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Ozonolysis of unsaturated hydrocarbons (VOCs) is one of the main oxidation processes in the
atmosphere. The stabilized Criegee intermediates (SCI) formed are highly reactive oxygenated species
that potentially influence the HOx, NOx and SOx cycles, and affect aerosol formation by yielding low-
volatility oxygenated compounds. The current knowledge spans mostly SCI formed from primary emitted
VOCs, but little is known about the reactivity of oxygenated SCI. In this work we present a theoretical kinetic
study of a large number of unsaturated and oxygenated SCI, covering C—C, OH, OR, OOH, OOOH, COOH,
COOR, and ONO, functionalities at various stereo- and site-specific substitutions relative to the SCI
carbonyl oxide moiety. Several novel reaction types are covered, the most important of which are fast
intramolecular insertion reactions in OH, OOH and COOH groups, or secondary ozonide formation with a
COOH group, forming cyclic oxygenated species; these reaction classes are reminiscent of the analogous
bimolecular reactions. The reaction with H,O molecules was likewise studied, finding that these cyclisation
reactions can be catalysed, with predicted rate coefficients nearing the collision limit. The theoretical data is
used to extend the structure—activity relationships (SARs) proposed by Vereecken et al. (2017), predicting the
dominant unimolecular reaction class and rate, and the rates for reaction with H,O and (H,O),. The SARs
cover over 300 SCI categories with over 40 substituent categories. The validation of these SARs is discussed,
and an outlook is given for further improvement. The generally short lifetime of oxygenated SCI suggests
that ozonolysis of secondary, oxygenated VOCs is unlikely to yield ambient concentrations of SCI exceeding
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1. Introduction

The ozonolysis of unsaturated organic compounds is one of
their main loss processes in the atmosphere. The reaction
proceeds by cycloaddition of an ozone molecule on a double
bond (see Fig. 1), forming a cyclic triozole called the primary
ozonide (POZ)."> This POZ decomposes into two fragments:
a carbonyl compound, =C=O0, and a Criegee intermediate (CI,
carbonyl oxide, =C=—0"0"), though biradical decomposition
has been shown theoretically to occur for select cases such as
ethene ozonolysis.> The fate of the Criegee intermediate
depends on its internal energy, the unimolecular reactions
accessible, and availability of co-reactants for bimolecular
reactions. A certain fraction of the CI formed in an ozonolysis
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10% cm ™ but will contribute strongly to the in situ formation of oxygenated VOCs.

are chemically activated, with a high energy content that allows
prompt unimolecular reactions at a very short timescale; the
yield of these activated CI depends on the size and molecular
structure of the parent molecule.*” The remainder of the CI are
released with a lower energy content, or can lose their initial
high internal energy in collisions with the bath gas, leading to
stabilized Criegee intermediates, SCI, with a thermal energy
distribution and longer lifetimes. The interest in the chemistry
of these stabilized Criegee intermediates in the atmosphere
stems mainly from their strong oxidizing capability, making
them potential agents in the oxidation of SO,, NO,, or
oxygenated organic compounds (oxygenates), affecting the
atmospheric balance of low-volatility compounds and thus the
formation and growth of aerosols (see Fig. 1).>*7> Alternatively,
the unimolecular reactions of SCI or their reaction with water
molecules leads to oxygenates, which can likewise affect aerosol
formation.

The ability of SCI to impact atmospheric chemistry directly is
then a function of their reaction rate with potential co-reactants,
but also on their ambient concentration as determined by
their source strength from ozonolysis, their loss rate through
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Fig. 1 The concentration of ambient stabilized Criegee intermediates (SCI)
depends on their yield from ozonolysis, and the loss rates through uni-
molecular reactions, reaction with water, and other bimolecular reactions.

unimolecular reactions and the ubiquitous bimolecular loss
reaction with water molecules. Some earlier studies predicted
high ambient SCI concentrations and hence a significant impact
on e.g. H,SO, and aerosol formation through SO, oxidation, but
these high concentrations appear to be mostly due to missing
loss processes or incorrect rate estimates in the models. The
current understanding of SCI chemistry suggests much lower
concentrations, with peak concentrations < ~10°> molecule
cm " and average concentrations lower again by over an order of
magnitude,*"” such that bimolecular reactions of SCI with
non-water co-reactants have an impact mostly in some regions
with favorable formation to loss rates, and volatile organic
compounds (VOCs) favoring formation of long-lived SCI. One
such region is the amazon forest, where especially the longer-
lived methylvinylketone-oxide (MVKO) formed from isoprene, or a
few SCI formed from some fast-reacting monoterpenes can have a
modest impact on SO, and acid oxidation. Globally, though, the
bulk of the Criegee intermediates appears to form oxygenated
compounds through unimolecular reactions or through reactions
with water forming hydroxy-hydroperoxides, HOQOOH. The pro-
ducts can sometimes decompose promptly,'*2° e.g. OH radicals
can be formed through dissociation of ~-OOH hydroperoxide
groups formed in unimolecular or water reactions. The main
atmospheric impact of CI chemistry would then be not directly as
an oxidant, but indirectly through the formation of OH radicals
and the formation of new oxygenated VOCs, and the subsequent
impact of these products on the atmosphere.

The experimental data on CI chemistry remains scarce
relative to the plethora of SCI formed in the atmosphere, and
the implementation of SCI chemistry in atmospheric models thus
also relies strongly on theoretical data. A recent study by Ver-
eecken et al.® proposed extensive theory-based structure-activity
relationships (SARs) for the unimolecular reactions of SCI, their
reaction with H,O molecules, and with (H,O), water dimers.
These SARs compare favorably with the available experimental
data (see below) and have been used as a basis for the
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assessment™® of SCI atmospheric chemistry in the semi-explicit
Mainz Organics Model, MOM, incorporating the ozonolysis of
30 organic compounds. The SARs cover the SCI formed in the
ozonolysis of most of the primary emitted unsaturated hydro-
carbons, which globally consists predominantly of di- or tri-
unsaturated compounds such as isoprene, monoterpenes, and
other terpenoids. Still, it was recognized that the data on hetero-
substituted and unsaturated SCI was lacking; these are mostly
formed from secondary ozonolysis reactions of products formed
in the initial oxidation of multi-unsaturated compounds. The
source strength of these functionalized, secondary SCI is less than
the primary SCI, but hitherto it is unknown whether these
substitutions leads to longer-lived SCI which could accumulate
in the atmosphere to affect atmospheric oxidation processes.

In the study of Vereecken et al,"* the -OH, -OR, -OOH,
-ONO,, epoxide, and phenyl functionalities were found to be
relevant for the SCI formed in the MOM model. Furthermore,
several reaction mechanisms for oygenated CI were mentioned
but not considered in detail, such as insertion/cyclisation
reactions with -OH, -OOH, or -C(—O)OH functionalities, all
of which are common substituents in the atmosphere, and are
expected to have fast rate coefficients. Chemical models created
by automatic mechanism generators suggest an even wider
range of substituents.>” While Vereecken et al. propose strategies
to handle substituents not included in the SAR, a more accurate
treatment of these substituents is needed. Also, the original SARs
for unsaturated substituents were based on a limited data set,
potentially making SAR predictions for these SCI categories less
reliably. In this work, we now explicitly characterize many
additional SCI with the aforementioned functionalities, comple-
menting our earlier work and allowing extension of the SARs.

Due to the volume of data, the main paper only contains
selected data, with frequent reference to the supporting infor-
mation which contains extensive tables with barrier heights,
rate coefficients at room temperature, and expressions for rate
coefficients across the 200 to 450 K temperature range. Also
included there are lookup tables for use as a SAR, extending
reactivity trends beyond the explicitly examined substituents.
Finally, the supporting information contains an overview of the
literature available on SCI unimolecular chemistry and their
reaction with water.

2. Methodology

The theoretical methodologies are identical to those in
Vereecken et al™® to maintain a consistent data set; a full
discussion of this methodology, including benchmarks, is found
in that paper. Briefly, the rovibrational characteristics of reactants
and transition states for unimolecular reactions and the reaction
with H,O were obtained at the MO06-2X/aug-cc-pVIZ level of
theory, explicitly including all conformers as obtained from a
(near)exhaustive search of the internal rotational space at the
M06-2X level of theory (aug-cc-pVIZ or cc-pVDZ basis sets).”®>°
The barrier height was then improved using CCSD(T)/aug-cc-
pVTZ single point calculations.?**° Finally, a correction of
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+0.4 keal mol ™' is applied to some reactions barrier heights
based on the comparison of literature experimental data and
post-CCSD(T) theoretical data against our CCSD(T)//M06-2X
data, suggesting a systematic overestimation of the relative
energy of the SCI reactants due to incomplete incorporation
of the multi-reference character of the SCI wavefunction
(see Vereecken et al."® for details). Note that CI reactions are
unusual in the sense that the reactant wavefunction typically
has significantly higher multi-reference character than the
transition states for reaction,"" preventing cancellation of error
and requiring a similar correction for all carbonyl oxides.

The temperature-dependent rate coefficients for unimolecular
reaction over the 200-450 K temperature range were obtained by
multi-conformer canonical transition state theory with asym-
metric Eckart tunneling corrections, incorporating the full set of
conformers.>* The resulting k(T) values were fitted to a Kooij
(modified Arrhenius) expression, k(T) = A x (T/K)" x exp(—E4/T),
and incorporated in SARs presented as easily-applied lookup
tables. The prediction of the rate of reaction with water monomers
was likewise based on an exhaustive characterization of reactant
and transition state conformers, but these rate calculations are
less accurate as they don’t explicitly include the impact of the
fairly strong pre-reaction complex. Instead, complex stability is
assumed equal for all CI + H,O reactions, and the calculated
barrier height is adjusted by an empirical relationship that was
shown to provide a sufficiently good agreement of the predicted
and the experimental rate coefficients across several orders of
magnitude.”® Though some additional experimental and high-
level theoretical data have become available since the derivation
of the empirical relationship a few years ago (ESLt Section A),
these data are found to have only a moderate impact on the
empirical correlation, mostly because the new values are near
the center of the correlation range spanning many orders of
magnitude. Given the limited impact both on the predicted value
and the perceived uncertainty, we chose instead to keep the
empirical relationship unaltered compared to Vereecken et al'®
The reaction rate coefficients for the CI + (H,0), reactions are not
calculated directly, but rather are derived from the calculations on CI
+ H,0, using empirical relationships as detailed in Vereecken et al.

The uncertainty on the rate predictions was estimated by
Vereecken et al.™ as a factor of 5 for the unimolecular reactions,
based on the expected uncertainty on the barrier height and
tunneling. The uncertainties on the reaction rates with H,O and
(H,0), were estimated™ at a factor 10 and 40, respectively, as these
are additionally influenced by the uncertainty on semi-empirical
trend analysis. Both this work and Vereecken et al. compare the
theoretical data against the available literature data, finding
deviations that are in line with these uncertainty estimates.

3. The atmospheric chemistry of
substituted Criegee intermediates
3.a General observations

Nomenclature. Following the notation introduced by
Vereecken et al.,"* we designate the absolute stereo-orientation
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of substituents in bi-substituted carbonyl oxides using the
IUPAC E, Z notation for double bonds based on the CIP
(Cahn-Ingold-Prelog®**®) priorities of the two substituents.
This notation is practical due to the wavefunction of the
Criegee intermediates which is dominated by a zwitterionic
configuration with double bond character (see below). Stereo-
isomerisation of the stabilised Criegee intermediates is negligibly
slow (see ESIT) under atmospheric conditions, and the two stereo-
isomers should be considered as separate species.

R Ro

The syn and anti stereo-designators are only used for mono-
substituted CI (RCHOO), and for indicating relative orientation
of a substituent with respect to the outer oxide O-atom. The
different substituents are labeled in a systematic way, e.g. R, is
always the syn-side substituent, while R, is always the anti-side
substituent. A more refined definition of the substituent
naming conventions is given in the ESI,} Section S.

Reaction classes. The current work discusses a large number
of reaction classes for the many SCI studied here, as shown in
Fig. 2; a few additional reaction types only applicable to specific
compounds are discussed in the ESL.f In the main text, we
discuss the chemistry based on the substituent type, while the
ESIf tabulates the reaction kinetics grouped by mode of reaction.

Scope of applicability. The current work focuses mostly on
double bonds or hetero-substitution on or near the carbonyl
oxide moiety, i.e. o- through e-substituents, which covers most
important CI reaction classes. Ring closure reactions are known
to competitively occur for longer distances of the substituents;
examples include formation of secondary ozonides (R7, also see
ESIt Section A.1) and cycloaddition pathways on double bonds
(e.g. Deng et al.>®), which are not discussed in detail in this
work. As discussed below, cyclo-insertion reactions may also be
active at ranges beyond those covered in this work. There is no
systematic analysis of cyclic substituents or cyclic SCI, though
an approximative procedure is described by Vereecken et al. ™

Subsequent chemistry. The current work does not discuss
the fate of the reaction products systematically. Many of the
products contain fairly weak O-O bonds, and are formed in
exothermic reactions or contain strained rings, which may lead
to prompt decomposition or fast thermal reactions; typical
include fragmentation of vinyl hydroperoxides

1824 or ring opening of the
25,26

examples
formed in R4 to form OH radicals,
diozole formed in 1,5-ring closure reactions (R9).
3.b Alkyl substituents

The current data set contains a few additional reactions for
alkyl-substituted SCI with H,O, which allows us to update the

This journal is © the Owner Societies 2022
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Fig. 2 Unimolecular reaction classes for substituted Criegee intermediates considered in Vereecken et al.™* and this work. See the ESI¥ for a systematic
discussion of all characterized reactions tabulated per reaction class, while the discussion in the main paper is organized by substituent. Reactions (7),
(16), (18), (20), (21) and (22) are also feasible for anti-substitution for sufficiently long substituents (see text).

SAR for rate predictions with H,O and (H,0), for alkyl- 10° s™', ESIt Section B) compared to their unimolecular and
substituted SCI, and improve the predictions of the rate trend bimolecular losses, such that the s-cis and s-trans conformers
across the anti-substituent for unsaturated and oxygenated SCI. are effectively equilibrated at all times; this has been duly
The newly calculated rate coefficients (ESI Section R) remain accounted for in the rate calculations. For SCI with a syn-
close to the SAR predictions by Vereecken et al."® and have little  implanted double bond we find that 1,5-ring closure (R9,
impact on the SAR; the inclusion of these rates serves mostly to k(298 K) > 10> s, ESIt Section L), or 1,6-allyl H-migration
confirm the earlier estimates and reduce the uncertainty for (R14, k(298 K) > 8 x 10°® s™', ESIt Section G) across the syn-

estimates based on these reactivity trends.

3.c. Unsaturated substituents (C—C)

double bond are the fastest unimolecular loss processes.
Recent experiments by Vansco et al.>® on isoprene-derived CI
confirmed that 1,5-ring closure is indeed a dominant loss

A more extensive set of syn- and anti-substituted B- and process, while experimental evidence by Hansen et al.*” shows
y-unsaturated SCI were characterized to supplement the data very fast allyl-1,6-H-migration reactions. 1,4-Migration (R12) or
in Vereecken et al.'® As before, we find in all cases that the 1,5-H-migration (R11) of a vinyl H-atom from a syn-B-
internal rotation (R8) along the central single bond in the unsaturated SCI (ESIt Sections F and H) is again found to be
conjugated C—=C-C=0"0" system is sufficiently fast (10°- slow, k(298 K) < 30 s . Likewise, 1,3-ring closure (R2) through
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the dioxirane channel is never competitive (ESIT Section K), with
rates k(298 K) < 2 s™'. Having an B-unsaturated substituent in
anti-position slows down both the rate of 1,4-alkyl-H-migration
(R3, for alkyl syn-substituted SCI) and 1,3-ring closure (R2); the
explicitly calculated rates (ESIT Sections E and K) are close to the
values predicted by the SAR by Vereecken et al.™?
v-Unsaturation in syn-substituents accelerates the traditional
1,4-H-migration of the vinyl-hydroperoxide (VHP) channel
(R10, ESIT Section G) by an order of magnitude, and is expected
to be the dominant isomerisation pathway for such compounds.
The VHP products typically dissociate to form OH radicals and a
vinoxy radical;"®** it is anticipated that the conjugation of the
double bond aids in this decomposition by further stabilizing
the vinoxy radical. Alternatively, the VHP product can be stabi-
lized or rearrange to a PB-hydroxy carbonyl compound.*”®
v-Unsaturation in anti-substituents (e.g. -CH,~-CH—CH,) has
no meaningful influence on the rate and the dominant reaction
type and rates are found to be very similar to those of alkyl-
substituted SCI. We currently have no data available for SCI with
a double bond beyond y-position, nor on SCI with unsaturated
functionalities in both syn- and anti-substituents.

The ESIt shows a SAR for predicting rate coefficients for
mono-unsaturated SCI, with an H- or alkyl substituent on the
opposite side. Compared to the SAR by Vereecken et al.,"* the
most prominent changes are that the rates for allyl-1,4-H-
migration (R10, ESIt Section G) for SCI with an anti-alkyl
substituent are reduced by a factor 2, rates for allyl-1,6-H-
migration (R14, ESIt Section G) for SCI with an anti-alkyl
substituent are increased by an order of magnitude, and rates
for 1,5-ring closure (R9, ESIT Section L) for syn-p-unsaturated
SCI are reduced by a factor of 3. These changes are within the
expected uncertainty factor of the SAR.

As already found by Vereecken et al., double bonds have
little influence on the rate of reaction with water molecules
(ESIT Section R), except o-C—C functionalities which
slow down the reaction rate by about 1 order of magnitude in
syn-position, and 2 orders of magnitude in anti-position relative
to an alkyl-substituted SCI. Given the fast unimolecular
reaction rates for syn-unsaturated SCI, water reactions are likely
to be less important for these SCI.

3.d. Nitrate substituents (-ONO,)

For SCI with an ONO, group implanted directly in syn- or anti-
position of the carbonyl oxide moiety we find very fast 1,3-ring
closure reactions forming nitrooxy-dioxiranes, (R3, k(298 K) >
6 x 10" s7', ESIt Section K), which typically makes it the
dominant reaction. In SCI with an anti-o-ONO, group, the rate
of 1,4-H-migrations on the syn-side (R4, ESIt Section SE) is
barely changed compared to an anti-alkyl group, which
suggests that the rates of other reactions involving the syn-
substituents (e.g. R9, R10, or R14) may also be well-predicted by
assuming a similar rate for anti-a-ONO, SCI as for an anti-alkyl
substituent. Given the fast unimolecular reactions, the water
reaction of a-ONO,-substituted SCI was not studied, but by
analogy with alkoxy substituents (see below) we expect the
water reaction to be greatly accelerated.
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View Article Online

Paper

At longer distances from the carbonyl oxide group the nitrate
group has very little influence, where an -ONO, implanted on an
anti-alkyl group has no remarkable impact on reaction rates.
A nitrate group implanted in syn-B-position accelerates the rate of
1,4-H-migration (R4, ESIt Section E) only by a factor ~3 com-
pared to an analogous alkyl-substituted SCI, and at separations
beyond B-position, no significant effect is expected. To a good
approximation, syn- and anti-ONO, groups in B- or further
positions can then be considered similar to a -CH; group for
unimolecular rate predictions. An analogous result is found for
the water reactions, where the rate of reaction (ESIt Section R) is
within a factor of 3 to 5 of the equivalent SCI with ONO, replaced
by an alkyl substituent, i.e. within the expected uncertainty of the
predictions, such that ONO, groups are of little consequence to
this reaction.

3.e. Alkoxy and ether substituents (-OR)

Alkoxy substituents behave similarly to nitrate substituents.
An alkoxy substituent implanted directly in syn- or anti-position
of the carbonyl oxide moiety leads to very fast 1,3-ring closure
reactions (R3, ESIt Section K), with k(298 K) >10> s~ ', which
typically makes it the dominant reaction. This dominance is
further enhanced if the -OR group is in anti-position, as this
reduces the rate of alkyl-1,4-H-migrations (R4, ESIT Section E)
from a syn-substituent by a factor of ~6; H-migration or ring
closure reactions with an unsaturated syn-substituent at larger
distances, e.g. 1,5-ring closure (R9) or 1,6-allyl-H-migration
(R14), may be less affected but we currently have no data
available on this. For both syn- and anti-o-OR substituents we
find very fast reactions with water (ESIt Section R), predicting
rate coefficients several orders of magnitude higher than the
equivalent alkyl-substituted SCI, but despite this acceleration
the water reactions appear unable to compete effectively with
the unimolecular reactions.

Alkoxy substitution in syn-B- or anti-B-position, i.e. ether
substituents, have only a small impact on the rate coefficient
of unimolecular 1,3-ring closure and 1,4-H-migration (R3 and
R4, ESIt Sections K and E), or the rate of bimolecular water
reactions. By analogy, it is expected that the reactivity of SCI
with ether substituents at even further separations are likewise
not distinguishable from those of alkyl-substituted SCI.

3.f. Hydroxy substituents (-OH)

Hydroxy substituents have a strong impact on the chemistry of
SCL. As already reported earlier,****° syn-a-OH-substituted SCI
converts very quickly to a peracid, while anti-a-OH SCI undergo
fast 1,3-ring closure reactions (R3) as their dominant pathway,
where the rate of competing processes on the syn-substituent
(e.g- 1,4-H-migration, R4) is little affected. The reaction with
water has not been studied owing to the fast unimolecular
reactions.

Surprisingly, a syn-B-OH substituent slows down 1,4-H-
migration (R4, ESIt Section E) by over an order of magnitude
relative to a similarly placed alkyl group, despite the expected
weaker C-H bond; the main reason is the necessary breaking of
the strong H-bond between the OH and COO moieties in the

This journal is © the Owner Societies 2022


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cp05877k

Open Access Article. Published on 25 February 2022. Downloaded on 3/13/2026 7:41:22 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

transition state, increasing the effective barrier height. The
effect is even stronger for OH groups at further separations
on the syn-substituent, owing to the more favorable H-bonding
geometry with longer substituents. The impact of OH substitution
on the anti-substituent in B-position or beyond on the fate of the
SCI is limited.

The dominant unimolecular reaction, however, is insertion
of the carbonyl oxide into the O-H bond (R15 and R16, ESIt
Section N), reminiscent of the reaction of SCI with alcohols
and already suggested by Vereecken et al.™® as a potentially
important pathway. The reaction can occur at any distance for
syn-substitution, i.e. syn-f-OH and beyond, and can even occur
for OH substitution on the anti-substituent when the alkyl
chain is sufficiently long to bring the OH and COO groups in
an appropriate geometry without undue ring strain; this is
possible for anti-5-OH substitution and beyond. These reactions
are fast, with k(298 K) ranging from 10" to 10" s—*. The products
formed are cyclic ethers with an o-OOH substituent (¢-OOH
epoxides for 3-membered rings), and a relative energy 17 to
30 kcal mol " below the SCI depending on the ring strain in the
product; the subsequent chemistry of these products is not
examined in detail at this time. The reaction-specific mechanism
induces some interesting trends in the reactivity (see ESIt
Section N): e.g. syn-y-OH substitution shows a slower insertion
reaction (k(298 K) ~ 10" s~ "), than syn-B-OH (~10” s~ ") or syn-6-
OH (~10° s~ ") substitution, owing to the changes in H-bonding
between reactant and TS across the different separations.

The traditional bimolecular reactions with H,0, adding the
water molecule to form a hydroxy-hydroperoxide, are accelerated
somewhat by a syn-OH group owing to the favorable H-bonding.
For some hydroxylated SCI, there is contribution from the OH
group catalyzing the H,O addition: where in traditional addition
the water H-atom shifts to the COO moiety to form an OOH, the
hydroxyl group can instead shift its hydrogen to the COO moiety
to form OOH, and receive a water molecule H-atom to recon-
stitute the OH substituent; in both cases the left-over water OH
moiety bonds to the carbonyl oxide C-atom. The impact of
such catalysis is very variable and depends on the geometric
constraints in the transition state. More importantly, though, is
that the H,O molecule can catalyze the unimolecular insertion
process described above, with a bimolecular rate coefficient that
is similar to or faster than the addition reaction (ESIt Section R).
For larger separations of the OH and COO groups, beyond syn-y-
OH substitution, this catalysis reaction becomes the dominant
channel in the water reaction. A similar effect occurs in anti-OH-
substituted SCI, where both the traditional addition reaction and
the catalysis (for anti-3-OH substitution or beyond) can occur;
where catalysis is geometrically feasible it is found to be the
dominant path. We currently have no direct data on the reaction
of hydroxylated SCI with water dimers, and the extrapolation
used in the current work to derive rate coefficients for SCI +
(H,0), reactions (ESIt Section V) is likely less accurate. Still, the
data suggests that water dimer reactions should be very fast, and
for some OH substitution patterns the deeply submerged energy
barrier may allow for rate coefficients reaching the collision
limit, limited only by the SCI + water complexation reaction.
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3.g. Hydroperoxy substituents (-OOH)

Similar to many other anti-o-oxygenated substituents, an anti-o-
hydroperoxide substituent strongly increases the rate of 1,3-ring
closure (R3, ESIt Section K) by several orders of magnitude,
forming o-OOH dioxirane products. Analogous to the peracid-
forming barrierless 1,4-H-migration in syn-0-OH, syn-0-OOH SCI
can undergo a (near-)barrierless 1,5-H-migration. In this case,
however, the very fast HOOCOO to OOCOOH isomerisation
yields a structurally identical product, making this isomerisation
ineffective as a loss process though it still needs to be accounted
for in the entropy contributions in theoretical kinetic calculations.
For these SCI, the 1,3-ring closure (R3) is also fast, such that for
both syn- and anti-«-OOH SCI 1,3-ring closure is the dominant
reaction. Given the generally fast unimolecular reactions, we have
not examined the reactions with water.

For OOH substitutions in B-position or beyond, the chemistry
is comparable to that of OH-substituted SCI, including the
possibility of fast intramolecular insertion reactions in the
OO-H bond (R17 and R18, ESI{ Section O), leading to o-OOH
cycloperoxides with a reaction exoergicity of 23 to 45 kcal mol ™"
depending on the product ring strain. R17 and R18 are faster
than the equivalent reactions with an OH-substituent, due to the
weaker OO-H bond, and the larger product rings. OOH sub-
stituents on the anti-substituent can also allow for insertion; this
channel is still slow for anti-B-OOH substituents due to ring
strain but becomes dominant for anti-y-OOH and beyond.
Finally, the bimolecular reaction for water addition can be
catalyzed by the hydroperoxide group. The water molecule can
also catalyze the insertion reaction (ESIT Section R), and this fast
water channel is dominant for both syn- and anti-B-OOH
substitution.

3.h. Hydrotrioxy substituents (-OOOH)

By analogy with the work by Fittschen and coworkers,*"*?

a-unsaturated hydrotrioxides might be formed from the reaction
of long-lived vinyl-peroxy radicals with OH, leading to a-OOOH-
substituted SCI upon ozonolysis. Our calculations found that
syn-0-OOOH-substituted SCI are not stable, undergoing a 1,6-H-
migration without barrier to the peracid + singlet O, products
(R23, ESI+ Section J), with an exothermicity of ~47 kcal mol .
For anti-a-OOOH-substitution, we find a strong acceleration of
the 1,3-ring closure reaction (R3, ESIt Section K), making this
the dominant reaction with (298 K) > 10° s~ ". As for other
anti-o-oxygenated substituents, we find little impact on reactions
involving the syn-substituent (e.g. R4). Given the fast loss rates,
the reaction with water was not examined, nor did we study
syn- or anti-hydrotrioxy-substitution at longer distances.

3.i. Carbonyl substituents (-C(—O)H, -C(—O)R)

The current data set contains few carbonyl-substituted SCI, and
mostly improves the SARs by updating the trend predictions
based on data from other reaction classes that did have data
extensions. In summary, o-carbonyl substituted SCI undergo
fast 1,3-ring closure reactions (R3), while at medium distances
the carbonyl group has only a limited effect on the SCI reactivity.
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At longer distances, carbonyl-bearing SCI can undergo ring
closure reactions (R7) to a secondary ozonide (SOZ). Vereecken
and Francisco” suggested earlier that 6 intervening carbon atoms
were required (ie. OOC=¢—O SCI) for intramolecular SOZ
formation, while recent work by Long et al.*® finds competitive
reactions even at 5 intervening carbons (OOC.;—O0); ESIt
Section SA.1 summarizes the available literature data. An explicit
study of SOZ formation is outside the scope of the present work
as we focus on substitutions closer to the carbonyl oxide moiety.
Note that fast SOZ formation can occur in SCI with carboxylic
acid substituents, with as little as 4 intervening carbons
(OOC+ 3C(=O0)OH). It has been reported that SOZ formation is
entropically not favorable,> and tends not to happen for chemi-
cally activated CI; ozonolysis of the endocyclic double bond in
acid-substituted cycloalkenes may thus show low yields of SOZ.
3,j. Carboxylic acid substituents (-C(—O)OH)

Carboxylic acid substitution provides access to a wide variety of
reactions, including fast intramolecular insertion in the acidic
O-H bond (R19, R20 and R21, ESI{ Section P), and SOZ
formation with the acidic C=0 moiety (R22, ESI{ Section P).
The reaction rates are affected by the polarity of the oxygenated
groups and strong H-bonding, as well as by the difference in
mechanism between cycloadduct formation for R19 and R21 on
one hand, and CO, elimination for R20 on the other hand; the
reactivity thus depends strongly on the position of the carboxy
group. The reactivity is distinct from bimolecular reactions of
SCI with acids,'>***” where the lack of geometric constraints
on the transition state tends to favor barrierless 1,4-insertion
across the carboxylic acid group, whereas the unimolecular
reactions discussed here occur by 1,2-insertion. Syn-o. and syn-
B-COOH-substituted SCI react very fast by intramolecular
insertion, with rate coefficients exceeding 10° s™'. The former
yields a carbonyl-epoxide product, which is comparatively stable
for a three-membered ring, while the latter concertedly eliminates
CO, after transferring the acidic H-atom to the carbonyl oxide
moiety (R20), forgoing formation of the (strained) four-membered
ring in favor of a double bond. For syn-y-COOH SCI the intra-
molecular insertion (R21) and the SOZ formation (R22) have
similar rate coefficients with a summed loss rate of >10° s77,
with 1,4-H-migration slowed down by the strong H-bonding
between the two oxygenated groups. Note that CO, elimination is
not possible for syn-y-substitution and beyond, as no energetically
favorable double bond can be formed. This makes the insertion
process somewhat less favorable, allowing SOZ formation to
become competitive. For syn-6-COOH-substitution, SOZ formation
even becomes the fastest reaction, exceeding the rate of intra-
molecular insertion by over an order of magnitude. For even longer
distances, the SOZ formation is expected to remain the dominant
reaction until the point that the geometric constraints in the
transition state are relaxed to allow for 1,4-insertion reactions
across the carboxylic group,'? i.e. where the acid H-atom migrates
to the outer carbonyl oxide O-atom but the COO carbon atom
bonds with the acid carbonyl O-atom instead of its hydroxy O-atom.
At this time, we have no information how many intervening carbon
atoms are needed to allow such 1,4-insertion reactions, but in
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bimolecular processes the 1,4-mechanism allows for barrierless
reactions. If this remains true for unimolecular reactions, this
would allow insertion to become dominant again.

We have not studied anti-a-COOH SCI directly; for anti-p-
COOH a real insertion reaction is not possible due to geometric
constraints, and the reaction proceeds by migration of the acid
H-atom to the carbonyl oxide moiety, eliminating CO, to form an
alkene. The reaction is still fairly fast, competing against 1,4-H-
migration (R4) and 1,3-ring closure (R3). For anti-y-COOH substitu-
tion and beyond we find the insertion reaction (R21) to be domi-
nant. We do not have data for SCI with an anti~COOH substitution
at separations remote enough from the carbonyl oxide moiety to
geometrically allow for SOZ formation, or for 1,4-insertion.

As for OH and OOH-substituted SCI, the bimolecular water
addition reaction can be catalyzed by the acidic group. The
water co-reactant can also catalyze the intramolecular insertion
or H-shift/CO, elimination reaction (ESI{ Section R), where we
find that this channel is fast, typically with reaction rates
limited only by the initial water-SCI complexation, and always
dominant over the traditional water addition reaction.

3.k. Ester substituents (-C(—O)OR)

Ester substituents can not undergo the same insertion reaction
as carboxylic acid substituents, and hence have a longer lifetime.
Still, a syn-a-C(=O)OR ester substituent implanted directly on
the carbonyl oxide moiety leads to a 1,3-ring closure reaction that
is significantly faster, k(298 K) ~ 1 s, than for aliphatic CL
(R3, ESIt Section K). Syn-a-ester SCI also have a reaction with
H,O that is also faster, k(298 K) > 10" cm® molecule " s/,
than for aliphatic substituents and which will be an important to
dominant loss process in most environments We have not
studied more remote syn-ester substitution, but expect the
reactivity to be mostly similar to analogous carbonyl substitution.
Similarly, we anticipate all anti-ester SCI to react similarly to their
anti-carbonyl analogue.

3.1. Epoxide substituents (-cyc-CCO)

An epoxide group in syn-o-position leads to slower unimolecular
reactions (see ESIT Section Q.4) due to the ring strain in the
three-membered ring. The fastest available unimolecular reac-
tion is the 1,4-H-migration, with a rate at 298 K of 0.1 s~ '. The
reaction with water molecules is likewise very slow, ky o(298 K)
< 107" cm® molecule™ s, similar to that of syn-alkyl SCI.
As such, it appears that epoxy-SCI can be very long-lived, but no
information is available on how much of these SCI would be
formed in the atmosphere. We did not perform a systematic
study of epoxy substitution at this time, and refer to ESI,} Section
SQ.4 for a discussion of the available reactions.

4. Structure—activity relationships (SARs)
4.a. SAR setup and uncertainty

SARs for the rate of unimolecular CI reactions and for their
reaction with water monomers and dimers are presented in the
ESIT Sections ST, SU, and SV as a set of lookup tables. The SAR

This journal is © the Owner Societies 2022


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cp05877k

Open Access Article. Published on 25 February 2022. Downloaded on 3/13/2026 7:41:22 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

predicts the dominant reaction(s) for each combination of classes
of syn (R1) and anti (R2) substituent groups based on the data
available in this work and in Vereecken et al.,"* specifying the type
of reaction, the rate at room temperature, and the temperature-
dependent rate coefficient. For the unimolecular and water
monomer reactions, the SARs are based on the theoretical kinetic
data obtained as detailed above. The SAR for SCI + (H,0), was
obtained by a predictive correlation against the SCI + H,O
reaction, using literature data as detailed by Vereecken et al.'®
Some additional data points have become available since the
derivation of the predictive correlation, but the additional data
has only a moderate impact on the SAR rates and their reliability,
and we opt to use the original correlation unaltered.

The SAR predictions for reaction classes where no direct
data is available have been updated from Vereecken et al.’® to
account for the newly available data in this work, which in
many cases allowed for a more direct analysis of the reactivity
trends. This is expected to decrease the uncertainty on the SAR
predictions, but we retain the earlier estimated uncertainty on
the SARs, i.e. a factor 5 (unimolecular reactions), 10 (reaction
with H,0) and 40 (reaction with (H,O),) as estimated by
Vereecken et al.*> This mostly reflects the lack of extensive
experimental data to allow for a rigorous error assessment,
especially on the oxygenated functionalities examined in this
work. For many compounds, the current work forgoes prediction
of reaction rates with water dimers, due to already fast
unimolecular reaction and reaction with a H,O monomer. For
many compounds the H,O molecule can catalyze unimole-
cular isomerisation with an energy barrier that can be over
10 kcal mol " below the energy of the free CI + H,O reactants,
i.e. a transition state that is barely above the pre-reaction
complex energy. For such cases, the rate coefficient is governed
by the rate of complexation rather than the deeply submerged
transition state for chemical reaction. Predicting such a rate
coefficient requires characterizing the fast and barrierless dyna-
mical approach of the two reactants towards the pre-reaction
complex, which is computationally very expensive. Rather that
attempting such theoretical estimates, we pragmatically assign a
temperature-independent rate coefficient of 5 x 107" to 1 x
107"° ¢cm® molecule ' s to these complexations, by analogy
with other barrierless complexation reactions on a purely
attractive energy surface. This process involves a long-range
capture rate that will be close to the collision limit, but with an
effective product-forming rate somewhat hindered entropically
at the more rigid complex and transition state stages. Note
that for these cases the deeply submerged product-forming
transition state precludes extensive redissociation of the pre-
reaction complex to the free reactants, and the product for-
mation rate is thus virtually equal to the complexation rate.

The current SAR does not cater to multi-functionalized
species, other than estimating the impact of a B-unsaturated
anti-substituent on the SCI reactivity across a range of syn-
substituents. The current theoretical work does cover some
multi-functionalized species, which will be used to provide
some anecdotal assessment as to the applicability of the SAR
to such compounds (see below).
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4.b. Applying the SARs

To predict the fate of a particular SCI using the SARs, the SAR
category with the most applicable syn- and anti-substituent can
be looked up in the SAR tables in the ESI,} similar to the SARs
by Vereecken et al.'® In assessing which SAR category is best
suited to the substituent of interest, one should account for the
number of migratable H-atoms (or absence thereof) as well as
the stereo-specificity around double bonds. Vereecken et al.*?
shows some examples of this lookup process.

The current SAR does not support cyclic species directly,
where we need to distinguish between cyclic substituents and
carbonyl oxide moieties embedded in a ring. As shown in the
ESIT (Section SQ.1), cycloalkyl substituents with the cycle
starting at the B-carbon of the substituent can be treated to a
good approximation as non-cyclic alkyl groups. For cycles starting
on the o-carbon of a substituent, or for carbonyl moieties
implanted on a ring structure, the geometric constraints and ring
strain have a larger impact, and no generalized SAR is available.
Vereecken et al."> proposed a procedure on how a cyclic alkene
can be converted to a similar non-cyclic species to allow an
estimate for the resulting SCI; for such estimates a higher
uncertainty applies as the impact of the ring is specific to each
compound and can not be accounted for in a simple way. For SCI
with cyclo-aromatic substituents the decyclisation procedure is
not valid: it should be assumed that the aromatic bonds are not
equivalent to double bonds and hence not accessible for e.g. ring
closure reaction, and also have different impact on conjugation
or delocalization in processes with allylic transition states. The
current SAR does not consider aromatic substituents.

Multi-functionalized SCI are not explicitly supported. At the
current time, we propose that each of the functionalities is
considered separately, and that the fastest (few) reaction(s)
among this set is applied as the chemical fate of the SCI.
This approach does not account for interactions between the
multiple functionalities, but we expect that in many cases it will
provide a good guesstimate for which loss process will be
dominant, whether SCI loss is dominated by unimolecular or
water reactions, or whether the SCI in question might poten-
tially be relevant for atmospheric bimolecular reactions beyond
the water co-reactant, e.g. SO, or acids. For multiple interacting
substituents within “reactive distance” of the carbonyl oxide
moiety, the predictions may be unreliable (see below).

Finally, given that the SARs often contain predictions averaged
across multiple SCI compounds matching a particular SAR
category, it can prove to be more accurate to directly use (when
available) the theoretical rate data listed in the supporting
information here and in Vereecken et al,"® or use available
literature data from experiments or higher-level theoretical
approaches; this is particularly true for cyclic species and multi-
functionalized species.

4.c. Limits to the scope of applicability

The current SAR covers most of the SCI substituents of interest
to atmospheric chemistry, but still does not cover all substituent
classes most relevant to the biogenic and antropogenic species
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emitted to or formed in the atmosphere, as summarized in a
recent perspective on mechanism development.>” Of the hetero-
atom functionalities not covered in the current work, amines,
amides and halides are probably the most relevant. Multi-
unsaturated functionalities such as conjugated double bonds,
cumulenes, and triple bonds are not covered, but these are less
common in the atmosphere considering that SCI are formed
from ozonolysis of a double bond, reducing the chances of
retaining multiple unsaturations in the SCI. The SARs also do
not cover substitutions at longer distances from the carbonyl
moiety; this hampers predictions for SCI with remote carbonyl,
olefine, hydroxy, hydroperoxy, carboxylic acid, and other
functionalities that allow for cycloaddition or insertion of the
carbonyl oxide. These processes can have low barriers but are
entropically not favorable, making it hard to judge to what
distance such long-range reaction can remain competitive.

5. Validation of the theoretical
predictions and the SAR

5.a. Reproducibility of the theoretical data

Fig. 3 compares the total unimolecular loss rate of the SCI
across all channels as predicted by the theoretical kinetic study
(this work and Vereecken et al.'®), against the SAR predictions
of the main loss process(es). The expected uncertainty of the
SAR is about a factor of 5, and the SAR reproduces most of the
theoretical data well within that uncertainty as expected for an
under-determined system where many categories have very few
data points. However, the small scatter also indicates that the
grouping of the functionalities is sufficiently detailed, and that
all of the SCI studied are well described by the single dominant
channel predicted by the SAR (2 channels for a few classes). It is
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Fig. 3 Goodness of fit for the SAR for unimolecular SCI reactions,
comparing the SAR predictions of the dominant channel(s) against the
theoretically predicted total unimolecular loss rate for all SCI in this work
and in Vereecken et al.™® The solid line represents a 1:1 correspondence,
while the dashed lines delineate a factor 5 difference. Large deviations are
caused by merging of SAR categories for SCI with strongly differing rates,
or by strained ring systems affecting the SCI chemistry (see text).
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likely that the number of SAR categories can be reduced
without worsening the SAR predictions, but we chose not to
prune the SAR until more data is available to unambiguously
determine whether SAR classes can be merged.

The SAR reproduces the theoretical data with a mean
unsigned deviation (MUD) of a factor 4.5 (number of data
points N = 127); ignoring the statistically biasing SAR categories
where the SAR is based on only a single data point (i.e. zero
deviation) is however statistically more meaningful and yields a
MUD of 8 + 28 (10, N = 63). There are, however, a few clear
outliers affecting these values, with SAR to theory discrepancies
strongly exceeding the expected factor of 5. In nearly all cases
this is due to the grouping of several substituent types/dis-
tances into a single SAR category despite differences in reaction
rates up to several orders of magnitude. This choice reduced
the number of SAR categories somewhat, and was done only for
substituent classes that have very high rate coefficients, such
that the larger uncertainty on the SAR prediction will have no
practical consequences for atmospheric models. The largest
differences of a factor 10 to 150 are for six lumped categories
containing oxygenated substituents (-OH, -OOH, -COOH) in
anti-position at longer separation from the carbonyl oxide
moiety and undergoing insertion reactions; these have all rates
>10* s and there is either no competition by bimolecular
reactions or the water reaction catalyses the insertion reaction
and thus leads to the same product. Smaller variations of up
to a factor 7 from the SAR category average can be found for
the 1,5-cyclization reaction of syn-B-unsaturated SCI, which is
currently simplified by lumping into a single category irrespective
of the substitution on the double bond itself. Finally, we find larger
differences between the SAR predictions and the calculations for
cyclic SCI involving H-atoms on a strained ring (nopinone oxide,
pinonaldehyde oxide, epoxy-SCI) where particularly the slow 1,4-H-
shift reaction for epoxy-SCI (k ~ 1 x 10" s7") is over-predicted
by a factor ~60; as already indicated, the rates for SCI with
the carbonyl oxide on, or adjacent to, a cycle are expected to be
less well reproduced by the SAR. Excluding these known outliers
as well as the SAR classes with only a single data point (zero
deviation) from the statistical analysis (N = 50), we find an average
deviation between theory and SAR of a factor 1.2 + 1.0 (10), and a
MUD of a factor 1.6, indicating excellent goodness of fit.

The SARs for the reaction of SCI with H,O and (H,0), have a
much larger intrinsic uncertainty of a factor of ~10 and ~ 40,
respectively; the need for a tight fit is less stringent there and
the fit is not visualized.

5.b. Comparison against literature rate coefficients

Several high-quality experimental and theoretical studies are
available in the literature, where we tabulated a selected list in
the ESILt Section SA.1, and show a comparison in Fig. 4.
Comparing these values against the current SAR predictions,
we find that the average deviation between literature and the
SAR are comparatively small, significantly less on average than
the factor 5 uncertainty postulated for the SAR predictions.
The good comparison holds both near 298 K>'%?%36:43,45,48765
with an average deviation of a factor 1.5 + 3 (16, N=43) and a
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dashed black lines delineate a factor 5 difference. Top: Dots are experi-
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MUD of 2.1, as across the temperature range of the SAR (200-
450 K) as far as data is available,?>3%%3:4855:57:59.61°64 gy g
single data set is a significant outlier: the theoretical data for
1,5-ring closure in Z-(CH=CH,)(CH3)COO (syn-MVKO) by
Barber et al.®® (indicated in solid red in Fig. 4). However, as
already noted above this SAR category lumps all 1,5-ring
closures without differentiating substitution on the double
bond, leading to significant scatter within the category.
Using the directly calculated ring closure rate for syn-MVKO
(Vereecken et al.,'* open red circle and dashed red line in Fig. 4)
resolves most of the discrepancy to less than a factor 4 between
280 and 350 K; this remaining difference is due mostly to the 1
keal mol " difference in the calculated barrier height. The only
other data points outside the factor 5 range are the experi-
mental value for 1,4-H-migration by Novelli et al,*® which
differs from the other measurements and is likely affected by
the temperature of the gas expansion, and some theoretical rate
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predictions at temperatures near 200 K where tunneling correc-
tions have a critical impact on the predicted rates. Excluding
the Barber et al. and Noveli et al. values from the statistical
analysis reduces the average deviation at 298 K to a factor
0.997 £+ 0.5 (10, N = 41) and a MUD of 1.6, indicating excellent
reproducibility. There is further experimental data from
product analysis supporting our SAR (e.g. indicating that
1,5-ring closure and allyl-1,6-H-shift reaction are fast>>*”) but
experimental measurements of the rate coefficient itself are not
available.

Given that the SAR derived based on our a priori data
compares well against both experimental measurements and
theoretical work at very high levels of theory suggests that the
theoretical methodology is appropriate and the SAR predictions
are robust. However, it must be acknowledged that the best
available literature data span only a limited set of SCI, and that
little to no unambiguous data is available for more complex
SCI. The current comparison against literature data thus
provides only a partial validation of the SAR. While more data
exists, this is often derived at lower levels of theory, or obtained
by interpreting complex or indirect experiments; such data may
not provide a reliable reference for validation of our absolute
rate coefficients.

We do not depict a similar comparison of the literature to
our SARs for SCI + H,O or SCI + (H,0), at this time. Firstly, the
SAR rate coefficients are derived using barrier heights adjusted
to the literature SCI + water reactions, creating dependencies in the
evaluation. Secondly, the literature data for the rate coefficients for
many compounds shows very large scatter spanning many orders
of magnitude, making it difficult to define the reference value.
Finally, the literature covers only a very limited set of compounds.
Overall, given the intentional matching of the SAR to selected
reference data and the wide scatter on the literature values for the
few compounds available, it is clear that the SAR predictions for SCI
+ water will be contained within the range of the available data sets.
For a comparison of the SAR predictions against the IUPAC
recommendations for the SCI + water reactions we refer to Cox
et al,®® who conclude that the SAR “provides a very reasonable
basis for representing the structural dependence of the kinetic
parameters for (unimolecular decomposition and) bimolecular
reactions with H,O and (H,0),”. Note that this evaluation does
not include any of the oxygenated SCI newly included in this work;
we are not aware of experimental data on the water reactions of
such SCI.

5.c. Experimental data on oxygenated SCI

To support the various novel reaction classes described in this paper
for oxygenated SCI, we attempted to find relevant experimental data
in the literature. Unfortunately, while there are numerous
studies on the ozonolysis of oxygenates,®” there are few studies
that have a sufficiently complete product analysis to unequi-
vocally confirm or disprove any contribution of these channels.
Such studies typically also need to be analyzed with a kinetic
model, estimating site-specificity of ring cleavage, yields of
excited versus thermalized SCI, potential scavenger reactions,
etc. A full survey of the available literature is thus outside the
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scope of this work. Still, as an example we analyze the experi-
mental study of the ozonolysis of propen-3-ol (CH,—~CHCH,OH,
allyl alcohol) by Le Person et al.®® which may serve as tentative
evidence for intramolecular insertion reactions in syn--OH-SCI.
The proposed ozonolysis reaction scheme is given in Fig. 5,
showing both the 1,4-H-migration that would traditionally be
assumed as the main loss path (dashed arrow), as well as the
insertion reaction predicted by our theoretical study.

Based on the observed glycolaldehyde yield, the authors
derive a 45:55 yield of HOCH,CHOO:CH,00 Criegee
intermediates.®® The fate of CH,00 has been well studied,
and for our purposes here we look at the yield of CO, which
is 18% for CH,00 formed from ethene® In the current reaction,
we expect CH,OO to be formed with less chemical excitation
than from ethene, allowing the long-lived thermal CH,OO to be
partially scavenged and reducing the CO yield somewhat.®”
We thus derive a yield of less than 10% CO overall through the
CH,O00 channel.

Owing to a lack of data, we assign’ a 1:1 ratio for Z:E
formation of HOCH,CHOO. Like most CI with an H-atom on
the syn-side, EEFHOCH,CHOO is expected to undergo a 1,3-
cyclisation reaction (k(SAR) = 77 s '), forming the corres-
ponding hydroxy-acetic acid (not observed) or decompose to
CO, and CH;O0H (observed in small yields). If Z-HOCH,CHOO
would undergo the traditional 1,4-H-migration, and if the vinyl
hydroperoxide formed would decompose promptly or thermally to
form OH as traditionally proposed for such VHP intermediates,
glyoxal would be be formed (not observed). If, instead, Z-
HOCH,CHOO would undergo the reactions as suggested by the
SAR, ie. predominantly an insertion reaction (k(SAR) = 190 s~ )
and only partially the 1,4-H-shift ({(SAR) = 40 s ), followed
likewise by a (prompt) dissociation of the hydroperoxide group
to OH, it would mainly form an epoxy-alkoxy radical which
decomposes spontaneously’”® forming CO. This channel would
thus lead to an additional overall yield of ~18% CO which,
combined with the CO formed from CH,0O, would match better
with the observed CO yield of 23%. Such an interpretation of the
observations as supporting intramolecular insertion is highly

0, 0,
Hol— _55% HO¥0 + CH,00 =18%_ co
J45 %
CH4OH + CO.
50 % HO}0® — CH3 H ccj
CH,0+ HO — = 3+ H+CO;
2 XOO H \Oe
HOCH,COOH
/50 % E-(CH,OH)CHOO
HO} 0% 14Hmigraton  HO N OH OH + HO, +
—Q .  mmmeeeemee- > } o=
WaRL 17 % N \=o
Z-(CH,OH)CHOO €O + HO,
83 %/ insertion
A’i OH + T *+0,

?%OOH I ?}o' — CH,0CHO —= CH,0 + HCO

Fig. 5 Tentative partial ozonolysis scheme for 3-OH-propene (allyl alco-
hol), indicating formation of glyoxal through the 1,4-H-migration reaction,
and CO formation through the insertion reaction of Z-(CH,OH)CHOO.
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tentative; for example, any hot glyoxal formed could fragment to
form CO, though 100% glyoxal decomposition to 2 CO would lead
to an overestimation of the CO yield in both scenarios. It seems
unlikely that much glyoxal is formed hot and decomposes, but
glyoxal was not reported on so it is unclear whether it is not
formed, formed in too low a yield, or merely not visible in the
experimental setup.

5.d. Multi-functionalized substituents

The majority of the unsaturated VOCs emitted to the atmosphere
(isoprene, monoterpenes, sesquiterpenes) do not contain hetero-
substituents. However, the emitted VOCs are typically multi-
unsaturated and ozonolysis of the unsaturated products of the
original VOCs is expected to yield SCI bearing a wider range of
substituents. In the absence of a data set for multi-substituted
SCI, we tentatively propose that such multi-substituted SCI be
treated as having a set of reaction channels with rates similar to
equivalent mono-substituted SCI. This is expected to work
reasonably well provided the substituents do not interact too
much, but raises the question which functionality combinations
are expected to be (un-)affected by such interactions. For many
functionalities on the anti-substituent beyond B-position, there
is little impact on the reactivity, so multiple substituents
implanted on the anti-side probably have less impact. Similarly,
some functionalities are only active on the SCI syn-substituent
when they are sufficiently close to the carbonyl oxide moiety.
Finally, for geometric reasons it seems less likely that there are
strong interactions between functionalities on the syn- and anti-
substituents of the SCI, except for two a-substituents (i.e. directly
implanted on the carbonyl oxide carbon). More problematic are
SCI with multiple functionalities on the syn-substituent within
“reactive range”, i.e. either reacting with the carbonyl oxide
group, implanted within the ring of a cyclisation reaction TS,
adjacent to a migrating H-atom, or able to affect H-bonding in
reactant and/or TS. In the ESIt (Section W), we explicitly look at a
number of SCI with such problematic substituent combinations,
showing that extrapolation from a SAR for mono-substituted SCI
is unlikely to provide reliable rate predictions (i.e. within an
order of magnitude) for such multi-syn-substituted or bi-o-
substituted SCI. There appears to be no facile workaround to
incorporate such interactions, and we must currently rely on
the chemist’s intuition to judge when the SAR extrapolation
procedure may work.

6. Outlook for further SAR
development

The current SARs are greatly extended compared to the previous
version,"”® now containing 338 SCI categories for 43 substituent
types. The SAR could be easily extended for additional substitution
classes hitherto not covered (e.g. compounds with reduced
nitrogen®’), at least for mono-substituted SCI where we only
incorporate the impact on the syn- or anti-substituent. Such an
expansion may be done in a later study when relevant functional-
ities are identified, but given the range of substituents already
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covered this is not a priority at this time. Conversely, the SAR
categories can be pruned somewhat by merging reaction classes
with similar reactivity; examples include the several classes for
substituents on the anti-substituent that often have a similar
impact as an alkyl substituent. At this time we have not merged
such classes as most of the estimates have not been confirmed yet
by experimental or higher-level theoretical work. The impact of a
particular substituent may thus be larger than currently estimated,
and updating the SAR will be more convenient with the different
categories explicitly available.

Reducing the uncertainties of the SAR predictions would be
highly useful. Unfortunately, compared to the number of SAR
categories where benchmark data is required, the availability of
direct experimental data is only increasing slowly, and higher-
level theoretical calculations with a significantly reduced
uncertainty compared to the methodology used in this work
remain computationally expensive and are thus not amenable
to validating a large fraction of the SAR category predictions.
We fear it may take many years before sufficient data is available
to correctly estimate the reliability of the SAR predictions across
the entire scope of applicability, and reduce the SAR uncertainty.
Data on individual SAR categories is available though (see above),
providing an anecdotal way to probe the current SAR perfor-
mance. The current work identifies many hitherto unstudied
reaction mechanisms for common substitution patterns, and
independent confirmation of the predictions for these reaction
classes is direly needed.

A rather stringent problem is the treatment of multi-
functionalized SCI. For each such SCI individually it is possible
to theoretically predict rates or study the SCI experimentally,
and the current work contains several bi-functionalized SCI
for which we characterize all reaction pathways explicitly
(ESIT Section W). Each such characterization comes with a
computational cost, though. Many approaches are available to
reduce the needed computational effort, such as using lower
(but calibrated) levels of theory, skipping pathways expected to
be negligible, characterizing a reduced number of conformers
in reactant and TS, or applying machine learning or template-
based approaches for estimating the dominant contributing
conformers to the SCI rate coefficients. However, the combinatorially
high number of possible substituent combinations makes an
explicit analysis of all possible bi-functionalized SCI impractical
at this time, and near-impossible for tri- and higher-order
functionalized SCI, even when the computational process
were fully automated and optimized. The lack of data on
multi-functionalized SCI is particularly limiting for explicit
mechanisms, such as those build by automatic mechanism
generators (e.g. Gecko-A”' or SAPRC’?) which tend to generate
a plethora of highly functionalized intermediates.

Given that the SARs already cover the large majority of the
SCI formed in the atmosphere, at least when weighted by mass
flux, identifying how the SARs can be further improved most
efficiently towards the issues mentioned above requires specific
input from the atmospheric chemistry community. Automatic
mechanism generators can identify which substitution patterns
can be expected in the atmosphere. A recent analysis®” showed
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that the substitution patterns of the species in an atmospheric
kinetic model are far from random, with some functionalities
and functionality combinations being much more common
than others. We have no information whether patterns in the
site-specificity of multi-functionalization exist, i.e. whether
functionalities preferentially appear on the same carbon, adjacent
carbons, or further apart. As SCI are formed from ozonolysis,
knowledge of any correlation between the position of double
bonds and other functionalities may be useful; double bonds are
known’%”*7° to accelerate H-migrations, decomposition, isomer-
isation etc. so some correlation in site-specificity while forming
2nd or later-generation VOCs seems likely. The most prevalent
substitution patterns should first be identified before extending
the SARs or expending costly efforts to reduce the uncertainties
for specific SCI categories. Modeling the oxidation of real-world
mixtures of VOCs can provide further weighing of the contribu-
tion of specific patterns, identifying the SAR categories through
which the highest mass fluxes flow, and/or have the highest
impact on oxidative capacity, air quality, climate change, etc.
Feedback from experiments, be it from environmental chambers
or in-situ measurements, is likewise valuable to identify the most
urgent needs of the community, though it remains often difficult
to experimentally provide speciation and molecular structure
information that directly benefits SAR development.

Finally, we should consider that the setup of the SAR may
need to be optimized for certain applications. The current SARs
predict only the dominant pathways, and information on minor
pathways is omitted even though systematic theoretical data is
available. Automated mechanism generation software may be
easier to implement if several sub-SARs are formulated that
each address a specific reaction class, were we consider that
only a handful of reaction classes contribute strongly to the
SAR. Such class-specific SARs may also be more amenable to
incorporating multi-functionalized SCI which, instead of a
single dominant reaction, may have multiple competing loss
channels. The analysis of the multi-functionalized SCI in the
ESIt (Section W) shows an example where a SAR providing only
the dominant channel makes it harder to obtain estimates for
all channels.

7. Conclusions

This study examines the unimolecular reactions for a large
number of thermalised Criegee intermediates, most of which
are bearing functionalities for which little to no data are
available in the literature; the focus is mainly on substituents
near the carbonyl oxide moiety. A priori-derived rate coefficients
are presented. In the process, several novel reaction mechanisms
are reported, such as the intramolecular insertion reactions in
OH, OOH and COOH groups at various positions relative to the
carbonyl oxide moiety, CO, + alkene or secondary ozonide (SOZ)
formation from COOH-substituted SCI, or spontaneous 'O,
elimination from syn-0-OOOH-substituted SCI. For most of
these SCI, we also report rate coefficients for the reaction with
H,0, based on a priori calculations with empirical corrections.
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The predicted rates span many orders of magnitude, and for
several of the oxygenated compounds the reaction with water is
fast. The H,O molecule was also found to catalyse some of the
unimolecular reactions (mainly insertion reactions), which for
certain SCI is the dominant channel in the SCI + H,O reaction.

Based on the theoretical kinetic data three SARs are presented,
all of them provided as a lookup table; for SAR categories where
no direct data is available, reactivity trends from similar reaction
types are extrapolated to provide an estimate. The first SAR
predicts the dominant unimolecular reaction channel(s), based
on the substitution around the carbonyl oxide moiety. The other
two SARs predict the reaction rates of SCI with H,O and with
(H,0),, where the latter rates are derived from the theoretical data
for H,O reactions based on an empirical relationship.

The theoretical kinetic rate predictions, and the SARs
derived from these, awaits validation by direct or indirect
experimental studies, and/or high-level post-CCSD(T) theoretical
calculations. The scarce available high-quality data compares
well to the theoretical predictions and the SARs, showing no
systematic bias and a scatter that is well below the estimated a
priori uncertainty except for some well-documented outliers, but
we acknowledge that for the large majority of the SAR categories
no validation data is available. We also present an example re-
interpretation of an experimental ozonolysis product study that
may be affected by a novel insertion reaction.

The current work greatly expands the knowledge of the
reactivity of functionalized SCI, but further optimization of the
SAR will require specific input from the atmospheric chemistry
community. With the current broad scope of applicability for
mono-substituted SCI, the development model is reaching its
limits, and information is needed on which SCI categories
require inclusion, which could be omitted or merged, or which
require more accurate estimates. The current SAR is only
applicable to a subset of multi-functionalized SCI, as strong
interactions between multiple functionalities is not well-
described by a SAR for mono-functionalized SCI. To incorporate
multi-functionalization in the SAR, it may also be necessary to
change the structure of the SARs, forgoing prediction restricted
to only the dominant channels in favor of a broader applicability
predicting several potentially relevant reaction classes.
Implementation in automatic mechanism generators could help
finding the optimal solution.

This paper does not explicitly examine the impact of the
unsaturated or oxygenated SCI on atmospheric chemistry.
However, similar to Vereecken et al.'® we find many SCI cate-
gories with very fast loss rates, which are specifically enabled by
the presence of oxygenated functionalities. From this, we pro-
pose that secondary ozonolysis of the oxygenated VOCs formed
from primary emitted non-oxygenated VOCS (isoprene, mono-
terpenes,...) is unlikely to yield significant concentrations of
long-lived SCI, and that direct impact of SCI as an atmospheric
oxidant remains limited to a few select SCI at specific locations.
Further investigation of the fate of the reaction products could
thus prove beneficial to assess the impact of ozonolysis on
atmospheric chemistry, especially as oxygenated species are
known to affect air quality and climate change.
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