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Abstract
Understanding secondary organic aerosols (SOA) is important because of their impact on

climate and human health. However, SOA formation mechanisms and SOA precursors are still
not very well known. Among the precursors of SOA, highly oxygenated organic molecules
(HOM) are considered as a significant contributor to SOA formation. HOM are known to
have a high O:C ratio which allows them to have low to extremely low vapour pressures. The
high O:C ratio is achieved by a process called autoxidation. Autoxidation comprises a series of
intramolecular H-shifts in peroxy radicals followed by O2 addition while preserving the peroxy
functionality.

α-pinene is an important biogenic volatile organic compound. It contributes the largest
fraction to monoterpene emissions by plants and it reacts with OH radicals which is the major
oxidant during daytime. Therefore, an understanding of α-pinene photooxidation is crucial. In
this study, the formation of HOM from oxidation of α-pinene by OH was investigated. HOM
were observed by Chemical Ionisation high resolution Time of Flight Mass Spectrometry (CI-
ToF-MS). Four factors were varied in the reaction system: OH concentration, CO addition,
addition of isoprene as a second organic component, NOx concentration. The variation of [OH]
and the addition of CO served to derive mechanistic aspects of the HOM formation, while the
isoprene and NOx addition addressed effects of HOM on SOA formation. A detailed analysis
of mass spectrometric data was performed at high resolution level and pathways leading to
compound families and marker compounds were elaborated.

The HOM concentration increased as the turnover of α-pinene increased. Herein, turnover
is defined as the product of rate coefficient, [OH] and [α-pinene]. However, [HOM] and
turnover were not related in an linear manner. This is due to the importance of the secondary
oxidation of oxidised products such as pinonaldehyde in HOM formation. The similarity of
the HOM mass spectra in α-pinene OH oxidation and pinonaldehyde OH oxidation supports
these findings.

A high ratio of HO2/RO2 was achieved by introducing CO in the system. This resulted
in a preference of peroxy radicals to react with HO2 and form hydroperoxides. In addition,
we observed a substantial decrease of the concentration of HOM peroxy radicals and products
which require the involvement of alkoxy radicals during their formation. Due to the lower
[RO2], less alkoxy radicals were formed by the reaction of two RO2 and less accretion products.

The effect of small peroxy radicals on the α-pinene photooxidation was investigated by in-
troducing isoprene to the reaction system. Isoprene addition led to SOA suppression via two
factors. Firstly, isoprene effectively scavenged OH because of the twofold higher reactivity of
isoprene towards OH radicals compared to α-pinene. Secondly, small peroxy radicals orig-
inating from isoprene scavenged larger HOM peroxy radicals from α-pinene leading to less
volatile products.

Adding NOx to the reaction system changed a reaction pattern of the α-pinene OH oxi-
dation. HOM organic nitrates accounted for up to 50 % of the HOM monomer signals. In

vii



addition, an increased importance of fragmentation was observed in the presence of NOx, in-
dicated by an increasing concentration of HOM with less than ten C-atoms. These two findings
did not affect the SOA mass formation. However, a strong suppression of HOM accretion prod-
ucts resulted in a SOA mass suppression. In addition, the coupling of intramolecular H-shifts
in peroxy and alkoxy radicals, the alkoxy-peroxy pathway, explained the high concentration of
peroxy radicals even at the very high NOx concentration of up to 72 ppb.
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Chapter 1

Introduction

1.1 Highly oxygenated organic molecules

1.1.1 Volatile Organic Compounds in the atmosphere

The Earth’s atmosphere is an absolutely necessary component for life in earth. A dry atmo-
sphere consist of 78.08 % of nitrogen (N2), 20.90 % of oxygen (O2), 0.93 % of Argon and 0.09 %
of trace gas. In addition to gases, liquids and solids are present in the atmosphere. The chem-
ical processing of gases plays a pivotal role in the removal of reactive trace gases by changing
chemical, physical properties of the gases. Moreover, the gas phase chemistry affects the par-
ticle phase because of the interaction between gas phase and particle phase. Among reactive
trace gases, Volatile Organic Compounds (VOCs) are key species in atmospheric chemistry
with high vapor pressures. They are emitted by vegetation (Biogenic sources, BVOC) or gen-
erated by human activities (Anthropogenic sources, AVOC) (Kroll and Seinfeld, 2008). BVOC
are composed of unsaturated hydrocarbons (isoprene, monoterpenes, sesquiterpenes) and oxy-
genated VOC such as acetone, methanol and formaldehyde (Atkinson and Arey, 2003). AVOC
consist of compounds that result from vehicle emission, petrochemical sources, and solvent
use. Recently, urban volatile chemical products such as personal care products, coatings or
paints were realised as an important source of urban VOC (McDonald et al., 2018; Shah et al.,
2019). On a global scale, BVOC emissions are about 10 times higher than AVOC. However,
AVOC can be made up to 50 % of VOC emissions in urban areas (Atkinson and Arey, 2003;
Guenther et al., 2012). Both, AVOC and BVOC are important for secondary organic aerosol
formation.

1.1.2 Secondary Organic Aerosol (SOA)

Atmospheric aerosols are a relatively stable suspension of solid or liquid particles in the air.
Aerosol particles occur in a range of sizes with diameters from several nanometers to several
ten micrometers. Chemically, atmospheric aerosols consists of inorganic and organic compo-
nents. About 20-90 % of the submicron aerosols consist of organic components (Jimenez et
al., 2009; Zhang et al., 2007; Hallquist et al., 2009). Organic Aerosol (OA) can be divided into
Primary Organic Aerosol (POA) and Secondary Organic Aerosol (SOA). The POA is emitted
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directly from fossil fuel and biomass combustion while the SOA is formed by chemical pro-
cesses from organic precursors. SOA can be formed by nucleation or precursors condensing on
the existing particles, which can be composed of organic and inorganic components. Under-
standing SOA and its formation is important because of its impact on human health, climate,
solar radiation and cloud formation (Hadley, Baumgartner, and Vedanthan, 2018; Landrigan
et al., 2018; Riipinen et al., 2011; Jokinen et al., 2015; Roldin et al., 2019). For instance, aerosol
particles scatter and absorb the light depending on their size and chemical composition and
effect on radiation budget. SOA has a cooling impact on the Earth and compensate the global
warming due to the green house gases (Stocker et al., 2013).

The major source of the submicron organic aerosol is OVOC from atmospheric oxidation
of VOCs (Hallquist et al., 2009). The origin of those VOCs can be both anthropogenic and
biogenic. In urban area, anthropogenic sources can be responsible for SOA formation (De
Gouw and Jimenez, 2009; Zhang et al., 2015). However, biogenic originated SOA accounts for
the largest fraction of SOA (Spracklen et al., 2011; Shilling et al., 2013; Hoyle et al., 2011). In
spite of the massive study about SOA formation, its formation mechanism and the chemical
composition is not fully understood.

Sulfuric acid is considered as a driving component of New Particle Formation (NPF, Kul-
mala et al., 2004; Weber et al., 1996; Sipilä et al., 2010). However, additional vapours are required
for the growth of newly formed particles to the Cloud Condense Nuclei (CCN) size (Kulmala
et al., 2013; Metzger et al., 2010; Donahue et al., 2012a; Ehn et al., 2012; Ehn et al., 2014; Paaso-
nen et al., 2010; Riipinen et al., 2012). Several studies showed that Highly Oxygenated organic
Molecules (HOM) contribute significantly to the particle growth (Ehn et al., 2012; Ehn et al.,
2014; Riipinen et al., 2012; Zhao et al., 2015; Jokinen et al., 2015; Ostrom et al., 2017).

Due to the low to extremely low volatility of HOM, they condense on particles irreversibly.
Ehn et al., 2014 showed similar oxygen : carbon (O:C) and hydrogen : carbon (H:C) ratios in
the gas phase and particle phase in accordance with HOM accounting for a substantial mass
fraction of SOA. Additionally, HOM can be an important component in new particle formation
(Paasonen et al., 2010; Schobesberger et al., 2013; Ehn et al., 2014; Jokinen et al., 2015; Tröstl et al.,
2016; Bianchi et al., 2016; Riccobono et al., 2014; Roldin et al., 2019; Kirkby et al., 2016). C10

monomers from α-pinene ozonolysis (and OH oxidation) have a higher volatility than previ-
ously thought and accretion products play a more prominent role in nucleation (Tröstl et al.,
2016; Kurtén et al., 2016; Frege et al., 2018).

1.1.3 Highly Oxygenated organic Molecules (HOM)

Oxidation of VOC produces classical Oxygenated Volatile Organic Compounds (OVOC) as
e.g. described and predicted in the Master Chemical Mechanism (MCM v3.3.1, Saunders et
al., 2003). However, those compounds have too high volatility to participate in the particle
formation. Therefore, less volatile compounds with higher oxidation degrees are needed to
explain the observed particle growth rates and secondary organic aerosol formation.
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1.2. HOM formation: atmospheric VOC oxidation by OH and O3

It was proposed that lower volatility could be obtained by sequential oxidation (higher de-
gree of oxidation) or oligomerisation of OVOCs (higher molecular weight) (Hallquist et al.,
2009). However, these processes are too slow and too diverse to explain the fast particle forma-
tion rate. New insights were provided by the development of Atmospheric Pressure interface
Time of Flight Mass Spectrometer (APi-ToF-MS, Junninen et al., 2010). Ehn et al., 2012; Ehn et
al., 2014 found a group of molecules called Highly Oxygenated organic Molecules (HOM) with
extremely low volatility. HOM have high O:C ratio and high molecular masses. For example,
α-pinene ozonolysis fastly produces HOM products (Kurtén et al., 2015; Jokinen et al., 2014;
Ehn et al., 2014; Mentel et al., 2015; Molteni et al., 2019; Berndt et al., 2015). Mentel et al., 2015
proposed the vinylhydroperoxide path in ozonolysis as a starting point of HOM formation.
Autoxidation (H-shift in peroxy radicals followed by O2 addition) was investigated for OH
oxidation of α-pinene (Peeters, Vereecken, and Fantechi, 2001; Crounse et al., 2013; Vereecken,
Müller, and Peeters, 2007; Berndt et al., 2016; Zhao et al., 2015; Kristensen et al., 2014; Donahue
et al., 2012b). As HOM are highly functionalised, as one can see from high O:C ratio and usu-
ally multiple hydroperoxides, (Rissanen et al., 2014; Berndt et al., 2016), their vapour pressures
are low or even extremely low. This is because of the increase of molecular mass and the ability
to make multiple hydrogen bonding (Kroll et al., 2011). Autoxidation which is a key process for
HOM formation will be introduced in more detail in Chapter 1.2.3. Due to their low volatility,
HOM play an important role in the formation of secondary organic aerosol (SOA) (Ehn et al.,
2014; McFiggans et al., 2019).

1.2 HOM formation: atmospheric VOC oxidation by OH and

O3

1.2.1 Atmospheric oxidants

VOCs are oxidised in the atmosphere by oxidants such as hydroxyl radicals (OH), ozone (O3),
and nitrate radical (NO3). The OH radicals and O3 are the major daytime oxidants while the
NO3 radicals and O3 are major oxidants in nighttime chemistry of VOCs (Finlayson-Pitts and
Pitts Jr, 1999).

Tropospheric O3 is mainly formed by the photolysis of NO2.

NO2 + hv (λ< 420 nm) −−→ O(3P) + NO

O(3P) + O2
M−−→ O3

R1.2.1

A major source of OH radicals is the photolysis reaction of O3 in both, clean remote and
polluted urban areas.

O3 + hv (λ< 340 nm) −−→ O(1D) + O2 R1.2.2

3
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O(1D) + H2O −−→ 2 OH R1.2.3

Photolysis of O3 produces electronically excited oxygen atoms (O1D). OH radicals are formed
when O1D react with atmospheric water vapor before they are quenched by collisions with N2

and O2 molecules. A source of OH radicals in polluted areas is photo-dissociation of nitrous
acid (HONO) as a major channel and hydrogen peroxide as a minor channel (H2O2).

HONO + hv (λ< 370 nm) −−→ OH + NO R1.2.4

H2O2 + hv (λ< 370 nm) −−→ 2 OH R1.2.5

Another important chemical source of OH is the reaction of HO2 with NO when the nitro-
gen oxides (NOx = NO + NO2) concentration is high.

HO2 + NO −−→ OH + NO2 R1.2.6

The reaction of O3 with alkenes is a source of nighttime OH radicals (Finlayson, Pitts Jr, and
Akimoto, 1972).

The rate coefficients of O3 with alkenes are several orders of magnitude slower than those
of OH radicals. However, ozonolysis is important because of the higher concentration of O3

compared to OH radicals. O3 has a selectivity for C-C double bonds (Finlayson-Pitts and Pitts
Jr, 1999) since O3 can only react with C-C double bond, unlike OH radicals. Breaking the
double bond produces aldehydes or ketones on one end and Criegee Intermediates (CI) on the
other, whereby substitution of the double bond determines the formation of CI or carbonyl
(Criegee, 1975). CI can undergo further reactions including the vinylhydroperoxide pathway
which produces radicals with mesomeric structures. Addition of O2 result in the formation of
peroxy radicals (Johnson and Marston, 2008; Vereecken and Francisco, 2012). Peroxy radicals
from the vinylhydroperoxide pathway play a critical role in HOM formation (Mentel et al.,
2015).

Unlike ozonolysis, OH radicals have no selectivity towards the C-C double bond (in the
sense that OH radical can oxidise molecules without C-C double bond). As a result, OH rad-
icals can attack the molecule multiple times. There are two possibilities for the initial step of
OH oxidation. One is electrophilic addition to the double bond and the other one is hydrogen
atom abstraction resulting in an alkyl radical and H2O. For example the BVOC α-pinene reacts
in the the first step to 92.5 % by OH radical addition to the double bond and to 7.5 % by hydro-
gen abstraction (MCM v3.3.1, Saunders et al., 2003). OVOC products can be further attacked
by OH via H-abstraction leading to chemical aging and producing higher O:C ratios.
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1.2.2 Classical photochemistry and peroxy radicals

The peroxy radicals (RO2) formed in ozonolysis and OH oxidation are key components in at-
mospheric chemistry. They can undergo many further reactions. The lifetime and the fate of
RO2 highly depend on the relative mixing ratios of the reaction partners. Most important, a
high or a low concentration of NOx changes the product pattern significantly. NO concentra-
tion can be as high as 200 ppb which is measured at rush hour in New York (Ren et al., 2003),
and as low as 20 ppt which is measured in Amazon forest (Lelieveld et al., 2008).

At the low NOx regime, peroxy radicals react mainly with HO2 and other RO2 radicals
forming hydroperoxides (R1.2.7), ketones and alcohols (R1.2.8).

RO2 + HO2 −−→ ROOH + O2 R1.2.7

RO2 + RO2 −−→ RH−−O + R−OH + O2 R1.2.8

In addition, the recombination of two peroxy radicals can lead to the formation of oligomers
called dimers or accretion products. As recently shown by Berndt et al., 2018b, this pathway is
more likely for functionalised peroxy radicals (R1.2.9).

RO2 + RO2 −−→ ROOR + O2 R1.2.9

The reaction between two peroxy radicals can produce not only closed shell products but
also alkoxy radicals (R1.2.10).

RO2 + RO2 −−→ RO · + O2 R1.2.10

In the presence of NOx, other pathways gain more importance. Peroxy radicals react fastly
with NO and form organic nitrates (R1.2.11) and alkoxy radicals (R1.2.12).

RO2 + NO −−→ RO2NO R1.2.11

RO2 + NO −−→ RO + NO2 R1.2.12

If the peroxy radicals are acyl peroxy radicals, they react with NO2 and form peroxy acyl
nitrates (PAN)-like organic nitrates (R1.2.13).

R(−−O)O2 + NO2 −−→ RO2NO2 R1.2.13
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Figure 1.1 shows an overview of the oxidation of BVOC by O3 and OH.

classical OVOC 
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R-C(=O)OONO2 
 

R‘R‘C=O 
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R-C(=O)OOH 
 

RO2 

BVOC 

sCI 

HO2· RO2· 

RO 

O3 OH 

BSOA 

NOx 

HOM-RO HOM-RO2 

NOx 

HOM 

HOM-ONO2 
HOM-C(=O)OONO2 
 

HOMR‘-C=O 
HOM-OH 
HOM-C(=O)OH 

HOM-OOH 
HOM-C(=O)OOH 
 

RO2 HO2 

autoxidation 

VHP path 

class. 
OVOC 

chemical ageing by OH 

Figure 1.1: Reaction pathways of BVOC oxidation by O3 and OH radicals. Blue
boxes show a simplified ozonolysis path and green boxes show classical photo-
chemical reactions that result in various closed-shell products (classical OVOC).
These products can condense on particles if their volatility is sufficiently low. Red
boxes represent a new class of highly oxygenated organic molecules which are
connected to classical photochemistry by the process called autoxidation involv-

ing highly oxygenated peroxy radicals (HOM-RO2).

Blue boxes in Figure 1.1 show a simplified ozonolysis pathway via stabilised Criegee Inter-
mediates (sCI) resulting in classical Oxygenated Volatile Organic Compounds (OVOCs) after
several reaction steps. sCI can form peroxy radicals by the vinylhydroperoxide pathway (VHP
path, Johnson and Marston, 2008; Vereecken and Francisco, 2012).

Peroxy radicals (RO2) are produced by the oxidation of BVOC by OH as shown in the green
boxes in Figure 1.1. The RO2 react with the various reaction partners such as other RO2, HO2

and NOx. The actual branching ratio for each reaction channel is dependent on the condi-
tions of the system, e.g., by relative mixing ratios of RO2, HO2 and NOx (Orlando and Tyndall,
2012). At low NOx conditions, reactions with RO2 and HO2 are dominant and produce ke-
tones (RR′C=O), hydroperoxides (R-OOH), alcohols (R-OH), carboxylic acids (R-C(=O)OH),
and percarboxylic acids (R-C(=O)OOH). However, when the concentration of NOx is high,
reactions leading to organic nitrates (R-ONO2) or PAN-like compounds (R-C(=O)OONO2) be-
come prominent. The reaction of RO2 with NO also produces alkoxy radicals (RO). According
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to MCM v3.3.1, the RO2 + NO reaction generates alkoxy radicals with yields up to 70 %. Yet,
the importance of alkoxy radicals has been somewhat overlooked in HOM formation. There-
fore, the importance of alkoxy radical and its potential role in the HOM formation is a topic of
this thesis. The importance of alkoxy radicals will be introduced in Chapter 1.2.4.

RO2 react along classical reaction pathways and form closed-shell products with low de-
gree of oxidation. However, these compounds are often too volatile to effectively condense on
the particle. Recently, HOM were recognised as important source of particle formation and
growth by organic compounds. HOM are formed by a process called autoxidation under at-
mospheric conditions (Crounse et al., 2012; Crounse et al., 2013; Ehn et al., 2014; Mentel et al.,
2015). Autoxidation will be explained in the next section.

1.2.3 Autoxidation and HOM formation

Autoxidation is defined as the process in which a peroxy radical first undergoes an intramolec-
ular hydrogen-atom shift forming hydroperoxide and an alkyl radical. Molecular oxygen
rapidly attaches to alkyl radical and a new peroxy radical with higher oxidiation degree is
formed (Crounse et al., 2012; Crounse et al., 2013; Bianchi et al., 2019). Autoxidation allows
for the fast formation of peroxy radicals with high O:C ratios (O:C > 1). One can assume that
HOM-RO2 undergo the same classical termination reactions to form closed-shell products as
other RO2 (Bianchi et al., 2019). The difference between HOM-RO2 and RO2 is that HOM-RO2

form closed-shell products with a high O:C ratio (HOM) which will condense effectively on
the existing particles or even form new particles with higher chances than classical OVOC.

HOM formation (red boxes in Figure 1.1) is connected with the classical OVOC photoox-
idation scheme by autoxidation. Autoxidation is well known in combustion chemistry but
was only recently recognised as an important process in atmospheric chemistry (Crounse et
al., 2012; Crounse et al., 2013; Ehn et al., 2014; Rissanen et al., 2014; Mentel et al., 2015). Au-
toxidation steps can occur several times until all abstractable H-atoms are consumed and the
resulting HOM-RO2 is terminated as a stable closed-shell HOM product. The process is illus-
trated in Figure 1.2. The presence of functional groups near the peroxy radical or the shifted
H-atom lowers the barrier height of H-shift (Crounse et al., 2013; Møller et al., 2020; Otkjær
et al., 2018; Vereecken and Nozière, 2020).

Ehn et al., 2014 showed the importance of autoxidation for HOM formation. However,
highly oxygenated organic molecules could include a broad range of compounds without spe-
cific criteria. Bianchi et al., 2019 suggest key criteria to define atmospheric relevant HOM. 1)
The formation process should be engaged with organic peroxy radicals involving autoxidation.
2) HOM are formed at atmospheric relevant conditions. 3) HOM typically contain six or more
oxygen atoms.

Figure 1.3 shows the relation of HOM with peroxy radical isomerisation products and var-
ious volatility classes. HOM include compounds that belong to ELVOC and LVOC. Not all
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Figure 1.2: Schematic illustration of HOM formation adapted and modified form
Ehn et al., 2014. Panel a shows the process hydrogen shift and oxygen molecule
addition at the alkyl radical cite. Panel b shows a general scheme of formation
of HOM and panel c shows the mechanism for the oxidation of α-pinene by OH

specifically (include secondary oxidation of OVOC).

peroxy radical isomerisation products are HOM. However, this classification is rather a sug-
gestion than a rule, and a precise and clean separation needs more studies.

Ozonolysis of alkenes can in general produce HOM by peroxy radical formation and autox-
idation via the vinyl hydroperoxide pathway. Ehn et al., 2014 showed the role of HOM formed
by ozonolysis of α-pinene in SOA formation. In addition, many studies showed that the reac-
tion of VOC with O3 can produce HOM (Ehn et al., 2012; Jokinen et al., 2014; Mentel et al., 2015;
Berndt et al., 2015; Rissanen et al., 2015; Hyttinen et al., 2015; Zhang et al., 2017).

As mentioned before, Mentel et al., 2015 proposed a detailed mechanism for ozonolysis
based HOM formation at the example of cyclic alkenes. First, ozonolysis of the endocyclic
double bond leads to ring opening and results in a sCI at one end and a carbonyl group at
the other end. The sCI can form a vinyl hydroperoxide which decomposes and produces an
oxo-alkyl radical (with mesomeric structures). Finally, the addition of molecular O2 produces
a peroxy radical which can undergo autoxidation and HOM formation.

Unlike for ozonolysis, fewer studies show the HOM formation from OH oxidation (Berndt
et al., 2016; Pye et al., 2019). This is because OH oxidation is less specific than ozonolysis since
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Figure 1.3: Euler diagram of HOM and relation to peroxy radical isomerisation
products and relevant volatility classes. HOM is part of peroxy radical isomeri-
sation products (PRIP). HOM partially consists of extremely low volatile organic
compounds (ELVOC) and partially consists of low volatile organic compounds

(LVOC). Figure adapted from Bianchi et al., 2019.

OH can attack double bonds and also abstract hydrogens to form radicals. In addition, se-
quential oxidation is possible by OH and this makes the elucidation of the HOM formation
mechanism initiated by OH difficult. However, it is important to understand the HOM for-
mation by oxidation of VOC by OH in order to explain particle formation and a substantial
amount of SOA mass during daytime (Kulmala et al., 2013).

1.2.4 Importance of alkoxy radicals

Alkoxy radicals are intermediates in the atmospheric degradation of VOCs. Various oxidants
can attack VOCs and form alkyl radicals. By the addition of O2, peroxy radicals are formed
and react with NO, HO2, and RO2. Each of those reactions can be a source of alkoxy radicals.
In addition, the photolysis of hydroperoxides provides a minor contributes to alkoxy radical
formation.

RO2 + NO −−→ RO + NO2 R1.2.14

RO2 + R’O2 −−→ RO + R’O + O2 R1.2.15

RO2 + HO2 −−→ RO + OH + O2 R1.2.16
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ROOH + hv −−→ RO + OH R1.2.17

By which path alkoxy radicals are formed depends on the relative abundance of the reaction
partners.

After being formed, alkoxy radicals have three possible pathways. The first one is the re-
action with O2, the second one is isomerisation (H-migration), and the third one is decompo-
sition. The fate and the relative reaction coefficients are highly dependent on structure and
substitution of the alkoxy radicals (Vereecken and Peeters, 2010). Even for two alkoxy radicals
sharing the same carbon skeleton (isomers), the branching ratio between the pathways can be
significantly dissimilar (Carrasquillo et al., 2014).

Reaction with O2 occurs by the abstraction of a hydrogen atom from the alkoxy site with
the generation of an HO2 radical and a carbonyl compound. This reaction is more frequent in
short chained alkoxy radicals (Finlayson-Pitts and Pitts Jr, 1999). Typical reaction coefficients
are in a range of 3-8 × 104 s-1 for nearly all alkoxy radicals in typical atmospheric condition.

Vereecken and Peeters, 2010 showed that the H-migration is sensitive to geometry, sub-
stitution, and structure. The most important unimolecular rearrangement is 1,5-H-migration
(Vereecken and Peeters, 2010). This will result in an OH group and an alkyl radical site in or
directly in a peroxy radical when the H-atom is abstracted from a hydroperoxide group. The
alkyl radical becomes a peroxy radical by adding an oxygen molecule. The peroxy radicals can
undergo autoxidation or termination reactions and become closed-shell products. If the peroxy
radicals which were formed by the rearrangement of alkoxy radicals undergo autoxidation and
this is called the alkoxy peroxy path. It will be shown in this thesis that the alkoxy peroxy path
plays an important role especially when massive amounts of alkoxy radicals are formed by the
reaction of RO2 and NO.

Since alkoxy radicals contain excessive energy and are highly unstable, they can undergo
fragmentation e.g. by α-bond scission as well. This results in molecules with smaller carbon
numbers such as C7, C8 and C9 in the case of α-pinene. Fragmentation can be thus a very im-
portant indicator to investigate the involvement of alkoxy radicals. Like H-migration, the rate
of decomposition is highly dependent on the structure and substitution of the alkoxy radicals.
Vereecken and Peeters, 2009 showed that especially the substitution at the α- and β- carbon on
either side of the breaking C-C bond affects the decomposition rate of alkoxy radicals signifi-
cantly.

1.3 Goals of the thesis

The task of the thesis is to investigate HOM formation under different chemical regimes. Among
monoterpenes, α-pinene is chosen in this work because it is one of the most abundantly emit-
ted species (34 % of global emission, Sindelarova et al., 2014). In addition, α-pinene oxidation
by OH radical has been only rarely studied.
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In this study, the chemical environment was varied by modifying the OH source strength
and by adding other components to shift the peroxy radical chemistry: CO, isoprene, and NOx.
The major work is the detailed evaluation of high-resolution mass spectra with chemical ion-
isation by the nitrate reagent ion for all four regimes. The advantage of NO3

– -CIMS is that it
is highly selective for HOM with about uniform sensitivity (Hyttinen et al., 2015). The goal of
the thesis is to classify the detected HOM in families and investigate the formation of the HOM
families and specific HOM molecules (markers) along with the current understanding of the
chemistry of peroxy radicals. Herein, the Master Chemical Mechanism (MCM v 3.3.1.) served
as a guideline. However, since MCM v3.3.1 does not contain the most updated mechanisms,
e.g. HOM chemistry, the results of the thesis will serve as a basis for future detailed mechanism
development of HOM formation. The thesis will present a semi-quantitative mechanistic un-
derstanding of HOM formation and its reflection in SOA formation. The focus lies on the role
of second step oxidation, accretion product formation, and the possible role of alkoxy radicals
in autoxidation processes.

This will be presented as follows.

1. The dependency of HOM formation on the OH radical concentration and its product
pattern change will be investigated. This will provide more detailed insight into HOM
formation chemistry at the low NOx conditions. By family and marker analysis, the im-
portance of secondary OH chemistry and alkoxy radicals will be shown.

2. The effect of a high HO2/RO2 ratio and its impact on the parity of oxygen in molecules
will be investigated. A high HO2/RO2 results in the decrease of RO2 + RO2 reaction and
as a consequence, there will be a less alkoxy radical formation. In this way, the importance
of alkoxy radicals which are formed from RO2 + RO2 will be shown.

3. The impact of the presence of small chain radicals (C≤5 from isoprene) on the product
formation pattern and SOA mass formation will be demonstrated.

4. The effect of NOx on the product distribution and the changes in the chemistry of RO2

will be discussed. Additionally, it will be demonstrated how the changes impact on SOA
mass formation.
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Chapter 2

Experiments and Methods

2.1 Experimental setup

2.1.1 Jülich Plant Atmosphere Chamber (JPAC)

Figure 2.1: Schematic of the Jülich Plant Atmosphere Chamber (JPAC). The cham-
ber was made of borosilicate glass. Purified air was provided by two main inlet
lines. Both air flows were humidified before entering the chamber. The upper inlet
flow carried the VOC of interest coming from diffusion sources. Other trace gases
such as NOx or CO were added via the VOC inlet line. The lower inlet carried the
ozone in to the chamber. The fan in the chamber assured the mixing in the cham-
ber within two minutes. There were three different types of lamps providing UVC

(λmax = 254 nm), UVA ( λmax=365 nm, not shown), and visible light.

The experiments discussed within this study were all conducted in the Jülich Plant Atmo-
sphere Chamber (JPAC) which is schematically shown in Figure 2.1. The reaction chamber was
made of borosilicate glass and had a volume of 1450 L. The bottom of the chamber was made of
teflon but it was covered with a glass plate. Clean air flushed the space between the teflon and
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the glass plate to reduce memory effects due to the absorption of materials by the teflon sur-
face. The chamber was placed in a temperature-controlled housing. During the experiments,
the temperature was about 16 ◦C. JPAC was operated as a continuously stirred tank reactor.

To avoid possible wall losses, teflon (PFA, PTEE) was used for all connections and tubings.
There were two separate inlet flows which went into the chamber (see Figure 2.1) in order
to prevent possible reactions of ozone and VOCs in the gas lines. A total of about 31 l min-1

of purified air was pumped through the chamber resulting in a residence time of about 46
minutes. A fan in the chamber was used to assure the mixing in the chamber and the mixing
time was 2 minutes. The flows were humidified by temperature-controlled evaporation of
double-distilled water which resulted in a typical relative humidity of about 63 %.

The VOCs (α-pinene, isoprene) were added to the first flow (upper inlet in Figure 2.1) using
clean N2 as a carrier gas. VOCs were introduced into the carrier gas stream by the aid of
diffusion sources. The concentration of the VOCs were varied by changing emission strength
and dilution. Depending on the type of experiments, NOx or CO gas were added to the first
flow. The second flow (lower inlet in Figure 2.1) served to add ozone to the chamber. In a
few cases, aerosol was added to the chamber to force "controlled" condensation of HOM onto
the seed surfaces. The seed aerosol was produced by atomising ammonium sulfate solutions
with an aerosol generator (TSI, Aerosol Generator 3076). The aerosol was dried in a silica gel
diffusion dryer and injected via a separate inlet line. The humidity in the two other inlets lines
were regulated accordingly to keep the relative humidity at 63 %.

Three types of lamps were used to provide visible light, to produce OH radicals, and to
photolyse NO2 to generate NO. One or two discharge lamps (Osram, HQI400 W/D) were used
to provide visible light. Twelve UVA discharge lamps (Philips, TL 60W/10-R, 60W, λmax=365
nm) were mounted outside around the chamber walls and were used to photolyse NO2 to NO.
A maximum photolysis frequency j(NO2) of about 4.3 × 10-3 s-1 could be achieved. A UVC
lamp (Philips, TUV 40W, λmax=254 nm) was located in a quartz tube inside the chamber and
was used to photolyse ozone for the OH production. Herein, ozone is photolysed to O(1D)
which forms OH by reaction with the water vapor in the chamber. Two adjustable glass tubes
shielded the TUV lamp from both ends. In this way the photolysis frequency j(O1D) and the
OH concentration could be varied by adjusting the gap between these glass tubes. The maxi-
mum j(O1D) that could be achieved was about 5 × 10-3 s-1.

The glass walls of the chamber had a wavelength cut-off near 350 nm. This means there
was no radiation with short enough wavelength to produce OH radicals by photolysis of ozone
when the UVC lamp was turned off. The UVC lamp contributes three orders of magnitude less
to j(NO2) than the UVA lamp so that j(O1D) and j(NO2) could be operated truly independent of
each other.

The OH concentration was determined from the consumption of the VOC in the experi-
ment. It was calculated by the following equation 2.1.1.

d[V OC]

dt
=
F

V
· ([V OC]in − [V OC])− (kOH · [OH] · [V OC] + kO3 · [O3] · [V OC]) (2.1.1)
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2.1. Experimental setup

When the system reached steady-state condition d[V OC]
dt

= 0, the equation 2.1.2 is derived
from equation 2.1.1.

[OH] =

F
V
· ([V OC]in−[V OC])

[V OC]
− kO3 · [O3]

kOH

(2.1.2)

[VOC]in and [VOC] refer to the initial concentration and the actual concentration of the
VOC in the chamber, respectively. F is the total air flow through the chamber and V is the
volume of the chamber. kOH and kO3 are the reaction rate coefficients of OH and O3 with the
corresponding VOC. kOH and kO3 for α-pinene were 5.37 × 10-11 cm3 s-1 and 8.79 × 10-17 cm3 s-1

at 16 ◦C, respectively ((Atkinson and Arey, 2003)).
The VOC concentration was measured by Gas Chromatography Mass Spectrometry (GC-

MS, Agilent), a Proton Transfer Reaction Quadrupole Mass Spectrometer (Q-PTR-MS, Ionicon)
and a Proton Transfer Reaction Time-of-Flight Mass Spectrometer (PTR-ToF-MS, Ionicon). The
instruments were switched from inlet to outlet to measure the source strength of the VOC and
the concentration of the VOC in the chamber. O3 was measured by UV absorption (Thermo
Environment 49). NO was measured by chemiluminescence (Eco Physics, CLD 770 AL) and
NO2 after photolytic conversion (Eco Physics, PLC 760) to NO. The water vapour concentration
was measured by the dew point mirror (TP-2, Walz). For particle number concentrations a CPC
was used (TSI 3783, dp>3nm) and the particle size distribution was measured by an SMPS (TSI
3081 electrostatic classifier combined with CPC TSI 3025). For HOM measurements a Chemical
Ionization Atmospheric Pressure interface Time-of-Flight Mass Spectrometer (CIMS form now
on) was used. This will be introduced in more detail in Chapter 2.2.

2.1.2 Experiment descriptions

The investigation of HOM formation from α-pinene photooxidation was performed under sev-
eral different boundary conditions.

Table 2.1 shows the experimental conditions for the α-pinene photooxidation experiments.
α-pinene and ozone concentrations are the concentrations at the inlet, which would be the
"hypothetical" steady-state conditions before any action took place. The OH radical concen-
trations shows the range of steady-state concentrations for the different conditions within the
experiment series. However, only steady-state OH radical concentration is shown in CO ex-
periment. Isoprene and NOx concentrations give the range of concentrations applied within
the experiment series. Temperature and relative humidity were kept in all experiment series
around 16 ◦C and 63 %, respectively. The photolysis rate of O3 was only varied in the OH de-
pendency experiments series and kept constant in the other experiment series. To investigate
the photooxidation of α-pinene and the effect of increasing OH radical concentrations on HOM
formation, the OH concentration was varied by opening and closing the gap of the UVC lamp
changing j(O1D) (Column 1). The results of the study will be shown and discussed in Chapter
3.2.
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Chapter 2. Experiments and Methods

Table 2.1: Experimental conditions for α-pinene photooxidation

j(O1D) CO isoprene NOx

[α-pinene]
(ppb) 8.1 12 1-8 18

[Ozone]
(ppb) 32.2 60 22-33 90-230

[OH]
(cm-3)

0.9×106

-4.4×107 7.4×106 2.3×106

-3.6×107
3.0×107

-9.0×107

[CO]
(ppm) - 3 - -

[Isoprene]
(ppb) - - 0-20 -

[NOx]
(ppb) - - - 0.3-140

Temperature
◦C 16 16 16 16

RH
(%) 63 63 63 63

Since the atmosphere does not consist of just one volatile organic compound, the effects of
various additional components were investigated.

CO was added to the system to investigate the effect of the high HO2/RO2 ratio on the
HOM formation in α-pinene OH oxidation (Column 2). This will be described and discussed
in Chapter 3.3. The effect of small peroxy radicals on the HOM formation and SOA yields
in the α-pinene photooxidation will be presented in Chapter 3.4. The concentration of small
peroxy radicals was achieved by the addition of isoprene to the system (Column 3). Finally, the
effect of NOx in the system on HOM formation and SOA yields will be dealt with in Chapter 4
(Column 4).
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30

20

10

0

 
!
"#
$
$
%
&

00:00
23.09.2015

00:00
24.09.2015

00:00
25.09.2015

time

4 x10-3

3

2

1

0

H
O

M
-AC

C
 [ncps]

4 x107

3
2
1
0

O
H

 [c
m

-3
]

10

5

0

'
($
)*
+
*
+
"#$
$
%
&

15
10
5
0

TU
V-G

ap [cm
]

6 x10-3

4

2

0H
O

M
-M

O
N

 [n
cp

s]

" !

"'($)*+*+

 MON,   ACC
 Steady state

 OH
 TUV_GAP

Figure 2.2: Time series of the α-pinene OH oxidation experiment with vary-
ing j(O1D). The yellow shaded area represents the duration when UVC light was
switched on for the production of OH radicals and the grey shaded area shows
when UVC light was off. At the lowest graph, the measured concentration of α-
pinene (green circles) and O3 (red line) concentration are shown. As UVC light is
on, the concentration of α-pinene and O3 decreased because of the reaction with
OH and being photolysed respectively. In the middle graph, the OH concentration
(pink rhombus) and TUV gap (violet line) are shown. TUV gap means the gap be-
tween lamp shielding glasses and the higher TUV gap means the higher photolysis
rate. On the top graph, the normalised signal of HOM (monomer (blue line) and
accretion products (red line)) and the steady-state interval (black line) are shown.

HOM concentration increased and decreased with varying OH concentrations.

Figure 2.2 shows the time series of measured concentrations and normalised HOM sig-
nal for α-pinene photooxidation at varying OH concentration. Before the photochemical OH
production began (before UVC light was switched on), the chamber reached steady-state in
a phase of α-pinene ozonolysis. When UVC lamp switched on, the OH production and pho-
tooxidation of α-pinene started. As soon as the photooxidation started, massive HOM produc-
tion was observed. The HOM concentration went through a transient maximum and reached
(nearly) steady-state. After reaching (nearly) steady-state the OH radical concentration was
varied by changing the TUV gap and therewith the j(O1D). As one can infer from the sig-
nal of HOM, j(O1D) stepwise increased and decreased with the passage of time. After the
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Chapter 2. Experiments and Methods

last steady-state period of α-pinene OH photooxidation, UVC light was switched off and the
OH production stopped. Almost immediately HOM production decreased and the ozonolysis
phase before the photooxidation was reproduced.
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Figure 2.3: Time series of the α-pinene OH oxidation experiment in the presence of
CO. The yellow shaded area represents the duration when UVC light was switched
on for the production of OH radicals and the grey shaded area shows when UVC
light was off. At the lowest graph, the measured concentration of α-pinene (green
circles) and O3 (red line) concentration are shown. As UVC light is on, the concen-
tration of O3 decreased because O3 was photolysed. α-pinene concentration did
not decrease as dramatic as in the OH varying experiment because of the scaveng-
ing effect of CO on OH radical (pink rhombus in the middle graph). In the middle
graph, CO (orange line) concentrations are shown as well. The concentration of
CO is taken from the model calculation. In the presence of high CO concentration,
OH was scavenged. However, OH radical concentration increased when CO was
flushed out. On the top graph, the normalised signal of HOM (monomer (blue
line) and accretion products (red line)) and the steady-state interval (black line) are
shown. Changes in CO and OH radical concentration resulted in the changes in

normalised HOM concentrations.

Figure 2.3 displays the time series of measured experimental conditions and modeled CO
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Chapter 2. Experiments and Methods

concentration in α-pinene OH oxidation experiment in the presence of CO. Before the photoox-
idation started, steady-state was established for α-pinene ozonolysis in the presence of CO. The
UVC light was switched on to start the photooxidation. The HOM concentration did not in-
crease significantly in the presence of CO because of low OH concentrations (in the middle
graph, pink rhombus). The CO concentration was varied as given in Figure 2.3 with the effects
on OH and HOM concentrations.
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Figure 2.4: Time series of the α-pinene OH oxidation experiment in the presence
of isoprene. The yellow shaded area represents the duration when UVC light was
switched on for the production of OH radicals and the grey shaded area shows
when UVC light was off. At the lowest graph, the measured concentration of α-
pinene (green circles) and O3 (red line) concentration are shown. As UVC light
is on, the concentration of O3 decreased because it was photolysed. In the mid-
dle graph, the OH (pink rhombus) and isoprene (light green diamonds) concen-
trations are shown. Isoprene concentration decreased dramatically because of the
reaction with OH (OH scavenging effect of isoprene). As isoprene concentration
decreased, OH concentration increased. On the top graph, normalised signal of
HOM (monomer (blue line) and accretion products (red line)) and the steady-state

interval (black line) are shown.
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2.1. Experimental setup

Figure 2.4 shows the time series of HOM production for α-pinene OH oxidation in the iso-
prene experiment. At first, steady-state was established for α-pinene ozonolysis in the presence
of isoprene. As soon as the UVC lamp was switched on, the OH production started. The HOM
signal increased less than in the j(O1D) experiment because isoprene scavenged the OH radi-
cals and kept their concentration low (the rate coefficient of OH reaction for isoprene is about
twice as high than the one for α-pinene). Accretion products were suppressed because of the
product scavenging effect of small peroxy radicals originating from isoprene (McFiggans et al.,
2019). The isoprene addition was stepwise decreased and OH- and product- scavenging lost
their importance. Isoprene addition was stopped and after 18:00 h. After that, the steady-state
for α-pinene OH oxidation was established. It served as photooxidation reference since the
condition was same except the absence of isoprene.
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Figure 2.5: Time series of the α-pinene OH oxidation experiment in the presence
of NOx. Among various NOx experiments, 12.8 ppb of NOx was used in this exam-
ple. The yellow shaded area represents the duration when UVC light was switched
on for the production of OH radicals and the grey shaded area shows when UVC
light was off. At the lowest graph, the measured concentration of α-pinene (green
circles) and O3 (red line) concentration are shown. In the second-lowest graph, the
concentrations of NO2 (light blue line), NO (blue line) and NOx (light blue dashed
line) are shown. The UVA light (violet line) was switched on the whole period to
photolyse NO2 and to generate NO. In the third graph, OH concentrations (violet
line) are shown in addition to UVC light (light violet line). As UVC light was on,
OH production began and the normalised signal of HOM monomer (blue line), ac-
cretion products (red line) increased (on the top graph). Black line on the top graph

shows the time interval used for steady-state.

The NOx experiment series extended over more than one month. Figure 2.5 shows an ex-
ample for the time series of a single NOx experiment day ([NOx] = 12.8 ppb). Before OH
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2.2. Chemical Ionisatiton Mass Spectrometer (CIMS)

production started, steady-state of α-pinene ozonolysis was established with the UVA light
switched on. Then, NO was added to the system and a new steady-state for ozonolysis in the
presence of NO2 and NO was established. This period served for checks and controls in other
contexts and will not be further considered here. Finally, the UVC light was switched on and
OH production started. After an instantaneous and significant increase of normalised HOM
signals, the system entered a steady-state. In the detailed analysis, only steady-state data at the
end of this phase were considered.

2.2 Chemical Ionisatiton Mass Spectrometer (CIMS)

2.2.1 Introduction of the CIMS

The development of the Atmospheric Pressure interface Time-of-Flight Mass Spectrometer
with a Chemical Ionisation inlet enabled the discovery of HOM (Ehn et al., 2012; Ehn et al.,
2014; Schobesberger et al., 2013) and initiated vigorously HOM studies. The CIMS consists of
two parts, the APi-ToF-MS (Figure 2.6, Junninen et al., 2010) and the chemical ionisation source
(Figure 2.7, Eisele and Tanner, 1993).

As shown in Figure 2.6, ions enter the APi part through a critical orifice after being ionised
in the chemical ionisation inlet. The amount of air that enters the APi-ToF-MS is determined by
the diameter of critical orifice. In this work, a diameter of 0.3 µm was used allowing a sampling
air flow of 0.8 l min-1 into the APi-ToF-MS.

In the first stage, a small segmented quadrupole serves to guide the ions. It is operated at
about 2 mbar so that collisional dissociation of ion clusters with water can occur. The second
stage has a big segmented quadrupole which is operated at 1.5 × 10-2 mbar. In this stage, the
declustering of analyte-reagent ion clusters is controlled. The next stage has a stack of electrical
lenses to focus and accelerate the ion beam into the extraction region of ToF. ToF region is
operated at about 1 × 10-6 mbar. All the pressures are controlled by differential pumping by a
scroll pump and a three-staged turbo pump. Ions are focused and filtered based on the voltage
settings along the three-stages.

After entering the ToF part, the ions are extracted perpendicularly by a pulser and separated
by the different time of flight based on their mass per charge ratio. APi-ToF-MS has two modes
of operation, V mode and W mode, depending on the shape of the flight path of the ions. The
W mode has a higher resolving power (8000 Th/Th) but is less sensitive, so only the V mode
was used in this study. The V mode has a better sensitivity and higher time resolution at a
resolving power of 4000-5000 Th/Th. Herein resolving power is defined as M

∆M
, wherein M is

mass per charge ratio and ∆M is the width of the peak at its half maximum.
Negative ion CI is a soft ionisation method with only a little fragmentation compared to

other ionisation methods such as electron impact or the Proton Transfer Reaction Mass Spec-
trometry. Based on the fact that HOM were detected as stable clusters with natural NO3

– ions
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Figure 2.6: Schematics of the Atmospheric Pressure interface Time-of-Flight Mass
Spectrometer. Sample air enters the first chamber through a critical orifice. Two
quadrupoles and an electrical lens system guide the ions into the extraction region
of the ToF-MS. The ToF path is folded by using a reflectron. Ions are detected by
a multi-channel plate detector. A scroll pump and a three-stage turbo pump allow
for a reduction of the pressure in four steps from atmospheric pressure to 10-6 mbar.

Junninen et al., 2010

(Junninen et al., 2010; Ehn et al., 2012), CI with nitrate ions is the method of choice to measure
highly functionalised organic molecules.

Therefore, nitrate CI was applied to detect HOM in the field studies and laboratory studies
(Ehn et al., 2014; Jokinen et al., 2012; Jokinen et al., 2015). Since HOM are mostly multiple hy-
droperoxides with additional alcohol, carboxyl or percarboxyl groups, HOM and NO3

– reagent
ions form stable clusters by means of multiple hydrogen bonds (Hyttinen et al., 2015).

An eisele type inlet was used in this thesis. The eisele type inlet was originally designed
for the measurement of atmospheric sulfuric acid using NO3

– ions (Eisele and Tanner, 1993).
Figure 2.7 shows the schematics of the Eisele inlet, modified for the use with ToF-MS by Joki-
nen et al., 2012. The inlet is built from stainless steel, with Polymethyl methacrylate (PMMA)
spacers for electrical isolation. It consists of the ionisation region (left) and the ion drift tube
(right). The ionisation region is embedded in PMMA housing. The whole assembly is mounted
to the APi-ToF-MS by a polyvinylidene fluoride (PVDF) foot (green, right). About 10 l min-1

of sample flow enters through the inlet. From the side, 20 l min-1 purified air containing the
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2.2. Chemical Ionisatiton Mass Spectrometer (CIMS)

Figure 2.7: Schematics of the Eisele type NO3
– chemical ionisation inlet. About 10

l min-1 sample flow enters through the sampling line (blue tube). 20 l min-1 purified
air containing HNO3 enter from the side (not shown) into the left part of the inlet
(blue). HNO3 molecules are ionised by α-radiation of an 241Am radioactive source.
The 20 l min-1 purified air containing NO3

– ions enters the ion drift tube as sheath
air surrounding the sample flow. An electrical field pushes the NO3

– ions into the
sample stream containing the HOM. Excess air are pumped out by total flow (29.2 l
min-1) and about 0.8 l min-1 enters through the critical orifice into the APi-ToF-MS.

Adapted from Jokinen et al., 2015.

HNO3 vapor are introduced. HNO3 is ionised by the exposure to α-radiation from a radioac-
tive 241Am source. Nitrate ions are mixed with HOM in the sample flow by pushing them to
the center of the ion drift tube. For that, an electric field is applied between the walls of the
drift tube and the grounded critical orifice of the APi-ToF-MS.

The Eisele type inlet has a coaxial laminar flow and the strong sheath airflow minimises
any interactions of the sample flow containing the HOM with the walls of the drift tube. In
addition, the applied electric field repels the reagent ions to the center of the drift tube reduc-
ing wall losses and reactions of the analyte with OH radicals, which are also formed by the
radioactive source. A design to minimise the wall loss is critical for the detection of molecules
with very low vapour pressure such as HOM. The nitrate ions exist as monomers (NO3

– ),
dimers (HNO3·NO3

– ) and trimers ((HNO3)2·NO3
– ). Typical distributions during the exper-

iments were 60 % monomers, 25% dimers, and 15% trimers. Most of the analyte molecules
were detected as clusters with monomer NO3

– ions and only the compounds with high con-
centrations were detected as a monomer and dimer nitrate ion cluster.

For the experiments of α-pinene photooxidation with NOx, isotopically labeled nitric acid
(H15NO3, 98% 15N) was used to distinguish N-atoms from reagent ions and from organic ni-
trates formed by HOM peroxy radicals reacting with NO or NO2. However, while labeling
with 15N was effective to distinguish the origin of N-atoms in low and moderate NOx concen-
tration experiments, it did not work as well as intended under high NOx conditions because of
a fast charge exchange with the H14NO3 formed in the reaction of NO2 with OH in the chamber.
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Figure 2.8: Time series of the summed up signal of 14NO3
– (blue), 15NO3

– (red),
and their clusters in three different NOx experiments. The concentration of NOx
was 8.7, 26 and 72 ppb, respectively. The percentage of 14N nitrate reagent ions

increased from 1.9 %, 10 % and 25 %.

Figure 2.8 shows the increasing contribution by 14N containing reagent ions. The fraction
of 14N containing reagent ions increased with the concentration of NOx due to an increase of
H14NO3 formed in the chamber. As a result, HOM were detected as clusters with both 14NO3

–

and 15NO3
– nitrate ions. The loss of labeling of the reagent ion prohibited an easy separation

of the origin of nitrate atom (reagent ion or organic nitrate) and increased the difficulties of
molecular identification. However, the majority of HOM were still detected as 15NO3

– cluster
and 14NO3

– contributions were considered in the high resolution peak identification.

2.2.2 Calibration of detected HOM

Calibration of the NO3
– -CIMS for HOM is a challenge due to their very low vapour pressure

and the high probability of loss of HOM in tubings and at the inlet walls. Therefore, a suited
absolute calibration method for HOM measurement is not existing yet. However, indirect cal-
ibration using the measurement of H2SO4 with the NO3

– -CIMS was applied in other studies
(Ehn et al., 2014; Jokinen et al., 2014; Mutzel et al., 2015; Berndt et al., 2016). The sensitivity of the
NO3

– -CIMS to HOM is supposedly similar to the sensitivity of H2SO4 under the assumption
that the charging efficiencies for HOM and H2SO4 are both near to the kinetic limit (Viggiano
et al., 1997; Ehn et al., 2014; Kirkby et al., 2016). Therefore, in this work, calibration of the CIMS
with H2SO4 was used to obtain concentrations of the detected HOM.

H2SO4 was formed in-situ by oxidation of SO2 by OH in the JPAC according to the following
reactions.
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SO2 + OH
M−−→ HOSO2

HOSO2 + O2 −−→ HO2 + SO3

SO3 + H2O −−→ H2SO4

R2.2.18

OH radicals were produced by photolysis of O3 in the presence of water vapour as de-
scribed before. Since the reactions of HOSO2 + O2 and SO3 + H2O are much faster than the
oxidation of SO2 by OH at the mixing ratio of water vapour of 1.06 %, the SO2 + OH reaction
was the rate determining step. Therefore, the production of H2SO4 can be expressed as follows.

P (H2SO4) = kSO2 · [SO2] · [OH] (2.2.1)

(E)-2-butene was added as an OH radical tracer to estimate the concentration of OH radi-
cals. (E)-2-butene was chosen because it does not form a detectable amount of new particles
and its oxidation products do not overlap with the sulfuric acid ion masses. The determined
OH radical concentration was (3.3 ± 0.8) × 107 molecule cm-3. Even though SO2 was oxidised
by OH radicals, the OH radical concentration was not much affected because of the low reac-
tivity of SO2 towards OH radicals compared to (E)-2-butene.

In the mass spectrum, H2SO4 was detected as clusters of NO3
– monomers (H2SO4·NO3

– ),
dimers (H2SO4·HNO3·NO3

– ) and trimers (H2SO4·HNO3·HNO3·NO3
– ). All clusters were summed

up and normalised to the total ion counts to remove possible uncertainty caused by instrumen-
tal performance.

At the end of the measurement, SO2 was flushed out and eventually became zero so that the
background H2SO4 could be determined (0.05 normalised counts per second (ncps) = 2 x 106

cm-3) and possible interferences from (E)-2-butene oxidation products could be excluded. The
wall loss of H2SO4 was determined by stopping the OH production and measuring the decay
of H2SO4 in an additional experiment. An exponential decay of H2SO4 with a lifetime of 87 ±
5 s (loss rate L(H2SO4) = 1/τ = 0.012 ± 0.001 s-1) was observed.

The H2SO4 concentrations were calculated from the production rates (8.03 x 105 cm-3 s-1 and
4.15 x 105 cm-3 s-1 ) divided by the first order loss rate of H2SO4.

[H2SO4] =
P (H2SO4)

L(H2SO4)
=
P (H2SO4)

L(H2SO4)
(2.2.2)

In Figure 2.9, the sum of the detected H2SO4 as clusters with monomer, dimer and trimer
reagent ions is plotted as a function of the H2SO4 concentration. The solid line shows the
linear regression forced through zero. The inverse of the slope was used to determine the
calibration factor in units of molecules cm-3 nc-1. The calibration factor CH2SO4 was (3.7 ± 1.2)
× 1010 molecules cm-3 nc-1. The overall uncertainty was due to the uncertainty of [H2SO4] of
±37 %, calculated by error propagation from the contributions by the uncertainty of the OH
radical concentration (∼20 %), of the SO2 concentration (∼5 %) and the uncertainty of the loss
of H2SO4 (∼25 %).
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Figure 2.9: The normalised sum of H2SO4 clusters with monomer, dimer and
trimer NO3

– ion as a function of H2SO4 concentration. Solid line represents the
linear regression forced through zero at the no SO2 addition point. The inverse of
the slope was used to determine the calibration factor CH2SO4. The uncertainty was

estimated to ±37 % due to the uncertainty of [H2SO4].

As described in Ehn et al., 2014 and Hyttinen et al., 2017, HOM with six or more oxygen
atoms in the molecule are detected with similar sensitivity as H2SO4. Therefore, CH2SO4 was
used to calculate the concentrations of detected HOM (CH2SO4=CHOM).

2.3 Data Evaluation

2.3.1 High resolution peak analysis

The high resolution data was analysed by using Tofware (v2.5.11, Tofwerk AG and Aerodyne
Research, Inc.) and Igor Pro(7.08)(Wavemetrics). The data were averaged over one minute us-
ing the pre-averaging function in Tofware. The instrument functions (peak shape, peak width
and baseline) were calculated by built-in functions which are described in Stark et al., 2015.
The first step was to select the reference mass spectrum that represents the steady-state of the
experiment well and has high enough signal. Within the reference mass spectrum, peak shape
and peak width function were determined. The peak shape was determined by using about
10-20 large peaks in the mass spectrum. Even though the reagent ion peak at mass per charge
ratio (m/z or Th) = 62 (NO3

– ) was the highest peak in the mass spectrum, it was excluded
because of its satellite peak in the front.
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Figure 2.10: Peak shape determined for j(O1D) experiment series. Selected peaks
are normalised to 1. The thick coloured lines show selected peaks and the black
thick line shows averaged peak shape of selected peaks. Grey area shows the Gaus-
sian graph and the area of peak shape was calculated to be 105.2 % of Gaussian

graph area.

Figure 2.10 shows a representative example of the peak shape determined from the 14 large
peaks. The coloured lines show the normalised peak shapes from different m/z and the black
line shows the average peak shape which was derived and applied in the peak fitting.

Figure 2.11 shows the full width at half maximum of the peaks in the mass spectrum as a
function of the mass to charge ratio (left) and the resolution function (right). The upper right
panel shows one example of the peaks used to determine the peak width function. Black dots
represent the lower bound of the full width at half maximum of all peaks. These peaks were
considered as single peaks and used to calculate the peak width function which is a red line.
Grey open circles are all other peaks which have a broader full width at half maximum. The
left panel in Figure 2.11 indicates a high possibility of multiple and overlapping peaks under a
unit mass resolution signal. The graph with the resolution function shows that our instrument
had a resolving power of 4000 Th/Th in the j(O1D) experiment series.

After the peak shape and the peak width function were determined, a post-measurement
mass calibration was carried out. The monomer, monomer water cluster, dimer, and trimer
of the NO3

– ion were used as mass calibrants. The mean residual error was less than 5 ppm.
A three-parameter fit (p1×mp3+p2) was applied to convert the time of flight base into a mass
base. Since the trimer reagent ion only covered masses up to 188 m/z, more peaks were added
as mass calibrants which had a high intensity and was clearly single peak with a known single
molecular formula.

29



Chapter 2. Experiments and Methods

Figure 2.11: Peak width function and resolution function determined for the
j(O1D) experiment series.

For the peak identification, the following procedure was performed. The target peak was
fitted by applying the previously determined peak shape and peak width function. If the target
peak was a single peak, this resulted in a very small residual (the difference between measured
peak and fitted peak). If a large residual remained in the peak fitting and the peak had a broad
full width at half maximum, one more peak was added for the fitting. This procedure was
repeated until the residual was reasonably small. Since the residuals will be always smaller
when more peaks are added, the number of peaks that were fitted to the target peak was kept
as small as possible. After the number of peaks that fitted the target peak was decided, possible
candidates for the peaks within "expected" atoms and their number of appearances were calcu-
lated. For example, C, O, N, H were selected in this study and a built-in program searched for
molecules with combinations of 0-20 for each atom. The molecular formula was determined
by minimising the difference between expected mass for the combinations and exact positions
of fitted peaks. The selection was accepted when the error was less than 15 ppm. The results
for each unit mass resolution signal were inspected visually and several more criteria were
deployed for the crosschecking of the peak identification;

1. Molecular formulae from similar experiments in the literature were taken into account.

2. The suggested molecular formula was supposed to be convertible to a chemically pos-
sible molecule. For example, the number of hydrogen should be equal or less than that
of a saturated hydrocarbon with the same carbon number (2n+2, n is the number of car-
bon atoms). In turn, the suggested molecular formulae should have more than mini-
mum hydrogen as well. If the candidate molecule showed a very small error but im-
possible molecular formula, it was excluded. In case of uncertain, molecular formulae
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were double checked with NIST chemistry webBook (https://webbook.nist.gov/
chemistry/form-ser/)

3. Expected isotope patterns for the proposed molecular formulae were inspected as well,
especially the 13C isotope. Stable carbon isotopes are made to 98.9 % of 12C and 1.1 % 13C.
For example, for a C10 molecule at mass per charge M, about 11 % of C10 signal should
appear at M+1 Th. The built-in peak identification function showed directly the 13C iso-
tope signal at the next integer mass. Therefore, if the isotope satellite of the candidate
molecule was bigger than the observed signal, the candidate molecule was excluded.

4. Experimental changes (like turning on the UVC light to start photochemistry or adding
NOx) were considered as well in the peak identification process. This was especially
helpful for assigning odd integer masses in the NOx experiment series since odd masses
can be originated from either organic nitrate or from peroxy radicals.

Figure 2.12 shows mass peaks at molecular mass 277 Da from NOx experiment series.
Panel A shows the background NOx concentration of 0.3 ppb and panel B shows the
same peak at the NOx concentration of 8.7 ppb.

Figure 2.12: Comparison of peak identification at molecular mass 277 Da in the
NOx experiment. The concentration of NOx was 0.3 ppb (A) and 8.7 ppb (B). The
red line shows the measured mass spectrum and the grey lines show each indi-
vidual peak. The green line shows the isotope signal from previous integer mass
and the blue line is the sum of the signal from individual peaks and isotope signal

(Grey and Green). Signals were normalised to the sum of all ions.

Assuming a resolving power of 4000 Th/Th, full resolution at 277 Da was achieved when
the mass difference of the two peaks was bigger than 0.07 Th.

However, the mass difference between the C10H15NO8 and the C10H13O9 was only 0.0238
Th, therefore the separation was insufficient. The inspection of the time series of each
peak helped at this point. Organic nitrate peaks increased dramatically under the ad-
dition of NOx, whereas the changes in peroxy radicals were less strong. The different
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Chapter 2. Experiments and Methods

temporal behaviour of the organic nitrate and the peroxy radical reduced the uncertainty
in the peak identification.

2.3.2 CIMS analyzer

Tofware is a useful tool for high resolution analysis. Tofware helps to assign molecular for-
mulae, perform peak fitting, and generate time series of the intensity under the each assigned
peak. In addition, it is a valuable tool to obtain a (averaged) mass spectra in the steady-state
period of interest. Tofware offers functions as well to filter peaks by certain criteria such as
mass to charge ratio range or carbon numbers or oxygen to carbon ratio. However, there are
limitations for the handling of the data, especially a classification of molecules according to
more complex criteria, e.g., the chemical origin or chemical functionality such as whether the
products arising from peroxy peroxy reactions (HOM-PP), from peroxy NO reactions (organic
nitrates, HOM-ON), or peroxy radicals (HOM-RO2) themselves. There is a function to select
species and save them as a group in Tofware but selection must be done by hand which is a
time consuming task. This is cumbersome if long experiment series provide a large amount of
data and a large number of molecules and molecule classes of interest.

To have better and specific data handling, a program called CIMS analyzer was developed
in our group. The program is based on Igor Pro (7.08) (Wavemetrics). Details will be described
in the appendix B. Using the CIMS analyzer program made the data handling easy, less time
consuming, and less susceptible to errors, especially in obtaining normalised signals or mass
weighted signals for all species. The CIMS analyzer was extensively used to generate all the
normalised data and mass weighted data shown in this thesis.

2.3.3 Families and markers

Even though mass spectrometry cannot provide the exact structure of the molecule, it can pro-
vide the chemical formula of a compound. As α-pinene undergoes oxidation, products with
the typical formulae of type CxHyOz would be formed. Analysis and classification of molecules
according to x, y, z can provide important mechanistic information. For example, the number
of carbon x in α-pinene equals 10. However, if the molecule with x < 10 was observed, it must
have undergone a fragmentation process. In addition, if the molecule is fragmented, the num-
ber x gives a rough idea which part of molecule went through bond scission (central, if x is C5

or C6 or terminal, if x is C8 or C9).
The number of hydrogen (y) can give the information about the reaction which terminanted

the autoxidation process. This is useful information especially for C10 α-pinene oxidation prod-
ucts. The hydrogen number of the fragmented molecules are more complicated since the struc-
tures of the fragmented molecules are less known than those of C10 molecules. Therefore, only
C10 monomers and C20 accretion products will be treated in this thesis. Depending on the
reaction pathway, the number of hydrogen in radicals can be either 15 or 17. Ozonolysis of
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α-pinene gives H15 peroxy radicals and OH addition reaction gives H17 peroxy radicals as first
generation peroxy radicals. In case of a second OH attack by H-abstraction on closed shell ox-
idation products (such as pinonaldehyde), peroxy radicals with 15 H-atoms can be produced
as well in the OH oxidation. This allows for separation of the first and the higher generation
contributions in the photooxidation of α-pinene.

The number of oxygen (z) provides a hint whether an alkoxy radical formation is possibly
involved in the formation mechanism of the peroxy radicals. This is because autoxidation adds
2 oxygen atoms to the molecule which does not change the parity of oxygen number while
involving the formation of one alkoxy radical changes the parity of oxygen number. In other
words, if there is only straight autoxidation during the formation mechanism of the compound,
the parity of the oxygen number will be the same as in the starting peroxy radical. There is a
possibility that the formation of two alkoxy radicals is involved which would set back parity
of oxygen. However, this will not be considered in this work since the possibility is low.

Analysis of closed shell products is complicated. e.g., the C10H15Oz peroxy radical can lose
one oxygen and one hydrogen atom which results in a carbonyl group as termination func-
tionality with the chemical formula of C10H14Oz-1. In the disproportionation reactions, the per-
oxy radicals can yield hydroxyl groups which results in molecular formulae of the C10H16Oz-1

(R1.2.8). When C10H15Oz peroxy radicals react with HO2, hydroperoxides with chemical for-
mulas of C10H16Oz are produced. In the photochemical system, the first generation peroxy
radicals are C10H17O3. Such radicals can undergo autoxidation which results in peroxy radicals
with the chemical formula of C10H17Oz. These radicals will produce C10H16Oz-1 as carbonyl
compounds, C10H18Oz-1 as alcohols and C10H18Oz as hydroperoxides. The mixture of the dif-
ferent termination products with the same molecular formulae introduces complexity in the
analysis. Despite of the complexity, some systematic information can be derived from the anal-
ysis.

The entire framework of the α-pinene oxidation by ozonolysis and OH oxidation which
classifies of the data in this work is shown below.(Fig 2.13)

Based on the x, y, z numbers, classification and division into the different families by the
given chemical formula is possible. This was already shown by Molteni et al., 2019 who classi-
fied α-pinene ozonolysis C10 compounds into 10 classes (Figure 2.14).

The number of carbon atoms in the compounds will be used to investigate the fragmenta-
tion of α-pinene (oxidation products) in this thesis. An increasing fragmentation can be a clue
for the increase of the formation of alkoxy radicals. The number of hydrogen of the compounds
will be discussed to see the importance of the different termination reactions. Finally, the num-
ber of oxygen will be considered to see the number of autoxidation steps and the involvement
of alkoxy-peroxy pathway.

For the analysis, "Family" is defined here as a group of compounds that have the same
number of carbon and hydrogen with a different number of oxygen. The grouping and the
classification is a useful tool. However, the information from the different oxygen number is
lost since it shows only the averaged behaviour of the compounds in the same family. The
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OH 

C10H17O3          C10H17O5          C10H17O7          C10H17O9          C10H17O11          C10H17O13 

C10H17O2          C10H17O4          C10H17O6          C10H17O8          C10H17O10          C10H17O12 

C10H16O2      C10H18O3 

C10H14O3      C10H16O4 

C10H14O2      C10H16O3 

C10H16O4       C10H18O5 C10H16O6       C10H18O7 C10H16O8       C10H18O9 C10H16O10     C10H18O11 C10H16O12      C10H18O13 

C10H16O       C10H18O2 

C10H17NO4  C10H17NO6  C10H17NO8  C10H17NO10  C10H17NO12  C10H17NO14 

C10H16O3       C10H18O4 C10H16O5       C10H18O6 C10H16O7       C10H18O8 C10H16O9      C10H18O10 C10H16O11     C10H18O12 

C10H17NO3  C10H17NO5  C10H17NO7  C10H17NO9  C10H17NO11  C10H17NO13  

Alkoxy 

From second OH attack 

C10H15O4             C10H15O6             C10H15O8             C10H15O10             C10H15O12     
(acyl) 

C10H15O3             C10H15O5             C10H15O7             C10H15O9             C10H15O11     

C10H14O3 C10H15NO6 

NO2 

C10H14O5 C10H15NO7 C10H14O7 C10H15NO9 C10H14O9 C10H15NO11 C10H14O11 C10H15NO13 

C10H14O2 C10H15NO4 C10H14O4 C10H15NO6 C10H14O6 C10H15NO8 C10H14O8 C10H15NO10 C10H14O10 C10H15NO12 

ketone hydroperoxide alcohol Organic nitrate 

O3 
C10H15O4             C10H15O6             C10H15O8             C10H15O10             C10H15O12     

C10H15O3             C10H15O5             C10H15O7             C10H15O9             C10H15O11     

C10H14O5      C10H16O6 C10H14O7      C10H16O8 C10H14O9      C10H16O10 C10H14O11      C10H16O12 

C10H15NO5  C10H15NO7  C10H15NO9 C10H15NO11  C10H15NO13  

C10H15NO4  

C10H14O4      C10H16O5 C10H14O6      C10H16O7 C10H14O8      C10H16O9 C10H14O10      C10H16O11 

C10H15NO6  C10H15NO8 C10H15NO10  C10H15NO12  

Figure 2.13: The map of the α-pinene oxidation by the OH radical and O3. The
upper part shows the oxidation of α-pinene by the OH radical and the lower part
shows the ozonolysis. Peroxy radicals, reaction pathways, and resulting prod-
ucts are shown. The C10H15O4 peroxy radical in the beginning of the ozonolysis
is formed via VHP. Autoxidation goes from the left to the right and increases the
oxygen number by two. Dashed lined arrow indicates the alkoxy radical involv-
ing path. The black arrow pathways produce carbonyl termination products, while
blue arrows pathways produce hydroperoxides. The green and red arrows path-
way produce alcohols and organic nitrates, respectively. In this way, the potential
origin of an observed compound can be tracked and possible information on the

formation mechanism can be achieved.

mass spectra show a limited number of analyte peaks that constitute a dominant portion of
total signal in the steady-state. For example, the peak of C10H16O7 is the dominant peak in
the mass spectra of α-pinene photooxidation. As a consequence, the C10H16O7 as a major com-
pound points out the specific tendency of its family (C10H16Oz). However, not all C10H16Oz

family members behave the same way as C10H16O7. Therefore, the behaviour of individual
compounds needs to be investigated as well. This is why the marker analysis beyond family
analysis is needed for better understanding of oxidation mechanism. Here, the "Marker anal-
ysis" is defined as an investigation of individual compounds in each family with focus on the
major compound(s) in each family. This will allow us to derive mechanistic information of
HOM formation on molecular level in addition to the understanding of the major flows in the
formation mechanisms.
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Figure 2.14: Classification of products from α-pinene(AP) ozonolysis. Adapted
from Molteni et al., 2019.

2.3.4 Kendrick mass defect plot

A mass defect is defined as a difference between the integer mass and the exact mass of a
compound. A mass defect can be either positive or negative depending on the atoms in the
compounds. Mass defect is a key feature for a high resolution mass analysis and it can be very
useful.

A Kendrick mass is defined by setting the mass of a certain molecular unit to an integer
value (typically, setting -CH2- to 14.000 Da). The purpose of the Kendrick mass is to help the
visualisation of the data by aligning compounds that have the same Kendrick mass defect in a
collinear manner. In the case of CH2 unit, Kendrick mass is defined as follows.

Kendrikmass = IUPACmass× 14.00000

14.01565
(2.3.1)

The unit of CH2 is used mostly in the petroleomics. The CO2, H2, or O-atom can be used
as a Kendrick mass base as well. The Kendrick mass defect is the difference between integer
mass and Kendrick exact mass. In Kendrick mass analysis, the Kendrick mass defect is plotted
against Kendrick mass. The O-atom was used in this work because the number of O-atoms is
a key parameter to elucidate the mechanisms of HOM formation. The Kendrick plot adds one
dimension to the mass spectra and make it easier to recognise series of compound groups. The
following figure shows an example of the Kendrick mass defect plot.
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Figure 2.15: An example of the Kendrick mass defect plot for α-pinene photoox-
idation. The x-axis shows Kendrick mass and the y-axis shows Kendrick mass
defect. Reagent ions were not considered in the calculation. The O-atom was used

as a unit. Color code represents the O:C ratio of the compounds.

Figure 2.15 shows the Kendrick mass defect plot for the α-pinene photooxidation. Each
dot represents one compound. The Kendrick mass defect of each compound is plotted against
Kendrick mass (base unit: oxygen). In low Kendrick mass range (160-210 Da), monomers with
carbon numbers less than 10 are located. As colour code of monomer range shows, monomers
have higher oxidation degree than accretion products. A vertical line in monomer range shows
a pattern of C10HyO6 monomers with different H-atoms. On the other hand, compounds with
the same carbon and hydrogen number and only different oxygen number are located on the
same horizontal lines as shown in the series of C20H32O8-18. This is because the base unit is oxy-
gen which makes only integer difference in the Kendrick mass defect for the compounds in the
same family. Accretion products with the high carbon and hydrogen numbers with relatively
low O:C ratio are located in higher Kendrick mass range (350 Da-580 Da). Since hydrogen has
a large positive mass defect and oxygen has a small negative mass defect, accretion products
which have a low degree of oxidation show a large positive Kendrick mass defect. As one can
see, Kendrick mass defect plots are a very helpful visualisation tool to find certain series of
compounds or to investigate chemical properties of compounds. Therefore, the Kendrick mass
defect plot will be used in this thesis for analysis.
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2.4 Corrections and assumptions

2.4.1 Corrections for turnover and particle surface in NOx experiments

In this section, the correction factors used in Chapter 4 will be described.
The presence or absence of the NOx in the system controls the OH radical concentration by

following reactions (Finlayson-Pitts and Pitts Jr, 1999).

HO2 + NO −−→ OH + NO2 R2.4.19

OH + NO2 −−→ HNO3 R2.4.20

A lower or a higher OH radical concentrations affect the turnover which is here defined
as the product of the reaction coefficient (α-pinene + OH), the α-pinene concentration and
the OH radical concentration (kOH ·[OH]·[α-pinene]). The turnover determines the production
rate of RO2, thus the HOM production rate. In HOM experiments sometime new particle
formation driven by HOM cannot be avoided. Besides regulating OH radical concentration,
NOx suppresses a new particle formation (Wildt et al., 2014) which can cause a reduction of
loss of HOM to particles with increasing NOx concentration. Both effects have an impact on
the HOM concentration in the gas phase and make the evaluation of the changes in HOM
chemistry induced by NOx itself difficult. Therefore, the corrections for both effects are needed
for the comparisons of chemistry at different NOx concentrations. The correction for the impact
of NOx on the OH radical concentration was derived by measuring the relation between HOM
concentration and turnover. The OH concentration and therewith the turnover was changed
by varying the photolysis rate of O3, j(O1D) (The same set of experiments was used in Chapter
3 to investigate the dependency of HOM on OH radical concentrations).

Figure 2.16 shows the power-law plot of the HOM concentration (c(HOM)) and the turnover
of the α-pinene by the OH radicals. A non-linear dependence of ln(c(HOM)) on ln(turnover)
was observed. The main reason is the contribution to HOM by ozonolysis of α-pinene. There-
fore, only the data obtained at turnover higher than 4.1 × 107 cm-3 s-1 (ln(turnover) > 17.5)
were selected to minimise the influence of the ozonolysis. In this range, the turnover by the
OH radicals was an order of magnitude higher than the turnover by the ozone (In all the NOx
experiments, the oxidation by the OH radicals was dominant). Fitting to the power-law plot
gave a slope of 1.47 ± 0.07. Using this slope, a normalisation to the turnover of HOM at zero
NOx was achieved by the following equation.

CR(HOM) =
Tnv1.47

R

Tnv1.47
M

· CM(HOM) (2.4.1)

CR(HOM) is the HOM concentration at the reference turnover TnvR whileCM(HOM) is the
HOM concentration at the actually measured turnover TnvM. The correction factor is given by
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Figure 2.16: Plot of the ln(C(HOM)) versus ln(turnover). Open circles shows
where the oxidation of α-pinene by ozonolysis was significant compared to the
oxidation by OH radical. Here, only filled circles were used where the turnover by
OH oxidation was dominant. The fitting to the power law gave a slope of 1.47 ±

0.07. Adapted from Pullinen et al., 2020.

the ratio of the reference turnover to the actual measured turnover to the power of 1.47: Tnv1.47R

Tnv1.47M
.

The correction factor varied by less than 30 % within the NOx experiment series.
For the correction of the HOM loss onto newly formed particles, a normalisation of the

HOM concentration to particle-free condition was performed. The method is similar to the
methods to determine the effective uptake coefficients of HOM (Pullinen et al., 2020) and the
wall loss of HOM (Sarrafzadeh et al., 2016). C(HOM) is determined by its production rate
(P (HOM)) and the first-order loss rate (L(HOM)).

C(HOM) =
P (HOM)

L(HOM)
(2.4.2)

When there are no particles in the system, the total loss rate L(HOM) is solely determined
by the loss to the walls Lw(HOM). However, in the presence of particles, loss of HOM is
determined by a loss to the wall and by loss to the particles (Lw(HOM)+Lp(HOM)). When the
production rate of HOM is constant, the ratio of the HOM concentrations in the absence and in
the presence of particles is proportional to the inverse of the ratio of their loss rates.

C(HOM)0

C(HOM)
=
Lw(HOM) + Lp(HOM))

Lw(HOM)
(2.4.3)

In equation 2.4.3, the C(HOM)0 is the HOM concentration at the particle-free conditions
and the C(HOM) is the HOM concentration in the presence of particles. Since signal and
concentration is proportional, the following equation can be derived.
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S(HOM)0

S(HOM)
=
C(HOM)0

C(HOM)
=
Lw(HOM) + Lp(HOM))

Lw(HOM)
(2.4.4)

In equation 2.4.4, the S(HOM)0 is the measured signal of HOM in the absence of parti-
cles and S(HOM) is the HOM signal when there are particles present. Lw(HOM) could be
determined from the loss of HOM after stopping a HOM production, the Lp(HOM) can be
calculated by the equation 2.4.4. Once knowing the Lw(HOM) and the Lp(HOM) as a function
of particle surface, the C(HOM)0 can be extrapolated from measured C(HOM) during in any
other experiment by applying the correction factor Lw(HOM)+Lp(HOM))

Lw(HOM)
.

The corrected HOM signal is achieved by multiplying the two correction factors.

S(HOM)0 = SM(HOM) · Lw(HOM) + Lp(HOM))

Lw(HOM)
· Tnv

1.47
R

Tnv1.47
M

(2.4.5)

This correction was applied in Chapter 4 to compare the effects of NOx itself under various
NOx conditions after removing the OH effect and particle sink effect.

2.4.2 Assumptions

There are a few assumptions that need to be clarified for a better understanding of the ap-
proaches and methodology in this study. Firstly, the HOM with six or more oxygen atoms
in the molecules are detected with the same sensitivity by NO3

– CIMS (Hyttinen et al., 2017;
Riva et al., 2019). In this way, the semi-quantitative comparisons of mass spectral information
can be conducted. Secondly, it is assumed that HOM-RO2 react in a similar way as classical,
less oxygenated RO2. In addition, the mechanisms in the master chemical mechanism (MCMv
v3.3.1.) was adopted for conclusions based on chemical analogy for the unknown HOM chem-
istry. These assumptions gave a possibility to predict which type of HOM closed-shell products
can be expected. Thirdly, the "disproportionation" reaction of a RO2 with another peroxy radi-
cals (R1.2.8) is anticipated to produce alcohol and carbonyl compounds with equal probability,
even though there might be a structural preference (for example, a peroxy radical which does
not have an H-atom to be abstracted will prefer become alcohol). 50/50 chance for the alcohols
and carbonyls are statistically likely if RO2 of all kinds are involved. Finally, It is assumed that
the accretion product formation (R1.2.9) involves a pre-stabilised cluster of two RO2 in a coarse
analogy to the Lindemann-Hinshelwood mechanism which describe an unimolecular reaction
by two elementary steps (Steinfeld, Francisco, and Hase, 1999).
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Chapter 3

Photochemical oxidation of α-pinene:
Dependency on OH concentration and
effect of CO and small peroxy radicals

In this chapter, results from the different α-pinene photochemical systems will be investigated.
Time traces for HOM moonmers and accretion products were shown in Figure 2.2. Two hy-
potheses are pursed : HOM are (majorly) formed from α-pinene oxidation products and alkoxy
radicals play a role in HOM formation.

In all experiment sets, contributions by ozonolysis of α-pinene were observed. Therefore,
the mass spectra of α-pinene ozonolysis experiments will be discussed before focusing on the
effects of an increasing OH concentration. In addition, the effect of CO and small peroxy rad-
icals from isoprene on photochemical HOM formation by α-pinene will be discussed in two
chapters.

3.1 Ozonolysis of α-pinene

Since OH radicals were produced by O3 photolysis in our experiments, there will be a (varying)
contribution of ozonolysis in all experiments. α-pinene can form HOM via ozonolysis: in
the first step Criegee Intermediates (CI) are formed. One important pathway of CI is to form
vinylhydroperoxides that decompose to peroxy radicals with aldehyde functionality (Johnson
and Marston, 2008). These peroxy radicals undergo several internal H-shifts followed by O2

addition (autoxidation, Mentel et al., 2015). In this section, mass spectra taken during α-pinene
ozonolysis and major ozonolysis products will be introduced. In addition, the signal of the
most abundant products and their precursors will be discussed in order to suggest formation
mechanisms of the compounds.
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effect of CO and small peroxy radicals

Figure 3.1: Typical mass spectrum of α-pinene ozonolysis. The x-axis shows mass
to charge ratio (m/z) and the y-axis shows the signal normalised to the total ion
signal. The m/z shown is including the nitrate ion (NO3

– ). Compounds with
relatively high signal are shown.

3.1.1 Mass spectrum of α-pinene ozonolysis

Figure 3.1 shows a mass spectrum during steady state in an α-pinene ozonolysis experiment.
The x-axis shows the mass to charge ratio and the y-axis shows the normalised signal of de-
tected compounds. Most of the identified compounds were detected as clusters with a nitrate
ion (NO3

– ). One can clearly recognise the region of monomers which is dominated by C10

compounds and the region of accretion products which comprises C19 and C20 compounds.
The most abundant molecules have the sum formula C10H14O7 which is likely carbonyl

compounds. They are termination products arising from the reaction R1.2.8. Their mother per-
oxy radical is C10H15O8 which appeared to be the most abundant peroxy radicals in the mass
spectra. The even number of oxygen in the C10H15O8 can be rationalised by the fact that the
first peroxy radical in α-pinene ozonolysis is C10H15O4 which has an even number of oxygen.
This radical can undergo two steps of autoxidation adding two more molecular oxygen and
become C10H15O8. It is noteworthy that the expected alcohol product from the disproportiona-
tion reaction R1.2.8, C10H16O7, was found in large concentrations. One would expect a similar
signal of C10H14O7 and C10H16O7 in the disproportionation reaction of C10H15O8 with all other
RO2 if the chances to form alcohol C10H16O7 or carbonyl C10H14O7 are similar for both reaction
partners. Therefore, it is a question why C10H16O7 showed relatively lower concentration than
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C10H14O7. One possibility could be that carbonyl formation is preferred because of a specific
structure of the C10H15O8 peroxy radicals.

The second highest set of peroxy radicals and their termination products from the reaction
R1.2.8 are C10H15O10, C10H14O9 and C10H16O9. Here, the ratios of carbonyl compound and
alcohol are almost equal. C10H16O9 had a somewhat higher signal. This is possibly because
C10H16O9 could be originated from the C10H15O9 peroxy radicals by reaction with HO2 radicals
as well.

In case of accretion products, a clear progression pattern was observed. The highest signal
in each progression came from the C19H28Oz family. This family can be formed from the com-
bination of two peroxy radicals such as C10H15Ox and C9H13Oy (with z=x+y-2). The other fam-
ilies which had large signals were the C20H30Oz family and the C20H32Oz family. The C20H30Oz

family can be formed from two C10H15Ox,y peroxy radicals and the C20H32Oz family can be
formed from the combination of the C10H15Ox and C10H17Ox peroxy radical families. Peroxy
radicals with a lower degree of oxidation were likely participating in the process of forming
accretion products. This is supported by the lower O:C ratio of accretion products compared
to monomers, even after considering the loss of two O-atoms in the formation process.

3.1.2 Comparison of mass spectra of α-pinene ozonolysis in different ex-

periments

The experiment protocols always included an ozonolysis phase in the photooxidation experi-
ments. The reproducibility of the ozonolysis contribution was confirmed for different experi-
ments and examples of mass spectra are shown in Figure 3.2.

Experiments were performed at different α-pinene and ozone concentrations, which means
they had different α-pinene turnovers. Therefore, the relative intensity of individual peaks in
the mass spectra varied somewhat. For example, the relative intensity of C10H14O9 at 340 Th
and C10H16O9 at 342 Th compared to C10H14O7 at 308 Th was dissimilar in the NOx experiment
and in the j(O1D) experiment (the ratio of C10H14O9 / C10H16O9 was 0.95 in j(O1D) experiment
and 0.85 in NOx experiment). Additionally, the relative importance of C10H15O8 at 325 Th
varied (the ratio of C10H15O8/C10H14O7 was 0.625 in j(O1D) experiment and 0.25 in NOx ex-
periment). Despite these variations, it is concluded that the resulting product pattern was the
same throughout all experiment series.

3.2 Photochemical oxidation of α-pinene: Dependency on OH

concentration

Unlike O3, the OH radical can attack α-pinene molecules by addition to the double bond and by
H-abstraction. Moreover, OH attack can happen multiple times. Pullinen, 2016 investigated the
effect of the OH concentration and product pattern on unit mass resolution level under aspects
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Figure 3.2: Comparison of mass spectra observed during α-pinene ozonolysis
phases. Three lower mass spectra (red, blue and black) are from the ozonolysis
phase of different "j(O1D)" experiments. The green mass spectrum is from the
"CO experiment" (without CO). The yellow mass spectrum is from "α-pinene +
isoprene" experiment series. This spectrum was taken before isoprene injection
and OH production. Finally, the most upper mass spectrum in turquoise is from
"α-pinene + NOx" series. It was taken before NOx injection and OH production.
Because 15NO3

– was used as a reagent ion in the NOx experiments, the mass spec-
trum was shifted by 0.99704 Th to lower m/z for the direct comparison.

of the competition of autoxidation and sequential OH addition. It was shown that autoxidation
has more importance than sequential OH addition because the relative intensity of different
oxygenated compounds was not inclined to a higher oxidation state with higher OH radical
concentration. Here, the analysis will be extended to high resolution and the systematic effect
of the OH concentration on the product distribution will be investigated.

As it was explained in Chapter 2, the OH concentration was controlled by varying the gap
between two UV absorbing glasses shielding the TUV lamp. That means the bigger the gap,
the higher was the O3 photolysis frequency (j(O1D)) and the OH production. Figure 3.3 shows
the mass spectra observed at steady state conditions with an increasing TUV gap, thus increas-
ing OH concentration and α-pinene turnover. Because the peak at 310 Th was the highest
peak compared to other peaks, it is clipped here for easier comparison of other peaks, with
the intensity of peak at 310 Th given by number. At the lowest OH concentration (6.7 × 106
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molecules cm-3), the fewest HOM were observed. When the OH concentration reached 2.32 ×
107 molecules cm-3, the mass spectra started to look similar: there was one major peak at 310
Th (C10H16O7 as nitrate ion cluster) and sequences of additional peaks with a difference of 16
Th with increasing m/z.

Figure 3.3: Mass spectra observed at different OH concentrations in "j(O1D)" ex-
periment. The mass spectra was averaged over 30-60 minutes for steady state pe-
riods. The y-axis shows signal normalised to the total ion signal and the x-axis
shows mass per charge ratio, including the reagent ion. On the right upper corner
of each mass spectrum, TUV gap and OH radical concentration during steady state
are given. Note that highest peak at 310 Th is cut off. The normalised signal of

C10H16O7 is written next to the peak.

In the monomer range (250 Th to 400 Th), the pattern of the mass spectra did not change
much. There is no evidence of a higher degree of oxidation of termination products caused by
higher OH concentrations.

However, the small relative changes between peaks were observed, e.g. notable for the
two peaks at m/z 324 Th and 326 Th with the molecular formulas C10H14O8 and C10H16O8. At
the lowest OH concentration, which is shown in red in Figure 3.3, the intensity of C10H14O8

at 324 Th was slightly higher than that of C10H16O8 at 326 Th. However, as OH concentration
was increasing, the concentration of C10H16O8 started to grow and surpass the concentration
of C10H14O8. Another example of change can be seen for the signal at 295 Th which increased
with OH. This peak has an odd mass per charge ratio which indicates that it arises from peroxy
radicals. The high resolution peak analysis showed that the peak at 295 Th had overlapping
contributions by C8H9O8 and C9H13O7, both peroxy radicals and that there was a negligible
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contribution by the C10H17O6 peroxy radical. The increase of C8H9O8 and C9H13O7 peroxy
radicals with increasing OH concentration indicates already in the mass spectra an increasing
importance of alkoxy radicals and their fragmentation according to the reaction R1.2.10. The
increase of fragmentation will be discussed in the next section.

In the accretion product range (450 Th - 600 Th), there were almost no differences except
for the mass spectrum at the lowest OH concentration. At low OH concentration, there were
fewer accretion products because there were less RO2 radicals available for accretion products.
For the same reason, there were less monomers in the mass spectrum at the lowest OH con-
centration Despite of minor changes, termination product patterns in the mass spectra look
very similar for different OH concentrations. Moreover, there was no distinct evidence of any
stronger oxidation degree because of the increase of multiple OH reactions of α-pinene.

3.2.1 Effect of increasing turnover on the concentration of sum of HOM,

monomers and accretion products

The increase of steady state OH concentrations lead to increasing α-pinene consumption and
increasing turnover. Turnover will be used in this analysis because turnover indicates how
many peroxy radicals were produced from α-pinene and OH radical reaction. In the following,
the observed changes in the concentration of HOM as a function of the turnover will be shown
and discussed.

Figure 3.4 shows the normalised signals for the sum of HOM, HOM monomers, and HOM
accretion products on a logarithmic scale as a function of turnover. At turnovers higher than 4
× 107 cm-3 s-1 more than 90% of the α-pinene is consumed by OH radicals, i.e. in this range the
contributions by ozonolysis became negligible. The monomer concentration increased strongly
with turnover in a non-linear fashion. The non-linear increase with turnover supports the hy-
pothesis that OH attack on oxidation products like pinonaldehyde contributes to HOM for-
mation. Increasing concentration of peroxy radicals with increasing turnover escalates termi-
nation reactions between two RO2, R1.2.8. However, not all families increased in a similar
manner.

Accretion products increased non-linearly with turnover as well in the beginning. At turnover
higher than 5.75 × 107 cm-3 s-1, new particle formation was observed. The saturation of accre-
tion products at high turnover can thus possibly be explained by new particle formation aided
by accretion products. The specific role of accretion products in new particle formation was
also observed in other studies (Schobesberger et al., 2013; Riccobono et al., 2014; Bianchi et al.,
2016; Tröstl et al., 2016; Kirkby et al., 2016).

Figure 3.5 analyses the sum of monomers as a function of the turnover. Monomers were di-
vided into two different groups. One group comprised monomers with ten carbon atoms, the
other groups comprised of monomers with five to nine carbon atoms resulting from fragmen-
tation processes. Fragmented monomers can be formed via alkoxy radicals from the reaction
between two peroxy radicals (R1.2.10). Both C10 monomers and C5-9 monomers increased with
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Figure 3.4: The sum of HOM, monomers, and accretion products as a function of
turnover. The signals were normalised to total ion counts. As turnover increased,
the sum of HOM, monomers increased in nonlinear manner and accretion products

showed saturation at high turnovers.

turnover. At the highest turnovers (> 5× 107 cm-3 s-1) where OH was the major oxidant (>90 %),
the slope of increase was steeper for fragmented monomers (7.7× 10-11) than for C10 monomers
(5.7 × 10-11). This can be explained by the increased importance of alkoxy radicals formed by
reaction R1.2.10.

As for monomers, also a non-linear increase of accretion products with increasing turnover
was observed as shown in Figure 3.6. Unlike monomers, the concentration of accretion prod-
ucts showed a saturation effect at high turnovers. Especially C20 accretion products strongly
saturated in the graph. The effect is less expressed for C11-19 accretion products. There could
be two reasons why C20 and C11-19 accretion products showed different behaviour. One reason
is an increase of smaller peroxy radicals as turnover increased, because of the fragmentation
processes via alkoxy radicals. Smaller peroxy radicals formed smaller accretion products with
less than 20 carbon atoms in the molecule. As a consequence, a higher formation of smaller ac-
cretion products made the curve less bent. Another reason could be that the smaller accretion
products with less than 20 carbons have higher vapour pressure than C20 accretion products.
That means the loss of smaller accretion products by new particle formation is smaller than
that of C20 accretion products. In short, despite of possible condensation on the newly formed
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Figure 3.5: The sum of monomers vs turnover. Signals were normalised to total
ion counts. Blue filled circles represent the sum of all monomers. Light blue open
circles show the sum signal of fragmented monomers that have 5-9 carbon atoms.

Blue open circles show monomers with 10 carbon atoms.

particle, smaller accretion products showed increased signal or milder bend over than C20 ac-
cretion products, because of stronger production from the increased concentration of smaller
peroxy radicals and diminished loss than C20 accretion products.

3.2.2 Changes of families with increasing turnover

In this chapter, the effect of increasing OH concentrations and turnover on the C10 and C20

families will be described.
As explained in Chapter 2, families refer to molecules with same number of carbon-, hydro-

gen atoms but different number of oxygen atoms: in the molecular formula CxHyOz, members
of same family have same x, y but different z. In the C10 group, there were five families, namely
C10H14Oz, C10H15Oz, C10H16Oz, C10H17Oz and, C10H18Oz. The intensities of the signals of differ-
ent families will be compared to deduce origin and formation mechanism of each family.

Expected behaviour of each family with increasing OH concentration, thus increasing turnover,
will be analysed considering the peroxy radical chemistry as implemented in the chemical mas-
ter mechanism (MCM v3.3.1) and HO2 and RO2 concentrations predicted by box model calcu-
lations. I.e. the chemistry of HOM formation will be compared to expectations from classical
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Figure 3.6: The sum of the signal of accretion products normalised to total ion
counts vs turnover. Red filled circles represent the sum of all accretion products.
Pink open circles show sum signal of accretion products with less than 20 carbons
in the molecule(C11-19). Red open circles show accretion products that had 20 car-

bons in the molecule.

peroxy chemistry. The box model calculations were performed applying MCM v3.3.1 under
the boundary conditions of the JPAC chamber and prediction of O3, OH, α-pinene, and NOX

within the experimental errors (box model calculations were provided by S.Proff). HO2 and
RO2 concentrations are shown in Figure 3.7.

Figure 3.7 shows the calculated RO2 (grey hashtag) and HO2 (green star) concentration as a
function of turnover. As turnover increased, both RO2 and HO2 increased. The concentration
of RO2 was two orders of magnitude higher than HO2 as can be seen in the ratio of HO2 and
RO2 (blue filled circles). Since the degree of increase in [HO2] was higher than that of [RO2],
the ratio HO2/RO2 increased as a function of turnover.

Figure 3.8 shows groups of RO2 predicted by model calculation based on MCM v3.3.1.
C10H17O3 (light green circles) which are the primary peroxy radicals from α-pinene OH oxi-
dation increased linearly as turnover increased. On the other hand, C10H15O4 peroxy radicals
from Criegee Intermediates (CI) in α-pinene ozonolysis (red triangles) show a decrease with
increasing turnover. The concentration of C10H15O4 peroxy radicals that are formed in the
second attack of oxidation products show an increase in non-linear manner. Autoxidation of
C10H15O4 will lead to a family of peroxy radicals with formula C10H15Oz=even. In reaction with
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Figure 3.7: HO2 radicals and RO2 radicals concentration simulated by a box
model. Green stars represent HO2 radical concentration multiplied 40 to be on the
same scale with RO2 radicals. Grey hashtag symbols represent the concentration
of RO2 radicals. Both RO2 and HO2 multiplied by 40 can be read on the left y-axis.
Blue filled circles show the ratio of HO2 and RO2 radicals which can be read on the

right y-axis.

other peroxy radicals, C10H15Oz peroxy radicals can produce C10H14Oz-1 which is attributed
to carbonyl compounds such as ketones and aldehydes and C10H16Oz-1 which is attributed to
alcohols (reaction R1.2.8). C10H15Oz-1 peroxy radicals can also produce C10H16Oz by reaction
with HO2 (R1.2.7) which is attributed to hydroperoxides.

As a result, the detected signals of C10H15Oz, C10H14Oz-1, and C10H16Oz-1 are anticipated
to be high during ozonolysis. In general, HO2 is low in dark ozonolyis experiments (Figure
3.7) and not much contribution to the formation of the C10H16Oz family is expected. The OH
concentration during dark ozonolysis of α-pinene will not be zero, because of "dark OH" which
is produced from CI as well. C10H17Oz=3 peroxy radicals are the primary peroxy radicals from
the oxidation of α-pinene by OH (Figure 3.8) and C10H17Oz is the according family arising from
autoxidation. During ozonolysis, C10H17Oz and the termination products from the reaction
with HO2 C10H18Oz are expected to show low signals compared to C10H15Oz peroxy radicals
and their termination products. Since C10H15Oz are expected to be the major peroxy radicals,
the C20H30Op family is anticipated to form the major accretion products. In addition, there
can be a small amounts of C20H32Op from the reactions between C10H15Oz peroxy radicals and
C10H17Oq peroxy radicals (p = z + q - 2).
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Figure 3.8: The modeled concentration of C10H17O3 (light green circles), the
primary peroxy radical of α-pinene and OH, and C10H15O4, the peroxy radical
from ozonolysis (red triangles) and secondary OH attack of oxidation product like
pinonaldehyde (green upside down triangle) and sum of C10H15O4 (olive green
hourglass) as a function of turnover. The left y-axis represents the concentration of
C10H17O3 peroxy radicals and the right y-axis represents C10H15O4 peroxy radicals

from different sources.

However, in the photooxidation phase, C10H17Oz=3 are the main primary peroxy radicals
from the reaction between α-pinene and OH radicals according to MCM v3.3.1.(Figure 3.8).
And by reaction with other peroxy radicals the according autoxidation family C10H17Oz pro-
duces C10H16Oz-1, i.e. carbonyls and C10H18Oz-1 i.e. alcohols. In addition, C10H17Oz peroxy
radicals react with HO2 radicals and form C10H18Oz i.e. hydroperoxides. C20H34Op accretion
products are predicted to be the major accretion products if C10H17Oz peroxy radicals are the
major peroxy radicals.

Figure 3.9 shows the observed behaviour of C10 families with increasing turnover. The two
data points close to turnover 5× 106 cm-3 s-1 were results from dark experiments where ozonol-
ysis was dominant. As expected, C10H15Oz peroxy radicals (orange squares) showed here a
higher signal compared to C10H17Oz peroxy radicals (green squares) in panel B. The C10H14Oz

family (black circles) which was attributed to carbonyl compounds and the C10H16Oz family
(red triangles) which was attributed to alcohols or hydroperoxides from C10H15Oz peroxy rad-
icals (and some carbonyls from C10H17Oz peroxy radicals) showed the top two highest signals
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Figure 3.9: The signal of each C10 family normalised to total ion counts are plot-
ted as a function of turnover. In panel A, the black circles represent normalised
signal of C10H14Oz family and red triangles, blue stars show the normalised signal
of C10H16Oz, and C10H18Oz respectively. Panel b shows the normalised signal of

C10H15Oz and C10H17Oz family in orange and green squares.

among the C10 families during the dark ozonolysis phase. The C10H17Oz peroxy radical family
(green squares) and their termination products, the C10H18Oz family (blue crosses), which can
be alcohols or hydroperoxides, showed a very low signal compared to that of other families in
the C10 group.

With increasing OH and turnover, ozonolysis becomes less important and the contribution
by OH was higher than 90 % at turnover higher than 4.5 × 107 cm-3 s-1. Despite the high
photochemical turnover, C10H17Oz peroxy radicals did not become the major peroxy radicals,
as could be expected by looking at the modeled concentration of C10H17O3 in Figure 3.8. In-
stead, C10H15Oz peroxy radicals remained most abundant. In accordance, the C10H16Oz family,
alcohols and hydroperoxides, and the C10H14Oz family, carbonyl compounds, all termination
products of C10H15Oz peroxy radicals, account for the top two highest signal of all C10 fami-
lies. These results confirmed that C10H15Oz peroxy radicals were the most important peroxy
radicals for HOM formation, whereas C10H17Oz peroxy radicals and their termination prod-
ucts, the C10H18Oz family consisting of alcohols and hydroperoxides, showed very low signal
compared to the other C10 families. The latter confirms a minor role of the C10H17Oz peroxy
radicals. Interestingly, the C10H14Oz family behaves similar to the sum of C10H15O4 radicals in
the model and showed minor change with α-pinene turnover.

The C10H16Oz family showed a strongly rising signal with increasing turnover. Three chan-
nels contribute to the formation of the C10H16Oz family. The first channel is alcohol formation
in the disproportionation reaction of C10H15Oz peroxy radicals and other RO2 radicals (R1.2.8).
The second channel is the hydroperoxide formation from C10H15Oz peroxy radicals reacting
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with HO2. The third channel is the formation of a carbonyl compound in the disproportiona-
tion reaction of C10H17Oz peroxy radicals (R1.2.8).

If two same structured C10H15Oz peroxy radicals undergo a disproportionation reaction,
chances to form alcohol or carbonyl are about the same for both of them. However, if two per-
oxy radicals with different molecular structures undergo a disproportionation reaction, there
can be preferences for each of the peroxy radical towards either an alcohol or a carbonyl group.
For example, if one peroxy radical has no hydrogen to be subtracted to become carbonyl, it will
preferably become alcohol. Nonetheless, considering the number of peroxy radicals behind the
C10H15Oz or C10H17Oz peroxy radical families and the huge number of RO2 radicals they can
react with, half and half chances for the formation of carbonyl and alcohol are not too unlikely.

Based on the 50/50 chance for the formation of alcohol and carbonyl, a strong increase of the
carbonyl channel, i.e. of the C10H14Oz family is missing. This implies that the strong increase
of the C10H16Oz family might be the result of the formation of hydroperoxides from C10H15Oz

peroxy radicals. The C10H18Oz family did not show such a behaviour despite the contribution
of hydroperoxide from C10H17Oz peroxy radical. This might be a result of the lower signal of
C10H17Oz. Since the amount of C10H17Oz was too small, the formation of C10H18Oz was not
visible.

The box model calculations showed that both HO2 and RO2 radicals increased with turnover
(Master thesis S.Proff, Figure 3.7). Note that the HO2 concentration is about at least a factor of
80 lower than the RO2 concentration, but the rate coefficient for reactions of HO2 with RO2

(R1.2.7) is about one order of magnitude larger then that for RO2 + RO2 in reaction (R1.2.8).
Figure 3.7 shows that the ratio of HO2 and RO2 radicals was indeed increasing with increasing
turnover which means the degree of increase of HO2 radical concentration was higher (a factor
of 6-7) than that of RO2 radicals (a factor of 3-5). Larger increase of [HO2] than [RO2] favours
reactions between RO2 and HO2 radicals over reactions of RO2 radicals and RO2 radicals. As
a result, the hydroperoxide formation channel (R1.2.7) increases while the disproportionation
channel (R1.2.8) decreases in importance. From this point of view an increasing hydroperox-
ide formation from C10H15Oz contributing to the C10H16Oz family with increasing turnover is
supported by the simulation of peroxy radicals in the experiments. Therefore, one can assume
that at least some of the increase in the C10H16Oz family happened because of the increase of
hydroperoxides. The analogous increase of C10H18Oz from C10H17Oz peroxy radicals was a fac-
tor of a 16 which is higher compared to C10H16Oz which was a factor of 8. However, if the
assumption that peroxy radicals have 50/50 chances for the formation of alcohol and carbonyl
is not valid, strong hydroperoxide formation is not required to explain the signal of C10H16Oz.
If the major peroxy radicals had a preference to form alcohol rather than carbonyl, C10H16Oz

may as well consist of a considerable amount of alcohols.
A similar argument holds for the third channel contributing to C10H16Oz. If increasing dis-

portionation of C10H17Oz to carbonyls contributed significantly then one would expect an in-
crease of the alcohol channel C10H18Oz as well. Since this was not the case, one would have
to claim preferential carbonyl formation in disproportionation of C10H17Oz, whereas C10H15Oz
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prefer the alcohol channel. This seems not very likely.
With the help of the model data, a conclusion can be made that the huge increase of the

C10H16Oz family compared to other families may be the result of increasing hydroperoxide
formation from C10H15Oz peroxy radicals with increasing turnover, and/or a preference for al-
cohol formation of C10H15Oz peroxy radicals. It seems that C10H17Oz radicals do not contribute
a lot to C10H16Oz. As described above, pathways to the C10H16Oz family were complicated
and there might be some contribution from all three channels. The question, where does all
the C10H15Oz come from despite the fact that C10H17O3 peroxy radical is the primary peroxy
radical from α-pinene OH oxidation, is not answered yet. Before answering the question, the
accretion products will be discussed to get more diagnostics at hand.

In addition to current implementations in MCM v3.3.1, two peroxy radicals can undergo an
accretion product formation (R1.2.9) besides the disproportionation reaction (R1.2.8). The term
’dimer’ is used in literature but the notation ’accretion product’ is used in this thesis. This is
because "dimer" can give a wrong impression that it is only formed from self reaction of alike
peroxy radicals while the observations indicate that accretion products are formed by all kinds
of combinations of peroxy radicals. The formation mechanism of accretion products is still
unclear. However, they are most likely directly formed by the reaction of two HOM peroxy
radicals including self-reactions or a combination of a HOM-RO2 and another functionalized
and/ or abundant peroxy radical (Berndt et al., 2018a; McFiggans et al., 2019; Pullinen et al.,
2020). Valiev et al., 2019 showed that two peroxy radicals can form tetroxide cluster with triplet
state of oxygen in the middle (RO···O2···OR′). Since the recombination of two RO in triplet
state is a forbidden process, one would expect a slower reaction rate for accretion products
than observed by Berndt et al., 2018b. However, Valiev et al., 2019 showed that intersystem
crossing and thus accretion product formation can be very fast.

It is assumed here that in cross reactions of peroxy radicals, the number of hydrogen atoms
observed in HOM-accretion products, must be built up by a combination of precursors peroxy
radicals with odd number of H-atoms. This puts some constraints on the precursor HOM-RO2

that are possibly involved in the formation of the observed accretion products.
In Figure 3.10, the signal normalised to total ion counts for C20 families is shown. Four

different families were observed which are C20H28Oz, C20H30Oz, C20H32Oz and C20H34Oz.
When ozonolysis dominates at the first two data points near turnover 5 × 106 cm-3 s-1, the

two most abundant accretion product families were the C20H30Oz and C20H32Oz family. The
C20H30Oz family should mainly stem from the combination of C10H15Op peroxy radicals and
C10H15Oq peroxy radicals, where z=p+q-2 (p and q can be same or different) since two oxygen
atoms are lost when accretion products are formed by two peroxy radicals. Since C10H15Op

peroxy radicals are most abundant in ozonolysis, it is a comprehensible that C20H30Oz were
the most abundant accretion products. In principle, there is still a possibility that combina-
tions of C10H13Op and C10H17Oq peroxy radicals contributed to the C20H30Oz accretion product
family. However, the chances should be low supported by the fact that the C20H28Oz and
C20H34Oz families showed very low intensity and they were supposedly formed by C10H13Oz
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Figure 3.10: Signal of each C20 family normalised to total ion counts are plotted
as a function of turnover. The grey crosses and the lilac hourglasses represents
C20H28Oz and C20H30Oz family respectively. The pink pentagons and yellow trian-

gular symbols shows normalised signal of C20H32Oz and C20H34Oz family.

and C10H17Oz peroxy radicals pairing with C10H15Oz and C10H17Oz peroxy radicals, respec-
tively.

On the other hand, a high signal from C20H32Oz accretion products in the ozonolysis phase
was somewhat unexpected. C20H32Oz accretion products were probably formed in the reaction
between C10H15Op peroxy radicals and C10H17Oq peroxy radicals where z=p+q-2. C10H17Oq

peroxy radicals were formed in the oxidation of α-pinene by "dark OH" produced from α-
pinene CI in the ozonolysis. The question arises why the C20H32Oz accretion product family
showed a relatively high signal despite the low concentration of C10H17Oz peroxy radicals com-
pared to the C10H18Oz family. One reason could be that it was more likely for C10H17Oz peroxy
radicals to form accretion products with C10H15Oz peroxy radicals because of the high abun-
dance of C10H15Oz peroxy radicals in the ozonolysis phase. This implies, that the reaction rate
of the formation of accretion products (R1.2.9) might be fast enough to efficiently compete with
termination reactions (R1.2.8 and R1.2.7) and the formation of monomers such as carbonyls, al-
cohols and hydroperoxides. This is supported by studies of Berndt et al., 2018b who reports
accretion formation rate coffecients close to the collision limit for HOM-RO2 + HOM-RO2.

At higher turnover where OH oxidation was predominant, C20H30Oz accretion products
remained the most prominent family followed by the C20H32Oz family, similar to the ozonolysis
phase. The high signal of C20H30Oz family among C20 accretion product families supports
the fact that C10H15Oz peroxy radicals were the major peroxy radicals in HOM formation and
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C10H17Oz peroxy radicals were of minor importance.
The concentration of C20H32Oz family increased also as turnover rose. This was the case be-

cause C10H17Oz peroxy radicals increased with turnover. (Figure 3.9 in panel D). However, the
increase of C20H30Oz was more prominent than the increase of the C20H32Oz and the C20H34Oz

family flattened between turnover 6.8 × 107 to 7.8 × 107 cm-3 s-1. This observation showed that
C20H30Oz family increased in importance which is related to the importance of the C10H15Oz

peroxy radical family.
The concentration of C20H34Oz family was expected to increase as C10H17O3 is the primary

peroxy radical from OH addition and autoxidation should lead fast to C10H17Oz peroxy radi-
cals. Actually, it was expected to show quadratic growth because two C10H17Oz peroxy radicals
form C20H34Oz accretion products. However, this was not supported by the data. The majority
of C10H17Oz peroxy radicals obviously prefers to produce C20H32Oz accretion products instead
of C20H34Oz accretion products or even monomer C10H18Oz termination products (Figure3.9).
One reason can be again the extensive abundance of C10H15Oz peroxy radicals. Because there
were quite high concentrations of C10H15Oz peroxy radicals, C10H17Oz family members find
easily C10H15Oz peroxy radical family members to react with. In addition, the formation of
accretion products depends of course on the relation of the rate coefficients for the compet-
ing channels. As mentioned before, reaction coefficients for accretion are often close to the
collision limit Berndt et al., 2018b and thus favor branching into the accretion product channel.
Therefore, higher reaction rates into accretion products must be the reason for C10H17Oz peroxy
radicals to form C20H32Oz accretion products instead of contributing to the C10H18Oz family.

Interestingly the concentration of C20H28Oz family showed an increase with increasing turn-
over. According to the assumptions which are made in this work, C20H28Oz accretion product
should be formed by combinations of C10H13Oz and C10H15Oz peroxy radicals. I.e. the obser-
vation of C20H28Oz accretion products indicated the existence of the C10H13Oz peroxy radical
family, which was not observed as a major peroxy radical in the mass spectrum. This is sim-
ilar to the C20H32Oz family, which indicated a larger importance of the C10H17Oz family than
deduced from the analysis of the monomer families alone.

The conclusion can be made that accretion products are good indicators in terms of the
behaviour and importance of peroxy radicals. The family analysis of C20 accretion products
indicated that the major peroxy radicals were C10H15Oz peroxy radicals instead of C10H17Oz

peroxy radicals. The observation of the C20H28Oz family showed the existence of the C10H13Oz

peroxy radical family. Both, analysis of the monomer families and the accretion products un-
derline that C10H15Oz peroxy radicals were the major peroxy radical family and not C10H17Oz,
despite the fact that C10H17Oz peroxy radicals should be formed by autoxidation of C10H17O3,
the first generation peroxy radicals from the α-pinene OH oxidation.

As a consequence of what have discussed up to here, one reason that C10H17Oz peroxy
radicals showed a low signal could be that C10H17Oz peroxy radicals react very fast and form
monomer closed shell carbonyl products, C10H16Oz<5, or accretion products, C20H32Oz. Since
only a signal strength (concentrations) of molecules were observed, fast destruction can result
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in a low concentration of molecules even though their production is efficient and fast. How-
ever, the observation of the small signal of products from C10H17Oz peroxy radicals such as the
C10H18Oz family and C20H34Oz family suggests that this was probably not the case. Besides,
C10H15Oz peroxy radical showed a strong signal even though their termination products such
as the C10H14Oz family or the C20H30Oz family showed the strongest signals. It is more likely
that C10H15Oz peroxy radicals were the major peroxy radicals.

The question what is the source of the C10H15Oz peroxy radicals can be thrown. Since the
relative importance of ozonolysis decreases with increasing OH, primary radicals arising from
ozonolysis decrease strongly as shown in Figure 3.8, and their autoxidation cannot be the
source of the increasing C10H15Oz peroxy radicals with turnover. However, with increasing
OH, the second attack of OH radicals on first generation products is becoming more likely
leading to an increasing second generation peroxy radicals concentration (green upside down
triangles in Figure 3.8). Oxidation of e.g. pinonaldehyde by OH radicals under H-abstraction
indeed leads to C10H15O4 peroxy radicals, which can then undergo autoxidation. Pinonalde-
hyde is a major primary oxidation product from α-pinene oxidation by OH (Peeters, Vereecken,
and Fantechi, 2001; Capouet et al., 2004).

Pullinen, 2016 measured a mass spectrum of HOM formed by oxidation of pinonaldehyde
by OH.

Figure 3.11: Overlapped mass spectrum of α-pinene ozonolysis(red), α-pinene
OH oxidation(blue) and pinonaldehyde OH oxidation (yellow). The x-axis shows
mass per charge ratio and the y-axis shows non-normalised signal. Pinonaldehyde
mass spectrum was scaled to match the α-pinene peak at 310 Th. Compound’s

mass/charge is shown with a cluster with NO3
– ion. Data from Iida Pullinen.
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This mass spectrum of pinonaldehyde under OH radical reaction looked very similar to
that of α-pinene under OH radical reaction (Figure 3.11), while α-pinene ozonolysis showed
a different mass spectrum with a different pattern. According to MCM v3.3.1, OH radicals
abstract hydrogen from pinonaldehyde (C10H16O2) and produces either an acyl peroxy radical
(branching ratio 0.77) or a peroxy radical located at the four-membered ring (branching ratio
0.23). From the observation of a similar pattern in mass spectra in oxidation of pinonalde-
hyde and α-pinene by OH, it is probable that a significant portion of C10H15Oz peroxy radicals
were formed in a second attack of OH with oxidation products such as pinonaldehyde. As
a consequence, a significant portion of HOM is probably formed by secondary attack of OH
to oxidation products and subsequent autoxidation. This result is supported by the study of
Eddingsaas et al., 2012. They found about 33 % yield of pinonaldehyde from α-pinene phoox-
idation in a low NOx experiment. Pinonaldehyde was also found to be a major product in a
high NOx experiment. Comparing the modeled C10H15Oeven peroxy radicals (Figure 3.8) with
the observed C10H15Oz family (Figure 3.9), the drop with turnover in the C10H15Oz family con-
centration was not observed. This indicates that there are either more channels to C10H15Oz

peroxy radicals than currently implemented in the MCM v3.3.1., or that the autoxidation of
second generation peroxy radicals arising from OH oxidation is more efficient than autoxida-
tion of the first generation of peroxy radicals from ozonolysis.

3.2.3 Closer look into families: Marker analysis

In the previous section, changes in the families with an increasing turnover were discussed.
Family analysis can only show an averaged behaviour of the family members. In other words,
if the concentration of one family member increased and the concentration of other family
members decreased this changes will be canceled out and not clearly observed in the family
analysis. In this section, a deepened analysis by studying individual family members with an
increasing turnover will be shown. The several outstanding compounds (marker compounds)
with a particularly high signal will be discussed. The analysis will include the parity of oxygen
in the molecular formulae of family members as a new parameter. Oxygen parity can be an
important parameter, as it does not change in an autoxidation step, but it changes as soon as
alkoxy radicals are involved in the formation mechanism of the molecule. A goal is to elucidate
the importance of alkoxy radicals in the process of HOM formation. In the next section, the
concentration of members of the peroxy radical families will be shown.

C10 peroxy radical marker analysis

When ozonolysis is the dominant process in the system, C10H15O4 peroxy radicals are formed
from CI via the vinylhydroperoxide path and C10H15O4 are the first generation peroxy radicals
(Johnson and Marston, 2008). Therefore C10H15Oeven peroxy radicals are expected as major per-
oxy radicals and the peroxy radicals resulted from the autoxidation of C10H15O4. Additionally,
some C10H17Oz peroxy radicals could result from dark OH reacting with α-pinene. Since the
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first generation peroxy radicals are C10H17O3, it is expected that C10H17Oodd peroxy radicals
from the autoxidation of C10H17O3 will be dominant in the C10H17Oz family.

In the phase where OH oxidation is dominant, it is expected to detect members of the two
different peroxy radicals families. From the result described before, a minor contribution of
C10H17Oodd peroxy radicals is expected from autoxidation of C10H17O3 which are the first gen-
eration peroxy radicals formed by the addition of OH to the double bond of the α-pinene. The
major contribution should comprise C10H15Oeven peroxy radicals formed by an autoxidation of
C10H15O4 peroxy radicals, which are formed by H-abstraction in the oxidation of products such
as pinonaldehyde by OH radicals.

Figure 3.12: The normalised signal of family members of C10H15Oz(panel A) and
C10H17Oz(panel B) as function of turnover.

In Figure 3.12, the normalised signal of the members of C10H15Oz and C10H17Oz peroxy
radicals families are shown. Six individual members of the C10H15Oz family could be detected
(Figure 3.12, Panel A). In the turnover range dominated by ozonolysis, the largest contributions
was observed by C10H15O8 and the second largest contributions were by C10H15O10 followed
by C10H15O7,9,11. The highly abundant C10H15O8 and CH10H15O10 were the products formed
from the straight autoxidation of the primary C10H15O4 radicals as expected, with addition of
two or three O2 molecules. Observation of C10H15O7,9,11 with odd oxygen numbers indicate
some involvement of alkoxy radical during their formation mechanism ((Mentel et al., 2015).

In the photochemical phase, C10H15O8,10 showed strong signals, but lower than in the ozonol-
ysis phase. They followed qualitatively the behavior of the modeled C10H15O4 in Figure 3.8.
Instead, the peroxy radicals C10H15O7,11,9 gain in importance. In general, all the signal of
C10H15Oodd rise with an increasing turnover (C10H15O7,9,11).

The observation of strong signals of C10H15O7,9,11 with odd oxygen numbers and their in-
crease with an increase in turnover, indicates an increasing importance of alkoxy radicals in
their formation mechanism. The formation of an alkoxy radical from the peroxy radicals
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(R1.2.10) changes the O-atom parity, here from even to odd. The alkoxy radicals can undergo
H-shifts reforming a peroxy radical under O2 addition. The latter could continue the autoxida-
tion chain, leading to the observed large number of O-atoms with an odd parity in the HOM.

For the C10H17Oz family, only one member was detected directly: C10H17O10 (Figure 3.12,
panel B). In contrast to expectation, it has an even number of O-atoms, indicating that an alkoxy
radical formation is probably involved in its formation.

There could be a reason for the limited detection of C10H17Oz peroxy radicals. There were
huge peaks 1 Da in front of the C10H17Oz peroxy radicals, which came from C10H16Oz fam-
ily members. The 13C isotope signal of C10H16Oz family appeared near the m/z where the
C10H17Oz family should be detected. This could disturb the high resolution analysis of C10H17Oz

family, when the signal of C10H16Oz is high and thus their 13C satellite, which is about 11 % of
the 12C signal. However, if there was a high signal from a C10H17Oz peroxy radials, it should
be detected since the software used for high resolution analysis, calculates the isotopic signal
from the 12C peak at M and considers the isotope signal in the fit of the peak signal (M+1). (For
example, C10H14Oz family showed also quite high signal in ozonolysis experiments but still
the C10H15Oz peroxy radical family could be detected.) As a consequence, it can be concluded
that the concentration of C10H17Oz family was indeed low or even not detectable, indicating
a minor role of this species. However, as mentioned before, the conclusions made from the
concentrations of intermediate products like peroxy radicals and their importance are limited.
That is because if an efficient loss paths exist for the intermediate species, a low concentration
does not automatically means low level of production.

As described in the previous chapter, the accretion products are important and efficiently
indicate the role of certain peroxy radicals. In this respect, members contributing to accretion
product families will be discussed in the next section, before the analysis of the closed shell C10

families.

C20 marker analysis

In this section, the behaviour of individual family members of C20 families will be discussed.
Based on the abundance of the detected peroxy radicals, the reaction partner will be inferred.
In this way, the hints of the precursors of accretion products formation can be achieved and the
possible mechanisms for accretion product formation. In addition, the parity of O-atoms in the
molecular formulae gives a information of the involvement of a alkoxy-peroxy pathway. First
the observation in the ozonolysis phase will be discussed followed by the observation in the
photooxidation phase.

As described before, the accretion products are formed by the recombination of two peroxy
radicals (R1.2.9). Therefore, the parity of oxygen in the accretion products reflects the involve-
ment of alkoxy radicals in the formation of precursor peroxy radicals. It is expected that the
peroxy radicals shown in Figure 3.12 are involved in the accretion product formation. In addi-
tion, less oxidised RO2 were supposedly trapped in accretion products. Figure 3.13 shows the
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normalised signal of the members of each accretion product family as a function of turnover.
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Figure 3.13: The normalised signal of C20 family versus turnover. Panel A and
B show the signal of the C20H28Oz and the C20H30z family members. Panel C and
D show the normalised signal of C20H32Oz and C20H34Oz family members respec-

tively.

In panel A, the C20H28Oz accretion product family with seven family members are shown.
In the ozonolysis phase, only small concentration of the C20H28Oz family was observed. The
C20H28Oz accretion products are likely formed by the recombination of C10H15Oz and C10H13Oz.
Since C10H15Oz peroxy radicals were the major peroxy radicals in the ozonolysis phase, the
small concentration of the C20H28Oz is supposed to be a result of the low concentration of
C10H13Oz. The concentration of C10H15Oz peroxy radical was not lower in the ozonolysis phase
compared to OH oxidation dominant phase which confirms that the low concentration in the
ozonolysis phase must be a result of the lacking C10H13Oz peroxy radicals. In other words, the
higher concentration of C20H28Oz family is caused by an increase of C10H13Oz peroxy radicals
in the OH oxidation dominant phase.

In the high turnover range, C20H28O11 showed the highest signal followed by C20H28O12,
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and C20H28O13. Since the C10H15Oz peroxy radicals were measured, the partner C10H13Oz per-
oxy raidcals can be inferred based on the abundance of C10H15Oz peroxy radical family mem-
bers. C10H15O7, C10H15O9, C10H15O8 and C10H15O10 were the major peroxy radicals in the OH
oxidation dominant phase (Figure 3.12, panel A). For example, pairing of C10H15O9 with the
C10H13O4-6 peroxy radicals could explain the C20H28O11-13 accretion products. In pairs with
C10H15O8,9,10 the C10H13Oz would have a relatively low oxygen content, meaning that HOM-
RO2 recombined with less oxidised RO2. Indeed, the signal strength of the C20H28Oz scales in-
versely with the number of oxygen atoms (Figure 3.13). Since peroxy radicals with low O-atom
numbers arise earlier in the reaction chain, they are expected to have higher concentrations.

It is interesting to see the fall off of C20H28O11 accretion product at a high turnover while
other C20H28Oz family members did not show such a dramatic drop down. Partitioning to the
particle cannot solely explain this observation because less volatile C20H28O>11 members with
higher oxygen contents did not show the signal reduction. It is unclear at the moment why
only the C20H28O11 molecule was showing such a decrease, but possibly the concentration of
recombination partner(s) decreased at the highest OH concentrations.

In Figure 3.13, panel B, the 10 detected members of the C20H30Oz accretion product family
are shown. In the ozonolysis phase, it is expected that the C20H30Oeven show more promi-
nent signals than C20H30Oodd family members. That is because the C10H15Oeven peroxy radicals
were main peroxy radicals and recombination of two even O-atom peroxy radical would form
C20H30Oeven accretion products. It was observed that C20H30O12 was the compound with the
highest signal although it does not have much higher signal than many other family members.
Since the C10H15O8 and the C10H15O10 were the major peroxy radicals in ozonolysis phase, the
peroxy radicals C10H15O4-7 would be needed to form C20H30O12 and C20H30O13 accretion prod-
ucts. In order to form C20H30O13 and other C20H30Oodd accretion products, peroxy radicals with
odd numbers of O-atoms are required, and one alkoxy radical step must have been involved
in their formation in addition to straight autoxidation. Observation of a strong signal of the
C20H30O13 with odd number of oxygen is another indication for the involvement of alkoxy
steps under ozonolysis conditions.

On the other hand, the concentration of C20H30O11 accretion products were the highest
among the C20H30Oz family members in the OH oxidation dominant phase. The three accretion
products with odd numbers of O-atoms, C20H30O9, C20H30O13 and C20H30O11, were under the
top 5 abundant family members. They appeared in almost the same abundance as the accretion
products with even O-atom numbers, C20H30O10 and C20H30O12.

Considering that the C10H15O7,9 were the major peroxy radicals in the photooxidation phase,
the partners of the recombination pairs should be C10H15O4,6,5 to form C20H30Oz in the observed
decreasing order of intensity. They could be peroxy radicals formed in the second OH attack of
closed shell oxidation products (C10H15O4), followed by one step of autoxidation (C10H15O6).
In addition, there could be an alkoxy-peroxy pathway forming the alkoxy radical C10H15O3

followed by the addition of O2 to form peroxy radical (C10H15O5) as well. Additionally, a per-
oxy radical with the molecular formula C10H15O3 is formed by OH if the H-shift in the alkoxy
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radical with the same molecular formula occurred from a hydroperoxide functional group.
The recombination of the two most abundant HOM-RO2, C10H15O7,9 should lead to the

C20H30O14. C20H30O14 was observed as a 6th highest signal (+ lylac symbols in Figure 3.13,
panel B). Based on the observation, it should be noted that in the C20H30Oz family, the recom-
binations of less oxygenated RO2 with HOM-RO2 must play a role in the formation process of
accretion product.

In panel C of Figure 3.13, the behaviour of the C20H32Oz family members with turnover is
shown. In the ozonolysis dominant phase, the C20H32O11, C20H32O13 and C20H32O9 with odd
number of oxygen show the largest signals. Since C10H15O8 and C10H15O10 were the major
peroxy radicals, the other recombination partners were likely to be the C10H17O5,7,3. These
radicals are the first generation peroxy radicals formed by reaction of dark OH and α-pinene
(C10H17O3) and their products after one or two autoxidation process.

C20H32O12 and C20H32O11 are the members of the C20H32Oz family with the highest concen-
trations in high turnover phase. Considering that the major peroxy radical were C10H15O7,9

peroxy radicals, the other partners for recombination should be C10H17O5,3,7,6,4 in order of
the decreasing intensity of the observed C20H32Oz accretion products. These peroxy radicals
are mixture of first generation peroxy radical and their products after one or two process of
autoxidation (C10H17O3, C10H17O5 and C10H17O7) and including in addition one alkoxy step
(C10H17O4, C10H17O6).

In both the ozonolysis phase and the photooxidation phase, the involvement of alkoxy rad-
ical formation step and the recombination with less oxygenated peroxy C10H17Oz peroxy rad-
icals must be involved in the formation of C20H32Oz accretion products. However, the large
signals of C20H32O12 and C20H32O11 indicate that radicals from autoxidation of C10H17O3 must
exist at likely higher concentrations than the only detectable C10H17O10 peroxy radicals. An
explanation could be that the concentration of C10H17Oz remains low because they were effi-
ciently scavenged by the most abundant members of the C10H15Oz family.

In Figure 3.13 D, the three detected members of the C20H34Oz family are shown. Their con-
centrations were low in the ozonolysis phase, the C20H34O10 showing slightly higher intensity.
In the higher turnover phase, signals were scattered. Nonetheless, all family members dis-
played higher signal in oxidation by OH radicals compared to the oxidiaton by ozone. The
C20H34O10 which shows the highest signal among the family members of C20H34Oz could be
formed by the recombination of C10H17O5 and C10H17O7 peroxy radicals or a self-reaction of
two C10H17O6 peroxy radicals. The former with odd numbers of O-atoms should arise from
the autoxidation of first generation peroxy radicals from OH and α-pinene. The recombination
of two C10H17O6 should involve one alkoxy radical step for each because of their even num-
ber of oxygen. C20H34O8 can be formed from the combination from the self-reaction of two
C10H17O5 peroxy radicals or C10H17O6 and C10H17O4 peroxy radicals. The latter option would
again require one alkoxy radical step in the formation of both peroxy radicals.

The explanations for the behaviour of the concentrations of C20H32Oz and C20H34Oz family
members are speculative, since only the C10H17O10 peroxy radicals were detected. However,
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the findings support the major conclusions derived from the pattern analysis of all four HOM
accretion product families. Firstly, HOM peroxy radicals produce the accretion products by
the recombination of HOM-RO2 with less oxygenated peroxy radicals. This was derived from
the lower O:C ratio for accretion products and by pointing out the possible recombination
partners. Secondly, often an alkoxy radical step is involved in combination with autoxidation
in the formation of less functionalised and HOM-RO2, as was shown by the many major HOM
accretion products with odd oxygen numbers under accretion product family members. In
the next section, the changes of the marker compounds in the C10 families with an increasing
turnover will be discussed.

C10 marker analysis

In this section, the behaviour of the individual family members of the C10 families as a function
of turnvoer will be investigated. This allows to get information of the formation mechanism of
HOM monomers. In addition, the preference of reaction (R1.2.8 or R1.2.7) will be investigated
by comparing the normalised signal. Besides, the involvement of a alkoxy-peroxy pathway will
be dealt with by discussing the parity of the number of O-atoms in the molecular formulae.

The HOM peroxy radicals which could be directly detected were treated in the Chapter
3.2.3. The findings were related to the first and the second generation peroxy radicals estab-
lished in the current RO2 chemistry by referring to box model calculations with MCM v3.3.1.
The analysis of C20 marker compounds showed additional hints about the abundance and the
existence of peroxy radicals, which could not be directly detected. In this chapter, these find-
ings will be applied in order to analyse the behaviour of monomer C10 marker compounds as
a function of turnover.

When the ozonolysis is dominant, C10H15O4 peroxy radicals are formed from CI and C10H15

-Oeven peroxy radicals are formed by straight autoxidation process. Whenever C10H15Oeven

peroxy radicals form an intermediate alkoxy radical in reactions with other RO2, H-shifts can
occur which leads to the formation of the C10H15Oodd peroxy radicals. In the reaction of dark
OH with α-pinene, a second peroxy radical family is formed from the first generation per-
oxy radical C10H17O3 and C10H17Oodd peroxy radicals from straight autoxidation. In this case,
involvement of alkoxy radical steps changes the parity of the O-atoms in the peroxy radicals
from odd to even (C10H17Oeven). In the OH oxidation dominant phase, there are contributions of
three different peroxy radical families: C10H13Oz(from the observation of C20H28Oz), C10H15Oz

and C10H17Oz. The changes in O-atom parity by an alkoxy radical step applies here as well.
The C10H13Oz peroxy radicals are not documented in the MCM v3.3.1 mechanism. They are of
potential importance in this study because of their reaction with RO2 and HO2 may contribute
to compounds with molecular formulae of C10H14Oz-1 (alcohols) or to C10H14Oz (hydroperox-
ides), respectively. Compounds with molecular formulae C10H12Oz-1 (carbonyl compounds),
however, were not detected in a significant amount.
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Figure 3.14: The normalised signal of the C10 family members versus turnover.
Panel A shows C10H14Oz family members and panel B shows members of
C10H15Oz peroxy radical family. Panel C shows C10H16Oz family members which
was attributed to the mixture of alcohol, hydroperoxide and carbonyl from differ-
ent peroxy radicals. Panel D shows C10H17Oz peroxy radical family members and
panel E shows C10H18Oz family members which is the mixture of the alcohol and

the hydroperoxide. Mind that the scale of the y-axes are not same.

Figure 3.14 shows the behaviour of the C10 family members in different panels. Panel B
and D represents the signals from the C10H15Oz and the C10H17Oz family members which were
described before. However, it is shown here again for an easy reference. In panel A, C, E,
the normalised signal of C10H14Oz, C10H16Oz and C10H18Oz family members are shown. These
families belong to termination products from C10H15Oz and C10H17Oz peroxy radicals. The
same symbols represent that the molecules that have same number of O-atoms. It should
be noted that the order of the signal intensities and the signals itself is important factor in
this analysis. That is because the aim of this work is to find and elucidate the precursors of
termination products.

In the ozonolysis phase the C10H15O8 peroxy radical concentration were the highest. Ac-
cordingly, C10H14O7 (carbonyl) and C10H16O7 (alcohol) from disproportionation reaction R1.2.8
shows high signal in panel A and C. C10H16O8, which was attributed to hydroperoxides, shows
only a low signal. As second highest, C10H15O10 peroxy radicals produced C10H14O9 (carbonyl
products) and C10H16O9 (alcohols). The alcohols C10H16O7 and C10H16O9 shows the relatively
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highest signals in the ozonolysis dominant phase but were very low compared to OH oxida-
tion phase. Considering the high intensity of C10H15O8 and C10H15O10, it can be concluded that
significant contribution to the C10H16O9 and C10H16O7 signal should come from alcohol termi-
nation products of C10H15O10 and C10H15O8 respectively. It is not clear why C10H16O7 showed
lower signal than C10H16O9 despite of higher signal of C10H15O8 compared to C10H15O10.

The normalised signal of C10H14Oz and C10H16Oz family members can be compared, keep-
ing in mind that they are related by the disproportionation reaction R1.2.8. The signals of the
carbonyls were for C10H14O7 = 1.16 × 10-4 and for C10H14O9 = 0.9 × 10-4. The corresponding
alcohols C10H16O7 and C10H16O9 showed signals of 0.4 × 10-4 and 0.9 × 10-4, respectively. The
latter were upper limits as they include possible contributions by hydroperoxides. C10H14O7

carbonyl compounds showed three times higher signal than C10H16O7 despite of the fact that
C10H16O7 may include signals from hydroperoxides. There can be two reasons for the discrep-
ancy between C10H14O7, C10H16O7 and C10H14O9, C10H16O9. One reason is the above men-
tioned preference for the carbonyl functionality depending on the molecular structure, i.e.
C10H15O8 may comprise peroxy radicals with molecular structures with a preference towards
carbonyl formation. The second reason is possible formation of alcohol and hydroperoxide
from C10H13O8,10 peroxy radicals. However, the possibility of the second is low in the ozonoly-
sis phase, supported by the very low signal of C20H28Oz family.

From C10H17Oz family, only C10H17O10 peroxy radical was detected with a decent signal.
As expected, C10H17O10 peroxy radical and C10H18Oz family members showed only low signal
in the dark phase. However, C20 family analysis indicated C20H32Oz and C20H30Oz accretion
products with similar signal strength (Figure 3.10). This means that C10H17Oz peroxy radicals
were produced from α-pinene and dark OH, but preferred forming accretion products instead
of monomer termination products. In conclusion, accretion product formation reactions are
competitive if not faster than termination reactions with RO2 and HO2. This is in accordance
with Berndt et al., 2018b who observed rate coefficients up to the collision limit in accretion
product formation of HOM-RO2.

In the photooxidation, the situation was more complicated. We know from the C10 and C20

family analysis that C10H15Oz were the major peroxy radicals. Therefore, the analysis will begin
with the markers of C10H14Oz and C10H16Oz family members formed from C10H15Oz peroxy
radicals. In Figure 3.14 panel B, the C10H15O7 and the C10H15O9 peroxy radicals with an odd
number of O-atoms showed the strongest signal. The C10H15Oeven peroxy radicals (C10H15O8

and C10H15O10) from the autoxidation of C10H15O4 peroxy radicals showed only intermediate
strong signals. As mentioned before, the strong signal from C10H15Oodd peroxy radicals is an
indication of the importance of alkoxy-peroxy pathway.

The C10H15O7 peroxy radical could produce C10H14O6 which was attributed to carbonyls
and C10H16O6 which was attributed to alcohols. Both C10H14O6 and C10H16O6 showed a rela-
tively low signal intensity in the high turnover range. On the other hand, the signal of C10H16O7

which was partially produced from the reaction between C10H15O7 and HO2 showed a very
strong increase with increasing turnover and it was the most outstanding peak in the mass
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spectra in the OH oxidation phase (Figure 3.3). A high concentration of the C10H15O7 peroxy
radicals and an increasing HO2/RO2 ratio (Figure 3.7) suggested that a significant portion of
the increase of the C10H16O7 might come from the hydroperoxides formation from C10H15O7.
However, the conclusion cannot be made that C10H16O7 was increased solely by the increase of
hydroperoxide formation from C10H15O7 peroxy radicals because there are two more formation
channels of the C10H16O7. C10H15O8 peroxy radicals and C10H17O8 peroxy radicals can be the
precursors of the C10H16O7 as well, if they are terminated as alcohols and carbonyls, respec-
tively. The signal of the C10H15O8 peroxy radicals were detected as a third highest thus likely
to contribute substantially to the formation of the C10H16O7. C10H17O8 as not detected directly
but could be important for several reasons: their immediate autoxidation products C10H17O10

as directly detected, and their termination products with RO2 (C10H18O7, R1.2.8) and with HO2

(C10H18O8, R1.2.7), respectively, where the most abundant C10H18Oz family members (Figure
3.14, panel E). So there are good reasons that the carbonyl termination product in R1.2.8 is
formed as well and contributes substantially to the C10H16O7 concentration. Since C10H16O7

provided by far the highest signal in the OH oxidation phase, the prediction of its strength and
its relation to C10H15O7, C10H15O8, and C10H17O8 peroxy radicals will be a key to the mechanis-
tic understanding of HOM formation.

The C10H15O9 peroxy radical which has the second highest peroxy radical signal from C10H15Oz

family can produce C10H14O8 and C10H16O8 (carbonyls and alcohols, respectively). The C10H14O8

showed the highest signal among the C10H14Oz family members and the C10H16O8 showed the
second highest signal among the C10H16Oz family members, both with similar intensity. In a
cautious conclusion, the C10H14O8 and the C10H16O8 were mainly produced from the C10H15O9

peroxy radicals. However, it cannot be excluded that C10H14O8 were formed as alcohols or
hydroperoxides from C10H13O9 or C10H13O8 peroxy radicals, respectively (C10H13Oz may play
a role as indicated by the marker analysis of the accretion products). In addition, hydroper-
oxide formation from the C10H15O8 can produce the C10H16O8 which might be an important
channel. In addition, it is not clear why C10H15O7 and C10H15O9 showed a different preference
for the reaction channels (the first seem to prefer hydroperoxide formation, while the other
seem to undergo the disproportionation reaction to carbonyls and alcohols), but this prefer-
ence depends on the detailed structure of the C10H15O7 and C10H15O9 peroxy radicals. That
is the limitation of the mass spectrometer based analysis since it is not able to elucidate the
detailed structure between isobaric compounds. The C10H16O8 which is partially attributed
to hydroperoxides from C10H15O8 peroxy radicals showed only intermediate strong intensity
despite the high intensity of C10H15O8.

In Figure 3.14 panel A, the C10H14O7 and the C10H14O9 showed the second highest and
similar normalised signal. The peroxy radicals C10H15O8 and C10H15O10 showed the third and
fourth highest but similar signal in Figure 3.14 panel B. Thus, it is likely that C10H14O7 and
C10H14O9 were arising as carbonyl disproportionation products from the precursor peroxy rad-
icals C10H15O8 and C10H15O10. However, only C10H16O9 from the corresponding alcohols ap-
peared at about the expected signal strength in Figure 3.14, panel C. As was already discussed,
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the formation of C10H16O7 has multiple pathways, that enhances the signal of the compound
strongly.

Only one compound of the C10H17Oz family could be directly detected. The compound was
C10H17O10 and had even number of oxygen atoms. In addition, lack of abundance could be
seen in the relatively small signals of the C10H18Oz family members compared to other closed
shell products. On the other hand, the concentration of the C10H14Oz and the C10H16Oz families
are relatively high.

In Figure 3.14, panel E, the C10H18O8 and the C10H18O7 family members had the highest sig-
nal among the seven C10H18Oz family members. The C10H18O8 could be formed from C10H17O9

peroxy radicals and C10H17O8 peroxy radicals. The C10H18O7 could be formed from C10H17O8

peroxy radicals or C10H17O7 peroxy radicals. As mentioned, C10H17O8 was possibly an impor-
tant peroxy radical which contributed to the strong signal of C10H16O7 by the reaction R1.2.8. It
could form the major products observed C10H18O7 as alcohol and C10H18O8 as hydroperoxide
as well. However, the reason why these products of C10H17O8 are higher than C10H18O10 or
C10H18O9 which were the analogous products of the detected C10H17O10 peroxy radical is not
clear. Among the precursor peroxy radicals of the four major C10H18Oz family members, the
C10H17O8 peroxy radicals and the C10H17O10 peroxy radicals which have an even number of
O-atoms showed again the importance of alkoxy-peroxy pathway.

Up to here, the changes in families and marker compounds with an increasing turnover
by OH radical was anlaysed. The C10H15Oz peroxy radicals were observed as the major per-
oxy radicals rather than C10H17Oz peroxy radicals. This is attributed to the importance of the
H-abstraction by OH radicals in oxidation products such as pinonaldehyde, and and possibly
hindered autoxidation of C10H17O3 peroxy radicals which have two intact ring systems (Rissa-
nen et al., 2015). In addition, it was observed that accretion products can form very fast and
possibly even faster than monomers in termination reactions (C10H17Oz form more accretion
products than monomer termination products). In addition, it was observed that peroxy rad-
icals that could either not be directly detected or that have a lower degree of oxidation were
involved in the accretion products formation. In this way, indirect hints were found for the ex-
istence of C10H13Oz peroxy radicals. By investigating the O-atom parity of marker compounds,
either peroxy radical or monomers or accretion products, the importance of alkoxy-peroxy
pathway was supported.

In the next section, the OH oxidation of α-pinene in high HO2/RO2 regime will be described
by comparing two experiments with and without CO at similar turnover.

3.3 Photochemical oxidation of α-pinene: Effect of CO

As shown in Figure 1.1, HOM-RO2 peroxy radicals have different reaction channels. The
branching ratio into each channel depends on the experimental conditions and can be varied.
In the previous section, an α-pinene OH radical oxidation experiment was analysed. Model
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simulations showed that this experiment was performed under conditions of a peroxy radical
rich regime (Figure 3.7). In this section, the effect of a high HO2/RO2 ratio on HOM formation
in the photooxidation of α-pinene will be investigated. The HO2/RO2 ratio will be shifted to
high HO2 by adding CO into the system.

HOM-RO2 peroxy radicals will undergo reactions with RO2 peroxy radicals or HO2 hy-
droperoxy radicals (R1.2.8 or R1.2.7) at low NOx concentrations in the system. Reactions with
peroxy radicals produce carbonyl compounds, alcohols and accretion products, while reac-
tions with HO2 form hydroperoxides as a closed shell product. The role of CO molecules was
to produce HO2 radicals by converting OH radicals according to the following reactions.

CO + OH←−→ HOCO ·

HOCO · −−→ H + CO2,H + O2 + M −−→ HO2 + M

HOCO · −−→ HOCO + M,HOCO + O2 −−→ HO2 + CO2

R3.3.21

As a result, the OH and thus the RO2 concentrations decreases and the HO2 radical concen-
tration increases, which results in an increase of the HO2/RO2 ratio. To minimize other effects
on the HOM chemistry besides that of HO2/RO2RO2, two experiments, with and without CO
addition, were selected which had about the same steady state α-pinene turnover by OH. The
steady state period in the J(O1D) experiments with a turnover of 5.53× 107 cm-3 s-1, was chosen
as a reference for the comparison to a steady state period in the CO experiment with a turnover
of 5.60× 107 cm-3 s-1. The turnover of the OH varying experiments was achieved at an α-pinene
steady state concentration of 2 ppb and an OH concentration of 2.57× 107 cm-3. Due to the OH
scavenging effect of CO, the same turnover in the CO experiment (at 3 ppm CO) was reached
at a lower steady state OH concentration of about 1 × 107 cm-3 and a higher α-pinene steady
state concentration of about 5 ppb. Thus, the RO2 concentration was lowered and the HO2

concentration was enhanced and HO2/RO2 increased from 0.012 to 3.1, a factor of about 250.
Figure 3.15 shows the modeled HO2 radical and RO2 peroxy radical concentration in the

reference experiment and in the CO experiment. The black bars show the concentration of
HO2 radicals and RO2 peroxy radicals from reference experiment. The red bars show the con-
centration of HO2 radicals and RO2 peroxy radicals from the CO experiment. The color code
"black" for the reference and "red" for the CO experiment will be kept in the following figures.
Despite the similar turnover, the concentrations of HO2 and RO2 were very different in the CO
and the reference experiment.

The increase of the HO2/RO2 ratio triggered changes in the closed shell product patterns.
As the RO2 concentration decreased, the whole HOM concentration was expected to decrease.
In addition, a shift to HOM hydroperoxides was expected because of the higher HO2 concen-
tration.
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Figure 3.15: Bar graph of modeled HO2 and RO2 concentration of two experi-
ments. The HO2/RO2 ratio was 0.012 for the reference experiment and 3.1 for the

CO experiment. (Model data were provided by Silvia Proff)
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3.3.1 Mass spectrum comparison

Figure 3.16: Mass spectra obtained for experiments with (red) and without CO
(black) at steady state conditions and at similar turnover. Lower black mass spec-
trum was taken at a turnover of 5.53 × 107 cm-3s-1 (reference mass spectrum). Up-
per red mass spectrum shows the situation of an experiment with 3 ppm of CO
with turnover 5.60× 107 cm-3s-1. The x-axis shows the mass per charge ratio. Com-
pounds were detected as nitrate clusters. The y-axis shows the signal normalised
to the total ion count. Because of the high signal at 310 Th in the reference mass
spectra (normalised signal 3.45 × 10-4 ncps), not the entire peak is shown in the

mass spectrum for better comparison.

Figure 3.16 shows mass spectra of the reference experiment and the CO experiment. The lower
mass spectrum (black) shows the steady state situation of the reference experiment and the
upper mass spectrum (red) shows the steady state situation in the CO experiment. Since the
peak at 310 Th in the reference mass spectrum was showing a very high signal, it was clipped.
As can be directly seen, the addition of CO reduced the signal of monomers and accretion
products (450 Th - 550 Th). The accretion product envelope is shifted towards higher mass
range and the monomer envelope was also overall shifted to higher masses. In other words, the
oxidation degree of HOM monomers and HOM accretion products increased in the presence
of CO.

3.3.2 Monomer and accretion product comparison

The signal intensities of monomers and accretion products are compared in Figure 3.17. As
shown in panel A, the sum of monomers (sum of normalised signal of C5-10) decreased to about
one half when CO was added to the system. Herein C10 monomers decreased by 40 % while
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Figure 3.17: Bar graph of monomer and accretion products of two experiments
are shown here. On the left side, panel A shows the comparison of monomers. C5-9
shows the fragmented monomers and C5-10 shows the sum of monomers. On the
right side, panel B shows the comparison of accretion products. C11-19 shows the

smaller accretion products and C11-20 shows the sum of all accretion products.

C5-9 monomers resulting from fragmentation processes decreased by 65 %. In panel B, the sum
of accretion products (sum of normalised signal of C11-20) features a signal decrease by 43 % in
the presence of CO. Smaller accretion products declined by 58 % whereas C20 accretion prod-
ucts showed only a 15 % reduction. Both, monomers and accretion products were showing
diminished signals and a considerable amount of the reduction was accounted for by the de-
crease of monomers and accretion products which went through a step of fragmentation. The
reason for reduced fragmentation was the decrease of RO2 in the CO experiment. The decrease
of RO2 resulted in slower RO2+RO2 reactions and as a consequence, alkoxy radical formation
(R1.2.10) was reduced which led to less fragmentation. In the next section, it will described
how C10 monomer and C20 accretion product families were affected by CO.

3.3.3 The effect of CO on C10 and C20 families

It can be anticipated that the C10H14Oz family would show a decreased signal. That is because
the C10H14Oz family comprised mainly carbonyl compounds formed by the C10H15Oz peroxy
radical family in reactions with RO2. The expected behaviour of the C10H16Oz family is difficult
to predict because some members of the C10H16Oz family which are attributed to hydroperox-
ides should show an increased signal while other members which are attributed to alcohols
and carbonyls from C10H15Oz and C10H17Oz peroxy radicals, respectively, should decrease in
signal. The C10H18Oz family is expected to increase or remain similar to the reference system
because hydroperoxides are attributed to it (from reactions with HO2) and alcohols (from dis-
proportionation reactions with RO2). The C20 families were expected to decrease in general
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because the competition between termination reactions at higher HO2 and lower RO2 would
make accretion product formation less probable.

Figure 3.18: Bar graph of C10 monomer families and C20 accretion product families
of two experiments are shown here. C10H17Oz family and C20H28Oz family did not

shown here because they were not detected in CO experiment.

In panel A of Figure 3.18, the four monomer families which were detected are shown. On
the right side, in panel B, the detected three accretion product families are displayed. Only the
C10H15Oz peroxy radical family was detected directly and the signals of the C10H17Oz family
were below the detection limit. The signal of the C10H15Oz peroxy radical family was decreased
by more than a half in the CO experiment (in Panel A). Based on the results in previous chap-
ter that accretion products are a good indicator of peroxy radicals, the changes in accretion
products in panel B will be discussed first. C20H30Oz accretion products are decreased by more
than a half at high HO2/RO2 ratio. Since C20H30Oz were produced by the reaction between two
C10H15Oz peroxy radicals, this result is in agreement with the strong decrease of C10H15Oz per-
oxy radicals in panel A. However, the C20H32Oz and the C20H34Oz accretion product families
were somewhat increased in the CO experiment compared to the reference experiment. The
C20H32Oz accretion products were formed in reactions between C10H15Oz and C10H17Oz peroxy
radicals. Since C10H15Oz peroxy radicals decreased which is reflected in a reduced C20H30Oz

family, the reason for the increase of C20H32Oz accretion products must be an over proportional
relative increase of the C10H17Oz peroxy radical family. The increased signal of the C20H34Oz

accretion products family confirmed such an increase of the C10H17Oz peroxy radical family.
From the C20 family analysis, it can be seen that the C10H15Oz peroxy radical family decreased
in importance while the impact of the C10H17Oz peroxy radical family increased. This result
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means that there is less contribution by the secondary oxidation of oxidation products, which
can be understood since the OH level is lower.

In panel A, generally, all monomer families showed a decreased signal at high HO2/RO2

ratio. The C10H14Oz family showed a signal reduced by about a half. The C10H14Oz family
was attributed to carbonyl compounds resulting from the disproportionation reaction between
C10H15Oz peroxy radicals and other peroxy radicals. Thus, it is reasonable that the C10H14Oz

family decreased because the C10H15Oz peroxy radicals concentration decreased. The C10H16Oz

family also showed a decreased signal in the CO experiment, but the reduction was only about
25 %. The smaller reduction is probably an overlap of decreasing alcohol formation (R1.2.8) and
increasing hydroperoxide formation (R1.2.7) from the C10H15Oz peroxy radical family. Since
the overall loss of C10-HOM was 40 %, the C10H16Oz family showed a relative gain within the
C10 families while the C10H15Oz signal showed an over proportional loss. The C10H18Oz family
showed no change of signal in the CO experiment. Since it is known from the accretion product
family analysis that the importance of C10H17Oz peroxy radicals increased in the CO experi-
ment, the conclusion can be made that a decrease of alcohol formation by reaction of C10H17Oz

with RO2 was compensated by an increase of hydroperoxides by reactions of C10H17Oz with
HO2. Also here, a constant signal with respect to the reference experiment means relative gain
in importance for the C10H18Oz family.

There are two possible reasons for a generally decreased signal of the monomer families.
The first one is the reduced RO2 concentration in the presence of CO ratio as shown in mod-
eled RO2 result (Figure 3.15) and by reduced concentration of the C10H15Oz family (Figure 3.18).
There are less detected HOM termination products because there are less detected HOM-RO2.
The second reason can be an increased importance of the termination reactions by HO2 in com-
petition to autoxidation. However, the reduced RO2 concentration will counteract this effect.
The shift of the peak envelopes in the mass spectra (Figure 3.16) for monomers as well as ac-
cretion products at reduced OH concentration suggests that autoxidation is not suppressed if
not enhanced in the presence of CO.

3.3.4 The effect of CO on C10 and C20 marker compounds

The overall monomers and accretion products showed already less fragmentation thus less
formation of alkoxy radicals in the presence of CO. In this section, it will be investigated if
less alkoxy radical formation can be detected by the parity of C10 and C20 marker compounds.
Moreover, it will be analysed whether increased of [HO2] while decreasing [RO2] can compete
with the autoxidation.

C10 peroxy radicals

As a reminder, it should be repeat here: the first generation peroxy radicals in α-pinene oxida-
tion by OH radical has the molecular formula C10H17O3 and their autoxidation products will
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have odd numbers of O-atoms, C10H17Oodd. In contrast, C10H15O4 is the molecular formula for
the first peroxy radicals formed by H-abstraction from oxidation products like pinonaldehyde.
The corresponding autoxidation products will have even numbers of O-atoms, C10H15Oeven.
An alkoxy step in the autoxidation chain will change the parity of the numbers of O-atoms.

Figure 3.19: Bar graph of C10H15Oz accretion product family members of two
experiments are shown here. On the left side, panel A shows the normalised signal
of each member in the two experiments is shown. The x-axis shows the number
of O-atoms in the family members’ molecular formula and the y-axis shows the
normalised signal. On the right side, sum of family members which have an odd

or even number of oxygen in the molecule was shown for two experiments.

In Figure 3.19, panel A shows the signals of the members of the C10H15Oz family with and
without CO. The C10H15O7 peroxy radical showed a significantly decreased signal in the CO
experiment compared to the reference experiment. On the other hand, C10H15O8 and C10H15O10

peroxy radicals with even numbers of O-atoms showed a stable or even increased signal in the
CO experiment. Panel B shows that the concentration of the C10H15Oodd peroxy radicals was
strongly reduced while that of the C10H15Oeven peroxy radicals were even slightly increased de-
spite the generally reduced [RO2] in the CO experiment (Figure 3.15). In other words, C10H15Oz

peroxy radicals were decreased mainly because of the decrease of C10H15Oodd peroxy radi-
cals which were produced by one alkoxy step in the alkoxy-peroxy pathway. This is the case
because lower RO2 concentration and an enhanced HO2 concentration reduced the paths to
alkoxy radicals (R1.2.10) and thus the formation of C10H15Oodd in favour of hydroperoxide for-
mation.
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C20 marker compounds

It was observed in the family analysis that the C20H30Oz accretion product family showed a
lower signal, while both, C20H32Oz and C20H34Oz families showed a higher signal in the pres-
ence of CO.

Figure 3.20: Bar graph of C20H30Oz accretion product family members of two ex-
periments. On the left side, panel A shows the normalised signal of each member
in the two experiments is shown. The x-axis is the number of O-atoms in the fam-
ily members’ molecular formula. On the right side, sum of family members which
have an odd or even number of oxygen in the molecule is shown for two experi-

ments.

In Figure 3.20, panel A shows the detected family members in the C20H30Oz accretion prod-
uct family, with and without CO addition. In the presence of CO, C20H30Oz family mem-
bers showed a shift towards a higher oxidation state in general. This can be seen from the
strongly decreased signal of less oxygenated C20H30O8-11 family members and the milder de-
crease or even increase of the more oxygenated family members, C20H30O13-18. In Figure 3.20,
panel B shows how C20H30Oodd and C20H30Oeven are affected by the additions of CO. As ex-
pected, C20H30Oodd was showing a stronger decrease than C20H30Oeven. This is the case that the
C20H30Oodd accretion products are formed from the recombination of C10H15Oodd and C10H15Oeven

peroxy radicals. The lower RO2 concentration and enhanced HO2 concentration reduce the
path to alkoxy radicals (R1.2.10). As a consequence, less C10H15Oodd resulted in lower C20H30Oodd

accretion products.

C20H32Oz accretion products are produced in the reaction between C10H15Op and C10H17Oq

peroxy radicals where z=p+q-2. The reason for changes in [C20H32Oodd] are difficult to figure
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out. C20H32Oodd formed from the recombination of C10H15Oodd and C10H17Oeven would be de-
creased in concentration because of the reduced alkoxy-peroxy pathway (both C10H15Oodd and
C10H17Oeven peroxy radicals are produced via alkoxy-peroxy pathway) while C10H15Oeven and
C10H17Oodd recombination would remain similar or even increased (because C10H17Oz in gen-
eral increased as can be seen in the C20H34Oz family analysis). However, C20H32Oeven accretion
products are expected to be decreased since C20H32Oeven accretion products need one peroxy
radical from the alkoxy peroxy pathway (C10H17Oodd and C10H15Oodd from alkxoy peroxy path-
way or C10H15Oeven and C10H17Oeven from alkxoy peroxy pathway).

Figure 3.21: Bar graph of C20H32Oz accretion product family members of two ex-
periments are shown here. On the left side, panel A shows the normalised signal of
each member. The x-axis is the number of O-atoms in the family members’ molecu-
lar formula. On the right side, the sum of family members which have odd or even

number of oxygen in the molecule is shown for two experiments.

Figure 3.21 shows the changes in C20H32Oz accretion products marker compounds. C20H32Oz

family members showed a higher degree of oxidation during CO addition than during the
reference experiment. C20H32O7,11,13,15 accretion products with an odd number of O-atoms
showed a higher a signal in the CO experiments. In addition, C20H32O8,10,12 with an even
number of O-atoms showed a decreased signal in the CO experiment, as expected. In con-
clusion, C20H32Oodd accretion products are formed in a reaction of C10H15Oeven and C10H17Oodd

peroxy radicals which did not involve an alkoxy radical step. C20H32Oeven accretion products
were formed from either a pair of C10H15Oodd and C10H17Oodd peroxy radicals or C10H15Oeven

and C10H17Oeven peroxy radicals and they decreased because both pairs include one peroxy
radical which is formed in the alkoxy peroxy pathway (C10H15Oodd or C10H17Oeven). Panel B
shows the obvious increase of C20H32Oodd and the decrease of C20H32Oeven accretion products.
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It shows again that at high HO2/RO2 ratio, less alkoxy radicals were formed. C20H32O14,16 ac-
cretion products showed an increased signal in the CO experiment even though they had an
even number of oxygen. Since a decrease of C10H15Oz peroxy radicals (from Figure 3.18) was
observed, the increase of C20H32Oz accretion products must come from an increase of C10H17Oz

peroxy radicals. Additionally, the increase of C20H32O14,16 can be a result of a higher concentra-
tions of C10H17Oz.

In the case of the C20H34Oz accretion product family which is formed from the reaction be-
tween two C10H17Oz peroxy radicals, C20H34Oeven accretion products are anticipated to increase
while C20H34Oodd accretion products should decrease. That is the case because C10H17Oodd per-
oxy radicals, which are not involving an alkoxy radical step in the formation, would increase
and as a result, C20H34Oeven accretion products would increase from two C10H17Oodd peroxy
radicals. On the other hand, C10H17Oeven peroxy radicals would decrease and C20H34Oodd from
C10H17Oeven and C10H17Oodd peroxy radicals might be decreased as well.

Figure 3.22: Bar graph of C20H34Oz accretion product family members of two
experiments. Panel A shows the normalised signal of each member in the two ex-
periments. The x-axis is the number of O-atoms in the family members’ molecular
formula. On the right side, sum of family members which have an odd or even

number of oxygen in the molecule is shown for two experiments.

Figure 3.22 shows the changes of C20H34Oz family members with a higher HO2/RO2 ratio.
In the reference experiment (black bars), only three family members were detected (C20H34O8,
C20H34O9 and C20H34O10). However, there were more C20H34Oz family members with a higher
number of O-atoms, up to 15 O-atoms during the CO experiment, showing a higher degree
of oxidation. As expected, C20H34Oeven accretion products increased while C20H34Oodd accre-
tion products concentration was constant (panel B of Figure 3.22). The increase of C20H34Oeven

78



3.3. Photochemical oxidation of α-pinene: Effect of CO

probably comes from an increase of C10H17Oodd peroxy radicals. That is the case because
C20H34Oeven could be produced from the reaction of two C10H17Oodd peroxy radicals, and the
C10H17Oodd peroxy radicals can be formed without alkoxy radicals being involved. C20H34Oodd

was increased as well and that might be a result of the increase of the C10H17Oz peroxy radical
in general.

One possible explanation of a higher degree of oxidation in all three accretion product fam-
ilies is the lower concentrations of less oxygenated peroxy radicals like C10H15O4 because of
fast termination by HO2 at the increased HO2/RO2 ratio. Only autoxidation can compete with
termination by HO2 and peroxy radicals which did not terminated by HO2 manage to undergo
autoxidation and become HOM-RO2. As a result, preferably two HOM-RO2 peroxy radicals
form accretion products resulting in accretion products with a high O:C ratio. In contrast,
accretion products in the reference experiment were formed as well from classical RO2 with
smaller O:C ratio and HOM-RO2 which resulted in a lower degree of oxidation. As shown
already in j(O1D) experiments, the formation of accretion products can be very fast. Therefore,
accretion products formation cannot completely suppressed even at a high HO2/RO2 ratio.

C10 marker compounds

By studying the parity of oxygen for C10H15Oz and C20 family markers, clear indications of a
reduced alkoxy radical formation was observed. Now, the impact of a higher HO2/RO2 ratio
on C10 marker compounds will be described. The decrease of the [C10H15Oz] in general but a
stronger suppression of [C10H15Oodd] was observed since the formation of C10H15Oodd peroxy
radicals involve one alkoxy radical formation step. The impacts on C10-termination products
are shown in Figure 3.23.

C10H14O6, C10H14O8 and C10H14O10 which are attributed to carbonyls formed from C10H15O7,
C10H15O9 and C10H15O11 peroxy radicals showed a strongly reduced signal in the CO experi-
ment (panel A). In contrast, C10H14O7 and C10H14O9 which are attributed to carbonyls formed
from C10H15O8 and C10H15O10 peroxy radicals were reduced only weakly. As a result, C10H14Oeven

showed a stronger reduction compared to C10H14Oodd (Figure 3.23 panel B). This is the case be-
cause of, a) decreased C10H15Oodd peroxy radicals and b) decreased importance of RO2 + RO2

reactions (R1.2.8). One interesting point is that even though the C10H15O10 peroxy radicals
showed an increase in the CO experiment, C10H14O9 did not show increased signal. Because
of the increased HO2 concentrations, more hydroperoxides are produced from these peroxy
radicals instead of carbonyls.

The C10H16Oz family has three sources. The family members can be formed as alcohols by
C10H15Oz peroxy radicals in reactions with other RO2 peroxy radicals. They can also be formed
as hydroperoxides if C10H15Oz peroxy radicals react with HO2. Finally, they will be formed
as carbonyls when C10H17Oz peroxy radicals react with other RO2 peroxy radicals. Regarding
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Figure 3.23: Bar graph of C10H14Oz, C10H16Oz and C10H18Oz family members of
two experiments. Panel A, C and E show the normalised signal of each family
member in two experiments. The x-axis is the number of O-atoms in the family
members’ molecular formula. Panel B, D and F show the sum of family members
which have an odd or even number of oxygen in the molecule in the two experi-

ments.

the even/odd parity of their O-atoms, C10H16Oodd can be formed from C10H15Oeven as alcohols,
from C10H15Oodd as hydroperoxides and from C10H17Oeven as carbonyl compounds. The alcohol
channel could either increase or decrease because the increase of C10H15Oeven and the decrease
of the RO2 + RO2 reaction channel counteract. Similar arguments hold for the hydroperoxide
channel, here C10H15Oodd peroxy radicals were decreased while the HO2 radical concentration
increased. It is likely that the carbonyl formation from the reaction of the C10H17Oeven peroxy
radical will be decreased since both the C10H17Oeven peroxy radical and a disproportionation
reaction were decreased. In the same sense C10H16Oeven can be formed from C10H15Oodd as
alcohols, C10H15Oeven as hydroperoxides or from C10H17Oodd as carbonyl compounds.

Figure 3.23 panel C shows the changes in nine C10H16Oz marker compounds. Again the
concentration of less oxygenated family members C10H16O6-8 decreased strongly while those
of more oxygenated C10H16O9-12 showed only a mild decrease or even an increase. Panel D
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shows that both C10H16Oodd and C10H16Oeven family members decreased by a similar fraction.
C10H16O7 which was the most abundant peak in the reference experiment showed a decreased
signal that could be the result of decreased C10H15O7 peroxy radicals and reduced dispropor-
tionation reactions of C10H15O8 peroxy radicals. However, C10H16O7 was still the most abun-
dant peak in the CO experiment. Both, C10H16O9 and C10H16O10 showed increased signals.
The increase of C10H16O9 could be the result of an increased hydroperoxide formation from the
C10H15O9 peroxy radical and an increased alcohol formation from the C10H15O10 peroxy radi-
cal. Even though the RO2 + RO2 reaction channel diminished, the increase of C10H15O10 was
quite strong. C10H16O10 showed a three times higher signal than in the reference case, because
there were obviously still sufficient RO2 to react with and contributions by the hydroperoxide
formation from C10H15O10 peroxy radicals. Pullinen, 2016 described C10H16O10 as a contamina-
tion from the CO gas inlet. However, it is not clear how compounds like C10H16O10 with such
a low vapour pressure can evaporate from the gas line.

In Figure 3.23, panel E shows the seven detected members of the C10H18Oz family. The
C10H18O7 and C10H18O9 family members which have an odd number of O-atoms in the molec-
ular formula showed an increase in the signal while the C10H18O6, C10H18O8 and C10H18O10

family members with an even number of O-atoms showed a decreased signal in CO experi-
ment. Panel F shows that C10H18Oodd indeed increased while C10H18Oeven decreased by more
than a half.

C10H18O7 and C10H18O9 were the strongest members of the C10H18Oz family. Both com-
pounds were asigned to hydroperoxides which were formed from C10H17O7 and C10H17O9 per-
oxy radicals, (C10H18O7,9 could also be alcohols coming from C10H17O8 and C10H17O10 peroxy
radicals but it is more likely that they are hydroperoxides because of a higher HO2/RO2 ratio
and less alkoxy radical formation which is needed to form C10H17Oeven peroxy radicals).

Assuming that C10H18Oodd were mainly hydroperoxides, their precursors, the C10H17Oodd

peroxy radicals, were straight autoxidation products of C10H17O3 and do not involve an alkoxy
step. In contrast, C10H17Oeven peroxy radicals need to undergo alkoxy step. Obviously, there
were more C10H17Oodd peroxy radicals than C10H17Oeven peroxy radicals which explains the in-
crease of C10H18Oodd and the decrease of C10H18Oeven. These observations about C10H17Oodd, even

are in accordance with the analysis of the C20H34Oz accretion products (Figure 3.22).
In summary, it was shown that how the higher HO2/RO2 ratios affected the concentration

of marker compounds in the photochemical system of α-pinene by comparing the reference
experiment and the CO experiment at the same turnover. More C10H17Oz peroxy radicals were
observed indirectly (from the C20 accretion product analysis). Besides, because of the decreased
RO2 concentration in the CO experiment, there was less formation of alkoxy radicals which
resulted in less products that went through fragmentation processes. A lower alkoxy radical
formation was in accordance with the analysis of the O-atom parity in peroxy radicals and
HOM products. There were stronger decreases in the concentrations of the products that were
expected from the alkoxy-peroxy pathway than in concentrations of products originating from
straight autoxidation in peroxy radicals.
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A higher degree of oxidation was observed in monomers and accretion products in the pres-
ence of CO, despite a smaller contribution by C10H15Oz formed in a second step of oxidation
by OH. The markers in the directly observed C10H15Oz family were shifted by one O-atom.
Accretion products of the C20H30Oz family were shifted by one O-atom as well. Moreover, the
C20H32Oz and C20H34Oz family members show more of the higher oxidised accretion products,
pointing to higher oxidised C10H17Oz peroxy radicals. This means that the autoxidation can
take more steps. This is the case because of the overall smaller loss of HOM-RO2 relative to
the autoxidation itself. Since HO2 increased, the smaller loss must be related to the decreasing
importance of RO2 + RO2 reactions. According to Jenkin et al., 2019, the rate coefficients for RO2

+ RO2 are a factor of ten or smaller than the RO2 + HO2 rate coefficients (e.g. 2.0 × 10-12 cm3

molecule-1 s-1 vs 2.38× 10-11 cm3 molecule-1 s-1 for C10H15O6). Since [HO2] increased by a factor
of more than 100 while [RO2] decreased by only a factor of four, the simple termination reac-
tions (R1.2.7 and R1.2.8) cannot be the reason. It leaves the accretion product formation (R1.2.9)
as a main reason, which must be fast as we already showed and can have rate coefficients up
to the collision limit (Berndt et al., 2018a). In addition, a recombination of two HOM-RO2 gains
more relative importance because of less RO2 in the presence of CO.

3.4 Photochemical oxidation of α-pinene: Effect of isoprene

In the previous sections, the impacts of an increasing OH concentration and α-pinene turnover
as well as a higher HO2/RO2 ratios on the product pattern of α-pinene photooxidation was
analysed. The abundance of peroxy radicals and their termination reactions were modified by
external factors. In this section, changes in the product pattern in the presence of smaller carbon
chain peroxy radicals originating from isoprene will be described with a focus on the impact
on accretion products and on SOA formation. Parts of this chapter contributed to McFiggans
et al., 2019 and was published in the journal Nature, 2019.

Kiendler-Scharr et al., 2009 showed that the new particle formation from plant emission was
inhibited by introducing isoprene in to the JPAC. They found that a main reason for the sup-
pression of the new particle formation was a decrease of OH radical concentration. Since iso-
prene has an about two times higher rate coefficient than α-pinene at 16 ◦C (isoprene 1.04×10-10

and α-pinene 5.50 × 10-11 cm3 molecule-1 s-1), OH radicals reacted fast with isoprene. Less
OH reacts with α-pinene and limited oxidation of α-pinene led to less products with very low
volatility which in return reduced new particle formation. This is called OH scavenging effect
of isoprene.

McFiggans et al., 2019 showed that in α-pinene/isoprene mixtures a second effect prevents
new particle formation and reduces SOA formation: the product scavenging. Product scav-
enging refers to a situation were low volatility condensable products are not formed because
the precursors were scavenged in other reactions.
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Figure 3.24: HOM monomer and accretion products distribution with and with-
out isoprene. Panel A shows normalised mass spectra of α-pinene OH oxidation
with(orange) and without(blue) isoprene. Total HOM (circles) and accretion prod-
ucts (squares) as a function of turnover forj(O1D) experiment and isoprene exper-
iments are shown in the panel B. Turnover was varied by changing the photolysis
rate of O3 (j(O1D)) (blue points) and turnover was varied by varying the amount
of isoprene added to the system (red points). Panel C shows mass weighted signal
of two j(O1D) experiments and one isoprene added experiment (turnover written
under the names of experiments). The mass weighted signal obtained by multi-
plying signal of each molecule and mass weight. Light green bars are the signal of
monomer and dark green bars are the signal from accretion products. The result
of two j(O1D) experiments were interpolated to estimate the expected total HOM
mass weighted signal (dashed line). The light green arrow shows the suppression
of monomer and the dark green arrow shows the suppress of accretion products by

product scavenging. Adapted from McFiggans et al., 2019.

Figure 3.24 demonstrates the observed product scavenging effect in α-pinene OH oxida-
tion. In panel A, two normalised mass spectra are shown taken into account experiments of
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α-pinene oxidation by OH in the presence and absence of isoprene. The blue mass spectrum
shows the experiment without isoprene and the orange mass spectrum shows the experiment
with isoprene. The total HOM signal decreased in the presence of isoprene as both monomers
and accretion products concentration decreased. In the mass range of the accretion products
from 370 Th to 550 Th, accretion products were showing strong suppression in the presence
of isoprene. The same information is displayed by the normalised signal of total HOM (cir-
cles) and accretion products (squares) in panel B for different α-pinene turnover with OH. Two
sets of experiments are shown in this figure, both, with a deceasing turnover by decreasing
the OH radical concentration. However, the method to decrease OH radical concentration was
different: blue points were obtained by controlling the photolysis frequency of O3 while red
points were obtained by varying the amount of added isoprene. If isoprene had only an OH
scavenging effect, both sets of experiments should show the same slope for decreasing total
HOM and accretion products. However, the degree of reduction in the isoprene experiment
was higher than in the j(O1D) experiment. In case of accretion products (squares), the slope
of the isoprene experiment was steeper than that of the j(O1D) experiment which means there
is an additional suppression effect caused by the presence of isoprene. In the isoprene experi-
ment, the accretion product concentration was obviously suppressed with increasing isoprene
as a result of scavenging precursors of accretion products. Panel C is showing how much the
mass concentration of total HOM and specifically monomers and accretion products were de-
creased by the product scavenging effect. Two points from the j(O1D) experiment (shown in the
downside arrows in panel B) were chosen as the reference experiments. The two experiments
had a turnover of 4.3 × 107 cm-3 s-1 and 5.7 × 107 cm-3 s-1 respectively. The two points were
interpolated and compared to one isoprene experiment in the middle (also marked in panel
B) which had a turnover of 5.0 × 107 cm-3 s-1. The isoprene experiment showed 33 % lower
mass concentration of total HOM than expected by linear interpolation. The reduction of total
HOM mass is made up by only 7 % less monomers and 26 % less accretion products. This re-
sult shows the product scavenging effect which was revealed for the accretion products more
strongly than for the monomers. Here, the reduction of total HOM concentrations, particularly
those of accretion products are investigated in the molecular level.

84



3.4. Photochemical oxidation of α-pinene: Effect of isoprene

Figure 3.25: The time dependence of the sum of products with different carbon
atoms. The green circles and red diamonds show the measured concentration of
isoprene and α-pinene in both panels A and B. Panel A shows signals of accretion
products with different carbon atoms. It is likely that α-pinene oxidation products
contribute mostly to the sum of C17-20 compounds and isoprene oxidation products
contribute mainly to the sum of C11-15 compounds. In panel B, not only accretion
products but also C10, C5 and the sum of monomers are shown. As described in
chapter 2.1.2, this experiment started with a dark ozonolysis phase with only α-
pinene in the system. About 7:20 UTC isoprene was added to the α-pinene ozonol-
ysis system and at 12:20 UTC, photooxidation was initiated. As can be seen in
isoprene concentration (green circles with lines), isoprene addition was reduced

step wise and stopped completely after around 18:00 UTC.
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Figure 3.25 shows the temporal behaviour of monomers and accretion products. In panel
A, the time series of C17-20 accretion products (black line) is shown as well as the time series of
C11-15 (grey line). In addition, C14 and C15 which are the main contributors to sum of the C11-15

are shown in violet and lilac lines. It is assumed that C17-20 accretion products mostly arise
from α-pinene while C11-15 accretion products can be formed from isoprene originated peroxy
radicals (C≤5) reacting with α-pinene originated peroxy radicals (C≤10). In panel A, the signal
of C17-20 accretion products dropped even in the dark ozonolysis phase when isoprene is added
to the system while C11-15 accretion products increased slightly. The reason is the reaction of
isoprene with "dark OH" produced from α-pinene ozonolysis. This reaction produces more C5

and C4 peroxy radicals and thus C15 and C14 accretion products.
As photochemistry started, isoprene consumed OH heavily and C11-15 increased notably

(with huge contribution of C15 to this increase), while C17-20 accretion products decreased slightly.
As the amount of isoprene addition was reduced step wise, C17-20 accretion products from α-
pinene OH oxidation gained in importance and reached the highest value in the steady state
in the absence of the isorpene (peak at around 18:00 was not considered as it was the adapting
phase of the system to steady state). It should be noted that C11-15 hit a maximum when iso-
prene was still in the system. This is clearly showing that C15 accretion products are formed
substantially by C5 peroxy radicals from isoprene. There was still a relatively high levels of
C11-15 accretion products in the pure α-pinene OH oxidation phase (at the end of the experi-
ment) which confirms the role of fragmentation via alkoxy radicals that enables the formation
of accretion products with less than 20 carbons.

In panel B, the result for monomers is shown. The dark green line shows the sum of
monomers and green and light green shows the sum of C10 and C5 respectively. Monomers
were not much affected by the presence of isoprene and did not show such a decrease like
C17-20 (black line in panel B). Both, C10 and C5 monomers, were increased. Accretion products
formed from C5 + C5 peroxy radicals could have contributed to the increase of C10. Monomer
traces are determined by the OH scavenging. It is evident that isoprene forms some amount of
C5-HOM and α-pinene can form C5-HOM as well via alkoxy radical formation. However, the
difference of the C5 signal in the presence and absence of the isoprene showed that a substantial
portion of C5 compounds came from isoprene.

In conclusion, the C5 peroxy radicals scavenge the C9 or C10 peroxy radicals by RO2 + RO2

termination reactions and prevent the formation of C20 or C19 accretion products in the presence
of isoprene. Only a small fraction of C10,9 peroxy radicals react with C5,4 and form accretion
products which is shown by the accretion product suppression in Figure 3.24.

Figure 3.26 summarises the relative contributions of HOM monomers and accretion prod-
ucts with and without isoprene. As shown before, monomers showed a 40 % decrease in the
presence of isoprene mainly because of the OH scavenging effect. The fraction of monomers
increased in the presence of isoprene because of stronger suppression of accretion products.
The concentration of accretion products with C17-20 decreased by 90 % because of both OH
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Figure 3.26: Relative contributions of HOM monomers and accretion products
with a different numbers of carbon in the molecule. Left bar shows the fraction of
HOM monomers (light green), C17-20 accretion products(dark green) which were
derived from α-pinene OH oxidation. Pink bar showed the fraction of C11-14 which
were most likely coming from the reaction of mixed peroxy radicals from α-pinene
and isoprene OH oxidation. Right bar shows the fraction of each group in isoprene
addition experiment. The data of two experiments were normalised by 344 cts (left)

and 151 cts (right) respectively. Adapted from McFiggans et al., 2019.

and product scavenging, and their fraction of the total decreased from 33 % to 10 %. Accre-
tion products with 11 to 14 carbons were potentially formed in the mixture by recombination
of α-pinene originated peroxy radicals and isoprene originated peroxy radicals. C15 accre-
tion products are shown as a direct marker for the reaction between non-fragmented α-pinene
peroxy radicals and isoprene peroxy radicals forming accretion products. The fraction of C15

marker accretion products or C11-14 accretion products were increased slightly in the mixture
with isoprene. Even though those increases were overall small, the relative increase of C15

and C11-14 accretion products was large in the context of accretion products. Therefore, despite
strongly suppressed accretion products in general, C15 and C11-14 accretion products were actu-
ally increasing in their relative importance. Note, there were C15 and C11-14 accretion products
even without isoprene. As already mentioned they are supposed to come from peroxy radicals
which result from fragmentation of alkoxy radicals formed by the reaction of two RO2 peroxy
radicals (R1.2.10).

In mixtures of α-pinene and isoprene, the SOA yield was lower than in the system that
involves only α-pinene (Figure 2 in McFiggans et al., 2019). Lower SOA yields resulted from
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both, OH and product scavenging effect. The reactivity of isoprene towards OH radical is twice
as high than that of α-pinene at similar concentration. The OH scavenging effect leads to fewer
peroxy radicals formed from α-pinene and as a result less HOM. Isoprene oxidation products
are less efficient at SOA mass formation so this will result in SOA mass reduction.

By comparing the j(O1D) reference experiment with the isoprene experiment, it is shown
that the product scavenging effect reduces the formation of accretion products especially from
α-pinene. This is the other important reason for the SOA yield reduction in α-pinene - isoprene
mixtures. Accretion products contribute up to 50 % to HOM mass and condense likely to 100
% because of their extremely low volatility. As a result, suppression of accretion products can
reduce SOA yield efficiently. In the context of the previous discussions, conclusion can be made
that a high ratio of C≤5/C10 peroxy radicals favour permutation reactions leading to monomer
HOM over recombination reactions to form accretion products. This is similar to the high HO2

case in the CO experiments. In the next section, the investigation of how the presence of NOx
changes the product spectrum will be shown.
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Chapter 4

Photochemical oxidation of α-pinene:
Impact of NOx

In the previous sections, the effect of varying the OH concentration, CO and isoprene in the
HOM formation of α-pinene was discussed. In this section, the impact of nitrogen oxides(NOx
= NO + NO2) on the HOM formation of α-pinene will be investigated. NOx is known to have
an important effect on the suppression of new particles (Wildt et al., 2014). In addition, NOx
affects the SOA formation by controlling the OH concentration within the HOx cycle and by
decreasing the SOA yield (Sarrafzadeh et al., 2016; Kroll et al., 2006; Kanaya, Matsumoto, and
Akimoto, 2002; Stone et al., 2010; Elshorbany et al., 2012). However, Sarrafzadeh et al., 2016
showed that without the OH scavenging effect by NO2, the decrease of the SOA yield was
only moderate. The molecular mechanism behind it will be demonstrated from the viewpoint
of HOM in the following five subsections. First, it will be presented, how increasing NOx
affects the monomer HOM pattern. Secondly, the impact of NOx on fragmentation processes
in the chemical system will be shown for HOM. Thirdly, it will be shown how the presence
of NOx affects the formation of accretion products. Fourthly, the importance of the alkoxy-
peroxy pathway will be demonstrated. The four points above mentioned are connected to SOA
yields and the impact of each point on the SOA yield will be described. In addition, the family
analysis in terms of the increasing NOx concentration will be discussed. Parts of this chapter
contributed significantly to Pullinen et al., 2020 and was published in the journal Atmospheric
Physics and Chemistry, 2020.

4.1 Monomer HOM pattern change

In the absence of NOx, the reactions of peroxy radicals with other peroxy radicals including
hydroperoxyl radicals (R1.2.7, R1.2.8 and R1.2.9) are the major pathways for peroxy radicals to
produce closed shell products. For shortness, such reactions will be called as peroxy permu-
tation reactions and their products HOM-PP. When NOx is present, the reaction of NO with
peroxy radicals as well as the reactions of NO2 with acyl peroxy radicals strongly competes
with permutation reactions. Efficient reactions of RO2 (including acyl peroxy radicals) with
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NOx will change the product pattern of HOM. This is demonstrated for HOM monomers in
Figure 4.1.

Figure 4.1: Four mass spectra at different steady state NOx concentrations. From
top to bottom, the steady state mixing ratio of NOx increased from 0.3 ppb over
3.8 ppb and 8.7 ppb to 72 ppb. Different species are colour coded. The black bars
represent termination closed shell products like alcohol, carbonyl and hydroperox-
ide (HOM-PP). The red bars show the signal from peroxy radicals(HOM-RO2) and
blue bars represent the signals from organic nitrate and peroxy acyl nitrates(PAN
like) (HOM-ON). The x-axis is mass per charge ratio and peaks show the molecular
mass without the reagent ion. The y-axis shows a signal normalised to the total ion

counts

Figure 4.1 shows four mass spectra at different steady state mixing ratios of NOx. The nor-
malised signal is colour coded according to the termination functional groups (permutation
reaction products (HOM-PP) in black and organic nitrates (HOM-ON) in blue) or indicating
HOM-peroxy radicals (HOM-RO2 in red). The top graph shows a mass spectrum in the pres-
ence of 0.3 ppb of NOx, which was the minimum NOx that could be achieved.
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At a background NOx concentration of 0.3 ppb, only little organic nitrate was formed,
which can be recognized by the small blue peaks on the top mass spectrum. The majority
of the "no NOx addition" mass spectrum was consisting of RO2 and HO2 termination products
(HOM-PP, black bars). The situation changed when an increasing concentration of NOx was
added to the system. As the concentrations of NOx increased and the organic nitrates became
the most prominent peaks, as can be seen by the increasing blue bars.The relative contributions
of different termination functional groups were calculated and are shown in Figure 4.2.

Figure 4.2: The relative intensity of HOM according to termination functional
groups: HOM-ON (blue), HOM-PP (black), and HOM peroxy radicals (HOM-RO2,

red) are shown as a function of steady state NOx concentration.

As can be seen in Figure 4.2, the relative intensity of HOM-ON was about 4 % at the back-
ground level of NOx and it increased up to 50 % at the highest NOx level. On the other hand,
the signal of termination products (HOM-PP) dropped from 88 % to 35 %. This result shows
that the termination reactions of monomer HOM-RO2 switched from termination by other per-
oxy radicals or HO2 to termination by the reaction with NO or NO2. One would expect that
the introduction of a fast sink for peroxy radicals, here reactions with NO and NO2, would
lead to a reduction of their steady state concentrations. It is therefore remarkable that even at
the very high NOx concentrations, it was possible to detect still quite a substantial amount of
HOM-RO2 (red circles). Also many closed shell HOM-PP without nitrate groups survived, al-
though the rate coefficient for RO2+ NO (around 9× 10-12 cm3 molecule-1 s-1 for less oxygenated
peroxy radicals, IUPAC Task Group recommendation (http://iupac.pole-ether.fr/)) is twice as
high than the one for RO2+ RO2 (around 5.0× 10-12 cm3 molecule-1 s-1 between less oxygenated
peroxy radicals. However, rate coefficients highly depend on the peroxy radicals, Jenkin et al.,
2019) and the concentration of NO was much higher than that of RO2. The possible reasons
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for such a high steady state concentration of HOM-RO2 even in the presence of a high NOx
concentration will be discussed in Chapter 4.4.

Pullinen et al., 2020 show that HOM makes up a large portion of SOA under the conditions
in the experiments that are used in this chapter. The question arises whether the change of reac-
tion patterns from the formation of HOM-PP to the formation of HOM-ON will affect the SOA
formation. In short, that is not the case because of the special characteristics of HOM. HOM-PP
consist in most cases of several hydroperoxide groups, alcohol or percarboxylic acid groups
(Bianchi et al., 2019). When HOM-RO2 were formed by autoxidation they are already highly
functionalised, mostly with multiple hydroperoxide groups. Therefore, there is no reason why
the final termination functional group should greatly alter the volatility of the resulting ter-
mination products, thus its effect on the SOA formation. Pullinen et al., 2020 observed similar
effective uptake coefficients (γeff) of HOM originating from β-pinene oxidation and with differ-
ent termination functional groups with increasing O-atoms in the molecule, as shown in Figure
4.3.

Figure 4.3: Effective uptake coefficients γeff for HOM-PP (C10H14Oz (black bars),
C10H16Oz (brown bars)) and HOM-ON (C10H15OzNO2, (blue bars)) are shown as
a function of the number of O-atoms in the mother C10 peroxy radical. Because of
the limited mass spectral resolution C9-HOM where one carbon and four hydro-
gens were replaced by one oxygen atom, e.g., C10H16O8 and C9H12O9, are treated
together. The black line indicate γeff = 1 and 0.5. The average Fuchs-Sutugin cor-
rection factor of 0.70 (for a median surface diameter dp=175 nm) was applied to

γeff.

In the calculation of γeff, the Fuchs-Sutugin correction factor was applied in order to correct
for diffusion limitations since γeff were close to unity and the median diameter of the observed
particle surface distribution was 175 nm. The effective uptake coefficients of C10H14Oz and
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C10H16Oz (black and brown, respectively) showed a similar trend as C10 HOM-ON products
(blue). Regardless of the termination functionality, the γeff increased with an increasing number
of O-atoms in the C10 HOM until they reached unity. In fact, if compounds have seven or more
O-atoms, they will likely condense in every collision on the particle surfaces. The result is due
to the multifunctional character of HOM and HOM-RO2 as described above. In conclusion, the
changes in the pattern from HOM-PP and HOM-ON will not have a great impact on the SOA
yield based on the observation.

4.2 Fragmentation

Alkoxy radicals, RO · , are formed by the reaction of two peroxy radicals (RO2+ RO2, R1.2.10)
and to a smaller extent by the reaction of peroxy radicals with hydroperoxyl radicals (RO2+
HO2), when NO concentrations are low. However, with an increasing NO concentration in the
system, the reaction RO2 + NO (R1.2.12) gains importance. As a consequence, with increasing
NOx, RO · are formed predominantly by reaction R1.2.12. Alkoxy radicals have three prin-
cipal reaction pathways, depending on their size and functionalisation: H-abstraction by O2

(primarily small alkoxy radicals), rearrangement, and decomposition. Alkoxy radicals tend to
decompose since they have excess energy and thus are highly unstable. This often leads to a
break of the C-C bond to a C-atom adjacent to the alkoxy group (α-scission). Fragmentation
will eventually result in the formation of smaller molecules with a lower number of carbon
atoms in the backbone. In other words, as the formation of alkoxy radicals increases by a reac-
tion of RO2 + NO, it is expected to detect an increasing number of smaller oxidation products
with less than ten carbons. And this aspect was investigated in the NOx experiment series.
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Figure 4.4: The normalised signals of total HOM, monomers, accretion products
and HOM that resulted from fragmentation processes, in the mass range of 230 Da
to 550 Da as a function of NOx. Black squares show total HOM, blue circles and
triangles represent HOM monomers (HOM-MON) and accretion products (HOM-
ACC). HOM-MON did not change much as NOx concentration increased while
HOM-ACC decreased by 2

3 at the highest NOx level (72 ppb) compared to refer-
ence NOx level (0.3 ppb). Smaller grey and white circles show the signal of C10
monomers and C5-9 monomers, respectively. Smaller light green and dark green
triangles represent C20 accretion products and C11-19 accretion products. From the
gain of C5-9 monomers and the relative gain of C11-19 accretion products, the in-
creasing importance of fragmentation is deduced. Dashed and dotted lines serve
only to guide the eye and have no further meaning. All data presented here were

corrected for turnover and particle surface as described in Chapter 2.4.1

Figure 4.4 shows the normalised signal of total HOM, monomers, and accretion products.
The molecular mass range of 230 to 550 Da was selected in order to cover the concentrations of
those HOM that should contribute to SOA (HOM with composition C10H14O6 have a molecular
mass of 230 Da). The figure includes the splits of monomers in C10 and C5-9 compounds and
of accretion products in C20 and C11-19 compounds, both as indicators for fragmentation pro-
cesses. Total HOM (black squares) decreased by 20 % as the NOx level increased. Monomers
(light blue circles) showed an only 4 % decrease with increasing NOx concentration. This was
the result of two factors. C10 monomers (grey small circles) showed a 25 % decrease while
C5-9 monomers, which must result from fragmentation processes, almost doubled (white small
circles). The increasing importance of fragmentation is related to more efficient alkoxy radi-
cal formation by the RO2 + NO reaction with increasing NOx. The increasing importance of
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fragmentation processes was more evident in accretion products. As the NOx level increased,
accretion products decreased by 65 %. Small accretion products (C11-19) decreased by only 50 %
while C20 accretion products decreased by 98 %. This means that at high NOx concentrations
most accretion products contained moieties arising from fragmentation processes. Again, an
explanation is the increased production of alkoxy radicals at high NOx concentrations. The
suppression of accretion products will be dealt with in the next section.

Figure 4.5: Monomers and accretion products with fractions that went through
fragmentation processes as a function of NOx. The blue filled circles and blue open
circles show the contributions of C10 and C5-9 monomers respectively. The red filled
circles and red open circles show the contributions of C20 and C11-19 accretion prod-

ucts, respectively.

The relative changes of the players in Figure 4.5 underline the increasing importance of
fragmentation with increasing NOx. The figure shows the fractions of C10 monomers and frag-
mented monomers C5-9 as well as the fractions of C20 accretion products and fragmented accre-
tion products C11-19 as a function of NOx. The contributions by C10 monomers decreased from
73 % to 50 % while those by C5-9 monomers increased from 27 % to 50 % with increasing NOx.
The increasing importance of fragmentation processes was thus evident for monomers. The
increasing importance of fragmentation was even more distinct for the accretion products. In
the reference case with a NOx level of 0.3 ppb, there were already 70 % of accretion products
with less than 20 C-atoms. They mainly come from alkoxy radicals produced by RO2 + RO2

reactions (as discussed in Chapter 3). With increasing NOx, the fraction of C20 decreased from
32 % to 2 %. zero. However, signals measured for smaller accretion products C11-19 increased
from 68 % to 98 %, and they were accounting for almost all accretion products at high NOx
level. As mentioned above, this was a result of the increase of alkoxy radical formation.
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The question arises, how the increase of fragmentation processes that are forming smaller
monomers and accretion products will impact SOA yields. One would expect that smaller
molecules have higher volatilities than the C10 monomers or C20 accretion products and less
tendency to condense on particles or even to form new particles (McFiggans et al., 2019). As a
consequence, an increase of fragmentation processes should result in a reduction of SOA yields.
Referring to Figure 4.3, it is assumed that HOM monomers with six or more O-atoms and ac-
cretion products will quantitatively contribute to SOA formation. To investigate the effect of in-
creasing fragmentation on SOA mass yield, the mass concentrations of HOM monomers (C5-10)
and HOM accretion products (C11-20) were calculated in the molecular mass range 230 to 550
Da. In order to do so, normalised signals were weighted by their molecular mass (calculated
using the CIMS analyzer) and the calibration factor of 3.7 x 1010 cm-3 ncps-1 was applied.

Figure 4.6: The plot shows mass concentrations of total HOM (black squares),
HOM monomers (C5-10, light blue filled circles) and accretion products (C11-20, dark
blue triangles) as a function of NOx. Additionally, the split in C10 (small grey cir-
cles) and C5-9 (white small circles) monomers is shown as well as the split in C20

(light green triangles) and C11-19 (dark green triangles) accretion products.

Figure 4.6 shows the same data as Figure 4.4, however, the normalised signals were con-
verted into mass concentrations. The mass concentrations of the shown monomers and accre-
tion products are a direct measure of the SOA mass that can be generated by them assuming
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a γeff of unity. The total HOM mass concentration (C5-20) decreased from 0.63 µg m-3 to 0.46
µg m-3 showing about 30 % reduction. The main reason is a decrease of accretion products
which will be discussed in the next section. Small white circles and small light green trian-
gles represent the mass contribution of monomers and accretion products that went through
fragmentation processes. C5-9 monomers increased in absolute terms as a function of NOx.
Since they must be highly functionalised molecules to fall within the mass range 230 to 550 Da,
they will contribute to SOA mass formation in the same way as C10 compounds of the same
molecular mass. Even though the mass concentrations of small fragmented accretion products
decreased, they were not suppressed as severely as C20 accretion products and their relative
importance increased. In conclusion, an increasing fragmentation processes initiated by RO ·
do not play a significant role in SOA mass reduction with increasing NOx concentration.

4.3 Accretion product suppression

Accretion products play an important role in the formation and the growth of new particles
(McFiggans et al., 2019; Mohr et al., 2017; Hall IV and Johnston, 2011; Kristensen et al., 2013;
Kristensen et al., 2016; Tröstl et al., 2016; Müller et al., 2008; Zhao et al., 2013). The composition of
fresh SOA particles can be explained from 5 up to 50 % by HOM accretion products depending
on the stage of the particle formation process (Zhao et al., 2018; Mohr et al., 2017; Kalberer et al.,
2004; Hall IV and Johnston, 2011). Therefore, changes in accretion products are critical to SOA
yields.

As shown in Figure 4.4, the normalised signal of the accretion products decreased by 65 %.
The decrease of accretion products is obviously seen in the mass spectra. In the high resolution
analysis of the observed mass spectra, accretion products are found in a molecular mass range
from about 350 Da to 500 Da. In the upper black mass spectrum in Figure 4.7, the mass envelope
with two clear maxima allows for easy separation of monomers (200-340 Da) and accretion
products (400-500 Da). On the other hand, in the lower red mass spectrum in the presence
of 26 ppb NOx, the clear separation between monomer and accretion product disappeared.
Instead, the monomers seem to be shifted to a higher mass range. In addition, the signal in the
middle mass range (350-400 Da) increased quite strongly.

There are a few reasons for these observations. Firstly, the signal in the mass range 400 Th
to 500 Th decreased because of the competition between the accretion product channel and the
organic nitrate channel. As the NOx concentration increased, the peroxy radicals react more
frequently with NOx. This leads to organic nitrate and alkoxy radical formation instead of
accretion product formation by reactions with other peroxy radicals. As a result, the branch-
ing ratio into accretion product formation dramatically decreases. Secondly, the signal in the
middle mass range (300-400 Da) showed an increase because an increasing number of smaller
accretion products were formed, which have less than 20 carbon atoms. As was shown in Fig-
ure 4.5, the ratio between C15-19 and C20 indeed increased from 2 to 9.5. Another reason why
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Figure 4.7: Mass spectra observed in the oxidation of α-pinene by OH at 0.3 ppb
background NOx (upper black mass spectrum) and in the presence of 26 ppb NOx
(lower red mass spectrum) under steady state conditions. The x-axis represents the
molecular mass without the mass of the reagent ion NO3

– and the y-axis shows
normalised signal.

the signals in the middle range increased is related to the shift of the monomer envelope to a
higher mass range. This is due to the formation of (monomer) HOM-ON with heavier termi-
nation groups. If a peroxy radical (RO2) has a molecular mass of M, formation of carbonyls,
alcohols and hydroperoxides would result in molecular masses of M-17, M-15, and M+1 re-
spectively. However, the formation of organic nitrates or PAN-like compounds will increase
the molecular mass to M+30 or M+46. (the latter happens, if the peroxy radical is an acyl peroxy
radical and reacts with NO2). In addition, our hypothesis is that - related to the rearrangement
channel of alkoxy radicals - a higher oxidation degree can be achieved by the alkoxy-peroxy
pathway, i.e. the coupling of alkoxy H-shifts and autoxidation (peroxy H-shifts). This coupling
shifts the molecular mass of monomers to a higher mass range by enhancing the radical chain
length. The alkoxy-peroxy pathway will be further investigated in the next section.
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The question can be asked, how the accretion products suppression will affect SOA yields.
First, it can be seen from Figure 4.6 that the mass concentration of accretion products (C11-20) de-
creased more than 70 %. As a consequence, the contribution to SOA mass by accretion products
will also decrease. To better understand the effect of NOx on SOA of accretion products sup-
pression, the formation mechanism of accretion products will be discussed. Accretion products
are formed from two peroxy radicals (Berndt et al., 2018b; Berndt et al., 2018a). In case of two
HOM-RO2 forming HOM-ON instead of accretion products, SOA mass yields should increase.
First of all, there will be no loss of one oxygen molecule(O2) during accretion product forma-
tion in the process of forming two monomers. In addition, if two HOM-RO2 peroxy radicals
form organic nitrates by attaching NO or NO2, the mass gain can be 92 Da (adding 2 x NO (30
Da) and loss of O2 (32 Da) does not occur) even 124 Da (2 x NO2 (46 Da) and loss of O2 does
not occur).
However, if accretion products are produced by the reaction of one HOM-RO2 peroxy radical
and one less oxygenated RO2, the suppression of accretion products will lead to SOA mass re-
duction by loss of the less oxygenated RO2. That is the case because the termination products
of the less oxygenated RO2 will have too high volatility to efficiently condense, because of too
low O/C ratio and functionalisation. In the case of two intermediate oxygenated RO2 forming
accretion products, resulting accretion products will condense on the particle. However, two
intermediate oxygenated peroxy radicals are not likely to condense on the particle because of
their relatively high volatility. In other words, suppressing of such an accretion product might
lead to the mass loss of the two intermediate oxygenated RO2 in SOA formation. This effect
plays a role on the suppressing impact of SOA mass formation.
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Figure 4.8: O:C ratio of α-pinene photooxidation products in the presence of back-
ground level NOx (0.3 ppb, black circles) and 8.7 ppb of NOx (blue circles) as a
function of the number of carbon atoms. Each point represents detected molecules
during the experiment and identified with high resolution analysis. The x-axis
shows the number of carbon in the compounds and the y-axis shows the ratio be-

tween oxygen and carbon in the molecule.

The contribution of less oxygenated precursor peroxy radicals to accretion products can be
confirmed by the observed of O:C ratios of HOM accretion products in comparison to HOM
monomers. Figure 4.8 shows the O:C ratio of products from α-pinene photooxidation in the
presence of background NOx level (black circles) and the 8.7 ppb of NOx (blue circles). The O:C
ratio of accretion products is lower than that of the monomers. The average O:C ratio was 0.97
for monomers and 0.68 for accretion products under condition of background level of NOx. For
higher NOx levels, the average O:C ratio is 1.16 and 0.83 for monomer and accretion products,
respectively. The loss of one oxygen molecule in the accretion product formation reaction will
lower the O:C ratio in average by only 0.1. Compared to that, the differences of the O:C ratio
between monomer and accretion products were 0.29 for background NOx condition and 0.33
for higher NOx conditions. Thus the low O:C ratios of accretion products indicate indeed a
substantial contribution of less oxygenated peroxy radicals to their formation.

Berndt et al., 2018b showed that the reaction rate coefficient for accretion product forma-
tion varies two order of magnitudes depending on the degree of functionalisation. Based on
Berndt et al., 2018b, one could imagine three types of pathways to form accretion products. It
is assumed that the involved RO2 form a pre-existing cluster before they react to the accretion
products. The first pathway would be that the accretion products are formed by two HOM-RO2
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(Mentel et al., 2015). This channel would be driven by the formation of a relatively stable pre-
existing cluster by two HOM-RO2 with strong intermolecular interaction, living long enough
to be stabilised and become the accretion product. The second pathway is the reaction between
HOM-RO2 and intermediate oxygenated RO2. The pre-existing cluster maybe less stable com-
pared to the first channel due to the lack of functionality of the second partner, so that it will
fall apart faster. However, its formation rate can be (much) faster because of the larger con-
centration of intermediate oxygenated RO2. The third pathway is the reaction between two
intermediate oxygenated peroxy radicals. The chances for the third channel are probably low
because they can form only unstable pre-existing clusters. However, it may still contribute to
accretion products by the excessive number of collisions of intermediate oxygenated RO2 and
thus high formation rates of the pre-existing cluster (compensated by a fast decay rate, though).
Since accretion products suppression prevents less oxygenated peroxy radicals from having a
chance to condense on particles, it will result in a decrease of the SOA yield. This is in accor-
dance with the results described by McFiggans et al., 2019.

4.4 Alkoxy-peroxy pathway

As demonstrated above, the presence of NOx will favor the formation of alkoxy radicals.
Alkoxy radicals have three principal reaction pathways. The first pathway is hydrogen ab-
straction by O2 to form carbonyl compounds. This is usually the reaction of less functionalised,
small alkoxy radicals. More functionalised, larger alkoxy radicals can undergo internal hydro-
gen migration from C-H bonds to form an alcohol group and an alkyl radical followed by O2

addition (analogous to autoxidation). When the shifted hydrogen migrated from a hydroper-
oxide group the peroxy radical will be formed directly, and does not require the bimolecular
step of the reaction with O2. The last pathway is decomposition. Alkoxy radicals are highly
unstable with excess energy and often α-bond scission takes places.

The second pathway will change the parity of the oxygen number in the resulting peroxy
radicals because of the formation of the alcohol group (whereas straight autoxidation will only
generate hydroperoxide groups, i.e. increase the number of O-atoms by two.). The third path-
way produces increasing amounts of smaller molecules with increasing NOx, reflected in both
monomer and accretion products with smaller carbon numbers than C10 and C20, respectively.
Smaller molecules with less oxygen may not be able to develop a sufficient number of hydro-
gen bonds with the reagent ion NO3

– to form stable clusters and to be detected. Therefore, one
would expect that the observable total HOM concentration should be lower at high NOx be-
cause smaller molecules from fragmentation processes are not detected with the nitrate CIMS.
However, this was not observed.

As shown in the previous section, the total HOM signal (black squres) decreases by 20%
(Figure 4.5, black squares). Considering that the accretion product concentration decreased
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by 65 %, the decrease of total HOM is not very significant. In addition, considering an in-
creased fragmentation via alkoxy radicals may lead to smaller monomers outside of our range
of detection, the reduction of the total HOM concentration is an upper limit. In this sense, the
decrease in HOM concentration appears to be indeed fairly small. As a consequence, there
must be another source of HOM which keeps up the HOM concentration at high NOx despite
the increasing NOx leading to smaller molecules by alkoxy fragmentation.

Our hypothesis is that rearrangement of alkoxy radicals plays a role and here the alkoxy-
peroxy pathway comes into the play: an increasing amount of alkoxy radicals are formed with
increasing NOx and the branching into fast H-migration of alkoxy radicals allows for form-
ing the next step of peroxy radicals. The alkoxy-rearrangement is obviously able to compete
strongly with C-C bond scission (Vereecken and Peeters, 2010) and keeps up the peroxy radical
concentration and possibly the autoxidation process. The alkoxy-peroxy path was postulated
before by Mentel et al., 2015 in the ozonolysis of cyclopentene and substituted cyclohexenes.

Figure 4.9: Reaction scheme of the alkoxy-peroxy pathway. Intramolecular hy-
drogen shift to the alkoxy site generates an alkyl radical site. It is followed by O2
addition forming another peroxy radical, which could undergo autoxidation. By
this way, alkoxy radicals do not fragment and maintain its carbon backbone with

10 C-atoms for α-pinene.

Figure 4.9 sketches how the alkoxy-peroxy pathway is working. The alkoxy radical goes
through a fast internal hydrogen shift and becomes alcohol while a new alkyl radical site is
created. An oxygen molecule is added to the alkyl radical and forms a new peroxy radical
which has one more oxygen atom than the mother peroxy radical of the alkoxy radical. How-
ever, it is not necessary to form an alkyl radical. A hydrogen from a hydroperoxide functional
group can be shifted to the alkoxy site and form directly a peroxy radical at the former hy-
droperoxide position. This peroxy radical would have one oxygen less than the mother peroxy
radical of the alkoxy radical. In these ways, alkoxy radicals form new peroxy radicals with one
more or one less oxygen atom compared to their mother peroxy radicals instead of fragmenting
and yielding smaller compounds. The newly formed peroxy radicals can undergo autoxida-
tion. Peroxy radicals formed via the alkoxy-peroxy pathway will have different parity in the
number of oxygen atoms in the molecule compared to the mother peroxy radical.
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Figure 4.10: The normalised signal of peroxy radicals as a function of NOx. Colour
code shows the OH concentration in units of molecules cm-3.

Figure 4.10 demonstrates the signal intensity of peroxy radicals as a function of NOx. As
described before, OH concentration increased until 16 ppb NOx and decreased by more than
a factor of two at the point of highest NOx. The OH concentrations were about 4.3 × 107

molecules cm-3 at 0.3 ppb NOx, and 6.6 × 107 molecules cm-3 at 16 ppb NOx and about 2.8
× 107 molecules cm-3 at 72 ppb NOx. Despite the low OH concentration, the peroxy radical
concentration at 72 ppb NOx was as high as at 2 times higher OH radical concentration at at
3.78 ppb NOx (5.20 × 107 molecules cm-3). Actually, one would expect that the fast reaction
with NO and NO2 at high NOx concentrations should reduce the RO2 concentration and the
autoxidation process by fast converting peroxy radicals into closed shell organic nitrates, but
this was obviously not the case.

These unexpected high amounts of peroxy radicals can be explained by an efficient alkoxy-
peroxy pathway. According to MCM v3.3.1, alkoxy radicals are formed from the reaction
between RO2 and NO (with branching ratio about 70 %). And alkoxy radicals go through
alkoxy-peroxy pathway to form another peroxy radical. Despite of low OH concentrations,
peroxy radicals formed by the alkoxy-peroxy pathway keep the peroxy radical concentrations
up. New peroxy radicals formed by the alkoxy-peroxy pathway do have one more oxygen in
the molecule if they were formed via the alkyl radical path. In addition to subsequent autox-
idation, this increases the degree of oxidation which could be observed in the mass spectra.
That is the second reason why the monomer range in the mass spectrum is shifted to a higher
mass range (besides carrying a heavier termination group). The enhancement of the oxidation
degree at high NOx and the separation from smaller accretion products, is demonstrated in the
mass defect plot of NOx and no NOx systems.
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Figure 4.11: Oxygen based mass defect plot of both NOx and no NOx systems.
The x-axis shows the calculated Kendrick Mass based on the integer molecular
mass of oxygen atoms of 16.0000 Da. The m/z range between 350 Th-500 Th was
selected. Molecular masses include the 15NO3

- reagent ion. The y-axis is showing
Kendrick mass defect which is the difference between O based Kendrick mass and
integer mass of each molecule. Grey triangles represent monomer compounds de-
tected in the no NOx addition experiment, while pink triangles represent accretion
products found in the NOx experiment ([NOx] = 8.7 ppb). Black and red closed
circles show monomers and accretion products detected in NOx experiment, re-

spectively.

Figure 4.11 represents a mass defect plot of monomer and accretion products in both no
NOx and NOx experiments. Oxygen with a molecular mass of 16.0000 Da was chosen as
Kendrick mass base so that compounds which differ only in the number O-atoms are appear-
ing on horizontal lines (Oxygen based Kendrik masses are obtained by multiplying carbon
based masses by 16.00000

15.99492
). Only the middle mass range is shown, where highly oxygenated

monomers and small accretion products are overlapped. In the m/z range 360-405 Th, there
were monomers in both no NOx (grey triangles) and NOx (black closed circles) experiment.
In the no NOx case, three consecutive patterns at around 358 Th, 374 Th and 390 Th were
found. They were C10 monomer progressions with one oxygen increase. The same pattern
exists also with NOx in the system. However, in the m/z range between 410-470 Th, only the
NOx system has monomer peaks. These indicate that monomers in the NOx experiments have
indeed a higher degree of oxidation compared to the no NOx case, as expected for an efficient
alkoxy-peroxy pathway.

In the m/z range of 360 Th-400 Th, some molecules with a smaller mass defect in the NOx
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experiments were found. They were smaller monomer molecules that have less carbon and
hydrogen but more oxygen such as C8H12O14 at 395 Th. The reason why lower mass defects
point to smaller molecules in the shown middle m/z range is explained by the following.
Hydrogen has mass defect 0.00783 Th, oxygen has -0.00508 Th and carbon has 0 Th as mass
defect. If in molecules one oxygen atom replaces one carbon atom and four hydrogen atoms
(to be detected at same integer mass), it will have a -0.0364 Th, more negative mass defect in the
carbon based Kendrik mass defect plot. In the oxygen based Kendrik mass plot, this converts
to a -0.364115 Th more negative mass defect.

A similar argument holds for the separation of accretion products and highly oxygenated
monomers appearing in the same m/z range: accretion products have more CH2 and must
thus have less oxygen to appear in the same m/z range. Therefore, once can conclude from
the mass defect plot (Figure 4.11): even though there are many peaks which can be observed in
both no NOx and NOx experiments, the NOx experiment showed a trend to smaller but higher
oxidised accretion products in the m/z range above 440 Th (detected in the lower mass defect
regime). As postulated above, smaller accretion products stem from recombination reactions
involving peroxy radicals after fragmentation processes, wherein either one or both have less
than 10 C atoms. The separation of monomers and small accretion products is also seen in the
mass range between 360 Th and 400 Th. For no NOx experiments, monomer and accretion
products are clearly separated at mass defect 0.19 Th. Accretion products exist above mass
defect 0.19 Th and monomers showed mass defects smaller than 0.19 Th. On the other hand,
monomers and accretion products showed overlap when NOx was added. This is mainly
because of an increase of smaller accretion products like C12, C13 or even C11. The Kendrick
mass defect plots are showing the same analytic result as derived from the mass spectra itself
but clearer because of the one dimension more.

The alkoxy-peroxy pathway leads to higher oxidised products with C10 and with C<10 with
higher mass thus compensating the SOA mass loss expected from fragmentation processes.
In the alkoxy-peroxy pathway rearrangement of alkoxy radicals competes with simple alkoxy
radical decomposition. Fast H-migration kept the size of the carbon backbone and in combina-
tion with autoxidation explained the substantial amount of C10 RO2 and C10 HOM-PP, even at
high NOx. These highly oxidised HOM-PP will condense on particles and prevent the (strong)
suppression of SOA yields.

4.5 Family analysis

Until now, the effect of increasing NOx on the HOM product distribution, fragmentation and
HOM accretion products was discussed. In chapter 4.1, an increase of HOM-ON was observed
and a decrease of HOM-PP as NOx level increased. It is evident that NOx affects the distribu-
tion of reaction channels. In this chapter, C10 HOM-ON, HOM-PP and HOM-RO2 as well as
C20 accretion products will be analysed in detail using family analysis.
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Figure 4.12: The normalised signals of C10 and C20 families as a function of
NOx. Panel A shows the C10H15Oz family (orange squares) and C10H17Oz (green
squares) family which was attributed to peroxy radicals. Panel B shows the HOM-
ON familes C10H15NOz (olive green triangle) and C10H17NOz (turquoise triangle).
Panel C shows HOM-PP families C10H14Oz (black filled circles), C10H16Oz (red
filled circles), and C10H18Oz (blue filled circles). In panel D, three families of C20
accretion products are shown. They are C20H28Oz (grey filled circles), C20H30Oz

(purple filled circles) and C20H32Oz (pink filled circles).

Figure 4.12 displays the normalised signal of C10 monomer and C20 accretion product fam-
ilies as a function of NOx. Panel A shows a normalised signal of the C10H15Oz and C10H17Oz

families which are attributed to peroxy radicals. The C10H15Oz peroxy radicals showed a de-
crease as NOx concentration increased in the system. On the other hand, C10H17Oz peroxy
radicals were showing an increase with increasing NOx concentration. There is no clear ex-
planation at the moment why the peroxy radicals should behave like this. However, some
explanations can be inferred from the observations. C10H15Oz peroxy radicals are formed from
the OH oxidation (likely H-abstraction) of α-pinene oxidation products such as pinonalde-
hyde. Pinonaldehyde is produced via the first generation peroxy radical C10H17O3. We can
construct a line from C10H17O3 to pinonaldehyde (and similar products) and to C10H15Oz by
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secondary oxidation by OH. Therefore, it could be possible that C10H17O3 radicals did not fol-
low the route to pinonaldehyde but underwent preferably an alkoxy-peroxy pathway. It is
already shown that oxidation is carried out to a high O:C ratio in the presence of NOx. The
number of family members of detected C10H17Oz peroxy radicals increased compared to the
OH varying experiment series.

Figure 4.13: The normalised signal of family members of C10H15Oz family (in
panel A) and C10H17Oz family (in panel B) as a function of NOx.

Figure 4.13 shows the family members of peroxy radical families. In panel A, there are seven
members detected from C10H15Oz family. The C10H15O7 which was the peroxy radical with the
highest concentration when no NOx was added became the fourth highest peroxy radical at
the highest NOx level. C10H15O10,11,12 peroxy radicals which have higher O:C ratio became
the most prominent peroxy radicals in NOx experiments. Again, the higher oxidization effect
caused by alkoxy-peroxy pathway was observed.

In panel B from figure 4.13, there were seven members detected in C10H17Oz family. In the
J(O1D) experiment, there was only one family member which was detected, C10H17O10 (Figure
3.12, panel B). In the presence of NOx, more members and more highly oxygenated C10H17Oz

peroxy radicals were detected at high NOx. Peroxy radicals with up to 16 O-atoms were ob-
served. From this observation, it can be claimed that by introducing NOx in the system, the
chemistry of peroxy radicals is widened. Since the importance of alkoxy radicals increases
with increasing NOx, an early alkoxy step in the alkoxy-peroxy pathway might be the key
to facilitate autoxidation of the C10H17O3 peroxy radical. After forming the series of HOM-
RO2, C10H17Oz peroxy radicals finally terminated with NO or other peroxy radicals. This leads
then to the already discussed higher oxygenated HOM-PP and HOM-ON in the presence NOx
compared to the J(O1D) experiments. Such alkoxy enhancement of oxidation should be also
effective for the C10H15Oz family. However, the C10H15Oz family was suppressed by 30% at the
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highest NOx concentrations. This suggest that the enhancement of oxidation by the alokoxy-
peroxy path must set on within the radical chain after C10H17O3 formation and before its ter-
mination to pinonaldhyde.

In Figure 4.12, panel B shows both C10H15NOz and C10H17NOz families which were at-
tributed to organic nitrates. Both families increased with the NOx concentration. This is an
understandable result since more NO or NO2 in the system will result in more RO2 terminated
by NO or NO2. It is remarkable that the C10H15NOz family increased as NOx increased al-
though C10H15Oz family decreased. This result reflects that an increasing fraction of C10H15Oz

peroxy radicals reacted with NO or NO2 on the cost of of HOM-PP formation channels.
The decrease of HOM-PP is shown in Figure 4.12, panel C. The C10H14Oz family which was

attributed to carbonyl compounds went through a slight maximum at around 10 ppb NOx be-
fore it dropped moderately. This maximum reflects that with increasing NOx also [OH] and
related photochemical activity passed through a maximum. This can be also recognized by the
maximum in HO2 at about the same NOx in Figure 4.14. It seems that increasing NOx does
not have strong effects on the C10H14Oz family. C10H18Oz, which was attributed to alcohols and
hydroperoxides, and even more so C10H16Oz, which was attributed to a mixture of carbonyl
compounds, alcohols and hydroperoxides showed a decrease with increasing NOx. In contrast
to C10H14Oz, here the competition with the termination reaction by NO seems to overcome
the maximum of peroxy radical production by OH radicals. The decrease of C10H16Oz family
concentration was very strong, while the decrease C10H18Oz concentration was relatively mod-
erate. At 26 ppb and 72 ppb NOx the C10H14Oz family showed greater normalised signal than
C10H16Oz family.

By looking at the HO2/RO2 ratio, provided by the model simulation of the NOx exper-
iments (Silvia Proff Master thesis 2020), it can derived if increasing the rates of RO2 + RO2

reactions is the reason for a increase of relative importance of C10H14Oz among HOM-PP. Fig-
ure 4.14 shows the modeled HO2 radicals and RO2 radicals and their ratio as a function of
NOx. The RO2 concentration decreased with increasing NOx concentration. HO2 increased
until around 8 ppb NOx and decreased at higher NOx concentration. However, the ratio of
HO2/RO2 first increased with NOx and finally showed a constant level at high NOx levels.
This means there were increasing chances to terminate peroxy radicals by HO2 and to form hy-
droperoxides rather than carbonyl compounds or alcohols. As a consequence, C10H14Oz having
higher signal than C10H16Oz cannot be the result of increased RO2+RO2 termination reactions.

At this point, one pathway of alkoxy radicals may give an explanation. Alkoxy radicals
can react with O2 producing carbonyl compounds and HO2 radicals. This pathway is more
important for small alkoxy radicals. However, in case an H-shift within the alkoxy radical is
slow because of a lack of suited H-atoms, the reaction with O2 may play a role also for larger
alkoxy radicals and the O2 pathway may be competitive with the alkoxy-peroxy pathway. (De-
composition is a third pathway but only the C10 monomers are treated in here) The increasing
formation of carbonyl compounds by the O2 pathway with increasing NOx might explain the
only minor decrease of the C10H14Oz family. The C10H18Oz family also showed a mild decrease
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Figure 4.14: Modeled HO2 radicals and RO2 radicals and the ratio of HO2/RO2
are displayed as a function of NOx. Light green stars represent HO2 radicals and
grey hashs represent RO2 radicals. Blue filled circles show the ratio of HO2 and

RO2 radicals. (Data were provided by S.Proff)

and that is probably because of an increase of the C10H17Oz peroxy radical family with NOx
and hydroperoxide formation.

Panel D in Figure 4.12 shows the decrease of the concentration of the C20 accretion prod-
uct families with increasing NOx. The C20H30Oz and C20H32Oz families showed dramatic de-
crease as NOx concentration increased. The C20H28Oz family seems to be less affected by NOx
and the question arises if this related to the relatively less suppressed concentration of the
C10H14Oz family. Formation of C20H28Oz likely involves C10H13Oz radicals. As a result, rela-
tively milder suppressed concentration of the C20H28Oz accretion products compared to other
accretion products might be related to the increase of C10H13Oz peroxy radicals. In addition,
C10H13Oz peroxy radicals can contribute to the formation of C10H14Oz family by the alcohol
from the disproportionation reaction and by hydroperoxide formation. As a consequence,
there are chances that the relative importance of C10H13Oz peroxy radical increased with in-
creasing NOx concentration. All three families approached zero at the highest NOx concen-
tration, again demonstrating the strong suppression of accretion products in the presence of
NOx.
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4.6 Concluding the effect of NOx on α-pinene photooxidation

It should be noted that oxidation of unsaturated VOC by the NO3 radical in the atmosphere
leads to organic nitrates and SOA formation as well. In that case, NO3 the nitrate functionality
is introduced by addition of the NO3 to the double bonds (Hallquist et al., 1999; Fry et al., 2009;
Fry et al., 2014; Ng et al., 2017). Many studies (Presto, Huff Hartz, and Donahue, 2005; Kroll et
al., 2006; Eddingsaas et al., 2012; Sarrafzadeh et al., 2016) reported a decrease of the SOA mass
yield when NOx was present in the system. In this thesis, the daytime photochemistry was
investigated when organic nitrates are formed by termination reactions of RO2 radicals. And,
the effect of NOx on the photochemistry of α-pinene OH oxidation was shown, specifically
the effect on HOM formation. Knowing that HOM make up a large fraction of SOA (Ehn et
al., 2014; Zhang et al., 2017; Roldin et al., 2019), this is a key to understand SOA yields on a
molecular level.

Adding NOx to the system changed the monomer distribution and altered the importance
of reaction pathways. At very low NOx, HOM peroxy radicals tend to react with other peroxy
radicals as well as with HO2, and produce HOM carbonyl compounds, HOM alcohols and
HOM hydroperoxides. However, when there was a certain amount of NOx in the system,
the dominant reaction pathway was the reaction with NO or NO2. These reactions do not
only result in an increase of organic nitrate formation but also in an increase of alkoxy radical
formation. The latter led to an increasing importance of alkoxy fragmentation, which was
detected by increasing concentrations of C5-9 HOM monomers and by an increase of C11-19

compared to C20 accretion products.
The change of the monomer product distribution towards HOM-ON did not much affect the

SOA yield. The reason is that effective uptake coefficient and volatility for HOM arising from
the same precursor peroxy radical do not depend much on the type of the final termination
group (Figure 4.3).

Increasing fragmentation via alkoxy radicals took place with increasing NOx. This may
have led to some decrease of the SOA yield, however, it was not very critical because products
resulting from fragmentation processes were also highly functionalised HOM and were thus
still able to participate in SOA mass formation (Figure 4.6, C5-9 HOM mass concentration was
even increased).

Despite the increasing importance of alkoxy radicals with increasing NOx, not all monomers
were decomposition products even at the highest NOx concentration. That was the case be-
cause effective H-shifts in alkoxy radicals prevent that all alkoxy radicals are falling apart
(Vereecken and Peeters, 2010). Autoxidation of the resulting peroxy radicals enabled a con-
tinuation of the radical chain, a process called the alkoxy-peroxy pathway. By this, the carbon
backbone of the molecule was maintained. This was detected by a high fraction of HOM-
peroxy radicals and HOM-PP even at the highest NOx concentrations. In conclusion, the re-
action with NO was able to compete with reactions of HOM-RO2 with other peroxy radicals,
but not with the autoxidation itself. The alkoxy-peroxy pathway effectively competed with

110



4.6. Concluding the effect of NOx on α-pinene photooxidation

alkoxy fragmentation and led to a higher degree of oxidation of HOM monomers, which made
a reduction of SOA yield with increasing NOx even less.

The major reason why the SOA mass yield was decreasing with increasing NOx was the
suppression of accretion products. Especially, C20 accretion products remarkably decreased
with increasing NOx concentration. Reduction of accretion products is the result of the effective
competition between the RO2 + NO channel and the RO2 + RO2 channels. Less oxygenated
peroxy radicals participated in accretion product formation which was shown by the lower
O:C ratio in accretion products compared to that of monomers. Therefore, the mechanism
behind the effect of suppression of accretion products is preventing less oxygenated peroxy
radicals to participate in SOA mass formation.

111





Chapter 5

Summary, conclusion and outlook

In this work, the mechanisms of HOM formation were investigated for the example of α-pinene
photooxidation. The basis analysis tool was a high-resolution mass spectrometry. The HR
analysis was conducted by separating and analysing monomers, accretion products, and their
product distributions of four different chemical regimes. In the experiments either the OH
concentration was varied, or the HO2/RO2 ratio by addition of CO, or the concentration of
small RO2 by addition of isoprene. Finally, the importance of the formation of organic nitrates
and alkoxy radicals was investigated by the addition of NOx.

Methods to cluster HOM according to their termination group were developed. HOM
monomers and HOM accretion products were classified in families according to the number
of C- and H-atoms as well as the parity of the O-atom number. The family analysis and the
detailed analysis of prominent individual compounds (markers) provide a rationale of HOM
formation mechanisms. The analysis of the accretion products and accretion product families
was developed to confirm and to complement the direct measurements of specific RO2 includ-
ing RO2 with C<10 that arise from fragmentation of alkoxy radicals.

The mechanistic findings were worked out semi-quantitatively along the Master Chemical
Mechanism (MCM v3.3.1.). The analysis of the observed data was supported quite well by
model calculations for HO2 and RO2 concentrations in four experimental time series by MCM
v3.3.1. (Master thesis Silvia Proff).

In summary, this thesis showed clearly the importance of secondary oxidation to HOM
formation and the importance of alkoxy radicals in the continuation of the radical chain in the
autoxidation process. In addition, it was shown that changes in the HOM product distribution,
namely the suppression of accretion products, reduced SOA formation and SOA yield. This ef-
fect was observed in the presence of isoprene (McFiggans et al., 2019) and NOx (Pullinen et al.,
2020). NOx scavenges HOM peroxy radicals in a similar manner as isoprene peroxy radicals.

A non-linear relation between α-pinene turnover and HOM concentration was observed
with increasing oxidation by OH radicals due to an increasing secondary oxidation. The con-
centration of HOM increased with [OH] because of the increase of RO2 production rate with
increasing turnover. More RO2 also resulted in an increase of monomers (C<10) and accretion
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products (C<20) resulting from fragmentation processes. An explanation of the enhanced frag-
mentation is the alkoxy radical formation from RO2 + RO2 reactions. The enhanced alkoxy
radical formation was also recognisable in the distribution of markers for both C10 and C20

compounds: involvement of an alkoxy radical step, i.e. HOM formation via the alkoxy-peroxy
pathway, was also indicated by changes of the parity of oxygen in the HOM.

The family analysis of C10 and C20 compounds showed that C10H15Oz peroxy radicals were
the most important HOM-RO2 family. Obviously, C10H17Oz peroxy radicals, the primary per-
oxy radicals in α-pinene OH oxidation, were less important for HOM formation. C10H15Oz

peroxy radicals must come from the secondary OH oxidation of first generation oxidation
products such as pinonaldehyde, since OH can attack the products again by H-abstraction.
The OH oxidation mass spectrum of pinonaldehyde confirmed that C10H15Oz peroxy radicals
could indeed come from secondary oxidation of pinonaldehyde. The importance of C10H15Oz

was also revealed by the fact that C10H16Oz and C10H14Oz were the most important closed shell
products. Among C10 families, the C10H16Oz family was the most prominent family which is
mostly formed from C10H15Oz peroxy radicals in form of hydroperoxides or alcohols. A con-
tribution of carbonyls from C10H17Oz peroxy radicals could not be excluded, though.

The relatively small importance of C10H17Oz peroxy radicals for the formation of HOM
monomers was confirmed by only minor contributions of closed shell products like C10H18Oz

and C10H17Oz. However, the relative importance of C10H17Oz radicals in general, is reflected
in the accretion product family (C20H32Oz). Based on the fact that highly oxygenated C10H15Oz

peroxy radicals were observed and model simulation showed increasing C10H17O3 concentra-
tions with increasing OH, increasing C20H32Oz could be explained by recombination of highly
oxygenated C10H15Oz peroxy radicals and lower oxygenated C10H17Oz peroxy radicals.

In a similar way some importance of C10H13Oz peroxy radicals could be shown, which are
not included in MCM. C10H13Oz peroxy radicals were not detected directly but detected as ac-
cretion products C20H28Oz resulting from C10H13Oz + C10H15Oz. Indeed, analysing accretion
products proved to be a good hint for investigating the chemistry of peroxy radicals.

The fate of peroxy radicals is dependent on the HO2/RO2 ratio. Increasing the HO2/RO2

ratio at the same OH concentration by the addition of CO reduced the overall HOM concen-
tration. The reduction was higher for monomers C<10 and accretion products C<20 that went
through alkoxy radical fragmentation, compared to C10 and C20 non-fragmented products. The
reason is the reduced formation of alkoxy radicals from the reaction R1.2.10. Parity of O-atoms
in the products showed that the concentration of HOM that require an alkoxy radical step
during their formation decreased strongly while the concentration of other compounds were
reduced only by a minor amount or even increased.

Higher importance of C10H17Oz peroxy radicals at high HO2/RO2 was reflected by the
higher concentration of C10H18Oz which are either hydroperoxides or alcohols. The C20 family
analysis confirmed an increased the importance of C10H17Oz peroxy radicals more clearly. The
concentration of C20H32Oz and C20H34Oz increased at high HO2/RO2 as both are formed from
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C10H17Oz by the recombination with C10H15Oz or C10H17Oz. In contrast, C10H15Oz and their
accretion products C20H30Oz were smaller at the higher HO2/RO2 ratio. However, it remained
unclear why C10H17Oz was not detected in higher quantities.

Isoprene was introduced to investigate the effect of small peroxy radicals on the photo-
chemical oxidation of α-pinene. The suppression of monomers and accretion products were
observed. Isoprene addition had two impacts on the system of α-pinene and OH oxidation,
OH scavenging and product scavenging. Isoprene has a two times higher reaction rate to-
wards OH radicals than α-pinene. Therefore, the α-pinene turnover is decreased because of
the lower OH radical concentration in the mixed system of α-pinene and isoprene (at the same
OH radical source strength).

In addition, there was a stronger suppression of HOM for monomers and accretion prod-
ucts in the isoprene addition experiment at the same OH concentration compared to the j(O1D)
experiment. The product scavenging effect is responsible for this observation. Formation of
HOM peroxy radicals originating from α-pinene was suppressed by termination reactions with
small chained peroxy radicals originating from isoprene. The suppression effect was more se-
vere for accretion products than monomers. This was confirmed by the increasing fraction of
C11-15 accretion products. These smaller accretion products are more volatile and therefore less
likely to condense on the particles. Suppression of accretion products was the major reason
why SOA was suppressed in the presence of isoprene.

The presence of NOx in the system induced significant changes in the HOM pattern: it in-
creased the formation of organic nitrates and suppressed the accretion product formation (and
SOA formation). Moreover, it increased the degree of oxidation but also the importance of
fragmentation. NOx changed the monomer product distribution from hydroperoxides, alco-
hols, and carbonyl compounds to organic nitrates, but invariant γeff for all termination groups
prevent that this change affected the SOA mass yields significantly. This is because of the mul-
tifunctional character of HOM which are essentially multiple hydroperoxides.

NOx addition increased fragmentation due to a higher formation of alkoxy radicals. The
effect of alkoxy fragmentation was observed by increasing fractions of fragmented monomers
C<10 and accretion products C11-15. Increasing fragmentation can lower SOA mass yields since
smaller molecules are more volatile. However, here fragmentation did not affect the SOA
yield significantly, because those detected smaller products were still highly functionalised
and likely to condense on the particles.

In addition, alkoxy radicals did not only undergo fragmentation but also performed H-
shifts which kept the carbon number intact. The resulting peroxy radicals pushed the autoxida-
tion to a higher degree competing with alkoxy decomposition. By this alkoxy-peroxy pathway
many C10 compounds survived even at the very high NOx concentration and as a consequence
the total HOM concentration changed only by about 20 %. Thus, the alkoxy-peroxy pathways
led to positive contributions to SOA mass yield.
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The decrease of the HOM concentration with an increasing NOx concentration was mainly
caused by strong suppression of accretion product formation and that is the main reason for
the suppression effect of NOx on SOA mass yields. Especially, C20 accretion products are sup-
pressed to almost zero and only C11-15 accretion products survived at high NOx conditions.
Only when HOM peroxy radicals capture less oxygenated peroxy radicals in accretion prod-
ucts, less oxygenated compounds are capable to condense on particles. The involvement of
less oxygenated peroxy radicals in the accretion product formation was detected by low O:C
ratios of accretion products and was also found in the j(O1D) experiments.

By classifying compound families and using the marker analysis, new fundamental insights
in a HOM chemistry and its role for SOA formation could be achieved from the HR mass spec-
tra as previously summarised. However, it was difficult to overcome the restriction to qual-
itative and semi-quantitative results. This was due to different reasons besides the inherent
limitation that HR mass spectrometry delivers only molecular formulas without further speci-
ation.

Whenever the chemical system was disturbed by adding a second component, expected
changes were induced, but at the same time chemical complexity increased. As could be seen
in the analysis (Chapter 3 and 4), the complex chemistry made it difficult to workout explicit ex-
planations and a quantitative mechanistic analysis. Moreover, there is still a lot of unexplored
chemistry involved such as the autoxidation itself or accretion product formation from peroxy
radicals. (Iyer, Rissanen, and Kurtén, 2019; Berndt et al., 2018b; Møller et al., 2020; Vereecken
and Nozière, 2020; Rolletter et al., 2019; Praske et al., 2018). Therefore, mainly qualitative con-
clusions were obtained in this work together with educated speculations.

Modeling of the experiments added information about radicals and compounds that could
not be detected by highly selective CIMS. However, the current version of the MCM lacks infor-
mation such as rate coefficients for autoxidation, accretion product formation, or alkoxy rear-
rangement. There are structure activity relationships (Vereecken and Peeters, 2009; Vereecken
and Peeters, 2010; Vereecken and Nozière, 2020) and current efforts were made to model near
explicitly HOM formation (Weber et al., 2020). Moreover, MCM v3.3.1. provides possibly in-
correct product branching ratios, e.g. for pinonaldehyde (Rolletter et al., 2019), and underesti-
mates pathways, e.g. via the primary 6-OH-menthen-8-(per)oxy radical (C10H17O3, APINCO2
in MCM v3.3.1.). This menthen channel should open more pathways of autoxidation (Xu et al.,
2019; Vereecken, Müller, and Peeters, 2007).

As shown in this thesis, autoxidation of C10H17O3 with or without the alkoxy-peroxy path
is not so much required. However, Vereecken, Müller, and Peeters, 2007 proposed that the
menthen pathway should also result in products of the C10H16Oz family. Further reactions by
H-abstraction would be in accordance with the finding made here about the central importance
of the C10H15Oz peroxy radical family. Mechanistic updates may thus change the detailed com-
pounds where autoxidation and HOM formation is linked to, but it will not affect principal
findings in this thesis.
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This thesis provides a data base of molecular formulae for several hundreds of HOM species,
wherein dozens are highly abundant in different chemical regimes. Concepts of analysis were
elaborated and possible reaction pathways for HOM formation were proposed. The material
presented in this thesis and the concepts developed can serve as starting point for detailed
mechanism development for the formation and the chemical fate of HOM as well as for the
evaluation of the respective chemical models.
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A.1 α-pinene OH oxidation

A.2 α-pinene OH oxidation in the presence of CO

A.3 α-pinene OH oxidation in the presence of isoprene

A.4 α-pinene OH oxidation in the presence of NOx
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Appendix A. Peaklists

Table A.1: Peaklist from α-pinene OH oxidation.

Molecule Detected Mass (Th) Molecule Detected Mass (Th)

C5H5O7 238.991894 C7H9O7 267.023194
C5H6O6 224.004804 C8H10O4 232.046275
C5H6O7 239.999719 C8H10O5 248.04119
C5H6O8 255.994634 C8H10O6 264.036104
C5H7O6 225.012629 C8H10O7 280.031019
C5H7O7 241.007544 C8H10O8 296.025934
C5H8O7 242.015369 C8H11O7 281.038844
C6H10O5 224.04119 C8H12O4 234.061925
C6H10O6 240.036104 C8H12O5 250.05684
C6H10O7 256.031019 C8H12O6 266.051755
C6H11NO6 255.047003 C8H12O7 282.046669
C6H12O6 242.051755 C8H12O8 298.041584
C6H6O5 220.00989 C8H14O7 284.062319
C6H6O7 251.999719 C8H14O8 300.057234
C6H7O7 253.007544 C8H8O6 262.020454
C6H8O5 222.02554 C8H8O7 278.015369
C6H8O6 238.020454 C8H9O8 295.018109
C6H8O7 254.015369 C9H10O7 292.031019
C6H9O7 255.023194 C9H11O7 293.038844
C7H10O4 220.046275 C9H12O5 262.05684
C7H10O5 236.04119 C9H12O6 278.051755
C7H10O6 252.036104 C9H12O7 294.046669
C7H10O7 268.031019 C9H13O6 279.05958
C7H10O8 284.025934 C9H13O7 295.054494
C7H10O9 300.020848 C9H13O8 311.049409
C7H11O6 253.043929 C9H13O9 327.044323
C7H12O4 222.061925 C9H14O4 248.077575
C7H12O5 238.05684 C9H14O5 264.07249
C7H12O6 254.051755 C9H14O6 280.067405
C7H7O8 281.002459 C9H14O7 296.062319
C7H8O4 218.030625 9 H14O8 312.057234
C7H8O5 234.02554 C9H14O9 328.052148
C7H8O6 250.020454 C9H14O10 344.047063
C7H8O7 266.015369 C9H16O6 282.083055
C7H8O8 282.010284 C9H16O7 298.077969
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A.4. α-pinene OH oxidation in the presence of NOx

Table A.2: Peaklist from α-pinene OH oxidation (Continued).

Molecule Detected Mass (Th) Molecule Detected Mass (Th)

C10H14O6 292.067405 C13H20O12 430.083842
C10H14O7 308.062319 C13H26O10 404.140963
C10H14O8 324.057234 C14H18O11 424.073278
C10H14O9 340.052148 C14H20O9 394.099099
C10H14O10 356.047063 C14H20O11 426.088928
C10H14O11 372.041978 C14H20O12 442.083842
C10H14O12 388.036892 C14H22O9 396.114749
C10H15O6 293.07523 C14H22O11 428.104578
C10H15O7 309.070144 C14H22O12 444.099493
C10H15O8 325.065059 C14H22O13 460.094407
C10H15O9 341.059973 C15H20O10 422.094013
C10H15O10 357.054888 C15H22O9 408.114749
C10H15O11 373.049803 C15H22O10 424.109663
C10H16O4 262.093225 C15H22O11 440.104578
C10H16O5 278.08814 C15H22O12 456.099493
C10H16O6 294.083055 C15H22O13 472.094407
C10H16O7 310.077969 C15H24O8 394.135484
C10H16O8 326.072884 C15H24O10 426.125313
C10H16O9 342.067798 C15H24O11 442.120228
C10H16O10 358.062713 C15H24O12 458.115143
C10H16O11 374.057628 C15H28O10 430.156613
C10H16O12 390.052542 C16H22O9 420.114749
C10H17O10 359.070538 C16H22O10 436.109663
C10H18O6 296.098705 C16H24O8 406.135484
C10H18O7 312.093619 C16H24O9 422.130399
C10H18O8 328.088534 C16H24O10 438.125313
C10H18O9 344.083449 C16H24O11 454.120228
C10H18O10 360.078363 C16H24O12 470.115143
C10H18O11 376.073278 C16H24O13 486.110057
C10H18O12 392.068192 C16H26O9 424.146049
C12H18O10 384.078363 C16H26O11 456.135878
C12H20O12 418.083842 C16H26O12 472.130793
C13H18O10 396.078363 C16H28O9 426.161699
C13H20O10 398.094013 C16H28O13 490.141357
C13H20O11 414.088928 C17H22O10 448.109663
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Appendix A. Peaklists

Table A.3: Peaklist from α-pinene OH oxidation (Continued).

Molecule Detected Mass (Th) Molecule Detected Mass (Th)

C17H24O9 434.130399 C19H26O6 412.161305
C17H24O10 450.125313 C19H26O8 444.151134
C17H24O11 466.120228 C19H26O9 460.146049
C17H24O12 482.115143 C19H26O15 556.115537
C17H24O13 498.110057 C19H28O8 446.166784
C17H24O14 514.104972 C19H28O9 462.161699
C17H26O8 420.151134 C19H28O10 478.156613
C17H26O9 436.146049 C19H28O11 494.151528
C17H26O10 452.140963 C19H28O12 510.146443
C17H26O11 468.135878 C19H28O13 526.141357
C17H26O12 484.130793 C19H28O14 542.136272
C17H26O13 500.125707 C19H28O15 558.131187
C17H26O14 516.120622 C19H28O16 574.126101
C17H26O15 532.115537 C19H30O7 432.18752
C17H26O16 548.110451 C19H30O8 448.182434
C17H28O12 486.146443 C19H30O9 464.177349
C18H24O7 414.140569 C19H30O10 480.172264
C18H26O8 432.151134 C19H30O11 496.167178
C18H26O10 464.140963 C19H30O12 512.162093
C18H26O11 480.135878 C19H30O13 528.157007
C18H26O12 496.130793 C19H30O14 544.151922
C18H26O13 512.125707 C19H30O15 560.146837
C18H28O7 418.17187 C19H30O16 576.141751
C18H28O8 434.166784 C19H32O10 482.187914
C18H28O9 450.161699 C20H28O11 506.151528
C18H28O12 498.146443 C20H28O12 522.146443
C18H28O13 514.141357 C20H28O13 538.141357
C18H28O14 530.136272 C20H28O14 554.136272
C18H28O15 546.131187 C20H28O15 570.131187
C18H28O16 562.126101 C20H28O16 586.126101
C18H30O11 484.167178 C20H28O17 602.121016
C18H30O12 500.162093
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A.4. α-pinene OH oxidation in the presence of NOx

Table A.4: Peaklist from α-pinene OH oxidation (Continued).

Molecule Detected Mass (Th) Molecule Detected Mass (Th)

C20H30O8 460.182434 C20H29O17 603.128841
C20H30O9 476.177349 C20H32O8 462.198084
C20H30O10 492.172264 C20H32O9 478.192999
C20H30O11 508.167178 C20H32O10 494.187914
C20H30O12 524.162093 C20H32O11 510.182828
C20H30O13 540.157007 C20H32O12 526.177743
C20H30O14 556.151922 C20H32O13 542.172657
C20H30O15 572.146837 C20H32O14 558.167572
C20H30O16 588.141751 C20H32O15 574.162487
C20H30O17 604.136666 C20H32O16 590.157401
C20H29O12 523.154268 C20H32O17 606.152316
C20H29O13 539.149182 C20H34O8 464.213734
C20H29O14 555.144097 C20H34O9 480.208649
C20H29O15 571.139012 C20H34O10 496.203564
C20H29O16 587.133926
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Appendix A. Peaklists

Table A.5: Peaklist from α-pinene OH oxidation in the presence of CO.

Molecule Detected Mass (Th) Molecule Detected Mass (Th)

C4H4O7 225.984069 C8H13O10 331.039238
C5H6O6 224.004804 C8H13O11 347.034153
C5H6O7 239.999719 C8H14O7 284.062319
C6H7O8 269.002459 C8H14O8 300.057234
C6H7O9 284.997373 C8H14O9 316.052148
C6H8O8 270.010284 C8H14O11 348.041978
C7H7O8 281.002459 C9H11O13 389.008332
C7H8O4 218.030625 C9H12O6 278.051755
C7H8O5 234.02554 C9H12O7 294.046669
C7H8O7 266.015369 C9H13O7 295.054494
C7H8O8 282.010284 C9H14O6 280.067405
C7H8O9 298.005198 C9H14O7 296.062319
C7H9O7 267.023194 C9H14O8 312.057234
C7H9O8 283.018109 C9H14O9 328.052148
C7H10O4 220.046275 C9H14O10 344.047063
C7H10O7 268.031019 C9H14O11 360.041978
C7H10O8 284.025934 C9H15O7 297.070144
C7H10O9 300.020848 C9H15O10 345.054888
C7H10O10 316.015763 C9H16O7 298.077969
C7H11O7 269.038844 C9H16O8 314.072884
C7H12O7 270.046669 C9H16O9 330.067798
C8H10O4 232.046275 C9H16O10 346.062713
C8H10O5 248.04119 C9H18O13 396.063107
C8H10O7 280.031019 C10H14O7 308.062319
C8H11O7 281.038844 C10H14O8 324.057234
C8H11O8 297.033759 C10H14O9 340.052148
C8H11O11 345.018503 C10H14O10 356.047063
C8H12O4 234.061925 C10H14O11 372.041978
C8H12O6 266.051755 C10H15O8 325.065059
C8H12O7 282.046669 C10H15O9 341.059973
C8H12O8 298.041584 C10H15O10 357.054888
C8H12O9 314.036498 C10H16O5 278.08814
C8H12O10 330.031413 C10H16O6 294.083055
C8H12O11 346.026328 C10H16O7 310.077969
C8H13O7 283.054494 C10H16O8 326.072884
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A.4. α-pinene OH oxidation in the presence of NOx

Table A.6: Peaklist from α-pinene OH oxidation in the presence of CO (Contin-
ued).

Molecule Detected Mass (Th) Molecule Detected Mass (Th)

C10H16O9 342.067798 C14H20O10 410.094013
C10H16O10 358.062713 C14H21O11 427.096753
C10H16O11 374.057628 C14H22O8 380.119834
C10H16O12 390.052542 C14H22O9 396.114749
C10H17O10 359.070538 C14H22O10 412.109663
C10H18O7 312.093619 C14H22O11 428.104578
C10H18O8 328.088534 C14H22O13 460.094407
C10H18O9 344.083449 C15H19O9 405.091274
C10H18O10 360.078363 C15H20O9 406.099099
C11H11O5 285.049015 C15H20O10 422.094013
C11H17O10 371.070538 C15H22O9 408.114749
C11H17O11 387.065453 C15H22O11 440.104578
C11H17O12 403.060367 C15H22O14 488.089322
C11H17O13 419.055282 C15H24O9 410.130399
C11H17O14 435.050197 C15H24O13 474.110057
C11H18O10 372.078363 C15H24O14 490.104972
C11H18O11 388.073278 C16H18O8 400.088534
C11H18O12 404.068192 C16H18O9 416.083449
C11H18O13 420.063107 C16H24O10 438.125313
C11H18O14 436.058022 C16H24O11 454.120228
C11H19O7 325.101444 C16H24O12 470.115143
C11H19O9 357.091274 C16H24O13 486.110057
C11H19O13 421.070932 C16H26O10 440.140963
C11H20O8 342.104184 C16H26O13 488.125707
C11H20O9 358.099099 C16H26O15 520.115537
C11H24O13 426.110057 C17H20O8 414.104184
C11H24O14 442.104972 C17H24O12 482.115143
C12H18O10 384.078363 C17H24O16 546.094801
C12H20O13 434.078757 C17H26O8 420.151134
C12H26O14 456.120622 C17H26O9 436.146049
C12H26O15 472.115537 C17H26O10 452.140963
C13H20O9 382.099099 C17H26O11 468.135878
C13H20O10 398.094013 C17H26O12 484.130793
C13H20O12 430.083842 C17H26O13 500.125707
C13H24O13 450.110057 C17H28O8 422.166784
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Appendix A. Peaklists

Table A.7: Peaklist from α-pinene OH oxidation in the presence of CO (Contin-
ued).

Molecule Detected Mass (Th) Molecule Detected Mass (Th)

C17H28O10 454.156613 C19H30O11 496.167178
C17H28O11 470.151528 C19H30O12 512.162093
C17H28O12 486.146443 C19H30O13 528.157007
C18H20O6 394.114355 C19H30O14 544.151922
C18H20O10 458.094013 C19H32O11 498.182828
C18H22O9 444.114749 C19H32O12 514.177743
C18H26O10 464.140963 C19H32O13 530.172657
C18H28O7 418.17187 C19H32O14 546.167572
C18H28O8 434.166784 C19H32O15 562.162487
C18H28O9 450.161699 C19H32O16 578.157401
C18H28O10 466.156613 C19H32O17 594.152316
C18H28O11 482.151528 C20H29O13 539.149182
C18H28O12 498.146443 C20H29O14 555.144097
C18H28O13 514.141357 C20H29O15 571.139012
C18H28O14 530.136272 C20H29O16 587.133926
C18H30O10 468.172264 C20H29O17 603.128841
C18H30O11 484.167178 C20H30O8 460.182434
C18H30O12 500.162093 C20H30O9 476.177349
C18H30O13 516.157007 C20H30O10 492.172264
C18H30O15 548.146837 C20H30O11 508.167178
C18H32O8 438.198084 C20H30O12 524.162093
C19H22O7 424.124919 C20H30O13 540.157007
C19H24O8 442.135484 C20H30O14 556.151922
C19H24O9 458.130399 C20H30O15 572.146837
C19H26O9 460.146049 C20H30O16 588.141751
C19H28O7 430.17187 C20H30O17 604.136666
C19H28O8 446.166784 C20H30O18 620.13158
C19H28O9 462.161699 C20H31O11 509.175003
C19H28O10 478.156613 C20H31O12 525.169918
C19H28O11 494.151528 C20H31O13 541.164832
C19H30O6 416.192605 C20H31O14 557.159747
C19H30O7 432.18752 C20H31O15 573.154662
C19H30O8 448.182434 C20H31O16 589.149576
C19H30O9 464.177349 C20H31O17 605.144491
C19H30O10 480.172264
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A.4. α-pinene OH oxidation in the presence of NOx

Table A.8: Peaklist from α-pinene OH oxidation in the presence of CO (Contin-
ued).

Molecule Detected Mass (Th) Molecule Detected Mass (Th)

C20H32O7 446.20317 ceC20H33O12 527.185568
C20H32O8 462.198084 ceC20H33O13 543.180482
C20H32O9 478.192999 ceC20H33O14 559.175397
C20H32O10 494.187914 ceC20H33O15 575.170312
C20H32O11 510.182828 ceC20H34O8 464.213734
C20H32O12 526.177743 ceC20H34O10 496.203564
C20H32O13 542.172657 ceC20H34O11 512.198478
C20H32O14 558.167572 ceC20H34O12 528.193393
C20H32O15 574.162487 ceC20H34O13 544.188308
C20H32O16 590.157401 ceC20H34O14 560.183222
C20H32O17 606.152316 ceC20H34O15 576.178137
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Appendix A. Peaklists

Table A.9: Peaklist from α-pinene OH oxidation in the presence of Isoprene.

Molecule Detected Mass (Th) Molecule Detected Mass (Th)

C4H4O7 225.984069 C7H10O9 300.020848
C4H6O10 275.984463 C7H11O6 253.043929
C4H6O6 212.004804 C7H12O4 222.061925
C5H5O7 238.991894 C7H12O5 238.05684
C5H6O6 224.004804 C7H12O6 254.051755
C5H6O7 239.999719 C7H7O8 281.002459
C5H6O8 255.994634 C7H8O4 218.030625
C5H7O6 225.012629 C7H8O5 234.02554
C5H7O7 241.007544 C7H8O6 250.020454
C5H8O7 242.015369 C7H8O7 266.015369
C5H8O8 258.010284 C7H8O8 282.010284
C5H8O9 274.005198 C7H9O4 219.03845
C5H9O8 259.018109 C7H9O7 267.023194
C5H9O9 275.013023 C8H8O6 262.020454
C5H10O7 244.031019 C8H8O7 278.015369
C5H10O8 260.025934 C8H10O4 232.046275
C5H10O9 276.020848 C8H10O5 248.04119
C6H6O5 220.00989 C8H10O6 264.036104
C6H6O7 251.999719 C8H10O7 280.031019
C6H7NO7 267.010618 C8H10O8 296.025934
C6H7O7 253.007544 C8H11O7 281.038844
C6H8O5 222.02554 C8H12O4 234.061925
C6H8O6 238.020454 C8H12O5 250.05684
C6H8O7 254.015369 C8H12O6 266.051755
C6H9O7 255.023194 C8H12O7 282.046669
C6H10O5 224.04119 C8H12O8 298.041584
C6H10O6 240.036104 C8H14O7 284.062319
C6H10O7 256.031019 C8H14O8 300.057234
C6H11NO6 255.047003 C9H10O7 292.031019
C6H12O6 242.051755 C9H11O6 277.043929
C7H10O4 220.046275 C9H11O7 293.038844
C7H10O5 236.04119 C9H12O5 262.05684
C7H10O6 252.036104 C9H12O6 278.051755
C7H10O7 268.031019 C9H12O7 294.046669
C7H10O8 284.025934 C9H13O6 279.05958
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A.4. α-pinene OH oxidation in the presence of NOx

Table A.10: Peaklist from α-pinene OH oxidation in the presence of Isoprene (Con-
tinued).

Molecule Detected Mass (Th) Molecule Detected Mass (Th)

C9H13O8 311.049409 C10H16O12 390.052542
C9H13O9 327.044323 C10H17O10 359.070538
C9H14O4 248.077575 C10H17O13 407.055282
C9H14O5 264.07249 C10H17O14 423.050197
C9H14O6 280.067405 C10H18O6 296.098705
C9H14O7 296.062319 C10H18O7 312.093619
C9H14O8 312.057234 C10H18O8 328.088534
C9H14O9 328.052148 C10H18O9 344.083449
C9H14O10 344.047063 C10H18O10 360.078363
C9H16O6 282.083055 C10H18O11 376.073278
C9H16O7 298.077969 C10H18O12 392.068192
C10H12O5 274.05684 C10H18O13 408.063107
C10H14O6 292.067405 C10H18O14 424.058022
C10H14O7 308.062319 C11H16O12 402.052542
C10H14O8 324.057234 C11H16O13 418.047457
C10H14O9 340.052148 C12H18O10 384.078363
C10H14O10 356.047063 C12H18O11 400.073278
C10H14O11 372.041978 C12H18O12 416.068192
C10H14O12 388.036892 C12H18O13 432.063107
C10H14O14 420.026722 C12H20O12 418.083842
C10H15O6 293.07523 C13H16O10 394.062713
C10H15O7 309.070144 C13H20O10 398.094013
C10H15O8 325.065059 C13H20O11 414.088928
C10H15O9 341.059973 C13H20O12 430.083842
C10H15O10 357.054888 C13H26O10 404.140963
C10H15O11 373.049803 C14H20O9 394.099099
C10H15O13 405.039632 C14H20O10 410.094013
C10H16O4 262.093225 C14H20O11 426.088928
C10H16O5 278.08814 C14H20O12 442.083842
C10H16O6 294.083055 C14H20O15 490.068586
C10H16O7 310.077969 C14H22O8 380.119834
C10H16O8 326.072884 C14H22O9 396.114749
C10H16O9 342.067798 C14H22O10 412.109663
C10H16O10 358.062713 C14H22O11 428.104578
C10H16O11 374.057628 C14H22O12 444.099493
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Appendix A. Peaklists

Table A.11: Peaklist from α-pinene OH oxidation in the presence of Isoprene (Con-
tinued).

Molecule Detected Mass (Th) Molecule Detected Mass (Th)

C14H22O13 460.094407 C16H28O9 426.161699
C14H24O12 446.115143 C17H22O8 416.119834
C14H26O9 400.146049 C17H22O9 432.114749
C15H18O10 420.078363 C17H22O10 448.109663
C15H20O10 422.094013 C17H24O8 418.135484
C15H21O9 407.106924 C17H24O9 434.130399
C15H21O10 423.101838 C17H24O10 450.125313
C15H22O9 408.114749 C17H24O11 466.120228
C15H22O10 424.109663 C17H24O12 482.115143
C15H22O11 440.104578 C17H24O13 498.110057
C15H22O12 456.099493 C17H24O14 514.104972
C15H22O13 472.094407 C17H26O8 420.151134
C15H23O11 441.112403 C17H26O9 436.146049
C15H24O8 394.135484 C17H26O10 452.140963
C15H24O9 410.130399 C17H26O11 468.135878
C15H24O10 426.125313 C17H26O12 484.130793
C15H24O11 442.120228 C17H26O13 500.125707
C15H24O12 458.115143 C17H26O14 516.120622
C15H24O14 490.104972 C17H26O15 532.115537
C15H24O15 506.099886 C17H26O16 548.110451
C15H26O8 396.151134 C17H28O12 486.146443
C15H26O10 428.140963 C18H24O6 398.145655
C15H26O11 444.135878 C18H24O7 414.140569
C15H26O13 476.125707 C18H24O8 430.135484
C15H26O14 492.120622 C18H26O8 432.151134
C16H20O8 402.104184 C18H26O10 464.140963
C16H22O10 436.109663 C18H26O11 480.135878
C16H24O8 406.135484 C18H26O12 496.130793
C16H24O9 422.130399 C18H26O13 512.125707
C16H24O10 438.125313 C18H28O8 434.166784
C16H24O11 454.120228 C18H28O9 450.161699
C16H24O12 470.115143 C18H28O12 498.146443
C16H24O13 486.110057 C18H28O13 514.141357
C16H26O11 456.135878 C18H28O14 530.136272
C16H26O12 472.130793 C18H28O15 546.131187
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A.4. α-pinene OH oxidation in the presence of NOx

Table A.12: Peaklist from α-pinene OH oxidation in the presence of Isoprene (Con-
tinued).

Molecule Detected Mass (Th) Molecule Detected Mass (Th)

C18H28O16 562.126101 C20H28O17 602.121016
C18H30O11 484.167178 C20H29O12 523.154268
C18H30O12 500.162093 C20H29O13 539.149182
C19H26O6 412.161305 C20H29O14 555.144097
C19H26O9 460.146049 C20H29O15 571.139012
C19H26O12 508.130793 C20H29O16 587.133926
C19H26O15 556.115537 C20H29O17 603.128841
C19H28O8 446.166784 C20H30O8 460.182434
C19H28O9 462.161699 C20H30O9 476.177349
C19H28O10 478.156613 C20H30O10 492.172264
C19H28O11 494.151528 C20H30O11 508.167178
C19H28O12 510.146443 C20H30O12 524.162093
C19H28O13 526.141357 C20H30O13 540.157007
C19H28O14 542.136272 C20H30O14 556.151922
C19H28O15 558.131187 C20H30O15 572.146837
C19H28O16 574.126101 C20H30O16 588.141751
C19H30O8 448.182434 C20H30O17 604.136666
C19H30O9 464.177349 C20H32O6 430.208255
C19H30O10 480.172264 C20H32O8 462.198084
C19H30O11 496.167178 C20H32O9 478.192999
C19H30O12 512.162093 C20H32O10 494.187914
C19H30O13 528.157007 C20H32O11 510.182828
C19H30O14 544.151922 C20H32O12 526.177743
C19H30O15 560.146837 C20H32O13 542.172657
C19H30O16 576.141751 C20H32O14 558.167572
C19H32O10 482.187914 C20H32O15 574.162487
C20H28O11 506.151528 C20H32O16 590.157401
C20H28O12 522.146443 C20H32O17 606.152316
C20H28O13 538.141357 C20H34O8 464.213734
C20H28O14 554.136272 C20H34O9 480.208649
C20H28O15 570.131187 C20H34O10 496.203564
C20H28O16 586.126101
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Appendix A. Peaklists

Table A.13: Peaklist from α-pinene OH oxidation in the presence of NOx.

Molecule Detected Mass (Th) Molecule Detected Mass (Th)

C3H5NO7 229.992003 C6H7O11 317.984237
C4H4O7 226.981104 C6H8O5 223.022575
C4H5NO6 225.997088 C6H8O6 239.017489
C4H5NO7 241.992003 C6H8O7 255.012404
C4H5O7 227.988929 C6H8O9 287.002233
C4H6NO7 242.999828 C6H8O10 302.997148
C4H6O7 228.996754 C6H8O11 318.992062
C4H7NO6 228.012738 C6H8O12 334.986977
C4H7O10 277.989323 C6H9NO13 365.992791
C4H8NO6 229.020563 C6H9NO6 254.028388
C5H5NO7 253.992003 C6H9O11 319.999887
C5H5NO9 285.981832 C6H9O12 335.994802
C5H5O8 255.983843 C6H10O11 321.007712
C5H6O5 209.006925 C6H10O12 337.002627
C5H6O6 225.001839 C6H10O4 209.04331
C5H6O7 240.996754 C6H10O5 225.038225
C5H7NO6 240.012738 C6H11NO10 320.023697
C5H7NO7 256.007653 C6H11NO6 256.044038
C5H7NO8 272.002568 C6H11NO7 272.038953
C5H7NO9 287.997482 C6H11O10 306.020623
C5H7O10 289.989323 C6H12O10 307.028448
C5H7O11 305.984237 C6H13NO7 274.054603
C5H7O9 273.994408 C7H10O4 221.04331
C5H8NO7 257.015478 C7H10O5 237.038225
C5H8O11 306.992062 C7H10O6 253.033139
C5H9NO6 242.028388 C7H10O7 269.028054
C5H9O10 292.004973 C7H10O8 285.022969
C5H9O9 276.010058 C7H10O9 301.017883
C6H6O5 221.006925 C7H10O10 317.012798
C6H6O6 237.001839 C7H10O12 349.002627
C6H6O7 252.996754 C7H11NO6 268.044038
C6H6O9 284.986583 C7H11NO7 284.038953
C6H7NO8 284.002568 C7H11O7 270.035879
C6H7O8 269.999494 C7H11O8 286.030794
C6H7O10 301.989323 C7H11O9 302.025708
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A.4. α-pinene OH oxidation in the presence of NOx

Table A.14: Peaklist from α-pinene OH oxidation in the presence of NOx (Contin-
ued).

Molecule Detected Mass (Th) Molecule Detected Mass (Th)

C7H11O10 318.020623 C7H13O11 336.031188
C7H11O11 334.015538 C7H14O10 321.044098
C7H11O13 366.005367 C8H9NO6 278.028388
C7H12O4 223.05896 C8H9O10 328.004973
C7H12O5 239.053875 C8H10O4 233.04331
C7H12O6 255.048789 C8H10O5 249.038225
C7H12O7 271.043704 C8H10O6 265.033139
C7H12O8 287.038619 C8H10O7 281.028054
C7H12O9 303.033533 C8H10O8 297.022969
C7H12O10 319.028448 C8H10O9 313.017883
C7H12O11 335.023363 C8H10O11 345.007712
C7H6O7 264.996754 C8H10O12 361.002627
C7H7NO4 232.022909 C8H11NO6 280.044038
C7H7NO6 264.012738 C8H11NO7 296.038953
C7H7NO7 280.007653 C8H11NO10 344.023697
C7H7NO8 296.002568 C8H11NO11 360.018612
C7H7O8 281.999494 C8H11NO12 376.013526
C7H8O5 235.022575 C8H11NO13 392.008441
C7H8O6 251.017489 C8H12O4 235.05896
C7H8O7 267.012404 C8H12O5 251.053875
C7H8O9 299.002233 C8H12O6 267.048789
C7H8O10 314.997148 C8H12O8 299.038619
C7H8O11 330.992062 C8H12O9 315.033533
C7H8O12 346.986977 C8H11O12 362.010452
C7H9NO6 266.028388 C8H11O13 378.005367
C7H9NO7 282.023303 C8H11O14 394.000281
C7H9NO8 298.018218 C8H11O15 409.995196
C7H9NO9 314.013132 C8H12O10 331.028448
C7H9NO10 330.008047 C8H12O11 347.023363
C7H9NO11 346.002961 C8H12O12 363.018277
C7H9O6 252.025314 C8H12O13 379.013192
C7H9O7 268.020229 C8H12O14 395.008106
C7H9O9 300.010058 C8H13NO6 282.059688
C7H9O10 316.004973 C8H13NO8 314.049518
C7H9O12 347.994802 C8H13NO9 330.044432
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Appendix A. Peaklists

Table A.15: Peaklist from α-pinene OH oxidation in the presence of NOx (Contin-
ued).

Molecule Detected Mass (Th) Molecule Detected Mass (Th)

C8H13NO10 346.039347 C9H13NO14 422.019005
C8H13O8 300.046444 C9H13O5 264.0617
C8H13O9 316.041358 C9H13O9 328.041358
C8H13O10 332.036273 C9H13O15 424.010846
C8H13O11 348.031188 C9H14O5 265.069525
C8H13O12 364.026102 C9H14O6 281.06444
C8H13O13 380.021017 C9H14O7 297.059354
C8H13O14 396.015931 C9H14O8 313.054269
C8H14O7 285.059354 C9H14O9 329.049183
C8H14O8 301.054269 C9H14O10 345.044098
C8H14O9 317.049183 C9H14O11 361.039013
C8H14O11 349.039013 C9H15NO5 280.080424
C8H14O12 365.033927 C9H15NO6 296.075339
C8H14O13 381.028842 C9H15NO9 344.060082
C8H15O8 302.062094 C9H15NO10 360.054997
C8H15O14 398.031581 C9H15NO13 408.039741
C8H16O8 303.069919 C9H15O5 266.07735
C8H16O10 335.059748 C9H15O7 298.067179
C8H16O13 383.044492 C9H15O12 378.041752
C9H10O7 293.028054 C9H15O13 394.036667
C9H11NO8 324.033868 C9H15O14 410.031581
C9H11O7 294.035879 C9H16O7 299.075004
C9H11O8 310.030794 C9H16O8 315.069919
C9H11O11 358.015538 C9H16O9 331.064833
C9H12O4 247.05896 C9H16O10 347.059748
C9H12O5 263.053875 C9H16O12 379.049577
C9H12O6 279.048789 C9H16O13 395.044492
C9H12O7 295.043704 C9H16O14 411.039407
C9H12O8 311.038619 C9H18O14 413.055057
C9H12O9 327.033533 C10H10O4 257.04331
C9H12O10 343.028448 C10H12O7 307.043704
C9H12O14 407.008106 C10H12O8 323.038619
C9H13NO5 278.064774 C10H12O9 339.033533
C9H13NO8 326.049518 C10H12O10 355.028448
C9H13NO9 342.044432 C10H12O11 371.023363
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A.4. α-pinene OH oxidation in the presence of NOx

Table A.16: Peaklist from α-pinene OH oxidation in the presence of NOx (Contin-
ued).

Molecule Detected Mass (Th) Molecule Detected Mass (Th)

C10H13NO7 322.054603 C10H15O12 390.041752
C10H13NO8 338.049518 C10H16O4 263.09026
C10H13NO9 354.044432 C10H16O5 279.085175
C10H13NO10 370.039347 C10H16O6 295.08009
C10H13NO11 386.034262 C10H16O7 311.075004
C10H13NO12 402.029176 C10H16O8 327.069919
C10H13O6 292.056614 C10H16O9 343.064833
C10H13O7 308.051529 C10H16O10 359.059748
C10H14O5 277.069525 C10H16O11 375.054663
C10H14O6 293.06444 C10H16O12 391.049577
C10H14O7 309.059354 C10H16O13 407.044492
C10H14O8 325.054269 C10H16O14 423.039407
C10H14O9 341.049183 C10H16O15 439.034321
C10H14O10 357.044098 C10H17NO7 326.085903
C10H14O11 373.039013 C10H17NO8 342.080818
C10H14O12 389.033927 C10H17NO11 390.065562
C10H14O13 405.028842 C10H17NO12 406.060476
C10H14O14 421.023756 C10H17NO13 422.055391
C10H15NO6 308.075339 C10H17NO14 438.050306
C10H15NO7 324.070253 C10H17NO15 454.04522
C10H15NO8 340.065168 C10H17O7 312.082829
C10H15NO9 356.060082 C10H17O8 328.077744
C10H15NO10 372.054997 C10H17O11 376.062488
C10H15NO11 388.049912 C10H17O12 392.057402
C10H15NO12 404.044826 C10H17O14 424.047232
C10H15NO13 420.039741 C10H17O15 440.042146
C10H15NO14 436.034655 C10H17O16 456.037061
C10H15NO15 452.02957 C10H18O8 329.085569
C10H15NO16 468.024485 C10H18O9 345.080483
C10H15O6 294.072265 C10H18O10 361.075398
C10H15O7 310.067179 C10H18O11 377.070313
C10H15O8 326.062094 C10H18O12 393.065227
C10H15O9 342.057008 C10H18O13 409.060142
C10H15O10 358.051923 C11H13O10 368.036273
C10H15O11 374.046838 C11H13O11 384.031188
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Table A.17: Peaklist from α-pinene OH oxidation in the presence of NOx (Contin-
ued).

Molecule Detected Mass (Th) Molecule Detected Mass (Th)

C11H13O12 400.026102 C12H18O9 369.080483
C11H14O8 337.054269 C12H17O10 384.067573
C11H14O9 353.049183 C12H17O11 400.062488
C11H14O10 369.044098 C12H17O15 464.042146
C11H14O11 385.039013 C12H17O16 480.037061
C11H14O12 401.033927 C12H17O17 496.031975
C11H14O13 417.028842 C12H18O10 385.075398
C11H14O14 433.023756 C12H18O11 401.070313
C11H15NO12 416.044826 C12H18O12 417.065227
C11H15NO13 432.039741 C12H18O13 433.060142
C11H15NO14 448.034655 C12H19NO13 448.071041
C11H15O13 418.036667 C12H20O12 419.080877
C11H15O14 434.031581 C12H20O13 435.075792
C11H15O15 450.026496 C12H20O14 451.070707
C11H15O16 466.021411 C12H22O13 437.091442
C11H15O18 498.01124 C13H17NO11 426.065013
C11H16O8 339.069919 C13H17NO12 442.060476
C11H16O9 355.064833 C13H17O10 396.067573
C11H16O10 371.059748 C13H17O12 428.057402
C11H16O13 419.044492 C13H17O14 460.047232
C11H16O14 435.039407 C13H18O8 365.085569
C11H16O15 451.034321 C13H18O9 381.080483
C11H16O16 467.029236 C13H18O10 397.075398
C11H16O17 483.02415 C13H18O12 429.065227
C12H15NO13 444.039741 C13H18O13 445.060142
C12H15O9 366.057008 C13H18O14 461.055057
C12H15O12 414.041752 C13H19NO10 412.086297
C12H15O13 430.036667 C13H19O10 398.083223
C12H16O9 367.064833 C13H19O11 414.078138
C12H16O11 399.054663 C13H19O13 446.067967
C12H16O12 415.049577 C13H19O14 462.062882
C12H16O13 431.044492 C13H19O16 494.052711
C12H16O16 479.029236 C13H20O8 367.101219
C12H18O7 337.090654 C13H20O9 383.096134
C12H18O8 353.085569 C13H20O10 399.091048
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A.4. α-pinene OH oxidation in the presence of NOx

Table A.18: Peaklist from α-pinene OH oxidation in the presence of NOx (Contin-
ued).

Molecule Detected Mass (Th) Molecule Detected Mass (Th)

C13H20O11 415.085963 C15H17O12 452.057402
C13H20O12 431.080877 C15H18O9 405.080483
C13H20O13 447.075792 C15H18O10 421.075398
C13H23O17 514.078926 C15H18O13 469.060142
C13H26O11 421.132913 C15H18O14 485.055057
C14H17O14 472.047232 C15H19NO12 468.076126
C14H17O15 488.042146 C15H19O16 518.052711
C14H17O16 504.037061 C15H19O17 534.047625
C14H18O14 473.055057 C15H20O9 407.096134
C14H18O17 521.0398 C15H20O10 423.091048
C14H19O13 458.067967 C15H20O15 503.065621
C14H19O14 474.062882 C15H20O16 519.060536
C14H19O15 490.057796 C15H21NO12 470.091776
C14H19O16 506.052711 C15H21O11 440.093788
C14H19O17 522.047625 C15H21O12 456.088702
C14H20O8 379.101219 C15H21O14 488.078532
C14H20O9 395.096134 C15H21O15 504.073446
C14H20O10 411.091048 C15H22O9 409.111784
C14H20O11 427.085963 C15H22O10 425.106698
C14H20O12 443.080877 C15H22O11 441.101613
C14H20O13 459.075792 C15H22O12 457.096527
C14H20O14 475.070707 C15H22O13 473.091442
C14H21O12 444.088702 C15H22O14 489.086357
C14H21O14 476.078532 C15H22O15 505.081271
C14H21O15 492.073446 C15H23NO16 536.087085
C14H21O16 508.068361 C15H23O10 426.113975
C14H22O8 381.116869 C15H23O11 442.109438
C14H22O9 397.111784 C15H23O12 458.104353
C14H22O10 413.106698 C15H23O13 474.099267
C14H22O11 429.101613 C15H24O10 427.122348
C14H23O11 430.109438 C15H24O11 443.117263
C14H23O17 526.078926 C15H24O12 459.112178
C14H24O10 415.122348 C15H24O13 475.107092
C14H26O11 433.132913 C15H24O16 523.091836
C15H17O10 420.067573 C15H25NO13 490.117991
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Table A.19: Peaklist from α-pinene OH oxidation in the presence of NOx (Contin-
ued).

Molecule Detected Mass (Th) Molecule Detected Mass (Th)

C15H25O10 428.130173 C16H25O14 504.109832
C15H25O12 460.120003 C16H25O15 520.104746
C15H26O11 445.132913 C16H26O11 457.132913
C15H26O12 461.127828 C16H26O12 473.127828
C15H26O13 477.122742 C16H26O13 489.122742
C15H26O16 525.107486 C16H26O14 505.117657
C15H27O13 478.130567 C16H26O15 521.112571
C15H27O17 542.110226 C16H26O16 537.107486
C15H28O10 431.153648 C16H26O17 553.102401
C15H28O13 479.138392 C16H26O18 569.097315
C16H20O16 531.060536 C16H27NO16 552.118385
C16H21O13 484.083617 C16H27NO17 568.1133
C16H21O14 500.078532 C16H27O13 490.130567
C16H21O15 516.073446 C16H28O13 491.138392
C16H21O16 532.068361 C17H20O18 575.050365
C16H22O11 453.101613 C17H21O15 528.073446
C16H22O14 501.086357 C17H21O17 560.063276
C16H22O16 533.076186 C17H22O10 449.106698
C16H23O13 486.099267 C17H22O11 465.101613
C16H23O14 502.094182 C17H22O13 497.091442
C16H23O17 550.078926 C17H23NO13 512.102341
C16H24O9 423.127434 C17H23NO15 544.09217
C16H24O10 439.122348 C17H23O11 466.109438
C16H24O11 455.117263 C17H23O12 482.104353
C16H24O12 471.112178 C17H23O13 498.099267
C16H24O13 487.107092 C17H23O15 530.089096
C16H24O14 503.102007 C17H23O16 546.084011
C16H24O15 519.096921 C17H23O17 562.078926
C16H24O16 535.091836 C17H23O18 578.07384
C16H24O17 551.086751 C17H24O10 451.122348
C16H25NO10 454.133247 C17H24O11 467.117263
C16H25NO17 566.09765 C17H24O12 483.112178
C16H25O11 456.125088 C17H24O13 499.107092
C16H25O12 472.120003 C17H24O14 515.102007
C16H25O13 488.114917 C17H24O16 547.091836
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A.4. α-pinene OH oxidation in the presence of NOx

Table A.20: Peaklist from α-pinene OH oxidation in the presence of NOx (Contin-
ued).

Molecule Detected Mass (Th) Molecule Detected Mass (Th)

C17H24O9 435.127434 C18H25NO19 622.087479
C17H24O17 563.086751 C18H25NO20 638.082394
C17H24O18 579.081665 C18H25O12 496.120003
C17H25O10 452.130173 C18H25O14 528.109832
C17H25O11 468.125088 C18H25O16 560.099661
C17H25O14 516.109832 C18H25O17 576.094576
C17H25O15 532.104746 C18H25O18 592.08949
C17H25O16 548.099661 C18H26O11 481.132913
C17H25O17 564.094576 C18H26O13 513.122742
C17H25O18 580.08949 C18H26O14 529.117657
C17H26O9 437.143084 C18H26O15 545.112571
C17H26O10 453.137998 C18H26O16 561.107486
C17H26O11 469.132913 C18H26O17 577.102401
C17H26O12 485.127828 C18H27NO19 624.103129
C17H26O13 501.122742 C18H27O9 450.150909
C17H26O14 517.117657 C18H27O11 482.140738
C17H26O15 533.112571 C18H27O13 514.130567
C17H26O16 549.107486 C18H27O14 530.125482
C17H26O17 565.102401 C18H27O15 546.120396
C17H26O18 581.097315 C18H27O17 578.110226
C17H27O11 470.140738 C18H28O9 451.158734
C17H27O12 486.135653 C18H28O10 467.153648
C17H27O13 502.130567 C18H28O11 483.148563
C17H27O14 518.125482 C18H28O12 499.143478
C17H27O15 534.120396 C18H28O13 515.138392
C17H27O16 550.115311 C18H28O14 531.133307
C17H27O18 582.10514 C18H28O15 547.128222
C17H28O12 487.143478 C18H28O16 563.123136
C17H28O13 503.138392 C18H28O17 579.118051
C17H28O14 519.133307 C18H29NO15 562.139121
C17H28O17 567.118051 C18H29O11 484.156388
C17H28O18 583.112965 C18H29O12 500.151303
C18H24O20 623.071494 C18H29O13 516.146217
C18H25NO12 510.123077 C18H30O12 501.159128
C18H25NO16 574.102735 C18H31O12 502.166953
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Table A.21: Peaklist from α-pinene OH oxidation in the presence of NOx (Contin-
ued).

Molecule Detected Mass (Th) Molecule Detected Mass (Th)

C19H24O6 411.14269 C19H29O12 512.151303
C19H24O12 507.112178 C19H29O13 528.146217
C19H25NO11 506.128162 C19H29O14 544.141132
C19H25NO14 554.112906 C19H29O15 560.136047
C19H25NO16 586.102735 C19H29O16 576.130961
C19H25NO18 618.092564 C19H30O8 449.179469
C19H25NO19 634.087479 C19H30O9 465.174384
C19H25O8 444.140344 C19H30O10 481.169298
C19H26O7 429.153255 C19H30O11 497.164213
C19H26O11 493.132913 C19H30O12 513.159128
C19H26O12 509.127828 C19H30O13 529.154042
C19H26O14 541.117657 C19H30O14 545.148957
C19H26O15 557.112571 C19H30O15 561.143872
C19H26O16 573.107486 C19H30O16 577.138786
C19H26O17 589.102401 C19H31O11 498.172038
C19H27O8 446.155994 C19H31O13 530.161867
C19H27O9 462.150909 C19H31O16 578.146611
C19H27O11 494.140738 C19H32O15 563.159522
C19H27O13 526.130567 C20H27NO15 584.123471
C19H27O15 558.120396 C20H27NO16 600.118385
C19H28O8 447.163819 C20H27NO17 616.1133
C19H28O9 463.158734 C20H27NO18 632.108214
C19H28O11 495.148563 C20H27O12 522.135653
C19H28O12 511.143478 C20H27O13 538.130567
C19H28O13 527.138392 C20H27O15 570.120396
C19H28O14 543.133307 C20H27O17 602.110226
C19H28O15 559.128222 C20H28O9 475.158734
C19H28O16 575.123136 C20H28O11 507.148563
C19H28O17 591.118051 C20H28O12 523.143478
C19H28O18 607.112965 C20H28O13 539.138392
C19H28O20 639.102795 C20H28O14 555.133307
C19H29NO16 590.134035 C20H28O15 571.128222
C19H29NO19 638.118779 C20H28O16 587.123136
C19H29O8 448.171644 C20H28O17 603.118051
C19H29O10 480.161473 C20H28O18 619.112965
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A.4. α-pinene OH oxidation in the presence of NOx

Table A.22: Peaklist from α-pinene OH oxidation in the presence of NOx (Contin-
ued).

Molecule Detected Mass (Th) Molecule Detected Mass (Th)

C20H28O19 635.10788 C20H30O15 573.143872
C20H29NO11 522.159462 C20H30O16 589.138786
C20H29NO13 554.149291 C20H30O17 605.133701
C20H29NO14 570.144206 C20H30O18 621.128615
C20H29NO15 586.139121 C20H30O19 637.12353
C20H29NO16 602.134035 C20H31O9 478.182209
C20H29NO17 618.12895 C20H31O10 494.177124
C20H29NO18 634.123864 C20H31O11 510.172038
C20H29O9 476.166559 C20H31O12 526.166953
C20H29O10 492.161473 C20H31O13 542.161867
C20H29O11 508.156388 C20H31O14 558.156782
C20H29O12 524.151303 C20H31O15 574.151697
C20H29O13 540.146217 C20H31O17 606.141526
C20H29O14 556.141132 C20H31O18 622.13644
C20H29O15 572.136047 C20H32O9 479.190034
C20H29O16 588.130961 C20H32O10 495.184949
C20H29O17 604.125876 C20H32O11 511.179863
C20H29O18 620.12079 C20H32O12 527.174778
C20H29O19 636.115705 C20H32O13 543.169692
C20H30O8 461.179469 C20H32O14 559.164607
C20H30O9 477.174384 C20H32O15 575.159522
C20H30O10 493.169298 C20H32O16 591.154436
C20H30O11 509.164213 C20H32O18 623.144266
C20H30O12 525.159128 C20H33O10 496.192774
C20H30O13 541.154042 C20H33O16 592.162261
C20H30O14 557.148957
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Appendix B

CIMS analyzer

B.1 CIMS analyzer

Figure B.1 shows how CIMS analyzer control panel looks like. The upper half which has light
violet colour is for data preparation and selection. Ion names, mass per charge ratio, and
date/time will be given as input so that the program can find original time series. The pro-
gram generates raw, normalised, and mass weighted data based on the original time series
created by Tofware. Raw data are a copy of the original time series from Tofware. normalised
data are the original time series divided by the sum of reagent ions or sum of all ions depend-
ing on the option which was chosen on the right upper corner. Mass weighted data comprise
time series multiplied by the molecular mass of the species they represent. Here we give an
example for C10H16O7. If C10H16O7 is the original time series from the Tofware, it will be
copied under the same name into the raw folder. C10H16O7 stored in the normalised folder is
the signal of the original C10H16O7 time series divided by the sum of the reagent ion or sum
of all ions. C10H16O7 under the mass weighted folder is the product of C10H16O7 time series
and 248.08964 Da, which is the mass of the assigned molecular formula C10H16O7. Note that
the ion names are the assigned molecular formulas and thus contain chemical information in
string form.
Based on the chemical formula, each species is assigned to one of three classes, HOM-PP, HOM-
ON, or HOM-RO2. Accretion products are classified as HOM-PP since they are products of the
permutation reaction of RO2. In detail the classification is performed as follows. The first step
is to find the time series of the species in the list of ion names provided by Tofware. The ion
name of the species is anylsysed in terms of presence and number of C, H, O, and N atoms. If
the species has an even number of hydrogen, it is classified as HOM-PP(e.g., C10H16O7). If
species has an odd number of hydrogen and containing N-atom in the molecular formula, it is
classified as HOM-ON (e.g., C10H15NO8). If species has an odd number of hydrogen without
N-atom in the molecular formula, it is classified as HOM-RO2 (e.g., C10H15O7).
This is simple as long as the species appeared as a cluster with NO3

– . If the species clus-
tered with the dimer of the reagent ion, the parity counts became the opposite. For example,
C10H16O7 clustering with dimer reagent ion had the ion name ’(NO3)2_C10H17O6’ given by
Tofware naming system. Since the ion name already indicates a cluster with the reagent dimer
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ion, it will be correctly classified as HOM-PP, despite the odd number of hydrogen in the molec-
ular formula.
The classification of species is used further to calculate (automatically) the relative fraction of
each class or the absolute sum of each classes for raw, normalised, and mass weighted signals.
Data selection can be done within a mass per charge range of interest by setting boundary val-
ues. In addition, outliers can be excluded by entree in a black list. The data on the black list
will be excluded from any other calculations. Furthermore, mass spectra (both unit mass and
high resolution) can be averaged for a certain time period. Depending on the chosen data set
in the data selection section, high resolution mass spectra or unit mass resolution spectra for
the time period of interest can be displayed. In addition, high resolution stick mass spectrum
can be obtained as shown in Figure B.2.

Figure B.2 shows a high resolution stick mass spectrum for the example of α-pinene OH
oxidation in the presence of NOx. Each peak is colour coded according to its class member-
ship. The plot allows for easy recognizing the importance of the classes are dominant for the
experimental conditions and the time of interest.
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B.1. CIMS analyzer

Figure B.1: CIMS analyzer panel. In upper three sections on the left, data gener-
ated by Tofware (ion name, mass per charge of ion, and date/time) can be selected
as input. On the right side, one can choose different methods to generate nor-
malised data. Outliers can be added to the blacklist and be excluded. The mass
range for HOM-ON and others can be set for data selection. After the preparation
of the data, time series of the sum of raw, normalised, or mass weighted data can
be plotted. On the bottom, the time of interest can be selected and various types of
mass spectra can be selected for plotting. (The program was written by Sebastian

Schmitt.)
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Figure B.2: The example of high resolution stick mass spectrum obtained
by CIMS analyzer program. The x-axis shows mass per charge ratio and y-
axis shows normalised signals. Peaks are colour coded according their class.
Red(avg_spec_HR_ON) represents organic nitrates and blue(avg_spec_HR_PO)
represents peroxy radicals. Black(avg_spec_HR_TP) represents permutation prod-
ucts i.e., HOM-PP. Green(avg_spec_HR_UK) represents unknown peaks and light

blue(avg_spec_HR_RG) represents reagent ion.
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Abbreviation

VOC Volatile Organic Compounds

BVOC Biogenic Volatile Organic Compounds

AVOC Anthropogenic Volatile Organic Compounds

OVOC Oxygenated Volatile Organic Compounds

OA Organic Aerosol

POA Primary Organic Aerosol

SOA Secondary Organic Aerosol

HOM Highly Oxygenated Organic Molecules

PAN Peroxy Acyl Nitrates

CI Criegee Intermediates

PRIP Peroxy Radical Organic Compounds

LVOC Low Volatile Organic Compounds

ELVOC Extremely Low Volatile Organic Compounds

NPF New Particle Formation

HOM-RO2 HOM-peroxy radicals
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HOM-PP HOM- Permutation Products

HOM-ON HOM-Organic Nitrates

HOM-ACC HOM-Accretion products
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