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Abstract

Volatile organic compounds (VOCs) play an important role in the atmosphere. VOCs are mostly emitted
from the land surface and are oxidized by oxidants such as hydroxyl radicals (OH) and ozone (Os) upon
their emissions into the atmosphere. The oxidation of VOCs has wide-ranging impacts for example on
local-scale air quality and climate. The chemistry of the oxidation of VOCs depends on environmental
conditions such as temperature and concentrations of pollutants like nitric oxide (NO). The NO
concentration affects the chemistry of organic peroxy (RO,) radicals produced from the oxidation of VOCs
by competing with other reaction pathways of RO, radicals such as unimolecular reactions and the
reaction with hydroperoxyl radicals (HO>) and other RO, radicals.

This thesis aims to investigate the oxidation of monoterpenes including limonene and sabinene by OH
radicals and ozone at different NO concentrations. Experiments were conducted in the outdoor
atmospheric simulation chamber SAPHIR (Simulation of Atmospheric PHotochemistry In a large Reaction
chamber). A large set of analytical instruments was used in the experiments, including the measurements
of OH, HO,, and RO, radicals, VOC species, and OH reactivity. The analysis of experiments focus on these
measurements in this study.

In oxidation experiments for both limonene and sabinene, product yields of VOC species such as
formaldehyde (HCHO) and acetone were determined at different NO concentrations. The results were
compared to other laboratory studies and yield values expected from the proposed oxidation mechanism.
The chemical budget of OH radicals was calculated for different experiments, which reveals if there could
be a missing OH source from for example the unimolecular reaction of RO, radicals during the oxidation
of monoterpenes.

Results from the limonene oxidation experiments were compared to model simulations using a semi-
explicit model Master Chemical Model version 3.3.1 (MCM). Model simulations using the standard MCM
mechanism suggested the model could not reproduce OH, HO,, and RO, radicals, and the OH reactivity.
The discrepancy between model simulations and measurements of HO, and RO; radicals increases when
NO concentrations decrease. To improve the model-measurement agreement, additional reaction
pathways converting RO, to HO; radicals with a reaction rate constant of (1 —5) x 102 s are required.
The additional RO; loss might be explained by fast unimolecular reactions for RO, radicals derived from
limonene oxidation, followed by the increased loss rate from the reaction with other RO, radicals.

For the sabinene oxidation experiment, the Arrhenius equation of the OH-oxidation reaction was
determined for the first time with an absolute rate method by OH reactivity measurements. The setup
allowed for the measurement of the reaction rate constant of the photooxidation of VOCs at a
temperature range of 10 °C to 70 °C. The reaction rate constant at 298 K calculated from the Arrhenius
equation determined in this experiment agrees with value found in the only other available laboratory
study.



In addition to conducting oxidation experiments with single monoterpene species, four oxidation
experiments involving VOC emissions from sweet chestnut (Castanea sativa) trees, a strong
monoterpene-emitting species, were conducted using the SAPHIR-PLUS plant chamber, from which
emitted VOCs were transferred to and oxidized in the SAPHIR chamber. The analysis of sweet chestnut
emissions suggests that B-ocimene was the main emission by OH reactivity, consistent with previous
measurements of emission from sweet chestnut trees of similar age in another study. The OH reactivity
calculated from measured VOC concentrations showed a good agreement within measurement
uncertainties when compared to the OH reactivity measurements before the oxidation phase of the
experiment. However, the OH reactivity calculated from VOC concentrations was lower than the
measured values during the oxidation of the plant emission especially in the ozonolysis experiment, which
could be explained by unmeasured ozonolysis products of B-ocimene. The chemical budget of OH radicals
was calculated for the oxidation of B-ocimene. This suggests that there could be a small missing OH source.

The results presented in this thesis contribute to the understanding of radical chemistry during the
oxidation of different monoterpene species, which can help the development of oxidation mechanisms
for monoterpenes needed for air quality and climate models.
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Introduction

1. Introduction

The troposphere is the lowest layer of the atmosphere which spans from the surface of the Earth to 8 —
16 km above sea level. Chemical and physical processes that occur in the troposphere greatly impact the
biosphere and humans. On the other hand, activities of the biosphere and humans largely determine the
chemical composition of the atmosphere. The impact on the troposphere is large due to the proximity to
the land and sea surface, where most of the activities take place.

The atmosphere composes mainly of nitrogen (78.1%), oxygen (21.0%), argon (0.9%) and a highly variable
water vapor with mixing ratios of up to 4%. It also includes trace gases that can have mixing ratios from
the parts per million (ppm) range down to below parts per trillion (ppt). The impact of trace gases on the
atmosphere and the biosphere is huge, albeit their low concentrations. For example, global warming is
largely attributed to the increase in carbon dioxide concentrations from 280 to 420 ppmv since
industrialization (IPCC, 2022), and emissions of nitrogen oxides from anthropogenic activities lead to the
formation of secondary air pollutants that are detrimental to human and ecosystem health. The emission
and formation of aerosols from the reaction of trace gas species can affect the radiative budget of the
Earth, as well as the precipitation pattern on a local or regional scale.

The composition of trace gases in the troposphere is influenced by their local production and destruction
processes and transportation. The shorter the lifetime of the species in the atmosphere, the more
important is the local production and destruction for the abundance of that species. Local production of
trace gases includes emissions from the land and sea surface and productions from chemical reactions.

One example of the production of trace gases is the emission of biogenic volatile organic compounds
(BVOCs) by plants. BVOCs emitted by plants are reactive compounds that have typical lifetimes ranging
from hours to days in the atmosphere (Section 1.2.3). The chemical transformation of BVOCs in the
atmosphere produces secondary pollutants such as ozone (0Os) and formaldehyde (HCHO). Due to the
short lifetime of BVOCs, their chemical transformation is largely controlled by local reaction conditions
such as temperature and the abundance of pollutants like nitrogen oxides (NOx = NO; + NO). Air quality
questions are for example also of high interest in urban environments and indoors, where chemical
conditions can be much different from natural environments.

Despite their localized influence on air quality and compositions, reactions of BVOCs are still collectively
affecting air quality and composition on a global scale as plants are ubiquitous. The chemistry of these
plant-emitted VOCs can be different at different locations with different chemical and physical conditions.
Therefore, it is essential to investigate the oxidation of BVOCs at different conditions for accurate
predictions of air quality.

This thesis aims to investigate the impact of plant emissions on air quality, precisely the oxidation
mechanisms of monoterpenes (limonene and sabinene) by hydroxyl radicals (OH) and O; in the
atmosphere are investigated at different NO concentrations, representing different pollution scenarios.
Chamber oxidation experiments were performed under atmospheric-relevant conditions and with state-
of-the-art measurement techniques. Results are compared to recently published chemical mechanisms.
This work specifically focuses on radical species which are the key intermediates of atmospheric oxidation
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processes. The better understanding of the oxidation mechanisms of monoterpenes will help to improve
the atmospheric chemical mechanisms that are used in air quality forecast and chemical transport models.

In addition, the oxidation of biogenic emissions emitted directly from sweet chestnut trees (Castanea
sativa) by OH radicals and O; were studied, as emission directly from plants can more realistically
represent the chemical composition of ambient air than using a single monoterpene species for the study.
Sweet chestnut is a strong monoterpene emitter which is commonly found in Europe. To measure the
potential VOC emissions especially different monoterpene species from sweet chestnut, VOCs were
measured by instruments including an offline gas chromatography (GC), an online GC, and an online
proton-transfer-reaction time-of-flight mass spectrometer (PTR-TOF-MS). In the part of the PhD work, the
online GC instrument was calibrated and its measurements were compared to the online PTR-TOF-MS.
The VOC composition of plant emissions and oxidation products were compared to the total OH reactivity
measurements, which can be used to identify potential missing OH reactants that are emitted.

1.1 Biogenic volatile organic compounds (BVOCs) in the atmosphere

Volatile organic compounds (VOCs) play an important role in the chemistry in the troposphere. They are
mostly emitted from the land surface, from both anthropogenic sources and natural sources. Biogenic
volatile organic compounds (BVOCs) are the most abundant VOCs. It is estimated that about 760 Tg of
BVOCs is annually emitted into the atmosphere (Sindelarova et al., 2014). The main source of BVOCs is
from terrestrial vegetation (Guenther et al.,, 2012). Limonene and sabinene, which are the BVOCs
investigated in this study, are emitted by pine trees (Bai et al., 2017), beech trees (Tollsten and Miiller,
1996; Van Meeningen et al., 2016), oak trees (Staudt and Bertin, 1998), and other trees.

The primary purpose of the BVOCs emission by vegetation is to relieve environmental stress (Holopainen
and Gershenzon, 2010). For example, BVOCs can relieve oxidative stress on plant tissues by reacting with
atmospheric oxidants (e.g., Loreto et al., 2001; Vickers et al., 2009), relieve biotic stress by deterring insect
herbivores and attracting predators of insect herbivores (e.g., Kessler and Baldwin, 2001; Kappers et al.,
2005), and relieve heat stress from direct sunlight exposure (Sharkey et al., 2007) .

Small amounts of BVOCs are also emitted from soil (Kramshgj et al., 2018) and marine ecosystems (Exton
et al., 2015). Apart from natural sources, BVOC species are also emitted from anthropogenic source. For
example limonene is extensively used in volatile chemical products (VCPs) such as fragrances and cleaning
products (Liu et al., 2004; Nazaroff and Weschler, 2004; McDonald et al., 2018; Gkatzelis et al., 2021a, b).
Measurement campaigns conducted in New York City showed that limonene is the most abundant
monoterpene species in winter, suggesting that VCPs can impact urban chemistry (Coggon et al., 2021).
The emission rate of limonene from the usage of VCPs can locally exceed the emission from biogenic
sources by two orders of magnitude (Rosales et al., 2022). Therefore, BVOC species can still greatly impact
the air quality even in urban environments and indoors, where VCPs are largely used.

Emissions of non-methane anthropogenic VOCs (AVOCs) emission are less than that of BVOCs with
emission rates about 100 Tg per year (Duan et al., 2023). The main source of AVOCs is biomass burning
and the use of fossil fuels for energy production (Piccot et al., 1992).
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Among all BVOCs, the most abundant species is isoprene, which contributes about 70% to the total BVOC
emissions by mass, followed by small (< Cs) oxygenated VOCs such as methanol (12%), and monoterpenes
(11%) (Sindelarova et al. (2014), Table 1). The highest isoprene and monoterpene emissions are found in
tropical forests which have a dense vegetation. In temperate and boreal forests, the relative emissions of
monoterpenes to isoprene is higher compared to that in the tropics, as the dominant vegetation in higher
latitudes are strong monoterpene emitters. The emission rate of BVOCs is mainly controlled by
meteorological variables such as temperature and radiation (Guenther et al., 1991), as well as by
environmental stresses such as drought (Saunier et al., 2017) and insect infection (Faiola and Taipale,
2020).

When BVOCs are emitted into the atmosphere, they quickly react with atmospheric oxidants including OH
radicals, Os, and nitrate radicals (NOs) (Section 1.2.1). During daytime, OH radicals are the most important
atmospheric oxidants, whereas during nighttime Os and NOs are more important. The oxidation of BVOCs
can produce secondary pollutants such as O; and oxygenated organic compounds like formaldehyde
(HCHO), which are harmful to the respiratory system (Kim et al., 2011). Oxidation of large BVOCs such as
monoterpenes followed by a repeating oxidation of the derived RO radicals can rapidly produce highly
oxidized molecules that can potentially form aerosols (Bianchi et al., 2019). Aerosols can grow in size
through condensation and eventually are removed from the atmosphere by dry deposition (e,g, Farmer
et al., 2021) and wet deposition (e.g., Knote et al., 2015) through precipitation. For small BVOCs (< Cs),
stepwise oxidation often eventually forms carbon dioxide that has a very long lifetime in the atmosphere
(Inman, 2008). The lifetime of BVOCs in the atmosphere differs among the BVOCs species and depends
on the concentrations of atmospheric oxidants. It varies from minutes to days (Steiner and Goldstein,
2007; Section 1.2.3). Small oxygenated BVOCs are in general less reactive due to the lack of reactive
functional groups. On the other hand, isoprene, monoterpenes, and sesquiterpenes are highly reactive
due to the presence of reactive C=C double bonds.
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Table 1-1. Global annual emission of selected VOCs averaged over the period of year 1980 — 2010
determined from model estimates by Sindelarova et al. (2014). Values for trans-B-ocimene, limonene, and
sabinene are from Guenther et al. 2012, where are the estimated emissions in the year 2000 are reported.

VOCs Emission (Tg year™)
Isoprene 594
a-Pinene 32
B-Pinene 17
Trans-B-ocimene 19
Limonene 11
Sabinene 9
Sesquiterpenes 20
Methanol 130
Acetone 37
Ethene and propene 33

10



Introduction

1.2 VOCs oxidation chemistry in the troposphere

The atmospheric oxidation of VOCs involve radical reactions, which include the oxidation by OH radicals
and NOs radicals (Atkinson et al., 1988). Os is a non-radical species that can oxidize VOCs, but the
ozonolysis mechanism also involves radical chemistry. Oxidation of VOCs includes initialization,
propagation, and termination of radical reactions. Figure 1-1 summarizes the important radical
initialization, propagation, and termination reactions in the atmospheric oxidation of VOCs. Detailed
descriptions of these reactions are included in Section 1.2.1, 1.2.2 and 1.2.4.

isomerization
+R02
voC +HO ROOR
S 2 ROOH
+0 ROZ J
3

/ NO :
VOCs VOCs ) :
isomerization
+hv RONO,

HONO —/—— OH

+NO
+hv
+H20 \

ROOH

3
o) NO
3 2 H202

+hv

HNO

Figure 1-1. The main initiation (red arrows, Section 1.2.1), destruction (green arrows, Section 1.2.2), and
propagation (orange arrows, Section 1.2.2) reactions of radicals in the oxidation of VOCs in the
troposphere. The blue arrows indicate isomerization reactions of peroxy radicals (Section 1.2.4).
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1.2.1 Initiation of the oxidation of VOCs

The atmospheric oxidation of VOCs is most often initiated by the reaction with a radical reaction partner
(e.g., OH, NOs radicals), or sometimes by the reaction without a radical reaction partner if the VOC
contains certain functional groups. For example, VOCs having a C=C double bond can be oxidized by O3
(e.g., Yuetal., 1999), while some oxygenated VOCs can be photolyzed in the troposphere, where radiation
with wavelengths longer than 290 nm is available (e.g., Calvert et al., 1972). The wavelength of 290 nm is
the lower limit for radiation that can reach the lower troposphere without significant absorption for
example by stratospheric Os.

The oxidation of VOCs by a radical partner starts with an H-abstraction reaction or addition reaction on
the C=C double bond. Using the OH-oxidation of limonene as an example (Fig. 1-2), the H-abstraction
results in an alkyl radical whereas the addition reaction to the C=C double bond produces a hydroxyl alkyl
radical. Addition of a NOs radical to a C=C double bond results in the production of a nitro alkyl radical. In
general, the OH addition on the C=C double bond is preferred to H-abstraction, with the reaction rate
constants of OH-additions are being order of magnitude faster than of H-abstractions (Vereecken and
Peeters, 2001; Peeters et al., 2007). Alkyl radicals usually immediately react with an oxygen molecule
under typical atmospheric conditions, which results in an organic peroxy radical (Fig. 1-2).

—
19 %
359, DY b\(
—>
35%
9 °/_» *+H,0 —
(all allylic H-abs.) o.

Figure 1-2. Example of the initiation of the oxidation of limonene by OH radicals forming organic peroxy
radicals. The branching ratios of the OH-oxidation pathways of limonene are calculated from reaction rate
constants of the OH-addition reactions (Peeters et al., 2007) and rate constants of H-abstraction reactions
(Vereecken and Peeters, 2001).
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Os is typically less reactive than OH and NOs radicals and it only reacts with VOCs with C=C double bonds.
The reaction between ozone and VOCs in the atmosphere follows the Criegee mechanism (Fig. 1-3,
Criegee, 1975). The addition of O3 to the C=C double bond forms a primary ozonide (POZ) that quickly
decomposes into a carbonyl product and a Criegee intermediate (CI*). Some of the Criegee intermediates
quickly isomerize and a fraction of them is stabilized through collisions with air molecules resulting in a
stabilized Criegee intermediate (sCl). The stabilized Criegee intermediate can react with other trace gases
(e.g., H,0, NO, CO, SO;) in the atmosphere or can undergo isomerization reactions. The isomerization
reactions of Criegee intermediates, before or after their stabilization, follow either the dioxirane pathway
or the vinyl hydroperoxide (VHP) pathway. In the dioxirane pathway, the terminal oxygen of the carbonyl
oxide bonds with the carbonyl carbon and forms a dioxirane, which can quickly isomerize into esters and
acid. In the VHP pathway, the terminal oxygen abstracts an H-atom of the B-carbon of the carbonyl oxide
(i.e., 1-4 H-shift), yielding a vinyl hydroperoxide. The vinyl hydroperoxide dissociates into an OH radical
together with a B-oxoalkyl radical that eventually forms a peroxy radical in the reaction with oxygen (Fig.
1-3). The ozonolysis of VOCs is one significant source for OH radicals in the atmosphere. It is especially
important at night, when there are no photolytic sources of OH (Paulson and Orlando, 1996).

R,
R .0
2_\ +0, 0,o 1 R, o
— R —_— ) B —
" R o o : RaJ\R
2 R3R2 2
POZ cr
l B +H,0, +NO
o 2 +NO, +s0,
2 %\ +M A +HCHO, +acid
)J\ + >_\ —_— >—\ —————— products
RS Ry K, Ry b|mo!ecular
reaction
cl* . sCl
unimolecular
reaction
VHP OH
0,.
channel ¢ A . +0, 0> <2
g — —
R>_\ -OH Ry Ry
' RO,
dioxriane

h 1 -9 .
channe o acids
esters
Ry

Figure 1-3. An example of the initiation of the oxidation of alkene by Os. Stereoisomers of primary ozonide
POZ, and the geometric isomers of the Criegee intermediates are not included in this simplified scheme.
However, it should be noted that the chemistry of the geometric isomers of Criegee intermediates is
largely affected by the position of the terminal oxygen in the carbonyl oxide functional group.
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The photolysis of VOCs in the troposphere is less important than the oxidation of VOCs by radicals or O3,
as emitted BVOCs are mainly hydrocarbons (i.e., isoprene) that cannot be photolyzed by radiations with
wavelengths longer than 290 nm. Photolysis by radiation available in the troposphere occurs mainly for
oxygenated VOCs such as carbonyls, hydroperoxides, and nitrates (Atkinson et al., 2006). These photolysis
reactions can act as sources for radicals that further oxidize of VOCs. For example, formaldehyde (HCHO)
produces two HO; radicals in one of its photolysis pathways:

HCHO + hv . ——= H 4+ HCO (A <340 nm) Reaction 1-1
HCO + 0, ——= HO, + CO Reaction 1-2
H+0,+M —= HO, +M Reaction 1-3
HCHO + hv ——= H, + CO (A <360 nm) Reaction 1-4

Apart from the photolysis of VOCs, photolysis reactions of inorganic compounds are the main source of
OH radicals. The most important OH radical production pathway is the photolysis of O; by radiation at
wavelengths lower than 340 nm, forming O('D):

03 +hv —= 0('D) + 0, (A <340 nm) Reaction 1-5
O('D) can either transit to the ground state O(3P) by molecular collisions (M, usually oxygen and nitrogen
molecules) or can react with water vapor to produce OH radicals:

0(*D) + H,0 —= 20H Reaction 1-6

o(*'D)+M —= 0(CP) Reaction 1-7

Another source of OH radicals is the photolysis of nitrous acid (HONO). HONO is emitted from
anthropogenic and natural sources (Oswald et al., 2013; Xue et al., 2021). In the atmosphere, HONO is
produced from the gas-phase reaction of OH radical and NO, as well as from the heterogeneous NO;
hydrolysis reaction on aerosol particles (Lu et al., 2018). The photolysis of HONO can locally contribute up
to 20 % — 80 % of the total OH production rate during daytime in urban areas with high emissions of
nitrogen oxides (Alicke, 2002; Hendrick et al., 2014; Kim et al., 2014).

HONO + hv —— NO + OH (A <400 nm) Reaction 1-8

The other atmospheric oxidant O3 is produced from the photolysis of nitrogen dioxides (NO,) by solar
radiation at A < 400 nm. The photolysis of NO, produces a nitrogen oxide (NO) and an O(P) atom. The
0O(3P) atom is then quickly captured by an oxygen molecule to form Os, so that concentrations are in a
chemical equilibrium.

NO, + hv —= NO + O0(®P) (A <400 nm) Reaction 1-9
0CP)+0, —= 04 Reaction 1-10

NO; is produced from the reaction in NO with O; or peroxy radicals (Section 1.2.2), or directly from the
emission of NO; in polluted areas.

14
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1.2.2 Propagation and termination reactions of atmospheric radicals

Peroxy radicals produced from the oxidation or photolysis of VOCs react with trace gases and other
radicals in the atmosphere. The reaction can follow different pathways depending on the environmental
conditions. The main reaction partners of peroxy radicals include NO, HO,, and other organic peroxy
radicals.

The main radical propagation reaction in the troposphere is the reaction of peroxy radicals with NO (Fig.
1-1). In polluted regions with high NO mixing ratios, peroxy radicals react mainly with NO to form alkoxy
radicals or organic nitrates (RONO,).

RO, + NO ——= RO + NO, Reaction 1-11
RO, + NO —= RONO, Reaction 1-12

The production of organic nitrates terminates the radical chain. Organic nitrates are removed in the
atmosphere by wet and dry deposition. They can also be photolyzed and react with OH radicals and
thereby taking part in the radical chain again (Roberts, 1990).

Alkoxy radicals (Reaction 1-11) further decompose into a close-shell organic product and an HO, or RO,
radical in the reaction with an oxygen molecule, depending on their structures. Examples for the reactions
of simple alkoxy radicals are:

CH;0 + 0, — HCHO + HO, Reaction 1-13
(CH3)3C0O + 0, —= CH3COCH;3 + CH30, Reaction 1-14

The HO; radical produced in Reaction 1-13 can further react with NO and produce OH radicals.

HO, + NO ——= OH + NO, Reaction 1-15

The OH radical produced in Reaction 1-15 can then react with VOCs and repeat the OH-to-RO,-to-HO,
radical conversion cycle in the presence of NO (Fig. 1-1). The branching ratio of Reaction 1-11 and Reaction
1-12 generally depends on the size of the peroxy radical, with large (more C-atoms) peroxy radicals being
prone to form organic nitrates (Jenkin et al., 2019). The branching ratio of Reaction 1-12 ranges from less
than 1 % for methyl peroxy radicals (CHsO,, Butkovskaya et al., 2012) to about 20 % to 30 % for
monoterpene-derived peroxy radicals (e.g., Rindelaub et al., 2015; Hantschke et al., 2021).

Other important reaction partners of organic peroxy radicals include HO, radicals and other RO, radicals.
There are multiple reaction pathways possible for the reaction of RO, radicals with HO, radicals:

RO, + HO, —= ROOH + 0, Reaction 1-16
RO, + HO, —= R_0+ 0, + H,0 Reaction 1-17
RO, + HO, —= RO+ OH + 0, Reaction 1-18
RO, + HO, —= R_{0 + OH + HO, Reaction 1-19

Reaction 1-16 and Reaction 1-17 are radical terminating pathways whereas Reaction 1-18 and Reaction
1-19 are radical propagating pathways. For the majority of peroxy radicals (e.g., alkyl peroy radicals, B-OH
peroxy radicals), Reaction 1-16 is the most dominant pathway (Jenkin et al., 2019). The other pathways
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only apply to peroxy radicals with oxygenated functional groups near the peroxy radical site. With typical
atmospheric HO, concentrations of 108 — 10° cm™, the lifetime of RO, with respect to the reaction with
HO, is about several minutes, which is equivalent to the loss rate of RO; in the presence of about 0.05
ppbv NO. Therefore, the loss of RO, radicals in the reaction with HO, radicals only gain importance in
regions with very low NO concentrations such as remote and forested areas.

Similar to the reaction with HO; radicals, RO, radicals can react with other RO, radicals. The reaction also
has multiple reaction pathways:

RO, +R'0, —= RO+ R'0+0, Reaction 1-20
RO, +R'0, —= R_O+R'OH+ 0, Reaction 1-21
RO, + R'0, —= ROH+R_,0+ 0, Reaction 1-22
RO, + R'0, —= ROOR’' + 0, Reaction 1-23

Reaction 1-20 is the only radical propagating channel, where alkoxy radicals are formed and further
decompose into close-shell products and HO, radicals. Reaction 1-21 to Reaction 1-23 are radical
terminating channels, in which close-shell products are formed. The branching ratios of Reaction 1-20 to
Reaction 1-23 depend on the structure of the peroxy radical and its reaction partner. Based on the studies
of RO, with less than 5 carbon atoms, radical termination pathways Reaction 1-21 and Reaction 1-22 are
the most important pathways under typical atmospheric conditions. The sum of branching ratios of
Reaction 1-21 and Reaction 1-22 for methyl peroxy radicals is 65 % at 298 K, the value reduces to 40 % for
primary and secondary peroxy radicals, and further drops to 20 % for tertiary and acyl peroxy radicals
(Jenkin et al., 2019). Formation of peroxides (Reaction 1-23) is not observed for small peroxy radicals.
However, for large RO, radicals with at least 10 carbon atoms, it is suggested that the formation of
peroxides gains in importance (Hasan et al., 2021).

1.2.3 Lifetimes of VOCs and their oxidants in the atmosphere

The lifetime of VOCs depends on the concentrations of the oxidants. Typical OH concentrations in the
troposphere range from 10° to 107 cm(Vaughan et al., 2012). The chemical lifetime of OH radicals range
from 10 ms to 1 s, which is determined by the concentrations of their reactants such as VOCs. Because of
the very short lifetime of OH, the chemical production and destruction rates of OH radicals are always
balanced on atmospherically relevant time scales.

Typical O3 concentrations in the troposphere range from 10 ppbv in unpolluted marine air (Ayers et al.,
1992) to more than 150 ppbv in extreme ozone pollution events (Solberg et al., 2008). The production
rate of O; depends on the ratio between the concentrations of VOCs and NOy (e.g, Dunker et al., 2002).
O3 is mainly lost due to its photolysis reaction, reactions with organic compounds and deposition on
surfaces. The typical lifetime of Os in the troposphere ranges from several days to weeks (Wild, 2007).
Due to its much longer lifetime than the OH radical it can persist into the night if NOx emissions are low.
This makes Os one of the most important oxidants for VOCs during nighttime when the photolytic
production of OH radical stops.
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At sunset, O3 converts NO into NO,, followed by the conversion of NO, to NOs radicals. NOs radical is
another important reactant of BVOCs during the nighttime. It is solely a nighttime oxidant as it is rapidly
converted back to NOyx by its photolysis or reaction with NO during daytime. Typical nighttime
concentrations of NO; radicals range from 10 pptv to 100 pptv in regions where reactive nitrogen oxide
species are available (Platt et al., 1984).

Using typical concentrations of atmospheric oxidants, the lifetime of VOCs can be calculated using
reaction rate constants of the VOCs oxidation reactions. Table 1-2 summarizes the atmosphere lifetime
of VOCs species listed in Table 1-1. Terpenes have shorter lifetimes than smaller VOCs without a C=C
double bonds, as C=C double bonds increase their reactivities towards OH and NOs radicals. Reaction rate
constants of the ozonolysis reactions are more sensitive toward the presence of multiple non-conjugated
C=C double bonds (e.g., limonene, trans-B-ocimene, and sesquiterpenes) than that reactions rates for OH-
and NOs- radical oxidation.

Table 1-2. Selected VOCs listed in Table 1-1 and their lifetimes in the atmosphere with respect to the
oxidation of OH, Os;, and NO; under typical concentrations of oxidants. Reaction rate constants are
retrieved from IUPAC recommended values for a temperature of 298 K (https://iupac.aeris-data.fr/, last
access: 10 July 2023).

Lifetime for reaction with

VOCs OH 0s NOs
(2.0x10°cm?) (7.0x 10" cm?) (2.5x 108 cm?)
Isoprene 14h 1.3 days 16h
a-Pinene 26 h 4.6h 11 min
B-Pinene 1.8h 1.1 days 27 min
Trans-B-ocimene 33 min 44 min 3.0 min
Limonene 49 min 2.0h 5.6 min
Sabinene 1.2h 4.8h 6.7 min
Sesquiterpenes? 42 min 2.0 min 3.5 min
Methanol 6.4 days /P 360 days
Acetone 2.1 days /P <4 years
Ethene and propene 5.2 to 24 days /P < 2 years

3values of B-caryophyllene, ®species do not react with O3
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1.2.4 Recent advances in atmospheric organic peroxy radical chemistry

The chemistry of bimolecular reactions between organic peroxy radicals and other atmospheric radicals
have been studied for many decades (e.g., Adachi and Basco, 1979; Cox and Tyndall, 1980; Sander and
Watson, 1980). With the development of new instruments and advancement in measurement techniques,
also intermediates produced during the atmospheric oxidation of VOCs can be observed. In addition, the
improvement of computing power allows for the evaluation of reaction pathways using computational
chemistry.

One important discovery has been that isomerization reactions of isoprene-derived RO, radicals leading
to the production of OH radicals without the presence of NO are of importance (Crounse et al., 2011;
Fuchs et al., 2013; Peeters et al., 2014; Novelli et al., 2020). This partly explains the deficit of a factor of
up to 10 in model calculations observed for noon-time OH concentrations in a measurement campaign in
rain forest, if only OH productions from photolysis reactions, ozonolysis of VOCs, and HOy recycling
reactions were considered (Lelieveld et al., 2008; Whalley et al., 2011). An analysis of field campaigns in
which OH concentrations were measured suggests modelled OH concentrations start deviating from
measured OH concentrations when NOx mixing ratios were less than 1 ppbv. Regions, in which models
underestimated measured OH concentrations are located in subtropical and temperate forests (Rohrer et
al., 2014).

The study conducted by Novelli et al. (2020) suggests that up to 50 % of OH radicals are regenerated from
RO, isomerization reactions and the photolysis of isomerization products in the oxidation chain of
isoprene at NO mixing ratio less than 0.2 ppbv, which is important in regions like tropical forests. The
result implies that the global OH radical regeneration rate is higher than previously thought, which can
affect the lifetime of greenhouse gases such as methane and pollutants like carbon monoxide.

The mechanism behind the additional OH production from the oxidation of isoprene at low NO mixing
ratios was elucidated by theoretical studies (Peeters et al., 2014). It is found that the H-migration in the
RO; radical derived from the OH-oxidation of isoprene can yield a hydroxy peroxy aldehyde, which can be
photolyzed into products including OH radicals (Fig. 1-4).

Similar isomerization reactions were not observed in the RO; radicals derived from the OH-oxidation of
simple hydrocarbons without specific functional groups, as H-shift reactions in peroxy radicals without
the presence of other functional groups are generally not competitive (kuni < 103 s, Vereecken and
Noziere, 2020). In general, the presence of C=C double bonds and oxygenated functional groups such as
carbonyl and hydroxyl groups increase the isomerization rate. The isomerization reaction rate could span
values from 102 to 103 s (Vereecken and Noziére, 2020; Vereecken et al., 2021), which is equivalent to
the RO; loss rate constant in the presence of 0.01 ppbv to 1000 ppbv of NO.

In some temperate forests with low NO mixing ratios dominated by non-isoprene BVOCs emission, missing
HO> sources were observed (Hens et al., 2014; Kim et al., 2014), demonstrating that current state-of-the-
art atmospheric chemistry models cannot correctly reproduce the HO, concentration in the degradation
of monoterpenes. This has also been shown in the investigation of the degradation of a-pinene and B-
pinene in chamber experiments (Eddingsaas et al., 2012; Kaminski et al., 2017; Rolletter et al., 2019).
There is no definite conclusion on the mechanism behind the missing HO, sources during the oxidation of
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monoterpenes, but it could be related to the isomerization of the RO; radicals derived from the oxidation
of monoterpenes. Due to the complexity of the structure of monoterpenes, the degradation of
monoterpenes involves multiple possibilities of unimolecular reaction pathways and the formation of
intermediate organic compounds. As a result, the construction and evaluation of the degradation
mechanism of a specific monoterpene are often difficult without the identification and quantification of
intermediates.

Apart from explaining the missing HO sources observed in chamber experiments and field measurements,
isomerization reactions of peroxy radicals can explain the observation of highly oxidized molecules (HOMs)
in the oxidation of VOCs (e.g., Ehn et al., 2014; Mentel et al., 2015). HOMs have a high O:C atom ratio of
up to one (Tu et al., 2016) and in general have a high molecular mass. As a result, HOMs have very low
volatility and could readily condense and form secondary organic aerosol (SOA) in the atmosphere. HOMs
were observed in laboratory studies and field measurements (Bianchi et al., 2019). The production of
HOMs from isomerization reactions can be initiated by H-shift or cyclization reactions (Fig. 1-5), which
yield a hydroperoxyl- or peroxyalkyl radical. Instead of dissociating like the hydroperoxyl alkoxy radical
from isoprene (Fig. 1-4), the new alkyl radical reacts with O to form a new RO, radical while retaining its
oxygenated functional groups. Depending on the structure and function groups present in the RO; radical,
the process can be repeated several times which resulted in RO, radicals with many oxygen atoms (more
than 8).

In summary, the discovery of the additional production of OH radicals from the oxidation of isoprene
revealed the importance of peroxy radical isomerization reactions. The isomerization reactions of peroxy
radicals are used to explain the observation of missing HOx radicals during the oxidation of BVOCs, as well
as the production of HOMs. As isomerization reactions are competing with their bimolecular reactions
with NO, the investigation of peroxy radical isomerization requires experimental conditions with low NO
concentrations.
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Figure 1-4. Example of the OH radical regeneration through isomerization of peroxy radical derived from
the OH-oxidation of isoprene. The figure is adapted from Novelli et al. (2020).
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Figure 1-5. Example of an isomerization and oxidation of RO, radicals through H-shift or cyclization.

1.3 Objectives of the thesis

Investigations of the degradation of monoterpenes were mostly conducted for conditions with NO mixing
ratios that are at least one order of magnitude (> 100 ppbv) higher than typical NO mixing ratios found in
the ambient environment. In this case, the lifetime of peroxy radicals is very short. As a result,
unimolecular reactions that may be competitive with bimolecular reactions for ambient conditions could
be overlooked.

So far, only the oxidation mechanism of a few monoterpenes species have been investigated in the
presence of ambient NO mixing ratios including a-pinene (Eddingsaas et al., 2012; Rolletter et al., 2019),
B-pinene (Kaminski et al., 2017; Xu et al., 2019), myrcene (Tan et al., 2021), and A3-carene (Hantschke et
al., 2021). In total, these four monoterpenes species represent about 61% of the total global monoterpene
emission (Sindelarova et al., 2014). Other important monoterpene species that are not well investigated
include trans-B-ocimene (23 % of the total global emission rate), limonene (9 % of the total global emission
rate), and sabinene (7 % of the total global emission rate). In addition, specifically limonene is also
important in urban environments from anthropogenic sources as limonene is one of the most reactive
compounds of volatile chemical products.

In this thesis, the oxidation of imonene and sabinene was investigated in simulation chamber experiments.
Limonene is a monocyclic monoterpene with two C=C double bonds. When one of the C=C double bonds
reacts with OH or O3 to form a RO radical, the RO, radical can undergo fast unimolecular reactions (e.g.,
cyclization, abstraction of allylic H atom) due to the presence of the second C=C double bonds (Mgller et
al., 2020; Chen et al., 2021). These reactions can be important even in polluted regions with moderate NO
mixing ratios. The oxidation of limonene produces harmful organic compounds such as formaldehyde
(HCHO), which could be a health threat indoors if limonene is emitted from the usage of VCPs.

To investigate the oxidation of limonene at different NO concentrations, experiments were conducted in
the SAPHIR chamber with NO mixing ratios ranging from 0 ppbv to 10 ppbv. The yield of HCHO was
calculated and compared to previous studies. In addition, modelled OH, HO,, RO, radical concentrations,
and the OH reactivity were compared to the observations to investigate whether current oxidation
mechanism can reproduce the measurements (Chapter 4).
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The oxidation of sabinene at different NO mixing ratios was also investigated in simulation chamber
experiments. The chemical structure of sabinene is similar to that of B-pinene. Both are bicyclic
monoterpenes with an exocyclic C=C double bond. It is expected that the oxidation of sabinene is similar
to B-pinene. Unlike limonene which has two C=C double bonds, the oxidation of sabinene resulted in
peroxy radicals that do not have another C=C double bond that enhances potential isomerization
reactions. Therefore, it can be expected that isomerization reactions of peroxy radicals derived from the
oxidation of sabinene may be less important, thereby resulting in less oxygenated peroxy radicals.

In this work, reaction rate constants of the OH reaction of sabinene was determined at different
temperatures. Product yields of sabinene oxidation at different NO concentrations were calculated and
compared to values expected from available oxidation mechanisms of sabinene. In addition, the chemical
budgets of OH and RO, radicals during the oxidation of sabinene were analyzed (Chapter 5).

Lastly, the oxidation of a realistic mixture of BVOCs directly emitted from sweet chestnut trees (Castanea
sativa) were investigated in experiments in the atmospheric simulation chamber SAPHIR. Emissions were
collected in the plant chamber SAPHIR-PLUS and then transferred into the SAPHIR chamber. Sweet
chestnut was selected as monoterpenes including sabinene are expected to be the major emission (Aydin
et al., 2014). In contrast to oxidation experiments that only involve one precursor, plant emission
experiments involve multiple precursor species that could better emulate the ambient environment. In
summer 2022, several experiments were performed to investigate the change in plant emissions at
different temperatures (Chapter 6). VOCs emitted by plants and their oxidized products were measured
by online GC-MS/FID and PTR-TOF-MS in the SAPHIR chamber, as well as an offline GC-MS/FID in the
SAPHIR-PLUS chamber. The online GC instrument was calibrated, and its measurements were compared
to the online PTR-TOF-MS measurements as the part of this work. The measured VOC concentrations by
the online measurements in the SAPHIR chamber were used to compare with the OH reactivity
measurement if there was missing OH reactant in the VOC measurements. The chemical budget of OH
radicals was also calculated in the experiments investigating the oxidation of the emissions from sweet
chestnut trees.

21



Introduction

22



Atmospheric Simulation Chamber SAPHIR

2. Atmospheric Simulation Chamber SAPHIR

2.1 The atmospheric simulation chamber SAPHIR

Monoterpenes and plant BVOCs emission oxidation experiments were conducted in the SAPHIR chamber
(Simulation of Atmospheric Photochemistry In a large Reaction Chamber) located at Forschungszentrum
Julich, Germany. It is a large cylindrical-shaped chamber (18 m length, 5 m diameter, 270 m* volume, with
1:1 volume to surface area ratio) made of a double-wall Teflon (FEP) film (Fig. 2-1). The chemical inertness
of the Teflon film and the large volume-to-surface area ratio minimize the wall loss of gas phase species
and aerosols. The Teflon film has a transmittance of 75 % on average for the whole spectrum of solar
radiation (Bohn and Zilken, 2005), allowing photooxidation experiments to be conducted with natural
sunlight. There is a shutter system that can be opened or closed to control whether the sunlight irradiates
the chamber air. The chamber is filled with synthetic air produced from mixing evaporating ultra-pure
liquid oxygen and nitrogen (Linde, > 99.99999 %). The chamber is operated under a slight overpressure of
about 35 Pa above ambient pressure, such that contaminants from the ambient air cannot infiltrate into
the chamber. The overpressure is maintained by continuously flowing pure synthetic air into the chamber
to compensate for small leakages and consumption of air by instruments, which results in a dilution rate
of trace gases of about 4 % h™. The temperature inside the chamber is similar to the ambient temperature
when the shutter is closed, and the temperature can be about 5°C to 10°C higher than the ambient
temperature when the shutter is opened. Two fans are installed at the opposite ends of the chamber to
ensure a thorough mixing of the air. Instruments are located in sea containers underneath the chamber.
Most instruments sample air through Teflon inlet lines to reduce the loss of analytes.

Figure 2-1. The SAPHIR chamber at Forschungszentrum Jilich. Copyright “Forschungszentrum Jilich /
Sascha Kreklau”
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2.2 Trace gas emissions from the chamber

Upon illumination, trace gases including nitrous acid (HONO), formaldehyde (HCHO), and acetone are
formed and released from processes on the surface of the chamber. The emission rates of these trace gas
species are characterized for the calculation of product yields and the chemical budget of OH radicals in
this study. Emission rates of these trace gases species can be described by their source strength Sy, which
depend on temperature (7, in K), relative humidity (RH, in %), and radiation. An empirical parameterization
of the source strength for HONO was derived by Rohrer et al. (2005). Source strengths for HCHO and
acetone were also derived similarly to that of HONO:

, RH 2 3950 )

SHONO = CHONO " JNO, (1 + E) exp(—=-) Equation 2-1
. 2876 .

ScHo = CucHo *JNo,(0.21 + 0.026RH) exp(———-) Equation 2-2
. 2876 )

Sacetone = Cacetone *JNO, (0.21 + 0.026RH) exp(— T) Equation 2-3

The dependence of the source strength Sx on the radiation strength is expressed as a function of the
photolysis rate constant of NO: (jnoz). The empirical constants cx are determined from the increase of trace
gas concentrations during the zero-air phase of experiments in this work, when the clean chamber was
illumined for about 30 minutes to 2 hours at the beginning of every experiment before the injection of
VOCs. It is assumed that values of ¢ do not change during an experiment within a day. Typical production
rates of HONO, HCHO, and acetone from chamber sources are around 0.2 ppb hr to 0.8 ppbv hr?,

2.3 The SAPHIR-PLUS Chamber

The SAPHIR-PLUS chamber is a gas exchange chamber housed in a sea container (dimension: 2.39 m x
3.84 m x 2.84 m) located next to the SAPHIR chamber. SAPHIR-PLUS can house the canopy of up to six
trees in a Teflon bag under controlled conditions (Fig. 2-2). The detailed description of SAPHIR-PLUS can
be found in Hohaus et al. (2016). In brief, SAPHIR-PLUS consists of three components, (1) the gas exchange
chamber, (2) the interspace between the exchange chamber and the exterior, and (3) the lighting unit.

In the gas exchange chamber, biogenic emissions from plants are collected and then transferred to the
SAPHIR chamber by a gas exchange flow. The volume of the Teflon bag that encloses the canopies is
around 9 m3 (dimension: 1.80 m x 3.52 m x 1.45 m). The bottom of the chamber has an aluminum surface
with six holes, in which the stems of the trees are sealed against the gas-exchange volume. Therefore,
emissions from the soil cannot enter the gas exchange chamber. During the collection of VOCs emitted by
the plants, the gas exchange chamber is flushed with synthetic air mixed with CO,, resulting in a CO,
mixing ratio of 400 ppmv. The chamber is operated under a slight over-pressure of around 50 Pa above
atmospheric pressure. When the valve that controls the air flow between the two chambers is opened,

24



Atmospheric Simulation Chamber SAPHIR

emitted VOCs are transferred from the SAPHIR-PLUS chamber to the SAPHIR chamber due to the pressure
difference.

The space underneath the aluminum plate constains the plant pots and connections of various sensors.
For each plant pot, there is an automatic irrigation system and a soil humidity sensor. The temperature of
the interspace and gas exchange chamber is controlled by heat exchange panels embedded in the walls
of the SAPHIR-PLUS chamber. The interspace is flushed with synthetic air and the pressure is about 30 Pa
lower than that of the gas exchange chamber, so that contaminants in the interspace cannot leak into the
gas exchange chamber.

The lighting unit is installed at the ceiling of the chamber. Glass panes are installed to prevent the gas
exchange chamber from heating up by the lighting. The spectrum of the light unit ranges from 400 nm to
700 nm, with a bimodal bell-shaped characteristic with maximum intensities at wavelengths of 440 nm
and 570 nm. The intensity of the photosynthetically active radiation (PAR) can be adjusted between 0 to
800 umol m2s ! to emulate the change in light intensity within the diurnal cycle.

Saphir
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o | LED panels
< | Glass ceiling
Transfer G h
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Figure 2-2. Schematic diagram of the SAPHIR-PLUS chamber. Figure adapted from Hohaus et al. (2016).
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2.4 Instruments at the SAPHIR chamber

A large suit of instruments is available at the SAPHIR chamber. Table 2-1 summarizes the instruments that
are involved in this study. This study focuses on the interpretation of measurements of radical and trace
gas concentrations and the instruments are described in the following sections.

Table 2-1. Instrumentation for radical and trace-gas measurements that were used in the chamber
experiments in this work.

Species Method Time 1-0 precision 1o Reference /
resolution accuracy Manufacturer
DOASP 205s 0.8 x 106 cm~3 6.5% Dorn et al. (1995)
OH
LIFe 47 s 0.3x106cm™3 13% Fuchs et al. (2011)
HO,, RO, LIF 47 s 1.5x 107 cm™3 16 % Fuchs et al. (2011)
OH reactivity Laser flash photolysis + 180s 03s? 0.5s1 Fuchs et al. (2017)
LIF
NO Chemiluminescence 60s 20 pptv 5% Eco Physics
NO, Chemiluminescence + 60s 20 pptv 5% Eco Physics
photolytical converter
HONO LOPAPH 300s 3 pptv 10 % Li et al. (2014)
03 UV absorption 180s 60 pptv 5% Ansyco
Cy and Cyo VOCs? PTR-TOF-MSe 40s 10% h Lindinger et al. (1998)
Limonene GC-FIDf 45 min 4%—-8% 5% Kaminski (2014)
Hantzsch 60s 25 pptv 8.6 % Glowania et al. (2021)
Formaldehyde DOAS 100 s 20% 7% Hausmann et al. (1997)
CRDS® 60s 90 pptv 10 % Glowania et al. (2021)
PTR-TOF-MS 40s 5% 5% Lindinger et al. (1998)
Acetone
GC-FID 45 min 4%-8% 5% Agilent
Photolysis Spectroradiometer 60's 10% 18% Bohn et al., (2005)

frequencies
?Including limonene, sabinene, and sabinaketone. "Differential optical absorption spectroscopy ‘Laser-

induced fluorescence YLong path absorption photometer ®Proton-transfer time-of-flight reaction mass
spectroscopy fGas chromatography coupled with flame ionization detector &Cavity ring down
spectroscopy "limonene (14 %); sabinene (25 %); sabinaketone (50 %). Only the measurements of
limonene was calibrated in the instrument. Concentrations of sabinene were determined by the OH
reactivity increase right after its injections; concentrations of sabinaketone were determined based on
the measurement sensitivity of structurally similar nopinone in the instrument.
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2.4.1 Measurements of radical species

Two instruments were used for the measurement of radical concentrations in the SAPHIR. The instrument
using differential optical absorption spectroscopy (DOAS) measures the concentration of OH radicals.
Another instrument that is based on laser-induced fluorescence (LIF) measures the concentrations of OH,
HO,, and total RO; radicals.

The detection of OH concentrations with DOAS is based on the measurement of the absorption of UV
radiation by OH radicals at 308 nm. In general, the absorption of the radiation is described by Beer—
Lambert's law, which includes the absorption cross-section of the species of interest and the length of the
optical path. The long optical path (2240 m, Schlosser et al., 2007) in the SAPHIR chamber allows a highly
sensitive measurement, which is achieved by using a multiple-reflection cell. Additional light extinction
attributed to Rayleigh scattering and Mie scattering, broad-band spectral absorption structures are
separated from fingerprint, narrow-band spectral absorption lines by a mathematical fit procedure that
is similar to a high pass filter. The obtained narrow-band spectral structure spectrum is then fitted to a
superposition of reference absorption spectra of absorbers that are relevant in this wavelength region.
Reference spectra are taken from literature or were determined in characterization experiments in the
past. In this way, OH concentrations and trace gas (e.g., HCHO and SO) in the probed air are derived. The
DOAS method is an absolute measurement, which does not require calibrations for the instrument. In
SAPHIR, the DOAS instrument can also to measure the concentration of formaldehyde.

Measurement of OH concentrations using LIF is based on the measurement of the fluorescence signal
emitted from excited OH radicals. In the SAPHIR chamber, about 1000 cm? min of air is sampled into a
low-pressure fluorescence cell. OH radicals are excited by a short laser pulse at 308 nm. The subsequent
fluorescence signal is measured by a single photon-counting system (Fuchs et al., 2011). The instrument
is regularly calibrated using OH radicals generated from the photolysis of water vapor at 185 nm using a
mercury lamp. In general, OH concentrations measured by LIF agree with that of measured by DOAS within
the combined 1o accuracies of 13 % and 6.5 %, respectively (Fuchs et al., 2012; Cho et al., 2021).

HO; and total RO, concentrations are measured indirectly in two separate low pressure fluorescence cells
of the LIF instrument. In the HOx cell, where the HO, concentrations are measured, NO is added to the air
to convert HO; radicals into OH radicals. The concentration of NO is carefully selected so that the potential
formation of HO, from the concurrent conversion of RO> radicals is minimized (Fuchs et al., 2011). The
total OH fluorescence signal measured reflects the concentrations of HO (the sum of OH + HO>) in the air
sample and the HO; concentrations can be derived from the difference in the fluorescence signals
between the HO4 cell and OH cell after taking into account the differences in sensitivities. The
measurement of RO, radicals concentrations is done in the RO cell, where the air sample is first converted
to HO; by adding NO and CO in a conversion reactor. The air is then transferred into the low-pressure
fluorescence cell, where HO; is converted to OH by excess NO, followed by the measurement of OH by
LIF. The RO; concentrations can be derived from the difference in the fluorescence signal between the
ROy cell and HOx cell after taking into account the differences in sensitivities.
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2.4.2 Measurements of the OH reactivity (kon)

The OH reactivity is the reciprocal of the chemical lifetime of the OH radical. It is measured using an
instrument based on laser flash photolysis combined with laser-induced fluorescence (LP-LIF, Lou et al.,
2010; Fuchs et al., 2011). In this instrument, OH radicals are generated in-situ in a flow tube from the
photolysis of ozone in the presence of water vapor using a low repetition laser (1 Hz) at 266 nm. The OH
produced from the flash photolysis reacts then with the OH reactants present in the sampled air which
leads to a decay of the OH concentration. The decay in the OH concentration is observed with a high time
resolution (1 ms). A small fraction of the air is sampled into a fluorescence cell after exciting them by short
laser pulses at 308 nm with a high frequency of 8.5 kHz. The loss rate of the OH in the flow tube can be
expressed as:
d[OH]

—o = — Zilkon+x,[X;] [OH]) Equation 2-4

where kow:x is the reaction rate constant of the reaction between OH and reactant X Since the
concentrations of OH reactant concentration are much higher than the OH concentrations, the reaction
can be regarded as a pseudo-first order reaction ([Xj] is a constant). By solving the differential equation
Equation 2-4, the OH concentration in the flow tube exponentially decays with a decay constant of
Yilkonsxi[XT1):

[OH] = [OH], exp(Z;(kon+x,[X:Dt) Equation 2-5

The decay constant Yi(kon+x[Xi]) is the OH reactivity and it can be determined by fitting the decay curve of
the OH concentration to a single-exponential function.

kon = Xi(kon+x,[Xi]) Equation 2-6

2.4.3 Measurements of volatile organic compounds (VOCs) with PTR-TOF-MS

The concentrations of VOCs concerned in this study were measured online by proton-transfer-reaction
time-of-flight mass spectrometry (PTR-TOF-MS). The measurement is based on the reaction target VOCs
and H30" ions and the detection of [VOC-H]® ion by the mass spectrometer. It can measure both
oxygenated and non-oxygenated VOCs such as monoterpenes and their oxidation products. The
instrument has a high time resolution of 1 minute. However, it cannot resolve isomers such as different
monoterpene species. This drawback is specifically apparent in the plant emission experiments, where a
mix of monoterpene species were present during the experiment.

The instrument is regularly calibrated with commercially available gas standards. In chamber experiments
of a single monoterpene species, concentrations of the injected species can be derived from OH reactivity
measurement, if that species are not included in the gas standard. For species that are not injected into
the chamber, their concentrations are calculated by their estimated measurement sensitvitiy.

In the sabinene oxidation experiment (Section 4), the injected sabinene concentration can be inferred
from the increase in OH reactivity right after its injection using the reaction rate constant of the reaction
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in sabinene with OH radicals (Equation 2-3). Therefore, the ion mass signal of the PTR-TOF-MS instrument
can be scaled to match the increase of OH reactivity. For species that could not be determined by this
method such as the oxidation product of monoterpene (e.g., sabinaketone). The measurement sensitivity
can be estimated based on its molecular formula and functional groups. For sabinaketone, an oxidation
product of sabiene, its concentrations were derived from the measurement sensitivity of nopinone in the
PTR-TOF-MS instrument, assuming that the instrument has the same sensitivity for both compounds. This
assumption has an uncertainty of 50 % based on the result in Sekimoto et al. (2017).

2.4.4 Measurements of VOCs by gas chromatography (GC)

As part of this PhD.work, GC measurements were established for the detection of monoterpenes in the
chamber experiments. Online measurements were conducted with a GC (Agilent, Santa Clara, USA)
equipped with a flame ionization detector (FID) and a mass spectrometer (MS) (Fig. 2-3).

Air sample is continuously sampled from the SAPHIR chamber and transferred to the GC. VOCs are first
sampled in a cryogenic cooled thermal desorption system (GERSTEL, Germany) for about 15 minutes
through enrichment on an adsorbent. The thermal desorption system is then heated and the VOCs are
injected into two separate GC columns (DB-624, Agilent). The columns are heated with a programmed
temperature ramp from -150 °C to 270 °C for 25 minutes. VOCs species are then separated based on their
adhesion strength on the coating material inside the column. One GC column is connected to the FID
detector that is used to quantify the analyte; another GC column is connected to the MS that is used to
identify the analyte. The time resolution of the GC measurements is about 45 minutes.

The GC instrument is regularly calibrated with a gas standard containing 64 compounds which are diluted
to concentirations range between 1 ppbv — 50 ppbv. For species that are not included in the gas standard,
it is calibrated with a diffusion source if a liquid sample is available (Fig. 2-3). To calibrate the instruments
with a diffusion source, a few grams of the liquid sample is placed in the diffusion source for a few days
to stabilize under a controlled environment with a constant temperature and a constant carrier gas flow.
The evaporation loss rate of the liquid sample, which can be used to calculate the gaseous concentration
in the instruments, is then determined by successively weighting the liquid sample with a precise balance
over time with a typical duration of several days. The method was applied to determine the for B-
ocimenes required for the analysis of the plant emission experiments in the SAPHIR chamber (Section 2.6).

In addition to the online GC measurements in the SAPHIR chamber, an offline GC-FID/MS was setup to
measure VOCs emitted from plants in the SAPHIR-PLUS chamber. A small amount of air was sampled from
the SAPHIR-PLIS chamber and passed through a Tenax® TA Tube for 90 minutes to 150 minutes to collect
the VOCs. The flow rate of the sampling line from the SAPHIR-PLUS to the Tenax® TA Tube was recorded
for the calculation of the total volume of sampled air passing through the absorbent. Tenax® TA Tube used
for the measurements were then analyzed with a GC instrument.
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Figure 2-3. The simplified schematic diagram of the GC instrument at the SAPHIR chamber. A diffusion
source was set up to measure to VOCs species that are not included in the gas standard. Abbreviation:
MFC (mass flow controller); EI-MS (electron ionization mass spectrometer)
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2.5 Monoterpene oxidation experiments in the SAPHIR chamber

To investigate the oxidation of monoterpene at atmospherically relevant conditions, experiments were
conducted under NO mixing ratios from zero to 10 ppbv. Experiments can be divided into four groups,
which are based on their NO mixing ratios:

e ozonolysis experiments (zero NO) (e.g., Fig. 2-4)

e photooxidation experiments with low NO mixing ratios (e.g., Fig. 2-5)

e photooxidation experiments with medium NO mixing ratios (e.g., Fig. 2-6)
e photooxidation experiments with high NO mixing ratios (e.g., Fig. 2-7)

Ozonolysis experiments were conducted in the dark chamber, so that there was no production of NO from
the photolysis of HONO (Section 2.2). At the beginning of the ozonolysis experiments, about 5 ppbv of
monoterpene was injected into the chamber followed by several injections of Os; with concentrations
ranging from 50 to 160 ppbv. The monoterpene was allowed to react with Os for several hours until it was
nearly completely consumed. OH radicals were produced from the ozonolysis of monoterpenes and they
also reacted with monoterpenes. Depending on the consumption rate of the monoterpene, additional
monoterpene of several ppbv was injected into the chamber after 2 hours to replenish the consumed
monoterpene. After four hours of the experiment, about 100 ppmv of carbon monoxide (CO) was injected
into the chamber. CO scavenges the OH radicals produced from the ozonolysis reaction, such that the
monoterpene reacted exclusively with O3 after the injection of CO. With 100 ppmv of CO, over 95 % of
the OH radical reacted with CO whereas less than 5 % of the OH radical reacted with monoterpene. O3
was injected again into the chamber 15 minutes after the injection of CO for replenishing the loss of O3
from dilution in the chamber and its chemical loss in the reaction with monoterpene. After the injection
of CO, about 5 ppbv of monoterpene was injected to the chamber and allowed to react for another 4
hours. Again, depending on the consumption rate of monoterpene, an additional 5 ppbv of monoterpene
was injected into the chamber one more time during this phase of the experiment. Figure 2-4 illustrates
typical trace gas and radical concentrations of one of the ozonolysis experiments.
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Figure 2-4. Overview of the radicals and trace gas measurements of one of the monoterpenes (sabinene)
ozonolysis experiments. The black lines indicate when sabinene was injected into the chamber. The red
line indicates when CO was injected into the chamber. The injection of CO suppressed the OH
concentrations and increased the HO, concentration. OH reactivity (kon) was too high (~500 s?) to be
measured after the injection of CO.

Photooxidation experiments were conducted in the illuminated chamber. Before the injection of
monoterpenes, the chamber roof was opened for 30 minutes to 2 hours for determining the production
rates of chamber-emitted species including HONO (Section 2.2). After that, about 2 ppbv to 6 ppbv of
monoterpene was injected into the chamber to start the photooxidation experiment. Depending on the
experiment, additional monoterpene (2 ppbv to 6 ppbv) was added into the chamber when nearly all
monoterpene was oxidized. This was repeated once to twice over the course of an experiment.

In photooxidation experiments with medium NO mixing ratios, experiments were conducted following
the procedure described above. NO mixing ratios were typically between 0.2 ppbv and 0.5 ppbv.

In photooxidation experiments with low NO mixing ratios, NO concentrations were further suppressed.
This was achieved by adding about 60 ppbv to 100 ppbv of O; at the start of the experiment, so that NO
mixing ratios were below 0.25 ppbv due to its reaction to Os. The composition of RO, radicals in
experiments with low NO mixing ratios was different from that in experiments with medium NO ratios, as
the ozonolysis of monoterpenes gained importance at higher O; concentrations. Less than 10 % of
monoterpene was lost in the reaction with O3 in experiments with medium NO mixing ratio, whereas
depending on the Os concentration, about 30 % to 60 % of monoterpene was lost in the reaction with Os
in the experiments with low NO mixing ratios. Figure 2-5 and 2-6 illustrates typical trace gas and radicals
concentrations of one of the photooxidation experiments at low NO mixing ratio and medium NO mixing
ratio, respectively.
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Figure 2-5. Overview of the radicals and trace gas measurements of one of the monoterpenes (limonene)
photooxidation experiments with low NO mixing ratios. The black lines indicate when limonene was
injected into the chamber. The leftmost red line indicates the injection of Oz into the chamber; the second
leftmost red line indicates the opening of chamber roof.
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Figure 2-6. Overview of the radicals and trace gas measurements of one of the monoterpenes (limonene)
photooxidation experiments at medium NO mixing ratios. The black line indicates when limonene was
injected into the chamber. The red line indicates the opening of chamber roof.
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Only one experiment was conducted to investigate the photooxidation of limonene under high NO mixing
ratios (Section 4). In that experiment, NO concentrations were further elevated by injecting about 15 ppbv
of NO during the zero-air phase of the experiment. About 10 ppbv to 12 ppbv of limonene was injected
into the chamber (Fig. 2-7).
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Figure 2-7. Overview of the radicals and trace gas measurements of the limonene photooxidation
experiments with high NO mixing ratios. The black lines indicate when limonene was injected into the
chamber. The leftmost red line indicates the injection of NO into the chamber; the second leftmost red
line indicates the opening of chamber roof.
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2.6 Plant emissions oxidation experiments conducted with the
SAPHIR-PLUS and the SAPHIR chamber

Sweet chestnut trees of around 1 year old were used in the experiments investigating the emissions of
trees. The trees were first placed outside under natural conditions with automatic irrigation for several
months before the experiment. Four months before the start of the experiment, six trees were transferred
into the SAPHIR-PLUS chamber for acclimating to the conditions inside (Fig. 2-8). To induce an early leaf
emergence of the trees, the temperature inside the SAPHIR-PLUS chamber was maintained at around 25
°C. The trees were trimmed before being transferred into the SAPHIR-PLUS chamber.

In total five experiments were conducted in June and July 2022. For each experiment, the valve connecting
SAPHIR-PLUS and the SAPHIR chamber was opened to transfer of VOCs into the dark clean SAPHIR
chamber. The transfer process took about 1 to 2 days until the VOC concentration in the SAPHIR chamber
were high enough, which was determined from OH reactivity measurements in the SAPHIR chamber. The
OH reactivity of plant emissions that could be achieved was very low (~2.5 s), when the SAPHIR-PLUS
chamber was kept at ambient temperature (~25 °C). As emissions of monoterpenes from plants are known
to increase with high temperature (Guenther et al., 1991), VOCs emissions were induced by increasing
the temperature of SAPHIR-PLUS to around 30 °C to 35 °C. This was achieved by steadily ramping up the
temperature in the SAPHIR-PLUS chamber two days before the transfer of VOCs. The maximum OH
reactivity of the plant emissions in the SAPHIR chamber for a high temperature of the SAPHIR-PLUS
chamber was 9 s to 17 s™. The valve connecting the SAPHIR-PLUS and SAPHIR chamber was closed 1 hour
before the start of the oxidation of plant emissions. The temperature of the SAPHIR-PLUS chamber was
then gradually lowered to ambient levels (~25 °C) after the valve was closed to prevent prolonged heat
stress on the plant that may affect the emission in the future (e.g., Kleist et al., 2012).

Three photooxidation and one ozonolysis experiments were performed (Table 2-2). Photooxidation
experiments (04, 12, and 18 July 2022) were conducted with the opened chamber roof. In the experiment
on 12 July 2022, about 10 ppbv of O3 was injected 5 minutes after the opening of chamber roof to reduce
the NO concentrations in the chamber. In the ozonolysis experiment, about 10 ppbv O3 was injected into
the dark chamber to initiate oxidation.

Concentrations of VOCs species were measured by GC-FID and PTR-TOF-MS in the SAPHIR chamber before
and during the oxidation experiments to identify VOCs that were emitted from plants and produced during
the oxidation of the emitted VOCs. The transfer efficiency of typical plant-emitted BVOCs from the
SAPHIR-PLUS to the SAPHIR chamber was characterized in Hohaus et al. (2016) for different conditions.
On average, only around 20 % of the VOC was lost during the transfer process, and no significant
differences among various VOCs were observed. This indicates that the distribution of VOCs species
measured in the SAPHIR chamber accurately represents the emissions of the plants.
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Figure 2-8. Sweet chestnut trees were placed inside the SAPHIR-PLUS chamber.

Table 2-2. Experimental conditions of the plant emissions oxidation experiments. Values of Tsaprir-pLus Were
the mean temperature in the SAPHIR-PLUS chamber during the transfer of VOCs from SAPHIR-PLUS to the
SAPHIR chamber; values of kow_sapnir Were the maximum OH reactivity reached in the SAPHIR chamber
contributed from the plant emissions; values of Os sapnir, NOsapnir and OHsapwir Were the mean
concentrations during the oxidation of the main plant emissions, which were derived from the time when
the fastest decrease in OH reactivity was observed.

Date Tsaptir-pius(°C)  kow_sapmir (S) Injected O3 O3 sapHir NOsaptir OHsapHir
(ppbv) (ppbv) (ppbv) (10° em®

’)

29 June ambient 2.5 45 / / /

2022°

04 July 2022 30 13 / 5 0.6 10

12 July 2022 31 17 10 15 0.4 10

18 July 2022 28 11 / <5 1.0 15

25 July 2022° 31 9 10 10 0 <1

3Concentrations of OH-reactive VOCs were to low to be analyzed "Dark experiment
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3. Methods for analyzing SAPHIR experiments in
the SAPHIR chamber

3.1 Determination of the reaction rate coefficients of the oxidation of
monoterpenes

This section describes the methods that were used to determine the reaction rate coefficients of the
oxidation of monoterpene by OH radicals (kvocson) and Os (kvoc+o3). Methods were developed and applied
for the investigation of the reaction rate coefficients of the oxidation of sabinene, because only a few
experimental data is available (Atkinson et al., 1990b). For the reaction rate coefficients of the oxidation
of limonene, IUPAC has already proposed recommended reaction rate coefficients based on numerous
experimental data (https://iupac.aeris-data.fr/, last access: 14 September 2023). Therefore, the reaction
rate coefficients of the oxidation of limonene are not determined in this study. However, the method can
be applied for investigating the reaction rate coefficient of OH- and Os-oxidation for other VOCs.

3.1.1 Reaction rate coefficient of the ozonolysis reaction of sabinene kSAB+03 in
chamber experiments

In this section, the method to determine the reaction rate coefficient of the ozonolysis reaction of
sabinene is presented. This method can also be generalized to other VOCs ozonolysis experiment
performed in the SAPHIR chamber (Section 2.5, Fig. 2.4), where the VOC is oxidized by Os in the presence
of an OH scavenger.

The loss rate of sabinene during an oxidation experiment in the SAPHIR chamber can be described by the
differential equation:

d[SAB .
% = —[SAB](ksap+0,[03] + ksap+on[OH] + kqi1) Equation 3-1
where ksag+on is the reaction rate coefficient of the photooxidation of sabinene; and kqi is the dilution rate
coefficient of the chamber determined from the flow rate of the replenish air. An OH scavenger was added
to the chamber air around halfway of the ozonolysis experiments and consumed more than 95 % of the
OH radicals (Section 2.5, Fig. 2.4). In this case, Equation 3-1 can be simplified to

d[SAB] _

— [SAB](ksap+0,[03] + kain) Equation 3-2

By solving the differential equation Equation 3-2, the reaction rate coefficients ksas+03 can calculated from
the integrated loss of sabinene to O; and dilution within the time interval ’=0to t’=t:

[SAB] t t
In [SAB](: = kSAB+03f0 [03],dt’ +f0 kandt’ Equation 3-3
k _ ln[[?:l';]]g —_]‘Ot kdildt, )
SAB+0; — fot[oz]t,d“ Equation 3-4
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The uncertainty of the reaction rate coefficient ksag+03 determined with this method is about 25 %, which
is associated with the precision of the sabinene concentrations measurements (10 %), the accuracy of the
O3 measurements (5 %), and the choice of the time interval for the calculation. The error from the
accumulated dilution loss is insignificant as less than 5 % of sabinene was lost by dilution. The value of
ksas+o3 in Equation 3-4 depends on the time interval of integration. The integration starts at the time when
the sabinene concentration reached its maximum for each injection of sabinene until the end of the
experiment or the next sabinene injection, which is about 1 hour to 2 hours after the injections of sabinene.
The value of rate coefficient ksas:o3 is then determined from the mean value of ksas+03 calculated from
every integration time step.

3.1.2 Determination of the temperature-dependency of the reaction rate coefficient
of the photooxidation reaction in OH reactivity measurements

In this section, the setup and the method to determine the temperature dependence reaction rate
constant of the OH-oxidation of sabinene (ksas:on) at temperatures between 284 K and 340 K with OH
reactivity measurements are presented. The principle of the OH reactivity measurement with laser flash-
photolysis laser-induced fluorescence can be referred to the description in Section 2.4.2. Again, this
method can be generalized to other VOCs.

First, a gas canister containing a mixture of sabinene in synthetic air was prepared by evaporating liquid
sabinene in an evacuated SilcoNert coated canister (Roth Chemicals, GC grade, purity > 98 %). The
sabinene vapor was then mixed with pure synthetic air prepared from ultra-pure liquid nitrogen and
oxygen (79 % N, 21 % O,, Linde, purity > 99.9999 %) resulting in a sabinene mixing ratio of 6 ppmv. The
concentration of sabinene was determined with the total organic carbon (TOC) method, in which sabinene
was first flowed through a pre-oven at 760 °C (1033 K) and then over a palladium catalyst at 500 °C (773
K). Sabinene was completely oxidized by the palladium catalyst and the concentration of the carbon
dioxide produced from the oxidation was measured with a cavity ring-down spectrometer (CRDS, Picarro).
Assuming that all carbon stems from sabinene, its concentration in the canister can be calculated from
the measured CO; concentration.

In the OH reactivity instrument, a flow of 10 sccm sabinene was mixed with 20,000 sccm of humidified
synthetic air with water mixing ratio of about 1.0 % together with Os. The temperature of the flow tube is
controlled by circulating water which temperature can be changed within a range of 10 °Cto 70 °C (283 K
to 343 K). The temperature is monitored with two PT100 temperature sensors. All flows were controlled
by calibrated mass flow controllers. The sabinene mixing ratio in the flow was circa 5 ppbv. The O3
concentration in the flow tube was 22 ppbv measured by an O; analyzer.

In total, three experiments were performed to measure the rate coefficients of the reaction of sabinene
and OH (ksas+on) at seven different temperatures between 10 °C to 70 °C (283 K to 343 K). Two batches (A
and B) of sabinene gas mixtures were measured, with batch A being measured twice. After reaching a
stable temperature, the OH reactivity of the air without sabinene (zero reactivity) was first measured for
about 30 minutes, followed by the measurement of air with sabinene for another 40 minutes. The

38



Methods for analyzing SAPHIR experiments in the SAPHIR chamber

procedure was then repeated at different temperatures. The OH reactivity of air with sabinene was
subtracted by its corresponding zero reactivity ranging from 2 s to 3 s*. The rate coefficient of the OH
reaction was calculated by using the sabinene concentration in the canister ([SAB]o) and the dilution factor
fai determined from the flow rates:

ksap+on = konsas * ([SABo * fai) ™" Equation 3-5
The determination of the sabinene concentration in the canister with the TOC method is the predominant
contributor to the uncertainty of the calculated reaction rate coefficients, resulting in uncertainties of
about 2.5 % to 5.0 %. The loss of sabinene to O3 can be neglected (0.005 % at 293 °C) due to low ozone
concentration and the short residence time of less than two seconds in the flow tube. The temperature
dependence of the reaction rate coefficient ksas:on can be expressed by the Arrhenius equation:

ksap+ou(T) = A-exp (— i—;\) Equation 3-6

where A is a pre-exponential factor, Ex is the activation energy, T is the temperature and R is the universal
gas constant. The temperature dependence coefficient -Ea/R is determined by a regression analysis of the
logarithm of the reaction rate coefficient ksas.on as a function of the inverse temperature.

3.1.3 Determination of the reaction rate coefficient of the photooxidation reaction
kvoc+on in chamber experiments

The reaction rate coefficient of the oxidation reaction of sabinene by OH radicals can also be determined
from the chamber experiments. This was done by conducting model simulations using a simplified
chemical model as described in Hantschke et al. (2021).

The rate coefficient ksas+on Was determined by minimizing the root-mean-square error between sabinene
concentrations measured by the PTR-TOF-MS instrument. The simplified model includes the chemical loss
of sabinene by the reactions with OH and Os, and by dilution. OH and Os concentrations were constrained
to measurements. No further other secondary chemistry was included. The rate coefficient ksas:o3
implemented in the model is adopted from literature value determined in room temperature (8.3 x 10"/
cm? s, Cox et al., 2020), where the temperature is similar to the photooxidation experiments in SAPHIR.

Model simulations were only conducted for experiments with medium NO mixing ratio (Section 2.4),
because the contribution of the OH reaction to the total loss of sabinene was more than 90 % in these
experiments, such that the loss of sabinene to Os can be neglected. A value of the reaction rate coefficient
ksas+on Was obtained for each injection of sabinene in the experiments with medium NO mixing ratio and
each available OH instrument. The mean and standard deviation of the rate coefficient are then calculated
from every injection. Since the chamber temperature varied from 20 °C to 35 °C (293 K to 308 K) between
different photooxidation experiments with medium NO mixing ratios, the value of the reaction rate
coefficient ksas:on With this method could only represent the rate coefficient at near room temperature.
Therefore, the reaction rate coefficient ksag+on determined from the chamber experiment was only used
to validate the value determined from the laboratory experiments using OH reactivity measurements.
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3.2 Calculation of product yields
3.2.1 Calculation of the VOCs yield

Product yield of VOCs from the oxidation of monoterpenes can be calculated from the chamber
experiments if they are measured by PTR-TOF-MS. The calculation of the product yield of VOCs species
followed the method adopted in Kaminski et al. (2017) and Rolletter et al. (2019), in which the measured
concentrations of organic products are corrected for their production from chamber emissions and loss
due to dilution, photolysis, and chemical loss in their reaction with OH. Using product species x as an
example, the loss rate can be expressed as:

Xioss = —(kai + Kxronl[OH] + ji)[x] Equation 3-7
where [x] is the concentration of the product species; kqii is the dilution constant measured during the
experiment; ky.on is the reaction rate coefficient of the reaction between species x with OH; j is the
photolysis rate coefficient for species x. If available, values of reaction rate coefficient ky.on are taken from
IUPAC recommendations (e.g., HCHO and acetone). For species that do not have a recommended ky.on
value by IUPAC, literature values are used instead (e.g., sabinaketone from the oxidation of sabinene).
Values of photolysis rate constant jx were measured for HCHO (jucho) and acetone (jacetone) in the
experiments. For product species that do not have a measured photolysis rate constant, it is assumed
their photolysis rate constants are similar to jucio Or jacetone, Which depends on the functional groups
present in that species.

For the determination of HCHO and acetone yields, their concentrations are further corrected by their
production rates from the chamber source (Qx) that are determined by matching the increase of HCHO
and acetone concentrations during the zero-air phase (Section 2.3). For species that are not produced
from the chamber, the value of Q« is zero.

The corrected concentration of product species ([x]corr), Which is the concentration of the target species
produced solely by the oxidation of monoterpenes, is then iteratively calculated using the following
formula:

[x]corrpr1 = [x]; + (Xlosst - th)At Equation 3-8

The yield of product species can be calculated by comparing [x]corr to the amount of reacted monoterpene.
The amount of reacted monoterpene ([terpene]reacted) can be calculated with the following equation:

t=ts .
[terpene]reactedt, = Ji=o ([terpene]; - (kterpene+on[OH]: + kterpene+o,[03])) dt Equation 3-9

where [terpene]reacted ¢ is the total amount of reacted terpene at time t'.

3.2.2 Calculation of the organic nitrate yield

The calculation of total organic nitrate yield of the photooxidation of monoterpenes and other VOCs
requires measurements of NO, NO,, and HONO mixing ratios. The method follows the description in Tan
et al. (2021) and Hantschke et al. (2021), which is based on the difference between the total nitrogen
production in the chamber and the concentrations of nitrogen species except organic nitrates.
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Figure 3-1 illustrates the nitrogen chemistry considered in the calculation of the organic nitrate yield of
the photooxidation of VOC. The total production of nitrogen oxides from the chamber can be calculated
from the well-defined source strength of HONO (Q(HONO)), since HONO is the only source of the reactive
nitrogen in the chamber. HONO produced from the chamber is photolyzed by sunlight to form OH radicals
and NO. Under typical conditions, the lifetime of HONO due to photolysis is about 30 minutes. As HONO
can be reformed by the reaction in NO with OH radicals, a photostationary state between OH, NO, and
HONO is reached within several minutes. If there is a small change in the intensity of radiation that affects
the chamber source strength Q(HONO) and photolysis frequency juono, concentrations rapidly re-
equilibrate in the photostationary state, the production of HONO from the chamber emission and the
reaction of OH and NO is balanced by the loss of HONO from photolysis. The source strength Q(HONO)
can then be calculated from measured HONO, OH, and NO concentrations, as well as the measured
photolysis rate juono:

d[HONO] _

it Q(HONO) _jHONO[HONO] + kOH+NO[OH] [NO] =0 Equation 3-10

Q(HONO) = jHONO[HONO] - k0H+NO[OH] [NO] Equation 3-11

The concentration of NO, (=NO, + NO + HONO) is the total reactive nitrogen accumulated over the course
of the experiment after taking account into the accumulated loss of NO,. Loss processes of NO, include
dilutions, the production of nitric acid (HNOs) from the reaction in NO, and OH radicals, and the
production of organic nitrates (RONO;) from the reaction of NO with RO, radicals. It is assumed that nitric
acid and organic nitrates do not photolyze back to NO,. In addition, the calculation does not consider the
potential production of peroxyacetyl nitrates (PANs) from the reaction of acetylperoxy radicals and NO..
The loss rate of NOy from dilution (Lnoy,qi) can be calculated from the dilution rate constant (kai) in the
chamber and the measured NO, concentration:

Lnoydil. = kan([NO,] + [NO] + [HONO]) Equation 3-12

Typical values of ka1 are about 10 s, which can be calculated from the replenishment flow rate. The
production rate of nitric acid is calculated from the measured OH and NO- concentrations. By considering
the accumulated productions and losses of NOy, the concentration of NO, can be described as follows:

[NO1(t) = [, (Q(HONO)(£) — konno, [OHI()INO1(E) = Loy, an ())dt - Equation 3-13
[RONO,](8)

By rearranging Equation 3-13, the concentration of total organic nitrates is the accumulated production
of nitrogen subtracted by the accumulated loss of from dilution, the production of nitric acid, and the
current concentration of NOy:

[RONO,](t) = [;(Q(HONO)() — kot4no, [OH]()[NO1(£) — Lyo, i ())dt -

Equation 3-14
[NOy]()
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The concentrations of total organic nitrate can also be calculated from the amount of RO, derived from
the OH-oxidation of VOC that reacts with NO having a nitrate yield ¢voc.

[RONO,](6) = ¢voc fOt(Roz,voc+0H(t) X [NO](t) X kroz+no)dt Equation 3-15

The concentration of RO, derived from the oxidation of OH can be estimated from the ratio of OH
reactivity contributed by limonene to the measured total OH reactivity (kos) minus the contributions from
inorganic species such as NOx and O3 (kow,inorg), @s well as and HCHO (kow,1cro)- This is justified because the
oxidation of an organic species by an OH radical except HCHO, leads to the production of a RO, radical.

kon,voc

RO;voc = RO, p— Equation 3-16

HHCHO~KoH,inorg
RO, radicals could be also produced from the ozonolysis of the target VOC, if it contains a C=C double
bond. However, their concentrations cannot be easily estimated like RO, derived from the OH-oxidation
using Equation 3-16. Therefore, this analysis is only applicable for experiments with medium NO mixing
ratio, where limonene predominantly (> 90%) reacted with OH.

The total organic nitrate yield can be determined from the linear regression using Equation 3-14 and
Equation 3-15. The uncertainty of organic nitrates concentrations (Equation 3-14) is about 21 %, which is
mainly due to the uncertainty of the HONO photolysis rate used to calculate the chamber source of HONO
(Q(HONO)) from Equation 3-11. The uncertainty of the organic nitrate concentration [RONO,] in Equation
3-15 is about 35 %, which is due to the accuracies of the reaction rate coefficient krozno (30 %),
measurements of the NO concentration (5 %) and the calculated of RO vocion (17 % for limonene,
Equation 3-16). It should be noted that the calculation does not take account into the potential production
of peroxyacyl nitrates (PANs) from the reaction in acyl peroxy radicals with NO,, which may lead to an
overestimation of the determined organic nitrate yield. Acyl peroxy radicals are produced from the O,-
addition of the acyl radicals, which are generally produced from secondary chemistry such as the
aldehydic H-abstraction by OH radicals and the dissociation of an alkoxy radical with an a-oxo function
group. Therefore, it is expected the production of acyl radicals only become more prominent at the later
stage of a VOC photooxidation experiment when the secondary chemistry gain importance, or when VOC
is mainly oxidized by Os that yields aldehyde and thereby potentially acyl radicals.

For the determination of nitrate yield of RO, derived from limonene oxidation, analysis was only
conducted with photooxidation experiments with medium NO concentrations that have low O3
concentrations. The time period of the analysis is also limited to the time when limonene was presence
to reduce the potential impacts of secondary chemistry.
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Figure 3-1. Nitrogen chemistry considered in the calculation of the total organic nitrate yield during a
photooxidation experiment in SAPHIR. The rate coefficients of the processes are enclosed in parentheses.
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3.2.3 Calculation of the OH yield from the ozonolysis reaction

The OH yield of the ozonolysis of sabinene is determined in this study using measurements in the
ozonolysis experiments. The method for calculating the OH yield of the ozonolysis reaction can also be
applied to limonene and other VOCs as well. Here, the description below is taking sabinene as an example.

The calculation of the OH yield of the sabinene ozonolysis reaction is based on the difference in loss rates
of sabinene in the ozonolysis experiment with and without an OH scavenger. The loss rate constant of
sabinene in the presence of an OH scavenger gives the ozonolysis rate coefficient (ksag+03, Section 3.1.1).
Without an OH scavenger, the differential equation Equation 3-1 is solved but the O3 concentration and
the dilution rate are treated as a constant instead of time-dependent variables:

d[SAB )
[dt = —[SAB](ksaB+03{[03]): + ksaB+ou{[OH]);: + (kqin)e) Equation 3-17

where ([x]) are the mean value of variable x within the selected time interval. To calculate the OH yield of
the ozonolysis of sabinene, the OH concentration is calculated from the balance of the OH production rate
(Pon) and its destruction rate that includes the OH reactivity (kou). In the ozonolysis experiment, OH
radicals were mainly produced from the reaction of HO, with O3 and the from the ozonolysis reaction. For
the expression of OH reactivity, it is simplified to only consider the contribution from sabinene, as
contributions from species other than sabinene (O3, sabinaketone, HCHO, acetone etc.) to the total OH
reactivity were less than 10 % until half of the injected sabinene reacted away. Overall, the OH
concentration can be expressed as

[OH] = Pou , kH02+03[03][HOz]+ksaB+03[031[SAB]YsAB

kou ksap+on[SAB] Equation 3-18

where psag is the OH yield of the sabinene ozonolysis reaction. To reduce the uncertainty associate with
the assumptions in Equation 3-18, the time interval selected for the calculation of OH yield is shorter (30
minutes to 1 hour after the injection of sabinene) than that for the calculation of reaction rate coefficient
ksas+o3 (1 hour to 2 hours after the injection).

With a short time interval selected for the calculation of the OH yield, the whole calculation can be further
simplified by replacing the integrated loss of sabinene to Os, and dilution in Equation 3-3 with mean O3
concentrations and dilution rate, respectively. This is because the uncertainty associated the variation of
05 concentration and dilution reduce when the selected time interval for analysis is shorter. The loss rate
of sabinene can be expressed as:

SAB .
In(Eaat?) + @ = Kiosst = (ksan+03([0se + Ksapron([OHD: + (ka0 ¢ Equation 3-19

where kioss is the regression coefficient of the fitted exponential decay of the measured sabinene
concentrations; a is the regression intercept. Using the regression method for the calculation of OH yield
is more robust than calculating the integrated loss of sabinene, as it is less affected by the choice of time
interval for calculation.
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Combining Equation 3-18 and Equation 3-19, the expression of the loss rate constant kiess and the OH yield
ysae during the ozonolysis experiment without an OH scavenger becomes:

kr02+03[03][HOz]+ksap+04[031[SABlysap

kloss (WithOUt CO) = kSAB+O3<[O3])t + [SAB] Equation 3-20

(kqin)

k [03][HO,]
kloss‘("dil)t‘%

{[03])¢

Equation 3-21

= ksag+0,(1 + ¥sap)

where ksag+03 is the ozonolysis rate coefficient determined from the ozonolysis experiment after the OH
scavenger was added (Equation 3-4), assuming ksas+03 did not change before and after the injection of the
OH scavenger. The uncertainty of the OH yield of the ozonolysis of sabinene ysas, which depends on the
uncertainty of ksas+o03, could be as high as 50 % as the loss of sabinene to OH radicals is less important than
that to Os. It is expected that the relative uncertainty of the OH yield of the ozonolysis of a VOC species
(pvoc) could be reduced, if the value of pyoc is high.

It is worth noting that potential systematic errors of about -20 % are not considered in the calculation,
which arises from the assumption that the entire OH reactivity kon results from only sabinene (Equation
3-18), and from the temperature difference of 2 °C to 4 °C between the ozonolysis experiments with and
without an OH scavenger caused by the gradual warming of the chamber during daytime. The value of the
ozonolysis reaction rate coefficient ksas+03 could be lower by 10 % to 15 % at a temperature at 276 K than
at temperature of 280 K. This is estimated from the temperature dependence of ozonolysis rate
coefficients of structurally similar methylpropene and B-pinene, for which ozonolysis temperature
dependent reaction rate coefficients are reported in Cox et al. (2020).

3.3 Model calculations

The limonene oxidation experiments were analyzed by comparing measurements with results from model
calculations with the limonene oxidation mechanism from the Master Chemical Mechanism version 3.3.1
(MCM, http://chmlin9.leeds.ac.uk/MCM/, last access: 30 June 2023). MCM is a semi-explicit chemical
mechanism that is constructed based on a defined protocol described in Jenkin et al. (1997). It includes

the chemistry of four types of initialization of oxidation reaction (photolysis, and the oxidation by OH, O3,
and NOs) for precursor VOCs and closed-shell products, as well as the chemistry of intermediates species
including alkoxy radicals (RO), peroxy radicals (RO.), excited Criegee intermediates, and stabilized Criegee
intermediates. The kinetic parameters of the reactions are implemented based on IUPAC
recommendation and structure activity relationship (SARs) (Jenkin et al., 1997).

The model used in the calculation is a zero-dimensional box model that calculates time series of trace gas
concentrations by numerically solving the differential equations of the chemical reactions. In addition to
the MCM mechanism, production of chamber sources species such as HONO, NO,, HCHO, and acetone
are included in the simulations.
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Temperature, humidity, pressure, and photolysis frequencies are constrained in the model calculations
with measurements in all simulation model runs. The production rates of chamber sources are optimized
for each experiment by scaling the parameterization to match the observed concentrations of chamber
source species during the zero-air phase. It is assumed that the parameterization can be extrapolated for
the remaining of the experiment (Section 2.2). A background OH reactivity of about 1 s to 2 s is observed
in the clean illuminated chamber due to the presence of unmeasured chemical species emitted from the
chamber Teflon film. To describe the effect of these OH reactants, an artificial OH reactant that has the
same chemical properties as CO is implemented in the model. The amount of this artificial reactant is
adjusted to match measured the background OH reactivity during the zero-air phase in each experiment.
It is assumed the background OH reactivity did not change throughout the experiment.

To estimate the importance of different loss pathways for RO, radicals through bi-molecular reactions in
the experiments with different conditions, the RO, loss rate constant to bi-molecular reactions (kgro2) can
be calculated from the following expression:

kro, = kro,+Nno[NO] + kro,+H0,[HO2] + kro,+r0,[RO,] Equation 3-22

where krozsno (9%1072 cm?3 58, kroa+hoz (2x1071 cm3 s%), and kroz+roz (110712 cm? s) are the reaction rate
constants for the reaction of RO, derived from the OH reaction of limonene (C10-RO2) with NO, HO,, and
other RO, at 298 K, respectively. The values are adopted from the structure-activity relationship (SAR)
described in Jenkin et al. (2019). The value of reaction rate constant kroz+roz is the upper limit of the self-
reaction rates of C10-RO; derived in the SAR.

Concerning the analysis of the experiments with limonene, four simulation model runs are performed for
each experiment. In all model runs, physical parameters including temperature, pressure, photolysis
frequencies, and the dilution rate of trace gases due to the replenishment flow are constrained to
observations. If available, HONO concentrations are prescribed as measured to constrain the production
from the chamber. In addition, ozone concentrations in the model are constrained to ensure that
shortcomings of the model to predict ozone do not complicate the interpretation by an inappropriate
fraction of limonene reacting with ozone. Time series of NO and NO; concentrations are constrained to
observations in the model runs except for the fourth set of simulations to avoid potential impacts of
shortcomings of the model to describe these species.

The four model runs include:

e reference model runs (Section 4.3.2), in which radical concentrations and OH reactivity were not
constrained to measurements;

e constrained model runs (Section 4.3.2), in which HO; radical concentrations were constrained to
measured values and the OH reactivity was adjusted to match the measurement; and

e optimized model runs (Section 4.3.6), in which additional reaction pathways were implemented
in the model to test if they can improve agreement between simulation and measurements for
radical concentrations and the OH reactivity; and
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e NOx model runs (Section 4.3.5), in which NO and NO, concentrations were not constrained to
measurements for investigating the fate of nitrogen oxides. Radical concentrations and the OH
reactivity were free parameters in the model. The nitrate yield of the RO radicals  from  the
oxidation of limonene in the MCM model is updated from 22 % in the MCM model to 34 %
determined in this experiment.

The purpose of the constrained model runs is to test whether there is a significant, unaccounted OH
source that is not implemented in the MCM. This can be done by evaluating the modelled OH
concentrations, after constraining the reaction rate of all known OH-producing reactions and matching
the OH destruction rate to measurements. The former can be essentially done by constraining the HO,
concentration to measurements and thereby the reaction rate of the reaction HO,+NO, which is the main
OH source during the photooxidation of limonene. However, the OH destruction rate cannot be
constrained simply by forcing the modelled OH reactivity to be the measurements, because it is calculated
from the concentration of all OH reactants.

From the simulation results of reference model runs, the OH reactivity from oxidation products were all
overestimated by the model (Section 4.3.2). Potential reasons include wall loss reactions of low-volatility
compounds such as organic nitrates and peroxides, uncertainties from the reactivity of products,
intermediates that are mostly derived using structure—activity relationship (SAR) in the model (Jenkin et
al., 1997; Saunders et al., 2003), and chemical loss due to reactions that are not included in the MCM (e.g.,
isomerization reactions). Therefore, OH reactivities in the constrained model runs are reduced by
assuming organic nitrates and peroxides derived from limonene oxidation undergo a first-order loss
process.

The additional loss rate for organic nitrates is estimated from the decaying signal at the corresponding
mass to charge ratio of the least oxidized Cyo nitrate species (Ci0H17NOg) observed by the chemical
ionization mass spectrometry (CIMS) instrument after the chamber roof was closed in the experiment
with high NO concentrations. The lifetime of the least oxidized species Cyo nitrate is used to estimate the
loss rate, as the only Cyo nitrate species from limonene oxidation that the MCM includes is C10H17NOa. The
loss rate constant is equivalent to a lifetime of about 2 h (Fig. 3-2, Zhao et al., 2018), which is comparable
to the chemical loss rate in the reaction with OH for conditions of these experiments (chemical lifetime of
0.5 to 4 h). The specific reason for the additional loss of nitrates could not be identified but might be due
to wall loss or due to loss by hydrolysis reactions in the humidified air, similar to findings in an isoprene
rich forest (Romer et al., 2016).

Organic peroxides could not be detected by the CIMS instrument, and hence the additional loss rate is
adjusted such that the simulated OH reactivity agrees with measurements in the experiments with low
and medium NO when there should have been significant production of organic peroxides. This requires
a lifetime of 10 min, much shorter than the lifetime on the order of hours under typical atmospheric
conditions or those in the current experiments.
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Figure 3-2. Nitrate ion CIMS signal for the compounds Ci0H17NOs during a limonene photooxidation

experiment at high NO mixing ratios of 10 ppbv (Zhao et al., 2018). The rate constant of the signal is
8.5x103% s,
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3.4 Analysis of the chemical budget of radicals
3.4.1 Calculation of the chemical budget of OH radicals

The chemical budget of OH radicals during the oxidation of monoterpenes was calculated using the
measurements in the chamber experiments. Since the lifetimes of the radical species in a typical SAPHIR
experiment are very short (OH: < 1's, HO, and RO3: 2 s to 100 s), production rates of the radical species
must equal their destruction rates on the same scale of the measurement time resolution. By considering
radical production and destruction pathways that are typically included in atmospheric chemistry models,
insights can be provided into if there are missing radical production pathways for example from fast RO,-
isomerization reactions (e.g., Fuchs et al., 2013; Novelli et al., 2020).

The destruction rate of OH radicals was calculated from the product of OH reactivity and OH concentration
measurements (Hofzumahaus et al., 2009). In experiments with OH measurements by both DOAS and LIF,
measured OH concentrations by DOAS were used for the calculation of the destruction rate of OH radicals
as measurements by DOAS do not require calibration. OH concentrations measured by LIF were used for
the calculation of the destruction of OH radicals in the ozonolysis experiments, due to the lower 1o
precision value of the LIF measurements and low OH concentrations in the ozonolysis experiments. The
uncertainty of the OH destruction rate is about 16 %, which is calculated by error propagation of the
measurement uncertainties.

Reactions producing OH radicals that were considered in the chemical budget analysis in this work are
summarizes in Table 3-1, which include the photolysis of HONO and Os, the reactions of HO, with NO and
03, as well as the ozonolysis reaction of monoterpenes. Uncertainties of the production rates of OH
radicals from these reactions are calculated from uncertainties of measurements and reaction rate
coefficients (Atkinson et al., 2004; Cox et al., 2020).
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Table 3-1. List of the reactions producing OH radicals considered in the analysis of chemical budget of
radicals. Unless specified, reaction rate coefficient are given for room temperature of 298 K and 1 atm

pressure.
lo
Reaction k uncertainty® Reference
(%)
35¢
HONO + hv - OH + NO JHono , Measured
21
0s + hv > 0('D) + O, bord, jos 19 Measured
HO; + NO - OH + NO> 8.8x 102 cm3s? 26 Atkinson et al. (2004)
HO;+ 03 > OH + 20, 2.0x 10 cm3s? 28 Atkinson et al. (2004)
8.3 x 10Y cm?® st 105 Cox et al. (2020)
_ (298 K)
Sabinene + O3 - 0.260H + 0.26R0,
3.7 x 10 em® s? 105 This study
(278 K)

Limonene + O; > 0.660H + 0.66RO,  2.1x 10 cm3s? 25

B-ocimene + O3 2 0.550H + 0.55R0, 5.1x 10 cm3s? 50

Cox et al. (2020)

Cox et al. (2020)

?Yjeld of OH radicals of the photolysis of the photolysis of Os;®Total 16 uncertainty of the reaction:

including uncertainties from measurements and reaction rate coefficients. “Experiments without HONO

measurements, HONO concentration is estimated based on OH, NO, and jiono measurements during the
zero-air phase with an uncertainty of 30 %. “Experiments with HONO measurements
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3.4.2 Calculation of the chemical budget of RO radicals derived from the oxidation
of monoterpenes

The chemical budget of the RO, radicals can also be calculated similar to that for OH radicals. Due to short
lifetime of RO, radicals during the experiments (1 s to 100 s, e.g., Section 4.3.2 and Section 5.2), the
production and destruction rates of RO, radicals must be balanced within the time scale of several minutes.
By comparing the production and destruction rates of RO, insights can be provided if loss or production
processes of RO, radicals are missing.

The chemical budget analysis of RO radicals is only calculated for the first-generation RO, radicals
produced from the oxidation of monoterpenes (C10-RO2), as no speciated RO, radicals were available in
the experiment. Instead of using RO, measurements, the concentrations of first-generation RO, radicals
is calculated from their production rate using the known reaction rate coefficient and measurements of
the VOC, 03, and OH radicals. The reaction rate coefficients of the bimolecular reaction loss of C10-RO;
can be taking from the structure activity relationships (Jenkins et al. 2019). To reduce the interference of
other RO, species on the calculation of the chemical budget of C10-RO>, only measurements during the
first 30 minutes after the first monoterpene injection are used for the analysis, so that the additional RO,
production from the subsequent oxidation of organic products is minimized. The calculation starts with
the rate loss constant of C10-RO; to bi-molecular reaction (kgoz), like in Equation 3-22 in Section 3.3.

kro, = (kR02+NO[NO] + kro,+10,[HO02] + kro,+Ro, [ROZ]) Equation 3-23

The additional loss rate constant (k.qa) required to balance production (Pro2) and destruction (Lgoz) rates
of C10-RO; can be calculated as

Lgo, = [RO;1(kro, + kaad) = kvoc+on[VOCI[OH] + kyoc+o,[VOCI[03]yyvoc =

Equation 3-24
Pgo,

_ Pro, i -
kaga = [RO,] kRoZ Equation 3-25

where pvoc is the OH yield of the ozonolysis reaction of the VOCs (0.66 for limonene, Cox et al. 2020; 0.26
for sabinene, this study). It is assumed that the yield of C10-RO; in the ozonolysis reactions of monoterpene
is the same as the yield of OH radicals.
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4. Investigation of the oxidation mechanism of
limonene by OH radicals and Os; in simulation
chamber experiments

The majority of the content of this chapter was published in the peer-reviewed article “Investigation of
the limonene photooxidation by OH at different NO concentrations in the atmospheric simulation
chamber SAPHIR” (doi: https://doi.org/10.5194/acp-22-8497-2022) in the journal Atmospheric Chemistry
and Physics by this author. Parts of the text and figures in this chapter are adapted from the open-access

publication (Pang et al., 2022), under the CC BY 4.0 license (https://creativecommons.org/licenses/by/4.0).

4.1 Oxidation mechanisms of limonene

4.1.1 Oxidation mechanism of limonene in the Master Chemical Mechanism

The mechanism of the oxidation of limonene that is used in this study is adopted from the Master
Chemical Mechanism (MCM). MCM is a near-explicit chemical mechanism describing the degradation of
volatile organic compounds (VOCs) in the atmosphere.

Figure 4-1 illustrates the major reaction pathways of the oxidation of limonene by OH radicals relevant
for the interpretation of experiments in this work. Reactions up to the second-generation closed-shell
product, and the pathways of the ozonolysis reaction up to the first-generation closed-shell products are
shown.

The OH oxidation of limonene leads to the production of two first-generation close-shell product
limononaldehyde (LIMAL) and limona ketone (LIMKET). LIMAL is produced from the oxidation of the
exocyclic C=C double bond whereas LIMKET is produced from the oxidation of the exterior C=C double
bond. The second C=C double bond of LIMAL and LIMKET is then subsequently oxidized by another OH
radicals that results in the second-generation product LMLKET.

Regarding the ozonolysis of limonene, the MCM only considers the addition of O3 to the endocyclic C=C
double bond which is much faster than that to the exterior terminal C=C double bond. The reaction on
the exocyclic C=C double bond with Os yields two Criegee intermediates LIMOOA and LIMOOB. The
Criegee intermediates undergo a series of radical reaction and yield first-generation oxidation products.

Apart from the Cy and Cyo close-shell products, HCHO is one of the major products of the oxidation of
limonene by OH radicals and Os. HCHO is produced from the oxidation of the exterior terminal double
bond. In general, the oxidation rate constants of C=C double bonds increased with the number of alkyl-
substituents via inductive effects (McGillen et al., 2007). Therefore, the oxidation of the di-substituted
exterior double bond is slower than that of the tri-substituted endocyclic double bond, which resulted in
a low HCHO yield in the OH- and Os-oxidation of limonene. About 30 % of the OH-oxidation occurs at the
exterior double bond (Peeters et al., 2007), and about 10 % of the ozonolysis reaction occurs at the
exterior double bond (Wang and Wang, 2021).
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Figure 4-1. Simplified mechanism of the limonene oxidation by OH radical and Os. All of the

photooxidation mechanism and majority of the ozonolysis mechanism are adopted from MCM v 3.3.1.
The branching ratios of the Oz addition at the external C=C double bond are adopted from Wang and
Wang (2021). The decomposition of LIMOOB to L502 is adopted from Chen et al. (2021). For simplicity
the stereo-specificity of the intermediates, RO, reactions with HO, and other RO, as well as the formation
of organic nitrates are not shown here. Production of HCHO from the first oxidation step of limonene is

labeled in red; HCHO production from the second oxidation step is labeled in blue; production of a HO,
radical is labeled in orange. The production of HCHO from the decomposition of LIMALBO is not classified,
as it is not produced from the oxidation of the terminal C=C double bond.
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4.1.2 Unimolecular reaction pathways for RO derived from limonene oxidation

The limonene oxidation mechanism in the MCM model was implemented in MCM version 3.3.1, which
was published in year 2015 (Jenkin et al., 2015). Since then there has been no significant modifications.
The MCM does not consider any unimolecular reaction for the RO, produced from the oxidation of
limonene. Recently, Mgller et al. (2020) and Chen et al. (2021) proposed unimolecular reaction pathways
for the first-generation RO, derived from the oxidation of limonene by OH (Fig. 4-2) and Os (Fig. 4-3),
respectively. In their studies, they computed the rate constants of the possible unimolecular pathways
(e.g., cyclization, H-abstraction). Due to the presence of a second C=C double bond, competitive
unimolecular reactions (k > 1 s) could be possible even for conditions with high NO concentrations
(Mgller et al., 2020).

Regarding the oxidation of limonene by OH radicals (Fig. 4-2), the OH-addition on the endocyclic C=C
double bonds result in two RO, radicals, LIMAO2 and LIMBO2. Both RO, do not undergo competitive
unimolecular reactions that are competitive under typical atmospheric condition. Potential unimolecular
reactions have reaction rate constants of less than 103 s%, which is equivalent to the rate loss constant of
RO, to the reaction with NO in the presence of less than 5 pptv NO. This is due to the steric factor from
the six-member ring and surrounding substituents for secondary (LIMBO2) and tertiary (LIMAO2) peroxy
radicals that prevents the peroxy radicals reaching the exterior C=C double bond (Mgller et al. 2020). The
OH-addition that takes place at the exterior C=C double bond of limonene yields tertiary peroxy radical
LIMCO2. LIMCO2 can undergo competitive unimolecular reactions at rate ranging from 0.2 s to 4.0 s
(equivalent to the rate loss constant of RO, to NO with a NO mixing ratio of 0.9 ppbv to 18 ppbv). The
fastest unimolecular reactions are cyclization and allylic-H shift reaction, which are only possible in the
presence of the second C=C double bond like in limonene (Mgller et al., 2020).

The RO, radicals yielded from the ozonolysis reaction of limonene can undergo even faster unimolecular
reactions than RO, from the OH-oxidation. This is due to the loss of steric hinderance from the six-member
ring moiety from the ring-opening ozonolysis reaction, as well as due to the enhancement of the reaction
rate in the presence of carbonyl groups inserted during the ozonolysis reaction. Taking the three RO,
radicals (LIMALAO2, LIMALBO2, L502) produced from the ozonolysis reaction of the endocyclic cyclic C=C
double bond for example, reaction rate constants of these unimolecular reactions range from 0.5 s to
230 s (Chen et al., 2021), which are equivalent to the rate loss constant of RO, radicals to NO with mixing
ratios from 2 ppbv to 1000 ppbv. Fastest unimolecular reactions of these RO, radicals are cyclization,
allylic-H shift, and aldehydic H-shift reactions, which are fast in the presence of a second C=C double bond
or an aldehyde function group. Chen et al. (2021) did not investigate potential unimolecular reaction rate
constants of products formed from the first unimolecular reactions, but it can be expected that
unimolecular reactions of the products are also very competitive as RO, formed from their oxidation still
contain either the C=C double bond or the aldehyde group.

With the findings from Mgller et al. (2020) and Chen et al. (2021), it can be expected that the fast
unimolecular reaction chemistry of the RO, radicals produced from the oxidation of limonene would be
very different from the bi-molecular reactions chemistry implemented in the MCM model. Therefore, the
results from Mgller et al. (2020) and Chen et al. (2021) are used to explain the discrepancies observed
between model simulations with the MCM and measurements (Section 4.4.1).
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4.2 Overviews of limonene oxidation experiments

To investigate the oxidation of limonene at atmospherically relevant conditions, in total 7 experiments
were conducted under NO mixing ratios from zero to 10 ppbv. The experiments can be divided into four
conditions (ozonolysis, and photooxidation at low, medium, and high NO mixing ratios) and their general
descriptions can be referred to Section 2.5. Experimental conditions of the 7 experiments are summarized
in Table 4-1. The list of instruments used in the study of limonene are in Table 2-1. Measurements of
radicals and OH reactivity with the LIF instrument; measurements of NO and NO, with chemiluminescence;
measurements of Oz with UV absorption, and measurements of photolysis frequencies calculated from
actinic flux measurement from a spectroradiometer were available in all experiments for the study of
limonene. The availability of the other instruments is listed in Table 4-2. Figure 4-4 to 4-10 show the
relevant measurements of trace gas and radical concentrations of all the limonene oxidation experiments
used for the analysis in this study. The photooxidation experiment with low NO mixing ratios on 13 June
2015 was performed with slightly differences. In addition to the O, injection at the beginning of the
experiment, about 800 ppbv of CO and 40 ppmv of CHs were injected before the injection of limonene, so
that the increased in HO, and RO, concentrations from the injection of CO and CH4 could be used as a
reference for monitoring the measurement sensitivities of radicals (Fig. 4-6).

Table 4-1. Experimental conditions during the time period when the radical budget of limonene oxidation
experiments is analyzed. kgo; is the sum of the total loss rate RO, due to bimolecular with NO, HO,, and
other RO; calculated from measured concentrations. Average values are given except for limonene
concentrations, for which maximum concentrations after the injection are given.

Experiment NO HO: kroz OH 0 Limonene Date Figure
xperi igu
P (ppbv) (108 cm3) (s} (10°cm3)  (ppbv) (ppbv) €
Ozonolysis 0 4.0 0.10 <1 55 4 05Jun 2020 Fig.4-4
0.08 5.5 0.25 3 45 3 01 Sep 2012 Fig. 4-5
0.10 10 0.04 3 105 4 13Jun 2015 Fig. 4-6
Low NO
0.13 5.0 0.35 7.5 60 2.3 04 Jul 2019  Fig. 4-7
0.20 3 0.05 2 5 4 08 Aug 2012  Fig. 4-8
Medium NO
0.30 4 0.07 4 5 4 10 Aug 2012  Fig. 4-9
High NO 0.7 11 0.15 8 45 10 03 Aug 2015  Fig. 4-10
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Table 4-2. Measurements availability during the oxidation experiments of limonene. Available

measurements are indicated with a tick symbol.

Date Instrument (Measured species)
DOAS PTR-TOF-MS GC-FID CRDS Hantzsch LOPAP
(OH, HCHO)  (VOCs) (VOCs) (HCHO) (HCHO) (HONO)
05Jun2020 v NG v
01 Sep 2012 N4 N4 NG
13Jun 2015 ¢ N4 N4 v
04 Jul 2019 N4 v v
08 Aug 2012 v v N v
10 Aug 2012 N4 N4 N4 N4
03 Aug 2015 N4 N4 v
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Figure 4-4. Overviews of the measured radicals and trace gas concentrations used in the analysis of the
limonene ozonolysis experiment on 05 June 2020. The left red line indicates when O3 was injected; the
middle red line indicates when CO and Os was injected; the black lines indicate when limonene was
injected into the chamber. After the injection of CO, the OH reactivity was too high to be measured (about

500 s?).
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indicates when O3 was injected; the second-leftmost red line indicates when the chamber roof was
opened; the black lines indicate when limonene was injected into the chamber.

62



Investigation of the oxidation mechanism of limonene by OH radicals and O3 in simulation

chamber experiments

Limonene (ppbv)

=

-]

NO, and NO; (ppbv)
=]

=

RO, (108 cm—3)

HCHO (ppbv)
Eoe N

=
in

]

=

a

05 ; 15.0
4 «  PTRTOF-MS : i *NO s
s GCFID_1 . s , v noo T
3 GCFID_2 B 25l 100,
2 g gl 75
. - o 0.2{ kY =
: goo\ o
: i 01! 25 £
0 - 0.0 0.0
0800 1000 1200  14:00 08:00  10:00 1200 1400 08:00 1000  12:00  14:00
8 207
f . UF
6 AW “
T ,
4 . Z10] <N
£ \
<
2 *  NO, 3 \\
- NO; | M
0 0
08:00 1000  12:00  14:00 08:00  10:00  12:00 1400 10:00  12:00  14:00
5
4 ;‘
3 .t
2
1
o I . IS I
08:00 10:00  12:00  14:00 0800 1000  12:00  14:00
08 August 2012 (UTC)
0 RO; + NO
J 1'1 RO; + HO;
° 1Yy RO; + RO,

[ =
08:00

BT
08 August 2012 (UTC)

* Hantzsch

12:00

12:00

0.00 i
08:00

10:00 12:00 14:00
08 August 2012 (UTC)

Figure 4-8. Overviews of the measured radicals and trace gas concentrations used in the analysis of the
limonene photooxidation experiment with medium NO mixing ratios on 08 August 2012. The red line
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Figure 4-9. Overviews of the measured radicals and trace gas concentrations used in the analysis of the
limonene photooxidation experiment with medium NO mixing ratios on 10 August 2012. The red line
indicates when Os was injected; the black lines indicate when limonene was injected into the chamber.
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Figure 4-10. Overviews of the measured radicals and trace gas concentrations used in the analysis of the
limonene photooxidation experiment with high NO mixing ratios on 03 August 2015. The red lines
indicates when Oz and NO were injected; the black lines indicate when limonene was injected into the
chamber. The measurements during the first limonene injection were used for the calculation of HCHO
yield due to the less interference on the production of HCHO from subsequent oxidation of secondary
products (Section 4.3.1). The measurements during the second limonene injection were used for the
comparison with model calculations and the calculation of radicals chemical budgets (Section 4.3.2).
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4.3 Results

4.3.1 Yield of product species from the oxidation of limonene

HCHO is one of the main oxidation products of the oxidation of limonene. The calculation of HCHO yield
from the oxidation of limonene is based on the method presented in Section 3.1.1.

For the evaluation of the HCHO yield, only measurements from the first limonene injection of each
experiment are used, because further oxidation on the exterior C=C double bond yield secondary HCHO
formation. The HCHO yield calculated for the second limonene injection onward would be interfered by
secondary HCHO productions contributed from the first limonene injection (Fig. 4-1). This is demonstrated
by the rapid increase in HCHO production when 80 % of limonene had reacted away after a roughly linear
increase in HCHO production (Fig. 4-11). The rapid increase in HCHO production occurred when about 40
% of limonene was consumed. Therefore, only measurements when less than 40 % of limonene was
consumed are used to calculate the HCHO yield, which results in values of (12 + 3) %, (13 % 3) %, and (32
+ 5) % for the OH oxidation experiments with low, medium, and high NO mixing ratios, respectively (Fig.
4-11). At later times of experiment, when all limonene reacted away, the HCHO yield increases to values
of 40 % to 90 %. HCHO yields remain 100 % in all experiments, which is consistent with the production of
HCHO from the oxidation of the exterior C=C bond in limonene only within the short time scale of hours
in the experiments.

HCHO is produced from the dissociation of the alkoxy radical derived from the OH-addition reaction on
the exterior C=C double bond. Therefore, the HCHO yield can be connected to the branching ratio of the
OH-addition at the exterior C=C double bond, which is 37 % with an uncertainty of 15 % based on the SAR
in Peeters et al. (2007). With the assumptions of all RO, produced from the OH-oxidation of the exterior
C=C double bond (LIMCO2, Fig. 4-1) reacted with NO, and about 18 % (Jenkin et al., 2019) to 34 % (this
study) of RO, derived from the OH-oxidation of limonene form organic nitrates, the expected HCHO yield
of the OH-oxidation of limonene is about (28 + 7) %.

In the experiment with high NO mixing ratios, RO, radicals exclusively reacted with NO (Fig. 4-10) and
HCHO was expected to be produced from the dissociation of alkoxy radicals. Experimental yield value of
(32 £ 5) % is consistent with the yield expected from the SAR of (28 + 7) %. In experiments with medium
NO mixing ratio and low NO mixing ratio, only about 85 % and 65 % of RO, reacts with NO (Fig. 4-5, Fig.
4-7 to 4-9), respectively. Accounting for the fraction of RO, which does not react with NO, the expected
HCHO yields calculated from the SAR for experiments with low NO mixing ratio and medium NO mixing
ratio are (18 £ 5) % and (24 * 6) %, respectively. In both cases, values are higher than values determined
from measured HCHO concentrations of around (13 + 3) % in the experiments.

Table 4-3 summarizes the HCHO yield determined in this study and experimentally determined yields
reported in literature. Values reported in literature ranged from 36 % to 43 % (Larsen et al., 2001; Lee et
al.,, 2006). In these studies, experiments were conducted at much higher NO mixing ratios than
experiments in this work. The high NO mixing ratio increases the turnover rate of RO, and it is not clear
whether the secondary production of HCHO from the oxidation of primary products is taken account in
the calculations of yield reported in literature (Fig. 4-1). This may explain the high HCHO yields determined
in their studies. In the study conducted by Librando and Tringali (2005), HCHO yields were determined to
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be 27 % and 92 % in experiments in the absence of NO and at high limonene concentrations of 13 ppmv
and 2 ppmv, respectively. The large differences in the HCHO yields at different limonene concentrations
could not be resolved. Results from their experiments may not be comparable to results derived in this
work, because the chemical fate of RO; radicals in that study was likely dominated by RO,+RO, reactions,
which were less important at ambient conditions like in the experiments in this work.

The HCHO vyield calculated from the ozonolysis experiment in the presence of an OH scavenger is (10 + 1)
%. The low HCHO yield of 10 % is consistent with the fact that Os-addition on the exterior C=C double
bond is the minor pathway of the reaction with a theoretical branching ratio of 13 % (Wang and Wang,
2021). The HCHO yield determined in this study agrees with laboratory studies. Grosjean et al. (1993) also
determined a HCHO yield of 10 % in experiments conducted at high limonene concentration of 1.2 ppmv
in the presence of an OH scavenger. Gong et al. (2018) determined a HCHO yields of 5 % to 11 % and 11
% to 27 % in two sets of experiments with different concentration ratios of limonene to Os. The set of
experiments resulting in a HCHO yield of 5 % to 11 % was performed with a limonene to O; ratio of about
1:2. The yield and experimental conditions were similar to conditions of experiments in this study. The
group of experiments resulting in a HCHO yield of 11 % to 27 % was performed with a limonene to O3
concentration ratio of 1:100. The high ratio of Os to limonene concentration likely led to an enhancement
of secondary HCHO production through a second ozonolysis reaction of the exterior C=C double bond of
the primary ozonolysis products (Fig 4-1). This would explain the high HCHO yield determined in these
experiments.

The total organic nitrate yield of the photooxidation of limonene is determined with the method
presented in Section 3.2.2. The calculation with the measurements from the photooxidation experiments
with medium NO mixing ratios resulted in a value of (34 + 5) % (Fig. 4-12a and Table 4-3) The nitrogen
budget analysis in Fig. 4-12b shows that the accumulation production of nitrogen from the chamber
(2(Q(HONQ))) since the injection of limonene, was about the same as the amount of NOy and nitric acid
presented in the chamber when all limonene was consumed at around 13:00 hour (Fig. 4-8 and Fig. 4-12b).
This suggests a significant fraction of nitrogen in the chamber presented in the form of organic nitrates.

The precision (~15 %) of the nitrate yield is determined by the precision of the measurements with linear
error propagation and the nitrate yields determined from the two experiments. The uncertainty of the
nitrate yield is about 30 %, which is mainly attributed to the accuracies of the reaction rate constants
kroz2+no (~30 %) and the measurements of HONO (10 %) and juono (18 %). This value is higher than values
of 19 % (Jenkin et al., 2019) to 28 % (Arey et al., 2001; Leungsakul et al., 2005) determined using SAR. The
yield determined in this study agrees with the value of (36 + 6) % reported by Rollins et al. (2010), who
determined the nitrogen content of the aerosols produced from the photooxidation of limonene under a
high NO mixing ratio (500 ppbv).
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Figure 4-11. The regression between the HCHO concentrations divided by the injected limonene against
the fraction of reacted limonene for the first limonene injection for each experiment. The regression
includes data points up to 40 % of the fraction of reacted limonene.

Table 4-3. Product yields from the oxidation of limonene by OH radicals and O; determined in this work
and reported values from literature. Maximum values for limonene, Os3 and NO concentrations in the
experiments are listed.

Limonene + OH HCHO yield (%) Organic nitrates (%) Limonene (ppbv) NO (ppbv)
Larsen et al. (2001) 365 / 1000 1000
Librando and Tringali (2005) 27 —92 / 2100 -13200 0
Lee et al. (2006) 43+5 / 120 132°
Rollins et al. (2010) / 36+ 6% <100 500
12+3 / 35 0.05-0.15
This work 133 34+5 3.5 0.3
32+5 / 10 3-10
- o -
Limonene + O HCHO yield (%) Limonene (ppbv) NO (ppbv) OH
scavenger
Grosjean et al. (1993) 10 1200 70-100 Yes®
7-11 280 500 No
5-8 280 500 Yes¢
Gong et al. (2018)
13-27 183 19000 No
11-23 183 19000 Yes®
10+1 4 50 No
This work
11+1 4 80 Yes®

?Yield determined from aerosols. ®Given as NO, concentrations. <200 ppmv cyclohexane. 400 ppmv of 2-
butanol or cyclohexane. €60 ppmv of CO.
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Figure 4-12. (a) Regression between calculated organic nitrate mixing ratio and integrated turnover rate
of the reaction of limonene-derived RO, and NO. The regression only includes data when less than 60 %
of the limonene from the first injection reacted away. (b) Concentrations of nitrogen oxide species after
the first limonene injection in the experiment with medium NO on 8 August 2012 compared to the total
production of HONO from the chamber source. The organic nitrate contribution is calculated using a
nitrate yield of (34 + 5) % for the reaction of limonene RO, with NO; the uncertainty range is enclosed by
the two dashed lines.
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4.3.2 Evaluating the radical chemistry of imonene oxidation in model simulations

To evaluate the ability of the MCM model of reproducing the measured radical concentrations, two sets
of simulations (reference model run and constrained model run, Section 3.3) were conducted for
experiments with experimental conditions. Here, only one experiment from each group of NO mixing
ratios is analyzed here. Modelling comparison for experiments that are not included in this section could
be found in the xlementary material Section 4 (Fig. S4-1 to Fig. S4-3).

Figure 4-13 shows the experimental conditions and the simulations of the experiment with medium NO
mixing ratio on 08 Aug 2012. The experiment had a low O3 concentrations of below 10 ppbv that over 90
% of limonene reacted with OH radicals. The NO concentrations were moderately high with values of
about 0.3 ppbv. The OH concentration was around (1 — 5) x 10° cm™ and it increased as more limonene
was consumed over the course of experiment; the concentration of HO, was about (2 —4) x 108 cm3; and
the RO, concentration ranged from (1 —3) x 108 cm™. Over 85 % of the RO; radicals was lost to the reaction
with NO. The chemical lifetime of RO, radicals was about 10 s to 40 s, if only the loss to bi-molecular
reactions is considered.

In the reference model run, the OH reactivity is overestimated by about 5 s™ at the end of the experiment
after four hours of reaction, equivalent to 33 % of the initial OH reactivity right after the injection of
limonene. Apart from limonene, contributors to the OH reactivity included aldehydes and ketones from
oxidation products (70 %), organic peroxides (15 %), and organic nitrate (15 %), suggesting the model is
likely overestimating the OH reactivity from closed-shell oxidation products. The modelled HO;
concentration is underestimated by 10 % to 30 % and thereby underestimating the OH concentration due
to the slower OH production rate from the reaction in HO, with NO. Despite the low OH concentration in
the reference model and thereby the low reaction rate of limonene, the modelled RO, concentration is
overestimated by 20 % to 40 %.

In the constrained model run, the modelled OH concentration shows a very good agreement with the
measurement, which is also supported by the better simulation of the decaying limonene concentration
than the reference model run. This suggests that the model can reproduce the OH concentration, if the
OH destruction rate (i.e., OH reactivity) and the OH production rate from OH recycling (i.e., from the HO»
+ NO reaction) are also well-reproduced. Due to the higher OH concentration than in the reference run,
the discrepancy between the modelled RO, concentration and measured values further increases to +(50
—100) %.
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Figure 4-13. Modelled and measured radical concentrations and OH reactivity of the photooxidation
experiment with medium NO mixing ratios on 08 August 2012. The vertical dotted line indicates the time
when limonene was injected into the chamber.

Figure 4-14 shows the experiment conditions and the simulation results of the experiment with high NO
mixing ratio on 03 Aug 2015. Only the part of the experiment after the second limonene injection is shown,
as the measurements of radicals failed during the first part of the experiment. The Os; concentration at
the start of the second limonene injection was 35 ppbv, which was due to the production from the
oxidation of limonene from the previous injection. Oz at this concentration contributes about 30 % to the
chemical loss of limonene during the experiment. The NO concentration was about 0.3 ppbv to 1.5 ppbyv,
which results in a short RO, lifetime of 3 s to 10 s, if only the loss to bi-molecular reactions is considered.
More than 70 % of the RO, reacted with NO and the rest reacted with HO,. The radicals concentrations
were in general higher than in other experiments, as a higher concentration (10 ppbv) of limonene was
injected in this experiment. The OH concentration was about (5 — 15) x 102 cm™ and measurements by LIF
and DOAS instruments. Measurements of both instruments agree. The concentrations of RO, and HO>
radicals were about 1 x 10° cm throughout the experiment.

Similar to the experiment with medium NO mixing ratio, the OH reactivity modelled in the reference run
is overestimated by about 10 s (equivalent to 33 % of the initial OH reactivity of the injected limonene)
after limonene was consumed 90 minutes after its injection. Modelled HO, concentrations are
underestimated the measurements by 50 % to 70 % and thereby underestimating the modelled OH
concentrations. The underestimation of modelled OH concentrations leads to a slower than measured
decay of the modelled limonene concentration. In the constrained model run, modelled OH
concentrations agree better with measured values when the OH reactivity and HO, concentrations match

71



Investigation of the oxidation mechanism of limonene by OH radicals and O3 in simulation
chamber experiments

the measurements. However, RO, concentrations are overestimated by the model by 30 % during the first
hour of oxidation even though modelled OH concentrations are still slightly lower than measurements.
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Figure 4-14. Modelled and measured radical concentrations and OH reactivity of the photooxidation
experiment with high NO mixing ratios on 03 August 2015. The vertical dotted line indicates the time
when limonene was injected into the chamber.

Figure 4-15 shows the experimental conditions and model results of the experiment with low NO mixing
ratios on 01 Sep 2012. About 50 ppbv of O3 was injected into the chamber before the experiment, so that
NO concentrations are suppressed to below 0.1 ppbv. About 30 % to 40 % of limonene reacted with Os.
At such low NO concentration, the lifetime of RO, increases to about 50 s if only losses to bi-molecular
reactions are considered. Only about 50 % to 60 % of the RO, radicals reacted with NO and the remaining
part reacted with HO,. The OH concentration was around (2 — 6) x 10° cm™ and it increased as the OH
reactivity became lower; the concentration of HO, was about (4 — 7) x 108 cm™; and the RO, concentration
ranged from (2 —5) x 108 cm™,

In the reference run simulation, modelled OH reactivity is overestimated by 5 s (33 % of the initial OH
reactivity from the injected limonene) when all limonene is consumed similar as in the experiments with
medium and high NO mixing ratios. The model underestimates the measured HO, concentrations by 20
% to 50 %, in particularly the increase of HO, right after each injection of limonene is not well captured by
the model. The model underestimates the measured OH concentration by at least 50 %. The largest
discrepancy between model results and measurements is observed for the RO, concentration, as the
model overestimates the measurements by 500 % to 700 %. The high modelled RO, concentration in the
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reference model run partially explain the underestimation of the HO, concentrations, because HO, radical
are quickly consumed in the reaction with RO, radicals.

In the constrained model run, the agreement between the modelled and measured OH concentrations
improves, but the modeled concentration is still lower than the measured values. However, the good
agreement between time series of modelled and measured limonene concentrations suggests that the
OH measurements by the LIF instruments could be slightly higher than the true OH concentration. The
modelled RO, concentrations are also greatly overestimated in the constrained model run by 300 % to
500 % when HO, concentrations are constrained.

There are studies reported that measurements of HO, and RO, by the LIF instrument can be interfered by
a fast conversion of RO, to HO; radicals for some of the VOC species (reference), which can lead to high
measured HO, concentrations and low RO, concentrations. The maximum interference on the
measurements of RO, and HO; radicals were about 20 %, based on the configuration of the LIF instrument
in this study (Chandrakiran master thesis). Therefore, interferences on the radicals measurements by the
LIF instrument cannot fully explain the large discrepancy between the modelled and measured RO2
concentrations. This suggests there could be some rapid loss pathways for RO, radicals are not included
in the current MCM model.
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Figure 4-15. Modelled and measured radical concentrations and OH reactivity of the photooxidation

experiment with low NO mixing ratios on 01 September 2012. The vertical dotted lines indicate the time
when limonene was injected into the chamber.
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The RO; concentration right after the injection was about 1 x 10° cm™ and decreased while limonene
reacted away; the HO, concentration was about 3 x 108 cm™; and the maximum OH concentrations was
about 1 x 10° cm3that is three-times higher than the 1o-precision of the measurements, suggesting that
there was a significant production of OH radicals from the ozonolysis reaction of limonene. Due to the
absence of NO in this experiment that was performed in the dark chamber, the lifetime of RO, radicals
was long with 100 s right after the injection of limonene, because RO, radicals could only react with other
RO, and HO; radicals. Over 90% of the RO; radicals were lost through the reaction with HO, radicals and
the remaining 10 % reacted with other RO; radicals. During the second part of the experiment, after 100
ppmv of CO as OH scavenger was injected into the chamber at 10:00 UTC, the HO, concentration increased
due to the reaction of CO with OH radicals. When limonene was injected again in the presence of the OH
scavenger, the RO, and HO, concentrations were around 1 x 10° cm™. The lifetime of RO, was about 50 s
and most of the radicals reacted with HO, when only losses to bi-molecular reactions are considered.

In the reference model run simulation, the model overestimates the OH reactivity by 5 s similar to other
experiments. The HO, concentration in the model underestimated by 90 %. This can be explained as HO,
is mostly produced from the reaction of O3z with OH in the model when NO is absent. Modelled RO,
concentration are greatly overestimated by 300 % to 600 %, similar to experiments with low NO mixing
ratios.

In the constrained run simulation, the modelled RO, concentration overestimated by 200 % when there
was no OH scavenger present, but a good agreement is found when the OH scavenger was present.
Modelled OH concentrations are similar as in the reference model run. Values are only slightly higher due
to the lower OH reactivity.
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Figure 4-16. Modelled and measured radical concentrations and OH reactivity of the ozonolysis on 05 June

2020. The black vertical dotted lines indicate the time when limonene was injected into the chamber. The
red vertical dotted line indicates when 100 ppmv CO was injected into the chamber.

Based

on the comparisons between model simulations and measurements for experiments with different

NO mixing ratios, several general observations can be made in all experiments:

The model overestimates the OH reactivity after several hours of reaction in all experiments by
about 33 % of the initial OH reactivity from the injected limonene., This partly explains of the low
modelled OH concentrations, because the OH loss rate is too high in the model.

The model underestimates the HO, concentrations in all experiments, particularly in experiments
with low NO mixing ratios. As a consequence, OH concentrations are underestimated by the
model due to a too low OH production rate from the reaction of HO, with NO.

When the HO, concentration in the model is constrained to measurements and the modelled OH
reactivity matches the measurements, modelled OH concentrations are in good agreement with
measurements and the consumption of limonene is well described in the model.

The modelled RO, concentration depends on the performance of the model to reproduce
measured OH and HO; concentrations. In the constrained model runs, when HO; is constrained
and OH agrees well with measurements, modelled RO, concentrations are still higher than
measurements especially when NO mixing ratios are low.
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4.3.3 Chemical budgets of OH radicals during the oxidation of limonene

Chemical budgets of OH radicals during the oxidation of limonene are calculated using the method
described in Section 3.4.1. The results for the ozonolysis experiment, and photooxidation experiments
with different NO mixing ratios are shown in Fig. 4-17. Chemical budgets of experiments not included in
this section can be referred to the supplementary material (Fig. S4-4).

The destruction and production rates of OH radicals in the experiments with medium (08 August 2012,
Fig. 4-17a) and high NO mixing ratios (03 August 2015, Fig. 4-17c) were balanced within the uncertainties
of measurements during the whole experiments. This is consistent with the overall good agreement
between modeled and measured OH radical concentrations obtained for the constrained model run (Fig.
4-13 and 4-14). In the experiment with high NO mixing ratios, the total OH turnover rate was higher of
over 20 ppbv h™ compared to the other experiments. This is because the high limonene concentration
(10 ppbv) in the experiment increased the destruction rate of OH radicals and the high NO concentration
increased the production rate OH radicals from the reaction with HO,.

In the experiment with low NO mixing ratios on 01 September 2012 (Fig. 4-17b), the OH production rate
was 6 ppbv h™* after the injection of limonene and about 33 % were contributed from the OH production
from the limonene ozonolysis. The NO concentration varied over the course of the experiment, making
OH regeneration from the reaction in HO, with NO an important OH source with a contribution of 15 % to
50 % to the total OH production in addition to OH production from the photolysis of HONO and Os. About
1.0 ppbv h™ (20 % to 33 %) of the OH destruction rate is not explained by these OH production processes,
which is consistent with the underestimation of OH concentrations in the constrained model run
compared to measured values (Fig. 4-15). However, the gap between the OH destruction rate and
destruction rate is about 1 ppbv h™ throughout the whole experiment and does not vary with the amount
of limonene present in the chamber. This suggests that either the missing OH source is not related to the
oxidation of limonene or it is due to measurement artifacts, for example, in the OH measurements, which
would lead to an overestimation of the OH destruction rate. An artifact in the OH measurement would
also be consistent with what is observed in the constrained model run, where the rapid decrease in the
modeled limonene concentration suggests that the measured OH is too high in this experiment (Fig. 4-15).

In the ozonolysis experiment, prior to the addition of CO as an OH scavenger (Fig. 4-17d), OH was only
produced by the ozonolysis of limonene. The total OH production rate was about 2 to 3 ppbv h™* at the
beginning of the oxidation and gradually declined while limonene was being consumed. The total OH
destruction rate is well-explained by the production from limonene ozonolysis, suggesting that OH
production from further ozonolysis reactions of product species was not significant for conditions of this
experiment.

In conclusion, the OH production rate from the major OH sources included in Table 3.1 is balanced by the
OH destruction rate within the 25 % uncertainty of the calculation in the ozonolysis experiment and the
photooxidation experiments with medium and high NO mixing ratios. In the experiments with low NO
concentrations, imbalances of 20 % to 33 % are observed, indicating that additional OH production
processes with rates of 1.0 ppbv h™ would be required to explain the observed destruction rate, but there
are indications that this could be due to a measurement artifact in the OH measurements.
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In all the experiments, the OH production rates are lower than OH destruction rates at later times of the
experiments, when secondary chemistry becomes important. However, differences are similar to the
uncertainty of the calculations. These discrepancies may indicate that additional OH could be produced
from unaccounted reactions of oxidation products, for example, from the photolysis of organic peroxides
in the photooxidation experiments (Badali et al., 2015).
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Figure 4-17. The upper panels are the ten-minute average values of the total OH destruction rate (Do,
black dots) and major OH sources (Pou, colored-shaded area) during the oxidation of limonene with (a)
medium NO mixing ratios, (b) low NO mixing ratios, (c) high NO mixing ratios, and (d) zero NO mixing ratio
(ozonolysis experiment). The production of OH radicals from the reaction in O; with HO; is not included,
because the contribution to the total OH production was negligible (< 0.01 ppbv h™?) for conditions of the
experiments. The bottom panels are the difference between the OH destruction rate and the total OH
production rate. The grey shaded area gives the uncertainties of the difference between the destruction
and production rate of OH radicals.
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4.3.4 Chemical budgets of first-generation RO: radicals from the oxidation of
limonene

The discrepancies between measured and simulated RO, radical concentrations are much higher (up to a
factor of 2) in the ozonolysis experiment and the photooxidation experiments with low NO mixing ratios,
compared to the experiments with medium or high NO mixing ratios. An analysis of the composition of
the RO, concentrations using model results from the constrained model run (Section 2.4) shows that the
concentrations of RO, radicals produced in the initial reaction of limonene with OH and Os already exceed
the measured total RO, concentrations (Fig. 4-18). Model-measurement percentage differences are at
least a factor of 2 higher than the accuracy of the measured RO, concentration (~25 %). Therefore, the
discrepancy suggests that additional loss pathways for RO have to be included in the model. To examine
the magnitude of the additional RO, loss rate, a chemical budget analysis for RO, radicals derived from
the oxidation of limonene (C10-R0,) is performed with the method described in Section 3.4.2, in which the
production rate of C10-RO; is compared to the loss rate of C10-RO; and the additional loss rate constant of
C10-RO; (kagd) required to balance the chemical budget is calculated. Table 4-4 summarizes the calculation
results.

The values of the additional loss rate constant, kaqd, range from 0.01 to 0.06 s in different experiments
but are similar to the high relative uncertainty of at least 50 %. The large relative uncertainty is caused by
the small differences between production and destruction rates, which also increase with increasing RO,
and NO concentrations (and thereby kroz). The relative uncertainties of the additional loss are less than
100 % in only three experiments, which include the ozonolysis experiment (5 June 2020) and the
experiments with low (1 September 2012) and medium NO concentrations (8 August 2012). In the
ozonolysis experiment, the additional RO; loss is lower by a factor of 4 than in the other two experiments.
The large difference in kaga could be attributed to the different RO, species that are formed from the
photooxidation reaction and the ozonolysis reaction. RO, formed from the photooxidation reaction has
retained its six-member ring moiety, whereas the majority of RO, formed from the ozonolysis reaction is
acyclic. In addition, the lower temperature during the ozonolysis experiment (286 K) than the
photooxidation experiments (300 — 310 K) could lead to a slower additional loss pathway.
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Figure 4-18. The total RO, radical concentrations and their specifications (shaded area) from model
calculation compared to the measured values (black dots) for (a) the experiments with low NO mixing
ratios and (b) the ozonolysis experiment. Methylperoxy radicals (CHs0;) are produced from the oxidation
of HCHO. RO; radicals produced from in the initial reactions of limonene with OH or O3 are summed.
C92302 and €92402 are RO; radicals produced from the further oxidation of the first-generation
oxidation products. Name are taken from the MCM model.

Table 4-4. Additional removal rate constants (kaqq) that are required to balance the RO, production (Pgoz)
and destruction rates in the different experiments together with conditions of the experiments such as
the percentage of limonene that reacted with OH (LIM + OH) or O3 (LIM + O3). Only data from 30 min after
the first limonene injection are analyzed.

Experiment LIM+OH LIM+O3 NO Pro2 ROz kro2 Kadd

(%) (%) (ppbv)  (107cm3s?)  (108cm3) (102%s?) (10 2s?)
Ozonolysis (05 Jun 2020) 49 51 <0.01 2306 10.0+14 0903 1.4+0.7
Low NO (01 Sep 2012) 59 41 0.07 2.8+0.8 3.5+0.5 25+0.7 56127
Low NO (04 Jul 2019) 72 28 0.09 3.1+0.9 6.4+1.0 3.1+09 1.7+17
Medium NO (08 Aug 2012) 97 3 0.29 1.7+05 1.4+£0.2 69+21 52+35
Medium NO (10 Aug 2012) 95 5 0.35 1.8+0.5 1.6+£0.2 8227 33142
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4.3.5 Evaluating the nitrogen chemistry of limonene oxidation in model simulations

In the reference model run and constrain model run (Section 4.3.2), NO and NO, concentrations are
constrained to measured values. If these are not constrained, NOy is underestimated at the beginning of
the experiments, but values are overestimated at the end (Fig. 4-19). The discrepancy at the beginning
can be mainly attributed to the overestimation of modeled RO, concentration, which leads to an
overestimation of the formation of organic nitrates that act as sinks for NOx on the timescale of the
experiments. To illustrate the impact of RO, concentrations on the modeled NOx concentrations, two
model runs are compared: one with modeled RO; concentrations without modification of the RO;
chemistry except the nitrates yield (reference model); and the second with modeled RO, concentrations
adjusted to match the measurements.RO; concentrations are adjusted by applying an additional loss with
a fixed rate constant for all six first-generation RO, derived from -OH and -Os oxidation (Fig. 4-1). The
additional loss rate constant for RO, is around 0.01 to 0.06 s, similar to the loss rate constant derived in
the analysis of the chemical budget for C10-RO; (kaga, Section 4.3.4). It should be noted that only data
within 1 h after the first limonene injection are evaluated, as secondary chemistry is absent for the RO>
that is lost additionally in this model.

Figure 4-19 shows the modeled NO and NO concentrations for the two model runs. The modelled NO and
NOx for other experiments are shown in Fig. S4-5. In the experiment with medium NO mixing ratios on 8
August 2012, RO, radical concentrations are overestimated by about 50 % to 100 % in the reference model
and modeled NO, and NOy concentrations are 25 % lower than measurements. With an additional RO,
loss rate constant of 0.05 s, the fraction of RO, that reacts with NO reduces from 80 % to 90 % in the
reference model to 45 % to 60 % in the model with adjusted model. Therefore, the loss of NOx by the
formation of organic nitrates is also reduced, so that the model-measurement agreement for NO and NOy
improves for the first 2 h of the experiments.

Both model runs overestimate the NOyx and NO concentrations when all limonene reacted away after
13:00 UTC. The measured NOy concentration remains stable at around 0.6 ppbv throughout the whole
experiment after the injection of limonene. However, NOx concentrations increase at a rate of about 0.15
ppbv hin the reference model. The increase is reduced to less than 0.05 ppbv h' in the model run with
the additional RO; loss during the last 2 h of the experiment. The production of NOy in the model at later
times of the experiment can be explained by the production of NO, from the photolysis of the first-
generation organic nitrates and their oxidation by OH. These effects are more important in the reference
model run when the modeled first-generation organic nitrates are high. To reconcile the difference in NOy
concentrations between the model and measurements, a stronger nitrogen sink is required in the model.
This may also suggest that the model underestimates the organic nitrate formation from the reaction of
NO with RO, from the oxidation of product species. Another explanation would be that the lifetime of
limonene-derived organic nitrates from OH oxidation is too short in the model.

In the experiment with low NO concentrations on 1 September 2012, the fraction of RO> that reacts with
NO reduces from about 50% to 16% if an additional RO, loss with a rate constant of 0.06 s-1 (Table 5) is
applied. In this experiment, a large fraction of NOx in the model is lost due to the formation of PAN or
PAN-like species from acyl peroxy radicals (e.g., CH3CO3 and C822CO03) that are formed in the radical
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chain reaction of the ozonolysis reaction of limonene (Fig. 1). The additional loss of the initially formed
RO, species competes with the reaction with NO,, and therefore the formation of PAN reduces if the
additional loss is applied. This effect of reduced NOy loss in the ozonolysis reaction adds to the effect for
a reduced organic nitrate formation discussed for the experiment on 8 September 2012 at medium NO
mixing ratios.

Although the reduced NO loss significantly improves the model-measurement agreement for the first
part of the experiments if an additional RO; loss process is included in the model, NO4 concentrations are
overestimated by this model at later times, when the chemistry of product species gains in importance.
This could be due to neglecting the impact of the subsequent chemistry of the additional RO, loss
reactions on nitrogen oxide concentrations. The chemistry of nitrogen oxide species in the experiment
with low NO concentrations is more complex compared to the experiment with medium NO as a
significant fraction of RO, radicals is produced by the ozonolysis of limonene in addition to the reaction
with OH. Further investigation will be required to specifically clarify the impact of the formation of PAN
and PAN-like species from the ozonolysis of limonene (Fig. 4-1). To the best of our knowledge, there is no
experimental study investigating PAN formation from the oxidation of limonene.
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Figure 4-19. Simulation of NOy (a, b) and NO (c, d) concentrations at different RO, concentrations (e, f) in
experiments with medium NO mixing ratios (left panels) and low NO mixing ratios (right panels).
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4.3.6 Optimizing the simulation of radical concentrations and OH reactivity in model
simulations

From the investigation of radicals chemistry during the oxidation of limonene, it can be concluded the OH
reactivity, RO,, and HO, concentrations cannot be correctly reproduced by the MCM mechanism, whereas
the OH concentration can be correctly reproduced when the OH reactivity and the HO, concentrations
are constrained. The calculation of the chemical budget of C10-RO; and the model simulations of nitrogen
chemistry also hint the RO, concentrations are too high in the model. Therefore, additional reactions are
implemented into the MCM model to optimize the simulation of HO, and RO, concentrations. The
implementation of the additional reactions follows the method used in Hofzumahaus et al. (2009).

RO, + (X) —— products + HO, Reaction 4-1
RO, + (X) ——— products + OH Reaction 4-2

where RO, is the peroxy radicals distinguished from their production in the reaction of limonene with
either OH (limOH-RO; i.e., LIMAO2, LIMBO2, and LIMCO2, Figure 4-1) or O (lim0s—RO; i.e., LIMALAO2,
LIMALBO2, and L502, Figure 4-1), because these peroxy radicals are structurally similar to peroxy radicals
from the OH reaction with a B-OH moiety of a six-carbon ring and lim0O3—RO; being acyclic peroxy radicals
with a B-oxo, an aldehyde, and an isopropenyl group. Therefore, it is assumed that they have similar
reaction pathways. These reactions could involve an unknown reaction partner X, or could be
unimolecular reactions.

Reaction rate constants for Reaction 4-1 (k1) and Reaction 4-2 (k) are implemented as pseudo-first-order
reaction rate constants. RO, radicals within the same group (limOH-RO, or lim0Os—R0) is assumed to have
the same rate constants. Reaction 4-1 would lead to HO, production, and Reaction Reaction 4-2 would
lead to OH production. In the optimized model runs, the reaction rate constants are optimized to minimize
the model-measurement discrepancies for OH, HO, RO, concentrations and OH reactivity. The sum of k1
and k, must be within the range of the additional RO, loss rate constant kaqq (Section 4.3.4, Table 4-4). A
missing HO; source is found in the reference model for all the experiments (Figs. 4— 7). Assuming that the
loss rate of the HO; radical, which mainly reacts with NO, is correctly accounted for, an additional RO, to
HO> conversion (Reaction 4-1) is needed to bring measurement and model results into agreement. In
contrast, missing OH is only found in the experiments with low NO, as evident from the analysis of the
chemical budget of OH radicals (Figure 4-15). These observations indicate that additional RO, to OH
conversion (Reaction 4-2) can only be competitive with other bimolecular reactions for NO mixing ratios
of less than 0.05 ppbv, which is equivalent to a loss rate constant of k <102 s,

The model-measurement agreement of radical concentrations is first optimized based on the second half
of the ozonolysis experiment, when CO was added as an OH scavenger. In this case, only limOs—RO; is
present, but the conversion to either HO, (Reaction 4-1) or OH (Reaction 4-2) cannot be distinguished,
because OH rapidly converts to HO,. To achieve agreement between modeled and measured HO;
concentrations during this part of the ozonolysis experiment, the sum of the additional loss rate constants
(k1 + k2) would need to be (0.017+0.008) s*. The uncertainty is mainly due to the uncertainty in the
measurement of HO, concentrations of about 20 %. The upper limit for the rate constant k; for the loss of
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limO3—RO; can be estimated from the first part of the ozonolysis experiment, when no OH scavenger was
present. Since 80 % to 100 % of the observed OH production can already be explained by OH production
from the limonene ozonolysis reaction (Figure 4-17d), the rate constant of k; for lim0s;-RO, would need
to be less than 0.004 s*. This implies that the rate constant k; for limOH-RO; is also less than 0.004 s, as
about 40 % of limonene is oxidized by OH in the ozonolysis experiment without an OH scavenger.

The implementation of Reaction 4-1 for limO3—RO, for additional HO, production cannot significantly
improve the model-measurement discrepancies of HO, concentrations in the experiments, when
limonene is predominantly oxidized by OH. Also in the ozonolysis experiment, HO, concentrations are still
underestimated by about 40 % during the part of the experiment without an OH scavenger. Hence, the
reaction rate constant k1 for an additional loss of imOH-RO; is also optimized to match the measured HO,
concentrations.

Optimization of the reaction rate constant k; for the additional loss of limOH-RO, for individual
experiments results in values that differ by 1 order of magnitude. For instance, the optimum rate constant
is (0.0060.003) s* in the ozonolysis experiment without an OH scavenger, but it is (0.05%0.03) s in the
experiment with medium NO concentrations on 08 August 2012. These optimized rate constants are
consistent with the values of the loss rate constant kaqq (Table 4-4), with the rate required in the ozonolysis
experiment having a slower rate and the rate required in the experiment with medium NO concentrations
having a faster rate. The exact reason for such large differences is not clear but could be related to the
higher temperature (16°C—27 °C) in the photooxidation experiments, when the chamber air was exposed
to sunlight. The average value of the rate constant for the conversion from RO, to HO; for the experiments
in this work is 0.03 s™. This value is applied to all optimized model runs in the following to illustrate its
impacts on modeled RO, and HO; concentrations and OH reactivity (Figure 4-21 to Figure 4-23).

A summary of all reactions included for the optimized model run is available in Table 4-5. Figure 4-20
shows the increase in the OH production rate in the optimized model runs that include the conversion of
lim03-R0O; to OH at a rate constant of 0.003 s*. The total OH production rate increases by about 0.2 ppbv
hin both experiments, corresponding to 5 % to 10 % increases. This reduces the imbalance between OH
production and destruction rates in the experiment with low NO by about 20 % without significantly
impacting the balance in the ozonolysis experiment. This demonstrates that the additional OH production
from the conversion of limOH—RO; and limOs—R0O; to OH is not sufficient to fully close the gap between
OH production and destruction rates in the experiment with low NO, for which the discrepancy is largest
among all experiments in this work.

Figure 4-21 to 4-23 and Fig. S4-6 to S4-8 show the radical concentrations and OH reactivity obtained in
the reference and optimized model runs. In the optimized model run, the model-measurement agreement
for RO, and HO; concentrations improves compared to the reference model run, as can be expected from
the adjustment of the reaction rate constant. In the experiment with low NO concentrations, however,
an optimal agreement of both RO, and HO; concentrations cannot be simultaneously achieved.
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Table 4-5. Additional reactions implemented in the MCM model to optimize the simulation of radical
concentrations and OH reactivity.

Reaction Reaction rate Comment
constant (s?)

LIMALAO2 — OH
Illustrate the impact of the additional OH source on the OH budget

LIMALBO2 — HO, 0.003 . . . .
in the ozonolysis experiment, when there is no OH scavenger.

L502 — HO;

LIMALAO2 — HO, . -
Derived from the optimization of HO2 model-measurement

LIMALBO2 — HO, 0.014 agreement in the ozonolysis experiment when there is an OH

; ; _ ; -1
1502 — HO, scavenger, assuming k; for limOs-RO; is 0.003 s™.

Optimized based on the HO, model-measurement agreement in

the experiments with low NO and medium NO, and the ozonolysis

LIMBO2 — HO» 0.030 experiment when OH scavenger is absence. 0.030 s* is the mean
value of the optimized values that span one order of magnitude.

LIMAO2 — HO,

LIMCO2 — HO,
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Figure 4-20. Measured 10-min mean total OH destruction rate compared to the OH production rate from
the main measured OH sources for (a) the experiment with low NO concentration on 1 September 2012
and (b) the ozonolysis experiment on 5 June 2020 for the optimized model run that includes additional
OH production from the reaction of RO, from limonene ozonolysis and HO, (Reaction 4-2).
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Figure 4-21. Comparison of the modelled OH reactivity kon, OH, HO,, RO, radical concentrations in the
photooxidation experiment with medium NO mixing ratio on 08 Aug 2012 using the MCM model
(reference model) and the model with additional reaction pathways from Table 4-5 implemented
(modified model).
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Figure 4-22. Comparison of the modelled OH reactivity kon, OH, HO,, RO, radical concentrations in the

photooxidation experiment with low NO mixing ratio on 01 Sep 2012 using the MCM model (reference
model) and the model with additional reaction pathways from Table 4-5 implemented (modified model).
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Figure 4-23. Comparison of the modelled OH reactivity kon, OH, HO,, RO, radical concentrations in the

ozonolysis experiment on 05 Jun 2012 using the MCM model (reference model) and the model with
additional reaction pathways from Table 4-5 implemented (modified model).
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4.4 Discussions

In this section, possibilities of the underlying chemistry of the additional loss of RO, and the additional
production of HO, from Reaction 4-1 are discussed. The small additional OH source from the conversion
from RO, with a reaction rate constant of 0.003 s is not discussed here (Reaction 4-2), as its contribution
on the chemical budget of OH radicals are small (Fig. 4-20).

4.4.1 RO loss and HO; production from RO; isomerization reactions

HO, radicals can be produced from the isomerization reaction of RO, radicals for example in the
isomerization reaction of RO, radicals derived from isoprene photooxidation (Peeters et al. 2014).

The possibility of the conversion from RO, to HO, by isomerization is investigated using the isomerization
pathways calculated for RO, derived from limonene oxidation and SARs (Fig. 4-2 and 4-3; Vereecken and
Peeters, 2009; Mgller et al., 2020; Vereecken and Noziére, 2020; Chen et al., 2021; Vereecken et al., 2021).

For radicals produced from the photooxidation of limonene, RO, radicals LIMAO2 and LIMBO2 can
undergo a slow (k < 107 s) -OH H-shift reaction that is 1 order of magnitude slower than the rate of the
RO,-to-HO; conversion applied in the sensitivity run (Fig. 4-2). In addition, the production of HO; through
the H-abstraction by O, of the alkoxy radical LIMA_15shift_O is not as favorable as the ring-cleavage alkoxy
dissociation that eventually produces an OH radical (Vereecken and Peeters, 2009). Therefore, even with
the potential production of HO, through the isomerization of RO, derived from the isomerization of
LIMCO2 (e.g., 1,8 a-OH H-shift of LIMC_6cyc_02), the production of HO, is limited by the 37% vyield of
LIMCO2 from the oxidation of limonene by OH. In addition, the rate constants of the H-shift reaction for
the intermediate radicals derived from LIMCO2 (e.g.,, LIMC_6cyc_02, LIMC_ 16allylic_02,
LIMC_15allylic_02) have a high uncertainty, as it is assumed that the SARs for acyclic compounds can be
applied for cyclic RO,. For these reasons, isomerization reactions for limOH-RO; are unlikely the reason
for the additional HO, production and RO; loss required to match observed radical concentration
measurements.

For radicals produced from the ozonolysis of limonene, reaction rate constants of the first two of the
isomerization reaction are about 1 to 2 orders of magnitude faster than the RO>-to-HO, conversion rate
used in the optimized run (Fig. 4-3). One of the possible RO, loss mechanisms through the isomerization
reaction is an o-OOH H-abstraction reaction. Although the value of the rate constant of the
a-OOH H-abstraction reaction derived from SAR is of the same magnitude (~10? s) as the RO,-to-HO;
conversion rate constant applied in the optmized run, abstraction of the hydrogen with an a-OOH group
would lead to the production of an OH radical rather than a HO; radical. Therefore, isomerization reactions
of limO3—R0O; can also not explain the missing RO,-to-HO, conversion resulting from observations in the
experiments in this work.

87



Investigation of the oxidation mechanism of limonene by OH radicals and O3 in simulation
chamber experiments

4.4.2 RO;loss from the RO; recombination reaction

Apart from isomerization, HO; could also be produced from the dissociation of alkoxy radicals derived
from RO, from the reaction of limonene with OH. Alkoxy radicals could be produced from the
recombination reaction of RO, radicals in addition to the reaction of RO, with NO.

ROz + R"O; ————— RO +R'0 + O, Reaction 4-3
RO; + R"O; — > ROH + R’(=0) + 0, Reaction 4-4
RO; + R"O; — > R(=0) + R'OH + 0, Reaction 4-5
RO, + RO, ——— ROOR + 0> Reaction 4-6

The current knowledge about the branching ratio of Reaction 4-3 to Reaction 4-6, as well as the reaction
rate constants of RO, self- or cross-reaction is limited, especially for complex RO, derived from
monoterpenes. There are no specific investigations for RO, from limonene. Reaction rate constants
implemented in the MCM model are based on estimated cross-reaction rates between RO, and methyl
peroxy radicals (CHs0,) (Jenkin et al., 1997, 2019). The reaction rate constants of the RO, recombination
reactions, kroa+ro2, for limonene-derived radicals are between 102 and 10 ¢cm? s in the MCM,
consistent with results for RO, from methyl cyclohexene, which contain a trisubstituted endocyclic double
bond like limonene (Boyd et al., 2003).

However, the reaction rate constant kroz+ro2 could be higher if the cross-reaction partners are other large
limonene-derived radicals rather than CHs0,. For example, Berndt et al. (2018) investigated the self-
reaction rate constants for RO, derived from the reaction of a-pinene with OH after they undergo two
steps of unimolecular reactions (i.e., C1oH160H(0,)-02). They found that values range between 1-4x10!
cm? s in this case. However, it should be noted that these reaction rate constants are derived from the
production rate of peroxide products (ROOR, Reaction 4-6) rather than the loss rate of RO,.

Using the values of the reaction rate constants kgroz+ro2 for RO2 from limonene oxidation from the MCM,
the upper limit of the RO, loss rate constant due to the reactions with other RO; is about 103 s in the
ozonolysis experiment and experiments with low NO mixing ratios, and 2x10“ s in the experiments with
medium NO mixing ratios. From the additional loss rate constant (102 s%; Table 4-4) determined from the
chemical budget analysis for C10-RO,, the value of the reaction rate constant for the RO,+RO; reaction that
would be required to explain the observations (k’ro2+r02) can be calculated. This results in values of k’roz+r02
that are about 3x10%°, 1x10*, and 3x10** cm3 s in the medium-NO, low-NO, and ozonolysis experiments,
respectively. The uncertainties of the rate constants are about 50 % to 60 %, which are derived from the
error propagation of RO? concentrations and optimal rate constants in the optimized model run (Table
4-5). It should be noted that these values are collective loss rate constants of all first-generation RO,
species from limonene oxidation before the formation of closed-shell products, including highly oxidized
RO, produced from potential auto-oxidation reactions.

The values of the reaction rate constant k’ro2ro2 found in the low-NO experiment and ozonolysis
experiment are on the same order of magnitude (10 to 10°° cm? s?) as values reported by Berndt et al.
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(2018) for RO from a-pinene oxidation. Berndt et al. (2018) also showed that the reaction rate constant
for the self-reaction of RO increases when the RO, becomes more oxidized. This hints that the importance
of RO, recombination reactions for RO, derived from limonene oxidation could be higher than previously
thought because of the rapid isomerization reaction of these radicals (Mgller et al. (2020) and Chen et al.
(2021); Fig. 4-2 and 4-3).

In the experiment with low NO concentrations, the additional loss rate constant for RO, radicals that is
required to explain measured RO concentrations (k ~ 0.06 s, Table 4-4) is higher than the rate constant
of the additional RO,-to-HO, conversion required to explain measured HO, concentration (k ~ 0.006 to
0.02 s%). This would be consistent with a faster reaction rate constant for the RO,+RO; reaction, because
only a fraction of the RO,+RO; reaction would lead to the formation of alkoxy and therefore HO; radicals
(Reaction 4-3 to Reaction 4-6).

However, it would be unclear why the reaction constant k’rozro2 required in the experiment with a
medium NO mixing ratio would be higher compared to the other experiments. It is also worth noting that
the decomposition of alkoxy radicals produced from RO, from the ozonolysis of limonene leads to the
production of peroxy radicals, which does not lead to the production of HO; in most of the RO,—RO>
reaction chain (Fig. 4-1). Therefore, the missing production of HO; in the ozonolysis experiment cannot be
explained by a higher than previously thought reaction rate constant of the RO,—RO, reaction.
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5. Investigation of the oxidation mechanism of
sabinene by OH radicals and O3 in simulation
chamber experiments

Most of the content of this chapter was published as peer-reviewed article “Atmospheric photooxidation
and ozonolysis of sabinene: reaction rate coefficients, product yields, and chemical budget of radicals”
(doi: https://doi.org/10.5194/acp-23-12631-2023) in the journal Atmospheric Chemistry and Physics by
this author (Pang et al., 2023). Parts of the text and figures in this chapter are adapted from this open-
access publication, under the CC BY 4.0 license (https://creativecommons.org/licenses/by/4.0).

5.1 Proposed mechanism of the oxidation of sabinene

There are fewer studies on the oxidation of sabinene compared to limonene as sabinene is less abundant
in the atmosphere. An oxidation mechanism of sabinene is not implemented in the MCM and therefore
evaluation of the oxidation of the sabinene is based on the few published mechanisms.

Oxidation mechanisms of sabinene by OH radicals were proposed by Carrasco et al. (2006) and Wang and
Wang (2018). Carrasco et al. (2006) determined the product yield from oxidation experimentally and
investigated the energy barrier of different reaction pathways for first-generation alkyl and alkoxy radicals
with quantum chemical calculation. Wang and Wang (2018) conducted a more comprehensive theoretical
study on the OH-oxidation of sabinene, where unimolecular reactions of RO, derived from the oxidation
of sabinene were also investigated.

Figure 5-1 illustrates the oxidation mechanism proposed by Wang and Wang (2018). Similar to the
oxidation of limonene, the OH-oxidation of sabinene could either start with the addition reaction on the
C=C double bond or the abstraction of an H-atom. More than 90 % of the OH-oxidation proceeds through
the OH-addition pathway (pathways (a) and (b) in Figure 5-1) and results in the production of two RO,
species, SABINOHAO2 and SABINOHBO?2. Due to the ring strain present in the bicyclic three-member ring,
the alkyl radical formed from the OH-addition reaction through pathway (b) quickly isomerizes to release
the ring strain with a yield of 99 % under typical atmospheric conditions. The isomerized alkyl radical
subsequently reacts with O, to form RO, SABINOHBO2.

There are no competitive unimolecular reactions with rate constant exceeding 103 s for the peroxy
radical SABINOHAQ2, therefore this RO, radical mainly loss in bi-molecular reactions for atmospheric
conditions. The reaction of SABINOHAO2 with NO produces HCHO and sabinaketone, which are the major
oxidation products of sabinene by OH radicals. In contrast, the peroxy radical SABINOHBO2 has a more
competitive unimolecular reaction with a rate coefficient of 5 s at room temperature. This value is
equivalent to the loss rate of RO; in the presence of 22 ppbv of NO. The product of the unimolecular
reaction subsequently reacts and isomerizes to form close-shell product with a chemical formula of
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Ci0H160s. The competing bimolecular reaction with NO of SABINOHBO2 produces the major product
acetone and a closed-shell product with the sum formular C;H100,.

The mechanism of the ozonolysis reaction was investigated with quantum chemical calculations by several
studies (Zhao et al., 2010; Wang and Wang, 2017; Almatarneh et al., 2019). Studies conducted by Zhao et
al. (2010) and Almatarneh et al. (2019) investigated the chemistry of Os-addition and Criegee
intermediates, whereas Wang and Wang (2017) also looked into the chemistry of species produced after
Criegee intermediates and calculated the theoretical yield of major products based on the mechanism.
Therefore, the mechanism proposed by Wang and Wang (2017) is used as a reference to evaluate the
ozonolysis experiments of sabinene in this work.

Figure 5-2 shows the simplified ozonolysis mechanism of sabinene proposed by Wang and Wang (2017).
The O3 addition on the C=C double bond produces a carbonyl product and a Criegee intermediate. The
production of Ce-Criegee intermediates (CI-1 and CI-2) that is accompanied by the production of HCHO
(pathways (B) and (C)) is much more favorable than the production of the C;-Criegee intermediate (CH,00)
together with the Co-cabonyl product sabinaketone (pathway (A)). It is expected that 83 % of the reaction
proceeds through the pathways (B) and (C) and 17 % undergoes pathway (A). Criegee intermediates CI-1
and CI-2 produced from pathways (B) and (C) could then undergo unimolecular reaction or bi-molecular
reactions. Although CI-1 and ClI-2 have similar structure, they have different chemistry owning to the
bicyclic ring. CI-1 proceeds with a 1,4-H-shift to a vinyl hydroperoxide (VHP) with a very fast rate
coefficient (2700 s?), whereas CI-2 can only undergo a ring-closure reaction to dioxirane with a rate
coefficient of 1 5%, or can be stabilized through the collision with air molecules to form a stabilized Criegee
intermediate (sCl). The VHP from CI-1 dissociates and forms an OH radical and a B-oxoalkyl radical that
reacts with O, to form a RO, radical. The dioxirane from CI-2 isomerizes and can form lactones. At room
temperature and pressure, the majority (89 %) of CI-1 undergoes the fast unimolecular reaction forming
a VHP whereas with only 11 % is stabilized. Only 22 % of CI-2 undergoes the slow unimolecular reaction
forming dioxirane and 78 % of CI-2 is stabilized. The stabilized Criegee intermediates from both CI-1 and
Cl-2 can react bi-molecular reaction with for example water, CO, and NO, or undergo unimolecular
reactions with pathways that are similar to that of Criegee intermediates. The reaction of sCl with water
can produce an a-hydroxylalkyl hydroperoxide (AHAP, Figure 5-2), which can decompose into
hydroperoxide and sabinaketone through catalyzation by water and organic acids.

92



Investigation of the oxidation mechanism of sabinene by OH radicals and O3 in simulation
chamber experiments

N S O

-HCHO

OH o
,(0/" SABINOHAO2 -HO, Sabinaketone ““o O o=®—/ + N

b,‘\°\° /k% C,H,,0, acetone
@ 2

+OH ——f:)% >_€>c-_/°” geve >—c;':\>—/°H 20 >7< >_/°H

o~
Oz \fsw .
Sabinene & SABINOHBO2 ) C OH +0, k, ~100s ) C 0
/“/\\ +0 +NO HOO “HO;  Hoo oo
2
H-abstraction alkyl radicals Peroxy radicals — Products CioH1s05

Figure 5-1. Simplified mechanism of the oxidation of sabinene by OH radical proposed by Wang and Wang
(2018).

e Yo

(A) -CH,00 Sabinaketone

22% o o
0 (] -H,0,

* Lactones (C.H,,0,)
389 o
+0, ————= )—{ Yo | — <59
® (B) -HCHO|: } [ i 0OH
c1-2 78 % : z ;O o >_©<°H
Sabinene AHAP
sCl-2
7, &'
(C)! % 1% o
N — >—< O,
[¢]
%0 * sCI-1
O, — s
o
Cl1 . +NO/+RO,
8% ° products
-OH +0, 0.
SABINO302
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5.2 Overview of sabinene oxidation experiments

In total seven experiments were conducted to investigate the oxidation of sabinene at different NO mixing
ratios in the SAPHIR chamber. The experiments can be divided into three types with different conditions
(ozonolysis, photooxidation at low, and medium NO mixing ratios) as described in Section 2.4. The
experimental conditions of the experiments are summarized in Table 5-1. The complete list of instruments
used in the study can be found in Table 2-1 (Chapter 2). Measurements of the OH reactivity with the LIF
instrument; measurements of NO and NO, with chemiluminescence; measurements of Os; with UV
absorption; measurement of VOCs with PTR-TOF-MS; and measurements of photolysis frequencies with
spectroradiometer were available in all experiments for the study of sabinene. The availability of the
radical and formaldehyde is listed in Table 5-2. Figure 5-3 to 5-9 shows the relevant measurements of
trace gases and radical concentrations of all sabinene oxidation experiments analyzed in this study.

Table 5-1. Experimental conditions during the time period when the sabinene oxidation experiments are
analyzed. kroz is the sum of the total loss rate RO, due to bimolecular reactions with NO, HO,, and other
RO, calculated from measured concentrations. Average values are given except for limonene
concentrations, for which maximum concentrations after the injection are given.

Type of Temperature NO kro2 OH 03 Sabinene )
. Date Figure
experiment  (K) (ppbv) (s1) (10°cm3)  (ppbv)  (ppbv)
279 0 0.02 <1 105 6 24 Jan 2022 Fig. 5-3
Ozonolysis
277 0 0.02 <1 220 6 25 Jan 2022 Fig. 5-4
08 Sep 2021 .
2 2 7 4. Fig. 5-
303 0 / 6 5 5 (1% injection) ig. 5-5
tow NO 303 0.25 0.07 35 70 8 30Jun2022  Fig.5-6
295 0.10 0.03 3.5 105 6 06 Jul 2022 Fig. 5-7
302 0.5 /2 5.0 15 3.5 06 Sep 2021 Fig. 5-8
) 08 Sep 2021 )
Medium NO 297 0.5 /2 45 10 4 o Fig. 5-5
(2" injection)
304 1.0 0.4 3.5 25 6 05 Jul 2022 Fig. 5-9

2Radical measurements by LIF were not available for experiments on 06 and 08 Sep 2021
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Table 5-2. Availability of measurements for radicals and formaldehyde for the oxidation experiments of
sabinene. Available measurements are indicated with a tick symbol.

Date Instrument (Measured species)
DOAS LIF CRDS
(OH, HCHO) (OH, HO2, RO;)  (HCHO)
24Jan 2022 v v
25Jan2022 v v
08 Sep 2021 N4
30Jun2022 Vv v
06 Jul 2022 N4
06 Sep 2021 N4
05 Jul 2022 N4 N4
15 T ,;5 T 1 \
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Figure 5-3. Overview of the measured radical and trace gas concentrations used in the analysis of the
sabinene ozonolysis experiment on 24 January 2022. The leftmost red line indicates when O; was injected;
the middle red line indicates when 100 ppmv of CO was injected; the black lines indicate when limonene
was injected into the chamber. After the injection of CO, the OH reactivity was too high to be measured
(about 500 s?).
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Figure 5-4. Overview of the measured radical and trace gas concentrations used in the analysis of the
sabinene ozonolysis experiment on 25 January 2022. The leftmost red line indicates when Oz was injected;
the middle red line indicates when 100 ppmv CO was injected; the black lines indicate when limonene was
injected into the chamber. After the injection of CO, the OH reactivity was too high to be measured (about
500 s?).
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Figure 5-5. Overview of the measured radical and trace gas concentrations used in the analysis of the
sabinene photooxidation experiment with low and medium NO mixing ratios on 08 September 2021. The
leftmost red line indicates when the chamber roof was opened; the middle red line indicates when O3 was
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Figure 5-7. Overview of the measured radical and trace gas concentrations used in the analysis of the
sabinene photooxidation experiment with low NO mixing ratios on 06 July 2021. The leftmost red line
indicates when O3 was injected; the second leftmost red line indicates when the chamber roof was opened;
the black lines indicate when sabinene was injected into the chamber.
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Figure 5-9. Overview of the measured radical and trace gas concentrations used in the analysis of the
sabinene photooxidation experiment with medium NO mixing ratios on 05 July 2022. The leftmost red
line indicates when the chamber roof was opened; the black lines indicate when sabinene was injected
into the chamber.
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5.3 Results of the analysis of sabinene oxidation experiments

5.3.1 Reaction rate coefficients of the oxidation of sabinene (ksas+on and ksag+03)
determined in chamber experiments and in laboratory measurements

The average value of the ozonolysis reaction rate constant ksas:03 determined from the chamber

experiments in this work is (3.4+0.8) x 10" cm3 st

literature (Table 5-3), in which the reaction rate coefficient ksas03 Was determined at room temperature

((296+2) K) using absolute and relative rate techniques (Atkinson et al., 1990a, b; Bernard et al., 2012).

The lower value determined in this study could be due to the low temperature (278 K) in the chamber

This value is 58 % lower than values reported in

experiments. This is supported by the known temperature dependence of ozonolysis rate coefficients of
structurally similar alkenes such as isobutene, B-pinene, and camphene, for which values decrease by
about 25 % to 50 % with relative uncertainties of about 25 % (Cox et al., 2020).

SAR in Jenkin et al. (2020) gives values for the ozonolysis reaction rate coefficient of sabinene four to five

times lower than values determined with laboratory studies in this work and reported in literature. Values

are 1.4x10" and 9.3x108 cm® s at 298 K and 278 K, respectively. Since all experimentally determined

values are higher, it is likely that SAR underpredicts the rate coefficient ksas+03. The large difference is likely

related to the ring strain of the bicyclic ring. Species in that SAR with ozonolysis rate constants differing

by more than a factor of three are mostly polycyclic compounds (e.g., camphene, a-copaene, and 3-carene)
including sabinene. Since the SAR was constructed mostly with acyclic and monocyclic alkenes, it is likely

that the impact of the ring strain on the ozonolysis rate constant for polycyclic species is not properly
captured.

The Arrhenius expression of the reaction rate coefficient ksas:on derived from laboratory OH reactivity
measurements at temperatures between 284 K and 340 K at ambient pressure is

ksag+on(T) = (1.67+0.16)x10 xexp((537+30)/T) cm3 s*

The accuracy is 13 % to 15 % (Fig. 5-10), which is mainly due to the uncertainty of sabinene concentrations
during the OH reactivity measurement. The value at room temperature of 298 K is (1.0£0.2)x10*° cm?3 s,
This agrees with the value required to describe the consumption of sabinene in the chamber experiments
of (1.440.5)x10%° cm? s (Fig. 5-11), as well as with the value of (1.17+0.05)x107*° cm? s determined in
laboratory experiments (Atkinson et al., 1990b). The temperature-dependence coefficient of the rate
coefficient ksagon Of (537+30) K is similar to that of structurally similar B-pinene ((460+150) K) and
isobutene ((505+£200) K) (Mellouki et al., 2021).
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Figure 5-10. Values of ksas+on determined in laboratory experiments using the OH reactivity instrument.
The shaded area represents the uncertainty of the Arrhenius expression.
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Figure 5-11. Modelled and measured sabinene concentrations in the photooxidation experiment with
medium NO mixing ratios (05 July 2022) used for the determination of the OH reaction rate coefficient
ksas+on. The red line and shaded area represent the simulation results applying a value of the OH reaction
rate coefficient of sabinene of ksagson = (1.4£0.5)x101% cm3 s,
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Table 5-3. List of the reaction rate coefficients of the oxidation of sabinene by OH radicals and Os reported
in literature and determined in this study.

Temperature

Reaction rate coefficient (cm3s?) ) Method Reference

(1.17+0.05) x 10°%° 296412 Relative rate Atkinson et al. (1990b)
Sabinene  6.08 x 101! 298 SAR Jenkin et al. (2018)
"on (1.670.16) x 101 x exp((537+30)/T) 284 — 340 OH reactivity .+ udy

T - measurement

(8.10.8) x 10V 29642 Absolute rate  Atkinson et al. (1990a)

(6.2+2.1) x 10V 297+2 Absolute rate  Bernard et al. (2012)
iagine”e (8.8+1.0) x 1077 29642 Relative rate  Atkinson et al. (1990b)

1.4x10Y 298 SAR Jenkin et al. (2020)

(3.4+0.8) x 107 278+2 Absolute rate  This work

5.3.2 Product yield of the oxidation of sabinene

Formaldehyde is one of the major products from the oxidation of sabinene by both oxidants, OH and Os.
The analysis of the photooxidation experiments results in a HCHO yield of (46£25) %. The uncertainty is
due to the uncertainty of the HCHO chamber source, corrections for the loss of HCHO, and the calculation
of the amount of reacted sabinene. There is no significant difference in the HCHO yields determined in
the experiments with either medium or low NO mixing ratios (Fig. 5-12a), which can be expected as the
majority of RO, radicals reacted with NO in both experiments (Fig. 5-6, Fig. 5-7, and Fig. 5-9). The HCHO
yield reported in this study is higher than the yield of 25 % reported by Carrasco et al. (2006) (Table 5-4),
who conducted experiments at a high concentration (~ 2 ppmv) of sabinene using either H,0, or HONO
photolysis as OH sources. The authors found similar HCHO vyields in their experiments for different NO
concentrations. Larsen et al. (2001) also performed experiments in the absence of NO and resulting in
HCHO vyield of (35%4) %. This value is lower than the yield found in this study but still agrees within the
uncertainties.

The photooxidation of sabinene results in an acetone yield of (21+15) % in this study (Fig. 5-12b), when
OH radicals predominantly reacted with sabinene. The uncertainty of the acetone yield is mainly due to
the uncertainty in the chamber source, corrections for losses, and the calculation of the amount of reacted
sabinene. The value is consistent with the yields in the studies by Carrasco et al. (2006) and Reissell et al.
(1999) (Table 5-4). Reissell et al. (1999) performed photooxidation experiments at high initial NO
concentrations (~10 ppmv) and with a high NO:sabinene concentration ratio (~10:1). In another study by
Larsen et al. (2001), the acetone yield was lower than the values found in this study and studies conducted
by Reissell et al. (1999) and Carrasco et al. (2006).

The vyield of sabinaketone of the photooxidation of sabinene is (18+16) % (Fig. 5-12c). The large
uncertainty of the calculation is due to the uncertainty of the measurement sensitivity of sabinaketone.
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This value agrees well with literature values that range from 17 % to 24 % (Table 5-4). There is no
significant dependence of the yield of sabinaketone from the OH oxidation of sabinene on the NO mixing
ratio, which is also consistent with the findings in Carrasco et al. (2006).

The HCHO yield determined in the ozonolysis experiments is (48+15) %, when the OH oxidation was
suppressed by the presence of an OH scavenger. This value is consistent with the yield of (52+9) %
reported by Chiappini et al. (2006), who conducted ozonolysis experiments in the presence of an OH
scavenger and with high concentrations (~ 1 ppmv) of sabinene and Os.

The ozonolysis of sabinene produces a small amount of acetone compared to the photooxidation by OH.
The low acetone yield of (5t2) % determined in this study agrees well with those reported by Reissell et
al. (1999) and Chiappini et al. (2006) (Table 5-4).

The yield of sabinaketone from the ozonolysis of sabinene is (31+£15) %. This value is lower than values
reported in literature, which range between 35 % to 50 %, but still agrees within the combined
uncertainties (Hakola et al., 1994; Yu et al., 1999; Chiappini et al., 2006; Table 5-4). The sabinaketone yield
could increase with increasing humidity due to the reaction of the stabilized Criegee intermediates with
water (Wang and Wang (2017), Figure 5-2) and a laboratory study on the nopinone yield from the
ozonolysis of structurally similar B-pinene (Ma and Marston, 2008). However, the absolute humidity
during the ozonolysis experiments in this study of 0.25 % was not much different or higher than the
humidity in the experiments reported in literature (Table 5-4), so that it is unlikely that humidity explains
the lower value in this work.
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Table 5-4. Summary of the product yields from the oxidation of sabinene reported in literature and

determined in experiments in this study.

Acetone HCHO Sabinaketone OH Reference

ga:'”ene ty / 17% NA Arey et al. (1990)
/ / (1743) % NA Hakola et al. (1994)
(19¢3)%  / / NA Reissell et al. (1999)
(9+3) % (35#4) %  (24%10) % NA Larsen et al. (2001)
(25%5)%  (25%5)%  (2246) % (no NOy) NA

Carrasco et al. (2006)

(23#5)%  (25%6)%  (19%5) % (with NO,) NA
(21#15) %  (46%25)% (18%16) % NA This work

Sc’)ab'”e”e Y )%/ / / Reissell et al. (1999)

3

/ / (47424) %° / Yu et al. (1999)
/ / (50+9) %" / Hakola et al. (1994)
Detected  (5219) % (35£14) %¢ / Chiappini et al. (2006)
/ / / (3345) % Aschmann et al. (2002)
/ / / (26+13) %  Atkinson et al. (1992)
(5+2) % (48+15) %  (31+15) % (26229) % This work

NA: Not applicable *Experiments were performed at around 5 % relative humidity (Griffin et al., 1999)
®The humidity is not mentioned ‘Experiments were performed with less than 300 ppm of water

d0zonolysis experiments were conducted at 0.25 % absolute humidity.
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Figure 5-12. Determination of the yields of HCHO (a), acetone (b), and sabinaketone (c) from the reaction
of sabinene with OH and Os. ‘Photooxidation’ refers to the yields calculated from all data from the
experiments with low NO and medium NO mixing ratios. For clarity, only data points from the time period,
when 50 % of the injected sabinene was still present (3 ppbv to 4 ppbv) are shown.
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5.3.3 Comparison between product yields determined in this study to the values
expected from theoretical calculations

The product yields of the photooxidation of sabinene determined in this study can be compared to yields
expected from the sabinene oxidation mechanisms by Wang and Wang (2017) and Wang and Wang (2018).

In the OH oxidation mechanism by Wang and Wang (2018), HCHO is only produced from the subsequent
chemistry of the RO, radical SABINOHAQ?2 that results from one of the two OH-addition reactions of
sabinene (Fig. 5-1). It is reasonable to expect that about 20 % to 35 % of RO, derived from the OH-oxidation
of sabinene forms organic nitrates when they react with NO similar to peroxy radicals derived from other
monoterpenes (e.g., Rollins et al., 2010), Therefore, the HCHO from the OH-oxidation of sabinene is
expected to be 31 % to 38 % when considering the branching ratio of reaction pathway (a) stated in Wang
and Wang (2018) and the organic nitrate yield. This agrees with the HCHO vyield of (46+25) % (Table 5)
determined in the photooxidation experiments.

The yield of acetone in the OH oxidation of sabinene expected from the mechanism by Wang and Wang
(2018) is determined by the branching ratio of the OH-addition reaction producing the RO: radical
SABINOHBO?2 as well as by the fraction of SABINOHBO2 that undergoes an isomerization reaction or forms
organic nitrates in the reaction with NO, from which eventually acetone is produced. For atmospheric
conditions like in the experiments in this work, it is expected that more than 90 % of SABINOHBO2
undergoes the unimolecular reaction (kuwi ™~ 5 s?, Fig. 5-1) and less than 10 % undergoes bimolecular
reactions (kro2< 0.4 s%; Figure 5-6, Figure 5-7 and Fig. 5-9). Therefore, the acetone yield is expected to be
only around 4 % (reaction path (b) in Fig. 5-1).

The experimentally determined acetone yield of (21+15) % is significantly higher than this value. To bring
both values into agreement, the rate coefficient of the unimolecular reaction of SABINOHBO2 would need
to be on the same order of magnitude as the loss rates constant of bimolecular RO, reactions in this study
(~0.2 s1), so that about half of the RO, radical SABINOHBO2 undergoes bimolecular reactions (mainly with
NO). The uncertainty of the unimolecular reaction rate coefficient of about 5 s calculated in Wang and
Wang (2018) has an uncertainty of about one order of magnitude. Therefore, the unimolecular reaction
rate constant calculated by Wang and Wang (2018) agrees with the rate constant required to reach a good
agreement of acetone vyield, despite the large difference between the acetone yield determined in the
experiments and the yield expected from the mechanism in Wang and Wang (2018).

It should be noted that acetone might be produced from pathways other than the reaction pathways of
RO, radical SABINOHBO2 suggested in Wang and Wang (2018). This would be consistent with the
observation that the acetone yield found in this study and in Carrasco et al. (2006) does not strongly
depend on the NO concentration (Table 5-4), which would be expected, if acetone is produced from
reaction pathways that do not without other competitions. For example, acetone might be produced from
a very fast isomerization reaction so that bimolecular reactions cannot compete for typical atmospheric
concentrations of partners like NO.

The sabinaketone yield of (18+16) % from the OH-oxidation of sabinene determined from the experiment
is lower than the yield of 31 % to 38 % expected from the mechanism by Wang and Wang (2018) after
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taking account into the branching ratio of reaction pathway (b) in Fig. 1 and the potential production of
organic nitrates. The mechanism by Wang and Wang (2018) also suggests the production of sabinaketone
comes together with the production of HCHO and thereby have the same yield. However, only the HCHO
yield determined in this study agrees with the HCHO yield expected from the mechanism by Wang and
Wang (2018). The large difference between the HCHO yield and sabinaketone yield in this study could be
due to the large uncertainties of the yields.

Regarding the ozonolysis of sabinene, the HCHO yield determined in the experiments in this study and in
the study by Chiappini et al. (2006) are about 35 % lower than the HCHO yield of 83 % expected from the
mechanism by Wang and Wang (2017). In their mechanism, HCHO is directly formed as co-product of the
two Criegee intermediates Cl-1 and Cl-2, so that the HCHO vyield reflects the sum of the branching ratios
for these reaction pathways (reactions (B) and (C), Fig. 5-2). The low HCHO yield in the experiments might
therefore hint that the combined branching ratios of reaction pathways (B) and (C) in the mechanism by
Wang and Wang (2017) in Fig. 5-2 are too high.

The production of acetone from the ozonolysis of sabinene is not discussed in Wang and Wang (2017).
The small yield of (5+2) % determined in this work also suggests that only minor reaction pathways lead
to the production of acetone. One feasible mechanism could be the breakage of the 3-membered ring in
the Criegee intermediate CI-2 that yields a biradical BI-RAD (Fig. 5-13). A similar mechanism was proposed
for the Criegee intermediates from the ozonolysis of B-pinene (Nguyen et al., 2009). The expected yield
of the analogous biradical formed from the ozonolysis of B-pinene is 3 %, which explains the low acetone
yield between 1 % to 7 % observed for B-pinene (Lee et al., 2006). If a similar reaction pathway applies for
Criegee intermediate from sabinene, it can be expected that this is mainly relevant for the Criegee
intermediate Cl-2 because of the fast loss of the Criegee intermediate Cl-1 in the fast H-migration reaction
(Wang and Wang, 2017). Therefore, the small acetone yield might be explained by the breakage of the 3-
membered ring of the Criegee intermediate CI-2.

The sabinaketone yield of (31+15) % determined from the ozonolysis experiments is lower than the value
of 47 % expected from the calculations by Wang and Wang (2017). As discussed above in the comparison
with values reported in literature, humidity could impact the sabinaketone yield, but the overall effect is
expected to be small. Values reported in literature are in better agreement with the yield of 47% expected
from the mechanism by Wang and Wang (2017). Therefore, the low value determined in the work is likely
due to the high uncertainty in the sabinaketone measurements.

The OH yield from the ozonolysis reaction of sabinene of (26£29) % determined in the experiments is
lower than the yield of 44 % expected from the mechanism in Wang and Wang (2017), but still within
agreement due to the uncertainties in the values determined in the experiment and in the theoretical
calculations. The OH yield expected from the mechanism is based on the fraction of the Criegee
intermediate CI-1 that undergoes unimolecular decomposition forming an OH radical and an B-oxo alkyl
radical (Fig. 5-2), which does not consider the potential OH production from the Criegee intermediate
CH,00. It is expected that about 40 % to 50 % of CH,0O is stabilized by collisions to form a stabilized
Criegee intermediate and subsequently reacts with water at moderate humid conditions (Long et al., 2016;
Nguyen et al., 2016; Pfeifle et al., 2018), and about 17 % of CH,00 results in the production of an OH

109



Investigation of the oxidation mechanism of sabinene by OH radicals and O3 in simulation
chamber experiments

radical (Atkinson et al., 2006). Therefore, the overall additional contribution to the OH vyield of the
ozonolysis of sabinene from the chemistry of CH,0O is only about 3 %.

Regarding the production of OH radicals from the chemistry of the Co-Criegee intermediates Cl-1 and Cl-
2, the OH yield can be affected by the uncertainty of the yield of the stabilized Criegee intermediate sCl-
1. Laboratory experiments quantifying the yield of the stabilized Criegee intermediate would partly help
constraining the OH yield. However, to the best of our knowledge, there are no measurements of
stabilized Criegee intermediates from the ozonolysis of sabinene.

The OH yield can also be affected by reactions that were not investigated by Wang and Wang (2017). For
example, an OH radical may not be formed from the dissociation of the vinyl hydroperoxide. In the
proposed mechanism by Barber et al. (2018) and Kuwata et al. (2018) (Fig. 5-14), the hydroxyl group that
is partly dissociated from the hydroperoxide group can recombine with the B-oxo alkyl radical and form a
2-hydroxyketone, instead of a complete dissociation. With this additional mechanism, the expected OH
yield from the ozonolysis of sabinene would be reduced. Further investigations of the relative importance
of the recombination pathway are needed to quantify the potential impact.

o ° 0 O +NO/+RO, 0
g / 4 2
>—€>_D - >_C:\>- ° : >7@-° acetone + o=®—o’
0,.
Cl-2 BI-RAD SABINO3BO2

Figure 5-13. Possible reaction pathway of the Criegee intermediate ClI-2 that could explain the small
production of acetone from the ozonolysis of sabinene.
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Figure 5-14. Possible pathways of the dissociation of the vinyl hydroperoxide (VHP) from CI-1 that lead to
the production of (a) 2-hydroxylketone, and (b) an OH radical and a -oxo alkyl radical.
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5.3.4 Chemical budget of OH radicals during the oxidation of sabinene

The sum of OH radical production rates from different pathways needs to be balanced by the OH
destruction rate. In the ozonolysis experiment (Fig. 5-15a), the production and destruction rates of OH
were low with values of less than 1.5 ppbv h'l. The OH concentration was close to the limit of detection
of the instrument (< 10° cm3), so that the calculation of the loss rate has a high uncertainty. In the first
hour of the experiment, about 65 % of the total OH production was from the ozonolysis reaction (0.75
ppbv h?) and the remaining part was from the reaction of HO, with O3 (0.5 ppbv h™%). The total production
rate of OH was on average slightly higher (+0.2 ppbv h?) than the destruction rate. However, this
discrepancy is within the uncertainty of the calculations, so that the chemical budget can be regarded as
balanced by the considered OH production and destruction reactions.

In the photooxidation experiment with low NO mixing ratios (Fig. 5-15b), the production rate of OH ranged
between 2 and 6 ppbv h'. A good agreement between the OH production and destruction rates can be
seen during the zero-air phase, demonstrating that the analysis includes all important OH production
pathways in the clean chamber before sabinene was injected.

After the injection of sabinene, the OH destruction rate increased due to the reaction with sabinene. The
OH production rate concurrently increased due to the enhanced regeneration of OH from the reaction of
HO, with NO and due to the production of OH from the ozonolysis of sabinene. For NO mixing ratios (0.05
ppbv to 0.15 ppbv) in this experiment, 20 % to 60 % of the OH was produced from the reaction of HO»
with NO, and the remaining part was from the photolysis of HONO and Os and the reaction of HO, with
O3s. The contribution of the ozonolysis of sabinene to the total OH production was maximum 10 % to 30 %
right after both sabinene injections, but quickly decreased, while sabinene was being oxidized. Overall,
the OH production rate was excellently balanced by the OH destruction rate in the experiments with low
NO mixing ratios suggesting that there was no significant unaccounted OH sources for the conditions of
these experiments.

In the photooxidation experiment with medium NO concentrations (Fig. 5-15c), the OH production and
destruction rates were 4 ppbv to 10 ppbv h?, which were higher than values in the experiments with low
NO. The high production rate is mainly due to a fast regeneration of OH in the reaction of HO, with NO
contributing 70 % to 80 % to the total OH production rate. The production rate of OH was also well
balanced by the OH destruction rate within the uncertainties of calculations.

In summary, the OH production and destruction rates in the oxidation experiments with sabinene were
well balanced for all conditions experienced in this work. This suggests that there are no unaccounted OH
production reactions in the photooxidation of sabinene, so that well known photolysis reactions and bi-
molecular reactions are sufficient to be considered in the chemical budget of OH radicals This is consistent
with the mechanism proposed by Wang and Wang (2017 and 2018).
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Figure 5-15. Overview of the production rate of OH (Pou, colored areas) and the destruction rate of OH
(Dow, black dots) (top panel), as well as their differences (bottom panel) in (a) an ozonolysis experiment,
(b) experiments with low NO, and (c) with medium NO mixing ratios. Grey shaded areas are the 1o
uncertainty of the difference between Poy and Dop.
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6. Investigation of the oxidation of biogenic
organic compounds from real plant emission

6.1 Emission of organic compounds from sweet chestnut (Castanea
sativa)

6.1.1 Species emitted by sweet chestnut trees

In the first part of the plant chamber experiments, the emissions of sweet chestnut trees at different
temperatures were analyzed. At an ambient temperature of around 22 °C to 26 °C in the SAPHIR-PLUS
chamber, only a small amount of VOCs that are reactive toward OH radicals were emitted by the sweet
chestnut trees as demonstrated by a low maximum OH reactivity (2.5 s) reached in the SAPHIR chamber,
after emissions were transferred into the SAPHIR chamber (Fig. S6-1). Organic compounds that contribute
to the measured OH reactivity include acetaldehyde, methylglyoxal, acetone, hydroxyacetone, and a very
low concentrations (< 100 pptv) of isoprene, a-pinene, and B-ocimene. VOCs that are not very reactive
toward OH radicals were also observed, which include methanol and acetic acid having mixing ratios of
about 0.5 ppbv to 1.0 ppbv in the SAPHIR chamber.

At an elevated temperature between 28 °C to 32 °C in the SAPHIR-PLUS chamber, VOCs were emitted at
a higher rate as indicated by the maximum OH reactivity of 10 s to 18 s reached in the SAPHIR chamber
(Fig. S6-1). The increase in OH reactivity was mainly due to the increase in the emission of trans--ocimene
and cis-B-ocimene that were observed in GC measurements in the SAPHIR and SAPHIR-PLUS chambers.
The sum of concentrations of both B-ocimene isomers reached 1 ppbv to 2 ppbv in both chambers (Fig.
6-1 and Fig. S6-2 to S6-4). The offline GC measurement in the SAPHIR-PLUS chamber gave consistent
results with B-ocimene concentrations of up to 1.5 ppbv. In addition, a reactive alkene, p-mentha-1,5,8-
triene (molecular formula: CyoH14), with @ maximum concentration of about 0.3 ppbv was observed by the
offline GC instrument. The GC instrument in the SAPHIR chamber was not calibrated for p-mentha-1,5,8-
triene and no strong signal other than B-ocimene was observed in the GC chromatogram. The PTR-TOF-
MS instrument in the SAPHIR chamber detected the presence of p-mentha-1,5,8-triene, but the signal was
too small to be quantified. The GC and the PTR-TOF-MS measurements suggest that p-mentha-1,5,8-
triene had a very low concentration or was even absence in the SAPHIR chamber, which might be related
to the loss of this VOC species when it was transferred to the SAPHIR chamber.

Apart from B-ocimene and p-mentha-1,5,8-triene, monoterpene species including sabinene, a-
phellandrene, a-pinene, B-pinene and limonene were detected by the offline GC measurement in the
SAPHIR-PLUS chamber at experiments with an elevated temperature, but their concentrations were one
order of magnitude lower than that of B-ocimene. The emission of B-ocimene showed a dependence on
the light intensity as evident by the decrease in concentration in the SAPHIR chamber when the lights in
SAPHIR-PLUS were off. During this period, the decrease could be explained from the replenishing flow of
synthetic air (Fig. 6-1 and Fig. S6-2 to S6-4). The dependency on light of the emission of monoterpenes by
sweet chestnut trees suggests that significant part of the monoterpene emissions would be originated
from de novo synthesis rather than pool emissions. de novo emission of terpenes is commonly found in

113



Investigation of the oxidation of biogenic organic compounds from real plant emission

deciduous trees including sweet chestnuts, for which a storage structure of synthesized terpenes in leaves
is not available (Loreto and Schnitzler, 2010).
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Figure 6-1. The mean leaf temperature measured in the SAPHIR-PLUS chamber and monoterpene
concentrations measured by PTR-TOF-MS and B-ocimene concentrations measured by GC-FID in the
SAPHIR chamber during the coupling phase between the SAPHIR-PLUS and the SAPHIR chambers. The
green colored area indicates the maximum and minimum leaf air temperature among the four
measurements at different plants. The grey shaded area indicates when the light in the SAPHIR-PLUS
chamber was turned off. The dotted line indicates the decoupling of the two chambers followed by the
start of the oxidation of VOCs.
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6.1.2 Comparison of VOCs concentrations in the SAPHIR chamber measured by PTR-
TOF-MS and GC instruments

Significant amounts of acetaldehyde, acetone, and B-ocimene were detected by both PTR-TOF-MS and
GC instruments during the experiments. B-ocimene concentrations measured by the GC instrument were
on average 23 % lower than measurements by the PTR-TOF-MS instrument (Fig. 6-2). The difference is
within the combined uncertainties of both instruments. Uncertainties of PTR-TOF-MS measurements
include the measurement sensitivity for B-ocimene, which is assumed to be the same as that for a-pinene,
for which the instrument is regularly calibrated. All monoterpene species including B-ocimene appear on
the same ion mass signal. Therefore, the presence of other monoterpene species could also explain the
differences in the measurements by the two instruments. GC measurements in the SAPHIR-PLUS chamber
suggest that the total concentration of monoterpene species other than B-ocimene was about 10 % of the
measured B-ocimene concentrations, which can explain the difference in measured monoterpene and B-
ocimene concentrations in the SAPHIR chamber.

Measurements of acetone show a large discrepancy between the two instruments, with the
concentrations measured by PTR-TOF-MS being on average 43 % higher than measured by the GC
instrument. The difference is larger than the combined uncertainties of 7 % (Table 2-1) found in the
limonene oxidation experiments. The exact reason for the large difference in the plant emission
experiments remains unclear.

Measurements of acetaldehyde also show a large discrepancy without a clear correlation between the
two instruments. Such large differences can be caused by the calibration process of the online GC
instrument, in which peak broadening and tailing, and thereby coelution with other species can occur for
acetaldehyde. This may be explained by the fact that the temperature program run by the GC instrument
is not optimized for the measurements of small VOCs that have a low boiling point. VOCs with low boiling
points are prone to interferences from water present in the sample, as they are both vaporized at a similar
time during the temperature ramp. The measurement of acetaldehyde by the PTR-TOF-MS instrument
may also be subject to interference from the fragmentation of compounds such as oxygenated VOCs (Yuan
et al., 2016; Coggon et al., 2023), especially in a complex chemical composition. For example, the
ionization of ethanol (m/z: 47) can produce fragments occurring on the same ion mass signal (m/z: 45)
that is typically assigned to acetaldehyde (Buhr et al., 2002). Therefore, the correlation of the
acetaldehyde concentrations measured by the PTR-TOF-MS and GC-FID instruments might be weak in the
plant emission experiments in this work.
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Figure 6-2. Comparison of the measurements of (a) B-ocimene, (b) acetone, (c) acetaldehyde in the
SAPHIR chamber detected by PTR-TOF-MS and GC-FID instruments during the plant emission experiments.
The grey line represents the regression result and the red dotted line represents the 1:1 line. Colors of the
measurements distinguish between experiments on different days.
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6.2 Oxidation of the BVOCs emitted by sweet chestnut trees

6.2.1 Comparison of measured total OH reactivity and OH reactivity calculated from
measured BVOC concentrations

The OH reactivity measurement constrains the total amount of reactive species present in the SAPHIR
chamber and contains information, if VOC measurements include all chemically relevant species. If the
measured OH reactivity is higher than the OH reactivity calculated from the concentrations of single VOCs
during the coupling of the two chambers, reactive VOCs species are missing in the measurements,
whereas VOC concentrations are too high if the measured OH reactivity is lower than the calculated value.

The OH reactivity is calculated using the reaction rate constants of the reaction with OH radicals and the
concentrations of the OH reactants:

kon = Zi[xi]kxi+0H Equation 6-1

where kwon is the reaction rate constant of the OH oxidation reaction taken from IUPAC
(https://iupac.aeris-data.fr/en/home-english/, last access: 26 August 2023). Concentrations of the VOCs
species measured by PTR-TOF-MS are eventually used for the calculation, as more oxidation product
species were detected by this instrument and measurements have a higher time resolution than the GC

measurements.

The OH reactivity calculated from VOCs concentrations measured by GC would be about 25 % lower than
that of measured VOCs concentration measured by PTR-TOF-MS before the oxidation of VOCs (Fig. 6-2),
when monoterpene species (B-ocimene) were the main contributor to the OH reactivity. Products species
other than acetaldehyde and acetone from the oxidation of B-ocimene were not measured by GC.
Therefore, it is expected that some species are missing in the calculation of the OH reactivity after the
start of the oxidation of VOCs, if only the GC measurements are used.

The PTR-TOF-MS instrument was not calibrated for some product species from the oxidation of B-ocimene.
The measurement sensitivities (sx) were estimated based on the ratio of the reaction rate constants of the
protonation reaction of the VOC (k) to that of acetone (Kacetone+t+) Calculated from available literature
values (Pagonis et al., 2019), as well as from the measurement sensitivity of acetone (Sacetone) Which is
determined in regular calibrations of the instrument.

kx+H+

Sx = Sacetone " Equation 6-2

acetone+H™t

Figure 6-3 and 6-4 show the time series of measured OH reactivity and the OH reactivity calculated from
measured concentrations of single species in the photooxidation experiment on 12 July 2022 and in the
ozonolysis experiment on 25 July 2022. For the experiments on 04 July 2022 and 18 July 2022, the time
series could be found in the Supplementary material (Fig. S6-5 and S6-6). It should be noted that isomers
are measured collectively by the PTR-TOF-MS, but it is assumed that the ion mass signal at a specific m/z
is only attributed to only one species. lon mass signals were preferably assigned to expected oxidation
products of B-ocimene, as B-ocimene was the major emitted species.
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Before the initiation of the oxidation of VOCs, 95 % of the calculated OH reactivity is due to monoterpenes,
most of which was B-ocimene. The difference between the measured and calculated OH reactivity is
around 2 s to 3 s for the photooxidation experiment. A similar difference is also observed for the
ozonolysis experiment. The small discrepancy before the oxidation can be explained by the uncertainty in
the measurement sensitivity of the PTR-TOF-MS instrument for B-ocimene, which could be as high as 50
% (Sekimoto et al. 2017).

The difference in OH reactivity could also stem from missing contributions from the alkenes species p-
mentha-1,5,8-triene, which was only observed by the offline GC measurements in the SAPHIR-PLUS
chamber, but no strong mass signal was observed at the expected m/z from p-mentha-1,5,8-triene
(C10H15%) in the mass spectrum of the PTR-TOF-MS instrument.

Based on the concentration ratio of p-mentha-1,5,8-triene to B-ocimene measured in the SAPHIR-PLUS
chamber by the offline GC instrument, its estimated contribution to the OH reactivity in the SAPHIR
chamber could be between 2 s to 7 s%, which is slightly larger than the missing OH reactivity before the
oxidation phase of the experiment.

At the beginning of the photooxidation experiment (Fig. 6-3), B-ocimene exclusively reacted with OH
radicals. The difference between the OH reactivity and the calculated OH reactivity increased to 5 s},
which could be related to the production of products which were not quantified by the PTR-TOF-MS
instrument. The products could be species that still retain a C=C double bonds after the initial oxidation
reaction. The measured OH reactivity dropped to 5 s after most of the B-ocimene has been consumed
within 60 minutes. The relatively stable OH reactivity at later times of the experiments suggests that both
B-ocimene and reactive oxidation products (e.g., oxygenated alkenes), were already consumed after 60
minutes. The contributions of ketones including acetone and hydroxyacetone to the OH reactivity were
low, as their concentrations were low and they are not very reactive towards OH radicals (k< 10 cm3®s
1). Methyl vinyl ketone (MVK), which has a C=C double bond, is produced from the photooxidation of B-
ocimene and quickly reacts with the OH radical leading to a small contribution to the OH reactivity at the
beginning of the oxidation phase of the experiment.

During the photooxidation experiments, NOx was produced from the photolysis of HONO and Os was
produced from the oxidation of VOCs. They contributed about 1.5 s to the OH reactivity. Aldehydes
produced from chamber sources (formaldehyde) and from the oxidation of B-ocimene (acetaldehyde,
methylglyoxal) contributed about 1 s to the OH reactivity. About 1 s to 2 s™ (30 % — 50 %) of the
measured OH reactivity during the oxidation phase of the experiment could not be assigned to any
measured chemical species. The remaining gap might be explained by the uncertainty in the measurement
sensitivity of the PTR-TOF-MS instrument for oxidation products especially for MVK and methylglyoxal.

At the beginning of the ozonolysis experiment, B-ocimene reacted with 10 ppbv of Oz and with OH radicals
produced from the ozonolysis of B-ocimene. About half of the B-ocimene reacted with OH radicals and
the other half reacted with Os. Ketones (MVK, acetone, hydroxyacetone) were produced during the
oxidation of B-ocimene, but only aldehydes and B-ocimene contributed a non-negligible amount to the
OH reactivity.
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About 4 s of the OH reactivity (80 % of the measured value) is missing from the calculations in the
ozonolysis experiment, which could be related to missing measurements of secondary products from the
ozonolysis of B-ocimene. A study by (Reissell et al., 2002) showed that the ozonolysis of B-ocimene
produced 4-methyl-hexa-3,5-dienal (C;H110) with a yield of 33 %. This molecule is an aldehyde with two
conjugated C=C double bonds and therefore it is expected to be reactive towards OH radicals. The PTR-
TOF-MS also detected an ion mass signal at the respective mass [C;H1:OH]* (m/z: 112), but the signal was
not high enough to give quantitative measurements. Presumably concentrations of
4-methyl-hexa-3,5-dienal were low in the experiments as it is rapidly lost in the reactions with OH and Os.
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Figure 6-3. Comparison of the measured OH reactivity (black dots) and calculated OH reactivity using PTR-
TOF-MS measurements of single reactants (top panel, and their differences (bottom panel) for the
photooxidation experiment on 12 July 2022. The vertical dashed line indicates the time when the chamber
roof was opened, which initiated the photooxidation of VOCs. The constant contribution from “chamber
background” of 1 s refers to the background OH reactivity expected to be present in the illuminated

chamber. The value of 1 s is taken from other VOC photooxidation experiments conducted within the
time period of the plant emission experiments.
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Figure 6-4. Comparison of the measured OH reactivity and the calculated OH reactivity from the PTR-TOF-
MS measurements of single reactants (top panel), and their differences (bottom panel) for the ozonolysis
experiment on 25 July 2022. The vertical dotted line indicates the time when O3 was injected.
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6.2.2 Chemical budget of OH radicals during the oxidation of VOCs from plant
emissions

The chemical budget of OH radicals during the oxidation of plant emissions is calculated for the
photooxidation experiments on 04, 12, and 18 July 2023 using the method described in Section 3.4.1.
Measurements of HONO concentrations and a zero-air phase for determining the production rate of
HONO were not available in the plant emission oxidation experiments. To estimate the HONO
concentration in the chamber, it is assuming the scaling factor of the production rate of HONO (Section
2.3) is the same as those determined from other single VOC photooxidation experiments conducted
during July 2022, when the plant emission experiments were also performed. A chemical box model with
only chamber chemistry was then run using the HONO production rate scaling factor and measured OH
concentrations and photolysis rates to calculate the HONO concentration in the chamber. Sensitivity
model runs of the HONO production rate scaling factor suggests the uncertainty of the HONO
concentration is about 50 %.

Figure 6-5 shows the chemical budgets of OH radicals during the plant emission photooxidation
experiments on 12 and 18 July 2023. The production and destruction rates of OH radicals are balanced
within the measurement uncertainties at the time when B-ocimene was completely consumed. When B-
ocimene was present, the production rate of OH radicals was about (2.0+1.5) ppbv h? less than the
destruction rate. This suggests that there was a small additional OH source present that is not included in
the calculations during the oxidation phase of the experiment. However, differences are small and close
to the uncertainty of the calculations.
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Figure 6-5. The chemical budget of OH radicals during the two plant emissions photooxidation experiment
on 12 and 18 July 2023. OH radical destruction rates (Don) calculated from the OH reactivity and
concentration, and the OH radical production rate (Pow, colored areas) are shown in the upper panels. The
light grey area represents the uncertainty of the calculation of the production rate Poy; the dark grey area
represents the time when the monoterpene (B-ocimene) concentration was higher than 0.01 ppbv, so
that this was the dominant OH reactant; the vertical dashed line represents the start of the oxidation of
VOCs. In the bottom panels, the difference between Poy and Dow is shown.

121



Investigation of the oxidation of biogenic organic compounds from real plant emission

6.3 Discussion of the experiments with real plant emissions

6.3.1 Emitted organic compounds of sweet chestnut reported in literature

Emissions from sweet chestnut were investigated by Aydin et al. (2014), who measured emissions from
emissions from mature trees with ages between 20 years and 40 years in the field. It was found that
monoterpenes were the dominant emission by mass (> 95 %), followed by a small amount of
sesquiterpenes and isoprene. Among the monoterpene emissions, 65 % was sabinene and 13 % was trans-
B-ocimene.

Emissions of sweet chestnut trees were also measured by Lipke et al. (2017). The measurements were
conducted in a controlled environment in a plant chamber enclosing 2-year-old sweet chestnut trees.
Emissions from 20 trees were sampled and three groups of emission spectra were identified: 1) emissions
that were dominated by B-ocimene; 2) emissions that were dominated by a-pinene and B-pinene; and 3)
emissions without a dominant monoterpene species.

Emission of B-ocimene was measured in all three studies, but it was only a minor emission source in the
study by Aydin et al. (2014). One explanation might be the difference in the tree ages and phenology
causing the difference in the emissions (e.g, Lim et al., 2011 and WiR et al., 2017).

Table 6-1. Reported VOCs (Cio species) emissions of sweet chestnut trees.

Reference Main emissions (Relative emission)

This study?® - B-ocimene (60 — 90 %)
- p-mentha-1,5,8-triene (< 30 %)
- p-cyemene, sabinene, a-phellandrene, limonene, a- and B-pinene (< 5 % each)

Liipke et al. (2017)° - B-ocimene (50 — 75 %)
- a-, B-, y-terpinene (30 % combined), p-cymene (15 %) and a-thujene (15 %)
- a- and B-pinene (50 % combined)

Aydin et al. (2014) - sabinene (65 %)
- trans-B-ocimene (13 %)

20ffline GC measurement in the SAPHIR-PLUS chamber. Relative emission rates are estimated from the
concentrations measured in the SAPHIR-PLUS chamber. ®Three groups of main emissions were found.
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6.3.2 Photooxidation chemistry of B-ocimene

B-ocimene consists of three C=C double bonds which include an isobutenyl moiety and an isoprenyl
moiety (Fig. 6-6, Fig. 6-7, and Fig. 6-8). The structure of B-ocimene is very similar to that of myrcene with
the only difference being the position of the isoprenyl moiety. The chemical budget of OH radicals during
the photooxidation of isoprene (Fuchs et al., 2013; Novelli et al., 2020) and myrcene (Tan et al., 2021)
were investigated in the SAPHIR chamber, therefore results of these studies can be compared to the
results of the photooxidation of B-ocimene in this work.

In Fuchs et al. (2013) and Novelli et al. (2020), it is shown that there is a missing source for OH radicals
during the photooxidation of isoprene when NO concentrations are low (< 0.5 ppbv), if only the OH-
recycling reaction from the reaction of HO, with NO is considered. Additional OH radicals can be produced
without the presence of NO through the photolysis of products from the isomerization reaction (1,6 H-
shift) of one of the RO, isomers derived from the photooxidation of isoprene (Fig. 6-6). The photooxidation
of isoprene starts with the OH addition on the terminal carbon that yields a conjugated alkyl radical.
Depending on the position of the O, addition reaction, the alkyl radical reacts with O, and form either a
6-OH allylperoxy radical or a -OH peroxy radicals. If the allylperoxy radical has a Z-configuration, it can
additionally additionally undergo a fast 1,6 H-shift reaction (Peeters et al., 2014).

In the photooxidation of myrcene, about 48 % of the OH-addition reaction occurs on the non-conjugated
C=C double bond and 52 % of reaction occurs on the conjugated C=C double bond (Fig. 6-7, Peeters et al.,
2007). Similar to isoprene, some of the alkyl radicals produced from the OH-addition on the conjugated
C=C double bond yields a Z-6-hydroxylallylperoxy radical (Z-6-OH-RO>) after the reaction with O,. The Z-
6-OH-RO; can then undergo 1,6 H-shift like the analogous RO, of isoprene. However, the analysis of the
chemical budget for OH radicals in Tan et al.,, 2021 suggests that a good agreement between OH
production and destruction rates was already achieved without an additional OH source from
isomerization reactions for NO mixing ratios as low as 0.06 ppbv. One possibility is that the non-
conjugated C=C double bond in the Z-6-OH-RO, radicals allows for an alternative, competitive
isomerization reaction pathway. Using the SAR in Vereecken et al. (2021), the Z-6-OH-RO; radical could
undergo a 7-cyclization reaction with a rate constant of about 4 s%, which is one order of magnitude faster
than the abstraction of the a-H atom of the hydroxyl group (1,6 H-shift) similar to that of isoprene. The
presence of the isolated C=C double bond also allows the Z-8-OH-RO; radical to undergo a 1,6 H-shift
reaction of the allylic H atom, which has an expected rate constant of 0.7 s (Vereecken and Noziére,
2020). It is unclear whether an OH radical is eventually produced from the additional isomerization
reaction pathways, but those additional pathways likely suppress the production of OH radicals through
the 1,6 a-OH H-shift pathway that is known for the RO, radicals derived from isoprene.

It is expected that the chemistry of B-ocimene is similar to that of myrcene, with 41 % of OH-addition
reaction occurring at the isolated C=C double bond and 44 % occurring at the conjugated C=C double bond
on the terminal C atom that yields a conjugated alkyl radical. For alkyl radicals produced from the OH-
addition on the terminal C atom of the conjugated C=C double bond, they can react with O, to form a
8-hydroxy allyl peroxy radical that is similar to the Z-6-OH-RO; radical from myrcene. These peroxy radicals
produced from the photooxidation of B-ocimene can also undergo fast isomerization due to the presence
of the isolated C=C double bond. The cyclization rate constant for the analogous Z-6-OH-RO, peroxy
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radical from B-ocimene is estimated to be more than 100 s (Vereecken et al., 2021), which is about 2
orders of magnitude faster than the cyclization reaction for peroxy radicals produced from myrcene
photooxidation. This is because the position of the isolated C=C double bond in B-ocimene allows for the
formation of 5- or 6-member ring, which is more sterically favorable compared to the formation of 7- or
8- member for the peroxy radicals from myrcene photooxidation. Products may not efficiently produce
OH, explaining why no significant missing OH source is observed in the analysis of the chemical budget of
OH radicals in the photooxidation of myrcene and B-ocimene.
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Figure 6-6. Simplified mechanism of the 1,6 H-shift isomerization reaction of one of the RO; radical derived
from the photooxidation of isoprene that produces OH radicals from the subsequent chemistry of
products. Only one of the pathways forming the 6-hydroxylallylperoxy radical is shown.
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Figure 6-7. Production of RO; radicals in the reaction of myrcene with OH and subsequent isomerization
reactions of one of the RO, radicals. For simplicity, some geometric isomers are not shown. The cyclization
rate for the peroxy radical is estimated from the SAR in Vereecken et al. (2021). It should be noted that
the impact of the B-y C=C double bond (relative to the peroxy group) on the rate constant of the cyclization
reaction is not taken into account in the SAR.
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Figure 6-8. Production of RO, radicals in the OH reaction of B-ocimene and the subsquent isomerization
reactions of one of the RO, radicals. For simplicity, some geometric isomers are not shown. The cyclization
rate for the peroxy radical is estimated from the SAR in Vereecken et al. (2021).
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7. Summary and Conclusions

In this work, the oxidation of two monoterpenes at atmospherically relevant NO levels was investigated
in experiments conducted in the atmospheric simulation chamber SAPHIR chamber. Product yields and
the chemical budget of OH radicals were the focus of this study, as they give information about the
chemistry of the peroxy radicals produced from the oxidation impacting the subsequent production of
secondary pollutants. In addition, temperature-dependence reaction coefficients were determined for
the photooxidation of monoterpenes, for which only rate coefficients at room temperature were available.
Furthermore, the oxidation of a VOC mixture emitted by plants was studied using the SAPHIR-PLUS
chamber together with the SAPHIR chamber. The composition of the VOC mixture emitted at different
temperatures was determined. The OH reactivity measurements in the SAPHIR chamber were compared
with the OH reactivity calculated from VOC measurements before and after the oxidation of the VOCs
emitted from plants. Similar to the experiments of the oxidation of a single monoterpene, the chemical
budget of OH radicals during the oxidation of plant emissions was calculated.

7.1 Oxidation of limonene

The oxidation of limonene by OH radicals and O3 was investigated over a range of at NO mixing ratios
between 0 and 10 ppbv. The yield of HCHO of the oxidation of limonene was calculated, and it was found
that the yield varied from 12 % to 32 % for experiments at different NO concentrations. The HCHO yield
determined in this work is similar to that found in other studies only for the experiments conducted at
high NO concentrations of 10 ppbv. The HCHO yield determined in experiments at low NO concentrations
of less than 1 ppbv is about 15 %. This is less than the yield expected from the fraction of the peroxy
radical (LIMCO2) which reacts with NO and thereby produces HCHO. To reconcile the difference in the
HCHO vyield, the relative loss of peroxy radical LIMCO2 from pathways other than the reaction with NO
has to be increased when the NO concentrations are low. This could include an underestimated reaction
rate constants of peroxy radicals LIMCO2 in reactions with HO, and other RO; radicals, or an unaccounted
unimolecular reaction pathway for the peroxy radical LIMCO2 that does not lead to the production of
HCHO.

The chemical budget of OH radicals was calculated by comparing the measured destruction rate of OH
radicals and the measured production rate of OH radicals from well-known chemical reactions. This
showed excellent agreement in all experiments at different NO concentrations within the measurement
uncertainties, suggesting that well-understood chemical reactions such as photolysis of O3, HONO, and
the reaction in HO; and NO can explain the entire production of OH radicals in the oxidation of limonene.

The chemical budgets of first-generation RO; radicals from the oxidation of limonene (C10-RO2) were also
investigated. Given that the production rate of Ci0-RO; is well-constrained, the loss rate of Ci0-RO;
calculated based on the bimolecular reaction rate constants used in SAR (Jenkin et al., 2019) is too low to
balance the destruction rate. To bring the loss rate of C10-RO; to the production rate of Ci0-RO,, an
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additional loss rate of (1 — 5)x1072 s-1 for RO; is needed, which is on the same of magnitude as the loss
rate of RO, to bimolecular reactions.

Measurements were compared to the model simulation using the semi-explicit chemical model Master
Chemical Mechanism version 3.3.1 (MCM). With the standard MCM model, in which reaction rate
constants for the reaction of RO, are mostly derived from SAR (e.g., Jenkin et al., 2019), the OH reactivity
and RO; concentrations are overestimated, and HO; and OH concentrations are underestimated. Results
show that the lower the NO concentration, the larger the differences are between modelled and
measured HO; and RO; radical concentrations. The modelled OH reactivity was consistently higher than
measurements at the end of the oxidation of limonene. The model-measurement difference was about
25 % of the equivalent OH reactivity from the initially injected limonene. This value was similar in all
experiments with different NO levels. The modelled OH concentration agreed with the measurements, if
the HO; concentration and the OH reactivity matched the measurements, which is consistent with the
observed balance in the chemical budget of OH radicals.

A sensitivity test run was conducted to test how the modelled and measured OH reactivity and radical
concentrations can be brought into agreement. This requires a direct conversion from C10-RO; to HO, with
a rate constant of about 3x102 s, consistent with the results in the chemical budget analysis of C10-RO,.
The implementation of the rapid loss of C10-RO; also improves the model-measurement agreement of
concentrations of NO and NO,, as the lower RO, concentration reduces the consumption of NO.

Agreement between modelled and measured OH reactivity can be achieved, if the reactivity of organic
products from the subsequent chemistry of C10-RO; radicals are assumed to be very low. This is in contrast
to the prediction of MCM mechanism, which assumes a fast OH oxidation reaction of product species due
to the second C=C double bond in limonene.

The underlying mechanism of the additional loss for C10-RO; could include unimolecular reactions of RO,
derived from the oxidation of limonene by OH radicals (Mgller et al., 2020) and Os; (Chen et al., 2021), as
well as a fast reaction rate constant of RO, self-reaction determined in experiments for highly oxygenated
RO; radicals from unimolecular reactions by Berndt et al. (2018). C10-RO; produced from the oxidation of
limonene are expected to be quickly oxidized by isomerization reactions followed by the reaction with O,
as suggested by Mgller et al. (2020) and Chen et al. (2021). The isomerization reaction for C10-RO; is very
competitive even at very high NO mixing ratios of more than 10 ppbv. The highly oxidized C10-RO; can
then rapidly react with other highly oxidized RO, radicals, which is shown in Berndt et al. (2018) for a-
pinene. However, this proposed pathway can only explain the enhanced RO, loss but not the enhanced
HO, production observed in the experiments in this work. The underlying chemistry of the additional HO,
source is still not clear. HO, could be produced from the self-reaction of RO, but the branching ratio of
RO; self-reaction are not well-studied for large (= C10) oxygenated RO,.
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7.2 Oxidation of sabinene

The oxidation of sabinene by OH radicals and O3 was studied in chamber experiments at NO mixing ratios
ranging from 0 to 1 ppbv. In addition, the temperature-dependence of the OH oxidation rate coefficient
between 284 K and 340 K was determined by OH reactivity measurements in the laboratory.

The determined temperature-dependence of the rate coefficient is consistent with the only literature
value at room temperature determined by Atkinson et al. (1990), as well as with the coefficient of
temperature dependence of other structurally similar alkenes. This method of determining the
temperature-dependence of rate coefficients with OH reactivity measurements could be applied to other
VOCs, for which a temperature-dependence rate coefficient is not available.

Product yields and the chemical budget of OH radicals were calculated from the chamber experiment, and
they were compared to results that would expect from the sabinene oxidation mechanisms proposed by
Wang and Wang (2017 and 2018). The calculation of the chemical budget of OH radicals revealed that the
production rate of OH radicals agreed with the destruction rate of OH radicals at different NO levels
without the need of an additional OH source from for example isomerization reactions of RO, radicals
similar to the results found for the oxidation of limonene. This finding is consistent with the sabinene
photooxidation mechanism proposed by Wang and Wang (2018), in which isomerization reactions of RO,
radicals do not produce OH radicals.

Product yields including HCHO, acetone, and sabinaketone agree with yields determined in previous
experimental studies. When comparing the experimental yields to the yields expected from the
mechanism proposed by Wang and Wang (2018) however, only the yields of HCHO and sabinaketone
agree. The acetone yield, which depends on the competition between bimolecular reactions and
unimolecular reactions of RO, radicals in Wang and Wang (2018), does not show a dependence on the NO
concentrations in the experiments in this work. The calculation of the loss rate constant of RO; to
bimolecular reactions suggests that the unimolecular reaction rate for RO, derived from theoretical
calculation has to be one order of magnitude lower, so that the acetone yield expected from the
mechanism agrees with the experimental results. An alternative explanation for the discrepancy between
the expected and experimental yields could be that acetone is not produced from the two competing
reaction pathways of the RO; radical as suggested by the mechanism. For instance, acetone could be
instead produced from a fast unimolecular reaction, so that the bimolecular reaction with NO is not
competitive. This could explain why the acetone yield does not depend on the NO concentration in this
as well as in previous laboratory studies.

Product yields of HCHO, sabinaketone, and OH radicals from the ozonolysis of sabinene also agree with
yields determined in previous laboratory studies and with the yields expected from the mechanism in
Wang and Wang (2017). However, there is a tendency that values are lower and have a large uncertainty.
Several questions remain open in this study, including a potential water-vapor-dependence of the product
yield of sabinaketone, and the yield of the stabilized Criegee intermediates that could affect the OH yield.
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7.3 Plant emissions and the investigation of their oxidation

The oxidation of VOCs emitted directly from sweet chestnut trees was investigated by coupling the
SAPHIR-PLUS chamber and the SAPHIR chamber. The SAPHIR-PLUS chamber houses the canopy of trees
in a controlled environment. Emitted VOCs were transferred into the dark SAPHIR chamber before the
start of the experiment. Emissions from sweet chestnut trees were measured by offline GC-FID/MS
measurements in the SAPHIR-PLUS chamber, as well as by online GC-FID/MS, PTR-TOF-MS, and OH
reactivity in the SAPHIR chamber. Five experiments were conducted to characterize the emission of VOCs
from sweet chestnut trees. The temperature of the SAPHIR-PLUS chamber was varied between 22 °C and
31°C.

At an ambient temperature of 22 °C, measured OH reactivity reached in the SAPHIR chamber was low
with a value of 2 s%, as a large fraction of the emitted VOCs such as methanol and acetic acid have a slow
rate of photooxidation and the overall emission rate of the trees was rather low. The OH reactivity
increased to 11 st — 18 s with increasing temperature in the SAPHIR-PLUS chamber, which was mainly
due to an increase of the emission of monoterpenes. About 1 ppbv to 2 ppbv of monoterpenes were
observed in the SAPHIR chamber at an elevated temperature of about 28 °C to 31 °C. The GC
measurements in the SAPHIR chamber revealed that B-ocimene was the sole dominant species in the OH
reactivity; the offline GC measurements in the SAPHIR-PLUS chamber in addition showed small amounts
(< 10 % total compared to the concentration of B-ocimene) of other monoterpene species, as well as a
notable amount (~30 % compared to the concentration of B-ocimene) of the reactive alkene p-mentha-
1,5,8-triene. The budget of the OH reactivity was calculated for emissions at elevated temperature and
showed that more than 85 % of the measured OH reactivity can be explained by B-ocimene. The missing
OH reactivity of about 2.0 s to 2.5 s could be attributed to the uncertainty in the PTR-TOF-MS
measurement of monoterpenes, as well as to the potential presence of p-mentha-1,5,8-triene that was
not quantified by the PTR-TOF-MS instrument.

The emitted VOCs from sweet chestnut trees at elevated temperatures were oxidized in the SAPHIR
chamber by OH radicals or by ozone. The budget of OH reactivity was calculated. In the photooxidation
experiment, about 50 % to 70 % of the OH reactivity was explained by measured VOCs during the oxidation
of B-ocimene. The contribution of OH reactivity was mainly from B-ocimene, followed by acetaldehyde
and methylglyoxal that are expected to be produced from the oxidation of B-ocimene. The unexplained
OH reactivity could be related to the measurement uncertainty of aldehydes in the PTR-TOF-MS
instrument, and the other unmeasred secondary products.

In the ozonolysis experiment performed in the dark chamber, only about 20 % to 50 % of the OH reactivity
was explained by measured VOCs. The OH reactivity was also mainly from B-ocimene and the small
product species acetaldehyde (< Ci). The unexplained OH reactivity could be related to the missing
secondary products 4-methyl-hexa-3,5-dienal (C;H110) that has been reported as an important product of
the ozonolysis of B-ocimene. However, no strong ion mas signal of that compound at the respective mass
could be measured by the PTR-TOF-MS instrument.
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The chemical budget of OH radicals was calculated for the plant emission photooxidation experiments like
in the experiments with limonene and sabinene. A missing OH source of about (2.0+1.5) ppbv h'%, 30 % of
the total OH destruction rate, was found when B-ocimene was present in the chamber. This indicates that
there might be additional OH production from the isomerization of peroxy radicals derived from the
photooxidation of B-ocimene. However, this result is based on only few measurements due to the short
chemical lifetime of B-ocimene of 30 minutes which was much shorter than for sabinene and limonene in
the experiments with those species. Additional experiments at different NO levels are needed for a firm
conclusion on whether additional OH radicals are produced from the isomerization of peroxy radicals
derived from B-ocimene.

7.4 Outlook

In this work, the chemical budgets of OH radicals were calculated for the monoterpenes. The OH reactivity
and OH concentration measurements constrain the OH destruction rate with a low uncertainty, which
allows for a direct comparison of all the OH production reactions and an evaluation of whether there is a
missing OH source during the oxidation of monoterpene.

The evaluation of the chemical budgets of HO, and RO, radicals are more challenging than that of OH
radicals due to the larger number of reactions for which reactant concentrations need to be quantified.
The chemistry of HO, radical was only evaluated in the limonene oxidation experiments using the
simulation results from the MCM model, but not for sabinene and B-ocimene that are not included in the
MCM. To evaluate the HO, chemistry from the oxidation of monoterpenes in the future, chemical models
that include more monoterpene species such as generated by GECKO-A (Valorso et al., 2011) could be
used.

The analysis of the chemical budget for first-generation RO, radicals greatly improves the understanding
of the oxidation chemistry of monoterpenes as shown in the experiments with limonene in this work. The
calculation of the well-constrained production rate of RO, is based on OH, O3, and limonene concentration
measurements. Loss rate of RO, radicals in bimolecular reactions can be calculated using reaction rate
constants derived from SARs (Jenkins et al. 2019). However, the derived loss rate constants for
monoterpene-derived radicals have large uncertainties as SARs are most often derived from the
knowledge of rate constants for small radicals. To further improve our understanding on the chemical
budget for RO, radicals especially for large RO, radicals, precise measurements of highly oxygenated
closed-shell products are needed such as Luo et al. 2023 for the photooxidation of limonene. The
knowledge of the chemistry of highly oxygenated RO, radicals would be vital for understanding the
chemical budgets of radicals, especially for environments with low NO concentrations.

In this work, radical chemistry during the oxidation of plant emissions were for the first time studied using
the controlled environment of the SAPHIR-PLUS chamber. The VOC composition obtained from the sweet
chestnut emissions was relatively simple, comprising one dominant reactive monoterpene species (B-
ocimene) together with several VOC species which are much less reactive. In the future, it would be
worthwhile to investigate the radical chemistry during the oxidation of plant emissions with a more
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complex VOC composition. Yu (2018) conducted plant emission oxidation experiments with a complex
mixture that consist of isoprene, 5 monoterpene species, and 2 sesquiterpenes species by using other
plant species. However, radical chemistry was not investigated in that study.

Apart from looking into the radical chemistry during the oxidation of a complex VOC mixture, the SAPHIR-
PLUS chamber can be used to investigate the impacts of environmental stresses on the radical chemistry.
Environmental stresses such as heat or drought stress, water stress can be applied by adjusting the
temperature and irrigation, respectively. These stresses can alter the VOC composition and thereby affect
the radical chemistry during its oxidation (Loreto and Schnitzler, 2010). Under climate change with an
overall warmer climate, it can be expected that heat and drought stress will be more prevalent. The
SAPHIR-PLUS and the SAPHIR chamber are useful tools for studying the radical chemistry of VOCs in the
future.
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Figure S4-1. Time series of radicals, inorganic and organic species during the limonene oxidation
experiment at low NO mixing ratio on 13 June 2015. The black line denoted the modelled results from
the reference model with O3, NO, and HONO are constrained; the red line denoted the modelled results
from the constrained model with HO2 constrained and kon adjusted to the measurement, and the dots
are the measurements. RO, bi-molecular reaction loss rate constant (kwi) are calculated based on the
measured NO, HO,, and RO, concentrations using reaction rate constants from the MCM model. The
first red dashed line indicates the injection of 750 ppb of CO; the second red dashed line indicates the
injection of 60 ppm of CHa.
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Fig. S4-2 Time series of radicals, inorganic and organic species during the limonene oxidation experiment
at low NO mixing ratio on 04 July 2019. Limonene concentrations measured by PTRMS are scaled by a
factor of 1.25 to match the increase of OH reactivity during limonene injections. The black line denoted
the modelled results from the reference model with O;, NOx and HONO being constrained; the red line
denoted the modelled resulted from the constrained model with HO2 constrained and kox adjusted to the
measurement. RO, bi-molecular reaction loss rate constant (ki) are calculated based on the measured
NO, HO,, and RO; concentrations using reaction rate constants from the MCM model.
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Figure S4-3. Time series of radicals, inorganic and organic species during the limonene oxidation
experiment at medium NO mixing ratio on 10 August 2012. The black line denoted the modelled results
from the reference model with O3, NOx and HONO being constrained; the red line denoted the modelled
resulted from the constrained model with HO, constrained and kon adjusted to the measurement. RO; bi-
molecular reaction loss rate constant (ky) are calculated based on the measured NO, HO,, and RO;
concentrations using reaction rate constants from the MCM model.

(a) Medium NO: ~0.30 ppbv

20, (b LowNO: ~0.10ppbv_  (c) Low NO: ~0.12 ppbv
L { : | |
R IR TTTY YT IR N I m
5T o (b f Y
g H \lpl ! | M "“d 10 oA 5.0 B LIM+0; - 0.660H
58,144 M e A M oo
== 5] ALK 25 I Jnono
(=} t 1 v HO,+NO
PN 2 : 2 :' 0-2 e [OH] Xkon
ok 2 i 41
Lz o 0
58 1 ]
o &2 1 -4 3 3

~4"090%00 13:00 ~% "10:00 13:00 © "09:00 13:00

10 August 2012 (UTC) 13 June 2015 (UTC) 04 July 2019 (UTC)

Figure S4-4. The chemical budget of OH radicals during the oxidation of limonene simliar to Fig. 4-20. 10-
minutes-average values of total OH destruction rates compared to the sum of OH production rates from
the main OH sources that can be calculated from measurements. Shaded areas in the difference plots give
the uncertainties of the calculations. Production of OH from the reaction of O3 and HO, was negligible (<
0.01 ppbv h?) for conditions of the experiments.
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Figure S4-6. Comparison of the modelled OH reactivity kox, OH, HO,, RO, radical concentrations in the
photooxidation experiment with medium NO mixing ratio on 10 Aug 2012 using the MCM model
(reference model) and the model with additional reaction pathways from Table 4-5 implemented
(modified model).
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Figure S4-7. Comparison of the modelled OH reactivity ko, OH, HO,, RO; radical concentrations in the
photooxidation experiment with low NO mixing ratio on 13 June 2015 using the MCM model (reference
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Figure S4-8. Comparison of the modelled OH reactivity ko, OH, HO,, RO; radical concentrations in the

photooxidation experiment with medium NO mixing ratio on 04 Jul 2019 using the MCM model (reference
model) and the model with additional reaction pathways from Table 4-5 implemented (modified model).
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Figure S6-1. The OH reactivity in the SAPHIR chamber (top) and the leaf air temperature in the SAPHIR-
PLUS chamber during the coupling phase of the experiment before the start of the oxidation of VOC in
the SAPHIR chamber (bottom). The coloured areas of the leaf air temperature indicate the range of
temperatures measured at four different plants. The colours indicate the day of the start of the VOC
oxidation (Table 2.2). In the ambient air experiment on 29 June 2022, temperature of the SAPHIR-PLUS
was raised one day before the start of the oxidation to induce more emissions of VOCs.
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Figure S6-2. The mean leaf temperature measured in the SAPHIR-PLUS chamber and monoterpene
concentrations measured by PTR-TOF-MS and B-ocimene concentrations measured by GC-FID in the
SAPHIR chamber during the coupling phase between the SAPHIR-PLUS and the SAPHIR chambers for the
experiment on 04 July 2022. The coloured areas of the leaf air temperature indicate the range of
temperatures measured at four different plants. The grey shaded area indicates when the light in the
SAPHIR-PLUS chamber was turned off. The dotted line indicates the decoupling of the two chambers
followed by the start of the oxidation of VOCs.
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Figure S6-3. Same as Fig. S6-2 but for the experiment on 12 July 2022.
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Figure S6-4. Same as Fig. S6-2 but for the experiment on 18 July 2022.
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Figure S6-5. Comparison of the measured OH reactivity (black dots) and calculated OH reactivity using
PTR-TOF-MS measurements of single reactants (top panel, and their differences (bottom panel) for the
photooxidation experiment on 04 July 2022. The vertical dashed line indicates the time when the
chamber roof was opened, which initiated the photooxidation of VOCs. The constant contribution from
“chamber background” of 1 s refers to the background OH reactivity expected to be present in the
illuminated chamber. The value of 1 s is taken from other VOC photooxidation experiments conducted
within the time period of the plant emission experiments.
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Figure S6-6. Same as Figure S6-5 but for the experiment on 18 July 2022.
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