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Abstract

This thesis reports the use of an aerosol chamber to investigate Secondary Organic Aerosol (SOA)
transformation and formation in biogenic and anthropogenic VOC mixtures. Experiments
conducted to comprehensively describe and characterise the Manchester aerosol chamber (MAC)
are reported. Photo-oxidation chamber experiments were conducted using online and offline mass
spectrometric instrumentation, including Gas Chromatography-Mass Spectrometer (GC-MS),
Aerosol Mass Spectrometer (AMS), Chemical Ionisation Mass spectrometer (CIMS) and liquid
chromatography ultra-high resolution mass spectrometry (UPLC-orbitrap-MS). These were used
to explore SOA transformation and formation in anthropogenic (o-cresol) and biogenic (a-pinene
and isoprene) mixed precursors in the presence of NOx and inorganic seed particles (ammonium
sulphate) through investigation of the SOA particle mass yield and characterisation of SOA

composition in mixed precursor systems.

The MAC characterisation study highlights the importance of conducting regular characterisation
experiments to track the performance of the simulation chamber and emphasises the need to
develop a routine set of standardised experiments for chambers, elucidating the particular

characteristics of each facility, thus enabling the interpretation of the results.

The study of SOA formation from mixed precursors established a novel chamber experimental
design associated with initial "iso-reactivity" of the systems towards the dominant oxidant (OH),
achieved by adjustment of the initial concentration of precursors in the mixed system. The SOA
particle mass yield exhibited suppression when compared with that of a-pinene when mixed with
isoprene, but a minor yield enhancement was tentatively found while adding isoprene to o-cresol.
The a-pinene/o-cresol system exhibited a higher measured SOA particle mass yield than that
calculated based on additivity. The measured and predicted yields were comparable in ternary
systems. The ambiguity in reference for yield evaluation present challenges to the evaluation of
changes in SOA formation when more than one precursor contributed to the SOA mass, as do

differences in the prevailing chemical regime.

An automated non-targeted accurate mass analysis of LC-Orbitrap-MS data was used to

characterise the particulate products from mixed precursor systems. a-pinene oxidation products
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were shown to dominate the binary mixed a-pinene / isoprene system in terms of fractional signal
contribution and the number of particle components detected. o-cresol oxidation products (methyl-
nitrocatechol and methy-nitrophenol) dominated the SOA particle composition in both o-cresol /
isoprene and o-cresol / a-pinene binary systems in negative ionisation mode. This thesis further
stressed the significance of unique-to-mixture products formation, which contributes to molecular
composition and signal abundance in o-cresol-containing binary systems in positive ionisation
mode. Compounds uniquely identified in each mixture were identified, with the potential to be

used as tracers in SOA source attribution in future ambient studies.

Finally this thesis reports the alteration of average carbon oxidation state of SOA particle
components in all systems, by employing HR-TOF-AMS, FIGAERO-CIMS and LC-Orbitrap MS
to characterise the SOA composition. The oxidation state of nitrogen (OSx) for compounds that
composed of Carbon (C), Hydrogen (H), Oxygen (O) and Nitrogen (N) element significantly
influenced average OSc in single a-pinene and o-cresol system in FIGAERO-CIMS and LC-
Orbitrap MS measurement. A substantial discrepancy in the estimated OSc between the
FIGAERO-CIMS and HR-ToF-AMS and LC-Orbitrap MS techniques was found, likely
associated with the characteristic of each technique and their limitation. a-pinene driven SOA and
o-cresol oxidation products were shown to dominate the average OSc of SOA in binary a-
pinene/isoprene system and binary o-cresol /isoprene system. In contrast, both a-pinene and o-
cresol oxidation products contributed to the alteration of the average OSc during SOA
formation in the binary a-pinene/o-cresol system. In the ternary precursor system, the OSc of
SOA is not dominantly controlled by any single precursors but is associated with molecular

interaction of the product.
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Chapter 1

1. Introduction

Aerosol particles suspended in the ambient atmosphere range in size from 2 nm—10pm (Mcneill,
2017). Owing to their small size and inertial properties, fine atmospheric aerosols can remain
airborne for several hours to days and be transported long distances, experiencing chemical and
physical transformation, interaction with water vapour and radiation, deposition to the surface and
inhalation by humans.

The organic components constitute a significant fraction of fine particulate matter, that makes non-
negligible contribution (20 to 90%) to the mass of fine particulate matter in the
atmosphere(Jimenez et al., 2009). These particles can be introduced to the atmosphere by
emission from a variety of primary sources, such as organic matter from the sea surface
microlayer, agricultural operations, industrial processes, and combustion processes (Laidlaw et al.,
2012; Prospero et al., 2002) and forming of secondary organic aerosol (SOA)(Hallquist et al., 2009)
via nucleation and / or condensational growth (in situ formation) (Patoulias et al., 2015). SOA,
which is a major component of particulate matters in the troposphere, is associated with multiphase
chemical oxidation that formed partially SOA in the atmosphere originated from oxidizing volatile
organic compounds (VOCs). More specifically, VOCs are classified into two major groups:
anthropogenic VOCs (e.g., emission from human activities) and biogenic VOCs (e.g., emission

from nature) (Hallquist et al., 2009).

The degradation of VOCs initiated by OH, Os, and NOj3 radicals in the ambient atmosphere
sequentially forms multigeneration products through continuous oxidation leading to growing
amount through continual “ageing” by functionalisation and fragmentation with differential
partitioning between the gas and particle phases. The emission of VOCs and the type of oxidants
differ both spatially and temporally, leading to complex chemical compositions of the SOA in the
ambient atmosphere. The drivers of the SOA formation are complex and challenging to resolve
due to the complexity of sources for organic aerosols, and the limitations behind isolating the

chemical and microphysical processes in the atmosphere (Hallquist et al., 2009).
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Chamber experiments have been widely used to provide the mechanistic understanding of SOA
formation processes for systems comprising single VOCs. However, the atmosphere contains a
complex mixture of biogenic and anthropogenic VOC emissions. Recent studies have reported that
SOA’s yield and chemical composition was influenced when there was more than one volatile
organic compound in the chamber experiment (Kiendler-Scharr et al., 2009; Mcfiggans et al., 2019;
Shilling et al., 2019; Berndt et al., 2018). The understanding of the dynamics and characteristic
properties of SOA is necessary in understanding the effects on human health and climate but is

highly uncertain and challenging given the mixture of VOC precursors.

Chamber experiments using online and offline mass spectrometric techniques can provide
extensive information regarding the characterization of SOA at the elemental and molecular levels.
This will thereby provide a better understanding of the fate and transformation of the primary
emission to the aerosol in the realistic atmosphere. Such experiments should aim to evaluate the
key processes leading to SOA formation in mixtures of complex vapors and investigate the

chemical mechanisms taking place during the oxidation processes.

1.1. Thesis Overview

The work in this thesis investigated the SOA formation using the Manchester Aerosol Chamber
under controlled conditions, examining the chemical characteristics of SOA from photooxidation
experiments with 7 different VOCs systems, including three single VOC systems, their three
binary mixtures and their ternary mixture. The work aimed to provide insights into the chemical

processes involved in SOA formation in mixtures of vapors relevant to the ambient atmosphere.

Chapter 1 outlines the motivation behind investigating the SOA formation using the aerosol
chamber. Chapter 2 provides a background discussion of atmospheric aerosols outlining the
importance and sources of global aerosols and the tropospheric chemistry and pathways of SOA
formation from anthropogenic and biogenic volatile organic species providing the foundation for
the work within this thesis. Chapter 3 provides background information about the facilities,
measurement techniques and instruments and analysis methods, followed by an overview of the

experimental procedure in the studies. Chapter 4 describes the aims of the thesis.
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Chapter 5 presents four papers, including two joint lead-authorship manuscripts, all co-authored
with Aristeidis Voliotis, Yu Wang, and Mao Du, who are former PhD students at the University
of Manchester, and two sole lead-authorship papers. The first joint lead paper (5.1) described the
characterization of the Manchester Aerosol Chamber (MAC) that was an essential facility for the
remaining investigation in this thesis. The second joint lead paper (5.2) focused on investigating
the SOA particulate mass formed from the photo-oxidation of anthropogenic (o-cresol) and
biogenic (a-pinene and isoprene) VOCs, as well as their binary and ternary mixtures in the
presence of NOx and inorganic seeds conducted in the MAC. In Paper 3 (5.3), a comprehensive
analysis of SOA chemical composition measurement was deployed on inorganic seeds in the
chamber photo-oxidation of anthropogenic (o-cresol) and biogenic (a-pinene and isoprene) VOCs,
including their binary and ternary mixtures in the presence of NOx by using the Orbitrap-liquid
chromatography mass spectrometer. The fourth paper (5.4) expands on the third paper by
employing the online high resolution time-of-flight aerodyne aerosol mass spectrometers (HR-
TOF-AMS) and lodide high-resolution time of flight chemical ionization mass spectrometer
(FIGAERO-CIMS) and offline LC-Orbitrap MS techniques to characterise the SOA in all systems,
focusing on investigate the potential average carbon oxidation state of SOA particle changes in

complex precursor mixtures.

Finally, Chapter 6 summarizes the key findings and discusses their impacts, and Chapter 7 consists

of supplementary materials from the papers in Chapter 5.
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Chapter 2

2. Theoretical Background and Literature Review

2.1. Atmospheric Aerosol

Aerosol is an essential component of the earth’s atmosphere due to its increasingly recognized
vital role in various environmental processes (e.g., climate change, visibility degradation, and
toxicology). Atmospheric aerosol is composed of solid and liquid particles suspended in the air,
which differ in chemical complexity, size, and phase. These particles exert significant impacts on
human health, visibility, air quality, and our overall climate. However, there are significant

challenges in understanding how aerosols affect the climate and human health.

There are two mechanisms by which aerosols impact the climate, namely: aerosol-radiation
interaction and aerosol-cloud interaction. Aerosol-radiation interaction directly impacts the
climate and refers to the following: a) scattering and absorbing of solar radiation, and b) scattering,
absorbing, and emission of thermal radiation, which leads to changes in radiative flux (Myhre et
al., 2013; Forster et al., 2007). This direct impact strongly relates to aerosol’s optical properties,
which increases the attention of black and brown carbon components in the atmosphere, given
their contribution to the absorption of light and broad wavelength radiation (Andreae and
Gelencsér, 2006; Russo et al., 2013). Moreover, the composition of aerosols plays an important
role in the radiation effect (e.g., black carbon compound strongly absorbs radiation) (Ramanathan
and Carmichael, 2008). However, some inorganic and secondary aerosol components act as
scattering material (Hoyle et al., 2008).

On the other hand, aerosols indirectly impact the climate through its influence on cloud formation
and cloud properties. For instance, aerosols can act as cloud condensation nuclei (CCN). A higher
number of smaller cloud droplets result in a longer lasting and brighter cloud, which is a
consequence of an increased number of particles that act as CCN. Changing the concentration of
CCN impacts the cloud’s lifetime and optical properties and perturbs the planet’s energy balance.
Moreover, the ability of aerosols to act as CCN causes further implications on precipitation in the

context of a changing climate (Stevens and Feingold, 2009; IPCC, 2013).
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Although aerosols are natural components of the Earth’s atmosphere, they are one of the most
crucial contributors to air pollution in urban areas. Meanwhile, air pollution is reported and
confirmed to cause damage to human health (e.g., There are 5.5 million premature deaths globally
and 130,000 premature deaths in the United States annually associated with air pollution) (Brauer
et al,, 2016; Fann et al., 2012). Aerosols in the atmosphere, also commonly referred to as
particulate matters, can be classified into three groups based on aerodynamic diameters, namely:
PMjo (<10 pm), PM>2s5 (<2.5 um), and ultra-fine particles (UFP) (<100 nm). Aerodynamic
diameters play an important role in human health because small aerosol particles can penetrate
deep into the lungs through inhalation, and large particles can deposit in the upper respiratory tract
(Burnett et al., 2014). The deposition of aerosols can induce a series of acute and chronic diseases,
from cardiovascular to respiratory issues. However, some cities continue to experience poor air
quality, especially developing cities, resulting in the establishment of international guidelines and
policies concerning air quality (World Health Organization and Environmental Health, 2006;
Centrer For Chemical Process Safety, 2006). Identifying the sources of particulate matter, along
with a study of their chemical properties, confront certain limitations. However, these efforts are

essential in establishing and implementing mitigation strategies regionally.

It has been conclusively proven that organic components constitute a significant fraction of fine
particulate matter (Jimenez et al., 2009). Figure 2.1 shows that these particles are introduced to the
atmosphere as emissions from a variety of primary sources (e.g., biomass burning, vehicle
emissions, resuspension of dust and sea salt) and as secondary aerosol formations (Hallquist et al.,
2009) that are classified into coarse-mode (PMio - PM 5) and fine-mode (PM2.5) aerosol particles.
Coarse-mode aerosol typically attributed by the primary inorganic source, including dust from
deserts, sea salt from oceans, soil from vegetation debris, and bioaerosols (e.g., pollen and fungal
spores) (Laidlaw et al., 2012; Prospero et al., 2002). Moreover, organic particulate matter from
primary and secondary sources present as fine-mode aerosol particles that contribute to air

pollution, affecting human health, as aforementioned.

Secondary organic aerosol is the major component in fine-mode aerosol particles, and

understanding its formation and properties is of great importance. SOA formation involves
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oxidation of volatile organic gas species that are directly emitted to the atmosphere, which leads
to the production of a less volatile component (more oxidized) that either continuously nucleates
or condenses into existing particles. However, details of SOA formation and properties are limited
due to the complexity of natural and anthropogenic sources of SOA precursor gases and the various
pathways of reactive chemistry. VOCs have different degradation rates and reactive pathways with
different tropospheric oxidants, all of which affect the chemical composition of SOA. More
detailed information about SOA chemical composition and formation pathways is illustrated in

Section 2.4 of this thesis

Long-range transport, aerosol mixing, aging, chemistry

* Secondary
organic aerosols

Soot and T
carbonaceous
species OH + 03T+ NO, + SO, + HOOH + HNO, + NH,...
Biogenic and
organic volatile
species
“ & l - B0 B
Pollution Fire Vegetation Sea salt Mineral dust

Figure 2.1 :Schematic of the natural and anthropogenic processes producing aerosols in the atmosphere(Prather et al.,
2008).

2.2. Volatile Organic Compounds

Volatile organic compounds (VOCs) include a large group of organic chemical gases emitted from
both human and natural sources that vaporise easily into the atmosphere under normal conditions.
VOC:s exhibit high volatility and mobility and have high resistance against degradation that allows
them to be easily transported over long distances upon release to the environment. VOCs emitted
from natural sources refer to biogenic VOCs (BVOC), which take up 75% to 90% of total VOCs
in the atmosphere (Guenther et al., 1995; Lamarque et al., 2010; Carlton et al., 2009). There are
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three sources of BVOCs including tree emissions, vegetation emissions, and emissions from
biomass burning that is naturally caused. It has been identified that emissions from plant
processes (i.e., those that involve plant growth, development, reproduction, and defense) are the
dominant source of BVOCs globally (Després et al., 2012). Emissions from plants include a
diverse mixture of terpenoids, such as isoprene, monoterpenes, sesquiterpenes, diterpenes, and
some oxygenated BVOCs (Owen et al., 2001; Keeling and Bohlmann, 2006). According to the
global model report from Guenther et al. (2012), 30% of BVOCs comprise methanol, ethanol,
acetaldehyde, a-pinene, B-pinene, t- f-ocimene, limonene ethene, and propene; although isoprene
(CsHs, 2-methyl-1,3, butadiene) is the most dominant BVOC in the Earth’s systems, accounting
for approximately 50% of total global BVOC emissions. Sanadze (1956) was the first to identify
and describe isoprene products and emissions by plants; and Went (1960) was the first to mention
the impacts of isoprene on atmospheric physics and chemistry (this initial assertion explains the

blue haze observed over forested landscapes).

In recent years, anthropogenic VOCs (AVOCs) have attracted worldwide attention. AVOCs refer
to volatile organic compounds generated by human activities from both domestic and industrial
processes, such as hydrocarbon fuel evaporation, food extraction, traffic pharmaceutical industries,
distribution and storage, and fertilizer and pesticide application (Pandey and Yadav, 2018).
AVOCs contribute to photochemistry in the ambient, due to their due to their potential for ozone
formation and the identification of their oxidation products in ambient aerosol (Montero-Montoya
et al., 2018; Nault et al., 2021; Petit et al., 2014; Stavroulas et al., 2019). Some AVOCs are toxic
and harm the ecosystem, such as benzene, toluene, ethylbenzene, and xylenes (BTEX), which
account for over 60% of total VOCs in urban areas. A high BTEX concentration has been noted
in fast-developing cities that have intensive industrial activities and massive vehicular traffic
problems, which contribute to fuel burning (e.g., crude oil, diesel, and gasoline). In rural areas,
agricultural sector-related activities such as fuel storage and consumption for agricultural
implements and agricultural waste burning are sources of AVOCs, which are extensively

distributed in the environment (Jiirgens and Bischoff, 2017).

VOC profiles are unique across different regions of the world owing to the diversity in speciation

of both BVOCs and AVOCs. The concentration and profiles of VOCs depend on land and
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vegetation cover for BVOCs; fuel types, human and industrial activities for the AVOCs. Each
VOC has its own fate in the ambient, which relies on its functionality and reactivity with oxidants.
There is a massive volume of laboratory studies that investigate the gas phase chemistry of VOC
oxidation, which leads to ozone formation and SOA formation. However, mechanistic knowledge

behind SOA formation remains unclear and requires further investigation in the future.

2.3. Oxidants

VOC oxidation strongly depends on prevailing gaseous oxidants in the atmosphere. The main
gaseous oxidants in the ambient mainly comprise hydroxyl (OH) radicals, ozone (O3), and nitrate
(NOs3) radicals; the first oxidant in the daytime, and the last at night. O3 could contributes to VOC
oxidation in both day and night time. Reactions between VOCs and these oxidants occur as soon

as VOCs are emitted by their primary source into the atmosphere.

2.3.1. O3 as Oxidant

It is essential to understand the pathway that leads to O3 formation in the ambient. In the lower
troposphere, ozone is almost completely formed by the photolysis of nitrogen dioxide and the
subsequent reaction of oxygen atom with molecular oxygen:

NO; + hv—O(P) + NO (2.1)
OCP) + O, tM—03 +M (2.2)
Since O3 reacts quickly with NO:

03 + NO—>NO, (2.3)
There is a so-called photo-stationary state between NO, NO; and Os is rapidly established. The
lifetime of O3 can last several days in the ambient away from NO sources; it can persist as an
oxidant (both day and night) even when all O3 can titrate away in the presence of a strong NO

source (e.g., polluted urban environments).

2.3.2. OH Radicals

The primary daytime oxidant is OH radicals, which form from the photolysis of Oz and the
subsequent reaction of approximately 10% of O('D) that is formed with water vapor in the ambient.

O3 + hv—O(P) + O (2.4)
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O3 + hv—O('D) + O (2.5)

O('D) + H,0—20H (2.6)

OH radicals are highly reactive to both saturated and unsaturated compounds, and generally last
for only a few seconds under tropospheric conditions. Formation of OH radicals required to
decomposed Os; under light conditions, which is the reason have such low OH radicals
concentration at night time. (Atkinson and Arey, 2003). Of note, OH radicals have different
predominant source processes depending on location (i.e., urban or rural area). The regional
atmosphere in urban and urban influence areas exhibit higher OH concentration compared to the
rural areas. Other routes for OH radical formation in the ambient atmosphere include alkene (C2Hzn)
ozonolysis and photolysis of nitrous acid (HONO), hydrogen peroxide (H20.), and organic
peroxides. Harrison (2018) illustrated that the photolysis of nitrous acid at daytime and the
decomposition of the Criegee biradical intermediate form from ozone-alkene reactions are more

vital sources of OH radicals in urban polluted environments compared to rural region environments.

2.3.3. NOj; Radicals

At nighttime, NO; is a major oxidant formed through the rapid reaction between NO> and Os. It
rapidly establishes an equilibrium with dinitrogen pentoxide as illustrated in the equations below:
NO: + 03— NO3 + O> 2.7
NO:z + NO3; €« N>Os (2.8)

The NO3 would convert to NOx under light condition leading to insufficient NO3 radical
concentration at daytime.

NO; + hv—NO; + O (2.9)

NO; + hv—NO + O (2.10)
According to Equation 2.8, NOj3 can persist in an equilibrium with N2Os, which creates an uptake
by aerosols, leading to HNO3 formation. Moreover, NO3 will attack double bonds of the VOC
precursor and form nitrate-substituted peroxy radicals, some of which may decompose into OH
radicals, thereby resulting in a low OH radical concentration of the ambient atmosphere at night.
Multi-functional organic nitrates are formed from the non-radical oxidation of NO3+VOCs
reaction. These compounds are likely partitioning to the atmospheric organic particles due to low

vapor pressure consequence to generate secondary organic aerosols (Atkinson and Arey, 2003).
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2.4. SOA Formation from VOC Oxidation

2.4.1. VOCs React with Various Oxidants

The lifetimes of VOCs in the atmosphere are different, depending on the reactivity between VOCs
and various oxidants. Table 2.1 shows the calculated lifetimes of selected biogenic and
anthropogenic volatile organic compounds corresponding to photolysis and reactions to OH
radicals, NOj3 radicals, and O3 (Atkinson, 2000). Terpenes (e.g., isoprene and a-pinene) that have
unsaturated double bonds can be attacked by OH, O3, and NO3 oxidants. In contrast, aromatic
compounds (e.g., 1,2,4-tmethylbenzene and o-Cresol) are typically oxidized by OH radicals
compared to NO; and O3 oxidants. These circumstances explain the longer atmospheric lifetimes
of aromatic compounds under high O3 concentration environments (up to a few years) compared
to the presence of OH radicals and NOs radicals. The calculated atmospheric lifetimes of various
VOC:s also demonstrate that OH radicals are the main component that contributes to VOC loss in

the ambient.

Table 2.1: Calculated Atmospheric lifetimes of selected volatile organic compounds in photolysis and
reactions with OH radicals, NO3 and O3 radicals (Atkinson, 2000).

Lifetime due to

Organic OH"® NO,° 0,° Photolysis*®
Propane 10 day ~Tyr > 4500 yr

n-Butane 4.7 day 28yr > 4500 yr

n-Octane 1.3 day 240 day

2,2 4-Trimethylpentane 32 day 14yr

Ethene 1.4 day 225 day 10 day

Propene 53h 49 day 1.6 day

trans-2-Butene 22h 14h 21h

Isoprene 14h 50 min 1.3 day

a-Pinene 26h 5 min 46h

Limonene 50 min 3 min 20h

Benzene 9.4 day >4yr >45yr

Toluene 1.9 day 1.9yr >45yr

m-Xylene 59h 200 day >45yr

1,24-Trimethylbenzene 43h 26 day >45yr

Styrene 24h 37h 1.0 day

Phenol 53h 9 min

o-Cresol 33h 2 min 65 day

Formaldehyde 1.2 day 80 day >45yr 4h
Acetaldehyde 88h 17 day >45yr 6 day
Butanal 59h

Benzaldehyde 11h 18 day

Acetone 53 day =>11yr ~ 60 day
2-Butanone 10 day ~4day
2-Pentanone 24 day

Glyoxal 1.1 day 5h
Methylglyoxal 93h >45yr 2h
2,3-Butanedione 49 day 1h
cis-Butanedial 26h ~ 10 min
cis-3-Hexene-2,5-dione 21h 1.5 day ~ 30 min
cis, trans-2,4-Hexadiendial 13h 8.8 day 19h
Pinonaldehyde 29h 2.3 day >22yr

Methanol’ 12 day 1yr

Ethanol 3.5 day 26 day

2-Butanol 1.3 day 17 day

Dimethyl ether 4.1 day 180 day

Diethyl ether 11h 17 day

Methyl tert-butyl ether 39 day 72 day

Ethyl tert-butyl ether 1.3 day 4.2 day

tert-Butyl formate 16 day

Methacrolein 41h 11 day 15 day ~ 1day
Methyl vinyl ketone 68h > 385 day 3.6 day ~ 2day
Ethyl acetate 6.9 day 10 yr

tert-Butyl acetate 21 day

Linalool 50 min 3 min 55 min

6-Methyl-5-hepten-2-one 50 min 4 min 10h

3-Methyl-2-buten-3-ol 21h 3.8 day 1.7 day

Methyl hydroperoxide’ 2.1 day ~ 5Sday
Ethyl nitrate 66 day ~ 7day
2-Butyl nitrate 13 day 15-30 day
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2.4.2. VOC Oxidation Pathways

The history of the scientific investigation and discussion of the atmospheric chemistry of various
VOC classes can be traced to the 1980s (National Research Council, 1991; Atkinson and Carter,
1984; Atkinson, 1997; Atkinson and Aschmann, 1994). The process of VOC chemical removal in
the atmosphere is complicated; and Figure 2.2 illustrates the general degradation/transformation
reactions of VOCs in the ambient. In the early stage of VOC oxidation with oxidants, an alkyl
radical (R") is formed, followed by an organic peroxyl radical (R0O;) and alkoxy radicals (RO")
intermediate. Meanwhile, termination products (e.g., organic nitrate) are formed via several
termination reactions between intermediate with HO>, NO,, NO, or RO, . These termination
products can alter the degree of oxidation state and stay as either gas-phase products and/or particle

phase products (depending on their volatility), which is further discussed in Section 2.4.3.
VOC —» —» R
0

HO.
2 ROZ -— ROONOZ
carbonyl RONO,
alcohol

products
Figure 2.2: Simplified mechanisms of VOC degradation and transformation in the atmosphere (Atkinson, 2000).

As mentioned in Section 2.2, emissions from anthropogenic and biogenic sources were mainly
alkene. Thus, it is crucial to understand the tropospheric chemistry of alkenes in ambient that leads
to SOA formation. Oxidation pathways of specified alkene via OH radicals, NOs radicals, and O3
were respectively considered in the assessment of transformation processes. This thesis
exclusively addresses the oxidation pathways of VOCs at daytime. The oxidation of alkene
proceeds from the initial addition of radicals to the C=C bond in alkene. For example, OH radicals
exhibit major initial addition reactions to the C=C bond and subsequently form B-hydroxyalkyl
radicals (R"), while a H-abstraction (minor reaction) occurs from C-H bonds of the alkyl substitute

group around the C=C bonds. On the other hand, initial addition reactions of O3 to the C=C bonds
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form primary ozonides that rapidly decompose to form Criegee intermediates. Primary ozonide
decomposition follows two pathways that form two sets of carbonyls and/or biradical products,
depending on the molecular structure of the parent alkene (Atkinson, 1997). On the other hand,
OH radicals formed from O3 reactions with alkene lead to secondary reactions between OH
radicals and alkene. These Os reactions with alkene involving OH radical formation and its
subsequent reactions result in different product compositions and yields compared to the “actual”
ozonolysis of alkene (Hakola et al., 1994). Aromatic hydrocarbon components are predominate
emissions from anthropogenic activities. Aromatic hydrocarbons including benzene, toluene, and
trimethyl-benzenes typically have OH radicals (daytime) and NOs radicals (nighttime) in the
ambient. In the OH radical-initiated reaction, the H atom is abstracted from the C-H bonds of the
alkyl substituted groups or the C-H bond that connect to the aromatic ring in benzene case,
followed by OH radical additions to the aromatic ring, which lead to OH-aromatic adduct
formation (Atkinson, 1991; Atkinson and Aschmann, 1994). Moreover, OH-aromatic adducts with
O> were concerning in the ambient since the mechanism and products of these reactions can cause
uncertainty in the tropospheric degradation of aromatic hydrocarbons. For instance, OH-benzene
adducts with O; lead to different types of radical formations (e.g., epoxide-alkoyl radical, a
bicycloalkyl radical, and peroxy radical) (Atkinson, 2000). These aforementioned species undergo
subsequent reactions that form ring-opened products (e.g., unsaturated carbonyls, dicarbonyls, and

epoxy-carbonyls).

2.4.3. Secondary Organic Aerosol Evolution and Phase Partitioning

Secondary organic aerosols are condense-phase compounds that proceed from volatile precursors
(Donahue et al., 2012). Owing to the complexity of organic vapor reactions presented in Figure
2.2, gas-phase organic precursors are oxidized, which lead to reaction product formation with
added functionality, such as oxygen containing substituents that have higher polarity and lower
vapor pressure (Pandis et al., 1992). All these products can undergo further oxidation (i.e.,
continuously undergo the oxidation process over multiple generation steps), resulting in a highly
complex mixture of organic compounds that have a wide range of chemical compositions and
properties. Of note, the multiple generation steps include the following: oligomerization,
fragmentation, and functionalization. A portion of these products can partition into aerosol

particles that are controlled by the thermodynamics of organic mixture in the particles (Pankow et
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al.,2001; Pankow and Asher, 2008). It has been reported that heavier, low-volatility organic vapors
potentially form SOA much more efficiently than relatively light, high-volatility vapors. However,
high-volatility vapors exhibit dominant carbon mass emissions in the ambient atmosphere
(Robinson et al., 2007; Shrivastava et al., 2008). It is crucial to understand the properties and
reactivities of these oxidation organic products, as they can impact the following: ozone products,
the removal pathways of pollutants, and oxidant cycling and reactivity in the atmosphere.

One approach that constrains the chemical properties of the complex organic’s mixture and
demonstrates organic aerosol’s formation and evolution is to use the Van Krevelen diagram. The
diagram is a framework that illustrates how elemental composition changes during aerosol
formation and evolution, which shows H:C ratios (hydrogen to carbon atomic ratios) against O:C
ratios (oxygen to carbon atomic ratios) (Figure 2.3). The Van Krevelen diagram can be applied to
the mass spectrometric measurement of individual species within organic aerosols (Bateman et al.,

2009) and to bulk aerosol measurements (Kumar et al., 2016).
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Figure 2.3: A conceptual Van Krevelen diagram for ambient organic aerosol (Heald et al., 2010).

Kroll et al. (2011) established average carbon oxidation state (0S.) as a metric that describes the
degree of oxidation during SOA formation and evolution. The oxidation states of individual carbon
atoms within a molecule or mixture of molecules can exhibit dissimilar changes, depending on the
reaction. However, the average carbon oxidation state should increase during oxidation, which

may serve as a key quantity that constrains the chemical properties of complex organic mixtures
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in the atmosphere. The interpretation of average carbon oxidation states associated with the

identity and abundance of non-carbon atoms in organic aerosols is defined as Equation 2.11:

08, =—Zosi§ (2.11)
C

This equation is associated with all non-carbon elements, where OS; is the oxidation state related
to element 1, and ni/nc refers to the molar ratios of element i to carbon. However, atmospheric
organics mainly comprise carbon, hydrogen, and oxygen elements. Thus, Equation 2.11 can also
be simplified to the following:

0s;,~20/C—H/C (2.12)

The 0S¢ coupling to nC provides a two-dimensional framework that describes the oxidation
processes of atmospheric organic species relevant to the SOA evolution, in which should increase
during oxidation. In theory, the end product of the oxidation of atmospheric organic species should
be COz (=+2) (Logan et al., 1981), which involves an addition of oxygen-containing moieties as
well as breaking of C-C bonds of organic species upon oxidation. In fact, there are chemical
reactions involved in the oxidative transformation of organic species, which even include non-
oxidative transformation (e.g., accretion reactions). Figure 2.4 demonstrates that this two-
dimensional framework (0S. vs nC) can visualize the fragmentation (breaking of C—C bonds),
functionalization (addition of polar functional groups), and oligomerization (covalent association
of two organic species) processes in the oxidation system. Different types of reactions result in
complex movements through the 05, - nC space. Nevertheless, with adequate time, the 05, of

atmospheric organic species eventually move toward the upper right corner (Kroll et al., 2011).
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Figure 2.4: A two-dimensional framework of of 05 — nC that follows the atmospheric oxidation pathways of SOA
formation (Kroll et al., 2011).

It has been studied and widely accepted that gas-phase oxidation reactions in the atmosphere (VOC
oxidation) not only change the average carbon oxidation state, but also reduce volatility via
addition of polar functional groups, or increase volatility via cleavage of C-C bonds (Kroll and
Seinfeld, 2008). The low-volatility products can undergo subsequent phase-partitioning (gas-
particle partitioning) into a condensed phase, which will either change the molecule dynamics or
undergo further reaction that leads to particulate matter formations. Phase-partitioning is
characterised by the saturation vapor pressure and equilibrium partitioning coefficients of
molecules (Pankow, 1994). The saturation vapor pressure is directly proportional to the volatility
of organic species that is strongly associated with elemental composition (Donahue et al., 2014).
A two-dimensional volatility basis set developed by Donahue et al. (2012) utilized these
relationships and classified atmospheric organic species according to their saturation vapor
concentrations (C*), in reference to their volatility. In order of increasing volatility magnitude,
organic species are classified into the following: i) extremely-low volatility organic compounds
(ELVOC, C* < 3 x 107°ug m™); ii) low volatility organic compounds (LVOC, 3 x 1073 < C* <
0.3pug m3); iii) semi-volatile organic compounds (SVOC, 0.3 < Cx < 300ug m3); iv) intermediate
volatility organic compounds (IVOC, 300 < C* < 3 x 10%ug m™); and v) volatile organic
compounds (VOC,C* > 3 x 10%ug m™).

32



870

875

880

885

890

It is vital to explore insights related to the volatility of aerosol components to investigate SOA
formation and evolution comprehensively. To date, the major concept for the modern treatment of
SOA predominantly involves semi-volatile organic compounds (Pankow, 1994; Lazaridis, 1999;
Odum et al., 1996). Pankow (1994) proposed a theory about the absorptive portioning of pure
semi-volatile organic species, which describes that partitioning coefficient Ky (m>ug) is inversely
proportional to saturation vapor pressure (C*). Moreover, more high-volatility compounds will
partition into a condense phase if a larger number of absorbing materials is present. However, it is
difficult to measure all individual semi-volatile compounds in the atmosphere of SOA formation.
Thus, a “two-product model” of SOA formation was proposed to represent laboratory SOA growth
data (Seinfeld and Pankow, 2003; Keywood et al., 2004) and incorporate with the atmosphere
chemistry model (Figure 2.5) (Chung and Seinfeld, 2002; Koo et al., 2003; Heald et al., 2005).
This “two-product model” only used two surrogate semi-volatile products (Siand S;) to express
volatility distribution from SOA formation, and each of the products will partition between gas
phase and particle phase, which is similar to the “volatility basis set” approach (Donahue et al.,

2006), as used in complex mixtures of semi-volatiles.

HC + oxidant —> S? + Sg

p’1 ‘ ‘ Kp,z

Si 8

K

Figure 2.5: Schematic of the “two-product model” of SOA formation (Odum et al., 1996)

2.5. Aerosol Chamber Studies of SOA Formation and Its Impacts

2.5.1. SOA Formation via Photochemistry

Extensive studies have investigated SOA formation from the oxidation of volatile organic
compounds by using a smog chamber, particularly those that involve VOCs in the presence of
NOx for photochemical oxidation. As mentioned in Section 2.3, photolysis of NO; generates OH

radicals and leads to ozone generation that significantly contributes to VOC degradation, resulting
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in SOA formation. Interrogation of SOA yield dependence related to the type of parent precursors
and NOx contents can be used to infer information about SOA formation pathways. SOA yield is
defined as the ratio of the mass of organic aerosol compounds formed to the mass of parent

hydrocarbon that reacted (dMo/0HC) (Ng et al., 2007).

The chemical composition of parent VOCs directly influences the SOA yield initiated by OH-
radical reaction (Lim and Ziemann, 2009). SOA yield depends on the amount of organic matter
(M) that is present, which relates to the extent of gas/particle absorptive partitioning. Adsorptive
partitioning correlates to the extent of the organic condensed phase involving products that can be
absorbed. Ziemann (2011) reported that SOA yield increases when the number of carbon increases
in the Cs—Ci7 n-alkane reaction. It is likely that a higher number of carbon atoms in n-alkane
compounds will generate lower volatility SOA precursor products through OH-radical initiation
reactions, thereby enhancing partitioning to the particles phase. Moreover, the structure of VOCs
may impact SOA formation. The concentration of low volatility SOA products will decrease if the
alkoxy radicals become more branched; and such branching results from the atmospheric OH
radical-initiated oxidation of C7—Ci7 n-alkanes. This oxidation may result in an increase in the
decomposition rate of alkoxy radicals to alkyl radicals that will enhance the yield of high volatile
carbonyls and products of alkyl radicals. Thus, the average volatility of products will increase if
the precursors are more branched, leading to a lower SOA yield (Ziemann, 2011; Lim and Ziemann,

2009).

Moreover, it has been reported in smog chamber experiments that the ratio between VOCs and
NOx affects the pathways of SOA, resulting in changes in SOA yield. Recent studies have
demonstrated that SOA yields are highest at low levels of NOx on a-pinene ozonolysis as well as
the photooxidation of isoprene, benzene, toluene, and m-xylene (Kroll et al., 2006; Presto et al.,
2005; Song et al., 2005; Ng et al., 2007). This observation occurred due to the competitive
chemistry of peroxy radicals between NO and HO». This implies that the classification of SOA
yield, which depends on NOx, should account for other aspects of the oxidant regime. Organic
peroxy radicals (RO2) will predominantly react with NO under high NOx conditions, and react
with HO> under low NOx conditions, forming products from RO>+HO; reactions that have lower

volatility compared to RO>+NO reactions (Presto et al., 2005; Johnson et al., 2004, 2005). On the
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other hand, Zhang et al. (2006) suggested that the reaction between VOCs and NOx is also
dependent on ozone presence. Heterogeneous ozonolysis of the exo-double bond occurring under
low NOx conditions in the presence of ozone leads to the generation of condensed-phase secondary
generation oxidation products. However, under high NOx conditions, gas-phase oxidation of the

double bond is the dominant process.

Oh and Andino (2000) suggested that the presence of pre-existing submicron seed aerosols exerted
catalytic effects on gas-phase reaction kinetics, leading to the promotion of SOA formation in
VOC OH-initiated oxidation. Moreover, Oh and Andino (2000) and by Koehler et al. (2004) also
suggested that the initial wet and dry conditions of seed particles can also impact SOA yield.
However, Cocker et al. (2001) disagreed with this conclusion, and indicated that SOA yield has
little variation with changes in initial wet and dry conditions of ammonium sulfate seed. More
laboratory experiments involving a wide variety of inorganic seeds and RH conditions are

warranted.

2.5.2. The Impacts of Wall Effects in Aerosol Chamber on SOA Formation

The interaction between semi-volatile vapors and the Teflon chamber wall is one of the influencing
factors of organic-aerosol behaviors in chamber experiments (Mcmurry and Grosjean, 1985; Loza
et al., 2010; Matsunaga and Ziemann, 2010; Zhang et al., 2014; Zhang et al., 2015) In theory, the
SOA mass yield decreases because the loss of organic vapors on the Teflon chamber walls leads
to suppression of vapor condensation to suspended particles. However, the loss of volatile organic
vapors on the chamber wall is not well characterised (Matsunaga and Ziemann (2010). Matsunaga
and Ziemann (2010) observed that the gas-wall partitioning of volatile organic vapors is a
reversible process, and the equilibrium can be characterised by a condensation process (Figure
2.6). La et al. (2016) also suggested that SOA yield usually underestimates, and the inferred
composition of SOA is altered in the chamber experiment due to the wall loss effect of organic
vapors. This supports the idea that the gas-wall partitioning equilibrium follows Raoult’s law, and
the temporal concentration of semi-volatile organic compounds in the gas phase of the gas-wall

process can be calculated in terms of Equation 2.13:
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[SVOC(g)] is the concentration of SVOC in the gas phase; [SVOC(w)] are the concentrations of

SVOC on the wall at a given time; and —k,, and kg,, are the rate constants.

Wall « phase »
VOC (w) SVOC, (w)

Al . A .
I
-IHI»COZ'FCO
1Lt

VOC (p) SVOC, (p)

Particle phase

Figure 2.6: Schematic of gas-particles and gas-wall mass transfer process during gaseous oxidation of VOCs (La et
al., 2016).

On the other hand, particle-wall loss process is another challenge in smog chamber experiments
that affect SOA yield because aerosols can exhibit particle loss on the chamber wall via Brownian
diffusion, convection, electrostatic effects, and gravitational sedimentation (Wang et al., 2018).

Generally, the wall loss rate of particles in the chamber can be calculated using Equation 2.14.

dN (D,
D (D, )N (D, ) 214)

N(Dp,t) refers to the number concentration of particles with diameter Dp at time t; and k refers to
the function of particle size and time since a smaller particle size (less than 50nm) has a higher
diffusion rate. A number of particle-wall loss correction methods have been developed and adapted
in chamber studies, such as the use of size-independent and/or dependent loss rate constants and
the ratio of suspended organic mass to inert seed particles (e.g., ammonium sulphate) (Pathak et
al., 2007; Ng et al., 2007; Nah et al., 2017; Fry et al., 2014).

Historical investigations of wall effects on organic vapor and particles in smog chamber
experiments indicate that gas-wall partitioning and particle-wall loss require routine

characterisation for aerosol chamber experiments to derive SOA yield.
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Chapter 3
3. Methods

3.1. Manchester Aerosol Chamber

Investigating the SOA formation via laboratory experiment under controlled conditions is essential
because the ambient SOA is overly complex for the sources, physicochemical properties, and aging
processes to be readily understood. As a result, the atmospheric science community has extensively
employed environmental simulation chambers (otherwise known as aerosol, or smog, chamber) to
explore the insights related to the oxidation of VOCs since the 1960s (Carter et al., 2005; Wang et
al., 2014; Babar et al., 2016). Such environmental simulation chambers were designed to isolate
and elucidate the various processes that occurred in the real atmosphere (e.g., gas-phase reaction,
chemical pathways of SOA formation, new particle formation, and transformation of real-world
emissions) by developing a standardised system under controlled environmental conditions

(Barnes and Rudzinski, 2006).

In this thesis, all experiments were conducted at the Manchester Aerosol Chamber (MAC), an
indoor simulation chamber located at the University of Manchester. The MAC was established in
2005, to investigate the various sources of aerosols, such as engine, real-plant emissions, and
synthetic VOCs (biogenic and anthropogenic). Briefly, the MAC operated as a batch reactor and
was composed of an 18 m> FEP Teflon bag mounted on three rectangular aluminum frames.
Moreover, the Teflon bag could freely expand and collapse since the central aluminum was fixed

while the top and bottom aluminum could move vertically.

Gaseous precursors (e.g VOC precursors, and NOyx) and/or seed particles were injected into the
Teflon bag to generate an oxidation reaction, while the relative humidity and temperature were
controlled during the experiment. On the other hand, as the light sources for indoor photochemistry
experiment, a bank of halogen lights (Solux 50W/4700K, Solux MR16, USA) were used along
with the two 6 kW Xenon lamps (XBO 6000 W/HSLA OFR, Osram) mounted inside the enclosure
of the chamber. In addition, a set of cooling systems, specifically an air conditioning (AC) unit
and a water tank in front of each arc lamp with a circulating water system, were utilised during the

photochemistry experiment to remove the unwanted heat from the light source. It should be noted
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that the operation procedure of the MAC (fill/flush cycles, injection procedure, humidification,
VOC bulb heating, and ozonizer operation) and the sensors (Edgetech and Sensirion sensors) for
measuring temperature and relative humidity of the chamber were controlled from a PC and home-

built PLC board.

Furthermore, the MAC made significant contributions in this thesis, since multiple online and
offline instruments could be coupled with the MAC for measuring the gas and particulate products
obtained through chamber experiments. This approach sought to explore the chemical and physical
properties of aerosols, but the MAC was not fully characterised (e.g., mixing/wall effect) since
previous studies did not require the quantification of aerosol amount. Moreover, a recent study by
the MAC mainly evaluated the SOA formation from mixed volatile precursors (Voliotis et al.,
2021; Wang et al., 2021), suggesting that the MAC must be fully characterised to ensure the
reliability of the research like in Paper 1 (Chapter 5.1).

Equally important, examining the SOA formation from the mixture of VOC systems is necessary
to establish a series of suitable chamber experiments (the MAC), and select typical metrics (e.g.,
SOA yield). This is used to quantify the SOA formation in order to understand the change of SOA
formation in the mixture of VOC systems, as shown in Paper 2 (Chapter 5.2). Meanwhile, the
MAC is coupled with several online and offline mass spectrometers to measure the chemical
properties and seek chemical insights regarding the change in the SOA formation in the mixture
of the VOC systems, as found in Papers 3 and 4 (Chapters 5.3. and 5.4). These online and offline

instruments are described in Chapter 3.2.

3.2. Measurement Instrumentation

Comprehensive characterisation of the mixtures of VOC oxidation and SOA formation required
techniques to measure both gas and particulate products. This section describes and details how
these three methods contribute to SOA composition characterisation, including online Gas
Chromatography-Mass Spectrometer (GC-MS) and High Resolution Aerosol Mass Spectrometer
(HR-ToF-AMS), a Filter Inlet for Gas and Aerosols lodine High-Resolution Time-of-Flight
Chemical Ionisation Mass Spectrometer (FIGAERO-ToF-CIMS), and offline liquid
chromatography ultra-high resolution mass spectrometry (UPLC-orbitrap-MS). A number of other
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instruments were used to more fully describe the physical and chemical evolution in the
experiments. These are not the primary focus of the thesis and are listed and described where

appropriate in the first and second papers (5.1 and 5.2)

3.2.1. Gas Chromatography-Mass Spectrometer (GC-MS)

The Gas Chromatography-Mass Spectrometer was an instrument assembled by the University of
York. It features the major components flow control box, thermal desorption unit, gas
chromatograph (GC) (6850 Agilent), and mass spectrometer (MS) (5975C Agilent). Also, the GC-
MS was designed for use in aircraft to measure the tropospheric volatile organic compound.

This GC-MS instrument was coupled to MAC and used to measure gas-phase components during
experiment, due to its short timescale for measurement and the ability to separate and identify a

mix of species into the constituents of gas products.

The flow control box was built in-house and connected to a pump that drew gas samples from the
MAC. Its function manipulated the gas samples and prepared them for subsequent GCMS analysis.
The gas sample must be dried before it enters the thermal desorption unit because the water vapor
within the GC column might interact with the column itself. Then, the analytes interacted with the
stationary phase, causing distorted peak shapes. Moreover, the water could damage the mass
spectrometer, shortening the lifetime of the ion sources. There was a built-in cold-finger device
that chilled the gas stream down to -30 °C to remove the water vapor from the gas sample. The
cold-finger device took about an hour to cool down to -30 °C before gas sampling since the set-up
had an initial temperature that was the same as the laboratory’s room temperature during the MAC
research program. The air sample passed through the cold-finger devices and entered the thermal
desorption unit (Markes TT24/7, UK), which used two glass traps with sorbents (Tenax TA) and

had a consistently low temperature(Minaeian, 2017).

The traps preconcentrated and stored the volatile organic compounds when the gas sample passed
through, followed by a flash heated. In turn, the VOCs desorbed with a flow of helium gas
(chromatography grade, < 0.0001 % impurity) and then passed through the GC column through a
capillary transfer line. It is worth mentioning that the thermal desorption unit contained two

alternating traps to allow continuous and constant sampling (Minaeian, 2017). For instance, one
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trap was collecting a sample on the absorbent, while the other was desorbing the previous sample
to the GC column. The flow rate of sample collection was set at 100 ml/min, and the sampling

time was set at 10 mins for each trap. Figure 3.1 illustrates a flow diagram of the thermal desorption
1400  unit.
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Figure 3.1. Flow diagram of the thermal desorption unit (Minaeian, 2017)

1405  After the VOCs were desorbed from the thermal desorption unit, the gas sample was transferred
to the GC column, followed by the temperature program of 40°C to 180°C with a ramp rate of
40°C/min. The GC column was internally coated with a stationary phase, and the mixed gas
compounds went through the column by using the carrier gas (mobile phase). On top of that, the
mixed gas compounds had different partitions with the stationary phase and mobile phase, while

1410  various compounds had distinct interactions with the stationary phase. Thus, each compound in
the mixed constituents will elute at different times, also known as retention time, from the column.
The differences in the retention times acted as a metric to distinguish the compounds accordingly,

but some were difficult because they might have the same retention time that required the

assistance of mass spectrometry.

48



1415

1420

1425

1430

1435

1440

1445

The compounds entered the mass spectrometric detection after passing through the GC column.
The ion source in the mass spectrometer used 70eV electron impact ionisation to ionize the
analytes, and the ions passed through a quadrupole, which was employed to select ions based on
their m/z ratios. Subsequently, the ionised ions entered the detector with a mass range set to 44
amu to 250 amu so that large organic species could be quantified as well. Also, the temperature of
the transfer line between the GC and the ion source was maintained at 250°C. The mass analyser
was set to 200°C to reduce the water vapor inside the mass spectrometer, leading to better ion

transmission (Minaeian, 2017).

During the MAC research program, the GCMS routinely operated a calibration procedure,
comprising of running the “blank” procedure and the “standard” procedure. The GCMS was not
connected to any source during the “blank” procedure, so the analysis of the air stream that flushed
the trap followed the same GC method as the one mentioned above to determine the contamination
on the trap and clean it. Each trap had to run the “blank” procedure twice to ensure that the traps
were clean enough to proceed with further sample analysis. As soon as the traps were ensured to
have insignificant contamination, we ran the “standard” procedure to connect the GCMS to the
standard gas cylinder. More specifically, the standard gas cylinder was made using helium gas as
the carrier gas, containing Sppb of Isoprene, Toluene, a-pinene, limonene, and 1,3,5-
trimethylbenzene, respectively, in nitrogen. Knowing the concentration and corresponding peak
area of the standard gas compound could be utilised to quantify the same organic compound we

used in the MAC experiment (e.g., a-pinene and isoprene).

Data processing was executed using the ChemStation software (Agilent Version 15.5) to processed
the raw mass spectra, including the baseline correction, which manually integrated the peak area

and identified the peak with regards to the ion’s fragmentation spectra.

3.2.2. High-Resolution Aerosol Mass Spectrometer (HR-ToF-AMS)

The aerosol mass spectrometer (AMS) consists of three main components: an aerosol inlet, a
particle sizing chamber, and a particle composition detection unit. Each part is separated by a small

aperture and is differentially pumped. There is an inlet for particle sampling, which is connected
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to the Manchester aerosol chamber for the experiments in this thesis. The particulate products from
the chamber experiment continuously passed through an orifice into an aerodynamic lens and
focused into a narrow beam (~1mm diameter) on entering the high vacuum region (Zhang et al.,

2002).

The particles will accelerate through the particle’s time of flight over a known flight path, where
the velocity is inversely related to the particle’s aerodynamic diameter. As shown in Figure 3.2 the
particle beam then experiences flash vaporization on the heated oven, with the subsequent electron
impact ionisation resulting in ion formation. In the high-resolution aerosol mass spectrometer,
these ions pass into a time-of-flight mass spectrometer to determine the chemical composition.
The AMS has two operating modes. First, the particle beam is blocked and unblocked alternatively
to produce a comprehensive mass spectrum. Second, the particle beam is modulated via a spinning
chopper wheel that produces a pulse of particles, generating size-resolved mass spectra since the

particle velocity depends on their size (Sun et al., 2008).
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Figure 3.2. The basic components of an aerosol mass spectrometer (Sun et al., 2008)

Data processing was carried out using the ToF-AMS Analysis Software (Pika Version 1.22),
written in the Igor Pro software (Wavemetrics, Lake Oswego, OR, USA). This package contains
built-in procedures for the processing of raw mass spectra from .hdf files and includes two tools
for data processing, specifically SQUIRREL (SeQUential Igor data RetRiEval) and PIKA (Peak
Integration by Key Analysis), respectively (D. Sueper and collaborators, 2021). SQUIRREL is a
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data management tool that eliminates the imposed limits by having to load all the data into memory
so that the data can be selectively accessed, accelerating the data processing time. The PIKA tool
is used for the speciation and quantification of HR-ToF-AMS mass spectra to identify the chemical
components (specific ions), enhance source apportionments, and describe organic composition in
terms of molecular O:C and H:C ratios within aerosols. In this thesis, both tools were applied to

the HR-ToF-AMS data.

3.2.3. Liquid Chromatography Ultra-High Resolution Mass Spectrometry

Ultrahigh-performance liquid chromatography coupled with ultra-high resolution mass
spectrometer (Dionex 3000-Q Exactive Orbitrap, UPLC-MS, ThermoFisher Scientific) were
utilised to analyse the particulate products collected from chamber experiments. This instrument

was supported by the University of York.

The principle of UPLC involves a stationary phase (e.g., solid or liquid on solid) and a mobile
phase (e.g., liquid or gas). The latter phase could transport the components of the mixtures passing
through the former. The components that have a stronger affinity with the stationary phase would
slowly move through the column compared to the components that have weaker interaction with
the stationary phase (Pitt, 2009). After separating the components of the mixtures, a heated
electrospray ionisation was applied to generate the gas-phase ions. This approach can produce
multiply charged ions from large molecules by applying a strong electric field into a liquid pass

through a capillary tube.

The electric field was obtained between the capillary and the electrode with a potential difference
of 3-6 kV that induced a charge accumulation at the liquid surface, specifically at the end of the
capillary results, in forming highly charged droplets. These droplets shrank and increased the
charge per unit volume since the solvent in the droplets evaporated. Moreover, the droplets
deformation occurred under the strong electric field, leading to the formation of small, highly
charged droplets. The solvent in these small droplets continuously evaporated until the desorption

of ions from the surface took place, after flowing to the mass analyser.
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The mass analyser helps separate the gas phase ions according to their mass-to-charge ratios (m/z),
a physical property of ions. In this case, a new type of mass analyser (the orbitrap) was coupled
with UPLC to analyse the particulate compounds. The orbitrap is comprised of electrostatic ion
traps that acquire the mass spectra through the Fourier transform. Makarov (2000) first proposed
and described this new concept of the mass analyser. Figure 3.3 presents the face view of the
orbitrap trap in relation to Makarov’s description. In this paper, the ions were tangentially injected
through a hole in the external electrode and turned around the central electrode while oscillating
in the traps along the z-axis when some kiloelectronvolts of direct current voltage were applied.
Then, the oscillating ions induced the broadband current, which was then measured. Using the
Fourier transform formula, the broadband currents were converted into individual frequencies and

intensities that generated the mass spectrum.

7\
N4

Figure 3.3. The face view of the Orbitrap component. The external part shaped like a barrel is comprised of an
electrode and the internal spindle-shaped components (Makarov, 2000).

The chromatographic separation that offers the chemical specificity and Fourier transform mass
spectrometers (Orbitrap) are capable of providing the molecular composition of highly complex
matrices. These results produce highly significant and complex data. Scientists usually employ
target approaches to reduce data complexity and increase throughput, but it provides limited
compositional information (Hoffmann, 2007). Thus, this thesis applied Pereira et al. (2021) new
automated methodology for non-targeted compositional analysis into the UPLC-Orbitrap-MS data.
For the data processing program, the users had to decide which data files were classified as “blanks”
and “samples.” The “blanks” included the solvent/instrument blank data and filter blank data (the
procedural blank). The artifacts detected from “blanks” were removed by the sample data if the

sample compounds obeyed the following conditions: (a) same detected molecular species, (b) m/z
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ratio within 2 ppm mass accuracy, (c) retention time within +0.1 minutes, and (d) sample/artifact

peak area ratio > 3.

Any compounds excluded from the data set were assigned a molecular formula, if the oxygen-to-
carbon (O/C) ratio was 0.05 to 2 and the hydrogen-to-carbon (H/C) ratio was 0.5 to 3. The output
for particulate matters was encoded into an Excel-readable format, including the molecular
composition of detected compounds in each sample, and grouped by their elemental composition
(CHO, CHON, CHONS, and CHOS) and the number of carbon atoms in each molecular formula
(C2-C3, C4-Cs, C6-Cg, Co -Cio, C11-Cis, C16-Co0 and >Ca1). Moreover, the peak area and normalized
peak area of individual compounds (normalized peak area = peak area of compound/peak area of

total sample) in each sample were displayed in the output file.

3.2.4. Filter Inlet for Gas and Aerosols Iodine High-Resolution Time-of-Flight
Chemical Ionisation Mass Spectrometer (FIGAERO-ToF-CIMS)

The Filter Inlet for Gas and Aerosols (FIGAERO, Aerodyne Research Inc.) (Lopez-Hilfiker et al.,
2014) along with an iodine high-resolution Time-of-Flight Chemical Ionization Mass
Spectrometer (Lee et al., 2014) was employed to characterize the gas and particle composition.
The FIGAERO method collects particles onto a TEFLON filter that is followed by desorption with
heated nitrogen into the mass spectrometer, while sampling the gas phase components. The
FIGAERO can be programmed as a cyclic mode between the gas sampling, the aerosol collection,
and the thermal desorption of the collected aerosol with temperatures ranging up to 200°C. The
instrument has to be flushed with ultrahigh purified N2 regularly in order to remove the potential
contamination during the gas phase sampling, with an established gas-phase instrument

background.

Chemical Ionization (CI) includes proton transfer, proton abstraction, and adduct formation. In
this instrument, Chemical Ionization was applied to produce the ions from gas phase analytes
through adducts formation, subsequent to being detected in the mass spectrometer and yielding
mass spectrum. CI is a ‘soft ionization’ technique requiring a reagent gas to ionize the sample
molecules with relatively little energy, yielding less fragmentation in mass spectrum, resulting in

less structural information (Hoffmann, 2007). This instrument was run with I" reagent ion in
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negative-ion mode, which was sensitive to inorganic species, oxygenated VOCs, and Highly
Oxygenated Organic Molecules (HOMs). Besides, the I reagent ions were generated from the
gaseous CHslI flowing through the ultra-highly purified N> over a 2!°Po radioactive source. It was
a challenge to quantify both gas and the particles phase components from FIGAERO-CIMS due
to lack of available standards and being time consuming for calibration, despite there being several
studies attempting to constrain those limitations (Lopez-Hilfiker et al., 2016, Aljawhary et al.,
2013). Hence, it was presumed that the instrumental sensitivity to an entire range of detected

products was uniform.

The data processing was done using the Tofware software package (versions 2.5.7 - version 3.2.0,
TOFWERK AG/Aerodyne/University of Colorado), written in Igor Pro software (Wavemetrics,
Lake Oswego, OR, USA) (Stark et al., 2015). A series of operation on the raw mass spectra were
carried out prior to the peak identification, including time averaging, m/Q calibration, baseline
determination with the determination of the peak shape, and mass resolution functions. A detailed
description of the FIGAERO-CIMS used in this thesis and its explicit configuration can be found
in Voliotis et al., (2021) and Du et al., (2021).

3.3. Overview of Experimental Procedure

This thesis comprises two sections that characterise a novel Manchester aerosol chamber (MAC)
and understand the formation of secondary organic aerosols (SOA) from mixed biogenic and
anthropogenic origins. These sections initially required a laboratory approach to provide a detailed
characterization of the MAC, followed by conducting SOA formation experiments using synthetic

biogenic and anthropogenic mixture components in MAC to evaluate a complex ambient mixture.

The first part of this thesis focuses on the MAC, including temperature, relative humidity,
photolysis rate of NO> (photochemistry experiments), the wall loss rate of gaseous compounds and
particles, auxiliary mechanism, and aerosol formation. This work component further investigated
the potential influences of chamber contamination on the wall loss rates of gaseous
compounds/particles and discussed various wall-loss correction methods of the particles, which

are detailed in Chapter 5.1.
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Meanwhile, the second part of this thesis concentrates on SOA from mixed BVOC and AVOC
oxidation in laboratory work employing the MAC. This work component was performed after
MAC characterization and involved three sections. It included designing a suitable experimental
procedure for investigating and quantifying SOA formation in a VOC mixture using the reported
measured and predicted SOA mass yield, as presented in Chapter 5.2. Moreover, the SOA formed
from sole and mixed VOC oxidation were characterised using ultra-high resolution mass
spectrometry (LC-Orbitrap MS) and employing a novel non-targeted accurate mass analysis
(Pereira et al., 2021). It evaluated the chemical properties of SOA changed in mixed systems,
leading to exploring the interactions in mixtures of VOC involved in ambient SOA formation, as
discussed in Chapter 5.3. At last, we expand study from the previous study in chapter 5.3 by
providing the real-time atomic ratios and estimated carbon oxidation state of particulate matters

from all the VOCs precursor systems, detailed discussed in Chapter 5.4.

The experimental work in the second part was an extended work performed by Mcfiggans et al.
(2019), which investigated the SOA formation from isoprene and a-pinene mixture precursors in
the regime dominated by OH oxidation. The said study concluded that the isoprene acted as an OH
scavenger, while its radical oxidation products reacted with those formed from a-pinene, thus
enhancing the overall volatility of the products in the mixture. Comparably, this thesis retained the
two biogenic precursors — isoprene and alpha-pinene — with a significant contribution to VOC
emitted from plants globally, despite isoprene having a modest SOA formation potential and a-
pinene being a more efficient SOA precursor (Hallquist et al., 2009; Mcvay et al., 2016; Dommen
et al., 2006).

This thesis also added a new anthropogenic precursor (o-cresol) into mixture precursor systems,
which had a moderate SOA yield, with a comparable reactivity towards the hydroxyl radical (OH)
and a negligible reactivity towards ozone. Furthermore, it applied a concept called "initial iso-
reactivity" towards the dominant oxidant (OH) to determine the precursors' initial concentration
and enable a direct comparison across systems. Figure 3.4 illustrates the designed concept of VOC
mixture systems. Seven experimental systems were investigated: three single precursor systems (a,

b, ¢), three systems comprising two different VOC mixtures (a & b, b & ¢, a & ¢) and a system
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mixing the three VOCs (a & b & c). These experiments were conducted in the MAC in the presence
of NOx (VOC/NOx ratio: ~3—-8) and seed particles (ammonium sulphate).

a. Alpha-Pinene

b. Ortho-Cresol / \\ c. Isoprene

Figure 3.4. A schematic diagram of the VOC mixture systems.

This thesis was performed in collaboration with the University of York, focusing on characterising
SOA composition from each particular precursor system and using these to explore the mechanism

of interactions in a mixture of VOCs involved in ambient SOA formation.
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Chapter 4

4. Aims

The aims of this thesis include the following:

1.

to provide a comprehensive description and characterization of the MAC including
identification of key capabilities and limitations;

to investigate SOA formation from mixtures of VOCs (e.g., choices of precursors,
concentration, and experimental conditions) using a suitable experimental design in the
MAC;

to understand the potential of molecular interaction of the SOA formation and composition
from mixtures of biogenic and anthropogenic VOCs;

to explore the chemistry and detailed mechanism of interactions in a mixture of VOCs by
characterising the variability of particulate products, the elemental composition, and the
contribution of "unique compounds" in a mixed system resulting in potential atmospheric
significance.

To assess the ability of the available tools to investigate the SOA particle average carbon

oxidation state changes in complex precursor mixtures.
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Abstract.

This study describes the design of the Manchester Aerosol Chamber (MAC), initially developed
in 2005, and presents for the first-time its comprehensive characterisation. The MAC is designed
to investigate multi-phase chemistry and the evolution of aerosol physico-chemical properties from
the real-world emissions (e.g. diesel engine, plants) or of secondary organic aerosol (SOA)
produced from pure volatile organic compounds (VOCs). Additionally, the generated aerosol
particles in MAC can be transferred to the Manchester Ice Cloud Chamber (MICC), which enables
investigation of cloud formation in warm, mixed-phase and fully glaciated conditions (with T as
low as -55 °C). MAC is an 18 m?® FEP Teflon chamber, with the potential to conduct experiments
at controlled temperature (15-35 °C) and relative humidity (25-80 %) under simulated solar
radiation or dark conditions. Detailed characterisations were conducted at common experimental
conditions (25 °C, 50% RH) for actinometry and determination of background contamination, wall
losses of gases (NO., O3, and selected VOCs), aerosol particles at different sizes, chamber wall
reactivity and aerosol formation. In addition, the influences of chamber contamination on the wall
loss rate of gases and particles, and the photolysis of NO, were estimated.

1 Introduction

Atmospheric aerosols have significant effects on air quality, regional to global climate, and human
health (Lohmann and Feichter, 2005; Pope et al., 2002; Katsouyanni et al., 1997). Aerosol particles
range from a few nanometers to several tens of micrometers in diameter. Their composition is
complex, comprising inorganic and organic compounds, dependent on their sources which may be

either primary (e.g. sea salt, dust, wildfires) or secondary, from the oxidation of gaseous precursors
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(Seinfeld and Pandis, 2016). Organic compounds contribute 20~90% of the mass of submicron
aerosols in the Northern hemisphere (Jimenez et al., 2009; Zhang et al., 2007), and of an estimated
10000~100000 atmospheric organic compounds(Goldstein and Galbally, 2007) , only around 10%
have been identified, such as alkanes, carbonyls, alcohols, easters, acids and etc (Hallquist et al.,
2009; Goldstein and Galbally, 2007). Owing to this complexity, their chemical reaction pathways
and properties lead to substantial outstanding challenges to the understanding of organic aerosol
(OA) formation, transformation, fate and impacts (Hallquist et al., 2009). Such an inadequate
understanding of aerosol particles, and particularly the organic fraction, leads to large uncertainties
in understanding their role in air quality and global climate (Mcfiggans et al., 2006). Processes
relating to organic-containing particles have consequently been a primary focus of studies in our
chamber.

Over the last several decades, numerous field measurements have been conducted globally to
characterise OA in the atmosphere (Gray et al., 1986; Hoffman and Duce, 1977; Turpin and
Huntzicker, 1991; Turpin and Huntzicker, 1995; Hallquist et al., 2009; Jimenez et al., 2009; Zhang
et al., 2007). However, isolation of chemical and microphysical processes from meteorology and
other atmospheric processes can be challenging in ambient measurements (Becker, 2006). To
better understand the sources, physicochemical properties and aging processes influencing
atmospheric aerosols, simulation chamber facilities have been developed across the globe since
the 1960s (Karl et al., 2004; Cocker et al., 2001b; Carter et al., 2005; Paulsen et al., 2005; Saathoff
et al., 2009; Wang et al., 2011; Platt et al., 2013; Schnitzhofer et al., 2014; Wang et al., 2014;
Leskinen et al., 2015; Babar et al., 2017; Gallimore et al., 2017; Leone et al., 1985). In principle,
a simulation chamber is a controlled system to elucidate processes that occur in the real atmosphere
(Barnes and Rudzinski, 2006), gas-phase reactions and chemical pathways (Carter and Lurmann,
1991; Seakins, 2010; Atkinson et al., 1992; Paulot et al., 2009; Surratt et al., 2010; Ehn et al., 2012;
Bianchi et al., 2019 ,Thornton et al., 2020), SOA production (Hallquist et al., 2009; Carlton et al.,
2009; Mcfiggans et al., 2019), new particle formation (Smith, 2016; Wang et al., 2020; Wagner et
al., 2017; Dunne et al., 2016), cloud processes (Wang et al., 2011; Frey et al., 2018; Wagner et al.,
2006), transformations and properties of real-world emissions (from vehicles; e.g., Liuetal. (2017),
biomass burning; e.g., Hennigan et al. (2011), plants; e.g. Hohaus et al. (2016)) and health effect
(Tong et al., 2018; Taylor et al., 2000).

63



1835

1840

1845

1850

1855

1860

1865

The design of simulation chambers varies widely with respect to the light sources, chamber sizes,
materials and operation conditions to address varied lines of research (Barnes and Rudzinski,
2006). The size of chamber facilities ranges from ~I to ~300 m? and are variously constructed from
pyrex/quartz, aluminium, stainless steel and FEP Teflon. The light sources of chambers include
artificial and natural solar radiation, leading to a convenient classification into indoor and outdoor
chambers (Barnes and Rudzinski, 2006). Pyrex or quartz is widely used for chambers with a
volume of less than 1 m?, with a few larger, such as JPAC (1.45 m?) (Ehn et al., 2014), Bayreuth
chambers (2.4 m?) (Behnke et al., 1988) and UAREC (>1 m®) (Barnes et al., 1994). Owing to its
reasonably inert nature and transparency towards short-wavelength lights, pyrex and quartz
chambers enable ready access to radical generation studies. Also, pyrex and quartz chambers can
enable temperature-dependent studies with the use of a cooling or heating bath. Metal chambers
are usually built with a volume of 1~6 m?, with exceptions such as AIDA chamber (85 m?)
(Wagner et al., 2006), MICC (10 m?) (Connolly et al., 2012) and CERN Cloud chamber (26 m?)
(Schnitzhofer et al., 2014). The largest advantage of the rigid metal chambers is the ability of
experiments under varying temperatures, enabling simulation of free tropospheric conditions
(Wagner et al., 2006; Schnitzhofer et al., 2014) and warm, mixed phase and fully glaciated clouds.
FEP Teflon is widely used in medium to large chambers, such as FORTH-ASC (10
m?)(Kostenidou et al., 2013), Manchester Aerosol Chamber (MAC) (18 m?), LEAK-LACIS (19
m?®) (Mutzel et al., 2015; Niedermeier et al., 2020), IASC (27 m?), Caltech dual chambers (both 28
m?®)(Cocker et al., 2001a), the University of California at Riverside dual chambers (both 90
m?)(Carter et al., 2005), PSI chamber (27 m?) (Paulsen et al., 2005), ILMARI (29 m?) (Leskinen
et al., 2015), HELIOS (90 m®) (Ren et al., 2017), SAPHIR (270 m®)(Karl et al., 2004) and
EUPHORE (2 x 200 m?®) (Bloss et al., 2005; Dunne et al., 2016). The transparency of Teflon
enables its widespread use in both indoor and outdoor chambers, enabling transmission across the
solar spectrum.

All chambers have limitations. A universal challenge is the presence of chamber walls that can act
as a sink of the reacting gases and aerosol particles (Mcmurry and Grosjean, 1985) and as a surface
on which they can react. Consequently, experimental results relating to gas-particle partitioning,
aerosol formation rate and yield, for example, require careful interpretation (Mcmurry and
Grosjean, 1985; Matsunaga and Ziemann , 2010; Zhang et al., 2014; Ye et al., 2016; Wang et al.,

2018). Similarly, photochemistry experiments in indoor chambers using artificial lights requires
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consideration of the wavelength dependence of the irradiance (Barnes and Rudzinski, 2006).
Outdoor chambers, particularly the larger ones, are challenged by control of relative humidity and
temperature due to the ambient diurnal variation, which may introduce some uncertainty (Barnes
and Rudzinski, 2006). In addition, gases and particles as well as the intermediate reactants can
interact with and partition into chamber walls (so-called memory effect), which can affect
repeatability and reliability of the results (Carter and Lurmann, 1991; Wang et al., 2011; Wang et
al., 2014; Schnitzhofer et al., 2014). This artifact due to the memory effect necessitates a clear and
detailed characterisation of chamber behaviour and history.

This manuscript provides a description and characterisation of a novel indoor simulation chamber,
Manchester Aerosol Chamber (MAC), located at The University of Manchester. The MAC has
been well developed and predominantly used since 2005 to understand the chemical and physical
properties of aerosols from different sources (e.g., engine, real-plant emissions, biogenic or
anthropogenic VOC). But all these studies have not required the quantification of aerosol amount,
therefore the mixing/wall effect had not been characterized at the time of many previous
experiments. Recently, in order to understand the SOA formation (e.g., yield) from mixed
precursors (e.g., Voliotis et al., 2021; Wang et al., 2021), a full characterization of chamber was
implemented to ensure the reliability of the studies. Equipped with state-of-the-science
instruments, MAC has been used to explore the aerosol formation and aging (Hamilton et al., 2011;
Alfarra et al., 2012), physicochemical properties of multi-component aerosol particles (Alfarra et
al., 2013; Wang et al., 2021; Voliotis et al., 2021), gas-particle partitioning (Voliotis et al., 2021),
aerosol formation, properties and transformations from plant emissions (Wyche et al., 2014) and
from engine emissions (Pereira et al., 2018; Liu et al., 2017). Additionally, the entire contents of
the MAC can be transferred directly to the MICC (Manchester Ice Cloud Chamber) to investigate
the warm, mixed phase and fully glaciated cloud formation on the aerosol particles that will act as
cloud condensation nuclei (CCN) and ice nuclei (IN). A detailed description of the coupling
between the facilities and its use can be found in Connolly et al. (2012) and Frey et al. (2018) and

will not be discussed here.
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Figure 1:Schematic of the Manchester Aerosol Chamber (MAC).

The MAC is operated as a batch reactor where the composition of the gaseous precursors, pre-

existing seed, oxidising environment, relative humidity and temperature are controlled

throughout a typical experimental duration of several hours. It is equipped with a variable

combination of gas-phase and particle-phase analytical instruments as listed in Table 1. The

MAC consists of an 18 m* FEP Teflon bag suspended from a frame comprising a central fixed

frame member and two moving members, all contained within an RH and temperature-

controlled enclosure. Along with the light sources, cooling systems and air purification system,

the MAC is shown in the schematic in Figure 1.

2.1 Enclosure and environmental control

The rectangular enclosure comprises an extruded aluminium framework supporting two access

sides each with two bi-fold doors and two fixed sides within which the lamp enclosures and air

conditioning (AC) ducts are situated. The inner walls and the ceiling of the enclosure and the floor

are fully coated with a reflective space blanket to approximate an integrating sphere to maximise

the chamber irradiance and provide even light intensity. The temperature and relative humidity
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between the chamber and the enclosure walls is controlled by the AC allowing the temperature
within the range of 15-35°C and RH between 25% and 80%. The inlet duct is positioned aloft at
one end of the chamber and the outlet duct is at the bottom of the other such that conditioned air
at 3 m3s! continually passes through the 50 cm space between the bag and enclosure, agitating and
mixing the air in the bag as it does so. The RH setpoints is chosen to match the dewpoint of the
chamber air at the desired temperature. Temperature and dew point is measured at two points in
the chamber (at the middle and on the side) using a dew point hygrometer and two thermocouples

to choose the setpoint.

2.2 Teflon reactor

The reactor comprises four sections of FEP Teflon film (50um, AdTech Polymer Engineering
Ltd.). FEP Teflon film is chosen since it is chemically inert and more transparent than PVF and
PTFE, having better light transmission between 290 and 800nm, and has lower rates of
hydrocarbon off-gassing (Finlayson-Pitts and James N. Pitts, 2000). A weakness of the FEP film
is the accumulation of electrostatic charge which can significantly increase the wall loss rates for
particles with a diameter smaller than 500nm (Mcmurry and Rader, 1985; Charan et al., 2018).
The chamber is suspended in the enclosure and joints between three pairs of edges of the Teflon
film are made by compression-sealing between the three pairs of rectangular extruded aluminium
frames. The edges of the top and bottom Teflon webs are clamped by stainless steel clips installed
on the aluminium frames with expanded foam strips relieving between the frame and Teflon to
ensure even compression between the Teflon sheets. This approach avoids additional
contamination from glue or tapes. The central rigid frame is fixed, with the upper and lower frames
free to move vertically. They are counter-weighted to enable the bag to expand and collapse when
sample air is introduced and extracted in the process of fill/flush cycles and sampling. This reduces
the possibility of the chamber operating under negative pressure, minimising instrumental
sampling problems and contamination from laboratory air. In normal practice, around 80% of the
chamber air can be extracted from the chamber within ~ 5 min at a flow rate of 3 m* min’! in each
flush cycle, after that the purified air can be filled into the chamber at the same flowrate. A low
background condition is achieved in around 2-hours of continuous automated fill/flush cycles. This
relatively rapid cleaning improves the duty cycle and efficiency of the chamber preparation process.

The central fixed frame pair supports 3 inlet and sampling manifolds constructed of solid Teflon,
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one in each of the two long sides and one in the short side of the bag, as well as mirrors and optical
fibre mounting for a 2-pass broadband Differential Optical Absorption Spectroscopy (DOAS)
system for retrieval of aerosol optical properties along the long axis of the chamber. One manifold
is connected to the air purification system (described in 2.4) for injection of purified air, VOC
precursor, NOx, O3, seed aerosols and transfer of sample to selected instrumentation in the upper-
floor laboratory. A second manifold is used for sampling gas and particulate material from the
chamber to online instrumentation next to the chamber throughout each experiment. A second port
in this manifold can be used to couple the chamber to emission sources such as engines, plant
chambers etc., and has been discussed elsewhere (Wyche et al., 2014; Pereira et al., 2018). The
third manifold houses sensors to monitor the RH and T inside the chamber and at the chamber

walls.

2.3 Chamber illumination
The irradiation source, consisting of two xenon arc lamps and a bank of halogen bulbs, is mounted

inside the enclosure and is used to approximate the atmospheric actinic spectrum. Two 6 kW arc
Xenon lamps (XBO 6000 W/HSLA OFR, Osram) are installed on the bottom-left and the top-right
of the chamber housing, respectively. Quartz plates with optical polish (PI-KEM Ltd) of 4mm
thickness in front of each arc lamp filter out unwanted UV light. The bank of 112 halogen lights,
7 rows of 16 bulbs each (Solux 50W/4700K, Solux MR16, USA), are mounted on the same
enclosure wall as the bottom xenon arc lamp, facing the inlet.

The unwanted heat generated from the irradiation source is removed by the cooling system which
includes the Air Conditioning (AC) unit and a water tank in front of each arc lamp with circulating
water system. The chiller water circulates running through aluminium bars cooling the halogen
bulb holders and through tanks in front of each arc lamp faced by the quartz filter plates, in order
to dissipating heat produced by absorption of unwanted IR light by water vapour.

2.4 Chamber air purification, conditioning and injection system
Purified dry air is supplied by passing laboratory air at up to 3 m®> min™!' using a 3-phase blower

(Nash Elmo; model G200) through a drier (ML180, Munters) and three filters (the first canister
containing Purafil/charcoal, the second containing activated charcoal, and the third with a Hepa

filter to remove the NOy, volatile organic compounds and particles). This typically results to

68



1980

1985

1990

1995

2000

2005

particle concentrations <15 particles cm™, particle mass concentration ~Opug m=, O3 concentrations
~0ppb and NOx concentration <10ppb (NO <8ppb and NO»<2ppb).

The clean air can be conditioned by passing through the humidifier, ozoniser and aerosol mixing
tank before entering the chamber. The ozoniser (OZV30, Waterth) generates ozone using 2
mercury lamps. The custom-built humidifier comprises a 50L tank fed with ultra-pure water
(resistivity >18.2 MQ-cm), producing water vapour using an immersion heater that heats the water
to ~80°C. VOCs are added to the chamber by injecting the desired liquid amount into a gently
heated glass bulb (to ~80 °C) and transferred using the electron capture device (ECD) grade
nitrogen (N4.8; purity 99.998%; N>) as the carrier gas. NOx (NO and NO) is added to the chamber
using custom-made cylinders at 10% v/v and a mass flow controller and transferred with ECD
grade N as the carrier gas. Seed particles are generated by an atomiser (Topaz model ATM 230)
and pass through a 0.12 m? stainless steel aerosol residence chamber before being flushed into the
chamber. All components are connected with large bore (50 mm) stainless steel pipes apart from
the diversion lines for the seed, humidifier and ozoniser, which have a 25 mm bore. The flow path
is controlled by several 2- and 3-way electro-pneumatic valves along the inlet system. As shown
in Fig. 1, the purified lab air that is used to fill the chamber can be directed through the humidifier,
the ozoniser and aerosol residence chamber and carry any of their components to the chamber

while filling at high flow rate (3 m*® min'!), ensuring rapid mixing (see Section 3.2).

2.5 Control system
To regulate the chamber operational procedures and devices (fill/flush cycles, injection

procedure, humidification, VOC bulb heating, ozoniser operation) conveniently, repeatably
and precisely, a bespoke automated control system is used. All component switches are
controlled from a home-built PLC board, with all control signals processed using ladder logic
and communicating with a graphical front end in Visual Basic. All components (including the
2- and 3-way valves) shown in Fig. 1 are controlled by the PLC. Selection of the valve position
controls whether clean air is injected into the chamber, or the chamber contents are flushed to
exhaust. Cycles of filling and flushing are programmed to enable unsupervised operation
during cleaning cycles. The humidifier and ozoniser can be bypassed by controlling the
diversion line valves during the fill part of the cycle. Relative humidity and temperature of the

chamber were continuously measured via the Edgetech and Sensirion sensors that are also PLC
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controlled. All control data are saved automatically. Three pre-programmed operations (pre-
experiment, post-experiment and fill/flush cycle) are provided in the control system to enable
manual or automated operation. More details about these operational procedures are provided

in section 2.7.

2.6 Modes of operation
The MAC generally operates as a batch reactor that provides a closed system without the

continuous flow of reactants or dilution flow of clean air. There have been several modes of
operation used. The most straightforward mode is the heated bulb injection of commercial pure
VOC precursors to investigate

SOA formation and transformation either in sole or mixed VOC systems (Hamilton et al., 2011;
Jenkin et al., 2012). The MAC has additionally been coupled to whole combustion process and
biogenic emission sources. A dynamometer, diesel engine and oxidising catalyst unit can be
connected to the chamber directly, allowing controlled exhaust dilutions by controlled injection
timing of exhaust fumes into the chamber under selected loads and speeds. For example, (Pereira
et al., 2018) reported the effect of different engine conditions and emission control devices on
unregulated diesel exhaust gas emissions. The MAC has been coupled with a custom-built plant
chamber to investigate the SOA formation from the real plants under controlled conditions.
(Wyche et al., 2014) deployed the chamber to investigate SOA formation from biogenic VOC
precursors emitted from the silver birch and three South-east Asian tropical plant species. Also,
the MAC infrastructure was recently successfully extended to continuously generate NO3 radicals
using synthesised N>Os, to enable studies of SOA formation and transformation under night-time

conditions.

2.7 Experimental procedures
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Figure 2: Time series (mean + 10; n=3) of O3 (a), NOx (b), particle number (c), VOC (a-pinene; d) and particle mass
(e) from three identical experiments conducted in the MAC. Annotations provide information of the related process
occurring in the chamber at each time point, normalised to the injection time of the reactants. Cleaning process
duration is ~2h, while subsequently the chamber is left with clean air for about 1h prior the addition of the reactants
(“clean chamber”). After the addition of the reactants, the chamber is stabilised in the dark for another hour (“dark
stabilization”) before the lights are turned on.

To ensure reliable and reproducible control of experimental conditions, three specific experimental
procedures have been programmed to be sequenced and implemented automatically or manually
to ensure a lower chamber background. The first, designated the pre-experiment procedure,
includes several fill/flush cycles of the chamber with clean air at a high flow rate of 3 m* min™! for
~1.5 h. The VOC glass bulb is also cleaned in the course of the pre-experiment procedure using
ECD grade No.

The second, conducted at the end of each experiment, is the post-experiment procedure. Again,
this consists of several fill/flush cycles of the chamber with clean air at a high flow rate of 3 m?
min! for ~1.5 h, with a subsequently fill with a high concentration of O3 (~1ppm) to soak the

chamber overnight to oxidize the residual Osz-reacting volatile species. The third, a more aggressive
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“harsh cleaning” procedure is carried out weekly during experimental campaigns. In this procedure
a high concentration of O3 (~1ppm) is filled into the chamber with illumination, undergoing several
hours of photooxidation at high relative humidity (~80%).

These procedures ensure a clean environment is provided in the MAC prior to SOA experiments.
Gaseous and particle time series before and after injection of reactants in three a-pinene
photooxidation experiments in the presence of AS seeds are shown in Figure 2. As can be observed
from panels a and b, during the cleaning cycle the mixing ratios of NOx and O3 are sharply
decreasing from ~40 and ~500 ppb, respectively, down to <10 and <1 ppb, respectively, during
our automated filling cycle in less than an hour. Similarly, the particle number and mass
concentration decreases down to <10 particles cm and 0 ug m, respectively, prior the injection
of the reactants to chamber (Fig. 2¢ and e), so does the mixing ratio of a selected VOC (a-pinene)
to 0 ppb (Fig. 2d). Furthermore, after ~3h of illumination in our cleaned bag (i.e., clean air + light
experiments) the particle number and mass concentrations remain at the background levels, (see
Fig. S1). This shows that our overall chamber gas-phase background is sufficiently low to prevent
the formation of particles in the presence of light and in the absence of reactants. Overall, before
the addition of the reactants to the MAC, our automated cleaning procedure ensures rapid cleaning

that results in repeatably low background concentrations.

2.8 Instrumentation
A range of instruments can be used to measure the physical and chemical properties of the chamber

air, as shown in Table 1. The table is separated into two parts, displaying the core instrumentation
which are permanently fixed at the chamber as well as the additional instrumentation which can
be coupled to the chamber and used on demand. All the instruments sampl from a number of ports
in the manifolds, equipped with stainless steel or PTFE tubing extending to the middle of the

chamber.

NO and NO; are measured using a NOx Thermo 42i chemiluminescence analyzer. O3 is measured
by an Thermo 49C analyser. Both NOx and O3 analysers are regularly calibrated using certified
cylinders and an ozone calibrator, respectively. Water-based condensation particle counters
(WCPC; model 3785 and 3786) have been selected as core instrumentation operating in the
chamber room to avoid the interference of the volatile working fluid (e.g., butanol), usually found

on other CPC units, to diffuse into the chamber. A wCPC is being used to measure the total particle
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number concentration in the chamber and the other is coupled to a differential mobility analyser
(DMA, Brechtel Inc) as part of a custom-built differential mobility particle sizer (DMPS) system
to measure particle size distributions in the 40-600 nm range. The DMA uses filtered chamber air

as sheath flow to maintain the gas-particle equilibrium during the measurements.

The chamber is equipped with a removable 47mm filter holder which is located at the flushing line
of the chamber (see Fig. 1) that can be loaded with the desired substrate and enable the sampling
of the whole chamber contents at the end of each experiment at high flow rate (3m?® min™'). In such

a way, adequate amounts of particulate mass can be collected for subsequent off-line analysis.

A selection of additional instrumentation that are shared within the Centre for Atmospheric
Sciences (CAS) group at the University of Manchester, are potentiallyavailable to be used on
demand. Briefly, oxygenated VOCs are measured using a high-resolution time-of-flight chemical
ionisation mass spectrometer (CIMS; Aerodyne/Tofware) using iodide as a reagent ion. Non-
refractory PM:1 composition is measured using a high-resolution time-of-flight aerosol mass
spectrometer (HR-AMS; Aerodyne) while oxygenated particulate organic composition is
measured using the filter inlet for gases and aerosols (FIGAERO) when coupled to CIMS. Total
organic and elemental carbon concentrations are measured using a semi-continuous carbon aerosol
analyser (OC/EC; Sunset Laboratory; Model 4). Selection of particles based on their mass, or their
aerodynamic size can be achieved using a centrifugal particle mass analyser (Cambustion) and an
aerodynamic aerosol classifier (Cambustion), respectively. Particle hygroscopicity and volatility
are measured by custom-built hygroscopicity tandem differential mobility analyser (HTDMA) and
thermal denuder (TD), respectively, while cloud condensation nuclei (CCN) activity is measured
by a CCN counter (Droplet measurement Technologies). Black carbon concentration and
properties can be measured by a three-wavelength photoacoustic spectrometer and single particle

soot photometer (Droplet measurement Tech).

Routinely, additional instruments, such as gas chromatograph coupled to a mass spectrometer
(GC-MS) and proton transfer reaction ionisation scheme (PTR) were added to MAC as part of
collaborative work to measure VOCs concentrations (Alfarra et al., 2013; Wyche et al., 2014;

Wyche et al., 2015). Similarly, particle offline analysis using liquid chromatography-mass
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spectrometry/tandem MS (LC-MS/MS) and two-dimensional GC-MS (2D-GC-MS) have been

also employed occasionally to probe the chemical characteristics of the SOA particles (Hamilton

etal., 2011; Wyche et al., 2015) .

Table 1: List of the available instrumentation at MAC

Instrument Model Measured parameter LOD/ range
Core instrumentation
Dew point hygrometer Edgetech; DM-C1-DS2-MH-13  Dew point -20-90+0.2°C

Sensirion capacitance sensor

Sensirion; SHT75

Temperature, relative humidity

-40 to +125,40.3 °C
0-100,+1.8 %

NOx analyser Thermo; 421 NO, NO, 0.5 to 1000 ppb
O3 analyser Thermo; 49C 03 0-0.05 to 200 ppm
CO analyser Thermo;48i CO >0.04 ppm
Waterbased —— condensation  1.q;. 3765 3784 Particle number <107 plec
particle counter, wCPC
]S)i;ifrerentlal mobility - particle Custom.built* Particle size 40-600 nm
Filter collector Custom.built® Part1cl§ collection for offline

analysis
Additional instrumentation
g(lilédensatlon particle. counter, TSI; 3776 Particle number <107 p/cc
Scanning mobility particle sizer,  7.q;. 3 Particle size 10-1000 nm
SMPS
Aerodynamic Aerosol . . . .
Classifier, AAC Cambustion Selection of particles by size 25-5000 nm
Centrifugal ~ Particle ~ Mass Cambustion Selection of particles by mass Mass accuracy: 5%
Analyser
High-resolution aerosol mass PM: nonrefractory particle 3
spectrometer, HR-AMS Aerodyne composition >0.05 pgm
Iodide chemical ionisation mass LOD >60 ppt; Mass resolution
spectrometer, I-CIMS Aerodyne/Tofware Oxygenated VOC 4000 Th/Th
Filter Inlet for Gases and . . )
AEROsols, FIGAERO Aerodyne/Tofware Particle composition >10°ng
Semi-Continuous Carbon Organic/elemental carbon
Aerosol Sunset Laboratory; Model 4 o Ecen tration >0.5 ugC m
Analyzer, OC/EC
Hygroscopicity tandem
differential mobility analyser, Custom. built® Hygroscopicity 20-350 nm

HTDMA
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Cloud condensation nuclei Droplet measurement Tech;
counter, CCNc CCN-100)

Thermal denuder Custom built¢
Three_wavelength

photoacoustic spectrometer, Droplet measurement Tech
PAS

Single Particle Soot

Photometer, SP2

Droplet measurement Tech

CCN activity SS:0.2%
Volatility 200°C

BC 0-100,000Mm!
light absorbing property of soot ~ >10 ng m™3

3(Alfarra et al., 2012) ®(Hamilton et al., 2011) ¢(Good et al., 2010) 9(Voliotis et al., 2021)

3. MAC Characterization

This section describes the characterisation of each element of the chamber with relevance to the

operation and influence on the and interpretation of the experimental results.

3.1. Temperature and relative humidity

Temperature (°C)

| — Center temperature of experiment 1

- — Wall temperature of dark expieriment

_| Two lights on experiments

Wall temperature of experiment 1

(@)

-~ Wall temperature of experiment 2
-~ Center temperature of experiment 2

— Center temperature of dark expieriment

Time (h)

75

Relative humidity (%)

- Experiment 1: set RH as 70%

70 —\_,/\

®)

Center RH

Wall RH
50 — Experiment 2: set RH as 40%
7 Center RH
»
1 e —
i WallRH
04+
0 1 2 3 4 5
Time (h)

Figure 3: (a) Temperature as a function of time measured by the Edgetech (wall temperature) and Sensirion (centre
temperature) in a dark experiment and a photooxidation experiment. (b) RH as a function of time in the two
photooxidation experiments.

The temperature in MAC is controlled by the AC system, which compensate the releasing heat
from illumination system. The calibrated dewpoint hygrometer (Edgetech sensor) is used as a
reference for Sensirion capacitance sensors during dark conditions (no irradiation of the chamber)
where there is no influence of temperature gradient caused by the light sources. The dark
experiment at a set temperature of 16°C and two photooxidation experiments at different set points
of relative humidity (40% and 70%) and a set temperature of 25 °C were conducted to examine the

temperature and relative humidity homogeneity of the chamber.

>6 x 10° particles ¢cm™ at

Temperature range: ambient —
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Figure 3a shows the evolution of temperature at the chamber wall and at the centre of the chamber
measured by the Edgetech and one Sensirion sensor, respectively, during dark and photooxidation
experiments. The temperature accuracy of sensors is + 0.3 °C and + 0.2 °C for the Sensirion sensor
and Edgetech sensor at 25 °C, respectively. In photooxidation experiments, the temperature in the
chamber centre (24 + 1 °C) is stable and slightly higher than that in the chamber wall (23 £ 1 °C).
Such a gradient might be caused by the cooler air between the chamber wall and enclosure and
incomplete mixing. The temperature in dark conditions shows good agreement with the two
sensors, around 16 °C. Figure 3b shows the relative humidity results of the two photooxidation
experiments measured by the Sensirion and Edgetech sensors. In the light experiment, the RH in
the centre of the chamber measured by the Sensirion capacitance sensor (40 + 1% and 70 + 1%)
was slightly higher than the RH at the wall of the chamber measured by the Edgetech hygrometer
(39 £ 1% and 65 + 1%). In the light experiments, it appears that both the temperature and humidity
were higher in the centre of the MAC than that of the wall, while in the dark experiments these
differences were negligible as they were within the uncertainty of our measurement. A likely
explanation for this unexpected behaviour in the light experiments can be possibly to the radiative

heating of the sensors in these experiments that could result in an over-estimation of the RH.

3.2. Mixing
NO, NO2 and NOx are selected as gas tracers to test the gas-phase mixing time inside the reactor.

There are no fans or other equipment inside the chamber, however, NOx is injected as NO into
the 3 m®> min™! (=50 L s™!) flow through the 50 mm diameter inlet at a velocity of approximately 25
n/s, inducing near instantaneous mixing throughout the chamber. Throughout an experiment, the
forceful agitation of the Teflon walls by the AC flow between the enclosure and chamber
continuously maintains mixing inside the reactor. As shown in Figure 2b (for clarity see Fig. S2a),
the mixing time for NO, NO; and NOx gases is in the order of few minutes. Typically, the mixing
time in atmospheric simulation chambers fall within the range of minutes, for example, 1 min in
the CESAM chamber with 4.2 m? (Wang et al., 2011) and 2 mins in the GIG-CAS chamber 30 m?
(Wang et al., 2014)

Non-acidic seed particles (ammonium sulfate, AS) were chosen to examine the mixing time of
particles in the chamber. Briefly, seed particles were injected into the seed aerosol residence

chamber (Fig. 1) and mixed for 1 min and subsequently introduced into the chamber at the flowrate
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of 3 m® min!. Figure 2¢ (for clarity see Fig. S2b) shows the number concentration of particles
measured by the wCPC as a function of time, which shows that the mixing time for seed particles
in the chamber is around 2.5 mins. This time is comparable with the gases mixing time in the
chamber. Furthermore, as can be seen, after the addition of NOx and seed aerosol to the chamber
and the air condition is turned on, the mixing ratios of NOx are remaining constant within few
minutes after their injection. Similarly, the number concentration of the seed aerosol shows some
fluctuations over the first ~10 mins and they appear to stabilise and being subjected to the expected
losses to the chamber walls. The stability in the measured concentrations of those tracers provides
evidence for the effectiveness of the mixing of the components of the MAC, while the low standard
deviations between the experiments (shown as shaded areas) further demonstrate the repeatability

that can be achieved in our system.

3.3. Light intensity
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Figure 4: Total actinic flux spectrum in the MAC compared to the ambient light spectrum obtained in the city of
Manchester (UK) mid-day with a clear sky in June 2015

The artificial radiation in the MAC has a broad radiation distribution owing to the chosen
combination of illumination sources, producing irradiation over the wavelength range 290-800
nm to capture all wavelengths of the atmospheric actinic spectrum. Figure 4 shows the total actinic
flux measured in MAC (red line) multiplied by 3.5 compared with the Manchester midday clear
sky measurements on a June day. The total actinic flux in MAC was measured the centre position
of chamber bag (150cm apart from the arc lamps in both vertical and horizontal axes).

The photolysis rate of NO> (jJNO2) estimated in steady-state actinometry can be used as a

confirmation of the light intensity in the chamber (Hu et al., 2014) measured by direct spectral
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radiometry. Such actinometric measurements were carried out by injecting NO> into the chamber
and irradiating for several hours, measuring the concentration of NO, NO> and O3 continuously.
A series of NO: actinometry experiments were conducted with ~ 70ppb NO: injected into the
chamber and irradiated for more than 3 hours, with the temperature and humidity maintained at

around 25°C and 50% respectively. The photolysis frequency of NO is calculated from

jNO, = kNO+O3[1:g:]O]X[03] (1)
where kno+o3 is the rate constant of the reaction of O3 and NO (1.8x10°'* cm®molecule!s™! at 298K)

(Atkinson et al., 2004).

In the MAC, the photolysis rate of NO> (JNO>) as derived from our steady state actinometry
experiments was comparable, within our measured variability, with that directly measured from
the integrated absorption across the measured wavelengths (2.25+ 0.4 vs. 1.5 x 1073 s,
respectively). Given that the JNO2 obtained by the actinometry experiments is an average and is
estimated based on the assumption of photostationary state for trace gases in the bag, while the
spectral radiometry is a point-measurement in an imperfect integrating sphere, which could not be
representative for the whole chamber, these results are in a reasonable agreement. The integrated
JNO:2 measured by spectral radiometry in the ambient Manchester on clear sky over the summer
was 7 x 107 57! but had comparable light spectrum to that measured in MAC. The values obtained
in MAC are more similar to those reported previously over the winter-time at Finokalia station,
Greece (Gerasopoulos et al., 2012) and are generally comparable with those obtained across the

broader simulation chamber community, as shown in Table 2.

3.4. Wall loss of gaseous compounds

Chamber wall adsorption had been shown to be a substantial source of gas losses inside Teflon
bags (Wang et al., 2011) and will influence the gas-phase reactivity and SOA formation. In the
MAC, the wall loss rates of NO», O3 and several volatile organic compounds (a-pinene, toluene,
1.3.5-TMB and limonene) were investigated by injecting known concentrations into the chamber
and measuring their concentration decay for an extended period under dark conditions.
Approximately 50ppb concentration of NO2 and O3 at concentrations ranging from 120 ppb to

350ppb were injected into the chamber and monitored for 4 hours allowing sufficient time for a
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measurable decay. Selecting different concentration of O3 could assist in investigating the impact
their initial concentration on the wall loss rate in the MAC. For the wall loss experiments of
volatile organic species, S0ppb of each compound was injected into the chamber with the decay
monitored for ~4 hours. All the wall loss experiments of gaseous species were conducted under

the T and RH of ~25°C and ~50% respectively.

Measured first-order wall loss rates of selected gaseous species were calculated by considering
their decay as a first-order process. The wall loss rates of NO, and O3 were 9.40 + 7.38 x107s"!
and 2.09 +0.97 x10%s™!, respectively. Table 2 compares the wall loss rates of NO> and O3 between
MAC and other chambers. The NO; decay rate at the MAC was slightly higher than all the other
chambers listed, except GIG-CAS, while the O3 decay rate of MAC was higher than TU and KNU
chamber, but lower than GIG-CAS and PSI chamber.

The first order wall loss rate of the selected anthropogenic and biogenic VOCs were 2.24 + 0.67 x
10-3s"! for a-pinene, 2.08 + 0.54 x 10-3s™! for limonene, 2.06 + 1.25 x 10”s™! for toluene and 12.22
+0.90 x 107 s”! for 1.3.5 TMB.

Table 2: Comparison of wall loss rate of NO2 and O3, jNO2 with other chambers

Chamber Wall loss rate (s!) iNO; Reference
NO: 03 (x1073s1)
MAC 0.94 x10¢ 2.09x1076 2.25 This study
Babar et al.
-7 -6 s
KNU 7.45x10 1.08x10 2.83 2016
GIG- 6 6 Wang et al,
CAS 2.32x10 2.18x10 8.17 2014
_ ) Metzger et al.
7 6 - ’
PSI 2.17 x10 4.00x10 2008
TU 6.95x1077 1.02x108 3.83 Wu et al., 2007
Carter et al.,
UCR - - 3.17 2005
AIOFM-
CAS - 3.50 Huetal., 2014
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3.5. Wall losses of particles
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Figure 5:Mean (+ 10) size-resolved wall loss rate (s!) of particles in the MAC at various relative humidity and mixing
conditions (50% RH and mixing, n=9; 20% RH and mixing, n=5; 50% RH and no mixing, n=3; 20% RH and no
mixing, n=1)

Particles are deposited to chamber walls mainly due to natural convection, diffusion, gravitational
settling and electrostatic forces in addition to physical mixing (Crump et al., 1983; Pierce et al.,
2008; Mcmurry and Rader, 1985). Several different approaches have been proposed to determine
and account for these losses to the chamber walls that are largely size-dependent (Charan et al.,
2019). Most commonly, the particle wall losses are determined by injecting particles with
measurable sizes into the chambers and subsequently measuring their size-resolved loss rates by
treating the decay as first-order process (Murphy et al., 2006; Zhang et al., 2007) A series of
experiments were conducted to investigate the size-resolved particle lifetimes under various
humidity and mixing conditions using AS seed, which was introduced to the chamber and left in
the dark at the desired RH and temperature conditions for >4 hours. An initial seed concentration
of 50-100 pg m was used with a modal diameter of ~100 nm. The size-resolved concentration of
the AS seed was monitored using a DMPS at 40-600 nm range, with a 10 min scanning time. Here,
in line with the literature (Cocker et al., 2001a; Donahue et al., 2012; Gallimore et al., 2017; Smith
etal., 2019), the particle wall-loss rate was retrieved by fitting an exponential function to the decay

of the particle number in each size bin of the DMPS, to obtain a size-resolved decay rate coefficient.
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A comparison between the application of different particle wall-loss correction methods is shown
in section 3.5.1.

The mean (+ 1o) size-resolved wall loss rate (s'!) of particles in the MAC at various relative
humidity and mixing conditions are shown in Figure 5. The size-resolved particle wall loss rate in
all experimental types showed a decreasing trend with particle size. In the size range measured
here, such behaviour has been observed previously in chambers with varying volumes (Wang et
al., 2018) and was attributed to the high diffusivity of the particles in the sub-100nm range, in
addition to the possible contribution of coagulation when particle number concentrations of the
small size particles are high. Moreover, a considerable scatter in the data obtained under our typical
experimental conditions was observed (i.e., at 50% RH and with the AC on). The large deviations
in the size-resolved particle wall loss rates can be possibly attributed to the changes in the chamber
behaviour, considering that the experiments averaged here were conducted sporadically over a
large time-period (2017-2019) and on different conditions of the bag. The latter is investigated
further in Section 5. Alternatively, such deviations could be also attributed to particle and/or
chamber charging effects (Charan et al., 2019). More specifically, considering that the AS particles
generated in all of our experiments were not neutralised prior entering the chamber, the potential
charge distribution of the particles could have been varying with consequent implications to the
particle losses. Similarly, Teflon chambers are known to acquire charge when in contact with non-
conductive surfaces, in turn affecting the particle losses to the walls. In spite the MAC being
suspended and its operators had minimal to no contact with the bag, it is challenging to
experimentally assess the potential effects of the chamber charging to the particle wall losses over
such large time-period.

However, the combination of our experimental results presented in this study with those presented
earlier using our newly developed PyCHAM model (O'meara et al., 2021) can provide some
further insights on the latter matter. Figure 6 shows the measured size-resolved particle decay from
several identical wall-loss characterisation experiments (i.e., ammonium sulfate seed in the dark),
conducted over a span of 3 years and at various conditions of the MAC. Additionally, the size-
resolved wall-loss rates that were required to reproduce the SOA formation in the limonene
nucleation experiment presented in the O'meara et al. (2021) study are also shown. Evidently, the
variation in the measured loss rates of the particles nebulised in similar manner in the MAC as a

function of the chamber bag history can be substantial. Interestingly, the modelled particle losses
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that required to reproduce a nucleation experiment, where no induced charge of the particles is
expected, are comparable with those measured in a new bag. What is more, the model of Mcmurry
and Rader (1985) suggests that the differences in the wall-loss rates of the particles having 0 and
+1 charge can be as a high as 2 orders of magnitudes (or more) for particles of 100 nm in diameter
(see Fig. 9 on O’Meara et al., 2021). Here, the observed differences between the potentially
charged AS particles in the characterisation experiments were within the same order of magnitude
to those modelled for a nucleation experiment, where no particle charge is expected. Therefore,
this analysis suggests that neutralising the seed aerosols prior to injection into the MAC would

have less of an effect than the usage history of the bag.

In either relative humidity conditions (e.g., 20 and 50%), the continuous agitation of the chamber
walls due to the air circulation around the chamber from the AC affected the particle wall losses,
showing higher wall-loss rates compared to those where the AC was disabled. The enhanced
particle wall losses when the AC was enabled can be possibly attributed to the turbulence caused
by AC as the chamber walls agitate, causing the particles to deposit at higher rates (Trump et al.,
2016).

The amount of the water vapour also affects the particle wall-loss rate with the experiments
conducted under drier conditions having lower loss rates compared to those at moderate RH
conditions, however the variability was quite high to unambiguously differentiate the results from
both conditions. These results suggest that the experimental conditions can have a significant
impact on the particle wall-loss rates. Therefore, care should be taken when using the retrieved
wall-loss rates from such experiments to correct the SOA particle mass in experiments conducted

on different environmental conditions.
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Figure 6: Measured size-dependent particle decay rates (s™!) in characterisation experiments (RH=50%) conducted at
different conditions of the bag. The modelled particle losses on a nucleation experiment are shown for comparison (O’
Meara et al., 2021).

3.5.1. Investigation of various particle wall-loss correction methods to the SOA
formation

As mentioned above, the retrieved size-resolved ammonium sulfate particle loss rates from
characterisation experiments are commonly used to correct the SOA particle mass from VOC
oxidation experiments (Ng et al., 2007; Fry et al., 2014; Nah et al., 2017). Several alternative
numerical approaches have also been proposed (Wang et al., 2018; Pierce et al., 2008). Here, we
compare two different approaches to correct the SOA particle mass from a B-caryophyllene
photooxidation and a limonene ozonolysis experiment. More specifically, we use the size-resolved
mass loss rates retrieved from the characterisation experiments (described in Section 3.5.) as well
as the modelling approach proposed by Verheggen and Mozurkewich (2006). The results are
summarised in Figure 7. It should be noted that our aim here is not to investigate the characteristics
of each method, rather to demonstrate their effect when correcting for particle wall-losses in

atmospheric simulation chambers.

The different approaches clearly result in substantially different wall-loss corrected SOA masses
(Fig. 7). In all cases, the correction using the ammonium sulfate size-resolved wall-loss rates
resulted in greater differences compared to the Verheggen and Mozurkewich (2006) model. These
differences can be, at least partly, attributed to the parameters accounted in each method. The size-

resolved particle correction applies the measured particle decay rates from the characterisation
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experiments to the decay of the particles in the SOA experiments. Effectively, in this method it is
assumed that the losses of the AS particles in the characterisation experiments (from any loss
process) are the same as those formed in the SOA experiments. On the other hand, the Verheggen
and Mozurkewich (2006) model employs inverse modelling to simulate the particle wall losses
based on diffusion and gravitational settling, while the losses due to coagulation are indirectly
inferred and the eddy diffusion and the turbulent kinetic energy are treated as empirical parameters
based on the Crump et al., (1983) model. Therefore, the differences between the two approaches
could be partly attributed to the particle losses due to coagulation that is indirectly accounted in
the Verheggen and Mozurkewich (2006) model opposed to the size-resolved correction.
Alternatively, considering that the seed aerosol generated in our experiments were not neutralised,
the particle decay rates measured in the characterisation experiments account for any potential
influences of the particle charge to the decay rates of the particles, opposed to the Verheggen and
Mozurkewich (2006) model, thereby possibly further contributing to observed discrepancies.
Clearly, treating the particle losses to atmospheric simulation chambers is not a trivial task and

this could have substantial impacts for the reported SOA yields.
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Figure 7: Measured and wall-loss corrected SOA particle mass using two different wall-loss correction approaches for
a B-caryophyllene photooxidation (left panels) and a limonene ozonolysis (right panels) experiment.
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3.6. Chamber wall reactivity

The chamber wall reactivity aims to describe the chamber wall activity such that it can be directly

used as data set in future computer modelling to simulate the chamber experiments. A set of
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experiments were conducted including simulating clean air, dark decay of NO> and Os. Four non-
elementary hypothetical reactions and relevant parameters used in the model are listed in Table 3.

2380  The parameters for the NO2 and O3 formation rate from the Teflon walls were calculated based on
the off-gassing experiments under light irradiation conditions for at least 3 hours reaction. The
initial concentrations of NO and O3 in the chamber were varied from 0 to 8 ppb. The light-induced
formation of NO; and O3 from the chamber walls were 6.95 + 1.26x10s"! and 8.56 + 2.58x107s"
!, respectively.

2385  The decrease of NO> and Os in the gaseous phase under dark conditions for the new chamber bag
had been mentioned in section 3.4. Gas phase molecules can be lost to the boundary layer of the
surface chamber wall by molecular diffusion and macroscopic mixing, while their reactive uptake
by the Teflon film and any deposited material is also possible. Teflon film can act as a reservoir
for organic vapour deposition during chamber experiments that may contribute to O3 loss by

2390 oxidation. Furthermore, the organic compounds deposited can act as absorptive mass, in turn

influencing the mass transfer from the gas phase to the walls (Charan et al., 2019).

Table 3:Chamber wall activity and rates for chamber-dependent reactions. aProduction rate of gaseous species from
wall under light condition (P w, 1). bLoss rate of gaseous species to wall under dark condition (L w,d).

Parameters Gas Species Rate (mean £10) /s Experiment
NO2 (6.95+1.26) x10°° Direct measurement of NO2 wall production
(P w,l)*
(0} (8.56+2.58) x10°° Direct measurement of NO2 wall production
NO2 (9.40 +7.39) x 107 Direct measurement of NO2 wall loss
(L w,d)®
O3 (2.09£0.9) x 10°® Direct measurement of O3 wall loss
2395
2400
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4. a -pinene photooxidation experiment

0.35 a-pinene 309 ppb

a-pinene 155 ppb
0.30 — a-pinene 103 ppb
= two product model, this study
two product model, ozonolysis, no seed, Cocker et al, 2001, Caltech 28 m3
= = two product model, ozonolysis, aqueous AS seed, Cocker et al, 2001, Caltech
= =+ two product model, ozonolysis, no seed,Saathoff et al, 2009, AIDA 84.5 m3

0.25 4

X 0.20
= W No seed, H202, 50% RH, Eddingsaas et al. 2012, Caltech 28 m3
& 0.15 W ASseed, H202, 50% RH, Eddingsaas et al. 2012
- ‘ B Acidic seed, H202, 50% RH, Eddingsaas et al. 2012
r B Noseed, HONO, 50% RH, Eddingsaas et al. 2012
0.10 - AS seed, HONO, 50% RH, Eddingsaas et al. 2012
Acidic seed, HONO, 50% RH, Eddingsaas et al. 2012
0.05 — A AS+ABS seed, VOC/NOx 0.5, 56% RH, Stimweis et al.2017, PSI 27m3
1 A AS+ABS seed, VOC/NOx ~25, 50~67% RH, Stirnweis et al.2017, PSI
P ABS+SA seed, VOC/NOx 0.2~0.8, 66~70% RH, Stirnweis et al.2017, PSI
0'00 I AL | T T L | T T T
567 2 3 4567 2 3 45

10 ,100
AMo [pg/m’]

Figure 8: Yield curves derived from the photooxidation of a-pinene on aqueous AS seed conducted in this study and
literature data (Cocker et al., 2001b, Saathoff et al., 2009, Eddingsaas et al., 2012, Stirnweis et al., 2017). All
experiments are carried out under humid conditions. Lines represent the two-product model fit for yield curves.

To evaluate the chamber facility for the purposes of studying SOA production and transformation,
a-pinene photochemistry experiments were conducted in the MAC. The initial experimental
conditions are shown in Table 4. During the experiments, chemical composition (NHa, SO4, NO3,
OA) in the particle phase and a-pinene in the gas phase were monitored by HR-ToF-AMS and
Semi-continuous GC-MS, respectively. The measured SOA mass by HR-ToF-AMS was corrected
due to the non-unit collection efficiency of the instrument following standard procedures in
previous studies (Jimenez, 2003; Jayne et al., 2000; Allan et al., 2003; Allan et al., 2004) and
chamber wall loss effects (Wang et al., 2018).

To compare with literature data, SOA yield (Y) was used as a proxy to evaluate SOA production
(Grosjean and Seinfeld, 1989), defined as the SOA mass formation (AM,) from the reactive
organic gas (AVOC) consumption as shown in Eq. (2).

)

_ AMo
" Avoc
Here, the SOA mass is wall loss corrected using the size-resolved wall-loss rate of ammonium
sulphate particles from the nearest characterisation experiment as described in Section. 3.5.1.
Odum et al. (1996) incorporated gas/particle partitioning theory (Pankow, 1994b; Pankow, 1994a)

into SOA formation and calculated SOA yield from individual compounds, shown in Eq. (3).
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Y =2,Y =Con2i (ﬂ) 3)

1+Kp,iCOA

Here, Yi represents the yield of compound i. a; is a stoichiometric factor representing the ratio of
the molecular weight of product i to the parent VOC. K,,; and Coa are the partitioning coefficient
of product i and the total absorbing organic mass (the same as AM, herein). Furthermore, Odum
et al. (1996) successfully used a two-product model parameterising SOA yield and AM, as shown
in Eq. (4). The a1, a1, K1, Kp2 can be fitted upon yield curves.

AM aiKy i aiKp i aiKp i
V=Y = 51 = Con T )Y = Cou (s S0 ()

Avoc 1+Kp iCoa 1+Kp iCoa 1+Kp iCoa

The yield curves as a function of AM, for the three a-pinene experiments in this study and the
comparison with literature data (Saathoff et al., 2009; Cocker et al., 2001b; Eddingsaas et al., 2012;
Stirnweis et al., 2017) are shown in Figure 8 (all yield curves are wall loss corrected). As expected
from the absorptive partitioning, it can be seen that the SOA yield increased consistently with an
increase of absorptive organic mass for the three a-pinene experiments in this study. Our results
are qualitatively and quantitatively comparable with a-pinene photochemistry experiments under
different oxidant conditions and seed initialisations in other chambers, such as with HONO &
H>0, as oxidant and no seed & AS seed & acidic seed in Caltech chamber (Eddingsaas et al., 2012)
and with VOC/NOx ratio in the range of 0.2 to 25 and AS/Ammonium bisulphate (ABS) seed in
PSI chamber (Stirnweis et al., 2017). Additionally, we use the two-product model to fit the yield
curve of three a-pinene experiments in this study and the fitted a1, a1, Kp,1, Kp2 are 0.03, 0.34,
3.14e+006, and 0.02, respectively, as shown in Fig. 8 (black solid line). The fitted yield curve for
a-pinene photochemistry with aqueous AS seed in this study is comparable to the a-pinene
ozonolysis without seed (Stirnweis et al., 2017; Cocker et al., 2001b), but much higher than the

ozonolysis with aqueous seed (Cocker et al., 2001b).
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Table 4:Summary of initial conditions for a-pinene photochemistry experiments

Exp. Date vocC [VOClo VOC/N T RH f:)SncSeed
) (e] 0 .
type (ppbV) (o} (°C) (%) gy

28-Mar- -

2019 pinene 309 7.7 26.7 50.5 60.7

6-Jul-2019 * 155 6.0 25.9 53.1 61.3
pinene

13-Jul-2019 & 103 5.7 27.2 54.5 55.4
pinene

*measured NR-PM mass concentration by HR-ToF-AMS with corrected collection efficiency (30
mins average before lights on).

5. Effects of contamination on chamber performance

It has been shown that organic vapours can condense on the Teflon chamber walls in a similar
manner to the losses of particles (Matsunaga and Ziemann, 2010; Zhang et al., 2014; Krechmer et
al., 2020). The deposition of those compounds on the chamber walls can be reversible (Matsunaga
and Ziemann, 2010) or quasi-irreversible (Ye et al., 2016) and proportional to each compound’s
volatility and chemical characteristics. Similarly, other atmospheric gases, such as HONO, have
been also found to condense on chamber walls (Rohrer et al., 2005). The uptake of semi-volatile
vapours from the chamber walls has been proven to substantially affect the oxidative chemistry
and thereby the reported SOA formation potential (Zhang et al., 2014; Rohrer et al., 2005). It is
therefore likely that both gaseous and particle deposition can lead to a build-up of contamination
on chamber walls with time (Huang et al., 2018). It is not guaranteed that any cleaning procedures
are completely effective, and it is important to consider the experimental history of a chamber
when interpreting experimental behaviour (and particularly when comparing experiments
conducted in different periods). To assess the effect of contamination from such sources on the
chamber performance, we conducted the same characterisation experiments as those described in
Sections 3.3-3.5, in an extensively used Teflon bag, after a series of experiments with high

concentrations of particles and gases derived from diesel engines.
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The photolysis rate of NO; (i.e., j]NO.) derived from photostationary state calculations was found
to be lower in the extensively used bag compared to a newly installed bag (1.83 + 0.47 x 1073 vs.
2.25+0.40 x 107 57!, respectively). This coincided with a substantial increase in the wall loss rate
of NO; and O3 that was observed in the extensively used compared to the newly installed (7.95 +
6.90 x 10° s71vs 0.93 £0.76 x 10 57! for the NO> and 2.23 £ 1.83 x 107 s vs. 0.20 +0.08 x 10-
> 571 for the O3, respectively). At the same time, the wall production (i.e., off-gassing) of the same
gases was decreased (0.12 vs. 0.19 + 0.04 x 10”7 s”! for the NO> and 0.20 vs. 0.244+0.07 x 10”7 s7!
for the O3). Unfortunately, spectral radiometry data are not available for the extensively used bag,
which could help to identify whether the reduction in the jNOx is attributed to the transparency of
the walls over usage of the bag or the changes in the production and loss of gases from and to the
chamber walls. In the absence of such information, we can only speculate that the changes in the
JNO:z over the bag history could be attributable to the differences in the wall loss rates of these

gases.

In addition to the changes in the decay rates of gases, similar changes were observed in the wall
losses of particles. Fig. 6 shows the measured size-dependent particle decay rates (s!) in
characterisation experiments conducted at different conditions of the bag. More specifically,
characterisation experiments conducted in an extensively used bag after a campaign using diesel
engine fumes, in a used bag after a campaign on SOA formation and in a new bag are shown.
Clearly, the size-dependent losses of the particles can be substantially affected by the condition
and the usage of the bag. Wang et al., (2018) reported significant changes in the wall-loss rates of
particles after major maintenance activities in the area where the chamber was suspended and
attributed those differences to the electrostatic forces caused by friction. In our setup, the chamber
is enclosed in a housing and the operators have little to no contact with its walls, so it may be
unlikely this to be the main cause for the changes in the particle wall-losses over the bag usage
history. Considering that the correction of the SOA mass and particle yield calculations are
strongly dependent on the measured particle loss rates in characterisation experiments, at least for
MAC, it is recommended to conduct more frequent particle and gas loss characterisation

experiments to enable more reliable corrections.
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6. Discussion and conclusions

In this work, the MAC facility was for the frist time, comprehensively described and characterised.
MAC is a batch reactor and showed good temperature and relative homogeneity, parameters that
can influence the SOA formation and partitioning(Cocker et al., 2001b; Saathoff et al., 2009;
Stirnweis et al., 2017). Although our reported experiments in this study were performed only under
certain conditions, the results shown demonstrate that MAC can provide controlled temperature
and relative humidity conditions, which are important for any systematic chamber study. MAC
however is limited to a RH range of 25-80% and temperature of 15-35 °C, owing to the heat
generated by the lamps and the capacity of the AC unit.

Due to its explicit setup, the generated light spectrum mimics well the ambient solar radiation
spectrum, comparable to that in Manchester, yet having lower total actinic flux by a factor of ~3.5.
Furthermore, fast mixing times are effected by the injection of the reactants at high flow rates,
while the air circulation around the chamber housing continuously agitates the chamber walls

resulting in sufficient mixing of its components during the experiments but enhances wall losses.

The bespoke control system of the MAC allows the generation of automated procedures that can
improve the duty cycle and enhance the comparability across experiments. Moreover, due to its
design, gases and particles generated via a number of sources can be introduced to the chamber
and studied in detail. In addition, its unique capability of transferring the whole contents of MAC

to MICC provides the grounds for aerosol-cloud interaction studies (e.g., Frey et al., 2018).

Different wall loss rates of NO, were observed between MAC and other chambers, as shown in
Section 3.4. Possibly, the wall loss rates of gaseous compounds are affected by experimental
conditions (such as temperature and RH), mixing, and chamber sizes (Metzger et al., 2008; Wang
et al., 2011). Importantly, we showed that the usage history can influence the wall loss of gases
with a higher wall loss rate of NO2 and O3, which may result in the lower jNO> in an extensively

used bag, as showing in Section 5. Higher particle decay rates were also observed in an extensively
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used bag after “dirty” experiments compared to newly installed bag. It is more likely that the
contaminated chamber walls may provide additional sinks to absorb more particles and gases
irreversibly. Additionally, the various methods for the particle wall-loss correction led to different
wall-loss corrected SOA masses, which in turn can have substantial implications for the derived
SOA yields (Odum et al., 1996; Wang et al., 2018; Hoffmann et al., 1997), as shown in Section
3.5.1. This illustrates that using different approaches or experimental dataset to conduct such
corrections may result in bias in the SOA yields (Cocker et al., 2001b; Saathoff et al., 2009;
Stirnweis et al., 2017).

Our measured SOA yield curve from the photo-oxidation of a-pinene in the presence of seed
particles, appeared to be comparable with other studies that conducted ozonolysis experiments in
the absence of seed particles(Cocker et al., 2001a; Stirnweis et al., 2017), but much higher than
the ozonolysis with aqueous seed (Cocker et al., 2001b), as showing in Fig. 8. However, it should
be considered that the comparison of yield curves between different laboratories and facilities is
quite complicated as there are many factors (seed/no seed, oxidants, relative humidity, VOC/NOx
ratios, wall loss correction methods and etc,) that will affect the yields curves. Also, the
characterization parameters of a chamber (e.g., gases and particles wall-loss rates) may also play
an important role in the SOA formation as shown in Section 3.5.1. and discussed further above.
Furthermore, the loss of condensable vapours to the chamber walls can result in a lower SOA

formation even for high seed concentration conditions (Zhang et al., 2014).

Based on our results, regular characterisation experiments are recommended in order to track
chamber’s performance while accounting for any potential changes to the interpretation of the
results. Considering that the atmospheric simulation chambers are composed by various materials
and they come in different designs, sizes and shapes, in turn affecting their performance and
behaviour, the comparability of their results should be a crucial priority of the scientific community.
The results presented here highlight the need in developing a set of simple, standardised
experiments and/or procedures that can be used from chambers across the globe in an effort to

elucidate the characteristics of each facility and the interpretation of their results.
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Abstract. A comprehensive investigation of the photochemical secondary organic aerosol (SOA)
formation and transformation in mixtures of anthropogenic (o-cresol) and biogenic (a-pinene and
isoprene) volatile organic compound (VOC) precursors in the presence of NOx and inorganic seed
particles was conducted. Initial iso-reactivity was used to enable direct comparison across systems,
adjusting the initial reactivity of the systems towards the assumed dominant oxidant (OH).

Comparing experiments conducted in single precursor systems at various initial reactivity levels
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(referenced to a nominal base case VOC reactivity) and their binary and ternary mixtures, we show
that the molecular interactions from the mixing of the precursors can be investigated and discuss
limitations in their interpretation. The observed average SOA yields in descending order were
found for the a-pinene (32+7%), a-pinene/o-cresol (28+9%), a-pinene at '4 initial reactivity
(21£5%), a-pinene/isoprene (16£1%), a-pinene at 3 initial reactivity (15+4%), o-cresol (13+£3%)),
a-pinene/o-cresol/isoprene (11+4%), o-cresol at ' initial reactivity (11£3%), o-cresol/isoprene
(6+2%) and isoprene systems (0+0%). We find a clear suppression of the SOA yield from a-pinene
when it is mixed with isoprene, whilst the addition of isoprene to o-cresol may enhance the
mixture’s SOA formation potential, however, the difference was too small to be unequivocal. The
a-pinene/o-cresol system yield appeared to be increased compared to that calculated based on the
additivity, whilst in the a-pinene/o-cresol/isoprene system the measured and predicted yield were
comparable. However, in mixtures where more than one precursor contributes to the SOA mass it
is unclear whether changes in the SOA formation potential are attributable to physical or chemical
interactions, since the reference basis for the comparison is complex. Online and offline chemical
composition and SOA particle volatility, water uptake and “phase” behaviour measurements that

were used to interpret the SOA formation and behaviour are introduced and detailed elsewhere.

1. Introduction

The fine fraction of particulate matter (PM) plays the dominant role in the impact of air pollution
on human health and of aerosol on climate through direct radiative effects and cloud adjustments.
Ambient PM2.5s was the fifth-ranking global mortality risk factor in 2015, with exposure to it
causing 4.2 million deaths and 103.1 million disability-adjusted life-years (DALYSs), 7.6% of total
global deaths and 4.2% of global DALY (Cohen et al., 2017). Moreover, fine PM is responsible
for the aerosol effects that make the single greatest contributory uncertainty to radiative forcing

(IPCC, 2013).

Organic material makes a major contribution to the mass of fine PM in the atmosphere (Jimenez
et al., 2009) and secondary organic aerosol (SOA) is the major contributor (Hallquist et al., 2009).
Nonetheless, our ability to predict the atmospheric burden and hence impacts of fine secondary
aerosol particles (Kanakidou et al., 2005; Tsigaridis and Kanakidou, 2018) has been limited by

basic understanding of the formation of this organic component (Hallquist et al., 2009).
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Photochemistry dictates the levels of NO2, O3 and the SOA fraction of PM. Whilst it is relatively
straightforward to understand and control primary pollutants, these secondary pollutants make a
substantial contribution to air quality degradation that are set to become increasingly important as
primary pollutants are cleaned up. However, understanding the rate and extent of SOA formation
in the real atmosphere presents a number of challenges. There are tens of thousands of isolated
organic compounds in the atmosphere, ranging across more than 12 orders of magnitude in
volatility (Goldstein and Galbally, 2007) with possible oxidation products running to many
millions (Aumont et al., 2005). They have extensive biogenic and anthropogenic sources and are
spatially heterogeneous. Their reactivity ranges over many orders of magnitude and their lifetimes
at ambient oxidant levels consequently range from less than a second to several years. An unknown
but substantial proportion of the organic compounds have the potential to act as SOA precursors

and the degree to which this is influenced by the complex atmospheric mixture is unclear.

It has long been established that prediction of the formation of secondary gaseous pollutants in the
troposphere requires knowledge of the nature of the mixture of volatile organic compounds (VOC),
their abundance and the chemical regime (e.g. VOC : NOy ratio) and airmass history. In contrast,
the formation of SOA in the real atmosphere is conventionally considered less mechanistically.
Against the backdrop of the near unimaginable complexity of the atmospheric mixture of SOA
precursors, the basis for our understanding of SOA formation has been primarily derived from
experimental investigations of single component systems (Thornton et al., 2020; Donahue et al.,
2012; Jenkin et al., 2012). A wealth of literature derived from chamber experiments on biogenic
(Thornton et al., 2020; Carlton et al., 2009) and anthropogenic (Schwantes et al., 2017; Nakao et
al., 2012) precursors under a range of chemical environments combined with fundamental kinetic
studies (Ziemann and Atkinson, 2012; Cash et al., 2016) has enabled numerous representations of
atmospheric SOA at varying levels of detail (Shrivastava et al., 2017; Charan et al., 2019). There
have additionally been studies of SOA formation in source-oriented mixtures from diesel
(Weitkamp et al., 2007; Nakao et al., 2011) and gasoline (Nordin et al., 2013; Platt et al., 2013)
exhaust, woodburning (Tiitta et al., 2016), cooking (Reyes-Villegas et al., 2018; Kaltsonoudis et
al., 2017) and from macroalgal (McFiggans et al., 2004) and plant (Joutsensaari et al., 2005;
VanReken et al., 2006; Pinto et al., 2007; Mentel et al., 2009; Hao et al., 2009; Wyche et al., 2014)
emissions. Building on a well-established framework first suggested by Pankow (1994) to account

for absorptive partitioning of mixtures of organic components in the atmosphere, attempts have
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been made to provide empirically constrained and mechanistically augmented conceptual
frameworks of organic aerosol (Donahue et al., 2006; Donahue et al., 2011; Schervish and
Donahue, 2020), but there is currently no universally accepted mechanistic basis for SOA

understanding in the complex atmosphere.

Evidence suggests that it is necessary to take a more mechanistic approach in order to capture
observed behaviour of SOA formation in mixtures. It was established that the scavenging of the
OH radical by addition of isoprene significantly inhibits new particle formation in plant chamber
studies (Kiendler-Scharr et al., 2009), though the atmospheric implication was questioned by
Berndt et al. (2018) since OH will likely not be controlled by isoprene. More recent studies have
indicated that the mass and yield of SOA formed from individual precursors may similarly be
influenced by the presence of other VOC (McFiggans et al., 2019). In addition to the observed
suppression of particle mass and yield from a-pinene being attributed to the established scavenging
of oxidant by the lower SOA yield isoprene, it was found that the Cs peroxy radical isoprene
oxidation products scavenged highly oxygenated Cio peroxy radicals that would otherwise form
extremely low volatility condensable compounds. This had also been reported by Berndt et al.
(2018) who demonstrated a similar scavenging of Cio radical products in the presence of ethylene.
McFiggans et al. (2019) further reported such product scavenging and consequent reduction in a-
pinene SOA yield by CO and CHs. Such interactions should be no surprise, given our
understanding of peroxy radical cross reactions and termination fates in controlling production of
secondary gaseous pollutants. Moreover, the existence of such interactions in mixtures is
somewhat obvious in the light of the understanding that has emerged over recent years (e.g.,
Bianchi et al., 2019) of the roles of atmospheric autoxidation of VOC producing highly oxygenated
organic molecules (HOM). Following the early postulations of the role of autoxidation in
atmospheric VOC degradation (Crounse et al., 2013), the importance of HOM in SOA formation
has been widely established and quantified in monoterpene oxidation (Ehn et al., 2012; Ehn et al.,
2014; Jokinen et al., 2015; Berndt et al., 2016; Berndt et al., 2018; Bianchi et al., 2019). The
termination of the RO; formed via autoxidation (“HOM-RO”) will depend on the chemical
conditions (the abundance of NOx, HO; and the numerous other RO» species present in the mixture)
as well as the formation rate of the HOM-RO». Schervish and Donahue (2020) provide a discussion
of the determinants of the fate of HOM-RO> and potential consequences on the distribution of low,

extremely low and ultra-low volatility organic compound (LVOC, ELVOC and ULVOC
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respectively) products and hence on SOA formation in a-pinene oxidation. Autoxidation is
widespread and common and, in atmospheric systems, is unlikely to be restricted to monoterpenes
(though unsaturated compounds may be expected to be more susceptible). Indeed, the application
of recently developed mass spectrometric techniques has revealed the presence of HOM in the
oxidation of aromatic compounds (Wang et al., 2017; Wang et al., 2020; Molteni et al., 2018;
Tsiligiannis et al., 2019; Garmash et al., 2020; Mehra et al., 2020; Priestley et al., 2021). The
degree to which the HOM distribution results from direct autoxidation or from multigenerational
pathways is unclear, though the prevalence of HOM-RO; during aromatic oxidation is clear. The
attention on aromatic compounds has been driven by their relevance as anthropogenic VOC
emissions, making significant manmade contributions to the VOC burden in the polluted
troposphere. Given the prevalence and diversity of autoxidation mechanisms, it is probable that
HOM would be detected on the application of modern mass spectrometry to the investigation of
many classes of atmospheric VOC. The recent focus on interactions via autoxidation in mixtures
has added to more well-established mechanistic linkages in the oxidation of VOCs for
understanding gas phase photochemistry. The implications on production of aerosol particle
precursors are less well studied. Since the fractional contribution of HOM to particle mass is
unclear, the role of autoxidation and influences of interactions on the HOM contributions to SOA
mass formation in mixtures is unquantified. It is therefore important to additionally maintain a

focus on influences of the non-HOM components on SOA formation in oxidation of VOC mixtures.

Given the potential diversity in VOC sources contributing to the pollutant mixture in the ambient
atmosphere, it is important to establish the experimental basis for an understanding of SOA
formation beyond the recently studied “simple” biogenic mixed systems (Berndt et al., 2018;
McFiggans et al., 2019; Shilling et al., 2019). The importance of establishing a framework to
understand interactions in systems of mixed anthropogenic and biogenic VOC stretches well
beyond speculative curiosity. Such a framework may be a key to explaining observed non-
linearities when natural and manmade pollution mixes (Spracklen et al., 2011; Emanuelsson et al.,
2013). Using such considerations as motivation, a series of experiments was conceived to explore
SOA formation from typical biogenic and anthropogenic VOC precursors and their binary and
ternary mixtures. The binary a-pinene/isoprene system reported elsewhere was used as a biogenic
mixture with established mechanistic interactions in its photo-oxidation. o-cresol was chosen as a

representative anthropogenic VOC, being both emitted as a primary pollutant and formed through
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oxidation of other aromatic compounds. The construction of the study is detailed in the
methodology section below. The experiments were conducted in the 18m?® Manchester Aerosol
Chamber (MAC), a photochemical chamber operating in batch mode. The design of experiments
on mixed VOCs is complex and requires consideration of aspects not encountered in single VOC
experiments. This paper explores many of these elements and associated challenges with a view
to inform best practice in their planning and executions. The objectives were broad and diverse

and aimed to:

1) establish the suitability of the experimental design for investigating SOA formation in VOC

mixtures;

i) establish the suitability of conventionally reported metrics such as SOA mass yield for

quantifying SOA formation in VOC mixtures;

ii1) using these metrics, quantify any interactions in VOC mixtures leading to changes in the SOA

formation from that may be expected based on single precursor experiments;

iv) using a suite of online and offline measurements of chemical and physical properties, to probe
the chemistry and physics leading to these interactions and the properties of particles resulting

from them, of potential atmospheric significance.

This paper will address the first three of these and provide an introduction to the findings related
to the fourth, which will be detailed in a number of companion manuscripts. It is envisaged that
the programme will act as a springboard to investigate the detailed mechanisms of interactions in

mixtures of VOC involved in ambient SOA formation.

Importantly, this paper aims to explore whether SOA experiments using multiple VOC precursors
can reveal aspects of the multiphase atmospheric systems inaccessible to experiments using a

single precursor species.

2. Experimental design

The mixture of atmospheric VOCs and variability in prevailing oxidising environment is so
complex that the choice of precursors, concentrations and experimental conditions makes a

comprehensive programme intractable. Besides challenges associated with representativeness of
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atmospheric complexity and concentrations in the multiphase system, numerous infrastructural
considerations and measurement challenges must be considered. There are additional conflicts in
the requirements needed to fully address specific objectives of the study. In this section, these
criteria and the bounds placed on the study are addressed and the approaches to experimental
design in response to these restrictions and requirements are discussed along with the choices made.
Finally, the capabilities and likely consequences and compromises inherent in these choices are

listed, before outlining the methodology employed.

2.1. VOC mixture and oxidant “representativeness”

Of the tens of thousands (or perhaps millions) of atmospheric organic compounds present in the
vapour phase, only a handful have been studied in previous chamber SOA experiments and fewer
in mixtures. The selection of compounds for the study of mixed SOA precursors is simultaneously
simple and complex; simple, insofar as study of a random mixture will yield novel results, but
complex, in that care is required to maximise their importance. Disregarding chlorine atoms and
the Criegee radicals as “exotic”, the dominant oxidants at night are the nitrate radical (NOs3) and
ozone and during the day, the hydroxyl radical (OH) and ozone. Whilst arguments (such as likely
/ possible dominance of daytime oxidising capacity and pathways to SOA over night-time) can be
used to select the oxidant combination of interest, this is fairly arbitrary and open, and we have

selected daytime oxidation conditions for the present study.

Similarly arbitrary is the selection of NOx regime. Whilst VOC:NOx ratio dependence of SOA
formation from some precursors has been well studied (e.g. Pullinen et al. 2020), this is not the
case for mixtures of VOC. It is established for certain systems that SOA formation pathways in
low and high NOx regimes change dramatically and consequently influence SOA particle mass
yield (e.g. Sarrafzadeh et al. 2016). Challenges associated with the comparability of experimental
configurations and conditions lead to apparently conflicting findings and controversies remain
surrounding the influence of NOx on SOA formation, requiring unambiguous mechanistic
resolution. Truly low NOx regimes probably do not occur widely in the ambient atmosphere, at
least not in the perturbed northern hemisphere. Moreover, in light of selection (see below) of an
anthropogenic SOA precursor in the mixture, it would be unreasonable to expect there to be a

complete absence of NOx. For reasons outlined below (sections 2.4 and 2.5) related to the chosen
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concentrations and contributions to reactivity, this study uses moderate VOC:NOx ratios (between

roughly 3 and 8) broadly corresponding to a perturbed background chemical regime.

The reactivity of gaseous VOCs towards ambient oxidants spans several orders of magnitude and
the ratio of reactivity towards each oxidant varies substantially. In particular, reactivity towards
ozone will be negligible for saturated VOCs but can lead to lifetimes of a few minutes for reactive
sesquiterpenes. In order for each VOC in a mixture to contribute significantly to the distribution
of oxidation products in a chamber experiment and thereby influence the pathways to, and potential
for, SOA formation, it is desirable for them to have comparable reactivity towards the available
oxidants. In such a mixture, similar concentrations of each VOC might be reasonably expected to
provide a comparable rate of change of oxidation products into the mix and hence contribute to

SOA production pathways. Our approach to this is outlined in section 2.4.

As with reactivity, the SOA particle formation potential of VOCs can vary widely, from
unmeasurably low to having particle mass yields of several tens of percent. Intuitively, the
presence of a higher yield VOC might be expected to contribute more mass than a lower yield
VOC and consequently increase the yield of the mixture. What is less clear is the degree to which
a lower yield component might reduce the yields of a higher yield VOC and vice versa —i.e. how
strongly is the chemistry coupled and how do such interactions influence SOA particle formation?
More fundamentally, the reference for and calculation of yields in VOC mixtures is a challenge

depending on the often arbitrary selected definition (see results and discussion sections 4 and 5).

A final consideration is the sort of atmosphere that the experiment aims to represent. McFiggans
et al (2019), in their choice of a-pinene and isoprene, have looked at binary mixtures of abundant
biogenically-emitted VOCs (as did Jaoui and Kamens, 2003, previously, in looking at mixtures of
a- and B-pinene). Much of the global atmosphere is perturbed by anthropogenic pollutants and
contributions from natural and manmade sources at any location or time will depend upon the
mixture and strength of, and distance from, upwind sources (amongst a multitude of other factors).
This study builds on previous insight from the binary mixture of low and high yield biogenic SOA
precursors to add a moderate yield anthropogenic VOC. Studies could equally be focused on a
range of high, low or moderate SOA yield manmade VOCs or numerous other combinations.

Indeed, such extension and broadening of the current approach will be of substantial interest.
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2.2. Infrastructural and instrumentational considerations

This study employs a mixture of VOCs as SOA precursors — i.e. compounds almost entirely in the
vapour phase under normal temperate surface atmospheric conditions. This straightforwardly takes
advantage of the heated glass bulb arrangement in the MAC for the injection of small amounts of
liquid organic components and enables comparability with other studies using conventional SOA
precursors. Future work could readily use materials from solid stock for studies of “unconventional”
SOA precursors that have had much recent attention, such as those falling into the intermediate

volatility (IVOC) and semi-volatile (SVOC) classes.

All experiments employed ammonium sulphate seed particles. This was primarily to enable greater
reproducibility by providing sufficient particulate mass to act as a condensation sink for
partitioning compounds, suppressing nucleation and its attendant stochastic elements. In chamber
experiments, there is a competition for condensable vapours between the walls and any existing
particles such that seeded experiments enable earlier formation of SOA particle mass. Moreover,
detection of this particle mass, and determination of their composition and properties is more
straightforward with instruments that require particles to be greater than a certain size. Whilst we
previously pioneered the technique of generation of SOA particle seeds for use in chamber
experiments (Hamilton et al., 2011), use of ammonium sulphate avoids the additional complication
of the chemistry by residual VOC oxidation products. Ammonium sulphate is nebulised into a
stainless-steel retaining drum prior to entrainment into the final fill cycle for the experiment (see
methods section 3, below). It is recognised that inorganic seeds may not present the most effective
absorptive medium for condensational uptake of organic vapours, but the seed generation process
is highly reproducible and an implicit assumption of the likelihood of comparable efficiency as an
absorptive medium across the systems of choice is made. Acidic seeds are not accessible in the
MAC, because uptake of background ambient NH3 leads to neutralisation of H" at any reasonable

seed mass loading.

Instrumental detection limits and sampling requirements dictate the accessible range of
concentrations for the experiments (see table 2). State-of-the-science sampling and measurement
techniques are employed throughout. Many are capable of very high precision and time resolution
measurement at low concentrations. Some are capable of single particle detection or particle

ensemble measurement by number concentration. Most of the approaches employ online, or semi-
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continuous, operation and low concentrations could be readily accommodated by increasing
instrument integration times. Filters are collected for molecular determination of SOA particle
composition by the evacuation of the entire chamber through pre-fired quartz filters (section 3).
Collection of sufficient mass provides a lower limit to the mass concentration loadings and dictates
moderately high injected VOC concentration (dependent on the particle mass yield of the mixture).

The consequences of higher-than-ambient VOC and PM mass loadings are discussed in section 5.

Very low NOx studies are not accessible in the MAC, owing to variable and sometimes elevated
NOx concentrations in our chamber laboratory in the centre of Manchester. Such conditions limit
the ability of our Purafil scrubber to completely remove NOx at our high inlet flow and may
potentially lead to the increase in NOx by diffusion through the Teflon film. Such effects would be
non-negligible when attempting sub-ppbv NOy experiments but present modest challenges at
higher NOx conditions, unnoticeable under the chosen VOC concentrations and moderate

VOC:NOx ratios of the current programme.

The chemical conditions in all experiments were controlled by photo-oxidation under a simulated
solar spectrum at moderate VOC:NOx ratio, with NOx injected as NO:. In all experiments, neutral
ammonium sulphate was injected to provide a condensation sink sufficiently large to compete
effectively with the wall for condensable vapours. Table 1 shows the initial conditions of all

experiments.

2.3. Ideal, desirable and realistic objectives

It is not the intention to quantitatively establish the extent and nature of interactions between VOC
precursors in the photochemical processes leading to SOA particle formation in ambient mixtures
and the consequent impacts on SOA composition and properties in the real atmosphere. The VOC
mixtures and set of experimental conditions is a small sample across a large chemical and physical
space. The current programme aims to reveal examples of the behaviours in mixed systems and
provide indicative quantifications of potential interactions and consequences. A focus is placed on
the physical properties and chemical composition of the evolving particle distribution throughout

the photochemistry driving its formation and transformation. Less emphasis is placed on the
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quantification of the radical chemistry and oxidative environment although some characterisation
of the transformations of the oxidation products in the gas phase and their influence on the particle
formation is attempted. The experimental design and instrumentational payload are used so far as

possible to contribute to addressing the objectives outlined in section 1.

3350  Table 1: List of initial experimental conditions for all the experiments in the campaign.

Exp. Exp. VOC NOx vOC VOC/NOx  Seed SOA mass
No  Type (ppb) _ (ppb)* (ppb/ppb)  (ngm™) (ugm?)
Single
1 a-pinene 40 309 7.7 72.6 273.2
2 a-pinene 43 309 7.2 67.6 283.1
3 o-pinene 50 309 6.2 39.4 -
4 o-pinene 26 155 6.0 45.7 68.6
5 o-pinene 35 155 4.4 47.8 109.5
6 o-pinene 18 103 5.7 51.0 31.5
7 o-cresol 98 400 4.1 50.8 28.2
8 o-cresol 44 400 9.1 47.8 56.0
9 o-cresol 71 400 5.6 36.0 -
10 o-cresol 40 200 5.0 51.3 22.8
11 isoprene 24 164 6.8 64.1 0.0
12 isoprene 23 164 7.1 101.9 0.0
13 isoprene 14 55 3.9 42.2 0.0
Binary
14 o-cresol/isoprene 34 282 (200/82) 8.3 49.6 11.2
15 o-cresol/isoprene - 282 (200/82) - 57.0 9.4
16 a-pinene/o-cresol 52 355 (155/200) 6.8 48.3 122.3
17 a-pinene/o-cresol 65 355 (155/200) 5.5 72.9 -
18 a-pinene/o-cresol - 355 (155/200) - 42.5 130.1
19 a-pinene/isoprene 33 237 (155/82) 7.2 63.7 96.6
20 a-pinene/isoprene 39 237 (155/82) 6.1 62.0 100.9
21 a-pinene/isoprene 24 237 (155/82) 9.9 50.5 75.2
Ternary
22 a-pinene/o-cresol/isoprene 80 291 (103/133/55) 3.6 45.6 55.5
23 a-pinene/o-cresol/isoprene 60 291 (103/133/55) 4.9 49.0 514
24 a-pinene/o-cresol/isoprene 78 291 (103/133/55) 3.7 45.8 58.0

2All nominal reported initial VOC concentrations have a + 15% measurement uncertainty. The
individual VOC concentration in the binary and ternary mixtures shown in brackets correspond to
the precursor VOC listing. A dash indicates missing data owing to instrument problems.

3355 2.4. Concept behind the experimental design
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Taking into account the constraints and challenges outlined above, the programme was constructed
to investigate a single ternary system comprising one anthropogenic and two biogenic VOCs. The
biogenic VOCs were chosen as a-pinene and isoprene to enable comparison of batch reactor
experiments with previous flowtube (Berndt et al., 2018), well-mixed continuously stirred tank
reactor (McFiggans et al., 2019) or flow-through chamber studies (Shilling et al., 2019). The
anthropogenic aromatic OVOC o-cresol was chosen for its fairly rapid rate constant with OH (4.1
x 10! em®molec!s™), such that it would exhibit comparable reactivity towards OH as a similar
concentration of a-pinene or isoprene. A concept of “initial isoreactivity” towards OH was
employed to select ratios of the initial concentrations of the VOCs. This meant that the initial
mixing ratios were injected at an a-pinene : isoprene : o-cresol ratio of 309 : 164 : 400 based on
the ratios of the inverse of their IUPAC-recommended rate constants at 298K (Atkinson et al.,
2006; Mellouki et al., 2021). In order to construct a systematic investigation of the single precursor,
binary and ternary mixtures, individual VOC experiments were conducted at full-, half- and third-
reactivity for comparison of SOA particle mass, composition and properties. Using previously
reported values for the SOA particle mass yields, it was expected that an initial full-reactivity
mixing ratio in the 100s ppbv range would provide the 10 to a few 100 pgm™ required to provide
enough particle mass on the filter at the end of an experiment (at a final chamber volume of around

10 m?) for molecular characterisation.

2.5. Compromises in the experimental plan and consequences

OH is only one of the likely oxidants under the chosen photo-oxidation conditions, and the
unsaturated biogenic compounds will each react with ozone with appreciable reactivity. o-cresol
exhibits negligible reactivity towards ozone. Ozone is the first oxidant to be formed through
photolysis of NO, and there will be appreciable formation of biogenic oxidation products prior to

formation of those from o-cresol (see section 4).

In addition to the differential reactivity towards the two dominant oxidants, there will be
differences in the product formation rates in the single VOC experiments with varying
concentrations owing to the use of a single VOC:NOx ratio. This will result from the reduced NOx

at reduced VOC, which will lead to reduced OH concentration owing to reduction in the NO +
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HO; flux. Though there will also be a reduced rate of production of ozone in these experiments,
non-linearity will lead to changes in the O3: OH ratio and hence changes in the contributions of
the oxidation pathways for the biogenic VOCs. There may be less expected influence on the

pathways for o-cresol oxidation, though the rate of oxidation will nevertheless be slowed.

Ambient atmospheric OH reactivity can be estimated from the quantification of VOC abundance
or from direct measurements of OH lifetime. Using the latter, Whalley et al. (2016) reported central
London diurnal average morning peaks of around 27 s™! and a campaign maximum of around 116
s'l. Our full reactivity experiments have an OH reactivity around 465 s°!, some 4 times higher with
only one, two or three VOCs for single precursor, binary or ternary experiments respectively. It
would be desirable to work with lower concentrations. In addition to challenges associated with
maintaining oxidant levels at such high VOC concentrations, there is likelihood that the chemical
regime, particularly with respect to radical concentrations may introduce biases in observed system
behaviour. In our systems, OH reactivity is provided by Cs, C7 and Cio VOC compounds (in
addition to that provided by NO; and VOC oxidation products formed by the oxidation). This will
lead to a high abundance of relatively large peroxy-radical, RO>, species. OH reactivity in the
ambient atmosphere is likely to be distributed amongst a high diversity of small (including CO and
CHa) and larger components (including carbonyls and other oxygenates). The distribution of RO»
and the ratio of RO> : HO> may be substantially different. Nonetheless, it is not the intention or
objective of the current study to mimic the atmospheric chemical regime, more to explore the

potential for mixed VOC systems to reveal interactions in SOA formation processes.

A further consideration is the selection of neutral seed experiments. The systems studied will more
reflect direct partitioning of gaseous oxidation products rather than accounting for products of
condensed phase, particularly acid catalysed, reactions. Again, the intention is not to
comprehensively mimic the atmosphere and this is recognised in the interpretation and discussed

in further detail in section 5.

3. Methodology

All experiments were performed in the MAC; a 18m? FEP Teflon bag mounted on three pairs of

rectangular extruded aluminium frames and housed in an air-conditioned enclosure. In the MAC,
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ground-level solar illumination is simulated using two 6 kW Xenon arc lamps and a bank of
halogen lamps, mounted on the inner aluminium wall of the enclosure which is lined with reflective
“space blanket” material to maximise and homogenise the light intensity across the chamber.
Removal of unwanted heat from the lamps is provided by the temperature and RH conditioned air
introduced between the bag and the enclosure at 3 m® s’ and active water cooling of the mounting
bars of the halogen lamps and of the filter in front of the arc lamps. In addition to removing the
heat from the arc lamp, the water in the filters removes unwanted IR radiation and the 4mm quartz
plates forming the filter windows remove all UV radiation below 290 nm and increasingly transmit
light up to a 100% transmission above 305 nm. The inlet comprises a high flowrate blower, feeding
dried laboratory air through 50 mm diameter stainless steel pipework to a series of high-capacity
filters and variously via a series of two- and three-way electropneumatic valves to a humidifier,
ozoniser and aerosol generation drum before delivering it to the chamber through a Teflon
manifold. This is mounted on the top frame of the central rigidly fixed pair of frames. The upper
and lower pairs of frames are counter-weighted and free to track vertically, allowing the bag to

expand and collapse as it is filled and flushed, by switching the valve positioning.

All controls are automated, and a series of pre- and post-experimental procedures have been
programmed, comprising repeatable, characterised sequences of filling and flushing. The pre-
experiment sequence is conducted prior to each experiment to ensure an adequately low
background of indicative particulate and gaseous contaminants, monitored by CPC, NOx and O3
analysers. A one-hour long chamber background characterisation procedure, following the pre-
experiment sequence, is conducted to ensure that a baseline contamination level has been
established. This is followed by injection of the VOCs, NOy and seed particles and a one-hour
collection of data from the experimental background in the dark, during which the chamber
conditions and all instrumentation are stabilised. A post-experiment sequence is conducted after
each experiment to flush the chamber of all residual contaminants and leave a clean bag for the
next experiment. The final fill of the post-experiment sequence contains ppm levels of ozone which
is used to soak the chamber overnight between subsequent experiments. A weekly vigorous clean
is conducted with full illumination with no UV filter on the arc lamps and ppm levels of ozone at

high RH for maximum OH production.
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Ammonium sulphate seed particles are atomised into a 50L stainless steel drum for pre-
concentration prior to injection into the chamber. The seed concentration in the chamber is
controlled by altering the injection time into the drum and the concentration of the stock solution
(0.01 g/ml). After the final pre-experiment flush cycle, the fill flow is diverted through the drum.
Liquid a-pinene, isoprene and o-cresol are injected as required through the septum of a heated
glass bulb and evaporated into an N> carrier flow into this final fill along with NOx as NO; from a
cylinder, also carried by N>. Photochemistry is initiated by irradiating the VOC at moderate VOC
/ NOx ratio using the lamps as described above. Online instrumentation is used to continuously
monitor the concentration of NOy, O3, particle number and mass throughout each experiment. It
should be noted that o-cresol was found to interfere with O3 measurement as a result of its UV
absorption. The decay of CIMS-measured o-cresol was used to correct the O3 data in all o-cresol
containing experiments. The dark o-cresol measured before introduction of O3 into the MAC was
used to calibrate the O3 analyser signal for absorption by o-cresol. The decay rate of the CIMS o-
cresol signal was used to correct the O3 measurements during the experiment. It should be noted
that any UV absorption from the oxidation products of o-cresol cannot be captured and Os is thus

reported as an upper limit in o-cresol containing systems.

Table 2: List of instrumentation employed over the course of the study
Measured

Instrument Model LOD/ range
parameter
) Edgetech (DM- ) o
Dew point hygrometer C1-DS2-MH-13) Dew point -20-90+0.2°C
NOx analyser Thermo 42i NO, NO2 0.5 to 1000 ppb
O3 analyser Thermo 49C O3 0-0.05 to 200
ppm
Water.based
condensation particle TSI 3786 Particle number <107 p/cc
counter
lef.erent}al mobility Custom.built? Particle size 40-600 nm
particle sizer
Filter collector Custom_built® Particle  collection
for offline analysis
Condensation particle TSI 3776 Particle number <107 p/cc
counter
Scanning mobility 1.g1 3081 Particle size 10-1000 nm
particle sizer
High-resolution aerosol Aerodyne PM| non.refractory >0.05 pg m->

mass spectrometer particle composition
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Todide chemical
1onisation mass
spectrometer

Filter Inlet for Gases and
AEROsols

Semi-continuous gas-
chromatograph mass
spectrometer

Liquid chromatograph —

orbitrap mass
spectrometery
Hygroscopicity tandem
differential mobility
analyser

Cloud condensation
nuclei counter

Thermal denuder

Three arm  bounce
impactor

Aerodyne/Tofware

Aerodyne/Tofware

6850 and 5975C

Agilent

Dionex
Orbitrap
QExactive,
ThermoFisher
Scientific

Custom.built®

Droplet
measurement

Tech (model CCN-

100)

Custom.builtd

Custom.built®

3000,

Oxygenated VOC

Particle composition

VOC concentration

Particle composition

Hygroscopicity

CCN activity

Volatility

Particle bounce

LOD >60 ppt;
Mass
resolution 4000
Th/Th

>10? ng

>0.4 ppb

20-350 nm

>6 X
10° particles cm®
3 at SS:0.2%

Temperature
range: ambient —
200°C

20-500 nm, < 10*
particles cm?

aAlfarra et al. (2012)
®Hamilton et al. (2011)
°Good et al. (2010)
4Voliotis et al. (2021a)
“Liu et al. (2017)
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A high-resolution time-of-flight Aerosol Mass Spectrometer (HR-ToF-AMS; Aerodyne Inc.) is
used to measure particle composition by mass, a Filter Inlet for Gases and Aerosols coupled to an
iodide chemical ionisation mass spectrometer (FIGAERO-I-CIMS; Aerodyne Inc.) for gas and
particle phase oxygenated component measurement, a scanning mobility particle sizer (SMPS; TSI
Inc.) for particle size distribution retrieval, a home-built hygroscopicity tandem differential
mobility analyser (HTDMA) for hygroscopic growth factor determination, a cloud condensation
nucleus counter (CCNc; DMT Inc.) for cloud droplet potential evaluation and a home-built three
arm bounce impactor for particle rebound determination. Some of the online instrumentation was

switched after several hours to cycle between sampling after a home-built thermodenuder (TD)
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and directly from the chamber. Finally, a semi-continuous 2-trap Gas Chromatograph with Mass
Spectrometric detection (GC-MS; Agilent) was used to monitor VOC concentrations. Table 2
provides a list of all instrumentation employed throughout the programme. At the end of each 6-
hour experiment, the entire remaining contents of the bag are flushed through a Whatman Quartz
microfibre filter (pre-fired at 550°C for 5.5 hours) to collect the particles. The filters were then

wrapped in foil and stored at -18°C prior to analysis by LC-electrospray Orbitrap MS.

Actinometry and off-gassing experiments were conducted regularly through the programme in
order to establish the consistency of the chamber’s performance, evaluate the effectiveness of the
cleaning procedure and confirm cleanliness of the chamber. Background filters were collected

from the actinometry and off-gassing experiments.

4. Results

Photolysis of NO> under the simulated solar irradiation in the MAC forms O3 and they rapidly
move towards photostationary state with NO. The O3 is photolysed at wavelengths below 310 nm
to yield OC*P) and O('D), the latter reacting with available water vapour to form the hydroxyl
radical, OH. The O3 will attack the double bond in unsaturated compounds such as a-pinene and
isoprene, initiating oxidation and yielding secondary OH. The OH will attack all VOCs in the
system, either by hydrogen abstraction or OH-addition. Owing to the isoreactivity concept
employed in the experiments, the initial VOC destruction rate, and first-generation oxidation
product production rate, at a given OH concentration will be the same, enabling the opportunity to
explore interactions in the mixed systems. However, owing to the indirect method used to produce
OH (and hence its production and loss rate and steady-state concentration) the loss rate of each
VOC will be different, dependent on the differential reactivity of the VOC towards Os, and
turnover of products from each will depend on this loss rate and the reactivity of their oxidation
products to the prevailing oxidants. A currently unquantified contribution to the OH concentration
will likely be contributed by the release from the walls of HONO, as has been seen in previous
studies in Teflon reactors (Rohrer et al., 2005). This is under investigation and will influence the

photochemical environment in the MAC, but does not directly change the results reported here.
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To provide the photochemical context for example systems, Figure 1 shows time series of NOa,
NO and O3 from experiments in the following 4 systems: a-pinene, isoprene, a-pinene/isoprene
and o-cresol. Note that, in the presence of o-cresol, O3 measurement by UV absorption was
influenced by UV absorption by o-cresol and Figure 1(d) is corrected as explained in the methods

section. Figure S1 shows the NO2, NO and O3 for all systems, similarly corrected for o-cresol

containing systems.

.

— —_ —~ 40
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Figure 1: NO2, NO and Os time series in example single and mixed VOC experiments (a) a-pinene, (b) isoprene, (c)

a-pinene/isoprene, (d) o-cresol.

O3 will move towards photo-stationary state (PSS) with NO and NO; according to reactions R1,
R2 and R3:

NO; +hv — NO + OCP) (@ 2 <424 nm) (R1)
O(CP) + Oz (+ M)— O3 (+ M) (R2)
NO + 03 - NO2 + Oz (R3)

Some insight into the trajectory towards PSS across the systems can be gained by inspection of
Supplementary Figure S2, which provides a comparative summary of the Leighton Ratio (Leighton
1961) for all systems and the O3 calculated assuming PSS, i.e. Leighton Ratio of 1, shown for the

o-cresol containing systems. The Leighton Ratio is given by

@ = jno2 [NO2]/ko3 o[ O3][NO] (h

In the polluted high-NOx atmosphere, PSS universally applies and ¢ is unity. In moderately
polluted conditions, radical reactions are increasingly important in conversion of NO to NO> and

typically ¢ >1. This is because HO2 and RO, will compete with the O; reaction for NO (R3)

according to reactions (R4 and R5):

HO, + NO — NO, + OH (R4)
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RO, + NO — NO, + RO (R5)

where RO; arise from biogenic VOC or o-cresol. Note that, in the ambient atmosphere, RO> can
stem from a very wide pool of VOCs. Further deviation from PSS and consequent increase in ¢
will occur when O3 loss processes other than R3 become important. These can include reactions
of O3 with NOz, alkenes and radicals. In our chamber systems, the O3 reactions with a-pinene and
isoprene and radical reactions with NO, are competitive and provide substantial deviation from
PSS. The NOx and O3 trajectories in the various systems can be seen to vary substantially.
Nevertheless, in all systems, illumination of the chamber leads to the expected onset of significant

photochemistry to initiate the VOC photo-oxidation.

a-pinene o-cresol isoprene
1 @ 1 4 ® § 1 ©
= ~
508 08f 0.8
b_)
g 06 06f 06
2
E 04r 0.4} 0.4 -
B —single single single
Z4o —— /w o-cresol —— /W a-pinene 02 ——I/w a-pinene
" |—/w isoprene 02 Iw isoprene = Iw o-cresol
——ternary ——ternary ——ternary
0 0
0 1 2 3 4 5 6 0 1 2 3 4 5 6 0 1 2 3 4 5 6

Time after lights on (h)

Figure 2: Decay rates of each VOC across all mixtures; a) a-pinene, b) isoprene and c) o-cresol. All lines (and shaded
areas) containing blue correspond to experiments including a-pinene, containing red to those including o-cresol and
yellow to isoprene. For example, purple lines correspond to an a-pinene /o-cresol binary mixture and brown to the
ternary mixture. The shaded areas represent 1 standard deviation around the solid line mean value of all experiments.

From Figure 2, it can be seen that the rate of decay is not the same in each experiment, despite the
attempt at initial isoreactivity, as explained in section 2.5. Oxidation products from each VOC will
nevertheless be present in appreciable quantities in each experiment, satisfying the objectives of

the design to enable exploration of interactions of oxidation products in SOA particle formation.

Figure 3 shows the time series of SOA particle mass in all experiments (with shading representing
+ 1o of the measurement across all experiments) in all precursor systems studied. It can be seen
that the greatest SOA mass was generated in a-pinene containing systems, which is unsurprising,
given the known efficiency with which it forms particle mass. It was found that o-cresol and o-

cresol containing mixtures were the next most efficient at producing particle mass. This might be

122



3560

3565

3570

3575

expected with its reported moderate SOA particle producing potential. Negligible SOA particles
were formed in all single VOC isoprene experiments. Only when isoprene was in a mixture was
any mass formed and, in all cases, this was lower than the mass formed from the other VOC alone.
Again, this is not too surprising, given the low or negligible particle mass yield reported for
isoprene on neutral particle seeds. As seen in Figure 2, not all VOC was consumed in all
experiments and it can be seen that the particle mass may not have fully peaked in all o-cresol and
o-cresol / isoprene experiments. Nevertheless, the mass peak was observed in most experiments
before they were completed, and the chamber contents flushed through the filter for compositional
analysis. Panel b) in Figure 3 shows the SOA particle mass corrected for the losses of particles to
the chamber walls. This was conducted by calculating the exponential decay of particles of each
size from a targeted ammonium sulphate wall loss correction experiment performed close to the

experiment of interest. Details of the wall loss correction can be found in Shao et al. (2021a).

e cr-pinENE (A1)
= = =a-pinene (1/2)
~== a-pinene (1/3)
scrasol 4 )
- - ~ocresol 4/2)

- b —— a-pinene/isoprens
( ) a=pinens/oCresd
OCresdlsoprene

— RINEN2 OCresDlZ0prens

SOA partick mass (g m’ l]

Time after lights on (h)

Figure 3: SOA particle mass (mean + 16 as shaded areas) in each system, a) raw measurements and b) particle wall-
loss corrected mass. Note that this is organic mass determined from AMS measurements and so does not include the
ammonium sulphate seed particles. The same colour scheme is used as in Figure 2.

Figure S3 shows the total particle wall loss corrected particle component mass ratios in each
system indicating the inorganic and organic component evolution as measured by AMS. As shown

in panel a), the mass ratio of organic to inorganic seed follows the production of SOA particle
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mass and the loss of total particle mass to the walls. In the wall loss correction, the size-resolved
loss of multi-component organic-inorganic aerosol particles is assumed to be the same as that for
size-resolved ammonium sulphate seeds loss rate measured in dedicated experiments (see
methodology). The decrease in SO4>/ NOs” shown in panel b) follows the wall loss of total particle
mass (and hence SO4%) and simultaneous oxidation of NO> by OH to form HNO; (and hence
particulate NOs’). NH4" was found to be in ion balance with the sum of NO3/SO4* in all

experiments.

Particle mass yield is a widely used metric that aims to represent the effectiveness of a VOC in
forming SOA particle mass. In single precursor systems it is relatively straightforward the particle
mass formed per unit of VOC consumed:

_ A[S0A4]
T A[voc]

)

Frequently the yield is reported as a single number and this may be taken from measurements at
maximum SOA particle mass formed in the experiment, at the maximum VOC consumed, or
perhaps more arbitrarily, at the end of an experiment. Such approaches may be reasonably applied
for comparisons between precursors in identical oxidation conditions in the same chamber. Owing
to significant particle losses to chamber walls, it can be seen from Figure 3 that it is important to
correct the particle mass formed in the yield calculations for such losses. It is noted that the yields
need to be corrected for VOC or OVOC product losses to the walls, too as discussed in section 5.
Table 3 shows the calculated yields for all individual VOC and mixture experiments. The first 9
rows show the yields for single VOC experiments. Following the particle mass plots shown in
Figure 3, it is clear that the efficiency in forming particle mass is in the order a-pinene > o-cresol >
isoprene, with no mass yield observed in isoprene oxidation though appreciable isoprene
consumption was observed as shown in Figure 2. For a-pinene and o-cresol it can be seen that the
yield increased with increasing initial concentration. The o-cresol and o-cresol / isoprene
experiments were not continued to the point of maximum mass formation (as shown in Figure 3)
and so the maximum VOC consumption and mass formation both correspond to the end of the
experiments in these systems. Figure 4 shows the yield plotted against SOA particle mass for a-
pinene and o-cresol for all individual VOC experiments, indicating that the yield increases

monotonically with particle mass within propagated experimental uncertainties. Such behaviour is
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expected and is consistent with absorptive partitioning considerations. Note that organic mass
formation in the “full reactivity” (i.e. 309 ppb a-pinene) experiment is so rapid that VOC data are
only available for yield calculation beyond 100 pg m=. Supplementary Figure S4 alternatively
shows the SOA particle mass yield plotted against the total particle mass in the chamber, including
the ammonium sulphate seed particles that provide a condensation sink for the condensable

vapours produced by VOC oxidation.
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Figure 4: SOA particle mass yield as a function of mass formed in the single precursor a-pinene and o-cresol
experiments at all initial concentrations. Error bars represent the propagated uncertainties in all measurements and in
the particle wall loss corrections applied.

Since there is no SOA particle mass formed from isoprene, Table 3 additionally presents yield data
omitting the consumption of isoprene in the denominator of equation 2, accordingly increasing the
yield. Figure 5 shows the yield curves for typical experiments in all systems. The yield curves
allow comparison between the systems, both including and excluding isoprene in the denominator
of equation 2. The two-product model (Odum et al., 1996) was used to fit the yield curves for a-
pinene and o-cresol. These are included to guide the eye. Here, the two-product model
parameterised the relation of overall SOA yield and the adsorptive mass assuming only two
products to exist in the system. The equation of the two-product model is shown in eq.3. a, K, and
Coa represent the stoichiometric factor, the partitioning coefficient of product and the total

absorbing organic mass, respectively. The a1, a2, Kp,1, Kp2 can be fitted from the yield curves.
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Table 3: Measured and particle wall-loss corrected SOA particle mass yields for all systems calculated at maximum

3630  particle mass and maximum VOC consumed. For mixtures containing isoprene, which had zero yield on the neutral
seeds injected, the yields were calculated excluding the consumption of isoprene in the system allowing them to be
referenced to the mixtures without isoprene. Yield was calculated with the density of organic matter of 1.4ug m™. The
maximum mass used in the yield at maximum mass calculation is given in Table 1. The uncertainties in SOA particle
mass yield was calculated by propagating the + 1[] uncertainties of measured ASOA and AVOC.

o Yield at max. Yield at max. Yield at max. Yield at max. VOC
Reactivity mass (Isoprene consumed (Isoprene
mass VOC consumed
excluded) excluded)

Full 0.32+0.08 0.27 +£0.06
a-pinene 1/2 0.21 +0.05 0.17 £ 0.04

1/3 0.16 £ 0.04 0.13+£0.03

Full 0 0
isoprene 1/2 - -

1/3 0 0

Full 0.13+0.03 0.13+0.03
o-cresol 1/2 0.11+0.03 0.11+0.03

1/3 - -
a-pinene/isoprene Full 0.16 £0.05 0.13£0.04 0.19+£0.05 0.16 £0.04
a-pinene/o-cresol Full 0.29 +£0.09 0.22+0.07
o-cresol/isoprene Full 0.06 £0.02 0.06 £0.02 0.08 £0.02 0.07£0.02
a-pinene/o-cresol/isoprene | Full 0.11£0.04 0.08 £0.03 0.12+0.04 0.08 £0.03

3635
In addition to the measured points, Figure 5 shows “predicted” yields for the mixtures, based on
the organic mass at the same VOC consumption measured in the single VOC experiments and
additively combining them according to:

. K K
Yield = Cy, ( el g _Seopa ) 3)

1+Kp1Coa 1+Kp2C04a
3640 and

; Amavocit Amayocz tAmayocs

Yield = 4
pred. AvocitAvocztAvocs “)

The parameters for the two-product fit from the single VOC half- and third-reactivity experiments
were used to generate a yield-mass-AVOC look-up-table. This was then used to calculate the
particle mass formed from each precursor at the consumption of the VOC at each point in the

3645  binary and ternary systems.

126



3650

3655

3660

SOA particle yield

SOA particle yield

0.4 (a) + a-pinene (full reactivity)
X a-pinene (1/2 & 1/3 reactivity)
+ o-cresol (full reactivity) Xy
X o-cresol (1/2 reactivity) +
0.3 X a-pinene & o-cresol meas. x .
® a-pinene & o-creso pred X + ’?
- ==« Two-product fit: a-pinene X xx& N
= ==« Two-product fit: o-cresol +
0.2- g2
'y P
s J ® K
Fd ° +
0.1 X -Kx o
ety X
_______ X x._’x,x,x N ++
L. X x ++
XX + 4+
+ 0+ +
0.0+ —  —ry ——
2 3 456 2 3 456 2 3 4
10 100
) 3
SOA particle mass (ug/m’)
0.4 (C) + o-cresol (full reactivity)
X o-cresol (1/2 reactivity)
o-cresol & isoprene meas. dVOC(total)
o-cresol & isoprene meas. dVOC(exclude isoprene)
0.3 o-cresol & isoprene pred. dVOC(total)
o-cresol & isoprene pred. dVOC(exclude isoprene)
- === Two-product fit: o-cresol
0.2
0”
0.1 = x.!- + +
b8 X ++
" +
o G x5 E5* + ¢
+ +
+ +
o0t * S—
2 3 4 5678 2 3 4 5678
10 100
3
SOA particle mass (ug/m’)

SOA particle yield

SOA particle yield

0.4 (b) +

0.3

0.2

0.1

0.0 -

OOMMM

FEYs A

a-pinene (full reactivity)

a-pinene (1/2 & 1/3 reactivity)

a-pinene & isoprene meas. dVOC (total)

a-pinene & isoprene meas. dVOC (exclude¥soprene)

a-pinene & isoprene pred. dVOC (total) N
a-pinene & isoprene pred. dVOC (g isop?eﬂg

== Two-product fit: a-pinene X Xy :

6
10 100

3

SOA particle mass (ug/m’)

0.4 (d)

0.3

0.2+

0.1

0.0 -

+ a-pinene (full reactivity)

X a-pinene (1/2 & 1/3 reactivity)

+ o-cresol (full reactivity)

X o-cresol (1/2 reactivity) +

X ternary meas. dVOC (total) .

X ternary meas. dVOC (exclude isogrene) + 0?
® ternary pred. dVOC (total) x X.: ¢ +
O ternary pred. dVOC (exclude js6prene) +
- Two-product fit: a-pinetg,-”

127

10 100
. 3
SOA particle mass (ug/m’)

Figure 5: Yield data for selected representative experiments in all systems (with 2-product yield curves for a-pinene
and o-cresol single VOC experiments). Panel a) shows the binary a-pinene / o-cresol mixture and its constituents, b)
the binary a-pinene / isoprene mixture, c) the o-cresol / isoprene mixture (expanded y-axis plot shown in Figure S5)
and d) the ternary a-pinene / o-cresol / isoprene mixture. Yields “predicted” from the linear combination of yields
from the individual VOC experiments using equation 4 are shown for each mixture.

Using this look-up table, the predicted yield from the binary a-pinene / o-cresol mixture photo-
oxidation is below that measured in the a-pinene / o-cresol mixture experiment and slightly higher
than that in the individual o-cresol experiment at 50% reactivity. Indeed, the yield measured in the
mixture is comparable to that of a-pinene at one half and one third reference reactivity. For the
isoprene-containing binary mixtures, clearly the predicted yield excluding isoprene in the
denominator is identical to that of the 2-product curve fitted to the single VOC experiment derived
yield of other components in the mixtures. In the a-pinene / isoprene system, the predicted yield

accounting for the consumption of both a-pinene and isoprene is higher than that measured but, as
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shown in Tables 3 and 4, comparable to the measured yield referenced only to the consumption of
o-pinene. In the o-cresol / isoprene system, the predicted yield accounting for the consumption of
both o-cresol and isoprene is lower than that measured (at higher mass loadings), there is little
difference within uncertainty at a lower mass. The predicted yield accounting for the consumption
of o-cresol alone is lower than that measured when referenced to the same total VOC consumption,
but comparable to the measured yield referenced to the consumption of both o-cresol and isoprene.
Finally, in the ternary system, the predicted yield excluding isoprene consumption is similarly (and
obviously) higher than that including its consumption, but both predictions are between the yields
of single a-pinene and o-cresol experiment measurements. The measured yields accounting for
only a-pinene and o-cresol consumption in the ternary mixture are also similarly (and obviously)
higher than that including isoprene consumption. There is insufficient difference between the
measurements or the predictions to state whether inclusion or exclusion of isoprene consumption
gives a much better agreement, though there is an indication that the predicted yields show a
steeper gradient with SOA particle mass than the measured slope, which more closely follows that
of the o-cresol than that of a-pinene. Table 4 distils the predictions based on the yield from single
VOC experimental data at the same consumption as in the mixtures into single values predicted at
maximum SOA particle mass, maximum VOC consumption, both with and without isoprene decay

in the calculation.

To explore the likely fate of the parent VOCs in the MAC, we used the measured O3 concentrations
and VOC decay rates and exploited the differential reactivities of the VOCs to investigate the
decay attributable to each oxidant and also overcome measurement difficulties encountered in the
experiments. For example, knowing that o-cresol has a negligible rate of reaction with O3, we are
able to calculate the OH concentration from the o-cresol decay curve. This can then be used to
attribute the fraction of the decay of isoprene and a-pinene to OH and O3 in their binary mixtures
with o-cresol. This is important, since the measurement of Oz by UV absorption in the presence of
o-cresol is challenging and requires correction for the additional absorption by o-cresol. In systems
without o-cresol, the decremental decay attributable to O3 can be constructed for a-pinene and
isoprene using the O3z measurements and (reaction rates of 9.6 and 1.28 x 107 cm*molecules™ s,
respectively; Cox et al., 2020), by comparing with the actual a-pinene and isoprene, the residual
decay can be attributed to OH. An example of this oxidant reconciliation is shown in Figure 6 for

the binary a-pinene / isoprene system.
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3695  Table 4 SOA predicted yield for the 4 mixtures at maximum SOA particle mass produced and maximum VOC
consumed. The uncertainties in SOA particle mass yield was calculated by propagating the + 18 uncertainties of
predicted ASOA and measured AVOC.

Predicted Yield at:
Max. SOA Max. voOC Max — SOA Max.  VOC
. . particle mass consumption
particle mass  consumption . .
excl. isoprene excl. isoprene
a-pinene/isoprene 0.19+0.08 0.15+0.06 0.21£0.08 0.17+0.06
a-pinene/o-cresol 0.17+0.07 0.14+0.05 0.17+0.07 0.14+0.05
isoprene/o-cresol 0.10£0.04 0.09+0.04 0.11£0.04 0.11£0.04
a-pinene/isoprene/o-cresol 0.13£0.06 0.11£0.05 0.14+0.05 0.12+0.05

3700
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Figure 6: Measured ( £15% error) and reconstructed (a) isoprene and (b) a-pinene decay in a a-pinene & isoprene
binary experiment. Initially, in each case the decay of the VOC due to ozone was predicted based on the O3
concentration, the reaction rate of each VOC toward Os and the initial VOC concentration. Subsequently, the OH
concentration from each VOC was estimated from the difference in the VOC decay attributed to Os, and the measured
VOC decay. Finally, the OH concentration from each precursor was used to reconstruct the decay of the other (i.e.
OH from isoprene was used to reconstruct the decay of a-pinene and vice versa.

In the example shown in Figure 6, it can be seen that roughly twice as much loss of a-pinene can
be attributed to O3 as to OH and roughly 4 times as much isoprene loss attributed to OH as to Os.
The inability to control isoreactivity towards all oxidants through controlling the initial VOC
concentrations will influence prediction of SOA particle mass yields owing to the differences in
tendency to condense of oxidation products from different oxidants. These aspects are discussed

1n section 5.
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Differences in the SOA particle oxgenation trajectory between the systems are illustrated in Figure
7 by the percentages of the AMS total signal at m/z=44 (fa4) and 43 (fi3) respectively to represent

3720 more and less oxygenated contribution to the SOA particle mass.
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Figure 7: Aerosol Mass Spectrometer time series of fa4 and f13 in all systems.

With some simplification m/z=44 is the CO," fragment thought to be formed by decarboxylation
3725  on the AMS vapouriser and m/z=43 corresponds to the presence of less oxidised components like
carbonyls (though with a small contribution from unoxidised alkyl fragment ions that was not
substracted). The full reactivity single VOC a-pinene experiment has the lowest f14 and highest f13
of all systems. Systems that do not contain a-pinene can be seen to comprise a persistently higher
f44 and lower fi3 than all a-pinene containing systems. This is attributable to a higher contribution
3730  of the mass from products of a-pinene with a lower degree of oxygenation, when it is present in

the mixture. However, there is a substantial difference in the fractional contributions of the
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fragments with concentration in the single VOC a-pinene experiments, with higher fi4 in the lower
concentration experiments forming lower mass. This may be partly explained in terms of
absorptive partitioning, with lower absorptive mass enabling condensation of only the lower
volatility (and more oxidised and higher fi4 products). However, such effects would likely be small
since the mass reduction is not large. Moreover, the difference between fi4 at full and half reactivity
might be expected to be smaller than that between half and third reactivity since the mass
difference is smaller between the former pair of experiments. However, the reverse is true. The
high fi1 generated in the o-cresol systems and persisting through to high masses later in the
experiments is notable and suggests that a high degree of oxygenation is required to enable
partitioning of these compounds to the particles (Emanuelsson et al., 2013) . Compared with the
lower degree of oxygenation required in the a-pinene systems, it may indicate the requirement for
molecules derived from the smaller C7 precursor to be more oxygenated than those from its Cio
counterpart. The attribution of the m/z=44 fragment to di- and polycarboxylic acids is interesting
in this context, given the high fractional signal contribution of C;H7NO4 isomers from CIMS and
UPLC-Orbitrap MS, see text below and Figure 10. This chemical behaviour has been re-expressed
in Figure S6 following the approach first described in Ng et al. (2010). It can be seen that the
systems all fall to the right of the delineated triangular area bracketing ambient atmospheric
behaviour — a finding frequently observed in many chamber systems (see e.g. Figure 4 in Alfarra
et al., 2013). A more thorough analysis of the composition from analysis of the high resolution

AMS data is the subject of a separate manuscript (Shao et al., 2021a, in prep.).

A further illustration of the differences in the chemical trajectories can be provided by the time
series of gaseous and particulate components derived from the FIGAERO-I'-CIMS instrument.
Figure 8 illustrates the changes in particulate mass spectra of single a-pinene and o-cresol
experiments and their mixture. These mass spectra have been normalised to the same reagent ion
concentration. There is a clear increasing signal in the m/z range from 200 to 600 (I- adducts) after
5.5-hour reactions in single and mixture systems corresponding to the increase in detected
particulate products with the increase in SOA particle mass with time. Additionally, some unique
peaks (e.g., m/z 358, 403, 419, 439, etc) are only detected in the mixture mass spectra. Peak
assignment of these mass spectra has been used to attribute signal to the molecular formulae and
hence to broad chemical groupings in all single VOC and mixed systems. A full analysis and

discussion can be found in Du et al., 2021 (in prep).
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Figure 8: FIGAERO-CIMS Mass spectra taken in the single precursor a-pinene (al and a2), o-cresol (bl and b2) and
mixed a-pinene / o-cresol system (cl and c2) at 0.5 hour (al, bl and cl) and 5.5 hours (a2,b2 and c2) after the onset
of photochemistry in the MAC.

Owing to its separation and accurate mass resolution, the LC-Orbitrap MS analysis of extracts of
particles from the filters collected at the end of the experiments provide molecular information to
gain insight into interactions in the mixed systems. Figure 9 illustrates the ability to attribute signal
in the filter extracts of particles in the ternary o-cresol / a-pinene / isoprene mixture to the
individual parent VOC (by matching the attributed formulae to those identified in the individual
precursor experiments) and thereby identify molecules found only in the mixture with their
associated fractional signal contribution. This is shown for molecules detected in negative, panel
a), and positive ionisation mode, c). These “unique-to-mixture” components have been split by
contribution to the signal by carbon number in panels b) and d) for negative ion and positive ion
mode respectively. These analyses are presented and expanded upon for all mixtures in Shao et al.,
2021b (in prep.). Clearly a substantial fraction of the unique-to-mixture signal is found at carbon
number greater than any precursor VOC (in -ve ionisation mode 57% of the signal in 48 individual

peaks with nC > 10 and in +ve mode 60% in 115). Whether such components result from gaseous
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or condensed phase reactions is not accessible from these measurements, but they clearly result
from interactions in the mixture.
a) b)
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Figure 9: Molecular resolved compounds in the particle phase for the ternary o-cresol / a-pinene / isoprene mixture
obtained using UPLC-Obitrap MS of filter extracts: a) fraction of signal in negative mode, b) fraction of signal by
carbon number in the unique-to-mixture compounds, c) fraction of signal in positive mode, d) fraction of signal by
carbon number in the unique-to-mixture compounds

Panel a) in Figure 10 expands on the molecular attribution by LC-Orbitrap MS to demonstrate the
ability to separate isomeric contributions to the signal normalised to the total detected signal in
single precursor and mixed systems. The example shown is for C;H7NO4 (methyl-nitrocatechol
and its isomers) in o-cresol containing systems. It can be seen that the isomer at an LC retention
time of 9 minutes dominates the signal in all systems, whilst the isomer at retention time of
6.Iminutes displays negligible signal fractions in all systems. In contrast, the I'-CIMS is incapable
of separating structural isomers. Panel b) shows the time series of the total signal at m/z=296
(normalised to the total attributed signal) corresponding to the combined signal from all C7H7NO4

isomers in the same systems.
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Figure 10: a) changes in the isomeric fractions of C7H7NOa across o-cresol containing systems from LC-Orbitrap MS
analysis of the filter extracts collected at the end of each experiment; b) time series of particulate C7H7NO4 from
FIGAERO-CIMS

The attribution of elemental composition in the high resolution FIGAERO-CIMS analysis enables
a comprehensive mapping of the particulate oxygen to carbon ratio (O:C) as a function of carbon
number, as shown in Figure 11 for each system. It can be seen that the majority of signal in the o-
cresol single system comprises compounds at the same carbon number, C5, as the parent and, on
average, with slightly higher O:C ratios than Cio, products dominating the a-pinene single VOC
system. A significant fraction of the signal in all a-pinene containing systems is found at carbon
numbers corresponding to the “dimer” range and these are all found predominantly in the particle
phase (showing a low volatility). Interestingly, these low volatility products are absent in the
mixtures containing a-pinene and o-cresol, suggesting a potential increase of the overall volatility.
At the same time, a range of new products appear in mixtures (e.g. a-pinene / o-cresol, o-cresol /
isoprene) with higher carbon numbers (nC=11-16), lower O:C (0:C<0.5) and varying volatility
(log10C™=1-3 ), indicating that the molecular interactions influences the overall SOA particle
volatility. A more complete discussion of the chemical composition variation across the mixtures

in the gas and particle phases can be found in Du et al. (2021, in prep.) and Voliotis et al. (2021b,
in prep.).
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Figure 11: Oxygen to carbon ratio (O:C) vs carbon number (nC) of all the products identified by the FIGAERO-I-
CIMS in the particle phase at the end of each experiment in characteristic experiments in each system. Dots are sized
based on the square root of the contribution of each product to the total signal and coloured according to their effective
saturation concentration (C*). The C* was calculated using the gas to particle ratio of each ion and absorptive
partitioning calculations.

The calculation of the C” of all identified formulae by performing partitioning calculations using
the gas to particle ratio of the ions (Voliotis et al., 2021a) can be used to assemble the volatility
distribution of the products, as shown for the single VOC:s, their binary and ternary mixtures in
Figure 12. It can be seen that the volatility distributions of particles in the mixture experiments can
be similar (a-pinene / isoprene) or quite different (o-cresol/isoprene) to those in the experiments
using the single precursor. These observations suggest that the effect of mixing precursors can
have a varying effect on the resultant particle volatility. A full discussion of the chemical

composition and its influence on volatility in all systems can be found in Voliotis et al. (2021b, in

prep.)
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Figure 12: Volatility distributions expressed as effective saturation concentration (C*) in the volatility basis set
framework of all the products identified by the FIGAERO-CIMS as a function of the total particle phase signal in
example experiments in all systems. The C* was calculated using the gas to particle ratio of each ion and absorptive
partitioning calculations.

The differences in evolution of the SOA particle components and the total mass formed directly
influences the particle properties as expected. Since the particles are grown on inorganic seeds, the
physical properties in all systems are initially dominated by the inorganic components as shown
in Figure 13. This shows the relationship between the multicomponent particle composition, the
hygroscopic growth factor and the rebound fraction of particles (indicative of their phase state) as
the SOA to inorganic mass fraction of the particles develops in 3 example systems (o-cresol /
isoprene, o-cresol and a-pinene). The hygroscopicity much more rapidly decreases in systems
where organic material is more rapidly formed and the transition to a higher fraction of particles
rebounding on a filter at high RH is similarly more rapid. It is clear that the rate of change of
organic to inorganic ratio plays a controlling role in physical behaviour of the particles. The
evolution of both these properties across all systems is discussed in detail in Wang et al. (2021a,

b).
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Figure 13: top row: AMS chemical composition showing rate of production of SOA and hence rate of increase in
organic to inorganic ratio moving from left to right (from o-cresol / isoprene to o-cresol to a-pinene); middle row: the
corresponding increasingly rapid transition to increased Bounce Fraction (BF) at higher RH; bottom row: the
corresponding increasingly rapid reduction in the hygroscopicity parameter, k.

5. Discussion

5.1. Experimental conditions and photochemistry

The control of photochemical conditions in VOC mixtures is challenging. The chemical space is
multidimensional and non-linear, and it is unclear how best to define the regime for direct
comparison across systems. The approach taken in the current study, to start with concentrations
of each VOC isoreactive towards a single oxidant cannot account for the differential reactivity
towards the two oxidants, O3z and OH, present in the system. This is particularly true when the
production of oxidants is tightly coupled to the VOC oxidation itself and secondary oxidant
production can be at a comparable level to primary production. The combination of oxidants can
lead to significantly different VOC decay and hence turnover of oxidants and products. This is an
unavoidable feature of VOC mixtures that will occur in the real atmosphere and such differences

need to be carefully considered in the interpretation of the results.
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It can be seen from Figures 1 and S1 that the time profiles of NOx and O; vary substantially across
the single precursor experiments and the mixtures. This is a characteristic of the method of
initiating photochemistry in our experiments, through photolysis of a VOC / NOx mixture in the
initial absence of O3. Within the same single VOC systems, the O3 concentration temporal profile
can vary with VOC concentration at the similar VOC/NOx values. It is particularly notable in the
a-pinene experiments owing to its reactivity towards Os. As expected, there is a more ozone
production in some systems (notably those containing isoprene). The Leighton ratios shown in
Figure S2 indicate wide variation in the deviation from PSS across the systems, with the high
concentration single VOC o-cresol experiments and the a-pinene / o-cresol and a-pinene / isoprene
binary mixtures showing the greatest +ve deviation (i.e. greatest ability for RO> and HO: to
compete with O3 for NO), whereas the single VOC isoprene and a-pinene, binary isoprene / o-

cresol and ternary systems all move towards low ¢ -values.

It was shown in Figure 2 that the turnover of each VOC was different, likely resulting from the
differential reactivity of each VOC towards the different oxidants present in the systems at any
one time. However, it can be seen that the turnover of each individual VOC was comparable across
each system (with the notable exceptions of decreased a-pinene turnover in its binary mixture with
o-cresol and slightly increased o-cresol turnover in the ternary mixture). This may be 1)
coincidental, ii) indicative that the oxidant regimes remain comparable between experiments or iii)
indicative that the turnover is relatively insensitive to the change in oxidant regimes between the
mixtures in our experiments. Figure 1 and S1 show the differences in O3 across systems, so the
differences in oxidants are likely to be non-negligible (option ii)). In relation to the turnover with
respect to each oxidant in a mixed oxidant system, it should be borne in mind when comparing the
results from different studies that results may diverge if the dominant oxidant changes. For
example, Figure 6 shows that in the MAC a-pinene / isoprene experiments, roughly twice as much
a-pinene consumption was due to O; reaction as to OH consumption. By contrast, in the
experiments in the Julich Plant Aerosol Chamber reported in McFiggans et al. (2019) around 90%

of the consumption was estimated to result from OH reaction.

Control of the oxidant regime in chamber experiments is strongly dictated by the goals of the study.
It is perhaps most straightforward in a dark system in the absence of NOx, where only O3 is being

introduced with a single unsaturated VOC. Even then, the chemical regime can change as the
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oxidant is consumed and moves from excess to limited. Moreover, the yield of OH from ozonolysis
can be non-negligible, such that the VOC consumption from the OH oxidation must be considered.
A dark OH source (such as ozonolysis of TME) can be used for oxidation of a saturated VOC to
access the OH decay relatively “cleanly”, though the possibility for interaction between the source
VOC and SOA precursor derived RO> must be remembered. Dark oxidation by continuously
injected NOs in the absence of O3 can also provide a “clean” system with relatively few interfering
pathways. NOs generated from O; reaction with NO; starts to become quite complex. The
competition between oxidants in establishing the dark consumption of unsaturated VOC will be
challenging, though the NO; reaction can dominate in systems containing phenolic compounds
such as o-cresol. In illuminated systems, the oxidant regime becomes complex quite quickly.
Photo-oxidation in the absence of NOx can access OH consumption of saturated compounds more
straightforwardly than for unsaturated VOCs, where ozonolysis (and its associated secondary OH
source) must be considered. Photo-oxidation in the presence of NOx introduces about as much
complexity as can be envisaged. Photo-oxidation of multiple VOCs in the presence of NOx
multiplies this complexity. The study of McFiggans et al. (2019) avoided many of the challenges
faced in the current study by considering the mixture of biogenic VOCs in the absence of NOx and
in a regime dominated by OH oxidation. This can be considered reasonable, since mixtures of
these VOCs might exist in the clean troposphere, remote from anthropogenic sources. In studying
mixtures of anthropogenic and biogenic VOCs, it might be considered less reasonable since
anthropogenic VOCs would seldom exist in the absence of appreciable NOx. Related to this, it
should also be noted that, whilst maintaining the VOC : NOx ratio relatively constant across the
systems is desirable, with reduced VOC concentrations this will lead to reduced NO concentrations.
This will inevitably lead to reduced OH concentrations and hence VOC turnover. This is of
importance when comparing the single VOC experiments at different concentrations, but less
important when considering the initially isoreactive mixtures, since the VOCs have been chosen
for their reactivity such that their concentrations are at least of comparable magnitude at

comparable mixture reactivity.

One feature of chamber experiments using mixtures of VOCs is the ability to exploit their
differential reactivity towards the oxidants present in the system to attribute their decay to each of
them. This reconciliation of the VOC decay, as shown in Figure 6, is potentially a powerful

interpretive tool for diagnosis of the concentration of oxidants in the system and understanding of
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the turnover of VOCs in the system practice. In our systems when o-cresol is present, there are
limitations owing to the interference of the direct O3 measurements owing to absorption of UV by
o-cresol. However, the reconciliation in these cases can be used to aid validation of the correction
based on CIMS measurement of o-cresol (see methods section 3). It should be noted any absorption
by o-cresol oxidation products can still lead to bias in the reconciliation since Oz will be
underestimated. Clearly, direct measurement of OH could provide additional confidence in the

oxidant field but adequate constraint can be provided by the indirect method described here.

A final consideration relates to the exploratory nature of the current study which aims to establish
the suitability of the approach to reveal aspects of SOA formation in mixed VOC atmospheric
systems inaccessible to experiments using a single precursor species. The broad suite of analytical
techniques employed to investigate these aspects have varying requirements and some
compromises have been necessary. Most importantly, the offline filter analyses require a minimum
particle mass loading with the corresponding consumption of VOCs with varying yield. This has
necessitated the use of initial VOC concentrations above ambient levels. Whilst such
concentrations have been commonplace in chamber experiments, they do introduce limitations.
Figure S2 indicates that the deviation from PSS is likely to be significantly affected by the reactions
of RO: (and / or HO7) with NO in some of the binary mixtures. One further important limitation
arises from the non-scalability involved with processes that are higher than first order. Peroxy
radical terminations often involves their cross-reaction which will be in competition with other
bimolecular pathways; so, reactions that are second order in peroxy radical concentration will be
in competition with those that are first order. This will be important in the termination of peroxy
radicals formed during autoxidation leading to HOM formation. In particular, the reactions of large
HOM-RO; with other large peroxy radicals leading to gas phase formation of accretion products
in the “dimer” range may be over-represented at higher concentrations. Under clean ambient
conditions, their reaction partners would likely be dominated by HO: from CO oxidation, or
smaller organic peroxy radicals such as CH3O: from CHs oxidation. Under more polluted
conditions, the alkoxy pathways from NO reaction will be competitive or even dominant. Each of

these aspects should also be considered when interpreting the interactions in mixed VOC systems.

5.2.  Yield calculation and reporting
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The representation of effectiveness of a VOC to produce SOA particle mass in a given system by
its incremental yield is conceptually simple when there is only one VOC being oxidised. Equation
(2) can be applied quite straightforwardly, but with consideration of the oxidant regime. There are,
however, a number of considerations in the calculation and presentation of yield that should be

discussed for single VOC experiments and several more that are of relevance for mixtures.

In Figure 3 we present a summary of the SOA particle mass in the various single VOC systems
and their mixtures. It can be seen that the corrections made to account for the losses of particles to
the chamber walls are substantial, with peak mass concentrations typically 30 to 40% higher than
those measured, and no substantial decay after the peak mass has been formed (as expected).
Whilst not without uncertainty, the loss of particles to the walls can be relatively straightforwardly
estimated. This is not the case for the interactions of the walls with vapours, which has been the
subject of extensive debate (Zhang et al., 2014;Loza et al., 2010;Ye et al., 2016;Krechmer et al.,
2020). A full discussion of this subject and characterisation of vapour interaction with the Teflon
chamber walls is not provided here (fluxes to and from the chamber walls). We acknowledge that
these effects will likely be substantial and that these are unquantified in our reported SOA particle
mass corrections and yields. In the comparisons between different systems in our chamber, it must
therefore be noted that we are implicitly assuming the vapour-wall interactions are comparable.
This will introduce unquantifiable errors, since there will likely be significant vapour pressure
differences between products and vapour pressure dependencies of wall interactions. Most
importantly, it means that, whilst the comparisons may (or may not) be valid across systems in our
chamber, our reported yields are very likely not comparable with those in other chambers without
further considerations. More broadly, any comparison of yields between chambers should be
approached with extreme caution without full confidence that the vapour interactions with the

walls of the specific chamber for the specific system have been well quantified.

Single value yields presented in Table 3 calculated at maximum SOA particle mass and maximum
VOC consumed can provide useful classifications for comparisons of systems where temporal and
mass dependence of yields are comparable. The mass dependent curves shown in Figures 4 and 5
capture further details of the behaviour throughout the experiments and fitting the “Odum” curves

to the single VOC experiments enables the “predictions” of the yields presented in the figures and
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as single values in Table 4 (as described in results section 4). There are a number of considerations
when assessing whether it should be expected that such predictions will be valid. The first of these
is the inclusion of the decay of all VOC:s in the yield calculation. Whether the consumption of all
VOC:s in a mixture should be considered in calculating the mixed yield will depend on the question
being addressed. It may be inappropriate to consider the consumption of a VOC that would not
contribute to formation of SOA particles when investigating the change in yield of a VOC mixture.
In the present study, and consistent with previous work, isoprene was consistently found to
generate no measurable SOA particles above the background chamber concentration (<1 pg m)
at any initial isoprene concentration and hence exhibited negligible yield. Therefore, under the
conditions of our experiments, when replacing half the reactivity of a higher yield VOC with
isoprene in a binary mixture, it may be considered obvious that the SOA particle mass will be
reduced. This is the case in the a-pinene / isoprene and o-cresol / isoprene mixtures. Instead, it
may be more insightful to consider whether the yield of the a-pinene and o-cresol in the binary
mixtures is reduced in the presence of isoprene, using their single VOC system yields as reference.
This follows the approach for neutral seeded experiments in McFiggans et al. (2019). As reported
in Table 4 and shown in Figure 5b), the measured binary yield is indeed below that of a-pinene
alone (either including or excluding isoprene in the calculation). For the o-cresol / isoprene mixture,
the effect is more ambiguous, mainly because the SOA mass had not finished increasing at the
conclusion of the experiments, but also because the yields are lower and deviations between the
yields more difficult to measure. It should be mentioned that the particle mass yield of isoprene
has been measured to be substantial in the presence of acidic seeds (which were not used in our
experiments) and cannot be ignored. This raises an interesting question: should there be a threshold
below which the reference for mixture yield should exclude a component? Clearly a zero SOA
yield component such as CO or CHs would not be expected to contribute any particle mass in a
mixture and would be expected to reduce the overall mixture yield when replacing reactivity of a
non-negligible yield SOA precursor. In such cases, and in the case of isoprene with a neutral seed,
it appears to make sense to inspect the yield at the consumption of a known SOA precursor with
reference to that of the precursor for any enhancement or suppression. In mixtures of multiple
VOCs with non-negligible individual particle mass yields, it makes sense to compare the particle
mass yield of the mixture to the linear combination of the individual precursor’s yields at the same

VOC consumption. The “prediction” based on the individual precursor experimental yields is
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lower than the measurement in the o-pinene / o-cresol binary mixture, possibly indicating
enhancement of the mass in the mixed experiment above that which would result from the yields
of the individual VOC:s. The “predictions” with and without isoprene consumption are comparable
to the measurements in the ternary mixture. Without additional composition measurements, this
could be interpreted as no interactions taking place, or possibly as the suppression of yield by the
presence of isoprene offsetting the enhancement of the mass resulting from the combined oxidation
of a-pinene and o-cresol. However, such predictions may be oversimplistic. Clearly the oxidation
conditions vary significantly across the mixtures (as seen from Figure 1 and S1) and the differences
in the chemical trajectories and the time series of the ratios of oxidants between the systems give
reason to question the validity of the yield predictions. This is likely to be important in a-pinene
containing systems. Here the particle mass yield from ozonolysis and OH consumption have been
reported to differ substantially and Figure 6 shows that about twice as much a-pinene results from
consumption by O; as that by OH in the a-pinene / isoprene system. In the single VOC a-pinene
system, the consumption by each oxidant was found to comprise roughly 50% of the total, based
on the assumption that the consumption not attributable to the measured O3 was attributable to OH
(not shown). A final consideration when reporting yields relates to the use of seeds as absorptive
mass. Conventionally, SOA particle yield curves are plotted against absorptive mass which, in
nucleation experiments, is equivalent to the SOA particle mass. In the seeded experiments in the
current study, the seeds are used to provide a condensation sink to suppress nucleation, to compete
effectively with the walls for condensable vapour and to facilitate measurement by ensuring
particles are of a detectable size for composition measurement from early in the experiments. The
seeds are nebulised from solution and introduced (and presumably maintained) as metastable
aqueous electrolyte solution aerosol at the RH of the experiment. It is clear that they act as
absorptive mass, since organic mass is observed early in the experiments by AMS (Figure 7 and
S5) and they are internally mixed throughout the experiments, as evidenced by HTDMA
measurements (shown in Figure 13). Whether the total inorganic mass should be included when
interpreting yield data is not clear. Figure S4 depicts the yield behaviour with the inclusion of
inorganic seed in the total particle mass, assuming it acts as an effective mass for absorptive
partitioning. The added insight provided by such a plot is unclear, though there is a strong argument
for dependence on total absorptive mass in the representation of absorptive partitioning even if

this is reduced by a factor (analogous to a mass-based activity coefficient to account for non-ideal
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mixing effects). Note here that inorganic nitrate formation from OH oxidation of NO: and
subsequent neutralisation of the HNO; by available NH3 leads to the changes in inorganic
components throughout the experiments as shown in the top panels of Figure 13. Effects of

changing inorganic seed composition could usefully provide the subject of future studies.

5.3. Chemical composition

The addition of measurements of particle chemical composition will provide important insights
into the development of the photo-oxidation in mixtures and the resulting particle yields. Online
measurements by AMS in Figures 7 and S5 indicate that single VOC o-cresol and its binary
mixture with isoprene rapidly exhibit, and then maintain through to significant particle mass
production, a higher degree of oxygenation than the other systems as represented by the fis. This
contrasts sharply with the lower fi4 of all a-pinene-containing systems. Since a-pinene frequently
dominates the mass owing to its high yield, this may offset any o-cresol-derived high fi4 in systems
containing both a-pinene and o-cresol. Clearly a less coarse diagnostic of composition is required
to interrogate the reasons for the observed differences, though Shao et al. (2021a) provides more
insight from the high-resolution AMS analyses. The FIGAERO-CIMS data shown in Figure 8
provide an indication of the sorts of analytical products that can aid this interpretation. Whilst the
additional analyses presented in Du et al. (2021) can more fully explore the impacts of the mixing
of SOA precursors, several features can be directly observed from the mass spectra. First, there is
an evident increase in the contribution of higher mass ions with time in the a-pinene single VOC
system that is not observed in either the o-cresol single VOC system or their binary mixture.
Second, there is clear evidence for signal contributions from components in the mixture that are
not present in the individual systems from the beginning of the experiment. This is expanded upon
in Figure 9, which shows that much of the signal in analyses of the filters taken at the end of the
in the ternary mixture is not found at masses corresponding to those found in individual component
VOC oxidation. Such high-resolution analyses are required to unambiguously identify the specific
products resulting from interactions in the system and to postulate mechanisms leading to their
formation. It is not yet possible to state whether the “unique-to-mixture” molecules are formed by
gas phase cross-reaction, condensed phase accretion in the particles or on the filter. Neither is it

currently possible to unambiguously state that this signal corresponds to the same fraction of the
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mass, owing to potential differential sensitivity. These aspects are discussed in detail in Shao et al.
(2021b). Nonetheless, it can be stated that these compounds are only found in the mixed system.
An important challenge with such identification and attributions is the requirement for substantial
sampled mass. This may provide a lower limit to the yield and / or initial concentration of
precursors that can be studied in this way. Nevertheless, the power of such analyses is further
exploited in separating the isomeric contributions to particle components as shown in Figure 10a).
Combining the power of offline and online analyses, this separation of C;H7NO4 isomers in all o-
cresol-containing systems may be used to interpret the significant differences in the time trends of
C7H7NOg4 shown in the FIGAERO-CIMS data in Figure 10b). Whilst this may be indicative of
mechanistic differences, there will be confounding differences in the rate of SOA particle mass
formation between the systems (and hence abundance of absorptive mass) in addition to potential
differences in the sensitivity in the different systems and total signal used for the normalisation
because of the different FIGAERO filter loadings. These considerations are discussed in detail in
Du et al. (2021) for all systems. Nonetheless, the differences in the fractional isomeric
contributions and in the timeseries reveal substantial changes in the C7H7NO4 contributions

between the systems.

5.4. Properties: volatility, water uptake and phase

Figure 11 exploits the high-resolution analysis of the FIGAERO-CIMS data to present the changes
in the O:C ratio of detected particle compounds as a function of their carbon number in all systems
at the end of the experiments. Combining this with the ratio of signal in the particle and gas samples
is used to indicate likely influences of the mixing of precursors on particle volatility. Whilst there
are uncertainties associated with the partitioning, and hence volatility derivations it is evident that
changes in the components present in mixtures can lead to change in the volatility and potentially
yield, reported in detail in Voliotis et al. (2021a, b). This is extended in Figure 12, which re-
expresses the FIGAERO-CIMS data as volatility distributions, further highlighting the differences
between the particle volatility in the mixture and that in the single VOC systems. This is clearly
complex but is broadly consistent with the observed yield behaviour for most systems. For example,
the SOA particle volatility in the single a-pinene experiment at half reactivity is fairly similar to
that measured in the binary system with isoprene, consistent with their comparable yields.

Similarly, the measured volatility in the a-pinene and o-cresol binary and in the ternary systems
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appear to be roughly between those obtained in the single precursor experiments, in line with the
measured yields that were found to be higher than those in single o-cresol but equal or lower that
those obtained in the single a-pinene experiments. Substantial apparent inconsistencies were found
in the o-cresol and isoprene binary system, where the measured volatility appeared to be
substantially higher than that in the single o-cresol system, whilst the SOA yields were somewhat
comparable. The reason is unclear and additional investigation might focus on reconciliation of
the discrepancies between the volatility and yield behaviour in this system. Figure 13 shows the
behaviour of particle water uptake and the rebound fraction of particles in an impactor in three
example systems. These have been chosen for their differences in rate of formation of SOA particle
mass and, in our seeded experiments, the associated organic: inorganic particle mass ratio. Clearly
the rate of decrease of particle hygroscopicity and of increase of rebound fraction at higher RH
follows the rate of SOA particle mass increase in the system. This is a clear indication of the
influence of the mixing of precursors on the change in particle properties through the change in

rate of formation of condensable material (as explored in Wang et al., 2021a, b).

6. Further work

Whilst it is important to explore mixtures including multiple SOA particle precursors under
controlled conditions to understand behaviour in the real atmosphere, and measurements in such
mixtures can reveal features inaccessible to single VOC experiment, the experimental design will
determine their usefulness. Alternative and supplementary methodologies may allow more direct
resolution of outstanding questions related to precursor mixing. The effects of mixed and variable
oxidant concentrations throughout chamber experiments is both problematic and insightful.
Clearly secondary production of oxidants (both OH and ozone) may differentially influence the
decay of VOCs in the mixture and it may not be possible to scavenge secondary oxidants, certainly
without influencing the oxidation product distribution. In any case, secondary oxidant formation
will occur in the real atmosphere and cannot be overlooked. More control over the primary
oxidants may be achieved through use of “cleaner” sources, such as photolysis of H2O». Care is
required in the interpretation of condensed phase composition under the high peroxide
concentrations required in such experiments, but the avoidance of O; from injection or NO»

photolysis may be advantageous. Nevertheless, secondary Oz will react with any unsaturated
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compounds present. Selection of VOCs with low OH yields from ozonolysis may allow isolation
of its pathways, but will limit the choice of mixtures. Augmentation of broadband illumination
with discrete intense light sources such as in the JPAC chamber in the McFiggans et al. (2019)
study may push up the OH:Os ratio such that the OH channels dominate, though care is necessary
to avoid excessively high OH concentrations. Unless conducted at very low NOx concentrations,
significant VOC consumption in batch mode chamber experiments will lead to variable VOC:NOx
ratios. This will lead to variable production rate of ozone as well as changes in the relative
importance of the NO-mediated alkoxy radical pathways. Mechanistic interpretation of such
experiments must account for these changes. In any case, isolation of individual mechanistic
pathways and probing details of kinetics and product yields may be more suited to more targeted
laboratory studies than to chamber experiments. If it is not possible to control the oxidising
environment across complex mixtures, then systematic exploration of mixtures with direct and
more comprehensive oxidant and peroxy radical measurements would be of benefit. Such well-
instrumented studies will be able to take full advantage of the trajectories through chemical space
afforded by relatively long batch mode chamber experiments. Movement towards more
atmospherically representative chemical regimes would benefit from lower VOC concentration
experiments. However, moving towards a more realistic radical termination regime but would
present detection limit challenges to composition measurements. A more comprehensive coverage
of speciated VOC and OVOC measurements using modern online mass spectrometry methods and
improved resolution of such temporally resolved instruments may avoid the need to combine
online and offline techniques. Whilst they reveal important impacts of the temporal changes in
VOC mixtures, the batch reactor experiments in the present study are complex. Use of well-mixed
flow reactor experiments to look at multiple steady states can enable focus of batch reactor
experiments on sensitive areas of the chemical regime. The range of potential mixtures is not finite
and so there is a need to focus on targeted areas of importance. It is not immediately obvious how
this should be done, though it should be remembered that oxidation and SOA formation will occur

during both day and night and mixed night-time oxidation by NOj3 should not be forgotten.

7. Conclusions

A comprehensive suite of instrumentation was deployed to investigate the formation of SOA

particulate mass on inorganic seeds in chamber photo-oxidation of anthropogenic (o-cresol) and
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biogenic (a-pinene and isoprene) VOCs and their binary and ternary mixtures in the presence of
NOx. Whilst compromises were necessary in the experimental design and the complexity of the
systems introduced substantial challenges to their interpretation, a number of important

observations were possible.

First, the photochemical trajectory is understandably system dependent and the rates of

consumption of each VOC by each oxidant consequently variable.

Second, the yield concept typically used for an individual VOC requires careful consideration
when adapting it for use with complex mixtures. In order to account for the dependence of
condensed mass on available adsorptive mass, it will be necessary to use the individual component
yield at the same mass as in the mixtures. However, in order to compare the mass formed at the
same VOC consumption, it is necessary to reference this to the corresponding single precursor
experiment at that same VOC consumption and therefore not that calculated at the same adsorptive

mass.

In mixtures where the majority of the mass is contributed by only one component precursor, it is
possible to identify the existence of, and quantify, any interactions in terms of SOA mass or yield.
Thus, as shown in Figure 5 there is clear indication of suppression of the yield of a-pinene in its
mixture with isoprene, but as with the o-cresol / isoprene mixture there is a possible indication of

enhancement, though this is too small to be unambiguous.

It is straightforward to make a comparison between the predicted and measured yield in mixtures
of precursors both with appreciable yield. It is straightforward to make a comparison between the
measured yield of single components with its yield in a mixture with a precursor of zero yield.
Where two components with appreciable yield are mixed with another VOC with no yield the

reference point for the comparison is complex.

The mixed a-pinene / o-cresol system is measured to have enhanced yield above that expected
from additivity of the individual VOC yield at the same consumption. In such mixtures, where
there is a significant contribution to the SOA mass from more than one component precursor, we
are unable to unambiguously attribute any discrepancies in predicted and measured mass to

physical or chemical interactions. This is because yield and partitioned mass will depend both on
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available adsorptive mass and upon the rate of consumption of individual VOC and production of
condensable oxidation products. In the ternary system, the measured yield is comparable to that
calculated from additivity of the component yields. It is unclear whether this is attributable to
cancelling of suppression and enhancement effects, but chemical interactions are evident from the

unique-to mixture components.

The trajectories of physical properties such as water uptake and phase behaviour of the particles
will depend on the rates of formation of SOA particle mass, so changes in these rates in mixtures

will control changes in particle physical properties.

Mixing experiments are crucial and highly beneficial for our understanding on atmospheric
chemical interactions. However, the interpretation quickly becomes complex and both the
experimental design and evaluation needs to be scrutinised carefully. Here, advanced online and
offline compositional measurements can reveal substantial additional information to aid in the
interpretation of yield data, including components uniquely found in mixtures and

physicochemical property changes in the SOA formed from mixtures of VOCs.
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Abstract.

A series of experiments were designed and conducted in the Manchester Aerosol Chamber (MAC)
to study the photooxidation of single and mixed biogenic (isoprene and oa-pinene) and
anthropogenic (o-cresol) precursors in the presence of NOx and ammonium sulphate seed particles.
Several online techniques (HR-TOF-AMS, Semi-Continuous GC-MS, NOx and O3 analyser) were
coupled to the MAC to monitor the gas and particle mass concentrations. Secondary Organic
Aerosol (SOA) particles were collected onto a quartz fibre filter at the end of each experiment and
analysed using liquid chromatography ultra-high resolution mass spectrometry (LC-Orbitrap MS).
The SOA particle chemical composition in single and mixed precursor systems was investigated
using non-targeted accurate mass analysis of measurements in both negative and positive
ionization modes to significantly reduce data complexity and analysis time, resulting in rapid
extraction of useful chemical information. This non-targeted analysis is not widely used in
environmental science and never previously in atmospheric simulation chamber studies. Products
from a-pinene were found to dominate the binary mixed a-pinene / isoprene system in terms of
signal contributed and the number of particle components detected. Isoprene photooxidation was
found to generate negligible SOA particle mass under the investigated experimental conditions
and isoprene-derived products made a negligible contribution to particle composition in the a-
pinene / isoprene system. No compounds uniquely found in this system contributed sufficiently to
be reliably considered as a tracer compound for the mixture. Methyl-nitrocatechol isomers

(C7H7NO4) and methyl-nitrophenol (C7H7NO;) from o-cresol oxidation made dominant
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contributions to the SOA particle composition in both the o-cresol / isoprene and o-cresol / a-
pinene binary systems in negative ionization mode. In contrast, interactions in the oxidation
mechanisms led to the formation of compounds uniquely found in the mixed o-cresol containing
binary systems in positive ionization mode. CoH;1NO and CgHgOi0o made large signal
contributions in the o-cresol / isoprene binary system. The SOA molecular composition in the o-
cresol / a-pinene system in positive ionization mode is mainly driven by the large molecular weight
compounds (e.g. C20H31NO4, and C20H3003) uniquely found in the mixture. The SOA particle
chemical composition formed in the ternary system is more complex. The molecular composition
and signal abundance are both markedly similar to those in the single a-pinene system in positive

ionization mode, with major contributions from o-cresol products in negative ionization mode.

1. Introduction

1.1. Organic Aerosols and its impacts

Atmospheric aerosols affect climate directly through scattering or absorbing solar-radiation
(Novakov and Penner, 1993; Andreae and Crutzen, 1997) and indirectly by acting as cloud
condensation nuclei (CCN) (Mcfiggans et al., 2006). Exposure to particulate matter has also been
directly linked to adverse impacts on human health (WHO, 2016). Organic aerosol significantly
contributes to fine particulate matter (PM) in the atmosphere (Fiore et al., 2012; Jimenez et al.,
2009),and can affect human health through the deep penetration of small aerosol particles into the
lungs through inhalation, and the deposition of larger particles in the upper respiratory tract
(Burnett et al., 2014). Fine PM has a wide variety of primary (e.g. agricultural operations, industrial
processes, and combustion processes) and secondary sources. In addition to secondary inorganic
contributions from nitrate and sulphate, secondary organic aerosol (SOA) formed from the
oxidation of atmospheric volatile organic vapours (VOCs) can make a major contribution

(Hallquist et al., 2009).

1.2. SOA and its formation pathways

The chemical diversity of volatile organic compounds (VOCs) and their oxidation pathways
substantially influence SOA chemical composition (Lim and Ziemann, 2009). VOCs can be both

anthropogenic and biogenic in origin (Li et al., 2018). Common and abundant anthropogenic
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VOC:s include aromatic hydrocarbons such as benzene, toluene and cresol, emitted from a wide
variety of human activities, e.g. cooking and biomass-burning (Atkinson and Arey, 2003), with
the latter being an oxidation product of the former two compounds (Schwantes et al., 2017).
Biogenic VOCs, including isoprene and monoterpenes (e.g. a-pinene) are emitted in large
quantities by vegetation, oceanic macroalgae and microalgae (Bravo-Linares et al., 2010; Atkinson
and Arey, 2003). Once emitted into the atmosphere, VOCs undergo oxidation by the prevailing
atmospheric oxidants; the hydroxyl radical (OH) during daytime, the nitrate radical (NO3) at night-
time, and the unsaturated fraction by ozone during both day and night (Atkinson, 1997). The
oxidation of VOCs can result in the formation of both more and less volatile organic products
(Jimenez et al., 2009). Low volatility organic products can condense onto existing particles or form
new particles through nucleation if sufficiently low in volatility, as described by the gas-particle
partitioning framework (Schervish and Donahue, 2020; Donahue et al., 2011). VOC oxidation can
result in a range of multi-functional products. Multiple generations of gas phase oxidation results
in continually evolving chemical speciation either in the gas or particulate phase (Mcneill, 2015;
Shrivastava et al., 2017) and owing to the complexity of gaseous and particulate phase oxidation

pathways, SOA formation mechanisms remain unclear and require further investigation .

1.3. Prior studies of using offline techniques

Whilst techniques for online or semi-continuous SOA compositional measurements have recently
become more widely adopted (Zhang et al., 2011; Ahlberg et al., 2017; Schwantes et al., 2017;
Hamilton et al., 2021; Lopez-Hilfiker et al., 2014; Decarlo et al., 2006)), offline techniques can
can generally still provide more detailed insight into molecular compositon . Offline techniques
such as gas chromatography mass spectrometry (GC-MS) (Ono-Ogasawara et al., 2008;
Saldarriaga-Norena et al., 2018; Cropper et al., 2018), liquid chromatography mass spectrometry
(LC-MS) (Coscolla et al., 2008; Buiarelli et al., 2017; Pereira et al., 2015) and inductively coupled
plasma mass spectrometry (ICP-MS) (Kulkarni et al., 2007; Danadurai et al., 2011) can identify
the chemical composition for thousands of organic compounds, with some of the techniques
revealing information about compound’s structure, alluding to potential sources and formation
mechanisms (Liu et al., 2007; Singh et al., 2011; Ono-Ogasawara et al., 2008; Carlton et al., 2009;
Kroll et al., 2005a; Ng et al., 2008; Nestorowicz et al., 2018; Eddingsaas et al., 2012). LC-MS has

been widely employed for the chemical characterisation of laboratory generated SOA and ambient
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SOA. For example, targeted analysis of SOA products using high-performance liquid
chromatography time-of-flight mass spectrometry (HPLC-ToF-MS) illustrated a new pathway for
the formation of 3-methyl-1,2,3-butane-tricarboxylic acid (MBTCA) through the further oxidation
of nopinone, a known product in the oxidation of B-pinene by OH (Mutzel et al. (2016). Hamilton
et al. (2021) used targeted LC-Orbitrap MS analysis of ambient Beijing filter samples to identify
tracers of isoprene nitrate formation pathways in both gas and particle phases indicating a strong
dependence on nitrate radicals from early afternoon onwards. These targeted approaches are
somewhat limited in their inability to comprehensively account for the entire mass of SOA
components, though it is impractical to extract the non-targeted chemical information by manual
data processing in complex ambient systems. Non-targeted screening tools have been widely
employed in metabolite and protein analysis to reduce data analysis time but are uncommon in
environmental science applications. Chromatographic technique coupled with fourier transform
mass spctrometers (e.g., Orbitrap) have sufficient resolution to characterise the chemical
composition of complex particulate matter with the ability to distinguish structural isomers.
Exploiting this capability, a methodology for automated non-targeted screening was presented by
Pereira et al (2021) using ultrahigh-performance liquid chromatography—Orbitrap MS data. This
non-targeted screening tool has been rigorously tested by authentic standards, and aims to
providing molecular formula assignments and plausible structure information (among other
information) for all detected compounds within a sample dataset. Moreover, the accurate mass
spectrometry employed has a mass resolution of >6 decimal places, leading to substantial increase
in the signal/noise ratio and enhanced quantification of low concentration species. Mehra et al.
(2021) is one of the few studies applying automated non-targeted method in environmental
matrices. This study aims to study the anthropogenic and biogenic contributions to organic aerosol
by applying the automated non-targeted method for LC-Oribitrap MS data to characterize the SOA
from the low-NOx oxidation of 1-methylnaphthalene, propylbenzene and 1,3,5-trimethylbenzene
in laboratory measurement, alongside a characterization of the SOA from filters that were collected
in an urban area. This study also compared the result with online technique a time-of-fight
chemical ionisation mass spectrometer using an iodide ionisation system (I-CIMS), which show
good agreement between observation of online I-CIMS results and results of offline LC-Orbitrap
MS in negative ionization mode. In our present study, we will apply this automated non-targeted

screening tool in SOA that generated in aerosol chamber, which will be a brand-new attempt.
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1.4. Summary of studies on similar SOA systems
There are numerous studies investigating SOA formation from the oxidation of biogenic VOCs,

particularly for terpenoid compounds (Stroud et al., 2001; Surratt et al., 2006; Dommen et al., 2006;
Carlton et al., 2009; Camredon et al., 2010; Surratt et al., 2010; Henry et al., 2012; Ahlberg et al.,
2017; Hoffmann et al., 1997; Odum et al., 1996). Isoprene (CsHs) is the most abundant biogenic
VOC emission and a-pinene (CioHis) is one of the most abundant and widely studied biogenic
monoterpene (Hallquist et al., 2009). Whilst oxidation products from these two biogenic precursors
are both considered to contribute substantially to the global SOA budget, there are marked
differences in their SOA particle mass yield; a-pinene has a yield in the range of 17 to 45% (Mcvay
etal., 2016; Ng et al., 2007; Eddingsaas et al., 2012), while isoprene has a much lower yield in the
range of 0 to5% (Dommen et al., 2006; Kroll et al., 2005a; Kroll et al., 2006; Pandis et al., 1991;
Carlton et al., 2009). The reason for the low isoprene SOA yield is in part a result of the high
volatility oxidation products. However, the yield of isoprene SOA strongly acid-dependent and
closely related to the particle-phase acidity, which might be the reason found higher isoprene SOA
yield in ambient (Surratt et al., 2007a) . Xu et al. (2021) demonstrated that over 98% of isoprene
oxidized organic molecules by mole were classified as semi-VOC (SVOC) and intermediate-VOC
(IVOC) with volatility (logioC*, ug m™) range of -0.5 to 5, while about 1.3% of isoprene oxidation
products were considered as low-VOC (LVOC). Conversely, the larger C1o monoterpene skeleton
of a-pinene typically results in the formation of less volatile oxidation products. Lee et al. (2011)
reported that the SOA from a-pinene ozonolysis required 80 °C for complete volatilisation, and
the volatility of a-pinene SOA strongly depended on the VOC/NOx ratios, forming volatile nitrate

containing species under high NOx conditions.

There are many studies reporting the chemical characterisation of SOA formed in smog chambers
from a-pinene and isoprene using liquid chromatography mass spectrometry (LC-MS). (Yasmeen
et al., 2012; Surratt et al., 2006; Kahnt et al., 2014; Pereira et al., 2014; Winterhalter et al., 2003).
Winterhalter et al. (2003) used LC-MS to demonstrated thet major particulate phase compounds
from the O3 and OH oxidation of a-pinene, such as cis-pinic acid, cis-pinonic acid, hydroxy-
pinonic acid isomers, and possibly hydroxy-carboxylic acid. It is worth to noting that this study

suggested the ozonolysis reaction is the main driven pathway of aerosol formation regard to its
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performance of various experiments. Similarly, Surratt et al. (2006) studied isoprene
photooxidation under various NOx conditions. The chemical composition of isoprene SOA
products was analysed by a series of online and offline techniques (including LC-MS) and
indicated that oligomerisation plays an important role in SOA formation pathways, especially

under high NOx conditions, forming acidic products.

SOA can also be produced from anthropogenic VOCs (e.g. o-Cresol), although global biogenic
SOA production (~88 TgC per year) is thought to dominate over the anthropogenic SOA
production (~10 TgC per year) (Hallquist et al., 2009). Schwantes et al. (2017) studied the
formation of low-volatility products from o-cresol photooxidation under various NOx conditions
using chamber experiments with chemical ionization mass spectrometry (CIMS) and direct
analysis in real time mass spectrometry (DART-MS). This study identified several o-cresol
oxidation products, including the first generation product (methyl-catechol), second generation
products (trihydroxy toluene and hydroxy methyl benzoquinone) and third generation products
(tetrahydroxy toluene and dihydroxy methyl benzoquinone), indicating successive addition of OH
radicals onto the aromatic ring during the oxidation, following expected mechanistic pathways

(Atkinson and Aschmann, 1994; Olariu et al., 2002)

Despite the wealth of knowledge of gaseous and particulate phase product formation from the
oxidation of single VOC precursors using chamber experiments, there is a comparative lack of
understanding in the real atmosphere Online measurements of the OA composition by Aerodyne
High Resolution Aerosol Mass Spectrometer (HR-TOF-AMS) and VOC by lonicon Proton
Transfer Reaction Mass Spectrometer (PTR-MS) during the CARES campaign in the vicinity of
Sacramento, California indicated that the mixing of anthropogenic emissions from Sacramento
with isoprene-rich air from the foothills enhance the production of OA (Shilling et al., 2013). This
study suggested anthropogenic/biogenic interactions enhances OA production from biogenic
species, suggesting the amount of isoprene SOA strongly depends on VOC/NOx ratio. However,
the physical and chemical reasons for such interactions remain unclear and warrant further
investigation. There have been several laboratory studies investigating the SOA formation in
mixed VOC systems. Ahlberg et al. (2017) investigated SOA from VOC mixtures including

biogenic (a-pinene, myrcene and isoprene) and anthropogenic VOCs (m-xylene) in an oxidation

166



4800

4805

4810

4815

4820

4825

flow reactor (OFR) equipped with high-resolution time-of-flight acrosol mass spectrometry (HR-
ToF-AMS). Their results showed that the SOA mass yield formed from a VOC mixture containing
myrcene was higher than expected, possibly a result of myrcene nucleating particles leading to an
increased condensation sink under the conditions of the OFR. This study also found that the SOA
particle size was larger in VOC mixtures with isoprene and unlimited oxidant supply. However,
other studies indicate that isoprene could inhibit new particle formation by scavenging oxidant and
forming relatively high volatility organic products than nucleating precursors (Kiendler-Scharr et
al., 2009; Kiendler-Scharr et al., 2012). Mcfiggans et al. (2019) reported a reduction in SOA mass
and yield from the VOC mixture of a-pinene and isoprene with an increasing fraction of isoprene
in the mixture. This was attributed to isoprene acting as an OH scavenger and its radical oxidation
products reacting with those formed from a-pinene, enhancing the overall volatility of the products
in the mixture. This study indicates that interactions between VOC products should be considered
to enable a mechanistic understanding of SOA formation in the ambient atmosphere. Shilling et al.
(2019) reported that freshly formed isoprene-SOA did not fully mix with pre-existing SOA in
isoprene/ a-pinene mixture system (e.g. aged isoprene-SOA and aged a-pinene SOA) over the 4
hours experimental time scale in the sequential condensation experiment, without observing

notable suppression of SOA formation in a-pinene/isoprene mixture system.

1.5. This present study
In this study, we designed a series of chamber experiments using single binary and tertiary VOC

systems, expanding on the work performed by McFiggans et al., (2019), with the aim of better
understanding the chemical composition and interactions during SOA formation in mixed VOC
systems. We move beyond the consideration of SOA formation from anthropogenic VOC
precursors to consider the effect of their mixture with biogenic VOC. Ortho-cresol (o-cresol) was
chosen as an anthropogenic precursor with a moderate SOA yield, with a comparable reactivity
towards the hydroxyl radical (OH) and a negligible reactivity towards ozone. We retained the two
biogenic precursors studied in McFiggans et al. (2019); isoprene being the dominant VOC emitted
from plants globally, but with modest SOA formation potential and alpha-pinene (& -pinene),

similarly widely emitted in lower amounts, but a more efficient SOA precursor.
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The objectives of the present study are to investigate, using offline analysis of SOA chemical
composition, whether (i) high yield precursors dominate the contribution to SOA formation of
mixture systems and (ii) cross-products from mechanistic interactions in the oxidation of
precursors feature strongly in the mixed precursor systems. A series of photochemical oxidation
experiments were designed and conducted to produce SOA from the selected VOCs (a-pinene,
isoprene and o-cresol) and their mixtures in the presence of neutral seed particles (ammonium
sulphate) and NOx. The experimental programme included three single precursor systems, three
binary precursor mixtures and one ternary mixture of precursors. The aerosol samples were
collected onto a filter from each experiment and analysed offline using liquid chromatography
ultra high resolution mass spectrometry with an automated non-targeted data processing

methodology recently described in Pereira et. al (2021).

2. Method
2.1. Chamber description

All experiments were performed in the 18m?® Manchester Aerosol Chamber (MAC). Briefly, the
MAC operates as a batch reactor to study the atmospheric processing of multicomponent aerosols
under controlled conditions. The chamber comprises an FEP Teflon bag mounted on three
rectangular extruded aluminium frames, housed in an air-conditioned enclosure. Two 6 kW Xenon
arc lamps (XBO 6000 W/HSLA OFR, Osram) and a bank of halogen lamps (Solux 50 W/4700 K,
Solux MR16, USA) are mounted in the inner aluminium wall of the enclosure which is lined with
reflective “space blanket” material to provide maximum and homogenous light intensity to
simulate the realistic day-time atmospheric environment. To remove unwanted radiation flux
below 300 nm, a quartz filter was mounted in front of each arc lamp. Removal of unwanted heat
from the lamps and temperature and RH control of the chamber was assisted by conditioned air
introduced between the bag and the enclosure at 3 m® s'! and active water cooling of the mounting
bars of the halogen lamps and of the filter in front of the arc lamps. Regular steady state
actinometry experiments were conducted through the entire campaign and indicated that the
photolysis rate of NO> (JNO») in a range of 1.83-3 x10-3s™! during experimental period. Photolysis
of NO; leads to O3 formation, which further photolyses to produce OH radicals in our moist
experiments. Humidity and temperature are controlled by the humidifier and by controlling the air

conditioning set-point during the experiment and continuously monitored using a dewpoint
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hygrometer and a series of thermocouples and resistance probes throughout the chamber.
Additional online instruments included a semi-continuous gas chromatography mass spectrometer
(GCMS) for VOC measurement (Minaeian, 2017), a water-based condensation particles counter,
a differential mobility particle sizer (DMPS) and an aerosol mass spectrometer (AMS) for
particulate-phase compound measurement (Canagaratna et al., 2007). The filter collection,
extraction, measurement and analysis techniques are described below. Full details of the MAC
characterisation, the experimental procedure and instrumentation payload is provided in Shao et

al. (2021).

2.2. Experimental Strategy
The experimental programme was conceived using a concept of “initial iso-reactivity” towards

OH, with the intention of allowing a reasonably comparable contribution of oxidation products
from each VOC at the chosen concentration and experimental conditions. Clearly this does not
take into account consumption by oxidants other than OH formed during the experiment (notably
ozone) and also neglects the reactivity of the subsequent oxidation products. The injected precursor
mass was therefore chosen according to its reactivity towards OH (Atkinson, 2004). SOA
composition was determined using analysis of chamber filter samples by liquid chromatography
ultra-high mass spectrometry (LC-Orbitrap MS) and automated non-targeted data processing for

all single precursor and mixed VOC systems.

2.3. Experimental Procedure
Programmed “pre-experiment” and “post- experiment” procedures were routinely conducted

before and after each SOA experiment to minimize the possible contamination in the chamber.
The “pre-experiment” and “post-experiment” are comprised of multiple automated fill/flush cycles
with an approximate air flow rate of 3m® min’!, for cleaning the chamber. The upper and lower
frames were free to move vertically to expand and collapse the bag during the fill/flush cycle.
Filtered air was sequentially injected into and extracted from the bag, reducing contaminants in
the bag with each cycle. Several instruments (e.g. WCPC, Model 49C O3 analyser, Thermo
Electron Corporation) and Model 42i NO-NO>-NOx analyser, Thermo Scientific) were
continuously connected to the chamber during the pre-experiment to monitor the concentration of
particles, concentration of ozone and NOx, and to ensure the bag was sufficiently clean (with all

aforementioned factors close to zero) to conduct the chamber background procedure. When
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conducting this procedure, there were no reactants in the bag and the bag was stabilised for at least
an hour for the instruments to establish the baseline of the clean chamber. In the following stage,
VOC precursor(s), NOx and seed particles were injected into the chamber sequentially in dark
conditions and the chamber remained steady for an hour for the instruments to obtain a baseline of
the initial chamber conditions (e.g., experimental background) before the SOA experiment. The
baselines of chamber background and experimental background were subsequently subtracted

from the experimental measurements.

Ammonium sulphate seed particles were generated via atomization from ammonium sulphate
solution (Puratonic, 99.999% purity) using a Topaz model ATM 230 aerosol generator. The
concentration of seed particles in the chamber was controlled by altering the injection time and
concentration of the prepared solution (0.01g/ml). The accumulating seed particles injected into
the stainless-steel residence chamber for 1 min then diverting the main chamber injection flow for
30s during the final fill cycle of pre-experiment procedure. The liquid a-pinene, isoprene and o-
cresol (Sigma Aldrich, GC grade >99.99% purity) were injected as required through the septum of
a heated glass bulb and evaporated into an N carrier flow into the chamber during this final fill
along with NOx as NO> from a cylinder, also carried by N2. The injected VOC mass was calculated
using the “initial OH isoreactivity” approach described above. Photochemistry was initiated by
irradiating the VOC at a moderate VOC / NOy ratio using the lamps as described above. The
concentration of NOx and Os, particles number concentration and mass concentration were
monitored during the experiment using the online instruments. SOA particles were collected on a
blank filter (Whatman Quartz microfiber, 47 mm) mounted in a bespoke holder built into the flush
pipework by flushing the remaining chamber contents after a 6-hour experiment. The filters were
then wrapped in foil and stored at -18°C prior to analysis. Quartz fibre filters were pre-conditioned
by heating in a furnace at 550 °C for 5.5 hours. Actinometry and off-gassing experiments were
conducted regularly after several of SOA experiments to establish the consistency of the chamber’s
performance, evaluate the effectiveness of the cleaning procedure and confirm cleanliness of the
chamber. “Background” filters were collected from the actinometry and off-gassing experiments.

A summary of experimental conditions is given in Table 1.
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Table 1: Experimental descriptions, VOC mixing ratios, VOC:NOx ratio and mass concentration of seed particles in
chamber.

g);% eriment Experiment Experimental conditions
. Nominal Mass conc.
Nominal VOC (ppbv) VOC:NOx (NH.):S0s (ug/m’)
Is,‘r‘;%frsor (a) o-pinene: 309 7.7 72.6
(b) Isoprene: 164 7.1 101.9
(c) o-cresol: 400 9.1 47.8
Mixed pinene: 155
Precursors (d) g-pmne e_’ 9.9 50.5
(Binary) Isoprene: 82
a-pinene: 155 i
© o-cresol: 200 423
Isoprene: 82
@ o-cresol: 200 8.3 496
Mixed a-pinene: 103
Precursors (2) Isoprene: 55 3.7 45.8
(Ternary) o-cresol: 133

2.4. Offline Analysis of the Filter Samples
2.4.1. Sample preparation

Filter samples of SOA particles were extracted using the following procedure. Each filter was cut
into small pieces into pre-cleaned 20 mL scintillation vial. 4 mL of (Fisher Scientific FB150510f
methanol (Optima LC-MS grade, ThermoFisher Scientific) was added to the vial. The sample was
then wrapped in foil and left for 2 hours at ambient temperature, sonicated for 30 minutes and the
extractant filtered through a 0.22 um pore size PDVF filter using a BD PlasticPak syringe. An
additionall ml of methanol was added to the vial and filtered through the same syringe membrane
to minimise sample loss. . The filtered extractant was then evaporated to dryness using solvent
evaporator (Biotage, model V10) at 36°C and 8 mbar pressure and redissolved in 1 ml of a 90:10
water: methanol (Optima LC-MS grade) for LC-Orbitrap MS analysis.

2.4.2. Liquid Chromatography Mass Spectrometry Analysis

Samples were analysed using ultra-performance liquid chromatography ultra-high resolution mass
spectrometry (Dionex 3000, Orbitrap QExactive, ThermoFisher Scientific). A reverse-phase C18
column (aQ Accucore, ThermoFisher Scientific) 100 mm (long) % 2.1 mm (wide), with a 2.6 pm

particle size was used for compound separation. The flow rate was set to 0.3 ml/min, with 2uLL
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sample injection volume. The autosampler temperature was set to 4°C and the column at 40°C.
The mobile phase solvent included (A) water and (B) methanol that both contain 0.1% (v/v) formic
acid (Sigma Aldrich, 99% purity). Gradient elution was performed starting at 90 % (A) with a 1-
minute post-injection hold, decreasing to 10% (A) over 26 minutes, before returning to the initial
mobile phase conditions at 28 minutes, followed by a 2 minute column re-equilibration.
Electrospray ionisation (ESI) was used with a mass-to-charge (m/z) scan range of 85 to 750. The
ESI parameters were set as follows: 320°C for capillary and auxiliary gas temperature ,70 (arbitrary
units) and 3 (arbitrary units) flow rate for sheath gas and auxiliary gas respectively. (Pereira et al.,
2021). Compound fragmentation was achieved using higher-energy collision induced dissociation
(MS?). A fragmentation spectrum is generated for each selected precursor, which allows structural
identification through the elucidation of fragmentation patterns (Mcluckey and Wells, 2001). This
fragmentation spectra can aid in the structural identification of isomeric species (i.e. compounds
with the same molecular formula, but different structural arrangement). Accurate mass calibration
was performed prior to sample analysis in positive and negative ESI mode using the manufacturer
recommended calibrants ( Thermo Scientific). A procedural control (i.e. pre-conditioned blank
filter subject to the same sample extraction procedure) was analysed, along with solvent blanks
(consisting of 90:10 water: methanol) which were frequently run throughout the sample analysis
sequence, allowing any instrument or extraction artefacts to be detected.

Automated non-targeted data analysis was performed using Compound Discoverer version 2.1
(Thermo Fisher Scientific). Full details of the data processing methodology can be found in Pereira
et al. (2021). Briefly, the chemical information of all detected compounds in each sample data file
are extracted. The method provides molecular formulae assignment of detected compounds using
the following elemental restrictions: unlimited carbon, hydrogen and oxygen atoms, up to 5
nitrogen and sulphur atoms, and in positive ionisation mode, 2 sodium and 1 potassium atom are
also allowed. Molecular formulae were attributed if the mass error < 3 ppm, signal-to-noise ratio >
3, and the isotopic intensity tolerance was within + 30 % of the measured and theoretical isotopic
abundance. Instrument artefacts were removed from sample data if the same detected molecular
species had a retention time within 0.1 minutes and sample/artefact peak area ratio < 3. The
automated Python program generates a list of detected compounds, assigned molecular formulae

and tentatively assigned mass spectral library identifications (see Pereira et. al (2021) for further
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information). The mass spectra for both ESI modes from each VOCs system, are shown in

supporting information (Figure S1 and S2).

For the LC-Orbitrap MS sample data, the compounds detected in “Background” filter were
removed from sample data if the same detected molecular species had a retention time within 0.1
minutes and sample/background peak area ratio < 3. Meanhwhile, the compounds have
sample/background peak area ratio >3 were conserved in sample data with a new peak area (New

peak area= Sample peak area — Background peak area).

To provide confidence in the components in each system detected by the non-targeted data, only
those compounds found in all replicate experiments and not found in any background “clean”
experiments were attributed to a particular single precursor or mixed system. The approach taken
thus ensures the most conservative assignment of compounds to a particular precursor system.
Where quantities are analysed and presented from “representative” experiments, only those
relating to compounds found in all replicate experiments are confidently attributed to this particular
system. Compounds that were found above detection limit in only a subset of the experiments in
a single system were not attributed to the system and were considered “inconclusive”. Moreover,
the common compounds were only considered to be the same detected molecular species if they
had a retention time within 0.1 minutes and sample/artefact peak area ratio > 3 in all replicate
experiments. Section 3.2.1 and section 3.2.3 only considers the compounds which can be
confidently attributed to a particular system. For the elemental characterization in section 3.2.2,
both the confident and inconclusive components are presented, with only the compounds

confidently attributed analysed according to carbon number.

3. Results and Discussion
3.1. SOA particle mass formation in the experiments
The formation of SOA particle mass in the seven experimental systems is shown alongside the

VOC concentration, NOx and O3 mixing ratio time series in Figure 1. As shown in figure 1(a), the
particle wall-loss corrected SOA mass in all a-pinene containing systems reaches a maximum
value within the 6-hour experimental timeframe. a-pinene produced the highest SOA particle mass

(~400ug/m?) of all systems at nominal “full” VOC reactivity with the most rapid onset and rate of
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mass formation. The SOA particle mass continued to increase at the end of the experiment in the
single VOC o-cresol and binary isoprene/o-cresol systems. No measurable SOA particle mass
above background (~0 ug/m®) was produced within the 6-hour duration in any single VOC

precursor isoprene experiment.

As shown in Fig.1 (b), NOx was observed to decay in all systems where significant SOA mass
was formed, but little NOx consumption was observed in the single isoprene system or in the
binary isoprene / o-cresol mixture. The reduction of NOx will result from 1) reaction between OH
radicals and NO; leading to HNO3 formation with subsequent loss to the chember walls or particles
as inorganic nitrates. ii) termination reactions between NO and RO; radicals or NO; and RO»
radicals leading to formation of nitrogen-containing organic (NOROO; and NO>ROO3)
compounds(Atkinson, 2000).

Noting that there was no Os initially in any experiment, Fig. 1(c) illustrates ozone concentration
time series in each system. Ozone can be seen to increase during the initial stage of experiment in
most experiments, with most modest rises in the single o-cresol and binary isoprene/o-cresol
systems. An initial rise is expected owing to the fairly rapid photolysis of NO> tending towards
photo-stationary state (PSS) between NO>, NO and Os. The onset of VOC oxidation will result in
a consumption of Oz when the unsaturated a-pinene and isoprene are present. At the same time
NO will react with RO, and HO» radicals formed in the VOC degradation, resulting in NO; and
OH radical formation. The reduction in the proportion of NO reacting with Oz and photolysis of

the NO: produced results in net O3 production and deviation from PSS.

The time profile of the VOC concentration from experiments in all single and mixed precursor
systems are shown in Fig.1 (e-f). A rapid and pronounced onset of VOC consumption in each
system is observed after illumination, attributable to reaction with OH radicals, and O3 in a-pinene
and isoprene-containing systems. Panels (d) to (f), plotted logarithmically for clarity, show the
VOC decay profile in each experiment reflecting their differences in reactivity and the variable
oxidant regime in each experiment. Individual VOCs have comparable decay rates in each mixture
except for 1) a-pinene in the binary a-pinene / o-cresol system, which had a significantly lower

decay rate than it had in other a-pinene-containing systems systems and ii) isoprene, which had a
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faster decay rate in the binary a-pinene / isoprene system than in other isoprene-containing systems.
No VOC was entirely consumed in any system by the end of the 6 hours experiments, with

5040 consumption continuing until the end.
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Figure 1 : Evolution of gas and total SOA particle mass measurements during the photo-oxidation of VOCs
after chamber illumination. (a) The SOA mass was measured using a high-resolution time-of-flight aerosol mass

5045  spectrometer (HR-ToF-AMS) during single, binary and ternary experiment. (b)—(c): Concentration of NOx and
03 against time in all of single, binary and ternary experiments (data was unavailable for the binary a-pinene/o-
cresol experiment). (d)-(f): decay rata of VOC across all systems in. a-pinene (b), isoprene(c) and o-cresol(d)
in single, binary and ternary experiments respectively.

5050
3.2. Characterisation of Components by LC-Orbitrap MS

3.2.1. Characterisation by number of discrete compounds in each system

The number of discrete peaks extracted using the Compound Discoverer software from the LC-
5055  Orbitrap MS data for all experiments in each SOA system is listed in Table 2 and illustrated using
Venn diagrams showing the compounds found in more than one system (henceforth referred to as
“common” compounds) and those found solely in a single system (referred to as “unique”) in

Figures 2 and 3 (in negative and positive ionisation modes respectively).
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As seen in Table 2, all a-pinene-containing systems were found to contain a greater number of
compounds than any system not containing a-pinene. The binary a-pinene / isoprene system
contained the highest number of all systems, with 377 in negative ionization mode and 439 in
positive ionization mode. A total of 644 total compounds were seen in the single VOC a-pinene
system across both negative and positive ionization modes, fewer than in the binary a-
pinene/isoprene system with 816 compounds, but higher than the a-pinene/ o-cresol system with
483 compounds. The total number of discrete products in the ternary system is lower than in the
single a-pinene and binary a-pinene system. The single VOC isoprene system generated the
lowest total number of products of all systems above detection limit. This is unsurpriseing, since
undetectable mass concentration was found by the online instrumentation in these experiments.
Multifunctional compounds can be detected in both negative and positive ionization mode.
Negative ionization mode typically exhibits high sensitivity towards compounds containing
alcohol and carboxylic acid functionalities, whereas positive ionization mode typically has a
greater affinity for compounds with functional groups that are readily protonated (e.g. -NH, -O- or

-S-, -CH2-,-C=0,-S0:- group) (Glasius et al., 1999; Steckel and Schlosser, 2019).

Table 2: Number of compounds detected in SOA sample in negative and positive ionization mode from single, binary
and ternary precursor’s system.

Number of Detected Compounds
Experiment Negative Mode Positive Mode
a-pinene 282 362
Isoprene 28 68
o-cresol 84 53
a-pinene/Isoprene 377 441
a-pinene/o-cresol 339 144
o-cresol/Isoprene 72 87
a-pinene/Isoprene/o-cresol 112 188

a) Negative Ionization Mode
Fig. 2 shows a Venn diagram of the number of discrete compounds identified in negative ionisation
mode in each of the individual and binary precursor experiments. Figure. 2(a) and Figure 2(b)

show that the number of discrete compounds from a-pinene dominated those found in the binary
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mixture system compared to those from the other precursors. 182 compounds found in all a-pinene
single precursor experiments were also found in the binary o-pinene / isoprene mixed system;
5085  approximately 45 times greater than the 4 compounds also found in all single isoprene experiments.
Similarly, 99 common compounds were found between the single precursor a-pinene experiments
and those found in the binary a-pinene/ o-cresol system; roughly three times higher than the
number of o-cresol-derived products that were also found in binary mixed system. More than half
of the total number of compounds in the a-pinene / isoprene and a-pinene / o-cresol binary systems
5090 were unique to the mixtures and not observed in any of single precursor experiments. In the
isoprene / o-cresol system a lower total number of compounds were detected in every repeat
experiment, with more compounds in the mixture also found in the o-cresol system than the

isoprene system (Fig.2(c)).

(a) (b) (c)
a-pinene 1 Isoprene a-pinene 0 O-Cresol Isoprene 3 O-Cresol
20
96
3 180 5 47 25 0 45
182 4 99 34 0 36
Binary Binary Binary
188 203 36
5095
Figure 2 : Number of common compounds and unique compounds in single and binary precursors mixed experiments
detected by negative ionization mode LC-Orbitrap MS. Product are considered identical in the mixed and single
precursor systems if the compound has the same empirical formula and a retention time difference <0.1min.
5100

b) Positive Ionization Mode

Fig.3 shows the number of discrete SOA compounds identified in positive ionisation mode in the

single and binary systems. There are 226 compounds found in all a-pinene single precursor
5105 experiments that were also found in the binary a-pinene / isoprene system; about 32 times more

than also found in the isoprene-only experiments (Fig.3(a)). 48 a-pinene derived compounds were

also found in binary a-pinene/ o-cresol system; 16 times greater than those also found in all o-

cresol only experiments (Fig.3(b)). In both a-pinene containing binary mixtures, around or more

than half of all detected compounds were unique to the mixture. In the binary isoprene / o-cresol
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5110  system shown in Fig.3(c)), o-cresol derived compounds were more numerous than those in the

isoprene experiments, with 23 compounds observed.

(@) (b) ()

a-pinene 2 |soprene a-pinene 0 O-Cresol Isoprene 1  O-Cresol
131 56 312 48 4 28
3 2 o 1
226 7 48 3 2 23
Binary Binary Binary

Figure 3 " Number of common compounds and unique compounds in single and binary precursors mixed experiments

5115 detected by positive ionization mode LC-Orbitrap MS. Products are considered identical in mixed and single precursor
systems if a compound has the same empirical formula and the retention time difference <0.1min.

The Venn diagrams for both ionization modes indicate the importance of a-pinene oxidation
products in both binary systems, with large number of binary SOA compounds found to be present
5120 in the single precursor a-pinene system. In contrast, there are few common compounds observed
between single isoprene and binary systems, possibly a result of the majority of isoprene derived
products remaining in the gas-phase, or the isoprene products participating in cross-product

formation in mixed precursor systems.

5125  3.2.2. Characterization of Organic Particulates by Elemental Groups
3.2.2.1. Negative Ionization Mode

Elemental groupings are used here to provide insights into the SOA chemical composition in each
system. All detected molecular formulae in each system were classified into the following four
5130 categories based on their elemental compositions: CHO, CHON, CHOS, and CHONS (C, H, O, N
and S corresponding to the atoms in the molecule) and separated into seven carbon number
categories. The measured peak area of each compound was normalised to the total sample peak
area as shown in Fig.4 and described in Pereira et. al (2021). Fig.4 presents the signal fraction of
compounds in representative experiments that can be confidently attributed as found in each of the

5135  systems (i.e. that are found in every repeat experiment in this system) in the coloured stacked bars
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according to their carbon number and classified according to their elemental groupings. The
fractional contributions of compounds that confidently stated are similar for each experiment in a
particular system. Also shown in the grey bar is the signal fraction of compounds that are
inconclusively found in the experiment in each system classified by elemental grouping, but not

5140 found in all repeat experiments and chamber background experiment.
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Figure 4 : The normalized signal intensity distribution of different compound categories (CHO, CHON, CHOS, and

CHONS) for various single and mixed precursor systems in Negative Ionisation mode ESI (-) by LC-Orbitrap MS.
5145  The grey bar (inconclusive compounds) signal attributed to compounds that were not universally found in all repeat
experiments.

a) o-pinene

5150 As shown in in Fig 1(a), the SOA particle mass produced in the single precursor a-pinene system
was greater than in any other system, at ~362 pg/m?>. In the a-pinene single precursor representative
experiment, ~ 55.6% of signal was found in molecules identified in each repeat experiment and
containing only C, H and O atoms with the majority consisting of 6 to 10 carbon atoms (47.5 %).
Larger compounds were also observed with carbon numbers ranging from Cis and Cao

5155  (representing 6.1 % of the total signal fraction) (Fig.4a)). Compounds confidently found in this
system in the CHON , CHONS and CHOS groupings represented 10.8%, 5.2% and 3.2% of the
signal abundance, respectively, again concentrated at Co-Cip and Cis-Czo. C11-Ci5s molecules

represent 2.2% and 1.1% of the signal in the CHONS and CHOS categories respectively.
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Inconclusively attributed compounds contributed 25% of the total signal abundance; 11.9% of

them containing only C, H, and O atoms.

Cs to Cio compounds will include those produced through both functionalization (addition
oxygenated function group) and fragmentation (cleavage of C-C bond) pathways during a-pinene
oxidation (Eddingsaas et al., 2012). It has been further suggested that particle-phase dimerization
and oligomerization reactions (e.g alcohol + carbonyl to form hemiacetals and acetals,
hydroperoxide + carbonyl to form peroxyhemiacetals and peroxyacetals, carboxylic acid + alcohol
to form esters, and aldehyde self-reactions to form aldols) can play an important role in a-pinene
oxidation(Ziemann and Atkinson, 2012; Gao et al.,, 2004a; Gao et al., 2004b), resulting in
formation of large molecules (nC>10), potentially accounting for the Ci6 to C20 abundance. Recent
studies have additionally identified gas-phase autoxidation as playing a pivotal role in formation
of highly oxygenated molecules (HOMs)(Tomaz et al., 2021; Crounse et al., 2013; Bianchi et al.,
2019; Zhao et al., 2018). HOM may condense on existing seed particles or lead to new particle
formation, depending on their vapour pressure (Trostl et al., 2016). Autoxidation of RO, radicals
in gas-phase occurs rapidly via inter/intramolecular hydrogen abstraction leading to forming R
radicals with subsequent O> addition (Mentel et al., 2015; Jokinen et al., 2014). The new RO>
radicals can undergo further autoxidation reaction, or react with RO to generate dimer accretion
products (Zhao et al., 2018; Berndt et al., 2018). Autoxidation may therefore contribute to CHO
products with carbon numbers 16 — 20 in a-pinene oxidation. It has also been found that the uptake
of a-pinene oxidation products on ammonium sulphate particles can lead to formation of
organosulphate and nitrooxy organosulphate (Eddingsaas et al., 2012; linuma et al., 2009),
contributing to the CHOS and CHONS groupings.

b) isoprene

As also seen in Fig.1(a), negligible SOA particle mass was generated in the single precursor
isoprene system (~0 pg/m?, close to our chamber background) and the total signal in Fig 4(b)
therefore corresponds to extremely low SOA particle mass. Nevertheless, the presence of
compounds in all repeat experiments but not on any filters taken in background experiments,
allows identification and attribution to isoprene products. Similar to the a-pinene system,

compounds found in all repeat experiments containing CHO were the most abundant in the single
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precursor isoprene experiment shown in Figure 4(b), with normalized sample abundance of 14.3 %,
mainly comprising compounds with 4 or 5 carbon atoms. Similarly, compounds in the CHONS
classification can be confidently stated to make a non-negligible contribution to the total signal
fraction, with a normalised abundance of 4.1%, also mainly comprising C4-Cs compounds. CHON
(1%) and CHOS (1.5%) each contributed significantly less than the other molecular groupings.
Fig.4(b) shows that the majority of the signal in this single isoprene representative experiment was
composed of compounds (78.9% nomalized of total signal fraction) that were not found in all
isoprene experiments (and / or were also found in background filters) and are therefore

inconclusively assigned.

The presence of C4-Cs CHO compounds in single isoprene photo-oxidation system can be readily
explained by established oxidation pathways. For example, it is well-known that the double bond
in isoprene is oxidized to form C4 and Cs compounds, such as methacrolein (C4) and Cs-
hydroxycarbonyls as first-generation products, and 2-methylglyceric acid (C4) and isoprene tetrol
(Cs) as second-generation products (Wennberg et al., 2018; Stroud et al., 2001; Carlton et al.,
2009). However, it is less clear how such small compounds readily partition to the particle phase,
owing to their relatively high vapour pressures, though it has been suggested that small compounds
such as glyoxal (CHOCHO) have extremely high activity coefficients when partitioning to

aqueous particles, leading to low effective vapour pressures (Volkamer et al., 2009).

The negligible SOA particle mass formed in the isoprene single precursor system is consistent
with the literature observations (Kroll et al., 2005a; Kroll et al., 2005b; Kroll et al., 2006; Carlton
et al., 2009). However, condensed phase reactions on acidic seeds would be expected to
appreciably increase this yield (Surratt et al., 2010; Surratt et al., 2007a; Carlton et al., 2009). The
large normalised signal contribution corresponds to the high number of inconclusively assignable
compounds detected in this system. Most of these inconclusive compounds contained a large
number of carbon atoms (nC>15). These compounds are likely to have been formed via particle-
phase accretion reactions, such as oligomerisation and organosulfate formation, even in the
absence of acidity in our experiments, leading to low volatility higher molecular weight accretion
products (Berndt et al., 2019; Carlton et al., 2009). Whether these products are formed on the filter

medium or are present in the suspended particle mass requires investigation. While these
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components are the most abundant, this still corresponds to a very small mass compared to all

other systems and were not found in all repeat experiments.

¢) o-cresol

The particle wall-loss corrected SOA mass concentration at the end of the presented o-cresol
experiment was approximately 101 pg/m? (Fig 1. (a)). Fig.4(c) shows ~26.6% of the normalized
signal abundance in inconclusively assigned compounds, mainly in the CHON classification.
However, the key characteristic in the single precursor o-cresol system is that the most abundant
compounds that are confidently found in all repeat experiments were found in the CHON category
with between 6 and 8 carbon atoms (Fig 4(c)) with around 72.1% of the normalised signal. CHO,
CHONS and CHOS groupings comprised around 1% of the total sample abundance. These three
groups of compounds should not be completely neglected since the SOA particle mass
concentration of this system was appreciable compared to other systems. It might be expected to
find a significant contribution of CHO compounds arising from formation of organic acids (e.g.
acetyl acrylic acid and glyoxylic acid) under high NOx o-cresol photo-oxidation (Schwantes et al.,
2017).

Nitro-compounds retaining the carbon number of the parent VOC dominated the CHON grouping.
The Cs-Cs components were identified as methyl-nirocatechol, CH7NO4, isomers (See Table(S1)).
OH reaction with o-cresol forms various dihydroxy toluene isomers via addition of OH group to
different positions on the ring (Olariu et al. (2002). Subsequent hydrogen abstraction followed by
NO: addition on the ring at the moderate NOx concentrations of our experiments was a likely
dominant fate of dihydroxy toluene in the current study to form the observed dihydroxy
nitrotoluene. Further discussion of these isomers is presented in section 3.2.3.1(e). Schwantes et
al. (2017) reported that H abstraction was not the dominant pathway in dihydroxy toluene
oxidation, with dihydroxy nitrotoluene only detected at low concentrations by CIMS, with a
significant number of highly oxygenated multi-generational products (mainly CHO compounds)
detected by offline direct analysis in real-time mass spectrometry (DART-MS). It should be noted
that the high signal contribution of CHON compounds, dominated by nitro-aromatics in o-cresol
photo-oxidation (Kitanovski et al., 2012), in Fig. 4(c) may be influenced by their high negative
mode sensitivity using electrospray ionisation (Kiontke et al., 2016).

d) binary a-pinene / isoprene mixture
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The binary a-pinene/ isoprene mixture generated considerable particle wall-loss corrected SOA
particle mass in all experiments (~101 pug/m? in the representative one shown here); lower than in
the single precursor a-pinene system, but much higher than in the isoprene system. The distribution
of elemental categories of the particle phase products in this system was very similar to that in the
single precursor a-pinene experiments, with CHO compounds dominating the total signal, mainly
with between 6 and 10 carbon atoms or between 16 and 20 (Fig.4(d)). The normalised signal
contribution of compounds confidently found in each repeat in the CHON group was slightly
increased in the binary a-pinene/isoprene system (14.4%) compared to single a-pinene system
(10.8%) with a modest enhancement of compounds with greater than 15 carbon atoms (from 3.3%
to 6.0%). In addition, the contribution of large compounds (nC >15) was enhanced in the CHON

and CHONS categories in the binary system compared to single VOC a-pinene system.

This profile is consistent with the domination of the chemical composition in the mixture by a-
pinene products, which is unsurprising since a-pinene is established as a much high yield SOA
yield compound than isoprene, especially under neutral seed conditions (Ahlberg et al., 2017;

Eddingsaas et al., 2012; Henry et al., 2012).

e) binary systems containing o-cresol

As shown in fig.1(a), the isoprene/o-cresol system produces a low particle mass concentration
(~22pg/m?) whilst the a-pinene/o-cresol mixture generated the second highest particle wall-loss
corrected SOA mass concentration (~150pug/m?®). Compounds found across repeat experiments in
these mixtures containing o-cresol show the same dominance of CHON signal as the single
precursor o-cresol experiment (a-pinene/o-Cresol, Isoprene/o-Cresol) (Fig 4(e) and 4(f)). The
contribution of CHON compounds to the total SOA increased to approximately 87.8% and 96.0%
when a-pinene and isoprene were introduced into the mixed precursor systems, respectively.
Moreover, the contribution of CHO signal intensity increased in both binary o-cresol mixed
systems compared to the single precursor o-cresol system. Also, the o-cresol / isoprene binary
mixture (Fig.4(f)) showed an slightly increased proportion of signal in CHONS compounds at
1.0%. (compared with 0.6% in the single precursor o-cresol system (Fig.4(c)), though noting that
the total mass concentration in the mixed system at the end of the experiment was a factor of 5

lower than in single VOC o-cresol system.
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The presence of biogenic precursors leads to additional formation of CHO compounds, while the
relative signal contribution of CHON compounds is reduced in each binary system compared to
single VOC o-cresol system. A plausible explanation for this observation could be the increase in
O3 generated in the binary mixture, increasing the ozonolysis of 1% generation o-cresol products
with double bonds and hence a CHO contribution than in the sole o-cresol system.Overall, the
negative ionisation mode signal from the SOA components in a binary mixture containing both
biogenic and anthropogenic precursors in our systems were dominated by categories of
components found in the single anthropogenic precursor system, specifically the CHON group
dominated by nitro-aromatics. This may be considered somewhat surprising in the case of the
mixture with a-pinene, since a-pinene (as widely reported and shown in Fig.1) produces higher

SOA mass concentration than o-cresol under the same initial conditions as the mixture experiment.

f) ternary a-pinene / isoprene / o-cresol mixture

Figure 4 (g) shows the group contribution of the signals in the ternary mixed VOC system
corresponding to its moderately high SOA particles mass concentration (~85ug/m?®) shown in
fig.1(a). Across the compounds found in all repeat experiments, whilst not as completely dominant
as in the o-cresol containing binary systems, the substantial (65.7%) Cs-Cs CHON contribution
again shows that the o-cresol-derived nitrocatechols play a significant role. CHO compounds
make a significant contribution in particulate products with normalized abundance ~14%. Whilst
the CHON compounds mainly consist of C¢-Cs compounds, the CHO compounds comprise both
C6-Cs and Co-Ci1o compounds. SOA production in the ternary system appears not to be entirely
driven by any single precursor and additionally, the overwhelming negative mode CHON
dominance which may be controlled by sensitivity of the electrospray method, does not appear to
the same degree in the ternary system as it does in the o-cresol-containing binaries.

There was a small contribution to the CHO group from compounds with more than 15 C atoms.
Whilst relatively low in normalised signal contribution, they were found in all ternary repeat
experiments and can be presumed to be accretion products. As an indication of the relative
contribution of accretion products to the SOA particle mass in each system, table S2 shows the
signal-attributed mass concentration of molecules with nC>21 that were observed confidently in

all repeat experiments, by scaling the fractional signal contribution to the measured PM mass at
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the end of the experiment. The signal-attributed mass concentration of these large molecules is
around 6, 575 and 80 times lower in the single VOC isoprene system (0.002ug/m?) than in the
isoprene / o-cresol (0.013 pg/m?), a-pinene / isoprene (1.15 ug/m?) and ternary (0.16 pg/m?)

mixtures respectively.

3.2.2.2. Negative lonisation Aggregate Particle Component Properties
This section describes average properties of the SOA PM mass using a variety of metrics including

molar carbon number (nC), molar hydrogen to carbon ratio (H/C), oxygen to carbon ratio (O/C),
average oxidation state (0Sc), double bond equivalent (DBE) and double bond equivalent to
carbon ratio (DBE/C). The molar carbon number reflects to the average size of SOA particle
components and often the major condensed-phase products retain the same carbon number as the
precursor (Romonosky et al., 2015). The H/C and O/C provides summary information about
chemical composition of bulk organics, and OSc corresponds to the average degree of oxidation
of carbon in the organic species (value of OSc increasing upon oxidation)(Daumit et al., 2013;
Safieddine and Heald, 2017). The OSc values were calculated by using 2*0O/C-H/C for CHO,
CHONS, and CHOS compounds due to the low measured abundances fractions of two species in
the oxidation products we observed in section 3.2.2.1 and 3.2.2.3. For CHON compound, equation
0Sc =2*0/C-H/C-(OSN*N/C) was used to determined the OSc. The OSx=+5 if nO>=3 and
OSx=+3 if nO <3 for CHON compounds (Kroll et al., 2011). It is common to used DBE and
DBE/C to quantify the unsaturated bonds (and aromaticity) in a molecule. The DBE corresponds
to the sum of unsaturated bonds (including aromatic and cycloalkene ring) and increasing DBE/C
ratios indicates increasing contribution of the signal from molecules containing aromatic rings
(Koch and Dittmar, 2006).

Table 3 shows the signal-weighted chemical metrics from compounds detected in all repeat
experiments in each system. All properties were normalised to the total detected compound
abundance. All parameters in the single VOC a-pinene and binary a-pinene/isoprene systems are
similar, consistent with the dominance of a-pinene-derived particle mass in the binary system. In
contrast, the H/C value decrease from 1.46 to 1.03 and the O/C value remain constant (~0.5) in
binary a-pinene /o-cresol compared to the single VOC a-pinene system. Indeed, the signal-

intensity weighted average values of all chemical parameters shows that the o-cresol single VOC
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system aggregate properties are very similar to those in both o-cresol containing binary system,
with an understandably high level of aromaticity (DBE/C >=0.67) (Koch and Dittmar, 2006),
indicating that oxidation and partitioning to the particles in the unary and binary o-cresol systems
is largely ring preserving. The OSc value decreased from -0.55 to -0.63 in a-pinene / o-cresol
compared to the single VOC o-cresol system suggests a less oxidation degree of products were
formed when introducing o-pinene precursors into single o-cresol system. The abundance-
weighted average values of all chemical parameters in the particles in the ternary mixture do not
show common features with any single precursors system, with the coincidental exception of the

nC and O/C value that are similar to that in the o-cresol system.

Table 3: Intensity Weighted Average Values from negative ionization mode LC-Orbitrap MS for O/C, H/C, Osc,
DBE/C, DBE and the number of carbons present (nC) for SOA filters extracts from single and mixed precursor
experiments

Chemical
parameters

o-pinene

Isoprene

o-cresol

o-pinene/
Isoprene

Isoprene/
o-cresol

o-pinene/
o-cresol

o-pinene/
Isoprene/
o-cresol

nC
H/C
o/C
0Sc
DBE/C
DBE

11.57
1.46
0.51
-0.58
0.39
4.28

7.08
1.27
0.81
0.26
0.57
3.90

7.01
0.99
0.57
-0.55
0.71
5.01

10.63
1.46
0.52
-0.57
0.40
4.37

7.03
1.00
0.48
-0.7
0.70
4.98

7.56
1.03
0.52
-0.63
0.68
5.02

7.75
1.08
0.55
-0.55
0.65
4.89

5360

5365

5370

The weighted average number of carbons in a-pinene experiment (~11) indicated that a modest
accretion reaction (including oligomerization and functionalization) occurred in oxidation, and that
the a-pinene particle phase oxidation products had significant impact on a-pinene / Isoprene binary
system. The average carbon number of isoprene SOA particles was larger than the isoprene
precursor (Cs), implying particle-phase accretion reactions such as organosulfate formation though
forming very little particle mass in the current study. The similarity of properties between the
single VOC o-cresol system and its binary mixtures suggest that common compounds dominate
the signals, and from Fig.4(c) , (e) and (f) it can be seen that these are compounds in the CHON
elemental category. In addition, the DBE/C values indicate dominance of the major oxidation
products in these o-cresol containing systems by condensed aromatic structure, consistent with the

finding in Ahlberg et al. (2017).

3.2.2.3. Positive Ionization mode
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Figure 5 presents the positive ionisation mode signal fraction of compounds in representative
experiments that can be confidently stated as found in each of the systems (i.e. found in every
repeat experiment in this system) in the coloured stacked bars according to their carbon number
and classified according to their elemental CHO, CHON, CHOS, and CHONS categories. Also
shown in the grey bar is the signal fraction of compounds that are inconclusively found in the
experiment in each system classified by elemental grouping, but not found in all repeat
experiments and chamber background. The fractional contributions of condifently stated as
products are similar for each experiment in a particular system.

It is evident that there is a generally a greater fraction of the positive ionisation mode signal that
is inconclusive than in negative ionisation mode as shown in Figure 4. This indicates a larger
variability in composition between repeat experiments with some compounds not found in some

repeats experiments, or a larger fraction of the signal from compounds also found on chamber

background filters.
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Figure 5 : The normalized signal intensity distribution of different compound categories (CHO, CHON, CHOS, and

CHONY) for various single and mixed precursor systems in Positive ionization mode by LC-Orbitrap MS. The grey
bar (inconclusive compounds) signal attributed to compounds that were not universally found in all repeat experiments.

a) o-pinene
In the single precursor a-pinene system (Fig 5. (a)), 33.5% of the total signal abundance was from

CHO compounds found in each repeat experiment with the majority of molecules containing
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between 6 and 10 carbon atoms. The compounds confidently found in the CHOS category
provided 7.4% of the signal fraction, also mainly comprising compounds with 6 to 10 carbon atoms.
The remainder of signal was observed in CHON (14.6%) and CHONS (3.5%) categories, which
were found in all repeat experiments in this system mainly comprised large compounds, with some
nC<11 molecules in these CHON category.

The contribution of Co to Cio molecules in the CHO and CHONS categories are consistent with
previous studies of a-pinene ozonolysis and OH oxidation in the presence of NOx and seed
particles (Winterhalter et al., 2003, Yasmeen et al., 2012). The signal contribution of CHO
compounds and CHOS with carbon number 6 to 8 suggested that fragmentation plays an important
role. It is likely that these compounds formed from fragmentation of alkoxy radicals (RO>+
NO—->RO+NO;)(Pullinen et al., 2020).

The CHOS and CHONS compounds may be attributed to esterification of a-pinene SOA.
Experimental results from Surratt et al. (2007b) reported that the sulphate ester and/or its
derivatives has significant contribution in SOA formation of a-pinene photo-oxidation in the
presence of ammonium sulphate seed. The large molecules in CHON and CHONS groups suggest

the occurrence of accretion reactions between peroxy-peroxy radicals containing nitrogen and

sulfur (RO2+ R’0O2,>ROOR’+0;) (Pullinen et al., 2020).

b) Isoprene

Considering only the compounds found in all repeat experiments and not on the background filter,
the dominant contribution in the isoprene signal in its single VOC photo-oxidation system were
observed in the CHO category with a normalized signal of 14.8%, with molecules mostly
comprising 5-8 carbon atoms or larger molecules with carbon number greater than 9 (Fig 5(b)).
CHONS compounds are the next largest constituent, with 11.7% of the total signal. More than
half of the CHONS signal is from large molecules (nC>11), the rest of the CHONS compounds
mainly comprising molecules with carbon number 6 to 10. The remainder of the signal was found
in the CHON and CHOS categories with carbon number greater than 11. Compounds which could
not be confidently attributed to the isoprene system owing to their sole presence in every repeat
experiment made a significant contribution (~65%) to the total signal, though an even greater
fraction of inconclusive signal (78.9%) was observed in negative ionization mode (likely resulting

from the extremely low total mass yield).
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Clearly accretion reactions dominated the isoprene system in the positive (as well as negative)
ionisation modes. Contribution of CHONS compounds in total SOA are consistent with the
formation of organosulphate and nitrooxy organosulphate by uptake of isoprene oxides on
ammonium sulphate particles(Surratt et al., 2007b; Surratt et al., 2007a). Moreover, the presence
of C4-Cs molecules in CHO categories could be simply explained by the gas phase oxidation
pathway of isoprene, though as with the negative mode samples, it is unclear why such small
molecules partition to the particle phase. One of the possible interpretations is that weakly bound

large molecules fragment during LC-Orbitrap MS analysis.

¢) o-cresol

Fig.5c shows that approximately 20% of the signal is in the CHON category in the single VOC o-
cresol system. The majority (18.3%) of signal from confidently attributable molecules found in
all repeat experiments in this CHON category contain 6 to § carbon atoms. Signal in the CHO, and
CHOS categories is similarly dominated by compounds containing 6 to 8 carbon atoms with
fractional contributions of 5.4%, and 1.7% respectively. Specifically, the C; compounds has
fractional signal contributions 3.8%, which is approximate 3 times higher than Cs (1.1%) and about
12 times higher than Cg molecules (0.3%) in CHO categories. In the CHOS categories, Cg organic
species (1.3%) made the dominant contribution compared to C7 (0.3%) and Cs (0.05%) species.
The CHONS category in this system almost entirely comprised molecules that were not found in
all repeat experiments so are considered inconclusive in this analysis.

Compounds found in all repeat experiments with between 11 and 15 carbon atoms in the CHON
category account for 1.6 % of the signal (with Ci4 1.5% and Cii.12 0.1%). It is likely that the

majority of of Cy1 to Cis signal is attributed to C7 dimers.

Cs-s CHON compounds are likely to be second-generation o-cresol oxidation products such as
dihydroxy nitrotoluene which are also detected in negative ionization mode as a result of being
both protonated and deprotonated. The CHO compound present in this study might have some
contribution from multi-generation products generated from decomposition of bicyclic
intermediate compounds formed from OH oxidation of o-cresol, as reported by (Schwantes et al.,

2017), but are probably mainly dihydroxy toluene compounds, which have been reported with a
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70% yield from o-cresol oxidation (Olariu et al., 2002). Decomposition of bicyclic intermediate
compounds leading to formation of unsaturated carbonyl molecules could form oligomeric species

resulting in formation of the Ci1.1s molecules in the CHO, and CHON groups.

d) binary a-pinene / isoprene mixture

The elemental categories in the binary a-pinene/isoprene samples shown in Fig.5(d) indicate a
high similarity to the single VOC a-pinene system (Fig.5 (a)), with CHO compounds dominating
the total signal and predominantly containing 9 to 10 carbon atoms, but with some fragmentation
to Cs-Cs. The signal intensity of CHOS compounds reduced by 0.7% of the total signal in the
binary system (Fig 5. (d)) compared to the single VOC a-pinene system (Fig 5.(a)), mostly in the
Ces-Cs signal. In contrast, the signal intensity of CHON components is 19.7% of the total in the
binary system, 5.1% higher than in the single VOC a-pinene system, with the enhancement in

molecules with carbon number >16.

The similarity in the elemental categorisation between single VOC a-pinene and binary a-pinene
/ isoprene system again supports the contention that a-pinene components dominate the total signal
in the binary system. However, the enhancement of CHON compounds intensity in binary system
possible implies an increase in the RO2/NO> or RO2/NO termination pathways leading to stronger
organic nitrate formation. A large fraction of the signal from molecules with carbon number
greater than 16 in this binary system might be attributed to dimerization of gas-phase nitrated

highly oxidized molecules.

e) binary systems containing o-cresol

The distribution of SOA products from a-pinene / o-cresol (Fig.5(e)) and isoprene / o-cresol binary
systems (Fig 5(f)) show obvious differences compared to the corresponding single precursor
systems. In the a-pinene / cresol binary system, the dominant signal intensity was contributed by
CHON compounds, and they mainly comprise molecules with more than 16 carbon atoms. The
rest of the signal was found in the CHO (9.0%), CHOS (1.6%), and CHONS (3.3%), categories,
while compound with nC>=9 made up a significant proportion. In the isoprene/o-cresol system,
most of the compounds were in the CHON category (17.2%), and the majority of them were

composed of 6 to 10 carbon atoms. Co-Cis molecules also made a non-negligible contribution in

190



5490

5495

5500

5505

5510

5515

CHON compounds (7.4%). The remainder of the signal was found in the CHO (12.9%), CHONS
(1.3%) and CHOS (5.8%) categories, again concentrated at Ce.s.

Lack of similarities between o-cresol containing binary systems and the corresponding sole
precursor systems in the positive ionisation mode, suggests a significant contribution to the signal
from the unique compounds shown in Figure 3 exerting some control over the elemental
composition of SOA in binary systems. For instance, cross-products from a-pinene and o-cresol
gas or particle-phase oxidation probably contribute to the high carbon number compounds in
binary system. In the isoprene/o-cresol system, high Cs-Cg contributions in all categories were
likely from o-cresol, though the other contributions were dissimilar to the individual precursor

systems.

f) ternary a-pinene / isoprene / o-cresol mixture

The distribution of SOA products in ternary system (Fig.5(g)) was very similar to the single
precursor a-pinene experiments (Fig.5(a)). The dominant compounds were found in the CHO
categories with signal intensity of 21.1%, most of them with 6 to 10 carbon atoms. The 17.5%
signal contribution of molecules with carbon number greater than Cis in CHON is 7.2% higher
than signal intensity of CHON molecules with carbon number >16 in the single precursor a-pinene
system (10.3%).

The most notable difference between the positive mode signal in the ternary system and the single
precursor systems was the high contribution of molecules with nC > 21 in the CHON category. As
an indication of the relative contribution of accretion products to the SOA particle mass in each
system, table.S2 shows that the signal-attributed mass concentration of molecules (nC>21) in the
single VOC isoprene system, at 0.016 pgm, is significant lower than in the a-pinene/o-Cresol
binary (2.85 ugm™) , and is about 8 times less than in the isoprene / o-cresol binary (0.14 pgm)
and 70 times less than the ternary (1.10 pgm™) systems, which is comparable to the single
precursor a-pinene system (1.34 ugm™). The SOA particle products of the ternary system are
mainly attributable to o-pinene oxidation, and accretion reactions, possibly across different

precursor products, leading to high carbon number nitrogen-containing compounds.

3.2.2.4. Positive Ionisation Aggregate Particle Component Properties
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Table 4 shows the intensity weighted average values for compounds detected in positive ionisation
mode in all repeat experiments of individual SOA systems. All properties were normalised to the
total detected compounds abundance. Clearly, the nC values in all three single VOCs systems were
higher than their precursor’s carbon number. For example, the nC values in isoprene SOA is 11.73,
which is 2 times higher than carbon number of isoprene (Cs). In the binary a -pinene/Isoprene
system, the nC (11.90) slightly higher than in single a -pinene system (11.55), and in single
isoprene system, suggesting a contribution from each. The OSc values seem comparable in both
single systems and binary a -pinene/isoprene system. The average value of nC in binary a -
pinene/o-cresol system (17.88) was significantly higher than the single VOC a -pinene (11.55) and
0-Cresol systems (7.61). The O/C values in binary a -pinene/o-cresol system was approximately
0.15 lower than sole a -pinene and o-cresol system, while the H/C values in binary a -pinene/o-
cresol system is comparable to single o -pinene, and about ~0.4 higher than sole o-cresol system.
The average value of nC in the binary isoprene/o-cresol system (8.43) was lower than sole isoprene
systems (nC=15.8), but higher than single o-cresol system (nC=7.61). The signal intensity
weighted values for all chemical parameters in the ternary mixture shown no obvious similarity to
those in any sole precursor system with the exception of DBE/C parameter.

It is apparent in the positive mode that accretion reactions occurred, and its products play an
essential role in single isoprene system, the binary o -pinene-containing systems and the ternary
system. Moreover, although some of the chemical parameters in the binary system show similar
values compared to single precursor systems, the significant differences between mixed systems
and those of the individual precursors imply that categories of components in the mixed systems
were controlled by the compounds that were unique to the mixture and not found in the single

precursor SyStCl’IlS.
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Table 4: Intensity Weighted Average Values obtained from positive ionization mode LC-Orbitrap MS for O/C, H/C,
OSc, DBE, and the number of carbons (nC) present for SOA filters extracts from single and mixed precursor’s

experiment.
o-pinene/
Chemical o-pinene/ Isoprene/ o-pinene/
o-pinene Isoprene 0-Cresol Isoprene/
parameters Isoprene 0-Cresol 0-Cresol
0-Cresol
nC 11.55 11.73 7.61 11.90 8.43 17.88 13.69
H/C 1.56 1.65 1.09 1.54 1.25 1.55 1.52
o/C 0.32 0.36 0.36 0.29 0.46 0.17 0.23
0Sc -0.95 -1.00 -0.66 -1.03 -0.50 -1.38 -1.17
DBE/C 0.32 0.32 0.64 0.33 0.54 0.31 0.33
DBE 3.72 3.15 4.82 3.86 4.28 5.49 4.55

3.2.2.5. Insights from the combination of positive and negative mode elemental
categorisation of signal contribution
Considering the results of both negative and positive ionization modes, the a-pinene derived

compounds unsurprisingly dominate the elemental categorisation of binary a-pinene /isoprene
binary system, since the a-pinene produced a much greater mass concentration than isoprene. The
average carbon number in positive ionization mode (Table 3 and 4) shows that SOA formation in
the binary a -pinene / isoprene binary system involves similar accretion products as found in the
single VOC a-pinene system. Whilst o-cresol generated appreciable SOA particle mass concentration, this
was still significantly lower than in the single a-pinene system. However, the negative mode analysis
suggests that o-cresol oxidation products can make a more significant contribution than a-pinene
products, notwithstanding the particularly high sensitivity to aromatic nitro-compounds, which
make a high contribution to the o-cresol CHON category. The positive mode, being sensitive to a
different subset of the compounds, differs to the observations in negative ionisation mode. The
observation in positive mode reveals that SOA elemental composition in binary o-cresol/ a-pinene
system is not driven by any single precursor’s oxidation products but by the new compounds that
appear to be o-cresol / a-pinene large molecular cross-products. Approximately half of number of
compounds were unique in the binary o-cresol/ a-pinene system in both positive and negative
modes (Fig. 2(b) and Fig 3(b)). In the o-cresol/isoprene system, it may be expected that the
elemental composition was driven by the o-cresol since the isoprene oxidation produced very little
particulate mass compared to that of o-cresol. Negative ionization results were consistent with this,

though positive mode indicated an additional significant contribution from o-cresol / isoprene large
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molecular cross-products. Overall SOA particle formation in binary systems can be seen to be
mainly dependent on the high yield precursors, but also influenced by the interaction between
products of the individual precursors, with the unique compounds making a greater contribution
than any sole precursor’s products in positive ionization mode of the o-cresol/ a-pinene system.
In the ternary system, the elemental composition shares striking resemblance of single a-pinene
system in positive ionization mode but in negative ionization mode there was little similarity with
any single precursor fsystem, with all three precursors contributing. On the other hand, the
elemental grouping results clearly shown that the compounds that were not present in all repeat
experiments and hence inconclusively attributable in all precursor system made non-negligible
contributions in both modes (especially in positive ionization), suggesting the repeatability of SOA
chemical composition in each system is not ideal. This may be an artefact of operating process
during chamber experiment and / or filter offline analysis. It should not affect the analysis of SOA
chemical characterization between single and mixture precursor systems, since only the

confidently attributable compounds between repeat experiments were employed for comparison.

3.2.3. Molecular Characterization of Particulates Organics
3.2.3.1. Negative Ionization Mode

This section aims to investigate whether the components in mixtures were also present at
significant fractional abundance in particles or absent from any of the single VOC photo-oxidation
system. The absence in the single VOC systems of those components making a substantial
contribution to the mixtures may be indicative of interactions during the photochemistry and
multiphase processing giving rise to tracers of the combinations of VOC precursors in
multicomponent particles that may be of use in SOA source attribution in future ambient studies.
The normalized peak area of 15 selected compounds in binary mixed system and 20 selected
compounds ternary mixed system are shown in Figure 6. In all mixed systems, the five compounds
with the highest signal fraction that were also present in each corresponding single precursor
systems are shown alongside the top five compounds uniquely found in the mixture but absent

from any single precursor system.

Only compounds found in all repeat experiments in each system were chosen for this analysis, so

there is confidence in the component identification.
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Figure 6 : The dominant 15 compounds in terms of their normalized peak area in the mixed VOC systems shown in
the bars: (a) binary a-pinene / Isoprene system; (b) binary a-pinene / o-cresol; (c) binary Isoprene / o-cresol; (d)
ternary system respectively. The normalized peak area of these selected 10 compounds in a mixed precursor’s system
are also presented if they existed in corresponding single precursor’s system (yellow: single a-pinene, green: isoprene,
orange: o-cresol) . The compounds are considered identical in the mixed system and single VOC systems if they have
the same empirical formula and a retention time difference of <0.1min in negative ionization mode.

a) the binary a-pinene / isoprene system

The components in binary mixture system that were also found in the single precursor a-pinene
system were found to have a larger signal fraction than those found in the single isoprene system
and the unique compounds. In particular, it was found that CoH1404 made the greatest signal
contribution (Fig6(a)). This is also the case in the single precursor a-pinene system, and is likely
to be pinic acid. CsH1402 and CoH12N2Og made a non-negligible contribution in the binary mixture
system with normalized molecular abundance 4.4% and 3.4% and were also found conserved in
both single precursors systems. Compounds that were only present in the binary mixture and in
neither individual VOC system had relatively low abundance, with the highest contribution from
C17H14N2017 with only 0.7% of total signal fraction. Clearly the SOA particle composition in the
binary o-pinene / isoprene system was dominated by a-pinene components and partially

contributed by isoprene, but not those from cross-products from their interaction.
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b) binary a-pinene / o-cresol system

As shown in (Fig.6 (b)), the most four abundant peaks (three C;H7NO4 isomers (i to iii) and
C7H7NOs3) in the mixture were found to be present in the single precursor o-cresol system.
C7H7NOy4 isomers in the binary mixture had signal contributions of 51.7% (iii), 8.6%(ii) and 2.5%
(1) respectively, with the C7H7NOs3 contribution 24.3%. CoH1404 is present in both the single VOC
a-pinene system and mixed system, with relatively high (0.68%) signal contribution in the mixed
system compared to the other four compounds common to the mixture and a-pinene alone. The
top five unique compounds in binary mixture system had small normalized signal fraction to total
sample abundance in a range of 0.12% to 0.17%.

The four dominant compounds in the binary mixture are all nitro-aromatic compounds formed in
the oxidation of o-cresol (Schwantes et al., 2017; Kitanovski et al., 2012). C;H7NO4 are multiple
isomers of methyl-nitrocatechol with the methyl and nitro groups at various positions on the
aromatic rings. C7H7NO3 was identified as methyl-nitrophenol. (Details of deprotonated species
of C7H7NO4 and C7H7NOs in table S1). As with the group categorisation, care must be taken with
the interpretation of the molecular contributions to the signal owing to the enhanced sensitivity of

electrospray ionisation.

¢) binary isoprene / o-cresol system

Fig. 6(c) shows that only one compounds in the binary isoprene / o-cresol system was
unequivocally observed in all repeat experiments the single isoprene precursor system.
Components present in single o-cresol system make higher contribution in binary mixture system
than isoprene derived compounds and those unique to the mixture, with one C7H7NOs and three
C7H7NO4 isomers making the most significant contribution. According to the deprotonated
molecular species fragmentation (table S1), three C;H7NO4 isomers were found at retention time
9.14, 4.52 and 7.53. These three C7H7NO4 have similar fragmentation ions that relate to loss of
NO ion (m/z=138) and NOH ion (m/z=137). The five compounds that were unique to the mixture
were found to make negligible contribution to total sample abundance (between 0.05% to 0.2%).
As in the a-pinene / o-cresol binary mixture, the compounds found in the o-cresol system dominate
the SOA particles in the binary isoprene / o-cresol system. Isoprene-derived compounds were

found to make a negligible contribution; all of dominant compounds in the binary system were
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found in the single VOC o-cresol system, and only one compounds in the single VOC isoprene
system. There is no evidence to suggest that a compound has high enough contribution to act as
tracer for the binary mixture. The three dominant compounds (C7H7NO4 isomers) were uniquely
identified as o-cresol oxidation products (methyl-nitrocatechol isomers) with similar retention time
and fragmentation ions as the C;H7NO4 compounds that were found in the binary a-pinene / o-
cresol system. As with the group categorisation the consideration of enhanced sensitivity of
electrospray ionization must be borne in mind in the isoprene/o-cresol and a-pinene / o-cresol

mixtures.

d) the ternary mixture

In the ternary system (Fig.6 (d)), the top 3 largest contributing signal (C7H7NO4 isomers) are an
o-cresol oxidation product, the other two o-cresol compounds has comparable normalized peak
area (~1.2%). Also, the a-pinene SOA also make non- negligible contribution in a range of 0.7%
t0 2.2% in the ternary mixture system though significantly lower than o-cresol derived compounds.
Five isoprene derived compounds (0.28% to 0.76%) make comparable signal contribution to the

five unique compounds (0.25% to 1.1%).

o-cresol SOA and a-pinene SOA clearly significantly influenced the chemical composition in the
ternary system, while the isoprene SOA and unique compound contributions are modest. A unique
potential tracer compounds (C21H340¢) was only observed in this ternary mixture of a-pinene, o-

cresol and isoprene with a 1.1% contribution and was found in all repeat experiments.
p p p

3.2.3.2. Positive Ionization Mode
Figure 7 compares the normalized peak area of selected compounds in mixed and single precursor

systems in Positive lonization Mode. As the negative ionization mode, figure 7 shows 15 selected
compounds in each binary mixed system and 20 compounds in ternary mixed system, following

the same selection criteria.
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Figure 7 | The dominant 15 compounds in terms of their normalized peak area in the mixed VOC systems shown in
the bars: (a) binary a-pinene / Isoprene system; (b) binary a-pinene / 0-cresol; (c) binary Isoprene / o-cresol; (d)
ternary system respectively. The normalized peak area of these selected 10 compounds in a mixed precursor’s system
are also presented if they existed in corresponding single precursor’s system (yellow: single a-pinene, green: isoprene,
orange:o-cresol) . The compounds are considered identical in the mixed system and single VOC systems if they have
the same empirical formula and a retention time difference of <0.1min in positive ionization mode.

a) the binary a-pinene / Isoprene system

Fig.7(a) indicates that a-pinene derived compounds dominated the binary a-pinene / isoprene
system, C10H1402 with the highest normalized peak area of 15.5% followed by C20H31NOj4 at 8.6%.
The contribution of isoprene derived compounds (0.5%-1.4%) is lower than that of those derived
from a-pinene, but higher than compounds unique to the mixture, the highest farctional abundance

of which was 0.32% (CsH100).

The particle components in the binary a-pinene/isoprene system was substantially driven by the
a-pinene components as found in negative ionization mode, likely resulting from the low SOA
yield of isoprene oxidation under the conditions of our experiment. The isoprene components had
little influence on the composition in this system. There is insufficient information to suggest that

a compound has high enough contribution to act as tracer for the binary mixture, but compounds
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unique to this mixture with seed particles under moderate NOx conditions were found to be

sulphur-containing.

b) binary a-pinene / o-cresol system

Two a-pinene derived compounds dominated this system (C21N33NO3 and C20H31NO3) in positive
ionisation mode (Fig.7 (b)). The other three a-pinene derived compounds were found at
comparable levels to the top two derived from o-cresol (CsHii1NO and CioHi3NO;) at
approximately 2.5% of total molecular signal. The contribution of compounds unique to the
mixture were lower than all five a-pinene derived compounds, but higher than most of o-cresol
SOA. The highest contribution from these unique compounds was C>1H33NO4 with 1.8% signal

intensity.

Although both a-pinene and o-cresol oxidation products contributed to this system, the most
abundant peaks (C21H33NO;3; and C20H31NO3) were only found in the single precursor a-pinene
system but not in the single precursor o-cresol system. The nitrated tracers (C21H33NO4) might act
as tracer compound for binary system, which is possibly driven by further oxidation of C21H33NO3

compound.

¢) binary isoprene / o-cresol system

Fig 7(c) shows o-cresol derived compounds controlled the particulate chemical compositon in this
system.The fractional contribution of C;HgO4 and C7H7NO; from the o-cresol system were 15.5%
and 10.5% respectively in the binary mixture. One isoprene derived compound (CoH13NO7) made
considerable contribution (6.6%) in the binary mixture system. Compounds unique to the mixture
were CoH11NO (1.3%), CsHgO10(1.0%), C13H20NOs5 (0.9%), C7H18N202S2 (0.7%), and C16H3006S2
(0.6%).

The higher yield o-cresol made a much more significant contribution to the SOA components than
the lower yield isoprene. The significant abundance of two unique compounds (CoH1NO, and
CsHgO10 ) may result from interactions in the mixture and their exploration for use as tracers of

the mixed system might prove useful.
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d) The ternary mixture

From Fig. 7(d), the dominant compounds of the ternary system in positive ionisation mode were
derived from a-pinene with fractional contribution range of 0.39% to 14.9%. The highest peak
was Ci1oH14O with signal intensity 14.9%. The top o-cresol derived compounds were C1oH13NO>,
CsH11NO and CgH1002 with 2.7%, 1.6% and 1.2% signal intensity respectively. The top three
isoprene derived compounds were CgHi606S (2.0%), Ci3H26N20S: (1.6%)and Ci3H26N20S»
(1.2%) respectively. CooH2sN4O4S was unique to the ternary mixture with a fractional
contribution approximately ~1.1%, which could be the products from dimerization of a-pinene
products or from interactions in the mixture.

The highest SOA yield a-pinene clearly dominated the product distribution of the ternary mixture
in positive ionization mode. Isoprene and o-cresol derived and unique-to-the-mixture components

made little contribution.

4. Conclusion
In this study, the SOA chemical composition formed from the photooxidation of a-pinene,

isoprene, o-cresol and their binary and ternary mixtures in the presence of NOx and ammonium
sulphate seed particles was determined by LC-Orbitrap MS. SOA particle mass from isoprene was
almost negligible under our experimental conditions, o-cresol generated more and a-pinene the

highest, and exhibited the highest yield in our experiments.

The number of detected SOA compounds and their molecular composition indicated that a-pinene
oxidation products have a dominant influence on the SOA particle composition in the binary a-
pinene/isoprene system, which can involve oligomerization/accretion reactions forming products
such as C20H31NO4. The major products in this system shows that SOA composition is clearly
driven by the high a-pinene yield with isoprene oxidation products observed to make a minor
contribution. The nitrogen containing compound C17H14N207 might be a potential tracter in binary
a-pinene/ isoprene system in the presence of ammonium sulphate seed.

The compositional analysis in negative ionization mode reveals that o-cresol products dominate
SOA particle composition in the a-pinene/o-cresol system, with major contributions from methyl-
nitrocatechol isomers (C7H7NOs4) and methyl-nitrophenol (C7H7NO3), though this will be

influenced by the high sensitivity in the employed electrospray ionization method. There is a
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relatively high contribution to the elemental composition from unique- to- mixture products in
positive ionization mode, indicating the significant prevalence of interactions between the
oxidation products in this system. The molecular analysis in both ionization modes also indicated
that both a-pinene and o-cresol influenced the product distribution in their binary mixture.
Similarly, o-cresol oxidation heavily influenced SOA particle composition in the binary
isoprene/o-cresol system in negative ionization mode, but unique-to-mixture products had made
considerable contribution in the positive ionization mode. The molecular analysis in both modes
suggested that higher yield o-cresol products were present in greater abundance than those from
isoprene. Two unique compounds (CoH11NO, and CsHgO1o) in positive mode were identified that
could behave as tracers in this system.

SOA composition in binary mixtures was therefore generally strongly determined by the oxidation
products of the higher yield precursors, but interactions leading to cross-product formation also

play an important role, especially in o-cresol containing systems.

In the ternary system, the elemental category composition analysis presented in positive ionization
mode suggested that the chemical composition of SOA strongly depends on the sole a-pinene
oxidation, with products from the oxidation of a-pinene and o-cresol identified as important in
negative ionization mode. The molecular analysis shows that products from both a-pinene and o-
cresol strongly influence the composition of SOA particles with very few isoprene oxidation
products making a major contribution, indicating a limited role for isoprene oxidation. Moreover,

cross-products C21H340¢ and C20H2sN4O4S identified as a potential tracer in ternary system.
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Abstract

This study reports the average carbon oxidation state (0Sc ) of SOA particles formed from the
photo-oxidation of o-cresol, a- pinene, isoprene and their mixtures, representative anthropogenic
and biogenic precursors, in the Manchester Aerosol Chamber. Three independent mass
spectrometric techniques, including two online instruments, HR-ToF-AMS and FIGAREO-CIMS,
and one offline technique, LC-Orbitrap MS, were employed to characterise molar atomic ratios
(e.g. O/C, H/C and N/C) leading to estimation of the SOA particle average carbon oxidation state
in mixtures of o-pinene/isoprene, o-cresol/isoprene, a-pinene/o-cresol and a-pinene/o-
cresol/isoprene systems. Single precursor experiments at various initial concentrations were used
as reference. The oxidation state of nitrogen (0Sy) for CHON compounds was shown to non-
negligibly influence the average OSc in single a-pinene and o-cresol system in FIGAERO-CIMS
and LC-Orbitrap MS measurement. As might be expected, the average OSc accounting for 0Syis
lower than when it is considered. SOA particle average oxidation state excluding consideration of
'0Sy obtained by the three techniques showed substantial discrepancies. That obtained from
FIGAERO-CIMS was always found to be higher than from the other techniques, likely resulting
from the high sensitivity of the FIGAERO-CIMS toward highly oxygenated compounds.
Quantification of the SOA particle average OSc was challenging, but all three techniques showed
similar trends across systems. In the single precursor system, the initial concentration of precursors
influences the average OSc in the single a-pinene system, but not in the single o-cresol system,
which is potentially attributed by the Os reaction with precursor. In binary precursor systems, the
injected isoprene affected the average OSc in the presence of a-pinene but the influence was more
modest in the presence of o-cresol. The 0Sc in the o-pinene/isoprene system was lower than in
the a-pinene system although they have a similar trend in average OSc with SOA mass
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concentration. This suggests that the isoprene has the potential to decrease the average 0Sc by
forming high volatility and less oxygenated products, followed by partitioning into particulate
matter in a mixed system. The OSc in the a-pinene/o-cresol system was between those measured
in the single precursor systems, where that in the a-pinene system was lower than in the o-cresol
system, suggesting contributions to the OSc from both precursors. In the ternary mixture, the
'0Sc was not dominated by any single precursor, with substantial contributions from products
uniquely found in the mixture. These results present the first detailed observations of particle
average carbon oxidation state during SOA formation in mixed anthropogenic and biogenic
systems.
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1.Introduction

Organic aerosol (OA) particles are an important component of ambient aerosol particles
(accounting for ~ 50% of mass in fine particulate mass)(Kanakidou et al., 2005) (Zhang et al.,
2007) and are involved in multiple atmospheric processes, such as affecting the radiative forcing,
heterogeneous reactions by gas species (e.g., OH radicals, Oz and NOj radicals), loss of visibility
and negative effects on human health (Thompson, 1995) (Griggs and Noguer, 2002; Seinfeld and
Pankow, 2003; Kroll et al., 2015). Organic aerosol can be classified as primary organic aerosol
(POA), which is emitted to the ambient atmosphere directly by natural environmental processes
(e.g., desert dust storms and volcanic eruptions) or human activities (e.g. Industry and
transportation system), and secondary organic aerosol (SOA) that is formed from ageing of POA
(Robinson et al., 2007), and gas-phase oxidation of anthropogenic/biogenic volatile organic
precursors (VOCs) followed by nucleation or condensation on existing particles.

Organic aerosols in the ambient atmosphere contain a variety of organic species, including
hydrocarbons, alcohol, aldehydes and carboxylic acids, while a small fraction of these organic
species can be detected by current techniques and characterized at molecular level (~10-30%)
(Hoffmann et al., 2011). Moreover, the chemical complexity of OA increases if there are multiple
OA sources (both anthropogenic and biogenic sources) that contribute to OA formation. A current
lack of detailed chemical characterisation of these organic species makes it difficult to track the
OA sources, understand their atmospheric processes and mitigate their adverse impacts. Jimenez
et al. (2009) indicated the 30-90% of OA is contributed by SOA, the loadings and oxidation state
of which, current models find difficult to predict. The majority of ambient SOA is generated by
oxidation of VOCs with the dominant prevailing oxidants, hydroxyl radicals (OH) and ozone (O3)
during the day and nitrate radicals (NOs) at nighttime, forming low volatility products and
subsequently partition to condense phase (Atkinson, 2004). SOA particles increasingly contain
multi-generational products as they age, a process widely studied in chambers (Lee et al., 2011;
Winterhalter et al., 2003; Pandis et al., 1991; Hoffmann et al., 1997; Eddingsaas et al., 2012; Kroll
et al., 2005a; Ahlberg et al., 2017; Pullinen et al., 2020; Kroll et al., 2005b). Although some
chamber experiments have focused on investigating the evolution of SOA from different VOCs,

most have focused on individual precursors. A number of chamber studies of SOA formation from
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photo-oxidation of biogenic precursors, such as a-pinene and isoprene in the presence of NOx
have been conducted (Ng et al., 2007; Pullinen et al., 2020; Kroll et al., 2005a; Kroll et al., 2006;
Surratt et al., 2006). Other studies have focused on anthropogenically-emitted VOCs, such as
those using aromatic hydrocarbons (Luo et al., 2021; Henry et al., 2008). However, recent
laboratories had attempted to explore the SOA formation in the presence of multiple precursors
under controlled conditions in view of a complex mixture of anthropogenic and biogenic VOCs in
the ambient atmosphere. Using chamber studies to investigate SOA formation in mixtures of
anthropogenic VOCs (1,3,5-trimethyl benzene (1,3,5-TMB), toluene, o-xylene and octane), Garcia
Vivanco and Santiago (2010) observed that 1,3,5-TMB products dominated the SOA composition,
though with some difficulty in characterisation owing to analytical constraints. Looking at the
biogenic a-pinene / isoprene mixture, Mcfiggans et al. (2019) demonstrated that a reduction of
SOA mass and yield with isoprene acting as a scavenger toward OH radicals and its radical’s
products might contribute to scavenging the highly oxygenated a-pinene products results in
increasing the overall volatility of the products from mixture oxidation. This paper also pointed
out the importance of the mechanistic interaction between the products of oxidized precursor’s
molecules impacts on SOA formation, which is necessary to understanding the mechanism of SOA

formation in the presence of multiple VOCs.

Understanding the oxidation chemistry leading to SOA formation in terms of characterized
individual organic species presents major ongoing challenges, owing to the complexity of SOA
mixtures in both the laboratory work and the ambient atmosphere. Kroll et al. (2011) highlighted
that the oxidation state of the particle-phase carbon is a key property that can usefully describe the
oxidation chemistry of organics in mixtures since the average carbon oxidation state will always
increase with the degree of oxidation. According to the valence rule, a simplified approach to
calculate the average carbon oxidation state (0Sc) of organic mixtures relate to the molar oxygen

to carbon (O/C) and hydrogen to carbon (H/C) ratios respectively (Equation 1).

0Sc = 2 *

o
I
alx

(1)
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Changes in carbon oxidation state provide a valuable insight into the oxidation dynamics
associated with the formation and evolution of ensemble SOA. For example, the OSc generally
increases by functionalization, which can frequently occur in VOC oxidation leading to C-O bonds,
for example, replacing C-H or unsaturated C-C bonds. In contrast, the average OSc remains
unchanged by oligomerization, which may occur after functionalization and fragmentation
reaction (Kroll et al., 2015). On the other hand, the alteration of average OSc of particulate
organic molecules is also associated with the their volatility since this is a key determinant of gas-
particle partitioning results in change in the ensemble chemical composition and enhancement of
OA mass concentration. In general, the overall volatility will decrease with more functionalized
molecules and increase with fragmentation (Daumit et al., 2013). Changes in OSc and atomic ratios
(H:C and O:C ratios) upon SOA mass loading can therefore be useful tools in identifying the key

process in the atmospheric ageing of SOA.

In our chamber studies of SOA formation in mixtures of a-pinene, isoprene and o-cresol, we have
reported the chemical composition of SOA offline technique orbitrap liquid chromatography mass
spectrometer (Shao et al., 2022). Oxidation products from the high yield precursor, a-pinene,
dominated SOA inits mixtures whilst isoprene derived compounds made a negligible contribution.
Interactions in the oxidation of mixed precursors were found to lead to products uniquely found in
the mixtures. In this study, we expand the investigation to report online measurements from the
high resolution time-of-flight Aerodyne Aerosol Mass Spectrometers (HR-TOF-AMS) and Filter
Inlet for Gases and AEROsols coupled to an lodide high-resolution time of flight chemical
ionization mass spectrometer (FIGAERO-CIMS; Lee et al. (2014)) to measure the near real-time
atomic ratios and derive the oxidation state of SOA during these same experiments. The HR-TOF-
AMS technique had been widely used for analyzing the non-refractory aerosol chemical
composition (Aiken et al., 2008; Shilling et al., 2009; Presto et al., 2009; Chhabra et al., 2010;
Docherty et al., 2018) and can provide sensitive and online measurements of SOA elemental
composition. The FIGAERO-CIMS were used to provide measurements of both gas-phase and
particle-phase chemical constituents of organic aerosols in real time. Both instruments have
limitations precluding molecular identification (elctron impact ionization in the AMS leads to

extensive fragmentation in the AMS and the CIMS cannot resolve structural isomers or isobaric
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compounds (Lee et al., 2014)). Nevertheless, both online instruments can provide the time profile
of atomic ratios of the SOA and derived average carbon oxidation state to add interpretation of the

evolution of organic compounds to the offline measurement by LC-Orbitrap MS.

The present study aims to investigate the differences in OSc in SOA formed from the
photooxidation of single precursors and their mixtures. This is achieved by considering

1) the chemical mapping of identified SOA in FIGAERO-CIMS measurement and HR-TOF-AMS
measurement;

i) the relationship between precursors’ initial concentration and extent of oxidation in SOA
evolution in single precursors system,

ii1) the dependence of the atomic ratios (O:C ratios, H:C ratios and N:C ratios) and extent of
oxidation on with SOA particle mass loading in single and mixture precursor systems, and

iv) the relative contributions to OSc from the oxidation products of each precursor and whether

any individual precursor controlled the average 0Sc of SOA in mixed systems.

A series of photochemical oxidation experiments were designed and conducted to produce SOA
from the selected VOCs (a-pinene, isoprene and o-cresol) and their mixtures in the presence of
neutral seed particles (ammonium sulphate) and NOx. The experimental program thereby included
three single precursor systems, three binary precursor mixtures and one ternary mixture of
precursors. For studying the effect of the initial VOC concentration on the particle composition
and carbon oxidation state of SOA evolution, here we also conduct single precursor experiments
at 2 and ' initial reactivity. However, experiments with o-cresol at 5 reactivity and isoprene at
%2 reactivity are not reported as a result of technical difficulties. The HR-ToF-AMS and
FIGAERO-I'-CIMS continuously sampled and measured the SOA particles throughout the
experiment and the entire chamber contents were flushed through a filter for collection of the

aerosol at the end of the experiment for subsequent offline analysis by LC-Orbitrap MS.

2. Materials and Methods

2.1.Manchester Aerosol Chamber
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All experiments were conducted in the Manchester Aerosol Chamber (MAC; Shao et al. (2021).
In short, the MAC operates as a batch reactor and consists of 18m? volume Teflon FEP bag
suspended by three rectangular extruded aluminium frames, housed in an air-conditioned
enclosure. The enclosure is covered by reflective “space blanket” material and is illuminated with
two 6 kW Xenon arc lamps (XBO 6000 W/HSLA OFR, Osram) and a bank of halogen lamps
(Solux 50 W/4700 K, Solux MR16, USA) with an intensity corresponding to a photolysis rate of
NO; (JNOy) around 1.83x1073s™! through the entire experimental campaign. Conditioned air was
introduced between the bag and the enclosure to maintain a constant chamber temperature
throughout the experiment. Additionally, active water was used to cooling of the mounting bars
of the halogen lamps and of the filter in front of the arc lamps to remove the unwanted heat from
the lamps. Relative humidity (RH) and temperature (T) are controlled by the humidifier and by the
air conditioning that couple with the chamber. RH and T were continuously monitored by the
dewpoint hygrometer and several thermocouples and resistance probes during the experiment.
Liquid VOCs (a-pinene, isoprene and o-cresol; Sigma Aldrich, GC grade >99.99% purity) were
introduced into chamber through injection into a heated glass bulb for vaporization and
subsequently flushed into the chamber with purified N2 (electronic capture device-grade nitrogen
stream; purity >99.998%). A custom-made cylinder (10% v/v) containing NOx was used for NO»
injection into the MAC in ECD N as carrier gas. A Topaz model ATM 230 aerosol generator were
used to produce ammonium sulphate seed particles by atomization from ammonium sulphate

solution (Puratonic, 99.999% purity).

2.2. Experimental Procedure

The concept of iso-reactivity towards OH radicals was used to select the initial VOC
concentrations in each experiment to enable comparable initial turnover of VOCs in the mixture
with respect to OH radicals, such that the oxidation products from each VOCs would make
comparable contributions at the chosen concentration and experimental conditions at the beginning
of experiment. The VOCs precursors only taking account its reactivity towards OH radicals

(Atkinson, 2004) when calculating the injected mass, since the consumption of VOCs by other
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oxidants (e.g., O3) was excluded. Thirteen experimental conditions were planned, covering the
a-pinene, isoprene and o-cresol single precursor systems (each at full, 2 and '3 reactivity)
respectively, binary a-pinene / isoprene, a-pinene / o-cresol and o-cresol / isoprene mixtures and
their ternary mixture. Initial concentrations of each VOC in the binary and ternary mixtures were
the same as the initial concentration in the 2 and 5 reactivity individual VOC experiments

respectively, ensuring comparable initial reactivity toward OH in all systems.

As described in Shao et al. (2021), a “pre-experiment’ program and a “post-experiment” were
conducted prior to and after each experiment. These two procedures consist of multiple auto
fill/flush cycle with high flow rate (~ 3 m® min ') with purified air to condition and remove the
unwanted contaminants in the chamber bag. A water condensation particle counter (WCPC; TSI
3786), O3 analyser, (Thermo Electron Corporation model 49C), NO-NO>-NOx analyser (Thermo
Electron Corporation model 42i) were used to monitor residual gas and particles in the chamber
during the “pre-experiment”, to ensure their concentrations were close to zero in the bag prior to
chamber background procedure (approximately 1 hour), which aims to establish the clean chamber
baseline concentration. An “experimental background” procedure was conducted in the next stage
to gain the baseline of initial experimental conditions before initiation of any VOC oxidation. This
comprised continuous measurement after injecting VOC(s), NOx, and seed particles sequentially
and leaving the chamber to stabilise for an hour under dark condition. The baseline of clean
background and the experimental background were used to correct experimental data.
Actinometry and off-gasing experiments were performed regularly during our campaign to
monitor the condition and cleanliness of the chamber bag.

The duration of each experiment was nominally 6 hours after initial illumination, under similar
controlled environmental conditions (RH:50+5% and T:24+2 °C). The summary of the initial
conditions of the reported experiments were presented in table 1 (noting the lack of !5 reactivity
o-cresol and % reactivity isoprene owing to technical difficulties). The particulate products were
collected at the end of each experiment, flushing the entire chamber contents through a pre-fired
quartz filter (heating in a furnace at 550 C for 5.5 hours), which was subsequently wrapped in foil

and refridgerated at -18 degrees.
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Table 1: Summary of the initial conditions of experiments.

Exp. Precursors NOx VOC Seed
Exp. Type vocC VOC/NOx

no. Reactivity (ppb)  (ppb) (ng m?)

a Full a-pinene 40 309 7.7 72.6

b Half a-pinene 26 155 6.0 45.7

c Third a-pinene 18 103 5.7 51.0
Single

d Full o-cresol 44 400 9.1 47.8

e Half o-cresol 40 200 5.0 513

f Full isoprene 23 164 7.1 -

g Full o-cresol/isoprene 34 282 (200/82) 8.3 49.6

h Binary Full a-pinene/o-cresol 30 355 (155/200) 11.8 57

i Full a-pinene/isoprene 39 237 (155/82) 6.1 62.0

. . . 291

j Ternary Full a-pinene/o-cresol/isoprene 78 3.7 45.8

(103/133/55)

2.3. Instrumentation

2.3.1. Online Measurement

The NO-NO>-NOx and O3 analysers were used to measure the NO2> and O3 gas concentration
throughout the experiments. A semi-continuous gas chromatograph (6850 Agilent) coupled to a
mass spectrometer (5975C Agilent; hereafter GC-MS) with a thermal desorption unit (Markes TT-
24/7) was employed to monitor the time profile of VOC precursor decay. An Aerodyne high-
resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS, Aerodyne Research Inc.,
USA) was used to measure organic mass loading and characterize the composition of non-
refractory organic particles. The AMS instrument was calibrated by using monodisperse (350nm)
ammonium nitrate and ammonium sulphate particle prior to and after to the experimental program,
referring to the standard protocol in Jayne et al. (2000) and Jimenez et al. (2003). The instrument
operated in “V mode” during experiments and ran in mass spectra (MS) and particle-time-of-flight
(PToF) sub-modes for equal time periods (30s each section). The HR-ToF-AMS data were
processed in Igor Pro 7.08 (Wavemeterics.Inc.) using the standard ToF-AMS analysis toolkit
(version 1.21) for both unit mass resolution (UMR) and and high resolution (HR) analyses. The
average ionization efficiency of nitrate (IE=9.38 x 10®), the specific relative ionization efficiencies

(RIE) for NH4" (3.57 + 0.02) and SO4* (1.28 + 0.01) from calibration, and the default RIE from
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Alfarra et al. (2004) of all organic compounds (RIE=1.4) were all applied in the UMR and HR
analysis. HR mass spectra was fitted using the method of Decarlo et al. (2006) and analysed using
the ToF-AMS analysis software that reported in D. Sueper et al. (2020). The ion fitting process
for high resolution mass spectra in our analysis refers to the supporting information in Hildebrandt
etal. (2011), since this is critical in the determination of the atomic ratio (O:C), and (H:C) of non-

refractory organic material.

The operation of the time-of-fight chemical ionisation mass spectrometer with iodide ionisation
coupled with a filter inlet for gases and aerosols (FIGAERO-I'-CIMS; Lopez-Hilfiker et al. (2014)
was described in (Voliotis et al., 2021). Briefly, the particles were sampled by using PTFE filter
(Zefluor, 2.0 um pore size) at 1 sL min’!, following by 15 mins thermal desorption (ambient
temperature ramp to 200°C) with ultra-high purity N> as carrier gas. The instrument was run in
negative-ion mode by producing I regent ion generated using polonium-210 ionisation source to
ionize methyl iodide (CHsI). The I reagent ions enter the ion molecule reaction region (IMR) with
Nz (ultra-high purity) as carrier gas. An “instrument background” procedure for the particle phase
measurements was conducted in all the experiments for subtraction from the measurements. The
FIGAERO-I-CIMS data were processed by using the Tofware package in Igor Pro (version. 3.2.1.,
Wavemetrics©) (Stark et al., 2015) for peak identification. A data set of assigned molecular
formula of detected compounds were produced, allowing subsequent determination of the H:C and

O:C ratios.

2.3.2. Offline Measurement

Ultra-performance liquid chromatography ultra-high resolution mass spectrometry (Dionex 3000,
Orbitrap QExactive, ThermoFisher Scientific) was employed for analysing the filter sampled
particulate. Detail description of the instruments, experimental set-up and data processing
methodology can be found on Shao et al., (2022) and Pereira et al. (2021). Briefly, the preparation
of sample solution is as follows:

1) filter samples were dissolved in 4 ml LCMS optimal Methanol solvent followed by extraction
in sonication (Fisher Scientific FB15051) after the sample solution had settle for 2 hours to ambient

temperature;
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2) 0.22 um pore size PDVF filter (Fisher Scientific) and BD PlasticPak syringe (Fisher Scientific)
were used for filtering the sample solution, subsequent by adding further 1 ml methanol on the dry
filter for the second extraction of samples with the same method;

3) The extracted solution was evaporated to dryness using a solvent evaporator (Biotage) under
specified temperature (36 °C) and pressure (8 mbar) conditions;

4) The dryness residual was re-dissolved in 1 ml solvent that consists of LCMS optimal grade

water and methanol in a ratio of 9:1.

Once the sample solutions were prepared, they were injected into the LC-Orbitrap MS 0.3 ml/min
with 2 pl volume by autosampler held at 4 °C. The mass spectrometer was mass calibrated using
ESI positive and negative ion calibration solutions (Pierce, Thermo Scientific) prior to sample
analysis. The sample solution was passed through a reverse-phase C18 column (Accucore, Thermo
Fisher Scientific) 100 mm long % 2.1 mm wide and with 2.6 pm particle size, with temperature
held at 40°C. The mobile phase was composed of (a) LCMS optimal grade water with 0.1%(v/v)
formic acid (Sigma Aldrich) and (b) methanol (LC-MS Optimal grade, Fisher Scientific). The
elution gradient changed between (a) and (b), with starting 90% of (a) with a 1-minute post-
injection hold, subsequent decline to 10 % over 26mins, back to initial mobile phase and re-
equilibrium the column at total 30mins. In this instrument, electrospray ionization (ESI, 35 eV)
was performed for both positive and negative mode to charge the organic compounds in a range
of m/z 80 to m/z 750. High-energy collisional dissociation from tandem mass spectrometry (MS?)
was used to generate ion fragments for subsequent mass analyser detection. These ion fragments
contributed to the fragmental ion spectrum, to inform the compound’s structural characterisation
and isomer identification. Analysis of extracted solvent (water: methanol = 9:1) and pre-
conditioned bank filter was also performed with the same procedure for subtraction from the
measurements to ensure exclusion of baseline noise and artefacts from sample preparation.

The mass chromatogram data was processed by an automated methodology for non-targeted
composition of small molecules (Pereira et al. (2021). This approach guided the peak identification
and offer molecular formula assignment for detected compounds enabling calculation of the signal

weighted OSc, O:C and H:C for each system.
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2.3.4. Estimation of average carbon oxidation state (0Sc)

For compounds that contain only carbon, hydrogen and oxygen (designated “CHO” compounds),
the average OSc was straightforwardly determined using atomic ratios O:C and H:C via equation
1 (0Sc=2*0/C-H/C) in analysis of data from all MS techniques.

For compounds that additionally contain nitrogen (“CHON” compounds), it is assumed that the
nitrogen would exist as nitrate with 0Sy =+5 if there are 3 or more oxygen atoms in the molecule
and as nitrite with 0S) = +3 if there are fewer than 3 oxygen atoms. For CHON compounds, the
0Sc is therefore calculated using equation (2) where the H, C, O and N are determined from the

FIGAERO-CIMS and LC-Orbitrap MS signal.
e 0 H ,~=— N
OSC_Z*E_E_(OSN*E) )

Where N:C corresponding to nitrogen-to-carbon ratios, 0Sy= 3 if nO < 3; or 0Sy = 5 if nO > 3.
The signal-weighted average OSc determined by equation (2) will be presented in section 3 and
referred to as “accounting for 0Sy”. The HR-ToF-MS is unable to provide molecular information,
but provides total particle ensemble C, H and O from the HR mass defect. However, retrieval of
mass defect with sufficient accuracy to attribute the N-containing compounds at the resolution of
the instrument is too challenging to be considered robust. The calculated OSc from AMS data uses
only C, H and O and uses equation 1 (i.e. implicitly not accounting for organic nitrogen in any
CHON compounds present). For comparison with the AMS-calculated 0Sc, the average OSc for
CHON compounds measured by the FIGAERO-CIMS and LC-Orbitrap MS technique has also
been calculated ignoring the N and using equation (1), and this referred to as “not accounting for

0Sy”. in section 3

Strictly, the estimation of average carbon oxidation state would account for the oxidation state of
sulfur (0Ss) in any sulphur-containing compounds (CHOS and CHONS compounds) in the
particles. Given the challenges associated with the quantification of S-containing compounds in
FIGAERO-CIMS technique (Xu et al., 2016; D'ambro et al., 2019), this study does not consider

the contribution of 0Ss in OSc calculation. It was also shown by Du et al. (2021) that the influence
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of heteroatom S or NS on OSc calculation would be negligible as a result of their low fractional

abundance the in LC-Orbitrap MS measurements (see also Shao et al. 2022).

3. Results

3.1. OSc of Particles in Single VOC system at various reactivity levels

(a) a-pinene system (accounting for OSn) (b) a-pinene system (not accounting for OSn)
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Figure 1: Average carbon oxidation state as function of SOA mass concentration of products detected
by the HR-ToF-AMS, FIGAERO CIMS, and LC-Orbitrap MS (Negative lonization Mode (Neg) and
Positive ionization mode (Pos)) in the single precursor a-pinene and o-cresol systems. a) and c)
accounting for 0Sy. b) and d) not accounting for OSy.

Figure 1 shows the average carbon oxidation state of SOA against SOA mass concentration from
the single precursor VOC experiments (o-pinene (panel a and b) and o-cresol (panel ¢ and d))

conducted at different initial reactivity level. Panels (a) and (c) show the average 0Sc of SOA
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accounting for OSy, and (b) and (d) without accounting for OSy of SOA detected by different M'S

techniques.

In the single a-pinene experiments, the average OSc accounting for OSy as function of mass
loading showed small differences between the three initial concentration experiments in
FIGAERO-CIMS data ( OSc in the ¥ reactivity a-pinene system decreased from -0.24 to -0.46
across the 6-hour experimental period and was very slightly higher than in the % reactivity ( 0Sc
=-0.31 to -0.51) and full reactivity single a-pinene system ( 0Sc=-0.35 to -0.57) (Fig. 1a). Very
comparably, the average OSc in the ' reactivity o-pinene systems was -0.45 in negative
ionization mode in LC-Orbitrap MS, which is slightly higher than % reactivity (0Sc =-0.61) and
full reactivity single system ( 0Sc = -0.58). In contrast, in positive ionization mode, the average
"0Sc in the Y reactivity system is comparable to full reactivity system ( 0Sc =-0.95) and is

approximately 0.26 higher than OSc in '5 reactivity systems (Fig.1a).

Fig.1b shows the average OSc not accounting for OSy against particle mass concentration
enabling comparison against the AMS data in the a-pinene experiments. The HR-ToF-AMS
derived average OSc showed significant differences between three initial reactivity experiments.
Fig 1b shows that the AMS is able to produce OSc estimates at lower total particle mass than the
other two techniques, during the rapid early growth phase of the experiments, before the first
FIGAERO sample is collected. First, it is clear that the total SOA mass concentration trajectory is
markedly different for the various initial a-pinene concentration (Fig.1b). Also, the 4 reactivity
system has the highest average 0Sc from -0.99 to -0.31 compared to full reactivity (OSc =-1.68
to -0.39) and ¥ reactivity (0Sc =-2.51 to -0.66) system as function of SOA mass concentration.
The average OSc of both full and Y reactivity systems showed upward trend first, followed by
reduction during SOA evolution, nevertheless, the average 0Sc was increasing continuously in %5
reactivity system and was still doing so at the end of the experiment. The FIGAERO-CIMS
derived average OSc values in Fig.1b each show higher values than those from the HR-ToF-AMS.
The FIGAERO-CIMS 0Sc is comparable between full reactivity (0Sc =-0.17 to -0.40) and Y

reactivity systems ( OSc =-0.17 to -0.32), which both are slightly lower than the )5 reactivity
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system (0S¢ =-0.07 to -0.22), contrary to the AMS trend. The LC-Orbitrap MS derived average
'0Sc not accounting for OSy from the ' reactivity experiment is slightly higher (-0.34) in
negative ionization mode, and lower (-0.19) in positive ionization mode than that from the other
two experiments, with the negative ionisation values all comparable to those from the FIGAERO-
CIMS. As must be the case given the presence of N in the spectra, the average OSc accounting
for OS), is lower value than when not accounting for 0Sy derived from both FIGAERO-CIMS and
LC-Orbitrap MS (Fig.1a and 1b).

For single precursor o-cresol experiments, the FIGAERO-CIMS-derived average 0Sc accounting
for OSy in both full and % reactivity experiments reduced with increasing SOA mass concentration
with the lower concentration experiment having a higher 0Sc (0.12 to -0.26 compared to 0.09 to
-0.37), as shown in Fig.1c. The higher concentration experiment showed a higher LC-Orbitrap MS
-derived 0Sc (-0.55) than the lower concentration experiment (-0.81) in negative ionization mode,
but with an opposite trend in positive ionization mode (Fig.1c).

When not accounting for 0Sy, the HR-ToF-MS-derived OSc shows a similar increasing trend
with SOA particle mass at each initial concentration, with comparable values ranging from -1.20
to 0.24 as shown in Fig 1d), with the only difference being that the full reactivity system showed
slight decrease in OSc after SOA mass concentration reached its peak at around 10 ugm->.

As with the o-pinene experiments, the FIGAERO-CIMS-derived average OSc were comparable
between initial concentration o-cresol experiments and higher than the HR-ToF-AMS-derived
'0Sc. The OSc reduced with increasing particulate mass concentration from (~0.4 to 0). Negative
ionization mode average 0Sc from LC-Orbitrap MS measurements at both initial concentrations
were comparable at ~0.14 (Fig.1d). In positive mode, the average OSc at the higher concentration

was -0.36, 0.11 lower than the lower concentration value.

It should be noted that the values of the FIGAERO-CIMS average OSc were higher than the AMS
values in experiments with both single precursors, as were those from the negative mode LC-
Orbitrap MS value, but the positive mode LC-Orbitrap MS values were lower. This is consistent

with the AMS being able to detect all material that would be seen by both ionization modes of the
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offline filter analysis, but the FIGAERO only being sensitive to an oxygenated subset that can be

ionized by I' chemical ionization.

The SOA particle mass yield (and hence particle mass loading) in the single VOC isoprene
experiment was too low to provide insightful measurements of the evolution in composition (see

Voliotis et al., 2021 and Voliotis et al., 2022).

3.2. 0Sc, O:C and H:C ratios of SOA Particles in mixtures accounting for 0OSy

This section compares the average carbon oxidation state and atomic ratios of particles derived
from FIGAERO-CIMS and LC-Orbitrap MS data from mixed precursors systems with reference
to their corresponding single precursors systems. The average carbon oxidation state presented in
this section accounts for the nitrogen present in all systems (though not the sulphur) see section

2.4, and excludes AMS data, owing to the challenges with accounting for OSy.

(a) a-pinene & isoprene binary system
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Figure 2: Evolution of SOA particle composition evolution in terms of a) average carbon oxidation
state (0Sc), b) O:C ,c) H:C and d) N:C atomic ratios as function of SOA mass concentration from
FIGAERO-CIMS and LC-Obitrap-MS measurements (-ve lonization Mode (Neg) and +ve
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ionization mode (Pos)) in binary a-pinene /isoprene mixture, %2 reactivity individual a-pinene
and full reactivity individual isoprene experiments.

Figure 2 shows the atomic ratios (O:C, H:C and N:C) and average carbon oxidation state 0Sc of
the evolving SOA particles in binary a-pinene/isoprene mixture, individual 2 reactivity a-pinene
and full reactivity isoprene experiments (noting the unavailability of data for lower concentration
isoprene experiments). As might be expected from its very low (near negligible) mass contribution,
whilst the particle produced in the isoprene system appear quite highly oxidized in comparison to
those from a-pinene, the isoprene products appear to have a minor effect on the carbon oxidation
state and atomic ratios in binary o-pinene / isoprene experiments.

Panel a) shows the FIGAERO-CIMS average OSc in % reactivity a-pinene experiments have a
similar declining trend (from -0.31 to -0.51 through the experiment) as that in the binary mixture
(from -0.42 to -0.65), though being slightly more oxidised. As shown in panels b) and c), the
mixture and individual a-pinene experiments showed comparable O:C (~0.63 and 0.60) and H:C
ratios (H:C ~ 1.45 to 1.55). The N:C ratios increased as function of SOA mass concentration in
both experiments, with more N in the mixture (N:C increasing from 0.03 to 0.08) than in the

individual a-pinene experiment (N:C = 0.03 to 0.04) (panel d)).

The LC-Orbitrap MS OSc and element atomic ratios (O:C, H:C and N:C) are comparable in
negative ionization modes in the mixture and individual a-pinene experiment (and similar to the
FIGAERO-CIMS average OSc. OSc in the individual a-pinene experiment in positive ionization
mode is slightly (0.1) higher (-0.92) than in the mixture (Fig.2a), reflecting a higher O:C and lower
N:C. The values from the last FIGAERO-CIMS measurements are similar to those from the LC-
Orbitrap MS negative ionization measurements, but higher than those from positive ionization

mode.
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(b) o-cresol & isoprene binary system
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Figure 3: Evolution of SOA particle composition evolution in terms of a) average carbon oxidation
state (0Sc), b) O:C ,c¢) H:C and d) N:C atomic ratios as function of SOA mass concentration from
FIGAERO-CIMS and LC-Obitrap-MS measurements (-ve lonization Mode (Neg) and +ve
ionization mode (Pos)) in binary o-cresol /isoprene mixture, Y4 reactivity individual o-cresol and
full reactivity individual isoprene experiments.

Figure 3 shows the 0Sc, O:C, H:C and N:C ratio of SOA particles derived from the FIGAERO-
CIMS and LC-Orbitrap MS in the binary o-cresol / isoprene mixture, individual % reactivity o-
cresol and full reactivity isoprene experiments respectively. Again, owing to their minor mass
contribution in the individual system, it might be expected that the 0Sc, O:C, H:C and N:C ratio
of SOA products from isoprene make a minor contribution in the binary o-cresol / isoprene system.
Nevertheless, there are some significant differences between the individual VOC and mixture

experiments.

The FIGAERO-CIMS OSc in the individual o-cresol system and the mixture both reduce with
increasing particle mass, beyond 3ug/m? (though the compounds in the particles are initially
significantly more oxidised in the experiment on the mixture, so OSc is initially higher, driven by

a high O:C ). The FIGAERO-CIMS O0Sc in the mixture decreased from 0.38 at 3ug/m® mass
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concentration to -0.21, while the OSc in the individual o-cresol experiment showed a more modest
decrease from 0.12 to -0.26 (Fig.3a). The FIGAERO-CIMS O:C and H:C in the mixture are higher
than in the individual o-cresol experiment (Fig.3b and 3c). In particular the O:C behaved
differently between the systems, in the mixture decreasing from 1.72 to 0.76 and in the individual
o-cresol system, slightly increasing from an initial value of around ~0.66 to a peak of 0.78 then
falling towards the end of the experiment with increasing SOA mass concentration (Fig.3b). The
H:C ratios simultaneously showed significantly decrease from 2.24 to 1.24 in the mixture
experiment with a much smaller decrease from 1.32 to 1.09 in the individual o-cresol system
(Fig.3c). It should be noted that this discrepancy in OSc between the systems is not seen in the
AMS data, which monotonically increased with SOA mass in the individual VOC and mixture
experiments as shown in Figure 6 c), though of course this does not account for any nitrogen in
the particles. Figure 3 d) shows that the FIGAERO-CIMS N:C ratio in both experiments increased
with mass. This was more pronounced (from 0.02 to 0.12) in the mixture than in the individual o-

cresol experiment (0.05 to 0.1).

'0Sc and O:C ratio from positive ionization LC-Orbitrap MS in the mixture and individual o-
cresol experiments were of a comparable magnitude (roughly -0.5 and 0.45 respectively in both
systems) though the H:C ratio is slightly higher in the mixture and N:C slightly lower (Fig.3c and
3d). From negative ionization measurements, Fig3c and 3d show that the mixture and individual
o-cresol oxidation produces similar H:C and N:C ratios. Particles formed in the individual o-cresol
experiment are marginally less oxidised (O0Sc = -0.81), than in the mixture experiment (-0.70),

though overall the low degree of oxidation is driven by the high organic N-content of the particles.
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(¢) a-pinene & o-cresol Binary System
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Figure 4: Evolution of SOA particle composition evolution in terms of a) average carbon oxidation
state ( 0Sc), b) O:C ,¢) H:C and d) N:C atomic ratios as function of SOA mass concentration from
FIGAERO-CIMS and LC-Obitrap-MS measurements (-ve lonization Mode (Neg) and +ve
ionization mode (Pos)) in binary a-pinene / o-cresol mixture, '2 reactivity individual a-pinene
and 2 reactivity individual o-cresol experiments.

Figure 4 shows the changes in OSc, and atomic ratios (O:C, H:C and N:C) of SOA particles
derived from FIGAERO-CIMS and LC-Orbitrap MS in the binary a-pinene / o-cresol mixture and
the individual "2 reactivity precursor experiments. Panel a) shows that FIGAERO-CIMS
average 0Sc decreases with SOA mass concentration above 3ug/m*® mass concentration in all
experiments, though the OSc is initially lower in the o-cresol experiment, driven by the low O:C.
OSc in the mixture drop from 0.09 to -0.34 with increasing mass; a greater decrease than in the
individual o-cresol ( 0Sc = 0.12 to -0.26) and a-pinene ( OSc = -0.31 to -0.51) experiments —
overall the gradient in the mixture experiment is similar to the a-pinene experiment, but with an
increase in the average degree of oxidation, though somewhat raised towards the o-cresol average
OSc by an increase in O:C . The O:C, H:C and N:C in the mixture experiments exhibit similar

trends to the a-pinene experiment (Fig.4b.4c and 4d) with absolute values in the mixture midway
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between the a-pinene and o-cresol experiments (O:C falling from 0.82 to 0.63, N:C rising from
0.02 to 0.12, H:C modestly from 1.22 to 1.29).

The LC-Orbitrap MS negative ionization average OSc and O:C ratio for the mixture were -0.63
and 0.52 respectively, comparable to those in the a-pinene experiment. Positive ionization mixture
"0Sc and O:C ratio values were both lower than the two single precursor values (Fig.4a and 4b).

H:C and N:C ratios of the mixture in positive ionization mode were similar to the o-cresol

experiment (H:C=1.55, and N:C = 0.55),

(d) the ternary system
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Figure 5: Evolution of SOA particle composition evolution in terms of a) average carbon oxidation
state ( 0Sc), b) O:C ,c) H:C and d) N:C atomic ratios as function of SOA mass concentration from
FIGAERO-CIMS and LC-Obitrap-MS measurements (-ve lonization Mode (Neg) and +ve

ionization mode (Pos)) in ternary a-pinene / o-cresol / isoprene mixture, % reactivity individual
a-pinene and %% reactivity individual o-cresol experiments.

Figure 5 shows the change in average atomic ratios (O:C, H:C and N:C) and OSc during SOA
evolution in the ternary mixture experiment, along with % reactivity a-pinene, and - reactivity o-

cresol experiments from FIGAERO-CIMS and LC-Orbitrap MS measurements. The '3 reactivity
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o-cresol data were not available owing to instrumental failure. Fig.1c shows that the 0Sc and
atomic ratios are comparable between full reactivity and - reactivity o-cresol experiments and it
is plausible to expect similar molecular concentrations and hence aggregate properties in particles
formed in the 2 and ' reactivity individual o-cresol experiments.

Panel a) shows FIGAREO-CIMS average OSc in the ternary mixture (decreasing in degree of
oxidation from -0.16 to -0.35) is between that in the a-pinene and o-cresol experiments, suggesting
an influence from both precursors. Similarly, the mixture exhibits an average H:C ratio between
the a-pinene o-cresol system, increasing from 1.30 to 1.47 (Fig.5c). The O:C and N:C ratios in the
ternary mixture increased with mass (O/C: 0.75 to 0.80, N/C: 0.07 to 0.09) and were higher than
those in the a-pinene and o-cresol experiments (Fig.5b and 5d).

LC-Orbitrap MS average OSc and O:C ratios were similar to those in the a-pinene experiments
in both ionization modes. However, the H:C and N:C ratio in the ternary mixture (H/C=1.52,
N/C=0.03) was comparable to the a-pinene experiment in positive ionization modes. (Fig.5¢ and

5d), but closer to the o-cresol in negative.

3.3. Additional insight into OSc including AMS data

This section presents a comparison of the average carbon oxidation state of SOA particles detected
by HR-ToF-AMS, FIGAERO-CIMS and LC-Orbitrap MS techniques from mixed precursors
systems and their corresponding single precursors systems. Owing to the inability to reliably
discern the N:C using the AMS, the average carbon oxidation state presented in this section does
not account for OSycalculated from measurements from any of the instruments. This enables
comparison of the compositional properties as determined by the three instruments but not directly

comparable to those in section 3.2 and with OSc obviously always higher.
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Figure 6: OSc plotted as a function of SOA particle mass concentration in mixed precursor
systems, a) binary o-pinene /isoprene system; b) binary a-pinene /cresol system; c) isoprene/o-
cresol system, d) Ternary mixture precursor system from HR-ToF-AMS, FIGAERO-CIMS and
LC-Orbitrap-MS measurements (Negative lonization Mode (Neg) and Positive ionization mode

(Pos)).

Fig.6a suggests that the average 0Sc of isoprene-derived compounds has only a modest influence
on the carbon oxidation state in the binary a-pinene/isoprene experiment when calculated from all
MS measurements. HR-ToF-AMS derived OSc in the mixture is comparable to the individual a-
pinene experiment at all particle mass concentrations and lower than the isoprene experiment
(when only low particle mass was formed). Both systems exhibit an increase with SOA particle
mass concentration up to ~10 ugm™, followed by reduction in the degree of oxidation as more
mass was formed. The absolute values in the mixture (-0.33 to -1.15) were slightly lower than the
individual a-pinene values (-0.31 to -0.99). The FIGAERO-CIMS 0Sc in the mixture were also
close to the a-pinene in trend and absolute values (-0.26 to -0.27) as were the LC-Orbitrap MS
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average 0Sc in both ionization modes with the negative ionization value close to those from the
final HR-ToF-AMS measurement and slightly lower than from the FIGAERO-CIMS.

HR-ToF-AMS measurements in Fig.6b show 0Sc of SOA formed in the o-cresol / a-pinene
binary mixture falls between that of the SOA in the individual VOC systems, indicating influence
of oxidation products from both precursors. OSc in the mixture initially increases (from -1.13 to
-0.30) before falling to -0.5 once the mass concentration had reached 10.8 ugm=. A similar trend
was seen in the % reactivity a-pinene experiment at a lower OSc value. The FIGAERO-CIMS
"0Sc in all systems was higher than the HR-ToF-AMS 0Sc, in the mixture (0Sc = 0.43 to -0.03)
and a-pinene experiments (0Sc = -0.17 to -0.29) following the same reducing trend, whilst the o-
cresol OSc increased to a plateau in both AMS and CIMS analyses. The LC-Orbitrap MS 0S¢
of SOA in the mixture was -1.19 in positive ionization mode, lower than both the a-pinene ( 0S¢
=-0.87), and o-cresol (0Sc =-0.25) experiments. Negative mode OSc in the mixture was 0.02;

0.11 lower than for o-cresol and 0.52 higher than for a-pinene (Fig.6b).

Fig.6¢c shows that the average OSc of isoprene-derived compounds also only exert a modest
influence on that of the binary o-cresol/isoprene binary mixture in measurements from all MS
techniques. The HR-ToF-AMS measured OSc in the mixture is comparable to that in the %
reactivity o-cresol experiment, both increasing from -1.2 to 0.3 at ~15ugm™ thereafter slightly
increasing in the mixture (Fig.6¢). The FIGAERO-CIMS OSc in the mixture decreased from 1.2
to 0.2 with mass concentration increasing from 1.3 ugm= to 21.2ugm, whilst the single VOC o-
cresol OSc increased from 0 to 0.27 across the same range of mass concentration, all values being
higher than the HR-ToF-AMS 0Sc until the highest mass concentrations. The OSc in the mixture
is comparable though slightly lower than that in the single VOC o-cresol system after 6-hours in

both ionization mode of LC-Orbitrap MS measurements.

Fig.6d the average OSc in the ternary mixture from HR-ToF-AMS increased marginally from -
0.44 to a maximum of -0.22 with a mass concentration of 11.84 ugm=, followed by a gradual
decrease to -0.52. The single VOC %5 reactivity a-pinene experiment showed a strong increase in
"0Sc from -2.51 to -0.66 and the " reactivity o-cresol experiment more gradually increasing from

-1.2 to a plateau of 0.3 at ~15ugm=. The FIGAERO-CIMS average OSc were more constant with
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particle mass concentration and always higher than the HR-ToF-AMS values. The oxidation state
in the ternary mixture (ranging from 0.13 to 0.2) sat between that in the individual a-pinene and
o-cresol values, though closer to the latter (which ranged from 0 to 0.2). Negative ionization mode
LC-Orbitrap MS measurements showed the average ternary system 0Sc to be similar to that in the

o-cresol experiment, but positive mode was more comparable to that in the a-pinene system.

4. Discussion

4.1. The application of multiple mass spectrometric techniques to the average
oxidation state of carbon in SOA particles

In this study, the average carbon oxidation state of SOA from different precursor systems was
estimated by three mass spectrometry techniques. The combination of online and offline mass
spectrometric techniques has not been widely employed in estimating average OSc of complex
organic mixtures, and never previously in SOA components from the oxidation of mixed
precursors in atmospheric simulation chamber studies. Each technique has its own strengths and
limitations. The electrospray ionisation method used in the LC-Orbitrap MS extraction can provide
exact elemental ratios of individual compounds within organic mixtures using small sample
volume. The FIGAERO-CIMS can provide molecular information for hundreds of compounds at
hourly timescale throughout a chamber experiment, with the low instrument backgrounds enabling
detection limits in the picogram m 3 range for particle phase organic species (Lopez-Hilfiker et al.,
2014). The average 0Sc from FIGAERO-CIMS was derived from 6 measurements corresponding
to the six FIGAERO desorption cycles phases throughout each experiment whilst the LC-Orbitrap
MS values were derived from analyses of filters taken at the end of each experiment. Both the LC-
Orbitrap MS and FIGAREO-CIMS techniques are selective ionization technique, with different
response factor toward widely various components that may bias the average OSc estimation. For
instance, the negative ionisation mode in LC-Orbitrap MS technique exhibits high sensitivity
towards nitro-aromatic compounds (Shao et al., 2022). Low-volatility molecules may experience
thermal decomposition in the FIGAERO-CIMS leading to fragmentation, influencing the average
"0Sc estimation (Du et al., 2021). The HR-ToF-AMS allows entire ensemble of SOA particles to
be detected, fully fragmenting the flash vapourised particles by electron impact ionisation and

measuring the elemental ratios in real time (Nash et al., 2006). The accuracy of the retrieved
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elemental ratios is, however, affected by uncertain empirical corrections in the analysis. Probably
more importantly, the average OSc estimation obtained from our HR-ToF-AMS measurement
cannot account for OSy given the limited resolution of the instrument calibrations. Farmer et al.
(2010) reported the potential for overestimation of N and underestimation of O in the ambient
measurements by HR-ToF-AMS, highlighting the need for high-quality m/z calibrations and peak
width/shape parameters when attempting to quantify nitrogen-containing compounds in AMS
spectra.

There are significant differences between carbon oxidation state (not accounting for OSy) derived
from the FIGAERO-CIMS measurements and those from HR-ToF-AMS under the same SOA
mass concentration in all single (Fig.1b and 1d) and mixed precursor systems (Fig.6a, 6b, 6¢,6d)
(Fig.1). The carbon oxidation state in FIGAERO-CIMS estimation is substantially higher than the
HR-ToF-AMS measurement. The FIGAERO-CIMS employed in this work used iodine as reagent
ion, with an inherently higher sensitivity toward to the oxygenated organic compounds, biasing
the measurements towards oxidized organic species (Lee et al., 2014). Moreover, the possibility
of forming thermal decomposition fragments from the larger organic molecules during the filter
thermal desorption in the FIGAERO-CIMS that can potentially result in higher OSc than their
parent molecules. The average carbon oxidation state from FIGAERO-CIMS will depend on a
subset of compounds biased towards higher oxidation state and consequently will be higher than
that derived from HR-ToF-AMS and LC-Orbitrap MS measurements. On the other hand, the
average OSc in the binary o-cresol/isoprene precursor system was rarely high at the early stage of
experiment (Fig.6¢), which may be due to the FIGAREO filter loading being low (less than 4pgm-
3) at the start of the experiment. The magnitude of average OSc obtained from HR-ToF-AMS
measurement was found in between the two ionization modes of LC-Orbitrap MS analysis in the
single a-pinene system (Fig 1b), and binary a-pinene /isoprene precursors system (Fig.6a). This is
likely due to the ionization modes in the LC-Orbitrap MS having various sensitivities toward
different organic compounds. The average OSc of SOA particles in negative ionization mode
shared a similar magnitude with the HR-ToF-AMS measurement in single o-cresol precursors
systems (Fig.1d) although previous work in Shao et al., (2022) observed the negative ionization

mode exhibits high sensitivity towards certain nitrogen-containing compounds.
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There is a substantial difference of average carbon oxidation state in the single VOC isoprene
experiments (Fig.6a and 6c¢), likely resulting from potential artefacts in the instruments and filter

background since there was an insufficient amount of SOA particle mass produced.

As stated, the average OSc comparisons with the HR-ToF-AMS discussed above do not account
for the oxidation state of nitrogen (0Sy) and sulfur ( 0Ss) in their calculation. Organosulfate
(CHONS and CHOS) and organonitrate (CHON and CHONS) have been reported in chamber
experiments with NOx and ammonium sulphate (Surratt et al., 2007; Surratt et al., 2008; Bruns et
al., 2010; Fry et al., 2009). The heteroatom-containing groups will clearly impact on the derived
“0Sc which should therefore be determined from 20/C-H/C-xN/C-yS/C, where x and y refer to the
oxidation states of nitrogen ( OSy) and sulphur ( 0Ss) (Kroll et al., 2011). The uncertainty in HR-
ToF-AMS 0Sc determination associated with S-containing groups is likely to be minimal since
the S atom in weakly-bound species, such as organosulphates, tend not to be measured using
thermal methods. This is not the case with nitrogen-containing compounds which may affect 0Sc
determination, but unambiguous attribution of N is challenging at the limited resolution of the

technique.

The OSy of CHON compounds in FIGAERO-CIMS measurements clearly influenced the signal
weighted average OSc, consequently reducing the average OSc. The LC-Orbitrap MS derived
'0Sc is similarly influenced, particularly in o-cresol containing systems in negative ionization
mode (owing to an enhanced sensitivity to specific CHON species, dominated by nitro-aromatics
as reported in Shao et al., 2022) and the average OSc is significantly lower when accounting for

OSy).”

4.2. Comparison of SOA average Carbon Oxidation State in various Precursors’
Concentration

The calculated carbon oxidation state of particles in the single precursor systems that generated
significant mass (a-pinene and o-cresol) with their initial concentrationwere compared. The initial
“full” isoreactive (accounting for their reactivity towards OH) concentration of the a-pinene and

o-cresol were 309 and 400 ppb. Experiments with half- and third- of these initial concentrations
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were also conducted to enable total initial isoreactivity in the binary and ternary mixtures. Further
details can be found in Voliotis et al. (2022)

FIGAERO-CIMS average OSc from the a-pinene experiments accounting and not accounting for
"0Sy is shown in Fig.1a and 1b, showing comparable values at all mass concentrations. In the
HR-ToF-AMS the initial ¥ reactivity a-pinene experiment showed a higher average 0Sc than full
initial reactivity a-pinene experiment, which was in turn higher than that from the 5 reactivity
experiment (Fig.1b). It should be noted that the NOx concentration was reduced along with
reduction of VOC initial concentration in half-reactivity experiment in order to maintain a
comparable VOC/NOx ratio across the system. This will influence the oxidant conditions, though
it is unclear precisely why the oxidation state is so divergent at the lower particle mass
concentrations with in initial VOC concentration. o-pinene also has appreciable reactivity toward
O3 (Atkinson et al., 2004) and the Os is slightly higher for all SOA mass concentrations in the 2
reactivity a-pinene experiment compared with the full reactivity a-pinene experiment (Fig.S1).
Ozonolysis of a-pinene efficiently yields low volatile highly oxygenated organic molecules
(HOMs) by autoxidation on sub-second timescales (Molteni et al., 2019; Pullinen et al., 2020; Iyer

et al., 2021), which may play a role in elevating OSc in the ' reactivity a-pinene experiment. }

Unlike the a-pinene precursor, the average OSc in the single precursor o-cresol system seems
independent of initial precursors concentration in both HR-TOF-AMS and FIGAERO-CIMS
measurement, whether or not OSy is considered (Fig.1b and 1d). The degrees of oxidation of
organic species appear comparable irrespective of initial o-cresol and NOx concentration. This
might be due to the negligible reactivity of o-cresol towards Oz (Atkinson, 2004). It should be
noted that there is difficulty in reporting the O3 direct measurement by UV absorption in the single
precursor o-cresol experiment in this study owing to the UV absorption by o-cresol and its

oxidation products.

243



4.3. Comparison of SOA average Carbon Oxidation State accounting for OSy in
mixtures

The average OSc taking into account the OSy, H:C, O:C and N:C ratios in the mixtures (three
binary and the ternary precursor system) and the corresponding single precursor systems were

compared using the FIGAERO-CIMS and LC-Orbitrap MS data.

(a) a-pinene /isoprene binary mixture system

The % reactivity single precursor a-pinene experiment was used as reference experiment for binary
mixtures containing o-pinene, since it made a half contribution to the VOC reactivity. Average
"0Sc in the a-pinene /isoprene mixture system was comparable to that in the % reactivity a-pinene
experiments, whilst the isoprene has no discernable influence on the mixture oxidation state,
suggesting that the dominant control by a-pinene oxidation products. This is unsurprising given
the high established a-pinene particle mass yield from OH oxidation in the presence of seed
particles (Ahlberg et al., 2017; Eddingsaas et al., 2012; Henry et al., 2012). Isoprene is known to
form C4 and Cs compounds with high vapour pressure (e.g. methacrolein (C4) and C5-
hydroxycarbonyls) on OH oxidation, with low potential to form SOA particle mass (Wennberg et
al., 2018; Stroud et al., 2001; Carlton et al., 2009).

The difference in N:C ratios between 'z reactivity a-pinene experiment and the binary mixture
contributed to the difference in average OSc and the H:C and O:C ratios were similar (Fig.2b and
2¢), with N:C increasing with SOA particle mass in both systems. This suggests an increasing
contribution of CHON compounds in both systems, with an increased contribution in the presence

of isoprene.

(b) o-cresol/Isoprene binary mixture system

The FIGAERO-CIMS OSc in the binary o-cresol/isoprene mixture shared a broadly similar trend
with, though at a generally higher magnitude than, the 2 reactivity single precursor o-cresol
system apart from the measurement in the first half-hour of the experiment, with little similarity
to the isoprene experiment OSc (Fig.3a), suggesting a strong dependence on the o-cresol oxidation
products. The difference of average OSc between two systems are controlled by all three atomic
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ratios, H:C, O:C and N:C. The observation of difference in average O:C, H:C and N:C ratios
between two systems are little, that likely a consequence of the cross interacts between the two
precursors oxidized products. Isoprene will scavenge OH scavenged when mixed with another
VOCs (Jaoui et al., 2008; Ahlberg et al., 2017). The presence of isoprene likely forms high
volatility products during oxidation, that could partition to particulate matters resultant in a higher
average O:C ratio in products of binary o-cresol/isoprene system. The study of Shao et al (2022)
reports interactions during oxidation in mixtures leading to leading to compounds uniquely found

in mixtures, that are not found in the oxidation of the individual precursors.

(c) a-pinene /o-cresol binary mixture system

The average FIGAERO-CIMS 0Sc in the binary a-pinene / o-cresol system exhibited a similar
trend to that in the 2 reactivity a-pinene experiment at a higher magnitude, more comparable to
that of the % reactivity o-cresol experiment (Fig.4a). Both a-pinene and o-cresol contribute non-
negligibly to the average OSc in the mixture. All average O:C, H:C, N:C ratios contributed to the
difference in OSc (Fig.4b,4c and 4d). Once significant particle mass had been produced, the O:C
reduced with SOA particle mass, and the H:C ratios reaches a plateau at a mass concentration of
10pugm in binary precursor system and a-pinene system, which implying there is oxygen atoms
loss process (e.g. RO>+R’O; termination reactions) during SOA formation. This reaction is likely
occurred in a-pinene driven SOA and/or interactions between oxygenated products formed from
o-cresol and a-pinene individual precursor leading to form new products that contribute to lower
H:C ratios and higher O:C ratios in binary precursors system compared to single a-pinene system.
Voliotis et al. (2021) reported an abundance of products uniquely found in the a-pinene /o-cresol
mixture, and the majority of these unique-to-mixture compounds with nC=5-10 and nC>10 was
obtained from the FIGAERO-CIMS measurement. LC-Orbitrap MS measurements reported in
Shao et al., (2022) also showed that high carbon number compounds contribute significantly in
positive ionization mode, likely the cross-products from a-pinene and o-cresol oxidation in either

gas or particle-phase.

(d) The ternary mixture
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The FIGAERO-CIMS average OSc in the ternary mixture do not obviously follow a similar trend
to either the single VOC 5 reactivity a-pinene or 'z reactivity o-cresol systems (Fig.5a).
Meanwhile, the OSc in the ternary mixture was higher than the in the a-pinene, but lower than o-
cresol experiment, and the average OSc is likely not controlled by any single precursor. The
trends in average atomic ratios (O:C, H:C and N:C) also have little similarity to those in the
individual systems (Fig.5b,5¢ and 5d), implying contributions from each of them. Oxidation in
the the ternary mixture involves multiple and complex reactions, and may include cross-interaction
between radicals from the three individual precursors, or alterations in the oxidation pathways of
the individual precursors. The LC-Orbitrap MS measurements in both ionisation modes further
support the contention that each VOC contributes to the chemical composition in the ternary
mixture, influencing the average carbon oxidation state, in addition to products uniquely found in

the mixture (Fig.S2).

4.4. Comparison of average Carbon Oxidation State ignoring OSy in the mixtures

This section assesses the influence of individual precursors on OSc in mixtures without

accounting for OSy using HR-ToF-AMS, FIGAERO-CIMS and LC-Orbitrap MS measurements.

In binary isoprene-containing mixtures, the OSc from all three instruments showed no clear
similarity compared to full reactivity isoprene system (Fig.6a and 6c), in agreement with the
values accounting for OSy (Fig .2a and 3a). o-pinene and o-cresol products controlled OSc in
their respective mixtures with isoprene. The trend in HR-ToF-AMS 0S¢ in the a-pinene / o-cresol
binary mixture most closely followed that of the a-pinene experiment, but increased slightly
towards that of o-cresol (Fig.6b). Both o-cresol and a-pinene products likely contributed to the
average OSc in their binary mixture, but possibly more from o-pinene. The FIGAERO-CIMS
"OSc presents a contrary picture, with the trend following that of a-pinene, but absolute value
closer to that of o-cresol. 0Sc in the ternary was similarly not dominated by any single precursors,

with the oxidation state in the mixture exhibiting a similar general pattern to the a-pinene / o-cresol
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binary mixture in all 3 instruments, the values being between those of the a-pinene and o-cresol

(Fig.6d).

In this work, we further aim to assess the relationship between average carbon oxidations state
with SOA mass loading in mixture precursors systems obtained from HR-ToF-AMS measurement.
The average OSc had increased at the early period of irradiation in binary a-pinene /isoprene
system, binary a-pinene /o-cresol system and the ternary system in HR-TOF-AMS measurements
(Fig.6a,6b and 6d). The average OScrise along with SOA mass concertation in these mixture
systems might associate with two effects, i) semi-volatile organic species formed from
functionalized of VOCs could partition particle-phase upon SOA mass concertation increases
regard to gas-partitioning theory, ii) further oxidized the existing organic species while the
molecules do not fragment(Kroll et al., 2015; Donahue et al., 2012). However, the average
“0Sc had significant reduced after the SOA mass loading reached to 10ugm= in the aforementioned
mixture systems, which might involve condensation of less oxidized organic species and/or
fragmentation of organic compounds after they further oxidized by OH radicals. The new
components formed from the fragmentation of organic compounds could reduce the average 0Sc
of SOA since these compounds have smaller size and higher volatility than the parent components,

leading to evaporate from the SOA(Hildebrandt Ruiz et al., 2015; Surratt et al., 2006).

4.5. Drivers for carbon oxidation state behaviors

Knowing the oxidation pathway of precursors provides a description of the chemical behavior of
the mixed systems controlling average carbon oxidation state during SOA formation and evolution.
The oxidant regime (OH and O3) during the experiments can differ between the mixture and
individual precursor experiments despite our best attempts to maintain similar conditions through
initial “iso-reactivity” as explained in Voliotis et al. (2022). The ozone production and hence OH
profile may not be the same in the mixture as in the individual precursor experiments and the
reactivity towards the available oxidants will not remain equal. This, in turn, will lead to changes
in the timescale of product formation from each of the reactants. Both a-pinene and isoprene are

readily oxidized by both OH and O3, while the o-cresol is unreactive towards O3 owing to its stable
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aromatic ring and lack of double bond. This section discusses the drivers causing different carbon
oxidation state between single and mixture precursors system with reference to the various classes

of potential reactions (e.g. functionalization oligomerization, and fragmentation).

The FIGAREO-CIMS derived carbon oxidation state profile is higher in the single a-pinene
system compared to its mixture with isoprene (Fig.2a) if OSN is considered, but the two systems
have similar carbon oxidation state profiles if not accounting for OSN (Fig.6a). Fig 6a also
indicated that the HR-TOF-AMS average carbon oxidation state in the mixture is lower than in the
individual a-pinene system. Voliotis et al. (2022) indicated that the binary o-pinene/isoprene
system has lower mass yield than the sole a-pinene system. This may suggest that the competition
for oxidants when isoprene is added to the reacting a-pinene system results in formation of high
volatility products from isoprene, suppressing formation of lower volatility a-pinene oxidation
products. This change in products could be responsible for the lower average OSc and SOA level

in mixture compared to the individual a-pinene system.

In the isoprene / o-cresol system, the average OSc derived from both online and offline mass
spectrometry were comparable to that obtained in the individual o-cresol system, apart from the
early state derived from the FIGAERO-CIMS measurement, as discussed in section 4.1 (Fig.3a
and 6¢). The wall-loss corrected particle mass in the mixture was lower than in the o-cresol system
(as reported by Voliotis et al. (2022). This may be a result of the isoprene scavenging the available
OH oxidants in the binary precursor system or reacting with O3 which would otherwise have been
available to form OH, both effects leading to reducing the SOA particle mass concentration form
from o-cresol oxidation. However, the ozone production in the mixture was greater than in the
individual cresol experiment. A similar average OSc was observed between the two systems,
which is reasonable since the chemical composition of SOA formed from binary isoprene / o-
cresol shows strong resemblance to the single o-cresol system, with the dominance of CHON
compounds with seven carbon atoms (C7H7NO;, and C;H7NO4 compounds) as identified by
FIGAREO-CIMS and LC-Orbitrap-MS (Voliotis et al., 2021; Shao et al., 2022). Alternatively, it
could imply that the presence of isoprene could have induced the oligomerization reaction of o-
cresol oxidation products that could maintain the average OSc (Kroll et al., 2011) similar to that

in the individual o-cresol system.
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In the binary a-pinene / o-cresol system, the FIGAERO-CIMS and HR-ToF-AMS carbon
oxidation states have a similar trend to the individual a-pinene system though the absolute value
in the mixture was between the o-cresol and a-pinene values whether accounting for OSy or not
in all instruments (Fig.4a and Fig.6b). Generally, o-cresol derived products will require further
oxidation steps (more oxygen numbers) to be able partition to the particulate phase, compared to
the a-pinene precursor owing to differences in carbon number (volatility generally increasing with
decreasing carbon number) at the same absorptive mass. Thus, mixing o-cresol with a-pinene will
increase the degree of oxidation at any given mass loading and enhancing the average OSc
compared to single a-pinene system. These products may be partially attributed to formation of
gaseous cross-product formation from a-pinene and o-cresol followed by condensation in the
mixed system. More molecular information about the cross-products formation and potential
mechanistic differences between the mixtures and individual precursor systems leading to
compounds uniquely found in the binary a-pinene/o-cresol mixture have been reported by Voliotis

et al. (2021) and Shao et al. (2022).

In the ternary mixture, the absolute magnitude of the average carbon oxidation state was between
the individual o-cresol and a-pinene experiments, but not influenced by isoprene products. The
average OSc of the ternary system is similar to the binary o-cresol/ a-pinene system, but the trend
with SOA particle mass concentration was the not the same as in any individual precursor system
(Fig.5, and Fig.6d). This may be attributed by the highly complex chemistry in ternary system.
Both o-cresol and a-pinene derived products contributed to the chemical composition as Shao, et
al, (2022) reported, with negligible contribution of isoprene driven products. This would lead to
the average OSc in ternary mixture being higher than that in the individual a-pinene system with
more oxygenated compounds being o-cresol oxidation products. Meanwhile, the significantly
higher SOA particle mass in the ternary mixture compared to compared to any single precursor
systems might be partially attributed to the formation of gaseous cross-products that subsequently
condense. This is consistent with both Voliotis et al. (2021) and Shao et al. (2022) who reported
that compounds uniquely found in the mixture made a non-negligible contribution in the ternary

system. This cross-interaction between molecules might include RO>+R’O; termination reactions
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(oxygen atoms loss process as mentioned in 4.3) leading to an increase in less oxygenated organic

species, reducing average OSc during particulate matter formation

5. Summary

In this study, the average carbon oxidation state and atomic ratios (H:C,0:C and N:C) of SOA
formed from photooxidation of a-pinene, isoprene, o-cresol and their binary and ternary mixtures
in the presence of NOx and ammonium sulphate seed particles was determined by HR-TOF-AMS,
FIGAERO-CIMS and LC-Orbitrap MS. We investigate the potential factors that affect the average
"0Sc during SOA evolution in mixture precursor system by combining the online and offline mass

spectrometer measurement.

The average OSc obtained from FIGAERO-CIMS and LC-Orbitrap MS were classified into two
sections (i) accounting for OSy and (ii) not accounting for OSy . The HR-TOF-AMS
measurement only estimated average OSc that is average 0Sc due to its limited resolution. The
average OSc that is not accounting for OSy showed substantial difference between the
FIGAERO-CIMS measurement, HR-TOF-AMS measurement and LC-Orbitrap MS measurement,
likely due to the FIGAERO-CIMS and LC-Orbitrap MS only measuring a subset of compounds.
In addition, the FIGAERO-CIMS has higher sensitivity toward more oxygenate compounds, and
LC-Orbitrap MS has a particularly high sensitivity to aromatic nitro-compounds in negative

1onization mode.

The average carbon oxidation state was influenced by the initial concentration of precursor in the
single o-pinene system. The % reactivity of a-pinene has higher OSc (not accounting for 0Sy)
during SOA evolution than full reactivity a-pinene, that might be due to an enhanced contribution
of a-pinene ozonolysis leading to an increase in highly oxygenated compounds formed by
autoxidation. In contrast, the average OSc (not accounting for 0Sy) in single precursor o-cresol
system was not dependent on the initial concentration of precursor, since the o-cresol barely react
with O3 results in the oxidant regime in the single o-cresol system always concentrated in OH

radicals. CHON compounds have a significant influence on average OSc of SOA in both the
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single VOC a-pinene and o-cresol systems, since the average OSc (accounting for OSy) has lower

value than OSc (not accounting for OSy).

In the binary mixtures, the isoprene negligibly influenced the average carbon oxidation state, with
the isoprene full reactivity experiment generating insignificant SOA particle mass (<1pugm). For
instance, the average OSc of SOA in the o-cresol/isoprene binary mixture is almost identical in
trend and magnitude with the single precursor o-cresol system. In contrast, the oxidation state
decreased on addition of isoprene to a-pinene, with the average OSc in the a-pinene / isoprene
lower than the a-pinene value, which is likely due to the isoprene act as OH scavenger in gas-
phase reaction resultant of high vapour pressure products that partitioning to the particulate matte
or might be associated with the RO>+RO; oxygen loss termination. The degree of oxidation in the
a-pinene / o-cresol system was complex since both precursors generated considerable SOA mass,
and the average OSc was affected by both precursors. The o-pinene and o-cresol products both
impacted on the oxidation state in their binary mixture. The average OSc shared similar trend
with the a-pinene system, with an increase in absolute value towards that of o-cresol. Compounds
uniquely found in the mixture likely contributed to this behaviour. In the ternary precursor system,
no single precursor dominated the oxidation state, though the general pattern was similar to that in
the a-pinene / o-cresol mixture. Whilst the current study makes some important first steps in its

investigation, the oxidation state in mixtures of SOA precursors requires further work.
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Chapter 6

6. Conclusion

In this thesis, the chemical properties of Secondary Organic Aerosol (SOA) particles formed from
a mixture of anthropogenic (o-cresol) and biogenic sources (a-pinene and isoprene) were
investigated through a series of photooxidation experiments in the Manchester aerosol chamber
(MAC) using synthetic mixtures of Volatile Organic Compound (VOC) precursors in the presence
of NOx and ammonium sulphate seed particles. The MAC was designed to enable investigation of
coupled gas phase photochemical and aerosol microphysical processes of relevance to the

atmosphere and their atmospheric impacts.

Understanding the formation of SOA from the oxidation of VOCs is essential to air quality and
climate on a global scale. However, there is still a lack of information regarding the chemistry of
the formation pathway and chemical composition of SOA in the atmosphere owing to the
complexity of the ambient VOC mixture. Historically, synthetic SOA formation studies in the
laboratory have overwhelmingly focused on the oxidation of a single VOC precursors, which
provide limited insight into SOA formation in the real atmosphere. This thesis aims to provide
insight into multiphase atmospheric systems inaccessible to experiments using a single VOC
precursor. Through investigating and evaluating the chemical properties of SOA (e.g., chemical
composition, average carbon oxidation state), this thesis provides an overview of SOA formation

potential in the mixed anthropogenic and biogenic precursor system.

6.1. Summary of Key Research Findings

Paper 1 comprehensively describes the characterisation of the MAC. The MAC can provide
closely controlled temperature and relative humidity between 15 and 35°C and 25-80%. The MAC
usage history was shown to strongly influence the chamber characteristics including light intensity,
wall loss rate of gases and particle species. For instance, after extensive use, the Teflon chamber
walls can provide an additional sink to adsorb the particles and gas species irreversibly, leading to

a higher wall loss rate of gas and particles, requiring regular characterisation experiments to track
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changes in performance. It was shown that the derived SOA yield could be biased by inappropriate
application of SOA particle wall-loss correction methods. Suggestions for the development of

simple and standardised experiments generally applicable to chambers were made.

Paper 2 used the MAC to investigate SOA formation and transformation in mixtures of biogenic
and anthropogenic VOCs. Specifically, it investigated the formation of SOA particulate mass
driven from the chamber photooxidation of anthropogenic (o-cresol) and biogenic (a-pinene and
isoprene) VOCs and their binary and ternary mixtures in the presence of NOx and inorganic seeds.
It reported the SOA mass yield of individual components to predict the yield in the mixture when
the individual components had the same mass as in the mixture or the individual components and
mixture had masses forming at the same VOC consumption. The measured particles yields at the
maximum SOA mass were found in descending order for the a-pinene (32+7%), a-pinene/o-cresol
(284£9%), a-pinene at 12 initial reactivity (21£5%), a-pinene/isoprene (16+1%), a-pinene at 1/3
initial reactivity (15+4%), o-cresol (13+£3%), a-pinene/o-cresol/isoprene (11+4%), o-cresol at 12
initial reactivity (114+3%), o-cresol/isoprene (6+2%) and isoprene systems (0+0%). The SOA mass
yield clearly indicated suppression of a-pinene in its isoprene mixture and possibly showed a minor
enhancement in the o-cresol/isoprene mixture. The measured yield of mixture a-pinene/o-cresol
system showed enhancement compared to the predicted yield from additivity of the individual
VOC yield at the same consumption. The measured SOA mass yield had a comparable value to
that predicted from additivity of the component yields in the ternary system, possibly attributable

to cancelling suppression or enhancement effects.

Paper 3 utilised the insights gained from paper 2 to understand the chemical composition and
interactions during SOA formation in mixed VOC systems. Specifically, it characterised the
particulate products produced in the photooxidation of mixed biogenic (a-pinene and isoprene)
and anthropogenic (o-cresol) VOCs using offline liquid chromatography ultra-high resolution
mass spectrometry (LC-Orbitrap-MS). It used a non-targeted accurate mass analysis not widely
used in environmental applications to process LC-orbitrap-MS data and reduce data complexity

and analysis time, rapidly extracting useful chemical information for the detected sample set. The
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paper reported the elemental and molecular composition of SOA in the binary a-pinene/isoprene
system is mainly contributed by the higher-yield precursor, a-pinene, in terms of the number of
individual compounds and total contribution to the signal. Particle composition in both o-cresol
binary systems is strongly dominated by on o-cresol oxidation products in negative ionisation
mode, primarily attributed to methyl-nitrocatechol isomers (C7;H7NO4) and methyl-nitrophenol
(C7H7NOs3) owing to their high sensitivity in electrospray ionisation. Compounds uniquely found
in the mixtures made a considerable contribution to the signal in positive mode in both binary o-
cresol containing systems, indicating significant interactions between the oxidation products in
each system. In the ternary mixture, the particle composition was dominated by a-pinene oxidation
products in positive ionisation mode, but both o-cresol and a-pinene derived compounds made
considerable contributions in negative ionisation mode. Isoprene oxidation products made only
minor contributions to the particle composition in all isoprene containing mixed systems, likely
resulting from the high volatility of the isoprene oxidation products. It was proposed that some
components could act as a potential tracer in a particular mixed system, including C17H14N207 in
binary a-pinene/isoprene systems, CoHi11NO, CgHgO1o in binary o-cresol/isoprene systems, and

C21H3406 and C20H28N4O4S in ternary systems.

The fourth and final paper reported the average carbon oxidation state of SOA from online and
offline measurements in all the binary and the ternary systems, aiming to understand the causes of
carbon oxidation state ( 0Sc) differences between SOA formed from photooxidation of single and
mixed organic precursors. This study used the online high-resolution time-of-flight Aerodyne
aerosol mass spectrometer (HR-ToF-AMS) and Filter Inlet for Gases and Aerosols coupled to the
Iodide high-resolution time of flight Chemical Ionization Mass Spectrometer (FIGAERO-CIMS)
instruments in addition to the offline LC-Orbitrap-MS. It was found that the oxidation state of
nitrogen (OSy) for CHON compounds significantly lowered the average OSc in single a-pinene
and o-cresol system in FIGAERO-CIMS and LC-Orbitrap MS measurement. It was also found
that there were substantial differences in the average 0Sc between the FIGAERO-CIMS and HR-
ToF-AMS and LC-Orbitrap MS. These were associated with the characteristic of each technique
and their limitation. Nonetheless, all the techniques showed similar carbon oxidation state changes

between systems, giving confidence in their relative assessment. Specifically, the initial
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concentration of precursors influenced the average OSc of SOA particle components in the single
a-pinene system, but not in the single o-cresol system. This may result from the changes in relative
turnover of a-pinene with the two prevailing oxidants (OH and Os) in the different concentration
experiments in contrast to the o-cresol solely reacting with OH radicals. In the binary system, the
average 0Sc in the a-pinene and o-cresol mixtures with isoprene were not substantially affected
by the isoprene addition. Moreover, in binary a-pinene/isoprene system, the average 0Sc of SOA
has lower value than single a-pinene system. It is likely that isoprene has the potential to decrease
the average 0Sc by forming high volatility and less oxygenated products, followed by partitioning
into particulate matters in a mixed system. The OSc estimated in the a-pinene system was found
to be lower than that in the o-cresol system, while that of their mixture was somewhere in-between.
Thus the OScin the mixed system was substantially influenced by oxidation products of both
precursors in binary a-pinene /o-cresol system since both precursors generated considerable
particulate mass. The OSc in the ternary mixture was not controlled by the products of any single
precursor.

The four papers presented in this thesis provide an insight into the chemical characterisation of

particulate products from the photo-oxidation of mixtures of volatile precursors.

The work in this study associated with LC-Orbitrap MS data was analyzed by non-targeted
screening method, which allows rapid characterization of the chemical composition of complex
mixtures enabling identification of unknown compounds and classification of compounds in a
given sample. This instrument could capture board information of chemical composition on the
oxidation products formed from different mixed systems and the evidence of unique-to-mixed
products formation, further support the volatility observation of products in mixed system in one
of our companion paper (Voliotis et al., 2021). Moreover, average carbon oxidation state is a
useful tool to evaluate the oxidation dynamic associated with the formation and evolution of
organic aerosol from extreme chemical complexity. This study used three different mass
spectrometry techniques, including both online and offline, to analyze the average carbon
oxidation state of SOA in mixed precursor system compared to single systems, in order to provide
comprehensive insight of overall effect about molecular interaction impacts the SOA formation

and properties. This study, combined with the work in Voliotis et al. (2021) and (Du et al., 2021)
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has probed the detailed mechanisms of interaction, and the properties of particles resulting from
them in mixed precursor systems. This program will act as a springboard for the scientific

community to study the SOA formation and evolution in mixtures of volatile precursors

6.2.Implications, recommendations, and future work

This thesis has explored the SOA formation from the mixed anthropogenic and biogenic VOCs in
the presence of NOy and ammonium sulphate seed particles. Our work could be a springboard for
the mixture precursors studies for SOA formation. This section outlines recommendations for

future research.

The effects of widely used chamber bags on the wall loss rate of gaseous compounds (NO, and
03) and particle mass, which were corrected using various methods, were observed in this study,
highlighting the importance of regularly characterising experiments to track potential changes in
atmospheric simulation chamber performance. According to the findings in paper 1, the wall of
the Teflon bag could act as a sink of reactive gases and aerosol particles over the usage history of
the bag (e.g., “dirty” experiments), influencing the chamber performance. Moreover, paper one
also indicated that different approaches or experimental datasets to conduct particle wall loss
corrections might bias the SOA yields. Furthermore, the comparability of results between different
atmospheric simulation chambers could be different considering that they are composed of various
materials and come in different designs, sizes, and shapes, influencing their performance and
behavior. Thus, to have a better interpretation and comparison of the performance of different
simulation chambers, it is essential to have future research to develop a set of standardized and
straightforward experiments for various simulation chambers across the globe.

The SOA formation potential was influenced by mixing the anthropogenic and molecular
interaction of mixing precursors that may impact the SOA formation potential. However, the effect
of mixing is system-dependent and not straightforward. This thesis explains the complexity and
the challenges in experimental design and the interpretation of chamber experiments in a mixture
of precursors to investigate the influence of mixing of various precursors on the SOA formation

potential that can reveal features inaccessible to a single VOC experiment. Due to the impact of
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various experimental conditions on reaction pathways and the broad range of experimental
conditions that can be encountered in ambient air (e.g., temperature, relative humidity, and
VOC/NOX ratios), future work requires a more systematic assessment of SOA formation in mixed
precursor systems, towards more atmospherically representative chemical regimes, and use of total
oxidant and radical proxy measurements. Moreover, using a well-mixed flow reactor for mixture
experiments makes it beneficial to look at multiple steady states and examine SOA formation and
properties across many chemical regimes that batch reactors could not probe. Furthermore, it is
still unclear whether the substantial SOA formation potential from oxidation of mixture VOC
occurs in dark conditions (nighttime conditions) and the cycling between daytime and nighttime
that might significantly impact SOA properties in an ambient environment, which could be
investigated in future studies.

The difference in the chemical composition of particulate products between mixed precursors
systems and single precursor systems indicates the potential effect of molecular interactions on the
quality of air and climate prediction. The study’s results showed the formation of unique
compounds in the mixed precursor’s system, and some of them could act as a potential tracer for
future field-work measurements in the real atmosphere. However, this thesis did not examine the
molecular structure of these unique compounds. Identifying the molecular structure of unique-to-
mixture components in future studies will help better understand the detailed mechanisms of
interactions involved in ambient SOA formation from mixture VOC oxidations. The molecular
interaction in a mixed system, which results in a change in SOA chemical composition and
chemical characteristics, is likely to impact SOA optical properties, hygroscopic properties, and
physical phase state, with climatic implications.

This thesis combined the online and offline mass spectrometry to examine the OSc of SOA in
mixed systems. The results demonstrated that OSc of particulate products in mixed systems is
potentially associated with formation of high vapour organic compounds For example, in the
mixed precursor system, this study found that high volatility products were generated from the
oxidation of isoprene that has oxidants competition with other precursors, followed by suppressing
the formation of low volatility oxidation products, resulting in a change in the OSc . This is an
essential consideration for the future development of identifying the gas phase components during

the oxidation in mixed precursors studies. Moreover, this study revealed the challenge and
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limitation in obtaining the average carbon oxidation state from different techniques. Future study
of SOA formation from mixtures of volatile organic precursors might be improved by combining

multiple advance measurement techniques
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Figure S1: Time series (mean * 10; n=2) of particle number (a) and mass (b) concentrations over
the duration of air+lights experiments (i.e., experiments conducted by illuminating the chamber

without any reactants added).
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Figure S1: NO;, NO and O; time series in all single and mixed VOC systems (example
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Figure S2: Leighton ratios in all systems and O3 concentrations in all o-cresol containing systems.
(a) Leighton ratio in all non-o-cresol containing systems, (b) Leighton ratio in all o-cresol
containing systems, (c¢) Oz concentrations calculated assuming PSS in the o-cresol containing
systems, (d) measured O3 concentrations from O3 analyser in all o-cresol containing systems, (e)
corrected O3 concentrations based on CIMS o-cresol signal in all o-cresol containing systems.
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Figure S3: Total particle wall loss corrected particle component mass ratios in each system
showing inorganic and organic component evolution. Panel a) shows the increase in SOA:inorg
and b) shows the decrease in SO4*: NOj’, throughout the experiment in each system coloured
consistently with Figure 2 and 3. Note that NH4" was found to ion balance the sum of NO3:SO4*

in all experiments within measurement uncertainty
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Figure S4: SOA particle mass yield as a function of total absorptive mass, including the
remaining inorganic seed mass, in the single precursor [-pinene and o-cresol experiments at all
initial concentrations. Error bars represent the propagated uncertainties in all measurements and
in the particle wall loss corrections applied.
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Figure S5: Expanded plot of yield data for the o-cresol / isoprene mixture (with 2-product yield
curves o-cresol single VOC experiment). Yields “predicted” from the linear combination of yields
from the individual VOC experiment using equation 4 are shown for the mixture.
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Section 1: Supplementary figures
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Figure S3: General Mass spectra m/z vs retention time with normalized signal intensity as
colour) for compounds detected in Negative ionization mode for single and mixture

experiment.
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Figure S4: General Mass spectra m/z vs retention time with normalized signal intensity as
colour) for compounds detected in Positive ionization mode for single and mixture experiment
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Section 2: Supplementary Tables

The product ions of deprotonated species of C7H7NO4 and C7H7NO; in single o-cresol
system, binary a-pinene/o-cresol and Isoprene/o-cresol system will be discussed here in
order to illustrate the methodology to assign SOA compound structure. For all of the
C7H7NOy isomer, the fragment ion at m/z 138 due to neutral loss of NO group by odd
electron cleavage that often happen in ring structures with nitrogen containing group
(Hayen et al., 2002; Fu et al., 2006). C;H7NOs (i) and (I1I) also has the combine loss of NO
and hydrogen radical (m/z=137), while the 109 m/z fragment corresponding to the
combined loss of NO and CO from the deprotonated C;H7;NOs4. For the C7H7NO3
compound, the fragment ion m/z=122 has formed as a result of loss of NO from m/z 152,
the loss of combined NO and hydrogen radicals resulting forming the 121m/z fragment and
the combined loss of CH and NO leading to formation of 109 m/z fragment. These
fragmentation ions of deprotonated molecules suggested that the C;H7NO4 are the methyl-

nitrocatechol and the C;H7NOj is methyl-nitrophenol(Kitanovski et al., 2012).
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Table S1: Deprotonated molecular species for C;H7NOsisomers and C7H7NOs, obtained from the
use of the Orbitrap_LCMS in binary a-pinene/o-cresol and Isoprene/o-cresol system respectively.

Precursors Formula Retention [M-HT Fragment ion Loss Frai%)r:llent
System Time (min) [m/z] [Da] MF

166 2 C7HsNO4

C7H7NO;4 (1) 4.46 168 138 30 C7HeOs

108 60 CsH402

o-cresol 138 30 C7HeOs

C7H7NO4 (i) 7.40 168 137 31 C7H;50;

109 59 CeHs0,

138 30 C7H603

C7H7NO4 (iii) 8.93 168 137 31 C7H;50;

109 59 CeHs0,

C7H7NO; (i) 4.52 168 }32 Zg g;gzgz

138 30 C7H603

C7H7NO4 (i) 7.53 168 137 31 C7H;50;

o-pinene/o- 109 59 CeH502

cresol 138 30 C7H603

C7H7NO4 (iii) 9.08 168 137 31 C7H;50;

109 59 CeHs0,

122 30 C7Hs0>

C7H7/NOs 10.19 152 121 31 C7H;50;

109 43 CeHs0,

138 30 C7Hs03

Isoprene/o- C7H7NO;4 (1) 4.52 168 137 31 C7H;503

cresol 108 60 CsH402

138 30 C7H603

C7H7NO4 (iii) 9.14 168 137 31 C7H;50;

109 59 CeHs0,

122 30 C7Hs0>

C7H7NO3 10.20 152 121 31 C7H;50;

109 43 CeHs0,
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Table S1: The total normalized peak area and normalized mass concentration attributed to nC>21
molecules that were found in all repeat experiments in selected system. The normalized peak
area of nC>21 molecules obtained from the both ionization mode in orbitrap-LCMS, and the
particulate mass concentration of each system obtained from HR-TOF-AMS measurement. The
normalized mass concentration equals the particulate mass concentration multiply the
normalized peak area of nC>21 molecules.

Negative ionization mode Positive ionization mode

Particulate mass Normalized Peak Normahze_d MasS | Normalized Peak Normahzeq mass

concentration of concentration of
concentration at the end | Area of nC >21 nC >21 Area of nC >21 nC >21
. 3

of experiment(ug/m’) | molecules molecules(ug/m?) molecules molecules(ug/m?)
a) a-pinene 361 0.008 3.01 0.003 1.34
b) Isoprene 0.4 0.007 0.002 0.040 0.016
d) a-pinene/isoprene 102 0.011 1.15 0.002 0.24
e) o-pinene/o-cresol 150 0.004 0.73 0.019 2.85
f) Isoprene/o-cresol 22 0.0006 0.013 0.006 0.14
g) Ternary 85 0.002 0.16 0.012 1.10

Reference:

Fu, X., Zhang, Y., Shi, S., Gao, F., Wen, D., Li, W, Liao, Y., and Liu, H.: Fragmentation study
of hexanitrostilbene by ion trap multiple mass spectrometry and analysis by liquid
chromatography/mass spectrometry, Rapid Communications in Mass Spectrometry, 20, 2906-
2914, https://doi.org/10.1002/rcm.2683, 2006.

Hayen, H., Jachmann, N., Vogel, M., and Karst, U.: LC-Electron capture APCI-MS for the
determination of nitroaromatic compouds, The Analyst, 127, 1027-1030, 10.1039/B205477A,
2002.

Kitanovski, Z., Grgié, 1., Yasmeen, F., Claeys, M., and Cusak, A.: Development of a liquid
chromatographic method based on ultraviolet—visible and electrospray ionization mass
spectrometric detection for the identification of nitrocatechols and related tracers in biomass
burning atmospheric organic aerosol, Rapid Communications in Mass Spectrometry, 26, 793-
804, https://doi.org/10.1002/rcm.6170, 2012.
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(a)Single a-pinene system
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Figure S1: The O3 distribution against SOA mass concentration for single a-pinene system with
full, half and third initial reactivity
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(a) Negative ionization mode (b) Positive ionization mode
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Figure S2: The OSc against nC of SOA from ternary mixture system obtain from -ve and +ve
ionization modes orbitrap-LCMS. The detected compounds classified into four groups, blue:
common products with a-pinene SOA, orange: common products with isoprene SOA, yellow:
common products with o-Cresol, SOA, purple: the unique-to-mixture products. The size of marker
represents the normalized signal contribution in total of individual compound.
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