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Abstract. Highly oxygenated organic compounds (HOMs) from «-pinene oxidation are of great interest be-
cause of their importance in secondary organic aerosol (SOA) formation. Despite intensive investigations, the
mechanisms of HOM formation from first-generation peroxy radicals to HOM-peroxy radicals (HOM-RO;*)
and to HOM-closed shell products are not well understood. One reason is that HOM-alkoxy radicals (HOM-
RO-) are likely to contribute to the propagation of oxidative radical chains (alkoxy-peroxy pathway) because
isomerization of functionalized alkoxy radicals can compete with their fragmentation (and reaction with O3), as
shown by theoretical kinetics. However, HOM-RO- reaction steps are difficult to verify in mechanisms. In this
work, we have investigated HOM formation by varying the significance of the alkoxy-peroxy pathway as a func-
tion of NO,, OH-, and CO. HOM-RO- are likely formed with high branching ratios in reactions of HOM-RO,*
with peroxy radicals and NO in analogy to simpler alkoxy radicals. We provide experimental evidence that for
HOM-RO- the branching into isomerization is about 50 % (£14 %). Thus, HOM-RO- can play a central role
in HOM formation, since alkoxy-peroxy pathways can compete with direct autoxidation. We observed signif-
icant concentrations of HOM-RO;-, despite fast termination by NO, and shifts to higher O/C for HOM-RO,*
and termination products with increasing NO. At NO concentrations > 1.5 ppb, the alkoxy-peroxy pathway may
even prevail in propagating the oxidative radical chain leading to HOM formation. The increasing sink of HOM-
RO, with increasing concentration of peroxy radicals and NO is compensated by an increasing source via the
alkoxy-peroxy pathway.
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1 Introduction

Volatile organic compounds (VOCs) play a key role and fuel
the OH+/HO»- oxidation cycle in the atmosphere. Biogenic
and anthropogenic sources contribute to atmospheric VOCs;
on a global scale, biogenic VOCs are considered more impor-
tant than the anthropogenic VOCs, accounting for about 90 %
of total VOC emissions (Atkinson and Arey, 2003a; Guen-
ther et al., 2012; Lamarque et al., 2010). Among biogenic
VOC:s isoprene is the most dominant nonmethane emission,
followed by a-pinene, which is the most emitted monoter-
pene with about 32 Tg of Cyr~!, contributing 34 % to the
total terpene emission (Guenther et al., 2012; Sindelarova et
al., 2014). In the atmosphere «-pinene is oxidized by ozone
(03), hydroxyl radicals (OH-), and nitrate radicals (NO3+),
producing less volatile oxidized organic compounds with
varying oxygen content (Atkinson and Arey, 2003a). Assum-
ing a daytime [OH-] of about 2 x 10% molec.cm™ and an
[O3] of about 30 ppbv, the OH- radical is the main oxidant
of a-pinene during the day. (Note: in the following we de-
note the concentration or mixing ratio of a compound X by
[X].) Although oxidation of «-pinene with the OH- radical
has been well studied, the complete oxidation mechanism
has not yet been established (Aschmann et al., 2002; Berndt
et al., 2016; Berndt, 2021; Capouet et al., 2008; Eddingsaas
et al., 2012a; Ehn et al., 2017; Noziere et al., 1999; Peeters
et al., 2001; Xu et al., 2019). As shown by Ehn et al. (2014)
and Berndt et al. (2016), a-pinene oxidation can lead to the
formation of highly oxygenated organic molecules (HOM).
Here, we define HOM as molecules that have more than six
oxygen atoms and are formed by a process called autoxida-
tion (Bianchi et al., 2019).

It is important to disentangle HOM formation from o-
pinene and other monoterpenes since the oxidation products
of monoterpenes, including HOMs, contribute significantly
to secondary organic aerosol (SOA) formation (Hallquist et
al., 2009; Kanakidou et al., 2005; Pye et al., 2010). Among
all oxidation products, HOMs are potentially crucial precur-
sors for SOA formation due to their low to extremely low
volatility. HOMs participate in the formation of new parti-
cles and contribute to particle growth (Ehn et al., 2014; Joki-
nen et al., 2015; McFiggans et al., 2019; Mutzel et al., 2015;
Stolzenburg et al., 2018; Trostl et al., 2016). Highly oxidized
accretion products formed by HOM-peroxy radicals (HOM-
RO; ) may have been an important source of new particles in
the absence of sulfuric acid in the pre-industrial era (Kirkby
et al., 2016; Bianchi et al., 2016; Jokinen et al., 2017). There-
fore, understanding HOM formation is crucial for describing
the impact of secondary organic aerosols on climate and hu-
man health (Davidson et al., 2005; Hallquist et al., 2009; Von
Schneidemesser et al., 2015).

A key in HOM formation is the autoxidation of peroxy
radicals. Autoxidation is known to be an important chemi-
cal process in low-temperature combustion (Cox and Cole,
1985). However, only recently researchers have discovered
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the importance of autoxidation for atmospheric oxidation
processes (Bianchi et al., 2019; Crounse et al., 2012; Crounse
et al., 2013; Ehn et al., 2014). Autoxidation of peroxy rad-
icals (Reaction R1) starts with an intramolecular hydrogen
shift from a C-H bond to the peroxy radical group, form-
ing a carbon-centered radical and a hydroperoxide group fol-
lowed by the addition of an oxygen molecule to the carbon
radical center. Autoxidation rapidly and efficiently generates
series of peroxy radicals (HOM-RO;*) with oxygen to car-
bon ratios of up to one or even larger. HOM-RO;* react with
other reactants such as hydroperoxyl radicals (HO;*), per-
oxy radicals (RO;*), and NO to form stable closed-shell mul-
tifunctional compounds. Herein the termination groups can
be hydroperoxides, carbonyls, alcohols, or organic nitrates
(Reactions R2, R3a, b, R4, R4a). In addition, carbonyl com-
pounds can be formed by a unimolecular termination reaction
of HOM-RO; - (Reaction RS, Rissanen et al., 2014).

Peroxy radicals by autoxidation :

HOM—-RO;+* - HOOHOM—R+ - HOOHOM—RO;* RD
Hydroperoxides :

HOM—-RO;++ HO7+ — HOM—ROOH + O, (R2)
Carbonyls :

HOM—RO;*+R'0;* — HOM—R=0 +ROH+ 0, (R3a)
Alcohols :

HOM—RO;*+ RO+ - HOM—R—OH+R=0+0,  (R3b)

Organic nitrates :
HOM—-RO;++NO - HOM—R—-0ONO, (R4)
Peroxy acyl nitrates :

HOM—-RO;++ NO; - HOM—R—-0,;NO, (R4a)
Carbonyls by internal termination :
HOM—-RO;+ - HOM—R=0 + OH- RS)

Recent studies indicate that RO,+ could also react with
OH- radicals (summarized in Fittschen, 2019). Theoretical
calculations suggest that larger peroxy radicals could form
stable trioxides under atmospheric conditions, while forma-
tion of alkoxy radicals is negligible (Assaf et al., 2018).

In addition, many studies have observed the formation of
accretion products presumably by the recombination of two
peroxy radicals via a tetroxidle HOM-R-OOOO-R’-HOM
(Reaction R6, Berndt et al., 2018a, b; Ehn et al., 2014; Hasan
et al., 2020; McFiggans et al., 2019; Pullinen et al., 2020; Va-
liev et al., 2019).

Accretion products :
HOM—RO;* + (HOM—)R'O2* — HOM—ROOR' + O, (R6)

As side products of Reaction (R6) HOM-C9-Esters can
be formed from the tetroxide by elimination of formaldehyde
(Perdkyli et al., 2023).

The bimolecular reactions of HOM-RO, with NO, RO,
and possibly HO; - also lead to HOM alkoxy radicals (HOM-
RO-) analogous to simple peroxy radicals (Reactions R7, RS,
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R9). The branching ratio of alkoxy radical formation from
peroxy radicals varies strongly depending on their struc-
ture; for example, for primary and secondary RO« 60 % are
given for Reaction (R7) by Jenkin et al. (2019). For Reac-
tion (R8) branching ratios supposedly vary between 70 % and
90 % (MCMv3.1.1). For specific peroxy radicals even reac-
tion with HO» can lead to significant branching into alkoxy
formation (Jenkin et al., 2019). Alkoxy intermediates play an
important role in the atmospheric degradation of VOCs (Fir-
ber et al., 2024; Jaoui et al., 2021; Yang et al., 2025). Due
to the fast reaction of peroxy radicals with NO, formation of
alkoxy radicals is particularly efficient in the presence of NO.

Alkoxy radicals :
HOM—RO;* +R'0;+ — HOM—RO: + RO+ + O, R7)
HOM—-RO;*+ NO — HOM—RO- + NO, (RB)

(HOM—-RO;++HO;* - HOM—RO-++ OH-+0,) (R9)

All of these Reactions (R1)—(R9) above, including accre-
tion product formation and alkoxy formation, compete with
each other and the relative importance of each channel varies,
depending on the concentration of reaction partners and the
molecular structure of the precursors (Berndt et al., 2015,
2016; Berndt, 2021; Iyer et al., 2018, 2019, 2021; Jenkin et
al., 2019; Perékyld et al., 2023; Rissanen, 2018).

NOy is often so abundant in the atmosphere that peroxy
radicals mostly react with NO to form organic nitrates and
alkoxy radicals. Understanding the role of NO, in VOC oxi-
dation is a key to quantitatively describe atmospheric SOA
mass and SOA yield (Eddingsaas et al., 2012b; Kiendler-
Scharr et al., 2016; Lee et al., 2016; Ng et al., 2007; Rollins
et al., 2010; Sarrafzadeh et al., 2016; Zhao et al., 2018).
Some studies have investigated the influence of NO on the
gas phase chemistry of SOA precursors, but with emphasis
on the less oxidized molecules (Aschmann et al., 2002; Ed-
dingsaas et al., 2012a; Ng et al., 2007).

Pullinen et al. (2020) investigated the impact of increas-
ing NO, on the HOM-RO;* chemistry for a-pinene and §-
pinene, which resulted in a suppression of HOM accretion
products (HOM-ACC) and thus a reduced SOA formation
potential (Pullinen et al., 2020). Along with an increasing
fraction of HOM organic nitrates (HOM-ON) they observe
an increasing fraction of HOM products with carbon num-
bers less than ten. These HOMs must have undergone a frag-
mentation step during their formation. The latter points to an
increasing importance of HOM-RO- with increasing NO,.. A
recent study demonstrated that increasing HOM-RO- chem-
istry plays an important role in SOA formation and increases
SOA vyields (Nie et al., 2023). A potential role for RO- in
HOM formation has also been indicated for alkane oxidation
by Wang et al. (2021).

Nevertheless, detailed studies about the role of (HOM-)
alkoxy radicals in the HOM formation mechanism are rare.
One reason is extremely low concentrations of the highly re-
active alkoxy intermediates which cannot be measured di-
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rectly. Their impact must therefore be deduced from varia-
tions in the measurable product distributions in response to
varying boundary conditions that favor or reduce alkoxy rad-
icals.

In general, alkoxy radicals are energy rich entities and
tend to fragment, which on one hand propagates radical
chain reactions, and on the other hand leads to intermedi-
ates and products with fewer carbon atoms than the pre-
cursor (Atkinson and Arey, 2003b; Vereecken and Peeters,
2009). However, Vereecken and Peeters (2010) show that es-
pecially functionalized alkoxy radicals can also isomerize by
intramolecular H-shifts, forming peroxy radicals and subse-
quent products while preserving the carbon backbone. Since
the alkoxy channels for HOM-RO;- lead to highly function-
alized alkoxy radicals (HOM-RO-) and the likelihood of iso-
merization for alkoxy radicals can increase with the degree
of substitution, isomerization can become particularly impor-
tant in the case of HOM-RO-.

Here we performed steady-state experiments of «-pinene
oxidation by OH- radicals in the presence of varying amounts
of NO,. Increased formation of alkoxy radicals and its ef-
fect on the oxidation mechanism for non-fragmented Cyg
molecules will be investigated in this work. We will take
advantage of the fact that high-resolution mass spectrome-
try allows for the direct observation of the product distri-
bution at the level of chemical formula composition in the
gas phase, including HOM-RO,- , the potential precursors
of HOM-RO-. We will classify Cj9-HOM peroxy radicals,
C10-, and Cyp- closed-shell HOMs according to their number
of hydrogen atoms and analyze their distribution as a func-
tion of steady-state [NOj g5, Where ss indicates that the con-
centrations (mixing ratios) were observed at steady state. In
addition, measurements with increasing [OH+]ss and CO ad-
dition were carried out to perturb the chemical system and to
observe the response in the mass spectrometric pattern of Cyg
and Cyp HOM compounds. The amount of fragmented HOM
products as well as the parity of the number of oxygen atoms
in HOM-RO;- are utilized as parameters to explore the role
of HOM-RO- in the context of autoxidation.

2 Methods

2.1 Chamber experiments

The experiments were carried out in the Jiilich Plant Atmo-
sphere Chamber (JPAC, Mentel et al., 2009). Recent mod-
ifications of JPAC have been described in detail previously
(Mentel et al., 2015; McFiggans et al., 2019) and only a
summary will be given here. The reactor in JPAC is made
of borosilicate glass, has a volume of 1.45 m? and is housed
in a thermostat. During the experiments a total flow of about
30Lmin~! of purified and humidified air passed through the
reactor, resulting in a residence time of about 50 min. The
chamber was operated as a continuously stirred tank reactor
with a typical mixing time of 2 min. The total flow was di-
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vided approximately equally into two separate inlet lines, the
first providing ozone and the second «-pinene and NO, to
prevent ozone reactions in the lines before the gases reached
the reactor. The temperature and relative humidity were
maintained at 289 + 1 K (16 = 1 °C) and to 63 £ 2 %, respec-
tively, throughout the experiments. The reactor is equipped
with two different UV light sources. The first source is a
UV-C lamp (Philips, TUV 40W, Apax =254nm). At the
wavelength of 254 nm ozone is photolyzed to generate O'D
atoms, which then react with water vapor to produce OH-
radicals. The UV-C lamp is housed in a quartz tube across the
inside of the reactor and covered by two movable glass tubes
that shield the UV-C radiation. Changing the gap between
them changes the fraction of lamp exposure and thus the pho-
tolysis frequency for ozone (j(O!D)) and the OH- radical
source. The photolysis frequency of the UV-C lamp was de-
termined by an actinometric experiment to be 2.9 x 1073 s!
for a reference gap of 23 cm. The second light source consists
of twelve discharge lamps emitting UV-A light (Philips, TL
60 W/10-R, 60 W, Amax =365nm) to produce NO by NO;
photolysis in the NO, experiments. The photolysis frequency
achieved for NO, was 1.3 x 1073 s! in the experiments
described here. In addition, two discharge lamps (HQI400
W/D, Osram) are used as visible light sources.

The a-pinene (Sigma Aldrich, 95 %) was added to one of
the reactor inflows using a temperaturecontrolled diffusion
source. NO, was provided by adding a controlled flow of
NO in N to the same inflow line (Linde, 90 ppm NO in N»).
In the reactor, most of the added NO was converted to NO,
by reaction with ozone. Due to the use of ambient air treated
by catalytic oxidation and adsorption drying, memory effects
from Teflon parts, and low volatile organic nitrates residing
on the wall, approximately 300 ppt NO, and 15 ppb CO were
always present as a background in the chamber (see Pullinen
et al., 2020). To reduce NO, memory effects in the cham-
ber, we allowed at least one day between NO addition ex-
periments. Supplementary control and reference experiments
without NO, were conducted between two NO, addition ex-
periments. The background level of NO, was more than an
order of magnitude smaller than the NO, added in the exper-
iments. Since sufficient O3 was always present, background
NO was mainly converted to NO,, and thus did not signifi-
cantly contribute to the NO, chemistry within the system.

Direct measurements of [OH+] were not performed during
the experiments. Therefore, [OH+]ss was calculated from the
consumption of «-pinene in the chamber as previously de-
scribed by Pullinen et al. (2020).

Chamber experiments were performed as follows. The two
flows containing «-pinene and ozone were mixed in the clean
chamber. Once steady state was reached, reference data for
«o-pinene ozonolysis were recorded. Subsequently, photo-
chemical oxidation of ¢-pinene was initiated by switching on
the UV-C lamp. As soon as OH- radical production started, a
rapid increase in HOM production was observed.
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In the photochemical experiments without NO, and CO
addition, [OH+]ss was varied by altering the gap of the UV-C
lamp and thus the photolysis frequency of ozone. Following
each alteration, steady state was attained within a few hours.
The time traces for the reference experiment can be found in
Fig. S1 in the Supplement.

In case of experiments with CO and NO,, CO and NO
were added after the w-pinene ozonolysis steady state and
prior to the activation of the UV-C lamps. For the NO, addi-
tion experiments, the UV-A lights were always on, irrespec-
tive of the addition of NO, to the chamber. Steady state data
were collected when all parameters remained (nearly) con-
stant, typically after three residence times. A typical example
of a NO, experiment is given in Fig. S2.

For direct comparison of the HOM product distribution for
varying NO,, we considered that NO, can affect [HOM] in-
directly by affecting [OH+]ss (Sarrafzadeh et al., 2016) and
by suppressing new particle formation (Wildt et al., 2014).
Levels of [OH+]ss were constrained to a range of less than
a factor of two (47 x 107 cm™3) by accordingly adjusting
the concentration of O3 to the varied NO levels. We also
conducted the experiments at as low as possible a-pinene
concentrations to largely suppress new particle formation.
However, at lower [NO,]ss (and the highest [OH+]s in the
reference experiments) particle formation could not be fully
suppressed. The experimental conditions at steady state are
given in Table S1 in the Supplement.

2.2 Instrumentation

JPAC was equipped with various instruments for gas-phase
measurements. The concentration of a-pinene, [«-pinene],
was monitored by gas chromatography mass spectrometry
(GC-MS, Agilent GC/MSD system with HP6890 GC and
5973 MSD) and by proton-transfer-reaction mass spectrome-
try (HR-PTR-MS, Ionicon, Innsbruck, Austria). Prior to each
NO, experiment, the instruments were calibrated by switch-
ing them to a diffusion source with known «-pinene output.
[O3] was measured by an ozone monitor (UV absorption,
Thermo, Environmental 49). [NO] and [NO,] were moni-
tored by NO chemiluminescence (Eco Physics, CLD 770 AL
ppt, photolytic converter Eco Physics, PLC 760). Calibra-
tion of the NO, chemiluminescence detector was made by
switching the device to air with known NO and NO» concen-
tration. Water vapor was measured with a dew point mirror
(TP-2, Walz).

HOMs were measured by a chemical ionization atmo-
spheric pressure interface time-of-flight mass spectrometer
using nitrate (NO3') as reagent ion (CI-APi-TOF, Aerodyne
Research and TOFWERK AG, Ehn et al., 2012; Jokinen et
al., 2012; Junninen et al., 2010). The chemical ionization de-
vice is similar to those described by Eisele and Tanner (1993)
and Kurtén et al. (2011). The Eisele inlet was connected to
the chamber via a 20 cm-long tube with an internal diam-
eter of 3/4”. The inlet was operated with a sheath air flow
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of 20 L min~!, and a total flow of 30 L min~—! was extracted
from the instrument resulting in a 10 L min~! sample flow
from the chamber through the inlet. Nitrate ions were pro-
duced by exposing HNO3 contained in the sheath air flow to
alpha radiation from a 10MBq 2*! Am source. Nitrate ions
are commonly used to study HOMs due to strong cluster for-
mation ability with, and high selectivity towards, HOMs. The
relative transmission curve of the instrument was nearly mass
independent in the mass range from 230 to 600 Da (Pullinen
et al., 2020).

In this work, the observed MS signals, normalized to the
total signal, were used for the interpretation of the data since
the relative changes of the HOM product distribution for
the different reaction conditions were more relevant than the
absolute concentrations. We refer to it as “signal” with the
dimensionless unit “ncps” (normalized counts). The 3o de-
tection limits were 2—5 x 10~ ncps in the reference experi-
ments (Table S1,J1-J12) and 5 x 10~7=1 x 107 ncps in the
NO, experiments (Table S2, N1-N11), determined by the
noise of the background for several m/z.

As shown by previous quantum mechanical calculations,
HOMs with more than six oxygen atoms are detected with
comparable sensitivity by NO; -CI-API-TOF (Hyttinen et
al., 2017). As consequence compounds with less oxygen
atoms cannot be detected with the same sensitivity. For ex-
ample, the first generation of conventional peroxy radicals
cannot be detected at all. Currently, absolute calibration for
HOMs does not exist. Assuming clustering of HOMs with
NOj takes place at the kinetic limit it is common to apply
the sensitivity towards sulfuric acid. This sensitivity was de-
termined to be 3.7(%1.2) x 10'” molec. cm ™3 ncps~! and ap-
plied to convert the MS signal to a concentration (see Pulli-
nen et al., 2020).

Data processing and peak identification was achieved us-
ing the program Tofware v2.5.11 (Tofwerk AG/Aerodyne
Inc.) in Igor Pro (WaveMetrics Inc.). We identified about
700 compounds in the NO, experiments and about 350 com-
pounds in the no-NO, experiments.

In the analysis here we focused on the subset of Cjg
and Cp9 compounds (monomers and accretion products), and
on the sum of compounds with Cs—Cg and C11—Cj9. Since
these latter two groups must have undergone a fragmenta-
tion step in their formation, we denote Cs—Cgo compounds
as fragmented monomers or fragmented HOM-RO; -, where
it applies, and C11—C19 compounds as fragmented accretion
products. The Cjo and Cyp compounds we denote accord-
ingly as non-fragmented monomers, HOM-RO,-, and accre-
tion products.

For direct intercomparison of the experiments with respect
to the impact of NO, on HOM peroxy radical chemistry
specifically, remaining dependencies on OH- and on conden-
sation to new formed particles were eliminated by normal-
izing the HOM signal to a particle-free condition and to a
reference turnover at a reference [OH-]s in the absence of
NO,. The correction procedure is described in Sect. S2 of
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the Supplement. By using the experiments wherein we var-
ied [OH-]g, also presented here, we re-evaluated the depen-
dence of the HOM production on the a-pinene turnover and
achieved a nearly quadratic power law dependency (Fig. S3).
As reference turnover we chose 6.7 x 107 cm™3 s~ repre-
senting the highest turnover in the experiments wherein the
OH- source strength was varied (see supporting information).

The particle correction factors varied between 1 and 1.1
in the OH- reference experiments (Table S1, J1-J12) and be-
tween 1 and 1.25 in the NO, experiments (Table S2, N1-
N11). The OH- correction factor of the latter scattered around
0.2, with the exception of the experiment at the highest NO,
concentration (N11), where it reached 0.31. The combined
correction factors in NI-N11 varied between 0.19 and 0.31.

2.3 Model calculations

To address certain mechanistic considerations, it is necessary
to estimate the radical concentrations of HO,+ and RO;- in
our experiments. For that we performed box model calcula-
tions adapting the gas-phase mechanism for a-pinene from
MCMv3.3.1 (Saunders et al., 2003, https://mcm.york.ac.uk/
MCMY/, last access: 11 November 2021) to the boundary and
initial conditions of JPAC (Sect. 3). In order to assess the
model performance, we compared the model output to the
measured [a-pinenelgs, [O3]ss, and [OH<]g, as well as to
[NO]gs and [NO»]ss where applicable (Fig. S4).

2.4 Generic mechanistic framework for HOM formation

In our perception HOM species behave chemically similar
to less oxidized organic compounds (Bianchi et al., 2019),
and we will further assume analogy to generic atmospheric
organic chemistry, as represented by the Master Chemi-
cal Mechanism (Saunders et al., 2003) under consideration
of recent developments (Berndt et al., 2018a, b; Jenkin et
al., 2018, 2019). Reaction of HOM-RO,+ with OH- (Assaf
et al., 2018; Fittschen, 2019) could contribute somewhat to
the HOM-termination products at our reaction conditions but
it will not be considered, since it cannot compete with the
particular major termination pathways in the experiments.

For about 90 non-fragmented C1¢- and Cyp-compounds we
used the number of hydrogen and oxygen atoms to rational-
ize the mechanism of their formation in @-pinene photooxi-
dation. In addition, we considered two sums of HOMs with
Cs5—Cg and C11—Cj9 as indicator for fragmentation steps via
alkoxy radicals.

To classify the mass spectrometric derived formulas of
the Cjo and Cp9 compounds we use a framework, wherein
HOMs belong to the same family when they have the same
number of carbon and hydrogen atoms in the molecule, dif-
fering only in the number of oxygen atoms. For example, all
the molecules with 10 carbon and 14 hydrogen atoms will be
referred to as C1gH14Ox family, independently of the num-
ber of oxygen atoms. This is an obvious choice if one thinks
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of autoxidation chains, which start from a given peroxy rad-
ical and undergo multiple additions of O; to the molecule.
The hydrogen number (for a given C number) allows tracing
the peroxy radical that is the precursor of the product, formed
by certain formation and termination reactions.

Photooxidation of «-pinene is expected to produce
CioH170x and CjpH150x as major HOM-RO;- families.
The C19H170x family is initiated by the dominant addi-
tion of OH- to the «-pinene double bond, and by addition
of OH- to «-pinene under opening of the 4-membered ring
(Berndt et al., 2016; Lee et al., 2023; Piletic and Klein-
dienst et al., 2022; Vereecken and Peeters, 2004; Xu et
al., 2019). The C;gH;50x family, on the other hand, arises
from H-abstraction, either from o-pinene itself (Shen et
al., 2022) or from first generation products like pinonalde-
hyde. C19H;50x is also formed via the vinylhydroperox-
ide pathway in a-pinene ozonolysis (Johnson and Marston,
2008; Rissanen et al., 2014; Mentel et al., 2015). The
C10H150x family can be terminated to closed shell prod-
ucts C19H140x and C19H160x as carbonyl and alcohol prod-
ucts from the disproportionation Reaction (R3). In addition,
C10H140x can be formed from C1oH50x by ring closure re-
action (Vereecken et al., 2007) or unimolecular termination
reaction (Reaction R5, Rissanen et al., 2014).

While CjoH14Ox products are uniquely related to the
Ci10H150x peroxy radical family, three CjoH;sOx path-
ways can contribute to C1oH;6Ox products. The reaction of
C10H150x41 peroxy radicals with other RO+ can produce
alcohols (C;9gH160x; Reaction R3b), and C1yH;50x can re-
act with hydroperoxyl radicals, Reaction (R2) resulting in the
hydroperoxide CioH160x. Moreover, C1oH;70x41 peroxy
radicals can also undergo disproportionation Reactions (R3a)
and (R3b) and produce C1gH160x carbonyl compounds (Re-
action R3a). Therefore, the C19H;40x family has contribu-
tions from both radical families, which complicates the anal-
ysis.

For the CjoHgOx family, it is again simpler to relate the
products to precursor peroxy radicals since CjgHigOx can
only be produced as alcohol (Reaction R3b) or hydroperox-
ide (Reaction R2) from CjoH{70x4+1 or CjoH;70x peroxy
radicals, respectively. As described above, with the exception
of C10H140x, which must be carbonyls, one cannot conclude
from the hydrogen number alone which functional group was
formed by the termination reaction.

If NO, is part of the reaction system, CioH;50x and
C10H170x can form organic nitrates (HOM-NO3) via Re-
action (R4). In case of HOM compounds containing a sin-
gle N-atom, their hydrogen number is odd, C19H;5NO, or
C10H17NOy, and directly relates to the precursor peroxy rad-
ical family.

In general, one can expect HOMs to have multi-
functionality besides the termination group due to their for-
mation process by autoxidation. Still, classifying Cj9 and
Cyo molecules by family may help to understand which
HOM-RO;,+ were involved in their formation, especially
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in case of CigH14Oy and CioH;5-HOM-NO3, which are
exclusively produced by CjgH;sOx, and for CjoH;gOy
and C1oH;7-HOM-NOs3, which are exclusively formed from
Ci0H170x.

In case of high [RO;], or in presence of [NO] and poten-
tially also with HO,+, HOM-RO»+ can form alkoxy radicals,
HOM-RO- (Reactions R7, R8, R9). This is of interest for
HOM formation, as also HOM-RO+ may undergo isomeriza-
tion under retaining the carbon backbone, in addition to frag-
mentation by bond scission. (The H-abstraction by O; is typ-
ically unimportant for larger organic molecules and will be
neglected here; Atkinson, 2007.) HOM-RO, - (A) (Fig. 1) can
undergo H-shift and proceed by autoxidation Reaction (R1),
or, as schematically sketched in Fig. 1, can undergo bimolec-
ular reaction with NO or RO, and produce HOM-RO- (B).
For highly functionalized alkoxy radicals, such as HOM-RO-
, isomerization can compete with fragmentation (Vereecken
and Peeters, 2009, 2010). Isomerization of alkoxy radicals
generates a hydroxyl group and a carbon centered radical site
(C), and fast addition of O, produces a new HOM-RO;+ (D).
In this case, HOM-RO;+ (D) has one more oxygen than the
originating peroxy radical (A) of the alkoxy radical (B). If
the migrating hydrogen is abstracted from an HO,-group, the
new HOM-RO;- (E) is produced directly and contains one
less oxygen than the precursory HOM-RO;+ (A). The par-
ity of oxygen number changes in both cases. Therefore, the
parity change in oxygen number indicates an alkoxy step in
the radical chain. We denote the combination of HOM-RO-
formation, subsequent isomerization, and O, addition as the
“alkoxy-peroxy pathway” (Dames and Green, 2016; Mentel
et al., 2015; Vereecken and Peeters, 2010).

The fate of HOM-RO- depends of course on the detailed
molecular structure R, such as the functional groups adja-
cent to the alkoxy radical, or the span and substitutions for
available hydrogen migration (Vereecken and Peeters, 2010).
However, multifunctional HOM-RO- should have quite a
potential for hydrogen rearrangement since they are highly
functionalized, and functionalization facilitates isomeriza-
tion (Vereecken and Peeters, 2010). Note that we are using
HR-MS data, which allow for determining the compounds
formulas but not the speciation. As a consequence, more than
one structure isomer can contribute to the signal for one for-
mula. We have thus no direct handle on the structure of R.
The advantage of HR-MS is that we can observe the steady
state abundance of 100’s of compounds simultaneously, so
that we capture quite a large wealth of R’s. Nevertheless, our
approach is limited to relations between formulas, which e.g.
represent HOM-RO; -+ and their termination products. We as-
sume that at least one of the structure isomers represented by
the reactant formula has the right structure of R for a fast iso-
merization step to react to an isomer represented by the prod-
uct formula. Our suggestions/conclusions are thus not to in-
terpret in a statistical sense but in terms of “there must be one
or more isomers” with the given formula that are able to pro-
vide the observed conversion to the product formula. Using
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Figure 1. Schematic sketch of the alkoxy-peroxy pathways (A, B, C, D) and (A, B, E), considering fast isomerization of the alkoxy
radical (B) by H-shift from a C-H bond, or by H-shift from a HO;* group. The resulting peroxy radicals (D), (E) have one more or one
less oxygen atom compared to the parent peroxyradical (A); thus, the parity of the oxygen number is changed.

this approach, we will show that isomerization can become
dominant in cases of large, highly functionalized molecules,
such as a-pinene derived HOM-RO- radicals.

For the H-abstraction channel, Shen et al. (2022) showed
that the first generation peroxy radical, which can undergo
autoxidation, has the molecular formula CigH;504. In sec-
ondary oxidation channels, the OH- radical abstracts a hy-
drogen atom from a first-generation product with formula
C10H160>, such as pinonaldehyde, and fast O, addition to
the alkyl radical site results also in compounds with the for-
mula C19H;504. By autoxidation of these peroxy radicals
we expect families with the general formula C19H1502,, i.e.,
HOM-RO;+ with even oxygen parity. However, if a HOM-
RO- step is involved and the HOM-RO- undergoes isomer-
ization, the oxygen parity in the radical chain changes from
even to odd with the general family formula C;oH1502,,+1.

In case of OH addition to the endocyclic double bond of
a-pinene or by addition under four-membered ring opening
(Vereecken and Peeters, 2004, 2007; Xu et al., 2019), the
first-generation peroxy radical is CjoH{703, and a HOM-
RO;- family is produced by autoxidation with odd oxygen
parity and the general formula CioH702,41. An alkoxy
step will change parity of the oxygen number of this HOM-
RO;- family from odd to even, with a general formula of
CioH1702,.

Since two steps of alkoxy radical formation will reverse
the oxygen number parity again, we are not able to distin-
guish between HOM-RO;+ which did not undergo alkoxy
radical formation, versus those which underwent two alkoxy
steps. Nevertheless, oxygen number parity is useful informa-
tion when the likelihood of multiple alkoxy steps is small.
We will provide evidence that the alkoxy-peroxy pathway
can compete with the fragmentation of the HOM-RO-, and
that it enables for propagation of the autoxidation chain in
cases where the autoxidation of the parent peroxy radical it-
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self is non-efficient or cannot compete with bimolecular re-
actions with NO or RO, . Therefore, we will put some focus
on the observation of the oxygen parity in the peroxy radical
families. Parity analysis and fraction of fragmented HOM-
monomers and accretion products will serve in the following
as indicators for alkoxy steps.

3 Result and discussion

3.1 Base case: a-pinene photooxidation as a function of
OH- source strength

Figure 2 shows the HOM-RO;- families (Fig. 2a) as a
function of the «-pinene turnover, as well as the fami-
lies of closed shell products, non-fragmented Cg-monomers
(Fig. 2a), non-fragmented Cj( accretion products (Fig. 2c¢),
and the sums of fragmented monomers and accretion prod-
ucts (Fig. 2d). The turnover represents the primary produc-
tion of peroxy radicals and is calculated as kog* [OH*]s*[ox —
pinene]ss, where “ss” stands for steady state. Individual origi-
nal data of all Cp and Co9 HOMs are documented in Fig. S5.
The first two points at low turnover result from the dark
ozonolysis phase without photolyzing ozone for OH- radi-
cal production. Nevertheless, OH- radicals are formed in the
ozonolysis phase (dark OH+) as a product of fragmentation
of Criegee intermediates, i.e. in the vinylhydroperoxide path-
way (Johnson and Marston, 2008; Paulson et al., 1998). Since
we did not scavenge the dark OH-, the oxidation of a-pinene
in the dark is characterized by about 60 % ozonolysis and
about 40 % of reaction with OH- radicals.

Figure 2a shows the particle corrected signal in ncps
of the CjoH;50x family (black circles) and CioH17019
(blue squares) plotted against turnover. In the ozonol-
ysis phase, CigH;50x turned out as the major per-
oxy radical family, as expected. Although 40 % of the
a-pinene oxidation is contributed by OH- radicals, we
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are shown, whenever larger than symbol size.

could detect only one member of the CioH;70x peroxy
radical family (CjoH17010) with low signal. All other
CioH170x radicals were below the detection limit (307) of
about 2-5 x 10~° ncps. More surprisingly, CjoH;50x re-
mains the major peroxy radical family even when oxi-
dation by OH- contributes to more than 90 %, i.e., for
kou* [OH]gs+[a-pinene]ss >4 x 107 cm ™3 s~!. C1oH 7010
remains the only detectable member of the C;oH{70x HOM-
RO+ family. This result is unexpected since the OH- ad-
dition reaction at the double bond or under opening of the
four-membered ring leading to Ci19H;70x peroxy radicals
accounts for about 90 % of the «-pinene oxidation by OH-
radicals.

Figure 2b shows that the Ci9H14O0x family (black cir-
cles) has about a factor of four higher signal than the
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C1oH3Ox family (orange crosses). This means that prod-
ucts formed exclusively by C19H;50x HOM-RO;  show dis-
tinctively higher signals than products that solely originate
from CjoH;70x HOM-RO;-. Compounds with the formula
C10H160x can arise from both radical families, therefore a
contribution of C;gH{70x HOM-RO; - to C1oH160x via Re-
action (R3a) cannot be excluded. However, this contribution
must be small, as can be deduced from the following consid-
erations.

The large increase in CjgH;¢Ox is dominated by
C10H1607, which accounts for 57 % of the family at the
largest turnover point. CioHi6O7 can be formed from
C1oH170g by Reaction (R3a) or Reaction (R5). Assum-
ing a [CioH703lss at the detection limit (=1 x 103
cm™3), taking an [RO;¢]ss of about 7 x 10°cm™3 from
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the model calculation, and applying a rate coefficient
kro,r0, =5 X 10712 cm3 57! (estimated by us based on Ta-
ble 10 in Jenkin et al., 2019), we calculate a production rate
of C19H1607 by Reaction (R3a) of about 3500cm™3 s~
Assuming that the lifetime of 120s due to wall loss, as
determined for CjoH607, is also valid for the precursor
peroxy radical, and that the wall loss is the major sink of
C10H1607, we can calculate an upper limit of the expected
steady-state concentration of 4.2 x 10° cm™> for C1oH;607
contributed by the CjoH;70g carbonyl channel (Reac-
tion R3a). In addition, internal termination (Reaction R5)
with an intramolecular rate coefficient of about 0.01s~! can
contribute another 6 x 10° cm™3 of CjoH;607. Consistent
with this estimation we observe about the same concen-
tration of 1.1 x 10°cm=3 of Ci10H1307, which can be the
corresponding alcohol (Reaction R3b) or a hydroperoxide
(Reaction R2). The concentration of the latter is estimated
to be only minor with 2 x 10* cm™—3 because of low [HO,]
([HO2+lss=8 x 107 cm™3,  kro,n0, =2 x 107 em? s,
wall loss coefficient 1/120s~! =0.0083s~!). This means
that formation of CjgH;6Ox from CjoH{70x precursors
is low and contributes only a few percent to the observed
signal of the CigH;¢Ox family. C;oH160O7 is thus likely
formed from CioH;508 or Ci9H;507 which show high
abundances (Fig. S5). The large contribution of C19H1607 to
the C;oH16Ox family indicates specifically efficient termi-
nation reactions of CigH;50g + RO, or C;oH{507 + HO;.
From this low contribution and from the overall much
higher signals of C;gH;40x-HOMs compared to C1oH§Ox
HOMs, we conclude that a-pinene HOM chemistry must
be dominated by CjoH;50x radical chemistry, with minor
contributions from CoH;70x.

Observations of the accretion products support that the
C10H150x HOM peroxy radical family is the major player in
photochemical HOM formation initiated by OH-. Co0H30O0x
(formed from the recombination of two C19H;50x peroxy
radicals) and CygH3>Ox (formed from one CjoH;50x and
one CjoH{70x peroxy radical) show the highest signals
among Cpp accretion products, and both contain CjoH150x
contributions (Fig. 2c). The CyoH340x accretion product
family (formed by the recombination of two CjoH;70x per-
oxy radicals) has the lowest abundance, which supports that
C1oH170x cannot be the major HOM peroxy radical fam-
ily. On the other hand, the Cy9H3,Ox family shows a rela-
tively high contribution, which indicates the importance of
C10H170x peroxy radicals in accretion product formation,
despite the low importance of the HOM-C19oH170x and re-
lated HOM monomers. This supports that HOM-ACC can
also be formed by HOM-RO, « 4+ RO+, for example also with
CioH1703+ (Berndt et al., 2018a; McFiggans et al., 2019;
Pullinen et al., 2020). In conventional «-pinene chemistry
C10H1703 radicals dominate RO, by far and therefore the
high relative abundance of C;9H3,Ox is understandable.

Our observation of the dominance of the C;oH50x per-
oxy radical family in HOM formation by OH- is in contrast
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to the frequently reported CjoH;70x as the major peroxy
radical family (Berndt et al., 2016; Berndt, 2021; Kirkby
et al.,, 2016; Lee et al., 2023; Roldin et al., 2019; Xu et
al., 2019). The dominance of Ci9H;50x is unexpected as
OH- addition represents the major pathways in «-pinene
photooxidation, either as direct addition to the endocyclic
double bond (& 90 %) or under opening the four-membered
ring (& 10 %) (Saunders et al., 2003; Vereecken et al., 2007).
Both OH- addition pathways comprise the C;oH;70x per-
oxy radical family, and Xu et al. (2019) showed that efficient
autoxidation and HOM formation start with opening the four-
membered ring.

For an explanation of our observations, we refer firstly to
arecent study by Shen et al. (2022) and secondly to the style
of our experiments. Shen et al. (2022) demonstrate that hy-
drogen abstraction from «-pinene by OH- can be an impor-
tant source of HOMs in «-pinene photooxidation. This minor
initiation pathway, with an estimated branching ratio of ap-
proximately 10 %, effectively produces the C19H;50x per-
oxy radical family via two alkoxy steps. These steps involve
breaking the six-membered ring and the four-membered ring
of a-pinene. After ring breaking, autoxidation can become
very fast. Note that HOMs are minor products in OH- oxi-
dation (and ozonolysis) with molecular yields of a few per-
cent. Therefore, minor yet efficient pathways can easily dom-
inate HOM formation. As proposed by Shen et al. (2022),
H-abstraction from «-pinene seems to be such an efficient
minor pathway. Meanwhile, this has also been confirmed for
HOMs formed from limonene (Luo et al., 2023).

Secondly, we conducted our experiment under steady-state
conditions, with a residence time of about one hour and OH-
concentrations of several times 107 cm™3. Under these con-
ditions, secondary oxidation can become an important path-
way for the formation of CjgH;50x radicals, too, as hy-
drogen abstraction from first-generation oxidation products
with 16 hydrogen atoms, e.g. pinonaldehyde, will also pro-
duce C19H;50x peroxy radicals. Note that the formation of
second-generation compounds via OH-, such as pinonalde-
hyde, involves also at least one alkoxy step.

Given that our experiments presented here always started
with ozonolysis, thereby introducing pinonaldehyde into
the system, we currently cannot distinguish whether H-
abstraction or secondary oxidation is the major channel
for the Cj9H;5sOx chemistry in our system. Estimates
from steady-state concentrations of «-pinene, pinonaldehyde
(model result), and OH- indicate that both H-abstraction
and secondary oxidation could be important and could con-
tribute with similar fractions to CjgH;sOx related chem-
istry (Fig. S6). It seems that under conditions of our experi-
ments C1oH;50x related chemistry is more efficient in HOM
formation than C19H170x related chemistry. It seems even
to outcompete the pathway induced by OH addition under
opening of the four-membered ring (Berndt et al., 2016; Xu
et al., 2019), which contributes also about 10 % to the «-
pinene turnover (Fig. S6, grey spheres). Despite the line of
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arguments above, we are not able to finally clarify why we
observe only a minor contribution of CjoH;70x chemistry
to HOM formation in our experiments. It had at least some
significance as indicated by the observed termination prod-
ucts C1oH;gOy and C10H32,34OY.

The formation of fragmented monomers and accretion
products are also indicators for alkoxy radical formation,
since fragmentation is an important pathway of alkoxy rad-
icals. Figure 2d indicates, that the abundance of fragmented
compounds indeed increases over-proportional with increas-
ing [OH-]g. This is in accordance with an increasing impor-
tance of alkoxy steps with increasing [OH+];.

3.2 Experimental evidence for the importance of
HOM-RO- formation

3.2.1 Effect of increasing oxidation by OH

In Fig. 3 we show the particle corrected signal of
all CigH;50x (black circles) as a function of the
turnover, along with the contributions of CjoH50,, with
even oxygen numbers (red crosses) and CioHi502,+1
with odd oxygen numbers (blue squares) (Fig. 3a), as
well as the fractions CioH;503, /CioH1sOx (red) and
C10H1502,+1 / C10H150x (blue) (Fig. 3b). The individual
contributors to C19H1507, and C1gH;502,4+1 are shown in
Fig. 3c and d. The data in Fig. 3c and d have been normal-
ized by their Frobenius norm to highlight the similarity and
dissimilarity of their shapes as a function of turnover, despite
their differences in signal strength.

The group of CjoH 507, radicals exhibits a high signal
during the ozonolysis phase, which dropped with increasing
oxidation by OH-. However, when oxidation by OH+ dom-
inates at kop* [OHelss*[o — pinenelss >4 x 107 cm™3 571,
C10H1502, remains at a consistent level (Fig. 3a). In
contrast, CioH1502,41 shows an increasing signal with
turnover (Fig. 3a), resulting in a continuous increase in
the CjoH;502,+1 fraction (Fig. 3b). Consequently, the
C10H1502,,4+1 peroxy radical family shows a strong increase
when OH- oxidation becomes the major oxidation reaction.

This conclusion is further confirmed by the behavior of in-
dividual family members. As turnover with OH- increases,
CioH;507 and C;9H ;509 become the dominant HOM-RO; -
(Fig. S5), shaping the overall trend of CjoH502,+1 in
Fig. 3c. On the other hand, C;oH;50g and C19H{501¢ per-
oxy radicals are dominant in the ozonolysis phase in absolute
terms (Fig. S5) and determine the overall trend of C1oH;505,
(Fig. 3d). Since C1oH50g and C19H;501¢ strongly decrease
and become nearly constant with increasing turnover, while
CioH1507 and CjoH 509 strongly increase, one can ob-
serve the large fraction of C19H1502,1 at higher turnovers
(Fig. 3b).

We performed shape analysis for C1gH;70x- and the ob-
served members of the CjoH;gOx family, which can be
solely formed via OH oxidation (Fig. S7). Comparison to the
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behavior of the CjoH 507,41 family (Fig. 3c) confirms that
the C19H1507;,+1 family mainly results from OH oxidation.

It is noteworthy that C;gH;50¢, for which we observed
the lowest absolute signals, shows a deviating shape (blue
triangles in Fig. 3d) that resembles the behavior of the
C10H1502,+1 peroxy radical group (Fig. 3d) and the OH
initialized Ci9oH;gOx family in Fig. S7. Different from
CioH50g and CigH;5019, formation of Ci;gH{50¢ is ef-
ficiently initialized by OH- oxidation. This observation is
consistent with the HOM pathways in «-pinene ozonoly-
sis proposed by Iyer et al. (2021) wherein an efficient 1,4
shift to C;oH50g should lead to a small concentration of
C10H50¢ in bare ozonolysis. The fraction of CjoH;50s¢,
which in Meder’s et al. (2023, 2025) experiments could not
be explained by the Iyer mechanism, could arise in parts from
dark OH as in our experiments.

In terms of our generic framework detailed in the Methods
Sect. 2.4, the increased fraction of CjgH;502,+1 at elevated
levels of OH- oxidation should be the result of one alkoxy
radical step within the autoxidation chain. The increase of
alkoxy radical formation at high turnovers is the result of
the increased importance of HOM-RO,++ RO+ reactions
(Reaction R7), which should produce alkoxy radicals with
a branching ratio of approximately 0.6 (Jenkin et al., 2019).
A parity shift in oxygen number would occur for every odd
number of alkoxy steps. However, three bimolecular reac-
tion steps of HOM-RO5+ 4+ RO» - are less likely to occur than
a single step, since [RO;¢]ss increases cum grano salis lin-
early with the OH- turnover. The chance for a HOM-RO,-
produced via Reaction (R7) to have encountered one alkoxy
step is given by the branching ratio in HOM-RO- times the
branching ratio for isomerization of HOM-RO- by H-shift. If
we assume 0.6 for the branching into HOM-RO- and 0.5 for
HOM-RO- to isomerize the chance to encounter one alkoxy
step is 0.3 while the chances to encounter two or three alkoxy
steps are 0.09 and 0.0027, respectively. This also would mean
that a certain fraction of the alkoxy steps — about 10 % —
are hidden, as two steps do not result in an oxygen parity
change. Note, that the applied branching ratios of 0.6 (Jenkin
et al., 2019 for primary and secondary RO>+) and 0.5 for
HOM-RO isomerization (see below and Sect. S6) comprise
a certain degree of lumping and serve here to demonstrate
the possibility of alkoxy-peroxy steps. Individual branching
ratios and thus alkoxy-peroxy steps for specific HOM-RO,+
and HOM-RO- are strongly dependent on the structure of R
and can deviate quite far from the chosen values. With re-
spect to the CjoH170x family, only one member, namely
C10H17010, has been detected by our measurements. This
falls into the CjoH702, group, where one step of alkoxy
radical formation would be needed if the autoxidation starts
from C19H170s, as proposed by Xu et al. (2019).

On the other hand, the group of Ci9H;50,, peroxy rad-
icals starts at a high level in the ozonolysis phase and de-
creases as the fraction of oxidation by OH- increases. How-
ever, it always remains important at a nearly constant level
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by their Frobenius norm and plotted against turnover. Error bars are derived by error propagation based on the standard deviations (1o') for
averaging over the steady state periods. Lines are shown for the guidance of the eyes only.

despite of decreasing [O3]ss due to increased j(O1D) for in-
creasing OH production (Table S1). From the constancy of
[C10H150,, ] despite of decreasing [O3] at turnovers above
~4 %107 cm™3 s7!, we conclude that autoxidation initial-
ized by OH- oxidation without alkoxy steps (or with two
alkoxy steps) must be a pathway to C;9H;505 10 peroxy rad-
icals besides ozonolysis.

This observation, in conjunction with the deviating behav-
ior of C19H150¢, could indicate that alkoxy radical isomer-
ization and, consequently, the parity changes to CioH502,
occur preferably for peroxy radicals that have more than six
oxygen atoms, in line with Vereecken and Peeters (2009,
2010) finding that functionalization supports alkoxy iso-
merization. In other words, CjoH504 undergoes one or
two oxygen addition steps, producing CioH 5065 peroxy
radicals. These peroxy radicals can subsequently undergo
autoxidation, including an alkoxy-peroxy step to produce
C10H1507,9, which are the major peroxy radicals in the OH-
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oxidation phase. However, further studies are necessary to
elucidate the explicit formation mechanism of CjoH150¢ and
other peroxy radicals.

In summary, the parity of the oxygen number in the per-
oxy radicals as a function of the turnover of «a-pinene with
OH- indicates the importance of alkoxy steps. Furthermore,
shape analysis of the data, normalized by their vector norm,
shows that the formation of all C;oH;507,+; members and
the C19H150¢ peroxy radical was initialized by OH- oxi-
dation. C1gH;50,, family members, except the CjoH;50¢
peroxy radical, are the major peroxy radicals from ozonol-
ysis reactions. Parity shift and importance of alkoxy steps
in ozonolysis are small, since [RO;+]s is about a factor of
4-5 smaller than at the largest OH+ turnover as shown by
the model calculations. Nevertheless, the formation of certain
autoxidation products in ozonolysis can be only explained by
alkoxy-peroxy steps (Mentel et al., 2015).

Atmos. Chem. Phys., 25, 15715-15740, 2025
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3.2.2 Effect of CO on formation of HOM-RO-

Carbon monoxide (CO) was added to the photooxidation
system of «-pinene to investigate the alkoxy radical for-
mation in a chemical regime where HOM-RO;+ + HO» - re-
actions are more important than HOM-RO,++ RO»+ reac-
tions. In HOM-RO;+ 4+ HO; - reactions, HOM-ROOH is es-
sentially formed by H transfer (Reaction R2). The branch-
ing into alkoxy radicals (Reaction R9) is small (see Jenkin
et al., 2019), therefore effects of alkoxy radicals should be
suppressed in presence of CO.

Here, we are comparing two steady states with and with-
out CO addition at a comparable ko * [OH+]s* [x —pinene]g
of 67 x 10’ cm™3 s~!. Turnover by O3 contributes 14 % in
case of CO and 3 % in case of the OH reference experi-
ment. The added CO reacted with OH- radicals and produced
HO» - radicals. From our model calculations for the system
with [COJgs &~ 5 ppm we obtained [HO»+]s & 2.8 x 10° and
[ROz+]ss & 1.4 x 10° cm™3 (C1 in Table‘S3). This compares
to [HO2]ss ~5 x 107 and [RO;*]ss 5 x 10°cm™ in the
reference experiment without CO addition (J5 in Table S3).
Taking into account that bimolecular termination reactions
of peroxy radicals with HO;- are about an order of magni-
tude faster than the permutation reactions between peroxy
radicals, the system including CO is indeed characterized by
HOM-RO;+ + HO»+ reactions at the expense of RO, + RO,
reactions.

As for conventional RO, the increased [HO;+]ss led to
a reduction of [C19H150x°]ss by about a factor of two.
Our focus here is the effect of [HO;,*]ss on the alkoxy rad-
ical formation. As indicators we use again the parity of
C1oH150x peroxy radicals and the fraction of decompo-
sition products. As shown in Fig. 4a, C;oH1502,4+1 per-
oxy radicals with odd oxygen numbers account for 70 %
of the whole CijgH;5sOx family in the reference experi-
ment without CO addition, where HOM-RO»+ + RO reac-
tions dominate (compare Fig. 3b). In the presence of CO,
the fraction of CjgH;502,+1 decreases to 20 % whereas
CioH;502, accounts for 80 % of the total CjogH;50x fam-
ily. As described before, C19H1507, peroxy radicals re-
sult from straight autoxidation of the initial peroxy radicals,
C10H1504, while C1oH502,+1 peroxy radicals mainly ex-
perienced one alkoxy step during their formation. Therefore,
suppression of CigH50,41 in the presence of high CO
must be the result of the suppression in alkoxy radical for-
mation in the chemical regime, where HOM-RO;++ HO;*
dominates. Regarding the reaction HOM-RO;+ + HO»+ (Re-
action R9) a production of HOM-RO- cannot be excluded;
however, from our it seems to be less efficient than HOM-
ROOH formation (Reaction R2), though.

The suppression of alkoxy steps can also be detected in
the reduction of signals for compounds that underwent a
fragmentation step during their formation (“fragmented com-
pounds”). We summed up the signals Cs_g-HOM monomers
and C11_19-HOM accretion products with as an indicator for
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fragmentation and thus for the potential influence of alkoxy
radical formation, shown in Fig. 4b and c, where it can be
seen that the importance of fragmentation is decreased for
both monomer and accretion products in the presence of CO.

In summary, the enhanced importance of HOM-
RO;++ HO;- reactions compared to HOM-RO;++ RO,
reactions in the CO experiment led to a general suppression
of the abundance of HOM-RO;- . Hereby concentrations
of HOM-C19H1507,+1 and fragmented compounds which
are related to alkoxy steps were disproportionally stronger
suppressed. This suggests that alkoxy-peroxy steps must
play an important role in chemical regimes where HOM-
RO7++ RO, reactions are dominant. This includes those
observed in our chamber experiments, where the concentra-
tion of precursors and OH- were chosen as low as possible
but are still high compared to atmospheric conditions. High
[HO,+] regimes are atmospherically relevant in remote and
pristine areas, where NO concentrations are very low. In
such cases, permutation reactions of peroxy radicals and thus
alkoxy-peroxy steps should be less relevant. However, in the
presence of sufficient NO, i.e., in chemical regimes where
HOM-RO;+ + NO reactions dominate, alkoxy-peroxy steps
should be much more important, which we will investigate
in the next sections.

3.2.3 Effect of NOy on formation of HOM-RO-

HOM peroxy radicals react with NO or NO, forming or-
ganic nitrates (Reaction R4) and peroxy acyl nitrates (Re-
action R4a) as stable closed-shell products. HOM that are
organic nitrates (HOM-NOj3) are mechanistically of diag-
nostic value, since the number of hydrogens in C19H5NO,
does not change compared to the precursor peroxy radi-
cal C1oH150x_1. However, for this study the most interest-
ing products of the HOM-RO;« + NO reaction are highly
oxidized alkoxy radicals (HOM-RO-). A faster production
of HOM-RO- by HOM-RO;* + NO reactions compared to
HOM-RO;+ 4+ RO; - reactions can be expected by analogy to
conventional radical chemistry (e.g., MCMv3.3.1, Saunders
et al., 2003; Jenkin et al., 2019). Therefore, more alkoxy-
peroxy steps should lead more often to changes of the parity
of the oxygen numbers for C;oH;50x peroxy radicals in the
presence of NO,.

In Fig. 5, we show the effect of increasing [NO, ]ss on the
HOM peroxy radical distribution with the purpose of elu-
cidating the importance of alkoxy-peroxy steps in the ox-
idation chain, indicated by the parity change of the oxy-
gen number in the HOM-RO;-. Despite increasing [O3]ss
with increasing [NOj ]ss (Table S1), the turnover of a-pinene
by OH contributed more than 90 % with exception of the
highest [NO,] where it still contributed 86 %. The data in
Fig. 5a are corrected to a reference state without particles
and a turnover of 6.7 x 107 cm™3 s~!, which was the high-
est turnover rate observed in the OH- variation experiments
(for details, see Sect. S2 and Pullinen et al., 2020). For the
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Figure 4. Impact of enhanced [HO;]ss on oxygen parity of CigH{50x* radicals and on fragmented products. (a) The fraction of
C1oH1507, (black) and Ci9gH 507,41 (red) for the cases without and with CO addition. (b) Fraction of fragmented monomers (Cs_g,
blue) and Cjg monomers (mint). (¢) Fraction of fragmented accretion products (yellow) and C;q accretion products (magenta). Error bars
are calculated by error propagation based on the standard deviations for averaging over the steady state intervals.

case without NO, addition, we observe similar fractions of
C10H1502,+1 and CipH150, (Fig. 5b) as for the highest
turnover in the OH- variation experiment (Fig. 3b). Due to
the OH- turnover of ~ 1.5 x 103 cm™3s~! chosen in the ex-
perimental series, we start already with a substantial fraction
of CioH1502,+1 (=0.8) without NO, addition. The large
fraction of C19gH 507, reflects the importance of alkoxy-
peroxy steps, which are already caused by high RO>+ con-
centrations, as discussed before. With increasing NO,, the
fraction of C19H1502,41 decreased while the fraction with
an even number of oxygen atoms, C19H150,, increased. We
explain this observation by the fact that the high concentra-
tions of RO, + and HOM-RO; - already favors the first alkoxy-
peroxy step so strongly that nearly all accessible HOM-
RO, have undergone an alkoxy-peroxy step in their forma-
tion, leading to a dominance of odd oxygen numbers. The
changes with NO, in Fig. 5b would then reflect the probabil-
ity of encountering a second alkoxy-peroxy step, producing
even oxygen numbers. In other words, within the residence
time in our chamber C19H;50,, peroxy radicals undergo one
alkoxy-peroxy step already in the absence of NO, and tend
to undergo a second alkoxy-peroxy steps when [NO,] in-
creases. Two alkoxy-peroxy steps result eventually in an in-
creasing fraction of C1gH150,, peroxy radicals.

The increasing HOM-RO- production with increasing
[NO,]ss was confirmed by the increased fraction of frag-
mented HOM monomers (Cs_g), which involve alkoxy de-
composition in their formation process (Fig. S8a). Frag-
mented HOM accretion products (Cjj—19) decreased with
[NO,]ss like Cp0-HOM-ACC as shown by Pullinen et
al. (2020), but their relative importance increased compared
to C20-HOM-ACC (Fig. S8b).

There is no common pattern for the fraction of each mem-
ber as a function of [NO, ] s for both oxygen parities (Fig. Sc
and d). CjoH50,, is essentially determined by C19H;501¢
with minor contributions from the other three family mem-
bers with different patterns (Fig. 5d), while C19H1502,,41 has
three significant contributions with varying patterns (Fig. 5c).
Figure Se and f highlight the typical shapes for the func-
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tion signal versus [NO,]ss by dividing the signals by their
Frobenius norm and grouping the CjoH;50x peroxy radi-
cals by oxygen number. The less oxidized peroxy radicals
C10H1507 3,9 strongly decrease with [NOy ] (Fig. Se), while
the more oxidized C1oH5010,11,12 peroxy radicals strongly
increase with [NO, g5 at low [NO,]ss and level off remain-
ing high at high [NO,]ss (Fig. 5f). Apparently, the degree of
oxidation of HOM-RO;- increases as the importance of the
alkoxy-peroxy pathway increases. We conclude that the reac-
tion with NO may compete with moderate fast autoxidation
(see forthcoming Fig. 9b), but the alkoxy-peroxy steps, i.e.,
the isomerization of HOM-RO-, can continue the oxidation
chain and lead to even higher oxidized products.

We interpret this as an indication that alkoxy steps
must open additional channels to continue “the autoxidation
chain”. Autoxidation in its pure form is characterized by a
series of unimolecular H-shifts in a bath of a huge number
of O, molecules, which can be arbitrarily fast, but is strictly
limited to molecular configurations that are structurally and
energetically suitable. The formation of HOM-RO- is a bi-
molecular process, which is limited by the maximum num-
ber of reactive collisions. However, because alkoxy radicals
are highly reactive, once formed they may have more options
for unimolecular isomerization reactions than peroxy radi-
cals with similar structures. Thus, it is possible that HOM-
RO- extent the oxidation chain whenever direct autoxidation
cannot compete with bimolecular alkoxy formation and bi-
molecular termination reactions. If a peroxy radical is then
re-generated by rearrangement of HOM-RO- (and O, addi-
tion), the autoxidation process can continue from there until
an alkoxy step can compete again, and so on and so forth.

The effective production of HOM-RO;- by the alkoxy-
peroxy pathway is confirmed by comparing the sum of
[HOM—RO; ] to the sum of conventional Ci9p-RO;- as a
function of [NO,]ss. As shown before the C19H50x sig-
nal remained high and was almost independent of NO, after
correction for particle formation and OH- turnover (Fig. Sa,
black circles). Directly observed data for the sum of all
C10-HOM-RO;+ without turnover corrections are shown in
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Figure 5. C{gH|50x peroxy radicals as a function of the steady state NOy concentration. (a) Particle and turnover corrected signal of
the sum of the CjgH;50x peroxy radicals and their average over all [NOy]ss (black) and the summed signals of CjgH150,, (red) and
C10H1502,,4+1 (blue). (b) The fractions of C19H507, (red) and C19H507,41 (blue). (¢, d) Contribution of the individual members to
the fractions of C19H;502,4+1 and of C19H{507,. (e, f) Signal of the individual family members, normalized by the Frobenius norm to
highlight typical shapes as a function of increasing [NO,]. Also shown is the sum of the family members (black). The abundance of less
oxidized C1gH{507_9 decreases with increasing [NO,] (e), while that of more oxidized C19H;501¢—12 first increases and then remains
at a high level with increasing [NO,] (f). C1oH¢Ox (right pointing golden triangles) shows more similarity to the higher oxidized peroxy
radicals. Errors are calculated by error propagation based on the standard deviations for averaging over the steady state intervals. The data in
the range of 5-10 ppb NOy vary since similar [NO] in the system can be achieved through various combinations of NO source strength and
O3 input.

Fig. 6. The C19-HOM-RO;* show an increase with [NO, ]ss due to the reaction of NO; + OH- producing HNOj at higher
up to 15ppb and then a decrease with increasing [NOj ] [NO,] (Ehhalt, 1999). (This effect was removed in Fig. 5 by
(Fig. 6, spheres). The maximum is related to the maximum correcting for a-pinene turnover; Sarrafzadeh et al., 2016;
in [OH+]g as indicated by the color code and is the result of Pullinen et al., 2020). However, at the highest [NO,]gs, the
NO, controlling the HOx cycle. At lower [NO; ]ss, [OH<]s HOM-RO; - signal does not decrease completely, but still re-
increases due to the reaction of NO + HO;- and decreases mains as high as in the no-NO, reference case. As can be
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Figure 6. Comparison of the dependence on [NOy ]ss for observed
C10-HOM-RO, * signal (spheres, left axis) and for modelled con-
centration of conventional Cj9-RO; ¢ (squares, right axis), which is
a fraction of the peroxy radical sum termed “RO;” in MCMv3.1.2.
The color code indicates the actual [OH¢*]gs with a maximum of
6.9 x 107 cm™3 at about 15 ppb [NOylss. While the concentra-
tion of conventional, less oxygenated C-RO; ¢ drops quickly with
[NOy ]ss because of the strong sink provided by reaction with NO,
the [C1g—HOM—RO; ] remains at a significant level even at the
highest [NOy]ss. The triangles show the signal of the subset of
C10H170x HOM-peroxy radicals (left axis) which remain also high
at high [NOy]ss. Errors for the experimental data are calculated by
error propagation based on the standard deviations for averaging
over the steady state intervals.

seen from the color code, this is the case even though [OH <]
is much lower than in the no-NO, reference case.

The fact that the C19-HOM-RO;- signal remains at a sub-
stantial level at high [NO,]s is in contrast to the results
to our model calculations for the sum of conventional Cjg-
RO;-. This sum decreases rapidly with increasing [NO, ]ss
despite the intermediate increase in [OH]gs (Fig. 6, squares).
The master chemical mechanism applied in the model calcu-
lation does neither allow for autoxidation of peroxy radicals
nor for isomerization of alkoxy radicals, only for their frag-
mentation. (Note, the concentration of HOM-RO - is less af-
fected by increasing [NO, ] compared to conventional RO, +
since the autoxidation of specific peroxy radicals is still able
to compete with bimolecular termination by NO.) As a con-
sequence, the increasing formation of RO- and its fragmen-
tation with increasing [NO,]ss provides a strong sink for
RO;. Since the reaction with NO also becomes the fastest
for HOM-RO»+, the NO sink must also be in operation
for HOM-RO;-. As a consequence, there must be an effi-
cient source for HOM-RO>+, which is not implemented in
MCMv3.3.1, and compensates for the loss. Our findings sug-
gest that isomerization of HOM-RO- radicals produced from
HOM-RO;++ NO plays a key role in maintaining HOM-
RO;- at high [NO,]ss. Indeed, HOM-RO- appear to rear-
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range by H-shift and add O», as proposed by Vereecken and
Peeters (2010) and sketched in Fig. 1, thus acting as a source
of HOM-RO;-.

Additional production of HOM-peroxy radicals by the
HOM-RO;,+ + NO reaction was also observed by Berndt et
al. (2015). They show that even at 300 times higher [NOJ,
HOM yield and peroxy radical (C19H;707) yield were only
suppressed by a factor of two (compare to our C;oH;70x in
Fig. 6, triangles). This demonstrates that HOM-RO- is also
recycled to HOM-RO;+ under conditions other than in our
experiments. The alkoxy-peroxy pathway may be an impor-
tant process in urban atmospheres, where the VOC to NO,
ratio is often low due to the presence of high NO, concentra-
tions.

3.3 Importance of alkoxy-peroxy steps for the O/C ratio

We showed that higher oxygenated HOM-RO, + substantially
gained importance with increasing [NO,]ss and remained at
high levels at high NO, mixing ratios (Fig. 5f, black circles).
In the following we investigate how the effect of alkoxy-
peroxy steps is reflected in the O/C ratio of the HOMs.
We calculate concentration weighted O/C for each family
wherein the abundance of each family member i was consid-
ered as given in Eq. (1).
no,i i

o/C ne X S
Here no ; is the oxygen number and nc; is the carbon num-
ber, while s; is the signal of the family member and X;s; is
the summed signal of the whole family. For organic nitrates,
one oxygen atom was excluded from the calculation to com-
pensate for the extra addition of an O atom by the addition of
NO to the molecule. With Eq. (1) also an overall O/C ratio
can be calculated by summing over all individual HOMs.

In the reference experiments without NO, addition (Ta-
ble S1, J5-J11) the overall O/C ratio is relatively invari-
ant despite increasing turnover and [OH-] (background NO,
0.3 ppb, yellow circles, Fig. 7b). Only data for steady states
are shown where OH- oxidation dominated and the contri-
bution by ozonolysis was < 10 %. If at all, the O/C tends
to decrease from 0.77 to 0.76 with increasing turnover. We
would argue that in absence of NO, the constant O/C with
increasing turnover despite increasing RO;+ must be in parts
due to an increasing importance of alkoxy steps compensat-
ing increasing RO; + 4+ RO;+ termination.

When NO, is added to system O/C ratios increase with
[NO,]ss as demonstrated in Fig. 7a for the O/C ratio of
the CjoH150x peroxy radical family and related termina-
tion products. The oxygen content of all families increased
with [NO, ], partly because highly oxidized family mem-
bers gain relative importance, as shown for C1gH;50x in
Fig. 5e and f, and partly because higher oxidation states
were achieved within a given family. For example, the most
oxidized molecule detected in the CjgH16Ox family was

e))
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Figure 7. (a) Averaged O/C ratio of the HOM families as a function of [NOy]ss in the NOy experiments. (b) Overall O/C as a function
of turnover for C;¢p monomer compounds in the reference experiments (circles) and the NO, experiments series (squares). The color scale
represents the level of steady-state concentration [NO, Jss in the chamber.

CioHi6012 in the no-NO, reference case, while it was
C10H16015 in the NO, experiments.

The increase of O/C over the whole range of NO, concen-
trations is strongest with 0.2 for the HOM-RO,+ themselves
(&~ 0.8 increasing to = 1.0). With ~0.15 it is also strong for
the C1oH140x- (& 0.8 increasing to 0.95) and CioH;60x
families (0.75 to 0.92). The increase of 0.06 for HOM-NOj3
(0.8 to 0.86) is weaker. This lower increase makes sense,
since a part of the HOM-RO- produced in the reaction with
NO terminates to HOM-NO3 and only the other part can con-
tinue the oxidation chain to higher oxygenated HOM prod-
ucts. Figure 7b shows the overall oxidation state for the fam-
ilies in Fig. 7c as a function of the turnover of «-pinene
with the OH- radicals (squares). Notably, the reference data
point without NO, addition (N1, yellow square) for the NO,
experiments shows about the same O/C as the reference
experiments (spheres), although it was taken at 2.5 times
higher turnover (highest [OH-]s and higher [«-pinene]s).
On the other hand, as [NO, ] increased, the O/C ratio also
increased from 0.76 (background 0.3 ppb of NO,) to 0.89
(72 ppb of NO,). This corresponds to more than one addi-
tional oxygen atom in the products on average.

In ozonolysis experiments including dark OH-, Molteni
et al. (2019) found that the increase in the concentration
of peroxy radicals inhibits autoxidation and lowers the av-
erage HOM O/C ratio. They attributed this to the competi-
tion between the RO, + RO; - reaction and autoxidation. In
our photochemical system, we do not observe such effects
for a variation of RO;« (from the model) and HOM-RO,*
by more than a factor of 3. We observed a slight decrease
in O/C with increasing turnover, but it was very minor. For
our photooxidation conditions the combination of autoxida-
tion and alkoxy-peroxy chain is efficient enough to compete
with termination and is always able to proceed to the high-
est possible degree of oxidation in HOM-RO;+ (though with
some shift in the distribution of termination products). In our
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opinion, this due to increasing HOM-RO- formation and sub-
sequent isomerization which are a source of HOM-RO; - and
compensate for increased loss of HOM-RO;- by increased
[RO2-].

If HOM-RO;* 4+ RO;* would suppress autoxidation by ter-
mination at the [RO»+]s levels of about 10°-10'9 cm™3 ob-
served in our reference experiments, one would expect a
much stronger effect by NO addition because of the faster re-
action of peroxy radicals with NO. A higher degree of autox-
idation suppression and lower O/C ratio should be observed.
However, we observed that the presence of NO, boosted the
degree of oxidation in the HOM-RO,+ and the related HOM
closed shell products.

There are two possible explanations for the increase in
the O/C ratio in the case of NO,. In general, the formation
and isomerization of HOM-RO- continue the radical chain.
Especially, when the alkoxy-peroxy pathway occurs via H-
migration from a C-atom, a new HOM-RO;+ can be formed
that has one oxygen atom more than parent peroxy radical.
In addition, the isomerization of HOM-RO- with either H-
migration from C-H or -OOH opens more oxidation path-
ways and thus enables continuation of the autoxidation it-
self. The reason could be that in HOM-RO- also H-shifts with
higher energy barriers can be realized which would not be ac-
cessible in HOM-RO;-. This is supported by quantum chem-
ical calculations showing that H-shifts in alkoxy radicals can
be orders of magnitude faster than in peroxy radicals, and
can migration H-atoms that are not accessible to RO, radical
migrations (Jaoui et al., 2021; Vereecken and Noziere, 2020;
Vereecken and Peeters, 2010).

The stronger increase in O/C for the CjoH;sO0x,
C10H140x, and C19H6¢Ox families compared to HOM-NO3
(C1oH15NOx) (Fig. 7a) suggests that the presence of NO
leads to termination on one hand but also generates HOM-
RO- that are able to isomerize to a large extend and con-
tinue the oxidation chain. However, quantum chemical cal-
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culations considering H-shift for molecules with high HO;-
functionalization as HOMs have not yet been performed. The
strong increase in O/C caused by NO, addition is explain-
able by impacts of HOM-RO- produced by reactions of NO
with the precursor HOM RO;-.

3.4 Competition between alkoxy-peroxy steps and direct
autoxidation

Our findings so far are in support of isomerizations of
HOM-RO- preserving the number of carbon atoms. We sug-
gest a mechanistic scheme based on the quantum chemi-
cal considerations for RO- rearrangements by Vereecken and
Peeters (2010) (Fig. 8), where the basic principle of the hy-
drogen migration in HOM-RO- was already shown in Fig. 1.
There are two alkoxy-peroxy pathways besides isomeriza-
tion for a parent HOM-RO,(Ox)+ (A) containing X oxygen
atoms: if isomerization is competitive with NO and RO; - re-
actions, (A) will take the direct autoxidation route 1. An H-
shift with subsequent O, addition will lead to the next autox-
idation product (B). However, the alkoxy route 2 may com-
pete with direct autoxidation under formation of the inter-
mediate HOM-RO- (C). By isomerization of (C) via route 3
HOM-RO»(Ox 1)+ (D) is formed with one oxygen more and
a different oxygen parity than the parent HOM-RO»(Ox)-
(A). The HOM alkoxy radical (C) may also fragment (not
shown), and the efficiency of isomerization compared to
fragmentation will determine the importance of the alkoxy-
peroxy step for further HOM formation. (Carbonyl formation
by (C) with O, is negligible.) The new peroxy radical HOM-
RO2(0Ox+1)* (D) can either repeat the alkoxy-peroxy path-
way via routes 4 and 5 or continue by autoxidation (route 6),
contributing to the family of peroxy radicals with odd oxy-
gen numbers. Route 4, 5 will lead via HOM-RO(Ox)- (E)
to HOM-RO(Ox+2)* (B) with the same chemical formula
and parity as the autoxidation product (A) via route 1. The
structure of both species (B) is most likely different and
mass spectrometry alone would not be able to distinguish
between them. Peroxy radicals (B) can continue the autox-
idation chain 7.

If HOM-RO- (C) is isomerized by shifting an H-atom from
an HO,-group (route 8), a peroxy radical (F) is immediately
formed with one oxygen atom less than the parent peroxy
radical. This can also contribute by autoxidation to the HOM-
RO;- family with odd oxygen numbers (route 9). Similarly,
HOM-RO- (E) can form HOM-RO,- via step 10 with the
same formula as (A). Of course, each HOM-RO,- in the
scheme could be transformed into HOM-RO- and the steps
described above could be repeated as indicated by route 11.

From Fig. 8 we can recognize that alkoxy-peroxy steps can
directly compete with pure autoxidation by providing alter-
native routes to peroxy radicals of different (single alkoxy-
peroxy step) or the same oxygen parity (two alkoxy-peroxy
steps). It is also understandable that an alkoxy step can en-
able the continuation of the autoxidation process in compe-
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tition with termination when isomerization is not possible or
slow for a specific HOM-RO;- . This excursion via HOM-
RO+ will eventually form new HOM-RO;- capable of con-
tinuing the fast autoxidation processes (via hydrogen shifts in
the new HOM-RO» ). However, alkoxy formation always in-
volves a bimolecular step, which is kinetically limited by the
reactive collision rate, while intramolecular rearrangements
can exceed even the collision limit.

The scheme in Fig. 8 demonstrates that whenever an au-
toxidation step is hindered, alkoxy isomerization can step in
and provide a new higher (differently) oxygenated HOM-
RO;- and thus opens more potential reaction channels. So,
a higher degree of oxidation can be expected for HOM-
RO, and their termination products, as was indeed observed
(Fig. 7).

Besides the bimolecular reaction rates for the reactions
HOM-RO;++RO;+ and HOM-RO;- + NO, the branching
ratio into isomerization by H-shift for HOM-RO- ( fiso) de-
termines the efficiency of alkoxy-peroxy pathways in com-
petition to fragmentation. It is not unlikely that larger and
more functionalized HOM-RO-, such as those produced
by a-pinene photooxidation, tend to undergo isomerization
rather than fragmentation (Jaoui et al., 2021; Vereecken and
Peeters, 2010). By considering the fraction of C19H1502;,+1
as a measure for alkoxy steps that have taken place and
the distribution of non-fragmented and fragmented HOM
monomers as well as non-fragmented and fragmented en-
tities in HOM-ACC, we estimated the average fis, for a-
pinene to be approximately 0.5 with an estimated uncertainty
range of 0.36-0.64 (details in Sect. S6).

To ensure that reactions of HOM-RO;,+ with NO occur
with comparable reaction rates to conventional chemistry,
we calculated the rate coefficient knom—~o, for reaction R4
from the seven pairs of HOM-RO,+/HOM-NO3 that we
could observe (Sect. S6, Fig. S10). Note kgom—No, is not re-
ferring to an elementary reaction, since each stoichiometric
compound — detectable by mass spectrometry — can comprise
several structure isomers. The calculated kyom—no, for the
individual couples varied with NO, with a tendency towards
higher values at lower NO. The average of the kHom—NoO;
is 1.15(£1.0) x 10~12cm3 571, the relatively large variation
results from lumping within and across all formula com-
pounds (Fig. S10). Applying the branching into organic ni-
trates of 0.36 (Pullinen et al., 2020) we yield an average rate
coefficient of 3.2 x 107! cm3 s~! for the reaction of HOM-
RO;++ NO.

For the following comparison of the relative importance
of autoxidation and bimolecular pathways we used the val-
ues determined by us. The rate coefficient into the alkoxy
path will then amount to 0.64 x 3.2 x 10~ ¢cm? s~!. For the
branching of HOM-RO- into isomerization, we will apply
fiso =0.5 as determined by us. Furthermore, we apply a rate
coefficient for HOM-RO,++ RO, of 5 x 1072 cm3 571,
and a branching ratio into HOM-RO++ RO+ O, (Reac-
tion R7) of 0.6 (Jenkin et al., 2019). Note, we are dealing
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Figure 8. Scheme of alkoxy-peroxy pathways. Red arrows indicate autoxidation of peroxy radicals, blue arrows indicate formation of
alkoxy radicals in reactions of the peroxy radicals with other RO, or with NO, and lilac arrows indicate isomerization of alkoxy radicals with

subsequent Oy addition, where it applies.

here with mass spectrometric data, and several isomers are
possibly lumped under the same formula. The values for rate
coefficients and branching ratios we derived and chose for
the following calculations are suited for the intended plausi-
bility considerations and should be handled with care when
transferred to other systems or used for the purpose of strict
quantification.

Figure 9 compares the relative importance of autoxidation
(green dashed line), alkoxy-peroxy path (red diamonds and
pink triangles), and termination (black spheres) as a func-
tion of [OH-]ys for the reference case (Table S1, J1-J12,
Fig. 9a) and as a function of [NO,]ss for the NO, addi-
tion case (Table S2, N1-N11, Fig. 9a). For autoxidation an
average unimolecular autoxidation rate coefficient of 0.1 is
shown, which can vary a lot, indicated by a factor of 10
range shaded in green (compare Praske et al., 2018; Nie et
al., 2023). In addition, wall loss (twa = 1205s) is depicted
(black dashed line).

Termination Reactions (R2), (R3), and (R4) were consid-
ered and rate coefficients were multiplied by the according
branching ratios into alcohols / carbonlys (0.4) and organic
nitrates (0.36) and by the respective steady state concen-
trations of [ROy+]ss (model), [HO;]ss (model), and [NO]gg
(measured). For Reaction (R2) we applied the generic rate
coefficient KRO2HO2 from MCMv3.1.1, as used in the
model calculations. The contributions of Reactions (R2),
(R3), and (R4) were summed (Fig. 9, black spheres).

The alkoxy-peroxy path cannot be faster than the forma-
tion of HOM-RO-. Under the assumption that this entrance
channel is the rate limiting step, multiplication by fis, de-
termines the fraction that is recovered as HOM-RO;- with
intact C;o backbone. The rate coefficients for Reactions (R7)
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and (R8) were thus multiplied with the according branching
ratio into HOM-RO- of 0.6 and 0.64, the respective steady
state concentrations of [RO;-]ss (model) and [NO]ys (mea-
sured), and fis, for isomerization of HOM-RO-. Both contri-
butions were summed up (red diamonds). The efficiency of
the pathway with two alkoxy-peroxy steps which produces
the same formula compounds as a single autoxidation step
is calculated by taking advantage of the steady-state condi-
tions under assumption that autoxidation of the intermediate
HOM-RO,- is negligible (details are described in Sect. S6).
The triangles show the result applying our fis, =0.5, i.e.
50 % of the alkoxy radicals undergo the alkoxy-peroxy path-
way and 50 % undergo fragmentation.

For the reference case without NO, addition, autoxida-
tion is on average by far the most efficient process (Fig. 9a,
green dashed line) for all [OH-]s. The one-step alkoxy-
peroxy pathway (Fig. 9a red diamonds) is by about a factor
of five less important. Alkoxy-peroxy steps can become com-
petitive for specific HOM-RO;+ with autoxidation rate co-
efficients < 0.03s~!. The alkoxy-peroxy path is in any case
competitive compared to closed-shell formation from Reac-
tions (R3) and (R2) (Fig. 9a, black spheres). The formation
of HOMs by two subsequent alkoxy-peroxy steps is unim-
portant (Fig. 9a, pink triangles). As a result, in the reference
case HOM-RO; - were likely formed by the autoxidation sup-
ported by single alkoxy peroxy steps. The latter was shown
by the increasing fraction of C19H;505,41 peroxy radicals,
with changed oxygen parity (Fig. 3b). The dominance of au-
toxidation over termination explains also why the O/C is in-
variant with [OH]s.

In the presence of NO,, the formation of closed shell
products is increasing strongly with [NOy]ss (Fig. 9b, black
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Figure 9. First order rate coefficients (rate coefficient multiplied by the concentration of the reaction partner for bimolecular reaction or
rate coefficient for unimolecular reaction) versus steady-state [OH*]ss (a) and [NOy Iss (b). Black spheres represent the sum of termination
reactions by RO;+, HO; ¢, and NO, where it applies. For the termination rate coefficients of the reactions with RO, * and NO branching ratios
0.4 and 0.36 were taken into account. Red diamonds represent the alkoxy-peroxy path with branching ratios 0.6 and 0.64 for HOM-RO-
formation taken into account and fjg, = 0.5 for isomerization of HOM-RO* under retaining the Cg-backbone. Loss to the wall (black dotted
line) and typical autoxidation (green dotted line) with factor 10 upper and lower bands (green) are also shown in both plots. The importance
of the pathway with two alkoxy-peroxy steps in series is shown by pink triangles.

spheres) and is due to increasing HOM-NO3 formation. Ter-
mination by NO is able to compete with average autoxida-
tion. At the same time the importance of the alkoxy-peroxy
path (Fig. 9b, red diamonds) is also increasing with [NO, ]
and can compete with average autoxidation as well with ter-
mination. Even the two-step alkoxy-peroxy path can compete
with autoxidation at the highest [NO,]ss. In other words, as
[NOy ]ss increases, the importance of the alkoxy-peroxy path-
way increases and may even surpass autoxidation (via iso-
merization of HOM-RO, ) as carrier of the radical chain. As
proposed by Shen et al. (2022), in earlier work by Vereecken
and Peeters (2004), and Xu et al. (2019), the alkoxy step may
also occur very early before the autoxidation chain, e.g. for
ring opening.

It is further interesting that for the chemical systems and
rate coefficients determined and used here, with and with-
out NO, addition, termination and one-step alkoxy-peroxy
path are of about the same magnitude. Introduction of the
alkoxy-peroxy pathway thus enabled the compensation of the
increasing HOM-RO; - sink, because of increasing bimolec-
ular termination, by increasing importance of alkoxy-peroxy
steps as a source of HOM-RO,-. This is consistent with our
observations (see Fig. 6). In case of NO, addition where the
turnover was about constant the [HOM-RO; ] became rel-
atively invariant of [NO,]s. In the reference case the sink
and alkoxy source of HOM-RO;- are also about balanced
(Fig. 9a) but [HOM-RO; ] still increased (Fig. 2a) because
of increasing production of peroxy radicals by increasing
[OHJ;s.
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4 Conclusion and implications

A series of «-pinene photooxidation experiments were car-
ried out under different chemical regimes to investigate the
importance of highly oxygenated alkoxy radicals for HOM
formation. At our conditions, i.e. steady state with one hour
residence time, we observed that the major contribution to
the HOM chemistry is related to CjoH50x peroxy radi-
cals formed from H-abstraction, although OH addition to a-
pinene is its major degradation pathway and HOM chemistry
related to C1oH170x would be expected to dominate. The di-
rect observation of a higher fraction of C19H;50x compared
to CioH170x as well as the product distribution of HOM
monomers and HOM accretion products provided evidence
that C10H50x peroxy radicals act as major peroxy radicals
for HOM formation. This result is valid regardless of the
chemical regime, independently whether HOM peroxy rad-
icals react mainly with ROy+, HO5+ or NO. There are proba-
bly two reasons for this: (a) in the evolved chemical system at
steady state, H-abstraction by OH+ from primary C19H;602
products may contribute significantly to HOM chemistry, and
(b) H-abstraction from «-pinene by OH- (instead of OH- ad-
dition), leading to C19H;50x* peroxy radicals, may be a ma-
jor path to HOM, as proposed by Shen et al. (2022). Both
pathways could be of similar importance (Fig. S6), and this
would be also valid for the chemically evolved ambient at-
mosphere.

The change in parity of the oxygen number within
the CjoH50x family proved to be a good indicator of
the involvement of formation steps via isomerization of
HOM alkoxy radicals. By parity analysis, we detected
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increasing HOM-RO- formation with increasing impor-
tance of ROs++ RO>+ or RO;++ NO reactions. Increasing
RO;* + HO; - reaction showed the suppression of HOM-RO-
formation. Moreover, the corresponding change of HOMs
with C. 19 and HOM-ACC with C1;_19, which went through
fragmentation steps in their formation process, agrees with
the result of the parity analysis.

Based on our findings we provided a generic scheme that
illustrates alkoxy-peroxy pathways (Fig. 8). Alkoxy-peroxy
pathways can compete with or even outperform the autoxi-
dation at high NO, concentrations. The formation of HOM-
RO- in bimolecular reactions and its isomerization also al-
lows the oxidation chain to continue when the autoxidation
of the preceding HOM-RO;+ cannot compete with bimolec-
ular reactions. The formation of HOM-RO- opens additional
channels to achieve high O/C in atmospheric oxidation of
VOC. Even in absence of NO,, where RO;*+ RO, reac-
tions dominate single alkoxy steps may take place, in our
case if the actual autoxidation rate is about a factor of five
lower than an average autoxidation rate of 0.1 s~'. We con-
clude that in RO,+ + RO»+ and particularly in RO+ + NO
dominated regimes, HOM-RO- formation, HOM-RO- iso-
merization, and subsequent peroxy radical formation are im-
portant steps during HOM formation. Especially in NO;,
regimes with enhanced RO;+ + NO reaction, HOM-RO- for-
mation is very efficient, and it can contribute significantly
to HOM-RO» - recycling after undergoing the alkoxy-peroxy
pathway (Figs. 5a, 5f, 6).

In pristine regions, where the main bimolecular reaction
of HOM-RO;- is the reaction with HO,- , the formation of
HOM-RO- and HOM-RO;- by the alkoxy-peroxy pathway
may be less important. However, in the ambient atmosphere
the fate of peroxy radicals is also often controlled by NO,. In
highly polluted urban areas where the NO,, concentration can
be high, the formation of HOM-RO- and the higher degree
of oxidation by the alkoxy-peroxy pathway can be an impor-
tant source of HOMs. In the NO, regime, HOM-RO- for-
mation via the rate limiting bimolecular HOM-RO;+ + NO
reaction is competitive with autoxidation and can become
easily an order of magnitude faster than autoxidation steps
of ~0.01s~!. Under high NO, conditions even a two-step
alkoxy-peroxy chain can become competitive with a single
autoxidation step (Fig. 9b). Under NO, regimes enhance-
ment of O/C and the autoxidation chain via HOM-RO- can
be important for particle formation and growth. However,
this is somewhat offset by the suppression of accretion prod-
uct formation, which is the reason for the reduced new par-
ticle formation for SOA mass suppression in the presence of
NO, as often observed in laboratory experiments.

The available studies on the role of alkoxy-peroxy steps
in autoxidation are limited to bicyclic compounds (e.g. this
work, Shen et al. 2022, Nie et al. 2023), alkanes (e.g. Wang et
al. 2021), and some other molecules with specific functional-
ities. The analysis of the contribution of alkoxy-peroxy steps
in this work, however, does not rely on specific chemistry of
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a-pinene but also holds for a variety of atmospheric VOC.
Prerequisite is a backbone of a certain minimum length since
H-shift are largely determined by formation of cyclic struc-
tures in the transition states. Consideration of alkoxy-peroxy
steps enables to derive a consistent interpretation across a
wide variety of reaction conditions based solely on the reac-
tivity trends captured in generalized Structure-Activity Rela-
tionships applicable to all peroxy- and alkoxy radicals (e.g.
Jenkin et al. 2019, Vereecken and Peeters, 2009, 2010). This
forces upon us the realization that the alkoxy-peroxy step
is likely to be a general feature of many VOC autoxida-
tion chains, and that the prevalent view that autoxidation
and HOM formation is chemistry based on peroxy radicals
is highly incomplete. Indeed, the ability of H-migration in
alkoxy radicals to restart the RO« autoxidation chain makes
the autoxidation process much more resilient against bi-
molecular termination reactions, or against simply reaching
an RO,+ intermediate not amenable to autoxidation. With-
out alkoxy-peroxy steps, autoxidation chains may prove to be
rather short. This might even imply that the pristine environ-
ment, with longer RO, lifetimes but dominated by HO» « ter-
mination, could be the less favorable regime for HOM forma-
tion compared to more polluted reaction mixtures favoring
alkoxy formation in RO+ + NO, RO+, or NO3* bimolec-
ular “termination” reactions. This in turn shifts our percep-
tion in which atmospheric regimes HOM and aerosol forma-
tion through autoxidation will play its most dominant role.
Given the molecular structure of the most commonly emitted
VOC s, i.e. (bi)cyclic and unsaturated terpenoids, even bond
breaking in the alkoxy radicals may prove to be a key feature
in the atmosphere, as it enhances autoxidation by breaking
of cyclic structures hindering H-migration (see e.g. Shen et
al. 2022), for both, rings present in the VOC as well as rings
formed in e.g. the fast ring closure reactions in unsaturated
RO;- (Vereecken et al., 2021). The qualitative and quanti-
tative interpretation of experimental observations on HOM
formation and aerosols, as well as the formulation of chem-
ical mechanisms describing these processes, seems impossi-
ble without the systematic inclusion of HOM-alkoxy radical
chemistry for all relevant VOCs.
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