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| Abstract

Air pollution is a societal challenge, affecting millions of people world-wide living in urban
conglomerates. In cities, emissions are mostly from anthropogenic activities such as traffic,
industry, cooking, and use of volatile care products. These emissions are not only hazardous for
human health, they also undergo chemical degradation driven by oxidants, forming secondary
pollutants such as ozone (O3) and particles.
Main tropospheric oxidants are the hydroxyl radical (OH), dominating oxidation processes
during the day, the nitrate radical (NO3), predominantly available during the night, and ozone.
In the reaction chain of the atmospheric oxidation of volatile organic compounds (VOCs),
peroxy (RO2) and hydroperoxy (HO2) radicals are formed, which oxidise nitric oxide (NO)
to nitrogen dioxide (NO2), the latter being the main tropospheric source of ozone following
its photolysis. Understanding atmospheric oxidation processes is crucial for mitigating air
pollution and tackling current and future air quality challenges.
In many different field studies, performed in or close to urban areas, measured HO2 and/or
RO2 radical concentrations could not be reproduced by chemical model calculations, which
represent the current understanding of the atmospheric chemistry. Even though chemical
models carry uncertainties, the observed discrepancies in particular for RO2 radicals often
exceeded a factor of three, making air quality prediction challenging. Data collected during
field campaigns are very valuable in highlighting where our gap of knowledge for atmospheric
chemical processes lies. Laboratory studies and experiments in atmospheric simulation cham-
bers can then focus on investigating such processes in a confined and controlled environment.
In this thesis, first the performance and comparability of several different atmospheric sim-
ulation chambers were studied. Oxidation experiments of �-pinene were performed in nine
different simulation chambers, which are part of the EUROCHAMP-2020 consortium. Cham-
ber effects, such as the release of small oxygenated compounds from the chamber wall or the
loss of trace gases or particles on the chamber wall were characterised. Furthermore, yields of
pinonaldehyde, formaldehyde, and acetone, which are products from the oxidation of �-pinene
by OH, could be derived for experiments in five different chambers. A high variability of the
yields of pinonaldehyde and formaldehyde was observed, which is also reflected in the available
data from the literature. In contrast, obtained acetone yields agree within the combined
uncertainties for the different chambers and within the uncertainties with reported literature
values.
Overall, well-characterised simulation chambers offer a great opportunity to investigate atmo-
spheric chemistry in a controlled environment. The goal is to simplify the complexity of field
studies while still keeping the conditions comparable to the real atmosphere.
The main part of the thesis is on the investigation of the daytime and nighttime oxidation of
anthropogenic VOCs in the atmospheric simulation chamber SAPHIR at Forschungszentrum
Jülich, Germany. Measured trace gas and radical concentrations were compared to zero-
dimensional box model calculations, based on the Master Chemical Mechanism (MCM) and
complemented by an updated ozonolysis scheme for alkenes, and by state-of-the-art peroxy
and alkoxy chemistry from structure-activity relationships (SAR).
Photooxidation experiments were performed for a variety of anthropogenic VOCs at different
levels of NO, mimicking current (high NO) and future (low NO) chemical regimes. The
VOCs investigated were chosen according to their alkoxy chemistry, forming HO2 either in a
single-step reaction (propane, propene, trans-2-hexene) or in a multi-step reaction involving
the regeneration of RO2 (iso-pentane, n-hexane), which results in a different number of ozone
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molecules produced per oxidised VOC molecule. A comparison between measured trace gases
and radicals with results from the the MCM showed overall a good agreement (within 17 %) for
most VOCs. An improved agreement of HO2 and RO2 radical concentrations, in experiments
with n-hexane, was found for the MCM complemented by SAR, assuming a factor of � 1:4
higher organic nitrate yields for first-generation RO2 and RO2 isomerisation reactions.
HO2/RO2 ratios were derived from measured and modelled radical concentrations, showing a
20% smaller ratio for the VOCs forming HO2 in a multi-step reaction compared to VOCs
forming HO2 in a single-step reaction. The production of odd oxygen (Ox = O3 + NO2)
was calculated from modelled radical concentrations and from measured Ox for 3 < NO
< 6ppbv and for NO < 1ppbv, where the Ox formation could additionally be determined
from measured radical concentrations. Overall, a good agreement was found for the different
approaches. In agreement with the observations of the HO2/RO2 ratio, a 20% higher Ox
production was observed for species, regenerating another RO2 radical before eventually
forming HO2. Overall, the model-measurement discrepancies of the Ox production rates, as
found in urban areas, were not observed in the performed chamber experiments.
The nighttime oxidation of cis-2-butene and trans-2-hexene was tested in the presence of
NO2 at different temperatures (from 3 �C to 32 �C). At low temperatures, time profiles of
measured RO2 radical concentrations were significantly delayed and lower peak concentrations
were reached than observed in the modelled RO2 radical time series. The model-measurement
agreement could be significantly improved by including the formation of non-acyl peroxyni-
trates (RO2NO2) from the reaction of RO2 with NO2 in the chemical model for all formed
non-acyl peroxy radicals. The formation of non-acyl RO2NO2, with the exception of methyl
peroxynitrate, is not implemented in commonly used chemical mechanisms, such as the MCM,
as it is thought to be negligible due to the short lifetime of alkyl (non-acyl) RO2NO2 of less
than 1 s at 298K. This study suggests that at 10 �C, 60% of RO2 radicals are stored as
corresponding peroxynitrates in the presence of only few ppbv of NO2, which may impact
ambient RO2 and NOx (= NO+NO2) concentrations. In addition, a recent model study found
an increase of NOx of up to 25% on the ground, when including the formation of non-acyl
RO2NO2. This suggests that these reactions should be included in chemical mechanisms for a
better representation of the underlying chemistry.
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| Zusammenfassung

Luftverschmutzung ist eine gesellschaftliche Herausforderung, die insbesondere in Ballungsge-
bieten eine große Rolle spielt und Millionen von Menschen weltweit betrifft. Emissionen in
Städten sind von anthropogenen Aktivitäten, wie zum Beispiel Verkehr, Industrie, Kochaktiv-
itäten und der Benutzung flüchtiger Pflegeprodukte, geprägt. Abgesehen von der gesundheitss-
chädlichen Wirkung werden Emissionen durch die Reaktion mit Oxidationsmitteln chemisch
abgebaut, wobei Sekundärschadstoffe, wie zum Beispiel Ozon und Partikel, entstehen.
Die wichtigsten Oxidationsmittel der Troposphäre sind das Hydroxylradikal (OH), das tagsüber
Oxidationsprozesse dominiert, das Nitratradikal (NO3), das insbesondere in der Nacht von
Bedeutung ist, und Ozon. Im Verlauf der atmosphärischen Oxidation von flüchtigen organis-
chen Verbindungen (VOCs) werden Peroxy- (RO2) und Hydroperoxy-Radikale (HO2) gebildet,
die Stickstoffmonoxid (NO) zu Stickstoffdioxid (NO2) oxidieren. Stickstoffdioxid stellt die
Hauptquelle tropopshärischen Ozons dar, das durch die Photolyse von NO2 gebildet wird.
Das Verständnis atmosphärischer Oxidationsprozesse ist von entscheidender Bedeutung für
die Eindämmung der Luftverschmutzung und für die Bewältigung aktueller und künftiger
Herausforderungen in Hinsicht auf die Luftqualität.
In verschiedenen Feldstudien, die in oder in der Nähe von urbanen Räumen durchgeführt wur-
den, konnten gemessene HO2- und/oder RO2-Radikalkonzentrationen nicht durch chemische
Modellrechnungen reproduziert werden, die das gegenwärtige Verständnis atmosphärischer
Chemie widerspiegeln. Auch wenn chemische Modelle eine gewisse Unsicherheit haben, so
wurden, insbesondere für RO2-Radikale, oftmals Diskrepanzen von mehr als einem Fak-
tor drei beobachtet, was eine Vorhersage von Luftqualität erschwert. Die Durchführung
von Feldstudien ist allgemein sehr wichtig, um Wissenslücken in Bezug auf atmosphärische
Oxidationsprozesse aufzudecken, die dann in Laborexperimenten, wie zum Beispiel in At-
mosphärensimulationskammern, in kontrollierten Rahmenbedingungen untersucht werden
können.
Diese Arbeit behandelt die Untersuchung von atmosphärischen Oxidationsprozessen in Simu-
lationskammern. Zuerst wurde die Performance und die Vergleichbarkeit verschiedener Atmo-
sphärensimulationskammern untersucht. Dafür wurden Oxidationsexperimente mit �-Pinen
in neun verschiedenen Simulationskammern, die Teil des EUROCHAMP-2020-Konsortiums
sind, durchgeführt. Kammereffekte, wie zum Beispiel die Freisetzung von kurzkettigen, sauer-
stoffhaltigen Verbindungen von der Kammerwand oder der Verlust von Spurengasen oder
Partikeln an der Kammerwand, wurden charakterisiert. Des Weiteren konnten die Ausbeuten
an Pinonaldehyd, Formaldehyd und Aceton, die Produkte der Oxidation von �-Pinen durch
OH sind, in Experimenten in fünf verschiedenen Kammern bestimmt werden. Eine hohe
Variabilität der Pinonaldehyd- und Formaldehydausbeuten wurde beobachtet, die sich auch
in den Literaturwerten widerspiegelt. Aus den Experimenten abgeleitete Acetonausbeuten
stimmen insgesamt innerhalb der kombinierten Fehler überein. Dies gilt auch für den Vergleich
mit Literaturwerten.
Generell bieten Atmosphärensimulationskammern eine gute Möglichkeit, die Chemie der
Atmosphäre in einer kontrollierten Umgebung zu untersuchen. Das Ziel ist es dabei, die
Komplexität von Feldstudien zu vereinfachen und dennoch vergleichbare Bedingungen mit der
realen Atmosphäre zu schaffen.
Der Hauptteil der Arbeit befasst sich mit der Untersuchung der Oxidation von anthropoge-
nen VOCs am Tag und in der Nacht in der Atmosphärensimulationskammer SAPHIR am
Forschungszentrum Jülich, Deutschland. Gemessene Spurengas- und Radikalkonzentrationen
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wurden mit 0-dimensionalen Boxmodellrechnungen verglichen, die auf dem Master Chemical
Mechanism (MCM) basieren, das durch ein neues Ozonolyseschema für Alkene sowie ak-
tueller Peroxy- und Alkoxychemie aus Struktur-Wirkungsbeziehungen (SAR) komplementiert
wurde. Photooxidationsexperimente wurden für verschiedene anthropogene VOCs bei unter-
schiedlichen NO-Konzentrationen durchgeführt, die die derzeitigen (hohes NO) und zukünftigen
(niedriges NO) chemischen Bedingungen simulieren. Die untersuchten VOCs wurden gemäß
ihrer Alkoxychemie ausgewählt, wobei HO2 entweder in einer einfachen Reaktion (Propan,
Propen, trans-2-Hexen) oder in einer Mehrfachreaktion (iso-Pentan, n-Hexan) gebildet wird.
Da bei der Mehrfachreaktion ein zusätzliches RO2-Radikal gebildet wird, werden in der Einfach-
und Mehrfachreaktion unterschiedlich viele Ozonmoleküle pro oxidiertem VOC erwartet. Eine
gute Übereinstimmung (innerhalb von 17%) ergab der Vergleich der gemessenen Spurengase
und Radikale mit den Ergebnissen des MCMs. Die Ergänzung des MCM durch SAR führte
zu einer verbesserten Übereinstimmung der HO2- und RO2-Radikalkonzentrationen bei Ex-
perimenten mit n-Hexan, insbesondere wegen höheren Ausbeuten an organischen Nitraten
sowie zusätzlichen RO2-Isomerisierungsreaktionen. Die HO2/RO2-Konzentrationsverhältnisse
wurden aus gemessenen und modellierten Radikalkonzentrationen bestimmt, wobei ein 20%
kleineres HO2/RO2-Verhältnis beobachtet wurde für die VOCs, die zusätzliche RO2-Radikale
bilden. Die Produktion von Ozon und NO2 (Ox = O3 + NO2) wurde aus modellierten
Radikalkonzentrationen und gemessenem Ox-Konzentrationen für chemische Bedingungen mit
NO Konzentrationen von 3 < NO < 6ppbv und NO < 1ppbv berechnet. Für NO < 1ppbv
konnte die Ox-Bildung zusätzlich aus gemessenen Radikalkonzentrationen bestimmt werden.
Insgesamt wurde eine gute Übereinstimmung zwischen den verschiedenen Berechnungen gefun-
den. In Übereinstimmung mit den beobachteten HO2/RO2-Konzentrationsverhältnissen wurde
eine 20% höhere Ox-Produktion für VOCs beobachtet, die HO2 in einer Mehrfachreaktion
mit NO bilden. Insgesamt wurden die Diskrepanzen zwischen gemessenen und aus Modell-
rechnungen bestimmten Ox-Produktionsraten, wie sie aus Feldstudien abgeleitet wurden, in
den durchgeführten Kammerversuchen nicht beobachtet.
Die nächtliche Oxidation von cis-2-Buten und trans-2-Hexen wurde in Gegenwart von NO2
bei verschiedenen Temperaturen (3 �C bis 32 �C) untersucht. Bei niedrigen Temperaturen
waren die gemessenen Konzentrationszeitreihen von RO2-Radikalen deutlich verzögert und es
wurden niedrigere Spitzenkonzentrationen erreicht als in den von den Boxmodellrechnungen
erwarteten RO2-Konzentrationszeitreihen. Die Übereinstimmung zwischen modellierten und
gemessenen RO2-Radikalkonzentrationen konnte deutlich verbessert werden, wenn die Bildung
von Alkylperoxynitraten (RO2NO2) aus der Reaktion von RO2 mit NO2 im Modell inkludiert
wurde. In den oft genutzten chemischen Mechanismen, wie zum Beispiel dem MCM, wird die
Bildung von Alkyl-RO2NO2, mit Ausnahme vom Methylperoxynitrat, nicht berücksichtigt,
da sie aufgrund der kurzen Lebensdauer der Alkylperoxynitrate von weniger als 1 s bei 298 K
als vernachlässigbar angesehen wird. Diese Arbeit zeigt, dass 60% der Alkyl-RO2-Radikale
bei 10 �C in den entsprechenden Peroxynitraten gespeichert sind, was sich auf die RO2- und
NOx(= NO + NO2)-Umgebungskonzentrationen auswirken könnte. Darüber hinaus wurde in
einer kürzlich durchgeführten Modellstudie ein Anstieg der NOx-Konzentration um bis zu 25 %
berechnet, wenn man die Bildung von Alkyl-RO2NO2 berücksichtigt. In Kombination mit den
Ergebnissen dieser Arbeit legt dies nahe, dass diese Reaktionen in die chemischen Mechanismen
einbezogen werden sollten, um die zugrundeliegende Chemie besser zu repräsentieren.
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1 | Introduction

Air pollution in urban environments and its impact on human health have already been
reported since the 12th century (Goodhill, 1971; Finlayson-Pitts and Pitts, 2000). Most
prominent examples are the volcanic eruptions of the Huaynaputina and Tambora volcanos
in Peru and Indonesia in 1600 and 1815, respectively, which led to a significant cooling of
the atmosphere due to the formation of sunlight-reflecting sulfate aerosol from the oxidation
of emitted sulfur dioxide (SO2). As a consequence and also due to the high amount of dust
particles which were transported over the entire globe, crop failures were reported worldwide
leading to famines and economic crises as well as a high death rate (Stothers, 1984; Briffa
et al., 1998; Verosub and Lippman, 2008; Fei et al., 2016). Since the industrial revolution, air
pollution and climate changed gradually on regional and global scales (Finlayson-Pitts and
Pitts, 2000; Seinfield and Pandis, 2006). In addition to biogenic emissions (predominantly
isoprene and monoterpenes such as �-pinene), anthropogenic (human made) emissions started
contributing to the amount of volatile organic compounds (VOCs) in the air and tremendously
increased over the last hundred years (Fig. 1.1) (Lamarque et al., 2010; Hoesly et al., 2018; Skeie
et al., 2023), impacting not only regional air quality but also global climate (Intergovernmental
Panel On Climate Change, 2023). Famous air pollution events were for example the London
and Los Angeles smogs. While the London smog with the most severe event in 1952 was
driven by high amounts of SO2 and particles, the Los Angeles smog, with the first appearance

Figure 1.1: Emission trend of non-methane volatile organic compounds (NMVOCs) from
1750 to 2014, categorised into different sectors. The data are adopted from the
Community Emissions Data System (CEDS) and Hoesly et al. (2018). Comments
are based on the 6th IPCC Report (Intergovernmental Panel On Climate Change,
2023).
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Figure 1.2: Chemical composition of the lower troposphere. The data are taken from Visconti
(2016), with the exception of the CO2 mixing ratio, which is an updated value
measured at the monitoring station at Mauna Loa in the week of the 21st of
January, 2024 (US Department of Commerce, 2024). The water vapour mixing
ratio is variable. The given value was measured in Lauder, New Zealand, on the
25th of November, 2023 (US Department of Commerce, 2024).

in Los Angeles in the late 1940’s, was driven by the photochemical degradation of VOCs in the
presence of nitrogen oxides, which led to large amounts of hazardous ozone, up to 400ppbv
(parts per billion) in Mexico city (Finlayson-Pitts and Pitts, 2000). The photochemical
smog is still a world-wide problem in areas with high emissions of VOCs and nitrogen
oxides and unfavourable weather conditions (Finlayson-Pitts and Pitts, 2000). Anthropogenic
emissions are predominantly caused by the production and distribution of fossil fuel as well as
their use for industry, transportation, cooking, and heating (Fig. 1.1) (Hoesly et al., 2018;
Intergovernmental Panel On Climate Change, 2023). Most of the emitted non-methane
hydrocarbons are removed from the troposphere (< 10� 15 km altitude) on a timescale of
hours to months (Seinfield and Pandis, 2006; Intergovernmental Panel On Climate Change,
2023) and therefore play a major role in regional air quality. Methane (CH4), however, has
a relatively long atmospheric lifetime of 8:4 yr (Seinfield and Pandis, 2006) and is the most
abundant VOC in the troposphere with a global mean mixing ratio of 1:93 ppmv (status:
September 2023, US Department of Commerce (2024)) which increased by 166% over the last
� 170 years due to the continuously increasing emissions. Beside carbon dioxide (CO2), water
vapour (H2O), and ozone (O3), methane is a greenhouse gas, absorbing infrared radiation,
and thus contributes to the global warming due to its high abundance (Finlayson-Pitts and
Pitts, 2000).
Before being ultimately removed from the atmosphere by deposition, VOCs typically undergo
a variety of gaseous and heterogeneous reactions. The tropospheric oxidation of chemical
compounds initiating the chemical degradation of trace gases in the troposphere is mainly
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driven by three species: ozone, the nitrate radical (NO3), and the hydroxyl radical (OH), with
tropospheric surface concentrations in the ppbv to low-pptv (parts per trillion) range (Fig. 1.2)
(Finlayson-Pitts and Pitts, 2000; Seinfield and Pandis, 2006). While the oxidation of VOCs
is dominated by the OH radical during the day and by the nitrate radical during the night,
ozone contributes to oxidation processes during both, the day and the night, (Finlayson-Pitts
and Pitts, 2000; Seinfield and Pandis, 2006). Even though tropospheric oxidation significantly
reduces primary pollutants such as toxic CO, secondary pollutants including ozone, nitrous
acid (HNO3), and particulate matter (PM) are produced in the chemical degradation of VOCs.
Both ozone and PM are not only harmful for human health but also lead to environmental
impacts such as a decreased visibility or damage of crops (Finlayson-Pitts and Pitts, 2000;
Gaffney and Marley, 2020). Therefore, it is crucial to understand the formation of these
secondary pollutants from their precursors. Since the concentrations of the precursor and
the secondary pollutants are not linearly correlated, predictions of secondary pollutants are
challenging (Finlayson-Pitts and Pitts, 2000).
The relationship between the secondary pollutants and their precursors can be investigated
with atmospheric simulation chambers which allow to study the atmospheric oxidation of
single VOCs and the resulting formation of secondary pollutants without perturbations by
emissions or meteorology (Finlayson-Pitts and Pitts, 2000; Doussin et al., 2023). These
chamber studies help developing and evaluating atmospheric chemical models which are used
to understand pollutant levels observed in the real troposphere (Doussin et al., 2023). By
improving the understanding of the production of secondary pollutants such as O3, future air
quality can be better predicted and thus controlled via fitted emission protocols.

1.1 Anthropogenic emissions in urban areas

In the past, ozone and particle pollution in urban regions were in particular associated to
emissions of nitrogen oxides, namely nitric oxide (NO) and nitrogen dioxide (NO2), and
volatile organic compounds (VOC) from motor vehicles (McDonald et al., 2018). Therefore,
emission regulations were introduced reducing and controlling tailpipe emissions which led to
a reduction of NOx (= NO + NO2) and petrochemical VOCs from transportation and to a
decrease of high surface ozone pollution events (Warneke et al., 2012; Pollack et al., 2013; Ehlers
et al., 2016; Wallington et al., 2022; Wu et al., 2023). However, a stagnation of the decreasing
trend of urban ozone concentrations was observed in the last decade (Jiang et al., 2018; Li
et al., 2019a; Sicard et al., 2020; McHugh et al., 2023; Wu et al., 2023). Several explanations
were suggested such as unfavourable meteorological conditions (Gaudel et al., 2020; Wu et al.,
2023), a changing chemical regime (Laughner and Cohen, 2019; Sicard et al., 2020; Kim et al.,
2022), a decrease in particulate matter and consequently of the aerosol sink of hydroperoxy
radicals and NOx (Li et al., 2019a,b), as well as the increasing importance of non-combustion
sources to the urban VOC mixture (Jiang et al., 2018; McDonald et al., 2018). McDonald et al.
(2018) identified a so far unknown source of VOCs called volatile chemical products (VCP) in
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Figure 1.3: Chemical composition of gasoline exhaust, with values taken from McDonald
et al. (2018).

Los Angeles, US, which contributes about 50% to petrochemical VOC emissions (McDonald
et al., 2018; Gkatzelis et al., 2021; Asif et al., 2023) and also contributes significantly to VOC
emissions in smaller cities (Coggon et al., 2018). Examples for VCPs are cleaning agents,
personal care products, printing inks, coatings, adhesives, and pesticides (McDonald et al.,
2018). Thus, petrochemical VOCs are found to not only be emitted by transportation and
shipping, as assumed in the past, but also by VCPs, such that these types of VOCs still
contribute significantly to urban air mixtures nowadays (Ehlers et al., 2016; McDonald et al.,
2018; Wang et al., 2023) and represent about 20% of the total amount of non-methane VOCs
in the troposphere (Fig. 1.1) (Hoesly et al., 2018). As shown in Fig. 1.3 for gasoline exhaust,
petrochemical VOCs span a large variety of hydrocarbons, with a large fraction of the VOC
pool constituted by alkanes, alkenes, and aromatics. While the photochemical oxidation of
aromatics is still poorly understood, the tropospheric gas-phase chemistry of alkanes and
alkenes is well investigated (Akimoto and Hirokawa, 2020). The abundance of the VOCs
is controlled by both, their emission sources and sinks. In the tropospheric oxidation of
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VOCs, peroxy (RO2) and hydroperoxy (HO2) radicals are formed. During the day when OH
predominantly initiates the oxidation process, RO2 and HO2 radicals contribute to the air
pollution by converting nitric oxide into hazardous nitrogen dioxide, which forms ozone by
its photolysis. This is the only relevant source of surface ozone. Furthermore, OH radicals
can be regenerated by the reaction of RO2 and HO2 with NO. Thus, the tropospheric radical
chemistry does not only control the OH radical concentration in the troposphere and thus the
oxidation capacity, but also the formation of hazardous secondary pollutants such as ozone.
Beside O3, oxygenated VOCs are formed in the day- and nighttime oxidation which can act
as precursors for secondary organic aerosol (SOA) (Finlayson-Pitts and Pitts, 2000; Seinfield
and Pandis, 2006).

1.2 Tropospheric daytime and nighttime chemistry

The formation of secondary pollutants such as ozone and particulate matter is strongly coupled
to the chemistry of the free radicals RO2 (organic peroxy radical) and HO2 (hydroperoxy
radical). In this section, the tropospheric oxidation of organic VOCs (hydrocarbons) is
introduced for polluted and clean environments with a focus on the formation of ozone.

Oxidation of hydrocarbons by OH

The tropospheric daytime oxidation of pollutants is dominated by the OH radical, which is
the most important tropospheric oxidant due to its high reactivity (0.01 s <lifetime < 1 s)
(Ren, 2003; Isaksen and Dalsøren, 2011; Nölscher et al., 2012; Gligorovski et al., 2015; Brune
et al., 2016; Griffith et al., 2016; Tan et al., 2017, 2018; Whalley et al., 2018; Tan et al., 2019;
Slater et al., 2020; Whalley et al., 2021) and its abundance in the sub-pptv range (typical
average, daytime concentration = 1� 106 cm�3, Finlayson-Pitts and Pitts (2000)). The OH
radical reacts both with saturated and unsaturated hydrocarbons such as alkanes and alkenes,
respectively (Tab. 1.1). In the following, alkanes are denoted as RH where R denotes the
moiety which is the methyl group (�CH3) in case of methane (CH4). For CH4, the hydroxyl
radical is the only significant reactant and thus controls their abundances in the atmosphere.
In the chemical degradation of e.g., CH4 (R = CH3), organic peroxy radicals (RO2) such as
the hydroperoxy radical (HO2) are formed (Finlayson-Pitts and Pitts, 2000; Seinfield and
Pandis, 2006):

OH + RH ! R + H2O (R1.1)

R + O2 ! RO2; (R1.2)

where saturated VOCs are oxidised by OH via a hydrogen (H) abstraction reaction. The
reaction of alkyl radicals R with O2 forming a peroxy radical happens on a timescale of tens
to hundreds of nanoseconds such that RO2 radicals are immediately formed (Reaction (R1.2))
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Figure 1.4: Schematic of the OH addition reaction with propene.

(Finlayson-Pitts and Pitts, 2000; Atkinson et al., 2006). In contrast, the OH radical preferably
adds to a double bond in its reaction with unsaturated compounds such as alkenes, as shown
in Fig. 1.4 for propene. The branching ratio of the OH addition to either sides of the double
bond follows Markovnikov addition rules, stating that the stability is highest for formed
tertiary radicals and lowest for primary radicals (Gaffney and Marley, 2020). Since a radical
is also formed in the OH addition reaction (Fig. 1.4), a peroxy radical is generated as well
(Reaction (R1.2)).

Fate of peroxy radicals in polluted environments

The fate of peroxy radicals depends on the presence (or absence) of nitric oxide (NO). In
polluted environments, characterised by the the presence of NO (Seinfield and Pandis, 2006),
the main reactant of RO2 is NO (Finlayson-Pitts and Pitts, 2000; Seinfield and Pandis, 2006):

RO2 + NO ! RO + NO2 (R1.3)

RO2 + NO(+M) ! RONO2(+M): (R1.4)

In contrast to Reaction (R1.4) in which an organic nitrate (RONO2) is formed, Reaction (R1.3)
does not terminate the radical cycle (Fig. 1.5). The formed alkoxy radical (RO) in Reac-
tion (R1.3) can undergo different reactions: an H abstraction reaction (Reaction (R1.5)),
decomposition (Reaction (R1.6)), or an isomerisation reaction (Reaction (R1.7)) (Finlayson-
Pitts and Pitts, 2000; Orlando et al., 2003):

O2 + RO ! R1CHO + HO2 (R1.5)

RO ! R2 + R3CHO (R1.6)

RO ! HOR4; (R1.7)

where R, R1, R2, R3, and R4 denote different moieties. While the pseudo-first order rate
coefficient of the H-abstraction reaction (= k(R1:5) � [O2]) is typically on the order of 104 s�1,
the rate coefficients of the decomposition and isomerisation reactions can vary over orders
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Table 1.1: Overview of typical atmospheric lifetimes of selected anthropogenic VOCs towards
their reaction with OH, NO3, and O3. Concentrations of 1�106 cm�3, 50pptv, and
50ppbv were assumed for OH, NO3, and O3, respectively. The values are based
on reaction rate coefficients taken from Atkinson et al. (2004, 2006), if not noted
differently. The lifetimes can then be calculated via �X+VOC = 1/(kX+VOC[X])
with X = OH, NO3, O3.

VOC OH NO3 O3

methane 5 yr
propane 1.1 d
propene 1.1 h a 1 d 23 h
iso-pentane a 3.1 d
cis-2-butene a 5 h 40 min 1.8 h
n-hexane a 2.1 d
trans-2-hexene 4.6 h 37 min b 1.4 h b

a Based on reaction rate coefficients taken from Atkinson (1997).
b Based on reaction rate coefficients taken from Atkinson and Arey (2003).

of magnitude and are highly dependent on the structure of the alkoxy radical (Somnitz and
Zellner, 2000; Peeters et al., 2004; Atkinson et al., 2006; Atkinson, 2007; Vereecken and Peeters,
2009, 2010). Depending on R2 and R4, Reactions (R1.6) and (R1.7) may either lead to the
formation of another RO2 radical, undergoing another reaction step with NO (Reaction (R1.3))
in a polluted environment, or produce an HO2 radical after an H-abstraction reaction. The
HO2 radicals then react with NO, regenerating the hydroxyl radical and thus closing the
radical cycle (Fig. 1.5) (Finlayson-Pitts and Pitts, 2000; Seinfield and Pandis, 2006):

HO2 + NO ! OH + NO2: (R1.8)

In contrast, termination reactions of the radical cycle such as Reaction (R1.4) do not lead to
the regeneration of the OH radical. The organic nitrate yield (fRONO2), which is equivalent to
the branching ratio of Reaction (R1.4), depends on the structure and the size of the peroxy
radical (Carter and Atkinson, 1989; Arey et al., 2001; Teng et al., 2015; Jenkin et al., 2019).
Another predominant termination reaction is due to the reaction of OH with NO2 producing
HNO3 (Fig. 1.5):

OH + NO2(+M) ! HNO3(+M): (R1.9)

This is typically the main radical termination reaction at high NO (Finlayson-Pitts and Pitts,
2000). The deposition of HNO3 contributes significantly to the removal of NOx from the
atmosphere which was estimated to be � 40% in the Los Angeles basin (Russell et al., 1993;
Finlayson-Pitts and Pitts, 2000).
The formation of NO2 molecules in the reaction of RO2 and HO2 with NO (Reactions (R1.3)
and (R1.8)) leads to the formation of ozone (Fig. 1.5) (Finlayson-Pitts and Pitts, 2000;
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Figure 1.5: Schematic of the radical chemistry dominated by the presence of NO (polluted
environment) and its impact on the ozone formation.

Seinfield and Pandis, 2006):

NO2 + h�(� < 420nm) ! NO + O(3P) (R1.10)

O(3P) + O2(+M) ! O3(+M); (R1.11)

where O(3P) denotes the oxygen atom in its ground state. The chemical degradation of
VOCs is the only source of O3 during the day. In environments impacted by emissions
from combustion processes, surface O3 concentrations can exceed 100ppbv (Seinfield and
Pandis, 2006). In the presence of NO, NO2 is regenerated by the reaction of NO with O3

(Finlayson-Pitts and Pitts, 2000; Seinfield and Pandis, 2006):

NO + O3 ! NO2 + O2: (R1.12)

Via Reactions (R1.10)-(R1.12), NO, NO2, and O3 are photochemically coupled and a pho-
tostationary state is established, characterised by equal production and destruction rates of
NO2 (Seinfield and Pandis, 2006):

0 =
d[NO2]

dt
= �jNO2 [NO2] + k(R1.12)[O3][NO]; (1.1)

where jNO2 denotes the photolysis frequency of NO2. Since O3 and NO2 concentrations
are in a photostationary state (Eq. (1.1)), both together are often summarised as odd
oxygen (Ox = O3 + NO2) (Seinfield and Pandis, 2006). The net production of odd oxygen
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(Reactions (R1.3) and (R1.8)) can then be calculated from (Seinfield and Pandis, 2006):

P (Ox) = k(R1:3)[RO2][NO] � (1� fRONO2) + k(R1:8)[HO2][NO]� LOx ; (1.2)

where k(R1:3) and k(R1:8) refer to the rate coefficients of the reaction of RO2 and HO2 with
NO (Reactions (R1.3) and (R1.8)), respectively. Furthermore, fRONO2 and LOx denote the
organic nitrate yield (Reaction (R1.4)) and loss reactions of Ox, respectively, which are further
discussed below. Since the Ox production rate is sensitive to the reaction of peroxy radicals
with NO, the fate of the formed alkoxy radicals (Reactions (R1.5)-(R1.7)) impacts the Ox

formation significantly. Two Ox molecules are expected to be formed from the reaction of
one VOC with OH, if the uni- or bimolecular reaction of the alkoxy radical yields an HO2

radical (Fig. 1.5). If another RO2 radical is formed instead of an HO2 radical, a second
RO2 + NO reaction takes place within one radical cycle, yielding another NO2 and thus O3

molecule (Fig. 1.5). Beside their reaction with NO, peroxy radicals can also react with NO2

leading to the formation of reservoir peroxynitrate species (RO2NO2) such as peroxynitric
acid (HO2NO2):

HO2 + NO2(+M) 
 HO2NO2(+M) (R1.13)

RO2 + NO2(+M) 
 RO2NO2(+M): (R1.14)

Both, HO2NO2 and alkyl peroxynitrate compounds are thermally unstable and regenerate
NO2 and HO2 or RO2 after the thermal decomposition. Due to the short lifetimes of HO2NO2

and of alkyl-RO2NO2 (� 16 s and � 0:2 s at 298K, respectively), they are thought to be
irrelevant with regard to radical chemistry in the lower troposphere. Therefore, the formation
of alkyl-RO2NO2 (Reaction (R1.14)) is not implemented in atmospheric chemical models with
the exception of methyl peroxynitrate due to its abundance (Atkinson et al., 2004; Jenkin et al.,
2019). Other exceptions are peroxyacetyl nitrate compounds (PANs) formed from acyl peroxy
radicals (R(=O)O2). Due to their elongated lifetime of 40min to 50min at 298K and 1 atm,
acyl peroxyacetyl nitrates act as reservoir species for RO2 and NO2 and can be transported
over long distances before releasing RO2 and NOx (= NO + NO2) again (Finlayson-Pitts and
Pitts, 2000; Atkinson et al., 2006; Jenkin et al., 2019).
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Fate of peroxy radicals in remote environments

In pristine environments, characterised by low NOx concentrations (. 200pptv, Seinfield and
Pandis (2006)), other loss reactions of peroxy radicals become competitive with the reaction
of RO2 with NO such as (Finlayson-Pitts and Pitts, 2000; Seinfield and Pandis, 2006):

RO2 + HO2 ! ROOH + O2 (R1.15)

! ROH + O3 (R1.16)

! RO + OH + O2; (R1.17)

RO2 + R0O2 ! RO + R0O + O2 (R1.18)

! R�H = O + R0OH + O2 (R1.19)

! ROOR0 + O2: (R1.20)

For aliphatic peroxy radicals, consisting only of carbon and hydrogen atoms, the reactions of
RO2 with HO2 proceed via Reaction (R1.15). Non-zero branching ratios of Reactions (R1.16)
and (R1.17) are expected for acyl-RO2 and for RO2 with specific functional groups (Jenkin
et al., 2019). For the permutation reactions of RO2 (Reactions (R1.18)-(R1.20)), including
self-reactions (R’=R) and cross-reactions (R’ 6=R), the branching ratios of the different reaction
channels depend on the predominant type of RO2 in the air. Typically, Reaction (R1.18) is
the predominant pathway with a branching ratio of more than 50% (Jenkin et al., 2019).
Apart from Reactions (R1.15)-(R1.20), the isomerisation of RO2 radicals can also play a role in
remote areas (Vereecken and Nozière, 2020). A schematic of a 1,6 H-migration reaction, which
eventually leads to the formation of a new RO2 radical (HOOR0O2), containing a hydroperoxide
(�OOH) group, is shown in Fig. 1.6. Chain reactions of several RO2 isomerisation reactions
lead to the formation of low-volatility oxygenated compounds and highly oxygenated molecules
(HOMs), which play a crucial role in the secondary aerosol formation (Hallquist et al., 2009;
Jokinen et al., 2014; Ehn et al., 2017; Bianchi et al., 2019; Rissanen, 2021). Depending on
the size and the structure of the newly formed peroxy radical, it can undergo either several
isomerisation reactions, yielding either another higher oxidised RO2 radical (HOO)2R00O2,
before stable products containing a high ratio of oxygen to carbon atoms are formed. Another
reaction pathway after an isomerisation reaction can be the formation of a carbonyl together
with an OH radical (Fig. 1.6). The latter reaction pathway is the result from an �-OOH
H-migration which leads to the formation of an �-OOH radical that decomposes spontaneously
(Vereecken et al., 2004; Vereecken and Nozière, 2020). If possible, the �OOH substituted RO2

radical can undergo rapid scrambling, shifting the hydrogen atom between the peroxy and the
hydroperoxy group (HOOR0O2’$O2R0OOH) (Vereecken and Nozière, 2020) and therefore,
leading to different products. With reaction rate coefficients larger than 1 � 103 s�1, the
scrambling reaction is dominant over reactions of RO2 with HO2 and even with NO under
most atmospheric conditions (Miyoshi, 2012; Jørgensen et al., 2016; Nozière and Vereecken,
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Figure 1.6: Schematic displaying the RO2 isomerisation reaction as well as secondary re-
actions. The reaction scheme is adopted from the open access publication by
Vereecken and Nozière (2020) under the Creative Commons Attribution 4.0
License (https://creativecommons.org/licenses/by/4.0).

2019). Typically, the isomerisation reaction rates are faster for higher oxidised compounds
(Vereecken and Nozière, 2020; Rissanen, 2021) and the reaction rate coefficients highly depend
on the functional groups around the involved hydrogen atom and the peroxy group as well as
on the span of the migration (Vereecken and Nozière, 2020).
In remote areas, the HO2 reaction with itself, forming the reservoir species hydrogen peroxide
(H2O2), can play a role for the atmospheric fate of HO2 (Finlayson-Pitts and Pitts, 2000):

HO2 + HO2 ! H2O2 + O2: (R1.21)

H2O2 either releases one HO2 molecule in its reaction with OH or forms two OH radicals in
its photolysis.

OH production

Apart from the OH recycling in the presence of VOCs and NO, the OH radical is produced
photolytically which limits its abundance to mainly daytime hours. The major source of OH
is the photolysis of ozone, which can yield an electronically excited oxygen atom O(1D), which
reacts with water vapour (H2O) forming eventually two OH radicals (Finlayson-Pitts and
Pitts, 2000; Seinfield and Pandis, 2006):

O3 + h�(� < 340nm) ! O2 + O(1D) (R1.22)

O(1D) + H2O ! 2OH (R1.23)

O(1D)(+M) ! O(3P)(+M): (R1.24)

Beside its reaction with water vapour, O(1D) is predominantly deactivated by collisions e.g.,
with N2 (Finlayson-Pitts and Pitts, 2000). Due to the high amount of H2O and a strong
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actinic flux, highest OH radical concentrations can be found in the tropics (Seinfield and
Pandis, 2006). Another source, especially in urban areas is the photolysis of nitrous acid
(HONO), which often accumulates during nighttime. It photolyses at longer wavelengths than
ozone, yielding a NO molecule in addition to an OH radical. As long wavelengths penetrate
the atmosphere already in the early morning hours, HONO photolysis can be the major OH
source at that time of the day before ozone photolysis gains in importance (Finlayson-Pitts
and Pitts, 2000; Atkinson et al., 2004; Seinfield and Pandis, 2006):

HONO + h�(� < 578nm) ! OH + NO: (R1.25)

In rural areas, OH radicals are also formed from the reaction of HO2 with O3 (Finlayson-Pitts
and Pitts, 2000; Gligorovski et al., 2015):

HO2 + O3 ! OH + 2O2: (R1.26)

Beside the primary radical production by photolytic reactions, hydroperoxy radicals are also
photolytically produced by the photolysis of formaldehyde (Finlayson-Pitts and Pitts, 2000):

HCHO + h�(� < 345nm) ! H + HCO (R1.27)

HCO + O2 ! HO2 + CO (R1.28)

H + O2 ! HO2 (R1.29)

being the major primary source of HO2 during the day (Finlayson-Pitts and Pitts, 2000).

Oxidation of hydrocarbons by O3

The relatively high ozone concentrations, which are typically more than three orders of
magnitude larger than OH radical concentrations in the troposphere, facilitate the oxidation of
unsaturated VOCs by ozone even though the reaction rate coefficients are orders of magnitudes
smaller than the reactions with OH (Tab. 1.1) (Finlayson-Pitts and Pitts, 2000). Ozone can
only react with unsaturated VOCs (ozonolysis), which contain minimum one double bond, and
adds to their double bond, forming a short-lived primary ozonide (POZ), which decomposes
producing carbonyls and chemically activated Criegee intermediates (CI�, Fig. 1.7). The fate
of the formed Criegee intermediates has been a subject of mechanistic studies for decades
(Finlayson-Pitts and Pitts, 2000; Taatjes et al., 2014; Vereecken et al., 2014; Vereecken, 2017;
Vereecken et al., 2017; Newland et al., 2020, 2022). The branching ratios of the two different
pairs of carbonyls and Criegee intermediates, � and (1� �) in Fig. 1.7, are typically assumed
to be similar (Seinfield and Pandis, 2006). However, a recent study by Newland et al. (2022)
suggests a dependency of the branching ratio � on the moieties R1-R4, highlighting the ongoing
research on this topic. Structure-activity relationships for the rates of reactions of Criegee
intermediates have been recently developed by Vereecken et al. (2017) and Newland et al.
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Figure 1.7: Simplified schematic of the reaction of ozone with an unsaturated compound
forming a primary ozonide (POZ) which decomposes forming carbonyls in addi-
tion to excited and stabilised Criegee intermediates. The figure is adopted from
the open access publication by Newland et al. (2022) under the Creative Com-
mons Attribution 4.0 License (https://creativecommons.org/licenses/by/4.0).

(2022). Generally, excited Criegee intermediates can decompose or be collisionally stabilised
before undergoing subsequent unimolecular and bimolecular reactions (Finlayson-Pitts and
Pitts, 2000; Seinfield and Pandis, 2006; Taatjes et al., 2014; Newland et al., 2022). If strong UV
radiation is not available like during the night, in winter, or in higher latitudes, a significant
fraction of the total OH production is from ozonolysis reactions (Taatjes et al., 2014). Similarly,
ozonolysis may also contribute to the OH formation during the night and during dusk, when
photolytic formation is suppressed (Finlayson-Pitts and Pitts, 2000).

Oxidation of hydrocarbons by NO3

Beside ozone and the hydroxyl radical, the nitrate radical (NO3) is a tropospheric oxidant,
produced in the reaction of ozone with NO2 (Finlayson-Pitts and Pitts, 2000; Seinfield and
Pandis, 2006):

NO2 + O3 ! NO3 + O2: (R1.30)

During the day, NO3 is rapidly lost by photolysis, regenerating NO2 and O3, and by its
reaction with NO forming NO2:

NO3 + h�(� < 585:5 nm) ! NO2 + O(3P) (R1.31)

NO3 + NO ! 2NO2: (R1.32)

Therefore, the NO3 radical typically plays a minor role for tropospheric daytime oxidation
(Finlayson-Pitts and Pitts, 2000). In boreal forests however, the oxidation of biogenic volatile
organic compounds by NO3 can also be competitive with the loss of NO3 by photolysis and
the reaction with NO (Reactions (R1.31) and (R1.32)) during the day (Liebmann et al., 2018).
During the night, NO3 can exist in sufficient concentrations to contribute to the tropospheric
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nighttime oxidation. NO3 and NO2 are then in a thermal equilibrium with the reservoir
species dinitrogen pentoxide (N2O5) (Finlayson-Pitts and Pitts, 2000; Seinfield and Pandis,
2006):

NO3 + NO2(+M) $ N2O5(+M): (R1.33)

The major loss of N2O5 is its heterogeneous loss on aqueous aerosol forming HNO3, which
leads to an effective removal of tropospheric Ox. This loss pathway of N2O5 can be one major
source of atmospheric HNO3 (Finlayson-Pitts and Pitts, 2000), which can also be formed from
the reaction of NO3 radicals with hydrocarbons in the night (Finlayson-Pitts and Pitts, 2000):

NO3 + RH ! HNO3 + R: (R1.34)

Like the OH radical, the NO3 radical reacts with saturated as well as unsaturated compounds
via an H-abstraction reaction or a NO3-addition reaction, respectively (Finlayson-Pitts and
Pitts, 2000). Though the reaction of NO3 with alkanes is not expected to be a significant
loss path of VOCs due to the small reaction rate coefficients between 1 � 10�18 cm3 s�1 to
1�10�16 cm3 s�1 (Finlayson-Pitts and Pitts, 2000). In the NO3-addition reaction with alkenes,
a �-nitrate-alkyl RO2 (>C(ONO2)-C(O2)<) is formed.
In the presence of NO3 concentrations, RO2 radicals can also undergo a reaction with NO3

forming an alkoxy radical (RO) and NO2 (Finlayson-Pitts and Pitts, 2000; Seinfield and
Pandis, 2006):

RO2 + NO3 ! RO + NO2 + O2; (R1.35)

with RO further reacting according to Reactions (R1.5)-(R1.7). At night, Reaction (R1.35)
can be a major loss of RO2 (Finlayson-Pitts and Pitts, 2000).
Generally, nighttime chemistry affects the chemical conditions on the next day (Brown
and Stutz, 2012). As NO3 is efficiently photolysed at sunrise, releasing NO2 and ozone
(Reactions (R1.31) and (R1.11)), NO3 acts as a nighttime reservoir for nitrogen oxides available
for photochemistry. In addition, heterogeneous reactions of NO2 contribute significantly to
the HONO formation at night, which photolyses in the morning producing OH radicals via
Reaction (R1.25) (Wong et al., 2011).

1.3 Atmospheric radical measurement by laser-induced fluorescence

The detection of the atmospheric OH radical is challenging due to its low concentration
(�1 � 106 cm�3). To measure these low concentrations highly sensitive instrumentation
utilising techniques, such as the laser-induced fluorescence (LIF), is required. The concept of
laser-induced fluorescence is the excitation of molecules, such as the OH radical, via pulsed
laser radiation and the detection of the subsequent deactivation of the molecule by spontaneous
emission of a photon (fluorescence).
First attempts of measuring ambient OH radical concentrations with the LIF technique have
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(a)

(b)

Figure 1.8: Jablonski diagram for the excitation and subsequent fluorescence of X2�(v00 =
0) $ A2�(v0 = 0) of the OH radical, inspired by Stauffer et al. (2012) (a),
together with the rotational energy levels in A2�(v0 = 0) and X2�(v00 = 0),
inspired by McGee and McIlrath (1984) (b) and highlighting the Q1(3) transition,
which is commonly used for the excitation of the OH radical. Vibrational and
rotational quantum numbers are defined as v’, v” and as N’, N”, respectively.
Furthermore, J 0, J 00 denote the total electronic angular momentum.

been made in the early 1970s by focusing a laser beam of � � 282nm onto a 2mm spot in
air (Wang and Davis, 1974). However, the fluorescence efficiency was small (Tab. 1.2) and in
addition, large interference signals were caused by the OH production from the photolysis of
ozone (ozone-water interference, Reactions (R1.22) and (R1.23)) along the path of the laser
beam (Crosley, 1995). An improvement of the instrumental design was pioneered by Hard et al.
(1979, 1984), who measured the laser-induced fluorescence of OH in a low-pressure detector
system by sampling air through a nozzle with an inner diameter of 1mm (Fluorescence Assay
by Gas Expansion, FAGE). In this way, the background signal, interferences, as well as the
non-radiative quenching of excited OH radicals could be reduced and the fluorescence efficiency
improved (Hard et al., 1984).
Figure 1.8a displays the vibrational energy level scheme for the electronic ground state and
for the first excited electronic state of the OH radical, which can be described by the Morse
potential. For each electronic state there is a set of vibrational levels, characterised by the
vibrational quantum number v = 0; 1; :::, and rotational states build upon each vibrational
state (Finlayson-Pitts and Pitts, 2000; Diem, 2021).
In the early versions of the LIF instruments, OH radicals were excited in the A2�+(v0 =
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Fi g u r e 1. 9: E x cit ati o n s p e ct r u m of O H r a di c al s of t h e X 2 Π 3 / 2 (v = 0) → A 2 Σ + (v =
0) t r a n siti o n b et w e e n 3 0 8 .1 7 n m a n d 3 0 8 .2 n m , m e a s u r e d wit h t h e R O x LI F
i n st r u m e nt u si n g a c ali b r ati o n s o u r c e ( S e cti o n 3. 1. 2). S h o w n a r e t h e Q 1 ( 3) −
Q 2 1 ( 3) − P 1 ( 1) a b s o r pti o n s.

1) vi b r ati o n al l e v el b y l a s e r li g ht wit h a w a v el e n gt h of 2 8 2 n m w hil e fl u o r e s c e n c e of t h e

A 2 Σ + (v = 0) → X 2 Π (v = 0) b a n d w a s m e a s u r e d, s o t h at s c att e r e d a n d fl u o r e s c e n c e p h ot o n s

c a n b e e a sil y di s c ri mi n at e d. F u rt h e r d e v el o p m e nt s of t h e i n st r u m e nt i n t h e 1 9 9 0 s m a d e u s e

of t h e e x cit ati o n i n t h e vi b r ati o n al g r o u n d st at e of A 2 Σ + (v = 0) wit h λ = 3 0 8 n m d u e t o

t h e hi g h e r O H a b s o r pti o n c r o s s s e cti o n a n d t h e ∼ 3 0 ti m e s s m all e r o z o n e a b s o r pti o n c r o s s

s e cti o n t h a n at 2 8 2 n m , l e a di n g t o l e s s i nt e rf e r e n c e f r o m t h e p h ot ol y si s of o z o n e a n d t h u s

a b ett e r s e n siti vit y of t h e i n st r u m e nt s ( C h a n et al., 1 9 9 0; H of z u m a h a u s et al., 1 9 9 0; B r u n e

et al., 1 9 9 3; H of z u m a h a u s a n d H oll a n d, 1 9 9 3). Aft e r e x cit ati o n, t h e e x cit e d r a di c al u n d e r g o e s

r ot ati o n al r el a x ati o n, c a u s e d b y c olli si o n s wit h ot h e r m ol e c ul e s ( L e n g el a n d C r o sl e y, 1 9 7 7).

A s a c o n s e q u e n c e, fl u o r e s c e n c e li g ht i n t h e w a v el e n gt h r a n g e b et w e e n 3 0 7 a n d 3 1 1 n m c a n b e

o b s e r v e d ( H oll a n d et al., 1 9 9 5). D u e t o it s l a r g e a b s o r pti o n c r o s s s e cti o n ( D o r n et al., 1 9 9 5),

t h e Q 1 ( 3) t r a n siti o n of t h e X 2 Π 3 / 2 (v = 0) → A 2 Σ + (v = 0) b a n d i s oft e n u s e d f o r e x cit ati o n

( Fi g. 1. 8 b), w h e r e X 2 Π 3 / 2 i s o n e of t h e t w o fi n e st r u ct u r e st at e s of t h e el e ct r o ni c g r o u n d st at e.

F u rt h e r m o r e, t h e u ni q u e e x cit ati o n s p e ct r u m of t h e Q 1 ( 3) -Q 2 1 ( 3) -P 1 ( 1) a b s o r pti o n s i s e a s y

i d e nti fi a bl e ( Fi g. 1. 9).

I n t h e c o m p etiti o n wit h t h e fl u o r e s c e n c e, t h e e x cit e d O H( A 2 Σ + , v = 0 ) r a di c al s c a n al s o

b e c olli si o n all y d e a cti v e d b y ot h e r ai r m ol e c ul e s s u c h a s N 2 o r O 2 , al s o c all e d fl u o r e s c e n c e

q u e n c hi n g ( L e n g el a n d C r o sl e y, 1 9 7 8). T h e lif eti m e of t h e e x cit e d O H r a di c al s c a n b e w ritt e n

i n t e r m s of t h e n at u r al r a di ati v e lif eti m e τ r a d , w hi c h i s e q ui v al e nt t o t h e r e ci p r o c al Ei n st ei n

c o e ffi ci e nt f o r t h e s p o nt a n e o u s e mi s si o n a n d e q u al s 6 8 8 n s , a n d a q u e n c hi n g t e r m ( T a b. 1. 2)
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Table 1.2: Overview of the lifetime of excited OH radicals �OH� at different pressures
(Eq. (1.3)). The lifetime of excited OH radicals towards quenching through
collisions with air molecules M is given by �quenching = 1/(

P
i ki[i]). Calculations

here consider a water vapour mixing ratio of 1%.
p [hPa] �quenching [ns] �OH� [ns]
4 188 148
10 75 68
1013.25 0.7 0.7

(Atkins and de Paula, 2020):

�OH� =

 
1

�rad
+
X
i

ki[i]

!�1

: (1.3)

In Eq. (1.3) ki denotes the quenching rates from collisions of OH� with air molecules i (i=N2,
O2, H2O) and [i] the concentration of the collisional partner i. The time-dependent intensity
of the fluorescence of OH radicals excited by a laser pulse can then be expressed as follows
(Atkins and de Paula, 2020):

Ifluorescence / exp
�
� t

�OH�

�
: (1.4)

Due to the similar wavelength of the laser light and the fluorescence light the fluorescence is
measured via gated photon counting. A detailed description of the gated photon counting, as
applied for the SAPHIR ROxLIF instrument, can be found in Section 3.1.2.

1.4 Objectives of this thesis

In several field campaigns (Brune et al., 2016; Tan et al., 2017; Whalley et al., 2018; Tan
et al., 2019; Slater et al., 2020; Whalley et al., 2021; Woodward-Massey et al., 2023), urban
air was studied focusing on the radical chemistry during daytime and nighttime. Comparisons
with atmospheric chemical model calculations revealed discrepancies between measured and
modelled HO2 and RO2 radical concentrations, especially for NO mixing ratios larger than
1ppbv during the day (Brune et al., 2016; Griffith et al., 2016; Tan et al., 2017, 2018; Whalley
et al., 2018; Slater et al., 2020; Whalley et al., 2021; Woodward-Massey et al., 2023). As
a consequence, also a discrepancy of up to a factor of 10 in London (Whalley et al., 2018)
and 100 in Beijing (Whalley et al., 2021) was observed for the ozone production rates (Brune
et al., 2016; Griffith et al., 2016; Tan et al., 2017, 2018; Whalley et al., 2018; Slater et al.,
2020; Whalley et al., 2021; Woodward-Massey et al., 2023) determined from measured and
modelled radical concentrations in field studies according to Eq. (1.2) (Martinez, 2003; Ren
et al., 2013; Brune et al., 2016). In addition, model-measurement discrepancies of particularly
RO2 radical concentrations were observed during the night in the presence of high NO2

19



mixing ratios (up to 30ppbv) (Tan et al., 2017, 2018; Whalley et al., 2018; Slater et al.,
2020). The observed disagreements between chemical models and observations indicate an
incomplete understanding of the radical chemistry driving the chemical degradation of VOCs
and thus uncertainties for the formation of secondary pollutants such as ozone or secondary
organic aerosol (Section 1.2). Solving this knowledge gap is crucial for mitigating air pollution
and understanding processes affecting regional air quality for setting proper future emission
regulations.
Different possibilities/suggestions have been tested to improve the model-measurement agree-
ment during the day such as additional radical production from the photolysis of nitryl
chloride (ClNO2) or chlorine compounds (Tan et al., 2018; Slater et al., 2020), a decreased rate
coefficient of the RO2 + NO reaction (Tan et al., 2017), or a lowered RO2-to-HO2 conversion
efficiency (Whalley et al., 2018, 2021).
Observed model-measurement discrepancies found for RO2 radical concentrations during the
night (Tan et al., 2018; Whalley et al., 2018; Slater et al., 2020) may be partly explainable by
a reduced detectability of specific nitrate-RO2 radicals. Recent chamber studies revealed that
a large fraction of RO2 formed in the reaction of NO3 with isoprene (Vereecken et al., 2021)
and of nitrate-RO2 from short-chain alkenes (Novelli et al., 2021) cannot be detected by the
laser-induced fluorescence technique, as this technique requires the formation of OH or HO2

from the alkoxy unimolecular reactions for the RO2 measurement. A good model-measurement
agreement was found for RO2 formed in the nighttime oxidation of cis-2-butene, considering
the limited detectability of the major RO2 species and an updated ozonolysis and radical
scheme (Novelli et al., 2021). However, model-measurement discrepancies remain for e.g.,
the nighttime RO2 chemistry of trans-2-hexene (Novelli et al., 2021). Furthermore, a recent
global model study by Khan et al. (2020) showed that non-acyl peroxynitrates, formed in the
reaction of RO2 with NO2, affect tropospheric oxidant concentrations. Alkyl peroxynitrates
are typically not included in chemical models with the exception of methyl peroxynitrate, due
to their short lifetime (� 0:2 s) at 298 K (Jenkin et al., 2019). They are assumed to be relevant
at cold temperatures found in polar regions (Browne et al., 2011; Orlando and Tyndall, 2012)
or in the upper troposphere (Browne et al., 2011).
Simulation chambers are excellent tools to test atmospheric oxidation processes in an isolated,
well-known environment, allowing to simplify the chemistry of the complex air mixture, found
in field studies, by studying the oxidation of single VOCs. Therefore, simulation chambers
are important for refining chemical models by uncovering possible shortcomings in the current
knowledge of atmospheric oxidation.
In Europe, the infrastructure ACTRIS is being implemented, comprising seventeen European
simulation chambers and providing an access to simulation chambers and high quality ex-
perimental data, facilitating atmospheric research. As simulation chambers are confined by
walls made of Teflon or metal chamber-related chemical and physical processes need to be
well characterised and considered in the design of the experiments and the subsequent data
analysis. One of the chambers within the ACTRIS infrastructure is the SAPHIR chamber
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at Forschungszentrum Jülich, Germany. In this work, a multi-chamber study, involving nine
different simulation chambers, was performed. The largest part of this thesis focuses on
experiments conducted in the SAPHIR chamber, aiming to better understand the gap between
measured and modelled radical concentrations, observed in the different field studies. The
following key questions are investigated:

• Do experiments from simulation chambers, evaluated as part of the EUROCHAMP-2020
multi-chamber study, deliver consistent results?

• Are zero-dimensional box model calculations, representing state-of-the-art chemical
models, able to reproduce measured radical concentrations in simulation chamber
experiments, mimicking daytime and nighttime conditions?

• Is the ozone production determined from observed odd oxygen (Ox = O3 + NO2)
concentrations in agreement with the ozone production determined from measured and
modelled radical concentrations, specifically during the oxidation chain of anthropogenic
VOCs, for which a higher-than-usual number of NO-to-NO2 oxidation reactions play a
role?

• Is there an increased disagreement in the simulation chamber experiments between
modelled and measured Ox production as observed in field experiments for increasing
levels of NOx?

• Do non-acyl (alkyl) peroxynitrates affect the radical concentrations in the chamber
oxidation experiments at ambient temperatures?

A multi-chamber study (Chapter 2) including nine different chambers was performed within
the EUROCHAMP-2020 project, using the oxidation of �-pinene to determine potential short-
comings of chamber effects which need to be considered in future experimental procedures of
oxidation experiments. Furthermore, yields of gaseous products (pinonaldehyde, acetone, and
formaldehyde) are derived to test the comparability of experiments performed in different
chambers.
In addition, two sets of experiments were performed in the atmospheric simulation chamber
SAPHIR, mimicking daytime and nighttime conditions observed in urban areas (Chapter 3).
Measured trace gas and radical concentrations were compared to zero-dimensional box model
calculations, based on mechanistic and kinetic information from the Master Chemical Mecha-
nism (MCM) which was complemented by state-of-the-art radical chemistry and ozonolysis
schemes. Photooxidation experiments of anthropogenic VOCs (propane, propene, iso-pentane,
n-hexane, and trans-2-hexene), found in urban air mixtures (Fig. 1.3), were conducted at
different NOx concentrations (Section 3.2), representative for current (high NO) and future
(low NO) chemical regimes. The investigated VOCs exhibit two different sorts of alkoxy
chemistry, forming HO2 either in one or two NO reaction steps. The impact of the different
alkoxy chemistry on the ozone production was assessed by studying the HO2/RO2 ratio and
the Ox production, derived from measured and modelled radical concentrations. In addition,
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atmospheric simulation chambers allow to determine the ozone production rate directly from
the measured Ox concentration, which is not possible in field studies due to the influences of
transport and a variety of ozone sources and sinks that are not easy to quantify.
The second set of experiments was performed in the dark, investigating the nighttime RO2

radical chemistry of trans-2-hexene and cis-2-butene at different temperatures to study the role
of non-acyl peroxynitrates and their impact on the nighttime radical chemistry (Section 3.3).
In the realisation of the chamber experiments, a team of people was involved. Information
about individual contributions and about data storage can be found in the individual chapters
and is summarised in Chapter B.1.
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2 | Investigation of chamber effects and
gas-phase product yields in different
simulation chambers

The content of this chapter is based on an unpublished report of “Work Package 2” of the
EUROCHAMP-2020 project with the title “Report �-pinene multi-chamber experiment”
by M. Färber, H. Fuchs, D. Bell, H. Herrmann, G. McFiggans, W. Mellouki, A. Munoz, S.
Pandis, B. Picquet-Varrault, H. Saathoff, A. Virtanen and was entirely rewritten. Data from
the experiments in this work are stored on servers at the Institute for Energy and Climate
Research, IEK-8: Troposphere at Forschungszentrum Jülich and are accessible on request.
The authors contributed to the original report as follows:
HF and MF wrote the report. HF provided MF scripts for the data processing of the individual
chamber data. MF analysed the data. DB, HH, GM, WM, AM, SP, BP-V, HS, AV were
responsible for chamber experiments performed in the PACS-C3, LEAK, MAC, HELIOS,
EUPHORE, FORTH, CESAM, AIDA, and ILMARI chambers, respectively.
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2.1 Introduction

There is a variety of atmospheric simulation chambers worldwide. In Europe, seventeen
atmospheric simulation chambers are going to be part of the pan-European distributed
infrastructure ACTRIS. The collaboration of chambers was funded in several projects, of
which the last was the EUROCHAMP-2020 project (Doussin et al., 2023; Eurochamp, 2023).
Each chamber is different in its size, wall material, radiation source, as well as in the available
instrumentation, and is often designed for specific research questions, such as cloud formation
or gas-phase chemistry (Doussin et al., 2023; Eurochamp, 2023). Depending on the material
and the surface-to-volume ratio of the chamber, interactions of the air with the chamber wall
can affect the results and need to be taken into account in the interpretation of experiments.
One example is the release of chemical compounds from the chamber wall, as observed in the
presence of light and water vapour (Rohrer et al., 2005; Zádor et al., 2006; Doussin et al., 2023).
The characterisation of these chamber-specific properties is essential for studying atmospheric
processes in the simulation chamber. Typically, chamber-specific processes are quantified in
reference experiments, using atmospherically-relevant compounds, which chemistry is well
investigated such as �-pinene (Doussin et al., 2023).
The species �-pinene belongs to the group of monoterpenes (sum formula C10H16), which
constitutes the second highest fraction of non-methane organic compounds emitted by plants
(Guenther et al., 2012). Due to its high emission rates, �-pinene is the most abundant
monoterpene in the atmosphere (Guenther et al., 2012).
The tropospheric oxidation of �-pinene can be initiated by multiple chemical species like the
hydroxyl radical (OH), ozone (O3), and the nitrate radical (NO3), where the latter is most
important at night (Section 1.2) (Finlayson-Pitts and Pitts, 2000; Seinfield and Pandis, 2006).
In the ozonolysis reaction of �-pinene, a significant amount of OH radicals is produced, as the
OH yield is of 0:8� 0:1 (Atkinson et al., 2006). Therefore, even in the dark, oxidation by the
OH radical can become significant, so that often OH scavengers, such as cyclohexane, are used
in chamber experiments for studying the oxidation of �-pinene by O3 in the absence of OH.
In the chemical degradation of �-pinene, peroxy (RO2) and hydroperoxy (HO2) radicals are
formed. The fate of RO2 radicals highly depends on the availability of nitric oxide (NO). In
the absence of NO, RO2 radicals can undergo either bimolecular reactions with e.g., HO2

or other RO2 radicals, or unimolecular reactions (Section 1.2) (Finlayson-Pitts and Pitts,
2000; Seinfield and Pandis, 2006). Beside formaldehyde (HCHO), acetone, and acetic acid,
pinonaldehyde is a prominent gas-phase product, formed in the oxidation of �-pinene by both,
OH and O3 (Larsen et al., 2001). Low-volatility compounds can often condense on particles
or even lead to the formation of new particles (Hakola et al., 1994; Kanakidou et al., 2000;
Larsen et al., 2001; Ng et al., 2006; Mutzel et al., 2021).
The photooxidation of �-pinene has been investigated in many gas phase and aerosol studies,
most of them conducted in simulation chambers. The first oxidation step of the photooxidation
of �-pinene was, for example, investigated by Rolletter et al. (2019), who performed OH
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oxidation experiments in the outdoor simulation chamber SAPHIR at Forschungszentrum
Jülich, Germany, under atmospheric conditions. Measured time series of radicals (OH, HO2,
RO2) and organic products (HCHO, acetone, pinonaldehyde) were compared to results of zero-
dimensional box model calculations based on the Master Chemical Mechanism (MCM v3.3.1,
http://mcm.leeds.ac.uk) (Jenkin et al., 1997; Saunders et al., 2003) and an updated RO2

chemistry calculated in Vereecken et al. (2007). A model-measurement comparison involving
the GECKO-A mechansim (Aumont et al., 2005; Camredon et al., 2007) was performed by
McVay et al. (2016), who studied the SOA formation in photooxidation experiments in the
environmental chambers at Caltech, US, at different levels of seed aerosol and OH radicals.
Model-measurement discrepancies were found, which were assumed to either be due to a rapid
vapour loss to the chamber walls or due to the autoxidation of products in the photooxidation
and ozonolysis pathways. Mechanistic studies of the photooxidation of �-pinene at low and
high levels of NO were also performed in the chambers at Caltech, US, by Eddingsaas et al.
(2012a,b), focusing on the gas-phase chemistry (Eddingsaas et al., 2012b) and the formation of
SOA (Eddingsaas et al., 2012a). The effect of NOx (= NO+NO2) (Ng et al., 2007; Zhao et al.,
2018) and of SO2 (Zhao et al., 2018) on the formation of secondary organic aerosol (SOA)
was investigated as well, while the formation of highly oxygenated molecules (HOMs) from
the oxidation of �-pinene by OH was investigated by Lee et al. (2023). A first multi-chamber
approach (MUCHACHAS) was performed by Donahue et al. (2012), where similar experiments
investigating the ageing of SOA from the photooxidation of �-pinene were carried out in four
different chambers, three of which are also part of EUROCHAMP. Furthermore, the measured
organic mass in particles formed during the experiments was compared to calculations based
on the 2D volatility basis set (2D-VBS) framework and chamber loss mechanisms. Beside
experimental studies, theoretical studies have been performed, focusing on the OH-initiated
peroxy radical chemistry e.g., by Piletic and Kleindienst (2022) and by Vereecken et al. (2007).
The ozonolysis of �-pinene (Hakola et al., 1994; Shilling et al., 2008; Saathoff et al., 2009;
Tillmann et al., 2010; Ehn et al., 2014, 2017; Berndt, 2022; Skyttä et al., 2022) and the
oxidation of �-pinene by NO3 (Mutzel et al., 2021) has also been investigated. The influence
of temperature and relative humidity on the production of pinonaldehyde and the SOA yield
was studied by Saathoff et al. (2009) and Tillmann et al. (2010). Ehn et al. (2014) investigated
the formation of HOMs and eventually of SOA from the ozonolysis of �-pinene, studied in
the Jülich Plant Atmosphere Chamber at Forschungszentrum Jülich, Germany.
Within the EUROCHAMP-2020 project, the photooxidation of �-pinene was investigated in
nine different atmospheric simulation chambers. The aim of this study is to test the consistency
between results obtained in the different chambers. This was assessed by comparing gas-
phase product yields. In total, 32 chamber experiments were evaluated. Concentrations
of trace gases, involved in the yield analysis, were corrected for secondary chemistry and
for chamber-specific wall losses and sources. In this chapter, chamber-specific properties,
regarding chamber-related emissions and loss processes, are discussed and gas-phase product
yields are compared.
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2.2 Methods

2.2.1 Properties of the simulation chambers

Nine simulation chambers participated in the multi-chamber study, providing data from
�-pinene oxidation experiments (Fig. 2.1). Three chambers are outdoor chambers, confined
by a Fluorinated Ethylene Propylene (FEP) film, which is chemically inert and has a high
transmission of more than 80% for the solar spectrum (Bohn et al., 2005). The large volume
(> 90m3) of the outdoor chambers results in a low surface-to-volume of maximum 1.2. Since
outdoor chambers are exposed to all kind of weather conditions, the FEP films can be protected
by a mobile housing in case of the HELIOS chamber, or by a shutter system as installed
at the EUPHORE and SAPHIR chambers. This also allows measurements in the dark to
simulate nighttime conditions. Replenishment flows of air causing a dilution of trace gases
with rates on the order of 1� 10�6 s�1 to 1� 10�5 s�1 were active during the experiments,
compensating the air consumption from instrumentation and possible small leakages.
In comparison to the outdoor simulation chambers, the indoor chambers are smaller, with
volumes ranging between 4m3 and 85m3, resulting in surface-to-volume ratios between 4.3
and 1.2. Most indoor chambers, participating in the multi-chamber study, are made of FEP
films, except of the CESAM and AIDA chambers, whose walls consist of stainless steel and
aluminium (AlMg3), respectively. Dilution does not play a role in the MAC, LEAK, and
ILMARI chambers, as the chambers are operated, such that the FEP bag collapses with
time. In the FORTH chamber, dilution also does not contribute to the loss of trace gases and
particles, however, the reason is unclear. Since sunlight cannot be used in indoor chambers,
artificial light sources like blacklight lamps or xenon arc lamps are used.
In the outdoor chambers, OH radicals are mostly produced from the photolysis of HONO
(Reaction (R1.25)), emitted from the Teflon chamber walls. In the PACS-C3 chamber, HONO
was also injected. Interactions of the chamber wall with NO2 can also lead to the formation
of HONO and thus of OH in the presence of light. This is the case in the CESAM, PACS-
C3, and ILMARI chambers. Hydrogen peroxide (H2O2), forming two OH radicals in its
photolysis, was injected in the HELIOS and ILMARI chambers. In the CESAM, FORTH,
and MAC chambers, NO2 is added to the chamber air, leading to the production of OH from
ozone photolysis, as a photochemical equilibrium between NO2, O3 and NO concentration is
established (Reactions (R1.10) and (R1.11)).
Emissions of trace gases, such as nitrous acid (HONO) and HCHO, are commonly observed in
chambers made of Teflon. The emission strengths of trace gases from the wall are typically
determined in reference experiments (Doussin et al., 2023). Particles are typically lost on
the chamber wall with rates that depend on the wall material and the particle’s properties.
Further information about the individual chambers and chamber-related loss and production
processes are summarised in Tabs. A.1 and A.2.
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Figure 2.1: Simulation chambers, which are part of EUROCHAMP and which participated
in the presented multi-chamber study, and their location. The pictures and
the map (map tiles by CartoDB under the Creative Commons Attribution
3.0 License (https://creativecommons.org/licenses/by/3.0), map data from ©
OpenStreetMap contributors under ODbL) are taken from the EUROCHAMP
webpage (Eurochamp, 2023).

2.2.2 Instrumentation

The volatile organic compounds �-pinene, pinonaldehyde, formaldehyde, and acetone were
detected by proton transfer mass spectrometers (PTR-ToF-MS) or by Fourier-transform
infrared gas analysers (FT-IR) in most experiments. In the case of the experiments performed
in the MAC and the SAPHIR chambers, �-pinene was also measured by gas chromatography
combined with a flame ionisation detector (GC-FID) and formaldehyde was detected by a
Hantzsch monitor. In the SAPHIR chamber, HCHO was also measured by differential optical
absorption spectrometer (DOAS) instrument.
OH radicals were measured with the laser-induced fluorescence (LIF) method and DOAS
in the experiments performed in the SAPHIR chamber. Ozone concentrations were mostly
detected via UV absorption. Only in the EUPHORE chamber, ozone was also measured with
a FTIR gas analyser.
The OH precursor HONO was measured in the outdoor simulation chambers (HELIOS,
EUPHORE, SAPHIR) via a Long Path Absorption Photometer (LOPAP) instruments and
additionally with a FTIR gas analyser in the EUPHORE chamber. Time series of H2O2 were
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measured with a FTIR gas analyser in the experiments performed in the HELIOS chamber.
In all chambers except of the HELIOS and the SAPHIR chambers, particles were detected.
Particle size distributions were measured with scanning mobility particle sizers (SMPS) in most
experiments, and with a differential mobility particle sizer (DMPS) in the MAC chamber. For
most experiments, only total number concentrations were provided, together with total mass
concentrations, derived from the integration of the number size distributions. The particle
density was partly different in the calculations. For example, a particle density of 1:32 µg m�3

was assumed in experiments performed in the MAC and ILMARI chambers, while in the
experiments conducted in the FORTH chamber, particle densities of 1:35 µg m�3 (experiment
F1s) and 1:6µg m�3 (experiment F2s) could be determined from comparing the AMS and
the SMPS measurements. In the EUPHORE, CESAM, LEAK, and PACS-C3 chambers,
total mass concentrations were directly provided. Mean particle diameters were provided
for the experiments in the EUPHORE and the PACS-C3 chambers and otherwise derived
from the total particle number concentrations. In addition, total number concentrations were
measured with a condensation particle counter (CPC) in the PACS-C3 chamber (experiment
P4, Tab. A.3). The chemical composition of aerosol was measured in the FORTH and in the
ILMARI (experiments I2 and I3, Tab. A.3) chambers, where for the latter only organic mass
concentrations were provided.
Photolysis frequencies in the outdoor simulation chambers are derived from actinic flux
measurements inside (HELIOS, EUPHORE) or outside (SAPHIR) of the chamber. Photolysis
frequencies which are needed for the yield analysis, such as of NO2 (jNO2

), formaldehyde
(jHCHO), ozone (jO1D), and pinonaldehyde (jPINAL), were provided for experiments conducted
in the HELIOS and SAPHIR chambers. For experiments performed in the EUPHORE
chamber, only photolysis frequencies of NO2 were available. Other photolysis frequencies
were determined according to the clear-sky parametrisation, introduced by Saunders et al.
(2003), which takes the solar zenith angle into account. To account for cloud conditions, the
calculated photolysis frequencies were scaled by the ratio of the measured and calculated
(clear sky) NO2 photolysis frequencies. In addition, the photolysis frequency of pinonaldehyde
was scaled by a factor of 3.5 according to a recent finding by Rolletter et al. (2020) for the
evaluation of all experiments. In contrast, photolysis frequencies in the indoor simulation
chambers were derived from the individual lamp spectra.

2.2.3 Experimental conditions and procedures

Different chemical conditions were present in the experiments (Tab. A.3). Initial mixing ratios
of �-pinene were either below 10ppbv or above 50ppbv with a maximum mixing ratio of
200ppbv. Similarly, NOx mixing ratios reached values of less than 15 ppbv or around 200 ppbv.
Experiments were either performed at dry conditions with relative humidities below 5% or at
humid conditions with relative humidities between 25% and 85%.
In most experiments, �-pinene was oxidised by OH and O3. In the oxidation experiments with

28



OH, OH radical concentrations were between 0:4� 106 cm�3 and 16� 106 cm�3, dominating
the oxidation of �-pinene in most experiments. Ozone, which was either injected or produced
by chemical reactions, reached mixing ratios between 10 and 500ppbv at the end of the
experiments and contributed up to 70 % to the oxidation of �-pinene.
Even though the nitrate radical does typically not play a role in the daytime oxidation
chemistry due to its fast photolysis and its fast reaction with NO, production rates can be
high in the presence of high concentrations of ozone and NO2. This was the case in the
experiments performed in the FORTH chamber and consequently, NO3 is expected to have
contributed to the oxidation of �-pinene in these experiments (Tab. A.3).
Particles were either formed in the experiments from the nucleation of gas-phase oxidation
products or seed aerosol was present, on which organic compounds can condense (Doussin
et al., 2023). Ammonium sulfate ((NH4)2SO4) was used as seed aerosol and initial mass
concentrations were around 30 µg m�3 to 40µg m�3.
The experiments typically started with the injection of �-pinene in the dark chamber, with
the exception of the experiments in the SAPHIR chamber, where �-pinene was injected in
the sunlit chamber. NO was added either in the dark or during the photooxidation part of
the experiment. If ammonium sulfate was added as seed aerosol or d9-butanol as OH tracer,
they were added in the dark chamber as well. In addition, OH precursors, such as HONO
(PACS-C3), H2O2 (HELIOS, ILMARI), NO2 (FORTH, MAC, CESAM), or O3 (SAPHIR)
were injected before the chambers were illuminated. In the experiments performed in the
ILMARI chamber, H2O2 was injected after the lamps had been switched on.
As soon as the air in the chamber was exposed to light, the photooxidation of �-pinene started,
which was then studied for a couple of hours. In some experiments, �-pinene was injected
several times.
Also the release of HONO or HCHO from the chamber wall, was triggered by the illumination
of the chamber. In the experiments in the SAPHIR chamber and in one of the experiments in
the HELIOS chamber, the chamber was illuminated in the absence of �-pinene to determine
wall emission rates of HONO, formaldehyde, and acetone.

2.2.4 Analysis of the experiments

Chamber-specific processes

In the chamber studies, chamber sources and wall losses need to be accounted for in the
calculation of product yields. In this work, wall emission rates as well as wall loss rates
were either determined from periods of the experiments, when the chemical production was
negligible, or they were calculated from the auxiliary mechanisms provided by the chamber
providers (Tab. 2.1, Eurochamp (2023)). The wall loss of X, which can be either a gas-phase
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Table 2.1: Auxiliary mechanisms provided by the chamber providers (Eurochamp, 2023).
The wall emission rates refer to the photolytic production of trace gases, if not
otherwise noted.

Chamber Wall emission rate Wall loss rate [10�5 s�1]

HONO HCHO NO2 ! � � HONOa HCHO �-pinene Aerosol
[105 cm�3 s�1] [10�5 s�1]

HELIOS 6:9� 1:4 63� 14 0:1� 0:1 0:05� 0:02
EUPHORE b b � 5c

SAPHIR b b

CESAM 14d , 140 � 1:5c

FORTH-ASC 0:34� 0:78 1� 3
MAC 1:97� 10�2 6� 7c

LEAK 1:87� 0:01 � 0:5c

PACS-C3 91 50 2:65� 10�2d , 0.84
ILMARI 38� 23 � 0:225d , 0:4� 1:6 � 4c

a Heterogeneous reactions of NO2 forming HONO. In the case of the CESAM chamber, NO2
referes to molecules deposited on the chamber wall. Beside HONO, NO (CESAM) or HNO3
(FORTH, PACS-C3) is formed. If the yield of HONO was not 1, the rate was corrected
accordingly; b See text for details; c For a particle diameter of 200 nm; d Dark reaction.

species or particles, can be described by a first-order loss process:�
d[X]

dt

�
wall

= �kwall � [X]; (2.1)

where kwall is the first-order loss rate of the species X on the wall and [X] is its concentration.
The parametrisations of the chamber-related production of HONO and small oxygenated
compounds, such as formaldehyde, are available from the published auxiliary mechanisms
for the SAPHIR and EUPHORE chambers (Eurochamp, 2023). In the SAPHIR chamber,
the emission strength of HONO (SHONO) and of small oxygenated compounds (SOVOC) were
characterised by Rohrer et al. (2005) and can be described by the following formulas:

SHONO = S � 4:7� 1013 �
�
1 +

RH

11:6

�2

� exp
�
�3950K

T

�
� jNO2

; (2.2)

SOVOC = S � 1:9� 1013 � (0:21 + 0:026 �RH) � exp
�
�2876K

T

�
� jNO2

; (2.3)

where RH is the relative humidity and S is a scaling factor which needs to be determined for
each experiment, as the emission strength depends on the history of previous experiments. A
parametrisation for the emission strengths of HONO and HCHO from the chamber wall is

30



also provided for the EUPHORE chamber (Zádor et al., 2006):

SHONO = 7:3� 1021 � jNO2
� exp

�
�8945K

T

�
+ 5:8� 108 � jNO2

�RH0:36; (2.4)

SHCHO = 3:1� 1017 � jNO2
� exp

�
�5686K

T

�
: (2.5)

Product yields

In this work, product yields of pinonaldehyde, formaldehyde, and acetone were determined,
if corresponding trace gas concentrations were measured. The product concentration [X]
increases linearly with the amount of oxidised �-pinene:

[X] = YX[�]reacted: (2.6)

The product yield YX is the slope of the linear function. However, product as well as �-pinene
concentrations need to be corrected for secondary chemistry (Section A.1.3). The formation
of gas-phase products was determined for the oxidation of �-pinene by OH. Therefore, other
contributions to the loss of �-pinene, such as its oxidation by ozone, its loss to the chamber wall,
or its loss by dilution, need to be taken into account (Kaminski et al., 2017). Furthermore,
in few experiments NO3 contributed to the loss of �-pinene. Overall, the change in the
�-pinene concentration in the chamber experiments can be described as (Galloway et al., 2011;
Kaminski et al., 2017):

d[�]
dt

= �kdil[�]� kwall[�]� kO3+�[O3][�]� kNO3+�[NO3][�]� kOH+�[OH][�]; (2.7)

kdil denotes the first-order rate constant for dilution. The rate coefficients for the reaction of
�-pinene with OH, O3, and NO3 are kOH+�, kO3+�, and kNO3+�, respectively.
The oxidation products pinonaldehyde, acetone, and formaldehyde were also corrected for
loss or production path other than their formation from the OH oxidation of �-pinene
(Section A.1.3). Concentrations of pinonaldehyde were not corrected for contributions from
the ozonolysis of �-pinene, therefore obtained yields are an upper limit for pinonaldehyde
yields from the OH oxidation of �-pinene.
For the determination of product yields, OH radical concentrations are needed. Only in
the SAPHIR chamber, concentrations of the OH radical were measured. In experiments in
some other chambers such as the FORTH, PACS-C3, and ILMARI chambers, d9-butanol was
injected for tracing the OH radical concentration from its observed loss. Alternatively, the
decay of �-pinene (Eq. (2.7)) can be used to determine the OH radical concentration. In both
cases, the OH radical concentration is determined from (Galloway et al., 2011; Barmet et al.,
2012):

[OH](t� 1) =
1

�kOH+tracer(t� 1)
� [tracer](t)� [tracer](t� 1)

[tracer](t� 1)
; (2.8)
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where kOH+tracer is the rate coefficient for the reaction of OH with the tracer. For the reaction
rate of OH with �-pinene, the value from Atkinson et al. (2006) is used while the reaction rate
of OH with d9-butanol is taken from Barmet et al. (2012). The tracer concentration needs to
be corrected for other loss processes than the reaction with OH before calculating the OH
radical concentration using a similar procedure as for correcting product concentrations in the
yield calculations (Section A.1.3). For consistency, the OH radical concentration, determined
from the decay of �-pinene concentrations (Eq. (2.7)) were used in the yield analysis.
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2.3 Results and discussion

2.3.1 Observations in the experiments

Measured time series of trace gases, calculated OH radical concentrations (Eq. (2.8)), and
information about formed particles are shown in Figs. 2.2-2.10 and A.1-A.23 for each ex-
periment (Tab. A.3). In all photooxidation experiments, �-pinene is mainly consumed by
OH, with contributions of ozone being typically less than 30%. In the presence of NOx, the
peroxy radicals preferably react with NO, forming NO2 which photolyses producing ozone
(Reactions (R1.10)-(R1.11)). NO2, NO, and ozone are in a photostationary state shortly
after the photooxidation has started. In the EUPHORE (Figs. 2.4, A.2-A.6) and CESAM
(Figs. 2.7, A.9-A.10) chambers, at low �-pinene and/or NO concentrations, the wall loss of
ozone competes with its production from the photooxidation of �-pinene.
At high NOx, higher OH radical concentration are generally observed due to the efficient
regeneration of OH from the reactions of NO with RO2 and HO2 (Fig. 1.5). At low OH radical
concentrations, connected to low NOx concentrations, the loss of �-pinene by OH oxidation is
small compared to the loss by dilution and wall loss in some experiments in specific chambers
(HELIOS: Fig. A.1, EUPHORE: Figs. 2.4, A.2-A.4, CESAM: Figs. 2.7, A.9).
As soon as the �-pinene concentration in the experiments is consumed, also the pinonaldehyde
concentrations and particles decline due to their loss processes, such as the reaction with OH
or the loss to the chamber wall. Since formaldehyde and acetone are also formed in secondary
processes, they tend to still increase after �-pinene has been entirely consumed.
An increase in the organic aerosol mass is observed in most experiments. In the photooxidation
of �-pinene, low and semivolatile compounds are formed, which can nucleate, leading to an
increase in the total aerosol number and mass concentration. Typically one to two hours after
the photooxidation started, the total particle number concentration reaches its maximum,
while the total aerosol mass concentration and the mean particle diameter keep increasing
due to coagulation of particles and the continuous condensation of gas-phase products on the
particles (Mentel et al., 2009). This is also observed in the presence of seed aerosol. A small or
delayed particle formation is observed in the experiments in the EUPHORE (Figs. A.2, A.3)
and the MAC (Figs. 2.9, A.12-A.15) chambers performed at initial NO mixing ratios larger
than � 50ppbv. At low NO concentrations, RO2 recombination reactions are important,
leading to the formation of low volatile organic compounds. At high NO, often more volatile
organic compounds are formed (Presto et al., 2005; Ng et al., 2007; Pathak et al., 2007;
Eddingsaas et al., 2012a; Zhao et al., 2018).
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Figure 2.2: Time series of trace gas concentrations measured in the experiment H2 (Tab. A.3)
performed in the HELIOS chamber. Different contributions to the loss paths
of �-pinene are shown by coloured areas together with the time series of the
�-pinene concentrations. OH radical concentrations are derived from the time
series of the �-pinene concentrations corrected according to Eq. (2.8). Injections
of �-pinene into the chamber are marked by yellow, vertical lines and dark
conditions are indicated by grey areas. Temperatures between 9 �C to 13 �C
were observed during the first illumination period while the temperature further
increased in the second illumination period, reaching values of up to 23 �C.

2.3.2 Chamber-specific features and observations in the experiments

Experiments in the HELIOS chamber

The photooxidation of �-pinene was studied at low NOx (NOx < 0:4 ppbv in the experiment
H1, Fig. A.1) and at high NOx (NOx � 12ppbv in the experiment H2, Fig. 2.2, Tab. A.3) in
the HELIOS chamber (HELIOS, 2023). Before the injections of trace gases in the dark, the
clean chamber air was illuminated for � 40min in the experiment H2 (Fig. 2.2), allowing to
characterise the emissions of trace gases from the chamber wall. Dark periods, before and
after the first illumination phase, are used to determine the wall loss rates.
Emission from the chamber wall is observed for formaldehyde and nitrous acid. A chamber
source of formaldehyde with a rate of 0:35 ppbv h�1 was determined in the experiment H1
(Fig. A.1) from the concentration increase in the dark, while in the experiment H2 (Fig. 2.2),
the calculated emission strength was one order of magnitude lower. In the clean, illuminated
chamber at the beginning of the experiment H2 (Fig. 2.2), the chamber source of HCHO
was (0:58� 0:07) ppbv h�1, which agrees within the 2�-uncertainty with the HCHO chamber
source of (0:9 � 0:2) ppbv h�1 published in the auxiliary mechanism (Tab. 2.1, Eurochamp
(2023)). The reason for the differences is not clear, but is likely related to the state of the
chamber film.
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A HONO production is observed in the dark and in the sunlit chamber. In the dark chamber
in the experiment H1 and also in the dark phase preceding the first illumination period in the
experiment H2, the HONO concentrations increase, which might be correlated to previous
injections of trace gases, such as H2O2, as this is not observed before trace gases are injected
in the experiment H2. A HONO chamber source that depends on the intensity of the radiation
can be determined from the increase of the concentration in the clean, illuminated chamber
in the experiment H2 (Fig. 2.2). The calculated rate is (16:4� 0:5) pptv h�1, which is much
smaller than the value of (99� 20) pptv h�1 published in the auxiliary mechanism (Tab. 2.1,
Eurochamp (2023)). Again, this points to a strong dependence of the chamber sources on the
history of experiments.
Overall, much higher HONO mixing ratios are reached in the experiment H2 (xHONO .

300pptv, Fig. 2.2) than in the experiment H1 (xHONO . 40pptv, Fig. A.1), conducted at low
concentrations of NOx (NOx < 0:5 ppbv). The high HONO mixing ratios observed may be
related to the presence of NO in the experiment H2, which reacts with OH forming HONO.
A good agreement between the measured HONO mixing ratio of 75pptv and the value of
74pptv is obtained, if values are calculated from the photostationary state between HONO,
NO and OH (NO = 11:4 ppbv, [OH] = 7:5� 105 cm�3). Additional HONO production from
the interaction of NO2 with the chamber wall, as observed in the CESAM, PACS-C3, and
ILMARI chambers (Tab. 2.1, Eurochamp (2023)), may also contribute to the high HONO
production observed in the experiment H2 in the presence of NOx.
Losses of formaldeyhde and �-pinene on the chamber wall are reported by the chamber
providers (Tab. 2.1), however a chamber-related loss of formaldehyde is not observed in this
study. In contrast, a decrease of �-pinene is observed in the dark periods, when no oxidants
are present. Concentrations of �-pinene, measured in the experiment H1 in the dark, can only
be explained by an additional wall loss with a rate of (1:88� 0:16)� 10�5 s�1, which is more
than a factor of 30 larger than reported in the auxiliary mechanism (Tab. 2.1, Eurochamp
(2023)). However, in the experiment H2, the decrease in the �-pinene concentrations can be
explained by only loss due to dilution, indicating that the wall loss may be linked to the state
of the chamber film that may depend on the history of previous experiments.
In the experiment H1 (Fig. A.1) at low NOx conditions, the OH radical concentrations do
not exceed 1� 106 cm�3, despite the injection of 300ppbv of H2O2, which is rapidly lost to
the chamber wall with a loss rate of 1:4� 10�4 s�1, being equivalent to a lifetime of only two
hours. As a consequence, the loss of �-pinene due to OH oxidation was negligible and the
measured formaldehyde was mainly produced from the chamber wall. Therefore, no product
yield can be determined from this experiment. First model calculations (not shown in this
work) confirm that the OH radical production from H2O2 and HONO photolysis is of minor
importance, and OH radicals are mainly produced from the reaction of HO2 with NO. Results
of the experiment H1 highlight that it is not feasible to carry out phootoxidation experiments
without injecting NOx in the HELIOS chamber, as there are not enough OH radicals formed
from the photolysis of injected H2O2 and of chamber wall emitted HONO. The addition of
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more H2O2 than in the experiment H1 may help increasing the OH radical concentrations in
the absence of NOx. However, the production of OH radicals will rapidly decline due to the
significant loss of H2O2to the chamber wall.

Experiments in the SAPHIR chamber

Photooxidation experiments of �-pinene (S1 and S2, Figs. 2.3, A.7, Tab. A.3), focusing on
gas-phase product yields, were conducted in the SAPHIR chamber (SAPHIR, 2023) and have
been already analysed by Rolletter et al. (2019), and are only briefly discussed here. Before

Figure 2.3: Time series of trace gas concentrations measured in the experiment S2 performed
in the SAPHIR chamber (Tab. A.3). Different contributions of the loss paths
of �-pinene are shown by coloured areas, together with the time series of the
�-pinene concentration. The OH radical concentrations were measured via the
DOAS technique (Section 2.2.2), and calculated from the corrected time series of
�-pinene concentrations according to Eq. (2.8). Injections of �-pinene into the
chamber are marked by yellow, vertical lines. The relative humidity decreased
from 35% to 25% throughout the experiment and the temperature increased
from 27 �C to 30 �C during the experiment.

�-pinene was added into the chamber, trace gases were measured for two hours in the sunlit,
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humidified chamber and in the presence of ozone. In this phase, the production of HONO
and small oxygenated compounds from the chamber wall are characterised, which can be
described by Eqs. (2.2) and (2.3). By scaling the emission strength by factors between 0.08
and 1.2, the observed chamber production of HONO, HCHO, and acetone could be described
correctly for the experiments discussed in this section.
The losses of �-pinene and pinonaldehyde were investigated in a separate experiment, in
which only either one of the two species was injected into the clean air. The concentrations
were monitored for several hours. The observed decrease of the �-pinene and pinonaldehyde
concentrations could be fully explained by dilution, indicating that the loss to the chamber
wall is negligible.

Experiments in the EUPHORE chamber

In the EUPHORE chamber (EUPHORE, 2023), six photooxidation experiments with �-pinene
(two type E1, three type E2 experiments, one type E3, Tab. A.3, Figs. A.5, A.2-A.6) were
provided. Zádor et al. (2006) parameterised the wall emissions of HONO and HCHO, which
depend on the NO2 photolysis frequency and the temperature (Eqs. (2.4) and (2.5)). Overall,
an emission rate of HONO of 460pptv h�1 and of HCHO of (0:52� 0:16) ppbv h�1 is obtained
for the experiments in this study.
The chamber sources are determined from phases, when the oxidation of �-pinene is negligible,
as it contributes to the formation of HCHO, and dilution dominates the loss of �-pinene,
such as in the beginning of the experiments E1 (Figs. A.2, A.3) and E2 (Figs. A.5, 2.4,
A.4). A HONO production rate on the order of a few hundreds of pptv per hour could be
roughly estimated from the experiment E2, before NO was injected, which agrees well with
the expectation from the auxiliary mechanism (Eq. 2.4). In contrast, a chamber source of
formaldehyde of (1:9� 0:6) ppbv h�1 is determined from the experiments E1, which is about a
factor of 4 larger than the observed wall emission in the �-pinene experiments. In these periods,
also an increase of the pinonaldehyde concentration with a rate of (1:41� 0:14) ppbv h�1 and
of acetone with a rate of (0:84� 0:05) ppbv h�1 was observed. A large difference of a factor
of two is found between the HCHO chamber source determined in the �-pinene experiment
and in a reference experiment (not shown in this work), performed before experiments E2
without the addition of �-pinene. This could be due to memory effects of the Teflon film and
highlights the importance of determining chamber sources for individual experiments.
In the auxiliary mechanism (Tab. 2.1, Eurochamp (2023)), no wall loss of trace gases is
reported. However, from the dark phase, following the photooxidation of �-pinene in the
experiment E2 (Figs. A.5, A.4), a loss of pinonaldehyde and of HCHO on the chamber wall can
be determined with rates of (2:76� 0:12)� 10�5 s�1 and (1:6� 0:4)� 10�5 s�1, respectively.
For acetone, there was no significant wall loss, as its concentration did not decrease in the
dark (experiment E3, Fig. A.6).
Particles with diameters between 100nm and 200nm observed in the experiments in the
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Figure 2.4: Time series of trace gas concentrations measured in the experiment E2 performed
on the 14th of January 2019 in the EUPHORE chamber (Tab. A.3). Different
contributions of the loss paths of �-pinene are shown by coloured areas together
with the time series of the �-pinene concentration. OH radical concentrations
are derived from the corrected time series of �-pinene concentrations according
to Eq. (2.8). Injections of �-pinene into the chamber are marked by yellow,
vertical lines. “ND” and “Dia” refer to the particle number density and the
mean particle diameter. A relative humidity below 3% was present during
the experiment. The temperature increased from 22 �C to 28 �C after the roof
opening and decreased afterwards to 19 �C.

EUPHORE chamber, are expected to be lost on the chamber wall with a rate between
4� 10�5 s�1 and 5� 10�5 s�1, based on the auxiliary mechanism (Eurochamp, 2023). From
the experiments in this work, the overall wall loss rate ranges between 1:3 � 10�6 s�1 and
7� 10�5 s�1.
The experiments E1 (Figs. A.2, A.3) and E2 (Figs. A.5, A.4), can be divided into two
phases: Phase 1 with low �-pinene concentrations (� 10ppbv) in the presence of high NOx

(� 200ppbv, experiment E1) or high �-pinene concentrations (� 100ppbv) in the presence
of low NOx (< 1ppbv, experiment E2), and phase 2 with high �-pinene concentrations
(� 100ppbv) in the presence of high (NO > 150ppbv, experiment E1) or medium NOx

(� 10ppbv, experiment E2). In the first phases, �-pinene is mainly lost due to dilution and
there is no formation of product species and particle observed, independent of the amount
of HONO. This suggests that the OH radicals, which are produced in these phases from the
HONO photolysis react with other reactants instead of �-pinene. First zero-dimensional box
model calculations of the experiment E1 confirm that a faster decay of �-pinene would be
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expected from the measured decrease of NOx.
For experiments E1 and E2, the first phases are not used for determining product yields as
dilution dominated the loss of �-pinene. This phase, is still useful for estimating the chamber
sources. This, however, can be much easier achieved in a separate phase of the experiment
where trace gas concentrations are observed in the clean, illuminated chamber.

Experiments in the PACS-C3 chamber

Gas-phase products as well as the particle size distribution were measured in the experiments
performed in the PACS-C3 chamber (PACS-C3, 2023) (P1-P4, Figs. 2.5, A.19-A.21, Tab. A.3).
Photolytic chamber sources of HONO and HCHO are reported in the published auxiliary
mechanism (Tab. 2.1, Eurochamp (2023)) with emission rates of 9:1 � 106 cm�3s�1 and
5 � 106 cm�3s�1, respectively. OH radicals are assumed to be produced by the photolysis
of HONO emitted by the chamber wall. OH radical concentrations of (3 � 10) � 106 cm�3

are observed, indicating a large OH production rate. Due to the lack of HONO and NOx

measurements, the HONO chamber source cannot be estimated. Although there were high
ozone mixing ratios of up to 300ppbv in the presence of water vapour, ozone photolysis alone
does not explain the large OH radical concentration. The HCHO chamber source cannot be
verified in the provided experiments, as no formaldehyde data are available for a phase of
the experiment with light but without �-pinene. However, a chamber-related production of
formaldehyde with a rate of 0:56 ppbv h�1 is observed in the dark.
No wall loss rates for trace gases or particles are given in the auxiliary mechanism (Tab. 2.1,
Eurochamp (2023)). A HCHO loss rate could be determined from the dark phase following
the photooxidation in the experiment P3 (Fig. 2.5), giving a rate of 9:2� 10�6 s�1. Although
there is no significant loss of pinonaldehyde in the dark in this experiment, in three other
experiments (Figs. A.19-A.21), a loss of pinonaldehyde is observed in the illuminated chamber,
which is significantly higher than the loss expected from the OH reaction and photolysis.
An additional loss rate between 4:2 � 10�5 s�1 and 8:0 � 10�5 s�1 is required to explain
the observations, but it is not clear, why this is only the case for the conditions of these
experiments. For �-pinene, no wall loss can be determined, as it is entirely consumed during
the oxidation phase of the experiment P3 (Fig. 2.5).
Particle losses, possibly to the chamber wall, can be determined from the decrease of their
mass concentration when the lamps were switched off. During this phase, the average particle
diameter is constant, indicating that no further particle formation or coagulation took place.
From Eq. (2.1), a loss rate of (5:4� 0:4)� 10�5 s�1 is derived.

Experiments in the ILMARI chamber

Three photooxidation experiments (I1s, I2, and I3, Figs. 2.6, A.22, A.23, Tab. A.3) were
performed in the ILMARI chamber (ILMARI, 2023). Gas-phase products as well as particle
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Figure 2.5: Time series of trace gas concentrations measured in the experiment P3 performed
in one of the PACS-C3 chambers (Tab. A.3). Different contributions of the loss
paths of �-pinene are shown by coloured areas together with the time series
of the �-pinene concentration. OH radical concentrations are derived from the
decrease of injected d9-butanol and from the corrected time series of �-pinene
concentrations according to Eq. (2.8). Injections of �-pinene into the chamber
are marked by yellow, vertical lines and dark conditions are indicated by grey
areas. HONO was injected before the start of the photooxidation. “ND” and
“Dia” refer to the particle number density and the mean particle diameter. The
total aerosol mass concentration was interpolated for its correction for wall loss.
A relative humidity of (51 � 5)% and a temperature of (23:0 � 1:3) �C were
present during the experiment.

properties were measured. In the auxiliary mechanism, wall emission rates of HONO between
1:5� 106 cm�3 s�1 and 6� 106 cm�3 s�1 are reported (Tab. 2.1, Eurochamp (2023)). Due to
the lack of data in the clean, illuminated chamber, no wall emission rates can be derived
from experiments in the ILMARI chamber in this study. In all experiments, the OH radical
concentration is minimum 4� 106 cm�3, indicating a strong OH radical production from the
photolysis of H2O2, which was injected in the experiments, but which concentration was not
measured.
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Figure 2.6: Time series of trace gas concentrations measured in the experiment I2 performed
in the ILMARI chamber (Tab. A.3). Different contributions of the loss paths
of �-pinene are shown by coloured areas together with the time series of the �-
pinene concentration. OH radical concentrations are derived from the decrease of
injected d9-butanol and from the corrected time series of �-pinene concentrations
according to Eq. (2.8). Injections of �-pinene into the chamber are marked by
yellow, vertical lines and dark conditions are indicated by grey areas. “ND” and
“Dia” refer to the particle number density and the mean particle diameter. A
relative humidity of 57% and a temperature of 20 �C were present during the
experiment.

No wall loss of trace gases, but a loss of aerosol on the chamber wall with a rate of � 4�10�5 s�1

(for a particle diameter of 200 nm) is reported in the auxiliary mechanism (Tab. 2.1, Eurochamp
(2023)). In the experiments in this work, the wall loss can be derived for pinonaldehyde,
�-pinene, and particles. A possible wall loss of acetone cannot be determined, as acetone
concentrations increased throughout the experiments.
In the illuminated chamber, a wall loss of pinonaldehyde is observed. This can be seen in the
decrease of the pinonaldehyde concentrations, when �-pinene was entirely consumed, with
a rate that is faster than expected from its photolysis, its reactions with OH and O3, and
dilution (Figs. 2.6, A.22, and A.23). The pinonaldehyde wall loss rate is (4:0� 1:0)� 10�5 s�1
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(lifetime of 7 hours) in experiment I2 (Fig. 2.6), using OH radical concentrations determined
from the decrease of d9-butanol.
Concerning �-pinene, no wall needs to be considered (Figs. 2.6, A.23), as no significant
decrease in its concentration is observed when the lamps were switched off.
A loss of aerosol was observed in all experiments, as indicated by the concentration decrease,
when �-pinene was entirely consumed (Figs. A.22, 2.6, and A.23). A wall loss rate of
(3:1 � 0:7) � 10�5 s�1 (lifetime of 9h) is derived from the total aerosol mass concentration,
measured with a SMPS in the experiment I1s, and from the organic aerosol mass, measured
by an AMS instrument in the experiments I2 and I3.

Experiments in the CESAM chamber

In the indoor chamber CESAM (CESAM, 2023), only the particle formation from the
photooxidation of �-pinene was studied (Figs. 2.7, A.8-A.10, Tab. A.3). Chamber sources

Figure 2.7: Time series of trace gas concentrations measured in the experiment C2 performed
on the 15th of February 2019 in the CESAM chamber (Tab. A.3). Different
contributions of the loss paths of �-pinene are shown by coloured areas together
with the time series of the �-pinene concentration. OH radical concentrations are
derived from the corrected time series of �-pinene concentrations according to
Eq. (2.8). Injections of �-pinene into the chamber are marked by yellow, vertical
lines and dark conditions are indicated by grey areas. “ND” and “Dia” refer to
the particle number density and the mean particle diameter. A relative humidity
between 45% and 50% and a temperature of (23:2� 0:6) �C were present during
the experiment.

cannot be evaluated for the experiments performed in the CESAM chamber due to the lack of
data in the clean, illuminated chamber. However, the CESAM chamber is made of stainless
steel, which may have less memory effects than a polymer like Teflon. The published auxiliary
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mechanism (Tab. 2.1, Eurochamp (2023)) includes the conversion of NO2 to HONO. As
no HONO measurements were available, the correlation of NO2 and HONO could not be
investigated.
From the experiment C2 performed on the 15th of February 2019 (Fig. 2.7), the wall loss rates
can be determined, using the phase, when the lamps were switched off before and after the
photooxidation phase. No loss of �-pinene is observed in the dark period until the start of
the photooxidation (Figs. 2.7, A.8-A.10). However, a decrease of the �-pinene concentrations
is observed in the dark phase at the end of the experiment, although the ozone concentrations
quickly dropped to zero within half an hour and the OH radical concentrations are expected
to decline as well (Fig. 2.7). This suggests that the wall loss rate of �-pinene changed over
the course of the experiment, possibly due to the passivation of surfaces. A loss of �-pinene
to the chamber wall with a rate of (2:9� 0:5)� 10�5 s�1 is determined.
Beside �-pinene, a wall loss of the aerosol with a rate of (3:0� 0:5)� 10�5 s�1 is determined
from the dark phase following the photooxidation phase of the experiment (Fig. 2.7). For
particles with a diameter between 100 and 200 nm, as observed in the experiments in the
CESAM chamber in this work, particle loss rates between 1� 10�5 s�1 and 2� 10�5 s�1 are
reported (Eurochamp, 2023), being in a similar range as observed in this study.
The loss of �-pinene on the chamber wall was significant (� 30% of the entire loss) competing
with the reaction with OH, as the OH radical concentrations are low in the presence of
NOx < 10ppbv.

Experiments in the FORTH chamber

Aerosol formation and aging from the photooxidation of �-pinene (Figs. 2.8, A.11, Tab. A.3)
were also studied in the experiments in the FORTH simulation chamber (FORTH-ASC, 2023),
in which both, the particle size distributions and their chemical composition, were provided.
The release of trace gases from the chamber film of the FORTH chamber cannot be determined
in this study, as the experiments do not include appropriate phases with a clean, illuminated
chamber. In the auxiliary mechanism, no chamber sources are listed (Tab. 2.1, Eurochamp
(2023)). As the FORTH chamber is made of Teflon, a HONO chamber source can be expected.
Wall loss rates for �-pinene and particles are published in the auxiliary mechanism (Tab. 2.1,
Eurochamp (2023)). The experiments started with a dark period, from which the loss rates of
trace gases and particles to the chamber wall can be determined. In this period, no wall loss
of �-pinene is observed. As ammonium sulfate was used as seed aerosol, the aerosol wall loss
rates can be determined from the ammonium sulfate fraction of the aerosol, which is expected
to change only due to aerosol loss. The time series of sulfate and ammonia aerosol, measured
in the experiment F1 (Fig. 2.8), can be correctly described by introducing two different wall
loss rates: a loss rate of (3:7� 0:8)� 10�6 s�1 before 20:40 UTC and afterwards a wall loss
rate of (2:47� 0:04)� 10�5 s�1.
High amounts of NO2 (150ppbv to 200ppbv) were injected in the experiments to produce
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Figure 2.8: Time series of trace gas concentrations measured in the experiment F1s performed
in the FORTH chamber (Tab. A.3). Different contributions of the loss paths
of �-pinene are shown by coloured areas together with the time series of the �-
pinene concentration. OH radical concentrations are derived from the corrected
time series of �-pinene concentrations and of d9-butanol according to Eq. (2.8).
The injection of seed aerosol (ammonium sulfate) into the chamber is marked by
a yellow, vertical line and dark conditions are indicated by grey areas. “ND” and
“Dia” refer to the particle number density and the mean particle diameter. The
relative humidity decreased from 55% to 26% and the temperature increased
from 18 �C to 34 �C after the lights had been switched on.

OH radicals from ozone photolysis, as in the illuminated chamber, a photostationary state
between NO, NO2, and O3 concentrations was rapidly established, leading to peak NO
and O3 mixing ratios of � 50ppbv and 70ppbv to 100ppbv, respectively, one hour after
starting the illumination. With the initial �-pinene mixing ratios of 100ppbv to 150ppbv,
ozone concentrations increased further in the photooxidation of �-pinene. Consequently, high
amounts of ozone and NO2 were present, leading to a high production rate of NO3, which
is expected to have contributed maximum 25% to the oxidation of �-pinene. The presence
of NO3 makes the simulation of atmospheric daytime processes challenging in the FORTH
chamber under these conditions. The production of NO3 could have been lowered by either
injecting less NO2, less VOC producing O3 from radical chemistry or choosing a different OH
precursor, such as H2O2 or HONO.

Experiments in the MAC chamber

Photooxidation experiments were performed in the MAC chamber (MAC, 2023), focusing
on the formation of particles (Figs. 2.9, A.12-A.15, Tab. A.3). Data are only available for
the oxidation period, therefore chamber-related loss and wall emission rates are difficult to
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Figure 2.9: Time series of trace gas concentrations measured in the experiment M1 performed
in the MAC chamber (Tab. A.3). Different contributions of the loss paths of �-
pinene are shown by coloured areas together with the time series of the �-pinene
concentration. OH radical concentrations are derived from the corrected time
series of �-pinene concentrations according to Eq. (2.8). Injections of �-pinene
into the chamber are marked by yellow, vertical lines. “ND” and “Dia” refer to
the particle number density and the mean particle diameter. A relative humidity
of 51% and a temperature of 26 �C were present during the experiment.

determine. A small loss rate of �-pinene of 2� 10�7 s�1 (lifetime of 59 days) is reported in
the published auxiliary mechanism (Tab. 2.1, Eurochamp (2023)), but this is not relevant for
the time scale of the experiments in this study.
From the experiment M1 (Fig. 2.9), when �-pinene was nearly completely consumed (� 18:00 UTC),
a slight decrease of the total aerosol mass is observed, which may indicate a small aerosol wall
loss with a rate of 1:3� 10�5 s�1.
As only OH radical concentrations of maximum � 1�106 cm�3 were present in the experiment,
the contribution of ozonolysis to the loss of �-pinene was significant with � 50%, reaching
70% at low NOx (Fig. A.13).

Experiments in the LEAK chamber

Four �-pinene oxidation experiments in the LEAK chamber (TROPOS, 2023) are analysed
(Figs. 2.10, A.16-A.18, Tab. A.3). No information about chamber sources is given for the
LEAK chamber in the auxiliary mechanism (Tab. 2.1, Eurochamp (2023)). In the experiments
performed in this study, no OH precursors were injected, however, OH radical concentrations
of up to 3� 106 cm�3 were calculated from the consumption of �-pinene. As the chamber is
made of Teflon, it is likely that HONO is released from the chamber wall, as also observed
in the HELIOS, SAPHIR, PACS-C3, and ILMARI chambers (Tab. 2.1). Unfortunately, the
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chamber sources cannot be studied in this work, as photooxidation started immediately after
the illumination started in the experiments in the LEAK chamber.
A loss of �-pinene and of particles with rates of (1:87�0:01)�10�5 s�1 and � 5�10�6 s�1 (for
a particle diameter of 200 nm), respectively, is reported in the auxiliary mechanism (Tab. 2.1,
Eurochamp (2023)). As �-pinene was only measured in the illuminated chamber, no loss of
�-pinene to the chamber walls can be estimated. Therefore, the reported value is assumed in
the evaluation of all experiments, except for the experiment L4 (Fig. A.18), where no wall loss
is assumed as the total loss rate of �-pinene is lower than the wall loss rate in this experiment.
Hence, the reported wall loss rate of �-pinene needs to be regarded as an upper limit.
From a reference experiment (not shown in this work), in which seed aerosol was injected in
the dark and subsequently illuminated for three hours, a loss rate of particle to the chamber
wall of 2� 10�6 s�1 is determined, which is more than a factor of 2 lower than reported.
In the experiment L2s (Fig. 2.10), an increase of ozone concentrations, reaching up to 7ppbv,
is observed despite NO mixing ratios of about zero. If a photostationary state is assumed,
a NO mixing ratio of 3ppbv is expected, assuming [O3] = 5 ppbv. The reason for the not
measurable concentration of NO remains unclear.

Figure 2.10: Time series of trace gas concentrations measured in the experiment L2s per-
formed in the LEAK chamber (Tab. A.3). Different contributions of the loss
paths of �-pinene are shown by coloured areas together with the time series
of the �-pinene concentration. OH radical concentrations aree derived from
the corrected time series of �-pinene concentrations according to Eq. (2.8).
Injections of �-pinene into the chamber are marked by yellow, vertical lines.
“ND” and “Dia” refer to the particle number density and the mean particle
diameter. A relative humidity of 52% and a temperature of 21 �C were present
during the experiment.
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2.3.3 Comparison of results from the simulation chambers

Yields of pinonaldehyde, formaldehyde, and/or acetone could be determined for the experiments
performed in the HELIOS, EUPHORE, SAPHIR, PACS-C3, and ILMARI chambers. In
most experiments, �-pinene was mainly oxidised by OH with varying contributions of ozone.
In the FORTH chamber, the oxidation of �-pinene by NO3 contributed as well. Yields
were determined according to Eq. (2.6). The correlation between the corrected product
concentrations (Eqs. (A.1)-(A.3)) and the amount of reacted �-pinene, oxidised by OH
(Eq. (2.7)) are summarised in Section A.1.5 (Figs. A.24-A.28). Overall, a good agreement of
product yields is found for similar experimental conditions performed in the same chamber,
such as for the experiments E1 and E2, conducted in the EUPHORE chamber (Fig. A.25), or
for the experiments I2 and I3, performed in the ILMARI chamber (Fig. A.28).

Yields of pinonaldehyde

Pinonaldehyde was measured in all experiments except for the experiments in the HELIOS
chamber. Among the studied gas-phase products, pinonaldehyde is the only one which is solely
produced in the first oxidation step of �-pinene initiated by OH or O3. From the analysed
experiments, pinonaldehyde yields from the oxidation by OH range between 0.7 and 74%.
In all experiments, ozonolysis is expected to have contributed approximately between 25%
and 35% to the oxidation of �-pinene, with the exception of the experiments P1, I1s, and I3,
in which the contribution of ozonolysis was negligible. In the experiments performed in the
PACS-C3, ILMARI, and SAPHIR chambers at relative humidities larger than 20%, similar
small pinonaldehyde yields of � 5% are observed. The lowest yields of (0:73� 0:15)% and
(1:1�0:3)%, observed in the PACS-C3 and ILMARI chambers, respectively, are obtained from
experiments with �-pinene mixing ratios of � 10ppbv. A twice as large pinonaldehyde yield
is observed in the experiment P2, compared to the experiments P3 and P4 (all in the PACS-C3
chamber), in which NOx concentrations were likely smaller. In contrast, yields between 59%
and 74% are determined from experiments, conducted in the EUPHORE chamber performed
at dry conditions (relative humidity of less than 5%), with the exception of the experiment
E3.
In the literature, a large variability of the pinonaldehyde yield is reported, with values ranging
between 6% and 67%. Rolletter et al. (2019) addressed this high variability of yields and
highlighted that high pinonaldehyde yields were particularly observed in experiments, in
which pinonaldehyde was measured by FT-IR instruments, since these instruments are prone
to interferences from carbonyl compounds. Furthermore, lowest yields in the literature are
found by Larsen et al. (2001) and Rolletter et al. (2019) (S1, S2), where the latter performed
experiments at atmospheric conditions ([�] < 3:8 ppbv, NOx < 120pptv).
In the multi-chamber study in this work, highest yields of pinonaldehyde are obtained from
the experiments conducted in the EUPHORE chamber, which agree with yields determined
by Hatakeyama et al. (1991) and Nozière et al. (1999) within the uncertainties. Similar to
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Table 2.2: Gas-phase yields of compounds formed in the oxidation of �-pinene by OH
determined from experiments in this work and reported in the literature.

Experiments (this work) Yield PINALa [%] Yield HCHO [%] Yield Acetone [%]

H2 - 36� 9 -

E1.2b 74� 12 39� 2 20� 4
E2.2b 61� 9 30� 2 13� 3
E3 74� 16 25:3� 1:8 12:8� 2:5

P1 0:75� 0:15 25� 9 -
P2 2:2� 0:4 12� 4 -
P3 1:4� 0:3 5:9� 1:8 -
P4 1:3� 0:3 6:3� 2:0 -

I1s 1:1� 0:3 - 28� 10
I2 3:6� 0:9 - 23� 11
I3 3:3� 0:9 - 16� 9

S1, S2c 5� 3 11� 5 19� 6

Arey et al. (1990) 29 - -
Hatakeyama et al. (1991) 56� 4 54� 5 -
Nozière et al. (1999) (with NO) 67� 16c 23� 9 9� 6
Nozière et al. (1999) (no NO) 37� 7 8� 1 7� 2
Orlando et al. (2000) - 19� 5 5� 2
Jaoui and Kamens (2001) 28 - -
Larsen et al. (2001) 6� 2 8� 1 11� 3
Wisthaler et al. (2001) 34� 9 8� 1 11� 9
Aschmann et al. (2002) 28� 5 - -
Lee et al. (2006) 30� 1 16 6

a Pinonaldehyde concentrations are not corrected for the ozonolysis reaction of the ozonolysis
reaction, therefore these values correspond to upper limits; b Values from E1.2 and E2.2 are
derived from the second half of the experiment, initiated by the second injection of �-pinene
and correspond to an average of calculated values; c Taken from Rolletter et al. (2019).

Hatakeyama et al. (1991) and Nozière et al. (1999), pinonaldehyde was measured with a FT-IR
in the EUPHORE chamber. In the experiments in the PACS-C3 and the ILMARI chamber,
pinonaldehyde yields between 0.7 % and 3.6 % are observed, which agree with values, derived
by Rolletter et al. (2019) (S1, S2) and Larsen et al. (2001). Overall, �-pinene mixing ratios of
up to 110ppbv were present in the experiments in the PACS-C3 and ILMARI chambers and
NO mixing ratios were below 30ppbv.
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Yields of formaldehyde

A span of yields between 6 and 39% is determined for the formaldehyde yield in the experiments
in this work. Formaldehyde yields cannot be determined in the ILMARI chamber due to the
lack of formaldehyde measurements. Lowest HCHO yields are determined in the experiments
P3 and P4, conducted in the PACS-C3 chamber, in which the initial ozone mixing ratios
were below 200ppbv. In contrast, higher HCHO yields are observed in the same chamber
in the experiments P1 and P2, in which ozone mixing ratios were larger than 240ppb. In
the experiment P1, in which the highest HCHO yield among the experiments performed
in the PACS-C3 chamber is observed, �-pinene mixing ratios were lowest with maximum
6ppbv. Similar HCHO yields between 25% and 30% are derived in the experiments E2.2, E3
(EUPHORE), and P1 (PACS-C3), having however a high variability of the initial �-pinene
mixing ratios (between 6ppbv and 100ppbv). Highest formaldehyde yields are obtained in
the experiments E1.2, performed in the EUPHORE chamber, when the initial NO mixing
ratios were 200ppbv, and in the experiment H2 performed in the HELIOS chamber, when
the initial NO mixing ratios were 15ppbv.
Values reported in the literature (Nozière et al., 1999; Larsen et al., 2001; Wisthaler et al.,
2001; Lee et al., 2006) for the formaldehyde yield from the OH oxidation of �-pinene range
between 8 and 23 % with the exception of the results in the work by Hatakeyama et al. (1991),
who measured a formaldehyde yield of more than 50 %. HCHO yields, determined from the
experiments P3 and P4 (PACS-C3), are in good agreement with the yields observed by Larsen
et al. (2001) and Wisthaler et al. (2001). The yields of formaldehyde in the other experiments
(experiments H2, E1.2, E2.2, E3, P1) are in a similar range as measured by Nozière et al.
(1999) and by Hatakeyama et al. (1991) in the presence of NO.

Yields of acetone

In contrast to pinonaldehyde and formaldehyde, acetone yields determined in the multi-
chamber experiments are similar within the uncertainties, giving values between 12 % and
28 % in the experiments conducted in the EUPHORE, ILMARI, and SAPHIR chambers.
In the experiments at NOx < 15ppbv (experiments E2.2, E3, I3), lower acetone yields are
observed than in the experiments at higher NO mixing ratios (� 30ppbv, experiments E1.1,
I1s, and I2).
Acetone yields agree within their uncertainties with values around 10 % reported in the
literature (Nozière et al., 1999; Orlando et al., 2000; Larsen et al., 2001; Wisthaler et al., 2001;
Lee et al., 2006). Compared to pinonaldehyde and HCHO yields, acetone yields do not show a
large variability in the experiments in the different chambers and/or at different experimental
conditions in agreement with results reported in the literature.
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Uncertainties in the analysis

Uncertainties in the derivation of the product yields may cause a variability in the product
yields, determined in the different simulation chambers. The correction of product and �-
pinene concentrations for losses due to the reaction with ozone (PACS-C3, ILMARI) or due to
dilution (EUPHORE) introduces generally additional uncertainty in the yields. In some cases,
the additional uncertainty is rather small, as, for example, the dilution rates, required for the
correction due to dilution, can be precicely determined like from the decrease of measured SF6

in the EUPHORE chamber. In contrast, the correction of measured �-pinene concentrations
for the ozonolysis reaction is expected to introduce a larger uncertainty, as the rate constant of
the reaction of ozone with �-pinene has an uncertainty of 15% (Atkinson et al., 2006). Major
loss processes of pinonaldehyde, formaldehyde, and acetone are photolysis and their reactions
with OH. The correction for the loss of organic compounds through photolysis requires the
appropriate values of their photolysis frequencies and thus well-characterised lamp spectra
(indoor chambers) or the measurement of the actinic flux (outdoor chambers). Furthermore,
the uncertainties of the absorption cross section and of the quantum yield, being mainly below
10% and about 10 % to 20%, add to the total uncertainty (Moortgat et al., 1983; Hallquist
et al., 1997; Gierczak et al., 1998; Atkinson et al., 2006; Rolletter et al., 2020).
In the presence of ozone, pinonaldehyde concentrations would also need to be corrected for
their formation from the ozonolysis of �-pinene. However, for experiments performed in the
PACS-C3 and the ILMARI chambers, pinonaldehyde concentrations become negative after
correcting for ozonolysis, highlighting the uncertainty of the performed corrections and of the
yield of pinonaldehyde from the ozonolysis reaction.
For estimating the amount of organic compounds reacting with OH, OH radical concentrations
need to be known. However, in most of the analysed experiments, no OH radical measurements
were available and OH radical concentrations were calculated from the time series of �-pinene,
which are especially uncertain at low �-pinene concentrations as the difference of �-pinene
concentrations within one time step becomes small. Thus, potential systematic errors in the
fraction of �-pinene reacting with OH can lead to systematic errors in the product yield
calculations.
In addition, chamber-related processes may affect the production and loss of trace gases. A loss
of pinonaldehyde to the chamber wall was observed in the PACS-C3 and ILMARI chamber,
having though a negligible contribution (lifetime > 6h). Emissions of small oxygenated
molecules, such as formaldehyde and acetone, from the chamber walls, were observed in
particular for chambers made of Teflon film, having production rates of up to 2ppbv h�1. As
the emission strength of the chamber sources depends on the history of previous experiments,
it needs to be well characterised for each experiment. However, only averaged source strengths
could be determined, specifically for the indoor chambers, due to the lack of suitable experi-
mental phases in this work.
Since the analysed gas-phase compounds are not only formed from the oxidation of �-pinene
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by OH, their concentration time series also need to be corrected for secondary chemistry.
Overall, the correction of measured product concentrations for chamber-related emissions,
losses and secondary chemistry carry high uncertainties because it requires the quantification
of corresponding loss or production rates for each compound of interest which may vary from
experiment to experiment.

2.4 Summary and conclusions

As part of the EUROCHAMP-2020 project, a multi-chamber study was performed, investigat-
ing the oxidation of �-pinene by OH. In total, 32 experiments, conducted in nine different
simulation chambers, were analysed, focusing on the characterisation of chamber-related pro-
cesses, and the determination of the yields of organic products. Emission rates of formaldehyde
from the chamber walls were observed in the outdoor chambers, ranging between 0:4 ppbv h�1

and 1:9 ppbv h�1. Determined wall loss rates of pinonaldehyde were between 2:8� 10�5 s�1

and 4:5 � 10�5 s�1 and of �-pinene between 1:3 � 10�5 s�1 and 2:9 � 10�5 s�1, determined
from experiments in two and three chambers, respectively.

Product yields could be determined from the experiments in the HELIOS, EUPHORE, PACS-
C3, ILMARI, and SAPHIR chambers. A high variability of the product yields is found for
pinonaldehyde (ranging between 0:7% and 72%) and formaldehyde (ranging between 6% and
36%). Similarly, yields for these compounds reported in the literature show a wide span of
� 70% (pinonaldehyde) and � 35% (formaldehyde). In contrast, the acetone yields, obtained
in this work, agree within � 10% with observations reported in the literature.

A complete characterisation of chamber effects is essential for the evaluation of chamber
experiments. The analysis of the multi-chamber experiments in this work demonstrates
the importance of standard operational procedures, to ensure that chamber effects can
be appropriately taken into account in the evaluation. These procedures are preferably
integrated in the experimental procedure, but can also be performed right before or after
the experiment, to account for possible changes of wall emission or loss rates due to memory
effects from preceding experiments. Chamber experiments, performed in this study, highlight
the importance of planning experiments using appropriate concentrations of the VOC of
interest, of NOx, and the oxidants, which fit the properties of the chamber, so that the
chemistry of interest is dominating and can be properly investigated. In addition, detailed
information about the experimental procedure and about the injected amount of trace gases is
vital for interpreting experiments and characterising chamber sources. Finally, measurements
of trace gases, driving the chemistry, such as the oxidants OH and O3 and nitrogen oxides
(NOx) are helpful for e.g., performing chemical box model calculations and for quantifying
the importance of the competing oxidation pathways.
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3 Daytime and nighttime radical chemistry in
urban environments

3.1 Methodology

3.1.1 Studying air quality in the atmospheric simulation chamber SAPHIR

In field measurements, many processes affect the chemical composition of the air, making
reasonable improvements of atmospheric chemical models difficult. Atmospheric simulation
chambers help bridging this gap and are crucial for developing atmospheric chemical models
by investigating the kinetics and the products of the atmospheric oxidation of single trace
gases under controlled conditions (Doussin et al., 2023).
Experiments focusing on the daytime and nighttime radical chemistry in this work were per-
formed in the outdoor atmospheric simulation chamber SAPHIR (Simulation of Atmospheric
PHotochemistry In a large Reaction chamber, Fig. 3.1) (Rohrer et al., 2005; Schlosser et al.,
2007; Fuchs et al., 2010), which is cylindrically shaped (diameter = 5m, length = 18m) with
a total volume of 270m3. Thus, the chamber has a low surface-to-volume ratio (� 1), which
allows to study chemical processes at atmospheric concentration levels of the trace gases due
to often negligible wall losses of the trace gases. Due to the large size of the chamber, two
fans are installed to ensure well mixed air within the chamber. To compensate for small
leakages and the air volume measured by the instruments, a replenishment flow is required
which causes a dilution with a typical rate of less than 1� 10�7 s�1. The chamber is confined

Figure 3.1: The outdoor atmospheric simulation chamber SAPHIR located in Jülich, Ger-
many. Copyright “Forschungszentrum Jülich / Sascha Krelau”. Copyright
“Florian Monheim”.
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by a double-wall Teflon (FEP) film which has a high transmittance of the solar radiation over
the entire solar spectrum. To protect the chamber film from any meteorological influences
such as wind or strong precipitation, a shutter system is installed which also allows the
investigation of nighttime atmospheric chemistry during daytime. Even though the FEP film
is chemically inert, emissions of different compounds such as HONO, HCHO, acetaldehyde,
acetone, and NOx are observed with open shutters, which is a common observation also
in other chambers. Chamber sources are typically dependent on sunlight, humidity, and
temperature. The photolysis of HONO emitted from the wall acts as an OH source. To
avoid any contaminations from ambient air, an overpressure of � 25Pa is present in the
chamber compared to ambient pressure. The chamber is provided with ultra-pure synthetic
air (79:1% N2, 20:9% O2, Linde, purity > 99:9999%). In general, trace gases are added into
the chamber by adding them to the replenishment flow. The temperature inside SAPHIR
cannot be controlled and is thus dependent on ambient conditions. In total, ten instruments
are permanently installed at SAPHIR (Tab. 3.1). Most of them are housed in containers
below the chamber. Exceptions are the Differential Optical Absorption Spectroscopy (DOAS)
instrument and the Laser-Induced Fluorescence (LIF) instrument. The laser system of the
DOAS instrument is located in a container attached to one side of the SAPHIR chamber, so
that it can be directly guided into the chamber, at which ends mirrors are installed, spanning
an optical multiple reflection cell. In contrast, a temperature-controlled box containing the
LIF instrument is directly attached underneath the chamber, while the corresponding laser
system is situated in a close container.

3.1.2 Detection system for OH, HO2, and RO2 radicals at the atmospheric
simulation chamber SAPHIR

The detection system (Holland et al., 2003; Fuchs et al., 2008) for measuring OH, HO2, and
RO2 radicals in the SAPHIR chamber is shown in Fig. 3.2. Three detection cells allow the
simultaneous measurement of OH, HO2, and RO2 radicals. Air is sampled into each detection
cell (pcell =4 hPa) through a conically-shaped nozzle. To reduce wall contact and re-circulation
flows of sampled air, a nitrogen flow of 0:8 slm (1 slm = 1 L min�1 at 1 atm and T = 0 �C) is
continuously directed into each detection cell. Furthermore, contributions of laser-induced
background is reduced by using baffle arms which are also purged by nitrogen flows of 0:2 slm.

Laser system and the detection of fluorescence light

The sampled air is irradiated with a pulsed laser beam at a wavelength of 308nm, a pulse
repetition frequency (PRF) of 8:5 kHz, and a typical UV laser power of 20mW to 30mW. The
laser beam is generated by pumping a tunable dye laser (Rhodamin 101 in ethanol, � = 616 nm)
with a frequency-doubled Nd:YAG laser (Nd:Y3Al5O12, � = 532 nm). A laser wavelength of
308nm is then achieved via frequency doubling, using a barium borate (Ba(BO2)2) crystal. OH
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radicals, contained in the sampled air, are excited by the incoming laser photons via the Q1(3)
transition of the X2�(v00 = 0) ! A2�+(v0 = 0) band (Fig. 1.8). The emitted fluorescence
light is focused via an optical system onto a micro-channel plate photomultiplier (MCP)
after passing an interference filter (� =310 nm, FWHM =10 nm) and a solarblind optical
filter. Since the scattered laser photons and the fluorescence light cannot be discriminated
by wavelength, a gated photon counting system is used. Before the laser pulse passes the
detection cell, the MCP is switched off to protect the MCP from any damage, caused by
a high photon load (Fig. 3.3). The fluorescence measurement starts shortly after the laser
pulse passed the detection cell, after the MCP has been switched on again and any effect of
the gating on the sensitivity of the MCP abated and laser scattering from the laser pulse
is reduced (Hofzumahaus and Holland, 1993). The fluorescence is then measured for 496ns.
The measured photon counts (Stotal) in the fluorescence counter gate can be expressed as:

Stotal = SOH + Slaser + Ssun + Sdet:; (3.1)

with SOH being the OH fluorescence photon counts. To quantify any laser-independent noise,
the detector noise (Sdet:) and solar light, which is scattered into the detection system and
cannot be completely filtered out (Ssun), a second counter gate starts approximately 20 µs
after the fluorescence counter gate, with a duration of 20 µs (Fig. 3.3). At that time, no
contributions from laser scattering (Slaser) or from fluorescence light (SOH) is expected.

Wavelength scanning. The wavelength of the incoming laser light is modulated on and off
the Q1(3) absorption peak to determine the contribution of the laser-dependent background
signal (Slaser) to the total measured photon counts (Eq. (3.1)). The OH fluorescence photon
counts are then determined according to:

SOH = S0
total;on � S0

total;off ; (3.2)

with the photon counts S0
total;on and S0

total;off , measured on and off resonant, respectively, and
being corrected for laser-independent background photon counts. In addition, the wavelength
is scanned over the Q1(3) absorption peak at five wavelength positions to correct for possible
small thermally-induced spectral drifts of the laser wavelength (Hofzumahaus et al., 1996).
This is achieved by observing the OH fluorescence in a reference cell, in which the OH
absorption cross section is tracked simultaneously to the OH measurement with a separate
low-pressure reference cell, where the pyrolysis of water vapour produces high OH radical
concentrations by means of a hot filament (Fig. 3.2). As the OH fluorescence photon counts
depend on the line profile of the Q1(3) OH absorption line, they are normalised to the line
profile measured in the reference cell in one complete wavelength scan and are subsequently
averaged. With a typical integration time of 5 s per wavelength position, resulting in an
integration of PRF � 5 s = 42500 laser pulses, overall integration times of the radical and
background measurements are 25 s and 10 s, respectively, resulting in a time resolution of
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Figure 3.2: Schematic of the LIF detection system installed at the atmospheric simulation
chamber SAPHIR, Jülich, adapted from the open access publication by Tan
et al. (2017) under the Creative Commons Attribution 3.0 License (https://cre-
ativecommons.org/licenses/by/3.0).

radical concentrations measurements of 45 s due to additional electronic processing time.

OH radical concentration measurements

The first detection cell, which the laser passes is the OH detection cell, followed by the HOx

and ROx detection cells. Air is sucked through a 0:4mm orifice with a flow of 1:1 slm into the
low-pressure detection cell and OH radical concentrations are measured as described above.
Various potential interferences in the OH radical measurement have been tested in the past,
such as impacts from the photolysis of hydrogen peroxide, formaldehyde, nitric acid, and
nitrous acid and no measurable OH signal was reported (Ren et al., 2004). Furthermore,
the photolysis of acetone as well as the ozonolysis of biogenic and short-chain VOCs are not
expected to cause a significant interference for atmospheric conditions (Ren et al., 2004; Fuchs
et al., 2016). Another potential interference discussed in literatures (Novelli et al., 2014; Fuchs
et al., 2016) is the OH formation from stabilised Criegee intermediates which can decompose
forming OH. However, typical ambient concentrations are too small (103 to 105 cm�3, Novelli
et al. (2014)) to produce a significant interference.
The OH detection cell can be equipped with a chemical modulation reactor (CMR), allowing
interference-free OH radical measurements (Cho et al., 2021). A flow of 20Lmin�1 is sucked
through a 79mm long PTFE Teflon tube (diameter = 10mm) centered around the inlet nozzle
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Figure 3.3: Schematic of the gated photon counting for measuring OH radicals with the
ROxLIF instrument. The illustration is inspired by Hofzumahaus and Holland
(1993).

of the detection cell. The CMR is operated in two modes, with and without the addition of
propane (Air Liquide, propane, purity > 99:95%, (5:0� 0:1) % mixture in N2) to a nitrogen
flow of 0:5 slm (N2, purity < 99:9990%), which is injected into the CMR through two stainless
steel tubes (1/8 inch outer diameter with 50 µm inner diameter). In the OH scavenging mode,
a propane mixing ratio of 19ppmv is achieved downstream resulting in an OH scavenging
efficiency of 90% to 95%. The change from the OH scavenging mode to the pure N2 mode,
in which OH plus possible interferences is measured, is governed by flushing the CMR with
an increased N2 flow of 0:7 slm for 15 s to purge out any residuals of the OH scavenger within
the flow tube. Each mode has a duration of three full wavelength scans (135 s) and the
interference-free OH radical concentration as well as the interference OH radical concentration
can be obtained when knowing the OH transmission of the CMR in the N2 mode.

HOx radical concentration measurements

In a second detection cell (0:2mm orifice), HOx (=OH+f �HO2, f < 1) can be detected by
chemically converting HO2 into OH by adding a small flow of NO from a gas mixture (Air
Liquide, 1% NO in N2, purity > 99:9990%, Reaction (R1.8)) to the sampled 0:28 slm air flow
downstream of the inlet nozzle (Reaction (R1.8)) (Holland et al., 1995, 2003; Fuchs et al., 2008,
2011, 2012). The HOx detection cell is run at low NO concentrations in the measurement cell
of � 2:5� 1013 cm�3, resulting in a conversion efficiency of about 20%, to minimise possible
interferences from specific RO2 (large alkenes, aromatics, isoprene, among others) radicals
which rapidly form HO2 in their reaction with NO (Fuchs et al., 2011). Furthermore, the HOx

detection cell is typically run in two modes, where the NO concentration is modulated to even
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smaller concentrations to check whether RO2 interferences are present in the measurement.
Since the sum of OH and HO2 (= HOx) is measured, the HO2 radical concentration is derived
from subtracting the OH radical concentration from the measured HOx concentration.
Interferences from the photolysis of formaldehyde (Reactions (R1.27)- (R1.29)) can be neglected
for atmospheric conditions at which mixing ratios smaller than 60ppbv can be expected
for formaldehyde (Ren et al., 2004). At high NO2 concentrations (NO2 = 10 ppbv), the
decomposition of peroxynitric acid can lead to a 1:7% contribution of the interference signal
to the measured HO2 radical concentration (Fuchs et al., 2008).

ROx radical concentration measurements

The ROx (=OH+HO2+RO2) measurement system (Fuchs et al., 2008) includes in addition to
the detection cell a ROx converter (p � 25hPa, length = 456mm, diameter = 90mm) which
is mounted on top of the ROx detection cell (p � 4hPa, Fig. 3.2). An air flow of 7 slm is
sampled into the ROx converter where RO2 and OH radicals are converted into HO2 radicals
by adding NO (flow = 7 sccm, Air Liquide, 500ppmv NO in N2, purity > 99:9990%) and
excess CO (flow = 120 sccm, Air Liquide, 10% CO in N2, purity > 99:9990%) according to:

HO2 + NO ! OH + NO2 (R3.3)

OH + CO ! H + CO2 (R3.4)

H + O2 ! HO2: (R3.5)

Due to the high NO and CO conditions in the converter, OH and HO2 are in a fast equilibrium,
which is strongly towards HO2 (Fuchs et al., 2008). Downstream of the ROx converter,
approximately half of the air is sucked through an inlet nozzle (diameter = 4mm, flow =
3:5 slm) into the ROx detection cell. Similar to the HOx detection cell, NO (Linde, purity =
99:9%) is added to the air stream, however in a much higher concentration (� 1�1017 cm�3) to
achieve a high conversion efficiency of HO2 into OH. In the ROx detection cell, the interference
from potentially remaining RO2 is wanted as the sum of all radicals (OH+HO2+RO2) is aimed
to be measured. To determine the RO2 radical concentration, the measured ROx radical
concentration is subtracted by measured OH and HO2 radical concentrations, determined
from the other two detection systems.
In the ROx detection cell, interferences from peroxynitrates may appear at high levels of NO2

(Fuchs et al., 2008). RO2 radicals can be released through the decomposition of peroxynitrates
(Reaction (R1.14)) such as methyl peroxynitrate (CH3O2NO2) which contributes 6% to the
measured CH3O2 concentration for NO2 = 10 ppbv.
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Figure 3.4: Observed ozone-water interference in the OH detection cell, expressed as equiv-
alent ambient OH radical concentration. Measurements were performed with
humidified synthetic air and varying water vapour and ozone concentration.

Interferences affecting all measurements

The most important interference is the photolysis of ozone by the excitation laser at 308nm
in the presence of water vapour leading to the formation of OH radicals via Reactions (R1.22)
and (R1.23). Since HO2 and RO2 radicals are indirectly measured through the conversion
to OH and its subsequent laser-induced fluorescence, the ozone-water interference affects all
detection cells (Smith and Crosley, 1990; Holland et al., 1995, 2003; Ren et al., 2004). Since
ambient HO2 and RO2 radical concentrations are typically more than one order of magnitude
larger than OH radical concentrations, the O3-H2O interference typically affects the OH
measurement the most. In laboratory studies, this interference can be well characterised by
sampling synthetic air with well-known water vapour and ozone concentrations (Holland et al.,
2003). Laboratory measurements of the ozone-water interference were performed in this work
(Fig. 3.4) and an interference equivalent to (2:55� 0:15)� 105 cm�3 of OH was determined.
In all detection cells in the instrument used in this work, an interference was observed when the
sampled air contained NO3 radicals (Fuchs et al., 2016). An explanation of this interference
has not been found yet. It is assumed to be caused by wall reactions of NO3 with the inlet
nozzle or the interaction of possibly formed water clusters with NO3 (Fuchs et al., 2016). In a
previous version of the FZJ ROxLIF instrument, a NO3 interference was observed which was
equivalent to radical concentrations 1:1� 105 cm�3, 1� 107 cm�3 and 1:7� 107 cm�3 of OH,
HO2, and RO2, respectively (Fuchs et al., 2016). In the current version of the FZJ-ROxLIF
used in this work, the NO3 interference has not been fully characterised yet. However, an
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Figure 3.5: Schematic of the calibration source for the LIF instrument, adopted from the open
access publications by Cho (2021) and Künstler (2020) under the Creative Com-
mons Attribution 4.0 License (https://creativecommons.org/licenses/by/4.0).

upper limit of the NO3 interference could be estimated for the RO2 measurement which is
equivalent to a RO2 radical concentration of 3:6� 106 cm�3.

Calibration

The radical measurement via the LIF technique requires a calibration of each detection cell
in order to determine the proportionality factor between the radical concentration and the
measured signal. Due to the high reactivity of OH radicals, hydroxyl radicals need to be
produced during the calibration in a radical source, as for example shown in Fig. 3.5, which
can be placed on top of each detection system. There are several methods for calibrating the
LIF instrument such as the ozonolysis of alkenes or the photolysis of ozone in the presence of
water vapour (Rodgers et al., 1985; Hard et al., 2002; Heard and Pilling, 2003). However, the
commonly used technique is based on the photolysis of water vapour, which is described in
the following (Heard and Pilling, 2003). In the calibration source used in this work, humid,
synthetic (79.1 % N2, 20.9 % O2) air is flowed with a rate of 20 slm into a 20 cm long flow
tube made of quartz glass with an internal diameter of 18:7mm. A frit near the entrance
of the flow tube (Fig. 3.5) ensures a plug-flow downstream, which is nearly laminar before
the air volumes reaches the inlet nozzle of the detection cell. In this region, OH radicals
are produced by the photolysis of water vapour at a wavelength of 185nm, provided by a
low-pressure discharge mercury lamp (penray lamp):

H2O + h�(� = 185 nm) ! H + OH: (R3.6)

The OH quantum yield of this reaction is unity. In addition to an OH radical, an HO2

radical is also produced via the reaction of the hydrogen atom with an oxygen molecule
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(Reaction (R3.5)) with the same yield (Fuchs et al., 2011). The produced OH and HO2 radical
concentrations are only dependent on the photolysis frequency of H2O and can be expressed
by:

[HO2] = [OH] = [H2O] � �H2O(� = 185 nm) � �OH(� = 185 nm) � tradI185; (3.7)

where I185 =
R
Hg�185nm I�d� and trad are the light intensity of the 185nm emission line of the

pen-ray lamp and the irradiation time of the air volume, respectively. The absorption cross
section of water vapour is denoted as �H2O (�H2O(� = 185 nm) = (7:14 � 0:2) � 10�20 cm2

(Cantrell et al., 1997; Creasey et al., 2000; Holland et al., 2003)) and the OH quantum yield
from the water vapour photolysis, �OH, is unity for � = 185 nm (Chou et al., 1974; Atkinson
et al., 2004).
For determining the value of the product of I185 and trad, the simultaneous formation of ozone
via the photolysis of oxygen molecules is used:

O2 + h�(� = 185 nm) ! O(3P) + O(3P); (R3.8)

O(3P) + O2(+M) ! O3(+M): (R3.9)

Like in Eq. (3.7), the formed ozone concentration is dependent on the light intensity of the
pen-ray lamp:

[O3] = [O2] � �eff
O2

(� = 185 nm) � �O3(� = 185 nm) � tradI185; (3.10)

where the absorption cross section of O2 is given as an effective cross section
�eff

O2
=
R
Hg�185nm �O2(�)I�d�/

R
Hg�185nm I�d� which accounts for characteristic lines of the

Schumann-Runge band that overlap with the spectral width of the 185nm emission line of
the mercury lamp. For the calibration source used in this work, the effective O2 absorption
cross section equals (1:28� 0:05)� 10�20 cm2, which was determined in previous laboratory
experiments (Holland et al., 2003). Since two oxygen atoms are formed in the photolysis of O2

(Reaction (R3.8)), the O3 quantum yield amounts to �O3(� = 185 nm) = 2. By considering
that the irradiation time is antiproportional to the volume flow rate qV of the humid synthetic
air through the radical source, the ozone concentration can be expressed as:

[O3] = a � I185
qV

; (3.11)

such that the proportionality factor a can be determined in a separate laboratory experiment
by measuring the ozone concentration and the volume flow rate. Corresponding laboratory
measurements were performed in this work.
For the calibration of the HOx detection cell, CO (Air Liquide, 10% CO in N2, purity >
99:9990%) is added to the air flow such that the OH radical, formed in the photolysis of
water vapour (Reaction (R3.6)) is converted to HO2 according to Reactions (R3.4) and (R3.5)
leading to �HO2 = 2.
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The calibration for peroxy radicals is performed with methyl peroxy radicals (CH3O2) which
are produced by adding methane (Air Liquide, purity > 99:9990%) to the air volume (Reac-
tions (R1.1) and (R1.2) with R=CH3). In the calibration with CH4, an HO2 radical is still
formed (Reactions (R3.6) and (R3.5)) such that the sum of HO2 and RO2 are measured in
the CH4 calibration mode. Therefore, another calibration measurement of the system needs
to be performed with CO addition to determine the sensitivity of the ROx system for HO2

and thus the sensitivity for RO2 can be calculated.
Peroxy radicals which differ significantly in their reaction rate with NO or which alkoxy
radicals do not form OH or HO2 in their unimolecular reaction can have different detection
sensitivities than CH3O2. Examples are iso-butane, isoprene, as well as NO3-containing RO2,
formed in the oxidation of isoprene and in the oxidation short-chain alkenes by NO3 (Fuchs
et al., 2008; Novelli et al., 2021). The deviation of the detection sensitivity relative to CH3O2

can be determined by zero-dimensional box model calculations of the specific RO2 reactions
inside the ROx detection system, considering the chemical conditions inside the converter and
the ROx detection cell.
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3.2 Photooxidation of anthropogenic VOCs and the impact of the
alkoxy chemistry on the ozone production

The content of this chapter was published as “Effect of the alkoxy radical chemistry on
the ozone formation investigated for organic compounds from anthropogenic emissions in
chamber experiments” by M. Färber, H. Fuchs, B. Bohn, P.M.T. Carlsson, G.I. Gkatzelis, A.C.
Marcillo Lara, F. Rohrer, S. Wedel, A. Wahner, and A. Novelli in ACS Environmental Science
& Technology Air 2024, 1, 1096-1111 DOI: 10.1021/acsestair.4c00064, under the Creative
Commons Attribution 4.0 License (https://creativecommons.org/licenses/by/4.0).
The supplementary material is provided in the Appendix A.2. Data from the experiments
in this work are stored on servers at the Institute for Energy and Climate Research, IEK-8:
Troposphere at Forschungszentrum Jülich and are accessible on request.
The authors contributed to the article as follows:
MF analysed the data, and wrote the manuscript together with AN. MF, AN, and HF
conceptualised the manuscript. AN designed the experiments. MF and AN conducted the
ROx radical measurements and OH reactivity measurements. PMTC performed DOAS
measurements and BB was responsible for the radiation measurements. FR performed
measurements of NOx, O3, and HCHO. SW was together with GIG responsible for operating
the PTR-ToF-MS instrument and together with ACML responsible for GC-MS measurements.
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3.3 Nighttime oxidation chemistry of anthropogenic VOCs and the
role of the formation of alkyl peroxynitrates

The content of this chapter was published as “Impact of temperature-dependent non-PAN
peroxynitrate formation, RO2NO2, on nighttime atmospheric chemistry” by M. Färber, L.
Vereecken, H. Fuchs, G.I. Gkatzelis, F. Rohrer, S. Wedel, A. Wahner, and A. Novelli in
Physical Chemistry Chemical Physics, 2024, 26, 5183 DOI: 10.1039/d3cp04163h, under the
Creative Commons Attribution 3.0 License (https://creativecommons.org/licenses/by/3.0).
The supplementary material is provided in the Appendix A.3. Data from the experiments in
this work are available on the EUROCHAMP data homepage (https://data.eurochamp.org/).
Detailed information is provided in the publication.
The authors contributed to the article as follows:
MF analysed the data and wrote the paper. AN and LV designed the experiments and
worked closely with MF to conceptualise the paper. MF and AN conducted the ROx radical
measurements and OH reactivity measurements. FR performed measurements of NOx and
O3. SW and GIG were responsible for operating the PTR-ToF-MS instrument. All co-authors
commented on the paper.
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T hi s j o u r n al i s © t h e O w n e r S o ci e ti e s 2 0 2 4 P h y s. C h e m. C h e m. P h y s. , 2 0 2 4, 2 6 , 51 8 3 – 51 9 4  |  5 1 8 3

Cit e t hi s: P h y s. C h e m. C h e m. P h y s. ,

2 0 2 4, 2 6 , 5 1 8 3

I m p a ct  of t e m p er at ur e - d e p e n d e nt  n o n - P A N
p er o x y nitr at e f or m ati o n,  R O 2 N O 2 ,  o n  ni g htti m e
at m o s p h eri c c h e mi str y † ‡

Mi c h ell e F a¨ r b er, a L u c  V er e e c k e n, a H e n dri k F u c h s, a b G e or gi o s I.  G k at z eli s, a

Fr a n z  R o hr er, a S er g ej  W e d el, a A n dr e a s  W a h n er a a n d  A n n a  N o v elli * a

T h e f or m ati o n  of p er o x y nitr at e s ( R O 2 N O 2 ) fr o m t h e r e a cti o n  of p er o x y r a di c al s ( R O2 ) a n d  nitr o g e n

di o xi d e ( N O 2 ) a n d t h eir s u b s e q u e nt r e di s s o ci ati o n ar e t y pi c all y n ot i n cl u d e d i n c h e mi c al  m e c h a ni s m s.

T hi s i s  oft e n d o n e t o s a v e c o m p ut ati o n al ti m e a s t h e a s s u m pti o n i s t h at t h e e q uili bri u m i s str o n gl y

t o w ar d s t h e  R O2 +  N O 2 r e a cti o n f or  m o st c o n diti o n s. E x c e pti o n s ar e t h e r e a cti o n s  of t h e  m et h yl p er o x y

r a di c al d u e t o it s a b u n d a n c e i n t h e at m o s p h er e a n d  of a c yl - R O 2 r a di c al s  d u e t o t h e l o n g lif eti m e  of

p er o x y a c yl nitr at e s  R O 2 N O 2 ( P A N s). I n t hi s st u d y, t h e ni g htti m e  o xi d ati o n  of ci s - 2 - b ut e n e a n d tr a n s- 2 -

h e x e n e i n t h e pr e s e n c e  of  N O 2 i s i n v e sti g at e d i n t h e at m o s p h eri c si m ul ati o n c h a m b er S A P HI R,

F or s c h u n g s z e ntr u m J ü li c h,  G er m a n y, at at m o s p h eri c all y -r el e v a nt c o n diti o n s at diff er e nt t e m p er at ur e s

(E 2 7 6  K, E 2 9 3  K, E 3 0 5  K).  M e a s ur e d c o n c e ntr ati o n s  of p er o x y a n d h y dr o p er o x y r a di c al s a s  w ell a s

ot h er tr a c e g a s e s ( o z o n e,  N O 2 , v ol atil e  or g a ni c c o m p o u n d s) ar e c o m p ar e d t o st at e - of -t h e - art z er o -

di m e n si o n al b o x  m o d el c al c ul ati o n s.  G o o d  m o d el - m e a s ur e m e nt a gr e e m e nt c a n  o nl y b e a c hi e v e d  w h e n

r e v er si bl e  R O2 +  N O 2 r e a cti o n s ar e i n cl u d e d f or all  R O 2 s p e ci e s  u si n g lit er at ur e v al u e s a v ail a bl e fr o m

t h e l at e st S A R b y [ J e n ki n et al. , At m o s.  C h e m.  P h y s. , 2 0 1 9, 1 9 , 7 6 9 1]. T h e g o o d a gr e e m e nt  o b s er v e d

gi v e s c o nfi d e n c e t h at t h e S A R, d eri v e d  ori gi n all y f or ali p h ati c  R O 2 , c a n  b e a p pli e d t o a l ar g e r a n g e  of

s u b stit ut e d  R O 2 r a di c al s, si m plif yi n g g e n er ali s e d i m pl e m e nt ati o n i n c h e mi c al  m o d el s.  R O 2 N O 2

c o n c e ntr ati o n s fr o m n o n - a c yl  R O 2 r a di c al s  of u p t o 2 fl 1 0 c m fl 3 ar e  pr e di ct e d at 2 7 6  K, i m p a cti n g

e ff e cti v el y t h e ki n eti c s  of  R O 2 r a di c al s.  U n d er t h e s e c o n diti o n s, p er o x y r a di c al s ar e sl o wl y r e g e n er at e d

d o w n wi n d  of t h e p oll uti o n s o ur c e a n d  m a y b e l o st i n t h e at m o s p h er e t hr o u g h d e p o siti o n  of  R O 2 N O 2 .

B a s e d  o n t hi s st u d y,  6 0 %  of  R O 2 r a di c al s  w o ul d b e st or e d a s  R O 2 N O 2 at a t e m p er at ur e  of 1 0 1C a n d i n

t h e pr e s e n c e  of a f e w p p b v  of  N O2 .  T h e fr a cti o n i n cr e a s e s f urt h er at c ol d er t e m p er at ur e s a n d/ or hi g h er

N O 2 mi xi n g r ati o s. T hi s d o e s n ot  o nl y a ff e ct t h e e x p e ct e d c o n c e ntr ati o n s  of  R O 2 r a di c al s  b ut, a s t h e

p er o x y nitr at e s c a n r e a ct  wit h  O H r a di c al s  or p h ot ol y s e, t h e y c o ul d c o m pri s e a n et si n k f or  R O 2 r a di c al s

a s  w ell a s i n cr e a s e t h e pr o d u cti o n  of  N O x ( =  N O  +  N O2 ) i n  diff er e nt l o c ati o n s d e p e n di n g  o n t h eir

lif eti m e.  O mitti n g t hi s c h e mi str y fr o m t h e ki n eti c  m o d el c a n l e a d t o  mi si nt er pr et e d pr o d u ct f or m ati o n

a n d  m a y pr e v e nt r e c o n cili n g  o b s er v ati o n s a n d  m o d el pr e di cti o n s.

1 I ntr o d u cti o n

I n t h e at m o s p h er e, v ol atil e or g a ni c c o m p o u n d s ( V O C s) a n d

v ol atil e i n or g a ni c c o m p o u n d s ar e r e m o v e d vi a o xi d ati o n  w hi c h

dri v e s t h eir c h e mi c al d e gr a d ati o n. I n t h e l o w er tr o p o s p h er e,

t h e d a yti m e o xi d ati o n pr o c e s s e s ar e dri v e n b y o z o n e ( O 3 ),

a n d t h e  h y dr o x yl r a di c al ( O H),  w hi c h i s oft e n f o u n d t o b e

t h e pr e d o mi n a nt o xi d a nt.  A n ot h er tr o p o s p h eri c o xi d a nt i s t h e

nitr at e r a di c al ( N O 3 )  w hi c h pl a y s a  m aj or r ol e d uri n g t h e  ni g ht.1

N O 3 i s f or m e d b y t h e r e a cti o n of  nitr o g e n di o xi d e ( N O2 )

wit h  O 3 :

N O 2 +  O 3 - N O 3 +  O 2 , ( 1)

a I n stit ut e f or E n er g y a n d  Cli m at e  R e s e ar c h, I E K- 8: Tr o p o s p h er e, F or s c h u n g s z e ntr u m

J üli c h  G m b H, 5 2 4 2 8 J üli c h,  G er m a n y. E- m ail:  m.f a er b er @f z-j u eli c h. d e,

a. n o v elli @f z-j u eli c h. d e
b D e p art m e nt of P h y si c s,  U ni v er sit y of  C ol o g n e, 5 0 9 3 2  C ol o g n e,  G er m a n y

† T h e d at a of t h e e x p eri m e nt s i n t h e S A P HI R c h a m b er u s e d i n t hi s  w or k ar e

a v ail a bl e o n t h e  E U R O C H A M P d at a  h o m e p a g e ( htt p s:// d at a. e ur o c h a m p. o r g/ ).

M or e i nf or m ati o n c a n b e f o u n d i n t h e  D at a a v ail a bilit y st at e m e nt.

‡ El e ctr o ni c s u p pl e m e nt ar y i nf or m ati o n ( E SI) a v ail a bl e:  T h e s u p pl e m e nt r el at e d

t o t hi s arti cl e i s a v ail a bl e o nli n e, a n d c o nt ai n s d et ail e d i nf or m ati o n a b o ut t h e

o z o n ol y si s e x p eri m e nt of tr a n s- 2- h e x e n e, t h e  N O3 i nt erf er e n c e of t h e r a di c al

i n str u m e nt, t h e  m o difi e d al k o x y d e c o m p o siti o n r at e u s e d f or ci s - 2- b ut e n e- R O,

i n str u m e nt ati o n d et ail s, c o ntri b uti o n s of  N O3 a n d  O 3 t o t h e  V O C o xi d ati o n, t h e

ti m e s eri e s of  m e a s ur e d a c et al d e h y d e c o n c e ntr ati o n s, a n d t h e di s c u s si o n of t h e

ni g htti m e o xi d ati o n of tr a n s- 2- h e x e n e at  m e di u m a n d  h ot t e m p er at ur e s. S e e  D OI:

htt p s:// d oi. or g/ 1 0. 1 0 3 9/ d 3 c p 0 4 1 6 3 h

R e c ei v e d 2 9t h  A u g u st 2 0 2 3,
A c c e pt e d 1 6t h J a n u ar y 2 0 2 4

D OI: 1 0. 1 0 3 9/ d 3 c p 0 4 1 6 3 h
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and is typically in a rapid thermal equilibrium with dinitrogen
pentoxide (N2O5). The fast photolysis of NO3 back to NO2 and
O3 and its loss reaction with nitric oxide (NO) lead to an
atmospheric lifetime of a few seconds,2 preventing substantial
daytime concentrations. Still, in forests below the canopy (high
VOC concentrations, low NO concentrations (o0.3 ppbv),
among other favourable conditions), the reaction of NO3 with
VOCs might compete with other loss reactions of NO3 (photo-
lysis, reaction with NO) and contributes to the tropospheric
oxidation during the day.2–4 At night, when there is no OH
production from photolytic processes, the oxidation of VOCs is
driven by O3 and NO3.

In recent field studies utilising the laser-induced-fluores-
cence (LIF) technique for radical measurements, discrepancies
between measured and modelled RO2 radical concentra-
tions were found at night at moderate O3 (B(1–70) ppbv),
NO2 (B(3–50) ppbv), and low NO (B(0–0.3) ppbv) mixing ratios
in the vicinity of Beijing,5,6 China, Wangdu,7 China, and
London,8 UK. Just recently, two studies focussing on investigat-
ing the oxidation of isoprene9 and anthropogenic alkenes10 by
NO3 resulted in new detailed chemical mechanisms for these
compounds as intricate as their oxidation by OH. These studies
highlighted the inability of detecting a large fraction of NO3

-containing isoprene-RO2
9 as well as NO3–RO2 from short-chain

alkenes.10 Both the isomerisation (isoprene)9 and the decom-
position (short-chain alkenes)10 of the NO3 -alkoxy radical do
not lead to the formation of HO2 or OH, which is required for
the RO2 measurement by the LIF technique:

NO3 RO2 þNO !NO2
RO

! NO2 ðnotdetectableÞ;

=! HO2 ðdetectableÞ:

(
(2)

However, for long-chain alkenes such as for example trans-
2-hexene, all RO2 are detectable.10 The discrepancies found at
nighttime in the field5–8 may be partly explainable by the
missing detection of the LIF instrument of single short-
chain alkenes, contained in the measured air mixture. Still
large discrepancies remain between measured and modelled
RO2 radicals for high NO (up to B100 ppbv) and NO2 (up to
B70 ppbv).5–8,11

Despite improvements in the agreement between measured
and modelled RO2 radicals observed in the experiments in the
SAPHIR chamber,10 discrepancies are still observed in particu-
lar right after the injection of the VOC when the RO2 radical
production is the highest, as well as in the time dependence of
the RO2 radical concentrations. The conditions in the chamber
were chosen to facilitate the formation of NO3 radicals, and
were characterised by zero NO and medium NO2 (17–40 ppbv)
and ozone (7–30 ppbv). For these conditions, RO2 radicals
formed in the oxidation by either O3 or NO3 are assumed to
be mainly lost by their reaction with HO2 or RO2. NO2 will be
the dominant reaction partner for these RO2 radicals, produ-
cing a short-lived peroxynitrate (RO2NO2) which is in a very fast
equilibrium (tRO2NO2

E 0.2 s at 298 K) with its decomposition in

the lower troposphere:

RO2 þNO2ðþMÞÐ
kRO2þNO2

kRO2NO2

RO2NO2ðþMÞ: (3)

The impact of eqn (3) on the RO2 radical and the formed
RO2NO2 is thought to be negligible due to the instability of
RO2NO2 in lower tropospheric oxidation processes, therefore,
the reaction of RO2 and NO2 forming RO2NO2 is omitted in
most atmospheric models for non-acyl RO2 radicals except for
CH3O2.

12 For the latter, the formation of alkyl peroxynitrates
has been thought to be mostly relevant at cold tempera-
tures in polar regions,13,14 in the upper troposphere, where
Browne et al.14 found that including the methyl peroxynitrate
(CH3O2NO2) chemistry is relevant at temperatures below 240 K,
or in biomass burning plumes that are lofted to high
altitudes.14 In contrast, the reactions of acyl-RO2 radicals with
NO2 are typically implemented in all chemical models due to
the long lifetime (B40–45 min at 298 K) of the corresponding
peroxyacyl nitrate RO2NO2 (PANs) and, consequently, their
relevance on regional and even global scales.13

A recent study by Khan et al.15 investigated the global effect
of the reversible formation of RO2NO2 on NOx, i.e. NO + NO2,
OH, and O3, using the generic rate coefficients from Jenkin
et al.12 for more than 40 non-acyl RO2 radicals. Loss rates for
the formed RO2NO2 species via reaction of OH and photolysis
were also included. In their study, it was shown that even on the
ground, up to 25% more NOx would be expected at the equator
as photolysis and reaction with OH accelerate the consumption
of RO2NO2. This indicates that their role and importance might
need to be reevaluated.

A measure for the ratio of RO2 and RO2NO2 concentrations
at equilibrium is given by the equilibrium constant K, the ratio
of the forward and backward reaction rate constants kRO2+NO2

and kRO2NO2
, respectively:

K = kRO2+NO2
/kRO2NO2

. (4)

For the alkyl peroxynitrates CH3O2NO2 and ethyl peroxyni-
trate (C2H5O2NO2), the equilibrium constant is 7 1011 cm3 at
276 K, respectively (Table 1). In contrast, peroxyacetyl nitrate
(CH3C(O)O2) has an equilibrium constant of 1  108 cm3 due
to its longer lifetime. While at high temperatures formation of
alkyl peroxynitrates is not important, the equilibrium shifts
more towards the RO2NO2 products at lower temperatures,
making it worthwhile to evaluate the impact of RO2NO2 for-
mation during winter conditions.

In this work, the impact of the RO2 + NO2 reaction on
modelled RO2 radical concentrations is studied for RO2 radicals
from the oxidation of cis-2-butene and trans-2-hexene by O3 and
NO3 at different temperatures (E276 K, E293 K, E305 K).
Experiments were performed in the atmospheric simulation
chamber SAPHIR at Forschungszentrum Jülich, Germany.
Nighttime conditions with high NO2 (420 ppbv) and moderate
O3 (B10 ppbv) mixing ratios were tested which facilitate the
formation of NO3 and mimic conditions often found at night.
Concentrations of HO2 and RO2 radicals, as well as of O3,
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NO2, and VOCs were measured and are compared to zero-
dimensional box model calculations, incorporating state-
of-the-art oxidation schemes. The reaction of non-acyl RO2

radicals with NO2 forming RO2NO2 and its backward reaction
are implemented in the chemical mechanisms of cis-2-butene
and trans-2-hexene by using literature values,12,16–18 and the
implications of the findings on the nighttime atmospheric RO2

chemistry are discussed. The newly introduced ozonolysis
scheme and RO2 isomerisation reactions, suggested by Novelli
et al.10 for cis-2-butene and trans-2-hexene, as well as their
temperature dependence are tested and model-measurement
comparisons are used to improve the chemical mechanisms for
these species.

2 Methodology
2.1 Experiments in the atmospheric simulation chamber
SAPHIR

The experiments were conducted in the outdoor atmospheric
simulation chamber SAPHIR at Forschungszentrum Jülich,
Germany. The 270 m3 chamber (5 m diameter, 18 m length)
allows to study atmospheric processes in a well-characterised
system and is confined by an inert double-wall Teflon (FEP)
film, enabling high transmittance of impinging solar radiation.
A shutter system allows the shielding of the chamber from solar
radiation to also mimic nighttime conditions. The temperature
inside the chamber is not controlled and thus dependent on
ambient conditions. The chamber utilises ultra-pure synthetic
air, mixed from ultra-pure nitrogen and oxygen (79.1% N2,
20.9% O2, Linde, purity 4 99.9999%). Contaminations are
prevented from entering the chamber by an over-pressure of
E33 Pa above ambient pressure. A replenishment flow is
applied to account for small leakages and the air sampled by
the instruments, causing a dilution for all trace gases with an
average first order loss rate of 9.7  106 s1 in the experiments
in this study. Two fans are installed to mix the air in the
chamber, so that all instruments sample the same air.

A detailed description of SAPHIR can be found in previous
works.19–22

Nighttime experiments for cis-2-butene and trans-2-hexene
were performed at different temperatures. The nighttime
oxidation of cis-2-butene was studied at two different tempera-
tures (T E 276 K (cold), 295 K (medium)). The nighttime
chemistry of trans-2-hexene was investigated at three tem-
peratures (T E 276 K (cold), 292 K (medium), 305 K (hot)).
At low temperatures (T E 280 K), a pure ozonolysis experi-
ment in the absence of NO2 was also performed for trans-2-
hexene.

The experimental procedure of the experiments is shown in
Fig. 1–3. Before each experiment, the chamber was flushed to
remove trace gases from the previous experiment. No detect-
able OH reactivity, equivalent to the inverse lifetime of OH, was
observed in the dark, clean, and dry chamber. Cis-2-Butene
(Air Liquide, 1% in N2, purity 99.4%) or trans-2-hexene (Sigma
Aldrich, purity 97%) were first injected in the clean, dry, and
dark chamber, reaching mixing ratios close to atmospheric
conditions (o6 ppbv). Afterwards, 170–210 ppmv of carbon
monoxide (CO, Air Liquide, purity 99.997%) was added to the
chamber acting as OH scavenger by converting OH into HO2 to
avoid its reaction with cis-2-butene or trans-2-hexene. In one
oxidation experiment of trans-2-hexene, 142 ppmv of methane
(CH4, Air Liquide, purity 99.5%) were injected instead to aim
for lower HO2 radical concentrations. Since more reactions are
involved to form HO2, a slower production of HO2 can be
achieved, and higher RO2 radical concentrations are expected
due to the formation of CH3O2. Nitrogen dioxide (Linde,
500 ppmv in N2, purity 99.991%) of up to 35 ppbv was then
injected in all experiments with the exception of the ozonolysis
study. Afterwards, ozone generated by a silent discharge ozo-
niser (O3onia) was injected to reach mixing ratios between
12 ppbv and 33 ppbv (96 ppbv in the ozonolysis experiment),
initiating the production of NO3 in the reaction with NO2

(eqn (1)). Due to the fast reaction of cis-2-butene and trans-2-
hexene with O3 and NO3, they are consumed on a timescale
of B2–5 hours, and the alkene was injected a second time
and third time (experiments with cis-2-butene at 295 K and

Table 1 Temperature-dependent rate coefficients for the formation and decomposition of different alkyl peroxynitrates, adopted from Jenkin et al.12

Rate coefficients are given for ambient pressure (1013 hPa) and T = 276 K, 292 K, and 305 K

RO2 or RO2NO2 k0 kN Fc k276K k292K,1 atm k305K,1 atm

Forward reaction, kRO2+NO2
[cm3 s1]

CH3O2
a 1.2  1030 (T/300)6.9[M] 1.8  1011 0.36 7.1  1012 6.2  1012 5.5  1012

C2H5O2
a 1.3  1029 (T/300)6.2 [M] 8.8  1012 0.31 5.6  1012 5.3  1012 5.0  1012

n- and sec- C4H9O2
b 9.6  1012 9.6  1012 9.6  1012 9.6  1012

RO2
d 9.0  1012 (=kfPN) 9.0  1012 9.0  1012 9.0  1012

Reverse reaction, kRO2NO2
[s1]

CH3O2NO2
a 9.0  105exp (9690/T)[M] 1.1  1016 exp (10 560/T) 0.36 0.1 0.7 3.2

C2H5O2NO2
a 4.8  104exp (9285/T)[M] 8.8  1015 exp (10 440/T) 0.31 0.2 1.7 7.5

n- and sec- C4H9O2NO2 b 8.3  1015 exp (10 368/T) 0.4 3.2 14.3
C6H13O2NO2 isomersc 7.5  1015 exp (10 368/T) 0.4 2.8 12.9
RO2NO2

d 7.6  1015 exp (10 400/T)(=kbPN) 0.3 2.6 11.8

a Recommended by IUPAC.16 b Determined from isomeric mixtures formed from the reaction of chlorine with butane17,18 and recommended by
Jenkin et al.12 c Determined from isomeric mixtures formed from the reaction of chlorine with hexane18 and recommended by Jenkin et al.12
d Pressure-independent generic rate coefficient recommended by Jenkin et al.12
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trans-2-hexene at 305 K). To boost the oxidation by NO3, NO2

was injected a second time as well. In all experiments, no NO
was present in the chamber and OH radical concentrations

were below the detection limit, leading to a negligible contribu-
tion of OH chemistry. All experiments were conducted in dry
conditions (H2O o 0.07 ppmv) and in complete darkness.

Fig. 2 Comparison between modelled and measured (5 minutes average)
trace gases and HO2 and RO2 radical concentrations in the trans-2-
hexene experiment performed at E276 K with CO as OH scavenger.
Model results displayed as FZJ (blue) and FZJ + RO2NO2 (brown) models
refer to the FZJ mechanism with and without including additional for-
mation of non-acyl RO2NO2, respectively. In addition, FZJ + RO2NO2

disc.-corr. (red) denotes the model run considering the overestimation of
ozonolysis-generated RO2 radical concentrations by a factor of 1.7,
observed in the ozonolysis of trans-2-hexene (see text). Injections of
chemical species into the chamber are marked by vertical lines.

Fig. 3 Comparison between modelled and measured (5 minutes average)
trace gases and HO2 and RO2 radical concentrations in the nighttime
oxidation experiment of trans-2-hexene in presence of CH4. Model results
displayed as FZJ (blue) and FZJ + RO2NO2 (brown) models refer to the FZJ
mechanism with and without including additional formation of non-acyl
RO2NO2, respectively. Solid lines indicate the total RO2 radical concen-
tration predicted by the model without the RO2NO2 interference, while
dashed lines are the RO2 radical concentration predicted by the model
considering a 2% interference by RO2NO2. Injections of chemical species
into the chamber are marked by vertical lines.

Fig. 1 Comparison of modelled and measured (5 minutes average) trace gases and HO2 and RO2 radicals in the experiment with cis-2-butene for cold
(276 K) and medium (295 K) temperatures. Model results displayed as FZJ (blue) and FZJ + RO2NO2 (brown) models refer to the FZJ mechanism without
and with including additional formation of non-acyl RO2NO2, respectively. Dashed lines indicate the total RO2 radical concentration predicted by the
model, while solid lines are the RO2 radical concentration predicted to be detectable by the ROx LIF system, as discussed in Section 2.2. Injections of
chemical species into the chamber are marked by vertical lines.
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2.2 Instrumentation

Measurements of the radicals OH, HO2, and RO2 were con-
ducted with a laser-induced fluorescence (LIF) instrument (ROx

LIF).23,24 Chamber air is sucked into a low-pressure detection
cell (E 4 hPa) where OH radicals are excited by a laser pulse
(repetition frequency = 8.5 kHz) at a wavelength of 308 nm. The
subsequently emitted fluorescence light, which is directly pro-
portional to the sampled OH radical concentration, is detected
by gated photon counting.25–27 By adding NO in a second
detection cell, a fraction of HO2 radicals is chemically con-
verted to OH and, thus, HOx (= OH + f HO2, f o 1) can be
detected.24–26,28 Possible interferences in the HOx measure-
ment may appear in the presence of specific RO2 radicals,
when HO2 is rapidly produced by the RO2 + NO reaction.28 By
working at lower NO concentrations, RO2 interferences are
minimised and do not play a role in the presented experiments.
RO2 radicals are indirectly measured after they are converted
into HO2 or OH in a converter (E25 hPa) by adding NO. OH,
formed from the reaction of HO2 with NO, is converted back to
HO2 in the converter by addition of excess CO. The HO2 radicals
are then sampled by a detection cell and converted to OH by a
continuous addition of pure NO, which enables a high conver-
sion efficiency of HO2,

23 so that the sum of OH, HO2, and
RO2 (=ROx) is measured, from which [RO2] can be derived.
An interference signal in the presence of NO3 that is equivalent
to a RO2 radical concentration of 3.6  106 cm3 per pptv of
NO3 was observed in the ROx system. A previous study29 also
reported a NO3 interference signal equivalent to HO2 and RO2

radical concentrations of 1.0  106 cm3 and 1.7  106 cm3

per pptv of NO3, respectively. More details can be found in the
ESI‡ Section B. Modelled RO2 radical concentrations were
corrected for this interference which only impacted the experi-
ment at highest temperature when very high concentrations of
NO3 were reached. Modelled HO2 radical concentrations were
corrected using the parametrisation determined by Fuchs et al.29

Recently, it was found that -nitrate-alkoxy radicals decompose
in the converter of the RO2 detection system forming NO2 and
therefore these radicals are not detectable with the LIF techni-
que that requires the formation of either OH or HO2 in the
detection system.9,10 Examples include alkoxy radicals (RO)
produced in the oxidation of anthropogenic alkenes by NO3 such
as CH3 CH(NO3)CH(CH3)O (MCM notation: C42NO33O) formed in
the oxidation of cis-2-butene by NO3. The rate coefficient of the
decomposition of CH3 CH(NO3)CH(CH3)O (MCM notation:
C42NO33O), forming NO2, was optimised based on the observed
RO2 in the experiments of the nighttime oxidation of cis-2-
butene, resulting in a decomposition rate of 3.0  103 s1 (this
work) compared to 9.5  103 s1 predicted theoretically 10 at
276 K. Further details can be found in the ESI‡ Section C.

The OH reactivity (kOH) was measured by a pump-and-probe
technique utilising LIF to detect the amount of OH reacting with
the sampled air in a flow tube.30,31 Time series of cis-2-butene and
trans-2-hexene and calibrated time series of acetaldehyde were
measured by proton-transfer-reaction time-of-flight mass spectro-
metry (PTR-ToF-MS, Ionicon).32,33 Normalised counts of cis-2-
butene and trans-2-hexene are converted to parts per billion

(ppb) by using the observed OH reactivity at the point in time of
the VOC injection. Ozone was detected by UV absorption
(Ansyco), and CO, CH4, formaldehyde, and water vapour were
monitored utilising cavity ring-down spectroscopy (CRDS,
Picarro). Furthermore, NO and NO2 were measured by a che-
milumiscence instrument (EcoPhysics). More detailed informa-
tion about the performance of the instruments can be found in
the ESI‡ Section D. NO3 and N2O5 measurements were not
available for any experiment, therefore corresponding wall loss
rates were introduced and adjusted to match the observed
VOC decay.

2.3 Model calculations

To compare measurements with model results, a zero-
dimensional box model is used, starting from the chemical
mechanistic information in the FZJ mechanisms for cis-2-
butene and trans-2-hexene published by Novelli et al.10; these
are themselves built upon the Master Chemical Mechanism
(MCM v3.3.1, http://mcm.leeds.ac.uk).34,35 Dilution is taken
into account by considering a first-order loss for all implemen-
ted species as described in Section 2.1. Temperature and
pressure are constrained to measured data. The injection of
O3, NO2, cis-2-butene, trans-2-hexene, CO, and CH4 into the
chamber is reproduced by an active source during the injection
period, with a source strength that is matched to the measured
increase of the observables. The temperature-dependent reac-
tion rate of trans-2-hexene with O3 is taken from Atkinson and
Arey.1 At medium and high temperatures, the reaction rate of
trans-2-hexene and NO3 is taken to be twice as large as the
temperature-independent reaction rate used in the MCM; the
latter is estimated from the SAR in Jenkin et al.34 The increased
rate is consistent with the study by Novelli et al.10 The FZJ
mechanisms for cis-2-butene and trans-2-hexene used here as
the base kinetic models differ from the MCM by the following
points:

 Ozonolysis scheme for cis-2-butene and trans-2-hexene
including the formation of OQCHCH2OO (ethanal-2-peroxy,
MCM notation: HCOCH2O2) and OQCHCHO(OO)CH2CH3

(butanal-2-peroxy, MCM notation: BUTALAO2). The subsequent
bimolecular chemistry for these radicals follows the MCM.

 Isomerisation reactions for ethanal-2-peroxy and butanal-
2-peroxy based on quantum chemical calculations, leading to
the formation of OQC(OOH)CH2OO (ethyl-1-peracid-2-peroxy)
and OQC(OOH)CH(OO)C2H5 (butyl-1-peracid-2-peroxy), respec-
tively (Fig. S1, ESI‡).

 Updated alkoxy decomposition rates for RO radicals
formed in the oxidation of cis-2-butene and trans-2-hexene by
NO3 based on quantum chemical calculations.

 Optimised yield of the RO and OH radical from the
reaction of RO2 with HO2 for the first generation NO3–RO2

(MCM notation: C62NO33O2, C63NO32O2) formed in the oxida-
tion of trans-2-hexene by NO3.

The follow-up chemistry for additionally included RO2 and
RO radicals was implemented following the SARs in Jenkin
et al.,12 Vereecken et al.,10,36–38 and Novelli et al.10 For the
model-measurement comparison when NO3 chemistry is
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contributing, the fraction of RO2 which is not measurable by
the radical instrument10 (Section 2.2) must be taken into
account, i.e. distinguishing between ‘‘total RO2’’ and ‘‘detect-
able RO2’’.

The effect of the isomerisation reactions of the RO2 radicals
from the ozonolysis reaction, ethanal-2-peroxy and butanal-2-
peroxy, on the predicted RO2 speciation is investigated by
comparing model runs using the FZJ mechanisms with and
without including RO2 isomerisation reactions. In another
sensitivity model run, not only reactions of methyl peroxy
(CH3O2) and PAN-like RO2 (RC(QO)OO) with NO2 are
included, as implemented in the FZJ mechanism, but also the
reaction of NO2 with all formed non-acyl RO2 species. In this
sensitivity run, RO2 + NO2 reactions forming RO2NO2 as well as
the corresponding backward reactions (eqn (3)) are introduced
for all formed RO2 species. Rate constants for the forward and
backward reactions for CH3O2, ethyl peroxy (C2H5O2), and
acetonyl peroxy (CH3 C(QO)CH2O2) are taken from recommen-
dations by IUPAC.16 Recommendations in Jenkin et al.,12 par-
tially based on Zabel et al.,18 are used for the forward and
backward reaction rate constants for C4 peroxy radicals, and for
the backward reaction rate constant for C6–RO2NO2 in this
work. For all RO2 for which rate constants cannot be taken from
literature, such as for n-C3H7O2, a pressure-independent gen-
eric forward reaction rate constant, kfPN, and a rounded average
of reported backward reaction rate constants for C2 to C8 alkyl
RO2, kbPN, recommended by Jenkin et al.,12 are used. However,
the contribution of n-C3H7O2 to the total RO2 amounts to 2%
and is thus negligible. It is important to mention that all the
rate coefficients used from literature and SAR are for non-NO3

substituted RO2 radicals but are used here due to the lack
of specific values for nitrate RO2 radicals. An overview of
temperature-dependent rate coefficients for the formation
and decomposition of non-acyl RO2NO2 is shown in Table 1,
together with the corresponding rate coefficients at T = 276 K,
292 K, and 305 K. We also determined the kbPN and kfPN values
by a fitting procedure against the experimental data, retrieving
values that are within 30% of the literature data above. This
supports applying literature data for alkyl-RO2 to our NO3-RO2

radicals, but the fitted values carry a large uncertainty and are
not used in the results and discussion below

3 Results
3.1 Nighttime chemistry of cis-2-butene

Measured and modelled time series of HO2 and RO2 radical
concentrations in the two nighttime experiments investigating
the oxidation of cis-2-butene are shown in Fig. 1. For the two
experiments in this work, injected O3, NO2, and cis-2-butene
concentrations are below 15 ppbv, 30 ppbv and 15 ppbv,
respectively, and expected NO3 concentrations do not exceed
8 pptv. For these conditions, on average, NO3 contributed
about 40% at 276 K and 50% at 295 K to the oxidation of cis-
2-butene (Table S2, ESI‡). As described in Section 2.2, only
16% and 5% of the most dominant RO2 that is formed, CH3

CH(OO)CH(ONO2)CH3 (MCM notation: C42NO33O2), are
detected by the instrument at cold (T E 276 K) and medium
(T E 295 K) temperatures, respectively. The higher the tem-
perature becomes, the faster the decomposition of the alkoxy
radical is. Therefore, the modelled total RO2 and the modelled
detectable RO2 are discussed separately in the following.

For cold conditions, there is a large difference in the total
modelled RO2 between the FZJ mechanisms with and without
including the additional formation of RO2NO2, with the latter
predicting a much lower concentration (by a factor of 7 on
average) in the first two hours of oxidation and a much slower
increase. When the detectable modelled RO2 are compared to
the measured RO2 radical concentrations at low temperatures,
the mechanism including non-acyl RO2NO2 formation (FZJ +
RO2NO2 model) reproduces the data very well with a model-to-
measurement ratio of 0.84, and excellent reproduction of the
time dependence. The mechanism without including RO2 +
NO2 reactions (FZJ model) can reasonably reproduce the detect-
able RO2 after one hour after the cis-2-butene injections
(average model-to-measurement ratio = 0.8). However, their
concentration is largely overestimated by up to a factor of
4.5 right after the injection, with a distinctly earlier concen-
tration peak. The smaller difference between the two model
results observed for the second injection of cis-2-butene is due
to a larger contribution of CH3O2 (from close to 0% after the
first cis-2-butene injection to B 20% after the second). As the
reaction of CH3O2 with NO2 is included in both the FZJ and
MCM mechanisms, the effect of the correction is smaller.

Differences of total RO2 radical concentrations between the
two FZJ mechanisms are also observed in the experiment at
medium temperatures. However, the difference is much less
pronounced and the average ratio of concentrations obtained
between the two FZJ mechanisms is 1.1. A small underestima-
tion of the measured RO2 (by a factor of 1.2) by both mechan-
isms can be observed by comparing it to the detectable RO2.
The FZJ mechanism without alkyl-RO2 + NO2 reactions would
predict a small peak of the detectable RO2, while concentra-
tions are better described if these reactions are considered
(Fig. 1). From the second injection on, RO2 radical concentrations
predicted by both mechanisms converge to the same value.

The measured HO2 radical concentrations are well described
by both FZJ mechanisms and agree within 36% (FZJ model) and
21% (FZJ + RO2NO2 model) after the first VOC injection and
within 5% (both FZJ models) after the second VOC injection in
the experiment at cold conditions and within 7% (both FZJ
mechanisms) in the experiment at medium temperatures.
A comparison of the concentration of acetaldehyde, a major
product of the ozonolysis of cis-2-butene, obtained by the
different models is shown in Fig. S11 (ESI‡) for the experiment
at cold conditions. The different mechanisms predict similar
product concentrations with a model-to-measurement ratio
of 0.7.

3.2 Nighttime chemistry of trans-2-hexene

Fig. 2 shows measured HO2 and RO2 radical concentrations for
the experiment with trans-2-hexene performed at E276 K.
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In contrast to cis-2-butene, the amount of RO2 that cannot be
detected is negligible,10 so that the total RO2 can be directly
compared to the measurements.

The addition of RO2 + NO2 reactions leads to a less steep
increase of the RO2 radical concentrations which is in much
better agreement with the measurements after the first injec-
tion of trans-2-hexene (within 2% compared to 20% for the FZJ
model). Similar to cis-2-butene, at 276 K the FZJ mechanism
expects a fast increase of RO2 radicals, which is not observed in
the measurements.

As ozone contributes up to 40% to the oxidation of trans-2-
hexene, and discrepancies were observed earlier when ozone
dominated the oxidation at 292 K in the study by Novelli et al.,10

an ozonolysis experiment was performed for trans-2-hexene.
Fig. S2 (ESI‡) shows the comparison between measured and
modelled HO2 and RO2 radicals for the MCM and the FZJ
mechanisms. An agreement within 20% and 30% between
measured and modelled HO2 is found for the MCM and the
FZJ mechanism, respectively. Although the FZJ mechanism
improves the agreement between measured and modelled
RO2 radicals, still a ratio of modelled to measured of 1.7
remains at the point of injection of trans-2-hexene. The impact
of this discrepancy, in the presence of NO2, was estimated by
assuming an overall overestimation of a factor of 1.7 for RO2

formed from ozonolysis and correcting their concentrations
modelled by the FZJ mechanism including RO2NO2 formation
by this factor. As a consequence, the total modelled RO2 radical
concentrations would be 25% lower (cold temperatures) at the
peak RO2 after the first injection (Fig. 2) with an average ratio of
modelled to measured RO2 of E0.7. Although the agreement
between measured and modelled RO2 is decreased when an
overestimation of RO2 of 1.7 is assumed (from 12% to 37% for
the first 2.5 hours of oxidation), the modelled RO2 shows the
same behaviour in reaching the peak RO2 radical concentra-
tions and a worse agreement is found for the mechanism
without additional NO2 reactions (model-to-measurement ratio
of 1.9 for the first 2.5 hours of oxidation). More details about
the interpretation of the ozonolysis experiment can be found in
the ESI‡ Section A.

As compared to cis-2-butene (Fig. 1) and to the ozonolysis
experiment (Fig. S2, ESI‡), the HO2 radicals are largely under-
estimated by both models. HO2 radicals are mainly formed
from the reaction of CO with OH (E61% of the total production
rate) which is formed directly from the ozonolysis of trans-2-hexene,
among other production pathways such as isomerisation reactions
of second-generation RO2 (30% of the total production rate). A
similar discrepancy between measured and modelled HO2 radicals
was observed when performing the same experiment but using
CH4 instead of CO as an OH scavenger (Fig. 3).

The observed model-measurement discrepancy could be due
to an artefact in the LIF instrument detecting HO2, if there was
a mechanism artificially producing HO2 in the HOx detection
cell. An instrumental interference by NO2 and peroxynitric
acid (HNO4, formed in the reaction of HO2 with NO2) can
be excluded because this would also impact the HO2 radical
concentration measured in the experiment with cis-2-butene,

for which no model-measurement discrepancy for HO2 was
observed (Fig. 1). Furthermore, an interference from the con-
temporary decomposition of RO2 radicals is minimised by
running the HOx detection cell at reduced NO (Section 2.2)
and no indication of an interference was observed when chan-
ging the NO concentrations in the HOx cell. A clear correlation
of the model-measurement difference in HO2 radical concen-
trations is only found with the modelled non-acyl RO2NO2

concentrations (Fig. 4), indicating that the model-mea-
surement discrepancy of HO2 is likely due to an instrumental
interference in the HO2 measurements from RO2NO2. This
would be consistent with the good agreement observed for
the ozonolysis experiment (Fig. S2, ESI‡). An interference of
E2% of the non-acyl RO2NO2 in the HOx cell would be enough
to explain the measured HO2 radical concentration (Fig. 2 and 3).

It is currently not clear how the non-acyl RO2NO2 would be
detected as HO2 in the HOx cell of the LIF instrument, espe-
cially as no discrepancy was observed for cis-2-butene. RO2

radicals are obtained by subtracting the measured HO2 and
OH radicals from the sum of all three radical species (OH + HO2

+ RO2), as detected in the ROx LIF system. Therefore, an
interference in the HOx measurement would result in a lower
measured RO2 radical concentration as compared to the ‘‘real’’
value. Using the modelled HO2 radical instead of the measured
value would increase the RO2 radical concentrations by 20%
and 30% in the experiments at low temperatures with CO
(Fig. S15, ESI‡) and CH4 (Fig. 3) as OH scavenger, respectively.
As the HO2 radical concentrations for the conditions of the
experiments in this study are low, their impact is limited and
no change in the time profile of the RO2 radical is observed.
More details can be found in Section G of the ESI.‡

Two more experiments at 292 K and 305 K were performed
with trans-2-hexene (Fig. S12, ESI‡). Although a worse agree-
ment between measured and modelled RO2 was observed
(average model-measurement ratio of 1.5 and 1.2 for 292 K
and 305 K, respectively) as compared with the experiment at
276 K, a shift in the peak for measured RO2 radical

Fig. 4 Correlation between observed model-measurement deviations of
HO2 with modelled non-acyl RO2NO2 concentrations. Displayed are NO3

oxidation experiments of trans-2-hexene.
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concentration could be observed which does not show any
‘‘delay’’ as found in the experiment at cold temperatures
(Fig. 2). This is consistent with the faster decomposition rate
of the formed RO2NO2 at those temperatures and is also
reproduced by both models where negligible differences are
seen already maximum 30 minutes after the VOC injection.

As compared to the experiment at 276 K (cold), a better
agreement between modelled and measured HO2 radical is
obtained. Model calculations tend to overestimate the HO2

radicals at 276 K. Just recently, a study by McKee et al.39 showed
that at high temperatures production of nitryl hydride (HNO2)
from the reaction of HO2 and NO2 can be expected. By including
this reaction in the model calculations of the experiment at hot
conditions (T = 305 K), the comparison of the model with the
measurement improves leading to a model-to-measurement ratio
of 1.3 on average (compared to 1.6 if the HNO2 formation is not
considered, Fig. S12, ESI‡). More discussion about possible reasons
for the observed discrepancies found at 292 K and 305 K for trans-2-
hexene can be found in the ESI‡ Section G.

The comparison of acetaldehyde concentrations predicted
by the mechanisms is shown in Fig. S14 (ESI‡), showing similar
concentrations for the different temperatures. The mechanisms
overall underestimate the measured acetaldehyde concentra-
tions by a factor of 1.7 and 3 in the experiments at medium and
hot temperatures, respectively, but in the experiment at cold
conditions a good agreement is achieved (within 15%). The
reason for this temperature-dependent discrepancy cannot be
easily explained and needs further investigations.

4 Discussion

An overview of the concentrations of non-acyl peroxynitrates,
formed in the nighttime oxidation, is shown in Fig. 5 for

cis-2-butene and in Fig. S13 (ESI‡) for trans-2-hexene. Acyl
peroxynitrates are excluded here because their formation
is implemented identically in both mechanisms, and in the
following, RO2 and RO2NO2 refer only to non-acyl peroxy
radicals and their respective peroxynitrates, unless noted
otherwise.

The RO2NO2 concentrations expected from the FZJ mecha-
nism are systematically lower than the RO2NO2 concentrations
expected from the FZJ + RO2NO2 mechanism, including non-
acyl RO2NO2 formation, as only the formation of CH3O2NO2 is
implemented (Section 2.3). A strong increase of peak RO2NO2

concentrations from 140 pptv to up to 480 pptv is observed over
the temperature range of 295–276 K. While the main loss
path for RO2 radicals in the FZJ model is the loss in the reac-
tion with HO2 (kB (2  10)  103 s1), the reaction with NO2

(kB (5  9) s1, Table 1) is the predominant, temporary loss of
RO2 in the FZJ + RO2NO2 mechanism, including formation of
non-acyl RO2NO2, due to the large NO2 mixing ratios (up to
40 ppbv).

The fraction of RO2 stored in the reservoir RO2NO2 species
can be derived from the ratio of corresponding concentrations:
RO2NO2/(RO2 + RO2NO2) (Table 2, Fig. 5 and Fig. S13, ESI‡).
In the experiment at cold conditions, the conversion of RO2 via
reaction with NO2 leads to more than 90% of non-acyl RO2 that
is present in form of the reservoir species RO2NO2 throughout
the experiment. In comparison, 80% to 40% of the non-acyl
RO2 are stored as RO2NO2 throughout the experiment at
medium temperatures (Fig. 5), in which the temperature
increased from 290 K to 300 K, leading to a shift of equilibrium
towards RO2. When one of the VOCs is injected a large fraction
of the RO2 radicals formed is converted into the reservoir
species RO2NO2, leading to the slower increase of the free,
measurable RO2 radical concentrations in the FZJ + RO2NO2

mechanism, including additional RO2NO2 formation, com-
pared to the FZJ mechanism (Fig. 1 and 2). This emphasises
the importance of including the formation of peroxynitrates in
chemical mechanisms, especially at lower temperatures where
the RO2NO2/RO2 ratio can reach a factor of 20.

At temperatures typically reached in mid latitudes, RO2NO2

concentrations are expected to be on the order of 1  1010 cm3

at the conditions tested in this work and can therefore impact
the fate of ROx species. In cities as Beijing,5 China, tempera-
tures around 255 K can be reached in winter, leading to a
significant fraction of non-acyl RO2 stored as reservoir RO2NO2

species, and thus to different RO2 radical concentrations. Low

Fig. 5 Formed non-acyl RO2NO2 concentrations and the fraction of non-
acyl RO2 stored as RO2NO2 (RO2NO2/(RO2 +RO2NO2)) for the two cis-2-
butene oxidation experiments in the presence of NO2 applying the FZJ
mechanism either without (FZJ model, blue) or with (FZJ + RO2NO2

model, brown) the additional formation of alkyl-RO2NO2. Model results
of the RO2NO2 concentrations, based on the FZJ mechanism without
including additional formation of RO2NO2 (FZJ model), refer to CH3O2NO2

concentrations. Vertical lines refer to the injection of chemical species.

Table 2 Equilibrium constants of the formation and decomposition of
non-acyl RO2NO2 (eqn (4)) formed in the oxidation of trans-2-hexene by
NO3, derived from the pressure-independent generic forward reaction
rate, kfPN, and the backward reaction rate for C6H13O2 isomers (Table 1),
recommended by Jenkin et al.12

Temperature [K] K|eqn (3) [cm3]

305 7.0  1013

292 3.2  1012

276 2.5  1011
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temperatures are also present at high altitudes, where biomass
burning plumes can introduce polluted conditions, allowing
alkyl-RO2NO2 other than CH3O2NO2 to be formed and impact-
ing the effective RO2 radical concentration.

One important finding of this study is that the rate coeffi-
cients used for forward and backward reactions (Table 1 and 2)
do an excellent job in bringing measurements and model
results in agreement despite not being derived for the NO3-
substituted RO2 radicals as investigated here. This indicates
that the substituent on the RO2 radical does not seem to have
an impact on the reaction rate. This allows to generalise the
finding beyond the molecules and conditions explored in the
SAPHIR chamber.

Fig. 6 shows the fraction of RO2NO2/(RO2 +RO2NO2) for
different temperatures and NO2 mixing ratios. Conditions
observed in different cities5,6,8,40 are highlighted and are found
to favour the formation of non-acyl RO2NO2. Especially at
wintertime in Beijing, a significant amount of RO2 is expected
to be stored as RO2NO2. In contrast, NO2 and temperature
observed in September in a boreal forest2 do not facilitate the
production of RO2NO2. Though, for relatively low values of NO2

of B1 ppbv and B10 1C (280 K) that can also be found in
forested environments, more than 20% of RO2 radical is stored
as RO2NO2. For a mixing ratio of NO2 up to 10 ppbv, the
fraction can increase up to 80%. Although a large part of the
RO2NO2 will decompose back to RO2 and NO2, depending on

temperature and lifetime, RO2NO2 can be transported and
contribute to the NOx levels further away from their emission
sources. In addition, nothing is known about the additional
loss rate of RO2NO2 by reaction with OH and photolysis.
Khan et al.15 introduced these loss reactions based on similarity
with other molecules and show they could have an impact in
particular at the equator.

5 Summary & conclusions

In this study, the nighttime chemistry of cis-2-butene and trans-
2-hexene was investigated under nighttime conditions. Experi-
ments were performed in an outdoor simulation chamber
under controlled conditions. The measurements show a clear
dependence of the RO2 radical concentration time profiles on
temperature, with the lowest temperatures having a signifi-
cantly delayed RO2 peak concentration compared to what
would be expected for direct formation of short-lived RO2

radicals. Measured trace gases and radicals were compared
with different chemical mechanisms, implemented in zero-
dimensional box model calculations based on the FZJ
mechanism.10 This model improves upon the Master Chemical
Mechanism by including a state-of-the-art ozonolysis scheme
for cis-2-butene and trans-2-hexene, updated chemistry for
nitrate peroxy radicals (NO3–RO2) from NO3 radical chemistry
as well as for oxygenated peroxy radicals from ozonolysis.
An extended model, FZJ + RO2NO2, additionally includes the
reversible reactions of all non-acyl RO2 radicals with NO2 for-
ming RO2NO2. In addition, the decomposition rate of –NO3–RO
radicals, first introduced by a study by Novelli et al.,10 is
adjusted to best match observed radical concentrations.

The measured time profiles of the RO2 radical concentra-
tions are reproduced best when accounting for the reaction of
RO2 with NO2 for all RO2, not solely those for CH3O2 and acyl-
RO2 radicals as typically included in atmospheric models.
Especially for cold conditions, including the formation of
reservoir RO2NO2 species significantly improves the modelled
RO2 and an average agreement with the measured RO2 within
16% is achieved for cis-2-butene. This reaction allows reversible
formation of alkyl peroxynitrate reservoir species, leading to a
reduction of the effective concentration of free RO2 radicals
that is especially pronounced at lower temperatures. In addi-
tion, the RO2 radical concentrations observed are equally
(within 20% on average) described by both FZJ mechanisms
(FZJ model with and without including additional RO2NO2

formation) above 290 K. With decreasing temperatures, includ-
ing the formation and subsequent decomposition of RO2NO2 in
the model reduces the predicted total free RO2 radical concen-
tration and delays peak RO2 radical concentrations as observed
in the experiments, thereby significantly improving the shape
of modelled RO2 time profiles.

A discrepancy between modelled and measured HO2 radical
concentration, which for the low-temperature conditions
reached a factor of 3 on average, was observed for trans-2-hexene.
Sensitivity analyses indicate that this discrepancy correlates best

Fig. 6 Fraction of peroxy radicals stored as RO2NO2 as a function of
temperature and NO2 mixing ratios. Contour lines mark certain RO2NO2/
(RO2 + RO2NO2) ratios. Values were determined from a steady-state
calculation, assuming the generic forward and backward reaction rate
coefficients kfPN and kbPN (Table 1) for reaction (3), respectively. White stars
mark regimes that were observed in a boreal forest,2 in London,8

Pasadena,40 and Beijing at cold5 and medium temperatures.6
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with a measurement interference by non-acyl RO2NO2, where an
interference of E2% would be sufficient to reproduce the mea-
sured HO2. However, as this discrepancy does not influence the
time-dependence of the RO2 radical concentration profiles in the
chamber experiments, it has no impact on the conclusions.

Under the conditions of the experiments in this work, up to
2  10 cm3 of non-acyl RO2NO2 are expected at 276 K,
comprising about 95% of RO2. Under winter conditions in
polluted cities such as Beijing, China, where temperatures of
255 K are reached,5 even higher fractions of the RO2 present as
RO2NO2 reservoir species are expected. This will have conse-
quences for radical chemistry, the spatial distribution of
RO2 and NO2, and the loss of radicals through deposition of
RO2NO2.

13

The general forward and backward reaction rates from SAR12

which refer to non-substituted RO2 radicals do an excellent job
in bringing measured and modelled RO2 radicals in agreement
for the conditions of this study (NO3–RO2). This suggests that
substituents on the RO2 radical have a small effect on the
reaction rates making the implementation in global models
easier. Although the largest impact of these reactions can be
expected for cold temperatures (higher altitudes), already for
NO2 mixing ratios as low as few ppbv and a temperature of
280 K, a fraction of RO2NO2/(RO2 + RO2NO2) of 20% can be
expected (Fig. 6). Given the large uncertainties of the follow-up
chemistry of RO2NO2, it is not easy to assess, a priori, their
effect in different environments and more studies are needed
to shed light on their chemistry. Generally, the impact of the
formation of RO2NO2 manifests likely as a time delay in the
response of the chemical mixture to changes in VOC emission
and oxidation, NOx levels, temperature, and other environ-
mental factors.

Discrepancies remain between modelled and measured RO2

radicals in the ozonolysis experiment of trans-2-hexene and for
NO2 + O3 experiments of trans-2-hexene at higher temperatures
(292 K and 305 K). Uncertainties in the ozonolysis may be
related to the chemistry of peracid-substituted RO2 radicals
formed in RO2H-migration reactions. Insufficient data are
available to resolve this issue at this time, but it is shown that
the discrepancy is too small to significantly affect the O3 + NO3

nighttime experiments in this work.

Data availability

Data from the experiments in the SAPHIR chamber used in this
work are available on the EUROCHAMP data home page
(https://data.eurochamp.org/). Experiments with cis-2-butene
performed at T E 276 K and T E 295 K are available at
https://doi.org/10.25326/MBQ2-QY9541 and https://doi.org/
10.25326/6BV7-MR14,42 respectively. Experimental data from
the nighttime oxidation experiments of trans-2-hexene in the
presence of NO2 and CO conducted at T E 276 K, T E 292 K,
and T E 305 K are accessible at https://doi.org/10.25326/DV74-
3P36,43 https://doi.org/10.25326/E63B-9J58,44 and https://doi.
org/10.25326/5CDB-Q698,45 respectively. Data from the nighttime

experiment of trans-2-hexene in the presence of NO2 and CH4 as
well as from the ozonolysis experiment of trans-2-hexene are
available at https://doi.org/10.25326/DSQH-4  7146 and https://
doi.org/10.25326/89B1-GR69,47 respectively.

Conflicts of interest

The authors declare that they have no conflict of interest.

References

1 R. Atkinson and J. Arey, Chem. Rev., 2003, 103, 4605–4638.
2 J. Liebmann, E. Karu, N. Sobanski, J. Schuladen, M. Ehn,
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C. C. Chang, H. Fuchs, R. Häseler, K. Kita, Y. Kondo, X. Li,
M. Shao, L. Zeng, A. Wahner, Y. Zhang, W. Wang and
A. Hofzumahaus, Atmos. Chem. Phys., 2010, 10, 11243–11260.

31 H. Fuchs, A. Novelli, M. Rolletter, A. Hofzumahaus, E. Y.
Pfannerstill, S. Kessel, A. Edtbauer, J. Williams, V. Michoud,
S. Dusanter, N. Locoge, N. Zannoni, V. Gros, F. Truong,
R. Sarda-Esteve, D. R. Cryer, C. A. Brumby, L. K. Whalley,
D. Stone, P. W. Seakins, D. E. Heard, C. Schoemaecker,
M. Blocquet, S. Coudert, S. Batut, C. Fittschen, A. B. Thames,
W. H. Brune, C. Ernest, H. Harder, J. B. A. Muller, T. Elste,
D. Kubistin, S. Andres, B. Bohn, T. Hohaus, F. Holland, X. Li,
F. Rohrer, A. Kiendler-Scharr, R. Tillmann, R. Wegener, Z. Yu,
Q. Zou and A. Wahner, Atmos. Meas. Tech., 2017, 10, 4023–4053.

32 A. Jordan, S. Haidacher, G. Hanel, E. Hartungen, L. Märk,
H. Seehauser, R. Schottkowsky, P. Sulzer and T. D. Märk, Int.
J. Mass Spectrom., 2009, 286, 122–128.

33 W. Lindinger, A. Hansel and A. Jordan, Int. J. Mass Spectrom.
Ion Processes, 1998, 173, 191–241.

34 M. E. Jenkin, S. M. Saunders and M. J. Pilling, Atmos.
Environ., 1997, 31, 81–104.

35 S. M. Saunders, M. E. Jenkin, R. G. Derwent and M. J.
Pilling, Atmos. Chem. Phys., 2003, 3, 161–180.

36 L. Vereecken and J. Peeters, Phys. Chem. Chem. Phys., 2009,
11, 9062–9074.

37 L. Vereecken and B. Nozière, Atmos. Chem. Phys., 2020, 20,
7429–7458.

38 L. Vereecken and J. Peeters, Phys. Chem. Chem. Phys., 2010,
12, 12608–12620.

39 K. McKee, M. A. Blitz, R. J. Shannon and M. J. Pilling, J. Phys.
Chem. A, 2022, 126, 7514–7522.

40 S. M. Griffith, R. F. Hansen, S. Dusanter, V. Michoud,
J. B. Gilman, W. C. Kuster, P. R. Veres, M. Graus, J. A. De
Gouw, J. Roberts, C. Young, R. Washenfelder, S. S. Brown,
R. Thalman, E. Waxman, R. Volkamer, C. Tsai, J. Stutz, J. H.
Flynn, N. Grossberg, B. Lefer, S. L. Alvarez, B. Rappenglueck,
L. H. Mielke, H. D. Osthoff and P. S. Stevens, J. Geophys.
Res.: Atmos., 2016, 121, 4211–4232.

41 M. Färber, H. Fuchs, G. Gkatzelis, F. Rohrer, S. Wedel and
A. Novelli, Atmospheric simulation chamber study: cis-2-butene
+ NO3 - Gas-phase oxidation - kinetic study - 2022-02-11, 2023,
(Version 1.0) [Data set]. AERIS.

42 A. Novelli, C. Cho, H. Fuchs, A. Hofzumahaus, F. Rohrer
and R. Tillmann, Atmospheric simulation chamber study:
cis-2-butene + NO3 - Gas-phase oxidation - product study -
2020-05-19, 2021, (Version 1.0) [Data set]. AERIS.

PCCP Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
li

sh
ed

 o
n 

17
 J

an
ua

ry
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

1/
11

/2
02

4 
6:

09
:5

2 
P

M
. 

 T
hi

s 
ar

ti
cl

e 
is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
tt

ri
bu

ti
on

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Onlin e

93



5194  |  Phys. Chem. Chem. Phys., 2024, 26, 5183–5194 This journal is © the Owner Societies 2024

43 M. Färber, H. Fuchs, G. Gkatzelis, F. Rohrer, S. Wedel and
A. Novelli, Atmospheric simulation chamber study: trans-2-
hexene + NO3 - Gas-phase oxidation - kinetic study - 2022-01-
26, 2023, (Version 1.0) [Data set]. AERIS.

44 A. Novelli, C. Cho, H. Fuchs, A. Hofzumahaus, F. Rohrer and
R. Tillmann, Atmospheric simulation chamber study: trans-2-
hexene + NO3 - Gas-phase oxidation - product study - 2020-05-
23, 2021, (Version 1.0) [Data set]. AERIS.

45 M. Färber, H. Fuchs, G. Gkatzelis, F. Rohrer, S. Wedel and
A. Novelli, Atmospheric simulation chamber study: trans-2-

hexene + NO3 - Gas-phase oxidation - kinetic study - 2022-
07-20, 2023, (Version 1.0) [Data set]. AERIS.

46 M. Färber, H. Fuchs, G. Gkatzelis, F. Rohrer, S. Wedel and
A. Novelli, Atmospheric simulation chamber study: trans-2-
hexene + NO3 - Gas-phase oxidation - kinetic study - 2022-02-
21, 2023, (Version 1.0) [Data set]. AERIS.

47 M. Färber, H. Fuchs, G. Gkatzelis, F. Rohrer, S. Wedel and
A. Novelli, Atmospheric simulation chamber study: trans-2-
hexene + O3 - Gas-phase oxidation - kinetic study - 2021-12-08,
2023, (Version 1.0) [Data set]. AERIS.

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
li

sh
ed

 o
n 

17
 J

an
ua

ry
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

1/
11

/2
02

4 
6:

09
:5

2 
P

M
. 

 T
hi

s 
ar

ti
cl

e 
is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
tt

ri
bu

ti
on

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Onlin e

94



4 | Conclusions

This thesis aimed to investigate the atmospheric radical chemistry of anthropogenic VOCs in
simulation chambers and to test available chemical mechanisms. In field studies, discrepancies
were observed in the comparison of measured radical concentrations with results from chemical
box model calculations, resulting in a significant disagreement between measured and modelled
ozone production rates, especially at high NO mixing ratios (> 3ppbv) (Tan et al., 2017, 2018;
Whalley et al., 2018; Slater et al., 2020; Whalley et al., 2021; Woodward-Massey et al., 2023).
As ozone is harmful to human health and is a greenhouse gas, understanding its formation is
crucial for mitigating air pollution and thus improving air quality.

In the multi-chamber study, performed as part of the EUROCHAMP-2020 project, ex-
periments investigating the oxidation of �-pinene were performed in nine different European
simulation chambers. The analysis shows the need to carefully characterise chamber-related
processes to derive reproducible results. The comparison of gas-phase product yields (formalde-
hyde, acetone, and pinonaldehyde), derived from the photooxidation of �-pinene, yielded an
overall agreement with literature values, although a large variability was observed for pinon-
aldehyde and formaldehyde in the different chambers. Chemical conditions varied between
different experiments and even more between different chambers, making a direct comparison
challenging.
Chamber effects, such as the release of small oxygenated compounds and the loss of trace gases
to the chamber wall, were identified and accounted for when possible. To further facilitate
the evaluation of chamber experiments within the EUROCHAMP-2020 consortium, extended
investigations of chamber effects, especially of the chamber production of species such as
HONO, would be helpful.
This multi-chamber study emphasises the importance of standard procedures for characterising
chamber effects as these can vary with time due to memory effects of the chamber wall from
previously performed experiments. In addition, chamber effects were observed to dominate
measured trace gas concentrations in few experiments, stressing the need of a careful design of
the experimental procedures to ensure that the oxidation of the VOC of interest is dominating
the observed chemistry. Furthermore, the simulation chamber should be chosen according to
the chemical conditions of interest.
Among the different simulation chambers within the EUROCHAMP-2020 consortium, the
SAPHIR chamber is the only one providing measurements of OH, HO2, and RO2 radicals,
utilising the laser-induced fluorescence (LIF) technique. As part of this thesis, oxidation
experiments were performed in the SAPHIR chamber, focusing on daytime (oxidation by
OH radicals) and nighttime (oxidation by NO3 and O3) oxidation processes of anthropogenic
VOCs. Model-measurement comparison of HO2 and RO2 radicals in the photooxidation
experiments showed an overall good agreement of observations and model calculations for
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anthropogenic alkanes and alkenes < C6 molecules. The model is based on the commonly
used Master Chemical Mechanism (MCM). However, for the C6 molecules n-hexane and
trans-2-hexene, measured HO2 and RO2 radical concentrations were better reproduced by
complementing the MCM with an updated radical chemistry scheme from structure-activity
relationships (SARs). This highlights the validity of the MCM mechanisms for small/short
alkenes and alkanes and the importance of investigating larger molecules to test and improve
chemical models.
In addition to testing chemical mechanisms, the experiments in the chamber allowed to inves-
tigate the ozone formation from the oxidation of linear and branched alkanes and alkenes at
current and future NOx levels in urban environments. The ozone production per oxidised VOC
was obtained from modelled and measured radical concentrations, as well as from measured
Ox (= O3 + NO2) concentrations. The investigated VOC differed in the type of the chemistry
of the alkoxy radicals obtained from the reaction of RO2 with NO. Either they form HO2

directly (propane, propene, trans-2-hexene) or in a multi-step reaction, which proceeds via the
formation of another RO2 radical (iso-pentane, n-hexane). The multi-step HO2 formation can
increase the Ox production per oxidised VOC molecule. However, the overall effect is highly
sensitive to the organic nitrate yield of involved RO2 radicals. For the study in the chamber,
measured and modelled Ox production agree well and an increase of 20% of the produced
ozone was observed in the experiments with VOCs producing RO radicals forming HO2 in a
multi-step reaction compared to VOCs producing RO radicals forming HO2 in one reaction
step. This is much less than the increase in the ozone production that would be needed to
explain model-measurement discrepancies found in different urban and rural environments
with ratios of up to a factor of 10 in London (Whalley et al., 2018) and of 100 in Beijing
(Whalley et al., 2021). The authors of the study in London suggested that the discrepancy
could be reduced if a large fraction of RO2 radicals would undergo multi-step formation of
HO2 radicals. To test their hypothesis the CH3C(=O)CHCH2CH(CH2OO�)C(CH3)C3-RO2

was included in the model. Its alkoxy chemistry involves three RO2 regeneration steps before
HO2 is eventually formed. This work, however, demonstrates that the MCM overestimates
the organic nitrate yields of n-hexane RO2 and underestimates the organic nitrate yields of
CH3C(=O)CHCH2CH(CH2OO�)C(CH3)C3 and the subsequently formed RO2, when compar-
ing it with SAR. As a consequence, the improvement in the model-measurement agreement of
radical concentrations, observed by Whalley et al. (2021), is expected to be quite reduced,
when considering updated organic nitrate yields from SAR. This emphasises the need for
further measurements of the organic nitrate yields to test the available SAR and to update
the chemical mechanisms such as the MCM.

In addition, experiments in the dark using O3 and NO3 as oxidants were performed at
different temperatures (276K to 305K), studying the nighttime oxidation of cis-2-butene and
trans-2-hexene. The study highlights that the formation of non-acyl peroxynitrates (RO2NO2)
from the reaction of alkyl peroxy radicals with NO2 affects the RO2 radical concentrations
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at low temperatures (T = 276K). In commonly used chemical models, such as the MCM,
the formation of most non-acyl peroxynitrates is not implemented, as it is thought to be
negligible in the lower troposphere due to the short lifetimes of peroxynitrate of approximately
� 0:2 s even at 298 K. In addition, a recent model study by Khan et al. (2020) found that
up to 25% more NOx can be expected in the equatorial regions, if the formation of non-acyl
peroxynitrates is included in the model. This work shows that 20% of the RO2 radicals are
expected to be stored as peroxynitrate already at low NO2 mixing ratios of a few ppbv and at
a temperature of 280K, emphasising the need of further investigations regarding the formation
of alkyl-RO2NO2 and its effect on RO2 radical concentrations at different chemical conditions.
In addition, a model-measurement discrepancy of the HO2 radical concentrations was observed
in the experiment with trans-2-hexene particularly at low temperatures, demonstrating a
possible interference of non-acyl RO2NO2 in the HOx measurement of the LIF system. As no
discrepancy was observed for cis-2-butene, it is likely that this model-measurement deviation is
caused from RO2, formed in the oxidation of trans-2-hexene. However, further investigations
will be required to test this hypothesis. In addition, a deviation between modelled and
measured RO2 radical concentrations was observed, when ozonolysis dominated the loss of
trans-2-hexene. This discrepancy was also observed in a separate ozonolysis experiment,
hinting towards an incomplete understanding of the chemistry of peracid peroxy radicals
(RC(OO�)C(=O)OOH).

Overall, findings in this thesis support current atmospheric research and encourage new
research questions. Despite efforts to reduce the emission of anthropogenic VOCs, they still
play a major role in urban air quality, leading to the production of secondary pollutants,
including particulate matter or ozone. Understanding their atmospheric oxidation is crucial
for handling upcoming challenges, regionally and globally.
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A | Appendix

A.1 Supplementary materials to Chapter 2

A.1.1 Detailed information about the participating simulation chambers

Table A.1: Overview of the properties of the outdoor simulation chambers, which partic-
ipated in the presented multi-chamber study. The dilution rates and the wall
effects correspond to mean values determined in the analysed experiments, if
not otherwise noted. The general properties are taken from the EUROCHAMP
webpage (Eurochamp, 2023).

Chamber HELIOSa EUPHOREb SAPHIRc

Institution CNRSd-Orléans CEAMe FZJf

Geometry hemisphere hemisphere cylinder
Volume [m3] 90 200 270
S/V ratio [m�1] 1.2 1 1
Wall material FEP FEP FEP
OH precursors H2O2, HONO (wall) HONO (wall) O3, HONO (wall)

Dilution rate [s�1] (1:4� 0:1)� 10�5g (1:3� 0:3)� 10�5g (9:6� 0:6)� 10�6h

Wall loss rate [10�5 s�1]
HCHO 1:6� 0:4
Pinonaldehyde 2:76� 0:12
Aerosol 4:1� 2:3

Wall emission rate [ppbv h�1]
HONO (dark)
HONO (light) 0.017i 0:46� 0:02i 0.16
HCHO (dark) 0.35
HCHO (light) 0.58 1:9� 0:6 0:44� 0:15
Acetone 0:84� 0:05 0:10� 0:02
Pinonaldeyhde: 1:41� 0:14

a cHambrE de simuLation atmosphérique à Irradiation naturel d’OrléanS; b EUropean
PHOtoREactor; c Simulation of Atmospheric PHotochemistry In a large Reaction chamber; d

Centre National de la Recherche Scientifique; e Mediterranean Centre for Environmental
Studies; f Research Centre Jülich; g Determined from measured decrease of SF6

concentration; h Derived from the measured replenishment flow; i Taken from the auxiliary
mechanism, provided by the chambers (Eurochamp, 2023).
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A.1.2 List of experimental conditions for each experiment
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A.1.3 Correction of time series of gas-phase products for the calculation of
product yields

Similar to �-pinene, measured concentrations of the gas-phase products pinonaldehyde
(PINAL), formaldehyde (HCHO), and acetone (ACETONE) were corrected for other de-
struction and production path than their production by the oxidation of �-pinene by OH
(Galloway et al., 2011; Kaminski et al., 2017):

d[PINAL]
dt

=� kdil[PINAL]� kwall[PINAL]� jPINAL[PINAL] + kchambersrc

� kOH+PINAL[OH][PINAL]; (A.1)
d[ACETONE]

dt
=� kdil[ACETONE]� kOH+ACETONE[OH][ACETONE]

� jACETONE[ACETONE] + kchambersrc; (A.2)
d[HCHO]

dt
=� kdil[HCHO]� kwall[HCHO]� jHCHO[HCHO]

� kOH+HCHO[OH][HCHO] + kchambersrc: (A.3)

Rate constants for the reaction of OH with the products (X = PINAL, HCHO, ACETONE)
are denoted as kOH+X. Furthermore, the loss of the organic species by photolysis is accounted
for by the photolysis frequencies jPINAL, jACETONE, and jHCHO.

Photolysis frequencies were derived from the measured actinic flux (outdoor chambers) or
from lamp spectra (indoor chambers) according to:

j =

Z
F�����d�; (A.4)

with F� being the photon flux, �� the absorption cross section, and �� the quantum yield .
For indoor chambers the photon flux was given by the chambers providers while values of
the absorption cross sections and the quantum yield were taken from Atkinson et al. (2006).
The absorption cross section and the quantum yield for the photolysis of pinonaldehyde
were taken from Hallquist et al. (2009) and Rolletter et al. (2020). For the HELIOS and
EUPHORE outdoor chambers, only photolysis frequency of NO2 were provided and no actinic
flux measurements were available. Therefore, for these chambers the photolysis frequency
of pinonaldehyde was approximated by scaling the measured jNO2

with the same factor as
calculated from photolysis frequencies in the SAPHIR outdoor chamber (jPINAL = 0:006�jNO2

).
This neglects the differences in the absorption spectra.
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A.1.4 Further experiments analysed in the multi-chamber study

HELIOS

Figure A.1: Time series of trace gas concentrations measured in the experiment H1 (Tab. A.3)
performed in the HELIOS chamber. Different contributions of the loss paths of
�-pinene are shown by coloured areas together with the time series of the �-
pinene concentration. OH radical concentrations are derived from the corrected
time series of �-pinene concentrations according to Eq. (2.8). Injections of
�-pinene into the chamber are marked by yellow, vertical lines. A relative
humidity of � 2:5% and temperatures between 14 �C and 19 �C were present
during the experiment.
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EUPHORE

Figure A.2: Time series of trace gas concentrations measured in the experiment E1 performed
on the 19th of February 2019 in the EUPHORE chamber (Tab. A.3). Different
contributions of the loss paths of �-pinene are shown by coloured areas together
with the time series of the �-pinene concentration. OH radical concentrations
are derived from the corrected time series of �-pinene concentrations according
to Eq. (2.8). Injections of �-pinene into the chamber are marked by yellow,
vertical lines. “ND” and “Dia” refer to the particle number density and the
mean particle diameter. A relative humidity of less than 3% and temperatures
between 18 �C and 29 �C were present during the experiment.
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Figure A.3: Time series of trace gas concentrations measured in the experiment E1 performed
on the 20th of February 2019 in the EUPHORE chamber (Tab. A.3). Different
contributions of the loss paths of �-pinene are shown by coloured areas together
with the time series of the �-pinene concentration. OH radical concentrations
are derived from the corrected time series of �-pinene concentrations according
to Eq. (2.8). Injections of �-pinene into the chamber are marked by yellow,
vertical lines and dark conditions are indicated by grey areas. “ND” and “Dia”
refer to the particle number density and the mean particle diameter. A relative
humidity below 3% was present during the experiment. The temperature
increased from 18 �C to 29 �C at about 13:00 UTC and decreased afterwards to
20 �C.
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Figure A.4: Time series of trace gas concentrations measured in the experiment E2 performed
on the 15th of January 2019 in the EUPHORE chamber (Tab. A.3). Different
contributions of the loss paths of �-pinene are shown by coloured areas, together
with the time series of the �-pinene concentration. OH radical concentrations
were derived from the corrected time series of �-pinene concentrations according
to Eq. (2.8). Injections of �-pinene into the chamber are marked by yellow,
vertical lines. “ND” and “Dia” refer to the particle number density and the
mean particle diameter. A relative humidity below 4% was present during
the experiment. The temperature increased from 12 �C to 27 �C after the roof
opening and decreased afterwards to 19 �C.
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Figure A.5: Time series of trace gas concentrations measured in the experiment E2 performed
on the 16th of January 2019 in the EUPHORE chamber (Tab. A.3). Different
contributions to the loss of �-pinene are shown by coloured areas together with
the time series of the �-pinene concentration. OH radical concentrations are
derived from the corrected time series of �-pinene concentrations according
to Eq. (2.8). Injections of �-pinene into the chamber are marked by yellow,
vertical lines. “ND” and “Dia” refer to the particle number density and the
mean particle diameter. A relative humidity below 5% was present during
the experiment. The temperature increased from 15 �C to 27 �C after the roof
opening and decreased afterwards to 17 �C.
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Figure A.6: Time series of trace gas concentrations measured in the experiment E3 performed
on the 18th of January 2019 in the EUPHORE chamber (Tab. A.3). Different
contributions of the loss paths of �-pinene are shown by coloured areas together
with the time series of the �-pinene concentration. OH radical concentrations
are derived from the corrected time series of �-pinene concentrations according
to Eq. (2.8). Injections of �-pinene into the chamber are marked by yellow,
vertical lines. “ND” and “Dia” refer to the particle number density and the mean
particle diameter. A relative humidity was between 20% and 60%, while the
temperature increased from 11 �C to 25 �C after the roof opening and decreased
afterwards to 19 �C.
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SAPHIR

Figure A.7: Time series of trace gas concentrations measured in the experiment S1 performed
in the SAPHIR chamber (Tab. A.3). Different contributions of the loss paths
of �-pinene are shown by coloured areas together with the time series of the
�-pinene concentration. OH radical concentrations were measured by the LIF
and DOAS instruments (Section 2.2.2), and calculated from the corrected time
series of �-pinene concentrations according to Eq. (2.8). Injections of �-pinene
into the chamber are marked by yellow, vertical lines. The relative humidity
decreased from 60% to 35% throughout the experiment and the temperature
increased from 31 �C to 44 �C during the experiment.
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CESAM

Figure A.8: Time series of trace gas concentrations measured in the experiment C1 performed
on the 13th of February 2019 in the CESAM chamber (Tab. A.3). Different
contributions of the loss paths of �-pinene are shown by coloured areas together
with the time series of the �-pinene concentration. OH radical concentrations
are derived from the corrected time series of �-pinene concentrations according
to Eq. (2.8). Injections of �-pinene into the chamber are marked by yellow,
vertical lines and dark conditions are indicated by grey areas. “ND” and “Dia”
refer to the particle number density and the mean particle diameter. A relative
humidity of less than 4% and a temperature of (23� 1) �C were present during
the experiment.
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Figure A.9: Time series of trace gas concentrations measured in the experiment C2 performed
on the 14th of February 2019 in the CESAM chamber (Tab. A.3). Different
contributions of the loss paths of �-pinene are shown by coloured areas together
with the time series of the �-pinene concentration. OH radical concentrations
arederived from the corrected time series of �-pinene concentrations according
to Eq. (2.8). Injections of �-pinene into the chamber are marked by yellow,
vertical lines and dark conditions are indicated by grey areas. “ND” and “Dia”
refer to the particle number density and the mean particle diameter. A relative
humidity of about 50% and a temperature of (23� 0:5) �C were present during
the experiment.
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Figure A.10: Time series of trace gas concentrations measured in the experiment C3 per-
formed in the CESAM chamber (Tab. A.3). Different contributions of the loss
paths of �-pinene are shown by coloured areas together with the time series
of the �-pinene concentration. OH radical concentrations are derived from
the corrected time series of �-pinene concentrations according to Eq. (2.8).
Injections of �-pinene into the chamber are marked by yellow, vertical lines
and dark conditions are indicated by grey areas. “ND” and “Dia” refer to the
particle number density and the mean particle diameter. A relative humidity
of less than 5% and a temperature of (26:7� 0:7) �C were present during the
experiment.

139



FORTH-ASC

Figure A.11: Time series of trace gas concentrations measured in the experiment F2s
performed in the FORTH chamber (Tab. A.3). Different contributions of the
loss paths of �-pinene are shown by coloured areas together with the time series
of the �-pinene concentration. OH radical concentrations are derived from the
corrected time series of �-pinene concentrations according to Eq. (2.8). The
injection of seed aerosol (ammonium sulfate) into the chamber is marked by a
yellow, vertical line and dark conditions are indicated by grey areas. “ND” and
“Dia” refer to the particle number density and the mean particle diameter. The
relative humidity decreased from 21% to 15% and the temperature increased
from 24 �C to 34 �C after the light had been switched on.
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MAC

Figure A.12: Time series of trace gas concentrations measured in the experiment M2 per-
formed in the MAC chamber (Tab. A.3). Different contributions of the loss
paths of �-pinene are shown by coloured areas together with the time series
of the �-pinene concentration. OH radical concentrations are derived from
the corrected time series of �-pinene concentrations according to Eq. (2.8).
Injections of �-pinene into the chamber are marked by yellow, vertical lines.
“ND” and “Dia” refer to the particle number density and the mean particle
diameter. A relative humidity of 14% and a temperature of 27 �C were present
during the experiment.
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Figure A.13: Time series of trace gas concentrations measured in the experiment M3 per-
formed in the MAC chamber (Tab. A.3). Different contributions of the loss
paths of �-pinene are shown by coloured areas together with the time series
of the �-pinene concentration. OH radical concentrations are derived from
the corrected time series of �-pinene concentrations according to Eq. (2.8).
Injections of �-pinene into the chamber are marked by yellow, vertical lines.
“ND” and “Dia” refer to the particle number density and the mean particle
diameter. A relative humidity of 42% and a temperature of 26 �C were present
during the experiment.
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Figure A.14: Time series of trace gas concentrations measured in the experiment M4 per-
formed in the MAC chamber (Tab. A.3). Different contributions of the loss
paths of �-pinene are shown by coloured areas together with the time series
of the �-pinene concentration. OH radical concentrations are derived from
the corrected time series of �-pinene concentrations according to Eq. (2.8).
Injections of �-pinene into the chamber are marked by yellow, vertical lines.
“ND” and “Dia” refer to the particle number density and the mean particle
diameter. A relative humidity of (54� 1)% and a temperature of 26 �C were
present during the experiment.
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Figure A.15: Time series of trace gas concentrations measured in the experiment M5 per-
formed in the MAC chamber (Tab. A.3). Different contributions of the loss
paths of �-pinene are shown by coloured areas together with the time series
of the �-pinene concentration. OH radical concentrations are derived from
the corrected time series of �-pinene concentrations according to Eq. (2.8).
Injections of �-pinene into the chamber are marked by yellow, vertical lines.
“ND” and “Dia” refer to the particle number density and the mean particle
diameter. A relative humidity of (55� 2)% and a temperature of 25 �C were
present during the experiment.
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LEAK

Figure A.16: Time series of trace gas concentrations measured in the experiment L1s per-
formed in the LEAK chamber (Tab. A.3). Different contributions of the loss
paths of �-pinene are shown as coloured areas together with the time series
of the �-pinene concentration. OH radical concentrations are derived from
the corrected time series of �-pinene concentrations according to Eq. (2.8).
Injections of �-pinene into the chamber are marked by yellow, vertical lines
and dark conditions are indicated by grey areas. “ND” and “Dia” refer to the
particle number density and the mean particle diameter. A relative humidity
of 51% and a temperature of 20 �C were present during the experiment.
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Figure A.17: Time series of trace gas concentrations measured in the experiment L3 per-
formed in the LEAK chamber (Tab. A.3). Different contributions of the loss
paths of �-pinene are shown by coloured areas together with the time series
of the �-pinene concentration. OH radical concentrations are derived from
the corrected time series of �-pinene concentrations according to Eq. (2.8).
Injections of �-pinene into the chamber are marked by yellow, vertical lines
and dark conditions are indicated by grey areas. “ND” and “Dia” refer to the
particle number density and the mean particle diameter. A relative humidity
of 51% and a temperature of 21 �C were present during the experiment.
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Figure A.18: Time series of trace gas concentrations measured in the experiment L4 per-
formed in the LEAK chamber (Tab. A.3). Different contributions of the loss
paths of �-pinene are shown by coloured areas together with the time series
of the �-pinene concentration. OH radical concentrations are derived from
the corrected time series of �-pinene concentrations according to Eq. (2.8).
Injections of �-pinene into the chamber are marked by yellow, vertical lines
and dark conditions are indicated by grey areas. “ND” and “Dia” refer to the
particle number density and the mean particle diameter. A relative humidity
of 50% and a temperature of 20 �C were present during the experiment.
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PACS-C3

Figure A.19: Time series of trace gas concentrations measured in the experiment P1 per-
formed in one of the PACS-C3 chambers (Tab. A.3). Different contributions of
the loss paths of �-pinene are shown by coloured areas together with the time
series of the �-pinene concentration. OH radical concentrations are derived
from the decrease of injected d9-butanol and from the corrected time series of
�-pinene concentrations according to Eq. (2.8). Injections of �-pinene into the
chamber are marked by yellow, vertical lines. HONO was injected before the
start of the photooxidation. “ND” and “Dia” refer to the particle number den-
sity and the mean particle diameter. The total aerosol mass concentration was
interpolated for its correction for wall loss. A relative humidity of (39� 3)%
and a temperature of (25:7� 1:0) �C were present during the experiment.
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Figure A.20: Time series of trace gas concentrations measured in the experiment P2 per-
formed in one of the PACS-C3 chambers (Tab. A.3). Different contributions of
the loss paths of �-pinene are shown by coloured areas together with the time
series of the �-pinene concentration. OH radical concentrations are derived
from the decrease of injected d9-butanol and from the corrected time series of
�-pinene concentrations according to Eq. (2.8). Injections of �-pinene into the
chamber are marked by yellow, vertical lines. NO2 was added before the start
of the photooxidation. “ND” and “Dia” refer to the particle number density
and the mean particle diameter. The total aerosol mass concentration was
interpolated for its correction for wall loss. A relative humidity of (41� 4)%
and a temperature of (24:7� 1:3) �C were present during the experiment.
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Figure A.21: Time series of trace gas concentrations measured in the experiment P4 per-
formed in one of the PACS-C3 chambers (Tab. A.3). Different contributions of
the loss paths of �-pinene are shown by coloured areas together with the time
series of the �-pinene concentration. OH radical concentrations are derived
from the decrease of injected d9-butanol and from the corrected time series of
�-pinene concentrations according to Eq. (2.8). Injections of �-pinene into the
chamber are marked by yellow, vertical lines. HONO was added before the
start of the photooxidation. “ND” and “Dia” refer to the particle number den-
sity and the mean particle diameter. The total aerosol mass concentration was
interpolated for its correction for wall loss. A relative humidity of (49� 3)%
and a temperature of (24:1� 0:9) �C were present during the experiment.
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ILMARI

Figure A.22: Time series of trace gas concentrations measured in the experiment I1s per-
formed in the ILMARI chamber (Tab. A.3). Different contributions of the loss
paths of �-pinene are shown by coloured areas together with the time series of
the �-pinene concentration. OH radical concentrations are derived from the
decrease of injected d9-butanol and from the corrected time series of �-pinene
concentrations according to Eq. (2.8). Injections of �-pinene into the chamber
are marked by yellow, vertical lines and dark conditions are indicated by grey
areas. “ND” and “Dia” refer to the particle number density and the mean
particle diameter. A relative humidity of 65% and a temperature of 20 �C
were present during the experiment.
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Figure A.23: Time series of trace gas concentrations measured in the experiment I3 per-
formed in the ILMARI chamber (Tab. A.3). Different contributions of the
loss paths of �-pinene are shown by coloured areas together with the time
series of the �-pinene concentration. OH radical concentrations are derived
from the decrease of injected d9-butanol and from the corrected time series of
�-pinene concentrations according to Eq. (2.8). Injections of �-pinene into the
chamber are marked by yellow, vertical lines and dark conditions are indicated
by grey areas. “ND” and “Dia” refer to the particle number density and the
mean particle diameter. A relative humidity between 55% and 60% and a
temperature of 19 �C were present during the experiment.
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A.1.5 Relation between consumed �-pinene and formed gas-phase products

Figure A.24: Mixing ratios of formaldehyde in dependence on the amount of �-pinene
that reacted with OH for experiments performed in the outdoor simulation
chamber HELIOS. Formaldehyde concentrations were corrected for chamber
effects and chemical losses. Furthermore, lines illustrate the linear correlation
of product and �-pinene concentrations and their slope correspond to the
obtained product yield (Tab. 2.2).
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Figure A.25: Mixing ratios of pinonaldehyde, acetone, and formaldehyde in dependence on
the amount of �-pinene that reacted with OH for the experiments performed
in the simulation chamber EUPHORE. The organic products are corrected for
chamber effects and chemical losses. Furthermore, lines illustrate the linear
correlation of product and �-pinene concentrations and their slope correspond
to the obtained product yield (Tab. 2.2).

154



Figure A.26: Mixing ratios of pinonaldehyde, acetone, and formaldehyde in dependence on
the amount of �-pinene that reacted with OH for the experiments performed
in the simulation chamber SAPHIR. The organic products are corrected for
chamber effects and chemical losses. Furthermore, lines illustrate the linear
correlation of product and �-pinene concentrations and their slope correspond
to the obtained product yield (Tab. 2.2). The figure was adopted from Rolletter
et al. (2019) under the CCA 4.0 license.
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Figure A.27: Mixing ratios of pinonaldehyde and formaldehyde in dependence on the amount
of �-pinene that reacted with OH for the experiments performed one of the
PACS-C3 simulation chambers. The organic products are corrected for chamber
effects and chemical losses. Furthermore, lines illustrate the linear correlation
of product and �-pinene concentrations and their slope correspond to the
obtained product yield (Tab. 2.2).
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Figure A.28: Mixing ratios of pinonaldehyde and acetone in dependence on the amount of
�-pinene that reacted with OH for the experiments performed in the ILMARI
chamber. The organic products are corrected for chamber effects and chemical
losses. Furthermore, lines illustrate the linear correlation of product and
�-pinene concentrations and their slope correspond to the obtained product
yield (Tab. 2.2).
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A.2 Supplementary materials to Section 3.2
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A OH reaction schemes of compounds investigated in this work

A.1 Propane
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Figure S1: Simplified reaction scheme of the oxidation of propane by OH, when the reaction with
NO is the dominant loss for RO2 radicals. HO2 radicals are formed after one RO2 reaction step.
Under these conditions, 1.93 NO molecules are oxidised to NO2 by either RO2 or HO2 radicals,
leading to a net ozone production. Dashed lines indicate reaction of RO2 with NO. Values and
names are taken from the MCM.1,2
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A.2 Propene
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Figure S2: Simplified reaction scheme of the oxidation of propene by OH, when the reaction with
NO is the dominant loss for RO2 radicals. HO2 radicals are formed after one RO2 reaction step.
Under these conditions, 1.92 NO molecules are oxidised to NO2 by either RO2 or HO2 radicals,
leading to a net ozone production. Dashed lines indicate reaction of RO2 with NO. Red arrows and
red values mark pathways and reaction rate constants, derived from SAR,3–6 while black arrows
and values are taken from the MCM.1,2 Names correspond to the MCM notation.
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A.3 iso-Pentane
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Figure S3: Simplified reaction scheme of the oxidation of iso-pentane by OH, when the reaction
with NO is the dominant loss for RO2 radicals. HO2 radicals are formed after two RO2 reaction
steps for 87 % of the RO2 radicals initially formed in the reaction of iso-pentane with OH. Under
these conditions, 2.66 NO molecules are oxidised to NO2 by either RO2 or HO2 radicals, leading
to a net ozone production. Dashed lines indicate reaction of RO2 with NO. Red arrows and red
values mark pathways and reaction rate constants, derived from SAR,3–6 while black arrows and
values are taken from the MCM.1,2 Names correspond to the MCM notation.
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A.4 n-Hexane
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Figure S4 (previous page): Simplified oxidation scheme of the oxidation of n-hexane by OH,
when the reaction with NO and isomerisation reactions are the dominant loss for RO2 radicals.
HO2 radicals are formed after two RO2 reaction steps for 84 % of the RO2 radicals initially formed
in the reaction of n-hexane with OH. Under these conditions, 1.75 (NO < 1 ppbv) and 2.09 (NO
= 6 ppbv) NO molecules are oxidised to NO2 by either RO2 or HO2 radicals, leading to a net
ozone production. Dashed lines indicate reaction of RO2 with NO. Red arrows and red values
mark pathways and reaction rate constants, derived from SAR,3–6 while black arrows and values
are taken from the MCM.1,2 Theoretically calculated reaction rate constants (Tab. S3) are shown
in blue. Names correspond to the MCM notation.
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A.5 trans-2-Hexene
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Figure S5: Simplified oxidation scheme of the oxidation of trans-2-hexene by OH, when the re-
action with NO is the dominant loss for RO2 radicals. HO2 radicals are formed after one RO2
reaction steps. Under these conditions, 1.72 NO molecules are oxidised to NO2 by either RO2 or
HO2 radicals, leading to a net ozone production. Dashed lines indicate reaction of RO2 with NO.
Red arrows and red values mark pathways and reaction rate constants, derived from SAR,3–6 while
black arrows and values are taken from the MCM.1,2 Names correspond to the MCM notation.
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B Model-measurement comparisons
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Figure S6: Comparison of measured and modelled trace gas concentrations for the experiment
with propane at NO < 1 ppbv, performed on 13 May 2022. Orange lines illustrate model results
from a test mechanism assuming a factor of two lower rate coefficient of the reaction of the RO2
iso-C3H7OO� (MCM notation: IC3H7O2) with NO.
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Figure S7: Comparison of measured and modelled trace gas concentrations for the experiment
with propane at NO > 1 ppbv, performed on 18 May 2022. The vertical line indicates the second
injection of the VOC into the chamber. Orange lines illustrate model results from a test mechanism
assuming a factor of two lower rate coefficient of the reaction of the RO2 iso-C3H7OO� (MCM
notation: IC3H7O2) with NO.
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Figure S8: Comparison of measured and modelled trace gas concentrations for the experiment
with propene at NO < 1 ppbv, performed on 9 June 2022.
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Figure S9: Comparison of measured and modelled trace gas concentrations for the experiment
with propene at NO > 1 ppbv, performed on 23 June 2022. Vertical lines indicate a changing flow
of the continuous NO injection into the chamber. The first injection of the VOC was performed at
the start of the displayed time series.
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Figure S10: Comparison of measured and modelled trace gas concentrations for the experiment
with iso-pentane at NO < 1 ppbv, performed on 11 June 2022.
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Figure S11: Comparison of measured and modelled trace gas concentrations for the experiment
with iso-pentane at NO > 1 ppbv, performed on 16 June 2022. Vertical lines indicate the stop of
the continuous NO injection and the second injection of the VOC into the chamber.
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Figure S12: Comparison of measured and modelled trace gas concentrations for the experiment
with n-hexane at NO > 1 ppbv, performed on 22 May 2022. The vertical line indicates a change
in the amount of continuously added NO into the chamber. Blue lines illustrate model results
based on the MCM+SAR+THEO mechanism including theoretically calculated isomerisation re-
action rate coefficients for the first-generation alkoxy radicals and the isomerisation products
C2H5CH(OH)C2H4CH2OO� (MCM notation: HO3C6O2) and CH3CH(OH)C2H4CH(OO�)CH3
(MCM notation: HO2C6O2). More information about the theoretically calculated reaction rate
coefficients can be found in Section D.

15

174



C Overview of modelled and measured observables

Table S1: Summary of measured HO2/RO2 radical concentration ratios, derived from measured
and modelled radical concentrations. Values correspond to weighted means of the corresponding
experiment(s).

HO2 formation VOC
(HO2/RO2)meas (HO2/RO2)model

NO < 1 ppbv

Single-step
propanea 0:65�0:01 1:08�0:01
propene 1:04�0:01 0:84�0:08

trans-2-hexene 0:77�0:01 0:91�0:04

Two-step
iso-pentanea 0:580�0:004 0:49�0:01

n-hexane 0:766�0:007 0:59�0:05
a Determined from multiple experiments.
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Table S2: Summary of the Ox production per oxidised VOC, derived from measured Ox (= NO2 + O3) concentrations and from measured
and modelled radical concentrations. Values correspond to weighted means of the corresponding experiment(s).

HO2 formation VOC
P(Ox)VOC;LIF P(Ox)VOC;Ox

P(Ox)VOC;model P(Ox)VOC;Ox
P(Ox)VOC;model

NO < 1 ppbv NO < 1 ppbv NO > 1 ppbv

Single-step
propane 1:89�0:02a 1:88�0:08a 1:75�0:03a 1:9�0:5 1:9�0:1
propene -b -b -b -c -c

trans-2-hexene 1:4�0:1 1:3�0:3 1:5�0:4 -d -d

Two-step
iso-pentane 2:13�0:02a 2:0�0:4a 2:02�0:1a 2:0�0:1 2:5�0:1
n-hexane -e -e -e 2:0�0:2 2:1�0:1

a Determined from multiple experiments; b Not determined due to too small Ox production; c Contribution of propene to the total OH
reactivity is less than 50 % for 3 ppbv < NO < 6 ppbv; d No experiment for NO > 1 ppbv; e HO2 is mainly formed from the

isomerisation of the regenerated RO2, leading, at low NO, to an only small amount of peroxy radicals forming HO2 in two NO reaction
steps (Fig. S4) and thus it cannot be grouped together with iso-pentane at these conditions.

17

176



D Theoretical study of alkoxy and alkylperoxy radicals formed

from n-hexane

D.1 Methodology

For all intermediates and transition states (TSs) an exhaustive characterisation of all conformers

was done first at the M06-2X/cc-pVDZ level of theory,7,8 where TSs were verified by running

IRC calculations at this level. The IRC end points were also used to optimise the properties of

the reaction product, as needed for tunneling calculations (see below). Further refinement was

then done for all geometries at the M06-2X-D3/aug-cc-pVTZ level of theory.9,10 The vibrational

wavenumbers were likewise characterised at this level, using a scaling factor of 0.971.11,12 The

relative energies between the lowest energy reactant and transition state conformers were then

refined at the CCSD(T)/aug-cc-pVTZ level of theory.13 All T1 diagnostics are below the 0.044

cut-off suggested by Rienstra-Kiracofe et al.14The expected uncertainty on the reaction barrier

heights at this level of theory is �0:5 kcal mol�1.

The high-pressure thermal rate coefficients were calculated using multi-conformer transition state

theory, MC-TST, including all conformers characterised as above.15 Tunneling is accounted for

using asymmetric Eckart tunneling.16,17 The reactions characterised in this work are not expected

to be pressure-dependent under atmospheric conditions, and the estimated accuracy of the rate

coefficients is a factor 2 to 3.

D.2 Reaction Mechanism and rate coefficients

Of the systems studied in this work, the n-hexane system is most sensitive to the fate of the in-

termediate alkoxy and alkylperoxy radicals, where H-migration in the primary alkoxy C6H13O�
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Table S3: Theoretically calculated rate coefficients based on CCSD(T)/aug-cc-pVTZ//M06-2X-
D3/aug-cc-pVTZ quantum chemical data. Shown are the barrier height (Eb, kcal mol�1), rate
coefficients at 298 K (s�1), and the parameters for the temperature-dependent rate coefficient be-
tween 200 and 450 K given as k(T ) = A� (T=K)n � exp(�Ea=T ) with A in s�1 and Ea in K.

Reactant Reaction Eb k(298K) A n Ea

CH2(O�)-CH2-CH2-CH2-CH2-CH3 1,5-H-shift 7.7 6:0�106 2.56E-10 6-77 263
1,6-H-shift 7.9 7:5�105 6.80E-10 6.45 623
1,7-H-shift 12.8 4:0�102 1.69E-40 16.32 -1370

CH3-CH(O�)-CH2-CH2-CH2-CH2-CH3 1,5-H-shift 6.8 1:1�108 1.59E-06 5.84 404
1,6-H-shift 9.4 8:6�105 6.60E-20 9.99 -273

CH3-CH2-CH(O�)-CH2-CH2-CH3 1,5-H-shift 9.2 8:1�106 2.00E-17 9.42 -205
CH3-CH(OO�)-CH2-CH2-CH(OH)-CH3 1,5-H-shift 21.8 1:1�10�3 2.25E-22 10.67 5278

1,6-H-shift
17.0 5:6�10�1 4.63E-25 11.13 2365

(�-OH)
1,7-H-shift 24.0 4:3�10�6 4.46E-28 12.11 5472

CH2(OO�)-CH2-CH2-CH(OH)-CH2-CH3 1,5-H-shift 22.4 3:4�10�4 2.81E-26 11.82 4921
1,6-H-shift

16.9 4:7�19�1 4.99E-28 12.12 2065
(�-OH)
1,7-H-shift 20.8 3:4�10�4 1.02E-34 14.20 3155
1,8-H-shift 25.3 4:9�10�7 2.13E-23 10.42 6467

radicals can lead to formation of secondary HOC6H12OO� hydroxyalkyl peroxy radicals:

C6H14 +OH+O2 ! C6H13OO�+H2O (S1)

C6H13OO�+NO ! C6H13O�+NO2 (S2)

C6H13O�+O2 ! HOC6H12OO� (S3)

The n-hexane + OH reaction proceeds by H-abstraction, where the secondary H-atoms on the inner

carbons are strongly favoured compared to abstraction of the primary H-atoms on the terminal

carbons (see Figure S4). The primary peroxy radicals can be converted to the primary alkoxy

radicals by reaction with NO, or by the alkoxy channel of the RO2 + RO2 reaction.6 All three

alkoxy radicals have access to fast H-migration pathways, where the rate coefficients depend on the

migration span, as well as the order of the migrating H-atom (primary or secondary). In all cases,

an H-migration is accessible with a rate of � 5� 106 s�1 at ambient temperatures (see Table S3),

which exceeds the rate of reaction with O2, k � 5�104 s�1,18 as well as the decomposition reaction
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to a carbonyl + an alkyl radical, k � 2�104 s�1.5

The resulting hydroxy-alkyl radical, HOC6H�
12, rapidly reacts with O2, k � 5� 107 s�1, forming

a hydroxyalkyl peroxy radical, HOC6H12OO� (see Figure S4); no other competing reactions are

expected. Here, we discuss only the dominant HOC6H12OO� radicals, where primary alkylperoxy

radicals are neglected due to the low contribution of abstraction of the primary H-atoms in n-

hexane, and only the products of the dominant 1,5-H-shift in the secondary parent alkoxy radicals

are retained. The HO-hexylperoxy radicals readily undergo an H-migration shift of the �-OH H-

atom(s), with rates exceeding 0:1 s�1 (see Table S3). These autoxidation reactions occur mainly

in competition with other RO2 loss processes such as the reaction with NO or HO2 (see main text

and modeling); the contribution of other H-migration reactions is negligible, with k � 1�10�3 s�1.

The dominant products of the autoxidation is then an �-OH alkyl radical, which are known to react

rapidly with O2 to form a carbonyl compound and HO2.

Overall, this mechanism then constitutes a 2-step mechanism for the formation of HO2 from the

n-hexane reactant.

D.3 Comparison of the theoretical data with SAR predictions

It is useful to compare the theoretical predictions obtained above, against the available Structure-

Activity Relationships (SARs), where the SAR by Vereecken and Peeters4 is the most advanced

available for alkoxy H-migration reactions, as far as we are aware, and the SAR by Vereecken and

Nozière3 for alkylperoxy radicals H-migrations.

For the primary alkoxy radical, CH2(O�)-CH2-CH2-CH2-CH2-CH3, the SAR predictions by

Vereecken and Peeters4 are in excellent agreement, within a factor 2 for k(298 K). The theory

used in this work has been validated to work well for this type of reactions, and the SAR itself is
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179



based on rates relative to experimental observations for primary alkoxy radicals even if the level

of theory is somewhat outdated by current standards, so the good agreement is encouraging. For

the secondary alkoxy radicals (i.e. 2-hexoxy and 3-hexoxy), on the other hand, the agreement is

significantly less good, with the SAR underpredicting the rate coefficients by about a factor 10.

The main reason seems to be that the SAR, and its underlying experimental data, does not ac-

count for the impact of alkyl substitutions around the alkoxy radical site. For alkylperoxy radicals

(Vereecken and Nozière3), going from a primary to a tertiary radical site was shown to affect the

rates by over an order of magnitude. The current results suggest that the Vereecken and Peeters

SAR needs to be updated to account for the order of the radical site as well.

The rate coefficients for H-migration in hydroxyperoxy radicals predicted by the Vereecken and

Nozière SAR3 compare well with the calculations in this work, within a factor 3 for the fast mi-

gration of �-OH H-atoms. For migration of the aliphatic H-atoms, the SAR prediction is too low

by about an order of magnitude; this suggests that the prediction correction by a factor 6 for �-OH

substitution may need to be updated from its current estimate, which is based only on a few lower-

level theoretical results.

The differences between the high-level theoretical rate predictions in this work, and the values

obtained from the SARs by Vereecken and Peeters,4 and Vereecken and Nozière,3 do not have a

large impact on the modeling predictions in this work. Figure S13 shows the difference when the

MCM model is enhanced purely on SAR predictions (MCM+SAR), or when the direct theoretical

calculations in this work are used instead of the Vereecken SARs3,4 (MCM+SAR+THEO). The

difference is smaller than the uncertainties on the model predictions, and a comparison against the

experimental data does not allow selection of the optimal result.
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Figure S13: Comparison of measured and modelled radical and trace gas concentrations for the
experiment with n-hexane at NO < 1 ppbv, performed on 19 May 2022. The vertical line indicates
the second injection of the VOC into the chamber. Blue lines illustrate model results based on
the MCM+SAR mechanism, while orange lines illustrate results from MCM+SAR+THEO model
calculations including theoretically calculated isomerisation reaction rate coefficients (Tab. S3).
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D.4 Additional supporting information

The raw quantum chemical data is available under the following repository: Vereecken, Luc, 2024,

“Replication Data for: Effect of the alkoxy radical chemistry on the ozone formation from anthro-

pogenic organic compounds investigated in chamber experiments”,

https://doi.org/10.26165/JUELICH-DATA/J2LHTQ.
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Temperature-dependent impact of non-PAN peroxy nitrate1

formation, RO2NO2, on nighttime atmospheric chemistry†
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A Investigation of the ozonolysis of trans-2-hexene20

The FZJ mechanism includes among other modifications an updated ozonolysis and iso-21

merisation scheme compared to the MCM (Section 2.3). Since ozonolysis also contributes22

to the nighttime chemistry (Tab. S3) the validity of this mechanism was separately tested23

with an ozonolysis experiment with trans-2-hexene (T� 280 K).24

Measured species are compared with model results using either the FZJ mechanism or

OO
O

R

O OO
O

R

H OO
O

R

H

OO

OO
O

R

OOH

1,4-H shift +O2

1,6-H shift

RCHO+CO+OH

k(280K)~107 s-1

R=H (ethanal-2-peroxy)
R=C2H5 (butanal-2-peroxy)

k(280K)= 1.3x10-2 s-1 R=H
8.4x10-2 s-1 R=C2H5

k(280K)=
8.5x104 s-1 R=H
1.1x106 s-1 R=C2H5

5.4x103 s-1 R=H
2.6x103 s-1 R=C2H5

k(280K)=

Figure S1: Generalised isomerisation scheme of ethanal-2-peroxy and butanal-2-peroxy based on quantum
mechanical calculations by Novelli et al.1. Dashed lines indicate the loss of RO2 through reaction with NO,
NO2, HO2, and R’O2, while dotted lines display decomposition reactions.

25

the MCM. The measured time series of trans-2-hexene and ozone are very well described26

by all mechanisms within the uncertainties (Fig. S2). Measured HO2 radical concen-27

trations agree with the MCM and FZJ mechanisms within 20 % and 30 %, respectively.28

Predicted HO2 radical concentrations are similar for all models; the HO2 production is29

predominantly driven by the OH + CO reaction, contributing to about 83 % to the total30

HO2 production, while HO2 is lost via its reactions with RO2 and O3, contributing to31

about 50 % and 35 % to the total HO2 loss, respectively.32

For the MCM mechanism, a model-to-measurement ratio of up to 2.8 is found for RO233

radicals formed. In comparison, the FZJ mechanism substantially improves the agreement34

(agreement within 27 % on average, and a maximum deviation of a factor 1.7), since less35

RO2 are expected to be formed in the FZJ mechanism than in the MCM due to a lower36

RO2 yield from ozonolysis (59 % in the FZJ mechanism, 70 % in the MCM). However,37

modelled RO2 radical concentrations remain up to a factor of 1.7 higher than measured38

values, particularly after the first injection. This was also observed by Novelli et al.1 for39

RO2 formed in the nighttime oxidation of trans-2-hexene when ozonolysis dominated the40

chemistry.41

For this reason, the isomerisation scheme (Fig. S1) of the RO2 radicals from the ozonol-42

ysis, ethanal-2-peroxy and butanal-2-peroxy, was tested separately by comparing model43

results when their isomerisation reactions are included or not (Figs. S2 and S3). The im-44

pact of the isomerisation of ethanal-2-peroxy and butanal-2-peroxy on the total RO2 is45

small, and results from the models with and without RO2 isomerisation reactions agree46

within 10 % (Fig. S2). However, including isomerisation reactions does influence the47

RO2 speciation, displayed in Fig. S3. While the FZJ mechanisms yield similar contri-48

butions of methyl and propyl peroxy radical concentrations to the total RO2 radical con-49

centration (approximately 36 % combined), differences emerge in the allocation of the50

remaining RO2 species. In the FZJ model without RO2 isomerisation, these RO2 are dis-51

tributed among oxygenated peroxy radicals like ethanal-2-peroxy and butanal-2-peroxy.52

In contrast, in the FZJ model including RO2 isomerisation, they are apportioned between53

their respective isomerisation products, ethyl-1-peracid-2-peroxy and butyl-1-peracid-2-54

peroxy, with a minor contribution from ethanal-2-peroxy and butanal-2-peroxy. Due to55
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Figure S2: Comparison between modelled and measured (5 minutes average) trace gases and HO2 and
RO2 radical concentrations for three different mechanisms for the ozonolysis experiment of trans-2-hexene
at 280 K. Model results displayed as FZJ and FZJ w/o isom models refer to the FZJ mechanism with
and without RO2 isomerisation reactions, respectively. Injections of chemical species into the chamber are
marked by vertical lines.

similar lifetimes of all these RO2, the total RO2 radical concentration does not signifi-56

cantly change whether isomerisation reactions are included in the model or not. Measure-57

ments of speciated RO2 would be necessary to validate the isomerisation scheme.58

An updated ozonolysis scheme following the recent recommendation by Newland et al.2
59

was also tested. In short, the main difference comprises a yield of 40 % towards the C360

carbonyl compounds as compared to 50 % as used in this study. The major impact is on61

the modelled acetaldehyde (increase of � 40% as compared to the FZJ mechanism) with62

negligible differences for the radicals. To bring measured and modelled RO2 radicals in63

agreement a total yield of RO2 as low as � 20% would be needed. Although there is64

a lack of studies focusing directly on trans-2-hexene ozonolysis, this would be in stark65

disagreement with the molecules used to develope the SAR (1 and 3-hexene).66

In the following, the remaining discrepancy between modelled and measured RO2 is fur-67

ther discussed, examining the potential impact of the peracidic functionality on the RO268

chemistry and detection. A partial detection of RO2 by the FZJ-ROxLIF instrument due to69

the formation of organic nitrites (RONO) or carbonyl compounds (RC=O) in the reaction70

of RO with NO can be excluded. Table S1 shows pseudo-first order loss rates of the main71

RO radicals in the ozonolysis reaction with trans-2-hexene. For all listed RO radicals,72

the reaction of RO with NO does not compete with the other RO loss reactions. The fate73

of the peracid-substituted RO2 radicals was mostly estimated from the SAR in Jenkin et74

al.3, which does not consider peracid substituents explicitly. Due to the large contribution75

of peracidic peroxy radicals to the total RO2 the modelled total RO2 is sensitive to their76
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Figure S3: Model results of time-dependent speciation of RO2 radicals obtained for the FZJ mechanism
with (FZJ) and without (FZJ w/o isom) RO2 isomerisation reactions. Contributions of butanal-2-peroxy,
ethanal-2-peroxy, and the RO2 formed subsequently their isomerisation are shown. Injections of chemical
species into the chamber are marked by vertical lines.

chemistry (Fig. S4).77

Removing the fraction of RO2 stored in form of butyl-1-peracid-2-peroxy from the ob-78

servable RO2 would improve the agreement between modelled and measured RO2 signif-79

icantly (model-to-measurement ratio improved from 1.38 to 0.92 for the first injection pe-80

riod), but the exclusion of both, ethyl-1-peracid-2-peroxy and butyl-1-peracid-2-peroxy,81

would result in an underestimation of the measured RO2 (model-to-measurement ratio of82

0.7 for the first injection period). This observation is consistent with the systematic study83

performed by Novelli et al.1 who observed a good agreement between measured and84

modelled (FZJ model) nighttime RO2 for cis-2-butene but a discrepancy for 1-pentene85

and trans-2-hexene. While only ethanal-2-peroxy and thus ethyl-1-peracid-2-peroxy are86

formed in the ozonolysis of cis-2-butene, butanal-2-peroxy and thus butyl-1-peracid-2-87

peroxy are predicted for 1-pentene and trans-2-hexene. The presence of an alkyl moiety88

may have an impact on the respective RO2 chemistry that we are currently not aware of.89

However, as we are lacking speciated RO2 measurements in this work, we cannot unam-

Table S1: Comparison of the pseudo-first order loss rates of main RO radicals formed in the ozonolysis
of trans-2-hexene. The loss rates were determined for conditions present inside the FZJ-ROxLIF reactor
(� 25hPa, � 3� 1011 cm�3 of NO, 6 s residence time). kdec and kisom refer to unimolecular reaction rate
coefficients for the decomposition and isomerisation of RO radicals, respectively. Rate coefficients for
the bimolecular reactions of RO with O2 (H abstraction reaction) and with NO are denoted as kHabstr and
kRO+NO, respectively.
RO radical kdec [s�1] kisom [s�1] kHabstr � [O2] [s�1] kRO+NO � [NO] [s�1]
CH3O� 183 4
C2H5CH(OH)C(=O)O� 5:3�1012 14
CH2(O�)C(=O)OOH 0.6 2:8�103 1:1�103 14

90
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Figure S4: Comparison of modelled and measured (5 minutes average) total RO2 concentrations in the
ozonolysis experiment of trans-2-hexene. Model results are based on the FZJ mechanism. Displayed mod-
elled RO2 show the total RO2 and total RO2 excluding either butyl-1-peracid-2-peroxy or ethyl-1-peracid-
2-peroxy and butyl-1-peracid-2-peroxy.

biguously decide which RO2 is aberrant, making speculations on the exact nature of the91

missing chemistry complex.92

For the nighttime trans-2-hexene experiments, ozonolysis is contributing most in the ex-93

periment performed at low temperatures (T� 276 K), but less so for the higher temper-94

atures (Tab. S3). Figure S5 shows total RO2 modelled by the FZJ mechanism including95

non-acyl RO2NO2 formation, but with and without including butyl-1-peracid-2-peroxy in96

the observable RO2. For hot and medium temperatures, the modelled total RO2 improves97

somewhat when ignoring the contribution of butyl-1-peracid-2-peroxy, however, for cold98

conditions, measured RO2 radical concentrations are now underestimated by a factor of99

1.5. Such behaviour could be consistent with a loss process that is temperature depen-100

dent and becomes less important at lower temperatures, e.g. a unimolecular reaction of101

butyl-1-peracid-2-peroxy not forming a new RO2 radical. However, some unimolecular102

reactions have been considered by Novelli et al.1, and none are competitive. Simulations103

adding dummy bimolecular reactions with the typical co-reactants, HO2 and RO2, like-104

wise did not suggest any suitable pathways.105

Overall, at the present time the cause for the RO2 discrepancy observed in the ozonoly-106

sis experiment remains unknown. Further investigations of the RO2 chemistry of peracid107
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Figure S5: Comparison of modelled and measured (5 minutes average) total RO2 concentrations for the
nighttime experiments of trans-2-hexene. Model results are based on the FZJ mechanism including addi-
tional formation of non-acyl RO2NO2. Displayed modelled RO2 show the total RO2 and total RO2 exclud-
ing butyl-1-peracid-2-peroxy.

peroxy radicals would be required as well as measurements of speciated RO2. Impor-108

tant, though, is that the impact of the discrepancy in the ozonolysis chemistry remains109

rather limited in the nighttime experiments (Fig. S5), such that the main conclusions on110

the impact of peroxynitrate formation are robust against the uncertainties on the fate of111

butyl-1-peracid-2-peroxy.112
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B Estimation of the NO3 interference in the ROx system113

In the NO3-oxidation experiment of trans-2-hexene at high temperatures, a NO3 inter-114

ference was observed in the ROx cell. The ROx system of the LIF instrument is run in115

two modes, with and without addition of NO in the converter, enabling the measurement116

of ROx (= OH + HO2 + RO2) or HO2(ROx) (= HO2 + interfering RO2), respectively.117

HO2(ROx) is not further evaluated but it can be used as an indicator for possible interfer-118

ences. If no interference is present, the following is valid:119

HO2(ROx)� ROx: (S1)

The two observables are shown in Fig. S6, together with the modelled NO3 mixing ratio120

for the aforementioned experiment of interest. For NO3 ' 20pptv, HO2(ROx) starts to121

deviate from ROx such that Eq. (S1) no longer holds. As there is no evidence for a change
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Figure S6: Comparison between ROx and HO2(ROx) radical concentrations, measured with the ROxLIF
radical instrument (3 minutes average) in the nighttime oxidation of trans-2-hexene at hot conditions. In-
jections of chemical species into the chamber are marked by vertical lines.

122

in the sensitivity of the instrument between the two modes, this discrepancy can only be123

explained by an interference. A lower limit of the interference signal in the ROx system,124

without adding NO in the converter, is given by the difference of HO2(ROx) and ROx125

since it is assumed that all RO2 are converted to OH or HO2 in the ROx detection cell.126

According to Fuchs et al.4, the interference signal in the ROx system, when adding NO in127

the converter, is two times smaller, therefore, it can be treated as an estimate for the NO3128

interference in the ROx measurement.129

By performing a linear regression, a NO3 interference of 3:6 � 106 cm�3 per pptv of130

7
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Figure S7: Correlation plot of the estimated NO3 interference. The interference signal is derived from the
difference of HO2ROx and the sum of HO2 and RO2 radicals.

NO3 could be estimated (see Fig. S7). Figures S8 and S9 display the impact of the NO3131

interference on the measured HO2 and RO2 radical concentrations. Overall, the NO3132

interference in the RO2 radical measurement only affects the trans-2-hexene experiment133

at high temperatures where the interference decreases the RO2 by approximately a factor134

of 1.5.135

The NO3 interference in the HO2 radical measurement could not be determined in this136

study, therefore, a recently reported value for the previous SAPHIR-ROxLIF system of137

1� 106 cm�3 per pptv NO3 was taken from Fuchs et al.4. Corresponding interference-138

corrected HO2 radical concentrations are lowered by � 25 % relative to the measured HO2139

for the trans-2-hexene experiment at high temperatures (Fig. S8). Similarly to RO2, the140

NO3 interference in the HO2 radical measurement is only important for hot conditions,141

therefore it is not considered for the remaining experiments. For the experiment at high142

temperatures, the interference is taken into account in the mechanisms by adding it to the143

modelled HO2 and RO2 radicals.144

For the cis-2-butene experiments, including the NO3 interference does not affect the HO2145

and RO2 radical.146
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Figure S8: Measured (5 minutes average) HO2 and RO2 radical concentrations in the trans-2-hexene exper-
iments at cold, medium, and hot temperatures, with and without including the NO3 interference, derived
from this work for RO2 and taken from Fuchs et al.4 for HO2. Injections of chemical species into the
chamber are marked by vertical lines.
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Figure S9: Measured (5 minutes average) HO2 and RO2 radical concentrations in the cis-2-butene experi-
ment at cold and medium temperatures, with and without the NO3 interference, derived from this work for
RO2 and taken from Fuchs et al.4 for HO2. Injections of chemical species into the chamber are marked by
vertical lines.
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C Modified CH3CH(NO3)CH(CH3)O decomposition rate147

A previous study on �-nitrate alkoxy radicals by Novelli et al.1 showed that specific �-
nitrate alkoxy radicals, >C(ONO2)C(O�)<, decompose with a rate of about 4:5�104 s�1

at 298 K. The reaction with O2 or isomerisation are not competitive in the ROx converter
at room temperature. Since the RO2 detection relies on the formation of OH or HO2 in the

0

5

10

15

20

R
O

2  
[1

08  c
m

-3
]

09:00 12:00 15:00 18:00
Time [UTC]

0

5

10

15

20

R
O

2  
[1

08  c
m

-3
]

09:00 12:00 15:00 18:00
Time [UTC]

0

5

10

15

20

R
O

2  
[1

08  c
m

-3
]

T=276K

 This study  Novelli et al., 2021  RO2 total  RO2 det.  Meas.

 

 

 

 

 

0

5

10

15

20

R
O

2  
[1

08  c
m

-3
]

08:00 10:00 12:00
Time [UTC]

 

 

 

 

 

0

5

10

15

20

R
O

2  
[1

08  c
m

-3
]

08:00 10:00 12:00
Time [UTC]

 

 

 

 

 

0

5

10

15

20

R
O

2  
[1

08  c
m

-3
]

T=295K

Figure S10: Comparison of modelled time series with measurements for the decomposition rates of
CH3CH(NO3)CH(CH3)O (MCM notation: C42NO33O) used by Novelli et al.1 (Eq. (S2)) and in this
work (Eq. (S3)) for the cis-2-butene experiments. Model results are based on the FZJ mechanism including
additional formation of non-acyl RO2NO2. Injections of chemical species into the chamber are marked by
vertical lines.

process of the reaction of RO2 with NO, the detectability of the according peroxy radical
CH3CH(OO�)CH(ONO2)CH3 (MCM notation: C42NO33O2) is affected.
The decomposition rate of CH3CH(NO3)CH(CH3)O (MCM notation: C42NO33O) was
calculated theoretically in the study by Novelli et al.1 and was modified within its un-
certainty to improve the agreement between model and measurement for cold conditions.
Figure S10 displays the comparison of the modelled RO2 radical concentrations with the
decomposition rate as used in the study by Novelli et al.1 and with the new one:

kdecjNovelli et al. = 2:94�109 �T 1:32 � exp
�
�5542

T

�
; (S2)

kdecjthis study = 2:94�109 �T 1:32 � exp
�
�5860

T

�
: (S3)

In the tested temperature range (from 276 K to 305 K), the decomposition rate, used in148

this work, is deviating by maximum a factor of 3 from the decomposition rate used by149

Novelli et al.1. This is on the higher end of the expected uncertainty (factor of 2 to 3)150

of the theoretically calculated rate in Novelli et al.1, but remains comparable to the vari-151

ability between the various stereo-specific RO2 isomers and the uncertainty on the rate152
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predictions.153

The decomposition rate, as used in this study, results in a detectability of 16 % at 279 K154

(increasing from 5 % with the decomposition rate from Novelli et al.1) and of 5 % at155

295 K (increasing from 1:7 % with the decomposition rate from Novelli et al.1).156

For the analogous CH3CH(NO3)CH(C3H7)O� (MCM notation: C62NO33O), formed157

in the NO3-oxidation scheme of trans-2-hexene, the decomposition reaction rate should158

likely be adjusted by a similar amount. However, its dominant loss is isomerisation by159

H-migration, such that we are not sensitive to the rate coefficient for decomposition for160

this compound.161
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D Instrumentation details162

Table S2: Instrumentation for radical and trace-gas measurements during the presented experiments.
Species Technique Time resolution 1� precision 1� accuracy
OH LIF 45 s 2:8�105 cm�3 18 %
HO2 LIF 45 s 2:9�107 cm�3 18 %
RO2 LIF 45 s 5:6�107 cm�3 18 %
kOH Laser photolysis+LIF 132 s 0:4 s�1 10 %
O3 UV absorption 60 s 1 ppbv 5 %
CO CRDS 60 s 1:5 ppbv 1 %
Acetaldehyde PTR-TOF-MS 30 s >15 pptv 10 %
NO Chemiluminescence 45 s 10 pptv 5 %
NO2 Chemiluminescence 97 s 2 pptv 5 %

13

200



E Contribution of NO3 and O3 to the oxidation of cis-2-butene and163

trans-2-hexene164

Table S3: Overview of performed cis-2-butene and trans-2-hexene experiments. The contributions of
ozonolysis and reaction with NO3 to the oxidation of the VOCs are listed.
Temperature [K] Experimental description Contribution O3 [%] Contribution NO3 [%]

Cis-2-butene
295 CO addition 54 46
276 CO addition 38 63

Trans-2-hexene
305 CO addition 14 86
292 CO addition 22 78
279 CH4 addition 46 54
276 CO addition 45 55
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F Comparison of modelled and measured acetaldehyde from the ox-165

idation of cis-2-butene by NO3166
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Figure S11: Comparison of modelled and measured (5 minutes average) acetaldehyde in the nighttime
experiments of cis-2-butene at cold conditions. Model results displayed as FZJ (blue) and FZJ+RO2NO2
(brown) models refer to the FZJ mechanism without and with the additional formation of non-acyl RO2NO2,
respectively. Injections of chemical species into the chamber are marked by vertical lines.
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G Nighttime oxidation of trans-2-hexene at different temperatures167

Experiments focussing on the nighttime oxidation of trans-2-hexene were performed at168

three different temperatures: at cold temperatures of � 276 K (Fig. 2) and � 279 K (Fig. 3),169

and at medium (T� 292 K) and hot (T� 305 K) temperatures (Fig. S12). In the main pa-170

per, the experiment conducted at T� 276 K was already presented. Here, we discuss the171

experiments at medium and hot temperatures, and compare them to the experiment per-172

formed at cold temperatures.173

For hot conditions, the FZJ mechanisms, with and without additional RO2NO2 formation,

09:00 12:00 15:00
Time [UTC]

0
10

20

30

40
50

N
O

2, 
O

3  
[p

pb
v]

0
10

20

30

40
50

N
O

2, 
O

3  
[p

pb
v]

0
10

20

30

40
50

N
O

2, 
O

3  
[p

pb
v]

0
10

20

30

40
50

N
O

2, 
O

3  
[p

pb
v]  NO2 O3

(a) T=305K
Trans-2-hexene

09:00 12:00 15:00
Time [UTC]

0
5

10

15

20
25

VO
C

 [p
pb

v]
, N

O
3 [

pp
tv

]

0
5

10

15

20
25

VO
C

 [p
pb

v]
, N

O
3 [

pp
tv

]

0
5

10

15

20
25

VO
C

 [p
pb

v]
, N

O
3 [

pp
tv

]

 Trans-2-hexene
 NO3

× 10

 FZJ  FZJ+RO2NO2  Meas.

09:00 12:00 15:00
Time [UTC]

0

5

10

15

20

H
O

2  
[1

08  c
m

-3
]

0

5

10

15

20

H
O

2  
[1

08  c
m

-3
]

0

5

10

15

20

H
O

2  
[1

08  c
m

-3
]  RO2NO2

 interference
 included

09:00 12:00 15:00
Time [UTC]

0

10

20

30

40

R
O

2  
[1

08  c
m

-3
]

0

10

20

30

40

R
O

2  
[1

08  c
m

-3
]

0

10

20

30

40

R
O

2  
[1

08  c
m

-3
]

09:00 12:00
Time [UTC]

0
10

20

30

40
50

N
O

2, 
O

3  
[p

pb
v]

0
10

20

30

40
50

N
O

2, 
O

3  
[p

pb
v]

0
10

20

30

40
50

N
O

2, 
O

3  
[p

pb
v]

0
10

20

30

40
50

N
O

2, 
O

3  
[p

pb
v]

(b) T=292K

09:00 12:00
Time [UTC]

0
5

10

15

20
25

VO
C

 [p
pb

v]
, N

O
3 [

pp
tv

]

0
5

10

15

20
25

VO
C

 [p
pb

v]
, N

O
3 [

pp
tv

]

0
5

10

15

20
25

VO
C

 [p
pb

v]
, N

O
3 [

pp
tv

]

09:00 12:00
Time [UTC]

0
2

4

6

8
10

H
O

2  
[1

08  c
m

-3
]

0
2

4

6

8
10

H
O

2  
[1

08  c
m

-3
]

0
2

4

6

8
10

H
O

2  
[1

08  c
m

-3
]

09:00 12:00
Time [UTC]

0
5

10

15

20
25

R
O

2  
[1

08  c
m

-3
]

0
5

10

15

20
25

R
O

2  
[1

08  c
m

-3
]

0
5

10

15

20
25

R
O

2  
[1

08  c
m

-3
]

Figure S12: Comparison between modelled and measured (5 minutes average) trace gases and HO2 and
RO2 radical concentrations in the trans-2-hexene experiments with CO as OH scavenger. Model results
displayed as FZJ (blue) and FZJ+RO2NO2 (brown) models refer to the FZJ mechanism with and without
the additional formation of non-acyl RO2NO2, respectively. For the experiment conducted at 305 K, the
formation of HNO2 was considered according to Eq. (S4). Injections of chemical species into the chamber
are marked by vertical lines.
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overestimate the measured RO2 radical concentration by a factor of up to 1.5, after 0.5 h175

after the VOC was (re-)injected. Directly after the VOC injections, especially after the176

second and third injection, a very large peak concentration of RO2 (up to 6� 109 cm�3)177

is predicted by all mechanisms which is not observed in the measurements. Since trans-178

2-hexene was completely consumed before it was re-injected the second or third time,179

the mechanisms predict NO3 concentrations to build up, reaching up to 150 pptv. The180

high NO3 concentration then reacts rapidly with the newly injected trans-2-hexene, gen-181

erating the very large concentration of modelled RO2 radicals until a new equilibrium182

between NO3 and N2O5 is reached. However, these large RO2 radical concentrations are183

not observed, suggesting unknown chamber reactions for NO3 when trans-2-hexene is184

not dominating, which cannot be described correctly in the presented experiments due to185

missing NO3 and N2O5 measurements.186

In the experiment at medium temperatures, the FZJ mechanisms overestimate the mea-187

sured RO2 radical concentrations on average by a factor of 1.5, where the FZJ+RO2NO2188

model, including non-acyl RO2NO2 formation, predicts a time-dependence that better189

16
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agrees with the observations.190

The agreement between measured and modelled HO2 radical concentrations differs sig-191

nificantly in the experiments at the three temperatures. At low temperatures (cold), the192

measured HO2 is highly underestimated by a factor of 3. The underestimation is only193

a factor of 1.1 in the experiment at medium temperatures. In the experiment at high194

temperatures (hot), an overestimation of the detected HO2 is observed with an average195

model-to-measurement ratio of 1.4.196

At higher temperatures, the isomerisation of RO2 radicals, with rates derived from the197

SAR from Vereecken and Nozière5, increasingly contributes to the HO2 production rate198

(from 23 % for cold to 34 % for hot conditions) and thus leads to higher HO2 radical con-199

centrations. Through the reaction of HO2 with RO2, the HO2 radical can be recycled by200

forming OH which will subsequently react with CO producing HO2 again. Therefore, it201

is difficult to understand why the measured HO2 radical concentrations in the experiment202

at cold conditions are so similar as in the experiment at medium temperatures when the203

source strength should have increased substantially at a similar HO2 loss rate. In contrast204

to the NO3 experiment performed at cold conditions, a good agreement between modelled205

and measured HO2 is observed in the ozonolysis experiment, which was performed at cold206

conditions as well (Fig. S2, Section E.2). Therefore, the observed model-measurement207

discrepancy in the HO2 radical concentrations is unlikely to be caused by the oxidation208

of trans-2-hexene by O3 and, thus, arises either from the contribution of the oxidation of209

trans-2-hexene by NO3 or by the presence of NO2.210

The amount of RO2NO2 reservoir species formed in the experiments with trans-2-hexene
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Figure S13: Formed non-acyl RO2NO2 concentrations and the fraction of non-acyl RO2 stored as RO2NO2
(RO2NO2/(RO2+RO2NO2)) for the three trans-2-hexene oxidation experiments in the presence of NO2
applying the FZJ mechanism either without (FZJ model, blue) or with (FZJ+RO2NO2 model, brown) the
additional formation of alkyl-RO2NO2. Model results of the RO2NO2 concentrations, based on the FZJ
mechanism without additional formation of RO2NO2 (FZJ model), refer to CH3O2NO2 concentrations.
Vertical lines refer to the injection of chemical species.

211

at the different tested temperatures is shown in Fig. S13, together with the fraction of non-212

acyl RO2 radicals stored as RO2NO2. RO2NO2 mixing ratios are predicted to increase213

from 100 pptv to up to 750 pptv over a temperature range of 305 K to 276 K, resulting in214

50 % to 95 % less non-acyl RO2 radicals, respectively. The impact of this high amount215

of non-acyl RO2 radicals stored as RO2NO2 reservoir species is discussed in Sections 3.2216
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and 4 in the main paper.217

Concentrations of acetaldehyde observed in the experiments with trans-2-hexene are shown218

in Fig. S14. The comparison between measured and modelled acetaldehyde is discussed219

in Section 3.2 in the main paper.220
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Figure S14: Comparison of modelled and measured (5 minutes average) acetaldehyde in the trans-2-hexene
NO3 experiments. Model results displayed as FZJ (blue) and FZJ+RO2NO2 (brown) models refer to the
FZJ mechanism without and with the additional formation of non-acyl RO2NO2, respectively. Injections of
chemical species into the chamber are marked by vertical lines.
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G. 1 O v e r esti m ati o n of H O 2 r a di c al c o n c e nt r ati o ns o bs e r v e d f o r h ot c o n diti o ns2 2 1

F or h ot c o n diti o ns, a n o v er esti m ati o n of t h e m e as ur e d H O 2 r a di c al c o n c e ntr ati o n b y b ot h,2 2 2

t h e F ZJ a n d F ZJ + R O2 N O 2 m e c h a nis ms, is o bs er v e d. T h e dis cr e p a n c y c o ul d b e i m pr o v e d2 2 3

b y a c c o u nti n g f or t h e f or m ati o n of nitr yl h y dri d e ( H N O 2 ) fr o m t h e r e a cti o n of H O2 wit h2 2 4

N O 2
6 :2 2 5

H O 2 + N O 2 → H N O 2 + O 2 , ( S 4)

w hi c h r at e c o ef fi ci e nt c a n b e d es cri b e d b y t h e f oll o wi n g Arr h e ni us e x pr essi o n: k E q . (S 4 ) =2 2 6

1 × 1 0 − 1 0 × e x p (− (2 7 .4 ± 0 .4 ) kJ m ol − 1 / (R T )) 6 . R e a cti o ns of nitr yl h y dri d e ar e t y p-2 2 7

i c all y i n v esti g at e d at t e m p er at ur es r el e v a nt i n c o m b usti o n pr o c ess es, i. e. t e m p er at ur es2 2 8

m u c h l ar g er t h a n 3 0 5 K. At t h es e t e m p er at ur es, H N O 2 w as o bs er v e d t o u n d er g o bi m ol e c-2 2 9

ul ar r e a cti o ns wit h a n u m b er of r a di c als s u c h as t h e h y dr o g e n at o m or t h e m et h yl r a d-2 3 0

i c al7 – 1 0 . Als o u ni m ol e c ul ar r e a cti o ns f or mi n g H O N O or O H + N O w er e st u di e d 9 – 1 1 ,2 3 1

w hi c h w er e f o u n d t o n ot i m p a ct t h e m o d el r es ults at t h e gi v e n t e m p er at ur es. I n cl u di n g2 3 2

t h e f or m ati o n of H N O2 i m pr o v es t h e m o d el- m e as ur e m e nt a gr e e m e nt f or H O2 b y ∼ 3 0 %2 3 3

l e a di n g t o a n a gr e e m e nt wit hi n ∼ 3 0 %.2 3 4
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G.2 Further analysis of the remaining uncertainties236

Measured values of acetaldehyde are well reproduced in the experiment with trans-2-237

hexene at cold conditions but are underestimated by the FZJ mechanisms in the exper-238

iments at medium and hot conditions (Fig. S14). In both FZJ mechanisms, acetalde-239

hyde is mainly produced (> 93 %) directly from the ozonolysis of trans-2-hexene and240

is lost via dilution. An erroneous rate constant of the ozonolysis reaction is unlikely to241

be the reason for the observed model-measurement differences since the time series of242

trans-2-hexene is well reproduced at all probed temperatures. Therefore, it is likely that243

the yield of acetaldehyde in the chemical mechanism is too small or, given that a good244

model-measurement agreement is found at the low temperatures, that the temperature-245

dependence of the yield is incorrect. Indeed, the updated ozonolysis scheme in Novelli246

et al.1 as well as the ozonolysis SAR from Newland et al.2 do not provide temperature-247

dependent product yields, and further experiments at higher temperatures would be useful248

to improve the product yields.
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Figure S16: Comparison of the time series of RO2 radical concentrations with and without considering a
possible interference in the HOx measurement in the trans-2-hexene experiment with CO as OH scavenger at
276 K. Model results from the FZJ mechanism with (FZJ+RO2NO2 model, brown) and without (FZJ model,
blue) the additional formation of non-acyl RO2NO2 are shown as well. Injections of chemical species into
the chamber are marked by vertical lines.
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