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Stabilized Criegee intermediates (SCI) are reactive oxygenated species formed in the ozonolysis of
hydrocarbons. Their chemistry could influence the oxidative capacity of the atmosphere by affecting the
HO, and NO, cycles, or by the formation of low-volatility oxygenates enhancing atmospheric aerosols
known to have an important impact on climate. The concentration of SCI in the atmosphere has
hitherto not been determined reliably, and very little is known about their speciation. Here we show that
the concentration of biogenic SCI is strongly limited by their unimolecular decay, based on extensive
theory-based structure—activity relationships (SARs) for the reaction rates for decomposition. Reaction
with water vapor, H,O and (H,0), molecules, is the second most important loss process; SARs are also
proposed for these reactions. For SCI derived from the most common biogenic VOCs, we find that
unimolecular decay is responsible for just over half of the loss, with reaction with water vapor the main
remaining loss process. Reactions with SO,, NO,, or acids have negligible impact on the atmospheric
SCI concentration. The ambient SCI concentrations are further characterized by analysis of field data
with speciated hydrocarbon information, and by implementation of the chemistry in a global chemistry
model. The results show a highly complex SCI speciation, with an atmospheric peak SCI concentrations
below 1 x 10° molecule cm™3, and annual average SCI concentrations less than 7 x 10° molecule cm™>, We
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find that SCI have only a negligible impact on the global gas phase H,SO, formation or removal of oxygenates,

rsc.li/pccp though some contribution around the equatorial belt, and in select regions, cannot be excluded.

Introduction

Criegee intermediates (CI, carbonyl oxides as shown in Fig. 1)
have the potential to be important oxidants in the atmosphere.'™
Their main source is the ozonolysis of unsaturated volatile
organic compounds (VOC), where the ozone molecule performs RS Ry
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Fig.1 The ambient SCI concentration is determined by the balance
between SCI formation in the ozonolysis of unsaturated organic com-
pounds, against the dominant ClI loss processes through unimolecular
decay and reaction with water. A small fraction of the ambient SCI can
react with SO,, acids, and other co-reactants forming low-volatility
compounds that lead to more and larger aerosol formation in the atmo-
sphere, in turn affecting climate and air quality.
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activated CI can also dissipate their energy to the bath gas and
become collisionally stabilized.>” Alternatively, the CI can be
formed with less nascent internal energy; their longer lifetime
allows them to attain a thermal energy distribution prior to
reaction. Such CI with a thermal energy content, i.e. stabilized
CI (SCI), can, in addition to a wide range of unimolecular
reactions, undergo bimolecular reactions with a plethora of
co-reactants,” ™ potentially affecting the oxidative capacity of
the atmosphere and the formation of aerosols in a different
manner than through their unimolecular reactions. A more
detailed description of the complex ozonolysis reaction system
is available in the ESIT (Section U.1.a).

Terpenoids, i.e. CsHg, C;0Hi6 and C;5H,, biogenic hydro-
carbons that make up the bulk of the non-methane VOCs
emitted to the atmosphere,® are the dominant parent molecules
of SCI, through their ozonolysis reactions. Once formed, uni-
molecular decomposition or isomerisation, and reaction with
water vapor (H,O and (H,0),) are expected to be the dominant
SCI loss processes. The ambient concentration of SCI is then
determined by the relative rates of VOC ozonolysis, and these
SCI losses (see Fig. 1). While the yield and speciation of the SCI
formed in the ozonolysis are not well known, and depend
strongly on the specific VOC, the total source strength is fairly
well constrained by extensive literature data® where ozonolysis
is known to consume a sizable fraction of the 1000 Tg of
organic matter yearly emitted to the atmosphere, though its
contribution is highly region- and time dependent and ranges
from near-negligible to >20%.%"'°""*> The main uncertainty in
quantifying the ambient SCI concentration lies in the loss
processes, where only simple hydrogen- and methyl-substituted
SCI have been investigated in detail,>* and only partial informa-
tion exists on atmospherically more relevant SCI that are typically
much larger, branched, and possibly hetero-substituted structures.
The unimolecular and water reaction rate coefficients are highly
dependent on the CI structure, making the analysis of CI chemistry
in the atmosphere hitherto very speculative.

Several key questions remain as yet unanswered: what is
the concentration of SCI in the atmosphere, what is their

O@ Unsaturated substituents :
(W) R;/R,= -CH=CH,
e}
d -CH=CH-CH,
R; R, -CH=CH-CHj
(R)(Ry)COO -CH=CH-CH,CH;
-CH=CH-CH(CH;), (Z)
Aliphatic substituents : -C(CH3)=CH,
R;/R,=-H -CH,-CH=CH,
-CH, -CH(CH3)-CH=CH,
-CoHs -C(CH3),-CH=CH,
-nC;H; Oxygenated substituents :
-iC5H, R;/R,= -CHO
(CH, -C(=0)CH;
-OH

View Article Online

PCCP

speciation, and how do these ambient SCI react and impact
the atmosphere? Determining the concentration and speciation
of ambient SCI requires a drastic increase in our knowledge on
the loss processes, i.e. unimolecular decay and the reactions
with water vapor, and this specifically for CI derived from
biogenic VOCs. The atmospheric impact of the ambient SCI,
on the other hand, lies partly in their ability to undergo fast
reaction with many oxygenated species, thus forming larger,
lower-volatility oxygenates and oligomers that can enhance
aerosol growth (see Fig. 1). A central aspect of SCI chemistry
comes from its ability to oxidize SO, to SO;, which in turn
forms H,SO4'>'* The only other gas phase SO, oxidation
pathway, with OH radicals, has a low reaction rate,”® which
limits the H,SO, source strength. In contrast, the SCI + SO,
reactions are very fast,>>'® with rate coefficients approaching
the collision limit, 2 to 16 x 10~** ¢cm?® molecule™* s™, and
even moderate concentrations of SCI could strongly enhance
H,SO, formation. The extremely low vapor pressure of H,SO,
acid is a driving factor in the nucleation of secondary aerosols.
Knowing the ambient SCI concentration is thus pivotal to
assess, through formation of H,SO, and of low-volatility oxygenates,
the impact of SCI on aerosol formation, which in turn has a strong
climate forcing potential as well as air quality impact. Several studies
tried to estimate the SCI concentration and/or its impact on aerosol
formation, by modeling or by examining related processes, but lack
of data limits their reliability."” >

In this work, we theoretically examine over 200 CI reactions,
spanning a large range of substitutions: H-atoms, linear and
branched aliphatic groups, B- and y-unsaturated substituents,
as well as oxo- and OH-substituents (see Fig. 2). These systematic
calculations also examine group additivity trends, stereo-selectivity,
kinetic isotope effects, chirality, and other aspects. From this, we
obtain structure-activity relationships (SARs) for the temperature-
dependent rate coefficients for the dominant unimolecular
pathways, and for the reaction with H,O and (H,0),, covering
over 100 classes of CI most likely to be formed from terpenoids
and other unsaturated compounds. Combined with field data
and global modeling, we present a well-founded assessment of
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Fig. 2 Stereospecific substitution of Criegee intermediates. The stereo-specific substituents R; and R, (defined in the top left) each lead to different
reactivity. The list of Ry and R, substituents studied in this work spans most atmospherically relevant compounds, covering aliphatic, (stereo-specific)
unsaturated, and oxygenated moieties. Traditional syn/anti naming convention is superseded by the IUPAC Z/E stereodescriptors. Four examples
(SCI 2, 6, 8, 12) are given on the right, selected out of the 69 SCI studied in this work (see ESI,+ Section C); symmetric Cl (e.g. SCI 7) do not need a stereo-

descriptor.
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the ambient concentration of SCI in the atmosphere, and
estimate its impact on SO, oxidation. We also examine the
reaction of SCI with formic acid, a key oxygenate in the atmo-
sphere whose budget is not yet fully understood.>®> While not
discussed in detail at this time, our results will also help to
identify which compounds are formed in the main CI loss
processes, e.g. OH radicals, acids, hydroperoxides, etc., and
enable a better assessment of the subsequent secondary chemistry,
of the fate of chemically activated CI, and of the impact of CI on the
oxidative capacity of the atmosphere.

All results are discussed in the ESI,f which is arranged as a
stand-alone reference document to accommodate the extensive data
made available in this study. The main text here summarizes the
key results, with links to the appropriate Sections in the ESLt

Carbonyl oxide nhaming convention

The reactivity of CI is determined mainly by the substitution
around the carbonyl oxide moiety, where the position of the
substituents (see Fig. 2) relative to the oxide outer O-atom has a
critical impact on reactivity. Earlier literature designated stereo-
isomers as syn- and anti-Cl, but these terms are not accurate for
CI that don’t have a hydrogen atom substituent. Also, these
terms have become overloaded with other meanings. This
includes the expected reaction mechanism, where syn-CI
undergo a 1,4-H-shift in the ‘vinyl hydroperoxide’ channel while
anti-CI react by 1,3-ring closure in the ‘ester’ channel, or the
presumed reaction products, where OH-forming CI are labeled
syn-ClI, and all others anti-CI.

To allow a non-ambiguous description of the isomeric
makeup of the CI, we propose here to adopt the Z/E TUPAC
absolute stereodescriptors,** already in use for double bonds,
such as in olefines, to describe the position of the substituents
across the CI double bond as depicted in Fig. 2. As discussed in
the ESIt (Sections B and H), treating the carbonyl oxide moiety
as containing a double bond is valid for thermalized SCI due to
the strong zwitterionic wavefunction of the CI, and the con-
comitantly high barriers and negligible reaction rates for
Z|E-stereo-isomerisation by (pseudo-)rotation. The relative
priority of substituents is already well-established and familiar
to most chemists due to their extensive use for olefins, so no
particular problems are anticipated in adopting the Z/E stereo-
descriptors. In this text, we will use this notation throughout for
absolute stereo-description, while the syn- and anti designators are
only used to specify substituent positions relative to the carbonyl
oxide outer O-atom.

Methodology

A detailed description, including additional references, bench-
mark results and error analysis, are presented in the ESI{
(Sections F, U, and V), with only a very concise description here.

The rovibrational characteristics of reactants and transition
states were characterized at the M06-2X/aug-cc-pVTZ level of
theory,>>?® with energies improved using CCSD(T)/aug-cc-pVTZ

This journal is © the Owner Societies 2017
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calculations,”**” and empirical corrections based on experimental
and higher-level theoretical literature data. The temperature-
dependent rate coefficients were determined by canonical transition
state theory (CTST), explicitly incorporating a full conformational
analysis®®*® and asymmetric Eckart tunneling,>*?' yielding
high-pressure Kooij kinetic expressions®” for k(T) for T between
250 and 450 K.

The SAR for unimolecular decay selects the dominant reactions
for a set of CI classes, each defined by its specific type of syn- and
anti-substituent; each class was found to have only a single
contributing unimolecular decay process. The temperature-
dependent rate coefficients are taken from the theoretical
kinetic analysis described above. The SAR for SCI + H,O rate
coefficients correlates the CTST k(T) based on our CCSD(T)//
MO06-2X data against experimental and high-level theoretical
literature information, allowing ad hoc correction of the predicted
rates to match the available data. The SAR for SCI reaction with
(H,0), builds upon rate coefficient correlation against the H,O
reaction. In all three SARs, rate coefficient estimates for SCI
substituent combinations not explicitly studied was performed
by extrapolating the reactivity trends in analogous reactions
across the anti- and/or syn-substituents. The SARs are expected
to be accurate within a factor 5, 10, and 40, respectively, for
unimolecular decay, H,0- and (H,0), reactions, including error
contributions from the quantum chemical calculations, the
kinetic analysis, the literature reference data, and statistical
errors (see ESLt Sections F.3, R.4, S.6, and T.5).

SCI average concentrations from the field data at four
locations,**™*° ranging from the pristine rain forest to a highly
polluted mega-city, are obtained assuming steady state between
speciated formation and loss processes. The production rate
accounts for the average O; and VOC concentrations, the site-
specific ozonolysis rate coefficients, and the yield and speciation
of the SCI. The loss rate for each SCI includes their unimolecular
decomposition, reaction with water and water dimers, and with
SO,, NO,, and organic acids. The analysis relies on direct
experimental and theoretical studies where available, and
estimates based on reaction trends and SARs otherwise.

For global modeling, we use the ECHAM/MESSy Atmospheric
Chemistry (EMAC) model, which is a numerical chemistry and
climate simulation system that includes sub-models describing
tropospheric and middle atmosphere processes and their inter-
action with oceans, land and human influences.’” The core
atmospheric model is the 5th generation European Centre Hamburg
general circulation model (ECHAMS5).>® VOC emissions®*® and the
Mainz Organics Mechanism (MOM) chemical model were already
used by Lelieveld et al.,*® and comprise about 30 unsaturated organic
compounds reacting with Os, spanning a wide range of terpenes,
linear alkenes, and aromatics.

Chemical reactions of carbonyl oxides

a. Substituents of importance in atmospheric SCI

The most common substitution around the double bonds of
atmospheric VOCs are H-atoms and aliphatic groups, where we

Phys. Chem. Chem. Phys., 2017, 19, 31599-31612 | 31601
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find that the branching (i.e. primary, secondary,...) of the
carbon atom connected to the carbonyl oxide moiety has the
largest impact on SCI reactivity. The length of the carbon chain,
on the other hand, was found to have only a minor influence on
the CI reactivity. In this work, we thus focus on H, methyl, ethyl,
iso-propyl, and tert-butyl substituents (see Fig. 2). Most of the
terpenoids are poly-unsaturated compounds, where many show
conjugated double bonds, or y-unsaturated olefins (i.e. double
bonds separated by a single aliphatic carbon). These additional
unsaturated bonds, and their stereo-specific substitution, play
an important role in the reactivity. Fig. 2 shows the range of
unsaturated functionalities examined in this study; again,
branching of the aliphatic substituents on these double bonds
has a higher impact on reaction rates than the length of the
chains. Multi-unsaturated compounds can also give rise to
secondary CI, where a second double bond gets ozonized in
the products of the first oxidation step of the parent VOC. This
first oxidation can be initiated not only by O3, but also OH,
NO;, Cl, photolysis, etc., leading to an extremely wide variety
of compounds. However, typical oxidation processes in the
atmosphere are known to yield predominantly carbonyl-
and hydroxy-substituted oxygenates, so these are the hetero-
substituents included in this work (see Fig. 2).

b. Reactivity trends in SCI

The stability, and concomitantly the reactivity, of an SCI is
determined mostly by the substituent in syn-position and its
interaction with the oxide O-atom. The stereospecific reactivity
of carbonyl oxides has been amply demonstrated for E- and
Z-CH3CHOO,> **1"** with rate coefficients for similar processes
(e.g. the reaction with H,0O) differing by up to several orders of
magnitude for the stereoisomers due to their specific formation
enthalpy. For the substituents examined in this work, the
enthalpy differences between stereoisomers can be even larger
than for CH;CHOO, resulting in even larger differences in rate
coefficients between some stereoisomers. Methyl substituents,
CHj;, in syn-position lead to the most stable CI, while oxo-
substituents, -C(=O0)-, in syn-position yield the most reactive
CI with regard to similar reaction processes such as uni-
molecular 1,3-ring closure, or bimolecular reactions with water;
H-atom and f-unsaturated substituents yield intermediate
reactivity. We have summarized the stereoisomer relative energies
in a group additivity analysis (see ESI,T Section H), which can
help to quantify their relative energy, thus suggesting a relative
reactivity.

Stereoisomerisation of SCI, either by internal rotation or by
in-plane pseudo-rotation of the carbonyl oxide outer O-atom
(reaction (1) in Fig. 3), is found to be very slow, in all cases
slower than other available unimolecular and bimolecular
reactions. Z- and E-isomers of asymmetric SCI thus act as
separate atmospheric species and, given their often very different
rate coefficients, their subsequent chemistry must be included
separately in kinetic models. For conjugated CI, i.e. with a B-C—=C
or $-C=O0 group, we find that internal rotation along the central
single bond (reaction (8) in Fig. 3) is, for practical purposes,
always fast enough to equilibrate the s-trans, s-gauche, and/or s-cis
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isomers. These conformers will thus form a single reactant pool,
greatly simplifying the treatment of such SCI in atmospheric
kinetic models.

c. SCI unimolecular decomposition

Carbonyl oxides have an extensive unimolecular chemistry,’
where we explicitly performed calculations for 14 reaction
types, shown in Fig. 3, out of 24 reaction classes identified
(see ESI,;T Section D). Based on the ~170 rate coefficients
calculated in this work, we conclude that only six chemical
reaction classes are relevant. Furthermore, for each SCI
examined, a single reaction is always dominant, though which
reaction this is it depends on the substitution pattern. We
briefly describe these key reactions classes here, with extensive
details and numerical data deferred to the ESIt (Sections G
through Q).

1,4-H-migration (reaction (3)) is the most important isomer-
isation channel if a suitably-placed, migratable H-atom is
available. Lifetimes of the order of milliseconds are predicted
here, in agreement with literature data,"®*"**' and allyl-
resonance (reaction (10)) further increases the reaction rate.
These reactions form vinyl hydroperoxides (VHP), where for
asymmetric CI the E-VHP is by far the most dominant stereo-
specific product. VHP are expected to dissociate, forming OH
radicals with a vinoxy radical co-product,’ and H-migration is
thus an important radical chain propagating step in the atmo-
sphere. Contrary to the relative C-H bond strength, increasing
substitution on the B-carbon slows down 1,4-H-migration due
to unfavorable interaction of the additional alkyl groups with
the carbonyl oxide moiety, negatively affecting both reaction
barrier and entropy, and reducing rate coefficients by an
order of magnitude from primary to tertiary H-atoms. For
syn-p-unsaturated SCI, the 1,5-ring closure reaction (reaction
(9)) becomes dominant,’*** but if an H-atom is available in
d-position a very fast 1,6-H-migration (reaction (14)) becomes
accessible, aided by the conjugated m-system. Both reactions
yield SCI lifetimes of the order of microseconds. OH-substituted
SCI have similarly short lifetimes, or even isomerize spontaneously
to percarboxylic acids. The longest-lived SCI characterized have
no migratable H-atom nor syn-f-unsaturation, and decay by
1,3-ring closure (reaction (2)) with unimolecular lifetimes up to
an hour.

Some potentially important reactions were not studied in
this work, as their rates are highly specific to the SCI molecular
build. The most critical of these reactions are ring closure
reactions where the carbonyl oxide moiety reacts with a hetero-
substituted functionality elsewhere in the molecule. A well-
known example of this type of reactions is the formation of
secondary ozonides (SOZ) in a ring closure reaction with a
carbonyl C=0 bond, but similar processes can occur with acids,
alcohols, hydroperoxides, and other functionalities.

d. The reaction of SCI with water

The reaction with water is the main loss process for many of the
atmospheric SCI with a longer unimolecular life-time. The rate

This journal is © the Owner Societies 2017
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and (14) are included in the SAR; reaction (8) is shown to be sufficiently fast to

allow equilibration across the rotamers. See ESIt (Section D) for the full list of reaction mechanisms considered.

coefficient depends very strongly on the CI stereo-specific
substitution, and whether the coreactant is H,O or (H,0),.>”
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We have performed calculations on 32 SCI + H,O reactions
of importance in the atmosphere. The rate coefficients
with H,O and (H,0), span over 10 orders of magnitude, as
already predicted in the literature for a smaller subset of
SCLA1 4475154763 The SCI most reactive towards water were
found to have an H-atom or oxo-substitutent in syn-position
to the carbonyl oxide, and react with room temperature rate
coefficients > 10™™ cm® molecule™ s~ ' towards (H,0),,
within an order of magnitude of the collision limit of

This journal is © the Owner Societies 2017

~3 x 10" cm® molecule " s, and with k(298 K) > 10"
1 57! towards H,O. For these SCI, the water
reaction can dominate unimolecular decay. In contrast, the SCI
least reactive to water have oxo- or vinyl stabilizing groups in
the anti-position, combined with less-reactive alkyl substituents
in syn-position; these have rate coefficients k(298 K) <
107'° em® molecule ' s towards both H,0 and (H,0),.

cm® molecule™

e. Other atmospheric SCI reactions

Stabilized carbonyl oxides can react with a wide range of
coreactants; these are extensively reviewed in the literature,”™
and an overview of the available literature is given in the ESI}
(Section E). Most of these reactions are not directly relevant in
the atmosphere, however, either due to low concentrations of
the co-reactants (e.g. HO,, OH, RO,, H,SO,, other SCI,.. .), due
to low rate coefficients (e.g. carbonyl compounds, Os, alkenes,
NHj3,. . .), or both. In addition to the unimolecular reactions and
the reactions with H,O and (H,0),, only the reactions with NO,,
with acids, and with SO,, are considered to be of potential impact.
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An extensive literature overview of the data available for these
reactions is given in the ESIt (Section E); only a brief summary is
given here. None of these reactions appear to be overly sensitive
to the SCI substitution pattern, simplifying the estimation of
rate coefficients.

The reactions of SCI with SO, have high rate coefficients,
>3 x 107 em?® molecule™* s7!, and furthermore the SCI +
SO, reaction could supplement the rather slow OH-initiated
oxidation of SO,, enhancing the H,SO, formation in the atmo-
sphere and thus the nucleation and growth of particular
matter. The reactions of NO, with SCI have somewhat lower
rate coefficient, ~10~"> cm® molecule " s™'; it was proposed
that these reaction could affect the night-time NO; concentration,"
though recent experimental and theoretical work suggests that the
main product is not NO; but a nitro-adduct, with a limited impact
on the NO, cycle. Finally, the reactions of SCI with acids have
very high rate coefficients, >5 x 10~ '" em® molecule * s/,
equal to or even exceeding the collision limit, and forming
lower-volatility oxygenates. The reactions are fast both with
carboxylic acids and with inorganic acids; under dry conditions,
it has been suggested that SCI could affect the atmospheric life
time of e.g. formic acid.

In our analysis, none of these reactions have an important
impact on the atmospheric concentration of SCI, though their
impact on other atmospheric chemical cycles, such as H,SO,
formation, aerosol nucleation and growth, or acid lifetimes, is
yet to be fully elucidated.

SARs for atmospheric SCI

The atmospheric SCI concentration is determined mostly by
their unimolecular decay and reactions with water vapor.
The absolute rate coefficients for these reactions are highly
dependent on the SCI substitution patterns, affecting their
relative competition, and thus the fate of the SCI in the atmo-
sphere. Due to this substituent dependency, structure-activity
relationships are essential to implement these reactions into a
chemical kinetic model; thousands of VOCs are estimated to be
emitted to the atmosphere,®* and studying each of these
individually is impractical. To classify atmospheric SCI, we
identified 18 syn-substituent classes, and 10 anti-substituent
classes, which combined are able to describe a wide diversity of
SCI expected to be formed in the atmosphere. Each SCI can be
assigned to a class by matching its syn- and anti-substituent to
the SAR substituent classes; the predicted rate coefficients for
reaction can then be looked up in the SAR tables. A formal
definition of the SAR substituent classes, and the full SAR
lookup tables are available in the ESIT (Section R, and T), while
a reduced version is given in Table 1. The ESI also describes
how to make predictions for substituents that are currently not
included in the SARs, and how to treat cyclic SCI; additional
examples of the SAR application are also available.

By analyzing the ~170 unimolecular rate coefficients deter-
mined as described above, we found that a single unimole-
cular process is dominant in each SCI class, simplifying the
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implementation of SCI chemistry. For each CI substitution
pattern, we thus select the reaction type with the highest rate
coefficient (see ESI, T Section R). Not all substituent combinations
were studied explicitly; substituent combinations for which no
direct information is available are implemented using the
reactivity trends available in the data, such that the SAR is
broadly applicable. For each syn- and anti-substituent class
combination, the SAR for unimolecular reactions thus provides
the temperature-dependent rate coefficient, and identifies
which reaction class is applicable. It should be stressed that
the SAR includes only commonly found generic SCI reaction
types (Fig. 3). For some specific compounds, potentially important
pathways are not included; the most important example is
secondary ozonide (SOZ) formation.

We also derive structure-activity relationships for both
monomer and dimer water reactions as a function of the CI
substitution (see ESL, T Sections S.5 and T.4), based on the available
literature data, high-quality literature theoretical results, and
additional calculations on 32 SCI + H,O reactions, matching the
substituent classes already used for unimolecular SCI decay. These
SARs likewise provide temperature-dependent rate coefficients.

The full SAR lookup tables are too extensive to include in the
main paper. However, to illustrate some of the key reaction
trends we include Table 1, showing a limited set of SCI substituent
classes, with rate coefficients only at 298 K. An interesting feature is
the impact of substituent branching and unsaturation on the
H-migration rates, where higher branching can slow down the
H-migration (e.g. iso-C3H, versus CHj; substituents), contrary
to what might be expected based on C-H bond strength
correlations. The underlying reason for this trend is the
unfavorable interaction between the substituents, and between
these and the carbonyl oxide moiety. Double bond conjugation
can enhance H-migration (1,4-allyl-migration), or even enable
H-migration across wider ranges (e.g. 1,6-allyl-migration).
These H-migration reactions all form hydroperoxides, which
are expected to predominantly dissociate to OH radicals and a
vinoxy radical, affecting the atmosphere oxidative cycles. If
no H-atoms suitable for migration are available, the reaction
mechanism switches to ring closure reactions. The rate coefficients
for reaction with H,O and (H,O), are seen to be correlated, Ze. they
trace the reactivity of the SCI in a similar manner. The ratio of the
rate coefficients varies significantly across the SCI substituent set,
where for some SCI the unimolecular decay will be dominant, while
for others the reaction with water vapor will be the main loss process.
Table 3 shows the SCI classes that are most commonly formed in the
atmosphere, and gives information on the relative importance of the
loss processes. The sources and speciation of SCI in the atmosphere
is discussed in more detail in the following section.

More extensive SARs are described formally in the ESIf
(Sections R, S.5, and T.4), and are recommended for model
development. These SARs are expected to be accurate within
a factor 5, 10, and 40, respectively, for unimolecular decay,
H,0- and (H,0), reactions, including error contributions from
the quantum chemical calculations, the kinetic analysis, the
literature reference data, and statistical errors (see ESI,¥
Sections F.3, R.4, S.6, and T.5), The ESIf also extensively
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Table 1 Abridged SAR lookup table for SCI reactions, based on simplified substituents classes in syn (Ry, vertical) and anti (R,, horizontal) position.
Indicated is the type of unimolecular reactions dominant for the combination of Ry and R, (first line in each class), as well as the rate coefficients at 298 K for

unimolecular reaction (kyn;, units s ~1), for reaction with water monomers (kyy Ke? cm® molecule

1Y)

and reaction with (H>0)5 (Kgimer, cm> molecule™ s

See ESI (Sections R, S.5 and T.4) for a wider selection of substituents, as Well as temperature-dependent expressions
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Q@ 1,4-H-migration 1,4-H-migration 1,4-H-migration 1,4-H-migration 1,4-H-migration
9@ Funi = 478 Kuni = 433 Funi = 611 Kuni = 373 Kuni = 136
C. ki,0=7.5 x 10718 k0=91 x 107" ko =43 x 10718 k0 =3.5 x 107 k0=6.7 x 107"
HiC' Ry Kdimer = 1.8 x 1074 Kdimer = 2.1 x 10~ Kdimer = 1.1 x 10714 Kdimer = 6.8 x 10~ 14 Kdimer = 2.1 X 1071
o\e 1,4-H-migration 1,4-H-migration 1,4-H-migration 1,4-H-migration 1,4-H-migration
9(‘9 kuni = 689 kuni = 534 kuni = 257 kuni = 12 kuni = 205
c ko =15 x 107" ko =31 x 107" ko =3.5 x 107" kuo0=7.8 x 107 ko =15 x 107"
CH3-CHz Ry Kaimer = 3.2 x 10714 Kdimer = 6.0 x 107 Kdimer = 6.7 x 1074 Kdimer = 1.4 x 10713 Kdimer = 4.3 x 10715
Qe® 1,4-H-migration 1,4-H-migration 1,4-H-migration 1,4-H-migration 1,4-H-migration
9 kum =14 kum =13 kum =19 kum =1 kum =6.7
CH3\CH R k0= 9.8 X 10*”‘14 ko= 1.3 x 10*1714 ko = 1.6 X 10*1714 k0= 3.2 % 10*1174 ko = 9.2 % 10*1814
CHy” 2 Kaimer = 1.9 X 10~ Kdimer = 2.8 X 107 Kdimer = 2.8 X 10~ Kdimer = 5.9 X 10 Kdimer = 2.1 X 107
o® . . o o _
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B kH0715x10*17 k0= 2.0 x 107" ko =24 x 107" ku0=52x 107" ko =1.0 x 107
CHs &, 2 Kdimer = 3.0 x 10714 Kdimer = 3.9 x 1071 Kdimer = 4.5 x 10714 Kiimer = 9.4 x 1071 Kdimer = 2.8 X 10715
o\e 1,3-Cyclisation 1,3-Cyclisation 1,3-Cyclisation 1,3-Cyclisation 1,3-Cyclisation
9® uni = 53 kuni = 74 Kuni = 102 kuni = 111 Kuni = 0.3
C. kp,0 = 2.3 x 10 4 kHO—16><10 kHO—35><10 kHO—45><10 kHo—87><10
H Ry Kdimer = 2.7 X 10~ Kdimer = 1.7 X 10*” Kdimer = 3.8 X 10*“ Kdimer = 4.7 X 10~ Kdimer = 1.4 x 10~
H H Q Allyl-1,4-Hmig Allyl-1,4-Hmig Allyl-1,4-Hmig Allyl-1,4-Hmig Allyl-1,4-Hmig
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\ C kuo=41x10""° ko =29 x 107" ko =33 x 107" ko0=7.4 x 107" ko=14 x 107"
H® CHz Ry Kdimer = 2.9 x 1071 Kaimer = 5.4 x 1071 Kdimer = 6.1 x 1071 Kaimer = 1.3 x 10712 Kdimer = 3.9 x 10715
o
Q @ Allyl-1,6-Hmig Allyl-1,6-Hmig Allyl-1,6-Hmig Allyl-1,6-Hmig Allyl-1,6-Hmig
cH 1% kuni = 1.4 x 107 kuni = 1.2 x 107 kuni = 1.4 x 107 kuni = 4.7 x 10° Kuni = 4.8 x 10°
%C c’CR ko=18 x 107" ko=35%x10""° k0 =4.0 x 107 k0 =89 x 107" ko=12x 107"
4 Y 2 Kdimer = 4.8 x 10715 Kdimer = 8.6 x 10~1° Kdimer = 9.7 x 10715 Kdimer = 2.0 x 10~ 14 Kdimer = 4.3 X 10*16
o o o — . o
Q @ 1,5-Cyclisation 1,5-Cyclisation 1,5-Cyclisation 1,5-Cyclisation 1,5-Cyclisation
. 1% kuni = 13400 kuni = 13400 kuni = 13400 kuni = 13400 kuni = 14300
e C/C\R kuo=18 x 107" k0 =35 x 107 ko =41 x 107" k0= 8.9 x 1077 ko=12x 107"
’ Y 2 Kdimer = 4.8 X 10*15 Kdimer = 8.6 X 10*15 Kdimer = 9.7 X 10*1° Kdimer = 2.1 X 10*14 Kdimer = 4.3 X 10*16
o
O\O ® 1,3-Cyc1isati0n 1,3-Cyclisati0n 1,3-Cyclisation 1,3-Cyclisati0n 1,3-Cyclisation
T kuni = 7.1 x 10* kuni = 5.3 x 10* kuni = 1.3 x 10° kuni = 8.0 x 10° kuni = 144
H\C/C\ ki,0=1.4 x 107} k0= 1.5 x 107" k0= 1.8 X 107} k1,0 = 4.0 x 107" fi0=7.7 x 1071
x 2 Kaimer = 1.5 X 10*11 Kaimer = 1.6 X 10*11 Kaimer = 1.8 X 10*11 Kaimer = 3.7 X 10*11 Kaimer = 1.1 x 10712

tabulates rate coefficients for individual SCI, including the SCI
formed from small alkenes, isoprene, a-pinene and B-pinene.

The atmospheric concentration and
speciation of SCI

The VOCs emitted to the atmosphere span a wide variety of
compounds. Ignoring methane, which does not react with
ozone, the most dominant organic compounds are biogenically
emitted compounds such as isoprene, monoterpenes, and
sesquiterpenes, and a host of small alkenes which are mostly

This journal is © the Owner Societies 2017

anthropogenic emissions. Hundreds of organic compounds

have been identified in the atmosphere,

64 of which a typical

set of a few tens of compounds are found in the highest
concentrations across many sites (see ESI,¥ Section U.1). To
assess the concentration and speciation of SCI in the atmo-
sphere, the rate coefficients for the main loss processes through
unimolecular reaction and reaction with water vapor are
needed across all relevant substitution patterns, and must be
weighted across the speciated SCI and VOC contributions to
quantify reaction fluxes across the many orders of magnitude
difference in SCI reactivity. The substitution-, site-, and stereo-
specificity prohibit easy generalization across multiple VOCs or
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even different CI formed from a single VOC. The modeling
studies currently available in the literature’”>>°*%* did not
have access to sufficiently detailed information, and of necessity
adopted identical rate coefficients for very diverse families of
SCI, resulting in large uncertainties and large variations across
the SCI concentration predictions.

Based on the rate coefficients obtained above for unimolecular
reactions and reaction with H,O and (H,0),, combined with site-
specific ozonolysis rates from literature, and field measurement
data®*7® on the relevant VOC, O3, NO,, SO,, carboxylic acid, and
H,O concentrations, the speciated steady-state SCI concentration
can then be estimated. We examined sites dominated by isoprene
(Amazonian forest, Brazil) or monoterpenes (Sierra Nevada, USA),
as well as a polluted urban environment (Mexico City) and rural
near-free troposphere (Hohenpeissenberg, Germany). On each site,
at least 100 different SCI are formed, with speciation varying
strongly between the sites. Over half of these SCI are removed
by unimolecular decay, while reaction with water is the only
important remaining loss processes; SO,, carboxylic acids, or
NO, barely contribute to SCI loss. We discuss the main results
here (see Table 2 and 3); details are given in the ESIt (Section U).

The Amazonian forest shows a large contribution of isoprene-
derived SCI, comprising 34% of the SCI source strength. Despite
the dominance of isoprene in the VOC loading in this region,
many other VOC contribute strongly, including 15% limonene-
CI, and six other VOC contributing 45% combined. 60% of the
SCI formed are lost by unimolecular decay, while >30% reacts
with water. The steady state concentration is estimated at 1.5 x
10* molecule cm™?, where methyl vinyl ketone oxide (MVK oxide)
formed directly from isoprene constitutes 42% of the ambient
SCI, a-pinene-derived SCI 9%, and many other SCI each less than
5%. The smallest SCI, CH,00, is formed from many compounds
(see Table 3), but contributes negligibly to the ambient concen-
tration owing to its fast reaction with (H,0),. These predictions
are fairly robust to uncertainties in the underlying rate coefficients
and processes, e.g. neglecting all bimolecular SCI loss processes
would only increase the non-CH,00 SCI concentration by a factor
of ~2, emphasizing the importance of unimolecular decay.

The SCI sources in the Sierra Nevada are more diffuse, with
limonene, o- and B-pinene, §-3-carene, MVK and myrcene jointly
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contributing 80% of the SCI source strength. 75% of the
monoterpene SCI undergo rapid H-migration or ring closure
reactions, with most other reacting quickly with water, resulting
in a low predicted SCI concentration of 8 x 10° molecule cm .
Some dominant longer-lived SCI are Z-nopinone oxide formed from
B-pinene, contributing 19% to the ambient SCI concentration, with
a-pinene-, limonene-, and MVK-derived SCI constituting an
additional 33%.

The site at Hohenpeissenberg is characterized by low VOC
and O; concentration, with a predicted SCI concentration of
only 2.3 x 10> molecule cm 3, in line with the recent field data
analysis by Novelli et al.'” In contrast, the highly polluted air
in Mexico City is predicted to have higher SCI concentration,
~5.5 x 10" molecule cm™>, where the main contributors are
anthropogenic emissions, i.e. C; to Cs linear and branched alkenes.

While this analysis propagates the uncertainties on the rate
coefficients estimates derived in this work, and relies on several
additional assumptions, our uncertainty analysis shows that
our predictions are not overly sensitive to any particular value
due to the interaction of many competing processes; the overall
uncertainty on the predicted concentrations is expected to be
less than an order of magnitude.

The global distribution of SCI in the troposphere has also
been assessed with the ECHAM/MESSy atmospheric chemistry
model.*” The SCI formation and loss processes were implemented
without affecting the overall chemistry, to prevent unbalancing the
chemical system. Fig. 4 shows the global annual mean distribution
of SCI concentrations at the Earth’s surface, accounting for
loss processes by unimolecular decay, water, SO,, NO,, and
acids. Predicted peak SCI concentrations never exceed
10° molecule cm ™ (Fig. 4b), where the highest concentration
are found in VOC-rich regions around the equator, or during
biomass burning events like the intense fires in summer 2010
in Russia. Annual average concentrations are never larger than
7 x 10° molecule cm * (Fig. 4a), and in most parts of the world
are <2 x 10° molecule cm, again in good agreement with
earlier analysis by Novelli et al.'” The highest average concen-
trations are found in the forested regions in the equatorial belt.
Similar to the field data, we find the modeled main loss
processes of SCI at the Earth’s surface are unimolecular decay

Table 2 SCI source strengths, concentrations, contributions of unimolecular reactions and reactions with H,O and (H,O), to the total loss of SCI, and

impact of the ambient SCI on the oxidation of SO, or loss of formic acid

Amazonia Mexico city Sierra Nevada Hohenpeissenberg
SCI total source strength (molecule cm ® s7%) 3.5 x 10° 1.9 x 107 1.5 x 10° 5.1 x 10°
SCI concentration (molecule cm ™) 1.5 x 10* 5.5 x 10* 7.7 x 10° 2.3 x 10°
Unimolecular decay 54% 53% 58% 53%
Reaction with water 38% 32% 32% 43%
Contribution SCI to total SO, oxidation
Field data (time series average) 29% 54% 19% 7%
Modeling (yearly average) 62% N/A* 10% 5%
Gas phase lifetime of HCOOH to SCI
Field data (time series average) 3.5 days 1 days 7 days 27 days
Modeling (yearly average) 11 days N/A® 70 days 79 days

“ The Mexico city region is not resolved at the grid size of the global model simulation.
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Table 3 Overview of SCI classes with highest production strengths in the specified locations in the atmosphere (truncated at ~90% of total SCI
formation). Classes are depicted by their smallest representative; the number of VOCs in the field data analysis generating this class of VOCs is also
indicated (see ESI for a list of species). The production rates and the contribution in the total SCI formation are given for sites with mostly biogenic
emissions (Amazonia and Sierra Nevada combined), and for a site with mostly anthropogenic emission (Mexico city). Pseudo first order rate coefficients
for SCI loss are given, using averaged values of [H,O] = 3 x 10Y molecule cm™ and [(H»0)s] = 5 x 10** molecule cm™. The last column shows an
example of a SCI in this class as formed in the atmosphere

Production rate (molecule cm > s ") k (298 K)

Contribution in SCI production

SCI class smallest representative &

number of VOC sources Biogenic Anthropogenic Pseudo-first order (s ) Example SCI
kuni = 0.3 H
1.0 x 10° 3.8 x 10° uni NUISP0)
= C=0_0
CH,00 formed from 23 VOC 19% 20% ku,0 7260 W ®
kdimer =280
s Kuni = 136 H.C o
Z-CH;CHOO formed from 6 VOC 6'50 x 10 ko =0.2 8 \C:o’o
35% 22 7 ®
kdimer =0.4 H
kuni = 53 H
6 uni _0
E-CH,CHOO formed from 6 VOC 1660 /X 10 kir,0 = 6900 s ©
° kdimer = 5400 3C
5 kuni = 478 H5;C
5.0 x 10° 5.2 x 10° uni EANIRY)
- c=0_©
(CH3),00 formed from 10 VOC 9% 28% ku,0 _2 HaC ®
kdimer =4
kuni = 5
5 uni /o
E-(CH;3)(CH=—CH,)COO formed from 4 VOC 4.7 %10 ko0 = 0.02 }O ©
9% 2 — ()
kdimer = 0.06
kuni = 74
5 5 uni © @
E-(C,H;)CHOO formed from 12 VOC 4.7 > 10 6.0 x 10 fo = 4800 o—ow
9% 3% 2 N 7
kdimer = 3400
kuni = 205 C]
5 5 uni (e}
Z-(C,H;)CHOO formed from 14 VOC 4.6 > 10 6.0 %10 o =0.5 I
9% 3% g ®0
kdimer =09 N /
3.7 x 10° Kuni = 30 ® O
E-(CH=—CH,)CHOO formed from 10 VOC 7% kn,0 = 260 /O—O
kdimer =54
= S}
3.0 x 10° Kuni = 433 © O
E-(CH3;3)(C,H5)COO formed from 7 VOC 6;) Y ke,0 =3 °c)
kdimer =4
= €]
3.0 x 10° Kuni = 689 N o ®
Z-(C,H;)(CH3)COO formed from 7 VOC 6% ku0=5 oe
kdimer =6
2.6 x 10° Kuni = 13 400 = .0
Z{(CH=CH,)(CH,)COO formed from 4 VOC ! ko = 0.5 }o ©
5% P 22 1 ®
dimer —
2.6 % 10° kuni = 4180 SXe}
Z-(CH,~CH=—CH,)CHOO formed from 6 VOC o ko = 0.5 @6
5% 20 IS
kdimer =0.8 N
kuni = 2.0
5 uni
Z-Nopinone-oxide formed from B-pinene 2;4 x 10 k,0 = 130 @: /O@
4% o
kdimer =120 ®
1.4 x 10° Kuni = 60 _O\@)@
Z-Pinonaldehyde-K-oxide formed from o-pinene 30 k0 = 0.07 0
? kdimer =0.2 -0
1.4 x 10° Kuni = 250 =0 0©
E-Pinonaldehyde-K-oxide formed from o-pinene 3% kp,0 =3 ®
kdimer =0.6 _0

and reactions with water (see Table 2), with negligible impact to H,SO, is mostly small (Fig. 5a). The largest impact in
by SO,, NO, and acids. absolute terms on a yearly basis is over the equatorial belt,
where CI + SO, is an important source of gas phase H,SO,; local
hotspots are found in China, Eastern India and Myanmar.
|mpaCt Of SC| on atmOSpheriC Chemistry Relative to OH + SO,, significant production rates of H,SO,
from SCI are also predicted for regions impacted by biomass
Due to the predicted low concentrations, the contribution of burning events, though the contribution is never overwhelming
SCI to the gas phase oxidation of SO, to SO; and subsequently the OH-driven oxidation (see Table 2). These numbers are in
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Fig. 4 Global annual distribution of SCI concentrations. (a) Concentration averaged over 1 simulation year. (b) Peak concentration predicted within that year.

stark contrast to early estimates that predicted up to 800%
increase in SO, oxidation in some regions, but are in line with
more recent modeling estimates.'®>? Further studies are
needed to investigate the subsequent impact of SCI-induced
H,SO, formation on the nucleation rates or aerosol chemistry
in these regions.

Fig. 5b shows the gas-phase sinks of HCOOH expressed as
its lifetime towards CI. The traditional gas phase HCOOH sink

31608 | Phys. Chem. Chem. Phys., 2017, 19, 31599-31612

due to reaction with OH leads typically to lifetimes in the range
of 10 to 20 days in tropical regions. Over densely vegetated
regions such as the Amazonian forest where HCOOH is most
abundant, the reaction of formic acid with SCI is thus predicted
to be the dominant gas phase sink, exceeding the loss by OH
radicals. Near the surface and in clouds, however, wet and dry
deposition will be dominant acid loss process, with typical
HCOOH lifetimes of 2-4 days.”>®*®” Estimating the impact of
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Impact of SCI in the atmosphere. (a) Contribution (fraction) of SCI in the gas phase formation of H,SO4, where the only other relevant

contributing process is SO, + OH. (b) Formic acid lifetime towards the gas phase loss processes with SCI.

SCI chemistry on formic acid concentration is thus not straight-
forward, and would require more extensive modeling.

The main products of SCI chemistry in the atmosphere are
due to the unimolecular reactions, and reaction with water
vapor, each contributing roughly half of the SCI loss. The
impact of SCI in the atmosphere is thus mostly as source of
oxygenated hydrocarbons. Unimolecular H-migration is an
important reaction, forming (poly-unsaturated) vinylhydroper-
oxides (VHP), known to predominantly, and often promptly,
eliminate an OH radical. The non-H-migration unimolecular
SCI reactions, i.e. 1,3- and 1,5-ring closure reactions, lead to
acids, ester, and cyclic peroxides. Little is known about the
atmospheric chemistry of the latter, and further studies are
needed to ascertain their role in the atmosphere. It can be
expected, however, that these peroxides will at some point
break the weak O-O bond, and decompose to smaller partially
oxygenated compounds. The reaction with water and water
dimers is known to form o-hydroxy-hydroperoxides. These
compounds are already considered in chemical models, and
are likely to partition to the aqueous phase. Gas phase decom-
position, e.g. initiated by OH radicals, is again likely to lead to
rupture of the weak peroxide bond, generating an OH radical. A
detailed analysis of the overall impact of all these oxygenated
compounds on the gas phase chemistry in the atmosphere, on
aerosol nucleation, particulate matter growth and aging is
outside the scope of this work.

Conclusions

From the theoretical data presented in this work, the SARs
derived from it, and the application to field data and modeling,
some important conclusions emerge. It is clear that the rate
coefficients for unimolecular decay of SCI spans a much wider
range than currently considered in models. In particular,
unimolecular reactions are significantly more important for
SCI derived from larger biogenic VOCs than for the smaller CI

This journal is © the Owner Societies 2017

that have so far been studied most. Furthermore, several highly
different unimolecular mechanisms are active, with distinct
reaction products and hence differing subsequent chemistry.
The H-migration mechanisms lead to (conjugated) vinyl hydro-
peroxides, and are likely to yield OH radicals in subsequent
chemistry. In B-unsaturated CI, 1,5-ring closure yields cyclic
peroxides, whose chemistry is not well-known, but it seems
reasonable to assume they will decompose by O-O bond break-
ing and fragment to smaller oxygenates. Finally, 1,3-ring
closure through the dioxirane channel is known to form acids
and esters. For large SCI such as those formed from BVOC,
hot acid decomposition is unlikely, and this pathway thus
represents a termination of the radical reaction chain. The
reaction of SCI with water vapor, the dominant loss process for
about half of the SCI formed in the atmosphere, forms hydroxy-
hydroperoxides, as already known from earlier studies. The
large oxygenated compounds formed through these various
channels could have a direct impact on SOA growth due to
their lowered volatility.

We conclude that it is important that SCI speciation is
correctly incorporated in kinetic models. Our results show that
one cannot generalize a limited set of rate coefficients or
reaction mechanisms across all SCI, assign a single VOC as
the main source of SCI, or claim that a small number of SCI
species are representative of the entire SCI population. At the
same time, we showed that for most of the SCI, unimolecular
decay or reaction with water is overwhelmingly dominant, such
that for those SCI species the same products are always formed,
and the creation of the corresponding products can be lumped
with the source ozonolysis reaction in a kinetic model without
the need of explicit description of the intermediate SCI chemistry.
While hundreds of different SCI can be formed from dozens of
VOC at any one site, the largest part of the ozonolysis mass flux
can thus be accommodated, and it is likely sufficient to model 20
to 30 specific SCI explicitly to represent the ambient population,
and assess various aspects of SCI chemistry (e.g. oxidation of SO,)
in the atmosphere. The total and speciated yield of SCI from the
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ozonolysis reactions remains poorly quantified; our uncertainty
analysis, however, suggests that the ambient SCI concentration is
not overly sensitive to this speciation.

Finally, we find that the ambient concentrations of SCI are
low in most of the troposphere, always <1 x 10°> molecule cm >
even at peak concentration, which influences SO, oxidation or the
formic acid budget only around the equatorial belt or in specific
regions such as megacities or biomass burning events.
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