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Zusammenfassung

Atmosphärische Aerosole haben einen wesentlichen Einfluss auf die Strah-
lungsbilanz, die chemischen Prozesse innerhalb der Atmosphäre und damit
auf das Erdklima. Sie sind relevant in verschiedenen Umweltprozessen und
beeinflussen die menschliche Gesundheit. Sekundäre organische Aerosole
machen in vielen Gebieten einen Großteil der Gesamtaerosolmasse aus und
bestimmen daher die Eigenschaften der Aerosole. Die vielfältige und kom-
plexe chemische Zusammensetzung sekundärer organischer Aerosole erschwert
genaue Analysen ihrer Bildung und ihres chemischen Verhaltens. Diese In-
formationen sind unter anderem wichtig für die globale und lokale Klimamo-
dellierung. Ein wesentlicher Punkt in derzeitigen Modellen ist die Vorher-
sage der Menge an organischer Materie innerhalb der Atmosphäre. Hierbei
von großer Bedeutung ist ein ausführliches Verständnis der Bildungsprozesse
sekundärer organischer Aerosole aus Oxidationsprozessen biogener volatiler
organischer Verbindungen. Die Partitionierung der semivolatilen Oxidations-
produkte zwischen Aerosolgas- und Aerosolpartikelphase wird durch den tem-
peraturabhängigen Partitionierungskoeffizienten beschrieben. Dessen expe-
rimenteller Ermittlung widmet sich diese Arbeit.
Hierfür wurde eine neuartige Messmethode zur verbindungsspezifischen Ana-
lyse organischer Aerosole verwendet. Das Aerosol Collection Module (ACM)
ist ein neuentwickeltes Intrument zur Sammlung von Aerosolpartikeln, ihrer
Überführung in die Gasphase durch thermische Desorption und zum Trans-
fer in einen angekoppelten Gasphasendetektor zur anschließende Analyse. In
dieser Arbeit wurde das ACM erstmals mit einem hochauflösenden PTR-
ToF-MS (Proton Transfer Reaction-Time of Flight-Mass Spectrometer) ge-
koppelt und in α-, und β-Pinen Ozonolyse Experimenten an der AIDA Kam-
mer des Karlsruher Instituts für Technologie (KIT) angewendet. Für die
Datenanalyse wurden Auswerteroutinen basierend auf Auswertungsprogram-
men für Aerosol Massenspektrometer (AMS)-Daten entwickelt. Für Nopinon,
das Hauptprodukt der β-Pinen Ozonolyse, wurde der Partitionierungskoef-
fizient in Abhängigkeit der Temperatur bestimmt. Dafür wurden zwei exper-
imentelle Verfahren durchgeführt, einerseits die Kopplung des PTR-ToF-MS
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mit dem ACM, andererseits Messungen mit dem PTR-ToF-MS mit und ohne
Partikelfilter. Für die Partitionierungskoeffizienten aus den ACM-Messungen
konnte ein Temperaturverhalten entsprechend theoretischer Überlegungen
zur Gas-zu-Partikel Partitionierung aus der Literatur nachgewiesen werden.
Ein Vergleich zwischen den Messwerten und anhand von Literatur berech-
neten Werten zeigt, dass der experimentell bestimmte Partitionierungskoef-
fizient etwa 1 Größenordnung oberhalb der berechneten Werte liegt. Da-
raus lässt sich folgern, dass die Menge an Nopinon in der Aerosolpartikel-
phase in der Theorie unterschätzt wird. Da experimentelle Daten zu den
Partitionierungskoeffizienten in der Literatur rar sind, wären weiterführende
Untersuchungen der Partitionierungskoeffizienten auch anderer Substanzen
mit Hilfe der Verbindung aus ACM und PTR-ToF-MS wünschenswert. Dies
würde einen Abgleich der theoretischen Betrachtungen mit experimentellen
Ergebnissen ermöglichen und schließlich zu einer Verbesserung im Verständ-
nis der Bildung und somit der Vorhersage von sekundärem organischem
Aerosol führen.
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Abstract

Atmospheric aerosols have a significant influence on the radiation budget
and chemical processes in the atmosphere. Thus, they have an impact on
climate. They are relevant in many environmental processes and influence
human health. In many regions, secondary organic aerosol (SOA) makes a
major contribution to the total aerosol mass. Therefore, SOA significantly in-
fluences aerosol properties. The complex and versatile chemical composition
of SOA makes the analysis of its formation and chemical behavior difficult
and thus complicates global and local climate modeling. One major issue
in current models is the prediction of the organic matter in the atmosphere.
For this, a detailed understanding of SOA formation from volatile organic
compounds (VOCs) is of importance. VOCs undergo oxidation in the at-
mosphere which results in the formation of semivolatile organic compounds.
These partition between the gas and the particle phase. The compound-
specific gas-to-particle partitioning can be described with the temperature-
dependent partitioning coefficient. This work is dedicated to its experimental
determination.
To this end, a new measurement technique for compound-specific analysis of
organic aerosol was used. The Aerosol Collection Module (ACM) is a newly
developed instrument which collects aerosol particles, converts them into the
gas phase via thermal desorption and transfers them to a gas phase detector
for further analysis. In this work, the ACM was coupled to a high-resolution
Proton Transfer Reaction-Time of Flight-Mass Spectrometer (PTR-ToF-MS)
for the first time and used in α -, and β-pinene ozonolysis experiments at
the AIDA chamber of the Karlsruhe Institute of Technology (KIT). For the
data analysis, routines were developed based on Aerosol Mass Spectrome-
ter (AMS) data analysis. The partitioning coefficient of nopinone, as the
major β-pinene ozonolysis product, and its temperature dependence was de-
termined. For this purpose, two experimental approaches were employed:
the coupling of ACM and PTR-ToF-MS, and measurements using the PTR-
ToF-MS with and without particle filter. The temperature dependence of the
partitioning coefficient derived from ACM and PTR-ToF-MS was comparable
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to the theoretical temperature dependence found in literature. A compari-
son with calculated partitioning coefficients following theory showed that the
experimental partitioning coefficients of this work were about one order of
magnitude higher. This leads to the conclusion that the amount of nopinone
in the aerosol particle phase is underestimated by theory. As literature on
experimentally derived partitioning coefficients is sparse, further investiga-
tions of the partitioning coefficient of other substances with the combination
of ACM and PTR-ToF-MS could help to improve the understanding of SOA
formation and, thus, SOA prediction.
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Chapter 1

Introduction

1.1 Atmospheric Aerosols

Aerosols are defined as liquid and/or solid particles suspended in gas. This
work concentrates especially on the partitioning of specific semivolatile com-
pounds between the gas and particle phase.
Sources of atmospheric aerosols can be anthropogenic, such as fossil fuel
combustion, as well as natural, e.g. plant emissions, sea spray, mineral dust,
biomass burning, and volcanoes, to only name a few. While the above men-
tioned sources emit aerosols directly, i.e. are sources of primary aerosol,
atmospheric chemistry is a source of so-called secondary aerosol.
Aerosol sizes typically range from 10−9 m to 10−3 m. Depending on their
size, number and chemical composition, atmospheric aerosols have different
effects. Most widely known are health issues and the impact of aerosols on
climate (e.g. (IPCC, 2001), (IPCC, 2007)). The present work concentrates
on the aerosol characteristics influencing climate.

1.2 Aerosols and climate

The different effects of atmospheric aerosols on climate can be basically di-
vided into direct and indirect effects.
On the one hand, scattering and absorption of solar radiation by aerosol
particles are directly effecting the radiative balance of the atmosphere, and
therefore have an impact on climate. On the other hand, aerosol particles
can act as cloud condensation nuclei. They have a major influence on the for-
mation of clouds as well as on cloud properties. In this way, aerosol particles
have an indirect effect on the radiation budget and climate (IPCC, 2001).
Overall, aerosols are calculated to have a cooling effect on climate (IPCC,
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CHAPTER 1. INTRODUCTION

2007). The radiative forcing of the fundamental climate affecting compo-
nents can be seen in Figure 1.1.

Figure 1.1: Principle components influencing the radiative forcing (IPCC, 2007).

The displayed values show the radiative forcing of the year 2005 relative to 1750,

as a representative date for the start of the industrial era. Positive forcing is in

accordance with a warming effect on climate, while negative forcing represents a

cooling effect. Error bars indicate the ranges of uncertainty of the shown values.

It can be seen that the uncertainties are especially high for the radiative forcing

of aerosols concerning their direct as well as their indirect effect.
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1.3. FORMATION OF SECONDARY ORGANIC AEROSOL

Regarding the uncertainties for the different radiative forcing values in
particular, it can be seen that there is a high uncertainty about the impact
of aerosols on climate. This leads to major problems in global climate mod-
eling (Kiehl, 2007).
As organic aerosol (OA) makes up 20-90 % of the total submicron particu-
late mass in the atmosphere (Kanakidou et al., 2005), it can be considered
of major importance in understanding the different influences of aerosols on
climate. Nevertheless, OA sources, its evolution in the atmosphere, and its
sinks are still a matter of uncertainty (Jimenez et al., 2009).
Despite the amount of research that has already been done in this area (e.g.
(Spracklen et al., 2011), (Koch et al., 2009), (Kulmala et al., 2011)), there is
still a high uncertainty about the exact influence of organic aerosols on cli-
mate. Regarding the organic particulate mass in the atmosphere, a compari-
son of model studies to measured data still shows great differences depending
on the investigated area and initial assumptions in the simulation (see e.g.
(Spracklen et al., 2011), (Kulmala et al., 2011)). Mainly, the models tend to
underpredict organic aerosol mass.

1.3 Formation of secondary organic aerosol

The basics of the formation process for organic aerosol are shown in Figure
1.2. Organic aerosol can be emitted directly from its source, leading to pri-
mary organic aerosol. By atmospheric evolution, such as chemical reaction,
condensation of vapor species, etc., it can alter to secondary organic aerosol
(SOA) (Seinfeld and Pankow, 2003).
The second formation path of SOA starts with emissions of volatile organic
compounds (VOC). Although anthropogenic emissions can be of importance
in locally highly polluted areas, on a global scale anthropogenic VOC con-
tributions to SOA are of smaller abundance. Biogenic VOCs are the major
precursors for secondary organic aerosol (Hallquist et al., 2009), (Kanakidou
et al., 2005). Field studies show that oxygenated species dominate in organic
aerosols and that secondary organic aerosol very likely contributes their ma-
jor fraction (Zhang et al., 2007).
There are several chemical mechanisms identified to contribute to SOA for-
mation. However, the major contribution comes from oxidation by atmo-
sphericOH, NO3 andO3, where ozonolysis contributes the main part (Kanaki-
dou et al., 2005). The resulting oxidation products will, depending on their
volatility, either remain in the gas phase, or, if the oxidation products are
semivolatile, be partially converted into the particulate phase by nucleation
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CHAPTER 1. INTRODUCTION

or by gas-to-particle partitioning, forming secondary organic aerosols.
Comparison of global climate models with field studies show that SOA is
underrepresented in global climate models, leading to the already mentioned
bias between model studies and measurements (see 1.2), e.g. (Zhang et al.,
2007). The understanding of the formation of SOA and the explicit integra-
tion of such knowledge into global climate models is therefore crucial for a
better understanding and prediction of climate.
One of the key points in SOA formation is the gas-to-particle partitioning,
which describes the transition between the gas phase and particle phase of a
compound. It mainly depends on the vapor pressure of a compound and thus
also on the temperature. Generally speaking, at 298 K an organic compound
is considered to be in the gas phase if it has a vapor pressure higher than 0.1
mbar, semivolatile if its vapor pressure is between 0.1 mbar and 10−7 mbar,
and in the particle phase for a vapor pressure below 10−7 mbar (Goldstein
and Galbally, 2007).
The partitioning between gas and particle phase can be characterized by the
partitioning coefficient.

Figure 1.2: Basic formation mechanisms of secondary organic aerosol (SOA),

adapted from (Seinfeld and Pankow, 2003).
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1.4. PARTITIONING COEFFICIENT

1.4 Partitioning coefficient

Organic compounds can be adsorbed and/or absorbed on or into particulate
matter. How much of a specific organic compound is adsorbed or absorbed
depends on the total suspended particulate matter. Following Seinfeld and
Pandis (2006), at a given temperature the gas-to-particle partitioning of an
aerosol in equilibrium can be described by the partitioning coefficient as:

Kp,i =
Cp,i

Cg,i × CTSP
(1.1)

Kp,i Equilibrium partitioning coefficient in m3 · µg−1

Cp,i Mass concentration of a species i in the aerosol particle phase

per unit air volume in µg ·m−3

Cg,i, Mass concentration of a species i in the gas phase

per unit air volume in µg ·m−3

CTSP Mass concentration of the total suspended mass of particles

per unit air volume in µg ·m−3

The partitioning coefficient Kp,i provides a measure of the ability of a species
i to exist in the particulate phase in equilibrium with the gas phase, given
that there is already the mass concentration Cp,i of the investigated com-
pound in the particulate phase and the mass concentration Cg,i in the gas
phase. As a high total suspended mass concentration makes it easier for a
species to exist in the particle phase due to surface condensation, absorption,
and adsorption, Kp,i is normalized to the total suspended particulate mass
CTSP .
Equation 1.1 does not give any information on the exact mechanisms which
lead to the specific gas-to-particle partitioning of the investigated compound,
but when measuring Cp,i, Cg,i and CTSP , Equation 1.1 provides a compar-
atively easy approach on getting experimentally derived information about
the partitioning of a specific organic compound.
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CHAPTER 1. INTRODUCTION

1.5 Objectives of this work

As shown in chapters 1.2 and 1.3 a better knowledge of the partitioning
coefficient is crucial to enhance the understanding of SOA formation and,
therefore, improve climate models. As theoretically derived values leave a
high range of uncertainty (see chapter 5.3.1), experimental investigations of
the partitioning coefficient are indispensable.
There are numerous well-developed techniques for compound-specific mea-
surements of the gas phase (e.g. Gas Chromatography Mass Spectrometer,
Proton Transfer Reaction Mass Spectrometer, etc.). Most of these techniques
leave the sampled compounds relatively undisturbed or allow the original
concentration of the compound in question to be determined.
The situation is different for the measurement of atmospheric particles. The
sampling of particles on quartz or teflon filters is a well-known off-line mea-
surement technique which allows the measurement of, for example, the con-
centration and the chemical composition of particles. Filter measurements
are comparatively low in price and easy to handle, but they also involve a
number of difficulties. Prior to analysis the filters are usually stored, which
can lead to particle aging and thus to changes in composition. In addition,
there is a loss of semivolatiles during sampling and storage, with respect to fil-
ter sampling of aerosols. Releasing the particles from the filter with chemical
solvents or by thermal desorption can also alter the particles. AMS (Aerosol
Mass Spectrometer) is one example of an on-line measurement technique
which directly analyzes the particles. However, due to the involved electron
impact ionization it only allows the particles to be analyzed in terms of com-
pound classes.
Ideally, one would wish for an online method for compound-specific particle
measurements without any alteration of the composition due to the measure-
ment process. Within this work a new quasi-online measurement technique
for compound-specific measurements of the aerosol particle phase was used
and further developed to investigate the partitioning coefficient of the β-
pinene ozonolysis product nopinone at different temperatures. To this end,
an Aerosol Collection Module (ACM, see chapter 2.2) was coupled for the
first time (see chapters 3.2 and 4.5) to a high resolution Proton Transfer
Reaction-Time of Flight-Mass Spectrometer (PTR-ToF-MS, see chapter 2.1)
to allow the analysis of the aerosol particle phase and the aerosol gas phase.
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Chapter 2

Instrument description

In this work, two methods of deriving the partitioning coefficient are investi-
gated. One method uses a combination of ACM (Aerosol Collection Module,
section 2.2) as a quasi-online measurement technique of the aerosol particle
phase and a PTR-ToF-MS (Proton Transfer Reaction-Time of Flight-Mass
Spectrometer, section 2.1). By comparison of particle phase data with gas
phase data the gas-to-particle partitioning can be observed.
The other approach uses the PTR-ToF-MS only. The investigated gas phase
samples, where the particulate material is removed by a filter, are compared
to samples including gas- and particulate phase. In this chapter the instru-
ments and the PTR-ToF-MS data handling are explained.

2.1 Proton Transfer Reaction-Time of Flight-

Mass Spectrometer (PTR-ToF-MS)

The PTR-ToF-MS is a high resolution mass spectrometer (IONICON An-
alytik, Innsbruck). Detailed descriptions can be found in literature, e.g.
(Jordan et al., 2009), (Cappellin et al., 2010). Here, only the major working
principle, some of the details, important in this work, and the basics of the
applied data analysis are described.

2.1.1 Working principle

Figure 2.1 shows the basic set-up of the PTR-ToF-MS. It consists of four
major parts: an ion source, a drift tube, a transfer lens system, and a time-
of-flight section.
The ion source is a hollow cathode in which H3O

+ ions are generated from
water vapor. H3O

+ is used as a primary ion for ionization of the analytes.

17



CHAPTER 2. INSTRUMENT DESCRIPTION

Figure 2.1: PTR-ToF-MS set-up developed by IONICON Analytik; (Jordan et al.,

2009).

These enter the system through the sample inlet. Primary ions and analytes
are led through the drift chamber by an electric field. There, all compounds
with proton affinities higher than water are ionized via chemical ionization
with H3O

+ (for details on the ionization see section 2.1.2).
Connected to the drift chamber is a transfer lens system, which focuses the
ions onto a narrow beam and leads them to the time of flight section. Using
a pulsed electric field, every few micro-seconds a package of ions is injected
into that section. A repulsive electric potential at the reflectron forces the
ions onto a V-shaped flight path until they reach the detector. On the one
hand, a longer flight path enhances mass resolution, on the other hand, the
reflectron allows to correct for ions with a non-ideal injection into the time
of flight part of the instrument (see section 2.1.4). Following this procedure,
the information of a full mass spectrum is available at any time of the mea-
surement.
The time of flight of each ion is proportional to its mass to charge ratio (m/z).
Under normal operating conditions the charge equals one. The measurement

18



2.1. PROTON TRANSFER REACTION-TIME OF FLIGHT-MASS
SPECTROMETER (PTR-TOF-MS)

technique results in high mass resolution gas phase mass spectra (for details
on the mass resolution see section 2.1.3).

2.1.2 Ionization

The PTR-ToF-MS uses proton transfer as a chemical ionization method. Due
to the low excess energy which is released during this ionization process the
analytes undergo only minor fragmentation. For many species the ionized
original compound can be observed in the resulting mass spectra. Thus, the
PTR-ToF-MS works with a soft ionization method.
In this work H3O

+ is used as primary ion. Both, the primary ion and the
analyte R , are led through the PTR-ToF-MS drift chamber where the ioniza-
tion takes place. If the analyte has a higher proton affinity than water, H3O

+

is depleted of one proton, which is then attached to the analyte. This process
leaves H2O and the analyte including one additional proton (see Equation
2.1). Therefore, the analyte will be seen in the mass spectra on its molecular
mass plus one.

H3O
+ + R → RH+ + H2O (2.1)

The concentration of the reactant [R] can be retrieved by

[R] ≈ k · t · [RH+]

[H3O+]
(2.2)

where k is the reaction rate between the analyte and H3O
+, t is the resi-

dence time of a compound in the drift chamber, [RH+] is the concentration
of the ionized analyte, and [H3O

+] is the concentration of the primary ion
(Lindinger et al., 1998).
As the compounds only undergo ionization if the exchanged proton is fi-
nally on a lower energy level than at the beginning, regarding the system
H3O

+ and the analyte, the ionization mechanism is bound to result in a
compound-specific amount of excess energy, which is to be released. This
can either happen through collision with other compounds in the drift cham-
ber, leaving the original analyte intact in its molecular structure, or it can
lead to fragmentation of the analyte.
The exact fragmentation pattern depends on three different aspects:
1. the energetic difference between the initial and the final state of the sys-
tem, i.e. the difference in the proton affinity of a specific compound compared
to that of water;
2. the molecular structure of the compound, which leads to preferential split-
ting up of some of the molecular bondings, therefore making some fragments
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CHAPTER 2. INSTRUMENT DESCRIPTION

more likely than others;
3. the conditions in the drift chamber, which define the probability for the
ion to release its excess energy through collision with other molecules.
The drift chamber conditions are determined by the E/N ratio, which is a
ratio between the electric field E and the number of molecules N in the drift
chamber. Low E/N leads to low fragmentation, but it also leads to a high
stability of water clusters H3O

+ · (H2O)n with n = 1, 2, 3, ..., which have dif-
ferent reaction rates and proton affinities. A high amount of water clusters
results in competing ionization reactions to the ones with H3O

+.
A high E/N , on the other hand, leads to low cluster concentration but also
to a higher fragmentation. Lindinger et al. (1998) recommend E/N values
between 120 Td and 140 Td to provide a good compromise for low concen-
tration of water clusters and low fragmentation. Fragmentation studies at
different E/N-values (e.g. from Tani et al. (2003)) lead to the conclusion
that the fragmentation of a specific compound can be considered comparable
to other studies only for similar E/N -values. The experimental conditions
of the experiments presented in this work lead to an E/N of 154.14 ± 7.78
Td (for details of the specific PTR-ToF-MS conditions leading to this E/N
see Table 3.1). Therefore, the fragmentation is slightly higher than for the
values Lindinger et al. (1998) recommend. A fragmentation study for this
work considering α-pinene, β-pinene, and nopinone is given in chapter 4.3.

2.1.3 Mass resolution

Following the IUPAC (International Union of Pure and Applied Chemistry)
definition, the mass resolution R of a peak at mass m and peak width ∆m
in a mass spectrum is defined as

R =
m

∆m
(2.3)

A mass range from m/z 1 to m/z 400 is explored in the experiments within
this work. Considering this range, a resolution of several hundred would
result in unit mass resolution spectra, where peaks on the same integer mass
cannot be distinguished. The time-of-flight part of the PTR-ToF-MS allowed
to gain the mass spectra presented in this work with a mass resolution of ≈
3000. This allows for example to distinguish between oxygenated and not
oxygenated compounds. Figure 2.2 shows an example for ketene and propene
on integer m/z 43. They have a mass difference of 0.037 and can therefore
be separated with a mass resolution of 3000. A mass resolution of e.g. 300
would result in unit mass resolution where both peaks would be seen as one.
A high mass resolution also provides the opportunity to find interferences of
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different ions on one integer mass, which would lead to misinterpretations of
the resulting concentrations of a compound in unit mass resolution as shown
in Figure 2.3.
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Figure 2.2: Example for the mass resolution in the PTR-ToF-MS. Ketene and

propene can be distinguished at a mass difference of 0.037 with a mass resolution

of 3000.

Figure 2.3: High resolution of PTR-ToF-MS data showing the time evolution of

an identified interference of an oxygenated β-pinene ozonolysis product C9H13O
+

with the β-pinene parent ion C10H17+, both on nominal mass 137. The mea-

surement was conducted at the Jülich Aerosol Chamber in a β-pinene ozonolysis

experiment described in Hohaus (2009).

21



CHAPTER 2. INSTRUMENT DESCRIPTION

2.1.4 Data Handling

As the PTR-ToF-MS is a relatively new instrument, a routine for data ana-
lysis had to be developed within this work. The data analysis was conducted
in analogy to AMS (Aerosol Mass Spectrometer; (Jayne et al., 2000)) data
analysis. Therefore, the Igor Pro1-based analysis tools SQUIRREL (SeQUen-
tial Igor data RetRiEvaL2) and PIKA (Peak Integration by Key Analysis3)
were adapted to process the PTR-ToF-MS data. SQUIRRL is a ToF-AMS
Unit Mass Resolution Analysis Software, while PIKA is a ToF-AMS High
Mass Resolution Analysis software 4. Thus, these tools allow to handle data
in unit mass resolution, as well as in high mass resolution.

Unit Mass Resolution Two general pre-processing steps have to be con-
ducted before unit mass resolution data analysis: a mass scale calibration
and a baseline subtraction.
As a first step, a mass scale is assigned to the flight times of the ions from the
time-of-flight section of the PTR-ToF-MS. This corrects for drifts in the mass
scale, which can occur during the experiment. The mass scale is calibrated
with signals from ions which are present throughout the whole dataset. In
this work, the isotope H18

3 O
+ at m/z 21.0226 of the primary ion H3O

+, the
water cluster H5O

+
2 at m/z 37.0290, C3H7O

+ which is protonated acetone
at m/z 59.0497, C6H

+
12 at m/z 84.0939 and C6H11O

+ at m/z 99.081 were
chosen for the mass scale calibration.
By looking at the mass scale calibrated raw data the integration areas for
unit mass resolution are defined. The areas in between are used to calcu-
late a baseline with reference to each peak integration area. This baseline
is subtracted. Afterwards, for every integer mass to charge (m/z) value all
signal within the peak integration area is integrated to determine the unit
mass resolution data.
Looking into the data in unit mass resolution can help to get an overview
before having a detailed look into the high mass resolution data, as this
can be very complex. Additionally, this approach provides data which is di-
rectly comparable to PTR-MS data from instruments operating with a QMS
(Quadrupole Mass Spectrometer).

1by Wavemetrics, Inc. www.wavemetrics.com
2Developed by university of Manchester, University of Colorado, Boulder, Max-Planck

Institute for Chemistry, Mainz, and Aerodyne Research, Inc.
3Developed by University of Colorado, Boulder
4Details on SUIRREL and PIKA can be found at http://cires.colorado.edu/jimenez-

group/wiki/index.php/ToF-AMS Analysis Software
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2.1. PROTON TRANSFER REACTION-TIME OF FLIGHT-MASS
SPECTROMETER (PTR-TOF-MS)

High Mass Resolution The high mass resolution data processing is con-
ducted based on the unit mass resolution in terms of mass scale calibration
and baseline subtraction. In difference to unit mass resolution, the area un-
der the raw signal peaks is integrated instead of all signal within a defined
mass range. In order to derive the signal of all ions in a mass spectrum, the
following steps are performed: peak shape definition; defining a list of ions
which show a signal in the raw spectra; and a least squares fitting of each
mass spectrum for all peaks of the defined shape at the m/z position given
by the peak list.
The statistic distribution of momentum of the ions entering the electric in-
jection field leads to a Gauss shaped peak. In practice, not all ions enter the
electric field optimally (see Figure 2.4). Therefore, not all them pass through
the whole electric field and gain the maximum kinetic energy. Partly, the re-
flectron corrects for ions with less than maximum kinetic energy. These
ions do not enter the reflective potential as deep as ions with maximum en-
ergy. Therefore, the flight path for ions with low energy is slightly shorter.
Nevertheless, the final peak shape shows a tailing to the right for each peak.

Figure 2.4: Schematic of the electric injection field and the time-of-flight section

of the PTR-ToF-MS. The ions (blue octagons) enter the pulsed electric field E.

Thus, they are injected into the time-of-flight section. Their kinetic energy in

z-direction equals the amount of energy gained from running through this electric

field. The black line shows the path of an ion which runs through the whole electric

field of length d. The dashed line shows the path of an ion which only runs through

a part of the electric field.
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The resulting peak shape is defined from the averages of chosen peaks in the
data set. In this work, the water cluster peak H5O

+
2 , O+

2 , and H18
3 O

+ were
used (see Figure 2.5). All of them were present throughout the whole dataset
in an amount high enough to show a representative peak shape.
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Figure 2.5: Peak shape fitting based on the peak shapes of H5O
+
2 (green), O+

2

(blue), and H18
3 O

+ (violet). The resulting final peak shape is shown in black. For

comparison, a Gauss peak is shown in red.

In the second step, the raw spectra are viewed to define the list of com-
pounds which appear in the data set. Finally, the determined peak shape is
applied to all of these peaks in the raw spectra. The area under the peak is
integrated to determine the high mass resolution data. The integrated peak
areas result in counts per second for each compound from the defined list of
compounds. A detailed description on the determination of mixing ratios for
the experiments described in this work can be found in chapter 4.

2.2 Aerosol Collection Module (ACM)

The ACM is a quasi-online device for the measurement of the aerosol parti-
cle phase (Hohaus, 2009), (Hohaus et al., 2010). It collects aerosol particles
and evaporates them to the gas phase. Combined with a gas phase detec-
tor, it provides composition information of the particulate phase of organic
aerosols. In this work, the ACM is connected to a PTR-ToF-MS to provide
high resolution mass spectra.
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2.2. AEROSOL COLLECTION MODULE (ACM)

2.2.1 Working principle

Details of the working principle of the ACM can be found in Hohaus (2009).
Figure 2.6 shows a schematic of the ACM.

Figure 2.6: Schematic of the Aerosol Collection Module (ACM) in collection

mode (Hohaus, 2009). If coupled with a gas phase mass spectrometer, it allows

measurements of the particle phase of organic aerosols.

The aerosol is introduced into the ACM via a critical orifice. Follow-
ing, an aerodynamic lens system generates a narrow particle beam. The
beam passes through a differentially pumped vacuum chamber. Here, the
gas phase of the sample is discarded and only the particulate phase is lead
further through the system.
In the collection mode, the particles pass through a valve and are then col-
lected on a cooled collector surface. In the present work, the cooling temper-
ature was -30 °C. The cooling of the collector is essential to ensure that the
particles do not evaporate into the gas phase during the collection time.
After the collection time, the valve to the vacuum chamber is closed and the
desorption mode is initiated by heating the collector up to a desorption tem-
perature of up to 190°C. The collected particles evaporate from the collection
surface and are flushed with synthetic air as a carrier gas through a valve
system to the PTR-ToF-MS, where they are analyzed. A detailed description
of the Aerosol Collection Module and its coupling to a Gas Chromatography
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Mass Spectrometer (GC-MS) can be found in Hohaus (2009).

2.2.2 ACM collection section

All experiments presented in this work involving the ACM were conducted
with the ACM set-up as seen in Figure 2.6 and the collection section as seen
in Figure 2.7.

Figure 2.7: Schematic of the ACM-collection section with liquid nitrogen cooling

and cartridge heater (from Hohaus (2009))

The ACM-collection section consists of two major parts: the collector
and a cooling and heating system to provide the temperatures needed for
the cooling during the collection and for the heating in the desorption mode.
The collector consists of a 316 stainless steel tubing (length: 80.8 mm, inner
diameter: 5.3 mm). It is chemically passivated with an Inertium® coating
(Advanced Materials Components Express, Lemont, PA). The collection sur-
face has a diameter of 3.4 mm. It divides the collector in two parts. The 5
mm long collection part, which is connected via the vacuum isolation valve
to the vacuum chamber, and the remaining heating part, which is open to
ambient atmosphere and filled with a removable cartridge heater.
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2.2. AEROSOL COLLECTION MODULE (ACM)

Connected to the collection part are two tubings with an outer diameter of
1.6 mm and an inner diameter of 1 mm. They are chemically passivated with
Silcosteel® (SilcoTek, Bellefonte, PA). The first tubing is located behind the
vacuum isolation valve. It introduces the carrier gas, which flushes the evap-
orated compounds to the gas phase detector. The second tubing is located
in front of the collection surface. It leads the carrier gas and the evaporated
compounds to the detector.
The desorption process of heating the collector up was conducted in one step
from -30 °C, as collection phase temperature, to 190 °C, as desorption tem-
perature. The cooling during the sampling phase was ensured with liquid
nitrogen. Therefore, a liquid nitrogen container was connected to the collec-
tion unit so that the liquid nitrogen could be sprayed onto the outside of the
collector. This process was controlled with an automated solenoid valve.
The heating of the collector to the desorption temperature was ensured by
the cartridge heater behind the collection surface. It was conducted within
approximately one minute. Afterwards the temperature was held for 5 more
minutes. Figure 2.8 shows an example of an ACM desorption peak for
nopinone, analyzed with the PTR-ToF-MS. During the time before the des-
orption, the connection between ACM and PTR-ToF-MS is flushed with syn-
thetic air to ensure removal of all remaining compounds in the lines. When
starting the desorption, the collected aerosol particles evaporate into the gas
phase and are flushed to the PTR-ToF-MS. The sharpness of the desorption
peak leads to the conclusion that the compound was evaporated at once. Af-
ter the desorption peak, the signal decreases due to the synthetic air, which
still flushes through the ACM-system to the PTR-ToF-MS.
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Figure 2.8: Example of an ACM desorption peak for nopinone (black line). In

the left and in the right part of the Figure, gas phase was measured. The yellow

bar indicates the period of ACM measurement. It starts with several minutes of

synthetic air before heating the ACM collector up for desorption. The nopinone

desorption peak can be seen between the two vertical lines.

Improvement of the ACM-collection section

Within this work, two major improvements of the ACM-collection section
were conducted: changing from liquid nitrogen cooling to a peltier element
cooling, and heating of the collector for desorption in several steps instead
of one step.

ACM cooling
Although the cooling with liquid nitrogen ensures collection temperatures
down to -60 °C, it has a major disadvantage. A container with liquid nitro-
gen has to be provided at all times during the measurements with the ACM.
To facilitate the operation of the ACM the system was changed to be cooled
by a peltier element (Peltier-S, EURECA Messtechnik GmbH). As a thermal
contact is needed to cool the collector down, a copper block was adjusted
to encase the whole collector tube. The dimensions of the copper block (see
Figure 2.9) have been adjusted to the system as much as possible to reduce
the thermal mass, which has to be cooled down by the peltier element, as well
as heated up for the desorption phase. The encasing copper block consists of
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2.2. AEROSOL COLLECTION MODULE (ACM)

two parts with grooves for the collector tubings. The two parts are fastened
around the collector tubing with 4 screws to ensure a good thermal contact.
The lower part of the copper unit has a plane surface of 3 × 3 cm2. The
peltier element is connected to another 3 × 3 cm2 copper plane. This part
is moved up and down by a lifting platform (VWR International GmbH),
which was motorized for this purpose within this work. The platform is con-
trolled by a thermo element (Type K, RÖSSEL-Messtechnik GmbH), which
measures the temperature of the peltier unit. When the peltier-cooled lower
copper plane is moved up, it is connected to the copper unit which encloses
the ACM collector. Thus, the whole unit is cooled down to approximately
-15 °C at surrounding temperatures up to 30 °C. For experiments at temper-
atures below -15 °C, the copper unit can be removed completely. The ACM
can, thus, either be used with the new cooling/heating unit, or with the old
liquid nitrogen cooling system.

Figure 2.9: Schematic of the new ACM heating and cooling unit with a peltier

element

ACM heating
So far, the desorption has been conducted in one step from -30 °C to 190 °C,
resulting in one sharp desorption peak (see Figure 2.8). A softer desorption
method is to heat the collection unit stepwise. By that, the compounds are
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supplied with less excess energy, leading to less breaking up of the evapo-
rated compounds. Additionally, this allows a far more detailed look into the
composition of aerosol particles by measuring which compounds desorb at a
given temperature. Therefore, an automized ramp heating process was de-
veloped. It is regulated by the temperatures of the peltier element and the
ACM collector. Due to the higher thermal mass from the copper unit which
encloses the ACM collector an additional cartridge heater (Türk+Hillinger
GmbH) is applied in the upper copper part to ensure a fast heating process.

Test programs
Two test programs with different heating rates were conducted with the new

cooling and heating system. The heating rate of test program 1 was 50 °C
min

while the heating rate of test program 2 was 80 °C
min

. The difference in heating
rates has been analyzed to give an estimate of the temperature overdrive at
the collector. The program steps and the reached collector temperatures are
shown in Table 2.1.

Table 2.1: Program steps of the two test programs conducted with the new,

automated cooling- and heating-system of the ACM collector. Shown are the

set collector temperature (TColl), the holding time of each temperature (thold), the

temperature in the transfer line (TTransfer), and the reached collector temperature

for test program 1 and 2.

Step Set thold TTransfer Reached Reached
TColl [min] [°C] TColl TColl
[°C] program 1 program 2

[°C] [°C]
1) -20 30 off -11.3 -15.6
2) 30 6 40 32.0 31.4
3) 80 6 90 82.7 82.6
4) 130 6 140 130.4 131.3
5) 180 6 190 178.3 179.2
6) -20 hold till off -14.2 -13.4

program
start

The collection temperatures, as well as the holding times and the peltier
cooling process were executed automatically via a programmable tempera-
ture set point controller (TSC) and a proportional–integral–derivative (PID)
controller unit (Wachendorf). In difference to the liquid nitrogen cooling,
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2.2. AEROSOL COLLECTION MODULE (ACM)

it turned out that the peltier element could not cool the collector unit suf-
ficiently while the transfer heating was turned on due to the good thermal
contact between the ACM collector and the transfer line. Thus, the transfer
heating had to be turned off manually in the cooling periods. For the differ-
ent heating steps it was set manually to temperature values of 10 °C above
the respective collector temperature. This ensures that the particles stay in
the gas phase when they are lead through the transfer line. The collector
temperature and the transfer line temperature have been recorded during
both test programs and can be seen in Figure 2.10. Minor changes in the
ACM controller unit will allow to automate the whole ACM heating/cooling
process. Furthermore, it is possible to automatically run several programs
consecutively.
At the start of the test programs, the peltier element was down and started
cooling down from surrounding temperature. The lifting platform drove the
peltier element up as soon as the element had reached a temperature -15
°C. It has to be noted, that -15 °C is not the final cooling temperature of
the peltier element, but it was considered low enough to start the collec-
tor cooling process. Thus, the ACM collector was cooled down to collection
temperature. The test programs show that final cooling temperatures of the
collector between -11.3 °C and -15.6 °C were reached for set temperatures of
-20 °C. However, aerosol particle sampling should be conducted at cooling
temperatures at or slightly below the experiment temperature to ensure that
the sampled aerosol particles stay in the particulate phase. Thus, the new
ACM unit can be used for experiment temperatures down to at least -10
°C. The cooling from room temperature (22.5 °C) down to -11.3 °C was con-
ducted within 10 minutes. In the test programs the collection temperature
was held for 30 min. Afterwards, the desorption process was started. The
peltier element was moved down to remove it from the copper unit to save
the peltier element from damage. The solder in the peltier element will start
melting at temperatures above 170 °C. In addition to that, high tempera-
ture differences can cause material damage at the inner peltier contacts. The
desorption heating was conducted in 4 steps from the final collection temper-
ature up to 180 °C. The aimed temperatures were reached within ± 2.7 °C.
After the desorption mode, the peltier element was moved up again and
started cooling the collection section. To save the peltier element from dam-
age, the lifting platform is controlled by a protective mechanism. It removed
the peltier element from the copper block every time the temperature at the
peltier element exceeded 25 °C. When it reached a temperature of -15 °C
again the lifting platform reconnected the peltier element with the copper
block and the cooling process was proceeded. Thus, the collector cooling
was conducted in several steps, as can be seen in the stepwise decrease of
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the collector temperature in Figure 2.10. The cooling process from 180 °C
down to collection temperature was conducted within 20 min. Therefore, 20
min after accomplishing the desorption process the system can start a new
sampling cycle.
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the new ACM heating/cooling system.
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Chapter 3

Experiments

In this chapter the experiments of β- and α-pinene ozonolysis are presented.
β- and α-pinene were chosen as representatives of biogenic volatile organic
precursor compounds for organic aerosol. The experiments were conducted at
the AIDA (Aerosol Interaction and Dynamics in the Atmosphere) simulation
chamber at the Karlsruhe Institute for Technology (KIT). The general set-up
of the chamber is introduced, as well as the connection to the PTR-ToF-MS
and the ACM. The daily cleaning procedure of the chamber is described and
the addition of the chemical reactants for the experimental cycle is explained.
Experiment-specific conditions and procedures of the PTR-ToF-MS and the
ACM are presented, and two experimental set-ups for deriving the partition-
ing coefficient, on the one hand from PTR-ToF-MS and ACM, on the other
from a PTR-ToF-MS combined with a particle filter, are described. In the
last part of this chapter, the experimental cycles of all experiments are pro-
vided and measurements of the PTR-ToF-MS and the coupled PTR-ToF-MS
and ACM are shown.

3.1 AIDA chamber

The AIDA chamber is a dark atmospheric simulation chamber. Its set-up
and instrumentation can be seen in Figure 3.1. The AIDA chamber provides
the possibility to investigate different aspects of aerosol formation and chem-
istry under controlled atmospheric conditions like temperature, humidity,
pressure, etc. Detailed descriptions of the chamber can be found in Saathoff
et al. (2003) and Saathoff et al. (2009). Here, only a brief description of the
major parts of the chamber and the instrumentation involved is given. The
AIDA chamber consists of an inner cylindrical aluminum vessel of 84.5 m3

volume and an outer thermally isolated housing. The chamber can be op-
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erated at temperatures ranging between 183 K and 333 K. Located at the
bottom of the inner aluminum vessel a mixing fan was running during all
experiments. It ensured homogeneous mixing of all components within 3
minutes.
The chamber was cleaned prior to each experiment by evacuation to∼ 1 mbar
total pressure. Then, it was flushed twice with synthetic air at a pressure of
10 mbar before refilling it with humidified synthetic air (low carbon grade,
Basi) to atmospheric pressure (∼ 1013 mbar).
For the investigation of the formation of secondary organic aerosol presented
in this work, the PTR-ToF-MS (see chapter 2.1) and the ACM (see chapter
2.2) were connected to the inner vessel of the chamber (see fig. 3.2). Detailed
descriptions of the connections to the chamber and between PTR-ToF-MS
and ACM are given in section 3.2.

Figure 3.1: Set-up of the AIDA chamber at KIT in Karlsruhe.
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AIDA - inner vessel
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Chamber valve
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Figure 3.2: Schematic of the connections of PTR-ToF-MS and ACM to the AIDA

chamber. The ACM valve box and the connection from the ACM valve box to the

PTR-ToF-MS were heated at all times. The ACM collector is cooled during ACM

sampling times and heated for desorption. Details of the connections between

ACM and PTR-ToF-MS can be seen in Figures 3.3, 3.4, and 3.5.

3.2 Instrumental set-ups and performances

The set-up of the PTR-ToF-MS and the ACM at the AIDA chamber allowed
three different measurement modes:
• Measurement of the gas phase with the PTR-ToF-MS via a particle filter
(described in section 3.2.1).
• Measurement of the gas and particulate phase of the aerosols via bypassing
the particle filter (described in section 3.2.1).
• Measurement of the aerosol particle phase via the ACM (described in sec-
tion 3.2.2).
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3.2.1 Set-up of the PTR-ToF-MS and characterization
of the working conditions

In the first measurement mode, the PTR-ToF-MS was connected to the AIDA
chamber via a teflon particle filter with a nominal pore size of 200 nm (PTFE,
diameter: 47 mm, Sartorius). The filter was located in the isolated housing
of the AIDA chamber (see Fig. 3.2). Thus, the filter was at all times at the
same temperature as the sample from the inner vessel. With the particle
filter in the sampling line the PTR-ToF-MS measured aerosol gas phase.
In the second measurement mode, the filter was bypassed. The PTR-ToF-MS
measured aerosol gas phase plus aerosol particle phase. This was reached via
a heated PTR-ToF-MS inlet line of 1 m length. The aerosol particles were
converted into the gas phase when passing through that inlet line. This
approach has previously been tested by Tillmann et al. (2010). Figures 3.3
and 3.4 show the connection schemes of the ACM in standby and in collection
mode. In these two modes the PTR-ToF-MS sampled directly from the AIDA
chamber. The connection from the chamber leads through the heated ACM
valve box. Passing through valve 1, the sample was lead to the PTR-ToF-MS
via the heated inlet line.

Cartridge
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Collector
Collection
 surface

Vacuum
isolation valve

From ACM vacuum

chamber
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Figure 3.3: Connection scheme of the ACM in standby mode. The active gas flow

is shown in blue. See text in section 3.2.2 for description of the standby mode.
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Figure 3.4: Connection scheme of the ACM in collection mode. The active gas

flow is shown in blue. The PTR-ToF-MS is measures from the chamber while,

separately, the ACM collects aerosol particles (green). See text in section 3.2.2 for

description of the ACM collection mode.

Both, ACM valve box, and heated inlet line, were kept at 448 K for
all experiments. In addition to results from the ACM, this set-up allowed
to gain the partitioning coefficient for compounds which are in the aerosol
particle phase at the experiment temperatures of 243 K up to 303 K and
evaporate into the gas phase on their way through the heated valve box and
inlet line. For this, the PTR-ToF-MS measurements with and without filter
were compared (Tillmann et al. (2010), for details on deriving the partition-
ing coefficient from this set-up see section 4.4, for results see chapter 5.3.1).
For calibration a cylinder with a BTX-standard (National Physical Labora-
tory) was used (for details of the calibration see chapter 4.2). It was con-
nected to the line from the chamber through the ACM valve box to the
PTR-ToF-MS (see Fig. 3.2). The set-up allowed to switch between the
BTX-standard and synthetic air for background measurements.
The PTR-ToF-MS was operated with an inlet flow of 380 ml per minute.
The temperature of the driftchamber was held constant at 333 K. The condi-
tions in the driftchamber, which determine the ionization and fragmentation
of the compounds measured by the PTR-ToF-MS can be seen in Table 3.1.
They result in an E/N of 154.14 ± 7.78 Td for all experiments, where E is
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the electric field strength and N is the buffer gas number density.

Table 3.1: Arithmetic means and standard deviations of the voltage Udrift along

the driftpath, the temperature Tdrift in the driftchamber, the driftchamber pres-

sure pdrift, and the resulting E/N for a driftchamber length of 9.6 cm for all

experiments.

Ūdrift in [V] T̄drift in [K] p̄drift in [mbar] E/N in [Td]

560.05 ± 0.36 333.15 ± 0.04 1.74 ± 0.08 154.14 ± 7.78

3.2.2 Set-up of the ACM and characterization of the
working conditions

In the third measurement mode of the ACM-PTR-ToF-MS set-up at the
AIDA chamber the aerosol particle phase is measured via the ACM. The
ACM was connected to the AIDA chamber via a direct line (see Fig. 3.2).
The ACM can be operated in three different modes: the standby, the collec-
tion, and the desorption mode. The connection schemes and the respective
connections to the AIDA chamber and the PTR-ToF-MS can be seen in Fig-
ures 3.3, 3.4, and 3.5.
ACM standby mode: The standby mode was used mainly for the times
between experiments to enable a start of the collection mode without any
time delay by starting the ACM from shutdown. In standby mode the ACM
collection section was closed to the AIDA chamber by the vacuum isolation
valve and to the PTR-ToF-MS by the adjustment of valve 1 and 2. The
collection section was flushed with carrier gas which was vented out. The
PTR-ToF-MS was connected to the AIDA chamber by valve 1. This allowed
PTR-ToF-MS measurements from AIDA while the ACM was in standby
mode.
ACM collection mode: In the collection mode, the ACM collector was
cooled by liquid nitrogen to 243 K. The collection section was open to the
AIDA chamber through the open vacuum isolation valve. Thus, the ACM
sampled from the AIDA chamber. Aerosol particles were collected in this
mode. Via valve 2 the collection section of the ACM was separated from the
carrier gas supply. So, the collection section was closed to carrier gas, the
vent and to the PTR-ToF-MS. At the same time, the PTR-ToF-MS measured
directly from the chamber through valve 1. Thus, PTR-ToF-MS data from
the ACM sampling periods are comparable to the samples from the ACM
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3.2. INSTRUMENTAL SET-UPS AND PERFORMANCES

(see chapter 4.5). Several ACM samplings were conducted in the course of
most experiments.
ACM desorption mode: The collection mode was followed by the desorp-
tion mode. The connection between the collector and the AIDA chamber
was closed by the vacuum isolation valve, ending the aerosol particle collec-
tion. The liquid nitrogen cooling was stopped, and the collector was heated
up by the cartridge heater. By switching valve 1 the carrier gas was flushed
through the collection section of the ACM, carrying the evaporated aerosol
to the PTR-ToF-MS which was connected to the ACM collection section in-
stead of to the AIDA chamber in this mode.
Tables 3.2 and 3.3 show an overview of the relevant experimental details for
the ACM sampling and desorption periods. The ACM was operated with a
flow of ∼ 84 ml per minute. Collection times lay between 25 minutes up to
187.5 minutes. During the desorption process, the whole sample was trans-
ported to the PTR-ToF-MS in only a few minutes with a flow of 380 ml
per min. Therefore, the PTR-ToF-MS measured a concentrated sample. To
correct for that, the PTR-ToF-MS signals from ACM measurements have to
be corrected with a factor derived from the values seen in Tables 3.2 and 3.3
(see section 4.5).
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Figure 3.5: Connection scheme of the ACM in desorption mode. The active gas

flow is shown in blue and green. Green lines show the carrier gas with the desorbed

aerosol particles. See text for description of the ACM desorption mode.
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Table 3.2: Overview of the ACM collection and desorption periods for different

experiments. Shown are experiment date, experiment temperature, name of the

respective ACM period, start and end time of ACM sampling.

Date Texp in [K] Notation Collection start Collection end
2009/11/16 303 ACM16.1 11:37 14:14

ACM16.2 16:35 18:39
2009/11/17 273 ACM17.1 11:09 14:11

ACM17.2 16:48 17:13
2009/11/18 243 ACM18.1 11:24 14:02

ACM18.2 16:37 18:37
2009/11/19 273 ACM19.1 10:58 11:55

ACM19.2 12:42 14:35
ACM19.3 16:42 17:19
ACM19.4 17:44 19:09

2009/11/20 258 ACM20.1 12:13 14:08
ACM20.2 16:17 18:32

2009/11/25 258 ACM25.1 11:54 14:24
ACM25.2 15:25 16:28

2009/11/26 273 ACM26.1 13:25 16:29
2009/11/27 273 ACM27.1 10:30 13:37

3.3 Experimental Conditions and Procedure

All experiments were conducted under ambient pressure (∼ 1000 mbar). Rel-
ative humdity ranged between 30 to 80 %. To ensure pure ozonolysis reac-
tions, high concentrations (∼ 500 ppm) of cyclohexane (99.5 %, Merck) were
used as scavenger for OH-radicals generated during the ozonolysis reactions
(Saathoff et al., 2009). Except for one α-pinene ozonolysis experiment at
243 K, all other experiments started with the addition of cyclohexane by
flushing 9 l synthetic air per minute over a saturator. Afterwards, ozone,
which was generated by a silent discharge generator (Semozon 030.2, Ser-
bios), was either injected directly or after dilution in a 1 l glass vessel with
a flow of 5 l per minute of synthetic air. A detailed day-to-day routine of all
experiments can be found in the appendix A.
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3.3. EXPERIMENTAL CONDITIONS AND PROCEDURE

Table 3.3: Overview of the ACM collection times (tACM ) , sampling flows (fACM ),

desorption time lengths (tPTR) in which the PTR-ToF-MS measured from the

ACM, and desorption temperatures (Tdes) for the different ACM periods. The

desorption temperature was at 463 K in all desorption processes. The PTR-ToF-

MS sampled with a flow of 380 ml
min

Notation tACM in [min] fACM in [ml m−1] tPTR in [min]
ACM16.1 157 84.00 6
ACM16.2 124 84.00 6
ACM17.1 183 84.00 6
ACM17.2 25 84.00 6
ACM18.1 158 84.60 6
ACM18.2 120 84.60 5
ACM19.1 57 84.60 12
ACM19.2 113 84.60 6
ACM19.3 37 84.60 6
ACM19.4 85 85.20 8
ACM20.1 55 84.60 7
ACM20.2 136 85.20 9
ACM24.1 180 84.60 10
ACM25.1 150 84.00 10
ACM25.2 63 84.00 6
ACM26.1 65 83.40 10
ACM27.1 188 82.80 10

3.3.1 β-pinene ozonolysis experiments

β-Pinene ozonolysis experiments were conducted at 243 K, 258 K, 273 K, and
303 K. For these experiments β-pinene (99 %, Aldrich) was evaporated at a
pressure of 2 mbar into a 2 l glass vessel and injected into the chamber with
10 l min−1 of synthetic air. An additional injection of ∼ 20 ppb nopinone
(98 %, Aldrich), as the major β-pinene ozonolysis product, was conducted
for reference purposes at points where the major content of the reactants was
assumed to have been consumed. Therefore, 8 l min−1 of synthetic air was
flushed over a saturator containing nopinone at 50 °C. An overview of the
β-pinene ozonolysis experiments is given in Table 3.4. Figure 3.6 shows a β-
pinene ozonolysis experiment at 273 K as an example for the general β-pinene
ozonolysis experiment procedure. The PTR-ToF-MS data of the development
of the β-pinene parent ion C10H17

+ is shown in green. The development of the
nopinone parent ion C9H15O

+ is shown in black. Fragments of β-pinene and
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Table 3.4: Overview of the β-pinene ozonolysis experiments.

Date Texp in [K] Added compound Mixing ratio in [ppb]
2009/11/16 303 Cyclohexane ∼ 500

Ozone 530
β-pinene 49
Nopinone 20

Ozone 1000
β-pinene 49

2009/11/17 273 Cyclohexane ∼ 500
Ozone 710
β-pinene 44
Ozone 970

Nopinone 20
Ozone 4000
β-pinene 44

2009/11/18 243 Cyclohexane ∼ 500
Ozone 830
β-pinene 39
Ozone 2000

Nopinone 20
Ozone 2000
β-pinene 39

2009/11/25 258 Cyclohexane ∼ 500
Ozone 850
β-pinene 41.4
Nopinone 20

2009/11/27 273 Cyclohexane ∼ 500
Ozone 900
β-pinene 44

nopinone are not included in this picture (see chapter 4.3). In this experiment
β-pinene was added twice. There was one additional nopinone injection. The
areas marked in pink show the times when the filter between the PTR-ToF-
MS and the AIDA chamber was bypassed. In this period, the PTR-ToF-MS
was assumed to measure the whole aerosol phase. Areas in blue indicate
the ACM sampling times. ACM sampling continued during the PTR-ToF-
MS measurement with and without filter. Highlighted in yellow are the
periods for ACM desorption. At that times, the PTR-ToF-MS measured
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the evaporated compounds of the aerosol particle phase from the ACM. For
times that are highlighted neither in pink, nor in yellow the PTR-ToF-MS
measured from the AIDA chamber with particle filter in the sampling line.
So, only the gas phase is detected by the PTR-ToF-MS in this periods.
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Figure 3.6: β-pinene ozonolysis experiment at 273 K. The green line shows the

mixing ratio of the β-pinene parent ion C10H17
+. The black line shows the mixing

ratio of the nopinone parent ion C9H15O
+. The shaded areas mark periods of

measurement without filter (pink), ACM sampling (blue), measurement without

filter and ACM sampling at the same time (violet), and ACM measurement periods

(yellow). See text for a detailed description.
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3.3.2 α-pinene ozonolysis experiments

An overview of the α-pinene ozonolysis experiments is given in Table 3.5.
They were carried out at 243 K, 258 K, and 273 K. α-Pinene was evaporated
at a pressure of 2 hPa into a 1 l glass vessel and afterwards injected into
the chamber with 10 l min−1 of synthetic air. In the experiment at 258 K,
pinonaldehyde, as a major α-pinene ozonolysis product, was added by flush-
ing 8 l min−1 of synthetic air over a saturator containing pinonaldehyde at
65 °C.
Figure 3.7 shows the development of the α-pinene parent ion C10H17

+ at
273 K as a representative of the α-pinene ozonolysis experiments. Two α-
pinene additions were conducted in this experiment. The major α-pinene
ozonolysis product pinonaldehyde is in the particle phase at temperatures
below 273 K. Therefore, it is not included in this Figure. A detailed analysis
of pinonaldehyde in the α-pinene ozonolysis experiments is given in chapter
5.1.1. The different measurement and sampling modes are highlighted as in
the β-pinene ozonolysis experiments, pink for PTR-ToF-MS measurements
without filter, blue for ACM collection times, violet for PTR-ToF-MS mea-
surement and concurrent ACM sampling, and yellow for ACM desorption
measurements.

Table 3.5: Overview of the α-pinene ozonolysis experiments.

Date Texp in [K] Added compound Mixing ratio in [ppb]
2009/11/20 258 Cyclohexane ∼ 500

Ozone 333
α-pinene 4
α-pinene 21
Nopinone 20

Pinonaldehyde
2009/11/26 273 Cyclohexane ∼ 500

Ozone 310
α-pinene 5.5
α-pinene 22
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Figure 3.7: α-pinene ozonolysis experiment at 273 K. The green line shows the

mixing ratio of the α-pinene parent ion C10H17
+. The measurement and sampling

modes are highlighted as in the β-pinene ozonolysis experiments. Pink areas:

PTR-ToF-MS measurements without filter; blue areas: ACM collection times;

violet areas: PTR-ToF-MS measurement and concurrent ACM sampling; yellow

areas: measurements from the ACM.

3.3.3 Nopinone experiment

In addition to the ozonolysis experiments, where the formation of secondary
organic aerosol from the reaction of α-pinene and β-pinene with ozone was
investigated, one experiment at 273 K included only the addition of nopinone
as the major β-pinene ozonolysis product (see Figure 3.8). The experimental
procedure of this experiment can be seen in Table 3.6. This measurement was
used in this work as a reference and for the investigation of the nopinone frag-
mentation in the PTR-ToF-MS (see chapter 4.3.4). The colored highlights
refer to the measurement and collection modes same as in the α-pinene and
β-pinene ozonolysis experiments (pink: PTR-ToF-MS measurement without
filter; blue: ACM sampling; violet: PTR-ToF-MS measurement without fil-
ter and concurrent ACM sampling; yellow: ACM measurement). Due to
data acquisition problems there was no data available from 14:53 on.
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Figure 3.8: Nopinone experiment at 273 K. The black line shows the mixing ratio

of the nopinone parent ion C9H15O
+. Colored areas mark PTR-ToF-MS mea-

surement without filter(pink), ACM sampling (blue), PTR-ToF-MS measurement

without filter and concurrent ACM sampling (violet), and ACM measurement

(yellow).

Table 3.6: Overview of the nopinone experiment.

Date Texp in [K] Added compound Mixing ratio in [ppb]
2009/11/19 273 Ozone 940

Nopinone 20
Ozone 1000
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Chapter 4

Procedures of data analysis

In this chapter the procedures of data analysis are explained in detail. The
method to determine the mixing ratios from the PTR-ToF-MS data is pre-
sented, as well as the calibration of the PTR-ToF-MS. An analysis of the
fragmentation in the PTR-ToF-MS drift tube is presented for β-pinene, α-
pinene, and nopinone. Furthermore, details on the determination of the
partitioning coefficient from PTR-ToF-MS measurements with and without
particle filter, and from the coupling of the PTR-ToF-MS with the ACM are
given.

4.1 Determination of the mixing ratios

To determine the mixing ratio in ppb from the data supplied by the PTR-
ToF-MS, Equation 4.1 is applied to the signal of the respective ion.

CppbV = 1.657 · 10−11
UdriftT

2
drift

k · p2drift
· C+

H3O+
· TRH3O+

TRC+︸ ︷︷ ︸
(I)

·CF · FF (4.1)
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CppbV Mixing ratio of a compound in [ppb]

Udrift Voltage in the PTR-ToF-MS drift tube in [V ]

Tdrift Temperature in the PTR-ToF-MS drift tube in [K]

k Reaction rate of the specific ion with H3O
+in

[
cm3

s

]
(see Table 4.1)

pdrift Pressure in the PTR-ToF-MS drift tube in [mbar]

C+ Concentration of the specific ion

from the PTR-ToF-MS signal in

[
1

s

]
H3O

+ Concentration of the primary ion H3O
+

from the PTR-ToF-MS signal in

[
1

s

]
TRC+ Transmission of the specific ion (see section 4.2)

TRH3O+ Transmission of the primary ion H3O
+ (see section 4.2)

FF Fragmentation factor of the

respective compound (see section 4.3)

CF Calibration factor (see section 4.2)

1.657 · 10−11 Constant factor from standard conditions

and device-specific values (see text for details)

The basic part of the equation is taken from Ionicon and consists of a com-
bination of standard conditions (namely p0 = 1013.25 mbar for air pressure,
T0 = 273.15 K for temperature, 2.8 cm

2

V s
for reduced mobility parameter µ0)

and device-specific values (like drift tube length of 9.3 cm) leading to part
(I) of Equation 4.1.
The reaction rates k used in this work are taken from Zhao and Zhang (2004)
and Tani et al. (2003). For compounds, for which no reaction rate could be
found in literature, the functional group of the specific compound was con-
sidered and reaction rates of comparable compounds ware taken from Zhao
and Zhang (2004) and Tani et al. (2003). The reaction rates used in this work
are given in Table 4.1. For compounds not listed in Table 4.1 a reaction rate
of k ≈ 2 · 10−9 cm

3

s
was assumed as a typical reaction rate.
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Table 4.1: Reaction rates (k) used in this work. † Zhao and Zhang (2004), ‡ Tani

et al. (2003)

Compound k in [10−9 cm
3

s
]

Benzene 1.97 †

Toluene 2.12 †

Ethylbenzene 2.25 †

a-Pinene 2.44 †

b-Pinene 2.50 †

Nopinone 4.40 ‡

One of the aims of the experiments presented in this work was to find β-,
and α-pinene ozonolysis products. These are not well-known so far. There-
fore, it was not possible to use an absolute calibration, i.e. a calibration for all
compounds which are expected to be measured. Thererfore, the PTR-ToF-
MS data is processed with a device- and ion-specific transmission factor, as all
measured ions have different transmission efficiencies in the PTR-ToF-MS.
The transmission factors used in this work are based on a nonlinear, ex-
perimental transmission curve provided by the PTR-ToF-MS manufacturer
Ionicon. As the originally provided values did not contain all m/z needed
for the data analysis of this work, additional values had to be extrapolated.
The transmissions used in this work are displayed in Table 4.2. The original
transmission values provided by Ionicon are highlighted in bold black.

Equation 4.1 is adjusted to the conducted experiments by including cali-
bration factor CF and a fragmentation factor FF . The calibration factor is
determined via the calibration with a BTX-standard conducted at the AIDA
chamber. A description on its determination can be found in section 4.2. The
fragmentation factor FF is determined for β-pinene, nopinone and α-pinene
in this work (see section 4.3).
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Table 4.2: Transmission of ions at different m/z in the PTR-ToF-MS

m/z Transmission m/z Transmission
21 0.033 94 0.689
32 0.0485 95 0.7
33 0.05 96 0.707
37 0.1 105 0.768
39 0.117 107 0.763
40 0.126 109 0.782
53 0.238 113 0.821
54 0.247 121 0.887
59 0.29 122 0.889
67 0.4 123 0.891
69 0.4 135 0.916
79 0.5 136 0.918
80 0.505 137 0.92
81 0.51 138 0.92
82 0.525 139 0.92
83 0.54 140 0.921
84 0.548 147 0.931
91 0.601 149 0.958
92 0.609 155 0.966
93 0.677 181 1

4.2 Calibration

The PTR-ToF-MS was calibrated with a BTX-standard (National Physi-
cal Laboratory) containing benzene, toluene, ethyl-benzene, m-, p-, and o-
xylene (see Table 4.3). Ethyl-benzene, m-, p-, and o-xylene all appear on
the same m/z in the PTR-ToF-MS signal. This standard of aromatic com-
pounds was chosen due to the fact that the signals and fragment signals
do not show many interferences. Therefore, they lead to a clear calibration
signal. In addition, the contained compounds were also part of the trans-
mission curve provided by the manufacturer Ionicon (see section 4.1). The
calibration measurements for the experiments of 2009/11/16 - 2009/11/27
were conducted on 2009/11/16, /17, /20, /23, and /26. For this purpose,
the connection between the PTR-ToF-MS and the AIDA chamber was closed
and the connection to the optional BTX-standard and synthetic air supply
was opened (see Figure 3.2). The calibration procedure consisted of a 10
min measurement of the BTX-standard, followed by 10 min of synthetic air
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Table 4.3: BTX-standard certified mixing ratios, m/z at which the ions are de-

tected in the PTR-ToF-MS, and parent ion identification. Note that ethyl-benzene,

m-, p-, and o-xylene are all detected on C8H
+
11 at m/z 107.086.

Species Mixing ratio Detected Parent ion
in [ppb] on m/z identification

Benzene 9.8 ± 0.3 79.055 C6H
+
7

Toluene 9.9 ± 0.3 93.070 C7H
+
9

Ethyl-benzene 10.0 ± 0.3
m-xylene 9.8 ± 0.3
p-xylene 9.9 ± 0.3

107.086 C8H
+
11

o-xylene 9.9 ± 0.3

for a background determination, which was subtracted from the signal for
the BTX-ions. For each BTX-compound, the measured BTX-value in ppb
was calculated with part (I) of Equation 4.1, taking the fragmentation of the
BTX-compounds in the PTR-ToF-MS into account. The factors between
the determined BTX-measurement values and the BTX-values given in the
standard were evaluated for each BTX-compound (Table 4.4).

Table 4.4: BTX-compounds, m/z where the ions are detected in the PTR-ToF-

MS and expected amount in ppb on the respective m/z, taking into account that

under the existing drift tube conditions 30% of the signal expected at m/z 107.086

is measured on m/z 79.055. The last column shows the deviation from the expected

value in %.

Species detected expected calculated deviation from
on m/z ppb ppb expected value

in %
Benzene 79.055 12.8 19.2 50
Toluene 93.070 9.9 9.1 8

Ethyl-benzene
m-xylene
p-xylene

107.086 36.6 32.8 10

o-xylene
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These factors were used to determine a linear, m/z-dependent calibration
curve (see Figure 4.1) following the linear equation

CF (m/z) = (1− 21 · b) + b ·m/z (4.2)

CF is the calibration factor, m/z the mass to charge ratio and b the slope
of the calibration curve (b = 0.03062± 0.00471).
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Figure 4.1: BTX-calibration curve

As every ion has to be multiplied with its m/z-respective calibration fac-
tor resulting from Equation 4.2 to determine its mixing ratio in ppb, the
calibration function was integrated into the equation determining the mixing
ratio (see section 4.1). It is assumed that the calibration factor for H3O

+

at m/z 21 is 1. This assumption had to be made to allow the calculation of
the measured mixing ratios of the BTX-values in ppb. It is pursued in the
calibration function as a matter of consistency.
If considering the role of the calibration function in Equation 4.1, it can be
interpreted as a correction of the transmission curve, which is described in
section 4.1. Therefore, the calibrated transmission curve can be derived by
dividing the transmission TRC+ with the calibration factor CF for the re-
spective m/z. The resulting transmission can be seen in Figure 4.2.
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Figure 4.2: Original transmission curve (black) and transmission after processing

with the BTX-calibration curve (red).

It has to be mentioned that a transmission curve determined from the
PTR-ToF-MS at the AIDA chamber would have been preferable to the one
provided by Ionicon and applying the described correction curve. Moving the
instrument can result in slight changes in the transmission referring to the
manufacturer. As in the present work, the PTR-ToF-MS was transported
to the AIDA chamber, a change in the transmissions can be expected. The
determation of a new transmission curve after setting the instrument up at a
new measurement site is recommended. However, the three BTX-signals are
not sufficient to determine a new transmission curve. Nevertheless, changes
in the transmission can be covered by applying the calibration curve to Equa-
tion 4.1.
A measure of quality for the calibration curve can be derived from com-
paring the BTX-measurements determined with the calibration curve to the
expected BTX-values from the standard (see Table 4.4). The deviations of
the calculated amounts to the expected amounts of the BTX-compounds lie
between 8 % (for toluene) and 50 % (for benzene). As ethyl-benzene, m-, p-
and o-xylene add up on m/z 107.086 the deviation of the sum of the expected
amount can be calculated. It lies at 10 %. This 10 % are in good agreement
with the 8 % deviation for toluene. Although the behavior of benzene could
well be interpreted as a spike, the sparsity of reference values does not al-
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low to exclude benzene from the measure of quality of the calibration curve.
Therefore, a systematic error from the calibration has to be considered to
lead to ppb-values with an uncertainty of up to 50 % of the respective value.
Note that this does not result in a variation of the mixing ratio of a com-
pound within a 50 % range. The 50 % have rather to be considered as a
possible constant offset for the mixing ratio of each compound.

4.3 Fragmentation

As described in section 2.1.2 compounds measured in the PTR-ToF-MS un-
dergo fragmentation during their ionization process in the PTR-ToF-MS drift
tube. To derive information about the amount of the original compound in a
sample, the fragmentation of this compound at the experiment-specific drift
tube conditions has to be determined. The fragmentation of a compound is
the same for all experiments if the drift tube conditions are kept constant.
Thus, fragments are linear correlated to each other. A measure for linear cor-
relation is provided by the Pearson product-moment correlation coefficient r,
or short Pearson correlation coefficient, developed by Pearson and Bravais
(see Equation 4.3 (Hartung et al., 2009).

r =

∑n
i=1(xi − x̄)(yi − ȳ)√∑n

i=1(xi − x̄)2 ·
∑n

i=1(yi − ȳ)2
(4.3)

The correlation coefficient r displays the linear correlation of an ion x at
point i in a chosen time interval to an ion y at the same point i for all n
values in the chosen time interval. r has values in the range of −1 ≤ r ≤ 1
with the following interpretation:

r = 1 The signals of two ions are linear correlated.

r = 0 The signals of two ions are not linear correlated.

r = −1 The signals of two ions are linear anti-correlated.

Values between 0 and ±1 can be considered more correlated/anti-correlated
the closer the are to ±1.
In this work, the fragmentation of the compounds was determined from the
experimental data taken at the AIDA chamber. As mentioned above, no
absolute calibration was conducted. Therefore, experiment periods had to
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be chosen, in which only the respective compound was added to the cham-
ber to keep the data as simple as possible. The chosen time intervals in
the PTR-ToF-MS data include the injection of the compound under inves-
tigation to show a distinct variation of the signal of the compound in time.
Only ions which follow the course of the compound under investigation will
show a linear correlation to this compound. To derive information about the
fragmentation of a compound in the PTR-ToF-MS drift tube one needs the
signal of at least one certain identified ion which originates from the species
under investigation. In the present work, α -, β -pinene, and nopinone frag-
mentation were determined. For these compounds, the respective parent ion
could be used as certain identified ion in the matrix correlation.
In a first step, the PTR-ToF-MS raw signal of all ions between m/z 28 and
m/z 172 is determined. Within this range, ion identity was defined (see
section 2.1.4) and it was reasonable for consideration in the context of frag-
mentation identification. Following that, a correlation matrix determining
the Pearson correlation coefficient is applied. It results in a matrix of the
correlation coefficients for all compounds with each other within the speci-
fied mass range and time interval (see see appendix B). Due to the complex
PTR-ToF-MS high resolution data this first step of raw data procession was
used to filter for potential fragments of the compound under investigation.
Therefore, an empirical threshold of |r| = |0.6| was chosen. Ions showing a
correlation coefficient higher than +0.6 were considered potential fragments
of a specific compound and were further investigated. As an excerpt of the
correlation matrix Figure 4.3 shows the correlation coefficients for compounds
between m/z 37 and m/z 172 with C10H

+
17 for the β-pinene fragmentation

investigation.
For further investigations the potential fragment signals are processed with

Equation 4.4, which is similar to part (I) combined with the calibration factor
CF of Equation 4.1 but without including the reaction rate k. This was done
to normalize the raw signal on the primary ion H3O

+ and on the conditions
in the PTR drift tube. It also takes into account the transmission in the
PTR-ToF-MS. For fragments the reaction rate which has to be considered is
the one of the respective parent ion with H3O

+. At this point of the inves-
tigation, it is not known whether a specific ion is a fragment or not. So, a
reaction rate cannot be assumed and is, therefore, not included in Equation
4.4.

CbK = 1.657 · 10−11
UdriftT

2
drift

p2drift
· C+

H3O+
· TRH3O+

TRC+

· CF (4.4)
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Figure 4.3: Pearson correlation coefficient for all ions in the mass range between

m/z 37 and m/z 172 for β-pinene parent ion C10H
+
17. The red lines indicate the

threshold of significant correlation. A list of the ion identities can be found in the

appendix (see Table C.1)

CbK Ion signal before applying a reaction rate

Udrift Voltage in the PTR-ToF-MS drift tube in V

Tdrift Temperature in the PTR-ToF-MS drift tube in K

pdrift Pressure in the PTR-ToF-MS drift tube in mbar

C+ Concentration of the specific ion

from the PTR-ToF-MS signal

H3O
+ Concentration of the primary ion H3O

+

from the PTR-ToF-MS signal

TRC+ Transmission of the specific ion (see section 4.2)

TRH3O+ Transmission of the primary ion H3O
+ (see section 4.2)

After applying Equation 4.4, the correlation matrix is applied a second time.
By this, correlations due to e.g. spikes from pressure changes, which could
be seen at injection times in AIDA, are ruled out. Ions which appeared to be
linear correlated to the parent ion of the compound under investigation after
the second matrix processing were plotted against the parent ion. From the
slope of the linear fits of those plots the percentage of the respective fragment
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of the investigated compound can be derived under the assumption that all
fragments are found in the process described above. For this, Equation 4.5
is applied.

F+
j =

100∑m
j sf,j

· sf,j (4.5)

F+
j Percentage of fragment j

of the total compound signal

sf,j slope of fragment j plotted

against the respective parent ion

where j is the run index for all m identified fragments.
During the experiments, there is always the possibility that other compounds
in the sample produce an unexpected interfering signal or fragment signal on
one or more fragments of the investigated compound. Therefore, summing
the signals of the fragments up does not necessarily lead to the total com-
pound signal. In this work the raw data showed no interfering signals on the
positive ions of α-pinene , β-pinene and nopinone. Hence, the factor for the
percentage of the parent ion (F+

parent ion) to the total compound signal (equal
100 %) was calculated as a fragmentation factor FF .

FF =
100

F+
parent ion

(4.6)

To finally determine the mixing ratio of a compound, the fragmentation
factor is included into Equation 4.1.

4.3.1 β-Pinene Fragmentation

The fragmentation for the β-pinene experiments shown in this work is derived
from the β-pinene ozonolysis experiment on 2009/11/17 for the time interval
between 10:00:52 and 14:02:32 and all ions between m/z 28 and m/z 172. The
time intervall is chosen to be at the beginning of the experiment. Therefore,
it includes only the first β-pinene addition to the chamber in the presence
of ozone. This is done to keep the mass spectra as simple as possible and
to ensure potentially interfering signals from other compounds as low as
possible. Figure 4.3 shows an excerpt of the correlation of all ions to β-
pinene parent ion C10H

+
17 derived from the matrix of correlation coefficients
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for all ions correlated with each other. The resulting relative contributions of
individual ions to the β-pinene signal can be found in Table 4.5. It shows the
masses of the ionized compounds which are identified as β-pinene fragments
and their percentages of the total β-pinene signal. It also shows the Pearson
correlation coefficients of the respective fragment with C10H

+
17 derived from

the correlation matrix, as well as the neutral fragments which are abstracted
during the ionization process in the PTR-ToF-MS drift tube.

Table 4.5: Fragmentation of β-pinene as calculated from Equation 4.5.

Mass Ion Pearson Neutral Percentage of
[amu] correlation fragment the total

coefficient β-pinene signal [%]
79.055 C6H

+
7 0.67 C4H10 2.22 ± 0.17

81.070 C6H
+
9 0.93 C4H8 51.33 ± 2.43

82.074 13CC5H
+
9 0.93 C4H8 3.28 ± 0.16

93.070 C7H
+
9 0.72 C3H8 1.96 ± 0.13

95.086 C7H
+
11 0.96 C3H6 5.50 ± 0.15

96.089 13CC6H
+
11 0.67 C3H6 0.45 ± 0.03

135.117 C10H
+
15 0.98 H2 1.59 ± 0.04

137.133 C10H
+
17 1.00 - 29.70 ± 0.65

138.136 13CC9H
+
17 1.00 - 3.24 ± 0.07

140.120 C9H16O
+ 1.00 CO 0.16 ± 0.003

155.107 C9H15O
+
2 0.84 CH 0.57 ± 0.03

The two major contributors to the β-pinene signal are the parent ion
C10H

+
17 with 29.70 ± 0.65 % on mass 137.133 amu, and the fragment C6H

+
9

with 51.33± 2.43 % on mass 81.070 amu. Other than C9H16O
+ and C9H15O

+
2 ,

all ionized and neutral fragments are the results of the reaction of C10H16

with H3O
+. The fragments identified as C9H16O

+ on m/z = 140.120 and
C9H15O

+
2 on m/z = 155.107 are very likely the outcome of an ionization of

C10H16 with O+
2 instead of H3O

+. The ionization of C10H16 with O+
2 leads,

therefore, to the attachment of O+ and the separation of CO in the case of
C9H16O

+. In the case of C9H15O
+
2 O+

2 is attached to C10H16 and CH is left
as neutral fragment. Although the Pearson correlation coefficient equals one
in the case of C9H16O

+, which is highly linear correlated to β-pinene , the
percentage of the total β-pinene signal is comparably low. The sum of both
fragments from ionization with O+

2 account for less than 1 % of the total
β-pinene signal. This is due to the fact that H3O

+ is the major primary ion
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in this experiment. Thus, it confirms that O+
2 reactions in the drift tube are

subordinate to ionizations with H3O
+. As the PTR-ToF-MS leaves the op-

portunity to switch to O+
2 as primary ion, it can be concluded that C9H16O

+

and C9H15O
+
2 will be major β-pinene fragments under that conditions.

To rule out interferences on the β-pinene fragment signals, the total β-pinene
signal is not calculated as the sum of the fragments throughout the exper-
iments, but by multiplication of the C10H

+
17 signal with the fragmentation

factor, which is derived from the percentage of the C10H
+
17 signal of the total

β-pinene signal following Equation 4.6. The β-pinene fragmentation factor is
calculated to be 3.37±0.07. A comparison of the β-pinene fragmentation to
the α-pinene fragmentation and to literature can be found in section 4.3.3.

4.3.2 α-Pinene Fragmentation

The α-pinene fragmentation in the PTR-ToF-MS drift tube is determined
from the data taken on 2009/11/26 between 10:00:02 and 16:22:05. Thus,
it includes both α-pinene additions. A significant variation in the α-pinene
signal, as needed for a clear identification of fragments with the correlation
matrix, is therefore ensured. The resulting fragmentation can be seen in
Table 4.6.

Table 4.6: Fragmentation of α-pinene as calculated from Equation 4.5.

Mass Ion Pearson Neutral Percentage of
[amu] correlation fragment the total

coefficient α-pinene signal [%]
81.070 C6H

+
9 0.94 C4H8 47.82 ± 1.38

82.074 13CC5H
+
9 0.94 C4H8 3.06 ± 0.09

92.063 C7H
+
8 0.68 C3H9 0.38 ± 0.02

95.086 C7H
+
11 0.87 C3H6 4.74 ± 0.15

135.117 C10H
+
15 0.84 H2 0.66 ± 0.02

137.133 C10H
+
17 1.00 - 38.32 ± 0.48

138.136 13CC9H
+
17 1.00 - 4.18 ± 0.05

140.120 C9H16O
+ 1.00 CO 0.200 ± 0.003

155.107 C9H15O
+
2 0.66 CH 0.64 ± 0.04

The identified fragments with masses up to 138.136 amu result from reac-
tions of α-pinene with H3O

+. This reaction leads to the PTR-ToF-MS signal
of the respective ion, as well as to the neutral fragments listed in Table 4.6.
In analogy to β-pinene, the fragments C9H16O

+ and C9H15O
+
2 are result-

ing from a reaction with O+
2 , which is competing with H3O

+ as a primary
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ion. Nevertheless, the low signal of these two compounds, accounting for less
than 1 % of the total α-pinene signal, shows that the reaction with O+

2 is
subordinate to the reaction with H3O

+ (see Appendix E.) A comparison to
β-pinene fragmentation and to literature can be found in section 4.3.3.
In analogy to the β-pinene fragmentation, the fragmentation factor FF is
calculated for the α-pinene parent ion C10H

+
17. To exclude the possibility of

interfering signals on one or more of the fragment signals, the total α-pinene
signal is calculated from the C10H

+
17 signal times the fragmentation factor of

2.61±0.03 for all experiments (see Equation 4.6).

4.3.3 Comparison of β-pinene and α-pinene fragmen-
tation to literature

A comparison to the results of Tani et al. (2003) shows that fragments at
m/z 67, 81, 95 and 137 (identified as β-pinene , respectively α-pinene parent
ion) have previously been reported for β-pinene and α-pinene fragmentation
in a PTR-MS. Percentages from Tani et al. (2003) observed at 120 Td, in
comparison to this work can be seen in Table 4.7. In comparison to the
unit mass resolution data of a PTR-MS, the high mass resolution data of the
PTR-ToF-MS allows to identify molecular formula of the respective fragment.
These are also displayed in Table 4.7.

Table 4.7: Comparison of the α-pinene and β-pinene fragmentation with literature

(Tani et al., 2003).

m/z Percentage of Percentage of Identified
the total the total fragment

monoterpene signal monoterpene signal, molecular
following Tani et al. (2003), this work, formula

at E/N = 120 Td at E/N 154 Td
67 ∼1 % - -
81 40 % 48 % (α-pinene ) C6H

+
9

51 % (β-pinene )
95 ∼1 % 5 % (α-pinene ) C7H

+
11

6 % (β-pinene )
137 43-49 % 38 % (α-pinene ) C10H

+
17

30 % (β-pinene )
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Tani et al. (2003) investigated the of changes in the fragmentation due
to changes in E/N (conducted between 80-120 Td). Percentages for signal
on m/z 137 decrease, while percentages for fragments on m/z 95 and m/z
81 increase with increasing E/N. Therefore, lower percentages for C10H

+
17 at

E/N=154 (this work) and higher percentages for C6H
+
9 and C7H

+
11 are within

good agreement with Tani et al. (2003). Although the fragment on m/z 67
also shows increasing behavior with increasing E/N in Tani et al. (2003), it
could not be identified in the present work.

4.3.4 Nopinone fragmentation

For the determination of the nopinone fragments the PTR-ToF-MS data of
2009/11/19 was investigated. In that experiment, no α-pinene or β-pinene
but only nopinone was added. Therefore, the correlation matrix to deter-
mine the Pearson correlation coefficient was used on the data of the whole
experiment day. The ACM measurement periods were excluded to reduce the
possibility of interfering signals that might occur due to molecules breaking
up during ACM desorption. The resulting fragmentation can be seen in Table
4.8. It is more complex than the β-pinene and α-pinene fragmentation. Nev-
ertheless, four major fragments could be determined. The nopinone parent
ion C9H15O

+ on mass 139.112 shares 37.91 ± 0.12 % of the total nopinone
signal. C9H

+
13 on mass 121.102 shows 22.01 ± 0.25 %, C5H7O

+ on mass
83.050 has 12.46 ± 0.13 %, and C7H

+
9 on mass 93.070 shares 7.48 ± 0.14 %

of the total nopinone signal. All neutral fragments are determined under the
assumption that they result from the ionization process C9H14O with H3O

+.
A nopinone fragment on m/z 121 has been previously reported in literature
(e.g. (Kim et al., 2010)). The fragmentation factor of C9H15O

+ from which
the total nopinone signal is calculated is 2.64±0.01.
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Table 4.8: Fragmentation of nopinone and percentages of the identified fragment

compounds of the total nopinone signal.

Mass Ion Pearson Neutral Percentage of
[amu] correlation fragment the total

coefficient nopinone signal [%]
69.070 C5H

+
9 0.96 C4H6O 2.36 ± 0.04

79.055 C6H
+
7 0.95 C3H8 2.81 ± 0.05

80.063 C6H
+
8 0.96 C3H7O 4.62 ± 0.08

81.070 C6H
+
9 0.96 C3H6O 0.30 ± 0.01

83.050 C5H7O
+ 0.99 C4H8 12.46 ± 0.13

84.053 13CC4H7O
+ 0.99 C4H8 0.67 ± 0.01

93.070 C7H
+
9 0.95 C2H6O 7.48 ± 0.14

94.074 13CC6H
+
9 0.98 C2H6O 1.07 ± 0.01

94.078 C7H
+
10 0.97 C2H5O 2.72 ± 0.04

95.086 C7H
+
11 0.98 C2H4O 1.57 ± 0.02

95.050 C6H7O
+ 0.96 C3H8 0.22 ± 0.004

96.058 C6H8O
+ 0.98 C3H7 1.57 ± 0.02

121.102 C9H
+
13 0.98 H2O 22.01 ± 0.25

122.105 13CC8H
+
13 0.98 H2O 2.23 ± 0.02

139.112 C9H15O
+ 1.00 - 37.91 ± 0.12

4.4 Determination of the partitioning coeffi-

cient from a PTR-ToF-MS in a filter set-

up

As described in chapter 3.2, the PTR-ToF-MS set-up at the AIDA chamber
allowed measurements with and without particle filter in the sampling line. In
this chapter, the determination of the partitioning coefficient from the com-
parison of the measurements with and without particle filter is described.
A schematic of the set-up has been shown in Figure 3.2. During each ex-
periment, the PTR-ToF-MS was switched several times between filtered and
unfiltered sampling from the AIDA chamber. The basic assumption for this
approach on deriving the partitioning coefficient was that during the mea-
surements with particle filter the whole aerosol particle phase was removed
from the sample. Thus, measurements only show aerosol gas phase in these
periods. Second part of the basic assumption is that during the periods in
which the particle filter was bypassed, the whole aerosol was measured by
the PTR-ToF-MS. As the PTR-ToF-MS is a gas phase detector, the aerosol
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4.4. DETERMINATION OF THE PARTITIONING COEFFICIENT
FROM A PTR-TOF-MS IN A FILTER SET-UP

particle phase had to be converted into the gas phase. This was realized by
the heated inlet line of the PTR-ToF-MS (see section 3.2.1). Following that,
the periods without particle filter in the sample line measure aerosol gas and
particulate phase. To gain aerosol particle phase information only, the gas
phase has to be subtracted from the data set of these periods. This approach
has previously been tested by Tillmann et al. (2010) with an identical set-up
for α-pinene ozonolysis experiments. Figure 4.4 shows an example for the
determination of the nopinone partitioning coefficient from PTR-ToF-MS
measurements with and without filter.
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16:00 17:00 18:00

Date and Time
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T = 303 K
 Gas phase without filter

 C9H15O
+

 Fit 1
 Fit 2

Figure 4.4: Example for the determination of the partitioning coefficient from

PTR-ToF-MS measurements with and without filter. In black the mixing ratio of

the nopinone parent ion C9H15O
+ is shown during nopinone addition (14:34-14:57)

and two subsequent measurement periods without particle filter in the sampling

line (shaded in pink). The green line shows the nopinone gas phase fit, which

is needed to determine the gas phase mass concentration withing the first period

without filter. The red line shows the fit needed for the second period without

particle filter.

The partiotining coefficient is calculated from the experimental data fol-
lowing Equation 1.1.

Kp,i =
Cp,i

Cg,i × CTSP
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Kp,i Equilibrium partitioning coefficient in m3 · µg−1

Cp,i Mass concentration of a species i in the aerosol particle phase

per unit air volume in µg ·m−3

Cg,i, Mass concentration of a species i in the gas phase

per unit air volume in µg ·m−3

CTSP Mass concentration of the total suspended mass of particles

per unit air volume in µg ·m−3

As in the present work, the nopinone partitioning coefficient is deter-
mined, species i in the equation is equal to nopinone. The mass concen-
tration of the total suspended mass is provided by measurements from a
Scanning Mobility Particle Sizer (SMPS), which was part of the standard
instrumentation at the AIDA chamber. The ratio of particulate phase to
gas phase was derived from the PTR-ToF-MS data. It is obvious that CTSP
and

Cp,nopinone

Cg,nopinone
should be derived from the same time interval. In the periods

without particle filter, the PTR-ToF-MS measured the whole aerosol phase.
To get the mass concentration of nopinone in the gas phase in the periods
without particle filter, a fit was applied to the gas phase data. An example
for the gas phase fits can be seen in Figure 4.4. The green line shows the gas
phase fit for the first period without filter. The red line shows the gas phase
fit for the second period without filter. The fitted gas phase data is used to
determine Cg,nopinone, and to subtract the gas phase from the whole aerosol
phase measurements, which results in Cp,nopinone. As the fragmentation of
nopinone in the drift tube of the PTR-ToF-MS is the same for Cg,nopinone
and Cg,nopinone , one can state that

Cp,nopinone
Cg,nopinone

=
Cp,C9H15O+

Cg,C9H15O+

Therefore, in this approach the C9H15O
+ signal in ppb (see section 4.1) is

taken for the determination of the nopinone partitioning coefficient. For
results from this approach see section 5.3.1.
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4.5 Determination of the partitioning coeffi-

cient from a PTR-ToF-MS coupled with

the ACM

The second experimental approach to determine the partitioning coefficient
uses the coupling of PTR-ToF-MS and ACM. In this chapter, the details of
this determination are explained.
Like the first approach, the determination of the nopinone partitioning co-
efficient is based on Equation 1.1. While the PTR-ToF-MS measurements
provide on-line data, the ACM needs to sample aerosol particle phase in order
to produce a desorption peak high enough for concurrent data analysis. Time
equivalence can be achieved by using the average of total SOA mass concen-
tration from the respective ACM sampling period for CTSP from SMPS data
and the average of the PTR-ToF-MS gas phase data for the same period for
Cg,i. In the case that periods of PTR-ToF-MS measurements without fil-
ter are included in the ACM sampling times, the above described gas phase
data fits are used (see section 4.4). Figure 4.5 shows the ACM desorption
peak for nopinone on 2009/11/17 from the second ACM desorption of that
experiment day. From the nopinone signal (shown in black) during the ACM
measurement a baseline (shown in blue), which is fitted to the synthetic air
signal from before and after the desorption peak, is subtracted. The baseline-
subtracted signal is shown in violet. Between the vertical bars, the area of
the desorption peak is defined in which the baseline corrected nopinone signal
is integrated. The resulting area under the peak has to be devided by the
PTR-ACM measurement time tPTR in [s] to derive the mixing ratio ζPTR in
[ppb] of the nopinone particulate phase in the volume that is sampled by the
PTR-ToF-MS from the ACM (VPTR in [m3]).

ζPTR =

∫
Peak

tPTR

The collector mass loading MColl in [µg] results from

MColl =
p ·m · ζPTR · 10−3

R · T
· VPTR

where p is the pressure in AIDA in [Pa], m the molecular mass in
[

g
mol

]
, R

the ideal gas constant in
[

J
molK

]
, T the experiment temperature in [K], and

VPTR the PTR-ACM measurement volume. The mass concentration of the
investigated aerosol particle phase in the AIDA chamber Cp,i in

[
µg
m3

]
equals

the mass concentration in the ACM measurement volume VACM . Therefore,
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it can be calculated as

Cp,i =
MColl

VACM

Thus, the particulate mass concentration from the ACM, which is needed to
determine the partitioning coefficient, can also be derived from:

Cp,i =
VPTR
VACM

· p ·m · ζPTR · 10−3

R · T
(4.7)

The respective flow and time values of the PTR-ToF-MS and the ACM to
derive the respective volumes can be found in Table 3.2 and 3.3. Results of
the described method are presented and discussed in chapter 5.
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Figure 4.5: Determination of the particle phase mass concentration from the

ACM desorption period. In black the nopinone signal in ppb is shown. A sharp

desorption peak can be seen in the ACM measurement period. The blue crosses

show the fitted baseline, which is subtracted in the black nopinone signal. The

baseline-subtracted nopinone signal is shown in violet. Vertical bars indicate the

area used for the integration of the baseline-corrected nopinone desorption peak.
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Chapter 5

Results and discussion of β-
and α-pinene ozonolysis
experiments

In this chapter the results of the experiments on α- and β-pinene ozonolysis
at the AIDA chamber of the Karlsruhe Institute of Technology (KIT) are
presented and discussed. The partitioning coefficient of nopinone is deter-
mined at different temperatures from measurements of the PTR-ToF-MS in
combination with a particle filter set-up and from the combination of PTR-
ToF-MS and ACM. The results are compared to a partitioning coefficient ex-
perimentally determined at the Jülich Aerosol Chamber with a combination
of ACM and a Gas Chromatography-Mass Spectrometer (GC-MS) and to
theoretically determined partitioning coefficients. Additionally, the fraction
of nopinone and total SOA from the combination of ACM and PTR-ToF-MS
are compared to SOA measurements from a Scanning Mobility Particle Sizer
(SMPS) and to literature.

5.1 α-Pinene Ozonolysis

Applying the data analysis procedures developed in this work and the frag-
mentation investigations, the α-pinene mixing ratios during the α-pinene
ozonolysis experiments are shown in Figure 5.1 and 5.2. The upper panel
of each graph shows the total SOA mass concentration from SMPS measure-
ments and the ozone mixing ratio. A density of 1.25 g

cm3 is assumed for the
SOA mass (Saathoff et al., 2009). In the lower panel of the graphs the mix-
ing ratios of α-pinene, respectively α-pinene and nopinone are shown. All
Figures show a prompt SOA formation from the reaction of α-pinene with
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Figure 5.1: α-Pinene experiment from 2009/11/26. The upper panel shows the

ozone mixing ratio in ppb in the AIDA chamber and the total SOA mass in µg
m3 from

SMPS-data. The lower panel shows the α-pinene mixing ratio from PTR-ToF-MS

measurements. The pink shaded areas mark measurement periods without particle

filter in the sample line. Blue areas mark periods, in which the ACM sampling took

place. Note that ACM-sampling and PTR-ToF-MS measurement were conducted

at the same time (see section 3.2). Periods with ACM-sampling and PTR-ToF-

MS measurement without particle filter are shaded in violet. ACM-measurement

periods are highlighted in yellow. For the determination of the α-pinene mixing

ratios after injection, a mixing time of 3 minutes after the injection process was

completed was considered.

ozone. Therefore α-pinene and ozone mixing ratios decrease with the start
of the α-pinene injection while the SOA mass concentration increases.
Figure 5.2 shows that nopinone addition to the chamber does not lead to an
increase in SOA mass concentration. With an injection of pinonaldehyde an
increasing SOA mass was detected. As pinonaldehyde is in the condensed
phase at the experiment temperature, it could not be detected in the PTR-
ToF-MS gas phase data (further investigations of pinonaldehyde can be found
in section 5.1.1). Unexpected is the increase of the nopinone signal at the in-
jection of pinonaldehyde. As a reason for that, one has to consider impurities
of the injected pinonaldehyde. It was generated in the Karlsruhe Institute
of Technology (KIT) from the reaction of α-pinene and ozone. Hence, it had
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Figure 5.2: α-Pinene experiment from 2009/11/20 (see Figure 5.1 for description).

no certified purity.
The errors of the mixing ratios were calculated based on gaussion error prop-
agation for Equation 4.1 (for the error equation see appendix D). They are
too small to show in the Figures. However, the systematic error discussed in
chapter 4.2 leads to an uncertainty of 50 % of the respective mixing ratios.
This leads to a possible offset of the mixing ratios, but leaves the relative
course of the data undisturbed.
One of the aims of the PTR-ToF-MS was to give a measure on how precise
the injection process at the AIDA chamber works. Therefore, the aimed
mixing ratios have to compared with the ones measured by the PTR-ToF-
MS. The measured value of each injected mixing ratio is determined after
the injection time span plus additional 3 minutes to ensure homogeneous
mixing in the chamber (see 3.1). The respective mixing ratio before the
injection started was subtracted as background. Additionally, for α-pinene
the amount that has reacted with ozone in the time span between the start
of injection and the measurement time has to be considered. For that, the
decrease in the ozone mixing ratio for that time is taken. It can be consid-
ered that one ozone molecule reacts with one α-pinene molecule. Therefore,
the corresponding amount of α-pinene is added to the measured α-pinene
mixing ratio. This corrects for the reactions between injection and measure-
ment time. The aimed, measured, and reaction-corrected mixing ratios after
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injection are compared in Table 5.1. For the experiment on 2009/11/26 the
measured and the aimed injected mixing ratios are within the uncertainty
range of the reaction-corrected values. In the experiment on the 2009/11/20
the reaction-corrected α-pinene mixing ratios are below the aimed values for
both injections. The measured nopinone mixing ratio on that day is higher
than the aimed value. Concluding from that, the aimed values were reached
within a factor of up to ≈ 2 for α-pinene and a factor of up to ≈ 0.4 for
nopinone. Reasons for differences between measured and aimed mixing ra-
tios lie e.g. in wall effects.

Table 5.1: Comparison of aimed, measured and ozone-reaction corrected mixing

ratios in the AIDA chamber after injection.

Experiment T Injection Aimed Measured Reaction-
day [K] mixing mixing corrected

ratio ratio mixing
[ppb] [ppb] ratio

[ppb]
2009/11/20 258 α-pinene 1 4.0 2.0 ± 1.0 2.3 ± 1.15

α-pinene 2 21.0 10.6 ± 5.3 10.8 ± 5.4
Nopinone 20.0 49.4 ± 24.7

2009/11/26 273 α-pinene 1 5.5 4.4 ± 2.2 5.0 ± 2.5
α-pinene 2 22.0 16.0 ± 8.0 16.3± 8.15

5.1.1 α-Pinene Ozonolysis Products

One of the major α-pinene ozonolysis products is pinonaldehyde (C10H16O2)
e.g. (Yu et al., 1999), (Tillmann, 2007). At temperatures of T ≤ 273K
pinonaldehyde is in the condensed phase (Tillmann et al., 2010). The α-
pinene experiments were conducted at 258 K and 273 K. In accordance to
that, both α-pinene experiments show no gas phase signal in the PTR-ToF-
MS measurements for C10H17O

+
2 at m/z 169.1229. Therefore, the correlation

matrix, determining the Pearson correlation coefficient, to determine pinon-
aldehyde fragments could not be applied here. Tillmann (2007) found a
pinonaldehyde fragment on mass 151 amu in PTR-MS measurements. He
concluded that C10H15O

+ was generated by the abstraction of H2O from
pinonaldehyde during ionization with H3O

+.
As the gas phase data does not provide information on pinonaldehyde frag-
ments, the particle phase data from the ACM was investigated for pinonalde-
hyde and fragments. The second ACM-sampling on 2009/11/20 included the
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pinonaldehyde injection (see Fig. 5.2). Therefore, the ACM-data should
show either pinonaldehyde or pinonaldehyde fragments. Figure 5.3 shows
the signals of C10H17O

+
2 for the protonated pinonaldehyde, C10H15O

+, and
C9H11O

+
2 for possible pinonaldehyde fragments on m/z 151.
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Figure 5.3: Second ACM-phase of the experiment on 2009/11/20. The pink

shaded area shows gas phase measurements without filter. The yellow area shows

the ACM desorption period. Pinonaldehyde is in the particulate phase at the

experiment temperature of 258 K. Thus, no gas phase signal is expected. Never-

theless, the particulate phase is expected to result in a desorption peak of either

the pinonaldehyde parent ion C10H17O
+
2 and/or signal from pinonaldehyde frag-

ments. The pinonaldehyde parent ion C10H17O
+
2 (red line) and the fragment

C10H15O
+ (green line) found in (Tillmann, 2007) show no desorption peak signal

during the ACM desorption period. However, a small desorption peak can be seen

for C9H11O
+
2 (blue line).

The pink area of the graph shows PTR-ToF-MS data without particle
filter in the measurement line. The yellow area shows ACM measurement
data. As mentioned before, the pinonaldehyde signal and the signal of the
potential pinonaldehyde fragments on m/z 151 is zero, respectively close to
zero in the gas phase data. The particulate phase from the ACM desorption
shows no desorption peak for pinonaldehyde and for C10H15O

+, whereas,
C9H11O

+
2 shows a small ACM desorption peak. This suggests that C9H11O

+
2

might be the pinonaldehyde fragment on m/z 151 which has previously been
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interpreted as C10H15O
+ from unit mass resolution data. Nevertheless, ab-

straction of a water molecule from pinonaldehyde in the PTR-ToF-MS drift
tube is far more likely than an ionizing reaction leading to C9H11O

+
2 which

would require the abstraction of CH6. To prove that the pinonaldehyde frag-
ment on m/z 151 is C9H11O

+
2 further experiments at temperatures above 273

K have to be conducted. A matrix correlation of these experiments would
result in a fragmentation pattern of pinonaldehyde.
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5.2 β-Pinene Ozonolysis

The β-pinene and nopinone mixing ratios which result from the data analysis
procedure and fragmentation investigation developed and conducted in this
work can be seen in Figures 5.4 - 5.8.
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Figure 5.4: Experiment from 2009/11/16. The colored areas show gas phase

without filter (pink), ACM sampling periods (blue), gas phase without filter and

concurrent ACM sampling (violet), and ACM measurement periods (yellow). The

upper panel shows SOA mass from SMPS measurements and ozone mixing ratios.

The lower panel shows β-pinene and nopinone mixing ratios. This experiment

shows a high difference between the aimed nopinone injection and the measured

nopinone mixing ratio (right axis).

β-pinene was injected into the AIDA chamber after ozone. All Figures
show a decreasing β-pinene mixing ratio due to the oxidation processes with
ozone. This leads to a significant increase of the SOA mass concentration
in all experiments after each β-pinene injection. The generation of nopinone
from β-pinene ozonolysis was detected for all experiments as an increasing
nopinone mixing ratio. It can be seen clearly in Figure 5.8. As in the α-
pinene ozonolysis experiment on 2009/11/20 (Figure 5.2), it can be seen in
all β-pinene ozonolysis experiment that nopinone injections did not lead to
an increase in SOA mass concentration.
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Figure 5.5: Experiment from 2009/11/17 (see Figure 5.4 for description).
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Figure 5.7: Experiment from 2009/11/25 (see Figure 5.4 for description).
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In analogy to the α-pinene ozonolysis experiments, the errors calculated
from gaussian error propagation of Equation 4.1 are too small to show in the
Figures (for error equation see appendix D). Nevertheless, the systematic
error discussed in chapter 4.2 has to be taken into account. It leads to an
uncertainty of up to 50% of the respective mixing ratio. This results in a
possible offset of the mixing ratios, but leaves the relative course of the data
undisturbed. Thus, only an approximate measure of how precise the injection
process in the AIDA chamber is can be concluded. For this, the aimed mixing
ratios are compared with the measured mixing ratios for nopinone and with
the reaction-corrected mixing ratios for β-pinene . As described before, the
measured injection values are determined after the injection time span plus
3 additional minutes to ensure homogeneous mixing in the chamber. As a
background, the respective mixing ratio before the injection was subtracted.
For β-pinene the measured mixing ratio is corrected for the amount fraction
that already reacted with ozone within the time span from the start of the
injection until the measured value. Aimed and measured mixing ratios are
shown in each experiment Figure at the injection peak. An overview of
aimed, measured, and reaction-corrected mixing ratios is given in Table 5.2.

Table 5.2: Comparison of aimed and measured mixing ratios in the AIDA chamber

after injection.

Experiment T Injection Aimed Measured Reaction-
day [K] mixing mixing corrected

ratio ratio mixing
[ppb] [ppb] ratio

[ppb]
2009/11/16 303 β-pinene 1 49.0 48.3 ± 24.15 49.3 ± 24.65

Nopinone 20.0 276.4 ± 138.2
β-pinene 2 49.0 45.9 ± 22.95 46.4 ± 23.2

2009/11/17 273 β-pinene 1 44.0 24.1 ± 12.05 25.4 ± 12.7
Nopinone 20.0 69.8 ± 34.9
β-pinene 2 44.0 21.5 ± 10.75 25.0 ± 12.5

2009/11/18 243 β-pinene 1 39.0 9.9 ± 4.95 11.2 ± 5.6
Nopinone 20.0 12.6 ± 6.3
β-pinene 2 39.0 11.2 ± 5.6 12.2 ± 6.1

2009/11/25 258 β-pinene 41.4 17.1 ± 8.55 18.3 ± 9.15
Nopinone 20.0 16.2 ± 8.1

2009/11/27 273 β-pinene 44.0 29.2 ± 14.6 33.5 ± 16.75
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The aimed and reaction-corrected values for the β-pinene injections on
2009/11/16 and on 2009/11/27 are in agreement within the uncertainty
ranges. For nopinone, only the aimed and measured values for the injection
on 2009/11/25 are in agreement within the uncertainty ranges. Regarding
β-pinene, the aimed values are underestimated in comparison to the mea-
sured data by a factor of up to ≈ 3.5. For nopinone the factor between the
aimed and the measured values ranges between ≈ 0.07 and ≈ 1.6. There-
fore, no general factor can be concluded from the nopinone measurements.
As mentioned before, differences between measured and aimed mixing ratios
can result e.g. from wall effects. Figure 5.9 shows the detected fractions
of reaction-corrected to aimed mixing ratios for β-pinene and measured to
aimed mixing ratios for nopinone depending on the experiment temperature.
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Figure 5.9: Detected fractions of the reaction-corrected mixing ratios for β-pinene

(green) and of the measured to aimed mixing ratios for nopinone in dependence

of the experiment temperature. The detected fraction shows a linear increase for

β-pinene .

For clarity errors are not shown in this Figure. They follow the errors
given in Table 5.2. For β-pinene the detected fractions show a linear increase
with increasing experiment temperature (slope: 0.011 ± 0.001, y-intercept:
-2.469 ± 0.293). Concluding from that, losses at the AIDA chamber walls
show a linear decreasing behavior with increasing temperature for β-pinene.
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The temperature behavior for the detected fraction of nopinone could not be
fitted sufficiently well due to the scarcity of data points. Nevertheless, Fig-
ure 5.9 clearly shows a non-linear temperature dependence for the detected
nopinone fraction. Thus, more complex wall effects can be considered in
the case of nopinone than for β-pinene. Therefore, further investigations for
nopinone remain to be implemented, considering the wall effects, but also a
higher than expected nopinone sensitivity of the PTR-ToF-MS.

5.3 β-Pinene Ozonolysis Products

5.3.1 Nopinone Partitioning

The partitioning coefficient of nopinone was determined using two different
experimental approaches described earlier, in combination with Equation
1.1. The two approaches result in the gas and particulate concentration of
nopinone. The total aerosol mass concentration was derived from SMPS mea-
surements, assuming a density of 1.25 g

cm3 . An overview of the partitioning
coefficients derived from the different methods is shown in Table 5.3. The
errors of the experimentally determined partitioning coefficients result from
the Gaussian error propagation of Equation 1.1. For further comparison,
an experimentally derived value from Hohaus (2009), a theoretically derived
partitioning coefficient from Chen and Griffin (2005), and values calculated
following Jenkin (2004) are added.
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Approach 1: With and without filter The nopinone partitioning coef-
ficient from PTR-ToF-MS measurements with and without filter is shown in
Figure 5.10.
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Figure 5.10: Nopinone partitioning coefficients from PTR-ToF-MS measurements

with and without filter (red crosses). The red line shows a linear fit to the decreas-

ing coefficients with increasing temperature. Gray crosses mark the partitioning

coefficients determined after nopinone injection into the AIDA chamber. The green

cross shows a partitioning coefficient from Chen and Griffin (2005).

It shows a linear decrease. A linear fit to the partitioning coefficients
follows

Kp,nopinone(T ) = −1.77 · 10−4
(
±8.52 · 10−5

)
· T + 5.71 · 10−2

(
±2.23 · 10−2

)
No trend for higher or lower partitioning coefficients can be observed when
comparing coefficients determined from periods before and after nopinone
injection into the AIDA chamber.

Discussion of the experimental partitioning coefficients from this
work: The partitioning coefficients of approach 1 are several orders of mag-
nitude higher than the partitioning coefficients from ACM measurements. At
a temperature of 243 K, the difference is one order of magnitude to ACM
measurements (see Table 5.3). With increasing temperature the difference
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increases. At 303 K, the partitioning coefficients from approach 1 are 3 orders
of magnitude higher than the one derived from the ACM measurement. The
basic difference between the two approaches is the experimental determina-
tion of the nopinone particle phase information. For approach 1, the differ-
ence from measurements with and without filter results in the particle phase
concentration. For approach 2, the integrated ACM desorption signal deliv-
ers Cp,nopinone. Therefore, the development of the mixing ratios of β-pinene
and nopinone when switching to measurements without filter has to be fur-
ther examined. Comparison of the periods without filter in Figures 5.4 to 5.8
show an increase of the nopinone signal, as expected. A short increase of the
nopinone signal after switching back to filter measurement appears when the
filter has to reach equilibrium with the restarted gas flow through the filter.
Thus, only periods with equilibrium filter conditions were used for the de-
termination of the partitioning coefficients. When considering the β-pinene
signal at filter switching times, an unexpected increase of the β-pinene in pe-
riods without filter at lower experiment temperatures can be seen. β-Pinene
is in the gas phase at all experiment temperatures (β-pinene vapor pressure
p0 = 2.61 mbar at T=292 K, calculated from National Institute of Standards
and Technology (NIST) based on (Hawkins and Armstrong, 1954)). Hence,
a temperature-dependent filter sampling of the gas phase must be concluded.
Considering the lower vapor pressure of nopinone in comparison to that of
β-pinene, it is expected that this effect occurs for nopinone as well, but that
it is concealed by the expected behavior for nopinone. In conclusion, the
measured nopinone concentration in the gas phase is possibly lower than the
real concentration. This leads to higher nopinone partitioning coefficients for
both approaches. For approach 1, the particle phase concentration is derived
by subtracting the gas phase concentration from the concentration derived
at periods without filter. Therefore, a low gas phase concentration also leads
to a higher particle phase concentration for this approach. This leads to an
even higher partitioning coefficient for approach 1.

Discussion of the temperature dependence of partitioning coeffi-
cients from approach 1: The detected nopinone fraction in Figure 5.9
indicates non-linear wall effects for different temperatures. This would also
lead to a non-linear filter sampling behavior, as the filter was kept at the ex-
periment temperature. Concluding from this and from the filter behavior for
β-pinene, the above described effect leading to high partitioning coefficients
should be smaller with increasing temperature. Nevertheless, the differences
in the partitioning coefficients between the two approaches increase with
higher temperatures. While a decrease of the partitioning coefficient with
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increasing temperature is expected, the temperature dependence from ap-
proach 1 is not comparable to that found in approach 2 and in the literature
(see below).
Approaches 1 and 2 differ in one other aspect of the measurement, which
should be discussed concerning the unexpected values and temperature be-
havior for approach 1. The filter set-up following Tillmann et al. (2010) is
based on the assumption that all nopinone in the aerosol particle phase is
converted to the gas phase while passing through the heated PTR-ToF-MS
inlet line. Tillmann et al. (2010) showed that this worked well for pinon-
aldehyde. Considering that pinonaldehyde is less volatile than nopinone,
the set-up should work for nopinone, as well. However, incomplete evapora-
tion of nopinone to the gas phase would lead to lower measured particulate
concentrations of nopinone and therefore to lower partitioning coefficients.
The effect would be stronger for lower experiment temperatures. This could
partly explain the only linear decrease of the partitioning coefficient with in-
creasing temperature. However, the partitioning coefficients from approach
1 are generally higher than the calculated partitioning coefficients and those
resulting from approach 2 (see below). Therefore, even if nopinone is only
partly evaporated to the gas phase in the heated inlet line, this cannot fully
explain the differences found.

Comparison of the partitioning coefficients of approach 1 with other
experimental data: The partitioning coefficient from Hohaus (2009) orig-
inates from a β-pinene ozonolysis experiment, using PTR-ToF-MS, SMPS
and ACM-GC-MS data in combination with Equation 1.1. There, ≈ 600 ppb
β-pinene were added to the Jülich Aerosol Chamber in the presence of ozone.
The experiment was conducted at 294 K. Detailed descriptions can be found
in Hohaus (2009). However, the partitioning coefficient shown in Table 5.3
differs from that presented in Hohaus (2009). This is due to the fact that the
PTR-ToF-MS gas phase data for nopinone has been recalculated. For this
purpose, the nopinone fragmentation has been determined for that experi-
ment using the correlation matrix method described in this work. This results
in a partitioning coefficient slightly different from that presented in (Hohaus,
2009). The present work does not include experiments at temperatures of
294 K. Taking the linear fit of the partitioning coefficients from approach 1
into account (see Figure 5.10) the partitioning coefficient from approach 1 is
two orders of magnitude higher than the result of Hohaus (2009).

Comparison of the partitioning coefficient from approach 1 with
theoretically derived values: Shown in green in Figure 5.10 is the nopi-
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none partitioning coefficient at 308 K from Chen and Griffin (2005). There,
the partitioning coefficient was calculated with the Caltech Atmospheric Che-
mistry Mechanism (CACM) coupled to an aerosol module (Model to Predict
Multi-phase Partitioning of Organics (MPMPO)). The gas-to-particle par-
titioning of semivolatile organic compounds is modeled and compared to
data sets of β-pinene experiments on ozonolysis, photo-oxidation, and reac-
tions with NO3. The model simulations were based on Pankow (1994). The

nopinone partitioning coefficient of 7.60 ·10−4
[
m3

µg

]
is well comparable to the

coefficients derived from approach 1.
It has to be noted that the difference in nopinone partitioning coefficients
from literature is three orders of magnitude, comparing the values of Chen
and Griffin (2005) and the calculated partitioning coefficient according to
(Jenkin, 2004). Following Jenkin (2004), the partitioning coefficient can be
derived from Equation 5.1

Kp =
7.501 · 10−9RT

MWomζp0L
(5.1)

Kp Equilibrium partitioning coefficient

[
m3

µg

]
R Ideal gas constant

[
J

molK

]
T Temperature [K]

MWom Mean molecular weight of the

condensed organic phase
[ g

mol

]
ζ Activity coefficient for the given species

in the condensed organic phase [1]

p0L Sub-cooled liquid vapor pressure [Torr]

In this approach, it is assumed that the aerosol has an amorphous, liquid-
like character (Pankow, 1994). Thus, p0L is one of the key parameters in
determining the partitioning coefficient from Equation 5.1. Jenkin (2004)
used an expanded, semi-empirical form of the Clausius-Clapeyron equation,
as seen in Equation 5.2.

ln
p0L
760

=
−∆Svap(Tb)

R

[
1.8

(
Tb
T
− 1

)
− 0.8

(
ln
Tb
T

)]
(5.2)
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p0L Sub-cooled liquid vapor pressure [Torr]

∆Svap(Tb) Vaporization entropy change at Tb

[
J

molK

]
Tb Boiling point temperature [K]

T Temperature [K]

R Ideal gas constant

[
J

molK

]
The sub-cooled liquid vapor pressures are determined here from the boiling
points Tb and the vaporization entropy changes at Tb. The results in Table
5.3 are calculated using Equations 5.1 and 5.2 with a mean molecular weight
(MWom) of 180 g

mol
. The activity coefficient was set to one (Jenkin, 2004).

For the nopinone boiling point Tb a value of 469.45 ± 8.0 K 1 was used. To
determine the vaporization entropy change at Tb an enthalpy ∆Hvap(Tb) of
43.25 ± 3.0 kJ

mol
was used2, leading to ∆Svap = 92.13± 6.58

[
J

molK

]
.

While the nopinone partitioning coefficients from approach 1 agree well with
the value of Chen and Griffin (2005), they are up to four orders of magnitude
higher than the values derived for the experiment temperatures following
Jenkin (2004). Additionally, the decrease in the partitioning coefficient with
increasing temperature does not follow the behavior described by Equations
5.1 and 5.2.

Approach 2: ACM Figure 5.11 shows the nopinone partitioning coeffi-
cient determined from ACM measurements (black crosses). The exact values
are given in Table 5.3. As discussed above, the nopinone partitioning coef-
ficients derived from approach 2 are several orders of magnitude lower than
those determined with approach 1 and the partitioning coefficient from Chen
and Griffin (2005). They compare well to the partitioning coefficient from
Hohaus (2009). Compared to values derived following Jenkin (2004), the
partitioning coefficients of ACM measurements are one order of magnitude
higher.

Discussion of the temperature dependence of partitioning coeffi-
cients from approach 2: The black line in Figure 5.11 shows the fitted
temperature behavior of the partitioning coefficients from approach 2. It fol-
lows Equation 5.1. The vapor pressures used here are equal to those used for

1Calculated using Advanced Chemistry Development (ACD/Labs) Software V11.2
(©1994-2012 ACD/Labs)

2Calculated using Advanced Chemistry Development (ACD/Labs) Software V11.2
(©1994-2012 ACD/Labs)
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Figure 5.11: Nopinone partitioning coefficients at different temperatures from

measurements with PTR-ToF-MS and ACM (black crosses) with a fit for the tem-

perature dependence (black line). Gray crosses mark the partitioning coefficients

from measurements with nopinone addition before the ACM sampling time started.

The gray line shows the fit of these partitioning coefficients. The pink-shaded area

marks the range of partitioning coefficients derived from Equations 5.1 and 5.2

with an activity coefficient between 3 (lower limit of the pink area) and 0.3 (upper

limit of the pink area). The red line in the middle of the pink area shows the

partitioning coefficients for an activity coefficient of 1. The blue triangle shows

the experimentally derived partitioning coefficient from Hohaus (2009).

the calculations following Jenkin (2004). The activity coefficient was used
as a free fitting parameter. This results in an activity coefficient of 0.042 ±
0.019. This is below the range of 0.3 - 3 that is typically assumed for activity
coefficients in SOA formation (Seinfeld and Pankow, 2003). In Figure 5.11,
the pink-shaded area shows the ranges of the partitioning coefficient derived
following Jenkin (2004) with the activity coefficient between 0.3 and 3. The
red line in the middle shows partitioning coefficients when the activity coef-
ficient is set to one. For the lower limit the activity coefficient equals 3. In
the upper limit the activity coefficient is 0.3.
There are three possible reasons for higher partitioning coefficients from ap-
proach 2 than found following Jenkin (2004):
1.) The filter behavior described above certainly leads to higher partition-
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ing coefficients. However, the filter behavior is seen to be temperature-
dependent. Thus, the effect on the partitioning coefficient would be higher
for lower temperatures. As the temperature dependence found in approach
2 fits very well to that described by Equations 5.1 and 5.2 the filter behav-
ior can be ruled out as a reason for the difference between the partitioning
coefficients from ACM measurements and those calculated following Jenkin
(2004).
2.) The lower limit of the typically assumed range of 0.3 - 3 for the activity
coefficient is set too high.
3.) Several model studies (e.g. (McFiggans et al., 2010), (Chen and Griffin,
2005)) leave the activity coefficient, as well as the sub-cooled liquid vapor
pressure, as a free parameter to converge to one value during the simulation
steps. Therefore, the difference my also be due to lower vapor pressures re-
sulting from the experimental data.
It has to be noted that the experimental partitioning coefficients from ap-
proach 2 are generally lower for ACM sampling periods which were conducted
after nopinone injection into the AIDA chamber. These values are marked
with gray crosses in Figure 5.11. They are closer to the calculated partition-
ing coefficients following Jenkin (2004). Their temperature behavior is closer
to that described by Equations 5.1 and 5.2 than the temperature behavior
considering the whole experimental data set from approach 2. The fit of
the temperature behavior results in an activity coefficient of 0.137 ± 0.004,
which is again closer to the typically assumed range of 0.3 - 3.
In addition to the higher partitioning coefficient derived from periods before
nopinone addition, the first ACM periods from 2009/11/16 (T = 303 K) and
2009/11/17 (T = 273 K) do not show a desorption peak for nopinone. In the
early experiment periods, the SOA mass is comparatively low. Thus, also the
particulate nopinone concentration is lower than later throughout the exper-
iment day. It has to be verified, whether the nopinone collector mass loading
reached a lower limit for the early ACM periods. The nopinone collector mass
loadings for the different ACM measurements are shown in Table 5.4. They
are calculated from the particulate nopinone concentrations which result from
the ACM desorption peaks. These values are then multiplied by the total
sample volume of the respective ACM sampling period. Hence, the nopinone
collector mass loadings depend on the ACM sampling time spans. Thus,
Table 5.4 shows that early ACM periods do not necessarily result in lower
nopinone collector mass loadings. For the ACM periods which do not show a
nopinone desorption peak (ACM16.1, and ACM17.1), the minimum nopinone
percentage of the total SOA mass concentration from SMPS measurements
found for the respective experiment temperature is considered (see section
5.4). The nopinone collector mass loadings from these periods are within the
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range of the ACM periods which show a desorption peak. Thus, the reason
for the missing nopinone desorption peak in ACM16.1, and ACM17.1 is not
too low nopinone collector mass loading. The lowest nopinone collector mass
loading with an ACM desorption peak is 6.67 · 10−4 µg.
As low collector mass loading is neither the reason for the ACM periods
without desorption peak, nor for the observed difference in the partitioning
coefficients from before and after nopinone addition, another effect has to
account for these findings. For this purpose, further ACM measurements are
needed. They should include more ACM periods during the course of one
experiment.

Conclusions for the partitioning coefficients of approaches 1 and 2
As the partitioning coefficient derived from ACM measurements shows the
temperature behavior expected from theory (e.g. (Pankow, 1994), (Jenkin,
2004)) it is considered the more reliable result than the partitioning coeffi-
cients from approach 1. All partitioning coefficients from ACM measurements
are higher than expected from theory. This cannot be explained by filter ar-
tifacts. Equations 5.1 and 5.2 show that either a lower activity coefficient
than expected, or a lower sub-cooled liquid vapor pressure result in the ob-
served difference between the experimental results and theory. However, the
experiments show that more nopinone is in the aerosol particle phase than
expected from theory.
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5.3.2 Other β-Pinene Ozonolysis Products

To find information on other β-pinene ozonolysis products beside nopinone
the correlation matrix from β-pinene fragmentation is further investigated.
β-pinene products should show a Pearson correlation coefficient between -1
and -0.6. Despite the good results for the fragmentation, the matrix correla-
tion does not result in correlation coefficients in that range for the correlation
with C10H

+
17. A coefficient of -0.44 can be found for C9H15O

+ (nopinone) and
C9H13O

+, identified as the β-pinene ozonolysis product Bicyclo[3,1,1]hept-
3-ene-2-one in Hohaus (2009).
The incident that a known β-pinene ozonolysis product like nopinone shows
a correlation coefficient of -0.44 leads to the conclusion that the used cor-
relation method is not appropriate to detect ozonolysis oxidation products
reliably. A reason for that is that the different β-pinene ozonolysis products
are built on different time scales. This results in a nonlinear relation between
the time evolution of β-pinene and its ozonolysis products. As the Pearson
correlation coefficient is only defined for linear correlation, the matrix corre-
lation does not result in the β-pinene ozonolysis products.
Therefore, a search for β-pinene ozonolysis products based on (Hohaus, 2009)
was conducted. Results can be seen in Table 5.5. Hohaus (2009) identified
several β-pinene ozonolysis products in the particle phase. For these prod-
ucts, the PTR-ToF-MS gas phase data of the Hohaus (2009) experiment was
searched. Additionally, the PTR-ToF-MS gas phase data and ACM parti-
cle phase data from the experiment on 2009/11/18 at the AIDA chamber
were searched for these products. This experiment was conducted at 243K.
Therefore, β-pinene ozonolysis products are more likely to be in the aerosol
particle phase as in experiments at higher temperatures. The second ACM
desorption period of that day shows a clear nopinone desorption peak. Thus,
it is considered suitable to find β-pinene ozonolysis products. For the search
of products in the gas phase, the whole gas phase data of that day was exam-
ined. For the comparison with the results from Hohaus (2009) it has to be
kept in mind that ∼ 600 ppb of β-pinene were injected into the Jülich Aerosol
chamber, whereas the β-pinene mixing ratios in AIDA were below a tenth of
that value. A high β-pinene mixing ratio enhances particle formation. Fur-
ther, it has to be mentioned that C9H15O

+
2 , which was detected in the gas

phase data of this work but not in the particulate phase, was identified to be
a β-pinene and α-pinene fragment (see 4.3.1 and 4.3.2). As Hohaus (2009)
uses a combination of ACM and GC-MS it is clear that his finding cannot
be ascribed to fragmentation. This leads to the conclusion that C9H15O

+
2

can be found in the aerosol particle phase for high but not for low β-pinene
concentrations.
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5.4. ACM - SMPS COMPARISON

Table 5.5 shows that from the list of identified β-pinene ozonolysis pro-
ducts in the aerosol particle phase from Hohaus (2009) for acetone
(at C3H7O

+), bicyclo[3,1,1]hept-3-ene-2-one (at C9H13O
+), nopinone (at

C9H15O
+), 3-oxonopinone (at C9H13O

+
2 ), and 1-hydroxynopinone

(at C9H15O
+
2 ) signals were found in the gas phase in the experiment of

2009/11/18. The second ACM desorption phase of that day shows desorp-
tion peak signals for C3H7O

+, C9H13O
+, C9H15O

+, and C9H13O
+
2 . It has

to be mentioned that except for nopinone and acetone, the detected signals
were close to the detection limit. So no reliable partitioning coefficient could
be calculated for these compounds. Regarding the data for acetone, the
ACM desorption process generates C3H7O

+ signal due to the breaking up of
other compounds. The exact sources contributing to the C3H7O

+ desorption
peak are not determined so far. Therefore, a partitioning coefficient calcu-
lated from that data would not represent the gas-to-particle partitioning of
acetone.

5.4 ACM - SMPS comparison

To determine the SOA fraction detected by the ACM, a full list of com-
pounds found in the ACM desorption periods has to be determined. As a
first step, the raw data of the second ACM desorption phase on 2009/11/18
was searched for ions showing a desorption peak. This was done to reduce
the amount of compounds for which the mixing ratios had to be calculated.
Afterwards, the raw signal of the resulting ions was processed with Equa-
tion 4.1. A general reaction rate of 2 · 10−9 cm3

s
was assumed. As only the

ion signals are investigated without considerations concerning the fragmen-
tation, the fragmentation factor was set to one. This procedure normalized
the signals on primary ion and PTR chamber condition changes. Then, it
was checked again, if the ions show a clear desorption peak. The resulting
list of ions can be found in appendix F. The mixing ratios of the ions were
summed up to the full SOA signal in the desorption areas. The desorption
peak data analysis was conducted in analogy to the one of nopinone. For
the calculation of the SOA mass concentrations, the average molecular mass
of 117.55 g

mol
resulting of the found ions was used. The percentage of total

SOA detected by ACM is shown in Table 5.6. Also, Table 5.6 summarizes
the percentage contribution of nopinone measured by ACM-PTR-ToF-MS to
the overall SOA mass as derived from SMPS data. The SMPS-SOA mass
concentrations considered here are the averages over the respective ACM
sampling times.
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A

C
M

17.2
13.73

±
0.90

20.60
6.87

0.45±
0.03

0.68
0.23

273
A

C
M

27.1
12.02

±
2.54

18.03
6.01

0.34±
0.07

0.51
0.17

303
A

C
M

16.1
16.00

±
1.59

24.00
8.00

303
A

C
M

16.2
9.19

±
0.91

13.79
4.60

0.24±
0.02

0.36
0.12
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5.4. ACM - SMPS COMPARISON

The total detected ACM-SOA signal ranges between 9.19 ± 0.91 % and
21.44 ±2.99 % of the SMPS derived SOA mass. The high variation in the
detected SOA fraction detectable by ACM-PTR-ToF-MS can partly be ex-
plained from the shape of the desorption peak. Different from the nopinone
desorption peaks, in some ACM desorption periods the total SOA peak de-
creased very slowly after its maximum and had not reached the baseline value
at the end of the desorption period. Hence, not the complete signal could
be considered by the integration of the desorption peak. It can be concluded
that some of the SOA compounds evaporated slower from the ACM collector
surface than others. Therefore, the desorption periods for investigations of
compounds other than nopinone should be longer than the ones conducted
in this work, or the temperature used for desorption should be higher.
The total SOA mass measured with the combination of ACM and GC-MS
by Hohaus et al. (2010) shows a range between 6 % and 11 % of the total
SOA mass. The fractions from the combination of PTR-ToF-MS and ACM
are slightly higher. This may result from the fact that the PTR-ToF-MS
is less limited in measuring oxiginated compounds and compounds at high
molecular weight in comparison to the GC-MS set-up used by Hohaus et al.
(2010).
The percentages of nopinone compared to the total SOA mass from SMPS
in this work vary between 0.06 ± 0.01 % and 0.68 ± 0.10 %. Considering
that Hohaus et al. (2010) investigated one experiment at 294 K these values
compare well to the range of 0.1 % to 0.3 % found by Hohaus et al. (2010),
derived with the combination of ACM and GC-MS.
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CHAPTER 5. RESULTS AND DISCUSSION OF β- AND α-PINENE
OZONOLYSIS EXPERIMENTS

5.5 Scientific findings of the α- and β-pinene

ozonolysis experiments

Within this work, two α- and five β-pinene ozonolysis experiments were per-
formed at the AIDA chamber of the Karlsruhe Institute of Technology (KIT).
To investigate the SOA formation a first-time combination of a new aerosol
collection technique and a high-resolution PTR-ToF-MS was used.
From α-pinene ozonolysis experiments the ion C9H15O

+
2 was found on m/z

155.107 amu in the aerosol particle phase data. It is interpreted as a PTR-
ToF-MS fragment of the major α-pinene ozonolysis product pinonaldehyde.
In the β-pinene ozonolysis experiments following compounds were found in
the aerosol particle phase:

Table 5.7: β-pinene ozonolysis products in the aerosol particle phase.

identified Ionized Mass of
products in the compound the ionized
particle phase compound

in [amu]
acetone C3H7O

+ 59.050
bicyclo[3,1,1]hept- C9H13O

+ 137.097
3-ene-2-one
nopinone C9H15O

+ 139.112
3-oxonopinone C9H13O

+
2 153.092

As the major point of this work, the nopinone partitioning coefficient
and its temperature dependence was determined. Findings from the ACM
show a temperature behavior in accordance with the semi-empirical form of
the Clausius-Clapeyron equation, as expected from theory. Nevertheless, the
experimentally determined partitioning coefficients are higher by one order
of magnitude than calculated based on theoretical work. Concluding from
that, more nopinone is in the aerosol particle phase than expected from
theory. This is likely a representative result for semivolatile compounds and
may in part explain why models tend to underpredict SOA. Therefore, the
experimental results for the nopinone partitioning coefficient from this work
can be used to improve model efforts which consider the contribution of
biogenic compounds to SOA formation.
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Chapter 6

Summary and Outlook

Summary

Organic aerosol makes up between 20 % and 90 % of the total submicron
particulate mass in the atmosphere. It is considered to be of major impor-
tance in understanding the different effects of aerosols on climate. Despite
the ongoing efforts, models still tend to underpredict organic aerosol mass.
SOA from biogenic VOCs contributes an important amount to the total or-
ganic aerosol mass in the atmosphere. One key point in understanding the
formation of SOA is the investigation of the gas-to-particle partitioning of
semivolatile oxidation products of VOCs.
In the present work, a new aerosol collection technique was coupled to a
high-resolution gas phase detector. This allowed a quasi-online compound-
specific measurement of the aerosol particle phase. The Aerosol Collection
Module (ACM) is a new device to collect atmospheric aerosols, convert them
into the gas phase and transfer them to a gas phase detector for analysis.
Within the ACM, the aerosol particles are separated from the gas phase and
collected on a cooled collector surface. After the collection time, the aerosol
particles are converted to the gas phase via thermal desorption and trans-
ferred to a gas phase detector. Different collection times were applied during
this work. The minimum collection time span was 25 min. Generally, the
minimum time span possible for collection is determined by the SOA mass
concentration in the sample and the device-specific minimum collector mass
loading. In the experiments presented in this work, the lowest detectable
collector mass loading was 6.67 · 10−4 µg for nopinone.
In this work, a first-time coupling of the ACM and a high-resolution PTR-
ToF-MS was conducted and used in α - and β-pinene ozonolysis experiments
at the AIDA chamber of the KIT, Karlsruhe, to investigate the formation
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CHAPTER 6. SUMMARY AND OUTLOOK

of SOA. As the PTR-ToF-MS is a relatively new gas phase detector, a data
analysis routine had to be developed during this work. It was based on the
data analysis routines for high resolution Aerosol Mass Spectrometer (AMS)
data. Furthermore, a close investigation of the fragmentation within the
PTR-ToF-MS drift tube had to be conducted to derive mixing ratios in the
AIDA chamber for α-pinene, β-pinene, and nopinone. The ACM measure-
ments were used to investigate α - and β-pinene ozonolysis products in the
aerosol particle phase.
The experiments at the AIDA chamber were conducted at temperatures be-
tween 243K and 303 K. For the major β-pinene ozonolysis product nopinone,
the partitioning coefficient and its temperature dependence was investigated.
The features of ACM and PTR-ToF-MS were used to determine the parti-
tioning coefficient with two different experimental approaches. In the first
approach, the PTR-ToF-MS was operated in combination with a filter set-up
according to Tillmann et al. (2010). The second approach used the combi-
nation of ACM and PTR-ToF-MS. Results were compared to experimental
data from (Hohaus, 2009; Hohaus et al., 2010) and to partitioning coefficients
from literature, which were derived from theory. Literature on the nopinone
partitioning coefficient at different temperatures is relatively sparse. Thus, to
derive a comparison of the temperature dependence, the partitioning coeffi-
cients at the experiment temperatures of this work were calculated following
theory.
The partitioning coefficients from the two experimental approaches con-
ducted in this work showed a difference of 1 to 3 orders of magnitude. The
partitioning coefficients from PTR-ToF-MS measurements with the filter set-
up were higher than those derived from ACM measurements. The filter set-up
approach compared well to the modeled partitioning coefficients from Chen
and Griffin (2005) but not with Jenkin (2004). Furthermore, they showed an
unexpected linear temperature dependence. Thus, it is assumed that these
results are mainly influenced by inconsistencies in the performance of the
filter set-up method.
The temperature dependence of the nopinone partitioning coefficient from
ACM measurements can be described by the equations used in Jenkin (2004).
Nevertheless, the theoretically derived values are 1 order of magnitude below
the ones determined using the ACM. Therefore, the experimental data of
this work leads to the conclusion that the amount of nopinone in SOA is
underestimated by theory.
In addition to the work described above, two improvements of the ACM
collection section were conducted. In the old set-up, the collector is cooled
with liquid nitrogen. This ensures low collection temperatures, but it also
makes the instrument-dependent on a permanent liquid nitrogen supply du-
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ring collection periods. To make the device more independent, the cooling is
conducted via a peltier element in a new set-up.
In the experiments at the AIDA chamber, the desorption process which trans-
forms the collected aerosol particles into the gas phase was conducted in one
step. On the one hand, this gives compounds which evaporate at low temper-
atures excess energy, which can lead to a breaking-up of these compounds
and makes their analysis more complex. On the other hand, a step-wise
heating would allow to investigate compounds according to their evapora-
tion temperature. Therefore, a semi-automatic step-wise heating procedure
was developed and installed at the ACM collection section. The general
performance of the new set-up was tested under laboratory conditions.

Outlook

The next step in improving the ACM is to perform experiments with the
newly developed set-up of the ACM collection section. Furthermore, short
sampling times in the ACM are desirable to provide a higher time resolution
in the aerosol particle measurements. For this purpose, the limit of minimum
collector mass loading which still ensures a significant desorption peak signal
has to be determined. In addition, a virtual impactor at the ACM inlet
system is an interesting possibility for pre-concentrating the aerosol, which
should be explored to further shorten sampling times.
From the α-pinene experiments presented in this work it can be seen that an
α-pinene ozonolysis experiment at a temperature above 273 K could be used
for a detailed pinonaldehyde fragmentation study. From experiments at seve-
ral temperatures above 273 K, the partitioning coefficient of pinonaldehyde
could be determined in analogy to the nopinone partitioning coefficient in
this work. Integrating the findings on the partitioning coefficient from this
work holds the opportunity for improvements of model studies considering
the formation of SOA. In general, the combination of ACM and PTR-ToF-
MS provides interesting opportunities for detailed compound-specific studies
of the chemistry and the formation of organic aerosol.
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APPENDIX A. DETAILED DESCRIPTIONS OF THE EXPERIMENT
PROCESSES

Experiment SOA09-06 
 

<T> = (303) K; P = (1000) hPa; [H2O] = (~13000) ppm; r. h. = (~30) % 
 

Date Time 
(Start) 

Time 
(End) 

Activity  SOA  
µg/m 3 

15.11.09   Filling with water vapour and synthetic air  

16.11.09     

 09:36 10:06 + Cyclohexane (Saturator at 25°C, 9 SLM)  

 10:22 10:26 + Ozone (Sorbios 80% in O2, t=10s) with 5 SLM 530ppb 

 10:43 10:45 + β-Pinene (2.0 hPa* in 2l) with 10 SLM* (49ppb) 

 13:00 14:30 Filter sampling (MZ, FZJ, IfT)   

 13:25 13:50 Meeting (seminar room)  

 14:36 14:56 + Nopinone (Saturator at 50°C, 8 SLM) (20ppb) 

 15:00 16:00 Filter sampling (MZ, FZJ, IfT)  

 16:10 16:13 + Ozone (Sorbios 80% in O2, t=10s) with 5 SLM 1.1ppm 

 16:21 16:23 + β-Pinene (2.0 hPa* in 2l) with 10 SLM (49ppb) 

 17:30 19:00 Filter sampling (MZ, FZJ, IfT)  

 19:00  Start pumping, flushing, filling with water vapour, 
refilling with synthetic air and cooling to 273 K. 

 

*Gas canisters samples are take every hour since addition of beta-pinene 
 

100



Experiment SOA09-07 
 

<T> = (273) K; P = (1000) hPa; [H2O] = (~4080) ppm; r. h. = (~60) % 
 

Date Time 
(Start) 

Time 
(End) 

Activity  SOA  
µg/m 3 

16.11.09   Filling with water vapour and synthetic air  

17.11.09     

 09:31 10:02 + Cyclohexane (Saturator at 25°C, 9 SLM)  

 10:08 10:12 + Ozone (Sorbios 80% in O2, t=15s) with 5 SLM 710ppb 

 10:22 10:26 + β-Pinene (2.0 hPa* in 2l) with 10 SLM* (44ppb) 

 12:19 12:23 + Ozone (Sorbios 80% in O2, t=5s) with 5 SLM 970ppb 

 13:00 14:30 Filter sampling (MZ, FZJ, IfT)   

 13:30  Meeting (seminar room)  

 14:45 14:52 + Nopinone (Saturator at 50°C, 8 SLM) (20ppb) 

 15:00 16:00 Filter sampling (MZ, FZJ, IfT)  

 16:06 16:10 + Ozone (Sorbios 80% in O2, t=60s) with 5 SLM 3.7ppm 

 16:25 16:27 + β-Pinene (2.0 hPa* in 2l) with 10 SLM* (44ppb) 

 17:00 18:00 Filter sampling (MZ, FZJ, IfT)  

 18:15  Start pumping, flushing, filling with water vapour, 
refilling with synthetic air and cooling to 243 K. 

 

*Gas canisters samples are take every hour since addition of beta-pinene 
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APPENDIX A. DETAILED DESCRIPTIONS OF THE EXPERIMENT
PROCESSES

Experiment SOA09-08 
 

<T> = (243) K; P = (1000) hPa; [H2O] = (~400) ppm; r. h. = (~80) % 
 

Date Time 
(Start) 

Time 
(End) 

Activity  SOA  
µg/m 3 

17.11.09   Filling with water vapour and synthetic air  

18.11.09     

 09:39 10:10 + Cyclohexane (Saturator at 25°C, 9 SLM)  

 10:16 10:19 + Ozone (Sorbios 80% in O2, t=20s) with 5 SLM 830ppb 

 10:30 10:32 + β-Pinene (2.0 hPa* in 2l) with 10 SLM* (39ppb) 

 11:38 11:40 + Ozone (Sorbios 80% in O2, t=19s) with 5 SLM 1.57ppm 

 13:00 14:30 Filter sampling (MZ, FZJ, IfT)   

 13:30 14:30 Seminar by Dr. Tajiri (MRI)  

 14:34 14:39 + Nopinone (Saturator at 50°C, 8 SLM) (20ppb) 

 15:00 16:00 Filter sampling (MZ, FZJ, IfT)  

 15:15  Meeting (seminar room)  

 16:03 16:05 + Ozone (Sorbios 80% in O2, t=20s) with 5 SLM 2.2ppm 

 16:14 16:16 + β-Pinene (2.0 hPa* in 2l) with 10 SLM* (39ppb) 

 17:00 18:30 Filter sampling (MZ, FZJ, IfT)  

 18:30  Start pumping, flushing, filling with water vapour, 
refilling with synthetic air and heating to 273 K. 

 

*Gas canisters samples are take every hour since addition of beta-pinene 
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Experiment SOA09-09 
 

<T> = (273) K; P = (1000) hPa; [H2O] = (~5200) ppm; r. h.ice = (~60) % 
 

Date Time 
(Start) 

Time 
(End) 

Activity  SOA  
µg/m 3 

18.11.09   Filling with water vapour and synthetic air  

19.11.09     

 10:02 10:04 + 2-Butanol (10*100/1010 in 1 l) with 10 SLM  

 10:42 10:42:30 + DOP Droplets via Atomizer (1bar)  

 10:59 10:59:30 + DOP Droplets via Atomizer (1bar)  

 11:12 11:15 + Ozone (Sorbios 80% in O2, t=20s) with 5 SLM 940ppb 

 11:31 12:00 + TME (1000ppm/N2) with (100)/60 SCCM  

 12:32 12:37 + Nopinone (Saturator at 50°C, 8 SLM)  

 14:30 15:20 Meeting (Seminar room)  

 15:23 15:24 + DOP Droplets via Atomizer (1bar)  

 15:50  + Ozone (Sorbios 80% in O2, t=5s) with 5 SLM 1.06ppm 

 17:21 19:06 + TME (1000ppm/N2) with 60 SCCM  

 17:47 18:47 Filter sampling (MZ, FZJ, IfT)  

 19:30  Start pumping, flushing, filling with water vapour, 
refilling with synthetic air and cooling to 258 K. 
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APPENDIX A. DETAILED DESCRIPTIONS OF THE EXPERIMENT
PROCESSES

Experiment SOA09-10 
 

<T> = (258) K; P = (1000) hPa; [H2O] = (~1200) ppm; r. h. = (~70) % 
 

Date Time 
(Start) 

Time 
(End) 

Activity  SOA  
µg/m 3 

19.11.09   Filling with water vapour and synthetic air  

20.11.09     

 09:23 09:54 + Cyclohexane (Saturator at 25°C, 9 SLM)  

 10:09 10:12 + Ozone (Sorbios 80% in O2, t=7s) with 5 SLM 333ppb 

 10:24 10:26 + α-Pinen (2.0 hPa*191/1006 in 1l) with 10 SLM 4 ppb 

 11:54 11:56 + α-Pinen (2.0 hPa/1l) with 10 SLM 21 ppb 

 13:30 14:30 Filter sampling (MZ, FZJ, IfT)   

 14:37 14:42 + Nopinone (Saturator at 50°C, 8 SLM)  

 15:00 16:00 Meeting (cellar room)  

 17:00 17:50 + Pinonaldehyde (Saturator at 65°C, 8 SLM)  

 18:00 19:00 Aerosol characterisation  

 19:20  Start pumping, flushing, filling with water vapour, 
refilling with synthetic air and heating to 293 K. 
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Experiment SOA09-13 
 

<T> = (258.1±0.1) K; P = (1000±2) hPa; [H2O] = (~1100) ppm; r. h. = (~70) % 
 

Date Time 
(Start) 

Time 
(End) 

Activity  SOA  
µg/m 3 

24.11.09   Filling with water vapour and synthetic air  

25.11.09     

 09:34 10:07 + Cyclohexane (Saturator at 25°C, 9 SLM)  

 10:14 10:21 + Ozone (Sorbios 80% in O2, t=18s) with 5 SLM 850ppb 

 10:33 10:35 + β-Pinene (2.0 hPa* in 2l) with 10 SLM* 41.4 ppb  

 13:00 14:30 Filter sampling (MZ, FZJ, IfT)   

 14:10 14:30 Meeting (seminar room)  

 15:01 15:07 + Nopinone (Saturator at 50°C, 8 SLM)  

 15:30 17:00 Filter sampling (MZ, FZJ, IfT)  

 17:00  Start pumping, flushing, filling with water vapour, 
refilling with synthetic air and heating to 273 K. 

 

*Gas canisters samples are take every hour since addition of beta-pinene 
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APPENDIX A. DETAILED DESCRIPTIONS OF THE EXPERIMENT
PROCESSES

Experiment SOA09-14 
 

<T> = (273) K; P = (1000) hPa; [H2O] = (~4500) ppm; r. h. = (~60) % 
 

Date Time 
(Start) 

Time 
(End) 

Activity  SOA  
µg/m 3 

25.11.09   Filling with water vapour and nitrogen  

26.11.09     

 09:24 09:54 + Cyclohexane (Saturator at 25°C, 9 SLM)  

 10:01 10:04 + Ozone (Sorbios 80% in O2, t=6s) with 5 SLM 310ppb 

 10:20 10:23 + α-Pinen (2.0 hPa*250/1007 in 1l) with 10 SLM (5.5ppb) 

 11:53 11:55 + α-Pinen (2.0 hPa/1l) with 10 SLM (22ppb) 

 13:00 14:30 Filter sampling (MZ, FZJ, IfT)   

 15:15  Meeting  

   Filter sampling as required  

 18:00  Start pumping, flushing, filling with water vapour, 
refilling with synthetic air and cooling to 273 K. 

 

 

Experiment SOA09-15 
 

<T> = (273) K; P = (1000) hPa; [H2O] = (~4000) ppm; r. h. = (~60) % 
 

Date Time 
(Start) 

Time 
(End) 

Activity  SOA  
µg/m 3 

26.11.09   Filling with water vapour and nitrogen (5.0)  

27.11.09     

 09:09 09:39 + Cyclohexane (Saturator at 25°C, 9 SLM)  

 09:48 09:52 + Ozone (Sorbios 80% in O2, t=18s) with 5 SLM 900ppb 

 10:00 10:02 + β-Pinene (2.0 hPa* in 2l) with 10 SLM (44ppb) 

 10:30  Meeting (seminar room)  

 13:00 14:30 Filter sampling (MZ, FZJ, IfT)   

 15:15  Start pumping, flushing, refilling with synthetic air 
and warming to 295 K. 
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Appendix B

Pearson correlation matrix for
β-pinene fragmentation
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Figure B.1: Pearson correlation matrix for β-pinene fragmentation in the PTR-

ToF-MS drifttube. The color codes shows the Pearson correlation coefficients for

all ions in the mass range between m/z 28 and m/z 172 with each other. The

red diagonal indicates the ions correlated with themselves, therefore showing a

coefficient of one. The information for β-pinene fragmentation is highlighted in

the black box, enclosing the correlation coefficient values for all ions with the

β-pinene parent ion C10H
+
17.
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APPENDIX B. PEARSON CORRELATION MATRIX FOR β-PINENE
FRAGMENTATION
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Appendix C

Ion identities and Pearson
correlation coefficient for ions
correlated to C10H

+
17
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APPENDIX C. ION IDENTITIES AND PEARSON CORRELATION
COEFFICIENT FOR IONS CORRELATED TO C10H

+
17

Ion Ion Pearson Ion Ion Pearson
number Correlation number Correlation

Coefficient Coefficient
1 H5O2 0.09 31 C4H5 0.63
2 j13CC2H 0.01 32 j13CC3H5 0.63
3 C3H2 0.24 33 C4H6 -0.04
4 C3H3 0.61 34 H3OH4O2 -0.15
5 j13CC2H3 0.61 35 C4H7 0.33
6 C3H4 0.01 36 j13CC3H7 0.33
7 C2HO -0.1 37 C4H8 -0.13
8 j13CC2H4 0.01 38 C4H9 0.23
9 C3H5 0.13 39 C3H6O -0.07
10 C2H2O -0.07 40 j13CC3H9 0.23
11 j13CC2H5 0.13 41 C3H7O -0.01
12 C3H6 -0.22 42 C2H6NO 0.27
13 C2H3O 0.01 43 j13CC2H7O -0.01
14 C3H7 0.36 44 C2H5O2 0.15
15 CH2NO -0.04 45 j13CCH5O2 0.15
16 C2H4O 0.04 46 C2H6O2 0.09
17 j13CC2H7 0.36 47 C5H3 -0.16
18 C3H8 0.17 48 C4HO 0.08
19 C2H5O 0.07 49 C5H5 0.21
20 NO2 -0.29 50 C4H2O -0.08
21 CH4NO 0.15 51 C5H6 0.27
22 C2H6O -0.09 52 C5H7 0.34
23 CH3O2 -0.15 53 C5H8 0.09
24 j13CH3O2 -0.15 54 C4H5O -0.1
25 CH4O2 -0.07 55 C5H9 0.01
26 C4H3 0.11 56 j13CC4H9 0.01
27 Cr -0.05 57 C5H10 -0.13
28 C3O 0.24 58 C3H3O2 0.14
29 C4H4 0.11 59 C4H7O 0.34
30 C3HO 0.21 60 C5H11 0.12

Table C.1: List of ion identities for ions correlated to C10H
+
17 and Pearson

correlation coefficient to determine the β-pinene fragmentation (see section
4.3.1).
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Ion Ion Pearson Ion Ion Pearson
number Correlation number Correlation

Coefficient Coefficient
61 C3H5O2 -0.04 91 j13CC6H7 0.76
62 C4H9O 0.09 92 C7H8 0.63
63 C2H4NO2 0.2 93 C7H9 0.72
64 j13CC2H5O2 -0.04 94 C7H10 0.47
65 C3H6O2 -0.06 95 C5H3O2 0.61
66 j13CC3H9O 0.09 96 C6H7O -0.22
67 j13CC2H6O2 -0.06 97 C7H11 0.96
68 C3H7O2 0.15 98 C6H8O 0.12
69 C6H6 0.27 99 C7H12 0.67
70 j13CC5H6 0.27 100 C5H5O2 -0.02
71 C6H7 0.76 101 C6H9O -0.08
72 C6H8 0.47 102 C7H13 0.24
73 C6H9 0.93 103 C5H6O2 0.04
74 j13CC5H9 0.93 104 C6H10O -0.05
75 C6H10 0.18 105 j13CC6H13 0.24
76 C4H3O2 0.46 106 j13CC5H10O -0.05
77 C5H7O -0.46 107 C6H11O -0.05
78 C6H11 0.25 108 C6H12O -0.02
79 j13CC4H7O -0.46 109 C4H5O3 0.06
80 j13CC5H11 0.25 110 C5H9O2 0.02
81 C6H12 -0.04 111 C6H13O 0
82 C4H5O2 -0.07 112 j13CC3H5O3 0.06
83 C5H9O -0.08 113 j13CC4H9O2 0.02
84 C6H13 0.18 114 C8H9 0.07
85 C6H14 0.15 115 C7H7O -0.07
86 C4H7O2 0.01 116 C8H11 0.85
87 C3H5O3 0.03 117 C8H12 0.54
88 C7H5 0.11 118 C6H5O2 -0.12
89 C4H9O2 -0.03 119 C7H9O -0.25
90 C7H7 0.76 120 C8H13 0.65
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APPENDIX C. ION IDENTITIES AND PEARSON CORRELATION
COEFFICIENT FOR IONS CORRELATED TO C10H

+
17

Ion Ion Pearson Ion Ion Pearson
number Correlation number Correlation

Coefficient Coefficient
121 j13CC6H9O -0.25 151 C10H17 1
122 C7H10O -0.1 152 C9H13j17O -0.44
123 C8H14 0.02 153 C9H14O -0.43
124 C6H7O2 0.11 154 j13CC9H17 1
125 C7H11O -0.04 155 C10H18 0.37
126 C8H15 0 156 C9H15O -0.44
127 C5H5O3 0.15 157 j13CC8H15O -0.33
128 C6H9O2 0.01 158 C9H16O 1
129 C4H3O4 0.02 159 C8H5O3 -0.33
130 C5H7O3 0.14 160 C10H13O 0.01
131 C6H11O2 0.02 161 C9H11O2 0.16
132 C6H12O2 -0.04 162 C10H15O 0.12
133 C9H11 0.2 163 C9H13O2 -0.05
134 C9H12 0.04 164 C9H15NO 0.5
135 C5H13O3 0.08 165 C12H11 -0.54
136 C9H13 -0.32 166 C9H15O2 0.84
137 C9H14 -0.25 167 C10H15O2 -0.15
138 C8H11O -0.21 168 C9H13O3 -0.02
139 C9H15 0.82 169 C10H17O2 0.45
140 C6H5O3 0.17 170 j13CC9H17O2 0.19
141 C7H9O2 0.1 171 C9H15O3 0.28
142 C8H13O -0.25
143 C8H14O 0.06
144 C7H11O2 -0.02
145 C8H3O2 0.3
146 C4H5NO4 -0.13
147 C9H11O -0.58
148 C10H15 0.98
149 C10H16 0.91
150 C9H13O -0.44
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Appendix D

Mixing ratio error

The statistical error ∆CppbV for the mixing ratio in ppb is calculated from
gaussian error propagtion of equation 4.1 in combination with equation 4.2
for the calibration factor CF .

∆C2
ppbV =(

1.657 · 10−11
UdriftT

2
drift

k · p2drift
· C+

H3O+
· TRH3O+

TRC+

· FF · (m/z − 21) ·∆b

)2

+

C2
ppbV ·

((
∆Udrift
Udrift

)2

+

(
2

∆Tdrift
Tdrift

)2

+

(
∆C+

C+

)2

+

(
∆FF

FF

)2

+

(
2

∆pdrift
pdrift

)2

+

(
∆H3O

+

H3O+

)2
)

∆CppbV Error of the concentration of a compound in [ppb]

1.657 · 10−11 Constant factor from standard conditions

and device-specific values (see chapter 4.1 for details)

Udrift Voltage in the PTR-ToF-MS drifttube in [V ]

Tdrift Temperature in the PTR-ToF-MS drifttube in [K]

k Reaction rate of the specific ion with H3O
+in

[
cm3

s

]
(see table 4.1)

pdrift Pressure in the PTR-ToF-MS drifttube in [mbar]
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APPENDIX D. MIXING RATIO ERROR

C+ Concentration of the specific ion

from the PTR-ToF-MS signal in

[
1

s

]
H3O

+ Concentration of the primary ion H3O
+

from the PTR-ToF-MS signal in

[
1

s

]
TRC+ Transmission of the specific ion (see section 4.2)

TRH3O+ Transmission of the primary ion H3O
+ (see section 4.2)

FF Fragmentation factor of the

respective compound (see section 4.3)

m/z mass to charge ratio of the ion of a compound in [amu]

∆b Error of the slope of the BTX-correction curve (see section 4.2)

CppbV Concentration of a compound in [ppb]

∆Udrift Error of the voltage in the PTR-ToF-MS drifttube in [V ]

∆Tdrift Error of the temperature in the PTR-ToF-MS drifttube in [K]

∆C+ Error of the concentration of the specific ion

from the PTR-ToF-MS signal in

[
1

s

]
∆FF Error of the fragmentation factor

of the respective compound

∆pdrift Error of the pressure in the PTR-ToF-MS drifttube in [mbar]

∆H3O
+ Error of the concentration of the primary ion H3O

+

from the PTR-ToF-MS signal in

[
1

s

]
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Fragments from ionization of
C10H16 with O+
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APPENDIX E. FRAGMENTS FROM IONIZATION OF C10H16 WITH
O+

2

10:00
2009/11/26

12:30 15:00

Date and Time

7.0x10
-2

6.0

5.0

4.0

3.0

2.0

1.0

0.0

 M
ix

in
g 

ra
tio

 o
f f

ra
gm

en
ts

 
fr

om
 r

ea
ct

io
ns

 o
f a

-p
in

en
e 

w
ith

 O
3 

in
 [p

pb
]

7

6

5

4

3

2

1

M
ixing ratio of C

10 H
17 + in [ppb]

a-Pinene addition

a-Pinene addition T = 273 K
 Gas phase without filter
 ACM sampling
 ACM sampling 

        and Gas phase 
        without filter

 C9H16O
+

 C10H17
+

Figure E.1: Experiment from 2009/11/26. C9H16O
+ signal (left axis) and C10H

+
17

signal (right axis) in ppb. The pearson correlation coefficient of C9H16O
+ with

C10H
+
17 is 1. Therefore, C9H16O

+ is an identified fragment of α-pinene . Never-

theless, it originates from the reaction of C10H16 with O+
2 instead of H3O

+. The

low signal of C9H16O
+ in comparison to the C10H

+
17 signal (please note the left

scale for C9H16O
+ and the right scale for C10H

+
17) leads to the conclusion that

ionization with O+
2 in the drifttube is subordinate to ionization with H3O

+ , as

expected. However, for experiments where O+
2 is chosen as primary ion in the

PTR-ToF-MS, the results indicate that C9H16O
+ can be considered to be one of

the major α-pinene fragments.
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Appendix F

Ions in the aerosol particle
phase of a β-pinene experiment
at 243 K

Table F.1: List of ions found in the aerosol particle phase in ACM18.2 on
2009/11/18 (see section 5.4).

Ion m/z [ g
mol

]
C3H7O

+ 59.05
C13C2H7O

+ 60.05
C6H

+
7 79.05

C6H
+
9 81.07

C13C5H
+
9 82.07

C7H
+
9 93.07

C7H
+
11 95.09

C6H11O
+ 99.08

C9H
+
13 121.10

C9H13O
+ 137.10

C9H15O
+ 139.11

C13C8H15O
+ 140.12

C8H5O
+
3 149.02

C9H13O
+
2 153.09

C10H17O
+
2 169.12

C13C9H17O
+
2 170.13

C9H15O
+
3 171.10
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Zum Abschluss dieser Arbeit möchte ich mich von ganzem Herzen bei allen
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