
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that does not detach fully from the aldehyde or ketone co -product, meaning they may
subsequently self-react. °3#1:382 This would require a different method of study to have a

full view of the ozonolysis of these cyclic alkenes.

Other pathways of future study include examining the outcomes of the Cls produced from
these reactions such as those seen in Chapter 4, in examining sCI + alcohol reactions and

Chapter 5, HFO-derived sCls bimolecular reactions.

3.10 Conclusion

The | arge numb e r-Haioms is thebtrisubstitutadeAtkenes UBM 9 induce
greater ozonolysis krneovalues (~10*° cm?® s1) than observed for Alkenes 1fi4 (~10Y cm®s
', which have f eHwtoms. Bhis biffertenice inazonalysislehemistry
between these monosubstituted and trisubstituted sets of alkenes could be the basis of
two different taxonomic groupings. The concept of this monosubstituted taxonomic group
is reinforced by the fact that O 3 + Alkenes 1A 4 all show a relatively balanced distribution
between its Cl products: CHOOand anti -/ synrRiICHOO (R=ACH;, AEt, AiPr & fitBu). In
contrast, the numb e r-Hatdmsihgkere ozorwlysjs prgdact e d W
(CHs).COO skews the product distribution in it s favour, across all Alkenes 6fi 9 ozonolysis,

further supporting the concept of creating a trisubstituted taxonomic alkene group.

Ry R; HiC, H Et H iPr H tBu H o C,CHs Y
R, Ry H H H H H H H H H> (H
1 2 3 4 5

Figure 3.32: The Spatial Arrangement of EachR group on a Standard Alkene and Structures of Alkenes 15
These taxonomic groupings may be made somewhat more flexible if it is deemed
i mportant to accommodate more subtl e c-Hanges suc
atoms even further, e.g. moving from A CH; sCl substituents to fiiPror it B u . -HAatomsll
are known to increase ozonolysis reactivity and cause changes in Cl yields (CHCHOO >
EtCHOO > iPrCHOO > tBUCHOOQO), such nuances may be important to incorporate into any

classification system where a wide range of alkenes are under consideration.

Hs;C CH; Et CH; iPr CH; tBu CH o

3 //
)_: >_< >_< >_< Hic—C  CH,
H CH; H CH; H CH; H CH; |-|>=<CH3
6 7 8 9 10

Figure 3.33: Chemical Structures of Alkenes 6-10
E- & Z-alkenes may also form two separate taxonomic groups, despite having similar Krneo
values, because the ozonolysis of Z-alkenes produces higher Brueovalues for anti-Cls than

syn-Cls, whereas the anti - & syn-Cl yields for Oz + E-alkenes are more even.
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While all alkenes with electron -withdrawing substituents have low krueovalues, they could
be generically grouped into two sets: Alkenes 5 & 10f 12, where the electron -withdrawing
substituents in the adjacent i R, and/or fi R positions, inducing low Bryeovalues for
Ri.CROO formation; and Alkenes 13 & 14, where the opposite position of the electron -
withdrawing fi Ry and fi Ry substituents, produces a more even distribution between
RiICHOO & RCHOO.

These possible frameworks could be used to produce a comprehensive method for
tropospheric models, where the depletion of toxic ozone via reaction with an alkene could
be estimated using only the structural features of alkenes .2'°% Furthermore, this all -
inclusive method could use alkene structure to project the yields of the different CI
products, to reduced computational cost of calculating a large variety of different
reactions. One narrow example of such a methodist he 0 F E S PidChapted6ée | s
where this electronic and steric taxonomic framework allows previously calculated alkene
ozonolysis trends to be projected onto lengthier alkenes (e.g. Z-2-hexene) in an accurate
and reliable way. Moreover, as these Cls are known to deplete various pollutants at
different rates, by accurate modelling Cl yields by chemical composition and conformeric
form, the depletion of pollutants can also be more accurately estimated .*'* In conclusion,
if this electronic and steric tax onomic framework is used in combination with both  krneo
and Brueovalues, an extended and systematic way of determining the ozonolysis chemistry

of multi -alkene environments could be devised.
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4.0 Chapter 4: An Extended Computational Study of Criegee

Intermediate dAlcohol Reactions

The aim of this chapter is to undertake an extended computational analysis of the
reactions between tropospheric alcohols and various stabilised Criegee intermediates
(sCls). Both the sCI and alcohol reactants in this study are varied to investigate their
effect on reactivity by examining bimolecular rate constants ( krst) and product branching
ratios (Brueg. Three of the most abundant tropospheric alcohols, methanol, ethanol and
isopropanol, are included in this study. The speci fic sCls explored in this study are afford
interrogation of how the orientation and chemical composition of the Cl substituent groups
alter their reactivity. This study could contribute directly to atmospheric models, or be
combined with other bimolecular sCI reaction analyses to help produce a taxonomic
classification system for sCls. If sCI taxonomic groups can be generated for both
unimolecular and bimolecular reactions then they could then be applied to atmospheric
models to reduce computational cost. T his study also analyses the unimolecular
breakdown of various sCls to produce vinyl hydroperoxides (VHPS).

4.1 Introduction:

4.1.1 The Importance of Stabilised Criegee intermediates (sCls) Reactions with

Tropospheric Alcohols

The stabilised Criegee interm ediates (sCls) analysed in this study are produced from
tropospheric alkenes, introduced in section 1.4.2 and explored in a theoretical study

Chapter 3.8%3%° The Oz + tropospheric alkene gaseous reaction is not just a significant

alkene sink, (like precipitation, UV photolysis and OH & NO 3 radicals) but also acts as a
significant source of Criegee intermediates (Cls). Ozonolysis of alkenes, as the mechanism
in Figure 4.1 shows, produces a short-lived primary ozonide (POZ), which subsequently
breaks down to produce oOexcitedd Criegee inter me
internal energy. !2%633° These Cls and sCls can then undergo unimolecular decomposition,
examined further in section 1.5.2. One pathway of particular interestis  the 1,4-alkyl-H-
migration decomposition pathway to produce vinyl hydroperoxide (Section 3.5). ¥ Once
these Cls are stabilised by collision with inert molecules, they are more likely to be

removed by reactions with other trace atmospheric species such as alcohols. 23126:132.134.135
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Figure 4.1: The source of atmospheric stabilised Criegee intermediates (sCls).
sCI + alcohol reactions are worthy of examination because they are not only a potentially
significant sink for alcohols but aalkgloxgbkgt ul at eo
hydroperoxide, AAAH.>! Khan et al. identified that Methanol (CH 3OH) and Ethanol (EtOH)
reactions with the smallest sCl, CHOQ, are competitive with OH radicals, the well
established o0at mo $hedroppbspheri O aungamae {{@H]~1F molec.
cm’®) is higher than the sCI abundance ([ CHHOO~10* molec. cm ) but both reactions with
the tropospheric alcohols Methanol (CH;OH) and Ethanol (EtOH) have proximate
experimental rate co nstants (kexe~10" i 10" cm® molec.* s?). ! sCls may outcompete
OH radicals as a sink for other atmospheric co -reactants, such as NG;, aldehydes, ketones
and organic & inorganic acids, but this does not reduce the importance of the sClI + alcohol
reaction. This make sCls very feasible sinks for gaseous alcohols in many different
environments and gives the sCI + alcohol reaction increased importance in atmospheric

models.

To determine the significance of sCI + alcohol reactions, the co -location of tropospheric
sCls, or their alkene precursors, and alcohols is important to identify. In  environments
with high alcohol concentrations, these reactions may be a significant sink for both
alcohols and sCls. One known area of high alcohol concentrations is in urban areas that
have high biofuel use, such as Sao Paulo, Brazil **® The ethanol (EtOH) abundance has been
known to reach 400 ppbv in various certain localised areas of Brazillian cities, such as S&o
Paulo, Rio de Janeiro and Porto Allegro, or in excess of 450 ppbv, where industrial and
urban emissions mix. While ethanol is the largest contribution to  overall alcohol
abundance in Sao Paulo ([EtOH] ~ 176.3 ppbv), there is still a significant abundance of
both methanol and isopropanol ((MeOH] ~ 34.1 ppbv and [iPrOH] ~ 44.2 ppbv). 33
Therefore, all three of these alcohols are important to analyse and are consequentially

included in this study.

In Sao Paulo, anthropogenic alkenes have also been found in abundance with ethene

(~12.2 ppbv) and propene (~2.77 ppbv) having the greatest contributio n to the overall

alkene abundance (~24.6 ppbv).%* Also important is the large abundance of tropospheric

0:(~1600gn'® i n Sao Paulo, a significant3®gheoblem for
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considerable amount of ClI precursors and alcohol in the local tropospheric environment of
Sao Paulo egion makes the sClI + alcohol reaction of increased interest. Also, the city of
Sao Paulo has a population of 11 million people and over 20 million in the total
metropolitan zone, and if this reaction reduces or indeed generates substances harmful to

human health it is of significant impact to the local environment.

o (0
s O/ \H
(|:| + H\O/R3 E
N R v~
R4

Figure 4.2: Formation of AAAHs from the sCI + alcohol reaction
The sCI + alcohol reaction has been previously investigated but this research provides a
more extensive computational analysis of a series of these reactions. As shown in Figure
4.2, the reaction mainly leads to the formation of  Walkyloxyalkyl hydroperoxide, AAAH.
This was first demonstrated in 1996 with the experimental analysis of CHOO+ MeOH
reaction by Moorgat and co-workers, who synthesised the AAAH, methoxymethyl
hydroperoxide, using methanol and the tropospheric sCI precursors ethene and O 3.%° This
was performed via indi rect methods of measuring rate constants, as sCls had yet to be
spectroscopically identified. *** A study by McGillen et al. identified that the alcohol
reaction with at least two sCls, CHOOand (CH).COQ have kexpvalues of sufficient size

and variation (=10 @ 10"% cm?® s) to warrant an extended analysis .

The prior literature in this area has already identified some important trends in reactivity,
such as that variation of the alcohol (MeOH, EtOH and iPrOH) in the reaction with CHOO
shows only small variation in kexp(~10* cm?® s?). 3 Similarly, changing the alcohol causes
only a small change in kexpin reactions of MeOH & iPrOH with tridecanal oxide which also
exhibit very similar kexpvalues.®* Studies by Angladaet al. show that both H,O & (H,0),
can catalyse the production of VHP from sCl decomposition. A similar pathway is found for
sClI + alcohol reactions, both in this thesis (see appendix) and by Chaoet al. , whereby
alcohols can catalyse the decomposition of sCls that have a syn-CH; group to produce
VHPs A full visual representation of both the AAAH and VHP reaction pathways is
displayed in Figure 4.5, in Section 4.2.2 .

However, sCl + alcohol reactions are not merely a significant sink for tropospheric
alcohols, but also are a significant source of AAAH in many different environments, such as

the rainforests. ! The bimolecular reactivity has been shown to be significant as the
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reactions between sCls and HO & (H:O,ar e si gni fi c ahpditoxysour ces of
hydroperoxide, which is directly involved in forest damage. 1419529338781 Ag this AAAH

product is also a peroxide, it co uld also potentially cause this kind of boreal damage. **

AAAH breakdown is a longterm decomposition unlike the unimolecular decomposition of
sCls, which produce OH radicals much more swiftly. The Tadayon et al. study showed how
high the barrier is to OH dissociation and a similar high barrier to thermal decomposition

to produce H,0 + an ester.*** Much like AAAH, the VHP product has also been shown to
produce OH during decomposition. 18%392%% These AAAH and VHP decomposition pathways
constitute a primary reason for this study. *° The VHP channel derived from sCls + HO &
(H20), reactions requires the treatment of quantum tunnelling to account for the full VHP
yields, therefore this treatment is included here. A comparison of the  kun of various sCls
with both simple and more complex methods of calculating tunnelling factors isc  arried

out in section 3.5.
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4.1.2 The sCI and alcohols Involved in this Study

The standard computational procedure in identifying the reaction potential energy surface
(PES), the Eckart tunnelling -correction, collision limits ( kcov) and dipole-capture moment
limits ( ka-a) Of each reaction is outlined in method section. 286:294:300.:309.314,315,318,320,397,398 Thjg
study, unlike the previous study of alkene ozonolysis in Chapter 3, determines rate
constants (krs7) by using the open source software named the Kinetic and Statistical
Thermodynamical Package (KiSThelP) as opposed to the Master Equation Solver for Mult-
Energy Well Reactions (MESMER}832° The method for KiSThelP can be found in Method
Section 2.4. Unlike content in chapters 3, 5 & 6, rate  constants are calculated using
conventional transition state theory ( krsy) at standard temperature and pressure unless

stated otherwise.
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Figure 4.3: sCls studiedlabelled assCls 1-26
sCls 1i 26, displayed in Figure 4.3, are investigated in this study to observe the reactivity
of sCls with atmospheric alcohol, MeOH. Other tropospheric alcohols, EtOH and iPrOH, are
investigated for their reactions with sCls 1, 11 & 12. These sClIs have different sources:

sCls 1fi 4 are derived from the simplest atmospheric alkene, such as ethene, propene and
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butene, which can be common in rural environments, but are quite abundant in urban
anthropogenic VOC emissions®®® Halogenated sCIs5f 10 & 23fi 26 are the product of the
ozonolysis of a new generation of hydrofluoroolefin refrigerants, such as CF ;CFCH, E
CRCH=CHCI &E-CRCH=CHF. The study of the halogenated sCls,syn/ anti-FCHOO,syn

/ anti -CICHOO, CEFOO and CCJIOO, labelled as sCls i 10, are studied to see the effect of
strong electronegative substituent groups. Further analysis of HFOs and their ozonolysis is
found in Section 3.7. Folic emissions are a major source of conjugated sCls, such assCls
11 & 12 (syn/ anti-PhCHOO), which are generated from the ozonolysis of styrene
(PhCH=CH). *®® Isoprene, is the most globally abundant alkene and is the source of
conjugated sCls 13i20.% sCls 13 20 are produced in significant yields so are therefore

guite common in the forested, pristine environments, where isoprene i s emitted.

sCl 21, cyclopropenone oxide, is also included in this study to observe what effect sCl
internal steric tension has on reactivity. The non -halogenated cyclic 1,3 -dioxolane-2-
carbonyl oxide (sCl 22) is studied because it has both cyclic strain a nd has a strong
electronegative group. Both sCls 21& 22 are examined for computational reasons, as they
are not naturally occurring sCls. Although not in the original study, the MeOH reactions
with syn & anti-CRCHOO andsyn & anti -CRCFOO were undertaken in section 5.7.2 in
the study of heteroatom tuning in HFO -sCls and these results have been detailed. These
sCls are referred to as sCls 23 26.

4.2 Reactions of sCl + Alcohol: An Overview

4.2.1 Overview of the sCl 1 + MeOH Reactions

CHOQ, referred to as sClI 1in this study, is chosen for investigation because it is simple,
abundant in the troposphere and has been extensively studied in the literature.  sCl 1 has
previously been studied in part because of this chemical simplicity but also because it is
suitable to produce and measure experimentally. sCI 1 has also been extensively used as
an archetype sCl, for example in examining the effectiveness of sCl 1as a tropospheric
sink for CO, hydrochlorofluorocarbons (HCFCs) and alkanes?324372 | astly, sCI 1is
commonly examined because its abundance in the atmosphere makes it important to
tropospheric modelling. The sCI 1+ MeOH reaction is studied in greater detail than the
other sCls in this chapter. This includes: a comparison of different computational methods
to calculate the PES of sCI1+ Me OH; and modelling the decomposi
alkyloxyalkyl hydroperoxide (AA AH) product decomposition. Much like analysis seen later
for reactions including MeOH reactions with sCls 2 3 & 4, a comparison of the theoretical

rate constant ( krueg with literature kexpvalues is also performed. This extensive analysis
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of the sCI 1+ MeOH reaction is for the purposes of validating the computational method

used throughout this thesis.

sCl 1treated as an archetype here too, because it has an advantage over many other sCls
in that a significant amount of experimental data already present in the literature for not
just MeOH, but also reactions with the other two alcohols studied in this chapter: EtOH &
iPrOH >34 Other sCls in this study do have experimental analyses in the literature, but
they are either restricted to reactions only with methanol, suchas sCI 2, 3 and 4, or are
too complex to run computationally in this study, such as CH 3(CH)1:CHOO + MeOH &
iPrOH 51386401402 Eor the reasons previously listed, determining the krstvalues for alcohol
reactions with sCl 1 are an appropriate case study to determine whether the method
employed in this thesis is accurate and whether changing the alcohol -Rs; group impacts

the reaction chemistry. sCIl 1+ EtOH & iPrOH reactions are analysed in section 4.2.4.
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Figure 4.4: PES ofsCl 1+ MeOH including AAAH decomposition derived using computational method: DF -
HF/DFLCCSD(T)F12/aug-cc-pVTZ //B3LYP/aug-cc-pVTZ Energes are relative to raw reactants.

Figure 4.4 displays the lowest energy pathway PES of the sCI 1+ MeOH reaction, including
both the AAAH formation (TSaaay and an AAAH decomposition pathway (TSsteg. The TSwaan
step is divided into two pathways, the low energy TSwan1 mechanism (-3.81 kJ mol™),
which is submerged here compared to the raw reactants, and the higher energy TSaaan2,
which is positive going (+0.11 kJ mol ') compared to the raw reactants. Thesetwo barriers
are dependent on the relative position of the CH 3 branch on MeOH, described further in
Figure 4.5 in section 4.2.2. The sCI 1+ MeOH reaction does not produce a VHP side

channel (TSynp and therefore the TS ananStep has no competing side reactions.

The conventional transition state theory krst(298 K) value for the sCI 1 + MeOH reaction,
1.17 x 10%*cm? s, is lower than the literature experimental rates seen by Tadayon et al.
(kexp[295 K, 90 Torr] = 1.4 x 102 cm? st) and McGillen et al. (kexp[293 K, 10 Torr] = 1.04 x
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1013 cm?® sh). In this chapter, the Master Equation ( kug) rate constants are used for all non -
standard temperature rate constants because kwevalues are reliable and MESMER has a
well -functioning user interface for obtaining kve values at many temperatures. Altering the
computational conditions so they are in line with the experimental temperature used by
McGillen et al. & Tadayon et al. (293 & 295 K), move both kyve values to ~1.21 x 10**cm® s
! This is marginally closer to the literature experimental rates mentioned previously and

the fact that the kve (293 K) calculated here is within one order of magnitude of the  kexp
values from the McGillen et al. study helps validate the computational meth od used in this

study.

The structures, barrier heights and the krstof sCl 1 + MeOH reaction are also calculated
using M062X/aug-cc-pVTZ method, and compared to the standard B3LYP method used
throughout this thesis. The M062X analysis of sCI 1 + MeOH alsodisplays one submerged
TSwanl (-7.34 kJ mol™) barrier and one positive TS aaan2 (1.83 kJ mol™) barrier and the
krst (4.1 x 1024cm?® s1) was found to be similar to the kst of the B3LYP calculations. The
reliability of these B3LYP calculations was al so tested by comparing the rate constants and
barrier heights to some computational analysis in the literature. A literature study of this
reaction by Lin et al. produced two barriers: a lower energy TS aaan 1 barrier (-8.65 kJ
mol™) and a higher energy but still submerged TS aaan2 barrier (-4.26 kJ mol™). The krueo
found was 1.42 x 10%3cm?® s?, which is only somewhat similar to those derived in this study

and outside one order of magnitude of the B3LYP method. **

The AAAH decomposition channel, TSster is explored for two reasons: to see if TS aaanis
just the first part of atwo -step reaction of AAAH form ation and instantaneous
decomposition, such as with the ozonolysis of alkenes (see Chapter 3) or the SO, reaction
with sCls (see Section 5.4); and to compare the calculations of the B3LYP computational
method in this study with the calculations of literatu  re work into the same reaction. The
AAAH decomposition channel, TSsrer is much higher energy (~2.2 kJ mol %) than the
energy AAAH ground state energy (-198.9 kJ mol™) and creating a more stable
intermediate product. A Tadayonet al. study of the sCl 1+ MeOH reaction confirms this
high TSsrerbarrier (-0.8 kJ mol™) as well as a providing a high barrier to the unimolecular
elimination of the OH to produce a methoxymethyl oxyl radical ( -4.7 kJ mol™).** In the
Tadayon et al. study, these high energy barriers to AAAH decomposition are also exhibited
for sCl 1reactions with EtOH & iPrOH, for both the TS esrerbarrier (-0.7 i +0.2 kJ mol™)
and the OH radical escape (-5.3 fi -4.1 kJ mol™).3* This is supported by available
experimental data, although somewhat minimal, showing that AAAHs are mostly broken

down by further bimolecular react ion with OH radicals and they have long lifetimes ( D2
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days), compared to sCls (D2 ms),51145:344.392896.403 Thig theoretical and experimental

confirmation that no instantaneous decomposition of AAAHSs take s place confirms that the

B3LYP method is accurate and that the AAAHSs can be treated as the final product in these

reactions, with further calculations of AAAH decomposition barriers not required. For the

remainder of this chapter only the TS aaanand TSswe barriers will be calculated.

4.2.2 Overview of the sCl + ROH Potential Energy Surface (PES)

The sCI + alcohol reactions can have two different competing reaction pathways, as shown

in Figure 4.5, but the VHPchannel is only accessible to certain sCls. In general, the sCI +

alcohol reaction proceeds predominantly through a single pathway, the TS aaan

channel.®3444% |n this case, the reactants form a pre -reaction complex (PRC), where a

hydrogen bond is formed between the alcohol OH group and the terminal oxygen on the

sCl. AAAH formation proceeds via the alcohol O-H bond breaking with the H atom moving

towards the terminal O of the sCl, to form a new OH bond and the remaining R 3-O group

forming a new bond to the central C of the sCI. This is referred to as a TS aaanbarrier for

the remainder of this study.
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Figure 4.5: Standard PES for MeOH reactions with and sCI with a methyl group in the syn -position.

The second type of pathway identified, the VHP pathway or TS vue proceeds via a

simultaneous transfer of the H atom from the R 30-H to the terminal O on the sCI, and the

syn-CHt r a n s f 4@tonata thelD on the alcohol, to form the VHP. Similar to the

unimolecular decomposition, referred to as the 1,4-alkyl -H-migration ,

this process by alcohol is also available in sCI reactions with formic acid, water

t he

6catal ysi si

and

sulphuric acid, 1819529340907 Thjg pathway is only accessible to sCls, such assyn-CHCHOO,

syn-EtCHOO andsyn-i P r

CHOO, which

h aHvoe a sgntsubstiwents t

one W

facilitating the 1,4-alkyl-H-migration . Figure 4.5 shows the reaction of an sCl with a syn-

CH; group as it is the only substituent group used in th is study that can access the TSuwp
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pathway. The sCls analysed in this study that have access to this VHP pathway are syn
CHCHOO, (CH).COO, and the two distinct conformers of syn-CHC(CH=CKOO.

However, the general reaction scheme is slightly more comp lex than these simplistic
descriptions of TSaaanand TSwe because the exact energy of the transition state varies
based on the O-Rs position within the TS geometric structure. As shown in Figure 4.5, the
structural changes between TSaaan1 & 2, as well as between TSypl & 2, are

differentiated by the relative position of the O -Rs branch, and this can lead to differences
in barrier heights. There is increased conformational flexibility of the EtOH and iPrOH co -
reactants over MeOH, particularly withrespect t o t h e a {OCeCldibddral anglel. By
altering that dihedral angle, numerous additional TSs can emerge from TS aaanl & 2 and
TSmel & 2. These additional TSs are referred to as subchannelsin this study and they are
labelled depending on which channel they originate from (e.g. sCI 1+ MeOH produces 1 x
TSwan 1 channel but due to conformeric rotation sCI 1+ EtOH produces 3 X T@aan1: TSaaan
1.1, TSaran 1.2 and TSaan 1.3). The differences in the height of the energy barrier between
different TS conformers is largely due to changes in the degree of steric hinderance in the
TS structures. The EtOH or iPrOH reactions with sCls 2 4, 13 or 14 likely produces
similarly complex potential energy surfaces, however no direct evidence for this is
generated here, as only MeOH is investigated with sCls 2 4, 13 or 14.

Reaction data between MeOH and all sCls 1i 26, with additional information on the

reactions of EtOH and/or iPrOH reactions with sCls 1, 3, 11 & 12, are found in Table 4.1

including: carbonyl oxide moiety, transitionstatezero-poi nt corr ec ttsendi &ener gy
2 ESwan2), and rate constants ( kysy). In Table 4.1, reactions between sCls 2 4, 13 or 14

and MeOH possess two rate constants, an overall rate constant and a VHP rate constant.

This data is used to infer the conjugative, hyper -conjugative, H -bonding or steric impacts

sCI substitution on reactivity, in a fashion similar to that of alkenes in Ch apter 3.

Occasionally, it should be noted that krstvalues are too high to use or the reaction is

barrierless, so the kq.q capture moment is employed instead. Full discussion of these

results is found in Section 4.3 1 4.6.
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Table 4.1: Criegee intermediate number (#sCl); alcohol (ROH); ratio between OO and CO bond lengths on the
carbonyl oxide moiety (q=R odR co*; energy barriers of and lowest TS barrier from each channel (& ESwail &
& Eswan2); the combined total of rate constant s of all reaction channels at 298.15 K (kys7); contribution of
tunnelling to channel [ du. .g»B & & [;

& ESwanl & ESaan2 ktst(298.15 K Average

#sCl ROH g (kJ mol ) kImol)  (cm? (molec'l s‘z) k
MeOH -3.81 0.11 1.17 x 10 1.10

1 EtOH 1.078 -7.42 -1.55 6.17 x 10 1.09
iPrOH -4.51 -2.87 1.21 x 10 1.10

2 MeOH 1.084 10.04 18.75 1.82 x 10/ 1.20

28.99 27.19 1.09 x 10 18 26.02

3 MeOH 1.093 -17.73 -13.99 2.09 x 1012 1.17
4 MeOH 1.091 1.21 9.63 5.63 x 106 1.39

26.11 25.32 5.81x 10 18 37.73

5 MeOH 1.113 -13.02 -15.16 7.62 x 1013 1.07
6 MeOH 1.136 -32.22 -29.55 8.66 x 10710 * 1.03
7 MeOH 1.164 >>Kg.q -40.51 1.96 x 108 *** 1.00
8 MeOH 1.082 12.14 13.96 1.10 x 10%/ 1.13
9 MeOH 1.104 -21.07 -14.67 6.50 x 10*? 1.10
10 MeOH 1.093 -3.60 1.39 2.40 x 10%° 1.12
MeOH 10.40 10.09 4.01 x 10 1.35

11 EtOH 1.075 7.45 8.04 9.79 x 10/ 1.33
iPrOH 6.16 6.58 7.51 x 10Y 1.36
MeOH -17.43 -10.91 1.72 x 10*? 1.54

12 EtOH 1.084 -21.01 -12.35 6.51 x 10*? 1.56
iPrOH -20.84 -16.01 2.48 x 10*? 1.95

13 MeOH 1.065 14.66 23.25 4.04 x 1018 2.24

36.41 58.63 4.04 x 10 2° 70.80

14 MeOH 1.075 7.31 18.66 3.66 x 10 2.14

32.63 30.82 2.61x101° 36.85

15 MeOH 1.078 -9.96 -8.67 1.61 x 10*® 1.71
16 MeOH 1.079 -15.88 -7.37 5.10 x 1013 1.45
17 MeOH 1.067 0.79 2.26 1.19 x 10%° 2.18
18 MeOH 1.069 8.44 13.25 3.95 x 10%/ 1.66
19 MeOH 1.076 3.55 4.62 3.75 x 106 1.38
20 MeOH 1.065 13.42 19.79 4.81 x 1018 1.42
21 MeOH 1.186 -30.31 -26.67 3.50 x 1010** 1.46
22 MeOH 1.174 -44.31 -30.14 4.20 x 108 * 1.53
23 MeOH 1.064 5.80 11.67 9.43 x 107 N.I.
24 MeOH 1.071 -9.41 -5.49 3.30 x 10 N.I.
25 MeOH 1.114 >>Kg.q -27.30 5.75 x 10712 #xx N.I.
26 MeOH 1.101 -26.18 -26.39 3.31 x 10t N.I.

Notes: VHP channels in bold and italics.  N.I. is an abbreviation for not included .
* While q is generally the descriptor term for molecular charge , it is used throughout this chapter to describe
the ratio between OO and CO bond lengths, as found in the study of sCl + H ;0 reactions by Anglada et al. 195408
** Where kyst> Kg.4, the rate constant used is the k 4.4 value. All k4.4 values are found in Appendix Section 2.1.
*** \Where the TSaaan 1 is barrierless, the 0>>kjq0 sy mb ol i and tle kg.qordteacgnstaht is used.
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4.3 Various Alcohols Reactions with Simplest sCls

This section explains the changes in sCls + alcohol reaction chemistry with respect to two
different factors: alteration of the alcohol i Rs group; and changes in the non-conjugated
R & Ry substituent groups of sCls. The impact of changing the alcohol i Rs substituent
group is measured by modelling individual sCI reactions with MeOH, EtOH & iPrOH.
Alternatively, varying sCl i R & fi R: substituents, both with respect to composition and
orientation, e.g. choice of syn or anti-position, also effects reactivity . To see the impact
of using heteroatomic groups such as F and CI substituents, see Section 4.4, and to see the
impact of using conjugated alkyl substituents, see Section 4.5.

4.3.1 Comparing the sClI 1 reactions with MeOH, EtOH & iPrOH

Experimental studies referenced above have investigated sCl + alcohol reactions with
respect to alteration of the alcohol i Rs group, using both direct and indirect
measurements. These reactions include: sCl 1+ MeOH, EtOH & iPrOH, in studies by
McGillen et al. and Tadayon et al .; and CH3(CH;)12.CHOO + MeOH & iPrOH by Tobiast
Ziemann.>3%492 Therefore, sCI 1 reactions with these alcohols can be used to be nchmark
the theoretical treatments herein. The computational procedures used can then be
expanded to identify trends in reactivities for alcohol reactions with larger sCls, such as
syn & anti -PhCHOO reaction with MeOH, EtOH & iPrOH, seen in Section 4.3.2.

Firstly, it is worth noting that sClI reactions with EtOH & iPrOH are increasingly complex
because of rotation around the new H -O-C-C dihedral axis, produces multiple conformeric
subchannels for both TSaaan 1l and TSaan 2, whereas the H-O-C-H dihedral angle rotation
for MeOH produces chemically identical TS subchannels. However, for simplicity, in PES
figures like Figure 4.6 only the lowest energy pathways of these channels are displayed.
The remaining TSs that have been computed are found in Appendix Section 2.3 and all
contribute to the krsrconstant. The calculation of multiple subchannels is important
because each TS can have a nonanegligible influence on the krsrof sClI + EtOH or iPrOH

reactions.

The lowest energy barriers for sCI 1reactions with all three alcohols are submerged
(Figure 4.6), but this is insufficient to explain the experimental observations by Tadayon

et al. . If the most reactive pathway dictated the reactivity of the sCl 1 + alcohol systems,
this would give reactivity trends of  Kewon [TSaaan 1.1] > Knveon [TSaaan 1] > Kipron [TSaaan 1.1],
with rate constants of 2.95 x 10 4 9.52 x 10%° & 6.61 x 10%5cm?® s respectively. This
would follow the theoretical analysis by Tadayon et al. , which also gave a krneotrend of

kipron > Keton > kmeon HOwever, as this study includes multiple conformeric TSs, the

133



increased number of low energy TSs for the sCI 1+ EtOH & iPFOH reactions alters this
reactivity trend, and is more consistent with available experimental data.
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Figure 4.6: Comparison of lowest energy transition states of sCl 1 + MeOH, EtOH & iPrOH reactions . Energes

are relative to raw reactants.

The inclusion of these subchannels is particularly important for the relative reactivity of

MeOH & iPrOH, rather than that of EtOH as the overall Kewon (6.24 x 1024 cm?® s1) exceeds

kmeon & Kipron regardless of analysis methodology. On the other hand, the additional TS aaan
subchannels promotes the krstof iPrOH (1.23 x 10™*cm?® s?) over that of MeOH (1.19 x 1034
cm?® s, showing the importance of calculating all the rate coefficients for all TS

subchannels.

The theoretical trend of Kewon > kvweor > Kipron is confirmed by the Tadayon et al. study,
where, through the method of flash photolysis, the kexpvalues determined for sCl 1

reactions with MeOH, EtOH and iPrOH (1.4 x 10"% 2.3 x 10%% & 1.9 x 10™® cm® s' at 295 K,
90 Torr) exhibits the same reactivity trend in

krstvalues.®** A study produced by McGillen

et al. also shows the same patterns for sCl 1+ MeOH & EtOH withkexr (293 K, 9.99 Torr)
values of 1.04 x 10%* & 1.16 x 10%* cm® %,

Modifying the temperature conditions to match

those of Tadayon et al. (295 K) gives rise
to reactivities that are marginally more consistent with experiment:

sCl 1+ MeOH, EtOH &

iPrOH (1.21 x 10", 6.63 x 1034 & 1.25 x 10%*cm?® s1). The krst(293 K) is also computed at

conditions matching those of McGillen et al. , showing that sCl 1+ MeOH & EtOH exhibit
slightly larger krstvalues (1.21 x 10™ & 6.68 x 10%2cm?® s) than under standard

conditions. %*
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Figure 4.7: Temperature dependences of sCIfi alcohol reactions, sCI1+ MeOH (black) andsCl 1 + EtOH (red)
at standard pressure, Figure 4.7a , on the left: displays the temperature dependences of the  theoretical rate
constants [kmg from this chapter; Figure 4.7b, seen on the right: the temperature dependences using
experimental rate constants [k exd for T=250-330 K at p = 9.99 Torr, by McGillen et al. 5!

The relationship between temperature change and the rate constant, referred to as
6temperature dependencebo, i s an important attridb
This theoretical temperature dependence is subsequently compared to similar

experimental temperature dependences for the sCl 1 + MeOH & EtOH reactions in the
McGillen et al. study, demonstrating this is an efficient and accurate way of calculating

the krneovalues over various temperatures. As observed in Figure 4.7b, the McGillen et al.
kexptemperature dependence is negativ e between atmospheric temperatures 250 fi 330 K
for both MeOH (in black) & EtOH (in red) reactions with sCI 1% The theoretical
temperature dependence for sCl 1+ MeOH & EtOH displayed in Figure 4.7a is also one of a
negative temperature dependence trend, in agreement with the kexptrends in the

McGillen et al. study. These krsrtemperature dependencies, displayed for both sCl 1+
MeOH & EtOH, are only on a marginal descent, which is consistent with both reactions
having minimally submerged reaction barriers. This suggests the barrier is overestimated
when compared to the steeper kexptrend. But by agreeing with the experimental
temperature -dependence trends, the reliability of the computational method used in this

thesis is established.

In a literature study by Lin et al. a similar theoretical investigation of the temperature -
dependent rate coefficients of sCI 1+ MeOH reactions between 273 and 373 K was carried
out. The Lin et al. temperature dependence, at 760 Torr, was also found to hav e a
negative slope in agreement with the trends in this thesis. “°* No study of the temperature
dependence of sCI 1+ iPrOH reaction and therefore only the one kexpvalue at 293 K

mentioned earlier from the work of Tadayon et al. is available to compatre to.

135



4.3.2 sCls 11 & 12 reaction with MeOH, EtOH & iPrOH

The small changes in overall reactivity for sCI 1 with MeOH, EtOH & iPrOH implies that
altering the fi R; alcohol substituent makes little difference to total reactivity. The most
significant concern in applying this assumption for all sCI -alcohol reactions is that
interaction between larger iRy & fi R, substituents of an sCl and the i R; substituent of the
alcohol is of an unknown/negligible energetic impact. This was explored to a small extent

in reactions with the bulky sCI, CH 3(CH;)12.CHOQO, in the Tobias and Ziemann study, where
the potential increase in steric blocking of the more bulk y iPrOH seemed to have little
energetic impact when compared to reactions with MeOH .38 However, this single study,
does not provide enough evidence to completely validate that altering the alcohol fiRs
substituent has little overall impact on sCI + alcohol reactivity or that only a subtle

reactivity trend, Keion > Kipron > Kveor IS produced.

To survey this variation of steric bulk within the sCI + alcohol reaction, MeOH, EtOH and
iPrOH are investigated reacting with one bulky syn-sCl, synrPhCHOO ¢CI 11), and one
bulky anti-sCl, anti-PhCHOO ¢Cl112). The sCls, syn- & anti-PhCHOO are shorthand forsyn-
& anti -(CsHs)CHOO, where the aromatic CsHs benzene group, referred to as a phenyl or Ph
group, is bonded to the carbonyl oxide. Unlike the conjugated sCls 13i 20, little
conjugative impact is demonstrated between the COO and t he Ph groups. Using alcohol
reactions with sCIs 11& 12, this subsection will examine what impact the syn and anti -
positions of the Ph group have on reactivity. Syn and anti -CHCHOO §ClIs 2& 3) is one
example where the two conformers are chemically dist inct species have been
spectroscopically identified. **'%? Large kexpdisparities between sCls 2and 3 in
bimolecular reactions with SO 2, H,O and NQ patrticularly highlight this distinction between
the syn & anti conformers.*****? This disparity between syn and anti-sCls in their
bimolecular reactivity is also demonstrated for sCls 11& 12 reactions with H 20, in

theoretical analysis by Bracco et al. .*%
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Figure 4.8: PES ofsCl 11 (left) and sCI 12 (right) + MeOHto AAAH, linked by the high TS to interconversion
between sCls 11 & 12. Energes are relative to raw sCI 11 + MeOH
Note: In this thesis, the phenyl group for both syn - & anti -PhCHOQpreferentially adopt an eclipsed
conformation relative to the carbonyl oxide group when optimised, rather than staggered conformation.
While a staggered conformation would reduce steric interactio ns between the Ph group and the carbonyl
oxide, particularly with the terminal oxygen in the syn conformer, the conjugation between the Ph group and
the carbonyl group in the eclipsed conformation may stabiles the sCI further. These eclipsed conformations
are found to be the optimised geometries for syn - & anti -PhCHOO in various computational studies that
examine their bimolecular chemistry reactivity with NH 3, SO, & H,0.181409.410

The significant disparity in bimolecular reactivity between MeOH reactions  with sCls 11&
12, displayed in Figure 4.8, continues the pattern of higher reactivity for  anti than syn
conformers. 4142499 \Whilst the PESs for sCI + MeOH reactions forsCls 11& 12 is mostly
similar to sCI 1, one minor difference is that sCIl 11 + MeOH has a Tsan 2 barrier with a
lower energy than TSaaan 1 (see structural TSasanimage for sCl 11 + MeOH in Figure 4.8).
This replication of the large divergences between synand anti conformers continues with
the large gap in krstbetween MeOH +sCls 11& 12 (4.01 x 1017 & 1.72 x 10'2cm?® s).

MeOH, EtOH & iPrOH reactions withsCls11 & 12 produce similar trends to their reactions
with sCI 1, one of the small differences between kyveon keon & kipron. SCI 11 reactions
exhibit the same reactivity order ( Kewon > Kipron > kveor) to sCI 1, with keion being the most
reactive (9.74 x 107 cm® molec™ s?) of the 3 x RsOH co-reactants. The only change in
trend is that while for sCI 1there is only a very small difference between kipron and Kueon
sCl 11 exhibits a_significantly larger gap between kipron (7.51 x 10'7 cm?® s%) and kweon SCI
12 also shows this Keion > kipron > kmeon pattern, with values of 6.51, 2.48 & 1.72 x 10 '2cm?
s?, respectively. This gives this chapter a strong internal consistency, that while changes
i n t he adgooophaslitde effe®k, changes to the sCI R 1 & Rz group induce changes
in reactivity by orders of magnitude. This is consistent with the idea that MeOH, EtOH and

iPrOH may act as one taxonomic group when reacting with sCls.

In contrast to R 3OH substitution, the reactions of sCls 11& 12 with alcohols demonstrate

that the composition of the R ;1 & R> groups of the sCl make a significant difference to

137



reactivity and should be explored. Here, the shift between sCls 11& 12, the location of
the fi Ph group, causes a change in the rate constant of 10 *fi 10°cm?® s. The constancy of
the higher reactivity of the anti conformers, such as with sCI 12 and the literature studies
of sCls 2& 3 reactions with H >0, (H20). and SQ, has produced several hypotheses to
explain the phenomenon. 1*+193411412 One such hypothesis is that there is steric blocking of
the terminal oxygen reaction site by the i Ph group. As there is significant movement
required in the syn-PhCHOO structure but not in the anti-PhCHOO structure for reactions
with MeOH, this hypothesis may contribute to the difference in reactivity between  sCls 11
& 12. Whilst conjugative effects can stabilise or destabilise sCls (see Section 4.5), the Ph
substituents in the sCIs 11 & 12 structures offer little conjugation with the COO group,

and so this would appear to have little impact on overall reactivity. Hyper  -conjugative
effects could have a greater effect, but sCls 11& 12 are lacking in the normally pre -
requi ¢li tae otths. Ther e i s al s-b Nhatomsyirptleetsynepesition t hat t |
increases stability of the syn-sCl by having increased permanent dipole-induced dipole
(referredtoas H-bonding) i nt er act i o AHs with éhé termieahO. The phenyl
gr oup h-aston, which ¢duld participate in H-bonding interaction s. Both the
hyper-conjugative and these H-bonding effects are explored further in Section 4.4.3, when
comparing both anti and syn-CH; & CF; substituents. For an overall comparison of sCls

reactivity and the main causes for these changes in reactivity see S ection 4.7.

4.3.3 Analysis of syn- and anti -CHkCHOO (sCls 2 & 3) Reactions with MeOH (+
EtOH)

As shown in chapter 3, ozonolysis of common atmospheric alkenes, such as propene, can

produce both synand anti conformers of CH;CHOO, referred to in this study a s sCls 2and

3. Much like sClIs 11& 12, both sCls 2& 3 act in isolation to each other, due to their high

barrier to interconversion, and, as seen in Figure 4.9, have individual chemistries with

MeOH. However, if Figure 4.9 is compared to Figure 4.8, sCls2& 3 have a | arger a&E
difference between them (14.0 kJ mol %) thando sCIs 11& 12 (2.8kJmol™) . Thi s | ower
for sCl 2may be due to the stabilising effect of the H-bondingi nt er acti eths of t he
atoms on the syn-CH; substituent with the terminal O, whereas sCls 11 has no stabilising

WH atoms and the considerable size of the -Ph group may cause steric clashes with the

terminal O atoms.
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Figure 4.9: PES ofsCl 2 and sCI 3 + MeOHincluding interconversion barrier between sClconformers. Energes
are relative to raw reactants (sCl 2 + MeOH)
Note: In the syn -CHCHOO + MeOH preeaction complex includes a C -H---O intermolecular bond that is of
note because it somewhat lowers the energy of the overall complex, compared to say the syn -CRCHOO +
MeOH PRC energy-16.1 kJ mol-t). This is noteworthy, because the strength by which PRCs can be bound
together is known to influence on the kinetics and tunneling of the reaction. 413 This C-H--- O intermolecular
bond is also notable because it aligns the PRC in the position that the VHP channel adopts, perhaps
facilitating the reaction.

The sCl 2 + MeOH reaction has a lower krstvalue (1.82 x 107 cm?® s*) not only than the
highly reactive sCl 3+ MeOH (2.09 x 10") but also than sCI 1+ MeOH (1.17 x 10",
because of its TSaaan barrier is so high, as seen in Figure 4.9. The only experimental
measurement of sCl 2+ MeOH known to the author is a study by Lin et al. , which showed
the rate constant was below the detection level of the equ ipment (<2 x 101 cm?® s,

which is in line with the low reactivity shown in this thesis. 4%

Unlike sCI 11, due to the presen ¢ e  eH atotdk in the syn-CH; position the sCI 2 + MeOH
reaction has access to the TSynp 1 and TSwe 2 channels, which can produce VHP products.
The high barrier heights of TSyup1 & 2 (29.0 & 27.2 kJ mol ) are partially circumvented by
a high tunnelling r a t eckart(§ 25), increasing Bvp from 0.008 to a small but significant
0.057. This TSyp pathway is discussed further in the appendix. This is comparable to a
theoretical study by Anglada et Sole, where the sCI 2 + H,O & (H20). reactions show
similar TSynp reaction pathways, competing with the hydroxy hydroperoxide (TS he)
channel, an analogue of the TSaaanchannel.?*® Whilst all the sCl + (H,0), reactions by
Anglada et Sole have a very low Bspyield of <<0.01, sCI 2+ HO (~0.508) is much more
significant than that of sCI 2+ MeOH?*® Prior work into the sCI 2 + MeOH reaction has not

examined the competing VHP reaction channel in any detail. 40402

sCl 3+ MeOH, like sCI 12, is much more reactive than both sCis 1 2 & 11, as shown in

Figure 4.9, with a krstof ~2.09 x 10°*2 cm® s™. This reaction in fact marginally exceeds the
reactivity o f sCl 12+ Me OH, as t he i ncHawmsiretide antiuGhibgeoup o f W
increases the hyperconjugative impact of the substituent group, thereby destabilising the

sCI. Of all the sCls examined with purely hydrocarbon substituents, sCI 3is the most
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reactive with MeOH. The kexp[295K, 250 Torr] measured by Lin et al for sCl 3+ MeOH (5 x
102 cm?® s1) is similar to the krst[295K] (2.03 x 102 cm® s1) derived in this chapter. sCI 3
is the most reactive of the atmospherically prevalent sCls ( sCls 14 & 111i 20), a pattern
observed in other studies. 3192273293372 \Whijlst most mono-substituted sCls can be readily
categorised as syn or anti, with this change being reflected in their reactivities,

disubstituted sCls can react very differently yet again, as shown in comparing MeOH

reactions with sCls 1& 4.

4.3.4 Analysis of the MeOH + (CH).COO Reaction

Experimental analysis of (CH3),COOQ,sCI 4, ranges from unimolecular decomposition to

reactions with many atmospheric species including H 20, (H20), NO, and SQ. 119:184.388:412.414

The experimental rate constant of sCl 4 + MeOH, derived by McGillenet al. (~ 10 cm?®

s, diverges significantly in reactivity from the  sCl 1+ MeOH andsCl 1+ EtOH reactions
(~102cm®sY) , once again demonstr atanmd@ substiuent al t er i ng

groups seems more significant than altering the R 3-OH group.>*
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Figure 4.10: Comparison of the lowest energy PES between MeOH +sCl 1 (black) or sCl 4 (red). Energes are
relative to raw reactants.

Figure 4.10, a comparison between sCl + MeOH reactions, displays a decreased reactivity
for the disubstituted sCI 4 compared with sCI 1. This reduction in reactivity is partially

due to the additional steric bulkiness of the syn-CH; group, an effect that also reduces

the reactivity of sCl 2. sCl4 + MeOH has VHP channels similar tosCl 2 (krst [VHP]~10% cm?
molec.* s%), but due to an increase in the krst[AAAH] of sCl 4, the Bvnp decreases to ~
0.01. It seems that the anti-CH; group of sClI 4 introduces an inductive effect with respect
to both re action channels, but this has a far greater impact on the AAAH channel. This
combination of an inductive effect from the  anti-CH; group and the reductive effect of the

syn-CH; group gives rise to a middling krst(SCl 4+ MeOH) ~ 5.63 x 10'® cm?® s™. This leads
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to a pattern of Ksci2 < kscia<ksci1 <ksciz, similar to those seen in sCl reactions with H 20,
(HzO)z and SQ 141,145,178,184,193,195,293,388,411,414
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Figure 4.11: Comparing temperature dependence for the (CH 3),COO + MeOH withtheoretical rate constants
[kts7 under standard pressure from this thesis (Figure 4.11a); and experimentally determined rate constants
[kexd carried out by McGillen et al. between 250 -330 K at p = 9.99 Torr (Figure 4.11b).5

While, the experimental analysis of sCl 4+ MeOH by McGillenet al. gave akexp[292.2 K,
9.99 Torr] ~ 4.32 x 10%* cm?® s, not as similar to the temperature adjusted  krs7[292 K,
9.99 Torr] ~5.74 x 10* cm?® s?, found here, the fact that the results in  this chapter
successfully mapped a similar temperature dependence (Figure 4.11) shows a significant
degree of reliability to these calculations. ! McGillen et al. found that sCl 4 + MeOH
exhibits an unusual mixed temperature dependence at ~10 To rr, which is replicated in the
at standard temperature this chapter (for pressure adjusted results see Appendix Section
2.2). This mixed temperature dependence can be explained in the context that the more
reactive sCl 1+ MeOH exhibits a negative temperature dependence and the less reactive
sCl 2 + MeOH exhibits a positive computed temperature dependence. %2 As the reactivity
of sCl 4 sits in between the reactivities of sCls 1& 2, the temperature dependence for sCl
4 + MeOH is a logical combination of the chemistries of sCls 1& 2 + MeOH reactions. The
minimum rate constant in this mixed temperature dependence does show differences in
the results with the kexpprofile minimum point at ~ 285 K, whereas the pressure adjusted
krsTminimum point is ~255 K.

From this standpoint sCI 4 + MeOH, exhibits a similar process to other reactions in the
literature such as the OH + MeOH reaction, which, also exhibits a u -shaped temperature
dependence.*™® According to Shannonet al. , this reaction a negative temperature
dependence prior to ~200 K, as the significant role of tunnelling and the frequency of
forming stable intermolecular OH fi MeOH PRC decreases with increased tempeature. ***
But at high temperatures, this inverts to positive te mperature dependence as the

increased energy allows the reactants to overcome the low reaction barrier, which is also
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seen for sCl 4+ MeOH at higher temperatures.*** As the role of tunneling is maximised at
lower temperatures, also plays an important role in maintaining higher rate constants at
lower temperatures wit hin this mixed temperature dependence of sCI 4+ MeOH reaction,
although, unlike the OH + MeOH reaction studied by Shannon et al. , is not the sole reason
for a mixed temperature dependence in this context .**

Figure 4.12 displays the temperature dependence at standard pressure of all reaction
mechanisms (TSaanl, TSaman2, TSwel & TSime2), compared to that of the full rate

constant (in black). The breakdown of this temperature dependence shows that TS aaanl is
the main contributor to the  krstat most temperatures and exhibits the same mixed
temperature dependence as the overall rate constant. TS vipl & TS/mp2 also exhibit mixed

temperature dependences, whereas TSwan2 exhibits a positive temperature dependence.
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Figure 4.12: Comparison of different TS temperature dependence with overall k  rsrfor sCl 4 + MeOH

Therefore, this mixed temperature dependence seems to emerge from the nature of the
reaction barrier. sCI2+ MeOH has a high and positive T@an 1 reaction bar rier meaning

that more energy needs to be injected into the system to increase the reaction rate,

whereas sCl 1+ MeOH has a low and submerged T&a+ 1 barrier indicating that formation

of the pre -reaction complex is the rate determining step. Accordingly, sCl 1+ MeOH has a
negative temperature dependence because, as temperature s increase, the weak
intermolecular bond in the PRCs are more likely to dissociate, shortening the PRC lifetime
and reducing the number of PR that then undergo reaction to produce AAAHs. The
mixed temperature dependence of sCl 4+ MeOH emerges from a channel whichhas a
reaction barrier very similar to the separated reactant energies, (~1.2 kJmol ). This
means that the rate determining step switches from the reversible formation of the pre -
reaction complex, which decreases in probability as heat is added to the s ystem; to the

overcoming of the TSaaan 1 barrier, which increases as heat is added to the system.
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4.4  Non-atmospherically prevalent sCls reactions with MeOH

The ozonolysis of hydrofluoroolefins (HFOs), explained in Introduction Section 1.7 and
explored in Section 3.7, have been shown to synthesise hydrofluoroolefin -derived sCls
(HFOsCls). These HF@sCls can be used to observe the effect of electronegative groups in
the synand/or anti positions of sCls: syn- & anti-FCHOO,syn- & anti-CICHOO, CEFOO and
CQ.00. Other sCls studied in this section includes theoretical cyclic -sCls €Cls 21 & 22) to
see the effect of steric tension and heterocycles on sCl reactivity. MeOH reactions with

syn- & anti-CRCHOO andsyn & anti-CRCFOO §Cls 231 26) are taken from the
computational study of HFO -sCls reaction with other atmospheric species, in chapter 5.

4.4.1 Fluorinated sCls 5 i 7 Reactions With MeOH

One common theme seen for synFCHOO,anti-FCHOO and CfOO0, referred to as sCls 517,
in Table 4.1, is that their reactions with MeOH produce larger krstvalues than all their sCls
2A 4 counterparts. This may e merge from the electron -withdrawing fi F substituent
producing an electro -positive central C atom, increasing the zwitterionic character of the
COO group. ThesCl 5 reaction with MeOH produces a large krstvalue (7.62 x 10 cm? s),
even though we have generally seen syn conformers show low reactivities. In fact, this
reaction is the slowest of those for sClIs 5i7. The inductive impact of the syn-F group on
sCI 5 produces a reactivity exceeding the moderate reactivities of sCls 1& 4. sCI 5, and
much like sCl 11 has a lower energy TSwaan2 barrier than TSaaanl (-15.16 & -13.02 kJ mol
1, even though both pathways contribute significantly to the  krst.

The electron -withdrawing anti -F substituent also increases the zwitterionic charac ter of
sClI 6 further which means its reaction with MeOH has a larger krstvalue (8.66 x 10° cm® s
1 than sCI 5, following the overarching theme that substituents in the  anti position
strengthen the reactivity compared to their syncounterparts. Difluori nated sCl 7 is
unusual, exceeding the reactivity of both mono -substituted sCls, sCls 50r 6. Common
disubstituted sCls, like sCls 4 10, 13, 14, 17 or 18, have lower ktstvalues than the anti-
sCl equivalents. This is due to the reductive impact of the additional  syn substituent in
disubstituted sCls. However, the high reactivity of sCl 7+ MeOH shows the significant

inductive input of the syn-F group.

Much like the other sCl + MeOH reactions, the sCl 7 + MeOH reaction has 2x TSwaaH
pathways, but the one -dimensional minimum energy pathway for the TS aaan1 channel
produces an asymptote between reactants and products, with no energy barrier. Unlike
most barrierless rate determining steps in this thesis, the sCl 7+ MeOH reaction has one

barrierless TSaaan 1 channel and one channel with a low TS aaan 2 barrier (-40.5 kJ mol™),
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that generate the same product. This phenomenon is only replicated for the

sCIl 25 +

MeOH reaction and this is expanded on further for both reactions in Appendix Section 2.6.

The barrierless nature of TSaaan 1 for the sCI 7 + MeOH reaction and the very large krstfor

sCI 6 + MeOH reaction (8.66 x 10'° cm?® s*) means that the dipole -dipole capture limits ( K.

¢ =7.23 & 7.07 x 10%° cm® s?) are employed as the rate constants. Without the

employment of kq.q capture limits, the reactivity trend of

kcroo > Kanti-FcHo®> Ksyn-FcHoo

caused by the inductive effect of F substituents, seems to be consistent with those for sCls
reactions with H , CHy & H,0.19%273:274

4.4.2 Chlorinated sCls 81110 + MeOH

Syn & anti-CICHOO and CGDO, referred to as sCls8f 10, react with MeOH to produce

krstvalues more similar to the methylated sCls 6Cls 24 4) than the fluorinated sCls ( sCls

5f 7). For example, the syn-Cl group on the sCI 8 increase the biradical sCI character and

therefore gives a low kweon (1.10 x 10*" cm?® s?), very similar to that of

sCl 20f (1.82 x 10

" em?® s1). This could be due to Cl atoms being much less electronegative than F atoms,

meaning that any inductive effect caused by the Cl substituent might be overcome by the

reductive impact of being in the syngroup. Also, unlike sCI 5, it has a & Esww1 of 12.1 kJ

mol*w h i

ch is

barriers seen in sCI 5.

Figure 4.13: A comparison of PES of fluorinated sCI 6 (black) with chlorinated sCI 9 (red). Energes are
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chlorinated sCIl 9 compared to fluorinated sCI 6. This small electron -withdrawing impact

of anti-Cl group may help give a larger kveonfor sCI 9 (6.50 x 102 cm® %) than the Kwveon
of the anti methylated sCI 3(2.09 x 10*2 cm® s*). Much like sCl 4, the combination of the
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inductive contribution of the anti-Cl group and a reduction in reactivity from the syn-Cl

group means that sCl 10 produces a medium kweon (2.40 x 10*° cm?® s). The weak

electronegative impact of the Cl substitue nt in the sCl + MeOH reaction leads to two

different observations: that fluorinated sCls reactivity significantly exceeds the reactivity

of their chlorinated equivalents, and that the chlorinated reactivity trend is

Kanti -cicHoo>

kcr.coo> KsyncicHoo Both these observations are also reflected in the reactivity of ~ sCls i 10
with CO», H, and CH,. 273274372

4.4.3 MeOH reactions with trifluoro

-methylated sCls (sCls 2311 26)

Reactions of syn- & anti -CRCHOO andsyn+ & anti -CRCFOO, referred to as sCls 231 26,

with MeOH provide several important insights, including the impact of the

H-bonding

i nteract i orHatorestamdahe termitial O atoms. This was seen in the MeOH +
-14 atdms ih the QH3 substiguent gnoeps Wi th -
F atoms, forming sClIs 23 & 24, any potential H-bonding interaction is removed. In the

sCls2&4r eactions

same sSsystems,

any

by their replacement with F atoms.

The impact of H-bonding interactions can be observed in Table 4.2, where the MeOH + sCl

wher e

hyper corjawgsaouid also becirfvdstegated

23reaction exhi bit saaal &2 batriers @muparatBo $Cb 2+ MECH

(10.04 & 18.75 kJ mol ™). The stabilising impact of H-bonding interactions between syn-WH

atoms and the terminal O atom is observed in the fact that the syn conformer of CH;CHOO

(sCl 2), which has syn-WH atoms, is 14.0 kJ mol™* lower in energy than the anti conformer

(sCI 3); whereas the sCI 23, where with repulsive syn-UF atoms are present, is 3.4 kJ mol~

Y higher in energy compared to its anti counterpart ( sCl 24). The elimination of H-bonding

stabilisation explains the comparably lower barrier and consequentially

larger rate

constant for sCl 23 + MeOH reaction, in Table 4.2, compared to the H-bonding stabilised
SCI 2+ MeOH krst=1.82 x 10 cm?® s%).

Table 4.2: Reaction between MeOH and selected Criegee intermediate by number (sClI #); ratio between OO
and CO bond lengths on the carbonyl oxide moiety (q); zero -point corrected energies of TSaaanl  (TSREL)
and lowest TSaann2  (TsRE2); the kveconstant was obtained microcanonical rate method using MESMER

software.
Reaction sCl # & st & Eswan2 kme (298.15 K)
sCl + MeOH (kJmol™?) (kI mol™) (cm3s?) *
synCRCHOO + MeOH 23 1.064 5.80 11.67 9.43 x 107"
anti-CRCHOO + MeOH 24 1.071 -9.41 -5.49 3.30 x 10
synCRCFOO + MeOH 25 1.114 >> Kg.q -27.30 5.50 x 100 **
anti-CECFOO + MeOH 26 1.101 -26.18 -26.39 3.31 x 10

* kme value is used here because these reactions were obtained for another project in Chapter 5
** rate constant obtained using dipole -dipole capture limit due to a reaction channel being barrierless
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An inductive i mpact -Hafomsirythpeenticpositigncam betinfewres Ul

from Table 4.2, when sCI 24 + MeOH is compared againstsCl 3+ MeOH.sCl 24 + MeOH is

less reactive and provides a lower krueothan sCl 3+ MeOH Q.09 x 10*2 cm?® s?), implying

that the removal of t-Ha&mne calsgs@ eeductiomirj reagtiaity. i v e U
This consistently lower reactivity for sCl 24, compared to sCI 3, also reflected in the

literature theoretical analyses of sCIl 3 & sCl 24 reactions with CO; and H,, indicates that

t h e sk atolds in the anti position have this hyper -conjugative inductive impact. 19273274
Whilst eliminating some of the H-bonding and hyper-conjugative interactions by
substitutH rad otmts eF aldirts hedudés the reactivity difference betwe en sCl
23 & sCI 24, it does not eliminate it completely. This implies there are additional

significant steric or inductive factor(s) involved in  syn or anti sCI substitution affecting the
reactivity, not explained by H-bonding and hyperconjugative interact ions.

Syn & anti-CRCFOO, referred to as sCls 25& 26, are some of the most reactive sCls in
this study, with kweon values either close to, or exceeding, the dipole -dipole capture limit.
This is due to the high reactivity caused by the inductive -F substituent. Having bulky
groups in the syn-position, such as with sCls 2 19, 20 & 23, usually produces lower Krueo
values, however the bulky syn-CF group in sCI 25 produces alarger krueovalue than that
of anti -CK group, sCI 26. This is because with the fi Ck group in the syn-position, the
highly reactive i F substituentis in the anti position. This is the same phenomenon seen in
the higher reactivity of the sCI 6, caused by the anti-F group, compared to the reductive

impact of the synF group of sCI 5.

4.4.4 Cyclic disubstituted sCls

sCls 21 & 22 are both disubstituted sCls, having essentially the same group in both R ; and

R, positions, but they are also both cyclic, making them unique in this study. To the

aut hordos knowl edge, n e iidentifiedror studied pxparimeshtallig, ass b e e n
they are used for exploratory purposes, and so they can be compared to previous

theoretical analysis. **° sCI 21 has submerged TSQaan 1 & 2 barriers (~ -29 kJ mol™) when

reacting with  MeOH, giving rise to a large krsrvalue in reaction with MeOH of ( 3.59 x 10™%°

cm?® sh). The cyclopropene segment of sCl 21 compresses the atoms closer together within

the structure the increasing repulsion between atoms and therefore to the total energy o f

the sClI . This structur al featur e, rs€if2e+ red t o
MeOH highly reactive, although the rate constant still does not exceed the dipole -dipole

capture limit ( kq.q ~1.14 x 10° cm?® s%). This means that the effect of tor sional strain on

krstvalues is much smaller than the inductive impact of electron -withdrawing

substituents, such as the F atoms in sCIls § 7, 25 & 26. This electron -withdrawing effect is
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also observed in the higher reactivity in sCl 22 + MeOH reaction, caused by the
Substituentds O atoms. The el ectronegative natur
group cause the same inductive increases in reactivity that have been observed before.

This leads to a large kveon (4.20 x 108 cm® s1) which exceeds both the kg4 (1.62 x 10° cm?®

s?) and the kwveon Of the highly reactive, fluorinated sCl 6 (8.66 x 10'° cm?® s). This large

krneofor sCls 21 & 22, compared to the naturally occurring sCls, is also reported by

Angladaet al. in the study of sCI + H,O reactions.**
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4.5 MeOH reactions with Isoprene -Derived -sCls (sCls 13fi 20)

Isoprene is very prevalent in the atmosphere and roughly 10% of its decomposition arises
via ozonolysis.****'" This means that isoprene derived sCls are very atmospherically
abundant, so exploring their reactivity with MeOH is important. Isoprene derived sCls can
be divided into two types: methyl vinyl ketone oxide and methacrolein oxide (MVKOO and
MACROO). These unsaturated sCls have significant barriers to internal interconversion due
to the conjugated nature of the C=C -C=0O0 functional group. These conformers can then
be subdivided as syn or anti- conformers and further as trans- and cis- isomers, depending
on the dihedral angle between the C=C bond and the COO group. Examples can be seen of
this in this chapter with sCIs13 & 17 classified as syn and anti conformers of each other,
and sCIs15 & 16 astrans- and cis- isomers of each other. These 8 different sCls are
chemically distinct and their labels are in Figure 4.14 below. Some of these sCIs were
synthesised and identified experimentally by Barber et al .3>"® sCl 1is also an isoprene

derived sClI, but its reaction with MeOH has already been explored.

syn-MVKOO anti-MACROO
Conl Con2 Conl Con 2
HiC o] H o H o
H;C o ™ N\ _/ N/
\c:o/ £=0 c=o c=d
Hee / HC\ HC=C HiC—C
2e=ceH CH, CH, \CHZ
13 14 15 16
anti-MVKOO syn-MACROO
Conl Con2 Conl Con 2
CH, CH; CH2
H,Cc=CH /)
? B Va HC\/ P HaC=C_ P HJC—C</ /O
Fe £=0 £=0 c=0
H;C H.C H H/
17 18 19 20

Figure 4.14: Isoprene derived MVKOO and MACROO studied in this section, referred to as sCls 13fi 20.

4.5.1 MeOH reactions with sCls 13 1 16: The Impact of unsaturated substituents

in the anti position

As seen previously, bulky syn-CH; groups in sCls 13 & 14 restrict acce ss to the COO group
and stabilise the COO group, lowering the reactivity. This increased stabilisation of the
COO group is caused by increasedH-bonding interactions between syn-UiH atoms with the
terminal O. As observed in Figure 4.15a, this syn-CH; stabilisation contributes to the high
energy barriers and therefore the low krstvalues (4.04 x 108 & 3.66 x 10" cm® s?). Also
seen in Figure 4.15a, is that the cis orientation of sCI 14 places the electron rich COO and
C=CH groups in close proximity, inducing a steric repulsion. This increases the energy for

sCI 14 (+ 6.6 kJ mol™*). However, the structural movement of the sCI during the TS aaanl &
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TSwan2 mechanisms involves the COO anl C=CH groups rotating away from each other,
lowering the local repulsive forces and thereby the energy of TS aaanbarriers. The reduced
stability of sCI 14 and the reduction of localised COO fi C=CH repulsion during the
reaction mechanism may explain that Ksci 13 < Ksci 1. Whilst MeOH reactions with sCls 13&

14 have competing VHP side reactions, these have a small impact ( Buwr < 0.01) and are
mainly explored in the appendix.

H,C -0 o..
A 4 = H
o] —C z [
(a) 50+ cﬁ + MeOH F u (b) 8.9 / g
H,C c o 0- » HC H W G----O=aCH,
2 e en i 5 o0 N -7.0 H i
3 G=ee- HCHy[ ‘L | —
H 14.7 HEW \ 3 < R 19.3 - 210.0 Hac/c%CHz
- 6.6 /139 e O o} He ~ ©0—0 \_-33.2 ]
s 0 0.0 2R £ oo’ 0 "
1S : -18.6 ' = .504 VAR E i
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Figure 4.15: Potential Energy Surfaces of MeOH +sCl 13 (black) & sCI 14 (red) (Figure 4.15a) reactions and
MeOH +sClI 15 (black) & sCI 16 (red) reactions (Figure 4.15b) . Energies in Figure 4.15a are relative to raw sCI
13 + MeOH andEnergiesin Figure 4.15b are relati ve to raw sCI 15 + MeOH

BecausesCls 15& 16 d o n 86 t  h a syrCHbgwupk, yhey have a much higher reactivity

than sCls 13& 14. The large krstvalues for MeOH +sCls 15& 16 (1.61 & 5.10 x 102 cm® s
1 follow the trend seen in MeOH + sCls 3& 12, where alkyl groups in the anti position
causes an inductive impact on the COO group. Another area of commonality is that sCls 15
& 16 exhibit the same COO and C=CH repulsion seen for sCls 13& 14, shown by the 8.9

kJ mol™ higher energy of sCl 16. sCl 16 also sees the two groups rotate away from each
other through the H ,C=CGC=0 dihedral rotation during the TS aaan 1l & TSanan 2 reaction
mechanisms. This is leads to a reduction in the barrier heights shown in Figure 4.15b. This

seems to be a common factor for sCls with conjugated unsaturated substituents.

In summary, the main reasons for the higher reactivity for sCls 15& 16 are the inductive

anti -alkyl groups and the reductive effect of syn-CH; stabilisation on sCls 13& 14. A
unique trend observed here is that ksci1s < Ksci16 and Ksci 13 < Ksci 14, caused by H.C=GC=0
dihedral rotation within the TS aaanreaction mechanism removing COOf C=CH repulsion

found in sCls 14 & 16. This trend in reactivity ksci13 < Ksci14 <<Ksci15 < Ksci 16 iS consistent
with sCI + H;0 & (H:0). work by Anglada et al .*%>%
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4.5.2 MeOH reactions with sCls 17 1 20: The Impact of unsaturated substituents
in the syn position

Whereas the common attribute of sCls 13 16 was the unsaturated group in the anti
position, sCls 17120 have that unsaturated group in the syn position. Due to the steric
hinderance caused by syn alkyl groups these sCls have a lower range of kveon values (10
fi 10"° cm® s1). Much like sCls 13116, the absolute kwveonVvalue for each sCl is dependent
of on whether the anti position also has an alkyl substituent and whether the unsaturated
group is in the cis/ trans orientation. However, the cis/ trans orientation of the

unsaturated group produces unusual trends in this reaction series, where the cis

conformers, sCls 18 & 20, are lower in energy than their

trans conformer equivalents, sCls
17 & 19, shown in Figure 4.16.

" 0\ 0.
0 i 50+ FH
(a) d 5.2 g (b) He, P e
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Figure 4.16: MeOH + sCls 17 (black) & 18 (red) (Figure 4.16a) reactions and MeOH + sClIs 19 (black) & 20(red)
(Figure 4.16b) using only TSaaan pathways. Energies in Figure 4.16a are relative to raw sCI 17 + MeOH and
energies in Figure 4.16b are relative to raw sCl 19 + MeOH

In sCls 18& 20, the cis-C=CH group is sy to the terminal oxygen of the sClI, which
produces a circular structure with a set of overlapping orbitals that lowers the overall
energy. This is in contrast to sCls 14 & 16, which do not observe the same overlapping

orbitals and the COO and C=CH repulsion, increases the energy of the system. These

environments for sCls 18 & 20, al so poss ekdrondfrop the cis-Gx=€ bokd, 1

pair from the C=0 bond a relectransfeom thd termiraleoxygew.o

pairs
This produces the right shape and the right number of electrons (2n+2) required for an

aromatic ring, but as the ring is incomplete, this is referred to as a pseudo

-aromatic ring.
This pseudo-aromatic ring stabilisation

leads to sCls 18 & 20 having a comparably low
energy compared to their sCls 17 & 19 counterparts (Figure 4.16).

This additional pseudo-aromatic ring stabilisation seen in sCl 18 + MeOH, also leads to a

increase in the relative TS aaan 1 barrier height of ~8 kJ mol 1 as the H,C=GC=0 dihedral
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rotation within the reaction mechanism involves breaking sCl 185 s p sasomalicity.
This leads to a krstfor sCl 18 + MeOH significantly smaller (3.75 x 10" cm® s*) than that
of sC1 17 (1.19 x 10" cm® s%). This pseudo-aromatic ring stabilisation appears to have a
similar but slightly larger effect for sCl 20 + MeOH, giving rise to a smaller krst(4.81 x 10
18 cm? s1) than sCI 19 (3.75 x 10 cm?® s1). This pattern of ksci1s < Ksci17 and Ksci 20 < Ksci 19
continues in the Anglada et Sole theor etical study of sCl + H,O & (H20). reactions, but

differences in krsrare less pronounced.?®?

One last trend seen in the Anglada et Sole study of sCls 17120 + H,O & (H20),, was that
sCls 17is more reactive than sCI 19, and sCl 18 is more reactive than sCI 20, due to the
inductive impact of the anti-CHs substituents of sCls 17 & 18.%%* However, here it is
observed that the reductive impact of the pseudo-aromatic ring stabilisation seems to be

greater than that of the inductive impact from  anti -CH; substituents.

4.5.3 Molecular Orbital Analysis of Pseudo-Aromatic Ring Stabilisation

The results from the molecular orbital (MO) analysis of both sCIs 17 20 with their
respective TSaaan Structures, in this section, indicates that the orientation of the
unsaturated >C=C< group with respect to the carbonyl oxide group causes this reduced
reactivity for sCls 18& 20. The highest occupied molecular orbital (HOMO) of sCls 17 &
19, displayed in Figure 4.17, has a significant portion of p-bonding character on both the
carbonyl oxide and the >C=C< group. On the other hand, the second -highest occupied
molecular orbital (HOMO-1) features instead has a significant portion of both s-character
on the central carbon atom and some p*-character located on the two oxygen atoms.
However, in the p-bonding MOs forsCls 18 & 20, there is an orbital overlap between the
p-elements on the terminal oxygen and the >C=C< group, which then stabilises the overall

structure and demotes this p-bonding HOMO to the HOMGL position.

Furthermore, the orbital with a s-component is promoted fr om the HOMQ1 position in sCI
17 to the HOMO position in sCI 18, without any significant increase in overall orbital

energy (see Figure 4.17). This lack of an energy difference between the two s-bonding
MOs, and the large energy drop (10.2 kJ mol™) seen between the trans-orientated p-
bonding MO in sCI17 and the cis-orientated p-bonding MO in sCI18 provides further
evidence that it is the p-bonding overlap that stabilises the sCl 18 structure. This overlap
in the cis-orientated p-orbitals also causes the p-bonding MO to drop in energy between
sCls 19& 20 (-24.2 kJ mol™), demoting the sCl 19 HOMO to the HOMGL position in sCI 20.
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sCl 17 sCl 18 sCl 19 sCl 20

HOMO

E (kJ mol ) -618.8 -626.0 -629.8 -647.%
HOMO-1

E (kJ mol ) -62é.8 -629.0 ‘—638.\6 -653.6

7 E (kJ mol ™) 10.0 -3.0 8.2 -5.32

Figure 4.17: The configurations and relative energies of the HOMO and HOMO-1 for sCls 177 20 displayed
using the WebMO software.

However, this lowering of the energy of p-bonding MOs insCls 18& 20 and the subsequent
inversions of the HOMO and HOMEL structures, are not repeated for the TS aaanStructures.
sCls 17 20 all have similar HOMO configurations and HOMQG1 configurations for all TSaaan
1 structures (see Figure 4.18), which implies that the respective TS aaan1 energies for sCls
17 & 19, will be similar to that of sCls 18& 20, in absolute terms. The fact that the cis-
orientated p-bonding MOs lower the energy in the sCls 18 & 20 reactants but not their
TSwaan 1 structures largely explains why the krueovalues for the cis-orientated sCls 18 & 20
+ MeOH reactions are lower than that for sCls 17 & 19 + MeOH.

This p-orbital overlap is thought by the author to be favourable because t he orientation of
the >C=C< bond in the syn-group, combined with the carbonyl oxide group, form a pseudo -
ring with the 2n+2 number of electrons that allows aromatic stabilisation. This reduction

in reactivity for sCls 18& 20, caused by the pseudo-aromatic ring stabilisation , is only
known to occur for reactions across the carbonyl oxide moiety, such as the TS aaanin sCI +
MeOH reactions or TSwein sCI + HO reactions. This study does not explore this effect on
either the self -reaction of sCls 17 & 18, or reaction across the space between the sCl
terminal O and the n-carbon of the C=C group, referred to as a vinyl insertion by Yin et
Takahashi.**® For the full set of MeOH + sCls 13i 20 reactions, the MO calculations and the

images of the HOMO and HOMEL, please see Appendix Section 2.5.
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sCl 17 sCl 18 sCl 19 sCl 20

R AL

Figure 4.18: The configurations of the HOMO and HOMGL for MeOH + sCls 1720 TSaan 1 structures displayed
using the WebMO software.

HOMO

One additional observation is that both p-bonding MO diagrams ofsCls 17 & 18 in Figure
4.17, and the HOMO diagrams of the TSwaan1 in Figure 4.18, show the sCI to have small
el ectronic cont r{iH@atomsindhe anti {Ck sulstittients. Thid contribution
by t h-&l atems ptovides some confirmation to the theory mentioned prior, that these
WH atoms exhibit a hyperconjugative effect on the carbon yl oxide group of the sCl. This
hyperconjugative impact on sCls 17 & 18 appears to lower the energy of the TS barrier

and produce a larger krsrvalues for sCls 17 & 18 than sCls 19& 20, respectively.

4.6 The Effect of Eckart Tunnelling on sClto  Vinyl Hydroperoxide (VHP)

Channels

A secondary competing reaction to AAAH formation for the reaction for sCIs witha syn-ChH

group is referred to as MeOHA" c at al yseddé VHP formation, where t
1,4-H transfer, or the VHP channel. *** The only sCls in this study which have accessible

VHP pathways aresCls 2 4, 13 & 14, due to their syn-CH; group. The height of the TS v

classical barrier relative to the TS aaanbarrier would usually exclude this channel as a

viable re action pathway worthy of study, but the impact of quantum tunnelling has made

VHP channels more competitive in the similar sCI + H,0 reactions. 19293418

Quantum tunnelling is a quantum -mechanical phenomenon, where the mechanism

between reactant(s) and product(s) involves low mass atom motion. Those low mass atoms

in the reactant can dsicaiemergy fedction hamiersu 9°fhist he c | as
facilitates the formation of the product and amplifies the impact of such pathways. — *?If

applied to hydrogen atoms, this is referred to as H -tunnelling. To some extent, the impact
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of H-tunnelling can be measured experimentally, by su bstituting the key H atoms with

deuterium ( 2H), and observing alterations in kinetic parameters (the kinetic isotope

effect). *As tunnelling relies on o0l ow mass atom mot .
atoms, any impact of tunnelling, if pre sent will reduce significantly. For example, Orr -

Ewing and co-workers replaced key hydrogens with deuterium in the sCI 4 + MeOH reaction

and measured the impact of tunnelling by seeing the change in kexpat various

temperatures. >

The impact of tunnelling on these channels, when investigate d computationally, depends
on the type of method used to derive the tunnelling constant and the type of movement
involved in the reaction mechanism. The three types of tunnelling examined in this study
are: Wigner factor ( pwigner), asymmetric Eckart tunnelling factor ( peckart), and higher level
semiclassical on-the -fly instanton factors. The methods for calculating these tunnelling
factors are found in Method section 2.6. As the main movement in the VHP reaction
mechanism involves the two lowdmassH atoms in simultaneous motion, without significant
movement elsewhere in the TSywp structure, tunnelling is expected to have a significant
impact. In contrast, the TS aaanreaction mechanism has significant large atom movement,
in particular of the larger central C atom in the sCl and O in the alcohol, which would

significantly reduce tun nelling for this reaction.

The reduced impact of tunnelling on TS aaaxchannels is shown by the small range of Peckar
values for all TSaaanchannels, ranging from 1 to 2.44. This is in contrast to both the

highest peckart Value for the TSvue channel in th is chapter, ~95, and the highest Peckart vValue
sCl reactions + (H:O),, ~100, in the Anglada et Sole study, both of which are greater an
order of magnitude than the Pecar for the TSaaanchannels. This large disparity between
Peckart Values is important in determining the significance of the VHP pathway. Therefore
verifying the reliability of the  Peckart Values is important. To do this, the following section
involves both a comparative analysis of Pecart Values with other tunnelling methods and

reviews the impact of both the pecan values and the VHP channel overall.

4.6.1 Application of Various Tunnelling Factors to Unimolecular Decomposition
of sCls 2 & 14

The unimolecular decomposition reaction of sCls 2& 14 to a VHP, via 1,4-alkyl -H-
migration , seen in Figure 4.19, is used as a case study to compare the accuracy of the
Peckart factor with other types of tunnelling factors and their subsequent impact on the
unimolecular rate constant ( kun). These reactions are selected as the case studies

because: they involve a small intramolecular reaction, therefore lowering computational
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cost of calculation; experimental analysis of this reaction is plentiful; due to the facile

similarities between the unimolecular and bimolecular VHP formation mechanisms, the

same tunnelling treatment can be applied.

As mentioned earlier in this chapter, examination of t

various sCl + alcohol reactions has been performed, including on the sCl 4 + MeOH

o’D
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H,C N /c\ 5
H

H

JI:-iH

— {Hzcﬁc/
H

182

o

4
i
3 H ——= HC
Co 2
cl:--H
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H

1,4-alkyl-H-migration

Figure 4.19: Unimolecular reaction of sCl 14 to produce a vinyl hydroperoxide.

he temperature dependence of

reaction. This sCIl 4 + MeOH reaction involves significant contributions from the VHP

pathway, and therefore the pecart CONStant, over a signific ant range of temperatures (200

1 350 K). To verify that the computed pecart CONstant is suitable for this purpose, a

comparative analysis of these tunnelling constants on kyni of sCls 2& 14 over a range of

temperatures is carried out (Table 4.3).

Table 4.3: A comparison tunnelling constants determined using the Wigner factor ( Rwigner), asymmetric Eckart
tunnelling factor ( Reckart), and semiclassical on-the -fly instan ton methods for the unimolecular decomposition

of sCls 2& 14
sCl 2 sCl 14
instanton instanton instanton
T (K) method method method
Pwigner PeckarT DET ccsD(T) Pwigner PeckaRT DET
(N = 256) (N=16) (N = 256)
160 p 9.76 2.46 x10° | 8.12 x 108 | 1.52 x 10% 9.93 9.12 x10° | 1.08 x 10°
krst | 4.32x101° 0.109 0.0360 0.673 1.97x101° | 0.01811 0.00214
260 p 4.32 489.9 284.55 948.4 4.38 690.3 317.53
Kyst 0.121 13.70 7.96 26.53 0.0167 2.63 1.21
360 p 2.73 10.53 13.62 21.35 2.76 11.49 15.93
Kyst 615.53 2374 3071 4814 139.24 579.66 803.65

The peckartvalues for sCl 2 display a high degree of corroboration with the higher -level

calculations across a range of temperatures, showing a higher accuracy than the simplistic

Pwigner. As an example, the peckartvalue for sCl 2 at 160K appears really quite accurate as

it falls b etween the instanton tunnelling constants (~10 °-10'), and leads to similar kuni

values (~0.1 s%). The peckartvalues at 260 K also exhibit a similar consistency with Peckart

and kyni values falling between the two instanton tunnelling constants. Even while the

peckartvalues at 360 K do not fall between the two instanton tunnelling values, it does

produce a much better results than the simplistic

three temperatures.

In the tunnelling constants of the unimolecular decomposition of

Pwigner, Which is inaccurate across al |

sCl 14 there is a high

degree of proximity between the peckartand the instanton method, showing the same level
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of consistency seen on the tunnelling constants of sCI 2 All values of peckarifor sCls 14
are found to be significantly within one order of magnitude tunnelling, even at higher
temperatures. The most accurate peckary cOmpared to the instanton methods, are
produced close to room temperature but there is a high degree of accuracy of Peckar value
across all temperatures measured for both sCls 2& 14.

To test the accuracy of the pecart Values, they were also used to determine the theoretical
kuniof sCls 2 4, 13 & 14, compared to the raw kun, the Wigner corrected kun, and the
kexp(see Table 4.4). Of the 3 kuni values, the Eckart corrected kun consistently
demonstrated the greatest consistency with the kexpvalues.*#3

Table 4.4: Evaluation of the unimolecular sCI &odVHP reaction for sCls 2, 4, 13 & 14, by comparing literature

experimenta | rate constants (k exg, with the raw, Wigner, Eckart corrected rate constants
(KtheO; KTHEO Rwigner] & Krreo[ Bekart])

sCI2 sCl4 sCI 13 sCl 14
Ktheo (s"1) 1.762 7.475 0.312 0.301
Pwigner 3.524 3.437 3.577 3.572
Krneo [ Pwigner] (s™1) 6.209 25.69 1.115 1.077
PEckart 58.98 45.47 72.30 71.77
Krreo [ Peckan] (S™1) 103.9 339.9 22.5 21.6
Kexp (s™1) 136 478 33 50
ref 182 182 376 182

In summary, the peckartvalues corroborate well with the more in depth  semiclassical on-
the-fly instanton correction values and are much more accurate than the simplistic  Pwigner
correction. Comparisons with literature studies also shows that the Eckart -corrected kuni
values are accurate in predicting experimental kyni values of sCls 2 4, 13 & 14. Each
method has benefits and costs. For example, the Wigner function (Ppwigner) requires very
little input other than the imaginary frequency of the transition state and the

temperature, giving it very little computational cost. The instanton methods are accurate
but require significant computational power for small calculations and so scalability is
difficult . On the other hand, t he pecart COrrection is reliable has been used in various
studies involving sCI bimolecular chemistry and requires a small amo unt of computational
power, and so has been adopted as the tunnelling correction throughout this thesis.
However it is found in appendix section 2.8 that the VHP channel has very little role, even

with the impact of peckartfunctions.
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4.7 Overall Analysi s of Trends Using Taxonomic Classification

One of the purposes of this thesis was to aid in the classification of these sCls into
taxonomic groups by common characteristics, such as the carbonyl oxide moiety; syr/ anti
conformeric forms; or cis/ trans orient ation for unsaturated sCIs. In this section, the
theoretical results from sClI + alcohol reactions will be compared by their possible
taxonomic classification. Taxonomic classification of sClsare the main focus of this section
-Rs group (kmeon <

Lemd s,

because, while a change reactivity does result from altering the alcohol
kirron < Keton), it results in relatively small changes in reactivity (< 10
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Figure 4.20: Relationship between OO and CO bond lengths as a measure of the carbonyl oxide moiety ( q) and
sCl + MeOH rate constant (krs7). The plot demonstrates the correlation between g, an approximate measure
of the zwitterionic character of the sCl , and rate constant.

On the other hand, altering the sCI substituent groups h as been well documented to
change the electronic character of the COO functional group and therefore the sCl
reactivity. The electronic character of the COO moiety is well understood to be mixed
between zwitterionic and biradical resonance structures and t his can be represented by
the RodR co bond ratio ( q) of the carbonyl oxide group. sCls with greater biradical

character leads to lower q values because the more saturated C-O bond lengthens and the
corresponding greater electropositivity in the central O causes the O -O to shorten.
Whereas, a more zwitterionic sCI moiety not only has a shorter C -O bond due to its more
unsaturated nature, bu t the O -O bond subsequently lengthens. The greater C=0 dipole
seen in zwitterionic sCls, makes the electropositive central C atom more vulnerable to

by the cohol 8s Ilardeeksstvalles asgeen in Rigare O

attack al

4.20.

As noted throughout the study anti-sClI reactivity (seen in blue) exceeds that of its syn
equivalents (see in red). As disubstituted sClis are affected by both the reductive impacts
of syn-substituents and the inductive impacts of anti-substituents, they are grouped

separately from either. However, sCl 1, or CHOQ, is also grouped separately from all

three sets because it uniquely has none of the inductive or reductive impacts of sCl
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substitution. Throughout all four of these groups, Figure 4.2 0 shows a positive correlation
between the kweonValues and a greater zwitterionic character of the sCI. One trend
observed in this graph is that sCls with greater electronegative substituents produce larger
krstvalues, as they draw electron density away from the central C and th erefore increase
zwitterionic character. This is observed in the trend of  k(cr).coo< kccrooL kcroq,
although the particularly low k(ch).coomaybe due to the H-bonding effect caused by the

presence of syn-UiH atoms.

For visual clarity, not all sCls explored in this chapter are included in Figure 4.2 0, for

example those with fluorinated syn-/anti-Ckkgr oups. Whereas theHd hyperco
atoms in the anti-CH; group destabilise the sCI3, t Hretortl$ in sCls 24 show no such
hyperconjugation, reflected in the lower reactivity for sCls24 Conv er sFeatops t he W
had a destabilising impactin sCl23and ¢ omp ar eHlatom®in aCls 2 4,W3 & 14.

Thi s i s-Hdatones forming $thbilising permanent dipole fiinduced dipole bonds with

theter mi n al 0, whereas the ter minal-FaomssherCBEpul sed
groups in sCls 23 & 24 do follow the traditional pattern such thatthe  anti conformer is

more reactive, but they neutralise the extra attributes seen for CH 3 substituents, m aking

this difference less pronounced. This may require a new taxonomic group for similar

substituents, especially considering that the electronegative nature ofa  -Ck group may

decrease the length of the C -O bond. By reversing the trend of increasing rea ctivity with q

ratio, sCls 23& 24 may lead to a more convoluted correlation between q and reactivity.

Another group that may require their own taxonomic classification would be sCls with
unsaturated substituents, explored prior in section 4.5, because the impact of the

cis/ trans orientation of the C=C bond reverses when in either the syn or anti -position.
This could potentially lead to 4 separate sCl taxonomic groups. Torsional strain caused by
either cyclic constraints seen with sCI 21, or electronic repulsion, such as with sCls 25&
26 can also contribute to an increased reactivity without increase in g ratio of the COO
group. This distorts the trend in  Figure 4.20 and may also require a new taxonomic

classification.
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4.8 Atmospheric implications

The relative local atmospheric impact of a particular reaction can be measured using the

Calculated effective first -order rate constant (kext), which takes into account both the

individual rate constant ( ktued and the local concentration of the co -reactant. 4372 In this
study, the relativ ely high atmospheric abundance of MeOH, EtOH & iPrOH (34.1, 176.3 &
44.2 ppbv) measured in San Paulo, Brazil, due to evaporation of vehicular biofuel, is used

to calculate the ke value.*®® This higher abundance provides a greater understanding of

localised atmospheric impact.

Table 4.5: Calculated effective first -order rate constant for sCls with a Range of Tropospheric Constituents.
kerr= k % [co-reactant] .

184,372

Co

[Co-reactant]

I(THEO

Kert (th.)

I(exp

Kett (€X.)

Cl reactant (molec/cm 3) (cm® molec.! s (sh (cm® molec. s (sh References
1 MeOH 8.4 x 101 1.2 x 104 0.0101 1.4x 101 0.12 This work 344
EtOH 4.3 x 1012 6.2 x 1014 0.27 2.3x1013 0.99 This work 344
iPrOH 1.1 x 1012 1.2 x 104 0.013 1.9x 1013 0.21 This work 344
H,O 6.2 x 10%7 3.5x 1015 2.2 x 103 1.3x 1071 806 136,144,420
(H20), 4.0 x 10 2.3x 1010 9.3 x10* 7.5x 1012 3.0x10° 144,184,420
O3 6.0 x 1012 4.0x 1013 0.24 6.7 x 1014 0.040 4218123
SQ 8.7 x 1010 5.1x 1010 44.4 3.9x 101t 3.4 142,191,424
co 5.1x 10%3 2.0x10% 1.0x 107 Unknown Unknown 142,402
NG 7.0 x 1014 4.4 x 1012 3.1x10% 1.5x 1012 1.1x 108 142,425
CO 1.0 x 1016 3.5x101° 3.5x10° <1017_ <0.2 372,426
HNG 1.1x 1011 5.1 x 1030 57 5.4 x 10'10 60 272,307,427
HCOOH 3.1x 104 1.0 x 10710 31 1.1 x 1030 2.7 428,429
CHCOOH 3.9 x 1010 Unknown Unknown 1.3 x 10%0 16 428,430
HCI 3.2 x 1010 4.1 x 1031 1.3 4.6 x 1011 1.5 272,431
2 MeOH 8.4 x 101 1.9x 107 1.6 x 10 Unknown Unknown This work
(H20) 4.0x 1014 1.4x10%? 278 Unknown Unknown 144,184
e} 8.7 x 1010 Unknown Unknown 24 x 101t 2.1 141
[Thermal decomposition] 166 136
HCOOH 3.1x10% Unknown Unknown 2.5 x 1040 78 428
CHCOOH 3.9 x 1010 Unknown Unknown 1.7 x 10%0 6.7 428
3 MeOH 8.4 x 101 2.1x 1012 1.8 5x 1012 4.2 This work 492
(H20), 4.0 x 10* 1.1x 109 4.2 x 10° 4.4 x 1011 1.8 x 104 144,184,411
SQ 8.7 x 1010 Unknown Unknown 6.7 x 1011 5.8 141
HCOOH 3.1x10% Unknown Unknown 5.0 x 1030 160 428
CHCOOH 3.9 x 1010 Unknown Unknown 2.5 x 1080 9.9 428
4 MeOH 8.4 x 101 5.7 x 1016 4.7 x 10 43 x 104 0.036 This work 51
(H20), 4.0 x 10% 7.0x 1013 280 <1.3x 1013 <52 144,184
SO 8.7 x 1010 4.0 x 1010 34 1.3x 101 1.1 184,308
HCOOH 3.1x10% Unknown Unknown 3.1 x 1030 97 320
CHCOOH 3.9 x 1010 Unknown Unknown 3.1 x 1010 12 320
15 MeOH 1.7 x 1012 1.6 x 1013 0.27 Unknown Unknown This work
H.O 6.2 x 10%7 2.9x 101 1.8x 108 Unknown Unknown 144,184
(H20), 4.0 x 10*4 3.3x10* 1.3 x 108 Unknown Unknown 144,184
16 MeOH 1.7 x 1012 5.1x 1013 0.87 Unknown Unknown This work
H,O 6.2 x 10%7 1.7 x 104 1.1x 104
(H20), 4.0x 10 2.2x10% 8.8 x 108 Unknown Unknown 25
aWhere available, computed rate constants [K et (th)] with experimental values [k e (ex)]. Tropospheric
concentrations and experimental rate constants were taken from the references shown in the final column.
bReaction rate constants based upon previously reported e Gsall exceed the computed gas collision limit, and

so only this collision limit is reported here.
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In Osaka, Japan, a typical urban environment, concentrations of MeOH, EtOH & iPrOH
from biofuel use are very low (~5 -10 ppbv).®2 This means that compared to other
tropospheric pollutants such as SO./NO2, sCI + alcohol reactions are overall less
competitive, in most urban environments. A study by Khan et al. compared the ability of
sCls to act as a sinkfor common atmospheric species compared to OH radicals, a standard
sink for many typical atmospheric species. ** They suggest that whilst sCls are significant
sinks for some common gases, including formic acid and hydrochloric acid, OH radicals
were far more reactive with alcohols under these atmospheric concentrations. The more
localised alcohol abundances, such asthat in San Paulo, Brazil are adopted for this study,
to make sCI 1 + alcohol reactions competitive with such as common tropospheric
pollutants in Table 4.5, as O 3, CO and G.*! Due to their prevalence of only naturally
occurring sCls are studied in this section.

While reactions between sCl1 and other atmospheric species, including O 3, HCl and CQ,,
are less competitive than the reaction with MeOH, all sCI + alcohol reactions are
overshadowed by HO & (H20).. The MeOH reaction with sCl 2, a common syn-sCl, has a
low ks, not only relative t o other sCls, but compared to sCl unimolecular decomposition
rates and sCI reaction with other common atmospheric species such as SO;, HCOOH, HO &
(H20).. This implies that many of the common syn-sCls, such assCls 19 & 20 would be
similar, and have minim al impact on tropospheric alcohol concentrations. The MeOH + sCI
4 reaction sees a similar comparatively low kerrimplying that reactions with other alkyl
disubstituted sCls, such assCls 13 14, 17 & 18, will also reflect a low atmaospheric

impact.

The MeOH reactions between anti-sCls, such assCl 3+ MeOH, havelarger krstand Kexp
values, making them more competitive not just with other minor atmospheric pollutants
including SO, and organic acids, but to a limited extent H >0 & (H.O).. This is also seen in
the anti-sCls,sCls 15& 16, which could be highly reactive with many atmosph eric species
such as S@and NO as well. 22 As there appears to be little literature research into the
bimolecular chemistry of sCls 15& 16, this work could trigger further exploration of the
computational or experimental bimolecular chemistries of these sCls with  other

atmospheric toxins.

In this study, the impact of AAAHs produced by this reaction is not explored in great

depth. However, due to the increased accuracy this study provides for reactions which are
dominant sources for AAAH, it should be very helpful for atmospheric modelling purposes.
Previous analysis, such as the study produced by Orr-Ewing and co-workers, have even

-1

emphasized that in rainforests sCl + alcohol reactions can contribute to ~30 Gg yr ™~ of
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AAAHSs. This may also be reflected in urban biofuel rich environments, as one of the top

sources of AAAHSs in an urban environment: an area worthy of future exploration.

4.9 Further work

There are several areas this work could be expanded including: that the sCls could be
better classified into taxonomi ¢ groups and a general formula could be applied to other
more complex sCls + alcohol reactions. This could be similar to the analysis done for the
ozonolysis of alkenes in Chapter 6 or in the structural -activity analysis done by McGillen et
al. .'81% These taxonomic classifications could be applied to long chain sCls like in the
CH;(CH)11:CHOO + MeOH or iPrOH reactions studied by Tobiagt Ziemann, or a long chain
alcohol. *® Other applications of the krstvalues from these sCl + alcohol reactions, or even
the taxonomic classification, would be to fully apply these classifications in atmospheric

models, providing greater insights than is possible from ke values alone.

Other sCls could also be studied, such as those derived from methyl vinyl ketone (MVK)

and methacrolein (MACR), which are both alkenes to have been found to be prevalent in

the atmosphere, as isoprene ozonolysis byproducts.*82%% Due to the rotation of the O=C -
C=0 dihedral bond, syn & anti-CHC(O)}CHOO each have 2 conformeric forms, and both
are produced from O3z + MVK (shown in section 3.3.1). Ozonolysis of MACR also produces a
similar sCls, syn- & anti-OCHC(CH)OO, both of which also have two conformers, due to
O=GC=0 dihedral rotation. *** This would contribute to knowledge about sCI taxonomic

groups as these sCls have aldehyé or ketone substituents.

There are also many other sCl + alcohol reactions that could be tested, targeting reactivity
modi fiers such as the eff eldatoms,withs@sdikesynn&g t he nun
anti -EtCHOO, iPrCHOO, tBUuCHO®& CRCRCHOO. Theg would also be useful as they are
products of the ozonolysis of important alkenes discussed in Chapter 2. Research could be
undertaken to see if pseudo-aromatic stabilisation effect , seen for sCls 18 & 20, is
evident with other similar sCls, like CH ,=CHCHDO reported by Yin et Takahashi.*'® For sCls
with this pseudo-aromatic stabilisation effect , the Yin et Takahashi study postulates a
highly competitive side reaction with H >0, referred to as vinyl insertion , that could be
relevant for some sCl + alcohol reactions. “*® Other alcohols such as phenol or butanol could
be included in an even more comprehensive analyses which may include sClI reactions with
atmospheric species like NHz, H2S, HF, HCl & CHSH. The only sCl + CHSH reaction studied
thus far is the reaction of sd 1, by Li et al. , and so an expanded study may be

warranted. 4
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4.10 Conclusion

Throughout these sCI + alcohol reactions it is observed that altering the sCI substituent
groups alters the sCI + alcohol reaction rate constants by orders of magnitude. On the
other hand, the rate constant variation across different alco hols does not exceed one
order of magnitude, with the general trend ( Kmeon < Kipron < Ketor). This means that the
composition and the spatial orientation of the sCI substituents are used as the basis for a

series of taxonomic groups to describe the sCl + alcohol reaction.

The first two taxonomic sCI groups, anti- & syn-sCls, are based on the muchlarger krst

values for anti-sClI reactions with MeOH compared to their analogous syn conformers,
confirming the Omonosubstitut e deétabksi@tiintheeact i vity
literature. However, the higher reactivity of  sCl 3+ MeOH oversCl 24 + MeOH infers that

hyper conj-H gtants in the antitposition amplifies this higher reactivity. In

c ont r as-Hatonis in¢he 8iyn position appear to have a small reductive effect on the

sCI 2 reactivity with MeOH compared with the fluorinated counterpart  sCl 23.

H O HeC O

/ / H O C O W o C O FRC O H O

Y=o =0 )—o =0 )¢ »=d =0 )0
H H cl cl H FsC

1 2 3 8 9 10 23 24

Figure 4.21: Schematicsof the structures of sCls 1, 2, 3, 8, 9, 10, 23 & 24.
A third viable taxonomic gr ouagnti-&&sydrigoupbathe t ut edo
sCI occupied, such as insCl 10, and these disubstituted sCls + MeOH reactions often have a
krstvalue somewhere between the anti- & syn-sCls, heresCls 8& 9. The disubstituted
exception to this is sCl 1, which should reasonably be treated as a taxonomic group on its
own. In this single case the fi H substituents lack both inductive impact and steric

hinderance to reaction.

sCls which have at least one i F substituent or a 1,3-dioxolane substituent may also be
grouped together, because regardless of the anti- or syn positions of the group, these
highly electronegative substituents increase the krsrvalue of the sClI + alcohol reaction,

often beyond the dipole -dipole capture limit.

Throughout these groups, the sClI reactivity broadly scales with the bond ratio in the
carbonyl oxide group (RodRco), @ model of electronic character of the sCl, and this could
be used as a modifier within a class to provide precise krsrvalues. Such nuances in
reaction rates would be important in the atmospheric modelling of cities such as Sao
Paulo, where alcohols are abundant due to heavy biofuel emissions. **3 However this

comprehensive model is also important in mod elling sCI + alcohol reactions in biogenic
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tropospheric simulations because the primary AAAH product, may be implicated with
boreal damage in the rainforests. 111:141:195.293:344.387891 | conclusion, the effect of sClI
substituents on a variety of sCl + alcohol reactions has been comprehensively evaluated,
an extended series of taxonomic sClIs groups has been correlated with the krstvalues, and
that the data shown here may provide an ansatz for the chemical kinetic prediction of
previously unknown sCI + alcohol systems.
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5.0 Chapter 5: Bimolecular sinks of Criegee intermediates derived

from Hydrofluoroolefins.

The aim of this chapter is to investigate the tropospheric bimolecular chemistry of a new
range of stabilised Criegee intermediates (sCls) derived fro m hydrofluoroolefin (HFO)
breakdown, referred to as HFQsCls To review the effect of the location and composition

of the halogenated substituent groups seen in HFO-sCls i F or i CR principally), this
chapter features a computational chemistry analysis of HFO -sCl reactions with a significant
range of common tropospheric trace gases, including: SO, H»S and HCI. A comparative
analysis of the trends in the computational rate constants (krneg and product branching
ratios ( Brueg can be used to determine the impact of factors such as: the synand/or anti
position of the substituent(s); the CF 3 substituent compared to the more common -CH;

group; and the effect of the co -reactants on sClI reactivity.

5.1 The Importance of Tropospheric Hydrofluoroolefins and Criegee

intermediates derived from them.

Hydrofluoroolefins and hydrochlorofluoroolefins (referred generically HFOs in this chapter)
provide an increasingly large market share of refriger ator coolants in the United States of
America (USA), China and the European Union (EU) countries, due to tendency of previous
generations of refrigerants to deplete the ozone layer and/or to contribute to

anthropogenic climate change when emitted. %1% Using both the ozone depletion
potential (ODP) and the 100-year global warming potential (GWP 1q0), @ comparative
analysis of the impact of some HFOs and their market competitors is displayed in Table
5.1.

Table 5.1: Comparison of CFCs, HFCs and HFOs as refrigerants in Global Warming Potential over 100 years
(GWRy0); Ozone Depletion Potential (ODP); atmospheric lifetimes; and HFO -sCls produced from ozonolysis.

Name Structure GWRo ODP Lifetime HFGsCls ref
yn
HFG1234yf CRCF=CH 4 0 10.5 days CHOO 224,224
Syn/ Anti-CRCFOO
HCFQ1233zd  E-CICH=CHCF 14  0.0005 26days Syn/Anti-CICHOO 222522
Syn/ Anti-CRCHOO

HFG1234ze E-FCH=CHC§ <1 0 16.4 days  Syn/Anti-FCHOO 224227
Syn/ Anti-CRCHOO
CFC11 CFC} 4660 1 45 N/A 2,24
CFCG12 CCLF, 10,200 0.82 100 N/A 2
HFG134a CHFCR 3710 0.0013 13.4 N/A 2,216
HFG245fa CHRCHCHK 858 0 7.7 N/A 2,24

The shorter lifetimes and therefore the lower GWP 199 Of prototypical HFOs, like HFO -
1234yf (CRCFCH) and HCFQO1233zd (E-CF3CHCHCI), is due to reactions with tropospheric
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species such asNO; & OHradicals and Qs.?242%6:227:348 The ozonolysis of HFOs (seen in Figure
5.1) was found to result in the HFO derived stabilised Criegee intermediates (HFO -sCIs) in
Table 5.1.

HFO-1234yf POZ CI* + Carbonyl
o
E H O+ 0; 0"\\ f/,,o + 0/0 0
>_( — \ / iy Il + ]
F.C H F”"'C—C"‘“H c /C\
’ Fc” iy F.C7 F H H

Figure 5.1: Ozonolysis of an example HFO (HFQ1234yf).
The HFO + Q reactions are important to this chapter because they form Criegee
intermediates, which once collisionally stabilised, may react with other tropospheric
species, such as the aldehyde/ketone co -product in Figure 5.1. 224226241 While the gl obal
abundance of other alkenes, like isoprene, are much higher than that of HFOs, the
importance of local urban HFO abundance is demonstrated in environments like Beijing,
where tropospheric HFO breakdown by OH radicals and Os produces a significant
abundance of trifluoroacetic acid (TFA). %943¥3€ This increase in local TFA abundance is
known to cause irritation to the respiratory tract, an  d, due to their common source, TFA is

likely to co -locate and produce a significant atmospheric reaction with HFO -sCls%

HFO 1234yf, HFO-1233zd(E), and HFO-1234ze(E) produce several HFO-sCls worth

investigating: CHOQ, FCHOO, CICHOO, GEHOO and CECFOO. Whilesyn & anti -CICHOO

has been interrogated experimentally, to the aut
in Table 5.1, the only HFO -sCI with significant computational and experimental literature

on its bimolecul ar chemistry is the exhaustively studied CHQQ,182:195:293437439 gomge

computational studies of reactions between syn & anti-CRCHOO and certain atmospheric

species, such as CQ, H,; and CRECH=CH are in the literature, but the bimolecular analysis

of syn or anti-CRCFOO has yet to be conducted.?”32%372 No further calculations of syn &

anti -FCHOO andsyn & anti -CICHOO were investigated in this study, due to an already

extensive computational literature, 93273274372

Figure 5.2 displays the HFO-sCls interrogated within this thesis chapter, which includes
CHOQ, syn/ anti-CRECHOO andsyn/ anti -CRCFOO, referred to using the nomenclature
from Chapter 4, as sClIs 1, 23/ 26. The exhaustive experimental and computational
examination of sCI 1reactions can provide a point of re ference, or benchmark, to:
corroborate the accuracy of the computational approach, by comparing sCl 1trends in this
study with literature trends; and help to integrate the analysis of  sCls 23 26 reactions
into literature patterns, which have no experiment al point of comparison. This approach is

analogous to that undertaken in previous chapters. There are also references to other sCl
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reactions either described in Chapter 4 or in the experimental and theoretical literature,

and these too are referencedasa compar ati ve tool. These oO0referen
Figure 5.2, are syn- & anti-CHCHOO, (CH).COO,syn- & anti-FCHOO, CEFOO andanti -

PhCHOO (referred to assCls 218 & 12). Also displayed in Figure 5.2 are all co -reactants

employed in this chapter.

— = —— = HFOssCls — = — — —
o
! 0/0 o/o 0/ O/ |
I i il 1 |
| A AN /c\
H H H CF; F¢” H F* CFy |
'I sCl 1 sCl 23 sCl 24 sC1 25 l
f
| 21 ,— = Co-reactants — — — ~
I © o s _O
I él o E 0= S0 N
- Fc” Nk D H H I
€126 1y HeHo 50, HNO; |
- == |
IFJC\C/O\ I
o H—F  H—Cl  u— >n|
|
;| TFA HF HCl Hys |
|
I o Mg no Mo
I H” H H” H H,c—O0 |
N0 0k MeOH_
-~ = = = ReferencesCls = = = = N
i ) o o”
" Y S
: H YcH;  He” M R’ oHy Wl
I sCl 2 sCl 3 sCl 4 sCl 5 |
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Figure 5.2: Geometric Structures of HFO -sCls (sCls 1, 23 26); co-reactants modelled in this chapter ; and
or ef er e n(sds rede@hcedan this chapter from other chapters or other studies in the literature).

One of the reasons why H,O monomer and dimer are selected as co-reactants is because
wa t eglobasabundance (~0f 40,000 ppm) means they are responsible for reacting with
up to 95% of the total global flux of some atmospheric sCls1*141:19%.293:387.388.391 HCHQO and
TFA are selected becausethere is significant prospect of high local concentrations being

co-located with HFO-sCls, due to their common HFO source.***#*

Another group of co-reactants were targeted because the reactions with sCls could cause a
odi sproport i on atsphericstpdes; ¢itider by providimgra competitive sink
for that co -reactant or an important source for species harmful to humans or the
environment. The competitive species are focused on those co -reactants identified by a

study by Khan et al. where CHOOhas similar or greater capacity than OH radicals, to

166



facilitate the depletion of those targeted co -reactants, such as the sClI reactions with

HNGQ, HCI and H.S!! Reactions that act as a competitive source for harmful species

includes the sCI + SQ reaction, which produces SQOg, a source of aerosol nucleation. 1944

Another example of a competitive source of harmful species is from the sCl + MeOH & H 20

reactions,whi ch produce a | arge propor-tion of the gl ot
al koxyal kyl hydr op e rhpdrokychysope(oddasAHHP). Ehesd ardl

oxidising species that cause both forest damage and SOA formation, 14%195:293387691

One last area of consideration in co -reactant targeting is that a Kumar et al. study has
calculated that the sClI reactivity with H X (X=0, S, Se, and Te) increases with the size of
the X atom, referred to as heteroatom tuning of the co -reactants. *** In this chapter, the
co-reactants with low mass heteroatoms, H O & HF, are compared with species which have
the same structures but larger heteroatoms of the same periodic group, H >S & HCI, to see
if all the HFO -sCls in this chapter replicate the co -reactant heteroatom tuning patterns
observed in the Kumar et al. study.*** The last reactions featured in this chapter, not yet
mentioned above, are only examined because the HCHO +sCls 23& 24 and sCl 1 +
CRCHO reactions are part of the same multistep potential energy surface (PES) and so the
rate constants ( ktnueg and product branching ratios ( Brueg of sCl 1+ CRECHO can swiftly be
determined, using the same MESMER input file. This is also the case for HCHO +sCls 25&
26 and sCl 1 + CRCFO which are part of the reaction chemistry of sCl 1+ CRCFO.
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5.2 Results of this study

Table 5.2 provides an overview of the results from this study.

Table 5.2: Co-reactant and their chosen atmospheric concentration ([ co-reactant ]); Criegee Intermediate
number [sCI]); computational master equation rate constant (k wg); dipole -dipole capture limit (K g.q);*
literature experimental rate constant (K  exp); and calculated effective first -order rate constant (Keft = Krneo
[co-reactant]).

[Co-reactant ] sCl kme Kd-d Kexp Keft
(molec./cm 3) (cm3 s1) (cm3 s (cm3s?h (sY)
HCHO 1 2.79 x 1012 1.06 x 10° - 5.60
23 2.69 x 1013 8.04 x 1010 - 0.54
2.0 x 102 24 2.49 x 1012 6.46 x 1010 - 5.0
(Urban Heavy 25 » Kg-d 7.20 x 10 10 - 1447
traffic) 442 26 1.66 x 101! 7.07 x 1010 - 334
CRCHO 1 » Kg-d 6.50 x 1010 - -
CRCFO 1 1.98 x 1012 3.34 x 1010 - -
SO 1 » Kg-d 7.25 x 10710 3.80 x 1011 300
23 1.90 x 1012 5.08 x 1010 - 0.79
4.1 x 101 24 » Kg-d 4,08 x 1010 - 169
(Beijing urban 25 » Kd-d 4,51 x 1010 - 186
area) 443 26 » Kg-d 4.42 x 1010 - 183
HNGs 1 8.22 x 10° 8.45 x 10 10 5.1 x 10%0 94
23 2.06 x 10 "1 5.93 x 1010 - 2.3
1.1 x 101 24 8.87 x 1011 4,76 x 1010 - 9.8
(Houston, 25 9.25 x 108 5.26 x 10 ‘10 - 58
Texas) 44 26 7.53 x10 1! 5.16 x 1010 - 8.4
TFA 1 » Kg-d 7.54 x 10 10 3.50 x 1010 2.5 x107?
23 » Kg-d 4,96 x 10 10 - 1.7 x 102
3.3 x 107 24 » Kg-d 3.98 x 10 10 - 1.3 x10?
(Beijing higher 25 » Ka-d 4.35 x 10 10 - 1.5x 1072
emission areas) 26 » Kg-d 4.27 x 1010 - 1.4 x107?
H.O 1 1.18 x 10 -16 1.06 x 10° 2.4 x 1016 73
23 1.35x 1018 8.38 x 1010 - 0.83
6.2 x 107 24 1.12 x 10 -16 6.73 x 1010 - 70
(~80% humidity 25 5.13 x 10 12 7.54 x 1010 - 3.2 x 108
Sao Paulo) 422445 26 2.27 x 10 13 7.40 x 1010 - 1.4 x 10°
(H20): 1 3.28 x 10 12 1.07 x 10° 7.50 x 1012 2.9 x 108
23 271 x 1012 7.99 x 1010 - 2.4 x 10°
8.7 x 104 24 3.74x 1012 6.42 x 1010 - 3.3x10°
(~80% humidity 25 1.14 x 10°% 7.14 x 10 10 - 6.2 x 10°
Sao Paulo) 422445 26 1.46 x 10° 7.01 x 10 10 - 6.1 x 10°
MeOH 1 1.20 x 10 14 8.15 x 1010 1.1x 1013 0.010
23 9.43 x 10 Y7 6.14 x 1010 - 7.9 x 10°
8.4 x 101 24 3.30 x 10 -4 4,93 x 1010 - 0.028
(Sao Paulo, 25 » Kd-d 5.50 x 10 -10 - 462
Brazil) %8 26 3.31x101 5.39 x 1010 - 28
H.S 1 7.06 x 10 15 5.68 x 1010 1.7 x 1013 0.052
23 1.96 x 10 16 4.26 x 1010 - 1.4 x 108
1.2 x 1018 24 5.72 x 1015 3.42 x 1010 - 0.042
(Industrial 25 6.08 x 10 13 3.81 x 1010 - 4.5
landfill) 446 26 1.23x10 1 3.74 x 1010 - 0.091
HCI 1 4,70 x 10 -10 6.06 x 1010 4.1 x 1091 58
23 4.04 x 10 15 4,51 x 1010 - 5.0 x 103
1.2 x 101 24 7.28 x 10 11 3.62 x 1010 - 8.96
(Daytime 25 1.64 x 1010 4.03 x 1010 - 20
Los Angeles) 4%’ 26 1.13x101° 3.96 x 1010 - 14
HF 1 3.32x1018 8.15 x 1010 - 0.12
3.7 x 101 23 6.67 x 10 18 6.14 x 1010 - 2.5x 10°
(near Volcano 24 2.86 x 10 15 4,93 x 1010 - 1.1x10°%
vicinity 25 1.19x 101! 5.50 x 1010 - 4.4
ambient T) 447 26 3.66 x 10 13 5.39 x 1010 - 0.14

* »Bd0 refers to barrierl e sysandtathe k i.qshosld be bsedtinstgad.e | d no k
** |In bold is the overall theoretical rate constant (k  theg, which is the lowest between the k wve & Kg.q values.
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5.3 HFO-sClsreactions with Formaldehyde (HCHO)

Formaldehyde, or HCHO, emissions are known to be carcinogenic, toxic if inhaled, and to
cause other health problems (Section 1.5.6). 617917 The literature abundance of HCHO

varies significantly (usually between1 i1 7 1 &) glépemding on the tropospheric

environment (Appendix Section 3.3.1). **® An examination of sCl reactions with HCHO is
undertaken in this thesis because HCHO is a ceproduct of the ozonolysis of many alkenes

(including HFO-1234yf) and it is important to understand natural sinks for pollutants like
HCHO.

5.3.1 The sCl 1 + HCHO Reaction

sCl 1+ HCHO is used in Figure 5.3 to demonstrate the key stationary po ints of an sCl +
HCHO reaction potential energy surface (PES): a single cycloaddition (TSc¢) step, where the
reactants form a heteroozonide ring (HOZ); and the intermediate product breakdown
pathways (TS & TS, where the HOZ fragments into formic acid (  FAc) and HCHO. The
HOZ breakdown step can proceed via two mechanisms, either: through a high energy, 1 -
step channel or a lower energy, 2 -step channel via hydroxymethyl formate (HAE), both

shown in figure 5.3. The 1 dstep TS-ac channel is in blue and the 2 -step HAE channel, using
TS and TSias is in red.
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Figure 5.3: The potential energy surface of sCl 1+ HCHOdisplaying both HOZ fragmentations: a 1 -step
channel (in blue) and a lower energy , 2-step channel via a hydroxyalkyl ester (in red) . Energies are relative to
raw reactants .

The low energy TS, displayed in Figure 5.3, is similar those calculated by the Jalan et al.

and Ma Qiaoet al. studies (-26.4 & -20.1 kJ mol™) respectively . Consequently, the Krreo

value from the Ma Qiaoet al. study (~4.03 10° cm?® s?) is similar to that reported in this

chapter (kwe=2.79 x 10 cm?® s1). Whilst there is no experimental rate constant ( kexd for
sCl 1+ HCHO, Taatjeset al. , Stone et al. , and Elsamraet al . all examined the similar
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CHOO+ CHCHO reaction and they measured similar kexpvalues (3.0 x 107 1.7 x 102
cm?® s?) to the kve of CHOO+ HCHO calculated in this studly.

HOZ fragmentation pathways were also calculated in the Jalan et al. and Ma Qiaoet al.
studies and some common patterns emerge, which correlate with the analysis in Figure

5.3. The studies produced by Jalan et al. and the Ma Qiaoet al. display a much lower
barrier to the HAE channel (-94.6 & -67.8 kJ mol™) compared to the TSeac channel (-40.2 &
-38.5 kJ mol™) for HOZ decomposition. This energy disparity between the channels is
continued in Figure 5.3 showing that this study agrees with the HOZ decomposition
preferences in literature. The energy of the TS barrier between HAE and the HCOOH +
HCHO final products, TSuag in this study (-450.8 kJ mol™) is also displayed in both the
Jalan et al. and Ma Qiaoet al. studies (-459.8 & -444.3 kJ mol™?). Because of this low TSpae
barrier, compared to the high TS p barrier, 100% conversion to the final products is
assumed. In the decomposition of the HOZ pathway, the production of formic acid via HAE
displays a higher branching ratio (B4ae~0.973) than the direct transfer channel ( Beac
~0.027).

5.3.2 HCHO + sCls 23 & 24 and CRCHO + sClI 1 Reactions

HCHO reactions with sCls 23 & 24 (the non-inte rchangeable syn- and anti -CRCHOO
conformers respectively) also exhibit very similar 2 -stage reaction surface, with a single
cycloaddition (TS¢) step each to a joint HOZ, followed by HOZ fragmentation pathways.
Therefore both HCHO reactions with sCls 23 & 24 occupy part of the same PES, a
phenomenon also seen in the Ma Qiaoet al . study with sCl 12 + HCHO &sClI 1+ PhCHO
reactions. *®* The cycloaddition for sCl 23 + HCHO produces a significantly higher TS
barrier (-11.6 kJ mol™) than sCl 24 + HCHO €19.0 kJ mol™). This leads to a smaller Krieo
for sCl 23 + HCHO compared tosCl 24 (2.69 x 102 & 2.49  10* cm?® s! respectively). As
shown in Table 5.3, computational studies of sCI reactions with CF sCH=CH, CO, and H
also show sClI 24 reactions have lower energy barriers, and consequentially larger Krueo

values, than sCl| 23.273:305441

Table5.3: The ener gy 14 andrate eonstantd[ &&ked for sCls 1fi 3 reactions HCHO, as well as
various other co -reactants from other literature studies

& s [kJ mol Y krHeo[102 cm?® s
sCl #sCl  H, CO HCHO  CRCH=CH Kucto  KCRCH=CH
CHOO 1 745 17.6 -20.8 -12.8 27.9 1.76
SynCRCHOO 23 - 32.6 -11.6 -13.8 2.69 77.9
Anti-CRCHOO 24 52.3 25.1 -19.0 -16.9 24.9 285
Reference 27 372 This study 305 This study 305
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The syn- & anti-CFk; groups induce similar trends to those seen previously, where sCI 3
exhibits larger kexpvalues than sClI 2 for reactions with H 0, (H20);, SO, and
MeOQH?>>141402420 Qne grea of divergence with the other computational literature is that,

unlike sClI reactions with CFsCH=CH, CO, and H,, sCI 1+ HCHO has a lower energy TS
barrier and larger krueovalues than sCl 24 (see Table 5.3).

Figure 5.4 shows that there are several other important differences between the HCHO +
sCls 23& 24 PES with that of the sCI 1+ HCHO PES, including that the HOZ produced by
HCHO +sCls 23 & 24 has multiple conformers that can interconvert over a small TS noz
barrier (~20 kJ mol ). The second difference is that, whereas sCl 1+ HCHO is the only sClI
source for its HOZ, the HOZ in figure 5.4 has three sCl sources, sCl 23 + HCHO,sCl 24 +
HCHO andsCl 1+ CRCHO. This means that each of these three sCI + aldehyde reactions

can, via HOZ formation followed by use of a cyclo -reversion mechanism, interconvert to
the other reactant pairs.
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Figure 5.4: The collective potential energy surface for sCls 23 & 24 + HCHO andsClI 1 + CRCHOreactions

with minima energy structures of each HOZ fragmergétﬁg.displayed. Energies are relative to raw sCl 24 +
Another major difference between the sCls 23& 24 + HCHO reactions with sCI1 + HCHO
is that due to the extra -CF; substituent group in sCls 23 & 24, there are three additional
HOZ decomposition pathways for these systems, and their mechanisms are displayed in
Figure 5.4. These three extra reaction channels are: the TS esrerchannel, which produces
CROCHO + HCHO; Ti&a which produces a CRCOOH (TFA) and HCHO, via a onetep
mechanism; and TS 1, which produces TFA and HCHO, using a twastep mechanism that

proceeds via a new HAE. For full molecular geometries of all stationary points in this
reaction, see Appendix Section 8.2.

These three new mechanistic pathways are verified in the Jalan et al. computational

study, where the sCI 1+ CHCHO reaction produces an HOZ with an extra i CH; group.
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Much like the extra A Ck group for sCls 23 & 24, this extra CH 3 group opens up new
channels that produ ce: HCHO + CHCOOH, via either a one or two step mechanism; and
HCHO + CEOCHO*° Ma Qiaoet al. found that the extra i Ph substituent in sCI 12 +
HCHO, also opens up three new channels, that produce HCHO + PhCOOH or PhOCH®

There are two cycloaddition steps for sCI 1+ CRCHO, which depend on the approach
direction of the CF ;CHO. The-CF; substituent in the TS ¢ 3 points in the opposite direction
to the terminal O and produces HOZ 1, whereas with TS 4 the -CR group points in the
same direction as the terminal O and produces HOZ 2. As noted in Figure 5.5, for sCl 1+
CRCHO, both TS steps are barrierless and therefore the kg.q limit, (~6.50 x 10"° cm?® s?)
becomes the krueoconstant. 3°°32° All barrierless channels are explored using a relaxed

energy scan, explained further in Method Section 2. 1, and found in Appendix Section 3.2.
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Figure 5.5: Fractional Populations of reactants and products for the sCl 1+ CRCHO reaction over time. For
full details on the conditions of the reaction see Appendix Section 3.1.4. Excess CECHO reagent
concentration is ~1.0 x 106 molec./cm 3.

There is a significant yield of TFA, as shown in Figure 5.5, but of the two mechanistic
pathways that produce TFA + HCHO, the two step HAE pathway produces a higher Brs:
(~0.120) than the dire ct transfer pathway Brse. (~ 0.019).%8 This is due to a lower barrier
to the 2 -step HAE channel (TS 1 ~66.4 kJ mol™) than that of the direct transfer TS tra
barrier (-46.3 kJ mol™) following the similar trends observed for the TS pand TSac
pathways in the sCI 1+ HCHO reaction. Many of the reactions here have multiple
transition states (denoted as subchannels) which differ only subtly based on conformer
choice, so for clarity only the lowest channel is shown. However, all channels have been
computed and can be found in the Appendix Section 3.4. Interestingly though, for the
reaction channels that produce TFA (TSp and TSrea) there is only one reaction subchannel,
as they emerge from HOZ decomposition via H-transfer from the -CHCE- section of the

HOZ, which has only one hydrogen to transfer.
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In contrast the two highest yield HOZ fragmentation pathways that produce CF ;CHO +
HCOOH, T62 and TSa. do have multiple subchannels. This is primarily because the TS p 2
and TSeac pathways are accessedby H-transfer from the -CH- section of the HOZ and these
two H atoms are in chemically distinct environments . Both subchannels from the multistep
fragmentation exhibit significant yields of CF 3CHO + HCOOHHrs, 2 ~0.398 & Brs,3 ~0.084).
The direct trans fer mechanism sees the same pattern of the TS rac 1 (-50.6 kJ mol™) having
a higher energy than TSrac 2 (-58.1 kJ mol™), but they collectively produce a small product
branching fraction (Brueo~ 0.064). For sCl 1+ CRECHO, there was very little overall yield

(<<0.01) for BesterBscl 23+HcHOaNd Bsci 24+HCHO

Table 5.4: The full final product branching fractions of each sCl + aldehyde & ketone reaction.

Reaction Final Product Branch ing Ratio Exit

sCl + HCHO BsCI1+RCRO  BHCHO+RCROO  BHCOOHRCRO  BTFA+HCHO  BEster+HCHO
sCl 23+ HCHO 0.993 7.40 x 10° 0.006 0.001 1.78 x 10”7
sCl 24 + HCHO 0.991 3.92 x 10°® 0.007 0.002 1.02 x 107
sCl 25+ HCHO 0.843 9.40 x 10° 0.156 - 3.06 x 10°
sCl 26 + HCHO 0.842 8.13 x 10° 0.158 - 4.98 x 10°
sCl 1+ RCRO anE'_*Rngggo syE*RICCHFgO* o BHCOOHRCRO ~ BTFA+HCHO  EEster+HCHO
sCl 1+ CRCHO 1.47 x 10° 2.49 x 10° 0.823 0.177 2.14 x 108
sCl1+ CRCFO 3.10 x 10 3.51 x 1012 ~1.000 - 1.74 x 107

In the computational analysis of HOZ decomposition, both the results of sCl 1+ CHCHO by
Jalan et al. and the results of sCl 12 + HCHO by Ma Qiacet al. show similar trends to sCl 1
+ CRCHO in this work.'®4%° Firstly, the lowest energy barriers are for the two -part
channels via the HAEs rather than the direct H -transfer channels. The second trend is the
high yield of formic acid pathways, which are controlled by differences in barrier heights,
inthe sCI1+CH:CHO r eac THad n <(TSelEEfo] <TBEPcH]). Finally, the

Jalan et al. and Ma Qiaoet al. calculations of sCl 1+ CHCHO andsClI 12 + HCHO
respectively, also exhibit very high barriers for the ester pathways (-13.8 & -33.9 kJ mol
1).

Despite the fact that through a mutual HOZ intermediate product they are part of the

same PES(see Figure 5.4), the calculated sCl 1+ CRCHO reaction produces only very low
branching ratios for the cyclo -reversion pathways to sCl 23 + HCHO &sCl 24 + HCHO.
Given that the energy of the sCl 1+ CRCHO reactants are ~20 kJ mol* below both sCI 23
& sCI 24 + HCHO their low Bsci 23+HcHoand Bsci 24+HcHovalues were foreseeable. However,
cyclo-reversion to sCl 1+ CRCHO species fromsCls 23 & sCl 24 + HCHO has no TS batrrier,
unlike the other HOZ fragmentation channels and so the final product branching ratio of

sCl 1+ CRCHO (calculated using the reverse inverse Laplace transformation method
described in Method Section 2.5) is likely to be noteworth y. Indeed, the sCl 23 + HCHO
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reaction produces an even larger Bscii+HcHovalue (~0.993) than might be expected
considering the low barriers to the other HOZ fragmentation products: TS p 1, TSea TS 2
& TSac On the other hand, the high Bsci+HcHovalues may be explained by the large kg.q
value (see Table 5.2 in Section 5.2), used as the pre -exponential factor in the reverse
inverse Laplace transform, and also perhaps from the increased entropy gain during

fragmentation.
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Figure 5.6: Population fraction of reactants and products for the  sCI 24 + HCHO reaction over time. For full
details on the conditions of the reaction see Appendix Section 3.1.4. ExcessHCHO reagent concentration is
~1.0 x 10'® molec./cm 3,

Asshown in Figure 5.6, the fractional HOZ decomposition for sCI 24 + HCHO is similar to
that of sCl 23 + HCHO. This is because, as the energy difference between of sCls 23& 24
is very small (~3 kJ mol ™) and so, aside from the different cycloaddition chann els, the PES
for the reaction is essentially the same. There are some slight changes of yields, where
BHcooH + cieHois ~0.0056, but this is still effectively negligible comparedto  Bsci 1+ ckcHO
(~0.993). The most significant result from this HOZ fragm entation is the dominance of Esci
1+ CRCHO(~0.99) for sCls 23 & 24 + HCHO compared to the dominance of BHCOOH + CfeHO
(0.823) & Brra + HCHO(0.177) for the sCl 1+ CRCHO reaction.

5.3.3 HCHO + sClIs 25 & 26 and CKECFO + sCI 1 Reactions

Compared to sCls 1, 23 & 24, the reaction of sCl 26 + HCHO has a significantly lower TS
barrier and therefore produces a considerably larger krueo(1.67 x 10 cm?® s1). However,
Figure 5.7 shows that sCI 25 + HCHO is so reactive that the reaction is barrierless and the
Kg-a limit (~7.20 x 10"° cm? s*) effectively becomes the krueovalue. This is a notable
observation as sCI 25, which has the more bulky -CF group in the syn position, has a
larger krieothan sCI 26, which has the -CFK in the anti position. This reverses the trend

observed both in the literature and other parts of this thesis, where sCls with bulky  syn
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groups have reduced kexrand krneg compared to their anti counterparts, for example in

the cases of both CHSCHOO and CFCHOQ 193273

syn-CFk; groups, may act to reduce COO moiety, the additional

the increase in reactivity of the COO group, as see

305.372402 However, while these syn-CH &
i F groups in sCI 25 explains
n with the computational chemistry of

the reactive and highly fluorinated sCl 7 reactions with CO», MeOH and CH.%24372 While

there is also an increase in COO reactivity caused

by the syn-F group, it is a more marginal

increase than caused by an anti -F group, as shown in the sCls 5& 6 + MeOH reactions in

Section 4.4. This may explain why sCI 25, which has an anti -F substituent, is more

reactive than sCl 26, which has an syn-F substituent. 3274:372
sCI25
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Figure 5.7: Full PES of the sCls 25 & 26 + HCHO andsCI1 + CRCFOreaction.
Energies are relative to raw sCl 25 + HCHO.

The cycloaddition reactions of sCls 25& 26 + HCHO andsCl 1 + CRECFO produce the same
short-lived HOZ intermediate generating a unified PES, as shown in Figure 5.7. Similar to
the phenomenon seen for sCls 23 & 24 + HCHO, each cycloaddition pathway can also
provide a cyclo-reversion HOZ fragmentation mechanism. One key difference with sCls 23
& 24 is that the >CH-CR section of the HOZ is instead a >CFCFR; section, which means that
all pathways that pro duce TFA (TS 1 and TSes) become unavailable. These HOZs still
breakdown to produce CFsCFO + HCOOH, via Tssand TSa 1 & 2, and they produce
CROCFO + HCHO, T&Srerl & 2.

While sCl 1+ CRCFO is not barrierless, the TSc 3 & 4 structures have low energy barriers ( -
26.7 & -22.4 kJ mol™) and generate large krreo(1.98 x 10"? cm® ). sCl 1+ CRCFO not
only supports the lowest energy barriers in the HOZ fragmentation pathways, but it is

around ~100 kJ mol™* lower in ener gy than sCls 25& 26 + HCHO. This leads to significant
disparity between the high Ecii+crcrovalues for the sCls 25& 26 + HCHO (0.842 & 0.833)
and the low BEcizs+HcHoand Bcize+HcHovalues (<0.001) for the sCl 1+ CRCFO.
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Figure 5.8: Population fraction of reactants and products over time for the sCl 26 + HCHO reaction. For full
details on the conditions of the reaction see Appendix Section 3.1.4. ExcessHCHO reagent concentration is
~1.0 x 10'® molec./cm 3.

Figure 5.8 shows that the 1 -step TSeac barriers (-121.9 & -104.3 kJ mol™) are in fact lower
than that of the two &tep HAE pathway (-65.0 kJ mol ™), a change from the HCHO + sCls 1,
23 & 24 reactions. The 1-step TSac pathway is very important because alth ough it has
modest product fragmentation fraction (~0.16) inthe sCls 25& 26 + HCHO reactions, in
the sCI 1+ CRCFO reactions the B:ac value dominates (>0.999). While sCI 25 + HCHO have
unusually low TSester barriers (-62.9 & -51.5 kJ mol™?), the Bester is still very low ( L 0.001).)

5.3.4 Overview of HFO -sCl+ HCHO reactions

In conclusion, sCI 1trends in reactivity observed here are consistent with any prior
literature available. For example, anti-CRCHOO isobserved as being more reactive than
its syn-conformer, and sCls with -F groupshave the largest krueovalues. Overall, this
means that the HFO-sCls + HCHO reaction produce the following trends: krueo (SCl 23) <
ktheo (SCI 24) < ktheo (SCI 1) < ktheo (SCI 26) < K44 (SCI 25). The trend seen for sClI +
aldehyde reactivity are as follows: ktheo (CRCFO) < kiheo (HCHO < krheo (CRCHO).

HOZ decomposition of sCl 231 26 + HCHO produce quite complex patterns compared to sCI
1 + HCHO, the PES being unified withthat of the sCI 1+ CRCHO/CKECFO reactions. Two
consistencies across all reactions are that that pathways that produce esters have

negligible branching fractions and all HOZ fragmentation pathways produce an aldehyde
co-product. While there is complexity in the analysis of these PESs, some general trends
remain significantly similar across the sCI 23126 + HCHO reactions, with the dominant
pathways yielding sCl 1+ CECHO/CRCFO and the smaller secondary channels produce
either TFA (if pathways are accessible) or HCOOH. HOZ fragmentation of sCI 1 +
CRCHO/CRCFO does not lead to sCls formation, instead generating formic acid and TFA.
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5.4 HFO-sCls reactions with Sulphur Dioxide (SO »2)

The sCI + SQ@reaction is studied due to its significant prominence in the literature, which
is due to the dominant final product of the reaction being SO 3. SG; is a source of
organosulphates and is involved in the formation and growth of secondary organic aerosol
(SOA) nuclei }®**4°45! This process of SQ promoting nucleation is of considerable
importance because these aerosols are an airborne solid, liquid or multiphase suspension
of particulate matter, which can seriously affect climate temperatures, through absorbing
or scattering solar radiation (depending on the aerosol type), and can gravely harm human
health, by causing serious respirator y problems and premature death. 7375452 Angother
major atmospheric role that sCl + SO reactions provide is an effective gaseous sCl sink.
Depletion by SO, is thought to cause ~1% loss ofsCI2i n r ur al Europeymt o ~22%
CH-anti -(trans-CH=CH)C O Oin boreal forest. 4>

54.1 The sCl 1+ SO Reaction

As in the case of HCHO as a cereactant, the sCIl 1+ SQ reaction undergoes a

cycloaddition step (TSexo& TSenog to produce a heteroozonide. To prevent confusion with
the sCI + HCHO reaction, these particular cyclic ozonides are referred to as secondary
ozonides (SOZ). Figure 5.9 displays the cycloaddition steps. TSexo& TSenoolead to the
formation of the diastereo meric exo- and endo-SOZ conformers, referred to as SOZs 1 & 2.
The rate adetermining cycloaddition steps for sCl 1+ SQ proceed through TSexoand TSnoo
channels, which are both barrierless, which means that the appropriate rate constant for

this reaction is the kq.q value (7.25 x 10 cm?® s%). This leads to a small overestimate of

the kexpvalues reported in literature for sCI 1+ SQ (3.3 4.1 x 10™ cm?® s%), although the

theoretical analysis of Kuwata et al. also displays the reaction as

bal’rieﬂeSS 145,178,191,440,454,455
0—CH, 0----CH 0° s7° /?““’(I:Hz_> P CH,
O§s//o\ | —~— o 7 :l 2 - 1l + I —_— SL__O\IO 3/0\ |
(o] < L——O\' Pt 1 (o]
S o H H I
o
S0z 1 TSxo sCl 1+ SO TSnpo SOz 2

Figure 5.9: Cycloaddition Step of sCl 1+ SQ reaction

Both the SOZs that are formed in the sCI 1+ SQ reaction can transition to each other via
a low pseudo-rotation barrier, TS soz shown in Figure 5.10, meaning they can freely
interconvert. However, one important observation of this reaction in a study by K uwata et

al. is that interconversion of the SOZ conformers via the inversion of the S atom requires
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>180 kJ mol* excess energy, which is far greater than both cyclo -reversion (via TSexo&
TSnod and SOZ fragmentation pathways.***
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Figure 5.10: The potential energy surface of sCl 1+ SQ with SOZ fragmentation mechanisms displayed.
Energes are relative to raw reactants .

In this study, the two types of SOZ decomposition pathways calculated for the sCI 1+ SQ
reaction, TSsa or TSucid, both of which are single step mechanisms (see Figure 5.10). This
is different to the sCl + HCHO reactions, which have multistep HAE channels. Of the SOZ
decomposition final products, SO 3 + HCHO, produced via TSa 1 & 2, dominates with a
yield of Bsa ~0.966 with a subordinate yield of HCOOH + SQ, produced via TSacid 1 & 2

(Bacia ~0.034). This is a similar Bsa dominance that was shown in the Kuwett et al. study
for sCl 1+ SQ (Bsa ~ 0.97371 0.984).1*

An extended study of the SO, reactions with sCls 1& 4 by Kuwata et al. is amongst the
most comprehensive computational studies examined in the literature and it  explores
numerous major and minor SOZ fragmentation pathways. Many pathways are like those
displayed in figure 5.10, but one SOZ fragmentation pathway includes a homolytic O -O
bond fission to produce a 1,5 -(bis)oxy diradical intermediate product. While thi s 1,5
(bis)oxy diradical intermediate further fragments to generate important products, such as
SOCO rings, sulphurous anhydrides or 1,3(bis)oxy diradicals, the Kuwata et al. study
showed that these pathways had a minor contribution to the sCI 1+ SQ branching ratios.

These 1,5 (bis)oxy diradical pathways are not explored here for sCls 1& 23126 + SQ
based on this observation of negligible branching. ***

5.4.2 SO Cycloaddition of sCls 23 & 24

Unlike the barrierless cycloaddition processes of sCls 1& 24726 + SQ reactions, sCl 23 +

SQ has real TSxoand TSnpobarriers linked with reactants and products through complete
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one-dimensional IRC profiles (see Appendix Section 8.3). The existence of TSexoand TSnpo
structures seen for sCl 23 + SQ provides assurance that sCl + SQ reactions proceed via
two cycloaddit ion channels (as shown in Figure 5.9), which had previously only been

implied by asymptotic minimum energy pathway calculations.

Based on the indication that the exo- and endo- pathways are barrierless for SO, reactions
with sCI1 & 24126 it is assumed that both pathways are exploited equally and the ratio

of exo-SOZ 1endo-SOZ 2 produced is very close to 1:1. But assCl 23 + SQ is not
barrierless, the yield of the different SOZs depends on the proportion of the  krneothat
occurs via TSy (0.307) or TSendo (0.693) respectively. Also, as sCl 23 + SQ uniquely has
cycloaddition energy barriers (~18 kJ mol %), this reaction generates the lowest total  krneo
value (~1.90 x 10*? cm?® s™) of all sCI + SQ reactions in this study. On the other hand, the
rate constant of sCl 24 + SQ, like sCl 1, is limited by the kq.q value (4.08 x 10"° cm?® s%)
because of the barrierless rate -determining step. This follows the pattern observed in the
reactions of HCHO, aswell as the krueoanalysis for CQ,, H; and CRCHCH, all of which
suggest that sCI 23 is much less reactive than of the sCls 1& 24.%733%372 Similar and
analogoussCls 2& 3 (syn & anti -CHCHOOQO) exhibit the same pattern with the sCI 2 having

a lower kexpwith SO, than the sCls1 & 3.141193454

When the R; & R; groups in an sCl are identical, sCl + SQ reactions such assCIl 1+ SQ
(seen previously in Figure 5.10), or sCI 4 ((CHs).COOQO) + S@in the Kuwata et al . study, the
endo- and exo-SOZs interconvert freely. However, in the Ku wata et al. study it is also
noted that the SO ; reactions with sCls 2& 3 produces stereochemically distinct SOZ
conformers, due to the very high barrier to S inversion. *** This continues for CFsCHOO as
sCl 23 can react with SO, to produce both exo and endo SOZ conformers, but these cannot
interconvert without cyclo -reversion back to the sCl 23 and SQ. This is also true for sCI
24 + SQ, which produces endo and exo conformers, SOZs 3 & 4. The pseudo-rotation
barrier, TSsoz can facilitate interconversion fr om SOZ 1 to SOZ 3 through T&:z1, and SOZ
2 to SOZ 4 through TSoz2. This SOZ interconversion is shown in Figure 5.11 and this same

phenomenon is also observed for sCls 25& 26.
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Figure 5.11: Structures and Relative Energies of Secondary Ozonides Formed by SQ + sCls 23 & 24 Reactions.
Energies are relative to raw sCl 24 + SQ.

The fact that SOZ 1&3 are stereochemically distinct from SOZ 2&4 is further reflected in

the fragmentation mechanisms, which are also stereochemically different. Th

isis seenin

Figure 5.12, with TSsaQ 2, TSacid 1 & TSester 1 Only accessible from SOZs 1&3 and TSa 1,
TSicid 2 & TSester 2 are only accessible from SOZs 2&4. This contrasts with sCl 1+ SQ, which

is an example where all intermediate product conformers h ave access to all transition

states in that system, as all the intermediate products readily interconvert.
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Figure 5.12: PES ofsCls 23 & 24 + SQ featuring lowest energy SOZ breakdown mechanisms.Energies are
relative to raw sCl 23 + SQ.

This type of non-interchangeable, stereochemically -distinct SOZ conformer and
fragmentation phenomena is likely to extend to other sClI reactions too. For example,
reactions between mono -substituted carbonyl molecule, such as CHCHO, and
monosubstituted sCl, such assCl 23 & 24, are also likely to produce stereochemically
distinct non -interchangeable HOZs, depending on the relative orientation of the

reactants, 191425453

Table 5.5: Overall product branching fractions for SO ; reacti ons with of sCls 23fi 26 (for full details on use of
kd-a values as the pre-exponential conditions of reactions see Appendix Section 3.1.4).

Reaction Final Product Branching Ratio Exit
sCl + S@ sCl# bBsq+aldehyde BsQ+acid BsQ +Ester Bsa + other CI
CHOO+ SO 1 0.968 0.032 N/A N/A

synCRCHOO + S©@ 23 0.9922 0.0019 <0.0001 SQ + CI3: 0.0059
anti-CRCHOO + S 24 0.9973 0.0027 <0.0001 SO + Cl2: <0.0001
synCRCFOO + S® 25 0.9860 N/A 0.0090 SQ + CI5: 0.0050
anti-CRCFOO + S 26 0.9955 N/A 0.0045 SQ + Cl4: <0.0001

With a high Bsa+crcHo (~0.99611 0.997), a low yield of acid ( Bsa+TFA~0.002f1 0.003) and
negligible ester yield, sCls 23& 24 + SQ reactions produce similar branching ratios to sCl
1 + SQ (see Table 5.5). In contrast to the high yields of Cl pathways from HCHO reactions
with sCls 23& 24 (>0.80) in section 5.3, the cyclo -reversion yields for sCls 23& 24 + SQ

are small (Bsa + other c1 <0.006).)

5.4.3 SO cycloaddition of sCI 25 & 26

Reactions of SQ + sCls 25& 26, whilst similar to sCI 23 & 24, have several crucial
differences including that the exo- and the endo- cycloaddition channels for both sCI
conformers are barrierless (see in Figure 5.13). Therefore, all kvevalues exceed the

dipole i dipole capture limits ( Kg.a ~4.51 & 4.42 x 10*° cm® s!). While there is little
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experimental precedence, the large krneovalues for sCls 25& 26 + SQ that result from
using the kq.q values are similar to kexpvalues for other sCI + SQ reactions (~10** i 10

cm?® st), 141184193414 The high reactivity of sCls 25& 26 + SQ corroborates with the large
krneovalues of sCls 25& 26 + HCHO reactions.

SOZ fragmentation for sCls 25& 26 forms only TSsa & TSester as there are no H-atoms in
the right location on the SOZ structure for TS aciq to take place. As with sCls 23 & 24, the
cycloaddition produces two sets of non -interchangeable SOZs and therefore both SOZ

channels exhibit at least 1 TS sa and TSs.er decomposition pathway. Despite the divergent

TSsa & TSester barriers (see figure 5. 13), the breakdown of SOZ1/3 and SOZ2/4 have similar
Bsa+crcrovalues (0.987 & 0.995).

The TSester barriers are low in energy ( -83.9 & -69.3 kJ mol™) compared to those of sCl 23 +

SQ (-11.1 & 5.63 kJ mol ). These lower TSeser €nergy barriers give rise to more

competitive, if still small, Bsa+Ester values for SO, + sCl 25 (~0.009) and SQ + sCl 26

(~0.004) compared to that of the SO , + sCls 23 & 24 reactions (<0.001). sCI 26is 13.0 kJ
mol™ lower in energy than sCl 25 but otherwise the PES are very similar and therefore the
SOZ fragmentation branching ratio of the dominant TS sa pathway for sCl 25 + SQ
(Bsa+crcFo~0.991) and sCl 26 + SQ (Bsa+crcF0~0.996) are also comparable.
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Figure 5.13: PES ofsCls 25 & 26 + SQ featuring lowest energy SOZ breakdown mechanisms. Energies are
relative toraw sCl 25 + SQ.

As with the sCIs 23 & 24 + SQ reactions, the cyclo -reversion channels for the sCls 25& 26

+ SQ reactions do not contribute significantly to the SOZ fragmentati on branching ratios

(Bsa + other c1<0.01) with Bsa + aldehyde SO heavily dominant. The theoretical analysis of SOZ

decomposition for sCl 4+ SQ, produced by Kuwata et al. , is the closest analogous system
in the literature. Both show a similar

Bsa+rRoC(0)R (0.025). 1%

Bsa+ rRcro (0.962) dominance over that of
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5.4.4 Summary

In summary, the SO, + HFQsCI reactions follow similar 2 stage PES structures observed for
HCHO + HF&sCI, not-withstanding that the SO , reactions do not undergo significant SOZ
fragmentation via cyclo -reversion. As with sCl + HCHO reactions,sCI 23 + SQ exhibits the
lowest krueovalue, of the sCl + SG; reactions in this chapter. However, as the rate
determining steps for SO, reaction with sCIs 1, 24, 25 & 26 are barrierless, they resist the
trend seen sCI + HCHO reactions and instead adopt very similar kq.q values as rate
constants. SG; + RICRO is the dominant set of products ( B> 90%) for all SOZ
decomposition pathways, with branching contributions of pathways following this trend:

Bsa+ rRCcrRO|  Bso+ RC(0)OH> BSQ+ROC(O)R.
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5.5 HFO-sCl Reactions with Organic and Inorganic Acids

Both organic acids, such as TFA and carboxyic acids, and inorganic acids, including HNO 3
and HCI, have significant abundance in a wide variety of tropospheric environments, as
shown in Appendix Section 3.3,210:272:305:427:444.447456 Khan et al. , have found sCls to be
competitive with OH radicals as bimolecular sinks f or many of these acids, including TFA
and HNQ.™* A computational analysis of sCls 1& 231 26 reactions with example organic
and inorganic acids, TFA and HNQ, was completed and is analysed further in this section.
Given the importance of sCl depletion to tropospheric acids, these reactions m ay make
significant contributions to atmospheric models.

5.5.1 HFO-sClIs Reactions with Nitric Acid
The primary reaction mechanism of the sCI + HNOsr eact i oni,nsaerotli,odfn 6, i s sh
Figure 5.14 and it leads to the formation of nitrooxyalkyl hydroper oxide (NAHP) product.
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Figure 5.14: The potential energy surface of HNO 3 with sCl 1 and sCI 25. Energies are relative to raw
reactants.

Previous computational analysis of the sCI 1+ HNQ reaction, seen in the Raghunath et al.

and Veercken studies, show two signifi-cant obser
insertiondé that also produces nitrooxyal kyl hydr
NAHP fragmentation pathways.*"“3*! However, the 1,2 -insertion has not been explored in

this thesis because the Veercken study shows it is over ~30 kJ mol™* higher in energy than

the equivalent 1,4 -insertion, shown in Figure 5.14. The secondary NAHP fragmentation

pathways analysed by Raghunathet al. and Veercken do not appear to contribute to the

understanding of HNO; or sCI depletion, the focus of this study. Also, unlike the

intermediate products of sCl + HCHO or SQ reactions, this NAHP fragmentation occurs

over significantly longer time and so is beyond the scope of this study. 743!
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None of the HNG; + sCl reactions are barrierless, but the barrier height varies significantly
dependi ng 0 nNTsck A-89.1kDmol?, (=& =-359kIJmol?, Tk =-48.3kJ
mol™, e =-52.5kImol* & amk.s=-57.2 k mol™?). The trend in reactivity indicated
by these barrier heights reflect the HFO -sCI reactivity seen in previous sections (Ksci 23 <
Ksci 24 < ksci1 < ksci 26 < ksci25). However, given the high reactivity of the sCI 1+ HNQ
reaction, shown in the large kyevalue (8.21 x 10°cm?® s, the kq.q limit ( 8.45 x 10°cm® s
1 is used as the rate constant. The use of the kg4 value is validated by it producing a rate
far closer to the kexp[295 K] value (5.4 x 10" cm? s!) reported in the Foreman et al.

study.

Whilst sCl 25 + HNQ has the largest kyevalue (9.25 x 10'¢ cm? s, following the trend

seen for the other sCls 23i 26 reactions, the kq. limit (5.26 x 10 "% cm?® s?) reduces the
rate constant to below that of the usually less reactive sCI 1+ HNQ. One noteworthy
anomalous result is the unusually large krneovalue (8.87 x 10 cm? s?) for sCI 24 + HNQ.
The medium reactivity of sClI 24 usually leads greater rate constants than its syn
equivalent, as shown by the krneovalue of the sCI 23 + HNQ (2.06 x 10 cm? sY), but here
it also exceeds the krneovalue of the HNO; reaction with sCI 26 (ktheo~7.57 x 10 cm?® s?),

a usually very reactive sCl.

5.5.2 HFO-sCls Reactions with Trifluoroacetic Acid (TFA)

The TFA reactions with sCls 1& 23 26 all proceed via a barrierless mechanism, similar to
that of HNOs3, to produce hydroperoxy esters (HPE). Figure 5.15 displays and confirms the
barrierless nature for TFA + sCI 25. All sCls 1& 23/ 26 + TFA are shown to be barrierless

through similar calculations of each MEP in Appendix Section 8.5.

& &
S o

C—g

&
S
y
‘I/

-100 4
-120 4

w0 aO---o

-140-
-160-
-180-

‘200 T T T T T T T T
15 20 25 30 35 40 45 50

C-0O Bond length (A)

'
FC %

Relative Energy (kJ mol”)

Figure 5.15: The barrierless minimum energy pathway for sCl 25 + TFA reaction. Energies are relative to raw
reactants.
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As all TFA reactions with HFO-sCI are barrierless, their calculated rate constants exceed
Ka-a values (3.98 87.54 x 10 cm?® s?). The kexpfor TFA reactions with both sCl 1 (3.4 x 10
0em?® s1) and the usually much less reactive sCl 4 (6.1 x 10'°cm?® s?) are both quite close
to their Kg.q limits (7.54 & 7.57 x 10'°cm? s* respectively). **° This provides experimental
verification that the TFA + sCl reactions are very energetic and therefore that the  Kg.q

limit calculation is a reliable method for computing their rate constants. 3%

5.6 sCIl Reactions with Water Monomer and Dimer

The sCl + HO & (H20). reaction is a dominant loss mechanism for many tropospheric sCls,

due to their large kexpvalues and the high abundance of H.O & (H20). in the

troposphere.™?#Sj gni fi cant fractions ehjdrokyhese reacti on:
hydroperoxides (HHP), compounds implicated in forest damage and associated with

generating important secondary products like H 2O, organic acids and

aldehydes 1323893904576l g ¢ | g wi t h -Haatoms in thebsyn@ositibn (e.g. sCls 2& 4)

can undergo a 1,48 transfer to produce a vinyl hydroperoxide (VHP). 931929 This VHP

formation can be catalysed during reactions with H >0, (H>O),, H.SQ, HCOOH & MeOH.

Despite VHP formation being competitive with HHP formation in many sCl + H >0 reactions,

this analysis of HFO-sCl + HO & (HO), reactions focuses exclusively on HHP formation, as

sCls 1& 231 26 lack the necessary syn-UiH atoms required to exhibit VHP channels.

5.6.1 H>O reaction with sCIs 1& 231 26

The sCls 1& 23126 + H,O systems react via the TSqup 1 or TSunp 2 channels, depending on
the orientation of the non-reactive O-H bond (see Figure 5.16), producing readily
interchangeable conformers of the same HHP. Much like the reactions with HNO 3 & TFA,
further breakdown of the HHP product occurs over such lengthy timescales (~2 days) that
exploration of HHP break down is excluded from this study. 3°*4¢2 The lowest energy TSunp
structure depends on the sCl involved (as observed in Figure 5.16). Unusually for the two
syn-conformer, sCls 23& 25, TSuwp 2 has the lower energy, whereas TSuwe 1 has the lowest
TS barrier energy for sCls 1, 24 & 26.
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Figure 5.16: The potential energy surface of the sCI 23 (in black) & sCI 24 (in red) reactions with H 20.
Energes are relative to raw sCl 23 + H,O.

The computed reaction of H ;O with sCI 1is consistent with prior experimental and

theoretical studies. The TS barrier calculated for this chapter is not submerged (14.3 kJ
mol™) and is similar, albeit a little higher than those calculated by Anglada and Solé (6.3

or 9.3 kJ mol* depending on the method used) for the same reaction. ** The energy
barrier for this chapter produces a kue (1.18 x 10 cm?® s) which is within range of kexp
values (0.25 813 x 10 cm?® s?), and is particularly close to the value of Sheps etal. (Kexp
[293 K, 50 Torr] = 2.4 x 1072 cm? g1), 5>178:387463464 The kye value is in agreement with
literature studies suggesting that the sCI 1reaction has a lower kexpwith H 20 than with
HNQ, SO, or TFA 14%:178.272:309.440454.455.465 Throyghout this chapter, the krueovalues for all

HFOsCI + HO reactions are all lower than those for equivalent HFO -sCI reactions with
HCHO, S@and HNQ.

The calculations of H>0 reactions with sCls 1, 23 & 24 extends the reactivity trends of this

chapter such that the rate constant ordering follows the pattern:

Ksci 23 < Ksci 24 Oksci 1. This
is also somewhat consistent with previous literature studies of sCl reactions with CH 4, H, &

CRCH=CH, where sClI 24 is more reactive than sCI 23.2"33%372 One extra observation
worth noting is that sCls 25& 26 have a negative temperature dependence, 200 K < T <
400 K, whereassCls 1, 23, 24 + H0 all have a positive temperature dependence. The

breakdown of kve by temperature can be observed in the Appendix Section 3.1.

It is also worth considering if fluorination of a  syn-/ anti -ChH; group, has a significant
impact on the sCI + H»O reaction kinetics, by comparing H ,O +sCls 23 & 24 from this

chapter with H ;O +sCls 2& 3 (syn- & anti-CHCHOO) from the Angladaet al. studies.%>2%
The significant impact of fluorinating methyl groups is shown in the energy differentials

between syn & anti conformers, with H ;O +sCls 2& 3 seeing much larger disparities

between their TS unp 1 barriers (22.34 & -5.02 kJ mol™ respectively), whereas H ;O +sCls 23
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& 24 a see only a small differential in barrier heights  (25.70 & 12.20 kJ mol*

respectively). °>2%® One major cause of this change is that the destabilising effect of a
hyperconjugative anti-CH substituent appears to be mitigated by fluorination, reflected

by the drop in krueobetween sCI3 + HO (1.35 x 10" cm?® s?) and sCl 24 + H,O (1.12 x 10'°
cm?® st 141193388411 The hyperconjugative effect of having WH atoms in the anti-CHs
substituent may explain this large gap in reactivity between sCls 3& 24. A further
examination of fluorination on syn & anti-CH; groups is explored for sCl + alcohol

reactions, in Section 4.4.

An additional -F substituent in CFsCFOO conformers, compared to CRCHOQO, increases the
overall kyevalue regardless of whether it is an anti-F group or a syn-F group, such as with
sCls 25& 26 respectively (kro ~ 62.1 & 2.3 x 10'3 cm® s1). The enhancing effect that

both syn & anti -F substituents have on sClI reactivity, is also seen in an Anglada et al.
study where the sCI 8 + H,O reaction produces a very large krueovalue (4.65 x 101°cm?® s
1,19 This krstvalue for sCl 8 + H:O does exceed the kq.¢ limit determined using the CF 00
and H,O structures in this thesis (7.07 x 1010 cm? s1) but the trend is still clear. sCl + H ,0
reactions yield lower krueovalues compared to HFO-sClsreactions with HCHO, SQ, TFA or
HNQ, even with the -F substituent in sCls 25& 26.

5.6.2 Reactions between (H 20). with sClis 1& 231126

The mechanism for the sCI + (H.O), reaction is very similar t o the monomer equivalent,
except that the non -reacting H>O molecule in the dimer acts to catalyse HHP formation, as
shown in Figure 5.17. There are four subchannels for this reaction which depend on the
direction of the non -reactive hydrogen atoms, as seen in the case of the monomer
reaction. However, in this instance the difference between the four pathways is <5 kJ mol

!, Due to this small energy disparity between channels, the (H 20), + sCls 1, 23, 24, 25 &
26 all show a reasonably even contribution to kwe from all sub -pathways (referred to as

TSH.0). 1-4). Details of all the TS (H.0). barriers found in the Appendix Section 3.4.
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Figure 5.17: The lowest energy potential energy surface barriers for  sCl 26 reactions with H ;O and (HO)..
Energes are relative to raw reactants.

The small energy difference in barriers seen between subchannels is also borne out in the
computational analysis of the sA 1 + (H20). reaction by Anglada and Solé. In that study
the TSH.0). barrier heights range between -35.5 to -30.8 kJ mol™ or -31.4 to -26.3 kJ mol™
depending on the choice of theoretical method. 2% The range of TSH:0). barrier heights for
the sClI 1 + (H.0), reaction (-27.1 to -21.9 kJ mol™) generated for this chapter are similar
but slightly larger to those seen in the Anglada and Solé study. Despite the divergence in
barrier heights with the Anglada and Solé study, th e kveof the sCI 1+ (H,O), reaction
calculated for this chapter (3.28 x 10 "2 cm® s?) is very similar to the range of kexpvalues

reported in the literature (4.0 i 8.2 x 10112 cm? g't), 55:387:424.4660168

sCl 23
+ (H20), has the lowest kvevalue (2.71 x 10'2 cm® st). However, the ke of sCI 24 + (H20).
is greater (3.74 x 102 ¢cm® s*) than that of the sCI 1 equivalent, reversing the trend seen
for HNQ;s, H20 and HCHO. Thekye values of sCls 25 & 26 reactions with (H 2O), would

overwhelmingly surpass sCl 24, but the kg.q (~7 x 102 cm?® s?) restrains the size of those

The (H.O), reactions with sCI 23fi 26 exhibit some noteworthy results including that

krueoVvalues. This means that the krueodisparity between the H .0 and (HO). observed with
sCls 1, 23 & 24 (10 fi

105cm?® st). This has significant atmo spheric implications, discussed in Section 5.8.

sCls 25& 26 (10271 10® cm?®s?Y), is significantly smaller than that of

5.7 Impact of Heteroatom Tuning on sCIs Reactions withH -X (X =F, Cl,
OMe, SH and OH)

Within the literature, there is a theoretical study by Kumar  and Francisco, which uses a
ser i e sXdo freamiaHts (where X =0, S, Se or Te) to explore sCl reaction chemistry
ty. | t

wi t h

with respectto trendsinco -r eact ant reacti vi was
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periodic table, then the krueovalue increased.**! The process of substituting a single atom
in a co-reactant with another element further up or down the same group on the periodic
table, and the effect on bimolecular sClI reactions, is called heteroatom tuning of the co -
reactant. As heteroatom tuning effects were observed in computational studies of H >X
reactions with four different sCis ( sCls 1i 4), it might be the basis of a new taxonomic

grouping.

In previous studies of both ozonolysis of alkenes and sCI chemistry, common patterns,
centered on alkene or sCl structure, have been observed in experimental and theoretical
literature and they have been used as the basis of taxonomic groupings. In studies by
McGillen et al. and Vereecken et al. , these larger taxonomic groups of alkenes and sCls
are used as part of a model to predict the rate constants of alkene ozonolysis or
unimolecular decay of sCls. The application of such models can be observed when a large
group of organic peroxy radicals are often treated as the same 0 R4 molecule for the
purposes of atmospheric simulations modelling, such as AtChem 2.4

These taxonomy-based methods, if applied to sCls, are mainly used on the basis of the sCl
structure (e.g. syn or anti-sCl), or the type of substituents (e.g. halogenated), not on
features of a co -reactants. However, the heteroatom tuning study by Kumar and Francisco
is limited in scope an d has been extended greatly herein through computations of HFO -sCls
reactions with both Gr16 centred co -reactants (H.0, MeOH & HS) and Gr17 centred co-
reactants (HF & HCI).*** Whilst this studying of various sinks fo r significant tropospheric
gases, such as HO, HCI, MeOH & HS, are important, the trends observed in this section
could provide the core of a new taxonomy -based method of determining sCI bimolecular
chemistry using the co -reactant. If applied, these model s could reduce cost required to

run the large number and variety of sCl reactions in atmospheric simulations. 1818233

5.7.1 sCI Reactions with Hydrogen Sulphide (H 2S)

H.S is a common tropospheric gas, mostly abundant in localised regions that produce
geothermal power or have volcanic activity, but it is toxic and so  removal by sCls would be
beneficial to human health. 2889470 sC| + HS reactions have two TS channels and these

both produce the same hydrosulphide alkyl hydr operoxide.

The benchmark reaction, sCl 1+ H:S sees a drop in energy for the lowest TS reaction
barrier (4.3 kJ mol ") compared to sCl 1+ H.0 (14.3 kJ mol™), which is consistent with the
prior study by Kumar and Francisco.**! The changes in relative energies yield a kue for sCI 1
+ H,S (7.06 x 105 cm® s1), higher than sCI 1+ HO (1.18 x 1016 cm® s%). This is a similar
trend as observed in kexpvalues for the H,S (1.7 x 1022 cm® s*) and H,0O (0.25 813 x 10™'°

190



cm?® s reactions, °178:387:463.464.471 Both ke and kexpyield a difference of ~10 2 cm® s* upon
heterosubstitution, in line with the Kumar  and Francisco study.*** In fact the Kumar and
Francisco computational study shows that the further down Grl16 the H X central atom is,
the | ower the sCI + HxX reaction barrier. *** This disparity is suggested to be due to the
weaker covalent hydrogen bond of H .S, evident in the increased S-H vs. O-H bond

length. 44

—=—H,0
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1£:0 ] —=— MeOH
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Figure 5.18: A comparison of the impact that heteroatom tuning of the Gr16 centred co  -reactant (identity in
the legend) has on the bimolecular rate constant (k g of different HFO -sClI reaction. Of note in this figure is
the large increase in reactivity for sCls 25 & 26 + H,O and MeOH that is not observed in H,S reactions.

The impact of heteroatom tuning can be observed in the low barriers for sCls 23& 24 +
H:S (99 & 1.7 kJ mol ™) compared to their H 2O equivalents (24.6 & 12.2 kJ mol ). As
observed in Figure 5.18, sCls 23& 24 have larger kn;svalues (1.96 & 57.2 x 10'6 cm® s*)
than kr.0 values, a continuation of the pattern seen for sCl 1+ H,X. This higher reactivity
for sCl + H,S reactions continues the observations of Kumar and Francisco, which reported
lower reaction barriers for sCls 2& 3 + H,S (10.5 & -20.9 kJ mol™*) compared to H,0
equivalent reactions (22.6 & -7.5 kJ mol™).**! Despite the impact of heteroatom tuning,
sClI + HS reactions continue much of the reactivity trend ( Ksci 23 < Ksci 24 < ksci 1) seen for
much of this study.

While the addition of CF3 or CH; substituent groups seems to have little effect on the high
reactivity of sCI + H S reactions, the addition of the -F substituent groups seen in sCIs25 &
26, appears to induce stagnation in the reactivity of the sCI + H ,S reaction. The kve of sCls
25 & 26 reactions with H »S (60.8 & 1.23 x 10 cm® s) sees only a marginal increase due
to the introduction of the -F substituent, whereas with most other bimolecular sClI

reactions in this study, such as with sCIs25 & 26 + H,O (kue~51.3 & 2.27 x 10/ cm® s%),
the increase in kyeis large. While there ar e overall increases for both k.0 and ks values,
Figure 5.18 shows that the -F substituent leads to kn.0 exceeding kr.s for both sCls25 &
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26, an inversion of the trend seen for sCls 1, 23 & 24. However, this trend inversion,

where kHs < kH.0 for sCls25 & 26 reactions is unlikely to be caused by any increases in
steric bulk because the additional -F group is quite small. Also, despite the greater steric
bulk of sCl 4than sCls25 & 26, the Kumar and Francisco computational analysis of the sCI
4 reactio n shows that there is a higher energy barrier for reaction with H ,0 (17.6 kJ mol™)
than that of reaction with H ,S (2.9 kJ mol™).

Similar to the other reactions in this study, sCI 25 has the largest kve of the H S reactions,
with a change in kve between sCI 1 and sCI 25 less than one order of magnitude. This is

guite low compared to other reactions with other tropospheric co -reactants, for example

the case of H,O where the change is ca. three orders of magnitude. This is an indicator

that the heteroatom tuning trend, namely that the rate constant for sCl + H X increases
with the size of t hesCkXQ@38&24 bare, as wdll asdor sGsdh4f o r

in the Kumar and Francisco study, may not apply to sCls 5 & 26 reactions with H 2X.

5.7.2 sCIl Reactions With Methanol (MeOH)

The theoretical trends seen for sCl + H20 & H,S reactions (such ask.s > kn.0 for sCls 1, 23
& 24 and k.0 > krsfor sCls 25& 26) are well explored in the previous section, but it is

not yet entirely clear what gives rise to this rate tuning, for example whether these
observations are caused by tuning of electronic factors alone or whether steric

interactions play a more important role. The MeOH reactions with sCls 1& 23/ 26 proceed
via the same type of hydrogen abstraction reaction mechanism as sCl + H,0O/H,S (Chapter
4) but these additional sCI + MeOH reactions provide is additional steric bulk in the co -

reactant with minimal chang es in electronic co -reactant character.

/o O/O\H
Il H —
/c\ * \O/R3 R E;\
R1

Figure 5.19: Formation of AAAHSs from the sCI + alcohol reaction
Much like the sCI + HO reactions, the sCl + MeOH reactions proceed through a transition
state t o p-akoxyakyleydre@eroxides, AAAH (seen in Figure 5.19), an oxidising
species implicated in forest damage and SOA formation. 141:195:293.387891 Tha gybmerged
barrier of the sCl 1+ MeOH reaction (-3.8 kJ mol™) contrasts with the emergent barrier of
the sCl 1+ H,0 reaction (14.3 kJ mol %) leading to a significantly higher sCl 1+ MeOHKye

value (1.20 x 10" cm® s') compared to the H ;O reaction (1.18 x 106 cm?® s?). As seen in
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Figure 5.18, this gap between the kr.0 and kueor constants of ~10° cm?® s is consistent
across all sCls 1, 23 26 and the stagnation seen for H,S +sCls25 & 26 reactions are not
observed for the sCIs25 & 26 + MeOH reactions. In general, the sCl + MeOH reaction
exhibits the same reactivity trend that has been observed for most of this chapter:  Ksci23<
Ksci 24 < ksci 1< ksci 26 < Ksci 25. As there is no mitigation in the reactivity of  sCIs25 & 26 in
their reaction with MeOH, it appears that the interaction between the new  -F substituent
in sCls25 & 26 and the large sulphur atom in H ,S in the reaction is responsible for

stagnation of kyvevalues.

Table 5.6: Reaction between MeOH and HFG sClsnumber; ratio between OO and CO bond lengths on the
carbonyl oxide moiety (q); Energy barrier of TS aaan 1 and lowest TSaaan 2; total rate constant (K treg.

Reaction SCl # q TSwanl TSwan2  KtHeo(298.15 K)
sCl + MeOH (kJmol™?) (kI mol™) (cm3sh) *
CHOO+ MeOH 1 1.078 -3.82 0.10 1.20 x 10
syn-CRCHOO + MeOH 23 1.064 5.80 11.67 9.43 x 10
anti-CRCHOO + MeOH 24 1.071 -9.41 -5.49 3.30 x 10
synCRCFOO + MeOH 25  1.114 | Keg 2730  5.50 x 10710 **
anti -CRCFOO +MeOH 26 1.101 -26.18 -26.39 3.31 x 10!

* the k rheoconstant was obtained using the microcanonical rate ( kwg method using MESMER software.
** rate constant was obtained using dipole -dipole capture limit due to a reaction channel being  barrierless.

By integrating the computational analysis of MeOH reactions in this chapter, with sCls 2&
3 + MeOH found in the extended analysis of sCl + MeOH reactions in Chapter 4,
comparative effects of fluorination of a methyl substituent group can be o bserved. The
MeOH +sCls 3& 24 reactions both have higher reactivities than MeOH + sCIs 2& 23
reactions, but the kmeor0f SCI 24 (3.30 x 10 cm?® s?) is significantly lower than the  kweon
of sCI3 (2.09 x 10"? cm?® sY). This is perhaps due to the incr eased hyper-conjugative
effects of having the 3 x UtH atoms on the anti -CH; group, which is consistent with the
comparative analysis of the krueovalues of H-.O +sCls 3& 24, as noted in Section 5.6.1.
Another observation in Section 5.6.1 is that, while th e additional stabilising H-bonding
interaction between WH atoms on a syn-CH; group and the terminal oxygen lowers the
kv.o constantfor sCl2, t he r epul si omhatomedn wsreCk gtolpeand the
terminal O destabilises sC123 and increases the k.0 constant. The stabilising effect of the
WH atoms in sCI 2 means that it generates a lower Kyeonvalue (1.82 x 10" cm? s!) than
sClI23 + MeOH does 9.43 x 10 cm?® s%). This is explored further in the sClI + alcohol study

in Section 4.4.3 and for a full analysis of sCI + alcohol reactions, see Chapter 4.
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Figure 5.20: The lowest energy potential energy surface barriers for
Energies are relative to raw reactants.

However, the main observation from this analysis of sCls 1, 2326 + MeOH continues to
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5.7.3 Reactions with HF & HCI with HFO -sCls

According to computational analysis in studies by Chhantyal -Punet al. and Foreman et al.
both sCl + NH and sCI + HCI reactions also proceed via similar H-X bond abstraction
mechanisms to the sCl + HX reactions studied in Section 5.7.1. ?’>3*% This means that a
heteroatom tuning analysis could be undertaken by substituting the central X atom with
other elements from the same periodic group to analyse in either sClI + XH 3 (XHs = NH; &
PH) or sCl + HX (XH = HF & HCI) reactions. It is worth noting at this point that HCI can
have high tropospheric concentrations, most significantly in atmospheric environments
near large bodies of salt water. In these areas, tropospheric modelling suggests that HCI
reactions with sCls are competitive with OH radicals as a sink for HCI gas. **“?” While there
are significant emissions of HF from volcanic eruptions and geothermal emissions, little
computational or experimental chemistry has been undertaken for the reactions between
sCls and HF?*' In this section, analysis of the sCI + HF & HCI reactions undertaken by the

author is compared against the heteroatom tuning trends in s CI + HX to see if these trends
hold, are amplified or dissipate for the sCl + HX reactions.
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Figure 5.21: Comparison of the potential energy surfaces of sCI 1 and sCI25 with H-F (on the left, referred
to as Figure 5.21a) and HCI (on the right, referred to as  Figure 5.21b). Energies are relative to raw reactants.

The sCI + HF reaction has some notable differences with its analogue sCI + H;O reaction,
including exhibiting no subchannels. sClI 1+ HF (3.32 x 103 cm?® s?) also has a significantly
larger kvethan that of sCI 1+ HO (1.18 x 10"® cm® s?). The kuveof sCl 24 + HF (2.86 x 10
cm?® s is larger than that of sCI 23 (6.67 x 108 cm® s), with a much greater difference

in kue values (=5 x 1¢ cm® s?) than that seen for kn0 (~1 x 107 cm® s1). Overall, the
reactivity trend observed for HFO -sCls + HF Ksci 23 < Ksci 24 < Ksci 1 < Ksci 26 < Ksci 25, IS exactly
the same as that of H 0, but HFGsCI + HF reactions are marginally more reactive than
with H20.

Much like the changes in reactivity between H 2S and HO, sCls 1, 23126 + HCl all see
overall increases in reactivity over HF. sCl 1+ HCI has a very low TS energy, shown in
Figure 5.21a, and consequentially its large kue (4.70 x 10"° cm?® s*) are reasonably
consistent with literature values e.g. Kexp~4.6 x 10 cm?® s*.272 One important observation
of sCl 1+ HF & HCl is that as the heteroatom of the H -X co-reactant increases in size, the
kwve of the reaction with sCI lincreases. A similar heteroatom tuning trend that is seen in

the increase in kyve value moving from sCl 1+ H,O to sCl 1+ H,S.

The enhanced reactivity of this heteroatom tuning is also evident in the reactions of  sCls
23 & 24. These sCls have an increase in reactivity from HF to HCI of kwe (~10°fi 10°cm® s
b). This is larger than the reactivity change moving between H >0 and HS (=10 fi 10°cm®s
b, with full results in Table 5.2 in section 5.2. However, as in  Figure 5.21b, changes in sClI
substituent (i.e. between -CFk and -F), now have limited impact. In fact, the  kueof HCI +
sCl 1 exceeds both that of HCl + sCI 25 (1.64 x 10*° cm® s*) and sCI 26 (1.13 x 10°cm® s

1y for the only time in this chapter.

To t he a wwlddgerthérs is komxperimental or theoretical data in the literature
on sCls 231 26 reactions with HF or HCI but there is a computational study of HCI

reactions with sCls 2& 3 by Cabezasand Endo.*”? The data in the Cabezas and Endo study
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does exhibit some similar trends to the data garnered here, but the potential energy
surfaces of sCls 1& 231 26 + HCI calculated for this chapter are refined using a higher
level of theory, so such comparisons are limited in scope. The brief comparative analysis

to the Cabezas and Endo study is therefore on Appendix Section 3.6.

5.7.4 Overview of Heteroatom Tuning on HFO -sCI + HX reactions

The heteroatom tuning reported in this sCI i H-X abstraction analysis identifies several
key properties, some of which already exist in the lit erature, and others that do not. The
first characteristic is that all their primary reaction mechanisms proceed via the same
hydrogen abstraction. The second characteristic is that the more polar co -reactants e.g.

those with -F & -ClI produce a larger kve than their Grl6 counterparts -OH & -SH.

One significant heteroatom tuning trend is that, in reactions with  sCls 1 & 23f 24, the co -
reactants with the larger heteroatoms, such as H ,S and HCI, produced larger kyve values
than those with the small heteroatoms, like H2O and HF. This agrees with heteroatom
tuning trends identified by the Kumar and Francisco computational study, where H ;S
produced larger rate constants than H-O in reactions with sCI 1fi4. Much of these
theoretical observation, such as the krueovalues, found for sCl 1reactions with H 20, HxS &
HCI have been experimentally and theoretically confirmed. °°178:195.272:387.441,463.464,471
Reactivity trends with sCl 1 and Group 14 compounds (XH) have also been investigated,
and show increased kyst[sCI 1 + SiHy] over that of CH 4, again consistent with the
observations made here.?”® To the best of the authors knowledge there are no comparisons
of sCls reactions with both PH3; and NHs.

5.8 Atmospheric impact of HF O-sClI reactions

As HFOs proliferate into widespread use in refrigerators, insulation and vehicle cooling
systems (as is happening in China, the EU and the USA), HFGsCls are naturally becoming
more abundant. As this occurs, they may start to compete as bi molecular sinks for
tropospheric species on a more global level. 1°"'*® This thesis assists in classifying and
understanding the tropospheric chemistry of HFO -sCls, with the ultimate goal of dividing
them into taxonomic gr oups for inclusion in atmospheric models. It is also important to
identify deviations in reactivity trends e.g. the higher reactivity of a syn-conformer, sCI
25, over an anti-conformer, sCI 26; or the fact that during heteroatom sCl + H X or HX
reactions t he most reactive sCls, sCls 25& 26, stagnate or reduce the reactivity when

reacting with H »S or HCI. These discrepancies are vital to understand, because
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atmospheric models that do not include such subtleties in reaction kinetics may not prove

reliable in calculating pollution levels, where HFO concentrations are very high.

Table 5.7: Calculated effective first -order rate constant (kest) values for HFO-sCl + cereactant reactions in
this chapter (derived from Table 5.2)

keff (S_l)
Coreactant ChHOO synCRCHOO anti-CRCHOO synCRCFOO anti-CRCFOO
sCl 1 sCl 23 sCl 24 sCIl 25 sCl 26
HCHO 5.6 0.54 5.0 1447 33.4
SQ 300 0.79 169 186 183
HNQ 94 2.3 9.8 58 8.4
TFA 2.5 x107? 1.7 x 102 1.3 x 102 1.2 x 102 1.2 x 102
H,O 73 0.83 70 3.2 x 108 1.4 x10°
(H,0), 2.9 x 10° 2.4 x 10° 3.3 x10° 6.2 x 10° 6.1 x 10°
MeOH 0.010 7.9 x 10° 0.028 462 28
H,S 0.085 1.4 x 103 0.042 45 0.091
HCI 58 5.0x 103 8.96 20 14
HF 0.12 2.5 x 106 1.1 x 103 4.4 0.14

Contrasting the effectiveness of (H 20); as an sCl sink with that of H,O is particularly
noteworthy when comparing sCls 1, 23 & 24 with sCls 251 26. For example, sCl 23 has a
10° cm?® s larger k(H.0) than kro, which negates the increased natural abundance of H.O
(6.2 x 10*" molec. cm™) over (H20), (8.7 x 10" molec./cm 3). This gives sCl 23 that Kes
((H20),) is around 10° s* higher than ke (H20), which is standard for most sCls in
comparing the impact of H 2O and (H.O).. In more straightforward terms, this means that
because kert ((H20)) > ket (H20), tropospheric removal of sCl 23 is more likely to occur
through reaction with water dimer than with water monomer.  sCl 1 and sCl 24 also exhibit
larger kexr ((H20)2) than kexr (H20) varying between 1071 10°s. The high theoretical impact
of the Kk(H.0). value on sCls 1, 23 & 24 depletion compared with the still high but lower
theoretical impact of kn.0 is reflecting the same observation in the experimental analysis

of sCl 1and sCI 3reactions with water (a larger kexp((H20)) ~10*%1 10! cm® s* compared
to the Kkexp(H20) ~10%%1 10"* cm?® s*). This is borne out in the computational study by
Anglada and Solé, where sCls 1ii 4 all have a 10%i 10°cm?® s* greater k(+.0). than kr.0.%%
sCls 1, 23 & 24 + (H.0); all have a greater than ke (H20). (see Appendix Section 3.3).

Unlike reactions with the sCls mentioned above, sCls 25& 26 + (H.O). reactions exceed
the dipole -dipole capture limit, k4.4, which provides an upper limit to the  Kes.
Correspondingly, sCI reactions with H,O approach, but crucially are not constrained by Kkq-
d- Therefore, kn.ofor sCls 25& 26 is much more similar to the k.0), and thus the higher
abundance of H.O over (H.O), leads to the unusual result that ket (H20) is significantly
greater than ker ((H20).) for sCls 25& 26.
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Reactions between sCls and HO/(H 20), have been shown to be a significant tropospheric

s 0 ur c ehydmfy-hytroperoxides. Due to the larger kve of these HFO-sCls with HO, and
the high abundance of water vapour, these reactions may be a significant source of

f 1l uor i +hatoxe-thydriperoxides.

Some sCl reactions like sCl + S@and HNQ reactions do produce large ke values (1A 300 s
1), which is expected as sCls compete with OH radicals (the atmospheric detergent) in the
depletion of tropospheric SO > and HNQ species. But these reactions are still not very
prominent sCl depletion pathways, as the large kexr values for the sCis1, 2326 + HO or
(H20), reactions (10°% 10° s?) are so much higher. The atmospheric importance of the rate
Kg-g limit is shown in the sCI 25 + HCHOreaction, which, despite more reactive than the

sCl 25 + H,0 or (H20). reactions, still has a significantly lower ke value (~1447 s%), due to

the constraint to the rate constant provided by the kg4 value.

The overall effectiveness of these co -reactants as sCI sinks varies with co-reactant choice.
The ket (SQ) of sCls 1, 23 & 24 are comparable with the ket (H20), & ket ((H20)2), more
so than sCls 25& 26. This means that the reaction with SO » is competitive with water and
water dimer as a tropospheric sink for sCls 1, 23 & 24. This high tropospheric abundance
H.O and (H.O). and the steep increase in kwg Which is not large enough to reach the Kg.q
values, also leads to the same observation for HFO-sCI reactions with TFA & HNQ. This
sharp increase in the ke acrosssCls 25& 26 + H,O and (H:O),, means that the kex of the
less reactive sCls 1, 23 & 24 + TFA & HNQ@ produce more competitive kex values, because
the kq.q provides a key restraint for most of the highly reactive sCl reactions with TFA &
HNGQ. This stagnation in ke values is not repeated across sCls1, 23f 26 for reactions with
HF and MeOH and theker scales with reactivity of the sClI, but due to the low abundance

of tropospheric HF and MeOH, their ket values are not too competitive, relative to the
comparable reactions with H ;O and (H:O),. The sCls 1, 23 & 24 reactions involving HCI and
H.S have increased kme compared to HF and H;O, leading to a significant convergence of
ket for all sCls 1, 23 & 24 reactions, including HCI, H »S, HO & (H.O), as co-reactants. The
plateau in kvereached by sCls 25 & 26 causes a significant drop in magnitude of their ke
values. Regardless of these nuances, the computed ket values still suggest that H ,O and

(H20), are the dominant bimolecular sink for sCls 1& 23 26.

For atmospheric models, an important observation is that reactions of SO, with sCls 23
26 have very high reaction krieoconstants and are > 90% efficiency in RiRCRO + SQ

production. These reactions therefore act as a significant producer of atmospheric H ,SQ
and aerosols. ¥ sC|

budgets of HCOOH, forsCI 1, or TFA, for sCls 23and 24.

+ SQ@reactions also contribute a small amount to atmospheric
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HCHO is a ubiquitous chemical gas in building and other urban environments. Itis a by -
product of the oz onolysis of many HFOs (and other alkenes), so in areas of high alkene or
HFO emission, the computed ke may underestimate the importance of these reactions

with respect to tropospheric composition. #42413°1 Reactions between HFOsCls & HCHO
give sizeably varying product distributions based on the sCl. sCl 1+ HCHO predominantly
leads to the production of HCOOH (>99%), assuming 100% conversion of HAE to HCHO +
HCOOH . sCls 23& 24 + HCHO yield norrnegligible amounts of the cyclo -reversion products
CRCHO +sClI 1, which should be significant as it contributes to total populations of sCls

and of course forms a smaller, more reactive sCl in the process. These reactions also
generate other atmospheric species, such as TFA, HCOOH & GEHO.sCls 25& 26 + HCHO
product distribution is dominated by CF ;CFO +sCl 1 with a small yield of HCOOH &
CRCHO. During the HCHO reactions withsCls 25& 26, there is a significant drop in energy
(~100 kJ mol?*) between reactants and products of the cyclo -reversion pathway (sCI 1 +
CRCFO), which means the products may have high internal energy. The large CI 1 +
CRCFO yield (~0.9) with high levels internal energy, may lead to a large yield of hot Cls
and a subsequent increase in the OH yield, similar to that seen in the ozonolysis of

alkenes.

Comparing reactions of sCl 1 with HCHO, CRCHO and CECFO, the rate constants are
relatively similar. sCI 1reactions with CF;CHO and CECFO may be significant in more local
environments as both reactants produced as ozonolysis by-products and CRCHO and
CRCFO are not common on a planetary level. ?43%” Although HCHO is common in the
atmosphere and CRCHO & CECFO are not, their relatively similar rate constants with  sCl
1 indicates that aldehydes and ketones may provide a taxonomic class of reactions too, at
least with respect to deriving rate constants. Compared with  sCls 23 26 + HCHO, the
reactions of sCl 1 with CF;CHO and CECFO yield very little cyclo -reverted sCI product and
instead produce greater quantities of TFA & HCOOH. These sCls 1, 231 26 reactions with
HCHO (and CECHO and CECFO) may be important, less because they provide vital sinks
for sCls or pollutant co -reactants, but because of what species the HOZ intermediate

fragmentation produces.

Small but significant yields of TFA & HCHO also emerge from reactions of sCls23 & 24
with HCHO, but are unlikely to be as important in this regards due to the h igh yield of the
sCl 1+ CRECHO cyclareversion pathway. In contrast the sCl 1+ CRECHO reaction may yield
significant amounts of TFA & HCHO products. It has been shown that HFOs, such as HFO
1234yf, produce significant amounts of atmospheric TFA and this work is in clear

agreement, demonstrating that reactions of sCls 23 & 24 with HCHO and SQ give non-
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negligible yields of TFA. 22424 With this in mind, reactions of TFA and sCls 231 26, formed
from the decomposition of the same HFOs, may be of greater tropospheric significance
than previously assumed. The computational analysis of TFA reactions with sCls 1& 23fi
26 in this chapter adds to evidence that the sCI reaction with carboxylic acids are a
barrierless or close to barrierless reaction series, found in much of the experimental and
computational literature. 3°°32° This means that the sCl reaction with carboxylic acids can

be added to a taxonomic class of barrierless sCl reactions.

5.9 Further work of HFO -sCI reactions

Perhaps the most important future work to come from this chapter is the creation of
formal taxonomic classes, creating groups of like -reactions or similar sCls. These
taxonomic groups could then be added in to atmospheric models, such as AtChem 2.0, to
determine the impact of these sCl bimolecular reactions compared to other sinks for trace
atmospheric species, such as reaction with OH radicals. As shown in chapter 4, there is
very little variation in  krneo constants between sCls with MeOH, EtOH and iPrOH, so this
would be an example of a good taxonomic group, albeit somewhat small. Identifying
similar reactivity groups from this chapter and ensuring there are few deviations from

predicted reactivity is key. T his work is already underway.

HFOsCls have been experimentally investigated, predominantly focusing on syn-/ anti -
FCHOO, CFOO, syn/ anti -CICHOO and CGDO (sCls §110). This study has expanded upon
this research and focused on the HFO-sCls with limited prior knowledge, such as syn-/ anti-
CRCHOO &syn/ anti-CRCFOO ¢$Cls 231 26). However, the breadth of this study could be
expanded further. Several other halogenated alke nes are already in commercial

circulation and have been shown to react with O 3. Many of these HFOs are both used in
both industrial practices but also in fine chemical synthesis, including CH ,=CHCHCI,
CH=CHCHBr & CH,=CHCHI. CFC replacements also include HFO 1345z &
(CRs)2C=CH.2*1335473475 Oz0nolysis of these HFOs could generate HF@sCls including
(CR)2COO0, CICHCHOO, BrCH-CHOO, ICHCHOO, CECR-CHOO from HFG1345fz and CHs-
CCIOO or EtCCIO0O?* If a study on these other HFO-sCls, which are not studied in this
thesis, is undertaken, it would be beneficial to identify which of the HFOs just mentioned
would be most frequently emitted into the atmosphere to identify which of those Cls

would have the most impact.

This study could also be extended to other important atmospheric co -reactants such as
aldehydes and ketones, for example CHzCHO and (CH).CO, which have been observed
experimentally in reaction with CHOQ **® Taxonomic classification of these sClI + aldehyde

& ketone reactions, and reactions like them that react via cyclic ozonide intermediate
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products, could be explored further for rate constants a nd product branching ratios but
this maybe much more complex as they often produce non -interchangeable HOZ/SOZ sets
(similar to those seen for SO reactions with sCls 23 26). This effect has minimal impact
on SOZ decomposition trends for SQ reactions with sCls 231 26. It should be highlighted
that this initial observation does not eliminate the possibility of altering the SOZ
decomposition trends of other sCI reactions with SO », or indeed with aldehydes or ketones.
The simplest example of sCls reacting with aldehydes to produce non-interchangeable
HOZ/SOZ sets issCls 2& 3 with CH3CHO. These cycloaddition reactions could be extended

towards the creation of a structure -activity relationship (SAR) for such systems.

Other atmospheric co-reactant species that could extend this study include other common
acids such as HCOOH, CG¥OOH and pyruvic acid. sCI reactions with many of these

extended species are predicted to be competitive with OH radicals. 108177178428

Another possible area of extension to this work could be to further alter the heteroatom
doped co-reactants. For example, a Kumar and Francisco study investigates reactions of
sCls 1 4 with H,Se & HTe, and showed that as one progresses down Grl6, the reaction
barrier is reduced. Similar trends could be investigated through the computation of sClI
reaction potential energy surfaces with HBr & HI. Investi gation of Grl5 co-reactants such
as NH and PH;, is also an option, with the latter of course being a perfect example of a

reactant which is much easier to work with in silico .

In this chapter, to see if the heteroatom tuning study of sCl + H X reaction was due to
changes in the X atom (X= O or S) was caused by additional bulk, the sCls 1& 2326 + H,O
was compared to the equivalent reaction with the bulkier CH 3OH. Any extension of this
heteroatom tuning study to involve such reactions as the s Cl + X (H.S, H.Se & HTe) or
sCIl + XH (NHs; & PH), could also include sClI reactions with the bulkier CH 3NH, & CH;SH, to

see if steric bulk are a cause of these trends. 325432

5.10 Conclusion

The general bimolecular reactivity for HFO -sCls follows a single predictable trend based on

halogen substitution patterns. The least reactive of the sCls examined wassClI 23, the

major influence here being the reductive synCkgr oup, without anyHhyperc
atoms in the substituent to promote reactivity, such as inthe  syn-CH; group seen in sCl 2

Both sCls 25& 26 have very high reactivi ty due to their i F substituents, which strongly

inductively promote reactivity, with the  syn-orientated sCI 25 being the most reactive

HFOsCI studied here. In general, having a halogen directly bonded to the carbonyl oxide
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moiety heavily promotes reactivi ty, and as seen in previous chapters, substitution in the

anti - position is more favourable.

HFO-sCls Other sCls
(o]
o/o o c'/o o e c'/o o’o o e
1] ] 1] I Mt 1} 1
/c\ /c\ Pt /C\ /c\ /c\
H H H CF; F,¢” H F” CF, ch’ \F H CH; H,C” H
sCl 1 sCl 23 sCl 24 sCl 25 sCl 26 sCl 2 sCl 3

Figure 5.22: Schematics of the structures of sCls 1A 3, 23 26.
HFO reactions which have the greatest atmospheric impact analysed in this chapter are
those with H >0 and (HO),, not only because water is so tropospherically abundant but also
because sCls 25& 26 are so reactive that reaction with H 2O monomer approaches the
dipole capture limit, a feature not observed in many other systems.'2% |t is important to
evaluate t he sCl + HO & (H.0), reactions in atmospheric models because any increased
yields of the HHP product may deteriorate greenery near areas of high HFO emissions, as

HHPs have been implicated with biogenic damage. 111141:195.293:344,3876891

The highly energetic HFO-sCl + S@reactions examined in this chapter are also

atmospherically important because they may provide a valuable sink for HFO -sCls in urban

areas. Additionally, the reaction favours reaction channels that convert SO ,to SG;, a

species associated with nucleation of noxious aerosols. 192449451 sC|s 23 26 + SQ reactions

all produce multiplenon -i nt erchangeabl e 0S0Z6 intermediate p
previously been investigates. However, the investigation of these sCls 23126 + SQ

reactions found that these non -interchangeable SOZs did not significantly alt er the final

product yields, an outcome that may be replicated for the similar  sCls 2& 3 + SQ

reactions. '

The unusually low reactivity of sCls 25& 26 in reaction with H S and HCI (compared to
sCls 1, 23 & 24), seems to be contrary to previous reactivity trends and makes a strict
taxonomic classification difficult. This is important as accurately and effectively m  odelling
the decay of H.S & HCI, via reaction with a variety of sCls, is beneficial in simulating

certain local tropospheric environments, such as coastal cities, where HCl is pervasive,

and volcanic areas, where the toxic H S gas is known to cause human ftalities. »%81.89427.470

Despite these slight issues, the overall taxonomic classification established in the sCI +

alcohol study in Chapter 4 can be applied to these HFO-sCls, and is perhaps the most

rigorous option without further investigation. sCl 23 & sCI 24 would be categorised in the

syn-Cl and anti -sClI groups, respectively. Despite sCls 25& 26 having unusually low

reactivity withH .S & HCI , they are categorised together i

Substituentd taxonomic group because fFor most r e
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substituents cause a high reactivity similar to that of other fluorina ted sCls species. In
conclusion, the bimolecular HFO -sClI reactions in this chapter are important to the
literature as a whole because: these HFO-sCls may rapidly deplete many tropospheric
pollutants; the sCls 23 & 24 reactions further validate the theory t hat removing
hyper conj-H gtents fromeubstituents affects sCl chemistry; and it provides
evidence that even the most unusual sCls, such assCls 25 & 26, can fit into a wider sClI

taxonomic classification system.
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6.0 Modelling the Ozonolysis of Al kenes With Lengthy Alkyl

Substituents

The objective of this chapter is to find a viable model to determine the ozonolysis

chemistry of lengthy, flexible alkenes. This model should involve incorporation of

previously calculated ozonolysis trends from Chapte r 3, the new steric interactions that

the lengthy alkyl chain will trigger and a mechanism to incorporate a few full

computational calculations as a corrective technique. The efficacy of the model will be

verified by calculating the theoretical rate consta nt (ktieg and product branching fraction

(Brueg values for an example reaction: O ; + Z-2-hexene (referred to as Alkene 19). The
principal task of these models must be to calcul
all transition states (TSs) in the reaction, which is vital in determining the  krneoand Brueo
values. Al so considered in thisgtteedpdbsernedar e t he
in Chapter 3 for previous O 3 + alkene reactions; and the impact of rotational and

geometric changes on TSenergies. To determine the effectiveness of any models, they are

first applied to some of the smaller O ; + alkene systems, seen in Chapter 3. Furthermore,

the accuracy of these models for O 3 + Z-2-hexene are further validated against the known

experimental data and a couple of purposefully calculated trial TS structures fromthe O 3

+ Z-2-hexene system. Not only are results of this ozonolysis chemistry of Z-2-hexene of

interest when examining local environments where Z-2-hexene is abundant like Los

Angeles, but the application of this model to a wide variety of other lengthy alkenes will

likely increase the atmospheric impact of the work in this chapter.

6.1 Introduction

The ozonolysis of alkenes with lengthy alkyl substituents, such as the finPr group in Z-2-
hexene (referred to as Alkene 19 in Figure 6.1), have many more stationary points on the
potential energy surface (PES) than the O3 + alkene reactions examined in Chapter 3. The
large number of transition states (TS) structures is induced by the conformational

flexibility of the long i nPr substituents in Alkene 19. The heavy computational cost this
would induce makes generating a new theoretical model that is not reliant upon explicit

computation of every stationary point extremely beneficial.

Ry R3 H3C CH
N \ /3 H,C— CH,
Cc=C C=C _/
/ \ / \ C=C
Rz R4 H H /N

H H
Figure 6.1: Schematic of Standard Alkene, Alkene 16 & Alkene 19 wi t +H atgms highlighted in Red.
The model derived here must include the capacity to generate the theoretic al rate

constants (krueg, to determine the speed of the alkene depletion, and product branching
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ratios ( Brueg and to simulate in what ratio each Criegee intermediate (Cl) is generated.
Epoxide pathways do not feature in this chapter as both theoretical analysis in Section 3.8
and experimental analysis conclusively demonstrates that the pathway has negligible

impact for aliphatic mono -alkenes.?1:341.32

Here the author al so f ocus-Hatoms betweenthe fiEtr t he decl
substituent in Alkene 16 and the i nPr group in Alkene 19 ( NH atoms are in red in Figure

6.1) has a significant impact on the ozonolysis krtueo& Brieovalues. Theoretical studies on

the ozonolysis of similarly long alkenes are sparing, however experimental analysis of O 3 +

Alkene 19 and other analogous alkenes in the literature can be used to confirm trends

relating t o-Hstorbsgsed Seatian 6.8 forfore detai ls). 13

6.1.1 The Atmospher ic Abundance of Z-2-hexene and Other Lengthy Alkenes

Alkenes with long conformationally -flexible substituents, such as 1 -pentene and 1-hexene,
are abundant in both megacities (~5 x 10 °® molec./cm ) and rural areas (~1 x 108
molec./cm 3).8247 These lengthy alkenes have been found to contribute significantly to
local VOC populations, such as the noteworthy emission rate (~25 kt yr ) of 1-pentene in
the Yangtze River Delta region in China, largely generated by heavy chemical industry in
the region. *’’ The ozonolysis of these lengthy alkenes is found to be important to human
health the Yangtze River Delta region, where alkenes like 1 -pentene, along with many
other volatile organic compounds have high ozone formation potential. *’” These urban
environments also provide other major sources of ozone which induce alkene ozonolysis,

such as u® of petrol in personal automotive vehicles.

These lengthy alkenes are found to be prevalent in the gas -phase in several other different
environments around the globe. The low but still significant atmospheric concentrations of
1-pentene (0.14 i 2.75 ppb), E-2-hexene (0.13 i 2.31 ppb) and Alkene 19 (0.05 i 1.04
ppb) in cities like Los Angeles emphasises the importance of deriving a model to
understand their ozonolysis. 4’® Alkene 19 is also found in diesel-powered medium duty
truck gas emissions, at 100 pug km?, along with E-2-hexene (160 pg km™).*”® See appendix
section 4.1.4, for some small details known about their the ozonolysis chemistry.  Other
important lengthy alkenes are part of the annual non -methane VOC flux (~10* g/yr) of

which ~11% are monoae d pideneeand ~44wace isopeese U
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6.1. 2 Theoretical Importa nce of Analysis of the Ozonolysis of Lengthy Alkenes

a (b) H
@ R R3 /\ ,..--’C‘M\ n
= 7 67 NCH;
R> Ra 2
Figure 6.2: Comparison of Alkene substituent positions (Figure 6.2a ) ; and N, n & © branching p
6.2b).

One of the trends identified in Chapter 3 was that i CH; substituents induced an increase
in ozonolysis reaction rates in alkenes, by the >C=C< bond forming a hyperconjugative

rel ati ons hi-Hpatoms (seke Figure 8.2 fit positions of hydrogen analogues

|l abell ed using Greek | etters: M#fGCHsphbstitugnts&gre Furt he
themselves augmented with peripheral methyl groups into i Et, fiiPr & fitBu substituents,
the consequential decrease i -H atadbhs in general induced a reducing effect on reactivity
I't i s quit e -Hatams habe adypeérdorgugative relationship with the >C=C<
bond and t he rHatoms aee replacedysiniar trends in reactivity are

observed. However, when an fi Et substituent is expanded into an A nPr group (seen in
Figure 6.3), alkenes such as 1-pentene, E-2-hexene, Alkene 19 and 2-methyl-2-hexene, are
highly conformationally flexible, so the additional steric interactions caused by this i nPr

flexibility m ay also inhibit the reaction site.

Changes in Rz and R4 group

C

H, ¢  H H,c H HaC H, H,C  CHy
£ H H H  CH, H H H  CH;
<
5 B H Et H Et CH; Et  CH;
2 H H H  CH, H H H CH,
= nPr CH,

\ H H

Figure 6.3: Alkenes of analysis categorised in columns by increasing length of the R 1 substituent and in rows
by the changes in R; and R; substituents.

This conformeric flexibility means that any ozonolysis study would require calculating the
geometries of a large number of stationary points, generating a very high computational
cost (see Section 6.2). To manage this array of stationary points, the author has instead
designed a series of models designed to calculate the krneoand Brueovalues for these

reactions reliably and efficiently without explicitly computing each stationary point.
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Determining the ozonolysis chemistry of alkenes with i nPr substituents is preferred over
isobutyl or neopentyl groups because the computational cost scales with molecular size
and in this testing phase for these models, many computational calculations are still
required. In Chapter 3 it was determined that reductionsinn u mb e r sH aioims Wthen
moving from a i CH; substituent into an i Et group had a temporary inductive effect
(further r e-Hatams however usuatly ledito declines in krneovalues) and so
increased the rate of the reaction. Alkenes with A nPr substituents are of great interest
because i f the r educ-Hatams has asinttildar emporaryribdactive o f
effect, then these alkenes are likely to have larger ozonolysis krueovalue than equivalent

alkenes with isobutyl or neopentyl groups.

The ozonolysis of Alkene 16 has both the inductive effect of having Z-orientated
substituents and the significant steric repulsion between the i Et and fi CH; groups, causing

a large degree of electronic and steric complexity in transition states (TSs).

The higher ozonolysis krneovalue calculated for the Z-orientated Alkene 16 (2.8 x 10 cm?®
s?) compared to Alkenes 2 & 15 (3.2 x 10%" & 1.1 x 10" cm?® s?) suggests that the Z-
orientated Alkene 19 may have a higher ozonolysis ktheovalue than 1-pentene & E-2-
hexene. In cities like Los Angeles, 1-pentene (0.14 fi 2.75 ppb) and E-2-hexene (0.13 fi
2.31 ppb) are slightly more abundant than Alkene 19 (0.05 i 1.04 ppb), however the O 3 +
Alkene 19 reaction is likely to have greater impact due to this larger krueovalue.*’® The

abundance and therefore the impact of 2 -methyl-2-hexene is unknown.

This analysis of O; + alkenes with fi nPr substituents is important because the only
reference made -Hatoms inm Graptar 3 isiaecanparipbn between the
ozonolysis of 1-butene to that of 3,3,4,4,4 -tetrafluoro -1-butene. The changes in krneoand
Brueovalues causedby the fluorination of the Et substituent may be due to the impact of
reducing theHnRatmbrms, ods Nwe |l | -Hiasomd. Undortumateigb e r
this is convoluted by the impact of haloalkyl substituents on the >C=C< bond. The work in

this chapte r may help deconvolute these effects.

To the authords knowl edge pioAlkene MmExistsaand o n a |
experimental analysis provides only kexevalues with no references to product branching
ratios (Bexd or OH yields.'*%%3% Even if Eexpvalues for Cl yields are measured, they may be
less reliable due to the difficulty of differentiating between syn & anti-Cls, as well as the

short-lived nature of hot Cls, 1018228
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6.2 Conformational Flexible Alkenes: A Computational Overview

The two-stage ozonolysis of Alkene 19 is similar to that of the Z- orientated Alkenes 16 &
18, with a cycloaddition (TS ozo step that produces a group of short -lived intermediate
products, primary ozonides (POZs), followed by a POZ fragmentation step. As seen in
Figure 6.4, the number of TSs grows with the length of the alkyl substituent, due to

increasing conformational flexibi lity in the alkene.

. . .
0 504 o ? TSoz0 2X= TSozo 1.x= S o
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Figure 6.4: Potential energy surface of O3 reactions with Alkene 18 (left) and Alkene 16 (right). Subchannels
vary in energy depending on the orientation of the  fi Et group. Energies are relative to raw reactants

Also shown in Figure 6.4, the TSozo barriers always proceed via 1,3 -cycloaddition but the
energy of the two cycloaddition structures (TSzol & 2) varies depending on the
orientation of the O 3. The increased confirmational flexibility of O 3 + Alkene 16 produces
two sets of TSozochannels (TSz01.1i 1.3 & TSoz02.111 2.3) that depend on the orientation
of the A Et group. The computational ¢ ost of calculating this number of TS oz0 structures for
O; + Alkene 19 is further magnified, as seen in Figure 6.5, as the conformational flexibility
the new A nPr substituent in the fi Ry position generates triple the number of TS oz0
structures (TSoz01.1A1.9 & TSoz02.1712.9).

Relative Energy (kJ mol™)

Figure 6.5: Approximated number of TS ozoand POZ structures from the Potential Energy Surfaces of
Ozonolyses of Alkene 16 (Z-CH;CHCHCH), Alkene 18 (Z-EtCHCHCH) & Alkene 19 (Z-nPrCHCHCE).
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The number of POZ conformers in G; + Alkene 19 is also tripled as well as the number of
POZ isomerisation (TS$oz structures. All the POZ conformers produced from each TS ozo
structure freely interconvert (Appendix Section 1.6.2) and so determining these TS poz

structures is u nnecessary.

Et CH3 H3C CH3 nPr CH3
H H H H H H
16 18 19

Figure 6.6: Schematic of the Chemical Structures of Alkenes 16, 18 & 19.
Unlike TSozo channels, the swift POZ fragmentation mechanisms generate different
products through different channels, labelled according to the name or orientation of the
ClI product. The small size and symmetry of the A lkene 18 (as seen in Figure 6.6) means
that POZ fragmentation only produces anti- & synrCHCHOO (and a CHCHO coeproduct),
via a TSwwn and TSynrespectively . Alkene 16 has a longer fi Et group in the ARy position
making the Alkene more flexible and breaking the symmetry seen for Alkene 18. This
produces a large number of TS structures during the ozonolysis, which are grouped by
channels that produce identical Cls: anti- & syn-EtCHOO, via Tann 1.1f1 1.3 and TSsyn1.10
1.3; and anti- & syn-CHCHOO, via Tanm 2.1 2.3 and TSsyn2.11 2.3. The Cls mentioned
here are featured in Figure 6.7.

anti -CHkCHOO  syn-CHCHOO  anti -EtCHOO  syn-EtCHOO anti -nPrCHOO syn-nPrCHOO
.0 o _0

Figure 6.7: Different Structures of some of the Cls produced in the ozonolysis of Alkenes 16 & 19.
This increase in conformational flexibility from Alkene 18 to Alkene 16 increases in the
number of TS structure to be optimised from 3 to 18, which increases computatio nal cost
significantly. As this conformational flexibility increases for Alkene 19 the number of
cycloaddition TSs increases to two sets of nine TSozo structures (TSpz01.1i1 1.9 & TSozo
2.1 2.9) loosely represented in Figure 6.8. The POZ fragmentation proce ss for Oz + Alkene
19 is also more complex than for Oz + Alkene 16 with each channel (also broadly displayed
in Figure 6.8) containing 9 TS structures. These channels in ozonolysis of Alkene 19 are:
TSwn1.1A 1.9 & TSsyn1.1A 1.9 which produce anti- & syn-nPrCHOO (and a CECHO co
product) and TSwn 2.1 2.9 & TSsyn2.1A 2.9 which produces anti- & synCHCHOO (and an
nPrCHO ceproduct).
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Figure 6.8: Different TS Structures from in the ozonolysis of Alkene 19.

The fi nPr substituent increases the number of TSs for Oz + Alkene 19 to 54 structures, but
this increase in computational cost would be compounded by the increase in size of the
molecular structure. This issue of a very large number of TS structures effects the
ozonolysis of 1-pentene, E-2-hexene, 2-methyl-2-hexene amongst many others. The logical
consequence to this predicament is to produce a predictive model, that determines the
ozonolysis chemistry of these lengthy alkenes without identifying and computing every
stationary point on the reaction potential energy surface. To see previous method see
other methods see Appendix section 4.1.3

6.3 Free Energy -Structural Projection (FESP) Model 1 Methodology

The theoretical rel at g of th&TSkstusturd ig aghermedynamicg y ( &G
value that characterizes the re lationship between a TS, the krueovalues (see Equation 6.1)
and the comparative product Brheovalues at a specified temperature. It is therefore the
aim of the models that ar e dededfovall @S stivetaredann t o det
the PES on the Q + Alkene 19 reaction.
ko) Y—YI—YQ o Equation 6.1
v Q
All the minima on the Os + Alkene 19 PES must also be determined, which includes: 4
alkene conformers, 18 POZs, and 18 different conformeric structures for the Cl and
aldehyde products. However, these minima have a far lower computational cost to
optimise compared to the TS structures. For t his reason, all minima identified above are
geometrically optimised, with harmonic frequencies identified and molecular energies
calculated using the computational methods described in Method Section 2.1. No pre -
reaction or post -reaction complexes are opti mised during this analysis. The POZ structures
and Gibbs free energies obtained for all POZ structures for O 3 + Alkene 19 are shown in

Figure 6.9.
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