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Abstract

Monoterpenes are volatile organic compounds (VOC) that are emitted into the
atmosphere from biogenic sources, such as trees and vegetation, or from anthro-
pogenic sources, such as consumer care products. The mean global emission of
monoterpenes is estimated to be 160 Tg a year. In the atmosphere, the monoter-
penes react with the main oxidants, the OH radical, ozone (O3), or nitrate radicals
(NOs3). Products of these oxidation reactions influence the atmospheric composition.
Especially formation and growth of organic aerosols and the formation of ozone can
have effects on air quality, human health and climate warming. The oxidation of
atmospheric organic compounds by the OH radical initiates a radical chain reac-
tion that involves hydroperoxy radicals (HO,) and organic peroxy radicals (RO,
R=organic group). Depending on the environment, the RO, radicals can either
undergo bimolecular reactions with NO, HO, or other RO,, or unimolecular reac-
tions. Unimolecular reactions of RO, include H-shift reactions and endocyclizations.
From these autoxidation reactions, higher oxidized species can be formed rapidly.
Whether unimolecular reactions of RO, are competitive with bimolecular reactions
is also highly dependent on the molecules structure. Detailed knowledge about the
oxidation mechanism of atmospherically relevant species is crucial for understanding
the atmospheres’ oxidation capability.

This thesis aims to elucidate some key aspects of the oxidation mechanism of
three monoterpenes, 3-pinene, myrcene and A3-carene. The oxidation mechanisms
of myrcene, A3-carene and caronaldehyde, a main daytime product of the oxidation
of A3-carene, were investigated in a total of 10 experiments conducted in the atmo-
spheric simulation chamber SAPHIR (Simulation of Atmospheric PHotochemistry
In a large Reaction chamber). A large set of analytical instruments was used in
every experiment, allowing the measurement of the concentrations of OH, HO, and
RO, radicals as well as OH reactivity, VOC mixing ratios and mixing ratios of NO,
NO,, HONO and oxidation products. Physical parameters such as the temperature,
relative humidity and radiation parameters were also measured. The analysis of the
experimental results included the determination of reaction rate constants, product
yields and radical budgets.

The reaction rate constants determined for the reactions of myrcene and A®-carene
with OH and for the ozonolysis of A®-carene were in good agreement with previously
reported values. A new method for the determination of organic nitrate yields in
experiments in the SAPHIR chamber was developed. Organic nitrates are formed
from the reaction of ROy with NO. Due to their usually low vapour pressure, they are

prone to condense on atmospheric particles, thereby contributing to the growth and



formation of secondary organic aerosols. The nitrate yield of organic nitrates formed
in the oxidation of A3-carene was reported in the gas phase for the first time. The
measured yields were compared to values obtained from structure-activity relation-
ship (SAR) considerations. The results of these comparisons showed discrepancies
between the SAR estimates and the results obtained in the experiments, underlining
the importance of the investigations of oxidation mechanisms of individual monoter-
penes.

The analysis of the radical budgets revealed that there are no unknown but rele-
vant radical reformation reactions in the oxidation of A3-carene for the experimental
conditions in the SAPHIR chamber (298 K, low NO mixing ratios). Contrary, the
analysis of the experiments investigating the oxidation of myrcene indicates that
there are unknown radical formation reactions for the conditions in the chamber
experiments (298 K, low NO mixing ratios). It can be assumed that unimolecu-
lar reactions of the RO, formed in the oxidation of myrcene may be the source of
the missing radical formation processes due to structural similarities of myrcene to
isoprene. Unimolecular reactions have been shown to be of high importance in the
oxidation of isoprene.

The oxidation of S-pinene was studied in the SAPHIR-STAR chamber at Forschungs-
zentrum Jiilich and at the free-jet flow system at the TROPOS institute in Leipzig.
The initially formed RO, radical and the RO, radicals formed in two subsequent
unimolecular reactions as well as the bimolecular reaction products of all three
RO, families were measured by a CIMS (chemical ionization mass spectrometry)
instrument applying a recently developed detection scheme using protonated pri-
mary amines. The development of the CIMS based detection scheme for the use
at the SAPHIR-STAR chamber was realized in this thesis. The RO, radical ratios
obtained in the experiments in the free-jet flow system were compared to ratios of
the RO, radicals obtained from a model run using a published S-pinene oxidation
mechanism including reaction rate constants of unimolecular reactions. The reac-
tion rate constants of the unimolecular reactions leading to the formation of highly
oxidized RO, radicals were experimentally determined for the first time.

The results obtained in this thesis contribute to further understand the importance
of unimolecular reactions in the oxidation mechanisms of the investigated monoter-
penes. Furthermore, the use of newly developed techniques for the measurement of
RO, radicals, key species in the oxidation of monoterpenes, is shown to be a pow-
erful tool for the further improvement of our understanding of the atmospherically

relevant oxidation processes.



Zusammenfassung

Monoterpene sind fliichtige organische Verbindungen (VOC) die aus biogenen und
anthropogenen Quellen in die Atmosphére emittiert werden. Etwa 160 Tg Monoter-
pene werden pro Jahr in die Atmosphére emittiert. Dort werden diese meist un-
geséttigten Verbindungen oxidiert. Die Produkte, die in diesem Reaktionen gebildet
werden, beeinflussen die Zusammensetzung der Atmosphére. Besonders Ozon oder
Verbindungen mit niedrigem Dampfdruck, die zur Neubildung von neuen atmo-
sphérischen Aerosolen beitragen, oder auf bereits existierende Partikel kondensie-
ren, konnen einen starken Einfluss auf die Luftqualitat, Gesundheit der Menschen
und die Klimaerwarmung haben. Ein Grofiteil der VOCs wird tagsiiber durch die
Reaktion mit dem Hydroxylradiakal (OH) abgebaut, aber auch die Reaktion mit
Ozon fithrt zum Abbau dieser Verbindungen. Durch die Reaktion der VOCs mit
dem OH Radikal wird eine Kettenreaktion in Gang gesetzt, die die Bildung von
Hydroperoxy-Radikalen (HO,) und organischen Peroxyradikalen (RO,, R = organi-
scher Rest) beinhaltet.

Abhéngig von der Reaktionsumgebung reagieren RO, entweder in bimolekularen
Reaktionen mit NO, HO, oder anderen RO,, oder kénnen intramolekular reagieren.
Bei diesen unimolekularen Reaktionen kommt es innerhalb des Molekiils zum Bei-
spiel zu H-shift-Reaktionen oder Endozyklisierungen und es kénnen héher oxidierte
RO, entstehen. Ob die unimolekularen Reaktionen mit den bimolekularen Reaktio-
nen konkurrieren kénnen, hingt zudem von der Struktur des RO, ab.

Um das Klima und Luftqualitit moglichst gut zu modellieren und voraussagen
zu konnen ist ein tiefgreifendes Verstandnis der Mechanismen der atmosphérischen
Oxidationsprozesse vonnoten.

Das Ziel der vorliegenden Arbeit ist zum Verstdndnis der Oxidationsmechanismen
von drei atmosphérisch relevanten Monoterpenen, $-Pinen, Myrcen und A3-Caren
beizutragen.

Die Reaktionen von Myrcen und A3-Caren, sowie von Caronaldehyd, einem der
Hauptprodukte der Oxidation von A3-Caren mit dem OH Radikal, wurden in der At-
mosphérensimulationskammer SAPHIR am Forschungszentrum Jiilich untersucht.
Zusitzlich wurden Experimente zur Ozonolyse von A3-Caren und zur Photolyse von
Caronaldehyd durchgefiithrt. Wéhrend aller Experimente wurden die Konzentratio-
nen der OH, HO, und RO, Radikale, sowie von VOCs und deren Reaktionsprodukten
und weiteren Spurengasen wie NO, NO, und HONO mithilfe vieler verschiedener
analytischer Messinstrumente bestimmt. Zusétzlich wurden auch die Temperatur,

die relative Feuchte und Strahlungsparameter in der Kammer gemessen.



Die Analyse der Ergebnisse der Experimente umfasst die Bestimmung von Reakti-
onskonstanten, Produktausbeuten und Radikalbudgets. Die bestimmten Reaktions-
konstanten fiir alle untersuchten Reaktionen waren in guter Ubereinstimmung mit
publizierten Daten.

Eine neue Methode zur Bestimmung der Ausbeute von Organischen Nitraten wur-
de fiir die Experimente in der SAPHIR Kammer entwickelt. Organische Nitrate
entstehen durch die Reaktion von RO, mit NO. Aufgrund ihrer normalerweise nied-
rigen Dampfdriicke kondensieren sie leicht auf bestehende Partikel, und tragen so
zur Bildung von sekundéren organischen Aerosolen bei. Die Ausbeute von organi-
schen Nitraten wurde fiir die Gasphasenoxidation von A3-Caren zum ersten Mal
bestimmt. Die bestimmten Ausbeuten fiir alle drei untersuchten VOCs wurden mit
Ausbeuten verglichen, die durch Struktur-Eigenschafts-Beziehungen geschétzt wur-
den. Der Vergleich dieser Werte zeigt deutliche Unterschiede in den experimentell
und theoretisch bestimmten Daten. Dies unterstreicht die Wichtigkeit der Untersu-
chung der Oxidationsmechanismen einzelner Monoterpene.

Die Analyse der Radikalbudgets in den Experimenten zur Untersuchung des Oxi-
dationsmechanismus von A3-Caren geben keinen Hinweis auf fehlende Radikalbil-
dungsreaktionen unter den experimentellen Bedingungen in der SAPHIR Kammer
(298 K, niedrige NO Konzentration). Bei der Analyse der Radikalbudgets in den
Experimenten zur Untersuchung der Oxidation von Myrcen durch das OH Radikal
wurden deutliche Hinweise auf eine zusétzliche Radikalquelle unter den experimen-
tellen Bedingungen in der SAPHIR-Kammer gefunden (298 K, niedrige NO Konzen-
tration). Aufgrund von strukturellen Ahnlichkeiten von Myrcen und Isopren wird
davon ausgegangen, dass die fehlenden Radikalquellen in unimolekularen Reaktio-
nen der RO, liegen konnten. Fiir die Oxidation von Isopren ist die Wichtigkeit von
unimolekularen Reaktionen unter atmosphérischen Bedingungen bereits nachgewie-
sen worden.

Der Oxidationsmechanismus des Monoterpens $-Pinen wurde in der Atmosphéren-
simulationskammer SAPHIR-STAR am Forschungszentrum Jiilich und in einem
Freistrahl-Stromungssystem am TROPOS Institut in Leipzig untersucht. Die hier-
bei initial gebildeten RO,, und die hieraus aus zwei aufeinanderfolgenden unimo-
lekularen Reaktionen gebildeten hoher oxidierten RO, wurden mit einem CIMS
Instrument mit einem kiirzlich entwickelten, auf Aminium-Ionen basierenden Re-
aktionsschema detektiert. Die Entwicklung des CIMS basierten Detektionsschemas
fiir die Verwendung an der SAPHIR-STAR Kammer ist ein Teil dieser Arbeit. Die
in dem Freistrahl-Stromungssystem gemessenen Verhéltnisse der drei Radikalfami-
lien wurden mit modellierten Radikalverhéltnissen verglichen. Fiir die Modellierung
wurden publizierte Mechanismen verwendet, die um unimolekulare Reaktionen und

deren verschiedene veroffentlichte Reaktionskonstanten erweitert waren. Die Reak-



tionskonstanten, die sich am besten eignen, um die experimentellen Beobachtungen
im Modell zu reproduzieren, wurden bestimmt.

Die im Rahmen dieser Arbeit erzielten Resultate konnen zum Verstédndnis um die
Wichtigkeit unimolekularer Reaktionen in den Oxidationsmechanismen der unter-

suchten Monoterpene beitragen.
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1 Introduction

The first 8-15km, depending on the latitude and time of the year, of air surrounding
planet Earth are called troposphere. The main components of the dry atmosphere
are nitrogen (79.08%), oxygen (20.95%) and argon (0.93%). An additional 0 to 4%
of water vapour can be found in the lower troposphere depending on the location.
Small concentrations of trace gases from anthropogenic sources, like industry or use
of fossil fuels and biogenic sources, like forests, volcanoes or oceans influence the
tropospheric composition. The nature of the emitted species is diverse and their
effect on e.g. climate warming or human health differ. According to the World
Health Organization (WHO), 4.2 million premature deaths were caused by ambient
air pollution. The main contributors are ozone and fine particulate matters with
diameters smaller than 2.5 um (P.My5). These two pollutants have been shown to
cause respiratory and cardiovascular diseases and cancer (WHO, 2021).

In the atmosphere, most of the emitted species are chemically transformed by
oxidation processes. These processes are initiated by atmospheric oxidants, such as
the hydroxyl radical (OH), ozone (O3) or the nitrate radical (NO3) or by light of a
certain wavelength.

One of the few exceptions is carbon dioxide (CO,) that therefore has a long atmo-
spheric lifetime. Its permanent loss is driven by uptake in the Earth’s oceans. At
the same time, CO, is also the most prominent example for man-made greenhouse
gas emissions from combustion processes. The atmospheric CO, concentrations are
now higher than they have ever been in the last two million years (Masson-Delmotte
et al., 2021).

Reactive trace gases emitted from anthropogenic and biogenic sources like volatile
organic compounds (VOC) have lower atmospheric lifetimes in the range of only a
few hours to several weeks depending how rapidly they react with the atmospheric
oxidants. The atmospheric oxidation processes lead to the formation of a myriad
of oxidation products, for example organic radicals, organic nitrates, aldehydes or
acids. Exploring the formation mechanisms and reactions in which these species are
formed from their parent compounds is crucial for improving the knowledge about
the composition of the atmosphere.

To elucidate the chemical transformation processes in the atmosphere, highly sen-

sitive instruments are required for the detection of reactive trace gases that generally
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have low concentrations. Starting in the middle of the 20" century, many instru-
ments based on spectroscopic, mass spectrometric or electrochemical techniques
have been developed for the detection of trace gases and radical species (e.g. Heard
(2006)). Due to these developments, it is now possible to measure volume mixing
ratios of trace gases in the parts per billion (ppb) to parts per trillion (ppt) range.
Through the use of these sensitive measurement techniques, the field of atmospheric
chemistry aims, inter alia, to clarify the mechanisms of the many (oxidation) reac-
tions occurring in the atmosphere as detailed as possible. The information obtained
about the atmospheric reactions and processes can then be fed into models to better
predict air quality, weather phenomena and the climate. Experimental field stud-
ies, simulation chamber experiments and laboratory investigations present powerful
tools to investigate the oxidation mechanisms of atmospherically relevant species.

Simulation chamber experiments provide a controllable and well-defined environ-
ment to investigate findings from field studies or to test predictions made by atmo-
spheric models or theoretical quantum chemistry calculations. They allow for the
measurement of product yields and rate constants of the reaction of a single reactive
species. Complex chemical degradation mechanisms of single species or mixtures of
different substances can be investigated at atmospheric conditions.

In this thesis, two atmospheric simulation chambers of different size and a free-jet
flow system were used to investigate the oxidation mechanisms of the three monoter-
penes myrcene, A®-carene and -pinene that are understudied to date. The studies
aim to improve the understanding of fundamental chemical properties of the degra-
dation mechanisms such as reaction rate constants, photolysis frequencies, types of
product and product yields. A special focus was laid on the study of organic peroxy
radicals that are a key intermediate in the atmospheric oxidation of monoterpenes.
Further reactions of the organic peroxy radicals can produce stable oxidation prod-
ucts, such as aldehydes or ketones. They also influence the concentration of hydroxyl
radicals that control the oxidation capacity of the atmosphere and are relevant for

the photochemical formation of ozone and organic aerosol.

1.1 Emissions of monoterpenes in the atmosphere

Monoterpenes are volatile organic compounds (VOC) that are emitted into the at-
mosphere mainly by biogenic sources, e.g. trees.

Monoterpenes have the chemical formula C;gHq and can be divided in differ-
ent subgroups, depending on their chemical structure. The local emission rates of
these species are highly dependent on the type of plants and trees and time of year.
Around 1000 Tg of biogenic volatile organic compounds (BVOC) are emitted into

the atmosphere per year, and around 160 Tg of these emissions are accounted for by
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monoterpenes (Guenther et al. (2012)).

Table 1.1: Simulated global annual emissions of biogenic VOC (BVOC) for the
year 2000 (Guenther et al. (2012)). The monoterpenes investigated in this work are
highlighted in bold.

BVOC Emissions /
Tg year™!
Isoprene 535
a-Pinene 66.1
t-5-Ocimene 19.4
S-Pinene 18.9
Limonene 114
Sabinene 9.0
Myrcene 8.7
A3-Carene 7.1

Globally, the most abundant monoterpenes are a- and S-pinene with emission
rates of up to 66 Tg year~! (Guenther et al. (2012)). Other monoterpenes, like A3-
carene, are less important on a global scale, but gain in importance over certain
regions like boreal forests, as they are primarily emitted by certain pine trees that
are typically found in these areas. In the plants, the monoterpenes are stored in resin
ducts in the leaves or trunks. Their emissions are influenced by temperature and
also depend on other external stressors such as droughts (e.g. Liipke et al. (2017)
and references therein). It has been shown that stored monoterpenes are used by
plants as a defense mechanism against herbivorous insects (e.g. Mumm and Hilker
(2006)) and that monoterpenes have an inhibitory effect on the growth of airborne
pathogenic microorganisms (Gao et al. (2005)). Additionally, monoterpenes can be
newly synthesized by the plants as a response to oxidative stress (Gramann et al.
(2005)).

Due to their olfactoric characteristics, they are also often used in scents and con-
sumer care products. Recent studies show that half of the VOC emissions in in-
dustrialized cities are coming from volatile chemical products used for example in
cleaning and personal care products (McDonald et al. (2018)). Their oxidation prod-
ucts therefore influence rural and urban environments.

The structures of monoterpenes are diverse. There are bicyclic monoterpenes
with either endo- or exocyclic bonds (e.g. A3-carene and j-pinene, respectively),
monocyclic monoterpenes with several double bonds (e.g. limonene) or non-cyclic
monoterpenes with several double bonds (e.g.myrcene). The structures of the monoter-

penes investigated in this work are shown in Figure 1.1.



1.2 Tropospheric oxidation chemistry

b-pinene D*-carene myrcene

Figure 1.1: Chemical structures of the bicyclic monoterpenes S-pinene and A3-
carene, and the linear monoterpene myrcene.

A3-carene is mainly emitted by Scots pine trees and maritime pine (Komenda
and Koppmann (2002)) and therefore gains in importance over boreal forests. Care-
naldehyde is one of the main oxidation products of the reaction of A3-carene with
OH radicals and ozone. Myrcene emissions globally contribute about 2 to 10% to
monoterpene emissions (Guenther et al. (2012)), but are also gaining in importance
depending on the studied region and the dominating tree species.

Monoterpenes are unsaturated compounds. Therefore, they exhibit a high reac-
tivity towards the main oxidants in the atmosphere, OH, O3 and NO3. The products
formed from the reaction of monoterpenes with these oxidants, for example organic
nitrates or aldehydes, are often less volatile than their parent compounds and thereby
influence the formation of secondary organic aerosol (SOA). Additionally, ozone is
known to be a by-product of those oxidation reaction in areas where also nitrogen
oxides (NOx = NO + NO,) and light are abundant. Knowing the atmospheric
fate of monoterpenes is therefore crucial to understand organic aerosol and ozone

formation.

1.2 Tropospheric oxidation chemistry

Oxidation processes play a crucial role in the troposphere, as most biogenically or
anthropogenically emitted trace gases are chemically transformed by oxidation. In
the following section, the tropospheric oxidation chemistry in regard to the two main
oxidants, OH and O3, is described. The following paragraphs are based on the works
of Finnlayson-Pitts and Pitts (2000) and Seinfeld and Pandis (2006).

The most important oxidizing agent in the atmosphere is the hydroxyl radical (OH,
Ehhalt (1999)). OH is mainly produced by the photolytic decomposition of O3 by
UV radiation with a wavelength below 340 nm (Reaction R1.1). The electronically

excited oxygen atom O(*D) that is formed in this process subsequently either reacts
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with water vapour to form two OH radicals (Reaction R1.2), or is quenched to its
non-excited state O(®P) by the collision with a neutral molecule M (Reaction R1.3),
typically either molecular nitrogen or oxygen in the atmosphere.

O3 + hv — 0,(*A) + O('D) (R1.1)
O('D) + H,0 — 20H (R1.2)
O('D) + M — O(°P) + M (R1.3)

In polluted (urban) environments, another OH formation process gains in impor-
tance. The emissions of nitrogen oxides is typically enhanced in these regions due to
traffic or industrial activities. Nitrous acid (HONO) formation that occurs mainly
from heterogeneous processes involving nitrogen oxides at surfaces is therefore also
higher in polluted environments. As HONO can be photolyzed at UV radiation
wavelengths below 390 nm, the formation of OH radicals from HONO photolysis is
also important (Kleffmann (2007)). Another source of OH radicals is the ozonolysis
of VOC (Atkinson et al. (1992)). The OH radical reacts with almost all the trace
gases abundant in the troposphere, and thereby plays a significant role in the atmo-
sphere self cleaning ability.

In many cases, reactions with OH initiate fast radical chain reactions that produce
hydroperoxy radicals (HO,) and organic peroxy radicals (RO,). Here, R represents
an organic group. RO, radicals are formed in the reaction of VOCs with the OH
radical or ozone and are important intermediates in the further atmospheric degra-
dation of VOCs. The three radicals that are often referenced to as the ROx radical
family (ROx = OH + HO,; + RO,) dominate the radical chemistry in the tropo-
sphere during daytime. The reactions of the ROx radicals can be divided into radical
propagating and radical termination reactions. Radical propagation reactions occur
when the reaction of a radical with a reaction partner leads to the formation of
another radical species. In radical termination reactions, two radicals combine to
form a closed-shell molecule.

OH radicals react with methane and higher alkanes by H-abstraction. The subse-
quent rapid addition of molecular oxygen leads to the formation of organic peroxy
radicals (ROy). Monoterpenes are unsaturated alkenes and react with OH in two dif-
ferent ways. Usually, an OH radical is added to a double bond. The position of the
attack varies depending on the exact chemical structure of the VOC, but typically
an attack at the least substituted C atom of the double bond is favoured (Jenkin
et al. (2018)). In this process, an hydroxy substituted alkyl radical is formed that

subsequently quickly adds molecular oxygen at the beta position, forming a hydroxy
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peroxy radical (R(OH)O,, Reactions R1.4 and R1.5).

R-C=C-R + OH + M — R-C(OH)~C-—R + M (R1.4)
R—C(OH)~C-—R + Oy + M — R—C(OH)~C(0y)-—R + M (R1.5)

An alternative initial pathway is the abstraction of an H-atom usually from one
of the monoterpenes C atoms adjacent to the double bond. This results in the
formation of an alkyl radical and water. The alkyl radical formed in this reaction
then also reacts quickly with molecular oxygen, forming a peroxy radical. For most
monoterpenes, this is only a minor pathway. For example, only 10% of the oxidation
of A3-carene by the OH radical proceeds via H-abstraction estimated by structure-
activity relationship (SAR, Jenkin et al. (2018)). In many parts of this work, both
substituted and unsubstituted organic peroxy radicals are summarized as RO, rad-
icals for simplicity.

The peroxy radical formed after the addition of OH and subsequent reaction with
O, can undergo a number of different reactions (e.g. Goldman et al. (2021)), de-

pending on the chemical conditions of the environment:

(1) reaction with NO is dominant in polluted environments, e.g. close to cities or
industrial sites

(ii) reactions with HO, radicals

(iil) reaction with another peroxy radical (R’0O,), with a different organic rest R’
that become more relevant in remote atmosphere

(iv) autoxidation reaction (e.g. intramolecular H-shifts), often leading to the for-

mation of highly oxygenated molecules (HOM).

For the reaction of RO, with NO, two different reaction pathways are possible: the
formation of an organic nitrate (RONO,, Reaction R1.7) or the formation of a alkoxy
radical (RO) and NO, (Reaction R1.6).

RO, + NO — RO + NO, (R1.6)
RO, + NO — RONO, (R1.7)

The branching ratio of this reaction depends on the chemical structure of the
molecule. Besides the degree of substitution of the radical (primary, secondary
or tertiary), the size of the molecule also plays a role, since the stabilization of the
intermediate reactive complex is stronger in bigger molecules. A theoretical calcu-
lation method that takes into consideration the number of C-atoms and the degree
of substitution in the molecule (Jenkin et al. (2019)) gives a branching ratio of 19%

for the organic nitrate formation (Reaction R1.6) for primary RO, radicals derived



1.2 Tropospheric oxidation chemistry

from monoterpene species. Experimental studies show that this calculated branch-
ing ratio is indeed in the range of what can be expected, but that specific branching
ratios differ for different monoterpenes (Noziere et al. (1999), Rollins et al. (2010)).
However, the branching ratio of the nitrate formation is usually below 35%, making
the formation of the alkoxy radical (RO, Reaction R1.7) the dominant pathway for
the ROy + NO reaction.

The NO, molecule that is formed in Reaction R1.7 is photolyzed, resulting in the
formation of Oy (Reactions R1.8 and R1.9). The formation of NO, from the oxida-
tion of NO from Reaction R1.6 and the subsequent photolysis of NO, is the only

relevant chemical source of ozone in the troposphere.

NO, + hv — NO + O(°P) (R1.8)
0, + O°P) + M — O3+ M (R1.9)

The ozone formed in Reaction R1.9 subsequently reacts with NO, to regenerate

NO, (Reaction R1.10).

NO, NO, and Oj are thus in a photochemical equilibrium. In areas where high
NOx concentrations coincide with high VOC mixing ratios, e.g. big metropolitan
areas, NO can be oxidized by its reaction with HO, or RO, radicals (Reactions R1.21
and R1.6), reforming NO,. Through Reactions R1.8 and R1.9, new ozone is formed
leading to photochemical air pollution referred to as summer smog.

The alkoxy (RO) radical formed in Reaction R1.6 can then undergo further re-
actions: unimolecular decomposition, unimolecular isomerization, or reaction with
O, (Reaction R1.11). For simple alkenes, unimolecular decomposition of the formed
alkoxy radical leads to the formation of an alkyl radical and formaldehyde, as shown
exemplary for an alkoxy radical formed in the oxidation of ethene by OH in Reaction
R1.12. The alkyl radical further reacts with O, giving formaldehyde and HO,.

RO + O, — R'CHO + HO, (R1.11)

In the case of cyclic monoterpenes, the decomposition of the alkoxy radical of-
ten leads to the formation of a ring-opened oxidized VOC (OVOC) species, e.g.
caronaldehyde in the oxidation of A3-carene or pinonaldehyde in the case of a-
pinene. As in the Reaction R1.11, an HO, radical is formed. Those aldehydes

usually have an atmospheric lifetime of several hours to days and a lower vapour
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pressure than their parent compound, and are thereby influencing secondary organic
acrosol (SOA) formation and growth (Laaksonen et al. (2008)). OVOCs mainly react
with the OH radical, but can also be photolysed. In the photolysis of formaldehyde
(Reactions R1.14 and R1.16), the simplest aldehyde, an H atom that subsequently

reacts with O, resulting in the production of HO, radicals, can be formed.

HCHO + hy — H + CHO (R1.14)
CHO + 0, — HO, + CO (R1.15)
HCHO + hy — H, + CO (R1.16)

The reaction of RO, radicals with HO, leads to the formation of hydroperoxides
(ROOH, Reaction R1.17a). They can be photolyzed, thereby forming an OH radi-
cal and an alkoxy radical. Alternatively, H-abstraction by an OH radical can occur,
forming a peroxy radical and water molecules. The chain-terminating formation of
ROH (Reaction R1.17b) or the chain-propagating formation of an alkoxy radical
(Reaction R1.17¢) gain in importance depending on the structure of the initial per-
oxy radical (Iyer et al. (2018)). It was speculated that Reactions R1.17b and R1.17¢
are of higher importance for monoterpene derived RO, that are able to stabilize
the transition state of these reactions by strong hydrogen bonding interactions (Iyer
et al. (2018)).

— ROH + 0, (R1.17b)
—= RO + OH + O, (R1.17c)

The reaction of RO, with other RO, radicals either terminates the ROx radical
chain forming of a carbonyl compound and an alcohol (Reaction R1.18a), a dimer
(R1.18b) or leads to the formation of two alkoxy radicals (Reaction R1.18c), prop-
agating the radical chain. However, Reaction R1.18b is usually negligible.

RO, + RO, — R’CHO + ROH + O, (R1.18a)
— ROOR + O, (R1.18b)
—> RO + RO + O, (R1.18¢)

Unimolecular reactions of the RO, radicals have received special attention in the
past years. As a consequence of the unimolecular reactions, oxygen (O,) is added
to the organic molecules, and therefore these reactions are often referred to as au-

toxidation reactions. Autoxidation processes have been known to occur in high-
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temperature combustion processes, but it has long been believed that they are of
little importance in the atmosphere. Only in the last three decades, their importance
for the atmospheric oxidation processes has been discovered and their reaction path-
ways determined (e.g. Perrin et al. (1998), Vereecken et al. (2007), Crounse et al.
(2013)). Autoxidation processes have since been found to be an important reaction
pathway for RO, with a double bond retained in the structure. These unimolecular
reactions can even be competitive with bimolecular reaction in remote atmospheres
(Moller et al. (2020)).

An intramolecular H-shift rearranges the RO, structure to form an hydroperoxy-
lalkyl radical (QOOH) that then reacts with molecular oxygen, forming a hydroper-
oxyalkylperoxy radical(O,QOOH). The newly formed peroxy radical can then react
with NO, HO,, RO,, as discussed above, or undergo another intramolecular H-shift

reaction. Figure 1.2 exemplary shows an autoxidation process.

o
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RO, QOOH 0,Q00H

Figure 1.2: Simplified autoxidation scheme, adapted according to Ehn et al. (2014).

Depending on the molecules size and structure, several H-migration and O,
addition reactions occur subsequently, leading to the formation of RO, with a high
O:C ratio. The barrier height for H-shift reactions is lowered by the presence of
certain functional groups (Moller et al. (2020), Vereecken and Noziere (2020)). From
these highly oxidized radicals, highly oxidized closed-shell products can be formed.
Due to their low vapour pressure compared to the parent compound, these molecules
are likely condensing efficiently on existing particles, or even form new particles,
thereby contributing to SOA formation and growth (Bianchi et al. (2019)).

Other reactions of the OH radical in the atmosphere that do not form a RO,
radical but an HO, radical include the OH reaction with CO or formaldehyde. In
the case of the reaction of OH with CO, this leads to the formation of CO, and an

H radical that subsequently reacts with molecular oxygen, forming a HO, radical.

OH + CO — H + CO, (R1.19)
H+ 0y +M — HO, + M (R1.20)

An OH radical is then reformed from the HO, radical by its reaction with NO, also

forming NO,, completing the quasi-catalytic oxidation cycle.
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The reaction cycle of the radicals of the ROx family can be summed up as shown
in Figure 1.3. They are interconnected by cyclic chain reactions. Due to this radical
recycling reactions, every primary formed OH can oxidise several reactants as the
radical is regenerated before the radical chain terminates. In environments where
sufficient NO is present as a reaction partner for RO, and HO, radicals, at least
one Oz molecule is formed per reaction cycle. Since RO, are less reactive than the
OH radical, their concentration exceeds the OH radical concentration by up to two
orders of magnitude for typical atmospheric conditions. OH radicals have an atmo-
spheric lifetime of only fractions of a second and typically observed concentrations
are in the range of 10 cm™3. Typical atmospheric lifetimes of RO, are in the range
of seconds to minutes, and typically observed concentrations are in the range of

108 cm—3.

HONO

HO, HO,

H,0,~— HO, RO,—2~ROOH

R'CH NO
03
O
NO, <
0

Figure 1.3: Simplified scheme of the daytime radical chemistry in the atmosphere.

The second most important oxidizing agent in the troposphere is ozone. The

atmospheric lifetime of ozone is in the range of days, whereas the lifetime of OH
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is a fraction of a second. In the atmosphere, alkanes and aromatic compounds do
not react with ozone, but are only oxidized by the reaction with the OH radical.
Since alkenes such as the monoterpenes are unsaturated compounds with at least
one C-C double bond, they are prone to be oxidized by ozonolysis. The molecular
structure of the VOC is important for the rate of this reaction. However, reaction
rates of ozonolysis of VOC are usually smaller than those of the reaction of VOC
with the OH radical, making oxidation by the OH radical the dominant oxidation

process during daytime.
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NO, + R R channe) channel
organic acids + stabilized g?gtaetr'%?
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intermediate o~ acid)

Figure 1.4: Ozonolysis of an unsaturated compound. OH radicals and a carbonyl
compound are formed from a vinyl hydroxy peroxide (VHP) by decomposition of the
-O-OH bond. Another possible pathway of the (stabilized) Criegee intermediate is
the ester channel. Many different molecules with an acidic or ester functionalization
are formed through this pathway.

For example, the atmospheric lifetime of 5-pinene to oxidation by Os is nearly 30
hours for typical atmospheric O3 mixing ratios of 30 ppbv while it is only 3.5 hours
to the reaction with the OH radical at typical atmospheric OH concentrations of
1x10%cm =3,
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The ozonolysis of monoterpenes in the atmosphere follows the Criegee mechanism
(Criegee (1975)) and is initiated by an attack to the unsaturated C-C double bond,
resulting in the formation of an energy-rich primary ozonide (Figure 1.4). The pri-
mary ozonide rapidly decomposes to form a Criegee intermediate and a carbonyl
compound. In the case of some cyclic monoterpenes like A3-carene, one structure
is retained and the carbonyl functional group and Criegee intermediate are on the
opposite sites of the molecule. The Criegee intermediate subsequently forms dioxi-
ranes, secondary ozonides or vinyl hydroperoxides in an isomerization reaction. A
collisional stabilization of the Criegee intermediate to form stabilized Criegee inter-
mediates is also possible. The formation yields of the aforementioned species differ
for different monoterpenes. Isomerisation of the excited or stabilized Criegee inter-
mediate leads to the formation of a vinyl hydroxy peroxide through a 1,4-H shift.
The vinyl hydroxy peroxide subsequently decomposes, forming OH and an alkoxy
radical. The ozonolyis of alkenes is one of the main sources of the OH radicals
at night-time (Paulson and Orlando (1996)), thereby adding to the total oxidizing
capacity of the atmosphere.

1.3 Objectives of this thesis

Monoterpenes are emitted in high quantities into the atmosphere from both bio-
genic and anthropogenic sources. As they are unsaturated compounds, bearing
at least one C-C double bond, they rapidly react with the major oxidants in the
atmosphere, the OH radical and ozone, thereby contributing to the formation of
organic aerosol and ozone and impacting the oxidation capacity of the atmosphere.
Therefore, understanding the exact degradation mechanism of specific monoterpene
species, including the reaction rate constants of their reactions with OH radicals and
ozone and the yields of organic oxidation products, such as aldehydes and nitrates,
is crucial to understand the composition of the atmosphere, especially over forested
areas, where monoterpene emissions are often dominating and NOx concentrations
are low.

The reaction mechanisms of the most abundant monoterpenes, a- and [-pinene
have been investigated in numerous studies (e.g. Arey et al. (1990), Hakola et al.
(1994), Vereecken and Peeters (2012), Kaminski et al. (2017), Rolletter et al. (2020)
and references therein) and their detailed degradation mechanisms have been pub-
lished in the Master Chemical Mechanism (MCM, Saunders et al. (2003)), a near-
explicit mechanism describing the gas-phase chemical processes involved in the tro-
pospheric degradation of these species. However, many experimental studies were
conducted at precursor concentrations higher than several hundred ppbv (e.g. Arey
et al. (1990); Hakola et al. (1994)). Since bimolecular reactions depend on the con-
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centration of the reaction partners, they are more likely to dominate the product
formation reactions for conditions with high precursor concentrations. Experiments
in the SAPHIR chamber, like the experiments investigating the oxidation of S-pinene
by Kaminski et al. (2017) and the oxidation of a-pinene by Rolletter et al. (2020) as
well as the experiments analysed in this work, investigating myrcene and A3-carene
oxidation, are conducted at precursor concentrations of 3 to 10 ppbv. Those con-
centrations are close to mixing ratios of monoterpenes observed in field studies (e.g.
Hakola et al. (2012)).

In the monoterpene oxidation studies conducted in the SAPHIR chamber by
Kaminski et al. (2017) and Rolletter et al. (2020), it was found that the respective
oxidation mechanism reported in the MCM (version 3.2 in Kaminski et al. (2017)
and version 3.3.1 in Rolletter et al. (2020)) was not able to reproduce the experimen-
tal findings, especially in regard to measured OH and HO, concentrations that were
underpredicted by up to a factor of 2 by the model. In the same experiments, the
model overpredicted the measured yields of the oxidation products, nopinone and
pinonaldehyde, by up to a factor of 3-4, respectively. A better model to measure-
ment agreement of the radical and oxidation product concentrations was achieved in
both cases when implementing reaction pathways from quantum chemical calcula-
tions by Vereecken et al. (2007) in the case of a-pinene and by Vereecken and Peeters
(2012) in the case of S-pinene. For both molecules, the main differences between the
mechanism reported in the MCM and by Vereecken et al. (2007) or Vereecken and
Peeters (2012) were the branching ratio of the formation of the first generation RO,
and the inclusion of unimolecular reaction pathways for the RO, in the mechanisms
published by Vereecken et al. (2007) or Vereecken and Peeters (2012).

Discrepancies between measured and modelled radical concentrations were also
found in field measurements conducted in monoterpene rich environments over bo-
real forests. A field study conducted in a forest in Hyytidla, Finland, where mostly
pine trees grow, (Hens et al. (2014)) found that it is possible to explain measured OH
concentrations, while HOy concentrations and the OH reactivity (kom) were signif-
icantly underpredicted by chemical models. The authors concluded that this must
be due to an unaccounted HO4 source. Similar conclusions can be drawn from a field
study conducted by Kim et al. (2013). OH radicals were measured during a field
campaign in the monoterpene rich environment at the Manitou Forest Observatory,
in Colorado, US. While it was found that the measured OH radical concentrations
were in good agreement with results from steady-state calculations, a chemical box
model severely underpredicted the measured HO, and OH radical concentrations. It
was concluded that an unknown HO, source may be the cause. Because both studies
were conducted in monoterpene-rich environments, it is likely that the additional

HO, source is due to unaccounted processes in the oxidation of monoterpenes.
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For some monoterpenes whose abundance is globally less important, but whose
emissions are high in certain areas, few experimental studies have reported specific
information of the chemical degradation reactions and their products. For that
reason, no detailed and tested mechanisms existed so far for the degradation of
A3-carene and myrcene in the atmosphere, two monoterpenes that have significant
emissions over boreal forests, where the studies by Hens et al. (2014) and Kim et al.
(2013) were conducted. It can be assumed that the oxidation mechanisms of struc-
turally similar molecules are usually comparable. Structure-activity relationship
(SAR) make use of existing experimental and theoretical data of reactions of well-
studied molecules in the atmosphere to obtain trends and extrapolating them to
the reactions of less studied compounds (Vereecken et al. (2018)). While this often
gives a good approximation of one possible reaction mechanism of an understudied
species, the real oxidation mechanism could be different. This is especially true
for highly functionalized molecules. For example, it has recently been shown that
even though a-pinene and A3-carene are structurally very similar, reaction rates of
unimolecular reactions of the RO, formed in the OH oxidation of both species show
significant differences (Moller et al. (2020)). The sole structural difference between
the two molecules is the nature of the bicyclus that is a four-membered ring for
a-pinene and a three-membered ring for A3-carene.

To clarify the source of the additional HO, found in field studies, it is necessary to
know the oxidation mechanism of all involved species as detailed as possible. This
includes knowledge about reaction rate constants, branching ratios and product
yields as well as the radical regeneration efficiency and the importance of unimolec-
ular RO, radical reactions that can be determined from experiments conducted in
atmospheric simulation chambers. Besides helping to understand the discrepancies
in model and measurement results found when comparing field measurements of HO,
concentrations, this also helps understanding the processes leading to the formation
of e.g. aerosol particles.

Ameliorating and testing the mechanistic understanding of the degradation of
monoterpenes can be challenging, since it requires the measurement of the indi-
vidual intermediates and products. Different experimental timeframes are needed
to determine the product distribution and concentration at different stages of the
oxidation processes. Additionally, a large set of instrumentation is required to mea-
sure all necessary trace gases, radicals and physical parameters such as solar actinic
radiation. The comparison of experimentally determined values for reaction rate
constants, product yields and branching ratios to theoretical predictions can be a
useful tool to test postulated mechanisms, to determine missing processes and dis-
tinguish possible needed reaction pathways.

Experiments in atmospheric simulation chambers and flow tubes are often the
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method of choice to determine reaction mechanisms and reaction rate constants. In
the 270 m3 atmospheric simulation chamber SAPHIR at Forschungszentrum Jiilich
(Rohrer et al. (2005), Chapter 2.1), a special focus is put on reproducing atmo-
spheric conditions as close as possible, by adding reactants and oxidants in atmo-
spherically relevant concentrations. A large set of analytical instrument is used to
measure radical concentrations, VOC and NOx mixing ratios and other important
parameters. This allows to determine reaction rate constants, products yields and
whether there are missing radical sources. In the smaller SAPHIR-STAR chamber,
oxidation reactions can be observed at steady-state conditions. Experiments in the
free-jet flow tube system are conducted with reaction times of 8 seconds, allowing
to observe the formation of early oxidation products and to determine the rates
of possible unimolecular reactions of the formed peroxy radicals. The development
of new measurement techniques for the detection of species formed in the oxida-
tion of atmospherically relevant monoterpenes, like the detection of specific peroxy
radical families by mass spectrometric methods, is another step towards a better
understanding of the composition of the atmosphere as it helps to develop chemical
oxidation mechanisms for VOCs emitted in both rural and urban environments.

This thesis aims to elucidate key aspects of the oxidation mechanisms of three
monoterpenes and one monoterpene oxidation product. The oxidation of A3-carene
by the OH radical and ozone, the oxidation of myrcene by OH and the oxidation of
caronaldehyde were studied in the large atmospheric simulation chamber SAPHIR,
with special regard to the determination of reaction rate constants, yields of organic
nitrates and other reaction products and to the analysis of the OH, HO5 and RO,
radical concentrations observed in the chamber study.

The oxidation of S-pinene was studied in a free-jet flow system and in the atmo-
spheric simulation chamber SAPHIR-STAR. The main focus of these investigations
was the measurement of specific peroxy radicals, using a recently developed detection
scheme based on chemical ionization mass spectrometry. The further development
of this detection scheme for its use at the SAPHIR-STAR chamber was a part of
this work. The investigations of the S-pinene oxdiation by the OH radical are based
on recent studies by Vereecken and Peeters (2012) and Kaminski et al. (2017) that
revealed that the product distribution determined from chemical models like the
Master Chemical Mechanism (MCM, Saunders et al. (2003)) fail to match experi-
mental observations.

This thesis has the following objectives:
(i) using and further developing analytical detection techniques that can be used

to clarify chemical mechanisms through the direct detection of organic peroxy

radicals by mass spectrometric methods, such as chemical ionization mass spec-
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trometry (CIMS, Chapter 3)

(ii) determine the importance of unimolecular reactions in the photooxidation
of the investigated monoterpenes

(iii) contributing to the understanding of the oxidation mechanism of the stud-
ied monoterpenes by determining product yields, reaction rate constants and

branching ratios.

The results of the experiments investigating the oxidation mechanisms of A3-
carene and myrcene in the atmospheric simulation chamber SAPHIR were published
in two peer-reviewed publications (Hantschke et al. (2021) and Tan et al. (2021))
that can be found in Chapters 5 and 6 respectively. Experiments conducted in a
small flow tube and in the atmospheric simulation chamber SAPHIR-STAR investi-
gating the oxidation mechanism of S-pinene are discussed in regard to the observed
peroxy radical formation in Chapter 7.

A team of people has been involved in both the measurements at the SAPHIR and
the SAPHIR-STAR chamber. In this work, the data obtained from these measure-
ments as provided by the measurement teams are used to analyse the VOC oxidation
experiments. Contributions of each team member can be found in the respective
publications. Individual contributions are also described in Appendix B.1. The
experiments conducted in the free-jet flow system were supported by Dr. Torsten
Berndt, who provided the experimental facilities and the initial development of the

CIMS-based detection scheme for the measurement of specific peroxy radicals.

16



2 Atmospheric Simulation chambers

In this thesis, three different chemical reactors, the atmospheric simulation chambers
SAPHIR (Simulation of Atmospheric PHotochemistry In a large Reaction chamber)
and SAPHIR-STAR (Stirred Atmospheric flow Reactor) at the Forschungszentrum
Jiilich, and a free-jet flow system at the TROPOS Institute in Leipzig, were used
to study different aspects of the oxidation mechanisms of the three monoterpenes
A3-carene, myrcene and -pinene at atmospherically relevant temperature, pressure
and concentration conditions. The three reactors offer benefits for the investigations
of different aspects of chemical oxidation mechanisms on different time scales.

In the SAPHIR chamber, a starting mixture of VOC is injected into the chamber,
and the VOC decay and the radical chemistry is observed over the course of several
hours. Natural sunlight is used as a light source in the chamber. A big variety of
different analytical instruments is used to simultaneously measure concentrations of
trace gases and radicals. In this thesis, experiments investigating the oxidation of

myrcene and A3-carene were conducted in the SAPHIR chamber.

Table 2.1: Overview of the properties of the three different chemical reactors used
in this thesis.

SAPHIR SAPHIR-STAR free-jet flow system

size / m™> 270 2 /
material FEP glass glass
light source natural artificial artificial
wavelength solar UV-vis 254 and 365 nm 360 nm
radical source photolysis photolysis ozonolysis/photolysis
T /K ambient 293 293-298
p/K 1000 1000 1000
residence time  several hours 1 hour 1-8 seconds
measured species Chapter 5+6 (O)VOC, NOx, O3 (0)VOC, O4

The SAPHIR-STAR chamber is a newly built atmospheric simulation cham-
ber at Forschungszentrum Jiilich and allows for studies of atmospheric chemistry
reactions. The SAPHIR-STAR chamber is significantly smaller than the SAPHIR
chamber and is operated in steady-state conditions. In the SAPHIR chamber, re-
actants are only injected once into the chamber, and their temporal behaviour is

observed. In the SAPHIR-STAR chamber, reactants are added continuously so
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that the chemistry in the chamber is assumed to be in steady-state. Artificial light
sources are used in the SAPHIR-STAR chamber, and the reaction time is about 1h.
The concept of the SAPHIR-STAR chamber is similar to JPAC (Jilich Plant At-
mosphere Chamber) previously used at the Forschungszentrum Jiilich to study e.g.
the formation of organic aerosol or highly oxidized molecules (HOM) at different
experimental conditions (Mentel et al. (2009), Sarrafzadeh et al. (2016), Pullinen
et al. (2020)). In this study, SAPHIR-STAR was used to investigate the oxidation
mechanism of S-pinene.

In the free-jet flow system at the TROPOS institute, the kinetics and product
distribution of the oxidation of VOC species can be observed on a time scale of only
a few seconds without the influence of secondary chemistry. In this thesis, the first
steps of the oxidation of S-pinene by the OH radical were investigated in the free-jet

flow system.

2.1 The atmospheric simulation chamber SAPHIR at

Forschungszentrum liilich

The SAPHIR chamber is one of the atmospheric simulation chambers used for ex-
periments at the IEK-8 at Forschungszentrum Jiilich. In this work, it was used to
examine the oxidation mechanism and product formation from oxidation reactions
of A3-carene and myrcene.

As it has been described in detail in many publications, e.g. Rohrer et al. (2005),
only a short overview of its characteristics is given here.

SAPHIR is a double-walled atmospheric simulation chamber of cylindrical shape.
It is made of an inert Fluorinated Ethylene Propylene (FEP) film and has a volume
of 270m®. The chamber has a length of 18 m and an inner diameter of 5m. The
volume to surface ratio is about 1m™!, which is beneficial for studying reactions
at nearly atmospheric conditions, as the influence of heterogeneous reaction on the
walls and wall losses on observed reactive species is kept small. To mix the synthetic

air for the experiments, ultrapure oxygen and nitrogen (Linde, <99.9999%) are used.
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2.1 The atmospheric simulation chamber SAPHIR at Forschungszentrum Jiilich

Figure 2.1: The SAPHIR chamber at Forschungszentrum Jiilich with opened roof.
Copyright , Forschungszentrum Jiilich / Sascha Kreklau*

The chamber is kept at an overpressure of 35 Pa compared to the outside pres-
sure and the space between the two FEP films is continuously flushed with ultra-
pure nitrogen to avoid leaking of outside air into the reaction chamber. During
experiments, a flow of synthetic air is constantly introduced into the chamber to
compensate for air loss due to instrument sampling and small leakages. This leads
to a dilution of trace gases in the chamber of about 4% per hour. Since the chamber
foil has a transmittance of 85% for solar radiation, natural sunlight can be used as
a light source. A shutter system allows the experiments to be conducted in both a
sunlit (shutters open) or a dark (shutters closed) chamber to simulation e.g. night-
to-day transitions even during daytime. Two fans that are installed at opposite ends
of the chamber ensure that the air in the chamber is well mixed. The instruments
measuring the trace gases and particle properties are usually mounted outside of the
chamber in containers to avoid additional surfaces inside the chamber. For some in-
struments, short sampling lines are used to minimize wall losses in the sampling

lines.

2.1.1 Instrumentation

In the SAPHIR chamber, two different instruments are available for the detection
of the OH radical: differential optical absorption spectroscopy (DOAS) and laser
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2.1 The atmospheric simulation chamber SAPHIR at Forschungszentrum Jiilich

induced fluorescence (LIF). With LIF, HO, and RO, radicals can be measured ad-
ditionally.

The DOAS technique (Dorn et al. (1995)) provides a calibration-free detection of
the OH radical by measuring the absorption of UV light by OH radicals at 308 nm.
To obtain a sufficient signal to noise ratio, a long path is required. For the in-
strument measuring in the SAPHIR chamber, this is realised by using a modified
multiple-reflection cell with a base length of 20m. A total path length of 2240 m is
achieved after 112 travels (Schlosser et al. (2007)). The DOAS technique relies on
the separation of broad- and narrowband spectral structures. Using a mathematical
fit procedure, the ’slow’ changes e.g. caused by Mie or Rayleigh scattering are sep-
arated from the ’fast’ changes caused by absorption by a molecule of interest, and
a differential spectrum is obtained (Platt and Stutz (2008)). Applying the Lambert
Beer’s law, concentrations of absorbers like the OH radical can be calculated from
the optical density using the differential absorption cross sections by fitting the mea-
sured spectra to a linear superposition of reference spectra.

In the LIF instrument, OH radicals are detected directly, whereas HO, and RO,
radicals have to be chemically converted to OH prior to the detection in the instru-
ment (Fuchs et al. (2008)). OH radicals are excited at 308 nm by laser radiation from
a pulsed laser. The resulting resonance fluorescence is measured by gated photon
counting. A radical calibration source generating OH radicals by water photoly-
sis at 185 nm with a mercury vapour lamp is used for calibration of the measured
fluorescence intensity. Comparison of the two measurement techniques for the OH
radical, DOAS and LIF, generally shows a good agreement within their combined
1o accuracies of 6.5% and 18.5%, respectively (e.g. Fuchs et al. (2012), Cho et al.
(2021)).

A second low-pressure measurement cell is used in the LIF instrument to measure
HO, radical concentrations. The sampled air containing HO, radicals is mixed with
NO, thereby converting HO, to OH through its reaction with NO (Reaction R1.13,
HO3 + NO — OH + NO,). The sum of OH and HO, radicals is measured, and the
actual HO, concentration can be determined by subtracting the OH concentration
measured in the first fluorescence cell.

A third measurement cell is used to determine the RO, concentration in a two-
stage system. In a first step, the RO, radicals are chemically converted into HO,
radicals through their reaction with NO, which also leads to the formation of OH
from the reaction of formed HO, radicals with NO, since both reactions happen on
the same time scale. To avoid wall loss reactions and loss of the radicals through
radical termination reactions (e.g. HONO formation) an excess of CO is also added
in this first step, reconverting formed OH radicals to HO,. The air is then sucked

into a second detection chamber where HO, is converted to OH by excess NO and
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2.1 The atmospheric simulation chamber SAPHIR at Forschungszentrum Jiilich

detected subsequently. The detection sensitivity of the LIF-RO, measurements is
optimized and calibrated for the CH30, radical produced from methane oxidation
with OH. The detection sensitivity was also tested for other peroxy radicals (Fuchs
et al. (2008)) derived from the oxidation of other VOC, e.g. monoterpenes. In most
cases, the detection sensitivity differed less than 20% from the value determined for
the CH30, peroxy radical (master thesis of C. Lakshmisha). For some radicals, a
lower detection sensitivity was found, which hints to an incomplete conversion of
the RO, radicals to OH and needs to be taken into account in the analysis.

OH reactivity (kon) is measured with a laser flash photolysis - laser induced fluo-
rescence instrument (Lou et al. (2010), Fuchs et al. (2017)). koy is the inverse OH
lifetime and describes the sum of OH reactant concentrations [X;] weighted by their

bimolecular reaction rate coefficients with OH, konyx, (Equation 2.1).
ko = _ konsx, [Xi] (2.1)

Parent VOCs injected into the chamber and some of their reaction products were
measured by proton-transfer time-of-flight mass spectrometers (PTR-TOF-MS, and
(VOCUS)-PTR-MS, Aerodyne). During some experiments described in this work,
GC-FID (gas chromatography with flame ionization detection) is used additionally
to detect VOCs. A custom-built long-path absorption photometer was used to detect
nitrous acid (HONO) (Kleffmann et al. (2002), Li et al. (2014)). NO and NO, are
measured by a chemiluminescence instrument (Eco Physics), equipped with a blue
light converter for the conversion of NOy to NO. CH,, CO and water vapour are
measured with a cavity ring-down instrument (G2401, Picarro) and O3 with an UV
absorption instrument (Ansyco). A model is used for calculating the mean spectral
actinic flux density F) using the spectral radiometer measurements as an input.
Photolysis frequencies (j) are calculated from total and diffuse spectral actinic flux
measurements outside of the SAPHIR chamber (Equation 2.2) with o the absorption
cross section, ¢ the quantum yield, and F' the actinic flux.

i= [ aeE (2:2)

Conversion to photolysis frequencies applicable inside the chamber is described in
detail by Bohn et al. (2005) and Bohn and Zilken (2005).

2.1.2 Experiment procedure

The experiments in SAPHIR were all conducted following a similar procedure. Be-
fore the start of each experiment, the chamber was flushed with synthetic air until

trace gas concentrations were below the detection limits of the instrument to ensure
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2.1 The atmospheric simulation chamber SAPHIR at Forschungszentrum Jiilich

a clean chamber. The chamber air was humidified by adding water vapour obtained
from boiling Milli-Q water and supplying it together with a high flow of synthetic
air into the chamber. The humidity ranges were different for different experiments.
For photooxidation experiments, the relative humidity was up to 80% at the begin-
ning of the experiment, while for ozonolysis experiments, relative humidities were
only in the range of 20 to 30%. Over the course of the experiment day, the relative
humidity in the chamber decreases, mostly due to a rise in temperature inside of the
chamber. After the humidification, the chamber roof was opened if the experiment
required sunlit conditions. OH radicals are mainly produced in the chamber from
photolysis of HONO when the roof is opened and from photolysis of ozone that can
be either injected or is photochemically produced. After the opening of the roof, no
reactive trace gases were added into the chamber for the next two to three hours.
This so-called 'zero-air’ phase is needed to determine the strength of small chamber
sources of HONO, HCHO and acetone and to determine the background OH reac-
tivity from further undetected contaminations for the respective day. The reason
for these chamber impurities are likely due to some contaminants that remain in
the chamber film even after flushing out the chamber after an experiment. Upon
humidification or irradiation of the chamber, these contaminants are desorbed from
the chamber film. The OH reactivity observed during that time is seen as back-
ground reactivity as it is caused by the background contaminants in the chamber.
After the 'zero-air’ phase, VOCs are injected up to three times into the chamber,
together with NO or CO, depending on the experiment. For chamber experiments
in the dark, the respective VOC is injected into the chamber directly after the end
of the humidification phase, since no desorption from the chamber walls caused by
irradiation are expected. VOC mixing ratios in the chamber depend on the goal
of the experiment, but are usually in the range of several ppbv. The VOCs are
injected as a liquid into a heated volume and transported into the chamber with
the replenishment flow of synthetic air that is constantly provided. Using the rate
constant of the reaction of the injected VOC with OH, the VOC concentration in the
SAPHIR chamber can be determined. Changes in the OH reactivity in the SAPHIR
chamber are due to the injection of traces gases in the chamber. For experiments
conducted in the sunlit chamber, the experiments are concluded by closing the roof
of the chamber, usually several hours after the last injection of the investigated VOC

species.
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Jiilich

2.2 The atmospheric simulation chamber
SAPHIR-STAR at Forschungszentrum Jiilich

SAPHIR-STAR is a continuously stirred flow reactor made out of borosilicate glass
of cylindrical shape. It has a volume of 2m?. SAPHIR-STAR is placed inside of a
temperature-controlled chamber, making a distinct control of the reaction tempera-
ture in a range between 10°C and 50°C possible. A residence time of approximately
one hour is reached by supplying a constant flow of synthetic air or nitrogen with
a rate of 301 min~!. The air is provided by mixing ultrapure oxygen and nitrogen
(Linde, <99.9999%) as for the SAPHIR chamber. Air enters the chamber through
two inlet lines at opposite ends to ensure a homogeneous mixing of trace gases.
Additionally, the chamber air can be stirred by a fan to ensure better mixing. Con-
trolled Evaporation Mixing (CEM) systems (Bronkhorst) are used to humidify the
synthetic air.

Figure 2.2: The SAPHIR-STAR chamber at Forschungszentrum Jiilich. Copyright
,Forschungszentrum Jiilich / Sascha Kreklau“

Several additional lines attached to the main lines for supplying air to the cham-
ber allow the introduction of trace gases. One additional inlet line is used for the
introduction of aerosols produced by an aerosol generator. Ozone is produced by an
ozone generator (UVP OG-2, Fisher scientific). Organic compounds that are liquids
at room temperature can be continuously added into the gas stream by using a sy-

ringe pump system. The liquid provided by the pump evaporates in a heated glass
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bulb and is then transported by a small flow of nitrogen to the inlet line.

Artificial light sources are used in the SAPHIR-STAR chamber to initiate photol-
ysis reactions. Two lamps provide light in the UV-C range with peak emissions at
254nm. They are equipped with a shutter system, consisting of two bellows that
can be opened and closed by a motor. Additionally, UV-A lamps are installed in
the chamber with peak emissions at 365 nm.

Temperature and humidity of the air are measured by sensors in all inlet lines,
inside the chamber, and in the main outflow line. Ozone concentrations inside the
chambers are measured by an UV absorption instrument. A PTR-MS instrument is
used for the detection of the primary VOC and some reaction products. A chemical-
ionization-atmospheric-pressure-interface-time-of-flight (CI-API-TOF-CIMS, Chap-
ter 3.2) instrument (Aerodyne) is used with protonated propylamine primary ions
for the detection of oxidation products.

OH radicals are produced in the chamber either by photolysis of hydrogen perox-
ide (HyO,) or by ozone photolysis in the presence of water. OH is formed from the
H,0, photolysis by Reaction R2.1a.

HyO5 + hv — 20H (A < 555 nm) (R2.1a)
— H+ HO, (A < 325 nm) (R2.1b)
— 2H + O, (A <209 nm) (R2.1c)
— Hy + O, (A < 555 nm) (R2.1d)

Additionally, the photolysis of HyO, leads to the formation of HO, radicals (Lockhart
et al. (2018)), through either the direct formation of HO, from photolysis by UV light
(A < 325nm) (Reaction R2.1b), the reaction of the H atoms formed in Reactions
R2.1b and R2.1c with O, or its formation from the HyO, + OH reaction (Reaction
R2.2).

2.3 The free-jet flow system at the TROPOS
institute in Leipzig

Experiments investigating the reaction mechanism of S-pinene were also conducted
in a flow tube at the TROPOS institute in Leipzig. The flow tube is best described
as a free-jet flow system. As its features have been detailed in previous publications
(e.g. Berndt (2005), Berndt et al. (2018)) only a brief overview is given here. The
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flow tube is operated at a temperature of (297+1) K and at atmospheric pressure
(1010 hPa).

0, /IPN —» ——

—>to CIMS

B-pinene/
TME —

Figure 2.3: Schematics of the free-jet flow system used at TROPOS. Adapted from
Berndt et al. (2015b).

The system consists of a tube with a length of 2m and an inner diameter of 16 cm.
In the tube, there is a movable injector tube with a 3 mm nozzle. Dry synthetic air

L It is laminarized by

is flowed through the flow tube with a flow rate of 95 Imin~
passing a grid. In a typical experiment, the reactant whose reaction mechanism is to
be investigated and other trace gases are continuously injected. The main reactant,
normally a VOC, is injected with the main gas stream. An additional 51min~! of
air, containing the other reactants, usually ozone or isopropylnitrite, is introduced
through the injector into the main gas stream. Ozone is produced by a ozone gener-
ator upstream of the injector tube. The air leaving the nozzle has a high velocity of
15.9ms™!, whereas the gas velocity of the main gas flow is only 0.13ms~! (Berndt
et al. (2015a)). The large difference of the gas velocities ensures rapid mixing of
trace gases downstream of the nozzle (Berndt et al. (2015a)). The reactants are al-
most completely mixed 0.25 m downstream of the nozzle, as numerically simulated
by computational fluid dynamics calculations by Berndt et al. (2015a).

No significant wall losses are expected, as for these flow conditions at atmospheric
pressure diffusion processes transporting reaction products out of the center of the
stream are negligible due to the laminarization of the main gas flow (Berndt et al.
(2015a)). The position of the injector tube can be changed. If the injector tube is
moved closer to the end of the tube, the residence time of the reactants introduced
into the system is shortened. In this way, the reaction time can be varied from 1 to
8s. Photolysis of reactants is carried out by using eight 36 W blacklight blue tube
lamps (NARVA ), emitting light in the UV-A range with a peak emission at 360 nm.

In the experiments in this work, OH radicals were produced by either the pho-
tolysis of isopropylnitrite (IPN, Reactions R2.6 to R2.8) or by the ozonolysis of
tetramethylethylene (TME, Reactions R2.3 to R2.5). IPN and TME were intro-
duced into the system together with the main gas stream in the flow tube, so that
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2.3 The free-jet flow system at the TROPQOS institute in Leipzig

a homogeneous distribution can be assumed.

CH,C(O0)CH; — CHyC(OOH)CH, (R2.4)
CH,C(OOH)CH, + O, — OH + CH,C(O)CH,(00) (R2.5)

The ozonolysis of TME leads to the formation of acetone and a Criegee intermediate
(Reaction R2.3). Through a 1,4-H-shift (Reaction R2.4), a vinyl hydroxy peroxide
(VHP) is formed from the Criegee intermediate (Figure 1.4). OH is formed through
the decomposition of the hydroperoxide bond (-OOH, Reaction R2.5). The amount
of OH formed by this reaction in the free-jet flow system is controlled by adding
different amounts of O3. The higher the O3 concentration in the chamber, the higher
the turnover rate of the TME ozonolysis, and the more OH is produced.

The photolysis of IPN results in the production of NO and an isopropyl alkoxy
radical (Reaction R2.6).

The alkoxy radical then forms acetone and an HO, radical (Reaction R2.7), which
subsequently can react with the NO formed in the previous step (Reaction R2.6) to
form OH (Reaction R2.8). The concentration of OH in the system increases with
increasing concentration of IPN.

Oxidation products are sampled from the center of the flow by a CI-API-TOF
mass spectrometer (Chapter 3.2). VOC mixing ratios are measured by a proton-
transfer time-of-flight mass spectrometer (PTR-TOF-MS, ITonicon) also sampling
from the center of the flow tube. The ozone mixing ratio is monitored by a gas

monitor (Thermo Environmental Instruments 49C).
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3 Chemical lonization Mass
Spectrometry

Mass spectrometry is a very versatile and powerful tool that is used to solve ana-
lytical problems in many different disciplines. In the context of atmospheric chem-
istry, mass spectrometric methods are often used to determine the concentrations
of volatile organic compounds (VOCs). Especially chemical ionization mass spec-
trometry (CIMS) is well established in the atmospheric sciences. It provides a soft
ionization scheme that in many cases does not lead to fragmentation of the analyte
ions and allows the sensitive detection of many different atmospherically relevant
compounds from small inorganic acids to oxidation products of bigger organic com-
pounds such as monoterpenes with a high time resolution and limits of detection in
the range of several pptv (Huey (2007)). In chemical ionization mass spectrometry,
analytes cluster with a primary ion. The primary ion-analyte clusters are subse-
quently separated according to their mass to charge ratio (m/z). In this work, Th

(Thomson) is used as a unit of mass to charge ratio.

3.1 ROx radical detection by CIMS

In the last three decades, it has been shown that the detection of ROx radicals with
mass spectrometric methods is possible, though some challenges remain, especially
with regard to the detection of specific peroxy radicals. Different ionization schemes
partly combined with chemical conversion methods have been applied to individu-
ally detect OH, HO, and RO, radicals.

As demonstrated by e.g. Eisele and Tanner (1991) and Berresheim et al. (2000),
OH radicals can be measured by an API-CIMS (atmospheric pressure interface
CIMS) by converting them to sulfuric acid (H,SO,) that can be detected by a CIMS
instrument with nitrate (NOj3') as primary ions. The chemical conversion is achieved
through a titration of OH radicals with SO,, which leads to the formation of H,SO,
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3.1 ROx radical detection by CIMS

through the following reactions (Reactions R3.1 to R3.3):

SO, + OH + M —= HSO, + M (R3.1)
SO4 + HyO + M — H,S0, + M (R3.3)

H,SOy, is then detected in the CIMS instrument by both cluster formation with the
nitrate primary ion ((H,SO4)NOj3) and as (HSO4 ) ion formed by charge transfer.
The OH measurement by the CIMS needs to be calibrated using a calibration source
that produces OH radicals in known concentrations by photolyzing water vapour
(Reaction R3.4).

H,0 + hv — H + OH (R3.4)

The photolyzing radiation at 185 nm is produced by a mercury pen-ray lamp (Berresheim
et al. (2000)). The produced OH is then titrated with SO, and a calibration curve
is obtained.

Chemical conversion can also be used to measure HO, radical concentrations and
sum RO, concentrations as shown by Reiner et al. (1997). In their ROxXMAS system,
a chain reaction with NO and SO, converts the gaseous peroxy radicals to sulfuric
acid that is detected by the mass spectrometer. In a first step, RO, radicals are
converted to HO, radicals by their reaction with NO and O,. The HO, radicals are
converted to OH radicals that subsequently react with SO, forming H,SO,4. To only
detect HO, radicals, the conversion of RO, to HO, in the first is hindered by using
N, instead of O, as a buffer gas (Reiner et al. (1997), Hanke et al. (2002)). A similar
approach was used by Edwards et al. (2003) for the detection of peroxy radicals in
the PerCIMS instrument.

Veres et al. (2015) showed that the HO, radical can directly be measured by CIMS
using iodide as primary ions by the formation of analyte-ion clusters ((HO,)I).
Sanchez et al. (2016) demonstrated that bromide ions can also be used to form
(HOg)Br™ clusters that are detectable by CIMS. Albrecht et al. (2019) used a CIMS
instrument with bromide as primary ions to measure the HO, radical concentration
in experiments in the atmospheric simulation chamber SAPHIR at Forschungszen-
trum Jiilich. For the calibration of the CIMS instrument, a calibration source pro-
ducing HO, radicals by water photolysis is used. Like in the calibration source
used by Berresheim et al. (2000), water vapour is photolyzed by radiation at 185 nm
provided by a mercury pen-ray lamp. The H atom that is formed in this reaction to-
gether with OH (Reaction R3.4) immediately reacts with O, forming an HO, radical
(Reaction R3.5). Albrecht et al. (2019) found that the sensitivity of the Br~—-CIMS
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3.1 ROx radical detection by CIMS

instrument depends on the water vapour in the sampled air. The sensitivity is in-
creased by a factor of 2, if the water vapour mixing ratio increases from 0.1% to
1%. An instrumental background signal equivalent to an HO, concentration of 1
%108 ecm ™ when overflowing the inlet with pure nitrogen that needs to be accounted
for in the data analysis was determined (Albrecht et al. (2019)).

The HO, concentrations measured by the CIMS instrument were compared to
the HO, concentrations from a LIF instrument measuring at the SAPHIR chamber
simultaneously. A good agreement between the two measurement techniques was
found (Albrecht et al. (2019)). For some experiments in the SAPHIR chamber, an
increased background signal was observed when O3 was added into the chamber.
The exact reason for that interference is yet to be determined, as Oj interference
tests in the laboratory did not show an interference under these conditions. How-
ever, a reliable and precise measurement of HO, radicals is possible by chemical
ionization mass spectrometry.

In the laboratory, specific RO, radicals have been detected (Noziere and Hanson
(2017), and references therein). However, the sensitivity of the measurement was too
low for the detection of peroxy radicals at atmospheric conditions. The detection of
specific, highly oxidized RO, in both the lab and in the atmosphere has only been
successful in recent years (Bianchi et al. (2019) and references therein). Nitrate ions
have a high probability to cluster with highly functionalized organic compounds
(Hyttinen et al. (2015)) and are therefore well suited for the detection of highly
oxidized peroxy radicals. Highly oxidized peroxy radicals are formed in several sub-
sequent autoxidation reactions of peroxy radicals formed in the oxidation of volatile
organic compounds (Chapter 1.2). The possibility of their gas-phase detection by
CIMS instruments has inspired many studies investigating their formation and their
effect on the formation of new particles and secondary organic aerosols (Bianchi
et al. (2019) and references therein).

Due to the lack of calibration standards, the knowledge about the atmospheric
concentration of these highly oxidized compounds is still limited. Also, since mass
spectrometry can only provide sum formulas, information about the structure of
these molecules is at the moment mostly derived from theoretical calculations. The
use of different primary ions, such as nitrate, bromide, acetate or lactate is possible
for the detection of highly oxidized peroxy radicals with CIMS instruments in the
negative ionization mode, but the nitrate ionization scheme is most often used.

A study by Berndt et al. (2018) demonstrated that the first generation RO, from
the ozonolysis of a-pinene form stable clusters with protonated primary amines, and
can be detected in the positive ion mode by a CIMS instrument. This method of
detection has recently also been applied to the detection of peroxy radicals from the
a-pinene + OH reaction system by Berndt et al. (2021a) and Berndt (2021b), demon-
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strating that the concentrations of individual peroxy radicals formed in the oxidation
of monoterpenes can be determined from CIMS measurements. An instrument-
specific calibration factor is used to determine the peroxy radical concentrations
(Chapter 3.4.1).

These recent instrumental developments demonstrate the power and versatility of
mass spectrometry for the detection of radicals in atmospheric sciences and encour-
age the further development of ionization schemes and techniques for the detection
of ROx radicals with CIMS. An application of the technique developed by Berndt
et al. (2021a) and Berndt (2021b) and its optimization for the use at an atmospheric

simulation chamber is presented in this work.

3.2 Principle of Chemical lonization Mass

Spectrometry

The use of an atmospheric pressure interface time of flight mass spectrometer com-
bined with a chemical ionization inlet (CI-API-TOF-MS) is common in atmospheric
sciences as it allows to measure in both field studies and chamber experiments with-
out the requirement of a further pumping stage.

The CI-API-TOF-MS consists of two parts (Junninen et al. (2010)). Molecules
are ionized in the chemical ionization-inlet (Cl-inlet) through the use of radioactive
sources, X-Ray sources or corona-discharge. The produced ions are then focused and
separated according to their mass to charge ratio (m/z) in the API-TOF (Tofwerk
AG).

In chemical ionization mass spectrometry, a precursor molecule that is easily ion-
ized is used to generate primary ions. The ionization of analytes occurs through
primary ion-molecule reactions. Ion-analyte cluster formation is usually the domi-

nant formation process (Reaction R3.6).

X"+ A — [XA]F (R3.6)
The formation of the ion-analyte clusters is proportional to the abundance of the
primary ion. Therefore, all detected mass signals are usually normalized to the sig-

nal of the primary ion for comparability. Different ionization schemes can be applied
depending on the type of molecule that is to be detected.
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Figure 3.1: The atmospheric pressure interface time-of-flight mass spectrometer
(API-TOF-MS), consisting of a three-stage API and the TOF region with a chemical
ionization inlet (Junninen et al. (2010)). The three API chambers and the TOF-
region are differentially pumped by a scroll pump and a three-stage turbo pump.
Air containing analyte-ion clusters enters the first chamber through a critical orifice,
and is guided into the TOF region by two segmented quadrupoles and a stack of
electrical lenses. In the TOF region, ion molecule clusters are separated according
to their mass to charge ratio and detected by a microchannel plate detector.

In this work, a Cl-inlet initially described by Eisele and Tanner (1993) is used
(Figure 3.2). Originally designed for the measurement of atmospheric sulfuric acid
with nitrate (NOj3") as reagent ion, the Cl-inlet has been used to measure a wide
range of compounds with different primary ions in the past years. In this Cl-inlet,
101min~! of sample air enters the inlet tube at atmospheric pressure. Several ppbv
of neutral reagent ion precursors are introduced into the Cl-inlet together with a
301min~! flow of nitrogen that enters the Cl-inlet at the upper end. The ionization
of the primary ion precursor vapour is realized through the exposure of the entering
gas flow to a-radiation from a radioactive 2! Am source. Depending on the nature
of the primary ion precursor, either positively charged ions or negatively charged
ions are obtained through ionization by the alpha particles emitted by the ' Am
source. If, e.g., HNOj is used as a precursor for the primary ions, negatively charged
NOj ions are formed. In the case of propylamine (C3H;NH,), positively charged

C3H;NH," ions are formed.
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Figure 3.2: The Cl-inlet based on an initial design by Eisele and Tanner (1993).
301min~! of purified nitrogen containing the primary ion precursor (propylamine)
enter the Cl-inlet on the side (not shown). Primary ions X* are formed by exposing
the gas flow to a-radiation from a 2*'!Am source. Downstream of the radioactive
source, the 301min~! nitrogen flow enters the Cl-inlet tube as a sheath flow. The
primary ions are pushed into the center of the Cl-inlet by applying a voltage of
140V to the walls. At the center of the tube, the primary ions react with analytes
A contained in the sampled air, forming primary ion-analyte clusters, XA™.

The 301 min~! nitrogen flow is then directed towards the walls of the tube, creat-
ing a sheath air flow. The ions are pushed into the center of the tube by applying a
voltage to the walls of the inlet tube. A voltage of +140 V is applied when measur-
ing with positively charged primary ions and a voltage of -140 V when measuring
with negatively charged primary ions. The sample air flow and the primary ions are
mixed at the center of the tube in the ion-molecule-reaction zone. The many differ-
ent chemical molecules contained in the sample air, for example organic species or
water molecules, form clusters with the primary ions that are then transported into
the API-TOF. There, they are pre-selected through declustering. Weakly bound
clusters are declustered by the voltages applied in the API. The residence time of
the ions in the ion-molecule-reaction zone is about 200 ms.

0.81min~! of air containing the ion-molecule clusters enter the atmospheric pres-
sure interface transfer stage through a 0.3 um critical orifice. The API stage provides
a link between the atmospheric pressure at the Cl-inlet and the low pressure required
in the TOF mass analyzer (Tofwerk AG, Switzerland), where the ion molecule clus-
ters are separated according to their mass to charge ratio and detected by a mi-
crochannel plate (MCP) detector.

The separation of the analyte ion clusters requires a high vacuum of at least

1.0x107%hPa in the TOF analyzer region. This vacuum is reached in three steps in
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the API. Simultaneously, the carrier gas and neutral molecules are removed from the
ion beam through the reduction of the pressure. The API consists of two segmented
quadrupole ion guides in separate chambers and a third chamber with a stack of
electrical lenses, the primary beam chamber. These three differentially pumped
chambers serve to guide the ions into the TOF analyzer region. This is made pos-
sible by several individually controlled voltages applied to the quadrupoles and the
lenses. The voltages that are applied at the different stages determine the focusing
and filtering of the ions.

The chamber housing the first segmented quadrupole is operated at a pressure of
about 2hPa. At this stage of the API, collisional decomposition of clusters of the
analyte ion with water occurs, as the water clusters are usually weaker bound than
the analyte ion clusters. The chamber housing the second segmented quadrupole
is operated at a pressure of 1x102hPa. Through the voltages applied to this
quadrupole, declustering processes can be controlled. The applied voltages impart
energy to the ions via the electrical fields (Lopez-Hilfiker et al. (2016)). If there
is a big difference between the voltages applied to the top and the bottom of this
quadrupole, weakly bound clusters may undergo declustering, i.e collision-induced
dissociation processes. However, a certain voltage difference is needed to pull the ion
beam through the quadrupole, therefore the applied voltages need to be optimized
carefully, depending on the target molecule to be measured with high sensitivity.
The primary beam chamber houses a stack of electrical lenses that ensure that the
ion beam is focused. Additionally, the ion clusters are accelerated into the time-of-
flight region. The primary beam chamber is operated at a pressure of 1x 107> hPa.
A scroll pump and a three-stage turbo pump ensure that the pressures are reached
at all times.

In the TOF analyzer region, the preselected ions are accelerated by an electrical
pulser perpendicular to their previous flight path. The separation of the ions occurs
due to their different time of flight based on their individual mass to charge ratio
(m/z). The individual time of flight of an ion is proportional to the root square of
its mass to charge ratio. Since all ions are accelerated with the same energy from
the high voltage pulse of the electric pulser, molecules with a small mass to charge
ratio arrive at the detector earlier than molecules with a higher mass to charge ra-
tio. Prolonging the flight path leads to a higher resolution of the resulting mass
spectrum. At the end opposite to the electrical pulser, an ion-mirror (reflectron) is
installed. Small differences in the speed of ions of the same mass to charge ratio
can be balanced by the use of the reflectron. The direction of the flight path of the
ions is reversed. The ions are then detected by a MCP. The typical resolving power,
defined as the ratio of the mass to charge ratio m/z divided by the width of the peak
at its half maximum, achieved for the instrument in this work is 3000-4000 Th/Th.
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3.3 Optimization of the CIMS instrument for

measurements of RO, radicals

In this work, a CIMS instrument operated with the Eisele Cl-inlet (Chapter 3.2) is
used in positive ion mode with protonated primary amines as reagent ion. At the
end of the Cl-inlet, a pump is removing a total air flow of 401 min~!. A sheath flow
of purified nitrogen of 301 min~! containing the vapour of propylamine (CsH;NH,,
Sigma-Aldrich, purity >99%) is introduced into the Cl-inlet. This results in a sam-
ple air flow of 101min—".

The detection of peroxy radicals and some of their reaction products by a CIMS
instrument with protonated amines as primary ions was developed for and estab-
lished at the free-jet flow system, where reaction times are in the range of several
seconds, by Torsten Berndt. Based on his studies (Berndt et al. (2018), Berndt et al.
(2021a), Berndt (2021b)) and experiments conducted at the free-jet flow system in
cooperation with Torsten Berndt as a part of this work, a similar detection scheme
was developed for the use in atmospheric simulation chambers at Forschungszen-
trum Jilich in this work. The general set-up of the CIMS instrument is similar to
the instrument shown in Figure 3.1.

The addition of the amines into the sheath air flow of the Cl-inlet is optimized
for the measurement of peroxy radicals. The main focus of the optimization is the
reduction of unwanted peaks caused by contaminations in the amine or secondary
chemistry in the sample air. The presence of such peaks may interfere with the de-
tection of the peroxy radical signals. In total, four steps have been taken to optimize
the cleanliness of the mass spectrum: cleaning of the amine prior to its addition to
the sheath air flow of the CIMS, optimization of the amount of the amine added
into the sheath air flow, addition of water vapour to the sheath air flow and the di-
lution of the sample air flow. While the latter focuses on the reduction of secondary
chemistry occurring in the Cl-inlet, the first three optimization steps aim to reduce

the intensity of contamination peaks.

3.3.1 Preparation of purified amine-N, mixtures

In order to obtain meaningful product spectra from the experiments, a very clean
initial primary ion spectrum is needed. A crucial factor is the purity of the precursor
species for the primary ions. There are two different possibilities how to prepare the
amines for the addition into the sheath flow of the CIMS.
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One is to directly connect a glass bulb containing the liquid amine to the sheath air
line of the Cl-inlet. The mass spectra obtained using this method in test experiments
in Jilich contain several peaks that indicate contaminations. The contamination
peaks may be related to contaminants in the liquid amine sample, but their exact
nature could not be determined. The addition of the amine to the main flow of the
Cl-inlet is diffusion controlled, so that the exact concentration of the amine entering
the Cl-inlet cannot be easily controlled.

An alternative way to add the amine into the Cl-inlet gas stream is the use of
pre-mixed gas mixtures containing a defined amount of amine. At the free-jet flow
system in Leipzig, gas mixtures containing the amines are prepared in a gas meter-
ing unit similar to the vacuum line installed at Forschungszentrum Jiilich described
in the following. The gas mixtures are added to the main gas stream by calibrated
mass flow controllers (Berndt et al. (2018)).

—=to pump

Figure 3.3: Vacuum line set-up at the Forschungszentrum Jiilich for the preparation
of gas mixtures containing the amine for use as primary ions in the CIMS instrument.
The vacuum line is equipped with Young stopcocks. The amine vial is connected
via a glass joint. The connection of the Restek canister and the nitrogen supply
to the vacuum line are realized through Swagelok Ultra Torr vacuum fittings. The
set-up was done as a part of this work.
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3.3 Optimization of the CIMS instrument for measurements of RO, radicals

At Forschungszentrum Jiilich, a vacuum line is set up for the preparation of
the gas mixtures. The vacuum line is evacuated using a scroll pump to pressures
of 2x107'hPa. A 10ml glass vial containing the amine is attached to the line and
closed with a valve. Possible contaminations caused by the manufacturing process
of the amine are removed from the liquid sample by first freezing the amine at lig-
uid nitrogen temperature. For that purpose, the vial is moved into a Dewar vessel
containing liquid nitrogen. After the amine has been completely frozen, the Dewar
is removed and the valve (A, Figure 3.3) is opened to the vacuum line for several
seconds allowing to remove gaseous contaminants that have a higher vapour pressure
than the amine from the sample. This process is repeated three to five times.

After the amine is cleaned and the valve connecting the vial and the vacuum line
is closed, an air-sampling canister (Restek 21), is evacuated at the vacuum line. The
air sampling canister is made of stainless steel and its interior is coated with inert
Silktec. Prior to use, the canister is heated to remove possible contaminations. After
the evacuation of the canister, the valve to the pump evacuating the vacuum line
(D, Figure 3.3) is closed, and the valve to the evacuated air-sampling canister (B,
Figure 3.3) was opened. By carefully opening the valve of the vial holding the liquid
amine to the vacuum line (A, Figure 3.3), the canister is filled with the gaseous
amine until a pressure of 2 to 8 hPa is reached. The canister is then pressurized
with nitrogen (Linde, <99.9999%) to approximately 2000 hPa (C, Figure 3.3). The
mixing ratio of the amine in the canister is derived from its partial pressure in the

canister.

3.3.2 Dosing of the amine-N, mixture to the Cl-inlet

From the canister containing the propylamine-nitrogen mixture, a 0.1 - 0.5 ml
min~! flow controlled by a mass flow controller (Bronkhorst EL-Flow) is added
to the sheath air flow providing the 301min~! nitrogen sheath flow for the CIMS
instrument. Several test experiments were conducted to determine the optimal con-
centration of the propylamine in the sheath air flow to obtain a clean mass spectrum.
In these experiments, the CIMS instrument was sampling from the SAPHIR-STAR
chamber that was filled with pure nitrogen (Linde, <99.9999%) All mass peaks oc-
curring in the spectrum can be attributed to species such as the protonated propy-

lamine and its dimer that are injected in the inlet system of the CIMS instrument.
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Figure 3.4: Schematics of the Cl-inlet. The flows of propylamine and water entering
the Cl-inlet and the dilution flow have been optimized as described in the text.

As a first test, a propylamine nitrogen mixture (6hPa : 1982hPa) was pre-
pared in a sample canister and added into the sheath air flow at a flow rate of
0.5mlmin~! to achieve an amine concentrations of about 7.8x 10! cm~2 in the CI-
inlet. In the resulting mass spectrum, propylamine primary ions and their dimers
are detected at the expected mass to charge ratio of 60 Th (C3H,NH;3") and 119 Th
((C5H;NH,)C3H,NH;"), respectively. Additionally, two unexpected signals are de-
tected at m/z 100 and m/z 130 at about half the intensity of the primary ion (Figure
3.5). The source of these peaks are related to the gas mixture in the propylamine
sample canister, as they disappear when the addition of the amine to the sheath air
flow is stopped. If the addition of the propylamine nitrogen mixture to the sheath
air flow of the CIMS instrument is stopped and only nitrogen is flowing to the CI-
inlet, these peaks are also not observed. It is not clear whether the two signals at
m/z 100 and m/z 130 are clusters with the propylamine ions or ions independently
formed at the radioactive source, since their sum formula could not be unambigu-
ously determined. Another peak is observed at m/z 29. The peak was identified
to likely be CHO™'. The exact source for this ion is not clear. One hypothesis is
that it is due to contaminations in either the Cl-inlet or the tubing in which the
gas mixture was provided to the Cl-inlet, as it is always present in the spectrum
when using CIMS instruments in positive ionization mode and does not depend on
the flow of the amine. The intensity of the peak at m/z 29 does not significantly
increase or decrease over time, so that a constant source of the contamination can
be assumed. One hypothetical formation pathway for the CHO™ is the dissociation

of aldehydes by radioactive radiation from the radioactive source in the Cl-inlet.
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Figure 3.5: Mass spectrum from m/z 0-200 obtained with an addition of 0.5ml

min~! of a (6hPa : 1982 hPa) propylamine-nitrogen mixture to the sheath air flow
in an experiment in which only nitrogen was sampled from the SAPHIR-STAR

chamber. The propylamine is detected at a mass to charge ratio of 60 Th (CsH,NH;")
and as a dimer in significantly smaller intensity at a mass to charge ratio of 119 Th

((C3H;NH,)CsH,NH;"). The signals at mass to charge ratios 100 Th and 130 Th are
peaks from contaminations whose origin could not be unambiguously determined.

To reduce the contaminations coming from the propylamine-nitrogen gas mix-
ture, the concentration of the amine in the gas mixture can be reduced. Additionally,

the flow adding the amine to the main flow to the Cl-inlet can be reduced. In a

test experiment, a propylamine nitrogen mixture was prepared with a slightly lower
amine mixing ratio (2hPa : 1990hPa). Furthermore, the flow rate of the amine
, resulting in a propylamine concentration of

mixture was reduced to 0.12mlmin~
1.1x10'" cm™3 in the sheath air flow. It is expected that the intensity of the primary

1
ion signal scales with the amount of propylamine added to the sheath air flow. The
intensity of the primary ion peak (m/z 60 Th) is reduced by about a factor of 5
compared to the intensity observed with higher propylamine concentrations added
to the main gas stream (Figure 3.6). The concentration of the amine in the sheath

air flow of the Cl-inlet is reduced by a factor of 7. The observed reduction in the
peak intensity is lower than that. This discrepancy is most likely caused by the
uncertainty of the given concentration. The intensities of the impurities detected
at mass to charge ratios of 100 Th and 130 Th are significantly reduced. A lower
propylamine concentration in the sheath air flow is therefore beneficial to obtain
a clean mass spectrum. A comparable concentration of the primary amines in the
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3.3 Optimization of the CIMS instrument for measurements of RO, radicals

sheath air flow is also used by Torsten Berndt for experiments in the free-jet flow

system.

3.3.3 Addition of water vapour to the sheath flow
To further enhance the cleanliness of the mass spectrum, a small stream (100
mlmin~') of nitrogen saturated with MilliQ-water vapour is added to the sheath
air flow. A small increase of the primary ion intensity and a small reduction in
the intensity if the impurity peaks is observed. Due to the addition of water vapour
saturated nitrogen into the sheath air flow, protonated water (H;O"), its water dimer
((H,0)H30™) and water trimer ((H,0),H3O") are detected as additional peaks at

m/z 19, 37 and 55, respectively (Figure 3.6).
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Figure 3.6: Mass spectrum from m/z 0-200 obtained after the optimization of
: 1990 hPa)

the initial propylamine concentration (0.12ml min~! of a (2hPa
propylamine-nitrogen mixture) in an experiment in which only nitrogen was sam-

pled from the SAPHIR-STAR chamber. The propylamine is detected at a mass to
charge ratio of 60 Th (C3H;NH;") and as a dimer in significantly smaller intensity
at a mass to charge ratio of 119 Th ((C3H;NH,)C3H,NH;"). The signals at mass

to charge ratios 100 Th and 130 Th are peaks from contaminations whose origin

could not be unambiguously determined. Since a small amount of water-saturated
nitrogen is added into the sheath air flow of the CIMS, protonized water and its
dimer and trimer are detected as H;OF, (H,O)H;0" and (H,0),H;0% at mass to
charge ratios of 19, 37 and 55, respectively.

One reason for the increase of the primary ion peak and the decrease in the
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3.3 Optimization of the CIMS instrument for measurements of RO, radicals

contamination ions could be that the ionization of the amine is more efficient in the
presence of a few water molecules.

The mass spectrum obtained after the three optimization steps aimed to increase
the cleanliness of the mass spectrum - purification of the used amine, dosing of the
amine-N, mixture into the Cl-inlet and addition of water vapour - is sufficiently
clean to obtain meaningful mass spectra from experiments in the SAPHIR-STAR
chamber as described in Chapter 7. The quality of the mass spectrum is comparable
to those of mass spectra recorded by Berndt (2021b).

3.3.4 Dilution of the sampled air flow

Bimolecular reactions of the peroxy radicals in the Cl-inlet can lead to an additional
formation of reaction products that may potentially change the product distribution
originally observed in the experiment (Berndt (2021b)). To avoid the formation of
such products in the Cl-inlet, a dilution of the gas sample downstream of the sam-
pling point of the CIMS instrument has been used successfully by Berndt (2021b).
In the dilution setup used by Berndt (2021b), nitrogen is introduced into the sam-
ple air flow of the Cl-inlet through small capillaries about 10 cm downstream of the
sampling point of the CIMS to dilute the sample air (Figure 3.4).

Berndt (2021b) performed two experiments investigating the oxidation of a-pinene
by OH in the presence of NOx, one with and one without the use of a dilution setup.
Other than the use of the dilution setup, all other experiment conditions were sim-
ilar. In the experiments with the dilution setup, the sample air was diluted with
pure nitrogen by a factor of 7. The products formed from the unwanted bimolecular
RO, + NO reaction in the Cl-inlet were reduced by a factor of 50 (Berndt (2021b)),
consistent with a reduction of both reaction partners of the bimolecular reaction by
a factor of 7. The reduction of the analyte peaks of the RO, radicals was consistent
with the applied dilution factor. Considering the dilution factor, the concentration
of the peroxy radicals found in the experiments with and without the dilution setup
were similar (Berndt (2021b)).

A dilution setup similar to the one used by Berndt (2021b) was used for the ex-
periments in the SAPHIR-STAR chamber. In the dilution set-up, nitrogen is mixed
into the sample air stream through two capillaries with a high flow of 9.51min!
(Figure 3.4). This ensured fast mixing of the dilution and the sampling flow, and
laminarization of the joined flows thereafter. The sample air coming from the cham-
ber is diluted by a factor of 9, theoretically reducing unwanted bimolecular reactions
in the Cl-inlet by a factor of 80.
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3.4 Detection of peroxy radicals from the OH
reaction with $-pinene by CIMS using amine as
primary ions

In the free-jet flow system and the SAPHIR-STAR chamber, the oxidation of /-
pinene by the OH radical was investigated. In the radical reaction chain subsequent
to the OH addition to [-pinene, organic peroxy radicals RO, with sum formu-
las OH—C;yH,405, OH—C,yH,404 and OH—C;yH;40¢ that include several different
isomeric RO, species were produced (Chapter 7.1). Details about the respective
experiments are discussed in Chapters 7.2.2 and 2.3.

In the experiments in this work at the TROPOS free-jet flow system, a CI-API-
TOF-MS was operated with protonated ethylamine as primary ion (CoH;NH;). At
the SAPHIR-STAR chamber in Jiilich, a CI-API-TOF-MS was operated with pro-
tonated propylamine as primary ions (C3H;NH;") in the experiments in this work.
In the experiments conducted in the free-jet flow system, the peroxy radicals with
the sum formulas OH—C;yH0,, OH—C;yH50, and OH—C,;yH;0¢ were detected
as clusters with the protonated ethylamine primary ions at mass to charge ratios of
231, 263, 295, respectively. This corresponds to their molecular mass plus 46 Th,
the molecular mass of protonated ethylamine.

In the experiments in the SAPHIR-STAR chamber, the peroxy radicals with the
sum formulas OH—C;oH;409, OH—C;yH50, and OH—C;,H 404 were detected as
clusters with the protonated propylamine primary ion at mass to charge ratios of
245, 277 and 309, respectively, their molecular mass plus 60 Th, the molecular mass
of protonated propylamine.

A further validation of the assignment of the signals at m/z 231, 263 and 295 to
the peroxy radicals is the detection of reaction products of these peroxy radical, for
example hydroperoxides from the reaction of the peroxy radicals with HO, radicals
or organic nitrates from the reaction of the peroxy radicals with NO. The detection
of hydroperoxides and organic nitrates is possible with the CIMS instrument. The
experimental conditions are adapted to enhance the formation of the RO, reaction

products.
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Figure 3.7: Mass spectrum showing non-normalized signals from peroxy radicals
with the sum formulas OH—C,yH40,, OH—C,(H40,4 and C,yH;40¢4 produced from
the reaction of S-pinene with OH (Figure 7.1) in the experiment in the free-jet
flow system. Ozonolysis of tetramethylethylene was used as an OH source. Peroxy
radicals are detected as clusters with ethylaminium ions (C2H5NH3+). The peroxy
radical intensities are given in counts per second (cps).

In a test experiment where isopropylnitrate photolysis is used as an OH source,
organic nitrates are formed from the RO, + NO pathway, as NO is produced in the
photolysis of IPN. To push the system towards the formation of hydroperoxides, Hy is
added to the system in the experiments in the free-jet flow system. In the SAPHIR-
STAR chamber, HO, radicals are produced by using H,O, photolysis. Other reaction
products that are formed in these bimolecular reaction, e.g. alkoxy radicals in the
RO, + NO reaction cannot be detected by the CIMS instrument, as they do not
form stable clusters with the protonated amines.

In the experiments in the free-jet flow system where NO is added to the system,
peaks with mass to charge ratios corresponding to the organic nitrates formed from
the reaction of ROy + NO (Chapter 7.1) with the sum formula OH—CyHsNO3,
OH—-C,(H,0,NO5 and OH—CoH;,0,NO4 were detected. The signals of the organic
nitrates were detected at mass to charge ratios of 261, 293 and 325, respectively
(Figure 3.8), together with the peroxy radical signals at m/z 231, 263 and 295. In
this reaction system, the formation of the organic nitrates was not possible through

a pathway other than the reaction of the peroxy radicals with NO.
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Figure 3.8: Mass spectrum showing signals from peroxy radicals produced from
the reaction of B-pinene with OH, organic nitrates formed from the reaction of the
peroxy radicals with NO and hydroperoxides formed from the reaction of the peroxy
radicals with HO, for an experiment in the free-jet flow system at the TROPOS
institute in Leipzig. Isopropylnitrate photolyis was used as an OH source. NO is
formed in the photolysis of IPN, HO, is a product of the reaction of Hy with OH
(Chapters 2.3

In the test experiment where Hy was added to the main gas stream of the free-
jet flow system signals at mass to charge ratios of 232, 264 and 296 were detected
that can be assigned to the hydroperoxides with the sum formula OH—C,,H;OOH,
OH-C;(H;§0,00H and OH—C;(H;30,00H, respectively. The formation of species
with these sum formulas other than the hydroperoxides is not expected from the ox-
idation of B-pinene. The detection of the organic nitrates and the hydroperoxides
together with the peroxy radicals therefore further validated the assignment of the
peaks at m/z 231, 263 and 295 to the peroxy radicals. Without the occurrence of
all three peroxy radical species, the organic nitrates and hydroperoxides could not
be formed.

Test experiments with conditions where the formation of organic nitrates and hy-
droperoxides was enhanced were also conducted in the SAPHIR-STAR chamber.
The organic nitrates and hydroperoxides were also detected in these experiments.

The results of the presented experiments demonstrate that the detection of peroxy
radicals formed in the oxidation of S-pinene by the OH radicals, as well as some of
the reaction products is possible by means of chemical ionization mass spectrom-

etry, using protonated amines as primary ions. Due to the structural similarities
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using amine as primary ions

between the monoterpenes and the peroxy radicals formed in their oxidation, it can
be assumed that the detection of most peroxy radicals formed in the oxidation of

monoterpenes is possible.

3.4.1 Determination of the sensitivity of the CIMS instrument

for RO, radical detection

The peroxy radical concentration [RO,] can be determined from CIMS measurements
by multiplying the measured signal with a calibration factor fro, (Equation 3.1).
The measured peroxy radical signal (Iy/,—ro,) is normalized to the sum of the
measured protonated amine signal and its dimer (I, Jz—=reagent ion)-

[ﬂl/Z:ROQ

[RO:] = fro, - (3.1)

L jz=reagent ion
To determine an absolute value for the calibration factor, calibration standards can
be used. To calibrate other instruments, such as LIF instruments for the mea-
surement of peroxy radicals, radical sources developed for the calibration of OH
measurements, based on the photolysis of water vapour (Reaction R3.4) in air at
185 nm are used (Fuchs et al. (2008)). The generation of specific peroxy radicals is
achieved by scavenging the OH radicals with a hydrocarbon. The transport time
from the addition of the hydrocarbon to the entrance of the LIF instrument is only
25ms (Fuchs et al. (2008)). A calibration source based on the same principle, pro-
ducing OH through the photolysis of water vapour, is also used to calibrate the
PerCIMS (Edwards et al. (2003)). The calibration sources have an accuracy of 20%.
However, these radical sources only produce relatively low calibration gas flows in
the range of a few 1min~! that are not suitable for the high sample air flows of
101min~! required by the CIMS instrument. Additionally, the residence time in
the calibration sources is short (25ms) to avoid loss of the radicals to the walls of
the calibration source. Autoxidation reactions that lead to the formation of higher
oxidized peroxy radicals are not expected to occur on these time scales. Therefore,
the known radical sources cannot be used for the calibration of the CIMS instrument
used in this work for the detection of specific peroxy radicals from the oxidation of
[-pinene.

An alternative way to approximate the sensitivity of the CIMS instrument for the
detection of RO, radicals is to calculate the calibration factor fro,. This method is
applied in this work to calibrate the RO, data obtained from the experiments in the
free-jet flow system at the TROPOS institute in Leipzig. The same method can also
be applied to calibrate the RO, data from the experiments in the SAPHIR-STAR

chamber.
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The peroxy radicals are detected as clusters with the primary ion in the CIMS
instrument. For the calculation of the calibration factor, it is assumed that the
formed ROs-protonated amine clusters are stable and do not decluster in the instru-
ment. The sensitivity of the CIMS instrument for the detection of peroxy radicals
is therefore assumed to be proportional to the rate at which the analyte-primary
ion clusters are formed multiplied by the reaction time for the cluster formation.
Additionally, certain loss processes of the analyte-primary ion clusters have to be
taken into account. Therefore, the rate coefficient k of the ion-molecule reactions,
the reaction time ¢, and an inlet-specific transmission factor l;,;, accounting for
loss of products in the sampling tube need to be known (e.g. Ehn et al. (2014),
Berndt et al. (2016), Berndt et al. (2018)). The peroxy radical concentrations that
are determined with this method are lower limit concentrations as it is possible that
the ROy-protonated amine clusters are not formed at the collision limit and that
they are less strongly bound than assumed, and therefore undergo declustering dur-
ing the transmission from the Cl-inlet to the TOF analyzer. This would result in
a lower detection efficiency and therefore a higher calculated radical concentration
(Ehn et al. (2014)).

fROz - 1/(k -t lv‘,nlet) (32)

A typical value for the reaction rate constant k of the ion-molecule reaction is
(2-3) x107? cm?® s7!(Viggiano et al. (1997), Mackay and Bohme (1978)). This
value is close to the collision limit. The reaction time of the ion-molecule reactions
in the Cl-inlet is about 200 ms for the flow rates applied in this work. The loss of the
products in the Cl-inlet wall is assumed to be diffusion-controlled. A diffusion coef-
ficient of D=0.08 cm?s~! is estimated to calculate the diffusion of the ion-molecule
clusters to the inlet walls. It is assumed that every contact of an ion with the inlet
wall results in a loss of the ion (Berndt et al. (2016)). This results in a 12% wall loss
of the ion-molecule clusters in the sampling tube. Assuming that this is the only
loss process, the value of I, is 0.88 (Berndt et al. (2016)). Using these values, the
calibration factor f is in the range of (1.3 - 2.8) x10° molecules cm~3 (Berndt et al.
(2016), Berndt et al. (2019)).

This approximation of a calibration factor range can be compared to one avail-
able absolute experimental calibration factor for the CIMS instrument determined
for the detection of sulfuric acid by CIMS with nitrate as primary ions (Berndt
et al. (2014)). It has been found that the HySO4(NO3;—) clusters are very strongly
bound (Viggiano et al. (1997)) and that they therefore do not undergo declustering
in the transmission from the Cl-inlet to the detector. The calibration was per-
formed as described in Chapter 3.1. The experimentally determined calibration
factor fu,so, = 1.85 x10° molecules cm™ (Berndt et al. (2014)) is in the range of
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3.4 Detection of peroxy radicals from the OH reaction with -pinene by CIMS

using amine as primary ions

the calculated calibration factor.

It is believed that the peroxy radicals are detected with a similar sensitivity as
H,SO, and that their behaviour in the mass spectrometer is comparable. There-
fore, the calibration factor determined for the detection of HySO, that is in good
agreement with the calculations, is used (Berndt et al. (2016)). For the detection
of the peroxy radicals with the CIMS instrument, it is assumed that the clusters
of RO, with the protonated amines also form at the collision limit, and that once
formed, the clusters are strongly bound. Using the determined calibration factor
f, the lower limit concentration of the RO, radicals are calculated using the mea-
sured signal intensities of the respective clusters of RO, with the protonated amines
(Iproduct—reagent ion) Normalized to the intensity of the primary ion (CoHsNH;") and
its dimer ((CoH;NH,)CoH;NH ;) (Ircagent ion, Berndt et al. (2019) and Berndt et al.
(2016)).

The uncertainty of the lower limit concentrations for RO, radicals is less than a
factor of two (Berndt et al. (2016), Berndt et al. (2019)). The comparison of the
range of the calibration factor f determined from Equation 3.2 to the value of the
calibration factor fy,so, contributes to the uncertainty.

This method of calibration is applied with the same values for k, t and ;¢ to de-
termine lower limit concentrations for all species detected by the CIMS instrument,

e.g. peroxy nitrates, hydroperoxides and carbonyl products.
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4 Box models for chamber

experiments

To determine the reaction rate constant and some of the product yields from the
experiments conducted in the SAPHIR chamber, the SAPHIR-STAR chamber and
the free-jet flow system, a zero dimensional chemical box model was used. Since
no transport processes have to be considered in the chamber experiments, but only
chemical reactions, sources and sinks, the box model is an adequate choice to de-
scribe the chamber experiments.

The chemical mechanisms used in the model can be separated into basic chem-
istry reactions as described in Chapter 1.2, such as photolysis of O3 or HONO, and
monoterpene specific reactions. Reaction rate constants of the basic chemistry re-
actions are taken from the NASA/JPL evaluation (Burkholder et al. (2020)). The
monoterpene specific mechanisms are either taken from the Master Chemical Mech-
anism, version 3.3.1 (http://mcm.york.ac.uk/) or, where complete explicit mecha-
nisms are not published yet, constructed from published partial mechanisms for the
purpose of this work.

The EASY interface (Easy AtmoSpheric chemistrY, Brauers and Rohrer (1999))
is used to assign a set of differential equations describing the time dependent re-
action rate constants of the chemical reactants to the used chemical mechanism.
The differential equation system is numerically integrated by the Facsimile solver
(AEA Technology). For given boundary conditions, concentration time series of
all reactants are obtained that can be further analysed. Chamber specific bound-
ary conditions include e.g. the measured temperature, pressure and radiation data.
Using these conditions, the temporal behaviour of concentrations of the investi-
gated species, A3-carene, myrcene and S-pinene, was simulated. The output data
obtained from the model runs was processed in IDL (Interactive Data Language,

Harris Geospatial Solutions).
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4.1 Modelling of experiments in the SAPHIR chamber

4.1 Modelling of experiments in the SAPHIR

chamber

The modelling of the needed parameters in the chamber requires the input of a re-
action mechanism detailing the processes involved. There are no explicit complete
mechanisms for the oxidation of A3-carene and myrcene published as of yet. There-
fore, mechanisms were developed for both oxidation processes. The mechanisms
are based on the radical chemistry described in Chapter 1.2, and include previously
published reaction rate constants and partial mechanisms.

For the oxidation mechanism developed for the modelling of the experiments inves-
tigating the oxidation of A3-carene, studies by Colville and Griffin (2004), Baptista
et al. (2014) and Chen et al. (2015) were used to compose the mechanism. For some
specific branching ratios, a structure-activity relationship by Jenkin et al. (2018)
has been used. Fundamental reaction rate constants for the reaction of A%-carene
with OH and O3 were determined in this work (Chapter 5).

For the oxidation of myrcene, the mechanism is developed using published exper-
imental studies by Orlando et al. (2000), Reissell et al. (2002), Lee et al. (2006)
and Boge et al. (2013). Furthermore, reaction rate constants obtained from SAR
considerations by Vereecken and Peeters (2009), Vereecken and Peeters (2010), and
Vereecken and Noziere (2020) are used. Since myrcene bears structural similarities
to isoprene, it can be assumed that unimolecular reactions that are of importance in
the oxidation of isoprene (Peeters et al. (2009, 2014), Novelli et al. (2020), Vereecken
et al. (2021)) also play an important role in the oxidation mechanism of myrcene.
Their reaction rate constants are therefore also used to construct the mechanism
and are taken from the respective publications. A more detailed description of the
reactions considered for the oxidation of myrcene is given in Chapter 6.

In addition to the oxidation mechanism of the investigated monoterpene and the
basic chemistry reactions described in Chapter 1.2, SAPHIR specific reactions have
to be taken into account in the model. This includes trace gas sources from the
chamber (described in Chapter 2.1) and their oxidation reactions and photolysis
reactions. The model is constrained to the OH and/or O3 concentrations measured
in the chamber and the measured NO and VOC concentration. Additionally, the
measured temperature, pressure, status of the roof (open/closed), calculated solar
zenith angle, relative humidity and determined chamber sources are set as boundary

conditions.
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4.2 Modelling of experiments in the free-jet flow system

4.2 Modelling of experiments in the free-jet flow

system

For the modelling of the experimental results in the free-jet flow system, the model
included the mechanism of the S-pinene oxidation as described by the Master Chem-
ical mechanism (MCM, version 3.3.1, http://mem.york.ac.uk/, last access January
2022), adapted with the reaction rates and unimolecular reaction rates published by
Vereecken and Peeters (2012) and Xu et al. (2019). In the future, the same model
can also be used to model experiments in the SAPHIR-STAR chamber. Also in-
cluded are some other reactions, like the ozonolysis of TME, leading to the formation
of OH radicals. The reaction rate constants of the ozonolysis of TME is taken from
Copeland et al. (2011). The model is constrained to the concentrations of S-pinene,
NO and TME used in the experiment at the free-jet flow system. A temperature of
24°C and ambient pressure are also set as boundary conditions. The reaction time in
the model is set to 8s. No wall loss reactions or additional system-specific reactions
are expected to occur in the free-jet flow system. An overview of the reactions and

rate constants used in the model is given in Appendix A3.
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5 Oxidation of A3-carene

The content of this chapter was published as ” Atmospheric photooxidation and
ozonolysis of A3-carene and 3-caronaldehyde: Rate constants and product yields”
by L. Hantschke, A. Novelli, B. Bohn, C. Cho, D. Reimer, F. Rohrer, R. Tillmann,
M. Glowania,A. Hofzumahaus, A. Kiendler-Scharr, A. Wahner and H.Fuchs in At-
mospheric Chemistry and Physics, 21, 12665-12685, https://doi.org/10.5194/acp-
21-12665-2021, 2021, under the Creative Commons Attribution 4.0 License. The
Supplementary material is provided in Appendix A.1.
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Abstract. The oxidation of A3-carene and one of its main
oxidation products, caronaldehyde, by the OH radical and
O3 was investigated in the atmospheric simulation chamber
SAPHIR under atmospheric conditions for NO, mixing ra-
tios below 2 ppbv. Within this study, the rate constants of the
reaction of A3-carene with OH and 03 and of the reaction of
caronaldehyde with OH were determined to be (8.0£0.5) x
107" em?s~! at 304K, (4.440.2) x 1077 em3s~! at 300K
and (4.6 +1.6) x 107" em?s~! at 300K, in agreement with
previously published values. The yields of caronaldehyde
from the reaction of OH and ozone with A3-carene were de-
termined to be 0.3040.05 and 0.0610.02, respectively. Both
values are in reasonably good agreement with reported litera-
ture values. An organic nitrate (RONO;) yield from the reac-
tion of NO with RO, derived from A3-carene of 0.25 +0.04
was determined from the analysis of the reactive nitrogen
species (NOy) in the SAPHIR chamber. The RONO; yield
of the reaction of NO with RO, derived from the reaction
of caronaldehyde with OH was found to be 0.10 & 0.02. The
organic nitrate yields of A3-carene and caronaldehyde oxi-
dation with OH are reported here for the first time in the gas
phase. An OH yield of 0.65 £ 0.10 was determined from the
ozonolysis of A3-carene. Calculations of production and de-
struction rates of the sum of hydroxyl and peroxy radicals
(RO, = OH + HO» 4+ RO») demonstrated that there were no
unaccounted production or loss processes of radicals in the
oxidation of A3-carene for conditions of the chamber ex-
periments. In an OH-free experiment with added OH scav-
enger, the photolysis frequency of caronaldehyde was ob-
tained from its photolytical decay. The experimental photol-
ysis frequency was a factor of 7 higher than the value calcu-
lated from the measured solar actinic flux density, an absorp-

tion cross section from the literature and an assumed effec-
tive quantum yield of unity for photodissociation.

1 Introduction

On a global scale, the emission of carbon from biogenic
volatile organic compounds (BVOCs) exceeds 1000 Tg per
year (Guenther et al., 2012). Among all BVOC emissions,
monoterpenes are the second most important class of species,
contributing up to 16 % to the total emissions. As they are
unsaturated and highly reactive, knowledge of their atmo-
spheric chemistry is crucial to understand the formation of
secondary pollutants such as ozone (O3) and particles (e.g.
Seinfeld and Pandis, 2006; Zhang et al., 2018).

Of the total global annual monoterpene emissions, A3-
carene contributes 4.5 %, making it the seventh most abun-
dant monoterpene species (Geron et al., 2000). A3-Carene
is primarily emitted by pine trees. Measured emission rates
are up to (85£17) ngg(dw)’lh’1 (nanograms monoter-
penes per gram dry weight (dw) of needles and hour)
from Scots pine trees (Komenda and Koppmann, 2002)
and 57 ngg(dw)~'h~! from maritime pine. Therefore, A3-
carene regionally gains in importance, for example, in boreal
forests and the Mediterranean region. Hakola et al. (2012)
measured the mixing ratios of monoterpenes over a boreal
forest in Hyytiili, Finland, and found A3-carene to be the
second most abundant monoterpene after «-pinene. How-
ever, while the atmospheric chemistry of some monoterpenes
such as a-pinene or B-pinene has been investigated in a num-
ber of experimental and theoretical studies (e.g. Peeters et al.,
2001; Aschmann et al., 2002b; Eddingsaas et al., 2012; Rol-
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Figure 1. Structures of A3-carene and its oxidation product
caronaldehyde, as well as a-pinene and its oxidation product pinon-
aldehyde.

letter et al., 2019, and references therein), only few studies
exist investigating the photooxidation of A3-carene.

The similarity of its structure and type of products, e.g.
caronaldehyde and pinonaldehyde that have been reported
in literature (e.g. Arey et al., 1990; Hakola et al., 1994; Yu
et al., 1999), suggest that A3-carene behaves similarly to -
pinene (Colville and Griffin, 2004) regarding its oxidation
mechanism. The structural relations between A3-carene and
a-pinene as well as their oxidation products caronaldehyde
and pinonaldehyde are shown in Fig. 1. However, recent the-
oretical and experimental studies show that while the struc-
tural differences between the two molecules may be small,
they may have an impact on the oxidation mechanism, e.g.
due to the impact of unimolecular peroxy radical reactions
(Draper et al., 2019; Moller et al., 2020).

In the atmosphere, monoterpenes mainly react with the hy-
droxyl radical (OH) and ozone (O3) during daytime and O3
and the nitrate radical (NO3) during nighttime. From the re-
action of A3-carene with OH, organic peroxy radicals (RO,)
are formed that can subsequently react with NO regenerating
either eventually OH or forming organic nitrates (RONOy).
Organic nitrates terminate the radical chain. They are typi-
cally less volatile and more hydrophilic than their parent or-
ganic compound, making them important for secondary or-
ganic aerosol (SOA) formation. Recent measurements sug-
gest that 17 % to 23 % of organic aerosols contain molecules
with nitrate functional groups (Rollins et al., 2013). RONO,
species serve also as NO, (NO, = NO, + NO) reservoirs,
hereby influencing, for example, O3 formation (Farmer et al.,
2011).

Atmos. Chem. Phys., 21, 12665-12685, 2021
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In oxidation product studies, caronaldehyde was found to
be the main daytime organic oxidation product from the oxi-
dation of A3-carene (Arey et al., 1990; Reissell et al., 1999).
The vapor pressure of this compound is lower than the vapor
pressure of A3-carene, possibly making it a contributor to
particle formation in the atmosphere (Yokouchi and Ambe,
1985; Hallquist et al., 1997).

In the present study, the following reactions of A3-carene
were investigated in a series of experiments in the atmo-
spheric simulation chamber SAPHIR:

A3-carene + OH — product, (R1)
A3-carene + O3 — product + OH, (R2)
caronaldehyde + OH — product, (R3)
caronaldehyde + v — product. (R4)

The reaction rate constants of Reactions (R1)—(R3) and the
photolysis frequency of Reaction (R4) are determined from
the experimental decay of the respective VOC and compared
to previously published values. Furthermore, the OH yield of
Reaction (R2) and the caronaldehyde yield of Reactions (R1)
and (R2) are determined under atmospheric conditions. The
organic nitrate yields of the reactions of NO with RO, radi-
cals formed in Reactions (R1) and (R3) are obtained for the
first time in the gas phase. Radical and trace gas measure-
ments are used for analysis if unaccounted radical reactions
are of importance in the oxidation mechanism of A3-carene.

2  Methods
2.1 Experiments in the SAPHIR chamber

SAPHIR is a double-walled atmospheric simulation cham-
ber made of Teflon (FEP) film. It is of cylindrical shape (5 m
diameter, 18 m length) with an inner volume of 270 m3. A
shutter system allows for experiments to be conducted both
in the dark (shutters closed) and the sunlit (shutters opened)
chamber. With the shutters opened, the chamber is exposed to
sunlight, therefore allowing for natural photooxidation con-
ditions. The pressure of the chamber is kept 35Pa higher
than the outside pressure to avoid leakage from ambient air
into the chamber. Ultrapure nitrogen and oxygen (Linde, pu-
rity 99.99990 %) are used to mix the synthetic air for the
experiments. The space between the two FEP films is per-
manently flushed with ultrapure nitrogen. In order to com-
pensate for the air lost to small leakages and sampling from
the instruments, a flow of synthetic air is continuously intro-
duced into the chamber leading to a dilution of trace gases of
about 4 % per hour. OH radicals are produced mainly from
nitrous acid (HONO) photolysis. HONO is formed on the
chamber walls upon illumination of the chamber. The pho-
tolysis of HONO also leads to the formation of nitric oxide
(NO), so the NO, concentration increases continuously over
the course of an experiment. A more detailed description of

https://doi.org/10.5194/acp-21-12665-2021
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Table 1. Experimental conditions for all discussed oxidation experiments. Concentrations are given for the conditions in the SAPHIR cham-
ber at the time of the first VOC injection; VOC concentrations refer to the first injection.

Expt.no. Date Type of experiment

RH/ NO/ O3/ VOC/ T/
%  ppbv  ppbv ppbv K

El 13 June 2019 A3-carene, OH oxidation, low NO, 60 0.8 35 5 303
E2 21 May 2020 A3—carene, OH oxidation, low NOy 40 0.3 90 6 305
E3 31 May 2020 A3-carene, ozonolysis, dark chamber 20 0.1 120 7 300
E4 31 May 2020 A3-carene, ozonolysis, dark chamber?® 20 0.1 120 7 300
E5 27 May 2020  caronaldehyde, photolysis® 40 <15 80 17 300
E6 27 May 2020  caronaldehyde, OH oxidation 40 <15 80 17 300

@ ~ 100 ppmv CO added as OH scavenger

the SAPHIR chamber and its features can be found elsewhere
(e.g. Rohrer et al., 2005).

In total, six experiments were conducted to study the
OH-induced photochemical degradation and ozonolysis of
A3-carene as well as the photolysis and photooxidation of
caronaldehyde under different conditions. Experimental con-
ditions for each experiment are summarized in Table 1.

Two experiments, experiment E1 and experiment E2, were
conducted to investigate the OH reaction of A3-carene with
NO mixing ratios of less than 0.8 ppbv. Additionally, the
ozonolysis of A3-carene was studied under dark conditions
(chamber roof closed) in two experiments, one without (ex-
periment E3) and one with (experiment E4) the addition of
an OH scavenger. Two experiments focused on the photoly-
sis (experiment ES) and reaction with OH (experiment E6)
of caronaldehyde with NO mixing ratios below 2 ppbv.

Before each experiment, the chamber was flushed with
synthetic air until the concentrations of trace gases were be-
low the detection limit of the instruments. Experiments E3
and E4 as well as Experiments E5 and E6 were conducted
on the same day, and flushing of the chamber was only done
overnight prior to experiments E3 and ES, respectively. At
the beginning of the experiments, the chamber air was hu-
midified by boiling Milli-Q water and adding the water va-
por together with a high flow of synthetic air into the cham-
ber. Relative humidity (RH) for the photooxidation experi-
ments was around 80 % at the beginning of the experiment
(water vapor mixing ratio ~ 2 %) but decreased during the
day mostly due to a rise in temperature inside the cham-
ber. RH values at the end of the experiment were typically
35 % (water vapor mixing ratio ~ 0.7 %). For the ozonoly-
sis experiment, relative humidity was 20 % at the beginning
of the experiment. For some of the photooxidation experi-
ments, ozone produced by a discharge ozonizer was injected
into the chamber to reach mixing ratios of up to 60 ppbv to
suppress NO in its reaction with O3. Up to 100 ppmv of CO
was injected into the chamber as an OH scavenger for exper-
iments E4 and E5 to study the ozonolysis of A3-carene and
the photolysis of caronaldehyde under OH-free conditions.

https://doi.org/10.5194/acp-21-12665-2021

During the first 2h after opening the roof, the “zero-air”
phase, no further reactive species were added, allowing for
characterizing chamber sources of, for example, nitrous acid
(HONO), formaldehyde (HCHO) and acetone, and to quan-
tify the background OH reactivity. The sum of OH reactant
concentrations ([X]) weighted by their reaction rate coeffi-
cient with OH (kon+x) is called OH reactivity (kon). OH
reactivity observed in the SAPHIR chamber in the zero-
air phase cannot be attributed to a specific species and is
therefore seen as background reactivity. Background OH re-
activity in the range of 0.5s~! is commonly observed in
the SAPHIR chamber due to contaminants coming from the
chamber wall upon humidification or irradiation. For the ex-
periments in this study, a higher background reactivity of up
to 5s~! was observed possibly due to a higher contamina-
tion of the chamber caused by previous experiments. Specific
contaminants can remain in the chamber even after flushing
the chamber with a high flow of ultrapure synthetic air, be-
cause they are adsorbed on the chamber’s Teflon film. Upon
humidification or illumination of the chamber, these contam-
inants can be desorbed resulting in a higher than usual back-
ground OH reactivity. After the injections of the VOCs, OH
reactivity was dominated by their reaction with OH, and the
background reactivity could be well described from measure-
ments in the zero-air phase, so its influence is negligible for
the analysis in this work, which concentrates on the times
right after the injection of the VOC, when the total OH reac-
tivity was dominated by the VOC.

Following the zero-air phase, A3-carene (Fluka, purity
99 %) was injected two to three times as a liquid into a heated
volume. The vapor was transported into the SAPHIR cham-
ber with the abovementioned replenishment flow of synthetic
air. A3-Carene mixing ratios ranged from 3.1 to 6.0 ppbv in
the chamber right after the injections.

Caronaldehyde was synthesized by ChiroBlock GmbH
(Wolfen, Germany) as an enantiomeric mixture of (+)-
and (—)-caronaldehyde with a purity of > 95 % determined
by 'H-NMR measurements. The liquid was dissolved in
dichloromethane (DCM) for stability reasons. The concen-
tration of caronaldehyde in DCM was 0.5 molL~!. To ex-

Atmos. Chem. Phys., 21, 12665-12685, 2021

53



12668

clude influences of the solvent on the chemistry observed in
the experiments, additional test experiments were conducted
in which only DCM was injected into the chamber. It was
found that DCM did not interfere with the measurements and
that DCM chemistry did not play a role for the analysis here.
Caronaldehyde was injected as a liquid dissolved in DCM
and evaporated as done for liquid A3-carene. Caronaldehyde
mixing ratios in the chamber were 5 to 9 ppbv right after the
injections. Potential wall loss of caronaldehyde was deter-
mined in a test experiment and was found to be negligible
on the timescale of the experiments. Therefore, wall loss of
caronaldehyde was not considered in the analysis of experi-
ments.

2.2 Instrumentation

A3-Carene and caronaldehyde were detected by proton-
transfer-reaction time-of-flight mass spectrometer instru-
ments (VOCUS-PTR-MS, Aerodyne). Both instruments
were calibrated for A®-carene. The measured concentrations
were compared to the rise of the OH reactivity measure-
ments when A3-carene was injected. It was found that the
A3-carene concentration was underestimated by the VOCUS
by a factor of 3 throughout all experiments. Therefore, the
concentrations were scaled, so the measured rise of A3-
carene by these mass spectrometric methods matched the in-
crease in the measured OH reactivity at the time of the in-
jections using a A3-carene 4+ OH reaction rate constant of
8.0 x 107" em?s~!. The uncertainty of this calibration cor-
rection is given by the uncertainty in the A3-carene 4+ OH re-
action rate constant and the uncertainty in the OH reactivity
measurements that is 10 % (Fuchs et al., 2017a). Pinonalde-
hyde was used as a substituent to calibrate the instrument
for caronaldehyde, as there is no calibration standard for
caronaldehyde. The concentrations obtained from this cali-
bration were in good agreement with the rise of the OH reac-
tivity during caronaldehyde photooxidation experiments us-
ing a reaction rate constant of 4.1 x 10~ ecm?s~!.
Formaldehyde (HCHO) was measured by a Hantzsch
monitor (AL4021, AeroLaser GmbH) and with a cavity ring-
down instrument (G2307, Picarro). On average, the concen-
trations measured by both instruments agreed within 15 %
(Glowania et al., 2021). HONO concentrations were mea-
sured by a custom-built long-path absorption photometer
(LOPAP) (Kleffmann et al., 2002; Li et al., 2014). NO and
NO, were measured using a chemiluminescence instrument
(Eco Physics) equipped with a blue-light photolytic converter
for the conversion of NO; to NO. CO and water vapor were
measured with a cavity ring-down instrument (G2401, Pi-
carro) and Oz with an UV absorption instrument (Ansyco).
Total and diffuse spectral actinic flux densities measured by
a spectral radiometer outside of the chamber were used to
calculate photolysis frequencies (j) following Eq. (1):

j:fﬁ(?»w(l)ﬂ(k)dk, (€]
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with o being the absorption cross section, ¢ the quantum
yield and F) the mean spectral actinic flux density inside the
chamber. Absorption cross sections and quantum yields were
taken from recommendations in literature. The actinic flux
spectra within the chamber were calculated in a model using
the spectral radiometer measurements as input. As explained
in more detail in Bohn et al. (2005) and Bohn and Zilken
(2005), this model takes into account chamber-specific pa-
rameters such as the time-dependent effects of shadings of
the chamber steel frame and the transmittance of the Teflon
film. RO, radicals (OH, HO, RO;) were measured by laser-
induced fluorescence (LIF), in which OH is excited at 308 nm
(Holland et al., 1995; Fuchs et al., 2011). HO, and RO,
are chemically converted to OH so that the sum of radi-
cals could be detected as OH in separate measurement cells
(Fuchs et al., 2008, 2011). In the experiments in 2019, HO,
was additionally measured by bromide chemical ionization
mass spectrometry (Br-CIMS) as described by Albrecht et al.
(2019). The measurements usually agreed within 15 %. The
detection sensitivity for RO, from A3-carene was found to
be in the range of the detection sensitivity for methyl per-
oxy radicals. For some experiments in this work, the fraction
of RO, formed from A3-carene (RO2,carene) is used and cal-
culated as described in the following section. In all exper-
iments, OH reactivity (koy) was measured using a pump—
probe instrument (Lou et al., 2010; Fuchs et al., 2017b). An
overview of the instrumentation including their accuracies is
given in the Supplement (Table S1).

2.3 OH reactivity and peroxy radical distribution

The OH reactivity measured in the SAPHIR chamber rep-
resents the sum of all species that react with OH. It can be
separated into a fraction attributed to inorganic species (NO,
CO, NOy) and formaldehyde (here named kOHiyorg), as well
as a fraction contributed to by VOC species (kOHvyoc). This
allows us to distinguish between reactions forming RO, and
those that do not. Equation (2) allows us to calculate the frac-
tion contributed to by VOC species by subtracting kOHinorg
from the total measured reactivity. kon+x) represents the re-
action rate constant of the respective compound X with OH.

kOHvoc =kOHobs — (kon+No[NO] + kon+N0,[NO2]
+ kon+colCO] + kon+ucno[HCHO]) (2)
Included in kOHyoc is the reactivity from A3-carene but
also from reaction products like oxygenated VOCs (OVOCs).
kOHcarene, the fraction of OH reactivity from A3-carene, can
be calculated using its OH reaction rate constant and mea-
sured concentrations (Eq. 3).

kOHcarene = KOH-+carenc[carene] 3)

Since the RO, measurement is the sum of all RO, pro-
duced in the chamber, it can be assumed that the fraction of
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RO radicals produced by A3-carene to the total RO, con-
centration is equal to the ratio of OH reactivity from the A3-
carene + OH reaction to the total measured OH reactivity,
assuming that every VOC + OH reaction leads to the forma-
tion of an RO, radical and that all RO, species have similar
chemical lifetimes. The concentration of RO, formed by A3-
carene oxidation can therefore be estimated using Eq. (4).

kOHcarene
S_eaene po 4
KOHvoc [RO2,0bs] @

[RO2,cu.rene] =
2.4 Determination of reaction rate constants and OH
yield from ozonolysis

Reaction rate constants for the reaction of OH with A3-
carene as well as its oxidation product caronaldehyde and
for the ozonolysis of A3-carene are determined by minimiz-
ing the root-mean-square error (RMSE) between measured
VOC concentration time series and results from a simplified
box model while the reaction rate constant is varied. The box
model includes a minimum number of reactions required to
describe the loss of the VOC. For the ozonoylsis and OH ox-
idation of A3-carene, the model consists of Reactions (R1),
(R2) and the dilution of the trace gases from the chamber
replenishment flow. The model for the reaction of caronalde-
hyde with OH consists of Reactions (R3) and (R4) and the di-
lution of trace gases. The model is constrained to measured
oxidant concentrations (OH and O3), temperature, pressure
and dilution rates. For the determination of the caronalde-
hyde + OH reaction rate constant, the model is additionally
constrained to the measured photolysis frequency.

To determine the OH yield of the ozonolysis of A3-carene,
the same method is applied, but the model is constrained to
the determined reaction rate constants while the OH yield is
varied. When ozonolysis experiments are conducted in the
dark chamber, it is assumed that OH production only occurs
through the ozonolysis of A3-carene and that there are no
other photolytic sources (see Sect. 3.1). For this analysis, it is
of no importance whether the correct absolute concentration
of A3-carene or caronaldehyde is used in the box model, as
the relative decay of modeled and measured A3-carene or
caronaldehyde are compared.

2.5 Determination of product yields — organic nitrate
RONO,

The yield of nitrates (RONO;) from the reaction of
RO carene + NO can be determined from the analysis of the
concentrations of reactive nitrogen species in the chamber.
NO, NO; and HONO were directly measured in the exper-
iments, and their sum is called NO7 for the analysis in this
work (Eq. 5): ’

[NO}1=[HONO] + [NO>] + [NO]. Q)
The source of all reactive nitrogen species in the experiment

is the chamber source of HONO in the sunlit chamber. Its
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variable source strength Q(HONO) depends on temperature,
relative humidity and solar ultraviolet radiation (Rohrer et al.,
2005). HONO photolysis leads to the production of NO that
is further oxidized to higher nitrogen oxides over the course
of the experiment.

As HONO can be reformed by the reaction of NO with
OH, a photostationary state between HONO, NO and OH is
usually reached within several minutes. Therefore, measure-
ments of NO, OH, juono and HONO can be used to calcu-
late the source strength of HONO (Eq. 7).

d[HONO
% = Q(HONO) — jono[HONO]
+ kon+No[OH][NO] ~ 0, (6)

Q(HONO) = jHono[HONO] — koH+No[OH][NO]. )

For the experimental conditions in this work (jHoNno & 8 X
10~* s~ 1) photostationarity is reached within 20 min. Chemi-
cal loss of NO7 in the chamber occurs due to the formation of
RONO; (R6, Table 2) and HNO3 (R2, Table 2). Additionally,
NO7 species are lost due to replenishment flow that com-
pensates for chamber leakage and gas sampling of analyti-
cal instruments. The difference between the time-integrated
production and loss terms can then be used to determine the
concentration of NO at a given time 7.

[NOJI, = / (Q[HONO] — koH+No, [OH][NO2]
t

- kR02,carene+NO,R10[ROZ,carene] [NO]
— Lai)dr’, (3)

where Lgj is the loss due to the replenishment flow, diluting
the chamber air with the first-order rate coefficient k; = 1.6x
107551, Lygj is calculated by Eq. (9).

Lgi = (INO] + [NO2] + [HONODkq4 ©

With respect to analysis of total nitrogen oxide concentra-
tion in the chamber, Eq. (8) assumes that HNO3; and RONO;
formation are effective sinks for NO, and that it does not
play arole, if nitrates remain as HNO3; or RONO3, in the gas-
phase or if they are, for example, deposited on the chamber
wall as long as neither NO nor NO; are reformed. Possible
decomposition pathways could be, for example, due to pho-
tolysis, which would lead to a reformation of NO,. However,
reported atmospheric lifetimes of RONO; species are in the
range of several days due to their small absorption cross sec-
tions (Roberts and Fajer, 1989), much longer than the dura-
tion of the chamber experiment. NO, loss due to the forma-
tion of nitrate radicals (NO3) from the reaction of NO, with
ozone is also neglected in Eq. (6). For the experimental con-
ditions in this work, the photolytic back-reactions, reforming
NO; from NO3, are fast enough such that the NO3 concentra-
tion in the sunlit chamber remains negligibly small. The for-
mation of other oxidized nitrogen species such as acetyl per-
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oxy nitrate (PAN) is also assumed to be negligible. The ther-
mally unstable PAN species are formed from reaction of acyl
peroxy radicals with NO,. For experiments in the SAPHIR
chamber with comparable temperature conditions, the mix-
ing ratios of PAN formed in the oxidation of acetaldehyde
emitted by chamber sources are typically less than 100 pptv.
Combining Egs. (5) and (8), the amount of RONO, formed
can be calculated as follows.

[RONO, ], = /kNO+R02(R10) [ROZ,carene][No]dt/

1

= $rRONO, X / kr0,+N0[RO2 carene INO]dz’

t

= /(Q[HONO] — koHxN0,[OH][NO2] — Lgi)dt’
t

— ([NO] + [NO] + [HONOY]) (10)

Applying Eq. (10), the reaction yield of organic nitrates
(¢rONO,) can be derived from the calculated A[RONO;] and
measured RO2, carene cONcentrations.

To prove this concept of calculating organic nitrate yields,
reference experiments with CH4 were performed. An upper
limit of 0.001 was found for the nitrate yield. Within the un-
certainty of the measurements, this value is in good agree-
ment with literature (Scholtens et al., 1999; Butkovskaya
et al., 2012). To exclude possible errors in the analysis for
larger molecules for which nitrate formation is significant,
such as unknown chamber sources of reactive nitrate species,
a similar analysis was performed for an «-pinene experiment
conducted in the SAPHIR chamber. For this experiment, an
organic nitrate yield of (32+6) % was found, which is in rea-
sonable agreement with the reported literature values. A de-
tailed description of the reference experiments with CH4 and
a-pinene will be given in a publication currently in prepara-
tion.

2.6 Determination of product yields

The experiments conducted in SAPHIR allow us to deter-
mine the product yields of caronaldehyde from the reaction
of A3-carene with OH and Os. The product yield determi-
nation for caronaldehyde is done using measured caronalde-
hyde concentrations and relating them to the concentration
of A3-carene consumed by OH or Q3. The concentrations
of A3-carene and caronaldehyde were measured by VOCUS
or PTR-TOF-MS. A correction was applied to the A3-carene
and caronaldehyde concentrations similar to corrections de-
scribed by Galloway et al. (2011) and Kaminski et al. (2017).
To derive the concentration of A3-carene that reacted with
OH or O3, measured A3-carene concentrations were cor-
rected for dilution in the chamber and the reaction with O3
or OH, respectively. The measured product concentrations of
caronaldehyde were corrected for loss due to photolysis and
dilution.
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2.7 Determination of radical sources and sinks

The experiments performed in the SAPHIR chamber that in-
vestigated the OH oxidation of A3-carene allow us to calcu-
late production and destruction rates of the total RO, con-
centration. The atmospheric lifetimes of the RO, radicals
range from only a few seconds for the OH radical to min-
utes for HO, and RO; radicals. Therefore, steady-state con-
ditions of RO, concentrations can be assumed, so radical
production and destruction rates are always balanced for
the timescale of the chamber experiments. If there are im-
balances between the calculated production and destruction
rates, chemical reactions leading to the formation or destruc-
tion of radicals must be missing in the calculations. Table 2
gives an overview of the formation and loss reactions con-
sidered in the analysis including the respective reaction rate
constants used. The reaction rate constants of the individual
reactions were either taken from recent experimental stud-
ies, from measurements in this study or from calculations
applying structure—activity relationship (SAR) as described
in Jenkin et al. (2019).

The main RO, formation processes include the photolysis
of ozone (Reaction R11), HONO (Reaction R12) and HCHO
(Reaction R13) as well as the ozonolysis of A3-carene (Reac-
tion R14). The formation of RO, radicals from the photolysis
of caronaldehyde (R4) was also considered. The formation
rate of RO, radicals P(RO,) can be calculated by Eq. (11).

P (ROy) =j1oNo[HONO] + ®on-Rri1 X Jjio(p)[03]
+2jucHo[HCHO]
+ ®on4Ro, ¥ k14[A’-carene][O3]
+ ®RrO,—R4 X Jecaronal[caronal] an

®x indicates the yield of the respective radical X from the
given reaction. Loss processes include the reactions of radi-
cals with NO, that lead to the formation of HONO from the
reaction of OH with NO (Reaction R5), nitric acid (HNO3)
from the reaction of OH with NO, (Reaction R6) or or-
ganic nitrates (RONO,) from the reaction of RO carene and
NO (Reaction R10). Depending on the experimental con-
ditions, radical loss through radical self-reactions becomes
more important, leading to the formation of hydrogen per-
oxide (H,0;) from the reaction of two HO; radicals (Reac-
tion R7), the formation of peroxides (ROOH) from the reac-
tion of HO, with RO, (Reaction R8) and the self-reaction of
RO; (Reaction R9). The loss rate of RO, radicals L(RO;) is
calculated by Eq. (12).

L(RO,) =(k¢[NO2] + ks[NO])[OH] + (ks[HO>]
+ 2 x ko[RO2] + k19[NO])[RO3]
+ 2k7[HO,? 12)

Direct measurements of all relevant species allow us to cal-
culate the total formation and loss rates for the RO, radicals.
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Figure 2. Measured A3—carene, caronaldehyde (a) and O3 (b) mix-
ing ratios in the experiment investigating the ozonolysis of A3-
carene (experiment E3). The shaded area indicates the time where
CO was injected as an OH scavenger (experiment E4). Vertical lines
give the times when trace gases were injected.

The error of the loss and production rates of the RO, radi-
cals is determined by error propagation, taking uncertainties
in the measurements and kinetic parameters into account.

3 Results and discussion
3.1 Ozonolysis of A3-carene

The ozonolysis of A3-carene was investigated in the dark
SAPHIR chamber in two experiments in order to determine
the rate constant (experiment E3) and OH yield (experi-
ment E4) of the ozonolysis reaction, as well as the yield
of caronaldehyde. Measured time series of O3, A3-carene
and caronaldehyde are shown in Fig. 2. In total, 6.5 ppbv
of A3-carene was consumed in experiment E3, and 7 ppbv
was consumed in experiment E4. The roof of the chamber
was closed for the whole duration of both experiments, to
eliminate photolytical OH production. Since there was no
OH scavenger present in experiment E3, the reaction system
was also influenced by OH that is formed from ozonolysis
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Figure 3. Measured and modeled A3-carene concentrations for the
ozonolysis experiment E4. During the second part of the experiment
(a), 90 ppmv of an OH scavenger (CO) was injected to suppress OH
so that A3-carene reacted only with ozone. The modeled decay is
fitted with a rate constant of (4.4 +0.2) x 1077 cm3 s~ L. During
the first part of the experiment (b), when no CO was present, the
measured decay of A3-carene is significantly faster than expected
from ozonolysis alone. The measured time series of A3-carene can
be best matched if an OH yield of 0.65 4 0.10 from its ozonolysis
reaction is assumed. Red colored areas indicate the accuracy of the
measured A3-carene concentrations.

(Sect. 3.1.2). OH concentrations were in the range of 1.0 to
2.0 x 10% cm—3. CO was injected into the chamber as an OH
scavenger prior to the beginning of experiment E4.

3.1.1 Rate constant of the ozonolysis reaction of
A3-carene

Optimization of the ozonolysis reaction rate constants as
described in Sect. 2.4 results in a value of (4.440.2) x
1077 cm®s~!. The stated error arises from the accuracy of
the O3 and A3-carene measurements. The average tempera-
ture inside the SAPHIR chamber during the experiment was
300 K. The value reported in this study is slightly higher than
values reported by Atkinson et al. (1990) and Chen et al.
(2015) but still agrees within the stated errors (Table 3).
Reaction rate constants determined by Atkinson et al.
(1990) and Chen et al. (2015) were (4.05£0.4) x 10~'7 and
(3.7£0.4) x 10717 cm?s ™!, respectively. Both values were
obtained from relative reaction rate measurements by com-
paring the rate of decay of A3-carene from ozonolysis to the
rate of decay of a well-known reference compound («-pinene
in Atkinson et al., 1990, and cyclohexene in Chen et al.,
2015). Additionally both studies also determined the reaction
rate constant with an absolute rate technique using a pseudo-
first-order approach. In Atkinson et al. (1990), reactive im-
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Table 2. Formation and loss reactions of the ROy radicals considered in the budget analysis (Fig. 11). Reaction rate constants are given for
298 K and 1 atm. The reaction rate constants in the actual analysis are calculated using temperature and pressure data measured during the

experiments in SAPHIR.

Reaction k (298K, 1atm) Reference
cem3s~!
Radical loss RS OH+NO — HONO 7.5x 10712 Burkholder et al. (2020)
R6  OH+NO, — HNO; L1x 101 Burkholder et al. (2020)
R7  HO, +HO; — Hy0, 4+ 0, 1.4x 10712 Burkholder et al. (2020)
HO,; +HOy +M — H;0, 4+ 02 1.1x 107124 Burkholder et al. (2020)
R8  HO; +ROy ghs. — ROOH + 0, 23x 10711 Jenkin et al. (2019)
RO RO obs. +RO2 ops. — products 13x10°13 Jenkin et al. (2019)
RI0  RO2 carene + NO — RONO, 9.0 x 10712 Jenkin et al. (2019)
Radical formation RI11 O3+ hv (< 340nm) — o('D)+ (0)) j0(1 D) measured
0('D) +H,0 — 20H 2.1x 10710 Atkinson et al. (2004)
o('D)+M — 0CP)+M 33x 10711 Atkinson et al. (2004)
R12  HONO +hv (< 340) - OH+NO JHONO measured
R13  HCHO + hv (< 335) 4+ Oy — 2HO, + CO JHCHO measured
R14  A3-carene +03 — 0.65 x OH+RO; + products 4.4 x 10-17 Table 3, this work
R4 caronaldehyde +hv — HO7 + RO, + products Jcaronal measured

2 pressure dependent value given as 4.6 x 10732 x (M) in Burkholder et al. (2020); ® the yield @ of this reaction is determined in Sect. 3.2.3.

Table 3. Rate constants of the reaction of A3-carene with O3 and OH as well as of the reaction of caronaldehyde with OH. Experimental
values obtained in this study are compared to reported literature values.

1

Reaction Reaction rate constant/cm? s~ Technique Temperature/ K Reference
A3-carene + 03 (44+0.2) x 10717 absolute rate 300  this study
(5.9£1) x 10717 relative rate 295 Witter et al. (2002)

(3.7+£0.2) x 10717 relative rate 299  Chen et al. (2015)
(4.940.8) x 10717 absolute rate? 299  Chen et al. (2015)
(3.540.2) x 10717 absolute rate® 299  Chen et al. (2015)
(3.7£0.2) x 10717 absolute rated 299  Chen et al. (2015)
(3.8+£0.2) x 10717 relative rate 296  Atkinson et al. (1990)
(5.240.6) x 10717 absolute rate 206  Atkinson et al. (1990)
48x 10717  SAR® 298  Jenkin et al. (2020)
A3-carene + OH (8.0£0.5) x 10~ absolute rate 304  this study
(8.0+0.1) x 107112 relative rate 304 Dillon et al. (2017)
(8.740.4) x 10711 relative rate 294  Atkinson et al. (1986)
8.5x 10711 SAR 298  Peeters et al. (2007)
Caronaldehyde + OH (4.140.3) x 10711 absolute rate 300 this study
(4.8 £0.8) x 10711 relative rate 296  Alvarado et al. (1998)
(12.1£0.8) x 10711 relative rate 208  Hallquist et al. (1997)
(2.9+0.8) x 10711 SAR 298  Jenkin et al. (2018)

4 temperature-dependent reaction rate coefficient given by Dillon et al. (2017): (2.48 +0.14) x exp(357 £ 17)/T x 1077 em3 s L
measured in a flow reactor; ¢ measured in a 7.3 m3 Teflon chamber; 9 measured in a 90 m® Teflon chamber; © structure-activity relationship

b

purities in the used A3-carene sample were reported, whose
presence would reduce the initially measured reaction rate
constant from the absolute technique from (5.240.6) x 10~ 17
to (4.1£0.6) x 10717 cm3s~!. Chen et al. (2015) used three
different set-ups to determine the reaction rate constant with

Atmos. Chem. Phys., 21, 12665-12685, 2021

1

an absolute rate technique: two simulation chambers with
volumes of 90 m? (HELIOS) and 7.3 m? and a laminar flow
reactor. The values determined in the simulation chambers
were (3.540.2) x 1077 cm3s~! in the smaller simulation
chamber and (3.7£0.2) x 10717 cm?®s™! in HELIOS. A rate
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Table 4. OH yield of the reaction of A3-carene with O3. Experimental values obtained in this study are compared to reported literature

values.
OH yield Technique Reference
0.65+0.10 absolute rate this study
1.1+1.0 OH scavenging with c-hexane  Atkinson et al. (1992)
0.6+1.0 OH scavenging with c-hexane®  Atkinson et al. (1992)
0.86+0.11  OH scavenging with 2-butanol ~ Aschmann et al. (2002b)
0.56 to 0.59 theoretical calculations Wang et al. (2019)

2 with revisited yields of c-hexanone and c-hexanol by Berndt et al. (2003) as explained in the text

Table 5. Caronaldehyde yields for the reaction of A3-carene with OH and OH as well as caronaldehyde yields for the reaction of A3-carene

with O3 obtained from this study compared to literature values. Given A3-carene concentrations are initial concentrations.

Reaction Yield/ % Expt. conditions Reference
caronaldehyde A3-carene/ ppbv NO/ppbv  RH/%  Product quantification
A3-carene + OH 30+5 5 0.8 45 PTR-MS  this study
31 975 9756 0 GC-FID*  Arey et al. (1990)
34+0.8 9800 0 0 GC-FID  Hakola et al. (1994)
A3-carene + O3 55%£2 6 0.1 18 PTR-MS  this study
8.5" 89.9 n/a® n/a® GC-MS  Yuetal. (1999)
<gd 9800 0 0 GC-FID/GC-MS  Hakola et al. (1994)
0.47 £0.05¢ 15000 0 0 GC-FID/GC-MS  Ma et al. (2009)

2 GC-FID: gas chromatograph with flame ionization detector, GC-MS: gas chromatograph with mass spectrometer; ® combined yield for gas and aerosol phase; ¢ no values

given in the publication; 9

constant of (4.94+0.8) x 1077 cm?s~! was determined in the
flow reactor. The 30 % discrepancy between the determined
reaction rate constant is explained by interferences in the O3
measurements and increased uncertainties due to higher wall
losses in the flow reactor. Witter et al. (2002) reported a faster
reaction rate constant of (5.9£1.0) x 10~ 17cm3s~!, obtained
with a relative rate technique using 2-methyl-2-butene as ref-
erence compound. The value reported by Witter et al. (2002)
is higher than the other reported values. Although the rea-
son for this discrepancy is not clear, in their study Witter
et al. (2002) also determined the ozonolysis reaction rate
constants for other monoterpenes, e.g. limonene, a-terpinene
and «-pinene, and the determined values were mostly on the
upper end of reported literature values. The rate constants
were on average 20 % higher than comparable values, which
may point to a general overestimation of monoterpene reac-
tion rate constants. The [UPAC Task Group on Atmospheric
Chemical Kinetic Data Evaluation recommend to use a value
of (4.9+0.2) x 10~ cm3s~! (Atkinson et al., 2004), which
is an average of the relative rate constants determined by
Atkinson et al. (1990) and Witter et al. (2002) and is in good
agreement with the value determined in this work. Using the
SAR published by Jenkin et al. (2020), a reaction rate con-
stant of 4.7 x 10717 cm®s~! can be calculated. The value re-
ported in this study is in relatively good agreement with this
theory-derived value.
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yield obtained in the absence of an OH scavenger; © obtained from filter samples.

3.1.2 Determination of the OH yield from the
ozonolysis of A3-carene

During experiment E3, when no OH scavenger was present,
A3-carene was not only consumed by O3 but also by OH that
is produced from the ozonolysis reaction. Because OH pro-
duction from the ozonolysis was the only OH source, the OH
yield from ozonolysis of A3-carene can be determined from
this experiment. The chamber roof was closed for the whole
experiment, and there are no photolytic sources for OH for-
mation. The reaction rate constant determined in the previous
section for the period, when an OH scavenger was present in
the SAPHIR chamber, is used in the box model to determine
the OH yield of the ozonolysis as explained in Sect. 2.4. The
OH yield from ozonolysis is optimized until the measured
decay of A3-carene matches the modeled decay (Fig. 3). A
comparison of the experimental decay to model runs with
different OH yields is shown in Fig. S1.

The OH yield is found to be 0.65 £ 0.10 in the experiment
in this work. The error is mainly due to the uncertainties in
the reaction rate constants and the accuracies of the O3 mea-
surement. Reported literature values for the OH yield from
the ozonolysis of A3-carene determined in experiments are
1.1+ 1.0 (Atkinson et al., 1992) and 0.86+0.11 (Aschmann
et al., 2002a). Wang et al. (2019) theoretically calculated the
OH yield to be 0.56 to 0.59. Table 4 shows the value de-
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Figure 4. Yield of caronaldehyde for Reactions (R1) (OH + A3-
carene) and (R2) (O3+ A3—carene) determined from the slope of
the relation between consumed A3-carene and measured caronalde-
hyde concentrations. For Reaction (R1), the result from experiments
El and E2 are shown. Concentrations were corrected for dilution
and chemical loss (see text for details). Caronaldehyde yields from
the oxidation of A3-carene are determined as the slopes of the
shown solid linear regression lines (black: OH oxidation R1, green:
ozonolysis R2). Dashed lines indicate the error of the regression
analysis.

termined here compared with reported literature values. The
value reported here is closer to the theoretical than to the
other measured values, but it agrees with the yield reported
by Aschmann et al. (2002a) within the reported uncertain-
ties. As discussed in Wang et al. (2019), the high OH yield
reported in Atkinson et al. (1992) could have been overesti-
mated because of the high uncertainty in the determination
of the OH yield. Atkinson et al. (1992) derived the OH yield
by measuring the concentration of cyclohexanol and cyclo-
hexanone produced in the reaction of OH and cyclohexane
that was used as OH scavenger in their experiments. More
recent investigations of the yield of cyclohexanol and cyclo-
hexanone from the reaction of cyclohexane and OH indicate
alarger yield of 0.88 (Berndt et al., 2003), as compared to the
value of 0.5 used by Atkinson et al. (1992). This higher value
would reduce the OH yield in the ozonolysis of A3-carene
in the experiments by Atkinson et al. (1992) to 0.6, which
would agree well with the OH yield determined in this work
and the value calculated by Wang et al. (2019).

The ozonolysis of A3-carene is initiated by O3 attack-
ing the C=C double bond, forming an energy-rich primary
ozonide (POZ). Mostly, the energy retained in the POZ leads
to a decomposition into Criegee intermediates, retaining one
structure bearing a carbonyl functionality on one side of the
molecule and the Criegee functionality on the other. These
Criegee intermediates then isomerize to form dioxiranes, sec-
ondary ozonides (SOZs) or vinyl hydroperoxides. A theo-
retical study of the ozonolysis of A3-carene by Wang et al.
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(2019) found the formation yields dioxiranes, SOZ and vinyl
hydroperoxides to be 0.16, 0.24 and 0.56, respectively. Colli-
sional stabilization of the Criegee intermediates was found to
be of minor importance with a yield of only 0.04 in the same
study. OH (and an alkoxy radical) is formed from the vinyl
hydroperoxide (ROOH) by breakage of the —O—OH bond
(Aschmann et al., 2002a; Ma et al., 2009). The fate of the
alkoxy radical formed from this reaction has yet to be inves-
tigated, but it might result in the formation of highly oxidized
molecules (HOMs) (Wang et al., 2019).

3.1.3 Caronaldehyde yield from ozonolysis

The caronaldehyde yield for the A3-carene+ O3 reaction
was determined from experiment E4, where an OH scav-
enger was injected into the chamber so that caronaldehyde
is exclusively formed form the ozonolysis reaction. The cor-
rections described in Sect. 2.5 were applied. Caronaldehyde
was formed from the ozonolysis of A3-carene with a yield
of (5.5+2)% as shown in Fig. 4. The uncertainty is de-
rived from measurements and errors of the applied correc-
tions (Sect. 2.6) for the respective experiment.

The determined caronaldehyde yields from this study and
reported literature values are given in Table 5. The obtained
value is in reasonably good agreement with most of the re-
ported literature values. Yu et al. (1999) reported a caronalde-
hyde yield of 8 %, using 2-butanol to scavenge OH radicals.
Hakola et al. (1994) determined the caronaldehyde yield to
be <8 %. In the presence of cyclohexane as an OH scav-
enger, caronaldehyde was not detected in the ozonolysis of
A3-carene in the experiments conducted by Hakola et al.
(1994). Ma et al. (2009) reported a caronaldehyde yield
of (0.47 £0.05) % from filter samples, using cyclohexane,
methanol or ethanol to scavenge OH radicals. However, due
to its relatively high vapor pressure, it is likely that caronalde-
hyde was mainly present in the gas phase, so only a small
fraction of the formed caronaldehyde was collected on the
filters.

The formation of caronaldehyde from A3-carene ozonol-
ysis most likely results from the stabilization and subsequent
reaction with water of one of the Criegee intermediates; the
formation mechanism of caronaldehyde in the absence of wa-
ter has yet to be clarified (Ma et al., 2009). The stabilization
of the Criegee intermediate is found to be a minor pathway by
Wang et al. (2019), possibly explaining the small caronalde-
hyde yield found for the ozonolysis of A3-carene. Further
reaction products that have not been measured in this study
include a range of multifunctional organic acids according to
studies conducted by, for example, Ma et al. (2009).

3.2 OH reaction of A3-carene
The first oxidation steps of the OH-induced photochemical

oxidation of A3-carene relevant for this study are shown in
Fig. 5 (Colville and Griffin, 2004). The OH oxidation is ini-
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Figure 5. Simplified scheme of the first reaction steps of the OH photooxidation of A3-carene (adapted from Colville and Griffin, 2004).
Yields shown in black are from SAR by Jenkin et al. (2018). H abstraction has only little influence on the presented product yields. RO, +
RO, reactions could lead to other products than the formation of the alkoxy radical that produces caronaldehyde + HO», so the yield of

caronaldehyde from RO; + RO; reactions is expected to be less than 1.

tiated by addition of OH to the C=C double bond or by the
abstraction of an H atom rapidly followed by addition of
O,. From the OH addition, two peroxy radical isomers are
formed. The branching ratios of the specific attack on the
C=C double bond (Fig. 5) and the H abstraction are estimated
using the structure—activity relationship (SAR) method de-
scribed in Jenkin et al. (2018). Branching ratios are 10 % for
H abstraction, 30 % for OH addition to C1 and 60 % for OH
addition to C2 of the double bond. Due to the small fraction
of H abstraction, a relatively small influence of these reac-
tions on the results of the following analysis can be expected.

Peroxy radicals (RO7) can react with NO, HO; or undergo
radical self-reactions with RO,. The reaction of A3-carene-

https://doi.org/10.5194/acp-21-12665-2021

derived RO carene With NO and possible reaction products
are discussed in Sect. 3.2.2 and 3.2.3. RO +RO; and RO, +
HO; reactions are discussed in Sect. 3.2.4.

OH-induced photooxidation of A3-carene was investi-
gated in the SAPHIR chamber during two experiments with
NO, mixing ratios below 1 ppbv (Table 1). Figure 6 shows
an overview of all measured species in experiment El that
are representative for experiments at low NO, mixing ra-
tios. Time series of concentration measurements for the other
experiment are shown in the Supplement (Figs. S2 and S3).
For all experiments, A3-carene was injected three times into
the chamber, increasing the mixing ratio by approximately
5 ppbv each injection.
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El. Dashed lines indicate times when A3-carene was injected into the chamber. Measured concentrations are shown in the illuminated

chamber only starting with the opening of the roof (zero-air phase).

3.2.1 Rate constant of the OH + A3-carene reaction

In order to determine the rate constant of the reaction of
A3-carene with OH, measured time series were compared
to model results from a box model, in which OH and O3
concentrations were constrained to the measurements. A re-
action rate constant was determined from all experiments.
The determined value represents the mean value from all ex-
periments. The given error is the standard error of the mean.
The optimization error was much smaller than the variabil-
ity of the results in different experiments. On average, the
temperature inside the SAPHIR chamber was 304 K during
the experiments. OH concentrations usually ranged from 5
to 8 x 10%cm™3. Ozonolysis only played a minor role in
the experiments, contributing to a maximum of 5 % to the
A3-carene consumption. The reaction rate constant for the
ozonolysis reaction was taken from this work (Sect. 3.1.1).

Atmos. Chem. Phys., 21, 12665-12685, 2021

The optimized rate constant of the OH reaction with A3-
carene is (8.0 0.5) x 10~ cm3s~! as shown in Fig. 7.

Table 3 shows a comparison of reported literature values to
the reaction rate constants obtained in this study. The deter-
mined value for the OH + A3-carene reaction rate constant
from this study agrees well with both experimentally and the-
oretically derived literature values. Dillon et al. (2017) deter-
mined a temperature-dependent rate coefficient; for compa-
rability with data in this work, only the rate coefficient de-
termined at 304 K is used. Dillon et al. (2017) determined a
reaction rate constant of (8.11+0.1) x 107" em3s~! using an
absolute rate approach, and Atkinson et al. (1986) reported a
value of (8.74+0.4) x 107" em?s—! at 294K using a relative
rate determination approach. From a site-specific structure—
activity relationship (SAR), Peeters et al. (2007) predict the
reaction rate constant to be 8.5 x 10~ cm3s~! at 298 K. In
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Figure 7. Comparison of the modeled and measured A3-carene de-
cay for the OH-oxidation experiment E2. Shown is the result of
optimization of the rate constant of the OH reaction with A3-carene
in the model calculations resulting in a reaction rate constant of
7.9x 10" em3s—1,

this reaction rate constant, the contribution of H abstraction
is not considered.

3.2.2 Caronaldehyde yield from the reaction of
A3-carene with OH

Table 5 compares the product yields of the A3-carene + OH
reaction obtained in this study to reported literature values.
The caronaldehyde yield of (30+5) % determined in this
study as shown in Fig. 4 in good agreement with reported
literature values within the range of the uncertainty of the
measurements. The given error reflects the range of values
determined in the considered experiments. Arey et al. (1990)
reported a yield of 31 % and Hakola et al. (1994) a yield of
(34 £0.8) %. In both studies, caronaldehyde was quantified
using GC-FID. Hakola et al. (1994) additionally used GC—
MS and "H NMR to verify the structure and purity of the
measured compound.

As shown in Fig. 5, caronaldehyde is mainly formed from
the decomposition of alkoxy radicals (RO). These alkoxy
radicals are mainly formed from the reaction of RO, with
NO. A similar RO radical is also formed from the RO, +RO»
reaction, as well as from the photolysis of hydroperoxides
(ROOH) that result from the RO, + HO» reaction. Since the
RO, + NO reaction mainly leads to the formation of RO
(the branching ratio of an alternative pathway is discussed
in Sect. 3.2.3), yields of caronaldehyde as found in this and
previous studies can be expected. Other reaction products of
the A3-carene + OH reaction determined in previous studies
include formaldehyde with a yield of 20 % (Orlando et al.,

https://doi.org/10.5194/acp-21-12665-2021
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2000) and acetone with a yield of 15 % (Reissell et al., 1999;
Orlando et al., 2000). Caronic acid, hydroxy-caronic acid iso-
mers and hydroxy-caronaldehyde isomers have additionally
been found in the aerosol phase of smog chamber experi-
ments investigating the A3-carene + OH reaction by Larsen
et al. (2001).

3.2.3 Determination of alkyl nitrate yield for the
reaction of A3-carene + OH

Organic nitrates are formed from the reaction of RO, radi-
cals with NO as shown in Fig. 5 for the reaction of the RO
formed in the first oxidation step of A3-carene. An alterna-
tive pathway for the NO+RO; reaction is the formation of an
alkoxy radical and NO; that ultimately leads to the formation
of caronaldehyde (Sect. 3.2.2). The nitrate yield ®rono, for
the reaction of A3-carene + OH is determined following the
procedure described in Sect. 2.4 using RO2 carene. Figure 8
shows the accumulation of reactive NO, species over the
course of experiment E2. In total, 8.1 ppbv of reactive nitro-
gen species were formed over the course of the experiment.
The contributions of NO, NO, and HONO are almost con-
stant with 2.2 ppbv, while the contributions of RONO, and
HNO3 increase continuously over the course of the experi-
ments due to their continuous production from the reaction
of RO2 carene With NO and OH with NO». The formation of
HNO3 and RONO; before the injection of A3-carene is not
relevant for the analysis and therefore not shown in Fig. 8.
An organic nitrate yield of (25 +4) % was found from ex-
periments E1 and E2. To our knowledge, only one other study
investigated the organic nitrate yield of A3-carene. Based
on RONO; measurements in the aerosol phase using a TD-
LIF instrument (thermal dissociation laser-induced fluores-
cence), Rollins et al. (2010) calculated an organic nitrate
yield of 25 % for the photooxidation of A3-carene in experi-
ments with high NO,. conditions (100 ppbv of A3-carene and
500 ppbv of NO). This yield represents the fraction of SOA
molecules that are hydroxynitrates, and Rollins et al. (2010)
suggest that the organic nitrate fraction of SOA molecules
produced in photooxidation are similar to the total yield of
RONO; from RO, +NO. The SAR by Jenkin et al. (2019)
predicts an organic nitrate yield of 19 %. This calculation is
based on the number of C atoms in the peroxy radical and
therefore possibly has a relatively high uncertainty. The value
obtained in this study for experiments with NO, mixing ra-
tios below 1 ppbv is in good agreement with both the exper-
imental and the SAR-derived values. Due to their structural
similarities, it can be assumed that organic nitrate yields for
A3-carene could be comparable to reported determined or-
ganic nitrate yields of a-pinene. Noziere et al. (1999) report
an organic nitrate yield of (18 £9) % and Rindelaub et al.
(2015) (26 £ 7) % for the reaction of «-pinene with OH. The
organic nitrate yield of 1 % by Aschmann et al. (2002b) was
not measured directly but approximated from API-MS mea-
surements. This leads to a high uncertainty and likely ex-
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Figure 8. Determination of the organic nitrate yield for the A3-
carene + OH oxidation experiment E2. The red line shows the time-
integrated HONO emission calculated as described in the text.
NO, and HONO concentrations were measured, while the time-
integrated NO; loss by HNO3 formation and time-integrated NO
loss by RONO; formation are calculated as described in the text.
The yield of (25 4= 4) % for alkyl nitrates is optimized such that the
total NO,, produced over the course of both experiments, E1 and
E2, is accounted for.

plains the difference with the values by Noziere et al. (1999)
and Rindelaub et al. (2015). The nitrate yield obtained in this
study for A3-carene is in reasonable agreement with the val-
ues reported for o-pinene, as can be expected due to their
structural similarities.

3.3 Photooxidation of caronaldehyde

A simplified reaction scheme for caronaldehyde degradation
chemistry is shown in Fig. 9. Caronaldehyde can be oxidized
by the reaction with OH, forming RO, radicals through H ab-
straction and fast subsequent addition of O,. The formed
peroxy radicals can then undergo reactions with NO, HO,
and RO,, resulting in similar product species such as ex-
plained before. Photolysis of caronaldehyde is an additional
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loss path. Due to their structural similarities, it can be as-
sumed that caronaldehyde photolyzes in a similar way like
pinonaldehyde. Photolysis leads to the C—C bond scission
next to the aldehydic functional unit of the molecule, leading
to the formation of HCO and an alkyl radical. Both species
subsequently react with O, forming CO, HO; and a peroxy
radical.

The reaction of caronaldehyde with OH was investigated
in experiment E6. Caronaldehyde was injected twice into the
chamber to reach mixing ratios of 5 ppbv directly after the
first and 6 ppbv directly after the second injection. The OH
concentration was 7 x 10% cm™3 for the period after the first
injection. Prior to the second injection, 50 ppmv of CO was
injected into the chamber as an OH scavenger to study the
photolysis of caronaldehyde separately. The temperature in
the chamber ranged from 295 to 305K during the experi-
ment.

3.3.1 Photolysis frequency of caronaldehyde

As CO was injected into the chamber as an OH scavenger
and as wall loss was found to be negligible in the time-
frame of the experiment, the decay of caronaldehyde mea-
sured can only be due to photolysis and dilution. The absorp-
tion spectrum of caronaldehyde was measured by Hallquist
et al. (1997) in the range from 275 to 340 nm at 300 K. This
spectrum and an assumed quantum yield for dissociation of
1 was used to calculate the photolysis frequency for the con-
ditions of the experiment in the sunlit chamber using Eq. (1)
(Sect. 2.2), resulting in a mean loss of caronaldehyde due to
photolysis of 1.3 x 107 s~!. The calculated photolysis fre-
quency was included in a model to compare the measured
to the modeled decay. The modeled decay was found to be
too slow and requires a photolysis frequency that is larger
by a factor of 7 to match the experimental decay. The ab-
sorption cross section by Hallquist et al. (1997) used in this
work is the only reported measurement. It was measured in
a 0.48 m> borosilicate reactor at low pressure. During their
experiments, dichloromethane and methanol solvents used
in the synthesis of caronaldehyde were present in the reac-
tor. Even though the authors corrected for possible interfer-
ences caused by these two species regarding the caronalde-
hyde concentration measured by IR spectroscopy, potential
errors in the measurement of caronaldehyde concentrations
might explain the discrepancy. Although there is no mecha-
nistic explanation, it cannot be fully excluded that the faster
decay observed in the experiments in this work compared
to that by Hallquist et al. (1997) is the result of an alter-
native OH independent loss process occurring in the illumi-
nated chamber. The absorption cross sections that have to be
applied to explain the decay of caronaldehyde in photolysis
experiments in SAPHIR suggest further investigation of this
reaction and the absorption cross section of caronaldehyde.
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Figure 9. Simplified scheme of the first reaction steps of the OH photooxidation of caronaldehyde, adapted from the oxidation mechanism of
pinonaldehyde. Yields shown in black are from SAR by Jenkin et al. (2018). Additional reactions like, for example, the formation of carbonic

acids from RO, with HO, are not shown in the scheme.

3.3.2 Rate constant of the caronaldehyde + OH
reaction

The measured decay of caronaldehyde was compared to
the results from the box model constraining the photolysis
frequency to the value with a correction by a factor of 7
calculated as explained above. The temperature inside the
SAPHIR chamber was 300 K, and the OH concentration was
8 x 10®cm™3. The optimum OH reaction rate constant is
(3.6+0.7) x 10~ ecm?s~!. The reaction rate constant was

https://doi.org/10.5194/acp-21-12665-2021

also optimized with the model constrained to the photolysis
frequency as calculated with the absorption spectrum mea-
sured by Hallquist and a quantum yield of 1. This yields
an OH reaction rate constant of (5.5+0.7) x 10~ em3s~1.
Both values agree reasonably well with the reaction rate
constant of (4.8 +0.8) x 10" em3s~! measured by Al-
varado et al. (1998) within the error. The structure—activity
relationship by Jenkin et al. (2018) predicts a total reac-
tion rate constant of 2.9 x 107" cm®s~! which is consis-

tent with the two measured values within the uncertainty

Atmos. Chem. Phys., 21, 12665-12685, 2021
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Figure 10. Determination of the organic nitrate yield for the reac-
tion of caronaldehyde with OH for experiment E6. HONO and NOy
concentrations are measured, while RONO, and HNO3 concentra-
tions are calculated as described in the text.

of SAR. Hallquist et al. (1997) also determined the reac-
tion rate constant of caronaldehyde with OH resulting in a
value of (12.143.6) x 10~!" cm?s~!. This value is signifi-
cantly higher than both values reported here and by Alvarado
et al. (1998). Both Alvarado et al. (1998) and Hallquist et al.
(1997) determined the reaction rate constant using a relative
rate technique, and both studies were performed in smaller
reaction volumes than the 270m3 SAPHIR chamber. The
measurements by Hallquist et al. (1997) were performed in
a 0.153m° borosilicate glass reactor, while the studies by
Alvarado et al. (1998) were performed in an 7.9 m?3 Teflon
chamber. Wall losses of caronaldehyde in the range of (4—
7) x 107 s~! were observed in the borosilicate chamber in
the dark and further increased when the chamber was irra-
diated. Even though the determined reaction rate constant is
corrected for the measured wall loss, it causes further uncer-
tainty. Additionally, the initial caronaldehyde mixing ratio in
the experiments in this work and the study performed by Al-
varado et al. (1998) were significantly lower than those used
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by Hallquist et al. (1997) (20 ppbyv, this study; 113 ppbv, Al-
varado et al., 1998; 3252 ppbv, Hallquist et al., 1997). The
reason for the high reaction rate constant reported by Hal-
Iquist et al. (1997) is not entirely clear, but it may arise from
enhanced wall losses in the irradiated chamber unaccounted
for in the experiments by Hallquist et al. (1997).

3.3.3 Determination of alkyl nitrate yields for the
reaction of caronaldehyde + OH

The nitrate yield from the reaction of caronaldehyde with
OH is determined for experiment E6. The organic nitrate
yield ®rono, is found to be (10 & 2) %, following the pro-
cedure described in Sect. 2.5. As shown in Fig. 10, 3.5 ppbv
of RONO; was formed in the chamber during experiment
E6 along with 1.2ppbv of HNO3;. NO, and HONO con-
centrations were 2 and 1 ppbv, respectively. The error is de-
rived from the accuracies of measured concentrations. To our
knowledge, this is the first report of a measured organic ni-
trate yield for the caronaldehyde + OH reaction.

Generally, the nitrate yields from aldehydes are typically
smaller than those of monoterpenes. Organic nitrate yields
for other aldehydes used in current chemical models like the
MCM3.3.1 are 5 % for pinonaldehyde, the main daytime ox-
idation product of «-pinene, and 12 % for pentanal. Calcula-
tion of the organic nitrate yield from the caronaldehyde ox-
idation according to Jenkin et al. (2019) is 5.5 %. The value
determined in this study is within the range of nitrate yields
reported in the literature but somewhat higher than values re-
ported for similar aldehydes and calculations from SAR.

3.4 Production and destruction rates of RO, radicals
in the oxidation of A3-carene

Field studies in forested environments, where A3-carene was
one of the main monoterpenes emitted, found that both mea-
sured OH and HO» concentrations cannot be reproduced by
models (Kim et al., 2013; Hens et al., 2014). The analysis of
radical formation and loss reactions for those environments
revealed that a photolytic HO, source missing in the model
calculations is one possible explanation for the observed dis-
crepancies. In the following, radical formation and loss rates
of the sum of radicals (ROy) and their differences are deter-
mined according to Egs. (6) and (7). The results of this anal-
ysis for experiment E1 with NO, mixing ratios below 1 ppbv
are shown in Fig. 11.

The turnover rates in this experiment reach maximum val-
ues between 2 and 3 ppbvh~!. The main radical formation
process is HONO photolysis, contributing more than 70 %
to the average formation rate. Assuming that the photoly-
sis frequency is higher by a factor of 7 (see Sect. 3.3.1),
the formation of one HO, and one RO; radical per pho-
tolyzed caronaldehyde molecule would have a higher influ-
ence on the radical budgets of the A3-carene + OH reaction
than previously assumed. This may therefore help to reduce
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Figure 11. RO, production and destruction rates for the OH-induced photooxidation in experiment E1, excluding (a) and including (b) the
higher photolysis frequency determined in this work. Dashed lines indicate times when trace gases were injected.

the discrepancies between measured and modeled HO; con-
centrations in field studies. The photolysis of caronaldehyde
contributes on average 0.3ppbvh~!; 60 % of the average
loss rate is due to the reaction of RO, with NO, species.
The remaining RO, losses can be explained by radical self-
reactions, as can be expected for the experimental conditions
because the reaction of the peroxy radical with HO, (35 %)
or RO, radicals becomes competitive.

For experiments with NO, mixing ratios below 1 ppbv in
the experiments in this work, the RO, budgets are closed
within the uncertainty. It can therefore be assumed that there
are no primary radical production or loss processes that are
unaccounted for in this analysis. The contribution of the pho-
tolysis of caronaldehyde to the radical formation is in the
range of the error of the analysis, and the loss and forma-
tion of radicals would also be closed if this process was not
considered. In the scope of this work, it is therefore not possi-
ble to distinguish whether the caronaldehyde photolysis will
contribute significantly to reduce the previously observed
discrepancies between measured and modeled HO, concen-
tration in field studies. Possible reaction pathways leading
to the formation and loss of radicals in the A3-carene oxi-
dation are shown in Fig. 5. The reaction of RO, with HO»

proceeds with a reaction rate constant of 1.9 x 10~ cm3s~!
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(Jenkin et al., 2019), mainly leading the formation of hy-
droperoxide species ROOH. The reaction of RO, with RO;
results in the formation of either a diol or an alkoxy radical
RO, which again most likely decomposes forming caronalde-
hyde. The reaction rate constant of this reaction is calculated
tobe 1.2 x 10713 cm?s~! (Jenkin et al., 2019). In the exper-
iments presented here, this reaction only contributes < 1 %
to the loss of total RO, radicals. Isomerization reactions
like intramolecular H shifts as investigated by Vereecken and
Noziere (2020) can form a new pathway to product formation
from RO;. For the RO, described here, an intramolecular
1,5-H-shift from the OH functional group to the peroxy radi-
cal unit —OO would be the fastest of the possible isomeriza-
tion reactions with a reaction rate constant of 3.5 x 107> s~!
expected from the SAR in (Vereecken and Noziere, 2020).
Compared to the other described RO; loss rates, especially
the loss in the reaction with NO (0.07 s~ at 0.3 ppbv NO)
and HO, (1.9 x 107357 ! at 1.0 x 108 cm™3 HO,), this iso-
merization reaction is too slow to be significant for atmo-
spheric conditions like in the experiments here.
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4 Summary and conclusion

The photooxidation of A3-carene was investigated for NO,
mixing ratios below 1.5 ppbv in the atmospheric simulation
chamber SAPHIR. Photooxidation experiments were per-
formed under atmospheric conditions with A3-carene mix-
ing ratios in the range of 5 to 7ppbv. In this study, the
gas-phase organic nitrate yield of the A3-carene + OH re-
action was determined for the first time and found to be
(25£4) %. The comparison of the obtained organic nitrate
yield to yields obtained in the aerosol phase (Rollins et al.,
2010) and to the organic nitrate yield of the structurally sim-
ilar monoterpene a-pinene shows that the determined value
is in accordance with the reported values. The reaction rate
constant of the reaction of A3-carene with OH was deter-
mined to be (8.040.5) x 107! cm3s~! using an absolute
rate technique approach. The obtained value was found to
be in good agreement with reaction rate constants reported
in the literature within the stated error. Additionally, the
ozonolysis of A3-carene was studied. A reaction rate con-
stant of (4.4 +£0.2) x 1077 cm?®s~! was found, with an OH
yield of 0.65=+0.10. The yield of the oxidation products
caronaldehyde was determined for the A3-carene + OH and
A3-carene + O3 reactions and found to be (0.33 & 0.03) and
(0.055+0.02), respectively, in good agreement with reported
literature values. The photolysis and OH-induced photoox-
idation of caronaldehyde were also studied. The photoly-
sis frequency was calculated using the absorption spectrum
measured by Hallquist et al. (1997), but it was found that
to explain the observed caronaldehyde decay the absorption
cross section would need to be higher by a factor of 7 as-
suming a maximum quantum yield of 1. The caronaldehyde
+ OH reaction rate constant was found to be (3.6 =0.7) x
107" em?s~!, in relatively good agreement with reported
literature values. The experimental budget analysis of the
loss and production processes of RO, radicals for the A3-
carene + OH reaction shows that primary loss and produc-
tion reactions are balanced within the uncertainty of the ex-
periment of £0.5 ppbvh~!. The formation of HO, and RO,
radicals from the photolysis of caronaldehyde was consid-
ered an additional radical source with the photolysis fre-
quency determined in this work. The contribution of the pho-
tolysis reaction to the radical formation was about 10 %. The
fact that radical formation and loss reactions are well bal-
anced indicates that there are no primary formation or loss
processes unaccounted for in this analysis.

Data availability. Data  from  the
SAPHIR chamber used in this work are available on
the EUROCHAMP data home page. 13 June 2019:
https://doi.org/10.25326/BQNH-P286 ~ (Hantschke et  al.,
2021a), 21 May 2020: https://doi.org/10.25326/AGPD-
MP70  (Hantschke et al, 2021b), 27 May 2020:
https://doi.org/10.25326/8K59-JC53 (Hantschke et al., 202lc),
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(Hantschke et al., 2021e).
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6 Photooxidation of myrcene

The content of this chapter was published as ” Atmospheric photo-oxidation of
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Abstract. The photo-oxidation of myrcene, a monoterpene
species emitted by plants, was investigated at atmospheric
conditions in the outdoor simulation chamber SAPHIR (Sim-
ulation of Atmospheric PHotochemistry In a Large Reaction
Chamber). The chemical structure of myrcene consists of one
moiety that is a conjugated 7 system (similar to isoprene)
and another moiety that is a triple-substituted olefinic unit
(similar to 2-methyl-2-butene). Hydrogen shift reactions of
organic peroxy radicals (RO;) formed in the reaction of iso-
prene with atmospheric OH radicals are known to be of im-
portance for the regeneration of OH. Structure—activity re-
lationships (SARs) suggest that similar hydrogen shift reac-
tions like in isoprene may apply to the isoprenyl part of RO,
radicals formed during the OH oxidation of myrcene. In addi-
tion, SAR predicts further isomerization reactions that would
be competitive with bimolecular RO, reactions for chemi-
cal conditions that are typical for forested environments with
low concentrations of nitric oxide. Assuming that OH per-
oxy radicals can rapidly interconvert by addition and elim-
ination of Oy like in isoprene, bulk isomerization rate con-
stants of 0.21 and 0.097 s~! (T =298 K) for the three iso-
mers resulting from the 3’-OH and 1-OH addition, respec-
tively, can be derived from SAR. Measurements of radicals
and trace gases in the experiments allowed us to calculate
radical production and destruction rates, which are expected

to be balanced. The largest discrepancies between produc-
tion and destruction rates were found for RO,. Additional
loss of organic peroxy radicals due to isomerization reactions
could explain the observed discrepancies. The uncertainty of
the total radical (RO, = OH + HO; + RO») production rates
was high due to the uncertainty in the yield of radicals from
myrcene ozonolysis. However, results indicate that radical
production can only be balanced if the reaction rate constant
of the reaction between hydroperoxy (HO;) and RO; radicals
derived from myrcene is lower (0.9 to 1.6 x 10~ cm3s~1)
than predicted by SAR. Another explanation of the discrep-
ancies would be that a significant fraction of products (yield:
0.3 to 0.6) from these reactions include OH and HO, radi-
cals instead of radical-terminating organic peroxides. Exper-
iments also allowed us to determine the yields of organic ox-
idation products acetone (yield: 0.45 £ 0.08) and formalde-
hyde (yield: 0.35+0.08). Acetone and formaldehyde are pro-
duced from different oxidation pathways, so that yields of
these compounds reflect the branching ratios of the initial
OH addition to myrcene. Yields determined in the exper-
iments are consistent with branching ratios expected from
SAR. The yield of organic nitrate was determined from the
gas-phase budget analysis of reactive oxidized nitrogen in the
chamber, giving a value of 0.13 £ 0.03. In addition, the reac-
tion rate constant for myrcene + OH was determined from
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the measured myrcene concentration, yielding a value of
(2.3£0.3) x 1071%cm3 s~

1 Introduction

Monoterpenes are emitted from vegetation accounting for ap-
proximately 160 Tg of the 1000 Tg of biogenic volatile or-
ganic compounds (VOCs) that are released into the atmo-
sphere per year (Guenther et al., 2012; Sindelarova et al.,
2014). Monoterpenes are highly reactive to the major ox-
idants in the atmosphere, hydroxyl radicals (OH), ozone
(03), and nitrate radicals (NO3) (Atkinson and Arey, 2003)
and thus play an important role in ozone and secondary or-
ganic aerosol formation (Xu et al., 2015; Zhang et al., 2018;
Schwantes et al., 2020).

Myrcene emissions contribute to the total biogenic
monoterpene emissions in the range of 2% to 10 % (Guen-
ther et al., 2012). Emission rates highly depend on the type
of tree and season of the year (Helmig et al., 2013). In addi-
tion, there are hints for anthropogenic sources from the anal-
ysis of the composition of indoor air (Kostiainen, 1995). Few
studies have been conducted to investigate the oxidation of
myrcene (Deng et al., 2018; Atkinson, 1997; Reissell et al.,
2002; Kim et al., 2011). In these studies, acetone, formalde-
hyde and 4-vinyl-pentenal have been identified as major ox-
idation products from the reaction of myrcene with OH, but
yields determined in these studies vary. Lee et al. (2006) re-
ported an organic nitrate yield of 10 % from the oxidation
of myrcene by direct measurements using mass spectrome-
try. The reaction rate constant of myrcene + OH was deter-
mined to be (2.1+0.2) x 10710 (Atkinson et al., 1986) and
(3.41’}:(5)) x 10710 (Hites and Turner, 2009) at room tempera-
ture, with a discrepancy of up to 60 %. These results demon-
strate the photo-oxidation of myrcene requires further inves-
tigation.

There is no detailed chemical mechanism of myrcene
degradation by OH in the literature. The acyclic struc-
ture of myrcene consists of two parts: an isoprenyl
part (CH,=CH—C(=CH,)CH;—moiety) and another
part that is structurally similar to 2-methyl-2-butene
((CH3)2C=CH—CH,—moiety) (Fig. 1). Recent investiga-
tions of the oxidation of isoprene (Fuchs et al., 2013; Peeters
et al., 2014; Wennberg et al., 2018; Novelli et al., 2020)
revealed that organic peroxy radicals (RO,) formed after the
attack of OH to isoprene can rapidly interconvert, so that
fast H-atom migration reactions of specific RO, isomers
with initially low yield can significantly gain in importance.
These reactions impact atmospheric chemistry most if
they become competitive with bimolecular loss reactions
such as reactions with nitric oxide (NO) and hydroperoxy
radicals (HO»). In the case of isoprene, these isomerization
reactions can eventually regenerate OH radicals, so that a
high OH regeneration efficiency of 0.5 can be sustained in
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| isoprene

| 2-methyl-2-butene

myrcene

Figure 1. Chemical structures of myrcene, isoprene and 2-methyl-
2-butene.

the atmosphere also in regions where radical termination
reactions have been thought to dominate the fate of radicals
(Novelli et al., 2020). Therefore, radical regeneration from
isomerization reactions helped partly to explain observations
of unexpectedly high OH concentrations in field experiments
(Lelieveld et al., 2008; Hofzumahaus et al., 2009; Whalley
et al., 2011). Radical regeneration from RO, isomerization
reactions has also been shown to play a role in the oxidation
of methacrolein (Fuchs et al., 2014; Crounse et al., 2012),
3-pentanone (Crounse et al., 2013), glyoxal (Lockhart
et al., 2013), n-hexane and 2-hexanol (Praske et al., 2018),
hydroxymethyl hydroperoxides (Allen et al., 2018), and
2-hydroperoxy-2-methylpentane (Praske et al., 2019).

In this study, the oxidation of myrcene by OH was in-
vestigated in the atmospheric simulation chamber SAPHIR
(Simulation of Atmospheric PHotochemistry In a Large Re-
action Chamber) at Forschungszentrum Jiilich. Experiments
were performed under controlled conditions with concentra-
tions of trace gases and radicals typical for atmospheric con-
ditions. Experiments aim for adding to the determination of
a degradation mechanism for myrcene.

2 Oxidation mechanism of myrcene

Myrcene is an acyclic hydrocarbon with three unsaturated
carbon double bonds to which OH preferentially adds. One
end of the myrcene molecule is structurally similar to iso-
prene, and the other end is similar to 2-methyl-2-butene
(Fig. 1). The myrcene oxidation by OH forms 10 isomers of
peroxy radicals (MyO,) (Fig. 2). Structure—activity relation-
ships (SARs) by Peeters et al. (2007) suggest that OH prefer-
ably adds to the double bond of the isolated —CH=C(CH3)»
moiety producing two peroxy radical species with yields
of 17 % (7-OH-6-00 radical) and 31 % (6-OH-7-OO radi-
cal) (Fig. 2). When OH adds to the conjugated carbon dou-
ble bonds, six isomeric hydroxy peroxy radicals are formed
like in the OH or NOj3 oxidation of isoprene (Peeters et al.,
2009, 2014; Vereecken et al., 2021). Addition to the C3 po-
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sition yields two allyl-like hydroxy radical isomers produc-
ing E-3’-OH-1-00, 3’-OH-3-00 and Z-3'-OH-1-00 peroxy
radicals after the subsequent addition of O;. A total yield
of 31 % is estimated by SAR (Peeters et al., 2007) for these
three isomers. Similarly, OH addition to the C; position fol-
lowed by addition of O3 to the allyl radical structure leads to
the formation of E-1-OH-3’-00, 1-OH-2-O0 and Z-1-OH-
3/-00 radicals with a total yield of 17 %. In the isoprene
mechanism developed by Peeters et al. (2009, 2014), Novelli
et al. (2020) and Vereecken et al. (2021), a central element
is the fast interconversion reactions between the OH adducts
and corresponding OH peroxy radicals that proceed by ad-
dition and elimination of O,. Similar reactions are expected
for the isoprene structure in myrcene (Fig. 2) establishing a
coupled equilibrium between MyO, isomers.

For OH attack on the C; or C3 position of myrcene, the
resulting OH adducts are not resonance stabilized and are
hence not as favourable as the allylic-type radicals produced
from C; or Cy addition. Yields of these MyO, radicals are
expected to be less than 2 %, and therefore the chemistry of
these two minor isomers is not further discussed in this work.

All MyO, isomers can undergo bimolecular reactions with
NO, HO; and other RO; species. Specific reaction rate con-
stants have not been measured, but values are expected to be
within the range of typical rate constants for organic peroxy
radicals. For example, SAR by Jenkin et al. (2019) suggests
a value of 2.2 x 10~ " cm3s~! (T =298K) of the reaction
rate constants for the reaction of monoterpene-derived RO,
(including MyO,) with HO». Reaction products of the reac-
tion of RO, with HO» are expected to be organic peroxides.

The reaction of the 6-OH-7-O0 and 7-OH-6-OO radi-
cals with NO produces mainly 4-vinyl-4-pentenal, acetone
and HO; (Fig. 3) as shown in experimental studies (Orlando
et al., 2000; Reissell et al., 2002; Lee et al., 2006) as well
as predicted by SAR (Vereecken and Peeters, 2009, 2010).
Reissell et al. (2002) and Lee et al. (2006) suggested addi-
tional pathways for the alkoxy radical that is formed in the
reaction with NO of these two MyO, species. These path-
ways would include rearrangement reactions followed by re-
action with NO and fragmentation. This was suggested to ex-
plain the observation of organic species with various masses
(m/z="71,m/z =113, m/z = 115) detected by the proton-
transfer-reaction mass spectrometry instrument in Lee et al.
(2006). Similarly, Boge et al. (2013) suggested a reaction
pathway of 6-OH-7-O0O and 7-OH-6-OO radicals to ex-
plain observed terpenylic acid in their experiments. The re-
action of the other two most abundant radicals, 1-OH-2-
0O and 3’-OH-3-00, with NO would lead to the forma-
tion of HO; and formaldehyde together with 2-methyldiene-
6-methyl-5-heptenal and 1-vinyl-5-methyl-4-hexanone, re-
spectively (Fig. 3).

In addition to bimolecular reactions, unimolecular reac-
tions can be of importance for specific MyO,. Due to the sim-
ilarity of the conjugated double-bond structure in myrcene
and isoprene, it can be expected that H-shift reactions found
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to be important in isoprene (Peeters et al., 2009, 2014; Fuchs
et al., 2013; Wennberg et al., 2018; Novelli et al., 2020) ap-
ply for corresponding MyO, radicals. Therefore, Z-3'-OH-
1-00 and Z-1-OH-3’-00 radicals are expected to undergo
«-OH 1,6-H migration followed by O, addition leading to
hydroperoxy peroxy radicals (Fig. 4). As a first approxima-
tion, reaction rate constants can be assumed to be on the order
of 1s~! at 298 K like for corresponding reactions in isoprene
(Peeters et al., 2014). Similar products from further isomer-
ization and decomposition reactions could be expected as
predicted for isoprene (Peeters et al., 2014). This would also
lead to the regeneration of HO, radicals.

According to SAR by Vereecken and Noziere (2020), E-
3/-OH-1-00 undergoes an allylic 1,7 H shift (Fig. 4). The
reaction rate constant is estimated by this SAR to be high
with a value of 85! (T =298K). In addition, E-1-OH-3'-
OO can undergo an allylic 1,6-H-shift isomerization reaction
with a fast isomerization reaction rate constant of 2s~! (T =
298 K). Products likely undergo fast ring-closure reactions
on the dimethyl double bond with rates on the order of 15~
(Luc Vereecken, personal communication, 2021).

As a consequence of the equilibration between different
MyO, isomers that originate from the 3’-OH or 1-OH ad-
dition, a significant fraction of the MyO, can be removed
through the H-shift reaction channels if rates of competing
bimolecular reactions of all RO; isomers are low enough. In
order to estimate effective bulk MyO, isomerization reaction
rates, the distribution of MyO, isomers is estimated by us-
ing reaction rate constants for the oxygen addition and elim-
ination reactions recommended for isoprene (Novelli et al.,
2020). This results in a total bulk MyO, loss rate of approxi-
mately 0.21 and 0.097 s™1 (T =298 K) for the three isomers
resulting from the 3’-OH and 1-OH addition, respectively.
This means that isomerization reactions are becoming com-
petitive for nearly half of the total MyO, (Fig. 2) isomers
for chemical conditions with NO mixing ratios lower than
1 ppbv. It is worth noting that isomerization reaction rate
constants have a strong temperature dependence, so that their
impact can be significantly enhanced at higher temperatures.
However, all rate constants by SAR predictions also have a
high uncertainty of at least a factor of 2, and the uncertainty
might be as high as a factor of 10 (Vereecken and Noziere,
2020).

3 Methods
3.1 Experiments in the SAPHIR chamber

The experiments were conducted in the outdoor atmospheric
simulation chamber SAPHIR. SAPHIR has a cylindrical
shape with double walls made of Teflon (FEP) film (length:
18 m diameter: 5 m, volume: 270 m> ). The space between the
double walls is permanently purged with clean air to avoid
diffusion of impurities from ambient air into the inner cham-
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Figure 2. Peroxy radicals formed from the addition of OH to the double bonds in myrcene. MyO, formed from the OH addition to the
isoprenyl part of myrcene leads to the formation of MyO, species that are expected to rapidly interconvert by oxygen abstraction and
elimination like in isoprene (Peeters et al., 2014). Assuming reaction rate constants for oxygen abstraction and elimination like in isoprene,
3’—OH—3—00 and 1—OH—2-00 are expected to have the highest yields among the MyO, species that can interconvert. MyO, yields are
predicted using SAR by Peeters et al. (2007).
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ber. The walls are transmissive for the entire solar UV and
visible spectrum. The chamber is operated with synthetic air
that is produced from evaporated liquid nitrogen and oxygen
of highest purity (Linde, purity > 99.99990 %). It is kept at
a slight overpressure of 35 Pa that is maintained by a replen-
ishment flow, which compensates for leakages and the sam-
pling flow of analytical instruments. As a consequence, trace
gases are diluted with a rate constant that is equivalent to a
lifetime of approximately 17 h. The air in the chamber can
be exposed to sunlight by opening a shutter system. When
the chamber film is exposed to solar radiation, nitrous acid
(HONO), formaldehyde and acetone are released. The source
strengths range between 100 and 200 pptvh~". The photoly-
sis of HONO leads to a continuous increase in nitrogen oxide
concentrations in the chamber and is a significant source for
hydroxyl radicals (OH). More details of the SAPHIR can be
found in previous publications (e.g. Bohn et al., 2005; Rohrer
et al., 2005).

In total four experiments investigating the oxidation of
myrcene by OH were performed (Table 1), two of which
were done at medium levels of nitric oxide (NO) ranging
from 0.1 to 0.4 ppbv (on 18 August 2012, Fuchs et al., 2021a,
from 0.18 to 0.43 ppbv of NO, Fig. 5, and on 22 August
2012, Fuchs et al., 2021b, from 0.15 to 0.30 ppbv of NO,
Fig. S1 in the Supplement), while lower NO mixing ratios

https://doi.org/10.5194/acp-21-16067-2021

below 0.11 ppbv were achieved in the other two experiments
(17 July 2013, Fuchs et al., 2021c, Fig. S2 in the Supple-
ment, and 18 July 2013, Fuchs et al., 2021d, Fig. S3 in the
Supplement).

The experimental procedure was similar in all experi-
ments. The chamber was cleaned in the night before the ex-
periment by flushing the chamber with a high flow of syn-
thetic air to remove all trace gases from previous experi-
ments. Figure 5 shows, as an example, time series of trace
gases for the experiment conducted on 22 August 2012. Ex-
periments started in the morning with humidification of the
chamber air in the dark. This was achieved by flushing evap-
orated Milli-Q water into the chamber together with a high
flow of synthetic air. The chamber air was exposed to sun-
light approximately for 1 h without the presence of any addi-
tional reactant to determine the source strengths of chamber
sources for formaldehyde for the specific experiment. In the
experiments in 2013, approximately 50 ppbv of ozone pro-
duced by a silent discharge ozonizer (O3onia) was injected
to suppress NO in the reaction with O3z. Products from the
ozonolysis of myrcene are similar to the products formed
from the reaction with OH. These could lead to systematic
errors in the conclusions with respect to the OH oxidation
scheme. Given the typical OH concentration in this study
(5 x 10° cm™3), the contribution of ozonolysis to the entire

Atmos. Chem. Phys., 21, 16067-16091, 2021
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Table 1. Experimental conditions for the oxidation experiments. Concentrations are given for the conditions in the SAPHIR chamber at the

time of the first VOC injection.

Date Type of VOC ~ VOC/ppbv  NO/ppbv ~ Oz/ppbv  T/K RH/%
16 August 2012 myrcene 23 0.2 <20 305 30.7
22 August 2012 myrcene 2.3 0.2 <15 310 10.1
17 July 2013 myrcene 0.8 0.06 40 305 57.7
18 July 2013 myrcene 0.8 0.09 40 308 32.0
29 May 2020 methane 140 000 023  60-120 303 22.1
3 September 2019 «a-pinene 8.5 0.1 8 296 24.0
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Figure 5. Trace gas and radical concentrations in the chamber ex-
periment investigating the OH oxidation of myrcene (myrc) at NO
mixing ratios between 200 and 300 pptv on 22 August 2012. Peroxy
radicals from the reaction of OH with myrcene (MyO,) and total
organic peroxy radical (RO = MyO, + RO qher) concentrations
are calculated from observed radical concentrations as explained in
Sect. 3.4. In the lowest right panel, the loss rates of total RO, with
respect to their reaction with NO and radical recombination reac-
tions are shown.

oxidation of myrcene is less than 20 %. The potential inter-
fering is minimized in the medium NO cases, where ozonol-
ysis only contributes 10 % of the myrcene oxidation.

Air mixtures of myrcene (Sigma-Aldrich, purity 99 %)
were premixed in a canister (stainless steel with SilcoNert
coating). The mixture was injected into the chamber air by
calibrated mass flow controllers to reach myrcene mixing ra-
tios of several parts per billion by volume. Injections were
performed two times (approximately 2 ppbv each) in exper-
iments with medium NO, and four injections with smaller
concentrations (approximately 1 ppbv) were performed in the
other experiments.

Additional reference experiments were performed using
the same procedure like for the experiments with myrcene,
but either with one injection of 140ppmv of methane
(29 May 2020, Fuchs et al., 2021f, Fig. S4 in the Supple-
ment, and 10 July 2013) or three injections of 8.5 ppbv of
a-pinene (3 September 2019, Fuchs et al., 2021e, Fig. S5 in
the Supplement). These experiments were used to evaluate
the accuracies of the procedures that were used to analyse

https://doi.org/10.5194/acp-21-16067-2021

16073

the organic nitrate formation and radical budgets in the ex-
periments with myrcene.

3.2 Measurement of trace gas concentrations

Table 2 summarizes properties of instruments used in this
work. The set of instruments was similar to that used in pre-
vious experiments investigating the photochemistry of or-
ganic compounds (Kaminski et al., 2017; Fuchs et al., 2018;
Novelli et al., 2018; Rolletter et al., 2019). Therefore, only
a brief description is given here. Ozone was detected by a
UV photometer (Ansyco). NO concentrations were measured
by a chemiluminescence instrument (Eco Physics) that also
detected nitrogen dioxide (NO,) after conversion to NO in
a photolytic converter. Methane, water vapour and carbon
monoxide concentrations were measured by a cavity ring-
down instrument (Picarro). Nitrous acid (HONO) was de-
tected by a custom-built long-path absorption photometry
(LOPAP) (Li et al., 2014). Photolysis frequencies were de-
rived from solar actinic flux measurements by a spectrora-
diometer outside the chamber. Calculations take into account
the reduction of radiation by the chamber construction ele-
ments and the Teflon film (Bohn and Zilken, 2005).

Myrcene was detected by gas chromatography coupled
with a flame ionization detector (GC-FID) (Wegener et al.,
2007) and by a proton-transfer-reaction mass spectrometer
(PTR-MS, Ionicon). The PTR-MS was not calibrated for
myrcene. Therefore, the signal was scaled to match the GC-
FID measurements and used because of its higher time reso-
lution (40 s) compared to that of GC-FID (30 min). Acetone
and acetaldehyde were also measured by GC-FID. Formalde-
hyde (HCHO) measurements were performed by a Hantzsch
instrument (Aerolaser) or by differential optical absorption
spectrometry (DOAS). The HCHO concentrations measured
by the different methods has been shown to agree within
10% in a series of experiments in the SAPHIR chamber,
in which both instruments concurrently measured (Glowania
et al., 2020). OH reactivity (kon), which is the pseudo-first-
order rate constant of the OH radical loss, was measured by a
laser flash photolysis—laser-induced fluorescence instrument
(Lou et al., 2010; Fuchs et al., 2017).

3.3 Measurement of radical concentrations

Measurements of OH radicals were performed by differential
optical absorption spectrometry (DOAS) (Dorn et al., 1995)
and laser-induced fluorescence (LIF) (Tan et al., 2017, and
references therein). The DOAS instrument was not avail-
able in the experiment on 16 August 2012. In the experi-
ment 6d later (22 August 2012), OH concentrations mea-
sured by the LIF instrument were consistently 20 % higher
than those measured by DOAS, which is considered to be
an absolute standard. The difference is larger than the com-
bined 1o uncertainty (14.5 %) of the measurements and is
probably caused by a calibration error of the LIF instru-
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Measured quantity Measurement technique Time Precision Accuracy

resolution (lo) (1o)
OH differential optical absorption spectroscopy 205s 0.6 x 100cm™3 6.5%
OH laser-induced fluorescence (LIF) 47s 0.4 x100cm™3 13 %
HO,, RO, laser-induced fluorescence (LIF) 47s  1.5%107 cm™3 16 %
MyO, 50 %
kou laser photolysis + LIF 180s 03s™! 10%, £0.7s57!
myrcene, a-pinene proton-transfer-reaction mass spectrometry 40s 15 pptv 7 %
myrcene, acetone gas chromatography 30 min 100 pptv 6 %
CHy cavity ring-down spectroscopy 60s 1 ppbv 3 ppbv
(60) cavity ring-down spectroscopy 60s 25 ppbv 1 ppbv
NO chemiluminescence 180s 13 pptv 5%
NO, photolytic converter 4 chemiluminescence 180s 30 pptv 7%
HONO long-path absorption photometry 300s 7 pptv 20 %
O3 UV absorption 10s 1 ppbv 5%
HCHO differential optical absorption spectroscopy 100s 20 % 10 %
HCHO Hantzsch method (Aerolaser) 90s 100 pptv 10 %
photolysis frequency  actinic flux spectroradiometry 60s 10 % 10 %

ment. This assumption is supported by the observed decay
of myrcene, which is caused by the reaction with OH. The
decay can be accurately described with LIF data if these are
reduced by 20 % in both experiments (Fig. S6 in the Supple-
ment, Sect. 6.1). Therefore, OH measurements by LIF were
scaled by a factor of 0.8 for both experiments. For the exper-
iments in 2013, OH measurements by LIF and DOAS agreed
well within 5 %. For the analysis of this work, OH measure-
ments by the DOAS instrument are used if available. Interfer-
ence could occur in OH measurements by the LIF instrument
from alkene ozonolysis at exceptionally high concentrations
of reactants (Fuchs et al., 2016). However, the ozone and
myrcene concentrations used in this study were much lower
compared to concentrations used in the characterization ex-
periments in Fuchs et al. (2016). Therefore, it is not expected
that similar interferences were significant for measurements
in these experiments. Thus, the observed differences in the
OH measurements of the LIF and DOAS instruments were
most likely caused by calibration errors.

In addition to OH, peroxy radicals (HO, and RO;) can
be detected by the LIF instrument after chemical conversion
to OH. The conversion of HO, radicals is accomplished by
adding excess NO in a second low-pressure fluorescence cell,
in which the sum of HO, and OH concentrations is mea-
sured (Fuchs et al., 2011). The measurement of RO, is ac-
complished in a two-stage system (ROXLIF) in which all at-
mospheric RO, radicals are first converted to HO, by added
NO and CO in a flow reactor (Fuchs et al., 2008). This is
followed by HO,-to-OH conversion with additionally added
NO in a fluorescence cell. In this case, RO, is determined as
the difference of RO, and OH+HO,. The operational param-
eters of the reactor are optimized to maximize the detection
sensitivity for methyl peroxy radicals (CH30;). However, it
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was found in previous studies that specific RO species from
other VOCs may be converted less efficiently in the reactor if
their conversion to HO; needs more reaction steps and there-
fore more reaction time than in the case of CH30O; (Fuchs
et al., 2008). An alternative explanation for the lower sensi-
tivity could be the reversibility of the MyO, formation at low
O3 in the reactor, which slow down the conversion to HO;.
For the evaluation of data in this work, the ROXLIF instru-
ment was calibrated for CH30, and myrcene RO, radicals
(MyO,) that were produced by reaction of OH with the corre-
sponding VOC in the radical calibration source as described
by Fuchs et al. (2008). The detection sensitivity was only half
as high for MyO, compared to CH30,. The lower sensitiv-
ity could hint that some specific MyO, isomers are not effi-
ciently converted to HO; for conditions inside the conversion
reactor. The difference in the detection sensitivity for MyO,
and other RO3 species like CH30; adds to the uncertainty of
measurements, because a mixture of different peroxy radicals
is present during the experiments and the exact distribution
of RO» species is not known. For the analysis in this work,
the fraction of MyO, is estimated as described in the next
subsection, in order to account for the lower sensitivity.

3.4 VOC reactivity and RO; speciation in myrcene
experiments

The total OH reactivity (kon) that was measured in the ex-
periments consists of reactivity from organic and inorganic
compounds. Total OH reactivity was measured by LP-LIF,
while the speciated OH reactivity for individual species X
was calculated from the products of concentrations of X and
its reaction rate vs. OH. The reaction of OH with most of the
organic compounds leads to the formation of RO; radicals.
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Table 3. Chemical reactions considered in the radical budget analysis of OH, HO; and RO;. Some reactions are only applicable in the
experiment with either methane, -pinene or myrcene, in which specific RO, radicals, CH30,, MyO, or APO; are formed. RO, + RO,
reactions are not listed, because they do not significantly contribute to the loss of radicals for conditions of experiments here.

Reaction k(T =298K, P =1latm) Uncertainty® Reference
Radical initiation reactions
(R1) HONO + hv (< 400nm) — OH + NO JHONO 22%  measured
(R2) O3 +hv (< 340nm) — o('D) + 0, jO(‘D) 11%  measured
0('D) + H,0 — OH + OH 2.1x10710¢m3 51 TUPAC (2020)
o(lD)+M — 0CP) +M 33x 1071 em3s~! TUPAC (2020)
(R3)  HCHO+ hv (< 335nm) + 205 — 2HO, + CO JHCHO 11%  measured
(R4) O3 +myrc — 0.710H +0.71RO; 3.9x 10710 ¢m3 5! 22% Deng et al. (2018);
Kim et al. (2011)
Radical propagation reactions
(R5)  HO, 4+NO — OH+NO, 8.5x 10712 cm3s~! 27% TUPAC (2020)
(R6)  HOp+03 — OH+20, 2.0x 1075 cm3s! 20% IUPAC (2020)
(R7)  OH+VOC+0; — RO,
RO, = CH30, 6.4x 10715 cm3 5! 17% TUPAC (2020)
RO, = MyO, 23x10710em3s~! 25%  this work
(R8)  OH-+HCHO + 0, — HO, +CO + H,0 8.4x10712cm3s~! 25% IUPAC (2020)
(R9  OH+CO+ 0, — HO, +CO, 23x 107 B em3s! 17%  TUPAC (2020)
(R10) OH+03 — HO, +0, 73 %1074 cm3s! 17% TUPAC (2020)
(R11)  RO3+NO — HO, + NO; 4+ R’CHO®
RO, = CH30, 7.7 x10712cm3 57! 27%  TUPAC (2020)
RO, = MyO, 0.87x9.1 x 107 12cm3s~! 55% TUPAC (2020)
Radical termination reactions
(R12) OH+NO; — HNO3 12x 10" M em3s~! 28% IUPAC (2020)
(R13) OH+NO — HONO 9.8 x 107 12cm3s~! 28% TUPAC (2020)
(R14) RO, 4+NO — RONO,
RO, = CH30, ~0 —  IUPAC (2020)
RO, = APO, 0.18 x 9.1 x 107 12¢em3s~! 27% TUPAC (2020) P
RO, = MyO, 0.13x 9.1 x 107 12cm3s~! 55% IUPAC (2020) b
(R15) RO myrc +HO7 — ROOH + 0, 9.1x 107 12¢cm3s™! 25%  this work
(R16)  HO +HO, +HyO — Hy05 + 05 + H,O 4.0x 10713 cm3s—1d 25% TUPAC (2020)

A Uncertainty measurements (Table 2) and Kinetic rate constants (10 % for reactions of inorganic and methyl peroxy radicals and 15 % for other). b Reaction rate constant:
TUPAC (2020); the branching ratio of 0.87 is taken from this work. ¢ The dominant reaction of alkoxy radical is to form HO,, which is not rate limiting for RO;-to-HO»

conversion. 9 Effective reaction rate constant for 1 % H,O mixing ratio.

Therefore, it is useful to distinguish between OH reactivity
from those compounds unmeasured (konvoc), and OH reac-
tivity calculated from measured concentrations of inorganic
compounds (CO, NO, NO,) and formaldehyde:

konvoc = kon — (ks[HCHO] + kg[CO] + k12[NO3]
+k13[NO)), (¢))

where k; represents the bimolecular rate constants of reac-
tions R; listed in Table 3. For the reference experiment with
methane, only methane contributed to the VOC reactivity,
because its oxidation product is formaldehyde, which does
not produce RO; in the reaction with OH. Therefore, methyl
peroxy radicals are the only RO, radical expected in that ex-
periment. For the experiments with myrcene, the VOC reac-
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tivity includes the reactivity from myrcene and from partly
unmeasured oxygenated organic compounds (OVOC) that
are products of the myrcene oxidation. The OH reactivity
from myrcene (kOH myrcene) can be calculated from measured
myrcene concentrations and the rate constant of its reaction
with OH (k7, Table 3):

kon myrcene — k7[myrcene]. 2)

Assuming that each OH reaction with an organic com-
pound except formaldehyde in the experiments in this work
leads to the formation of one RO, radical and all RO, radi-
cals have similar chemical lifetimes, the distribution of RO,
species from different VOCs is similar to the distribution of
the OH reactivity from the VOCs. Therefore, the concentra-
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tion of RO, derived from myrcene (MyO,) can be approx-
imated by scaling the total measured organic peroxy radi-
cal concentration ([RO;],) that is determined assuming the
same instrument sensitivity for all RO, with the ratio of OH
reactivity from myrcene (kOH myrcene) to the total OH reactiv-
ity from VOCs (kon voc). Taking also into account that the
sensitivity of the instrument for MyO, (Smyo,) is reduced
compared to the sensitivity for CH303 (Sch302), the concen-
tration of MyO, can be calculated from observed quantities:

1

Smyo2 kouvoc _ 1
+
ScH302 | kOH myrcene

[MyO,] = [RO2]in. (3)

RO, species originating from other hydrocarbons than
myrcene (RO other) can be calculated using the remaining
fraction of the VOC reactivity:

konvoc 1>‘ @

[RO2,other] = [MyO5] ( z
OH myrcene

Equations (3) and (4) allow calculating a more realistic
total RO> concentration by taking the sum of MyO, and
RO2 other instead of using the measured RO» concentration
if the same instrument sensitivity for all RO; is assumed. An
example of the result of this calculation is shown in Fig. 5,
demonstrating that MyO, was the dominant RO, species
right after each myrcene injection. However, these values
have a high uncertainty that cannot easily be quantified be-
cause, for example, the detection sensitivity for RO, pro-
duced in the reaction of OH with oxidation products may
also differ from that of methyl peroxy radicals. The uncer-
tainty of calculated RO, concentrations is lowest after each
injection of myrcene, because the total OH reactivity and
therefore RO, production are dominated by myrcene. There-
fore, the analysis of radical production and destruction rates
in this work (Sect. 6.4) focuses on the times right after each
myrcene injection.

4 Experimental determination of organic nitrate yields

The determination of organic nitrate yields from photochem-
ical VOC oxidation makes use of a budget analysis of the
sum of NO, and HONO in the chamber air. In the following,
the sum of NO, NO, and HONO concentrations is defined as
NO;f, which can be calculated from measurements of these
species (Table 2).

In the sunlit SAPHIR chamber, the only source of reactive
nitrogen is the emission of HONO from the chamber film
(Sect. 3.1). The source strength Q(HONO) is variable and
depends on solar ultraviolet radiation, temperature and rela-
tive humidity (Rohrer et al., 2005). HONO is photolysed to
OH and NO (Reaction R1), which is further oxidized to NO;
by reactions with O3, HO; (Reaction R5) and RO, (Reac-
tion R11). The sum of NO7 is chemically lost in the cham-
ber by reactions forming nitric acid (HNO3) (Reaction R12)
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and organic nitrates (RONO,) (Reaction R14). In addition,
the NO’; species are removed (L(NO*\‘,)) by transport due to
the replenishment flow that compensates for chamber leak-
age and gas sampling of analytical instruments with a first-
order rate constant of kg =~ 1.6 x 107> s~! (Sect. 3.1):

L(NOY) = (INO] + [NOz] + [HONO]) kq. 5

The dilution rate is monitored by the input flow rate of
synthetic air, which yields an accuracy of k¢ better than 1 %.
Hence, the uncertainty due to the dilution is neglected due to
its small contribution. The concentration of NO7 at a given
time is then determined by the difference between the time-
integrated production and loss terms.

[NOj1 = /(Q(HONO) — k12[OH][NO;] — k14[RO2][NO]
t

— L(NO}))dr (6)

It is assumed that the formations of HNO3 and RONO,
are effective sinks for NO, and that reformation of NO, by
its reactions with OH or photolysis does not play a role. This
assumption is justified because the low reaction rate constant
with OH and small absorption cross sections of HNO3 and
RONO; (Burkholder et al., 2020; Browne et al., 2014) lead
to their lifetimes in the range of several days, which is much
slower than the timescale of the experiments. The loss of
NO; due to reaction with ozone which forms nitrate radi-
cals (NO3) is neglected in Eq. (6), because the NOj3 radical
is efficiently converted back to NO> by photolysis and re-
action with NO in the photo-oxidation experiments in this
work. The formation of other oxidized nitrogen species such
as peroxy nitric acid (HNOy) and acetyl peroxy nitrate (PAN)
is also assumed to be negligible because their mixing ratios
are expected to be only a few tens of parts per trillion by
volume for conditions of the experiments.

The formation rate of HONO that is within the range of
a few hundred parts per trillion by volume per hour in the
chamber experiments can be determined from measurements
of OH, NO, HONO and j(HONO) by assuming a photo-
stationary state for the HONO concentration:

d[HONO] ,
B P Q(HONO) — jono[HONO]
+ kon+No[OH][NO] =0
Q(HONO) = juono[HONO] — k13[OH][NO]. )
For the experimental conditions (j(HONO) =

8 x 10™*s~!) the photo-stationary state is reached within
approximately 20min. On this timescale, the dilution of
HONO by the chamber replenishment flow is only 2%
and is therefore neglected. The uncertainty of the HONO
formation rate (Eq. 7) is dominated by the uncertainty in the
HONO measurement (22 %, Table 3).

Using measured concentrations of NO, NO, and HONO,
the concentration of NO that is converted to organic nitrates
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during the experiment (ARONO,) is determined by the bal-
ance of nitrogen oxide concentrations:

A[RONO;] :/km[ROz][NO]dt

1

= <1>R0N02/(k11 + k14)[RO2][NO]d?
t

= / (Q(HONO) — k|2[OH][NO>]
13

- L(NO;‘,]))dI — ([NO] 4 [NO2] + [HONO]) . ®)

The reaction yield of organic nitrates (Prono2) can be
then derived as slope of a linear fit (Eq. 8). The accuracy
of the yield is mainly determined by the accuracy the kinetic
reaction rate constants and measurements that vary between
the specific experiments.

4.1 Test experiments with methane and «-pinene

In order to test the method described above, organic ni-
trate yields from the photo-oxidation of methane and -
pinene were experimentally determined and compared with
literature values. NO mixing ratios were between 100 and
300 pptv in both experiments, so that at least 60 % of the RO,
radicals reacted with NO.

Figure 6 shows time series of NO, species in a-pinene
and methane experiments. In the methane experiment, the to-
tal mixing ratio of NOy species calculated from the HONO
chamber source (Eq. 7) is around 1.3 ppbv and is mainly ex-
plained by measured NO, and NO concentrations. In the ex-
periment with a-pinene, the calculated NO, mixing ratio in-
creased from 1 to 1.3 ppbv within 2h. Approximately 1 ppbv
was present as NO, and NO and the remaining fraction can
be attributed to the formation of organic nitrates from «-
pinene. The alkyl nitrate yield is derived from Eq. (8) by a
linear fit as described above.

For the experiment with methane, the alkyl nitrate yield is
smaller than the error of the calculation (0.00£0.04, Fig. 6).
This small value agrees with literature values of < 0.003
(Scholtens et al., 1995) and 0.0039 +0.0011 (Butkovskaya
et al., 2012) at room temperature.

The alkyl nitrate yield determined from the OH oxida-
tion experiment with «-pinene is 0.32 4 0.06. The accuracy
is mainly due to the uncertainty of RO, measurements. Re-
ported literature values are 0.01 (Aschmann et al., 2002),
0.18 £0.09 (Noziére et al., 1999) and 0.26 +0.07 (Rinde-
laub et al., 2015). All experiments were conducted at mea-
surement conditions where the reaction of RO, with NO was
the dominant RO, reaction pathway, so that the obtained or-
ganic nitrate yields can be attributed to the yield from reac-
tion of a-pinene-derived RO,. The value determined in this
work agrees well with values determined from direct mea-
surements using FT-IR spectroscopy in experiments by Noz-
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Figure 6. Time series of nitrogen oxide species in the experiments
with methane (10 July 2013, a) and a-pinene (3 September 2019, ¢).
The red lines in panels (a) and (c) are time-integrated HONO emis-
sions calculated as described in the text. NO, and HONO concen-
trations were measured; the time-integrated NO; loss by HNO3 for-
mation from the reaction of NO, with OH and the time-integrated
NO; loss by RONO, formation from the reaction of RO, with
NO were calculated as described in the text. The alkyl nitrate yield
(PRroNO?2) is determined from the regression analysis (red line, d)
using Eq. (8). Errors are derived from error propagation of measure-
ments.

iére et al. (1999) and Rindelaub et al. (2015) within the speci-
fied errors. In contrast, Aschmann et al. (2002) approximated
the nitrate yield from mass spectrometer measurements with
a high uncertainty that likely explains the much lower yield
in their experiments compared to the other two studies and
results in this work.

The good agreement between nitrate yields determined in
the experiments with methane and «-pinene with reported
values in literature demonstrates that the applied method for
the determination of alkyl nitrate formation in the chamber
gives reliable results.

5 Experimental analysis of the chemical budgets of
OH, HO;, RO; and RO,

The chamber experiments are also used to study the chemical
budgets of OH, HO,, RO, and RO, during the photochem-

ical oxidation of myrcene. Radical production and destruc-
tion rates are determined from reaction kinetic data and mea-
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sured trace gas concentrations for reactions that are known
to produce or consume radicals in the experiments. Because
the chemical lifetime of radicals is short (seconds to min-
utes), the radical concentrations are expected to be in a steady
state. Therefore, the total loss rates for each radical species is
balanced by its total production rate. Analysing radical pro-
duction and destruction rates using experimental data gives
an indication if reactions taken into account can describe
observations or if there are contributions from further reac-
tions. A similar method has been used before by Tan et al.
(2019, 2020) to analyse radical budgets in atmospheric air
in China. Here, the method is tested for the photochemical
degradation of methane and then applied to the more com-
plex degradation mechanism of myrcene.

5.1 Radical production, destruction and regeneration
reactions

In the chamber experiments, OH, HO; and RO, radicals are
primarily formed from photolysis of HONO (Reaction R1),
O3 (Reaction R2), formaldehyde (Reaction R3) and from
the ozonolysis of myrcene (Reaction R4). Radical termi-
nation processes include the formation of nitrates (HNOs,
HONO and RONO,, Reactions R12, R13 and 14) and per-
oxides (ROOH and H,0;, Reactions R15 and R16). The
contribution from RO, self-combination reactions is negli-
gible and not considered here. The photolysis of peroxides
that can lead to the production of radicals is neglected due
to the slow photolysis frequency (typical value for example
for CH3;00H: 2 x 107051 at noontime). The rates for the
primary production of RO, radicals (P(ROy)) and for the
termination loss rate (L(RO,)) can be calculated as

P(ROy) = juono[HONO] + @on,2,jo(1p)[O3]

+ 2 jucuo[HCHO] + (Pon,4 + Pro,.4)

x ka[VOC][O3], )
L(ROy) = (k12[NO2] + k13[NOD)[OH]

+ (k14INO] + 2k15[HO2 D [RO2] + 2ki6[HO2 1> (10)

For the calculation of P(RO,) and L (RO, ), measured rad-
ical and trace gas concentrations are used. For the analysis of
the myrcene experiments, total RO, concentrations include
corrections for the reduced detection sensitivity of MyO, as
explained in Sect. 3.4. The applied rate constants are listed in
Table 3. The OH and RO, yields are taken from Deng et al.
(2018). In their work, the yield of HO; is zero. The lumped
rate constant for the reactions between RO, and HO; (Re-
action R15) has a rather large uncertainty, because rate con-
stants of different RO, species can be different by up to a fac-
tor of 4 (Jenkin et al., 2019). The uncertainty of other reaction
rate constants is typically around 10 %. In addition, the accu-
racies of measurements (Table 2) add to the total uncertainty
in the calculation of loss and production rates. In these exper-
iments, there is a small background OH reactivity (< 1s~1)
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which can be a permanent loss of radicals but could also re-
generate HO, and/or RO,. However, this background reac-
tivity is small compared to the OH reactivity from methane
and myrcene during the experiments (> 15s~1), so that it
does not affect the analysis.

If production and destruction rates of single RO, species
(OH, HO;, and RO;) are calculated, radical conversion re-
actions need to be additionally taken into account. The total
OH loss rate (L(OH)) can be quantified by the product of
measured OH concentrations and total OH reactivity:

L(OH) = [OH]koH. (11

The OH production rate (P (OH)) can be calculated from
the sum of production from HONO (Reaction R1) and O3
photolysis followed by water reaction (Reaction R2), ozonol-
ysis of VOCs (Reaction R4) and radical regeneration from
HO; reacting with NO (Reaction R5) or O3 (Reaction R6):

P(OH) = juoNo[HONO] + @oH,2,jo (1) [03]
+ ®on,4k4[VOC][05]
+ (ks[NOJ] + ks[O3 D[HO2]. (12)

The loss of HO, (L(HO7)) and RO, (L(RO;)) radicals
are dominated by their reactions with NO for conditions of
the experiments here (Reactions R5, R11, R14) in addition
to recombination of peroxy radicals including reactions of
HO, with RO, (Reaction R15) and HO, self-reactions (Re-
action R16):

L(HO3) = (ks[NO] + k6[O3] + k15[RO3]
+2k16[HO2])[HO2], (13)
L(RO2) = ((k11 +k14)[NO] + k15[HO,]) [RO2]. (14)

The HO» production (P (HOy)) rate can be calculated from
the photolysis of aldehydes, of which HCHO (Reaction R3)
were measured in these experiments, and reactions that con-
vert OH or RO, to HO,. OH-to-HO; conversion occurs in
the reaction of OH with HCHO (Reaction R6), CO (Reac-
tion R7) and O3 (Reaction R8). The reaction of RO, with
NO (Reaction R9) produces either HO, or organic nitrates
(Reaction R14). The total HO, production rate is then calcu-
lated as

P(HO2) = 2 jucno[HCHO] + (ks[HCHO] + k7[CO]
+ ks[O3])[OH] + k11 [NO][RO2]. (15)
RO» primary production consists of the ozonolysis of
VOCs (Reaction R4). In addition, RO; is produced from radi-
cal propagation reactions via the reaction of OH with VOCs.
The total production rate (P(RO,)) can be calculated from

the VOC reactivity, konvoc (Eq. 1), assuming that each re-
action of a VOC with OH produces one RO; radical:

P (ROy) = ®ro2ka[VOC][O3] + konvoc[OH]. (16)
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5.2 Radical production and destruction in a test
experiment with methane

The chemical radical budget analysis in SAPHIR exper-
iments was tested in a photo-oxidation experiment with
methane. The chemical oxidation mechanism of methane is
much simpler than that of monoterpenes. (1) Ozonolysis re-
actions do not play a role. (2) Organic peroxy radicals that
are formed in the chemical mechanism are methyl peroxy
radicals (CH30;), which can be accurately measured by the
ROXLIF system. (3) There are recommendations for rate con-
stants for reactions involving methyl peroxy radicals (IU-
PAC, 2020).

Reaction rates for the methane oxidation experiment
(29 May 2020) are shown in Fig. 7. Since no DOAS OH
measurements were available for this experiment, OH mea-
surements by the LIF instrument were used (Fig. S4 in the
Supplement). Total turnover rates are similar for all single
radical species (OH, HO,, RO;) with values between 8 and
12 ppbvh~! and do not vary much over the course of the ex-
periment. The loss of peroxy radicals is dominated by the
radical regeneration reaction with NO, whereas radical re-
combination reactions contribute less than 10 % to the entire
loss of peroxy radicals. OH is nearly only lost by its reaction
with methane and formaldehyde.

The production and destruction rates of total RO, are sig-
nificantly smaller than those of single radical species with
values that rise from 2 to 4 ppbvh™! over the course of the
experiment as radical regeneration reactions cancel out. The
increase is due to radicals from the photolysis of formalde-
hyde that are continuously produced from the chamber wall
(Sect. 3.1) and in the reaction of OH + methane. The increase
in radical production is balanced by increasing rates of per-
oxy radical recombination reactions and of the reaction of
OH with NO». The latter is due to the increase in nitrogen ox-
ide concentrations from the chamber source of nitrous acid.

Radical production and destruction rates of each radical
species and of total RO, are roughly balanced within the
uncertainty of the calculation (Fig. 7). Maximum deviations
are less than 0.5 ppbvh~! for the production and destruction
rates of RO, and HO;. Differences are much smaller than
the accuracy of the calculation (1.5ppbvh~! for RO, and
2 ppbvh~! for HO,). Higher deviations with values of up to
4 ppbvh~! are seen for OH and RO, but opposite behaviour.
The accuracy of OH and RO radical production and destruc-
tion rates is in the range of 2 to 3 ppbvh~!, which cannot
explain the discrepancies. As the RO, and HO; budgets are
closed using measured OH concentrations, the imbalance be-
tween OH and RO; production and destruction indicates an
unknown systematic error in the conversion rate from OH to
RO,. One possible explanation for the observed imbalances
would be that the calculated reaction rate of OH+ CHy is too
large. This could either be caused (i) by the measured OH
or CH4 concentrations being too high or (ii) by the applied
reaction rate constant koy+cH, being too large.
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The methane concentrations in the chamber were above
the measurement range specified by the manufacturer (Pi-
carro, 0-20 ppmv). However, an instrumental test of the in-
strument done prior to the chamber experiment showed that
the stated measurement accuracy holds at the concentration
(150 ppmv) used in the presented experiment. A small back-
ground reactivity of 2s~! was found before the injection
of methane. The OH reactivity calculated from measured
methane concentration and the reaction rate constant is about
26s~!, which is consistent with the direct OH reactivity mea-
surement considering the contribution of background reactiv-
ity (Fig. S4 in the Supplement). This gives the confidence on
the accuracy of the methane measurement.

Another reason for the imbalances could be LIF calibra-
tion errors that are larger than given in Table 2. The specifi-
cation for OH in Table 2 was generally confirmed in previous
intercomparisons with the OH-DOAS instrument. However,
in some instances the LIF measurements were found to devi-
ate more than expected. An example are the experiments on
16 and 22 August 2012 (Figs. 5 and S1 in the Supplement),
where the LIF measurements are higher than the DOAS data
by a factor 1.2 probably due to an incorrect calibration.

In the following section, radical budgets for the chemical
degradation of myrcene are investigated. In these cases, also
OH-DOAS data were available, which have a generally better
accuracy than LIF. Therefore, the DOAS data were used for
the budget analysis (Figs. 10-12). Note that LIF and DOAS
showed good agreement in these experiments (Figs. S2 and
S3 in the Supplement).

The rate constant for OH + CHy4 has an uncertainty factor
of f = 1.1 according to NASA/JPL (Burkholder et al., 2020)
and f = 1.15 according to IUPAC (Atkinson et al., 2004).
Thus, the 10 %—15 % difference in the radical budgets would
be explainable by a rate constant that is too large.

This partly unresolved discrepancy shows the limitation
of the analysis of radical production and destruction rates
and needs to be further investigated. The analysis of the ex-
periment with the well-defined chemistry of methane indi-
cates that the maximum accuracy of calculated differences
between production and destruction rates for single radical
species is 20 % in the chamber experiments.

6 Results and discussion of the experiments with
myrcene

6.1 Reaction rate constant of the OH reaction with
myrcene

The rate constant of the reaction of myrcene with OH is
determined from the measured temporal decay of myrcene
and the measured OH concentration. The time series of mea-
sured myrcene concentrations are compared to calculations
using a chemical box model that only includes chemical loss
reactions with OH and O3 and dilution. The model is con-
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Figure 7. Calculated production and destruction rates of reactions involving radicals for the reference experiment with methane (29 May
2020). Production rates for OH, HO,, RO, and total RO, are shown in panels (a)—(d), respectively, and loss rates for OH, HO;, RO, and
total ROy are shown in panels (f)—(i). Lower panels (j-m) show the differences between loss and production rates (L — P) with the associated

accuracy (grey areas).

strained to measured values of temperature, pressure, the di-
lution rate constant, and OH and O3 concentrations. The ini-
tial myrcene concentration is set to the injected amount of
myrcene. The reaction rate constant for myrcene with O3 is
taken from the work by Kim et al. (2011), who measured
a value of 2.21 x 10~ exp(— (5204 109) K/ T) cm?s~! us-
ing the relative rate technique. Atkinson et al. (1986) sug-
gested a nearly 20 % faster reaction rate constant of 4.7 x
10710 em3 5! (T =298 K) that is still consistent with the
value by Kim et al. (2011) within the experimental uncer-
tainties. The chemical lifetime of myrcene with respect to
the ozonolysis reaction was approximately 44 min in the low-
NO, experiments with O3 concentrations of 40 ppbv but was
up to 3 h in the experiments with medium NO, and O3 con-
centrations of less than 10 ppbv. In comparison, the chemical
lifetime of myrcene with respect to the reaction with OH was
within the range of 15 min at OH concentrations of approx-
imately 5 x 10%cm™> observed in all experiments. Hence,
the contribution of ozonolysis to the total chemical loss of
myrcene in the experiments was 10 % to 26 %.

The rate constant of the reaction of myrcene with OH
is optimized, such that the difference between measured
and modelled myrcene concentration time series is mini-
mized. For this optimization the OH concentration observed
from DOAS is used. This procedure is applied to all three
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experiments, resulting in a rate constant of (2.3+0.3) x
10710 cm3s~! (T =298 K, Table 4, Fig. S6 in the Supple-
ment). The error results mainly from the variability of values
determined in the different experiments.

The rate constant determined in this study is in good agree-
ment with those reported in the literature (Table 4). The rela-
tive rate technique was used in experiments by Atkinson et al.
(1986) and Grimsrud et al. (1975). The value reported by
Hites and Turner (2009) (3.4 x 10710 ¢em3 5! ) is higher than
those of this work and reported by Atkinson et al. (1986) but
has a high uncertainty of £35 % that is explained by exper-
imental difficulties in the handling of myrcene. The reaction
rate constants calculated from structure—activity relationship
(SAR) by Peeters et al. (2007) and Jenkin et al. (2018) give
similar results between 1.8 and 1.9 x 10~ %cm?s~!. Values
are approximately 20 % lower than the experimentally de-
rived reaction rate constants. However, differences are within
the accuracy of SAR predictions.

6.2 Product yields of the reactions of myrcene hydroxy
peroxy radicals with NO

When OH reacts with myrcene, about half (48 %) of the OH
adds to the —CH=C(CH3), moiety and the other half (48 %)
to the isoprenyl part (Peeters et al., 2007). In comparison,
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Table 4. Rate constants of the myrcene + OH reaction at 298 K.

16081

kem3s™

1

Method

Reference

(2.1£0.2) x 10710
@Gatdy x 10710
1.8x 10710

1.9x 10710

relative rate technique
relative rate technique
structure—activity relationship
structure—activity relationship
direct measurement

Atkinson et al. (1986)
Hites and Turner (2009)
Peeters et al. (2007)
Jenkin et al. (2018)

this work

(2.34+0.3) x 10710

the SAR developed by Jenkin et al. (2018) predicts a branch-
ing ratio of 63 :37 for OH addition to the —CH=C(CH3)»
and the isoprenyl part, consistent with the values reported
in (Peeters et al., 2007). In this work, the branching ratio is
adapted from Peeters et al. (2007) to be consistent with other
studies. In the first case, 4-vinyl-4-pentenal and acetone are
formed from the reaction of MyO, with NO (Sect. 2). In the
second case, 2-methylidene-6-methyl-5-heptenal or 1-vinyl-
5-methyl-4-hexenone is produced together with formalde-
hyde. Thus, the yields of acetone and formaldehyde are indi-
cators for the yields of the OH addition to myrcene.

Acetone and formaldehyde yields are calculated from
measured time series of product species and myrcene in the
experiments on 16 and 22 August 2012, when NO mixing ra-
tios were 200 pptv, so that > 90 % of RO, reacted with NO
(Fig. 5). Only measurements after the first myrcene injection
are used here to avoid that secondary chemistry impacts the
yield determination. The two other experiments are not con-
sidered for three reasons. The large amount of ozone (up to
50 ppbv) would require considerable correction for myrcene
ozonolysis. Second, due to the lower NO concentration, reac-
tions of RO, with HO, would be competitive with the reac-
tion of ROy with NO. Third, the smaller amount of injected
myrcene produced fewer oxidation products.

Corrections are applied to measured myrcene, formalde-
hyde and acetone time series, in order to relate myrcene that
reacted with OH and product species that are chemically
formed from this reaction following the procedure described
in previous work (Galloway et al., 2011; Kaminski et al.,
2017). Product concentrations are corrected for losses due to
dilution, photolysis and reaction with OH. In addition, for-
mation of formaldehyde and acetone from chamber sources
needs to be subtracted from the measured concentrations.
Myrcene concentrations are also corrected for dilution and
the fraction of myrcene that reacted with ozone. After correc-
tions have been applied, the relationships between consumed
myrcene and product concentrations are linear if species are
mainly formed as first-generation products in the reaction of
myrcene and OH. The slopes give acetone and formaldehyde
yields of 0.45+0.08 and 0.35 £ 0.08, respectively (Fig. 8).
The error is caused by the uncertainty in the source strengths
of chamber sources for acetone and formaldehyde and the
accuracy of measurements.
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Figure 8. Corrected product concentrations vs. the myrcene that re-
acted away with OH for two experiments with medium NO (light
colours: 16 August 2012, dark colours: 22 August 2012). Correc-
tions are applied to account for formation of product species not
connected to the oxidation of myrcene (chamber sources) and loss
processes (reaction with OH, photolysis). The slopes of linear fits
(solid lines) give the product yields of HCHO and acetone from the
myrcene reaction with OH. The uncertainties of the yield calcula-
tions are indicated by dashed lines.

The acetone yield is in excellent agreement with SAR pre-
dictions that 48 % of the OH adds to the double bond of the
—CH=C(CH3)> moiety (Peeters et al., 2007). The formalde-
hyde yield of 0.35£0.08 is lower than the SAR prediction
for the OH attack to the isoprenyl part (0.48). One possi-
ble reason for the smaller-than-expected formaldehyde yield
could be isomerization reactions of the myrcene peroxy rad-
icals shown (Fig. 3), which may not lead to the production of
HCHO. The estimated bulk isomerization rates of 0.097 and
0.21s7! (Sect. 2) are sufficiently fast to compete with the

Atmos. Chem. Phys., 21, 16067-16091, 2021

87



16082

Table 5. Products yields from the reaction of myrcene with OH. NA
— not available

Product Yield Temperature/K  Reference

0.30£0.06 NA
0.74+0.08 294
0.35+£0.08 293-330

Orlando et al. (2000)
Lee et al. (2006)
this work

formaldehyde

acetone 0.36+0.05 NA Orlando et al. (2000)

0.45+0.06 296+2 Reissell et al. (2002)
022+0.02 294 Lee et al. (2006)
0.45+0.08 293-330 this work

organic nitrate  0.10£0.03 294 Lee et al. (2006)
0.13£0.03  293-330 this work

loss rate of 0.04s~! for MyO, with 200 pptv of NO, so that
the reduced formaldehyde yield could be fully explained by
isomerization reaction pathways. A different explanation for
the lower formaldehyde yield compared to acetone is that the
nitrate yield is larger for the MyO, that would otherwise end
up as formaldehyde. In fact, the total product yields is closed
to unity (acetone (0.4540.08)+formaldehyde(0.35+0.08)+
nitrate(0.13 £ 0.03) = 0.93 £0.12).

Acetone and formaldehyde yields agree with published re-
sults by Reissell et al. (2002) and Orlando et al. (2000) (Ta-
ble 5). Lee et al. (2006) reported a smaller acetone yield
of 0.22+£0.02 and a significantly higher HCHO yield of
0.74 £ 0.08. However, their HCHO yield carries a large un-
certainty because concentrations were outside the range for
which the instrument was calibrated.

The oxygenated organic compound 4-vinyl-4-pentenal has
been detected in previous studies from the reaction of
myrcene with OH (Reissell et al., 2002; Lee et al., 2006).
Fragmentation in the PTR-MS and further oxidation of 4-
vinyl-4-pentenal complicated the unambiguous yield deter-
mination. Therefore, Lee et al. (2006) reported a high yield
of 0.4 but also stated a lower limit of 0.09. Acetone is the co-
product of 4-vinyl-4-pentenal (Fig. 3). The high limit yield
of 0.4 for 4-vinyl-4-pentenal by Lee et al. (2006) is therefore
consistent with the acetone yield determined in this work.
The yield of 4-vinyl-4-pentenal was also measured by Reis-
sell et al. (2002), but a lower yield of 0.19 £ 0.04 was found.
This low yield is apparently inconsistent with the yield of
0.4540.06 for the co-product acetone determined in the same
experiments (Table 5). The authors suggest that there could
be rearrangement of the hydroxyalkoxy radical that competes
with the decomposition to 4-vinyl-4-pentenal but may still
lead to acetone production, so that the yield for acetone could
become higher than that of 4-vinyl-4-pentenal.

The yield of organic nitrate from reactions of MyO, with
NO is determined from the analysis of reactive nitrogen ox-
ides in the chamber as described in Sect. 4. This results in
an organic nitrate yield of 0.13 £0.03 (Fig. 9). This value
is consistent with the yield of 0.10 4 0.03 reported by Lee
et al. (2006), who directly measured organic nitrates by mass
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Figure 9. Determination of the organic nitrate yield from the pro-
duction of nitrogen oxide species (Q(HONO)) in the chamber ex-
periment. Upper panel: example of cumulated reactive nitrogen ox-
ide mixing ratios over the course of the experiment on 18 July 2013.
The blue line denotes the total production of nitrogen oxides in-
cluding organic nitrate applying a nitrate yield (Prono2) of 0.13.
Dashed lines show the error of the total nitrogen oxide calculation.
Lower panel: scatter plot of the integrated turnover rate of the reac-
tion of RO, with NO vs. the unaccounted nitrogen oxide mixing ra-
tios (ANOy, Eq. 8). Results from all four experiments are included.
The organic nitrate yield is determined by the slope of regression
analysis (red line, R?= 0.92). Error bars denote experimental un-
certainty derived from the accuracy of the measurements (Table 2)
and dashed red lines the resulting uncertainty in the slope of the
regression analysis.

spectrometry. Values are lower than the yield expected from
SAR described in Jenkin et al. (2019), which predicts a yield
of 0.19 that would also apply for other monoterpenes, but
may still be within the uncertainty of the SAR predictions.
Like for the formaldehyde yield, the smaller-than-predicted
organic nitrate yield may also be partly due to competing
MyO, isomerization reactions.

6.3 Primary radical production and termination
The primary radical production is due to photolysis (Reac-
tions R1 to R3) and ozonolysis reactions (Reaction R4). Pro-

duction rates by photolysis of O3, HONO and HCHO are cal-
culated using measured trace gas concentrations and photol-
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ysis frequencies. The calculation of the production rate from
myrcene ozonolysis requires the knowledge of both the re-
action rate constant (Sect. 6.1) and the yield of OH and RO,
radicals. The uncertainty of yields is high. Values range from
0.71 determined from high-level quantum chemistry calcula-
tions and kinetic calculations (Deng et al., 2018) to experi-
mental values of 1.15 with an uncertainty of a factor of 1.5
(Atkinson et al., 1992). It is worth noting that additional rad-
icals could be produced from ozonolysis reactions of oxida-
tion products at later times of the experiment because first-
generation organic products from the reaction of myrcene
with OH still contain C—C double bonds that can react with
ozone.

The radical termination reactions include reactions with
nitrogen oxides (Reactions R12-R14) and radical self-
reactions (Reactions R15, R16). Loss of radicals in the re-
action with NO, and the HO; self-reaction contributes less
than 1 ppbvh~! to the total loss rate each. Contributions from
RO, self-reactions are expected to be negligible (< 2 %) be-
cause their reaction rate constants are typically much smaller
than those of RO, + HO; reactions (Table 3). The reaction
rate constant of the MyO, + HO reaction is estimated from
SAR by Jenkin et al. (2019), and, therefore, the value could
also have a high uncertainty.

In the experiment with medium NO concentrations
(22 August 2012), the total radical production is low, with
values of less than 1.5ppbvh~!, and radical production and
destruction are balanced (Fig. 10). No ozone is added, so that
radical production from ozonolysis plays a minor role, and
radical loss by radical recombination is suppressed due to the
competition of peroxy radical reactions with NO. Therefore,
the uncertainties in the radical yield of myrcene ozonolysis
and the reaction rate constant of the MyO, + HO, reaction
do not impact the results.

In contrast, radical production and destruction rates in
experiments performed at low NO concentrations (17 July
2013, 18 July 2013), which is achieved by suppressing NO
in the reaction with O3, are dominated by radical produc-
tion from myrcene ozonolysis and radical destruction by
MyO, + HO, reactions right after the injection of myrcene.
Taking the upper limit of the radical yield from the ozonol-
ysis reaction of 1.42 (0.71 for OH and 0.71 for MyO,),
the production is 4 ppbvh~!. The radical primary produc-
tion could be smaller if the unspecified radical yield of 1.15
suggested by Atkinson et al. (1992) is applied. Applying
the reaction rate constant of the MyO, +HO» derived by
SAR (Sect. 2) results in a maximum radical loss rate of
13.5 ppbvh~! also right after the injection of myrcene when
MyO, concentrations are highest. Because this high destruc-
tion rate cannot be balanced by radical production, either the
reaction rate constant must be lower than SAR predictions
or there are reaction pathways that do not lead to radical
termination products (organic peroxide) but regenerate rad-
icals. Due to the high uncertainty of radical production from
ozonolysis in these experiments, no firm conclusion can be
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drawn. The reaction rate constant would need to be reduced
between a factor of 0.4 and 0.7 (0.9 to 1.6 x 10~ cm3s~!
(T =298 K, Table 3) or the yield of radical products would
need to be in the range of 0.3 and 0.6 to match the range of
radical production.

A reduced MyO, +HO, reaction rate constant is sig-
nificantly different from the SAR predictions by Jenkin
et al. (2019). The SAR value is similar for all monoter-
penes and agrees well with direct measurements for the re-
action rate constant of HO, with RO, derived from «-pinene
2.1x 10~ cm? s7h, y-terpinene (2.0 x 107" em? s~!)and
limonene (2.1 x 107" cm?s~!) reported by Boyd et al.
(2003). A high yield of radical products from the MyO, +
HO; reaction may not be expected from analogies of iso-
prene and 2-methyl-2-butene (Liu et al., 2013; Paulot et al.,
2009). For these reasons there is no clear conclusion on how
exactly rate constants and yields need to be adjusted to bal-
ance the RO, production and destruction rates.

6.4 RO, radical chain propagation reactions

The total production and loss rates of OH, HO, and RO, radi-
cals do not exhibit much variability over the course of the ex-
periments with medium NO concentrations (Figs. 11 and S7
in the Supplement). In the experiments with low NO, the
turnover rates of radical production and destruction reactions
for OH, HO», and RO; exhibit peak values when myrcene is
injected (Figs. 12 and S8 in the Supplement). This distinct
feature is related to the elevated radical production of up to
2 ppbvh~! from the ozonolysis of myrcene and peak concen-
trations of peroxy radical concentrations.

Production and destruction rates of OH radicals are bal-
anced within the accuracies of the calculation in all ex-
periments. Rates are similar in all experiments with values
around 4 ppbvh~!. Maximum RO, turnover rates are lower
(2to 3 ppbvh~!) compared to those of OH and HO», because
up to 25 % of the OH radicals are directly converted to HO»,
for example in the reaction of OH with CO or HCHO. Be-
cause myrcene is consumed within a few hours, the turnover
rate of RO; is decreasing over time after each myrcene injec-
tion. In experiments with medium NO concentrations, HO»
radical production and destruction rates are not balanced by
0.5 of 1.5 ppbvh~! in contrast to those of OH. Discrepancies,
however, are only slightly larger than the 1-o uncertainty of
the calculated values. The total uncertainty is dominated by
the accuracy of RO, measurements because of the low de-
tection sensitivity of the instrument for MyO, and the uncer-
tainty in the sensitivity of other RO> formed from oxidation
products that are dominant, once myrcene reacted away.

Even higher discrepancies of up to 2ppbvh™! between
HO» and RO; production and destruction rates are observed
in the experiments with low NO mixing ratios. Values are
highest right after each myrcene injection, with the HO, pro-
duction rate being lower than the destruction rate and the
RO> destruction rate being higher than the production rate.
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Figure 10. ROy primary production P (upper panels), termination L (middle panels) rates and their difference (lower panels). The rate
constant of the reaction of MyO, with HO, was adjusted to minimize the difference between radical production and destruction (see text
for more explanation). The HO; + RO, (SAR) shows the additional radical loss if the unadjusted reaction rate constant is applied. In the
bottom row, the lines show the difference between radical destruction and production (L — P), with the adjusted rate constant of the reaction
of MyO, with HO,. Grey areas in the lower panels give the uncertainty of L — P.

Because differences are highest when the chemical system
is dominated by the oxidation of myrcene and therefore the
presence of MyO,, reaction pathways of MyO, other than
reactions with NO and HO» could be responsible for the im-
balances.

As described in Sect. 2, MyO, isomerization reactions
can become competitive at low NO mixing ratios like in
these experiments (< 0.1 ppbv). Isomerization rates derived
from SAR are applied (Sect. 2). Products of the 1,6-H-shift
reactions in myrcene that correspond to similar reactions
in isoprene could produce radicals like in the case of iso-
prene (Fig. 3). Products from the two additional isomeriza-
tion reactions likely undergo fast ring-closure reactions on
the dimethyl double bond, and it is uncertain whether OH or
HO; are directly produced. As an estimate for the potential
impact of MyO, isomerization reactions on radical regenera-
tion, production of one HO, radical from each isomerization
reaction is assumed in the following. Because the yield of
OH and HO; from potential isomerization and decomposi-
tion reactions of MyO, is not known, an upper limit of one
OH and one HO, radical for each isomerization reaction is
applied. The results of this sensitivity analysis are shown in
Figs. 11 and 12.

The bulk MyO, loss due to isomerization for the isomers
that can rapidly interconvert (Fig. 2) is competitive with the

Atmos. Chem. Phys., 21, 16067-16091, 2021

reaction of MyO, with NO at mixing ratios of 0.5 to 1 ppbv,
making these reaction very competitive for conditions of the
experiments. As shown in Fig. 12, the discrepancy between
RO, radical production and destruction rates would even be
overcompensated for if isomerization rates determined by
SAR are applied. Similar as for the RO, loss rate, poten-
tial production of OH and HO; from MyO, isomerization
reactions would overcompensate for the imbalances in their
production and destruction rates. A sensitivity test shows that
using a bulk isomerization reaction rate constant of 0.05s~!
instead of 0.02s~! would be sufficient to balance the RO,
production rate. This value is a factor 2 to 4 lower than bulk
reaction rates calculated by SAR but still within the uncer-
tainty of calculations.

Although this analysis shows the potential for high contri-
butions of MyO, isomerization to the total loss rate of RO
for conditions that are typical for forested areas, the uncer-
tainties are high concerning the isomerization rate constants
and the yield of HO, radicals. In addition, discrepancies of
radical production and destruction rates within the range of
20 % of the total rate for single radical species can be ob-
served even for well-known chemical systems as methane
as shown in Sect. 5.2. This is likely due to uncertainties in
the radical concentration measurements. Unaccounted sys-
tematic errors in the analysis may therefore also explain a

https://doi.org/10.5194/acp-21-16067-2021
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rates.

significant fraction of the differences in radical production
and destruction rates in the experiments with myrcene.

7 Summary and conclusions

The photo-oxidation of the monoterpene myrcene was inves-
tigated at atmospheric conditions in the simulation chamber
SAPHIR at two different levels of NO. The chemical mech-
anism of the oxidation of myrcene by OH has not been in-
vestigated in detail so far. Based on the structural similarity
with isoprene (CH,=CH—C(=CH;)CH,— moiety) and with
2-methyl-2-butene (—CH;—CH=C(CH3), moiety) and the
structure—activity relationship (Peeters et al., 2007; Jenkin
etal., 2019; Vereecken and Noziere, 2020), a chemical mech-
anism for the first oxidation step is proposed that includes
rapid RO; interconversion by reversible oxygen addition and
H-shift reactions of RO, like in isoprene. In addition to RO»
isomerization reactions similar to that of isoprene-derived
RO,, additional H-shift reactions are suggested by SAR, so
that the overall impact of isomerization reactions in myrcene
can be high, although only approximately half of the attack
of OH to myrcene is on the isoprenyl part. Assuming that the
interconversion of RO is similar to that in isoprene, bulk iso-
merization rate constants of 0.21 and 0.097 s~! (T = 298 K)

https://doi.org/10.5194/acp-21-16067-2021

for the three isomers resulting from the 3’-OH and 1-OH ad-
dition, respectively, are calculated using rate constants de-
rived by SAR.

Experiments in the chamber allowed us to determine the
reaction rate constant of the reaction of myrcene with OH re-
sulting in a value of (2.3+£0.3) x 10710 cm3s~!, which is in
good agreement with values reported in the literature within
the uncertainties (Table 4). Product yields of acetone and
formaldehyde calculated from measured time series of these
species were found to be 0.4540.08 and 0.35£0.08, respec-
tively. Although these values agree well with studies by Reis-
sell et al. (2002), as well as Orlando et al. (2000) within the
uncertainties, the formaldehyde yield is lower than expected
for conditions of the experiment with NO mixing ratios of
200 pptv if there are no RO, isomerization reactions. The
lower yield would be consistent with competing RO isomer-
ization reactions that may not produce formaldehyde. From
the analysis of nitrogen oxides in the chamber, the yield of or-
ganic nitrates in the myrcene oxidation could be determined
to be 0.13 £0.03, in agreement with measurements by Lee
et al. (2006) (0.10 £ 0.03). Both values are lower than typi-
cal values predicted by SAR (0.19, Jenkin et al., 2019) and
found for monoterpene species which often range between
0.15 and 0.25. This may impact the formation of secondary
organic aerosol from the OH oxidation of myrcene compared

Atmos. Chem. Phys., 21, 16067-16091, 2021
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Figure 12. Rates of radical production and destruction reactions for OH, HO; and RO, for experiments at low NO mixing ratio (< 0.11 ppbv)
on 18 July 2013. Grey areas in the lower panels give the uncertainty of L — P. In the bottom row, the black and cyan lines denote the
radical budget with and without considering MyO, isomerization reactions. Upper limits for yields of OH and HO; radicals from MyO,
isomerization reactions of one are assumed in the calculations of their production rates.

to other monoterpene species. The applicability of the proce-
dure for the determination of the organic nitrate yield was
tested in photo-oxidation experiments with methane and «-
pinene, both of which resulted in organic nitrate yields that
agree well with expected values. This demonstrates that the
method gives reliable results and can be applied in chamber
experiments.

Radical production and destruction rates can be calculated
using measured radical and trace gas concentrations. Total
radical (ROy) production and destruction rates are balanced
in the experiments in this work if the rate of the radical loss
terminating the radical reaction chain due to recombination
reactions of HO, and RO; was only 40 % of the loss expected
from the reaction rate constant predicted by SAR or if this re-
action would regenerate radicals instead of producing radical
termination products (hydroperoxides). However, this con-
clusion has a high uncertainty of approximately a factor of
2 due to the uncertainty of radical production from myrcene
ozonolysis.

Imbalances between radical production and destruction
rates are observed for RO, radicals in the experiments with
low NO concentrations, when the MyO, isomerization re-
action can become competitive with bimolecular reactions.
Bulk reaction rate constants around 0.05s~! for MyO, iso-
mers which can quickly interconvert and which partly can

Atmos. Chem. Phys., 21, 16067-16091, 2021

isomerize are a factor of 2 to 4 lower than reaction rate con-
stants calculated by SAR, but values are consistent regarding
the high uncertainty of the determination from experiments
and the uncertainty of SAR calculations.

The analysis of radical concentration measurements in
field campaigns, where monoterpene emissions dominated
the mix of organic compounds such as in Finland (Hens
et al., 2014) and in the Rocky Mountains (Kim et al., 2013),
showed that current chemical models cannot explain mea-
sured OH and HO, concentrations. The analysis of chamber
experiments revealed that the OH oxidation of the most abun-
dant monoterpene species «-pinene and B-pinene is not well
understood (Kaminski et al., 2017; Rolletter et al., 2019).
Experiments here show that also the reaction of OH with
myrcene is complex due to the rapid RO, interconversion and
H-shift RO, reactions. Therefore, shortcomings in the de-
scription of the photo-oxidation of myrcene could contribute
to explaining model-measurement discrepancies found in
field campaigns.

Data availability. Data are available from the EUROCHAMP
database (16 August 2012: https://doi.org/10.25326/5XRG-
Y765, Fuchs et al, 202la; 22  August 2012:
https://doi.org/10.25326/9RAV-5450, Fuchs et al., 2021b; 17 July
2013: https://doi.org/10.25326/GP2K-R926, Fuchs et al., 2021c;
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7 Photooxidation of (-pinene

7.1 [-pinene oxidation mechanism

[-pinene is the second most important monoterpene species with a global annual
total emission of 18.9 Tg year~! (Guenther et al. (2012)). It is a bicyclic monoter-
pene with an exocyclic double bond (Figure 7.1, Chapter 1). The mechanism of
the oxidation of -pinene with OH has been investigated by Vereecken and Peeters
(2012) by quantum chemical calculations, structure-activity relationship and theo-
retical kinetics. In the following analysis, the nomenclature of the peroxy radicals
formed from the oxidation of S-pinene is adapted from the MCM, version 3.3.1.

The oxidation of S-pinene by the OH radical is initiated by the addition of the
OH radical to the double bond. The addition of OH happens predominantly at the
least substituted C, atom (83%, Vereecken and Peeters (2012), Figure 7.1). OH
addition to the C, atom is only of minor importance (7%, Vereecken and Peeters
(2012)). H abstraction due to the OH attack is also less likely, and only occurs with
a branching ratio of 10%.

After the OH addition at the least substituted C, atom, the branching ratio for
the cleavage of the four-membered ring leading to the formation of the peroxy rad-
ical BPINCO2 is 70%. The formation of the ring-closed isomer BPINAO2 has a
branching ratio of 30% (Vereecken and Peeters (2012)). With respect to the initial
RO, formation, the mechanism described by Vereecken and Peeters (2012) differs
from other reported mechanisms, e.g. the widely used Master Chemical Mechanism
(MCM, version 3.3.1). Lower branching ratios for the ring opened BPINCO2 peroxy
radical of only 7% are assumed, and the formation of the ring-retained BPINAO2
peroxy radical is the dominant pathway. It has been shown in previous studies of
the S-pinene oxidation in the SAPHIR chamber (Kaminski et al. (2017)) that using
the mechanism described by Vereecken and Peeters (2012) for modelling the exper-
imental results leads to an improved model to measurement agreement. Especially
the measured yields of nopinone and acetone in the experiments by Kaminski et al.
(2017) support the ratio of the formation of BPINAO2 and BPINCO2 reported in
Vereecken and Peeters (2012).
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7.1 [-pinene oxidation mechanism
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Figure 7.1: The first steps of the mechanism of the oxidation of S-pinene with
OH, adapted from Kaminski et al. (2017) and Xu et al. (2019). For simplicity, the
addition of OH is only shown at the C, atom, as the branching ratio for an OH
addition at C, is 83%. The initially formed peroxy radicals with the sum formula
OH—-C,oH,50, are shown in red. Peroxy radicals formed from one autoxidation step
(OH—-CyH404) are shown in green, peroxy radicals from a second autoxidation
step (OH—CoH40¢) in blue. The mass to charge ratios are given for the respec-
tive molecule, and for the clusters of the respective peroxy radical with protonated
propylamine (+ 60 Th) in brackets. Some bimolecular reaction pathways, like the
formation of organic nitrates (yield: 25%) from the reactions of the peroxy radicals
with NO are not shown in this scheme. The peroxy radicals can also undergo bi-
molecular reactions with HO, or RO, that are not shown in this scheme. 9



7.1 [B-pinene oxidation mechanism

The peroxy radicals can undergo bimolecular reactions with NO, HO, or other
RO, radicals. The reaction of the peroxy radicals with NO leads to the formation
of an alkoxy radical. Subsequently, the alkoxy radical obtained from the BPINAO2
+ NO reaction decomposes to a stable carbonyl compound, nopinone, formalde-
hyde and HO, (Figure 7.1). The reaction of the ring opened peroxy radical with
NO also leads to the formation of an alkoxy radical that decomposes forming ace-
tone and an alkyl radical (Vereecken and Peeters (2012)). This alkyl radical will
subsequently quickly add oxygen, to form a peroxy radical with the sum formula
C;H;,03 (Vereecken and Peeters (2012)). The C;H;;03 peroxy radical then under-
goes bimolecular reactions with NO, HO, and RO,. Potential unimolecular reactions
such as endocyclizations are not competitive as the calculated energetic barriers for
these reactions are too high (Vereecken and Peeters (2012)).

An alternative reaction pathway for the initially formed peroxy radicals are uni-
molecular reactions, leading to higher oxidized radical species. Atmospherically
relevant unimolecular reactions most likely only occur for the ring-opened peroxy
radical BPINCO2. For the ring-retained peroxy radical BPINAO2, rate constants
of potential unimolecular reactions were calculated to be slower than 0.05s71 (Xu
et al. (2019)). This means that unimolecular reactions of the ring-retained peroxy
radical BPINAO2 are most likely not competitive with bimolecular reactions.

Several unimolecular reactions are possible for the ring-opened peroxy radical
BPINCO2. The fastest possible unimolecular reaction is an endocyclization. A
hydrogen-bonding interaction between the OH group and the —OO group stabilizes
the transition state of this reaction (Xu et al. (2019)). The rate of the endocy-
clization was calculated to be 0.62 s™! by Vereecken and Peeters (2004). Xu et al.
(2019) calculate a reaction rate of 4.1 s~* for this reaction. The uncertainty fac-
tor given for the rate constant calculation is 10 (Xu et al. (2019)). The energetic
barriers for alternative unimolecular H shift reactions were found to be too high to
be competitive with the endocyclization or bimolecular reactions by Vereecken and
Peeters (2012), so that it can be assumed that they have reaction rate constants in
the range of 0.0557!. Xu et al. (2019) calculated the reaction rates to be 1.4 s7! for
the 1,5-H shift and 0.28 s™1 for the 1,6-H shift (Figure 7.1). Xu et al. (2019) also
determined the total loss rate due to unimolecular reaction of BPINCO2 experimen-
tally by isomer-specific measurements of the organic nitrates formed in the RO, +
NO reactions at different NO concentrations using gas chromatography coupled to a
TOF-CIMS. The experimentally determined total loss rate due to unimolecular re-
actions was (1645)s™! (Xu et al. (2019)). These unimolecular reactions lead to the
formation of three peroxy radicals with the sum formula OH—C;,H;0,4, BPINCO4E
from the endocyclization, BPINCO4H6 from the 1,6-H shift, and BPINCO4H5 from
the 1,5-H shift (Figure 7.1).
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7.2 Experiments investigating the S-pinene oxidation mechanism

Assuming a unimolecular reaction rate of 16 s~! for the autoxidation of the
BPINCO2 peroxy radical as experimentally determined by Xu et al. (2019), a mix-
ing ratio of 70 ppbv of NO would be required to obtain an equivalent loss rate of the
ring-opened peroxy radical towards the bimolecular reaction with NO at 296 K. For
a unimolecular reaction rate at the lower end of the reported range, of e.g. 1 s7%,
an equivalent loss rate of the peroxy radical towards the reaction with NO would
be obtained at NO mixing ratios of 4.5 ppbv at 296 K. While NO mixing ratios of
70 ppbv are only observed in highly polluted urban environments close to emission
sources, NO mixing ratios of 4.5 ppbv are possible in remote areas and are often
surpassed in urban environments (e.g. Hidy et al. (2014)).

The peroxy radical from the minor 1,5-H shift reaction of BPINCO2, BPINCO4H5,
can undergo several subsequent autoxidation reaction steps leading to the formation
of a OH—CyH ;404 peroxy radical (Xu et al. (2019)). It is speculated that first a
1,9-H shift occurs that is followed by a quick endocyclization (Supporting Informa-
tion of Xu et al. (2019)). This reaction can be of importance as it is a possible
pathway for the formation of highly oxidized molecules that contribute to the for-
mation of new particles and growth of secondary organic aerosols (Chapter 1.2).
However, it has not been investigated in detail so far. For the other two peroxy rad-
icals, BPINCOA4E formed from the endocyclization of BPINCO2 and BPINCO4H6
formed from a 1,6-H shift of BPINCO2, no pathways leading to the formation of a
higher oxidized peroxy radical have been suggested in the literature so far. For the
BPINCO4E radical, a 1,4-H shift followed by the addition of O, would be a possible
pathway. However, SAR (Vereecken and Noziere (2020)) predicts a very slow reac-
tion rate of 2.06x107%s~! for this unimolecular reaction. The BPINCO4H6 peroxy
radical may undergo a 1,8-H shift followed by an endocyclization. SAR predicts a

fast unimolecular reaction rate of 1.58x10%s~! for this reaction.

7.2 Experiments investigating the $-pinene oxidation

mechanism

Even though the mechanism reported by Vereecken and Peeters (2012) improves
the agreement of model to measurement comparison in the study by Kaminski et al.
(2017), the model still underpredicted the concentrations of OH and HO, by up to
a factor of 2. The measured OH time series could only be matched by the modelled
ones when the measured HO, time series were used as a model constraint, indicating
a missing HO, source in both the MCM, version 3.2, and the model proposed by
Vereecken and Peeters (2012) (Kaminski et al. (2017)). The discrepancies in the
comparison of the measured and modelled radical concentrations indicate that uni-

molecular reactions and/or photolytical sources of HO, are missing in the model.
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7.2 Experiments investigating the S-pinene oxidation mechanism

Additionally, the reaction rate constants of the unimolecular reactions calculated by
Vereecken and Peeters (2012) and Xu et al. (2019) are yet to be proven experimen-
tally.

Therefore, the mechanism of the oxidation of S-pinene is reinvestigated in this work
with special regard to the importance and reaction rates of unimolecular reactions of
the peroxy radicals. Two different chemical reactors are used, the free-jet flow sys-
tem (Chapter 2.3) and the SAPHIR-STAR chamber (Chapter 2.2). In both settings,
a CIMS instrument was used with protonated amines (protonated ethylamine in the
free-jet flow system and protonated propylamine in the SAPHIR-STAR chamber)
as primary ions for the detection of the peroxy radicals. Other reaction products,
such as organic nitrates, hydroperoxides and carbonyls were also detected by the
CIMS instrument. The use of the two different chemical reactors allows to investi-
gate different aspects of the chemical mechanism. In the free-jet flow system, the
peroxy radical distribution can be investigated after short reaction times of only 8s,
allowing to determine the reaction rate constants of unimolecular reactions. In the
SAPHIR-STAR chamber, effects from secondary chemistry can be observed.

7.2.1 Experiments in the free-jet flow system

In total, three experiments investigating the S-pinene + OH reaction system were
conducted in the free-jet flow system. In the first experiment, ozonolysis of tetram-
ethylethylene (TME) was used as an OH source. The ozone concentration was
stepwise increased from 0 to 4.3 x10* cm™3 to increase the OH concentration while
keeping the 3-pinene and TME concentrations constant at 1.5 x10' ecm™ and
2.0x10' cm~3, respectively. The OH and HO, concentration were in the range of
10° to 10®cm=3 (Chapters 7.2.3 and 7.4). In the second experiment, isopropyl-
nitrit (IPN) photolysis was used as an OH source. The IPN mixing ratio was
2.3x10'% cm™ for the whole experiment. The 3-pinene mixing ratio was again
kept constant at 1.5 x 10 cm™. NO is formed in the photolysis of IPN, leading to
the formation of organic nitrates from the RO, + NO reaction. The detection of the
organic nitrates in the experiments is used as a confirmation of the assignment of
the peroxy radical peaks (Chapter 3.4). The OH and HO, concentration were again

in the range of 10° to 10 cm ™2, NO concentrations in the range of 108 cm™3.
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7.2 Experiments investigating the S-pinene oxidation mechanism

Table 7.1: Overview of the experimental conditions for the investigations of the (-
pinene oxidation studied in the free-jet flow tube at TROPOS at a relative humidity
below 0.1% and a temperature of 298 K.

Date OH source H,/
em™?

23 Aug. 2021 TME ozonolysis 0.0

24 Aug. 2021 IPN photolysis 0.0

26 Aug. 2021 IPN photolysis 3.7 x 1016

In the third experiment, OH radicals were again produced from IPN photoly-
sis. In this experiment, the IPN concentration was ramped up from 2.8x10%°
to 4.1x10" ¢cm™3. Part of the OH was converted to HO, by the addition of
3.7x10%* cm™3 of hydrogen to the air flow. H, reacts with OH producing H,O
and H that instantly reacts with O,, forming HO,. The reaction rate of the first re-
action is 6.2 x 1071 cm?® s7 (Orkin et al. (2006)). This is three orders of magnitude
slower than the reaction of S-pinene with OH, therefore most of the OH radicals still
react with S-pinene. The introduction of additional HO, to the system results in
the formation of hydroperoxides (ROOH) from the reaction of the RO, radicals with
HO,. Like the organic nitrates formed in the experiment where NO was added, the
detection of the hydroperoxides is used as a proof of the assignment of the peroxy
radical peaks (Chapter 3.4).

7.2.2 Experiments in the SAPHIR-STAR chamber

For the study of the oxidation mechanism of S-pinene two experiments were con-
ducted. One used O3 photolysis in the presence of water as an OH source. In the
other one, HyO, photolysis was used as an OH source.

In the experiment with OH production by Os photolysis, 40 ppbv of O3 was con-
tinuously added to the chamber. The relative humidity was set to 30% and the

3 were achieved.

temperature was 296 K. OH concentrations in the range of 10% cm™
After the ozone concentration in the chamber stabilized, S-pinene was constantly
injected to reach a steady state concentration of 10 ppbv. The UV-C lights (Chapter
2.2) were turned on, and the shutter system was opened stepwise from 15% to 45%
to 75%. The time between each step was six hours. This time was needed to ensure
that steady-state conditions in the chamber were reached. The more the shutter sys-

tem was opened, the more OH was produced by photolysis reactions in the chamber.
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Figure 7.2: Timeseries of the O3 mixing ratio and the opening of the shutter system
of the UV-C lamps in an experiment in the SAPHIR-STAR chamber where ozone
photolysis was used as an OH source. Only the time prior to the injection of NO is
shown.

Then the NO addition was started at the shutter system opening of 75% of the
UV-C lamps. In addition, UV-A lamps were turned on (Chapter 2.2) to ensure the
reformation of NO from NO, formed from the reaction of the initially injected NO
with Os. In the first addition step, NO was continuously added to reach a steady
state concentration of 10 ppbv. After six hours, the amount of added NO was in-
creased to 20 ppbv that were again continuously added for six hours. In the last
addition step, the amount of added NO was further increased to reach steady-state
concentrations of 40 ppbv.

Finally, the NO and Oj additions were stopped and the UV-A and UV-C lights
were switched off. When no more NO and Os were detected in the chamber, the
addition of S-pinene was stopped and the experiment concluded.

Waiting until the NO and O3 concentrations in the chamber are zero before switch-
ing off the S-pinene addition allows to determine the exchange rate of the air in the
chamber. The loss of S-pinene is then only determined by the exchange of air in the

chamber.
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Figure 7.3: Timeseries of the S-pinene signal intensity measured by a PTR-MS
instrument in an experiment in the SAPHIR-STAR chamber where ozone photolysis
was used as an OH source. Only the time prior to the injection of NO is shown.
Gaps in the timeseries indicate times when the sampling point of the PTR-MS was
switched to the bypass line that provides the S-pinene to the chamber.

In the experiment with H,O, photolysis as an OH source, 10 ppbv of S-pinene
was continuously added into the chamber through the syringe pump system (Chap-
ter 2.2). Six hours after the start of the §-pinene addition, H,O, was added into
the chamber by steadily bubbling 0.51min~! of ultra-pure nitrogen through a bottle
filled with a 30% H,0, solution. After a waiting time of 6 hours, the HyO, concen-
tration was assumed to be stable in the chamber. The UV-C lights were switched
on. Over the course of the next 12 hours, the shutter system covering the UV-C
lamps was stepwise opened from 0 to 100% opening. Every step lasted three hours,
to give potential reaction products enough time to stabilize. At the highest shutter
system opening, 60 ppbv of NO was added to the chamber over six hours. After
that, the lights were switched off, and the H,O, and NO additions were stopped.
The addition of S-pinene was stopped six hours later, concluding the experiment.

7.2.3 Determination of OH concentrations in the experiments

In the experiments, the OH concentration was increased stepwise. The stepwise
increase of the OH concentration serves to determine whether the measured signals
are actually the peroxy radicals as described in Chapter 3.4. Since no measurements
of OH radical concentrations are available in either chamber, the OH concentration
was modelled (Chapter 4, Figure 7.4).
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Figure 7.4: Modelled OH concentration in the SAPHIR-STAR chamber as a func-
tion of the opening of the shutter system of the UV-C lamps (left). Modelled OH
concentration in the free-jet flow system as a function of the O5 concentration during
the B-pinene oxidation experiment where TME ozonolysis was used as an OH source
(right). Concentrations are obtained from a box model calculation(Chapter 4.2).

In the free-jet flow system, OH radicals are produced by the ozonolysis of TME.
The reaction rate and an OH yield of 0.77£0.04 for this reaction have been deter-
mined by Witter et al. (2002). An increase of the OH radical concentration can
be achieved by increasing the O3 concentration, while keeping the concentration of
TME constant. This increases the oxidation rate of TME and more OH radicals are
formed. The OH concentration is therefore proportional to the O5 concentration,
and the Oy concentration is a good measure for the OH concentration (Figure 7.4).

In the experiments in the SAPHIR-STAR chamber, OH radicals are produced by
the photolysis of ozone in the presence of water. The UV-C lamps are equipped
with a shutter system that allows to continuously increase the light intensity. In
the experiment here, the shutter was opened stepwise to increase the photolysis rate
and thereby the OH concentration.

7.3 Measurement of the relative distribution of RO,

radicals

The relative distribution of peroxy radicals derived from the oxidation of S-pinene
by the OH radical at NO free, atmospherically relevant conditions were measured
by a CIMS instrument in a free-jet flow system and the SAPHIR-STAR chamber.
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7.3 Measurement of the relative distribution of RO, radicals

From the peroxy radical concentrations measured by the CIMS instrument, the dis-
tribution of the three peroxy radical families with the sum formulas OH—C;qH;50,,
OH—-C(H;50, and OH—C,oH (04 are determined. OH—C,;oH5,0, peroxy radi-
cals, BPINCO4E, BPINCO4H6 and BPINCO4H5 (Figure 7.1), are products of
the autoxidation of the ring-opened OH—C,oH 50, peroxy radical BPINCO2. The
OH—-C,oH,0¢ peroxy radicals BPINCO6 are formed from the autoxidation of the
OH-C,oH;604 peroxy radical BPINCO4H5 (Figure 7.1). The rate constants for
the formation of BPINCO4H6 calculated by both Vereecken and Peeters (2012) and
Xu et al. (2019) are small in comparison to the rate constants of the formation of
BPINCO4E and BPINCO4H5. Therefore, the formation of BPINCO4HG6 is assumed
to be negligible and not considered for the further analysis in this work.

Table 7.2: Overview of the peroxy radical families investigated in this work and
their respective members .

Peroxy radical family = member®

OH—C,oH,60, BPINAO2
BPINCO2
OH—C,oH,40, BPINCO4E
BPINCO4H5
BPINCO4H6
OH—C,oH,404 BPINCOG

% nomenclature taken from Figure 7.1

The measurements are used to review the theoretically predicted oxidation mech-
anism of S-pinene and to redetermine reaction rate constants of the autoxidation of
formed peroxy radicals.

It is not possible to distinguish between isomeric species in the CIMS measure-
ments. Therefore, the signal intensities and ratios given for the respective mass to
charge ratios of the peroxy radicals always present a sum measurement of all peroxy
radicals of the same sum formula. Assuming that the sensitivity of the instrument
for all peroxy radicals is similar, the relative abundance of measured signals reflects
the distribution of the peroxy radicals.

In the experiments in the free-jet flow system, lower limit concentrations are deter-
mined for all peroxy radicals, using the calibration procedure described in Chapter
3.4.1. The CIMS instrument measuring at the SAPHIR-STAR chamber was not
calibrated, therefore no concentrations, but normalized ion count rates measured by

the mass spectrometer are given (Chapter 3.2).
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7.3 Measurement of the relative distribution of RO, radicals

7.3.1 Measurements in the free-jet flow system

In the experiments in the free-jet flow system, the OH concentration was stepwise
increased by increasing the O concentration (Chapters 7.2.1 and 7.2.2). Performing
the experiments at different OH concentrations allowed to determine whether the
signals detected by the CIMS instrument are the expected peroxy radicals, since
it can be assumed that their ratios do not change with changing OH radical con-
centrations because the higher oxidized peroxy radicals can only be formed from
BPINCO2 and not other OH induced reactions. Upon the increase of the OH radi-
cal concentration, the intensity of the peroxy radical signals measured by the CIMS

instrument increased (Figure 7.5).
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Figure 7.5: Peroxy radical concentrations at different ozone concentrations. OH
was produced from TME ozonolysis in the shown experiment, so that higher O3 con-
centrations are equivalent to higher OH concentrations. OH concentrations were in

the range of 6x10* to 9x10° cm™3. The -pinene concentration was 1.5x 10" em™3,

the TME concentration was 2.0x 10 em=3.

The peroxy radicals with the sum formula OH—C,qH,40, were the most abundant
peroxy radicals at all oxidant concentrations. The peroxy radicals with the sum for-
mula OH—C;yH;40, have the second highest abundance, and the peroxy radicals
with the sum formula OH—C,yH;40¢ have the lowest abundance.

For the experiments in the free-jet flow system, all three peroxy radical families,
OH—-C,(H 5045, OH—CgH 50, and OH—C,qH,50¢ showed a linear dependency on
the increasing oxidant concentrations (Figure 7.5). The three peroxy radical fami-

lies are formed in a constant relation independent of the OH concentration for the
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7.3 Measurement of the relative distribution of RO, radicals

reaction time of 8s. The ratio between the OH—C,yH405 and the OH—C,,H;50,
peroxy radical was on average 0.26. Equally, the ratio between the OH—C, H;50,
and the OH—C,gH0¢ peroxy radical was independent on the OH concentration

with an average value of 2.8 (Figure 7.6).
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Figure 7.6: Ratio between the OH—C;(H;,0, and OH—-C,;(H;,0, and the
OH-C;(H;60, and OH—C;,H 504 peroxy radicals measured in the free-jet flow sys-
tem at different ozone concentrations.

An error for the experimentally determined radical ratios can be estimated from
the reproducibility of the ratios for different experimental conditions. The ratio of
the peroxy radicals was determined in two experiments, the one presented in this
chapter, where TME ozonolysis was used as an OH source, and in experiments where
IPN photolysis was used as an OH source (Chapter 7.2.1). In the two experiments,
the OH—C,oH405 to OH—C4H,0, peroxy radical ratios agreed within an error of
20%. The OH—C,yH 50, to OH—C,yH 604 peroxy radical ratios determined in the
two experiments agreed within an error of 25%. Furthermore, it has to be assumed
that the three peroxy radical families are detected by the CIMS instrument with
the same sensitivity. At the moment, it is not possible to determine whether this
is actually the case, adding a further uncertainty to the measured peroxy radical
ratios that can not be quantified. An uncertainty of 30% is therefore assumed for

the experimentally determined radical ratios.
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7.3 Measurement of the relative distribution of RO, radicals

7.3.2 Measurements in the SAPHIR-STAR chamber

In the experiments in the SAPHIR-STAR chamber, the peroxy radical signal in-
tensity also increased with increasing OH concentrations. The signal of the peroxy
radicals OH—C,(H;0, that are formed from the unimolecular reaction and follow-
ing O, addition of the ring-opened OH—C;oH 40, peroxy radical BPINCO2 (Figure
7.1) was highest.
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Figure 7.7: Normalized counts per second (ncps) of the measured signals for the
OH—-CoH405, OH—C;pH 5049 and OH—C3H;404 peroxy radical families at differ-
ent modelled OH concentrations in the experiments in the SAPHIR-STAR chamber.
OH was produced from the photolysis of ozone in the presence of water vapour. The
measured ion count rates were normalized to the protonated propylamine primary
ion.

The ratio between the OH—C,(H;40, and OH—C;(H;50, peroxy radicals is 0.37
on average, though it decreases from 0.4 to 0.36 with increasing OH concentrations.
The average radical ratio is close to the value observed in the free-jet flow system.
Contrary, the ratio between the OH—C4H 40, and the OH—C;yH;40¢ peroxy radi-
cal is on average 10.0 and increases from 9 to 11 with increasing OH concentrations.
The average OH—C,qH 50, to OH—C,oH ;504 peroxy radical ratio in the SAPHIR-
STAR chamber is a factor of 3.5 higher than observed in the free-jet flow system.

Differences in the measured ratios between experiments in the free-jet flow system
and the SAPHIR-STAR chamber may be related to the different chemical regimes
in the two systems. In the free-jet flow system, the reaction time is only 8s. In this
short reaction time, loss of peroxy radicals by bimolecular processes do not play a

significant role. Only peroxy radicals that are produced rapidly in the time scale
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7.4 Discussion of the RO, formation mechanism

of 8s are observed. Experiments in the SAPHIR-STAR chamber are conducted at
steady-state conditions with a reaction time of 40 minutes. Under these conditions,
the production of peroxy radicals is constant during the whole steady-state. The
long lifetime of the peroxy radicals increases the probability of losses of the per-
oxy radicals through bimolecular reactions with NO, HO, or RO,. The bimolecular
reaction rates of ROy + NO reactions are usually similar for different kinds of per-
oxy radicals, however, the rate constants of the bimolecular RO, loss through their
reactions with HO, and other RO, are highly variable. Additionally, wall losses
that have not been characterized yet are expected to occur in the SAPHIR-STAR
chamber. Therefore, an inclusion of all relevant loss reactions into a model is very

complicated and uncertain and has not been a part of this work.

7.4 Discussion of the RO, formation mechanism

7.4.1 Relevance of autoxidation reactions

The short reaction time of 8s in the free-jet flow system, the low concentration of
other reaction partners such as RO, or HO, and the absence of NO in the experiment
remove the influence of bimolecular reactions. The relative distribution of the peroxy
radicals therefore only depends on the reaction rate constants of the autoxidation
reactions. Since no NO was added to the system for the experiments described
in this section, bimolecular reactions with NO do not occur. Consequently, no
organic nitrates, the reaction products of the RO, + NO detectable by the CIMS
instrument, were observed in the experiments. HO, can be formed in the system
from radical reactions. The modelled concentrations of HO, were below 1x10° cm™
after the reaction time of 8s (Figure 7.8). The bimolecular lifetime of the RO,
peroxy radicals for the ROy + HO, reactions for these conditions is 5 days, so that
the loss of RO, radicals from the HO, + RO, reaction is negligible in the experiments
in this work. Furthermore, hydroperoxides, a reaction product of the HO, + RO,
reaction detectable by the CIMS instrument, were not observed in the experiment.
Loss of the peroxy radicals to RO, + RO, reactions is also not expected for the
measured RO, radical concentrations of 1.5x10” cm™ at the time of measurement
(Figure 7.5), because the bimolecular lifetime of the peroxy radicals for the ROy +
RO, reaction is also in the range of several days.

Since formation from bimolecular reactions can be excluded, the peroxy radicals
detected at mass to charge ratios corresponding to the sum formula OH—C, H50,
have to be a product of unimolecular reactions of the RO, radical formed in the first
reaction step. Due to the high abundance of the OH—C;yH;40, peroxy radicals after

the reaction time of 8s, a fast unimolecular reaction is required. Two unimolecular
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7.4 Discussion of the RO, formation mechanism

reactions with subsequent O, addition have been suggested for the formation of
OH-C,oH;60, peroxy radicals (Xu et al. (2019), Vereecken and Peeters (2012)),
an endocyclization leading to the formation of the BPINCO4E peroxy radical or a
1,5-H-shift leading to the formation of BPINCO4H5 peroxy radicals (Figure 7.1).

%L 20, %
5 & 201 —BPINCO2 + BPINAO2
8 S _Rommal
= ¥ A —BPINCO4E
g —OH S 1.5
o —HO, / B /
c 104 T
g g 1.0
[+]
c c
3 8
5 05 3 051
b= ]
® °
= <]
0.0 E 0.0 - - !
0 2 4 6 8 10 0 2 4 6 10

time [s] time [s]

¥
)

{——BPINCO4H5
{——BPINCO6

modeled concentration / 10% cm™

time [s]

Figure 7.8: Time dependence of the modelled OH and HO, concentrations (upper
left), the concentrations of the peroxy radicals BPINCO2, BPINCO4E and the sum
of all peroxy radicals (upper right) and the concentration of the peroxy radicals
BPINCO4H5 and BPINCOG (lower panel) for the experiments in the free-jet flow
system where tetramethylethylene ozonolysis was used as an OH source. The ozone
concentration used in the model was 8.0x10'°cm™3. In the model, the reaction
rate constants for the unimolecular reaction of BPINCO2 leading to the forma-
tion of BPINCO4E and BPINCO4H5 were constrained to the values determined by
Vereecken and Peeters (2012). The vertical dotted line represents the reaction time
of 8s in the free-jet flow system prior to the detection of the peroxy radicals by the
CIMS instrument.

BPINCO4E and BPINCO4H5 have the same molecular mass, and they can there-
fore not be distinguished in the CIMS measurements.

The OH—-C,yHs0g must be product of an unimolecular reaction of the
OH—-C,(H50, peroxy radical with subsequent O, addition, since bimolecular re-
actions are too slow for the conditions in the experiments.

The chemical conditions of the experiment and the measured ratios of ROy show
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7.4 Discussion of the RO, formation mechanism

that the formation of the peroxy radicals in the free-jet flow system was indepen-
dent from RO, loss due to bimolecular reactions and is therefore only driven by

rapid unimolecular reactions on the time scale of the reaction time of 8s.

7.4.2 Determination of unimolecular rate constants

Since the relative ratios of the peroxy radicals only depend on unimolecular reac-
tions, the observed relative distribution of RO, can be used to determine the rate

constants of the unimolecular RO, reactions (Reactions R7.2 to R7.4).

B—pinene + OH — 0.3BPINAO2 + 0.7 BPINCO2 (R7.1)
BPINCO2 + O, — BPINCO4E (R7.2)
BPINCO2 + O, — BPINCO4H5 (R7.3)

BPINCO4H5 + O, — BPINCO6 (R7.4)

0D box model calculations were used to optimize the reaction constants of the
unimolecular reactions of the peroxy radicals, such that experimentally observed
ratios of radical concentrations are matched. The relative distribution of the peroxy
radicals was compared at an OH concentration of 2x10' cm=3 in the free-jet flow
system. In this subchapter, the OH—C, H50,, OH—C;(H,50, and OH—C,,H5054
peroxy radical families are referenced to as RO2, RO4 and RO6, respectively.

Concentration of peroxy radical species are calculated by a model (Chapter 4)
using reaction rate constants for the formation of RO4 peroxy radicals from RO2
peroxy radicals by an endocyclization reaction (BPINCO4E, Reaction R7.2) or a 1,5
H shift (BPINCO4H5, Reaction R7.3) determined by Xu et al. (2019) and Vereecken
and Peeters (2012). The values determined by Vereecken and Peeters (2012) and
Xu et al. (2019) differ especially in the branching ratios of the BPINCO4H5 per-
oxy radical formation and the overall loss rate of RO2 peroxy radicals (Table 7.3).
Vereecken and Peeters (2012) determined a branching ratio krrs/(kr7.e+krz.s) of
7.5%, whereas Xu et al. (2019) determined a branching ratio of 19.6% . Also, the
value of the overall loss rate (kryotkgrrs) differs significantly (5.1s71 by Xu et al.
(2019), 0.67s7! by Vereecken and Peeters (2012)).
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7.4 Discussion of the RO, formation mechanism

Table 7.3: Comparison of the reaction rate constants at 296 K used in the modelling

of the B-pinene experiments in the free-jet flow system. All values are given in s71.

krro krrs KR7.4,adapted”
Xu et al.’, original 4.1 1.0 no reasonable result
Xu et al.’, modified 0.5 0.13 0.1-0.22
Vereecken et al.© 0.62 0.05 >1
Vereecken et al.? - 10

@ simultaneous fitting of the RO2/R0O4 and RO2/RO6 ratios within experimental
uncertainty
b Xu et al. (2019)
¢ Vereecken and Peeters (2012)
4 Vereecken and Noziere (2020)

For a given set of rate constants for Reactions R7.2 and R7.3 (either from Xu
et al. (2019) or Vereecken and Peeters (2012)), the rate constant kry4 was system-
atically varied, in order to obtain the best possible match between the modelled and
measured RO2/R0O4 and RO2/RO6 ratios.

The experimentally determined value for the RO2/RO4 ratio could not be matched
with the rate constants determined by Xu et al. (2019). The modelled value for the
peroxy radical ratio is about a factor of 10 lower than the experimentally deter-
mined value over the whole range of tested reaction rates (Panel A, Figure 7.9).
The experimentally determined value for the RO2/RO6 ratio is matched by the
value modelled with the reaction rates determined by Xu et al. (2019) for kry4 =
0.009s~! (Panel E, Figure 7.9). For all other values of the reaction rate constant
kr7.4, larger discrepancies between the modelled and measured ratios are observed.
The rate constants for the unimolecular reaction of BPINCO2 leading to the for-
mation of BPINCO4E and BPINCO4H5 are adapted to obtain a longer lifetime for
the BPINCO2 peroxy radical while keeping the branching ratio for the 1,5-H shift
at 20%. A good agreement with the experimentally determined RO2/R0O4 ratio is
obtained with unimolecular reaction rates of 0.5s7! for the endocyclization reaction
leading to the formation of BPINCO4E and 0.13s~! for the 1,5-H shift leading to
the formation of the BPINCO4H5 peroxy radical (Panel B, Figure 7.9).

These adapted reaction rates are subsequently used in the model to determine for
which reaction rate kry 4 the experimentally determined RO2/RO6 ratio is matched.
A good agreement of the modelled and experimentally determined RO2/ROG6 ratio
is obtained for a value of kr7.4 between 0.08s™! and 0.22s7* (Panel F, Figure 7.9).
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Figure 7.9: Dependence of the modelled RO2/R0O4 and RO2/ROG6 ratio on the
reaction rate of the unimolecular reaction of BPINCO4H5 leading to the formation of
the BPINCOG6 peroxy radical. Model results are compared to experimental results.
The gray areas indicate the uncertainty of the measured radical ratios (Chapter
7.3.1). In the modelled results shown in Panel A and E, calculated rate constants
kr7.2 and krrs by Xu et al. (2019) were used (Table 7.3). In panel B and F, the
values of both reaction rate constant (kgrzo and kgrs) by Xu et al. (2019) were
reduced by a factor of 8. For the results shown in panel C and G, the rate constants
kr7.2 and kgrr3 calculated by Vereecken and Peeters (2012) were used in the model
(Table 7.3).

Vereecken and Peeters (2012) determined a value of 0.62s~* for the endocycliza-
tion of BPINCO2 forming BPINCO4E and a value of 0.05s7 for the 1,5-H shift of
BPINCO2 leading to the formation of BPINCO4H5. The sum of these unimolecu-
lar reaction rates is in good agreement with the reaction rate constants optimized
from the values reported by Xu et al. (2019). With the reaction rates determined
by Vereecken and Peeters (2012), a good model to measurement agreement of the
RO2/R0O4 peroxy radical ratio within the estimated error is obtained over the whole
range of tested values of the reaction rate kgr4 (Panel C, Figure 7.9). From these
results, it can be concluded that the sum of the unimolecular reaction rates leading
to the formation of RO4 peroxy radicals from BPINCO2 has to be in the range of
about 0.6s7! as calculated by Vereecken and Peeters (2012). The limiting step for
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7.4 Discussion of the RO, formation mechanism

the formation of RO6 peroxy radicals is most likely the 1,5-H shift of the BPINCO2
peroxy radical. For a rate of 0.05s~! for the 1,5-H shift of BPINCO2 as determined
by Vereecken and Peeters (2012), equivalent reactivities for the bimolecular reactions
with NO and HO, would be achieved for mixing ratios of 0.25ppbv and 0.1 ppbv,
respectively. For the unimolecular reaction rate of 0.13s~! for the 1,5-H shift of
BPINCO2, mixing ratios of 0.8 ppbv (NO) and 0.25 ppbv (HO,) would be required
to obtain equivalent reactivity as for the unimolecular reaction. NO mixing ratios
below 1ppbv are regularly observed. The unimolecular formation of RO6 peroxy
radicals are therefore competitive with bimolecular reactions for a wide range of
atmospheric conditions.

For the RO2/RO6 ratio, a good agreement of the modelled and experimentally
determined value within the given error is obtained for a reaction rate constant
kg4 faster than 1s~! using the reaction rates determined by Vereecken and Peeters
(2012). In agreement with the results obtained from the model runs using the op-
timized rate constants from Xu et al. (2019), it can be concluded that for a small
branching ratio for the formation of BPINCO4H5 from BPINCOA4E, a fast uni-
molecular reaction rate is required. The formation of RO6 peroxy radicals may be
of importance for the formation of HOMs.

From SAR (Vereecken and Noziere (2020)), a reaction rate of 10s™! is determined
for a 1,9-H shift in the BPINCO4H5 peroxy radical. The subsequent endocyclization
and addition of O, are most likely also fast. These values are close to the reaction
rate kgrr4 that is obtained from the model run with the reaction rates determined
by Vereecken and Peeters (2012).

The analysis of the experiments investigating the S-pinene oxidation mechanism
conducted in this work show that the combined rate constants kr7.» and kg7.3 have to
be fast and in the range of 0.6 s Furthermore, the reaction rate kgy 4 optimized in
the model is highly sensitive to the krz.o/kgr7.3 ratio. Using the values for kgz.o/kr7.3
modified from Xu et al. (2019), kr74 cannot be faster than 0.22s~!. However, using
the values for kr72/krr s determined by Vereecken and Peeters (2012), kr74 has to
be faster than 1s71.

It is not possible to finally decide which values for the unimolecular rate constants
should be used in the future with the data available at the moment. However, it
is not possible to reproduce the experimental observations with the rate constants
originally determined by Xu et al. (2019). On the other hand, the calculated rate
constants by Vereecken and Peeters (2012) give a consistent description of the /-
pinene oxidation mechanism, starting with the branching ratio for the formation
of the initial RO, radicals BPINAO2 and BPINCO2 (page 98). Additionally, the
experimentally determined RO2/R0O4 and RO2/ROG6 ratios can be reproduced by a

model using the rate constants by Vereecken and Peeters (2012). Furthermore, the
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7.4 Discussion of the RO, formation mechanism

value determined for kg7, is in agreement with SAR calculations (Vereecken and
Noziere (2020)).
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8 Summary and Conclusions

8.1 Development of a detection scheme for RO,
based on CIMS

Berndt et al. (2018) recently developed a technique for the direct measurement of
specific peroxy radicals formed in the oxidation of a-pinene, based on chemical ion-
ization mass spectrometry. Protonated primary amines are used as primary ions
that form stable clusters with the peroxy radicals. The peroxy radicals were mea-
sured during experiments conducted in a free-jet flow system.

In this work, the detection scheme initially developed by Berndt et al. (2018) was
adapted to be used at the atmospheric simulation chamber SAPHIR-STAR at the
Forschungszentrum Jiilich. Several test experiments were conducted to obtain clean
mass spectra by reducing the influence of contamination peaks. The technique was
successfully applied during experiments investigating the oxidation mechanism of
[-pinene in the SAPHIR-STAR chamber. This demonstrates that the detection of
peroxy radicals by the CIMS-based detection scheme is possible in a larger atmo-
spheric simulation chamber. In the future, the technique developed in this work will
be used to investigate the oxidation mechanism of other atmospherically relevant
VOCs.

8.2 Monoterpene oxidation

In this work, the oxidation mechanisms of the three atmospherically relevant monoter-
penes 3-pinene, A3-carene and myrcene were performed in three different chemical
reactors. The experiments aimed at clarifying understudied aspects of the oxidation
mechanisms of the three respective monoterpenes, like the product yields, impor-

tance of unimolecular reactions and reaction rate constants.

8.2.1 Overview of experiments

In total, 10 experiments were conducted in the SAPHIR chamber looking into the
oxidation mechanisms of myrcene and A3-carene. Additionally, certain aspects of

the oxidation of methane and a-pinene were studied in two separate experiments.
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8.2 Monoterpene oxidation

The experiments aimed at investigating the oxidation mechanism of biogenic VOCs
at atmospheric conditions comparable to those in a boreal forest. The experiments
looking into the oxidation of methane and a-pinene were conducted as proof-of-
principle experiments for the determination of organic nitrate yields and the anal-
ysis of ROx radical budgets. Concerning the myrcene oxidation scheme, only OH
induced oxidation was studied. Both the ozonolysis and the OH induced oxidation
of A3-carene as well as the photolysis and OH oxidation of caronaldehyde, one of
the main daytime oxidation products of A3-carene oxidation, were studied.
Experiments investigating the oxidation mechanism of S-pinene with special re-
gard to the formation of first generation peroxy radicals were conducted in a free-jet
flow system at the TROPOS institute in Leipzig, and the SAPHIR-STAR chamber
at the Forschungszentrum Jiilich. The peroxy radicals were measured using CIMS
instruments with amines as primary ions. For the measurements at the SAPHIR-
STAR chamber, the CIMS instrument was optimized for the measurement of peroxy

radicals.

8.2.2 Organic nitrate yields

Organic nitrates (RONO,) are formed from the reaction of peroxy radicals (RO,)
derived from the oxidation of VOCs with NO. Alternatively, an alkoxy radical and
NO, can be formed from this reaction. Usually, the alkoxy radical formation is the
dominant pathway. However, the branching ratios differ depending on the structure
of the peroxy radical. As organic nitrates have lower vapour pressures than their
parent compounds and are therefore prone to condense on atmospheric particles
(Rollins et al. (2013)) contributing to particle growth, it is important to know the
branching ratios for their formation as exactly as possible.

Jenkin et al. (2019) developed a structure-activity relationship (SAR) method
that can be applied to the bimolecular reactions of peroxy radicals. For the branch-
ing ratio of the RO, + NO reaction, they suggest an updated calculation method
originally reported by Carter and Atkinson (1989). This method takes into account
the number of carbon, oxygen and nitrogen atoms in the organic group of the peroxy
radical, the degree of substitution of the peroxy radical and some effects from the
presence of oxygenated substituents. Assuming a primary peroxy radical from the
first oxidation step of the oxidation of a monoterpene with the generic sum formula
OH—C;(H;40,, the branching ratio for the formation of an organic nitrate would be
0.19 following this method (Figure 8.1).

For the experiments in the SAPHIR chamber, the organic nitrate yield of the re-
actions of the peroxy radicals with NO can be determined from the analysis of the
concentrations of reactive nitrogen species in the chamber (Hantschke et al. (2021),
Tan et al. (2021)). The organic nitrate yields for the oxidation by the OH radical of
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8.2 Monoterpene oxidation

A3-carene, caronaldehyde, myrcene, a-pinene and methane were determined in the

experiments in this work (Figure 8.1).
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Figure 8.1: The organic nitrate yield of the RO, + NO calculated following the
method described in Jenkin et al. (2019) for an unsubstituted primary peroxy radical
for different numbers of carbon, oxygen and nitrogen (ncon) in the organic rest of
the peroxy radical. Coloured points show the organic nitrate yields determined in
experiments in the SAPHIR chamber.

Only one peroxy radical, CH300, is formed in the oxidation of methane. For the
organic nitrate yield obtained for the oxidation of methane, the value predicted by
the SAR and the value obtained in the experiments are in good agreement. For
all other investigated species, the organic nitrate yields determined in the SAPHIR
chamber represent a bulk yield for all peroxy radicals that are formed in the oxi-
dation of the respective VOC and cannot only be assigned to the reaction of one
distinguished peroxy radical with NO. For the two cyclic monoterpenes A3-carene
and a-pinene, the experimentally obtained values are higher than the value calcu-
lated using SAR. Assuming that not only primary, non-substituted peroxy radicals
contribute to the experimental values, the SAR value could be adapted with the
factors for substituted peroxy radicals given in Jenkin et al. (2019). However, this
would only further reduce the organic nitrate yield predicted by SAR and would not
result in a better agreement with the experimentally obtained data. The experimen-
tally obtained organic nitrate yields for myrcene and caronaldehyde are lower than

predicted by SAR. Applying the factors given in Jenkin et al. (2019) may therefore
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8.2 Monoterpene oxidation

ameliorate the agreement of the experimental values with the SAR predictions.

While the SAR predictions are useful to get a first estimate of the branching ratios
of certain reactions, the result of the comparison of the SAR predictions to the ex-
perimental values obtained in this work suggests that the organic nitrate yields are
highly dependent on a molecules’ exact structure. Even for the structurally very sim-
ilar bicyclic monoterpenes A3-carene and a-pinene, the experimentally determined
values for the branching ratios differ by several percent. For a better understanding
of the atmospheric oxidation mechanisms of VOC, the determination of molecule-
specific branching ratios is therefore important. However, direct measurements of
organic nitrates are not always possible. Methods to determine organic nitrate yields
without their direct measurement as presented in this work for experiments in the
SAPHIR chamber are therefore useful tools.

8.2.3 ROx radical budget

By looking into radical production and destruction reactions and determining their
rates, it is possible to find out whether there are radical processes occurring that
are not considered in the chemical mechanisms. In this work, the radical budgets of
the ROx radical family members OH, HO, and RO, are determined individually for
the oxidation experiments of myrcene, and a total ROx radical budget is also deter-
mined for the oxidation experiments investigating myrcene and A3-carene oxidation.
During the experiments, radical production and destruction reactions must be bal-
anced because of the short lifetime of the radicals in the range of seconds to minutes.

A chemical budget analysis was applied to determine the total ROx budgets for
the experiments investigating the oxidation of A3-carene in the SAPHIR chamber.
It was found that the ROx budget is well balanced, so that it can be concluded
that there are no primary radical formation or destruction reactions unaccounted
for. The budgets of the individual OH, HO, and RO, were not determined due to
missing measurements of the concentrations of some species needed in the analysis.

For the experiments investigating the oxidation mechanism of myrcene, radical
destruction and production rates were calculated for OH, HO,, RO, and ROx radi-
cals. Large discrepancies were found in the radical budget analysis for the oxidation
of myrcene. The ROx radical budget could only be balanced by reducing the SAR
predicted HO, + RO, reaction rate by 60%. Alternatively, changing the product
distribution expected from the RO, + HO, reaction also reduces the observed dis-
crepancies. The major reaction products of the RO, + HO, reaction are usually
assumed to be hydroperoxides. The formation of hydroperoxides terminates the
radical chain. If it is assumed that instead of the formation of hydroperoxides, OH
and HO, radicals are formed from the RO, + HO, reactions in yields of 0.3 to 0.6,
the ROx radical budget would also be balanced. This would for example be the
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8.2 Monoterpene oxidation

case if the RO, + HOj reaction would yield an alkoxy radical, a hydroxy radical and
oxygen (Chapter 1.2). The RO, radical budget is also not balanced for the experi-
ments in the SAPHIR chamber with low NO mixing ratios. At these conditions, it
can be assumed that unimolecular reactions of the peroxy radicals that lead to the
formation of higher oxidized peroxy radicals, thus propagating the radical chain, are
competitive with the bimolecular reactions. The radical destruction and formation
reactions are better balanced if unimolecular reactions of the peroxy radicals are
introduced. The peroxy radicals formed in the oxidation of myrcene have several
double bonds retained in their structure, which was found to be a prerequisite for
fast unimolecular reactions (Moller et al. (2020)). Additionally, the peroxy radicals
bear structural similarities with peroxy radicals derived from the oxidation of iso-
prene that were found to be able to undergo fast unimolecular reactions competitive
with bimolecular reactions at low NOx conditions (Novelli et al. (2020)). It can
therefore be assumed that fast unimolecular reactions of the peroxy radicals formed
in the oxidation of myrcene are possible.

Overall, the analysis of the radical budgets of the myrcene experiments point to-
wards a fast unimolecular reaction forming HO, radicals. In the future, this needs
to be further investigated and experimentally proven, e.g. by the measurement of
the individual RO, radicals.

8.2.4 Product yields

The yield of caronaldehyde, the main product of the oxidation of A3-carene with
the OH radical and one of the reaction products of A3-carene ozonolysis, was de-
termined from the experiments in the SAPHIR chamber. The obtained results were
in the range of yields reported in the literature. Additionally, the OH yield was
determined for the ozonolysis of A3-carene and found to be in good agreement with
theoretically calculated values reported in the literature.

In the experiments investigating the oxidation of myrcene in the SAPHIR chamber,
the yields of acetone and formaledehyde were determined. Since certain products
can only be derived from certain mechanistic pathways, the obtained product yields
reflect the branching ratios of the first reaction steps, i.a. the attack of the OH rad-
ical. The formaledehyde yield found in the myrcene oxidation experiment is lower
than what would be expected for the experimental conditions from current mecha-
nistic knowledge. From SAR, a formaldehyde yield of 0.48 would be expected. The
formaldehyde yield in the experiments was 0.35+0.08. The discrepancy between the
value predicted by SAR and the value determined in the experiments could be fully
explained by assuming a fast unimolecular isomerization pathway competing with
the bimolecular reaction leading to the formation of formaldehyde. This supports

the conclusion from the chemical budget analysis that fast unimolecular reactions
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of the peroxy radicals occur.

8.2.5 Importance of unimolecular reactions in the oxidation

mechanism of [5-pinene

In the experiments in the free-jet flow system, the reaction rates of unimolecular
reactions of the peroxy radicals formed in the oxidation of -pinene were experi-
mentally determined from the peroxy radical ratios for the first time.

The experimentally determined ratios between the peroxy radicals with the sum
formulas OH—C,4H;0,, OH—CH,50, and OH—C,(H504 were compared to ra-
tios obtained from box model calculations using the reaction rate constants for the
autoxidation reactions of RO, from S-pinene oxidation published by Vereecken and
Peeters (2012) and Xu et al. (2019). A good agreement of the experimental and mod-
elled ratios was achieved with the reaction rates by Vereecken and Peeters (2012).
With the reaction rates published by Xu et al. (2019), the experimentally observed
ratios of OH—C;yH ;405 to OH—C;yH;50, and OH—C;H;50, to OH—C;oH;40¢ per-
oxy radicals could not be matched. A correction of the reaction rates by about
an order of magnitude was necessary to bring the experimental and modelled ra-
tios into agreement. The overall reaction rate for the formation of OH—C,,H50,
from OH—C,oH40, peroxy radical was in agreement with the value reported by
Vereecken and Peeters (2012) after the corrections. For the first autoxidation, in
which OH—C,yH;50, peroxy radicals are formed from OH—C;yH;50, peroxy radi-
cals, a reaction rate in the range of 0.6s™! was determined. For the second autox-
idation step, where OH—C;,H 404 peroxy radicals are formed from OH—C;yH 504
peroxy radicals, the reaction rate depends on the branching ratio between the dif-
ferent OH—C,,H 0, isomers.

8.3 Implications for atmospheric chemistry

For (-pinene, an explicit atmospheric oxidation mechanism is part of the MCM
(Saunders et al. (2003), version 3.3.1 via website: http://mcm.york.ac.uk, last ac-
cess January 2022). However, recent studies by Vereecken and Peeters (2004, 2012),
Kaminski et al. (2017) and Xu et al. (2019) demonstrated that the mechanism in
the MCM, version 3.3.1, misses key steps of the actual atmospheric oxidation of
[-pinene. Specifically the disregard of unimolecular reactions of the peroxy radicals
formed from the initial attack of the OH radical leads to discrepancies when com-
paring recent results from experiments at atmospheric conditions to the mechanism
reported by the MCM (Kaminski et al. (2017)).
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In the experiments in this work investigating the oxidation mechanism of S-pinene,
speciated RO, radical concentrations and the ratios of the initially formed peroxy
radical and peroxy radicals formed in further autoxidation steps were determined
with a recently developed ionization scheme for a CIMS instrument. It was found
that unimolecular reactions are of importance in the oxidation of S-pinene, for con-
ditions typical for regions where the NOx mixing ratios are low, so that unimolecular
reactions become competitive to bimolecular RO, loss reactions.

From the analysis of the data obtained in the experiments investigating the oxi-
dation mechanisms of A%-carene and myrcene in the SAPHIR chamber conducted
in this work several conclusions can be drawn about the importance of unimolec-
ular reactions in their oxidation mechanisms and the yields of products formed in
bimolecular reactions of the peroxy radical derived from their oxidation. Especially
the radical budget considerations contribute to clarifying whether the oxidation
mechanism of the investigated monoterpenes contain unaccounted reactions leading
to radical formation. Those may help to explain discrepancies found when modelling
the radical concentrations measured in field studies (e.g. Hens et al. (2014), Kim
et al. (2013)).

In the experiments investigating the photooxidation of A®-carene, the ROx radi-
cal budget was closed. It can therefore be assumed that there are no unaccounted
processes leading to radical reformation. Contrary, the experimental radical bud-
gets in the experiments investigating the oxidation mechanism of myrcene were only
balanced when fast unimolecular reactions reforming radicals were assumed. These
unimolecular reaction pathways need to be considered in future investigations of
the oxidation mechanism and in chemical models, so that correct values for product
yields and radical regeneration can be obtained.

Kinetic data like reaction rate constants, product yields and branching ratios are
required for testing modelled oxidation mechanism, the development of SAR and
the correct prediction of air quality and climate by chemical models. The results
obtained in this work contribute to broadening the kinetic data available.

The experiments in the SAPHIR chamber are conducted with a big set of analyt-
ical instruments, so that the concentrations of many important species such as oxi-
dation products were measured.The data obtained in the experiments presented in
Chapters 5 and 6 is available through the EUROCHAMP database
(data.eurochamp.org/data-access/chamber-experiments) and can therefore be used

for further testing of chemical models developed by the community in the future.
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Table S1 . Instrumentation for radical and trace gas detection in the experiments.

measured quantity measurement technique time accuracy LoD

resolution (1o0) 1o0)
OH laser-induced fluoresence (LIF) 47s 13% 0.7x10%cm ™2
HO2, RO2 laser-induced fluoresence (LIF) 47s 16 % 0.8x107 cm ™2
kon laser photolysis + LIF 180s 10 % 03s7!
A®-carene proton-transfer-reaction mass-spectrometer 40s 7 % 2 pptv
CO cavity ring-down spectroscopy 60s 1 ppbv 80 ppbv
NO chemiluminescence 180s 5% 4 pptv
NO- chemiluminescence 180s 5% 2 pptv
HONO long-path absorption photometry 300s 20 % 5 pptv
O3 UV-absorption 10s 5% 1 ppbv
HCHO Hantzsch monitor 90s 8.5% 0.1 ppbv
HCHO cavity ring-down spectroscopy 300s 1.5 ppbv 0.1 ppbv
photolysis freq. spectroradiometer 60s 10 % @

@ several orders of magnitude lower than the maximum value at noon
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Figure S1 . Measured and modeled A®-carene concentrations for the ozonolysis experiment E4. During the second part of the experiment
(upper panel), 90 ppmv of an OH scavenger (CO) were injected to suppress OH, so that A3-carene reacted only with ozone. The modeled
decay is fitted with a rate constant of (4.4 4 0.2) x 1077 cm® s~*. During the first part of the experiment (lower panel), when no CO was
present, the measured decay of A3-carene is signficantly faster than expected from ozonolysis alone. The measured time series of A®-carene
can be best matched, if an OH yield of 0.65 £ 0.10 from its ozonolysis reaction is assumed. OH yields of 0.20, 0.40 and 0.80 are also

presented in the lower panel to demonstrate the sensitivity of the system to changes in the OH yield.
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Figure S2 . Overview of measured concentrations for selected species in the SAPHIR chamber for the A®-carene + OH oxidation experiment

with low NOx conditions on E2. Dashed lines indicate times when A®-carene was injected into the chamber.
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Figure S3 . Overview of measured concentrations for selected species in the SAPHIR chamber for the caronaldehyde photooxidation exper-
iments E5. The shaded area indicates the time where CO was injected as an OH scaveger (experiment E6). Dashed lines indicate times when

caronaldehyde was injected into the chamber.
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Figure S4 . Timeseries of QCHONO), kon4+no X OH x NO and juono X HONO used to calculate the organic nitrate yield of the OH +

A3-carene in the main text (see Section 2.5).
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Figure S1. Overview of time series of trace gas and radical concentrations in the chamber experiment investigating the OH oxidation of
myrcene (myrc) for medium NO mixing ratios on 16 August 2012. Total organic peroxy radical (RO2) concentrations and RO2 from the
reaction of OH with myrcene were calculated from observations as explained in Section 2.4. In additions to trace gases, the loss rates of RO2
with respect to their reaction with NO and radical recombination reactions are shown. OH measurements by LIF were scaled by a factor of

0.8 because the comparison between OH and DOAS hints to an calibration error of LIF measurements.
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Figure S2. Same as Fig. S1, but for the experiment with myrcene at low NO conditions on 17 July 2013.
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Figure S3. Same as Fig. S1, but for the experiment with myrcene at low NO conditions on 18 July 2013.
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Figure S4. Same as Fig. S1, but for the experiment with methane on 29 May 2020.
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Figure S5. Same as Fig. S1, but for the experiment with «-pinene on 03 September 2019.
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Figure S6. Comparison of the measured time series of myrcene concentrations with results from model calculations on 22 August 2012 (left
panel) and 16 August 2012 (right panel). The model is constrained to measured temperature, pressure, ozone and OH concentrations and the
rate constant of the reaction of myrcene with OH was optimized resulting in a value of 2.1 x 10~ **molecules cm ~>s ™. OH was measured
on 22 August by DOAS and LIF and only by LIF on 16 August. The comparison of OH and DOAS measurements on 22 August revealed
that LIF measurements need to be scaled by a factor of 0.8, most likely due to a calibration error. Therefore, also measurements on 16 August

are scaled by a factor of 0.8. Model results demonstrates that the scaling of the OH measurements is also required to describe the measured
behaviour of myrcene in this experiment.
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Figure S8. Same as Fig. S7, but for the experiment with myrcene at low NO conditions on 17 July 2013.
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A.3 Supplementary materials to Chapter 7

A.3.1 j-pinene mechanism used in the model

; Source: MCM,version 3.3.1

;adapted unimolecular reaction rates from Vereecken et al., 2012
; or Xu et al., 2019

;rate constants are given in units of s”{-1}

;1f not specified, rate constants are given for 298 K

;nomenclature adapted from MCM, version 3.3.1

;k’s of unimolecular reaction by Vereecken et al., 2012

k [BPINCO2-->BPINCO4E]=CONST(0.62)

k [BPINCO2-->BPINCO4H5]=CONST(0.05)

k [BPINCO4H5-->BPINC0O6]=CONST(10.0)

; k [BPINCO4H5-->BPINCO6] value obtained after optimization

;in this thesis

;k’s of unimolecular reaction by Xu et al., 2019
k [BPINCO2-->BPINC04E]=CONST(4.1)
k [BPINCO2-->BPINC04H5]=CONST(1.0)

; k’s from MCM

k [TME+03-->CH3CH3C0+CH3CH3C00] =CONST (1. 13D-15)

k [CH3CH3C00-->CH3COCH2+0H]=CONST (7. 8D5)

k [BPINENE+03-->NOPINONE+CH200F]=CONST (1.35D-15*EXP (-1270/T) *0.4)
k [BPINENE+03-->NOPINOOA+HCHO]=CONST (1.35D-15%EXP (-1270/T)*0.6)
k [BPINENE+0H-->BPINAO2]=CONST(2.38D-11*EXP (357/T)*0.1)

k [BPINENE+0H-->BPINB0O2]=CONST(2.38D-11+EXP (357/T)*0.01)

k [BPINENE+0H-->BPINC0O2]=CONST(2.38D-11+EXP(357/T)*0.75)

k [NOPINONE+OH-->NOPINAO2]=CONST (1.55D-11%0.535)

k [NOPINONE+QOH-->NOPINB02]=CONST (1.55D-11*0.199)

k [NOPINONE+0OH-->NOPINC02]=CONST (1.55D-11*0.130)

k [NOPINONE+OH-->NOPINDO2]=CONST (1.55D-11%0.136)

k [CH200F-->CH200] =CONST (KDEC*0. 370)

k [CH200F-->C0] =CONST (KDEC*0 . 500)

k [CH200F-->H02+C0+0H] =CONST (KDEC*0 . 130)

k [NOPINOOA-->C8BC]=CONST (KDEC*0 . 330)

k [NOPINOOA-->NOPINDO2+0H] =CONST (KDEC*0.500)
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k [NOPINOOA-->NOPINOO]=CONST (KDEC*0.170)

k [NO3+HCHO-->HNO3+C0+H02] =CONST (5 .5D-16)

k [OH+HCHO-->H02+C0] =CONST (5. 4D-12*%EXP (135/T))

k [BPINAO2+H02-->BPINAOOH] =CONST (KRO2H02+%0.914)

k [BPINAO2+NO-->BPINANO3]=CONST (KRO2NO*0 . 240)

k [BPINAO2+NO-->BPINAOQ+N02]=CONST (KRO2N0O*0.760)

k [BPINAD2+N03-->BPINAO+N02] =CONST (KRO2N0O3)

k [BPINAO2-->BPINAQ]=CONST (9.20D-14%R02%0.7)

k [BPINAO2-->BPINAOH]=CONST(9.20D-14*R02%0.3)

k [BPINBO2+H02-->BPINBOOH] =CONST (KRO2H02+%0.914)

k [BPINBO2+NO-->BPINBN0O3]=CONST (KRO2NO*0.240)

k [BPINBO2+NO-->BPINBO+N0O2]=CONST (KRO2NO*0.760)

k [BPINBO2+N03-->BPINBO+N02] =CONST (KRO2N0O3)

k [BPINBO2-->BPINAOH] =CONST(2.00D-12%R02%0.2)

k [BPINBO2-->BPINBO]=CONST(2.00D-12%R02%0.6)

k [BPINBO2-->C918CHO]=CONST (2.00D-12*%R02%0.2)

k [BPINCO2+H02-->BPINCOOH] =CONST (KRO2H02#0.914)

k [BPINCO2+NO-->BPINCNO3]=CONST (KRO2NO*0 . 125)

k [BPINCO2+NO-->BPINCO+N02]=CONST (KRO2N0O*0.875)

k [BPINCO2+N03-->BPINCO+N02] =CONST (KRO2N0O3)

k [BPINCO2-->BPINCO]=CONST(6.70D-15%R02%0.7)

k [BPINCO2-->BPINCOH]=CONST (6.70D-15%R02%0.3)

k [BPINCO4E+NO-->BPINCNO5]=CONST (KRO2NO*0 . 125)

k [BPINCO4E+NO-->BPINCO3+N02] =CONST (KRO2NO*0.875)
k [BPINCO4E-->BPINCO]=CONST (6.70D-15%R02*0.7)

k [BPINCO4E-->BPINCOH4]=CONST(6.70D-15%¥R02*0. 3)

k [BPINCO4E+H02-->BPINCOOH] =CONST (KRO2H02%0.914)
k [BPINCO4H5+N0-->BPINCNO5] =CONST (KRO2NO*0 . 125)

k [BPINCO4H5+N0-->BPINC0O3+N02] =CONST (KRO2N0*0 . 875)
k [BPINCO4H5-->BPINCO]=CONST (6.70D-15%R02*0.7)

k [BPINCO4H5-->BPINCOH4]=CONST(6.70D-15%R02x0.3)
k [BPINCO4H5+H02-->BPINCOOH] =CONST (KRO2H02%0 . 914)
k [BPINCO6+N0-->BPINCNO7]=CONST (KRO2NO*0.125)

k [BPINCO6+NO-->BPINCO5+N02] =CONST (KRO2N0*0 . 875)
k [BPINCO6-->BPINCO]=CONST (6.70D-15%R02%0.7)

k [BPINCO6-->BPINCOH4]=CONST (6.70D-15%R02%0.3)

k [BPINCO6+H02-->BPINCOOH] =CONST (KRO2H02+%0.914)

k [BPINCNO3+0H-->NOPINONE+HCHO+NO2] =CONST (4.7D-12)
k [BPINBNO3+0H-->NOPINONE+HCHO+N02] =CONST (4.7D-12)
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k [BPINANO3+0H-->NOPINONE+HCHO+N0O2]=CONST(4.7D-12)
k [BPINCNO5-->STUFF]=CONST(4.7D-12)

k [BPINCNO7-->STUFF]=CONST(4.7D-12)

k [NBPINAOOH+0H-->NBPINAO2]=CONST(9.58D-12)

k [NBPINAO-->NOPINONE+HCHO+N02]=CONST (KDEC)

k [BPINBNO3+0H-->C918CHO+N02] =CONST(6.12D-12)

k [NBPINBOOH+0H-->NC91CHO+0H] =CONST(9.08D-12)

k [NBPINBO-->NOPINONE+HCHO+NO2]=CONST(7.00D+03)

k [BPINANO3+0H-->NOPINONE+HCHO+N0O2]=CONST (4.70D-12)
k [NC91CHO+N03-->NC91C03+HNO3] =CONST (KNO3AL*8.5)
k [NC91CHO+0H-->NC91C03]=CONST (8.63D-12)

k [NOPINAO2+H02-->NOPINAOOH] =CONST (KRO2H02+0.890)
k [NOPINAO2+NO-->NOPINANO3]=CONST (KRO2NO*0.157)

k [NOPINAO2+NO-->NOPINAQ+NO2]=CONST (KRO2NO*0.843)
k [NOPINAO2+N0O3-->NOPINAO+NO2]=CONST (KRO2NO3)

k [NOPINAO2-->C9DC]=CONST (2.50D-13*R02*0.2)

k [NOPINAO2-->NOPINAQ]=CONST(2.50D-13+R02%0.6)

k [NOPINAO2-->NOPINAQOH] =CONST(2.50D-13*R02%0.2)

k [NOPINBO2+H02-->NOPINBOOH] =CONST (KRO2H02%0.890)
k [NOPINBO2+NO-->NOPINBNO3]=CONST (KRO2NO*0.157)

k [NOPINBO2+NO-->NOPINBO+NO2]=CONST (KRO2NO*0.843)
k [NOPINBO2+N0O3-->NOPINBO+N02]=CONST (KRO2N0O3)

k [NOPINBO2-->NOPINBCO]=CONST (2.50D-13*R02%0.2)

k [NOPINBO2-->NOPINBO]=CONST (2.50D-13*R02*0.6)

k [NOPINBO2-->NOPINBOH]=CONST (2.50D-13*R02%0.2)

k [NOPINCO2+H02-->NOPINCOOH] =CONST (KRO2H02%0.890)
k [NOPINCO2+NO-->NOPINCNO3]=CONST (KRO2NO*0.118)

k [NOPINCO2+NO-->NOPINCO+NO2] =CONST (KRO2NO*0.882)
k [NOPINCO2+N0O3-->NOPINCO+N02]=CONST (KRO2N0O3)

k [NOPINCO2-->NOPINCO]=CONST (6.70D-15%xR02*0.7)

k [NOPINCO2-->NOPINCOH] =CONST (6.70D-15%R02%0.3)

k [NOPINDO2+H02-->NOPINDOOH] =CONST (KRO2H02%0.890)
k [NOPINDO2+NO-->NOPINDO+NO2]=CONST (XRO2NO)

k [NOPINDO2+N0O3-->NOPINDO+NO2]=CONST (KRO2NO3)

k [NOPINDO2-->NOPINDCO]=CONST(2.00D-12%R02*0.05)
k [NOPINDO2-->NOPINDO]=CONST (2.00D-12*R02*0.9)

k [NOPINDO2-->NOPINDOH] =CONST(2.00D-12%R02%0.05)
k [CH200+C0-->HCHO]=CONST(1.20D-15)

k [CH200+NO-->HCHO+N02] =CONST (1.00D-14)
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k [CH200+N02-->HCHO+N0O3] =CONST(1.00D-15)

k [CH200+802-->HCHO+S03]=CONST (7 .00D-14)

k [CH200-->HCHO+H202] =CONST (6. 00D-18*H20)

k [CH200-->HCOOH] =CONST (1.00D-17*H20)

k [C8BC+0H-->C8BC02] =CONST (3.04D-12)

k [NOPINOO+CO-->NOPINONE]=CONST (1.20D-15)

k [NOPINOO+NO-->NOPINONE+N02] =CONST (1.00D-14)

k [NOPINOO+NO2-->NOPINONE+N03]=CONST(1.00D-15)

k [NOPINOO+S02-->NOPINONE+S03] =CONST (7.00D-14)

k [NOPINOO-->NOPINONE+H202]=CONST (6 .00D-18*H20)

k [BPINAOOH+0H-->BPINAO2] =CONST(1.33D-11)

k [BPINAO-->NOPINONE+HCHO+H02] =CONST (KDEC)

k [BPINAOH+0H-->C918CHO+H02] =CONST (9.88D-12)

k [BPINBOOH+0H-->C918CHO+0H] =CONST (1.90D-11)

k [BPINBO-->NOPINONE+HCHO+H02] =CONST (KDEC)

k [C918CHO+N03-->C918C03+HN03] =CONST (KNO3AL*8.5)
k [C918CHO+0H-->C918C03]=CONST(3.17D-11)

k [BPINCOOH+0H-->BPINC0O2]=CONST(9.72D-11)

k [BPINCNO3+0H-->HCC7C0+CH3COCH3+N02] =CONST(9.38D-11)
k [BPINCO-->C72002+CH3COCH3] =CONST (KDEC)

k [BPINCOH+0H-->BPINCO]=CONST(9.37D-11)

k [NC91C03+H02-->NC91CO3H] =CONST (KAPHO2%0 . 56)

k [NC91C03+H02-->NOPINONE+N0O2+0H] =CONST (KAPHO2%0 . 44)
k [NC91C03+N0-->NOPINONE+N0O2+N02] =CONST (KAPNQO)

k [NC91C03+N02-->NC91PAN] =CONST (KFPAN)

k [NC91C03+N03-->NOPINONE+N02+N02] =CONST (KRO2NO3*1 . 74)
k [NC91C03-->NOPINONE+N0O2]=CONST(1.00D-11%R02)

k [NOPINAOOH+0H-->C9DC+0H] =CONST (8.59D-11)

k [NOPINANO3+0H-->C9DC+N02] =CONST (3.24D-12)

k [NOPINAO-->C91802] =CONST (2. 70D+14*EXP (-6643/T))
k [NOPINAO-->C9DC+H02] =CONST (KROSEC*02)

k [C9DC+0H-->C9DCO2] =CONST (6.07D-12)

k [NOPINAOH+0H-->C9DC+H02] =CONST(3.68D-11)

k [NOPINBOOH+0H-->NOPINBCO+0H] =CONST (3.44D-11)

k [NOPINBNO3+0H-->NOPINBCO+N02] =CONST (6.05D-12)

k [NOPINBO-->C91502] =CONST (KDEC)

k [NOPINBCO+0H-->C91502] =CONST(1.64D-11)

k [NOPINBOH+0H-->NOPINBCO+H02] =CONST (1.81D-11)

k [NOPINCOOH+0H-->NOPINC02]=CONST (1.11D-11)
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k [NOPINCNO3+0H-->CH3COCH3+C619C0+N02] =CONST (6.37D-12)
k [NOPINCO-->C91702] =CONST (KDEC)

k [NOPINCOH+0H-->NOPINCO]=CONST(7.69D-12)

k [NOPINDOOH+OH-->NOPINDCO+0H] =CONST(2.63D-11)

k [NOPINDO-->C89C03] =CONST (KDEC)

k [NOPINDCO+0H-->C89C03]=CONST(3.07D-12)

k [NOPINDOH+0H-->NOPINDCO+H02] =CONST(1.41D-11)

k [HCOOH+0H-->H02] =CONST (4 .5D-13)

k [C8BCO2+H02-->C8BCOOH] =CONST (KRO2HO2*0 . 859)

k [C8BCO2+N0-->C8BCN0O3] =CONST (KRO2N0*0 . 138)

k [C8BCO2+N0-->C8BCO+N02] =CONST (KRO2NO*0 . 862)

k [C8BCO2+N03-->C8BCO+N02] =CONST (KRO2N03)

k [C8BCO2-->C8BCCO] =CONST (2.50D-13%R02%0.2)

k [C8BC02-->C8BCO]=CONST (2.50D-13*R02*0.6)

k [C8BCO2-->C8BCOH] =CONST (2.50D-13%R02%0.2)

k [C918C03+H02-->C918C0O3H] =CONST (KAPHO2%0 . 56)

k [C918C03+H02-->NOPINONE+H02+0H] =CONST (KAPHO2x%0 . 44)
k[C918C03+N0-->NOPINONE+H0O2+N02]=CONST (KAPNO)

k [C918C03+N02-->C918PAN]=CONST (KFPAN)

k [C918C03+N03-->NOPINONE+H02+N02] =CONST (KRO2N03*1.74)
k[C918C03-->NOPINONE+H02]=CONST (1.00D-11%R02)

k [HCC7CO+0H-->C71902] =CONST (1.19D-10)

k [CH3COCH3+0H-->CH3C0CH202] =CONST (8. 8D-12*EXP (-1320/T)+1.7D-14*EXP (423/T))
k [C72002+H02-->C72000H] =CONST (KRO2H02%0 . 820)

k [C72002+N0-->C720N03] =CONST (KRO2N0*0. 278)

k [C72002+N0-->C7200+N02] =CONST (KRO2NO*0.722)

k [C72002+N03-->C7200+N02] =CONST (KRO2NO3)

k [C72002-->C7200]=CONST (2.50D-13%R02*0.6)
k[C72002-->C7200H] =CONST (2.50D-13%R02%0.2)

k [C72002-->HCC7C0]=CONST(2.50D-13*R02%0.2)

k [NC91CO3H+0H-->NC91C03] =CONST(8.85D-12)

k [NC91PAN+0H-->NOPINONE+CO+N02+N02] =CONST (4.90D-12)
k [NC91PAN-->NC91C03+N02]=CONST (KBPAN)

k [C91802+H02-->C91800H] =CONST (KRO2H02*0 . 890)

k [C91802+N0-->C918N03] =CONST (KRO2N0*0 . 047)

k [C91802+N0-->C9180+N02] =CONST (KRO2NO*0 . 953)
k[C91802+N03-->C9180+N02] =CONST (KRO2N0O3)
k[C91802-->C9180]=CONST(6.70D-15%R02%0.7)
k[C91802-->C9180H] =CONST (6.70D-15%R02%0. 3)
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k [CODCO2+H02-->C9DCOOH] =CONST (KRO2HO2+0 . 890)
k [CODCO2+N0-->C9DCNO3] =CONST (KRO2N0*0 . 157)

k [CODCO2+N0-->C9DCO+N02] =CONST (KRO2NO*0 . 843)
k [CODCO2+N03-->C9IDCO+N02] =CONST (KRO2NO3)

k [C9DCO2-->CIDCCO] =CONST (2.50D-13*R02%0. 2)

k [C9DCO2-->C9DCO] =CONST (2.50D-13*R02*0.6)

k [CODCO2-->CIDCOH] =CONST (2.50D-13%R02%0.2)

k [C91502+H02-->C91500H] =CONST (KRO2H0O2x0 . 890)
k[C91502+N0-->C915N03] =CONST (KRO2NO*0. 157)
k[C91502+N0-->C9150+N02] =CONST (KRO2NO*0 . 843)
k[C91502+N03-->C9150+N02] =CONST (KRO2NO3)
k[C91502-->C88CHO] =CONST (8.80D-13%R02%0.2)
k[C91502-->C9150]=CONST (8.80D-13%R02*0.6)
k[C91502-->C9150H] =CONST (8.80D-13%R02%0.2)

k [C619C0+0H-->C512C03]=CONST(5.99D-12)
k[C91702+H02-->C91700H] =CONST (KRO2H0O2x0 . 890)
k[C91702+N0-->C917N03]=CONST (KRO2NO*0.118)
k[C91702+N0-->C9170+N02] =CONST (KRO2NO*0 . 882)
k[C91702+N03-->C9170+N02] =CONST (KRO2NO3)
k[C91702-->C9170]=CONST (6.70D-15%R02%0.7)
k[C91702-->C9170H] =CONST (6.70D-15%R02*0. 3)

k [C89C03+H02-->C89C02+0H] =CONST (KAPHO2%0 . 44)
k [C89C03+H02-->C89CO2H+03] =CONST (KAPHO2%0. 15)
k [C89C03+H02-->C89CO3H] =CONST (KAPHO2+0.41)

k [C89C03+N0-->C89C02+N02] =CONST (KAPNO)

k [C89C03+N02-->C89PAN] =CONST (KFPAN)

k [C89C03+N03-->C89C02+N02] =CONST (KRO2N0O3*1.74)
k [C89C03-->C89C02] =CONST (1.00D-11%R02%0.7)

k [C89C03-->C89C02H] =CONST (1.00D-11*R02%0.3)
k [C8BCOOH+0H-->C8BCCO+0H] =CONST (1.62D-11)

k [C8BCNO3+0H-->C8BCCO+N02] =CONST (1.84D-12)

k [C8BCO-->C8902]=CONST (KDEC)

k [C8BCCO+0H-->C8902] =CONST (3.94D-12)

k [C8BCOH+0H-->C8BCCO+H02] =CONST (6.81D-12)

k [C918CO3H+0H-->C918C03]=CONST (1.46D-11)

k [C918PAN+0H-->NOPINONE+CO+N02] =CONST (5.71D-12)
k [C918PAN-->C918C03+N02] =CONST (KBPAN)

k [C71902+H02-->C71900H] =CONST (KRO2H0O2%0 . 820)
k [C71902+N0-->C719N03]=CONST (KRO2N0*0 . 042)
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k [C71902+N0-->C7190+N02]=CONST (KRO2NO*0 . 958)

k [C71902+N03-->C7190+N02]=CONST (KRO2N0O3)
k[C71902-->C7190]=CONST(9.20D-14%R02%0.7)
k[C71902-->C7190H] =CONST (9. 20D-14%R02%0. 3)

k [CH3COCH202+H02-->CH3COCH20+0H] =CONST (1. 36D-13*EXP (1250/T) *0. 15)
k [CH3COCH202+H02-->HYPERACET]=CONST (1.36D-13+EXP (1250/T) *0.85)

k [CH3COCH202+N0-->CH3COCH20+N02] =CONST (KRO2NO)

k [CH3COCH202+N03-->CH3COCH20+N02] =CONST (KRO2NO3)

k [CH3COCH202-->ACETOL] =CONST (2* (K298CH302+%8.0D-12) @0 . 5%R02%0 . 2)

k [CH3COCH202-->CH3COCH20] =CONST (2 (K298CH302%8 . 0D-12) @0 . 5%R02*0 . 6)
k [CH3COCH202-->MGLYOX] =CONST (2% (K298CH302*8 . 0D-12) @0 . 5%R02%0 . 2)

k [CH3C03+H02-->CH3C02H+03] =CONST (KAPHO2%0. 15)

k [CH3C03+H02-->CH3C03H] =CONST (KAPH02*0.41)

k [CH3C03+H02-->CH302+0H] =CONST (KAPHO2*0 . 44)

k [CH3C03+N0-->N02+CH302] =CONST (7 .5D-12+EXP (290/T))

k [CH3C03+N02-->PAN] =CONST (KFPAN)

k [CH3C03+N03-->N02+CH302] =CONST (4.0D-12)

k [CH3C03-->CH3C02H] =CONST (1.00D-11*0.3%R02)

k [CH3C03-->CH302] =CONST (1.00D-11%0 . 7*R02)

k [CH302+H02-->CH300H] =CONST (3.8D-13*EXP (780/T) * (1-1/ (1+498*EXP(-1160/T))))
k [CH302+H02-->HCHO] =CONST (3.8D-13+EXP (780/T) * (1/ (1+498+EXP (-1160/T))))
k [CH302+N0-->CH3N03]=CONST (2.3D-12+EXP (360/T) *0.001)

k [CH302+N0-->CH30+N02] =CONST (2. 3D-12*EXP (360/T) *0.999)

k [CH302+N02-->CH302N02] =CONST (KMT13)

k [CH302+N03-->CH30+N02] =CONST(1.2D-12)

k [CH302-->CH30] =CONST (2*KCH302+R02*7 . 18*EXP (-885/T) )

k [CH302-->CH30H] =CONST (2+¥KCH302*R02+0 . 5% (1-7 . 18*EXP (-885/T)))

k [CH302-->HCHO] =CONST (2+xKCH302*%R02+0 . 5% (1-7 . 18*EXP (-885/T) ))

k [C72000H+0H-->HCC7C0+0H] =CONST (1.27D-10)

k [C720N03+0H-->HCC7C0+N02] =CONST (9.60D-11)

k [C7200-->HCC7CO+H02] =CONST (KROSEC*02)

k [C7200H+0H-->HCC7C0+H02] =CONST (1.09D-10)

k [C91800H+0H-->C91802] =CONST(7.91D-11)

k [C918N03+0H-->HCOCH2CHO+HCOCH2CHO+CH3COCH3+N02] =CONST (6. 79D-11)
k[C9180-->C91902] =CONST (KDEC)

k [C9180H+0H-->C9180]=CONST(7.16D-11)

k [CODCOOH+0H-->C9DCCO+0H] =CONST (7 .50D-11)

k [CO9DCNO3+0H-->CIDCCO+NO2] =CONST (1.58D-12)

k [CODCO-->C91402] =CONST (KDEC)
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k [C9DCCO+0H-->C91402]=CONST(1.32D-12)

k [CODCOH+0H-->C9DCCO+H02] =CONST (3.11D-11)

k [C91500H+0H-->C88CHO+0H] =CONST (1.01D-10)

k [C915N03+0H-->C88CHO+N02] =CONST (6.96D-11)

k [C9150-->C88CHO+H02] =CONST (KROSEC*02)
k[C9150-->C91602] =CONST (2. 70D+14*EXP (-6643/T))
k [C88CHO+N03-->C88C03+HN03]=CONST (KNO3AL*8.5)

k [C88CHO+0H-->C88C03]=CONST (7.30D-11)

k [C9150H+0H-->C88CHO+H02] =CONST (8.33D-11)

k [C512C03+H02-->C512C02H+03] =CONST (KAPH02x*0 . 15)
k [C512C03+H02-->C512C03H] =CONST (KAPHO2%0.41)

k [C512C03+H02-->C51202+0H] =CONST (KAPHO2%0 . 44)
k[C512C03+N0-->C51202+N02] =CONST (KAPNO)

k [C512C03+N02-->C512PAN]=CONST (KFPAN)

k [C512C03+N03-->C51202+N02] =CONST (KRO2N03%*1.74)
k[C512C03-->C512C02H] =CONST (1.00D-11*R02%0.3)
k[C512C03-->C51202] =CONST(1.00D-11*R02%0.7)

k [C91700H+0H-->C91702]=CONST(1.91D-11)

k [C917N0O3+0H-->CH3COCH3+C619C0+N02] =CONST(9.97D-12)
k[C9170-->C61902+CH3COCH3] =CONST (KDEC)
k[C9170H+0H-->C9170]=CONST (1.56D-11)

k [C89C02-->C811C03] =CONST (KDEC*0 . 80)

k [C89C02-->C8902] =CONST (KDEC*0. 20)

k [C89CO2H+0H-->C89C02] =CONST(2.69D-11)

k [C89CO3H+0H-->C89C03] =CONST(3.00D-11)

k [C89PAN+0H-->CH3COCH3+C013C4CHO+C0O+N02] =CONST (2.52D-11)
k [C89PAN-->C89C03+N02] =CONST (KBPAN)

k [C8902+H02-->C8900H] =CONST (KRO2H02*0 . 859)

k [C8902+N0-->C89N03]=CONST (KRO2N0O*0 . 104)

k [C8902+N0-->C890+N02] =CONST (KRO2N0*0 . 896)

k [C8902+N03-->C890+N02] =CONST (KRO2NO3)

k [C8902-->C890]=CONST (6. 70D-15*R020.7)

k [C8902-->C890H] =CONST (6. 70D-15%R02*0 . 3)

k [C71900H+0H-->C71902]=CONST(7.06D-11)

k [C719N0O3+0H-->C7160H+N02] =CONST (1.26D-11)

k [C7190-->C7160H+H02]=CONST (KDEC)

k [C7190H+0H-->C7190]=CONST(6.72D-11)

k [CH3COCH20-->CH3C03+HCHO] =CONST (KDEC)

k [HYPERACET+0H-->CH3COCH202] =CONST (1.90D-12+EXP (190/T))
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k [HYPERACET+0H-->MGLYOX+0H]=CONST (8.39D-12)

k [ACETOL+0H-->MGLYOX+H02]=CONST (1.6D-12*EXP (305/T))
k [NO3+MGLYOX~-->CH3C03+CO+HNO3]=CONST (KNO3AL*2.4)

k [OH+MGLY0X-->CH3C03+C0]=CONST (1.9D-12«EXP(575/T))
k [CH3CO2H+0H-->CH302] =CONST (8.00D-13)

k [CH3CO3H+0H-->CH3C03]=CONST (3.70D-12)

k [PAN+0OH-->HCHO+CO+N02] =CONST (3D-14)

k [PAN-->CH3C03+N02] =CONST (KBPAN)

k [OH+CH300H-->CH302] =CONST (5.3D-12*EXP(190/T) *0.6)
k [OH+CH300H-->HCHO+0H] =CONST (5.3D-12*EXP (190/T) *0.4)
k [OH+CH3N03-->HCHO+N02] =CONST (4. 0D-13*EXP (-845/T))
k [CH30-->HCHO+HO02] =CONST (7 . 2D-14*EXP (-1080/T) *02)
k [CH302N02-->CH302+N02] =CONST (KMT14)

k [CH30H+0H-->H02+HCHO] =CONST (2.85D-12*EXP (-345/T))
k [NO3+HCOCH2CHO-->HCOCH2C03+HNO3]=CONST (2+*KNO3AL*2.4)
k [OH+HCOCH2CHO-->HCOCH2C03] =CONST (4.29D-11)
k[C91902+H02-->C91900H] =CONST (KRO2H02%0 . 890)
k[C91902+N0-->C919N03]=CONST (KRO2NO*0.118)
k[C91902+N0-->C9190+N02] =CONST (KRO2NO*0 . 882)
k[C91902+N03-->C9190+N02]=CONST (KRO2NO3)
k[C91902-->C9190] =CONST (6.70D-15*%R02*0.7)
k[C91902-->C9190H] =CONST (6.70D-15+xR02*0.3)
k[C91402+H02-->C91400H] =CONST (KRO2H02*0 . 890)

k [C91402+N0-->C9140+N02]=CONST (KRO2NO)

k [C91402+N03-->C9140+N02] =CONST (KRO2NO3)
k[C91402-->C914C0]=CONST (8.80D-13*R02%0.2)
k[C91402-->C9140]=CONST(8.80D-13*R02%0.6)
k[C91402-->C9140H]=CONST (8.80D-13+R02*0.2)
k[C91602+H02-->C91600H] =CONST (KRO2H02*0 . 890)
k[C91602+N0-->C916N03]=CONST (KRO2N0O*0.118)
k[C91602+N0-->C9160+N02]=CONST (KRO2NO*0 . 882)
k[C91602+N03-->C9160+N02]=CONST (KRO2NO3)
k[C91602-->C9160]=CONST (6.70D-15%R02%0.7)
k[C91602-->C9160H]=CONST (6.70D-15%R02%0.3)

k [C88C03+H02-->C88C02H+03] =CONST (KAPH02%0. 15)

k [C88C03+H02-->C88CO3H] =CONST (KAPH02%0.41)

k [C88C0O3+H02-->C8802+0H] =CONST (KAPHO2x*0 . 44)

k [C88C03+N0-->C8802+N02]=CONST (KAPNO)

k [C88C03+N02-->C88PAN]=CONST (KFPAN)
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k[C88C03+N03-->C8802+N02] =CONST (KRO2N03*1.74)

k [C88C03-->C88CO2H] =CONST(1.00D-11%0.3*R02)
k[C88C03-->C8802]=CONST(1.00D-11%0.7*R02)

k [C8802+H02-->C8800H] =CONST (KRO2H02*0 . 859)

k [C8802+N0-->C880+N02] =CONST (KRO2NO)

k [C8802+N03-->C880+N02] =CONST (KRO2NO3)

k [C8802-->C88C0O]=CONST (8.80D-13*R02%0.2)

k [C8802-->C880]=CONST (8.80D-13*R02%0.6)

k [C8802-->C880H] =CONST (8.80D-13*R02%0.2)

k [C512C02H+0H-->C51202] =CONST(7.23D-11)
k[C512C03H+0H-->C512C03]=CONST(7.54D-11)
k[C51202+H02-->C51200H] =CONST (KRO2H02*0 . 706)
k[C51202+N0-->C512N03]=CONST (KRO2N0*0.052)

k [C51202+N0-->C5120+N02] =CONST (KRO2N0*0.948)

k [C51202+N03-->C5120+N02] =CONST (KRO2NO3)
k[C51202-->C5120]=CONST (1.30D-12*R02%0.6)
k[C51202-->C5120H] =CONST (1.30D-12*R02*0.2)
k[C51202-->C013C4CHO]=CONST (1.30D-12+R02*0.2)

k [C512PAN+0H-->C013C4CHO+CO+N02]=CONST (6.76D-11)
k [C512PAN-->C512C03+N02]=CONST (KBPAN)
k[C61902+H02-->C61900H] =CONST (KRO2HO2*0.770)
k[C61902+N0-->C6190+N02]=CONST (KRO2NO)
k[C61902+N03-->C6190+N02]=CONST (KRO2NO3)
k[C61902-->C619C0]=CONST (8.80D-13*R02*0.2)
k[C61902-->C6190]=CONST(8.80D-13*R02%0.6)
k[C61902-->C6190H] =CONST (8.80D-13*R02%0.2)
k[C811C03+H02-->C811CO3H] =CONST (KAPH02%0.41)
k[C811C03+H02-->C81102+0H] =CONST (KAPH02%0 . 44)
k[C811C03+H02-->PINIC+03]=CONST (KAPHO2*0.15)
k[C811C03+N0-->C81102+N02]=CONST (KAPNO)
k[C811C03+N02-->C811PAN]=CONST (KFPAN)
k[C811C03+N03-->C81102+N02]=CONST (KRO2N0O3*1.74)
k[C811C03-->C81102]=CONST(1.00D-11%R02%0.7)
k[C811C03-->PINIC]=CONST(1.00D-11*R02%0.3)

k [C013C4CHO+NO3-->CHOC3CO0CO3+HNO3]=CONST (2*KNO3AL*5.5)
k [C013C4CHO+0H-->CHOC3C0C03]=CONST(1.33D-10)

k [C8900H+0H-->C8902]=CONST (3.61D-11)

k [C89N0O3+0H-->CH3COCH3+C013C4CHO+N02] =CONST (2.56D-11)
k[C890-->C81002] =CONST (2.70D+14+EXP(-6643/T))
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k [C890H+0H-->C890] =CONST (2.86D-11)

k [C7160H+N03-->H3C25C6C03+HN03] =CONST (KNO3AL*5.5)

k [C7160H+0H-->C0235C6CHO+H02] =CONST (8.92D-11%0.232)
k [C7160H+0H-->H3C25C6C03] =CONST (8.92D-11*0.768)

k [HCOCH202+H02-->HCOCH200H] =CONST (KRO2H02%0 . 387)

k [HCOCH202+N0-->N02+HCOCH20] =CONST (KRO2N0)

k [HCOCH202+N03-->HCOCH20+N02] =CONST (KRO2N03)

k [HCOCH202-->GLY0X] =CONST (2.00D-12%0 . 2¥R02)

k [HCOCH202-->HCOCH20] =CONST (2.00D-12*0.6+R02)

k [HCOCH202-->HOCH2CHO] =CONST (2.00D-12%0.2*R02)

k [HCOCH2C03+H02-->HCOCH2C02H+03] =CONST (KAPHO2*0 . 15)
k [HCOCH2C03+H02-->HCOCH2C03H] =CONST (KAPH02*0 . 41)

k [HCOCH2C03+H02-->HCOCH202+0H] =CONST (KAPH02%0 . 44)

k [HCOCH2C03+N0-->HCOCH202+N02] =CONST (KAPNO)

k [HCOCH2C03+N02-->C3PAN2] =CONST (KFPAN)

k [HCOCH2C03+N03-->HCOCH202+N02]=CONST (KRO2N03*1.74)
k [HCOCH2C03-->HCOCH2C02H] =CONST (1.00D-11%0.3%R02)

k [HCOCH2C03-->HCOCH202] =CONST (1.00D-11%0.7*R02)

k [C91900H+0H-->C91902] =CONST(1.01D-10)

k [C919N03+0H-->HCOCH2CHO+HCOCH2CHO+CH3COCH3+N02] =CONST (9. 14D-11)
k [C9190-->C62002+CH3COCH3] =CONST (KDEC)

k [C9190H+0H-->C9190]=CONST (9.73D-11)

k [C91400H+0H-->C914C0+0H] =CONST (8.67D-11)
k[C9140-->C87C03]=CONST (KDEC)

k [C914C0+0H-->C87C03]=CONST (7.09D-11)

k [C9140H+0H-->C914C0+H02] =CONST (7 . 44D-11)

k [C91600H+0H-->C91602] =CONST(9.73D-11)

k [C916N03+0H-->CH3COCH3+C0123C5CHO+N02] =CONST (9.23D-11)
k [C9160-->CH3COCH3+C61602] =CONST (KDEC)

k [C9160H+0H-->C9160]=CONST (9.03D-11)

k [C88CO2H+0H-->C8802] =CONST(1.02D-11)

k [C88CO3H+0H-->C88C03]=CONST(1.37D-11)

k [C88PAN+0H-->C88C0+C0+N02] =CONST (7 .50D-12)

k [C88PAN-->C88C03+N02] =CONST (KBPAN)

k [C8800H+0H-->C88C0+0H] =CONST(5.71D-11)
k[C880-->C718C03]=CONST (KDEC)

k [C88C0+0H-->C718C03]=CONST(5.80D-12)

k [C880H+0H-->C88C0+H02] =CONST(2.58D-11)

k [C51200H+0H-->C013C4CHO+0H] =CONST (1.01D-10)
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k [C512N03+0H-->C013C4CHO+N02] =CONST (6 . 65D-11)
k[C5120-->C51302] =CONST (8.40D+10%EXP (-2567/T))

k [C5120-->C013C3CO2H+HCHO+H02] =CONST (KDEC)

k [C5120H+0H-->C013C4CHO+H02] =CONST (7.96D-11)

k [C61900H+0H-->C619C0+0H] =CONST (5.95D-11)
k[C6190-->C512C03] =CONST (KDEC)

k [C6190H+0H-->C619C0+H02] =CONST (2.82D-11)

k [C811C0O3H+0H-->C811C03]=CONST (1.04D-11)
k[C81102+H02-->C81100H] =CONST (KRO2H02*0 . 859)
k[C81102+N0-->C811N03]=CONST (KRO2N0*0. 138)

k [C81102+N0-->C8110+N02]=CONST (KRO2NO*0 . 862)
k[C81102+N03-->C8110+N02] =CONST (KRO2N03)
k[C81102-->C721CHO]=CONST (1.30D-12%R02%0.2)
k[C81102-->C8110]=CONST (1.30D-12*R02*0.6)
k[C81102-->C8110H] =CONST (1.30D-12%R02%0.2)
k[PINIC+0H-->C81102]=CONST(7.29D-12)

k [C811PAN+0H-->C721CHO+C0+N02] =CONST (6.77D-12)

k [C811PAN-->C811C03+N02]=CONST (KBPAN)

k [CHOC3COC03+H02-->CHOC3C002+0H] =CONST (KAPHO2%0 . 44)
k [CHOC3COCO3+H02-->CHOC3CO00H] =CONST (KAPHO2%0. 56)

k [CHOC3COCO3+N0-->CHOC3C002+N02] =CONST (KAPNQO)

k [CHOC3COC0D3+N02-->CHOC3COPAN] =CONST (KFPAN)

k [CHOC3C0OCO3+N03-->CHOC3C002+N02] =CONST (KRO2N03*1.74)
k [CHOC3C0C03-->CHOC3C002] =CONST (1.00D-11*R02)

k [CHOC3C002+H02-->C413C000H] =CONST (KRO2H02%0 . 625)

k [CHOC3C002+N0-->CHOC3C00+N02] =CONST (KRO2N0)

k [CHOC3C002+N03-->CHOC3C00+N02] =CONST (KRO2N03)

k [CHOC3C002-->CHOC3C00]=CONST (2.00D-12%R02)

k [C81002+H02-->C81000H] =CONST (KRO2H02+0.914)

k [C81002+N0-->C810N03]=CONST (KRO2NO*0.104)

k [C81002+N0-->C8100+N02] =CONST (KRO2NO*0 . 896)

k [C81002+N03-->C8100+N02]=CONST (KRO2NO3)
k[C81002-->C8100]=CONST(6.70D-15%R02%0.7)
k[C81002-->C8100H] =CONST (6.70D-15%R02*0. 3)

k [H3C25C6C03+H02-->H3C25C602+0H] =CONST (KAPHO2+%0 . 44)
k [H3C25C6C03+H02-->H3C25CC02H+03] =CONST (KAPH02*0 . 15)
k [H3C25C6C03+H02-->H3C25CCO3H] =CONST (KAPHO2%0. 41)

k [H3C25C6C03+N0-->H3C25C602+N02] =CONST (KAPNQ)

k [H3C25C6C03+N02-->H3C25C6PAN] =CONST (KFPAN)
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k [H3C25C6C03+N03-->H3C25C602+N02] =CONST (KRO2N03*1.74)
k [H3C25C6C03-->H3C25C602] =CONST (1.00D-11%R02%0.7)

k [H3C25C6C03-->H3C25CCO2H] =CONST (1.00D-11%R02*0 . 3)

k [C0235C6CHO+N03-->C0235C6C03+HN03] =CONST (KNO3AL*5.5)
k [C0235C6CHO+0H-->C0235C6C03] =CONST (6.70D-11)

k [H3C25C602+H02-->H3C25C600H] =CONST (KRO2HO2%0 . 770)

k [H3C25C602+N0-->H3C25C60+N02] =CONST (KRO2N0)

k [H3C25C602+N03-->H3C25C60+N02] =CONST (KRO2N03)

k [H3C25C602-->H3C25C5CHO] =CONST (2. 00D-12+R02%0.2)

k [H3C25C602-->H3C25C60] =CONST (2. 00D-12%R02%0.6)

k [H3C25C602-->H3C25C60H] =CONST (2. 00D-12%R02%0.2)

k [HCOCH200H+0H-->GLYOX+0H] =CONST (2.91D-11)

k [HCOCH200H+0H-->HCOCH202] =CONST (1.90D-12+EXP (190/T))
k [HCOCH20-->HCHO+C0+H02] =CONST (KDEC)

k [NO3+GLYOX-->HCOCO+HNO3] =CONST (KNO3AL)

k [OH+GLYOX-->HCOC0] =CONST (3. 1D-12*EXP (340/T))

k [HOCH2CHO+N03-->HOCH2C03+HN03] =CONST (KNO3AL)

k [HOCH2CHO+0H-->GLY0X+H02] =CONST (1.00D-11%0.200)

k [HOCH2CHO+0H-->HOCH2C03] =CONST (1.00D-11%0.800)

k [OH+HCOCH2C02H-->HCOCH202] =CONST (2. 14D-11)

k [OH+HCOCH2C03H-->HCOCH2C03] =CONST (2.49D-11)

k [C3PAN2-->HCOCH2C03+N02] =CONST (KBPAN)

k [OH+C3PAN2-->GLY0X+C0+N02] =CONST(2.10D-11)

k [C62002+H02-->C62000H] =CONST (KRO2H0O2%0.770)

k [C62002+N0-->C6200+N02] =CONST (KRO2NO)

k [C62002+N03-->C6200+N02] =CONST (KRO2N0O3)

k [C62002-->C515CH0] =CONST (8.80D-13%R02%0.2)

k [C62002-->C6200] =CONST (8. 80D-13%*R02*0.6)

k [C62002-->C6200H] =CONST (8.80D-13%R02%0.2)

k [C87C03+H02-->C87C02H+03]=CONST (KAPH02*0 . 15)

k [C87C03+H02-->C87C0O3H] =CONST (KAPHO2+0.41)

k [C87C03+H02-->C8702+0H] =CONST (KAPHO2*0 . 44)

k [C87C03+N0-->C8702+N02] =CONST (KAPNO)

k [C87C03+N02-->C87PAN]=CONST (KFPAN)

k [C87C03+N03-->C8702+N02] =CONST (KRO2NO3*1.74)

k [C87C03-->C87C02H] =CONST (1.00D-11%R02%0. 3)

k [C87C03-->C8702] =CONST (1.00D-11%R02%0.7)

k [C0123C5CHO+N03-->CHOC2C03+C0+CO+HNO3] =CONST (2+KNO3AL*5.5)
k [C0123C5CHO+0H-->CHOC2C03+C0+C0] =CONST (3.89D-11)

172



A.3 Supplementary materials to Chapter 7

k [C61602+H02-->C61600H] =CONST (KRO2H02*0.770)

k [C61602+N0-->C6160+N02] =CONST (KRO2NO)

k [C61602+N03-->C6160+N02] =CONST (KRO2NO3)
k[C61602-->C6160]=CONST (8.80D-13%R02%0.6)
k[C61602-->C6160H] =CONST (8.80D-13*R02x0.2)
k[C61602-->C0123C5CHO] =CONST (8.80D-13xR02*0.2)
k[C718C03+H02-->C718C02H+03]=CONST (KAPH02*0 . 15)

k [C718C03+H02-->C718C03H] =CONST (KAPHO2%0.41)

k [C718C03+H02-->C71802+0H] =CONST (KAPHO2%0 . 44)

k [C718C03+N0-->C71802+N02] =CONST (KAPNO)

k [C718C03+N02-->C718PAN]=CONST (KFPAN)

k [C718C03+N03-->C71802+N02] =CONST (KRO2N03*1.74)
k[C718C03-->C718C02H] =CONST(1.00D-11*0.3%R02)
k[C718C03-->C71802] =CONST (1.00D-11%0.7*R02)

k [C51302+H02-->C51300H] =CONST (KRO2H02*0 . 706)
k[C51302+N0-->C5130+N02] =CONST (KRO2NO)

k [C51302+N03-->C5130+N02] =CONST (KRO2N0O3)
k[C51302-->C513C0]=CONST (8.80D-13%R02*0.2)
k[C51302-->C5130]=CONST(8.80D-13%R02%0.6)
k[C51302-->C5130H] =CONST (8.80D-13%R02%0.2)

k [C013C3C02H+0H-->HCOCH2C03] =CONST (6.69D-11)

k [C81100H+0H-->C721CHO+0H]=CONST (1.70D-11)

k [C811N0O3+0H-->C721CHO+N02] =CONST (3.29D-12)
k[C8110-->C81202] =CONST (KDEC)

k [C721CHO+NO3-->C721C03+HN03] =CONST (KNO3AL*8.5)

k [C721CHO+0H-->C721C03]=CONST(2.63D-11)

k [C8110H+0H-->C721CHO+H02] =CONST (7 .89D-12)

k [CHOC3COO0H+0H-->CHOC3C0C03] =CONST (7.55D-11)

k [CHOC3COPAN+0H-->C4CODIAL+CO+N02] =CONST(7.19D-11)
k [CHOC3COPAN-->CHOC3C0OC03+N02] =CONST (KBPAN)

k [C413CO00H+0H-->CHOC3C002] =CONST (8.33D-11)

k [CHOC3C00-->HCOCH2C03+HCHO] =CONST (KDEC)

k [C81000H+0H-->C81002] =CONST(8.35D-11)

k [C810N0O3+0H-->CH3COCH3+C013C4CHO+N0O2] =CONST (4.96D-11)
k [C8100-->CH3COCH3+C51402]=CONST (2.70D+14*EXP (-6643/T))
k [C8100H+0H-->C8100]=CONST (8.00D-11)

k [H3C25CCO2H+0H-->H3C25C602] =CONST (2.39D-11)

k [H3C25CCO3H+0H-->H3C25C6C03] =CONST (2.70D-11)

k [H3C25C6PAN+0H-->H3C25C5CHO+C0+N02] =CONST (2.29D-11)
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k [H3C25C6PAN-->H3C25C6C03+N02] =CONST (KBPAN)

k [C0235C6C03+H02-->C235C6C0O3H] =CONST (KAPHO2%0.56)

k [C0235C6C03+H02-->C0235C602+0H] =CONST (KAPHO2*0 . 44)

k [C0235C6C03+N0-->C0235C602+N02] =CONST (KAPNO)

k [C0235C6C03+N02-->C7PAN3] =CONST (KFPAN)

k [C0235C6C03+N03-->C0235C602+N02] =CONST (KRO2N0O3*1.74)
k[C0235C6C03-->C0235C602] =CONST (1.00D-11*R02)

k [H3C25C600H+0H-->H3C25C5CHO+0H] =CONST (3.23D-11)

k [H3C25C60-->H3C2C4C03+HCHO] =CONST (KDEC)

k [H3C25C5CHO+0H-->H3C2C4C03+C0]=CONST (3.55D-11)

k [H3C25C60H+0H-->C614C0+H02] =CONST (2.54D-11%0.890)

k [H3C25C60H+0H-->H3C25C5CHO+H02] =CONST(2.54D-11%0.110)
k [HCOCO-->C0+CO+H02] = CONST( 7.00D11*EXP(-3160/T) + 5.00D-12%02 )
k [HCOCO-->CO+0H] =CONST (5.00D-12x02%3. 2% (1-EXP(-550/T)))
k [HCOCO-->HCOC03] =CONST (5.00D-12*02*3. 2*EXP (-550/T))
k [HOCH2C03+H02-->H02+HCHO+0H] =CONST (KAPHO2*0 . 44)

k [HOCH2C03+H02-->HOCH2C02H+03] =CONST (KAPHO2*0. 15)

k [HOCH2C03+H02-->HOCH2C03H] =CONST (KAPH02%0.41)

k [HOCH2C03+N0-->N02+H02+HCHO] =CONST (KAPNO)

k [HOCH2C03+N02-->PHAN] =CONST (KFPAN)

k [HOCH2C03+N03-->N02+H02+HCHO] =CONST (KRO2NO3*1.74)

k [HOCH2C03-->HCHO+H02] =CONST (1.00D-11%0.7*R02)

k [HOCH2C03-->HOCH2C02H] =CONST (1.00D-11*0 . 3*R02)

k [C62000H+0H-->C515CHO+0H] =CONST(1.15D-10)

k [C6200-->HCOCH2CHO+HCOCH2C03]=CONST (KDEC)

k [C515CHO+0H-->C515C03]=CONST(1.33D-10)

k [C6200H+0H-->C515CHO+H02] =CONST (9.44D-11)

k [C87C02H+0H-->C8702] =CONST(9.19D-11)

k [C87CO3H+0H-->C87C03]=CONST (9.50D-11)

k [C8702+H02-->C8700H] =CONST (KRO2H02*0 . 859)

k [C8702+N0-->C870+N02] =CONST (KRO2NO)

k [C8702+N03-->C870+N02] =CONST (KRO2NO3)
k[C8702-->C87C0]=CONST(2.00D-12+R02*0.2)

k [C8702-->C870] =CONST(2.00D-12%R02%0.6)
k[C8702-->C870H] =CONST(2.00D-12%R02%0.2)

k [C87PAN+0H-->C87C0+C0+N02]=CONST(9.11D-11)

k [C87PAN-->C87C03+N02] =CONST (KBPAN)

k [CHOC2C03+H02-->CHOC2C02H+03] =CONST (KAPHO2%0. 15)

k [CHOC2C03+H02-->CHOC2CO3H] =CONST (KAPHO2%0.41)
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k [CHOC2C03+H02-->CHOC2H402+0H] =CONST (KAPH02%0 . 44)
k [CHOC2C03+N0-->CHOC2H402+N02] =CONST (KAPNO)

k [CHOC2C03+N02-->CHOC2PAN] =CONST (KFPAN)

k [CHOC2C03+N03-->CHOC2H402+N02] =CONST (KRO2N03*1.74)
k [CHOC2C03-->CHOC2C02H] =CONST (1.00D-11%R02*0. 3)
k [CHOC2C03-->CHOC2H402] =CONST (1.00D-11%R02x0.7)
k [C61600H+0H-->C0123C5CHO+0H] =CONST (1.02D-10)
k[C6160-->CHOC2C03+GLY0X]=CONST (KDEC*0.5)
k[C6160-->C012C4CHO+HO02+C0]=CONST (KDEC*0.5)

k [C6160H+0H-->C0123C5CHO+H02] =CONST(9.27D-11)

k [C718C02H+0H-->C71802]=CONST(7.21D-11)

k [C718C03H+0H-->C718C03]=CONST(7.52D-11)

k [C71802+H02-->C71800H] =CONST (KRO2HO2*0 . 820)
k[C71802+N0-->C718N03]=CONST (KRO2N0O*0 . 138)
k[C71802+N0-->C7180+N02]=CONST (KRO2NO*0 . 862)

k [C71802+N03-->C7180+N02]=CONST (KRO2NO3)
k[C71802-->C617CHO]=CONST (1.30D-12%R02%0.2)
k[C71802-->C7180]=CONST (1.30D-12*R02%0.6)
k[C71802-->C7180H]=CONST (1.30D-12*R02*0.2)

k [C718PAN+0OH-->C617CHO+C0+N02]=CONST (6.81D-11)
k [C718PAN-->C718C03+N02]=CONST (KBPAN)

k [C51300H+0H-->C513C0+0H] =CONST (9.23D-11)

k [C5130-->GLYOX+HOC2H4C03]=CONST (KDEC)

k [C513C0+0H-->HOC2H4C03+C0+C0]=CONST (2.64D-11)
k [C5130H+0H-->C513C0+H02]=CONST (8.35D-11)
k[C81202+H02-->C81200H] =CONST (KRO2H02*0 . 859)

k [C81202+N0-->C8120+N02]=CONST (KRO2NO)
k[C81202+N03-->C8120+N02]=CONST (KRO2N0O3)
k[C81202-->C8120]=CONST (9.20D-14*R02%0.7)
k[C81202-->C8120H] =CONST (9.20D-14*R02*0.3)
k[C721C03+H02-->C721C0O3H] =CONST (KAPH02%0.41)

k [C721C03+H02-->C72102+0H] =CONST (KAPHO2%0 . 44)
k[C721C03+H02-->NORPINIC+03]=CONST (KAPH02%0.15)
k[C721C03+N0-->C72102+N02]=CONST (KAPNO)

k [C721C03+N02-->C721PAN]=CONST (KFPAN)
k[C721C03+N03-->C72102+N02]=CONST (KRO2N0O3*1.74)
k[C721C03-->C72102]=CONST(1.00D-11%R02%0.7)
k[C721C03-->NORPINIC]=CONST (1.00D-11*R02*0.3)
k[C72102+H02-->C72100H] =CONST (KRO2H02*0 . 820)
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k[C72102+N0-->C7210+N02] =CONST (KRO2NO)
k[C72102+N03-->C7210+N02] =CONST (KRO2N0O3)
k[C72102-->C7210]=CONST(1.30D-12+R02)

k [C4CODIAL+NO3-->C312C0C03+HN03]=CONST (2*KNO3AL*4.0)
k [C4CODIAL+0H-->C312C0C03]=CONST (3.39D-11)

k [C51402+H02-->C51400H] =CONST (KRO2H02%0.706)

k [C51402+N0-->C514N03]=CONST (KRO2N0*0. 129)

k [C51402+N0-->C5140+N02] =CONST (KRO2NO*0.871)

k [C51402+N03-->C5140+N02] =CONST (KRO2N0O3)
k[C51402-->C5140]=CONST(2.50D-13%R02%0.6)
k[C51402-->C5140H] =CONST (2.50D-13%R02%0.2)
k[C51402-->C013C4CHO]=CONST (2.50D-13*R02*0.2)

k [C235C6C03H+0H-->C0235C6C03] =CONST (4.75D-12)

k [C0235C602+H02-->C0235C600H] =CONST (KRO2H02+%0.770)
k [C0235C602+N0-->C0235C60+N02] =CONST (KRO2NO)

k [C0235C602+N03-->C0235C60+N02] =CONST (KRO2N0O3)

k [C0235C602-->C0235C60] =CONST (2.00D-12%R02)

k [C7TPAN3+0H-->C0235C5CHO+C0+N02] =CONST (8.83D-13)

k [CTPAN3-->C0235C6C03+N02] =CONST (KBPAN)

k [H3C2C4C03+H02-->H3C2C4C02H+03] =CONST (KAPHO2*0. 15)
k [H3C2C4C03+H02-->H3C2C4C03H] =CONST (KAPHO2*0 . 41)

k [H3C2C4C03+H02-->HMVKAD2+0H] =CONST (KAPHO2*0 . 44)

k [H3C2C4C03+N0-->HMVKAQ2+N02] =CONST (KAPNO)

k [H3C2C4C03+N02-->H3C2C4PAN] =CONST (KFPAN)

k [H3C2C4C03+N03-->HMVKAD2+N02] =CONST (KRO2NO3+1.74)
k [H3C2C4C03-->H3C2C4C02H] =CONST (1.00D-11*R02%0.3)
k [H3C2C4C03-->HMVKAO2] =CONST(1.00D-11*R02*0.7)

k [C614C0+0H-->C0235C5CHO+H02] =CONST (3.22D-12)

k [HMVKAQ2+H02-->HMVKAOOH] =CONST (KRO2H02*0 . 625)

k [HMVKAO2+NO-->HMVKANO3] =CONST (KRO2N0O*0.017)

k [HMVKAO2+NO-->HMVKAQ+N02] =CONST (KRO2N0*0 . 983)

k [HMVKAO2+N03-->HMVKAD+N0O2] =CONST (KRO2N0O3)

k [HMVKAO2-->C02H3CHO] =CONST (2.00D-12%0 . 2*R02)

k [HMVKAOQ2-->HMVKAQ] =CONST (2.00D-120 . 6%R02)

k [HMVKAO2-->H012C03C4]=CONST(2.00D-12%0.2*R02)

k [HCOC03+H02-->HCOCO2H+03]=CONST (KAPH02%0 . 15)

k [HCOC03+H02-->HCOCO3H] =CONST (KAPH02*0.41)

k [HCOC03+H02-->H02+C0+0H] =CONST (KAPHO2%0 . 44)

k [HCOCO3+N0-->H02+C0+N02] =CONST (KAPNO)
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k [HCOCO3+N02-->H02+C0+N03] =CONST (KFPAN)

k [HCOCO3+N03-->H02+C0+N02] =CONST (KRO2N03%*1.74)
k [HCOCO3-->CO+HO02] =CONST (1.00D-11%0.7*R02)

k [HCOCO3-->HCOCO2H] =CONST(1.00D-11%0.3*R02)

k [HOCH2CO2H+0H-->HCHO+H02] =CONST (2.73D-12)

k [HOCH2CO3H+0H-->HOCH2C03] =CONST(6.19D-12)

k [PHAN+QH-->HCHO+C0+N02]=CONST(1.12D-12)

k [PHAN-->HOCH2C03+N02] =CONST (KBPAN)
k[C515C03+H02-->C515C03H] =CONST (KAPHO2%0 . 56)

k [C515C03+H02-->C51502+0H] =CONST (KAPHO2%0 . 44)
k[C515C03+N0-->C51502+N02] =CONST (KAPNO)
k[C515C03+N02-->C515PAN]=CONST (KFPAN)
k[C515C03+N03-->C51502+N02] =CONST (KRO2N0O3*1.74)
k[C515C03-->C51502] =CONST (1.00D-11%R02)
k[C51502+H02-->C51500H] =CONST (KRO2H02*0 . 706)
k[C51502+N0-->C5150+N02]=CONST (KRO2NO)
k[C51502+N03-->C5150+N02]=CONST (KRO2N0O3)
k[C51502-->C5150]=CONST (2.00D-12%R02)

k [C8700H+0H-->C87C0+0H] =CONST (1.00D-10)

k [C870-->C615C03+HCHO] =CONST (KDEC)

k [C87CO+0H-->C615C03+C0]=CONST(1.03D-10)

k [C870H+0H-->C87C0+H02] =CONST (9.34D-11)

k [CHOC2CO2H+0H-->CHOC2H402]=CONST (2.64D-11)

k [CHOC2CO3H+0H-->CHOC2C03]=CONST(3.00D-11)

k [CHOC2H402+H02-->CHOC2H400H] =CONST (KRO2H02%0 . 520)
k [CHOC2H402+N0-->CHOC2H40+N02] =CONST (KRO2NO)

k [CHOC2H402+N03-->CHOC2H40+N02] =CONST (KRO2NO3)
k [CHOC2H402-->CHOC2H40] =CONST (6 . 00D-13%R02)

k [CHOC2PAN+0H-->HCOCH2CHO+CO+N02]=CONST (2.64D-11)
k [CHOC2PAN-->CHOC2C03+N02] =CONST (KBPAN)

k [C012C4CHO+NO3-->CHOC2C03+C0+HNO3]=CONST (2¥KNO3AL*5.5)
k [C012C4CHO+0H-->CHOC2C03+C0] =CONST(3.89D-11)

k [C71800H+0H-->C617CHO+0H] =CONST(1.01D-10)

k [C718N03+0H-->C617CHO+N02]=CONST(6.65D-11)

k [C7180-->C617CHO+H02] =CONST (KDEC)
k[C617CHO+NO3-->C617C03+HNO3]=CONST (KNO3AL*8.5)
k [C617CHO+NO3-->C618C03+HN0O3]=CONST (KNO3AL*8.5)
k[C617CHO+0H-->C617C03]=CONST (1.33D-10%0.5)
k[C617CHO+0H-->C618C03]=CONST (1.33D-10%0.5)
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k [C7180H+0H-->C617CHO+H02] =CONST (7 .96D-11)

k [HOC2H4C03+H02-->HOC2H4C02H+03] =CONST (KAPHO2*0 . 15)

k [HOC2H4C03+H02-->HOC2HACO3H] =CONST (KAPHO2%0 . 41)

k [HOC2H4C03+H02-->HOCH2CH202+0H] =CONST (KAPHO2*0 . 44)

k [HOC2H4C0O3+N0-->HOCH2CH202+N02] =CONST (KAPNO)

k [HOC2H4C03+N02-->C3PAN1]=CONST (KFPAN)

k [HOC2H4C03+N03-->HOCH2CH202+N02] =CONST (KRO2N03*1.74)
k [HOC2H4C03-->HOC2HACO2H] =CONST (1.00D-11%0.3%R02)

k [HOC2H4C03-->HOCH2CH202]1=CONST (1.00D-11%0.7%R02)

k [C81200H+0H-->C81202]=CONST(1.09D-11)
k[C8120-->C81302]=CONST (KDEC)

k [C8120H+0H-->C8120]=CONST(7.42D-12)
k[C721C03H+0H-->C721C03] =CONST(9.65D-12)

k [NORPINIC+0H-->C72102]=CONST(6.57D-12)

k [C721PAN+0H-->C72100H+C0+N02] =CONST (2. 96D-12)
k[C721PAN-->C721C03+N02] =CONST (KBPAN)

k [C72100H+0H-->C72102]=CONST(1.27D-11)
k[C7210-->C72202] =CONST (KDEC)

k [C312C0C03+H02-->C312C0C03H] =CONST (KAPH02%0 . 56)

k [C312C0C03+H02-->CHOCOCH202+0H] =CONST (KAPHO2x%0 . 44)

k [C312C0C03+N0-->CHOCOCH202+N02] =CONST (KAPNQ)
k[C312C0C03+N02-->C312COPAN]=CONST (KFPAN)
k[C312C0C03+N03-->CHOCOCH202+N02] =CONST (KRO2N03*1.74)
k[C312C0C03-->CHOCOCH202]=CONST (1.00D-11%R02)

k [CHOCOCH202+H02-->ALCOCH200H] =CONST (KRO2H02%0 . 520)

k [CHOCOCH202+N0-->CHOCOCH20+N02] =CONST (KRO2NO)

k [CHOCOCH202+N03-->CHOCOCH20+N02] =CONST (KRO2NO3)

k [CHOCOCH202-->CHOCOCH20] =CONST (2. 00D-12%R02)

k [C51400H+0H-->C013C4CHO+0H] =CONST (1.10D-10)

k [C514N03+0H-->C013C4CHO+N02] =CONST (4.33D-11)

k [C5140-->C013C4CHO+H02] =CONST (1.80D-14*EXP (-260/T) *02)
k [C5140H+0H-->C013C4CHO+H02] =CONST (6.99D-11)

k [C0235C600H+0H-->C0235C602] =CONST (1.01D-11)

k [C0235C60-->C023C4C03+HCHO] =CONST (KDEC)

k [C0235C5CHO+N03-->C023C4C03+CO+HNO3] =CONST (KNO3AL*5.5)
k [C0235C5CHO+0H-->C023C4C03+C0] =CONST (1.33D-11)

k [H3C2C4C02H+0H-->HMVKAD2] =CONST (2.34D-11)

k [H3C2C4C03H+0H-->H3C2C4C03] =CONST(2.65D-11)

k [H3C2C4PAN+0H-->C0O2H3CHO+CO+N02] =CONST (7. 60D-12)
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k [H3C2C4PAN-->H3C2C4C03+N02] =CONST (KBPAN)

k [BIACET02+H02-->BIACETO0H] =CONST (KRO2H02%0 . 625)
k [BIACET02+NO-->BIACET0+N0O2]=CONST (XRO2NO)

k [BIACET02+N03-->BIACET0+N02]=CONST (KRO2N0O3)

k [BIACET02-->BIACET0]=CONST (2.00D-12*0.6*R02)

k [BIACET02-->BIACETOH] =CONST (2.00D-12*0.2+R02)
k [BIACET02-->C023C3CHO]=CONST (2.00D-12%0 . 2*R02)
k [OH+HMVKAOQOH-->C02H3CHO+0H] =CONST(5.77D-11)

k [OH+HMVKANO3-->C02H3CHO+N02] =CONST(2.23D-12)

k [HMVKAQ-->MGLYOX+HCHO+H02] =CONST (KDEC)

k [NO3+C02H3CHO-->C02H3C03+HNO3] =CONST (KNO3AL*4.0)
k [OH+CO2H3CHO-->C02H3C03]=CONST(2.45D-11)

k [OH+H012C03C4-->BIACETOH+H02]=CONST (1.88D-11)
k [OH+HCOCO2H-->C0+H02] =CONST (1.23D-11)

k [OH+HCOCO3H-->HCOC03]=CONST(1.58D-11)
k[C515C03H+0H-->C515C03]=CONST(7.05D-11)

k [C515PAN+0H-->C515C0+C0+N02] =CONST(6.69D-11)

k [C515PAN-->C515C03+N02]=CONST (KBPAN)

k [C51500H+0H-->C515C0+0H] =CONST (7.91D-11)

k [C5150-->HCHO+CO+HCOCH2C03] =CONST (KDEC)

k [C615C03+H02-->C615C02H+03]=CONST (KAPHO2%0. 15)
k[C615C03+H02-->C615CO3H] =CONST (KAPHO2%0.41)
k[C615C03+H02-->C61502+0H] =CONST (KAPH02%0 . 44)
k[C615C03+N0-->C61502+N02] =CONST (KAPNO)
k[C615C03+N02-->C615PAN] =CONST (KFPAN)
k[C615C03+N03-->C61502+N02] =CONST (KRO2N03*1.74)
k[C615C03-->C615C02H] =CONST (1.00D-11*R02*0.3)
k[C615C03-->C61502]=CONST (1.00D-11%R02%0.7)

k [CHOC2H400H+0H-->CHOC2H402] =CONST(7.31D-11)

k [CHOC2H40-->HCOCH2CHO+H02] =CONST (KROPRIM*02)
k[C617C03+H02-->C617C02H+03] =CONST (KAPH02%0. 15)
k[C617C03+H02-->C617CO3H] =CONST (KAPHO2*0.41)
k[C617C03+H02-->C61702+0H] =CONST (KAPH02%0 . 44)
k[C617C03+N0-->C61702+N02]=CONST (KAPNO)
k[C617C03+N02-->C617PAN]=CONST (KFPAN)
k[C617C03+N03-->C61702+N02]=CONST (KRO2N0O3*1.74)
k[C617C03-->C617CO2H] =CONST (1.00D-11+xR02*0.3)
k[C617C03-->C61702]=CONST(1.00D-11%R02%0.7)
k[C618C03+H02-->C618C02H+03] =CONST (KAPH02%0. 15)
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k[C618C03+H02-->C618CO3H] =CONST (KAPH02%0.41)

k [C618C03+H02-->C61802+0H] =CONST (KAPHO2%0.44)
k[C618C03+N0-->C61802+N02] =CONST (KAPNO)

k [C618C03+N02-->C618PAN]=CONST (KFPAN)
k[C618C03+N03-->C61802+N02]=CONST (KRO2N03*1.74)
k[C618C03-->C618C02H]=CONST (1.00D-11*R02*0.3)
k[C618C03-->C61802]=CONST(1.00D-11%R02*0.7)
k[C61702+H02-->C61700H] =CONST (KRO2H02%0.770)
k[C61702+N0-->C6170+N02]=CONST (KRO2NO)
k[C61702+N03-->C6170+N02]=CONST (KRO2NO3)
k[C61702-->C615C0]=CONST (2.00D-12+R02*0.2)
k[C61702-->C6170]=CONST(2.00D-12*R02*0.6)
k[C61702-->C6170H]=CONST (2.00D-12*R02*0.2)
k[C61802+H02-->C61800H] =CONST (KRO2H02%0.770)

k [C61802+N0-->C6180+N02]=CONST (KRO2NO)
k[C61802+N03-->C6180+N02]=CONST (KRO2NO3)
k[C61802-->C6180]=CONST(9.20D-14*R02*0.7)
k[C61802-->C67CHO]=CONST (9.20D-14*R02%0.3)

k [OH+HOC2H4CO2H-->HOCH2CH202] =CONST(1.39D-11)

k [OH+HOC2H4CO3H-->HOC2H4C03]=CONST(1.73D-11)

k [HOCH2CH202+H02-->HYETHO2H] =CONST (1.53D-13*EXP (1300/T))
k [HOCH2CH202+N0-->ETHOHNO3] =CONST (KRO2N0O*0 . 005)

k [HOCH2CH202+N0-->HOCH2CH20+N02] =CONST (KRO2N0*0 . 995)

k [HOCH2CH202+N03-->HOCH2CH20+N02] =CONST (KRO2NO3)

k [HOCH2CH202-->ETHGLY] =CONST (2* (KCH302*7 . 8D-14+EXP (1000/T) ) @0 . 5¥R02*0 . 2)
k [HOCH2CH202-->HOCH2CH20] =CONST (2* (KCH302%7 . 8D-14*EXP (1000/T) ) @0 . 5¥R02%*0 . 6)
k [HOCH2CH202-->HOCH2CHO] =CONST (2* (KCH302*7 . 8D-14+EXP (1000/T) ) @0 . 5¥R02*0 . 2)
k [C3PAN1-->HOC2H4C03+N02]=CONST (KBPAN)

k [OH+C3PAN1-->HOCH2CHO+CO+N02]=CONST (4.51D-12)
k[C81302+H02-->C81300H] =CONST (KRO2H02%0 . 859)
k[C81302+N0-->C813N03] =CONST (KRO2NO*0. 104)

k [C81302+N0-->C8130+N02]=CONST (KRO2NO*0 . 896)
k[C81302+N03-->C8130+N02]=CONST (KRO2N0O3)
k[C81302-->C8130]=CONST(6.70D-15*%R02*0.7)
k[C81302-->C8130H]=CONST(6.70D-15+xR02*0.3)

k [C72202+H02-->C72200H] =CONST (KRO2H02%0 . 820)

k [C72202+N0-->C7220+N02]=CONST (KRO2NO)

k [C72202+N03-->C7220+N02] =CONST (KRO2NO3)
k[C72202-->C7220]=CONST (6.70D-15%R02)
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k [C312C0C0O3H+0H-->C312C0C03] =CONST (1.63D-11)

k [C312COPAN+0H-->C33C0+C0+N02] =CONST(1.27D-11)

k [C312COPAN-->C312C0C03+N02] =CONST (KBPAN)

k [ALCOCH200H+0H-->CHOCOCH202] =CONST (2.41D-11)

k [CHOCOCH20-->HCHO+HCOCO] =CONST (XDEC)

k [C023C4C03+H02-->BIACET02+0H] =CONST (KAPHO2%0 . 44)

k [C023C4C03+H02-->C023C4C03H] =CONST (KAPHO2*0 . 56)

k [C023C4C03+N0-->BIACET02+N02] =CONST (KAPNO)

k [C023C4C03+N02-->C5PAN9] =CONST (KFPAN)

k [C023C4C03+N03-->BIACET02+N02] =CONST (KRO2NO3*1 .74)
k [C023C4C03-->BIACET02]=CONST (1.00D-11%R02)

k [OH+BIACETOOH-->BIACET02]=CONST (1.90D-12*EXP(190/T))
k [OH+BIACETOOH-->C023C3CHO+0H] =CONST (5.99D-12)

k [BIACETO-->CH3C03+HCHO+C0]=CONST (KDEC)

k [OH+BIACETOH-->C023C3CHO+H02] =CONST (2.69D-12)

k [NO3+C023C3CHO-->CH3C03+C0+CO+HNO3] =CONST (KNO3AL*4.0)
k [0H+C023C3CHO-->CH3C03+C0+C0] =CONST (1.23D-11)

k [CO2H3C03+H02-->C02H3C03H] =CONST (KAPHO2%0 . 56)

k [CO2H3C03+H02-->MGLY0OX+H02+0H] =CONST (KAPHO2%0 . 44)
k [CO2H3C03+N0-->MGLY0OX+H02+N02] =CONST (KAPNQ)

k [CO2H3C03+N02-->C4PAN6]=CONST (KFPAN)

k [CO2H3C03+N03-->MGLYOX+H02+N02] =CONST (KRO2N03*1.74)
k [CO2H3C03-->MGLYOX+H02]=CONST (1.00D-11%R02)

k [C515C0+0H-->C0+CO+HCOCH2C03] =CONST(7.90D-11)

k [C615C02H+0H-->C61502] =CONST(9.13D-11)

k [C615C03H+0H-->C615C03] =CONST(9.44D-11)

k [C61502+H02-->C61500H] =CONST (KRO2H0O2%0.770)

k [C61502+N0-->C6150+N02] =CONST (KRO2NO)
k[C61502+N03-->C6150+N02] =CONST (KRO2N0O3)
k[C61502-->C615C0] =CONST (8.80D-13%R02%0.2)
k[C61502-->C6150]=CONST (8.80D-13%R02%0.6)
k[C61502-->C6150H] =CONST (8.80D-13%R02%0.2)

k [C615PAN+0H-->C615C0+C0+N02] =CONST (8.47D-11)

k [C615PAN-->C615C03+N02] =CONST (KBPAN)

k [C617CO2H+0H-->C61702] =CONST(6.72D-11)

k [C617C0O3H+0H-->C617C03]=CONST(7.03D-11)

k [C617PAN+0H-->C615C0+C0+N02] =CONST (6.74D-11)
k[C617PAN-->C617C03+N02] =CONST (KBPAN)

k [C618CO2H+0H-->C61802] =CONST(6.72D-11)
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k [C618C0O3H+0H-->C618C03]=CONST(7.03D-11)

k [C618PAN+0H-->CH3COCH3+HCOCH2CHO+CO+N02] =CONST(6.67D-11)
k[C618PAN-->C618C03+N02] =CONST (KBPAN)

k [C61700H+0H-->C615C0+0H] =CONST(7.56D-11)
k[C6170-->C01M22C03+HCHO] =CONST (KDEC)
k[C615C0+0H-->C01M22C03+C0] =CONST(7.88D-11)
k[C6170H+0H-->C615C0+H02]=CONST(6.89D-11)

k [C61800H+0H-->C61802]=CONST(7.03D-11)

k [C6180-->HCOCH2C03+CH3COCH3]=CONST (KDEC)

k [NO3+C67CHO-->C67C03+HNO3] =CONST (KNO3AL*8.5)

k [OH+C67CHO-->C67C03]=CONST(6.76D-11)

k [HYETHO2H+0H-->HOCH2CH202] =CONST (1.90D-12*EXP (190/T) )
k [HYETHO2H+0H-->HOCH2CHO+0H] =CONST (1.38D-11)

k [ETHOHNO3+0H-->HOCH2CHO+N02] =CONST (8.40D-13)

k [HOCH2CH20-->H02+HCHO+HCHO] =CONST (9. 50D+13+EXP (-5988/T) )
k [HOCH2CH20-->H02+HOCH2CHO] =CONST (KROPRIM*02)

k [ETHGLY+0H-->HOCH2CHO+H02] =CONST (1.45D-11)

k [C81300H+0H-->C81302]=CONST (1.86D-11)

k [C813N03+0H-->CH3COCH3+C013C3CO2H+HCHO+NO2] =CONST (7 .82D-12)
k [C8130-->CH3COCH3+C51602] =CONST (KDEC)

k [C8130H+0H-->C8130]=CONST(1.75D-11)

k [C72200H+0H-->C72202] =CONST (3.31D-11)

k [C7220-->CH3COCH3+C4402]=CONST (KDEC)

k [C33C0+0H-->C0+C0+CO+H02] =CONST(5.77D-11)

k [OH+C023C4C03H-->C023C4C03]=CONST (4.23D-12)

k [C5PAN9-->C023C4C03+N02] =CONST (KBPAN)

k [OH+C5PAN9-->C023C3CHO+CO+N02] =CONST (3.12D-13)

k [OH+C0O2H3CO3H-->C02H3C03] =CONST(7.34D-12)

k [CAPAN6-->C02H3C03+N02]=CONST (KBPAN)

k [OH+C4PAN6-->MGLYOX+C0+N0O2] =CONST(3.74D-12)

k [C61500H+0H-->C615C0+0H] =CONST(9.31D-11)

k [C6150-->C01M22CHO+H02+C0] =CONST (KDEC)

k [C6150H+0H-->C615C0+H02]=CONST (6.15D-11)

k [C01M22C03+H02-->C01M22C02H+03] =CONST (KAPH02%0 . 15)

k [CO1M22C03+H02-->C01M22C03H] =CONST (KAPHO2*0.41)

k [CO1M22C03+H02-->IBUTALCO2+0H] =CONST (KAPHO2%0 . 44)

k [CO01M22C03+N0-->IBUTALCO2+N02]=CONST (KAPNO)

k [C01M22C03+N02-->C01M22PAN] =CONST (KFPAN)

k [CO01M22C03+N03-->IBUTALCO2+N02]=CONST (KRO2NO3*1.74)
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k [CO1M22C03-->C01M22C02H] =CONST (1.00D-11%R02%0. 3)
k [CO1M22C03-->IBUTALCO2]=CONST(1.00D-11%R02%0.7)
k [C5502+H02-->C5500H] =CONST (KRO2H02*0 . 706)

k [C5502+N0-->C550+N02] =CONST (KRO2NO)

k [C5502+N03-->C550+N02] =CONST (KRO2NO3)

k [C5502-->C550]=CONST (2.00D-12*R02)

k [C67C03+H02-->C5502+0H] =CONST (KAPHO2+0 . 44)

k [C67C03+H02-->C67C0O3H] =CONST (KAPH02*0 . 56)

k [C67C03+ND-->C5502+N02] =CONST (KAPNO)
k[C67C03+N02-->C6PAN9] =CONST (KFPAN)

k [C67C03+N03-->C5502+N02] =CONST (KRO2NO3*1.74)

k [C67C03-->C5502] =CONST (1.00D-11*R02)

k [C51602+H02-->C51600H] =CONST (KRO2H02%0 . 706)

k [C51602+N0-->C5160+N02] =CONST (KRO2NO)
k[C51602+N03-->C5160+N02] =CONST (KRO2N0O3)
k[C51602-->C5160]=CONST(8.8D-13*R02)

k [C4402+H02-->C4400H] =CONST (KRO2H02*0 . 625)

k [C4402+N0-->C440+N02]=CONST (KRO2NO)

k [C4402+N03-->C440+N02] =CONST (KRO2NO3)

k [C4402-->C440]=CONST (8.80D-13*R02)

k [CO1M22CHO+N03-->C01M22C03+HN03] =CONST (2*KNO3AL*8.5)
k [CO1M22CHO+0H-->C01M22C03]=CONST (1.32D-10)

k [CO1M22C02H+0H-->IBUTALC02] =CONST (6.67D-11)

k [CO1M22C03H+0H-->C01M22C03] =CONST (6.98D-11)

k [IBUTALCO2+H02-->IBUTALO2H] =CONST (KRO2H02%0 . 625)
k [IBUTALCO2+N0-->M2PROPAL20+N02] =CONST (KRO2N0)

k [IBUTALCO2+N03-->M2PROPAL20+N02] =CONST (KRO2N03)
k [IBUTALCO2-->IBUTALOH]=CONST(9.20D-14%0.3*R02)

k [IBUTALCO2-->M2PROPAL20]=CONST(9.20D-14%0.7%R02)
k [CO1M22PAN+0H-->CH3COCH3+C0+N02] =CONST (2. 11D-11)
k [CO1M22PAN-->C01M22C03+N02] =CONST (KBPAN)

k [OH+C5500H-->C5502]=CONST (1.32D-11)

k [C550-->HCHO+IPRHOC03]=CONST (KDEC)

k [0H+C67C03H-->C67C03]=CONST (5.33D-12)

k [C6PAN9-->C67C03+N02] =CONST (KBPAN)

k [OH+C6PAN9-->MIBKHO4CHO+CO+N02]=CONST (1.41D-12)
k [0H+C51600H-->C51602+0H] =CONST (3.38D-11)

k [C5160-->C013C3C02H+HCHO+H02] =CONST (KDEC)

k [C4400H+0H-->C4402] =CONST(7.46D-11)
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k [C440-->HCOCH2CHO+H02] =CONST (KDEC)

k [IBUTALO2H+0H-->IBUTALC02]=CONST(2.57D-11)

k [M2PROPAL20-->CH3COCH3+H02+C0] =CONST (KDEC)

k [IBUTALOH+0H-->IPRHOCO3]=CONST(1.4D-11)

k [TPRHOCO3+H02-->CH3COCH3+H02+0H] =CONST (KAPH02*0 . 44)

k [TPRHOCO3+H02-->IPRHOCO2H+03] =CONST (KAPH02%0. 15)

k [IPRHOCO3+H02-->IPRHOCO3H] =CONST (KAPH02%0.41)

k [IPRHOCO3+N0O-->CH3COCH3+H02+N02] =CONST (KAPNQ)

k [TPRHOCO3+N02-->C4PAN5] =CONST (KFPAN)

k [TPRHOCO3+N03-->CH3COCH3+H02+N02] =CONST (KRO2N03*1.74)
k [IPRHOCO3-->CH3COCH3+H02]=CONST (1.00D-11*R02*0.7)

k [IPRHOCO3-->IPRHOCO2H] =CONST (1.00D-11*R02*0. 3)

k [MIBKHO4CHO+NO3-->TBUTOL02+C0+CO+HNO3] =CONST (KNO3AL*8.5)
k [MIBKHO4CHO+0H-->TBUTOL02+C0+C0] =CONST(1.34D-11)

k [TPRHOCO2H+0H-->CH3COCH3+H02] =CONST (1.72D-12)

k [OH+IPRHOCO3H-->IPRHOC03] =CONST (4.80D-12)

k [C4PAN5-->IPRHOC03+N02] =CONST (KBPAN)

k [OH+C4PAN5-->CH3COCH3+C0+N02] =CONST (4 .75D-13)

k [TBUTOLO2+H02-->TBUTOLOOH] =CONST (5. 60D-14*EXP (1650/T) )
k [TBUTOLO2+NO-->TBUTOLNO3]=CONST (KRO2N0*0.017)

k [TBUTOLO2+N0-->TBUTOLO+N0O2] =CONST (KRO2N0*0 . 983)

k [TBUTOLO2+N03-->N02+TBUTOLO] =CONST (KRO2N03)

k [TBUTOLO2-->IBUTALOH]=CONST(2.00D-13%0.2%R02)

k [TBUTOLO2-->IBUTOLOHB] =CONST(2.00D-13%0.2*R02)

k [TBUTOLO2-->TBUTOLO]=CONST (2.00D-13*0.6+R02)

k [H2M2C3C03+H02-->H2M2C3C03H] =CONST (KAPHO2*0 . 56)

k [H2M2C3C03+H02-->TBUTOLO2+0H] =CONST (KAPHO2%0 . 44)

k [H2M2C3C03+N0-->TBUTOL02+N02] =CONST (KAPNO)

k [H2M2C3C03+N02-->C5PAN11]=CONST (KFPAN)

k [H2M2C3C03+N03-->TBUTOL0O2+N02] =CONST (KRO2N03*1.74)

k [H2M2C3C03-->TBUTOLO2] =CONST (1.00D-11%R02)

k [TBUTOLOOH+0H-->IBUTALOH+0H] =CONST (9.98D-12)

k [TBUTOLOOH+0H-->TBUTOL02] =CONST (1.90D-12*EXP (190/T))
k [TBUTOLNO3+0H-->IBUTALOH+N02] =CONST(5.21D-13)

k [TBUTOLO-->CH3COCH3+HCHO+H02] =CONST (2. 00D+14*EXP (-4909/T))
k [TBUTOLOHB+0H-->IBUTALOH+H02] =CONST (4.64D-12)

k [OH+H2M2C3C03H-->H2M2C3C03] =CONST (4.83D-12)

k [C5PAN11-->H2M2C3C03+N02] =CONST (KBPAN)

k [OH+C5PAN11-->IBUTALOH+CO+N02] =CONST (1.23D-12)
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B.1 Own contributions to publications

The two publications building the base of Chapters 5 and 6 both contain an author
contribution section. To make this information more accesible, they are copied to
the list below.

1.) Hantschke, L., Novelli, A., Bohn, B., Cho, C., Reimer, D,
Rohrer, F., Tillmann, R., Glowania, M., Hofzumahaus, A., Kiendler-
Scharr, A., Wahner, A., and Fuchs, H.: Atmospheric photooxidation
and ozonolysis of A3-carene and 3-caronaldehyde: rate constants and
product yields, Atmospheric Chemistry and Physics, 21, 12 665-12 685,
https://doi.org/10.5194 /acp-21-12665-2021, 2021.

LH and HF designed the experiments. AN and CC conducted the ROx
radical measurements and the OH reactivity measurements. MG con-
ducted the HONO measurements. RT, DR and SW were responsible
for the PTR-TOF-MS and VOCUS measurements. BB conducted the
radiation measurements. FR was responsible for the NOx and O3 data.
LH analyzed the data and wrote the paper with the help of HF. All

co-authors commented and discussed the article.

2.) Tan, Z., Hantschke, L., Kaminski, M., Acir, I.-H., Bohn, B,
Cho, C., Dorn, H.-P., Li, X., Novelli, A., Nehr, S., Rohrer, F., Tillmann,
R., Wegener, R., Hofzumahaus, A., Kiendler-Scharr, A., Wahner, A.,
and Fuchs, H.: Atmospheric photo-oxidation of myrcene: OH reaction
rate constant, gas-phase oxidation products and radical budgets, Atmo-
spheric Chemistry and Physics, 21, 16 067-16 091,
https://doi.org/10.5194 /acp-21-16067-2021, 2021.

7T, LH and HF wrote the manuscript. MK, RW and HF designed
and led the experiments in the chamber. TA (organic compounds), BB
(radiation), HPD (radicals), XL (HONO), SN (OH reactivity), FR (ni-
trogen oxides, ozone), RT (organic compounds), AN (radicals) and CC
(radicals) were responsible for measurements used in this work. All co-
authors commented and discussed the manuscript and contributed to

the writing of the manuscript.
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B.2 Erklarung zur Dissertation

Hiermit versichere ich an Eides statt, dass ich die vorliegende Dissertation selb-
ststandig und ohne die Benutzung anderer als der angegebenen Hilfsmittel und Liter-
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