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Abstract
The results from this work are a piece in understanding the complex puzzle of atmo-
spheric aerosol formation. Secondary organic aerosol (SOA) formed by the oxidation
of volatile organic compounds (VOC) in the atmosphere is a key component of air
pollution with a strong negative impact on human health and influence on climate,
but its formation is poorly understood. Because air pollution and climate change are
major challenges facing modern societies, there is a clear need to better understand
atmospheric SOA formation. SOA formation can be estimated from distributions of
potential oxidation products, but such estimates are only as useful as the underlying
chemical mechanisms and physical properties on which they are based.
The work presented in this thesis was conducted to better characterize VOC oxida-
tion products and the chemical mechanisms governing their formation. The SOA
precursor compounds α-pinene and limonene (representing biogenic VOC) and 1,3,5-
trimethylbenzene (TMB) (an anthropogenic VOC) were studied in the G-FROST and
Go:PAM flow reactors to characterize their oxidation and the subsequent SOA-forming
processes. Previously unknown compounds including dimer esters, carboxylic acids,
nitrates and highly oxygenated molecules were identified using state-of-the-art mass
spectrometric methods. These oxidation products were shown to be important SOA
contributors and explicit mechanisms for their formation were proposed. Some of the
identified compounds were suggested to be of extremely low volatility and thus impor-
tant for new particle formation. Oxidation of TMB under conditions representative of
urban environments reduced particle formation potential; this effect was attributed to
the disruption of RO2 auto-oxidation cycles by NOx and subsequent nitrate formation
at the expense of highly oxygenated molecules. During the course of this work, an
automated algorithm was developed to extract compound-specific volatility data from
FIGAERO thermograms.
The scientific understanding of SOA formation would be greatly improved by a detailed
knowledge of the products of VOC oxidation, the mechanisms by which they are formed,
and their vapour pressures, all of which this work aims to contribute to.

Keywords: SOA, VOC, anthropogenic, biogenic, FIGAERO, CIMS, HOMs, ELVOCs,
atmospheric oxidation, chemical mechanism, NOx, limonene, α-pinene, TMB, ozone,
nitrate, OH, radical chemistry, RO2, G-FROST, GO:PAM
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Sammanfattning
Målet med arbetet som presenteras i denna avhandling är att bättre förstå det komplexa
pusslet som atmosfärisk aerosolbildning utgör. I fokus är en viktig luftföroreningskom-
ponent, den sekundära organiska aerosolen (SOA), som bildas genom atmosfärisk
oxidation av flyktiga organiska ämnen och som kan ha negativa hälsoeffekter. SOA har
även en avkylande effekt på klimatet och kan därmed dölja en del av den globala up-
pvärmningen orsakad av växthusgaser. SOAs betydelse för klimatet samt dess negativa
påverkan på luftkvalitén utgör ett starkt skäl till att förbättra förståelsen av atmosfärisk
SOA-bildning. SOA-bildning kan generellt uppskattas utifrån framtagna oxidationspro-
duktfördelningar men för att kunna göra tillförlitliga uppskattningar måste man har en
hög kvalitet på de underliggande kemiska mekanismerna samt en bra beskrivning av de
ingående ämnenas fysikaliska egenskaper.

Innehållet i denna avhandling bidrar till en ökad förståelsen för de kemiska mekanismer
som kan leda till SOA bildning och oxidationsprodukter kopplade till dessa mekanismer.
Specifikt har oxidations- och SOA-bildningen från två biogena (α–pinen och limonen)
och ett antropogent (1,3,5-trimetylbenzen, TMB) ämne studerats i flödesreaktorerna
G-FROST och Go:PAM. Flera tidigare okända oxidationsprodukter har identifierats
med hjälp av toppmoderna masspektrometriska metoder. Dessa nya ämnen inklud-
erar dimerestrar, karboxylsyror, nitrater och starkt oxygenerade molekyler. Samtliga
dessa oxidationsprodukter är viktiga för förståelsen av SOA-bildning och explicita
bildningsmekanismer har kunnat föreslås. Vissa av de identifierade föreningarna har
extremt låg flyktighet och är därmed av stort intresse för att förstå den atmosfäriska
bildningen av nya partiklar. Under detta arbete har även en del metodutveckling
gjorts. Till exempel har en ny algoritm utvecklats för att automatisera extrahering
av ämnespecifika flyktighetsdata för organiska ämnen uppmätta med en metod som
innebär termisk desoption-analys med högupplöst mass-spektrometri.

Keywords: SOA, VOC, antropogen, biogen, FIGAERO, CIMS, HOMs, ELVOCs,
atmosfärisk oxidation, kemiska mekanismer, NOx, limonen, α-pinen, TMB, ozon, nitrat,
OH, radikal kemi, RO2, G-FROST, Go:PAM
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1
Our atmosphere and its

pollutants
This chapter introduces the reader to our earth’s atmosphere and its constituents. Air
pollution and climate change are addressed and key suspects identified. Section 1.3
presents the aims of this PhD project and the research questions answered in this thesis.
Finally, the structure of the thesis is outlined.
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1.3 Thesis motivation and outline . . . . . . . . . . . . . . . . . . . 7



4 1. Our atmosphere and its pollutants

1.1 The earth’s atmosphere

Life as we know it would not exist on earth without the atmosphere that surrounds it.

trace gases 0,09%
N2
O2
Ar
CO2
Ne
He
rest

Figure 1.1: The composition of
the atmosphere. The remain-
ing trace gases include CH4, O3,
NO2, N2O, NH3.

It protects us from DNA-damaging ultraviolet so-
lar radiation and creates the pressure that allows
liquid water to exist on the earth’s surface. Radia-
tively active gases (i.e., greenhouse gases) in the atmo-
sphere cause the greenhouse effect, which creates suit-
able temperatures for life. The dry atmosphere con-
sists largely of Nitrogen (N2, 78,08%), Oxygen (O2,
20,90%) and Argon (Ar, 0,93%) (see figure 1.1). The
remaining 0,09% are the so-called trace gases, which
profoundly affect the atmosphere’s chemistry and the
earth’s radiative balance. The atmosphere’s water
content varies greatly depending on the meteorologi-

cal conditions and can range from almost 0 to up to 5%. The atmosphere is divided into
layers that differ in composition and temperature.The layer most familiar to us is the so-
called troposphere, which extends from the ground to a height of about 10 - 15 km depend-
ing on geographical location and is the layer where essentially all the atmosphere’s water
vapour and clouds are found (see figure 1.2). It is also the layer in which weather happens.

Figure 1.2: The atmosphere’s vertical temperature,
pressure, and water content profiles [1].

Within the troposphere, the
temperature decreases as the
altitude increases. This causes
warm air masses to rise, result-
ing in extensive vertical mixing
and cloud formation. At the
top of the troposphere is the
tropopause, i.e. the boundary
between the troposphere and
the stratosphere. A temper-
ature inversion occurs at this
boundary: in the stratosphere,
the temperature increases with
altitude. Warmer air masses



1.2. Air pollution and climate change 5

therefore lie above colder ones, limiting convective mixing. The stratosphere is very
dry, and because of its limited mixing and precipitation scavenging, any pollutants
that enter it have long life times. Levels of ozone (O3) peak in the lower part of the
stratosphere, at heights of 20-30 km. This region is known as the ozone layer, and
its thickness varies spatially and seasonally. O3 in the stratosphere is formed via the
so-called Chapman cycle. UV light of wavelength below 240 nm induces the dissociation
of molecular oxygen into atomic oxygen (O(3P)), in accordance with reaction R 1.1 [2].
The O(3P) then reacts with O2 in the presence of a third molecule, M, to generate O3

(see R 1.2).
O2 + hv(<240nm) −−→ O(3P) + O(3P) (R 1.1)

O2 + O(3P) M−−→ O3 + heat (R 1.2)

O3 + hv(<320nm) −−→ O2 + O(1D) + heat (R 1.3)

O3 + hv(400− 600nm) −−→ O2 + O(3P) + heat (R 1.4)

The processes responsible for the positive temperature gradient in the stratosphere
are the exothermic reactions R 1.2, R 1.3 and R1.4. O3 absorbs UV radiation and
dissociates into molecular and atomic oxygen with the release of heat, which warms
the stratosphere. The excited molecular oxygen O(1D) is quenched to O(3P) and can
regenerate O3.

1.2 Air pollution and climate change

The atmosphere’s composition is influenced by compounds that are added to it, whose
origins may be biogenic (natural) or anthropogenic (due to human activities). Those
compounds are typically not inert; they interact with other molecules and particles in the
atmosphere and undergo chemical and physical change. Compounds with adverse effects
on human health or the global climate are regarded as pollutants. The atmospheric
pollutants with the most severe effects on human health are nitrogen oxides (NOx),
tropospheric O3, and particulate matter; collectively, they are estimated to cause around
one hundred thousand premature deaths each year in the European Union [3]. NO2

levels can reach 200 ppb in polluted atmospheres and peak O3 levels of 500 ppb have
been reported in the most polluted regions [2]. Air pollution also puts ecosystems at
risk by causing eutrophication or, in the case of tropospheric O3, directly damaging



6 1. Our atmosphere and its pollutants

vegetation and reducing crop yields. Climate change and air pollution are intertwined
because many air pollutants are also climate forcers. The fifth IPCC report summarized
the effects of greenhouse gases and aerosol on the climate [4], as shown in (see figure 1.3).

Figure 1.3: Overview of radiative forcing of
different greenhouse gases, aerosols and precur-
sors [4].

NOx is a climate forcer but has become
more commonly recognized as an air
pollutant in the aftermath of the "diesel-
gate" scandal. The term NOx refers to
NO and NO2, both of which are emitted
by combustion engines and play impor-
tant roles in the oxidation of volatile
organic compounds (VOC). VOC ox-
idation produces alkylperoxy radicals
(RO2) that can react with NOx to form
organonitrates or convert NO into NO2

(see reactions R 2.4, R 2.5 and R2.6).
NO2 is photochemically unstable; it un-
dergoes photolysis in visible light (R 1.5)
and contributes to tropospheric O3 for-
mation. O3 is a substance with both
beneficial and harmful effects. Life as
we know it depends on stratospheric O3,
which protects earthly life from harmful
UV light (R 1.3). However, O3 is toxic
and tropospheric O3 is a major compo-

nent of photochemical smog. Stratospheric O3 is formed by photolysis of O2 whereas
tropospheric O3 is formed by the photolysis of NO2 (see R 1.5 and R1.6). Reaction
R1.7 prevents the simultaneous occurrence of high concentrations of NO and O3.

NO2 + hv(<430nm) −−→ NO + O(3P) (R 1.5)

O2 + O(3P) M−−→ O3 (R 1.6)

O3 + NO −−→ O2 + NO2 (R 1.7)

Another air pollutant is aerosol, which is defined as a system of particulate matter
suspended in air. Depending on their properties, aerosol particles may modify the
atmosphere’s radiative balance directly by scattering and/or absorbing light, or indirectly
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by acting as cloud condensation nuclei (CCN) and thus altering cloud properties [5].
Although atmospheric aerosol particles are considered pollutants and climate forcers,
they are also essential for life on earth. Water in the gas phase does not condense readily
on its own; its condensation is greatly expedited by the presence of a surface, or nucleus,
on which to condense. Aerosol particles provide such surfaces in the atmosphere; in
their absence, there would be no clouds and ultimately no rain. A major component of
the tropospheric aerosol is secondary organic aerosol (SOA), which has been identified
as an important component of smog [5–9]. SOA is formed by the oxidation of VOC in
the atmosphere. Because of air quality - climate change interactions, improvements in
air quality can affect climate change, and air quality policies designed to reduce the
levels of certain pollutants (e.g. SOA) may exacerbate global warming [4].

1.3 Thesis motivation and outline

The aerosols with the strongest effects on air quality and climate are fine aerosols, which
consist largely of SOA. The strong effects of SOA on the climate and cloud formation,
and its severe negative impact on human health, make it essential to understand the
processes and mechanisms that affect its formation and its properties. Low volatility
compounds originating from VOC oxidation strongly influence the properties of SOA,
new particle formation (NPF), and the condensational growth of fine particles. Organic
compounds such as dimer esters [10, 11], carboxylic acids [12–14], and nitrates [15, 16]
have been identified to contribute to SOA formation. More recently, highly oxygenated
molecules (HOMs) were shown to contribute to NPF [17–21]. Understanding the
chemistry and mechanisms that govern the formation of these low volatility compounds
is thus paramount. Current models underestimate SOA formation and could be improved
by a more comprehensive understanding of the relevant chemical mechanisms. This
thesis presents studies on the oxidation of α-pinene, limonene and 1,3,5-trimethylbenzene
(TMB), as well as the formation of low volatility compounds during these processes,
using state-of-the-art analytical instruments. The general aim of the work was to
advance our understanding of VOC oxidation and clarify the reaction mechanisms and
oxidation products involved in SOA formation.
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More specifically:

• How are dimer esters formed during α-pinene ozonolysis, and how do RH and OH
scavengers affect their formation?

• Which nitrates, carboxylic acids, and dimers are formed during limonene oxidation
under various conditions?

• How does NOx influence the oxidation of TMB and particle formation?

• Identify the stoichiometric composition of the gas- and particle-phase products of
VOC oxidation. Develop a robust and automated algorithm to extract data from
FIGAERO - CIMS thermograms.

The thesis consists of two parts: an extended summary and the appended papers.
The extended summary is divided into five chapters. Chapter 1 briefly describes the
earth’s atmosphere and air pollution, and Chapter 2 provides the reader with a general
background on atmospheric chemistry and SOA formation. The instrumentation, lab
equipment, and software used in the thesis work are described in Chapter 3, while
Chapter 4 summarizes the key findings of the thesis work and answers the research
questions presented above. Finally, Chapter 5 presents the conclusions drawn from
the results of the laboratory studies and their implications for the atmosphere, and
offers some suggestions for future work. The second part of the thesis consists of the
appended papers. Paper I presents studies on the formation of low volatility dimer
esters during α-pinene oxidation. These esters have been observed in boreal forests and
lab experiments; to the author’s knowledge, Paper I presents the most comprehensive
available list of dimer esters originating from α-pinene oxidation. Papers II and III
present studies on the oxidation of limonene; Paper II focuses on organonitrate formation
during nitrate-initiated oxidation, while Paper III deals with the formation of carboxylic
acids during ozonolysis. Limonene oxidation products were found to be important SOA
contributors in both studies. The GUFIT algorithm for analysing thermogram data
was developed while analyzing the data presented in Paper III and is developed further
in Paper V. Paper IV focuses on anthropogenic rather than biogenic VOC. Specifically,
the oxidation of TMB by OH and the effects of NOx on HOMs and organo nitrate (ON)
formation are studied. Potential suppression of NPF is linked to the oxidation product
distribution.



2
Aerosol formation and
tropospheric chemistry

This chapter begins with an overview of SOA formation. This is followed by a brief
introduction to atmospheric chemistry and the oxidation products that contribute to
SOA formation.

Contents

2.1 Tropospheric aerosol and SOA formation . . . . . . . . . . . . 10

2.2 Atmospheric oxidants . . . . . . . . . . . . . . . . . . . . . . . 12

2.3 Ozonolysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.4 OH and NO3 initiated chemistry . . . . . . . . . . . . . . . . . 19

2.5 RO2 and RO chemistry . . . . . . . . . . . . . . . . . . . . . . 20

2.6 HOMs formation . . . . . . . . . . . . . . . . . . . . . . . . . . 22
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2.1 Tropospheric aerosol and SOA formation

Typical lifespans of atmospheric aerosols in the troposphere are between one day and
several weeks. Their particles vary greatly in size, but are often divided into four ranges
or modes, each of which has different origins and dominant removal processes [22]:
1. Nucleation mode (particle size < ∼10 nm)
2. Aitken mode (∼10 nm-100 nm)
3. Accumulation mode (100 nm-2.5 µm)
4. Coarse mode (2.5-10 µm)
Modes 1, 2 and 3 are fine particles, while mode 4 consists of coarse particles. The
chemical composition of atmospheric aerosol particles is extremely diverse, depends on
their source, and varies greatly with location. Whereas aerosol particles belonging to
the coarse mode consist mainly of inorganic compounds (mineral dust or sea salt), a
large fraction of fine particles consist of secondary organic carbon species, sulfates and
ammonia [23]. There is very little mass transfer between fine and coarse particles, and
they can be considered chemically distinct.
Unlike directly emitted primary organic aerosol (POA), SOA is formed by low volatility
products from VOC oxidation in the atmosphere. SOA precursors include anthropogenic
alkanes, alkenes or aromatic hydrocarbons (e.g. TMB) together with biogenic terpenes
such as α-pinene or limonene [5]. The contribution of biogenic volatile organic carbon
(BVOC) to the global VOC budget is about 90% on average, with isoprene having a
contribution of ∼50% and monoterpenes ∼10%, but these values and the composition
can vary temporally and spatially [24]. Hakola et al. [25] measured the distribution of
monoterpenes emitted by a boreal forest in Hyytiälä, Finland, where α-pinene accounted
for 50% of the total monoterpene budget during summer and ∼20% in winter. Isoprene
and monoterpenes together comprise ∼60% of global BVOC emissions and contribute
significantly to global SOA formation, even at low yields. Limonene has a pleasant
smell and is commonly used in household products. Consequently, it is often found at
elevated levels indoors, and contributes to reduced indoor air quality [26, 27]. Because
of the dominance and high reactivity of BVOCs, the contribution of anthropogenic
volatile organic carbon (AVOC) to SOA formation is primarily important in polluted
areas, where SOA contributes significantly to bad air quality.
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The limited understanding of SOA-forming processes leads to large uncertainties in
SOA budgeting. Bottom up approaches estimate sources between 12-120 Tg a−1 and
observationally constrained top down estimations range from 120 to 1820 Tg a−1 [5,
28]. The near-explicit master chemical mechanism (MCM) calculates the gas phase
product distribution resulting from VOC oxidation and can, together with information
on thermodynamic properties (e.g. vapor pressures) and partitioning [29], be used to
estimate SOA formation in air quality or chemical transport models [30–32]. The quality
of the MCM’s output depends on the quality of the underlying chemical mechanisms.
Models often underestimate SOA levels when compared to real world measurements,
suggesting that some mechanisms of organic compound degradation are misrepresented
or not properly accounted for, or that some SOA precursors are overlooked [33, 34].
One way to improve the modelling of SOA formation would be to better understand
the underlying chemistry. SOA exerts a cooling influence on the Earth and counteracts
some of the global mean warming due to greenhouse gases [4]. This potential effect
intensifies the need to properly understand SOA formation in the atmosphere.
Put simply, SOA formation occurs via the oxidation of volatile precursor gases into
less volatile products that then partition into the particle phase. The initial step in
NPF is the formation of molecular clusters from gas phase species which will grow via
condensation of vapors with low saturation vapor pressure (VP) and via coagulation
[35–37]. The VP is defined as the pressure of a vapor that is in equilibrium with the
corresponding liquid, and an organic compound’s VP strongly affects its distribution
between the gas and particle phases [29]. Unfortunately, there is a lack of reliable
VP measurements for the various organic molecules involved in SOA formation [14].
Compounds are classified based on their VP as VOCs or intermediate- (IVOCs), semi-
(SVOCs), low- (LVOCs), and extremely low volatile organic compounds (ELVOCs, VP
less than ∼10−7 Pa) [17, 38]. Because of the findings reported by Ehn et al. [17], HOMs
formed from the oxidation of BVOCs have recently attracted considerable research
interest [18, 39–42]. A HOM is an organic compound with an O/C ratio of 0.6 or above;
most HOMs can be classified as ELVOCs, although recent studies [43, 44] suggest that
not all of them satisfy the criteria. ELVOCs are almost entirely found in the particle
phase and contribute to NPF [40, 45–48].

The scientific understanding of SOA formation would be greatly improved by a detailed
knowledge of the products of VOC oxidation, the mechanisms by which they are formed,
and their vapor pressures.
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2.2 Atmospheric oxidants

VOCs such as TMB, α-pinene and limonene are SOA precursors. Precursor gases
are oxidized in the atmosphere and form products with lower vapor pressures that
subsequently partition from the gas phase into the condensed phase. The oxidation
processes are initiated by atmospheric oxidants such as radicals (OH, NO3) or tropo-
spheric O3, with OH and O3 being the most important oxidants during daytime. NO3 is
photochemically unstable and is therefore only significant for nocturnal chemistry. OH,
NO3, and O3 react with organic compounds on very different time scales (table 2.1),
and their impact on a VOC’s atmospheric fate depends on its structure (see figure 2.1).

Figure 2.1: Structures of limonene (C9H16),
which has exo- and endocyclic double bonds, α-
pinene (C9H16), which has a single endocyclic
double bond, and the aromatic compound TMB
(C9H12).

OH reacts very quickly with most or-
ganic compounds, whereas O3 and NO3

react much more rapidly with alkenes
than with aromatic compounds. Their
differing importance in the removal of
VOCs is demonstrated by the VOC life-
time calculations shown in table 2.1. OH
is a much less selective oxidant than
NO3 or O3: the lifetime of TMB is ap-
proximately 30 minutes in the presence
of 2*106 molecules cm−3 OH, compared

to 427 days or 32 hours in the presence of peak concentrations of O3 and NO3, respec-
tively. NO3 reacts very quickly with alkenes and is important for VOC removal at night.
O3 generally reacts with alkenes more slowly than OH and NO3, but is a significant
oxidant because of its high atmospheric concentration. One source of OH in the lower
troposphere is the photolysis of O3 (see R 1.3) and the subsequent reaction of atomic
oxygen with water (R 2.1) [2]. This reaction becomes less important with increasing
altitude and decreasing water levels (see figure 1.2).

O(1D) + H2O −−→ 2•OH (R 2.1)

Other sources of OH are the photolysis of HONO and H2O2, and the reaction of HO2

with NO when the NO concentration is above 10 ppt. The oxidation of alkenes with
O3 (discussed further in section 2.3) also often gives large yields of OH and can be
an important night time source of OH. The OH radical is highly reactive and its
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Table 2.1: Estimated lifetimes of TMB, α-pinene and limonene with respect to different
oxidants in the atmosphere.

OH O3 NO3

Compound peaka 12 h
day timeb peaka 24 hb peaka 12 h

night timeb

TMBc 29 min 2.4 hrs 427 d 20.5 yrs 32 hrs 52 d

α-pinened 30 min 2.5 hr 16 min 4.7 hrs 16.5 s 10.8 min

limonenee 9.9 min 48 min 6.7 min 1.9 hrs 8.4 s 5.5 min
a peak concentrations [molecules cm−3]: 9.84*106 OH, 1.23*1013 O3 and 9.84*109 NO3 [2], b

average concentrations [molecules cm−3]: 2*106 OH, 7*1011 O3 and 2.6*108 NO3 [49], c kT MB+OH

= 5.75*10−11, kT MB+O3 = 2.2*10 −21[50], kT MB+NO3 = 8.8*10 −16[51], d and e from [2]: kap+OH =
5.5*10−11, kap+O3 = 8.3*10−17, kap+NO3 = 6.6*10−12, klimo+OH = 1.71*10−10, klimo+O3 = 2*10−16

(value for endocyclic double bond), klimo+NO3 = 1.2*10−11. All reaction rates in cm3molecules−1s−1

and calculated for TMB+OH and all α-pinene with T = 293.15K

concentration is controlled by in situ chemistry rather than transport processes. Typical
daytime concentrations range from 2 to 10*106 molecules cm−3 [2]. The nitrate radical
NO3 is formed by reaction R2.2.

O3 + NO2 −−→ O2 + NO3• (R 2.2)

NO3 dissociates rapidly by absorbing light in the red region of the spectrum to form NO2

and O(3P) or NO and O2. Because this process does not occur in darkness, nighttime
concentrations of NO3 can be as high as several hundred ppt in polluted atmospheres.
NO3 is in equilibrium with NO2, and forms gaseous dinitrogen pentoxide N2O5 as shown
in R 2.3.

NO3•+ NO2 −−⇀↽−− N2O5 (R 2.3)
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2.3 Ozonolysis

O3 exhibits specific reactivity towards carbon-carbon double bonds, attacking the
π electron system to form a high-energy intermediate known as a primary ozonide
(POZ). The POZ decomposes into a carbonyl and a carbonyl oxide via cleavage of
the central carbon-carbon bond (I) and one oxygen-oxygen bond (II or III) (scheme
2.1). Each decomposition pathway can form two isomers, with the outer oxygen of
the carbonyl oxide pointing to one of the substituting R-groups or the other. The
planar carbonyl oxide is known as the Criegee Intermediate (CI). The CI formed from
endocyclic compounds such as α-pinene is tethered to the carbonyl group and has the
same carbon number as its precursor. However, the carbon number is not preserved
when an exocyclic double bond is oxidized. Limonene is a special case in that it has
two chemically different double bonds that can be attacked by O3: one endocyclic and
one exocyclic. The attack on the endocyclic double bond proceeds much faster than
that on the exocyclic bond (7*10−18) [52]. Consequently, the dominant CI derived
from limonene will retain the carbon number of the parent compound and the carbonyl
group. The term CI* is used to denote a chemically activated CI with a high energy

syn - CI*

syn - CI*

POZ

POZ

I

anti - CI*

II

anti - CI*

III *

+ O3

O
O
O ·

H

O
O

O ·H

O
OO

R4

R3

R1

R2

R2R1

O

R4R3

O
O

C ·
R3 R4

O ·

O

C ·
R1 R2

O ·
O

O·

C ·
R3 R4

O
O·

C ·
R1 R2

R1

O
O

O

R4
R3R2

C H 3

C ·
H

O
O·O ·

O

C ·
H C H 3

+
+

+ O3 I

II
III

*

.

I / II I / III*

*

*

*

Scheme 2.1: Attack of O3 on an endocyclic double bond and subsequent formation of POZ
and CI*.
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content, whereas stabilized Criegee intermediates whose energy content is close to the
thermal energy are indicated by the term sCI [53]. Two CI* conformers can be formed,
one syn and one anti (figure 2.2). Their reactivities and structures differ; the outer
oxygen projects towards a hydrogen in the anti conformer and towards an alkyl group
in the syn conformer. There is a high barrier to interconversion of the two conformers,
so isomerization is not competitive with the other reactions these CIs can undergo.

Figure 2.2: Geometry of syn-and anti-
CI*.
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Scheme 2.2: Decomposition of syn-CI* via the VHP channel.
Hydrogen in the alkyl radical are omitted.

If O3 attacks the endo-
cyclic double bond of
limonene (R2 and R3
in scheme 2.1 form
a cyclic system), the
cleavage of bonds I
and II can form either
a syn- or an anti-CI*.
Cleavage of bonds I
and III generates only
the syn-CI* and yields
a carbon radical that
is more stable than
the one resulting from
cleavage at I and II.
The reported branch-
ing ratios for the two
cases are 0.27 (I/II) and 0.73 ( I/III), respectively. It is currently believed that the
CI* can decompose via a range of reaction channels including the vinyl hydroperoxide
(VHP) channel, the ester/hot acid channel, and the oxygen elimination channel, or
become collisionally stabilised.

VHP channel
The OH-producing VHP channel (scheme 2.2) is always more energetically favourable
than the ester channel for the syn CI* and is therefore the preferred decomposition
pathway [53]. It proceeds via a 1,4 H-shift that forms a hydroperoxide and a carbon-
carbon double bond. The resulting VHP is unstable and decomposes via cleavage of the
hydroperoxide and double bond. This results in the formation of a carbonyl-bearing
alkyl radical and OH. This process is a significant source of atmospheric OH; OH yields
of 0.86 for limonene and up to 0.70-0.85 for α-pinene [2, 54] have been reported.
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Ester/acid channel
The possible 1,3 H-shift has a high energy barrier [53]. Therefore, instead of forming
an acyl radical + OH, anti CI* are more likely to cyclize to form a chemically activated
dioxirane (scheme 2.3a). The dioxirane will form a biradical in which one substituent will
migrate to form an ester, or, if an α- H is present (in the case of an anti CI*), a carboxylic
acid. The formed compound can decompose into a wide variety of products including
CO2, aklyl radicals (R1, R2), OH or acylradicals depending on its structure. Sufficiently
large esters or acids may be collisionally stabilised and thus avoid decomposition.

Oxygen elimination channel
CI* can dissociate to a carbonyl compound and O(3P) (scheme 2.3b) but the energy
barrier for this pathway is high [53] and branching ratios are generally low. Calvert et
al. [55] reported the upper limit of O(3P) elimination for α-pinene to be 3% and that
for smaller alkenes is even lower.

Collisional stabilisation and subsequent reactions
A sCI may be formed via collisional stabilisation of a CI*. In case of endocyclic alkenes
(e.g. limonene and α-pinene) the CI* and carbonyl compound are tethered together and
all the energy retained in the molecule is leaving no room for direct sCI formation [53].
Consequently, the yield of sCI formed by collisional stabilisation from endocyclic CI*
(15% for α-pinene) is smaller than that from exocyclic CI* (40% from β-pinene). More
collisions are needed to stabilize endocyclic CI*, so the stabilization process will be at a
competitive disadvantage to unimolecular reactions. The sCI can undergo unimolecular
and/or bimolecular reactions with compounds such as H2O, carbonyls and carboxylic
acids. Under atmospheric conditions the reaction with water is believed to be dominant,
but recent studies showed that sCI and carboxylic acids can form dimers that were also
found in ambient aerosol [56] and suspected to contribute to NPF [57]. If the endocyclic
alkene is large enough, the carbonyl oxide can react with the carbonyl group on the
other end and form a SOZ. This cyclisation is unfavourable for small sCI and sCI that
are hindered by ring strain (α-pinene), but SOZ can still be formed via bimolecular
reactions with other carbonyl compounds.
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Water channel
Water is ubiquitous in the atmosphere and will react with sCI. Anti-sCI react more
rapidly with water than substituted syn-sCI; the rate coefficients for this process can
span 5 orders of magnitude [53]. Given this wide range of reactivity towards water, it is
likely that some atmospheric sCI are consumed via other mechanisms. The reaction of
sCI with water (scheme 2.3c) proceeds via the formation of an α- hydroxy hydroperoxide
with excess energy. This species can be collisionally stabilised or it can decompose,
typically forming H2O2 and a carbonyl compound. However, if an α-H is present (i.e.
R1 or R2 is H), the decomposition process may instead yield a carboxylic acid and H2O
or an aldehyde and H2O2.

Reactions with carbonyls and carboxylic acids
Carbonyl compounds react with sCI and form SOZ that can decompose relatively
easily unlike compounds formed by the reaction of sCI and carboxylic acids (scheme
2.3d). The reaction of sCI with carboxylic acids leads to formation of thermally stable
high molecular weight compounds with an α-acyloxyalkyl-hydro peroxide group [53,
56–59]. Those dimers have low enough vapour pressures to potentially contribute to
new particle formation, unlike the products of the sCI + carbonyl pathway. Paper
I presents extensive studies on the formation of acyloxyalkyl-hydro peroxide bridged
dimers from α-pinene and O3.
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2.4 OH and NO3 initiated chemistry

The mechanism of oxidation by OH and NO3 differ from those of ozonolysis because
no POZ is produced. The initial reaction step in both cases is either H abstrac-
tion or electrophilic addition (see scheme 2.4). OH is a less selective oxidant than
NO3 or O3 (see table 2.1) and it is often called the detergent of the atmosphere.
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Scheme 2.4: Initial attack of NO3 and OH on un-
saturated (2.4a) or aromatic (2.4b) systems (TMB)
via H abstraction (I) or electrophilic addition (II).
The produced alkyl radicals react rapidly with O2
to form an alkylperoxy radical (2.4c).

OH can react by addition to a dou-
ble bond or aromatic system or by
H abstraction, depending on tem-
perature. At room temperature and
below, electrophilic addition dom-
inates. The reaction of NO3 with
aromatics is usually too slow to be
of atmospheric importance, but it
reacts rapidly with alkenes. H ab-
straction from a carbon preferen-
tially occurs at the site that yields
the most substituted and thus most
stable radical. Radical stability is
directly related to the strength of
the corresponding C-H bond, and
tertiary C-H bonds (bond strength:
96 kcal mol−1) are weaker than sec-
ondary (98 kcal mol−1) and primary
(101 kcal mol−1) C-H bonds [2]. The
reactions of aldehydes, alcohols and
carboxylic acids with OH are faster
than with NO3 and proceed via H
abstraction. The alcohol O-H bond
(104 kcal mol−1) is stronger than
the alkyl C-H bond (96 kcal mol−1),
so alkyl hydrogen atoms are ab-
stracted preferentially. Aldehydic
H are usually weakly bonded (87
kcal mol−1) and are abstracted in
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preference to alkyl hydrogens. Carboxylic acids form H-bonded complexes with OH,
leading to abstraction of the carboxylic H and the formation of RO and H2O. In ketones,
OH and NO3 abstract a H from the alkyl chain. In general, radical attack will produce
an alkyl radical (except in the case of carboxylic acids + OH) that rapidly reacts with
O2 to form an alkylperoxy radical, RO2 (scheme 2.4).

2.5 RO2 and RO chemistry

The lifetime and fate of RO2 radicals depends strongly on their environment, as shown
in the general overview (figure 2.3) of VOC degradation. At high NOx concentrations,
RO2 reacts rapidly with NO to form an alkoxy radical and NO2 (reaction R2.4).

Figure 2.3: General mechanism of OH
initiated oxidation of VOC, from Hallquist
et al. [5].

However, larger RO2 radicals may isomer-
ize and form stable alkyl nitrates (reaction
R2.5). Acylperoxy radicals may react with
NO2 to form so called PAN-like compounds,
which are semi-stable and can be transported
downstream of heavily polluted areas (re-
action R2.6). There they can decompose
into RO2 and NO2 again, thus introducing
pollutants to suburban or rural areas [60].
RO2 radicals can also react with HO2 or
other RO2 radicals to form a wide range
of products (reactions R 2.7-R 2.12). In bi-
molecular reactions with HO2, path R2.7
is believed to be dominant. Under anthro-
pogenically influenced conditions, the re-
action RO2 + NO will dominate over RO2 +

HO2, but in remote regions where HO2 and NO concentrations are roughly equal, (4-8
ppt), the removal of RO2 by HO2 can compete.

RO2•+ NO −−→ (ROONO)∗ −−→ RO•+ NO2 (R 2.4)

−−→ (RONO2)∗ −−→ RONO2 (R 2.5)

R(O)O2•+ NO2
M−−→ R(O)O2NO2 (R 2.6)
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RO2•+ HO2• −−→ ROOH + O2 (R 2.7)

−−→ carbonyl + HO2•+ O2 (R 2.8)

−−→ ROH + O3 (R 2.9)

Te reactions of bimolecular RO2 species are expected to proceed via the formation of
an excited intermediate (ROOOOR)* that decomposes into RO (via R 2.10), an alcohol
and carbonyl (via R 2.11), or a covalently bound peroxy-bridged dimer (via R 2.12)

RO2•+ RO2• −−→ (ROOOOR)∗ −−→ 2RO•+ O2 (R 2.10)

−−→ ROH + RCHO + O2 (R 2.11)

−−→ ROOR + O2 (R 2.12)

The RO radical may undergo intramolecular H abstraction (R 2.13), reaction with
O2 and subsequent formation of HO2 (R 2.14) or decomposition via β-bond scission
(R 2.15). Reaction R 2.14 requires the presence of an α-H. Intramolecular H abstraction
is more important for larger molecules and is unfavourable for compounds with fewer
than 4 carbon atoms. β-bond scission (R 2.15) produces a carbonyl compound and an
alkyl radical, which will react further. The reactions of RO with NO (R2.16) and NO2

(R 2.17) can also be important at sufficiently high concentrations.

RH−−RO• −−→ •R−−ROH (R 2.13)

RHO•+ O2 −−→ R(O) + HO2• (R 2.14)

R−RO• β−scission−−−−−−→ R•+ R(O) (R 2.15)

RO•+ NO −−→ RONO (R 2.16)

RO•+ NO2 −−→ RONO2 (R 2.17)
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2.6 HOMs formation

The intramolecular isomerization or auto oxidation of RO2 via H shifts (R 2.18) is known
to occur during the oxidation of organic compounds, high temperature combustion, and
food spoiling, but was thought to be irrelevant in atmospheric oxidation because of
large barrier heights [61]. The presence of functional groups in RO2 is now known to
lower this barrier height, and auto oxidation was recently proposed to be important for
HOMs formation in atmospheric systems [39]:

HR−−RO2•
H−shift−−−−−→ •R−−ROOH +O2−−→ RO2•−−ROOH −−→ −−→ (R 2.18)

RO2

 β bond scission

and further oxidation

+ O2

futher oxidation
and ring opening 

futher oxidation
and ring opening 

III
H shift
+ O2

I

II

+ O2

Scheme 2.5: HOMs formation from TMB via auto oxidation and
formation of multiple ring systems. Radical chain continuation
from scheme 2.4c.

This unimolecular re-
action was found to
be responsible for the
formation of low vola-
tility oxidation prod-
ucts in forested re-
gions with low NOx

emissions [18, 39]. RO2

molecules may survive
up to 100 s before
finding a suitable re-
action partner under
such conditions, leav-
ing enough time to for
auto oxidation. Auto
oxidation products are
termed HOMs, based
on their multi func-
tionality and and O/C
ratios above 0.6. They
are also known as

ELVOCs, because of their low vapour pressures. The two terms are often used inter-
changeably but recent studies [43, 44] suggest that not all HOMs are ELVOCs. In the
first step of HOMs formation, an RO2 radical is formed by the attack of an oxidant on
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a VOC and the resulting alkyl peroxy radical abstracts an H from another C, creating
a hydroperoxide functionality and a new radical center, to which O2 adds. This forms
a new alkyl peroxy radical, which continues the chain. This cascade reaction (R 2.18)
can be repeated several times, introducing several oxygen centers into the molecule
before being terminated by a uni- or bimolecular reaction. Mentel et al. [41] describe
possible termination reactions and the associated mass spectrometric patterns. The
reaction of RO2 (m/z = x) with HO2 (reaction R2.7) can lead to the formation of a
hydroperoxide (m/z = x + 1), while reactions of one RO2 radical with another can lead
to the formation of a carbonyl (m/z = x - 17) and a hydroxy compound (m/z = x – 15)
via reaction R 2.11 or dimer formation (m/z = 2x – 32, with O2 as the leaving group in
reaction R 2.12). The reaction between RO2 and NO or another RO2 can result in the
formation of RO (m/z = x - 16). In the latter case, an internal H shift may lead to the
formation of a hydroxyl and subsequently an alkyl peroxy group, which can participate
in further autooxidation sequences. The sequences will be shifted by 16 in the latter
case, and the resulting termination products may overlap. Aromatic compounds may
give rise to bicyclic or multicyclic peroxy radicals. Scheme 2.5 shows potential HOMs
formation pathways from TMB. Pathway I is the postulated fate of bicyclic peroxy
compounds after reaction with RO2 [2], and pathway II is that suggested by Molteni et
al. [62], which introduces a second oxygen bridge. Pathway III, postulated by Wang
et al. [63] for isopropylbenzene, proceeds via a H-shift and subsequent addition of O2

to the resulting alkyl radical. The formation of different HOMs generations based on
the numbers of OH attacks was described in a recent publication by Molteni et al. [62].
The oxidation of TMB (C9H12) resulted in HOMs with 12, 14, and 16 H. Compounds
with 12 H were classified as first generation HOMs formed by the reaction of OH with
TMB. Compounds with 16 H originated from the reaction of OH with first generation
HOMs, while compounds with 14 H could have originated from either first or second
generation radicals, depending on the termination reaction. The recombination of RO2

may lead to dimer formation. When this happens, the number of H in the dimer will
depend on the generation of the recombining RO2: it will be 26 H if two first-generation
RO2 recombine, 28 H for the recombination of a first and second generation species,
and 30 H for the dimerisation of two second generation RO2.





3
Materials and methods

State-of-the-art scientific instrumentation was used to study and understand the com-
plexity of atmospheric oxidation. This chapter introduces the experimental tools and
instruments used in this thesis.
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3.1 G-FROST

The Gothenburg Flow Reactor for Oxidation Studies at low Temperatures (G-FROST)
is a laminar flow reactor mounted vertically in a temperature-controlled housing
and is used to study oxidation processes (typically with O3 and NO3 as the oxi-
dants) in the dark. It was used in Paper I, Paper II and Paper III. The reactor
is a 191 cm long pyrex glass cylinder that is coated with halocarbon wax and has
a diameter of 10 cm. Oxidants and VOCs are added to the cylinder via separate
lines. The humidity in the system is controlled by bubbling zero air (Linde Gas,
Model N-GC6000) through a temperature-controlled gas wash bottle filled with Milli-
Q® water and is measured with a Michell dew point meter in the exhaust flow.

O2

Zero 
air

N2

Milli-Q®

VOC

2-butanol 

Pen-Ray®
UV-lamps

O3

D
M

A CPC

HR-ToF-CIMS

gas phase
particle phase

FIGAERO

N2O5

Figure 3.1: Schematics of G-FROST connected to the FIGAERO
- ToF - CIMS and SMPS where either O3 or NO3 (from N2O5,
see R 2.3) can be used as oxidant. Adapted from Paper II and
Paper III.

VOCs are added by
passing N2 over a char-
acterized capillary dif-
fusion cell and their
concentration is ad-
justed by changing
the temperature of the
aforementioned source.
The total inflow into
G-frost is 1.6 lpm and
the outflow through
a funnel-shaped sam-
ple outlet is 0.96 lpm.
Only the central part
of the flow is taken
for further analysis to
reduce wall effects on
the formed aerosol, re-

sulting in a median residence time of 240 s. O3 is produced outside G-FROST by
photolysing pure O2 using UV light (UVP Pen-Ray® Mercury Lamps hv = 185 nm)
according to reactions R 1.1 and R1.2. O3 concentrations are adjusted by changing
the exposure of O2 gas to the UV lamps. The ozonolysis of alkenes can result in large
OH yields (see scheme 2.2). To study pure ozonolysis without OH-induced secondary
chemistry, OH scavengers are used. 2-butanol is a commonly used OH scavenger that
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reacts with OH to form methacrolein and HO2 with a yield of 64% [64] and thus alters
the radical population by increasing the HO2/RO2 [65]. To produce NO3 radicals, solid
N2O5 synthesised by reacting O3 with pure NO2 and passing the flow through a cold
trap (- 78.5 ◦C) is placed in a diffusion vial and held at constant temperature (-23◦C).

3.2 Go:PAM

The Gothenburg Potential Aerosol Mass chamber (Go:PAM) is a quartz flow reactor
with a length of 100 cm and a diameter of 9.6 cm. The original PAM was introduced
by Kang et al. [66]; it was improved and further developed into Go:PAM by Watne
et al. [67]. The sample flow is added to the center of the flow tube and the oxidant
flow containing O3 and H2O is introduced through a perforated disk to ensure even
distribution of oxidants over the tube’s cross-section. O3 is produced outside of Go:PAM
using the same method as for G-FROST. Only the central part of the laminar flow is
collected (via a funnel) for further analysis to reduce wall effects. Go:PAM can generate
OH radicals for oxidation studies via O3 photolysis in the presence of water vapour
(R 1.3 followed by R2.1). Photolysis is induced by two 10 W Phillips UV lamps (hv
= 254 nm) mounted outside the glass cylinder. The rate of OH radical production is
varied by changing the O3 and H2O concentrations and measured indirectly based on
the decay of SO2 [66]. Go:PAM was used in Paper I and Paper IV.

3.3 FIGAERO - ToF - CIMS

The FIGAERO - ToF - CIMS consists of two separate units, the Filter Inlet for
GAses and AEROsols (FIGAERO) and the Time of Flight Chemical Ionization Mass
Spectrometer (ToF - CIMS), both developed by Aerodyne. A wide range of ions can be
used for chemical ionization; in this thesis acetate (CH3COO– ), iodide (I– ) and nitrate
(NO –

3 ) ions were used.
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3.3.1 ToF - CIMS

A mass spectrometer can only detect ionized species. Several methods exist to convert
neutral molecules into ions, one of which is chemical ionization. The advantage of chem-
ical ionization is that it is a relatively soft method that causes minimal fragmentation
of the targeted molecule and so preserves molecular information. Another advantage of
chemical ionization is that the ionizing agent can be selected to target specific functional
groups. Acetate ions in declustering mode are used to specifically ionize acids [68],
minimizing sensitivity to non-acidic compounds. Iodide selectively ionizes oxygenated
or nitrogen-containing compounds [69] by H-bonding and clustering with alcohols, acids,
and aldehydes. Acetate is thus more selective than iodide and provides additional
information on functionalization. To generate acetate reagent ions, a flow of 0.02 lpm
acetic anhydride in ultra-high purity (UHP) N2 (C4H6O3 Sigma Aldrich, puriss p.a.
≥ 99%, kept in a gas wash bottle at 20◦C) was merged with 2.2 lpm UHP N2 before
passing through the ionizer. Iodide ions were generated by passing UHP N2 over a
lab-built permeation tube kept at room temperature and filled with CH3I (Alfa Aesar,
99%) before passing through the ionizer. In both cases, the ionizer was a commercially
available 210Po source (NDR, P-2021, α-emitter) and electrons are generated according
to reaction (R 3.1):

N2
He2+
−−−→ N +

2 + e− (R 3.1)

The reagent was then ionized by dissociative electron attachment (R 3.2 and R3.3).

CH3I + e− −−→ I− + CH3• (R 3.2)

C4H6O3 + e− −−→ CH3COO− + CH3CO • (R 3.3)

Highly oxidized compounds (O/C > 0.6) can be detected as adducts by means of NO –
3

chemical ionization atmospheric pressure inlet time of fight (CI - API - TOF) mass
spectrometry [18, 41, 70]. Instead of the Ion Molecule Reaction Chamber (IMR) used in
acetate and iodide ionization mode, the "wall less" Eisele inlet [71] was used to measure
low volatility compounds. Unlike the IMR, which has turbulent mixing, the nitrate
inlet is a coaxial laminar flow tube with a sheath flow consisting of clean air and HNO3

vapor that is ionized near the inlet of the flow tube (R 3.4).

(HNO3)n + e− −−→ (HNO3)n−1 · NO −
3 (R 3.4)
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The source of α-particles in the nitrate inlet is 241Am and the release of electrons
happens according to R 3.1. The sample is added to the middle part of the sheath flow
and wall contact is minimized. Sample molecules form negative clusters with NO –

3

(R 3.5) and a negative voltage applied to the walls helps prevent wall losses. Strong
acids such as H2SO4 may be deprotonated in the process(see R 3.6).

(HNO3)n−1 · NO −
3 + MH −−→ (HNO3)n−1 + NO −

3 · MH (R 3.5)

(HNO3)n−1 · NO −
3 + MH −−→ (HNO3)n−1 + HNO3 + M− (R 3.6)

The nitrate inlet is subsampled with a critical orifice and the ion clusters are preserved
on their way to the ToF region. Compounds ionized by iodide or nitrate will be detected
as clusters whereas acetate-ionized compounds will be declustered and the carboxylic
acid group deprotonated. These different treatments require a tunable environment,
which the ToF - CIMS provides. The ToF - CIMS consists of five differentially pumped
chambers, and is depicted schematically in figure 3.2.

In the IMR, iodide or acetate ions react with the sample gas, whose admission is
regulated via a critical orifice (1.9 lpm) and which flows orthogonally to the reagent gas
from the ionizer (admitted at 2 lpm via a critical orifice supplied by O’Keefe Controls
Co.). The IMR is kept at a pressure of 90 mbar during acetate ionization (R 3.7) and
200 mbar during iodide ionization (R 3.9), by throttling the Varian SH-112 Dry Scroll
Vacuum Pump accordingly. The reagent ions react with the sample molecules for a
duration of 0.1 s before being sub-sampled via another critical orifice into the Collisional
Dissociation Chamber (CDC). When using nitrate ionization, the Eisele inlet, operating
at atmospheric pressure, is mounted to the CDC instead of the IMR. The CDC contains
a Small Segmented RF-only Quadrupole (SSQ) and is kept at 2 mbar by pumping with
a TriScroll 600 Series Dry Scroll Vacuum Pump. The 6 segments of the SSQ enable the
creation of an electric field to dissociate or preserve weakly bound molecular clusters,
depending on the electrical field strength. To preserve clusters during iodide ionization,
a weak electric field is applied in the SSQ. Conversely, during acetate ionization, a
strong electric field is applied to destroy clusters (R 3.8). In the latter case, dissociation
probably occurs between the exit of the CDC and the entrance aperture of the next
Big Segmented Quadrupole (BSQ) [72].

CH3COO− + MH −−→ CH3COO− · MH (R 3.7)
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Fig. 1. Schematic of the chemical ionization source and four stage (S1–S4) differentially pumped interface coupled to the time-of-flight
mass spectrometer (TOFMS, 5× 10−7 mbar). The high pressure interface consists of: (i) ion-molecule reaction (IMR) chamber (S1,
85 mbar), (ii) collisional dissociation chamber (CDC) (S2, 2 mbar), (iii) stage 3 that houses a second RF-only segmented quadrupole (S3,
1.5× 10−2 mbar), and (iv) stage 4 that houses a series of DC optics that focus and accelerate the primary beam into the TOFMS (S4,
3.5× 10−5 mbar). DC voltages applied to the focusing electrodes under two different declustering conditions, are shown in the inset figure,
as a function of the distance from the entrance aperture.

aperture is electrically biased to−40 V and followed by a
weak electric field along the axis of the CDC quadrupole.
The CDC electric field can be tuned to either transmit or
dissociate weakly bound clusters with less than 10 % im-
pact on the total ion throughput, as discussed below. The
CDC pressure is controlled to 2 mbar by a 250 l min−1 dry
scroll pump (Varian TriScroll 300) that also serves as a back-
ing pump for the split-flow turbo pump used in the down-
stream, low-pressure stages. The focused ion beam exits the
CDC through a 1 mm, electrically biased aperture into a sec-
ond RF-only quadrupole, housed at 1.5× 10−2 mbar. The
ion beam is then directed into the fourth stage of differential
pumping, held at 3.5× 10−5 mbar, which houses a series of
DC optics that focus and accelerate the primary beam into the
orthogonal extraction, reflectron TOFMS (5.0× 10−7 mbar).
The interface stages tailor the spatial and energetic profile
of the primary ion beam to match the requirements of the
OETOFMS. This work uses a compact TOFMS to achieve
high sensitivity; the same ion source and interface is also
suitable for higher resolution TOFMS platforms (Junninen
et al., 2010). The second quadrupole chamber, the DC op-
tics chamber, and the TOFMS are pumped by three isolated
stages of a split flow turbo pump (Pfeiffer), with speeds of 20,
155, and 200 l s−1, respectively. The compact TOFMS has
an effective ion path length of approximately 0.5 m, and is
configured for analysis of positive or negative ions. Typical

extraction frequencies in this work were on the order of
15 µs (66 kHz), corresponding to a recordedm/Q range of
0–200 thomson (Th, 1 Th = 1 u e−1). In its current configu-
ration, the CI-TOFMS, excluding the two scroll pumps and
power supplies, is contained within a 50 cm× 40 cm× 40 cm
frame, permitting it to be deployed to a wide range of sam-
pling platforms.

2.2 Data acquisition and signal quantification

TOFMS timing, data acquisition, and data storage are con-
trolled by the Tofwerk TofDaq software package running on
a dual-core PC (Dell Precision R5400 Rack Workstation,
2 GB RAM, RAID0 disk). The output of the microchan-
nel plate (MCP) detector of the TOFMS is passed to an 8-bit
PCI analog-digital converter (ADC, Acqiris AP240, Agilent,
Geneva, Switzerland), which digitizes and records data on
two channels at 1 GS s−1. Signals recorded on the first chan-
nel are amplified by a factor of 11 upstream of the ADC;
the second channel records the un-amplified MCP output.
The offsets of the two channels are adjusted so that the sec-
ond channel records only those portions of the signal that
exceed the full scale of the first. The TofDaq acquisition
software sums the signal waveforms from the two channels,
with normalization for the difference in amplification. This
two-channel procedure extends the dynamic range of the
8-bit ADC, and is necessary to quantify the large reagent
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Figure 3.2: Schematic depiction of the HR - Tof - CIMS [72] used with varying ionisation
methods in Paper II, Paper III and Paper IV.

CH3COO− · MH −−→ CH3COOH + M− (R 3.8)

I− · (H2O)n + M −−→ n(H2O) + MI− (R 3.9)

The BSQ, ion lenses and the ToF region are pumped by a Pfeiffer Split-Flow 310 turbo
pump and pressures decrease from approximately 1*10−5 mbar in the BSQ to 1*10 −6

mbar in the orthogonal ToF extractor. The BSQ and ion lenses focus the ion beam
further to match the requirements of the ToF. Ions are accelerated by a DC pulse and
the time from extraction to hitting the multi- channel plate is in on the order of 1 - 50
µs.. The ToF t is related to the mass m and charge z of an ion by equation 3.1.

t = k ∗
√
m

z
(3.1)

with the constant k being determined by mass calibration (measuring the ToF of ions
with known m/z). This extraction happens very rapidly (50kHz) and data for successive
extractions are averaged and saved at a typical rate of 1Hz.
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3.3.2 FIGAERO

The ToF - CIMS can only measure molecules in the gas phase, so to analyse the chemical
composition of the particulate phase, all condensed phase molecules must be brought
into the gas phase. The FIGAERO inlet, which is described in detail by Lopez-Hilfiker
et al. [73], is a multi-port add on for the Tof - CIMS system and is mounted on the inlet
part of the IMR. FIGAERO enables the analysis of gas phase chemical composition
while simultaneously collecting particles on a 25mm 1µm PTFE (Zefluor™) filter. After
collecting particles on the filter, it is automatically moved by an actuator arm to the
desorption position and the gas phase sampling port is blocked. The collected particles
are desorbed with heated N2 and their chemical composition is analysed. The whole
system is automated, and the collection and desorption times as well as the temperature
profile are programmable.

3.3.3 CIMS data analysis

Data obtained from the ToF - CIMS were analysed using the data analysis package
“Tofware” (www.tofwerk.com/tofware) written in the Igor Pro (Wavemetrics, OR, USA)
environment. Before analysis, the raw data were pre-averaged to 0.0167 Hz (1 min) with
the Tofware pre-averaging function to optimise processing time. Instrument functions
such as the mass spectral baseline, integration regions for unit mass stick data, and peak
shapes and peak widths as functions of m/z were determined. Generally, only reagent
ion peaks and mass calibrants were used to derive empirically determined peak shapes to
avoid double peaks. These user-defined peak shapes were used for mass calibration, and
the calibrants were chosen to cover a wide range of m/z. Perfluorinated heptanoic acid
(PFHA) was added as mass calibrant because of its high molecular weight and ability to
be detected by all three ionisation schemes. One or more peaks were fitted to the mass
calibrated spectrum at each m/z, and chemical formulas were assigned to each peak.
Isotope patterns were calculated relative to the fitted amplitude of the parent peak
and constrained in the HR peak fitting. To construct a thermogram from FIGAERO
data, the signal intensity from the HR fitting of a compound assigned a specific m/z
was plotted against the desorption temperature. The peak area and temperature of
maximum signal intensity (TMax) were obtained using the GUFIT algorithm.





4
Results and discussions

Chapter 4 answers the research questions posed in section 1.3. The key findings on dimer,
nitrate and carboxylic acid formation from α-pinene, limonene as well as TMB oxidation
are covered. Paper I - Paper III focus on the oxidation products and mechanisms of α-
pinene and limonene, while Paper IV deals with the influence of NOx on the oxidation of
TMB. Paper V discusses the GUFIT algorithm developed for data analysis in Paper III
and shows how it can be used for vapor pressure estimations. This chapter summarizes
the results of four published peer-reviewed papers (Papers I - III and V) and one
manuscript in preparation (IV).
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4.1 Dimer formation

Paper I-Paper III and Paper IV present studies on the formation of dimers from α-
pinene, limonene and TMB . The experiments reported in all four papers were done
using the G-FROST or Go:PAM facility in Göteborg, and oxidation products in the
gas and particle phases were detected with different mass spectrometric methods.
As reported in Paper I, 28 different dimeric esters were detected in the particle phases
of SOA samples generated by oxidizing α-pinene with O3 in the laboratory. All of
them exhibited similar fragmentation patterns in the UHPLC/MS analysis, suggesting
that they were formed from similar monomeric units. Conversely, dimer formation
was largely suppressed when α-pinene was oxidized with OH in the PAM chamber.
Dimers comprised 5-16% of the mass of SOA formed by ozonolysis but were absent
from the gas phase, presumably because of their low vapour pressures. Of the 28 dimers
found in the laboratory experiments, 15 were previously detected in ambient aerosol
samples collected in Hyytiälä, Finland. The absence of dimers in the OH-initiated
experiments indicates that O3 is crucial in their formation, and Paper I suggests that
they are formed via the gas phase reaction of sCI with carboxylic acids. The theory
of gas phase production of dimer esters is supported by recent ambient measurements
reported by Mohr et al. [19] and a laboratory study by Zhang et al. [74]. Dimers
may also form via the self-coupling of RO2 radicals (see reaction R2.12), which will
become increasingly significant as the concentration of precursors increases [75]; this
process should not be limited to O3-initiated oxidation. However, Paper I shows
that the concentrations of the 8 most abundant dimers increased with the levels of
HO2/RO2, suggesting that they were primarily formed via reactions involving sCI and
carboxylic acids rather than RO2 self-coupling. The levels of the other 20 dimers fell
in the presence of OH scavengers, suggesting that although O3 is essential for the
initial oxidation step in dimer formation, OH promotes the formation of certain esters,
probably by influencing carboxylic acid formation. Experiments under humid conditions
showed that dimer formation increased with humidity, which is not entirely consistent
with the assumed predominance of the sCI + water reaction. However, no general
dependence on humidity was observed for carboxylic acids. The concentrations of
dimer esters derived from α-pinene in the ambient Hyytiälä samples was relatively
high (∼1% of total PM1), and their low volatility paired with their rapid gas phase
formation indicates that they may be important contributors to NPF and particle growth
in the atmosphere. While Paper I focused on dimers derived from α-pinene, many
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other VOCs can undergo dimerization processes similar to those that were observed.

Scheme 4.1: Dimerisation mechanisms involving car-
boxylic acids and a sCI formed from limonene (upper)
and limononic acid (lower) oxidation

Paper II describes the for-
mation of dimers during NO3-
initiated oxidation of limonene.
These dimers resided almost
entirely in the particle phase
and accounted for 37 ± 7%
of the particle phase signal on
average. Dimer species hav-
ing more than 10 carbons were
found in the m/z range of 580-
700 (clustered with iodide) and
can be regarded as ELVOCs.
Consequently, they are likely
to play key roles in SOA for-
mation and NPF [18, 19]. The
two dominant dimer families
(which had 10 members be-
tween them) were the dinitrate
dimers C19H28N2Ox with x =
10-15 and C20H29NOy with y
= 14-17. These species have
Tmax desorption temperatures
of 100 - ∼160 ◦C and their ther-
mograms feature double peaks, which were attributed to thermal decomposition frag-
ments from even higher order oligomers. The O/C ratios of the dimers observed in
this work were lower than those of the corresponding monomers. Unlike in Paper I,
where dimerization was attributed to the reaction of sCI and carboxylic acids, the
dimerization observed here was presumed to involve the loss of NOx or HNO3, which
could explain the dimers’comparatively low O/C ratios. The results presented in Paper
II cannot support any firm mechanistic conclusions, but because the experiments were
performed under dry conditions, direct hydrolysis of monomers was unlikely. With the
thermodynamically stable HNO3 as a leaving group, the reaction would produce dimers
with lower O/C ratios than the parent monomers, in accordance with reactions R 4.1
and R4.2.
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C10H15NO6 + C10H15NO8 −−→ C20H29NO11 + HNO3 (R 4.1)

C10H16N2O9 + C9H13NO8 −−→ C19H28N2O14 + HNO3 (R 4.2)

Owing to the loss of HNO3 in the dimerisation process, the fragments resulting from
thermal decomposition of the dimers will differ from those of the precursors involved in
their formation, and attributing monomer fragments to specific dimers is difficult.

Unlike the dimer formation processes studied in Paper II (up to 40% contribution of
dimer to particle phase signal), the limonene ozonolysis experiments described in Paper
III did not yield large amounts of detectable dimers (see figure 4.1). The FIGAERO
ToF-CIMS was used in both studies, but with different chemical ionisation schemes. In
the experiments described in Paper III, acetate was used as the reagent ion to specifically
target carboxylic acids. Dimerisation was suggested to occur by the formation of α-
acyloxyalkyl hydroperoxides in the gas phase from sCI and carboxylic acids followed by
partitioning into the particle phase; the resulting dimers should not be detected under
acetate ionization if their sole carboxylic group was lost in the dimerisation process.
Scheme 4.1 shows the possible formation of C18H28O8 and C19H30O7 by the reactions
of ketolimonic acid and limonic acid, respectively, with an endocyclic limonene sCI,
as well as the reaction of limononic acid and the limononic sCI to form C19H30O8.
All three dimers retain carboxylic acid groups, making them detectable under acetate
ionization.

HOMs dimer formation has been reported in previous studies and found to be important
for NPF [18, 41, 62]. Their formation in the gas phase was attributed to the RO2 self
reaction (R 2.7). Oxidation of TMB with OH radicals yielded 18C dimers with the
general formula C18H26–30O10-16 that generated ions in the mass range 460-560 m/z
(figure 4.4), as reported in II. The contribution of gas phase dimers to the overall signal
increased with the level of OH exposure, and the presence of NOx generally reduced
dimer formation. For example, the dimer contribution in experiment NOx3L (which
had a similar OH exposure to experiment 1 but a 3.5-fold higher NOx/4 TMB ratio)
was 57% lower than that in experiment 1. In experiment NOx9, which had a still lower
OH exposure and a higher NOx/4 TMB ratio, the dimer contribution was reduced
by a further 37%. Conversely, the monomer contribution in experiments NOx3L and
NOx9 were only 19% and 23% lower, respectively, than that in experiment 1. This
effect was less pronounced in experiments with high OH exposure. The contribution of
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dimers to the total signal was highest in experiment 3 and slightly lower in experiment
4 even though the latter had a higher OH exposure. Particle formation was observed in
experiment 4, so it is likely that some of the dimers (which have low volatility and a high
particle formation potential) were lost to the condensed phase. The contributions of the
dimers C18H26O10 and C18H28O11 in experiment 1 were 4.4% and 4.0%, respectively,
and these compounds generated the highest peaks in experiments 2 and 3 (figure 4.4a).
The oxidative generation of an oxidation product is determined by its H content, as
described in section 2.6. Dimer populations with 26, 28, and 30 H were observed; those
with 28 H predominated at higher OH exposures. R 4.3 implies that the rate of dimer
formation should increase with the square of the HOMs-RO2 concentration, so their
relative abundance should increase with the RO2 concentration. High OH exposures
lead to rapid TMB consumption and high RO2 concentrations in general.

HOMs−RO2•+ HOMs−RO2• −−→ HOMS−dimer + O2 (R 4.3)

This increased oxidation potential at higher OH exposures will also increase levels of
second generation RO2 (C9H15Ox) and thus the production of dimers with the formula
C18H28-30Ox. The second generation dimers with 30 H were generally less abundant
than other dimers, and made the greatest contributions in experiments 3 and 4.

4.2 Organo nitrate formation from limonene and TMB

Oxidation by the nitrate radical is important in nocturnal atmospheric chemistry, and
recent lab and ambient studies [76, 77] have emphasized the importance of organo
nitrates(ON) from monoterpenes for nocturnal SOA formation and as NOx reservoirs.
Paper II describes the nitrate-induced oxidation of limonene under dry conditions.
Several nitrated species (monomers and oligomers, differentiated strictly based on their
numbers of carbons) were observed and shown to contribute substantially to the gas and
condensed phase (89.5 ± 1.4%) signals. Compounds included in the MCM accounted
for only 43.5 ± 3.2% of the experimentally observed total monomer signal. All the
observed non-MCM species contained nitrogen and were highly oxidized (with over 6 O
atoms) or oligomeric. The strongest signals were attributed to species with 8-10 carbons
(see table 4.1). The dominant monomer family was C10H15NOx (where 5 < x < 9),
with C10H15NO6 being the dominant species in the gas and particle phases in most
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Table 4.1: Averaged contribution over all experiments for each family to the SOA signal
with Tmax ranges and number of species observed in each family. The number of monomers
that desorb at high temperatures are noted in parentheses. From Paper II.

experiments. Dinitrate formation results from secondary chemistry, which may be more
relevant for the doubly unsaturated limonene than for other monoterpenes. Some of
the acquired thermograms featured double peaks, which were attributed to thermal
fragmentation of oligomers at higher temperatures. Double peaks were most common
for monomeric species but also occurred for some dimers. For each compound, the first
temperature maximum value was taken to be the true Tmax. A clustering analysis was
performed using the measured Tmax, MW and carbon numbers as inputs. The best
clustering and separation of ions was achieved when a model based on five clusters
was adopted. Clusters 1 and 2 primarily contained C7-C9 and C9-C10 monomers,
respectively, with cluster 1 having slightly lower Tmax values. Cluster 0 consisted of
thermal fragments with 7-10 carbons that desorbed at T < 120◦C. 87% of cluster 1 and
69% of cluster 2 compounds had thermograms with double peaks and were therefore
also assigned to cluster 0. Clusters 3 and 4 contained more and less volatile dimers,
respectively. As the N2O5/limonene ratio increased, the fraction of detected dimers
decreased but the fraction of monomer signal desorbing at high temperatures increased.
This suggests that the absolute rate of dimer formation may be independent of the
N2O5/limonene ratio but the proportion of thermally unstable dimers rises as the ratio
increases.
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ON formation during OH-induced TMB oxidation at high NOx/VOC levels was reported
in Paper IV. These ON species were among the most abundant oxidation products
in all NOx experiments other than NOx1H , in which particle formation occurred and
which used a higher OH exposure than any other experiment with added NOx (see
table 4.2 and figure 4.3). The general stoichiometric formulae for the observed ON
compounds were C9H12-18NO6-13 and C9H12-18N2O8-15 (figure 4.4). The compounds
generating the strongest signal in experiment NOx1H (which used an NOx/4 TMB of
∼1) were C9H15NO10 (6.1.%), followed by non-nitrated HOMs. In experiment NOx3H
NOx/4 TMB ∼3) the dominant oxidation product was the ON C9H15NO10 (10.4%
contribution). Conversely, in experiment NOx3L (which used a similar NOx/4 TMB
but a lower OH exposure), the dinitrate C9H14N2O10 was the dominant product (10%
contribution). The contributions of first generation nitrates and dinitrates generally
increased with the NOx/4 TMB, as shown in table 4.2, and were highest in experiment
NOx9 NOx/4 TMB ∼9), where ON accounted for 70% of the total signal. This general
increase in ON levels was accompanied by a decline in particle formation. The reduced
levels of gas phase HOMs dimers and the absence of particles as possible condensation
sinks for those dimers suggests that NO may scavenge RO2 according to reaction R 2.5)
and form ON at the expense of dimers.

4.3 Carboxylic acids from limonene oxidation

Carboxylic acids may be very important in SOA formation because of their low vapour
pressures. Therefore, Paper III investigated the influence of radical chemistry, water,
and the oxidant concentration on their formation from limonene. A total of 33 experi-
mental conditions were examined, and the general effect of the studied parameters on
SOA formation were consistent with our previous findings (for example, SOA formation
was observed to increase with humidity) [78]. The number of different carboxylic acids
identified in the gas and particle phases greatly exceeded the numbers reported in
earlier limonene oxidation studies [79–84]. The most important acids in the gas and
particle phases, averaged over all experiments, were C7H10O3-4, C8H12O4-5, C9H14O4-5

and C10H16O3-4. The product distribution in all experiments was also calculated with
the MCM (v 3.3.1) to compare the measured carboxylic acid product distribution
to the expected one. The calculations suggested that the concentrations of most of
the acids should be strongly OH-dependent, and should be higher in the absence of
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2-butanol. Indeed, several MCM species were predicted to have near-zero concentrations
in the presence of 2-butanol. This was not consistent with the experimental results.
Additionally, the only acid whose concentration was predicted to be only weakly de-
pendent on humidity was C10H16O3. To assess the complexity of the gas and particle
phases, the summed contributions of the 10 most abundant acids to the total acid signal
were investigated. The particle phase was found to have a more complex composition
than the gas phase: the 10 strongest ion signals accounted for 56-91% of the total
signal in the gas phase and 47-92% of that for the particle phase. Figure 4.1 shows a
typical particle phase mass spectrum. Signals of monomeric acids (i.e. acids with 10
or fewer carbons) are observed between 130 and 250 m/z. Dimers with >10 carbons
generated signals above 300 m/z but were much less abundant (relative to monomeric
acids) than in other studies (see Paper I, Paper II and Paper IV) and their formation
is discussed in more detail in section 4.1. The experimental results show that the
acid signals were generally stronger under humid conditions. The positive correlation
between humidity and the signals of acids such as C10H16O3, C9H14O3 and C8H14O3

was especially clear in the presence of an OH scavenger, when oxidation proceeded
exclusively via ozonolysis. The strength of the particle phase acid signals correlated
positively with humidity, which is consistent with the findings of Jonsson et al. [78] who
attributed increases in the SOA number and mass to the formation of more low-volatile
species under humid conditions. Under low and medium O3 conditions, the acid signals
were stronger when mixed oxidation was permitted. At the highest O3 concentrations,
the acid signals were weaker when no 2-butanol was used to scavenge OH. Levels of
RO2, HO2 and OH correlated more strongly with the C10H16O3 and C9H14O3 signals
under dry conditions, highlighting the importance of radical chemistry when the water
pathways for CI breakdown are inaccessible. The higher the O3 concentration, the more
likely it is that the second double bond will be oxidised. The strength of the C7H10O2-3

signals correlated negatively with the O3 concentration in the presence of 2-butanol,
suggesting that these acids are unsaturated. C10H16O3 (limononic acid) and C8H14O3

(MCM compound C823OH), correlate positively with O3, which is surprising for unsat-
urated compounds; it may be that these species are formed more rapidly than they are
destroyed by ozonolysis. The negative correlation between the O3 concentration and
the strength of the acid signals is stronger under dry conditions and for acids with fewer
carbons. Under humid conditions, the O3 concentration correlates positively with signal
strength for most acids. These complex correlation patterns were not reproduced at all
by the MCM. A comparison of the calculation and of the experimental results shows
that in contrast to the predictions, many acids can be formed in the absence of OH.
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Figure 4.1: Representative mass spectrum of carboxylic acids in the particle phase formed
from limonene ozonolysis (1000 ppb O3 and 150 ppb limonene in the presence of 2-butanol).
The orange region shows the monomer products and the blue region dimer compounds. The
peaks at 319, 344 and 363 m/z are associated with the mass calibrant PFHA. From Paper III.

Scheme 4.2: Proposed reaction mechanisms for the unsaturated acids C10H16O3 (limononic,
R1), C9H14O4 (limonic, R2) and C9H14O4 (limonalic, R3) with O3. Possible oxidation
products are C8H10O5-6, C8H12O4-5, C9H12O5 and C9H14O4. From Paper III.
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For example, the current mechanism suggests that the levels of the C7 acids C7H10O4-5

(a) Additional source of C9H14O4-5 and C7H10O4.

(b) Fomation of C7H10O4.

Scheme 4.3: Proposed reaction mechanisms of OH with limononic acid (4.3a) and ke-
tolimononic acid (4.3b), from Paper III.

and C7H12O3 should be near 0 in the presence of 2-butanol, but both compounds
were formed in large quantities in experiments including the scavenger. Moreover,
the signals of many acids correlated quite strongly with humidity, whereas the model
suggests that only C10H16O3 should exhibit such a correlation. This discrepancy be-
tween the model and experimental results suggests that there are mechanisms involving
OH and water that are not taken into account in the current limonene mechanism.
Scheme 4.2 shows the proposed mechanisms for the reactions of limononic, limonic,
and limonalic acid with O3. In all three cases, the remaining double bond is at-
tacked and a C9 CI* is formed by splitting off formaldehyde. The reaction pathways
that are open to the CI* will provide additional sources of C8 and C9 acids such as
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C9H12O5, which (to our knowledge) has not previously been described in the literature.
The remaining double bond can also be oxidised by OH as shown in scheme 4.3a.

Figure 4.2: Contributions of the 10 most abundant acids aver-
aged over all experiments (A) and for experiment 1, which best
represents the atmospheric case (B). The top and bottom halves
of the wheels show gas and particle phase data, respectively.

Only unsaturated acid
products can react
with O3. Oxidation
by OH is a possible
sink for saturated com-
pounds; in the case
of C8H12O5 (scheme
4.3b), this may lead
to the formation of
C7H10O4. Figure 4.2
A shows the contribu-
tions of the 10 most
abundant compounds
in the gas and particle
phases averaged over
all experiments. Re-
sults for the experi-
mental conditions most closely resembling atmospheric conditions (low concentra-
tions of O3 and limonene concentrations, high humidity, and no 2-butanol) are shown
in figure 4.2 B. The reaction mechanisms proposed in Paper III qualitatively ex-
plain 65% of the gas phase and 50% of the particle phase composition, on average.
For the atmospheric case, 74% of the gas phase and 42% of the particle phase sig-
nals are explained qualitatively by the reaction mechanisms proposed in Paper III.
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Table 4.2: Reaction conditions and particle production in different experiments. NOx/4
TMB ranged from 0.1 to ∼9. 4 TMB (ppb) and OH exposure (*1010 s*molecules*cm−3)
were explicitly calculated in Facsimile. Particle number density is reported in #cm−3. The
contributions of different HOMs and nitrate generations are reported as percentages of the
total oxidation product signal.

1 2 3 4 NOx9 NOx3L NOx3H NOx1H
NOx/4 TMB 0.93 0.51 0.1 0.11 9.11 3.52 3.2 1.17
OH exposure 0.35 0.71 3.77 21.1 0.63 0.79 3.06 9.1
4 TMB 5.4 9.9 26.3 30 9 10.9 24.6 29.8

particles - -
60
± 14

1610
± 217

- - -
170
± 50

C9H12Ox 11.3 7.8 3.5 5.4 8.5 9.3 5.9 5.4
C9H13Ox 5.7 4.5 3.3 2.1 6.0 7.0 5.6. 4.2
C9H14Ox 8.3 10.8 9.9 17.4 4.3 6.6 8.0 13.0
C9H15Ox 5.6 7.2 9.3 4.1 2.4 3.3 4.6 4.7
C9H16Ox 4.8 8.0 7.7 14.5 1.5 2.5 4.8 10.3
C18H26Ox 8.5 9.1 8.5 9.2 0.8 2.0 2.7 6.0
C18H28Ox 7.1 9.9 9.3 11.0 0.4 1.2 2.6 6.9
C18H30Ox 0.7 1.0 2.3 2.6 0.4 0.4 0.9 1.7
C9H13NOx 6.2 4.7 0.6 0.6 26.8 17.1 10.1 4.8
C9H15NOx 6.4 5.6 0.7 0.9 3.7 10.3 14.5 8.5
C9H14N2Ox 2.1 1.7 0.9 1.1 18.7 11.8 7.5 1.9

Figure 4.3: Relative contributions of different compound classes to the total signal.
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4.4 Effect of NOx on HOMs and particle formation

The products of OH-initiated TMB oxidation in NOx-free environments have been
identified as HOMs and are linked to potential NPF in urban environments [62, 63].
HOMs formation relies on RO2 radical propagation reactions, but RO2 can be scavenged
by NO and transformed into ONs or RO. Paper IV examined the effects of NOx on HOMs
formation and particle formation potential by studying TMB oxidation at NOx/VOC
ratios commonly observed in polluted urban environments [85]. A kinetic box model
based on the MCM [86] and extended with HOMs formation reactions [18, 87, 88] was
used to simulate the chemistry under these conditions in Go:PAM. The formation of
HOMs monomers and dimers as well as ON with one or two N was observed, producing
ions in the mass 270-560 m/z as shown in figure 4.4. The observed +16 m/z pattern in
the mass spectra (which stems from RO isomerization and subsequent RO2 formation)
and the observed H patterns are consistent with previous studies on HOMs formation
and termination reactions [41, 89, 90]. The monomers detected in this study had the
general formula C9H12-16O6-11. HOMs compounds were the dominant products in all
experiments without added NOx. The contributions of first generation HOMs monomers
(C9H12Ox) and first generation open shell species (C9H13Ox) decreased with increasing
OH exposure, while the opposite was true for the contributions of C9H14Ox, second
generation HOMs (C9H16Ox), and C9H15Ox radicals because of the greater likelihood
of a second OH oxidation step. The bulk contribution observed in experiment 4 was
similar to that in a recent study on HOMs formation from TMB by Molteni et al. [62],
but those authors observed higher contributions of C9H14Ox and C18H26Ox compounds.
Substantial particle formation (1610 ± 217 cm−3) was observed in experiment 4, which
used the highest OH exposure. However, elevated NOx levels suppressed particle
formation. Given the observed increase in ON levels and the simultaneous decrease in
dimer levels and particle formation in experiments with added NOx, we propose that
the general reaction HOMs-RO2 + NO competes with HOMs-RO2 self-reaction, and
that the reduction in dimers is responsible for the reduced particle formation potential.
More specifically, we suggest that first and second generation nitrates, and dinitrates,
are formed by reactions R 4.4 - R 4.8. First generation (HOMs-)RO2 compounds can be
terminated with NO to form first generation nitrates (R 4.4); similarly, second generation
(HOMs-)RO2 form second generation nitrates upon NO termination (R 4.5).
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(a) Mass spectra of experiment 4 (dark blue) and experiment 3 (light blue). Dimer formation was
reduced in experiment 1, which used the highest OH exposure, probably because of condensational
loss to particles.

(b) Nitrate formation increased with the NOx/VOC ratio, and dimer formation was suppressed. The
dominant nitrates were C9H15NO10 and C9H14N2O10.

Figure 4.4: Overview of the product distribution from OH-initiated TMB oxidation. Signals
in the m/z ranges 270-330 and 450-560 are attributed to monomers (C9) and dimers (C18),
respectively.Figure 4.4a shows results for experiments 3 and 4, while figure 4.4b shows results
for experiments NOx1H and NOx3H .
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C9H13O5−11•+ NO −−→ C9H13NO6−12 (R 4.4)

C9H15O7−11•+ NO −−→ C9H15NO8−12 (R 4.5)

The first generation nitrates, C9H13NO7-8, were among the 10 most abundant compounds
in experiments NOx3L and NOx9. These ON can be formed from the radicals C9H13O6

and C9H13O7, respectively. The even oxygen number of C9H13O6 indicates that the
compound must have undergone a transformation to RO (via reaction with RO2 or NO)
and a subsequent H-shift followed by further O2 addition [41]. The contributions of
second generation nitrates increase with OH exposure because of the greater likelihood
of second generation HOMs-RO2 production. The RO2 precursors of C9H15O7-8 are
probably species that underwent termination early in the radical chain process and so
are not classified as HOMs (i.e. C9H14O4-5). Second generation nitrates may form via
the attack of OH on first generation nitrates if the radical chain is terminated via a
(R 4.6) or hydroperoxyl (R 4.7) forming pathway:

C9H14NO8−12•+ RO2 −−→ C9H15NO8−12 + R−−O (R 4.6)

C9H14NO8−12•+ HO2 −−→ C9H15NO8−12 + O2 (R 4.7)

The formation of the most abundant dinitrates, which have the formula C9H14N2O8-12,
must involve the attack of OH on a nitrated compound, C9H13NO6-10, and termination
of the RO2 radical chain with NO (R4.8

C9H14NO7−11•+ NO −−→ C9H14N2O8−12 (R 4.8)

The precursor species C9H14NO7 would in this case be formed by the attack of OH
on the smallest possible nitrate C9H13NO4 (formed by NO termination after one auto-
oxidation step). The formation of PAN-like compounds (R 2.6) cannot be ruled out as
a nitrate formation mechanism, but is likely to require a stabilizing carbonyl group on
the peroxy-bearing carbon.
The kinetic box model’s predictions agreed well with the observed levels of bulk
monomers, dimers, and ON. We successfully described the system’s general behaviour
using the dimer formation rate coefficient of 2*10−12 cm3molecules−1s−1 proposed by
Zhao et al. [88], which is two orders of magnitude smaller than that suggested by
Berndt et al. [87]. The formation of monomer species or RO from the RO2 self-reaction
was modeled using an assumed rate constant of 1*10−12 cm3molecules−1s−1.
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4.5 GUFIT and VP estimates

During the work on Paper III, it was discovered that FIGAERO thermograms can be
rather challenging to analyse. These thermograms may feature multiple peaks; in such
cases, it is assumed that the first peak corresponds to the compound evaporating from
the filter and subsequent peaks are due to fragments of thermally unstable oligomers,
as discussed in Paper II. Single thermograms can be evaluated manually to determine
TMax, but such assessments are impractical when dealing with large datasets based
on time series or when many compounds are to be investigated (as is the norm when
analysing complex aerosols). These problems were overcome by developing the GUFIT
algorithm, which automatically extracts peak areas and TMax values from (multipeak)
FIGAERO thermograms (see figure 4.5). This algorithm was developed while evaluating
the data presented in Paper III and is discussed further in Paper V

GUFIT was written in Python 3.6.0 using the NumPy (v 1.11.3), SciPy (v 0.19.1), lmfit
(0.9.6) and pandas (v 0.19.2) libraries. Thermogram data are loaded into Python and
corrected to account for the flow difference between sampling on the filter (4lpm) and
desorption from the filter (2lpm). Estimated TMax values used as the initial parameters
in the fit function are calculated by finding minima in the slope of the thermogram.
The exponentially modified Gaussian (EMG, equation 4.1) [91, 92], a Gaussian function
convoluted with an exponential decay function, is used as the single peak shape for the
model:

f(x) = A

2τ exp
[(
W

2τ

)2

+ T − x
τ

][
erf

(
x− T√

2W
− W√

2τ

)
+ 1

]
(4.1)

Here, A is the area, T is TMax, W the width of the Gaussian, τ the exponential damping
term, and erf is the error function. The initial guesses were empirically determined for
the 3 terms A (equation 4.2), W (equation 4.3) and τ (equation 4.4) and were calculated
from TMax and the signal intensity H at TMax :

A = H
√
W

0.3989 (4.2)

W = TMax

2 (4.3)

τ = TMax (4.4)
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The following, empirically determined, constraints were set for the parameters for EMG
1, 2 and 3:

EMG1 A1: min = 0.0001, max = inf; T1: min = TMax1 - 10, max = TMax1 + 3; W1:
min = 0, max = 30; τ1: min = 0, max = inf test
EMG2 A2: min = 0.00001, max = inf; T2: min = TMax2 - 3, max = TMax2 + 20; W2,
min = 5, max = 30; τ2, min = 0, max = inf
EMG3 A3: min = 0, max = inf; T3: min = TMax3, max = TMax3 + 20; W3, min = 0,
max = inf; τ3, min = 0, max = inf

To accurately model the shape of a thermogram, two to three EMG were convoluted.
The lmfit package for Python [93] was used to fit the convoluted EMG model to real
thermogram data by minimizing the residual function. Equation 4.5 shows the residual
function with a model of three convoluted EMG:

res = (EMG1 + EMG2 + EMG3)− data (4.5)

The following fitting methods and smoothing parameters were compared to find the
best fit of the Gaussian model to the data:

Fit methods: leastsq, nelder, powell
Window types for smoothing: flat, hanning, hamming, bartlett, blackman
Window lengths for smoothing: 1, 3, 5, 7, 9, 11, 13, 15

The combination with the lowest residual was chosen as the final fit. If the sum of the
residual was larger than 15% of the sum of the signals of peak 1, the fitting process
was repeated using the sciPy.curve_fit function. If the sciPy fit gave a larger residual
than lmfit, the lmfit was chosen (see figure 4.5). By extracting information on TMax

and peak area from FIGAERO thermograms, specific compounds can be quantified if
compared to a standard and information on their VP can be estimated as described in
Paper V.
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Figure 4.5: Work flow of the GUFIT algorithm with two illustrative fits generated using
lmfit and scipy methods. Data from Paper III and illustration adapted from Paper V.



4.5. GUFIT and VP estimates 51

Paper V presents a method for extracting volatility data from FIGAERO thermograms.
A series of homologous polyethylene glycols (PEG) with known VP, spanning the
atmospherically relevant range of 10−1 − 10−7Pa, was analysed with the FIGAERO-
CIMS and their TMax values were extracted from the thermograms. Plotting the known
VP of PEG versus their TMax and fitting an exponential function to the data, the
follwing relationship could be established:

V P (Pa) = 0.2612exp
(
− 0.071TMax

)
(4.6)

To evaluate the goodness of the VP calibration function (4.6), it was tested against a
series of 7 pure dicarboxylic acids with known VP [14]. The VP values calculated for
these acids using the new method were in good agreement with the literature values. It
should be noted that the VP is defined for a pure system that is in thermodynamic
phase equilibrium and contains only the compound of interest, but atmospheric aerosols
are mixed systems with many components and are not in equilibrium. To determine
whether equation 4.6 also holds for complex mixtures, SOA was generated from α-
pinene + O3 in the Manchester Photochemical Aerosol Chamber, and TMax values for 6
acids were extracted. Their VP values were calculated and found to agree well with
literature values. The selected PEG compounds thus proved to be useful calibrants for
atmospherically relevant VP ranges and may enable the extraction of VP data for as-yet
uncharacterized aerosol constituents. Additionally, while the results obtained with the
FIGAERO-CIMS instruments in Manchester and Gothenburg are in good agreement,
each FIGAERO unit must be calibrated individually to account for potential differences
in construction and design (for example, differences in the locations of thermocouples)
that may affect the shape of the thermograms. Additionally, VP calibration must be
performed using the same temperature ramping profile as the actual measurements.





5
Concluding remarks, atmospheric

implications and future
perspectives

This chapter summarizes and concludes the dissertation, and links the results of the
experimental studies to the real world. Implications for indoor and outdoor environments
are addressed and suggestions for future studies are offered.
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5. Concluding remarks, atmospheric implications

and future perspectives

This work characterizes the formation of highly functionalized oxidation products from
α-pinene, limonene, and TMB, all of which are known to be important contributors to
SOA formation. One group of molecules previously identified as ELVOCs are dimers,
which were detected as products from all three precursor molecules (α-pinene, limonene
and TMB). Multiple mechanisms for the formation of oxidation products have been
identified.
Notably, the process leading to dimer formation during the ozonolysis of α-pinene and
limonene is suggested to involve the reaction of a sCI with a carboxylic acid. This
theory is supported by the absence of dimer products during the OH-initiated oxidation
of α-pinene and the weak signal of acidic dimers during limonene ozonolysis.
A wide range of nitrated products that contribute to SOA formation were detected
during nitrate-initiated limonene oxidation. Dimers are known to be abundant in the
particle phase, and dimerization has been suggested to occur via a condensation process
in which HNO3 acts as the leaving group. The low O/C ratio of dimers compared
to monomers supports this theory. Many of the nitrated compounds observed in this
work were previously unknown, and the formation of dinitrated species suggests that
secondary chemistry occurs following the initial addition of nitrate to the endocyclic
double bond of limonene. These results clearly show that nocturnal limonene chemistry
contributes to SOA formation.
Carboxylic and dicarboxylic acids were produced in large amounts during limonene
ozonolysis. They were found in both the gas and particle phases, and contributed to
SOA formation. In addition, the formation of acidic dimers which were found almost
exclusively in the particle phase was observed. Explicit reaction mechanisms were
proposed to explain the formation of these previously unknown compounds.
Particle formation from TMB oxidation was observed and linked to the formation of
HOMs monomers and dimers. SOA formation was significantly reduced in the presence
of NOx, and the oxidation product distribution shifted from HOMs to ON, with dimers
being affected particularly strongly. The suppression of HOMs formation was attributed
to the reaction of HOMs-RO2 with NOx and the subsequent formation of ONs that are
too volatile to initiate NPF.

All results presented here were obtained in a controlled laboratory environment. Conse-
quently, one cannot assume that they will carry over directly to the real atmosphere.
Rather, they provide a link between simplified models and the real world [94]. SOA
has a cooling effect on the climate, and to correctly assess its influence, climate models
must be fed with reliable SOA estimates [4].
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One way to improve these estimates is to improve our understanding of the underlying
chemistry and physical properties, which was the aim of this work.
SOA is a major component of urban air pollution [5–9] and the AVOCs contributing to
air pollution are often oxidised in the presence of NOx. Although studies in NOx free
environments have demonstrated the formation of ELVOCs from AVOC oxidation [62,
63] and subsequent NPF, we conclude that the presence of NOx can prevent NPF by
preventing ELVOC formation. The produced ON may contribute to condensational
growth of pre-existing particles but not to NPF.
While terpene emissions dominate the VOC budget in rural and remote regions [24, 25],
terpenes are also found at elevated levels indoors, where humans living in first world
countries spent most of their lifetime [26, 27]. The results of this work suggest that
VOC oxidation generates a wide variety of low volatility compounds and that elevated
SOA levels can be expected indoors, potentially posing a risk to human health.

The work done in this thesis shows that much remains to be learned about the funda-
mental molecular processes of atmospheric chemistry and SOA formation. The generally
higher complexity of the particle phase formed during limonene ozonolysis hints at
condensed phase reactions, which remain poorly characterized. Further research is
needed because the chemical composition and properties of the particle phase cannot be
defined solely by studying the partitioning of gas phase species. The work presented here
opens up several ways to better understand VOC oxidation and SOA formation. For ex-
ample, to gain a more complete picture of the product distribution from VOC oxidation,
aerosols could be analysed using multiple ionisation schemes simultaneously.

To conclude, this dissertation enhances our fundamental understanding of VOC oxidation
mechanisms and the formation of low volatility oxidation products. State of the art
methodologies and scientific instruments, i.e. FIGAERO - CIMS, were used to elucidate
the oxidation product distribution in VOC-derived aerosol. Knowledge of the specific
molecular formulas of the oxidation products and the way they change in response to
variation in experimental parameters made it possible to propose explicit mechanisms
for their formation. In addition, improved data evaluation methods were developed
during this work, culminating in the development of the GUFIT algorithm for compound
quantification and extraction of volatility information from FIGAERO thermograms.
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