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Zusammenfassung
Hoch oxidierte multifunktionale Moleküle (HOMs) sind eine Klasse von Molekülen deren Existenz in der
Gasphase erst kürzlich nachgewiesen wurde. Wegen ihrer hohen O:C Verhältnisse haben HOMs geringe
Dampfdrücke und spielen sie eine bedeutende bei der Neubildung von Partikeln und deren Wachstum.
Mit dem Ziel ein besseres Verständnis der Mechanismen der Partikelbildung zu erhalten, wurden in
dieser Arbeit die photochemische Bildung von HOMs, deren chemische Umwandlungen sowie deren
Verlustprozesse untersucht.
OH its das hauptsächliche Oxidtionsmittel in der Troposphäre. Trotzdem wurde die photochemische
Bildung von HOMs bislang nicht intensiv untersucht, sondern hauptsächlich deren Bildung aus der
Ozonolyse. Es stellte sich daher die Frage nach der Bedeutung der Photochemie bei der Bildung der
HOMs. In Fokus der Arbeiten stand die HOM Bildung aus -Pinen, es wurde aber auch die
photochemische HOM Bildung aus -Pinen, Methyl salicylat und Benzol nachgewiesen. Methyl salicylat
und Benzol haben keine Doppelbindung und reagieren somit nicht mit Ozon. Der Nachweis der HOM
Bildung aus diesen bedeutenden biogen- bzw. anthropogen emittierten Verbindungen weist darauf hin,
dass auch Reaktionen mit OH eine wichtige Quelle für HOMs sind.
Dominierender Mechanismus der photochemischen HOM Bildung ist die Autoxidation, d.h. die
sequentielle Anlagerung von O2 an Alkylradikale, die sich nach interner H-Migration aus Peroxy- oder
Alkoxyradikalen bilden. Die Autoxidation muss sehr effektiv ablaufen da eine Verringerung der O2
Mischungsverhältnisse auf unter 1% keinen Einfluss auf die HOM Bildung zeigte.
Sequentielle Reaktionen mit OH sind weniger bedeutend obwohl die weitere Oxidation von in hohen
Konzentrationen auftretenden Oxidationsprodukten als Quelle von HOMs nicht ausgeschlossen ist. Die
Ausbeute von HOMs aus der Photooxidation von a-pinen sind abhängig von der OH Konzentration und
wurden zu 1.8 and 7% abgeschätzt.
Die Zugabe von Stickoxiden (NOX) führte zur Bildung organischer Nitrate und zu insgesamt verstärkter
HOM Bildung. Die Bildung der organischen Nitrate bestätigte die vorherige Zuordnung der Moleküle als
Peroxyradikale, Hydroperoxyde und Ketone. Die insgesamt verstärkte HOM Bildung kam durch erhöhtes
[OH] zustande was seinerseits auf die Rezyklierung von OH über die Reaktion von NO mit HO2
zurückgeführt wurde. Auch bei sehr hohen [NOx] konnte die Bildung von Terminierungsprodukten aus
RO2 + RO2 Reaktionen nachgewiesen werden. Grund hierfür ist wahrscheinlich eine Rückbildung von
Peroxyradikalen aus Alkoxyradikalen die nicht zerfallen. H-Migration im Alkoxyradikal führt zu einem
Alkylradikal und nachfolgender Anlagerung von O2 und Bildung eines Peroxyradikals. Wie auch
Experimente mit CO zeigten, folgt die Umwandlung von HOMs der klassischen Vorstellung der Chemie
von Peroxyradikaln.
Wichtige Senke für HOMs ist deren Kondensation auf Partikeln. Hierfür wurden effektive
Aufnahmekoeffizienten bestimmt. Für Monomere lagen diese im Bereich von 0.5-0.9 Für Dimere bei
eins. Schon bei Massendichten von etwa 3 µg m-3 konnte die Beeinflussung der Chemie von
Peroxyradikalen durch Partikel gezeigt werden. Möglicherweise ist dieser Einfluss in der realen
Atmosphäre stärker als in der genutzten Reaktionskammer, zur Abschätzung der Bedeutung dieses
Einflusses bedarf es aber mehr Experimente als in dieser Arbeit durchgeführt werden konnten.

Abstract
Highly oxidized multifunctional organic molecules (HOMs) are a newly-found class of compounds that
are formed in volatile organic compound (VOC) oxidation. Due to high O:C ratios of the HOMs, they are
suggested to participate in atmospheric processes, such as new particle formation (NPF) and particle
mass formation. Thus studying HOMs gives important insight into mechanisms of particle formation and
growth under different chemistry regimes.
OH is the main oxidant during daytime chemistry, however so far the photochemical HOM formation
has not been studied in detail. This study focusses on the photochemical HOM production from
-pinene, on chemical transformation of HOMs as well as on their loss processes.
Autoxidation was found to be a dominant process of photochemical HOM formation. However,
comparison of the photochemical HOM patterns from α-pinene and its main primary oxidation product
pinonaldehyde showed that also secondary OH oxidation is likely to contribute to some extent. In one
experiment the oxygen content of the chamber during the experiment was lowered below 1% and the
HOM formation was not affected, which indicates that autoxidation must be very fast.
OH oxidation of pinonaldehyde, β-pinene, cyclohexene, benzene, and methyl salicylate led to HOM
formation. If at all, these compounds do not react efficiently with ozone, suggesting that photooxidation
might be a source of HOMs in general. The effect of photochemistry on HOM formation from -pinene
was studied in more detail. The yield of HOMs from α-pinene photooxidation was found to depend on
[OH] and estimated to be between 1.8 and 7%.
Adding NOX led to the formation of organic nitrates as well as to a general increase of HOM formation.
The formation of organic nitrates confirmed the assignment of HOMs being peroxy radicals. The general
increase of HOM formation observed up to moderate NOx levels was mainly due to OH recycling by
HO2 + NO reactions leading to increased [OH]. Additionally, the presence of NOX also activated the
“alkoxy-peroxy pathway”. Alkoxy radicals formed in reactions of NO with peroxy radicals might undergo
internal H-shifts and subsequent O2 additions, instead of degrading. This pathway can form peroxy
radicals and explain why even at very high [NOx] there were still termination products of RO2 + RO2
reactions observable.
High [HO2] favoured hydroperoxide formation and diminished formation of other termination products.
Altogether, the behaviour of HOMs was compatible to classical models of peroxy radical chemistry.
Effective uptake coefficients for HOMs on particles were determined to be in the range of 0.5-0.9 for
monomers and unity for dimers. At mass loads above ~ 3 µg m-3 impacts of particles on peroxy radical
chemistry became obvious suggesting an impact of particles on photochemistry also under atmospheric
conditions.
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Chapter 1 Introduction
1.1 Highly oxidized multifunctional organic molecules in the atmosphere
Volatile organic compounds (VOC) are important players in atmospheric chemistry. VOC are emitted
either from biogenic or anthropogenic sources. They are mainly pure hydrocarbons and are easily
oxidized by the major atmospheric oxidants, OH, ozone and NO3. The oxidation products of VOC
contribute to the formation of secondary organic aerosols (SOA), either by condensation of existing
particles or by new particle formation. The oxidation products formed according to established
understanding of atmospheric VOC oxidation (e.g. Master Chemical Mechanism 3.3.1.) have too low
oxygen content and are thus too volatile to directly contribute to SOA formation. However, the oxygen
number is crucial, as increasing the amount of oxygen in a molecule will lower its vapour pressure
making it less volatile. So, high oxidation degree of the oxidation products is required to participate in
particle formation and growth. It was proposed, that higher oxidation degrees should be achieved by
sequential, multiple oxidation of the first generation oxidation products by the OH radical. Besides
chemical ageing via sequential oxidation, accretion reactions in the particle phase are forming high
molecular oligomers with low vapour pressures (Hallquist et al., 2009).
The search for the non-volatile organic molecules explaining the observed new particle and SOA
formation received a new angle when Ehn et al. (2010; 2012; 2014) discovered a new class of organic
molecules in measurements made in Hyytiälä, SMEAR II boreal forest measurement station (Finland).
Using a new instrument called Atmospheric Pressure interface Time of Flight Mass Spectrometer
(APi-TOF-MS) they detected a group of naturally negatively charged organic molecules dominating the
night-time spectrum at masses between 280-650 Th. These molecules had very high O/C ratios, and
were named highly oxidized multifunctional molecules (HOMs)
Several studies show that observed HOMs are obviously produced very fast by -pinene ozonolysis in
gas phase, i.e. by reaction of a monoterpene (a VOC class with large atmospheric source strength) with
one of the major atmospheric oxidants, O3 (Jokinen et al., 2014; Mentel et al., 2015; Rissanen et al.,
2015; Berndt et al., 2015; Kurtén et al., 2015).
The atmospheric relevance of HOMs is based on their role in the formation of secondary organic
aerosols (SOA) because SOA themselves are important atmospheric compounds. Atmospheric aerosols
(particles and the surrounding gas medium) in general have effect on human health and on climate (Nel,
2005; IPCC, 2013). They can scatter and absorb solar radiation, and act as cloud condensation nuclei
(CCN), as well as regulate cloud properties (Rosenfeld et al., 2008; Clement et al., 2009). Aerosol
particles are also counted as pollution deteriorating air quality (Nel, 2005). A large fraction (up to 90%)
of atmospheric sub-micrometre particle mass consists of organic compounds (Jimenez et al., 2009).
To assess the relevance of HOMs on SOA formation it is required to understand the role of organic
vapours in new particle formation (NPF) and particle growth, as well as on CCN formation. It was long
believed that sulfuric acid is driving new particle formation (Kulmala et al., 2004; Weber et al., 1996;
Kerminen et al., 2010; Sipilä et al., 2010), and atmospheric SA has been showed to be linked to particle
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formation and growth (Kulmala et al., 2013). However there was a need for additional vapours, likely
organic, to explain observed particle formation and growth rates (Kurtén et al., 2008; Loukonen et al.,
2010; Ortega et al., 2016; Paasonen et al., 2012; Kulmala et al., 2013), and the role of organic vapours
had been hypothesised and tested before (Hoffmann et al., 1998; Yu et al., 1999; Metzger et al., 2010;
Paasonen et al., 2010; Wang et al., 2010; Riipinen et al., 2011). ). Also the location of NPF (often clean
atmosphere at forested regions with low SA concentration) gives reason to believe SA alone cannot
explain all particle formation events (Zhang et al., 2004; Metzger et al., 2010; Paasonen et al., 2010;
Donahue et al., 2011; Riipinen et al., 2011, 2012; Ehn et al., 2012, 2014; Riccobono et al., 2014;
Schobesberger 2013; Kulmala et al., 2013). However, directly measuring these theorized organic
compounds was not possible until development of APi-TOF-MS.
Ehn et al. (2014) report on the role of organics (HOMs) on SOA mass formation, and to highlight it they
introduce a new concept, extremely low-volatility organic compound (ELVOC), in analogy to the style of
pre-existing terms such as low-volatility organic compounds (LVOC) and semi-volatile organic
compounds (SVOC). Due to structural properties HOMs are suggested to irreversibly condense on
particles, and thus contribute to the growth. The relative importance of HOMs to growth was highest at
low particle loading/surface, when nearly all of the growth could be attributed them. Ehn et al. (2014)
compar measurements from AMS (Aerosol Mass spectrometer) to the HOMs data, and offer the
similarity of O/C and H/C ratios of HOMs to those measured from formed SOA as further evidence of the
role of HOMs on particle growth.
From these studies it can be concluded that in the critical range of particle growth, presence of HOMs in
the atmosphere can differentiate whether particles grow to relevant sizes. The studies mentioned here
concentrate on clean boreal atmosphere (Kulmala et al. 2013) and monoterpene ozonolysis (Ehn et
al., 2014), so the importance of HOMs and organics on SOA formation in more polluted areas cannot be
concluded yet. HOMs are the (at least one of the) group of organic vapours that have been suggested to
be relevant in NPF (Schobesberger et al., 2013; Ehn et al., 2014; Jokinen et al., 2015; Tröstl et al., 2016;
Bianchi et al., 2016).
To conclude, Figure 1.1 depicts the relative importance of different vapours in the atmosphere to
particle formation and growth as suggested by Ehn et al. (2014). As can be seen, at the very small scale,
clusters of few molecules, sulphuric acid and amines/ammonia constitute most of the particle. When
the cluster grows, organic vapours (ELVOC/HOMs) begin to contribute to growth, until the particle is
large enough and eventually also low-volatility and semi-volatility organic compounds begins to
condense, and contribute to growth. Ehn et al. (2014) show results from ambient measurements at
Hyytiälä SMEAR II forest station to show how the HOM concentrations measured are abundant enough
to explain the growth of particles in the range of 5-50 nm.
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Figure 1.1 Relative importance of ELVOC to particle growth (Ehn et al., 2014).

1.2. Formation mechanism of oxidized multifunctional organic molecules via ozonolysis.
Ozone is one of the main oxidants during night time chemistry, and a tropospheric pollutant. It is also
involved in primary OH production (R1.3a-b) and it has two important sources in the troposphere. One
source is the intrusion from the Stratosphere leading to a background level; the other is photochemical
ozone production. Main precursor of O3 during photochemical production is NO2 that can be photolyzed
at wavelengths below 430 nm:
NO2 + h ( < 430 nm) -> O + NO

(R1.2a)

O +O2 + M -> O3 + M

(R1.2b)

Ozone is reactive towards VOC with C=C double bond, such as unsaturated alkenes.
RH + O3 -> R˙ + OH -> RO2˙

(R1.2c)

The formed peroxy radical then has classical pathways to terminate (see R1.3c-R1.3i).
It has been established that ozonolysis produces highly oxidized multifunctional compounds, HOM (Ehn
et al., 2012; Ehn et al., 2014; Jokinen et al., 2014; Mentel et al., 2015; Berndt et al., 2015; Rissanen et
al., 2015; Hyttinen et al., 2015). The pathway to ozonolysis HOM formation has been suggested to be
-3-

autoxidation and peroxy radical formation (i.e. Ehn et al., 2012, 2014; Mentel et al., 2015; Rissanen et
al., 2015).
Mentel et al. (2015) suggest a detailed mechanism of alkene ozonolysis HOM formation. Ozonolysis of
endocyclic double bond containing alkenes leads to opening of the ring structure, with Criegee
intermediate on one end of the chain, and carbonyl group on the other. The Criegee radical further
reacts via several pathways, from which the formation of vinylhydroperoxide is highlighted. When
decomposing, vinylhydroperoxide forms a radical with mesomeric structures, and an O2 addition leads
to an oxo-alkyl radical i.e. to a peroxy radical with four oxygens. This vinylhydroperoxide pathway is the
starting point of their consideration as HOM compound.
H-shifting ability of C-H bond for peroxy radicals is assumed, which allows addition of O2 into the
molecule, and will lead to a peroxy radical with -OOH functionality. This process is known from high
temperature reactions (Cox & Cole, 1985; Glowacki & Pilling, 2010; Jorand et al., 2003; Perrin et
al., 1998)), but was not considered of importance at atmospheric conditions until recently (Crounse et
al., 2012; 2013). Mentel et al. (2015) conclude that most ozonolysis HOM result from internal H-shift and
subsequent O2 addition of the peroxy radical, combined with intramolecular rearrangement. This
addition of O2 into the molecule would account for the 32 Th progressions observed in ozonolysis HOM
spectra, and this process only requires one initial attack by ozone and further oxidation occurs with
intramolecular H-shift and molecular O2 addition. This sequential internal H-shift and addition of
molecular O2 into a compound is what is meant by term “autoxidation” later in this work.
In parallel to internal H-shift and subsequent O2 addition, the HOM peroxy radicals can undergo
termination reactions leading to closed shell HOMs, i.e. HOMs that are no longer radicals but chemically
stable molecules. For all peroxy radicals formed by H-shift and subsequent O2 addition the classical
peroxy radical chemistry pathways apply and typical termination products are ketones, alcohols,
hydroperoxides, and percarboxylic acids (as shown later, Figure 1.4).

Figure 1.2 Alkoxy-peroxy pathway of alkoxy radical (Mentel et al., 2015).
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According to classical peroxy radical chemistry also alkoxy radicals are formed in peroxy radical-peroxy
radical reactions. Also alkoxy radicals can undergo H-shifts with the formation of an alkyl radical at
which an O2 molecule is added (Vereecken & Peeters, 2010; Vereecken & Franscisco 2012). The forming
peroxy radical has one O atom more than the “parent” peroxy radical, and is shown to be of minor
importance in case of HOM formation from ozonolysis (Mentel et al., 2015). But as shown in Chapter 5,
this pathway is relevant for the results later shown in this work. It will therefore be given a notice here
(Figure 1.2). The alkoxy radical RO˙ formed in reaction R1.3h (R6a in Figure 1.2) can undergo
intramolecular rearrangement (internal H-shift) and attain O2, forming hydroxyl-peroxy radical, with
three oxygens attached. This can then terminate in accordance with classical peroxy radical pathways, or
experience further rearrangement. In this work the term alkoxy-peroxy pathway is used to refer to this
pathway.
The vinylhydroperoxy radical pathway combined with further autoxidation can explain progressions of
32 Th observed in data where the formed HOM molecule has an even number of oxygen, while the
alkoxy-peroxy pathway and autoxidation would be plausible explanations for the progression of 32 Th in
HOM with odd number of oxygen in the molecule. In the case of ozonolysis formed HOM, most are with
even number of oxygen, but with OH it is not as simple, and thus the latter pathway may gain
importance.

1.3. Volatile organic compounds (VOC) in atmospheric photochemistry
Up to now it is evident that HOM are formed by ozonolysis of endocyclic (biogenic) molecules, and the
principle pathways via autoxidation are more or less established. However, in the atmosphere the OH
radical is the main oxidant of volatile organic compounds during atmospheric daytime chemistry.
Formation of OH in the atmosphere occurs via ozone photolysis (primary OH production):
O3 + h -> O2 + O(1D) ( < 335 nm)

(R1.3a)

O(1D) + H2O -> 2 OH

(R1.3b)

OH is unreactive towards O2, N2, CO2 or H2O, which is why it “survives” in the atmosphere long enough
to react with VOC and other trace gasses. Additional to reaction R1.3b, OH is also produced in the
atmosphere in HONO photolysis and secondary sources (photolysis of CH2=O and HO2) in catalytic cycles,
which means that it regenerates in the same cycle of reactions that consume it, leading to daytime
concentrations in the order of 106 cm-3.
VOC reactions with OH consume OH in the atmosphere, but VOC also affect OH budget in other ways.
For example alkene ozonolysis produces OH (Atkinson, 1997). Alkene ozonolysis can be an important
source for atmospheric OH during night-time and, in laboratory experiments, a source for OH during
ozonolysis.

-5-

Unlike ozone, for example, that requires a carbon double bond where to attack, OH is less selective as a
reactant. Although OH mainly attacks a VOC at the double bond (e.g. monoterpenes) it can also abstract
hydrogen atoms (for -pinene and -pinene ~10 % of attacks at double bond, MCM version 3.3.1.). OH
can also attack C-H bonds in molecules without double bonds. It is therefore also possible that a VOC
can be sequentially oxidized by OH even after reaction of the double bond. Addition of OH to double
bonds or H-abstraction leads to peroxy radicals (see below R1.3c, R1.3b), which can then undergo
autoxidation. This makes it more difficult to find out the pathways of HOM formation from OH initiated
VOC oxidation.
A further aspect of photo-oxidation that is important for the interpretation of the results is the impact of
NOX (NOX = NO + NO2) on photochemical systems. NO can react with peroxy radicals. In this reaction NO2
is formed without loss of an ozone molecule in contrast to the fast reaction of NO with O3, making the
reaction of peroxy radicals with NO to an important source for Tropospheric ozone. Figure 1.3 sketches
the basic reaction pathways mentioned so far.

Figure 1.3 Simplified overview on tropospheric OH chemistry (Geyer, 2000).
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Photooxidation is at first described for H abstraction (R1.3c):
RH + OH -> R˙ + H2O

(R1.3c)

R˙ + O2 -> RO2˙

(R1.3d)

Where RH is the VOC, R˙ is alkyl radical, and RO2˙ represents the peroxy radical that is formed from the
alkyl radical after addition of O2. An overview of the VOC oxidation pathway is shown in Figure 1.4.

Figure 1.4 Pathways of VOC oxidation. Ozonolysis (blue arrows) also leads to Criegee reactive intermediates
(CRI) which on several pathways can form OVOC, similar to those from OH. The vinylhydroperoxide (VHP)
path leads to peroxy radicals which can undergo autoxidation. The green frames indicate the established
OVOC formation pathway via peroxy radicals (RO2) induced by the OH radical. The red frames show the
newly discovered additional pathway via autoxidation (H-shift + O2 addition). The HOM termination scheme
is supposedly similar to the classical scheme, however, the very fast autoxidation process led to higher O/C
and functionalization as indicate by using Q. The introduction of NO X in both subsystems increases the
importance of alkoxy radicals. OH can sequentially oxidize OVOC to higher oxidation products. Once the
vapour pressure is sufficiently low, HOMs (and OVOC) condense and form SOA.

-7-

The fate of the RO2˙ depends on the atmospheric conditions. When considering low NOX conditions, the
peroxy radical chemistry runs via several (termination) pathways.
Hydroperoxy channel:
RO2˙ + HO2˙ -> ROOH + O2

(R1.3e)

Carbonyl channel:
RO2˙ + R’O2˙ -> RHC=O + R’OH + O2

(R1.3f)

Hydroxy channel: RO2˙ + R’O2 -> ROH + R’HC=O + O2

(R1.3g)

Alkoxy channel:
RO2˙ + R’O2˙ -> RO˙ + O2 + products

(R1.3h)

Additional to these there is the dimerization pathway
RO2˙ + R’O2˙ -> ROOR’ + O2

(R1.3i)

Where RO2˙ and R’O2˙ can be same or different peroxy radicals.
Presence of NO into the system introduces more channels, and those will be further discussed in
Chapter 5. Shortly, organic nitrates and alkoxy radicals are formed:
RO2˙ + NO -> RONO2

(R5.1a)

RO2˙ + NO -> RO˙ + NO2

(R5.1b)

Addition of NO in the system has also direct impact on OH concentrations. [OH] is enhanced via reaction
R5.1d, and decreased by reaction R5.1e. At low [NOX] and high rates of NO2 photolysis (J(NO2), reactions
of NO with HO2 can lead to increased [OH], while under high [NOX] reactions of NO2 with OH lead to
HNO3 formation, and subsequent OH net loss (R5.1d and R5.1e).
HO2˙ + NO -> NO2 + OH˙

(R5.1d)

OH˙ + NO2 + M -> HNO3 + M

(R5.1e)

The effect NOX has on total OH and HO2 concentration will be relevant when discussing the effect NOX
on HOM formation from photooxidation in Chapter 5.
Dominant pathway of -pinene and -pinene photooxidation is the OH attack at the double bond. OH
adds to the double bond that opens whereby the OH radical is attached to one position of the double
bond. The other end of the former double bond has alkyl radical character and by this OH addition a
hydroxy substituted alkyl radical is formed. In analogy to reaction R1.3d a hydroxyl substituted peroxy
radical is formed and the principles of further RO2 reactions are the same as those given above at the
example of H-abstraction reactions.
-8-

As most of the published results with respect to HOM formation from -pinene were obtained from
ozonolysis experiments, there are open scientific questions regarding OH induced HOM photochemistry.
Therefore this work is focused on OH initiated HOM formation. The possible importance of sequential O2
addition (autoxidation) on the one hand and sequential OH oxidation on the other hand was studied, as
well as whether ozonolysis is required to induce autoxidation (Chapter 3). OH dependency of HOM
formation was studied in order to estimate the efficiency of HOM. Herein analysis of product
distribution should give indication for the mechanism of HOM formation (Chapter 4). In the atmosphere
nitrogen oxides (NOX) react with peroxy radicals and shift the product pattern to alkoxy radicals and
organic nitrates. Besides NOX the HO2 radical reacts fast with peroxy radical, on average the reaction of
HO2 with RO2 is about a magnitude larger than the RO2 - RO2 reactions. Both effects were investigated by
looking at the changes of HOM abundance and HOM patterns after adding NOX or carbon monoxide
(CO) to the chemical system. This way also the assignment of HOMs to peroxy radicals and the
respective termination products could be confirmed (Chapter 5). As many HOMs are also ELVOC, losses
to surfaces are an important factor in the HOM concentration balance. The presence of particles led to
substantial losses of HOM in competition to losses onto the wall, moreover the presence of particles
affected the radical concentration and thus the HOM formation pathways (Chapter 6).
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2. Methods and experimental set-up
2.1. Experiment set-up
2.1.1. Jülich Plant Atmosphere Chamber

Figure 2.1 (Adapted from Mentel et al., 2009). Schematics of experiment chamber set-up. Purified air is
divided into two separate inlet air flows, both which are humidified to similar degree to avoid problems at
mixing the air masses in the chamber. To one of these flows the air from a diffusion source containing the
wanted VOC was added. The use of different splits at the outlet of the diffusion source allowed varying
BVOC concentrations in the chamber. The other flow is guided via an ozonator to introduce ozone into the
chamber. The chamber is constantly stirred tank reactor (CSTR), with a mixing time of about 2 minutes.
Residence time in the chamber during the experiments was about 45 minutes. The glass chamber is situated
in a temperature controlled container. A host of instruments are used to measure the conditions in the
chamber during the experiments. Most instruments can be switched to measure either inlet or outlet of the
chamber, to gain data on changes, such as reacted VOC.

All the experiments were conducted at Jülich Plant Atmosphere Chamber (JPAC) shown in Figure 2.1.
The chamber set-up is well explained by Mentel et al. (2009), but an overview will be given here. The
reaction chamber used was a 1450 L Borosilicate glass chamber, and all the connecting tubes were made
of either Teflon (PFA or PTFE) or glass. This was to minimize the potential wall losses during transport of
gas and air into the analytical devices. The attached fan allowed constant stirring and well mixing of the
air in the chamber, leading to a mixing times of about 2 minutes.
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The chamber itself was located in a climate controlled container, which allowed temperature stability of
±0.5 °C between 10 °C and 50 °C. In the experiments the temperature was set to 15 °C. The lamps in and
around the chamber produced some heat, and during experiments the temperature varied between
15-16 °C.
There were two main inlet airflows into the chamber. Both main inlet flows were set between
10-16 LPM, depending on experiment. They were humidified by using double-distilled purified water
vapour. One of them was then guided through an ozonator to add ozone in the chamber. To the other
air flow, the desired VOC was added. When NOX or CO was introduced into the chamber, the air
containing NOX or CO was mixed with this flow. Sometimes additional air flows were introduced, for
example for seeding experiments when the aerosol seed was led to the chamber via separate inlet. This
2 LPM flow was not humidified, and the other two flows were usually adjusted slightly to compensate
the additional dry air inflow to keep humidity constant in the chamber.
The seed particles were generated using a constant output aerosol generator (TSI, Model 3076) based
on atomizing. (NH4)2SO4 solution (typical concentration ~40 mg/L) was sprayed by a jet of compressed
purified air passing through an orifice at a pressure of around 1.4 bar. The generated aerosol then
passed through a silica gel diffusion drier and entered the reaction chamber. In the control experiments,
distilled water was used for atomization to keep the experimental conditions constant.
Several lamps were used during the experiments. There were 12 discharge lamps (HQI 400 W/D;
Osram), which were used to simulate the solar spectrum in the chamber. These are referred to as “top
lamps”. There was one internal UVC lamp (Phillips, TUV 40W, with a λmax = 254 nm) to photolyse ozone
and to produce O1D, which reacts with water vapour to produce OH. The UVC lamp was covered by
adjustable glass tubing, which could be moved to vary the photolysis rate of O1D, and thus OH
production. For NO2 photolysis there were 12 discharge lamps (Phillips, TL 60, W/10-R, 60W,
λmax = 365 nm). The glass of the chamber had a short wavelength cut-off close to 350 nm, which means
no shortwave radiation could enter the chamber through the glass into the chamber to produce O1D
when UVC lamp was off. Additionally, the absorption cross section of NO2 at wavelength used by the
UVC lamp is over one order of magnitude lower than at 356nm (Davidson et al., 1988). This allowed
nearly independently varying J(O1D) and J(NO2).
The instrument suite did not include a direct OH measurement device, which means that determining
OH concentration during the experiment must be achieved indirectly. The method used in the
experiments was based on monitoring the concentration of reacting VOC, and its changes during the
experiment. When the initial concentration of the VOC is known, the decrease of the VOC can be used
to determine the amount of OH reacting with the VOC according to equation Eq.2.2.
𝑑[𝑉𝑂𝐶]
𝑑[𝑡]

𝐹

= 𝑉 ∙ ([𝑉𝑂𝐶𝑖𝑛 ] − [𝑉𝑂𝐶]) − (𝑘𝑂𝐻 ∙ [𝑂𝐻] ∙ [𝑉𝑂𝐶] + 𝑘𝑂3 ∙ [𝑂3 ] ∙ [𝑉𝑂𝐶])

Assuming steady state conditions:

𝑑[𝑉𝑂𝐶]
𝑑𝑡

(Eq.2.1.)

= 0 , OH can be calculated using Eq.2.2:
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𝐹 [𝑉𝑂𝐶]𝑖𝑛 −[𝑉𝑂𝐶]
∙
−𝑘𝑂3 ∙[𝑂3 ]
[𝑉𝑂𝐶]

[𝑂𝐻] = 𝑉

𝑘𝑂𝐻

(Eq.2.2.)

Where [VOC]in is the initial concentration of VOC in question, [VOC] is the concentration of the VOC in
the chamber during experiment, F is total air flow through the chamber, and V is the volume of the
chamber. kOH and kO3 are the rate coefficients of the VOC in question with OH and O3, respectively.
Details of the experiments reported here are given in Chapter 2.3.

2.1.2. General instrumentation
Several instruments are used to measure the chamber experiment conditions. Ozone was measured by
two UV photometric devices: Thermo Environment 49 and Ansynco, O3 42M ozone analyser. For NO
measurements, chemiluminescence was used (Eco Physics, CLD 770). For NO2 measurements NO was
measured after photolysis of NO2 (Eco Physics, PLC 760). In some cases an optimized chemiluminescence
instrument with a blue light diode NO2 converter was used (Eco Physics 780 TR; Details in Li et al., 2014).
Particle concentration was measured by CPC (TSI 3783, > 3nm) and particle size distribution (13-740nm)
by SMPS (Waltz, TS-1 3081 electrostatic classifier combined with TSI 3025 CPC). To monitor humidity
dew point mirrors were used at both inlet and outlet flows. VOC concentrations were measured by
Proton Transfer Reaction – quadrupole- Mass Spectrometer (PTR-Q-MS, Ionicon), Proton Transfer
Reaction – time-of-flight- Mass Spectrometer (PTR-TOF-MS, Ionicon), or Gas-Chromatography- Mass
spectrometer (GC-MS, Agilent). All instruments could be switched from inlet to outlet, to follow the
differences caused by reactions in the chamber.
The instrument used to detect HOM in the chamber was connected to a separate outlet, and could not
be switched to inlet. More details on this instrument below.

2.2. Chemical ionization mass spectrometer
2.2.1. Instrument introduction
The instrument used to detect HOMs in the experiments is called Chemical Ionization Atmospheric
Pressure interface time-of-flight Mass Spectrometer (CI-APi-TOF-MS, from here on termed as “CIMS”).
The CIMS can be divided into two main parts; to the mass spectrometer that is used to actually detect
and measure HOMs (APi-TOF-MS), and an inlet piece that can be attached to the mass spectrometer to
enhance HOM detection by increasing HOM ionization (CI). First an overview on the APi-TOF part of the
instrument will be given, and then an introduction and some details about the ionization method and
inlet used during the experiments. A short introduction on a calibration system set-up for CIMS will also
be introduced.
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The technical details of APi-TOF-MS are described in Junninen et al. (2010). The instrument uses three
staged pumping process to lower the sample pressure from atmospheric pressures to the range of
10-6 mbar needed by the TOF (see Figure 2.2). Sample flow into the APi-TOF-MS is determined by a
critical orifice, which in the set-up is 300 μm in diameter, allowing 800 mLPM sample flow. There is no
ionization in APi-TOF-MS (and it should not be confused with atmospheric pressure ionization, API). The
APi-TOF-MS was manufactured by Tofwerk AG, Thun, Switzerland and Aerodyne Research Inc., USA. The
instrument has two modes that offer different mass resolving powers (R), V- and W-modes. The letter
used depicts the path of ions in the TOF (time-of-flight) region, with W mode offering longer flight path
and thus higher mass resolution. All results shown in this work were measured using the V mode. The
resolving power achieved in the experiments ranged from 3000 to 4000 Th/Th, with accuracy higher
than 20 ppm (0.002 %). Resolving power is defined as
R=M/ΔM
Where M is mass/charge and ΔM is the width of the peak at its half maximum. The mass range of the
instrument was set to 4-1400 Th, which is more than enough for the purposes of this work. More than
95 % of the peaks observed in these studies were at masses below 700 Th.

Figure 2.2 Schematic figure of APi-TOF-MS (Junninen et al., 2010). There is no ionization method at this
stage; ionization happens at an additional inlet figuration (Figure 2.3). Sampling is done at atmospheric
-6
pressure, after which the sample is focused and air is pumped out to reach low pressure (< 10 mbar) as
used at the TOF region. Time-of-flight mass spectrometer (TOF-MS) is used to mass separate and detect
ions. Normal operating mode of TOF-MS in the experiments was the V-mode, which gives somewhat lower
mass resolution (3000-4000 Th/Th compared to c. 8000 Th/Th at W-mode), but has better sensitivity, and
allows higher time resolution. In experiments shown here, only the V-mode was used. Critical orifice
(300 μm) limits the sample flow into the APi-TOF-MS system to approximately 800 mLPM.
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The chosen ionization method used in the studies presented here was chemical ionization, which is a
“soft” ionization method, and doesn’t cause fragmentation of the sample. The CI-inlet design has been
described by Eisele and Tanner (1993), Kurtén et al. (2011), and Jokinen et al. (2012). It is specially
designed to measure atmospheric sulphuric acid and its clusters, but can be used to modify APi-TOF-MS
into a specific measuring instrument for HOMs when run with nitric acid (nitrate, NO3-) as reagent ion.
Figure 2.3 shows a schematic cross view of the inlet design. Simplified, the inlet consists of ¾ inch
stainless steel sample line and a stainless steel reaction tube/drift tube. Nitric acid vapour is introduced
into a 20 LPM sheath flow of pure air/purified, which is then exposed to α-radiation from 241Am source
to create nitrate ions. The sheath flow now containing the nitrate ions then flows into the reaction tube.
An electric field in the outer wall of the reaction tube is used to guide the nitrate ions from the sheath
flow into the sample flow, where they cluster with HOMs. The calculated interaction time between the
ions and the sample gas is approximately 200 ms. The volume of the reaction tube/drift tube is
~240 mm3. With 10 LPM sample flow this gives a residence time of 1.5 ms.

-

Figure 2.3 Schematic of NO3 CI-inlet. The inlet is attached directly in front of the critical orifice leading to
the APi-TOF part pf the instrument, and is used to ionize the sample flow before it enters the mass
spectrometer for detection. Nitric acid is introduced into the system via 20LPM sheath flow and ionized by
alpha radiation from 10 MBq Americium-241 source. Electric field is then used to focus the nitrate ions in
the reaction chamber into the sample flow, where they cluster with HOM (adapted from Jokinen, 2015).
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The ionization in NO3- CIMS is done at atmospheric pressure, and it’s based on clustering of the HOMs
with the reagent ion (NO3-), by collisions with nitrate ions (Eq2.1.), nitrate ion-nitric acid dimers (Eq2.2.)
and nitrate ion-nitric acid trimers (Eq2.3.):
NO3- + HOM <-> (HOM)(NO3-)

(Eq2.1.)

NO3-(HNO3) + HOM <-> (HOM)(NO3-(HNO3)) <-> HNO3 + (HOM)(NO3-)

(Eq2.2.)

NO3-(HNO3)2 + HOM <-> (HOM)(NO3-(HNO3)2) <-> 2HNO3 + (HOM)(NO3-)

(Eq2.3.)

Eq2.1. leads directly to a formation of HOM-NO3- cluster. The formation free energy of the cluster can
be used to calculate the equilibrium constant and collision rate, which in turn determine the
evaporation lifetime of the cluster (Hyttinen et al., 2015). Collisions with reagent ion dimer and trimer
(Eq2.2. and Eq2.3.) lead to intermediate state clusters, from which either the HOM, or one or two HNO 3
can be lost depending on the relative stabilities of the clusters.
Nitrate was chosen as a reagent ion since HOMs are known to readily cluster with it in ambient
conditions (Ehn et al., 2012). Based on quantum chemical calculations, the HOMs are usually detected
when they are able to form two hydrogen bonds with NO3-, which requires two OOH groups, or,
hypothetically, another H donating group such as OH (Hyttinen et al., 2015). These structures allow the
HOMs to form clusters with NO3- that are energetically more favourable than nitric acid dimer or trimer
clusters. This means that higher oxidation state molecules cluster efficiently with the reagent ion and
are detected, while low oxidation state compounds do not cluster with NO3- and are not detected. This
means the results presented here might be biased towards highly oxidized end product spectrum.
However, as the high O/C ratio is what makes HOMs interesting in particle formation and growth, the
highly oxidized products were of main interest of this study.
In the experiments reported here, in addition to normal nitric acid (H14NO3), isotopically labelled nitric
acid (H15NO3, 98% 15N) was used as a reagent ion compound. This was originally done to better
distinguish in the mass spectra nitrogen from the reagent ion from nitrogen originating from NOX
addition into the HOM molecule. High resolution of the instrument allows differentiation, and could be
used to show organic nitrate formation occurring during the experiments.
However, during very high NOX concentration experiments, it was noticed that there was sufficient
HNO3 formation happening in the chamber to compete with the labelled HNO3 in the instrument inlet.
Figure 2.4 shows an example mass spectrum from the reagent ion monomer range (14NO3- at 62 Th and
15
NO3- at 63 Th) and dimer (H14NO3·14NO3- at 125 Th and H15NO3·15NO3- at 127 Th) during an experiment
without NOX addition, and when we had high NOX addition (~80 ppb at the chamber inlet). A clear
decrease in the proportion of labelled 15NO3- can be seen, and an increase in the unlabelled NO3-. In the
case of the dimer cluster, the increase can be seen at one unit mass lower, with only one molecule of
the cluster being from H14NO3 (either 14NO3- or H14NO3), and the other still from the labelled nitric acid
from the inlet source. Same behaviour can be seen in the trimer nitrate peak as well (not shown).
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Figure 2.4 Comparison of reagent ion monomer and dimer regions between high NO X-experiment with
15
experiment of no added NOX. The reagent ion used in the experiments was NO3 , which gives mean peaks
14
at masses 63 Th (monomer) and 127 Th (dimer). During high NOX experiments there was sufficient H NO3
formation taking place in the chamber for it to ionize in the inlet, and start competing with the labelled
14
14
15
reagent ion. An increase on signal can be seen at 62 Th ( NO3 ) and 126 Th (either H NO3· NO3 or
15
14
H NO3· NO3 , cannot not be distinguished). The monomer peak at 63 Th decreased from 0.40 counts/s to
0.36 counts/s (a little under 10 % decrease), while the peak 62 Th increased by factor of four
(0.011 counts/s to 0.045 counts/s). At reagent ion dimer the fully isotopically labelled cluster decreased by
about 20 % (to 0.23 counts/s), while the mixed cluster increased from 0.014 counts/s to 0.046 counts/s (an
15
increase of 240 %). Peak at 81 Th is water cluster (H2O· NO3 ).

This mixing of unlabelled nitric acid from the chamber into the inlet in concentrations high enough to
compete with the reagent ion caused some unforeseen complications. With a mixing ion clustering from
14
NO3- and 15NO3-, reading the mass spectrum becomes complex, with a portion of all compounds being
clustered with either ion. This problem only occurred with the highest concentration of NOX used in this
work, and was overcome by using total monomer and dimer concentrations in most analyses shown
later. Compound analysis and identification was made with data sets obtained with low enough NOX
concentrations that this competing clustering did not happen, and when comparing total HOM
formation, integrating over whole monomer or dimer range by-passed this issue. This applies to the
-pinene + NOX experiments shown in Chapter 5.
However, to prevent this from further confusing the results from later NOX experiments, H14NO3 was
used in -pinene + NOX experiments. The advantage of distinguishing between reagent ion nitrate and
reaction product nitrate was lost, but for peak identification one nitrogen atom was always assumed to
come from NO3-.
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In following chapters when showing results in a form of mass spectra, the mass from nitrate cluster will
be subtracted, and the mass axes will all be the same, showing only the mass of the actual compound.
This allows for easy comparison of the results obtained with different isotopic reagent ions, and
showcases the mass of the actual reaction product, without additional mass from reagent ion clustering.
In practice this means that a compound C10H16O7, for example, will be shown at mass 248 Th instead of
310 Th (14NO3- cluster) or 311 Th (15NO3- cluster), and so forth.

2.2.2. Calibration
Calibrating the nitrate CIMS has been a challenge since the instrument was first modified to measure
HOMs. The combination of low vapour pressures of the compounds of interest, and the very sensitive
instrumentation, has proven finding a calibration set-up and suitable calibration compound to be
difficult.
In the calibration set-up, there was a temperature controlled diffusion source, with two stage dilution to
reach the low ppt levels required by the instrument, while at the same time achieving high enough
evaporation loss from the source to calculate reliably the concentration given by the source. The lines
leading from the calibration source into the instrument were heated at ~50 °C to prevent condensation
of the calibration compound into the lines.

Figure 2.5 Calibration at two separate temperatures. 15.5 °C is within the normal operating temperature of
the experiments; 20 °C was chosen as an example of higher summer time ambient temperatures. Higher
temperatures were not possible as the instrument itself was situated in the temperature housing, and
higher temperatures may cause mechanistic changes inside the instrument. Using linear regression a
2
concentration calibration equation for HOM was acquired. R for the linear fit was 0.99.
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Figure 2.5 shows results from the calibration experiment in two different temperatures, using perfluorooctanoic acid (C8HF15O2) as a calibration compound. The main peak given by the compound is given at
mass 476 Th (as a cluster with 14NO3-; mass without reagent ion 414 Th). This is at the upper limit of the
HOM monomer range that is the focus of the results here. The calibration method is still limited by only
giving calibration for one mass, and not the whole mass range, so linearity over mass range must be
assumed. Both temperatures give very consistent calibration results, with a linear dependence over
entire range of concentrations.
Calibration factor Cx can be calculated using method described by Ehn et al. (2014, supplements):
2

2

[𝑋] = 𝐶𝑥 ∙ ∑𝑖=0[(𝐻𝑁𝑂3 )𝑖 (𝑁𝑂3− )(𝑋) + (𝐻𝑁𝑂3 )𝑖 (𝑋 − 𝐻)− ]/ ∑𝑖=0(𝐻𝑁𝑂3 )𝑖 (𝑁𝑂3− ) ≡ 𝐶𝑥 ∙ 𝐴
Here X is the concentration of the neutral calibration compound that was measured, the numerator
consists of the sum of all detected ion clusters containing the calibration compound X, and the
denominator is the sum of all reagent ions. A is the ratio that can be determined from calibration
measurements. Solving for Cx gives the calibration factor which can then be used to calculate HOM
concentrations.
Previously it was mentioned that linearity over the mass range is assumed when applying the calibration
factor due to only having one m/z point to use. According to a study concerning the transmission times
in a CIMS, the sensitivity might not be linear over the m/z (Heinritzi et al., 2016). The authors describe
how using different fluorinated compounds they charted the transmission over the m/z range used to
detect HOMs, and concluded that in their set-up the transmission of average dimer range molecule
might be up to twice as strong as that of monomer range molecule. However, the behaviour of charged
clusters in the instrument is highly dependent on the tuning of the instrument, and thus the results
cannot be directly applied to measurements reported in this work. Yet, the results presented by
Heinritzi et al. are a good reminder that linear approach will potentially include large errors when
applied to masses far smaller or larger than the mass of the calibration compound we used. In the future
it is planned to include a range of different calibration compounds to achieve more accurate calibration
over larger m/z range in the CIMS.
When using the calibration measurements made with the set-up, a calibration factor CX was calculated
to be in 5 · 1011. This is an order of magnitude higher than what has been reported in literature for CIMS
(Jokinen et al., 2012; Ehn et al., 2014). It is possible that the CIMS used here, which is one of the older
models in use, has much lower sensitivity. It is also possible that there are some errors introduced from
weighing the calibration compound (to calculate the mass loss over time to derive the concentration), or
that despite heating the calibration set-up tubing there might have been some condensational losses
between the calibration source and the instrument. The error of actual concentration calculations is
thus in the order of one magnitude.
In this work the concentration will be on the photochemistry side of the HOM formation, and as the goal
of this work is to present qualitative and not quantitative results, the actual concentrations are not
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crucial. For this reason the results in this work will be given as counts/s, although an example of
absolute HOM concentrations will be given in Chapter 4.

2.3. Experiment protocols
Several experiments were conducted in the study of photochemical HOM formation. Here an overview
on the made experiments is given, as well as the motivation behind each experiment.
Figure 2.6 shows an example experiment of HOM production from OH oxidation. The chamber was run
until the system reaches a steady state at ozone regime, then the UVC lamp was turned on to initiate OH
production. A typical behaviour of HOM formation was a rapid increase when OH production began,
followed by slower decrease into steady state. After a new steady state under OH HOM production was
reached, the UVC lamp was turned off and the experiment finished. Figure 2.7 shows an example from
NOX addition experiment. The difference of NOX experiment is that before starting OH production, NOX
is introduced in the chamber and then waited to reach steady state before initiating OH production. The
ending of the experiment varied according to the purpose, with sometimes NOX addition stopped before
OH production, or vice versa. The two examples for the procedures of experiments are representative,
although in individual experiments the procedure might deviate from this pattern depending on the
objective of the experiment.

Figure 2.6 Example of experiment run without NOX. After chamber has reached steady state under ozone,
UVC lamp is turned on to start OH production. Experiment is continued until chamber has reached (pseudo)
steady state under OH regime, then UVC lamp is turned off, and experiment ended. Example shown here is
with α-pinene HOM production. Time scale is in hours.
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Figure 2.7 Example of NOX dependence experiment run. After NOX addition is started, steady state is waited
before starting OH production by switching on UVC lamp. UVA lamp is on during NO X addition to photolyse
NO2 into NO. Ending of a NOX experiment varied, either first stopping NOX addition, or OH production,
depending on the goal of the experiment. Time scale is in hours.

When discussing results in later chapters, a notation introduced by Mentel et al. (2015) is sometimes
used. Peroxy radical with a certain molar mass is referred to as m, hydroperoxide as m+1, ketone as
m-17 and organic nitrate as m+30. Additionally a notation m+46 to refer to PAN-like nitrates is used.
Numbers used are based on the mass differences of the termination products of the peroxy radical.
Reaction rates used for the calculations as well as peak lists for α-pinene, β-pinene, and cyclohexene can
be found in Appendix. Example mass spectra for photochemical HOM formation from α-pinene with and
without NOX can also be found in the Appendix.

2.3.1. Experiment overview
The mechanistic side of photochemical HOM formation will be presented in Chapter 3. The purpose was
to investigate if the same basic autoxidation mechanism reported to be responsible for ozonolysis HOM
formation is behind photochemical HOM formation as well, or whether OH attacks the molecule several
times is a sequential oxidation. To better study this, the effects of these two mechanisms needed to be
separated.
To start, photochemical HOM formation from cyclohexene and cyclohexene-d10 is compared. In
molecules where hydrogen is replaced by deuterium the H-shift is inhibited, suppressing autoxidation
(Kurtén et al., 2015). Tables 2.1. and 2.2. give the initial experimental conditions of these experiments,
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i.e. the VOC input concentration before any reactions have happened in the chamber. The given [OH] is
the actual OH concentration during experiment.

Table 2.1. Initial experiment conditions for cyclohexene experiment. Concentrations are calculated concentrations
in the chamber before any reactions have taken place.

Experiment set
[cyclohexene]
[ozone]
[OH] cm-3
RH
particle surface
temperature
a

OHa
26 ppb
54 ppb
1.0 · 107 cm-3
60 %
15 °C

: simple test of initiating OH production in the chamber and observing formed HOMs.

Table 2.2. Initial experiment conditions for deuterated cyclohexene (cyclohexene-d10) experiment. Concentrations
are calculated concentrations in the chamber before any reactions have taken place.

Experiment set
[cyclohexene-d10]
[ozone]
[OH] cm-3
RH
particle surface
temperature
a

OHa
95 ppb
54 ppb
60 %
15 °C

: simple test of initiating OH production in the chamber and observing formed HOMs.

In order to investigate the α-pinene photochemical HOM formation the photochemical reaction system
was varied by changing the OH source strength (e.g. J(O1D)). The OH experiments served also to
compare the formation rates of HOM molecules with different number of oxygen atoms as this is
indicative whether they are formed instantaneously (autoxidation) or by sequential oxidation. In same
sense it is compared whether the gross pattern of end products is changing with changing [OH]. The
initial conditions of OH experiments of α-pinene can be seen in Table 2.3., column one.
On top of this an oxygen replacement experiment was performed with the idea to inhibit RO2 formation,
thus inhibiting the autoxidation process (compare Jokinen et al., 2014; Berndt et al., 2015). The
experiment was conducted by replacing the oxygen in the air flow leading into the chamber by nitrogen.
The goal was to reach oxygen concentrations <1 %. During this experiment both photochemical HOM
formation and ozonolysis initiated HOM formation was tested.
As pure OH chemistry is an unlikely occurrence in the real atmosphere, next objective was to study the
effect of NOX addition on HOM formation. The NOX concentrations used in this study are given in the
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second column of Table 2.3. In addition, CO was added to system in order to study the response of
increasing HO2 (Table 2.3. column 3). Results obtained from these experiments will be covered in
Chapter 5.
For chemical mass balance of HOMs it is important to consider the gas-phase loss processes, i.e.
condensation on particles due to their low vapour pressures. The particle concentration was regulated
by changing the HOM precursor concentrations to change the rate of nucleation, or by introducing seed
particles from a particle generator (see Chapter 2.1.1.). Details of these experiments are given in column
four of Table 2.3, and will be discussed in Chapter 6.

Table 2.3. Initial experiment conditions for -pinene experiments. If several values were used during the
experimentation (for example in OH dependency experiment), the total range is given. Concentrations are
concentrations in the chamber before any reactions have taken place ([OH] during experiments). Variations of
1
[OH] were obtained by variations of J(O D), variations of [NOX] and [CO] were obtained by varying the inflow of
the respective trace gas and variation of surface was obtained by changing the inflow of ammonium sulfate
particles.

Experiment set

f(OH)a

[α-pinene]
[ozone]
[OH]

9.9 ppb
32 ppb
0.5 · 106 –
5 · 107 cm-3
RH
60 %
[NOX]
[CO]
particle surface temperature
15 °C
a

f(NOX)b
18 ppb
30 – 38 ppb
2.8 –
7.6 · 107 cm-3
60 %
0.5– 121 ppb
0 - 6 · 10-5 m2m-3
15 °C

f(CO)c

f(surface)d

12 ppb
45 ppb
2.6 · 106 –
4.3 · 107 cm-3
60 %
0 – 57 ppm
7.2 · 10-5 m2m-3
15 °C

11 ppb
47 ppb
0.5 –
9.4 · 107 cm-3
60 %
0 – 1 · 10-3 m2m-3
15 °C

1

: f(OH) = variations of [OH] by changing J(O D).
: f(NOX) = variations of [NOX].
c
: f(CO) = variation of [CO].
d
: f(surface) = variation of particle surface.
b

Table 2.4. Initial experiment conditions for pinonaldehyde experiment. Concentrations are calculated
concentrations in the chamber before any reactions have taken place. Pinonaldehyde could not be measured with
the PTR-Q, and thus [OH] and [pinonaldehyde] data are not available. Experiment results will be only qualitative.

Experiment set
[pinonaldehyde]
[ozone]
[OH] cm-3
RH
particle surface
temperature
a

OHa
several ppb
190 ppb
60 %
15 °C

: simple test of initiating OH production in the chamber and observing formed HOMs.
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The potential role of secondary OH oxidation as a HOM formation pathway was studied by using
pinonaldehyde as a precursor (Table 2.4.). Pinonaldehyde is the main atmospheric primary oxidation
product by OH of α-pinene (Peeters et al., 2001; Capouet et al., 2004).
One goal of this work was to study the HOM formation from compounds with different molecular
structures. β-pinene was used as an example of a compound with an exocyclic double bond, opposed to
endocyclic double bond in α-pinene. β-pinene results from OH dependency experiment (Table 2.5.
column one) and the experiments with NOX (Table 2.5, column two) were used to support the analyses
in the respective chapters (Chapters 3, 4, and 5).
Table 2.5. Initial experiment conditions for β-pinene experiments. If experiment set consist of several values, a
total range is given. Concentrations are calculated concentrations in the chamber before any reactions have taken
1
place. Variations of [OH] were obtained by variations of J(O D), variations of [NOX] by varying the inflow of NOX.

Experiment set

f(OH)a

[β-pinene]
[ozone]
[OH] cm-3

0.9 ppb
54 ppb
0.5 –
6 · 107 cm-3
RH
60 %
[NOX]
[CO]
particle surface temperature
15 °C
a

f(NOX)b
13 ppb
54 ppb
4.6 –
4.9 · 107 cm-3
60 %
4.9 ppb
15 °C
1

: f(OH) = variations of [OH] by changing J(O D).
: f(NOX) = variations of [NOX].

b

HOM formation from two benzenoid compounds was also studied. Methyl salicylate (MeSA) was chosen
as an example of a biogenic emission and benzene as an example of an anthropogenic emission.
Benzenoid compounds do not react with ozone, and thus HOM formation from these compounds would
originate from photooxidation, excluding the possibility of reaction with ozone being required as a first
step in photochemical HOM formation. Tables 2.6. to 2.7. show experiment conditions for these
compounds.

Table 2.6. Initial experiment conditions for benzene experiment.
a
Experiment set
OH

[benzene]
[ozone]
[OH] cm-3
RH
particle surface
temperature
a

12.5 ppb
65 ppb
2.7 · 108cm-3
60 %
15 °C

: simple test of initiating OH production in the chamber and observing formed HOMs.
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Table 2.7. Initial experiment conditions for methyl salicylate experiment. [MeSA] and [OH] were data not available.

Experiment set
[methyl salicylate]
[ozone]
[OH] cm-3
RH
particle surface
temperature
a

OHa
105 ppb
60 %
15 °C

: simple test of initiating OH production in the chamber and observing formed HOMs.
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Chapter 3 Photochemical HOM formation mechanism: Sequential oxidation
versus autoxidation
3.1. HOM formation and autoxidation: setting the problem
In systematic studies of HOM formation via ozonolysis the autoxidation has been shown to be a major
mechanism behind the HOM formation (Mentel et al., 2015; Jokinen et al., 2014). Ozone attacks the C=C
bond in the precursor, creating Criegee intermediate. One reaction pathway of Criegee radical is to form
vinylperoxide, which decomposes to a peroxy radical with an aldehyde-functionality (Mentel et al.,
2015). The peroxy radical then undergoes internal H-shift, with further O2 addition into the molecule
(see Introduction 1.2. for details).
As an additional test to ozone HOM formation, the effect of endocyclic versus exocyclic double bond in
HOM formation was tested, using β-pinene as an example. While α-pinene has endocyclic double bond,
enabling ozone to initiate HOM formation, β-pinene has an exocyclic double bond i.e. outside of the
ring. With an endocyclic ring, the breakup of the primary ozonide forms two ends with functional groups
but the molecule itself is not fragmenting. This allows intramolecular H-shift. With an exocyclic ring the
breakup of primary ozonide also breaks the molecule. There is a peroxy radical at one of the fragments,
but the fragment with the complementary group is at the other fraction. Hence, intramolecular H-shift is
hindered as there is no aldehyde functionality in the peroxy radical. It was therefore expected that the
efficiency of HOM formation from ozonolysis of β-pinene is much lower than from -pinene. Indeed,
under used test conditions β-pinene can be considered not to produce HOM under ozonolysis. This is
consistent with the conclusions given in Mentel et al. (2015) that aldehyde groups strongly promote
HOM formation. Taking all evidence from the studies presented here and those presented in the
literature, the HOM formation mechanism seems to be clear for ozonolysis. Moreover, ozonolysis
requires formation of intermediate with a functional group, as only internal H-shift may carry on further
oxidation and HOM formation. From these it can be concluded that HOM formation through ozone
oxidation is likely driven by internal H-shifts in peroxy radicals and subsequent O2 addition. This process
is termed autoxidation. Detailed descriptions of suggested pathways can be found in Jokinen et al.
(2014), Mentel et al. (2015), Kurtén et al. (2015), Rissanen et al. (2015), Berndt et al. (2015), and
Jørgensen et al. (2016).
In cases of VOC with only one double bond (i.e. α-pinene), ozone is only able to react once with the VOC,
and there can be no further ozonolysis of the subsequent oxidation products. This means sequential
reactions with ozone are not a possibility in (HOM formation via) ozonolysis. In contrast, since as an
oxidant OH is not as selective as O3, it can react with α-pinene and subsequent oxidation products
several times by sequential H-abstraction. Each H-abstraction step would generate a new peroxy radical
which would then terminate in the usual way (see Introduction 1.3.). Thus, it needs to be ascertained
whether HOM formation during photooxidation is mainly driven by autoxidation as in the case of ozone,
or if sequential oxidation by OH is the more efficient mechanism.
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In this chapter the focus is on the mechanism behind the HOM formation through photooxidation, and
look at results from experiments relevant to the mechanistic side of it. The examples used here are
cyclohexene and deuterated cyclohexene as a simpler model system for α-pinene, and α-pinene as an
atmospherically relevant VOC. β-pinene, MeSA, and benzene are used as (further) examples of volatile
compounds which do not react with ozone but produce HOM under photooxidation.

3.2. Cyclohexene versus cyclohexene-d10
To understand the formation of HOM from photooxidation, it is important to understand whether the
HOM formation happens by autoxidation or if sequential OH oxidation is the main mechanism, or
whether it is both. The effect of these two mechanisms must be separated to study which is dominant.
There are few ways to achieve this.

Figure 3.1 Comparison between cyclohexene HOM production and deuterated-cyclohexene HOM
7
-3
production under OH, monomer range. [OH] in cyclohexene experiment ~1.0 · 10 cm , [cyclohexene]
~13ppb. [Cyclohexene-d10] ~80 ppb, ~30 % consumed by OH. Cyclohexene (red) shows a clear pattern of
HOM with different number of oxygen atoms, while cyclohexene-d10 (blue) has only few small peaks,
without clear pattern. Large cyclohexene peaks at 192 Th, 208 Th, and 224 Th correspond to C 6H8O7-9,
respectively. This is the projected hydroperoxide (Introduction, R1.3e) corresponding peroxy radicals
C6H7O7-9˙, respectively.

- 26 -

Figure 3.1 shows results of experiments done with deuterated cyclohexene. The compound chosen for
this experiment was cyclohexene (C6H10), which forms HOM under OH oxidation (red). The second part
of the experiment was done with fully deuterated cyclohexene (C6D10, cyclohexene- d10), to see if and
how HOM formation is affected (blue). As rate coefficients for cyclohexene-d10 were not found, [OH] is
only provided for cyclohexene experiment (~1.0 · 107 cm-3). In cyclohexene case 60 % of the cyclohexene
reacted during the experiment, while in the case of cyclohexene-d10 the rate is lower, 30 %. However, it
is sufficient to show the cyclohexene-d10 was reacting. Cyclohexene shows clear HOM formation, with
few prominent peaks that could be identified, namely C6H8O7 at 192 Th, C6H8O8 at 208 Th, and C6H8O9 at
224 Th. In cyclohexene-d10 spectrum there is no clear evidence of HOM formation, and only few small
peaks are present. It is clear that in case of cyclohexene at least deuteration inhibits HOM formation.
Based on quantum chemical calculations Kurtén et al. (2015) show that tunnelling is involved in the
rearrangement step of the autoxidation. As a consequence H-shifts are inhibited in molecules when
hydrogen is replaced by deuterium. Use of D-substituted molecules provides thus a way to test the
importance of the sequential oxidation pathway of HOM formation by suppressing or inhibiting the
occurrence of autoxidation. Significant HOM formation from fully deuterated molecules would be an
indication that sequential oxidation cannot be excluded as a HOM formation mechanism. However, if
HOM formation would be stunted, it would suggest autoxidation to be the major mechanism driving
photooxidation HOM formation. From results shown in Figure 3.1 it can be concluded that there was no
significant HOM formation from deuterated cyclohexene.
This finding suggests that autoxidation is an important step also in photooxidation. However, this does
not exclude the possibility of sequential oxidation, with primary oxidation products further reacting with
OH, and forming HOM. Additionally, it must be mentioned that due to kinetic isotope effect of D, the
sequential reactions of C6D10 with OH will also be suppressed by a factor of 2-3. But, at least in case of
cyclohexene photooxidation, sequential reactions with OH seem to be of minor importance compared
to autoxidation. More of this will be discussed in Chapter 3.3.2.

3.3. Monoterpenes: α-pinene
3.3.1. Photochemical HOM formation from α-pinene
Cyclohexene is a simple system containing an endocyclic double bond allowing insights into basic
mechanisms, but for atmospheric relevance α-pinene is the more important compound. As one of the
most abundant monoterpenes emitted, it is a prominent SOA precursor especially in boreal regions
(Guenther et al., 2012).
To begin, a look into α-pinene photochemical HOM formation under different OH concentrations is
given, and then data from those experiments is used to further elucidate the mechanism behind the
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photochemical HOM formation. The OH dependence of HOM formation will be further covered in
Chapter 4.
First it needs to be established that HOM formation from α-pinene observed in the presence of OH is
due to photooxidation and not to ozonolysis alone. Figure 3.2 shows α-pinene HOM pattern under
ozone (blue) and OH (red) oxidation. In the ozonolysis HOM it can be clearly seen how the patterns in
the clusters repeat a 32 Th progression, which is in accordance with the hypothesis of H-shifts in peroxy
radicals and subsequent addition of O2.
In case of photooxidation there seems to be a pattern repeating every 16 Th, with each cluster shown
exhibiting similar pattern. There are two possible options. Either there is a progression of 16 Th as
directly suggested by the data, or there are two progressions of 32 Th, each 16 Th (mass of one oxygen
atom) apart.
The progression of 16 Th might hint to the importance of pinonaldehyde (α-pinene oxidation product,
see Chapter 3.3.2.) as an intermediate, but the role of other sequential OH reactions cannot be excluded
here.
The first α-pinene peroxy radical to form via photooxidation has three oxygen atoms (compared to four
in ozonolysis). From this it could be expected that in the case of OH formed peroxy radical HOM
formation would be shifted by 16 Th compared to ozonolysis case, which is what is observed. This would
account for the 16 Th-shifted progression of 32 Th seen in photooxidation HOM spectra that is absent in
ozonolysis spectra, but this does not explain the assumed second progression (overlapping ozonolysis
pattern). However, if there would be another, an analogous rearrangement of alkoxy radicals, (alkoxyperoxy pathway) it would produce peroxy radicals with alcohol groups i.e. with only one oxygen atom
more than the previous form (see Mentel et al. (2015) for details of the mechanism). This combination
of peroxy radical pathways would lead to observed HOM pattern, but at the moment it is not possible to
positively determine whether this is the actual formation mechanism, as the alkoxy-peroxy pathway can
also explain direct progressions of 16 Th.
Regardless, this is a hint that the alkoxy-peroxy pathway may be more important in photochemical HOM
formation than in ozonolysis based.
Additional to the change in pattern density, another difference between the HOM pattern found during
ozonolysis and photooxidation is in the end product intensity distribution. In ozonolysis ketones are the
main closed shell end product at monomer range (Mentel et al., 2015). With photooxidation, and
subsequent increased HO2 concentration in the system, hydroperoxides become the dominant
monomer range end product group, as RO2 + HO2 reaction (R1.3e) begins to compete with the RO2 · RO2
(R1.3f) pathway. This can be seen as increased signal intensities at peaks 248 Th and 264 Th for example.
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Figure 3.2 α-pinene HOM formation with OH, and ozonolysis at monomer range. In the upper panel it can
be seen that under photooxidation there are distinct clusters of HOM at 16 Th apart, while in ozonolysis
case the clusters appear ever 32 Th apart. As OH was not quenched during ozonolysis experiment, some OH
7
-3
was present from VOC ozonolysis. For photooxidation: [OH] 4.6 · 10 cm . [α-pinene] 1.5 ppb; total
monomer 0.69 counts/s, total dimer 0.44 counts/s. Ozonolysis: [α-pinene] 7.5 ppb, total monomer
0.58 counts/s, total dimer 0.33 counts/s. Note the difference in Y-axes.

From the cyclohexene study it is obvious that, at least with some VOC species, HOM formation is driven
by autoxidation also during photooxidation. There are some published studies that describe HOM
formation from α-pinene photooxidation (Ehn et al., 2014; Jokinen et al., 2014), and they all conclude
α-pinene is able to produce HOM with OH as well as ozone, albeit in different efficiencies.
So far it has been established that α-pinene forms HOM with photooxidation, and that the pattern of
produced HOM has similarities with the HOM pattern from ozonolysis, which runs via peroxy radical
autoxidation. The cyclohexene and cyclohexene-d10 experiment give a clear hint towards autoxidation
being the main mechanism behind photochemical HOM formation, at least in the case of cyclohexene.

3.3.2. HOM formation from secondary OH oxidation: pinonaldehyde
In atmospheric conditions, the main primary oxidation product of α-pinene is pinonaldehyde (Peeters et
al., 2001; Capouet et al., 2004). To gain further understanding of the formation pathway of
photochemical α-pinene HOM formation, the HOM formation from pinonaldehyde via OH oxidation was
tested. For an oxidation product to be relevant in HOM formation, it needs to be produced in high
concentration, and be highly reactive. With pinonaldehyde both requirements are met. Additionally, it
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has potential for rearrangement, and has an abstractable H-atom, all of which are prerequisites for
autoxidation to occur.
Figure 3.3 shows the comparison between α-pinene and pinonaldehyde HOM spectra, and as can be
seen, apart from the signal intensities, the patterns are very similar. This would suggest that at least a
part of the photochemical HOM formation from α-pinene could happen through pinonaldehyde as
intermediate. This pathway would require two oxidation steps with OH, first to form the pinonaldehyde,
and then another to oxidize the pinonaldehyde to start HOM formation. Note that two step sequential
oxidation of main oxidation products is likely to contribute to photochemical HOM formation. It is here
not possible to determine if the entire α-pinene photochemical HOM formation goes by pinonaldehyde
channel.
From pinonaldehyde HOM it can also be deduced that a double bond is not a requirement for HOM
formation, which is understandable as OH is non-selective oxidant and can attack several different sites.
As long as required functionality can be achieved HOM formation can occur.

Figure 3.3 Comparison spectra of HOM formation from α-pinene and pinonaldehyde photooxidation. The
pattern is nearly identical, only noticeable difference is in the peak intensities. This is a good indication that
a part of α-pinene HOM formation with OH could go via pinonaldehyde, its main primary OH oxidation
product. OH, α-pinene, and pinonaldehyde concentrations are not comparable, so this result is qualitative,
not quantitative. Note the difference in Y-axes.
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3.4. HOM formation rate comparison
If HOM formation from OH oxidation would go via sequential oxidation, it could be assumed that the
formation rate of molecules with different oxidation states (six oxygens vs ten oxygens, for example)
would be different, with higher oxidation state compounds forming slower.
Figure 3.4 shows a comparison between the formation rates of C10H16O6, C10H16O7, and C10H16O12, all
closed shell end products (hydroperoxides) of α-pinene OH oxidation. Due to its low number of O atoms,
C10H16O6 is one of the first HOMs that can be observed with the CIMS, although still very inefficiently.
The efficiency of its detection is low, meaning that what is seen is only a small portion of the actual
concentration, but the changes observed in signal intensities are likely to be proportional to actual
changes in concentration of the compound. In contrast, C10H16O12 is a hydroperoxide with one of the
highest number of oxygen that can be detected reliably. The peak intensity is quite low, which adds
scatter in the data, but it can still be seen that the formation rates are very similar. To rule out
coincidence with two particular products, C10H16O7, one of the most prominent peaks in the data, has
been included. The scatter in the data is much smaller, but the similar temporal behaviour is still
present.

Figure 3.4 Comparison of formation rates of HOM with drastically different oxygen number, i.e. oxidation
state. Formation rate was calculated by using data acquired after OH production was initiated. Comparing
the normalized intensities of the different compounds shows they have the same formation rate.
Normalization was done by dividing each HOM signal with the maximum signal of the respective HOM. Data
used is 3 second averaged data, with running average. The compounds used here are C 10H16O6, C10H16O7,
and C10H16O12. C10H16O6 is the first hydroperoxide we can detect with the CIMS with any accuracy, while
C10H16O12 is the hydroperoxide with highest oxidation state we can reliably detect. As can be seen, it has
higher dispersion as the two other compounds shown. C10H16O7 is the highest intensity hydroperoxide in the
photooxidation experiments, chosen here to show that compounds that we are detecting with high
intensity have same behaviour as smaller intensity peaks.
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All three compounds exhibit similar formation rates, despite having very different number of oxygens
being added during formation. This similarity in temporal shapes of production rates of compounds with
different oxidation states shows that the process is extremely fast indicating that autoxidation is a
strong formation mechanism during photochemical HOM formation.
As there are no data available on the H-shift rates, it would be possible that very slow H-shift could
mimic the effect of sequential OH oxidation, and produce different formation rates for heavier HOM
molecules. On the other hand, and considering general lifetimes of RO2 and the quasi-instantaneous
formation of HOM (Jokinen et al., 2014) the H-shifts should occur in the order of 10 seconds or faster. If
the main mechanism driving HOM formation from photooxidation would be autoxidation, there would
be no reason for a difference between the formation rates of a compound with 10 oxygens, compared
to one with six oxygens, because O2 is much more abundant than OH and the intramolecular reactions
would be very fast. The differences in formation times would be in too small time scales to see with the
instrument used here.

3.5. Effect of OH concentration on end product pattern
Assuming sequential OH oxidation, it would be justifiable to expect that with higher OH concentrations
the pattern of HOM formation end products would shift towards higher oxidation states, e.g. C 10H16O7
would decrease in relation to total HOM production and C10H16O10 would increase. In the data there are
no indications of this. Figure 3.5 shows α-pinene OH HOM formation under two different [OH]. In the
low [OH] case the [OH] is less than half of that in the high [OH] case (1.92 · 10 7 and 4.77 · 107 cm-3,
respectively). With a difference of this magnitude, it could be expected that differences in oxidation
rates would be visible if they existed. In Figure 3.5 there seems to be no systematic change towards
higher oxidation states, instead the increase in HOM formation increases similarly regardless of the
mass of the HOM.
However, it could be that small relative changes are masked by the overall increase of HOM formation
due to increased [OH] and [HO2] concentrations. To account for that, Figure 3.6 depicts the relative
increase of HOM formation over the mass spectrum from the presented low [OH] case to high [OH]
case. Now it can be easily seen that there is no clear shift towards higher masses with higher [OH]. There
are differences in the relative increases of different peaks throughout the masses, with variability from
roughly 5 % to up to 60 %, but this is more systematic depending on the compound group of the
individual compound than the respective oxygen number. For example, peroxy radical peaks show large
variation (~5-30 %), while increases in hydroperoxide signals are generally in the range of 25-40 %.
However, as OH could be a potential source as well as a sink to each peak, this result alone does not
offer conclusive evidence for autoxidation.

- 32 -

7

-3

Figure 3.5 Upper panel shows α-pinene HOM formation under lower [OH] conditions (1.92 · 10 cm ), and
7
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lower same for higher OH concentration (4.8 · 10 cm ). If HOM formation would be a result of sequential
OH oxidation, an assumption would be that the relative intensities in the lower panel (high [OH]) would be
shifted towards higher masses, i.e. higher oxidation states, when compared to the lower [OH] case. The
total intensity of HOM formation has increased, but there is no indication that there is higher production of
more oxidised HOM molecules. Note the difference in Y-axes.

Figure 3.6 Relative increase of selected HOM compounds (order in clusters: ketones, peroxy radicals,
hydroperoxides) when comparing α-pinene HOM formation at low and high [OH] shown in Figure 3.5. There
is no higher relative increase in closed shell end products with higher oxygen content at higher [OH]. There
seems to be a tendency in peroxy radicals of OH enhancement towards higher masses, but as the signals of
peroxy radicals are low compared to the other products, small changes may magnify artificially high.
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3.6. Conclusion: autoxidation versus sequential oxidation
From the previous experiments, the inhibiting effect using fully deuterated compound instead of
hydrogenated version has on HOM formation, the lack of shift towards higher oxidation states with
higher OH concentration, and the nearly identical formation rates of compounds with very different
number of oxygen atoms in them, it can be concluded that a sequential OH oxidation is not very
important for HOM formation once the HOMs have at least six O atoms. The consistent results from
different experiments, even if not conclusive on their own, together give enough evidence on the
importance of autoxidation as a major mechanism behind photochemical HOM formation.
However, contributions of first generation product oxidation cannot be ruled out. As an example,
pinonaldehyde oxidation might contribute to HOM formation from -pinene or nopinone oxidation can
contribute to HOM formation from -pinene (see Chapter 3.8.).
In light of the results shown here, autoxidation seems to be more plausible formation mechanism for
photochemical HOM formation. This does not exclude that each closed shell HOMs can be attacked by
OH and start a new autoxidation sequence.

3.7. Experiment to study the role of O2 in the photochemical HOM formation
It has been shown that under low O2 conditions ozonolysis borne HOM formation is suppressed strongly
(Jokinen et al., 2014; Berndt et al., 2015). To test this in JPAC, most of the oxygen flowing in to the
chamber was replaced by N2, to reach low enough levels of oxygen to prevent O2 addition to the alkyl
radical. The [O2] was reduced in the chamber to levels lower or comparable to those reported by Jokinen
et al. (2014).
Figure 3.7 shows the results from the ozonolysis experiment. The time series depicts total monomer and
dimer concentrations, and begins with low O2 concentration with HOM formation in steady state. When
O2 is returned to the chamber (14:15), HOM formation begins to increase immediately until about an
hour later it reaches new steady state. When using this as a reference to ozonolysis produced HOM, we
can see that the lowered O2 regime suppressed HOM formation by nearly three quarters. This is due to
less oxygen being available to attach into the alkyl radical produced by H-shift in the peroxy radical. This
is in accordance with assumption that ozonolysis HOM formation is driven by internal H-shifts.
Individual compound classes had slightly different level of reduction, but no systematic difference
between compounds with different oxidation states was observed.
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Figure 3.7 Summed monomer and dimer range compounds from α-pinene ozonolysis HOM formation
during low [O2]. At the beginning of the time series is depicted HOM formation when [O2] has been reduced
to below 1%. O2 is then introduced back into the chamber, and as can be seen both monomer and dimer
formation increase 4-fold when comparing low oxygen and normal oxygen parts of the experiment. This is a
repeat experiment reported by Jokinen et al. (2014) and Berndt et al. (2015) and shows that their results
can be duplicated in JPAC.

Next logical step was to test whether the HOM formation via photochemistry would be similarly
suppressed at the same low O2 concentration. In Figure 3.8 is shown time series for total monomer and
dimer concentrations, when O2 flow is being replaced by N2 flow, and as can be seen, there is no
suppression observed. There is a small fluctuation in the concentration during the replacement, but
there is no clear difference in HOM concentrations between O2 mixing ratio of 21 % and below 1%
respectively.
At the same O2 concentration, the effect of low O2 on HOM formation via ozonolysis is obvious whereas
it is negligible in case of photooxidation. This might be seen as a hint to a significant impact of sequential
OH oxidation to HOM formation from photooxidation. But this was ruled improbable based on the
results described before. The negligible effect of O2 removal on photochemical HOM formation is only
explainable by a very fast O2 addition. Indeed, the high pressure limit for O2 addition to alkyl radicals is
reached the earlier the larger the alkyl radical is (Finlayson-Pitts and Pitts, 2000). As -pinene HOMs are
large molecules with the ability to distribute the excess energy into many internal energy forms, such
high efficiency seems possible. However, the difference to the clear effects for ozonolysis born HOMs is
not easily explainable and can only be speculated on.
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Figure 3.8 Time series with total HOM monomer and dimer concentrations during an experiment, where
most of the oxygen in the reaction chamber was replaced by N 2. The aim of the experiment was to test,
whether limiting accessible oxygen in the reaction chamber would slow down, or decrease HOM formation
under photooxidation, as has been shown in the case of ozonolysis (Jokinen et al., 2014). In results shown
here, the total HOM production did not decrease, which could be due to extremely fast autoxidation.

One possible explanation is that the structure of the peroxy radical that is formed is different depending
on the oxidizing agent. With ozone the formation goes via vinylhydroperoxide pathway, and there is a
small energy barrier caused by the delocalization of the electron to form the Criegee intermediate
before O2 addition is possible to form the peroxy radical to begin HOM formation. In contrast, OH is
added directly to the double bond without breaking the ring, and there is no energy barrier preceding
the O2 addition. This would mean that the difference in formation begins at the first step of oxidation,
and that the resulting HOM molecules have very different structures depending on the oxidation agent.
The energy barrier in ozonolysis RO2 formation may be strong enough to cause significant enough
difference in the formation thingy to slow the first step peroxy radical formation in ozonolysis case but
not enough to inhibit photochemical RO2 formation.
The conclusion from the experiment is that O2 concentrations that are sufficiently low to suppress HOM
formation via ozonolysis are not low enough to suppress photochemical HOM formation. Likely, the
entrance channel in autoxidation is affected differently comparing ozonolysis and OH reaction.
This experiment does not offer more proof to autoxidation directly, but it also does not dispute it.
However, these results mean that the autoxidation must very efficient because HOMs are produced
effectively even in low oxygen conditions.
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Chapter 3.8. Photochemical HOM formation under reduced influence of ozonolysis
In Chapter 3.6. it was concluded that the likely main mechanism for photochemical HOM formation is
autoxidation, but that sequential OH oxidation is likely to contribute to some extent. In this part, the
focus will be on compounds that do not react with ozone, or react only very slowly, to estimate how
general photochemical HOM formation is, and whether reaction with ozone is required as a first step in
photochemical HOM formation. As already described experiment overview the examples used here are
β-pinene, methyl salicylate (MeSA), and benzene.

3.8.1. Photochemical HOM formation from β-pinene
At first the focus will be on β-pinene, as an example of a compound with an exocyclic double bond as
opposed to endocyclic one like in α-pinene, and to study how that effects HOM formation. Figure 3.9
shows an example spectrum from HOM formation from β-pinene photooxidation. Compared to the αpinene experiment shown in Figure 3.2, the OH concentration was less than a factor of two lower
(2.61 · 107 and 4.55 · 107 cm-3, respectively). OH dependency of β-pinene HOM formation will be covered
in Chapter 4.
When comparing the HOM patterns in Figures 3.2 and 3.9, some differences can be seen. In β-pinene
the mass spectrum seems more smeared. There is no clear sign of a progression of 32 Th, or 16 Th with
few clearly dominant peaks at every cluster, as was the case with α-pinene. This is a result of
fragmentation of β-pinene during oxidation, leading to the formation of C9- and C8-compounds.
Nopinone, an oxidation product form β-pinene, can then further react with OH, to produce another
peroxy radical series which HOMs can be formed (see Appendix for peak lists). This leads to overlapping
patterns in mass spectrum. In comparison, monomer HOM termination products from α-pinene
photooxidation are almost purely C10-compounds.
The rate constant of -pinene-ozone reactions is quite low, and it has been shown that β-pinene is not
as efficient in HOM formation under ozonolysis as α-pinene. Reaction rate of β-pinene with OH, on the
other hand, is somewhat higher than that of α-pinene; photooxidation could thus provide an efficient
pathway to HOM formation from -pinene.
Without endocyclic double bond, there is no ring opening to produce a molecule with two functional
groups, a prerequisite of efficient HOM formation (Mentel et al., 2015). For these reasons it has been
noted that endocyclic double bonds seem to support HOM formation (Mentel et al., 2015; Ehn et al.,
2012; Jokinen et al., 2014). This seems to be the case with ozonolysis, but photooxidation is considerably
different process, and thus might offer additional pathways for HOM formation, without attack to the
endocyclic double bond, and subsequent ring opening.
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Figure 3.9 Spectrum of photochemical HOM formation from β-pinene, monomer range. Compared to αpinene, the pattern of HOM formed from -pinene is much more complex due to fragmentation of β-pinene
into C8- and C9-compounds, something that is very rare with α-pinene. Difference in intensities compared to
α-pinene (Figure 3.2) are mainly due to differences in [OH] and [VOC] during the experiments.

The conclusion from β-pinene experiment is that HOM formation is possible from compounds with
exocyclic double bonds, i.e. in photochemical HOM formation an endocyclic double bond is not
required.

3.8.2. Photochemical HOM formation from methyl salicylate and benzene
To further demonstrate the prevalence of HOM formation under photooxidation, results from two
benzenoid compounds, methyl salicylate (MeSA, C8H8O3) and benzene (C6H6) are presented. Neither
MeSA nor benzene contains a double bond; reactions with ozone are therefore very inefficient and HOM
formation from these compounds must originate from photooxidation.
In Figure 3.10 is shown HOM formation from MeSA on monomer range, with few main end products
identified as an example to demonstrate the O/C ratios, which are all in four chosen compounds
over 1 (1.1. - 1.4).
Figure 3.11 is depicting photooxidation HOM formation from benzene. As can be seen, there are
relatively well defined monomer and dimer ranges from benzene. Few example peaks have been
identified to highlight the molecular composition of the end products.
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Figure 3.10 Example of methyl salicylate photooxidation HOM spectrum. Identification for few main closed
shell end products has been marked.

Figure 3.11 Example of benzene photooxidation HOM spectrum showing monomer and dimer ranges. Few
main end product peaks have been identified as an example, two hydroperoxides and one ketone. The
instrument reagent ion tetramer peak ((HNO3)3·NO3 , here at 188 TH) overlaps with monomer range of the
benzene HOM, and appears as the largest peak of the mass spectrum.
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When considering the results shown here, from α-pinene, β-pinene, MeSA, and benzene, it is clear that
HOM formation from photooxidation is widely occurring phenomenon, and not as strictly limited as it is
in the case of ozonolysis. This is understandable as OH is less specific oxidant than ozone, and can lead
to a wide variety of oxidation products, as the possibility of further oxidation by OH of oxidation product
increases the variety of end products.
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Chapter 4 Photochemical HOM production
In Chapter 3 the formation mechanism of HOM via photooxidation was investigated, and identified to be
mainly autoxidation. In this chapter the focus will be on the details and dependencies of HOM
production on [OH] as a function of oxidation rates (kOH[OH][α-pinene]). The effect of changing [OH] and
[HO2] on HOM formation will be covered in this chapter. This is an important factor for Chapter 5 with
regard to the effect of NOx on photochemical HOM formation and HOM nitrate formation.

4.1. OH dependency of photochemical HOM from α-pinene
Figure 4.1 shows total HOM formation from α-pinene as a function of k[α-pinene][OH]. Due to the
response differences of monomer and dimer range HOM to OH oxidation, the concentration of
monomer and dimer range HOM have been separated for clarity.
When discussing or showing results, the term monomer is defined to be the sum of all peaks at m/z
range from 240 to 370 Th (C10-compounds), while for the term dimer the range of 370 to 530 Th
(predominantly C20-compounds) was chosen. When referring to peroxy radicals, hydroperoxides, or
ketones in this chapter (or nitrates in Chapter 5), all compounds formed in reactions R1.3e – R1.3h and
R5.1a-R5.1c, and whose molecular formula has been identified (see α-pinene peak list in Appendix) are
included.
In Figure 4.1 it can be seen that at low [OH], when ozonolysis is the main oxidation agent in the system,
the monomer concentration is ~50% higher than the dimer concentration. The monomer concentration
increases in pseudo-linear way (non-linear, non-exponential), and exhibits no indication of saturation at
higher α-pinene oxidation rates. Dimer concentration increases faster at lower kOH[OH][α-pinene]
(1-4 · 107 cm-3s-1), but slows down with further [OH] increase and reaches saturation at
kOH[OH][α-pinene] of ~7 · 107 cm-3s-1. Possible explanations for this dimer range saturation will be
presented later, when addressing single peroxy radical termination product groups and their response
to increased [OH] and [HO2].
Ozonolysis is providing relatively high background HOM formation. For monomers ozonolysis
background is approximately 1.5 · 10-3 counts/s, or about 25% compared to the total HOM monomer
concentration during highest [OH], and for dimers 1.0 · 10-3 counts/s, or ~30%. If calculating the ratio of
oxidation rates of α-pinene with OH and α-pinene with ozone for the duration of the experiment, there
is a linear increase of α-pinene reacting with OH from low to high [OH] going from > 2 at low [OH] to
nearly 80 at highest [OH] (cases with ozonolysis alone have been excluded). As a function of α-pinene
oxidation rate the increase is exponential, and thus it can be said that the increase at higher oxidation
rates is dominated by HOM formation from α-pinene photooxidation. Using these numbers it can be
estimated that there is an increase of 5.0 · 10-3 counts/s in monomer and 3.2 · 10-3 counts/s in dimer
concentrations that can be attributed to photochemistry.
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Figure 4.1 Total HOM monomer (circles) and dimer (stars) concentrations from α-pinene photooxidation as
a function of α-pinene oxidation rate. [OH] is included as colour code to further highlight the [OH]
dependence of HOM production. HOMs produced by ozonolysis can be seen as relatively high background
-3
-3
(about 1.5 · 10 counts/s for monomers and 1.0 · 10 counts/s for dimers). Monomer concentrations
increase clearly with increasing [OH] and kOH[OH][α-pinene]. Dimer concentrations show faster response to
7
-3 -1
increased [OH] at lower [OH] range, but reaches saturation at oxidation rates of around ~7 · 10 cm s
7
-3
([OH] 3.5 · 10 cm ).

Increasing either OH or α-pinene concentrations (or both) enables faster α-pinene + OH reactions, which
at higher concentrations leads to particle formation. This set limits to the range of [α-pinene] and [OH]
used during the experiment. When investigating gas phase concentrations of easily condensing vapours,
particle formation has to be avoided, as increased particle surface in the chamber increases the
condensational sink of the vapours, and thus changes the vapour loss rates. Another issue with too high
OH concentrations is the possibility of adding sequential OH reactions as an oxidation mechanism, which
would lead to very complicated systems. For these reasons the OH concentrations used in the
experiments were limited to maximum 5 · 107 cm-3 (for α-pinene) and 7 · 107 cm-3 (for β-pinene). Despite
this, the OH concentrations used in experiments shown in this chapter are an order of magnitude above
realistic atmospheric concentrations in clean environments. This high [OH] is used due to the short
residence time in the chamber (~45 minutes) and by using higher OH concentrations aging effect that
takes place in the atmosphere after half a day or more can be mimicked within the chamber residence
time.
Before looking at the results from individual end product groups, a few comments about distinguishing
the hydroperoxides from alcohols needs to be given. R1.3e and R1.3f both give out the same molecular
sum formula for the end product, however with different functionalization. R1.3e is the hydroperoxide
termination product pathway from peroxy radical m, giving a mass m+1. From R1.3f mass m’-15 (when
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m’ is RO2 with one more oxygen atom than m) can determined, which cannot be distinguished from
mass m+1 in our instrument.
In practise this means that for the results for hydroperoxides, the sum of “hydroperoxides” also includes
alcohols from the RO2 + RO2 reactions. However, assuming that ketones and alcohols are produced in an
approximately 1:1 relation, we can use ketones as proxy/first estimation for alcohol production. This
approach assumes additionally that the instrument is similarly sensitive to both alcohols and ketones,
which cannot at present be verified. However, even with this limitation, this is the best available
approach currently.
Figure 4.2 shows the ratio of the sum of all “hydroperoxides” to the sum of all ketones (used here as
proxy for alcohols). It can be seen that apart from low [OH] conditions when ozonolysis is the main
oxidant and HO2 concentration in the system is low, hydroperoxide formation clearly surpasses alcohol
production. It is therefore justifiable to continue interpreting this signal as predominantly hydroperoxide
when considering high HO2 concentration cases, as is done in this work. Hydroperoxide formation
induced by OH begins at kOH[OH][α-pinene] of 1-3 · 107 cm-3s-1 (ratio ~1, [OH] ~5 · 106 cm-3), and at
kOH[OH][α-pinene] of ~7 · 107 cm-3s-1 ([OH] ~2 · 107 cm-3) the ratio of hydroperoxide to ketone reaches
2.5, and it can be assumed that the hydroperoxide concentration exceeds the alcohol concentration. At
higher [OH]/oxidation rates the increase in signal can be attributed to increased hydroperoxide
concentration.

Figure 4.2 Ratio of the total signal of all hydroperoxide peaks to total ketone signal, used here as a proxy to
7
-3 -1
alcohol formation. [OH] indicated by colour code. Ratio increases to above 2.5 at ~7 · 10 cm s after which
hydroperoxide can be assumed to dominate the m+1 signal.
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In this work, when using the term hydroperoxide in reference to measurement results, it needs to be
kept in mind that there is a small contribution from alcohols included in that signal, unless otherwise
mentioned.
In the following more details about the OH dependency of specific termination product groups will be
given. Figure 4.3 shows the total production of peroxy radicals, hydroperoxides, and ketones as a
function of oxidation rates. At low [OH] and [HO2], when ozone is the dominant oxidant, ketones are the
main termination products at monomer range, although, as there was no OH scavenging during the
experiment, some OH produced hydroperoxides may have been formed. This is in accordance with
known peroxy radical chemistry under ozonolysis. With increasing [OH] and [HO2] the amount and
fraction of hydroperoxides begin to increase. From classical peroxy radical chemistry it can be concluded
that most of this increase is due to increased reactions of RO2 + HO2 (R1.3e), and thus the increase in
HOM monomer production can be mainly attributed to higher hydroperoxide production.
The results in Figure 4.3 show that under photochemical HOM formation hydroperoxides by far
dominate the monomer range end product formation. Even if assuming the “ketone/alcohol correction”,
at kOH[OH][VOC] > 5.0 · 1017 cm-6 hydroperoxides are dominating the end product formation, and show a
strong increase as the oxidation rate increases. Both peroxy radical concentration and ketone
concentration show increase of about 50 %, but as all peroxy radicals and ketones have small intensities
compared to hydroperoxide signals, even these relatively large changes do not contribute much to the
overall HOM concentration which is dominated by hydroperoxides.

Figure 4.3 Summed peroxy radical, hydroperoxide, and ketone signals as a function of oxidation rate. As can
be seen, increasing [OH] (and thus increasing α-pinene · OH reactions) increases both the absolute amount
and the portion of hydroperoxides produced. In general the increase is most clear in case of
hydroperoxides, but there is an increase observed in ketones and peroxy radicals as well (~50%, a large
change in relative terms, but small in comparison to the actual increase of hydroperoxide concentration).
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Figure 4.4 Total HOM dimer and “trimer” concentrations as a function of α-pinene oxidation rate. Term
“trimer” is here used to refer to observed compounds in the mass spectrum at masses > 600 Th, with ~30 Catoms. The “trimer” concentration increase begins at higher oxidation rates than for the dimer and is also
steeper. This might indicate a source from dimer oxidation.

The decrease of the total dimer concentration at high oxidation rates in Figure 4.1 could be an indication
of this shift from ketones and alcohols to hydroperoxides. Dimer production reaches saturation, while
such clear saturation was not observed for the HOM-monomers. If [HO2] increases with increasing [OH],
more hydroperoxides are formed on cost of other termination products, such as dimers. In this light the
decrease of the dimer to monomer ratio is conceivable.
It is also possible that at high [OH] HOM dimers react with OH, introducing a new/additional sink to
dimers. Due to lower wall losses of dimers compared to wall losses of monomers (Chapter 6) the
lifetime of dimers in the chamber is somewhat longer than that of monomers. Assuming similar rate
coefficients of OH + closed shell HOM-monomer reactions and OH + dimer reactions, a decrease of the
dimer to monomer ratio with increasing [OH] is also conceivable. Indications for this can be seen at high
[OH] when there is an observable increase in signal at high m/z compounds (> 600 Th) with ~30 C-atoms
(HOM “trimers”, see Figure 4.4). The existence of these compounds could be explained by reactions of
OH with HOM dimers, producing peroxy radical and then further terminating in dimer-RO2 + monomerRO2 – reactions. This is however hypothetical.
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Figure 4.5 Fractions of peroxy radicals and corresponding hydroperoxide plotted here as a function of
oxidation rate. With increasing [OH] and [HO 2] the ratio of hydroperoxide is increasing linearly compared to
peroxy radicals. Increasing peroxy radical production competes with increased sink via additional RO 2˙ +
HO2˙ – reactions leading to hydroperoxide, a termination product. At high oxidation state (green triangles,
12 oxygen atoms) the signal intensities become small, and the observed change is negligible.

Figure 4.5 illustrates examples of fractions of three peroxy radicals and their corresponding
hydroperoxide as a function of α-pinene oxidation rate. It further demonstrates that the reaction
pathways are shifting towards RO2 + HO2 – reactions, with more hydroperoxides produced at higher
[OH] and [HO2]. With higher [OH], more peroxy radicals are produced, but there is an increase of the
peroxy radical sink as well, when more HO2 is available to react with the peroxy radicals. This leads to an
increase in hydroperoxide concentrations, but no significant further increase in peroxy radical
concentrations.
For comparison, Figure 4.6 shows the ratio between a ketone (C10H14O7) and the related peroxy radical
(C10H15O8˙) development with different oxidation rates. A small fluctuation of the ratio can be seen, but
as the intensities of both signals are relatively low, extreme caution is needed in interpreting results as
quite small changes in intensity can lead to large apparent changes of the ratio. Furthermore, the
variation of this ratio lies mainly within the chosen error limit (standard deviation of ketone signal
during one experiment), and therefore it can be stated that there is no discernible trend in
ketone/peroxy radical ratio.
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Figure 4.6 Ratio of ketone (C10H14O7) and the corresponding peroxy radical (C10H15O8˙) as a function of
kOH[OH][α-pinene]. Ketones are the main termination products for ozonolysis HOM formation, and it can be
seen that with increasing HO2 concentration, there is a small decrease of the ratio. However, as signal
strengths of both HOMs are small, care has to be taken when interpreting results. Error bars shown are
standard deviations of the respective signals during one experiment and are used as an example of
minimum errors. As can be seen, nearly all changes fit within this minimum error range. Therefore it can be
concluded that the ratio does not change substantially.

Figure 4.7 An example of single peroxy radical “series” as a function of k OH[OH][α-pinene]. There is a
decrease in ketones and peroxy radicals, with a strong increase in hydroperoxide production. Both ketone
and peroxy radical productions seem to reach steady state relatively soon, but the increase of the
hydroperoxide continues linear during the experiment range. This is a good example on how the increased
sink into hydroperoxide production can mask the increase of peroxy radical formation.
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Using the peroxy radical C10H15O8˙ as an example, Figure 4.7 shows a single peroxy radical series, and
how the intensities of the different end products change as a function of kOH[OH][α-pinene]. Compared
to the concentrations of all summed compounds shown in Figure 4.3 there are some changes seen due
to concentrating on one peroxy radical series, such as a more pronounced decrease of ketones and
peroxy radicals compared to ozonolysis conditions.
With very low [OH] (when HOM formation by O3 > HOM formation by OH) the ketone (C10H14O7, red
triangles) is the main end product from the peroxy radical (C10H15O8˙, blue circles). However, increasing
[OH] and [HO2] in the system shifts the peroxy radical termination product pathway away from the
ketone and towards the hydroperoxide (C10H16O8, green squares). Under low [HO2] conditions the
formation of hydroperoxide is minimal, but with higher [OH] and [HO2] the hydroperoxide pathway
(R1.3e) quickly overcomes that of ketone production, and starts to dominate the total HOM formation.
The increase of the hydroperoxide concentration shows linear dependence on the oxidation rate. After
the initial decrease at reaction rates higher than ~ 4 · 107 cm-3s-1 the ketone concentration remains
relatively stable with increasing oxidation rate.
To hypothesise, the decrease seen here in peroxy radical concentrations is a result of the increased sink
for the radical. With higher reaction rates the production of the peroxy radical increases, while at the
same time increasing [OH] leads to higher [HO2] in the system. This in turn means reaction R1.3e
becomes more pronounced, which can be seen as an increased hydroperoxide signal. This increase of
the sink is at first strong enough to slightly lower the peroxy radical concentration present in the
chamber slightly, but the formation/termination rate of peroxy radical evens out at higher [OH], and
further increase of [HO2] does not lead to even lower peroxy radical concentrations. Similar but less
pronounced effect can be seen in Figure 4.3 for total peroxy radical concentrations.
Another sink for the peroxy radical that increases in strength with increasing oxidation rates is the
formation of dimers. In Figure 4.1 it was shown that dimer formation increases stronger than monomer
formation at low [OH]/low oxidation rate, which is consistent with the results shown here, namely a
decrease in peroxy radical concentrations despite of increasing source strengths.
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Figure 4.8 Ratio of total dimer to total monomer production as a function of oxidation rate. The Colour
3 -1
indicates the [OH] concentration during measurements. The three points at oxidation rates around 1 cm s
or lower were measured at very low [OH], and thus were likely dominated by ozonolysis. It can be seen that
in the ozonolysis dominated system monomer production is proportionally higher than dimer production.
Quickly after introducing OH into the system, the relative contribution from monomers decreases, and at
7
-3 -1
kOH[OH][VOC] 4 · 10 cm s the relation is 0.9. After this the contribution from dimers lessens slightly, but
remains higher than during ozonolysis. The comparison of separate monomer and dimer production rates
as function of kOH[OH][α-pinene] (oxidation rate) is shown in Figure 4.1.

To further test the role of HO2 in HOM formation, Figure 4.8 shows how the ratio between total dimer
and total monomer production changes with changing kOH[OH][α-pinene]. At low [OH] when ozonolysis
is the main oxidant, the ratio of dimer signal intensity over monomer signal intensity is about 0.6.
Reaching a state where OH reactions dominate ([OH] ~ 1-1.5 · 107 cm-3), the ratio increases to somewhat
above 0.8. This means that more dimers are produced when compared to the same monomer
concentrations than in case of ozonolysis. With further increasing [OH] the dimer contribution to total
HOM formation decreases slightly. This change in ratio is a good indicator that at high HO2
concentrations the end product formation shifts from dimer formation towards hydroperoxide
formation.
The following sections present estimations of the yields and actual HOM concentrations reached in the
experiments.
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4.2. Yield estimation from photochemical HOM production from α-pinene
To estimate the absolute concentrations measured with the CIMS, Figure 4.9 shows an example plot of
measured HOM monomer concentrations which has been calibrated using the calibration factor
introduced in Chapter 2.2.2. Due to the high calibration factor determined using the calibration set-up,
another estimation of the HOM concentration is presented using the more conservative calibration
factor reported by Ehn et al. (2014).
As can be seen, a higher oxidation rate greatly increases the HOM formation where the concentration of
HOM is up to five-fold compared to very low OH concentrations. There is also a clear difference in the
estimated concentrations. Using the calibration factor from the calibration set-up, the achieved
concentrations (green circles) are unrealistically high comparing to the literature (Ehn et al., 2014). Even
if assuming an order of magnitude error (see Chapter 2.2.2.) the concentrations are still high.

Figure 4.9 Estimation of HOM formation concentrations at different oxidation rates, using two different
calibration factors (one from our set-up, the other from the literature (Ehn et al., 2014)).

Another way to estimate the photochemical HOM yield is to use the reported yield from ozonolysis as a
baseline and do a relative comparison.
Ehn et al. (2014) estimated the (molecular) yield of HOMs produced by α-pinene ozonolysis to be
7 ± 3.5% and the yield of photochemical HOM production to be ~1% at low [OH]. As shown above, the
HOMs formed by photooxidation are not linearly related to the α-pinene oxidation, and although there
is a linear subrange at higher [OH], the yield will not be a single number.
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Figure 4.10 Estimated yields of photochemical HOM formation from α-pinene. As OH dependence of the
HOM formation is not linear, several values for the yield are calculated, depending on the oxidation rate.

As it is not proven so far that only HOMs contribute to particle mass formation during the
measurements, using mass formation yields as base to determine the yield of HOMs was refrained. The
yield of HOM formation from α-pinene photooxidation was therefore calculated using the 7 % given by
Ehn et al. (2014) for ozonolysis as baseline.
For this calculation data from an experiment where α-pinene addition to the chamber was kept constant
and OH concentration was varied by variations of J(O1D) was used. During the respective measurement
series two measurements were made without photochemical OH production. Assuming that the
consumption of α-pinene was mainly due to ozonolysis (OH formed from ozonolysis was neglected) the
signal intensities of all HOMs (monomers and dimers) were added and divided by the consumption of
α-pinene. The resulting number was assumed to be the 7 % given by Ehn et al. (2014) and was used as
“calibration” to set the HOM yield during ozonolysis in these results to 7 %.
The sum of signal intensities for all HOMs produced from photooxidation was obtained by subtracting
the average of this signal from ozonolysis from the measured data. The resulting number was divided by
the consumption of α-pinene as measured during the experiment again, after subtracting the ozone
based consumption. Using the aforementioned calibration factor yields between 1.8 and 7 % were
estimated (Figure 4.10).
This approximation neglects the systematic changes of ozone during the periods with different J(O1D).
This slightly changes the consumption of α-pinene by ozone reactions. The estimated yields may
therefore be somewhat too high. On the other hand, the signal intensity from ozonolysis born HOMs
would be lower, too. As the signal intensity for the highest ozone concentration was subtracted as
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background, the yields given here may be somewhat too low. Both systematic errors cancel out, but
only if the yield of HOM formation from ozonolysis would be independent of the oxidation rate. As there
is no information about the dependence of HOM formation from ozonolysis on the oxidation rate the
error can only be estimated.
However, this estimation is based on the assumption of a 7% yield from ozonolysis. The error of this
number is quite high (± 3.5 percentage points) and is the dominant error source for the estimation.

4.3. β-pinene: photochemical HOM production from exocyclic double bonds
The main focus so far has been on α-pinene, as α-pinene is a major emission from biogenic sources,
especially in boreal regions (Guenther et al., 2012). Similar experiments were conducted with β-pinene,
another isomer of pinene. Figure 4.11 presents results for β-pinene photochemical HOM formation.
When comparing to α-pinene a few differences were observed. One is the clearly smaller background
during ozonolysis reactions (< 0.5 · 10-3 counts/s). This is caused by a lower rate constant for β-pinene
ozonolysis compared to that of -pinene and in particular by the exocyclic double bond of β-pinene
which makes HOM formation from β-pinene ozonolysis inefficient. Also, the [OH] range used for
β-pinene experiments is slightly higher (0.5-7.0 · 107 cm-3) than for α-pinene experiments
(0.5-5.0 · 107 cm-3). However, the oxidation rate is an order of magnitude higher than in the case of
α-pinene.
β-pinene dimers reach saturation at low kOH[OH][β-pinene] values and do not seem to exhibit the same
increase as from α-pinene produced dimers. However, here it is important to compare the [OH] during
the experiments. For α-pinene, until HOM dimers reach saturation, the curve and formation intensity
are similar to those of monomers up to the midlevel [OH] limit of the experiment
([OH] ~2-2.5 · 107 cm-3). When comparing the β-pinene HOM dimer formation, it can be seen that the
dimer saturation occurs at similar [OH] levels (1.5-2.5 · 107 cm-3). The higher [OH] or higher oxidation
rate does not lead to increasing dimer formation, similar to the case of α-pinene but perhaps clearer due
to slightly higher upper range of the [OH] used.
At monomer range the HOM increase is nearly 8-fold (from 0.5 · 10-3 to 4.0 · 10-3 counts/s) higher than
the corresponding increase seen with α-pinene. The shape is also quite different. The non-linearity of
the increase of HOM concentrations with increasing [OH] is much more pronounced for -pinene. One
possible reason for this may be the efficient HOM formation from -pinene ozonolysis. In both
experiments [OH] was varied by varying J(O1D). At the same ozone inflow into the chamber higher
J(O1D) lowers the ozone concentration in the chamber. Hence higher [OH] is paralleled by lower [O3].
While this has no impacts on the shape obtained for -pinene, this effect lowers the curvature for pinene.
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Figure 4.11 Total monomer (circles) and dimer (crosses) concentration from β-pinene photooxidation as a
function of β-pinene oxidation rate. Colour code indicates [OH]. As the reaction rate of β-pinene and ozone
in the chamber is slow, the background at low [OH] is smaller when compared to α-pinene
-3
-3
(0.5 · 10 counts/s vs 1.5 · 10 counts/s, respectively). The monomer concentration increases nearly
exponentially as a function of kOH[OH][β-pinene], while the dimer concentration reaches saturation at [OH]
-3
-3
of 1.5 – 2.5 · 10 cm . The [OH] range used in this experiment was slightly wider than in the α-pinene
experiments. In general the behaviour is similar with α-pinene and β-pinene; the more reactions of OH and
VOC occur the higher the HOM production is, in both monomer and dimer range.

Figure 4.12 presents the change of dimer/ monomer ratio in β-pinene HOM formation at high oxidation
rates/[OH] only. As β-pinene HOM formation under ozonolysis is low, signal intensities at low [OH] are
also low. As low signal intensities bare the risk of too high error margins, only higher [OH] conditions are
considered. In general a very similar behaviour of this ratio can be observed as for α-pinene. Increasing
[OH] lowers the ratio, and also in the case of β-pinene the behaviour is explainable by HO2 production
during photooxidation and further reactions of dimers with OH.
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Figure 4.12 Ratio HOM dimer to HOM monomer from β-pinene photooxidation as a function of β-pinene
destruction rate under high [OH]. Ozonolysis dominated range has been excluded. The dimer contribution is
largest at the same range where the dimer formation reaches saturation, after which the near exponential
increase of monomer concentration leads to a rapid decrease in the ratio.

4.4. Concluding remarks on photochemical HOM production
HOM production shows non-linear dependence on OH concentration on both monomer and dimer
ranges. It is unclear whether this non-linearity is relevant in practice. However, it is clear that increasing
OH concentration increases total HOM formation as well as the yield of HOM formation. The increase of
monomer concentration is mainly due to the increase of hydroperoxide (+alcohol) concentrations. But
as Figure 4.1 shows, dimer production increases as well. The reduction of the concentration of HOM
peroxy radicals due to reactions with HO2 was not strong enough to diminish dimer formation absolutely
because of the stronger source strengths of peroxy radicals. Only the relative importance of dimer
formation compared to monomer formation was affected by hydroperoxide formation. Also no
systematic change in peroxy radical concentrations with varying OH concentration was found, in regard
to clear systematic increases or decreases of all individual peroxy radicals. Probably the increasing
source strength was cancelled out by the increasing sink strengths due to hydroperoxide and dimer
formation. However, the effects observed when varying OH concentration could be explained using
basics of peroxy radical chemistry. The behaviour observed during these experiments furthermore
confirms the assignment of HOMs as hydroperoxides or ketones.
The increase in HOM production with higher OH concentration is an important factor when investigating
the effect of NOx in HOM formation in Chapter 5.
- 54 -

Chapter 5 Chemical transformation of HOMs
5.1. Photochemistry of α-pinene in the presence of NOX
The dominant pathway of OH initiated α-pinene oxidation (~90 %) is the addition of the OH radical to
the double bond. This leads to the opening of the double bond with OH attached to one end. The other
end forms the alkyl radical at which O2 is added and a primary peroxy radical is formed.
The further fate of this peroxy radical depends on the abundance of NOX (NOX = NO + NO2). NOX adds
complexity to chemical reaction system and prduct distrubition. As reminder, alcohols, carbonyls,
hydroperoxides, and alkoxy radicals are formed in absence of NOX. In the presence of NOX, the peroxy
radical can react with NO:
RO2 + NO

→ RONO2
→ RO +NO2

(R5.1a)
(R5.1b)

Reaction R5.1a leads to the formation of an organic nitrate, reaction R5.1b to the formation of an alkoxy
radical and NO2.
It is important to realize that if the peroxy radical contains an acyl group (-C(=O)OO·) it reacts fast with
NO2 forming PAN like organic nitrates.
RO2 + NO2

↔ RO2NO2

(R5.1c)

As side remark, in particular at higher temperatures these organic nitrates are not stable and
decompose thermically, which in the atmosphere affect secondary radical formation. Note, in JPAC the
experiments were perfomed at 15 °C and PANs will be relatively stable.
A special case of Reaction R5.1b is the reaction of NO with HO2.
HO2 + NO

→ OH + NO2

(R5.1d)

Reaction R5.1d is the basis of OH recycling in a photochemical system. However, increasing [NOX] to high
amounts can also decrease [OH] because the reaction R5.1e is a strong sink for OH:
NO2 + OH + M → HNO3 + M

(R5.1e)

According to reaction R5.1d and R5.1e, NOX addition to JPAC will regulate also here the OH
concentration. In the following these basic reaction pathways will be used to explain the changes
observed when NOX is added to -pinene photooxidation system. As NO can lead to increase of OH
recycling in the system, depending on the NOX concentration and NO/NO2 ratio, it is important to
distinguish between the effect of NOX addition and increased OH concentration. The previous chapter
covered how increasing [OH] increases total HOM formation, and this will be used here to explain the
behaviour of HOM formation at the presence of NOX.
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Concentrating on few example peaks, the effect of NOX on individual compound formation is
endeavoured to be explained. These findings are discussed using the example of the peaks at 247 Th
(peroxy radical C10H15O7˙), 277 Th (C10H15NO8, organic nitrate from C10H15O7˙), 248 Th (C10H16O7,
hydroperoxide from C10H15O7˙), 263 Th (C10H15O8˙, peroxy radical), 264 Th (C10H16O8, hydroperoxide from
C10H15O8˙), 293 Th (C10H15NO9, organic nitrate from C10H15O8˙) and 246 Th (C10H14O8, ketone from
C10H15O8˙). Ketone formed from C10H15O7˙ is weakly detected by the CIMS, and will be left outside of this
analysis.

Table 5.1. Molecular composition and detection mass in unit mass for two different peroxy radical series C10H15O7˙
and C10H15O8˙ with termination products. Nitrate peaks m+30 and m+46 are not possible to distinguish with the
CIMS due to same molecular mass, but as the formation pathway is different they are shown separated here.

Peroxy
radical
m
C10H15O7˙
C10H15O8˙

Mass
[Th]
247
263

Hydroperoxide
m+1
C10H16O7
C10H16O8

Mass Organic
[Th] nitrate
m+30
248
C10H15NO8
264
C10H15NO9

Mass PAN-like
[Th] nitrate
m+46
277
C10H15NO9
293
C10H15NO10

Mass Ketone
[Th]
m-17
293
C10H14O6
309
C10H14O7

Mass
[Th]
230
246

In Chapter 3 was given an example of a detailed -pinene photooxidation HOM spectrum (Figure 3.1).
Figure 5.1 shows how NOX addition changes the end product formation pattern compared to α-pinene
photooxidation. An example of a peroxy radical end product series can be seen at 247 Th (peroxy radical
C10H15O7˙, m), the hydroperoxide at 248 Th (C10H16O7, m+1, includes alcohol from C10H15O8˙) and organic
nitrate at 277 Th (C10H15NO8, m+30, Table 5.1.). The ketone (m-17, at 230 Th C10H14O6) for this series is
not well detected with this instrument. When NOX is added to the system, the hydroperoxide peak at
248 Th decreases by 30 % (0.004 to 0.003 counts/s), while corresponding peroxy radical at 247 Th
remains almost same (+4%). Ratio 247/248 changes from 0.11 to 0.17. The nitrate C10H15NO8 from
peroxy radical C10H15O7˙ increases more than 20 fold (from 1.1 · 10-4 to 2.4 · 10-3 counts/s).
The next peroxy radical produced, C10H15O8˙ (at 263 Th) does not decrease, but instead almost triples in
intensity (2.4 · 10-4 to 6.9 · 10-4 counts/s), while the corresponding hydroperoxide (C10H16O8, at 264 Th)
remains steady (+1%). The corresponding nitrate C10H15NO9 (at 293 Th) shows similar high increase than
C10H15NO8˙ (by an order of magnitude, from 5.0 ∙1 0-5 to 6.7 ∙ 10-4 counts/s). C10H15NO9 is also an end
product of peroxy radical C10H15O7˙ +NO2 (R5.1c; m+46). Later a hypothesis is offered to explain this
difference in peroxy radical behaviour.
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Figure 5.1 Comparison spectra of α-pinene HOM formation pattern under very low NO X (red) and high NO X
conditions (blue). Experimental conditions were [α-pinene] = 1.45 ppb in the low NOX experiment and
1.7 ppb in the high NOX experiment, respectively. Measured [NOX] during low NOX experiment was 0.3 ppb,
which gives a ratio [α-pinene]/[NOX] 48 ppbC/ppb, and at high NOX [NOX] = 8.7 ppb and 1.9 ppbC/ppb,
respectively.

As described in Chapter 1, photooxidation of α-pinene leads to many peroxy radicals that differ by one O
atom. In principle, all these peroxy radicals can form organic nitrates. Knowing the mass of the peroxy
radical, it is straightforward to calculate the masses of the organic nitrates from these peroxy radicals. In
all cases increases were found when adding NOX resulting in quite strong peaks at the masses where
they were expected from the masses of corresponding peroxy radicals. Based on this, and on the mass
defect of these compounds, it is possible to conclude that these strong peaks are organic nitrates. The
behaviour of organic nitrates also confirms the identification of peroxy radicals.
As an example, the increase of the organic nitrate C10H15NO8 (277 Th) will be discussed in more detail. As
expected, NOX addition induced the formation of organic nitrates. Accordingly, the signal intensity of the
peak at 277 Th increased strongly. As organic nitrates can also be formed from reaction R5.1c it is also
possible that the increase of peak intensity is due to organic nitrate formation from NO 2 and the peroxy
radical C10H15O6˙ (at 231 Th) as precursor peroxy radical. Correspondingly, the organic nitrate C10H15NO9
(at 293 Th) can also be formed from C10H15O7˙ (peak at 247 Th) in reaction R5.1c.
However, the effects of the two pathways shown in Reactions R5.1a and R5.1c are indistinguishable. As
the CIMS only acquires molecular formulas of the HOMs and no structural information, it is not possible
to separate C10H15NO8 formed from C10H15O7˙ + NO (organic nitrate, R5.1a), or from C10H15O6˙ + NO2
(PAN-like nitrate, R5.1c) as long as C10H15O6˙ is an acyl radical. The relative contribution from these two
pathways in the chamber will be discussed next in more detail.
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5.1.1. Formation of organic nitrates and PAN-like nitrates
So far a distinction between the two organic nitrate pathways covered in this chapter has not made. As
mentioned earlier it is not possible to distinguish between organic HOM nitrates (m+30) and PAN-like
nitrates (m+46; R5.1a or R5.1c, respectively) from the direct data gathered by the instrument. There is
however a method that can be used to derive more information about the formation pathway of these
two nitrate compounds with same molecular formula:
In the chamber NO is produced by photolysing NO2. So, in order to remove the m+30 organic nitrate
formation pathway, the NO2 to NO conversion in the chamber was stopped by switching off the UV-A
light. Remaining NO reacted within minutes with O3, and the system became NO2 dominated. Lack of NO
in the system would inhibit R5.1a.
Due to the low J(NO2) the ratio of [NO]/[NO2] is quite low in the chamber. R5.1c is not as much affected
as less than 20% of the NO2 is photolysed. Figure 5.2 shows a time series from this experiment, with
termination product groups separated to observe the general behaviour. As can be seen, when NO 2 to
NO conversion was ended, HOM nitrate concentration decreased by less than 40% compared to
NO+NO2 system. During that stage the dominant nitrate production must go via NO2 as there is very
little NO left to react. This would suggest that at the temperature of 16 °C and at a J(NO 2) of 4 · 10-3 s-1
about 60% of the nitrate-HOM production in the chamber goes via NO2, i.e. PAN-like nitrates.
Hydroperoxide formation increases slightly because [HO2] increases due to the absence of NO, although
[OH] is somewhat lower due to the absence of NO and the slightly higher NO2 concentration.

Figure 5.2 Time series showing total peroxy radical, hydroperoxide, ketone, and nitrate concentrations
during NOX addition experiment. During first part of the experiment, UV-A lamps were on, to photolyse part
of the NO2 into NO. When these lamps were turned off, NO2 to NO conversion was disrupted and
[NO]/[NO2] ratio decreased. As can be seen, total HOM nitrate production decreases about 40% and then
reaches a new steady state. This would suggest that over 60% of formed nitrate is due NO 2 reactions (PANlike nitrate).
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However, as this method of separation is not practical to use in all experiments, in the analysis the two
different pathways are not separated.

5.1.2. The effect of NOX on peroxy radical chemistry
As was shown in Chapter 4, hydroperoxide formation is the main monomer end product pathway. In
order to better compare the effect NOX addition has on the end product pattern, the overlap of
hydroperoxide and alcohol peaks should be addressed.
As the peak at 248 Th is the sum of a hydroperoxide and an alcohol from a different progression, it
cannot be directly concluded which of them is suppressed in concentration by the NOX addition. In
Chapter 4 it was shown how a ketone can be used as proxy for an alcohol, and the same method will be
used here. Figure 5.3 shows the ratio of total hydroperoxides to total ketones, which is high at low [NOx]
(~ 0.3 ppb) and decreases non-linearly until at ~20 ppb [NOX] the ratio is 1. It can be assumed that at
high [NOX], the signal dominantly consist of alcohol. From this can be concluded that changes at
[NOX] < 20 ppb come from changes in hydroperoxide concentrations.
The relative abundance of hydroperoxides can be diminished by reactions of NO with HO2. Removing
one of the reactants forming the hydroperoxides their formation rate should be lowered. This was
observed.

Figure 5.3 Ratio of total hydroperoxide signal to total ketone signal as a function of [NO X]. Ketone is here
used as a proxy for alcohol, to decouple the changes occurring in overlapping hydroperoxide and alcohol
peaks. With increasing [NOX] the hydroperoxide pathway becomes less prominent, and at [NO X] ~ 20 ppb
the ratio reaches 1. This is similar as determined under ozonolysis with low HO 2, and it can be assumed that
most of the remaining signal is now due to alcohols formed in reaction R1.3e.
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A contrast to the clear change in the relative abundance of hydroperoxides compared to ketones
(Figure 5.3) is the only moderate decrease of the signal intensity of all ketones, alcohols, and
hydroperoxides. Addition of NOX should diminish the formation of all HOM-RO2 + RO2/HO2 reaction
products. This was not observed. In connection with this is the behaviour of peroxy radicals with
increasing NOX. As can be seen in Figure 5.1, the behaviour of peroxy radicals (example peaks 247 and
263 Th) is different. As mentioned, the signal intensity of C10H15O7˙ (247 Th) increases slightly and that of
C10H15O8˙ (263 Th) increases 3-fold. While the slight increase in the concentration of peroxy radical
C10H15O7˙ (247 Th) might be explainable by a NOX induced increase of [OH] (from 4.6∙107 to 6.4 ∙107
molecules/cm3), the strong increase in the concentration of C10H15O8˙ cannot (see Chapter 3, sequential
OH reactions are not an important source for HOMs). A possible explanation for this increase is the
formation of alkoxy radicals following reactions R5.1a and R5.1b.
When concentrating on an individual HOM-RO2 with concentration [RO2], the production rate for RONO2
can be expressed by
P(RONO2) = kN · [NOX] · y(RONO2) · [RO2]
with kN being an average rate constant for organic nitrate formation and y(RONO2) the yield of organic
nitrate formation. The production rate for other termination products T:
P(T) = [RO2] · [R’O2]i· kR,i · y(T) i
with · [R’O2]I being the sum of all peroxy radicals, kR,i the rate constant for the respective reaction, and
y(T) i the yield of termination products in these reactions. The ratio of the production rates is thus
𝑃(𝑅𝑂𝑁𝑂2 )
𝑃(𝑇)

=

𝑘 𝑁 ∙[𝑁𝑂𝑥 ]∙𝑦(𝑅𝑂𝑁𝑂2 )
Σ[𝑅′ 𝑂2 ]𝑖 ∙𝑘 𝑅,𝑖 ∙𝑦(𝑇)𝑖

From the experiments described in Chapter 6 it is known that HOMs are very efficiently lost to chamber
walls and particles regardless whether the HOM is an organic nitrate or other termination product.
These losses are the dominant loss terms, and they are a good approximation independent of the
production rates of HOM. From this it can be deduced that the concentration of a given HOM is
proportional to its production rate. The production rates therefore reflect concentrations and the signal
intensities for the individual HOMs and the NOX dependency of HOM concentrations can be deduced
from:
𝜕(

𝑃(𝑅𝑂𝑁𝑂2 )
)
𝑃(𝑇)

𝜕𝑁𝑂𝑋

For this there is no analytical solution as
For first approximation can be set:
𝜕(𝑃(𝑇))
𝜕(𝑁𝑂𝑋 )
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=0

𝜕(𝑃(𝑇))
𝜕(𝑁𝑂𝑋 )

is unknown.

Which can be solved for
𝜕(

𝑃(𝑅𝑂𝑁𝑂2 )
)
𝑃(𝑇)

𝜕𝑁𝑂𝑥

= 𝑘 𝑁 ∙ 𝑦(𝑅𝑂𝑁𝑂2 )

This would indicate linear increase as a function of [NOX].
However, the most probable scenario is that

𝜕(𝑃(𝑇))
𝜕𝑁𝑂𝑥

<0

At constant RO2 production rate increasing [NOX] should lead to lower [RO2] and lower Σ[R’O2], which in
turn means that the increase is stronger than linear.
Independent of

𝜕(

𝑃(𝑅𝑂𝑁𝑂2 )
)
𝑃(𝑇)

𝜕𝑁𝑂𝑋

being linear or stronger than linear, it follows that at [NOX]>> [RO2],

 [T]<< [RONO2].
However, if plotting the ratio of organic nitrates to other termination products (sum of hydroperoxides
and ketones) as a function of [NOX], the result gives saturation at [NOX] above 30 ppb (Figure 5.4).

Figure 5.4 Ratio of the sum of all nitrate HOM to the sum of the other termination products (excluding
peroxy radicals) as a function of [NOX]. [OH] included in colour coding. Introducing NO X into the system
offers additional termination pathway to RO2-radical leading to nitrate formation. Near-linear increase of
ratio at [NOX] < 30 ppb is observable as is the saturation at [NO X] > 30 ppb ([NO] > 1 ppb, data not shown).
Saturation implies that above a certain NOX concentration the ratio of organic nitrate formation over that of
RO2-RO2 termination products stays constant. This contrasts the idea of reactions R5.1a and R5.1c being
competitive to reactions R1.3e-R1.3h (see Introduction 1.3.). Using classical laws of photochemistry this
saturation can only be explained if it is assumed that the alkoxy radicals formed in reaction R5.1b do not
decompose but undergo H-shift with subsequent addition of O2 to form a new peroxy radical.
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From the measurements it is evident that with increasing [NOX], the organic nitrate production rate
(𝑘 𝑁 ∙ [𝑁𝑂𝑥 ] ∙ 𝑦(𝑅𝑂𝑁𝑂2 ) · [RO2] increases. If, as indicated by Figure 5.3, the ratio
𝑃(𝑅𝑂𝑁𝑂2 )
𝑃(𝑇)

=

𝑘 𝑁 ∙[𝑁𝑂𝑥 ]∙𝑦 [𝑅𝑂𝑁𝑂2 ]
Σ[𝑅′ 𝑂2 𝑖]∙𝑘 𝑅,𝑖 ∙ 𝑦(𝑇)𝑖

saturates, this must mean that both the nominator and the denominator

of the equation change similarly i.e. Σ[R’O2]i ·kR,i · y (T) i or [RO2] increase with increasing [NOX]. In other
words, the production of RO2 increases with increasing [NOX]. This is consistent to the finding that also
the peroxy radical concentrations increase with increasing NOX (see below Figure 5.7).
A possible explanation is the alkoxy-peroxy pathway (R5.1b). Peroxy radical formation from alkoxy
radical undergoing internal H-shift and subsequent O2 addition is a known hypothesis (Vereecken &
Peeters, 2010; Vereecken & Francisco 2012). This newly formed peroxy radical would then have one
oxygen atom more than the “parent” peroxy radical.
This pathway fits with the data observed during NOX addition and offers an additional oxidation
mechanism that forms another peroxy radical. Peroxy radicals forming via alkoxy-peroxy pathway would
also fit the observation that the high end of HOM monomer range expands towards higher masses
(Figure 5.4).

Figure 5.5 Comparison of HOM pattern for low NOX (upper) and high NOX (~36 ppb) conditions. Due to
7
-3
addition of NOX and the subsequent OH recycling, the [OH] in the low NO X case is 4.6 ∙ 10 cm , and during
7
-3
NOX addition 4.9 · 10 cm , similar enough to be unlikely to have major effect on the formation rates. The
total [monomer] without NOX is 0.02 counts/s, and total [dimer] 0.012 counts/s. With NOX addition the total
[monomer] increased to 0.04 counts/s, while the [dimers] decreased slightly, to 0.011 counts/s.
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An overview on the general changes in HOM spectrum in the experiments shown in Figure 5.1 can be
seen in Figure 5.5. The upper panel portraits a HOM spectrum from α-pinene photooxidation without
NOX addition (red in Figure 5.1), and lower panel shows a HOM spectrum at the same mass range at high
[NOX] levels (blue in Figure 5.1). Without NOX addition, the most prominent peaks seen in the monomer
range are hydroperoxides, and a strong dimer production is evident (total monomer concentreation
when there is no NOX addition is 0.02 counts/s and total dimer concentration 0.012 counts/s, which
leads to apparent dimer/monomer ratio of approximately 0.6).
Some clear differences can be seen:
1.

2.

3.

With NOX the sum of signal intensities for all monomer range HOMs is higher than without NOX.
A fraction of this increase can be attributed to the higher [OH] in presence of NOX. As the
difference in [OH] is not that substantial the two-fold increase of HOM concentrations also hints
to a more effective HOM formation via the alkoxy-peroxy pathway. Possibly the yield of alkoxy
radical formation via reaction R5.1b is higher than that in R1.3e - R1.3h and in addition the
H-shift in alkoxy radicals is extremely effective.
With NOX the sum of signal intensities for the HOM dimers is lower than without NOX. This can
be attributed to the competition of dimer formation with organic nitrate formation. However,
even at this high NOX level, there are still dimers.
There is a general shift of monomer HOM to higher oxidation states (between ~240 and
~370 Th), i.e. to higher masses, with emphasis on nitrate production. This is due to organic
nitrates having higher mass than corresponding hydroperoxides, as the organic nitrate or
PAN-like nitrate formed is nearly 30/46 Th heavier than the corresponding hydroperoxide. But
also the signal intensity for some highly oxidated HOM peroxy radicals increase with increasing
NOX and RO2-RO2 termination products are still visible. But on top of that, there is a general shift
towards higher oxidation states throughout the monomer range. In Chapter 3.5. it was shown
that, when changing [OH] via increasing J(O1D), there was no notiable shift towards higher
masses in the formation products (Figures 3.5 and 3.6). It can therefore be concluded that the
overall shift of the mass balance due to NOX addition is in fact a result of adding NOX into the
system, not an effect of increased [OH]. As this systematic shift of oxidation status was not
observed when varying [OH] this is attributed to the aforementioned peroxy-alkoxy pathway.

As long as J(NO2) > 0, the two pathways of organic nitrate formation (R5.1a and R5.1c) are
indistinguishable. This hinders obtaining quantitative information regarding rate constants for organic
nitrate formation from HOM-peroxy radicals. The focus will therefore be on NOX impacts on the total
HOM formation. HOMs are separated in monomers and dimers because of the expected different
behaviour. As in previous chapters, monomers are determined to be molecules between 240-370 Th and
dimers 370-540 Th. As will be shown later, at high [NOX] this will lead to small underestimation of
monomers and small overestimation of dimers, but this has no large impact on general results.

- 63 -

Figure 5.6 Total HOM monomer (240-370 Th, closed circles) and dimer (370-540 Th, stars) signal intensities
as a function of [NOX]. Colour code indicates [OH]. Monomer concentration increases linearly at [NO X] < 10
– 15 ppb, reaching maximum at [NOX] ~15 - 20 ppb, and decreases slowly at [NOX] > 30 ppb. Dimer
production is less affected at low [NOX], remaining steady at [NOX] < 15 ppb, and then showing decreasing
trend.

Sarrafzadeh et al. (2016) describe an increase in OH concentration when increasing [NOX] during
-pinene and -pinene photooxidation. They furthermore claim that at moderate [NOX] the changes in
SOA yields were in general related to [NOX] dependent OH recycling. As shown in Chapter 4, HOM
formation has non-linear dependence on [OH]. The NOX induced increase of [OH] can be expected to
cause an increase of total HOM formation when NOX is added to system, suggesting a possible
connection between HOM formation and particle mass formation.
Figure 5.6 depicts total monomer and dimer formation from -pinene photooxidation as a function of
[NOX]. As can be seen monomer concentration nearly doubles at [NOX] 15 ppb. As [OH] increases from
~4.5∙107 to 7∙107 molecules/cm3, it is conceivable that the increase is due to increased [OH] following
NOX addition.
Dimer production decreases with increasing [NOX], excluding a small range at low NOX (>10 ppb) when
the concentration remains steady. It is possible that increased peroxy radical formation caused by higher
[OH] allows dimer concentration to remain constant, despite increased sink from NO and NO2 in
monomer region. However the decrease in dimer region seen in Figure 5.5 is very pronounced and it is
clear that at higher [NOx] dimer concentration decreases strongly as a function of [NOX].
To get more detailed information on where the changes in HOM formation occur, results from separate
compound classes are shown next.
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Figure 5.7 Total peroxy radical concentration as a function of [NO X]. At low [NOX] (< 10 ppb) peroxy radical
concentration increases, reaches maximum at [NOX] 10 -30 ppb, and then slowly decreases. High peroxy
radical concentration at high [NOX] (> 70 ppb) can be explained by an effective peroxy radical formation via
the alkoxy-peroxy pathway.

Figure 5.7 shows the peroxy radical concentration as a function of [NOX]. Increase in [OH] leads to strong
increase in peroxy radical concentration, with RO2 concentration tripling from low [NOx] to
[NOX] ~ 10 ppb. RO2 concentration remains stable between [NOX] 10-30 ppb, and decreases slowly from
there on. The general trend is increased peroxy radical concentration past increase in [OH], which can
be explained by a combination of increased [OH] leading to higher peroxy radical formation, and
increased [NOX] leading to peroxy radical formation via alkoxy-peroxy pathway.
Figure 5.8 shows the total HOM-organic nitrate production as a function of [NOX]. As can be seen, small
increase of [NOX] in the system has large impact on the nitrate formation, and at NOX concentrations
below 10 ppb the increase of organic nitrate production is close to linear, increasing by over an order of
magnitude (4.0 · 10-4 to 8.0 · 10-3 counts/s) . After this rapid increase in concentration, organic nitrate
production begins to even out, and reaches saturation between 10-30 ppb NOX. At higher
concentrations the production of organic nitrates decreases slowly.
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Figure 5.8 Total nitrate HOM production as a function of [NO X]. Colour code indicates [OH]. Organic nitrate
concentration increases rapidly in near-linear way until reaching 80-90% of maximum value at 10-15 ppb
[NOX], after which the formation slows down significantly, but continues to increase until ~30 ppb [NO X],
and then slowly decreases, most likely due to decreasing peroxy radical formation caused by decreased
[OH].

As shown in Chapter 4, and as expected from classical peroxy radical chemistry in the presence of HO2,
hydroperoxides are the main monomer range termination product at low [NOX] conditions. As addition
of NOX into a system leads to increase in OH concentration and destruction of HO2 (R5.1d), it was
expected that decreasing [HO2] would lead to lessening the role of hydroperoxide channel (R1.3e).
Figure 5.9 shows the total hydroperoxide and ketone concentration dependence on [NOX]. As can be
seen, at very low [NOX] (~5 ppb) there is nearly no effect on hydroperoxide production, possibly due to
increased OH recycling increasing peroxy radical- and HO2 formation and balancing the NOX induced HO2
loss, but the general trend of hydroperoxide production is a strong decrease with [NOX] > 5 ppb. At
10 - 20 ppb NOX hydroperoxide concentrations are lower than at 5 ppb NOX despite of higher OH
concentrations showing that the NOX effect superimposes the increase of [OH].
Ketone concentrations show only a small increase at [NOX] < 5 ppb, and then remain constant until
[NOX] ~20 ppb. Compared to the hydroperoxides, the maximum of ketone concentrations is shifted to
higher NOX which is in agreement to the assumption that NO + HO2 reactions have a higher rate
constant than NO + RO2 reactions. From 30 ppb < [NOX] < 70 ppb, there is about 50% decrease in ketone
that is explainable by the decrease in OH concentration. However, the total decrease from low NOX to
high NOX conditions is small when compared to the decrease of hydroperoxide concentrations.
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Figure 5.9 Total hydroperoxide (filled circles) and ketone (stars) signal intensities as a function of [NO X].
[OH] included in colour code. Adding NOX in the system offers additional termination pathway for peroxy
radical, and immediate decrease of hydroperoxide at low [NOX] suggests that RO2+NO pathway is highly
efficient competing RO2+HO2. Additionally, NOX reacts with HO2, leading to decrease in HO2 concentration,
which together with organic nitrate pathways are enough to overcompensate the increased peroxy radical
formation due to increased OH concentration and activation of the alkoxy-peroxy pathway.

From the examples given here, it can be stated that adding NOX into the reaction system clearly changes
the fate of the peroxy radical, and thus the formation of HOM-RO2+RO2/HO2 reaction products.
All considered it is clear that pathways R5.1a and R5.1c are important termination pathways to HOMRO2 in high NOX regimes. If considering monomer range end products alone, remember from Chapter 4
that hydroperoxides are the main monomer termination pathway to peroxy radicals at low NOX
conditions, and keep in mind the sharp decrease of hydroperoxides and clear increase of organic
nitrates with increasing [NOX] it is justifiable to consider these two compound classes as the main end
products at HOM monomer range, and in total HOM range at high [NOX] cases when dimer production is
inhibited.
Monomer HOM formation is determined by hydroperoxide and nitrate formation, and the relative
contribution from the two pathways. Concentrations of organic nitrates higher than those of
hydroperoxides can be explained by higher [NO] and [NO2], respectively, than [HO2]. The higher [NOX]
then also causes suppression of other pathways including dimer formation. Figure 5.10 shows the ratio
of dimer to monomer signal intensities as a function of [NOX]. As expected this ratio strongly decreases.
However, even at 70 ppb NOX (i.e. at 3.2 ppb NO) dimer concentrations are not zero. This requires
peroxy radicals in the system and also here the alkoxy-peroxy pathway that forms peroxy radicals back is
a possible and consistent explanation.
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Figure 5.10 Ratio of total dimer concentration to total monomer concentration as a function of [NO X].
Colour code indicates [OH].

To summarize, adding NOX into the system increases HOM formation due to increased [OH] and due to
activation of alkoxy-peroxy pathway. Peroxy radical termination is shifted from hydroperoxide and
dimer formation towards organic nitrate and PAN-like nitrate formation. To offer further support for the
analysis given here with α-pinene, the next chapter will give a short summary on the effects of NOX
addition on photochemical HOM formation from β-pinene.

5.2. Photochemistry of β-pinene in the presence of NOX
The effect of NOX on HOM formation from -pinene can be compared to the effect NOX has on HOM
formation from -pinene. Compared to -pinene, -pinene HOM formation includes strong
fragmentation, which complicates peak analysis and the identification of single peak. Here only general
behaviour of -pinene HOM formation is considered, and individual compounds are not analysed.
Figure 5.11 shows the effect of NOX on HOM formation from -pinene photooxidation.
When there is no NOX addition into the system, the total HOM monomer concentration is
0.004 counts/s, and dimer concentration 0.001 counts/s. Adding NOX leads to four times higher HOM
formation, with monomer 0.02 counts/s and dimer concentration 0.006 counts/s. However, the used
β-pinene concentration was higher during NOX experiment.
As can be seen, dimer production has in fact increased (compared to small decrease in α-pinene).
However, these values have been calculated using rigid monomer and dimer limits. Considering the
monomer and dimer patterns in β-pinene HOM formation during NOX addition, there seems to be a
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clear shift towards higher oxidation state molecules, and the “valley” between monomer and dimer
masses almost has disappeared. It looks very likely that the mass range that would under very low NOX
conditions consist dominantly of dimers, might now be including many higher oxidation state monomer
compounds. Or the fractioning during β-pinene oxidation and the following variety of compounds with
different C-number could lead to production of HOM dimers with much lower masses than under pure
photooxidation case. If considering monomer and dimer HOM formation together (and avoiding the
need to specify which group an individual peak belongs to) it becomes clear that adding NOX has greatly
increased β-pinene HOM production under this NOX concentration (0.005 counts/s without [NOX]
addition and 0.02 counts/s with [NOX]).
The OH concentration is slightly lower in the case without NOX addition (4.6∙107 cm-3) compared to
5.75 ∙ 107 cm-3 with NOX, which is not enough to explain the observed increase. However, when
comparing the β-pinene concentrations in both cases (0.06 ppb without NOX and 1.0 ppb with NOX), it
can be seen that the oxidation rate is much higher in the case with added NOX (1.2 · 108 cm-3 s-1,
compared to 5.9 · 106 cm-3 s-1 without NOX), and thus HOM production can be expected to be much
higher as well.

Figure 5.11 Overview of β-pinene HOM formation pattern. Upper panel shows β-pinene photochemical
HOM formation without NOX addition ([NOx] ~ 0.75 ppb), lower panel portraits an example of β-pinene
HOM formation pattern under moderate NOX addition (4.1 ppb). OH concentrations in both cases are
7
7
comparable (4.60 · 10 at low NOX case, and 5.80 · 10 with NOX), while β-pinene concentrations are 0.06
ppb and 1.0 ppb, respectively. Introducing NOX into the system increases HOM formation in monomer
range, and causes a shift towards higher oxidation state end products. Compared to α-pinene the higher
fragmentation of β-pinene is also evident under NOX conditions, and can be seen as more “crowded” mass
spectra. The monomer range is also seemingly extended towards dimer masses. Total monomer
concentration without NOX addition is 0.004 counts/s and dimer concentration 0.001 counts/s. With [NO X]
monomers are 0.02 counts/s and dimers 0.006 counts/s.
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Another possible explanation for having much higher HOM concentrations during NOX addition (and at
only slightly higher [OH]) would be if the alkoxy-peroxy pathway is also important for -pinene
photooxidation.
Furthermore the systematic shift of the monomers to higher oxidation state is obvious. This also fits
with the figure of the alkoxy-peroxy pathway being important. Consistently, there is higher signal
intensity for peroxy radicals with [NOX] ~ 4 ppb than for [NOX] ~ 0.74 ppb (Figure 5.12), despite oxidation
rate four hours after NOX addition was stopped being 1.05 · 108 cm-3 s-1, similar to during NOX addition
([OH] 2.56e8, [bpin] 2ppb).

Figure 5.12 Temporal shape of signal intensities for peroxy radicals produced during β-pinene
photooxidation. At the beginning of the experiment (before 9:00) NO X concentration in the chamber was
4.1 ppb. Then NOX addition was stopped and NOX was flushed out. For all identified peroxy radicals signal
intensities decreased when NOX concentrations decrease, despite oxidation rate remaining similar
8
-3 -1
(1.05 · 10 cm s ).
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5.3. CO + HOM
As discussed NO converts HO2 into OH radicals thus increasing [OH] and accelerating the oxidation
chemistry. CO will convert OH in HO2 thus decreasing [OH] and increasing one of the major termination
agent.
To test the effect of different [OH]/[HO2] ratios on overall HOM formation, CO was added to the pinene photooxidation system. CO reacts with OH and forms HO2 (Wayne, 2006).
CO + OH ↔ HOCO·
HOCO* → H + CO2, H + O2 + M → HO2 + M

R5.2a

HOCO* → HOCO + M, HOCO + O2 → HO2 + CO2

R5.2b

Adding CO therefore decreases OH concentration, and increases HO2 concentration (R5.2a and R5.2b).
Expectation was that increasing HO2 concentration in the system would lead to higher hydroperoxide
production, and lower dimer formation. Figure 5.13 shows how HOM formation from -pinene
photooxidation changed when CO was added to the system. Notice that the values on the Y-axis in the
lower panel are lower by a factor of ten.
Adding high CO concentration led to strong reduction of [OH], and thus peroxy radical formation was
reduced (example shown in Figure 5.13: ~ 57 ppm CO, [OH] during CO addition 2.1 ∙ 106 cm-3, compared
to 3.8 ∙ 107 cm-3 without CO). The signal intensities of all measured HOMs decreased, showing an about
fourfold reduction of monomer intensities (8.5 · 10-3 to 2.2 · 10-3 counts/s; -75 %) and tenfold reduction
for the dimers (9.6 · 10-3 to 6.0 · 10-4 counts/s; -93 %). The reduction of the ratio of dimers to monomers
was higher, from dimer/monomer ratio of about 1 without CO to 0.27 with CO.
As can be seen, the patterns are quite different, with most of the peaks visible during high [CO] being
either chamber/instrument background, or CO addition set-up contamination. High peak at 296 Th, a
strong contamination from the CO set-up, has been allowed to go off scale. It can be clearly seen that
the HOM formation has been strongly inhibited, and the remaining peaks are very low and mainly not
HOMs.
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Figure 5.13 Comparing HOM pattern without CO addition (upper) and with CO (lower). HOM formation is
7
-3
6
-3
clearly diminished. [OH] without CO addition 3.8∙10 cm , and during CO addition 2.1∙10 cm , more than
-3
an order of magnitude lower. Total monomer concentration without CO addition was 8.50 · 10 counts/s
-3
-3
and dimer 9.60 · 10 counts/s. During CO addition monomer concentration dropped to 2.20 · 10 counts/s
-3
and dimer to 6.0 · 10 counts/s. Notice the different Y-axes. High peak at 296 Th was a strong
contamination from the CO addition set up and was allowed to go off scale. Peaks left under high [CO] are
either background contamination from the chamber and instrument, or contaminations from the CO set up.

After the high amount of CO was added to chamber, CO addition was stopped and CO was removed
from the chamber by flush out, shown in Figure 5.14. As [CO] is decreasing, [OH] increases (and [HO2]
should decrease). Under CO it can clearly be seen how dimer concentration is much lower compared to
monomer concentration. Removing CO from the chamber increases both monomer and dimer
concentrations until concentrations reach maximum at ~9.0 ∙ 10-3 counts/s. During the HOM maximum
[-pinene] was 2.1 ppb, [CO] was estimated to be ~500 ppb and OH concentration was 2.2 ∙ 107 cm-3.
After the maximum the behaviour of monomers and dimers differs slightly. While monomer
concentrations decrease by about 10 %, dimer concentrations decrease less (3 %).
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Figure 5.14 Temporal shape of total monomer and dimer concentrations during removal of CO from the
chamber (upper panel) and [CO] and the ratio of CO and α-pinene reactivities (lower panel). [CO] is
decreasing mainly due to outflow from the chamber as reactions with OH are too slow to have a strong
impact on [CO]. With decreasing [CO], [OH] in the chamber increases, and peroxy radical formation begins
leading to increasing HOM concentration. Decreasing HOM concentration after maximum is explainable by
particle formation, and increased particle surface in the chamber (see Figure 5.18).

Before discussing the decrease of the HOMs as shown in Figure 5.13, the behaviour of monomers,
dimers, and hydroperoxides is discussed. Figure 5.15 shows the dimer to monomer ratio and the OH
concentration as a function of the [CO] during this experiment. During high [CO] (and presumably high
[HO2]) the dimer/monomer ratio is low (> 0.4) due to stronger suppression of dimers than monomers
during CO addition. The ratio increases slowly, until at [CO] < 10 ppm the increase becomes faster, and
finally at very low CO concentrations (< 1 ppm) dimer concentration is higher than monomer. As
mentioned, CO addition increases HO2 concentration in the system, and the behaviour of dimer to
monomer ratio under CO addition would suggest that the ratio [OH]/[HO2] is important in determining
HOM formation.
As direct measurements of HO2 concentration were not possible with the setup in the chamber, the
dimer/monomer ratio under CO addition is compared to the dimer/monomer ratio when the [OH] in the
chamber was regulated by changing J(O1D). The [OH]/[HO2] ratio under those conditions should be
much higher. Figure 5.16 shows the oxidation rate dependence of dimer/monomer ratio during CO flush
out in comparison to the experiment where [OH] was changed via regulating J(O1D).
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Figure 5.15 Ratio of dimer to monomer signal intensities as function of [CO]. With decreasing [CO] this ratio
strongly increases demonstrating the effect of HO2 in dimer and monomer formation. When flushing out
CO, OH concentration increases in the chamber, and [HO 2] decreases. Increasing [OH] leads to increase in
peroxy radical production, and thus increased termination product formation. Decreasing HO2
concentration leads to higher dimer production compared to monomer production (hydroperoxides from
HO2 + RO2 are the main monomer range end product), and thus dimer concentration exceeds monomer
concentration at low [CO].

Figure 5.16 The ratio of [dimer] to [monomer] as function of k[OH][α-pinene] (Variations of [OH] achieved
1
by changing the J(O D) in the chamber (blue circles) or by d[CO] (green squares). When [OH] is changed by
1
changing J(O D), the ratio ranges from ~0.6 to ~1. During CO addition, the change in ratio is much larger,
ranging from ~0.3 to 1.2. The oxidation rates are comparable, so the difference is likely to be in the
[OH]/[HO2] ratio, with more HO2 present in the system with CO.
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When [OH] was changed by changing J(O1D) (blue circles), during the ozonolysis dominated system the
dimer concentration compared to monomer concentration is low (ratio 0.6), but after [OH] increases
dimer concentration quickly matches monomer concentration, yielding a ratio ~0.9, which then slowly
decreases until at high [OH] (> 4.0 · 107 cm-3) the ratio is again close to that under ozonolysis. When
comparing to the data from the CO experiment, it can be clearly seen that the ratio of dimer to
monomer is much wider, yielding vastly lower ratios at low oxidation rate (~0.3), and higher (> 1) at
oxidation rates at which during the J(O1D) experiment the ratio already shows decrease. The difference
between the behaviour of the dimer/monomer ratio between the J(O1D) experiment and CO experiment
comes from changed [OH]/[HO2] related to CO addition, and this further offers support for the role of
HO2 in explaining the apparent different behaviour of monomer and dimer concentrations shown in
Figure 5.14.
With high CO concentration in the chamber, OH is reacting with CO to create HO2. Low [OH] reduces
peroxy radical formation, which is the reason the total HOM formation is inhibited by CO addition.
When CO is being flushed out of the chamber, OH concentration recovers, and peroxy radical formation
resumes. With high concentration of HO2 present in the chamber due to (CO + OH -> HO2 reaction;
R5.2b), the main termination pathway goes via hydroperoxide formation, and leads to a faster increase
of HOM monomer concentration compared to dimers, which recover slower (as seen in Figure 5.14). As
more CO leaving the system leads to HO2 concentration decreasing as well, termination pathway to
dimers becomes stronger, and dimer concentration increases faster (compared to monomer).
Figure 5.17 shows the difference in temporal behaviour between hydroperoxide and corresponding
ketone. Due to low intensities seen with the CIMS combined with contamination from the CO set-up,
the peroxy radical data was excluded from this figure. CO concentration decrease leads to the
hydroperoxides immediately increasing (increase in [OH] starting peroxy radical formation). Due to high
[HO2] in the system, the reactions of peroxy radical with HO2 lead to strong hydroperoxide formation.
Total ketone formation is less affected. With increased peroxy radical formation also total ketone
formation increases. The decrease seen in monomers Figure 5.14 can also be seen here in the total
hydroperoxide signal.
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Figure 5.17 Total ketone and hydroperoxide signal during CO removal experiment. [CO] is not included in
the figure, but follows the same behaviour as in Figure 5.14 Hydroperoxide and ketone signals increase
when CO is being flushed out. Decrease in hydroperoxide signal is a combination of increased
condensational sink from particles, and decrease of [HO2] following CO being flushed out. Decrease in
ketone signal is not that pronounced as the lower [HO2] favours ketone formation.

Figure 5.18 pinene HOM during gradual [CO] showing hydroperoxide C10H16O7, [OH], and total surface (in
2
-3
units of nm cm ). [OH] increase follows the decrease of [CO]. HOM monomer formation begins soon after
[CO] is below 60 ppm (reactivity ratio ~11, see Figure 5.14), getting faster the lower [CO] is. After sufficient
HOM formation has taken place, and particle surface begins increasing, HOM begins to condense on
particles, and HOM concentration decreases with increasing particle surface.
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Overall, from the changes seen in the dimer/monomer concentration ratio it seems that overall
production of HOM is reduced during CO addition and that the pathway has been shifted more towards
hydroperoxides, away from dimers. This is due to [HO2] increase which leads to increased role of
hydroperoxide channel.
Now the decreasing signal intensities observed for all HOMs (except of peroxy radicals) can be
addressed, and Figure 5.18 shows a HOM monomer trace plotted together with [OH] and particle
surface. As obvious from Figure 5.14, monomer and dimer concentrations decrease after their
respective maxima. As will be described in the Chapter 6, the decrease is due to the formation of
particles that offer an additional condensational sink. Obviously the increase in sink strengths is stronger
than the increase in [OH] or the oxidation rate, respectively. However, dimers seem to be less affected
than monomers as the decrease in dimer concentrations appears later than that of monomers and the
decrease is less pronounced. On a first view this might indicate that the condensational sink for dimers is
lower than that for monomers. This is not the case. Reason for the delayed and less pronounced
response of the dimers compared to the monomers is the suppression of dimer formation by HO2.
The maximum in monomer concentrations is reached when there is ~ 460 ppb CO in the system,
meaning that the reactivity versus OH reactions is still about 3 s-1. This is similar to the reactivity of pinene (2.1 ppb at that point in time, reactivity = 2.8 s-1) and hence there is still a strong HO2 source
from CO oxidation in the system. Due to restrained dimer formation the ratio of dimers over monomers
has not yet reached the same level as during pure photooxidation. But together with the flush out of CO,
HO2 formation is diminished and the restriction of dimer formation becomes less. This highlights the role
of HO2 in HOM formation.

5.4. Concluding remarks on chemical transformation HOMs
By adding NOX into the system it was possible to further validate the hypothesis of peroxy radical as a
starting point for HOM formation. NOX addition led to organic nitrate formation at masses where
organic nitrates were predicted assuming the radical seen in the mass spectrum was a peroxy radical.
This confirmed the assignment of HOMs with odd masses being peroxy radicals. Increased [NOX] led to
decrease in hydroperoxide concentration, due to both increased reaction of HO2 with NO (R5.1d), as
well as higher [NOX] leading to increased reactions of peroxy radicals with NO or NO2 (R5.1a-c). Also
dimer formation was impeded by NOX addition. In summary all HOMs followed the known pathways of
peroxy radical chemistry and most of the chemical behaviour observed was compatible to peroxy radical
chemistry.
One important pathway had to be considered in addition, the alkoxy-peroxy pathway. Shifts in the
oxidation state, and the finding that even at very high NOX levels the formation of termination products
of RO2 + RO2 was not completely inhibited suggested an important role of the alkoxy-peroxy pathway.
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Similarly, the experiment with CO also confirmed the assignment of peroxy radicals and termination
products. The experiment furthermore revealed that HO2 plays a key role in determining the fate of
HOMs including oppression of dimer formation.
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Chapter 6 Sinks of HOMs: condensation on particles and wall loss
HOMs have been suggested to have extremely low vapour pressures (Ehn et al., 2014). However, there
are some studies that suggest based on chemical models that despite high O:C ratios, HOMs produced
by α-pinene ozonolysis might not have sufficiently low vapour pressures (< 10-14 bar) to be considered as
ELVOC (Kurtén et al., 2016). This would have implications on the importance of HOMs on atmospheric
new particle formation, and particle growth.
This chapter will focus on studies on the importance of HOMs on particle growth. This is shown by
estimating the effective uptake coefficients for the α-pinene HOMs. Determinations of effective uptake
coefficients were complicated by RO2 chemistry that was influenced by the particles formed in the
system. However, these findings also implicated a role of particles in atmospheric radical chemistry.
The role of photochemically produced -pinene HOMs for particle growth was already implied from
following their concentrations after inducing primary OH production. Figure 6.1 shows the temporal
shape of HOM monomers and HOM dimers in the chamber under high α-pinene and high OH
concentrations. After OH production is initiated, HOM concentrations rapidly increase and reach a
maximum within minutes (< 10 minutes). Thereafter HOM concentrations decrease and within
~40 minutes local minima are reached. Slowly the concentrations increase again, until steady state is
reached in at approximately halfway between the minimum and maximum of respective compound
(slightly lower at dimers).

Figure 6.1 Time series showing temporal shape of HOM signal intensities (proportional to concentrations),
here as total monomer and dimer concentrations, after initiating OH production. The respective experiment
7
-3
was performed under relatively high OH (4.4 · 10 cm ) and α-pinene concentrations (6.0 ppb before OH
production; 1.5 ppb in presence of OH). After inducing primary OH production, HOM formation is fast and
reaches maximum values in minutes. After reaching maximum, HOM concentrations in the chamber
decrease fast, and a local minimum is reached in 30-40 minutes. Concentration then increases again, and
reaches a steady state in few hours.
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The decreases of HOM concentrations after the maxima were too fast to be explained by flush out from
the chamber, and the subsequent increase is inconsistent with the idea as well. The only option to
explain this behaviour is losses of HOMs on the particles produced during α-pinene photooxidation.
Note that the behaviour is different for monomers and dimers. When comparing the ratio of minimum
to maximum, the minimum is lower for the dimers (ratios 0.6 for monomers and 0.4 for dimers).
Figure 6.2 shows the temporal behaviour of total HOM concentration (monomer + dimer), with forming
particle surface and particle mass. The particle surface begins to increase approximately when HOM
concentration reaches maximum, reaching high enough values to add significant surface area for HOM
to condense on. The maximum in particle surface coincides with the minimum in HOM concentration,
after which due to coagulation of the particles the total available particle surface begins to decrease.
While the total surface onto which the HOM could condense on decreases, the HOM concentration
increases, until a steady state in both HOM concentration and particle surface has been reached.

Figure 6.2 Temporal shape of HOM concentrations and particle mass and surface. HOM signal intensities
typically show a rapid increase as OH is produced leading to a burst of HOM formation. Green tracer shows
the slower increase of particle surface in the chamber. After enough particle surface has been produced to
add significantly to sink strength, the HOM concentrations decrease until a maximum in particle surface and
a minimum in gas phase concentrations of HOMs is reached. Thereafter, particle surface decreases again,
probably due to coagulation which offers the HOMs less particle surface to condense on. Eventually a
steady state is reached. For clarity the HOM signal was scaled up.
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Figure 6.3 Time series of monomer formation under low [OH] conditions, when particle formation is
negligible. HOM formation still shows a maximum after OH production is initiated, but the steady state is
reached without a minimum in concentration. When there is no particle formation taking place, the only
surface available is in the chamber walls, which remains constant. The slight decrease in HOM
concentration can be attributed to flush out from the chamber, before production and flushing out reach
equilibrium.

The idea of condensation of HOMs on particles being responsible for the strong decrease after the
maxima was confirmed by measurements, where due to lower OH concentrations there was no
substantial particle formation (Figure 6.3).
The increase of HOM concentration in the chamber is still very rapid after OH production is initiated.
But, instead of reaching very high peak values and subsequent decrease to a temporary minimum, the
HOM concentration reaches maximum at the same time as in the high OH case and thereafter is almost
immediately in steady state. There is small decrease that is however much less pronounced than in the
presence of higher particle surface. The decrease of HOM dimer concentration from maximum to steady
state is larger than the equivalent in monomer concentration (similar as was seen in Figure 6.1).
From the behaviour shown in figures 6.2 and 6.3 it can be deduced that additional to losses to the walls,
condensation to particle surface is the main sink for HOM in the chamber.
In the next chapter results on how lifetimes of HOMs were influenced by the abundance of particles will
be shown. This requires showing also data on wall losses.
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6.1. Condensation on particles
There are two major loss pathways to closed shell HOM molecules in the chamber. They are either lost
by condensation to walls, or to particle surface.
To determine the loss rate of HOM onto chamber walls, the system was run until steady state under
photooxidation regime. Then OH production was stopped which led to a fast decay of HOM signal
intensities. As the lifetime of OH in the chamber with [VOC] higher than 1ppb is below 1s, the decay in
signal following the stop of OH production can be used to determine HOM loss to the chamber wall.
Figure 6.4 shows logarithmic signal intensities from two different HOMs plotted versus time in seconds
after OH production ended. The lifetime of the two HOMs due to wall losses was ~95s. Depending on
the compound lifetimes may be different, with larger molecules having longer lifetimes (slower diffusion
through the boundary layer at the chamber walls). At these time scales the [VOC] and [O3] did not
change despite loss of OH.
Portion of the produced HOM is also flushed out of the chamber continuously, but as the average
residence time in the chamber is 45 minutes, and the average life time of a HOM is in the order of
100-200 seconds, the relevance of flush out is small compared to losses on walls and particles. Loss by
flush out is therefore neglected here.

Figure 6.4 Plotting HOM concentration versus time gives idea about the loss of HOM onto the chamber
-1
walls. With loss rate 0.0105 s the lifetime of the HOM molecule is ~95s.
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Figure 6.5 Lifetime of HOM determined using regression analysis of HOM signal intensities (as shown in
Figure 6.4) plotted here against particle surface.

In presence of particles the total surface for the HOM to condense on is higher than without particles.
Measuring the lifetime of HOMs at different amounts of particles in the chamber showed that the
higher the particle surface, the lower was the lifetime (Figure 6.5). Measurements were made with
particles formed by homogeneous nucleation in the chamber during experiments with different J(O1D)
(e.g. OH concentration), without additional seeding. For reliable results only peaks with high intensity
were used and example shown here is for the hydroperoxide C10H16O7.
For lower signals, which are too noisy when using time resolution below 10s, the lifetimes of HOM were
determined by using steady state data from seeded experiments. When having the HOM production
rates constant (constant [VOC], [OH], and [O3]), and seed is either added or removed, it should be
possible to use the following formula to derive the lifetime:
𝑐(𝐻) =

𝑃(𝐻)
𝐿(𝐻)

= 𝑃(𝐻) ∙ 𝜏(𝐻)

(Eq. 6.1)

Where c(H) is the concentration of a given HOM, P(H) is HOM production rate, L(H) is HOM first order
loss rate, and τ(H) is HOM lifetime. Assuming that the HOM concentration is proportional to the
measured signal intensity, it can be said that c(H) = S(H) ∙ α, where S(H) is the signal intensity, and α is an
unknown calibration constant. Due to wall losses and losses to particles being very efficient, outflow
from the chamber was neglected. For a closed shell HOM this leaves wall losses (Lw(H)) and losses to
particles (Lp(H)) as main loss processes. Introducing this to Eq. 6.1 results in Eq. 6.2.
𝑆(𝐻) ∙ 𝛼 = 𝐿

𝑃(𝐻)
𝑤 (𝐻)+𝐿𝑝 (𝐻)

= 𝑃(𝐻) ∙ 𝜏(𝐻)

(Eq. 6.2)
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When using the signal intensity at negligible particle surface (index “0”) and the signal intensity with
different particle surface, the ratio reflects directly the ratio of the lifetimes of HOM. The calibration
constant cancels out, as does production rate as long as it is constant. This leaves following equation:
𝑆(𝐻)0
𝑆(𝐻)

=

𝜏(𝐻)0
𝜏(𝐻)

=

𝐿𝑤 (𝐻)+𝐿𝑝 (𝐻)
𝐿𝑤 (𝐻)

(Eq. 6.3)

From there Lp(H) can determined
𝐿𝑝 (𝐻) =

𝑆(𝐻)0
𝑆(𝐻)

∙ 𝐿𝑤 (𝐻) − 𝐿𝑤 (𝐻)

(Eq. 6.4)

Using equation Eq. 6.4 the loss rate on particles can be calculated using measured data. Figure 6.6
shows losses of HOM on particles as a function of particle surface, and it’s determined from
measurement when [OH], [-pinene] and [O3] were kept constant in order to keep P(H) constant. In this
experiment addition of seed particle into the chamber was stopped and existing particles were flushed
out.
From kinetic gas theory Lp(H) can be determined to be
𝜐

𝐿𝑝 (𝐻) = 𝛾𝑒𝑓𝑓 ∙ 4 ∙ 𝑆𝑝

(Eq. 6.5)

Where ν is HOM mean velocity, Sp is particle surface, and eff is the effective uptake coefficient of the
HOM. Lp(H) should linearly depend on the existing particle surface and dividing the slope of plots of
Lp(H)/Sp(H) by v/4 should give the effective uptake coefficient (see also supplement to Sarrafzadeh et
al., 2016).
𝛾𝑒𝑓𝑓 =

𝐿𝑃 (𝐻)∙
𝑆𝑃

4
𝜐

(Eq. 6.6)

However, plotting Lp(H) versus the particle surface Sp measured simultaneously, for several HOMs a
curvature was observed (Figure 6.6) This does not comply with the kinetic gas theory.
The procedure was already used to determine effective uptake coefficients for -pinene (Sarrafzadeh et
al., 2016). In this case it worked quite well and on a first view this seems to contradict results obtained
for -pinene. However, there were two major differences in the experimental procedure:
1. The dynamic range of surface variation was lower in the case of -pinene, making a curvature
not that obvious than in Figure 6.6; and
2. The experiments with -pinene in (Sarrafzadeh et al., 2016) were made in the presence of NOX
([NOX] ~ 4 ppb, [-pinene]/[NOX] ~ 1.8 ppbC/ppb) whereas the experiments with α-pinene were
made without NOX addition. Hence the product pattern of termination products was very
different in these two cases. In the case of β-pinene less HO2 and thus less hydroperoxides (and
due to NOX less dimers, see Chapter 5) were in the chemical system. Instead more organic
nitrates were formed.
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Figure 6.6 Loss rates of HOM from α-pinene as a function of particle surface. [α-pinene], [OH] and [O3] were
kept constant and particle surface was varied by changing concentration of ammonium sulphate seed
-3
(concentration up to 60 μg m ). Using all data for the two hydroperoxides shown to determine their
effective uptake coefficients would lead to unrealistic high numbers of around 2 to 3 per collision.

A self-consistent hypothesis that might explain the differences in the results of α-pinene and β-pinene,
as well as the curvature shown in Figure 6.6 would be a strong impact of particles on peroxy radical
chemistry in case of α-pinene compared with much less impact in the case of β-pinene.
Hydroperoxides are the dominant monomer HOM class in photooxidation of α-pinene in the absence of
NOX, and formation of hydroperoxides requires HO2 to be abundant in the system. In contrast to OH
which has lifetime far below a second, the lifetime of HO2 can be up to several seconds, and losses of
HO2 on particles cannot be excluded (Brune et al., 1999; Carslaw et al., 2002; Haggerstone et al., 2005;
Lakey et al., 2015). If HO2 losses on particles diminish HO2 concentrations in the chemical system, the
formation rate of hydroperoxides would also be lower. Lower formation rates with decreasing HO2
concentrations lead to lower concentrations for the hydroperoxides. Thus, in addition to condensation
on particles and wall losses there is another process leading to lower HOM concentrations. Losses of
HO2 on the particles in the chamber can explain lower than expected signal intensities from pure
condensation of the hydroperoxides on particles. A hint to this is the different functional dependence of
a hydroperoxide and a ketone on particle surface (Figure 6.7).
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Figure 6.7 Loss rates of the hydroperoxide C10H16O7 (green circles, right y-scale), and the ketone C10H14O6
(blue squares, left y-scale), as a function of particle surface. Both HOMs are termination product of the
same peroxy radical (C10H15O7˙) and as can be seen, the curvature of the shapes is opposite.

While the curvature of the hydroperoxide implies increasing loss rates with increasing particle surface,
the curvature of the ketone implies decreasing loss rates with increasing particle surface. According to
the hypothesis of HO2 losses on particles, the apparent increase of the loss rate of the hydroperoxide is
in reality a decrease of its formation rate. Correspondingly, the apparent decrease of the loss rate of the
ketone is an increase of source strengths. Due to a lower abundance of HO2, RO2 + RO2 reactions gain
importance, leading to a higher production rate of the respective ketone.
In addition to the possible losses of HO2 on particles, the formation of termination products can be
suppressed due to a shorter lifetime of the HOM-peroxy radical (C10H15O7˙ in the case shown in
Figure 6.7) in the presence of particle surface. If the formation of termination products would appear on
a time scale of some 10 seconds, a loss of the parent peroxy radical by condensation on particles also
would cause less production of its termination products. In addition to losses of HO 2 on particles, the
losses of HOM-RO2 complicate the determination of effective uptake coefficients.
To diminish at least the impacts of HO2 chemistry, the signal intensities for the peroxy radical and its
monomer termination products (hydroperoxide and ketone) were added up. The alcohol was not
included because the signal is superimposed by the hydroperoxide formed from the peroxy radical with
one O atom less than the considered one (see Chapter 4 for details). Figure 6.8 shows the result.
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Figure 6.8 Loss rates of the sum of C10H14O6 (ketone), C10H15O7˙ (peroxy radical) and C10H16O7
(hydroperoxide) as a function of particle surface.

From Figure 6.8 it is obvious that curvatures as observed in Figure 6.7 are much less pronounced. Using
the slope of the plot to determine the effective uptake coefficient leads to 1.3, which is still above 1, the
upper limit from kinetic gas theory. This implies another loss channel for the peroxy radical. This other
loss channel is dimer formation. As dimers can be formed in different combinations of C10-RO2 – C10-RO2
reactions, the exact dimers formed from (in this case) C10H15O7˙ cannot be clearly identified. Therefore a
more precise value for the effective uptake coefficient cannot be obtained here.
Depending on the peroxy radical under investigation the curvatures of individual plots are more or less
pronounced. This hints to different effectivities of HOM-RO2 + HO2 / RO2 reactions. However, after
summing up the signal intensities as in Figure 6.8, quite good linear relationships were obtained and
curvatures were much less pronounced than for individual termination products.
At high particle surface the signal intensities for all HOMs were substantially suppressed. Signals were
prone to be superimposed by noise and the impacts of reduced HO2 were strongest. To control if this
might have an impact on the results a reactive uptake coefficient was derived by either using data for
the entire available range of surface area, or using only data at particle surface below 8 · 10-4 m2 m-3.
Depending on the effective uptake coefficient this surface is equivalent to a suppression of the signal
intensity by a factor of 5 to 10, i.e. data with signal intensities below 10-20 % of the maxima were
rejected.
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Table 6.1. The effective uptake coefficients as determined from plots of Lp(H) versus particle surface.

Parent Peroxy radical

eff all dataa

C10H15O7˙
C10H15O8˙
C10H15O9˙
C10H15O10˙
C10H15O11˙
C10H15O12˙
C10H15O13˙
C10H15O14˙

1.3
0.45
0.52
0.51
1.88
0.76
0.54
1.0

eff only high signal eff all data only eff only high
intensitiesb
termination
signal
productsc
intensities
only
termination
productsc
1.0
1.9
1.1
0.67
0.71
0.82
0.65
0.99
0.88
0.73
0.86
0.87
1.2
1.0
0.78
0.75
0.60
0.56
0.72
0.53
0.70
0.85
1.0
0.85

a

: To diminish impacts of chemistry the signal intensities of a peroxy radical and the respective ketone and
hydroperoxide formed from this peroxy radical were summed up .
b
: To further diminish residual impact of HO 2 losses, eff was also obtained using only data at particle surface below
-4
2
3
8 10 m /m .
c
: To remove impacts of superpositions of peroxy radical signals the same calculations were also made by using
only the signals from the termination products .

Another source of problem might be the signals of peroxy radicals themselves. As they are typically
quite low they are also prone to be superimposed by other signals, in particular by N containing HOMs.
To control if this might influence the results the effective uptake coefficients was calculated also by
using the data for the termination products only (hydroperoxide and ketone). Also this was made twice,
once using all data, and once using only the data at high signal intensities and low impacts of reduced
HO2 (Table 6.1.).
Depending on the data set used for the calculations quite different results were obtained. For two series
of HOMs the calculated values were still unrealistically high (C10H15O7˙ and C10H15O11˙). Rejecting the data
with low signal intensities and the highest changes of HOM source strengths by impacts of particles on
peroxy radical chemistry gave more realistic numbers. However, as the variation of the result was quite
strong when changing the data set, realistic error margins are quite high (±30 %). These error margins
are much higher than those from uncertainties from plots. Therefore, no data for the uncertainties of
the plots itself are given here.
Another channel for individual peroxy radicals is the formation of an alkoxy radical that may also form a
new peroxy radical with one O atom more than the parent peroxy radical (see Chapter 5). As also this
pathway is initiated by a HOM-RO2 + RO2 reaction, it will proceed on a similar time scale as the
formation of termination products. For an individual peroxy radical this channel may be an additional
source or sink.
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Figure 6.9 Average loss rates of HOMs as a function of particle surface. Green circles show the data for
HOMs with higher number of O atoms (238-368 Th), rights y-axis. Blue diamonds show the data for HOMs
with masses between 138 and 237 Th i.e. for HOMs with lower numbers of O atoms, left y-axis.

Considering all these uncertainties, the uncertainty of the values given in Table 6.1. are estimated to be
± 30 %. Furthermore, the numbers obtained after rejecting the data with lowest signal intensities and
highest residual impact of changed source strengths are suggested to be more reliable than those
obtained using all data.
Despite of the uncertainties, the numbers determined for effective uptake coefficients were quite high.
They implied near to collision limited condensation on particles, leading to the conclusion that HOMs
are indeed very important precursors of SOA. As effective uptake coefficients depend on the vapour
pressure of the respective compound and differences in the effective uptake coefficients may help
finding more insight into processes of SOA formation, the possible effect of the alkoxy-peroxy pathway
was also attempted to be minimized by summing up signal intensities.
To give an at least qualitative idea on the importance of the numbers of O atoms incorporated in the
HOMs, the HOM monomers were arbitrarily separated into two groups: one group with molecular
masses between 138 and 237 Th, i.e HOMs having typically less than six oxygen atoms. In the other
group are HOMs with masses from 238 Th up to the limit of 368 Th where signals of monomers may
overlap with signals of dimers. Figure 6.9 shows the result.
The difference in loss rates between HOMs with lower and higher masses is obvious. But there is also a
curvature observable that might indicate residual impacts of chemistry. Again, to diminish the impacts
of chemistry on the results, average effective uptake coefficients were estimated from the data with the
lowest particle surface and thus lowest impacts of chemistry. For HOMs with O < 6 an average eff would
be 0.17, for the group of HOMs with higher number of O atoms eff would be 0.86.
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Figure 6.10 loss rates of HOM dimers in dependence of particle surface. Using data for all particle surfaces
-4
2
-3
would lead to unrealistic high eff of about 3. Restricting the data to low particle surfaces (< 8 · 10 m m )
would lead to eff ~1.0

Following the argumentation line mentioned above with respect to the curvature in hydroperoxide and
ketone signals, the curvature of the sums imply increasing source strength with increasing surface (loss
rates seem to decrease with increasing surface). This effect cannot be assigned to HO2 losses at the
surface of particles.
HO2 concentrations are highest at low particle surfaces. Hence, at low particle surface HO2 prevents
dimer formation. With increasing particle surface HO2 is lost and therefore dimer formation should be
preferred. This alone would lead to an additional loss channel of monomers and the curvature should be
the other way around. Similarly, decreasing HO2 with increasing particle surface should lead to
increasing source strengths for dimers, and Lp as a function of particle surface should show similar
shapes as found for the ketones. However, also for the HOM dimers the curvature of Lp is opposite than
expected (Figure 6.10) implying an increasing sink with increasing surface.
Again, as for the loss rates of hydroperoxides, the unrealistic high eff for the dimers implies a process in
the gas phase that leads to lower source strengths with increasing particle surface. In addition to
impacts of varied HO2, the formation of termination products can be suppressed due to lower
abundance of RO2, in this case HOM-RO2. Effective losses of HOM-RO2 on particles can explain the
curvature as shown in Figure 6.10 as well as the unrealistic high effective uptake coefficients when using
all data for their determination. Particularly in the absence of NOX also HOM peroxy radicals can have
lifetimes in the range of several seconds. If their chemical lifetime is in the range of their lifetime with
respect to condensation on particles, increasing particle surface lead to losses of these radicals from the
gas phase. Again, a similar time scale of chemical and condensational processes can explain the effects
shown in Figure 6.9 and 6.10: The predominant fraction of dimers are C20 compounds, their formation
- 90 -

therefore requires collisions of two C10 peroxy radicals. Diminishing monomer concentrations by their
condensation on particles therefore also decreases the source strengths of dimers. This causes the
curvature and leads to the unrealistic high eff. Lowered dimer formation also lowers a loss process for
monomers. Thus the curvatures shown in Figure 6.9 are understandable. However, this process must be
efficient enough to superimpose the effects of lowered HO2. Dimer formation therefore must be a highly
efficient process.
To summarize, quantitative determination of effective uptake coefficients for the HOMs produced from
α-pinene photooxidation is complicated because gas phase chemistry and condensational loss
superimposed each other. This problem might be overcome when diminishing the effects of chemistry
on the system. As mentioned above, addition of NOX substantially decreases HO2 formation and
accelerates the chemistry of HOM peroxy radicals. Hydroperoxide concentrations are low already at low
particle surface and effects of HO2 losses on particles are not observable.
As NOX is not efficiently lost by condensation on particles, variations of particle surface therefore do not
directly affect NOX chemistry. NOX addition substantially reduces the chemical lifetime of peroxy
radicals, and thus impacts of their losses on particles will be observable only at much higher particle
surface. This also concerns dimer formation. Because of the shortened lifetime of HOM-RO2, dimer
formation is already reduced and the impacts of condensational HOM-RO2 losses on particles are
substantially reduced. From this point of view it is also comprehensible that comparable plots for the
β-pinene experiment in the presence of NOX show much less effects and no unrealistically high numbers
for eff.

6.3 Concluding remarks
The main loss processes for closed shell HOM in the chamber were condensational losses to chamber
walls and existing particle surface. But, before HOMs condensate on particles, they undergo fast
chemical processes hindering quantitative determination of the uptake coefficients. However, some
general statements can be made. Reducing the impact of chemistry by using data sets with low impact
of chemistry (i.e. lower particle surface) leads to realistic results for uptake coefficients. For HOMs with
low numbers of O atoms condensational losses are less effective than for HOM monomers with higher
numbers of O atoms. But even for monomers containing more than seven O atoms the uptake
coefficients are not unity. For dimers the uptake coefficients are ~1, i.e. their condensation on particles
is kinetically limited.
For a better quantification of condensational losses it is advantageous to reduce the impacts of
chemistry. Nevertheless, the strong reduction in the lifetime of HOM peroxy radicals with increasing
condensational sink also allows more insight into foregoing chemical processes.
Losses of peroxy radicals on SOA as found here may have implications for atmospheric chemistry. Such
losses were significant already at particle surface densities around 10-3 m2 m-3. This is equivalent to a
mass loading of 3 µg m-3 (density ~1.2), a mass loading also observable in the Troposphere.
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Due to the quite high OH and VOC concentrations used in these laboratory experiments, peroxy radical
concentrations including those of HO2 and HOM RO2 were quite high. Hence, the chemical lifetimes of all
these peroxy radicals might have been much shorter than in the real atmosphere. Accordingly, impacts
of their losses on particle surface and therewith impacts of particles on the photochemistry in air masses
with low NOX levels might be significant already at mass loadings far below those used here. However,
to what extent particles impact photochemistry is unknown so far and assessment of the importance of
this process requires more information also from laboratory experiments as conducted here.
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Chapter 7 Summary and Conclusions
In this work, a comprehensive overview on photochemical formation of highly oxidized multifunctional
organic molecules (HOMs) was given. The focus was on the formation mechanism, end product
distribution and loss mechanisms. To obtain more insight in the mechanisms, the OH dependency of
HOM concentrations, effects of photochemistry on total production and end product distribution, and
chemical and condensational loss processes of HOMs were studied. By these measurements it was also
shown that particles can influence photochemistry of peroxy radicals.
With respect to photochemical HOM formation several experiments were conducted in order to
distinguish between autoxidation and sequential OH oxidation. HOM formation was shown to be
inhibited for a fully deuterated volatile organic compound compared to the hydrogenated version which
showed clear HOM formation (cyclohexene-d10 and cyclohexene). As tunnelling has been reported to
be an important factor enabling autoxidation, and to be repressed in deuterated compounds, this
inhibition of HOM formation can be seen to give a strong implication towards autoxidation being
important mechanism in photochemical HOM formation.
Furthermore the formation rates of HOM molecules with different oxidation states, i.e. different
number of oxygen were studied for -pinene. If the addition of oxygen to the oxidation products of
-pinene would occur in sequential OH oxidation, the formation of the product that would require
higher number of OH attacks would be slower. There was no observable difference in formation rates of
HOMs with lower numbers of O atoms and higher numbers of O atoms, respectively, again indicating
that autoxidation is more likely to be the main oxidation mechanism in photochemical HOM formation.
Consistently there were also no substantial changes of the HOM pattern for -pinene when producing
HOMs at different OH concentrations. If sequential OH oxidation would be an important HOM formation
mechanism, at higher OH concentrations more HOM molecules with high number of oxygen should be
formed. The finding of similar oxidation states despite of different OH concentrations was seen as
additional support to the autoxidation hypothesis.
However, it was also shown that first generation oxidation products are able to form HOMs under
photooxidation. HOM formation from pinonaldehyde, an important oxidation product of α-pinene
photooxidation, demonstrated clear HOM formation with OH, and the end product pattern was shown
to be similar to that of -pinene. It was concluded that primary oxidation products (pinonaldehyde; or
nopinon in case of β-pinene) are likely to contribute to photochemical HOM formation, however the
relative importance is yet unknown.
In light of the results shown here, autoxidation seems to be more plausible formation mechanism for
photochemical HOM formation. This does not exclude that each closed shell HOM can be attacked by
OH and start a new autoxidation sequence.
Additional experiments were conducted to investigate how general photochemical HOM formation is.
HOM formation was also found during photooxidation of β-pinene, benzene and methyl salicylate,
compounds that react only slowly with ozone, or not at all. Consistent to the hypothesis that significant
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HOM formation from ozonolysis requires an endocyclic double bond no strong HOM formation was
found for β-pinene ozonolysis. In contrast, photooxidation led to substantial HOM formation. Similarly
photooxidation of the important biogenic and anthropogenic benzenoids methyl salicylate and benzene
led to strong HOM formation. As these benzenoids do not react with ozone, their HOM formation from
OH induced reactions offered further evidence that a reaction with ozone is not required as a first step
on photochemical HOM formation.
In an experiment where oxygen in the chamber was reduced to very low concentration (< 1 %) without
noticeable effect on photochemical HOM formation it was suggested that the autoxidation must be
highly efficient. The structural differences in primary peroxy radicals formed from ozonolysis and
photooxidation were hypothesized as a possible reason for the different autoxidation rates, as low
oxygen concentration was shown to inhibit HOM formation during ozonolysis. As a consequence, the
entrance channel in autoxidation would be affected differently comparing ozonolysis and OH reactions.
From the results of the mechanistic studies it is clear that HOM formation from photooxidation is a
widely occurring phenomenon, and not as limited to specific precursors as it is in the case of ozonolysis.
This is understandable as OH is less specific oxidant than ozone, and can lead to a wide variety of
oxidation products.
The dependency of photochemical HOM formation on OH concentrations was shown to be non-linear,
but with a linear subrange at higher oxidation rates (OH concentrations). The main end product class of
monomers was shown to be hydroperoxides. Dimer formation was also an efficient termination for
peroxy radical chemistry. As HO2 concentration increased with higher OH production, dimer
concentration in relation to monomer concentration began to decrease. Stronger hydroperoxide
formation in reactions of peroxy radicals with HO2 competed with dimer formation. However, as
increased OH concentration also led to higher formation of peroxy radicals, the absolute dimer
concentration was not inhibited, but instead reached a plateau. Thus only the relative importance of
dimer HOMs decreased. Individual peroxy radicals showed no increase at higher OH concentrations,
which was due to the higher sink strength and faster formation of termination products such as
hydroperoxides and dimers.
The effects observed when varying OH concentration could be explained using basics of peroxy radical
chemistry, and the behaviour observed during these experiments furthermore confirmed the
assignment of HOMs as peroxy radicals, hydroperoxides, or ketones.
A photochemical yield was estimated based on the reported HOM yield from ozonolysis, and concluded
to be 1.8 % - 7 %, depending of the OH concentration.
In real atmospheric systems, OH concentration is regulated by the source strength, loss reactions (e.g.
reactions with NO2 or CO), and OH/HO2 recycling regulated by NOX. Hence also effects of NOX and CO on
photochemical HOM formation were studied. When adding NOX into the system, organic nitrates could
be observed in expected masses, further validating the hypothesis of peroxy radical as a starting point
for HOM formation. Increasing NOX concentration led to an increase of organic nitrate concentration,
and a decrease in hydroperoxide formation, due to both increased reactions of HO2 with NO, and higher
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NOX concentration leading to increased reactions of peroxy radicals with NO or NO2. Increased NOX
concentration also led to lower dimer concentrations, for the same reasons. In summary all HOMs
followed the known pathways of peroxy radical chemistry and the chemical behaviour observed was
compatible to peroxy radical chemistry. The decrease in hydroperoxides following NOX addition
suggested HO2 concentration to be important in determining peroxy radical termination.
Additional to organic nitrate formed by reactions of peroxy radicals with NO, PAN-like nitrates, following
reactions of peroxy radicals with NO2, were also detected. It was estimated that in the chamber study
reported here ~60 % of observed organic nitrates were in fact PAN-like nitrates. However, due to
instrument limitation during main experiments the two compound classes (organic nitrates from
RO2˙ + NO reaction and PAN-like nitrates from RO2˙ + NO2 reactions) could not be separated, and they
were combined as “organic nitrates” and analysed together.
There were observable shifts in the HOM mass spectra in the HOM end product pattern towards higher
oxidations states during NOX addition. Part of this could be explained by the shifting of the termination
pathway from hydroperoxide formation to nitrate formation, as organic nitrates and PAN-like nitrates
have higher mass than the respective hydroperoxide (+30 Th or +46 Th added to the peroxy radical,
compared to +1 Th with hydroperoxide). This could however not explain the entire observed shift.
Another observation that required explanation was that even at very high NOX levels the formation of
termination products of RO2˙ + RO2˙ reactions was not completely inhibited, and dimer formation could
still be observed. A hypothesis to explain both these observations was that adding NOX into the reaction
system led to an activation of an alkoxy-peroxy pathway, another pathway to peroxy radical formation
under NOX regimes. It was suggested, that the RO˙ formed from RO2˙ + NO reaction, instead of
decomposing, undergoes internal H-shift and a subsequent O2 addition, and forms a new peroxy radical,
with one oxygen atom more than the parent peroxy radical. This pathway was concluded to become
more important with increasing NOX concentrations.
The activation of alkoxy-peroxy pathway together with increased OH recycling following the increasing
NOX concentration were concluded to sufficiently explain the observed increase in HOM concentrations
observed at higher NOX concentrations.
Similarly, experiments with CO also further confirmed the assignment of peroxy radicals and termination
products. The results from such experiments further suggested that HO2 has an important role in
determining the fate of HOMs, including the oppression of dimer formation.
The two main loss processes for the closed shell HOMs in the reaction chamber were condensational
losses to chamber walls, and condensational losses to existing particle surface. For monomer HOMs with
lower oxidation state (less than six oxygen atoms) the condensational losses in general were shown to
be less effective, likely due to higher vapour pressures. However, even for monomer range closed shell
molecules with more than seven oxygen atoms, effective uptake coefficients were not unity. For dimers
the condensation on particles was shown to be kinetically limited, with uptake coefficients close to 1.
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Analysing quantitative uptake coefficients was hindered by gas phase chemical processes appearing on a
similar time scale as condensation on the particles. The effects of chemistry could be reduced by limiting
the analysis on data sets with lower particle surface i.e. smaller effect of chemistry, which led to realistic
values. For quantification purposes it was recommended to limit the impact of chemistry by accelerating
gas phase chemistry. However, the strong reduction in HOM peroxy radical lifetimes following the
increase in condensational sink also offers more insight into the chemical processes. The condensational
losses of peroxy radicals on SOA that were shown in this work may also have atmospheric relevance.
These losses were significant already at mass loadings of approximately 3 µg m-3 and higher, a realistic
mass loading in Troposphere. Furthermore, as the OH and VOC concentrations used in the experiments
reported here were high, peroxy radical concentrations were also higher. Their lifetimes in the reaction
chamber might have been shorter than under in real atmospheric conditions in air masses with low NOx
levels. Losses of peroxy radicals on particles might therefore be more important in the real atmosphere
than in the reaction chamber. More detailed studies in the effect of particles on photochemistry are
needed in order to further investigate the extent and importance of this finding in real atmospheric
conditions.
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Appendix
Table A1 List of identified monomer range compounds from α-pinene photochemical HOM formation
Unit mass [Th]

Detection
(with

NO3-)

mass Absolute
[Th]

mass (Th)

Chemical formula

Compound
group

246
247
248
250

308.05362
309.2272
310.07261
312.09568

C10H14O7
C10H15O7·
C10H16O7
C10H18O7

ketone
peroxy radical
hydroperoxide

262
263
264
266

324.05278
325.2267
326.07055
328.08808

C10H14O8
C10H15O8·
C10H16O8
C10H18O8

ketone
peroxy radical
hydroperoxide

277

339.23

C10H15O7NO

organic nitrate

278
279
280
282

340.04751
341.2260
342.0672
344.0829

C10H14O9
C10H15O9·
C10H16O9
C10H18O9

ketone
peroxy radical
hydroperoxide

293

355.23

C10H15O8NO

organic nitrate

294
295
296
298

356.04374
357.2254
358.05391
360.08408

C10H14O10
C10H15O10·
C10H16O10
C10H18O10

ketone
peroxy radical
hydroperoxide

309

371.23

C10H15O9NO

organic nitrate

310
311
312
314

372.03955
373.2249
374.0476
376.07256

C10H14O11
C10H15O11·
C10H16O11
C10H18O11

ketone
peroxy radical
hydroperoxide

325

387.23

C10H15O10NO

organic nitrate

326
327

388.0363
389.2242

C10H14O12
C10H15O12·

ketone
peroxy radical

viii

328
330

390.04709
392.07722

C10H16O12
C10H18O12

hydroperoxide

341

403.23

C10H15O11NO

organic nitrate

ix

Table A2 List of identified monomer range compounds from β-pinene photochemical HOM formation.
Organic nitrates are not included. Only two radical progressions are included, one from β-pinene
photooxidation (C10H17Ox·) and one from nopinone photooxidation (C9H13Oy·).
Unit mass [Th]

x

Detection
(with

NO3-)

mass Absolute
[Th]

mass [Th]

Chemical formula

308
310
310

308.05362
310.03726
310.07261

C10H14O7
C9H12O8
C10H16O7

311
311
312
312
312

311.2000
311.2431
311.98534
312.0527
312.09568

C9H13O8·
C10H17O7·
C7H6O10
C9H14O8
C10H18O7

314
314

314.02934
314.07317

C8H12O9
C9H16O8

322

322.04554

C10H12O8

324
326
326
326

324.05278
325.96555
326.03234
326.07055

C10H14O8
C8H8O10
C9H12O9
C10H16O8

327
327
328
328
328

327.1994
327.2425
327.99805
328.0486
328.08808

C9H13O9·
C10H17O8·
C8H10O10
C9H14O9
C10H18O8

330
330

330.03443
330.08141

C8H12O10
C9H16O9

340

340.04751

C10H14O9

343
344

343.1988
344.05327

C9H14O10·
C9H14O10

Compound
group

346
346
355
356

346.01974
346.07375
355.2095
356.04374

C8H12O11
C9H16O10
C10H13O10·
C10H14O10

358
358

358.00496
358.05391

C9H12O11
C10H16O10

359
359
360
360

359.1983
359.2413
360.02861
360.08408

C9H13O11·
C10H17O10·
C9H14O11
C10H18O10

362
362

362.00413
362.07572

C8H12O12
C9H16O11

371
371
372
374
376

375.2407
372.03955
374.0476
376.07256

C10H13O11·
C10H17O11·
C10H14O11
C10H16O11
C10H18O11

378
378

377.99716
378.08761

C8H12O13
C9H16O12

389
390
392

391.2401
390.04709
392.07722

C10H17O12·
C10H16O12
C10H18O12

xi

Table A3 List of identified monomer range compounds from cyclohexene photochemical HOM formation
Unit mass [Th]

Detection
(with

NO3-)

mass Absolute
[Th]

mass (Th)

Chemical formula

Compound
group

191

253.0075

191.0191

C6H7O7·

192

254.0154

192.0270

C6H8O7

Hydroperoxide

207

269.0025

207.0141

C6H7O8·

Peroxy radical

208

270.0103

208.0219

C6H8O8

Hydroperoxide

223

284.9974

223.0090

C6H7O9·

Peroxy radical

224

286.0052

224.0168

C6H8O9

Hydroperoxide

Table A4 Rate coefficients for VOC used in this study. Cyclohexene-d10 not included.
VOC
α-pinene
β-pinene
cyclohexene
benzene
MeSA

xii

kOH
5.37 · 10-11
8.19 · 10-11
6.10 · 10-11
1.23 · 10-12
3.12 · 10-12

kO3
8.66 · 10-17
1.50 · 10-17
8.40 · 10-17
-

Peroxy radical

Figure A1. Example mass spectrum from α-pinene photochemical HOM formation entire HOM range.

Figure A2. Example mass spectrum from α-pinene photochemical HOM formation monomer range.

xiii

Figure A3. Example mass spectrum from α-pinene photochemical HOM formation with NOX entire HOM
range.

Figure A4. Example mass spectrum from α-pinene photochemical HOM formation with NOX monomer
range.
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Abbreviations
eff

effective uptake coefficient

AMS

Aerosol Mass Spectrometer (Aerodyne Research, Inc.)

APi-TOF-MS

Atmospheric Pressure time-of-flight Mass Spectrometer

BVOCs

biogenic volatile organic compounds

CCN

cloud condensation nuclei

CIMS

Chemical Ionization Mass Spectrometer

CO

carbon monoxide

CSTR

continuously stirred tank reactor

ELVOC

extremely low volatility organic compound

GC-SM

Gas-Chromatography – Mass Spectrometer

HOM

highly oxidized multifunctional organic molecule

J(O1D)

O3 photolysis frequencies

JPAC

Jülich Plant Atmosphere Chamber

LP

HOM loss rate on particles

LVOC

low-volatile organic compound

MT

monoterpene

NOX

nitrous oxides; NO + NO2

NPF

new particle formation

O3

ozone

OH

hydroxyl radical

ppb

parts per billion

ppm

parts per million

ppt

parts per trillion

PTR-Q-MS

Proton Transfer Reaction- quadrupole – Mass spectrometer

xv

PTR-TOF-MS

Proton Transfer Reaction- time-of-flight – Mass spectrometer

RH

relative humidity

SA

sulfuric acid

SOA

Secondary Organic Aerosol

SVOC

semi-volatile organic compound

RO2

peroxy radical

RO

alkoxy radical

T

temperature

UV-C

UV lamp to produce OH

UV-A

UV lamp to photolyse NO2 into NO

VOC

volatile organic compound
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