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Nineteen structurally different alkene ozonolysis reactions studied herein proceed via a 1,3-
cycloaddition step to produce a short-lived primary ozonide, which then breaks down to form
a Criegee intermediate (Cl) and an aldehyde/ketone co-product. Both steps of each ozonolysis
reaction are examined here using a high-level computational chemistry approach (DF-HF/DF-
LCCSD(T)-F12a//B3LYP/aug-cc-pVTZ), and a rate constant and product branching ratio are produced
for each reaction. The reactions are then categorized into broadly defined taxonomic groups on the
basis of how the ozonolysis chemistry is affected by functional groups, steric bulk and the spatial
arrangement of the substituent groups. The five alkene taxonomic groups used for classification are
monosubstituted alkenes, trisubstituted alkenes, E-2-alkenes, Z-2-alkenes and haloalkenes. The
general cycloaddition reactivity trend identified for these alkene groups is ktpeo (haloalkenes) < ktpeo
(monosubstituted alkenes) < ktpeo (E-2-alkenes) ~ kypeo (Z-2-alkenes) < ktpeo (trisubstituted
alkenes). Within these categories, one secondary trend was that if one or more substituents was small
and rich in hyperconjugative a-H atoms, such as a methyl group, a higher alkene rate and a higher Cl

yield would be induced, compared to a bulky and a-H-poor substituent, such as a tert-butyl (‘Bu)
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Accepted 8th January 2025 group. Furthermore, bulky or electronegative substituents were also shown to prompt a reduction in

syn-Cl yields. Also highlighted in the study is the theoretical mechanism of how the ozonolysis of
haloalkenes generates significant yields of tropospheric CFsCHO, a species which can undergo
photolysis to produce the strong greenhouse gas fluoroform (CHFs).
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Environmental significance

This systematic computational chemistry analysis produces the rate constants and product branching ratios for the ozonolysis of nineteen different alkenes,
showing that these reactions are important sinks for alkenes and ozone, as well as strong sources of Criegee intermediates and, consequentially, OH radicals,
implicated in the breakdown of many toxic pollutants. This study further demonstrates that the ozonolysis of haloalkene refrigerants produces significant yields
of gaseous trifluoroacetaldehyde, which can break down to produce the greenhouse gas fluoroform. Additionally, by comparing the structure-activity-based
trends in this large array of alkenes, this study outlines a broad electronic and steric taxonomic framework that could become the basis of an extended,
systematic way of determining the ozonolysis chemistry of multi-alkene environments.
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O3; calculated values for O; + alkene rate constants at selected temperatures
and pressures for direct comparison with experiment; literature tropospheric
abundances for ozone and alkenes 1-19; relative energies [k] mol '] of
stationary point for O; + alkene reactions; assessment of the impact of alkene
interconversion on ozonolysis chemistry; assessment of the impact of POZ
interconversion on ozonolysis chemistry; assessment of the impact of CI
interconversion on ozonolysis chemistry; assessment on the role of the
epoxidation in alkene ozonolysis; calculated values for the effective rate
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frequencies of all stationary points, and IRCs of all transition states in this
study; an example MEMSER input file for the O; + alkene 1 reaction (PDF).
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1 Introduction
1.1 Alkene ozonolysis background

Tropospheric emissions of volatile organic compounds (VOCs)
are of considerable importance with respect to air quality and
human health. They are implicated in several serious lung
diseases (e.g., asthma and respiratory-related illnesses), with
a sizable portion of VOC emissions being both biogenic and
anthropogenic alkenes.”™ Biogenic alkenes are estimated to
account for ~80% of the 760 T, (C) year of these tropospheric
VOC emissions. Folic emissions, from rainforest, shrubs and
boric forests, are the dominant sources of the most prevalent
alkene, isoprene.* While larger alkenes like isoprene and o-
and B-pinene dominate alkene emissions in locations like the
rainforest, smaller alkenes are often more abundant in urban
environments because they are produced from local anthropo-
genic sources, like ethene and propene evaporation from
automobile fuel.**

The key >C=C{ functional group is unsaturated and so has
a high susceptibility to reaction, meaning that gaseous alkenes
can be depleted via a large variety of sink mechanisms (e.g. via
addition reactions with NO; and Cl radicals).®** While reaction
with OH radicals dominates alkene breakdown, reaction with
ozone, referred to as alkene ozonolysis, is an important alkene
removal pathway that is, for example, responsible for ~10% of
the depletion of tropospheric isoprene.*> Exploring ozonolysis
depletion mechanisms is a vital area of research because it is
a crucial non-photolytic source of radicals in the troposphere,
particularly OH radicals.”** Furthermore, it is implicated in the
formation of photochemical smog in urban areas, which can
have significant impacts on human and ecosystem health.">™"”

Alkene ozonolysis follows a two-step reaction sequence in
which the initial 1,3-cycloaddition step forms a short-lived 5-
membered ring, referred to as a primary ozonide (POZ), or
a 1,2,3-trioxolane adduct. This is followed by almost instanta-
neous fragmentation of the POZ, due to excess energy produced
in the initial ozonolysis step and the torsional strain within the
POZ structure. This fragmentation involves fissures in both the
original >C=CZ{ bond and one of the bonds in the 0-0-O
structure to form an aldehyde or ketone (R;R,CO) and a Criegee
intermediate (R;R,COO). Carbonyl species, such as formalde-
hyde, can be chemically harmful to human health by causing
skin irritation and even be carcinogenic and toxic if inhaled.**>°

However, the considerable importance of alkene ozonolysis
in the troposphere is largely because it generates the group of
products known as Criegee intermediates (CIs), a family of
short-lived tropospheric species that possess the carbonyl oxide
(COO) functional group.® One of the reasons why these CIs are
notable is that a large proportion of them (37-50%) emerge
from the exothermic ozonolysis process with such a significant
degree of internal excitation that these hot or excited CIs frag-
ment extremely rapidly.”*

This CI decay can proceed through multiple fragmentation
pathways to generate highly reactive radical species, such as
OH, HO, & RO,, with one of the most prominent of these
pathways being fragmentation via a vinyl hydroperoxide, known
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for a very high OH yield (see Section S8.47} for greater detail from
the literature on these CI decay processes).***>* OH radicals are
often referred to as the ‘atmospheric detergent’ due to their
capacity to deplete many different tropospheric pollutants, such
as CO and NO,.">**3" A key daytime source of OH radicals is the
photolysis of O; in the presence of H,O, but the fragmentation
of hot CIs is a valuable source of OH radicals in the morning,
evening and into the night, due to the non-photolytic nature of
the alkene ozonolysis.*?*?%3>33

The remaining portion of CIs produced from alkene ozo-
nolysis undergo collisional quenching to produce stabilised
Criegee intermediates (sCIs), which can then react further with
a wide range of tropospheric species, including H,O, NO,,
HNO; MeOH and organic acids.”***** The full chemistry of the
sCI is complex and depends on the composition and spatial
position of substituents relative to the orientation of the
terminal oxygen on the carbonyl oxide. This is best shown with
monosubstituted CIs, such as CH;CHOO, where the two
distinct conformers, syn-CH;CHOO and anti-CH;CHOO (see
Fig. 1), which are separated by a high isomerisation barrier
(~160 kJ mol "), have different unimolecular decay rates (136
and 53 s, respectively).>**** The importance of the spatial
positioning of the sCI substituents is further highlighted by the
fact that the anti-CH;CHOO + H,O or MeOH rate constant
(~10"* to 10 ** cm® s7') is several orders of magnitude larger
than for the equivalent syn-CH;CHOO reactions (~10""" to
107 cm?® s71).2%%155 Given these factors, CIs can be grouped
into broad categories of disubstituted CIs, anti-CIs and syn-CIs.
Formaldehyde oxide, CH,O0, is rather unique for several
reasons including that, it has no readily transferable a-H atoms
that would assist a H-transfer decay mechanism, like with many
syn-CIs. Furthermore, the barrier to the transfer of the substit-
uent H atoms is extremely high as CHOOH is not stable (more
details on CH,00 decay in ESI Section 8.4%).° Furthermore,
CH,00 does not possess any inductive or bulky substituent
groups, which are known to affect the bimolecular chemistry of
many anti-CIs, and therefore it is often grouped separately from
these other categories.”>**

While the ozonolysis of alkenes has been examined in depth
in the literature (e.g. Newland et al., 2022),°® one key compli-
cation is that determining the CI branching fractions is difficult
because of their short-lived nature, and so these CI branching
fractions are usually inferred from the yields of other primary or
secondary products.®***>*7-% This mainly consists of measuring
the proportions of the different aldehyde/ketone co-products;

disubstituted Cl anti-Cl syn-Cl simplest Cl
(o) 0 0
- o’ o 0 o’
CI:I [ Il (l:'
Cc
HiC” “CH;  H,e” “H H-% ch, H”  H
(CH3),C00 anti-CH;CHOO syn-CH;CHOO CH,00

Fig. 1 Schematic of three groups of sCls (disubstituted, anti-sCl and
syn-sCl) with examples of each; and the simplest sCl (CH,OO), which
is often grouped separately.
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however, this does not directly allow for differentiation between
anti- & syn-ClI yields.>'®*?° As anti- & syn-CI conformers often
differ in fragmentation chemistry and OH radicals are often the
product of such fragmentations, distinguishing anti- & syn-CI
branching fractions can be inferred from the OH yield of alkene
ozonolysis reactions (see Section 3.1.1 for more details).’
However, if the OH yield was used as an approach to try to
quantify the branching proportions of syn-CI & anti-CI
conformers, it would largely depend on assuming the OH yields
from the decays of both the syn-CI and the anti-CI. Determining
the validity of such an approach is beyond the scope of this
study and so the OH yield is simply used here to infer the
branching preference of syn-CI over that of the anti
conformer.”*® These difficulties in experimental analysis make
an extended computational study of a range of these alkene
ozonolysis reactions a worthwhile proposition and, while indi-
vidual reactions have been computationally analysed, a general
extended study has yet to be carried out.>**7*

1.2 Alkenes involved in this study

A wide selection of alkenes (see Fig. 2) were studied, not only to
consider the role of the number and position of the alkene
substituents, but also to incorporate variation in the composi-
tion of the substituents, which include conjugative unsaturated
features, hyperconjugative a-hydrogen («-H) atoms, haloge-
nated groups and sterically bulky components. By studying
alkenes with a large variety of substituents, it can be determined
how this range of structural and electronic attributes may have
an activating/deactivating influence on the key >C=CZ{ func-
tional group. The -R; substituent position for each of these
alkenes is assigned to the largest substituent by mass. Given the
relationship alkene reactivity has with both the structure and

\
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Fig. 2 Alkenes, labelled 1-19 and grouped by structural factor.
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the chemical composition of substituent groups, the alkenes
examined (labelled alkenes 1-19 in Fig. 2) are grouped into five
categories: monosubstituted alkenes, trisubstituted alkenes,
hydrofluoroolefins (also referred to as haloalkenes), E- & Z-2-
alkenes and 2-methylpropene.

A connection between the characteristics and number of
substituents could in the future pave the way to generating
a more sophisticated taxonomic system of alkene groups,
whereby the structure of the alkene could be used to forecast the
overall ozonolysis chemistry. If such a predictive model could
then be integrated into important atmospheric chemical mech-
anisms, the computational cost of modelling the atmospheric
implications of these reactions would fall significantly. To explore
this connection between alkene substituents and ozonolysis
chemistry further, the master equation rate constant (kruro) &
product branching fractions (I'rugo) for each system have been
determined here through a thorough computational chemistry
investigation into the ozonolysis of alkenes 1-19 (Fig. 2).

The first of these alkene groups, monosubstituted alkenes,
comprises propene, 1-butene, 3-methyl-1-butene, 3,3-dimethyl-
1-butene and methyl vinyl ketone (referred to as alkenes 1-5),
all of which have the common structure of R;-CH=CH,. These
alkenes are ordered this way to see if the increasing size of the
bulky and complex -R; substituent, and the concurrent step-
wise decline in the number of o-H atoms, correlates with
changes in the overall ozonolysis chemistry. Although high
boiling points restrict the tropospheric role of alkenes 3 & 4, the
ozonolysis of the smaller monosubstituted alkenes is important
in cities such as Porto Alegre, Brazil, where alkenes 1 & 2 are
significantly abundant (28.3 and 7.8 ppb, respectively).>”
Furthermore as a product of the breakdown of biogenic
isoprene, alkene 5 has considerable populations in rural envi-
ronments, like rainforests (~1 ppb), giving the O; + alkene 5
reaction a substantial tropospheric role.>**%7¢

The second alkene grouping, trisubstituted alkenes, consists
of 2-methyl-2-butene, 2-methyl-2-pentene, 2,4-dimethyl-2-
pentene, 2,4,4-trimethyl-2-pentene and mesityl oxide (labelled
alkenes 6-10 respectively), all of which have the common
structure R;-CH=C(CH3),. Alkenes 6-10 are ordered using the
same stepwise increase in the bulk and complexity in the -R;
substituent as for alkenes 1-5, therefore facilitating a direct
comparison of reactivity trends between these two groups. This
comparison can report if changes in the ozonolysis chemistry
caused by this stepwise alteration of the -R; group are repli-
cated in both alkene sets. Also, if any inductive impact is
brought about by the two additional -CH; substituents, this can
be quantified across five different reaction pairs (e.g., alkenes 1
& 6, alkenes 2 & 7...). While alkenes 8 & 9 are present in some
urban areas (~0.01 ppbv), the smaller alkenes 6 & 7 have larger
typical urban concentrations of ~0.1-1 ppb, with even greater
abundances in cities like Porto Alegre (17 & 4 ppbv, respec-
tively).>”> Although it is unlikely to be present in significant
quantity in the troposphere due to having a very high boiling
point (130 °C) and no large emission sources, studying the
ozonolysis of alkene 10 contributes to elucidating the role that
conjugated carbonyl substituent groups have on overall alkene
ozonolysis chemistry.

Environ. Sci.: Adv., 2025, 4, 619-647 | 621
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The halogenated alkenes 11-14, (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 respectively) are referred to as
hydrochlorofluoroolefins (HCFOs) and hydrofluoroolefins
(HFOs) and are referred to generically as HFOs throughout this
study. These HFOs have emerged recently to replace the older
haloalkane refrigerants, that have larger ozone depletion
potentials (ODPs) and/or high global warming potentials
(GWPs).””7® As HFO production and use in a variety of countries,
including the US and China, has grown, HFO emissions from
factories and landfills have also risen.”®*® Studies of the O;
reactions with HFO are sparing because of the currently small
tropospheric HFO concentrations in certain cities (~1 ppqv to 1
pptv). But as HFO concentrations are projected to grow to ~0.3
ppbv in some cities, the importance of analysing the role of HFO
ozonolysis in the troposphere will increase.®*”**' Analysing
HFO ozonolysis also means that the haloalkyl substituents (-
CxFsy+1) can be compared to the equivalent alkyl groups (-
CxH,,+1), providing an opportunity to further assess the impact
of hyperconjugative o-H atoms in alkene substituents. The
ozonolysis of alkenes 13 & 14 is a subject of particular impor-
tance in the literature as it is known to produce CF;CHO and the
photolysis of CF;CHO has been implicated in the production of
fluoroform (CHF3), a potent greenhouse gas.**** Therefore, it is
of increasing importance to determine the full mechanism of
this process and at what rate and in what proportions CF;CHO
is produced.

The study of the E- & Z-2-alkene group, E- & Z-2-pentene and
E- & Z-2-butene (referred to as alkenes 15-18), provides impor-
tant insights into how ozonolysis chemistry is impacted by both
E- & Z-isomerisation and the decreasing number of o-H atoms
in substituents. The atmospheric significance of the E- & Z-2-
alkenes is greatest in urban environments due to their larger
abundance in metropolitan zones like Mexico City (0.37-2.48
ppbv)‘5,75

The analysis of the ozonolysis of 2-methylpropene, referred
to as alkene 19, is important because it exists in substantial
abundance in a variety of cities including Taipei, Mexico City
and Porto Alegre (0.51, 5.28 & 16.5 ppbv respectively).”>*
Additionally, due to the inductive impact of the additional a-H
rich alkyl groups, it is anticipated that the ozonolysis of alkenes
6-10 can give large yields of (CH;),COO compared to the
equivalent yields of CH,OO produced from alkenes 1-5.
Therefore, analysis of alkene 19 may help explicitly confirm and
delineate the inductive impact of these alkyl groups on CI yield
because it is the only alkene ozonolysis reaction here that
produces primary yields of both CH,00 and (CH;),COO
directly. The tropospheric abundance levels of alkenes 1-19 in
various locations can be found in greater detail in the ESI
Section S5.F

2 Methods

2.1 Computational methods

Throughout this study, a density functional theory (DFT)
approach is employed to optimise the geometries and deter-
mine the vibronic frequencies of all minima and transition state
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structures, utilizing a B3LYP hybrid functional and the dunning
correlation-consistent aug-cc-pVTZ basis set.*** The energy
pathways between the transition states and local minima are
mapped using intrinsic reaction co-ordinate (IRC) calculations
through a steepest descent algorithm.’®** Where the IRC
computations are carried out on larger transition states, such
bulky structures induce a much higher computational cost and
so, to reduce this cost, an approach using a lower-level basis set
(B3LYP/aug-cc-pVDZ) is used.”** The computational chemistry
suite Gaussian09 is used for all DFT calculations described in
this study.”

The molecular energies of the optimised geometries are then
calculated through an explicitly correlated, density-fitted, local
fitting, coupled-cluster approach (DF-HF/DF-LCCSD(T)-F12a/
aug-cc-pVTZ).**** The molecular energy calculations use the
MOLPRO software package.”® Energies are further zero-point
corrected using a thermal correction factor from the equiva-
lent DFT harmonic frequency calculations. This overall
approach is scalable enough to apply to all structures across this
study and combines low computational cost and energetic
accuracy.

The open-source software Master Equation Solver for Multi
Energy Well Reactions (MESMER) uses the results from these
calculations to determine the computational rate constant
(kraeo) and product branching ratio (I'rygo) for each reaction.”
Unless otherwise stated, standard pressure and temperature are
used when calculating all rate constants and product branching
ratios discussed in the main body of this manuscript and
similar results at other temperatures can be found in the ESI
Section S2.T There is significant literature evidence to show that
alkene ozonolysis does indeed take place in tropospheric
conditions at standard temperature and pressure (see ESI
Section $8.3.37). In this study, where an intermediate product
fragments through the same transition state to produce two
final products at once, the post-reaction complex is used to
determine the MESMER product branching fractions and
a 100% dissociation of this complex is assumed (referred to as
the “infinite sink approximation”). MESMER also incorporates
the asymmetric Eckart function (kgckarr), @ non-ab initio
method that takes into account the forward and reverse barrier
heights and the imaginary frequency of the TS barrier, into the
calculations to account for the contribution of quantum
tunnelling.””

All MESMER-determined krygo & I'ruro values for bimolec-
ular systems found herein involve using an inverse Laplace
transform (ILT) capture rate coefficient of 1 x 10™'° cm® s ™" and
an excess reactant concentration of 1 x 10'® mol em>. A
standard grain size of 10 cm " is used for the EGME calcula-
tions for smaller systems, although, as noted in ESI Section S2,+
this was adjusted up for larger and more complex systems to
ease the cost and intensity of such computations. The results
from the MESMER calculations here are relatively insensitive to
the small grain size changes within the parameters of this study.
As with previous studies, the standard bath gas used was N,
with an “<AEqown>" collisional energy transfer factor of
300 cm ™ '.°**8%° Additional details and literature background
relating to the MESMER input variables are found in ESI

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Sections S8.1 and S11,f an example MESMER input file can be
found.

Throughout this study, the krygo constant and I'tygo values
for each reaction are compared both with experimental data and
other theoretical data found in the literature to test the veracity of
the theoretical method used in this study. The validity of this
approach is also confirmed by a comparison of the rates and
Gibbs free energies from this study and the literature in the
sensitivity study in the ESI (Sections S8.2 & S8.37). The sensitivity
study finds that the Gibbs free energies of the alkene ozonolysis
reaction barriers are usually within ~4-5 k] mol~* of the equiv-
alent experiment barriers, a level of consistency considered
favourable by many other studies including studies of alkene
ozonolysis.*>** To underline the validity of this approach,
a log-log plot of the literature experimental rate coefficients as
a function of the results of the calculated rate constants is
provided and discussed in ESI Section 8.3.2,7 that shows close
proximity of the theoretical rate constants produced in this study
compared those found in the recent experimental literature.

Studies in the literature also show, when using multi-
reference treatments as a benchmark, that both the coupled-
cluster CCSD(T)-F12-based approaches and DFT-based
approaches, like B3LYP, are high-performance computational
approaches for determining the chemistry of the ozone + ethene
reaction (this literature is discussed in further detail in ESI
Section 8.2t).°*'** Considering both the authentication of this
approach from the sensitivity study and the literature, there is
appropriate evidence showing that this approach provides
computational chemistry results which are consistent with
literature studies of similar reactions at a manageable compu-
tational cost.>***'** While alkene ozonolysis has been occa-
sionally examined in the computational chemistry literature,
when addressing the chemistry of a previously unstudied alkene
or potential new reaction pathways, this study is exceptional
because of the comprehensive range of alkenes studied herein.
This thorough investigation into the mechanism and yield of
each reaction path, and the distinctive insights this delivers,
provides a unique opportunity to produce a system of taxo-
nomic alkene groups generated from these results.

3 Results and discussion section

3.1 General overview of alkene ozonolysis chemistry

3.1.1 Ozonolysis of propene (alkene 1) (CH;CH=CH,). To
determine krppo and I'rupo values for an alkene ozonolysis
reaction, it is important to understand the main stationary
points on the reaction potential energy surface, including key
transition states and minima. The propene reaction (alkene 1)
serves as a detailed example due to its simple structure and
thorough study in the literature. O; + propene react to produce
two primary ozonide conformers (POZ 1 & 2) via two 1,3-cyclo-
addition transition states (TSozo 1 & 2). TSozo 1 & 2 differ due to
the ozone orientation at the point of reaction.

The MESMER calculations for O; + alkene 1 show that all the
POZs subsequently fragment, almost instantaneously, without
any statistically notable proportion of the POZ population being
collisionally stabilised for any significant length of time. The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The molecular structures of the cycloaddition steps for the
ozonolysis of alkene 1 with relative energies (kJ mol™).

results from the MESMER calculations of all other alkene ozo-
nolysis reactions in this study also show POZs are not colli-
sionally stabilized under atmospheric conditions. This is
confirmed by work by Olzemann et al. and in many other
studies in the literature, where they found that the collisional
stabilization of POZs in ozonolysis of alkenes, like ethene and
2,3-dimethyl-2-butene, is negligible, and the POZ fragments
swiftly after its initial formation.'*>%

TSozo 2 has a higher energy barrier than TSez0 1 (Fig. 3),
thanks to the increased steric interaction between the O; and
the -CHj; substituent, thereby reducing the computed POZ yield
from TSoz0 2 (0.158) compared to TSoyo 1 (0.842). Experimental
verification of this is problematic due to the rapid intercon-
version between POZs and the subsequent POZ fragmentation,
however the similarity in experimental rate constants (kgxp ~
0.5-1.3 x 10~ cm® s7') and the krypo value calculated here
(3.24 x 107" em® s7') helps to validate the veracity of this
computational approach.®”1%118

POZ interconversion occurs over a low-energy pseudorotation
isomerisation barrier (TSpo) such that all POZ conformers on the
O; + propene potential energy surface access all fragmentation
pathways (Fig. 4). This allows the chemistry to be completely
modelled by examining a single POZ structure, reducing the
computational cost of examining these reactions. ESI Section S6.2
shows results obtained from this assumption in comparison to
a full treatment for reactions of O; with alkenes 1, 6, 11 & 13.

The POZ fragments along several reaction pathways,
including those that produce a Criegee intermediate (CI) and an

[ .9, i ;279
Q /"0 TSozo 1 ? \’/o
0 l: ------ & '11.6\-147 == L E—
—_ S i | IO o0 S5
e CH; H ! PRC1 = CH; H
L 1 b
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r O I E ,0*»_‘ +
2 ST I HC * H L | & 4
> -100 ] A1 = Ly
> /Yy | H H & \ H
> | ! S H
o H S H X L™ Cn,
L s H
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E y 1 3 ] ‘: |:\
(' b e R L
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= 352 v -
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Fig. 4 Potential energy surface of the Oz + alkene 1 reaction (pro-
pene). Energies are relative to initial reactants. The POZ 1 & 2 rings are
not chemically distinct due to interconversion over the low TSpoz
barrier.
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aldehyde. As an example, this reaction produces formaldehyde
oxide, referred to by the abbreviation “FO” or the chemical
formula “CH,00”, and acetaldehyde CH;CHO through TSgo 1 &
2 (Fig. 4). All transition states are labelled according to the CI
produced: TSantr produces anti-CH;CHOO + HCHO and TSsyn
produces syn-CH;CHOO + HCHO. Throughout this study, the
syn- & anti-categorisations are assigned to different isomers with
reference to the position of the largest group by mass (demon-
strated in Fig. 6, Section 3.1.2, using syn- & anti-CF;CFOO, the
products of O; + alkene 11). The computational examination of
these fragmentation pathways does not give relative propor-
tions of collisionally stabilised CIs to internally excited CIs and
therefore they are referred to collectively as “CIs” when dis-
cussing the I'tygo values. Pre-reaction complexes (PRCs) and
post-reaction complexes are included when running calcula-
tions using MESMER, but these complexes have negligible
impact and are only discussed sparingly (all structures of these
complexes can be found in the ESI).}

As CIs have short atmospheric lifetimes, experimentally
determining branching ratios (I'gxp) of CIs directly is chal-
lenging and so I'gxp data for CIs are generally inferred from
branching ratios of aldehyde/ketone co-products. However
experimental yields of aldehyde & ketone co-products are not
explicitly used here to differentiate between anti & syn
conformers of the same CI. Nevertheless, CI species fragment
via a variety of mechanisms and anti and syn conformers of the
same CI often have very different favoured fragmentation
routes. For example, mentioned prior were the unimolecular
decompositions of (CHj3),COO, syn-CH;CHOO and syn-
EtCHOO, which proceed via 1,4-alkyl-H-migration, producing
a vinyl hydroperoxide (VHP) species that subsequently frag-
ments, producing a significant yield of OH radicals.>**** In
contrast, anti-CH;CHOO and anti-EtCHOO largely decay via
a 1,3-cyclisation mechanism that largely does not produce OH
radicals. Anti-CH;CHOO and anti-EtCHOO have unimolecular
decay pathways that could produce OH radicals, such as the 1,3-
H-migration mechanism, but the rate constants for these frag-
mentation routes are orders of magnitude smaller, and thus the
fraction proceeding through them is negligible, compared to
1,3-cyclisation.®

Given that hot anti- & syn-Cls are estimated to largely be
generated with a similar range of internal energy it is likely that
the CI conformer with the lower unimolecular rate constant,
kyni, (see Table 1), is less likely to decay and more likely to
collisionally stabilise, when produced from the same reac-
tion."”**** Furthermore, a comparatively greater proportion of
the hot anti-CIs are more likely to be stabilised by collision
whereas a larger share of the hot syn-CH;CHOO & syn-EtCHOO
are more likely to proceed via rapid unimolecular decay." This

Table 1 Unimolecular rate constants (kyn) of many of the Criegee
intermediates in this study derived by Vereecken et al.®

Funi (579 CH,CHOO EtCHOO CH,00 Me,COO
Syn- 136 205 0.3 478
Anti- 53 74
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means the vast bulk of the OH yield emerges from syn-CH;-
CHOO or syn-EtCHOO as their anti-CI equivalents do not
deplete via the VHP fragmentations (further discussion of the
literature on OH yields from CI decay is found in ESI Section
8.4%). While these methods do not provide full I'gxp values for
many of the CIs produced from POZ fragmentation, they can be
used to assess the veracity of the I'tigo values calculated in this
study.

During the ozonolysis of propene, POZ fragmentation is
more favourable via the low energy TSantr & TSsyn pathways, as
reflected by their high branching fractions, I'xnry (0.452) & I'syn
(0.276). The correspondingly low yields for TSgo 1 & 2 (0.157 &
0.115) lead to a collective acy o0 yield of ~0.272 that is quite
modest (the acy, o0 term is used here for the collective CH,00 +
CH;CHO yield, the sum of the yields from TSgo 1 & 2). The
literature I'gxp range for CH,OO + CH;CHO of ~0.38-0.45 is
somewhat higher than the computational acy 00 value but both
values agree that CH,0OO0 does not make up a majority of the CI
yield.*391217124 Ag syn-CH;CHOO is the only CI produced from O;
+ propene to have a high OH production rate for the reasons
outlined above, the relatively low experimental OH yield range
(0.32-0.33) seen during the ozonolysis of propene is broadly
indicative of the same low to medium yield for syn-CH;CHOO
seen here‘9,39,1217124

Some studies explore the potential of additional “DeMore”
and “O'Neal-Blumstein” channels and a set of epoxidation
mechanisms too. The evidence in the literature shows that
these mechanisms are likely to play some modest role in the
reaction Kkinetics.”®7*1%%125131 Some restricted evaluations of
these additional mechanism are trialled (see ESI Sections S6.4-
S6.51), but any definitive expanded study of these channels was
deemed beyond the scope of this study.

The examination of this well-studied reaction shows the
validity of the computational approaches and provides
a framework for the discussion of more complex reaction
systems. To further underline the veracity of this method in
describing alkene ozonolysis, a sensitivity analysis of the
computational results of a select group of the alkene ozonolysis
reactions has been studied and this investigation can be found
in ESI Section S8.3.F

3.1.2 Effect of conformeric flexibility. Due to having lengthy
and/or complex substituent groups, there are a significant
number of alkenes in this study, such as alkene 2, that have
multiple conformers, and when determining all issues related to
ozonolysis chemistry the lowest energy conformer is the ground
state. The presence of longer and more flexible -R; groups, such
as the -Et group in alkene 2, often leads to the stationary points
producing multiple different transition states. As we have already
seen, understanding and identifying the role of conformational
flexibility is paramount within this work. We have employed
a consistent labelling notation as shown in Fig. 5, where
conformers of TSpzo 1 and TSoyzo 2 are labelled TSozo 1.1-1.3
and TSozo 2.1-2.3, with the decimal identifying conformeric
subspecies. The same type of labelling process is also applied to
pre-reaction complexes (PRCs). The labelling notation is consis-
tent within reactions such that PRC 1.1 — TSgz0 1.1 — POZ 1.1
— TSpo 1.1 — Cpo 1.1 etc. All transition states are included

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Multiple TSozo 1 and TSozo 2 subchannels for Oz + alkene 2
reaction with energies (in kJ mol™?) relative to the initial reactants.

within each reaction and are incorporated into calculations of
the kruro & I'rieo values (with key values displayed in the ESIt),
however for brevity and clarity only the lowest energy TS for each
reaction channel is usually shown in the main text.

Some of the alkenes in this study have an unsaturated
substituent (e.g., alkenes 5 & 10) or a bulky -R; group (e.g,
alkene 8) and this additional conjugation or the steric bulk may
potentially inhibit substituent rotations (see Fig. 9 for an
example) and increase the height of the isomerisation barrier
(TSiso ~ 20-21 k] mol ). It is also possible that the TSg barrier
could inhibit some of the cycloaddition pathways that react with
the less energetically favourable alkene conformer, and this was
studied in ESI Section S6.1.f However, this investigation into
the impact of alkene interconversion on this ozonolysis chem-
istry, carried out on alkenes 5, 8 & 10, found that the TS;so
barrier had no impact on this cycloaddition process.

As with O; + alkene 1, the products of the alkene 2 ozonolysis
reaction include a single set of syn- and anti-mono-substituted
Cls, syn- & anti-EtCHOO (Fig. 6). One of the CI products of
alkene ozonolysis in this study is “(CH3),COO” and this can be
referred to as dimethyl carbonyl oxide or dimethyl formalde-
hyde oxide (or DMFO), but here the term acetone oxide has been
used and has been abbreviated to “AO” in much of the labelling
through this study and the ESL

These sterically hindered alkyl substituent rotations also
raise the isomerisation barriers both for the POZ conformers
(~9-14 k] mol™ ") and the Criegee intermediate and aldehyde
final products (~23-36 k] mol ). These kinds of low barriers to
POZ interconversion have already been shown to be of
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negligible importance to overall alkene ozonolysis chemistry
(see ESI Section S6.2t). Furthermore, with the exception of the
barrier between anti- & syn-ClIs, the isomerisation barrier
between CI conformers (such as in Fig. 9 for example) is still
relatively small and so they are likely to freely interconvert after
ozonolysis (see ESI Section S6.31 for more details).

3.2 Results of the ozonolysis of alkenes 1-19

To establish the role that the substituent groups have on an
alkene's ozonolysis chemistry, the theoretical (krueo & I'raro
values) results obtained in this study are assembled into several
tables of reference. The similar fluctuations in relative reactivity
between alkenes, represented by the energy barriers (AErs) and
krueo values, may be observed to pair with common changes in
substituent groups (R4, R,, Rz & Ry), both found in Table 2. As
mentioned previously in Section 2.1, the number of substituent
o-H atoms may be linked with changes in ozonolysis chemistry
and so the collective number of substituent a-H atoms are also
listed in Table 2. A range of experimental (kgxp) rate constants
from the literature are also collated in Table 2, to determine if
the krygo values are reasonable and to confirm whether the
observed alkene ozonolysis trends are correct.

The final products from all alkene ozonolysis reactions
analysed in this study (except for alkenes 13-18) contain at least
one set of disubstituted CIs, i.e., CIs with identical substituent
groups. In Table 3, these disubstituted CIs are all denoted using
the “X,COO” term (X = H or CHj3) and the yields of these
disubstituted CIs are represented both using a collective
branching fraction (cx,coo), as well as the individual I'typo
values (I'x,coo() OF I'x,coo(z))- To confirm the observed product
branching fraction trends seen for these alkene ozonolysis
reactions, the results of the different POZ fragmentation
mechanisms analysed here (I'anrr, I'syn & I'x,coon) OF I'x,coo()
are displayed alongside the literature measurements related to
such processes (ax,coo & OH yield). The OH yields are used here
as an indirect method of determining the branching preference
between syn- & anti-CI, as techniques to directly measure
experimental syn- & anti-CI yields have only recently become
available and hence such measurements are limited to very few
studies and a small number of alkenes (see Section 3.1.1 for
more details). In contrast, the collective theoretical X,COO yield
(ax,coo) is compared to experimentally determined branching
ratios (I'gxp) of X,COO measured using co-reactant yields.

The branching fractions for O; + alkenes 13-18 are displayed
in a similar way in Table 4, except with new I'ryro labelling, for
anti- & syn-RiR,COO (I'anrir, & I'syn-r,) and anti- & syn-RzR,CO0
(I'antir, & T'synr,)- While the experimental yields of the indi-
vidual anti- & syn-CI conformers are not included in Table 4, the

L ___Alkene2z7__ "1 _"TTT Alkene 11 _ " T T T Alkene5___""T77C 3
0. 0,

i o® 1 o Q0 0% 1 % o %o i

! 1 ! 1 : 1 ! 1 Oy..C., — — HC_c. |

| PN i Co i P i PN | \CI; H /025; K| cII: H,

1Bt "H 1 H” TEt 1 FsC” F 1 FT TCFy 1y, 0™ “ch, e

1 1

anti-EtCHOO | syn-EtCHOO | anti-CF3CFOO | syn-

CF3CFOO,

Fig.6 Schematic of syn- & anti-EtCHOO and syn- & anti-CFsCFOO grouped by the alkene ozonolysis reactions that produce them and a display

of sterically hindered alkyl substituent rotations inside the Criegee inte

© 2025 The Author(s). Published by the Royal Society of Chemistry

rmediate syn-CHzC(O)CHOO.
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Table 2 The substituent features of alkenes 1-20 and a collation of the important values of the ozonolysis cycloaddition step of those alkenes®

Substituent groups AErs (k] mol ™)

k(10 ¥ em’®s™)

#No. oH R, R, R, R, TSozo1  TSozo2  kruro’  Kkexe Ref.

1 3 CH, H H H 11.6 16.0 32.4 5.0-13.2 67, 109-118 and 132
2 2 Et H H H 10.7 12.6 103 9.65-10.9 57 and 132

3 1 ipr H H H 9.8 11.5 60.6 7.3-9.5 57

4 0 ‘Bu H H H 10.3 17.3 22.5 3.8-3.9 66

5 0 C(O)CH; H H H 15.2 7.8 69.0 4.5-5.8 9, 68, 115, 116 and 133-136
6 9 CH; H CH; CH; -1.64 2.37 4336 386-797 65

7 8 Et H CH; CH; -0.8 2.2 5114 406-454 8

8 7 ipr H CH; CH; 3.2 4.8 245.9 (223) - SAR 8

9 6 ‘Bu H CH; CH; 3.7 6.3 245.6 125-139 65

10 6 C(O)CH; H CH; CH; 12.8 10.4 1.57 8.1+ 2.8 64

11 0 CF; F H H 31.3 27.5 0.0114  (2.77£0.21) x 10> 63

12 0 CF,CF, H H H 26.5 27.3 0.0299  0.20-0.234 61 and 62

13 0 CF; H H cl 26.2 28.6 0.0185  (1.46 £ 0.12) x 10®> 60

14 0 CF; H H F 29.9 29.6 0.0081  (2.81 £0.21) x 107> 59

15 5 Et H H CH; 2.1 7.6 1127 159.2-315 58

16 5 Et H CH; H 0.6 4.1 2482 127-128.27 58

17 6 CH, H H CH; 6.8 361 127.8-200 58 and 132

18 6 CH; H CH; H 3.1 10.9 1175 121.5-125 58 and 132

19 6 CH, CH; H H 12.3 30.2 10.8-18.0 32,57, 58 and 132

“ The number label (#no.); the number of a-hydrogens (a-H); the identity of alkene substituents (Ry, Ry, R; & Ry); the lowest energy TSozo 1 & 2
cycloaddition barriers (AEys); the master equation rate constants (kruro); and the comparative literature experimental rate constants (kgxp).
b Conditions used for determination of krugo (such as grain size) are in ESI Section S2.1.

Table3 Collation of product distributions of Oz + alkenes 1-12 & 19: alkene label (#n0.); the number of a-hydrogens («-H); I'theo values of anti-
& syn-RiCR,OO (I'anm or I'syn); the collective and individual I'tiyeo of X2COO (ax,coo = I'x,coow + I'x,coow): and the experimental collective

T'exp of X5COO (ax,coo) and OH yields found in the literature”

Theoretical Literature
#No. o-H T'anm T'syn I'x,coom) I'x,coo) ax,coo ax,coo OH yield Ref.
1 3 0.438 0.239 0.175 0.148 0.323 0.35-0.45 0.18-0.39 9, 39,121-124
2 2 0.427 0.201 0.199 0.173 0.373 0.35-0.36 0.29-0.41 118, 124, 137 and 138
3 1 0.431 0.115 0.267 0.187 0.454 0.49 — 124
4 0 0.470 0.059 0.303 0.168 0.471 0.68 — 124
5 0 0.046 0.020 0.588 0.345 0.934 0.65-0.95 0.13-0.16 68, 122, 136 and 139
6 9 0.216 0.072 0.509 0.203 0.712 0.65-0.70 0.81-0.98 9, 122 and 140-143
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 — 124
9 6 0.114 0.010 0.778 0.098 0.876 0.82 — 9
10 6 0.024 0.729 0.243 0.004 0.972 — — —
11 0 0.001 <0.001 0.532 0.468 0.999 — — —
12 0 0.045 0.004 0.524 0.427 0.955 0.261 — 61
19 6 T'on00° 0.158 I'(ony,coot 0.842 0.842 0.68-0.75 0.60-0.84 118, 137, 138 and 144

“ Note: O; + alkene 19 yields no anti- & syn-Cls and I'cyy,00 & I'(ci,),coo values are presented differently herein.

I'turo values can be verified by comparing the experimental
collective branching fractions of anti- & syn-R;R,COO (ar,cr,00)
obtained from indirect measurements of R;R,CO co-reactant
yields to theoretical ag cr,00 values.

3.3 Analysis of the ozonolysis of monosubstituted terminal
alkenes

This section involves studying the ozonolysis of the mono-
substituted terminal alkenes (alkenes 1-5 in Fig. 7) from the

626 | Environ. Sci.: Adv, 2025, 4, 619-647

perspective of the step-by-step increase in the structural
complexity of the -R, group (from ~CH; & -Et to —'Pr & -‘Bu).
3.3.1 Ozonolysis of alkene 2 (EtCH=CHy,). The high kryxro
value for O; + alkene 2 (1.03 x 10~ "® em?® s™) is a result of the
low energies of the TSozo 1 & 2 barriers (TSozo 1.3 ~
10.7 k] mol™" & TSpyz0 2.3 ~ 12.6 k] mol %), at least relative to
the O, + alkene 1 equivalents (TSozo 1 ~ 11.6 k] mol " & TS0 2
~ 16.0 k] mol ). Although our calculations show O, + alkene 2
to be more reactive than the experimental data suggest, this
krueo value is still within an order of magnitude of the literature

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 The important features of the product distributions of Oz + alkenes 13—-18: alkene label (#no); the number of a-hydrogens (e-H); I'riheo
of the anti-/syn-R;CR,00 (I'ani-gr, OF I'syn-r) OF anti-/syn-RsCR4O0 (I'anTi-r, & I'syn-r,); combined I'ryeo values for RiCR,COO (ag cr,00) and
syn-Cls (asyn); and literature I'exp values of both conformers of R1R,COO (ag cr,00)*

Theoretical Literature
#No. o-H I'anTir, TI'syngr, T ANTI-R, I SYN-R, ®R,CR,00 OsyN OR,CR,00 OH yield Ref.
13 0 0.604 0.197 0.108 0.091 0.728 0.397 0.63 — 145
14 0 0.473 0.450 0.050 0.027 0.923 0.477 — — —
15 5 0.215 0.206 0.256 0.322 0.422 0.578 0.46 0.46 140 and 143
16 5 0.395 0.034 0.510 0.060 0.429 0.169 0.48 0.27-0.29 140 and 143
17 6 0.520 0.480 — — 1 0.480 1 0.19-0.64 9, 146 and 147
18 6 0.817 0.183 — — 1 0.183 1 0.17-0.41 9, 39 and 138

% The trends and comparisons with the experimental literature seen in these tables are discussed in Sections 3.3-3.6.

CH; H;C CH; H3C CH; CH;3
/ \/ N/ /
H;C H HC H HC H /C H O0=C H
H H H H H H H H H H
1 2 3 q 5

Fig. 7 Chemical structures of alkenes 1-5.

range of kgxp values (0.97-1.09 x 10~'” cm® s7"). One important
trend in the literature to highlight is that the TSozo 1 barriers,
calculated here for both alkenes 1 & 2, are lower than that seen
in the theoretical literature for O; + ethene (14.6 kJ mol %),
indicating that the inclusion of even one hydrocarbon -R;
group has an activating effect on the >C=CZ{ bond.

Vereecken et al. note that the sensitivity and the asymmetry
of the m-bond on the alkene is crucial when considering the
reaction kinetics between alkene and ozone.**® Here, the addi-
tion of the -CH; group induces greater electron density around
the alkene's m-bond, distorting the symmetry within the -
orbitals and therefore increasing the overall susceptibility of the
alkene >C=CZ bond to ozonolysis.*** This is substantiated in
the experimental literature by the higher kgxp values for Oz +
alkenes 1 & 2 (~10"7 em® s™!) compared to that of O; + ethene
(~1.45-1.59 x 107" cm? s71).325707

The POZ fragmentation in the O; + alkene 2 reaction shows
lower TS barriers for pathways that generate anti- & syn-CH;-
CHOO (TSanti 3 = —164.4 k] mol™' & TSsyw 3 =
—163.3 k] mol ") than those that produce CH,0O (TSgo 1.3 =
—158.5 k] mol™' & TSpo 2.3 = —156.7 k] mol™'). The length-
ening of the -R; group and the corresponding decline in the
number of a-H atoms appears to lead to a reduction of the
collective yield in R;CHOO CIs (0.627). Therefore, the corre-
sponding theoretical yield of CH,00 for O; + alkene 2 is
significantly larger (acu,00 ~ 0.373) than alkene 1 (~0.323).
Although there is some variation in the acy,00 values for Oz +
alkene 1 found in the literature (0.35-0.45), an experimental
study by Rickard et al. found that the acy,00 values for O; +
alkenes 1 & 2 were both ~0.35, which is very close to the theo-
retical branching fractions found in this study.'**?124137,138

The larger acy,00 value for O; + alkene 2 leads to a smaller
I'tupo value for syn-EtCHOO (0.201) and this is attributed

© 2025 The Author(s). Published by the Royal Society of Chemistry

primarily to the TSgyn 2 mechanism having an energy barrier
~12-13 k] mol " higher than TSgyy 1 & 3. As illustrated in Fig. 8,
this high barrier is a consequence of the specific orientation of
the -Et substituent, unseen in the TSgyn 1 & 3 structures,
placing the -Et group and an oxygen atom in close enough
proximity to yield notable steric repulsion. This increased steric
interaction within the TSsyy 2 structure has no equivalent in the
other POZ fragmentation structures of O; + alkene 2.

This reduction in the I'tygo value for syn-EtCHOO + HCHO
(0.201) compared to that of syn-CH;CHOO + HCHO for alkene 1
(0.276) would be expected to lead to O; + alkene 2 having the
lower OH yield. However, it is noted in the literature that the
kuni value for fragmentation via VHP formation for syn-EtCHOO
is greater (205 s~ ') than that of syn-CH3;CHOO (74 s~ '), implying
that OH formation from syn-EtCHOO is the more favourable.
Therefore, the higher experimental OH yield seen for alkene 2
(0.29-0.41) compared to alkene 1 (0.18-0.39) is well within the
scope of expected results, even considering the marginally
smaller I'syy value. In addition, this difference in the experi-
mentally determined OH yield between alkenes 1 and 2 is
difficult to authenticate due to the large ranges seen for the
respective OH yields and both reactions see a similar overall
I'tupo trend: I'anrr > I'syn > I'en,oo0) >'T CH,00(2)

3.3.2 Ozonolysis of alkenes 3 & 4 (PrCH=CH, & ‘BuCH=
CH,). There are many TS structures accessible in the ozonolysis of
alkene 2, which is also observed for the conformationally flexible
alkene 3 but the increased steric bulk of the —'Pr group has
a deactivating impact on the >C=CZ{ bond. The lowest energy
cycloaddition barriers of the O; + alkene 3, TSozo 1.1 & TSoyz0 2.3,
are lower in energy (9.8 & 11.5 k] mol ') than their alkene 2
equivalents, and, if only the lowest TSozo barriers were consid-
ered, then alkene 3 would have the larger kryro value. However,
the sum of all rate constants over all cycloaddition subchannels
(TSozo 1.1-1.3 & TSpzo 2.1-2.3) generates an overall krygo value
for alkene 3 (6.06 x 10~"7 cm® s™') which is smaller than the
overall kpypo of alkene 2 (1.03 x 10 '® em® s7%). This downward
trajectory in kryro values seen for O; + alkenes 2 & 3 continues for
alkene 4 (2.24 x 107 cm® s™"). This stepwise reduction in reac-
tivity is consistent with the experimental data as a decline in kgxp
values for O + alkene 3 (7.3-9.5 x 10~ *® cm® s ™) followed by O, +
alkene 4 (3.8-3.9 x 107" cm® s7').57%¢ This decrease in
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Fig. 8 Geometries and energies of the different TSsyn structures of
the Os reactions with alkenes 1 & 2. The arrows in the figure show the
movement that takes place as the molecule proceeds through the
transition states and indicates what steric interactions might result.
Energies (in kJ mol™) are relative to raw reactants.

ozonolysis rates from alkenes 2-4 corresponds to a stepwise
decline in the number of o-H atoms in the -R; substituent,
demonstrating the activating effect a-H atoms have on the >C=
¢ bond.

The increase in the acp,00 value observed between the ozo-
nolysis of alkenes 1 & 2, (see Fig. 9), continues in an upward
trajectory for the acy, 00 values of O; + alkenes 3 & 4 (0.454 &
0.471). This upward trajectory is replicated in the literature with
experimental acy 00 values for O; + alkenes 3 & 4 of 0.49 to 0.68,
respectively.”* Much of the previously observed I'rygo trends
persist across all O; reactions with alkenes 1-4, as shown by the
significant fall in the I'syx values seen in Fig. 9 (in green).

As for alkene 2, the main changes in the POZ fragmentation
chemistry for O; + alkenes 1-4 occur within the TSgyy channel.
The energy barriers in the TSsyn channel see significant varia-
tion (—164 to —149 k] mol ') and the increased number of high-
energy TSgyn barriers increases with the size of the -R;
substituent, as the steric repulsion between the O atom and the
-R; substituent increases. This contributes to the overall step-
wise reduction in I'syy values across the O; reactions with
alkenes 1-4 (see Fig. 9).

Considering only steric interactions, the low TSgyx barrier
height (~—161 k] mol™") seen for O; + alkene 1 would likely be
more similar to the TSy, barrier (~—155 kJ mol *). We postulate

Product Branching Ratio of O, + R;-CH=CH,

Alkene 4 0.47 0l06 0.47
[tBuCH=CH,]
Alkene 3
0.43 0.11 0.45
@ [iPrCH=CH,]
£
< Alkene2
0.43 0.20 0.37
[EtCH=CH;]
Alkene 1
0.44 0.24 0.32
[CHsCH=CH;)
0 20 40 60 80 100

Branching Ratio (/seo)

[ anti-R,CHOO + HCHO [ syn-R,CHOO + HCHO [[7] CH,00 + R,CHO

Fig. 9 Branching ratios (I'rieo) of Oz + alkenes 1, 2, 3 & 4 reactions (Ry
group refers to CHs, Et, 'Pr & ‘Bu respectively).
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Fig. 10 Schematic featuring the stabilising role of a-H atoms in a syn-
CHR; group in relation to the terminal oxygens in the carbonyl oxide
group, using the ozonolysis of alkenes 1 & 3. Energies (in kJ mol™) are
relative to raw reactants.

that the low barrier heights seen for some TSgyn Structures
(such as TSsyx 2 in Fig. 10) are due to the a-H atoms in the -
CHR, substituent group providing stabilisation of the newly
forming COO functional group. The role of hyperconjugative
stabilisation has literature precedent as it is known that o-H
atoms in a syn position reduce the ground state energy of syn-
CH,CHOO to ~14 k] mol™" lower than anti-CH;CHOO, which
has no hyperconjugative o-H atoms in a syn position.>* The
different energies of TSsyn 2 & 3 in Fig. 10 suggest that a-H
atoms may only be hyperconjugative if they are in the gauche
rather than the anti orientation, as one might anticipate. The
impact of both this substituent effect and steric bulk for the
barrier for TSgyy barriers is discussed in further detail in ESI
Section 8.5.1

3.3.3 Ozonolysis of alkene 5 (CH;C(O)CH=CH,). Alkene 5,
methyl vinyl ketone (MVK), which is abundant in biogenically
influenced locations such as rainforests (ca. 1 ppbv), exhibits
a significant difference in its ozonolysis chemistry to that of the
anthropogenic alkenes 1-4 thanks to the strong electron-
withdrawing nature of the -C(O)CH; substituent.>”* There are
two planar isomers of alkene 5 both of which exhibit conjuga-
tion between —-C(O)CH; and the >C=CZ groups and these two
minimum energy geometries, as well as all cycloaddition TSs,
are divided by the same E- or Z-orientation in accordance with
Cahn-Ingold-Prelog rules.

One notable observation in the cycloaddition of O; + alkene
5 is that TSoz0 2.1 would be expected to have a high energy
barrier due to a lot of steric repulsion between the central
oxygen in the O; and the R; substituent (see Fig. 11). Addi-
tionally, the electronegative ketone oxygen is near the central

Z-MVK E-MVK Z-MVK E-MVK
TSozo0 1.1 TSoz0 1.2 TSoz0 2.1 TSoz0 2.2
o‘\\\oll,,o o °‘.n\oll,,? i O“°~O I q‘O;? i
"‘/,“"‘ - :':j\\H ”/,jl'n S :':,\\H "/,‘,“'n I .":\\H H/,““ e ,"i\\H
H;C—C\( ‘—c‘u o=c\(c—c‘u H,c—c<c_c‘u °=c\(c—c‘H
o CHy o CH,
15.2 17.4 7.8 18.3

Fig. 11 A schematic and the relative energies (kJ mol™) of the
different TSozo structures of Oz + alkene 5 and the E- or Z-isomer of
those alkene 5 structures. Energies (in kJ mol™) are relative to raw
reactants.
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Fig. 12 A schematic and the relative energies (kJ mol™) of the
different POZ and TSanT structures of Oz + alkene 5 differentiated by
the cis or trans orientation. Energies are relative to raw reactants.

oxygen of the O; and these segments of the overall TS structure
would wusually coulombically repel each other, further
increasing the barrier height. But TSpzo 2.1 is the lowest
energy (7.8 k] mol ') of the cycloaddition mechanisms by
a substantial margin. Furthermore, even though TSo,0 1.1 also
assumes the same Z-orientation during cycloaddition, the
difference in energy with the Z-orientated cycloadditions is
only marginal (~2-3 kJ mol %). This leads to a cycloaddition
process with a higher-than-expected krygo value (6.90 x 107
em?® s71), with ~92% of this cycloaddition proceeding via the
low energy TSpzo 2.1 structure. While this krygo rate constant
is somewhat proximate to the kgxp value (4.5-5.0 x 10 *® cm®
s~ '), the gap between the experimental and theoretical rate
constants is larger here than those seen for alkenes 1-4.%%
This inductive electronic effect promotes alkene 5 to have
a greater reactivity than alkenes 3 & 4, which is likely due to the
presence of their bulkier -'Pr & -‘Bu substituents that inhibit
reaction. However, despite this, alkene 5 has a much lower rate
constant than alkene 2, without any significant increase in
steric bulk, and therefore, it is likely that this decrease in
reactivity is associated with the decrease in the number of
hyperconjugative a-H atoms.

During the POZ fragmentation process the -C(O)CH; group
can take orientations where the oxygen in the ketone functional
group is either in a “cis” orientation or a “trans” orientation to
the 1,2,3-trioxolane section of the POZ or TS structure (see
Fig. 12 for examples). The cis conformer is usually ~15-
20 kJ mol " higher in energy because of the proximity between
the oxygen in the ketone group and the 1,2,3-trioxolane. While
all transition states are included in all calculations of POZ
yields, the low I'tygo values of the cis-TSs (TSantr 1, TSsyn 1,
TSgo 1.1 & TSgo 2.1) means that only the trans-TSs (TSanti 2,
TSsyn 2, TSro 1.2 & TSgo 2.2) are discussed in greater depth here.

The low TSgo barrier seen for O; + alkene 5 in Fig. 13 leads to
a high I'tygo yield for CH,O0 (~0.934) and a corresponding drop
in the yields for the other CI products (syn- & anti-methylglyoxal
oxide) from the other TSgyn & TSan channels. This is in line with
the high collective acy,00 branching ratios seen in the experi-
mental literature (0.65-0.95).°® H, + CO, and H,O + CO are the
dominant products from the unimolecular decomposition of
CH,00 (Stone et al, 2018; Petolta et al, 2020), with only
a negligible OH yield, if any.””»*** The low literature OH yields
seen for Oz + alkene 5 (0.13-0.16) are in the range that are ex-
pected, considering that O; + alkene 5 produces high I'tygo

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Environmental Science: Advances

- 1
0 !
{
— ;
BTl !
B TSanm 2 = -140.2
o _50 i ANTI 3 : .
(S +) H, H
= ! c=¢.
_\Z/ i 0=C\ H
3-1 00 A Iv CH,
et TSro1.2=-158.8 !
g TSanti 2 "
LU -150 4 Lo :
() Y y‘, !
> Iy Y !
b= i y o ~TSp
o NEE R Sl == )
s 2331 =" 040\ |+ = 1 225-7
= POZs 1.1 Hind )P POZs 2.1 8
— o \
-250 13253 &1.2 O:C\4 Grom &2.2 i
H
CH;3

Fig. 13 PES of ozonolysis of alkene 5, methyl vinyl ketone, showing
structures and energies for the lowest energy for all major channels.
POZs1.1,2.2,218& 2.2 allinterconvert via various TSpoz structures (see
ESIt Sections S6.2 & S9.0). Energies are relative to raw reactants.

yields for only CH,0O. The yield for the TSynr channels for O +
alkene 5 (I'anyr ~ 0.046) is lower than those observed for O; +
alkenes 1-4 (~0.45) as the -C(O)CH; group has a deactivating
effect on the COO functional group. It is also thought that the low
I'syx yield for O; + alkene 5 (~0.020), compared to alkenes 1-3
(~0.11-0.28), is in part thanks to the lack of hyperconjugative o-
H atoms in a syn position stabilising the COO group.

3.3.4 Temperature dependence of the ozonolysis of mon-
osubstituted alkenes. The krypo temperature profiles for ozo-
nolysis of alkene 4 (between 218-288 K) and alkene 5 (between
281-295 K) have been calculated, both of which have positive
temperature dependences (Fig. 14). A study by Leather et al
measured a similar slow positive temperature trend for kgxp of O3
+ alkene 4,°° as did Ren et al.®® for O; + alkene 5. Here, the alkene
4 reaction has an activation energy of ~11.8 k] mol " over this
temperature range, which is lower than that reported by Leather
et al. (~16.3 k] mol ').** However, the activation energy calcu-
lated here for the alkene 5 reaction (~10.2 k] mol ') is close to
the experimentally determined activation energy
(~12.6 kJ mol™").®** The krypo temperature relationships for
the ozonolysis reactions of alkenes 1, 2 and 3, have been calcu-
lated, as shown in Fig. 15, all of which display an incremental
positive increase across the temperatures 200-400 K.

3.4 Analysis of the ozonolysis of trisubstituted alkenes

Alkenes 6-10 all have a common structural arrangement around
the >C=C{ bond, featuring neighbouring -CHj; groups in the -
R; and -R, positions, and with the -R; substituent groups
replicating the same stepwise increase in complexity seen for
terminal alkenes 1-5 (see Fig. 16).

3.4.1 Ozonolysis of alkene 6 (CH;CH=C(CHj;),). The ozo-
nolysis of alkene 6 proceeds via two low-energy cycloaddition
TSozo 1 and 2 barriers (—1.64 and 2.37 k] mol '), producing
a krupo value for alkene 6 of 4.34 x 107> cm® s~ ', which is larger
than alkene 1 by just over two orders of magnitude, supported by
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Fig. 14 Arrhenius plot of the theoretical & experimental relationships between temperature and the rate constant (ktueo & kexp) for the ozo-
nolysis of alkene 4 (a) and alkene 5 (b) (for full numerical details check ESIT Section S2.1).6>¢8
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Fig.15 The Arrhenius plots of theoretical rate constants (kteo) for the
O3 reactions with alkenes 1-3 at a range of temperatures.

a range of literature kgxp values for O; + alkene 6 that are larger
(~3.86-7.97 x 107'® cm?® s7') than for alkene 1 (~9.9-10.1 x
107'® em® s7"). This indicates that the nine o-H atoms on the
three -CHj; substituents have a significant inductive effect on the
>C=cC{ bond of alkene 6.”°>%” These methyl groups also alter the
POZ fragmentation chemistry substantially, as the (CH;),COO
yield for O; + alkene 6 dominates the total CI yield (0.701). This
agrees with the experimental (CH3),COO yield (~0.69) reported
by Rickard et al., which was determined from the corresponding
yield of the most substituted primary carbonyl, here acetone

CH, CH,
HiC  CH3 HC  CHy; (CH)CH CH; (CH)C  CH; o=cd  cH,
H CH; H CH3 H CH, H CH; H  CH;
6 7 8 9 10

Fig. 16 Chemical structures of alkenes 6-10.

630 | Environ. Sci.: Adv, 2025, 4, 619-647

(~0.31), which is also a carbonyl co-product in the syn- & anti-
CH;CHOO generating pathways.** Furthermore, this approach
is used in the experimental literature to find a range for the
product branching fraction of (CH;3),COO (0.65-0.70), again,
which generally agree with the large (CHj3),COO yields found
here.>*?>'1%2 This higher (CH;3),COO yield leads to much-
reduced yields of syn- & anti-CH3;CHOO (I'snpr ~ 0.241 & I'syn
~ 0.005) compared to those calculated for alkene 1.

Given that, much like with syn-CH;CHOO, the swift unim-
olecular fragmentation of (CHj3),COO via a short-lived vinyl
hydroperoxide (VHP) is known to generate OH radicals, a high
OH yield is expected from O; + alkenes 6-10 when there is
a large I'rpypo of (CH3),COO.° While syn-CH3;CHOO could
contribute significantly to the OH yield here, the I'tygo value for
this CI is very low and therefore the large (CHj3),COO yield is
probably mostly responsible for the high OH yields from the
ozonolysis of alkene 6 seen in the literature
(0.81_O'98).9,121,138,140,141,150

3.4.2 Ozonolysis of alkene 7 (EtCH=C(CHj3),). The step-
wise change in structure between alkene 6 and alkene 7 is the
same as the essential difference between alkenes 1 & 2, leading
to analogous changes in reaction chemistry of the cycloaddi-
tion step, which principally is an increase in the reactivity of
the >C=C{ group. Furthermore, as illustrated in Fig. 17, the
TSozo 1.1 & 1.3 barriers for O; + alkene 7 are ~12 kJ mol™*
below their alkene 2 equivalents. This shows that the inclu-
sion of the two -CHj; substituents in the -R; & -R, positions of
alkene 7 have the same activating impact on the >C=CZ{ bond
seen in the analysis of alkene 6. One key difference in cyclo-
addition chemistry between alkenes 2 & 7 is that in the TSpz0
1.2 structure the -Et group in the alkene 2 adopts a low-energy
eclipsed orientation relative to the >C=CZ{ bond TSczo 1.2,
that the addition of the two —CHj; substituents makes unfea-
sible for alkene 7. Instead, alkene 7 progresses via a pseudo-
eclipsed TSpzo 1.2 geometry, where the -Et group is proxi-
mate to the O3 during reaction (see Fig. 17). These additional
steric interactions raises the barrier height of TSgzo 1.2 (&
TSozo 2.2) to well above the other cycloaddition barriers (e.g.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 The effect of adjacent extra —CHsz substituents on TSozo 1
subpathways by comparing alkenes 2 (black) and 7 (red). Energies
(in kI mol™?) are relative to raw reactants.

TSozo 1.1, 1.3, 2.1, 2.3). Despite this, as a result of containing
multiple inductive substituents, alkene 7 has the largest kryro
constant (5.11 x 10~ '®> em® s7') determined in this study, and
the largest kgxp value in the literature of the O; + alkene
reactions studied here (4.06-4.54 x 10~ '® cm?® s71).5°

The O; + alkene 7 reaction produces a o(cy,),coo value (0.811)
that exceeds the experimental a(cy,),coo value for O + alkene 6
(0.68), and is very similar to the a(cp,),coo of alkene 8 (0.81).
These results seem to be both consistent with a similar positive
upward a(cp,),coo trend in alkenes 1-4. The corollary of this is
a decline in the I'rygo value for both anti- & syn-EtCHOO (0.152
& 0.037 respectively) for O; + alkene 7 compared to alkene 6
(I'antr ~ 0.223 & I'syn ~ 0.076). This provides evidence that
branching fractions favour CIs with greater numbers of a-H
atoms on their alkyl substituents.

3.4.3 Ozonolysis of alkenes 8 & 9 (‘PrCH=C(CH,), &
‘BuCH=C(CHj,),). As seen with alkenes 3 & 4, the increased
steric bulk of the —'Pr & —'Bu groups in alkenes 8 & 9 has,
a deactivating impact on the >C=CZ{ bond and this leads to

1 0-14 =
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= * s
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a corresponding decrease in ozonolysis reactivity from alkenes
7-9. This decline in reactivity is illustrated in the increased
heights of the TSozo 1 & 2 barriers of O; + alkene 8 (3.2 &
4.8 kJ mol’l), with further rises in the alkene 9 TSy 1 & 2
barrier heights (3.7 & 6.3 kJ mol™"). This leads to a corre-
sponding decline in computational rates between alkenes 7-9
(see Fig. 18) but this stepwise decline in reactivity is difficult to
experimentally corroborate as there are no kgxp values
measured for O; + alkene 8 in the literature. Therefore, the
krueo value is compared to a rate constant (ksar) from a struc-
ture-activity relationship, derived by McGillen et al, instead
(see ESI Section S1.31 for more details).*® The computational
Fruso value for Oz + alkene 8 (2.459 x 107 '® cm® s7') and the
ksar value (2.2 x 107"° ecm® s™") are similar in absolute terms
and both rate constants are significantly smaller compared to
the respective computational and experimental Oz + alkene 7
rate constants, further illustrating the decline in reactivity
across alkenes 7-9 noted earlier.

Both the krygo value (2.46 x 107 '® cm® s™') and the litera-
ture kpxp range (1.25-1.39 x 10~ '® cm® s %) of the O, + alkene 9
reaction continue the downward trend seen across the ozonol-
ysis rate constants of alkenes 6-10 (see Fig. 18), albeit slight.
Fig. 18 shows that the krygo values show similar trends to the
literature kgxp constants, and that krygo values seen for ozo-
nolysis of alkenes 6-10 trend in the same way to O; + alkenes
1-5. Additionally, it is also clear that the inductive impact of the
two additional -CH; substituents increases the rate constants of
all ozonolysis reactions with alkenes 6-9 compared to those of
alkenes 1-4.

As the size of -R; substituent increases, the POZ fragmen-
tation displays an increased preference for producing
(CH;),CO0, as shown by the small increases in ac,),coo values
for O; + alkene 8 (0.868) and O; + alkene 9 (0.876) over the O; +
alkenes 6 & 7 reactions. The preference for (CH;),COO
production is supported by experimental literature o(cu,),coo
values for O; + alkene 8 (0.81) and O; + alkene 9 (0.82) in
comparison to O; + alkene 6.%'** These trends correspond with
an overall decline in both I'ynp (in orange) & I'syy (in green)

107 5
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e R,CHC(CH,),
10-15 4
‘T(I)
@
g 10-16 4
o
w
T
x
1077
1078
-Me -Et -iPr -tBu -C(O)CH3
R, group

Fig. 18 Comparison of ozonolysis for alkenes 1-10 using experimental rate constants (a) and theoretical rate constants (b).° Note: 'PrCHC(CH3),»

kexp rate constant is derived from the ksar found in the text.
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values (Fig. 19), consistent with a reduction in the number of a-
H atoms in the -R; group of the carbonyl oxide.

3.4.4 Ozonolysis of alkene 10 (CH3C(O)CH=C(CHj3),). The
—-C(O)CHj; substituent is electron-withdrawing and contains no
hyperconjugative o-H atoms, deactivating the >C=CZ{ bond in
alkene 10, as reflected by its comparatively small ozonolysis rate
constant (krppo ~ 1.57 x 107 *® ecm?® s7). This is in stark contrast
to the hydrocarbon analogue, alkene 7, where the electron-
donating nature of the a-H-rich -Et substituent clearly has an
activating effect leading to a much larger ozonolysis rate constant
(511 x 107" cm® s"). This difference in ozonolysis rate
constants is confirmed in the experimental literature where the
kgxp of O3 + alkene 7 (4.06-4.54 x 10 '° cm® s~ ') is considerably
larger than that of O; + alkene 10 (8.1 x 10~ *® cm® s7).**** This
deactivating effect was also exhibited for alkene 5, which, due to
the presence of the electron-withdrawing —~C(O)CH; group, also
has a lower ozonolysis krupo value than its closest purely
hydrocarbon analogue, alkene 2 (see Section 3.3.3).

Alkene 10 has the lowest ozonolysis krygo value of all the
trisubstituted alkenes examined here, corroborated experi-
mentally (see Fig. 18 in Section 3.4.3). Fig. 18 shows that the
kruso value for O; + alkene 5 (6.9 x 10~ cm® s™') is higher
than that for O; + alkene 10. As for alkenes 6-9, POZ fragmen-
tation from O; + alkene 10, leads to a very high a(cn,),coo value
(0.972), largely due to the inductive impact of the «-H atoms
present in the two -CH; substituents. However, it is also worth
noting that the low POZ fragmentation yields of syn- & anti-
CH;C(O)CHOO calculated here for the ozonolysis of alkene 10
(0.004 & 0.024) are similar to those of O; + alkene 5 (0.020 &
0.046). This implies that the steric bulk and the electron-
withdrawing nature of the -C(O)CH; group hinders the forma-
tion of these syn- & anti-CH;C(O)CHOO. There are no experi-
mental measurements for either the product branching
fractions or OH yields from O; + alkene 10 but the higher
branching fraction for (CH3),COO calculated here is likely to
produce a high OH yield, as it does for O; + alkene 6 (OH yield
~0.81-0.98).°

Product Branching Ratio of O; + R,-CH=C(CH,),

Alkene 9
0.11 {—0.01 0.88
[tBUCH=C(CH),]
Alkene 8
0.12 |{—0.01 0.87
@ [iPrCH=C(CHs);]
g
f Alkene 7
0.15 |0.04 0.81
[EtCH=C(CH3);]
Alkene 6
0.22 0.0]7 0.71
[CH3CH=C(CHs).]
0 20 40 60 80 100

Branching Ratio (frueo)
[ (CH,),C00 + R,CHO [[]syn-R,CHOO + (CH,),CO [_]anti-R,CHOO + (CH,),CO

Fig. 19 Branching ratios (I'theo) for ozonolysis reactions of alkenes
6-9.
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3.4.5 Ozonolysis of alkene 19 ((CH;),C=CH,) compared
with the ozonolysis of monosubstituted and trisubstituted
alkenes. The ozonolysis of 2-methylpropene, (CH;),C=CH,
(alkene 19) is compared to alkenes 1 & 6 (Fig. 20) to provide
direct evidence for (CH;3),COO preferential formation compared
to CH,00.

The ozonolysis of alkene 19 produces a krygo value (3.02 X
10" em?® s~ ') which is within an order of magnitude of the kgxp
range found in the literature (1.08-1.14 x 10~ cm? s71).3257:58
O; + alkene 19 also shows a lower rate constant than O; + alkene
6 both in this study (ko ~ 4.3 x 107" em® s7%) and in the
experimental literature.’>*”°*% O; + alkene 19 is a very similar
reactivity to that of O + alkene 1 (krypo ~ 3.24 x 10~ ecm®s™1),
an observation also noted in the literature.?>7°%¢7

The POZ fragmentation chemistry of O; + alkene 19 shows
a much higher barrier to CH,O00 formation (TSpo ~
—158.4 k] mol ") than to (CH;),COO formation (TSpmro ~
—172.8 k] mol™!). The dominance of (CH;),COO yield, seen
both here (¢(c,),coo ~ 0.842) and in the experimental literature
(o(cn,),coo ~ 0.75), and the comparatively low barrier for VHP
unimolecular decomposition for (CH;),COO is responsible for
the high experimental OH yield (0.60-0.84).1'#137:13%:142 Thig
definitively confirms that the inductive o-H atoms in the two -
CH; groups promote CI formation compared to -H substitu-
ents, strongly favouring (CH3),COO vs. CH,0O0.

3.5 Ozonolysis of E- and Z-2-alkenes

Both the disubstituted alkenes, 2-butene and 2-pentene, share
the common structural feature of alkyl substituents located at
either end of the >C=C{ bond, and therefore, have two
geometric isomers. These two chemical structures have
different spatial arrangements (see Fig. 21): an E isomer sees the
two alkyl groups adopt the -R; and -R, positions, such as with
alkenes 15 & 17; and the Z isomer has the two alkyl groups in the
-R; and -R; positions, for instance with alkenes 16 & 18. These
trans & cis isomers are chemically distinct, as the presence of the
double bond eliminates any prospect of unimolecular isomer-
isation rotation along the C=C bond axis at atmospheric
temperatures.

3.5.1 Ozonolysis of alkenes 17 & 18 (E- & Z-CH;CH=
CHCHj3;). Alkenes 17 & 18 are the simplest of the E- and Z-
hydrocarbon alkenes and the ozonolysis is consistent with prior
systems, with the small exception that for symmetric alkene 17
the ozonolysis reaction only produces one cycloaddition TSozo
structure. This means that the single TSoz0 has a degeneracy of
2, doubling the raw krygo value of O; + alkene 17 to 3.61 x 10716
cm?® s, However, as seen in Fig. 22, the relative TS0 energy
barrier for O; + E-2-butene (6.8 k] mol ") is higher than that of
TSozo 1 for O3 + Z-2-butene (3.1 k] mol ). This leads to a higher

Rif Ry HC H HC CHy Hi H

R2 R4 H H H CH3 H3C H
Standard

Alkene 1 g L

Fig. 20 Chemical structures of standard alkene and alkenes 1, 6 & 19.
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Fig. 21 Chemical structures of alkenes 15-18.

master equation rate constant for the ozonolysis of Z-2-butene
(kraeo ~ 1.18 x 107" cm® s7') than that of O; + E-2-butene.
Based on rate constants from the experimental literature, Oz +
Z-2-butene appears to have a lower rate constant (kgxp ~ 1.25 =
0.31 x 10 '° ecm® s7') than that of O3 + E-2-butene (kgxp ~ 1.90
+0.67 x 10" cm?® s71).%% Although this appears to contradict
the theoretical results observed here, such differences between
kexp values are once again minimal and the ranges of uncer-
tainty for each of these kgxp values overlap.

During the ozonolysis of both E- & Z-2-butene, the POZs only
fragment through a TSantr & a TSgyny mechanism producing
either anti- or syn-CH;CHOO, as well as a CH;CHO co-product.
Although the TSan; barrier is marginally higher than the TSgyn
barrier for Oz + E-2-butene (Fig. 22), the subsequent product
branching fraction for anti-CH;CHOO is slightly smaller (I'anrr
~ 0.49) than that of the syn conformer (I'syx ~ 0.51). In contrast,
the TSanmr pathway in the Oz + Z-2-butene reaction has
a 10 k] mol " lower barrier than TSgyy leading to a substantially
greater yield for anti-CH;CHOO over the syn-CH;CHOO (0.872 :
0.128). The spatial arrangement of the substituents within the
TSsyn structure of the Z-2-butene reaction brings the two -CH;
groups and the central oxygen of the ozonide into close prox-
imity (see Fig. 22) and this increased steric interaction likely
contributes to increasing the height of the TSgyy energy barrier.

- HsC H HiC CH, o
c=c/ c=c o o
\ H N 16.0 \ il
H CH, 6.8 3 —_— e &,
= 04 =— ", S S I S
— 0.0 \ | —— ' H CH,
e p— \ -10.0 1 L7 cHy ]
o -22.5 ' | TSsm(2) =-162.6
S . ! | TSawn (2) =-173.1
- 1 $
x 1
> -100- !
o 1
. \
()] 0 $ ;
T = o 9 1
w % i | TSawm(E)
g ST e ! :—l
£ 2004 [k, W] 0 s
< TSanm (E) = -170.9 d g (E) 4
1 | TSswi(E)=-173.7 b '|
o.. H -245.8 |
oz T 1-286.0
2004 | %2  — ==
300 \\C\ C\”CH; -296.2 .287.2
A -299.7

Fig. 22 The PESs of the ozonolyses of alkene 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 ((TSanTi (E) &
TSsyn (E) are part of the ozonolysis of alkene 17 and TSanTi (2) & TSsyn
(2) 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 mol™ . Energies are
relative to the raw energy of Oz + alkene 17.
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These results appear consistent with a computational study by
Rathman et al., which also calculated that ozonolysis of alkene
17 had a lower TSgyy barrier (—116.6 k] mol™ ") than the TSanry
barrier (—109.3 kJ mol ').*** Furthermore, the Rathman et al.
study determined that the TSanr barrier for O; + alkene 18
(-119.6 k] mol ') is lower than the TSsyy barrier
(—113.0 k] mol ™), which is in agreement with the results found
here.*>*

As discussed earlier, of the two CI products from these ozo-
nolysis reactions, syn-CH;CHOO produces high yields of OH
(more details in Section 3.1.1) and therefore a high OH yield
from the ozonolysis reaction here is indicative of a high syn-
CH;CHOO branching fraction.”* Rathman et al. study showed
that O; + alkene 17 had a clear preference for syn-CH;CHOO
formation, whereas O; + alkene 18 preferentially formed anti-
CH;CHOO.*" This is reflected in significantly greater experi-
mental OH yields seen for alkene 17 (0.24-0.64) compared to
alkene 18 (0.14-0.41).939138140.141147,151 O, + alkene 17 consis-
tently has a higher OH yield than alkene 18 as seen both in the
IUPAC recommendations (0.64 & 0.33) and across a broader
body of the literature including Alam et al. (0.63 & 0.26), Rickard
et al. (0.59 & 0.37) and Orzechowska and Paulson (0.64 &
0.33).121,140,152,153

3.5.2 Ozonolysis of alkenes 15 & 16 (Z- & E-EtCH=CHCHj3;).
The lengthy and flexible nature of the -Et group in alkene 16
leads to increased steric blocking of the active site than seen in
the case of alkene 15. However, alkene 16 still has a greater
ozonolysis rate constant (2.48 x 10 '*> cm® s™') than alkene 15
(1.13 x 107" em® s7%), so one can postulate that Z-substituted
alkenes have a higher overall reactivity with ozone than their E-
counterparts. Furthermore, the additional inductive influence
that the —-Et substituent has is also evident, as alkenes 15 & 16
both have higher rates than alkenes 17 & 18 (3.61 & 11.8 x 10 *°
em®s™h).

The kgxp values reported by Calvert et al., support this
assessment, showing that O; + alkene 15 (3.15 x 10" *® cm® s *)
& alkene 16 (~1.28 x 10~ "® cm® s7") both have higher rates than
alkene 17 (1.28-1.90 x 10~ '® ecm® s7") and alkene 18 (~1.25 x
107" em® s7').° However, kgxp is generally larger for the E-
isomer alkene 15 rather than the Z-isomer, alkene 16: once
again the values are so close as to make definitive comparisons
challenging though. The main underlying factor that distin-
guishes the ozonolysis of alkenes 15 & 16, is that the POZ
fragmentation produces syn- & anti-EtCHOO, as well as the syn-
& anti-CH;CHOO species.

During the POZ fragmentation for the O; + alkene 15 reac-
tion, the lowest-energy transition states to each product set all
have similar energy barriers (—175 to —172 kJ mol ") giving rise
to a near-even distribution of products (Fig. 23). A slight
exception is seen for the smaller yield of anti-EtCHOO +
CH3CHO (~0.22), which is likely due to the greater steric
interaction between the bulkier -Et group and the ozonide
moiety of the transition state structure, raising the energy to
reaction (ESI Section S3.11). In contrast, POZ fragmentation
during the ozonolysis of alkene 16 is dominated by the anti-
orientated CIs, anti-EtCHOO & anti-CH;CHOO (see Fig. 23), with
around ~83% of the product yield. This is because the
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formation of both syn-EtCHOO & syn-CH;CHOO requires the
ozonide component of the POZ ring to be in close proximity
with both the bulky -Et group and a cis-orientated -CH; group.
This greater steric interaction is reflected in the higher barriers
to syn-CI formation, ~—168 kJ mol*, compared to the low
barriers to syn-CI formation, ~—180 kJ mol " (see ESI Section
S3.11 for more details).

The higher experimental OH yield of alkene 15 (0.46) vs.
alkene 16 (0.27-0.29) is consistent with the higher syn-CI
formation seen for alkene 15 in these calculations.'*® Moreover,
syn-CIs efficiently unimolecularly decompose via a VHP inter-
mediate to form not only OH radicals but also secondary
carbonyls and a variety of other atmospheric species.®">*>15*
For example CH;CHOO can breakdown to produce OH + HCHO
(as well as HO, & CO). This secondary carbonyl generating
channel also applies to syn-EtCHOO, where an «-H rich alkyl
group in the syn position often facilitates a unimolecular 1,4-H-
migration decay mechanism into a VHP intermediate. This VHP
then reacts further via an excited hydroxycarbonyl species to
produce in a secondary CH;CHO yield.****** Therefore, if alkene
15 has the higher syn-EtCHOO formation then it should also
produce a significant excess CH;CHO yield. A study by Nelson
et al. shows that O; + alkene 15, does indeed produce a far
greater excess CH;CHO yield than O; + alkene 16 does, inferring
that alkene 15 does generate a higher syn-EtCHOO formation.'*

3.6 Ozonolysis of halogenated alkenes

The halogenated alkenes studied here (alkenes 11-14, seen in
Fig. 24) are all part of a new generation of refrigerants, which
are replacing previous atmospherically detrimental chlorofluo-
rocarbon (CFC), hydrochlorofluorocarbon (HCFC) and hydro-
fluorocarbon (HFC) refrigerants.'>*** These haloalkenes, often
referred to as hydrofluoroolefins (HFOs), are being phased in as
commercial coolants because of their relative non-toxicity, short
atmospheric lifetimes, low global warming potentials (GWP)
and low ozone depletion potentials (ODP).**775

As the EU, the USA and China are all in various stages of
phasing in these HFO products on a large-scale in the industrial

Product Branching Ratio of O, + E- and Z-alkenes

Alkene 16
[Z-EtCH=CHCH,]

0.40 0.51 0.06/0/03

Alkene 18
[Z-CH,CH=CHCH,]

0.82

Alkene

Alkene 15
0.21
[E-EtCH=CHCH,] 0.22 0.32

Alkene 17

[E-CH,CH=CHCHj] 0.52

0.48

T T )
0 20 40 60 80 100
Branching Ratio
[ anti-R,CHOO + CH,CHO [[]anti-CH;CHOO + R,CHO
[ 'syn-R,CHOO + CH,CHO [ syn-CH,CHOO + R,CHO

Fig. 23 Branching ratios (I'tyeo) of Oz + alkenes 15-18 reactions.
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and commercial sector, their widespread use has led to large
tropospheric emissions of HFOs both on a local and a global
level.”777880156 One outcome of this has been that the tropo-
spheric decay of alkene 11 in cities like Beijing has led to an
increase in tropospheric abundance of trifluoracetic acid (TFA),
a tropospheric gas known to cause irritation to the human
respiratory tract.”®” It has also been shown that some HFO
ozonolysis reactions produce CF;CHO, which can breakdown to
produce the strong greenhouse gas, fluoroform (CHFs;),
although the yield is disputed.®** As HFOs usage and emis-
sions are still on the increase, it is vital to understand the
chemistry of their tropospheric decay and to determine both the
primary and secondary products of HFO breakdown and their
yields. These products have also included sCIs produced from
O; + HFO reactions and some computational studies have
shown that bimolecular reactions with “HFO-sCIs” may deplete
atmospheric toxins, such as SO, and CH,.>*?>*9%10%158-161

Alkene 12 (CF;CF,CH=CH,) has limited commercial use,
but it is examined here primarily to investigate whether if the
inclusion of o-F atoms in the -CF,CF; substituent has a de-
activating impact on the >C=CZ group, in contrast to the
activating effect that hyperconjugative o-H atoms have in alkene
2. Previous studies have shown that similar haloalkyl -CF;
groups have a de-activating impact on the COO functional
group in anti-sCIs and so this deactivating impact may also
apply to unsaturated >C=CZ bonds t00.2*'%#1% Some limited
computational analysis of O; + alkenes 11-13 is present in the
literature, but the analysis carried out here is extended far wider
to include many previously unidentified TSs and final products
for each reaction.””***¢

3.6.1 Ozonolysis of alkene 11 (CF;CF=CH,). Ozonolysis of
alkene 11 (CF;CF=CH,) proceeds via the two cycloaddition
structures, TSoz0 1 and TSozo 2, with noticeably higher energy
barriers (31.3 & 27.5 k] mol ") than those observed with other
alkenes. This gives rise to a krygpo value of 1.14 x 107>° cm® s7*
[kexp value (2.77 x 102" cm® s )].%* The deactivating role of the
halogen -F and haloalkyl -CF; substituents in alkene 11 is
clearly evident in the reduced krygo value for O; + alkene 11
compared to those of alkenes 1-10 (107 ¥ to 107 "° em® s7 ).

During the POZ fragmentation of O; + alkene 11, the energy
barriers to generating CH,00 + CF;CHO (TSgo 1 & 2) are very
much lower than TSnt1 & TSsyn that produce anti-CF;CFOO and
syn-CF;CFOO (syn & anti designations are here given based on
whether the —-CF; group is syn-periplanar or anti-periplanar to the
terminal oxygen as seen in Fig. 25). A study by Paul et al., showed
a similar difference between TSanry (—120.5 k] mol™*) and TSgo 1
(—187.8 kJ mol ) to those observed in Fig. 25.” This extremely
large disparity between energetic barriers produces a very large
collective CH,0O branching fraction («c,00 > 0.99). It appears

F:C H FC—CF, H FC H FC H
F H H H H a H F
11 12 13 14

Fig. 24 Chemical structures of alkene 11-14 (also referred to as
HFOs).
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that the electronegative nature of -F and -CF; substituents and
the lack of a-H atoms substantially reduces the I'rygo values for
both anti-CF;CFOO (2.49 x 10°) and of syn-CF;CFOO (3.31 x
1077). The impact of -F and -CF; substituents is analogous to the
deactivating role of -C(O)CHj; in alkenes 5 & 10.

3.6.2 Ozonolysis of alkene 12 (CF;CF,CH=CH),). Alkene 12
(CF3;CF,CH=CH,) is more reactive with O; than the other HFOs
studied here but the energy of the lowest TSozo barrier for
alkene 12 is 15.8 k] mol " higher than its purely hydrocarbon
analogue, alkene 2 (EtCH=CH,), as seen in Fig. 26. This results
in a kpypo value for alkene 12 (2.99 x 107 2° em?® s7) [kyxp range
(2.0-2.34 x 107" cm?® s7!)] that shows that the —-CF,CF;
substituted alkene has a much lower ozonolysis rate than the -
Et substituted alkene 2 (1.03 x 107'® cm?® s7'), demonstrating
that the replacement of hyperconjugative o-H atoms with o-F
atoms reduces the reactivity of the alkene.®**> The substitution
of the -Et group with a —-CF,CF; group also leads to a decline in
B-H atoms too, but B-H atoms have less impact as they are less
hyperconjugative than o-H atoms.>

The removal of a-H atoms alters the POZ fragmentation
chemistry by raising all the energetic barriers (Fig. 26). The
increase in TSgo 1 & TSk 2 barriers is small compared to TSanT:
& TSsyn, biasing the product branching fraction more in favour
of acy,00 (0.955) than O; + alkene 2 does (0.373). However, the
only literature study found of this reaction produces a much
lower collective ey, 00 value (0.261) for O; + alkene 12.°* The
corresponding theoretical yields for anti- & syn-CF;CF,CHOO
are small (0.045 & 0.004) but not as marginal as seen for alkene
11 (both «0.01), probably because of the absence of the addi-
tional -F substituent seen in the -R, position of alkene 11,
which also deters CI formation.

3.6.3 Ozonolysis of alkene 13 (E-CF;CH=CHCI) and alkene
14 (E-CF;CH=CHF). The structures of alkenes 13 & 14 both
include a -CF; group in the -R; position and a halogen group
(either -Cl or -F) in the -R, position and are evaluated here
simultaneously. The ozonolysis of alkene 13 has lower energy
TSozo 1 & 2 structures (26.2 & 28.6 k] mol ') than alkene 14
(29.9 & 29.6 k] mol™") and this difference leads to a larger
ozonolysis krygo value for alkene 13 (1.85 x 1072° cm® s ) than
alkene 14 (8.1 x 10> em® s7") [kgxp ~ 1.46 & 2.81 x 10~ >' cm®
s '].5>% This is because the -F group is more electron-
withdrawing than the -Cl group and therefore has a greater
deactivating impact on the >C=CZ bond.

TSanmi TSsw TSro 1 I TSro2
O-. O---__ O-.. | O--..
; TTT=-0 Z 20 T30 /! =20
Huu-l-c(’ 9, Hllu-'C{ 0,, FaClinCl 9’ [P I?,
Ny o & ~d
H e o\ H o c\ Fa\ | FaC \
CF; H H
-120.9 -112.8 -188.1 i -187.1
2 2 N 4
HCHO + HCHO + CH,00 +
anti-CF3CFOO | syn-CF3CFOO CF3CFO

Fig. 25 A schematic and the relative energies (kJ mol™) of the TSanTi
& TSsyn structures of Oz + alkene 11 in conjunction with the products
these mechanisms generate. Energies are relative to raw reactants.
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Fig. 26 A comparative of the Oz + alkenes 2 and 12 potential energy
surfaces using the lowest energy barriers for each channel only. The
direction of the potential energy surface for Oz + alkene 2 reaction
progresses from the centre of plot to the left of the plot and the
direction of the potential energy surface for Oz + alkene 12 reaction
progresses from the centre of plot to the right of the plot. Energies are
relative to raw reactants.

Whereas the spatial arrangements of alkenes 11 & 12 placed
their deactivating groups in -R; & -R, substituents at only one
end of the alkene >C=CZ{ bond, alkenes 13 & 14 are E-orien-
tated alkenes with electron-withdrawing groups on the
opposing -R; & -R, positions. As this produces a slightly more
complex potential energy surface, it is important to highlight
that POZ fragmentation either proceeds via: TSantr 1 and TSgyn
1 producing anti- & syn-CF;CHOO, or TSanti 2 & TSsyn 2
producing anti- & syn-CICHOO or anti- & syn-FCHOO, respec-
tively. As the deactivating groups are now at either end of the
>C=CZ bond, it can be calculated whether anti- & syn-CF;-
CHOO formation is preferred over anti- & syn-CICHOO and anti-
& syn-FCHOO in absolute terms, rather than just through
comparative analysis.

While all POZ fragmentation channels are competitive, the
formation of anti- & syn-CF;CHOO is favoured over the other
CIs, as shown by the high overall acr,croo value seen for O; +
alkene 13 (0.728). This observation, corroborated in the exper-
imental literature (acr,cnoo ~ 0.63), demonstrates that the
deactivating impact of a purely halogen substituent deters CI
formation more than a haloalkyl substituent does.*** The pref-
erences for anti-CIs continues for O; + alkene 14, for both anti- &
syn- CF;CHOO (0.604 & 0.197) and anti- & syn-CICHOO (0.108 &
0.091). The greater electron-withdrawing nature of the -F
substituent appears to have an intensified deactivating effect on
CI formation by increasing this I'tygo preference for anti- & syn-
CF3;CHOO (0.473 & 0.450) over that of anti- & syn-FCHOO (0.050
& 0.027). As mentioned earlier, the CF;CHO co-product has
been associated with the tropospheric production of the strong
greenhouse gas fluoroform (CHF;) and this study shows that
particularly the ozonolysis of alkenes 13 & 14 does indeed
produce a modest CF3CHO yield (0.199 & 0.077).*>®* This not
only provides evidence that additional investigation into the
tropospheric breakdown of HFOs is desirable, but it also
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provides the important CF;CHO branching ratio data that will
be needed in computer models that simulate the atmospheric
impact that wider HFO use might have.

3.7 Summary

On the whole, this wide-ranging computational study shows
that the alkene substituents provide several different key
structural and electronic characteristics to the >C=CZ bond,
that can therefore have a significant influence on both the
cycloaddition and POZ fragmentation aspects of the alkene
ozonolysis process. With respect to the rate determining step of
this reaction, the cycloaddition step, the total number of alkyl
substituents, particularly those rich in o-H atoms, has a signif-
icant inductive impact on the >C=CZ{ bond, raising the rate
constant. This can be seen in the contrast between the high
krueo values seen for the heavily substituted & a-H-rich alkenes
6-9 (~107"* em® s7') and the low reactivity of the a-H-poor
alkenes 1-4 (~10~"" ecm?® s7"). The inductive impact of addi-
tional alkyl substituents can also be seen in that the ozonolysis
of the E- & Z-orientated alkenes, like alkenes 15 & 16 (E- & Z-
EtCHCHCH;), had lower ozonolysis kyg values than their
trisubstituted counterpart, alkene 7 (EtCHC(CH3),), but higher
ozonolysis kyg values than their monosubstituted equivalent,
alkene 2 (EtCHCH,).

The important role of substituent a-H atoms is particularly
highlighted, by the fact that the decline in the number of o-H
atoms across monosubstituted alkenes 2-5, leads to a decline in
ozonolysis krugo values, a pattern that also occurs across the
ozonolysis of the tri-substituted alkenes 7-10. Additionally, by
contrasting the ozonolysis of alkene 12, (CF;CF,CH=CH,) with
its purely hydrocarbon analogue alkene 2 (EtCH=CH,), it can
be seen that the substitution of hyperconjugative a-H atoms in
the -Et substituent with a-F atoms was seen to significantly
lower the alkene ozonolysis rate constant. The deactivating
impact that both the halogen substituents (such as -F or -Cl)
and haloalkyl groups (such as -CF; or -CF,CF;) have on alkenes
are evidently responsible for the smaller ozonolysis rates
calculated for alkenes 11-14 (ko ~ 107" to 107 em® s71).

During POZ fragmentation too, it is clear throughout this
study that CI formation is favoured if the CI contains multiple
alkyl substituents that are rich in a-H atoms. This is shown by
the large yields of a-H rich (CH3),COO from O; + alkenes 6-9 &
19 (0.6-0.9) compared to the low CH,OO yields produced from
the ozonolysis of alkenes 1-4 (0.2-0.5).

Furthermore, by comparing the ozonolysis reactions of
alkenes 1-10, it is shown that not only is anti-R;CHOO forma-
tion usually preferred over syn-R,CHOO, but that by gradually
increasing the size of -R; substituents, from an -CH; group to
a -‘Bu group, the overall yield of the syn-CI, and the anti-CI to
a lesser degree, declines in a stepwise manner. Also, the O3 + Z-
alkene reactions produce much smaller yields of syn-ClIs
compared to the E-alkene reactions, a result that can largely be
inferred from the experimental literature too. During the
examination of O; + alkenes 11-14, it appears that the deacti-
vating effect of halogen and haloalkyl substituents significantly
deters the formation of halogenated CIs and it was determined

636 | Environ. Sci.. Adv, 2025, 4, 619-647

View Article Online

Paper

that halogenated CIs formation followed the subsequent I'rygo
trend: CF;CHOO > CICHOO > FCHOO.

4 Atmospheric implications

As with many studies, the tropospheric bimolecular reactions
studied here are partially of interest because of their capacity at
depleting one of the two reactants, with the focus here drawn to
the depletion of alkenes. While the tropospheric mixing ratio of
ozone is known to vary widely, it has a significant abundance in
a wide range of environments, everywhere from rural forests
(~30 ppb) to highly polluted urban areas (80-200 ppb),
frequently overlapping with regions where alkene concentra-
tions are substantial (see Vereecken et al. study for more
details).

While using the complex and fine-tuned atmospheric
models significantly is outside the purview of this investigation,
there are many other different approaches to assessing the
comparative importance of reactions in the troposphere.'®*%
One common approach is done by determining individual
atmospheric lifetimes, which is obtained using the rate
constants and the concentrations of the co-reactant, here ozone,
and comparing these lifetimes against other main sinks for
alkenes (e.g. reaction with OH & NO3).>”'%>'¢” However, within
the literature various “atmospheric lifetime” approaches can
include other complexities and nuances to offset or incorporate
the impact of factors such as the impact of secondary reactions,
as well as variable ranges in temperature and co-reactant
abundance.'¢%6#17°

The effective rate constant (kgpg) is used here as a straight-
forward approach to assess the relative importance of reaction
with O3 as a sink for alkenes compared to reaction with other
important atmospheric oxidants (ie. OH & NO; radicals),
traditionally associated with tropospheric alkene removal. The
kerr is calculated as the product of the oxidant's concentration
and its reaction rate coefficient with the alkene.>*04123158171 Ag
the purpose of this section is simply to provide a preliminary
assessment of the relative atmospheric significance of the
alkene ozonolysis reactions included in this study, the uncom-
plicated nature of the kgrr methodology and the largely unam-
biguous definition of the effective rate constant in the literature,
make the kgrr methodology well suited for an assessment of the
tropospheric significance of the alkene ozonolysis reactions
here.

Table 5 displays the kgrr values for several different alkenes,
selected for their differing reactivity, functional groups and
atmospheric relevance, and comparing their reactivity with O3,
OH and NOj; and with their kggg(Total), which is the sum of their
kerr(0s), kgpe(OH), and kgpp(NO3). Reaction rates with OH and
NO; and the typical atmospheric concentrations are taken from
the existing literature.”®*%'%¢17>7> For the calculations of
kerr(O3) values in Table 5, both experimental and theoretical
rate constants have been used. ESI Section S71 for a wider range
of the kgpr values for alkene reactions with O;, OH & NO;
determined for this study.

Alkenes 1 & 7 represent either end of the reactivity range of
alkenes without heteroatoms, while still exhibiting abundances

© 2025 The Author(s). Published by the Royal Society of Chemistry
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between 1-20 ppb in urban environments.>”*** Both of these
species display a modest but still notable kggr 0zonolysis values,
demonstrating that in certain urban environments ozone is
likely to somewhat reduce the tropospheric alkene budget.
alkene 5, methyl vinyl ketone (MVK), has a significant role in
rural environments (e.g. Vereecken et al. estimates MVK ozo-
nolysis to be responsible for up to 10% of CI generation in
temperate forests) as it is produced from the breakdown of
biogenic isoprene emissions, the kgpr values are calculated
using the tropospheric abundance of species found in rural
environments.® Table 5 shows that within the constraints of this
analysis, ozonolysis will likely have some moderate impact on
alkene 5's tropospheric budget.

In contrast, the kgpr values produced from both the theo-
retical and experimental ozonolysis rate constants found for the
urban halogenated alkenes 13 & 14 are much less competitive
(~0.3-1.7% of the overall kgpp) than their non-halogenated
equivalents. Previous studies estimate that ozonolysis is
a sink for only 0.13-2.96% of tropospheric halogenated alkenes
anyway, but these haloalkene ozonolysis reactions are more the
subject of interest as they are sources of both halogenated CIs
and the important CF;CHO species.*®

The calculated POZ fragmentation yields that emerge from
these reactions are also crucial, not only for reactions like O; +
alkene 7 where no experimental data on CI branching fractions
currently exists in the literature, but also for reactions where
certain CI conformer yields have not been calculated before. For
instance, the POZ fragmentation yields from O; + alkene 5
shows, not only the same branching preference for CH,00
(0.934) seen in the literature (0.65-0.95), but also produces
a significant yield for both anti- & syn-CH;C(O)CHOO (0.04 &
0.020).

Calculating the branching fractions of both syn- and anti-CIs
is important across most ozonolysis reactions here largely
because the atmospheric fate of the CI will depend on the
secondary reactions that the syn-/anti-CI favours and this is
particularly highlighted for the analysis of the ozonolysis of E- &
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Z-2-alkenes (alkenes 15-18). Ozonolysis of E-2-butene and E-2-
pentene produce significant yields of syn-CH;CHOO & syn-
EtCHOO which can undergo rapid unimolecular decay via the
1,4-H-migration mechanism. This decay pathway produces
highly reactive radical species, such as the OH, HO, &
RO, >%22243049,124,142,147,154,179,180 T contrast, the ozonolysis of Z-2-
butene and Z-2-pentene produce higher branching fractions of
anti-CH;CHOO and anti-EtCHOO, which are much more likely
to be collisionally stabilised.’* These CIs then react with
atmospheric species, including water, SO,, NO, and organic
acids, but products of these sCI reactions with SO, and organic
acids often contribute to the nucleation of secondary organic
aerosols.5,22,24,30,49,147,179,180

As stated prior, non-ozonolysis routes dominate the removal
of tropospheric HFOs, such as alkenes 11-14, however yields of
“HFO-sCIs” (anti and syn conformers of CICHOO, FCHOO and
CF;CHOO) are still quite likely, as these HFOs are typically
emitted in more urban environments where there is also high
ozone concentrations.”” While there are some literature
computational studies on HFO ozonolysis, this extended study
includes a much wider range of reaction paths and provides
new insights into product yields.”**7**** Within the context of
halogenated species, CF;CHO has recently been heavily scruti-
nised due to a potential capacity to undergo photolytic disso-
ciation and produce fluoroform, a very strong greenhouse
gas.?#41% If the yield of this greenhouse gas turns out to be
significant it may trigger a ban on certain blends involving this
HFO and may also trigger a phase out by the EU in coming
years.'*"'®> This paper shows that the ozonolysis of alkenes 13 &
14 produce noteworthy branching fractions of CF;CHO as a co-
product (0.199 and 0.077 respectively). These rates and yields
are vital in exploring tropospheric fluoroform production and
may inform policy makers working in this space.

Lastly, many structure-related trends have been identified
for the ozonolysis chemistry of alkenes within this manuscript
and these can be used to generate a computationally-effective
series of taxonomic alkene groups which we would tentatively

Table 5 Effective rate constants of alkene ozonolysis reactions kege with respect to the non-alkene Co-reactant, with either the experimental
rate constant found in the literature and computational rate constant calculated from this study (in italics). kgge is calculated using the following

equation: kgrr = k x [co-reactant]®

kerr = k x [co-reactant] (10

—5 S—l)

Alkene No. OH NO; 0, kgpr(O3)/kepp(Total) Ref.
CH3;CH=CH, 1 26.3 0.536 1.88 0.066 9 and 58
6.16 0.19 This work
CH,C(0)CH=CH, 5 20.1 — 0.73 0.035 9,173 and 176
9.66 0.32 This work
EtCH=C(CHj,), 7 89 485 88.4 0.13 9and 177
973 0.63 This work
E-(CH3)CH=CHCI 13 0.44 — 0.00028 0.00063 9, 60 and 156
0.0035 0.0079 This work
E-(CHS)CHZCHF 14 0.93 — 0.00053 0.00058 9 and 59
0.0015 0.0017 This work

¢ Note: [OH] ~ 1 x 10" mol em >, [NO;] ~ 5.7 x 10° mol cm >, [O3]urban ~ 1.9 x 10" mol em ™, [O3]ryral ~ 1.4 x 10"> mol em™>.%'7® kggp (Total) =

kepp(O3) + kepe(OH) + kepp(NO3), where values are present.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Environ. Sci.: Adv,, 2025, 4, 619-647 | 637


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4va00298a

Open Access Article. Published on 09 January 2025. Downloaded on 8/7/2025 7:07:36 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Environmental Science: Advances

propose to be monosubstituted alkenes, E-2-alkenes, Z-2-
alkenes, trisubstituted alkenes and halogenated alkenes.
Although these are reasonably general groupings, there are
definitely still anomalies within each group depending on
numbers of o-H atoms and/or steric hindrance within different
substituents. This will form the basis of a more comprehensive
future study on CI classes within atmospheric models.”

5 Conclusions

To aid understanding of the alkene ozonolysis process, a broad
classification system is cautiously proposed to categorise
alkenes 1-19 based on the number of substituents and the
composition of the -R groups; it consists of monosubstituted
alkenes, trisubstituted alkenes, E-2-alkenes, Z-2-alkenes and
haloalkenes. When considering the effect substituents have on
the cycloaddition step, the principal insight of this investigation
is that the ozonolysis reactions of the substituent-heavy and o-
H-rich trisubstituted alkenes 6-9, have large rate constants
(~107" cm® s™") compared to the a-H-poor monosubstituted
alkenes 1-5 (~10"" ecm® s ') and especially compared to the
haloalkenes (~102" to 1072° cm?® s™%).

This produces the following cycloaddition reactivity trend for
these alkene groups: krupo (haloalkenes) < krygo (mono-
substituted alkenes) < krygo (E-2-alkenes) ~ kruro (Z-2-alkenes)
< krueo (trisubstituted alkenes). Also noteworthy is that within
both alkenes 2-4 and alkenes 7-9 groups, one secondary trend
was that alkenes with smaller alkyl substituents, with many
hyperconjugative o-H atoms, like —-Et groups, were more likely
to be susceptible to the cycloaddition reaction than alkenes with
bulky and o-H-poor substituent tert-butyl (‘Bu) groups.

During the POZ fragmentation step of the trisubstituted set
of alkenes, the high number of hyperconjugative o-H atoms in
(CH3),COO tends to distort the branching fraction in its favour
(I'tago ~ 0.7-0.9), and this can be juxtaposed with the more
balanced branching distribution between the CI products from
the monosubstituted alkenes. Also, it can be seen across both
alkenes 1-4 and alkenes 6-9, that if the «-H atoms in the -R;
substituent are substituted by bulkier groups there is a general
reduction in the branching preference for CIs with that -R;
substituent (CH;CHOO > EtCHOO > 'PrCHOO > ‘BuCHOO).
Within this organisational structure, the two taxonomic groups
E- & Z-alkenes differ primarily in CI yields, where the O; + Z-
alkene reactions have very high I'rygo values for anti-CIs (~0.8)
compared to the E-alkenes, where anti- & syn-Cl yields are fairly
even, an observation also inferred from the experimental
literature."*?

When considering the halogenated alkenes, it is clear that
electronegative substituents were shown to prompt a reduction
in the formation preferences for CIs with electron-withdrawing
halogen or haloalkyl substituents, such as for the haloalkenes
11 & 12. However, as the halogenated substituents in alkenes 13
& 14 adopt the opposing -R; and -R, substituents, a more even
distribution between R{;CHOO & R;CHOO is determined. The
balanced product distribution from O; + alkenes 13 & 14
includes a sizable yield of the CF;CHO co-product (I'rygo ~
0.07-0.20), an important species that can break down through
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photolysis to produce the powerful greenhouse gas fluoroform
(CHFS).82784,104,158

The taxonomic model outlined has already been used to
build a hybrid model that can be used to determine both rate
constants and product branching ratios for the ozonolysis of
some larger alkenes, at lower cost.> This includes predicting
yields of each CI conformer more easily, which is important
because syn-CIs are more likely to be a highly efficient non-
photolytic source of a variety of important radicals (e.g. OH,
HO, & RO,), whereas anti-CIs are known to react with pollut-
ants, like SO, and organic acids or to act as nucleation sources
for Secondary OrganiC aerOSOlS‘5,9,22,24,30,49,124,142,147,154,179,180
Therefore, if this general structure-activity taxonomic frame-
work is refined into an extended and systematic approach and
then is integrated into an atmospheric model, it could signifi-
cantly simplify modelling the impact of alkene ozonolysis in an
intricate multi-alkene environment.

Abbreviations

CI Criegee intermediate

sCI Stabilized Criegee intermediate
POZ Primary ozonide

VHP Vinyl hydroperoxide

HFO Hydrofluoroolefin

Alkene 1 Propene

Alkene 2 1-Butene

Alkene 3 3-Methyl-1-butene

Alkene 4 3,3-Dimethyl-1-butene

Alkene 5 Methyl vinyl ketone

Alkene 6 2-Methyl-2-butene

Alkene 7 2-Methyl-2-pentene

Alkene 8 2,4-Dimethyl-2-pentene
Alkene 9 2,4,4-Trimethyl-2-pentene
Alkene 10 Mesityl oxide

Alkene 11 2,3,3,3-Tetrafluoropropene
Alkene 12 3,3,4,4,4-Pentafluoro-1-butene
Alkene 13 E-1-Chloro-3,3,3-trifluoropropene
Alkene 14 E-1,3,3,3-Tetrafluoropropene
Alkene 15 E-2-Pentene

Alkene 16 Z-2-Pentene

Alkene 17 E-2-Butene

Alkene 18 Z-2-Butene

Alkene 19 Isobutene
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the ESIL.{ This includes Cartesian coordinates and vibrational
frequencies of all stationary points used, all Master equation
rate constants, Canonical rate constants, product branching
fractions (with the input conditions also listed). All rate
constant and product branching fraction calculations were
carried out using Master Equation Solver for Multi-Energy well
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