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Abstract

Secondary organic aerosol (SOA) is an important contributor to atmospheric aerosol, affecting
radiative forcing, climate, and human health. A crucial process in the SOA formation mechanism is
the production of highly oxygenated molecules (HOMs) by atmospheric oxidation of volatile organic
compounds. These HOMs are of low enough volatility to condense or nucleate and thus contribute to
SOA. HOMs are formed by autoxidation of organic peroxy radicals (RO2), wherein an intramolecular
H-shift to the peroxy group is followed by O: addition regenerating the peroxy functionality.
Autoxidation steps can repeat several times continuing the radical chain, or the highly oxygenated
peroxy radicals (HOM-RO:) can terminate to closed-shell products. HOMs have been detected in the
atmosphere and in recent years their formation has been extensively studied in laboratory
experiments. Yet HOM formation under atmospheric conditions and their role in SOA formation are

not fully understood.

In laboratory studies, the experimental requirements often result in high concentrations of RO,
including HOM-RO2, which leads to an overemphasis of ROz cross reactions. These conditions can
increase the SOA formation yield, by formation of accretion products from RO2+RO: cross reactions
and due to missing competition for HOM formation pathways. In comparison, the atmosphere is a
complex mixture of reactants, where HOM-RO: often predominantly react with the hydroperoxyl

radical (HOz) or nitric oxide (NO).

In this work, we studied the formation of HOM in the a-pinene photooxidation system under various
conditions approaching atmospheric relevance and investigated the system’s SOA formation
potential. We utilized experiments in the atmospheric reaction chamber SAPHIR-STAR, a
continuously stirred tank reactor, which we operated as a steady-state chamber. The chemical reaction
regime was shifted from ROz dominated conditions to atmospherically more relevant conditions by
increasing the concentrations of HO2 and NO -separately and in mixture. At the same time, in a newly
developed experimental procedure, we ensured that the primary a-pinene oxidation conditions were
kept constant in the different regimes. We furthermore added ammonium sulfate seed particles in all
chemical regimes to directly observe the condensation behavior of the HOM gas-phase products. This

targeted seeding provides direct insight into the volatility of the HOM product distribution.

Our analysis showed that both high HOz and NO result in a decrease in SOA formation potential. One
important aspect is the suppression of accretion product formation from HOM-ROz+RO:z due to
competing RO2+HO:z and RO2+NO reactions. The system dominated by RO2+HO: showed an overall
decrease in HOM product formation, which we attribute to the suppression of alkoxy radical
formation by cross reactions of RO, which is crucial for an important HOM formation pathway in «a-

pinene photooxidation, the formation of CiHisOx-HOM-RO2. As expected, the importance of



VI | Abstract

hydroperoxide termination products (RO2+HO2) compared to carbonyl termination products

(RO2+ROy) significantly increased.

In the system with high NO (dominated by RO2+NO), overall HOM formation decreased when the
fast reaction with NO interfered in the autoxidation chain, whereas at lower NO reaction rates, no
overall reduction in the detected HOM gas-phase products was observed. The presence of NO clearly
shifted the HOM product distribution: The reaction of HOM-RO: with NO formed organic nitrates as
termination products and the fast alkoxy radical formation by RO2+NO increased the importance of

fragmentation products with carbon numbers smaller than 10.

In the mixed system with both high importance of HO2 and NO, an overlap of the effects of the
individual reactants was observed. HO: still suppressed the formation of Ci1oHisOx-HOM-RO:, while
NO facilitated the formation of organic nitrates and increased the contribution of fragments to the
HOM product distribution. In the mixed system, termination reactions by HO2 and NO were fast

enough to compete with the autoxidation, which reduced overall HOM formation.

The decrease in HOM products decreased the SOA formation potential and SOA yield. The SOA
formation potential decreased additionally, due to the reduced accretion product formation from
HOM-RO: with lower oxidized RO:. The targeted seeding also revealed that HOMs containing
organic nitrate groups and fragmentation products have higher volatility, decreasing the SOA
formation potential further. These findings from the gas phase were corroborated by particle-phase

measurements.

The atmospheric fate of HOM-RO: is defined by the importance of reactions with ROz, HO2 and NO
and the overall reactivity of their surroundings. In this study, we present a set of experiments that
systematically varied these parameters. Our results show that laboratory experiments with dominance
of RO2+RO: cross reactions lead to overestimations of the SOA formation when the according SOA
yield is directly transferred to the atmosphere. By mechanistic considerations, we were able to
understand how the HOM product distribution depends on the HO2 and NO concentrations and to

explain the reduced SOA formation by changes in the HOM products and their volatility.
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CPC Condensation Particle Counter

ELVOC Extra-low volatility organic compound
FWHM Full width at half maximum

HOM Highly oxygenated molecule

HOM-Frag HOM Fragmentation product (carbon number 5 to 9)
HOM-Mon HOM Monomer product (carbon number 10)
HOM-Acc HOM Accretion product (carbon number 11 to 20)
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voc Intermediate-volatility organic compounds
JPAC Jiilich plant atmosphere chamber

LVOC Low volatility organic compound

MION Multi-scheme chemical ionization

MS Mass spectrometer

m/Q Mass-to-charge

ON Organic nitrate

PAN Peroxyacetyl nitrate

PFA Perfluoralkoxy

PTR-MS Proton transfer reaction mass spectrometry
SAPHIR Simulation of atmospheric photochemistry in a large reaction chamber
SOA Secondary organic aerosol

SMPS Scanning Mobility Particle Sizer

STR Stirred tank reactor

svocC Semi-volatile organic compound

TIC Total ion count

TOF Time of flight
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1. Introduction

1.1 Atmospheric oxidation of volatile organic compounds and
secondary organic aerosol formation

In the atmosphere, highly oxidized products from the oxidation of biogenic or anthropogenic volatile

organic compounds (VOCs) are an important source of secondary organic aerosol (SOA) (Ehn et al.,

2014; Roldin et al., 2019; Mohr et al., 2019). SOA is an important contributor to the overall ambient

aerosol and of interest because of its impact on climate, visibility, and human health (Hallquist et al.,

2009).

Recently, many studies (Ehn et al., 2012; Ehn et al., 2014; Mentel et al., 2015; Berndt et al., 2016; Bianchi
et al., 2017; Pullinen et al., 2020; Kang, 2021) have focused on understanding the oxidation pathways
of VOCs that yield highly oxygenated molecules (HOMs), as these are expected to be of low enough
volatility to condense into the particle phase. A key process for HOM formation is autoxidation (Ehn
et al., 2014; Crounse et al., 2013). In the autoxidation process, oxygen is quickly added to an initial
peroxy radical (ROz) via a series of intramolecular H-shifts and subsequent O: additions. The major
termination pathway expected for autoxidation are bimolecular reactions (for a more detailed

explanation see Section 2.1).

An important VOC for HOM formation through autoxidation is a-pinene. a-Pinene is the most
abundant monoterpene in the atmosphere with emission rates estimated of around 32 Tgyr
(Sindelarova et al., 2014). The sources of a-pinene are mainly biogenic, specifically trees, though a-
pinene is also used in consumer products, which can be an important source in urban environments
(McDonald et al., 2018). The oxidation of a-pinene with OH (photooxidation) is therefore an important
contributor to SOA formation during daytime and the reaction mechanisms of a-pinene oxidation

have been investigated in numerous studies (see McVay et al. (2016) and sources therein).

Experiments in atmospheric simulation chambers are an important tool for the investigation of VOC
degradation and SOA formation (Kiendler-Scharr et al., 2023; Hidy, 2019) and such experiments
helped to develop a basic mechanistic understanding of the ongoing chemistry (Saunders et al., 2003).
However, many uncertainties remain since simulation experiments cannot cover the variability of the
atmosphere and are often limited by the accessible experimental conditions, for example required

VOC concentration and available reaction partners (McFiggans et al., 2019).

Chamber studies often work with only a singular compound and have to operate at higher precursor
concentrations than those observed in the atmosphere for experimental reasons (e. g. detection limits).

Such experiments cannot represent the complex mixture of VOCs and oxidized VOCs present in the
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atmosphere (McFiggans et al., 2019). Higher precursor concentrations can lead per se to higher SOA
yields than observed in the atmosphere (Henry et al., 2012; Shilling et al., 2009) and to a general

preference of higher order processes which may not be important in the atmosphere.

One group of key intermediate species in the atmospheric VOC oxidation are peroxy radicals (ROz) in
general, and HOM-RO: specifically for SOA formation. In typical laboratory settings, reactions of
HOM-RO: with other organic peroxy radicals terminate the autoxidation chain. In the atmosphere,
depending on the atmospheric conditions, termination by HO:2 or NO is more likely leading to

different closed-shell products (Schervish and Donahue, 2021).

The HOM product distribution and concentration, which subsequently define the SOA formation
potential of the system, are therefore dependent on the contribution of the different RO:2 reaction
pathways. In this context, an important distinction is between reactions that sustain the RO2

functionality and termination reactions that form closed-shell products.

Reactions terminating the RO: functionality and thus competing with the autoxidation will reduce the
production of HOM, if they are sufficiently fast to intervene before a high oxidation degree is reached.
In this case, oxidation degree and the SOA formation potential decrease. Thus, concentrations of the
reaction partners for ROz and their rate coefficients for the bimolecular termination reactions are

important due to their competition to the autoxidation.

A way to visualize the contribution of the three main reaction partners ROz, HO2 and NO is a triangle
plot, as shown in Figure 1, where each axis represents the contribution of one reaction partner. Herein,
we treat the pool of all RO: radicals like a single species with an average rate coefficient (compare
Peng et al. (2019)). Figure 1 shows different atmospheric examples for pristine, forested, and urban
conditions. The examples show that compared to the laboratory setting (which we treat as the “base”
case) in most atmospheric situations the reactions with HO2 and/or NO dominate, highlighting the

importance of understanding the impact of these reaction partners individually and in mixture.

The aim of this work is to shift the reaction regimes in a chamber study from a typical laboratory
regime (RO:2-dominated, base) towards atmospherically more relevant regimes. We will investigate
different reaction conditions (reaction pool size and composition) to demonstrate their impact on the

HOM product distribution and SOA formation potential on the example of a-pinene photooxidation.
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Figure 1 Triangle plot with exemplary ROz fate only including the reactions with HO2, NO or RO2. Which grid
lines correspond to which axes is indicated by the inclination of the axes’ labels. Points show different ambient
cases adapted from Peng et al. (2019) with the bulk reaction rate coefficients assumed in this work, further
information in Appendix Section A.1.

1.2 Objective

Schervish and Donahue (2021) raised awareness that chamber studies could overestimate the SOA
formation potential from the oxidation of terpenes such as a-pinene compared to the atmosphere, due
to the dominance of ROz cross reactions in absence of NO and small organic molecules that generate
HO:2 radicals during their photooxidation. The thesis addresses this hypothesis and the objective is to
methodically move from typical laboratory settings, i.e. “RO:2 dominance”, towards more
atmospherically relevant conditions in the study of the photooxidation of a-pinene. To achieve more
atmospherically relevant conditions, we consider that the atmosphere is mixed, and that the chemical

regime is characterized by the balance of ROz, HO2 and NO.

To simulate different chemical regimes, experiments were performed in a thermo-stabilized glass
chamber (SAPHIR-STAR, for details see Section 3.2) with varying HO2 and NO sources (separately
and simultaneously). SAPHIR-STAR is a continuously stirred tank reactor, which was laid out for
high stability and reproducibility of the boundary conditions, and an objective of this work was to
develop an optimal performance protocol. In this context, a novelty and an important step in the
experimental design was the consequent adjustment of OH concentration and a-pinene OH turnover
to be as similar as possible in each of the different chemical regimes. Thus, effects of oxidant
scavenging, i.e. changes due to different OH availability to a-pinene and deviating oxidation

conditions, were excluded (McFiggans et al., 2019).
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The experiments address:

a) Modification of formation pathways and product distribution of HOMs by the availability of
ROz, HO2 and NO.

b) The impact of the changes in the HOM product distribution on SOA formation by direct
observation of the loss of the HOMs from the gas phase by condensation onto ammonium

sulfate seed aerosol.

The consequent targeted seeding described in b) is part of the method development. Seed aerosol was
added for each evolved chemical regime, allowing independent determination of the formed SOA

mass and direct comparisons between the seeded and unseeded systems.

The goal of the study is characterization of the HOM product distributions in relation to the changes
in the different chemical regimes. The key change is the different contributions to the reactions of
HOM-RO: with other ROz, HO:, and NO. Here, two different mechanistic aspects will be addressed

that are of importance for understanding SOA formation:

a) The relative importance of the different termination reactions at the end of the autoxidation
chain, which finally determine the volatility and the SOA formation potential of the HOM
product distribution. A focus here is the formation of accretion products between HOM-RO2
and lower oxidized RO, as this process increases the SOA yield.

b) The impact of ROz, HOz, and NO on the autoxidation chain itself. If the termination reaction
rate can compete with the autoxidation rate, a lower oxidation degree, earlier termination and
higher volatility is expected. Fast termination will reduce the overall amount of observed

HOM compounds and SOA.

A factor for both a) and b) is the elucidation of the role of alkoxy radical formation as they, as well, can
increase the volatility by forming fragmentation products or continue and enhance the autoxidation

chain by intramolecular H-shifts.

For the mechanistic interpretation, a generic framework is adapted to get an estimation of the relative
importance of reactions of ROz, HOz and NO with HOM-RO: to describe their “expected contribution”
to the HOM-RO: reactions (see Section 2.1), including autoxidation and wall loss. Modeling of the
standard gas-phase chemistry is used (see Section 3.2.5) to estimate required radical concentrations
that cannot be measured and guides the interpretation. It is the “expected contribution” by ROz, HO2

and NO (as shown in Figure 1) that defines the chemical regime of a single experimental setting.

We begin the analysis with the system shifted towards termination via RO2+HO2. The HO2 dominated
case is chosen as a starting point since HO: will form the same product classes as the simple

laboratory case dominated by RO2+RO: reactions. The main differences are expected in the formed
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autoxidation termination products. Then the influence of NO on the a-pinene OH system is discussed.
In the system with NO, the new product class of organic nitrates emerges and, due to alkoxy radical
formation with NO, a stronger impact on the HOM-RO: themselves is expected. Finally, both HO2 and
NO are considered in a mixed system, to see not only their competition, but also the effect on the

autoxidation chain and HOM-RO: formation in this highly competitive chemical regime.

In each section, first the observed changes in the gas-phase HOM-product distribution are described
and compared to the expectations from our generic understanding of the a-pinene HOM formation
chemistry. Then the changes in observed SOA formation are presented and it is discussed whether the

observations are explained by our knowledge of the gas-phase changes.
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2. Theoretical Background

2.1 Generic a-pinene HOM peroxy radical chemistry

The a-pinene photooxidation starts with the attack of the OH radical on the a-pinene molecule. OH
addition is the main expected reaction pathway described in literature (Berndt, 2021; Berndt et al.,
2016; Xu et al., 2019; Jenkin et al., 1997; Saunders et al.,, 2003). The addition of OH leads to the
formation of a carbon centered radical that quickly adds O: forming the peroxy radical CioHi7Os

(MCM v3.3.1 (Jenkin et al., 1997; Saunders et al., 2003)).

However, some studies have reported the importance of C10HisOx peroxy radical species for a-pinene
photooxidation HOM chemistry (Kang, 2021; Shen et al., 2022). The CioHisOx species are well known
from oa-pinene ozonolysis, where CiwHisOs can be directly formed via the so-called vinyl
hydroperoxide path (Johnson and Marston, 2008; Iyer et al., 2021). In the reactions with OH, an
important source of CioHisOx is the H-abstraction from first-generation oxidation products such as
pinonaldehyde (Ci0H1602) (MCM v3.3.1 (Jenkin et al., 1997; Saunders et al., 2003; Fantechi et al., 2002).
Additionally, a recent study suggests a direct production pathway from a-pinene: An Ci0H1s02 peroxy

radical is formed by H-abstraction and O2 addition (Shen et al., 2022).

The first products and key species in the a-pinene photooxidation are thus peroxy radicals with the
composition of CioH17Ox and C1oHisOx. These peroxy radicals can undergo a rapid oxidation process
called autoxidation. Autoxidation adds oxygen to the molecule via an intramolecular H-shift to the
peroxy group, forming a hydroperoxide group and an alkyl radical, to which Oz immediately adds,
reestablishing the peroxy functionality (Ehn et al., 2014; Crounse et al, 2013). An exemplary
autoxidation step is shown in Figure 2. This process can be repeated multiple times yielding almost

instantaneously highly oxygenated peroxy radicals (HOM-RO).

Figure 2 Simple autoxidation step scheme
The autoxidation process is rapid with H-shift rates of about 0.01 - 0.1 s and faster (Piletic and
Kleindienst, 2022; Berndt, 2021; Xu et al., 2019; Vereecken et al., 2007). The autoxidation chain will run,
quickly adding more oxygen to the molecule, until all available H-shift rates are slow enough for the
termination reactions to compete. The rate of an H-shift is determined by the hydrogen’s position in
relation to the peroxy radical and the functional groups near the hydrogen and peroxy radical (Otkjaer

et al, 2018; Vereecken and Noziere, 2020). The peroxy radicals have three major bimolecular
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termination channels: the reaction with another ROz, with HO:z or with NO. Acyl peroxy radicals can
also react with NO: Another important pathway is internal termination. A possible internal
termination pathway resulting in the formation of a carbonyl and the loss of OH from the molecule is

shown in Figure 3 and was discussed for cyclohexene by Rissanen et al. (2014).

Figure 3 Internal RO: termination scheme with carbonyl formation and OH loss from a hydroperoxide group.
As introduced above in traditional laboratory settings RO2+RO:z reactions are often dominant, while in

the atmosphere the reactions with HO2 or NO are normally more important.

Based on these considerations, we apply a simplified generic reaction scheme to analyze our
observations. We begin our discussion with the competing reactions of ROz and HO: (i.e. a “pristine”

atmosphere, without influence of NO), before highlighting the importance of NO in Section 2.1.2.

M
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Figure 4 Overview of termination pathways for a-pinene RO2. RO2+RO:2 reactions are indicated by red arrows,
RO2+HO: reactions by blue arrows and RO2+NO reactions by green arrows. Notation of functional groups refer to
the functionality formed in the termination reaction.

Figure 4 shows an overview of the reaction pathways for the main peroxy radical families in the a-
pinene photooxidation and the resulting product groups and families. The compounds can be
separated into four classes: peroxy radicals (HOM-RO:), monomers (HOM-Mon), accretion products
(HOM-Acc) and fragments (HOM-Frag). The HOM-RO: class consists of all detected HOM-RO,
however, we will focus on the analysis of the Cio-HOM-RO: families. The HOM-Mon class contains

the closed-shell Cio-HOM products. The compounds in the fragment class contain less than ten carbon
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atoms (Cs to Co), while all HOM-Acc compounds contain more than ten carbon atoms. The compound
classes are further divided into groups and families. Here, the term group is used for compounds with
the same carbon number, while a family contains all compounds with the same carbon and hydrogen

number but a varying oxygen number.

211  Reaction pathways of HOM-RO: with ROz and HO2
The notation “hydroperoxides”, “carbonyls”, “alcohols” etc. in Figure 4 and in the following relates to
the functionality of the group formed by the termination reaction. The termination of RO2 with HO2

will lead to hydroperoxide formation:

RO2+HO2 - ROOH + O2 (R2-1)

In the case of C1HisOx, reaction (R2-1) will lead to multifunctional Ci0H16O: hydroperoxides. For
C1oH17Ox, it will lead to the formation of Ci0H1sO: hydroperoxides. The termination via RO2+R’Oz can
either result in the formation of accretion products or in the formation of carbonyls and alcohols. For
the accretion product formation, it is assumed that the two ROz chemically bond eliminating Oz from

the molecule:

RO2+R’O2>R-O-O-R'+Oz2 (R2-2)

Recombination reactions of the main peroxy radical families C10H150x and C10H17Ox lead to the product
families C20H300: (combination of two CioHis0x), C20H320: (combination of CioHisOx and CioHizOx),

and C20H34O- (combination of two Ci0Hi17Ox).

However, due to reactions with smaller peroxy radicals, HOM-Acc families with smaller carbon and
hydrogen numbers are also observed. Indeed, one reason why the RO2+R’O:2 termination is expected
to affect the SOA formation potential is the formation of accretion products by scavenging of less
oxidized and smaller RO2 by HOM-RO:z. Thus, the smaller ROz will also contribute to the SOA mass
which would otherwise not be the case. For the HOM-RO: itself, it is expected that they contribute to
SOA formation independently of the termination pathway, due to the low volatility of its expected

termination products (Pullinen et al., 2020; McFiggans et al., 2019).

The second RO2+R’O: termination pathway is the formation of a carbonyl and alcohol compound:

RO24+R’O2>R-OH + R'=0 + O2 (R2-3)

In this reaction, both radicals lose an oxygen atom, and a hydrogen atom is transferred to the RO2
forming the alcohol termination group. Preferences of ROz to form an alcohol or carbonyl compound

are possible for individual reactions, but statistically carbonyl and alcohols should be formed with the
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same fractions. Since mass spectrometry can only determine formula compositions, we cannot
distinguish alcohols and hydroperoxides, which arise from RO: differing by one O atom. Moreover,
carbonyl compounds are also formed by the internal termination (Figure 3). Therefore, the balance of

alcohol and carbonyl formation of an individual HOM-RO: cannot be checked.

However, the formula composition can help to distinguish certain formation pathways. The Ci0H1O-
family contains only carbonyl formed from a CioHisOx-RO2 while the alcohol will be part of the
CiwHisO: family. The CioHisO. family also contains the carbonyl produced from the RO2+R’O:
monomer termination of CiwHi7Ox, while the alcohol from this RO: family will be found in the
C10H1s0z family. So, from a diagnostic point of view, Ci1o0Hu4O: as well as C1o0H1sO: are uniquely related

to one precursor radical family.

Besides closed-shell products, HOM-RO: can also form alkoxy radicals (HOM-RO). In general, alkoxy
radicals are important intermediates in the oxidation scheme of organics and are formed via (R2-4)

and probably also via (R2-5) for specific RO2 (Jenkin et al., 2019):

RO2+R’02>RO+R’O+02 (R2-4)

RO2+HO2>RO+OH+O2 (R2-5)

In reaction (R2-5) OH will be formed. The importance of reaction (R2-5) compared to reaction (R2-4)
is still unclear in the literature, but functionalization of the RO: close to the peroxy group possibly
enables this reaction (Iyer et al., 2018; Eddingsaas et al., 2012; Hasson et al., 2005; Jenkin et al., 2019). If
reaction (R2-5) is of negligible importance, the reaction scheme will simplify and the effect of

increased HOz is easier to diagnose.

Alkoxy radical formation is of importance as alkoxy radicals tend to fragment, leading to the
formation of products with less carbon atoms, “fragments”, (Vereecken et al., 2007). In the context of
SOA formation, these fragments are less likely to contribute to SOA mass because of their lower molar

mass and thus higher volatility. Reactions of alkoxy radicals will be discussed in Section 2.1.3.
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2.1.2  Reaction pathways of HOM-RO: with NOx

NO and NO: are very important reaction partners of peroxy radicals in the atmosphere and because of
their fast interconversion in the sunlit atmosphere, NO and NO: are often referred to together as NOx.
In contrast to HO, the reaction of RO2 with NO and NO: creates a new product class: organic nitrates

(ON).

RO2+NO->RONO: (R2-6)

RC(=0)0z + NO:z + M & RC(=0)0:NOz + M (R2-7)

The reactions forming ON are shown in (R2-6) and (R2-7). (R2-6) represents the reaction with NO,
that every ROz can undergo. Reaction (R2-7) represents the special case of acyl peroxy radicals which
can react with NO:z forming so called peroxyacetyl nitrates (PAN-like organic compounds). However,
PAN-like compounds tend to be thermally instable and decompose back to their reactants. The
thermal decomposition rate is highly temperature dependent (Seinfeld and Pandis, 2016). Noziere and
Barnes (1998) reported dissociation rates for PAN compounds derived from a-pinene oxidation

similar to the dissociation rate of PAN itself.

In the formation of ON, no oxygen is lost and the oxygen from NO is added. Thus, the termination
with NO will lead to products of higher mass and O/C ratio in comparison to termination with ROz or
HQOoz. In reaction (R2-6) C10H1s0Ox will form a Ci0HisNO. while C10H17Ox will form a Cio0H17NO.. These

two ON product families are therefore uniquely related to one precursor radical family.

Besides ON formation, the major reaction of ROz with NO is the formation of alkoxy radicals via
(R2-8). Therefore, NO can directly interfere in the oxidation chain. HO: in comparison, is mainly
expected to influence the termination pathway and only is expected to facilitate alkoxy radical
formation in special cases, as described in Section 2.1.1. The reactions of alkoxy radicals are described
in Section 2.1.3. If sufficient NO is available, its reaction with ROz is the main source of alkoxy

radicals.

RO2+NO->RO + NO: (R2-8)

The branching ratio between formation of alkoxy radicals and closed-shell ON products in the
reaction of RO2+NO depends on the temperature, pressure and the size and substitution of the RO:
involved. However, it is generally expected that the alkoxy radical formation is the major reaction
pathway (Ziemann and Atkinson, 2012). The “master chemical mechanism” (MCM v3.3.1) published
by Jenkin et al. (1997) and Saunders et al. (2003) adopted a branching ratio into alkoxy radicals of
about 0.7 for a-pinene derived ROx.. Details and trends of the branching ratio for ROz into RO can be
found in Jenkin et al. (2019) and Ziemann and Atkinson (2012).
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In the context of our photooxidation experiments, one should note that NOx interacts with the HO«
cycle (OH + HOz) due to reactions (R2-9) and (R2-10) (Seinfeld and Pandis, 2016). NO reacts with HO:
to produce OH, thus representing a sink for HO: and a source for OH. However, due to reaction

(R2-10) NOx represents a sink for OH at high NO.

HO:z + NO ->OH + NO2 (R2-9)

OH +NO:2+M > HNOs + M (R2-10)

Overall, the influence of NOx on HOM formation are nonlinear as the interactions of ROz with NO are

complex and also depend on the ratio of NO to NO2 (Nie et al., 2023).

21.3  Reaction pathways of HOM alkoxy radicals

Alkoxy radicals (RO) are the second important radical species in HOM formation. They are highly
reactive and, once formed, have three general reaction pathways: The first possibility is reaction with
O2 forming HO: and a carbonyl function from the alkoxy radical. This reaction is mainly important for
small, less functionalized alkoxy radicals as its reaction rate cannot compete with the other reaction

channels of HOM-RO.

The second reaction channel is a-bond scission (“fragmentation”) leading to an alkyl radical in one
molecule and a carbonyl group in the other. This pathway is a source of HOM-Frag products as it can
lead to HOM-RO: with less than 10 carbon atoms. These HOM-RO: may also continue the

autoxidation chain.

The third possibility is isomerization via an intramolecular H-shift. This reaction channel can lead to

formation of a new ROz radical via an alkoxy-peroxy step (see Figure 5) (Vereecken and Peeters, 2010).

Figure 5 Reaction scheme of alkoxy-peroxy step. Intramolecular H-shift generating an alcohol functional group
and an alkyl radical, followed by O2 addition reforming the peroxy functionality.

H-Shifts retaining the carbon backbone become more likely with increasing functionalization
(Vereecken et al.,, 2007), which for a-pinene will lead to a next generation of Ci-HOM-RO:. The
resulting peroxy radical can continue the autoxidation chain (Nie et al., 2023; Mentel et al., 2015).
Furthermore, Kang (2021) studied alkoxy formation in the system with NO and proposed that RO
formation can lead to an increase of oxidation degree in HOM-compounds in general by extending the
length of the autoxidation chain. The reason would be the high efficiency of the intramolecular H-shift

in HOM-RO. If the H-shift creates an alkyl radical, the subsequently formed RO: will contain one



Theoretical Background | 13

additional oxygen compared to the precursor RO2. Another possibility is the H-shift from an already
existing hydroperoxide group, in that case, a peroxy radical is directly formed by the intramolecular

H-shift and the newly formed RO: has one oxygen less compared to the precursor RO2.

Alkoxy radicals are too unstable to be detected directly, but we can make use of two diagnostic tools
to assess the importance of HOM-RO: Firstly, the abundance of HOM-Frag products, as bond scission
is one main reaction pathway for HOM-RO. Secondly, by coupling of an alkoxy and a peroxy step, the
parity of the number of oxygen atoms in the HOM-RO: changes, while in pure autoxidation steps the
oxygen parity remains the same as an even number of oxygen (2 per step) are added. For Ci0H17Ox the
expected starting parity is odd (Ci0H17Os), while for CioHisOx an even parity is expected (CioHis02 or
C10H1504). If an alkoxy-peroxy step occurs within the autoxidation chain, the H-shift forms an alcohol
group and O:z is added (Figure 5), leading to an uneven increase in oxygen number. Therefore, a parity

change of the oxygen number can be used as an indication of alkoxy step abundance (Kang, 2021).

Based on the simplified generic mechanism presented in this chapter, we will use the changes in
contribution and relative signal of the different families and classes to assess the impact of shifting the

chemical regime on the a-pinene photooxidation pathways.

2.2 Oxidation product gas-to-particle partitioning
Our study aims at understanding the SOA formation potential of the a-pinene photooxidation system
under varying conditions. Thus, an important property of the observed HOM products is their

volatility and consequently their ability to partition into the particle phase.

In the literature, atmospheric oxidation products are commonly grouped into classes based on their
volatility. Typical classes next to VOCs are intermediate-volatility organic compounds (IVOC), semi-
volatile organic compounds (SVOC), low volatility organic compounds (LVOC) and extra low
volatility organic compounds (ELVOC). Each class covers a certain vapor pressure range. The
lumping of compounds into decadic “bins” was developed to handle the large variety of organic
compounds in the atmosphere and is called the volatility basis set (VBS) (Donahue et al., 2011;
Donahue et al., 2006). Applying the VBS allows to model the gas-to-particle partitioning of organic

aerosols in the atmosphere in regional and global models.

The VBS is based on absorptive partitioning theory (Pankow, 1994). It uses mass based Raoult’s law
and the saturation mass concentration c? to create a relationship between the mass concentration of a
compound in the gas and particle phase. Saturation mass concentration is used as an equivalent to
saturation vapor pressure. To assign compounds with unknown saturation mass concentration into
the bins, the classes are also often related to oxidation degree resulting in the 2D-VBS shown in

Figure 6.
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The expected saturation mass concentration can be estimated with parametrizations from a
compound’s formular composition. This is a helpful tool, but it should be kept in mind that the actual
volatility depends on the specific molecular structure. The fraction of the compound expected in the
particle phase is defined by the effective saturation mass concentration and the available absorptive
mass. Higher absorptive mass concentrations will lead to higher fractions in the particle phase and the

condensation of more volatile compounds (Stolzenburg et al., 2022).
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Figure 6 2D volatility basis set showing saturation mass concentration (c°) ranges of the volatility classes. The
dependency on oxidation degree is shown by isopleths of constant carbon number with varying oxygen number
(solid lines), and constant oxygen number with varying carbon number (dashed lines). (Stolzenburg et al., 2022)

The HOM products in this study are primarily expected to be in the LVOC and ELVOC volatility
range, with some more volatile compounds in the SVOC range. HOM-Acc are commonly expected to
be ELVOC. ELVOCs will condense on even very small pre-existing particles and may participate in
new particle formation. LVOCs are expected to condense on sufficiently large particles (Bianchi et al.,

2019).



Methods and Experiments | 15

3. Methods and Experiments

3.1 Chemical Ionization Mass Spectrometry

The main analytical instrument used for investigating the product distribution in the different
chemical regimes is chemical ionization mass spectrometry (CIMS). CIMS is a powerful tool
to study organic molecules. The defining feature of CIMS is the soft ionization by gas phase
ion molecule reactions. Since no or only small amounts of analyte fragmentation occur, CIMS
allows direct sum formula determination, which is crucial for the understanding of formation
pathways of the HOM oxidation products. One big advantage of CIMS is its applicability to
many analyte types, due to the many different possible reagent ions (Gross, 2011; Harrison,

1992).

In this work, negative-ion chemical ionization was applied, utilizing nitrate (NOs) and
bromide (Br-) as the reagent ions. The use of two reagent ions in one instrument is possible

due to the use of the multi-scheme ionization (MION) inlet (see Section 3.1.2).

CIMS techniques can be classified by the pressure at which the ionization occurs, as well as
by the mass analyzer it is paired with. We used atmospheric pressure ionization (API) in
combination with a time of flight (TOF) analyzer. The instrument set-up is briefly described

in the following Section 3.1.1.

3.1.1 Atmospheric Pressure Interface Time of Flight Mass Spectrometer
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Figure 7 Scheme of the APi-TOF (Junninen et al., 2010)

A schematic of the Atmospheric Pressure Inlet Time-Of-Flight mass spectrometer (API-TOF)

used in this work is shown in Figure 7. The atmospheric pressure interface (APi) connects the
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inlet (in our case the MION), where the analytes are ionized at atmospheric pressure to the
mass analyzer (here a TOF analyzer) with 106 mbar of pressure. The APi uses differential
pumping to remove the gas in multiple pressure stages, while at the same time guiding the
sampled ions. The flow rate into the interface is limited by a critical orifice. Thereafter, three
differentially pumped chambers are utilized of which the first two contain quadrupoles as ion
guides (shown in red in Figure 7). In the third chamber, the ion beam is focused and guided
into the extraction region of the TOF via an ion lens assembly (shown in purple in Figure 7)

(Junninen et al., 2010).

Figure 7 also shows the schematic set-up of the TOF analyzer, where ions with different m/Q
ratio are separated due to their velocities. The ions are extracted from the continuous ion
beam and pulsed into the TOF by an acceleration voltage orthogonal to the ion beam. This

ensures a simultaneous start of the ions.

In the TOF analyzer, all accelerated ions in on package drift along a field-free path. Owing to
their different m/Q ratios the ions disperse during their flight, as ions with smaller m/Q ratio
have higher velocities and reach the detector earlier than ions with larger m/Q ratio. TOF
analyzers generally have a high sensitivity due to their high ion transmission. The resolving
power of a TOF analyzer is defined by the length of the ion flight time and the resolving
power can be increased using ion reflectors (reflectron) to elongate the flight time (Gross,

2011; Junninen et al., 2010). Figure 7 shows a so called “W mode” utilizing two reflectors.

In our instrument, we employ the so called “long TOF” (LTOF) from the company Tofwerk
(Tofwerk AG) operated in V-mode with only one ion reflection. A resolving power of around
8500 was reached for peaks at >200 m/Q in all experiments. This results in a mass resolution
of 0.0235 m/Q for peaks at 200 m/Q. The detailed voltage settings for the TOF as well as for

the inlet can be found in Appendix Section A.2.

3.1.2  Multi-scheme chemical ionization inlet

The MION inlet (Karsa Oy) is an atmospheric pressure ionization inlet that allows the
utilization of multiple reagent ion chemistries in quick succession within one instrument. The
inlet consists of a flow tube with (in our case) two attached ion sources. The reagent ions are
produced by enriching a nitrogen stream through a saturator with the reagent. The
precursors are then ionized in the ion sources via soft x-ray radiation (Hamamatsu, type:
PhotolonBar L12535). A schematic overview of the flow paths (blue arrows) and the ion
trajectory (pink arrows) can be found in Figure 8. Only the reagent ions are injected into the

sample gas stream, while the excess reagent gas is led to the exhaust.
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The reagent ions are accelerated and focused into the sample flow through a 5 mm orifice by

applying an accelerator and deflector voltage (Rissanen et al., 2019).
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Figure 8 Scheme of the gas flows and ion paths in the MION inlet (Rissanen et al., 2019)
In all of our experiments, we used a sample flow of 10 L min from the reaction chamber. The
sample tube is a stainless-steel tube with an inner diameter of 2.5 cm, leading to analyte
reagent ion reaction times of 600 ms for ion source 1 and 60 ms for ion source 2. Before the
addition of the reagent ions, a 50 cm long inlet tube is attached in front of ion source 1 to

achieve a laminar flow regime, which minimizes wall losses of analyte and reagent ions.

We used nitrate as the reagent ion in ion source 1 and bromide as the reagent ion in ion
source 2. As a reagent concentrated nitric acid (65 % HNOs, Merck KGaA) is used for the
nitrate ion source and dibromomethane (CH2Brz, purity 99 %, Sigma Aldrich) for the bromide
ion source. The measuring mode was switched between nitrate and bromide mode every 10

minutes or 15 minutes depending on the experiment.

A special feature of the MION is that only the reagent ions are injected into the sample gas
stream, while the reagent precursor gas stream is discarded to the exhaust. This is achieved
by keeping the reagent flow into the ion source always smaller than the exhaust flow, so that
no reagent can enter the sample flow and contaminate the instrument (Rissanen et al., 2019).
For both ion sources, the exhaust flow was set to 40 mL min'. A reagent flow of 3 mL min-!
was used for the nitrate source. A reagent flow of 15 mL min'! was used for the bromide
source. A smaller flow was chosen for the nitric acid as no further optimization of reagent ion
signal was observed at higher reagent flows and to minimize the concentration of corrosive

HNO:s in the inlet.
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Nitrate and bromide are well suited for alternating use as reagent ions due to their
comparable adduct binding strength, as well as their similar molar masses, which leads to
clusters with the analyte of similar m/Q ratios. These similarities ensure that analyte clusters

with both reagent ions can be detected efficiently without changing the APi-TOF settings.

3.1.3  General procedure for data analysis

Post processing of the raw data was performed with the software package “Tofware”
(Version 3.2.3, Tofwerk AG) running in the Igor Pro environment (Version 7.08,
Wavemetrics). Tofware provides a high resolution timeseries workflow for data analysis, of
which the main steps are briefly described in this section. A broader description of the

analysis software and its features can be found in Stark et al. (2015).

The raw data contained a mass spectrum every 2 s. Thus, for most experiment stages, the first
processing step was to average 30 mass spectra to achieve a time resolution of 1 minute. For
the determination of the wall loss rate of products in the reaction chamber, the original time

resolution was used, as the wall loss rate is expected to be in the range of minutes.

After time averaging, the data set of one experiment was loaded into Tofware and the two
measurement modes (nitrate and bromide) were separated into two timeseries sets. The two

data sets for the two measurement modes were processed and analyzed separately.

A post measurement mass calibration was applied. Reagent ions, as well as the clusters of a
perfluorinated compound were chosen as mass calibrants to cover a broader m/Q range. The
ions were well isolated and had no interferences. The perfluorinated acid CsFsHO: is a well-
known contaminant in our instrument and could be observed as an anion and cluster in both
reagent ion modes. Its source was most likely the perfluoralkoxy (PFA) tubing utilized in

parts of the inlet.

In the next post processing step, a reference spectrum was chosen from the timeseries. The
reference spectrum was used in the following steps to refine the baseline and determine peak
width and shape. For each experiment stage, we chose around a period of 1 h of steady state

with representative conditions.

This representative mass spectrum was then used to interpolate the baseline using a
smoothing function. A filter was applied to remove noise before a moving average was made
across the mass spectrum. The baseline in each step is represented by the lowest point. This

procedure moves the baseline into the middle of the noise.
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Peak width and shape were determined. The peak width of isolated peaks was determined as
a function of the m/Q ratio. The software uses the full width at half maximum (FWHM) of
each peak and calculates the peak width as a function of the m/Q ratio. To this end, the
software fits a Gaussian peak at each integer m/Q and calculates the FWHM. Then an
iterative process starts: A linear fit is calculated for the FWHM as a function of the m/Q ratio.
It is also calculated how many peaks have FWHM above the fit line. The user chooses a
tolerance value of how many peaks can have FWHM above the fit line. If the number is above
the tolerance value, the peak with the largest width is removed from the fit curve and the
steps are iterated. Once the tolerance value is achieved the process concludes. Tolerance

values between 5 to 15 were used in our analysis.

In the next step, the peak shape function was determined. It is important to empirically
describe the real observed peak shape as the peak shape function is used in the high-
resolution peak fitting to determine the number of peaks at a unit mass and do peak
assignment. For the peak shape determination, the 30 most intense peaks from the reference
spectrum were used for visual inspection. For this the x-axis was normalized to Gaussian
standard variations and peaks that deviated in shape were removed by the user. The average
peak shape was calculated from the remaining peaks. The new custom peak shape was used
to rerun the mass calibration. After all steps of the post-processing workflow, the high-
resolution mass spectrum was used for peak assignment to build a peaklist of observed a-

pinene oxidation products.

The signal (in ions s) of the assigned compounds was extracted by peak integration. For
integration a TOF duty cycle was applied. The TOF duty cycle accounts for the fact that from
the continuous ion beam, arriving in the orthogonal extraction region in front of the TOF
analyzer, only a certain percentage is pulsed into the TOF and accelerated. The ions arrive in
the extraction region with different velocities. Under the assumption of a monoenergetic
beam, smaller m/Q ratios have higher velocities, which leads to a systematic discrimination
against low m/Q ions (Chernushevich et al., 2001). The TOF duty signal accounts for this by

correcting the signal as shown in Egq. 3-1.

X Eq.3-1
Icorr = Iraw * m—/Q

Lo represents the corrected signal, Iraw the signal at one m/Q before correction and X a
reference mass (Yuan et al., 2016). In our cases, the reference mass was chosen as the mass of

the reagent ion (62 m/Q for nitrate and 79 m/Q for bromide). No transmission correction was
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performed as previous measurements showed an approximately flat relative transmission

curve in the mass region of interest.

3.14  Determination of oxidized compounds and HO: with MION-CIMS

The MION-NOs-CIMS was used to detect closed-shell HOMs, as well as HOM-ROsz. Bianchi et
al. (2019) suggested to define HOM as products stemming from autoxidation containing more
than 6 oxygen. In our overall analysis, we decided to also include fragments and monomers
containing 5 or in a few cases 4 oxygens (see peaklists in Appendix Section A.6) as we were
interested to see if the importance of these less oxidized (but still detectable with NOs-CIMS)
products change between the different chemical regimes. However, in all considerations
regarding SOA formation, we furthermore set a molar weight threshold which automatically

excluded any products with less than 6 oxygens.

In general, NOs-CIMS is a highly selective method since the analytes compete with nitric acid
for cluster formation with NOs. Only few analytes have stronger gas phase acidities than
nitric acid (Zhao, 2018). Proton transfer reactions are rarely observed and the main pathway
for ionization is a ligand exchange from nitric acid to the analyte (Hyttinen et al., 2018; Ehn et
al., 2014). All analytes were detected as nitrate analyte clusters and were normalized with the

reagent ion signal sum (sum of NOs and HNOsNOs").

The changes in the HOM product distributions were compared for the different experiment
phases via the relative change in signal. For all detected products the same detection
sensitivity is assumed. Hyttinen et al. (2018) showed in quantum chemical calculations that
HOMs containing 6 or more oxygen atoms have comparable sensitivity with the nitrate
reagent ion. At this degree of oxidation, it can be expected that the HOMs already contain
multiple hydroperoxyl and/or hydroxy functional groups (Bianchi et al., 2019) prior to the
termination step, making it unlikely that the sensitivity is strongly influenced by the
termination group. Thus, the signal strength reflects the correct ranking of the observations
and relative comparisons do not require calibration. Pullinen et al. (2020) studied the mass
balance between condensable HOMs and formed particle mass and were able to find closure

within a factor of 2.

The MION-Br-CIMS was used to detect the HO: radical. The detection of HO: via Br-CIMS
has been previously reported by Albrecht et al. (2019) and Sanchez et al. (2016). It should also
be mentioned that the Br-CIMS can also be used to detect earlier stage, lower oxidized
oxidation products than NOs-CIMS as shown by Rissanen et al. (2019), but this was not

pursued further in this work.
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The HO: radical was detected as a bromide cluster and its signal was normalized with the
reagent ion signal sum (sum of Br- and BrH:0). Since no direct HO: calibration was available,
the HO: signal in the Br-MION-CIMS was used to compare the levels of HO:z relative to each
other in the different phases of the experiment. Furthermore, the measured HO: signal was

compared to modeled HO:2 concentrations, details of the modeling are explained in Section

3.2.5.
14
40 x10 JT T
R 30
o
£
s 4
5
2 20
£
a
ol
0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 1.6 x10

Modeled HO concentration (cm )

Figure 9 Modeled HO: concentration vs. normalized HO: signal for each steady state of experiment
apinCO_2. HO:2 was measured as the BrHO: cluster and was normalized with the sum of the reagent ion
Br - and its water cluster. The dotted line shows the linear fit to all (unseeded and seeded) measurement

points.

Figure 9 illustrates this for the example of an experiment (apinCO_2) spanning a wide range
of HO2 concentration due to CO addition. We see a good linear relation between the model
predictions and observations. However, a background signal of around ~1-10-° was observed
as soon as VOC and ozone were present in the reactor. The background HO:2 signal was not
observed when only Os or only VOC were in the system. As shown by the modeling results,
HO:2 production of this strength is not expected in the a-pinene ozonolysis phase but this
background phenomenon was observed before (Albrecht et al., 2019) and is not fully

understood.

3.1.5 Derivation of condensable HOM mass proxy in the gas-phase from CIMS-
measurement

A simple proxy for the condensable mass from HOM products can be calculated from the
steady-state HOM signals measured by the NOs-CIMS, assuming condensation for all low

volatility HOM compounds and no back evaporation into the gas phase.
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To this end, a threshold has to be determined to only take low volatility HOM compounds
into account. For the threshold a lower-limit molar mass was defined to only include
significantly condensing products in the calculation of the proxy. To determine the lower-
limit molar mass of significantly condensing products, we used the comparison between
experiment stages without particles (unseeded experiment phases) and experiments with
particles providing surface for condensation (seeded experiment phases). The product signal
in the seeded experiment phase was compared with the unseeded experiment phase, yielding
the product’s fraction remaining in presence of seed. We defined the criteria of usable signals
as no significant background signal and standard deviation of the average steady-state signal
<30 %. The fraction remaining for each individual closed-shell oxidation product fulfilling
the criteria was plotted against the product’s molar mass. A trend curve was added to the
data and the threshold was determined as the molar mass at which the trend expected a
fraction remaining in the gas phase of 50 %. Therefore, only oxidation products with 50 % and
more of the signal lost to condensation were considered as contributors for the condensable

HOM mass proxy.

To calculate the condensable HOM mass proxy, all contributions were weighted by their
molar mass, summed up, and normalized with the a-pinene OH turnover (koy * [0H]ss -
[a-pinene]ss) as shown in Eq. 3-2. Here S; is the signal of compound i and M; its molar mass.
The normalization with the a-pinene OH turnover mostly considers small experimental
imperfections, but also allows better comparison between different chemical conditions, see

Section 3.2.2 for further explanation.

=0 Si " M; Eq. 3-2
koy - [OH]ss - [a-pinene]ss

mass weighted signal sum =

3.2 Atmospheric reaction chamber SAPHIR-STAR

The experiments were performed in the atmospheric reaction chamber SAPHIR-STAR. This
reactor is part of the Forschungszentrum Jiilich SAPHIR family of reactors with the name
stemming from the original SAPHIR reactor: “Simulation of the Atmospheric
PHotochemistry In a large Reaction Chamber”. SAPHIR-STAR is a continuously stirred tank
reactor (STR) and is the modernized successor of the Jiilich plant atmosphere chamber
(JPAC). More information about JPAC’s set-up can be found in Mentel et al. (2009). SAPHIR-

STAR was run as a steady-state reactor in all experiments.
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A picture of the SAPHIR-STAR can be seen in Figure 10. The reactor body is a borosilicate
glass cylinder (1=2.5m, d=1 m) with a volume close to 2000 L. All equipment inside the

chamber is either glass or glass coated steel (SilcoTek GmbH) to avoid wall effects.

The chamber inflow is split into two humidified air flows (Flow A and B in Figure 10). The
synthetic air is mixed from N2 and O: (both 6.0 purity grade). Flow A is used to add the
oxidant, in our case Os, and flow B is used to add all other trace gases, in our case a-pinene,
CO and/or NO in some experiment stages. The flow separation ensures that no reactions
occur before the reactants enter the chamber. All experiments were performed with a total
inflow of 32L min'! and at a relative humidity of 50 % and a temperature of 20 °C.
Temperature stability is ensured by the climate-controlled surrounding of the chamber. The
inflow of 32 L min results in a residence time in the chamber of approximately 61 minutes
with a fan ensuring mixing on a minute timescale. The mixing is conducted perpendicular to

the cylinder axis.

|
Aerosol

Figure 10 Atmospheric reaction chamber SAPHIR-STAR with schematic flow set-up
a-Pinene (299 % purity, Sigma-Aldrich Merck KGaA) was introduced via liquid injection
with a syringe pump (Fusion 4000, CHEMYX Inc.) into a heated glass bulb and flushed by a
stream of 1 L min™! into the chamber. CO was added from a gas bottle (10% CO in N2, Messer
SE & Co. KGaA). NO was added from a gas bottle (100 ppmv NO in Nz, Linde Gas AG) as
well. Ozone was directly produced photolytically before injection with a self-built ozone

generator.

For photooxidation OH was produced via ozone photolysis using two UV-C lamps with a
wavelength of 254 nm and subsequent reaction of O('D) with water vapor. The lamps are

mounted in closed quartz cylinders in the middle of the chamber, vertically to the cylinder
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axis and the light intensity can be varied with a movable shielding installed around the
lamps. The shielding allows an exact percentage of the lamp to be covered, thus controlling
the amount of OH produced in the chamber. The OH radical concentration was adjusted after

each change in chemical regime via the Oz inflow and the gap opening of the UV-C lamp.

The applied J(O'D) values in different phases were calculated to be in the range of 0.8-103s!
t0 2.6 -103 s1. In experiments with NO addition, additionally a UV-A lamp with a wavelength
of 365 nm was turned on, to facilitate the photolysis from NO: back to NO and Os. The
determined J(NO2) value was 1.0 -102 s'. The UV-A lamp was on for the full length of any

experiments involving NO, including phases without NO and background measurements.

For targeted seeding ammonium sulfate particles (299 % purity, Merck KGaA) were added to
the system to provide a surface for the condensation of organic material. The aerosol was
produced with a modified TSI atomizer (Model 3076, TSI GmbH) and dried to 50% relative

humidity.

3.21 Instrumentation

VOC concentrations in the chamber were measured using proton-transfer-reaction mass
spectrometry (PTR-TOF-MS; Ionicon GmbH). CO:, CO, H20 were measured with a cavity
ring down spectrometer (G2401 Cavity Ringdown Spectrometer, Picarro Inc.). Os was

monitored with a UV-photometer (O342e, Envea GmbH).

NO and NOx were measured via chemiluminescence (NCLD899, Eco Physics GmbH with a
home-built photolytic converter). However, in two experiments (apinNO and apinCONO_1)
the measurement data required further correction, as the measurement of the NO
concentration in the inflow was off compared to the expectation. Measurements of the NO
inflow concentration from the same gas bottle with the same flow controllers and same flow
settings were as expected in other experiments. Therefore, it was deduced that the
measurement data for these experiments needed correction. The data was corrected by
multiplication with a correction factor calculated from the expected NO concentration in the
inflow divided by the NO concentration inflow measurement. A NO inflow concentration
measurement was performed in every steady state and the correction factor was updated

accordingly.

Particle size distribution and number concentration were measured with a condensation
particle counter (CPC, Model 3788, TSI GmbH) and a scanning mobility particle sizer (SMPS;
Model 3080, TSI GmbH) with a CPC (Model 3788, TSI GmbH). The aerosol composition was

measured with a high-resolution aerosol mass spectrometer (HR-TOF AMS; Aerodyne Inc.).
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In all experiments, VOC, O3, NO, NOx, and SMPS+CPC sampling was switched between inlet
and outlet of the chamber to measure the input concentrations as well as the concentrations in
the reactor. The flow control system of the chamber adapts to these switches so that the

inflow into the chamber remains constant.

Less oxidized organic species were measured by a second CI-APi-TOF. It was configured
with a CI inlet based on the design of Eisele and Tanner (1993) coupled to an HTOF
(Resolution ~2700 for peaks at >200 m/Q) (Tofwerk AG) and was operated in positive-ion
mode with propylamine as the reagent (CsH/NH: Sigma-Aldrich, purity >99%). The
instrument is able to detect early generation ROz and oxidation products (Berndt et al., 2018).
The propylamine was purified and added as an amine-N2 mixture (flow: 0.12 mL min™) to the
30 Lmin? sheath flow. Furthermore, the sheath flow air was humidified to optimize
ionization. The instrument sampled 0.1 L min? from the chamber, which was diluted with
9.9 L min™! for a sample flow of 10 L min. The dilution was necessary to reduce depletion of
the primary ion (Hantschke, 2022). We will refer to selected observations from the amine-

CIMS.

All parameters and data were recorded as a function of time over the whole experiment
duration. The results discussed here were observed under steady-state conditions when all

parameters were constant.

3.2.2  OH concentration and a-pinene OH turnover

For each steady state, the OH concentration was calculated from the decay of a-pinene as
described by Kiendler-Scharr et al. (2009). Eq. 3-3 is derived from the mass balance of a-
pinene at steady state. The steady state OH concentration [OH]ss depends on the amount of

a-pinene consumed by reaction with OH and the reaction with Os, as well as the flush out.

F _[vocl, —[voc -
i [ ][%C][ss Iss _ e, 5 [03]ss Eq.3-3
[OH]ss = Kk
OH

F is the total flow and V the volume of the chamber. The subscript “SS” indicates steady-state
concentrations, while [VOCJi» represents the a-pinene concentration entering the chamber.
kosand kon represent the reaction rate coefficients of a-pinene with the corresponding
oxidant. We applied rate coefficients of kow=5.36-10""cm? s (Atkinson and Arey, 2003) and
k0s=9.25:10"7 cm?® s (Cox et al., 2020) at 20 °C. The uncertainty of the OH calculation was

estimated as 20 % by Wildt et al. (2014).
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McFiggans et al. (2019) described that one limiting factor in experiments with multiple OH
reaction partners is oxidant scavenging: The products and their yields in mixed systems
change, because there is less OH available to the individual VOC. One important methodical
goal of this work was to compare the different chemical regimes at as constant as possible a-

pinene oxidation conditions.

The a-pinene OH turnover is the best criterium to ensure the equality of oxidation conditions
and is calculated as shown in Eq. 3-4. The same turnover guarantees the same production of

the first generation ROz.
turnoverapinene+0H = kOH * [a—pinene]ss * [OH]SS El]- 3-4

The turnover is defined by the steady-state concentrations of a-pinene and OH, as well as the
a-pinene OH reaction rate coefficient kon. In our experiments, we added CO to increase the
HO:2 concentration in the chamber via the reaction of CO and OH. Thus, after the CO
addition, the OH production in the chamber was increased to compensate for the OH

consumed by CO.

The same control of the OH production was applied after the NO additions, though smaller
OH adjustment was necessary due to the influence of NO. NO reacts with Os forming NO,
affecting the oxidant level. In SAPHIR-STAR a UV-A lamp photolyzes NO, reforming NO
and Os. However, the J(NO) rate achieved was at the lower end of expected atmospheric
photolysis frequencies leading to higher NO: level. The J(NOz) rate in SAPHIR-STAR was
1.0-10° s, while for example a typical value for Germany in summer is J(NO2)=4.0-10° s (Cho

et al., 2023). Additionally, NO influences the HOx budget (see reactions (R2-9) and (R2-10)).

The a-pinene OH turnover in the system before and after the CO and NO additions were
approximately the same. Thus, the OH adjustment ensured that the primary a-pinene
chemistry was kept the same and enabled a better comparison. An overview of the OH

concentrations and a-pinene OH turnovers can be found in Appendix Table A4.

However, since experiments could only be performed at about the same OH levels, a
normalization by the actual a-pinene OH turnover was applied to the data. This compensates
for slight experimental imperfections and enables better comparison of experiment series
with different boundary conditions. This normalization eliminates differences due to changes
in turnover and also directly shows the yield of certain oxidation products or product groups

per a-pinene consumed by OH.



Methods and Experiments | 27

3.23  Experimental conditions

Table 1 contains an overview of the experiments performed for this work. All experiments
had an a-pinene inflow concentration of 10 ppbv and the a-pinene sink was dominated by
the reaction with OH. Three chemical regimes were compared to the typical simple
laboratory settings, i.e. a-pinene OH oxidation without further additions. For the first regime,
2.5 ppmv CO was added to the chamber to increase the HO2 concentration and shift to higher
HO2/RO: ratios, as such ratios are more realistic to the atmosphere (Schervish and Donahue,
2021). An overview with examples of HO2/RO:2 ratios and concentrations observed in the
atmosphere can be found in Appendix Table A1l. For the second regime NO was added. NO
is an important anthropogenic trace gas and is found in varying concentrations nearly
everywhere in the present-day atmosphere (Finlayson-Pitts and Pitts, 2000). Examples of
atmospheric NO concentrations in different environments can be found in Appendix Table

A1. For the third regime both additions were combined into a high HO: case with NO.

When adding NO, two different NO concentrations were investigated to vary the ROz sink
from RO2+NO. NO inflow concentrations of 10 ppbv and 25 ppbv were utilized and are
referred to in Table 1 as “middle NO” and “high NO” respectively.

Table 1 Overview of experimental conditions with corresponding experiments. For experiments with

“urr

NO addition, the value in square brackets indicates the inflow NO concentration in ppbv. The “g” and
in parentheses refer to the particle phase information: “g” indicates unseeded, pure gas phase and
“s” indicates seeded experiments. All information refers to steady-state conditions. HO2/ROz inferred

from model calculations (see Section 3.2.5).

ugn
B

Experimental | Repetitions Experiment names HO2/RO: NOlss NOz]ss
conditions ratio
Base case Used for apinCO_1 (g), 0.006 - -
comparisons apinCO_2 (gs), 0.007
apinCONO_1 [-] (s), 0.007
apinCONO_2 [-] (g,5) 0.007
High HO: 2 apinCO_1 (g), 0.6 - -
apinCO_2 (g,s), 1.0
apinCONO_1 [-] (s) 1.0
Middle NO 1 apinNO [10] (g,s) 0.2 0.2 ppbv | 3.3 ppbv
High NO 1 apinNO [25] (g,s) 0.4 0.5 ppbv | 8.4 ppbv
Middle NO, 1 apinCONO_1 [10] (g,s) 2.0 0.1 ppbv | 4.8 ppbv
high HO:
High NO, 2 apinCONQO_1 [25] (g,s), 2.4 0.4 ppbv | 11.2 ppbv
high HO: apinCONO_2 [25] (g,s) 2.7 0.3 ppbv | 12.7 ppbv

As explained above, the base case for comparison was always the simple laboratory case with
just a-pinene photooxidation. This base case was either one stage of the experiment or was

taken from another experiment for comparison. Information which experimental stages were
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contained in each experiment can be found in the Appendix Section A.3. Table A4 in the
Appendix also contains the achieved OH concentrations and a-pinene OH turnovers. Table
A12 gives an overview of important particle phase parameters like available particle surface

and measured particle mass.

Another important comparison is the comparison of the seeded to the unseeded system
(targeted seeding). As no significant nucleation was observed in any experiment, the
unseeded phases represent pure gas phase conditions. Seed addition parameters were
chosen, so that the available seed surface represented a competitive sink for HOM
compounds compared to the wall loss. The typical lifetime for wall loss of HOM products in
our chamber was 170 s. Typical lifetimes for loss on the particles (i.e. condensation) ranged
from 28-50s. The comparison between seeded and non-seeded systems, provides direct
observation of the condensation behavior of the observed oxidation products. Seeded and
unseeded stages of each condition were either achieved within one experiment or within

different experiments at otherwise same conditions.

3.24  Experimental procedure

All data presented represent comparisons of steady-state conditions. In general, experiments
were run by setting the required boundary conditions, waiting for steady state to establish
(transient period), and then measuring the steady state of this set of boundary conditions. At
least 3 hours were allowed to reach steady state (three times the residence time in the
chamber), normally 4 hours. The steady state itself lasted for at least 4 hours in each
experiment stage to give all analytical instruments a long enough time for sufficient
averaging. The steady-state times were also used to measure certain inflow parameters (a-
pinene, CO, NO and particle distribution) as mentioned in Section 3.2.1 by switching the

measurement instruments to the inlet of the chamber for a portion of the time.

As explained in Section 3.2.2, an important criterium is a similar, ideally constant, a-pinene
OH turnover to avoid effects of oxidant scavenging. To achieve the same a-pinene OH
turnover after a change in the chemical regime compared to the laboratory base case, the OH
concentration in the chamber was adjusted. The OH concentration can be controlled via the

gap opening of the UV-C light and if necessary, the Oz inflow concentration.

An increase of OH concentration was especially critical in the high HO2 experiments as the
added CO consumed a significant portion of the available OH. An example of the OH

adjustment after CO addition can be seen in Figure 11.
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Figure 11 Exemplary timeseries of high HO:2 experiment (apinCO_1) showing HOM-Mon and
HOM-Acc product sum (top panel), calculated OH concentration and BrHO: signal (middle
panel), and Os, a-pinene and CO concentrations (bottom panel). Background color represents
light intensity (gap opening stated at the top of the graph). Highlighted in green are the base case
steady state and the steady state at high HO: (addition of CO and adjusted oxidant level).

After the photooxidation steady state as base case, CO was added to the system. In the
displayed apinCO_1 experiment, the OH level was adjusted in three steps to approach the
same concentration as before the CO addition. First the UV-C light opening was adjusted,
then Os was added, and the UV-C light opening was adjusted again. In some experiments the
adjustment of the a-pinene OH turnover via Os concentration and UV-C light opening were
made simultaneously with the CO addition. Highlighted in green are the steady states with
the “same” OH concentration characterized by low and high HO2, which were used for
analysis and interpretation. The BrHO: timeseries (purple plus markers in middle panel of

Figure 11) show that, at a very comparable OH and a-pinene level, a much higher HO>

level was achieved.
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3.25  Box model calculations for RO: sink estimation

Modeling of the experiments was utilized for experiment planning and evaluation. As only
sources, sinks and chemical reactions, but no transport processes have to be considered in
SAPHIR-STAR, a zero-dimensional box model was used to represent the gas phase

chemistry.

The box model applies the chemical mechanism of the “master chemical mechanism” (MCM)

v3.3.1 (https://mcm.york.ac.uk/MCM/, see Jenkin et al. (1997), Saunders et al. (2003)) under

the boundary conditions of the SAPHIR-STAR chamber. Utilized input parameters were
temperature, relative humidity, chamber inflows and inflow concentrations of VOC, Os, NO,
and CO, as well as the status of UV-C and UV-A lights. Reference photolysis frequencies J
were available for the two lamp spectra. The photolysis frequencies used in the model were
scaled to the observed J(O'D) and J(NOz), numerically switched on/off, and in the case of the

UV-C light additionally scaled by the light gap opening.

Photolysis reaction rate coefficients were determined for J(O'D) and J(NO:) in separate
experiments. For J(O'D) determination, Os was injected into the humidified chamber and
J(O'D) was determined from the Os loss in the chamber as a function of the light gap opening.
For J(NOz2) determination, Os and NO were injected into the humidified chamber and J(NO2)
was determined from the change in Os and NO concentration after turning the UV-A light on.
Further necessary model parameters are OH background reactivity and radical wall loss rate
coefficients. More information about these parameters can be found in Appendix Section

A4l

All calculations were performed with the institute software package EASY which uses
FACSIMILE to solve the differential equations (EASY Version 5.69b). The model calculations
reproduced the primary observables a-pinene, O3, CO, NOz and OH within the experimental
uncertainties. For NO larger relative discrepancies were observed due to the low steady-state
concentrations (below 1 ppbv) in the experiments. However, the absolute discrepancies were

maximally 0.2 ppbv.

The box-model results were used to characterize the chemical reaction pool of the studied
systems, i.e. the relative importance between reaction with NO, HO2 and the pool of RO: for
HOM-RO:. For the ROz pool and HOz, no direct measurement was available, however the
observed signal of BrHO2 follows the modeled HO: concentration (see example in Figure 9).
To estimate the relative importance of the different reaction pathways, we applied generic

rate coefficients kroz+Ho2, kro2No and kro2+roz.
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For the reaction of RO2+HO:2 we used krozHo2=2.46-101" cm?® s and for the reaction of RO2+tNO
we used kro2no=9.2:10"2 cm? s for reactions at 20 °C as specified in the MCM (Jenkin et al.,
1997; Saunders et al., 2003)). The reaction rate coefficient for RO2+NO represents the overall
reaction rate with NO, including both termination to ON compounds and alkoxy radical

formation.

We chose a krowroz of 51072 cm®s? as the approximated reaction rate of the RO2+RO:
reactions. This value applies to all possible reactions (accretion product, monomer, and
alkoxy formation) and is in the range of kroz:roz utilized by Roldin et al. (2019) in the PRAM
model. As we cannot verify the ROz and HOz model results by measurements and can only
apply generic reaction rate coefficients, the calculation results serve solely as indicators of
changes in the system. We do not claim to have determined exact concentrations. The
calculations help us to approximate the importance of the reactions of HOM-RO: with the
RO:z-pool, HO2 and NO. With this information, we were able to develop a framework to

understand the experimental observations.
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4. Results and Discussion

4.1 Impact of high HO:

In order to understand the effect of the RO2+HO: reaction on the gas phase HOM product distribution
compared to a RO2+RO: dominated system, we will present and compare two cases: The “laboratory”
base case (RO2+RO: dominated) and the ROz+HO: dominated system (achieved via CO addition and
OH adjustment by J(O'D) and Os), which in the following will be referred to as the “high HO> case”.
For both the unseeded (gas-phase only) and seeded systems two experiments were performed
providing one repetition. Thus, we report the average changes plus standard deviations. The

repetitions showed good reproducibility with overall little variation in the results.

The box-model results of the HO: concentration and sum of RO: concentrations were used to
determine the competition for reaction with HOM-RO: between HO: and RO:. Furthermore, we

determined the HO2/RO: ratio as an indicator for atmospheric relevance.

The modeling results predicted HO2/RO:2 of about 1/1 for the high HO: case. In comparison, for the
base case a HO2/RO: ratio of about 1/100 was predicted. The modeled concentrations can be found in
Appendix Section A.4.2. HO2/RO: ratios of around 1 are highly relevant for atmospheric conditions
with significant OH oxidation, though it should be kept in mind that in atmospheric conditions, the
methyl peroxy radical and other small RO: contribute a significant portion to the total of peroxy
radicals (Khan et al., 2015). Field studies reporting HO: and RO: measurements for different
environments can be found in supplement Appendix Section A.7. These exemplary studies show that
HO2/RO:2 ratios around 1 are relevant in remote to urban environments with different VOC sources

and NOx levels.

Assuming correctly modeled [HO:] and [RO2], we calculated the competition between HO2 and RO2
reactions for each (observed) RO: expressed in form of pseudo first order rate coefficients of
kroz+Ho2:[HO2] or kroz:ro2:[RO2]. Herein [RO2] is the sum of all RO: species as defined in the MCM
v3.3.1.

In the model [RO:] was reduced by about a factor of three, while [HO2] was increased by a factor of 30
for the high HO: case compared to the base case. Consequently, HO: reactions were almost negligible
in the base case, while RO2+RO: reactions can still contribute in the high HO: case. Figure 12 a) shows
the contribution of the reaction partners to the RO2 chemical reaction pool within the triangle plot
introduced in Figure 1. The Figure 12 a) shows an overview of all systems investigated in this study
with the high HO: system highlighted in green and the base case highlighted in blue. For all

experiments the results of our calculations indicate that the sink for HOM-RO: is dominated by
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RO2+RO:2 reactions in the base case (~97 % contribution), while at high HO2 RO2+HO: contributed

~80 %.

IR

N
N

Figure 12 Classification of the chemical regimes for the system with high HO:2 (highlighted in green):
a) Triangle plot showing the distribution of the chemical reaction pool for ROz with NO, HO2 and RO2.
b) (Pseudo) first order chemical sink relative to average autoxidation rate and wall loss rate.

Figure 12 b) shows a comparison of the expected overall pseudo-first order chemical reaction rate
coefficient in all investigated systems compared to the base case (again highlighted in blue). Also
shown are the assumed average autoxidation rate and determined wall loss rate in the chamber (see
Appendix Section A.4.1). The overall pseudo-first order (bimolecular) chemical reaction rate
coefficient is the sum of the pseudo-first order reaction rate coefficients of ROz, HOz, and NO in the
system. The comparison of the overall chemical reaction rate coefficients to the assumed average
autoxidation rate coefficient indicates if significant interruption of the autoxidation chain compared to
the base case can be expected due to the increased reactivity in the high HO:z system. The chemical
reaction rate coefficient in the high HO: case adds up to 0.05 s?, compared to 0.03 s in the base case.
Even though the chemical pseudo first order reaction rate is slightly higher, it is still significantly
below the assumed average autoxidation rate coefficient of 0.1 s7. The increase of [HOz] will likely not
be able to interfere with autoxidation thus no systematic, significant decrease in HOM products due to

early termination is expected.

An average autoxidation rate of 0.1 s was chosen due to the reported rate coefficients in the literature
(Piletic and Kleindienst, 2022; Berndt, 2021; Xu et al., 2019; Vereecken et al., 2007). In general, rate
coefficients for individual reactions are not well known and we have to rely on generic rate
coefficients proposed in the literature. Since we cannot verify the modeling results for HO2 and RO,

our calculations should be seen only as indications of the expected trends in the chemical system.
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411 Impact of HO: on overall HOM formation

The top panel in Figure 11 shows the timeseries of HOM-Mon and HOM-Acc products in one of the
high HO:z experiments, so that the base case and high HO: case can be directly compared. The HOM-
Mon signal recovered after the oxidant adjustment, while the HOM-Acc signal was significantly
suppressed at high HO:. This indicates that the shift to the HO. dominated system substantially
impacts the termination reactions, shifting formation from the HOM-Acc product channel (RO2+RO)

to the HOM-Mon channel.

An overview of the results for the product classes as defined in Section 2.1 is shown in Figure 13.
Plotted are the average ratios of signal in the NO3-CIMS in steady state in the high HO: case compared
to the ROz+RO:2 dominated base case. All experiment phases were normalized to the actual a-pinene
OH turnover. The overall HOM signal was lower in the high HO: case showing a reduction of about
20 %. Most distinctive, the HOM-Acc were strongly reduced by about 60 %. A reduction of HOM-Acc
by addition of CO was observed before by McFiggans et al. (2019), however there the OH
concentration was not kept constant. The HOM-Frag (Cs-Co) also show a reduction of about 20 %. In

the high HO: case Cio-HOM-RO:2 were also significantly reduced by about 40 %.

100%

80%

60%

40% =

% of base case
(low HO,, no NO,)

20%

0% 81+3 % 95+4 % 4146 % 60+8 %
(]

All products Fragments (Cs-C,) Monomers  Accretion products  C,,-HOM-RO,

Figure 13 Overview of average, relative change in product classes detected in NO3s-CIMS between high HO: case
and base case (both normalized to a-pinene OH turnover) for unseeded experiments. Bars represent average of
the two experiments, markers represent individual experiments.

The HOM-Mon signal remained about the same in the high HO: and base case. Without changes in
the rates and contributions of the different termination reactions, the observed reduction in the HOM-
RO2 precursors should lead to nearly the same reduction in HOM-Mon. However, the decrease of
accretion product formation and fragmentation should lead to an increase in HOM-Mon. The presence
of HO2 should reduce the alkoxy radical formation, and thus fragmentation of HOM-RO:. This
missing sink could lead to an additional HOM-Mon source compared to the base case. However, the
distribution of the product classes in both cases (Figure 14) shows that in the high HO: case the
contributions were shifted from HOM-Acc to HOM-Mon, while the contribution of HOM-Frag
remained constant. Each HOM-Acc is formed from one HOM-RO: (HOM-RO2+ROz) or potentially
even two HOM-RO: (HOM-RO2+HOM-RO2) and therefore each HOM-Acc not formed will lead to at

least one HOM-Mon.



36 | Results and Discussion: Impact of high HO:

Base case High HO, case
(low HO,, no NO,)

Fragments: Fragments:
3744 % 37+4%
Accretion Accretion

products: 17+1 % products: 92 %,

Figure 14 Average contribution of the closed shell product classes to overall HOM product signal in the
RO2+RO:2 dominated base case and the high HO2 case (unseeded experiments)

Details of the changes in the product distribution become evident when considering the individual
HOM-Mon families as shown in Figure 15. Due to their different formation pathways (see Section
2.1.1) the change in the HOM-Mon family distribution is a helpful tool to analyze the effect of the
shifted importance of reaction of HOM-RO: with HO: compared to RO2. A decrease in the Ci0H1O:
family and an increase of the C10H1sO: family is expected with increasing HO: importance because of
increasing termination by HO: (CioHi7Ox + HO2 - CioHisOz) and decreasing termination by RO:
(C1oH150x + RO2 2 CioHuOx). In the case of CioHisO: the increase of hydroperoxides is partially
compensated by a decrease of the alcohol formation of RO2+ROz. For CioHisO: the situation is more

complicated as it contains contributions from all termination pathways.

The CioH150x-RO:2 family and the related Ci0Hi:O: family (carbonyl compounds) show the strongest
suppression with a decrease of about 40 % at high HOz. For the Ci1oHi170x-RO: family the suppression
was less pronounced with an 18 % reduction. In contrast, the CioHi6O. family remained about the

same while the Ci0H1s0O. family showed a strong increase at high HO2 compared to the base case.
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Figure 15 Overview of average, relative change in monomer families detected in NOs-CIMS between high HOz
case and base case (both normalized to a-pinene OH turnover) for unseeded experiments. Bars represent average
of the two experiments, markers represent individual experiments.

The suppression of Cio-HOM-RO: of only about 40 % compared to the reduction of overall [RO2] by
~70 % in the model calculations (for the modeled concentrations see Appendix Section A.4.2) shows
that in many instances the autoxidation is too efficient to be out-competed by the RO:+HO:

termination reaction, which is several times faster than RO2+RO:z reactions.
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Furthermore, the signal weighted O/C ratio of the monomer class did not change between base and
high HO: case (0.70+ 0.01). If the HO: termination would interrupt the autoxidation chain, a lower
oxidation level would be expected at high HO:. The unchanged oxidation level and the suppression of
HOM-Acc indicate that the average autoxidation rate must indeed be faster than kuom-roz+Ho2:[HOz],
while the average accretion rate for kuomrozro2[RO:z2] must be slower. In conclusion, the change
towards a RO+HO: dominated system should essentially impact the distribution of the HOM-RO2

termination products.

412 Impact of HO: on the HOM-RO: concentration
C1-HOM-RO: are key to understand the changes in the HOM product distribution. Therefore, we will

first discuss the changes in the HOM-RO: and then the changes in the closed-shell products.

The Cio peroxy radical class consists of the C10H1s0x and CioHi7Ox families which were reduced to 54 %
and 82 %, respectively when comparing the high HO: case to the base case (Figure 15, light blue and
green bars). The observed reduction in Ci-HOM-RO: is significantly smaller than the overall ROz
reduction predicted by the MCM model results (reduction to ~30 %). In the following paragraphs, we
present a plausibility consideration to assess if these observed changes are consistent with our

expectations from modeling results and generic reaction rates.

The change in the steady-state concentration of a compound is always defined by the changes in its
sources and sinks. The source of a HOM-RO: is the autoxidation of a precursor RO2. Thus, the HOM-
RO:’s source is reduced if the steady-state concentration of the precursor RO: is reduced. However,
assuming the source term of the precursor RO: is the same in base case and high HO: case (due to the
constant a-pinene OH turnover) and the precursor RO:’'s sink term is dominated by the fast
autoxidation in both cases, then the RO:’s steady state concentration would not be significantly
changed. This consideration is only applicable for ROz where autoxidation dominates the sink term in
both conditions. However, Figure 12 b) shows that this is still a reasonable assumption for many

autoxidation reactions.

As long as autoxidation source and sink are balanced, the change in steady-state concentration of the
HOM-RO: will be determined by the changes in the termination. Owing to the faster reaction of
RO2+HO: compared to RO2+RO:, the chemical sink for all RO: including HOM-RO: with slower
autoxidation rates increased, which leads to a reduction in the steady-state concentration of RO: in

general, despite keeping the primary ROz source term constant.

For steady-state conditions, we can estimate the expected effect on the RO: ratio between high HO2
and base case for those HOM-RO: with production directly linked to the primary production
(ko [OH]-[a-pinene]) with negligible further autoxidation. The necessary equations and assumptions

can be found in Appendix Section A.8. We assume the same primary production in both cases and
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that the reaction with HO>, the reaction with RO2 and the wall loss are the only significant loss
pathways. In the high HO: case compared to the base case, a reduction in concentration to 80 % is
expected if the rate coefficient kroottoz (utilized value: 2.46:10" cm? s at 20 °C (Jenkin et al., 1997;
Saunders et al., 2003)) is 5 times faster than kroz+roz (leading to kro2+r02=3.7-10-2 cm? s1). A reduction to
60 % is expected if kroztoz is 8 times faster than krozwroz. These reductions are in the range of
observations for the Cio-HOM-RO2. Note, that the approach of using generalized bulk rate coefficients
is limited, but the resulting values for kroxroz were clearly within the range of rate coefficients
expected for HOM-RO2+ROz reactions (Roldin et al., 2019), showing that the increased chemical sink is

a plausible explanation for our observations.

The CioHisOx family was reduced by about 30 % more than the CioHi7Ox family (see Figure 15).
C10H1s0Ox peroxy radicals are either formed by sequential oxidation of a-pinene, e.g. from oxidation
products like pinonaldehyde, or directly from a-pinene via the H-abstraction pathway (Shen et al.,
2022). Formation of pinonaldehyde and, even more so HOM formation via the H-abstraction channel,
involve alkoxy steps. However, alkoxy radicals should be reduced at high HO: since they are mainly
formed by RO2+RO: reactions in the absence of NOx. Thus, missing source terms add to the increased

chemical sink by HO: for C1oHisOx peroxy radicals.

Amine-CIMS measurements enabled the detection of CioHisO2 (e.g. formula composition of
pinonaldehyde). The C10H160:2 signal was reduced on average to 70+1 % at high HO2 compared to the
RO2+RO:2 dominated base case. This supports that a fraction of the CioHisOx radical decrease in the
high HO: case arose from suppression of Ci1HisO: first generation products. In addition, a further
suppression of HOM formation via the H-abstraction channel is likely. It should be noted that the
reduction of CiwHi6O: is smaller than that expected by the MCM model results. Modeling results can
be found in Appendix Section A.4.2. This might indicate that HO: can also enable alkoxy radical steps
to a certain degree as summarized by Jenkin et al. (2019) and postulated by Eddingsaas et al. (2012) as

a source of pinonaldehyde in HO2 dominated systems.

According to the model calculations the pseudo first order rate coefficient krozHo2-[HO2] is expected to
be about 0.04 s for the RO2+HO:2 reaction in the high HO2 case. Consequently, only such HOM-RO:
with autoxidation rates of <0.04 s will be significantly lost by reaction with HO:2 at the higher HO2
concentrations. However, typical isomerization rates of peroxy radicals in autoxidation are of the
order of 0.1 s* and many are faster (Piletic and Kleindienst, 2022; Berndt, 2021). Therefore, reduction
in a HOM-RO: is only expected when the faster termination rate of kroz+to2:[HO:2] can compete with
the autoxidation rate, i.e. when the autoxidation slows as the degree of oxidation increases on the

specific HOM-RO:. This consideration shows that the smaller reduction in HOM-RO: compared to the
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lowly oxidized ROz in the model is compatible due to fast autoxidation reactions that are missing in

the MCM.

The increase in chemical sink strength by going from RO: termination to HO: termination is the main
expected reason for the decrease in CioHi7Ox. As discussed, the CiwoHisOx family is subject to an
additional decrease in the precursors due to the alkoxy steps necessary in the formation pathway.
Since Ci0HisOx were the main contributors to the Ci-HOM-RO: class their stronger reduction is

reflected in the overall reduction of Cio-HOM-RO:.

413 Cw-HOM-RO: chemistry: Importance of C10H1s0x and C1H1Ox families

In the unseeded, pure gas phase experiments, the contribution of the Ci0H17Ox family to the Cio-HOM-
RO: class was 23+2 % on average in the base case. In the high HO2 case the contribution increased to
31+4 % on average. As discussed above, the suggested pathways to CioHisOx--HOM-RO: may be
additionally suppressed due to a decrease of alkoxy steps at high HO2 reducing the entry channel into

Ci10H15:0x--HOM-ROx.

Nevertheless, the contribution of C10HisOx was substantial in both experiment stages. Kang (2021) and
Shen et al. (2022) reported that, in the photooxidation of a-pinene, the HOM-RO: detected by NOs-
CIMS are dominated by the CioHisOx family, while CiwoHi7Ox formation is the main expected OH
reaction pathway in the literature described for HOM formation (Berndt, 2021; Berndt et al., 2016; Xu

et al.,, 2019) and in general (Atkinson and Arey, 2003; Jenkin et al., 1997; Saunders et al., 2003).

This hints towards an effective pathway to HOM via C10H1sOx. A reason may be the fast opening of
both carbon-rings in the bicyclic a-pinene (Shen et al., 2022), or a four-ring opening in pinonaldehyde
or similar compounds, for easy autoxidation. From our observations increasing the importance of
ROz+HO: did increase the relative importance of the CioHi7Ox family, but the change was less than

10 % in contribution.

Contribution of the two peroxy radical families to the HOM formation is also reflected in the
composition of C20-HOM-Acc. Figure 16 shows the average contributions of the C20H30,, C20HzO,,
and C20Hz4O: families in the base and high HO: case. Although the absolute amount of HOM-Acc was
suppressed by 60 % the family distribution was still similar, C20H320. dominated, while C20H30O: was
lowest. C20H300: is formed from two members of the Ci1o0H1s0x family, while C20H34O: is formed by two

members of the CioH17Ox family. C20H320: is then a combination of a C10H150x-RO2 and C10H170x-RO:z.

Families that require one or two CiHi7Ox peroxy radicals for their formation have a higher
contribution than the CioHi7Ox family’s contribution to Cio-HOM-RO:. Here, it is important to note
that not only HOM-RO: can participate in HOM-Acc formation, but also traditional, less oxidized RO2
radicals (Berndt et al., 2018; Pullinen et al., 2020; McFiggans et al., 2019), which are not detectable by
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NOs-CIMS. However, higher oxidized peroxy radicals exhibit faster accretion rates (Berndt et al.,

2018).

Base case High HO, case
(low HO,, no NO,)

CyoHsyt CoHsg!

2844 % 3424 %
CaoHsy: CaoHsy:
44+2 % 44+1 %

Figure 16 Average contribution of the C20Hx0:, C20H320x, and C20H3O: family to the C20 HOM-Acc group signal
in the base case and high HO2 case (unseeded experiments). Not pictured is C20H2s0- due to its negligible signal
(contribution ~1 %).

The large contributions of C20Hx»O. and C2Hz4O: thus clearly show the general importance of the
C10H17Ox peroxy radicals. The C20H30: family contributing the largest section indicates the importance
of HOM-Ci0H1s0x and a high abundance of lower oxidized CioHi7Ox peroxy radicals. Lower oxidized
C1H17Ox-RO:2 were recently measured by Berndt (2021). The fraction of C20H34O. was smaller because
their formation requires HOM-CiHi7Ox radicals which were less abundant compared to HOM-
C10H150x, while the small fraction of C20Hs00O: indicates that, despite the importance of HOM-C10H150x,

lower oxidized Ci0H1sOx are less important.

These results indicate the importance of mixed HOM-Acc formation by cross reactions of HOM-RO:
and a lower oxidized RO:. The importance of mixed HOM-Acc is supported by the relatively small
fractions of HOM-Acc products with very high oxygen numbers, which more likely stem from HOM-
RO2+HOM-RO:2. For example, C20-HOM-Acc with 12 or more oxygen atoms contributed only around
30 % (base case: 264 %, high HO: case: 31+2 %) of the signal in the product group.

Although the effect is small, a tendency to higher C20Hz31O. contribution was observed at high HOz.
This is consistent with the observation of a slightly higher Cio0H17Ox contribution to the Ci--HOM-RO:..
The stronger suppression of the Cio0HisOx family at high HO: is the first indication for, and can be

explained by, a reduction in the alkoxy radical formation.

414 Impact of HOz2 on HOM alkoxy radical formation

Alkoxy radicals (RO) are the second important radical type in the oxidation chain of a-pinene. RO
cannot be detected directly as they are highly unstable and thus have very low concentrations.
However, as introduced in Section 2.1.3 the parity change in the HOM-RO: families can be used as a
diagnostic tool for the abundance of alkoxy steps (Kang, 2021). A second indicator for alkoxy steps is

the abundance of HOM products with less than 10 C-atoms.
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Figure 17 shows the average contribution of CioHisOx and CioHi7Ox with an even and odd number of
oxygens in both the base case and the high HO: case. CioH1sOx radicals with an even number of
oxygens contributed on average 32 % in the ROz dominated base case. For CioHis0x, the autoxidation
chain is expected to start from an even number of oxygen either from C10H1504 (pinonaldehyde-like)
(MCM v3.3.1 (Jenkin et al., 1997; Saunders et al., 2003)) or from CiH1s02 (CioHis H-abstraction)
(Berndt, 2021; Shen et al., 2022). Therefore, without the involvement of an alkoxy step, the parity of the
oxygen number in the observed CioHisO--HOM-RO:2 is expected to be even. Due to the average
contribution of C1Hi500da of 69 % we conclude that in the base case at least one alkoxy step (or any

odd number of alkoxy steps) must have taken place in most of the cases.
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Figure 17 Average contribution of Oodd and Oeven to the HOM-RO2 families C1oHisOx (left) and CioH17Ox (right)
signal in the base case and high HO2 case (unseeded experiments).
In the high HO2 case CioH150even contributed 63 % and the CioHisOoda contribution was reduced to
37 %. This demonstrates a change in the number of alkoxy steps along the formation pathway of the
observed HOM-RO: radicals. The increased contribution of Ci0HisOeven at high HO:z lets us infer an
even number of alkoxy steps as more common (0,2,4...). In the simplest case 1 alkoxy step takes place
in the base case due to HOM-RO formation from HOM-RO2+RO: reactions, while no alkoxy step takes

place at high HO2, because HOM-ROz+HO: produces none or less HOM-RO than HOM-RO2+RO..

For C1Hi7Ox the entry channel into autoxidation is C10Hi7Os with an odd number of oxygen atoms.
Therefore, in autoxidation without alkoxy steps, the oxygen parity is expected to be odd. In the base
case, C1oH17Oodd species contributed 75 % to the total CioHi7Ox signal, indicating that either none or an
even number (2,4,...) of alkoxy steps occurred. At high HO:2 the odd contribution increased to 84 %
(see Figure 17). This result could indicate a low occurrence of alkoxy steps even in the base case, with

a further decrease of alkoxy formation at high HO.. However, the observed shift was minor.

The different responses of the Ci1oHisOx and CioH17Ox families to the reduction of HOM-RO formation
from HOM-RO2+RO: in the system dominated by HO: indicate that there could be fundamental
differences in the autoxidation chains of C10HisOx and C10Hi7Ox (or the limit of the parity analysis). The

parity analysis indicates a decrease in alkoxy steps at high HO2, but it cannot be inferred with
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certainty. However, decrease in alkoxy steps at high HO: is supported by the observation of changes

in HOM-Frag products.

On average, the sum of all HOM-Frag products (detected compounds with 5>C<10 by NOs-CIMS)
showed a reduction of around 20 % (unseeded experiments, see Figure 13). Further trends become
recognizable when separating the species according to their carbon number. Figure 18 shows the Cs,
C7, Cs, and Co HOM-Frag groups at high HO: compared to the base case, normalized to the a-pinene
OH turnover. The Ce-HOM-Frag group was not included, as it contributed less than 5 % of the

fragment signal and contained few detected compounds.
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Figure 18 Overview of average, relative change in Cs, C7, Cs, Co fragment groups detected in NOs-CIMS between
high HO2 case and base case (both normalized to a-pinene OH turnover) for unseeded experiments. Bars
represent average of the two experiments, markers represent individual experiments.

Figure 18 shows the different behavior of the HOM-Frag groups: Cs-HOM-Frag were the least
affected, showing no reduction. This could indicate that an important formation pathway for Cs-
HOM-Frag is not dependent on alkoxy radical formation. However, HOM-Frag with shorter carbon
chain length were significantly reduced at high HOz: Cs-HOM-Frag were reduced by around 60 %
compared to the base case. If we assume that the fragmentation of Cio compounds happens in
consecutive steps via scission of HOM-RO radicals (analogously to the MCM), this observation is in

accordance with decreasing importance of alkoxy radical formation at high HO..

Overall, all observations indicate strong involvement of RO in HOM formation as well as a reduced,
but still significant, involvement of RO in the system with high HO>, when HO: chemistry dominates.
This is supported by the change of the oxygen parity in Ci-HOM-RO:, and the decrease of
fragmentation products with lower carbon number, as well as the only moderate reduction in the
observed CioHisO2 product (pinonaldehyde) and the still substantial importance of the CioHisOx-
HOM-RO: family in the high HO: case.



Results and Discussion: Impact of high HO: | 43

415 Impact on carbonyl and hydroperoxide formation

Increased importance of RO2+HO2 should shift the product distribution by reduction of alcohol and
carbonyl compounds from the so-called molecular channel in the RO2+RO:2 reaction (see reaction
(R2-3)), in favor of hydroperoxide formation from RO2+HO:z termination (reaction (R2-1)). This effect
can be best observed in the CiHisO. family, which contains the hydroperoxide and alcohol
termination products arising from CioHi7Ox. C10H1sO: significantly increased to on average 159 % (see
Figure 15). This supports an increased hydroperoxide formation, however, with some uncertainty due
to the alcohol termination products from C1Hw7Ox (by reaction with ROz). To elucidate this further the

contribution of individual species to the C10H1sO: family was examined.

Formation of an alcohol from RO2+RO: (reaction (R2-3)) leads to the loss of one oxygen atom
compared to the precursor CioH17Ox radical, while in the hydroperoxide formation (reaction (R2-1))
the oxygen number remains the same. The most abundant member of the CioHizOx family was
C1H17O7 with a contribution of 72+6 % in the base case, and a contribution of 82+1 % in the high HO2
case. C1oH17O7 terminates to C10H1sO: products either as an alcohol with sum formula C10H1sOs, or as a
hydroperoxide with sum formula CioHisO7. These products have additional sources from CioH17Os
and Ci0Hi17Os but due to the dominant contribution of Ci0H17O7 to the CioH17Ox family we expect any

other production channels to be of minor importance.

Figure 19 shows the HOM product distribution within the C10H1sO. family in the base and high HO2
case. The sum of the Os and O~ product did not change significantly in the two regimes (about 88 %),
showing that these were the major products. This agrees well with the observation of CioH17O7 as the
major CioHi7Ox-HOM-ROz. In the RO:+RO: dominated base case the Os product has a larger
contribution of 64+8 %, while at high HO2 ~30 % of signal was shifted to the O7 product. This shows

that the increase in the C10H1:0. was matched with an increase in hydroperoxide formation.

Base case High HO, case
(low HO,, no NO,)
0,: 1% 0,:1%
0,:3% fp‘,: 2% 0,:3% |_p4: 1%
- 0,: 6% . 0;: 8%
04:31%
O4: 64%

Figure 19 Average contribution of the individual compounds to the C10H1sO: family signal in the base case and
high HO: case (unseeded experiments).
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An indicator for carbonyl formation is the Ci0H1O: family as it only contains the carbonyl products
arising from Ci0Hi50x-ROz. The Ci10H14O: family was reduced on average to 61 % at high HO>, however
this decrease matched the decrease in the CiwHisOx precursor family. If the reaction of a CioH1sOx-
HOM-RO: with a second RO: were the main formation pathway of CioHuO., a stronger reduction
should be expected as both precursor species were decreased significantly. Instead, it appears that
C10HuO: was mainly impacted by the decrease in Ci0HisOx as their reductions are similar. This points
to internal termination as a major reaction pathway for CioHisO--HOM-RO: resulting in CioH1O-
carbonyls. Internal termination of the autoxidation chain has been discussed in the literature for
different VOCs (Shen et al., 2021; Guo et al.,, 2022), Rissanen et al. (2014) discussed the possible
importance of the internal termination via an H-shift, followed by formation of a carbonyl functional
group and OH loss in the autoxidation chain of cyclohexene (see Figure 3 in Section 2.1). Piletic and
Kleindienst (2022) calculated fast reaction rate coefficients in the range of 1-30 s for such internal
termination reactions to carbonyls for some CiHi7Os in the a-pinene photooxidation, indicating that

this pathway could also be significant for CioH15Ox.
The contributions of the C10H14O,, C10H1607, and Ci10H1sO. families to the HOM-Mon class shifted in

the high HO: case as shown in Figure 20.

Base case High HO, case
(low HO,, no NO,)

CioHyg:
24+2 %

CioHye!
44+3 %

Figure 20 Average contribution of the C1oH1:0-, C10H160z, and CioHisO: family to the HOM-Mon class in the base
case and high HO: case (unseeded experiments).

The contribution of Ci10H16O. was the largest and remained similar in both cases, matching the already
shown unchanged signal level in Figure 15. This is the case because the C10H16O- family contains the
alcohols from CioHisOx+ROz, carbonyls from CioHi7Ox+RO2 and hydroperoxides from CioHisOx+HO2
(see Figure 4). A separation of the effects of enhanced HO:2 on this monomer family is difficult, as the
loss of carbonyls and alcohols is partially compensated by the gain of hydroperoxides. A strong gain

in hydroperoxides is clearly reflected in the strong increase of C10HisO- at high HO..

Inspection of the CioH1:O. and CiHisO. families shows that ~13 % of the contribution by CiHuO:
were lost (carbonyls, 33 % in the base case) and were present instead as C1HisO: (hydroperoxides),

giving C1oH1sO: a contribution of 38 % in the high HO: case.
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41.6 Impact of HO: on condensable organic mass

In the previous sections, we demonstrated a shift of the product distribution by the shift from the
RO2+RO:2 dominated “laboratory” base case to the RO2+HO: dominated high HO: case. We also
showed that the changes could be rationalized by generic mechanistic considerations. We added
(NHa4)2S0s seed aerosol in two experiments to determine how the shift in the product distribution
affects the condensable organic mass by determining the fraction which remained in the gas-phase

after seeding.

Figure 21 shows the fraction remaining in the gas phase after seed addition for the sum of all
products, as well as for the individual product classes for the base and the high HO: case. In both
cases a significant reduction of products in the gas phase was observed with seed present. Overall, the
sum of all products was reduced by about 60 %, with a somewhat higher reduction in the base case.
This can be attributed to the larger importance of HOM-Acc in the base case, as well as to a 10 % lower
reduction of the HOM-Frag in the high HO: case. In both cases a reduction of the HOM-RO: was
observed, which indicates that the presence of seed particles could have affected HOM formation

chemistry, e.g. by loss of HOM-RO:2 onto particles, however only moderately.
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Figure 21 Overview of average, relative change in product class signals between unseeded and seeded system.
Solid colored bars show the base case, dotted colored bars the high HO: case. (All data from apinCO_2
experiment, normalized to a-pinene OH turnover. Error bars via error propagation, for more information see
Appendix Section A.5)

The total organic particulate mass, determined by AMS measurements, was 3.4 pg m? and 2.0 ug m=3
in the base case and high HO: case in the experiment (apinCO_2) displayed in Figure 21. A reduction
of condensed organic mass to 73+2 % in the system with high HO: (orange bar in Figure 23) was
observed on average. Since unseeded and seeded experiments were conducted at otherwise the same
conditions and we did not observe significant new particle formation, the gas-phase compositions can
be directly compared. Therefore, we conclude that the shift in the product distribution led to a

reduction of condensable material at the same a-pinene turnover with OH (and Os).

We calculated the SOA yields with the wall-loss corrected SOA mass. The detailed results and

calculation method can be found in Appendix Section A.9. The resulting SOA yields were between
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9.0 % and 5.3 %. When comparing high HO: conditions to the base case, the SOA yields show an
absolute reduction of ~3 % (relative a reduction of about 30 %). A reduction of the SOA yield of a-
pinene by addition of CO was described before by McFiggans et al. (2019), however, there the a-

pinene OH turnover was not held constant.

The change from the RO2+RO:2 to the RO2+HO:2 dominated regime favored termination reactions to
protic termination groups, as we observed less carbonyl compounds and more hydroperoxides. This
could shift the product distribution to products with lower vapor pressures and favor SOA formation,
since protic groups can act as hydrogen bond donors as well as hydrogen bond acceptors. (As
exemplified by the comparison of ethanol (boiling point (b.p) 78 °C) and ethane hydroperoxide (b.p.
93-97 °C) with acetaldehyde (b.p. 20 °C) (Richter et al., 1955)). However, the effect of the termination
group should be small for HOM as they likely contain multiple hydroperoxide groups (compare
Pullinen et al. (2020)). The reduction in HOM-Acc is expected to decrease the condensable mass, since

the HOM-Acc scavenge non-HOM-RO, that would otherwise not partition into the particle phase.

Which of the measured compounds contribute significantly to the organic particle mass can be
inferred by comparing their signal from the pure gas phase, unseeded cases to their signal with seed
in the system. Under the assumptions that, for most HOM compounds re-evaporation to the gas phase
is negligible and that the precursor chemistry is not substantially disturbed by seed addition, the
fraction of signal remaining with seed in the system reflects to which degree the compound is
condensing. Figure 22 shows the fraction remaining with seed in the system plotted against the molar
mass of each individual compound. The plot includes all closed-shell products that were measured
with a relative standard deviation of less than 30 % for all measurement phases and depicts the results

for both the base and the high HO: case.

Figure 22 Gas-phase fraction remaining in presence of seed for the base case (blue) and high HO:2 case (red)
(normalization of all data with a-pinene OH turnover). Displayed points represent all closed-shell compounds
that were detected with relative standard deviation <30 % in all four experiment phases. Error bars represent
result of error propagation (see Appendix Section A.5)
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Overall, in both cases we observed the same trend. Lighter compounds were not affected by the
presence of seed particles, but with increasing molar mass the fraction remaining in the gas phase was
reduced. A difference between the base case and the high HO: case can be observed in the low molar
mass range: In the high HOz, case many fragmentation products show a higher gas-phase fraction
remaining up to 1. In some cases, values larger than 1 were observed, however within the error limits.
For the error estimation see Appendix Section A.5. Fractions remaining larger than 1 beyond error

could be an indication that such products have a particle-phase production source.

Figure 22 also shows a critical SVOC/LVOC region for molar masses between 175 g mol! and
250 g mol! where neither a fraction remaining of 1 nor complete condensation was observed. The
position of this region on the molar mass scale depends on the available particulate organic mass
concentration (see Section 2.2). The large variation of the fraction remaining in this small range of
molar masses shows that the partitioning coefficients are dependent on the detailed structure of the
compounds and not simply on their molar mass. The semi-volatile and low volatility products

represent mainly higher oxidized fragments and HOM-Mon with less than 8 oxygen.

For compounds with a molar mass larger than 250 g mol" a constant fraction remaining was reached
in steady state, which is due to the ongoing production of the compounds. From the condensation
behavior shown in Figure 22, we conclude that the compounds with molar masses larger than
230 g mol* are expected to be of sufficiently low volatility to be mainly found in the particle phase for
the organic mass present in the system and therefore contribute significantly to the SOA mass
formation. Our finding agrees with the threshold used for low volatility HOM products in Pullinen et

al. (2020).

Therefore, the signal of all compounds with a molar mass heavier than 230 g mol! was weighted with
their molar mass and summed (see Eq. 3-2). The ratio of this weighted signal sum in the high HO: case
compared to the base case is then a measure of expected SOA mass loss at high HOz. The calculation
resulted in an expected reduction to 72 % (blue bar, Figure 23). This simple approach shows good
agreement with the AMS measurements and can thus explain the reduced particulate organic mass by

changes in the HOM product distribution within the errors.
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Figure 23 Overview of the average, relative change in organic mass observed in the AMS (left y-axis, seeded
experiments) and the mass weighted HOM signal that is supposed to condense as observed by NO3-CIMS (right
y-axis, unseeded experiments) between the high HO2 and base case (both normalized to a-pinene OH turnover).

417 Summary: Impact of HO2

The shift from a RO2+RO2 dominated reaction system (our base case with strong laboratory bias) to a
RO2+HO: dominated system led to significant changes in the HOM gas-phase product distribution.
The HOM-Acc formation from RO2+RO:2 was significantly suppressed as HO: shifted the system to
HOM-Mon production. Furthermore, within the HOM-Mon class a shift from the formation of
carbonyl to hydroperoxide termination groups was observed as expected from RO2+HO: termination.
A reduction of alkoxy radical formation in the system with high HO: could be seen in the oxygen
parity of C1o-HOM-RO:2 and the reduction of HOM-Frag with small carbon numbers compared to the

base case.

We propose that the suppression of alkoxy radical formation also led to a reduction in the formation
of CwHis0x-HOM-RO: as its suggested formation pathways are dependent on the involvement of
alkoxy steps. Even though the overall pseudo-first order rate coefficient of the chemical sink was still
significantly lower than the assumed average autoxidation rate (0.1 s''), we observed a decrease in
both C10-HOM-RO2 and overall HOM products at high HO:. This observation is consistent with HO:
being able to interfere in a crucial HOM formation step: the alkoxy radical formation which is needed
for CiwoHisOx formation. Thus, enhanced HO: leads to the observed reduction in HOM, rather by

reducing the precursor RO: levels than by impeding the autoxidation itself.

We investigated the effect of the changes in the HOM product distribution on the SOA formation
potential of the a-pinene OH oxidation system and could show that moving towards atmospheric
HO:/ROx: ratios affected the SOA formation potential. The observed organic mass was reduced at high
HO:. This is in support of the potential bias towards high SOA yields in chamber studies at low
HO2/RO: (i.e. our base case) as discussed by Schervish and Donahue (2021). Besides the overall
decrease in HOM products, one major factor for the reduced SOA formation was the suppression of

HOM-Acc formation due to the reduction in RO2+RO:2 cross reactions. This prevented contribution to
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SOA by less oxidized ROz which were scavenged in the HOM-Acc in the RO2+RO: dominated base

case.

By the comparison of the seeded to the unseeded system, we determined which products were
contributing to the SOA formation and showed that their volatility is a function of molar mass and
detailed molecular structure. This revealed a critical mass region in which compounds have
significant fractions in gas and particulate phase. Based on absorptive partitioning theory the
volatilities at which this critical region is found should depend on the organic mass present in the

system.

We successfully determined a molar mass threshold from the fraction remaining with seed to classify
a product’s condensation behavior. The good agreement between particle phase measurement and
HOM mass proxy calculated from the gas-phase observations shows that we understand the processes

governing the SOA formation in our experiments.
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4.2 Impact of NO

As for the high HO: case the impact of NO on the HOM product distribution was investigated via the
comparison of the system with NO to the “classical laboratory” base case with a-pinene and OH as

the only major reactants.

The box model results and the generic bulk rate coefficients (see Section 3.2.5) were used to determine
which percentage of the chemical sink was expected to be from RO2+NO, as well as to determine the
change in the overall size of the chemical reaction pool. The results can be seen in Figure 24. Two
levels of NO were investigated. At the lower NO level, 70 % of ROz were expected to be terminated
with NO. The remaining 30 % were equally divided between RO2+HO2 and RO2+ROz. At the higher
NO level, the reaction of RO2+NO was expected to dominate 95 % of the termination reactions. Since
reaction with NO dominates the chemical sink at the higher NO level, this case is dubbed the “high
NO case”. A steady-state concentration of 0.5 ppbv NO was measured in this case. Even at the lower
NO concentration, NO was still the major expected reaction partner for RO2 and thus the case is
dubbed the “middle NO case”. At middle NO a steady-state NO concentration of 0.2 ppbv was

measured.

S
N

Figure 24 Classification of the chemical regimes for the system with NO addition (highlighted in green):
a) Triangle plot showing the distribution of the chemical reaction pool for ROz with NO, HO2 and ROx.
b) (Pseudo) first order chemical sink relative to average autoxidation rate and wall loss rate.

Figure 24 b) shows the pseudo-first order reaction rate of the chemical reaction pool compared to the
other investigated systems, as well as the average assumed autoxidation rate and wall loss rate (for
more information on the assumptions see Section 4.1). The total chemical sink was calculated as 0.06 s-
1 for the middle NO case and as 0.17 s for the high NO case. The chemical RO: sink is in competition
to autoxidation and wall loss of the ROz. In the NOx-free base case the chemical sink was calculated as
0.03 s, so the larger chemical sink will lead to more product formation compared to wall loss and

potentially to an interference in the autoxidation chain. With the assumption of an average



Results and Discussion: Impact of NO | 51

autoxidation rate of 0.1 s* at middle NO the bimolecular reaction rate was still expected to be slower
than many autoxidation rates, while at high NO the pseudo-first order reaction rate of kroz:no-[NO]
was faster than the average expected autoxidation rate. However, it has to be kept in mind, that the
model results and assumed reaction rate coefficients cannot describe the system fully and have high
uncertainties. Thus, these calculations and comparisons of bulk average reaction rate coefficients can

always only serve as trend indicators.

421 Impact on overall HOM formation

An overview of the changes in the different product classes at the two NO levels compared to the
NOs-free, RO2+RO:2 dominated base case can be found in Figure 25. All compared conditions were
normalized with the a-pinene OH turnover to ensure direct comparability. At the lower NO level
there was no change in the overall HOM product sum, while at high NO a reduction in products of

about 20 % was observed.
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Figure 25 Overview of relative change in product classes detected in NOs-CIMS at the two NO levels compared
to base case in unseeded system (All normalized to a-pinene OH turnover, base case from experiment apinCO_2.
Error bars via error propagation, for more information see Appendix Section A.5)

In the high NO case, the comparison of the assumed average autoxidation rate to the pseudo-first
order reaction rate of the chemical sink indicates that the termination can potentially interfere with the
autoxidation chain. Such interference will lead to a decrease in all observed HOM product classes,
making a comparison to the base case more complicated as two different factors will contribute to the
changes in the product distribution. The reduction of the entry channel due to scavenging of RO: by
NO and the shift of the product distribution due to reaction with NO overlap, making an
interpretation of the observed mixed effect difficult. Moreover, a part of the reaction of RO2 with NO
leads to alkoxy radicals, which may either continue the radical chain, keeping the carbon back bone

intact, or undergo fragmentation.

Most significantly, in both cases the HOM-Acc products were significantly reduced. The high NO case
had only around 20 % of the HOM-Acc signal of the base case showing that as expected termination

by RO2+RO:2 was strongly suppressed.
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HOM-Mon, as well as HOM-Frag, contained a new product class compared to the high HO: and base
case, as the termination with NO forms ON species (see Section 2.1.2). At middle NO, no significant
change in the overall HOM-Mon signal was observed, indicating that the change was only a shift
between the different HOM-Mon termination groups (ON, hydroperoxides, carbonyls and alcohols).
At high NO a reduction of HOM-Mon by around 30 % was observed.

The HOM-Frag class showed a significant increase of around 30 % in the middle NO case and even in
the high NO case still an increase in HOM-Frag was visible. This increase clearly highlights the
increased importance of alkoxy radical formation in the reaction of ROz and NO, as fragmentation is

one of the main reaction pathways for alkoxy radicals.

The importance of the HOM-Frag formation with NO in the system is also visible in Figure 26, where
the distribution between the HOM-product classes is shown for the base case and the two NO levels.
While the contribution of HOM-Mon stayed approximately constant in all cases, a shift from HOM-

Acc to HOM-Frag contribution was observed with increasing NO.

Base case Middle NO High NO
(low HO,, no NO,) ([NO]s = 0.2 ppbv) ([NO]s = 0.5 ppbv)

Fragments: Fragments: Fragments:
374 % 44 % 50 %
Accretion Accretion Accretion

products: 17+1 % products: 7 % products: 4 %

Figure 26 Contribution of the closed shell product classes to overall HOM-product signal in the base case and at
the two NO levels (unseeded experiments).

If we compare the NOx-free base case to the high NO case, the contribution of HOM-Frag increased by
13 %, while the contribution of HOM-Acc decreased by the same amount. This shift in contribution
clearly shows the shift from RO2+RO:z to RO2+NO. RO2+NO can form ON-HOM-Mon and from our
findings in the high HO: case (Section 4.1.1) we know that suppression of HOM-Acc can act as a
source of HOM-Mon. However, in the NO case we instead observed a shift in contribution to HOM-

Frag, highlighting the importance of the alkoxy pathway in the reaction with NO.

4.2.2 Impact of NO on the HOM-RO: concentration

HOM-RO: were reduced by 40% at middle NO while at high NO the reduction was about 70 % (see
Figure 25). As discussed for the HO: case (see Section 4.1.2) it is unfortunately not possible to attribute
directly if and to which parts the reduction is due to a decrease in the HOM-RO2 source compared to

an increase in the chemical sink. In Section 4.1.2 we introduced a calculation for the expected
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HOM-RO: ratio for RO: directly connected to the primary production (kon[OH]-[a-pinene]) and
without significant further autoxidation, between the high HO: and the base case. The same approach
was applied to the middle NO case (equation can be found in Appendix Section A.8.2), since for the
middle NO case the assumption of unchanged HOM-RO: primary production is still reasonable for
many ROz. This assumption is likely not valid for the high NO case as shown by the large pseudo-first
order rate coefficient of the chemical sink provided by NO compared to the average autoxidation rate
(see Figure 24 b)). In the middle NO case, the calculation yielded a reduction to 66 % with our
standard assumed bulk reaction rate coefficients kro2+102=2.46-10-11 cm3 s, kro2:n0=9.2-10-12 cm3 s! at
20 °C (Jenkin et al., 1997; Saunders et al., 2003) and kro2r02=5.0-10"2 cm3 s1. The calculated reduction is
close to the observed reduction, showing that the reduction is explainable by just an increase in the
chemical sink. However, the limitation of applying bulk reaction rate coefficients has to be kept in

mind.

In the high HO: case, the discussion detailed changes observed within the HOM-RO: class as ROz are
the central species to understand the changes observed in the product distribution. Unfortunately, in
the system with NO the HOM-RO: observation was more uncertain. Two factors were responsible for
the increase in uncertainty. Firstly, in the mass spectrum the peaks of the HOM-RO: compounds can
be found at the same nominal m/Q ratios as the peaks of different ON products. Both are found at odd
m/Q ratios, which in the base and high HO: case had little contribution besides HOM-RO: (only 3C-
isotope peaks of closed-shell products). The resolution of the mass spectrum was not sufficient to fully

separate the ON species and the HOM-RO: as shown on the example in Figure 27.

Secondly, the strong reduction in the HOM-RO: signal led to low signal levels, in some cases even
close or below the detection level. The low signals were an issue especially in the C1Hi7Ox family,
which already had low signals in the base case. The combination of small signals with assignment on
the shoulder of an often much larger product peak led to high uncertainties in the determined HOM-
ROz levels. Owing to this large uncertainty we will focus on the changes observed in the closed-shell

families to draw conclusions for the changes of HOM-RO: with NO.
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Figure 27 Peak assignment of C10H1sO9 between organic nitrate compounds at middle NO level. Red line shows
peak shape. Dashed lines show calculated individual compound peaks, black line is fit of assigned compounds.
Green lines are *C isotope peaks, blue line is fit of assigned compounds including *C isotopes.

423  C1-HOM-RO: chemistry: Importance of C10H1:0x and C10H17Ox families

Figure 28 shows the contribution of the different HOM-Mon families to the non-ON HOM-Mon
product sum. As Ci0HisO: can only be formed from CioHi7Ox-HOM-RO: and Ci0Hu1O: can only be
formed from CiHisOx~-HOM-RO: the contributions of these families give us an indication of the
importance of their radical precursor families. It should be kept in mind however, that both Cio-HOM-
ROz precursor families will also form Ci0H16O: products, and that the HOM-Mon family contributions
are not a good indicator, if a precursor family has a specific fast pathway into CioHisO: in the case with

NO, that was not important in the base case.

The contribution of CioHi6O: did not significantly change, while a clear decrease in contribution by
C10H1s0: and increase in contribution by C10H14O: was observed with increasing NO. At high NO, the
contribution of CioHisO. decreased to under 10 %, while Ci0H14O. contributed around 50 %. In

comparison, in the NOx-free base case CioH14O: contributed about 30 %.

Base case Middle NO High NO

(low HO,, no NO,) ([NO]gs = 0.2 ppbv) ([NO]ss = 0.5 ppbv)
CyoHys!
7%

CioHig! CyoHygt
24%%2% 15%

(o, CioHye!

44%£3% a7 %

Figure 28 Contribution of the C10HuO,, C10H160.and CioH1s0: families to the non-ON HOM-Mon in the base
case and at the two NO levels (unseeded experiments).
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This clear shift towards CioH14O. indicates a growing importance of the CioHisO--HOM-RO: in the
non-ON products. This indication is corroborated by the observations in the C20-HOM-Acc products
(Figure 29). Here, we see a similar trend: the contribution of C20Hz0--HOM-Acc, which are formed
from two Ci10H1s0x-RO2, increased with NO availability, while the contribution of C20H34O--HOM-Acc,
which are formed from two Ci0H17Ox-ROz, decreased. The C20H320.-HOM-Acc, which are formed from

both radical families, remained about the same.

Base case Middle NO High NO
(low HO,, no NO,) ([NO]s = 0.2 ppbv) ([NO]¢s = 0.5 ppbv)

CyoH3t

28%+4%
CyoHay: CyoHsy: CaoHsy:
44%+2% 44 % 42 %

Figure 29 Contribution of the C0H3007, C20H230z and C20H34O: families to the C20-HOM-Acc in the base case and
at the two NO levels (unseeded experiments).

The increased importance of Ci1oHisOx products compared to CioHi7Ox products in the non-ON HOM
products could be due to two reasons. One reason could be that the CioHi7O~-HOM-RO: have a
specific fast pathway into ON formation and therefore contribute less to the non-ON products. The

second reason could be that the importance of Cio0His0x-HOM-RO2 increased in general.

To further investigate which reason is more likely, we compared the behavior of products that can be
clearly assigned to either Ci0HisOx or CioHizOx. The monomer products directly assignable to one
radical precursor family are CioH1O:. and the ON family CioHisNO: for CioHis0x-HOM-RO:2 and
CioHi180:, and C10H17NO: for C1oH170x-HOM-ROs.

This comparison has to be applied with caution as it cannot capture pathways of the HOM-RO:
families into C10Hi6O.. Thus, for CioHis0x only the ROz+RO:2 and internal termination pathway into
carbonyl formation are included, with the other reaction products from ROz and HO: missing. For
C10H17Ox the carbonyl formation is missing, which includes the potentially fast carbonyl formation
from internal termination. The alcohol (RO2+RO2) and hydroperoxide (RO2+HO2) formation of
C1woH17Ox are included. The termination via RO2 and HO: were expected to both contribute only
around 15 % at middle NO and less than 5 % each at high NO (see Figure 24), showing that the
missing bimolecular pathways should have minor effects, but the missing internal termination
pathway of CioH17Ox into C10H16O: should be kept in mind. The results of the comparison can be found

in Figure 30 a).
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Figure 30 Behavior of clearly assignable HOM-Mon products from CioHisOx and C1oHi7Ox in the base case and at
the two NO levels a) Ratio of (CioHisOz+ C10H17NO2) to (C10H14Oz + C10H1sNOy) in NOx-free base case and with
increasing NO b) Relative change in clearly assignable HOM-Mon products from CioHisOx and CioHi7Ox at the

two NO levels compared to base case in the unseeded system. (Data for b) normalized to a-pinene OH turnover,

base case from Experiment apinCO_2)

In the NOx-free base case, the ratio of C1oHisO- to C10H14O. was close to 0.7. With increasing NO, even
taking the formed ON products into account, the ratio decreased significantly. This trend indicates
that the higher importance of C10HisOx products in the non-ON HOM-Mon and HOM-Acc is not due
to a fast formation pathway for CioHi7Ox to ON products. Figure 30 b) shows the relative change of
the HOM-Mon products clearly assignable to CiHisOx termination (blue columns) and CioHi7Ox
termination (orange columns) at the two NO levels compared to the base case: The sum of CioHi7Ox
termination products was comparable to the base case at middle NO and reduced to around 50 % at
high NO, while the sum of C10HisOx termination products increased in the system with NO to around

140 % of the base case and showed no reduction at high NO.

The increase in C10His0x HOM-Mon products supports the hypothesis of an increase in importance of
the CioH1s0x peroxy radical precursors. However, this observation is not reflected by observations in
the radical families themselves as here no higher contribution by C10HisOx to the overall C1o-HOM-RO2
sum was observed. Instead, the contributions at both NO levels showed no significant shift compared
to the base case with contributions by CiHi7Ox close to 25 % within the uncertainties. The detailed
result can be found in Appendix Section A.10.1. Note, that the contributions are based on steady-state
concentrations, and it cannot be distinguished if the change in a compound’s steady-state
concentration is due to changes in its sources, sinks or both. Therefore, it is plausible that no increase
of the CioHisOx sum could be observed, because NO not only facilitates additional formation of
C10H1s0x but also leads to an increase of the chemical sink into product formation. Thus, the increase is

only observable in the products, not the radical family itself.

The C10HuO: signal sum did not decrease as much as expected from the observed decrease in the
C10H150x family with addition of NO. In steady state, it would be expected that the relative decrease in
C10HuO: is at least as much as in its precursor family. The reduction should be even larger if the

C10Hu14O: are formed in a bimolecular reaction in which both reactants were reduced compared to the
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base case, as is expected for the RO2+RO: formation pathway: From our observation the CioHisOx-
HOM-RO: were reduced to around 50 % and 30 % of the base case at middle and high NO and a
strong reduction in the overall ROz pool was expected from the modeling results (relatively around
30 % and 10 % of the base case). Still the Ci1oH14O- family was only decreased to 80 % and 50 % of the
base case at middle and high NO. A bar chart showing the relative changes in the HOM-Mon can be
found in Appendix Section A.10.2.

A smaller than expected decrease of CiwHuO. was also observed in the system with high HO: (see
Section 4.1.5), but there the decrease in the Ci0H14O. family and its CioHisOx precursor family were
similar, indicating that internal termination could be an important pathway for CioH1O. formation.
However, in the system with NO the C10HuO: family showed a significantly smaller reduction than
the CiwoHisOx family. A possible explanation for this could be that the CioHuO: are formed from
C10H150x1 alkoxy radicals. Such alkoxy radicals are too reactive to be directly measured and represent
a sink of the Ci1oHisOx peroxy radicals. A CioHisOx1 alkoxy radical could undergo internal termination
analogous to the mechanism proposed by Rissanen et al. (2014) for ROz. An intramolecular H-shift
forming an alcohol group from the alkoxy radical, would be followed by carbonyl formation from the
formed alkyl radical attached to the hydroperoxide group and OH would be lost from the molecule.
Another source of C1oHu1O: could be hydrolysis and loss of HNO: from CioHisNOy, as discussed for
the particle phase (Takeuchi and Ng, 2019), however such reactions may not be likely in the gas phase.
Though formation through alkoxy radicals offers a possible explanation, further investigations are

necessary to clarify the reason for the unexpected behavior of the Cio0H14O, family.

In general, an increase in formation of C10HisOx--HOM-RO: agrees well with the increased importance
of alkoxy radical formation in presence of increasing NO. As discussed in the HO2 case (Section 4.1.2)
the formation of CioHisOx is expected to rely on the involvement of alkoxy steps. Alkoxy radical
formation is necessary in the a-pinene H-abstraction pathway presented by Shen et al. (2022), as well
as in the formation of first-generation a-pinene oxidation products like pinonaldehyde (MCM
mechanism, (Jenkin et al, 1997; Saunders et al., 2003)). Such compounds are expected to be an

important source of second-generation Cio0HisOx--HOM-RO: oxidation products.

The formula composition of pinonaldehyde (Ci0HisO2) was detected by amine-CIMS. However, no
increase in the signal was observed in the system with NO. At middle NO, no significant change was
observed (97 % of signal compared to base case), and at high NO even a slight reduction to around
90 % of the base case was observed. This observation is unexpected as model results predicted a
strong increase (by around factor 3) in pinonaldehyde with the addition of NO. However, in the
system dominated by HO: only a moderate decrease of pinonaldehyde was observed, while the model

predicted a strong decrease (see Section 4.1.2). This general mismatch could indicate that the
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formation pathway of pinonaldehyde (and like compounds) is not fully reflected in the model, as its

formation is not impacted as predicted by the availability of ROz or NO for alkoxy formation.

Our observations cannot link the increased importance of Ci0HisO--HOM-RO:2 to an increase of the
precursor pinonaldehyde and subsequent secondary oxidation. This could be an indication, that the
formation of CiHisOx-HOM-RO: starts directly from a-pinene (H-abstraction). However, also here

further investigation is necessary.

424 Importance of HOM alkoxy chemistry in the system with NO

The alkoxy radical formation can be related to multiple major changes in the product distribution. In
the last section the Ci-HOM-Mon class (ON and non-ON products), as well as the C20-HOM-Acc
showed clear indications that alkoxy radical formation is responsible for an increased importance of
C1Hi1s0x compared to CiwoHizOx chemistry. Another clear indication of increased alkoxy radical
formation is the increase in concentration and contribution of HOM-Frag products (see Figure 25 and
Figure 26). As explained in Section 2.1.3 alkoxy radicals are highly unstable, thus fragmentation,
leading to oxidation products with carbon numbers smaller than 10, is one of their major expected
reaction pathways. A more detailed breakdown of the changes in the HOM-Frag grouped by carbon
number (non-ON and ON HOM-Frag) can be found in Figure 31 a). The graph shows that fragments
with smaller carbon numbers (Cs-C7) increased in the presence of NO. As discussed before in the HO:
case (see Section 4.1.4), this fits well to a stepwise fragmentation process as implemented in the MCM

chemistry (Jenkin et al., 1997; Saunders et al., 2003).
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Figure 31 Behavior of HOM-Frag groups in system with NO a) Overview of relative change in HOM-Frag
groups detected in NOs-CIMS at the two NO levels compared to NOx-free case in unseeded system
b) Contribution of each HOM-Frag group in relation to the base case (contribution of each group multiplied with
overall relative change compared to base case.) Base case from Experiment apinCO_2, all data normalized to a-
pinene OH turnover.

The Cs- and Co-HOM-Frag groups decreased with increasing NO. Besides the C-HOM-Frag group, all
groups slightly decreased at high NO compared to middle NO. The Cs- and C-HOM-Frag groups had

the largest increase with NO, though the large relative increase in Ce-HOM-Frag has to be judged in
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context of the small contribution of Cs-HOM-Frag in general. Figure 31 b) visualizes the importance of
the different HOM-Frag groups in a stacked bar chart, showing that even though the Ce-HOM-Frag

group had the largest relative increase compared to the base case, its importance was still minor.

The contribution of Cs was only around 3 % in the base case and increased to around 10 % with NO in
the system. The contribution of each group to the HOM-Frag class for the three experimental
conditions can be found in Appendix Section A.10.3. Figure 31 b) also shows that the most significant

shift in contribution was the increase in importance of C--HOM-Frag.

Different reaction pathways can lead to the formation of C-HOM-Frag. One pathway we would like
to highlight is the formation of C--HOM-Frag via the elimination of acetone from a Cio-precursor. The
MCM chemistry contains a pathway from a C1H17O03-ROz to C7H11Os requiring only one bimolecular
reaction as shown in Figure 32 (Jenkin et al., 1997; Saunders et al., 2003). The essential prerequisite is
the opening of the four-ring in a-pinene. This pathway has been corroborated with quantum chemical
calculations in the publications of Peeters et al. (2001) and Vereecken et al. (2007), due to the structure

of the formed RO2 we will call this path the “menthene pathway”.
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Figure 32 Formation of C;HuOs peroxy radical and acetone via menthene pathway

Another possibility for C>-HOM-Frag formation in the MCM (Jenkin et al., 1997; Saunders et al., 2003)
is the opening of the four-ring in first generation oxidation product pinonaldehyde and the
subsequent elimination of acetone. Or similarly, formation via a breakdown from pinonaldehyde in
multiple steps as proposed by Fantechi et al. (2002). The MCM also suggests pathways including a
secondary attack on a first-generation oxidation ON-Mon-product. The details of the different

formation paths can be found in the referenced sources and will not be discussed further here.

However, one interesting factor is that the different formation pathways will lead to C7-RO2 with
differing H-numbers: For example, the formation from the menthene pathway will lead to an C7HuOx,
while formation via four-ring opening in the RO2 formed from pinonaldehyde will lead to formation
of an C/HeOx. Thus, the variety of hydrogen numbers in the detected C-HOM-Frag gives an
indication if one specific pathway is especially important or if a mixture of pathways lead to the

observed products.

Overall, Cr-species with hydrogen numbers between 6 and 12 were detected. C7-HOM-Frag with less

than 10 hydrogen atoms contributed around 50 % at middle NO, and around 65 % at high NO (for a
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detailed contribution overview see Appendix Section A.10.3). The broad distribution of contribution
of different families shows that multiple of the described formation pathways contributed

significantly to the observed C--HOM-Frag.

As introduced in Section 2.1.3 and utilized for the HO: case in Section 4.1.4, parity analysis of the
oxygen number in HOM-RO:2 can be used as an indicator for a change in alkoxy radical formation. The
parity between odd/even oxygen numbers in the Ci-HOM-RO: was investigated, however no
significant changes could be determined. This is probably at least partially due to the small radical
signals and the described assignment issues leading to large uncertainties in the result. Note
furthermore the limitations of parity analysis: The occurrence of two or any even number of alkoxy-
peroxy steps will lead to the same parity as no alkoxy step. In the same way the occurrence of any
uneven number of alkoxy steps will lead to the same parity as a single alkoxy step. Plots showing the
contribution of odd and even oxygen numbers in the C1o-HOM-RO: families with error estimation

from error propagation can be found in the Appendix Section A.10.1.

Kang (2021) observed a higher oxidation degree of HOM products in the system with NO and
proposed efficient alkoxy-peroxy steps extending the autoxidation chain length as the explanation. We
detected only two higher oxidized compounds (x = 10,11) in the CioHi7Ox family with NO.
Furthermore, some of the closed-shell HOM-Mon families, as well as the HOM-Acc showed a slight
increase in the weighted O/C ratio (for details see Appendix Section A.10.4). We suggest that Kang
(2021) had more distinct findings due to somewhat higher NO concentrations (up to 3 pbbv) at higher

a-pinene turnover (1.2-1.6-108 cm? s, OH: 4-7-107 cm) in their study.

Multiple observations point towards a clear increase in alkoxy radical formation with NO. The two
major observed effects were the increased importance of CioHisOx products and the formation of

HOM-Frag products, as well as the subsequent change in the HOM-Frag product distribution.

425 Formation of HOM organic nitrates

The formation of ON is the major expected impact of NO addition next to fast alkoxy radical
formation. The formation of nitrogen containing compounds was observed for the HOM-Frag and
HOM-Mon product classes. We assume that the major reaction leading to the formation of the
observed ON compounds is RO2+NO (see (R2-6) in Section 2.1.2) though we cannot fully exclude the

reaction of acyl peroxy radicals with NOz2 (see (R2-7) in Section 2.1.2) forming PAN-like compounds.

We checked the importance of PAN-like ON compounds in our system by turning off the UV-A light
during one experiment at middle NO in order to reduce the concentration of NO in the system (and
increase the importance of NO2). At steady state this led to a decrease in NO concentration of about
40 %, while the sum of all detected ON compounds decreased by 30 %. The similar decrease in NO

and ON indicate that indeed the major source of ON compounds in our system was RO2+NO
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reactions, though the slightly smaller decrease in ON compounds indicates some formation from
RO2+NO:a. Stable PAN like compounds are expected from reactions of acyl peroxy radicals with NO2
while ON formed by reaction of other peroxy radicals with NO: are thermally unstable and

decompose into the reactants.

A small percentage of observed ON-HOM contained two nitrogen atoms, specifically within the
HOM-Mon class (C10H14N20;, C10H16N207, C10H1sN20z). Such observations could be due to ON-HOM
clustering with dimer reagent ions (NO>HNOs, for example (CioHi7NOz3-HNOs-NOs)- pretending
(C10H1sN20-NOs). No such clusters with reagent ion dimers were observed in the NOx-free system,
because only the NOs ions are guided into the ion molecule reaction zone (IMR) of the inlet, but
HNOs becomes available in the IMR in NOx experiments due to its production in the chamber. To
exclude such CIMS measurement effects the timeseries of the ON-HOM with two nitrogen atoms were
compared to the respective ON products with one nitrogen (comparison of CioHyN:0. to
CwHy-nNOe3). The 1-N and 2-N compounds showed clearly different temporal behavior during the
experiment, leading to the conclusion that the observation of ON-HOM with two nitrogen atoms was

not due to clustering of ON-HOM with dimer reagent ions (NOs-HNOs).

ON with 2 nitrogen containing groups contributed less than 10 % to the overall ON signal (6 % at
middle NO and 8 % at high NO), but their presence indicates that in specific cases 1-N ON-HOM can
undergo decay or a second OH attack and terminate a second time with NO. However, no nitrogen
containing HOM-Acc products could be identified, which would be expected if nitrogen containing
HOM-RO: are formed in significant concentrations. Either specific formation pathways led to the
formation of the observed ON with two nitrogen atoms or the concentration of nitrogen containing
HOM-Acc was too small to be detected. All identified nitrogen containing compounds can be found in

the peaklist in Appendix Section A.6.2.

To study the development of the ON-HOM compounds signal, as well as their contribution to the
overall product sum with increasing NO concentration, three different NO levels were compared. To
this end, an extra experiment stage with lower NO concentration and RO2+NO contribution was
conducted ([NO]Jss=0.1 ppbv, RO2+NO termination expected to contribute about 20 %). This extra “low
NO” stage was used to add another measurement point besides middle and high NO, as the NOx-free
base case cannot be used in the investigation of the behavior of ON compounds. Information about the
low NO case can be found in Appendix Section A.10.5. Figure 33 shows the contribution of all ON
products to the overall product sum, as well as ON-Frag and ON-Mon to their respective product

classes as a function of the measured steady-state NO concentration.
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Figure 33 Contribution of ON products to product sum as a function of measured steady-state NO
concentration. Shown are the contribution of the overall ON-product sum (red circles), the ON-HOM-Mon sum
(blue squares) and ON-HOM-Frag sum (green triangles) to their respective product class.

A strong increase in the contribution of ON products was observed between low and middle NO
conditions, but from middle to high NO the slope seemed to decrease and the contribution of ON
products seemed to level off. Considering the different termination pathways (see Figure 24 a)), a
saturation effect is expected. At high NO a contribution of RO2+NO of close to 100 % was expected
and thus no further increase in contribution of ON products is possible at a given branching ratio
between ON and alkoxy radical formation. Indeed, assuming a given branching ratio into ON
formation, the ON contribution should increase linearly with increasing contribution of RO+NO

termination to the chemical sink.

In Figure 34 the contribution of the ON products to the overall product sum is plotted against the
calculated RO2+NO contribution to the chemical sink. The RO2+NO contribution should only be used
as a guideline as it has large uncertainties due to the limited information available on the reaction rate
coefficients, the application of generic bulk reaction rate coefficients and the high uncertainty from the
modeled [ROzJss sum and [HO:]ss concentrations. Nonetheless the linear trend in Figure 34 is

promising that our rough estimations have merit.
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Figure 34 Contribution of measured ON product sum to overall product sum as a function of the calculated
RO2+NO contribution to the ROz chemical sink. Linear trend (blue dotted line) is constrained through the zero
point. As the calculation of the RO2+NO contribution is based on general bulk calculations and modeling results
large uncertainties apply.

For the high NO case, where the termination was dominated by the reaction with NO, ON-HOM
contributed around 50 % of all observed HOM. Our results compare well to Pullinen et al. (2020), who
reported a contribution of ON-HOM to the total observed HOM sum of about 50 % for «-pinene

photooxidation under high NOx conditions.

42.6 Impact of NO on condensable organic mass

The previous subsections have shown that NO changes the gas-phase HOM product distribution
significantly. How these changes affect the formed condensable organic mass and, thus SOA
formation potential, was investigated via the addition of (NH4)2(SO4) seed aerosol. The comparison of
the gas-phase signal without and with seed aerosol in the system shows how much of the HOM
products condensed. The comparison to the NOx-free base case and between NO levels shows how the

condensable product fraction changed with increasing NO.

An overview of the relative changes of the gas-phase product classes in the system with seed can be
seen in Figure 35. A trend with increasing NO can be observed in the overall HOM product fraction
remaining. A higher concentration of products remained in the gas phase with NO. At high NO the
fraction remaining increased from 39 % to 56 % compared to the NOx-free base case. One reason for
this is the higher abundance of very low volatile HOM-Acc products in the base case. However, the
same trend was observed in the HOM-Frag class, where the gas-phase fraction remaining increased

from 47 % in the base case to 65 % at high NO.
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Figure 35 Overview of relative change in signal in product classes between seeded and unseeded system. (All
data normalized to a-pinene OH turnover, base case from Experiment apinCO_2. Error bars via error
propagation, for more information see Appendix Section A.5)

The HOM-Mon fraction remaining didn’t show a significant trend with increasing NO, though an
increase from 39 % to 50 % could be observed going from middle to high NO. The gas-phase fraction
remaining remained smallest for HOM-Acc, however slightly increased with increasing NO from 12 %

to 19 %.

Formation of ON-HOM is another important reason for increasing fraction remaining with increasing
NO, besides the suppression of HOM-Acc. Figure 36 shows the fraction remaining after seed addition
for just the ON products. In comparison to the NOx-free base case from Figure 35, where no ON
products were present, the ON-HOM had about 25 % higher fractions remaining (39 % remaining of
all products in base case compared to 65 % and 63 % of ON products in cases with NO respectively).
The comparison of ON-HOM-Frag and ON-HOM-Mon to non-ON HOM-Frag and HOM-Mon in the
base case revealed the same trend. A higher fraction remaining indicates a higher volatility of the ON

products compared to the products in the base case.
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Figure 36 Overview of relative change of ON product classes signal between seeded and unseeded system. (All
data normalized to a-pinene OH turnover. Error bars via error propagation, for more information see Appendix
Section A.5)

Additionally, the increasing importance of (higher volatility) fragmentation products will overall
increase the volatility of the product distribution, depending on size and oxidation degree of the

fragments. Both, the contribution of ON products, as well as the contribution of fragments to the
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HOM product sum, increased with increasing NO, and explain the trend of an increased fraction

remaining for the overall product sum (Figure 35) and thus the product volatility.

Presence of NO can lead to two effects that reduce the formation of SOA mass: Firstly, reduction of
HOM formation in NO dominated systems (see high NO case) and secondly production of HOM with
higher fraction remaining, i.e. product distributions with higher volatility. The latter will cause a
reduction in SOA mass even without reduction in overall HOM products observed in the gas phase
(as seen in the middle NO case). Here the higher fraction remaining in the gas phase still indicated a
decrease in condensation compared to the base case. However, it should be kept in mind that a
condensing ON-HOM contributes more mass to the particle phase (30 g mol to 46 g mol' per ON-

HOM) than a HOM product from the same precursor with a lighter termination group.

The organic mass concentration was measured with an AMS. The AMS measurement results, total
particle surface from SMPS measurements, and the calculated wall loss corrected SOA yield can be
found in Table A12. Organic mass concentrations of 2.5 ug m? at middle NO and 1.9 ug m= at high
NO were measured. In the base case for comparison (Experiment apinCO_2 (s)) an organic mass
concentration of 3.4 ug m= was measured. Thus, after normalization with the a-pinene OH turnover,
the observed organic mass concentration decreased to about 80 % in the middle NO and to 55 % in the
high NO case compared to the base case (see also Figure 38). As suggested, we indeed observed a
stronger decrease in the particle phase than in the gas-phase signal (overall product signal was not

decreased at middle NO and decreased to about 80 % at high NO as shown in Figure 25).

To check whether the gas and particle-phase observations were still in agreement, the mass weighted
HOM signal was calculated as a proxy for the condensable HOM mass found in the gas phase (see
Section 3.1.5). For this the fraction remaining of the individual closed-shell oxidation products was
plotted against their molar mass. The fraction remaining in the gas phase in the seeded system
compared to the unseeded system is a direct indicator of the condensation behavior under the
following assumptions: a) No significant disturbance of the products precursor chemistry, b) no
particle phase production sources of the products and c) negligible re-evaporation of the HOM
compounds into the gas phase. Figure 37 a) shows the result for the high NO case, plotting the
fraction remaining in steady state with seed compared to the unseeded steady state against the molar

mass of the HOM compounds.

Figure 37 b) shows just the non-ON HOM products. The sigmoidal trend from base and high HO:
case (Section 4.1.6, Figure 22) is used here as well and fits well to the non-ON products in the NO
case. This is expected if the same or similar non-ON products in the different cases are formed. We
mainly expect the difference to be in the contribution of the different termination pathways, but do

not expect the emergence of many completely new non-ON product species.
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For the considerations regarding the condensation behavior, the contribution of the different product
species is unimportant, as long as their concentration and consequentially their signal is sufficiently
high. Thus, the ON product condensation behavior can be best seen in the high NO case, as here the

ON products showed highest signals.

The same overview as in Figure 37 for the middle NO case can be found in Appendix Section A.10.6.
However, in the middle NO case higher fractions remaining than expected of ON-HOM were
observed due to experimental imperfections. In the experiment the seeded middle NO case was
studied last, which led to contaminations with ON compounds from previous experiment phases.
Thus, for future experiments we recommend studying the seeded systems first and in order of

increasing NO concentration to avoid such contamination effects.
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Figure 37 Gas-phase fraction remaining in presence of seed for the high NO case.

a) all HOM compounds, b) just non nitrated HOM compounds, ¢) all HOM compounds with organic nitrate’s
molar mass being shifted by the nitrate termination group (NO2) to (M — 46 g mol™?) for compounds containing
one nitrogen (red markers) and to (M — 92 g mol™?) for compounds containing two nitrogen (orange markers),
d) just organic nitrates shifted by the nitrate termination groups.

All data is normalized with a-pinene OH turnover. Points represent compounds that were detected with relative
standard deviation <30 % in both experiment phases. Error bars represent result of error propagation (see
Appendix Section A.5).

In Figure 37 a) the ON compounds (red and orange markers) show a different condensation behavior
than the non-ON compounds. ON compounds had higher fractions remaining at the same molar mass
compared to a non-ON compound. This observation matches the observation that the ON product

classes overall show higher fractions remaining (see Figure 36). However, from the correlation of the
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fraction remaining to the molar mass of single compounds, the effect in the ON-HOM becomes
clearer: The nitrate termination group does not reduce the volatility by the same degree as the
termination groups in non-ON compounds (carbonyl, alcohol, hydroperoxide). This smaller reduction
in volatility leads to the effect that the volatility of the ON closed shell product is more comparable to
a lighter non-ON product. In fact, Figure 37 c) shows that subtracting the weight of the nitrate
termination group (M(NOz) =46 g mol”) from the ON compound’s molar mass led to a much better fit
with the correlation between molar mass and condensation behavior of non-ON compounds. To show
this more clearly Figure 37 d) shows just ON compounds on the shifted molar mass axis together with
the sigmoidal trend used for the non-ON compounds. In other words, the ON products have a higher

molar mass threshold for condensing into the particle phase.

A similar conclusion was drawn by Pullinen et al. (2020), who compared effective uptake coefficients
into the particle phase for non-ON and ON HOM products. Their results showed that there was no
significant difference for a non-ON and ON product from the same HOM-ROz-precursor, even though
the ON product is heavier and has a higher oxygen number. Furthermore, Presto et al. (2005) observed
a higher volatility of nitrate containing products from a-pinene ozonolysis. Recently, Graham et al.
(2023) reported a higher volatility of a-pinene + NOs derived SOA compared to SOA derived from a-

pinene ozonolysis.

The knowledge about the condensation behavior of the different HOM product species, gained from
the inspection of the fractions remaining, was used to determine the molar mass threshold for the
condensable HOM mass proxy from the gas-phase measurements (Section 3.1.5). For non-ON
compounds a threshold of 230 g mol! was used, same as in the base and high HO: case (Section 4.1.6).
For ON compounds two different thresholds were applied: 276 g mol"! for compounds containing one
nitrogen (non-ON threshold + M(NO2)) and 322 g mol" for compounds containing two nitrogen atoms
(non-ON ' threshold + 2-M(NOz)). These thresholds were chosen as such to only include HOM
compounds with fractions remaining of 50 % and smaller into the proxy for the condensable HOM

mass.

The result of the comparison of the condensable HOM mass proxy in the systems with NO in
comparison to the base case system can be seen in Figure 38 in direct comparison to the measured
organic mass reduction by AMS. The results show a good agreement between organic mass
measurement in the seeded system and the condensable HOM mass proxy from the unseeded system.
The good agreement led to the following conclusions: Firstly, the particle-phase and gas-phase
measurement were consistent with each other, showing that the organic mass formation was defined
by HOM compounds in the investigated chemical regimes with NO. Secondly, in order to capture the
change in the particle phase via the gas-phase observations the correct volatility assumptions are

necessary. The necessary volatility distributions can be gained from the comparison of the gas-phase
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measurement in the unseeded and seeded system, i.e. here determining the critical molar mass
threshold for which species contribute to the condensable organic mass. The reason for the reduced
organic mass was the production of higher volatility products with NO compared to the base case.

These higher volatility products were organic nitrates, as well as fragments.

100% 100%

80% J 80%

60% | 60%

40% 40%

20% 20%
82% 55%
0%

0%
AMS organic mass Sum of mass weighted
HOM signal

% of base case (seeded)
% of base gas (unseeded)

B Middle NO ([NO] = 0.2 ppbv) N High NO ([NOJs = 0.5 ppbv)

Figure 38 Overview of the relative change in organic mass observed in the AMS (left y-axis, seeded experiments)
and the mass weighted HOM signal that is supposed to condense as observed by NOs-CIMS (right y-axis,
unseeded experiments) between the NOx-free base case and the two NO levels (all data normalized to a-pinene
OH turnover).

4.2.7 Summary: Impact of NO

In summary, the addition of NO led to three major changes in the HOM product distribution: 1) The
formation of ON-HOM created a new product class with different volatility. 2) The suppression of
RO=2+RO: termination caused a strong decrease in HOM-Acc products. 3) The increased importance of
alkoxy radical formation from RO2+NO shifted the product distribution towards HOM-Frag products

and increased the importance of the CioHisOx-HOM-RO: family and its closed-shell products.

Regarding the impact of these changes on the formed organic mass, the larger decrease in the
measured organic mass compared to the decrease of the HOM products in the gas phase showed that
higher volatility products were formed in the system with NO. This decrease of SOA formation
potential is connected to both the decrease in HOM-Acc in favor of smaller, likely more volatile HOM-
Frag, as well as to the formation of ON-HOM. The fraction remaining showed that ON-HOM have
higher volatilities than non-ON HOM products of the same mass. The analysis of the SOA formation

potential of HOM matched the direct observation of the SOA mass.

The high HO: case already showed the successful application of a molar mass threshold determined
from the gas-phase fraction remaining with seed to classify a product’s condensation behavior. The
NO case furthermore showed that it is necessary to adapt the molar mass threshold depending on the

product species.
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4.3 Combination of NO and high HO2

In this chapter the a-pinene photooxidation system with both HO: and NO as important reaction
partners is discussed. In the previous chapters we separately studied the effects of HO2 and NO on the
HOM product distribution, here the mixed system will be investigated. The results are compared to
the RO: dominated laboratory base case with just a-pinene and OH available, as well as to the
previously discussed HO:2 and NO dominated systems, where only one reactant was added. The
purpose is to understand the potential bias in the laboratory base case compared to a more
atmospherically relevant system, but also to highlight how the effects caused by HO2 and NO are

interacting in the mixed system.

Two mixed system cases with two different NO levels are discussed. The CO addition to produce HO2
was kept the same. The lower NO level was only utilized in one experiment (apinCONO_1 [10]),
while the higher NO level was utilized in two experiments (apinCONO_1 [25] and apinCONO_2 [25]).
Thus, the repetition shows the variability in the results for the high NO, high HO: case, while error

propagation was used to estimate the errors in the middle NO, high HO: case.

An overview of the contribution of ROz, HO2, and NO to the reaction pool, as well as the pseudo-first

order reaction rate of the overall chemical loss for the different regimes is shown in Figure 39.
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Figure 39 Classification of the chemical regimes for the experiments with NO and HO: (highlighted in green):
a) Triangle plot showing the distribution of the chemical reaction pool for ROz with NO, HOz and RO2.
b) (Pseudo) first order chemical sink relative to average autoxidation rate and wall loss rate.

At the lower NO addition ([NO]Jss= 0.2 ppbv), the overall pseudo-first order reaction rate coefficient of
the chemical sink was 0.09 s, which is close to the used generic average autoxidation rate of
0.1s. Thus, it can be expected that the chemical termination reduces the amount of observed
autoxidation products. This middle NO, high HO: case is especially interesting, because the
contribution to the chemical sink by RO2+HO: and RO2+NO was expected to be about equal
(approximately 50 % by RO2+HO: and 45 % by RO2+NO, with the remaining 5 % by RO2+RO). In the
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high NO, high HO: case ([NOJss= 0.4 ppbv), the termination was expected to be dominated by
RO2+NO (80 %), with HOz contributing around 18 %. The total chemical sink was expected to be

significantly larger with a pseudo-first order rate coefficient around 0.17 s.

All calculations are based on the box model results and generic bulk rate coefficients (see Section
3.2.5). The focus of the analysis will be on the middle NO, high HO: case as we use the nearly equal
contribution of NO and HO: to the termination reactions to investigate if and what interactions the
effects of the individual reaction partners have. The steady-state NO concentrations were very similar
for both NO levels to the systems with only addition of NO (see Chapter 4.2), which allows direct

comparison to see what changes were caused by the higher availability of HO2.

43.1 Reduction of HOM formation in the system with NO and high HO:

Both the middle NO, high HO: and the high NO, high HO: case led to a reduction in the overall sum
of observed HOM products of around 40 %. Interestingly, increasing NO from middle to high NO at
high HO;, did not lead to a significant further decrease in the overall HOM products. An overview of
the impact on the different product classes compared to the laboratory base case, which is
characterized by low HOz, no NOx, and dominated by RO2+RO: reactions can be seen in Figure 40.
Normalization with the a-pinene OH turnover was applied to exclude effects by slight OH variations

and to ensure direct comparability.
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Figure 40 Overview of relative change in product classes for the two NO, high HO: cases compared to the base
case in unseeded systems (all data normalized to a-pinene OH turnover). Data for the middle NO level were
taken from the apinCONO_1 [10] experiment and from the base case of Experiment apinCO_2 and error bars

were calculated by error propagation. For high NO level bars represent average relative change from
apinCONO_1 [25] (base case apinCO_2), apinCONO_2 [25] (base case within same experiment) and markers
individual experiments.
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In Figure 40 the HOM-Mon showed about the same reduction as the overall HOM product sum. A
reduction was observed for Ci-HOM-RO: as a result of changes in their sources and sinks, as
discussed before. However, low HOM-RO: signals in the mixed cases increased the uncertainty of the
comparison. Strong reduction of HOM-Acc products indicated once more a successful suppression of
the reaction of HOM-RO: with other RO: radicals. The HOM-Frag were the only product class that
was not much reduced. In the middle NO, high HO: case a reduction by 15 % was observed,
indicating that the HOM-Frag formation was impacted, but the reduction was still comparatively
small to the reduction observed in the other product classes. As alkoxy radicals are a major source of
fragmentation products, this indicates a persistent alkoxy radical formation from ROz+NO in presence

of high HO».

The large overall chemical sinks for HOM-RO: led to a reduction in the HOM source, making a
comparison of the absolute changes difficult. It is not possible anymore to distinguish if changes are
due to missing sources or due to shifts in the HOM product distribution by reactions of NO or HO2
with HOM-RO:. Therefore, we will focus on the relative contribution of different product classes,
groups, and families, as these comparisons do not depend on the overall concentration of HOM. The
contribution of the different product classes in the middle NO, high HO: case can be seen in Figure 41

(top row). The bottom row shows the distribution of product classes in the systems we want to

compare to.
Middle NO, high HO,
(INO],5 = 0.2 ppbv)
Fragments:
47 %
Accretion
products: 5 %
Base High HO, Middle NO, low HO,
(low HO,, no NO,) ([NO] = 0.2 ppbv)
Fragments: Fragments:
374 % 374 % Fragments:
44 %
Accretion Accretion Accretion
products: 17+1 % products: 92 % products: 7 %

Figure 41 Contribution of the closed-shell product classes to overall HOM product signal in the middle NO, high
HO:2 case (top row) in comparison to the low HO2, NOx-free base case, the high HO: case and the middle NO, low
HO:2 case (bottom row) (all experiments unseeded).



72 | Results and Discussion: Combination of NO and high HO:

Compared to the base case (bottom left) we see a reduced importance of HOM-Acc, and an increased
importance of HOM-Frag (shift of about 10 %). The high HO: system (bottom center) also showed a
reduction in importance of HOM-Acc, however here, as expected from the termination of RO2+HO>
the contribution shifted to HOM-Mon products. If we compare the middle NO, high HO: case (top
row), to the middle NO case (bottom row, on the right), we see a very similar distribution in the

contribution of the product classes.

Figure 41 shows that the contribution by HOM-Frag was not reduced by the higher expected
termination of HO2 (50 %) in the middle NO, high HO: case compared to the middle NO case where
HO: termination was expected to play a minor role (15 %). However, in the high HO: case compared
to the base case no reduction in the contribution of overall HOM-Frag was observed either. Instead,
the effect of HO: decreasing the alkoxy radical formation and subsequent fragmentation reactions
could only be seen in the different HOM-Frag groups (Cs-Co), for details see Section 4.1.4. The change
in the HOM-Frag groups in the mixed system is discussed in Section 4.3.5. The contribution of

product classes in the high NO, high HO:2 case can be found in Appendix Table A15.

432 Impact of NO and high HO: on the HOM-RO: concentration

The direct analysis of the HOM-RO: radicals was already difficult in the system with NO due to ON-
HOMs at the same nominal m/Q ratios and lower radical concentrations (for further explanation see
Section 4.2.2). The large chemical sink in the system with both NO and HO: strongly reduced the
steady-state concentration of HOM-ROz. Some HOM-RO: could no longer be assigned compared to
the base case and the cases with just one dominant reactant. However, products of the missing HOM-
RO: were detected with high signals, thus we conclude that the HOM-RO: were still important in the
mixed system, but their steady-state concentrations were below the detection limit. For example, a

significant product peak of Cio0HisNOio was detected, while C10H1s0 itself was not assignable.

The significant product peaks support that an important reason for the low HOM-RO: concentration
was the fast chemical termination to products. The comparison of the pseudo-first order chemical sink
rate to the expected average autoxidation rate (Figure 39 b) shows that termination reactions with NO
or HO: were expected to strongly compete with the autoxidation. In the middle NO, high HO: case
this led to a reduction of Ci0-HOM-RO: to 24 %, while at high NO, high HO2 only 18 % of the base case

signal remained (Figure 40).

One way to find out if the observed reduction of Ci-HOM-RO: is just due to a faster sink into
products or due to a decrease in the HOM-RO: source is to calculate the HOM-RO: ratio between the
case of interest and the base case. This calculation is only possible for HOM-RO: directly connected to
the primary production (kor[OH]-[a-pinene]) at the end of the autoxidation chain without significant

further autoxidation). This approach was used in the high HO: (Section 4.1.2) and NO cases
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(Section 4.2.2) and the equation can be found in Appendix Section A.8.2. The same approach was
applied to the middle NO, high HO: case. The calculation yielded a reduction to around 40 % of
HOM-RO: compared to the base case, while we observed a larger reduction to around 25 % (see
Figure 40). The result is consistent with the reduction in steady-state HOM-RO: concentration due to
both a fast sink into products and a reduction in the source. However, the result should be regarded
with caution since the calculation directly links HOM-RO:2 to primary produced RO:2 and neglects

possible interferences by fast chemical sinks of intermediate peroxy radicals.

433 Ci-HOM-RO: chemistry: Importance of C1oH1s0x and C1oH17Ox families

Due to the low HOM-RO: signals, we will use changes in the closed-shell HOM products to derive the
changes in the relative importance of the Ci-HOM-RO: families (compare Section 4.2.3). One
indicator is the contribution of different families in the non-ON HOM-Mon. However, in the mixed
case the non-ON HOM-Mon family showed mainly an increase in the importance of the CiHicO-
family, which can be formed from both Cio0His0x and CioHi7Ox, and therefore does not directly give
information about the contribution of Ci0H1s0x and Ci0Hi7Ox to the overall Cio-HOM-RO:z. The higher
importance of C1oH16O: in comparison to the base case and the high HO: and pure NO cases, however,
indicates that a shift in the chemical system took place and its implications will be discussed in the

following Section 4.3.4.

The C0-HOM-Acc families can also serve as an indicator for the contribution of CiHisOx and
C10H17Ox. Additionally, C20-HOM-Acc can only be formed via one pathway (RO2+RO2). C20H300: and
CoH34O:. are clearly assignable to a single Ci-HOM-RO: precursor (CioHisOx and CioHizOx,
respectively). The contribution of the different C2o-HOM-Acc families is shown in Figure 42, where the
middle NO, high HO: case is shown in the top row, and the simpler cases for comparison are shown
in the bottom row of the figure. The contributions of the different families to C20-HOM-Acc for the

high NO, high HO:z case can be found in Appendix Table A15.
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Figure 42 Contribution of the C20H3007, C20H320:, and C20H340; family to the C2o-HOM-Acc signal in the middle
NO, high HO: case (top row) in comparison to the low HO2, NOx-free base case, the high HO: case and the
middle NO, low HO: case (bottom row) (all experiments unseeded).

The C20H30: and C20Hs30. family both contributed around 25 % to the C2-HOM-Acc in the middle
NO, high HO: case. This is very similar to the base case (bottom row, left). The high HO2 case (bottom
row, center) showed a higher contribution of the Ci0Hi7Ox produced HOM-Acc (C20H340:), while the
middle NO case (bottom row, right) had a higher contribution of the HOM-Acc produced by Ci0H1s0x
(C20H300z). The system with NO and HO: showing a result closer to the base case indicates that the
mixed effects of the two reactants compensate. The high importance of Ci0HisOx in the system with
NO was attributed to RO2+NO facilitating the necessary alkoxy steps in the formation of CioHisOx-
HOM-RO:, while its reduced importance in the system with HO:z was attributed to the suppression of
alkoxy formation from RO2+RO2 by RO2+HO:.

The “in-between” behavior in the mixed system indicates that HO: is indeed able to compete with the
alkoxy formation from RO2+NO in some cases, suppressing some CioHisOx formation and thus
increasing the importance of the CioH17Ox family. The increased importance of C1Hi7Ox is supported
by the ratio of products clearly assignable to one Ci10-HOM-RO: family. This measure was introduced
in the pure NO system (Section 4.2.3) and Figure 30 showed that in the base case the ratio of (CioHisO-
+ C1oHwrNOz) to (CioHuO: + CioHisNO:) was 0.69+0.02 while it was significantly lower with NO
present, dropping to 0.47+0.01 at [NOJss=0.2 ppbv. In the middle NO, high HO: case the ratio was
0.7340.02 at a very similar steady-state NO concentration. The results have to be interpreted carefully,
keeping the importance of C10H16O: in the mixed system in mind. However, the observation of a high

ratio of clear CiwoHi7Ox products to clear CioHisOx products, as well as the similarity to the ratio
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measured in the base case, do support an increased importance of C1Hi7Ox compared to the system

with only NO and a compensation of the effects of HOz and NO in the mixed system.

An explanation for the changes in importance of the Cio-HOM-RO: families could be the interference
of HO: preventing the formation of crucial alkoxy radicals required in the formation pathway of
C1H150x-HOM-RO:. The application of generic reaction rate coefficients and the grouping into
product classes, families etc. is too general to capture if HO2 can compete with NO for the formation of
a specific hydroperoxide instead of an alkoxy radical needed in the formation of CiHisOx (H-
abstraction or pinonaldehyde-like pathway). This is the limit of a generalized chemistry approach.
Here, an investigation of the specific intermediates expected in the CioHisOx formation pathway

would be needed to gain further information.

Measurements with an amine-CIMS of CioH16O2 (formula composition of pinonaldehyde) showed a
reduction of about 25 % in the middle NO, high HO: case (for details see Appendix Section A.11.3).
The similar reduction of CioHisO:2 in the high HO: case (Section 4.1.2) indicates that indeed this
suppression effect by HO: could persist even with expected similar contribution to the chemical

reaction pool by NO and HO».

In summary, multiple observations point to a similar contribution of the Ci--HOM-RO: families as
were observed in the base case. Thereby, the Ci1oHi7Ox family had a larger contribution than in the NO
dominated case, but smaller than in the HO2 dominated case. These changes are likely associated with
the ability of the reactants to facilitate or suppress the alkoxy radical formation. Our observations
indicate that HO: intervenes in the formation of C10H1s0x, possibly by suppressing important C10H160x
precursors and thus HOMs formed by secondary oxidation. In a similar way also HOMs from the H-

abstraction path (Shen et al., 2022) could be suppressed by presence of high HO.

4.3.4 Competition for termination group formation in the system with NO and high HO:

The availability of both NO and HO: for termination of the HOM-RO: resulted in a competition
between the formation of the respective functional groups. Termination with NO will result in the
formation of an organic nitrate group, while with HO: the formation of a hydroperoxide group is
expected. Thus, the prevalence of these termination groups can be used to gain insight into the
importance of the reaction partners and to investigate if our generic framework describes the

competition appropriately.

In general, the same ON-HOM species as in the system with only NO added (Section 4.2.5) were
observed and a list of all identified species can be found in Appendix Section A.6.2. ON compounds
were observed in the HOM-Frag and HOM-Mon product classes. The contribution of ON-HOM can
be directly compared to the expected contribution of NO to the chemical reaction pool as the

formation of ON-HOM is uniquely connected to the reaction with NO. The expected linear
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relationship between ON-HOM contribution to the HOM product sum and the contribution of NO to
the chemical sink (assuming an unchanging branching ratio into alkoxy radical formation) was
introduced in Section 4.2.5. Figure 43 shows the data from the system with NO and high HO2 added
to the results shown for the cases with only NO addition (Figure 34). For the system with NO and
high HO, besides to the middle NO and the two high NO cases, an additional steady state with an in-
between NO concentration was utilized. The experimental details of this steady state can be found in

Appendix Section A.11.2.

Figure 43 Contribution of measured ON-HOM to the overall product sum as a function of the RO+#NO
contribution to the RO2 chemical sink. The linear fit is constrained through the zero point. Red circles represent
data from the system with just NO addition. Green squares represent data from the system with NO and HO2
addition. As the calculation of the RO2+NO contribution is based on general bulk reaction rate coefficients and
modeling results, large absolute uncertainties apply.

In Figure 43 the contribution of ON-HOM to the overall HOM products shows a linear correlation
with the expected contribution of RO2+NO to the overall chemical reaction pool. Furthermore, it fits
well to the observations in the system with only NO addition. The results from the system with NO
and high HO: minimally shifted the slope of the linear fit higher. The slope of the fit of 0.52 supports
the previous conclusion of an ON-HOM yield of about 50 % in the reaction HOM-RO2+NO. This
agrees with the molar yield reported by Pullinen et al. (2020) and compares to the regularly assumed
branching ratio of 0.3 — 0.4 of RO+NO into ON formation (see Section 2.1.2). The good correlation
between ON-HOM contribution and expected RO2+NO termination shows that our generic chemical
framework captures the actual termination to closed shell products (at least relative to each other)

quite well.

The impact of termination with HO: (hydroperoxide termination group) was investigated via the
contribution of the different non-ON HOM-Mon families to the overall non-ON HOM-Mon sum.

Figure 44 shows the contribution in the middle NO, high HO: case (top row) as well as the
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comparison cases (bottom row). The contribution of the non-ON HOM-Mon families to the non-ON

HOM-Mon sum in the high NO, high HO: case can be found in Appendix Table A15.
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Figure 44 Contribution of the C10H110z, C10H160Oz, and C10H1sO: family to the non-ON HOM-Mon signal in the
middle NO, high HO: case (top row) in comparison to the low HOz, NOx-free base case, the high HO: case and
the middle NO, low HO: case (bottom row) (all experiments unseeded).

Compared to the base case (bottom row, left), the contribution by Ci10H1O. decreased, while the
contribution of Ci10H1sO: increased (by about 8 %). The decrease of contribution by CiwoHuO: (clear
Cuw0His0x product) reflects the decrease of contribution by CioHisOx to the overall Cio-HOM-RO: (see
Section 4.3.3). However, with an expected 50 % contribution of ROz+HO: termination and the
assumption of a similar C10H1s0x to C10H17Ox ratio as in the base case, a higher contribution of Ci0HisO-
should be expected from the C10H17Ox+HO: termination. The comparison to the high HO: case (bottom
row, center) instead shows that in the middle NO, high HO: case, C1oH1sO. had a much lower
contribution, while CioH160. had an about 10 % higher contribution. The comparison to the middle
NO case (bottom row, right) highlights again the higher importance of Ci0H1sOx in the system with
only NO addition, with an about 10 % lower contribution by CiHuO: in the system with NO and

HOz. The middle NO case was also the only case with an even lower contribution of CioH1sOx.

The unexpectedly low contribution of C10H1sO: in the middle NO, high HO: case can be explained if
another reaction contributes significantly to the sink of CiHi7Ox. One possibility that was already
discussed for the system with only NO addition (Section 4.2.3) is a higher branching ratio into ON
products. However, as detailed in Section 4.2.3, this would result in a higher-than-expected

contribution of CioHzNO: to the product sum of clear CioHi7Ox products (CioHisO: + C1oHizNOx).
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Figure 45 shows the contribution of the CioHisO. HOM-Mon family to the sum of CioHisO:. +
C1HwNO;, plotted against the expected contribution of the RO2+HO: termination to the chemical
reaction pool. The data points represent the mixed system cases with NO and high HO: (green square
markers) as well as an extra data point for the high NO case from the pure NO system (red circle
marker). As the termination of RO2+RO:z also forms C10HisOy, in this comparison only cases were used,

where the contribution of RO2+RO2 termination was negligible.

We constraint the linear fit through the 1-to-1 point as in a hypothetical system with the RO+HO2
termination contributing 100 %, CiHisO: is the only clear CiHi7Ox product and therefore would

contribute 100 % to the C1oH17Ox product sum.
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Figure 45 Contribution of C10H1sO- sum to clear C1oH17Ox product sum (C10H1s0. + C10H17NO:) as a function of
the calculated RO2+HO:2 contribution to the ROz chemical sink. Green squares represent data from system with
NO and high HO:z (middle NO, in-between NO and the two high NO cases). Red circle shows data of high NO
case in pure NO system. Linear fit is constrained through 1-to-1 point. As the calculation of the RO2+HO2
contribution is based on general bulk calculations and modeling results large uncertainties apply.

The correlation between the contribution of CiHisO: and the expected RO:+HO: termination
contribution yielded a good linear fit. This result supports the conclusions from the system with just
NO addition (Section 4.2.3) that Cio0Hi7Ox does not have a higher-than-expected branching ratio into
ON products. The good linear correlation with the expected contribution by the RO2+HO: termination
reaction justifies once more the usefulness of the generic framework we developed to describe the

chemical sinks.

The question remains why a higher-than-expected contribution by the CioH10. HOM-Mon family to
the non-ON HOM-Mon product sum was observed. The second possible reaction pathway for
CioH17O« that should be considered is internal termination. Piletic and Kleindienst (2022) calculated

fast reaction rate coefficients for specific C10H17Os internal termination pathways.

In Section 4.1.5 it was already discussed that internal termination is an important reaction path for

C10H150x in both the base case, as well as the system with high HOz. Furthermore, internal termination
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of CiwoHisOx alkoxy radicals could play a role. as discussed in the system with NO addition (Section
4.2.3). In analogy, internal termination of CioHizOx will form a CioHisOx1 HOM-Mon (carbonyl

termination) and OH.

Internal termination of C10H17Ox would explain the larger than expected formation of C10H160--HOM
compounds. In presence of NO, formation of C1o0Hi7O«-RO and subsequent internal termination may
contribute to CioHisO.. This would explain why enhanced CioHiO. and reduced CioHisO: were
especially visible in the system with NO and high HO:. NO facilitates alkoxy radical formation, and
the missing Ci0H1sO: products are especially noteworthy when a significant contribution of RO2+HO2

termination is expected.

Overall, the ON-HOM production behaved as expected within our generic framework describing the
HOM-RO: termination. The same was observed for the contribution of the Ci10H1s0. HOM products as
an indicator for the termination of RO2+HQz. Both results indicate that the competition between
termination with NO and HO: is captured in the generic framework. However, the contribution of the
non-ON HOM-Mon families revealed the importance of internal termination reactions for CiHi7Ox, as
for CioH1s0Ox, with possible contribution via HOM-alkoxy radicals. The middle NO, high HO: case,
with its similar expected contribution of termination with NO and HO:, was especially helpful for

these considerations.

435 Changes in HOM alkoxy radical chemistry in the system with NO and high HO:
This section will further specify changes in the HOM-Frag product class as fragmentation is an
important alkoxy radical reaction pathway. Afterwards the observed impacts of alkoxy radical

formation in the mixed system with NO and HO: are summarized.

The contribution of the HOM-Frag product class in the mixed was very similar to the NO addition
case (47 % compared to 44 %) and about 10 % higher than in the base or high HO2 case (see Figure 41).
As fragmentation is often facilitated by alkoxy radicals, a lower contribution in the presence of HO2
should be expected. However, the HOM-Frag contribution also did not change significantly between
base and high HO:2 case (see Section 4.1.1 and 4.1.4), with differences mainly in the different HOM-
Frag product groups (Cs9). The changes in the HOM-Frag product groups in the middle NO, high
HO: case compared to the base case are shown in Figure 46 in the righthand bars. In comparison

changes in the high HO:2 case (lefthand bars) and middle NO case (center bars) are also shown.
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Figure 46 Overview of relative change in HOM-Frag groups detected in NOs-CIMS in the high HO2 system
(lefthand bars), the middle NO, low HO:2 system (center bars) and the middle NO, high HO: system, (righthand
bars), all in comparison to the low HOz, NOx free base case (unseeded experiments, all data normalized to a-
pinene OH turnover). Middle NO case from apinNO [10] experiment and middle NO, high HO: from
apinCONO_1 [10] experiment, for these two the base case is from experiment apinCO_2 and error bars were
determined via error propagation. For the high HO2 case bars represent average relative change from apinCO_1
and apinCO_2 (base case within the experiments) and markers individual experiments.

The comparison shows that the mixed system yielded an overlap of the effects observed in the
systems with one dominant reactant. The changes are in-between the one reactant systems for Cs- to
Cr-HOM-Frag, which indicates competing effects of HO2 and NO. In the Cs-HOM-Frag and Co-HOM-
Frag, the mixed system had stronger reductions than the systems with one dominant reactant. For the
Cs-HOM-Frag, the overall changes observed in both the high HO2 and middle NO system were minor
indicating that an important reaction path into this group is not disturbed by either reactant (also see
Section 4.1.3). A reduction of about 20 % was observed in the mixed case. For Co-HOM-Frag, a
significant reduction compared to both one dominant reactant systems was observed. A reason for
this could be a reduction in the source term due to interference in the autoxidation chain, as the
observed reduction in Co-HOM-Frag is similar to the reduction observed in HOM-Mon and the overall

HOM reduction.

The contributions of the different product groups to the HOM-Frag class compared to the NO
addition and HO: addition cases is shown in Figure 47. In the mixed system, the contribution of Cs
and Cs were between the contributions of the one dominant reactant systems. This observation
corroborates opposing effects of HO2 and NO: NO and the increased alkoxy radical formation
increased the importance of Cs, but less than in the system with only NO due to the competition of
reaction of ROz with HO2. Cs-HOM-Frag were the most important contributor to the HOM-Frag class
in the high HO: case (contribution of about 50 %) and were still more important in the middle NO,
high HO:2 than in the middle NO case. The similar contribution from Cs and C-HOM-Frag as in the
pure NO addition case indicates the existence of fast alkoxy radical pathways into these HOM-Frag

groups.
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Figure 47 Contribution of the Cs- to Co-HOM Frag groups to the HOM-Frag signal in the middle NO, high HO2
case (top row) in comparison to the low HOz, NOx-free base case, the high HO2 case and the middle NO, low HO2
case (bottom row) (all experiments unseeded).

The stronger reduction of Co than in either of the one reactant systems points towards a decrease in its
specific sources. Cs (60 % to 80 % of base case when going from middle to high NO at high HOz) and
Co (60 % to 70 % of base case) were the only HOM-Frag groups showing an increase with increasing
NO level in the mixed system. Figure A7 in the Appendix shows the changes in the middle NO, high
HO:2 and high NO, high HO: cases side by side. This indicates that the higher contribution of RO2+NO
termination in the high NO, high HO: case (expected 80 %) results in more formation of these
compounds even at the high overall chemical reaction rate coefficient. In contrast, the other HOM-
Frag groups showed a decrease with increasing NO, probably due to the overall high chemical

reaction rate coefficient reducing the entry channels into HOM production.

In summary it could be observed that the alkoxy formation from RO2+NO still played an important
role in facilitating fragmentation in the mixed system. NO still increased the formation of C7-HOM-
Frag (and Cs-HOM-Frag). However, the reduction in the Cs-HOM-Frag family indicates that RO2+HO:
reactions can compete with the alkoxy radical formation in some cases. Still, a much higher influence

of alkoxy radical formation than in the system dominated by HO2 was observed.

For all systems, favoring alkoxy radical formation increases the importance of the C10HisOx-HOM-RO2
family, probably due to alkoxy steps necessary in the formation of Ci10HisOx--HOM-RO:. The increased
importance of C1o0H1sOx was very pronounced in the system with only NO addition (see Section 4.2.3),

while C10H1sOx was suppressed in the high HO: system (see Section 4.1.3). In total this results in
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compensating effects in the mixed system with contribution of C10H1s0x and C10Hi7Ox-HOM-RO:z more
similar to the base case. Furthermore, internal termination of HOM-RO, analogous to the internal
termination of HOM-RO2, may contribute to HOMs as this could explain the high prevalence of
carbonyl group termination products (Ci10HuO; CiHi6Oz) compared to hydroperoxide group
termination products from HO:. This would also fit the smaller reductions in the C10H1O: family’s
steady-state concentration compared to the observed decrease in the CioHisOx family’s steady-state
concentration. To our knowledge internal termination pathways of alkoxy radicals have not been

described before and thus this hypothesis should receive some attention in future studies.

43.6 Impact of combined NO and high HO: on condensable organic mass
The change in the gas-phase signal of the HOM product classes after seed addition can be seen in
Figure 48 for selected cases: In the figure the middle NO, high HO: case (righthand bars) is shown in

comparison to the base case, as well as the high HO: case, and pure middle NO case.
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Figure 48 Overview of relative change in signal in product classes between unseeded and seeded case in the

middle NO, high HO2 system. (Base case and high HO: case from experiment apinCO_2, middle NO, low HO2

case from apinNO [10].) All data normalized with a-pinene OH turnover. Error bars via error propagation, for
more information see Appendix Section A.5.

In the mixed system the overall signal, as well as the HOM-Frag and HOM-Mon class, had
significantly larger signal remaining in the seeded system than was observed in the base case. Both the
high HO: system and the system with only NO addition, showed already somewhat larger fractions
remaining in the gas phase. However, the mixed middle NO, high HO: case showed an about 20 %
larger gas-phase fraction remaining with seed for overall products, HOM-Frag and HOM-Mon. The
fraction remaining for HOM-Acc was similar for all systems, as expected for the low volatility HOM-

Acc.

In the system with NO (see Section 4.2.6) the higher signal remaining in the gas phase was explained
by the higher volatility of the ON compounds. However, in the middle NO, high HO: system also the

non-ON compounds showed higher fractions remaining compared to the base case. The overall ON
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compounds showed similar behavior as in the NO addition case (70 + 10 % compared to 65 =13 %
signal remaining with seed), but here as well, some differences in the HOM-Frag and HOM-Mon

product classes were observed (for details see Appendix Table A19).

Looking at the fraction remaining of the individual HOM compounds (Figure 49), the reason for the
high overall fractions remaining in the middle NO, high HO2 becomes clearer: Some non-ON HOM-
Frag and non-ON HOM-Mon not only showed higher fractions remaining compared to the other
cases, but also showed fractions remaining larger than 1. A fraction remaining larger 1 beyond the
error estimation indicates heterogeneous production of these products. Weak indications of
heterogenous production were also seen for a few HOM compounds in the high HO2 system, although

no fraction remaining larger 1 beyond the error estimation was observed (see Section 4.1.6).
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Figure 49 Gas-phase fraction remaining in presence of seed for the middle NO, high HO: case (apinCONO_1
[10] experiment). All data is normalized with a-pinene OH turnover. Points represent compounds that were
detected with relative standard deviation <30 % in both experiment phases. Error bars represent result of error
propagation (see Appendix Section A.5).

Only in the middle NO, high HO: case a significant portion of products with fractions remaining
larger than 1 were observed. In addition, the system showed further indications of ongoing chemical
processes: In the steady state with seed the Br-CIMS measured an about 30 % higher HO: cluster

signal compared to the unseeded state indicating an additional HO2 production process.

A possibly important heterogenous reaction is the hydrolysis of ON-HOM compounds as this
pathway is known to affect particulate organic nitrates (Zare et al., 2019). A simple general equation
for such an ON hydrolysis reaction can be seen in (R4-1). If an ON-HOM undergoes hydrolysis
depends on its specific structure. Additionally, the pH of the particulate aqueous phase may be

important as acidic conditions can increase the hydrolysis rate (Zhao et al., 2023).

CxHyNOz + HZO 9 CxHy+IOz—2 + HNOS (R4-1)
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In reaction (R4-1) the former ON compound forms an alcohol group from the ON functional group
and HNO:s is lost from the molecule. If the formed alcohol is volatile enough it could evaporate,
leading to a reduction in organic particulate mass and possibly explaining a fraction remaining larger
1. If the hydrolysis leads to the evaporation of small, oxidized VOCs that can produce HO, this could
also explain the higher HO: signal. Even only the evaporation of smaller products (and no
evaporation of products observable in the NOs-CIMS with higher oxidation degree), could explain the
observation if they contribute to HOz. In this case the chemical system is shifted, which could lead to

fractions remaining larger 1 for HO: derived products.

Hydrolysis of ON, however, can only be part of the explanation as no increase in HO: signal or
significant fractions larger than 1 were observed in the system with NO without high HO:. This raises
the question of the impact of higher HO: concentration on the suspected heterogenous reactions. A
possible factor could be the uptake of HO: in the aerosol (as discussed in the literature, see for
example Dyson et al. (2023)), however no reduction in the HO: signal was observed with seed in the
high HO: system (see Figure 9). In the mixed system more HO: was observed in the gas phase with
seed in the system, which as mentioned above could be due to heterogeneous fragmentation as a

source of small, oxidized VOCs, which increase HO: production.

No strong indications of heterogeneous production were observed in the high NO, high HO2 case. The
measured HO:z concentration was increased, but not significantly. And while we still observed an
about 10 % higher fraction remaining of non-ON HOM-Frag (see Appendix Table A19), no
compounds with fractions remaining significantly larger than 1 (i.e. beyond the error estimation) were
observed (Figure 50). If heterogeneous production is only of importance in the middle NO, high HO:
case this could be an indication that the products from RO2+HO: play a crucial role, which are of less

importance in the high NO cases.

The unusual behavior in the middle NO, high HO2 system needs substantiation by repetitions, which
unfortunately could not be done within the time frame of this work. Note that if the chemical system
is substantially changed by the seed addition, a simple comparison of the seeded to unseeded case to

investigate partitioning is in any case no longer possible.
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Figure 50 Gas-phase fraction remaining in presence of seed for the high NO, high HO2 case (apinCONO_1 [25]
experiment). a) all HOM-compounds, b) all HOM-compounds with organic nitrate’s molar mass being shifted by
the nitrate termination group (NOz) to (M — 46 g mol™?) for compounds containing one nitrate group (red
markers) and to (M — 92 g mol™") for compounds with two nitrate groups (orange markers).

All data normalized with a-pinene OH turnover. Markers represent compounds that were detected with relative
standard deviation <30 % in both experiment phases. Error bars represent result of error propagation (see
Appendix Section A.3).

Figure 50 shows the gas-phase fraction remaining of the individual products in the high NO, high
HO:z case. Here, a group of HOM-Frag and low oxidized HOM-Mon (blue markers below 230 g mol™)
with high fractions remaining can be observed. The high HO: case also already showed such a group
with higher fractions remaining than in the base case. Thus, a possible explanation, besides
heterogenous production, could be a higher importance of the products with high fractions remaining
in the system with NO and HO:. A reason for this could be the formation of HOM-Frag-RO:2 via the
alkoxy pathway facilitated by RO2+NO and the consecutive reaction with HO2 to form the observed

more volatile products.

If there are changes in the chemical system between unseeded and seeded case the product
distribution in the unseeded case can no longer serve as reference for the seeded case. Nonetheless the
comparison could help to understand the system further, e.g. to detect the influence of heterogenous
processes. The reduction of organic mass observed in the AMS measurement, as well as the
condensable HOM mass proxy calculated from the mass weighted HOM signal in the gas phase (see
Section 3.1.5) are shown in Table 2. For the condensable HOM mass proxy the following molar mass
thresholds for condensable compounds determined in the previous sections were applied: 230 g mol™!
for non-ON HOM (Section 4.1.6), 276 g mol! for 1 nitrogen containing ON-HOM and 322 g mol" for 2
nitrogen containing ON-HOM (Section 4.2.6). Figure 50 a) and b) corroborate that these thresholds fit

in the mixed system as well.

However, two factors increased the uncertainty of the AMS measurement in the high NO, high HO2
case: Due to instrument failure data were observed with two different AMS instruments (which could

not be intercalibrated). Additionally, the seed concentration in the chamber increased during the
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experiment (for the measured concentrations see Appendix Table A12), leading to an increase in the

particle sink especially in the high NO, high HO: stage.

Table 2 Overview of the relative change in organic mass observed in the AMS (seeded experiments) and the
mass weighted HOM signal that is supposed to condense as observed by NOs-CIMS (unseeded experiments) for
the system with NO and HO2 in comparison to the base case. Base cases from within the experiment were used,
besides for HOM mass proxy in apinCONO_1, here the apinCO_2 base case was used. All data normalized with
a-pinene OH turnover.

Organic mass Condensable HOM
Condition Experiment measurement: mass proxy:
% of base case % of base case
Middle NO, high HO: apinCONO_1 [10] 65+12 % 47 +7 %
apinCONO_1 [25] 68 +12 % 41+6 %
High NO, high HO:
apinCONO_2 [25] 40+19 % 38+17 %

In all mixed cases, a reduction in the organic mass was measured. However, in the high NO, high HO>
case where a repetition was performed, the organic mass reduction showed a discrepancy of around
30 %. Furthermore, for the apinCONO_1 experiment the agreement between the expected
condensable HOM mass from the CIMS measurement and the actual reduction in the organic mass
was worse than observed in the previous chapters. The calculation of the condensable HOM mass
proxy yielded 20-30 % stronger expected reductions than observed by AMS measurement. This could
be either due to actual changes in the chemistry or due to instrumental or experimental effects. If
compounds were produced heterogeneously in the particle phase and evaporated back to the gas
phase, this could explain the mismatch. In that case, however, the expectation would be a larger-than-
expected reduction in the organic mass as the re-evaporation of volatile compounds from the particle
phase should reduce the organic mass further. Instead, a smaller than expected decrease in organic

mass was measured.

The good agreement observed in the apinCONO_2 experiment indicates that instrumental or
experimental problems could be the reason for the discrepancy in the other two cases, but all in all the
results are inconclusive. Repetitions, especially also of the middle NO, high HO: case, are necessary to
determine if heterogenous production is of importance and to verify and investigate the observations

described in this section.

In any case the reduction in organic mass and HOM gas-phase signal fits to the conclusions drawn for
the gas phase: The overall HOM concentrations were reduced in both the middle NO, high HO: and
high NO, high HO: case, with especially strong suppression of very low volatile HOM-Acc species.
Furthermore, our observations indicate that the HOM, that were still formed, had higher volatility.
Two factors mainly contributed to the formation of higher volatility HOM: 1) The formation of ON-

HOM compounds who have higher volatility than a non-ON termination product from the same
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precursor HOM-RO: (see Section 4.2.6). 2) The formation of HOM-Frag compounds. The importance
of HOM-Frag increases with NO due to the alkoxy radical formation from RO2+NO. Furthermore, we
saw indications that the additional availability of HO:2 could lead to the formation of higher volatility
HOM-Frag. Overall, the unexpected observation of fractions remaining larger than 1 in the middle
NO, high HO:2 case in combination with limited performance of the AMS, requires repetitions of the

experiments with seed to reduce the uncertainty in the results.

4.3.7 Summary: Impact of NO and high HO: in combination

In the system with both NO and HO: as important HOM-RO: reaction partners, we observed an
overlap of the effects of the individual reactants. The contribution of reaction partner specific
termination groups (ON formation for NO, hydroperoxide formation from CioHi7Ox for HOz) showed
that the competition between NO and HO: fit the expectations of the calculated contribution of the
reactants to the chemical sink. This indicates that the generic bulk reaction rates (and modeled
reactant concentrations) used for the calculation of the competition were able to capture the
distribution between the termination reactions. The applicability of the generalized chemistry scheme

is still limited as can be seen in the results for individual reaction pathways.

One important investigation objective was the impact of NO and HO: on the alkoxy radical formation
in the mixed system and its subsequent impact on the HOM product distribution. It was observed that
even in the presence of NO, HO: still partially suppresses the importance of the C1oHisOx-HOM-RO:
family. Alkoxy radical formation is expected to be necessary for the formation pathway of CioH150x-
HOM-RO:. A decrease in the importance of this family was also observed in the high HO: case. In
contrast, no significant reduction in the contribution of C-HOM-Frag products to the HOM-Frag
family could be determined. The similar contribution of C7 products in the mixed case compared to
the system with only NO addition indicates that here the alkoxy radical formation and subsequent

fragmentation is too fast for HO2 to compete.

Overall, in the mixed system a reduction in HOM products was observed and the suppression of
HOM formation from CioHisOx by HO: may play an important role in the reduction. However, the
large chemical sink for ROz in the mixed system can compete with autoxidation reaction rates leading

to a reduction of the HOM product source in general.

The reduction in HOM products impacts the SOA formation potential of the system and a reduction in
the measured organic mass was observed. However, due to some instrumental/experimental issues, as
well as unexpected findings, repetitions of the experiments with seed are necessary. The middle NO,
high HO: case showed indications of heterogenous production processes for higher volatility

products. As this was only observed in one experiment the source of these products is an open
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question and further experiments are needed to confirm or disprove the involvement of heterogenous

processes.

Nonetheless our gas-phase investigations showed that the measured organic mass decreased not only
due to the reduction of HOM product concentration, but also due to the higher volatility of the formed
HOM. The molar mass thresholds determined in the one dominant reactant systems were applied in
the mixed system to determine a condensable HOM mass proxy. The agreement between particle-
phase measurement and the HOM mass proxy in the repetition of the high NO, high HO: experiment
and more significantly the behavior of fractions remaining of the individual products with increasing
molar mass, indicate that the thresholds determined in the one dominate reactant system are

applicable to the mixed system as well.
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5. Summary and Conclusion
In this work, we systematically varied the concentration of ROz, HO2 and NO in a-pinene
photooxidation experiments with the goal to elucidate their effect on the gas-phase HOM product

distribution and thus the SOA formation potential of the system.

We performed a series of experiments in the reaction chamber SAPHIR-STAR and compared the
steady states of the different chemical regimes. To assure comparability and to exclude effects by
oxidant scavenging, we developed an experimental protocol to keep the primary a-pinene oxidation
conditions constant. We used generic bulk reaction rate coefficients together with model calculations
to classify our experiments based on the expected contribution of ROz, HO2 and NO to the overall
HOM-RO: reactions. Herein, RO2 denotes the sum of all peroxy radicals as defined in the MCMv.3.3.1
mechanism. We furthermore compared the reaction rate for the bimolecular reactions to an expected
average autoxidation rate to assess if termination reactions interfere with the autoxidation chain. An
interference in the autoxidation chain will result in lower HOM concentrations and a lower oxidation

degree of the products, which in turn will reduce the SOA formation potential.

To understand the changes in gas and particle phase, our focus was the analysis of the gas-phase
HOM product distribution. Here, we applied a generic a-pinene HOM-RO: chemistry scheme to relate
the observed changes to the shift in the chemical regime. To relate the changes in the HOM product
distribution to their impact on the SOA formation potential, we applied targeted seed additions to

directly probe the condensation of the HOM products, which is a measure of their volatility.

We chose the ROz dominated a-pinene photooxidation system as a basis for comparison, as this “base
case” represents a simple, typical laboratory set-up. We compared the base case to cases with high
HOg, cases with different levels of NO, as well as cases with both high HO:z and different levels of NO.
Compared to the base case, the HOM concentration and SOA formation potential decreased to
varying degrees in all systems. The investigation into the mechanistic reasons for the reduction led to
a series of insights, which we relate to four general, important aspects impacting the SOA formation

potential:

1) The ability of high bimolecular reaction rates to interfere with the autoxidation chain.

2) The ability of the reactants to intervene in a specific reaction step, that is crucial for HOM formation.
3) The ability of the reactants to facilitate or suppress alkoxy radical formation (which is in direct
relation to point 2)).

4) The formation of products or termination groups, which impact the HOM product distribution’s

volatility.



90 | Summary and Conclusion

Our study highlights the importance of considering the different contributions to the HOM-RO:2 sink
by HO:, RO», and NO, in competition to autoxidation and wall losses, when designing experiments
and transferring laboratory results to the real atmosphere. The following sections give a concise
overview of the most important findings for the different systems, as the detailed results were

summarized at the end of each chapter.

5.1 Impact of HO2 and NO on HOM formation chemistry

Reactions of both HO2 and NO strongly compete with the cross reactions of ROz, which leads to a
strong suppression of HOM-Acc products. As expected from the generic chemistry scheme, HOM-
RO2+HO: results in a shift in the formed termination groups from carbonyl, formed by RO: cross
reactions, to hydroperoxide groups. HOM-RO2+NO termination results in the formation of ON-HOM
containing nitrate groups. An ON-HOM contribution to all HOMs of around 50 % was observed when
NO dominated the HOM-RO2 termination. The findings in all systems also point towards significant

importance of internal termination reactions of HOM-RO: forming a carbonyl group.

High HO: partially suppresses the alkoxy radical formation from RO2+RO, which in the absence of
NO can be detected by changes in the oxygen parity of the C10-HOM-RO: and the reduction of small
(Cs) fragmentation products. However, our observations still indicate significant involvement of
alkoxy steps at high HO:z. One indicator for this is the continued substantial importance of the
CiwHi50--HOM-RO: family at high HO:. Alkoxy radical formation is expected to be crucial for
C10H1s0x formation independent of if C1HisOx is formed directly or by secondary oxidation (H-
abstraction, pinonaldehyde-like pathway, respectively). However, CioHisOx--HOM-RO: did show a
stronger reduction than expected from a simple increase in the chemical sink by HO:. This indicates
that HO2 intervenes in a crucial reaction for some HOM formation pathways. Interestingly, the same
effect was observed in the system with both high HO2 and NO, indicating that the specific HO2

reaction is likely even fast enough to compete with the fast alkoxy radical formation by RO2+NO.

Alkoxy radical formation had a strong influence on the HOM product distribution in the system with
NO, resulting in high importance of HOM-Frag (Cs-Co), especially C--HOM-Frag and high importance
of the C1oHis0x-HOM-RO: family and its closed-shell products. In the mixed system, an overlap of the
individual effects of HOz2 and NO was observed: HO: continued to partially suppress the importance
of CioH1sOx. But the contribution of C7-HOM-Frag was similar to the system with just NO, indicating
that for these reaction pathways alkoxy radical formation and subsequent fragmentation prevails. This
is the limit of applying a generalized chemistry scheme and requires the consideration of individual

formation pathways.

The distribution between the functional groups formed in termination (i.e. hydroperoxide or ON)

agreed well with the contribution of ROz, HO2 and NO determined via bulk reaction rate coefficients
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and model results. The good agreement indicates that our framework captures the general (relative)

importance of the three different reaction partners.

5.2 Impact of changed HOM formation chemistry on SOA formation
The targeted seeding allowed the direct comparison of HOM concentration lost from the gas phase to
the formed organic particle mass concentration, at the same time reflecting the changes in the gas-

phase product distribution of the condensing HOM.

All investigated chemical regimes showed a decrease in SOA formation potential compared to the
base case. Besides the overall reduction of HOM products, the reduction of low volatility HOM-Acc
was a key process for the SOA reduction. Here, the missing formation of HOM-Acc via HOM-RO:
with lower oxidized ROz is crucial for the decrease in SOA formation, as it scavenges lower oxidized
products that otherwise do not contribute to SOA. Missing HOM-Acc and the decrease in overall
HOM formation were the reason for the decrease in SOA formation by around 30 % in the high HO2

system.

In the system with NO, besides missing HOM-Acc, the formation of more volatile species reduced the
SOA formation potential. The higher volatility products were HOM-Frag, as expected due to their
smaller molar mass, but also ON-HOM. This shift in the product distribution resulted in a SOA
reduction of around 20 % in the case without reduction of the HOM concentration (middle NO case).
The reduction was around 40 % in the high NO case where the HOM concentration was decreased by

about 20 %.

The mixed system showed a significant decrease in SOA formation potential which is in accordance
with the fast chemical sink interfering with the autoxidation chain in this highly competitive system.
However, our observations showed some indication of heterogenous production processes in the

system with seed, which require further investigation.

The volatility of the HOMs was investigated via their fraction remaining in the gas phase in the
seeded compared to the unseeded system. The gas-phase fraction remaining revealed the higher
volatility of ON-HOM compared to a non-ON HOM of the same mass. The gas-phase fraction
remaining as a function of the molar mass was used to determine a molar mass threshold for
significant contribution of HOMs to condensation. We subsequently applied the molar mass threshold
to calculate a HOM mass proxy for condensation from the gas-phase measurements in the unseeded
cases. Owing to the higher volatility of ON-HOM, we determined separate molar mass thresholds for
the ON species. The good agreement of the derived HOM mass proxy with the particle phase
measurement in the systems with HO2 and NO shows that we capture and understand the products

and reactions governing the SOA formation in our experiments.
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A.Appendix

A.1 Exemplary RO: sink distributions in the atmosphere

The data is shown in Figure 1 in Section 1.1. The ROz, HO:z and NO concentrations were taken from

Peng et al. (2019) and are listed in Table Al. The contributions of the individual reaction partners

were calculated with the same general bulk reaction rate coefficients which we used for our analysis

and which are listed in Table A2.

Table A1 Concentrations ROz, HOz, NO in exemplary atmospheric conditions. Data from Peng et al. (2019). OHR
stands for OH reactivity. In cases without RO2 measurement the “RO: fate estimator” provided for download by
the authors and the OH reactivity were used for the contribution calculation. For NO the concentration is given

additionally as a mixing ratio in parentheses.

Conditions OHR | OH [em?3] | RO2[cm?3] | HO2 [em3] | NO [em-?]
P1 | Pristine (Pacific Ocean, high ROz) 1.9 9.75E+06 | from OHR | 2.75E+08 4.75E+07
(2 pptv)
P2 Pristine (Pacific Ocean, typical) 1 6.25E+06 | from OHR | 6.25E+08 7.50E+07
(3 pptv)
F1 Forested (Rocky Mountains) - 2.50E+07 1.25E+09 2.50E+09 1.50E+09
(60 pptv)
F2 Forested (Amazon, wet season) 9.6 1.20E+06 | from OHR | 5.10E+08 9.25E+08
(37 pptv)
U Urban (Los Angeles) 25 1.50E+06 | from OHR | 1.50E+08 3.75E+10
(1500 pptv)
Table A2 Overview of utilized bulk reaction rate coefficients
Reaction Assumed bulk reaction rate coefficient Reference
RO2+RO:2 5.0E-12 cm3-s1 (Roldin et al., 2019)
MCM v3.3.1 at 20°C
ROA+HO: 2.46E-11 cm?s! (Jenkin et al., 1997; Saunders
et al., 2003)
MCM v3.3.1 at 20°C
RO2+NO 9.2E-12 cm?*s (Jenkin et al., 1997; Saunders
et al., 2003)
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A.2 Voltage and flow settings of MION-APi-TOF

Table A3 Applied TOF power supply (TPS) settings (optimized)

Interface: SSQ RF

SSQ mode med mass
SSQ Freq. 2460 000 Hz
SSQ Amp. 200.0 V
Interface: SSQ Low voltages
Nozzle 0.0V
SSQEP 0.0V
SSQ Front 80V
SSQ Back 40V
Lens skimmer -10.0V
Interface: BSQ RF
BSQ mode low mass
BSQ Fregq. 4110000 Hz
BSQ Amp. 350.0 V
Interface: BSQ Low voltages
Skimmer 70V
Q2 Front 92V
Q2 Back 92V
Skimmer 2 142V
Reference (bias) 66.7 V
Ions-Lens 2 130.0V
Deflector Flange 400V
Deflector 430V

Table continuous on next page.
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TOE: Extraction Pulser

TOF Pulse 1000.0 V
TOF Ref 215V

TOF Extr. 1 400V

TOF Extr.2 1000.0 V

TOEF: TOF High voltages

Lens 1600.0 V
Drift 5700.0 V

RG 1469.2 V

RB 1000.0 V

MCP 2075.0 V

PA 5400.0 V

HVB3 (unused) 0.0V

HV-Source -2750.0 V

(Accelerator voltage MION)

HVBO0 If instrument is in IS1 mode: -150.0 V
(Deflector voltage IS1 MION) Otherwise: 0.0 V
HVB1 If instrument is in IS2 mode: -200.0 V
(Deflector voltage I1S2 MION) Otherwise: 0.0 V
MION flows
Main inlet flow 10 L min!
Carrier flow IS1 3.0 mL min™
Exhaust flow IS1 40.0 mL min!
Carrier flow 1S2 15.0 mL min?!

Exhaust flow 1S2 40.0 mL min!
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A.3 Overview of experimental OH concentrations and a-pinene OH

turnover

Table A4 OH concentration and a-pinene OH turnover in all experiments. The experiment phases are ordered

chronologically. (g) marks unseeded experiment stages, (s) seeded.

Experiment phase

OH concentration [em-3]

‘ a-Pinene OH turnover [cm-3-s-1]

Experiment: apinCO 1

Photooxidation base case (g) 4.8-106 3.5-107
High HO» case (g) 5.0-106 3.9-107
Experiment: apinCO 2
Photooxidation base case (s) 1.1-107 5.2:107
High HO» case (s) 7.6-106 45107
High HO: case (g) 9.1-106 5.0-107
Photooxidation base case (g) 1.5-107 5.7-107
Experiment: apinNO
Photooxidation base case (g) 1.8-107 4.9-107
(Additional: low NO case (g) ) 2.0-107 5.1-107
Middle NO case (g) 2.2:107 5.0-107
High NO case (g) 2.9-107 5.3-107
High NO case (s) 2.6-107 5.4-107
Middle NO case (s) 1.9-107 4.8-107
(Additional: low NO case (s) ) 1.4-107 4.4-107
Experiment: apinCONO 1
Photooxidation base case (s) 1.1-107 4.4-107
High HO: case (s) 7.2:106 3.7-107
Middle NO, high HO: case (s) 1.2-107 4.4-107
(Additional: in-between NO, 1.6:107 4.8-107
high HO» case (s) )
High NO, high HO»> case (s) 1.5-107 4.7-107
High NO, high HO» case (g) 1.5-107 4.7-107
(Additional: in-between NO, 1.5-107 4.7-107
high HO» case (g) )
Middle NO, high HO> case (g) 1.2:107 4.4-107
Experiment: apinCONO 2
Photooxidation base case (s) 4.7-106 1.7-107
Photooxidation base case (g) 5.7-109¢ 2.0-107
High NO, high HO» case (s) 7.3-10¢ 2.4-107
High NO, high HO» case (g) 7.6-10¢ 2.1-107
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A.4 Modeling of experiments

A41 Box model input parameters: Wall loss and OH background reactivity

The OH background reactivity (loss of OH without VOC present) and the wall loss of the ROz and
HO:2 species in the SAPHIR-STAR chamber are two important input parameters into the model. It is
assumed that the product species in the MCM are too volatile to be lost on the walls, but that the
radical species are lost upon wall collision. An OH background reactivity measurement (kOH
instrument, see Lou et al. (2010), Fuchs et al. (2017)) for more detailed information) was performed in
the empty, clean chamber at the same humidity as in the experiments and resulted in a reactivity of
3s1. The background reactivity was adapted in each experiment to represent the «a-pinene
consumption in the photooxidation phase correctly, resulting in ko Bacground between 2 s and 5 s1. A
possible reason for discrepancies is that the background reactivity determination was done only once,
while during the experiment series small residual contaminations, resisting flushing over > 6 residence

times, may have contributed to the background reactivity.

For the estimation of the maximum wall loss the following experiment was performed twice: In a gas
phase a-pinene photooxidation steady state the light was turned off and the decay of HOM product
signals were observed in the NOs;-MION-CIMS. This approach was used before by Ehn et al. (2014)

and Sarrafzadeh et al. (2016) to determine the maximum loss in the JPAC chamber.

Only products showing a clear single exponential decay were considered and it is assumed that the
chosen HOMs are no longer produced after light off and are lost on wall contact. Their timeseries is
used to calculate an individual lifetime T by fitting the decay curve to the function shown in Eq. A-1.
From the observation of the decay of Ciw products an average lifetime of =171 s is determined.

1 -
In(normalized signal) = — = xt+b Eq. A-1

The derived wall loss rate for HOM was also applied to describe the wall loss of RO:2 radicals, and
therefore, kroz_wan is set as 1/170 s1. The wall loss rate is correlated to the transport through the
diffusion layer of the chamber and thus should scale with the inverse of the square root of the molar
mass (under the assumption of perfect mixing of the chamber core). It is therefore expected that the
smaller HO> radical is lost faster due to its faster transport. Additionally, the removal efficiency for
HO:z and RO: radicals might differ further as ROz are not lost necessarily on every collision with the
wall. The specific ROz removal efficiency depends on the radical’s molecular structure (Miyazaki,

2012).
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To estimate a value for the HO:2 wall loss, the expected diffusion constant for a HOM-Mon, HOM-Acc
and HO: are calculated by the parametrization developed by Fuller et al. (1966) and recently reviewed
by Tang et al. (2015). The results can be found in Table A5.

Table A5 Calculated diffusion coefficients of an exemplary HOM-Mon, exemplary HOM-Acc and HO2

Compound Diffusion constant at 1 bar (cm? s1)
C10H150s (HOM-Mon proxy) 0.053
C20H30010 (HOM-Acc proxy) 0.038
HO: 0.202

If the wall loss is only dependent on the diffusion to the wall (i.e. 100 % loss on wall contact), the
lifetime should inversely scale with the diffusion speed. To verify this assumption, the ratio of the
average lifetimes of HOM-Mon and HOM-Acc were compared to the ratio of their diffusion constants:
The HOM-Acc proxy’s diffusion constant is 0.71 of the monomer proxy’s diffusion constant. The
observed accretion products decay resulted in average lifetime of 1=202 s, leading to kyom-acc wair/
kyom-mon wau = 0.85. Within the uncertainties of the diffusion constants calculation and the lifetime
determination, the wall loss seems to depend indeed on the diffusion to the surface layer, thus on the

diffusion constant. Therefore, considering the diffusion constant of HO2, kuoz wat=1/50 s is chosen.

To study the sensitivity of the modeled HO2/RO: ratio to the assumed wall loss rates, a sensitivity
study was performed by varying the rate coefficients for wall losses. The RO: wall loss was varied
within 1o of the determined HOM product wall loss. The HO2 wall loss was varied in a wider range to
cover the case that not all collision with the wall lead to loss of HO2. Therefore, the lifetime of HO2 was
either set as 50 s or to a maximum lifetime of 170 s as determined by HOM monomer loss. The
resulting HO2/RO: ratios of the sensitivity study for the apinCO_1 experiment are displayed in Table

A6 as an example.

Table A6 Box model HO2/RO: ratio results at varying ROz and HO:z wall loss at low HO2/RO:2 (left) and high
HO2/RO2 (right) in the apinCO_1 experiment

t(HO,) low HO,/RO, high HO,/RO,
URO,) 50s 170s 50s 170s
145s 6.8E-3 7.5E-3 0.7 1.0
170s 6.4E-3 7.0E-3 0.6 0.9
195s 6.1E-3 6.7E-3 0.6 0.9

The sensitivity study shows that independent of the assumed wall loss rate the HO2/RO: ratio is
around 0.007 and near one in the low and high HO2/RO: case, respectively. In any case, the modeling

results are only used to qualify the change of chemical regime and not to yield absolute values.
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A.4.2 Box model results: HO2, ROz, NO and pinonaldehyde

Table A7 Modeling results for HOz, ROz sum, NO and pinonaldehyde. For NO the concentration is given
additionally as a mixing ratio in parentheses. The experiment phases are ordered chronologically. (g) marks
unseeded experiment stages, (s) seeded. These results only serve as indication of the expected trends as we cannot
verify their results.

Experiment phase HO: [cm-3] YRO: [cm-3] NO [ecm-3] Pinonaldehyde
(ppbv) [cm=3]
Experiment: apinCO 1
Photooxidation base case (g) 3.8-107 6.0-10° - 1.3-1010
High HO» case (g) 1.2-10° 1.9-10° - 4.8-10°
Experiment: apinCO 2

Photooxidation base case (s) 4.6-107 6.8-10° - 1.1-10%0

High HO: case (s) 1.5:10¢ 2.0-10° - 3.7-10°

High HO: case (g) 1.5-10° 1.9-10° - 3.6-10°

Photooxidation base case (g) 4.7-107 6.9-10° - 1.1-10%

Experiment: apinNO

Photooxidation base case (g) 5.7-107 7.5:10° - 6.3-10°

(Additional: low NO case (g) ) 1.7-108 4.6:10° 7.6:108 (0.03) 1.8-1010

Middle NO case (g) 3.7-108 1.8:10? 4.3-10° (0.17) 2.8-1010

High NO case (g) 2.7-108 6.7-108 1.8-10% (0.71) 3.4-1010

High NO case (s) 2.7-108 6.7-108 1.8-10% (0.71) 3.4-1010

Middle NO case (s) 3.6:108 1.7-10° 4.6-10° (0.18) 2.8-1010

(Additional: low NO case (s) ) 1.8-108 4.2-10° 8.3-108 (0.03) 1.8-10"°

Experiment: apinCONO 1

Photooxidation base case (s) 4.4-107 6.3-10° - 9.8-10°

High HO: case (s) 1.7-10° 1.7-10° - 3.1-10°

Middle NO, high HO: case (s) 1.9-10° 1.0-10° 4.5-10° (0.18) 2.7-1010

(Additional: in-between NO, 1.6-10° 6.9-108 1.1-10% (0.42) 3.4-10w
high HO: case (s) )

High NO, high HO» case (s) 1.3-10° 5.6-108 1.6:10% (0.62) 3.8-1010

High NO, high HO:> case (g) 1.3-10° 5.2-108 1.6-10% (0.63) 3.5-1010

(Additional: in-between NO, 1.6:10° 6.5-108 1.1-10% (0.43) 3.2-101
high HO» case (g) )

Middle NO, high HO: case (g) 1.9-10¢ 8.9-108 4.8-10 (0.19) 2.4-1010

Experiment: apinCONO 2

Photooxidation base case (s) 3.6-107 4.7-10° - 5.1-10°

Photooxidation base case (g) 3.7-107 5.0-10° - 6.1-10°

High NO, high HO: case (s) 1.2:10° 4.9-108 1.4-10% (0.55) 3.5-1010

High NO, high HO: case (g) 1.2-10° 4.2:108 1.4-10% (0.57) 3.0-1010
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A.5 Error propagation

Error propagation was utilized to estimate the error of derived parameters. For a parameter g, the
error is defined by the errors of the variables x,...,z necessary to calculate q. The general equation to
calculate the absolute uncertainty 0q can be found in Eq. A-2. This equation is only valid if the

uncertainties in x, ...,z are independent and random. (Taylor, 1997)

aq _\* aq _\’
5q = j(aax) 4ot (5207)

For all measured parameters the measured standard deviation in steady state was used as the absolute

Eq. A-2

uncertainty. For parameters that cannot be measured directly their uncertainties were calculated with
error propagation as shown in Eq. A-2. For the uncertainty of the diffusion coefficient, Tang et al.
(2015) reviewed diffusion coefficient calculation and came to the result that the difference between
measurement and estimation via the method of Fuller et al. (1966) are mostly below 10 %. Therefore,

we assumed a 10 % uncertainty for the diffusion coefficient of each formula composition.
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A.6 Peaklists

A6.1

a-Pinene + OH in the base and high HO: case

Table A8 Peaklist NO>-MION-CIMS for base and high HO:z cases. All compounds were detected as clusters with
(NOs). The table is sorted into fragments, monomers, and accretion products. Some compounds were just
assignable in certain experiments, this is indicated by the superscript, no superscript indicated that the compound
was assigned in all experiments. (1=apinCO_1, 2=apinCO_2, 3=apinCONO_1 [-], 4= apinCONO_2 [-])

Fragments Monomers Accretion products
CsHeO4! CsH1006 C10H1405 C14H2009 Ci7H2407 Ci19H260s124 | C20H2s09
CsHeOs CsH1007 C10H1406 C12H22010 C17H2409 Ci19H2s07 C20H2s011
CsHeOs CsH100n10! Ci0H1407 C1sH22011124 | Ci7H24010124 Ci19H2s0s C20H3006
CsHeO7 CsH1205124 C10H14Os C1aH260m1 C17H2401 C19H2s09 C20H3007
CsHeOs24 CsHi1206 Ci10H1409 Ci7H24013124 | C19H28010 C20H300s
CsH7Os CsH1207 C10H14010 Ci15H20014! C17H260s C19H2s011 C20H3009
CsHsO7 CsH120s C10H140n1 Ci15H2:09 Ci17H2609 Ci19H2s01212 | C20H30010
CsH1209 C15H22010 C17H26010 Ci19H2s013123 | C20H30011
CsHeO4l34 CsHi1:0s C10H1505 C15H22011 C17H26011 C19H2801412 | C20H30012
CesH100s CsHi:09 C10H1506 CisH2:012124 Ci7H26012 Ci9H2s0n15! C20H30013
CsH1006 CsHi140s C10H1507 Ci1sH2:0135! Ci7H2601312 | C19H2sOn6!2 | C20H30014
CsH1007 CsHi1406 C10H150s Ci1sH2:014! Ci7H26014124 C19H3006 C20H30015
CsH1206* CsH110O7 C10H1509 Ci15H240n3124 Ci17H2s0s Ci19H3007 C20H30016
CsH14Os C10H15010 CisH260n0124 Ci17H2809 Ci19H300s C20H300174
C7HsOs34 CsH1409 C1oH1501 Ci17H2s010 C19H3009 C20H3001s
C7HsOe? C10H15012 C16H22001.24 C17H2s011 C19H30010 C20H3206
C7HsO7 CoH1204* C16H2409 Ci17H2s012 Ci9H30011 C20H3207
C7HsOs C9oH120s C10H1605* C16H240n0 C19H30012 C20H320s
C7H1005134 CoH1206 C10H1604 Ci16H240n Ci1sH2609 Ci19H30013 C20H3209
C7H1006 CoH1207 C10H1605 Ci16H240n2124 Ci1sH26010 Ci19H30014124 | C20H32010
C7H1007 CoH120s C10H1606 Ci16H260s Ci1sH260m C19H3001512 | C20H320m1
C7H100s CoH1209 C10H1607 C16H2609 Ci1sH260n5! C19Hz0016!4 | C20H32012
C7H10001.24 CoH120122 C10H160s C16H26010 C1sH2s06 C19H3207 C20H32013
C7H10010 CoH1300123 C10H1609 Ci16H26011 Ci1sH2s0s Ci19H320s C20H32014
C7H1405124 C9oH13010 C10H16010 C16H260n2 C1sH2s0014 C19H3209 C20H32015
C7H1406 CoHi1404 C10H16011 Ci6H2601324 CisH2sOno Ci19H32010 C20H3406
CoH140s C16H2sOnsl24 Ci1sHa2s0mn Ci19H32011 C20H3:07
CoHi1406 C10H1706 CisH2sOn2124 | C19H3012 C20H340s
CoH1107 C1oH1707 Ci1sH2s013 C1oHa20n1314 | C20H3409
CoH140s C10H170s Ci1sHasOn4l34 | C1oHa2014124 | C20H34010
CoHi1409 C10H1709 CisH2sOn514 C20H340m
C9oH14010 C10H1701013 Ci1sHasOnel34 C20H31012
C9oHi160s C10H170113 Ci1sH3007 C20H34013
C9oH1606 Ci1sH300s C20H340144
CoHi1607 C10H1804 Ci1sH3009 C20H34016*
C9oHi160s C10H1s05 Ci1sH30010
C10H1s0s C1sH30011
C10H1s07 Ci1sH30012
C10H1s0s C1sH30013
C10H1809 CisHz001414
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A.6.2 «-Pinene + OH at low and high HO: with NO in the system

Table A9 Peaklist NOs-MION-CIMS for cases with NO (Fragments). All compounds were detected as clusters
with (NOs)-. The table is sorted into fragments, monomers, and accretion products. Some compounds were just
assignable in certain experiments, this is indicated by the superscript, no superscript indicated that the compound

was assigned in all experiments. (5=apinNO, 6=apinCONO_1 [with NO], 7= apinCONO_2 [with NOJ)

Fragments
CsHsNO7 CsHsN206>6 C7HsO CsHi1006 CoH12047
CsHsNQOs>6 CsH1007 CoH1205
CsHsNOs CsHesO4 C7H7NOs CsH10010 CoH1206
CsHsOs C7H7NOe” CoH1207
CsHeOs C7H7NOs CsH1iNOs® CoH120s
C5HeOe7 CsH7NOs C7H7NOs CsHuNO7 CoH1209
CsHeO7 CsH7NOs CsHuiNOs>6
CsHeOs56 C7HsOe CsH11NO» CoH13NOs
CsHsOs C7HsO7 CsHuuNOn CoH13NOy
CsH7NOes CsHsO7 C7HsOs CoH13NOr1o
CsH7NO7 CsH120556 CoH1:3NOn
CsH7NOs CsHaNOs C7HoNOes CsHi1206
CsH7NOo CsHoaNO7 C7HsNO7 CsH1207 CoH13010
CsH7NOno CsHoNOs C7HoNOs CsHi20s
CsHaNOo C7HsNOs CsH1209 CoH1404
CsHsOs” CsHoNOno C7HsNOno CoH140567
CsHsO7 C7HsNOmn CsH1sNOes C9oH1406
CsH1005 CsHisNO7 CoH1207
CsHoNOes CsH1006 C7H1005” CsH1sNOs CoH140s
CsH1007 C7H1006 CsH1sNOv CoH1409
C7H1007 CsHi1sNOno CoH14010
CsH11NO¢” C7H100s CsH13NOnu
CeHuNO7 C7H1009 CoH1sNOe>7
CsH11NOs” C7H10010 CsHi1:0s CoH1sNO757
CsH11NOo” CoH1sNOs
C7HuNOs CsH14Os CoH1sNOv
C7HuNO7 CsHi1406 C9H15NO1o
C7H11NOy CsH140O7
CsHi140s C9oHi1605
C7H1205 CsH140O9 CoH1606
C7H1205 CoHi1607
C7HisNO7 C9oHi160s
C7H140¢”
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Table A10 Peaklist NOs-MION-CIMS for cases with NO (Monomers and Accretion products). All compounds
were detected as clusters with (NOs)~. The table is sorted into fragments, monomers, and accretion products.
Some compounds were just assignable in certain experiments, this is indicated by the superscript, no superscript
indicated that the compound was assigned in all experiments. (5=apinNO, 6=apinCONO_1 [with NO], 7=
apinCONO_2 [with NOJ)

Monomers Accretion products
C1oH1sNO7 C10H1604 C12H22010 Ci1sH26097 C20H2509
C10H1sNOs C10H1605 CisH260107 C20H2s0m1
C10H13NOy C10H1606 Ci1sH220¢7 CisH26011
C10H13NOno C10H1607 Ci1sH22010 Ci1sH26012 C20H3006”
C10H1sNOn C10H160s CisH2201 C20H3007
C10H13NOn12 C10H1609 Ci15H2:012 C1sH2s0s67 C20H300s
C10H16010 CisH22013%6 CisH2s09 C20H3009
C10H14N209 C1oH16011 Ci1sH2sOno C20H30010
C10H14N2010 Ci1sH24On3%6 CisHa2sOn C20H300m1
C10H1aN2011 C10H17NOs” Ci1sH2s012 C20H30012
C10H14N2012 C1oH17NO7 Ci6H240117 CisH2s013 C20H30013
C10H14N2013 C10H17NOs Ci16H240127 Ci1sH2s014 C20H30014
C10H17NO» C20H30015
C10H1405 C10H17NOno Ci16H260s CisHz0077 C20H30016
C10H1406 C10H17NOn C16H2609 CisHz00s”
C1oH1:07 Ci16H26010 CisH3009 C20H3206”
C10H140s (C10H170s) CisH26011 CisH30010 C20H307
C10H1409 (C10H1706) Ci1sH26012 CisH300n C20H320s
C10H14010 (C1oH17O7) Ci6H260157 CisH30012 C20H3209
C1oH140n (C10H170s) CisH30013 C20H3010
(C10H170v) C20H30m
C10H15NOs (C10H17010) Ci7H2409 Ci9H28077 C20H3012
C1oH1sNO~ (C10H170m1) C17H24010 Ci9H2s0s C20H3013
C10H1sNOs Ci7H240117 Ci19H2s09 C20H32014
C10H15NOy C10H1sN20s Ci7H24012 Ci19H28010 C20H32015
C10H1sNOno C10H18N209 C17H240n57 Ci19H2s011
C10H1sNOn C10H1sN2010 C20H34067
C10H1sNOn12 C10H1sN201 Ci17H260s7 C19H3006 C20H3:077
C10H1sNO1s C17H2609 Ci19Hz007 C20H340s
C10H15NOn14 CioH180467 Ci17H26010 Ci19H300s C20H3400
C10H1s05 Ci7H2601 Ci19H3009 C20H34010
C10H1506 C10H1506 C17H26012 C19H30010 C20H34011
C1oH1507 C10H1807 Ci7H26014 Ci19H30011 C20H3:012
C10H150s C10H1s0s C19H30012 C20H310157
C10H15010 C10H1809 Ci17H2s09¢7 Ci19H30013
C17H2s010 C19H30014
C10H16N207 Ci17H2s0m Ci9Hz00157
C10H16N20s Ci17H2s0n27
C10H16N209 Ci19H3077
C10H16N2010 Ci19H320s7
C10H16N2011 Ci19H3209
C10H16N2012 Ci19H32010
C10H16N2013 Ci19H32011
Ci19H32012
Ci9Hz20157
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A.7 Exemplary reported HO2/RO: ratios from field studies

Table A11 Measured HO2 and ROz concentrations from field studies under different atmospheric conditions.

Conditions HO: (108cm3) | RO2 (108 cm™) HO2/RO2 Source
Autumn, Pearl Riva Delta, China (Tan et al,,
(polluted) 2019)
Morning (median) 0.8 0.3 2.7
Afternoon (median) 25 1.7 1.5
Winter, Beijing, China (Tan et al.,
(urban) 2018)
Background (24 h average) 1.04 = 0.62 0.70 + 0.34 1.5
Clean (24 h average) 0.93+0.72 0.76 +0.46 1.2
Polluted (24 h average) 0.52+0.23 0.71+0.41 0.7
iilich, Germany (rural) (Cho et al.,
Spring & Summer noon (median) 3.0 3.0 1.0 2023)
Summer, Michigan, USA (Bottorff et al.,
(rural forest) 2023)
Average diurnal maximum 3.5 4.0 1.1
September, Colorado, USA (Stevens et al.,
(remote) (Uncertainty (Uncertainty 1997)
Single measurements: factor of 2) factor of 2)
High NOx (1.9 ppbov) 0.3 4.7+2.0 0.1
Low NOx (0.5 ppbv) 1 * 0.3
Schauinsland/Pabsthum, - - Reported ratios (Mihelcic et
Germany around 1 for a al., 2003)

(rural)

range of NO
concentrations
(0.1-1.5 ppbo)
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A.8 Estimation of change in peroxy radical steady state concentration

between different chemical regimes

A.8.1 Estimation for high HO: case in comparison to base case

Starting from the balance equation Eq. A-3, we derived an equation for the steady-state concentration
(indicated by subscript SS) of a specific [RO,]; (Eq. A-4)). The equation is only applicable for those
HOM-RO: with production directly linked to the primary production (kou[OH]-[a-pinene]) with
negligible further autoxidation. The equations assume a primary production term Pri; for [RO,];, as
well as only three significant loss pathways: The reaction with the pool of available [RO,] with a bulk
reaction rate coefficient kro2+roz, the reaction with [HO,] with a reaction rate of kro2H02=2.46-10-11 cm3 s-
T at 20 °C as defined in the MCM (Jenkin et al., 1997; Saunders et al., 2003) and the wall loss. A wall
loss rate coefficient of 1/170 s was used, as determined by our measurements for HOM products (see
supplement section Appendix Section A.4.1). The rate coefficient kroz:ro2 was varied in a range 1.0-
5.0-102 cm?® s, typical values expected for substituted organic peroxy radicals (Jenkin et al., 2019), to
determine what bulk rate coefficient would be reconcilable with our observations. To compare directly
to the measured ratio of HOM-RO: signal, we calculated the RO: concentration ratio at high to low
HO2/RO: applying Eq. A-5. In Eq. A-5 the primary production term Pri; could be eliminated as the

primary production was same at high and low HO2/RO:z in our experiments.

d[RO,]; . Eq. A-3
dt2 - = Pri; — kroz+ro2[RO2][RO2]; — Kroz4102[HO;][RO2]; — Kyau[RO-]; 1
Pri; Eg. A-4
[RO,)iss = : q-
25557 Kkroz+ro2[RO2] + krozano2lHO2] + kuwan
[RO,]; sshightoz _ kroz+r02[RO:]ss10wr02 + KRro24H02[H O2)5510WH02 + Kwau Eq. A-5

[RO)iss owroz kro2+r02[RO2]ss nignroz + kroz+no2lHO02]ss nightoz + Kwau

A.8.2 Estimation for system with NO in comparison to base case

To estimate the expected change in RO: radical concentration the same approach as for the pure RO,
HO: system was used. The only necessary adaption is the addition of the loss of ROz with NO in the
system with NO (not in the base case as this is NOx free), leading to equation Eq. A-6 to estimate the

ROz concentration ratio between base case and the case with NO.

[RO];ss,n0 _ kroz+ro2[RO2]ssnox free T kroz+no2 [HO,]ssnox rree T Kwau Eq. A-6
[ROz]isspase  Kroz+ro2[RO21ssno + kroz+no2[HO2lssno + krozeno[NOlssno + Kwau
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A.9 Particular phase measurements and wall loss corrected SOA yield

Table A12 Overview of important particle phase parameters. Total surface area was measured by SMPS, mass

concentrations by AMS. SOA yield was wall-loss corrected, see Eq. A-7. In apinCONO_2 experiment no absolute
AMS measurement was available, due to instrument issues only a relative comparison between phases was

possible.
Experimental | Experiment phase | Total surface | Median particle | Organic | Sulfate SOA
conditions area (m2 m-3) diameter of mass mass yield
surface (ugm?) | (ugm?)
distribution
(nm)
apinCO_2 (s) 8.7E-04 84 3.4 10.2 9.0 %
apinCONO_1 [-] 6.8E-04 76 2.7 8.2 7.3 %
Base case (s)
apinCONO_2 [-] 5.9E-04 79 - - -
(s)
apinCO_2 (s) 10.1E-04 89 2.0 13.6 5.9 %
High HO: apinCONO_1 [-] 6.9E-04 76 1.7 9.6 5.3 %
(s)
Base case with apinNO [10] (s) 7.4E-04 81 2.5 8.0 6.7 %
middle NO
Base case with apinNO [25] (s) 7.0E-04 80 1.9 7.1 49 %
high NO
High HO: & | apinCONO_1 [10] 7.3E-04 77 1.9 9.6 5.1%
middle NO (s)
apinCONO_1 [25] 8.6E-04 83 2.0 13.7 5.3 %
High HO: & (s)
high NO apinCONO_2 [25] 5.9E-04 81 - - -
(s)

For the SOA yield calculation, we calculate a corrected organic mass msoa from the organic mass mams
measured by aerosol mass spectrometry (AMS) and the fraction expected to be lost on the seed
particles compared to the overall loss on particles and chamber wall as shown in Eq. A-7 (McFiggans

etal., 2019).

kcand + kwall Eq. A-7

Msoa = Mypus *
kcond

In Eq. A-7 we use the condensation rate coefficient k,,, calculated for one major HOM product
(C10H1607) and the average HOM-Mon wall loss rate k,,,; which was determined by switching off the
UV-C light and observing the decay of photooxidation products in the NOs-CIMS (also see Appendix
Section A.4.1). The wall loss determination, as well as SOA mass correction were described before in
Sarrafzadeh et al. (2016) and McFiggans et al. (2019). The SOA yield is then subsequently calculated
from the corrected organic mass msos and the consumed a-pinene mass concentration (Eq. A-8). The
consumed a-pinene concentration is calculated from a-pinene concentration entering the chamber
[a-pinene];, and the a-pinene concentration after reaction, which is the steady-state concentration

[a-pinene]ss.
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Msoa
[a-pinene];, — [a-pinene] s

SOA yield = Eq. A-8

A difference in SOA yield between experiments can be observed even at experiments with the same
experimental conditions (base case and high HO: case). These differences can be explained by the
slightly different OH concentrations and subsequent difference in contribution by photooxidation (see
Table A4). Overall, our yields are in the lower range in comparison with the SOA yields reported for
example by McFiggans et al. (2019) for the a-pinene photooxidation. However, our experiments were

also performed at 5 °C higher temperature (20 °C) compared to 15 °C in McFiggans et al. (2019)).

A.10 Supplemental information for experiments with NO addition

A.10.1 C10-HOM-RO: family observations in experiments with NO addition
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Figure A1 Contribution of C1oH150x and C10H17Ox to Cio-HOM-RO2 sum in base, middle NO and high NO case
(unseeded). Higher uncertainty in the results due to difficulties in NO measurement as explained in Section 4.2.2.
Error bars for base case are standard deviation from apinCO_1 (g), apinCO_2 (g). Error bars for NO cases
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Figure A2 Contribution of Oodd and Oeven to the HOM-RO:2 families C10H150x (left) and C1oHi7Ox (right) signal in
the base case (from apinCO_2 experiment) and at the two NO levels (unseeded experiments). Error bars for NO
cases determined via error propagation.

In Figure A2 the C1oH17Ox family showed a slight increase in importance of Oeven family members with
increasing NO, indicating in the simplest case the addition of one alkoxy-peroxy step to the

autoxidation chain. The contribution at high NO increases only around 15 % compared to the NOx-
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free base case however, making it insignificant within the expected errors. The parity of oxygen did
not significantly change in the Ci0HisOx family. As discussed, a possible explanation for this could be

the occurrence of an even number of alkoxy-peroxy steps.

A.10.2 Relative changes in the HOM-Mon families in experiments with NO addition

100%
o & 80%
2z
; 2 60% I
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22 40% I
oo 2 T ]
R3S 20% f N
0% 54%| |24% m
C10H1401 C10H150x ClOHIGOI C10H17Ox ClOHIBOz
B Middle NO ([NO]g = 0.2 ppbv) High NO ([NO]ss = 0.5 ppbv)

Figure A3 Overview of relative change in monomer families detected in NOs-CIMS at the two NO levels
compared to base case in unseeded system (All data normalized to a-pinene OH turnover, base case from
experiment apinCO_2. Error bars via error propagation, for more information see Appendix Section A.5)

A.10.3 Contributions in the HOM-Frag product class in experiments with NO addition

Base case Middle NO High NO
(low HO,, no NO,) ([NO]gs = 0.2 ppbv) ([NO]gs = 0.5 ppbv)

6; 3%
C6; 9% C6; 10%

Figure A4 Contribution of the Cs to Cs HOM-Frag groups to overall HOM-Frag signal in the NO free case
(experiment apinCO_2) and at the two NO levels in the pure NO cases (unseeded experiments).
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Base case Middle NO High NO
(low HO,, no NO,) (INO]s = 0.2 ppbv) ([NO]s = 0.5 ppbv)
H14; 3% H12; 5% HE; 6%

H1IN; 7%

H12;9% ) 109
H1IN; 7 7N; 10% H7N; 10%
H8; 12%

H8; 11%

H10; 24%

H10; 85% H10; 33%

Figure A5 Contribution of the different families to the C--HOM-Frag group in the base case (experiment
apinCO_2) and at the two NO levels in the pure NO cases (unseeded experiments) including the ON-families
(labelled HxN).

A.10.4 Investigation of oxidation degree in experiments with NO addition

The O/C ratio of the Cio-HOM-RO:2 families as well as the O/C ratio of the closed shell monomer
products were investigated as indicators if the increase in alkoxy formation led to an increase of

oxidation degree.

The most direct indicators are the Cio-HOM-RO: families themselves, but as explained in Section 4.2.2
the data quality is not ideal. The CioH17Ox family has a trend of increasing O/C ratio with increasing
NO, as can be seen in Table A13, but the propagated errors are too large to confirm its significance. In
the system with NO higher oxidized C1oHi7Ox compounds (x=10, 11) could be assigned which was not
possible in the NOx-free base case. The occurrence of higher oxidized species indicates an additional

reaction pathway to higher oxidation levels in the system with NO.

Table A13 Contribution weighted O/C ratio of the HOM-Mon families and HOM-Acc class in the base case and
at the two NO levels.

Famil NOx-free base case Middle NO case High NO case
[NOJss= 0.2 ppbv [NOJss= 0.5 ppbv
C10H150x 0.75 £ 0.06 0.75+0.18 0.75+0.30
C10HuO: 0.77 £0.01 0.78 £0.02 0.81+0.01
C10H1sNO: - 0.85 +0.02 0.87 +0.01
C10H160: 0.66 + 0.01 0.69 +0.01 0.72 £0.02
C10H17O0x 0.69 + 0.05 0.79 +0.11 0.83+0.19
C1oH’NO: - 0.79 £0.03 0.79 £0.03
C10H1s0: 0.66 +0.01 0.65 +0.02 0.67 +£0.04
HOM-Acc 0.54 £0.01 0.55 +£0.01 0.58 £0.01

In the CioH150x family no such trend could be observed. However, Table A13 also shows the expected
large uncertainties. Additionally, the contribution of the RO: radicals is also influenced by the

individual sink of each radical. Thus, the O/C ratio of closed shell products was investigated as well.
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For the closed shell products similar sinks can be assumed. The focus was on C10H14O;, due to the clear
change in oxygen number in the termination reactions that form these family. CioH14O: can only be
formed via internal termination and the RO2+RO:2 termination and both lead to minus one oxygen
compared to their precursor ROz The weighted O/C ratio of this family indicates a slight increase in
oxidation degree with increasing NO, but of course other changes in formation pathways can also
contribute to this. The weighted O/C ratio of additional HOM-Mon families are listed in Table A13
and C1HisNO: and C10H160: also show a slight increase in O/C ratio, however as these families can be

formed by different termination pathways, it is not possible to draw direct conclusions.

In summary it can be said that there are some slight indications towards increasing oxidation degree
in the system with NO due to efficient alkoxy-peroxy steps extending the autoxidation chain, but the

evidence is very limited, and the effect is small.
A.10.5 Information about additional “low NO” steady state

Table A14 Important experimental parameters for the additional “low NO” steady stateutilized in Figure 33 and
Figure 34 in the pure NO system. HO2/RO: ratio and contribution to the chemical sink from model calculations.

OH a-Pinene OH NOlss NO:]ss HO2/RO: Contribution to
concentration turnover ratio chemical sink

RO2 | HO2: | NO:

107 em-3 107 em-3 g1
2.0-107 cm 5.1:107 cm3 s 0.1 ppbv 1.0 ppbv 0.04 7% | 12% | 21%
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A.10.6 Gas-phase fraction remaining in presence of seed for the middle NO case
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Figure A6 Gas-phase fraction remaining in presence of seed for the middle NO case. All data is normalized with
a-pinene OH turnover. Points represent compounds that were detected with relative standard deviation <30 % in
both experiment phases. Error bars represent result of error propagation (see Appendix Section A.3). The green
line highlights a fraction remaining of 1.

a) all HOM-compounds, b) just non nitrated HOM-compounds, ¢) all HOM-compounds with organic nitrate’s
molar mass being shifted by the nitrate termination group (NOz2) to (M — 46 g mol™1) for compounds containing
one nitrate group (red markers) and to (M — 92 g mol™!) for compounds with two nitrate groups (orange
markers), d) just organic nitrates shifted by the nitrate termination groups.

Figure A6 shows the fraction remaining of individual HOM-compounds in the presence of seed. In
comparison to Figure 37, which shows the same overview for the high NO case, in the middle NO
case HOM compounds with a fraction remaining larger than 1 were observed. In total around 10
detected compounds had a fraction remaining significantly larger than 1 considering the uncertainty

calculated via error propagation. Figure A6 d) shows that these compounds are all ON-products.

The most straightforward explanation for a fraction remaining larger than 1 is a heterogeneous
production process of these products. However, if the ON products would be produced in the particle
phase the same observation would be expected in the high NO case. Another possibility to consider
are experimental imperfections and limitations: In this specific experiment the middle NO level with
seed steady state was after the high NO level with seed. The previous high concentration of ON-
products could have led to memory effects. Wall interactions of ON-products have been reported
before (Pullinen et al., 2020) and should always be considered. In the simplest case the wall represents

a reservoir for the ON-products, leading to re-evaporation into the chamber. Additionally, it is
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possible that the compounds were heterogeneously produced on the wall, for example due to

photolysis reactions.

A.11 Supplemental information for experiments with NO and HO2

addition

A.11.1 Overview of contributions of product classes, groups, and families in the high NO, high

HO: case

Table A15 Contributions of product classes, groups and families in the high NO, high HO: case Percentages
present average of the two experiments (apinCONO_1 [25], apinCONO_2 [25]) followed by standard deviation.
Contributions are sorted into sections: a) Product classes b) C20-HOM-Acc ¢) non-ON HOM-Mon sum

a) Contribution of product classes to HOM sum

HOM-Frag 49+2 %
HOM-Mon 47+1 %
HOM-Acc 3+1 %
b) Contribution of families to C2-HOM-Acc sum
C20H300, 311 %
C2oH30, 460 %
C20H3:0, 21+1 %
¢) Contribution of families to non-ON HOM-Mon sum
CioH120, 37+0 %
CioH160, 51+0 %
CioHi150, 12+0 %

A.11.2 Information about additional “in-between NO” steady state

Table A16 Important experimental parameters for the additional “in-between NO, high HO:" steady
stateutilized in Figure 43 in the mixed system. HO2/RO: ratio and contribution to the chemical sink from model

calculations.
OH a-Pinene OH NOlss NO:2]ss HO2/RO: Contribution to
concentration turnover ratio chemical sink
RO2 | HO2: | NO:
. 7 -3 . 7 3 g1 e EE Lty 2N2Te
1.5-107 cm 4.7-107 cm? s 0.3 ppbv 8.9 ppbv 2.2 29 | 28% | 70%
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A.11.3 CuwHi60: (formula composition of pinonaldehyde) signal in the system with NO and HO>

in comparison to the base case

Table A17 Overview of change in C1oH1602 (sum formula of pinonaldehyde) in amine-CIMS measurements

compared to the no NOx, low HO:z base case

Experiment Comment % of base case
Middle NO, high HO: case Caution, comparison of seeded base 74 %
B case to seeded experiment phase
[NOJss=0.2 ppbv within the apinCONO_1
(apinCONO_1 [10] (s)) experiment.
High NO, high HO: case Caution, comparison of seeded base 84 %
_ case to seeded experiment phase
[NOJes=0-4 ppbv within the apinCONO_1
(apinCONO_1 [25] (s)) experiment.
High NO, high HO: case Only comparison of unseeded base 85 %

[NOJss= 0.4 ppbv
(apinCONO_2 [25] (g))

to unseeded experiment phase.

A.11.4 Investigation of oxidation degree in experiments with NO and HO: addition

Table A18 Contribution weighted O/C ratio of the HOM-Mon families and HOM-Acc class in the base case and

at the two NO levels at high HO2 (apinCONO_1 experiment).

Famil NOs-free base case Middle NO High NO,
high HO: case high HO: case
[NOJss= 0.2 ppbv [NOJss= 0.4 ppbv

C10H150x 0.75 +0.06 0.79 £ 0.09 0.75+0.16
C10H110: 0.77 £ 0.01 0.78 £ 0.01 0.80 +0.01
C1oH1sNO: - 0.88 +0.02 0.89 +0.01
C10H160: 0.66 + 0.01 0.73+£0.01 0.73+£0.01
C10H170x 0.69 £ 0.05 0.81+0.16 0.83+£0.19
C10H17NO: - 0.79 £0.03 0.79 £0.03
C1oHi1s0. 0.66 +0.01 0.69 +0.02 0.70 + 0.03
HOM-Acc 0.54 +0.01 0.56 +0.01 0.57 +0.01
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A.115 Relative change in HOM-Frag groups compared to base case for middle NO, high HOz and
high NO, high HO: system
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Figure A7 Overview of relative change in HOM-fragment groups detected in NOs-CIMS in the middle NO, high
HO: system (lefthand bars) and the high NO, high HO: case (righthand bars), both in comparison to the low HO,
NOx free base case (unseeded experiments, all normalized to a-pinene OH turnover). For the apinCONO_1
experiment the base case from Experiment apinCO_2 was used. Middle NO, high HO2 from apinCONO_1 [10],
error bars via error propagation. In the high NO, high HO:2 case bars represent average relative change from
apinCONO_1 [25] and apinCONO_2 [25] (base case within the experiment) and markers individual experiments.

A.11.6 Fraction remaining with seed in ON and non-ON product classes in system with just NO in

comparison to system with NO and high HO:

Table A19 Comparison of fraction of signal remaining in the presence of seed for system just with NO and
system with NO and high HO2. All data normalized with a-pinene OH turnover.

Middle NO High NO, Middle NO High NO,
Product class low HO: case low HO: case high HO: case high HO: case
[NO]Jss= 0.2 ppbv | [NO]Jss=0.5 ppbv | [NOJss=0.2 ppbv | [NO]ss= 0.4 ppbv
All ON-Products 65+13 % 63+ 11 % 70+10 % 659 %
ON-Fragments 79+15% 69+12% 67 £10 % 70 £9 %
(Cs-Co)
ON-Monomers 5410 % 5710 % 73+10 % 61+8%
Non ON-Products 38+7% 509 % 7210 % 588 %
Non-ON 51+10 % 61+11% 85+ 12 % 73+10 %
Fragments (Cs-Co)
Non-ON 31£6% 407 % 66+9 % 44+6%
Monomers
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