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Abstract. The least volatile organic compounds participating in atmospheric new-particle formation are very
likely accretion products from self- and cross-reactions of peroxy radicals (RO»). It has long been assumed that
the only possible accretion product channel in this reaction is that forming a peroxide (RO, + RO, — ROOR +
0,), but it has recently been discovered that a rapid alkoxy radical (RO) decomposition may precede the accretion
step of the mechanism, forming slightly fragmented but more stable ether (ROR) or ester (RC'(O)OR) accretion
products. In this work, the atmospheric implications of this new reaction channel have been explored further by
using a modified version of the Generator for Explicit Chemistry and Kinetics of Organics in the Atmosphere
(GECKO-A) software to generate a large amount of representative RO, + RO, reactive pairs formed from the
oxidation of typical primary hydrocarbons and by applying structure—activity relationships (SARs) to predict
the potential accretion products. These data are analysed in terms of the formation of low-volatility products,
and new discoveries are presented on what types of RO, are especially efficient (and which are surprisingly
inefficient) at forming accretion products. These findings are discussed in terms of the atmospheric relevance
of these new RO, + RO, reaction channels. As the generation of these data rests on several simplifications and

assumptions, many open questions worthy of later studies are also raised.

1 Introduction

1.1 Atmospheric background

The formation and growth of secondary organic aerosol
(SOA) particles in pristine environments is dependent on the
gas-phase formation of low-volatility organic molecules, but
the exact formation pathways of such organics is only par-
tially known (Kanakidou et al., 2005). The self- and cross-
reactions of peroxy radicals (RO,) are assumed to be impor-
tant sources of such low-volatility molecules (Berndt et al.,
2015), as this is one of the rare cases of gas-phase atmo-
spheric reactions where accretion products, products with
a larger carbon count than the reactant radicals, can form.
The previously known accretion-product-forming pathway
of these recombination reactions is a peroxide connecting
the carbon skeletons of the reactant RO, in the reaction

RO; + RO; — ROOR + O,. This is, however, not the only
possible product of this reaction, and we will therefore briefly
review the history of studies on this reaction. The mecha-
nism of RO, recombination has been known to go through
an unstable tetroxide intermediate since the proposed Russell
mechanism for its decomposition (Russell, 1957). However,
the currently accepted mechanism for the reaction was pre-
sented by Ingold (1969), in which the tetroxide ejects an O3
molecule, leaving behind a triplet-state bimolecular complex
of two alkoxy radicals, 3(RO...OR):

RO, + RO, <+ RO4R
— (RO...0,...0R) = 3(RO...OR)+>05. (R1)

Recent theoretical studies indicate that, in the case of CH30,
+ CH30; recombination, the ejection of one CH30O radical
from the (CH30...0,...0CH3) complex is thermodynami-
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cally (but not necessarily kinetically) favourable to that of
O3 (Salo et al., 2024). Recent experimental studies also sug-
gest a novel in-complex (RO...0;) - R_pg=0 + HO, reac-
tion channel from the self-reaction of the HOC,H40O, rad-
ical (Murphy et al., 2023). Here, however, we will operate
under the assumption that these reactions are only possi-
ble for very weakly bound systems and that channel (R1)
is exclusively the fate of generic RO, + RO, reactions. In
the mechanism proposed by Ingold (1969), the 3(RO...OR)
complex has three further reaction channels: a dissociation
pathway (Reaction R2) into two free alkoxy radicals (RO),
an intermolecular H-shift (Reaction R3) forming an alcohol
and a carbonyl, and an intersystem crossing (ISC) into the
singlet state followed by barrierless recombination into a per-
oxide accretion product (Reaction R4, ROOR). The branch-
ing ratios for these three pathways have been studied both
experimentally (Orlando and Tyndall, 2012) and computa-
tionally (Hasan, 2023). In our previous work (Perdkyli et al.,
2023), we found an unexpected fourth reaction channel for
an «-pinene-derived 3(C19H150,0...0C19H;50,) complex,
in which one of the alkoxy radicals undergoes a rapid 8-
scission reaction, thereby producing a C19H305 ester accre-
tion product. Assuming these kinds of reactions are possible
for other systems as well, we may update the full mechanism
of peroxy radical recombination to include the following four
pathways:

3(RO...OR) 25% RO +RO (R2)
HoSR R 4=0 + ROH (R3)
BC RoOR (R4)
RODec ROR’ (+P), (R5)

where R’ denotes that the original organic R group may
be fragmented, in which case P is the second fragmenta-
tion product (CH;O is the case of the previously mentioned
C19Hp305 ester product). The computational results pro-
vided by Perikyld et al. (2023) suggest that the occurrence
of channel (R5) depends on the unimolecular decomposition
rate of the RO outspeeding reaction channels (R2), (R3), and
(R4), on which we already have produced a body of com-
putational work. The rate of the dissociation channel is pri-
marily predicted by the binding energy of the 3(RO...OR)
complex, ranging from 2-10' to 8-10's~!. (Franzon, 2023)
Dissociation is therefore likely to be uncompetitive for larger,
more functionalized, and thus more strongly binding pairs
of RO. An equally unambiguous trend for the H-shift rate
has proved difficult to determine (Hasan et al., 2023), but
the computed H-shift rates show a weak negative correlation
with the binding energy, suggesting that this pathway is also
less competitive for larger and more functionalized radicals.
These H-shift rates are rarely above 10° s~!. It is also notable
that only primary and secondary RO can act as H donors,
meaning that this channel does not exist at all if both of the
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reacting RO, are either acyl peroxy radicals (RC(0)O;) or
tertiary RO;. The ISC rate seems to be systematically on
the order of 10°s~!, with the 3(CH30...0OCH3) complex
and some stereoisomers of ONO;-substituted RO acting as
outliers (Hasan, 2023). In summary, if reaction channels of
type (RS) are of any significance, they must outspeed the ISC
rate if the 3(RO...OR) is strongly binding and outspeed the
dissociation and bimolecular H-shift rates if the complex is
weakly binding. Based on the information above, it seems
that the RO decay rate must be close to 108s™! to be of any
importance and preferably above 10°s~! to be a main chan-
nel.

The in-complex RO decomposition we observed (Perikyld
et al.,, 2023) was a B-scission reaction forming an acyl-
centred radical combining with the other RO to form an es-
ter. Similar reactions forming alkyl radicals as decomposition
products will presumably result in ether accretion products.
Decay rates of RO radicals inside complexes are currently
unknown, but, as a first approximation, we may estimate
them using the corresponding reaction rates of free RO. This
is convenient, as the atmospheric reactions of alkoxy radicals
have already been studied widely. The structure—activity re-
lationship (SAR) by Vereecken and Peeters (2009) and Nov-
elli et al. (2021) for S-scission reactions of free RO suggests
that there are multiple chemical structures that reach the ap-
proximate threshold of 108 s~!, suggesting that this channel
may be quite common. We also ought to entertain the possi-
bility that B-scission reactions are not the only kind of uni-
molecular RO reaction which may occur in-complex. A re-
view on the atmospheric chemistry of alkoxy radicals by Or-
lando et al. (2003) discussed three additional reaction classes
for (non-halogenated) RO: unimolecular H-shifts, ester re-
arrangement, and O, addition. The ranges of known reac-
tion rates for each of these are shown in Fig. 1. Upon closer
examination, however, only the unimolecular H-shift path-
way is reportedly fast enough to cross our importance thresh-
old of 10®s~! in some known cases, as the ester rearrange-
ment and O, addition pathways are both limited to (pseudo-
unimolecular in the latter case) rates of around 10°s~!. To
avoid confusion between H-shift reactions of type (R3) and
type (RS), we refer to the former as bimolecular H-shifts and
the latter as unimolecular H-shifts.

In this work, we aim to explore the wider atmospheric
significance of channel (R5) using an RO; + RO, accre-
tion product generator code based on the Generator for Ex-
plicit Chemistry and Kinetics of Organics in the Atmosphere
(GECKO-A; Aumont et al., 2005) software, which we call
GECKO-AP (... of Organic Accretion Products). GECKO-
AP makes use of all the RO; and RO chemistry already in-
cluded in GECKO-A, combined with simple parametriza-
tions of the knowledge we currently have of the compet-
ing reaction channels to generate datasets of all the possible
peroxide, ether, and ester accretion products derived from a
GECKO-A-generated set of RO,. These datasets of accretion
products are then analysed in order to learn which of these re-
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Figure 1. A visualization of the range of rates of the three known
reaction channels of 3(RO. ..OR) complexes compared to the uni-
molecular reaction rates of free RO radicals considered in this work.
The range of dissociation rates is from Franzon (2023), the ISC and
bimolecular H-shifts are from Hasan (2023), the 8-scission and uni-
molecular H-shift rates are from Vereecken and Peeters (2009) and
Vereecken and Peeters (2010), and the O, addition and «-ester re-
arrangement are from Orlando et al. (2003). The «-NO, ejection is
discussed in Sect. 2.1.4.

actions are most important, especially when it comes to the
formation of low-volatility products. The purpose of this ar-
ticle is not to determine accurate branching ratios for these
channels, as this most likely requires both characterization
of further ester or ether product from experiments and exten-
sive computations benchmarked against such experiments.
Instead, the purpose of this work is to inform future efforts on
where to start looking and to assess general qualitative fea-
tures of accretion products formed by the recently discovered
pathways.

1.2 GECKO-A

In order to place the importance of Reaction (RS5) in a wider
atmospheric context, a large selection of atmospherically rel-
evant peroxy radicals must be screened to determine the
cases where these in-complex decomposition reactions are
competitive. For this purpose, GECKO-A was used to gen-
erate large numbers of atmospherically relevant RO;. As
GECKO-A only generates the products from channels (R2)
and (R3) for RO, recombination reactions according to the
parametrization presented in Jenkin et al. (2019), a new code
was written to generate all the possible accretion products
(both channels R4 and RS5) from each individual pair of RO;.
The structure of the code is described in detail in Sect. 2.1.
Using this code, three large accretion product datasets from
representative precursor molecules were produced, which are
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presented in Sect. 2.2 and analysed in detail in Sect. 3 to
determine two things: what the existence of reaction chan-
nel (RS) implies for the formation of low-volatility products
from RO, recombination and which aspects of this channel
are worth studying in more detail.

The GECKO-A tool generates explicit atmospheric chem-
ical mechanisms from a list of organic precursors provided
as input. The chemistry included in the version of GECKO-
A used to generate the data was VOC oxidation by OH
(Jenkin et al., 2018a, b), alkene oxidation by O3 (Jenkin
et al., 2020), VOC oxidation by NO3 (Kerdouci et al.,
2014), photolysis for some select chromophores (Aumont
et al., 2005), thermal decomposition of peroxy acyl nitrates
(—C(O)OONO3) (Jenkin et al., 2019), RO decomposition
(Vereecken and Peeters, 2009), (mostly bimolecular) reac-
tions of RO, (Jenkin et al., 2019), and stabilized Criegee in-
termediate chemistry (Newland et al., 2022). All generated
molecules are grouped by generation based on the minimum
number of stable closed-shell species that are produced in the
formation of that molecule. For example, CHOHCH,OOH
and CH,(ONO;)CH,OO0H are first-generation products of
ethene. The molecules produced from the oxidation of these
(including the radicals) are second-generation products, and
so on. The GECKO-A molecule generator creates all the ox-
idation pathways up to a specified generation n and above
a specified critical saturation vapour pressure p. (Aumont
et al., 2005). In this study, the generated chemical mecha-
nisms were used to provide lists of peroxy radicals expected
to be representative of typical atmospheric RO> in their struc-
ture but also in their probability to be formed. GECKO-A
also calculates a theoretical maximum yield of formation pa-
rameter y, which is used to filter out minor reaction chan-
nels in the mechanism generation. As the mechanism gen-
eration code makes minimal assumptions on environmental
conditions such as relative humidity and bimolecular reac-
tant (such as OH, O3, NO3, HO;, NO, NO,, and RO») con-
centrations, this parameter does not account for competition
between different bimolecular reactions. The maximum yield
is therefore “theoretical” in the sense that the y value of (for
example) isoprene 4+ NO3 products corresponds to real yields
in conditions where isoprene oxidation is completely domi-
nated by NO3. This means the y values have the disadvantage
of occasionally over-representing products with high yields
from slow reactions, but, from the perspective of our qualita-
tive RO; + RO; reaction channel analysis, the environmental
independence is an advantage, as it allows us to treat all hy-
pothetically possible atmospheric RO, + RO; reactions uni-
formly without the loss of generality. The y values of the RO»
generated by GECKO-A were thus used as a filter with which
to select RO, + RO, pairs for further treatment. A compari-
son of theoretical maximum yields with simulated formation
rates and concentrations is performed in Sect. S8.
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2 Methods

2.1 Generation of accretion product datasets

As the scope of this work is limited to exploring the po-
tential accretion products, the GECKO-AP code was built
to simply generate a list of RO, 4+ RO, accretion products
from a list of RO, generated in the GECKO-A mechanism.
In this section, the process of creating accretion product
datasets from an RO, list is described in detail. As the po-
tential number of pairings increases combinatorically with

the length of the RO» list (N + 2'(+l2)' = NTz + %), care was
taken to efficiently filter out all of the least important radicals
(Sect. 2.1.1), least probable RO, + RO» pairs (Sect. 2.1.2 and
2.1.3), and least competitive product channels (Sect. 2.1.5) in

the code.

2.1.1 Filtering of individual RO»

The list of RO, radicals generated in a GECKO-A mecha-
nism was used as input for the GECKO-AP code, with some
filtering done to reduce the number of products. Firstly, a
yield cutoff y. was chosen such that all RO, with theoretical
maximum yield y < y. were filtered out. Secondly, CH30,
was systematically left out as a rule from these lists, as all
of our previously studied 3(CH30...0R) systems have had
rapid dissociation (Franzon, 2023) and bimolecular H-shift
(Hasan et al., 2023) rates. We thus suspect that CH30, +
RO; reactions are not a significant source of accretion prod-
ucts in the atmosphere and most certainly are not a source of
large low-volatility accretion products. Thirdly, RC(O)O3s
with hydroperoxide (OOH) substituents was also excluded,
as the rapid H-scrambling reaction into peracid-substituted
alkyl peroxy radicals is expected to be effectively irreversible
(Knap and Jgrgensen, 2017). As GECKO-A currently lacks
RO, H-shift and H-scrambling reactions, a simple exclusion
of these radicals from partaking in RO> + RO, was seen as a
suitable correction.

2.1.2 Filtering of RO» pairs by probability

Another method of filtering out the least important data is to
only treat the RO, 4+ RO; pairs above a certain probability
threshold, which in the GECKO-AP code is formulated in
terms of RO, + RO, reaction kinetics. The formation rate of
a3(RO...0OR) complex is

WP tyomonlelipl. 0
Here, [«] and [B] are the concentrations of the two reacting
peroxy radicals, and kro,Rro, is the recombination rate coef-
ficient. Since the best estimation we have of individual RO,
concentrations in the GECKO-A mechanism generator is the
theoretical maximum yield y, we estimate an equivalent re-
combination yield using these:

YRO»ROs,08 = Krel Ya VB, (2
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where y, and yg are the theoretical maximum yields of the
RO; @ and B. Since a yield must be between 0 and 1 by def-
inition, the rate coefficient k] must also be expressed rela-
tive to some maximum, for which we use the RO, + RO,
rate coefficient for the GECKO-A RO, class 8 (see Ta-

ble 3): ket = 5o e 2 The RO + RO rate
coefficient is dsetermmela using a slight simplification of the
scheme described in the Supplement of Jenkin et al. (2019),
where the individually calculated self-reaction rate coeffi-
cient is replaced by one of the nine GECKO-A RO; class
rates (Table 1). This way, k. can efficiently be calculated
for large numbers of RO, pairs without using up memory
for self-reaction rates. As suggested by Jenkin et al. (2019),
cross-reactions between RC(O)O; and other RO, are always
treated as collision-limited, whereas other rates are deter-
mined using a geometric mean of the two self-reaction rates,
with an additional factor of 2 for reactions between tertiary
and primary or secondary ROz (fiyp,s).

krRO,RO,,09 = 1.1- 10~ cm? molec.~ ! s ™! (3a)

kRO,ROs,ap = 2 fitp.sv/KRO,ROs, - KRO,RO,. 8 (3b)

For reactions between RC(O)O, and other radicals, two
additional correction factors are used to scale down the
yields. Firstly, as GECKO-A lacks unimolecular H-shift (au-
toxidation) reactions for peroxy radicals, the recombination
yields of RC(O)O; other than CH3C(0)O; were scaled down
based on a uniform autoxidation sink of 1s~ 1. Secondly,
we must also consider that bimolecular reactions between
RC(0)O, and common atmospheric inorganic radicals (OH,
HO;, NO,) are generally faster than the corresponding reac-
tions for alkyl RO, which means that the relationship be-
tween the faster recombination rates of RC(O)O, and the
resulting recombination yields is not directly comparable.
Thus, we apply a “rate-to-yield factor” of 0.56 to RO, + RO;
reactions involving acyl peroxy radicals based on a quick
derivation of the relationship between the rates and the yield.
More details are given in Sect. S2. To summarize, we may
rewrite Eq. (2) in the form used in the GECKO-AP code:

krO,RO,,
2k—2“ﬂyayﬂ,
8

where kg is the RO, + RO, rate coefficient for rate class 8
and fy is the correction applied to RO, +RC(0)O; reactions,
which is 1 if neither « or 8 is RC(0)O,, 0.56 if either is
CH3C(0)0O,, and 0.035 if either is some other RC(O)O, (see
Supplement). To filter out less probable RO, pairs, a cutoff
yield y. is defined below which the RO, 4+ RO; pair is not
considered. The same value is used to filter out individual
RO3, as y, < y. directly implies yqog < yc.

YRO,RO,08 = f9 “4)

2.1.3 Filtering of RO» pairs with rapid dissociation

As we are primarily interested in the accretion-product-
forming channels (R4) and (RS), it also makes sense to filter
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Table 1. The nine ROy + RO; rate classes used in GECKO-A, adapted from Jenkin et al. (2019).

3
Class  Description Rate (o)
1 Unsubstituted fer-RO, 2.1-10717
2 i-C3H70, 1.0-10~15
3 tert-RO, with - or -0 or N 7.9.10°15
4 C,Hs50,; unsubstituted sec-RO, 6.9-10~14
5 tert-RO; with a- or 8-O or N and allylic or B-aryl group 1.0-10713
6 CH30, 3.5-10713
7 Unsubstituted prim-RO;; sec-RO, with a- or 8- O or N 1.1-10712
8 prim-ROy with «- or B-O or N; sec-RO, with «- or 8-O or N and allylic or S-aryl group 53.10712
9 Acyl peroxy radicals 1.4-10711

out RO, pairs for which the branching ratios of channels (R2)
and (R3) can be presumed to be high. As experimental data
on these branching ratios are still relatively scarce, we are not
able to create reliable SAR calculators for the rates of chan-
nels (R2) and (R3), let alone branching ratios. However, the
results from our previous computational studies (Franzon,
2023; Hasan, 2023) indicate that both of these rates are neg-
atively correlated with the binding energy of the 3(RO...OR)
complex. It has been suggested elsewhere (Perikyld et al.,
2023) that the ability of the RO to form intermolecular H-
bonds is key to suppressing these two channels, especially
channel (R2), and this might offer us a viable approach to
filter out RO, pairs with weakly bound 3(RO...OR) com-
plexes using only the information available to the mecha-
nism generator. For this purpose, —OH, —OOH, —C(O)OH,
and —C(O)OOH were treated as H-bond-donating groups,
whereas —CHO, —C=0—, —C(O)OH, —C(O)OOH, —NO3,
—ONO,, —OONO,, —C(O)OONO3, and the radical oxygen
were treated as H-bond-accepting groups. In addition, every
C-H bond (aliphatic or aromatic) was treated as a partial H-
bond donor, as these may stabilize larger 3(RO...OR) com-
plexes in the presence of H-bond acceptors, as noted in the
Supplement of Perikyld et al. (2023). Using these parame-
ters, an effective H-bond number (HBN) was calculated for
each pair of alkoxy radicals:

HBNy g =np,o - 1A+ 1D, NA .« ()

where D and A refer to donor and acceptor, respectively,
and o and B refer to the two RO in the complex. Regard-
ing the specific form of the equation, we emphasize that
the purpose of the equation is to mimic the observed trends
in 3(RO...OR) binding energies, which do not exclusively
depend on the ability to form H-bonds but also on dipole—
dipole bonds, dispersion interactions, and Pauli repulsion of
the two radical oxygens. Out of these secondary interactions,
the dipole—dipole bonding largely depends on the presence
of the same functional groups as the H-bonding interactions,
at least in the context of gas-phase organic chemistry. This
means that we were able to obtain a good agreement (a cor-
relation coefficient of ~ 0.92) between the HBN, g value and

https://doi.org/10.5194/acp-24-11679-2024

the binding energies of 3(RO...OR) complexes presented by
Hasan (2023) by adjusting the “partial H-bond donor” value
assigned to each C—H bond. The optimal value chosen used
in the code was 0.04. Based on the dissociation rates calcu-
lated using these binding energies (Franzon, 2023), an HBN
cutoff of 1.75 was chosen, below which accretion products
are not generated for that specific RO, pair. The full analysis
of how this cutoff was chosen is described in Sect. S1.

2.1.4 In-complex RO reactions

For all RO» in the input list, a systematic search of decom-
position reactions is performed for the corresponding RO.
The approach for finding the reactions is very similar to that
using the ordinary GECKO-A code (Aumont et al., 2005).
As discussed in the Introduction, the following three reac-
tion classes were judged to potentially be competitive in-
complex:

1. B-scission, which turns the alkoxy moiety into a car-
bonyl and the site of the broken bond into an alkyl rad-
ical. The search is performed in a similar way to in the
base GECKO-A code for free alkoxy radicals, relying
mainly on the structure—activity relationship (SAR) of
Vereecken and Peeters (Vereecken and Peeters, 2009;
Novelli et al., 2021).

2. A unimolecular H-shift to the alkoxy oxygen result-
ing in the formation of an alkyl radical with one addi-
tional OH substituent. This relies mainly on the SAR of
Vereecken and Peeters (Vereecken and Peeters, 2010).

3. «-NO; ejection, resulting in a carbonyl and an NO, rad-
ical. This reaction is set to an arbitrarily high (ko—No, =
10'25~1) rate in GECKO-A to conveniently get rid of
these compounds. As this reaction happens to have in-
teresting implications for accretion product formation
(See Sect. 3.3), computational rate coefficients were
calculated for a set of small representative compounds
using the ORCA software (Neese, 2022). According
to these calculations, the reaction will typically have

Atmos. Chem. Phys., 24, 11679-11699, 2024
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rates closer to the [109, 1010 s’l] range, which is still
highly competitive in-complex. Computational details
are found in Sect. S3.

The rates of all reactions for each individual RO are com-
pared, and all channels found to be competitive enough to
at least be minor products (using a branching ratio cutoff of
0.05) next to an assumed universal ISC rate of 10°s~! are
considered for in-complex reaction branching ratio calcula-
tions.

For every reaction, the stability of the radical product is
checked by running through a list of barrierless decomposi-
tion reactions. This was done utilizing a version of the code
described in Sect. 3.1 of Aumont et al. (2005), with a shorter
list of “immediate” reactions to account for what kind of re-
actions might actually occur inside the complex. The code
starts by identifying if a radical is delocalized or not, and it
implements the following list of reactions for either the non-
delocalized radical or both Lewis structures of the delocal-
ized radical. All three reactions are barrierless according to
Vereecken et al. (2004) and Vereecken (2008).

1. R1—C-O0—R2 — R1—-C=0+ +O—R2. Barrierless de-
composition of peroxides at the radical centre.

2. R—C-O0H — R—C=0 + *OH. Barrierless decomposi-
tion of @-hydroperoxy alkyl radicals into a carbonyl and
an OH radical.

3. R—C+-ONO; — R—C=0+NO,-. Barrierless decompo-
sition of «-nitrate alkyl radicals into a carbonyl and a
nitro radical.

These may not be the only further decomposition reactions
that are possible for the product radicals of in-complex RO
decomposition reactions. Low-barrier reactions, such as de-
composition of acyl oxy radicals into alkyl radicals and car-
bon dioxide (RC(O)O+ — R++ CO,; Vereecken and Peecters,
2009) and decomposition of diacyl radicals into an acyl radi-
cal and carbon monoxide (R—(C=0)—C+=0 - R—C-=0 +
CO; Meéreau et al., 2001), were also considered but ulti-
mately not included, as these reactions are not barrierless and
may not occur after an endothermic (Orlando et al., 2003)
RO decomposition. These downstream decomposition reac-
tions must likely be barrierless to efficiently compete with
the association of the radical product and the other RO in the
3(RO...0OR) complex.

A separate output is written for all the RO reactions that
are considered for in-complex branching to help keep track
of the accretion products.

2.1.5 Filtering of accretion products

As discussed in Sect. 1.1, we currently assume that the RO
decomposition reaction is generally followed by recombina-
tion of the two radicals into an ether or ester. In the Supple-
ment of Perikyld et al. (2023), this assumption was tested for
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a small model system, where it turned out that this recombi-
nation had a high-energy barrier in the triplet state and thus
required an ISC. However, this ISC was faster than the ISC
of the 3(RO...OR) complex, being on the order of 10! s~
While a fast dissociation of the two radicals post-RO decom-
position cannot entirely be ruled out in reality, it is reason-
able to assume that the dissociation of the product radical
and the remaining RO is less competitive than the dissocia-
tion of the two RO in the (RO...OR) complex, especially
as RO B-scission reactions are typically endothermic. The
GECKO-AP code thus operates on the assumption that the
RO decomposition always leads to recombination of the rad-
ical product with the second RO in the complex.

The final part of the code cycles through all pairs of RO,
not filtered out by either the probability or the HBN criteria.
Branching ratios for all available reaction routes are consid-
ered by comparing the reaction rates of both RO and the ISC
rate, with the latter assumed to be 10°s~! in all cases. Re-
action routes are filtered by two criteria: (1) branching ratio
and (2) final yield, which is a combination of recombination
yield and branching ratio. Low branching ratios are filtered
out using the branching ratio cutoff 0.05, with more toler-
ance for channels with higher rate uncertainty. The uncer-
tainty factors f used were 1 for §-scissions, 5 for H-shifts,
and 50 for spin-flips. The first two of these factors were cho-
sen based on the reported uncertainties in the SARs for these
reaction classes: a factor of 2 for the S-scissions (Vereecken
and Peeters, 2009), and a factor of 10 for the fastest H-shifts
(Vereecken and Peeters, 2010). The relative uncertainty of
the ISC rates was determined from the variance in the avail-
able computational ISC rates for 3(RO...OR) rates (Hasan,
2023).

In other words, channels were filtered out if

k, 0.05
< ,
kisc + Y ki + Z';ﬂ k; f

(6)

where nyx is the number of unimolecular reaction channels
found for the RO X, whereas k; and k; are the rates of said
channels. Note that the rates of channels (R2) and (R3) are
neglected by necessity, as we lack a simple way to estimate
them with the information available to the code. As a final
criterion, Eqs. (2) and (6) are combined into a single inequal-
ity with an additional factor of 10:

k 0.05
YRO,RO;, X Ky < loyc ’ (7)

kisc + Y ki + Z?B k; f

where y. is the same cutoff used to filter RO, pairs by re-
combination probability. This value was adjusted between
the three datasets, as seen in the next section. The role of the
factor of 10 is to ensure that minor channels are more heavily
filtered out for less likely pairs of RO,. For the reaction chan-
nels that pass all filters, the molecular structure, the molecu-
lar mass, and the saturation vapour pressure are printed out
in the output using two different group additivity methods,

YProd =
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SIMPOL (Pankow and Asher, 2008) and Nannoolal (Nan-
noolal et al., 2004, 2008) (the latter with Compernolle’s ad-
ditional —OOH and —C(O)OOH parameters; Compernolle
et al., 2010).

As an additional note on the Nannoolal vapour pressures,
a previous computational study on the vapour pressures of
large ROOR-type accretion products (Kurtén et al., 2016)
suggested that the Nannoolal model produces strange results
when applied to these molecules. A comparison was per-
formed on the vapour pressures presented in that study with
those predicted by the above implementation of the Nan-
noolal model (see Sect. S4). Based on this comparison, we
conclude that the error is likely in the UManSysProp (Top-
ping, 2015) implementation of Nannoolal utilized by Kurtén
et al. (2016), not in the model itself.

2.2 Data generation and curation
2.2.1 Presentation of the datasets

Three datasets of accretion products with different precur-
sor molecules were produced in order to analyse the most
important trends in varying atmospheric conditions. For all
runs, a critical vapour pressure value of p. = 10713 atm was
used, meaning that further gas-phase chemistry was not gen-
erated for closed-shell molecules with pgy; < pc. The maxi-
mum generation of oxidation products and the cutoff value
for yro,r0, were adjusted for each run to ensure that the
datasets were kept at a manageable size and that low-yield
downstream products would not be overrepresented in the
data. A sensitivity analysis of the y. parameter is found in
Sect. S5. These three datasets are presented below:

1. The DTA dataset, including the accretion products
produced in the atmospheric oxidation of n-decane,
toluene, and a-pinene. The oxidation products gener-
ated by GECKO-A for this set of precursor molecules
have been studied in detail before (Isaacman-VanWertz
and Aumont, 2021; Besel et al., 2023), so a dataset
made out of oxidation products previously missing from
GECKO-A is a good addition. Accretion products were
generated up to the fourth generation, and the yield cut-
off y. = 0.0045 was used.

2. The terpene dataset, including the accretion products
produced in the atmospheric oxidation of isoprene, «-
pinene, B-pinene, limonene, B-ocimene, sabinene, A-3-
carene, and myrcene. These are the eight most common
terpene molecules (Sindelarova et al., 2014). A dataset
composed of all the RO, + RO, cross-products from
these precursors should represent accretion product for-
mation occurring in pristine low-NO, forest environ-
ments reasonably well. Accretion products were gen-
erated up to the second generation, and the yield cutoff
ye = 0.003 was used.
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3. The caryophyllene dataset, including the accretion
products from fS-caryophyllene, a sesquiterpene for
which aerosol particle formation has recently been stud-
ied (Dada et al., 2023). Here, products were only gener-
ated up to the first generation, as some of the second-
generation accretion products proved unmanageably
complex for the mechanism generator. The yield cutoff
vy = 0.001 was used.

The isomer switching code presented by Valorso et al.
(2011) was turned off during the runs to ensure the traceabil-
ity of the RO, formation mechanisms. RO, + OH reactions
were also turned off when generating these datasets, as this
leads to the formation of hydrotrioxides (ROOOH) in the cur-
rent parametrization of GECKO-A. The chemistry of these
molecules is not well-known, but, based on known decom-
position and OH oxidation rate coefficients for CH3;OOOH
and isoprene-derived ROOOH (Assaf et al., 2018; Anglada
and Solé, 2018; Berndt et al., 2022), we are not able to
completely neglect other OH or O3 oxidation pathways of
hydrotrioxides, both of which we lack systematic data for.
Fortunately, with a typical atmospheric OH concentration of
10° molec.cm™3 (Wayne, 2000), the RO, + OH channel will
often be outcompeted by the other channels, so ignoring them
is not a massive loss in chemical accuracy.

2.2.2 Dataset curation

Additional GECKO-A mechanisms without the GECKO-AP
code were generated for each set of precursor molecules
to supply the datasets with additional metadata. Six mech-
anisms were generated with a limited set of VOC oxidants
(only OH, only O3, only NO3, OH + O3, OH + NOs3, and
03 + NO3). Each RO» in the accretion product datasets was
assigned a required combination of atmospheric oxidants
based on the RO; list resulting from these mechanisms. Sim-
ilarly, for the DTA and terpene datasets, a GECKO-A mech-
anism was generated for each product generation leading up
to the final one to assign a generation to each of the RO,
in the dataset. Finally, for each precursor molecule in the
DTA and terpene datasets, a mechanism was generated with
only one precursor in to label which of the precursors each
of the RO, is derived from. Based on this RO, labelling, a
final probability-based filtering criterion was applied to all
datasets, as OH and NOj3 are known to rarely have simultane-
ously high concentrations: the former is produced by photol-
ysis of O3, while the latter is decomposed by photolysis (Se-
infeld and Pandis, 2016). For this reason, the cross-reactions
of OH-derived RO, and NO3-derived RO», along with all
their products, were removed from the data. Care was taken
not to accidentally remove radicals produced from both oxi-
dation mechanisms (for example, products of H-abstraction).
By the same logic, RO, with formation mechanisms requir-
ing OH oxidation of a VOC in one generation and NO3 ox-
idation in the next (or vice versa) was also removed. Ad-
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mittedly, these mechanisms are more plausible than cross-
reactions of OH-derived RO, and NOjs-derived RO; if the
lifetimes of the first-generation closed-shell products exceed
the diurnal cycle; nevertheless, it is likely that the GECKO-A
mechanism generator overestimates the yields of these radi-
cals relative to all other RO,.

For the purpose of data analysis, four versions of the fi-
nal data were created for each dataset. The first contains all
the reaction channels found by the code, including those re-
moved by the OH + NOs criteria. These data are not anal-
ysed separately in this work, but they are distributed as a ref-
erence. In the second version of data, the OH 4+ NO3 prod-
ucts have been removed, but nothing else has. This version
is analysed in Sect. 3.3. In the third version, all of the non-
accretion products are removed (analysed in Sect. 3.4), and,
in the fourth version, all the duplicate accretion products
are removed. This last version is only used for the figures
in Sects. 3.2 and S6, but the existence of such uniqueness-
filtered datasets was regarded as useful for potential follow-
up studies, such as the analysis performed by Besel et al.
(2023) for the data presented by Isaacman-VanWertz and Au-
mont (2021).

2.3 Estimation of atmospheric concentrations

In order to explore the impact of accretion product forma-
tion from RO, + RO, reactions, RO, concentrations were
calculated for representative conditions of biogenic environ-
ments where the RO, + RO; reactions are expected to be rel-
atively important. RO, concentrations were calculated from
the numerical solution of the kinetic steady-state equations
(Eq. 8) based on the reactions in the GECKO-A mechanism.
Furthermore, the mechanism was limited to isoprene oxida-
tion and includes only the first- and second-generation rad-
icals (7581 reactions). Firstly, however, a representative set
of bimolecular reactant concentrations was chosen based on
balancing a simpler set of steady-state equations, with only
CHy4, CO, CH2p, and CH3OH present as organic precursors.
The criteria used to find the ideal RO, + RO, conditions
were based on the GEOS-Chem-modelled probability dis-

tributions presented by Kenagy et al. (2024), according to

. kro,No[NO]
which a Tro;N0TNOTHiko, 10, [FO3] value of 0.2 corresponds to

both an [[I]}Igi]] ratio well above 1 and a not-insignificant prob-
ability density. Assuming the RO, +NO and RO, +HO; rates
are approximately similar for typical RO,, we thus balanced
the steady-state equations for OH, O3, HO,, NO, NO,, and

NOs3, aiming for a % ratio of 0.2.

sources

®)

E=s0u1rces—sinks-c%0:>c% -
dr sinks

As the probability distribution of Kenagy et al. (2024)
was weighted by isoprene + OH, it likely over-represents
daytime conditions, as both isoprene and OH concentra-
tions peak during the day (Wennberg et al., 2018). We
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thus re-balanced the steady-state equations with no photol-
ysis reactions present, using the diurnal cycles presented
by Bey et al. (1997) as reference. The resulting day- and
nighttime concentrations of OH, O3, HO;, NO, NO,, and
NO3 were treated as constants in the steady-state equa-
tions for the isoprene-RO,. A (constant) isoprene con-
centration of 10" molec.cm™> was used for daytime, and
10'%molec.cm™> was used for nighttime. The temperature
T =298 K was used for both. Full details of how the steady-
state equations were solved are found in Sect. S8.

3 Results and discussion

3.1 Competitive decomposition channels

Firstly, we use the B-scission and H-shift SARs (Vereecken
and Peeters, 2009, 2010) to assess which of the reaction
channels described in Sect. 2.1.4 are fast enough to occur
in 3(RO...OR) complexes.

Assuming a constant ISC rate of 10°s™L, the B-scission
rate must presumably be at least 108s~! in order for the
product yield to be non-negligible. With Vereecken’s sug-
gested constant A-factor of 1.8-10'3s~!, an activation bar-
rier below 30 kJ mol~! is needed to reach this rate at 298 K,
which means 44.9 kJ mol~! worth of activating factors from
the SAR’s base value of 74.9kJ mol~!. The only activating
factors to reach this barrier reduction single-handedly are
the «-O group (present in all RC(O)O; + RO, reactions),
the B-NO group (not present in our data), and the open-
ing of three- and four-membered rings (relevant for both
pinenes, sabinene, and A-3-carene-derived RO,). Other ac-
tivating factors that are frequently present in our generated
RO; are B—C=0 (leading to the formation of ester accre-
tion products), B—OOH, —OH, B—C=C, and the open-
ing of five- and six-membered rings. In summary, there is
no shortage of chemical structures present in atmospheric
RO; that lead to competitive RO S-scission reactions. Inter-
estingly, all of the most competitive B-scissions seem to be
of the ring-opening type, which may partially explain why
these reactions have eluded detection for so long. Exocyclic
B-scissions have two products, whereas endocyclic scissions
have one. Only the former is distinguishable from the ROOR
in the mass spectrometric measurements which have thus far
been the detection method of choice for highly oxidized or-
ganics in atmospheric chemistry (Ehn et al., 2014; Rissanen
et al., 2014; Bianchi et al., 2019).

For the unimolecular H-shifts, the list of potentially com-
petitive reactions is considerably shorter, as no H-shift has
rates above 103s™! in the SAR. However, as these rates are
uncertain by a factor of 10 (Vereecken and Peeters, 2010),
the reactions with rates above 107 s~ are still worth consid-
ering, especially as rates above 108s~! have been reported
(Orlando et al., 2003). The unimolecular H-shift reactions
above this rate threshold are listed in Table 2.
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Table 2. A list of the RO unimolecular H-shifts which might
be fast enough to occur in 3(RO...OR) complexes according to
Vereecken’s SAR (Vereecken and Peeters, 2010).

Type Span H kg s—h
«-OH 1,5 CH 7.0- 107
«-OH 1,6 CH 47107

>C(OH)O- 1,5 CH 4.1-107
AldehydeH 1,5 CHO 2.9-107

«-OH 1,5 CH, 2.1-107
exo-B-OH 15 CH 2.0-107
«-OH 16 CH, 1.4-107

>C(OH)O- 1,5 CH, 12-107

Overall, it is notable that the in-complex decomposition
channels outnumber the ISC channels in the data: 142009
to 79 833 in the DTA dataset and 161 784 to 129 585 in the
terpene dataset. The ISC channels also have lower yields on
average, accounting for only 22.1 % of the total yield of prod-
ucts from first-generation radicals in the DTA dataset and
35.4 % in the terpene dataset. These yields should be taken
with a grain of salt, considering the large number of simplifi-
cations done when applying the filtering criteria, but they do
offer some indication that these in-complex RO decomposi-
tion channels are common and become increasingly compet-
itive with more complex RO intermediates.

3.2 Statistics on molecular properties

The distribution of RO, by rate classes are presented in Ta-
ble 3 for the DTA dataset and in Table 4 for the terpene
and B-caryophyllene datasets. One detail of note in the lat-
ter is that isoprene seems to almost exclusively generate RO,
with fast RO, + RO; rates. This implies that isoprene-derived
RO; contributes more than expected from its concentration
when it comes to RO, recombination yields. Out of the seven
monoterpenes treated in the data, limonene clearly produces
the largest diversity of RO, owing to having both an endo-
cyclic and an exocyclic C=C bond. We also see from both
tables that the production of ter-RO; molecules is mostly de-
pendent on the existence of tertiary double-bonded carbons,
which is largely unsurprising.

As atmospheric oxidation proceeds, the reactant RO, gets
increasingly fragmented and oxidized. This is showcased for
the radicals in the DTA dataset in Fig. 2 and for the ter-
pene and B-caryophyllene datasets in Fig. 3. For the formed
accretion products, the distribution of the same properties
is presented in Figs. 4 and 5. As our methodology might
be overemphasizing accretion products in later generations
(see Sect. S5), all RO, are grouped by the generation where
they first form, and all accretion products are labelled “Gen
n+m”, where n and m are the generations of the two re-
acting RO;. We also present histograms where each accre-
tion product is weighted by our best proxy for the formation
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rate, which is the product of the RO, + RO, recombination
rate (Eq. 3) and the in-complex branching ratio (Eq. 6). With
this weighting, we neglect the relative importance of individ-
ual RO; radicals, as the theoretical maximum yields are not
fully comparable. Comparing the branching-ratio-weighted
carbon number distributions of accretion product and RO> in
Fig. 5 to the corresponding radicals in Fig. 3, we notice an
interesting trend in both the monoterpene and sesquiterpene
results: the largest peak of accretion products occurs at C
atom numbers only slightly larger than the bulk of the RO;.
In the terpene dataset, all of the major first-generation RO»
have 10 C atoms, but the largest peak in accretion product
yieldis at 11 and 12 C atoms rather than 20. The same is seen
in the B-caryophyllene dataset, where the RO, yield peaks at
13-15 C atoms, whereas the accretion product yield peaks at
14—17. However, the explanations for this phenomenon seem
to differ between the two datasets. In the B-caryophyllene
data, 73 % of this yield peak comes from cross-reactions of
CH3C(0O)O; with the Cj3_15 radicals; in the terpene dataset,
this number is only 30 %. On the other hand, 38 % of this
yield comes from fragmentations of larger RO, + RO pairs,
and the rest simply comes from recombinations of RO, with
smaller C atom numbers. This underlines the importance of
the RC(O)O; for accretion product formation, as they, at least
in the Jenkin et al. (2019) parametrization, react rapidly even
with the largest and most sterically hindered tert-RO5.

The distribution of functional groups in the RO, and
(unique) accretion products is shown in Fig. 6. When com-
paring the two figures, we see that the number of accretion
products with either ether or ester functionalities is less than
those with a peroxide functionality, and this is only partially
explained by the presence of peroxides in the DTA RO;.
This is likely due to the fact that there are more duplicates
among the ether and ester products. The average in-complex
branching ratio of all the ISC products remaining after filter-
ing is 33.5 % in the DTA dataset and 36.6 % in the terpene
dataset, again implying that the total yield of ether and es-
ter products is typically higher. Interestingly, aromatic rings
are highly represented in the DTA accretion products. The
reason for this seems to be instrumental: the aromatic RO,
in the data all have high yields due to being directly derived
from the first H-abstraction product Ar—CH;O», which has a
yield of 100 % from NO3 oxidation of toluene. Of course, H-
abstraction from a methyl group by NOj3 is a slow reaction
(Kerdouci et al., 2010), meaning that toluene + NO3 might
in reality not effectively be the dominant reaction even in
favourable conditions. This detail is another example of why
our results ought to be treated as qualitative rather than quan-
titative.

3.3 Accretion-product-inhibiting reactions

Since we have presented a new channel for accretion product
inhibition, namely the alkoxy radical decomposition reaction
leading to ejection of either an OH or NO; radical, we should
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Table 3. The number of peroxy radicals per generation, recombination rate class, and oxidant for each precursor molecule in the DTA dataset.
For an explanation of the classes, refer to Table 1. The oxidant labels are defined inclusively (H-abstraction RO, with the label “OH, NO3”
is included in both columns). The class-9 number is bolded if it includes CH3C(O)0O;.

Gen Prec. Tot 1 3 4 5 7 8 9| OH 03 NO3
Ist  Dec 10 0 0 9 0 1 0 0 10 0 10
2nd  Dec 208 0 0 112 0 83 1 12| 179 0 156
3rd  Dec 233 0 0 79 0 119 9 26| 177 0 119
4th  Dec 242 0 0 53 0 133 19 37| 213 0 102
Ist  Tol 12 0 0 4 1 1 3 3 12 0 1
2nd  Tol 123 0 8 12 2 4 24 36| 123 14 2
3rd  Tol 345 0] 24 20 5 106 73 117 | 345 31 1
4th  Tol 1070 0| 121 26 8 440 150 325 | 1070 147 4
Ist  a-Pin 60 8 5 14 0 17 7 9 26 28 8
ond  o-Pin | 554 92| 97 61 2 187 43 72| 413 303 270
3rd  «-Pin | 1566 162 | 406 86 0 495 168 249 | 1033 1004 922
4th  «-Pin | 2197 122 | 722 42 0 671 225 415 | 1622 1376 1132

Table 4. The number of peroxy radicals per generation, recombination rate class, and oxidant for each precursor molecule in the terpene and
B-caryophyllene datasets. For an explanation of the classes, refer to Table 1. The class-9 number is bolded if it includes CH3C(0)O,.

Gen Prec. Tot 1 3 4 5 7 8 9| OH O3 NOj
st Iso 8 o] 0o o0 4 5 7 2] 9 4 5
2nd  Iso 125 0| 25 0 1 43 35 21| 8 54 45
Ist  a-Pin 70 9| 5 15 1 2 9 9] 34 2 7
2nd  o-Pin 682 116 | 124 73 2 230 54 83 | 538 381 323
Ist  B-Pin 4 5] 2 10 0 17 4 8| 17 14 16
2nd  B-Pin 706 122 | 95 103 0 248 52 85 | 485 275 380
Ist  Lim 60 2| 5 10 6 19 12 6] 22 5 17
2nd  Lim 1062 27 | 227 81 73 343 201 110 | 712 762 244
Ist  B-Oci 26 4| 2 2 4 6 5 3| 12 10 3
2nd  B-Oci 380 8| 69 11 46 125 94 27 | 279 219 90
Ist  Sabi 54 1| 8 5 0 21 2 6] 23 10 22
2nd  Sabi 519 81| 94 28 0 195 42 79 |308 178 310
Iss A3Car| 28 3| 3 7 0 10 1 4| 22 6 1
2nd  A-3-Car | 298 29| 34 19 0 124 44 48| 229 140 111
Ist  Myr 35 2| 2 4 6 119 1|24 5 11
2nd  Myr 565 9| 93 27 63 202 119 52 | 425 231 157
Ist  p-Car. | 179 39| 11 28 17 49 17 18| 38 110 36

analyse the extent to which these inhibiting reactions occur in
the data. This was done exclusively on the DTA dataset, due
to the generally higher oxidation states of its RO, resulting in
more competitive RO decompositions. The simplest type of
inhibition reaction is the a-nitro ejection, which in the code
ensures that peroxy radicals with an NO; group in the gemi-
nal position never form accretion products. As shown by our
computational reaction rates in Sect. S3, this will not neces-
sarily always be the case in reality, but the «-NO; ejection

Atmos. Chem. Phys., 24, 11679-11699, 2024

still ought to be among the most competitive channels. This
is our first accretion-product-inhibiting reaction, and it can
be treated as a given rule. The reaction is presented in the
following scheme:

Ri(NO2)O3++R207+ — (R{(NO)O-...-OR3) + Oy
R{(NO2)O+ — R;=0 + :NO,
(R1=0...-NO3...*OR,) — R{=0 + R,ONO;. (R6)
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Figure 2. The peroxy radicals in the DTA dataset by number of C and O atoms, the latter including the two O atoms in the RO, functional
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Figure 3. The peroxy radicals in the terpene (T) and B-caryophyllene (BC) datasets by number of C and O atoms, the latter including the

two O atoms in the RO, functional group.

These a-NO; radicals all form downstream from toluene
oxidation pathways in the DTA dataset. The reaction chan-
nel responsible for these is NO; addition to aryloxy radicals
(Ar—0-++ NOy — Ar(ortho—NO;)OH; Platz et al., 1998);
thus these peroxy radicals and the associated (RO...OR)
complexes were left out from the following analysis.

The second reaction inhibiting the accretion product for-
mation is the barrierless decomposition of «-hydroperoxy
alkyl radicals, a reaction channel that is possible for all per-
oxy radicals with —OOH substituents. The inhibition is pre-
sented in the following scheme, in which Rooy is a OOH-
substituted carbon chain:

R;02°+Rpog032° — (R{O-...*ORpon) + O3

RoopO+* — R,*O0OH — R»=0 + -OH
(R1O-...*OH...R2=0) — R;jO0OH + R,=0, R7)
where the reaction step RoopO* — R2*OOH may be either

a f8-scission or a unimolecular H-shift. As a measure of the
competitiveness of RO reactions leading to this inhibition
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channel, the average branching ratio as a function of the com-
bined number of OOH groups in the RO, pair is shown in
Fig. 7, both weighted and unweighted by the pair’s recom-
bination yield. As we see, the inhibition of accretion prod-
uct formation increases significantly with the number of hy-
droperoxide groups.

Our third and final inhibition reaction is the barrierless de-
composition of a-nitrate alkyl radicals, a very similar reac-
tion to the corresponding —OOH reaction.

R102* +RoNn0,02° — (R1O-...*ORpNo,) + O2
—RoNn0o, 0+ — R3*ONOy; — Ry=0 4 *NO,
(R;O-...*NO,...R,=0) — R;ONO, + R,=0 (R8)

The average branching ratio of these reactions is presented
in Fig. 7.

As seen in Fig. 7, the hydroperoxide decomposition chan-
nel has a significantly higher inhibition yield compared to
the nitrate decomposition channel. As most of the competi-
tive alkoxy radical decomposition channels are S-scissions,
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Figure 4. The accretion products in the decane, toluene, and «-pinene (DTA) dataset by number of C and O atoms.

the explanation for this observation can be found in the group
contribution parameters in the §-scission SAR of Vereecken
and Peeters (Vereecken and Peeters, 2009): if the alkoxy
radical has a hydroperoxide group in the S-carbon, the ac-
tivation energy is lowered by 38.9kJmol~!. On the other
hand, a nitrate group in the B-carbon only lowers the ac-
tivation energy by 11.7kJmol~!. Plugging this difference

into an Arrhenius expression (exp %) tells us that §-
scission reactions leading to the formation of «-OOH alkyl
radicals and to the ejection of an OH radical will typically
be 10* times faster than those leading to the ejection of an
NO; radical; thus, they are more likely to be competitive.
What this means in terms of atmospheric conditions is that
highly ONO;-substituted peroxy radicals forming in high-
NO, conditions have a slightly lower chance of forming or-
ganic accretion products from RO, recombination reactions
compared to other sufficiently oxidized RO, while highly
OOH-substituted peroxy radicals (for example, those form-
ing in high HO; conditions) have an even lower chance. Even
more importantly, peroxy radical autoxidation is also known
to form products with multiple —OOH groups (Bianchi et al.,
2019). Autoxidation reactions are currently missing from
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GECKO-A, so it is unclear how well the highly —OOH-
substituted RO, in the data corresponds to those formed from
autoxidation reactions. Considering the fact that the inhibi-
tion is primarily driven by fast B-scissions in the data, it
is particularly notable that the optimal RO, H-shift span is
1,5 or 1,6 rather than 1,4 (Vereecken and Noziere, 2020).
This suggest that —OOH groups originating from autoxi-
dation may be less likely to be in B-position relative to the
alkoxy carbon. For autoxidation-derived RO, the inhibition
yield may thus increase less steeply compared to Fig. 7.

3.4 Analysis of vapour pressure distributions

As our main interest for accretion products comes from the
formation of large low-volatility organic molecules, it is a
worthwhile exercise to analyse the vapour pressure distribu-
tion of the predicted products. However, as the amount of
data produced is rather large, this section will only discuss
and visualize the observed main trends. Sections S6 and S7
feature more figures and tables on the vapour pressure dis-
tribution of the products. In addition to grouping the prod-
ucts by generation of radicals, they are also grouped by re-
action channel, precursor molecule, and required VOC oxi-
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Figure 5. The accretion products in the terpene (T) and 8-caryophyllene (BC) datasets by number of C and O atoms.

dants (OH, O3, and NO3) to better identify which reaction
channels lead to the lowest-volatility products.

3.4.1 Distribution by reaction channel

The vapour pressure distribution of all the accretion prod-
ucts in the DTA and terpene datasets categorized by reaction
channel is presented in Fig. 8. A few interesting trends pop up
when viewing the data this way. Firstly, the vapour pressure
distribution of the exocyclic B-scission products is shifted to-
wards higher pgy; values relative to the ISC products. This
makes sense, as these products are more fragmented than
their ROOR counterparts. This adds an interesting element
to the suggestion by Perdkyld et al. (2023) that the ether
and ester accretion products contribute more to aerosol parti-
cle growth thanks to their higher (thermal) stability. This in-
creased stability often comes at the price of increased volatil-
ity, especially if the radical product of the S-scission is rela-
tively small. In other words, these reactions may not always
contribute more to aerosol particle growth compared to the
ROOR product. On the other hand, the vapour pressure dis-
tribution of the endocyclic B-scission products is shifted to-
wards lower ps,; values, meaning that the same trade-off be-
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tween stability and (low) volatility is not present. The reason
for this is somewhat obvious: endocyclic B-scissions do not
fragment the molecule. The same is true of the unimolecu-
lar H-shift products (which in theory ought to be even less
volatile, as the reaction gives the product an additional OH
group), but these products are less common due to the lower
reaction rates (at least in the SAR). As seen when comparing
the results between the three datasets, the different molecular
structures present do not have a massive impact on the noted
differences between the reaction types, but the ratio of exo-
cyclic and endocyclic B-scissions obviously depends on the
ring structures and positions of C=C bonds in the precursor
VOC.

3.4.2 Distribution by precursor molecule

If endocyclic B-scissions are indeed the key to forming low-
volatility ether and ester products, then the next question is
which chemical structures present in the data are especially
efficient at forming endocyclic RO; in high yields. This is,
however, not the only important factor when it comes to the
formation of accretion products, as endocyclic RO; tends to
be on the lower end of the scale in terms of self-reaction

Atmos. Chem. Phys., 24, 11679-11699, 2024
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rates, as it is by definition either secondary or tertiary RO»
(see Table 1). Thus, simultaneously producing large amounts
of rapidly reacting RC(O)O; or primary RO, with activating
groups may also enhance accretion product formation from
the endocyclic RO, as the cross-reactions between these will
be faster than the self-reactions of the endocyclic RO».
Figure 9 shows the early-generation accretion products
from the DTA and terpene datasets categorized by precur-
sor molecule, including only RO, + RO, pairs where both
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radicals are produced by the same precursor molecule. From
the DTA data, we see rather unsurprisingly that ¢-pinene and
toluene are large sources of low-volatility accretion products,
whereas n-decane is not. In the terpene results, we see that
the lowest-volatility bins (psa < 10~ 13 atm) are dominated
by B-pinene and sabinene, for less obvious reasons. Out of
the 132 B-pinene-derived first-generation accretion products
in these volatility bins, over half (68) were endocyclic 8-
scission channels. In all of these channels, the radical un-
dergoing the decomposition is one of seven individual endo-
cyclic RO combined with different pairs in the 3(RO...OR)
complex. Recognizable from these seven were three OH- and
ONO;-addition-derived radicals each: one with both rings
intact and two with only the four-ring intact. The seventh
endocyclic RO is the VHP dissociation product of the Cg
Criegee intermediate from B-pinene ozonolysis. That these
7 (out of 52 non-filtered first-generation RO, radicals) domi-
nate the low-volatility accretion products is another example
of the key role endocyclic S-scissions play in low-volatility
accretion product formation. For sabinene, another interest-
ing trend emerges: only 40 out of the 100 psy < 10712 atm
accretion products are endocyclic B-scission products. There
are 46 ISC products and 10 H-shift products. Upon closer ex-
amination, all four of the radicals undergoing the H-shift are
primary RO in which sabinene’s five-carbon ring has already
been broken. In the H-shift classification of Vereecken and
Peeters (2010), these reactions are either secondary «-OH or
tertiary fB-exo-oxo shifts. None of these are major products,
as the SAR never predicts H-shift rates above 108 s~! but
these are nevertheless good examples of systems where the
unimolecular H-shifts could be a competitive route to accre-
tion product formation.

Another point worthy of discussion is the detail raised
in Sect. 3.2 that isoprene-derived RO, (is0o-RO») typically
has high RO, + RO; reaction rates. This implies that cross-
reactions between iso-RO, with the larger but less abundant
monoterpene-derived RO, (mono-RO;) might be atmospher-
ically significant. In Fig. 10, we see that the psy values of
these is0-RO; + mono-RO;, products are not quite as low
as those of mono-RO;, + mono-RO,, but a significant num-
ber of them stretch below the 10~!'% atm threshold never-
theless. We should also note that, as our filtering method
is based on relative product yields rather than product con-
centrations, we are likely underestimating the atmospheric
occurrence of is0-RO, + mono-RO; pairs relative to mono-
RO; 4+ mono-RO; pairs, as global isoprene emissions out-
number total monoterpene emissions 3-fold in terms of con-
centration according to Sindelarova et al. (2014) (6-fold in
terms of mass in the original source), which, roughly es-
timated, means a 20-fold higher formation rate on average
relative to the individual monoterpenes in the dataset. We
thus suspect that is0-RO; 4+ mono-RO; reactions are an at-
mospherically significant but understudied pathway to the
formation of pgy < 1072 atm contributing to aerosol parti-
cle growth, despite being experimentally less important than
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Figure 9. pgy distributions of the early-generation accretion products in each dataset categorized by precursor molecule.

mono-RO; + mono-RO; for new particle formation accord-
ing to Dada et al. (2023).

The results for S-caryophyllene are comparable to those of
monoterpenes, as seen in Fig. 9c. However, we do see that the
vapour pressure gap between the RO-fragmenting exocyclic
B-scissions and the non-fragmenting endocyclic -scission,
H-shift, and ISC products is even wider, a fact which is
largely explained by the closed-shell products of the exo-
cyclic B-scissions also being larger. What this tells us is that
formation of ELVOCs from sesquiterpenes is likely not qual-
itatively different from ELVOC formation from monoter-
penes. Even with larger molecular sizes, the ELVOC forma-
tion is probably still dominated by the handful of reaction
channels that produce the fastest oxidation without too much
fragmentation.

One interesting detail to consider is to which extent the
use of SAR reaction rates and lack of RO, autoxidation mis-
represents these trends. For the former, a recent computa-
tional study of S-scission rates in NO3-derived monoterpene
(Draper et al., 2024) RO provides an interesting point of com-
parison. For B-pinene in particular, the computational ring-
opening activation energies are considerably higher than in
the SAR, partially due to stereoelectronic effects arising from
the orientation of the exocyclic ONO; group and partially

Atmos. Chem. Phys., 24, 11679-11699, 2024
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including pairs were separated from the rest due to their abundance
and relatively high volatilities and due to CH3C(O)O, being formed
from all precursors in the dataset.

due to steric repulsion from the four-carbon ring preventing
the scission of the C—C bond connected to it. In terms of
reaction rates, it seems that none of the SAR-predicted com-

https://doi.org/10.5194/acp-24-11679-2024



L. Franzon et al.: Ether and ester formation from peroxy radical recombination

petitive (kg > 1085~ endocyclic B-scissions of limonene,
B-pinene, and A-3-carene are competitive anymore once one
accounts for these new stereochemical effects. This under-
lines the limitations of the SAR models when dealing with
especially complex molecules. On the impact of the miss-
ing autoxidation reactions, the importance of endocyclic RO,
makes it especially notable that GECKO-A lacks most uni-
molecular RO, ring closure reactions, which adds compet-
itive routes for forming endocyclic RO;. The only such re-
action included in the current version is the bicyclic RO,
formation known from OH oxidation of aromatics (first re-
action in Table 14 of Jenkin et al., 2019). However, the work
of Vereecken et al. (2021) shows that these reactions pro-
duce both endocyclic and exocyclic RO3, of which the latter
channel is more competitive in most cases. Nevertheless, the
net increase in ring structures likely leads to the formation of
endocyclic RO; in the next generation with some probabil-
ity. We might also compare our emphasis on endocyclic RO,
formation to the established consensus on monoterpene oxi-
dation. According to Lee et al. (2023), it is the exocyclic RO,
formed after the opening of the four-carbon ring in «- and
B-pinene that contributes the most to the formation of low-
volatility organics, at least among the OH-oxidation prod-
ucts. While this seems to be in conflict with our findings at
first glance, we note that this contribution is due to a rapid H-
shift reaction which leads to the formation of a (delocalized)
endocyclic alkyl radical that may form two RO, (Fig. 11)
(Mgller et al., 2020). Furthermore, applying the SAR to the
corresponding RO leads to an endocyclic S-scission rate
of 2-10'9s~1 in both cases. In other words, the formation
of low-volatility organics from this reaction channel is also
likely driven by in-complex endocyclic B-scissions, and the
lack of RO, autoxidation in GECKO-A only means that we
are missing some of the reactions forming the most oxidized
endocyclic RO;.

3.5 Atmospheric concentrations

The steady-state equations resulted in a total RO, concen-
tration of 3.70- 10° molec.cm™ in the daytime and 1.26-
10° molec.cm™2 in the nighttime. The daytime HO; con-
centration was 6.7 - 108 molec. cm_3, which means that our
% ratio is within the Kenagy et al. (2024) probability dis-
tribution we were aiming for. In Table 5, we see how the
high RO; concentration translated to reactivities (Eq. 9a, i.e.
the fraction of RO, reacting with other RO») for different
kinds of RO,. CH30, reactivities are also presented, as all
of these reactions were neglected in the GECKO-AP code.
In Eq. (9a), « is the Jenkin rate class of the RO, the quan-
tity is calculated for. Once again, we see a strong contrast
between the classes of RO, with fast RO, + RO rates and
classes with slow RO, 4+ RO; rates in the Jenkin et al. (2019)
parametrization. RC(O)O; and B-substituted primary RO;
react primarily with other RO> in sufficiently low-NO, con-
ditions, whereas secondary and especially tertiary RO, re-
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Figure 11. An autoxidation scheme for o-pinene-derived endo-

cyclic ROy with rapid RO B-scission rates, adapted from Mgller
et al. (2020).

acts primarily with inorganic radicals. We also see greatly
elevated RO, reactivities at night due to lower concentra-
tions of RO, scavengers NO, HO», and (to a lesser extent)
OH. This suggests that accretion product formation from
RO; + RO; reactions might be more important in the night-
time, all else being equal. The important caveat here is that
all else is not equal in real diurnal cycles, in part due to gen-
erally lower RO, production with lower biogenic emission
rates. Box-modelling studies will have to be performed to de-
termine which effect is dominant. Another interesting detail
is that CH30, was only responsible for a small fraction of
the RO» reactivity, despite CH30; being known as the major
atmospheric peroxy radical (Wayne, 2000). This may be ex-
plained by the fact that CH3 0, has no primary source besides
CHy + OH, for which the rate coefficient is over 4 orders of
magnitude slower than that of isoprene + OH (Seinfeld and
Pandis, 2016), which makes isoprene oxidation the far bigger
source of RO in these relative concentrations. This is a very
promising result for the importance of the accretion product
formation studied in this work, but it should be noted that the
isoprene concentrations used here are only representative of
environments close to emission sources, due to the short at-
mospheric lifetime (Wennberg et al., 2018). CH30; is thus
more likely to dominate RO, + RO reactions in environ-
ments far away from both alkene emission sources.

RO, R.(a) =
Z,ggkROZROZ,oH-ﬂ [RO24]
Z?kROZOXj [Ox;]1+ Z?}kROZROZ,a+ﬂ [RO24]
CH30, R.(a) =
kRrO,RO;,,a+6[CH302]
Z?kROZOXj [Ox;]1+ Z?}kROZROZ,a+ﬁ [RO24]

(9a)

(9b)
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Table 5. Concentrations and RO, and CH30, reactivities by RO, type in the steady-state solution.

Type No. c(day) c(night) RO;R.(day) ROjR. (nighty CH30; R.(day) CH30; R. (night)
RC(0)O, 24 223-107  4.60-10° 61.30 % 94.40 % 2.88 % 2.26 %
prim-ROy 50 1.39-10° 2.09-107 47.55 % 88.98 % 1.02 % 1.93 %
sec-RO; 62 8.90-108 6.78-107 21.49 % 67.52 % 0.45 % 1.40 %
tert-RO, 54 1.40-10° 1.17-10° 3.35% 16.81% 0.06 % 0.43%

The estimated RO, concentrations can further be used
to estimate accretion product formation rates for the
isoprene-derived products in the terpene dataset, through
kRrO,RO,, 08 l][B]- m, by combining the con-
centrations with Egs. (4) and (6). This results in a total day-
time formation rate of 3.84-10% molec.cm™3s~! and a night-
time formation rate of 1.24-10* molec.cm 3 s~! for ROOR-
type accretion products, whereas, for our RO-decomposition-
derived ether- and ester-type accretion products, the daytime
formation rate is 9.47-10° molec. cm~3 s~! and the nighttime
rate is 1.96- 10*molec.cm™3s~!. Since the latter reactions
include an additional fragmentation step, it is worth noting
that a majority of the formed ethers and esters (5.37 - 10® and
1.78-10* molec.cm 3 s~ ! in the day and night, respectively)
have more than isoprene’s five carbon atoms. We expect the
observed difference between daytime and nighttime rates to
be mostly isoprene-specific, due to the exceptionally fast OH
addition rate and due to the faster recombination rates of the
most important daytime isoprene-RO,. The fact that Jenkin’s
SAR for RO; self-reactions lacks activation parameters for
nitrate groups (Jenkin et al., 2019) may also play a role in
the underestimation of important nighttime radicals. The lat-
ter daytime value is almost 20 % of the product formation
rate from RO, 4+ HO3, assuming an upper-limit rate coeffi-
cient of 2- 107! em® molec.~' s~! and the daytime concen-
trations mentioned above, suggesting that these ether and es-
ter accretion products are an important part of RO, chemistry
in low-NO,, high-VOC environments. More analysis of the
results can be found in Sect. S8.

4 Conclusions

In our previous work (Perikyli et al., 2023), we observed that
rapid decomposition of alkoxy radicals in the 3(RO. ..OR) in-
termediates of peroxy radical recombination reactions may
form ether and ester accretion products in addition to the
already-known peroxides. In this work, we looked at a wider
range of rapid alkoxy radical decomposition reactions to ex-
plore the full atmospheric implications of this new observed
channel. While our quantitative data rest on a mountain of
assumptions concerning the rates of the competing channels,
we can already discern several qualitatively reliable trends:

— Our previously observed in-complex alkoxy radical de-
composition was a fB-scission reaction. By systemati-
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cally looking at all the known reactions of free alkoxy
radicals, we have concluded that the S-scission is of-
ten the most important in-complex RO decomposition
channel.

— Furthermore, the most competitive 8-scission reactions
are endocyclic B-scissions, which produce products of
the same mass as the known ROOR peroxide product.
These were likely produced in many previous experi-
ments but eluded identification due to the use of mass
spectrometric detection methods.

— The products of exocyclic B-scission reactions typically
have higher vapour pressures than the corresponding
ROOR, which is to be expected, as they are smaller
molecules. However, as these are ethers or esters rather
than peroxides, they will be more stable towards both
photochemical and thermal decomposition, as well as
fragmenting oxidation, and thus more likely to con-
tribute to SOA formation and growth.

— Unimolecular alkoxy radical H-shift reactions are rarely
competitive with the S-scissions, but their products typ-
ically have lower vapour pressures than any other per-
oxy radical recombination products. These reactions
might be very important for SOA formation from a
small specific subset of peroxy radical recombinations.

— Acyl peroxy radicals are especially interesting for ac-
cretion product formation from peroxy radial recombi-
nation due to their ability to readily react with large fert-
RO, with otherwise slow RO, + RO, rates.

— It has recently been postulated that the branching ratio
of accretion-product-forming channels of peroxy radi-
cal recombination will progressively increase with RO,
size and oxidation state (Hasan, 2023). This may not
always be the case thanks to alkoxy decomposition re-
actions, where the products are a closed-shell organic
molecule and a small inorganic radical. These reactions
grow increasingly likely as the number of hydroperox-
ide, nitrate, and nitro groups in the reactant peroxy rad-
icals increases.
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