N
N

N

HAL

open science

Characterization of low-volatile oxygenated organic
molecules and their impacts on particle formation
Dandan Li

» To cite this version:

Dandan Li. Characterization of low-volatile oxygenated organic molecules and their impacts on parti-
cle formation. Catalysis. Université Claude Bernard - Lyon I, 2022. English. NNT: 2022LY 010146 .

tel-04860599

HAL Id: tel-04860599
https://theses.hal.science/tel-04860599v1

Submitted on 1 Jan 2025

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://theses.hal.science/tel-04860599v1
https://hal.archives-ouvertes.fr

UNIVERSITE
DELYON

El

THESE de DOCTORAT DE
L'UNIVERSITE CLAUDE BERNARD LYON 1

Ecole Doctorale ED n°206
Ecole Doctorale de chimie de Lyon

Discipline : Chimie

Soutenue publiqguement le 05/12/22 par :

Dandan LI

Characterization of low-volatile
oxygenated organic molecules and their
impacts on particle formation

Devant le jury composé de :

Dr. Agnées BORBON LAMP, CNRS, Clermont-Ferrand Rapporteur

Pr. Bénédicte PICQUET-VARRAULT  Université Paris Est Créteil Rapporteure

Dr. Sonia GIL IRCELYON, UCBLI1, Lyon Examinatrice

Dr. Julien KAMMER Aix-Marseille Université Examinateur

Dr. Abdelwahid MELLOUKI ICARE, CNRS, Orléans Président

Pr. Eric VILLENAVE Université de Bordeaux Examinateur

Dr. Christian GEORGE IRCELYON, CNRS, Lyon Directeur de thése

Dr. Matthieu RIVA IRCELYON, CNRS, Lyon Co-directeur de thése






Université Claude Bernard —- LYON 1

Administrateur provisoire de 1’Université M. Frédéric FLEURY
Président du Conseil Académique M. Hamda BEN HADID
Vice-Président du Conseil d’ Administration M. Didier REVEL

Vice-Président du Conseil des Etudes et de la Vie Universitaire M. Philippe CHEVALLIER

Vice-Président de la Commission de Recherche M. Jean-Frangois MORNEX
Directeur Général des Services M. Pierre ROLLAND
COMPOSANTES SANTE
Département de Formation et Centre de Recherche en Directrice : Mme Anne-Marie SCHOTT

Biologie Humaine

Faculté d’Odontologie Doyenne : Mme Dominique SEUX
Faculté de Médecine et Maieutique Lyon Sud - Charles Mérieux Doyenne : Mme Carole BURILLON
Faculté de Médecine Lyon-Est Doyen : M. Gilles RODE

Institut des Sciences et Techniques de la Réadaptation (ISTR) Directeur : M. Xavier PERROT

Institut des Sciences Pharmaceutiques et Biologiques (ISBP) Directrice: Mme Christine

VINCIGUERRA

COMPOSANTES & DEPARTEMENTS DE SCIENCES &

TECHNOLOGIE
Département Génie Electrique et des Procédés (GEP) Directrice : Mme Rosaria FERRIGNO
Département Informatique Directeur : M. Behzad SHARIAT
Département Mécanique Directeur M. Marc BUFFAT
Ecole Supérieure de Chimie, Physique, Electronique (CPE Lyon) Directeur : Gérard PIGNAULT
Institut de Science Financiere et d’ Assurances (ISFA) Directeur : M. Nicolas LEBOISNE
Institut National du Professorat et de I’Education Administrateur Provisoire : M. Pierre CHAREYRON
Institut Universitaire de Technologie de Lyon 1 Directeur : M. Christophe VITON
Observatoire de Lyon Directrice : Mme Isabelle DANIEL
Polytechnique Lyon Directeur : Emmanuel PERRIN
UFR Biosciences Administratrice provisoire : Mme Kathrin GIESELER
UFR des Sciences et Techniques des Activités Physiques et Directeur : M. Yannick VANPOULLE

Sportives (STAPS)
UFR Faculté des Sciences Directeur : M. Bruno ANDRIOLETTI






Résume de these

Résume de these

Caractérisation des molécules organiques
oxygeénees peu volatiles et leurs impacts sur la

formation de particules

Les travaux présentés dans cette these portent sur le développement d'un nouveau spectrometre de
masse a ionisation chimique pour 1'observation d'espeéces organiques réactives, et I'é¢tude de ces
derniers dans la formation de nouvelles particules dans I'atmospheére. Cette thése est composée de

six parties, qui seront bri¢vement présentées dans ce résume.

Le premier chapitre est une introduction du contexte scientifique, présentant la composition
de I'atmosphere, les sources et la caractérisation physico-chimique des aérosols atmosphériques et
le mécanisme de formation des aérosols organiques secondaires (AOS). Plus précisément, les
processus d'oxydation des composés organiques volatils (COV) sont détaillés, avec une mention
particuliére a la détection des molécules hautement oxygénées (HOM), ainsi que leur role dans la
formation de nouvelles particules. Les polluants atmosphériques, en particulier les aérosols
atmosphériques, jouent un role important dans la qualité de 1'air, la visibilité, le climat et la santé
humaine. Cependant, la composition complexe de l'atmosphére ainsi que les limites des outils
analytiques existants rendent difficile une compréhension compléte des processus d'oxydation des

COV et leur rdle dans la formation de nouvelles particules.

Le deuxiéme chapitre décrit les différents dispositifs expérimentaux et les méthodes
analytiques utilisées pour mener a bien ce travail. Les systémes expérimentaux comprennent un
réacteur a aérosol pour étudier 1’oxydation des COV, la chambre de simulation atmosphérique
Cosmics Leaving Outdoor Droplets (CLOUD) pour la formation de nouvelles particules. Une
grande diversité de spectrométres de masse a ionisation chimique (CIMS) est présentée, notamment
l'ionisation chimique a base de NO3;/NH4" couplée a un spectrométre de masse a haute résolution

Orbitrap (CI-Orbitrap). Les performances des différents instruments pour mesurer les produits
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d'oxydation formés lors de 1’oxydation de I’alpha-pinéne sont détaillées. Enfin, des analyseurs
standards pour mesurer la concentration des oxydes d’azote ainsi que de 1’ozone sont détaillés dans

ce chapitre.

I1 a été démontré que les HOM contribuent aux processus de nucléation et a la croissance
de particules nouvellement formées. Dans le troisieme chapitre, un spectrometre de masse a haute
résolution (Orbitrap) avec une source d'ionisation chimique ont été utilisées avec succeés pour
caractériser ces espeéces organiques réactives. Ce nouveau couplage présente un pouvoir de
résolution de masse 10 a 20 fois plus élevé (c'est-a-dire R = 140 000 a m/z 200) par rapport aux
spectrometres de masse traditionnellement utilisés. Ainsi, les incertitudes liées a l'identification et
la quantification des espéces isobares sont considérablement réduites en utilisant le CI-Orbitrap.
Sa capacité a séparer avec précision les espéces formées lors de 1'0zonolyse de monoterpénes a été
démontrée. La quantification des énergies de liaison entre 1’agent ionisant et les analytes a
¢galement ¢été explorée via I’utilisation de la spectrométrie de masse en tandem (MS/MS). Cette
derniére option permet également de fournir des informations structurelles sur des molécules
hautement oxygénées. Par conséquent, la chimie et les propriétés physicochimiques de ces
molécules gazeuses complexes peuvent éEtre mieux appréhendées. Dans l'ensemble, le
développement de ce nouvel outil analytique pourrait marquer une avancée cruciale dans notre

capacité a comprendre la formation et le devenir des espéces organiques dans I’atmosphere.

Compte tenu du succes de l'utilisation du CI-Orbitrap avec les ions nitrate comem agent
ionisant, les ions ammonium (NH4") ont été explorés pour caractériser une plus large gamme de
produits d'oxydation et d'espéces radicalaires formées a partir de l'oxydation de COV. Une
intercomparaison des performances de divers spectrometres de masse déployés lors de la campagne
Cloud 14 est proposée dans le chapitre IV. La quantification des produits d’oxydation formés lors
de l'ozonolyse de l'a-pinéne, a révélée que le CI-(NH4")-Orbitrap est un systéme analytique trés
prometteur pour obtenir une évaluation détaillée de l'ensemble des produits formés lors de
processus d’oxydsation. Parmi les quatre spectrométres de masse, le CI-(NH4")-Orbitrap a identifié
la plus large gamme de produits, y compris les molécules organiques hautement oxygénées (HOM)

et des especes radicalaires.

11
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Grace aux récents développements analytiques, le role des espeéces oxydées dans la
formation et la croissance des aérosols a été mieux compris. Les molécules organiques oxygénées
(MOO), qui sont produites a partir de 1'oxydation des COV, contribuent a la formation et a la
croissance des aérosols organiques. En ce qui concerne l'oxydation diurne des COV, elle est
principalement due aux radicaux hydroxyles et a 1'ozone (O3). La nuit, outre 1'03, les radicaux
nitrates (NO3) sont impliqués dans la dégradation des COV et la formation d'une grande variété
d’especes oxygénées, dont les HOM. Fait intéressant, la formation nocturne de nouvelles particules
(NPF) est que tres peu rapportée dans la littérature, bien que des concentrations importantes
d'especes dimériques ont également été observées. Ici, nous montrons que la chimie du NOs inhibe
la formation de nouvelles particules lors de 1'oxydation des monoterpénes et explique probablement
l'absence d'événement nocturne de NPF dans des environnements dominés par les émissions de
monoterpenes. Les expériences en laboratoire et les observations dans 1’atmosphére ont montré
que les radicaux peroxyles formés par la chimie du radical NOs produisent non seulement des
especes dimériques de plus grande volatilit¢, mais modifient entiérement les réactions de
terminaison des autres radicaux RO», produits a partir de la chimie O3/OH. La volatilité des produits
d’oxydation contenant de I’azote, produits par la chimie du NOs, est trop importante pour initier la
nucléation et la croissance des particules. Par conséquent, les rendements en espéces organiques a
ultra-faible volatilit¢ (ULVOC) ont diminué¢ d'un facteur 5 et les taux de formation de particules
ont chuté d'un facteur 4 lorsque seulement 20 a 30 % de la réactivité du monoterpene est li¢e aux
radicaux NOs. Les expériences en laboratoire sont étayées par des observations ambiantes montrant
que le nombre de particules a été réduit jusqu'a un ordre de grandeur lorsque la chimie du NOs3 est
présente. Nos résultats expliquent pourquoi la formation de nouvelles particules ne se produit pas

tout le temps et partout dans une certaine mesure.

Enfin, le sixiéme chapitre résume ce travail de thése et présente les perspectives des études

futures.
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I.1. The atmosphere

The atmosphere, a thin layer of gas containing a variety of diverse species, surrounds the Earth and
allows life by absorbing ultraviolet solar radiation, warming the surface, and maintaining a
relatively constant diurnal variation in temperature near the ground. As illustrated in Table I-1, the
main constituents of dry atmospheric air are nitrogen (N2, 78%), oxygen (O2, 21%), and Argon (Ar,
1%) (Seinfeld and Pandis, 2016). Water vapor, the most significant trace gases, has a highly varied
composition through the atmosphere, fluctuating with weather, latitude, and altitude. Less than 1%
of the atmosphere is made up of the remaining trace gases. But despite this, they are extremely
important for the chemical composition and radiative balance of the atmosphere. For example,
carbon dioxide (CO»), nitrous oxide (N20O), and methane (CHs) are the most abundant greenhouse

gases after water vapor.

Table I-1: The major atmospheric components and their residence time at ground level (Seinfeld

and Pandis, 2016; Wang, 2021).

Volum% fraction

Atmospheric species A

Mean atmospheric residence time

Nitrogen (N2) 78.1 15x10'° years
oxygen (O3) 20.9 8x10° years
H>O (g) 0-4 6-15 days
Argon (Ar) 0.9 infinite
H>0O (1) <0.3 1-20 days
Carbon dioxide (CO») >0.04 15 years
Neon (Ne) 1.8x107 infinite
Helium (He) 1.8x107° infinite
Methane (CHy) ~1.7x10* 9 years
Hydrogen (Hz) ~5x107% 10 years
Nitrous oxide (N2O) ~3.1x107 150 years
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Carbon monoxide (CO) ~1.2x10* 2 months
ozone (O3) 2-200x10° 1-2 months
Ammonia (NH3) ~0.1-1x10° 20 days
Nitrogen dioxide (NO») ~1x107 1 day
VOCs ~0.1-1x10* hours-days
Sulfur dioxide (SO>) ~2x107® 1 day
Particles <107 minutes-weeks

Nitrogen oxides (NOx), tropospheric ozone (0O3), and aerosol particles are the major
atmospheric pollutants that are harmful to human health. NOy are emitted by combustion engines
or produced naturally by lighting. Tropospheric ozone, commonly referred to as ground-level
ozone, is created when volatile organic compounds (VOCs) are photochemically oxidized in the
presence of NOx (Finlayson-Pitts and Pitts, 2000). The atmosphere is regarded to be oxidizing due
to the abundance of oxidants, including O3, free radicals such as hydroxyl (OH), hydroperoxyl
(HO), and nitrate (NO3) radicals. The presence of oxidants transforms sulfur dioxide (SO2) and
VOCs into highly oxygenated species that can further affect air quality, notably by forming new
particles (Bianchi et al., 2019). Although free radicals are typically less than one part in billion
parts of air (ppbv), they have the capability of altering the chemical composition of the atmosphere.

1.2. Atmospheric aerosols

The terminology “atmospheric aerosols” refer to fine solid or liquid particles suspended in a
gaseous medium, which are ubiquitous components of the atmosphere. Contrary to long-lived
greenhouse gases, aerosol particles in the troposphere typically only last from a few hours to up to
a few weeks in the atmosphere (Table I-1). Aerosols have significant effects in climate and
atmospheric chemistry although making up less than 10~ of atmospheric volume fraction. For
example, they can scatter sunlight, serve as cloud condensation nuclei (CCN), and take part in

heterogeneous chemical reactions (Andreae and Crutzen, 1997).
I.2.1. Sources and composition of aerosols

Aerosol particles originate from natural and anthropogenic sources (Seinfeld and Pankow, 2003).

They can be directly released as primary aerosols, either as liquids or solids, such as desert dust,
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fossil fuel combustion, and sea spray. Others, referred to as secondary particles, are produced by
chemical reaction and gas-to-particle conversion of gaseous inorganic and organic precursors in
the atmosphere, namely new particle formation (NPF) (Borduas and Lin, 2016; Calvo et al., 2013;
George et al., 2015; Pdschl, 2005). NPF represents a significant load of atmospheric particles,
contributing to 45% of global low-level cloud CCN and 35% of CCN in the free troposphere
(Merikanto et al., 2009). As a rule, NPF happens in two stages: the nucleation of a critical cluster
(2 nm) from vapor transform to liquid or solid, and following growth of the critical cluster to a
bigger size (Kulmala et al., 2013; Zhang, 2010). During the growth, the newly formed particles

may be removed by pre-existing particles, as illustrated in Figure I-1.
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Figure I-1: Schematic description of ion-induced nucleation and growth of atmospheric aerosol

particles (Kirkby, 2007).

The chemical composition of secondary particles is extremely complex, and the
physiochemical nature of these particles remains poorly understood (Jimenez et al., 2009; Kwon et
al., 2020; Wilczynska-Michalik et al., 2021). As shown in Figure 1-2, sulfate, nitrate, ammonium,
and chloride ions are the most prevalent inorganic species of secondary particles, while organics
comprise up to 90% to the submicron aerosol mass. SOA formation and aging involve a wide range
of VOCs which is estimated to be up to 10° distinct organic molecules in the atmosphere (Goldstein

and Galbally, 2007). Each of these compounds can go through a variety of atmospheric oxidation
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processes to yield various oxidized products, which may contribute to the formation and growth of
SOA.

® Urban Inorganics: M Sulfate mm Nitrate == Ammonium B Chloride
@® Urban Downwind
® Remote Organics: | = HOA m Other OA M Total OOA = LV-OOA I
Pinnacle Park, Ny _New York City, NY h ,uk Hwvtiala Taunus Mainz
12.3 (Wmter) (Summer) (Wm(er) (Summer) leand Gennany Germany
e ‘ e ‘ ‘ ‘ e 8 e e ‘ :.?g
=3
=
]
g H
E 58
£ £z
2 33
£ 3=
o s =
'3
= 2c
o S
E E n?:«%
> =
o
o
<
: $ 35
S
. &=
< < < <<
8 S 0 8 0 O
§ T 592 92¢% E
s £ > 8 > E4
3 8 » 5 2 g
@ = L
" y T <
S
/ :
< 268 85 29 10.7 A ] y 3
o 3
§ ?
4 < ! 3
2 W i
© =
Houston, TX Me)uco Duke Forest Thompson Off Coast Chebogue Cheju Island Okinawa Fukue
Farm, NH New England, US Canada Korea Japan Japan

Figure [-2: Total mass concentration (in micrograms per cubic meter) and mass fractions of
inorganic species and organic components in sub-micrometer aerosols measured with the Aerosol
Mass Spectrometer at multiple surface locations in the northern Hemisphere (Jimenez et al.,
2009).

1.2.2 Impact of aerosols

Aerosols are typically between 1 nm (lower limit: clusters of few molecules) and 100 um (upper
limit: rapid sedimentation) (Pdschl, 2005; Seinfeld and Pandis, 2016), resulting in a volume
difference over a trillion. Typically, soot and other dark-colored aerosol particles absorb sunlight
and warm the atmosphere. Light-colored ones, such as sea spray, on the other hand, reflect sunlight,
cooling the atmosphere. Aerosol particles not only have these direct effects, but they are also
essential for cloud formation as every cloud droplet and ice crystal involve an aerosol particle, as

shown in Figure [-2. The surface provided by atmospheric particles allows the condensation of

10



Chapter I: Introduction

water vapor, which leads to the production of clouds and rain. In general, an increase in aerosol
particle concentration causes brighter clouds consisting of more, but smaller cloud droplet with
longer lifetime. The resulting clouds reflect more sunlight back into space, which further cool down

the atmosphere (Boucher et al., 2013; Twomey, 1977).
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Figure I-3: A schematic showing the different sources of aerosols in the atmosphere and their

effect on climate (Fadnavis et al., 2020).

Besides those on the climate, aerosol particles have various effects on our lives. Being the
fifth most significant risk factor for early mortality and disability, they have negative health
implications (Fowler et al., 2020; Lelieveld et al., 2015). The fate of aerosol particles in the
respiratory system might vary greatly depending on their size (Rostami, 2009). For instance, larger
aerosol particles are primarily deposited in the upper respiratory system whereas smaller ones can
enter the lungs deeply. They also worsen visibility, as is seen in polluted areas. Large aerosol
particles can absorb and scatter light, preventing it from reaching an object in the distance and

getting reflected back to a viewer’s eye, leading to visibility degradation (Eidels-Dubovoi, 2002).

Overall, aerosols are by far the most uncertain of all the factors influencing the climate (IPCC,
2013; IPCC, 2022). As a result, predicting accurately how climate will evolve remain challenging.

For example, as we do not know how aerosol particles looked in the preindustrial atmosphere, it is
11
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impossible to gauge accurately aerosol climate effects and how humankind has modified it
(Carslaw et al., 2013). Hence, it would be particularly crucial to understand the atmosphere’s
natural state to reduce uncertainties. Before the advent of industry, the primary sources of aerosols
were natural, with a significant contribution from biogenic activity (Andreae, 2007). Thus, studies
on biogenic vapors-formed aerosols shed light on aerosols in both the present-day and pre-

industrial atmosphere.

I.3. Formation of secondary organic aerosol from volatile precursors

1.3.1. Oxidation of VOCs

SOA formation begins with the release of precursor VOCs into the atmosphere. Both anthropogenic
and natural VOCs come with a huge variety, with biogenic VOCs, being the most significant source
in the atmosphere (Guenther et al., 2012; Lamarque et al., 2010). For example, isoprene emissions
dominate tropical forests (Miiller et al., 2008) and monoterpenes including a-pinene predominate
in boreal forests (Hakola et al., 2012). Biogenic VOCs (BVOCs) chemistry significantly
contributes to global SOA mass due to their abundance, although recent studies have shown that
isoprene chemistry can reduce monoterpene derived SOA formation when co-emitted. (Heinritzi

et al., 2020; McFiggans et al., 2019).

Although BVOCs dominate on a global scale, anthropogenic VOC (AVOC) emissions can be
significant regionally. AVOCs are mainly dominated by aromatics, alkanes, and alkenes in urban
areas (Li et al., 2019), and are emitted by a variety of human activities, including traffic and
cleaning agents. Numerous studies on the oxidation of aromatic compounds have demonstrated

their substantial SOA yields (Gentner et al., 2017; Ng et al., 2007).

Gas-phase oxidation is the main process for converting and degrading VOCs either by reacting
with atmospheric oxidants, such as the hydroxyl radical (OH), ozone (O3), or nitrate radical (NO3)
or via photolysis (Kroll and Seinfeld, 2008). The oxidants initiating the degradation of a VOC play
a major role in determining the product distribution and thus is assumed to be a controlling factor

in the product volatility (Kroll and Seinfeld, 2008).

Table I-2 summarizes the average concentrations of these three oxidants in a polluted urban

environment. The OH radical is the main oxidant in the troposphere. The concentration of OH can

12
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be low as 1 x 10° molecules cm?, with the tropics and summer having the greatest levels
(Finlayson-Pitts and Pitts, 2000; Lelieveld et al., 2016). Daytime OH concentrations are much
higher than nighttime levels. OH radicals react with practically everything quickly and have a

lifetime of a few seconds (Isaksen and Dalseren, 2011).

Table I-2: Average oxidant mixing ratios and concentrations in a polluted urban atmosphere

(Calvert et al., 2002).

Daytime Nighttime
Oxidant
Volume mixing ratio | molecules cm™ | Volume mixing ratio | molecules cm™
OH 0.16 pptv 3.9 x10° 0.0007 pptv 1.4 x10*
0; 110 ppbv 2.7 x 10" 80 ppbv 2.0 x 10"
NO3 3 pptv 7.0 x 107 100 pptv 2.5 x10°

O; is a significant oxidant due to its large concentrations, especially for unsaturated
compounds, although generally having lower reaction rate constants than OH radicals. Alkenes are
more reactive with O3 since a double bond is required to start the oxidation process. Furthermore,
elevated concentrations of O3 during nighttime compared to OH, making it an important oxidant
throughout the day. The global average lifetime of Os is estimated to be 19 days (Seinfeld and
Pandis, 2016).

The NOs-initiated oxidation is not significant during daytime because NOs3 radicals are
quickly photolyzed. However, NO; chemistry has been observed during daytime beneath thick
clouds or forest canopies (Liebmann et al., 2019; Wennberg et al., 2018). NOs is generally highly
reactive with unsaturated VOCs, some of which having similar reaction rate constant compared to
OH radicals. The nighttime NO3z mixing ratio in the boundary layer is typically hundreds of ppt,
thus it can be readily shown that reaction with NO3 radical is the major degradation pathway for
VOCs at night due to the high reactivity and much higher mixing ratio of NO3 radical than OH
radical (Kurtenbach et al., 2002).

13
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1.3.2. Formation of highly oxygenated molecules

The oxidation of VOCs will produce a large poll of oxygenated VOC (OVOC), some of which
possess (extremely) low vapor pressure, namely highly oxygenated organic molecules (HOMs)
(Ehn et al., 2014). During the oxidation processes, HOMs are formed via autoxidation involving
peroxy radicals (RO»), starting with an intramolecular hydrogen-atom shift forming a
hydroperoxyalkyl radical and subsequent rapid addition of O> forming a new and more oxidized
peroxy radical (Crounse et al., 2013). The presence of functional groups in larger RO> can lower
the energy barriers of the initial steps, allowing H-shift reactions under tropospheric conditions.
The repetitive chain reaction leads to a wide variety of multifunctional products containing six or
more oxygen atoms typically (Bianchi et al., 2019). Figure 1-4 provides a schematic representation

of the mechanism.
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Figure I-4: Autoxidation mechanism in OH-initiated oxidation of ketones (Bianchi et al., 2019).

Within a few seconds of the ozone attack, highly oxidized and low volatility products are
produced either through unimolecular termination of RO» radicals with NOx, HO», etc., or
bimolecular reaction involving two RO» radicals (Berndt et al., 2018b; Tuija Jokinen et al., 2014).
In particular, the reaction between two RO; radicals can produce a stable covalently bond dimer

(I-1), whose volatility is instantly decreased by accreted functionality.
RO> +R’02 — ROOR’ + O, (I-1)

The definitions by Bianchi et al. (2019) on what compounds are thought to be HOMs are
applied in this thesis. These are:

1. HOMs are formed via autoxidation involving peroxy radicals. This criterion distinguishes

HOMs from other organic molecules with a high oxygen content, for example sugars.

2. HOM:s are formed in the gas phase under atmospherically relevant conditions. This condition
distinguishes HOMs from compounds formed in many system, such as combustion where

autoxidation is known to be important (Cox and Cole, 1985).

14
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3. HOMs typically contain six or more oxygen atoms. Compared to the previous two, this last
criterion is less strict. Its primary purpose is to highlight the absolute number of oxygen atoms

as a distinguishing feature of HOMs.

HOMs have been observed in the boreal forest (Ehn et al., 2012), suburban (Jokinen et al.,
2014), rural (Kiirten et al., 2016), and urban areas (Wang et al., 2022b), as well as in the free
troposphere (Bianchi et al., 2016). All major oxidants have been found to produce HOMs (Bianchi
et al., 2019). Most of the studies focused on the oxidation process initiated by Oz and OH radical,
notably involving BVOCs and fewer about the formation mechanism of HOMs from NOj3 radical
reaction (Berndt et al., 2018a; Jokinen et al., 2015; Liebmann et al., 2019). Comparatively fewer
investigations have been performed on the formation of HOMs from AVOCs (Molteni et al., 2018;
Rissanen, 2021).

HOMs exhibit low or extremely low volatilities with a significant mass yield due to their large
number of functional groups. As a result, they can nucleate together with other precursors and
actively participate in condensational growth at all sizes, from new particle formation (NPF) to

cloud condensation nuclei (CCN) (Ehn et al., 2014; Kirkby et al., 2016; Riccobono et al., 2014).
1.3.3. Volatility classes of oxidation products

Atmospheric VOC oxidation products either partition between gas and particle phase or get
eliminated from the atmosphere by wet or dry deposition. The vapor pressure of the products
determines whether they stay in the gas phase or transition to the condensed phase. The saturation
vapor pressure refers to the pressure when the number of evaporated molecules is equal to the
condensed phase at a certain temperature (Vehkamaki and Riipinen, 2012). The physical procedure
that determines how a chemical is distributed between the gas and particle phases is known as the
gas-particle partitioning. The equilibrium partitioning coefficient of molecules or the saturation
vapor pressure serve as indicators of partitioning (Pankow, 1994). The following formula provides

the partitioning coefficient, K;:

[i]particle RT
K = Mars — Mwyp? (1-2)
[(lgas*Morg Yip;

where [i]particie and [i] gqs are the concentrations of a compound i in the particle and gas phase,

respectively, and M, is the total aerosol organic mass. R is the gas constant and T the temperature;
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MW is the mean molecular mass of the particle components; y; is the activity coefficient, and p

is the saturation vapor pressure of the given compound.

Volatility is a property of a compound that refers to its propensity to exist as a vapor, which
decreases with decreasing saturation vapor pressure. Since the volatility is proportional to
saturation vapor pressure, it is represented in terms of saturation mass concentration C° (ug m™).
C° is the saturation concentration of a vapor over a single component, whereas the saturation
concentration over a mixture is determined by the effective saturation concentration C”, the inverse
of partitioning coefficient, K;:

Cr=yx 0= sy (1-3)

[l]particle

Volatility basis set (VBS), a categorization framework based on quantifiable organic property-
volatility, has been established and is frequently used to characterize oxidation chemistry in a
straightforward but coherent manner (Donahue et al., 2011; Li et al., 2016). The volatility of VOC
oxidation products can vary by several orders of magnitude. The VBS parameterization is useful
for classifying the wide range of OVOC:s into the multiple groups. Products are grouped into broad

categories based on C™:

1. Ultra-low volatility organic compounds (ULVOC), C*< 10%° ug m™;

2. Extremely low volatility organic compounds (ELVOC), 1033< C*<10*°ugm>;
3. Low volatility organic compounds (LVOC), 10*3< C*<10% pg m3;

4. Semi-volatile organic compounds (SVOC), 10%3<C"< 10>’ ug m3;

5. Intermediate volatility organic compounds (IVOC), 10>° < C*< 10%3 pg m™;

6. Volatile organic compounds (VOC), 1053 < C* ng m.

ULVOC:s can usually drive nucleation alone, at rates and under conditions observed in the
atmosphere. ELVOCs condensation drive initial growth of nucleated particles up to 2 nm. As the
particles increase in size and the Kelvin barrier progressively falls, subsequent growth is dominated
by more abundant LVOCs (Trostl et al., 2016). HOMs are mostly classified as ULVOC, ELVOC,
and LVOC, with a little subset in SVOC. Therefore, HOMs may play a role in NPF and SOA
growth (Ehn et al., 2014; Kirkby et al., 2016; Trostl et al., 2016).
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1.3.4. Role of OVOCs in SOA

Depending on the environment, different vapors participate in the initial stages of NPF. The
specifics of their identities remain unknown. Likely candidates include sulfuric acid, ammonia,
nitric acid (Kirkby et al., 2011; Lovejoy et al., 2004; Sipild et al., 2010; Wang et al., 2020), iodine
oxoacids (He et al., 2021; Sipilé et al., 2016) and organic molecules (Bianchi et al., 2016; Kirkby
et al., 2016).

Organic compounds have a significant role in NPF events in addition of making up a sizable
portion of the total aerosol mass (Kerminen et al., 2018). Low volatility vapors cluster together to
generate particles during NPF occurrences. As more vapors condense on these particles, they grow
to bigger sizes. It is generally acknowledged that HOMs play a significant role in both nucleation
and particle growth, either independently or via stabilizing sulfuric acid clusters (Ehn et al., 2014;
Gordon et al., 2017; Kirkby et al., 2016). They are capable of participating in the very first steps
of NPF, in the early growth of the newly formed particles, or by condensing on pre-existing aerosol
particles. It has long been hypothesized that the vapors that cause the particles to enlarge, reaching
CCN sizes, are often organic (Kerminen et al., 2012; Kulmala et al., 1998; Riipinen et al., 2011;
Smith et al., 2008; Tunved et al., 2006). Instead of their formation rate, the major factor that
determines whether NPF events form climate-active aerosol particles is the growth rate of particles,
since these smallest particles are most vulnerable to scavenging by coagulation into larger particles
(Kerminen et al., 2004; Kerminen et al., 2012). As a result, organic molecules play a pivotal role

in NPF-derived climate-relevant particles.
1.3.5 Oxygenated molecules detection in gas phase

HOM researches have progressed dramatically thanks to the instrumental advancements that enable
their direct detection (Breitenlechner et al., 2017; Ehn et al., 2010; Ehn et al., 2014; Riva et al.,
2019a). Chemical ionization mass spectrometry (CIMS) has become a particularly effective
method for detecting and characterizing a wide variety of oxygenated gas-phase species, including
free radicals (Bianchi et al., 2019; Huey, 2007; Laskin et al., 2018). The MS is an online method
that can separately detect individual gaseous ionized molecules in a mixture based on their mass-
to-charge (m/z) ratio (Bianchi et al., 2019; Ehn et al., 2014; Riva et al., 2020). A mass spectrometer

mainly consists of an ionization source, a mass analyzer, and an ion detection system. The
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commonly used methods in atmospheric science to ionize the molecules of interest are electron
impact (EI), chemical ionization (CI) and electrospray ionization (ESI). And the commonly used
mass analyzers include quadrupole, time-of-flight (TOF), and ion trap mass analyzer, which differ
in their mass resolving power and therefore their capabilities for distinguishing isobaric ions. As
for the detector, ions are detected in proportion to their abundance by micro-channel plates (MCP),

electron multipliers, or image currents.

HOMs were originally found in the form of N-containing ambient ions using atmospheric
pressure interface time-of-flight mass spectrometer (APi-TOF) in the boreal forest, and the element
compositions were attempted to be identified at the time (Ehn et al., 2010). The definitive elemental
identification of HOMs was later confirmed by a combination of new long-term measurements in
the boreal forest and a targeted chamber investigation looking at naturally charged ions produced
from monoterpene oxidation by ozone (Ehn et al., 2012). As a result, the research interest in
atmospheric HOMs greatly increased, and many follow-up studies have been inspired, including
theoretical and experimental exploration of the formation mechanism, the contribution to the newly
formed particles and even to cloud condensation nucleus (CCN) on a global scale of HOMs

(Bianchi et al., 2016; Ehn et al., 2014; Kirkby et al., 2016; Trostl et al., 2016).

But the APi-TOF detects only naturally charged positive and negative ions with m/z up to
thousand Th due to the lack of an ion source and thus the measurement of neutral HOM molecules.
Given that HOMs were primarily observed as clusters with NO3;™ (Ehn et al., 2010; Ehn et al., 2012),
an APi-TOF attached to a chemical ionization source employing nitrate as the reagent ion should
effectively detect HOMs. Since that time, CIMS has been commonly used in the identification,
structure elucidation and quantification of organic compounds (Bianchi et al., 2019; Cappellin et

al., 2012; Lee et al., 2016; Riva et al., 2019b).

1.4. Motivation for this study

SOA make up between 20-90% of the fine tropospheric particles (Hallquist et al., 2009; Jimenez
et al., 2009; Kroll and Seinfeld, 2008). For example, new particle formation, condensation, and
heterogeneous chemistry cause SOA to form in the atmosphere (Hallquist et al., 2009; Kroll and
Seinfeld, 2008). The chemical decomposition of VOCs is an important contributor to SOA

(Hallquist et al., 2009). A variety of products with various functionalities and volatilities are
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produced because of VOC oxidation. Additionally, the products with low enough volatility can
contribute to NPF or the growth of pre-existing particles. A new subgroup of organic vapors, highly
oxygenated organic molecules (HOMs), was demonstrated to play a significant role in nucleation
and growth of aerosol particles (Bianchi et al., 2019; Ehn et al., 2014). Despite their significance,
the current understanding of SOA formation mechanism and evolution remain uncertainty, due to
the complexity of aerosol particles and the limitations of existing instrumentation. As a result, the
origins of SOA are typically considered in a relatively simple manner in climate models, resulting
in large uncertainties (Shrivastava et al., 2017; Tsigaridis et al., 2014). In this work, we are

attempting to investigate several unknown questions about new particle formation.

First of all, major breakthroughs have been made in the study of atmospheric oxidation
processes and aerosol particle formation, which attribute to a key point being the identification of
trace amounts of highly oxygenated multifunctional organic molecules (Bianchi et al., 2019; Ehn
et al., 2014). Therefore, we developed a new coupling to take advantage of the high resolving-
power of the Orbitrap mass spectrometer for the first time to measure oxygenated species. The CI-
Orbitrap could easily separate multiple overlapping ions of different elemental composition in
situations where the widely used TOF mass analyzers would not have been able to identify all ions.
We developed nitrate chemistry that analyzed gas-phase HOMs formed during monoterpenes'
oxidation as they have been shown to be highly selective HOMs. Moreover, the possibility of
ammonium chemistry to characterize OVOCs, including HOMs and less oxidized species, was
explored. In contrast to other mass spectrometry, NH4"-Orbitrap is a good potential CIMS
technique for comprehensive measurement of the entire product distribution without switching

reagent ions or running 2-3 mass spectrometers with only one reagent ion in parallel.

Given that Orbitrap has been successfully applied to characterize in real time gaseous and
particle phases, a new software tool for analyzing long-term MS data is needed as the commercial
software Xcalibur™ provides only basic data analysis (Lee et al., 2020; Riva et al., 2020; Riva et
al., 2019a). Therefore, a new software tool was developed with a graphical use interface (GUI),
named Orbitool, for analyzing online Orbitrap mass spectrometry data. Orbitool includes data
reading and average, background noise determination and reduction, peak shape determination,
mass calibration, chemical composition and signal abundance determination via peak fitting, and

data output. Long-term data could be averaged while maintaining mass accuracy. Orbitool is
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designed for in-depth laboratory research and long-term atmospheric measurements. The
interaction between Orbitool and other software is made easier via flexible input and output

interfaces.

Daytime VOC oxidation occurs mainly through the reaction with OH radicals and ozone
(Jokinen et al., 2015; Lim and Ziemann, 2005). For nocturnal oxidation processes, NO3 radical
represents an important or even dominant atmospheric oxidant and exhibits a very high reactivity
with VOCs (Asaf et al., 2009; Kurtenbach et al., 2002). Although the extremely low-volatility
organic compounds that most effectively drive NPF can form at night, particularly from ozone
chemistry, nocturnal NPF involving organic species is not frequently detected. The exact
mechanism preventing NPF at night is yet unknown, but NO3 is thought to be a potential contributor.
As a result, we combined NPF experiments in the Cosmics Leaving OUtdoor Droplets (CLOUD)
chamber at European Organization for Nuclear Research (CERN), radical chemistry experiments
using an Oxidation Flow Reactor (OFR), and field observations of pure biogenic NPF to study the
impact of NOs3 radicals on product distribution and NPF.
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Chapter II: Experimental methods

11.0. Motivation

This chapter describes all the experimental setups, techniques, and data analysis methods used for
the work performed within this thesis. The general setup and working principles behind the used
methods and instruments will be presented here. Specific analytical methods and experimental
details are discussed in the following chapters presenting the results. For Orbitrap mass
spectrometry techniques applied in this work, some specific methods were developed and will be

of particular interest here.

I1.1. Experimental systems

I1.1.1. Oxidation flow reactor (OFR) for radical chemistry

The oxidation flow reactor (OFR) is designed to study radical chemistry. As shown in Figure II-1,
an 18-liter Pyrex glass tube (12 cm 1.d. x 158 cm length) mounted with a fan and 7-UV lamps
(Philips CLEO) was used to perform the experiments. Total flow in the OFR was maintained in the
range of 15-16 standard liter per minute (slpm), giving an average residence time of 67-72 s. Ozone
was generated by an ozone generator (Fisher Scientific, SOG-1) and continuously injected into the
system. For the experiments conducted in the presence of nitrogen oxides (NOx), nitric oxide (NO)
was added into the system, ranging from 0 to 1.8 ppbv. Concentrations of limonene ranged from
0.4 to 2 ppmv and a-pinene from 1 to 4 ppmv. The initial O3 concentration was set at 40 ppbv. For
the nitrate radicals-derived experiments, an external 1-liter pre-reactor was designed to generate
steady state concentrations of NOs radicals from the reaction of NO> with O3z, which was dimmed
to prevent the NOs photolysis by ambient lights. During the experiments, the total flow in pre-
reactor was fixed at 1 slpm, giving a reaction time of 60 s. Concentration of NO> varied from 0 to

75 ppbv, while initial O3 and a-pinene concentrations were fixed at 50 and 8 ppbv, respectively.
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Figure II-1: Schematic of the oxidation flow reactor experiments.

I1.1.2. CLOUD (Cosmics Leaving Outdoor Droplets) chamber for new particle

formation

The Cosmics Leaving OUtdoor Droplets (CLOUD) chamber is a 26.1 m® and 3-m-stainless steel
vessel at CERN (European Organization for Nuclear Research), which is designed to study the
formation and growth of aerosol particles from a wide variety of precursor vapors (Kirkby et al.,
2011; Kirkby et al., 2016). CLOUD is the largest and most advanced laboratory experiment to
study how ions produced by cosmic rays affect acrosol formation (Duplissy et al., 2010; Kirkby et
al., 2011). It provides temperature-controlled over the entire range of atmosphere-relevant
temperatures (208 to 373 K) with an accuracy of 0.01 K by circulating air in the space between the

chamber and its insulation. A schematic drawing of the CLOUD chamber is shown in Figure II-2.
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Figure II-2: Schematic of the CLOUD chamber experiments (Kirkby et al., 2011).

The evaporation of cryogenic liquid nitrogen (N2) and liquid oxygen (O2) was blended at a
ratio of 79:21 to produce pure synthetic air, which flushed the chamber constantly. 250 optical
fiber-optic systems installed on top of the chamber to avoid disturbing chamber temperature are
utilized to initiate photolytic reactions, including Hg-Xe UV lamps, and UV excimer laser (Kupc
et al., 2011). Variable amounts of trace gases, for example, O3, VOCs, NOx, SO2, NH3, and CO
were precisely injected into the system as needed and monitored (Voigtldnder et al., 2012). The
contents of the chamber were ceaselessly detected and analyzed by a wide range of external
instruments connected to the sampling probes ~1 m protruding into the chamber. The CLOUD
chamber reaches extremely standards of cleanliness, which is cleaned by irrigating the walls with

ultra-pure water, heating to 373 K, and flushed with humidified pure air and the high ozone,
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declining the contaminant levels such as VOCs to less than 1 ppbv (Duplissy et al., 2010). The

particles were wiped out using a high voltage electric field.

I1.2. Chemical characterization

I1.2.1. NOx and O; analyzers

e NOx analyzer

The CLD 88 CY p (ECO PHYSICS) is capable to measure NOx in the range of parts per trillion
(ppt). In this work, an ECO PHYSICS analyzer equipped with a photolytic converter PLC 860 was
used to monitor NOy for the experiments performed using the OFR, having a detection limit of
0.05%o of the max range and an efficiency of >90% for NO> measurement. NO> is converted into

NO through the reaction with carbon (C) in the heated converter (>300 °C) as the following reaction:
NO;+C—->NO+C (II-1)

NO is measured by chemiluminescence method:

NO + O3 — NO2 + O, (II-2)
NO, +NO + 03 —» NOy" + 0, (I1-3)
NO>" — NOs + hv (11-4)
NO;,"+M — NO, + M (I1-5)

The radiation emission is in the wavelength between 600 and 3000 nm with a maximum
intensity of around 1200 nm. The chemiluminescence signal is detected photo-electrically. The
pressure in the reaction chamber is reduced in order to enhance the light yield and use a less
collision effective molecule M, for instance, N> or Oz, to reduce quenching (II-5). The NOy analyzer
was calibrated with theoretically known amounts of NO and NO: concentrations (0-100 ppbv) prior

to the experiments.
e Osanalyzer

The concentration of ozone (O3) is measured by a Thermo 49C based on the principle that ozone
molecules absorb ultraviolet (UV) light at a wavelength of 254 nm. According to the Lambert-Beer
law, the degree to which the UV light is absorbed is directly related to the Oz concentration. The
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sample is drawn into the instrument chamber and is divided into two gas streams. One gas stream
flows through an O3 scrubber as the “reference gas” and then flows to the reference solenoid valve.
The other gas flow directly flows to the sample solenoid valve as the “sample gas”. The two
solenoid valves are automatically switched every 10 seconds so that the two gas flows alternately
pass through each absorption cell, and the corresponding two detectors are used to detect the light
intensity. The instrument calculates the O3 concentration for each cell and outputs the average

concentration. The range of the instrument is 0-200 ppmv and the detection limit is 1.0 ppbv.
I1.2.2. Chemical ionization mass spectrometry

In this PhD work, there are results presented by proton transfer reaction mass spectrometer (PTR -
MS), chemical ionization coupled to an Orbitrap mass spectrometer (CI-Orbitrap), a chemical
ionization atmospheric pressure interface long time of flight mass spectrometer (CI-APi-LTOF), a
newly-developed prototype of the proton transfer reaction time-of-flight mass spectrometer (PTR3-
TOF), and a time-of-flight mass spectrometer equipped with a Filter Inlet for Gases and AEROsols
(FIGAERO-CIMS). Among them, I was in charge of PTR-QMS for monitoring VOC precursor,
and CI-Orbitrap for retrieving the evolution of oxidation products. The remaining other mass
spectrometers were operated and maintained by colleagues in CLOUD consortium. I was involved
in data analysis and discussions. Therefore, the working principles of these instruments are only

briefly described in the corresponding subsections below.
I1.2.2.1 Chemical ionization schemes

Chemical ionization is a soft ionization technique used in mass spectrometry. Analyte ions are
created by the collisions of neutral molecules with the reagent ions through ion-molecule reactions
in the gas phase. Reagent ions, including nitrate, acetate, iodide, amine, and ammonia, are formed
by soft ionization (radioactive, corona discharge, and x-ray) of gaseous molecules (Berndt et al.,
2018a; Berndt et al., 2016; Berndt et al., 2018b; Breitenlechner et al., 2017; Hansel et al., 2018;
Jokinen et al., 2012; Lopez-Hilfiker et al., 2014; Rissanen et al., 2019; Riva et al., 2020; Riva et
al.,2019a; Riva et al., 2019b). Compared to electron ionization (EI) ionization, chemical ionization
generally provide much less energy to neutral molecules, resulting in fragmentation free ionization

process and leading to an accurate molecular weight determination of labile analytes (Field, 1968).
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Various reagent ions have different sensitivity to organic molecules, which determine the
ability to detect specific compounds or classes of compounds with the same or comparable
functional groups (Aljawhary et al., 2013; Berndt et al., 2018b; Riva et al., 2019b). Table II-1
provides a few examples. Negative ion-based techniques, notably using nitrate (NO3~) or iodide
(I"), can nicely detect HOMs, whereas negative mode is selective and only a small subset of the
OOMs can be characterized (Berndt et al., 2015; Berndt et al., 2018b; Lee et al., 2014; Riva et al.,
2019b). Recently, positive ion-based techniques have been developed and shown to have good
response to HOMs and the less oxidized products, providing the possibility of achieving carbon-
closure (Berndt et al., 2018a; Berndt et al., 2018b; Hansel et al., 2018; Praplan et al., 2015; Riva et
al., 2020; Riva et al., 2019b). Hence the full detection of organic compounds can be achieved using
both negative and positive ionization techniques coupled with several mass spectrometers (Hansel

et al., 2018; Isaacman-VanWertz et al., 2018; Isaacman-VanWertz et al., 2017).

Table II-1: Selectivity of several chemical ionization schemes coupled to MS used in atmospheric

measurements.

Reagent ion Favorable detected Reference
compounds

NOs3~ H>SO4, HOMs, RO» (Berndt et al., 2015; Ehn et al., 2014; Jokinen et

al., 2012; Riva et al., 2019a; Riva et al., 2019b)

CoH305™ OVOCs, acids (Berndt et al., 2016; Berndt et al., 2015;

C3H305~ Bertram et al., 2011; Brophy and Farmer, 2016;

C3Hs03~ Hansel et al., 2018; Veres et al., 2008)

CF;O Inorganic acids, carboxylic ~ (Amelynck et al., 2000; Beaver et al., 2012;
acids, peroxides, Crounse et al., 2006; Crounse et al., 2011)
hydroxynitrates

I OVOCS, HOMs, ONs, HO,, (Lee et al., 2014; Lee et al., 2016; Riedel et al.,
HO,NO,, Halogens 2012; Riva et al., 2019b; Wang et al., 2020a)

Br HO;, ONs, inorganic acids (Rissanen et al., 2019; Sanchez et al., 2016;

Wang et al., 2020b; Wu et al., 2021)

(H20)H" VOCs, SVOCs (Breitenlechner et al., 2017; Yuan et al., 2016)
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Amines OVOCs, HOMs, RO» (Berndt et al., 2018b; Riva et al., 2020; Riva et
al., 2019b)
NH4" OVOCs, HOMs, RO> (Berndt et al., 2018b; Hansel et al., 2018;

Zaytsev et al., 2019)

I1.2.2.2 Proton transfer reaction mass spectrometer (PTR-MS)

e Proton transfer reaction quadrupole mass spectrometer (QMS)

In the nitrate radicals-derived OFR experiments, a proton transfer reaction quadrupole mass
spectrometer (PTR-QMS 300, Ionicon Analytik) coupled to a switchable reagent ionization (SRI)
source was used to monitor VOC continuously. The instrument consists of three main parts as
shown in Figure II-3: an ion source, drift tube, and a quadrupole mass filter. PTR-QMS could be
used with H3O", NO", or O," ionization mode. Only H3O" ionization mode was employed in this
study. Production of H3O" ions with a high purity level (up to 98%) occurs in the ion source from
ultra-pure water vapor. Then H3O" ions are extracted towards the drift tube, where the continuously
introduced sample gas containing VOCs undergoes proton transfer from H3O" ions. VOCs could

be ionized when their proton affinities (PA) are higher than water, show as follows:
H;0" + VOC — H,O + VOCH" (I1-6)

Water has a PA of 166.5 kcal mol™!, which is lower than most VOC trace gases in the ambient air
but greater than the common constituents in the air, such as N2, O», CO» etc. Hence, air does not

react with H3O" and acts as a buffer gas.
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Figure I1-3: Schematic view of the PTR-QMS (adapted from ionicon.com)

Then an electric drift field pulls primary and product ions towards the detection part. The drift
tube voltage (E, V cm™) can supply necessary kinetic energy to help reduce cluster formation, but
fragmentation could occur. Hence, the ratio of E/N is an important parameter for PTR-MS analysis,
where N denotes the number density of the gas (cm™) in the drift tube. E/N ratio is expressed in Td
(1 Td=10"V cm™). In general, a high E/N ratio often results in greater fragmentation, whereas

a low E/N ratio leads to more water cluster formation.

A quadrupole mass filter combined with a secondary electron multiplier enables mass
separation and detection of ions. A DC voltage and a high frequency AC voltage are applied to
four rods. The ions, which are injected parallel to the rods, oscillate perpendicular to their direction
of travel. Only ions with a specific m/Q ratio are transmitted. As a result, the quadrupole must

repeatedly cycle through a set of m/Q in order to measure several compounds.

e Proton transfer reaction-time of flight-mass spectrometer (PTR-ToF-MS)
The online monitoring of changes in limonene and a-pinene was done with a high-resolution proton
transfer reaction-time of flight-mass spectrometer (PTR-ToF-MS 8000, Ionicon Analytik) coupled
to a SRI source. This instrument was developed to provide gentle ionization, a high mass resolution

(4500 m/Am), and a detection limit of pptv level.
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As shown in Figure II-4, PTR-ToF-MS has a similar ion source, drift tube as PTR-QMS but
different mass analyzer. It works based on the principle that the mass to charge ratios (m/z) of an
accelerated ion determine the time of flight in a field-free region. By measuring the time between
the accelerating pulse provided at the extraction of the ions and the arrival of an ion on the detector,
the m/z can be determined. The flight trajectory is typically a V-shape or W-shape which doubles

the resolution but with less sensitivity.

transfer

ion -
drift tube
A lens system

TOF-MS
usher MCP detector

HZO/Nz/Oz
inlet

reflectron

Figure I1-4: Schematic view of the PTR-ToF-MS (adapted from ionicon.com)

11.2.2.3 CI-Orbitrap

The chemical composition of RO, radicals and closed-shell molecules were retrieved in real-time
by means of a high-resolution mass spectrometer (Orbitrap) coupled with a CI inlet. The method
and the inlet used in this work was adopted from earlier studies where they successfully detected
sulfuric acid by chemical ionization in very low quantities (Eisele and Tanner, 1993). The CI inlet

is a home-built version with minor modifications regarding the commercial inlet, as shown in
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Figure II-5 (Riva et al., 2019a). A special connector flange was constructed for interfacing to the
Orbitrap. The Eisele-type inlet minimizes the wall losses by the use of a coaxial sample flow of 10

Ipm and a sheath flow of 30 Ipm, facilitating the characterization of low-volatile and radical species.

Orbitrap
X-ray flange

Sampling

Figure II-5: Schematic of the homemade atmospheric pressure chemical ionization interface

(Riva et al., 2019a).
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The sample enters the CI with a flow rate of 10 lpm and is kept in the center, surrounded by
the concentric sheath flow of 30 Ipm, which is optimized for minimal contact and loss to the wall
of the sample. The clean air containing the reagent molecules is ionized to form the reagent ions
using a soft X-ray photo-ionizer (Hamamatsu, L.9491). Then the reagent ions in the sheath flow are
guided into the sample flow by means of an electric field. Once in the ion-molecule-reaction (IMR)
zone, the sample molecules are charged by the reaction with the reagent ions forming a stable
cluster or transferring a proton. The interaction time between the reagent ions and the neutral

molecules within the IMR zone is approximately 200-300 ms.

Figure II-6: Home-made chemical ionization inlet coupled to Orbitrap mass spectrometer.

The ions are then introduced within the Orbitrap mass spectrometer at a flow rate of 2 [pm. A
special connector flange was constructed for interfacing to the Orbitrap (Figure 11-6). The chemical
compositions of the organic compounds are analyzed in real time by Q Exactive Orbitrap mass
spectrometer (Thermo Scientific, US) (Riva et al., 2019a; Zuth et al., 2018). As schematized in
Figure II-7, the Orbitrap consists of five main components: an ion source, ion optics for focusing
and transmitting the ions produced in the source, an intermediate storage device (C-Trap) for short
pulse injection, an optional collision cell for performing higher energy collisional dissociation

(HCD) experiments, and the Orbitrap analyzer for Fourier transform mass analysis.
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Ions from the ion transfer capillary enter an ion transmission device consisting of
progressively spaced, stainless-steel electrodes (S-lens). As the amplitude of radio frequency (RF)
applied to the electrodes of S-lens increases, ions of progressively higher m/Q pass through to the
exit lens. Then ions move toward the injection flatapole, a square array of flat metal electrodes.
Incoming ions are bent to a 90° arc by flatapole to remove the neutral molecules and then guided
into the quadrupole. Quadrupole includes a symmetrical, parallel array of four hyperbolic rods and
provides the first mass filter and efficiently transmit a certain m/Q ion. On their way from the ion
source to the Orbitrap analyzer, the transmitted ions are stored and cooled in the gas-filled curved
linear trap (C-Trap). Their kinetic energy is dissipated by collision with nitrogen bath gas. lons are
cooled down to the axis of the C-Trap and get collected near the middle part. An electric field is
applied to the electrodes of C-Trap and pushes ions into the Orbitrap analyzer.

Collector C-trap Exit Lens  C-Trap Entrance Lens
HCD Collision Cell C-Trap SplitLlens Quad exit lens Quadrupole TK Lens Bent Flatapole
| i ¥t |
I
'I ] u
tl || ﬂq\
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) | l [ IS
— Inter-flatapole Lens — ::
— Injection Flatapole

[ [

|

]

[ e— [ ——
— ] S-Lens Exit Lens pet” e
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/ EQ:’ \ Capillary

X / Home .
made Cl ——| i

Orbitrap Mass Analyzer inlet

Figure I1-7: Schematic of the Q Exactive mass spectrometer (adapted from the manual of

the manufacturer, Thermo).

The Orbitrap analyzer consists of a spindle-shaped central electrode surrounded by a pair of
bell-shaped outer electrode (Figure I1-8). In the mass analyzer, stable ion trajectories combine
rotation around an axial central electrode with harmonic oscillations along it. For any given m/Q,
rotational and radial frequencies exhibit strong dependence on initial radius and energy, whereas

the frequency w, of these harmonic oscillations along the z-axis depends only on the ion m/Q ratio
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and the instrumental constant k, the curvature of the field determined by the shape of the electrodes

and the applied potential:

k
w, = |- (1I-1)

These oscillating ions produce the image current which is detected by the two split halves of
the outer electrode of the Orbital trap. By Fast Fourier Transformation (FFT) of the amplified image
current, the time signals are converted to frequency and the instrument obtains the frequencies and

then m/z.

Figure II-8: Cutaway view of the Orbitrap mass analyzer. A) Central electrode, B) An
outer electrode, split in half by an insulating ceramic ring, C) Complex orbital path of an ion

(Snow, 2014).

The Q-Exactive Orbitrap also allows conducting tandem mass spectral (MS?) analyses to
obtain chemical structure information on the compounds by using HCD cell, see Figure 11-6. It
consists of a straight multipole mounted inside a metal tube, which is connected in direct line-of-
sight to the C-Trap. Nitrogen gases are filled to increase gas pressure inside the multipole and
collide with selected sample molecules. The generated fragments go back to C-Trap and are

detected in the Orbitrap analyzer.
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Overall, the mass spectrometer used in this study has a mass resolution of 140 000 at m/Q 200,
allowing the mass determination of a wider variety of species. Isobaric ions and isotopes were more
clearly separated thanks to the high resolving power of Orbitrap mass analyzer. In addition, the
scanning range is configured to m/Q 50-750 with a scan rate of 0.2 scans/s. The calibration of the
Q-Exactive mass spectrometer was externally performed daily by a 2 Mm sodium acetate solution
which provided a suite of positive and negative adduct ions in the desired m/Q range. The mass
accuracy is <5 ppm with external calibration and <l ppm using internal standard. Orbitrap data
were analyzed by the XCalibur 2.2 (Thermo Scientific) software package and newly developed

Orbitool software which will describe in the following section.
11.2.2.4 CI-APi-LTOF

Detection of RO> radicals and accretion products were also measured by a chemical ionization
atmospheric pressure interface long time of flight mass spectrometer (CI-APi-LTOF) at the Cloud
chamber, as shown in Figure II-9. The design of Cl-inlet coupled to an APi-TOF was first
introduced by (Jokinen et al., 2012) and described elsewhere (Kiirten et al., 2016; Kurten et al.,
2014). The CI-APi-LTOF offers a mass resolving power up to 12 000 and can detected HOMs
(mass 300-650 Da) as clusters with the reagent ions using a corona discharge (Kiirten et al., 2011).
The sample flow enters the ion drift tube where it is surrounded concentrically by the sheath
gas. The primary ions are directed towards the center of the sample flow by means of an
electrostatic field so that they can interact with sampled compounds. These compounds can be
ionized through proton-transfer reaction or via clustering with the primary ions. A core-sampling
technique was applied to prevent losses in the sampling inlet (Knopfet al., 2015). Most of the flow
is used to protect the core flow that is analyzed. This setup reduces the sampling loss rate of HOMs

to less than 30% (Simon et al., 2020).

46



Chapter 11: Experimental methods

clean air + HNO3 corona N2

1 discharge needle ]

J I F- -

H T wos;
oV [ — \‘ -100 V] Quad1j Quad2 ||| | pulser reflectron detector
;slgcvnple H2S04 ===  HNO3 + HSOs- — |||| - = =
Al
-220 V -160 V I_I I_-T-
wire screen N2

exce&:s air i I_-I I-

3 stage
turbo pump

O

Figure II-9: Schematic of the CI-APi-TOF mass spectrometer (Kiirten et al., 2014).

reflectron

The APi-TOF has three differentially pumped chambers, the first two containing short
segmented quadrupoles used in ion guide mode, and the third containing an ion lens assembly
(Junninen et al., 2010). The primary and sample ions are drawn into the first stage of a vacuum
chamber through a pinhole with a pressure of ~2 mbar. Quadrupoles in the first and second stages
of the chamber are operated in RF-only mode for guiding the ions. The second chamber is pumped
down to ~107 mbar. A lens stack in a third stage focuses and prepares the ions energetically before
they enter the time-of-flight mass spectrometer (Aerodyne Research Inc., USA, and Tofwerk AG,
Switzerland). The final pressure in the TOF is nearly 10° mbar. The APi-TOF can be operated in
either V' or W mode, with the letters symbolizing the flight path of the ions inside the instrument.
The greater the ion mass, the longer it takes to reach the detector. Data are recorded using time-to-
digital converter (TDC) by co-adding spectra for 5 s and processed in IGOR Pro 7 (WaveMetrics,
Inc., USA), using the software package Tofware (Version 3.2, Aerodyne Inc., USA) and MATLAB
R2019b (MathWorks, Inc., USA).
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11.2.2.5. PTR3-TOF

A newly-developed prototype of the proton transfer reaction time-of-flight mass spectrometer
(PTR3-TOF) was used to measure the concentration of VOCs and other oxygenated compounds
also during the Cloud experiments. Compared to the conventional PTR-TOF, PTR3 significantly
improves the detection of low volatility compounds by reducing the wall loss and increasing the
sensitivity. As shown in Figure II-10, PTR3 consists of a corona discharge ion source, a tripole
reaction chamber, a drift region, a quadrupole transfer unit, and TOF-MS. Reagent ions are
produced in the corona discharge from humidified nitrogen or NH3/H>O introduced as CI gas. The
majority of organic compounds are ionized by using proton transfer or ligand switch reactions from
(H307)(H20), clusters (Breitenlechner et al., 2017) or NH4 "X, (X being NH3/H20, n=1, 2) (Hansel
et al., 2018). In order to reduce transmission losses, a core flow was drawn from the center of a
laminar sample flow through a critical orifice into the tripole reaction chamber where the ion-
molecule reactions take place. In addition, the sheath gas surrounding the core flow is pumped out
symmetrically, ensuring to minimize wall contact of the sample gas and hence reduce wall losses

of OVOC for instance ROx.

SO Corona Discharge
Air Inlet {c
I .
Critical QNZ Source Drift
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Figure II-10: Schematics of PTR3-TOF (Hansel et al., 2018).
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The pressure in this reaction region was maintained at ~80 mbar. The distribution of primary
ions and sample molecules can be adjusted by a tunable radio frequency signal applied to the tripole
rods. The pressure drops to 2-4 mbar in the drift region due to the coupling of PTR3 to the mass
spectrometer, which leads to a different distribution of primary and product ion clusters than in the
tripole reaction chamber. Overall, increased pressure in the tripole and longer reaction time result
in a 500-fold increase in sensitivity to various organics compared to conventional PTR instruments.
PTR3-TOF are calibrated using a gas standard containing 1 ppm of 3-hexanone, heptanone and a-
pinene in nitrogen. The concentrations of oxygenated products are estimated by using the
sensitivity of 3-hexanone as lower-limit values due to possible fragmentation. All data were
acquired using TofDaq recorder by Tofwerk and analyzed with TOF-Tracer software running on

Julia 0.6.
11.2.2.6 FIGAERO-CIMS

A time of flight mass spectrometer equipped with a Filter Inlet for Gases and AEROsols
(FIGAERO-CIMS) is capable of measuring both gas and particle composition of secondary organic
aerosols (SOA) with a multi-port inlet manifold (Lopez-Hilfiker et al., 2014) and was deployed
during the Cloud campaign. As schematized in Figure II-11, one exit port is used for sampling and
analyzing gases, and the other for sampling and analyzing desorption vapors from the collected
aerosols. A removable tray with a filter is used to change between these two states. In gas mode,
trace gases are directly sampled into a turbulent ion-molecule reactor simultaneous particles are
collected on a polytetrafluoroethylene (PTFE) filter via a separate dedicated port. In the particle
mode, the filter is automatically moved into a pure N2 gas stream flowing into the ion-molecule
reactor, while the N is progressively heated to evaporate the particles via temperature-programmed
thermal desorption. Hence, the ion thermogram for individual ions can be obtained from the
resulting signal versus desorption temperature curves. Each desorption cycle includes two parts:
the particle collection and the linear increase in desorption temperature (i.e., ~25 °C — ~150 °C in
15 mins). The filter-related background signals are determined by a particle blanking manifold

which periodically prevent particles from reaching the primary collection filter in the FIGAERO.
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Figure II-11: Schematic of FIGAERO assembly (Lopez-Hilfiker et al., 2014).

Both modes are fully automated and programmable for continuous online sampling. Analytes
are then chemically ionized and extracted into a TOF-MS (Wang et al., 2020b). Measurement cycle
of two modes was set to 30 minutes, 15 mins in gas and 15 mins in particle mode. As a result,
FIGAERO enables the alternate measurements of gas and particle samples. lodide (I') or acetate
can be used as reagent ions, achieving highly selective determined analytes with very low detection
limits. Data were analyzed using Tofware (version 2.5.11 FIGAERO) giving 10 s average mass

spectra.
I1.2.3. Orbitool software for analyzing Orbitrap data

The high resolution Orbitrap spectra were analyzed using a new-developed software “Orbitool”
with a graphical user interface (GUI) (Cai et al., 2020). The gas-phase oxidation of one single VOC
can yield thousands of oxidized products. And the application of CI-Orbitrap achieve much greater
mass resolving power to distinguish isobaric species. As a result, the chemical diversity of OVOCs
presents a significant challenge in detecting, quantifying, and characterizing such a large number

and wide variety of organic compounds. The commercial software, Xcalibur™, which was used in
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our initial studies (Riva et al., 2019a), provides an interface for basic data processing, e.g., reading
single or averaged scans and exporting the time evolution of selected signal peaks. However, more
comprehensive data analysis is usually needed in order to investigate complexities and chemical
processes that occur in the atmosphere. Furthermore, the use of Orbitrap in long-term continuous
online measurements necessitates the development of a new software tool for interpreting Orbitrap

data. Therefore, Orbitool came into being.

The basic working principle of Orbitool is shown in Figure II-12. Orbitool enables data
averaging, noise determination and reduction, the single peak fitting, mass calibration, peak
assignment and export of time series and mass defect plots. The user has the option of averaging
all imported files or only a portion of them. Either the scan count or the scan time are used to
determine the average spectra. Orbitool takes the peaks which is lower than a certain percentile of
the peak heights in the mass defect range of [0.5, 0.8] Da as noise peaks. The users can choose
remove noise peaks, remove noise peaks and subtract noise level, or no denoising. A normal
distribution is used by Orbitool to characterize the single peak shape. The users can remove
deviated peaks manually on the GUI. Orbitool can automatically locate the peaks of user-provided
calibration species within a preset uncertainty range. A polynomial function is then used to fit a

calibration curve. By utilizing various calibration species, the users can set the degree of
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Figure II-12: Simplified schematics of the working principle of Orbitool (Cai et al., 2020).

Orbitool fit single peak to the calibrated average spectrum and usually conducts a default peak
fitting to the whole spectra. And the users can merge the peaks in a given mass range using a

customized mass tolerance. When assigning chemical formulae for a given mass, Orbitool searches
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for all possible chemical formulae satisfying configured boundary conditions. Isotope
identification is also supported at the same time. A mass list is created using the fitted peak location
and their corresponding chemical formulas once all the single peaks have been identified. The users
can get the temporal evolution of abundance for given chemical species and export them. In
addition, the mass defect plot is provided on the GUI for an intuitive and rapid characterization of

an averaged spectrum.

Orbitool is mostly coded in Python, with the supports form several third-party libraries. To
enhance computational speed, the mass spectra are processed using the Numba package (Lam et
al., 2015) and chemical composition and signal abundance are determined using the Cython
package 5 (Behnel et al., 2011). Orbitool was tested in Python 3.6 on the Microsoft Windows
operating system. An executable version of Orbitool and its open-source codes are publicly

available (https://orbitrap.catalyse.cnrs.fr)
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This chapter summarized the analytical developments performed with the CI-Orbitrap. The results
presented here were published in Anal. Chem., 2019, DOI: 10.1021/acs.analchem.9b02093 and
Anal. Chem., 2020, DOI: 10.1021/acs.analchem.0c00111
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I11.1. Introduction

Atmospheric aerosols, a mixture of solid and liquid particles of organic and inorganic substances
suspended in the air, make up less than a millionth of a percent of the atmosphere, yet they still
produce a significant cooling effect on our planet. They do this in two ways: by directly reflecting
solar radiation back into space, and by acting as nuclei for cloud droplet formation, whereby they
regulate cloud reflectivity and lifetimes (Albrecht, 1989; Rosenfeld et al., 2008). Typically, only
particles larger than 100 nm in diameter result in cloud condensation nuclei, and therefore the
chemical components and the processes contributing to the growth of such particles are extremely
important. Atmospheric aerosols are also recognized to adversely impact air quality and human
health, representing nowadays the fifth-ranking human health risk factor, globally (Gakidou et al.,
2017).

Depending on the geographic region, organic aerosol on average contributes 20-90% to the
submicron aerosol mass (Jimenez et al., 2009), with secondary organic aerosol (SOA) as the largest
source of atmospheric organic aerosol (Hallquist et al., 2009; Jimenez et al., 2009). The organic
vapors able to grow aerosols by gas-to-particle conversion, thus forming SOA, are primarily
formed through the oxidation of volatile organic compounds (VOC), yielding a wide variety of
oxygenated VOC (OVOC) (Hallquist et al., 2009). Characterization of all these OVOC represents
a unique analytical challenge (Glasius & Goldstein, 2016; Goldstein & Galbally, 2007). Over the
last five years, major breakthroughs have been achieved within the field of atmospheric oxidation
processes and aerosol particle formation (Berndt et al., 2015; Bianchi et al., 2019; Ehn et al., 2014;
Jokinen et al., 2014). A pivotal starting point was the identification of highly oxygenated organic
molecules (HOM) (Ehn et al., 2014), formed through a process called autoxidation (Crounse et al.,
2013). In this process, peroxy radicals formed from the oxidation of a VOC undergo intramolecular
hydrogen abstraction, followed by the addition of molecular oxygen. This results in the formation
of a new peroxy radical, with an additional hydroperoxyl group. This chain reaction can be repeated
and lead to a wide variety of products depending on the termination mechanisms (Bianchi et al.,
2019). HOM have been shown to contribute to the nucleation and growth of new particles both in
atmospheric simulation chambers and in the atmosphere (Bianchi et al., 2019; Trostl et al., 2016).

However, a complete understanding of how VOC oxidation processes contribute to new particle

62



Chapter Ill: CI-Orbitrap: An Analytical Instrument To Study Atmospheric Reactive Organic Species

and SOA formation is still lacking, and the quantitative evaluation of the impact of aerosol on air

quality and climate remains poorly understood (Glasius & Goldstein, 2016).

Over the last ten years, mass spectrometric techniques have made dramatic improvements in
detecting and characterizing gas-phase oxygenated species, including radicals, of varying
volatilities (Donahue et al., 2011; Kurtén et al., 2016). In particular, chemical ionization mass
spectrometry (CIMS) has emerged as a powerful tool to characterize a wide range of different
gaseous compounds (Berndt et al., 2018; Bianchi et al., 2019; Lee et al., 2014; Riva et al., 2019).
Cl is a soft ionization technique where the analyte is ionized through clustering process with the
reagent ions and undergoes only minimal fragmentation or via proton transfer processes (Crounse
et al., 2006; Jokinen et al., 2012; Lee et al., 2014). As part of the rapid development, multiple
reagent ion schemes have been tested over the last few years. Due to the improvements in
sensitivity and/or selectivity, a wide variety of oxygenated species, including RO> radicals and
stabilized Criegee intermediates, can now be directly analyzed (Berndt et al., 2015; Berndt et al.,
2018b; Breitenlechner et al., 2017; Krechmer et al., 2018). While CIMS provides very good
sensitivities (detection limit as low as 10* molecules cm™) (Jokinen et al., 2012), they are
commonly coupled to TOF mass analyzers having limited mass resolving power. This typically
ranges from 4000 for a medium-resolution (e.g., the Tofwerk AG HTOF) to 14 000 for a high-
performance TOF (e.g., Tofwerk AG LTOF) (Riva et al., 2019). These resolving powers make
identification and quantification of individual organic molecules extremely challenging in cases
with multiple overlapping ions, yielding significant uncertainties (Cubison & Jimenez, 2015; Riva
et al., 2019; Stark et al., 2015). Indeed, “atmospheric” mass spectra acquired using the CIMS
technique typically contain a large amount of information, and therefore remain complex in nature,
representing a significant challenge for data analysis. Computational approaches, including ion
deconvolution procedures, are required to solve this limitation in order to extract the maximum

possible information content (Cubison & Jimenez, 2015; Meija & Caruso, 2004).

In this work, we successfully coupled a high-resolution mass spectrometer (Orbitrap) with a
CI source to overcome many current instrumental limitations. The CI-Orbitrap combines the
benefits of soft atmospheric pressure ionization, high mass resolving power (R = 140 000 at m/z
200), and high time resolution (~10 s). As a proof of concept, we analyzed gas-phase OVOC

formed during the oxidation of two monoterpenes using nitrate-ion-based (NO3”) chemical
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ionization in an oxidation flow reactor. We used this chemistry as it has been shown to be highly
selective towards atmospheric reactive species, including HOM (Bianchi et al., 2019; Riva et al.,
2019). We characterized the time evolution of the HOM under varying VOC precursor, O3, and
NOx concentrations.

In addition, the sensitivity, as well as the linearity of the CI-Orbitrap with different reagent
ions operated in the positive or negative mode, were determined and compared to those of the CI-
APi-TOF. To do so, we performed the first side-by-side comparison between a CI-Orbitrap and a
CI-APi-TOF applying two different chemical ionization schemes, i.e., the acetate-ion-based
(CH3COO") (Berndt et al., 2015; Berndt et al., 2018) and the aminium-ion-based (n-C3H7NH3")
(Berndt et al., 2015) product ionization in a free-jet system designed to probe the early stage of a
given reaction. Very low concentrations of RO» radicals and OVOC:s are produced from the ozone
and OH radical initiated oxidation of a-pinene in order to ascertain the benefit and the limitation

of the CI-Orbitrap.

I11.2. Experimental section

For this study, the chemical composition of the oxygenated products was retrieved in real time by
a Q-Exactive Orbitrap Plus mass spectrometer (Thermo Scientific) coupled with a chemical
ionization (CI) inlet (Figure II-5, 6). While the design of the CI inlet is based on that of Eisele and
Tanner (1993), we constructed a special connector flange as well as optimized the dimensions of
the CI inlet for coupling to the Orbitrap (Figure II-5), details in Chapter 11.2. The Eisele-type inlet
minimizes the wall losses through the use of coaxial sample and sheath flows, facilitating the
characterization of (extremely) low-volatile and radical species. The results presented here are
coming from two systems-oxidation Flow Reactor for the first characterization of CI-Orbitrap and
Free-Jet Flow System for a side-by-side comparison between CI-Orbitrap and a CI-APi-TOF. And

the parameters used for the mass spectrometers are mentioned in the corresponding sections below.
I11.2.1. Oxidation Flow Reactor

The ozonolysis experiments were conducted at room temperature and atmospheric pressure in an
oxidation flow reactor and in the absence of an OH scavenger. The reactor was a ~18-litres Pyrex
glass tube (12 cm i.d. x 158 cm length), which has been described in more detail previously

(Aregahegn et al., 2013). The total flow rate of synthetic air (N2/O2 80:20) was set at 15 liter per
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minute (L/min) giving an average residence time of 72 seconds. Ozone, generated by an ozone
generator (Fisher Scientific, SOG-1) was continuously injected into the flow tube. For the
experiments performed in the presence of nitrogen oxides (NOx), nitric oxide (NO) was added into
the flow tube reactor. The concentrations of ozone (initial concentration 40 ppb) and NO (ranging
from 0 to 1.8 ppb) were measured using a Thermo 49C and an Ecophysics CLD 88p equipped with
a photolytic converter PLC 860, respectively. Concentrations of limonene varied from 0.4 to 2 ppm
and o-pinene from 1 to 4 ppm, both measured using a proton transfer reaction time-of-flight mass

spectrometer (PTR-TOF 8000, Ionicon Analytik Gmbh).

NO;™ reagent ions were used to characterize HOMs due to its high sensitivity and selectivity
in this system. NO3™ ions were generated by passing clean air (10 mL/min) containing nitric acid
through a soft X-ray photoionizer (Hamamatsu, L9491) and guided into the sample flow by an
electric field. RO, radicals as well as closed-shell products, called “prod” for all together, were
charged by binding to the nitrate ion clusters (HNO3),(NO3"), n = 0-2 according to the following
reaction (III-1). The interaction time between NO3™ ions and the sample was approximately 200

ms.
(HNO3)n-NO3™ + prod = (prod)-NOs3™ + (HNO3), (n=0-2) (IT1-1)

It is important to mention that the absolute calibration of the detected oxygenated products is
impossible due to a lack of authentic reference substances for RO, radicals and the majority of
closed-shell products. Thus, the product signals were normalized to the sum of the reagent ions,

i.e., Z[(HNO3),-NO3™ (n = 0-2)].

The Q Exactive Orbitrap mass spectrometers have been described elsewhere (Michalski et al.,
2011) and recently used for online measurements of atmospheric gases and particles (Briiggemann
etal., 2017; Zuth et al., 2018). The Q Exactive has a high mass resolving power of 140 000 (at m/z
200), allowing an accurate identification of a wide variety of species at a time resolution of 10 s.
The instrument was operated in negative mode, scanning from m/z 50 to 750 with a scan rate of
0.2 scans/s. External mass calibration of the Q Exactive mass spectrometer was performed using
the traditional electrospray ionization source by using a 2 mM sodium acetate solution. This

approach provided a suite of negative adduct ions in the desired mass range. The high-resolution
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data were analyzed by XCalibur 2.2 (Thermo Scientific) software package to determine accurate

formula and the abundance of the compounds of interest.
I11.2.2. Free-Jet Flow System

Ozonolysis and OH radical initiated oxidation of a-pinene (CioHis) were performed under dry
conditions (RH < 0.1%) in a free-jet flow system at a temperature of 297 + 1 K and atmospheric
pressure (Berndt et al., 2015; Berndt et al., 2018). This flow system allows the investigation of
VOC oxidation under atmospheric conditions with negligible wall effects and a reaction time of
7.9 s. Ozone produced from a low-pressure mercury lamp or isopropyl nitrite (IPN) was premixed
with air (5 L/min (STP)) and injected through the inner tube into the main gas stream (95 L/min
(STP)) containing a-pinene diluted in air. Ozonolysis experiments (dark reaction) were performed
in the absence of an OH scavenger, i.e., the in-situ OH radical formation from ozonolysis led to a
combined O3/OH + a-pinene reaction. In the pure OH experiments based on IPN photolysis,
8 NARVA 36W Blacklight Blue lamps were used for illuminating the flow system. All gas flows
were set by means of calibrated gas flow controllers (MKS 1259/1179). The concentration of a-
pinene was maintained at 5.0 x 10! molecules cm™, while ozone and IPN were ramping up from

2.5%10'"t0 5.6 x 10" and from 1.7 x 10'° to 6.7 x 10'" molecules cm™, respectively.

The chemical composition of the oxygenated products was retrieved in real time by a Q-
Exactive Orbitrap Plus mass spectrometer and a chemical ionization - atmospheric pressure
interface - time-of-flight mass spectrometer (CI-APi-TOF, Tofwerk AG). Both instruments have
been described elsewhere and were equipped with a similar Eisele-type inlet (Eisele and Tanner,
1993; Jokinen et al., 2012; Michalski et al., 2011; Zuth et al., 2018). While the CI inlet mounted
on the APi-TOF is manufactured by Airmodus (Finland), the CI inlet installed on the Orbitrap is a
home-built version with minor modifications regarding to the commercially available inlet (Figure
I1-5). The sample flow rate for both instruments was set at ~ 10 L/min (STP). Protonated n-
propylamine (n-CsH7NH3") or acetate (CH3COQO") ions were produced using an X-ray source or

an Am-241 source for the Orbitrap and the APi-TOF, respectively.

The reagent ions were (CH3COOH),-CH3COO™ (n = 0,1) and (n-C3H7NH2)m-n-C3H7NH3" (m
= 0,1) in the negative and positive mode, respectively. The sample molecules were detected as

clusters with the respective reagent ions according to the following reactions (I11-2) and (I1I-3):
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(CH3COOH),-CH3COO~ + prod = (prod)-CH3COO™ + (CH;COOH), (n=0,1) (I11-2)
(n-C3H7NH2)m-n-C3H7NH3" + prod = (prod)-n-CsH7NH;3" + (n-CsH7NH2)m (m = 0,1)  (II1-3)

Similarly, the product signals of both mass spectrometers were normalized to the sum of the
reagent ions, i.e., Z[(CH;COOH),-CH3COO™ (n = 0,1)] or X[(n-C3H7NH2)m-n-C3H7;NH;3" (m =
0,1)]. The resulting normalized signals were used for the comparison in order to evaluate the

performance of both techniques.

The Q Exactive Plus Orbitrap (Orbitrap-Tropos) was used in positive (i.e., n-CsH7NH3") and
negative mode (i.e., CH3COQO") and connected to a free-jet flow system. The Q Exactive Orbitrap
in Oxidation Flow Reactor system (Orbitrap-IRCELYON) was solely used in negative mode
(NO3") to determine the ion transmission and to develop the linearity correction. Both CI-Orbitrap
and CI-APi-TOF instruments were operated using the same settings and were run in full scan mode,
allowing the identification of a wide variety of species. The instruments were operated in negative
or positive mode with an automatic gain control (AGC) target of 1 x 10> charges, a maximum
injection time of 1 s. Spectra were averaged of 5 microscans (1 microscan corresponding to 1 ion
injection). The stacked-ring ion guide (or S-Lens) is a radio frequency (RF) device efficiently
capturing and focusing the ions into a tight beam. As previously described it contains a series of
electrodes where voltages are applied in order to focus the ions. The S-lens level was maintained
at 60%, to maximize ion transmission and the limit of detection. The C-Trap consist of a RF-based
ion collecting trap (Figure II-7), which is automatically controlled by the AGC (automatic gain
control) in order to prevent space-charge effect. In order to evaluate the impact of the number of
charges collected in the C-trap, the AGC target of the Orbitrap-Tropos instrument was scanned
from 5 x 10%to 1 x 10° charges. External mass calibrations were performed prior to the experiments
by injecting a 2 mM sodium acetate solution using an electrospray ionization source, providing a

suite of negative and positive adduct ions in the desired mass range of m/z 59 — 700 Th.

I11.3. Results and discussion

To highlight the features of this CI-Orbitrap, we focused our attention on the analysis of products
from the ozonolysis of a-pinene and limonene, as they constitute a major fraction of the global
monoterpene emissions (Messina et al., 2016). In addition, both systems have been previously
studied (Ehn et al., 2014; Jokinen et al., 2015), which is a pivotal point to evaluate the performance
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of the CI-Orbitrap and validate our results. Using the CI-Orbitrap, we characterized the formation
of HOM spanning from m/z 250 to 650. HOM were detected as clusters with the reagent ions.
Figure III-1 presents typical mass spectra obtained from the gas phase oxidation of both VOC with
and without NO using NO3™ reagent ion. As previously reported, NO3 -based chemistry is highly
sensitive and selective towards HOM, including monomers (Cg-10H14-1806-11), organonitrates (Cs-

10H11-17NO¢-11) and dimers (Cis-20H26-3409-18), formed from the ozonolysis of monoterpenes.
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Figure III-1: Mass spectra of HOM formed from limonene and a-pinene ozonolysis without
(upper) and with (lower) NO addition. HOM are detected as clusters with the nitrate (NO3~) ion
and measured by the CI-Orbitrap. Concentration is reported in parts per trillion (i.e., 2.46 x 10’

molecule cm™).

One main benefit of the CI-Orbitrap is the high mass resolving power, allowing unambiguous
identification of the diverse products formed from a given reaction. As shown in Figure I11-2, we
are now able to accurately distinguish organonitrates and peroxy radicals (e.g., CoH130sN /
Ci1oH150g at m/z 325.05344 / 325.06499 and CoH3010N / C10H15010 at m/z 357.04118 / 357.05382,
respectively), which has often been impossible with typical CI-APi-TOF instruments with HTOF
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(mass resolving power ~ 5000) mass analyzers, and challenging even with LTOF (mass resolving

power ~ 10 000) mass analyzers.
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Figure III-2: Mass spectra of ions at m/z 310, 325 and 357 measured during the ozonolysis of
limonene (left column) and a-pinene (right column) using different concentrations of NO. HOM

are detected as clusters with the nitrate (NO3") ion and measured by the CI-Orbitrap.

To further illustrate the performance of the CI-Orbitrap compared to state-of-the-art CI-APi-
TOF, we simulated the spectra of the latter at four ions, representing monomers (m/z 342),
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organonitrate/peroxy radicals (m/z 325 and 357) and dimers (m/z 484). The CI-Orbitrap data for
these ions are presented in Figure II1-3, while the corresponding TOF data were generated using a
mass resolving power of 10 000 (Figure I1I-3). It is evident that in most of these examples, the TOF
instruments would struggle, while the CI-Orbitrap easily separated the ions of different elemental
compositions. Further, a larger mass resolving power (i.e., narrower peak) helps to decrease the
detection limit. In other words, less signal is required to reach above the background noise level of
the instrument, providing additional confidence in the quantification of the products observed in

very low abundance.
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Figure I11-3: Mass spectra (red) of different HOM, at m/z 325, 342, 357, and 484, measured by a
nitrate CI-Orbitrap during limonene ozonolysis. The orange trace represents the spectrum that
would be observed using an instrument with a mass resolving power of 10 000. Dashed lines

stand for the fits of individual ions. The TOF-MS signals represent synthetic data using arbitrary

units and do not aim at matching the surface area measured using the CI-Orbitrap.

Despite the wealth of studies using the Orbitrap technique, little is known about the capability
of the Orbitrap in measuring compounds at extremely low concentrations. For example, it has been
suggested that the Orbitrap can provide a non-linear response, potentially impacting isotope ratios,
determination, and the quantification of compounds present at extremely low concentrations (Eiler

et al., 2017). In view of these findings available from the literature, we evaluated the performance
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of the CI-Orbitrap by comparing the measured vs. the theoretical isotopic intensities using product
ions analyzed by the Orbitrap-Tropos using protonated n-propylamine (n-C3H7NH3")) and acetate
(CH3COQ"). To further estimate the impact of different reagent ions, results using the Orbitrap-
IRCELYON (nitrate-ion based chemistry) are also compared here. In both cases, OVOCs were
continuously generated either in the Oxidation Flow Reactor or in Free-Jet Flow System.

Hence, the abundance of the main OVOC:s (e.g., CioHi4,160x; C20H30,320x) and RO> radicals
(e.g., C10Hi5,170x) at nominal masses M, (M + 1) and (M + 2), corresponding to their *C atom and
130 atom fraction, were measured to cover a wide range of normalized product signals in the range
of 5 x 107 to 5 x 1072 Signal intensities reported in Figure I1I-4A were obtained with an AGC
target of 1 x 10° charges. As depicted in Figure III-4A, when the ratio is equal to 1.0 for normalized
signal >~ 4 x 10* to (~ 1 x10®molecules cm™), the Orbitrap is providing a linear measure of the
ion intensity. However, this ratio dropped significantly for normalized signals below ~ 4 x 107,
Such a situation occurs when the ion intensity is close to the instrumental threshold, i.e., by using
standard settings the Orbitrap mass analyzer records only signal if S/N > 1.3. The ion signals below
this threshold are treated as undetected by the acquisition software. Due to the statistics, peaks with
an average S/N = 1.5 for example will appear above this threshold only in a limited amount of
cases reducing the resulting peak intensity (Makarov and Denisov, 2009). As a result, for a
normalized signal smaller than 1 x 107>, the CI-Orbitrap only detects 5 — 10 % of the “true ion
number distribution”. That means, using the instrumental parameters and the calibration factor
employed here (1.85 x 10° molecules cm™) the limit of quantification (LoQ, corresponding to
lowest normalized signal observed within the linear range) of the Orbitrap was evaluated to be ~ 1
x 10% molecules cm™ at a 10-minute integration time. It is worth pointing out that the limit of
detection (LoD, corresponding to the lowest normalized signal observed) is likely one or two orders
of magnitude lower than the LoQ but due to the lack of linearity, accurate numbers cannot be
directly provided. By adjusting the AGC target the linear range can be shifted towards lower ion
concentrations as shown in Figure I11-4B. This can be explained by a larger number of ions trapped
within the C-trap prior to the Orbitrap scan resulting in more ions entering the Orbitrap mass
analyzer. This leads to an enhanced S/N ratio and better statistics. Hence, we have evaluated the
impact of the AGC target (scanned from 5 x 10* to 1 x 10° charges) on the linearity and found that
by optimizing the AGC target, the LoQ of the CI-Orbitrap is anticipated to be greatly extended.
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However, as most of our previous experiments were performed using an AGC target of 1 x 10°

charges, we kept this setting to perform the side-by-side comparison.
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Figure I1I-4: (A) Linearity of the Orbitrap as a function of normalized signal measured with
protonated n-propylamine (n-C3H7NH3") and acetate (CH3COQO") reagent ions with the Orbitrap-
Tropos and nitrate-ion based chemistry with the Orbitrap-IRCELYON, using identical parameter
settings. All signal intensities were corrected with respect to the sum of (CH;COOH),-CH3COO™
(n=0,1) at nominal 59 Th and 119 Th; to the sum of (n-C3H7NH2)m-n-C3H7NH3" (m = 0,1) at
nominal 60 Th and 119 Th; and to the sum of (HNO3),-NO3™ (p = 0,1,2) at nominal 62, 125, 188
Th, for the respective reagent ions. The black fit is the “sigmoidal correction function” based on a
sigmoidal fitting algorithm. (B) Impact of the AGC target on the linearity of the CI-Orbitrap-

Tropos using aminium (n-C3H7NH3") as the reagent ion.

To evaluate the performance of the CI-Orbitrap compared to the widely used CI-APi-TOF
technique we directly performed side-by-side experiments. Both instruments sampled concurrently
RO; radicals as well as OVOCs produced under well-controlled reaction conditions. We focused
on the detection of RO> radicals produced from the oxidation of a-pinene. Figure III-5 shows the
results of the OH radical-initiated oxidation of a-pinene. The OH radicals were generated by
isopropyl nitrite (IPN) photolysis. The formation of the additional RO radical HO-
Ci0H15(OH)(02)O2 can be explained by the reaction of HO-C1oH16(02)2.02 with NO and subsequent
radical isomerization as discussed in a former study (Berndt et al., 2018). NO is formed from the
IPN photolysis. In addition to the RO> radicals, also closed-shell products were detected including

carbonyls and organic nitrates produced from the RO> + NO reactions (Ziemann and Atkinson,
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2012). Lastly, products arising from other bimolecular RO reactions were not detected or were
below the detection limit under the selected experimental conditions due to the relatively low RO>

radical concentrations < 10® molecules cm ™ and the very short reaction time of 7.9 s.
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Figure III-5: Normalized signals of ROz radicals produced from the OH radical-initiated
oxidation of a-pinene as a function of initial IPN concentration measured by the CI-APi-TOF
(black) and the CI-Orbitrap (red). OH radicals have been formed via IPN photolysis. Full and
open markers in red correspond to raw and corrected (using the sigmoidal correction function)
signals measured with the Orbitrap, respectively. (A) Acetate and (B) aminium (n-C3H7NH;3")
served as the reagent ion for otherwise identical reaction conditions in both cases.
As shown in Figure III-5, for uncorrected normalized intensities above 2-3 x 107

(corresponding to~ 5— 7 x 10° molecules cm™) both techniques are in very good agreement. The

73



Chapter Ill: CI-Orbitrap: An Analytical Instrument To Study Atmospheric Reactive Organic Species

lack of linearity hampers the Orbitrap, unlike the APi-TOF, to accurately measure lower
concentrations. However, this lack of linearity appears to be independent of the instrument and the
type of reagent ions (Figure I1I-4A). This behavior indicates that this instrumental limitation can
be overcome in order to retrieve the “correct” signal strength for peaks with the lowest signal
intensity. Indeed, using all measurements from multiple experiments and reagent ions, a function
named “sigmoidal correction function” based on a fitting algorithm using a characteristic sigmoidal
shape can be determined. Therefore, raw normalized signals (corrected for sampling losses)
measured with the CI-Orbitrap were further corrected using the “sigmoidal correction function”,
see also Figure II1-4. By applying this method, all the data were corrected (open markers), which
greatly helps maintaining the good agreement between both techniques (Figure I1I-5). However,
for uncorrected signal intensities below a threshold of 5 x 107° — 1 x 107 this approach results in
an overestimation of the ion concentrations as the signal is likely very close to the noise level of
the instrument. As a result, such data points were not included in Figure II1-5. While the APi-TOF
can further help correcting this lack of linearity we preferred to propose a method based only on
the signal acquired by the Orbitrap. Hence, the LoD is likely an upper limit and might be even

pushed further with appropriate and collocated instrumentations.

Overall, product signals measured by CI-Orbitrap and the CI-APi-TOF are mostly within a
factor of 2 (Figure I1I-6), providing a good agreement between these two analytical techniques for
corrected normalized signal intensity ranging from ~ 5 x 107 to 1 x 10 (corresponding to ~ 1 x
10° to 2.5 x 10® molecules cm™). Exception are the measurements of highly oxidized products
using acetate ionization. The reason for that is not clear at the moment. It is worth pointing out that
the positive mode measurements were less impacted by the lack of linearity compared to negative
mode measurements. This is explained by the fact that at a given product concentration, the
resulting ion intensity measured by aminium (n-C3H7NH3") ionization is much greater than for
acetate ionization. In the case of the highest oxidized RO, radicals, i.e., HO-CioH16(02).02 and
HO-Ci0H15(OH)(02)O> bearing -OH and -OOH moieties, the obtained corrected signal intensities
are almost identical within a factor of two applying either acetate or aminium (n-C3H7;NH3") for
product ionization. This fact is obviously due to strong binding of these RO radicals to both reagent
ions. Thus, a near-maximum detection sensitivity can be expected for these reagent ions (Berndt et

al., 2019; Hyttinen et al., 2018). On the other hand, for the less oxidized RO radicals HO-C10H1602
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and HO-CioHi6(02)O: the detection sensitivity based on aminium (n-C3H7NH3") ionization is
definitely higher compared to acetate ionization, i.e., by a factor of 500 — 1000 in the case of HO-
Ci0H1602 (Torsten Berndt et al., 2019).
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Figure I1I-6: (A) Comparison between lower limit RO; radical concentrations measured with the
CI-APiTOF and the CI-Orbitrap in the different experiments. (B) Correlation of the concentrations
of OVOC and ROz radicals formed from the O3/OH + a-pinene reaction measured by the CI-APi-
TOF and the CI-Orbitrap using aminium (n-C3H7NH3") ionization.

I11.4. Conclusion

In this work we demonstrated, the possibility of interfacing a CI inlet with an ultrahigh-resolution
mass spectrometer. We showed its ability to unambiguously resolve all ions from the complex gas
phase mixture generated from the oxidation of monoterpenes. We demonstrated the capability of
the CI-Orbitrap in measuring RO radicals as well as OVOCs at atmospherically relevant
concentrations and compared them to simultaneous CI-APi-TOF measurements. We explored the
current limitations of this new analytical technique and demonstrated that these can be partially
overcome through a careful determination of a sigmoidal correction function. In addition, to
unambiguously identify OVOCs formed in the gas phase, the analysis by means of the CI-Orbitrap
can accurately quantify organic species at concentrations down to 1 x 10° molecules cm™. This
LoQ is ~ one order of magnitude higher in comparison to the APi-TOF used in this study. Overall,

the combination of the high-mass resolving power of the Orbitrap and the high sensitivity of the
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aminium/ammonium CI represents a powerful analytical tool that can improve our current
knowledge regarding the complexity of the atmospheric gaseous composition. Thus, this new
technique can help to answer some of the questions that so far were unable to be answered due to
the pre-existing instrument limitations. In summary, the development of this new analytical
instrument can be a pivotal step forward for an accurate understanding of the formation and fate of

atmospheric reactive organic species.
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IV.1. Introduction

Aerosols are known to affect the climate by either directly scattering or absorbing solar radiation,
or acting as seeds for cloud formation (Fan et al., 2016; Haywood and Boucher, 2000). A major
fraction of submicron aerosol mass particles consists of organic aerosols, with secondary organic
aerosol (SOA) being the largest source (Jimenez et al., 2009; Hallquist et al., 2009). Oxygenated
organic molecules (OOMs) generated from the oxidation of volatile organic compounds (VOCs)
contribute to the formation and growth of SOA (Ehn et al., 2014; Mellouki et al., 2015). OOMs
can be generated by autoxidation of peroxy radical (RO2) (Bianchi et al., 2019), where RO>
undergoes an intramolecular H atom shift, followed by O addition forming a new and more
oxidized RO, (Crounse et al., 2013; Rissanen et al., 2014; Bianchi et al., 2019). These propagation
steps are repeated until termination by either bimolecular or unimolecular reactions, yielding
closed-shell molecules (Bianchi et al., 2019). Among the OOMs, the highly oxygenated organic
molecules (HOMs), typically containing multifunctional groups and exhibiting (extremely) low
saturation vapor pressure, can nucleate with inorganic species, e.g., sulfuric acid (Ehn et al., 2014;
Kirkby et al., 2016; Bianchi et al., 2016) leading to the formation of new particles. Less oxygenated
molecules (i.e., containing 2 to 5 oxygen atoms) play a vital role in the growth of newly formed
atmospheric particles, by either condensation or through multiphase chemistry (Bianchi et al., 2019;
Ehn et al., 2014; Hallquist et al., 2009). Therefore, the identification and quantification of the wide
diversity of OOMs are essential to understand the formation and growth of SOA (Kirkby et al.,
2016; Bianchi et al., 2016; Trostl et al., 2016; Jokinen et al., 2015; Glasius and Goldstein, 2016).

Mass spectrometry (MS) is a widely used analytical technique in atmospheric chemistry
(Wang et al., 2017; Wang et al., 2020; Breitenlechner et al., 2017; Bianchi et al., 2019) and has
made remarkable achievements in detecting, characterizing, and quantifying OOMs (Ehn et al.,
2010; Riva et al., 2019a; Breitenlechner et al., 2017). Moreover, the application of chemical
ionization (CI) enables the detection of a wide variety of organic and inorganic analytes (Bianchi
et al., 2019; Ehn et al., 2014; Jokinen et al., 2012; Lee et al., 2014). Different MS and ionization
chemistries exhibit disparate selectivity and sensitivity to OOMs (Bianchi et al., 2019; Riva et al.,
2020b; Riva et al., 2019b; Berndt et al., 2018b; Berndt et al., 2018a). For example, negative ion-

based chemistry, including nitrate (NO3"), can optimally detect HOMs. However using such ion
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based chemistry, only a small subset of the OOMs can be measured (Lee et al., 2014; Berndt et al.,
2015; Berndt et al., 2018b; Riva et al., 2019b). Positive ion-based chemistries have also been
developed and present good responses to HOMs as well as the less oxidized products, providing
the possibility of achieving carbon-closure (Praplan et al., 2015; Berndt et al., 2018a; Berndt et al.,
2018b; Hansel et al., 2018; Riva et al., 2020b; Riva et al., 2019b). However, these methods are
mainly based on proton transfer, which often results in the fragmentations of the analytes (Yuan et
al., 2017; Breitenlechner et al., 2017; Li et al., 2020). Time-of-flight (TOF) mass spectrometers
using ammonium (NH4") or amines as reagent ions can detect a wide variety of OOMs but suffer
from a lack of mass resolving power, making the peak identification challenging especially for
complex systems, i.e., atmospheric conditions (Berndt et al., 2018b; Berndt et al., 2018a; Riva et
al., 2019b). Finally, the recently developed ultrahigh-resolution Orbitrap mass spectrometer using
propylamine achieved unambiguous identification of overlapping peaks and accurate
quantification of OOMs. However this analytical technique was used in very diluted environments
to ensure a linear response of the OOMs and for a very simplified atmospheric system (Riva et al.,

2020b; Riva et al., 2019b).

Here we explored the capability of NH4" ion-based CI-Orbitrap mass spectrometer (Q-
Exactive Orbitrap, Thermo Scientific) for detecting OOMs generated from a-pinene ozonolysis in
the Cosmic Leaving OUtdoors Droplets (CLOUD) chamber at European Organization for Nuclear
Research (CERN) under various environmental conditions. The performances of the CI-(NH4")-
Orbitrap were compared to the state-of-the-art online mass spectrometers including a nitrate CI
atmospheric pressure interface long time of flight mass spectrometer (CI-(NO3")-APi-LTOF;
Tofwerk AG), a proton transfer reaction time of flight mass spectrometer (PTR3-TOF; Ionicon
Analytik GmbH), and an iodide CI time of flight mass spectrometer equipped with a Filter Inlet
for Gases and AEROsols (I"-FIGAERO-CIMS, Tofwerk AG).

IV.2. Experimental approach and product analysis

IV.2.1. CLOUD chamber experiments

All experiments were conducted in the CLOUD chamber, a 26 m? stainless steel vessel at CERN.

This chamber enables to achieve an extremely standards of cleanliness and is described in detail in
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Kirkby et al. (Kirkby et al., 2011; Kirkby et al., 2016). The evaporation of cryogenic liquid nitrogen
(N2) and liquid oxygen (O2) was blended at a ratio of 79:21 to produce pure synthetic air, which
flushed the chamber constantly. Variable amounts of trace gases, including O3, VOCs, NOx, SO»,
and CO were accurately injected into the system and monitored. 250 optical fiber-optic systems
installed on top of the chamber were utilized to initiate photolytic reactions, including Hg-Xe UV
lamps, and UV excimer laser. The CLOUD chamber was cleaned by irrigating the walls with ultra-
pure water, then heated to 373 K, and flushed with humidified pure air and high ozone, declining
the contaminant levels such as VOCs to sub pptv level. During the cleaning process, particles were

wiped out using a high-voltage electric field.

The results presented here are from the CLOUDI14 campaign performed in autumn 2019.
During the CLOUD14 campaign, the total flow was kept at 250 standard litre per minute (slpm)
providing an average residence time of 105 minutes. a-Pinene was introduced to the chamber by
passing a small flow of dry air over a temperature-controlled evaporator containing the liquid
compound. Ozone was generated by flowing a small fraction of the air through a quartz tube
surrounded by UVC lights (i.e., wavelength < 240 nm). Experiments were performed at 223 and
323 £ 0.1 K. The RH in the chamber was controlled by flowing a portion of the air through a
Nafion® humidifier using ultrapure water (18 MQ cm, Millipore Corporation). The chamber was
used in continuous-flow mode. The contents of the chamber were ceaselessly detected and analyzed
by a wide range of external instruments connected to the sampling probes ~1 m protruding into the

chamber.
IV.2.2. Product analysis by CI-(NH4")-Orbitrap

The chemical composition of closed-shell molecules was retrieved in real time by means of CI-
Orbitrap sampling from the CLOUD chamber through a sampling inlet (750 mm long 10 mm inner
diameter Teflon flexible tube) at a flow rate of 10 slpm. The CI inlet mounted on the Orbitrap was
a home-built version with minor modifications regarding the commercial inlet, (more details (Riva
et al., 2019a)). The ion-molecule reaction (IMR) proceeded at atmospheric pressure with a
residence time of 200-300 ms. The same operating parameters used in our previous studies (RF
level 60, automatic gain control 1 x 10° charges, maximum injection time 1000 ms, multi RF ratio

1.2, mass resolution 140 000 at m/z 200), were used, thereby minimizing the declustering
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processes and maximizing the linearity range (Riva et al., 2019a; Riva et al., 2020a; Cai et al.,

2022).

The high resolution Orbitrap mass spectra data were analyzed using a newly-developed
software “Orbitool” with a graphical user interface (GUI) (https://orbitrap.catalyse.cnrs.fr), more
details in ref (Cai et al., 2021). Orbitool enables data averaging, noise determination and reduction,
single peak fitting, mass calibration, assignment of molecular formulas and export of time series.

Signals were averaged over 5 min before determining the noise and performing mass calibration.

NH;" has already been utilized in proton-transfer reaction mass spectrometry (PTR-MS)
(Lindinger et al., 1998) and to the novel PTR3-TOF (Berndt et al., 2018b; Hansel et al., 2018). This
ion based chemistry was used for the detection of oxygenated volatile organic compounds (OVOC)
and was conducted in the similar operation as in our initial study (Riva et al., 2019a). NH3 was
added into the ion source taking 2 sccm from the head space of a 1% liquid ammonia water mixture
(Ammonium hydroxide solution 25% NH3 basis, ACS reagent, Sigma-Aldrich). The product
molecules (prod) were softly charged by binding to ammonium ions, forming (prod)-NH4" adduct

ions or protonated products (prod)-H", following equations (1) and (2).
NH;4" + prod — (prod)-NHs" (IV-1)
NH4" + prod — (prod)-H" + NH3 (IV-2)

No signals of the reagent ion can be recorded due to the cut-off of the Orbitrap (m/z > 50).
As a result, the absence of the reagent ions made it difficult to normalize the raw abundance and
then to quantify the products. However, 62 amines including C4H 2N, CeHi14N" were observed
with NHy4'as the reagent ion, which were formally derivatives of ammonia. Among them, 13
amines were observed in high abundance and remained constant throughout the measurement
period (Figure IV-1). As a result, they were used to normalize the signal intensity of the analytes

to account for any potential variation within the ionization process (Riva et al., 2019b).
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Figure IV-1: Time evolution of sum of the 13 amines used to normalize signal intensity.
Temperature and humidity are also reported throughout the different experiments when the NH4"-

Orbitrap was used.

The concentrations of certain groups of compounds, including monomeric species such as
CioH140x and C1oH160x, were estimated based on correlation analysis between NH4 -Orbitrap and
NO; -LTOF/PTR3-TOF, providing semi quantification using equation (3). Correlation analysis
was performed on the time series of co-detected compounds by NH4 -Orbitrap and NO; -
LTOF/PTR3-TOF, having the same elemental composition. Compounds with a Pearson
correlation coefficient (R?) > 0.9 were selected and the slope of the linear regression fit was used
to estimate the concentration of the compounds measured by NH4'-Orbitrap; according to the

following equation:

[(prod)—-NH] + [(prod)—H*]
Y.[Amine]

[prOd]Orbi_LTOF/PTRB = Corbi_LTOF/PTR3 X (IV-3)

where c is the calibration factor, obtained from the correlation analysis. Finally a temperature
dependent sampling-line loss correction factor was applied to retrieve the concentration of the

compounds, following the method described by Simon et al.(Simon et al., 2020).

IV.2.3 Product analysis by CI-(NO37)-APi-LTOF

Detection of RO radicals and closed shell products was also performed by the CI-(NO3;")-LTOF
which has been described elsewhere (Jokinen et al., 2012; Kurten et al., 2014). Therefore, only

relevant details to this study are provided. NO3 -LTOF offered a mass resolving power up of 12

88



Chapter IV: Ammonium CI-Orbitrap: a tool for characterizing the reactivity of oxygenated organic
molecules

000 and OOMs (mass 300-650 Da) were detected as clusters ions with the (HNO3),(NO3") anions,
with n = 0-2. The primary ions were produced by a corona discharge needle exposure to a sheath
gas enriched by HNO3. Laminar flow diffusional loss was assumed in the 30 cm sampling line. A
core-sampling technique was applied to prevent losses in the sampling inlet (Knopf et al., 2015).
5.13 slpm were sampled from the center of a core flow inlet (total flow (30 Ispm). This setup
reduced the sampling loss rate of HOMs to less than 30% (Simon et al., 2020). The data were
processed using Tofware (Version 3.2, Aerodyne Inc., USA) and MATLAB R2019b (MathWorks,
Inc., USA). In addition, background signals, mass-dependent transmission efficiency (Heinritzi et
al., 2016), and sampling losses (Simon et al., 2020) were determined and the different corrections
applied. The NO3; -LTOF was directly calibrated using sulfuric acid (Kurten et al., 2012). A
calibration factor C was determined to be ~4.13 x 10'® molecules cm™ during the CLOUD 14

campaign (Caudillo et al., 2021).
IV.2.4 Product analysis by PTR3-TOF

The PTR3-TOF ionized organic compounds by proton transfer. H3O" ions were produced by a
corona discharge using humidified nitrogen (Breitenlechner et al., 2017). In order to reduce sample
losses, a 2 slpm was drawn from a 10 slpm laminar flow through a critical orifice into the tripole
where the ion-molecule reactions took place. The pressure in this region was maintained at ~80
mbar. The distribution of primary ions and sample molecules can be adjusted by a tunable radio
frequency signal applied to the tripole rods. The greater pressure in the tripole and longer reaction
time result in a 500-fold increased the sensitivity of the PTR3-TOF compared to conventional PTR

instruments.

During the CLOUD 14 experiments, the collision energy was controlled between 62-72 Td.
These settings helped reducing the humidity dependence for detection of organic compounds. The
PTR3-TOF was calibrated using a gas standard mixture containing 1 ppm of 3-hexanone,
heptanone and a-pinene in nitrogen. The concentration of oxygenated products was estimated
using the sensitivity of 3-hexanone as lower-limit values due to possible fragmentation. The
product ions were detected with a TOF mass spectrometer (Tofwerk AG, Switzerland). All data
were analyzed with TOF-Tracer software running on Julia 0.6

(https://github.com/lukasfischer83/TOF-Tracer). In this study, data were further corrected for the
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duty cycle transmission of TOF and temperature dependent sampling line losses (Stolzenburg et

al., 2018).
IV.2.5 Product analysis by I-FIGAERO-CIMS

The I'-FIGAERO-CIMS is capable of characterizing both the gas and particle phases (Lopez-
Hilfiker et al., 2014). In gas phase mode, trace gases are directly sampled into a 100-mbar turbulent
ion-molecule reactor. Simultaneously particles are collected onto a polytetrafluoroethylene (PTFE)
filter via a separate dedicated sampling port. In the particle phase mode, the filter is automatically
moved into a pure N> gas stream flowing into the ion-molecule reactor. N> is progressively heated
to evaporate the aerosol particles via temperature-programmed thermal desorption. Both modes are
fully automated and programmable for continuous online sampling. Analytes are then chemically
ionized and extracted into a TOF mass analyzer (Wang et al., 2020). In this study, gas phase data

are used for the side-by-side comparison.

lodide ions (I") are used as the reagent ions and formed by passing a 1.0 slpm flow of ultrahigh
purity N> over a diffusion tube filled with methyl iodide (CHsI), and then through an 2!°Po
radioactive source. In the sampling mode, the reagent ion flow is mixed with a sample flow in the
IMR at ~150 mbar. A coaxial core sampling is used to minimize the vapor wall loss in the sampling
line. The total flow is kept at 18.0 slpm and the core flow at 4.5 slpm; the CIMS samples at the
center of the core flow with a flow rate of 1.6 slpm. The gas-phase background signal is determined
by routinely introducing zero air directly into the inlet to displace the gaseous sample. Data were
analyzed using Tofware (version 2.5.11 FIGAERO) giving 10 s average mass spectra. The ion

signal was normalized by the sum of reagent ion signal (i.e., m/z 127: I and m/z 145: H,OI").
IV.2.6 Volatility of OOMs

It is challenging to directly measure the vapor pressure of individual OOMs due to the difficulty to
synthesize oxidation products having various functional groups. To overcome experimental
challenges, model calculations have been developed to estimate the vapor pressure, using for
example structure-based estimations and formula-based estimations (Isaacman-Vanwertz and
Aumont, 2021). Volatility basis set (VBS), a categorization framework based on quantifiable

organic property-volatility, has been established and is frequently used to characterize oxidation
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chemistry (Donahue etal.,2011; Lietal.,2016). The VBS parameterization is useful for classifying
the wide range of OVOC:s into multiple volatility groups. Hence OOMs were classified into various
volatility classes including extremely low volatility organic compounds (ELVOC) and low
volatility organic compounds (LVOC) based on their effective saturation concentration, C", in the
unit of pg m™ (Bianchi et al., 2019). In this study the VBS parameterization optimized by Li et al
was applied (Li et al., 2016; [saacman-Vanwertz and Aumont, 2021).

log1oC*(298K) = (ng —n¢)be —noby — 2 et bco —nyby — ngbs 4

(nc+nop)

where n¢, ny, ny, and ng were the number of carbon, oxygen, nitrogen, and sulfur atoms of the
specific molecule, separately; n2 was the reference carbon number; b, by, by, and bg were the
contribution of each atom to log,oC*, separately; bcp was the carbon-oxygen nonideality
(Donahue et al., 2011). Values of b coefficient can be found in Li et al.(Li et al., 2016). The formula
used to estimate the vapor pressure is amended to convert all NO3 groups into OH groups to reduce
the bias from the compounds containing nitrates (Daumit et al., 2013; Isaacman-Vanwertz and

Aumont, 2021).

Due to the different temperatures in the CLOUD14 experiments, C*(298K) was adjusted to

the measured experimental temperature in equations (5) and (6):

* * AHyq 1 1
log,oC*(T) = log,(,C*(298K) + Wug) X (% — ;) )
AHyqp (k] mol™) = =11 1log;,C*(298K) + 129 (6)

where T was the temperature in kelvin; C*(298K) was the saturation mass concentration at 298 K;
AHyq, is the evaporation enthalpy and R is the gas constant (8.3134 J K! mol™!). The potential
presence of isomers may result in uncertainty in this method since the only input is molecular

formula.

In this study, all oxidation products were grouped into six volatility regimes; ultralow-
volatility (ULVOCs), C* < 103 pg m3, extremely low volatility (ELVOCs), 10%° < C*<10*° ug
m >, low-volatility (LVOCs), 1043 < C*< 103 pg m, semi-volatile (SVOCs), 10°° < C" < 10*°
pg m >, intermediate-volatility organic compounds (IVOC), 10>’ < C* < 10%° ug m 3, and VOC,
10%° < C" pg m > based on VBS.
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I1V.3. Results and discussion

IV.3.1 Characterization of NH4"-Orbitrap

Firstly, we explored the ability of the higher mass resolving power of the Orbitrap for separating
overlapping peaks compared to other TOF mass analyzers (Riva et al., 2019a; Riva et al., 2020b).
The overlapping peaks affected the identification and quantification of the less intense peaks more
than the most intense peaks. Therefore, the relative intensities of neighboring peaks should also be

considered when estimating their ease of separation.
The mass resolving power is defined as
Mass Resolving Power = m / Am (7)

where m is the mass-to-charge ratio of the analyte ion, and Am is the full width at half maximum
(FWHM). Higher mass resolving power allowed unambiguous peak assignment. For a pair of
overlapping peaks of equal intensity, the distance between their respective peak center, referred to
hereafter simply as peak distance, dm, needed to be greater than 0.8 of the FWHM of the
overlapping peaks, such that they could be reasonably deconvolved without any a priori knowledge,

as shown in Fig. [V-2.
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Figure IV-2: Simulated TOF spectra of overlapping peaks of equal intensity near m/z 200
assuming a mass resolving power of 8,000, somewhere between that of a Tofwerk HTOF (“high-
resolution time-of-flight”) and LTOF (“long high-resolution time-of-flight) mass spectrometers.

Noise wasn’t added to the data.

Depending on their experiences, individual may be able to visually identify the presence of
overlapping peaks at lower or higher dm values. We arbitrarily defined the minimum dm
(normalized to that of FWHM, or Am) as the value at which the observed spectrum (“Combined”
trace in Fig. IV-2 and IV-3) had a local minimum between the centers of the overlapping peaks
(i.e., there is a virtual “dip” in the observed ion peak). The minimum dm value increased with the
intensity ratio of overlapping peaks, ranging roughly from 0.85 (for equally intense peaks) to 1.43
(for peaks differing one order-of-magnitude in their respective intensities), as shown in Fig. [V-3.
In practice, noise and the presence of additional neighboring peaks would further complicate peak
deconvolution, offset somewhat by the level of experiences. For simplicity, we used a normalized

dm of 1 (i.e., dm = Am) as a threshold for unambiguous deconvolution of neighboring peaks.
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Figure 1V-3: Simulated TOF spectra of overlapping peaks of equal intensity near m/z 200
assuming a mass resolving power of 8,000, somewhere between that of a Tofwerk HTOF (“high-
resolution time-of-flight”) and LTOF (“long high-resolution time-of-flight) mass spectrometers.

The overlapping area represents a greater proportion of the peak area of the less intense peak. Noise
wasn’t added to the data.

Figure 1V-4 shows the histogram of the distances between neighboring peaks normalized
against the FWHM for the Orbitrap mass analyzer and a TOF analyzer having a mass resolving
power of 10 000. In each histogram, one count indicates that an ion had at least one neighboring
ion with a relative intensity of 20%, 50% or 100% (with higher relative intensity being more
selective). Neighboring ions separated by distances exceeding 2 times the FWHM are considered
well-separated. For ions with multiple neighboring ions within the 2 x FWHM separation distance

window, the distance to the first neighboring that satisfies the aforementioned relative intensity

threshold is reported. Overall, NH4"-Orbitrap can separate most of the observed ions (> 99%),

94



Chapter 1IV: Ammonium CI-Orbitrap: a tool for characterizing the reactivity of oxygenated organic
molecules

while the CI-(NH4")-TOF, depending on the relative intensity threshold set, can separate only 32%
to 46% of all the ions by at least | FWHM.
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Figure IV-4: Distance of neighboring peaks normalized to the FWHM, which is a function of the
mass resolving power of the mass analyzer and the nominal mass of the ion. For each ion, the
distance to the closest neighbor with a relative peak intensity that exceeds 20%, 50%, or 100% is
recorded. The average mass spectra observed during Run 2213 by the NH4 -Orbitrap is used to
generate the analysis. (a) Orbitrap mass analyzer (mass resolution ~140 000) >99% of ions are
separated by at least 1| FWHM from their neighbors with relative intensity threshold being set at
20%. (b) TOF mass analyzer (mass resolution ~10,000) >46% of ions are separated by at least 1
FWHM from their neighbors with a relative intensity threshold being set at 100%. (c) TOF mass
analyzer >39% of ions are separated by at least | FWHM from their neighbors with a relative
intensity threshold is set at 50%. (d) TOF mass analyzer >32% of ions are separated by at least 1
FWHM from their neighbors with a relative intensity threshold is set at 20%.

Orbitrap has been reported to have a non-linear response to compounds present at extremely

low concentrations, which is neither instrumental nor reagent ion dependent as shown in our
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previous results (Riva et al., 2020a; Cai et al., 2022). A similar evaluation was performed for the
NH4"-Orbitrap by comparing the measured vs the theoretical isotopic intensities. As shown in Fig.
IV-5, the NH4"-Orbitrap provides a linear response for ion intensity greater than ~1 x 10* cps,
which corresponds the limit of quantification (LoQ, corresponding to lowest normalized signal
observed within the linear range) of the Orbitrap ~ 1 x 10° molecules cm ™ estimated using the
calibration factor derived from NO; -LTOF (see section 2.2), which is consistent with previous

study (Riva et al., 2020a).
IV.3.2 Characterization of OVOC by four instruments

Illustrated in Fig. IV-5 are Kendrick mass defect plots of OOMs measured by CI-(NH4")-Orbitrap,
CI-(NO3")-LTOF, PTR3-TOF, and I"-FIGAERO-CIMS, identifying species of 460, 189, 90, and
23, respectively. The NH4 -Orbitrap detected the widest range of products, including HOMs and
the less oxidized species (i.e., O < 6). Out of the 460 compounds, 11% were amine contaminations.
The number of O atoms in OOMs varied from 1 to 11 in monomers (C>-Cio) and from 2 to 16 for
dimeric products (Ci4-Ca0), with an average elemental oxygen-to-carbon ratio (O:C) of 0.4 £ 0.2.
As expected, the NO3;-LTOF exhibited a very good sensitivity towards HOMs, with the highest
O:C of 0.7 £ 0.4. The PTR3-TOF mainly detected compounds below m/Q 300 Th with an average
0:Co0f 0.4 +£0.3. However, it is important to point out that the PTR3-TOF was optimized to achieve
sensitive measurements of ammonia and amines, impacting its capability to detect OOMs. Gas-
phase concentrations of OOMs were too low to be efficiently detected in real-time via the gas-
phase sampling port of the ["-FIGAERO-CIMS. As a result, fewer monomers of Cs.1o and dimers
of C19.20 were observed using the I'-FIGAERO-CIMS, with an average O:C of 0.5 + 0.2.
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Figure IV-5: Mass defect plots for organic compounds measured by (a) CI-(NH4")-Orbitrap, (b)
CI-(NO3")-LTOF, (c¢) PTR3-TOF and (d) I -FIGAERO. The x-axis represents the mass-to-charge
ratio of the neutral analyte and the y-axis represents the corresponding mass defect, which is the
difference between their exact mass and nominal mass.(Schobesberger et al., 2013) Markers were
all sized by the logarithm of their corresponding signals and colored by the O:C value. Run 2213:
a-pinene oxidation products at -10 °C and 20% RH. a-pinene was ~0.41 ppbv and O3 ~110 ppbv,
NOz ~1.75 ppbv, NO ~0.12 ppbv and CO ~1000 ppbv.

IV.3.3 Instrumental comparisons: correlations

Due to the selectivity and the sensitivity of the analytical methods, not all ions were observed by
each mass spectrometer, and thus only a fraction (~22%) of the identified species can be compared.
To identify how NH4"-Orbitrap performed compare to the other mass spectrometers, a correlation
including all co-detected ions was realized. Table IV-1 summarizes the experimental conditions
the runs used for performing this analysis. The data set covers a wide variety of conditions, such
as the different concentration of a-pinene, NOx, SO,, and CO, as well as RH. The good correlations
imply that both instruments were likely measuring the same compounds. A Pearson correlation

coefficient R? was calculated, using the time evolution of OOMs, having the same elemental
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composition measured by the different mass spectrometers. Figure IV-6 displays the correlation
coefficient of detected compounds, with marker size scaled by R’. NH4'-Orbitrap showed an
excellent correlation (R? > 0.80) for ~30% of the compounds co-detected with the NO3s-LTOF. In
addition, it showed high correlations with PTR3-TOF including 89 species having a correlation R’
greater than 0.50. I'-FIGAERO-CIMS showed correlations R? > 0.90 for certain families of
compounds, like CioHi505.7N and CxoH31079N. By comparing the coverage regions of the
instruments across multiple experimental conditions, the NH4"-Orbitrap was capable of covering
the widest range of compounds and showed an overall good agreement with other mass

spectrometers.

Table IV-1: Main experimental conditions of selected runs analyzed by NH4"-Orbitrap.

a-pinene 03 NO«x CO SO, RH T
Run

(ppbv) (ppbv) (ppbv) (ppbv) (ppbv) (%) (°O)
2211 2 110 0 130 0 10—80 -10
2213 0.41 110 1.75 1000 0 20 -10

(b) NOs-LTOF vs. other instruments
Il

(a) NH,*-Orbitrap vs. other instruments
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Figure IV-6: Mass defect plots depicting the compounds of which time series correlation was
observed by (a) CI-(NH4")-Orbitrap and (b) CI-(NO3 )-LTOF with other MS instruments. Each
circle represents a molecule and marker size represents the correlation R? of time series of the

molecule between two different MS instruments. Run 2211 and 2213 were used.
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Figure IV-7 summarizes the performance of each mass spectrometer in detecting monomeric
compounds, such as C10H160n. The y-axis is arbitrary and represents a qualitative characterization
of the oxygen content when compounds were detected by different CI schemes. Similar to previous
results, the [ -FIGAERO-CIMS detected OOMs with several oxygens starting from 3, but were not
optimal for the detection of monomers with O numbers greater than 7 (Riva et al., 2019b). The
NOs3™-LTOF was mainly selective towards HOMs with O number greater than 6 (Riva et al., 2019b).
The PTR3-TOF had limited capabilities in detecting OOMs with more than 5 O atoms due to the
optimization of the instrument to obtain a very sensitive measurement of ammonia. The amine
reagent ions have proven promising abilities for detecting OOMSs, but was limited to being used in
comparable clean systems due to the considerable depletion of the reagent ion and the presence of
overlapping peaks (Berndt et al., 2017; Berndt et al., 2018b; Riva et al., 2019b). While showing a
similar OOMs detection range to amines, NH4" provides a linear response to higher loading. As
shown in Fig. IV-8, background peaks were not impacted by atmospheric relevant additions of O3

and a-pinene.
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Figure I'V-7: Estimated detection suitability of the different CIMS techniques for monomers from
a-pinene ozonolysis, plotted as a function of the number of oxygen atoms. Image modified from

Riva et al.(Riva et al., 2019b)
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Figure IV-8: Constant time evolution of background ions showing the linearity of reagent ion
NH4". Siloxanes and phthalates clustered with NH4" were not impacted by the addition of a-pinene,
which means that the ionization technique remains linear under atmospheric relevant conditions.
Run 2213: a-pinene oxidation products at -10 °C and 20% RH. a-pinene was ~0.41 ppbv and O3
~110 ppbv, NO; ~1.75 ppbv, NO ~0.12 ppbv and CO ~1000 ppbv.

IV.3.4 Instrumental comparisons: concentration estimates

Concentrations of the identified compounds were estimated for NH4 -Orbitrap, as described in
section IV.2.2. The sensitivity of NH4"-Orbitrap using other instruments was determined to provide
semi-quantitative information. For instance, concentrations of the most abundant Cio-monomers
(i.e., CioH14160n) were estimated using different calibration factors (Fig. 1V-9), which were
measured during a steady-state conditions (i.e., Run 2211 with [O3] = 100 ppbv and [a-pinene] =
2 ppbv, RH = 10%). Using calibration factors obtained from two independent correlation analysis
(i.e., using the PTR3-TOF and the NO3; -LTOF), concentration of Cio-monomers measured by
NH4"-Orbitrap are within a factor of 2, showing a fairly good agreement between the different

instruments and underlining the robustness of the methodology.
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Figure IV-9: Estimated concentrations of the main Cio-monomer oxidation products. Run 2211

was used.

As previously reported, Orbitrap provided a non-linear response to compounds present at
extremely low concentrations, which is neither instrumental nor reagent ion dependent as shown
in our previous results (Riva et al., 2020a; Cai et al., 2022). A similar evaluation was performed

for the NH4"-Orbitrap by comparing the measured vs. the theoretical isotopic intensities. As shown
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in Fig. IV-10, the NH4"-Orbitrap provided a linear response for ion intensity greater than ~5 x 103
cps, which corresponded to the limit of quantification (LoQ, corresponding to lowest normalized
signal observed within the linear range) of the Orbitrap ~5 x 10° molecules cm ™ estimated using
the calibration factor derived from NO3; -LTOF, which is consistent with previous study (Riva et

al., 2020a).
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Figure 10: Linearity of the Orbitrap as a function of signal intensity measured with
ammonium (NH4") reagent ions. The black fit is the “sigmoidal correction function” based on a

sigmoidal fitting algorithm.

Applying the calibration factors to all measured OVOCs (Fig. IV-11), concentrations
measured by the NH4 -Orbitrap determined by two different calibration factors. Comparing to
other mass spectrometers, the NH4 -Orbitrap seemed to capture the largest fraction of the reacted
carbon. Out of the largest contributors to the reacted carbon, pinonaldehyde (i.e., CioH1602) was
not efficiently detected by NO3 -LTOF, which is consistent with the higher selectivity of the
reagent ions. While PTR3-TOF mainly detected Cs.1o monomers. Overall, NH4"-Orbitrap brings
potential for a better quantification of the large variety of OOMs produced from the VOC oxidation.
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Figure I'V-11: Estimated concentrations of all measured OOMs in the photooxidation of a-pinene.
All monomers Cs.ip and dimers Cis-20 measured by CI-(NHs")-Orbitrap, CI-(NO3")-LTOF, and
PTR3-TOF were summed up. The concentrations of OOM measured by NH4"-Orbitrap were
quantified by the calibration factors derived from correlation analysis between NH4 -Orbitrap and
NO3 -LTOF (Orbitrap-LTOF, light green) or PTR3-TOF (Orbitrap-PTR3, light blue), respectively.
Run 2213 was used.

IV.3.5 RH dependance of NH4"-Orbitrap

The sensitivity of the reagent-adduct ionization has been reported to be affected by the presence of
water vapor for a wide variety of reagent ions (Lee et al., 2014; Breitenlechner et al., 2017). The
impact of RH on the detection of OOMs by the NH4 -Orbitrap was also studied. While the
concentrations of gas phase precursor and oxidant remained constant the RH was raised from 10%
to 80%, resulting in a constant production rate (Surdu et al., 2023) and an increase in the
condensation sink (Fig. IV-12), the signal of organic vapor behaved inconsistently during the RH
ramp. As shown in Fig. IV-13, the NH4"-Orbitrap showed an important RH dependence. For
instance, the less (i.e., O < 5) oxygenated molecules increased with increasing RH, especially
compounds with carbon numbers Cs; the signal of highly (i.e., O > 10) oxygenated molecules

decreased as a function of RH. The evolution of the signal intensity of the ions measured by the
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NH4 -Orbitrap might be explained by multiple reasons, such as water affecting the ionization

efficiency or altering the physicochemical processes.
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Figure IV-12: Time series of condensation sink (CS) where the RH is ramped up. Run 2211 were

used.
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Firstly, the efficiency to a particular compound partly relied on whether water vapor competes
with the ammonium ion, lowering the sensitivity, or whether it acted as a third body to stabilize the
ammonium-organic analyte cluster by removing extra energy from the collision, raising the
sensitivity (Lee et al., 2014). NH4" primary ions can cluster with water molecules when humidity
increased, thereby reducing the clustering of the NH4" with organic analytes (Breitenlechner et al.,
2017). However, the formed NH4 X, (X being NH; or H2O; n = 1,2) clusters might also act as
reagent ions and ionized OOMs through ligand switching reactions, which are expected to be fast
and thus improve the charging efficiency (Hansel et al., 2018). Compared to previous NH4"-CIMS,
the NH4"X,, reagent ions are expected to be larger due to the absence of the field in the ion-
molecular-reaction zone in Orbitrap, resulting in greater ligand exchanging and increasing the
sensitivity for the less oxygenated species (Canaval et al., 2019). For RH-independent compounds,

this may be due to the existence of very stable complex with NH4" reagent ion, or sufficient internal
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vibrational modes to disperse extra energy from the collision (Lee et al., 2014). The highly
oxygenated dimers in the category of ULVOCs and ELVOCs which largely partition to the particle
phase regardless of the presence of water, might be possible that water may also affect the
physicochemical processes (i.e., multiphase chemistry, partitioning,...), in this case possibly
causing the decomposition of highly oxygenated molecules in the particle phase to create the less
and moderately oxygenated products, e.g., CsH12015 (up to a 30-fold increase in the gas phase)
(Pospisilova et al., 2020), and/or leading to an increase in the driving force of gas-particle

partitioning of highly oxygenated species (Surdu et al., 2023).
IV.3.6 Volatility distribution by four instruments

Figure IV-14 shows the distribution oxidation products measured by four MS instruments
according to their saturation vapor concentrations (logi0Csat) estimated using the modified Li et al.
approach (Li et al., 2016; Isaacman-Vanwertz and Aumont, 2021). OOMs were grouped into six
volatility regimes; ultralow-volatility (ULVOCs), extremely low volatility (ELVOCs), low-
volatility (LVOCs), semi-volatile (SVOCs), intermediate-volatility organic compounds (IVOC)
and VOC based on volatility basis sets (VBS), where ULVOCs and ELVOC:s initiate cluster growth
and form new particles. Each volatility bin summed up the signal intensity of OOMs within the
volatility range. The mean contributions of these compound groups are shown in the VBS pie charts.
The ULVOC, ELVOC, and LVOC classes were well captured by NH4"-Orbitrap and NO3s -LTOF.
While PTR3-TOF were only able to characterize the SVOC and IVOC classes. IVOC and VOC
groups in PTR3-TOF and NH4"-Orbitrap were generally less oxygenated VOCs (i.e., O < 5). IVOC
made up the biggest mass contributions for NH4"-Orbitrap, and LVOC dominated in NO3 -LTOF.
Hence, the detection of NH4 -Orbitrap covered the widest range of volatilities, clearly highlighting
the benefit of using this technique for the formation and fate of OOMs. In the past, reagent
switching was not practical, and users would run two mass spectrometer systems in parallel or use
a Multi-scheme chemical IONization inlet (MION) with only one mass spectrometer to obtain the
fullest possible mass spectrum (Rissanen et al., 2019; Huang et al., 2021). With NH4"-Orbitrap it
is now possible to cover the entire range of compounds which was not the case with most CI

techniques.
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Figure IV-14: Volatility distribution comparison for organic compounds detected by (a) CI-
(NH4")-Orbitrap, (b) CI-(NO3)-LTOF, (¢) PTR3-TOF and (d) I'-FIGAERO. The background
colors represent the saturation concentration (Csat) in the range of ultra-low volatility (ULVOCs,
purple), extremely low volatility (ELVOCs, gray), low volatility (LVOCs, pink), semi-volatile
(SVOCs, green), intermediate volatility (IVOCs, blue) and volatile organic compounds (VOCs).
The right pie charts are the corresponding contributions of VOC, IVOC, SVOC, LVOC, ELVOC,
and ULVOC classes. Run 2213 was used.
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1V.4. Conclusion

In conclusion, this study presents an intercomparison between CI-(NH4")-Orbitrap, CI-(NOs")-
LTOF, PTR3-TOF, and I'-FIGAERO-CIMS based on the identification and quantification of
OOMs formed from the ozonolysis of a-pinene under various environmental conditions. We used
for the first time, NH4" adduct ions with the Orbitrap mass spectrometer to measure the oxygenated
species. NH4"-Orbitrap is a promising CIMS technique for a comprehensive measurement of the
whole product distribution and provides a more complete understanding of the molecular
composition and volatility of OOMs. In addition, NH4"-Orbitrap measurements can be used as
input to test or interpret environmental measurements to better predict the evolution of organic
compounds using transport and climate models. However, it remains challenging to obtain an
accurate quantification of the trace gaseous substances. It is worth expecting that NH4 -Orbitrap
can be not only useful for laboratory-based studies, but also to field observations, to provide a

deeper understanding of atmospheric oxidation processes.
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V.1. Introduction

More than half of cloud condensation nuclei (CCN) are formed through gas-to-particle conversion
of oxidation products, a process called new particle formation (NPF)*°. Gaseous species
responsible for atmospheric NPF include sulfuric acid, nitric acid, iodine oxoacids, and highly
oxygenated organic molecules (HOMs)>!%13, HOMs are formed from the gas-phase oxidation of
biogenic and anthropogenic volatile organic compounds (VOCs) through multiple autoxidation
reactions of peroxy radicals (RO,)"*!*. It is well established that HOMs play an important role
both in nucleation itself and in particle growth, either alone or by stabilizing sulfuric acid

clusters®!>:16.

Pure organic nucleation appears to be driven by highly functionalized accretion products,
which are of ultralow- or extremely low volatility and are thought to be peroxides (ROOR) formed
via rapid RO, self/cross-reactions*!”?°. Daytime VOC oxidation is usually initiated by reactions
with hydroxyl radicals (OH) and ozone (O3)*!*2, whereas nocturnal VOC oxidation is often
initiated by nitrate radicals (NOs) in addition to O3>*2°. Although dimers are mainly formed during
nighttime, notably from ozone chemistry, NPF involving organic species at night is rarely
reported>*®?7. The mechanism suppressing biogenic NPF at night remains uncertain, although it is
suspected that NOs; chemistry may play a role*®?. For example, it has been suggested that NO;
oxidation of a-pinene, the most abundant monoterpene globally, is a less efficient source of SOA
than oxidation by either OH or O3°**!. However, a recent study has shown a higher SOA yield
from the o-pinene + NOs system depending on different RO, fates®?. It is important to note that

involvement in nucleation and growth is a subset of SOA formation, and therefore it stands to
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reason that NO3 oxidation might also be an inefficient source of particles. As a result, the exact

role of NOj radicals on the formation and growth of particles remains highly uncertain.

V.2. Materials and methods

V.2.1. Kinetic and product characterization in the oxidation flow reactor

The oxidation of a-pinene initiated by ozone and nitrate radical (NO3) was conducted in an 18-liter
Pyrex glass oxidation flow reactor (OFR, 12 cmi.d. x 158 cm length) under dry conditions, at room
temperature of 296 + 1 K and atmospheric pressure (Aregahegn et al., 2013). The total flow rate
was kept at 16 standard litres per minute (slpm) using synthetic air (N2/O2 80:20) and the residence
time was 67.5 s. The volatile organic compound (VOC) precursors, (+)-a-pinene (Sigma-Aldrich,
>99%), ozone, and NO> were injected continuously using mass flow controllers (MFC, Bronkhorst).
Input VOC concentration was fixed at approximately 8 + 1 ppbv and retrieved using a quadrupole
mass spectrometer (IONICON, PTR-QMS 300). NOs radicals were generated from the oxidation
of NO; with O3 in an external 1-liter pre-reactor at atmospheric pressure and room temperature.
The pre-reactor was dimmed to prevent the photolysis of NO3 by room lights. 500 standard cm?
min" (sccm) of O> was passed through a stable ozone generator (Fisher Scientific, SOG-1) to
generate ~900 ppbv of O3 within the pre-reactor (corresponding to ~50 + 5 ppbv after dilution in
the flow tube). O3 is mixed with a variable NO> flow in the pre-reactor to produce different NO3
radical concentrations. The total flow in pre-reactor was fixed at 1 slpm, giving a reaction time of
60 s. Then the mixture of NO3, O3, and excess NO: enters OFR and reacts with a-pinene. The
concentrations of O3 and NO> in OFR outflow (ranging from 1.9 to 75 + 2 ppbv in the flow tube)
were retrieved using a Thermo 49C, and a Ecophysics CLD 88p equipped with a photolytic
converter PLC 860, respectively. The particle formation was measured by a condensation particle
counter (TSI CPC 3772) and remained negligible (< 100 cm™) during all flow tube experiments. A
chemical ionization coupled to a Q-Exactive Orbitrap mass spectrometer (CI-Orbitrap, Thermo

Scientific) monitored the oxidation products.
V.2.2. Particle formation in CLOUD chamber

New particle formation experiments were performed at CERN in the CLOUD (Cosmics Leaving
OUtdoor Droplets) chamber, a 3-m-diameter electropolished stainless steel vessel of 26.1 m>. This
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chamber enables to achieve a high standard of cleanliness and discussed in detail by Kirkby et al.
(2016). The evaporation of cryogenic liquid nitrogen (N2) and liquid oxygen (O2) was blended at a
ratio of 79:21 to produce pure synthetic air, which flushed the chamber constantly. Variable
amounts of trace gases, for example, O3, VOCs, NOx, SO», and CO were precisely injected into
the system as needed and monitored. 250 optical fiber-optic systems installed on top of the chamber
are utilized to initiate photolytic reactions, including Hg-Xe UV lamps, and UV excimer laser. The
CLOUD chamber is cleaned by irrigating the walls with ultra-pure water, heating to 373 K, and
flushing with humidified pure air and the high ozone concentration, declining the contaminant
levels such as VOCs to less 1 ppbv. The particles were wiped out under a high voltage electric field.
During the CLOUD 14 campaign, the total flow was kept at 250 slpm with an average residence
time of 105 mins. With mounting in a thermal housing, the CLOUD chamber temperature was
maintained at 264 + 0.1 K and relative humidity at 20% for the NO3 run. The contents of the
chamber were ceaselessly detected and analyzed by a wide range of external instruments connected
to the sampling probes ~1 m protruding into the chamber. The chamber instrumentation for the
results reported here comprised an atmospheric pressure chemical ionization inlet coupled to an
ultrahigh-resolution Orbitrap mass spectrometer (CI-Orbitrap) for retrieving the chemical
composition of gaseous (highly) oxygenated volatile organic compounds (OVOC) (Riva et al.,
2019), a nitrate chemical ionization atmospheric pressure interface long time of flight mass
spectrometer (CI-(NO3")-APi-LTOF, Aerodyne Research Inc. and Tofwerk AG) from the
University of Frankfurt (Kurten et al., 2014) for providing the reference of highly oxygenated
molecules (HOMs) concentration, an iodide-adduct chemical ionization time of flight mass
spectrometer equipped with a Filter Inlet for Gases and AEROsols (FIGAERO-CIMS) for the
composition of particle phase, a proton transfer reaction time-of-flight (PTR-TOF) mass
spectrometer for organic precursors concentrations (Breitenlechner et al., 2017), a CPC battery at
2.5-12 nm thresholds (mobility diameters), a di-ethylene glycol CPC (DEG-CPC) at 2.0 nm
threshold (Dada et al., 2020), a nano-scanning electrical mobility spectrometer (nSEMS) for 1.5-
25 nm particle size (Mai and Flagan, 2018), trace gas analyzers to measure ozone (O3, Thermo
Fisher Scientific Inc. 42i-TLE), nitric oxide (NO, ECO Physics, CLD 780TR) and nitrogen dioxide
monitor (CAPS NO,, Aerodyne Research Inc.) and dew point mirrors (EdgeTech) for RH of the

chamber.
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V.2.3. Field campaign in Siikaneva, Finland

The ambient observation was conducted between March 10 and June 15, 2016 in a wetland,
Siikaneva, southern Finland (61° 49’ 59.4”N, 24°92 11° 32.4”E). It is located ~5 km west of the
Station for Measuring Ecosystem — Atmosphere Relations (SMEAR) II station, which is located in
a boreal forest at Hyytidla. Air temperature was measured with Rotronic HC2 sensor (Rotronic 88
AG, Switzerland). Global radiation was measured by a Kipp & Zonen CNR4 radiometer (OTT
HydroMet B.V., The Netherlands). A proton transfer reaction time-of-flight mass spectrometer
(PTR-TOF, Ionicon Analytik GmbH) using H3O" as the ion source was used to measure VOC
concentrations. A chemical ionization atmospheric pressure interface time-of-flight mass
spectrometers (CI-APi-TOF, Aerodyne Research Inc.) using NO3™ as the reagent ion was deployed
to measure the molecular composition of ambient neutral clusters. Number concentrations of
particles with a mobility diameter larger than 2.5 nm were recorded with a condensation particle
counter (CPC3776, TSI Inc). Number concentration and size distribution of atmospheric ions and
neutral particles with a mobility diameter of 0.8-42 nm were measured with a neutral cluster and

air ion spectrometer (NAIS, Airel Ltd.).
V.2.4. Orbitrap technology

CI-Orbitrap technology has been described elsewhere and prior studies have reported its
capabilities to study atmospheric reactive organic species successfully (Riva et al., 2020; Riva et
al., 2019). For this study, ammonium and nitrate ions (NHs"/ NO3") were used as reagent ion of
CI-Orbitrap for the detection of an extensive range of OVOCs. NO3™ ionization has been described
elsewhere (Riva et al., 2019), and NH4" adduct ion chemistry has already been utilized with PTR-
MS as discussed by Lindinger et al. (1998) and with the novel PTR3-TOF by Hansel et al. (2018)
or Berndt et al. (2018) and shown excellent sensitivity to detect OVOCs. Therefore, for this study,
OVOC:s refer to oxidized organic compounds that can be detected, including HOMs (O > 6) and

the lower oxidized molecules (O = 2—15) in positive mode.

NH; was added to the ion source taking 5 sccm from the headspace of a 1% of liquid
ammonium hydroxide solution (25% NH3 basis, ACS reagent, Sigma-Aldrich). The product
molecules (prod) were softly charged by binding to ammonium ions, forming (prod)-NH4" adduct

ions or protonated products (prod)-H", following equations V-S1 and V-S2.

124



Chapter V: Nitrate radicals suppress biogenic new particle formation from monoterpene oxidation

NH4" + prod — (prod)-NH4" (V-S1)
NH4" + prod — (prod)-H" + NH3 (V-S2)

The Orbitrap was externally mass-calibrated using a 2 mM sodium acetate solution
(Aldrich, >99% purity) in an electrospray ionization source. The drift in mass accuracy remained
within 2 ppm throughout the experiments. The formula assignment of measured ions was
constrained by known oxidation chemistry and elemental composition, i.e., ions are assumed to
contain only carbon, hydrogen, oxygen, and nitrogen atoms (up to three N atoms to account for

adduction of NH4").

V.2.5. Volatility of HOMs.

Since HOM are difficult to synthesis and their vapor pressures are too low for the methods currently
used to detect volatility, direct measurements of the volatilities of individual HOM are very
challenging. Numerous model calculations, such as so-called group contribution approaches®® or
parameterizations based on the oxidation state®**°. We use a volatility parameterization to calculate
effective saturation mass concentration (Csa) of individual organic compounds according to their
structure-based estimations and formula-based estimations using the modified Li et al.
approach*®% as in equation (3):

Ncho

10910Csqr(298K) = (ng — ne)be — npby — 2 et bco —nyby — ngbs 3)
c+no)

where n., ng, ny, and ng are the number of carbon, oxygen, nitrogen, and sulfur atoms of the
specific molecule, separately; n is the reference carbon number; b, by, by, and bg are the
contribution of each atom to [0g;(Csqe, Separately; beo is the carbon-oxygen nonideality®. Values
of b coefficient can be found in Li et al.. The formula used to estimate the vapor pressure is
amended to convert all NO3; groups into OH groups to reduce the bias from the compounds

containing nitrates**-6,

Due to the different temperatures in the CLOUD 14 experiments, we adjusted the Cy,;(298K)

to the measured experimental temperature in equations (4) and (5):

AHyq 1 1
10910Csae (T) = 10910Csae (298K) + 228 X (52— 1) (4)
AHvap(k] mol 1) = —11- 10910Csq:(298K) + 129 (5)
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where T is the temperature in kelvin; Cg,;(298K) is the saturation mass concentration at 298 K;
AH,qp 1s the evaporation enthalpy and R is the gas constant (8.3134 J K-! mol™). The potential
presence of isomers may result in uncertainty in this method since the only input is molecular

formula.

In this study, all oxidation products were grouped into six volatility regimes; ultralow-
volatility (ULVOCS), Cgq¢ < 1035 pg m3, extremely low volatility (ELVOCs), 1035 < Cyqp < 107
45 g m, low-volatility (LVOCs), 103 < Cgqr < 10%° pg m3, semi-volatile (SVOCs), 1003 <
Csqr < 10*° pg m3, intermediate-volatility organic compounds (IVOC), 10?2 < Cyqp < 10%° pgm3,

and VOC, 10%° < C,,, pg m > based on VBS.
V.2.6. Kinetic model simulations.

The behaviors of NO3z, N2Os, RO2 (C10H1504, C10H1703 and Ci0H16NOs), the corresponding less
oxidized monomers formed from the oxidation reaction of a-pinene by O3;/OH and NOs radicals
under typical experimental conditions were simulated simply using the FOAM v3.1 (Wolfe et al.,
2016) box model employing MCM v3.3.1 (Jenkin et al., 1997). The RO, autoxidation reactions

and NOj; chemistry-related packages were not considered in the model.

V.3. Results

Here we examine the reactivity of a-pinene with varying levels of NO3 radicals and the influence
of different HOM composition on NPF. We draw on three datasets: experiments conducted in the
CLOUD chamber (Cosmics Leaving OUtdoor Droplets) at CERN (European Organization for
Nuclear Research); laboratory oxidation flow reactor (OFR) experiments; and field measurements
in a wetland surrounded by boreal forests (Siikaneva, Finland) (see Methods for experimental
details). Controlled laboratory experiments were performed using a-pinene, as it is one of the most
abundant biogenic VOCs in the atmosphere (Kanakidou et al., 2005) and one of the key precursors
for the production of HOMs (Kirkby et al., 2016). We oxidized a-pinene in the presence of O3 and
NOs radicals produced from the reaction of NO; with Osz. Various mass spectrometers equipped
with chemical ionization inlets using different reagent ions (i.e., NH4", NO3") were deployed to
determine the chemical composition of neutral gas-phase oxygenated VOCs (OVOCs), including
HOMs.
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V.3.1. NPF with different oxidants

Figure V-1 shows the evolution of reactant and reaction product concentrations together with the
resulting particle formation rates measured in the CLOUD chamber. We broke the experiment into
three stages to examine different radical chemistry under otherwise identical conditions, including
approximately 1000 parts per billion (ppbv) of carbon monoxide to scavenge the OH radicals
formed from the ozonolysis of a-pinene and homogeneous illumination from four Hg-Xe arc lamps
(UVH, Figure V-S1). We first examined the reaction of a-pinene with Os. At # = 0 min, nitrogen
dioxide (NO,) was continuously injected to form NOs. The production rate of NO3 was 0.3 ppbv
h!, similar to that observed in the atmosphere (Liebmann et al., 2018), and the NO3 concentration
was estimated using a 0-D box model (FOAM) (Wolfe et al., 2016). Finally, at # = 80 min, LEDs at
385 nm (LS3) were switched on to form nitrogen monoxide (NO) via NO> photolysis and convert
NOs into NO>. The three conditions were thus: pure ozonolysis; ozonolysis perturbed by NO3; and

ozonolysis perturbed by NOx.

Non-nitrogen containing OVOCs (CHO) formed through the ozonolysis of a-pinene comprise
monomers Co,10H12,14,16,180>2 (CHO monomers) and dimers C1920H28 30,3204 (CHO dimers), which
predominated during its ozonolysis. NO> injection and NO3 formation resulted in a sharp decrease
in the concentrations of CHO dimers (Figure V-1B). Ultimately, CHO dimers were completely
suppressed as NOs radicals rose toward a concentration of only 0.6 pptv, even though measured O3
and o-pinene concentrations remained constant (Figure V-1A). Meanwhile, we observed a large
formation of nitrogen-containing species (CHON), including monomers Co,10H13,15,170=4N (CHON
monomers) and two classes of dimers (CHON dimers): Ci920H2931,330=sN (CHON; dimers) and
C20H32058N> (CHON:> dimers), with the concentrations of CHON dimers being higher those of
CHO dimers during pure ozonolysis (~1.4-fold) (Figure V-1B). Good agreement between NHy"-
Orbitrap and NO3; -LTOF (a nitrate CI atmospheric pressure interface long time of flight mass
spectrometer) (Kurten et al., 2014) for the detection of CHO and CHON species indicates similar

sensitivity for the different mass spectrometers (Figure V-S2).
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Figure V-1: Effect of NO;3 radicals and NO on OVOC and particle formation in CLOUD. (A)
Evolution of measured (solid line) and simulated (markers) a-pinene, O3, NOx, and the simulated
NO; radical concentrations in the CLOUD chamber. Constant a-pinene (~1.3 ppb) and O3 (~108
ppb) were injected continuously into the chamber. The experiment was conducted at 20% RH and

263 K. UVH: Hg-Xe UV lamps; LS3: LEDs at 385 nm. When constant NO> (~2.5 ppb) was
injected into the chamber at # = 0 min, NO3 was generated from the reaction of NO; with Os.

When LS3 were turned on at # = 80 min, NO> was photolyzed to NO. (B) Evolution of non-
nitrogen containing total OVOCs (CHO), dimers (CHO dimers), and nitrogen-containing total

OVOCs (CHON) and dimers (CHON dimers) measured by CI-(NH4")-Orbitrap. The signal of
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CHO dimers was multiplied by a factor of 20 for better visualization. (C) Evolution of the
particle formation rates (J) at 1.7 nm. (D) Evolution of the a-pinene reaction rate during the NO3

perturbed ozonolysis stage.

Added NOs increased the overall concentration of dimers due to the greater formation of
CHON dimers. During this stark change in dimer composition, the net formation rate of particles
at 1.7 nm (J17) decreased by a factor of 4, implying that NO3 chemistry strongly suppresses o-
pinene NPF. After switching on the lights at # = 80 min, the NOs radicals were scavenged mainly
by reaction with NO as well as by photolysis; subsequently, oxidation proceeded via ozonolysis
under high NOx conditions. The presence of NOx terminated the bimolecular reactions of CHO RO»
generated from the O3/OH + a-pinene and formed CHON monomers (Figure V-1B and V-S3),
whereas the formation pathway of CHON dimers was cut off due to the absence of nitrooxy peroxy
radicals, which are generated from the NO; radical addition to a-pinene (CHON RO). As Figure
V-1C shows, the particle formation rates did not change even at higher CHO concentrations when
the lights were turned on, which is consistent with previously observed lower J values at higher
NOx (Yan et al., 2020). This indicates that NO3 chemistry suppresses particle formation to a similar
extent as NO does (Yan et al., 2020), even though NOs initiated oxidation of a-pinene yields a

large concentration of dimeric compounds, unlike NO.

The evolution of the a-pinene reacted in the NO3 chemistry stage is shown in Figure V-1D.
The same amount of a-pinene reacted with O3 in the presence of NOs radicals, while the total
reacted a-pinene increased by 10%. NO3 chemistry suppression of NPF occurred even though most
of the a-pinene oxidation was still driven by O3 (Figure V-1D and V-S4), and even though the
overall concentration of dimers produced with NO3 present was substantially higher than that
during the pure ozonolysis (Lehtipalo et al., 2018). Our FOAM simulations show that, almost all
CHO RO radicals predominantly undergo self-/cross-reactions and also reactions with HO»
pathway, indicating the presence of NO3 and NOx did not fundamentally modify the dimer
branching ratios of RO, radicals (Figure V-S5). The results suggest that CHON RO; produced from
NOs oxidation are highly reactive and dimers formed through NO; chemistry must be significantly
more volatile than dimers formed from O3z chemistry. This is similar to isoprene suppression of
biogenic NPF where the resulting oxidation products (i.e., C14-Cis dimers) are more volatile than

those from monoterpenes alone (Heinritzi et al., 2020; McFiggans et al., 2019).
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Importantly, the sharp decrease in particle formation rates occurred at very low NO3
concentrations relative to Os, even though the reaction with O3 remained the dominant a-pinene
oxidation process (Figure V-1D and V-S4). Thus, NO; chemistry fundamentally alters the product
distributions and volatility, even when it represents only a small fraction of the total a-pinene

reactivity, 1.e., less than 30% (Figure V-S4).
V.3.2. HOM distribution at different NOs levels

To further investigate the influence of different steady-state concentrations of NOs radicals on a-
pinene oxidation, we performed extensive OFR experiments in the presence of O3, OH, and NO;
radicals. In addition to an experiment without any NO> addition, we also investigated eight NO» to
O; ratios between 0.03:1 (close to the ratio of 0.023:1 for the CLOUD experiments) and 1.5:1
(Figure V-S6). Over this range, no NPF occurred due to the short residence time inside OFR, and
the simulation shows that the rate of the a-pinene reaction with O3 remained constant, but the total
a-pinene reactivity increased by a factor of 3 relative to O3/OH chemistry (Figure V-S7a).
Ultimately up to ~80% of the a-pinene loss was from NOj3 oxidation at the highest NO»:0;3 (Figure
V-S7b). Meanwhile, fraction of a-pinene oxidized by OH radicals decreased from 44% to 6%
because NO» scavenged the OH. Similarly, other than reaction with NO> (resulting in
approximately 50 to 2000 pptv of N>Os in the OFR), NOs radicals were almost completely
consumed by a-pinene, and the reactions of CHO RO; + NO3; and CHO RO + NO> did not play a
significant role in modifying the product distribution (Figure V-S8).

Like the CLOUD observations, the presence of NOs radicals fundamentally alters the product
distribution (Figure V-9). All CHON dimers identified in the CLOUD chamber were found in OFR,
but more CHON monomers and OH-initiated species were observed in OFR due to its short
residence time and the absence of OH scavenger (Figure V-10). Figure V-2 shows the sensitivity
of oxidation products generated from a-pinene and the fraction reacting with NO3 vs. O3/OH.
Specifically, at maximal NOs concentrations, CHO dimers intensity is ~10 times lower compared
to experiments performed without NO3 (Figure V-2A). CHO monomers are much less sensitive to
the increasing level of NOs radicals in a-pinene oxidation, with only a 2.3-fold decrease, which is
probably due to the cross reactions of CHO RO, and CHON RO:a. This is consistent with our FOAM

simulation, which shows a 1.4-fold decrease for the less oxidized CHO monomers (i.e., O25)
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concentrations (Figure V-S11). However, the sharper reduction of the most oxidized CHO (i.e.,
0O-¢) as the NO; contribution increases (up to 10-fold decrease) indicates that the suppression of
ozonolysis products by NOj3 is most important for the most highly oxygenated monomer and dimer

products (Figure V-2A and V-2B, and V-S12).

In contrast to CHO dimers (10-folds decrease), the concentrations of products identified as
CHO RO (with an odd number of H atoms, including C19H1504-10 and C19H1703.7) do not differ
much in the presence of NO3 versus O3/OH chemistry, with slight fluctuations across all different
NOs reactivities (Figure V-2B). In contrast to a 20% reduction in simulated CioH150x radicals, the
measured C1oH150x rose with NOj3 radicals, likely due to the additional CHO RO, produced by the
H-abstraction pathway from the reaction of NOs radicals with a-pinene which was not included in
the model (Figure V-S11, V-S12e, and V-S13). Concentrations of Ci0H170s; radicals from OH
chemistry decreased by a factor of 9 due to the lowered reactivity of a-pinene with OH and more
loss via bimolecular reactions (Figure V-S7, and V-S12f). CHON RO; (including C10H1605,6,7,90N)
started to play an important or even dominant role as soon as NOj3 radicals were produced (Figure

V-S13, and V-Sl4e).
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Figure V-2: Sensitivity of NOs radicals to the formation of OVOCs in an oxidation flow reactor.
(A and B) Normalized signals of non-N containing dimers (CHO dimers) and total dimers (total
dimers) (A), and non-N containing monomers (CHO monomers), total monomers (total
monomers), non-N containing RO> radicals (CHO RO3), and total RO; radicals (total RO>) (B) as
a function of a-pinene reactivity by NOj3 radicals measured by CI-(NH4")-Orbitrap in oxidation
flow reactor (OFR) experiments. lon signals are normalized to the signal in pure O3 chemistry for
comparison. A missing data point indicates that the signal intensity is below the detection limit of
the instrument (10° molecule cm™). Experiments were conducted at ~8 ppbv a-pinene, ~50 ppbv
03, 296 K and RH < 1%. Nine different NO> concentrations were injected varing from 0 to 75
ppbv in flow tube. Every point represents the steady state concentrations of products. (C and D)
Contribution of non-N containing dimers (CHO dimers), 1 N-containing dimers (CHON;
dimers), and 2 N-containing dimers (CHON; dimers) to total dimers (C), and non-N containing
monomers (CHO monomers) and N-containing monomers (CHON monomers) to total monomers

(D) plotted against a-pinene oxidation rate by NOs3 radicals.

Unlike O3/OH chemistry, NO3z chemistry yields a solitary RO> species (i.e., C10HisNOs), the
autoxidation of which is very limited. This is shown by comparing the signal of a “parent” RO to
its more oxygenated autoxidation products (Figure V-S13). Although uncertainties remained in the
quantification of RO, radical concentrations, chemical ionizations were reported to exhibit the
same sensitivity for the Os-derived RO, radicals (Berndt et al., 2016), and NH,"-Orbitrap did not
show any distinct sensitivity to CHON species compared to CHO species (Figure V-S2). The
average ratio of Ci1oHi504to (C10H1506+ C10H150s), which are ozonolysis products, was 4.0 + 0.3.
In contrast, the ratio of C10H16NOs to (C10H16NO7+ C10H16NOy), from NO; oxidation, was 72 + 14
(Figure V-S13). Such a large difference is likely caused by the ring-retaining structure of
C10H16NOs preventing the H-shift isomerization involved in the autoxidation of peroxy radicals
(Berndt et al., 2016; Kurten et al., 2017). The concentrations of CHON RO,, CHON; dimers, and
CHON monomers seemed to be constant when the a-pinene reactivity by NO3 reached ~40%,
indicating that newly formed CHON RO; proceed immediately via a propagation cycle to form RO

radicals or via an accretion reaction to form CHON; dimers at higher NOs levels (Figure V-S14).

The contribution to total dimers of CHON; dimers generated from the cross reaction between

CHON RO> and CHO ROz increased with an increasing contribution of NO3 to a-pinene reactivity
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and peaked (67%) when the o-pinene reaction rate with NOs radicals was greater than 5 ppbv h!,
corresponding to ~ 40% of total a-pinene reactivity, after which its dominance was gradually
replaced by CHON, dimers produced from CHON RO, self/cross-reactions (Figure V-2C, and V-
S7). The proportion of CHON monomers to total monomers also reached its highest value (60%)
at this a-pinene reaction rate (i.e., 5 ppbv h!), and then remained constant (Figure V-2D). Results
obtained with the CI-Orbitrap operated in negative mode (NOj3") further support the role of CHON
RO; in the distribution of OVOCs (Figure V-S15). However, it should be mentioned that the nitrate
reagent ion is selective towards HOMs, i.e., no > 6 for CHO monomers and no > 8 for CHON
monomers, which explains the general decreasing trend of OVOCs (i.e., monomers and dimers)
measured by the CI-(NO3")-Orbitrap. Overall, the OFR results indicate that the presence of CHON
RO; competes against autoxidation and CHO dimers formation, two mechanisms responsible for

monoterpene NPF, resulting in a net reduction of CHO species formed from O3/OH oxidation.
V.3.3. Change of HOM volatility distribution by NOs

Higher volatilities of CHON dimers than CHO dimers in the particle phase are confirmed by
thermal desorption measurements performed by a FIGAERO-CIMS (Filter Inlet for Gases and
AEROsols coupled to a chemical ionization time of flight mass spectrometer) (Lopez-Hilfiker et
al., 2014) (Figure V-3A). It is worth mentioning that unlike monomers, thermal fragmentation
contributions are negligible for larger compounds like dimers during particle desorption with the
FIGAERO (Huang et al., 2018; Wang and Ruiz, 2018). The maximum desorption temperatures
(Tmax) of particulate CHON dimers were much lower (40—85 °C) than Tmax of particulate CHO
dimers (~110 °C), corresponding to saturation vapor concentrations (Csa) of 107 to 10! pg m™ for
CHON dimers and 107 to 10”7 pg m™ for CHO dimers (Wang et al., 2020a). The saturation vapor
concentrations of particulate OVOCs in the CLOUD chamber experiments are predicted using the
volatility basis set (VBS) parameterizations (Isaacman-VanWertz and Aumont, 2021; Stolzenburg
et al., 2018). Parameterized logioCsar agree well with the measured logioCsa for particulate CHO
species (Figure V-S16a). In addition, measured logioCsa of particulate dimers show a good
correlation (R*> = 0.85) with their estimated logi0Csat using the modified Li et al. approach

(Isaacman-VanWertz and Aumont, 2021) accounting for nitrate functionalities (Figure V-S16b).
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Therefore, we estimated the volatility distribution of the full-range OVOCs measured by CI-
(NH4")-Orbitrap in the CLOUD chamber (Figure V-3B, and V-S17) using the modified Li et al.
approach (Isaacman-VanWertz and Aumont, 2021). As shown in Figure V-3B, we grouped
monomers Co.1o and dimers Cis.20 measured in the CLOUD chamber into five volatility regimes
based on their logioCsa: values (Donahue et al., 2012; Schervish and Donahue, 2020); ultra-low
volatility (ULVOCs), extremely low-volatility (ELVOCs), low-volatility (LVOCs), semi-volatile
(SVOCs), and intermediate-volatility organic compounds (IVOCs). Only the ULVOCs and some
ELVOC:s initiate cluster growth and form new particles (Schervish and Donahue, 2020; Simon et
al., 2020). In each volatility bin, we show the signal of the sum of OVOC:s that fall in this volatility
range. Due to the negligible CHON RO> autoxidation, the volatility distribution of OVOCs shifts
towards relatively higher volatility in the presence of NOj3 radicals compared to the distribution
from pure O3 chemistry (Figure V-3B). The resulting average signal-weighted Ci, value is 2 times
higher in the presence of NOs radicals. However, the effect is most dramatic in the tail, for
compounds directly involved in NPF. The contribution of ELVOCs drops by a factor of 2 (i.e.,
from 1.7% to 0.8%), and the ULVOCs, which contribute most efficiently to pure biogenic
nucleation (Schervish and Donahue, 2020; Simon et al., 2020), comprise 0.6% of the total
measured OVOCs in the pure O3 system but decrease to 0.1% in the presence of NOs3 radicals
(Figure V-3C). The lowest volatility bins of the ULVOC range (logi0Csar<-13 pg m™) vanish
entirely. A 5-fold reduction of the ULVOC yield was also quantified using the NO3; -LTOF.
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Figure V-3: Higher volatilities of OVOC:s in the presence of NOs3 radicals illustrating the
suppression of NPF in CLOUD. (A) Desorption signals of selected CHO dimers and CHON
dimers in the particle phase measured by FIGAERO-CIMS. Ion signals are normalized to the
maximum signal on a linear scale for clarity. (B) Monomers Co.19 and dimers Cig20 measured by
CI-(NH4")-Orbitrap binned to a volatility distribution showing their relative abundance in pure O3

and NOjs chemistry, respectively; simulated NO3z concentration was ~0.6 pptv. The background
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colors represent the saturation concentration (Csat) in the range of ultra-low volatility (ULVOC:s,
purple), extremely low volatility (ELVOCs, gray), low volatility (LVOCs, pink), semi-volatile
(SVOCs, green), and intermediate volatility (IVOCs, blue) organic compounds. (C)
Corresponding contributions of IVOCs, SVOCs, LVOCs, ELVOCs, and ULVOCs classes in pure
O3 and NOs chemistry. These percentages do not relate to the yields but to the measured
intensities. (D) Formation rate of particles plotted as a function of ULVOC concentration, colored

by the concentrations of simulated NO3 radicals.

As the OVOC composition changed during the experiment, the decrease of the measured
particle formation rates at 1.7 nm by a factor of 4 (see also Figure V-1C) is likely driven by the
decreasing concentration of ULVOCs caused by an increase in the NOs3 radical concentration
(Figure V-1D and V-3D). Overall, the results demonstrate that NO; radicals inhibit the production

of the least volatile compounds and ultimately impede the formation of new particles.
V.3.4. Nocturnal NPF in a wetland

We further investigated the role of NOs3 radicals in suppressing NPF from the ozonolysis of
monoterpenes by conducting nighttime observations in a wetland surrounded by boreal forests in
Siikaneva, Finland. At this location, we did observe rare nocturnal NPF events (Figure V-S18),
which were accompanied by a decoupled layer formation capturing the emissions from the wetland
inside this stable boundary layer and nearly no mixing with the rest of the atmosphere (Junninen et
al., 2022). Similar OVOC species as in the CLOUD chamber were detected in this ambient
environment (Figure V-S19). Monoterpenes were found to be dominating VOC:s at this site (Figure
V-S20), and the most abundant monoterpene species there were found to be a-pinene and A*-carene
(Vettikkat et al., 2023). These species were thus used to calculate the reactivity of different
monoterpene isomers in wetland, in order to represent the reactivity range in Siikaneva by
assuming the total monoterpene concentration is that of one monoterpene. The resulting reactivity
of ozonolysis with these two monoterpenes and the generated concentrations of CHO dimers were
on average 3 times and 2 times higher during the nighttime NPF event compared to nonevent night,
respectively, with the dominating monoterpene ozonolysis reactivity in Siikaneva from a-pinene
(Figure V-4, V-S21a). Further, concentrations of CHO monomers and CHO dimers were 4 and 10

times higher than those of CHON monomers and CHON dimers during the NPF event, respectively,
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with total CHO species representing 80% of total OVOC:s. In contrast, sharp increases of CHON
monomers and CHON dimers were observed only during the nonevent when no decoupling process
occurred but in well-mixed conditions with the rest of the atmosphere (Junninen et al., 2022). The
presence of CHON dimers, which are markers for NO3 chemistry, indicates the presence of NO3
during the nonevent night (Junninen et al., 2022; Yan et al., 2016), which was estimated at nearly
1 ppqv, resulting in a reactivity of monoterpene 0.2 pptv h™! during the nonevent night (NO,:03 =
0.007:1) with the reactivity of monoterpenes by NOs radicals in Siikaneva mainly coming from a-
pinene (Figure V-S21b). These were associated with a corresponding drop in ULVOC and ELVOC
concentration both by a factor of 6 (Figure V-4G). Consistent with the CLOUD experiments, the
particle number concentration was up to one order of magnitude (3-fold in median) lower during

the nonevent nights compared to event nights (Figure V-4A).
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Figure V-4: Nocturnal NPF event and nonevent recorded at Siikaneva, Finland. (A, B, C, D, E
and F) Box plots of number concentrations of particles greater than 2.5 nm (A), CHO dimers (B),
CHON dimers (C), a-pinene ozonolysis rate (D), CHO monomers (E), and CHON monomers (F)

in one NPF event and one nonevent. (G) Binned volatility distribution of monomers Co.19 and
dimers Ci9-20 measured by CI-(NO3")-APi-TOF showing their concentration for a NPF event and
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a nonevent. The pie charts on the right represent the corresponding contributions of IVOCs,

SVOCs, LVOCs, ELVOCs, and ULVOC:s classes.

V.4. Discussion

Taken together, these results form the basis of a molecular understanding of why biogenic NPF is
not commonly observed at night, especially in monoterpene-dominated environments. The NOs-
derived RO; radicals not only yield higher volatility dimers but also completely alter the fate of
RO; radicals from other oxidants and thus the capacity to form new particles. The nitrogen-
containing organic vapors formed from NO3 chemistry are not of sufficiently low volatility to
initiate the formation and growth of particles. When only 20-30% of the a-pinene reactivity is
driven by NO3, ULVOC yields are reduced by a factor of 5 and particle formation rates by a factor
of 4. In the ambient atmosphere, particle number is cut by up to an order of magnitude in boreal

environments when NOj; chemistry is involved.

In general, the quantity and volatility distribution of HOMs, HOM-RO;, and RO; produced
from concurrent complex chemical reactions can substantially alter the formation of new particles
in the atmosphere. This is especially important for organic NPF governed by covalently bound
dimers, where cross-reactions between different RO> control the ULVOC tail of the volatility
distribution, and exact NPF rates depend even on the volatility distribution within that tail. In some
cases, such as for isoprene suppression of monoterpene nucleation, it is the mixture of organic
precursors that influences the outcome (Heinritzi et al., 2020; McFiggans et al., 2019). In others,
such as for NOy suppression, it is inhibition of dimer formation that affects the outcome (Yan et
al., 2020). Here, for NO;3 suppression, it is the oxidant that influences the outcome. Our results
highlight a need for more realistic consideration of NPF processes in the atmosphere, especially
when multiple oxidants/processes are involved. In addition, the influence of NO3 derived from NOx
represents an anthropogenic perturbation on a biogenic system, which have broader implications

for the understanding of aerosol sources and CCN in the modern atmosphere.
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Figure V-S1: Spectrum of mercury-doped xenon arc lamps (UVH) in the CLOUD chamber.
Four 200 W Hamamatsu Hg-Xe lamps (UVH) provide light across the entire UV-Vis spectral

range and illuminate the chamber homogeneously.
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Figure V-S2: Sensitivity of CI-(NH4")-Orbitrap for the detection of CHO and CHON in the
CLOUD chamber. Time evolution intercomparison of CHO (red marker) and CHON (blue
marker) measured by CI-(NH4")-Orbitrap and CI-(NO3")-LTOF. Time evolution of CHO species
with correlation coefficients R* > 0.9 between NH4"-Orbitrap (cps in unit) and NO; -LTOF
(molecule cm™ in unit) are used to obtain the calibration factor applied to estimate the
concentration of CHON measured by NH4"-Orbitrap (red dashed line). The outliers for CHON
measured by CI-(NO;")-LTOF is the time evolution of one compound (C10Hi5sNO1o).
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Figure V-S3. Effect of NO; radicals and NO on OVOC in CLOUD. Evolution of 1 N-containing
dimers (CHON;| dimer), 2 N-containing dimers (CHON; dimer), N-containing monomers
(CHON monomer) and non-N containing dimer (CHO dimer) (a) and N-containing RO» radicals
(CHON RO:2) and non-N containing RO, radicals (CHO RO») (b).
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Figure V-S4: Evolution of normalized a-pinene reaction rate during the NO3 perturbed
ozonolysis stage in the CLOUD chamber. The contributions of different oxidants to the reacted
a-pinene were simulated using FOAM model when NO3 was present in the chamber during 0-80
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Figure V-S5. Fate of CioH1504 and NOs radicals simulated in CLOUD chamber. Production and

loss rates of C1oH1504 (C10902) radical during pure ozonolysis (a), during ozonolysis perturbed

by NOs (b), and during ozonolysis perturbed by NOx (¢). Production and loss rates of formed
NOs radical during NO; injected into the chamber at # = 0-80 min (d). APINOOA, C10702 and
APINBOO in the figure refer to Criegee Intermediate, C1oH1504 and C19oH1703, respectively.
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Figure V-S6: Precursors for oxidation flow reactor (OFR) experiments. A run of the evolution of
trace gas a-pinene, O3, and NO; in the OFR outflow. Constant a-pinene and O3 were injected to
the OFR. The concentration of NO; in the OFR varied from 0-75 ppbv. Experiments were
conducted at 296 K and RH < 1%.
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Figure V-S7: Simulated reactivity of a-pinene at different NO;3 levels in OFR experiments.
Absolute reaction rate of a-pinene (a) and normalized reaction rate of a-pinene (b) as a function
of modeled input N>Os concentration. The contributions of different oxidants to the reacted -

pinene at nine NO3 concentrations were simulated using FOAM model.
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Figure V-S8. Fate of NO3 and CioH1504 radicals simulated in OFR experiments. Production and
loss rates of Ci1oHi504 (C10902) radicals in O3/OH chemistry (a), and at highest NO»:03 (b).

Production and loss rates of NOs at highest NO2:Os (¢). The concentration of a-pinene + Oz were

used as input in (a), a-pinene + O3 + NO» in (b) and O3 + NO: in (c). The input concentration of

a-pinene, O3, and NO> were 10 ppbv, 50 ppbv, and 75 ppbv, respectively. APINOOA,
NAPINAO2 and APINBOO in the figure refer to Criegee Intermediate, C10H1sNOs and

Ci10H1703, respectively.
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Figure V-S9: Kendrick mass defect plots of gaseous compounds observed in the reactions of a-
pinene with O3/OH (a) and NOj3 radical at highest NO2:03 (b). The circles are the measured ions
colored by groups: CHO, CHON;, CHON>, and unidentified compounds, the sizes of which
correspond to their logarithmic intensities. The unidentified compounds represent products with

apparent evolution but unassigned molecular formulae.
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Figure V-S10. Kendrick mass defect plots of OVOCs observed in the CLOUD chamber and
OFR experiments. Mass defect plots for Co.1o monomers and Ci9.20 dimers from pure ozonolysis
in the chamber versus from O3/OH chemistry in OFR experiments (a). Mass defect plots for Co.19
monomers and Ci920 dimers from ozonolysis perturbed by NO3 in the chamber versus from OFR

at lowest NO,:03 (b). Data at which about 30% of a-pinene was oxidized by NOs radicals were

used for comparison between CLOUD and OFR experiments. The circles are the measured
molecules colored by groups: CHO, CHON/, and CHON>, the sizes of which correspond to their
logarithmic intensities. Cross and square markers correspond to chamber and OFR data measured

by CI-(NH4")-Orbitrap, respectively. The abscissa represents the measured mass of the

compounds which has subtracted the reagent ions.
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Figure V-S11: Low oxygenated OVOCs measured by CI-(NH4")-Orbitrap and simulated in OFR
experiments. Normalized signals of low oxygenated CHO RO (i.e., CioH1504 from O3), total
RO (CHO ROz and CioH16NOs from NO3), CHO monomers (CioH1403, C1oH1602-4, and
Ci0H1803), and total monomer (CHO monomers, C10H15sNO4, and C10H17NOs45) as a function of
a-pinene reactivity by NOs radicals. Results measured by CI-(NH4")-Orbitrap are given in solid

lines and those simulated by FOAM in dashed lines.
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Figure V-S12: CHO in OFR experiments measured by CI-(NH4")-Orbitrap. Normalized signals
of dimers C20H3,0x (a) and C20H340x (b), monomers C1oH14Ox (¢) and CioH1sOx (d), peroxy

radicals C1oH150x (e) and C1oH170x (f) derived from O3/OH chemistry as a function of a-pinene

reactivity by NOj radicals.
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from NOj reaction distributed by total a-pinene reactivity. Results from O3/OH chemistry are
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Figure V-S14: CHON in OFR experiments measured by CI-(NH4")-Orbitrap. Normalized signals

of dinitroxy dimers C20H320xN> (a) and nitroxy dimers C20H310xN (b), organic nitrates
Ci0H150xN (c) and CioH170xN (d), peroxy radicals Ci1oH16OxN (e) and CoHi6OxN (f) derived

from NO; chemistry as a function of a-pinene reactivity by NOj3 radicals.
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Figure V-S15: Sensitivity of NO3 radicals to the formation of OVOCs in OFR experiments
measured by CI-(NO3")-Orbitrap. (a and b) Kendrick mass defect plots of gaseous compounds
observed in the reaction of a-pinene with O3/OH (a) and NOs radical (b). The circles are the
measured ions colored by groups: CHO, CHON;, CHON>, and unidentified compounds, the sizes
of which correspond to their logarithmic intensities. The unidentified compounds represent
products with apparent evolution but unassigned molecular formulae. (¢ and d) Contribution of
CHO monomers and CHON monomers to total monomers (c¢), CHO dimers, CHON; dimers, and

CHON; dimers to total dimers (d) plotted against a-pinene oxidation rate by NOs3 radicals. (e)
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Normalized signals of CHO monomers, CHO dimers, and CHO RO as a function of a-pinene

oxidation rate by NOs3 radicals. Ion signals are normalized to the signal in pure O3 chemistry for

comparison.
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Figure V-S16: Volatility of CHO in the particle phase measured by FIGAERO-CIMS vs.
estimated by the VBS parameterizations in the CLOUD chamber. (a) Saturation vapor
concentrations (logi0Csar) of CHO species formed from a-pinene ozonolysis in the particle phase
are predicted by two parameterizations of Stolzenburg et al. (2018) (colored in blue) and Li et al.
(updated by Isaacman-VanWertz and Aumont, 2021) (colored in red). The measured logioCsas are

calculated using the thermal-desorption volatility calibration curve obtained by calibrants
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correlating their log0Csat With 1/Tmax using FIGAERO-CIMS (Wang et al., 2020). The gas phase
parameterizations are applied assuming compounds with same molecular formulae to have the
same structure as in the particle phase. (b) Saturation vapor concentrations of selected CHO
dimers and CHON dimers in the particle phase measured versus predicted by modified Li et al.
approach. A good correlation R? of 0.85 validates the consistency between direct FIGAERO

volatility measurements and VBS parameterizations.
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Figure V-S17: Volatility distribution of OVOCs measured by CI-(NH4")-Orbitrap in the CLOUD
chamber. Monomers Co.10 and dimers Cis-20 binned to a volatility distribution showing the
measured relative abundance in pure O3 and NO3 chemistry, respectively; simulated NO;

concentration was ~0.2 pptv (a) and ~0.4 pptv (b). The background colors represent the saturation
concentration (Csa) in the range of ultra-low volatility (ULVOCs, purple), extremely low

volatility (ELVOC:s, gray), low volatility (LVOCs, pink), semi-volatile (SVOCs, green) and

intermediate volatility (IVOCs, blue) organic compounds.
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Figure V-S18: Nocturnal NPF event and nonevent measured by AIS during Siikaneva campaign.

Example of a nucleation event (a) and non-nucleation event (b) at night showing the size

evolution of positive and negative ions. The color scale shows the number concentration of ions.
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Figure V-S19: Kendrick mass defect plots of oxygenated compounds observed in the CLOUD
chamber and wetland. Mass defect plots for Co.jo monomers and Cj9.20 dimers in O3 stage of
chamber versus a nocturnal NPF event (a) and in NO3 stage of chamber versus a nonevent (b).
The circles are the measured molecules colored by groups: CHO, CHON, and CHON, the sizes
of which correspond to their logarithmic intensities. Cross and square markers correspond to
chamber and campaign data measured by CI-(NH4")-Orbitrap and CI-(NO3)-APi-TOF,
respectively. The abscissa represents the measured mass of the compounds which has subtracted

the reagent ions.

166



Chapter V: Nitrate radicals suppress biogenic new particle formation from monoterpene oxidation

Q

-3
cm )

particle number

VOC (ppbv)

O; (ppbv)

8000~
6000
4000+
2000+

40

20+
104

30—

3.0+
2.0+
1.0

0.0

T
20:00

Time of day

T
21:00

T
22:00

Event

—_ MT
Isoprene
— SQT

=3

oD

o o

o O

o O
1 1

4000
2000+

particle number (cm's)

2.5

404

30+
20
10+

O; (ppbv)

1+2.0

1.5

1.0
-0.5

3.0
2.0+
1.0+

VOC (ppbv)

I

—

0.0

T
21:00

T
22:00

Time of day

Nonevent

&

S —0s

8 — NOs

Kol

=
— MT

Isoprene

— SQT

Figure V-S20: Time evolution of particle number, VOC, O3 and estimated NO3 in a nocturnal

NPF event and nonevent during Siikaneva campaign. (a) Concentration evolution of particle

number, monoterpene (MT), isoprene, sesquiterpenes (SQT), and O3 in the NPF event. (b)

Concentration evolution of particle number, monoterpene (MT), isoprene, sesquiterpenes (SQT),

O3 and estimated NOs3 in the non-nucleation event. Unfortunately, NOx measurement was not

available in Siikaneva, in particular for event night with decoupling process. Concentration of

NOs in nonevent (no decoupling process occurred) was estimated from the NOx concentration

measured at Hyytiéla in a boreal forest, ~5 km east of Siikaneva.
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Supplementary Figure 21. Monoterpene reaction rate in a nocturnal NPF event and nonevent
during Siikaneva campaign. (a) Ozonolysis rate of A’-carene in the NPF event and nonevent. (b)
Reactivity of a-pinene and A3-carene by NOs radical in the nonevent. Concentration of
monoterpenes were measured, but the composition could not be classified due to the instrumental
limitation during the campaign. a-Pinene is the most abundant monoterpene in May at Hyytiila,
followed by A3-carene*. Hence, reactivities of a-pinene and A*-carene are calculated and
represent the reactivity range by assuming the total monoterpene concentration is that of one
monoterpene. The reaction rate of these monoterpenes with estimated NO3 radical in the
nonevent are also assessed at 298 K, given that the most reaction rate constants are only available
at room temperature from International Union of Pure and Applied Chemistry (IUPAC,

https://iupac.aeris-data.fr/en/home/). Considering the A3-carene concentration being a factor of ~2

lower than that of a-pinene*, the dominating monoterpene reactivity by Os and by NOs radical in
Siikaneva are both from a-pinene.
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Chapter VI: Conclusions and perspectives

In this work, we firstly investigated the possibility of coupling a chemical ionization (CI) inlet to
an ultrahigh-resolution mass spectrometer. The new developed CI-Orbitrap presents a higher mass
resolving power (i.e., R = 140 000 at m/z 200) compared to state-of-the-art online mass
spectrometers. Hence, uncertainties in identifying and quantifying overlapping peaks are
substantially reduced by using CI-Orbitrap. We demonstrated its capacity to accurately separate
ions detected using nitrate ion (NO3™)-based chemistry from a complex gas phase mixture produced
from the oxidation of monoterpenes. The capability of the CI-Orbitrap in measuring RO, radicals
as well as OVOCs at atmospherically relevant concentrations was also compared to simultaneous
CI-APi-TOF measurements. By carefully choosing a sigmoidal correction function, we were able
to show that the current restrictions of this novel analytical method can be largely overcome.
Additionally, the analysis using the CI-Orbitrap can precisely quantify organic species at
concentrations as low as 1 x 10° molecules cm™, allowing for the unmistakable identification of
OVOCs generated in the gas phase. Therefore, the chemistry and the physicochemical properties
of complex gaseous molecules can be better understood to a certain degree. Overall, the
development of this new analytical tool may mark a crucial advancement in our ability to

understand the formation and fate of atmospheric reactive organic species.

Given the success of using nitrate ion-based chemistry with the CI-Orbitrap, ammonium
(NH4") ion-based scheme was explored to characterize the widest range of oxidation products and
radical species formed from the oxidation of VOCs. The intercomparison of the performance of
various mass spectrometers, including CI-(NH4"/NOs")-Orbitrap, CI-(NO3;")-LTOF, PTR3-TOF,
and CI-(I")-FIGAERO at identifying and quantifying OVOCs formed from o-pinene ozonolysis,
revealed that the CI-(NH4")-Orbitrap is a very promising analytical system to obtain a detailed
assessment of the entire OVOC distribution. NH4" ion-based scheme displays a constant trend
despite subsequent loading, suggesting a linear response of ionization under atmospherically
relevant conditions. Of these four mass spectrometers, CI-(NH4")-Orbitrap identified the largest
range of products, including highly oxygenated organic molecules (HOMs) and the least oxidized

species. Hence, measurements by CI-(NH4")-Orbitrap may be used as an input to evaluate or
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interpret environmental observations to enhance the accuracy of models. Quantification of the
product signals remains challenging for all mass spectrometers as there is no absolute and robust
calibration method. Hence, more studies are needed to obtain an accurate quantification of the
signals recorded by CI mass spectrometry techniques, and more specifically for the CI-(NH4")-

Orbitrap for future applications in atmospheric measurements.

Oxygenated organic molecules (OOMs), which are produced from the oxidation of VOCs,
contribute to the formation and growth of organic aerosol. When it comes to daytime VOC
oxidation is mainly driven by hydroxyl radicals and ozone (O3). At night, besides Os, nitrate
radicals (NO3) are involved in the degradation of VOCs and the formation of a wide variety of
OVOCs, including HOMs. Interestingly, nighttime new particle formation (NPF) is less frequently
documented than daytime NPF, even though subsequent concentrations of dimeric species are also
reported at night, particularly from O3 chemistry. Here, we show that NO3 chemistry inhibits NPF
during the oxidation of monoterpenes, and likely explain the lack of NPF event at night in
environment dominated by monoterpene emissions. We combined NPF experiments performed at
the CLOUD facility, radical experiments using an oxidation flow reactor, as well as field
observations in a wetland that do show intermittent nocturnal NPF. The NOs-derived RO> radicals
not only produce greater volatility dimers, but entirely modify the fate of other RO, radicals,
produced from O3/OH chemistry, ultimately impacting their ability to form particles. The organic
vapors containing nitrogen produced by NO3 chemistry do not have a low enough volatility to
initiate the nucleation and growth particles. Hence, the yields of ultra-low volatility volatile organic
compounds (ULVOC) decreased by a factor of 5 and particle formation rates dropped by a factor
of 4 when only 20-30% of the monoterpene reactivity is driven by NO; radicals. Laboratory
experiments are supported by ambient observations showing that particle number was reduced by
up to an order of magnitude when NO3 chemistry is present. Our findings explain why NPF does
not happen all the time and everywhere to some extent. Further research is needed on the reactivity
of NOs-derived RO, radicals compared to O3/OH derived RO> radicals. The NO3 oxidation for
other precursors, i.e., isoprene and aromatics, also needs to be examined for which precursors NO3
chemistry is important. In other words, following studies should be conducted to identify if the
process revealed here is only important for monoterpenes or more general of various VOCs. To

better constrained NPF, especially in monoterpene-dominated environments, modeling needs to
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Chapter VI: Conclusions and perspectives

consider the impact of NO3z chemistry. Indeed, it would be important to better extrapolate how
NO3-RO; can inhibit NPF and quantify how widespread the NO3; chemistry suppress NPF, thereby

providing wider implications of anthropogenic perturbation on a biogenic system.
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Résumé

Ce travail de these s’est attaché a développer une nouvelle interface d'ionisation chimique (CI) afin de la coupler a un
spectrométre de masse a ultra haute résolution (Orbitrap). Ainsi le CI-Orbitrap présente un pouvoir de résolution en masse
plus élevé (un facteur 10), réduisant considérablement les incertitudes dans I'identification et la quantification des espéces
chimiques. Par ailleurs, I’Orbitrap permet de réaliser des expériences de spectrométriec de masse en tandem (MS?)
permettant ainsi de déterminer les énergies de liaison entre les ions réactifs et les analytes ainsi que d’élaborer les
structures de molécules hautement oxygénées. Cette technologie permet ainsi d’améliorer considérablement la
compréhension des processus d’oxydation des composés organiques volatils (COV). Fort de ces développements, un
nouvel agent ionisant a été testé afin d’évaluer sa capacité a mesurer la plus grande gamme de COV et de COV oxygénés.
Ainsi ’ammonium (NH4") a été utilisé comme agent ionisant, notamment lors de campagne de mesures effectuées au
CERN. Une intercomparaison, avec une large variété de spectromeétre de masse, a ainsi pu étre réalisée et démontre que
le CI-(NH4")-Orbitrap permet d’identifier et de quantifier la plus grande gamme de COV oxygénés formés lors de
I’oxydation en phase gazeuse de COV. Cette technique analytique apparait donc trés prometteuse pour obtenir une analyse
approfondie de la formation et I’évolution des COV oxygénés dans 1’atmospheére. Forst du CI-(NH4*)-Orbitrap, les
processus d’oxydation de ’alpha-pinéne (monoterpéne le plus présent dans 1I’atmosphére) ont pu étre étudiés dans des
mélanges complexes. Plus spécifiquement les processus de chimie nocturne, impliquant I’ozone et le radical nitrate (NO3)
ont été étudiés. Les différents résultats issus d’expériences en laboratoire et provenant de campagne de mesure dans la
forét boréale démontrent que les radicaux NO3 impactent fortement la formation de nouvelles particules dans I’atmosphere.
En effet, les produits formés, contenant notamment des atomes d’azote, ne disposent pas d’une volatilité suffisamment
faible pour initier les processus de nucléation et la croissance des particules. Les rendements de COV a ultra-faible
volatilit¢ (ULVOC) ont diminué d'un facteur 5 et les taux de formation de particules ont chuté d'un facteur 4 lorsque
seulement 20 a 30 % de la réactivité du monoterpéne est due aux radicaux NOs. Les observations ambiantes ont également
démontré que le nombre de particules était fortement réduit lorsque la chimie du NOs3 est présente. Ces résultats participent
a expliquer le trés faible nombre d’observations de formation de nouvelles particules pendant la nuit dans I’atmosphere.

Abstract

This work firstly investigated the possibility of coupling a chemical ionization inlet to an ultrahigh-resolution mass
spectrometer. The new developed CI-APi-Orbitrap presents a higher mass resolving power, substantially reducing the
uncertainties in identifying and quantifying overlapping peaks. It separated ions detected using nitrate ions base chemistry
from a complex gas phase mixture produced from the oxidation of monoterpenes accurately. The binding energies between
the reagent ions and product molecules were directly explored and the structures of highly oxygenated molecules were
acquired using the MS? feature of CI-(NO;")-Orbitrap, greatly increasing the understanding of the oxidation and fate of
VOC. oxidation. In addition, we find that ammonium (NH4") ion-based scheme characterizes the widest range of oxidation
products and radical species formed from VOCs oxidation, compared to CI-(NO3)-LTOF, PTR3-TOF, and CI-(I')-
FIGAERO. Despite high loading, the NH4" ion-based scheme exhibits a constant trend, indicating a linear response to
ionization at atmospherically relevant conditions. The CI-(NH4")-Orbitrap is a highly promising analytical system to
obtain a thorough analysis of the entire OVOC distribution. With CI-(NH4")-Orbitrap, we detected nitrooxy peroxy
radicals formed from NOs chemistry, and nitrogen-containing accretion products formed from the reaction of different
peroxy radicals. The ring-retaining structure of nitrooxy peroxy radicals prevents the H-shift isomerization involved in
the autoxidation of peroxy radicals, limiting the autoxidation to form higher oxygenated molecules. As a result, the organic
vapors containing nitrogen produced by NOs chemistry do not have a low enough volatility to start the nucleation and
growth particles. And the NOs-derived RO, radicals entirely modify the fate of RO, radicals from other oxidants, which
in turn affects their ability to form particles. In other words, nitrooxy peroxy radicals suppress the production of ultra-low
volatility organic compounds responsible for NPF. The yields of ultra-low volatility volatile organic compounds (ULVOC)
decreased by a factor of 5 and particle formation rates dropped by a factor of 4 when only 20-30% of the monoterpene
reactivity is driven by NOj; radicals. NPF experiments at the CLOUD facility, radical experiments using an oxidation flow
reactor, as well as field observations in a wetland that do show intermittent nocturnal NPF, were combined to show that
NOj; chemistry inhibits NPF during the oxidation of monoterpenes, and thus at night. Ambient observations showed that
particle number was reduced by up to an order of magnitude when NO3 chemistry is present.
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