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Abstract. Highly oxygenated organic compounds (HOMs) from o-pinene oxidation are of great interest because 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
20 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 O»), 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 function of NOx,
OH-, and CO. HOM-RO:- are likely formed with high branching ratios in reactions of HOM-RO;- with peroxy radicals (0.6) and
25 NO (0.64) 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 significant 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
30 HOM-RO:: with increasing concentration of peroxy radicals and NO is compensated by an increasing source via the alkoxy-peroxy

pathway.

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 important than the
35 anthropogenic VOCs, accounting for about 90 % of total VOC emissions (Atkinson and Arey, 2003a; Guenther et al., 2012;
Lamarque et al., 2010). Among biogenic VOCs isoprene is the most dominant nonmethane emission, followed by a-pinene, which
is the most emitted monoterpene with about 32 Tg of C year!, contributing 34 % to the total terpene emission (Guenther et al.,

2012; Sindelarova et al., 2014). In the atmosphere a-pinene is oxidized by ozone (O3), hydroxyl radicals (OH-), and nitrate radicals
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(NO3-), producing less volatile oxidized organic compounds with varying oxygen content (Atkinson and Arey, 2003a). Assuming
40 a daytime [OH-] of about 2x10® molecules 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 denote the concentration or mixing ratio of a compound X by [X].) Although oxidation
of a-pinene with the OH- radical has been well studied, the complete oxidation mechanism has not yet been established (Aschmann,
2002; Berndt et al., 2016; Berndt, 2021; Capouet et al., 2001; Eddingsaas et al., 2012a; Ehn et al., 2017; Noziére 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
45 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 autoxidation (Bianchi et al., 2019).
It is important to disentangle HOM formation from a-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 precursors for SOA formation due to their
50 low to extremely low volatility. HOMs participate in the formation of new particles and contribute to particle growth (Ehn et al.,
2014; Jokinen 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). Therefore,
understanding HOM formation is crucial for describing the impact of secondary organic aerosols on climate and human health
55 (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 chemical process in
low-temperature combustion (Cox and Cole, 1985). However, only recently researchers have discovered 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 radicals (R1) starts with an intramolecular hydrogen shift from a C-H bond to the peroxy radical group,
60 forming a carbon-centered radical and a hydroperoxide group followed 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 carbon ratios of up to
one or even larger. HOM-RO:>: react with other reactants such as hydroperoxyl radicals (HO»-), peroxy radicals (RO>-), and NO to
form stable closed-shell multifunctional compounds. Herein the termination groups can be hydroperoxides, carbonyls, alcohols, or
organic nitrates (R2, R3a,b, R4, R4a). In addition, carbonyl compounds can be formed by a unimolecular termination reaction of

65 HOM-RO: (RS, Rissanen et al., 2014).

Peroxy radicals by autoxidation: HOM-RO,'— HOOHOM-R- — HOOHOM-RO:>* (RD)
Hydroperoxides: HOM-RO;- + HO; — HOM-ROOH + O, (R2)
Carbonyls: HOM-RO:' + R’02- - HOM-R=0 + ROH + O» (R3a)
70  Alcohols: HOM-RO;' + R’0Oz* - HOM-R-OH: + R=0 + O» (R3b)
Organic nitrates: HOM-RO;- + NO — HOM-R-ONO, (R4)
Peroxy acyl nitrates: HOM-RO;* + NO; — HOM-R-O2NO> (R4a)
Carbonyls by internal termination: HOM-RO,- — HOM-R=0 + OH- (R5)

75 In addition, many studies have observed the formation of accretion products presumably by the recombination of two peroxy
radicals via a tetroxide HOM-R-OOOO-R’-HOM (R6, Berndt et al., 2018a; Berndt et al., 2018b; Ehn et al. 2014, Hasan et al.,
2019, McFiggans et al., 2019; Pullinen et al., 2020, Valiev et al. 2019).
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Accretion products: HOM-RO>' + (HOM-)R’0O,- — HOM-ROOR’ + O> (R6)
80
As side products of reaction R6 HOM-Co-Esters can be formed from the tetroxide by elimination of formaldehyde (Perdkyla 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 (R7, R8, R9). The branching ratio of alkoxy radical formation for secondary peroxy radicals
85 is typically 60% (R7) and 70%-90% (R8) (Jenkin et al., 2019), and alkoxy intermediates play an important role in the atmospheric
degradation of VOCs (Farber 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- + R’O- + O, (R7)
90 HOM-RO;- + NO — HOM-RO- (R8)
(HOM-RO,- + HO,- — HOM-RO- + OH- + O, (R9))

All of these reactions R1 — R9 above, including accretion 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
95  the precursors (Berndt et al., 2015; Berndt et al., 2016; Berndt, 2021; Iyer et al., 2018; Iyer et al., 2019; Iyer et al., 2021; Jenkin et
al., 2019; Perikyld et al. 2023; Rissanen, 2018).
NOx 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 NOx in VOC oxidation 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.,
100 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; Eddingsaas et al., 2012a; Ng et al., 2007).
Pullinen et al. (2020) investigated the impact of increasing NOx on the HOM-RO»- chemistry for a-pinene and B-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
105 products with carbon numbers less than ten. These HOMs must have undergone a fragmentation step during their formation. The
latter points to an increasing importance of HOM-RO- with increasing NOx. A recent study demonstrated that increasing HOM-
RO- chemistry plays an important role in SOA formation and increases SOA yields (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
110 extremely low concentrations of the highly reactive alkoxy intermediates which cannot be measured directly. Their impact must
therefore be deduced from variations in the measurable product distributions in response to varying boundary conditions that favor
or reduce alkoxy radicals.
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 intermediates and products with fewer carbon atoms than the precursor (Atkinson and Arey, 2003b;
115 Vereecken and Peeters, 2009). However, Vereecken and Peeters (2010) show that especially functionalized alkoxy radicals can
also isomerize by intramolecular H-shifts, forming peroxy radicals and subsequent products while preserving the carbon backbone.

Since the alkoxy channels for HOM-RO;- lead to highly functionalized alkoxy radicals (HOM-RO-) and the likelihood of
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isomerization for alkoxy radicals can increase with the degree of substitution, isomerization can become particularly important in
the case of HOM-RO-.

120 Here we performed steady-state experiments of a-pinene oxidation by OH- radicals in the presence of varying amounts of NOx.
Increased formation of alkoxy radicals and its effect on the oxidation mechanism for non-fragmented Cio molecules will be
investigated in this work. We will take advantage of the fact that high-resolution mass spectrometry allows for the direct
observation of the product distribution at the level of chemical formula composition in the gas phase, including HOM-RO;-, the
potential precursors of HOM-RO-. We will classify C1o-HOM peroxy radicals, Cio-, and Cao- closed-shell HOMs according to their

125 number of hydrogen atoms and analyze their distribution as a function of steady-state [NOx]ss, where ss indicates that the
concentrations (mixing ratios) were observed at steady state. In addition, measurements with increasing [OH-]ss and CO addition
were carried out to perturb the chemical system and to observe the response in the mass spectrometric pattern of Cjo and C20 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.

130 2 Methods
2.1 Chamber experiments

The experiments were carried out in the Jiilich Plant Atmosphere Chamber (JPAC, Mentel et al., 2009). Recent modifications 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
135 experiments a total flow of about 30 L min™! of purified and humidified air passed through the reactor, resulting in a residence time
of about 50 minutes. The chamber was operated as a continuously stirred tank reactor with a typical mixing time of 2 minutes. The
total flow was divided approximately equally into two separate inlet lines, the first providing ozone and the second a-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 %, respectively, throughout the experiments. The reactor is equipped with two
140 different UV light sources. The first source is a UV-C lamp (Philips, TUV 40W, Amax = 254 nm). 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 photolysis frequency for ozone (j(O'D)) and the OH-
radical source. The photolysis frequency of the UV-C lamp was determined by an actinometric experiment to be 2.9 x 103 s™! for
145 areference gap of 23 cm. The second light source consists of twelve discharge lamps emitting UV-A light (Philips, TL 60W/10-
R, 60W, Amax = 365 nm) to produce NO by NO- photolysis in the NOx experiments. The photolysis frequency achieved for NO,
was 1.3 x 107 57! in the experiments described here. In addition, two discharge lamps (HQI400 W/D, Osram) are used as visible
light sources.
The o-pinene (Sigma Aldrich, 95 %) was added to one of the reactor inflows using a temperature-controlled diffusion source. NOx
150 was provided by adding a controlled flow of NO in N; to the same inflow line (Linde, 90 ppm NO in N3). 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
NOx and 15 ppb CO were always present as a background in the chamber (see Pullinen et al., 2020). To reduce NOx memory
effects in the chamber, we allowed at least one day between NO addition experiments. Supplementary control and reference

155  experiments without NOx were conducted between two NOx addition experiments. The background level of NOx was more than
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an order of magnitude smaller than the NOx added in the experiments. Since sufficient O3 was always present, background NO
was mainly converted to NO,, and thus did not significantly contribute to the NOx chemistry within the system.

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

160 Chamber experiments were performed as follows. The two flows containing a-pinene and ozone were mixed in the clean chamber.
Once steady state was reached, reference data for a-pinene ozonolysis were recorded. Subsequently, photochemical oxidation of
a-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.

In the photochemical experiments without NOx and CO addition, [OH-]ss was varied by altering the gap of the UV-C lamp and

165 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 case of experiments with CO and NOx, CO and NO were added after the a-pinene ozonolysis steady state and prior to the
activation of the UV-C lamps. For the NOx addition experiments, the UV-A lights were always on, irrespective of the addition of
NOx to the chamber. Steady state data were collected when all parameters remained (nearly) constant, typically after three
170 residence times. A typical example of a NOx experiment is given in Fig. S2.
For direct comparison of the HOM product distribution for varying NOx, we considered that NOx can affect [HOM] indirectly 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 (4-7-107 cm™) by accordingly adjusting the concentration of Oj to the varied NO
levels. We also conducted the experiments at as low as possible a-pinene concentrations to largely suppress new particle formation.
175 However, at lower [NOx]ss (and the highest [OH-] in the reference experiments) particle formation could not be fully suppressed.

The experimental conditions at steady state are given in Table S1.

2.2 Instrumentation

JPAC was equipped with various instruments for gas-phase measurements. The concentration of a-pinene, [a-pinene], was
monitored by gas chromatography mass spectrometry (GC-MS, Agilent GC/MSD system with HP6890 GC and 5973 MSD) and
180 Dby proton-transfer-reaction mass spectrometry (HR-PTR-MS, Ionicon, Innsbruck, Austria). Prior to each NOx experiment, the
instruments were calibrated by switching them to a diffusion source with known a-pinene output. [O3] was measured by an ozone
monitor (UV absorption, Thermo, Environmental 49). [NO] and [NO:] were monitored by NO chemiluminescence (Eco Physics,
CLD 770 AL ppt, photolytic converter Eco Physics, PLC 760). Calibration of the NOx chemiluminescence detector was made by
switching the device to air with known NO and NO, concentration. Water vapor was measured with a dew point mirror (TP-2,
185 Walz).
HOMs were measured by a chemical ionization atmospheric 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 device 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-centimeter-long tube with an internal diameter of %”. The inlet was operated with a sheath
190  air flow 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 produced by exposing HNOj3 contained in the sheath air flow to alpha radiation
from a 10 MBq %*' Am source. Nitrate ions are commonly used to study HOMs due to strong cluster formation 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).
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195 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 detection limits were 2-5-10 ncps in
the reference experiments (Table S1, J1-J12) and 5-107-1-10- ncps in the NOx experiments (Table S2, N1-N11), determined by
the noise of the background for several m/z.

200 As shown by previous quantum mechanical calculations, HOMs with more than six oxygen atoms are detected with comparable
sensitivity by NO3-CI-API-TOF (Hyttinen et al., 2017). Currently, absolute calibration for HOMs does not exist; therefore the
sensitivity towards sulfuric acid of 3.7(x1.2)-10'® molecules cm™ ncps™' was determined and applied to convert the MS signal to a
concentration (see Pullinen et al. 2020).

Data processing and peak identification was achieved using the program Tofware v2.5.11 (Tofwerk AG / Aerodyne Inc.) in Igor

205 Pro (WaveMetrics Inc.). We identified about 700 compounds in the NOx experiments and about 350 compounds in the no-NOx
experiments.

In the analysis here we focused on the subset of Cio and Cy compounds (monomers and accretion products), and on the sum of
compounds with Cs - Cy and Cy; - Cyo. Since these latter two groups must have undergone a fragmentation step in their formation,
we denote Cs - Cy9 compounds as fragmented monomers or fragmented HOM-RO»-, where it applies, and Ci; - Ci9 compounds as

210 fragmented accretion products. The Cio and Cy compounds we denote accordingly as non-fragmented monomers, HOM-RO>:,
and accretion products.

For direct intercomparison of the experiments with respect to the impact of NOx on HOM peroxy radical chemistry specifically,
remaining dependencies on OH- and on condensation to new formed particles were eliminated by normalizing the HOM signal to
a particle-free condition and to a reference turnover at a reference [OH-]ss in the absence of NOx. The correction procedure is

215  described in Section 2 of the Supplement. By using the experiments wherein we varied [OH-]ss, also presented here, we re-evaluated
the dependence of the HOM production on the a-pinene turnover and achieved a nearly quadratic power law dependency (Fig. S3).
As reference turnover we chose 6.7-107 cm™ s!, representing 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 between 1 and

220 1.25 in the NOx 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 NOx concentration (N11), where it reached 0.31. The combined correction factors in N1 — 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
225 experiments. For that we performed box model calculations adapting the gas-phase mechanism for a-pinene from MCMv3.3.1
(Saunders et al., 2003, https://mcm.york.ac.uk/MCM/) to the boundary and initial conditions of JPAC (Supplement section 3). In
order to assess the model performance, we compared the model output to the measured [a-pinene]ss, [O3]ss, and [OH]ss, as well as

to [NO]ss and [NO»]ss where applicable (Fig. S4).

2.4 Generic mechanistic framework for HOM formation

230 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 Chemical Mechanism (Saunders
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et al., 2003) under consideration of recent developments (Berndt et al., 2018a; Berndt et al., 2018b; Jenkin et al., 2018; Jenkin et
al., 2019).
For about 90 non-fragmented Cjo- and Cy-compounds we used the number of hydrogen and oxygen atoms to rationalize the
235 mechanism of their formation in a-pinene photooxidation. In addition, we considered two sums of HOMs with Cs - Cg and Cy; -
Ci9 as indicator for fragmentation steps via alkoxy radicals.
To classify the mass spectrometric derived formulas of the Cjo and Czo 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, differing only in the number of
oxygen atoms. For example, all the molecules with 10 carbon and 14 hydrogen atoms will be referred to as CioHi4Ox family,
240 independently of the number of oxygen atoms. This is an obvious choice if one thinks of autoxidation chains, which start from a
given peroxy radical 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 a-pinene is expected to produce CioHi7Ox and CioH50x as major HOM-RO>- families. The CioH170x family
is initiated by the dominant addition of OH- to the a-pinene double bond, and by addition of OH- to a-pinene under opening of the
245  4-membered ring (Berndt et al., 2016; Lee et al., 2023; Piletic and Kleindienst et al., 2022; Vereecken et al., 2004; Xu et al., 2019).
The CioHi50x family, on the other hand, arises from H-abstraction, either from a-pinene itself (Shen et al., 2022) or from first
generation products like pinonaldehyde. CioHi5sOx is also formed via the vinylhydroperoxide pathway in a-pinene ozonolysis
(Johnson and Marston, 2008, Rissanen et al, 2014; Mentel et al., 2015). The CioHi50x family can be terminated to closed shell
products C1oH140x and CioH160x as carbonyl and alcohol products from the disproportionation reaction R3. In addition, Cio0H140x
250 can be formed from C;oH;50x by ring closure reaction (Vereecken et al., 2007) or unimolecular termination reaction (R5, Rissanen
et al. 2014).
While CioH14O0x products are uniquely related to the CioHisOx peroxy radical family, three CioHisOx pathways can contribute to
CioH160x products. The reaction of CioHisOx+1 peroxy radicals with other RO, can produce alcohols (CioHi6Ox; R3b), and
CioH150x can react with hydroperoxyl radicals, (R2) resulting in the hydroperoxide CioHisOx. Moreover, CioH17Ox+1 peroxy
255 radicals can also undergo disproportionation reactions R3 and produce CioHis0x carbonyl compounds (R3a). Therefore, the
CioH160x family has contributions from both radical families, which complicates the analysis.
For the CioH30x family, it is again simpler to relate the products to precursor peroxy radicals since CioH1sOx can only be produced
as alcohol (R3b) or hydroperoxide (R2) from CioH170x+1 or C1oH170x+1 peroxy radicals, respectively. As described above, with
the exception of CjoH140x, which must be carbonyls, one cannot conclude from the hydrogen number alone which functional
260 group was formed by the termination reaction.
If NOx is part of the reaction system, CioH;sOx and CioH170x can form organic nitrates (HOM-NOs3) via R4. In case of HOM
compounds containing a single N-atom, their hydrogen number is odd, CioHisNOx or CioH17NOx, and directly relates to the
precursor peroxy radical family.
In general, one can expect HOMs to have multi-functionality besides the termination group due to their formation process by
265 autoxidation. Still, classifying Cio and Cao molecules by family may help to understand which HOM-RO,- were involved in their
formation, especially in case of CioHi40x, C10HisOx and HOM-NOj3, which are exclusively produced by CioHi50x and CioH170x,
respectively.
In case of high [RO,"], or in presence of sufficient amounts of [NO] and potentially also with HO,-, HOM-RO, can form alkoxy
radicals, HOM-RO- (R7, R8, R9). This is of interest for HOM formation, as also HOM-RO- may undergo isomerization under
270 retaining the carbon backbone, in addition to fragmentation by bond scission. (The H-abstraction by O; is typically unimportant

for larger organic molecules and will be neglected here (Atkinson, 2007).) HOM-RO;- (A) (Fig. 1) can undergo H-shift and proceed
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by autoxidation R1, or, as schematically sketched in Figure 1, can undergo bimolecular 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 parity 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, such as the functional groups adjacent to the alkoxy
radical, or the span and substitutions for available hydrogen migration (Vereecken et al. 2010). However, as we will show,
isomerization can become dominant in cases of large, highly functionalized molecules, such as a-pinene derived HOM-RO-

radicals.
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Figure 1: Schematic sketch of the alkoxy-peroxy pathways ABCD and ABE, considering fast isomerization of the alkoxy
radical (B) by H-shift from a C-H bond, or by H-shift from a HOz- 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.

For the H-abstraction channel, Shen et al. (2022) showed that the first generation peroxy radical, which can undergo autoxidation,
has the molecular formula CioH;50s4. In secondary oxidation channels, the OH- radical abstracts a hydrogen atom from a first-
generation product with formula CioHi602, such as pinonaldehyde, and fast O, addition to the alkyl radical site results also in
compounds with the formula CioH;504. By autoxidation of these peroxy radicals we expect families with the general formula
Ci0H1502,, i.e., HOM-RO;' with even oxygen parity. However, if a HOM-RO- step is involved and the HOM-RO- undergoes
isomerization, the oxygen parity in the radical chain changes from even to odd with the general family formula C10H15020+1.

In case of OH addition to the endocyclic double bond of a-pinene or by addition under four-membered ring opening (Vereecken

et al., 2004, 2007; Xu et al., 2019), the first-generation peroxy radical is CioHi703, and a HOM-RO>- family is produced by
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autoxidation with odd oxygen parity and the general formula CioH;7024+1. An alkoxy step will change parity of the oxygen number
300 of this HOM-RO;- family from odd to even, with a general formula of CioH;702,.
Since two steps of alkoxy radical formation will reverse the oxygen number parity again, we are not able to distinguish between
HOM-RO:> which did not undergo alkoxy radical formation, versus those which underwent two alkoxy steps. Nevertheless, oxygen
number parity is useful information 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
305 in cases where the autoxidation of the parent peroxy radical itself is non-efficient or cannot compete with bimolecular reactions
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
310 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 a-pinene turnover, as well as the families of closed shell
products, non-fragmented Cip-monomers (Fig. 2a), non-fragmented Cy accretion products (Fig. 2¢), and the sums of fragmented
monomers and accretion products (Fig. 2d). The turnover represents the primary production of peroxy radicals and is calculated as
kon'[OH-]ss [0-pinene]ss, where ‘ss’ stands for steady state. Individual original data of all Cjo and C2o HOMs are documented in

315 Figure S5. The first two points at low turnover result from the dark ozonolysis phase without photolyzing ozone for OH- radical
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 pathway (Johnson and Martson, 2008; Paulson et al., 1998). Since we did not scavenge
the dark OH-, the oxidation of o-pinene in the dark is characterized by about 60% ozonolysis and about 40% of reaction with OH-
radicals.

320 Figure 2a shows the particle corrected signal in ncps of the CioH;5Ox family (black circles) and CioHi7010 (blue squares) plotted
against turnover. In the ozonolysis phase, C1oHsOx turned out as the major peroxy radical family, as expected. Although 40% of
the a-pinene oxidation is contributed by OH- radicals, we could detect only one member of the C;oH;70x peroxy radical family
(C1oH17010) with low signal. All other CioH;70x radicals were below the detection limit (36) of about 2-5-10"° ncps. More
surprisingly, Ci0H150x remains the major peroxy radical family even when oxidation by OH- contributes to more than 90%, i.e.,

325  for kon [OH-]ss[a-pinene]ss > 4:107 cm™ s7. CoH7010 remains the only detectable member of the C1oH;70x HOM-RO,- family.
This result is unexpected since the OH- addition reaction at the double bond or under opening of the four-membered-ring leading
to CioH170x peroxy radicals accounts for about 90 % of the a-pinene oxidation by OH- radicals.

Figure 2b shows that the CioH14Ox family (black circles) has about a factor of four higher signal than the CioHisOx family (orange
crosses). This means that products formed exclusively by CioHis0x HOM-RO,- show distinctively higher signals than products

330 that solely originate from CioHi7Ox HOM-RO;-. Compounds with the formula C;oHisOx can arise from both radical families,
therefore a contribution of CoH;70x HOM-RO;- to CioHs0x via R3a cannot be excluded. However, this contribution must be

small, as can be deduced from the following considerations.
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Figure 2: Signal of HOM peroxy radicals, non-fragmented monomer and accretion product families, as well as the sums of
fragmented families versus turnover. All signals have been particle corrected. (a) C1o -HOM-RO2- (C10H150x: black circles,
C10H170x: blue squares) (b) Cio closed-shell HOM-families. (C10H14Ox: black circles, C1o0H160x: blue squares, C10HisOx:
orange crosses) (¢) C20 Accretion products (C20H300x: black circles, C20H320x: blue squares, C20H34Ox: orange crosses) (d)
sums of fragmented monomers Cs — Cy (black circles) and fragmented accretion products Ci1 to Ci9 (blue squares).
Standard deviations (1o) for averaging over the steady state interval are shown, whenever larger than symbol size.

The large increase in C1oHi6Ox is dominated by CioH1607, which accounts for 57% of the family at the largest turnover point.
C1oH1607 can be formed from CioHi70s by R3a or R5. Assuming a [CioH7Os]ss at the detection limit (=1-10° ¢m™), taking an
[RO>-]ss of about 7-10° cm™ from the model calculation, and applying a rate coefficient krooroz = 5:107'2 cm? s°! (estimated by us
based on Table 10 in Jenkin et al. 2019), we calculate a production rate of C1oH1607 by R3a of about 3500 cm™ s!. Assuming that
the lifetime of 120 s due to wall loss, as determined for C10H1607, is also valid for the precursor peroxy radical, and that the wall
loss is the major sink of CioH;s07, we can calculate an upper limit of the expected steady-state concentration of 4.2:10° cm™ for
Ci0H1607 contributed by the CioHi70s carbonyl channel (R3a). In addition, internal termination RS with an intramolecular rate

coefficient of about 0.01 s! can contribute another 6x10° cm™ of Ci9H1607. Consistent with this estimation we observe about the

10
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same concentration of 1.1:10° cm™ of CjoH;sO7, which can be the corresponding alcohol (R3b) or a hydroperoxide (R2). The

350 concentration of the latter is estimated to be only minor with 2:10* cm™ because of low [HO] ([HO2-]ss = 8-107 cm™, kroznoz =
2-10" cm3 s7!, wall loss coefficient 1/120 s! = 0.0083 s™!). This means that formation of C1oH;6Ox from CjoH;70x precursors is
low and contributes only a few percent to the observed signal of the CioH1s0x family. From this low contribution and from the
overall much higher signals of Ci0Hi4Ox-HOMs compared to CioHi1sOx HOMs, we conclude that a-pinene HOM chemistry must
be dominated by CioH150x radical chemistry, with minor contributions from CioHi70x.

355 Observations of the accretion products support that the CioHs0x HOM peroxy radical family is the major player in photochemical
HOM formation initiated by OH-. C20H30Ox (formed from the recombination of two CioHi5Ox peroxy radicals) and CH3,0x
(formed from one CioH;50x and one CioH70x peroxy radical) show the highest signals among Cs accretion products, and both
contain CoH;50x contributions (Fig. 2¢). The C2H340x accretion product family (formed by the recombination of two CioHi70x
peroxy radicals) has the lowest abundance, which supports that CioH170x cannot be the major HOM peroxy radical family. On the

360 other hand, the C2H3,Ox family shows a relatively high contribution, which indicates the importance of CioH170x peroxy radicals
in accretion product formation, despite the low importance of the HOM-C;0H;70x and related HOM monomers. This supports that
HOM-ACC can also be formed by HOM-RO:- + RO;-, for example also with CjoH;703- (Berndt et al., 2018a; McFiggans et al.,
2019; Pullinen et al. 2020). In conventional a-pinene chemistry CioH703 radicals dominate RO, by far and therefore the high
relative abundance of CioH3,0x is understandable.

365 Our observation of the dominance of the CioHi50x peroxy radical family in HOM formation by OH- is in contrast to the frequently
reported CioH170x 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 CoH;50x is unexpected as OH- addition represents the major pathways in
a-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 CoH;70x peroxy radical family,

370 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 a recent study by Shen et al. (2022) and secondly to the style of our
experiments. Shen et al. (2022) demonstrate that hydrogen abstraction from a-pinene by OH- can be an important source of HOMs
in a-pinene photooxidation. This minor initiation pathway, with an estimated branching ratio of approximately 10%, effectively
produces the CioH;50x peroxy radical family via two alkoxy steps. These steps involve breaking the six-membered ring and the

375 four-membered ring of a-pinene. After ring breaking, autoxidation can become very fast. Note that HOMs are minor products in
OH- oxidation (and ozonolysis) with molecular yields of a few percent. Therefore, minor yet efficient pathways can easily dominate
HOM formation. As proposed by Shen et al. (2022), H-abstraction from a-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-

380 concentrations of several times 107 cm™. Under these conditions, secondary oxidation can become an important pathway for the
formation of C1oH;5Ox radicals, too, as hydrogen abstraction from first-generation oxidation products with 16 hydrogen atoms, e.g.
pinonaldehyde, will also produce CioH;50x peroxy radicals. Note that the formation of second-generation compounds via OH-,
such as pinonaldehyde, involves also at least one alkoxy step.

Given that our experiments presented here always started with ozonolysis, thereby introducing pinonaldehyde into the system, we

385 currently cannot distinguish whether H-abstraction or secondary oxidation is the major channel for the CioHi50x chemistry in our
system. Estimates from steady-state concentrations of a-pinene, pinonaldehyde (model result), and OH- indicate that both H-
abstraction and secondary oxidation could be important and could contribute with similar fractions to CioH;50x related chemistry

(Fig. S6). It seems that under conditions of our experiments CioH;50x related chemistry is more efficient in HOM formation than

11
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CioH170x related chemistry. It seems even to outcompete the pathway induced by OH addition under opening of the four-membered
390 ring (Berndt et al., 2016; Xu et al., 2019,), which contributes also about 10% to the a-pinene turnover (Fig. S6, grey spheres).
The formation of fragmented monomers and accretion products are also indicators for alkoxy radical formation, since
fragmentation is an important pathway of alkoxy radicals. Figure 2d indicates, that the abundance of fragmented compounds indeed
increases over-proportional with increasing [OH-]s. This is in accordance with an increasing importance of alkoxy steps with

increasing [OH-]ss.

395 3.2 Experimental evidence for the importance of HOM-RO- formation
3.2.1 Effect of increasing oxidation by OH

In Figure 3 we show the particle corrected signal of all CioH;sOx (black circles) as a function of the turnover, along with the
contributions of C10H;502, with even oxygen numbers (red crosses) and CioH1502q+1 with odd oxygen numbers (blue squares) (Fig.
3a), as well as the fractions C10Hi502:/C1oH150x (red) and C1oH15024+1/C10H150x (blue) (Fig. 3b). The individual contributors to

400 CioH1502, and CioH 5024+1 are shown in Figures 3¢ and 3d. The data in Figures 3¢ and 3d have been normalized 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 Ci9oH;50:, radicals exhibits a high signal during the ozonolysis phase, which dropped with increasing oxidation by
OH:. However, when oxidation by OH- dominates at kou:[OH-]ss[a-pinene]ss > 4:107 cm™ s!, CjoH;502, remains at a consistent
level (Fig. 3a). In contrast, CioH5O2+1 shows an increasing signal with turnover (Fig. 3a), resulting in a continuous increase in the

405  CioHi5020+1 fraction (Fig. 3b). Consequently, the C1oH1502n+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 individual family members. As turnover with OH- increases, CioH;507 and
Ci0H1509 become the dominant HOM-RO,- (Fig. S5), shaping the overall trend of CioH1502q+1 in Figure 3c. On the other hand,
CioH150s and C10H15010 peroxy radicals are dominant in the ozonolysis phase in absolute terms (Fig. S5) and determine the overall

410 trend of C19oHi502, (Fig. 3d). Since C1oH150g and C19Hi501¢ strongly decrease and become nearly constant with increasing turnover,
while CioH1507 and C10H1509 strongly increase, one can observe the large fraction of C10Hi5024+1 at higher turnovers (Fig. 3b).
We performed shape analysis for C1oHi7Ox and the observed members of the CioHisOx family, which can be solely formed via
OH oxidation (Fig. S7). Comparison to the behavior of the CioH 502441 family (Fig. 3c) confirms that the CioHi502+1 family
mainly results from OH oxidation.

415 It is noteworthy that C;oH;50s, for which we observed the lowest absolute signals, shows a deviating shape (blue triangles in Fig.
3d) that resembles the behavior of the C19H1502q+1 peroxy radical group (Fig. 3d) and the OH initialized CioHsOx family in Figure
S7. Different from C;oHi50s and CioHi5010, formation of CioH5Os is obviously exclusively initialized by OH- oxidation. This
observation is consistent with the HOM pathways in a-pinene ozonolysis proposed by Iyer et al. (2021) and confirmed by Meder
et al. (2023, 2025), wherein C;oH ;505 is a key species whereas CioH150¢ is unimportant.

420 In terms of our generic framework detailed in the Methods Section 2.4, the increased fraction of CioHi5O20+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 (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 reaction steps of HOM-RO,- + RO;- are less likely to occur than a

425 single step, since [RO»- | increases cum grano salis linearly with the OH- turnover. The chance for a HOM-RO,- produced via 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

12
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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 means that a certain fraction of the alkoxy steps - about 10% - are hidden, as two steps do not result in an oxygen parity change.

430  With respect to the CioH;70x family, only one member, namely CioH17010, has been detected by our measurements. This falls into

the C10H17024 group, where one step of alkoxy radical formation would be needed if the autoxidation starts from Ci10H170s, as

proposed by Xu et al. (2019).
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435 Figure 3: C1oH1s0x peroxy radicals as a function for a-pinene turnover by OH-. (a) Signal of the sum of C10H150x (black
circles), C10H150zn (blue squares), C10H15Oz2n+1 (red crosses) as a function of turnover. (b) The fraction of C10H150zn (red)
and C10Hi502n+1 (blue) as a function of turnover. (c), (d) Sum of C10H1502n+1, or C10H1502n and respective individual peroxy
radical signals, normalized 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

440 guidance of the eyes only.
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On the other hand, the group of CioH 502, peroxy radicals starts at a high level in the ozonolysis phase and decreases as the fraction
of oxidation by OH- increases. However, it always remains important at a nearly constant level despite of decreasing [Os]ss due to
increased j(O1D) for increasing OH production (Table S1). From the constancy of [CioH;502q] despite of decreasing [Os] at

turnovers above ~4-107 cm™ s’!

, we conclude that autoxidation initialized by OH- oxidation without alkoxy steps (or with two
445  alkoxy steps) must be a pathway to CioH5Os,10 peroxy radicals besides ozonolysis.
This observation, in conjunction with the deviating behavior of CioH;50s, could indicate that alkoxy radical isomerization and,
consequently, the parity changes to CioH;502, occur preferably for peroxy radicals that have more than six oxygen atoms, in line
with Vereecken’s et al. (2009, 2010) finding that functionalization supports alkoxy isomerization. In other words, CioH;504
undergoes one or two oxygen addition steps, producing CioHi5Os3s peroxy radicals. These peroxy radicals can subsequently
450 undergo autoxidation, including an alkoxy-peroxy step to produce CioHi5s079, which are the major peroxy radicals in the OH-
oxidation phase. However, further studies are necessary to elucidate the explicit formation mechanism of CioHi50s and other
peroxy radicals.
In summary, the parity of the oxygen number in the peroxy 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
455  of all CioHi502:+1 members and the CioH;50¢ peroxy radical was initialized by OH- oxidation. CioH;502, family members, except
the C10H150¢ peroxy radical, are the major peroxy radicals from ozonolysis reactions. Parity shift and importance of alkoxy steps
in ozonolysis are small, since [RO»]ss 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).

460 3.2.2 Effect of CO on formation of HOM-RO-

Carbon monoxide (CO) was added to the photooxidation system of a-pinene to investigate the alkoxy radical formation in a
chemical regime where HOM-RO,- + HO;" reactions are more important than HOM-RO,- + RO reactions. In HOM-RO," + HO»
reactions, HOM-ROOH is essentially formed by H transfer (R2). The branching into alkoxy radicals (R9) is small (see Jenkin et
al., 2019), therefore effects of alkoxy radicals should be suppressed in presence of CO.

465 Here, we are comparing two steady states with and without CO addition at a comparable kon:[OH-]ss[a-pinene]ss of 6-7-107 cm™
s The added CO reacted with OH- radicals and produced HO," radicals. From our model calculations for the system with [CO]ss
=~ 5 ppm we obtained [HO»]ss = 2.8:10° cm™ and [ROy']ss = 1.4:10° cm™ (C1 in Table S3). This compares to [HO» ]ss = 5-107 cm™
and [RO»]ss = 5:10° 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 magnitude faster than the permutation reactions between

470 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 [CioHi50x"]ss by about a factor of two. Our focus here is the
effect of [HO»]ss on the alkoxy radical formation. As indicators we use again the parity of CioHisOx peroxy radicals and the
fraction of decomposition products. As shown in Figure 4a, CioH5024+1 peroxy radicals with odd oxygen numbers account for 70

475 percent of the whole CioH;sOx family in the reference experiment without CO addition, where HOM-RO-+ RO;- reactions
dominate (compare Figure 3b). In the presence of CO, the fraction of CioHi50x+1 decreases to 20 percent whereas CioHi5024
accounts for 80% of the total C1oH1sOx family. As described before, C1oH1502q peroxy radicals result from straight autoxidation
of the initial peroxy radicals, CioH;504, while C1oH;502n+1 peroxy radicals mainly experienced one alkoxy step during their

formation. Therefore, suppression of C19Hi502q+1 in the presence of high CO must be the result of the suppression in alkoxy radical

14
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480 formation in the chemical regime, where HOM-RO;- + HO,- dominates. As for conventional peroxy radical chemistry, also for
HOM-RO:>: the production of HOM-RO- from reactions of HOM-RO,- with HO»- (R9) is obviously much less efficient than HOM-
ROOH formation (R2).
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Figure 4: Impact of enhanced [HO2:]ss on oxygen parity of C1oH1sO0x radicals and on fragmented products. (a) The fraction

485 of C10H1502q (black) and CioH1502s+1(red) for the cases without and with CO addition. (b) Fraction of fragmented
monomers (Cs.9, blue) and C1o monomers (mint). (¢) Fraction of fragmented accretion products (yellow) and Czo accretion
products (magenta). Error bars are calculated by error propagation based on the standard deviations for averaging over
the steady state intervals.

The suppression of alkoxy steps can also be detected in the reduction of signals for compounds that underwent a fragmentation
490 step during their formation (“fragmented compounds”). We summed up the signals Cs.o-HOM monomers and Cii.;o--HOM
accretion products with as an indicator for fragmentation and thus for the potential influence of alkoxy radical formation, shown
in Figure 4b and 4c, 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»* + ROy' reactions in the CO
495 experiment resulted in a clear suppression in the abundance of HOM-RO,- radicals as well as fragmented compounds related to
alkoxy steps. This suggests that alkoxy-peroxy steps must play an important role in chemical regimes where HOM-RO;- + RO»-
reactions are dominant. This includes those observed in our chamber experiments, where the concentration 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
500 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 NOx on formation of HOM-RO-

HOM peroxy radicals react with NO or NO, forming organic nitrates (R4) and peroxy acyl nitrates (R4a) as stable closed-shell
505 products. HOM that are organic nitrates (HOM-NO3) are mechanistically of diagnostic value, since the number of hydrogens in

Ci10HsNOx does not change compared to the precursor peroxy radical CioHi5Ox.1. However, for this study the most interesting

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,' + 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
510 changes of the parity of the oxygen numbers for CioH15s0x peroxy radicals in the presence of NOx.
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Figure 5: C10HisOx peroxy radicals as a function of the steady state NOx concentration. (a) Particle and turnover corrected
signal of the sum of the C10H1s0x peroxy radicals and their average over all [NOx]ss (black) and the summed signals of
C10H1502n (red) and CioHi1502n+1 (blue). (b) The fractions of C10Hi502n (red) and C10Hi502n+1 (blue). (c), (d): Contribution

515

of the individual members to the fractions of C10Hi502n+1 and of C10H15O2n. (e), (f): Signal of the individual family members,

normalized by the Frobenius norm to highlight typical shapes as a function of increasing [NOx). Also shown is the sum of
the family members (black). The abundance of less oxidized C10H15079 decreases with increasing [NOx] (e), while that of
more oxidized Ci10H15010-12 first increases and then remains at a high level with increasing [NOx] (f). C10H16Ox (right
pointing golden triangles) shows more similarity to the higher oxidized peroxy radicals. Errors are calculated by error

520

propagation based on the standard deviations for averaging over the steady state intervals. The data in the range of 5 -10

ppb NOx vary since similar [NO] in the system can be achieved through various combinations of NO source strength and

Os input.
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In Figure 5, we show the effect of increasing [NOx]s on the HOM peroxy radical distribution with the purpose of elucidating the
importance of alkoxy-peroxy steps in the oxidation chain, indicated by the parity change of the oxygen number in the HOM-RO>-.
525 The data in Figure 5a are corrected to a reference state without particles and a turnover of 6.7-107 cm™ s°!, which was the highest
turnover rate observed in the OH- variation experiments (for details, see Suppl. Section 2 and Pullinen et al. 2020). For the case
without NOx addition, we observe similar fractions of Ci9H1502q+1 and C1oH 502, (Fig. 5b) as for the highest turnover in the OH-
variation experiment (Fig. 3b). Due to the OH- turnover of =1.5-10% cm™ s°! chosen in the experimental series, we start already
with a substantial fraction of CioHi502q+1 (=0.8) without NOx addition. The large fraction of CioHi5O2n+1 reflects the importance
530 of alkoxy-peroxy steps, which are already caused by high RO»- concentrations, as discussed before. With increasing NOx, the
fraction of C1oHi502+1 decreased while the fraction with an even number of oxygen atoms, CioHi502,, increased. We explain this
observation by the fact that the high concentrations 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 formation, leading to a dominance of odd
oxygen numbers. The changes with NOx in Figure 5b would then reflect the probability of encountering a second alkoxy-peroxy
535  step, producing even oxygen numbers. In other words, within the residence time in our chamber C1oH1502, peroxy radicals undergo
one alkoxy-peroxy step already in the absence of NOx and tend to undergo a second alkoxy-peroxy steps when [NOx] increases.
Two alkoxy-peroxy steps result eventually in an increasing fraction of CioH502, peroxy radicals.
The increasing HOM-RO- production with increasing [NOx]ss was confirmed by the increased fraction of fragmented HOM
monomers (Cs.9), which involve alkoxy decomposition in their formation process (Figure S8a). Fragmented HOM accretion
540 products (Cii-19) decreased with [NOx]ss like C20-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 member as a function of [NOx]ss for both oxygen parities (Fig. 5S¢ and 5d).
CioHi502, is essentially determined by CioHi5019 with minor contributions from the other three family members with different
patterns (Fig. 5d), while CioH5O2,+1 has three significant contributions with varying patterns (Fig. 5¢). Figures 5e and 5f highlight
545  the typical shapes for the function signal versus [NOx]ss by dividing the signals by their Frobenius norm and grouping the CioH50x
peroxy radicals by oxygen number. The less oxidized peroxy radicals C1oH50739 strongly decrease with [NOx]ss (Fig. Se), while
the more oxidized CioHi5010,11,12 peroxy radicals strongly increase with [NOx]ss at low [NOx]ss and level off remaining high at
high [NOx]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 reaction with NO may compete with moderate fast autoxidation (see forthcoming Fig. 9b), but the
550 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 O2 molecules,
which can be arbitrarily fast, but is strictly limited to molecular configurations that are structurally and energetically suitable. The
555 formation of HOM-RO- is a bimolecular process, which is limited by the maximum number of reactive collisions. However,
because alkoxy radicals are highly reactive, once formed they may have more options for unimolecular isomerization reactions
than peroxy radicals with similar structures. Thus, it is possible that HOM-RO- extent the oxidation chain whenever direct
autoxidation cannot compete with bimolecular alkoxy formation and bimolecular termination reactions. If a peroxy radical is then
re-generated by rearrangement of HOM-RO- (and O, addition), the autoxidation process can continue from there until an alkoxy
560 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,]ss to

the sum of conventional Ci0-RO>" as a function of [NOx]s. As shown before the CioH;50x signal remained high and was almost
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independent of NOx after correction for particle formation and OH- turnover (Fig. 5a, black circles). Directly observed data for the
sum of all C;o-HOM-RO,- without turnover corrections are shown in Figure 6. The C1o-HOM-RO,- show an increase with [NOx]ss
565 up to 15 ppb and then a decrease with increasing [NOx]ss (Fig. 6, spheres). The maximum is related to the maximum in [OH-]s, as
indicated by the color code and is the result of NOx controlling the HOx cycle. At lower [NOx]ss, [OH"]ss increases due to the
reaction of NO + HO»- and decreases due to the reaction of NO> + OH- producing HNOj at higher [NOx] (Ehhalt, 1999). (This
effect was removed in Figure 5 by correcting for a-pinene turnover (Sarrafzadeh et al., 2016; Pullinen et al., 2020)). However, at
the highest [NOx]s, the HOM-RO>- signal does not decrease completely, but still remains as high as in the no-NOx reference case.

570  As can be seen from the color code, this is the case even though [OH-] is much lower than in the no-NOx reference case.
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Figure 6: Comparison of the dependence on [NOx]|ss for observed Cio-HOM-RO:- signal (spheres, left axis) and for
modelled concentration of conventional C10-ROz (squares, right axis), which is a fraction of the peroxy radical sum termed
“RO2” in MCMv3.1.2. The color code indicates the actual [OH-]ss with a maximum of 6.9-10” cm™ at about 15 ppb [NOx]ss.

575 While the concentration of conventional, less oxygenated C10-RO:z* drops quickly with [NOx]ss because of the strong sink
provided by reaction with NO, the [C10-HOM-RO2] remains at a significant level even at the highest [NOx]ss. The triangles
show the signal of the subset of CioH17Ox HOM-peroxy radicals (left axis) which remain also high at high [NOx]s. Errors
for the experimental data are calculated by error propagation based on the standard deviations for averaging over the
steady state intervals.

580 The fact that the Cio-HOM-RO,- signal remains at a substantial level at high [NOx]ss is in contrast to the results to our model
calculations for the sum of conventional Cio-RO,". This sum decreases rapidly with increasing [NOx]ss despite the intermediate
increase in [OH]ss (Fig. 6, squares). The master chemical mechanism applied in the model calculation does neither allow for
autoxidation of peroxy radicals nor for isomerization of alkoxy radicals, only for their fragmentation. (Note, the concentration of
HOM-RO:: is less affected by increasing [NOx] compared to conventional RO, since the autoxidation of specific peroxy radicals

585 s still able to compete with bimolecular termination by NO.) As a consequence, the increasing formation of RO- and its
fragmentation with increasing [NOx]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 efficient source for HOM-
ROy, which is not implemented in MCMv3.3.1, and compensates for the loss. Our findings suggest that isomerization of HOM-
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RO- radicals produced from HOM-RO»- + NO plays a key role in maintaining HOM-RO>- at high [NOx]ss. Indeed, HOM-RO-
590 appear to rearrange by H-shift and add O, as proposed by Vereecken et al. (2010) and sketched in Figure 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 [NO], HOM yield and peroxy radical (Ci0Hi707) yield were only suppressed by a factor of two

(compare to our CioHi7Ox in Fig. 6, triangles). This demonstrates that HOM-RO:- is also recycled to HOM-RO,* under conditions
595  other than in our experiments. The alkoxy-peroxy pathway may be an important process in urban atmospheres, where the VOC to

NOx ratio is often low due to the presence of high NOx concentrations.

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

We showed that higher oxygenated HOM-RO," substantially gained importance with increasing [NOx]ss and remained at high
levels at high NOx mixing ratios (Fig. 5f, black circles). In the following we investigate how the effect of alkoxy-peroxy steps is
600 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 considered as given in equation E1.
Si

0/C="%x

nei  XiSi

(ED)

Here no,; is the oxygen number and nc;; is the carbon number, while s; is the signal of the family member and js; is the summed
605 signal of the whole family. For organic nitrates, one oxygen atom was excluded from the calculation to compensate for the extra
addition of an O atom by the addition of NO to the molecule. With E1 also an overall O/C ratio can be calculated by summing
over all individual HOMs.
In the reference experiments without NOx addition (Table S1, J5-J11) the overall O/C ratio is relatively invariant despite increasing
turnover and [OH-] (background NOx 0.3 ppb, yellow circles, Fig. 7b). Only data for steady states are shown where OH- oxidation
610 dominated and the contribution 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 NOx the constant O/C with increasing turnover despite increasing RO>- must be in
parts due to an increasing importance of alkoxy steps compensating increasing RO»- + RO, termination.
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Figure 7: (a) Averaged O:C ratio of the HOM families as a function of [NOx]ss in the NOx experiments. (b) Overall O/C

615 as a function of turnover for Cio monomer compounds in the reference experiments (circles) and the NOx experiments
series (squares). The color scale represents the level of steady-state concentration [NOx]ss in the chamber.

When NOx is added to system O/C ratios increase with [NOx]ss as demonstrated in Figure 7a for the O/C ratio of the CioHi50x
peroxy radical family and related termination products. The oxygen content of all families increased with [NOx]ss, partly because
highly oxidized family members gain relative importance, as shown for CioH;5Ox in Figure Se and 5f, and partly because higher

620 oxidation states were achieved within a given family. For example, the most oxidized molecule detected in the CioH;60x family
was CioH 16012 in the no-NOx reference case, while it was C1oH16015 in the NOx experiments.

The increase of O/C over the whole range of NOx concentrations 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 CioH4O0x- (=0.8 increasing to 0.95) and CioH60x families (0.75 to 0.92).
The increase of 0.06 for HOM-NOs (0.8 to 0.86) is weaker. This lower increase makes sense, since a part of the HOM-RO- produced

625 in the reaction with NO terminates to HOM-NOj and only the other part can continue the oxidation chain to higher oxygenated
HOM products. Figure 7b shows the overall oxidation state for the families in Figure 7c as a function of the turnover of a-pinene
with the OH- radicals (squares). Notably, the reference data point without NOx addition (N1, yellow square) for the NOx
experiments shows about the same O/C as the reference experiments (spheres), although it was taken at 2.5 times higher turnover
(highest [OH]ss and higher [a-pinene]ss). On the other hand, as [NOx]ss increased, the O:C ratio also increased from 0.76

630 (background 0.3 ppb of NOx) to 0.89 (72 ppb of NOx). This corresponds to more than one additional 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 average HOM O:C ratio. They attributed this to the competition 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)

635 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 autoxidation and alkoxy-peroxy chain is efficient enough to compete with
termination and is always able to proceed to the highest possible degree of oxidation in HOM-RO>- (though with some shift in the
distribution of termination products). In our opinion, this due to increasing HOM-RO- formation and subsequent isomerization
which are a source of HOM-RO,' and compensate for increased loss of HOM-RO,' by increased [RO>].

640 If HOM-RO> + ROy would suppress autoxidation by termination at the [ROx-]ss levels of about 10° - 10'° cm™ observed in our
reference experiments, one would expect a much stronger effect by NO addition because of the faster reaction of peroxy radicals
with NO. A higher degree of autoxidation suppression and lower O:C ratio should be observed. However, we observed that the
presence of NOx 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 NOx. In general, the formation and isomerization

645 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 pathways and thus enables continuation of the autoxidation
itself. The reason could be that in HOM-RO- also H-shifts with higher energy barriers can be realized which would not be accessible
in HOM-ROy-. This is supported by quantum chemical calculations showing that H-shifts in alkoxy radicals can be orders of

650 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 Noziére, 2020; Vereecken and Peeters, 2010).

The stronger increase in O/C for the C1oHi50x, C10H140x, and CioH160x families compared to HOM-NO; (CioHisNOx) (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 continue the oxidation chain. However, quantum chemical calculations considering H-shift for molecules with
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high HO»-functionalization as HOMs have not yet been performed. The strong increase in O:C caused by NOx addition is only
explainable 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 suggest a mechanistic
scheme based on the quantum chemical considerations for RO- rearrangements by Vereecken et al. (2010) (Fig. 8), where the basic
principle of the hydrogen migration in HOM-RO- was already shown in Figure 1. There are two alkoxy-peroxy pathways besides
isomerization for a parent HOM-RO,(Ox)- (A) containing X oxygen atoms: if isomerization is competitive with NO and RO»-
reactions, (A) will take the direct autoxidation route 1. An H-shift with subsequent O, addition will lead to the next autoxidation
product (B). However, the alkoxy route 2 may compete with direct autoxidation under formation of the intermediate 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(Ox-1)- (D) can either repeat the alkoxy-peroxy pathway
via routes 4 and 5 or continue by autoxidation (route 6), contributing to the family of peroxy radicals with odd oxygen 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 autoxidation 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-ROy- in the scheme could be transformed into HOM-RO- and the steps described above could be repeated as indicated

by route 11.
O0=X-1 0=X O=X+1 O0=X+2
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Figure 8: Scheme of alkoxy-peroxy pathways. Red arrows indicate autoxidation of peroxy radicals, blue arrows indicate
680 formation of alkoxy radicals in reactions of the peroxy radicals with other ROz or with NO, and lilac arrows indicate
isomerization of alkoxy radicals with subsequent O: addition, where it applies.
From Figure 8 we can recognize that alkoxy-peroxy steps can directly compete with pure autoxidation by providing alternative
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 enable the continuation of the autoxidation process in competition with termination when
685  isomerization is not possible or slow for a specific HOM-RO,. This excursion via HOM-RO- will eventually form new HOM-
ROy capable of continuing the fast autoxidation processes (via hydrogen shifts in the new HOM-RO,"). However, alkoxy formation
always involves a bimolecular step, which is kinetically limited by the reactive collision rate, while intramolecular rearrangements
can exceed even the collision limit.
The scheme in Figure 8 demonstrates that whenever an autoxidation step is hindered, alkoxy isomerization can step in and provide
690 anew 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- (fis,) determines the efficiency of alkoxy-peroxy pathways in competition to fragmentation.
It is not unlikely that larger and more functionalized HOM-RO-, such as those produced by a-pinene photooxidation, tend to
695 undergo isomerization rather than fragmentation (Jaoui et al., 2021; Vereecken and Peeters, 2010). By considering the fraction of
Ci0H15020+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 entities 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 Suppl. section 6).
To ensure that reactions of HOM-RO,- with NO occur with comparable reaction rates to conventional chemistry, we calculated
700 the rate coefficient knom-nos for reaction R4 from the seven pairs of HOM-RO,-/HOM-NOs that we could observe (Suppl. section
6, Fig. S10). Note knom-nos is not referring to an elementary reaction, since each stoichiometric compound - detectable by mass
spectrometry - can comprise several structure isomers. The calculated knom-nos for the individual couples varied with NO, with a
tendency towards higher values at lower NO. The average of the kyom.nos is 1.15(x1.0) -107'2 cm? 57!, the relatively large variation
results from lumping within and across all formula compounds (Fig. S10). Applying the branching into organic nitrates of 0.36
705  (Pullinen et al., 2020) we yield an average rate coefficient of 3.2-10!! cm® s°! for the reaction of HOM-RO,* + NO.
For the following comparison of the relative importance of autoxidation and bimolecular pathways we used the values determined
by us. The rate coefficient into the alkoxy path will then amount to 0.64-3.2-10"! cm? s”.. For the branching of HOM-RO- into
isomerization, we will apply fis, = 0.5 as determined by us. Furthermore, we apply a rate coefficient for HOM-RO;- + RO;- of

5-10'2 cm® 57!, and a branching ratio into HOM-RO-+RO-+0; (R7) of 0.6 (Jenkin et al., 2019).
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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 [NOx]ss (b). Black
spheres represent the sum of termination reactions by RO2:, HO2:, and NO, where it applies. For the termination rate
coefficients of the reactions with ROz and NO branching ratios 0.4 and 0.36 were taken into account. Red diamonds

715 represent the alkoxy-peroxy path with branching ratios 0.6 and 0.64 for HOM-RO- formation taken into account and fiso =
0.5 for isomerization of HOM-RO- under retaining the Cio-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.

Figure 9 compares the relative importance of autoxidation (green dashed line), alkoxy-peroxy path (red diamonds and pink
720 triangles), and termination (black spheres) as a function of [OH-]s for the reference case (Table S1, J1-J12, Fig. 9a) and as a
function of [NOx]ss for the NOx addition 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 (twai = 120 s) is depicted (black dashed line).
Termination reactions R2, R3, and R4 were considered and rate coefficients were multiplied by the according branching ratios into
725 alcohols/carbonlys (0.4) and organic nitrates (0.36) and by the respective steady state concentrations of [ROx-]ss (model), [HO2"]ss
(model), and [NO]ss (measured). For R2 we applied the generic rate coefficient KRO2HO2 from MCMv3.1.1, as used in the model
calculations. The contributions of R2, R3 and R4 were summed (Fig. 9, black spheres).
The alkoxy-peroxy path cannot be faster than the formation of HOM-RO-. Under the assumption that this entrance channel is the
rate limiting step, multiplication by fis, determines the fraction that is recovered as HOM-RO;" with intact C;o backbone. The rate
730 coefficients for R7 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]ss (measured), and fis, for isomerization of HOM-RO-. Both contributions
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 conditions under assumption that
autoxidation of the intermediate HOM-RO> is negligible (details are described in Suppl. Section 6). The triangles show the result
735 applying our fis, = 0.5, i.e. 50 % of the alkoxy radicals undergo the alkoxy-peroxy pathway and 50 % undergo fragmentation.
For the reference case without NOx addition, autoxidation is on average by far the most efficient process (Fig. 9a, green dashed
line) for all [OH]ss. The one-step alkoxy-peroxy pathway (Fig. 9a red diamonds) is by about a factor of five less important. Alkoxy-

peroxy steps can become competitive for specific HOM-RO,- with autoxidation rate coefficients < 0.03 s°'. The alkoxy-peroxy
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path is in any case competitive compared to closed-shell formation from R3 and R2 (Fig. 9a, black spheres). The formation of
740 HOMs by two subsequent alkoxy-peroxy steps is unimportant (Fig. 9a, pink triangles). As a result, in the reference case HOM-
RO, were likely formed by the autoxidation supported by single alkoxy peroxy steps. The latter was shown by the increasing
fraction of CioHi502n+1 peroxy radicals, with changed oxygen parity (Fig. 3b). The dominance of autoxidation over termination
explains also why the O/C is invariant with [OH-].
In the presence of NOx, the formation of closed shell products is increasing strongly with [NOx]ss (Fig. 9b, black spheres) and is
745  due to increasing HOM-NO; formation. Termination by NO is able to compete with average autoxidation. At the same time the
importance of the alkoxy-peroxy path (Fig. 9b, red diamonds) is also increasing with [NOx]ss and can compete with average
autoxidation as well with termination. Even the two-step alkoxy-peroxy path can compete with autoxidation at the highest [NOx]s.
In other words, as [NOx]ss increases, the importance of the alkoxy-peroxy pathway increases and may even surpass autoxidation
(via isomerization of HOM-RO>") as carrier of the radical chain. As proposed by Chen et al. (2022), in earlier work by Vereecken

750 etal. (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 coefticients determined and used here, with and without NOx 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 bimolecular termination, by increasing
755 importance of alkoxy-peroxy steps as a source of HOM-RO,'. This is consistent with our observations (see Fig. 6). In case of NOx
addition where the turnover was about constant the [HOM-RO>-]s; became relatively invariant of [NOx]ss. 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 [OH]ss.

4 Conclusion and Implications

760 A series of a-pinene photooxidation experiments were carried 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 CioHisOx peroxy radicals formed from H-abstraction,
although OH addition to a-pinene is its major degradation pathway and HOM chemistry related to CioHi70x would be expected
to dominate. The direct observation of a higher fraction of CioH150x compared to CioH170x as well as the product distribution of

765 HOM monomers and HOM accretion products provided evidence that CjoH;sOx peroxy radicals act as major peroxy radicals for
HOM formation. This result is valid regardless of the chemical regime, independently whether HOM peroxy radicals react mainly
with RO», HO;- or NO. There are probably two reasons for this: a) in the evolved chemical system at steady state, H-abstraction
by OH- from primary CioH;60: products may contribute significantly to HOM chemistry, and b) H-abstraction from a-pinene by
OH: (instead of OH- addition), leading to CioHisOx" peroxy radicals, may be a major path to HOM, as proposed by Shen et al.

770 (2022). Both pathways could be of similar importance (Fig. S6), and this would be also valid for the chemically evolved ambient
atmosphere.

The change in parity of the oxygen number within the Ci0HisOx family proved to be a good indicator of the involvement of
formation steps via isomerization of HOM alkoxy radicals. By parity analysis, we detected increasing HOM-RO- formation with
increasing importance of RO>- + RO, or RO,- + NO reactions. Increasing RO»- + HO»- reaction showed the suppression of HOM-

775 RO- formation. Moreover, the corresponding change of HOMs with C<;p and HOM-ACC with Cii.19, which went through

fragmentation steps in their formation process, agrees with the result of the parity analysis.
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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 autoxidation at high NOx concentrations. The formation of HOM-RO- in bimolecular
reactions and its isomerization also allows the oxidation chain to continue when the autoxidation of the preceding HOM-RO>-
780 cannot compete with bimolecular reactions. The formation of HOM-RO- opens additional channels to achieve high O/C in
atmospheric oxidation of VOC. Even in absence of NOx, where RO, + RO»- reactions 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
conclude that in RO, + RO;- and particularly in RO>- + NO dominated regimes, HOM-RO- formation, HOM-RO- isomerization,
and subsequent peroxy radical formation are important steps during HOM formation. Especially in NOx regimes with enhanced
785 RO, + NO reaction, HOM-RO- formation 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 NOx. In highly polluted urban areas where the NOx concentration can be high, the formation of HOM-
790 RO- and the higher degree of oxidation by the alkoxy-peroxy pathway can be an important source of HOMs. In the NOx regime,
HOM-RO- formation 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 ~0.01 s™.. Under high NOx conditions even a two-step alkoxy-peroxy
chain can become competitive with a single autoxidation step (Fig. 9b). Under NOx regimes enhancement 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
795  suppression of accretion product formation, which is the reason for the reduced new particle formation for SOA mass suppression
in the presence of NOx 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 functionalities. The analysis of
the contributions of the alkoxy-peroxy step in this work, however, does not rely on specific chemistry of a-pinene but is able to
800 derive a consistent interpretation across a wide variety of reaction conditions based solely on the reactivity trends captured in
generalized Structure-Activity Relationships 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
autoxidation 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
805 autoxidation process much more resilient against bimolecular termination reactions, or against simply reaching an ROy
intermediate not amenable to autoxidation. Without alkoxy-peroxy steps, autoxidation chains may prove to be rather short. This
might even imply that the pristine environment, with longer RO, lifetimes but dominated by HO»- termination, could be the less
favorable regime for HOM formation compared to more polluted reaction mixtures favoring alkoxy formation in RO»- + NO, RO»,
or NOs- bimolecular “termination” reactions. This in turn shifts our perception in which atmospheric regimes HOM and aerosol
810 formation 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 quantitative interpretation of experimental observations on HOM formation and aerosols, as well as the
815 formulation of chemical mechanisms describing these processes, seems impossible without the systematic inclusion of HOM-

alkoxy radical chemistry for all relevant VOCs.
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