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Abstract

HOx (OH+HO>) and RO radicals are involved in oxidation processes in the gas phase,
generating secondary products impacting the air quality and human health. Understanding these
oxidation processes through the quantification of these radicals is still challenging because of
their low concentrations (<ppt) and high reactivity. There are only a few instruments worldwide
allowing to perform such measurements, among them, the UL (University of Lille)-FAGE
(Fluorescence Assay by Gas Expansion) instrument. It is based on LIF (Laser Induced
Fluorescence) detection of OH at low pressure. It allows the direct measurement of OH and
indirect measurement of HO> after chemical conversion to OH through the addition of low NO
concentrations at the entrance of the FAGE cell. During this thesis, the instrument has been
improved for the quantification of RO> radicals. Two complementary measurements allow to
access to RO concentration, either by using the HO- cell and injecting high NO concentration
at the entrance of the FAGE cell or by adding a ROx-conversion reactor on top of a FAGE cell.
This technique is based on a two-step chemical conversion of RO; radicals into HO> in the
conversion reactor coupled to a FAGE cell and its subsequent detection in the FAGE cell after
conversion in OH. We can also measure another useful parameter using a FAGE cell coupled
to a photolysis reactor: the OH reactivity (sum of OH losses).

The UL-FAGE instrument has been improved and used during this work for laboratory
measurements (reactivity configuration) to study the oxidation mechanisms of reactions
important for indoor and outdoor chemistry involving HOx radicals. During summer 2022, the
UL-FAGE participated in an RO> intercomparison campaign which took place at the SAPHIR
chamber (Julich, Germany). Nine groups using different instruments participated in this
campaign. The performance of the UL-FAGE instrument for the OH, HO, and RO:
measurement under a wide range of atmospherically relevant chemical conditions (e.g. water
vapor, nitrogen oxide, various organic compound, day and night chemistry) has been
investigated during this campaign. Finally, the UL-FAGE in both quantification and reactivity
configuration was deployed to a field campaign (ACROSS) in the Rambouillet forest. The
reactivity was measured at two different heights (at the ground and above the canopy) whereas
the radical concentrations were measured only at the ground.

Keywords: Atmospheric chemistry, HOxand RO> radicals, FAGE instrument, field campaigns,

simulation chamber, kinetic studies
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General Introduction

The atmosphere composition is changing and evolving over time. This is mainly due to
the variation of chemical compounds emission: natural emissions related to biogenic processes
(Atkinson & Arey, 2003) and anthropogenic emissions which are linked mainly to transport,
residential, agricultural and industrial activities (Atkinson, 2000; Wang et al., 2013). Both types
of emission are responsible of the presence of a large quantity of organic pollutants such as
volatile organic compounds (VOCs) into the atmosphere with an estimated total emission of
VOCs of 1300 Tg.year! (Galbally & Goldstein, 2007). In the troposphere, which is the
atmospheric layer closest to the Earth’s surface and where most of the chemical transformations
take place (Atkinson, 2000),VOCs will react in the gas phase with oxidants such as hydroxyl
(OH), nitrate (NO3) and ozone (O3) (Heard & Pilling, 2003). The OH radical is the dominant
oxidant during the day and plays a major role in the tropospheric chemistry due to its high
reactivity with VOCs (Matsumi et al., 2002; Montzka et al., 2011). The tropospheric chemical
transformations of VOCs involves generally a reaction cycle initiated by reaction with OH
radicals (Cantrell, 1984), leading to the production of hydroperoxy (HO) and peroxy (RO-)
radicals. These radicals then can react with other radicals or with nitrogen monoxide (NO) and
thereby regenerate OH. The branching between the different paths depends on the type of
environment constrained by the relative levels of VOCs (and then RO2) and NO: high VOCs
and low NO levels in remote, biogenic environments such as pristine forests to have mainly
radicals reaction, or higher NO level in urban environment, involving the major loss of RO>
through the reaction with NO. This fast cycling of radicals controls the oxidizing capacity of
the atmosphere and the formation of ozone (Tyndall et al., 2001) and secondary organic aerosols
(Bonnetal., 2007). This chemistry has then an impact on the earth’s climate, and the air quality.
Thus, it is essential to identify the sources, sinks and the lifetime of these radicals to evaluate
and predict their impacts on the environment and human health. It can be performed through
complementary approaches: in the laboratory with the determination of kinetic parameters
relevant for HOx chemistry and during field measurements campaigns in various environments.

Chemical processes involving HOx radicals may also occur indoors. Indeed, the VOCs
concentration level are often higher in indoor environments compared to outdoors. Indoor
materials, furniture, direct human emissions or human indoor activities are known to contribute
to VOCs in indoor environments and can be oxidized by oxidants present indoors such as HOx,
NOs, Oz (Carslaw, 2007; Won et al., 2019). As people spend as much as 90% of their time in
indoor environments (Pckey & Arslanbas, 2008), the VOC fate triggers an interest to evaluate
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their impacts on human health and air quality. However, the indoor chemistry has received far
less attention than has the outdoor atmospheric chemistry. Therefore, it is essential to fill the
knowledge gaps in the indoor chemistry through a methodology close to the one developed for
understanding the atmospheric chemistry such as through coupling of laboratory kinetic
measurements, chamber and real building measurements with comparison between measured
and modelled concentration profiles of interesting species.
The aim of the current research project is divided into 3 main parts related to 3 scientific
questions:
1. What is the influence of humidity on the HO> yield in the reaction RO2 + OH?
This question is linked to the radical reactions taking place in low NO environment
and for which kinetic data are sparse. Based on an experimental approach using
Laser Induced Fluorescence Assay by Gas Expansion (LIF-FAGE) technique in its
reactivity configuration at the university of Lille in the PC2A laboratory, we
measured the HO> yield of the RO>+OH reaction at different humidity levels. The
RO: investigated during this study is C2HsOx.
2. What is the role of VMS (volatile methyl siloxanes) oxidation in indoor
environments?
This question will be analyzed through kinetic studies in laboratory, in particular on
the reactions between VMS and OH radicals using the same technique as mentioned
above. A theoretical approach was done at the university of Melbourne.
3. How to better understand HOx (OH / HO2) and ROx chemistry in the atmosphere?
The measurement of RO with the UL-FAGE was developed and an intercomparison
campaign was performed at SAPHIR chamber (summer 2022).
The UL-FAGE instrument was deployed in a field campaign dedicated to the
understanding of oxidation processes in a forest influenced by oceanic or urban
plumes depending on the meteorological conditions (ACROSS campaign, summer
2022).
This manuscript consists of five chapters and is organized as following:
Chapter 1 provides a bibliographic context about the atmospheric chemistry of the troposphere
involving HOx and ROy radicals and the potential role of indoor chemistry. Furthermore,
experimental techniques available for the characterization of these key radicals as well as the

potential interferences on the technique used during this work are discussed.
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Chapter 2 describes in detail the experimental setup used in this thesis: the FAGE instrument
in the quantification mode measuring OH, HO2 and RO radicals and in the OH reactivity mode
measuring OH lifetime and kinetic parameters. It also includes the optimization of the new
RO«-LIF setup.

Chapter 3 concerns the laboratory kinetic studies using the FAGE instrument in its reactivity
mode including two different topics: studying the influence of humidity on the HO yield on
the C2HsO2 + OH reaction (article form) and studying the chemistry of siloxanes.

Chapter 4 reports an ROz intercomparison exercise that was conducted at the SAPHIR chamber
(Forschungszentrum, Jilich) where different techniques from different laboratories were
involved. This chapter describes the conditions tested and the comparison between the RO;
measurements done by the newly developed ROx-LIF setup at the University of Lille (UL,
PC2A laboratory) for RO2 measurement with the ROx-LIF instrument from Forschungszentrum
Julich (FZJ).

Chapter 5 presents the results of the deployment of the UL-FAGE during the ACROSS
campaign that was conducted in summer 2022 at the Rambouillet forest in Paris, where the HOx
concentrations and OH reactivity was measured. This campaign involved different groups at
different sites to study the impact of anthropogenic pollution on BVOC oxidation chemistry.
This chapter presents the OH reactivity measured by the UL-FAGE at two different levels
(below and above the canopy) and the HOx and ROy radical measurements done by UL-FAGE

below the canopy.
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Chapter 1: Tropospheric Radical Chemistry

This chapter highlights the complexity of the atmosphere and the importance to study the
tropospheric chemistry. It provides a description of the chemistry of HOx (OH and HO>) and
ROy (HO2 and RO:») radicals in the atmosphere and indoors. Due to the high reactivity and the
subsequent low concentration of these radicals, different experimental techniques, specifically
designed for measuring these radicals in the atmosphere and for carrying kinetic studies have

been developed and are also described.
1.1. General context

1.1.1. Tropospheric Chemical Composition

The troposphere corresponds to the lowest layer of the atmosphere extending from the
earth’s surface to the tropopause (the region separating the troposphere from the stratosphere)
at 10 to 18 km, with the altitude of the tropopause depending on the latitude and season. In the
troposphere the temperature generally decreases with altitude (Showman & Dowling, 2014),
ranging from around 289 K at the ground level to 210-215 K at the tropopause (Atkinson,
2000). This layer can be divided into two parts: the planetary boundary layer (PBL) and the free
troposphere (FT). The PBL is the air layer in immediate contact with the Earth’s surface and is
highly influenced by the diurnal heat, moisture, and earth surface.

The troposphere is well mixed and composed of 78 % nitrogen (N2), 21 % oxygen (O2), 1%
argon (Ar), and 0.042 % carbon dioxide (CO2), a varying amount of water vapor ranging from
less than 1 % to 4 % depending on the altitude and temperature, and minute amounts of a
number of trace gases (Atkinson, 2000). Trace gases are low in concentration (around 1 ppm)
but play a key role in determining the air quality (Atkinson, 2000). They are emitted into the
atmosphere through natural or anthropogenic processes. The fate of the emitted trace gases
depends on different processes such as wet and dry depositions, transport or chemical
transformation. For example, the chemical oxidation can alter the lifetime of long-lived
greenhouse gases (i.e. methane), and also enhance the formation of secondary organic aerosols
(SOA) and other toxic products. Thus, an accurate exploration of the oxidative species such as
the hydroxyl radical (OH) and several minor oxidants such as nitrate radical (NOz) and ozone
(O3) (Monks, 2005) and their reactions in the atmosphere is critical to develop the modelling of
the atmospheric chemistry and to better estimate the evolution of the atmospheric oxidizing
capacity.

1.1.2. Chemistry of the main oxidants in the troposphere

The rate constants of some selected anthropogenic and biogenic VOCs with the different
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oxidants and their associated lifetime are reported in Table 1. Oxidation reactions initiated by
OH are considered the most important during daytime with most of the VOCs due to its high
reactivity (rate constant ranging from 1023 to 101° cm® molecule s*). However, Os is also an
important oxidant during daytime for unsaturated VOCs with a rate constant several orders of
magnitude lower than for OH, but with a larger concentration ([Os] = 1.75 x 10'? molecule
cm and [OH] = 2 x 10° molecule cm™) which can balance its lower reactivity. NO3 oxidation
is not important during the day due to its rapid photolysis in sunlight and its reaction with NO.
However, it arises in dark conditions leading to a significant impact of this strong oxidant on
the VOC oxidation rates at night, considering the OH concentration around zero and high NO3

concentration ([NO3] = 2.5 x 108 molecule cm™).

Table 1 : Rate constants of some selected VOCs with OH, NOs, and Os and their lifetimes during the daytime and
nighttime (Warneke et al., 2004)

k(_)” NO, k(_)‘ T Dﬂy,b T nght,L

Compound” (x 10 Zem s Y (%10 P em s (x10 " em s hours hours
Isoprene 101 0.68 12.8 1.2 1.4
Methacrolein 33 0.0033 1.14 -+ 100
Methyl vinyl ketone 19 <0.0006 4.56 6 34
a-pinene 53.7 6.2 87 1.1 0.2
B3-pinene 78.9 2.5 15 1.5 0.4
124-trimethylbenzene 325 0.0018 0.0013 3 12
Benzene 1.23 <0.00006 0.00007 110 >18300
Methanol 0.93 <0.00024 - 150 >4600
Acetone 0.22 <0.00003 - 630 =>37000
Ethene 8.52 0.00021 1.59 14 55
Propene 26.3 0.009 10.1 4 16
Acetaldehyde 15.8 0.0027 <0.006 9 400

“Rate constants are taken from Atkinson [1994], Atkinson et al. [1984], R. Atkinson et al. (Summary of evaluated kinetic and
photochemical data for atmospheric chemistry, IJUPAC Subcommittee for Gas Kinetic Data Evaluation for Atmospheric
Chemistry, Web version, November 2003, available at httg://w“w.iupac-kinetic.ch.cam.ac.uk/), and DeMore et al. [1997].

P[OH] =2 x 10° em™%; [NO3] = 0; [O5] = 1.75 x 10" em ™ (70 ppbv).

“[OH] = 0; [NO1] = 2.5 x 10° em > (10 pptv); [03] = 1.75 x 10" e¢m > (70 ppbv).

1.1.2.1.  OH chemistry

The hydroxyl (OH) radical is classified as one of the most important oxidants in the
troposphere. It acts as a detergent for the troposphere due to its high reactivity during the day.
This reactive species initiates the oxidation reactions of compounds emitted in the troposphere,
in particular VOCs, and leads to the formation of hydroperoxy (HO>) and peroxy (RO-) radical.
HO, and RO, radicals are intermediate short-lived species that play significant roles in the
tropospheric chemistry (Liu & Zhang, 2014; Monks, 2005). The short atmospheric lifetimes for
OH (~ 1), HO2 and RO (~100 s) (Atkinson, 2000) and consequently their low concentrations:
[OH] = 10°-10” molecule cm™ (Tanner & Eisele, 1995), [HO2] = 10’-10% molecule cm™ and
[RO2] = 10%-10° molecule.cm™ (Hornbrook et al., 2011), provide a serious challenge for
accurate detection and understanding of their role in the atmosphere.

Figure 1 shows a simplified scheme of the radical oxidation reactions involving the
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interconversion of NOx and several key radical species such as HO2, ROz and RO. This fast-
radical reactivity cycle controls many aspects of atmospheric chemistry such as the removal of
primary contaminants (VOCs), the formation of tropospheric ozone and secondary pollutants
(sulfuric and nitric acids, peroxyacetyl nitrates (PAN), particles, SOA, etc...) and influence

global warming.
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Figure 1: Scheme representing the oxidation processes in the troposphere

The tropospheric chemistry involving OH, HO. and RO: radicals has been widely
described in the literature, in particular in several review articles (Jenkin et al., 2019; Orlando
& Tyndall, 2012; Heard & Pilling, 2003; Stone et al., 2012) and is summarized here.

During daytime, the major source of OH radicals is through the ozone photolysis at
wavelengths lower than 340 nm to form an excited oxygen atom O (*D) which then reacts with
water vapor (H20) to generate OH radicals (Atkinson & Arey, 2003).

O3 + hv <340nm — O (*D) + O2 R1
O (D) + H20 — 2 OH R2

However, only a small fraction of electronically excited O (*D) reacts with water, most
of them are quenched by collision with other molecules (N2 and O2) to produce ground state
O(®P), which further react with Oz to recycle Oa.

O(D)+M - O(CP)+M R3

OCP)+02+M — 03+ M R4

The photolysis of other species such as nitrous acid (HONQO) and hydrogen peroxide
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(H20>) are other sources of OH radicals. The HONO photolysis at short wavelength (A < 400
nm) is considered a dominant source of OH radicals in the early morning, before Oz photolysis
becomes important (A <310 nm) (Atkinson & Arey, 2003).
HONO + hv <400nm — OH + NO RS
H202 + hv <370nm — 2 OH R 6

Then, OH radicals can be consumed through various reaction pathways including its
reactions with carbon monoxide (CO) to form HO- radicals and with hydrocarbons (RH, R:

alkyl radical) to form RO- radicals.

OH +CO — H + CO2 R7
H+O,+ M— HO2+ M R8
OH + RH— R + H20 R9
R+02+M — ROz + H0 R 10

Indeed, the atmospheric cycling of HOx (OH and HO2) and ROy radicals depends on the
termination and propagation pathways, involving radical - NOx reactions, in polluted areas close
to human activities and radical recombination reactions in clean areas such as forested
environments and the marine boundary layer.

In polluted environments, characterized by elevated NOx levels, additional to the
reaction of OH with VOCs, an important sink of OH radicals come from its reaction with the
inorganic species such as NO> leading to the production of nitric acid (HNO3z) (R 11), which
will mainly be lost via wet deposition. The importance of this reaction mainly depends on the
VOC level in the atmosphere.

OH +NO2+M — HNOz+ M R11

RO radicals from the reaction of OH with VOCs (R10) react predominantly with NO
forming NO:z and alkoxyl radical (RO). NO: is then photolyzed to form Oz and RO will react
with Oz to form R’CHO (R’ is the radical R with one H less) and HO», which in turn reacts with
NO to regenerate OH radical.

RO2 + NO — RO + NO2 R 12
RO + O, — HO> + R’CHO R 13
HO, + NO — OH + NO» R 14

The reaction of RO radicals with NO can also act as an important terminating channel
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through the formation of alkyl nitrates (RONO.), thus reducing the Oz production. This reaction
can be considered negligible for short chain organic radicals (C < 4), but becomes increasingly
important with increasing chain length of R (Orlando & Tyndall, 2012).
RO2 +NO+M — RONO2 + M R 15
The association reaction between RO and NO is not important under atmospheric
conditions but can be important in laboratory experiments, especially when high NO
concentration in needed to quantify peroxy radicals as described in Chapter 2.
RO +NO — RONO + M R 16
In remote environments, characterized by low NOy level, OH and HO- radicals can be
consumed and produced through reactions of HO, and OH with Os. The rate constant for OH +
Os reaction (7.3 x 10™** cm® molecule® s(Atkinson et al., 2004)) is approximately 37 times
faster than HO2 + O3 reaction (2.0 x 10°*> cm® molecule™ s (Atkinson et al., 2004)) which will
favor partitioning towards HOx.
HO2+ 03— OH +2 O R17
OH + O3 —» HO2 + O R 18
In addition, HOx and ROy radicals can significantly react through cross- and self-
reactions. It can also undergo other phenomena such as isomerization, photolysis or
heterogeneous reactions. The loss of HOx and ROx radicals can be terminated by radical

recombination reactions forming peroxide species such as H,O2, ROOR and ROOH.

RO2 + RO — 2 RO + O R 19
HO2 + HO2 — H202 + O2 R 20
ROz + RO2 — ROOR + O R21
HO2 + RO2 — ROOH + O2 R 22
OH + HO2, — H20 + O2 R 23
OH + ROz — products R 24

Interestingly, R 24 has been neglected until recently when the rate constant and product
yields of this reaction have been measured experimentally for short alkyl (C1-C4) (Bossolasco,
et al., 2014; Farago et al., 2015; Fittschen, 2019; Yan et al., 2016). It has been shown that the
chemistry involving this type of reactions is extremely fast and complex and can be of
importance in remote areas such as marine boundary layer. More details about this chemistry
will be discussed in Chapter 3.

Oxidation pathways of larger organic peroxy radicals, and in particular biogenic ones
such as isoprene have been the subject of a strong interest in the literature. As shown in Figure

2, in isoprene-rich environments, the isomerization and decomposition of isoprene-based
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peroxy radicals can produce HO> and OH radicals. For instance, the 1.6-H-shift isomerization
of the Z-6-hydroxyperoxy radicals produced from OH addition to the 1 and 4 carbons of
isoprene can lead, upon reaction with O, to the formation of HO2 and hydroperoxyl aldehydes
(HPALD) (Peeters et al., 2009; Peeters & Miiller, 2010).

HO o> HALD4+HO2+NO:
0, NO
OH HO}\ /' Roo‘ —

HO:
V RN L . ISOPAOOH
02
y\ trans-1-OH isoprene \ o MVK+HO:+NO
\ HD HOz
\ ‘-. ——— ISOPBOOH
0] 0—0 L3-Hshift vk + HOHO +
(60%) /’ | .07 S, MVK + HCHO + OH

HO v
3_/ o ) — » HALDS1+HO:+NO;
\ OH-- 00 No

— % ISOPAOCH

16Hshr 9 QOH
= \ HP4ILDI + HO:

do ——— HALDS51+HO, +NO;
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E:)H a4 . O:-.
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o f>_)\ HPALD? + HO;

Figure 2: Reaction scheme of the isoprene oxidation (Stavrakou et al., 2010)

The heterogeneous uptake of the HO> radicals into the clouds (Hermann et al., 2015) or
aerosols (solids or droplets) has been suggested to be a significant sink of HO, radicals, thereby
influencing the atmospheric oxidation capacity. Numerous investigations have focused on
determining the HO. uptake coefficient for different types of aerosols (Li et al., 2019; Whalley
etal., 2015; Song et al., 2020) revealing significant variability in uptake coefficients depending
on aerosol composition. These studies diagnosed that the impact of the HO, uptake on the
calculated HOx concentration is about 10 to 40 %. In clouds, where reaction times extend to
minutes or longer, gas-phase OH can constitute between 10 to 30% of the OH source in the

liquid phase, varying with environmental conditions (Mauldin et al., 1997; Ervens et al., 2003).

1.1.2.2. Oz chemistry
The ozonolysis of alkenes has received particular attention because of their major role in
the tropospheric chemistry (Johnson & Marston, 2008; Ariya et al., 2000; Avzianova & Ariya,

2002; Koch et al., 2000). These reactions lead to the formation of numerous oxidized products
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which can form atmospheric particles that have an important effect on the climate and the
chemistry of the atmosphere (Koch et al., 2000). Moreover, this reaction is an important source
of tropospheric HOx and ROz radicals (Geyer et al., 2003; Kroll et al., 2002). The initial step of
these reactions (Figure 3) is the addition of the Oz molecule to the double bond of the alkene
forming a primary ozonide which decomposes in a carbonyl compound and a carbonyl oxide
biradical called Criegee intermediate (Zeng & Wilson, 2020; Ariya et al., 2000; Atkinson, 1997,
Grosjean & Grosjean, 1997, 1998; Kroll et al., 2002). For symmetrical alkenes, one carbonyl
and one biradical is produced from this reaction ; while for non-symmetrical alkenes (such as
trans-2-hexene), this may be an oversimplification because the product yields are different
depending on the nature and the number of the alkyl substituents (Grosjean & Grosjean, 1997,
1998). The excited Criegee intermediate may either be stabilized collisionally or undergo other
complex reaction sequences including unimolecular (leading to OH formation) or bimolecular
reactions. Stabilized Criegee radicals can react further with atmospheric species (H20, CO, NO,
SO, and NO») leading to the formation of aldehydes (major product), ketones and organic acids
or may isomerize to other more stable configuration (Khan et al., 2018; Chhantyal-Pun et al.,
2012; Niki et al., 1983). The decomposition of the isomerized Criegee intermediate leads to the
formation of two HOx radicals or non-radical products. Excited Criegee intermediates can form
stable products such as alkanes, CO, CO. and H2O. Further reactions can lead to the formation
of radicals (HOx and RO>).
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Figure 3: Ozonolysis of alkenes reaction

At night, the major daytime source of HOx and ROy radicals, ozone photolysis, disappears.
However, significant concentrations of these radicals were measured in different sites of the
troposphere during nighttime (Hu and Stedman, 1995; Kanaya et al., 1999; Mihelcic et al.,
1993; Tanner and Eisele, 1995; Stone et al., 2014; Vrekoussis et al., 2004; Wang et al., 2020) .
Two important species appear to act as key initiators of the nighttime HOx cycle by their
reaction with VOCs: (1) ozone (O3) which remains in significant concentrations at night if not
removed by dry deposition or titrated by reaction with NO and (2) the nitrate radical (NO3)
which is solely produced from the slow reaction of NO2 with Oz (Bey et al., 2001; Geyer et al.,
2003).
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1.1.2.3.  NOs chemistry

The reaction of NO3z with VOCs is initiated by the addition of NO3 to the double bond
forming a radical intermediate which rapidly reacts with O> forming a nitratoalkyl-peroxy
radical (Figure 4). The formed peroxy radical can undergoes several reactions producing either
stable products or nitratoalkoxy radicals. The latter undergoes three depletion mechanisms, the
reaction with O, thermal decay and isomerization (Geyer et al., 2003; Moo et al., 2024;
Wennberg et al., 2018; Perring et al. 2009).
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Figure 4: Simplified scheme of the reaction of NO3 with isoprene producing HOx and peroxy radicals during
nighttime (Moo et al., 2024)

Oxidation processes involving HOx radicals take place outdoors but also indoors. The
following section is dedicated to the understanding of the indoor HOx chemistry and in
particular the reaction of OH with siloxanes.

1.1.3. Indoor Chemistry

Indoor air is subject to numerous sources of pollution. Number of pollutants such as ozone
(O3), nitrogen oxides (NOx) and particulate matter (PM) can be transported from outdoors to
indoors. However, there are also direct indoor pollutants such as PM, NOx and VOCs emitted
particularly from human activities such as cooking, heating, cleaning, smoking and use of
personal care products (Carslaw et al., 2017; Weschler & Carslaw, 2018). As we spend more
than 90% of our time in indoor environments (Pieri et al., 2013), the indoor air quality is a very
important factor impacting our health.

Indoor activities can lead to a pollutant concentration level significantly higher indoors than
outdoors and provide the basis for reactive chemistry involving oxidants (such as OH) that lead
to the formation of secondary pollutants similarly to what is observed outdoors. However, there
are important differences between both environments such as higher surface-to-volume ratios
indoors, the different spectral distribution of sunlight due to the presence of windows or indoor
artificial lights and the confined conditions (Abbatt & Wang, 2020; Alvarez et al., 2013;
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Blocquet et al., 2018; Verriele et al., 2016).

Most of the indoor air research studies have indicated that the reactions of Oz with alkenes
and monoterpenes appear to be a potentially important source of OH radicals which is
considered as a main indoor oxidant. For many years, and in absence of any measurements,
models predicted that the indoor OH concentration is around 10° molecule cm (0.01 ppt) ,
comparable to the OH concentration observed during the nighttime outdoor OH concentration
or during daytime in winter (Carslaw, 2007; Sarwar et al., 2002). However, direct indoor OH
measurements have demonstrated the presence of much higher indoor OH concentrations. Their
formation is possibly dependent on the presence of high HONO concentration close to the sunlit
windows (Alvarez et al., 2013) or appears during cleaning activities (Carslaw et al., 2017). Once
OH is generated it can react with any other organic species present indoors (Abbatt & \Wang,
2020).

A family of species important to study in term of reactivity with OH is the organosiloxanes
because over the last three decades organosiloxanes such as cyclic and linear siloxanes have
been commonly used in many consumer products such as cosmetics, health-care products,
medical and pharmaceutical preparations, electronics and furniture (Horii & Kannan, 2008) and
they can react with OH and generate secondary species such as formaldehyde (Alton & Browne,
2020).
1.1.3.1.  Sources and types of organosiloxanes

Applications of organosiloxanes stem from their distinct physicochemical properties
such as high hydrophobicity, low surface tension, high volatility, and high thermal stability
(Wang et al., 2001) and a high degree of compatibility with many formulation ingredients.
Siloxanes form a large group of chemicals with molecular weights ranging from a few hundreds
to several hundred thousand. Siloxanes consist of silicone atoms linked via oxygen atoms [Si—
O] with organic side chain attached to each silicone atom (—[R2Si—O]-), R substituent usually
representing the groups such as: methyl, ethyl, propyl, phenyl, fluoroalkyl, aminoalkyl,
hydroxy, mercapto, hydrogen, vinyl (Mojsiewicz-Pienkowska et al., 2016). The most
significant siloxane building block is the dimethyl-siloxane group (-Si(CHz)2 O-) due to its
unique physico-chemical properties, based on the large size (10 atoms per unit) and only a
moderate ability to accept hydrogen bonds. Siloxanes have no known natural source and are
considered as anthropogenic compounds (Bernard et al., 2018). Depending on the structure,
siloxanes can be classified into two groups: linear and cyclic compounds. Methyl siloxanes with
small and medium molecular weights are volatile under normal conditions, thus they are called
volatile methyl siloxanes (VMS).
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Every year, about two million tons of linear and cyclic volatile methyl siloxanes
("L”’VMS and “’c¢’’VMS, respectively) are produced globally for many usages (Alton &
Browne, 2020). These high production volumes coupled to the prevalence of VMS in consumer
products have led to an increased worldwide awareness and interest, in recent years, in the
environmental behavior and fate of these compounds. VMS are readily emitted into the
environment during the process of their production, transportation and usage. VMS have been
found in both indoor and outdoor atmospheres at different locations, although the VMS
concentrations in the outdoor atmosphere are usually much lower than those in the indoor
environment (Fu et al., 2020). Both, linear and cyclic VMSs, can be easily released into the
atmosphere, because of their high vapor pressure and low water solubility and thus an extremely
high water/air partition coefficients (Kaw) (Table 2). In addition, these compounds are easily

evaporated into the atmosphere from water and moist soil after waste disposal and wastewater

treatment.
Table 2 : Physiochemical properties of different LVMS and cVMS (Kim et al., 2018)
Chemical Name L2 L3 L4 L5 D3 D4 D5 D6
Molecular Mass (g/mol) 162.8 236.53 310.69 384.84 22246  296.62 370.77 444.93
Vapor Pressure (Pa at 25 °C) 5500 535 58.1 6 671 140 33.2 6
Water solubility (mg/L) 0.93 0.0345 0.00674 7.04E-05 1.56 0.056 0.017 0.0053
Log Kaw (at 25 °C) 249  3.06 3.45 3.95 0.41 2.74 3.16 3.01

1.1.3.2.  Chemistry of siloxanes

The gas-phase chemistry plays a major role in the environmental processing of the VMS
compounds. The predominant gas-phase removal process of VMS compounds is thought to be
via hydroxyl radicals. The VMS atmospheric lifetimes are expected to be in the range of several
days to few weeks (Bernard et al., 2018). Knowledge of the rate coefficients of the OH radical
reactions with VMS and the resulting products is of great importance for the evaluation of the
VMS atmospheric lifetimes and to better understand the environmental risks of these
compounds in indoor environments or in the atmosphere.

Table 3 represents a summary of various experimental studies that have been performed
on measuring the rate constant for the hydroxyl radical gas-phase reaction with different VMS
compounds (linear and cyclic VMS) using different experimental techniques. The results show
that the cyclic molecules (D3, D4, D5 and D6) are less reactive than the linear molecules (L2,
L3, L4 and L5) with equivalent number of methyl (— CHs) groups, while the reactivity of both
the linear and cyclic molecules increase with the increase of the number of — CH3 groups.
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Table 3: Hydroxyl radical reaction constant values of different VMS in the literature and in this work (at 25 °C)

L2: hexamethyldisiloxane, L3: octamethyltrisiloxane, L4: decamethyltetrasiloxane
L5: dodecamethylpentasiloxane, D3: hexamethylcyclotrisiloxane, D4: octamethylcyclotetrasiloxane,
D5: decamethylcyclopentasiloxane, D6: Dodecamethylcyclohexasiloxane

kog (10-12¢m3

molecule!s 1)

Compound Mean Uncertainty Source
Linear VMS 1.20 0.09 (Alton & Browne, 2020)
L2 1.1 0.10 (Alton & Browne, 2020)
HC CHy 1.58 0.16 (Kim & Xu, 2017)
AN | |
ey “*CHy 1.38 0.36 (Roger Atkinson, 1991)
HC CHy
1.32 0.36 (Markgraf & Wells, 1997)
1.28 0.08 (Bernard et al., 2018)
L3 1.70 0.10 (Alton & Browne, 2020)
1.53 0.04 (Alton & Browne, 2020)
u,c_g_’o_?io-;m, 1.70 0.2 (Alton & Browne, 2020)
CHy Oy Gy 2.15 0.15 (Kim & Xu, 2017)
1.83 0.09 (Markgraf & Wells, 1997)
1.72 0.10 (Bernard et al., 2018)
L4 2.50 0.20 (Alton & Browne, 2020)
1.90 0.10 (Alton & Browne, 2020)
~c\1”' VA “"\J“" 1";5" 2.50 0.50 (Alton & Browne, 2020)
me” So” o o Sew . .
3.37 0.40 (Kim & Xu, 2017)
2.66 0.13 (Markeraf & Wells, 1997)
L5 3.40 0.70 (Alton & Browne, 2020)
w SRS T 2.80 0.20 (Alton & Browne, 2020)
S 3.40 0.60 (Alton & Browne, 2020)
4.03 1.14 (Kim & Xu, 2017)
Cyclic VMS 0.9 0.10 (Alton & Browne, 2020)
D3 0.67 0.02 (Alton & Browne, 2020)
e, oty 0.91 0.23 (Kim & Xu, 2017)
woe o 0.52 0.17 (Roger Atkinson, 1991)
L 1.84 1.76-1.93 (Xiao et al., 2015)
0.82 0.05 (Bernard et al., 2018)

34




D4 1.30 0.20 (Alton & Browne, 2020)
1.10 0.10 (Alton & Browne, 2020)
HsC
HC, /O_S\i<CHa 1.28 0.10 (Alton & Browne, 2020)
—si o) e
HyC™ | _cH 0.95 0.18 (Kim & Xu, 2017)
si—>~"3
N .
Ai~0 CH, 1.01 0.32 (Roger Atkinson, 1991)
Hs CH;
1.90 1.7-22 (Safron et al., 2015)
2.34 1.93-2.85 (Xiao et al., 2015)
1.12 0.10 (Bernard et al., 2018)
D5 2.2 0.20 (Alton & Browne, 2020)
1.8 0.20 (Alton & Browne, 2020)
HSC. rCHa ~ ~ { ; Qr S 200700
He. __O‘Si‘O‘ CHs 1 0.20 (Alton & Browne, 2020)
mc% Scu';"CHa 1.46 0.12 (Kim & Xu. 2017)
HsC-Si-0-Si~CH, 1.55 0.49 (Roger Atkinson, 1991)
CH; CHg
2.60 23-29 (Safron et al., 2015)
2.46 22-274 (Xiao et al., 2015)
D6 2.44 0.92 (Kim & Xu, 2017)
HiC CH o AT S
HC 0-S-0 CHy 2.80 25-32 (Safron et al., 2015)
HyC—sf Scn,
c o
HiC—Si Si—CH;
Hyd O-8i~O CHy
HiC CHs

Bernard et al. (Bernard et al., 2018) suggests that the possible reason the linear VMS react
faster with OH than cyclic VMS having the same number of CHs groups is the formation of
hydrogen-bonded pre-reactive complexes where a hydrogen bond is formed between OH and
one of the O atoms in the Si-O-Si bridge.

These studies aid the atmospheric modeling of VMS and their potential contribution to new
particle and SOA formation and impacts on the air quality (Yao et al., 2023). However, the
chemistry of VMS is not only dependent on reaction with OH but may involve autooxidation
reactions which make its transformations more complex to study (Ren & Da Silva, 2020). As
for example the reaction of tetramethylsilane ((CH3)3SiCH2) with O leads to peroxyl radical
((CH3)3SiCH202) which in turn makes the alkoxyl radical ((CH3)3SiCH20). This alkoxyl
radical can undergo isomerization processes forming alkyl radicals ((CH3)3SiOCHz2) which

enable a second oxidation step, forming trimethylsilyl formate ((CH3)3SiOCHO) that

contribute to the formation of secondary organic aerosols.
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1.2. Measurement of HO,and ROy radicals in the atmosphere

The measurement of ambient radical concentration is extremely challenging due to their
quite low concentration which highly depends on the atmospheric chemical composition and
the photolysis processes.

The OH concentration is the balance between the rate of production and consumption.

d([0H]) _ P (OH) — L (OH) Equation 1

dt
P(OH) = kyo,+0,[H021[03] + kio,+no[HO,][NO] + zvi]i [i] + P Equation 2
L(OH) = 2 kon+x [X][OH] Equation 3

where P(OH) refers to the total production rate of OH from different sources including
production of OH by HO3 reacting with Oz or NO, by photolytic sources (X viJi[i]) such as the
photolysis of O3 HONO, H20, and CH3OOH (where vj refers to the OH yield, Ji the photolysis
frequency in s and [i] the concentration of the precursor in molecule.cm), and by additional
processes (P’) such as ozonolysis of alkenes.

L(OH) encompass all the different losses of OH such as the consumption with all the reactive
species (X) in the atmosphere such as NO, NO2 CO, CH4 and VOCs. Due to the short lifetime
of OH in the atmosphere, its concentration is not affected by transportation and a steady state
can be assumed. The approximation d[OH]/dt = 0 can be considered so the OH concentration
is given as the ratio between its production sources and consumption pathways. However, this
approximation provides only a rough estimation of the OH concentration. Thus, for real
measurements of HOx and ROy concentrations an appropriate sensitive technique is needed.
Thanks to the availability of plenty of instruments worldwide it is now possible to improve the
understanding of the oxidation mechanisms in the gas phase involving HOx radicals in the
atmosphere and indoors. An article from Heard & Pilling, (2003) reviews most of the various
techniques used by different groups in the world for OH and HO: radical detection. In this
section, a brief summary about the most common instruments used to measure the OH, HO>

and RO radical concentrations in the field is presented.
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1.2.1. Quantification of OH radicals in the atmosphere

Different instruments have long been used for the quantification of tropospheric OH
radicals. The most widely used instruments in the field are either based on optical spectroscopic
techniques: laser-induced fluorescence spectroscopy at low pressure (FAGE), or mass
spectroscopic technique: chemical ionization mass spectrometry (CIMS) whereby OH is
converted chemically into H.SO4. The principle of operation, advantages and disadvantages of
each of these techniques is described below. Long-path differential optical absorption

spectroscopy (DOAS) is no longer used for field campaign.

1.2.1.1. The FAGE technique

The FAGE (Fluorescence Assay by Gas Expansion) instrument used in this work is based
on the direct LIF (Laser Induced Fluorescence) detection of OH at low pressure after a gas
expansion, hence the name FAGE. LIF involves the electronic excitation of a molecule or
radical, which absorb in the ultraviolet region, from the ground electronic state to excited
electronic state. The subsequent relaxation of the excited species to a lower energy level can be
accompanied by the spontaneous emission of light: fluorescence. Excited species can
additionally relax through nonradiative processes: intersystem crossing, collisional quenching
by transferring excess energy to another molecule (i.e. N2 or O;). At constant laser power the
collected fluorescence is directly proportional to the OH concentration.

The LIF technique was first applied for measuring OH in the atmosphere by Hard et al.
(Hard et al., 1979). For these first measurement, the OH was excited at A=282 nm in the A?L*
v’=1 « X°[1v” =0 transition band and the fluorescence was collected at A~310 nm in the A2Z*
v’=0 — X?IT v” =0 transition band, thus allowing the separation of the fluorescence light from
scattered laser light (Baardsen & Terhune, 1972). However, due to the presence of ozone, the
excitation at A=282 nm is not well adapted because the photolysis of 0zone at 282 nm generates
excited O atoms that will react with water vapor to produce OH. Therefore, to strongly reduce
this interference (by about a factor 30), the next instruments developed in different research
groups used the excitation of OH at A=308 nm in the A?Z* v’=0 « X?IT v” =0 transition band
and detection of the fluorescence occurring on the same band in the same wavelength range
than the excitation. The main drawback of this excitation/collection scheme is the difficulty in
separating the fluorescence from the excitation. For this reason, in the FAGE instruments, a
temporal separation between the scattered laser light and the fluorescence emission is required:
the fluorescence lifetime of OH is increased (reducing quenching) by detecting OH after
expansion of ambient air to low pressure. The FAGE instruments are generally calibrated with
a known source of HOx radicals. The results of some field campaigns (Mao et al., 2012;
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Dusanter et al., 2009; Tan et al., 2018; Whalley et al., 2018) point to potential interferences in
the measurements of the FAGE instrument. These interferences will be discussed later.

The FAGE technique, first pioneered by Hard et al (Hard et al., 1984) for tropospheric HOx
radical measurement is nowadays one of the most widely used techniques for OH field
measurements. Several groups worldwide are using such type of instrument (Amedro et al.,
2012; Chan et al., 1990; Dusanter et al., 2009; Faloona et al., 2004; Hard et al., 1984; Martinez
etal., 2010; Stevens et al., 1994; Whalley et al., 2018). The UL-FAGE instrument is described

in details in the following chapter dedicated to the experimental setup.

1.2.1.2.  The DOAS technique

The DOAS (Differential Optical Absorption Spectroscopy) technique is a spectroscopic
technique for making measurements of tropospheric OH radicals (Brandenburger et al., 1998)
and other trace gases such as CH>0, HNOz, O3, NO2, SO2, NOs, BrO, and 10 (Platt and Perner,
1980; Platt and Hausmann, 1994). It is based on the extinction of UV light passing through a
gas mixture by absorption of OH over a long absorption path according to the Beer-Lambert

law represented below:

In (170) =ooH X [OH] X L Equation 4

where lo and | are respectively received light intensities before and after transmission
through the sample, o on = absorption cross section (in cm?), [OH] = concentration of OH (in
molecule.cm) and L = light path length (in cm). The absolute accuracy of the DOAS technique
is limited by the precision of the o ox and L.

The DOAS instrument consists of four elements: (1) a light source with a sufficiently high
luminance due to the long absorption path length and a homogeneous spectral profile in order
to be selective. (2) a 1 mirror configuration or multi-path reflection cell configuration that
improve the spatial resolution with mirrors separated by 10-40 m, between which the laser light
passes several hundred times (3) A high-resolution spectrometer to detect the different OH
absorption lines. (4) A cooled photodiode for the light detection.

The DOAS technique provides inherently absolute and calibration-free in-situ
measurements. The sensitivity of this technique is not as good as that for other techniques (LIF
and CIMS) due to the interferences from other absorbers that must be subtracted from the
complex absorption spectrum to extract the OH concentration. The unique Julich DOAS
instrument was deployed in previous field experiments (Brandenburger et al., 1998; Brauers et

al., 2001) and has currently been installed permanently in the SAPHIR chamber.
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1.2.1.3.  The CIMS technique

The CIMS technique is based on the measurement of OH indirectly after it is chemically
converted in a reactor at atmospheric pressure into a molecule that can be readily ionized and
then detected by a mass spectrometer (Berresheim et al., 2000; Eisele and Tanner, 1991; Kukui
et al., 2008). This technique is based on the titration of OH radicals by SO, after sampling to

produce isotopically labeled H23*SO; via the following mechanism:

OH + %S0, + M — H*S03 + M R 25
H3S03 + 0, — 34S03 + HO; R 26
%503 + H20 + M — H2*'S04 + M R 27

The H2**S0;3 is then ionized into H**SO* by charge transfer reaction (R 28) with NO3™ ion
which is produced separately in a sheath gas containing HNO3 (nitric acid) by a corona
discharge. The H3¥SO, ions are then detected using a quadrupole mass spectrometer. The
determination of the OH concentration requires knowledge of the H34SO4/ NOs™ ratio, the
reaction time and the rate coefficient of reaction (R 28). However, the rate coefficient is not
well known, and so an accurate calibration of the CIMS instrument is required using H20
photolysis calibration system similar to those used for the FAGE instrument (details in the
following chapter).

H2%*S04 + NOs” — H*SO4 + HNO3 R 28

The CIMS technique is considered as the most sensitive among all the techniques used for
measuring OH, with a detection limit below 10° molecule cm for 5 min average (Eisele et al.,
1996). As the measurement is not instantaneous, the atmospheric HO2> may be converted into
OH at high NO concentration which causes an interference. In order to minimize this
interference, the conversion time of OH into H2SO4 must be reduced (Kukui et al., 2008). Also,
high purity propane is regularly added to quantify the interferences.

1.2.2. Detection of tropospheric HO2 and RO>

Several measurement techniques allow the quantification of HO2> and RO in the
atmosphere. The MIESR (Matrix Insulation Electron Spin Resonance) technique can measure
simultaneously and selectively different types of radicals such as HO», the sum of RO,
CH3C(0)0O2, NO2 and NOs using the method of Electron Spin Resonance (ESR) after the
collection of the radicals on a cold matrix, but it is not instantaneous and not very sensitive,
limiting its use for atmospheric measurements. In this section, only the currently deployed
techniques for field measurements FAGE, PERCA (Peroxy Radical Chemical Amplification)
and PeRCIMS (Peroxy Radical Chemical lonization Mass Spectrometry) will be mentioned
with their advantages and disadvantages.
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1.2.2.1.  The FAGE technique

The FAGE technique allows the indirect measurement of HO2 and RO; radicals. The HO>
radicals are converted into OH by adding NO within the HO. FAGE cell following the reaction
HO, + NO — OH + NO2 and the produced OH radicals are then detected by LIF. This technique
is adapted to the selective measurement of HO2 only when low NO concentration is injected
into the HO> FAGE cell. Indeed, it has been shown that certain RO, those containing double
bonds, can efficiently be converted into HO> and subsequently HO2 into OH when the NO level
is high in the HO2 FAGE cell (Fuchs et al., 2011). This potential interference can be used as an
advantage to detect some RO> radicals in the HO, FAGE cell.

In addition, RO> radicals can be detected by using a setup consisting of a conversion flow-
tube on top of a FAGE cell where ROztis converted into OH by a two-step process: first, the
atmospheric radicals (RO2, RO and OH) are converted into HO, by adding CO and NO into the

flow-tube:

ROz + NO — RO + NO2 R 29
RO + O2 — RO + HO? R 30
HO2 + NO — OH + NO2 R 31
OH +CO — H + CO2 R 32
H+O2+M — HO> R 33

Then HO- are converted into OH in the FAGE cell, by adding NO, so it can be detected by LIF.
The principle of operation of the FAGE instrument for HO, and RO detection is described in
detail in chapter 2.

1.2.2.2.  The PERCA technique
The PERCA technique allows the indirect measurement of the total concentration of peroxy
(ROx) radicals, which is the sum of HO. and sum of RO radicals (Cantrell & Stedman, 1982).
In this technique, as the ambient air containing the radicals is drawn into a reaction chamber, it
is converted into NO> via the amplification chemistry that takes place close to the sampling
point by adding two reagent gases (CO + NO). It is the same chemistry as in the ROx-FAGE
instrument (mentioned above).
Finally, the NO> formed in reaction R 22 can be detected by different techniques such
as LIF (Miyazaki et al., 2010), cavity ring-down spectroscopy (CRDS) (Liu et al., 2009),
chemiluminescence detector with luminol (Parker et al., 2009), cavity attenuated phase-shift
spectroscopy (CAPS) (Wood & Charest, 2014) or incoherent broadband cavity-enhanced
absorption spectroscopy (IBBCEAS) (Chen et al., 2016). The peroxy radical concentration is
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determined from the chain length of the chain reaction, which defines the number of NO>
produced by one initial HO2 or RO> radical and ANO2, which corresponds to the difference
between the signal due to NO2 concentration produced in the amplification process and the
signal due to the NO> present in ambient air and NO> produced by other reactions (such as O3
with NO).
[HO, + X RO;] = % Equation 5

The PERCA instruments is used by various groups for field measurements (Kartal et al.,
2010; Kundu et al., 2019; Liu et al., 2009; Wood & Charest, 2014; Duncianu et al., 2020; Kundu
et al., 2019) due to its portability, its low cost, and its low level of complexity. However, the
dependence of the chain length, and therefore the sensitivity of the instrument, on the water
vapor content in the sampled air is considered as main disadvantage. Due to the high variability
of the ambient humidity, an accurate characterization of the chain length and instrument
calibration (similar to those used for the generation of HOx radicals based on H2O photolysis)
is therefore necessary to perform reliable measurements of ROy radicals with PERCA
instrument. Recent studies have shown improvements to minimize the impact of water vapor
on the chain length through using a Nafion dryer reactor (Yang et al., 2019).

An attempt to use a PERCA instrument for the selective quantification of HO> has also been
proposed by Miyazaki et al. (Miyazaki et al., 2010).

1.2.2.3.  The PeRCIMS technique

As for measuring OH, the CIMS technique can be used also for the measurement of HO>
and ROy radicals based on the chemical conversion of ROy radicals into HO that is converted
into OH in presence of NO followed by the reaction of OH with SO, to form H2SO4 and its
subsequent detection by chemical ionization mass spectrometry. Hornbrook et al. reported a
method to speciate between HO, and RO radical on CIMS instrument based on the variation
of the conversion efficiency of ROz into HO> under different ratio of concentrations of NO and
02 (INOJ/[0O2]) (Hornbrook et al., 2011). Therefore, at low [NO]/[O2] the conversion of RO
into HO2 (R 12, R 13) is more favorable and HO> + ZRO> will be quantified, while at higher
[NOJ/[O2] the conversion of RO into RONO (R 16) is more favorable and thus only HO> will
be quantified.

41



1.2.3. Field measurements of HOx and ROx radicals in the troposphere and modeling

Tropospheric measurements of OH, HO2 and ROx (HO.+RO2) radicals have been
performed in the atmosphere during the last decades by a number of groups since the
development of the measurement techniques described above. Plenty of studies have been
devoted to a better understanding of the tropospheric oxidation of VOCs by comparing field
measurements in a specific environment (marine, forest, urban) to atmospheric models based
on the most advanced chemical mechanisms published in the literature, including the Master
Chemical Mechanism (MCM) (Whalley et al., 2018), the Regional Atmospheric Chemistry
Mechanism (RACM) (Griffith et al., 2013), the Leuven Isoprene Mechanism (LIM) (Peeters et
al., 2009) and others. Some of these studies have highlighted gaps between measured and
modeled radicals under different sites and under a wide range of various atmospheric
conditions. These differences could be due to incomplete understanding of radical chemistry.
Even with the latest improvements of the isoprene mechanism (previously mentioned in Figure
2), it is difficult to reproduce some field measurements performed in low NOx environments
rich is biogenic VOCs (BVOCs) (Whalley et al., 2011). The potential interferences (as
mentioned below for the FAGE technique) in the measurements could be another reason for the
discrepancies. However, these interferences fail to account for all the differences between the
measured and modeled levels of HOx radicals found in numerous field campaigns.
Underestimations of OH and HO2 concentrations have been recorded in urban areas (Dusanter,
et al., 2009; Sheehy et al., 2010; Tan et al., 2018; Whalley et al., 2018; Zhang et al., 2022),
suburbain (Lu et al., 2013; Tan et al., 2019; Yang et al., 2021) and rural environments (Tan et
al., 2017; Bottorff et al., 2023). As concluded by previous reviews (Rohrer et al., 2014; Lu et
al., 2019) and as shown in Figure 5, the discrepancy between the HO2/OH ratio measured and
modeled is strongly dependent on the NO level with a strong overestimation of the model at
low NO which suggests a need for a better understanding of the radical chemistry at low NO

levels for which radical + radical reactions will be more important.
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Figure 5: HO2/OH measured (during the TRAMP campaign) and modeled as function of NO concentration (Chen et al.,
2010)

Field campaign measurements, carried out at the ground level or using aircraft, dedicated
for the understanding of HOx role in the atmosphere presents notable challenges. This
complexity arises from the dependence of the radical production or loss processes on many
parameters including the photolysis rate of precursors (such as O3 and HONO) or the

concentration of numerous species with which they interact (Clemitshaw, 2004).

1.2.4. Interferences on HOx measurements

As discussed above, different instruments with high sensitivity and appropriate limits of
detections are involved for the measurement of the OH and HO, (HOx) concentration in the
atmosphere. In the last few years, the overestimation of OH and HO, concentration by models
compared to measurements highlighted different types of OH and HO: interference. This
section is dedicated to the presentation of known interferences for the HOx measurement using
the FAGE technique.

1.2.4.1. Interferences on OH measurements using FAGE technique

Two different types of OH interferences using the FAGE technique have been reported in
the literature: spectral and chemical interference.

Spectral interference occurs when other species are fluorescing at the same wavelength as
OH such as naphthalene, sulfur dioxide and formaldehyde (Ren et al., 2004). Studies have
shown that only naphthalene has an excitation spectrum with defined lines in the wavelength
region near 308 nm. However, this contribution can be easily eliminated by well selecting the
laser wavelength and by alternating the measurement at a wavelength corresponding to OH line
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(on resonance) and out of OH line (off resonance) and subtracting the OH fluorescence signal
off resonance from the on resonance, this measurement mode is called OHwave.

Chemical interferences can occur due to the photolysis of chemical species producing OH
at the wavelength used to excite OH (308 nm). When using high repetition rate lasers (few
kHz), care should be taken to refresh the gas mixture in the detection volume between each
laser pulse in order to limit this type of OH interference. Extensive chemical interference tests
were made by (Ren et al., 2004) for different atmospheric species in different concentration
ranges: ozone (up to 4 ppm), hydrogen peroxide (up to 120 ppb), nitrous acid (up to 5 ppb),
formaldehyde (up to 250 ppb), nitric acid (up to 50 ppb) and acetone (up to 200 ppm). Except
for ozone, none of the chemical species showed a noticeable interference signal under ambient
conditions. However, other studies assumed this interference to be eliminated in current
atmospheric OH measurements (Schlosser et al., 2009).

Additional non-photolytic chemical interferences can occur via the generation of OH
radicals within the low-pressure FAGE cell from dark reactions. Holland et al. (Holland et al,
1995) showed that the O3 interference signal was linear with respect to the laser power for a
given Oz concentration. This interference was attributed to possible heterogeneous reactions
within the detection cell in the gaseous mixture or on the walls of the cell. Lu et al. (Lu et al.,
2012) have reported during the PRIDE campaign that Oz interference is only dependent on the
concentration of Oz entering the cell. Fuchs et al (Fuchs et al., 2016) did not observe any
instrumental interferences under typical ambient ozone concentration and BVOCs. However, a
measurable OH interference is detected when high ozone concentration is reacted with high
concentration of BVOCs. The observed interference has been well characterized and confirmed
to be negligible under atmospheric conditions.

The chemical interferences can also involve species other than Oz that could decompose
and produce OH radicals in the FAGE cell. This type of interference was made following the
overestimation of OH concentration by models compared to field measurements in forestry
environment (Mao et al., 2012; Whalley et al., 2011), even after improvements in oxidation
mechanisms such as the isoprene one. This hypothesis has been tested by the FAGE instrument
of PennState University during campaign in forest (Mao et al., 2012) using a pre-injector on
top of the instrument to inject intermittently an OH scavenger (CsFg). The results obtained by
Mao et al. showed significant OH interference of up to 50 %. The analysis of the interferences
as a function of the conditions exhibit a dependence of the interference on the low NO chemistry
which favors RO> reactions (from BVVOCs such as isoprene) with other radicals whose product

could be dissociated in the FAGE cell. This measurement mode alternating fluorescence signal
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without and with scavenger is called OHchem and is used by different groups to eliminate this
interference (Fuchs et al., 2011; Whalley et al., 2013).

Recently, from the kinetic studies done on the reaction of different RO + OH leading to the
formation of different products (Fittschen, 2019) and the results showing a strong decrease in
the HO: yield with the increase of the alkyl group, a hypothesis that trioxide ROOOH could be
a source of interference in the FAGE instrument was emitted by our group. Indeed, when
increasing the alkyl group, the pathway leading to HO2 becomes very minor at the profit of the
ROOOH stabilization pathway. This hypothesis has been confirmed performing a series of
experiments with the FAGE instrument at Lille University in its reactivity configuration
(Fittschen et al., 2019). The experimental results showed a significant interference for
conditions in favor of ROOOH formation and supported by a modelling study done at the
university of Cambridge. The model simulations predict high ROOOH concentrations in
pristine environments which would be high enough to generate within the Lille FAGE an
interference at the same order as the OH concentrations that have been observed in field

campaigns in pristine environments.

1.2.4.2.  Interferences on HO, measurements using FAGE technique

In order to detect HO> by LIF, it should be converted into OH by the rapid reaction with
NO. It has been demonstrated that RO> species produced during the oxidation of VOCs such as
alkenes, aromatics and long-chain alkanes can be a source of HO; interference in FAGE
instruments ( Fuchs et al., 2011; Whalley et al., 2013) due to the reaction with NO. Long alkyl
chain RO; can also produce an interference owing to isomerization of the RO species giving
HO,. Other functionalized RO, could also interfere. The level of this interference may vary
depending on the type of ROz and the probing conditions. Different tests have been performed
to adjust the operating conditions to either minimize the interferences for measuring HO2 or
optimize the conversion and determine the conversion efficiency of RO> into HO to measure
HO_", which represents the sum of HO; and the interference due to RO converted.

These interferences on HOx measurements could explain a part of the discrepancies between
measured and modeled HOx radicals. However, measuring HOx radicals in field campaigns is
still considered challenging and techniques need to be improved and tested in atmospheric
simulation chambers (Fuchs et al., 2013; Novelli et al., 2020). A better understanding of the
atmospheric chemistry can be obtained by simultaneous quantification of these radicals and the

so called “OH reactivity’’ (inverse of OH lifetime).
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1.2.5. Principle of the OH reactivity

OH reactivity, which represents the sum of OH losses, is considered as another important
parameter to measure to better describe the radical balance. It provides global information about
the different species present in the atmosphere reacting with OH. The OH reactivity is
proportional to the species concentration multiplied by their respective rate constant. The total
OH reactivity represented below is expressed in s™:

Equation 6
kair = § ] kXL-+0H[Xi]
L

where X is the reactive species, ky represents the rate constant of OH + Xi and [Xi] the

concentration of the reactive species.

The measured OH reactivity can be compared to the calculated reactivity based on the
simultaneously measured concentrations of OH reactive species in the same volume and their
corresponding well known rate coefficients (Di Carlo et al., 2004; Mogensen et al., 2011;
Bsaibes et al., 2020; Cho et al., 2023; Whalley et al., 2016). A possible difference between
measured and calculated reactivity describes the OH sinks due to the presence of unmeasured
reactive species in the atmosphere. This difference is known as the missing reactivity.

Kmissing = Kmeasured - Kcalculated Equation 7

The OH missing reactivity change as function of the atmospheric conditions (period of
the day: day or night, temperature, wind direction and others), which allows to make

assumptions concerning the unmeasured but critical species in the OH budget.

1.2.5.1.  Measurement techniques of tropospheric OH reactivity

Different methods for measuring the tropospheric OH reactivity have been developed and
applied in a wide range of studies. In this section a brief discussion about the main techniques
used to measure OH reactivity, including one techniques using FAGE detection: the laser flash
photolysis (LP) technique (Sadanaga et al., 2004; Stone et al., 2016), which directly measures
OH decay rates. The comparative reactive method (CRM) technique measures the variation of
the concentration of a reagent molecule detected with either mass spectrometry (MS) or gas

chromatography (GC) techniques (Sinha et al., 2008; Hansen et al., 2015).
1.2.5.1.1. The laser flash photolysis technique coupled to a FAGE/LIF detection (LP-LIF)

The laser flash photolysis technique is based on generating OH in a reactor (photolysis cell)
through the photolysis of Oz at 266 nm by a pulsed laser and subsequent reaction with H20.
The decay of the OH radical concentration can subsequently be followed by time-resolved LIF
technique through coupling the reactor to a FAGE cell. The time scale of the reaction to be

studied is determined by the duration of the photolysis pulse which must be short (in
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nanosecond) compared to the reaction time. This technique is a real time measurement
technique allowing the measurement of short lifetime atmospheric species such as OH. The OH
radical detection system that is connected at the end of the reactor enables the measurement of
the time-resolved concentration profiles under pseudo-first order conditions (one of the
reactants is in large excess over the second reactant and thus its concentration can be considered
constant during the reaction). Another advantage of this technique is the production of the
reactants from well-mixed precursors (if the photolysis is homogeneous), so there is no mixing
time impacting the time resolution. Also, since the reactants are produced and monitored at the
center of the coated photolysis cell (with an unreactive substance), the wall chemistry is
generally minimized. The main drawback is the possible simultaneous co-generation of
different radicals and secondary co-photolysis products may lead to complicated secondary

reactions. This is the technique used in this work and it will be described in detail in Chapter 2.

1.2.5.1.2. The comparative reactive method (CRM)

This method is based on competitive reactions of OH with the reactive species present in
ambient air and with a selected reagent molecule quantified by a suitable detector at the output
of the reactor. The reagent molecule, such as pyrrole (CsHsN), must satisfy some general
criteria as capable of being well measured (have physical and chemical properties for easy and
accurate detection) and the rate constant for its reaction with OH should be well established.
Also, it should not be present in ambient air under normal circumstances.

The CRM apparatus consists of two components: the first one is a reactor where the OH is
mixed with the tracer and alternately with either zero air (without reactive species) or with
ambient air. The second component is an appropriate detector that enables the measurement of
the tracer concentration. Typically, this detector is a Proton Transfer Reaction-Mass
Spectrometer (PTR-MS) or a Gas Chromatography-Flame lonization Detector (GC-FID)
(Nolscher et al., 2012; Sinha et al., 2008). The OH reactivity is measured by monitoring the
pyrrole concentration in different conditions as shown in Figure 6.

The initial step involves introducing solely pyrrole and dry zero air to measure C1, which
corresponds to the pyrrole concentration in absence of OH. Subsequently, humid zero air is
introduced to generate OH through the photolysis of water vapor using a mercury lamp emitting
light at 185 nm, the pyrrole concentration C2 is then measured. The C2 has a lower value than
C1 due to pyrrole reacting with OH. In the last step, zero air is substituted with ambient air.
This triggers a competition between the reaction of OH with pyrrole and OH with reactive
species present in the ambient air. The measured concentration labeled as C3, higher than C2,

is measured.
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Figure 6: Schematic representation of the CRM concept

The value of the OH reactivity can be obtained using the following equation:

C3-C2
kKon=—-+-k , Gl
OH Cc1-C3 pyrrole+OH

Equation 8
where Kpyrrolesor = 1.28 x 1071% cm® molecule™ s (Dillon et al., 2012)
However, this calculation is subject to different types of adjustments depending on the
operational parameters of the instrument (including dilution and pseudo first order corrections)
and the environmental conditions, particularly the concentration of NOx (Michoud et al., 2015).
In cases where the concentration of ambient NO is high, the HO> radical generated from the
water photolysis can be rapidly converted into OH radicals within the reactor. These additional
OH can react with pyrrole, subsequently altering the pyrrole concentration and thereby
introducing an error in the determination of the reactivity value, necessitating correction.

The advantage of this method is that absolute concentrations are not needed. The
disadvantages are the presence of unknown secondary reactions and the uncertainty on the rate

constant of the reference reaction.

1.2.5.2.  Field measurements of OH reactivity in the troposphere and modeling

Around 40 field campaigns involving OH reactivity have been carried out in different
environments under various atmospheric conditions, including clean air (marine boundary
layer), continental low-NOy regions influenced by biogenic emissions (forests and rural areas)
and polluted urban areas. The ranges of reactivities as function of NOx concentration in the

different types of environments are reported in Figure 7.
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Figure 7: Classification of different types of environments depending on the VOCs reactivities and NOx concentration
(Rohrer et al., 2014)

Field measurements have shown that the OH reactivity in urban areas is higher than in
rural areas due to the presence of a quite large number of anthropogenic species in high
concentrations such as NO, alkenes and aromatics, as has been observed in Tokyo (reactivity
up to 100 s (Yoshino et al., 2006, 2012), with a missing reactivity on the order of 30 %. They
found a good correlation between missing OH reactivity and measured oxygenated VOCs
(OVOCs) in summer, spring and autumn, assuming that the missing reactivity is due to an
unmeasured secondary OVOCs. A similar missing OH reactivity was observed in London
(Whalley et al., 2016). In Beijing (Yang et al., 2017), a missing reactivity of 21 % was
observed, mainly attributed to unmeasured primary species, such as branched alkenes. High
reactivities were reached during a campaign in India (Kumar & Sinha, 2014) at a suburban site
influenced by both urban and agricultural emission sources.

On the other hand, lower reactivities (order of ten s*) were observed in forest
environments (dominated with BVOCs) and poor agreement between calculated and measured
OH reactivity was also obtained. During the PROPHET (Program for Research on Oxidants:
Photochemistry, Emissions, and Transport) campaign, investigations showed that the missing
reactivity (33-50 %) increased significantly with temperature and concentration of BVOCs (Di
Carlo et al., 2004). This behavior could be explained by the presence of unknown BVOCs in
the site. During the LANDEX (LANDes EXperiment) campaign (Bsaibes et al., 2020), an
average missing OH reactivity of 22 % and 33 % was observed inside and above the canopy,

respectively. The nighttime missing OH reactivity was higher than during the day for stable and
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warm conditions, which promotes the accumulation of long-lived primary and secondary
compounds. The missing OH reactivity during the day is dependent on temperature, though it
IS unclear whether it is due to an increase of primary or secondary compounds. Similar to
LANDEX, in North China Plain (Wangdu) (Fuchs et al., 2017), the highest missing OH
reactivity (approximately 25 %) was observed during the nighttime. Only one study of OH
reactivity conducted in a forested environment (Ren et al., 2006) does not report significant
missing OH reactivity. The measurements were conducted in a forest in eastern New York
State, which could be influenced by nearby urban air masses. It remains unclear why there was
no significant missing OH reactivity at this site, despite the fact that isoprene only contributed
around 14 % to OH reactivity.

Reactivities are very high in tropical rainforest. For example, during the campaign done
in April 2008 within a tropical rainforest on Borneo (Edwards et al., 2013), the OH reactivity
reached a maximum around 84 s. The missing reactivity during these measurements was
approximately 30 %, with oxidized intermediates considered as potential contributors.
Reactivities up to 72 s were also measured during a campaign in the Suriname forest (Sinha
et al., 2008) with 35 % of the total reactivity being attributed to isoprene, MVK+MACR,
acetone, acetaldehyde and methane (Kubistin et al., 2010). Campaigns in boreal forests have
determined significant missing reactivity from 58 to 89 % attributed to unmeasured primary
species and secondary products derived from the oxidation of VOCs (Nolscher et al., 2012).

These different field campaigns in most of the environments have demonstrated a lack
of atmospheric chemistry understanding. Even with some assumptions and improvements in
the atmospheric chemical mechanism there is still remaining a large gap between models and
atmospheric measurements. Therefore, it is necessary to continue field measurements under
different atmospheric conditions in different environments. Also, in order to better understand
these discrepancies between measurements and models and determine more accurate chemical

mechanisms, laboratory measurements under controlled conditions are useful.
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1.3. Conclusion

This chapter has described the troposphere which is highly variable in chemical composition
and physical conditions. HOx and ROx radicals are present in a very low concentration and
involved in oxidation processes in the gas phase. The understanding of these oxidation
processes, which is still challenging, allows to better identify the products generated in the
atmosphere. For this reason, laboratory measurements under controlled conditions and field
measurements have been performed using different types of instruments. During this work, the
FAGE technique (presented in chapter 2) was improved and deployed for the quantification of
OH, HO> and RO radicals and OH reactivity measurements during the ACROSS field
campaign (Chapter 5) and measurements at the SAPHIR simulation chamber (Chapter 4). It
was also used in the laboratory (reactivity configuration) to study oxidation mechanisms of

importance for indoor and outdoor chemistry involving HOx and ROy radicals (Chapter 3).
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Chapter 2: Experimental Set-up

The UL-FAGE instrument used during this work enables the measurement of the following
parameters: quantification of the OH, HO2 and HO2" (sum of HO2 + RO converted such as RO
from double bond precursors such as p—hydroxyalkylperoxy, long alkyl chain RO.), RO«
quantification when the UL-FAGE is coupled to a conversion flow-tube (ROx-FAGE) and OH
reactivity measurement when coupled to a photolysis cell. This chapter provides a detailed
description of the UL-FAGE instrument in the 3 configurations (OH, HO2, HO" setup, ROx-
FAGE setup and OH reactivity setup) to be used in the field, in simulation chambers and in
laboratory (OH reactivity configuration to perform kinetic studies).

As a part of my work was dedicated to the optimization of the new ROx-FAGE setup, a

focus on it will be presented in this chapter.

2.1. The UL-FAGE Technique

The UL (university of Lille)-FAGE (Fluorescence Assay by Gas Expansion) instrument is
based on the LIF (Laser Induced Fluorescence) detection of OH at low pressure after a gas
expansion. The UL-FAGE instrument was first developed for the quantification of OH and HO»
in the atmosphere and then it was adapted for the measurement of the total OH reactivity in
ambient air and later to RO> measurements. The OH reactivity set-up can also be used to
perform kinetic studies involving OH in the laboratory.

The instrument is constituted of different parts, some common between the different
configurations:

- the excitation laser used as a high repetition rate UV light source for the excitation of
OH in order to average the fluorescence signal while keeping a high time resolution
(details in section 2.3).

- the FAGE cell for the detection of the fluorescence of OH, directly from OH or after
conversion of HO2 or RO to OH (details in section 2.2).

- the pump for the expansion of the gas mixture

- the reference cell to lock the laser on an OH excitation peak (ON resonance) (details in
section 2.4)

and some specific parts:

- the photolysis cell for the OH reactivity where OH is generated by a pulsed photolysis
laser (details in section 2.6.1)

- the conversion cell for the ROx-FAGE instrument (details in section 2.5.2)

During this work the FAGE technique has been used in different measurement
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configurations for both laboratory and atmospheric measurements. A summary of these

configurations is presented in this section.

2.1.1. Measurement Configuration used during Atmospheric Measurements

The UL-FAGE participated in two different campaigns:

2.1.1.1.

The ACROSS campaign to perform atmospheric measurements. These measurements
allow to better understand the atmospheric chemistry of a particular environment.

The RO: intercomparison campaign: measurements done at the SAPHIR chamber under
controlled conditions. This type of intercomparison exercise allows to test the reliability
of different instruments by quantifying radicals in the same air mass.

ACROSS campaign

During the ACROSS campaign, the UL-FAGE instrument was used in the configuration

shown in Figure 8 including the complete set of UL-FAGE instruments:

OH and HOz cells (described in 2.5.1)
ROx-FAGE (described in 2.5.2)
OH reactivity (described in 2.6)

More details about this configuration will be presented in Chapter 5.

OH
Ho,

probing

CO and NO
conversion of
and OH in HO,
P=30 Torr

reference cell HO,

‘detector (CPM)

conversion NO—

of HO, in OH P=1.3 Torr

Laser FAGE (308 nm)

pumping

pumping

Figure 8: Measurement configuration used during ACROSS campaign
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2.1.1.2. ROz intercomparison campaign : SAPHIR chamber
During the RO intercomparison campaign, the UL-FAGE instrument was only used in its
quantification mode (as shown in Figure 9) to measure OH, HO. and RO; radicals. This

measuring configuration will be explained in detail in Chapter 4.

OH
HO,

probing

CO and NO
conversion of

and OH in HO,
P=30 Torr

reference cell
detector (CPM)

conversion

NO—
of HO, in OH 0

Laser FAGE (308 nm)

pumping

pumping

Figure 9: Measurement configuration used during the RO- intercomparison campaign

2.1.2. Measurement Configuration used during Laboratory Studies
Laboratory measurements have been done using the reactivity set-up for two different topics:
- Studying the chemistry of organosiloxanes through determining the rate constant of the
reaction of siloxanes with OH using one photolysis laser.
- Studying the influence of humidity on the RO, + OH reaction through determining the
HO- yield of this reaction at different humidity levels using two photolysis lasers.
2.1.2.1.  Influence of humidity on radical + radical reaction
Studying the influence of humidity on the HO yield of the RO, + OH reaction has been
done using the OH reactivity setup (Figure 10) using two different photolysis lasers to generate

separately the two different radicals in the photolysis cell. In the first part of the Chapter 3,

more details will be discussed about this measurement configuration.

Detector

Sample+ 0, +H,0

FAGE cell &

Figure 10: Measurement configuration used during the study of humidity effect on RO, + OH reaction
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2.1.2.2.  Chemistry of Siloxanes

Studying the chemistry of organosiloxanes has been done under controlled conditions using
the OH reactivity setup shown in Figure 11. During this study only one photolysis laser was
used to generate the OH radical and a known concentration of the studied organosiloxane
compound has been injected into the photolysis cell to determine the rate constant of the
reaction of OH + organosiloxanes. More details of these measurements will be discussed in the
second part of Chapter 3.

Detector

Sample+ O, +H,0

FAGE cell

Figure 11: Measurement configuration used during the siloxanes kinetic studies

2.2. Description of the FAGE cells used in the different configurations

The FAGE cells are composted of 4 parts: the excitation laser injection, the probing, the
cell where OH is excited and the collection of the fluorescence.

All the FAGE cells used in the UL-FAGE instruments are White type multi-pass cells
(Figure 12) based on the PennState design (Faloona et al., 2004). Each one is composed of three
concave mirrors: one front mirror, cut out on edges, through which the laser beam enters and
exits the cell and two back mirrors. Usually, the cell is aligned so that the total number of passes
of the laser beam in the cell is between 24 and 40 (Parker et al., 2011). The use of a multi-pass
cell is considered as an advantage compared to the single pass cells because it allows to limit
the laser density and increases the sensitivity. The disadvantage of the multi-pass cell compared
to single pass cell is the increase in the background signal due to scattered laser light thus
reducing the sensitivity to a certain extent. The laser beam exiting the White cell is sent on a
photodiode to continuously monitor the laser power stability and to enable normalization of

fluorescence signals for laser power fluctuations.
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Figure 12: Representative schemes of the multi-pass cell

The fluorescence is collected at 90° with respect to the laser beam through a system of two
lenses. An interference filter at 308 nm can be added (used for the OH cell) to limit the ambient
light contribution. The fluorescence is detected by a CPM (Channel Photon Multiplier, Perkin
Elmer or Proxivision), made of 3 components: a photocathode which converts the photons into
electrons, the tube were the electrons are multiplied on the walls and an anode where the
electrons are collected. An electronic card allows the shaping of each peak/photon. The signal
is collected by an acquisition card (National Instrument) to perform photon counting. As
mentioned previously, the excitation and the detection are in the same wavelength range but the
lifetime of the OH fluorescence is extended (several hundreds of nanoseconds) through the
reduced pressure, therefore the use of gated detectors is essential in order to discriminate
between the OH fluorescence and scattered laser light. The gated CPMs are switched off during
the laser pulse and rapidly switched on to collect the fluorescence signal after the laser pulse
varying the voltage of the cathode using a delay generator connected to the power supply. For
that, the voltage applied to the photocathode is modulated using an external power supply.
When a high voltage is applied to the photocathode with respect to the voltage at the channel
entrance, the detector is turned off. On the contrary if a lower voltage is applied to the
photocathode with respect to the channel entrance, the photoelectrons will enter the electron
multiplier tube and, hence, the detector is turned on. Two types of CPM are used: a negative
CPM on the OH cell and a positive one on the HO2 cell, ROx cell and reactivity cell (Figure 13).
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Figure 13: Schematic representation of a CPM (Perkin Elmer) connected to a negative and positive switch

Figure 14 shows the synchronization diagram to collect the fluorescence with a positive
CPM as an example. The main drawback of the gated CPM is the presence of parasite peaks as
the switch is turned on, which increases the noise level. Therefore, to avoid this increase in the
noise level, the counting of the photons must be delayed after the CPM parasite peaks. In the
quantification mode, the CPM is gated a second time for the measurement of the background
signal since it is essential to subtract the background signal generated due to the remaining
ambient light. The data acquisition is controlled by a delay generator, which is triggered

internally at 5 kHz and starts the YAG, the detector switches and the acquisition card.
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Figure 14: Diagram to illustrate the detection of the OH fluorescence controlled by the gate timing of the CPM

detector and the photon counting card (Amedro, 2012)

Four different FAGE cells, presented in Table 4, have been used during this work. OH
cell to quantify OH radicals, HO- cell to quantify HO, and HO" radicals (section 2.5.1), ROx
cell to quantify HO," and RO radical concentration (section 2.5.2) and OHiresciivity Cell to
measure the OH reactivity. These cells are used in different operating configurations to perform
measurements in the laboratory and during field campaigns.

Table 4: The different FAGE cells used for different measurements and the CPM used on each cell

Cell Use CPM

OHreactivity Reactivity measurement PE — positive switch
OH OH quantification PE — negative switch
HO; HO;and HO,*quantification PE - positive switch
ROy HO;" and RO, quantification Proxivision — positive switch

2.3. The Excitation Laser

Two different excitation laser systems have been used during my thesis to excite the OH
radicals in the FAGE cells.

The Q1(3) transition, A—X 0-0 at 308.05 nm is chosen (Figure 15) since the Q1(3), Q2(1),
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P1(1) triplet is easily identified and this transition corresponds to one of the most intense peaks
around 308 nm.
Q,(3)

Pi(1)

::::::
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40000 (—L—]
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Figure 15: Excitation spectrum of OH at the spectral range 307 - 308 nm

The first excitation laser, used at the beginning, is a tunable frequency doubled dye laser
(Sirah Laser PrecisionScan) pumped by the frequency doubled output of a Nd: YVO4 laser
(Spectra Physics Navigator). The laser beam (A=1064 nm) produced by the diode pumped Nd:
YVOs laser is converted into green light (A=532 nm) through the doubling crystal. The
produced green light is used to pump a tunable single stage dye laser using a mixture of
Rhodamine 610 also called Rhodamine B and Rhodamine 640 diluted in ethanol. The red
shifted laser output beam exiting the dye cell (A=616 nm) is focused onto a BBO doubling
crystal to produce a laser emission around 308 nm. By using four Pellin-Broca prisms, the UV
light is separated from the remaining fundamental (red) light. The output power of the laser
beam at A=308 nm ranges between 30 to 40 mW with a high repetition rate of 5 kHz and a pulse
width of 20 ns. The diagram of the system is shown in Figure 16. This laser has a too low output
power to be used with the complete set of FAGE instruments requesting5 beams for the OH,
HO2, ROx and reactivity cells and the reference cell.
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Figure 16: Diagram of the Sirah dye laser pumped by Spectra Physics high speed Vanadate laser

A new, 10 times more powerful laser (Sirah CREDO dye laser pumped by an Edgewave
YAG laser) using DCM special dye has been tested in order to replace the old dye laser with
the goal to be able to inject enough laser energy simultaneously into all the four different FAGE
cells and the reference cell during field campaigns. The maximum output laser power is about
400 mW at 308 nm and around 3 W at 532 nm at 5 kHz. To check the power and wavelength
stability of this laser, several tests have been done in the frame of my thesis (mentioned in
section 2.7.1).

The laser beam at the output of the excitation laser is injected into the FAGE cells (OH,
HO., ROx and reactivity cell) through fibers. Different configurations can be used depending
on the number of cells used (different fibered and non-fibered splitters). Most of my thesis
results have been obtained using a 5 arms fibered beam splitter, where the beam exiting the
excitation laser directly pass through a collimator that is connected to a fibered splitter with 5
branches connected to the four different FAGE cells (OH, HO2, ROx and OH reactivity) and
the reference cell. The loss of laser power between the exit of the laser and the fibered splitter

is lower using this configuration then with previous ones.
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2.4. The Reference Cell

The excitation laser must be tuned on the wavelength corresponding to the maximum
excitation of OH radicals (Q1(3), Figure 15). The laser wavelength may drift with time due to
changing ambient conditions. Therefore, about 20% of the laser power is sent to a reference
cell which is used to check the wavelength stability of the excitation laser and to move from
ON resonance (at the peak) and OFF resonance (out of an OH peak) and vice versa.

A high and stable concentration of OH radicals is produced through thermolysis of water
vapor on a heated coiled filament in the reference cell (Figure 17): for this purpose, ambient air
is drawn through the cell made of a stainless-steel cube with a pressure inside kept at
approximately 2 Torr using a vacuum pump. Contrarily to the detectors used in the FAGE cells,
a non-gated CPM (Perkin Elmer) is used to collect the OH fluorescence signal perpendicular to
the laser beam because the high OH concentration in the cell allows to observe easily the
fluorescence signal on top of the signal due to scattered laser light.
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Figure 17: The reference cell used to select and stabilize the OH excitation laser wavelength

During the experiment, a laser wavelength scan is performed periodically over a small
wavelength range (about 0.03 nm) in order to find the laser wavelength at which the Q1(3)
transition occurs, as shown in Figure 18. The laser wavelength is automatically fixed on the
OH excitation peak thanks to the Labview program used to control the laser, collect and analyse

the signals.
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Figure 18: Typical reference cell signal for FAGE measurement sequence

The measurement sequence is generally alternating between online measurements (ON
resonance) for 20 s and then the laser wavelength is shifted to a wavelength where OH does not

absorb and the offline measurement (OFF resonance) takes place for 20 s.

2.5. Description of the UL-FAGE in the Quantification Mode

2.5.1. FAGE instrument for HOx quantification

The UL-FAGE instrument used for the quantification of HOx (OH and HO>) radicals is
based on the PennState design (Faloona et al., 2004). As shown schematically in Figure 19, it
is composed of the excitation laser (pumping system), the FAGE cells (OH and HO?) and the

reference cell.

reference cell
|
detector (CPM)

Laser FAGE (308 nm)

pumping

Figure 19: Scheme of the UL-FAGE instrument for OH and HO; radical quantification (CPM: Channel Photon
Multiplier)
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To sample the ambient air, a pumping system (Edwards XL 600 or iLX1000 connected
also to the reactivity cell depending on the measurement needs) with a pumping rate of 8 to 9.2
L/min is used to draw the air through a small orifice (1 mm) into the two-low pressure (1.5 —2
Torr) detection cells. The first cell (OH cell) is dedicated to the measurement of OH radicals
and the second cell, placed downstream of the OH cell, is used for the quantification of HO>
radicals after injection of NO to convert HO> into OH.

Thanks to the reference cell and the automation LabVIEW program, we can determine
the net signal produced by the OH fluorescence (Son fluorescence), proportional to the OH
concentration. It corresponds to the difference in the average of the Soniine (ON resonance) and
the average of the Sofriine (OFF resonance). As the ambient light level might change between the
online period and the offline period, a background signal (Spackground), associated with the
ambient light, must be recorded after a short delay (about 1.3 ps) after the fluorescence peak to
derive SoH fluorescence-

SOH fluorescence = (Sonline - Sbackground-online) - (Soffline - Sbackground-offline) Equation 9

HO- radicals are measured indirectly in the second FAGE detection cell. NO is injected to the
ambient airflow between the two detection cells to convert HO2 into OH, leading to the
quantification of the sum of ambient OH and HO». The HO: signal is obtained by subtracting
the contribution of OH to the signal measured in the second cell. However, this signal may also
contain some contributions due to RO2 from VOCs containing double bonds (Fuchs et al., 2011;
Lew et al., 2018) and/or long chain alkane (\Whalley et al., 2013) depending on the pure NO
concentration used (low [NO] = 1.24 x 10 molecule cm™: contribution considered as
negligible, high [NO] = 2.48 x 10! molecule cm™: contribution considered as high). In
conditions with significant RO, contribution, we consider that we measure the HO," signal:
sum of HO. and a RO> contribution.
The FAGE is a very sensitive technique, but it is not absolute, thus, the calibration of the signal
with a well characterized HOx source is essential to convert the signal into concentration (see
2.5.3).
2.5.2. ROx-FAGE instrument for RO> quantification

The FAGE technique can be expanded to the measurement of RO> radicals. This is done
by coupling a RO2-to-HO> conversion flow tube on top of the FAGE cell nozzle. This
configuration is often called ROx-LIF (Fuchs et al., 2008). In our case, we prefer to call it ROx-
FAGE because it well describes the coupling of a ROx conversion tube to a FAGE cell (specific
case of a LIF detection). Figure 20 shows that as the sampled air is pumped into the conversion
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flow-tube, all HOx and ROy radicals can be continuously converted into OH by a two-step
process. First, within the conversion tube the ROz, RO and OH radicals are converted into HO>
radicals by adding CO and well-chosen, low concentrations of NO. Then, HO> radicals are
converted into OH through injection of pure NO above the FAGE cell. Two individual pumping
systems are connected to the conversion flow-tube and the FAGE detection cell to
independently adjust the pressure in both (P = 30 Torr in flow-tube and P = 1.3 Torr in FAGE

cell).

OH
HO,
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conversion of

and OH in HO,
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reference cell

‘ HO,
l detector (CPM)
\ NO—

conversion NO
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Laser FAGE (308 nm)

pumping

pumping

Figure 20: Scheme of the UL-FAGE instrument for OH, HO, and RO, measurement
25.2.1. Conversion principle

The chemical mechanism in the ROx conversion tube consists of the RO conversion
propagating reactions which lead to the HOx cycle and radical chain terminating reactions.

In the first step, the RO radicals are converted into RO radicals through their reaction
with NO which dominates the entire gas phase reactions of RO radicals due to the high
concentration of NO added. This reaction may lead either to the formation of alkoxy radicals
(RO) and NO2 (R 34) or nitrates (RONOz) (R 35). Both channels share a common critical
intermediate, the peroxy nitrite (ROONO) (Zhang et al., 2004), whose subsequent
decomposition lead to R 34 and collision stabilization gives R 35. The alkyl nitrate yield
increases with the size of the alkyl group of the peroxy radical (Atkinson et al., 1982).

RO2 + NO — RO + NO2 R 34
RO2 + NO+M — RONO2 + M R 35

In a second step, the alkoxy radicals (RO) which are formed during the first step react
further with oxygen forming HO radicals and oxidized organic compounds (R 36). Due to the
high NO concentration added to the conversion tube, this reaction is in competition with the
alkoxy radical combination reaction with NO (R 37) forming nitrites. In addition, alkoxy

radicals can undergo other loss reaction sequences including unimolecular decomposition (R
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38) and intramolecular isomerization (R 39). These loss reactions can be suppressed by reducing

the pressure in the conversion tube.

RO + 0, — R’CHO + HO; R 36

RO +NO +M — RONO + M R 37

RO +M — R’ + R"CHO or (R'R"CO + M) R 38
RO + M — R/(OH)CHz + M R 39

In the third step, HO2 formed in turn reacts with NO to be converted to OH. This is

followed by a rapid backreaction of OH with CO to reform HO2, much less reactive than OH.

HO2 + NO — OH + NO2 R 40
OH+CO —-H+COy R 41
H+O,+M—-HO+M R 42

Due to the very high concentration of NO (1.7 x 102 molecule cm=) added into the

conversion tube, the formation of HONO reaction (R 43) competes the gas phase reactions:
OH +NO +M — HONO + M R 43

These conditions correspond to the ROx mode in the conversion tube. The concentration
of ROz can be determined from the determination of a calibration factor and the contribution of
HO- to the signal (see in details in 2.5.3.2.3).

This system can be operated alternately in two different modes: HOx and ROx mode
(Figure 22) in order to distinguish between RO, and HOx (in practice HO2 or HO>*
measurement depending on NO injected in the FAGE cell and considering that OH contribution
is negligible in the sampled air). In the HOx mode, only CO is added, leading only to the
conversion of OH into HO.. In the ROx mode, NO and CO are added into the flow-tube leading
also to the conversion of ROz radicals into HO: (Figure 21). The species detected in the FAGE
cell will depend on the NO injected above the FAGE cell.

HONO NO NO
QO
K

Co

Figure 21: General scheme of the radical chemistry in the ROy conversion tube
In practice, in order to keep a constant flow, in the HOx mode, NO is replaced by a non-
reactive gas as described in the following paragraph (section 2.5.2.2). The RO radical
concentration can be obtained by two different ways; both based on the subtraction of the HO>

contribution to the ROx mode signal of the ROx-FAGE instrument but with the concentration
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of HO. obtained from different measurements:

- The HO:z concentration obtained in the HO> FAGE cell at low NO to avoid the
interferences due to RO» (Fuchs et al., 2011; Lew et al., 2018).

- The HOz concentration obtained in the HOx mode (of the ROx FAGE cell). In our
case, due to a low sensitivity of the ROx-FAGE instrument, this option has not been
chosen but the HOx mode (using high NO) can be compared to the HO," mode of
the HO2 FAGE cell to validate the ROx-FAGE instrument.
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Figure 22: Alternating measurement in different modes (HOx and ROy mode) during the calibration of the ROx-
FAGE instrument

2.5.2.2.  Experimental Setup

The ROx conversion tube is made of an aluminum tube (diameter = 6 cm) covered
internally with a Teflon layer. In the conversion flow-tube, which is kept at a pressure of 25
Torr (to limit the formation of RONO2 and RONO), the NO and CO are added 2 cm downstream
of the flat sampling nozzle through a Teflon loop (diameter: 0.25 cm) designed with holes to
homogenize the mixture. In the ROx mode, NO and CO are added into the flow-tube leading to
the conversion of RO; radicals. In the HOx mode, NO is replaced by a non-reactive gas (N2,
99.99% purity). The ambient air is sampled at 3 L/min through a 0.635 mm pinhole, NO and
CO are added to the ambient flow in the conversion tube to obtain a mixing ratio of 1.82 ppmv
and 0.61 %, respectively: these concentrations allow to keep the conversion of OH to HO: faster
than the reverse. At the exit of the flow-tube, the mixture is sampled into the FAGE detection
cell (pressure = 1.5 Torr) through an inlet nozzle (diameter: 3 mm). Additional NO is injected

to convert constant portion (around 90 %) of HO: radicals into OH, detected further
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downstream by LIF at 308 nm as in the other FAGE cells dedicated for the OH, HO2 and HO,"
radical measurement. All the added gas flows are controlled by calibrated mass flow controllers
and an automatic valve, controlled by a LabVIEW software, that can close the NO arrival.

The conversion efficiency of the radicals in this setup is highly related to the residence
time of the gases inside the flow-tube, which is an important parameter to adjust (details in
section 2.7.2).

2.5.3. Calibration of the FAGE instrument
The calibration method used for the FAGE setup in quantification mode is based on the
generation of a well-defined concentration of OH and HO> (HOx) radicals in a calibration cell
by the photolysis of water in air at 184.9 nm with a mercury lamp, placed over the sampling
nozzle. As shown in R 44 an equal amount of OH radicals and H-atoms is generated, in which
the latter rapidly reacts with O, to form HOz (R 45).
H20 +hv (A=184.9 nm) - OH + H R 44

H+0O2+M — HO2 + M R 45

The OH and HO> concentrations are directly proportional to the concentration of H>O ([H20]
in molecule.cm), the H20 absorption cross section at 184.9 nm (o120 in cm?.molecule™?), the
lamp flux (F in photons.cm™. s1), the quantum yield (¢ = 1 (Atkinson et al., 2004)) and the
irradiation time of the mixture (tin s).

[OH] = [HO2] = [H20] X F x oy,0 x ¢ x ¢ Equation 10

The lamp flux is determined indirectly by Oz actinometry method: Os is formed simultaneously
to OH and HO: in the calibration cell through the recombination of oxygen atoms in their
electronic ground state (O(3P)), produced by the photolysis of O, at 184.9 nm, with O.

02 + hv (A = 184.9 nm) — OCP) + O(°P) R 46

OCP)+ 02+ M — Oz + M R 47

The concentration of Oz generated in the cell is used for the calculation of the lamp flux at 184.9
nm using the known O absorption cross section (coz in cm?.molecule™), irradiation time (t in

s) and having a quantum yield ¢’ equal to 2.

F= 105 Equation 11
2X[0,] X000, Xt

Hence, as can be seen in Equation 12, the concentrations of OH and HO> radicals generated in
the calibration cell can be calculated from the concentrations of H>O and Oz which are

constantly monitored with two commercial analyzers (Thermo Scientific model 49i for ozone
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and a dew point hygrometer, Michell Instruments, S8000, for water vapor), throughout the

calibration procedure:

[05] X [H,0] X cH,0
2 X [0,] X 00,

[OH] = [HO,] = Equation 12
2.5.3.1.  Calibration cell setup

The calibrator, shown in Figure 23, consists of a rectangular aluminum tube (1.2 x 1.5
x 50 cm) equipped with 5 quartz windows of 6 cm height. The Hg lamp is placed in an
aluminum housing fixed to the calibration cell that is continuously purged with a nitrogen flow
N2 (50 sccm) to avoid absorption by O> which would reduce the lamp flux. An interference
filter (Melles Griot 185NB20) is placed inside the lamp housing to avoid the photolysis of Oz
by the strong light emission at A = 254 nm and thus the generation of additional OH radicals.

O3 + hv (A =254 nm) — O('D) + O R 48

O(*D) + H,0 — 2 OH R 49

Flow to ozone
analyzer &
hygrometer

FAGE cell

=" 3"
Figure 23: FAGE calibration cell
Synthetic air mixed with water vapor (produced either by the bubbler or Controlled
Evaporator Mixer system, CEM) is flown through the calibration cell at a flow rate of 40
L.min"! allowing a turbulent flow in the cell. The OH and HO> concentration generated in our

system range between 1x102 and 1x10*° molecule.cm™,
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2.5.3.2. Determination of calibration parameters

2.5.3.2.1. OH cell
The fluorescence signal detected in the OH cell during the calibration procedure

(SoH catibration in count. s) relates to the concentration of OH radicals ([OH] in molecule.cm™)
generated in the calibration cell (calculated as mentioned in section 2.5.3), the laser power at
the entrance of the OH cell (Pon in mW), the OH losses between the sampling and OH detection
in the 1% cell (Lon) and the OH calibration factor (Cow in count. s*. molecule®. cm3. mw).

SoH calibration = [OH]generated X Kon % Pon = [OH]generated X Con X (1-Lon) X Equation 13

Pon

where Kon = (1-Lon) % Con in count. s. molecule™. cm®. mw- is the effective OH calibration
factor for the cell.
From the measured Sow-caiibration (after background subtraction) divided by the laser power and
calculated [OH]generated, Kon can be determined. Therefore, after the determination of the
effective calibration factor (Kon) it is possible to determine the absolute concentration of OH
from the total fluorescence signals (Son measured) recorded by the quantification OH FAGE cell
using the following equation:

SOH measured

Equation 14
Kon X Poy a

[OH]measured =

2.5.3.2.2. HO: cell

Calibration of [HO] for the HO2 cell requires two steps: the determination of the
calibration factor Cy,, for the detection of OH in the HO: cell without NO addition and a
calibration factor Cy, », determined in presence of NO converting HO; into OH.

First step:

SHo,~1-catibration = [OH] generatea X Ko, X Pro, Equation 15
= [OH] generatea X Cro,1 X (1 = Lop2) X Pyo,

where [OH]generated represents the concentration of OH generated in the calibration cell, Py,
(mW) is the laser power entering the HO2 cell, Cy0, (count. s™. molecule™. cm®. mW™) is the
calibration factor for HO- cell and Lown,2 represents the OH losses between the sampling and the

detection in the HO2 cell. Ky, (count. s*. molecule®. cm®. mwW™) is the effective OH
calibration factor for the HO- cell which is determined as described above (Kow).

Second step:
The resulting fluorescence signal Spp+10,—calibration (COUNL. s1), after the addition of

NO and conversion of HO, into OH, consists of a contribution due to OH radicals
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(SHo,~1-calibration) and a contribution due to OH radicals generated from HO:
(SHOZ—Z—calibration)-
SOH+H02—calibration: SHOZ—l—calibration"' SHOZ—Z—calibration Equation 16

=SH0,-1-catibration + [OH]generated XCro, 2 X Pro,

As for OH in the OH cell, the calibration factors Ky, and Cyg, , can be determined by
varying the [OH]generated in the calibration cell and recording the fluorescence signal without NO
(SH0,-1-calibration) @nd with NO (Son+H0,-calibration)- Unlike for OH, wall loss of HO: is
considered negligible due to the significantly lower reactivity of HO> compared to OH. It must
be kept in mind that a variation of the concentration of NO added to the gas flows affects the
conversion of HO; into OH, hence affecting the Sou.no,-calibration @Nd, Ultimately, the
resulting calibration factor for HO2, Cyg, ».

The absolute HO:> concentration is calculated from the total fluorescence signals
(SHo,-measured) Measured by the quantification FAGE (HO: cell), the calibration factors are
applied as follows:

SHO,-measured = [OH] measured < Ko, X Puo, + [HO2] measured > Equation 17

Cho,,2 X Pyo,

[HO2] measured = (Sko,~measurea - [OH] measured X Kyo, X Pyo,) !

(Cho,2 X Pro,)

Equation 18

Table 5: Sensitivities measured for OH and HO2* radicals in the UL,-FAGE instrument

FAGE Cell NO level Sensitivity measured

(count.s.molecule.cm3.mw1)

OH _ 4.47 x 107
HO> Low 3.11 x 10°8
HO: High 1.95 x 107

2.5.3.2.3. ROxcell
For the ROx-FAGE setup, the detection sensitivity for HO2 and RO; is determined by
generating known concentrations of these radicals in the calibration cell, based on the photolysis
of H20 to generate equal amounts of OH and HO- radicals and the conversion of OH into a
specific RO, adding the corresponding hydrocarbon RH. These radicals are detected in the two
operation modes (HOx and ROx modes) of the instrument. In order to get the sensitivity of RO2,

the calibration procedure is based on different steps to determine the sensitivity of the different

71



radicals contributing to the signal such as: (Table 6)
CoH,Hox mode: Sensitivity for OH radicals in the HOx mode

CHo,,HOx mode- S€NSitivity for HO. radicals in the HOx mode

Con,rox mode: Sensitivity for OH radicals in the ROx mode

CHo,,ROx mode- SNSitivity for HO, radicals in the ROx mode

Cro,,R0x mode- S€NSitivity for ROz radicals in the ROx mode

Table 6: Gas flows in the calibration cell, RO conversion tube and FAGE cell at each step

Step calib cell Gas in ROx tube Mode Gas in FAGE | Species present out
CO NO NO calib cell
1 Air + water X HOx X OH + HO,
2 Air + water X X ROx X OH + HO,
3 Air + water + CO X HOx X HO;
4 Air + water + CO X X ROx X HO;
5 Air + water + Ethane X X ROx X HO, + C;Hs0,

The sensitivity of OH (CoH,Hox mode) and HO2 (CHoz, Hox mode) radicals determined in the HOx
mode requires two steps (Table 6):
Step 1: Generating OH and HO- radicals in the calibrator and injecting CO in the ROy
conversion tube to convert all OH into HO- radicals which are less reactive.
Step 3: Same as step one with adding CO in the calibrator to quickly convert OH into HO2, so
the latter is the only radical species existing in the calibrator.
Con,Hox-mode = (SOH+H02,H0x mode (step 1) — SHOZ,HOx—mode (step 3)/ Equation 19

2)/([OH] generated % Prox-cel)

CHo, HOx-mode = SHO,HOx mode (step3) 121 ([HO2]generated % Prox-cell) Equation 20
where [OH] and [HOz2] generated represents the concentration of OH and HO> generated in the
calibration cell, Proxcen (MW) is the laser power entering the ROx-FAGE cell,
SOH+HO,,HOx mode @0 Sko, HOx mode mode aré the LIF signal (cts) obtained during both steps,
and Com, Hox-mode aNd Cyo,, Hox mode (count.s.molecule’t.cm®.mwW-1) are the calibration factors
for OH and HOg, respectively, in the ROx-FAGE cell in the HOx mode.

The OH and HO; detection sensitivity is determined in the ROx mode following both
steps mentioned above but then in the ROx mode adding NO (steps 2 and 4 in Table 6) in the
conversion tube during both steps (to change from HOx to ROx mode).

COH,ROx—mode = 50H+H02,R0x mode (step 2) ~ SHOZ,ROx mode (step 4) /2) / Equation 21
([OH]generated * Prox-cen)

CHo,,ROx-mode = SHO,,ROx mode (step 4) 121 ([HOz]generated % Prox-cell) Equation 22
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where Son.4+H0,,R0x mode N0 SHo, Rox mode ar€ the LIF signal obtained during both steps and
CoH, Rox-mode aNd Co, Rox mode(cOUNt.s™.molecule.cm®.mW) are the calibration factors for
OH and HOg, respectively, in the ROx-FAGE cell in the ROx mode.

Also, the RO> detection sensitivity in the ROx mode is determined following a similar
procedure. Two steps are required (Table 6):
Step 4: Adding CO in the calibrator to generate only HO- radicals and injecting CO and NO in
the ROy conversion tube.
Step 5: CO is replaced by ethane in the calibration cell to generate a mixture of HO, and C2Hs0-
radicals (ROx). Ethane concentration is adjusted to convert all OH quickly so that the
concentration of C2HsO: is estimated to be equal to the initial OH concentration.

CROZ,ROx—mode = (SROX, ROx-mode (step5) = SHOZ,ROx—mOde (step 4) /2) / Equation 23
(IRO«] generated X Prox-cell))

where Sroxrox-mode IS the LIF signal obtained during step 5 and Cro, rox-mode (COUNL.S
! molecule’t.cm®.mW1) is the calibration factor for ROz in the ROx-FAGE cell in the ROx mode.

The RO concentration measured in the ambient air ([RO2] measured) Can be calculated
using this sensitivity and subtracting the contribution of HO> using the concentration of HO>
measured in the HO cell simultaneously, the sensitivity of HO2 in the ROx mode of the ROx-
FAGE cell and the sensitivity of ROy in the ROx-FAGE cell.

[RO2] measured = (Srox, Rox-FAGE — ([HO2] measured in HO2 celt X CHOZ,ROx—mode Equation 24

X Prox-cell)) / (CROZ,ROx—mode X Prox-cell)

The sensitivities for the OH, HO» and RO; radicals measured in both HOx and ROx
mode of the UL-ROx-FAGE system during the intercomparison in the SAPHIR chamber are

summarized in Table 7.

73



Table 7: Sensitivities measured for different radicals in the ROx-FAGE instrument (HOx and ROx mode)

Sensitivity measured
(count.st.molecule’t.cm®.mw-?)

CoH, HOX-mode 5.55 x 108
CHo, HOx-mode 8.68 x 108
CoH, ROX-mode 5.61 x 108
CHo, ROXx-mode 5.99 x 108
CRo, ROx-mode 6.81 x 108

After the optimization of the ROx-FAGE instrument (section 2.7.2), it was used during
field campaigns next to the other two FAGE detection cells (OH and HO?) to quantify RO-
radicals present in the ambient air.
2.5.3.3.  Calibration uncertainties

The calibration uncertainty is due to the fluorescence signal to noise ratio, laser power
fluctuations and OH and HO> concentration calculation as shown in Equation 25.

DC = Cx (SD signal)2 . (SD laser power )2 ( OH error )2 Equation 25
- signal laser power [OH] and [HO,]

where (SD) is the standard deviation of the signal. The uncertainty coming from the OH and
HO2 concentration calculation is related to the uncertainty on absorption cross section of O

and H»O, the concentration of water and ozone.

(M)z (5[03]>2 N ((5[H20]>2 N (6 crHZO)2 N (6002)2

[0H]) ~ \[04] [H,0] oH,0 a0, Equation 26

Table 8 gives the uncertainty of the parameters used for the calculation of the OH and
HO> concentration. On this basis, the uncertainty for the OH calculation for the UL-FAGE was

estimated to be around 30 %.
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Table 8: Uncertainty on the parameters used to determine the UL-FAGE sensitivity (Amedro, 2012)

Parameters Range Percentage
[0s] 3—10 ppb 10-339%
[H,0] 150 — 3000 ppm 5%
G0 (Cantrell et al., 1997) 7.14 x 10°° cm? 3%
Go2 1.20 x 10%° cm? 20 %*
Total 23-41%

*Hofzumahaus et al. (Hofzumahaus et al., 1997) measured in their calibration conditions a
variation of the O; absorption cross section depending on different Hg lamps. The O;
absorption cross section varied from 1.1 to 1.4 x 10™2° cm?. We did not measure the
absorption cross section of O; in our conditions and assume it to be of 1.20 x 107° cm?.

In the usual condition of work of the UL-FAGE, DC/C=32 % for OH, and 40 to 32 %
for HO: (1) depending on the NO level.

2.5.3.4. Radical losses in the calibration cell

The radical losses between the generation and the exit of the calibration cell has been
quantified previously (Amedro, 2012) changing the lamp position and corresponds to 10% at
the usual lamp position.

Another type of losses has been studied as a function of the humidity in the calibration
cell (Amedro, 2012). It was at the origin to test the sensitivity of the UL-FAGE instrument
dependence on water vapor content. This investigation involved measuring the sensitivity of
OH and HO; over a large humidity range, ranging from 0 to 2.5% of mixing ratio in the
calibration cell. However, our calibration cell dos not have a system to decrease the lamp flux
and increasing the humidity involves to increase the radical concentration. The results (Figure
24) indicate an apparent instrument sensitivity decrease to [H20] following a polynomial
pattern, for both OH and HO> (in their respective OH cell and HO> cell), more important than

the expected decrease due to the water quenching.
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Figure 24: Evolution of the UL-FAGE sensitivity as function of H,O. Bottom: HO, cell and Top: OH cell

It has been checked that it is a calibration artifact and not a decrease in sensitivity
instrument during the first intercomparison performed in the SAPHIR chamber in 2011. It could
be due to radical-radical reactions in the calibration cell when increasing the concentration. It
is why, up to this point, the UL-FAGE calibrations have been conducted only at low humidity
levels to limit the HOx concentration and the correction. But, for the deployment of the UL-
ROx-LIF, there was a need to calibrate at high humidity due to the low sensitivity of the new
ROy FAGE cell. For this reason, calibration tests on the UL-FAGE (OH and HO: cell) were
done again at high humidity.

Before the campaigns a test checking the signal-noise/laser power (measured in the OH
cell) as a function of OH concentration generated in the calibrator have been performed. In
Figure 25 we can observe an increase in the OH signal with the increase of the OH concentration
generated in the calibrator ([H20] increased from 0.19 to 2.23 %). These results contradict with

Amedro (2012) results.
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Figure 25: Signal-noise/P as a function of the [OH] generate in the calibration cell

During and after the ROxComp campaign, calibration tests varying the humidity were

repeated. For that, 3 experiments have been performed: a calibration of the OH/HO? instrument

at low humidity and a measurement of OH/HO2 concentration at high humidity using the

calibration factor determined at low humidity. Any difference between the measured radical

concentration and the calculated radical concentration (expected to be generated in the

calibration cell) at high humidity corresponds to a loss of radicals at high humidity. The third

experiment was similar but injecting CO in the cell to convert all the radicals into HO». During

these test measurements were done on OH and HO- cells.

Table 9: [OH] and [HO2] measured at high H.O concentration ([H20] = 0.4 %) using the sensitivity
determined at low H,O concentration ([H2.O] = 0.06 %), the radical concentration generated in the calibrator
and the ratio

Cell CoO [OH] and [HO?] [OH] and [HO2] [OH] and [HO2]
measured calculated in the measured/calculated
(x10°cm®) calibrator (x 10° cm™)
OH 2.61 452 0.58
HO; 247 4.84 0.51
HO» 2.57 5.23 0.49
HO, X 2.71 4.50 0.60
HO; X 2.68 453 0.59

The results in Table 9 have shown 40-50 % radical losses at high humidity. These results

contradict the results obtained in Figure 25 and in agreement with Amedro (2012) results. These

radical losses observed at high humidity were not considered while determining the RO>

concentration during the ROxComp and ACROSS campaigns. Further investigations have to be

performed to better understand these radical losses observed at high humidity. More results
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concerning the cross-calibration results done during the ROxComp campaign (Lille and Julich)

are mentioned in Chapter 4.

2.5.4. H>0 dependence of the FAGE instrument sensitivity
A change in the sensitivity of the FAGE instrument is expected with the variation of the
water vapor concentration due to changing quenching phenomena (Creasey et al., 1997;
Hofzumahaus et al., 1996) as water is a more efficient quencher that Oxygen or Nitrogen.
Fluorescence quenching refers to a non-radiative deactivation of the excited OH molecule with
molecules such as H2O and results in the reduction in the fluorescence lifetime of OH. This
reliance on water vapor can be adjusted by determining the quenching as function of the
concentration of water vapor. Subsequently, the measurements done by the UL-FAGE
instrument can be corrected for this quenching impact as function of the measured water
concentration, knowing the quenching constant for the main gas present in ambient air and the
pressure in the FAGE cell (method described in Fuchs, 2006). For simplification, the quenching
correction is expressed as a polynomial of order 2 obtained after fitting the quenching calculated
following the equation (P = 1.3 Torr and T = 298 K):
C (H20) = 0.0046 x [H20]? - 0.075 x [H20] + 1 Equation 27

2.5.5. Ogs interferences

Os is a significant source of interference in the FAGE cell as it undergoes photolysis within
the FAGE cells at the excitation wavelength for OH (308 nm). This photolysis process generates
OH through the reaction between O(*D) and water vapor. The OH produced within the FAGE
cell can then be detected by a second laser pulse if the sampled volume is not entirely refreshed
between two laser pulses. Through years, one of the reasons for switching the laser excitation
wavelength from 282 nm to 308 nm was to reduce the Os interference. This is because the Os
absorption cross-section is about 25 times lower at 308 nm compared to 282 nm. On the other
hand, all FAGE instruments use high repetition rate lasers to enhance sensitivity. For the UL-
FAGE, the repetition rate is maintained at 5 kHz, implying that to limit interference from the
photolysis of species that produce OH, the sampled volume would need to be refreshed every
200 ps. Characterizing the Os interference in a laboratory work is relatively straightforward. It
involves introducing a known quantity of Oz and water through the calibrator and observe the
change in the OH concentration with the increase of the O3z concentration. Amedro (2012)
observed a linear increase with a slope equal to (1.7 + 0.3) x 10 cm™ [OH] per ppb of Os,
corresponding to a weak interference. In addition, they investigated the Ogz interference in

ambient air that can be corrected by considering factors such as laser power, repetition rate, O3

78



and H2O concentrations. Amedro (2012) determined additional information for the Os
interference from experiments done in the SAPHIR chamber in dark conditions. They measured
for OH an interference of 1.15 (x0.72) x 10° cm™ per ppb of Os (in agreement with their
laboratory experiments) and 1.99 (x0.16) x 10° cm™ per ppb of O3 for HO..

2.6. Description of the UL-FAGE technique for OH reactivity and kinetic

studies
The UL-FAGE instrument for the measurement of the OH reactivity is comprised of five
main components: an excitation laser, a photolysis laser, a photolysis cell, a FAGE cell with its
OH fluorescence detection system and a reference cell (used to check the wavelength of the
excitation laser and retrieve the OH peak).
All different parts except the photolysis laser and the photolysis cell have been described
above.

Detector

Sample+ O, + H,0
4

Figure 26: Schematic diagram of the UL-FAGE for the OH reactivity setup

As shown in Figure 26, the OH radicals are generated in the photolysis cell by pulsed
laser photolysis of ozone in the presence of water vapor and then these radicals are detected in
the FAGE cell connected to the photolysis cell by a gated CPM (Perkin-Elmer) after being
excited by the excitation laser. The decay of OH can be expressed by the following equation:

r = —d[OH]/dt = kobs /OH] = (Y'i ki x [reactive species]i + kzero) % [OH] Equation 28
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where Kzero IS measured using zero air (air with reduced amount of impurities) and represents
the losses of OH radicals due to heterogeneous reactions on the cell walls or due to diffusion.
The value of kzero is influenced by the quality of the zero-air and the cleanliness of the photolysis
cell.

The integration of Equation 28 is:

— - kobs x t
[OH] = [OHJo > & " Equation 29

where [OH]o corresponds to the initial concentration of the OH radicals produced by the
photolysis laser at time to. Kobs is 0btained from the time resolved detection of OH in the FAGE
cell by performing an exponential fit of the decay over an appropriate range of time (Figure
27).
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Figure 27: OH decays obtained in the absence (blue) and presence of reactive species (pink)

2.6.1. The photolysis cell and photolysis laser

The photolysis cell used in this work is a stainless-steel cylinder with an internal diameter
of 5 cm and a length of 48 cm. It has two openings, one for the entrance of the sampled air and
the other one is connected to a pressure gauge (Keller PAA-41) to measure the pressure inside
the cell.

The photolysis laser used to generate OH radicals in the photolysis cell is a YAG laser
operating at 1 Hz, with maximum pulse energy of 40 mJ at 266 nm after frequency quadrupling
with a QUANTEL Brilliant EaZy or a Q-Smart laser. The photolysis laser beam is aligned by
two prisms in the center of the photolysis cell entrance window and is expanded by two
cylindrical lenses (a concave and a convex lens) in order to increase the photolysis volume and

thus limit the diffusion effect in the photolysis cell. The laser beam entering the cell is slightly
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divergent with a diameter of 3.5 cm. To ensure a mono-exponential decay of OH LIF, the beam

is aligned along the axis of the reactor. Part of the laser beam is reflected at its exit by a tilted

window and stirred onto a photodiode to measure continuously the laser power.

Figure 28: Optical setup used for the photolysis laser beam alignment

2.6.2. The Gas Flow

The gas flow is introduced into the photolysis cell at around 8.5 L/min to maintain an
atmospheric pressure in the cell. It is composed of either ambient air (for reactivity
measurements) or a mixture of zero dry or humid air and known amount of trace gases for
kinetic measurements. A small flow of zero air (around 60 sccm) passing through an ozone
generator is continuously added in the photolysis cell to generate enough OH to have a good
signal/noise ratio (S/N), corresponding to an ozone concentration around 120 ppb. The ozone
and water vapor concentrations inside the photolysis cell are monitored regularly by an ozone
analyzer (Thermo Scientific model 49i) and a dew point hygrometer (Michell Instruments,
S8000), respectively. The different gas flows are introduced into the photolysis cell using

calibrated mass flow controllers (MFC) as shown in Figure 29.
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Figure 29: Diagram of the gas flow distribution in the photolysis cell (numbers correspond to the different

valves)

The humid air is either produced by a bubbler system where dry zero air is passed through
a water bubbler or by using a CEM system (Bronkhorst) (Controlled Evaporator Mixer)
allowing to reach higher water vapor concentrations. As shown in Figure 30, in the CEM, the
water quantity is controlled by a liquid mass flow meter and a MFC is used for the carrier gas
(air). Afterwards, the formed mixture is led into the evaporator at controlled temperature to

achieve total evaporation.
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Figure 30: CEM system (Bronkhorst, 2015)
Several tests have been done to check the stability and reliability of the CEM system. In

addition, the CEM allows to reach a maximum RH of up to 90%, compared to only around 67%
reached by the bubbler system at room temperature.

The gas within the photolysis cell is drawn into the FAGE cell with a conical nozzle with
an aperture of 1 mm thanks to a high-volume dry pump (Edwards iXL 1000 or Edward IGX
600 depending on the configuration). The pressure in the FAGE cell is at 1.5 - 2 Torr.

2.6.3. Validation of the reactivity setup

The validation of the reactivity experimental setup is essential before starting any
measurements. This is done by regularly measuring the rate constant of the reaction CO + OH
which is well known and reported in the literature. As mentioned previously (2.1), the decay of
OH resulting from the reaction of CO with OH at different CO concentration entering the
photolysis cell can be expressed as follows:

r = —d[OH]/dt = (kco+on % [CO] + Kero) x [OH] Equation 30

As
[OH]<<[CQO] d[OH]/dt = (k’+ kzero) % [OH] = kops x [OH] Equation 31

where k’=kco+on % [CO]
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An example of the rate constant measured in one of this control tests is showed in Figure
31. Kco+on = (2.36 + 0.04) x 10 cm® molecule s has been measured close to the

recommended value (Kco+on = 2.31 x 103 cm® molecule s1).
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Figure 31: Determination of the rate constant of CO + OH reaction

2.7. Improvements and validation of the different instruments

2.7.1. Validation of the Sirah CREDO dye laser

The new Sirah Credo dye laser pumped by an Edgewave YAG has been tested (power,
wavelength stability) to validate its use as the new excitation laser to replace the previous one,
too weak in power to supply all the cells. To check the stability of the output laser power,
measurements were done consecutively at the exit of the dye (A = 308 nm) and at the exit of the

YAG laser (A = 532 nm) at varying diode currents (between 31.8 A and 49 A, maximum

current).
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Figure 32: Variation of the laser power at the YAG laser (A = 532 nm, upper graph) and exit of the dye (A = 308
nm, lower graph) and (C = 31.8 A)
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The results presented in Figure 32 and Table 10 have shown that the instability of the output
laser power at the exit of the dye (A = 308 nm) is higher than that at the exit of the YAG laser
(A = 532 nm) and this can be explained by the variation of the room temperature. Also, the

variation in the laser power exiting the dye (A = 308 nm) of the new laser is like that of the old

laser.

Table 10: Power stability at the exit of the dye and YAG laser (old and new laser)

New laser Old laser
2 =308 nm A =532 nm A =308 nm A =532 nm A =308 nm
(C=318A) (C=318A) (C=49A) (C=49A) (C=38A)
Standard deviation 0.0008 0.02 0.003 0.01 0.0002
Average Power (W) 0.028 3.31 0.48 16.34 0.028
Max 0.031 3.36 0.49 16.37 0.03
Min 0.025 3.26 0.48 16.31 0.026
% st dev 2.87 0.60 0.61 0.07 0.66

Another test was performed to compare the wavelength stability of the new dye laser to
the old laser. For that, the laser beam of the new dye laser was sent to the OH FAGE cell and a
laser beam of the old dye laser was sent to the HO> FAGE cell in order to compare the variation
of the OH fluorescence signal in both cells OH and HO: respectively with each laser with the
same OH source. The laser power stability is checked for both by measuring the laser power
using two separate photodiodes (PhD). A mercury lamp placed over the sampling nozzle of the
OH cell is used to photolyze ambient water in the air at 184.9 nm to generate OH radicals
pumped into both cells (OH and HO:> cell without the addition of NO, measuring OH in both
cells). The result of this test, done for one hour (Figure 33), shows that the OH fluorescence
signal, normalized by the laser power, decreased at the same time in both cells, implying a
decrease in the produced OH concentration. A constant ratio of the OH fluorescence signal
obtained using the new laser to that using the old laser for the first half hour (~2), then a decrease
from 2 to 1.4 is observed, this drift can be explained by a stronger wavelength shift of the new
laser compared to the old laser. This test was performed three times giving similar results, where
the wavelength stability is confirmed to be enough for FAGE measurements. Therefore, the
new Sirah CREDO dye laser pumped by an Edgewave YAG was used during the field

campaigns performed in this thesis.
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Figure 33: OH fluorescence signals measured using the two different excitation dye lasers (old and new)

2.7.2. Optimization of the UL-ROx-FAGE setup: (for RO2 measurement)

A set of experiments was performed with the newly implemented UL-ROx-FAGE
instrument to identify the operating conditions at which the RO2-to-HO. conversion is
optimized. It concerns the reaction time, the conversion flow-tube pressure and the NO and CO
flow.
2.7.2.1.  Reaction time and Pressure dependence

There are 3 other groups in the world having ROx-LIF instrument: Julich (Fuchs et al.,
2008), Leeds (Woodward-massey, 2018), and Indiana (Lahib, 2019). In their ROy tube the
pressure is reduced (18-30 Torr) to reduce the radical loss through reactions like the formation
of nitrites (R 37), nitrates (R 35) and HONO (R 43). However, decreasing the pressure slows
down the RO conversion and increases the amount of HO: lost on the walls. For these reasons
compromised conditions have to be selected. A comparison of the three different ROx-FAGE

instrumental conditions is present in Table 11.
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Table 11 : Experimental conditions of the Julich RO,-FAGE, Indiana RO,-FAGE (Lahib, 2019), Leeds-ROy-
FAGE (Whalley et al., 2013; Woodward-massey, 2018) instrument and the UL-RO,-FAGE instrument (this

work)
Parameter Value — Julich Value-Leeds Value — Indiana Value — UL
Conversion Inlet nozzle orifice 1.0 mm _ 0.635 mm 0.635 mm
flow-tube
Sample flow rate 7 L/min _ 2.1 L/min 3 L/min
Length x diameter 83 x6.6cm _ 45 x5.1cm 479 x 6 cm
Pressure 18.75 Torr 30 Torr 28 Torr 28 Torr
Flow residence time 0.62s 1s 1s 0.88s
Reagent mixing ratio 0.7 ppmv NO, _ 0.8 ppmv NO, 0.4% 1.82 ppmv NO,
0.17% CO (6{0) 0.61% CO
Fluorescence Transfer nozzle 4.0 mm 1.0 mm 2.0 mm 3.0mm
cell orifice
Sample flow rate 3.5 L/min 7 L/min 1.5 L/min 8 L/min
Pressure 2.25 Torr 1.5Torr 2 Torr 1.3 Torr

In order to better identify the relevant parameters to test and the expected behavior of the
radicals in the conversion tube, we first referred to the literature. A model of the conversion
flow-tube chemistry based on reaction Kinetics of the conversion of CH3O; radicals in pure
synthetic air was made by Fuchs et al. (Fuchs et al., 2008) in order to better predict the ROx
detection sensitivity. Using this model and comparing it to their experimental measurements,
they were able to choose the required conditions to get an optimum conversion of RO> radicals
in the conversion tube (Table 11) reporting the evolution of the sensitivity of HO2 and CH3O>
as a function of the reaction time:

Reaction time =V x (P/760) x F

where V represents the volume of the conversion tube, P is the tube pressure and F is the
flow in the tube.

The results of the simulations show a decrease in the CHz02 concentration from 100 % to
about 30 % changing the reaction time in the conversion tube from 1s to 0.1s. The HO radical
concentration slightly decreases with reaction time due to the increase of the losses in the gas
phase and wall losses. Similar trends are observed experimentally, within the specified
measurement errors due to the reproducibility of the measurements, changing the reaction time

varying only the length of the conversion flow-tube.
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Figure 34: Experimental measurements of the sensitivity of HO, and CH3O; radicals as function of the reaction
time (symbols). Model simulations of the concentration of the HO, and CH30; radicals (solid and dashed lines)
(Fuchs et al., 2008)

For optimizing the UL-ROx-FAGE instrument, we first studied the detection sensitivity of
HO: radicals experimentally as a function of the reaction time in the flow-tube. The
measurements were done at the conditions mentioned in Table 11, varying only the pressure
inside the ROy conversion tube by changing the pinhole size and not the conversion flow-tube
length like Fuchs. This test was done by placing a mercury lamp above the nozzle of the
conversion tube and producing an equal amount of OH and HO> radicals which are all converted
into HO- radicals as NO and CO are injected into the conversion tube. The calibration cell was
not used at that time because we wanted to produce a large number of radicals because of the
low sensitivity of the UL-ROx-FAGE during this test. The results of this test (Table 12) shows
that decreasing the pressure inside the conversion tube from 41 to 27 Torr (involving a slight
decrease in the FAGE cell pressure) increases the HO, signal from 20800 cts to 29000 cts,

respectively, which can be explained by the reduction of the loss reactions.

Table 12: Experimental measurements of the HO signal at different conversion tube pressure

Prox twbe (TOrT) Reaction time (s) HO- signal (cts)
41 1.33 20800
31 1.01 24800
27 0.88 29000

Therefore, the optimum reaction time 0.88 s corresponding to a pressure of 27 Torr was
chosen during the optimization of the UL-ROx-FAGE instrument.

The reagent gas concentrations are also a significant operating condition to test. The
concentration of NO and CO should be adjusted in a way to get the conversion of OH in HO>
due to its reaction with CO is significantly faster than HO2 in OH due to its reaction with NO.

These conditions are checked by calculating the ratio (Kno+Ho2). [NO]/ Kco+Ho2). [CO]).
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2.7.2.2.  NO dependence

The optimal conversion of the RO into HO> highly depends on the concentration of the
reagent gases (both NO and CO). Model and experimental NO dependence of the detection
sensitivity of CH30, and HO, was tested by Fuchs et al (2008). The measurements were
obtained at the conditions shown in Table 11 by varying only the NO mixing ratio. As shown
in Figure 35, both model and experimental measurements showed a weak dependence of the
HO. sensitivity on NO concentration. The HO> sensitivity decreases with the increase of the
NO concentration due to gas phase losses. This behavior was nearly the same with the
measurements of the HO; sensitivity as function of NO flow (sccm) using the UL-ROx-FAGE
instrument (Figure 36). These measurements were done using a mercury lamp placed at the top
of the conversion flow-tube (2.5 cm above the nozzle) to generate OH and HO> at the optimum
conditions (Table 11) varying only NO concentration added into the flow-tube.

In the case of RO> represented by CH3z0> in Fuchs experiment, the conversion efficiency
increases with the increase of the NO concentration to reach a maximum at NO mixing ratio
above 0.8 ppmv and decreases with further increase of the NO concentration due to HONO
formation or HOy radical losses (more reactive than RO radicals). For the UL-FAGE, tests
were done to measure ROx conversion efficiency dependence on NO. This was done by
generating OH and HO: radicals in the calibration cell and adding C2Hs in the calibrator to
convert all the OH into RO>. The optimum conditions were set during these measurements, with
a constant CO flow (20 sccm) and varying the NO flow. Figure 36 shows a similar trend to
what is expected (Fuchs et al., 2008) showing a maximum level reached at a NO flow = 3 sccm.
Therefore, the optimum mixing ratio of NO taken as a reference for testing the UL-ROx-FAGE

instrument must be around 1.82 ppmv (NO flow = 3 sccm).
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Figure 35: Experimental measurements of the sensitivity of HO, and CH3O; radicals as function of the NO
mixing ratio (symbols). Model simulations of the concentration of the HO, and CHsO, radicals (solid and
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dashed lines) (Fuchs et al., 2008)
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Figure 36: Experimental measurements of the ROy yield as function of the NO with CO flow = 20 sccm, constant
([CO] = 6.2 x 10 *2 molecule cm®)

2.7.2.3.  CO dependence

Similarly to tests performed to optimize the conversion efficiency as a function of NO, tests
changing the concentration of CO in the ROy instruments have been done. Fuchs et al. (2008)
performed simulations to investigate the response of the CH30, conversion chemistry to CO
with all the other parameters set to their optimum values. The results of the model calculations
showed an increase of the conversion efficiency for CH3zO; radicals and HOx radicals with the
increase of the CO concentration to reach a saturation level at a CO mixing ratio of
approximately 0.2 %, where all OH radicals are converted into HO radicals.

Laboratory experiments using UL-ROx-FAGE were performed to test the OH to HO>
conversion efficiency dependence on CO using a mercury lamp to generate OH and HO:
radicals. The optimum conditions were set during these measurements, with a constant NO flow
and varying the CO flow. Figure 37 shows a similar trend to what is expected (Fuchs et al.,
2008) showing a saturation level at a CO flow = 20 sccm. Therefore, a CO concentration of 6.2
x 102 molecule cm™ (CO flow = 20 sccm) is enough to convert almost all the OH into HO;

radicals and avoid significant wall losses of OH.
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Figure 37: Experimental measurements of the HO; yield as function of the CO flow using a mercury lamp to
generate OH and HO;

Using the concentrations mentioned in Table 11, the ratio (Kno+Ho2). [NO]/ Kco+Ho2).
[CO]) is 0.023 and 0.016 for Fuchs et al. (Fuchs et al. in 2008) and UL-ROx-FAGE in this work,

respectively.

2.8.  Conclusion

During my thesis, a part of the work was dedicated to the optimization of new equipment
(new excitation laser, ROx conversion tube and new FAGE cell for RO> radical quantification).
Another part of the work was dedicated to laboratory kinetic measurements and campaign
measurements. Different measurement configurations were used depending on the type of
study. The UL-FAGE technique can be used in the reactivity mode, HOx quantification mode
and ROy quantification mode having detection limits and temporal resolution in agreement with
the requirements for atmospheric measurements.

Concerning the ROx-FAGE instrument optimization, chemical and physical conditions in
the conversion flow-tube were optimized to reach the maximum conversion efficiency. This
was achieved relying on the operating conditions used by Fuchs et al. and some laboratory
experiments varying the different relevant parameters. The determination of the optimum
operating conditions used by the newly developed ROx-FAGE instrument allowed us to
measure the ROy radical concentration in ambient air during the ACROSS campaign
simultaneously to the measurement of OH and HO> radicals and the OH reactivity. The ROx-
FAGE instrument participated also in the intercomparison measurements in the SAPHIR

chamber to compare its performance with other instruments measuring RO- radicals.
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Chapter 3: Kinetic Studies in Laboratory

This chapter presents the results obtained from kinetic studies carried out under controlled
conditions in the laboratory using the UL-FAGE in its OH reactivity mode in two different
configurations. It is divided into two parts:

The first part, written in an article format, is dedicated to the study of the humidity effect
on radial + radical reactions, through a specific ROz reacting with OH: C2HsO». We first present
the questioning leading to this study followed by the description of the measurement
configuration used to generate separately two radicals with two photolysis lasers. The
preliminary results of this study are then discussed. Missing tests that are needed to be finalize
these results are also mentioned.

In the second part, we present the results obtained for studying siloxane chemistry.
Siloxanes compounds are common indoor pollutants, and their degradation may lead to the
formation of secondary pollutants such as formaldehyde indoors. The goal of this study was to
improve the knowledge of their chemical mechanism by combining the experimental results
carried out using the UL-FAGE at the University of Lille with theoretical work done by a PhD
student at the University of Melbourne. However, due to a lack of time the experimental studies

were limited to the study of the reaction of the simplest siloxane molecule (L2) with OH.

3.1. The dependence of humidity on the HO, yield in the RO, + OH reaction
This part is written as an article to be submitted after complementary experiments.
Abstract

Methanol (CH3OH) is a predominant oxygenated organic component in the lower remote
atmosphere but the magnitude of its sources and sinks is highly uncertain and underestimations
of the methanol measured by models have been observed, in particular in remote environments.
One of its sources is the rapid reaction of methylperoxy radicals (CHz02) with hydroxyl radicals
(OH) which has different pathways leading to either the formation of CH30/HO or CH300O0H
or methanol/O». The reaction of CH3O> with OH radicals becomes more important in remote
environments due to the low concentration of NO and less competition with the reaction of
CHz30O> with it. Thus, the reaction of CH302 with OH could be an important source of methanol
under these conditions, for example in the marine boundary layer. Several studies (Assaf et al.,
2017; Yan et al., 2016; Muller et al. 2016) have been published on the branching ratio between
the different pathways and it is admitted that the formation of CH3O/HO: is the major pathway
for this reaction and CH3OH is only a very minor product. However, the product yield can

possibly be influenced by the humidity level. In the presence of high H>O concentrations as in
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the tropical marine boundary layer, a possible complexation of CH302 and OH radicals might
lead to an increased stabilization of CH3000H (Assaf et al. 2018), which could be transformed
subsequently into CH3OH for example in water droplets. Another potential explanation for high
methanol level observed in remote environments is a measurement artefact with CH:OOOH
which could decompose into CH3OH during sampling (Caravan et al., 2018) and thus increase
the apparent CH3OH concentration.

Here, we study the influence of humidity on the HO yield in the RO2 + OH reaction for the
reaction CoHsO2+0H, used as a proxy of the reaction CH3z0,+OH, by coupling the photolysis
reactor of our UL-FAGE instrument in its reactivity mode, with two photolysis lasers for the
separate generation of CoHsO2 from 355 nm photolysis of Cl. in presence of CoHe/O2 and OH
from 266 nm photolysis of Os in presence of H20. The detection of OH and HO: radicals is
then performed by the FAGE cell coupled to the photolysis reactor. The measurements showed
no influence of humidity on the HO. yield of C2Hs02 + OH reaction. Preliminary results show
an HO: yield of ®= 0.64 £ 0.16 for this reaction under atmospheric pressure.

3.1.1. Introduction

Methanol is the most abundant non-methane organic compound and an oxygenated
volatile organic compound (OVOC) found in the troposphere, and has an important impact on
the budgets of ozone (Oz), carbon monoxide (CO) and formaldehyde (HCHO) (Choi et al.,
2010; Duncan et al., 2007; Hu et al., 2011; Wells et al., 2014). The global methanol source
ranges from 75 to 350 Tgyr* from different sources (Galbally & Kirstine, 2002; Jacob et al.,
2005; Millet et al., 2008; Singh et al., 2000; Stavrakou et al., 2011; Tie et al., 2003) with the
largest fluxes arising from direct emissions from terrestrial plant growth (Harley et al., 2007;
Hu et al., 2011; MacDonald & Fall, 1993). Additional sources include emissions from oceans
(Millet et al., 2008; Williams et al., 2004), biomass burning (Hornbrook et al., 2011; Wentworth
et al., 2018), urban and industrial activities (de Gouw et al., 2005; Velasco et al., 2009) and
atmospheric production (Madronich & Calvert, 1990; Tyndall et al., 2001). Methanol can also
be produced by chemical reactions as discussed below. The methanol removal pathways include
gas-phase oxidation by OH (Atkinson et al., 2006; Sander et al., 2006), dry and wet deposition
(Karl et al., 2005; Talbot et al., 2005; Wells et al., 2014) and exchange with the ocean (Heikes
etal., 2002; Millet et al., 2008). The global atmospheric lifetime for methanol is approximately
5-12 days (Heikes et al., 2002; Tie et al., 2003; Wells et al., 2014). A number of modelling
studies attempting to provide estimates of the global methanol budget in the atmosphere exhibit
large apparent discrepancies in its total sources and sinks (Bates et al., 2021; Heikes et al., 2002;
Jacob et al., 2005; Millet et al., 2008; Singh et al., 2000; Galbally & Kirstine, 2002), particularly
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in remote oceanic areas, which highlights the need to better constrain the sources of
tropospheric methanol (Bates et al., 2021; Jacob et al., 2005; Muller et al., 2016; Stavrakou et
al., 2011).

Recently, the reaction of methylperoxy radicals (CH3Oz) with hydroxyl radicals (OH)
was proposed as an additional source of methanol in the remote atmosphere, such as tropical
marine boundary layer where low NO concentrations lead to long peroxy radical lifetimes and
make this reaction a major sink of peroxy radicals (Fittschen etal., 2014; Archibald et al., 2009):

CH302 + OH — CH30 + HO: R 50.1
— CH30H + O2 R 50.2
— CH3000H R 50.3
— CH202 + H20 R 50.4

The methanol production from the CH3O2 + OH reaction depends on the overall reaction
rate and the branching ratio of R 50.2. Following the first measurement of the rate constant of
R 50 (k = (2.8 + 1.4) x 101° cm® molecule) by Bossolasco et al. (Bossolasco et al., 2014),
Muller et al. (Muller et al., 2016) have investigated the reaction products of this reaction by
means of high-level ab-initio calculations. They showed that the dominant initial product is the
singlet trioxide intermediate (CH3OOO0H"), which can either be stabilized or rapidly converted
to a pre-product complex R 50.1. From applying different product branching scenarios in their
global chemical transport model, Muller et al. (Muller et al., 2016) was only able to reconcile
the modeled and measured atmospheric methanol concentrations with a yield of CHsOH up to
30 %. However, their RRKM (Rice-Ramsperger—Kassel-Marcus) calculations predicted only
a yield of 7 % for R 50.2. Furthermore, recent findings indicate that the rate constant of this
reaction reported by Bossolasco et al. (Bossolasco et al., 2014) is overestimated by a factor of
3, which leads to an even higher CH3OH vyield (around 80 %) that would be necessary to

reconcile models with measurements.

The rate constant of this reaction is now thought to be well known with (1.0+0.2) x 101
cm?® molecule® s (Assaf et al., 2017; Yan et al., 2016; Fittschen, 2019). Yan et al. provided
first experimental insights into the potential product yield of R 50. By modeling their UV
absorption-time profiles to a complex mechanism, they estimated an upper limit of 5% for the
formation of the Criegee intermediate which was later confirmed by Assaf et al. (Assaf et al.
2018) using broadband cavity enhanced absorption spectroscopy. The experimental studies of

Assaf et al. (Assaf et al. 2018) suggested that at a total pressure of 50 Torr helium the dominant
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pathway of R 50 is CH3z0 / HO, with a yield comprising 90 + 10%. These experimental results
agree with the theoretical predictions of Muller et al. (Muller et al., 2016) with a HO: yield of
86%.

A more recent work by Caravan et al. (Caravan et al., 2018) was then intended to a direct
measurement of the CH3OH yield using two different experimental approaches: laser photolysis
at either low (30 Torr) or high (760 Torr) pressure coupled to a multiplexed photoionization
mass spectrometry (MPIMS) and an atmospheric simulation chamber coupled to proton-
transfer reaction time-of-flight mass spectrometry (PTR-ToFMS). The laser photolysis
experiments resulted in a CH3OH vyield of 9 + 5% and 6 = 2% in the low- and high-pressure,
respectively. Observation of this small CH3OH yields is in good agreement with the theoretical
value (~7%) from Muller et al. (Muller et al., 2016). This study also detected directly in the
high-pressure reactor for the first time the trioxide association product, CH30OOH (R 50.3),
while in the low pressure experiments the trioxide was not detected. This supports the
calculations of Muller et al. (Muller et al., 2016) that showed that CH3OOOH is increasingly
stabilized with increasing pressures, predicting a trioxide fraction of approximately 7% at 760
Torr and 0.02% at 30 Torr. However, the CH3OH fraction obtained in the atmospheric
simulation chamber was, with ®crson = 17 * 3%, higher than in the pulsed photolysis
experiments, even accounting for the respective error bars. It was suggested that the trioxide,
CH3OOOH, is detected by the PTR-ToF-MS as CH3OH, thus increasing the apparent CHsOH
yield. It remains unclear whether the decomposition of CH3OOOH into CH3sOH* occurs during
protonisation or if CH3OOOH is already undergoing heterogeneous decomposition into
CH3OH, either on the Teflon walls of the simulation chamber or on the walls of the sampling
tubes. This study highlights the need for additional characterization of potential sources of
atmospheric methanol, with a particular focus on understanding the fate of the trioxide (R 50.3)
in the troposphere, where in the presence of high H20O concentrations, a possible complexation
of CH30. and OH radicals might lead to an increased yield for R 50.3 due to an increased
stabilization of CH3OOOH. Such conditions are predominant in the tropical marine boundary
layer, where R 50 is highly important due to low NO concentration. Additionally, Khan et al.
(Khan et al., 2015) found that up to 17% of peroxy radicals could form complexes with a single
water molecule under atmospheric conditions, and previous studies (Butkovskaya et al., 2009;
Vaida, 2011) have shown that the water complexation can influence reaction rate constants and
product branching fractions. The near-atmospheric pressure measurements conducted by

Caravanetal. (Caravan et al., 2018) were carried out at low relative humidity (RH). Conducting
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further investigations at different RH levels could provide insights into whether water

influences this type of reactions or not.

Ethanol is an OVOC which is increasingly used as a fuel for motor vehicles (Sharma et al.,
2021). It is also known as a minor biogenic volatile organic compound (BVOC) in the
atmosphere (Kirstine & Galbally, 2012). Previous studies (Millet et al., 2010; Naik et al., 2010;
Singh et al., 2004) showed that the largest atmospheric source of ethanol is from emissions by
living plants, with smaller contributions from plant litter, biomass burning, anthropogenic
production and atmospheric chemistry. The primary global sink of ethanol is oxidation by OH
followed by dry deposition and wet deposition. Current levels of ethanol measured in remote
oceanic areas are an order of magnitude larger than those in the model (Naik et al., 2010),
suggesting a large missing source of ethanol. Ethanol plays a significant role in the global
tropospheric chemistry; its oxidation is an important source of acetaldehyde and peroxyacetyl
nitrate (PAN), both of which are highly toxic and contribute to ozone pollution (Naik et al.,
2010). Ethanol also act as a potential precursor of secondary aerosols. Therefore, an improved

understanding of its atmospheric cycle is important.

In this work, we focused on the reaction of C2Hs0- radicals with OH (R 51) rather than on
CH30z + OH due to constrains linked to our radical generation and reaction competition. The
peroxy radicals (C2Hs0O>) are generated in an atmospheric temperature and pressure photolysis
cell by pulsed photolysis of Cl, at 355 nm in the presence of the respective alkane (C2He) in
excess O», while OH radicals are produced shortly after by the photolysis of Os in the presence
of H20O using a laser at 266 nm. The cell is coupled to a FAGE instrument for the time-resolved

measurements of OH and HO» radicals.

CoHs02 + OH — C2Hs0 + HO2 R51.1
— C2HsOH + O2 R51.2
— C2Hs000H R51.3

3.1.2. Experimental description

The experimental setup is based on the OH reactivity instrument described in detail in
previous work (Parker et al., 2011). An additional photolysis laser was coupled to the
instrument for this work, allowing the separated generation of both radicals: C2Hs0, and OH.
Therefore, only a brief description critical for the current experiments is discussed here. The
system consists of four main components: two photolysis lasers, a photolysis cell and the OH
fluorescence detection system. The first photolysis laser used to generate CoHs0- is a YAG
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laser (Q-Smart 850, QUANTEL) with a doubling and tripling stage providing radiation at 355
nm and operating at 1 Hz. The second photolysis laser used to generate OH is another YAG
laser (Brilliant EaZy, QUANTEL) with a doubling and quadrupling stage providing radiation
at 266 nm with a repetition rate of 1 Hz. The photolysis beams of both photolysis lasers are
superposed and propagate in the center of the photolysis cell. The photolysis cell is a stainless-
steel cylinder with an entrance window and two gas opening on opposite sides, one as entrance
to put the studied gas mixture in the cell and the other connected to a pressure gauge to measure
the pressure inside the cell and to analysers to control water and ozone levels. Time to time,
part of the gas is sampled to additional instruments such as the Oz analyzer for Oz concentration
measurements, and a hygrometer for H,O measurements. The mixture is pumped through a
FAGE cell connected at the back of the photolysis cell

A schematic is shown in Figure 38:
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Figure 38: Scheme of the experimental setup occupying two photolysis lasers

To maintain atmospheric pressure (760 Torr) in the photolysis cell against the sampling into
the FAGE cell, a total gas flow of 8.56 L/min is introduced into the photolysis cell. O3 was
produced by an ozone generator and mixed with a flow of humid air, generated by a CEM
(Controlled Evaporator Mixer), and flows of CoHs and Cl2 were added directly from cylinders
through calibrated mass flow controllers (Bronkhorst). The C2HsO> radicals are generated in
the photolysis cell by pulsed laser photolysis of Cl, at 355 nm in the presence of C2Hs in excess
O2. OH radicals are generated 10 ms later from ozone photolysis at A = 266 nm in the presence

of water vapor:
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O3 + hvze nm — O2 + O(*D) R 52

O(*D) + H.0 — 2 OH R 53
Cl2 + hvsss nm — 2 Cl R 54

Cl + C2Hs — C2Hs + HCI R 55
C2Hs + 02 + M— C2Hs502 +M R 56

The gas from the photolyzed mixture is expanded into the FAGE cell where OH can be
detected by LIF (Laser Induced Fluorescence) after being excited at A = 308 nm. The
fluorescence signal is collected by a gated CPM (Channel Photon Multiplier, Perkin-Elmer),
sent to an acquisition card and recorded via a LabView program. The detection of the OH
fluorescence is synchronized with the photolysis laser (A = 266 nm) pulses by means of delay
generators. The fluorescence signals are accumulated over several photolysis laser shots with
the number of photolysis pulses being determined according to the obtained SNR (signal-to-

noise ratio), typically SNR = 4.

A small flow of pure NO can be added at the entrance of the FAGE cell through a Teflon
tube (diameter = 0.25 cm) to convert a constant fraction (around 1/3) of HO radicals formed
into OH radicals. These OH radicals are generated in addition to OH radicals already present in
the FAGE cell; therefore, the signal corresponds to the sum of OH and HO> radicals. The HO-
signal is thus obtained from the difference of two signals: with and without NO. The following
section presents in detail the different measurements carried out to obtain the HO, concentration

time profile.

3.1.3. Method

As the aim of this work is to determine the yield of HO in the reaction C2Hs0 with OH,
the first step is to “calibrate” the system with a well-known reaction at different humidity levels.
For this purpose, the well-known CO+OH reaction, producing HO> with a yield of 1, was
chosen. This reaction, requesting only the photolysis laser to generate OH and a flow of diluted
CO ([CO] = 2.27 x 10 molecule cm™®), is used as a reference reaction to determine the HO;
yield for the reaction of CoHs02+OH. From this study we were able to evaluate the fraction of
HO: radicals lost due to the coupling of the photolysis cell to the FAGE cell and to determine

the loss rate of HO> due to diffusion within the photolysis cell.
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3.1.3.1.  Extract of the HO. profiles for the reference reaction CO+OH
As shown in Table 13, to extract the HO> concentration time profile, four subsequent steps

are required:

Table 13: Four different steps required to determine the HO, formed concentration time profile

Step Mixture in Injectionin ~ Radical Detected Signal Detected
photolysis cell FAGE cell
| Zero air OH OH reacting with impurities
2 Zero air NO OH OH reacting with impurities + bkg
3 zero air + reactant OH OH reacting with CO
(CO)
4 zero air + reactant NO HO, + OH OH reacting with CO
(CO) + HO, formed + bkg

Step 1: OH not reacting:

OH concentration time profile is obtained by introducing zero air in the absence of any reactant,
i.e. OH can only react with the impurities in the photolysis cell or decrease through wall loss
and the obtained decay is called *’OH not reacting’’.

Step 2: OH not reacting + bkg

As a second step, NO is injected at the entrance of the FAGE cell also without adding any
reactant in the photolysis cell to measure the HO, produced due to the reaction of OH with
impurities as well as a background signal generated through the addition of NO (possibly from
HONO formed in the FAGE cell) and the obtained decay is called ’OH not reacting + bkg’’.
From the subtraction of signal obtained in step 1 to step 2, we can calculate the background
linked to the addition of NO:

Background = OH not reacting + bkg — OH not reacting

As shown in Figure 39 the OH not reacting + bkg decay (step 2) is slower than the OH not
reacting decay (step 1) and has also a higher OH concentration. The increase in the initial OH
concentration and the slower decay at longer time scales is probably due to a percentage of OH
converted to HO> through its reaction with the impurities in the zero air and the increase in the
OH concentration is due to a stationary HO> concentration in the cell after the addition of NO.
Figure 39 (right graph) shows the background profile, where an increase in the LIF signal to
reach a maximum after 0.25 s can be observed. Then the signal decrease slowly to reach the
initial value which could correspond to the presence of stable HO> concentration in the
photolysis cell. The residence time within the photolysis cell is around 7 sec, i.e. at a photolysis

repetition rate of 1 Hz, the gas mixture is photolyzed around 7 times before it enters the FAGE
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detection cell. This can explain the presence of a stable HO2 concentration in the photolysis

cell.
The background profile allows to determine the percentage of OH reacting with the impurities

in zero air producing HO> concentration.
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Figure 39: Left graph: The OH concentration time profile obtained during step 1: OH not reacting profile,
step 2: OH not reacting + bkg and background profile. Right graph: background profile with a y-axis scale: 0.3
-0.7

Step 3: OH reacting
For the third step, a reactive species (CO) is added at the entrance of the photolysis cell without

any addition of NO. This decay shown in is called *’OH reacting’’ (Figure 40).

Step 4: HO2 formed + OH reacting + bkg

The final step is the addition of both, the reactive species (CO) to the photolysis cell and NO to
the FAGE cell. The obtained decay (Figure 40) is called ’HO formed + OH reacting + bkg”’

since it sums up the HO> radicals produced from the reaction of OH with the reactants and the

impurities and the HO bkg.
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Figure 40: The OH concentration time profile obtained from CO + OH reaction during step 3: OH reacting
and step 4: HO, formed + OH reacting + bkg and fit for OH reacting decay. Right graph: zoom with x-axis
scale: 0- 0.2
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The fluorescence signal is summed for around 300 photolysis pulses for each step.

The HO> formed concentration time profile (Figure 41) is obtained from the difference of the
last two mentioned steps:

= HO2 formed = Step 4 — Step 3
= (HO2 formed + OH reacting + bkg) — (OH reacting)

3

HO, formed
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Figure 41: The HO, formed concentration time profile obtained from CO + OH reaction
This HO, formed has to be normalized by the OH available (AOH). For that, we fit to a mono-
exponential the OH reacting decay obtained in step 3. AOH = OH max (extrapolated at t=0)-
OH min (Figure 42).
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Figure 42: The OH concentration time profile obtained CO+OH reaction during step 3: OH reacting
showing AOH

Finally, the HO2 formed/AOH time profile shown in Figure 43 can be obtained from the fit:
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Figure 43 : HO: formed/AOH time profile obtained from CO+OH reaction

The ratios AHO> formed/AOH obtained at different humidities for the reference reaction
CO+OH are shown in Figure 44. The average ratio is around 0.27 = 0.05. This ratio shows that
not all HO> radicals are converted into OH injecting an NO flow of 10 sccm at which the

maximum conversion of HO> to OH occur (as shown in Figure 45).
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Figure 44: A(HO, formed/40OH) obtained at different RH (%) for two days measurement
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Figure 45: AHO; formed/AOH obtained at different NO level injected into the FAGE cell

In order to use the reference yield of 1 known for the reaction of CO with OH for the reaction

of C2Hs0. with OH and to take into account the experimental conditions, these experimental

results have been compared to simulations using the model shown in Table 14 . The losses of

OH in zero air condition have been separated in 2 reactions: one leading to the formation of

HO: (R9), 1 not (R8). To determine the respective rate, the OH decay recorded in step 1 and

HO: profile obtained from step2-step 1 have been used and the values reported in Table 14

obtained from adjusting the model to reproduce the measured HO- profile (shown in Figure 46)

taking into account the other reactions involving HO, formation such as reaction 3 (Os = 2.21

x 10*® molecule.cm™®). The diffusion loss of HO, was determined by fitting the measured AHO,

formed/AOH decay.
Table 14 : Model used for CO + OH reaction, all rate constants have been taken from the preferred IUPAC
evaluations
Reaction nb A+ B - C + D Rate Constant (cm molecule s ) or
Reactivity (s

1 Cco + OH — HO, + CO, 2.31x10%
2 OH + HO, —» HO + 0, 1.10 x 1010
3 OH + 0, — HO, + 0, 7.30 x 1014
4 HO, + 0, — OH + 20, 2.00 x 1015
5 HO, + HO, — HO, + 0, 2.35 x 1012
6 OH + OH - HO + @] 1.48 x 10712
7 HO, + —  Diff + 0.5
8 OH + —  kzero 5.9
9 OH + —  HO2 0.2
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As we observed a HO formation in zero air (step 2), showing a stationary concentration of

HO: in the photolysis cell.
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Figure 46: The grey symbols show the background/ AOH initial measured and the correspond
to

From this model, and taking into account the experimental diffusions, HO. formation in
zero air, ozone level, a AHO> formed/AOH = 0.82 was obtained from the model (Figure 47).
Comparing it with the experimental results of 0.27, it corresponds to a factor of 3 more. The
reasons for this difference can be the limitation of HO> conversion in the FAGE (maximum
80% observed) and extra HO- losses in the sampling.

Therefore, to compensate the difference of HO> radicals produced measured compared to
the expected one from the model, a correction factor of 3 is applied to the measured HO-
formed/AOH time profile (Figure 48) to reproduce the modelled profile with a HO: yield of 1.
This correction factor will be applied to the experimental measurements of the target reaction:

CyHs0, + OH to take into account the differences observed with the reference reaction.
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Figure 47: AHO,/40H obtained at different RH (%) for two days measurement and AHO,/40OH obtained
from the model
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Figure 48: - left graph: the blue symbols show the AHO, formed/4OH measured profile before correction
and the orange symbol correspond to the model calculations and right graph: the blue symbols show AHO,
formed/40H measured profile after correction by a factor of 3 and the orange symbol correspond to the model
calculations

The second part of the work was dedicated to the analysis of the reaction of CoHs0. with OH.
3.1.3.2.  Determination of the experimental conditions for C2HsO, + OH reaction study

To ensure that the reaction of the peroxy radical with OH is the major fate for OH radicals
in the photolysis cell, several constraints due to relative reaction rate constants or experimental
limitations must be considered:

v C2Hs02 + Cl > CH3CHOO + HCI or CH3CH20 + CIO (< 20 % Cl)

v/ OH + CzHs = H20 + CoHs (< 20 %)

v OH + Cl2 > HOCI + CI (< 20 %)
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v C2Hs02 must be generated in a large excess over OH

v Reactivity (OH + C,Hs0>) in the range from 20 to 100 s!

Simulations (Table 15) have been performed to determine the precursor concentrations
([Cl2] and [C2He]) that need to be introduced into the photolysis cell to respect these constraints.
It should be mentioned that no condition could be found for CHs4 as precursor for CHzO: to
fulfil the constraints. Indeed, the reaction of Cl-atoms with CH4 (which is the precursor for the
CH30: radicals) is only 15 times faster than the reaction of OH radicals with CH4, while this
ratio is much higher for CoHe (236 times faster). Therefore, during this study the C>Hg is used
rather than CH4 to avoid the competition between CH4 and CH30- to react with OH radicals.

Table 15: Model used for C,HsO, + OH reaction, all rate constants have been taken from the preferred
IUPAC evaluations

Reaction nb A + B — C + D Rate Constant
(cm’molecule's ) or k (s )

1 CzHe + Cl — C,H, + HCI 5.90 x 101t
2 C,H, + 0, - CHO,  + 4.80 x 1012
3 C,H, + o, — HO, + 3.00 x 104
4 CH.O, + Cl — CHCHOO  + HCI 7.69 x 101!
5 CZHSO2 + Cl — CH3CH20 + Clo 7.41 x 101t
6 CZHSO2 + C2H502 — Cszo + Cszo 4.7 x 101
7 CZHSO2 + CZHSO2 — MOL + MOL 2.80 x 1014
8 OH + CH, - C,H, + H,0 2.40 x 10
9 OH + Clo — pdts + 2.00 x 101
10 OH + Cl, — HOCI + Cl 6.50 x 1014
1 HO, + HO, — H,O, + o, 2.50 x 102
12 HO, + CHO, — o, + 6.90 x 1012
13 C,H,0 + 0, - HO, + 9.48 x 10
14 O3 + Cl — Clo + O2 1.20 x 101
15 OH + O3 — HO, + o, 7.30 x 104
16 HO, + O3 — OH + 202 2.00 x 105
17 OH + HO, - H,0 + o, 110 x 1010
18 OH + OH — H,O + 0] 1.48 x 102
19 HO, + — Diff + 0.5

20 OH + — kzero + 8.3

21 OH + — HO, + 0.5

22 OH + CHO, — HO, + 8.4 x 101
23 OH + CHO, - PDT + 4.6x 104
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Initial experiments were carried out on 12" of January 2022 with a Cl, concentration of
around 1.7 x 10** molecule cm, leading with a photolysis energy of 22 mJcm2 to an initial Cl-
atom concentration of around 2.5 x 10! molecule.cm™. In presence of a CoHg concentration of
around 1.3 x 10 molecule.cm® a CzHsO concentration of approximately 2.5 x 10
molecule.cm is generated. Using these concentrations and assuming that all OH is reacting
with C;HsO,, we can reach an optimal OH-reactivity of around 30 s™. However, these
conditions were only used during the measurements on 12" of January and 23" of February
2022 due to some instrument limitations such as the damage of the photolysis cell at high
humidity level (70 %) because of high Cl> concentration reacting with H,O and producing HCI,
which is corrosive. Therefore, the experimental conditions were modified to limit the loss of
Cl and the damage of the photolysis cell. The experiments on 1% of March 2022 were carried
out with the Cl, concentration lowered by a factor of 10 together with an increased pulse energy
(to around 100 mJ cm), still allowing the generation of a sufficient C,HsO2 concentration.

The C2Hs02 concentration was changing depending on the [Cl2] entering the photolysis cell.
That’s why, measurement of the total reactivity before and after adding C>Hs and Cl> was
needed to determine the % of OH reacting with C2HsO2 (Kc2nso2+0nH). A missing step identified
in the data analysis was measuring the reactivity adding all the reactants without the photolysis
laser 355 nm. This step is useful to determine the % OH reacting only with C2Hs0. by
comparing the profiles with the laser at 355 nm. This step will be done in the coming work at
each condition to finalize these results.

Table 16 shows a summary of the experimental conditions for all experiments done at
different RH. All experiments were done at atmospheric pressure (760 Torr) with constant [Oz]
=2.21 x 10*® molecule cm™,

To determine the reactivity of CoHsO2 + OH reaction several loss reactions of OH radicals other
than R 50 need to be considered and subtracted:

- Kcanso2+0H = Kiotat — (Kciz,civon — Kezre+on — Ko)- with Kiotar COrresponding to the total

reactivity measured fitting the OH decay, .

- ko representing the reactivity of OH with the impurities in the cell in absence of any
other reactive species. It was measured before each step for all conditions and is
typically in the order of 10 s?,

= and represents around 20% of the OH consumption,

- Kcons+on IS the reactivity of OH with C2Hs. The pseudo-first-order rate constant of OH
with CzHs (Kczre+on) can be calculated from the known [CzHe] = 1.3 x 10%3

molecule cm™. It was measured in a separated step adding zero air + C2Hs + photolysis

108



lasers A = 266 nm to generate only OH to measure kczne+on = 3.3 s and represents 6 %
of the OH consumption.

The reactivity of CoHe with OH was only measured twice and since it was reproducible
this value was used for all the measuring conditions. However, in order to insure ther
reproducibility of the conditions, future experiments have to be repeated with all the
steps at each condition.

kciz,civon corresponds to the reactivity of Cl, with OH. It is measured in another
separated step without C2He, adding Cl> to the mixture + photolysis lasers A = 266 nm
and A = 355 nm, we obtain the % of OH reacting with Cl2 (Kci2+on = Kobs — Kzero air).
Between 2 to 9% of the OH will react with the precursor Cly, this percentage varies
depending on the concentration of Cl> and C;Hs entering the photolysis cell and with
the photolysis laser (A = 355 nm) energy. It was difficult to obtain reproducible results
due to the difficulty of working with Cl. because of corrosion problems and cleaning of
the cell after each measurement was needed.

Finally, the fraction of OH having reacted with C2HsO. can be estimated in a first
approximation for each experiment as the ratio of Keotal — (Kci2,c1+on — Kcane+or — Ko)/Kiotal.
Under our conditions, between 50 and 63% of all OH reacted with RO> (last column in
Table 16).

Table 16: Experimental conditions for all experiments, measured and calculated values

% OH

RH | CoHg x 108 | Clpx 10 |  Kzero | KczHeror | Kcizeon Ktotal Kcamsoz+on | reacting with

Date (%) (cm®) (cm?®) (sh (sh (sh (sh (sh C2Hs0;

12/1/2022| 30 1.3 7.5 9.7 33 4.9 48.7 30.8 63

70 1.3 13 10.6 3.3 8.5 60.6 36.4 63
23/2/2022| 30 1.3 115 9.2 33 7.3 41.3 214 52

50 1.3 13 8.6 3.3 9.6 44.8 23.3 52
1/3/2022 | 50 1.3 35 7.4 33 2.3 29.4 16.4 56

70 1.3 2.3 75 3.3 1.5 24.9 12.7 51

Same experimental steps than mentioned above for the reference reaction: CO + OH were
followed to determine the AHO2 formed/AOH for the reaction C2HsO2 + OH reaction. The

AHO> formed/AOH must be corrected by the ratio kconsoz+on/Kiotal. AlSO, @ correction factor
(CF) of 3 on the AHO2/AOH measured as the one determined comparing the AHO>
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formed/AOH obtained from the reaction CO + OH has been applied (AHO:
formed/ AOHcorreCted) .
- AHO? formed/AOHcorrected = AHO2 formed/AOHmeasured X Kc2Hs02+0H/ Ktotal X CFHO2 losses

3.1.4. Experimental results and discussion
Figure 49 presents the measurements of the AHO2 formed/AOHcorrected Obtained during the

experiments presented in Table 16.
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Figure 49: AHO, formed/AOH for the reaction C2HsO, + OH obtained under all experimental conditions
given in Table 16

The observed results show a stable and reproducible AHO, formed/AOH with a value around
0.3 + 0.07 at different relative humidity levels (RH= 30, 50 and 70%). Therefore, no effect on
the AHO. formed/AOH with increasing relative humidity is observed in our series of
experiments assuming stable conditions between the series. This tends to show that there is no
impact of the water complexation on the product branching fractions of CoHsO2 + OH reaction
under atmospheric pressure. However, as mentioned above, some assumptions on the stability
of conditions have been done and should be checked to confirm this result

The HO:> yield in the CoHsO2 + OH reaction has also been determined by modeling the
experimental traces. The model, summarized in Table 15, has been generated by considering
the sinks and sources of OH and HO, other than R1. Initial conditions have been chosen as
discussed previously in section 3.1.3.2 and reported in Table 16. An initial concentration of
HO2 of 2.7 x 10° molecule! cm?® is added to the model to consider the stationary HO;
concentration generated in the photolysis cell. Only the ratio of the rate constants for the channel
leading to HO2 and C2HsO or to the other products (PDT) has been adjusted such that the
profiles of OH reacting/AOH and HO; formed/AOH are well reproduced by keeping the total

rate constant for R51 at 1.3 £ 0.3 x 10" cm®molecule *'s . Figure 50 presents the result for
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the 3 different relative humidities. (This rate constant has been measured recently by Assaf et

al. (Assaf et al., 2017) and showed a very good agreement with the value of Yan etal (1.2 0.3

x 10°cm® moleculets ™).

The HO- yield obtained from these experimental measurements performed at atmospheric

pressure (760 Torr) is 0.64 + 0.16 and consistent under all RH levels. Assaf et al. (Assaf et al.,

2018) determined experimentally an HO> yield of 0.75 + 0.15 for this reaction under low

pressure (50 Torr) and found to agree with our results, within the expected uncertainties. Our

experimentally determined yield exhibits substantial unexplained disagreement when compared
to the theoretical predictions, HO; yield = 0.21 (Assaf et al., 2018).

The uncertainties on the HO> yield determined by our work have been estimated to 25%.

Errors in the absolute rate constant of the C2HsO2 + OH reaction would have an influence on

the retrieved HO- yield that has been determined using its well-known rate constant. Another

error source is the variation in the water and O3 concentration that were measured before and

after each series.
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Figure 50: OH reacting/ AOH (left) and AHO; formed/AOH (right) profiles for all experimental conditions
given in Table 16 (except for the profiles in the absence of C2Hs). The blue symbols show the measured profile,
and the correspond to model calculations using rate constants such as given in Table 15

3.1.5. Conclusion and Perspective of the work on RO, + OH

This aim of this work was to study the influence of humidity on the HO; yield in the RO, +
OH reaction, working with C2HsO> using the UL-FAGE instrument in the reactivity
configuration. The HO> yield obtained for the C2HsO2 + OH reaction is 0.64 + 0.16 at different
relative humidity levels. It was suggested that in the atmosphere, at high pressure of 760 Torr
and with more efficient N2 and Oz colliders, an increased yield of stabilized ROOOH can occur.
However, our results show an agreement with the HO> yield measured at low pressure (Assaf
et al. 2018).

These are preliminary results since we did some assumptions and did not systematically
reproduce all the intermediate steps between experiments. Due to time limitations because of
the preparation of the field campaigns, we were not able to check the reproducibility of these
measurements except once. Additional measurements under different conditions will be
performed such as measuring the reactivity of the OH with all the reactant with and without the
355 nm photolysis laser. Also, performing these measurements with a photolysis laser operating
at different repetition rates will help refresh the mixture and better understand the stable HO>
concentration observed during this work.

This work highlights the complexity of studying peroxy +OH reaction and the necessity for
further measurements of the HO> yield for the reaction of larger peroxy radicals with OH as
well as direct measurements of CH3zOH yield carried out at high RH. Further investigations of
CH3OH yield as function of RH may help to support the conclusion of no impact of water on
this type of reactions and might determine unexplored functionalized peroxy radical cross-

reactions could account for the unidentified source of atmospheric methanol.
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3.2.  Chemistry of Siloxanes

One of the well-known VMS (volatile methyl siloxanes) oxidation products is
formaldehyde (CH20) with a high yield (Fu et al., 2020). Formaldehyde causes eye, nose and
throat irritation and it is likely to pose a carcinogenic risk to humans (Gupta et al., 1982). In
addition, the other products that may be formed, such as silanol (Si (OR)2(CHs) (OH)), formate
ester (Si (OR)2(CHs) (OC(O)H)) and silyl methanol (Si (OR)2(CHs) (CH20H)), have a lower
vapor pressure and higher water solubility than the parent VMS. Recently, studies have
indicated that these products may be present in new particles and contribute to secondary
organic aerosol (SOA) with potential impacts on air quality and human health (\Wu & Johnston,
2017).

The aim of this work was to study the role of VMS oxidation and their potential role in
indoor environments or in the atmosphere. To achieve our goal, kinetic studies on the reactions
between VMS and OH radicals using the Laser Induced Fluorescence Assay by Gas Expansion
(LIF-FAGE) technique in its reactivity configuration (detailed in Chapter 2, section 2.6) have
been carried out at the university of Lille in the PC2A laboratory. As a first step to study the
reactivity of siloxanes with OH, we have chosen to remeasure the rate constant of a well-known
siloxane: L2. L2 is the simplest molecular structure corresponding linear siloxanes and rate
constant value is available in the literature, it can facilitate the comparison and the validation

of experimental results and theoretical model.

3.2.1. Preliminary tests on Siloxanes

During this work, L2 has been prepared as diluted mixture in stainless steel canisters by
injecting liquid L2 with a micro-syringe and filling the canister with nitrogen (N2) to 1.7 bar
total pressure. Before adding any siloxanes into the canister, OH reactivity measurements are
performed with the canister filled with only N2 to check its cleanliness. The mixture in the
canister is added to the main flow through a calibrated mass flow controller (MFC). Figure 51
shows the pseudo-first order rate constants as a function of L2 concentration for the three
measurements (done with the same prepared canister) (Ki-L2+on, Ko-L2+on and Ks-2+oH). The
obtained rate constants, which is the slope of the linear regression, were reproducible within
around 3%. The average of the three rate constants resulted kons+L2 = (0.95 * 0.25) x 10712
cm®molecule? st and is in agreement with the results of Bernard et al., 2018 (slightly slower)
using a similar technique: PLP-LIF (Pulsed Laser Photolysis-Laser Induced Fluorescence). The
concentration of the L2 introduced into the photolysis cell is calculated based on the volume of
L2 liquid injected into the canister (adjusted in a way to reach an OH reactivity of about
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100 s?), the filling time of the canister with N2 using a MFC, the flow from the canister
containing L2 and the total gas flow (8.56 L/min to reach atmospheric pressure in the photolysis
cell).

The main uncertainty in the determination of the rate constant is linked to the concentration
of L2 and the preparation method (estimated to 15 %). To reduce this uncertainty, it would be
useful to perform absolute measurements of the L2 concentration in the canister using the

proton transfer reaction-mass spectrometry (PTR-MS).

L2 + OH
1507 o ki (s-1)
K2 (s-1)
= 1004 /‘ - k3 (s-1)
9 w
£ v
X 50- /
I/.
0

I I |
0 5x1013 1x104 1.5x101
[L2] (molecules.cm-3)

Figure 51: Pseudo first order rate constant as a function of [L2] for 3 different measurements

This preliminary rate constant determined experimentally at the university of Lille was
compared with the value determined theoretically at the University of Melbourne and with the
literature (Bernard et al 2018).

The theoretical work done by a PhD student (Nguyen Thuy Dung Thi) at the university of
Melbourne is based on a model composed of two main calculations: the electronic structure
properties and the temperature-dependent rate constants. All the electronic structure
calculations were performed using Gaussian 16 package (Frisch et al. 2019). In details, M06-
2X/aug-cc-pVTZ (Zhao et al. 2007) was used to obtain the optimized geometries, frequencies,
and zero-point energies (ZPE) of all species in the reaction. The intrinsic reaction coordinate
(IRC) calculations were then carried out to confirm the connection of transition state with pre-
reaction complex and bimolecular product through the minimum energy pathway. The final
single point energy was calculated at higher level of theory, DSD-PBEP86-D3BJ/def2-TZVPP,
to achieve more accurate energies. These results help to construct the potential energy surface
of the L2 + OH reaction (Figure 52), which represents the chemical transformation from L2 and

OH to the radical and water.
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Figure 52 : The potential energy surface of L2 + OH reaction. Numbers (in kcal/mol) are the 0-K energies
relative to reactants.

From the obtained electronic structure properties, the canonical transition state theory
was applied to calculate the rate constant of L2 + OH in the temperature range of 200 — 500 K,
1 atm (Figure 53). All calculations in this step were carried out with the Multiwell 2021
program suite (Barker et al. 2020; 2001; 2009).
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Figure 53 : Rate coefficient of L2+OH reaction as function of temperature (K) determined experimentally
(at 298 K at university of Lille) and theoretically (at university of Melbourne) and compared to the literature
(Bernard et al. 2018)

Based on the chemistry model from university of Melbourne, the calculated rate
coefficient of the L2 + OH reaction at 298 K and 1 atm is 1.22 x 1012 cm® molecule™ s - (Figure
53). This value is 1.3 times larger than the experimental value ((0.95 + 0.25) x 1072 cm?
molecule®s?) from the university of Lille using the FAGE technique and in a very good
agreement with the literature data value, Kio+on = 1.28 x 102 cm® molecule™ s * (Bernard et
al. 2018). In the range temperatures of 200 - 400 K, the calculated rate coefficients exhibit a
positive dependence on temperature. They obtained the same trend as the experimental results
of Bernard et al. (Bernard et al. 2018).
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3.2.2. Conclusion and Perspective of the work on siloxane reactivity

The experimental and theoretical obtained rate coefficients agree with the literature. It
shows that the L2 are short-lived in the atmosphere with approximate lifetimes of 11 days for
a representative OH radical concentration of 1 x 10% molecule cm. If this reaction is too slow
to have an impact indoors, it could affect the outdoor air quality. Therefore, it is important to
continue studying the transformation of their primary and secondary oxidation products after
the oxidation initiated by OH. In addition, more complex studies such as autooxidation
reactions of VMS should be done to better understand the impact of these compounds in indoor
environments or in the atmosphere (Ren & Da Silva, 2020).

This work validates the FAGE experimental setup at the university of Lille and the
theoretical model at the university of Melbourne to study the oxidation of siloxanes. The future
experimental work will focus on measuring the L2 + OH rate constant varying the temperature
and studying other indoor chemical species that impact the air quality. After the validation of
the L2 + OH reaction theoretical model, the theoretical studies continued to explore the
oxidation of other more complex siloxanes such as: trimethylsilanol (TMSOH),
pentamethylsiloxane (L5), Decamethylcyclopentasiloxan (D5) and others.

To study more in detail the oxidation processes and products resulting from siloxanes
oxidation, measurements of reactivity change following the aging of siloxane mixture in
presence of OH would be useful. For this the coupling of the reactivity instrument with a

reaction chamber where siloxanes can be oxidized would be of great interest.
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Chapter 4. SAPHIR Intercomparison Campaign

This chapter reports the analysis of an intercomparison campaign (ROxComp) held at the
Forschungszentrum Jilich in Germany in August 2022. The UL-FAGE instrument in its
quantification mode to measure OH, HO», HO>* and the sum of RO, described in chapter 2
(section 2.3), next to eight other instruments dedicated to RO> quantification, was coupled to
the SAPHIR chamber. All the instruments measured peroxyl radical concentration
simultaneously during several oxidation experiments done under controlled conditions. Some
instruments measured also OH and HO» radicals. For the analysis of the results, we used the
FAGE instrument of the Jiilich group (Forschungzentrum: FZJ-FAGE) as a reference. Indeed,
this instrument was intercompared previously with inherently calibration-free-techniques such
as MIESR for HO; (Fuchs et al., 2009) and DOAS for OH (Schlosser et al., 2009) and showed
good correlation in all these intercomparison measurements.

In this chapter, we first describe the SAPHIR chamber, and the different experiments done
during this campaign. The radical measurements (OH, HO>, HO>" and RO») done by the UL-
FAGE are then compared to the radical concentration measured by FZJ-FAGE.

4.1. State of the art of intercomparison measurements for radicals

The intercomparison provides an important process for the development and validation of
the analytical instruments and measurement techniques. Most of the intercomparison
measurements for radical quantification (such as: OH, HO, or [HOz] + [RO:]) are made in
ambient conditions during intensive field campaigns (Beck et al., 1987; Brauers et al., 1996; F.
Eisele et al., 2001, 2003; Hall, 1995; Mount et al., 1997; Platt et al., 2002). In general, these
measurements have shown relatively good agreement. However, due to the high temporal and
local variation of the atmospheric radicals, they were subject to discrepancies that could be
explained by the sampling inhomogeneities (Fuchs et al., 2010; Schlosser et al., 2009). This
problem could be excluded in large atmospheric simulation chambers where the air masses are
homogeneously mixed to investigate the instruments performance and determine potential
interferences of measurements under well-controlled conditions were few intercomparisons
took place (Schlosser et al., 2007; Fuchs et al., 2012).

4.1.1. OH intercomparison measurements

In the recent years, few ambient and chamber intercomparison exercises have been
conducted for OH measurement techniques. Among the intercomparison field campaigns
dedicated to the study of different environments is the POPCORN 1994 campaign (Brauers et
al., 1996). It is an intercomparison of OH measurements between the FZJ-FAGE and DOAS
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technique carried out in clean rural environment in North-East Germany. Most of the days,
measurements performed with DOAS and FZJ-FAGE instruments agreed well except when the
wind came from the north-west sector, where the DOAS data exceeded systematically the LIF
measurements.

Schlosser et al. (Schlosser et al., 2007) presented the first OH intercomparison measurement
between the FZJ-FAGE and DOAS techniques at the SAPHIR chamber in Forschungszentrum
Jillich (Germany). A series of experiments was carried out in standard conditions where no
trace gases were added and some other experiments where HCHO, NO, NO», O3, CO and H>O
were added in different combinations. Six valid measurement days have shown a good
agreement between the two instruments with regression slope around 0.99. Three measurement
days were discarded from the analysis because of the poor correlation between the two
instruments. Higher NOx concentration was present in the chamber during these three days
however, no instrumental interference from NOx is known or expected. The disagreement
between the instruments could be explained by the instability of the FAGE instrument
calibration, interferences with other molecules and photochemical or chemical gradient inside
the chamber.

In 2005, Schlosser et al. (Schlosser et al., 2009) performed the first formal blind
intercomparison for OH measurements involving three FAGE instruments and one DOAS
during the HOxComp campaign in ambient air and in the SAPHIR chamber. Over the nine
measurement days, six experiments were carried out in the SAPHIR chamber (oxidation of
various hydrocarbons and ozonolysis of akenes) and instruments sampled ambient air during
three days. Excellent agreement was observed for the instruments during the measurements
performed inside the chamber with regression slope in the range of 1.01 to 1.13. The ambient
results revealed some discrepancies between instruments with regression slopes ranging
between 1.06 to 1.69, which can partly be explained by the stated instrumental accuracies,
sampling inhomogeneities and calibration problems. Taking the DOAS technique as the
reference measurement, no relevant interferences with respect to ozone, water vapor, NOx and
peroxy radicals could be observed with the LIF system.

In 2010, the UL-FAGE underwent an intercomparison with the FZJ-FAGE instrument in
the SAPHIR simulation chamber. The experimental conditions (H20, O3 and NOx concentration
levels) have been varied similarly to those during the HOxComp intercomparison campaign
carried in the SAPHIR chamber. They studied the chemistry of CO, phenol and isoprene under
different conditions of O3 and NOx. In addition, the Jiilich FAGE instrument (OH and HO»)

was calibrated using the Lille calibration source and an agreement within 12 % has been found
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with a systematic overestimation using Lille calibration cell. The measurement of the OH
concentration during all the experiments (9 days) showed a good agreement between both
instruments (FZJ-FAGE and UL-FAGE) with a slope of 0.86 (r> = 0.93) and a small intercept
of 1.42 £ 0.24 x 10° molecule cm™.

In 2011, a series of intercomparison measurements was carried out in the SAPHIR chamber
between the FZJ-FAGE and DOAS technique, in order to investigate the photochemical
degradation of isoprene, methyl vinyl ketone (MVK), methacrolein (MACR) and aromatic
compounds by OH. The goal of these experiments was to reproduce the conditions experienced
during the PRIDE-PRD2006 campaign in China, where a large difference between OH
measurements and model was found (Fuchs et al., 2012). The analysis of twenty measurement
days showed good agreement. The regression slope equaled 1.02 and a correlation coefficient
of 1? = 0.86. This good agreement between the DOAS and FZJ-FAGE instrument indicates that
the sensitivity of the LIF instrument is well defined by the calibration procedure and reduces
the possibility of an artifact in the OH measurements during the PRIDE-PRD2006 campaign.
However, discrepancies were observed for measurement days of MVK and toluene, where the
LIF measurements of OH concentration, for both experiments, were approximately 30-40 %
larger than those by DOAS showing potential interferences from these species on FAGE
instruments. It should be also mentioned that it is not possible to reproduce in the chamber
conditions at very low concentration of NO due to desorption from the chamber walls. This
could lead to underestimate the potential interference due to trioxides such as identified in the

UL-FAGE instrument (Fittschen et al., 2019).

4.1.2. HO2 and RO> intercomparison measurements

Contrary to OH, intercomparison measurements for HO; and RO; are fewer. An old HO>
intercomparison of ambient HO> measurements was performed in 2003 at a rural site in the US
between the Penn State LIF-FAGE and NCAR/University of Colorado PerCIMS instrument
(Ren et al., 2003). An excellent agreement was observed between both instruments’
measurements with a regression slope close to unity. In addition, a very good agreement from
cross-calibration has been reported during this campaign.

During the HOxComp, three LIF instruments participated in the formal blind
intercomparison HO> measurements (Fuchs et al., 2010). No absolute reference measurements
(MIESR) were available during this intercomparison campaign. The analysis of the entire data
set of ambient measurements revealed significant discrepancies between instruments with
regression slopes ranging between 0.56 and 1.46. A better agreement was observed for the

measurements performed in the SAPHIR chamber with regression slopes ranging from 0.69 to
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1.26. While these results indicate differences that lie within measurement uncertainties, the
quality of the fit parameters improves significantly when the data were grouped into subsets of
similar water vapor concentrations, suggesting an unknown artifact related to water-vapor.

The intercomparison done in 2010 between the UL-FAGE and FZJ-FAGE at the SAPHIR
chamber included HO, measurements also. The analysis of all the experiments showed
significant difference between both instruments with a regression slope of 1.5 (r? = 0.93) with
a small intercept of 1.48 + 0.12 x 10” molecule cm™ (FZJ-FAGE concentration vs UL-FAGE).
However, it is not representative of the contrasted results for analysis day by day that have
showed good agreements except when double bound reactants were injected. These results are
in linked to the recently discovered RO> interference. Indeed, due to technical problems with
the NO Mass Flow Controller of the UL-FAGE, the NO concentration in the UL-FAGE was
much lower than in the FZJ-FAGE leading to a lower interference on the HO> measurements
and thus lower concentration.

Similarly, only few intercomparison measurements have been reported for total peroxy
radicals ([HO:2] + [ROz]). There was only one attempt to intercompare the instruments
measuring peroxy radicals inside a simulation chamber, that has been carried out in 2006 in the
SAPHIR chamber between the Jiilich ROx-LIF (FZJ-FAGE) and MIESR instruments (Fuchs et
al., 2009). Two experiments were made, the OH-oxidation of methane and 1-butene, indicating
an excellent agreement, with a regression slope of 0.96 and r? of 0.85. An ambient
intercomparison field study for the total peroxy radicals involved a PERCA and MIESR
instrument during the BERLIOZ field campaign (Platt et al., 2002) in a rural semi-polluted site
near Berlin, Germany. Results of the two days of measurement indicated a good agreement with
a slope of 1.07 and r* of 0.91.

More instruments measuring RO; radicals have been developed recently and
intercomparison experiments involving more types of instruments need to be performed.
Therefore, in August 2022, an intercomparison campaign took place at the SAPHIR chamber
(Julich, Germany). This campaign allowed to test the reliability of the different instruments
detecting peroxy radicals at very low concentrations in the atmosphere. Among these

instruments was the UL-FAGE from the PC2A laboratory.
4.2. The atmosphere simulation chamber SAPHIR
4.2.1. Description of the SAPHIR chamber

The atmosphere simulation chamber SAPHIR (Simulation of Atmospheric Photochemistry

In a large Reaction chamber), shown in Figure 54, is designed to investigate photochemistry
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processes under controlled conditions at ambient temperature, pressure, and natural irradiation
with small amounts of trace gases as typically present in the atmosphere. Unlike field
measurements, the chemical conditions are thoroughly defined. A detailed description of the
chamber can be found in previous works such as (Bohn et al., 2005; Rohrer et al., 2005). The
reaction chamber has a volume of 270 m? (inner diameter 5 m, length 18 m). It consists of a
double-walled FEP (DuPont, per-fluoro-ethylene-propylene foil) cylinder held by a steel-frame.
The foil is chemically inert and has 85 % transmission to UV-A and UV-B. The pressure is held
at 50 Pa above ambient pressure to avoid ambient air contaminating the chamber during the
experiments. Two fans are installed inside the chamber to ensure the homogeneous mixing of
the gases. Rohrer et al. (Rohrer et al., 2005) showed that HONO and HCHO from the walls are
the major sources of radicals in the chamber.

Previous intercomparative measuremements using different techniques to measure OH
(Fuchsetal.,2012; Nehretal., 2014), HOz (Fuchs et al., 2010), NOs (Dorn et al., 2013), HCHO
(Wisthaler et al., 2008), OVOC (Apel et al., 2008) and OH reactivity (Fuchs et al., 2017) have
already been done at the SAPHIR chamber.

Figure 54: Photos of the SAPHIR chamber in 2 measurement mode

4.2.2. Measurement Protocol at the SAPHIR chamber

One chamber experiment was performed per day (8-14, 16-20, 22-26 August 2022). Before
each experiment, the chamber was flushed with synthetic air until the concentration of the
residual trace gases from former experiments are below the detection limit of the measuring
instruments. Then water vapor is added to the purge flow to adjust the humidity in the chamber.
Water vapor is needed to generate HONO, as OH precursor, in the chamber (Rohrer et al.,
2005). After complete gas mixing, intercomparison measurements at the SAPHIR chamber
were started. During the experiments, photochemistry inside the chamber was controlled by its

shutter system which allowed the chamber either to be exposed to or shielded from the solar
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radiation. Compounds were introduced into the chamber either by injecting a known volume of
a gas mixture or by vaporizing a known amount of the liquid chemical in a zero-air flow using
a syringe. Daily measurements at the SAPHIR chamber were typically done from 6:00 to 15:00
(UTC). The fans were operated throughout the entire duration of the experiments to ensure well

mixing of the air in the chamber.

4.2.3. Instruments coupled to the SAPHIR chamber
Several instruments sampled from the SAPHIR chamber for the measurement of trace
gases and meteorological parameters, including PTR-ToF-MS (proton transfer reaction-time-
of-flight mass spectrometer), CIMS (Chemical Ionization Mass Spectrometry) monitors for
CO, O3 and NOx. In addition, to the spectroradiometer and several temperature and pressure
probes.
Seven different groups using different instruments sampled from the SAPHIR chamber for

radical intercomparison measurements, as shown in Table 17.

Table 17: Different groups involved in the ROy intercomparison campaign and different instruments used

Institute Type of instrument

Forschungszentrum Jiilich FAGE
University of Leeds FAGE
Lille Université FAGE

Universitdt Bremen PERCA

IMT Lille Douai PERCA

AIOFM Anhui PERCA
Deutscher Wetterdienst CIMS

The FAGE technique used by our group (PC2A laboratory at the University of Lille), during
this campaign is shown in Figure 55. Three FAGE cells were used during this campaign for the
separate measurement of HOx radicals (OH, HO, and HO,") radicals using the UL-FAGE setup
where the HO> FAGE cell is placed downstream the OH cell and peroxy radicals (RO> and
HO,") using a newly implemented setup called UL-ROx-FAGE.
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Figure 55 : Scheme of the three UL-FAGE cells (OH, HO, and RO, cells) used for the measurement of OH, HO,
HO,* and RO; radicals during the intercomparison campaign at the SAPHIR chamber

In the following sections, only the comparison of measurements of HOx radicals between
the UL-FAGE and FZJ-FAGE and peroxy radicals between UL-ROx-FAGE and FZJ-ROx-
FAGE will be presented.

4.2.3.1.  FAGE instruments for HOx radical measurements

HOx radials were measured during this campaign using the FAGE technique by both the
PC2A (UL-FAGE) and Jiilich groups (FZJ-FAGE). The UL-FAGE technique and its principle
have been detailed in chapter 2 and in previous reports (Ajami, 2018; Amedro, 2012). In Table
18 the main characteristics of both FAGE instruments are summarized. The main difference
between the two instruments is the type of the detection cell used: in case of the UL-FAGE, a
multi-pass cell is used while the FZJ-FAGE uses a single pass cell. Another difference is the
separation of the OH and HO, FAGE cells for FZJ-FAGE whereas for the UL-FAGE, the HO>
cell is downstream of the OH cell and pressure in each cell is around 1.5 Torr, while the FZJ-
FAGE the pressure i1s 2.8 Torr. An OH scavenger (C3F¢) was added above the OH FZJ-FAGE
cell to measure which fraction of the OH LIF signal is coming from spurious OH compared to
OH present in the sampling air. Indeed, OH in the sampled air will react with CsF¢ and if any
OH signal is still detected it corresponds to artificial OH generated within the FAGE cell. No
OH scavenger was used for the OH UL-FAGE instrument during this campaign. For the UL-
FAGE, the signal of OH was corrected for the water quenching.
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Table 18 : Characteristics and performance of the UL-FAGE and FZJ-FAGE instruments during the

intercomparison campaign

FAGE Cell Parameter

Value — UL

Value — Jiilich

Cell assembly
Inlet nozzle orifice
Sample flow rate
Pressure
Laser beam shape (cell)

Time resolution

OH Laser power
Accuracy
LOD (S/N=2)
OH Sensitivity

HO; Laser power

Conversion efficiency

Accuracy

LOD (S/N=2)

HO, Sensitivity
HO," Sensitivity

HO; cell downstream of OH cell

0.8 mm
9.5 L/min
1.5 Torr
Multi-pass (White type)
40 s

3-3.5 mW
32 % (due to calibration)
9.6 x 105 cm™
4.47 x 107 counts/s/cm>/mW

2-2.5 mW
10 % (NO low)
95 % (NO high)

32 to 40 % (due to calibration)
6.7 x 107 cm™ (NO low)
1.1 x 107 em™® (NO high)

3.11 x 108 counts/s/cm>/mW

1.95 x 107 counts/s/cm>/mW

Separate cells
0.4 mm
1 L/min
2.8 Torr

Round: 8 mm diameter

270 s for OH
47 for HO, and HO>"

35-40 mW
18% (1)
0.5 x 10° cm™
436 x107C Vst

35-40 mW
90 %

18% (1)

1 x 10° cm™
5% 10° cm
223 x108C Vsl
124 x107C Vsl

We have chosen to do a measurement cycle between the HO, and HO," (HOz + some RO,

from alkenes and some aromatics converted in the detection cell) in the HO» cell. Indeed, even

if only the HO: concentration is needed, we wanted to take the opportunity of the

intercomparison to test the HO>" measurement protocol. Therefore, the HO, FAGE cell was

used to sequentially measure HO> (low NO concentration of 1.24 x 10'° molecule cm™ added

in the detection cell, 0.5 sccm) and HO" (high NO concentration of 2.5 x 10'! molecule cm™

added in the detection cell, 10 sccm). The measurement mode was switched every 10 min. The

HO, and HO," concentrations are determined for each condition from the signal measured at

different NO flows, the laser power and the measured calibration factor (details in chapter 2,

section 2.5.3).

For the UL-FAGE, the signal of HO, was corrected for the water quenching and the NO

background was determined from experiment in zero air in the chamber.
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For the FZJ-FAGE, the signal of HO2 was corrected for the NO background (~ 1x107 cm™)
and for the O3 interference (~1.5 x 107 cm™, for 60 ppbv of O3 and ~ 1.2 % absolute water.
Even if an NOs interference has been identified, it was not considered as the NO3 concentration

has not been measured.

4.2.3.2.
Next to the OH and HO> FAGE cells, a setup consisting of a conversion flow-tube placed
at the top of a FAGE cell (ROx-FAGE) was used to measure the peroxy radicals. The UL-ROx-

FAGE instruments for ROy radical measurements

FAGE and its principle have been detailed in chapter 2. A comparison between the UL-ROx-
FAGE and FZJ-ROx-FAGE setup have been presented in Table 20.

Table 19 : Experimental conditions of the Julich ROx-FAGE (Fuchs et al., 2008) and UL-ROx-FAGE instrument

(this work)
Parameter Value — Julich Value — UL
Conversion flow-tube Inlet nozzle orifice 1.0 mm 0.635 mm
Sample flow rate 7 L/min 3 L/min
Length x diameter 83 x 6.6 cm 47.9%x 6 cm
Pressure 18.75 Torr 28 Torr
Flow residence time 0.62s 0.88s
Reagent mixing ratio 0.7 ppmv NO, 0.17% CO 1.82 ppmv NO, 0.67% CO
Fluorescence cell Transfer nozzle orifice 4.0 mm 3.0mm
Sample flow rate 3.5 L/min 8 L/min
Pressure 2.25 Torr 1.3 Torr
Laser power 2-2.5 mW 35-40 mW
Accuracy 32 % (due to calibration) 18% (1o)
LOD (S/N =2) 5.7 x 10" cm® 2x10"cm®
Time Resolution 40s 47s

RO- sensitivity

6.81 x 108 counts/s/cm3/mwW

2.23x108C Vit

A measurement cycle between the ROx and HOx mode in the ROx cell was done. As for the

HO: cell, it was an opportunity to test the HOx mode and its meaning.

As shown in Figure 56, the HO» radicals are measured in the HO; cell simultaneously with
the ROy radicals (RO, + HO>") during the ROx mode (with NO flow in the conversion tube,) in
the ROx cell. The concentration of RO> radicals is obtained as the difference between both
measurements by subtracting the contribution of HO> from the sum of HO> + RO,. After 10
min, the ROx cell measurements is changed into the HOx mode (no NO flow in the ROx
conversion tube) where HO>" radicals in the ROx cell are measured simultaneously with the

HO;" radicals in the HO; cell. Measurements in the ROx and HOx mode are both at high NO
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injected in the FAGE cell coupled to the ROy tube in order to obtain a sensitivity level requested
for the ambient measurements.

This step was done to compare the HO>" measured in the different FAGE cells (HO> and
ROx), to check if the measurements of the UL-ROx-FAGE instrument were compatible with
the UL-FAGE measurements.

HO, cell:
NO injected in HO, FAGE cell
sccm s
( ) 10 HO,* HO,*
HO, 2 | Ho, 2
0.5 —

RO, cell: NO injected in
RO, FAGE cell (10 sccm)

NO injected in conversion tube

(sccm)

Figure 56 : Measurement cycle between HO, and HO;" in the HO, FAGE cell and between HO," and RO,
radicals in the ROy FAGE cell

The UL-FAGE instrument and the calibration processes were described in chapter 2. The
data treatment includes the correction of water quenching.

For the FZJ-FAGE, the signal of RO, was corrected for the NO background (~ 3x10” cm™)
and for the O3 interference (~ 1x107 cm™, for 60 ppbv of Oz and ~ 1.2 % absolute water. Even
if an NOz interference has been identified, it was not considered as the NO3 concentration has

not been measured.

4.3. Experiments performed at the SAPHIR chamber

During the campaign period from 1% to 31% of August, sixteen different experiments (Table
20) were performed in the light (chamber shutter open) and in the dark (chamber shutter closed).
Different chemical system were studied in each experiment in order to different identify
potential interferences. In order to analyse the data, we classified the experiments into five

groups depending on the chemistry taking place in the chamber:
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Simple chemistry

Nighttime chemistry

BVOC chemistry

Anthropogenic chemistry

Ambient chemistry

The experiments that will be discussed in detail in the following sub-sections are shown in

green in the following table.

Table 20: List of the different experiments performed during the intercomparison campaign

Date Chamber Gas injected Experiment Group of
roof experiments
8/8/2022 Open CO/CH4 CO/CHj4 oxidation by Simple chemistry
OH
9/8/2022 Open Isoprene Isoprene OH oxidation BVOC chemistry
10/8/2022 Open Isoprene/O3 Isoprene OH oxidation: BVOC chemistry
Os change
11/8/2022 Open Isoprene/O3/NO Isoprene OH oxidation : BVOC chemistry
NOx change
12/8/2022 Open Isopentane/n- 1-pentane and n-hexane Anthropogenic
hexane/NO photooxidation chemistry
13/8/2022 | Closed/Open | a-pinene/O3/NO a-pinene ozonolysis dark BVOC chemistry
photooxidation /ozonolysis
14/8/2022 Open Mesitylene Mesitylene Anthropogenic
photooxidation (high NO) chemistry
16/8/2022 Open B-pinene B-pinene photooxidation BVOC chemistry
17/8/2022 Closed Isoprene/O3/NO> Isoprene NOj3 oxidation BVOC chemistry
(dry)
19/8/2022 Closed Hexene/O3 Hexene ozonolysis: Anthropogenic
humidity change chemistry
20/8/2022 Open CO/CH4/NO CO/CHs: humidity Simple chemistry
change, NO change
22/8/2022 Closed B-pinene/O3/NO- B-pinene NO3 oxidation BVOC chemistry
23/8/2022 Open - Ambient air Ambient chemistry
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24/8/2022 Open MVK/O3 MVK oxidation BVOC chemistry

25/8/2022 Open Cly/Isoprene CI chemistry with BVOC chemistry
isoprene
26/8/2022 | Closed/open | Isoprene/O3/TME Isoprene, TME BVOC chemistry

ozonolysis + photooxidation

The comparison between the FAGE instrument from the Lille group and the Jiilich group is
discussed for each experiment and a general conclusion summarizing all results is presented to
provide an overall picture of the comparison exercise. The scatter plots for each experiment

was done using the Jiilich time base as the reference and interpolation of our data.

4.3.1. Simple chemistry: CO and CH4 oxidation by OH

Methane (CHj) is the second most important greenhouse gas. It is emitted from wetlands,
biomass burning and anthropogenic activities (Rigby et al., 2008). The predominant sink of
atmospheric CHj4 is the reaction with OH radical leading to the formation of CH30; radicals
which serves as an oxidant for the NO and NO: recycling (Golomb & Fay, 1989).

CO is one of the main sink of OH radicals in the atmosphere (Ravishankara & Thompson,
1983; Atkinson, 1976). This reaction form HO; radicals as shown in chapter 1 (R 7 and R 8).

Beside the significance of the reaction of methane/CO with OH for atmospheric chemistry,
this experiment was chosen to investigate the response of the different instruments to two of
the simplest and most abundant peroxy radicals in the atmosphere, HO2 and CH302. The CH4
and CO with OH experiment was carried out on two days in different conditions:

- The first experiment was done on August 8 but some problems occurred and the CO

concentration was much higher than planned.
- It was repeated on August 20 with addition of NO and humidity increase to check their

impact on this reaction.
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4.3.1.1. CO and CH4 oxidation by OH experiment done on August 8

4.3.1.1.1. Experimental Conditions

During the first experiment, the chamber was humified to 60 % RH before the chamber
opening. The chamber shutters were opened at 8:07 h, OH radicals were generated by the
photolysis of HONO. CO (around 12 ppmv) was injected into the chamber at 9:40 h. Then, CH4
was introduced into the chamber through two consecutive injections at 13:30 h and at 13:35 h
to reach 25 ppm. The shutter system was closed after 15:15 h. To observe the evolution of the
radical profiles in the absence of sunlight, the UL-FAGE measurements were stopped 60 min
later. The injection sequence of the trace gases during this experiment is shown on Figure 57
and the OH, HO», HO>" and RO; radical measurements of both Lille and Jiilich instruments. In
addition, the measured NO mixing ratio (ppb), the O3 (ppb) produced, the H>O (%), and the
injected CO and CH4 (ppm) are plotted.

4.3.1.1.2. Experimental Results

As shown in Figure 57, a rapid increase in the OH concentration reaching about 8x10°
molecule cm™ is observed as the chamber shutters are opened and HONO photolysis started
producing OH and additional NO (0.6 ppb) in the chamber. After the CO addition, the
concentration of OH decreased sharply down to 2x10° molecule cm™, while the HO>
concentration was doubled reaching around 6 x10® molecule cm™ with no change of the RO
concentration. This is expected because only HO: is formed from the reaction of OH with CO.
The unexpected decrease in the HO2 and RO> concentration at 11:15 h is probably due to the
flushing of 250 m*/h because of the release of high CO concentrations in the chamber from one
of the PERCA instruments during this experiment. After the two CH4 injections, the HO; and
RO:; slightly increase to reach 6 x10® molecule cm™ and 8 x10® molecule cm™, respectively,
where OH radicals should react with CH4 leading to the formation of CH3O> radicals. The
produced CH3Oz radicals reacts rapidly with NO to form HO, radicals which in turn reacts with

NO and O3 to reform OH. No production of HO," radicals is expected during this experiment.

131



Open roof co CH; CH, Close roof
1.60E+407
1406407
£ 1206407
3 ® [OH)_FZ)
S 1.006+07
3
S 8.00£406 & [OH]_Lille
£
= 6.00E+06
=
B 4.00£406
&g
2.00€406 o,
0.00E+00 g : )
7:15:00 9:15:00 11:15:00 13:15:00 15:15:00
1.20€409
1.00€409
-  [HO2)_F2ZJ
£
S & [HO2)_Lille
=]
I & [HO2*]_HO2 cell_Lille
©°
£ a [HO2*]_ROx cell_Lille
8 * [HO2*]_ROX _cell_FZJ
©
©
e

2.00E+09

1.80E+09

1.60E409

1.40E+09

1.20E+09

1.00E+09

8.00E+08

[Radical] (molecule/cm?)

6.00E+08

4.00E+08

2.00E+08

0.00E+00

7:15:00
4

~ w
o ow

NO and NO, (ppb) and H,0 (%)

9:15:00

11:15:00 13:15:00

9:15:00:

11:15:00
Time (UTC)

9:15:00 11:15:00 13:15:00

Time (UTC)

9:15:00 11:15:00

Time (UTC)

13:15:00

15:15:00

15:15:00

15:15:00

15:15:00

* RO2_FZJ
.
& [ROx]_Lille

s [RO2]_Lille

® NO (ppb)
® H20 (%)
® NO2 (ppb)
© 03 (ppb)

0O; (ppb)

© CO (ppm)
® CH4 (ppm)
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4.3.1.1.3. Comparison between Lille and Julich measurements

As the shutter system is opened the UL-FAGE measured systematically 30 % higher OH
concentration than the FZJ-FAGE. After the first CO injection, the OH and HO; concentrations
measured by both instruments were identical. The HO," measured by the UL-FAGE instrument
was the same in both FAGE cells (ROx and HO) and was also in good agreement with the HO,"
measured by the FZJ-FAGE. In addition, the HO: concentration is close to the HO:
concentration. This is what is expected because only HO; is produced but even so, we observe
a slightly higher HO," than HO,, maybe due to some impurities in the chamber.

Differences are observed in the response of instruments measuring RO> radicals: as the
shutter system is opened, the UL-ROx-FAGE observed a faster and higher increase than the
FZJ-ROx-FAGE, then a slight decrease in the RO> concentration, while a slight increase is
observed by the FZJ-ROx-FAGE. Even though this behavior, at the opening of the shutter,
before any injection, was observed for other experiments, but no clear reason can explain it
except that the UL-ROx-FAGE is possibly sensitive to some impurities present in the chamber.
After around 10 mins of the chamber opening, both instruments measured the same range of
ROz concentration within their respective uncertainties. After the CH4 injection we observe a
more pronounced increase in the ROz concentration measured by the UL-ROx-FAGE than by
the FZJ-ROx-FAGE.

The scatter plots (Figure 58) shows a good linearity for HO, and HO>" whereas it is more
scattered for OH. We can observe a low slope and a more scattered trend for OH, probably due
to the higher concentration observed by the FZJ instrument before the injections and a low
concentration level, close to the LOD after. This disagreement, which is still within the
respective uncertainties of the instruments is higher than during the intercomparison done by
Amedro (2012), who observed a good agreement between the two instruments after the opening
of the chamber during such simple experiment.

The slopes for HO, and HO>" are in the range 0.7-0.9, within the uncertainties of the
instruments with a good 1. The agreement between both instruments for the HO, measurements
was also observed during the measurements of Amedro (2012) for similar type of experiments.

The results on RO; are affected by the strong disagreement at the opening of the roof.
Removing this period (8:00 — 9:30 h), the slope obtained is 1.3 (r* = 0.5) with an intercept equal

to 2 x10® molecule cm™.
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Figure 58: Scatter plot between Lille and Jiilich OH, HO,, HO," and RO, measurements for August 8 experiment
4.3.1.2. CO and CH4 oxidation by OH experiment done on August 20

A second experiment for studying CO/CH4 oxidation by OH was performed on August 20.
The aim of this experiment is to confirm the results, but with lower CO concentration and
without the contamination problem, of the previous experiment and test the influence of H>O

and NO on the chemistry.
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4.3.1.2.1. Experimental conditions
On 20" of August, the chamber was humified before chamber opening and reached [H,O]
=0.2 % (RH =10 %). The chamber shutters opened at 6:36 h. First, 1 ppmv of CO was injected
at 7:30 h followed by an injection of CH4 at a mixing ratio of 70 ppmv at 9:03 h. At 13:04, 2
ppbv of NO was injected into the chamber where the NO; concentration increased up to
approximately 6 ppbv. The chamber shutter system closed at 15:00 h. The injection sequence

of the reactants inside the chamber is reported on Figure 59.

4.3.1.2.2. Experimental results

OH, HO», HO," and RO> radical measurements of Lille and Jiilich systems are shown in
Figure 59 with the measured mixing ratio of NO (ppb), NO: (ppb), O3 (ppb), H20 (%), CO
(ppm) and CHa4 (ppm).

For Lille measurements, as the chamber shutters open, the OH, HO, and RO: radical
concentrations slightly increased. This small increase in the radical concentration compared to
the previous CO/CH4 experiment (August 8) might be due to the low humidity level in the
chamber ([H20] = 0.2 %) that induces low concentration of OH precursor (HONO) in the
chamber. HO concentration increases as CO is injected into the chamber, followed by a
continuous increase as the CHy is injected to reach 3x10® molecule cm™. As the humidity level
was increased up to an RH of 40 % ([H20] = 1.5 %), the HO» concentration increased to reach
6 x10® molecule cm™. We can make the same observation for RO, radical concentration that
increased up to 6 x10® molecule cm™. When NO was added, both HO, and RO> radical
concentrations decreased due to their reaction with NO, and OH concentration increased due to
the recycling, reaching 6 x10° molecule cm™. Same than in the previous experiment, no
production of HO," radicals is expected, but we observe a slightly higher concentration of HO>"
(measured in ROx cell) than the HO, radical, maybe due to some RO; from the impurities

present in the chamber.
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Figure 59: Measurement profiles for August 20 experiment, caption: same as Figure 57
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4.3.1.2.3. Comparison between Lille and Julich measurements

A good agreement between the OH, HO,, HO," and RO> radical measurements of both
instruments was found in the scatter plots shown in Figure 60. The slopes for OH, HO», HO,"
and RO, concentration are respectively of 0.5, 0.8, 0.9 and 1.1, within the uncertainties of the
instruments. The 12 is in the range of 0.8 for HO,, HO," and RO> and we can observe a more
scattered trend for OH, probably due to the low concentration level, close to the LOD.

From the two CO/CHj4 oxidation by OH experiments, the good agreement between the two
instruments tends to validates the measurements done by the UL-FAGE under simple
conditions with the assumptions taken for the concentration determination. More complex
experiments have been performed in the SAPHIR chamber to identify if more complex

chemistry could highlight different behaviors.
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Figure 60: Scatter plot between Lille and Jilich OH, HO2, HO" and RO2 measurements for August 20 experiment

Comparing the ROx measurements done by Lille and Julich FAGE instruments to the
measurements of other instruments (graph in Annex), such as PERCA-IMT and FAGE-Leeds;
a similar trend and concentration level for the four measurements can be observed for the

CO/CHg4 oxidation by OH experiment.

4.3.2. Night-time chemistry

A second group of experiments under dark conditions was designed to investigate the the
night-time chemistry. As described in chapter 1, the important initiators of the night-time
chemistry are O3 and NOs. Ozonolysis experiments of alkenes were performed during the
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intercomparison campaign, such as the ozonolysis of trans-2-hexene done on August 19. In
addition, the oxidation chemistry of B-pinene with NO3 was also investigated on August 22.

The results of both experiments are discussed in the following.

4.3.2.1. Trans-2-hexene ozonolysis done on August 19

The ozonolysis reactions of alkenes, described in Chapter 1, section 1.1.2.2, generates
ozonide, which decompose into a carbonyl compound and a Criegee intermediate. This excited
Criegee biradical can undergo two paths: it can be decomposed into radicals and stable products
or become collisionally stabilized forming a stabilized Criegee intermediate. This stabilized
form then gradually decomposes into OH or reacts with water-vapor. This type of chemistry

was studied during the intercomparison campaign with the ozonolysis of trans-2-hexene.

4.3.2.1.1. Experimental conditions

This experiment was conducted with the chamber shutter system closed. The experiment
started at 6:00 h prior the injection of reactants to probe the background reactivity inside the
chamber (zero air and background trace gases). The injection sequence initially started with 10
ppbv of O3 at 6:30 h followed by 1 ppbv of trans-2-hexene at 6:35 h to initiate the ozonolysis
reaction. Further injections of ozone and slightly later injection trans-2-hexene were performed
in seven steps approximately each 60 or 120 min throughout the experiment. Ozone
concentration was increased (from 10 to 45 ppbv). The chamber was humified in 3 steps in
between these injections. The injection time sequence of the reactants into the chamber is

reported on Figure 61.

4.3.2.1.2. Experimental results

OH, HO», HO>" and RO; radical measured by both instruments are shown in Figure 61, with
the measured NO mixing ratio (ppb), Oz (ppb) and the H,O (%), and hexene for this experiment.

After the first injection of O3z and trans-2-hexene, both instruments quickly responded
showing an increase in the radical concentrations. The concentration of OH, HO2 and RO>
measured by Lille instruments reached around 1 x 10% 1 x 10%, 3 x 10® molecule cm™,
respectively. In addition, each time O3 and trans-2-hexene was reinjected in the chamber, an
increase in the HO2, HO>" and RO, concentration was observed by both instruments. The results
do not show any effect of the H>O variation on the radical concentration; therefore, the

instruments do not suffer from any significant artifacts due to H>O variation.
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Figure 61: Measurement profiles for August 19 experiment, caption: same as Figure 57

139



4.3.2.1.3. Comparison between Lille and Jilich measurements

During this experiment, both instruments measured the same HO; and RO: radical
concentrations within their respective uncertainties until 10:00 h. After the injection and the
peak at 10:00, we observe a faster decrease in the radical concentration measured by the Lille
instrument without clear reason. The dynamic observed by the instruments is similar but the
Lille instrument concentrations stay lower. The scatter plots of Lille vs Jiilich measurements
(Figure 62) give a slope of 0.6 (> = 0.5) and an intercept of 3 x 10" molecule cm™ for HO»
concentration and a slope of 0.6 (r> = 0.7) and an intercept equal to 6 x 10’ molecule cm™ for

RO». Concerning the OH measurements, the FZJ-FAGE seems to have problems during this

experiment where a scattered profile was obtained.
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Figure 62: Scatter plot between Lille and Jiilich OH, HO2, HO2" and RO2 measurements for August 19 experiment
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4.3.2.2.  p-pinene NO3 oxidation experiment done on August 22
The reaction of NOs3; with alkenes is another important nighttime source of peroxy radicals
and contributes to the entire degradation of alkenes in the dark (Geyer et al., 2003; Moo et al.,

2024). A second experiment performed in the dark was done on August 22 using B-pinene.

4.3.2.2.1. Experimental conditions

Similarly to the ozonolysis of trans-2-hexene experiment, the oxidation chemistry of -
pinene with NO3 was investigated under dark conditions with the chamber shutter system
closed. During this experiment, the O3 was injected stepwise 3 times with a concentration of 50
ppb at 6:00 h, 30 ppb at 7:26 h and 20 ppb at 11:05 h. Every step was followed by a NO»
injection (around 3 ppbv each time) with an additional NO; injection at 9:24 h. B-pinene
injection of 2, 1, and 0.8 ppbv were injected into the chamber at 7:00 h, 10:31 h and 12:37 h,
respectively. The chamber shutter system was opened at 13:28 h and closed at 15:31 h. The
time sequence of the additions of all the compounds is shown in Figure 63. Some technical
problems on the ROx cell, in particular with the sequencer to manage the opening of the valves

make the results on the ROx-FAGE to take with precautious for that day.

4.3.2.2.2. Experimental results

During this experiment, as O3 and NOz is injected into the chamber and NOs3 radicals are
produced, a slight increase in the concentration of the RO> radicals is observed which may be
obtained from the reaction of NOs; with some impurities on the chamber walls. For Lille
measurements, the concentration of HO» and RO» increases to 2x10® molecule.cm™ and 4x103
molecule.cm?, respectively. After the first injection of B-pinene took place, the radical
concentration slightly decreased until the 2" injection of O3 and NO, where we observe an
increase in the radical concentrations. Same behavior is observed after each injection step of
the reactants. When the chamber shutter system was opened, the OH concentration increased
up to 5 x 10° molecule.cm™ with HO, concentration decreasing from 3 x 10® molecule cm™ to
1.5 x 10® molecule.cm™ and RO concentration from 4 x 10® molecule.cm™ to 2 x10?
molecule.cm™. This decrease is due to the photolysis of NOs thus limiting the HO> and RO»
production. The HO," measured in the UL-ROx-FAGE is significantly higher than HO»
indicating that the RO> radicals produced from this chemistry in the chamber can be detected

by the ROx FAGE cells in the HOx mode.
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Figure 63: Measurement profiles for August 22 experiment, caption: same as Figure 57
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4.3.2.2.3. Comparison between Lille and Julich measurements

During the dark period, the OH concentration measured by the UL-FAGE was
systematically higher than the one measured by the FZJ-FAGE which was close the limit of
detection. These measurements suggest that these discrepancies can be due to an interference
in the UL-FAGE instrument associated with the NOs radical chemistry and the products. Fuchs
et al. (Fuchs et al., 2016) reported this kind of interference in their LIF-FAGE, although the
exact mechanism of the interference remains unknown. The agreement between the two
instruments for OH measurements improved after opening the chamber roof highlighting an
interference linked to the dark chemistry. For HO», if the same behavior is observed at the
beginning, we see a change after the extra addition of NO2, where the concentration measured
by the FZJ-FAGE decreases and not the one measured by the UL-FAGE. The same
phenomenon was observed before 13:00 h and explains the bad correlation. On the contrary,
both instruments measured the same, HO>" (ROx cell) and RO, concentration within their
respective uncertainties. The good agreement between measurements of both instruments can
also be seen in the correlation plot (Figure 64) with a slope close to 1 (> = 0.7) and an intercept

1.0 x 107 molecule.cm™ for HO»* and 1.5 x 107 molecule.cm™ for RO».
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4.3.3. BVOCs oxidation by OH

Terrestrial vegetation is by far a dominant source of biogenic VOCs (BVOCs) with a global
total flux of about 1000 Tg (Guenther et al., 2012). Some of these emitted BVOCs, such as
isoprene (CsHs), which comprises about half of the total global BVOCs (Guenther, 1995), and
others such as monoterpenes (like pinenes or limonene) and sesquiterpenes (Caryophyllene)
(Atkinson & Arey, 2003; Sindelarova et al., 2014), have a significant influence on global and
local atmospheric chemistry. The role of these BVOCs in the atmospheric chemistry is
important because they react rapidly with OH and ozone, it is why their atmospheric lifetime is
short, ranging from minutes to hours. They have a dominant role among the OC species in
ozone formation and are possibly a source of OH. Their oxidation leads to the formation of
different, relatively stable compounds which are transported and thus impacting the
tropospheric chemistry on wider scales. These oxidation products can also lead to the formation
of secondary organic aerosols (SOA) (Holzinger et al., 2005).

Thus, a third group of experiments at the SAPHIR chamber was designed to investigate the
complicated chemistry of BVOCs with OH under different controlled conditions. On the second
day of the campaign, August 9, we studied the isoprene oxidation by OH.

4.3.3.1.  Experimental conditions

During this experiment, the chamber roof was opened at 7:30 h followed by 4 injections of
isoprene (around 3.5 ppbv), at 9:01, 11:00, 13:01 and 13:23 h. The injection pattern of isoprene
in the chamber is reported on Figure 65. During this experiment one of the fans was switched
off for 30 mins at 12:15 and 13:51 h to evaluate the influence of it on the CIMS instrument,

which was located close to it. The chamber roof was closed at 15:22 h.

4.3.3.2.  Experimental results

As the chamber shutter system is opened and before any injections the radical
concentrations measured by the Lille instruments increased rapidly to reach 6 x10° molecule
cm? for OH, 3 x 10® molecule cm™ for HO» and 5 x 10® molecule cm™ for RO, respectively,
consistent with the photolysis of precursors such as HONO. After the first isoprene injection,
the OH concentration decreases rapidly to 3 x 10° molecule cm™ and then starts to slightly
increase to reach a concentration of approximately 6 x 10® molecule cm™ after two hours. This
OH behavior was observed after each isoprene injection. In the case of HO2 and RO> an increase

in their concentration is observed after each isoprene injection.
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Figure 65: Measurement profiles for August 9 experiment, caption: same as Figure 57
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4.3.3.3.  Comparison between Lille and Julich measurements

For OH, a lower concentration was measured by the UL-FAGE at the opening of the shutter,
similarly to what has been observed the 8" (CO/CH4 experiment) and good agreement was
observed between the two instruments after the first injection of isoprene giving a slope equal
to 0.9 (r = 0.7). For HO», after the 2™ isoprene injection we observed the same trend between
the UL-FAGE and FZJ-FAGE but a disagreement concerning the level with a lower
concentration measured by the UL-FAGE. The difference between the HO, measurements
decreased toward the end of the measurement. Similar behavior is observed for HO,"
measurements with a measurement lower by about 40 %. This disagreement between the
instruments can be shown in the correlation plot for HO> and HO," with a slope of 0.6 and
insignificant intercepts. The correlation coefficients obtained were approximately r> = 0.9. The
HO:" measured by UL-ROx-FAGE and FZJ-ROx-FAGE are equal to the HO> concentration
measured for each instrument. For RO, a slope of approximately 1.4 (r = 0.7) and an intercept

of 2 x 10® molecule cm™. This might hide some differences as the HO> subtracted was lower

for the UL-FAGE.
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Figure 66: Scatter plot between Lille and Jilich OH, HO2, HO2" and RO2 measurements for August 9 experiment
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4.3.4. Anthropogenic chemistry

Another set of experiments is linked to the photooxidation of anthropogenic species in
polluted air (high NO levels). One experiment performed during the intercomparison campaign
was the photooxidation of isopentane and n-hexane with the chamber roof open on August 12.
4.3.4.1. Experimental conditions

The experiment started at 6:00 h prior the injection of any reactant to probe the background
reactivity inside the chamber under dark conditions. After one hour, the chamber roof was
opened. The injection procedure started with 9 ppbv of NO (7:53 h), followed by 90 uL of
isopentane (7:56 h). 45 puL of isopentane was then injected at 8:10 h. Approximately three hours
later, a second dose of NO was introduced into the chamber at 11:23 h, followed by an injection
of 140 pL of n-hexane at 11:26 h. the chamber roof was closed at 14:57 h. The time sequence

of the instrumental additions is shown in Figure 67.

4.3.4.2.  Experimental results

As the chamber roof was open, the OH concentration increases rapidly to reach 1.2 x10’
molecule cm™ measured by the UL-FAGE. The concentration of HO> and RO:; is increased to
reach an equal value of 2 x10® molecule cm™. After the first large injection of NO (9 ppbv), the
radicals concentrations decrease sharply. The HO; and RO concentration starts to increase after
the addition of isopentane with a decrease in the OH concentration corresponding to the
initiation of oxidation process of isopentane by OH. After the second injection of NO (3 ppbv)
followed by the n-hexane injection, the OH concentration continued to decrease to reach 3 x10°
molecule cm™ and the HO> and RO; radicals continue to increase with an equal concentration

to reach 6 x10® molecule cm™ just before the roof chamber was closed.
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Figure 67: Measurement profiles for August 12 experiment, caption: same as Figure 57
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4.3.4.3. Comparison between Lille and Jilich measurements

A slight difference between the OH, HO> and HO>" measurements by both instruments can
be seen in Figure 67. The scatter plots (Figure 68) obtained for OH, HO», and HO" gave a slope
in the range 0.6-0.8 (1> = 0.6-0.9) and an insignificant intercept. The HO," concentration
measured by both instruments is slightly higher than the HO, concentration indicating that an
interference from long chain alkyl precursors such as pentane can contribute to the HO,", as
observed in (Whalley et al., 2013). The good agreement in the RO> concentration between both

instruments can be also seen in the scatter plots giving a slope equal to 0.9 (1= 0.7) and an

insignificant intercept.
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Figure 68 : Scatter plot between Lille and Jilich OH, HO,, HO;" and RO, measurements for August 12
experiment

4.3.5. Ambient chemistry

The detection of the ambient OH, HO; and RO; radicals took place during this
intercomparison campaign by directly sampling air from the research center Jiilich area into the
SAPHIR chamber. The research center is surrounded by a forest and located in a region
dominated by agricultural and strip mining. The goal of this experiment was to study the aging
of the Jiilich ambient air inside the chamber and thus investigate the response of the instruments
to additional interferences that may be caused from the complex chemical composition of

ambient air.
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4.3.5.1. Experimental Conditions

This experiment was conducted on August 23. The measurement principle includes
continuous sampling of ambient air with the chamber shutter system open to allow
photooxidation processes. The roof was opened at 6:30 h and closed at 15:01 h. A flow of 250

m?>/h of ambient air is pumped into chamber during the measuring period.

4.3.5.2.  Experimental results

As shown in Figure 69 for Lille measurements, a generally good correlation of the measured
OH concentrations and j(O'D), representative of the solar radiation, can be observed for this
measuring day. The OH concentration exhibited a rapid increase as the roof was opened and a
maximum OH concentrations of 8x10° molecule cm™ reached around 12:00 h corresponding
to the maximum of solar radiation.

A high NO level is observed as the roof is open. Relatively high concentration of NO (2.7
ppbv) reacts with HO> and RO»> radicals to shift the equilibrium between OH and peroxy
radicals toward OH. The ratio of HO> to OH radical concentration, shown in Figure 70, exhibits
a clear dependence on the NO mixing ratio. At low NO mixing ratio (about 0.1 ppbv), HO>
concentrations are about a factor of 140 higher than OH concentrations. However, this ratio
reduces to a factor of 20 for higher NO mixing ratios, around 3 ppbv. This trend can be
understood qualitatively considering that the photochemical cycling between OH and HO>
dominates the overall production and consumption of radicals. High levels of NO cause a shift
of HO; towards OH, resulting in lower HO> concentrations. In contrast, lower NO mixing ratios
allow HO> concentrations to attain higher values. This behavior has also been found in other
campaign such as HOxComp campaign (Ren et al., 2005) and Pacific Campaign (Cantrell et al.,
2003).

In contrast to OH and HO: radical concentrations, HO; and RO; are highly correlated with
a ratio RO2/HOz that vary from 0.6 to 1.2 which is nearly independent of the NO mixing ratio
since both HO» and RO» are destroyed in the reaction with NO with similar rate constants,
Similar ratios have also been found in the literature (Mihelcic et al., 2003; Ren et al., 2005).

Various VOCs of both primary and secondary origins were quantified in the chamber. The
most abundant ones are the acetaldehyde, methacrolein (MACR) + methylvinylketone (MVK),
butanone, isoprene and toluene. The concentration of these VOCs reach their maximum during
the morning, between 7 and 10 h, to decrease later due to their reaction with OH producing RO>

radicals.
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Figure 69: Measurement profiles for August 23 experiment, caption: same as Figure 57
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4.3.5.3.  Comparison between Lille and Julich measurements

The concentration of OH measured by the UL-FAGE was compared to that measured by
the FZJ-FAGE and a scatter plot gives a slope of 0.6 (1> = 0.7) and insignificant intercept. A
good agreement is shown in Figure 69 for the HO,, HO>" and RO» concentrations and in the
correlation plot (

Figure 71) of the two data sets. The discrepancies between measurements of both
instruments is within their respective uncertainties. The HO," measured by the FZJ instrument
is higher than that measured by the UL-FAGE indicating a higher sensitivity of the FZJ-FAGE

for ambient ROz produced from double bonding alkene or aromatics.
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4.3.6. Summary of the intercomparison results of all experiments

The results of some of the experiments that have been conducted during the intercomparison
campaign have been discussed in the previous section with an intercomparison between the
measurements of the Lille and Jilich group. The results of all the intercomparative
measurements are reported in Table 21, where the radical concentration measured by the Lille
instruments was considered in agreement with the measurements of the Jiilich instruments if it
is equal (green) to the Jiilich measurements within their respective uncertainties (30 and 18%)
with 0.7<slope <1.3. For slight disagreement (1.3< slope <1.5)) we used for higher Lille
measurements and for lower Lille measurements compared to the Jiilich measurements
(0.5<slope<0.7). Such disagreements are slightly above the instrument’s combined
uncertainties. For significant disagreement (higher than 50 %, where slope >1.5 or slope <0.5)
we used the red color. RO; results are shown with (w) and without (wo) considering the radical
losses observed at high humidity during cross calibration that will be discussed in section 4.3.7.
These results show a relatively good agreement for the radical measurements (OH, HO2, HO,"
and RO wo considering radical losses at high humidity) for most of the days. This good
agreement tends to eliminate several possible explanations for the observed strong differences
observed on August 14, such as: inhomogeneous sampled air, high systematic error in the

calibration (see also next paragraph), lack of reproducibility of the instrument’s sensitivities.
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Table 21: Summary of the comparison between the measurements done by the Lille and Julich instruments with
the slopes of the scatter plots for each OH, HO,, HO;" and RO, (with: w and without: wo considering the radical
losses observed at high humidity) measurement

Lille >Julich
1.3<slope<1.5

Date Experiment OH HO2

8/8/2022 CO/CHz oxidation by OH

9/8/2022 Isoprene OH oxidation

10/8/2022 | Isoprene OH oxidation : Oz change

11/8/2022 | Isoprene OH oxidation : NOy change

i-pentane and n-hexane

12/8/2022 photooxidation
13/8/2022 a-pinene ozonolysis
14/8/2022 Mesitylene photooxidation
16/8/2022 B-pinene photooxidation
17/8/2022 Isoprene NOs oxidation (dry)

19/8/2022 | Hexene ozonolysis: humidity change

20/8/2022 | CO/CH4: humidity change, NO change

22/8/2022 B-pinene NO; oxidation
23/8/2022 Ambient air
24/8/2022 MVK oxidation
25/8/2022 Cl chemistry isoprene

Isoprene, TME ozonolysis +
photooxidation

26/8/2022

For OH, the discrepancies between the UL-FAGE and FZJ-FAGE measurements are
due to the lower concentration of OH measured by the UL-FAGE as the chamber shutter system
was opened. But in general, both instruments agreed over most of the campaign measurements
within the instrument uncertainties except during the experiments performed on August 19 and
26. The higher OH concentration measured by the UL-FAGE during the hexene and isoprene
ozonolysis experiment, done on August 19 and 26, correspond to the interferences on the OH
measurements of the UL-FAGE instrument under dark conditions and as mentioned previously
that neither interference from NO3 has been considered nor OH scavenger was added for the
UL-FAGE during this campaign.

For HO,, we also had a good agreement between both instruments for most of the
intercomparison exercises. Slight disagreement was shown during experiments conducted to
study the isoprene chemistry under sunlight and dark conditions. These discrepancies can be

explained by the complexity of the isoprene chemistry and potential interferences. Some of the
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isoprene experiments (done on August 9, 11, 17 and 26) confirmed the high potential of this
alkene to produce RO> radicals that can recycle OH inside the FAGE cell after the addition of
high NO concentration. The HO," concentration measured by both Lille FAGE cells (HO> and
RO,) show a slightly lower concentration than that measured by the FZJ-ROx-FAGE
instrument during most of the experiments and this can be due to the low sensitivity of the Lille
instruments (UL-FAGE cell with high NO injected in the HO2 FAGE cell and UL-ROx-FAGE
in the HOx mode) for RO> radicals produced from alkene or aromatics precursors.

For RO,, without considering any radical losses observed during the ROx cell calibration
at high humidity, a good agreement between the measurements of both instruments has been
observed during most of the experiments. These results tend to validate the data of the new UL-
ROx-FAGE instrument for RO, measurements even if some further analysis have to be done
(calibration issues). While considering the 40 % radical losses on the RO, measurements of the
UL-ROx-FAGE, it was found that the UL-ROx-FAGE always measures a lower peroxy radical
concentrations that FZJ-FAGE. This point needs to be further investigated by performing
additional laboratory tests to confirm or not the radical losses in the calibrator observed at high
humidity.

Concerning the ROx measurements performed by other instruments such as the IMT-
PERCA, they observed a good agreement within 30 % with FZJ-ROx-FAGE for most of the
experiments (Abichou, 2023).

Figure 72 shows the scatter plots for OH, HO,, HO>™ and RO; for the experiments that were

not discussed in this chapter (concentration profiles available in Annex).
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Figure 72: Scatter plots for Lille and Jiilich OH, HO,, HO;" and RO, measurements for the experiments that
were not discussed in this chapter

4.3.7. Calibration source exchange

As a key point of the measurements is the calibration, which may lead to systematic
differences. A cross calibration, exchanging the calibration sources has been performed at the
end of the campaign to check out potential systematic errors hidden by day to day variations.
For this purpose, an exchange of the calibration cells between Lille and Jiilich groups was
conducted on the last day of the campaign and other exchanges have been done between Leeds
and Jiilich and Douai and Jiilich (data not yet available). The characteristic of the calibration
source used by our UL-FAGE (Lille group) are given in chapter 2 whereas the FZJ (Jilich
group) calibration source is described in detail by (Fuchs et al., 2011; Holland et al., 2003). For
both calibration sources, the radicals are produced by the photolysis water in air at 1 atm using
184.9 nm radiation of a mercury lamp (Heard & Pilling, 2003; Schultz et al., 1995). The UL-
FAGE calibration source is flushed with N> in front of the lamp in order to avoid the absorption
of the lamp flux by ambient O2. Same for the Julich group but they use N2O rather than Nz in
order to reduce the intensity of the radiation and produce small radical concentration at a

humidity within the range usually found in the troposphere (mixing ration of H>O about 1 %),
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thus, can avoid errors in the calibration caused by performing measurements under artificial
conditions.

At first, we placed the FZJ-FAGE calibration source on the UL-FAGE and UL-ROx-FAGE.
Different conditions were used in the calibration cell in order to generate mixtures of OH/HO»
(humid air) and HO> (humid air + CO) and HO2/RO, by adding ethane (C2Hg) at different
humidity. The calculated concentrations provided by the Jiilich group were compared to the
measured concentrations with the UL-FAGE and UL-ROx-FAGE obtained converting the
signal obtained into an OH, HO> or RO concentration using our calibration factors. The
calculation of the sensitivity for each FAGE cell to the different radicals is described in details
in chapter 2. In Table 22, Table 23 and Table 24 are listed the calibration points made for the
UL-FAGE and UL-RO«-FAGE at two different RH levels. The concentrations are shown with
their uncertainties on Figure 73 (the uncertainty for the UL-FAGE is of 32 % for OH and RO»
and 40 % for HO, and 18 % for the FZJ-FAGE) and in Table 22, Table 23, Table 24.

Table 22: Lille OH concentration measured and Jilich calculated for the calibration source exchange

OH [H.0] % [OH]Line measured | [OHJgzy calculated [OH]rzs /[OH]Litte
/10° cm3 /10° cm3
Point 1 0.25 2.50+0.75 1.79 £ 0.32 0.72
Point 2 0.25 2.50+0.75 1.79 £ 0.32 0.72
Point 3 1 3. 73+ 1.11 3.43+0.61 0.92

Table 23: Lille HO2 concentration measured and Jilich calculated for the calibration source exchange

HO: [H20] % CcoO [HOz]vine [HOz]rzs [HO2] rzs/[HO2] Litie
(in calibrator) measured calculated
/10° cm™ /10° cm™
Point 1 0.25 2.54+0.76 1.79+£0.32 0.75
Point 2 0.25 X 6.87+2.06 5.39+0.97 0.82
Point 3 0.25 2.3+0.69 1.79+£0.32 0.77
Point 4 1 424 +1.27 3.41+0.61 0.91
Point 5 1 X 1.12+0.33 1.04 +0.18 0.93
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Table 24: Lille RO2 concentration measured and Jilich calculated for the calibration source exchange

RO: [H20] % C,Hg¢ [RO2]Lite [RO2]Fzy [RO2] rzi/[RO2] Litie
(in calibrator) measured calculated
/10° cm™ /10° cm3
Point 1 0.25 X 478 +1.43 3.34 +£0.60 0.7
Point 2 1 X 8.68 £2.6 6.91+1.24 0.8

The results show a systematic overestimation of the concentration measured by the Lille
instruments (UL-FAGE and UL-ROx-FAGE) of approximately 10-30 % compared to Jiilich
concentration provided with a more pronounced difference at low humidity. However, it is most
of the time within the uncertainties. These results are consistent with the results obtained in the

SAPHIR chamber.
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Figure 73: Calibration source exchange. Form bottom to top:
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The same steps mentioned above for the calibration of the UL-FAGE using the FZJ-

calibrator was done when the UL-FAGE calibration source was placed on the FZJ-FAGE. In
Table 25, Table 26 and Table 27 are listed the calibration points for the OH FZJ-cell at 2
different RH level, for HO; FZJ-cell at 2 different RH level with and without CO in the

calibrator and for ROz FZJ-cell at 1 RH level, respectively. The concentrations are given with

the uncertainties of each instrument. The calibration source exchange OH, HO; and RO>

measurements are represented in Figure 74.

Table 25: Jilich OH concentration measured and Lille calculated for the calibration source exchange

OH [H20] % RH [OH]vitie [OH]rzs [OH]rzs /[OH]Line
% calculated measured
/10° cm™ /10° cm
Point 1 0.08 3 0.9+0.27 0.7+0.13 0.77
Point 2 0.3 11 53+1.6 3.7+0.66 0.69
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Table 26: Jilich HO2 concentration measured and calculated for the calibration source exchange

HO: [H20] % RH (6[0) [HO:2]Line [HO2]rzs [HO:] rzi/[HO:]
% (in calibrator) calculated measured Lille
/10° cm3 /10° cm?
Point 1 0.08 3 1.36 £ 0.41 1.17+£0.21 0.86
Point 2 0.3 11 X 16.3 +4.89 85+1.53 0.52
Point 3 0.3 11 5.6 £1.68 2.9+0.52 0.51

Table 27: Jilich ROz concentration measured and Lille calculated for the calibration source exchange

RO: [H20] % RH CoHs [RO2]Lite [RO:2]rzs [RO2] rzs/[RO:]
% (in calculated measured Lille
calibrator) /10° cm /10° cm
Point 1 0.3 11 X 5.8+1.74 2.85+0.51 0.5

The results show a systematic overestimation of the OH concentration calculated for the
calibration source of Lille of approximately 20-30 % compared to FZJ-OH concentration
measured with a more pronounced difference at high humidity (RH = 11 %)).

For HO> concentration, a good agreement between the two groups was found at low
humidity (RH = 3 %). However, at high humidity levels we observe an overestimation of
approximately 50 % of the HO> and RO: concentration obtained from our calculations
compared to FZJ measurements.

This seems to comfort the observations done with our calibration cell at different humidities
showing a loss of radicals of about 40% measured at high humidity using the calibration factor
obtained at low humidity. However, this disagreement is more pronounced for HO2 and RO»
than for OH, without clear explanation.

Since for this campaign, due to a too low sensitivity, the UL-ROx-FAGE was calibrated at
high humidity, without taking into account losses (see details in chapter 2), and considering the
cross calibration, the overestimations of RO> concentration observed for different days could
be explained. However, it is not the case for all days.

Similarly, the disagreement using the calibration cell of Julich on the UL-FAGE instruments
is less pronounced than when the calibration cell of Lille is used on the FZJ-FAGE instruments.

No clear explanation can be found to explain these disagreements. It could be a combination
of different errors (radical losses, laser power variation, ...) and more data analysis and

calibration cell tests will be performed.
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Figure 74: Calibration source exchange. Form bottom to top:
- ROz concentration in molecule/cm® and RH (%)
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4.4. Conclusion
A series of intercomparison experiments were conducted in SAPHIR chamber, under
sunlight and dark conditions, to investigate the response of eight different instruments to

different pools of peroxy radicals generated inside the chamber, starting from the simplest
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chemical system to generate only HO> and CH30> and increasing the complexity of the pool
step by step by adding peroxy radicals produced by the ozonlysis of alkenes, oxidation by NOs3,
isoprene oxidation or under high NO level or in ambient air and varying H>O, O3, NOx and
VOC concentrations. Lille and Jiilich measurements were compared directly since the Jiilich
instruments were considered as the reference and both groups measured OH, HO», HO," and
the sum HO»+RO», refers as ROx from which we can determine the RO» concentration.

For OH, the Lille-FAGE and FZJ-FAGE agreed over most of the campaign measurements
within the instruments uncertainties except during the experiments performed on August 19 and
26. The reason behind the disagreements on the experiment done under dark conditions (August
19 and 26) might be due the suffering of the UL-FAGE of some interferences on the OH
measurements.

During the two experiments performed in the dark, isoprene oxidation by NO3 (August 17)
and isoprene ozonolysis (August 26), higher OH, HO,, HO," and RO> concentration were
measured by the Lille instruments than by FZJ-ROx-FAGE.

For HO», we also had a very good agreement between both instruments for most of the
intercomparison exercises. Slight disagreement was shown during experiments conducted to
study the isoprene chemistry under sunlight and dark conditions. These discrepancies can be
explained by the complexity of the isoprene chemistry and potential interferences.

For RO2, a good agreement between the measurements of both instruments have been
observed in general for the experiments but contrasted day to day behaviors have been
observed.

The cross-calibration results seem to highlight an overestimation of the concentrations by
the UL-FAGE, probably due to an overestimation of the concentrations considered to be
generated by our calibration cell at high humidity, but some inconsistencies between the
different results should be clarified. These results tend to demonstrate that the new UL-ROx-
FAGE instrument has the capacity for RO> measurements even if some further analysis have to
be done (calibration issues).

In order to better analyze the results of this campaign, the data from other groups have to
be considered and a comparison with modelled profiles based on a detailed oxidation
mechanism of each VOC species will be performed. In the laboratory, improvements should be
done to better correct for laser power variation and more systematic characterizations with

different RO> will be performed.
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Chapter 5: ACROSS Field Campaign

This chapter presents the results obtained from the deployment of the UL-FAGE in the
ACROSS campaign. The UL-FAGE was deployed for six weeks in June-July 2022 in one of
the measurement sites of the ACROSS (Atmospheric ChemistRy Of the Suburban foreSt)
campaign, the site located in the Rambouillet forest, at the south of Paris (France). The aim of
this campaign was to study the influence of atmospheric conditions (urban or oceanic air masses
movement) on the chemistry of the emitted BVOCs at the Rambouillet forest, in particular on
the OH radical cycle. The UL-FAGE was deployed in its full configuration with the
quantification part using three FAGE cells: OH, HO> and ROx cell (at the ground level) and the
OH reactivity part. The first measurements of ROz radicals using the UL-ROx-LIF instrument
were held during this campaign. The OH reactivity was alternatively measured at two different
levels: below (ground level) and above the forest canopy (top of a 40 m tower). Comparison
between the measured and the calculated OH reactivity allowing to identify the diurnal missing
reactivity at both levels is presented in this chapter. An intercomparison between the UL-FAGE
and the LPC2E-CIMS for the quantification of OH radical is also shown in this chapter. In
addition, a preliminary intercomparison between the 3 instruments measuring ROy

concentration: UL-FAGE, LPC2E-CIMS and IMT-PERCA is also presented.

5.1. Introduction

Several field campaigns involving measurements of OH, HO2 and ROz radicals in biogenic
environments have highlighted difficulties to understand the atmospheric chemistry observed
(Feiner et al., 2016; Fuchs et al., 2017; Mao et al., 2012; Stone et al., 2012; Whalley et al., 2016;
Yang et al., 2017). Concerning the OH reactivity measurements, a missing reactivity have been
reported in low NOx environments such as forests (Nolscher et al., 2016; Whalley et al., 2016;
Zannoni et al., 2016). For HOx measurements, as discussed in chapter 1, discrepancies between
measurements and models were reported in the literature for clean environments. Biogenic
emissions have a significant influence on the tropospheric chemistry on local and global scales
(Dlugi et al., 2010). Therefore, in such type of environments, detailed characterization of both
the gas and particle phase is needed. The mixing of anthropogenic and biogenic emissions in
the ambient atmosphere can influence the atmospheric chemical processes, as demonstrated by
studies such as: Martin et al., 2016; McFiggans et al., 2019; Nascimento et al., 2021; Setyan et
al., 2014. Competition for oxidant species such as OH (daytime), O3 (day and nighttime) and
NOs (nighttime), between the organic species from biogenic and anthropogenic sources could

lead to the formation and growth of SOA with varying yields and properties. Additionally,
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elevated NOx concentration from anthropogenic origin could greatly influence the oxidation
pathways of the BVOCs.

Paris, one of the largest European megacities, transports pollution to different surrounding
areas depending on the variation of the wind direction associated with specific meteorological
conditions. The relatively unique situation of this isolated megacity from other urban areas
makes it a suitable location to study the impact of urban emissions on the chemistry of close
biogenic environments such as forests and vice versa. Studies of urban-rural air mass
interactions over the Paris area were conducted during two large projects: ESQUIF (Etude et
Simulation de la QUalite de 1’air Ile de France, 1998-2000) (Menut et al., 2000) and
MEGAPOLI (Megacities: Emissions, urban, regional and Global Atmospheric POL-lution and
climate effects, and Integrated tools for assessment and mitigation, 2009-2010) (Baklanov et
al., 2010). Although these studies have enhanced the understanding of atmospheric
transformation processes for Paris urban outflow, through studying the impacts of megacities
on local, regional and global air quality and developing improved predictive tools for urban air
quality, many scientific questions remain concerning the oxidation of VOCs, the formation of
secondary organic aerosols (SOA) and the budgets of HOx radicals.

To improve the knowledge of the atmospheric chemical processes that occur in mixed
anthropogenic-biogenic air masses and asses their impact on the air quality, the ACROSS
(Atmospheric ChemistRy Of the Suburban foreSt) field campaign was performed during the
summer 2022, period when photochemistry activity is maximum and biogenic emissions are
large.

ACROSS is a large-scale project supported by the “Make Our Planet Great Again”
(MOPGA) framework (Cantrell, 2020). The ACROSS field campaign involved more than 20
research groups from France, Europe and the world to perform different activities such as
airborne observations, ground-based observations and modelling studies. The measurement of
different parameters and chemical species were performed at different locations (Figure 75).
The combination of the data provided during this field campaign from different research groups
(such as measurements of VOCs, inorganic species, particle concentration and composition,
...) aimed to characterise mixing of anthropogenic urban or oceanic air masses, leading to
different NO concentrations, with biogenic forestry emissions to better understand the oxidation
of tropospheric VOCs. This will ultimately help improving this chemistry within atmospheric

models.
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ACROSS Ground Measurement Stations
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Figure 75: Map of the ACROSS measurement locations in the Paris region. (Cantrell,
2020)

The UL-FAGE instrument was deployed during the ACROSS field campaign, in the
measurement site located in the Rambouillet forest with other instruments from different
laboratories to characterise the gas phase (see Table 30) to answer scientific questions related
to gas phase — free radical chemistry and budget:

- Do we observe conditions with “missing reactivity” (calculated OH reactivity

determined from individually measured reactants lower than measured OH reactivity)?
What are the potential explanations for any discrepancies?

- Over the range of observed NO levels, what are the HOx and ROx radical sources and

sinks?

- Do observed radical levels agree with the model constrained values and what are the

causes of any differences?
This chapter is mainly focused on the OH reactivity analysis and preliminary results are

shown for the quantification. The results of the modeling are not yet available.

5.2.  Site description
Part of the ACROSS intensive field campaign was conducted from June 13 to July 25,2022,

at the Rambouillet site for ground-based measurements. The site is in the Rambouillet forest,

located southwest of Paris (48°39'0"N, 1°49'59.99"E), in the le-de-France region. The
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dominant tree species at the site are sessile and pedunculate oak. (Quercus petraca (Mattus.)
Liebl. and Q. robur L. respectively) and hornbeam (Carpinus betulus L.), with other
accompanying deciduous species (i.e. Populus tremula L., Betula pendula Roth. and Fagus
sylvatica L.) (Brin et al., 2012). During the campaign period, several distinct weather and
pollution patterns occurred such as strong heatwaves with photochemical activities producing

secondary pollutants and advection of relatively clean oceanic air masses.
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Figure 76: Schematic diagram of the configuration of observation platforms relative to the
urban and rural emission areas to be studies during the comprehensive summertime
ACROSS project. (Cantrell, 2020)

At the Rambouillet site, several atmospheric observations were performed (Figure 76).

These included:

- Aircraft flights to observe the spatial and temporal key species at altitude in the range
of about 40 to 300 meters above ground level.

- Tower-based observations at a height of 40 meters to study the chemistry above the
canopy level.

- Ground-based measurements where different instruments were setup inside mobile

facilities to measure the chemistry below and above the canopy level.
5.3. Deployment of radical measurements in the ACROSS field campaign

5.3.1. Experimental details

The UL-FAGE instrument was deployed at the Rambouillet site for 6 weeks to measure
OH, HO, HO,", RO concentrations and OH reactivity (Figure 77). Most of the components of
the FAGE instrument were installed in a shipping container (laser system and part of the

electronics) and
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- OH reactivity was measured at two levels (ground level and top of the tower), air was
sampled by Teflon tubes (details in the following part). It was the only instrument
measuring this parameter.

- OH, HO», HO," and RO radicals were quantified using 5 m above the ground level with
the three FAGE cells fixed in a box on top of the container (see chapter 2).

OH

HO,

CO and NO
HO, | conversion of
and OH in HO,

P=30 Torr

conversion NO—
of HO, in OH
Laser FAGE (308 nm)

Above the container

In the container

Figure 77: The four FAGE cells used during the ACROSS campaign measurements
Other techniques were deployed by other groups to quantify radicals: CIMS for OH/RO»

(LPC2E group, technique described in chapter 1, section 1.2.1) and PERCA for RO> (IMT
group). Both the FAGE and CIMS techniques were measuring at the ground level to perform
measurements in the canopy level while the PERCA instrument (technique described in chapter
1, section 1.2.1) was installed on the top of the tower to quantify the radicals above the canopy.
Table 28 summarizes the three techniques (FAGE, CIMS and PERCA) that were measuring
and intercompared during the ACROSS campaign at the Rambouillet site.

Table 28: The three techniques intercompared for the radical quantification during the ACROSS

campaign
Group Instrument Level of Radical Time resolution LOD Uncertainty
measurement
PC2A FAGE Ground OH 40s 9.26 x 105 cm® 32 % (calibration)
(S/N =2) HO, 40s 6.7 x 10" cm?® 40 % (calibration)
HO," 40s 1.1 x 107 cm™ 32 % (calibration)
ROy 40s 5.7 x 10" cm?3 32 % (calibration)
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LPC2E CIMS Ground OH 12 min 5x 10* cm 20 % (20)
(SIN = 3) RO« 4 min 1x 108 cm® 35 % (20)

IMT PERCA Tower ROx 6 min 0.7 ppt (RH = 10%)
1.3 ppt (RH = 50%)
3.0 ppt (RH = 80%)

Concerning the reactivity, the photolysis laser (Brilliant EaSy QUANTEL) providing
radiation at 266 nm had suddenly a strong laser power decrease from 30 mW to reach few mW
and it was not possible to recover a power high enough for the reactivity measurements.
Therefore, it was replaced on July 7 by a Q-Smart 850 laser which could deliver more power
and showed more stable behavior. The OH reactivity measurements were stopped for 5 days
due to this laser change.

The OH reactivity was measured using the UL-FAGE technique deployed next to the tower
region. As shown in Figure 78, air was sampled at two levels: one Teflon tube was connected
to a manifold (diameter = 10 cm) installed to connect the main pumped sampling line (using a
blower at a flow 2.4-2.5 m*/min) with the probing location at the top of the tower to the different
instruments probing the air masses above the canopy measure the total OH reactivity above the
canopy (level 2: L2) and another one of 10 m length was placed at the top of our container to
measure the total OH reactivity near the sampling area for the radical quantification (level 1:
L1). To avoid the sampling of particles and dust, a PFA filter (2.5 um) was installed at the
entrance of the Teflon tube. The pressure in the photolysis cell was approximately 670 Torr
during sampling at the tower level and 650 Torr at the ground level. The pressure at both

measuring levels was lower than the atmospheric pressure due to restriction of the flow through

the Teflon tube. The pressure in the FAGE reactivity cell was around 1.41 Torr.

Figure 78: UL-FAGE sampling line for OH reactivity measurement
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During ambient measurements, sampled air is introduced into the photolysis cell and
mixed with a small flow of synthetic air (60 sccm) passing through an ozone generator to
generate an ozone concentration of about 60 ppb in the total flow. Table 29 summarizes the

performance of the UL-FAGE instrument in the reactivity mode.

Table 29: Performance of the UL-FAGE instrument measuring OH reactivity during the ACROSS campaign

Instrument LOD Kon max Time resolution Uncertainty Level of
(s%) (sh (s) (10) measurement
UL-FAGE 0.9 150 30-120 15 % L1&L2

To check the reliability of the OH reactivity measurements during the campaign, the
well-known rate constant of the CO + OH reaction was measured two times (as described in
chapter 2). During these tests it was possible to measure reactivities ranging from 10 to 90 s!
and determine a rate constant of kcoron = (2.27 £ 0.04) x 10713 cm*molecule’'s! which is in
good agreement with the reference value kcoton = 2.31 x 103cm’molecule’’s! and
reproducible.

The zero-air measurement was conducted three times during the campaign, on June 19,
23 and July 14 giving a reactivity of 2 s}, 2.8 s and 2.5 s°!, respectively. An average value of
2.4 +0.4 5! was chosen as Kzero for the whole campaign.

Equation 32

kambient = kmeasured - kzero

5.3.2. Complementary measurements

Gas-phase constituents such as anthropogenic and biogenic VOCs and some of their
oxidation products were also measured during this campaign by different laboratories (Table
30) using different techniques including Proton Transfer Reaction-Mass Spectrometry (PTR-
MS) and Gas Chromatography (GC) coupled to a flame ionization detector (FID) or a mass
spectrometer (MS). PTR-MS technique is based on the chemical ionization through proton
transfer to simultaneously monitor a suite of VOCs in air. The main problem in PTR-MS
applications is the impossibility to specificity compounds with the same mass. The use of the
PTR-MS in parallel with a GC-detector (FID) and the comparison of their measurements can
provide information on the distribution of compounds that are associated with a given PTR-MS

peak (a specific M/Z, mass over charge of the ion) and on possible interferences.
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Table 30: List of the instruments measuring VOCs and sampling location, list of species

measured available in Table 32

Group Instrumentation Level of Measurement Time Data Data
(L1/L2) resolution | available used
(min)
IMT-Lille-NE PTR-ToFMS Tower (L2) 0.16 (10 sec) Y Y
IMT-Lille-NE GCIFID Tower (L2) 60 Y
ICARE GC/FID/MS Tower (L2) 40 Y Y
INREA PTR-ToFMS Tower & Ground (L1 & L2) N
EPOC PTR-ToFMS Ground (L1) 10 Y N
EPOC GCIFID Ground (L1) N Y
LISA PTR-MS Ground (L1) 10 Y Y
LISA GCIFID Ground (L1) 30 Y N

Inorganic species such as O3 and NOx (NO and NO;) were measured by commercial
analyzers deployed by IMT-Lille-NE (L2 for NOx), ICARE (L1 for NOx), LISA (L2 for O3)
and EPOC (L1 for Oz and NOx). Carbon monoxide (CO) concentrations were measured by the
LISA research group.

The variation of the meteorological parameters such as temperature, relative humidity,
global radiation, vertical turbulence, wind speed and wind direction during the campaign period
was monitored using sensors. In this work, the data collected at 5 and 40 m height will be used

to help with the discussion of results below and above the canopy, respectively.

5.4. Results and discussion

This section reports in the first part the measurements of the OH reactivity performed by
the UL-FAGE instrument as well as the comparison with the calculated OH reactivity at the
two levels L1 and L2. A second part of the section is dedicated to the radical concentration
(OH, HO», HO," and ROx) measurements performed by the FAGE instrument from the PC2A
laboratory (UL-FAGE and UL-ROx-LIF) at 5 m height and a comparison with the other radical
measurements performed by other groups.

5.4.1. OH reactivity

The OH reactivity measurements were performed by the UL-FAGE from June 20 to July
22 alternatively (20 min at each level) at two sampling levels (L1: below and L2: above the
canopy) to study the evolution of the OH reactivity with the height and to determine the level
of understanding of the OH losses by comparison with the calculated reactivity. above the

canopy allows. First, the variability of the OH reactivity on the vertical scale is studied in
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relation to some meteorological parameters. Then, a comparison between the measured and
calculated OH reactivity for both heights as well as an analysis of the different VOC
contributions are presented. Finally, we discuss the missing OH reactivity observed during this

campaign and its possible origin.

5.4.1.1.  OH reactivity measured and meteorological parameters

Figure 80 shows the variability of the total OH reactivity measured below and above the
canopy by UL-FAGE with the global radiation, temperature and wind speed. Throughout the
entire campaign, the OH reactivity measurements at both heights shows a diurnal trend ranging
between LOD (1 s™!) and 53 s™! below the canopy and between LOD and 33 s! above the canopy.
The averaged experimental OH reactivity was found to be 7.7 s and 5.8 s™! below and above
the canopy, respectively.

A higher OH reactivities were recorded during the second part of the campaign (starting
July 10) and typically during the nighttime. Four maximum values were recorded during the
nighttime, the highest one equal to 53 s at 5 m height, 1.6 times higher than that observed
above the canopy level at 40 m of height. These OH reactivity values are in with the same range
than the other measurements performed in temperate forested environments (Di Carlo et al.,
2004; Hansen et al., 2014; Kumar & Sinha, 2014; Mao et al., 2012; Nakashima et al., 2014;
Nolscher et al., 2013; Ren et al., 2006), with maximum values higher than that reported for
boreal forests (Nolscher et al., 2012; Sinha et al., 2010) and lower than the values reported for
tropical (Edwards et al., 2013; Ingham et al., 2009; Sinha et al., 2008) and Mediterranean
(Zannoni et al., 2016) forests (Figure 79).

This worli e
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Renetal,2006| ] ® Boreal
Sinha et al., 2008 | ] @ Mediterranean
Ingham et al., 2009 l J
Sinha et al., 201(Z
Noelscher et al., 2012| [ ]
Mao et al., 2012 /1
Noelscher etal., 2013| [ ]
Edwards et al., 2013 | |
Hansen et al., 2014 | |
Nakashima et al., 201£ /]
Kumar and Sinha, 2014 | |
Zannonietal, 2016 | [ ]
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Figure 79: OH reactivity results from published measurements conducted worldwide at forested environments.
(Zannoni et al., 2016)
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The predominant meteorological parameter that had a role in OH reactivity levels was the
ambient temperature which is known to enhance BVOC emissions during the day when the
stomata are open and during the night due to permeation, even though the stomata are closed in
the dark (Jud et al., 2016; Simon et al., 1994; Zannoni et al., 2016). Figure 81 shows that the
OH reactivity increases depending on the temperature. To analyse the OH reactivity, the
temperature conditions were divided into 4 subclasses:

- Cd corresponds to daytime (6:00-9:00 h) cool conditions (days with mean T <27 °C)

- Wd include warmer days (T > 27 °C)

- Cn includes nighttime (21:00-6:00 h) cool conditions (nights with mean T < 18 °C)

- Wn for warmer nights (T > 18 °C).

Focusing on the nighttime measurements, it can be seen that the magnitude of the measured
OH reactivity was temperature dependent. Indeed, higher OH reactivity values were recorded
during the second part of the campaign in Wn conditions, such as during the nights of July 13,
18, 19 and 20 with an average temperature of 20 °C. During the day, the OH reactivity also
increased depending on the temperature reaching a maximum of up to 53 s™! below the canopy
and 33 s"' above the canopy on July 19 associated with the ambient temperature which increased
to reach a maximum 37 °C corresponding to the peak of the heatwave period.

When during the day, the reactivity above and below the canopy were similar, a clear
stratification (significant difference of the reactivity measured between both levels) was often
observed at night during this campaign. These nights correspond to conditions with a wind
blowing from the same direction during the night with low speed (Figure 80 (B)). It highlights
a low vertical turbulence intensity, which can lead to a lower boundary layer as observed in
previous studies (Bsaibes et al., 2020; Fang et al., 2020; Saraiva & Krusche, 2013; Xia et al.,
2016) with accumulated biogenic compounds within the canopy. The stratification phenomenon
was observed on June 23 (Figure 82), the OH reactivity measured at night above the canopy
increased to reach a maximum value of 25 s7!, a factor of 2 higher than that measured above the
canopy (6 s™') while the wind blew from the same direction with low speed suggesting stable
meteorological conditions. During the heatwave period corresponding to warm stable nighttime
conditions (Figure 83), on July 17, 18 and 19, a similar vertical stratification in the OH reactivity
can be observed. On these three days the daytime air temperature was the highest registered
over the whole campaign, with also the highest OH reactivity (around 20 s™) at both levels. As
an example, on July 19 (Figure 83), at 6 h when the wind speed started to increase from 4 to 7
m s and wind directions changed, causing unstable atmospheric conditions, equal OH

reactivity at both levels was recorded. However, the wind speed and wind directions are not the
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only parameters we should consider in order to explain the OH reactivity variation during the

day and nighttime and between both levels.
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Figure 80: (A) Measured OH reactivity by UL-FAGE below and above the canopy and global radiation, (B)
for cooler nights and says, respectively. Wn and Wd stand for warm nights and warm days

Temperature and friction velocity, red dashes indicate the temperature thresholds to distinguish between warn
and cool days and nights. Yellow stripes indicate daytime and grey stripes indicate nighttime. Cn and Cd stand
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measured below and above the canopy

Examining the primary emitted BVOC profiles (Figure 84) (measured in the second part of
the campaign: July 10 to July 23), we can see that isoprene has clear diurnal profiles at both
sampling heights with maximum at about 14:00-16:00 h. Monoterpenes reach their maximum
during the nighttime below the canopy with a concentration starting to increase at the beginning
of the night (20:00-22:00 h) to reach its maximum at midnight and then dropping as soon as the
first sunlight broke the stable nocturnal boundary layer. During nighttime, higher monoterpene
concentration (by a factor of 10) is observed below the canopy showing a clear vertical
stratification consistent with the difference in OH reactivity measured at the two different levels
(L1 and L2).

During the daytime, the unstable conditions (higher turbulence) leads for well mixing of the
BVOC below and above the canopy, where we observe an isoprene concentration below the

canopy higher than the one measured above the canopy only by a factor of 2 (we observed a
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decrease in the isoprene measured above the canopy due to the averaging over 10 mins).
Considering this homogeneity of the gas mixture composition at a given height and strong
reactivity of isoprene with OH, we observed a similar reactivity below and above the canopy
than during the night. To analyse more in details the contribution of the different VOCs to the

OH reactivity, the measured OH reactivity was compared to the calculated one at both heights.
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Figure 84: OH reactivity measured above and below canopy (upper graph) and sum of monoterpenes and
isoprene mixing ratios (L1: LISA-PTR-MS and L2: IMT- PTR-MS) (lower graph)

Remarkably, the profile of OH reactivity resembled that of isoprene concentration during
the day and that of monoterpenes during the night. This behavior was also observed during the
LANDEX campaign (Bsaibes et al., 2020). However, the monoterpene concentration measured
during the LANDEX campaign was 3 times higher than that measured during this campaign,
reaching a maximum of around 30 ppbv, below the canopy, and thus obtaining a higher OH
reactivity during the nighttime (99 s!) compared to this campaign (53 s'). While the isoprene

concentration is in the same range as this campaign (3-10 ppbv).
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5.4.1.2.  OH reactivity calculation

As the aim of comparing measured and calculated reactivity is to identify missing reactivity
and potential variation between L1 and L2, we had a pre-analysis of the VOCs data to select
the most complete and more adapted data to calculate the reactivity at both levels taking into
account the resolution time of the instrument and the species measured (list in Table 32).

Since the measurements from the PTR-MS instruments cover the whole measuring period
starting July 28, with a high-resolution time, these measurements were preferred to be used to
calculate the OH reactivity. However, these datasets suffer from different limitations such as
measuring the total monoterpenes (m/z 137 + m/z 81) that are speciated by the GCs, absence
of some species (such as alkanes) and possible interferences on the isoprene measurements (m/z
69) due to the fragmentation of some terpenic species (Kari et al., 2018; Tani, 2013). Therefore,
to complete the PTR-MS measurements used to calculate the OH reactivity below and above
the canopy, it was necessary to analyse the GCs measurements with the aim of speciating the
monoterpenes (similar to Bsaibes et al., 2020) and obtain more VOCs profiles.

When available, we first compared the data of different instruments at the same level but
we also compared some VOCs profiles at the two levels, at least in term of range of
concentration measured. Indeed, if we expect periods with differences between the two levels,
we also expect periods of well mixed air mass between the ground and above the canopy and
then agreement between measurements at L1 and L2 during these periods. It is what has been
observed on the OH reactivity mainly during the daytime (Figure 84).

The only GCs data available for now is the IMT-GC and ICARE-GC data sets. However,
all the GCs measuring at the Rambouillet site suffered from some technical issues and the sum
of speciated monoterpenes measured were lower in concentration than that measured by the
PTR-MS instruments. A possible reason behind this disagreement would be that monoterpenes
adsorbed in the GC trap were reacting with ambient O3 as none of the GCs implemented an
ozone scrubber on their sampling line during the ACROSS campaign. The ICARE-GC
measurements (L2) for monoterpene was around zero (Figure 85) and it was not possible to be

used to determine the ratio of monoterpenes at L2.
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Figure 85: The sum of monoterpenes measured with the IMT-PTR-MS and ICARE-GC above the canopy and
with the LISA-PTR-MS and EPOC-PTR-MS below the canopy

Since the only speciated monoterpene concentrations on a limited number of monoterpenes
were only measured by the IMT-GC instrument, it will be used as a reference data to determine
the ratio of the different monoterpenes. Indeed, each monoterpene has a different rate constant
with OH (Table 31). This ratio allows to determine a weighted rate constant to be used
(Equation 33) to multiply with the concentration of the sum of monoterpenes measured by the
PTR-MS instruments to calculate the OH reactivity. The weighted rate constant is defined as

follows:
. Equation 33
kweighted = Z konsxi Xi a
i

where Xi respresents the ratio of each speciated monoterpene and kyp,,; Xi is the rate constant
of the reaction of each monoterpene with OH. The contribution Xi was calculated by dividing
the concentration of each individual monoterpene measured by the IMT-GC-MS by the total
concentration. As shown in Figure 86, the average Kweighted determined from the IMT-GC

measurements from July 9 to July 23 was equal to 72 x 1012 cm3 molecule™ s

Table 31 : Rate constant of the reaction of OH with monoterpenes (Atkinson, 2006)

Speciated Monoterpene Rate constant (x 1012 cm® molecule? s %)
a-pinene 53.3
B-pinene 78.1
Limonene 167
3-carene 84.5
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Since Kweighted determined from the IMT-GC is stable over its measuring period and being the
only available speciated measurement, it will be used as a reference rate constant for the sum
of monoterpenes above and below the canopy.

After the determination of weighted rate constant, the OH reactivity of monoterpenes was
calculated using the concentration of the sum of measured by the PTR-MS according to the
following equation:

Equation 34
X [Monoterpenes]

k0H+monoterpene = [z kopsxi X1
i

where [Monoterpenes] represents the total concentration of monoterpenes obtained with the
PTR-MS instrument.

The comparison for other species showed that the isoprene measurements of ICARE-GC
had a high disagreement with the measurements of IMT-PTR-MS and IMT-GC above the
canopy, but also with the measurements of other PTR-MS instruments measuring below the
canopy (L1) (Figure 87). Same trends and concentration range were observed even if it seems
to have an offset on the EPOC data (for all VOCs, thus we did not include this data in the OH
reactivity calculation). Therefore, the measurements of IMT-PTR-MS for isoprene was used
for the calculated OH reactivity above the canopy. Interestingly, a scatter plot of the isoprene

measurements of the LISA-GC-FID vs the measurements of LISA-PTR-MS showed a very
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good correlation (Figure 88) with a slope of 1.06 and r> = 0.92. Thus, the isoprene measured by
the LISA-PTRMS was used for the calculation of the OH reactivity below the canopy.
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Figure 87: The isoprene measured with the IMT-PTR-MS and ICARE-GC above the canopy and with the LISA-
PTR-MS and EPOC-PTR-MS below the canopy
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Figure 88 : Scatter plot between the LISA-PTR-MS and LISA-GC-FID isoprene mixing ratio

After checking the consistency between the GC and PTR-MS deployed by the LISA group,
the non-methane hydrocarbons (NMHCs), including alkanes and alkenes measured by the
LISA-GC-FID below the canopy can be included in the calculation of the OH reactivity.
However, the LISA-GC-FID only measured during the second part of the campaign (July 12 to
August 23) due to technical problems. Thus, the OH reactivity was only calculated for this
period and further work will be done on calculating the OH reactivity for the first part of the

campaign below and above the canopy as the data will be available from the other groups.
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Concerning the aromatics, PTR-MS cannot speciates the C8-aromatics (m,p,0 xylenes) and

IMT identified a measurement problem for benzene. Therefore, we used the concentration

measured by the ICARE-GC for the aromatics for the calculation of the OH reactivity.

The data used to calculate the OH reactivity below and above the canopy are presented in

Table 32. The OH reactivity measured and calculated have been resampled to 10 mins.

Table 32 : Measured species used for calculating OH reactivity below and above the canopy

. Instrument Instrument Max Ko (s Max Ko (s
Measured species Level 1 Level 2 Level 1 Level 2
isoprene LISA-PTR-MS IMT-PTR-MS 23.9 227
sum of monoterpene LISA-PTR-MS IMT-PTR-MS 16.3 5.5
methacrolein (MAC) +
methylvinylketone (MVK) + LISA-PTR-MS IMT-PTR-MS
fragment ISOPOOH 3.6 2.8
Methanol, acetylaldehyde LISA-PTR-MS IMT-PTR-MS
and acetone 2.1 2.2
ICARE-GC-
toluene and benzene LISA-PTR-MS FID/MS 0.1 0.1
C8 and C9 aromatics LISA-PTR-MS - 1.3
ethylbenzene, m+p-xylene, o-
xylene, 1,3,5- ICARE-GC-
trimethylbenzene (TMB) and - FID/MS
1,2,4-TMB 0.3
a-pinene, B-pinene, A-carene IMT-GC-EID
and limonene B 0.8
methylglyoxal, formic acid
and acetic acid LISA-PTR-MS IMT-PTR-MS 0.7 0.3
furan, nopinone and
acetonitrile LISA-PTR-MS IMT-PTR-MS 0.7 0.5
ethane, propane, propene, i-
butane, n-butane, i-pentane, LISA-GC-MS _
n-pentane, n-hexane 1.5
trans-2-butene, 1,3-
butadiene, i-pentane, n- _ IMT-GC-MS
hexane 0.1
NO EPOC IMT 5.5 6.4
Os EPOC LISA 0.1 0.2
Cco LISA - 0.9

5.4.1.3. Measured and calculated OH reactivity below and above the canopy

Figure 89 shows the variability of the measured and calculated OH reactivity at 5 and 40 m
of height, respectively, and the missing reactivity (data averaged over 2 hours), which
represents the difference between OH reactivity measured and calculated at each level. Due to
the absence of some BVOCs measurements during the first period of the campaign we focus
on the second part of the campaign starting on July 10 to comment on the missing OH reactivity.

A good agreement of the measured and calculated OH reactivity below the canopy, considering
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the compounds presented in Table 32, can be observed during this period. However, some
differences are observed mainly during the nighttime where a missing OH reactivity reached
more than 50 %. The negative values in the missing reactivity (mostly during the daytime) can
be either due to the underestimation of the OH reactivity measured by the UL-FAGE (loss of
the reactive species through the sampling lines) or overestimation of the species measured by
the instruments reported in Table 32. Time synchronization between measured and calculated
OH reactivity could be also a reason behind these negative values.

The comparison between measured and calculated OH reactivity above the canopy shows a
bigger difference compared to below the canopy. These results indicate that the missing OH
reactivity above the canopy is more important than below the canopy. A missing OH reactivity
of an average of 50 % is determined above the canopy over the whole measuring period
considered (day and nighttime). The difference in the oxidation processes contribution can
explain part of the difference in the magnitude of the missing OH reactivity between the two
different levels where above the canopy there was more time to transform primary species into
secondary species. These oxidated species could be an important source of the missing OH

reactivity.
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5.4.1.4. Contribution of VOCs to calculated OH reactivity at two heights

Figure 90 shows the breakdown of reactive components in OH reactivity below and above
the canopy, considering the period for which the OH reactivity was calculated (July 10 to July
22) and including nights and days (average reactivity). As expected, isoprene being among the
most reactive towards OH and the most abundant compound in this forest during the daytime
(Figure 80), is the main contributor of the OH reactivity calculated. At 40 m, isoprene
represented 55 % of the total OH reactivity, and 45 % at 5 m. The monoterpenes have the second
contribution on the OH reactivity with around 35 % below the canopy and 13 % above the
canopy. The third most reactive species was the group of MVK+MACR+ISOPOOH with 8 %
below the canopy and 12 % above the canopy. Its contribution is more important above the
canopy, consistent with oxidation processes. Followed by acetaldehyde with 5 % below the
canopy and 12 % above the canopy, and the remaining is for other VOCs.

A deeper analysis can be done splitting the nights and days as the VOCs profiles were
strongly contrasted between these periods. Figure 90 shows also the breakdown of the reactive
components to the calculated OH reactivity during daytime and nighttime at the two heights.
We clearly see that isoprene is the main contributor to the calculated OH reactivity during the
daytime at the two heights, representing 56 % and 47 % of the calculated OH reactivity above
and below the canopy, respectively. During nighttime (period considered between 21:00 to
6:00), if 1soprene stays the main contributor above the canopy, monoterpenes are clearly the

main contributors below the canopy, representing 52 % of the calculated OH reactivity.
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Figure 90: The components of calculated OH reactivity inside and above the canopy during the campaign period
(from July 10 to July 23) from bottom to top: day and nighttime, only daytime and only nighttime

The relative contribution of monoterpenes and isoprene during ACROSS is a lot less
contrasted than what has been observed during the LANDEX campaign where monoterpenes
were all the time the main contributors even if isoprene contribution was relatively high during
the day. It shows that depending of the type of forest, the type of emission and the related
chemistry can be very different. A more detailed analysis of the relative reactivity of the
different oxidants with the BVOCs such as proposed by Mermet et al. (Mermet et al., 2021)

could be useful to better study the oxidation processes.
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Figure 91: The components of calculated OH reactivity inside and above the canopy during the LANDEX
campaign

5.4.2. Radical Quantification

The OH, HO> and HO," concentrations were measured by the UL-FAGE instrument from
the PC2A laboratory during the ACROSS campaign period from June 13 to July 23 with some
missing days of measurements due to either technical problems or cell (OH or HO; cell)
alignment. The OH concentration was measured in the first FAGE cell, HO, and HO,"
concentrations were measured in the second FAGE cell placed downstream the first cell after
chemical conversion to OH with NO in two modes: with low NO mode, adding small amount
of NO (0.5 sccm) to quantify HO; without critical conversion of RO> from alkenes or aromatic
precursors (conversion efficiency of 20 %) and alternatively with a high NO mode (NO flow =
10 sccm) to favor the conversion of RO, and quantify it (HO," = HO, + RO,). This flow was
controlled to change the measurement mode every 10 minutes. The method used to extract the
estimated concentration of HO> and RO; converted in the cell is described in detail in
chapter 2.

The ROx (HO» and HO,") and HO>" concentrations were measured by the UL-ROx-LIF
setup from the PC2A laboratory for a limited period only: from July 10 to July 22, due to the
optimization of the working conditions of this new setup at the beginning of the campaign. The
HO," concentration was measured during the HOx mode where only CO is added in the
conversion flow tube to convert only OH to HO> and ROx (HO> and HO»") concentration was
measured during the ROx mode when both CO and NO are added into the conversion flow tube

to convert all ambient radicals into HO; that will be converted later into OH by injecting NO at
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the entrance of the FAGE cell (ROx cell). Finally, OH is detected by LIF at low pressure in the
FAGE cell.

The FAGE instruments (UL-FAGE and UL-ROx-LIF) were calibrated five times during the
campaign period and the calibration factors used for the data analysis were taken from the
average of five calibration points. The sensitivity of the ROy cell was very low, giving scattered
data. However, the comparison between the HO>" concentration measured in this cell with the
HO," concentration measured in the HO, cell is interesting to study the behaviour of our
instrument in real ambient conditions.

A comparison between the OH concentration measured by our UL-FAGE and the LPC2E-
CIMS is presented as well as a comparison between the ROx measurements performed by the

three different instruments: UL-FAGE, LPC2E-CIMS at L1 and IMT-PERCA at L2.
5.4.2.1.  OH quantification

Figure 92 shows the measured OH radical from June 25 to July 20, with a missing period
from July 4 to July 8 due to the disconnection and alignment of the OH FAGE cell trying to
increase its sensitivity and because of other technical problems. The OH mixing ratio reached
a maximum up to 0.25-0.32 ppt ((OH] = 6-8 x 10° molecule cm™) during the midday (around
12:00 h), while the minimum mixing ratios were measured during the night and were in the
range of 0.006-0.02 ppt ((OH] = 1-6 x 10° molecule cm™®). During the first part of the campaign,
from June 25 to July 8, the temperature reached a maximum around 27 °C during the day, and
it became warmer in the second part of the campaign, starting July 9, to reach a maximum of
40° C during the day on July 13, 18 and 19. This increase in temperature caused the damage of
the cooling system of the pumps and thus missing some days of measurements. As can be seen
in Figure 92 the O3 concentration showed a diurnal profile in correlation with the temperature
diurnal profile with a maximum reached in the afternoon and a minimum at night. During the
first part of the campaign, the O3 mixing ratio observed were similar with a maximum of 55 ppb
during the day and a minimum of 2 ppb at night. On the second part of the campaign the O3
mixing ratio stayed at approximately 70 ppb during day and 13 ppb during the night.

The photolysis of O3 and subsequent reaction with H>O is well known as the dominant
source of OH during the daytime (Ehhalt & Rohrer, 2000). This can explain the variation in the
OH concentration depending on the O3 concentration and temperature variation (Figure 93).
The HONO accumulated during the night to reach the maximum mixing ratio at 3:00-4:00 h,
which starts to decrease during the day. Therefore, in the early morning hours the photolysis of
HONO, which starts earlier than O3 photolysis, is considered as the dominant source of OH. A

similar behavior has been observed during the BERLIOZ field campaign (Jiang et al., 2020;
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Holland et al., 2003). However, a more detailed calculation of the different contributions of the
OH production should be performed as well as a comparison between measured and modelled
profiles in order to better understand the OH concentration profiles.

The OH mixing ratios peaks to reach 0.25-0.32 ppt ((OH] = 6-8 x 10° molecule cm™) during
the midday are in the same range than the measurements performed at a rural site (semi-
polluted) during BELOIZ campaign (Mihelcic et al., 2003), and forested environments such as
in BEARPEX-2007 (Wolfe et al., 2011). However, these ACROSS OH measurements are
slightly higher than the ones measured in urban environment such as the recent ClearfLo
campaign done in London in the summer of 2012 (Whalley et al., 2018) where the OH profiles
varied between 2-4 x 10° molecule cm™, while the measured concentrations in Wangdu (rural
environment in China) are slightly higher ranging between 5-15 x 10° molecule cm™ (Tan et

al., 2017).
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Figure 92: Time series of the OH concentration (upper graph) measured below the canopy by the UL-FAGE and
LPC2E-CIMS and time series of the Oz and HONO concentration and the temperature evolution (lower graph)
during the ACROSS campaign
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Figure 93: OH concentration as function of temperature (measured at 5 m)

The LIF-Lille data are averaged for the sampling time of the LPC2E-CIMS instrument to
compare both data sets. During this campaign, both instruments measured the same OH radical
concentrations within their respective uncertainties (Figure 92). The scatter plot of the two data
sets shown in Figure 94 of the two data sets gives a slope of 0.62 (r> = 0.61) and an intercept of
0.025. This intercept may come from the underestimation of the OH background signal

measured by the UL-FAGE.
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Figure 94 : Scatter plot between UL-FAGE and LPC2E-CIMS OH measurements during the ACROSS campaign
5.4.2.2. HO2 quantification

During the campaign, HO> and HO," were detected in the HO, FAGE cell. The HO,"
corresponds to the RO> “double bond’’ converted in the FAGE at high NO concentration where
its negligible at low NO concentration. The UL-FAGE measurements (Figure 95) show HO»
mixing ratio varied between 0.33 ppt and 10 ppt ([HO2] = 0.8-2.5 x 10® molecule cm™) from
July 26 to 30 where the ambient temperature was not high. As the temperature starts to increase
during the second part of the campaign, HO, showed a dramatic increase reaching 30 ppt ((HOz]
=7.5 x 108 molecule cm™) on July 11 during the daytime. The same behavior was observed for

the HO>" with an equal concentration than HO». In addition, as shown in Figure 96, the HO,
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concentration measured in the HO2 FAGE cell was in with the same range than the HO»" which
was measured by the UL-ROx-FAGE in the HOx mode. However, the measurements done by
the UL-ROx-FAGE during this campaign were scattered because of its low sensitivity.
Measurements were done using this instrument only from July 17 to July 22, as it was optimized
during this campaign.
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Figure 95: Time series of the HO, and HO," concentration measured below the canopy by the UL-FAGE and the
temperature evolution
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Figure 96: Time series of the HO," concentration measured below the canopy in the HO, FAGE cell and ROy
FAGE cell (in the HOx mode)

Similar to other field campaigns in biogenic environments, the measured HO>
concentrations are in the range of 0.4-9 x 10® molecule cm™ in the afternoon. However, HO»
measured in forested environments varies between 1.2 x 10% molecule cm™ such as TOPHE
campaign, to 9 x 108 molecule cm™ as in AEROBIC and 28 x 10 molecule cm™ in BEAPREX

campaigns (Stone et al., 2012). Studies in different environments also measured HO>
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concentration in the same range such as the one measured at the rural site in Wangdu ranging
between 3 to 14 x 108 molecule cm™ (Tan et al., 2017) and in Pabstthum ranging between 5 to
7.5 x 10® molecule cm™ (Mihelcic et al., 2003). While in urban environments, the HO»
concentration measured was lower by a factor of 3 to 10, the concentration measured during
the MILAGRO-2006 campaign was around 1.9 x 108 molecule cm™ (Dusanter et al., 2009) and
during was ranging between 2 to 6 x 107 molecule cm™ (Whalley et al., 2018). These results
agree with the fact that a lower concentration of HO» radicals is expected at high NO level
where the conversion of HO> into OH is more important than in clean environments, as has

been discussed previously in chapter 4 (ambient air experiment).

54.2.3. ROy quantification

Preliminary results of the ROx concentration measured by the UL-FAGE is shown in
Figure 97. As mentioned above the ROx concentration which represent the sum of HOx and
RO:> radicals was measured by 2 groups at the ground level (PC2A and LPC2E) and at the top
of the tower by the IMT group. The ROx concentration measured during the first part of the
campaign is lower than that measured during the second warmer period of the campaign. During
the first part of the campaign a maximum reached 60 ppt (1.5 x 10° molecule cm™) below the
canopy and 33 ppt (0.8 x 10° molecule cm™) above the canopy in the afternoon at a temperature
25 °C and minimum mixing ratios were measured during the night (T around 10 °C) of around
2 ppt. The difference of a factor 1.8 in the ROx concentration between both measuring levels
confirms the difference in the oxidation processes taking place below and above the canopy,
considering that the instruments measurements are consistent. As an example, Figure 98 show
that UL-FAGE and IMT-PERCA measured an equal ROx concentration during a biogenic
experiment done at the SAPHIR chamber (August 16, oxidation of B-pinene), confirming that
the measurements of both instruments at the same place under controlled conditions are
consistent. During the second part of the campaign, the temperature increased to reach 38 °C
(heatwave period) showing maximum ROx concentration of 160 ppt (4 x 10° molecule cm™)
below the canopy and 146 ppt (3.6 x 10° molecule cm™) above the canopy in the afternoon.
Comparing the ROx concentration measured by the UL-ROx-FAGE (preliminary data) and
LPC2E-CIMS below the canopy, we can see an agreement in term of concentration range

although the data measured by the UL-ROx-FAGE is scattered due to its low sensitivity.
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Figure 97: Time series of the ROy concentration measured below the canopy by the UL-FAGE and LPC2E-CIMS
and above canopy by the IMT-PERCA and the temperature evolution
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Figure 98: ROx concentration measured by the UL-FAGE and IMT-PERCA during the -pinene oxidation experiment
at the SAPIR chamber (August 16)
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5.5. Conclusion

More than 20 research groups from France and other countries performed comprehensive
set of measurements during the ACROSS campaign in summer (June-July) 2022 to characterize
the impacts of the BVOC oxidation when mixed with urban emissions and vice versa. The UL-
FAGE instrument was deployed to measure the OH reactivity below and above the canopy level
at the Rambouillet forest. In addition, quantification of OH, HO,, HO," and RO, radicals (using
the newly developed ROx-LIF instrument) were performed by the UL-FAGE at the same site.

The results of the OH reactivity measurements presented in this chapter showed that the
reactivity varied with the same dynamic at both heights but significant differences were
observed during some nights. Most of the time, the OH reactivity followed the isoprene profile
during the daytime and monoterpene, isoprene and NO: concentration during the nighttime.

Interestingly, during daytime, the measured OH reactivity at both heights are close,
probably due to a better mixing of air masses. The variation of BVOC concentration and OH
reactivity was strongly influenced by the meteorological conditions. During daytime, the
ambient temperature is an important parameter that affect the emissions of certain compounds
(such as isoprene), whereas nighttime OH reactivity was influenced by the nighttime
temperature and wind speed. Indeed, during warm nights and low wind speed, more stable
meteorological conditions led to higher monoterpene concentration and thus higher OH
reactivity below the canopy than above with clear stratification events observed during stable
nights. The comparison of the measured and calculated OH reactivity at both levels showed a
relatively good agreement but some missing reactivities are observed in particular above the
canopy and during nights. Some VOCs data are missing and some uncertainties are still
remaining to finalise the calculated OH reactivity. In addition, a model study would be
interesting to perform in order to get more insights into the origin of the missing OH reactivity.

In addition to the OH reactivity measurements, the HOx and ROx radicals were quantified
at 5 m height. The maximum concentrations of OH, HO, and ROx ranged from 4 to 6 x 10°
molecule cm™, 2.5 to 7.5 x 108 molecule cm™ and 1.5 to 4 x 10° molecule cm™, respectively.
Compared to previous field campaigns, the measured radical concentrations were in the same
range. The UL-FAGE OH and ROx measurements were intercompared with the LPC2E-CIMS
measuring at the same level (below the canopy). A good agreement in term of concentration
range between both instruments have been shown. A comparison between measured and
modeled HOx and ROx radical concentrations will help to better understand the oxidation

process of these radicals.
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General conclusion and perspectives

During this work, we focused on the understanding of HOx chemistry in a low NOx
environment through kinetic studies and field measurements. The FAGE technique is a highly
sensitive and widely used method for measuring low HOx radical concentration in the
atmosphere. Recent field campaigns have highlighted discrepancies between measurements in
different environments and modelled profiles even after the improvements in the atmospheric
chemical mechanism. Bias in the calibration or instrument interferences may affect the field
measurements and cause lack of understanding of the atmospheric chemistry. During this thesis,
improvements such as new excitation laser and optimization of UL-ROx-FAGE setup were
performed.

Laboratory studies under controlled conditions and field measurements in a biogenic
environment have been carried out to better characterize these oxidation processes.
Improvement and validation of the UL-FAGE measurements for radical quantification was
done during the ROxComp campaign when the instrument was coupled to the SAPHIR
chamber.

The kinetic work described in chapter 3 focused on studying the influence of water vapor
on the ROz + OH reaction. The preliminary results have shown an HO; yield of 0.64 + 0.16 for
the C2HsO> + OH reaction at different humidity levels but difficulties in the reproducibility of
the experiments lead to be cautious about these results. More detailed experiments and
extension to the reaction of larger peroxy radicals with OH as well as direct measurements of
CH;O0H yield carried out at high RH would be interesting to confirm the conclusion of no
impact of H2O on this type of reactions being important under remote environments. In addition,
a kinetic work on the chemistry of siloxanes was initiated. Preliminary results obtained from
the kinetic studies on the reactions between L2 and OH radicals using UL-FAGE technique in
its reactivity configuration showed an agreement with the literature and theoretical work done
at the university of Melbourne. Future work will be done to continue studying the
transformation of their primary and secondary oxidation products after the oxidation initiated
by OH.

The measurements performed during the intercomparison campaign done at the SAPHIR
chamber in Julich were presented in chapter 4. Lille measurements were intercompared with
the Julich measurements and the results showed relatively good agreement for the OH, HO»
and RO measurement over the campaign covering a wide range of concentrations and

conditions. However, different levels of agreement were observed day by day and more
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analysis, like comparison with modelling profiles, could help in the understanding of thss
differences. The cross-calibration (exchange of the calibration sources) showed contrasted
results with a good agreement when the calibration cell of Julich was on the UL-FAGE and
apparently on overestimation of the calculated concentration compared to the measured one
when the calibration cell from Lille was on the FZJ-FAGE by 30-50 % at high RH. Since the
sensitivity of the UL-ROx-FAGE is determined at high RH, thus, this can explain the higher
RO concentration measured by the UL-ROx-FAGE compared to the FZJ-ROx-FAGE during
some experiments but it was not systematically the case. This intercomparison campaign
allowed to better characterize the UL-FAGE instrument for the quantification of OH and HO-
and the UL-ROx-FAGE for the RO, measurement but further analysis have to be performed to
understand the differences.

Finally, the measurements performed during the ACROSS campaign at the Rambouillet site
were presented in chapter 5. The aim of this campaign was to better understand the influence
of the atmospheric conditions on the oxidation processes of the emitted BVOCs at forested
environments. The UL-FAGE was deployed for the quantification of OH, HO; and ROy radicals
below the canopy level and OH reactivity measurements below and above the canopy. It has
been shown that the OH reactivity and the BVOC emissions are strongly dependent on the
position in the canopy and meteorological parameters. Higher OH reactivity was observed
during the night reaching a maximum of 53 s™! above the canopy and 33 s’! below the canopy.
The comparison between the measurements recorded at two different levels highlighted
conditions of clear stratification in the BVOCs concentration and thus OH reactivity. The
preliminary results of the missing reactivity at both levels show a good understanding of the
OH losses. The source of the missing OH sinks are thought to be some unmeasured oxidation
products of BVOC emitted at the Rambouillet forest. Concerning the radical quantification
below the canopy, a variation in the concentration depending on the temperature variation was
observed where a maximum of OH, HO, and ROx radicals ranged from 6 to 8 x 10° molecule
cm>, 6 to 7.5 x 10® molecule cm™ 2.5 to 4 x 10° molecule cm?, respectively, during the second
warmer period of the campaign. Higher ROx concentration was measured below the canopy
indicating difference in the oxidation processes occurring at two different heights. Compared
to previous field campaigns at similar environments the measured radical concentrations were
in the same range. Comparing the measured radical concentration to modeled concentrations

will help to better understand the oxidation process of these radicals.
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Annex

ROxComp experiment results not shown in the manuscript:

- CO/CH4 oxidation by OH experiment done on August 8:
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Isoprene OH oxidation, O3 change experiment done on August 10:
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Isoprene OH oxidation, NOx change experiment done on August 11:
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I-pentane and n-hexane photo-oxidation experiment done on August 12:
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a-pinene ozonolysis dark/ photooxidation experiment done on August 13:
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B-pinene photooxidation experiment done on August 16:
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Isoprene NOj3 oxidation experiment done on August 17:
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Hexene ozonolysis: humidity change experiment done on August 19:
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- CO/CH4 oxidation by OH experiment done on August 20:
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B-pinene NOs3 oxidation experiment done on August 22:
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MVK oxidation experiment done on August 24:

1.80E+07

1.60E+07

[
B
o
m
+
o
<

® OH_FZl
1.20E+07

1.00E+07 a [OH]_Lille

8.00E+06

6.00E+06

[Radical] (molecule/cm?)

4.00E+06

2.00E+06

2
o i
4
0.00E+00 & A 4

6:00:00 8:24:00 10:48:00 13:12:00 15:36:00
Time (UTC)

1.40E+09
1.20E+09
1.00E+09 e HO2_FZ)
8.00E+08

2 HO2_Lille

6.00E+08 A HO2*, HO2 cell_Lille

adical] (molecule/cm?3)

4.00E+08 & HO2*, ROXx cell_Lille

R

2.00E+08 * HO2_ROX_FZJ

N - A

0.00E+00 Pl ° A

6:00:00 8:24:00 10:48:00 13:12:00 15:36:00
Tiime (UTC)

3.00E+09

2.50E+09

* RO2_FZJ
2.00E+09

* ROX_FZJ
1.50E+09 a ROx_Lille

2 RO2_Lille
1.00E+09

[Radical] (molecule/cm3)

5.00E+08

0.00E+00
6:00:00 8:24:00 10:48:00 13:12:00 15:36:00

Time (UTC)

235



2.50E+09

2.00E+09

oo ‘.'o‘
£ **°°% « RO2_FZJ
S i y -
() [ ) '®,
= 1.50E+09
o * ROX_FZJ
©
E
= L1O0E+09 a ROx_Lille with
9 losses
R
& 2 RO2_Lille with
5.00E+08 losses
0.00£+00 dwer
6:00:00 8:24:00 10:48:00 13:12:00 15:36:00
Time (UTC)
CI chemistry with isoprene experiment done on August 25:
6.00E+06
5.00E+06
S . 22 eoH_FU
> 4.00E+06 N 4 . gA . g§
i) . ‘
RO L N - R
S 3.00£+06 S5 4 ,’;é? ? £ 2,850, Aty
___E, o.; e sp 2 £ A % Ap, ﬁ%
— %o o8, A £ 4 ’%AA o
= s s ) B @ b o o, 2 e
O 2.00E+06 .AMQ. AL Mo 2PENE, O
) % Th g8 £ g 2 °
2 y 2l ne 0L T % %‘&“ a0, e
< 3 S LY, @-@ gﬁ.gg s XL
1.00E+06 £ oae ol :Aﬁ ....QE‘% .g'. . .0.... o:so
Aot o R T AL
Lﬁ’ od T 4 ese °e * ooy
0.00E400 Y a0, s . a*
6:00:00 8:24:00 10:48:00 13:12:00 15:36:00
Time (UTC)
1.60E+09
1.40E+09
“E 1.20E409
S * HO2_FZJ
~
2 1.00E+09
3 2 HO2_Lille
E 8.00E+08
= 2 [HO2*, HO2 cell_Lille
g 6.00E408
< s [HO2*, ROX cell_Lille
& 2.00e+08
2.00E+08 * HO2_ROX_FZJ
0.00E+00 Matun 4 /9
6:00:00 8:24:00 10:48:00 13:12:00 15:36:00
Tiime (UTC)

236



[Radical] (molecule/cm?3)

[Radical] (molecule/cm?)

2.50E+09

2.00E+09
« RO2_FZJ
1.50E+09 e ROX_FZJ
a ROx_Lille
1.00E+09 a RO2_Lille
5.00E+08
$
0006400 4 A & tonaedies a
6:00:00 8:24:00 10:48:00 13:12:00 15:36:00
Time (UTC)
2.50E+09
2.00E+09
'] ..‘.2 ':“";"\ *a
. w? ad °g , ° RO2_FZ)
[
1.50E+09 P rs {*gs A %
. g? § .+ ROX_FZ!
& A A
1.00E+09 H& gﬁ . i %
o »% » & ROx_Lille with
-,
4 (Y e« losses
5.00E+08 s
§R % & RO2_Lille with
5 b losses
0.00E+00 Somb k‘ﬁ%ﬁé%g*ﬁﬁ%ﬁ%@-ﬁ B
6:00:00 8:24:00 10:48:00 13:12:00 15:36:00

Time (UTC)

Isoprene, TME ozonolysis + photooxidation experiment done on August 26:

[Radical] (molecule/cm?)

7.00E+06
-
6.00E+06
5.00E+06 ™ ® OH_FZJ
[ ]
4.00E+06 a [OH]_Lille
[ ]
3.00E+06
[ ]
2.00E+06
[ ]
1.00E+06 ]
»
AA -
[ ]
0.00E+00 ms :
6:00:0 8:24:00 10:48:00 13:12:00 15:36:00

Time (UTC)

237



[Radical] (molecule/cm3)

[Radical] (molecule/cm?)

1.80E+09

1.60E+09
&=~ 1.40E+09
5 « HO2_FZ
B 1.20E+09
=
& 1.00E409 a HO2_Lille
g
— 8.00E+08 » HO2*, HO2 cell_Lille
=
L 6.00E+08
® s HO2*,ROX cell_Lille
oc

4.00E+08
¢ HO2_ROX_FZJ

2.00E+08
0.00E+00
6:00:00 8:24:00 10:48:00 13:12:00 15:36:00
Tiime (UTC)
2.50E+09
2.00E+09

* RO2_FZJ
1.50E+09 * ROX_FZ]

A ROx_Lille
1.00E+09 4 RO2_Lille
5.00E+08

H A
0.00E+00 A& A4 A AA A
6:00:00 8:24:00 10:48:00 13:12:00 15:36:00
Time (UTC)
2.50E+09
2.00E+09
° RO2_FZ)
1.50E+09
® ROX_FZ)
1.00E+09 a ROx_Lille with
losses
a RO2_Lille with
5.00E+08 AT R . losses
» il
: he st
0.00E+00 2 maAlelPuh v s
6:00:00 8:24:00 10:48:00 13:12:00 15:36:00

Time (UTC)

238



239



Résumé

Les radicaux HOx (OH+HO,) et RO> sont impliqués dans les processus d'oxydation en
phase gazeuse, générant des produits secondaires ayant un impact sur la qualité de I'air et la
santé humaine. La compréhension de ces processus d'oxydation par la quantification de ces
radicaux reste un défi en raison de leurs faibles concentrations (< ppt) et de leur réactivité
élevée. Il n'existe que quelques instruments dans le monde permettant d'effectuer de telles
mesures, dont l'instrument de I’Université de Lille (UL-FAGE : Fluorescence Assay by Gas
Expansion). Il est basé sur la détection par LIF (Laser Induced Fluorescence) de OH a basse
pression. Il permet la mesure directe de OH et la mesure indirecte de HO2 par conversion
chimique en OH apreés I'ajout d'une faible concentration de NO a I'entrée de la cellule FAGE.
Au cours de cette thése, I'instrument a été amélioré pour la quantification des radicaux RO..
Deux mesures complémentaires permettent d'accéder a la concentration de RO3, soit en utilisant
la cellule HO: et en injectant une concentration élevée de NO a l'entrée de la cellule de
détection, soit en couplant un réacteur de conversion ROy a une cellule FAGE. Cette technique
est basée sur la conversion chimique en deux étapes des radicaux RO, en HO> dans le réacteur
de conversion couplé a une cellule FAGE. Nous pouvons également mesurer un autre parametre
en utilisant une cellule FAGE couplée a une cellule de photolyse : la réactivité d’OH (somme
des pertes OH).

L'instrument UL-FAGE a été amélioré et utilisé au cours de cette these pour des mesures
en laboratoire (configuration de réactivité) afin d'étudier les mécanismes d'oxydation
importants pour la chimie intérieure et extérieure impliquant les radicaux HOx. Au cours de
I'été 2022, I'UL-FAGE a participé a une campagne d'intercomparaison RO2 qui s'est déroulée
dans la chambre SAPHIR (Julich, Allemagne). Neuf groupes utilisant différents instruments
ont participé a cette campagne. Les performances des instruments UL-FAGE pour la mesure de
OH, HO- et RO> dans une large gamme de conditions chimiques atmosphériques (tels que la
vapeur d'eau, le niveau en oxydes d'azote, la présence de divers composés organiques, chimie
de jour et de nuit) ont été étudiées au cours de cette campagne. Enfin, 'UL-FAGE en
configuration de quantification et de reactivité a eté déployé pour une campagne de terrain
(ACROSS) dans la forét de Rambouillet, avec des mesures de réactivité a deux hauteurs
différentes (au sol et au-dessus de la canopée) et des mesures de concentrations en radicaux au
sol.

Mots-clés: Chimie atmosphérique, radicaux HOx et RO, instrument FAGE, campagnes de

terrain, chambre de simulation, études cinétique
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