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Abstract 

Secondary organic aerosols (SOA) comprise a major fraction of the tropospheric aerosol 

smaller than 2.5 µm (PM2.5) which have adverse effects on air quality, human health, and the 

climate. About 90% of them are formed by oxidation products from biogenic volatile organic 

compounds (BVOCs) mainly comprised of isoprene, monoterpenes, and sesquiterpenes. However, 

studies of the characteristic properties of biogenic SOA formed from single BVOC and their 

mixtures under conditions representative for the whole troposphere are still scarce. 

Aim of this work is to achieve a better understanding of the impact of temperature and BVOC 

interaction on the formation pathways, chemical composition, volatility, and aging of SOA from 

the most abundant compounds of the three BVOC classes: isoprene, α-pinene, β-caryophyllene, 

and their mixtures. Therefore, I studied biogenic SOA from a) isoprene mixed with α-pinene, b) 

β-caryophyllene in the absence and c) the presence of NOx, d) mixtures of isoprene and β-

caryophyllene, e) mixtures of isoprene, α-pinene, and β-caryophyllene, in the atmospheric 

simulation chamber at KIT for conditions of the tropic boundary layer to the upper troposphere.  

I observed distinct differences in SOA formed from α-pinene alone and its mixture with 

isoprene.  In SOA from α-pinene and isoprene mixtures, intermediates of both formed new dimers. 

However, this did not significantly reduce the SOA yields nor the formation of typical dimers from 

α-pinene oxidation products alone. Formation of these dimers showed a minimum at 273K with 

6±3% of the total oxidation products but increased to 12±4% and 9±3% at 243 and 313 K, 

respectively. The effective volatility of particulate organic compounds was reduced in the mixture 

compared to pure α-pinene SOA which enhances the atmospheric lifetime of these aerosol particles. 

The particle volatility decreased with increasing particle viscosity, corresponding to the lower 

temperature, and lower degree of oxidation. Oxidation products from isoprene as well as those 

formed by the interaction of α-pinene and isoprene intermediates, contributed to particle growth 

but had no significant contribution to new particle formation.  

For the first time, the temperature dependence of the rate coefficient of β-caryophyllene 

reacting with O3, which determines its atmospheric lifetime, was determined for the temperature 

range between 213-313K fitting to this Arrhenius equation: k(243-313K) = (1.6±0.4)×10-15 

×exp((559±97)/T). SOA yields for the β-caryophyllene ozonolysis decreased at an organic mass 

loading of 10 µg m-3 from 37±11 to 17±5 % for the temperature increasing from 243 to 313 K, 



Abstract 

IV 
 

respectively. For the β-caryophyllene ozonolysis in the absence of NOx, higher temperatures 

favoured the formation of highly oxygenated molecules via autoxidation, while lower temperatures 

promoted the formation of less oxygenated dimers and oligomers. In presence of NO3 radicals, 

increasing amounts of organic nitrates were formed with increasing temperature. At 313K, organic 

nitrates contributed (48.9±29.3)% of all CxHyOzN compounds detected, substantially higher than 

the (2.8±1.7)% formed at 213K. Most of the organic nitrates were monomers with a C15 skeleton 

with one nitrate group. Applying a new positive matrix factorization approach, I determined the 

effective volatility of SOA compounds distinguishing for the first time isomeric and thermally 

decomposed compounds. Based on the experimental data, I estimated the temperature dependent 

relative contributions of varying chemical oxidation pathways versus phase partitioning processes. 

β-caryophyllene oxidation products could interact with those of α-pinene forming the dimers 

C23H36O6-7 and C24H38O6-8, which significantly reduced the formation of β-caryophyllene derived 

dimers C27-30 and corresponding SOA yields. This suppression can be explained by the scavenging 

of corresponding monomers of β-caryophyllene by oxidation products of α-pinene and isoprene, 

resulting in the formation of C17-25 dimers with lower molecular mass and volatility. The volatility 

of the particles in the ternary system was higher than in the isoprene β-caryophyllene system, 

mainly due to a higher contribution of products with smaller molecular mass from α-pinene and 

isoprene oxidation, and the reduced formation of lower volatile C27-30 compounds.  

These findings clearly demonstrate that it is not possible to predict SOA properties and yields 

based on the behaviour observed in single precursor systems alone. The temperature dependent 

interaction of intermediates of the oxidation of different precursor VOCs has a significant impact 

which was at least unravelled partially in this study on a molecular basis. Overall, this work 

demonstrates that ambient temperature has a strong impact on the chemical composition and 

volatility of SOA formed from individual biogenic VOC and their mixtures, via the interplay 

between chemical formation pathways and the partitioning of oxidation products.



Zusammenfassung 

V 
 

Zusammenfassung 

Sekundäre organische Aerosole (SOA) machen einen Großteil des troposphärischen Aerosols 

kleiner als 2,5 µm (PM2,5) aus und haben negative Auswirkungen auf die Luftqualität, die 

menschliche Gesundheit und das Klima. Etwa 90 % von ihnen werden durch Oxidationsprodukte 

von biogenen flüchtigen organischen Verbindungen (BVOC) gebildet, die hauptsächlich aus 

Isopren, Monoterpenen und Sesquiterpenen bestehen. Studien zu den charakteristischen 

Eigenschaften biogener SOA, die aus einzelnen BVOC und ihren Mischungen unter für die 

gesamte Troposphäre repräsentativen Bedingungen gebildet werden, sind jedoch noch rar. 

Ziel dieser Arbeit ist es, ein besseres Verständnis des Einflusses von Temperatur und BVOC-

Wechselwirkungen auf die Bildungswege, chemische Zusammensetzung, Flüchtigkeit und 

Alterung von SOA aus den am häufigsten vorkommenden Verbindungen der drei BVOC-Klassen 

zu erreichen: Isopren, α-Pinen, und β-Caryophyllen sowie ihrer Mischungen. Daher untersuchte 

ich biogenes SOA aus a) Isopren gemischt mit α-Pinen, b) β-Caryophyllen in Abwesenheit und c) 

Anwesenheit von NOx, d) Mischungen aus Isopren und β-Caryophyllen, e) Mischungen aus 

Isopren, α- Pinen und β-Caryophyllen in der atmosphärischen Simulationskammer am KIT für 

Bedingungen der tropischen planetaren Grenzschicht bis hin zur oberen Troposphäre. 

Ich beobachtete deutliche Unterschiede in den SOA, die aus α-Pinen allein und seiner 

Mischung mit Isopren gebildet wurde. In SOA aus α-Pinen- und Isopren-Mischungen bilden 

Intermediate von beiden neue Dimere. Dies verringerte jedoch weder die SOA-Ausbeuten noch 

die Bildung typischer Dimere aus α-Pinen Oxidationsprodukten allein signifikant. Die Bildung 

dieser Dimere zeigt ein Minimum bei 273 K mit 6 ± 3 % der gesamten Oxidationsprodukte, steigt 

jedoch auf 12 ± 4 % und 9 ± 3 % bei 243 bzw. 313 K an. Die effektive Flüchtigkeit von partikulären 

organischen Verbindungen ist in der Mischung im Vergleich zu reinem α-Pinen SOA reduziert, 

was die atmosphärische Lebensdauer dieser Aerosolpartikel erhöht. Die Partikelflüchtigkeit nimmt 

mit zunehmender Partikelviskosität, entsprechend niedrigerer Temperatur und niedrigerem 

Oxidationsgrad ab. Oxidationsprodukte von Isopren sowie solche, die durch Wechselwirkung von 

α-Pinen- und Isopren-Zwischenprodukten gebildet werden, tragen zum Partikelwachstum bei, 

haben jedoch keinen signifikanten Beitrag zur Partikelneubildung. 

Zum ersten Mal wurde die Temperaturabhängigkeit des Geschwindigkeitskoeffizienten von 

β-Caryophyllen bei der Reaktion mit Ozon, der seine atmosphärische Lebensdauer bestimmt, für 
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den Temperaturbereich zwischen 213-313 K gemäß dieser Arrhenius-Gleichung bestimmt: k (243-

313K) = (1,6 ± 0,4) × 10–15 × exp ((559 ± 97)/T). Die SOA-Ausbeuten für die β-Caryophyllen 

Ozonolyse sanken bei einer organischen Partikelmasse von 10 µg m-3 von (37±11)% auf (17±5) % 

für die Temperaturerhöhung von 243 auf 313 K. Bei der Ozonolyse von β-Caryophyllen in 

Abwesenheit von NOx begünstigen höhere Temperaturen die Bildung von stark sauerstoffreichen 

Molekülen durch Autoxidation, während niedrigere Temperaturen die Bildung von weniger 

sauerstoffreichen Dimeren und Oligomeren fördern. In Anwesenheit von NOx- und NO3-

Radikalen wurden mit zunehmender Temperatur zunehmende Anteile an organischen Nitraten 

gebildet. Bei 313 K trugen organische Nitrate (48,9 ± 29,3) % aller nachgewiesenen CxHyOzN-

Verbindungen bei, wesentlich mehr als die (2,8 ± 1,7) %, die bei 213 K gebildet wurden. Die 

meisten organischen Nitrate waren Monomere mit einem C15-Gerüst mit einer Nitratgruppe. Unter 

Anwendung eines neuen Ansatzes der positiven Matrix Faktorisierung (PMF) habe ich die 

effektive Flüchtigkeit von SOA-Verbindungen bestimmt, wobei ich zum ersten Mal zwischen 

Isomeren und thermisch zersetzten Verbindungen unterscheiden konnte. Basierend auf den 

experimentellen Daten habe ich die temperaturabhängigen relativen Beiträge verschiedener 

chemischer Oxidationswege gegenüber Phasenverteilungsprozessen abgeschätzt. 

β-Caryophyllen-Oxidationsprodukte können mit denen von α-Pinen in Wechselwirkung 

treten, wobei die Dimere C23H36O6-7 und C24H38O6-8 gebildet werden, die die Bildung von allein 

aus β-Caryophyllen abgeleiteten Dimeren C27-30 und entsprechende SOA-Ausbeuten signifikant 

reduzieren. Diese Reduktion kann durch Abfangen entsprechender Monomere von β-Caryophyllen 

durch Oxidationsprodukte von α-Pinen und Isopren erklärt werden, was zur Bildung von C17-25-

Dimeren mit geringerer Molekülmasse und Flüchtigkeit führt. Die Flüchtigkeit der Partikel im 

ternären System war höher als im Isopren-β-Caryophyllen-System, hauptsächlich aufgrund eines 

höheren Beitrags von Produkten mit kleinerer Molekülmasse aus der α-Pinen- und Isopren-

Oxidation und der verringerten Bildung von weniger flüchtigen C27-30 Verbindungen. 

Diese Befunde zeigen deutlich, dass es nicht möglich ist, SOA-Eigenschaften und Ausbeuten 

allein auf der Grundlage des Verhaltens vorherzusagen, das in einzelnen Vorläufersystemen 

beobachtet wird. Die temperaturabhängige Interaktion von Zwischenprodukten der Oxidation 

verschiedener Vorläufer-VOC hat einen signifikanten Einfluss, der in dieser Studie zumindest 

teilweise auf molekularer Basis enträtselt wurde. Insgesamt zeigt diese Arbeit, dass die 

Umgebungstemperatur über das Zusammenspiel zwischen chemischen Bildungswegen und der 
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Phasenverteilung von Oxidationsprodukten einen starken Einfluss auf die chemische 

Zusammensetzung und Flüchtigkeit von SOA hat. 
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1 Introduction 

Atmospheric aerosol is defined as a suspension of fine liquid or solid particles in a gas  (Pöschl, 

2005). The size of this particulate matter (PM) ranges over more than four orders of magnitude 

from several nanometers to several 10 µm (Prospero et al., 1983; Kolb and Worsnop, 2012). Major 

compounds present in atmospheric aerosol are mineral dust, sea-salt, organic aerosol (OA), 

inorganic salts (NH4NO3, (NH4)2SO4), soot, pollen and several others. Over the past decades, 

atmospheric aerosol has been found to significantly influence atmospheric processes by directly 

scattering and absorbing solar radiation, providing condensation surfaces for the formation of 

cloud droplets and ice crystals, and being involved in heterogeneous chemical reactions (Ghan and 

Schwartz, 2007; Kolb and Worsnop, 2012; Zarnetske et al., 2021). As a result, they seriously 

adversely affect air pollution (Dockery et al., 1992; Law and Stohl, 2007), human health (Pöschl, 

2005; Darquenne, 2012), visibility (Charlson, 1969; Appel et al., 1985), ecological integrity (Hu 

and Rao, 2009), and climate change (Aubry et al., 2021; Schmale et al., 2021). The largest fraction 

of fine atmospheric aerosol is organic aerosol which makes up 20-50% to the total fine aerosol 

mass at continental mid-latitudes and accounts for up to 90% in the tropical forested areas 

(Andreae and Crutzen, 1997; Roberts et al., 2001).  

1.1 Organic aerosol 

OA is a complex mixture comprising thousands of organic species (Goldstein and Galbally, 

2007). It can be formed from a wide variety of sources. Primary organic aerosol (POA) is directly 

emitted from sources such as volcanic eruptions, plants, and biomass burning, whereas secondary 

organic aerosol (SOA) is formed from the oxidation of gaseous volatile organic compounds (VOCs) 

in the atmosphere, which is then followed by gas-to-particle partitioning. Some organic species 

are emitted to the atmosphere as vapors and subsequently condense on particles without 

undergoing chemical change. These aerosols can be classified also as POA (Kanakidou et al., 

2005). The global OA burden is dominated by SOA (Hallquist et al., 2009; Shrivastava et al., 

2015). For instance, about 50% of fine particles can be composed of organics in urban locations 

within the Northern Hemisphere (Zhang et al., 2007). After the emission or formation of OA, it 

ages via chemical and physical transformation, including cloud processing. Solid OA can be 

activated as ice nuclei (IN) forming ice crystals (Shiraiwa et al., 2011). The estimated OA lifetime 
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in the atmosphere has a large variability between several to up to ten days (Tsigaridis et al., 2014; 

Gliß et al., 2021).   

1.2 Atmospheric volatile organic compounds 

VOCs are typically termed as organic compounds with boiling points of up to 250 °C and 

vapor pressures greater than 10 Pa (at 25°C) at standard pressure (1013 hPa) (Koppmann, 2008; 

Cao et al., 2016). Methane is a dominant VOC but will not be discussed here since its contribution 

to aerosol formation is negligible. Atmospheric VOCs can be seen almost everywhere in the 

troposphere. The largest global VOC contributor is the natural ecosystem, such as terrestrial plants, 

fruits, grassland, and tropical woodlands, for which those VOCs are classified as biogenic VOCs 

(BVOCs, 760 TgC yr-1) (Sindelarova et al., 2014). Besides, the VOCs emitted from human 

activities in urban areas, i.e. combustion process, transportation, and industrial activities, are 

assorted as anthropogenic VOCs (AVOCs, 110 TgC yr-1) (Piccot et al., 1992). The BVOC 

emissions clearly dominate over other SOA precursors.  

1.2.1 Biogenic volatile organic compounds 

Hundreds of reactive BVOCs are produced and emitted into the atmosphere from the 

biosphere, depending on the location and meteorological conditions (Helmig et al., 2013). BVOCs 

comprises mainly hemiterpene (C5H8, ~70%), monoterpenes (C10H16, ~11%), and sesquiterpenes 

(C15H24, ~2.5%) (Owen et al., 2003; Keeling and Bohlmann, 2006; Sindelarova et al., 2014). 

Isoprene (2-methyl-1,3-butadiene), the dominant hemiterpene, is also the strongest single 

BVOC contributor in the earth system. Isoprene is produced and emitted by several plants, such 

as oak trees (Sanadze and Kursanov, 1966; Langford et al., 2017) and its emission is found highly 

light and temperature dependent (Sanadze, 1969; Rinne et al., 2002). The global isoprene emission 

is estimated at a level of 500 Tg C yr-1, which is roughly equal to the total emitted amount of 

methane, and is around four times higher than the sum of all anthropogenic VOCs, thus making 

isoprene the dominant hydrocarbon (Wang and Shallcross, 2000; Sharkey and Yeh, 2001; Sharkey 

et al., 2007; Guenther et al., 2012). In the atmosphere, isoprene is reactive to hydroxyl radicals 

(OH radicals), O3, and nitrate radicals (NO3 radicals) (Lin et al., 2013; Jenkin et al., 2015; Bates 

and Jacob, 2019). The lifetime of isoprene in the atmosphere is estimated to be 3 hours during 

daytime with 20 ppb of O3 and 106 molecules/cm3 of OH radicals, and 1.5 hours in the night with 

20 ppb of O3 and 10 ppt of NO3 radicals under typical atmospheric conditions (Kesselmeier and 
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Staudt, 1999). However, although, the particle yield of isoprene oxidation products is estimated to 

be low (about 1%), it still has a large contribution to the global particles (e.g., 6 Tg yr-1) due to its 

large abundance (Carlton et al., 2009). 

α-pinene is a dominant monoterpene (155 Tg C yr-1 (Guenther et al., 2012)) comprising about   

34% (Sindelarova et al., 2014) of all monoterpenes (C10H16), and is mainly emitted from plants, 

such as conifers, juniper, citrus trees, and in small amounts also from the fragrance and flavor 

industry (Allenspach and Steuer, 2021) due to its fresh pine scent and woody flavor (Vespermann 

et al., 2017). Unlike the high reactivity of isoprene to OH radicals, α-pinene has about 2 times 

lower reactivity to OH radicals, but is more reactive to O3 and NO3 radicals, making its lifetime at 

nighttime 5-30 min, significantly shorter than at daytime of 2-3 hours (Kesselmeier and Staudt, 

1999). Considering their large emissions and high reactivities with atmospheric oxidants, as well 

as their relatively high SOA yields, monoterpenes like α-pinene are regarded as major source of 

SOA (Ehn et al., 2014; Zhang et al., 2018). 

At last but very important, as a representor of sesquiterpenes (C15H24), β-caryophyllene is 

emitted from pine trees and agricultural fields, such as orange trees and potato plants (Ciccioli et 

al., 1999; Hansen and Seufert, 2003; Duhl et al., 2008; Kleist et al., 2012). The emissions of β-

caryophyllene show temperature-dependent features, depending on period and season (Hansen and 

Seufert, 2003; Hakola et al., 2006). Because of the two carbon double bonds (endocyclic and 

exocyclic) inside its bicyclic structure, β-caryophyllene has the highest reactivity to the 

atmospheric oxidants (O3, OH radicals, NO3 radicals) compared to isoprene and α-pinene, and 

hence has the shortest lifetime (< 4 min at daytime, < 2 min at night) in the atmosphere 

(Kesselmeier and Staudt, 1999; Winterhalter et al., 2009b). The rate coefficient for O3 reacting 

with the endocyclic double bond was determined for 296K as (1.2± 0.4) × 10-14 cm3 molecule-1 s-

1 (Shu and Atkinson, 1994a; Richters et al., 2015; Cox et al., 2020). It is estimated to be about 100 

times larger than the rate coefficient of (1.1 ± 0.4) × 10-16 cm3 molecule-1 s-1 for the exocyclic 

double bond (Shu and Atkinson, 1994a) of the first-generation products. Besides, the rate constant 

of β-caryophyllene reacting with OH radicals and NO3 radicals are determined to be (2.0±0.9)  × 

10-10 cm3 molecule-1 s-1 (Shu and Atkinson, 1994b), and (1.9±0.4) × 10-11 cm3 molecule-1 s-1 

(Atkinson, 1991), respectively. Due to its high reactivity and oxidation products with low vapor 

pressure, β-caryophyllene shows high SOA yields and can lead to new particle formation. 
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Thus, although it is not emitted in large quantities, β-caryophyllene still has a large aerosol 

formation potential and can even play a dominant role in specific periods and seasons (Geron and 

Arnts, 2010; Jardine et al., 2011). 

1.2.2 Anthropogenic volatile organic compounds 

AVOCs are chemically consisting mainly of aliphatic and aromatic hydrocarbons (e.g.,  

benzene, toluene, naphthalene, xylene), and alcohols, various alkanes, glycol derivates, such as 

pentadecane (Theloke and Friedrich, 2007). Major AVOC sources are: biomass combustion, 

industrial processes, fuel evaporation, and solvent usage (Tuet et al., 2017).  

Besides the anthropogenic organic emissions, some other anthropogenic pollutants (e.g., 

nitrogen oxides, NOx) can react with BVOCs and hence effect on the SOA formation and 

composition (Calfapietra et al., 2013). The resulting organic nitrates or sulfates have a substantial 

impact on optical and health relevant properties of organic aerosol (Moise et al., 2015). 

1.3 Secondary organic aerosol (SOA) 

After emission into the atmosphere, VOCs are depleted mainly via oxidation by ozone (O3), 

OH radicals, and NO3 radicals generating thousands of different organic molecules. These 

components have higher oxidation states and most of them have also lower vapor pressures than 

their precursors. Hence, they have a potential to form SOA particles. The biogenic SOA formation 

is estimated to 88 TgC yr-1, while the anthropogenic SOA contributes about 10 TgC yr-1 (Hallquist 

et al., 2009). After formation, SOA can be transported throughout the troposphere. On the one 

hand, the direct effect of BVOCs on climate is to reduce the amount of solar radiation. Biogenic 

SOAs can be effective scatters and have a potential for absorption (Shrivastava et al., 2017). On 

the other hand, hygroscopic biogenic SOAs can influence the cloud formation by acting as cloud 

condensation nuclei (CCN) and ice nucleating particles (INP). 

In the following section, I will briefly introduce the SOA formation mechanisms and 

chemistry (1.3.1), physicochemical properties of SOA (1.3.2), the SOA from β-caryophyllene 

(1.3.3), and SOA from BVOC mixtures (1.3.4), and the impact of temperature on the SOA in the 

troposphere (1.3.5). 
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1.3.1 SOA formation mechanisms and chemistry 

SOA is formed via gas phase reactions of biogenic or anthropogenic VOCs, followed by gas-

to-particle conversion of low or semi volatile oxidation products. The VOCs degradation in the 

troposphere is initiated by atmospheric oxidants, such as O3, OH radicals, NO3 radicals. Chlorine 

or bromine radicals as well as Criegee radicals are also of some importance but only in special 

cases. As a result, first-generation products with diverse oxygenated functional groups can be 

formed, such as aldehydes (-CHO), alcohols (-OH), acids (-COOH), organic nitrates (-NO2) etc. 

Those early-stage oxidation products can subsequently undergo further oxidation process, i.e. 

autoxidation via intramolecular hydrogen shift, to form lower volatile components with more 

complex functionalities, such as highly oxidized multifunctional (HOM) compounds (Bianchi et 

al., 2019), dimers, and other oligomers. Under atmospheric conditions, the oxidation reactions and 

chemical pathways are highly dependent on the metrological conditions, such as temperatures 

(Zhang et al., 2015; Quéléver et al., 2019), relative humidity (RH), and the solar radiation. For 

example, OH radicals play a key role in initialing VOC oxidation during daytime, while the 

nighttime chemistry is dominated by reactions of NO3 radicals and O3 with VOCs (Atkinson, 2000; 

Riemer et al., 2008). 

 
Figure 1. Schematic of SOA formation via BVOC oxidation (Mahilang et al., 2021). 
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OH and NO3 radicals are able to abstract hydrogen from C-H and O-H bonds, and may add 

to C=C double bonds. In contrast, O3 can only react with the C=C bonds of VOCs. This results in 

the formation of alkyl radicals, followed by the addition of oxygen, subsequently producing peroxy 

radicals (RO2•). The rate coefficients of three biogenic terpenes (isoprene, α-pinene, β-

caryophyllene) reacting with O3 and OH radicals are already discussed in section 1.2. The 

schematic in Figure 2 (b) shows the reactions and functionality addition processes of the alkyl (R•), 

alkoxy (RO•) and peroxy (RO2•) radicals, and the generation of closed-shell products, such as 

hydroperoxides (ROOH), carboxylic acids (RC(O)OH), peroxy acids (RC(O)OOH), alcohols 

(ROH), peroxynitrates (ROONO2), organic nitrates (RONO2), carbonyls (R(O)R’) via 

decomposition, and hydroxycarbonyl via isomerization pathways (Ziemann and Atkinson, 2012). 

Recently, a new gas-phase pathway (so-called “autoxidation”) involving consecutive 

intramolecular H-shifts in peroxy radicals followed by O2 addition, has been recognized to form 

HOM compounds often with more than 6 oxygen atoms per molecule and low-volatility (Crounse 

et al., 2013; Bianchi et al., 2019). An example of HOM compound formation via an autoxidation 

pathway is presented in Figure 2 (a). As the fate of gas-phase oxidation products are determined 

largely by their saturation vapor pressures (hence volatilities) via partitioning between gas and 

condensed phases, the estimation of saturation vapor pressures of species is important in studying 

the particle formation. The SOA volatility will be discussed in section 1.3.2. 

 
Figure 2. Schematic of VOC oxidation in the atmosphere. (a) typical autoxidation mechanisms to form HOM, adapted 
from Ehn et al. (2017); (b) other mechanisms through formation of alkyl or substituted alkyl radicals, adapted from 
Ziemann and Atkinson (2012). 
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The process with the addition of functional groups to a molecule is so-called functionalization, 

generating a more polar oxygenated and higher molecular weight product with substantially lower 

volatility (Pandis et al., 1992), as illustrated in Figure 3. Competing with functionalization is the 

fragmentation which typically leads to smaller molecules. Fragmentation principally leads to the 

scission of covalent C-C bonds, producing more volatile and less weight molecules that are less 

likely to condense. As another competing reaction, oligomerization results in the association of at 

least two molecules (monomeric precursors), generating a heavier molecule with substantially 

lower volatility (Kroll et al., 2011).  

 
Figure 3. Three general atmospheric oxidation processes and their impact on volatility: fragmentation, oligomerization, 
and functionalization. They are categorized on basis of the decrease, increase, and no change of the molecular carbon 
numbers. The figure is adapted by Lopez-Hilfiker (2015) from Jimenez et al. (2009). 

1.3.2 Physicochemical properties of SOA 

Volatility and viscosity are two key physicochemical properties of SOA, and have profound 

effects on the gas-particle partitioning, particle formation and growth, heterogeneous reactions, ice 

nucleation pathways of SOA, and in turn air quality and climate (Bilde et al., 2015; Reid et al., 

2018). 

Volatility is important for the particle formation, because it can determine the fate of 

molecules by deciding whether components condense into or evaporate from the particle phase. 

As SOA is often complex and comprises of hundreds to thousands of components, there are several 

volatility classes needed to describe the compounds on basis of their effective saturation 

concentrations (C*, μg m-3) (Donahue et al., 2009; Donahue et al., 2011; Donahue et al., 2012; 
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Schervish and Donahue, 2020): ultra-low volatile organic compounds (ULVOC, log10Csat <-8.5 

µg m-3), extremely low volatile organic compounds (ELVOC, -8.5< log10C* <-4.5 µg m-3), low 

volatile organic compounds (LVOC, -4.5< log10 C* <-0.5 µg m-3), semi volatile organic 

compounds (SVOC, -0.5< log10 C*  <2.5 µg m-3), intermediate volatile organic compounds (IVOC, 

2.5< log10 C*  <6.5 µg m-3), and volatile organic compounds (VOC, log10 C* >6.5 µg m-3).  

At most atmospheric conditions, the compounds in the VOC/IVOC classes stay in the gas 

phase, while the semi-volatile components can partition between both gas and particle phases. 

Consequently, species in LVOC class stay mainly in the particle phase, while the ELVOC/ULVOC 

compounds are considered to be nonvolatile due to their extremely/ultra-low vapor pressures. Thus, 

the compounds with low and extreme/ultra-low volatilities have large potential to contribute to the 

formation and growth of SOA particles. 

Volatility of a molecule highly depends on the molecular chemical properties, e.g., functional 

groups and structure. That is, isomers with the same formula may have varying magnitudes of 

volatilities (expressed as saturation vapor pressures) owing to their isomeric functionalities 

(Hyttinen et al., 2022). Furthermore, as the SOA particles are often composed by a handle of 

species, the effective volatility of a compound is convoluted not only by the pure compound 

volatility but also the interaction of each specific compound with the absorbing aerosol mixture 

(Pankow, 1994a; Donahue et al., 2006; Liu et al., 2021). Thus, the need to predict the effective 

volatilities of individual isomeric compounds from a complex SOA mixture is evident.  

Particle viscosity is another important physicochemical property of SOA, and also affects the 

effective volatility. The SOA particles have been found to be viscous and can exist in liquid, 

semisolid or amorphous solid states (Shiraiwa et al., 2017; Reid et al., 2018), with low dynamic 

viscosity <102 Pa s, between 102 - 1012 Pa s, > 1012 Pa s, respectively, depending on temperature, 

humidity, and particle chemical composition (Reid et al., 2018). The substances in the particles 

with high viscosity may need more time to equilibrate with the gas phase, resulting the partitioning 

mechanism shift from absorptive to adsorptive (Shiraiwa and Seinfeld, 2012). The organic 

compounds in the solid particles react slower than in the liquid or semisolid phase due to diffusion 

limitation (Bastelberger et al., 2017). As a result, the particle formation and growth process are 

influenced, and in turn affecting cloud formation, visibility and climate (Shiraiwa et al., 2011; 

Maclean et al., 2017).  
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In recent studies, viscosity has been found to be sensitive on functional group addition, similar 

to the sensitivity of volatility (Rothfuss and Petters, 2017). A good correlation between particle 

viscosity and volatility reveals that decreasing viscosity leads to an increase of effective vapor 

pressure (Marshall et al., 2018; Champion et al., 2019; Zhang et al., 2019). A parameterization 

method to predict the glass transition temperature, which is related to the viscosity, on basis of 

effective volatility has been developed by Li et al. (2020). 

1.3.3 SOA from β-caryophyllene ozonolysis 

β-caryophyllene (BCP) is one of the most abundant sesquiterpenes, emitting from agricultural 

crops and pine trees, such as potato plants, cotton, and orange trees (Ciccioli et al., 1999; 

Agelopoulos et al., 2000; Rodriguez-Saona et al., 2001; Hansen and Seufert, 2003; Duhl et al., 

2008). β-caryophyllene is a bicyclic compound with two carbon double bonds with different 

reactivities towards ozone, and enables to retain its long carbon chain throughout the oxidation 

process and thus have a strong contribution to SOA mass. At 296K, the rate constant for the 

endocyclic carbon double bond of β-caryophyllene reacting with ozone has been determined as 

(1.2± 0.4) × 10-14 cm3 molecule-1 s-1 (Shu and Atkinson, 1994a; Richters et al., 2015; Cox et al., 

2020). It is larger (~100 times) than the rate constant of exocyclic carbon double bond reacting 

with ozone, which is determined to be (1.1 ± 0.4) × 10-16 cm3 molecule-1 s-1 (Shu and Atkinson, 

1994a). Therefore, at typical tropospheric conditions (e.g., 30 ppb of ozone), β-caryophyllene has 

life time of ~2 minutes, and its closed-shell first-generation products can exist ~3.5 hours 

(Winterhalter et al., 2009a). 

The yields of SOA particles are thought to dependent on temperatures, organic particle mass 

concentration, and O3 levels (Odum et al., 1996; Saathoff et al., 2009a; Chen et al., 2012a). For β-

caryophyllene derived SOA, its yields vary span a large range between 5-70% with different 

conditions (e.g., temperature between 287-298K) conducted by previous studies (Jaoui et al., 

2003b; Lee et al., 2006b; Winterhalter et al., 2009b; Chen et al., 2012c; Tasoglou and Pandis, 

2015b). A comparison of the experimental conditions, particle mass concentration (ΔMorg), particle 

mass yields from these studies is given in the Table S1. For the ozonolysis of β-caryophyllene 

without OH scavenger, a SOA mass yield of 27% was observed at 293 K and an organic particle 

mass loading of 10 μg m-3 (Tasoglou and Pandis, 2015a). Winterhalter et al. (2009) measured 

yields ranging between 5 - 24% for particle mass loadings of 50 - 440 μg m-3 and no Criegee 

intermediate scavenger, with the yields increasing for higher concentrations of water vapour or 
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formic acid. Jaoui et al. (2003) measured a yield of 39.3 % without OH scavenger at 287-290 K 

and Lee et al. (2006a) observed a yield of 45% at 293K and a particle mass loading of 336 μg m-3 

using cyclohexane as OH scavenger. Chen et al. (2012b) varied the O3 levels and determined SOA 

yields between 8 - 46% for organic particle masses of 0.5-170 μg m-3, 15.8-60% at 2.1 - 230 μg m-

3, and 14.6-69.5% at 19 - 77.4 μg m-3 for O3 levels of 50 ppb, 100 ppb and 200 ppb, respectively.  

By using OH scavenger, Tasoglou and Pandis (2015) also quantified SOA mass yields at room 

temperature to be 64.4% at 17.6 μg m-3 for 300 ppb of O3, 59.6% at 16.3 μg m-3 for 400 ppb of O3, 

and 66.9% at 30.5 μg m-3 for 500 ppb of O3.  

Besides, the mechanisms for the formation of products derived from β-caryophyllene 

ozonolysis have been investigated extensively for room temperature (Jaoui et al., 2003a; Griffin 

et al., 1999; Lee et al., 2006a; Lee et al., 2006d; Winterhalter et al., 2009a; Nguyen et al., 2009; 

Jenkin et al., 2012; Richters et al., 2016b). Aldehydes, small acids, and acetone are the major 

oxidation products detected in the gas phase (Grosjean et al., 1993; Calogirou et al., 1999; Zhao et 

al., 2010; Larsen et al., 1998). On contrast, in the particle phase, the main oxidation products 

include ketones, aldehydes, alcohols and carboxylic acids (Dekermenjian, 1999; Lee et al., 2006a; 

Jaoui et al., 2003a; van Eijck et al., 2013; Jaoui et al., 2007; Li et al., 2011a; Alfarra et al., 2012). 

Some of them have been identified, including β-caryophyllonic acid (C15H24O3), β-caryophyllinic 

acid (C14H22O4, BCA), and β-hydroxycaryophyllonic acid (C15H24O4) (Table S3). β-caryophyllinic 

acid is regarded as a tracer to estimate the emissions of β-caryophyllene in the real atmosphere 

(Jaoui et al., 2007; Hu et al., 2008; Parshintsev et al., 2008; Haque et al., 2016; Verma et al., 2021; 

Cheng et al., 2021). In addition, HOM molecules via autoxidation were studied from β-

caryophyllene ozonolysis at 295 K by Richters et al. (2016a), with identification of major HOM 

molecules of C14-15H22O7, C14-15H22O9, and C15H22O11,13 (Richters et al., 2016b). 

As discussed above, as the oxidation products from β-caryophyllene enable to retain the long 

carbon skeletons, their saturation vapor pressures are expected to be low or extremely low, also 

owing to their multiple functional groups. For instance, the saturation vapor pressure of β-

caryophyllinic acid was determined as 3.3×10-13 Pa (Li et al., 2011a), which is low enough to have 

high potential to condense into particle and lead to SOA formation. As a consequence, these β-

caryophyllene derived oxidation products enable to play a key role in the new particle formation 

(NPF) (Kirkby et al., 2016; Kammer et al., 2020; Huang et al., 2021). During night-time, the 

reaction between unsaturated hydrocarbons and NO3 radicals is substantially important and can 
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result in formation of SOA. With the high reactivity between β-caryophyllene and NO3 radicals 

((1.93±0.35) × 10-11 cm3 molecule-1 s-1) (Shu and Atkinson, 1995; Winterhalter et al., 2009a; 

Calvert et al., 2008; Cox et al., 2020), the nighttime chemistry of degradation of β-caryophyllene 

is of importance on the SOA formation and growth. However, this has only been subject of few 

studies so far. The yields of SOA derived from dark reactions between β-caryophyllene and NO3 

were between 1.46 and 0.91 with SOA mass concentrations of 113.4 and 60.3 μg m-3, respectively 

(Jaoui et al., 2013). Several organic nitrate products derived from β-caryophyllene were identified 

as  C15H23,25O4N1 and C15H25O6,7N1, and their chemical formation pathways were included in 

Master Chemical Mechanism (MCM v3.2) by Jenkin et al. (2012).  

1.3.4 SOA from BVOC mixtures 

Recently, it was shown that the simultaneous presence of different VOCs can have an impact 

on the SOA formation from the individual VOC at a molecular level. For example, presence of the 

most abundant non-methane VOC, isoprene, can suppress the formation of new SOA particles e.g. 

by reducing the oxidant levels (Kiendler-Scharr et al., 2009). Furthermore, it can suppress the 

formation of the dimer products of α-pinene oxidation by terminating the C10 peroxy radicals 

(McFiggans et al., 2019; Heinritzi et al., 2020). The impact of isoprene on the new particle 

formation for α-pinene oxidation at lower temperatures (223 and 243K) was also investigated 

(Caudillo et al., 2021). However, the temperature dependence of the SOA formation from a binary 

mixture of α-pinene and isoprene for the whole range of troposphere conditions, and from a 

mixture of isoprene and β-caryophyllene with and without α-pinene have not been addressed yet.  

1.3.5 The impact of temperature on the SOA in the troposphere 

The troposphere covers a wide temperature range which dependents on the altitude from the 

planetary boundary layer (PBL) to the upper troposphere, latitude, and seasonal variations. 

Typically, the tropospheric temperatures range between 300 K to 200 K. In summer, some periods 

can even reach 318 K. Temperature influences not only the BVOC emissions, but also the transport 

of SOA. For example, BVOCs and their oxidation products are proposed to undergo transport from 

the PBL to the upper troposphere e.g. via convective systems typical for tropical periods, as shown 

in Figure 4 (Andreae et al., 2018). In this conceptual picture of a potential aerosol life cycle the 

temperature dependence of the different processes involved is quite important. On the one hand, 

the reduced temperatures lower the saturation vapor pressures of compounds according to the 
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Clausius-Clapeyron relation, which drives the organics to the particle phase. On the other hand, 

temperature has been shown to be a factor that affects the gas-phase reaction rate coefficients of 

synchronous pathways in different degrees, and hence constrains or promotes some of the 

pathways during the VOC oxidation. For example, the formation of HOM molecules via 

autoxidation is pointed out to be favored by higher temperatures (Quéléver et al., 2019; Bianchi et 

al., 2019). Hence, by influencing the production of oxidation components via gas-phase reactions, 

temperature can affect the chemical composition of the SOA particles. Thus, the temperature can 

have opposite impacts on condensing low oxidized compounds and promoting high oxidized 

components formation. Hence, the effect of temperature is balanced between these two aspects 

when the SOA is formed at varying temperatures. The interplay between these two aspects 

enhances the complexity of SOA formation and the volatility prediction during the cold and warm 

seasons and from the boundary layer to the upper troposphere (Ye et al., 2019). 

 
Figure 4. A conceptural schematic of the aerosol life cycle (formation and transport) over the Amazon Basin (Andreae 
et al., 2018). 

As consequence of the overall impact of temperature on the SOA formation, multiple studies 

have shown that lower temperatures significantly increase the SOA yields, e.g. for α-pinene and 

limonene ozonolysis (Saathoff et al., 2009a), β-pinene ozonolysis (Von Hessberg et al., 2009), and 

isoprene ozonolysis (Clark et al., 2016). However, study of the impact of temperature on the SOA 
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from the oxidation of sole sesquiterpenes and BVOC mixtures are still scarce. Specifically, 

temperature dependence of condensable product formation and phase partitioning of the oxidation 

of sesquiterpenes and the BVOC mixtures still remain unclear. For β-caryophyllene, one of the 

most reactive sesquiterpenes with high SOA formation potential, only one model study is available 

for the temperature dependent kinetics (Nguyen et al., 2009), and no other molecular insight on 

the temperature dependent reaction exists. 

1.4 Recent advances in online mass spectrometry 

To get profound insights on the formation and aging of aerosols, it is important to measure 

their chemical composition and physicochemical properties, e.g., the molecular identification. 

Recent advances in the development and application of novel mass spectrometers lead to 

substantial progress especially for the characterization of organic aerosols (de Gouw, 2021). 

This section will briefly summarize the major mass spectrometry techniques which have 

become available for online measurements for BVOCs (1.4.1) and SOA (1.4.2) in recent years. 

1.4.1 Main units in mass spectrometers 

The basic principle of mass spectrometry (MS) is to generate ions from either (in)organic 

compounds by suitable methods, to separate these ions by their mass-to-charge ratio (m/z) and to 

detect them qualitatively and quantitatively by their respective m/z and abundance (Gross, 2006). 

Basically, all mass spectrometers have three fundamental units: ion source, mass analyzer, and 

detector, which are under high vacuum conditions.  

The initially neutral sample molecules can only be detected after they are charged. This 

process is called “ionization”. There are several ionization techniques, such as electron ionization 

(EI), chemical ionization (CI), field ionization (FI), electrospray ionization (ESI), and laser 

ionization (LDI). EI is the most widely used ionization method typically with 70 eV electrons. As 

one of the hard ionization techniques, EI is inherently quantitative but can also induce extensive 

fragmentation of the organic molecules. In contrast, as a softer ionization technique, CI allows to 

generate new ionized species by reaction between the uncharged analytes and reagent ions from 

an ion source. Depending on the reagent ion chosen, the breakage of the neutral analyte molecules 

and formation of fragments can be reduced or completely prevented. 

Besides, there are different mass analyzers to separate the charged ions, including time-of-

flight (TOF), quadrupole (Q), orbitrap, and Fourier transform-ion cyclotron (FT-ICR). To measure 
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the organics, some of them have been widely used for qualifying or quantifying the OA 

components. In the following sections, I will briefly review the main mass spectrometers for online 

measurements, their ionization methods, mass analyzer, and their applications in the biogenic 

organic aerosol field. 

1.4.2 Gas phase measurements 

For the measurement of volatile organic compounds, time-of-flight mass spectrometers (TOF-

MS) using chemical ionization techniques have been recently developed. In advantage of TOF and 

CI techniques, TOF-CIMS is able to acquire mass spectra with a high time resolution, and enables 

the assignment of molecular formulas. These features make it possible for researchers to study the 

chemical composition of SOA at a molecular level.  

As the organics differ in extensive functionality and polarities, several reagent ions have been 

considered for the ionization to cover the full range of organics from hydrocarbons to HOM 

molecules. For example, a TOF-MS using hydronium ions (H3O+) as reagent ion for the proton-

transfer reactions (so-called “PTR-TOF-MS” or “H3O+-TOF-CIMS”) has been developed to 

measure the species with proton affinity higher than H2O (691 kJ mol-1) , such as hydrocarbons 

(isoprene, terpenes, aromatics) and low oxidized organics (aldehydes, alcohol, acids, etc.) (Jordan 

et al., 2009; Blake et al., 2009). To identify the isomers that are behind the same mass, e.g. α-

pinene and myrcene, a fast gas chromatography (GC) module can be coupled to a PTR-TOF-MS 

(so-called “GC-PTR-MS”) to separate organic mixtures (Warneke et al., 2011; Koss et al., 2016). 

For those organics of higher oxygenation and polarity, iodide (I-) has been used for chemically 

ionizing the neutral compounds, and has been coupled to the TOF-MS (so-called “I--TOF-CIMS”) 

(Huey et al., 1995; Lopez-Hilfiker et al., 2016). Due to the high electronegativity of iodide ions, I-

-TOF-CIMS is sensitive to the components with the addition of polar functional groups, like keto-, 

hydroxy-, and acid groups, but is completely insensitive to the nonoxygenated VOCs such as 

hydrocarbons (Lee et al., 2014). I--TOF-CIMS has been demonstrated to enable to efficiently 

detect semi-volatile organic compounds, and can cover a substantial amount of the oxidized 

organics in SOA (Riva et al., 2017). For example, I--TOF-CIMS explained at least half of the total 

organic mass of the atmosphere aerosols in Alabama and Finland (Lopez-Hilfiker et al., 2016). 

In contrast to I--TOF-CIMS, acetate-TOF-CIMS uses the acetate ions to selectively ionize 

acidic compounds such as carboxylic acids and nitrated phenols (Veres et al., 2008; Mohr et al., 

2013). Besides, nitrate (NO3-) TOF-CIMS coupled a with an atmospheric pressure interface (API) 
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enables to detect the most highly oxidized species and low volatile compounds, e.g. highly 

oxygenated organic (O>5) molecules like HOM molecules (Riva et al., 2019), and even radicals 

such as peroxyl radicals. Additionally, using benzene cation (C6H6+) as the reagent ion, benzene-

TOF-CIMS enables to measure dimethyl sulfide and terpenes (Kim et al., 2016). 

1.4.3 Organic aerosol particle measurement 

Recently, numerous of volatilization inlets have been designed to evaporate the compounds 

from particle phase to gas phase, such as Filter Inlet for Gases and Aerosols (FIGAERO) (Lopez-

Hilfiker et al., 2014), and Micro-Orifice Volatilization Impactor (MOVI) (Yatavelli et al., 2012). 

These inlets enable to evaporate the particles via a temperature increasing procedure, and enable 

to nearly simultaneously measure the species in the gas and particle phases when combining with 

a TOF-MS that couples a soft ionization technique such as I--TOF-CIMS at downstream. As 

another advantage of these instruments, the thermal desorption profiles (hereafter ‘thermograms’) 

of the species can provide additional information on the volatilities (expressed as effective vapor 

pressures) of the detected components in SOA particles (Lopez-Hilfiker et al., 2015; D'Ambro et 

al., 2017).  

The most widely used instrument to determine the size dependent concentration of aerosol 

particles is the so-called aerosol mass spectrometer (AMS). The time-of-flight aerosol mass 

spectrometer (TOF-AMS) is widely used to analyze non-refractory aerosol components including 

organics, sulfate, nitrate, and ammonium (Drewnick et al., 2005; DeCarlo et al., 2006; Canagaratna 

et al., 2007). Owing to the EI technique with high ionization energy (70eV), TOF-AMS is able to 

vaporize most organic species but induces extensive fragmentation. Thus, TOF-AMS provides the 

quantification of the concentration of bulk species, e.g., organics, nitrates, sulfates, but it cannot 

provide further insights into individual molecules. More recently, a Chemical Analysis of Aerosol 

Online (CHARON) has been designed for PTR-TOF-MS for the online measurement on the 

chemical composition of aerosol particles (Eichler et al., 2015). CHARON-PTR-TOF-MS hence 

allows a high time-resolution analysis on the SOA particles at a molecular level, although it also 

induces some fragmentation of the organic analytes due to its highly energetic proton transfer 

(Spanel and Smith, 1997; Blake et al., 2009). Besides, the limits to the online detection of highly 

oxidized compounds in the particles phase have been addressed by extractive electrospray 

ionization time-of-flight mass spectrometry (EESI-TOF-MS). EESI-TOF-MS allows the 

continuous measurement on the particles without pre-collection of particles (Lopez-Hilfiker et al., 



1 Introduction 

26 
 

2019). However, the lack of thermal desorption makes it impossible to extract the effective 

volatilities of compounds from EESI-TOF-MS. 
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2 Research Questions 

As outlined above, secondary organic aerosol (SOA) is of great importance in the whole 

troposphere, as it influences the air quality and the earth’s climate. The formation of SOA always 

involves the gas-phase oxidation of volatile organic precursors and the condensation of the 

condensable oxidation products. Despite the large number of studies which have been done on 

SOA to date, at least two major questions are still unclear and remain to be addressed. One question 

is how does temperature influence the formation and physicochemical properties of the SOA 

particles. Tropospheric temperature varies spatially and seasonally, but molecular understanding 

on chemical composition and volatility of the SOA particles formed at a wide temperature range 

covering the typical atmospheric relevant conditions still remains unclear. For example, as a 

reactive bicyclic sesquiterpene, β-caryophyllene can have a strong contribution to SOA mass 

owing to the retention of its large carbon chain throughout the oxidation process. However, studies 

on the interplay of temperature between facilitating condensation of organics and changing the 

formation pathways of oxidation products on β-caryophyllene ozonolysis are still scarce. Another 

question is on the interaction effect of mixed VOCs on the SOA formation and the volatility of 

particles. It has long been realized that prediction of the SOA formation in the real troposphere 

requires knowledge of the emissions and the oxidation products of VOC mixtures.  BVOCs show 

different ability to form SOA particles by sole BVOC oxidation leading to different chemical 

composition and varying volatility ranges. However, the chemical composition and volatility of 

SOA from VOC mixtures is still poorly understood. These existing knowledge gaps in atmospheric 

aerosol research lead to my following main research questions: 

1) How does temperature (213-313K) influence the yields, chemical composition, and 

volatility of SOA derived from β-caryophyllene? Does the autoxidation of β-caryophyllene 

have a temperature dependence? How do isomers and thermal decomposition influence the 

volatility estimation? How to distinguish them?  

2) Is there a temperature dependent interaction of oxidation products from isoprene and α-

pinene? How is the temperature dependence of volatility of SOA from the oxidation of α-

pinene and isoprene mixtures? 

3) How does β-caryophyllene influence the chemical composition and volatility on the SOA 

derived from isoprene with and without the presence of α-pinene?
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3 Methodology 

To achieve my research objectives, I generated SOA in the aerosol and cloud simulation 

chamber AIDA. It allows me to study the oxidation of different VOCs, the formation of SOA as 

well as its aging over several hours or days and for a wide range of atmospheric conditions. During 

the SOA formation and aging period, I used several online instruments to measure the chemical 

composition of both aerosol phases, particle size distribution, and SOA volatilities. The major 

campaigns that I performed during my PhD study are summarized in Figure 5.  In section 3.1 of 

this chapter, the techniques and calibration of the main instruments and research tools are described. 

Section 3.2 describes how I did the simulation chamber studies. The procedures to calculate SOA 

yields and SOA volatility are outlined in sections 3.3 and 3.4, respectively.  

 
Figure 5. Timeline of major campaigns that I performed during my PhD study, and major dataset that is presented in 
this dissertation. 

3.1 The AIDA simulation chamber and instrumentation 

The chemical composition of oxidized components in the gas and particle phase, and the 

particle evaporation performance which was related to the molecular volatilities were measured 

by a Chemical Ionization Mass Spectrometer coupled with a FIGAERO inlet using iodide as the 

reagent ion (FIGAERO-CIMS, Aerodyne Research Inc.). The concentration of VOC precursors 

was detected by a Proton-Transfer-Reaction-Time-of-Flight-Mass-Spectrometer (PTR-ToF-MS 
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4000, Ionicon Analytic GmbH), while the particle concentration and size concentration were 

measured by a High Resolution-Time-of-Flight-Aerosol Mass Spectrometer (HR-ToF-AMS, 

Aerodyne Inc.) and a scanning mobility particle sizer (SMPS) utilizing a differential mobility 

analyzer (DMA, 3071 TSI Inc.) connected to a condensation particle counter (CPC, 3772, TSI 

Inc.). 

3.1.1 AIDA simulation chamber 

A schematic of the AIDA (Aerosol Interaction and Dynamics in the Atmosphere) simulation 

chamber at the Karlsruhe Institute of Technology and the main instrumentation used in this work 

are shown in Figure 6. The chamber is an 84.5 m3 aluminum vessel equipped with a LED solar 

radiation simulator and with precisely controlled temperature, humidity, and gas mixtures. It is 

operated as a continuously stirred reactor with mixing times of 1-2 minutes achieved using a fan 

about 1 m above the bottom (Saathoff et al., 2009b). Wall and gas temperatures inside the chamber 

are controlled at ±0.3 K over a wide range of temperatures (313-183 K) (Wagner et al., 2006). The 

pressure inside the chamber can be varied from 0.01 to 1000 hPa and the relative humidity (RH) 

can be modified between close to zero to up to 100% and even supersaturated conditions (Möhler 

et al., 2003). Water vapor is measured in situ by a tuneable diode laser (TDL) hygrometer with an 

accuracy of ±5% and a calibrated reference dew point mirror hygrometer (MBW373LX, MBW 

Calibration Ltd.) with an accuracy of ±1% (Fahey et al., 2014). O3 and NO2 were measured with 

gas monitors (O341M and AS32M, both Environment SA). Particle size distributions and number 

concentrations were measured by a SMPS utilizing a DMA (3071 TSI Inc.) connected to a CPC. 

Particle number concentrations were measured by two CPCs (3022a and 3776, TSI Inc.). The 

particle number size distributions of the SMPS were corrected for the total number concentration 

measured by a calibrated CPC. 
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Figure 6. Schematic of the AIDA simulation chamber and its instrumentation used in this work. 

3.1.2 FIGAERO-CIMS technique and calibration 

As discussed in the section 1.4, as a novel mass spectrometry technique, FIGAERO-CIMS 

allows not only the measurement of both gas and particle composition in a molecular framework, 

but also the particle volatilization which can be related to the molecular effective vapor pressures 

avoiding substantial fragmentation (Hearn and Smith, 2004; McNeill et al., 2007; Aljawhary et al., 

2013; Lopez-Hilfiker et al., 2014). FIGAERO-CIMS is a sensitive sensor for hundreds of oxidized 

compounds, and has a low detection limit of a few ppt for gaseous compounds, and some pg m-3 

for particulate compounds. The schematics of the FIGAERO inlet and the CIMS are shown in 

Figure 7 and Figure 8, respectively.  

In brief, FIGAERO-CIMS measures the gas phase compounds while collecting the particles 

on a Teflon filter (gas phase & collection mode in Figure 7 (b)). After the particle collection, the 

FIGAERO inlet switches to the heating mode (Figure 7 (c)). The particles are heated by a pure 

nitrogen as a carrier gas with a temperature ramp increasing linearly from room temperature to 

200 °C within 15 minutes, and then soaks at 200 °C for 20 minutes to remove all detectable 

deposition compounds. The thermally desorbed compounds are then ionized by I- ions in a 

following Ion Molecule Reactor (IMR), and measured downstream in a Time of Flight (TOF) mass 
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analyzer with a typical mass resolution of ∆m/m = 4000. Please note that particle collection was 

also preformed independently, loaded Teflon filters were stored in a freezer, and analysed after the 

experiments by loading them into the Figaero inlet.  

 
Figure 7. Schematic of FIGAERO inlet (A), with gas phase & particle collection mode (B), and heating mode (C). 

 
Figure 8. Schematic of FIGAERO-CIMS (Sanchez et al., 2016) with the different pressure zones. 
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The reagent ions (I-) are generated by a flow of 2000 SLM of CH3I (permeation tube) over a 
210Po alpha emitter. The reagent ions undergo ion molecule reactions, [Molecule] + I- → 

I(Molecule)-, with the sample molecules from VOCs or FIGAERO inlet, forming I(Molecule)- 

clusters with one negative charge in the IMR period at a total pressure of 100 mbar. The ion-

molecule clusters are guided via segmented quadrupoles to form a primary ion beam which is 

injected into the TOF analyzer where they are reflected and detected by a multichannel plate (MCP) 

detector. Among all charged ions, the heavier ions need more time to fly over the whole 

acceleration period, while the ions with less mass travel faster. Thus, by recording their varying 

flying time, we can resolve and order all ions by their mass to charge ratios (m/z, Th). 

The gas phase compounds are sampled online by FIGAERO-CIMS with a total flow rate of 

5 SLM. A flow of 2 SLM enters the IMR of the instrument (controlled by an aperture), and a 

bypass flow of 3 SLM is added to lower the resident time of gas compounds in the ¼’’ OD Teflon 

sampling tube. The particle phase compounds are collected online and offline (thereafter ‘online 

filters’ and ‘offline filters’), and are thermally analyzed using the FIGAERO inlet as described 

above. Online filters are taken by FIGAERO when measuring the gaseous organics. Offline filters 

are collected manually using prebaked Teflon filters (Polytetrafluorethylene, PTFE, 1 μm, SKC 

Inc.) plated in a stainless-steel filter holder with a flow rate of 6 SLM for typically 5-10 min. After 

the particle deposition, the offline filters are stored in a freezer at -30 °C for subsequent analysis. 

The sensitivity of the CIMS (I-) can vary over about 4 orders of magnitude due to a wide range 

of ion molecule reaction rates, and substantial differences in transmission efficiency of hundreds 

of multifunctional organic molecules (Brophy and Farmer, 2015; Lopez-Hilfiker et al., 2016). The 

maximum sensitivity achievable, corresponding to the collision limit of the ion molecule reaction 

rates, is about 22 cps pptv-1 (Lopez-Hilfiker et al., 2016). Generally, polarity and hydrogen bonding 

capability, molecular geometry, and steric factors control the sensitivities for compounds to be 

detected by iodide adduct CIMS. Components with polar functional groups, i.e. keto-, hydroxy-, 

and acid groups, show highest sensitivities. In contrast, low-oxidized compounds e.g., with only 

one functional group, such as monoaldehydes and mono-alcohols, can exhibit sensitivities below 

0.1 cps pptv-1 (Lee et al., 2014). The iodide adduct CIMS is insensitive to non-oxidized compounds. 

Of course, calibrations with available authentic standards can be done to allow quantification 

of specific compounds. I calibrated the CIMS for β-caryophyllinic acid (C14H22O4), which is 
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regarded as an atmospheric tracer for β-caryophyllene oxidation. β-caryophyllinic acid was 

dissolved in methanol to 2×10-13 g L-1 as a stand β-caryophyllinic acid solution, and then deposited 

on a PTFE filter in different volumes (1-10 μl) using a syringe. The sensitivity of β-caryophyllinic 

acid was calculated as (2.4 −0.6 
+0.1 ) cps ppt-1 (Figure S2). 

Besides, a calibration (hereafter ‘volatility calibration’) which links the Tmax (the desorption 

temperature with concentration peak in the thermogram) of the known organics to their vapor 

pressures was also done to relate vapor pressures (volatilities) of unidentified organics to their 

peak desorption rate temperatures Tmax. The volatility calibration as a useful tool to estimate the 

individual vapor pressures has been developed in recent years (Lopez-Hilfiker et al., 2014; Stark 

et al., 2017; Bannan et al., 2019; Ylisirniö et al., 2021). As instrumentation setup can affect Tmax 

for chemicals, I calibrated the FIGAERO-CIMS used in this work, with amounts of standard 

solutions which contain organic acids with different mixing ratios. The details and results will be 

presented in section 3.4.1. 

The raw data from FIGAERO-CIMS is recorded with a frequency of 1 Hz and subsequently 

pre-averaged to 0.1 Hz. These data are analyzed using a software provided by the instrument 

manufacturer (Tofware version 3.1.2, TOFWERK). It is used to calibrate the ion time of flight 

using well detectable ions (I-, I3-, I (H2O)-, I (HNO3)-), define the shapes of mass peaks, determine 

the mass resolution of the ions, and assign the molecular formulas. Post analysis, like converting 

signals to concentration, and calculating saturation vapor pressures, are done by specific 

MATLAB routines with scripts written by myself. 

3.1.3 HR-TOF-AMS technique and calibration 

A high-resolution time of flight aerosol mass spectrometer (HR-TOF-AMS), which can 

obtain the size-resolved real-time composition of non-refractory submicron aerosols (Jayne et al., 

2000), is used in this work to measure the organic aerosol particles. The schematic of HR-TOF-

AMS is showed in Figure 9. During the measurement, aerosol particles which have sizes typically 

ranging between 35nm to 1.5µm are sampled by a flow rate of 0.0008 m3/min going into the 

instrument controlled by a 100 µm critical orifice (Zhang et al., 2004). In the aerodynamic lens, 

particles are gradually concentrated into a narrow beam at the exit of the lens using six apertures 

(Liu et al., 1995), and most sample gases are removed in the meanwhile. Subsequently, aerosol 

particles go into the aerodynamic particle sizing range (10-5 Torr) where the particle beam is 



3 Methodology 

34 
 

accelerated and cut by a mechanical chopper into a fixed length. In this period, particle sizes are 

defined in basis of different residence time from the time when particle beams go through the 

chopper to the time of the final detection by the subsequent TOF mass spectrometer. The 

nonrefractory species in the particles are thermally vaporized and ionized subsequently by 70 eV 

electron impact (EI) after impaction on a resistively heated surface (600 °C), followed by ion 

travels in TOF in V or W modes and detection by a MCP detector. Both ‘V’ and ‘W’ refer to the 

trajectories of the particles in TOF. The effective ion path length of particles in the V mode is 1.3 

m, which has a higher sensitivity, while it in W mode is 2.9 m, which provides higher mass 

resolution. In this work, the HR-TOF-AMS was throughout operated in V mode. Hence, HR-TOF-

AMS is unable to vaporize and measure the refractory species (e.g., crustal material, sea salt, and 

black carbon), and cannot offer the molecular information of individual compound, however, it is 

in advantage of measuring the absolute concentration of all nonrefractory organic species. As in 

my work, all the aerosol particles are within the detectable scope of HR-TOF-AMS, and hence it 

performs as a good complementary tool to FIGAERO-CIMS, and provides the additional 

information (e.g., total concentration, particles sizes) of the aerosol which I study on. 

 
Figure 9. Schematic of the HR-TOF-AMS, adapted by Sun et al. (2009) from DeCarlo et al. (2006). 
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Given the above, the main information I focused on from HR-TOF-AMS includes: 1). Total 

concentration of organic species, and subsequent high resolution analyzed elemental oxygen to 

carbon ratio (O:C), hydrogen to carbon ratio (H:C) and average carbon oxygenation status (OS𝐶𝐶�����) 

in bulk; 2.) particle aerodynamic size which is used to identify the SOA density. In my PhD work, 

all data from HR-TOF-AMS was analyzed by me using the TOF-AMS Analysis Toolkit 

(SQUIRREL v.1.6C, unit resolution analysis) and the TOF-AMS HR Analysis Toolkit (PIKA v. 

1.2C, high resolution analysis) (http://cires1.colorado.edu/jimenez-

group/ToFAMSResources/ToFSoftware/index.html).  

To determine the concentration of total organic species, the data from HR-TOF-AMS is 

analyzed in the following steps: mass calibration, baseline determination, pre-process the raw data, 

parameter corrections (e.g., air beam, ionization efficiency (IE), collection efficiency (CE), and 

particle size), determination of peak width and peak shape, and peak identification. Parameters for 

IE correction and particle size correction are determined by IE calibration (using polystyrene latex, 

PSL) and size calibration (using ammoniate sulfate) (Jimenez et al., 2003; DeCarlo et al., 2006). 

CE values vary between 0.5 - 0.6 in this work due to the variation of RH in the sample air (Allan 

et al., 2004). 

3.1.4 Proton transfer reaction mass spectrometer (PTR-MS) 

The concentrations of BVOCs and low-oxygenated gaseous oxidation products were 

measured by a Proton-Transfer-Reaction-Time-of-Flight-Mass-Spectrometer (PTR-ToF-MS 4000, 

Ionicon Analytik GmbH). Data was analyzed using the software PTR viewer 3.3.12 (Ionicon). The 

PTR-ToF-MS is also interfaced with a particle inlet (CHARON), which allows to measure the 

semi-volatile particle components. A detailed description of the CHARON-PTR-MS has been 

provided elsewhere (Müller et al., 2017; Piel et al., 2021). During the period of BVOC injection 

and ozonolysis, the PTR-ToF-MS was operated for measuring gaseous volatile organic compounds 

(VOCs) only. After BVOCs were fully depleted, the PTR-ToF-MS was switched to an alternating 

measurement mode for detecting the low-oxygenated organic molecules in both gas and particle 

phases. This alternating measurement mode included 3-min HEPA filter measurement for the 

particle background, 5-min CHARON particle measurement, 1-min transition for instrument 

equilibration, 5-min of VOC measurement and another 1-min transition. The CHARON-PTR-MS 

measured the particle phase at a sampling flow of 500 SCCM via a 1/4” silcosteel tube, while the 

http://cires1.colorado.edu/jimenez-group/ToFAMSResources/ToFSoftware/index.html
http://cires1.colorado.edu/jimenez-group/ToFAMSResources/ToFSoftware/index.html
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gas phase was measured at a flowrate of 100 SCCM via a 1/16” PEEK tube taken from the particle 

measurement flow. Furthermore, a flowrate of 3.9 l/min was added to the total flow to minimize 

the residence time in the sampling tube. For measuring gases, the drift tube of the PTR-MS was 

kept at 393 K and 2.8 mbar leading to an electric field (E/N) of 127 Td. During alternating 

measurements, the drift tube was automatically optimized to 100 Td for particle measurement. 

BVOCs were calibrated using a liquid calibration unit (LCU-a, Ionicon Analytik GmbH). The 

PTR-ToF-MS operated at an E/N of 127 Td showed significant fragmentation of BVOCs, in 

agreement with previous studies (Kim et al., 2009; Kari et al., 2018). 

Please note that the calibration, operation and data analysis of CHARON-PTR-MS were 

completely done by my colleague Junwei Song. 

3.2 Experimental conditions and procedures 

This section describes the experimental conditions, BVOC concentrations, SOA generation, 

and SOA aging procedures for all simulation chamber experiments. 

3.2.1 α-pinene and isoprene mixture SOA generation and aging 

The experiments on generation and aging of SOA from α-pinene (‘AP’) and isoprene (‘iso’) 

mixtures (hereafter ‘SOAap-iso’) were conducted in a campaign in November and December 2019 

(named ‘SOA19b’) covering 213K-298K. In another campaign conducted in April 2021 (named 

‘SOA21a’), another experiment on SOAap-iso at 313K was done to complete the temperature range 

covering the conditions throughout the troposphere. In the SOA21a campaign, a reference SOA 

from sole α-pinene oxidation (hereafter ‘SOAap’) at 273K, and two experiments using isotopic 

carbon (13C) labeled isoprene (hereafter ‘13C-isoprene’) to identify the interaction products from 

both α-pinene and isoprene at 273K and 298K were done, with the SOA generated in these two 

experiments as ‘SOAap-iso-13C’. Those eight SOA types were generated and aged via similar 

processes. After the VOCs (α-pinene or mixture) were added into the AIDA chamber, O3 was then 

injected to form stable SOA particles, followed by OH radical addition formed by reaction of 

tetramethyl ethylene (TME) with O3. After the SOA concentration reached a stable level it was 

illuminated. Subsequently, the whole chamber temperature was slowly increased over night by a 

temperature increment of 15-30K. The detailed experimental conditions are listed in Table 1. 
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Except for Exp.6, the α-pinene: isoprene ratio is 1, and the total VOC: O3 ratio is 1:10 with an 

excess of O3. These experimental procedures are described in the following schematic:  

 
        Typically, background measurements for both gas and particle phase are done before and 

after the addition of VOCs to identify any contamination inside the chamber. However, gas 

background levels were almost negligible for most experiments and most of the particle 

background signals were from filter matrix contaminations mainly due to fluorinated constituents 

of low relevance. Please note that the background in all experiments was measured in the same 

way. 

Table 1. Experimental conditions for SOA from α-pinene and isoprene mixture. 

Exp 
No. 

SOA type 
VOC [ppb] O3  

[ppb] 
Temp. before 
warming [K] 

Temp. after 
warming [K] 

RH 
[%] α-pinene isoprene 

1 SOAap-iso 20.2 20.2 366 213 243 16 
2 SOAap-iso 25 25 367 243 273 80 
3 SOAap-iso 21.5 20.8 371 273 298 58 
4 SOAap-iso 31.3 28.6 355 298 313 28 
5 SOAap-iso 49.8 49.8 507 313 - 12 
6 SOAap 20.5 - 345 273 - 63 
7 SOAap-iso-13C 20.8 23 353 273 298 61 
8 SOAap-iso-13C 28 31.1 357 298 313 12 

 

3.2.2 β-caryophyllene SOA generation and aging 

The different steps of the β-caryophyllene experiments with SOA from β-caryophyllene from 

a campaign in November and December 2019 (SOA19b) covering five different temperatures 

between 213 - 313 K are described in the following schematic:  
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The experimental conditions are listed in Table 2. Two additional experiments were 

undertaken in March 2020 (SOA20a) to study the rate coefficients of β-caryophyllene reacting 

with O3 at 243 K and 258 K. β-caryophyllene (98%, Carl Roth GmbH) was added to the AIDA 

chamber with a flow of 0.01 m3/min of synthetic air saturated with its vapor at 298K. Please note 

that the β-caryophyllene concentrations for the experiments at 213 K could not be measured due 

to the low vapor pressure and strong wall losses at lower temperatures. O3 was in all experiments 

in excess and generated by a silent discharge generator (Semozon 030.2, Sorbios) in pure oxygen 

(99.9999%). The relative humidity ranged from 96% to 13% for experiments at 213 K and 313 K, 

respectively. This corresponds to water vapor concentrations of 1 Pa (3.4 ×1014 cm-3) at 213 K and 

952 Pa (2.2 ×1017 cm-3) at 313 K, respectively, and reflects the variability of the water vapor 

concentrations throughout the troposphere. At the initial phase of each experiment, β-

caryophyllene was depleted completely by ozonolysis and SOA was formed. Then a second 

addition of β-caryophyllene was done to generate more SOA mass. As the O3 concentration was 

in large excess, during the second β-caryophyllene addition, the ratio of β-caryophyllene: O3 still 

was similar to the initial β-caryophyllene addition. Thus, the chemistry between two rounds of β-

caryophyllene addition was at the same concentration level. The total amount of β-caryophyllene 

consumed was the sum of these two additions. The corresponding conditions are marked as Exp.9-

13 in Table 2. Subsequently, NO2 (1000 ppm of 99.5% purity in nitrogen 99.999%, Basi Schöberl 

GmbH) was added to the reaction mixture still containing an excess of O3. The step of SOA 

formation in the presence of NOx was then initialized by adding more β-caryophyllene. This series 

of experiments is marked as Exp.16-20 in Table 2. Hence, the β-caryophyllene and O3 

concentrations listed in Table 2 for experiments Exp.16-20 include also the amounts which had 

been added in the previous experimental steps (Exp.9-13). O3 was at nearly the same 

concentrations as for the initial experiments without NO2, except for the experiments at 273 K. To 

get a slower decay of β-caryophyllene to better determine its rate coefficient at 273K, we added 

73 ppb O3 into the chamber first and then added more O3 to the same concentration level (~300 

ppb) as used for the other temperatures for comparison. All experiments were performed in the 

dark and no hydroxyl radical scavenger was used. Hence, the OH radicals generated in the 
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ozonolysis reaction with a yield of (8±3) % (Cox et al., 2020), (10.4 ± 2.3) % (Winterhalter et al., 

2009b) or 6% (Shu and Atkinson, 1995) also contributed to SOA formation as will be detailed in 

chapter 4. Time zero in the plots refers to the first addition of O3 to the reaction mixture.  

Table 2. Compilation of experimental conditions for β-caryophyllene SOA formation and aging. 

Exp. 
No. SOA type T 

[K] 
RH 
[%] 

β-
caryophyllene 

[µg m-3] 

Total O3 
[ppb] 

Total NO2 
[ppb] 

NO3· 
[ppb] 

9 SOABCP 213 96 # 320 0 - 

10 SOABCP 243 88 
15.8±3.1 

(15.6±3.1t) 317 0 - 

11 SOABCP 273 67 109.5±21.9 73 0 - 

12 SOABCP 298 27 
65.0±13 

(23.2±4.6 t) 325 0 - 

13 SOABCP 313 13 78.6±15.7 290 0 - 
14 SOABCP 243 59 65.0±13.0 6-505 0 - 
15 SOABCP 258 50 94±19 13-419 0 - 
16 SOABCP-N 213 96 # 320 27 - 
17 SOABCP-N 243 88 14.2± 2.8t 317 32 0.8 
18 SOABCP-N 273 67 109.5±21.9t 361 39 3.5 
19 SOABCP-N 298 27 27.9± 5.6t 325 42 5.3 
20 SOABCP-N 313 13 24.6±4.9t 290 46 5.6 

#not detectable due to wall losses; t following β-caryophyllene addition calculated assuming a constant β-caryophyllene 

addition rate in each experiment; 

3.2.3 α-pinene and isoprene and β-caryophyllene mixture SOA generation and aging 

The experiments with SOA from mixtures of isoprene and β-caryophyllene in the absence 

and presence of α-pinene (hereafter ‘SOAiso-BCP’ and ‘SOAiso-BCP-ap’) were conducted in the 

campaign in November 2020 (named ‘SOA20b’) at 293K. The SOA generation process is similar 

to that described in the previous section (3.1.2), are illustrated in the following schematic: 
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After the VOCs (two or three precursors) are added into the AIDA chamber, O3 is added to 

form stable SOA particles, followed by OH radical addition from TME reacting with O3. The 

detailed experimental conditions are listed in Table 3.  

Table 3. Experimental conditions for SOA from α-pinene and isoprene mixture. 

Exp 
No. SOA type 

 VOCs conc. [ppb] O3 conc. 
[ppb] 

RH 
[%] isoprene β-caryophyllene α-pinene 

1 SOAiso-BCP 105±21 6.9±1.4 - 1082 39 
2 SOAiso-BCP-ap 108±22 5.5±1.1  946 39 

  

3.3 Aerosol density and yield calculation 

SOA yields (YSOA) were calculated as  

YSOA=ΔMorg/ΔVOC,                                                                                                       (Eq. 1) 

where ΔMorg is the SOA mass formed from the reacted mass of VOC precursors (ΔVOC). 

Similarly, the yields of specific products, e.g. β-caryophyllinic acid, a characteristic product of the 

β-caryophyllene ozonolysis, are calculated as ΔMi/ΔVOC, where ΔMi is the mass concentration of 

specific products formed from the reacted mass of VOC.  

Based on the measured vacuum aerodynamic particle size distributions (dva) (HR-TOF-AMS)  

and the mobility particle size distributions (dm) simultaneously measured by a SMPS, the SOA 

density is calculated by the following equation (DeCarlo et al., 2004; Katrib et al., 2005; Saathoff 

et al., 2009b), assuming reference density of 1.0 g m-3 and spherical nonporous particles. 

             𝜌𝜌 = 𝑑𝑑𝑣𝑣𝑣𝑣
𝑑𝑑𝑚𝑚

, (𝑔𝑔 𝑚𝑚−3)                                                                                                      (Eq. 2) 

3.4 Volatility determination 

Volatility of the organics is a key property to determine their partitioning between gas and 

particle phase, which is usually expressed as the saturation vapor pressure (Vp, in Pa), and the 

effective saturation concentration (C*, in µg m-3) (Pankow, 1994b; Donahue et al., 2011): 

𝐶𝐶∗ =  𝑉𝑉p𝑀𝑀𝑤𝑤

𝑅𝑅𝑅𝑅
 ,                                                                                                                    (Eq. 3) 
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Mw refers to the molecular weight of a compound, R is the molar gas constant, 8.314 J K-1 

mol-1, T is temperature in K.  

SOA is usually a complex mixture composed of hundreds to thousands of mainly unknown 

organic compounds, and hence it is hard to evaluate the contribution of individual compounds to 

the bulk volatility. Thus, organics are treated by being classified into several volatility spaced bins 

(Donahue et al., 2009; Donahue et al., 2011; Donahue et al., 2012; Schervish and Donahue, 2020):  

Volatility class log10Csat (μg m-3) 
ULVOC < -8.5 
ELVOC (-8.5, -4.5) 
LVOC (-4.5, -0.5) 
SVOC (-0.5, 2.5) 
IVOC (2.5, 6.5) 
VOC > 6.5 

In this work, I used two methods to estimate saturation concentration of individual molecules 

which may include one or more isomers. The volatility calibration method determines the effective 

saturation concentration, which is described in the following section 3.4.1. The formula method 

estimates the saturation concentration, and will be described in the section 3.4.2. Additionally, I 

applied thermogram PMF method to determine the effective saturation concentration of 

compounds, which will be illustrated in the section 3.4.3. 

3.4.1 Volatility calibration 

Heating aerosol particles collected on a filter in FIGAERO inlet of the CIMS, individual 

molecules with varying volatilities show different responses during the thermal desorption process. 

The temperature correspond to the concentration peak of a certain compound in the thermogram 

(Tmax) correlates to the effective saturation vapor pressures of compounds in a complex mixture 

(Lopez-Hilfiker et al., 2014), i.e., SOA. By measuring the correlation between the Tmax and the 

vapor pressure of known organic species, the 𝐶𝐶298𝐾𝐾∗  of all the detected molecules can be quantified 

(Lopez-Hilfiker et al., 2014; Stark et al., 2017; Bannan et al., 2019; Ylisirniö et al., 2021).  

In this work, volatility calibration is done with eight commercially available carboxylic acids 

and their vapor pressures from literature values (listed in Table 4). All eight organic acids are 

dissolved together in methanol, and then deposited on a Teflon filter using a syringe, followed by 

the same thermal desorption procedure used in the treatment of other particle samples in the 
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FIGAERO inlet. The concentration of organic acids differs to simulate the complex SOA particle 

mixtures studied in this work. For the FIGAERO-CIMS used in this work, the correlation between 

Tmax and the known saturation vapor pressures of these organics was determined as log10Vp = -

0.48-0.04 × Tmax, as shown in Figure 10. 

Table 4. Summary on the chemicals used for volatility calibration, mixing ratios, Tmax, and Vp. 

Organic 
compound Formula 

Molecular 
weight  

(g mol-1) 

Mixing ratio (10 solutions) 
Tmax 

(°C) 
Vp  

(×10-4 Pa) 
Ref. 

for Vp 1 2 3 4 5 6 7 8 9 10 

Malonic acid C3H4O4 104 0.03 0.02 1 - - - - - - - 84−22+43 6.2 a 

Succinic acid C4H6O4 118 0.02 0.07 - 1 - - - - - - 70−22+21 13 a, b 

Glutaric acid C5H8O4 132 0.02 0.13 - - 1 - - - - - 65−17+26 6.9−2.9
+3.1 a, b 

Adipic acid C6H10O4 146 0.02 0.15 - - - 1 - - - - 70−0+21 1.8 a, b 

Pinonic acid C10H16O3 184 0.09 0.28 - - - - 1 - - - 51−16+31 102.8−102.2
+197.2 c, d, e 

Azelaic acid C9H16O4 188 0.03 0.15 - - - - - 1 - - 84−0+16 0.067−0.007
+0.007 a, b 

Tricarballylic 
acid 

C6H8O6 176 0.01 0.08 - - - - - - 1 - 155−23+0  3.1 × 10-3 f 

β-caryophyllinic 
acid C14H22O4 254 0.78 0.04 - - - - - - - 1 89−0+52 3.3 × 10-9 g 

a, Bilde et al. (2015); b, Chattopadhyay and Ziemann (2005); c, Salo et al. (2010); d, Booth et al. (2011); e, Hartonen 
et al. (2013); f, Nannoolal et al. (2008); g, Li et al. (2011b). 

 
Figure 10. Correlation between temperatures of maximum desorption (Tmax) and the known saturation vapor pressures 
(VP) of seven carbocyclic acids.  
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3.4.2 Formula method 

Considering the wide variety of functional groups in the molecular corridors, Donahue et al. 

(2011) and Li et al. (2016) put forward to a set of parameterization of volatility by characterizing 

the correlation between molecular weights and volatilities more than 30000 compounds, to allow 

prediction of the Csat of unknown organic compounds from basic elemental information.  

For the components containing only C, H, O, N: 

log10𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠,298𝐾𝐾 =  (𝑛𝑛𝐶𝐶0 −  𝑛𝑛𝐶𝐶) 𝑏𝑏𝐶𝐶 −  𝑛𝑛𝑂𝑂 𝑏𝑏𝑂𝑂 − 2 𝑛𝑛𝐶𝐶𝑛𝑛𝑂𝑂
𝑛𝑛𝐶𝐶+𝑛𝑛𝑂𝑂

 𝑏𝑏𝐶𝐶𝐶𝐶 −  𝑛𝑛𝑁𝑁𝑏𝑏𝑁𝑁                             Eq. (4) 

where 𝑛𝑛𝐶𝐶0 , 𝑏𝑏𝐶𝐶 , 𝑏𝑏𝑂𝑂 , 𝑏𝑏𝐶𝐶𝐶𝐶 , and 𝑏𝑏𝑁𝑁  are the included parameters (Table 5), 𝑛𝑛𝐶𝐶 , 𝑛𝑛𝑂𝑂 , 𝑛𝑛𝑁𝑁  are the 

numbers of carbon, oxygen, and nitrogen, respectively (Li et al., 2016). 

Table 5. Parameterization on volatility of molecules according to Li et al. (2016). 

classes 𝑛𝑛𝐶𝐶0 𝑏𝑏𝐶𝐶 𝑏𝑏𝑂𝑂 𝑏𝑏𝐶𝐶𝐶𝐶 𝑏𝑏𝑁𝑁 
CHO 22.66 0.4481 1.656 -0.7790  

CHON 24.13 0.3667 0.7732 -0.0779 1.114 

The saturation concentration at other temperatures can be estimated via the Clausius-

Clapeyron equation (Donahue et al., 2006; Cappa and Jimenez, 2010): 

log10𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠(𝑇𝑇) =  log10𝐶𝐶sat,298K + ∆H𝑣𝑣𝑣𝑣𝑣𝑣
𝑅𝑅 ln(10)

 � 1
298

 −  1
T
�                                                    Eq. (5) 

The corresponding evaporation enthalpy ∆𝐻𝐻𝑣𝑣𝑣𝑣𝑣𝑣 can be estimated according to Epstein et al. 

(2010) by  

∆𝐻𝐻𝑣𝑣𝑣𝑣𝑣𝑣(𝑘𝑘𝑘𝑘 𝑚𝑚𝑚𝑚𝑚𝑚−1) =  −5.7 ×  𝑙𝑙𝑙𝑙𝑙𝑙10𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠,298𝐾𝐾 + 129                                                    Eq. (6) 

3.4.3 Thermogram positive matrix factorization (thermogram PMF) 

Positive matrix factorization (PMF) has been developed to resolve the identities and 

contributions of components in a complex mixture (Paatero and Tapper, 1994; Lanz et al., 2007; 

Reff et al., 2007; Jimenez et al., 2009; Ulbrich et al., 2009), i.e., mass spectra with hundreds to 

thousands of compounds and their time series. In aerosol chemistry, PMF has been widely used to 

apportion the PM source in ambient measurements, especially for the dataset from the HR-TOF-

AMS (Lee et al., 1999; Zhang et al., 2005; Ulbrich et al., 2009; Waked et al., 2014; Smith et al., 

2022). Recently, PMF is also employed to analyze FIGAERO-CIMS data to deconvolute the 



3 Methodology 

44 
 

thermograms and to resolve different volatility factors to study the particle volatility at a molecular 

level (Buchholz et al., 2020; Tikkanen et al., 2020; Li et al., 2021).  

As a bilinear model, PMF can be mathematically represented as 

       𝐗𝐗 = 𝐆𝐆𝐆𝐆 + 𝐄𝐄 ,                                                                                                          (Eq. 7) 

When applying to the thermogram data from FIGAERO-CIMS, 𝐗𝐗 refers to a m × n matrix 

which composed of normalized measured signal (ncps) with m rows of identified ions from the 

mass spectra, and n columns of time series of each ions over the thermal desorption period. 𝐆𝐆 is a 

m × p matrix which contains the factor time series as columns and factor mass spectra as rows, and 

thus 𝐅𝐅 accounts for the factor mass spectra as a p × n matrix. The m × n matrix 𝐄𝐄 then contains the 

residuals of fitting output relative to the raw input data. The number of factors (p) has to be chosen 

by users due to no priori conditions are input. That is, the user can choose the best solution (i.e. 

number of factors) which fits the data best according to the solution uncertainty (Sij). The degree 

of freedom of the model solution Qexp, is roughly equal to: 

𝑄𝑄exp ≈ 𝑛𝑛 ∙ 𝑚𝑚 .                                                                                                                (Eq. 8) 

In parallel, a Q value for the solution is calculated as: 

𝑄𝑄 = ∑ ∑ (𝐄𝐄𝑖𝑖𝑖𝑖
𝐒𝐒𝑖𝑖𝑖𝑖

)2𝑛𝑛
𝑖𝑖=1

𝑚𝑚
𝑗𝑗=1                                                                                                       (Eq. 9) 

Q is calculated iteratively with a least square algorithm by constraining G and F values to be 

positive. The Q/Qexp ratio is ideally equal to 1, which means the calculated modeled solution 

approaches the model degree of freedom.  

Sij is an important index because it can significantly influence the PMF output, and it can be 

altered by giving weight to data points that have fewer uncertainties (Paatero and Hopke, 2003). 

𝑆𝑆𝑖𝑖𝑖𝑖 = 𝑎𝑎 ∙  �
𝑿𝑿𝑖𝑖𝑖𝑖
𝑡𝑡𝑠𝑠

+  𝛿𝛿𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛,𝑖𝑖 ,                                                                                             (Eq. 10) 

Where 𝑿𝑿𝑖𝑖𝑖𝑖 refers to the signal intensity of the ion i, ts is the sampling time resolution in s, and 

𝛿𝛿𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛,𝑖𝑖 means the electronic noise of ion i. For my dataset of thermograms from FIGAERO-CIMS, 

I was mainly interest in the ‘soak’ and ‘ramp’ periods (section 3.3.1) where most organic species 

are desorbed to be within the main body of ‘peaks’ in their thermograms, but not in the start or the 

end of the thermograms. Thus, by weighting the data points that we are interested, a new error 
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scheme (so called ‘CNerror’) is introduced to emphasize on the thermogram peaks (Buchholz et 

al., 2020): 

𝑆𝑆𝑖𝑖𝑖𝑖 =  𝛿𝛿𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛,𝑖𝑖 ,                                                                                                               (Eq. 11) 

In my PhD work, all the PMF model related data is analyzed by me using a new established 

FIGAERO Thermogram PMF Evaluation Toolkit (PiT-PET, v.1.9, (Buchholz et al., 2020)) based 

on Igor 8 (Wave Metrics, Inc.). In brief, the analysis steps are as follows: 

a). prepare data (input: mass spec data, mass error matrix, m/z values, ion names, desorption 

temperatures); 

b). calculate and optimize the error (i.e. CNerror); 

c). remove potential artificial ions (i.e. formic acid, lactic acid); 

d). make a combined data set; 

e). handle NaNs and choose downweigh factor (optional); 

f). choose the range of number of factors, fpeak range; 

g). run PMF model. 

3.5 List of all chemicals used 

chemical formula MW (g mol-1) supplier purity 
Isoprene C5H8 68.1 Sigma-Aldrich 95% 
α-pinene C10H16 136.2 Sigma-Aldrich 98% 

13C-isoprene 13C-C4H8 69.1 Sigma-Aldrich 99% 
β-caryophyllene C15H24 204.4 Karlsruhe ROTH 98% 
β-caryophyllinic C14H22O4 254.3 Toronto Research Chemicals 95% 

Malonic acid C3H4O4 104.1 Merck 99% 
Succinic acid C4H6O4 118.1 BDH Prolabo 100% 
Glutaric acid C5H8O4 132.1 Merck 99% 
Adipic acid C6H10O4 146.1 Merck 99% 
Pinonic acid C10H16O3 184.2 Sigma-Aldrich 98% 
Azelaic acid C9H16O4 188.2 Merck 88% 
Tricarballylic 

acid C6H8O6 176.1 Sigma-Aldrich 99% 
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4 Results and Discussion 

The characteristics of SOA formed from the oxidation of BVOC mixtures containing α-pinene 

and isoprene are presented in section 4.1. SOA formed by ozonolysis of β-caryophyllene is 

discussed in section 4.2 (no NOx), and section 4.3 (with NOx). Finally, I compare the chemical 

composition and volatility of SOA from the oxidation of BVOC mixtures of isoprene mixed with 

β-caryophyllene in the absence and presence of α-pinene (section 4.4). 

4.1 SOA from oxidation of mixtures of isoprene and α-pinene 

SOA from oxidation of mixtures of isoprene and α-pinene by O3 and OH radicals was studied 

at 243K, 273K, 298K, and 313K with relative humidity ranging from 80-12%, respectively (Table 

1). The mole ratios of VOCs : O3 were fixed to ~0.2. The OH radicals were generated by the 

reaction of TME with O3 with the same injection amount during all experiments. Reference 

experiments performed with α-pinene as the sole precursor were directly compared to the 

experiments with a mixture of α-pinene and isoprene. 

Figure 11 compares the experiment with α-pinene alone and the mixture of both VOCs at 

273K, showing the time evolution of precursors, oxidants, and particle concentrations for the two 

systems. The precursor VOC(s) were added first to the chamber, followed by the addition of O3. 

The time zero is defined by the time point when O3 was added for the first time. 7 minutes after 

O3 addition (the end of period Ⅰ), for the mixture experiment, ~28% of the initial α-pinene and 

~7.5% of the initial isoprene were consumed. For comparison, ~37% of the initial α-pinene was 

reacted in the sole α-pinene system at the same time. Owing to the different rate constants with O3 

(Table 6) between these two precursors, ozonolysis of α-pinene is faster than isoprene, while OH 

radicals are more readily to react with isoprene. Specifically, OH radicals react about 2 times faster 

with isoprene (1.15 ×10-10, IUPAC) than with α-pinene (5.84 ×10-11, IUPAC) at 273K. As products 

of α-pinene reacting with O3, OH radicals were found a yield of 79% at 273K (Tillmann et al., 

2010). Thus, in the period Ⅰ (Figure 11), VOCs underwent the reactions with both O3 and OH 

radicals. In the period Ⅱ, OH radicals were additionally added in substantial amounts. Thus, the 

ratio of OH radicals to O3 was higher in the period Ⅱ (OH radicals dominant) than the period Ⅰ (O3 

dominant).  
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Figure 11. Experimental overview for the gas and particle phase at the experiments of mixture (left) and sole α-pinene 
(right) at 273K. First panel: particle size distribution. The color scale represents the log 10 of the normalized particle 
concentration in cubic centimeters (cm-3). Second panel: mixing ratio in parts per billion by volume (ppbv) for α-
pinene, isoprene, and O3 concentrations. Third panel: particle mass concentration measured by SMPS using an 
assumed density of 1.3 g m-3, and the number concentration for particles sized larger than 2.5 nm. The particles were 
collected during the time shown in the green shadow. Fourth panel: evolution of total signal intensities of C5, C8, C10, 
C15, and C20 carbon classes, measured in the gas phase by iodide-CIMS. The initial O3 concentration at the sole α-
pinene experiment is 345 ppb, and unfortunately the data for its evolution is unavailable due to an O3 sensor defect. 
The time period (bright grey shaded) had only O3 as oxidant, while period Ⅱ (dark grey shaded) also had OH radicals 
formed by continuous addition of TME. The period Ⅲ was after the TME addition. 

As oxidation products, C10 compounds had the most rapid increase, followed by both the C5 

and C8 classes in the experiment in presence of isoprene (Figure 11 left). However, the increase of 

C8 class products was faster than C5 compounds in the experiment without isoprene (Figure 11 

right). As isoprene has a C5 carbon skeleton, the higher contribution of C5 compounds in the binary 

system is caused by monomeric oxidation products of isoprene, while the C5 compounds in the 

sole α-pinene experiment are mainly fragments produced by the α-pinene ozonolysis. Furthermore, 

C15 products were formed in higher concentrations in presence of isoprene, which can be explained 

by the interaction of peroxy radicals derived from α-pinene and isoprene oxidation (Wang et al., 

2021). In absence of pre-existing particles (seeds) in the chamber, new SOA particles nucleated 

shortly after adding O3, shown in the top panel in the Figure 11, with mean diameters < 40 nm. 
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Without isoprene, a higher number concentration was observed, reaching ~2 × 105 cm-3, compared 

to the binary system of 1.3 × 105 cm-3. The suppression of the new particle formation by isoprene 

was found firstly by Kiendler-Scharr et al. (2009) with simulation experiments at 288K, and it was 

also observed in chamber studies conducted at 223K and 243K by Caudillo et al. (2021). This 

suppression of the new particle formation can be partially attributed to OH radical scavenging by 

isoprene Kiendler-Scharr et al. (2009). 

Table 6. Preferred values of Rate coefficients of VOCs reacting with O3, OH radical, and NO3 radical from IUPAC 
(https://iupac-aeris.ipsl.fr/#). 

VOC oxidant 
Rate coefficient (298K) 

cm3 molecule-1 s-1 
Rate coefficient (T) 
cm3 molecule-1 s-1 

α-pinene O3 9.6 × 10-17 8.22 × 10-16 exp(-640/T), 240-370 K 
α-pinene OH radicals 5.3 × 10-11 1.34 × 10-11 exp(410/T), 240-360 K 
isoprene O3 1.28 × 10-17 1.04 × 10-14 exp(-2000/T), 240-360 K 
isoprene OH radicals 1.0 × 10-10 2.10 × 10-11 exp(465/T), 240-630 K 

β-caryophyllene O3 1.2 × 10-14 N/A 
β-caryophyllene OH radicals 2.0 × 10-10 N/A 
β-caryophyllene NO3 radicals 1.9 × 10-11 N/A 

Subsequently, after the OH radicals were generated (period Ⅱ), the VOC precursors decreased 

faster in both experiments. Without isoprene, most oxidation product classes presented in Figure 

11 continuously increased in the gas phase. In contrast, in the binary system, the C10 products 

seemed not to be formed anymore, even though the parent VOC α-pinene and isoprene still 

remained. There was no more formation of new particles larger than 2.5 nm, shown as the slight 

decrease of the particle number concentration in both systems. Hence, the oxidation products 

contributed to particle growth but not to new particle formation, visible by the increasing particle 

mass concentrations. The particles finally reached diameters of approximately 100 nm, which can 

act as ice nucleating particles or cloud condensation nuclei.  

The TME injection and corresponding OH radical formation was stopped when isoprene and 

α-pinene were depleted. Afterward, the signal intensity of the gaseous oxidation products showed 

a slight decrease due to the partition of the particles and potentially owing to the wall losses, 

indicating there was no further formation of oxidation products in the gas phase. The particle mass 

concentrations reached stable levels of 66-83 μg m-3 as calculated from the measured size 

distribution assuming a constant particle density of 1.3 g/m3 (Saathoff et al., 2009a). In the 
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following section, I will discuss the chemical composition and volatility of the relatively stable 

SOA present during the period (Ⅲ). 

4.1.1 Gas- and particle-phase chemical composition (273K) 

To give an overview of the species measured in gas and particle phases for the two systems 

with and without isoprene at 273K, Figure 12 presents the carbon distribution and the oxygen 

content in the molecules. The products in the period Ⅱ could be from the oxidation of the oxidized 

species formed in period Ⅰ and the VOCs. Thus, the SOA present in the period Ⅲ was a mixture 

of oxidation products from both time periods Ⅰ and Ⅱ and both oxidants.  

The main oxidation products in both gas and particle phases, were C8-10HyO4-6, followed by 

C5HyO3-5 and C11-16HyO2-8 which had larger fractions in the experiment with isoprene. Heinritzi et 

al. (2020) and Caudillo et al. (2021) have shown that the formation of C15 dimers can be enhanced 

due to the termination reaction between C10 peroxy radicals from α-pinene ozonolysis and C5 

peroxy radicals from isoprene oxidation with OH radicals, and hence preventing the formation of 

C18-20 dimers from α-pinene ozonolysis. With the same explanation, Wang et al. (2021) reported 

that C11, C12, and C14 compounds may also be dimers originating from the interaction of oxidation 

products from both VOCs, and their formation may also be enhanced by the presence of isoprene. 

However, this work found no significant suppression effect of isoprene on the C18-20 products, 

although the corresponding C11-15 dimers were formed in significantly higher quantities in presence 

of isoprene (Figure 14). This may result from the difference for conditions with higher isoprene to 

α-pinene concentration ratios. 
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Figure 12. Carbon atom distribution and oxygen atom content in the molecules for the gas- and particle- phase 
oxidation products of α-pinene with and without the presence of isoprene at 273K. Both phases are measured with 
iodide-CIMS, while the FIGAERO is used for the particle-phase measurements. The signal intensities have been 
normalized to the total signals in each experiment and phase. Colors refer the specific number of oxygen atoms ranging 
between 1 and 11. 

The C8-10HyO4-7 compounds dominated the gas- and particle-phase composition in the sole α-

pinene system, clearly identifying them as α-pinene derived oxidation products. This was 

consistent with the measurements conducted by Zhang et al. (2017), who firstly characterized the 

HOMs molecules from α-pinene oxidation as C8-10H12-18O4-9. It was seen that C8HyO4 had an larger 

signal fraction in the particle phase in presence of isoprene (18.4±0.6% in Figure 12 d), compared 

to that in the sole α-pinene experiment (14.1±1.5% in Figure 12 b). The increase of the signal 

fraction of the C8 class was mainly contributed by C8H12O4, as shown also in Figure 15 d. C8H12O4 

has been consistently identified as one of the major α-pinene derived products termed as norpinic 

acid (Jenkin, 2004; Lopez-Hilfiker et al., 2015) or its isomer terpenylic acid (Claeys et al., 2009; 

Gao et al., 2010). The terpenylic acid was suggested to be formed during the OH-initiated α-pinene 

oxidation after intramolecular isomerization via the norpinic acid channel (Claeys et al., 2009). 

Besides the C8H12O4 iodide adduct (C8H12O4I-), the signal intensity of the ion after losing a 
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hydrogen iodide (C8H11O4-) was also significant. The left panel in Figure 16 shows the time 

evolution of C8H12O4I- and C8H11O4- in the two experiments at 273K. It was obvious that the 

molecules related to the C8H12O4I- and C8H11O4- were formed in the O3 dominated period Ⅰ of both 

experiments. However, the C8H11O4- reached a stable level before the end of the OH radicals 

dominated period Ⅱ, while the iodide adducts (C8H12O4I-) kept being formed over the whole period. 

The different responses to the high concentration of OH radicals indicate that C8H12O4I- and 

C8H11O4- correspond to isomers with different structures, e.g., norpinic acid and terpenylic acid. 

Due to their different molecular structures and functional groups, they have also different 

volatilities which affects their phase partitioning. This will be discussed in the next section in more 

details. However, it cannot be excluded that C8H12O4 could be a fragment of the dimers which 

were formed from reaction of bimolecular peroxy radicals. A similar case was observed for 

C9H14O4I- and C9H13O4-, which are likely to be pinic acid and are the potential block for dimer 

formation (Gao et al., 2010) (Lopez-Hilfiker et al., 2015). 

 
Figure 13. Structures of two isomers of C8H12O4: norpinic acid (left) identified by Kołodziejczyk et al. (2019), and 
terpenylic acid (right) determined by Claeys et al. (2009). 
 

It was evident that HOM molecules containing at least 6 oxygen atoms per molecule 

contributed only a small fraction, potentially due to the low sensitivity of iodide adduct CIMS. 

Most of them had 8 carbon atoms per molecule. Compounds with O:C ratio above 0.6 contributed 

22.7±0.2% to the total signals in the sole α-pinene system, slightly less compared with 24.5±1.6% 

in the mixture system. 
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Figure 14. The signal fraction difference for gas (a) and particle phases (b) between two SOA formation experiments 
of α-pinene with and without isoprene present. The difference is indicated by the signal fraction of each product class 
from the binary system minus the reference system. The colors represent the oxygen atom per molecule. 

Besides, also shown as Figure 14, The C9-10HyO4-6 species have a substantially lower 

abundance in the binary system. This can be explained by a so-called termination reaction of 

peroxy radicals derived from α-pinene by the peroxy radicals from isoprene, resulting in the 

reduced formation of the closed-shell monomeric C7-10 products compared with the experiment 

without isoprene. The increase of the signal fractions of all C5 molecules results from the 

contribution of typical isoprene derived oxidation products, e.g., IEPOX (D'Ambro et al., 2019), 

including C5H12O4 and C5H10O3-5. It was seen that higher oxygenated molecules, e.g., the number 

of oxygen atoms per molecule > 6, contributed more in presence of isoprene. 

 
Figure 15. Chemical composition for both gas and particle phases for the sole α-pinene (a, b, green dots), and mixture 
(c, d, blue dots) SOA expressed as molecular carbon oxidation state (OSC) corresponding to the number of carbons.  
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A comprehensive mapping of the molecular carbon oxidation state (OSC) as a function of 

carbon number for both gas and particle phase molecules is shown in Figure 16 for both systems. 

As no nitrogen is involved, OSC discussed in this chapter is defined as 2×O:C - H:C. The OSC is 

supposed to have a strong correlation with volatility, and thus a useful parameter for studying the 

oxidation of organics that only includes elemental carbon, hydrogen, and oxygen (Kroll et al., 

2011). SOA compounds with semi-/low volatility have OSC values between -1 and +1 for 

molecules with less than 14 carbon atoms (Kroll et al., 2011).  It was seen that the majority of 

signals in the sole α-pinene system comprised components at C8-10 for the gas and particle phases, 

with signal-weighted averaged OSC between -1 and -0.25. These results are comparable to the 

typical monoterpene ozonolysis SOA that has OSC falling between -1.1 and 0.5. The overall mean 

OSC value for the gas phase was -0.32 for sole and -0.38 for mixture systems, respectively. In the 

binary system, lower oxygenated C8-10 species (e.g., C8H12O3 with a molecular OSC of -0.75) 

contributed more in the gas phase, resulting in a slightly lower overall OSC, although the fraction 

of smaller and higher oxygenated molecules (C2-C6) was also higher. The OSC value in the particle 

phase in the binary system was -0.49±0.02, a little higher than that for the sole precursor system (-

0.52±0.00). 

 
Figure 16. Gas phase evolution of C8H12O4I-, C8H11O4

-, C9H14O4I-, and C9H13O4
- for the oxidation experiments with 

only α-pinene (red and pink lines) and a mixture of α-pinene and isoprene (light and dark blue lines). Period Ⅰ was 
dominated by ozonolysis, while during period Ⅱ OH radicals significantly contributed to oxidation of the VOC and 
their oxidation products 

4.1.2 SOA volatility 

Particles collected on Teflon filters and analysed by the thermal desorption in the FIGAERO 

inlet of the iodide-CIMS after the experiments. Volatility analysis of these organic compounds 

was based on the interpretation of the thermograms of corresponding ions as a function of 
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desorption temperatures. Total thermograms of major molecules in the sole α-pinene and the 

binary systems are presented in Figure 17 (a) for 273K. The total thermogram of the particle phase 

compounds formed in the binary system was signifcantly shifted to higher desorption tempeartures 

compared to the sole α-pinene system. This clearly shows that the particle phase compounds 

formed from the precursor mixture have lower effective volatilities and hence are less volatile than 

the compounds in the α-pinene SOA. Besides, it is shown in Figure 17 (b) that the Tmax of 

individual molecule in the one precursor system is generally lower than that in the binary system. 

This can be explained by a higher viscosity of the particles from the binary system probably due 

to an increased abundance of higher molecular weight components, and in turn lower the particle 

volatility. This is somewhat counterintritive because sole isoprene SOA was found to have a lower 

viscosity than the sole α-pinene SOA at the same relative humidity (DeRieux et al., 2018). 

It has been found that the viscosity generally increases with a decrease particle mass 

concentration (Champion et al., 2019). However, in this work, as the total normalised signals in 

mono-precursor system was (4.2±0.1)×107 cps, comparable to that in the binary system of 

(4.8±0.4)×107 cps, the potential impact of particle mass concentration could be excluded to change 

the particle viscosity. Besides, higher molecular weight and increased degree of functionalization 

of the organic species have also been found to lead to higher viscosity. As discussed previously, 

the OSC for the particle phase compounds in the mono-precursor system was -0.52±0.00, reflecting 

lower oxygenation status than that in the mixture system (OSC= -0.49±0.02). However, the 

particles in both systems had similar signal weighted mean molecular masses, with an average 

molecular formula of C9.7H15.4O4.8 and C9.7H15.2O5 in sole and binary systems, respectively. A 

larger fraction of heavier molecules, e.g., C>10HyO>6, in the binary system enhanced the average 

molecular weight. Therefore, the higher viscosity in the binary system may be partially explained 

by oligomerization or other particle-phase processes that lead to higher molecular weight and 

lower O:C and OSC (Yli-Juuti et al., 2017; Champion et al., 2019). For example, in this work, 

C>10HyO>6 in the binary system contributed to (8.3±0.2)% of all compound signals, higher than 

that in the sole α-pinene system of (5.7±0.3)%.  
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Figure 17. Sum thermograms of the particles from one and two VOC (left) and particulate molecular O:C ratio as a 
function of the carbon atom number per molecule (right). In the right panel, colors of the dots show the saturation 
concentration (log10C*) of individual molecules, and the sizes are related to their abundance. 

Despite of this, this work supports that the molecules with higher O:C ratios have plausibly 

lower volatilites for a fixed length of the carbon chain Figure 17 (b). For example, among all C10 

molecules, an increase of number of oxygen atoms per molecule went along with lower saturation 

vapor pressures. Please note that this was not applicable to isomers. It can be seen that the 

saturation concentrations of all molecules were lower than 10-3 μg m-3, with the voaltility 

prediction on basis of the calibrated correlation between vapor pressures and Tmax. Figure 18 

presents the volatility distribution mapped in a one dimensional volatility basis set (1D-VBS) 

framwork (Donahue et al., 2006) with signal fractions corresponding to logarithmic 298K effective 

saturation concentrations. Considering the particles formed at 273K, the ULVOC and ELVOC 

ranges at 273K were shifted to be with corresponding 298K log10C* lower than -5.8 μg m-3, and 

between -5.8 and -1.8 μg m-3, respectively. Briefly, in the sole α-pinene system, the majority 

(~98.6%) of species fell in the ELVOC range with log10C* between -5.5 to -2.5 μg m-3. In the 

binary system, ~90.5% signals were in ELVOC bins, wherein ~9.5% species were ultra-low 

volatile. In detail, the relative abundance of components in the most volatile bins (-3.5<log10C*<-

2.5 μg m-3) was reduced in the particles that are formed in presence of isoprene. The increase in 

the relative abundance of lower volatile classes (log10C*<-3.5 μg m-3) can result for two reasons. 

On the one hand, the Tmax of a molecule in the binary system is higher than the Tmax of the same 

molecule in the sole precursor system. This could be due to the increase in the viscosity of the 

particles formed in the binary system, as discussed above. On the other hand, the formation of 

species of lower volatility was promoted in presence of isoprene. For example, a higher abundance 

of C8H12O4 and C5H12O4 in the binary system was mapped into the bin between log10C* of -4.5 
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and -3.5. Lower volatile components that had higher relative abundance in the binary system, such 

as C>10HyO>6, leading to the higher signal fraction in the volatility bins (log10C*<-4.5).  

It was clear that the particles formed in presence of isoprene were less volatile than the 

particles formed from the sole α-pinene oxidation. This suggested that, the particles from the 

binary system may have higher potential to act as cloud condensation nuclei or as ice nucleating 

particle. However, this finding seems to disagree with other studies that isoprene can suppress the 

formation of C20 components with lower volatiltiy, and enhance the formation of C15 species with 

relatively higher volatility (McFiggans et al., 2019; Wang et al., 2021). The discrepency could 

result from that, the potential suppressed HOM molecules (α-pinene derived dimers) detected by 

others, for example, using nitrate CIMS (Heinritzi et al., 2020), are not in a sensitive measurement 

range of iodide-CIMS in this work. Another reason is that, the suppression by isoprene can be 

higher resulting from a higher isoprene to α-pinene ratio, e.g., 3:1 and 15:1 (Wang et al., 2021; 

Caudillo et al., 2021). As shown in Figure 12, although the molecules with more than 6 oxygen 

atoms could be dectected, the majority of the signals in this work accounted for the median 

oxygenation species with 2-6 oxygen numbers. 

 
Figure 18. One-dimension volatility basis set (1D-VBS) with signal fraction as a function of logarithmic effective 
saturation concentration for the sole α-pinene system (a) and the isoprene α-pinene mixture system (b). The effective 
saturation concentration is estimated from calibrated Tmax values.  

4.1.3 The impact of temperature 

Figure 19 shows the particulate signal distribution of major carbon groups: C5, C8, C9, C10, 

C11-15, and C16-20. It could be seen that the C8-10 species dominated the particle phase compounds 

at 243K, 273K, 298K, and 313K, accounting for 49.5±1.0%, 67.5±0.4%, 52.6±0.4%, and 
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56.9±0.2%, respectively. Components in the dimer/trimer range (C11-20) contributed 36.4±1.7%, 

16.1±0.5%, 21.9±0.8%, 24.5±0.4%, repsectively. Specificly, the components with 10 carbon 

atoms were the most abundant group in the particles at 243K.The relative abundance of C10 

increased with decreasing SOA formation temperatures. Among all species with 10 carbon atoms, 

the formation of the low oxygenated molecules (C10HyO1-5) showed a negative monotonic 

correlation with SOA formation temperatures (Figure 19 (c)), suggesting that the fromation of 

early-stage oxidation products of α-pinene, such as pinonic acid (C10H16O3), was significantly 

temperature dependent. However, the portion of high oxygenated species (C10HyO6-9) increased 

from 243-298K, and had a slight decrease at 313K. This is consistent with the finding that α-pinene 

derived HOM formation is favoured by high temperatures (Bianchi et al., 2019). Besides, as 

C8HyO1-3 only consisted of no more than 0.5% of the total signals for all temperatures, they will 

not be discussed in detail. It is seen  in Figure 19 (e-g) that both C8HyO5 and C8HyO6-8 species had 

higher signal fractions with increasing temperatures.  

 
Figure 19. Carbon atom number per molecule distributions for C5, C8, C9, C10, C11-15, C16-20 species in the particles 
formed at 243-313K (a). The signal fraction of C5H12O4, C10HyO1-5, C10HyO6-9, C8HyO6-8, C8HyO5, and C8HyO4 as a 
function of temperature is shown as (b)-(g). 

As an identified block for formation of α-pinene derived dimers (like C17H26O6 (Zhang et al., 

2015)), C8H12O4 was abundant but has nonmonotonic correlation with SOA formation 

temperatures, contributing 6.1±0.0%, 17.1±0.6%, 10.0±0.3%, and 9.5±0.4% from 243K to 313K. 

The lowest relative abundance of C8H12O4 at 243K could be explained by the fact that the 

formation of C8H12O4 via C-C bond cleavage is reduced at lower temperatures as the case of other 

C8 species shown in Figure 19 (e) and (f). Another explanation could be the enhanced formation 
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of dimers from C8 compounds at lower temperatures. One explanation of the decrease of C8H12O4 

above 273K is that, more dimers were formed with C8H12O4 as one of the parent via e.g., accreation 

reaction. This is in agreement with the strong thermal decomposition at higher desorption 

temperatures leading to C8H12O4I- ion in from particles formed at the temperatures above 273K, 

as shown in Figure 20 (a). A second mode in the thermograms of C8H12O4I- for particles formed 

at 298K and dominated most for signal aera of the C8H12O4I- ions detected. For particles formed 

at 313K, C8H12O4I- ions had a Tmax of ~120 °C, indicating a thermal decomposition from heavier 

molecules such as dimers. To compare, there was no significant second peak existing in the 

C8H12O4I- thermograms detected from the particles formed at 243K and 273K. This indicates that 

formation of the related thermal unstable dimers (or oligomers) is favoured at higher temperatures. 

Using the parameterization approach for the glass transition temperature prediction by DeRieux et 

al. (2018), the glass transition temperature (Tg) was estimated to be 289K and 278K, higher than 

the particle formation temperatures of 243K and 273K, respectively. This suggests that the 

particles formed below 273K are likely to be in a semi-solid or glassy state. In contrast, the Tg for 

the particles at 298K and 313K were calculated to be 283K and 285K, indicating those particles to 

be liquid. This supports the possibility that the formation of dimers (or oligomers) related to 

C8H12O4 could take place in the condensed phase. 

 
Figure 20. The thermograms of total ions (left) and C8H12O4 (right) for the particles formed at 243K (blue), 273K 
(green), 298K (yellow), and 313K (red).  

Additionally, the potential interaction of products from α-pinene and isoprene oxidation are 

expected to have carbon skeleton between C11-15. The relative abundance of the C11-15 compounds 

was higher at increasing SOA formation temperatures, potentially resulting from stronger 

interaction reactions. However, the signal fraction C16-20 group showed a non monotonic 

correaltion with temperatures, which was expected to contain the potential α-pinene derived 
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dimers. This suggests that the formation of low oxidized α-pinene derived dimers might include 

by other mechanisms, e.g., heterogeous reactions.  

The total thermograms of all detected ions from the particles formed at 243K, 273K, 298K, 

and 313K are presented in Figure 20 (b). A significant decrease of the Tmax was exhibited with 

reduced SOA formation temperatures from 313K to 273K. This could be related to the oxygenation 

of the particle phase compounds. The signal-weighted averaged O:C ratio of the particle formed 

at 313K was 0.57±0.01, while that at 298K, 273K, and 243K were 0.57±0.01, 0.52±0.01, and 

0.47±0.01, respectively. It was seen that lower SOA formation temperature led to less oxygenated 

particles, resulting in higher volatilites and hence lower overall Tmax. In contrast, the Tmax for the 

particle phase compounds formed at 243K was found higher than that at 273K, indicating a lower 

particle volatility. This may be explained by the potential enhancement of particle viscosity at 

243K, where the ambient temperature was estimated to be 46 K lower than the glass transition 

temperature. In addition, the thermal decomposition of dimers (or oligomers) gives rise to the 

second mode of the total thermograms for the particles formed at 313K and 298K, and may also 

induce higher Tmax of the first peak. 

 
Figure 21. One-dimension volatility basis set for the particles formed at 243K, 273K, 298K, and 313K. The saturation 
concentration is estimated via (a) formula method, and (b) Tmax approach. The different volatility classes are indicated 
as well. 

Volatility distributions for the particles formed at 243K-313K are mapped into a one-

dimensional volatility basis set framwork in Figure 21. The saturation concentration C* was 

predicted by two approaches: a parameterization method on basis of element composition (Li et 

al., 2016), and the Tmax method using a calibrated correlation between C* and Tmax for known 
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compounds as explained in the method section (Stark et al., 2017). As the C* estimated from the 

Tmax method assumes a temperature of 298K, to be comparable with the formula method. Therefore, 

the volatility class border at other temperatures was converted to be comparable to 298K. The C* 

from the prediction via the formula method was substantially higher than that from the Tmax method, 

with about six orders of magnititude for the α-pinene and isoprene particles. Nevertheless, the 

impact of temperature was still clearly visible on the volatility of the particles formed at varying 

conditions. Using the formula method, the components in the particles at 243K spaned widely 

ULVOC to SVOC classes, while the majority of species in the particle at 313K distributed in the 

IVOC range. However, according to the Tmax approach, the particles formed at 243K contained 

compounds with effective saturation concentrations lower than 0.01 μg m-3, and all remained in 

the ULVOC bin. As temperature increased, a larger fraction of molecules fell in the volatility range 

between C* 10-6.5 and 10-4.5 μg m-3, and the relative abundance of  higher volatile bins (10-4.5< C* 

<10-3.5) decreased. This could result from either the increase of the fraction of C11-20 molecules or 

the thermal decomposition species from dimers (or oligomers) which have higher Tmax and lower 

volatility. This is not consistent with the obversation from Ye et al. (2019), who presented a 

progressive shift of the sole α-pinene derived products toward higher (300 K) C* due to reduced 

formation of HOM molecules at lower temperatures. The discrepency may result from the 

reduction of HOM formation in presenceof isoprene. Hence, this work highlights the impact of 

dimer (or oligomer) formation on the particle volatility distribution, especially at high ambient 

temperatures.  

4.1.4 Summary 

In this chapter, I have compared the chemical composition and volatility of the SOA formed 

from the oxidation of a BVOC mixture of α-pinene and isoprene with the SOA derived from sole 

α-pinene oxidation under atmospheric relevant conditions at 273K. Besides, I have also explored 

the temperature dependent chemical characteristics and volatility of the SOA from the mixture of 

isoprene and α-pinene using iodide adduct FIGAERO-CIMS.  

In comparison between the SOA particles derived from α-pinene with and without isoprene 

at 273 K, the majority of gas and particle signals in both systems mainly comprised C8-10HyO4-7, 

indicating α-pinene derived oxidation products still dominated the SOA from a mixture of α-pinene 

and isoprene. With similar signal fraction of C11-15 species, C11-15HyO1-6 in the binary system 
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(6.0±1.2%) was lower than the sole α-pinene system (7.5±0.7%), while C11-15HyO>6 consisted of 

higher fraction in the binary system (3.8±0.2%) than the sole α-pinene system (2.4±0.4%). Besides, 

the relative abundance of C16-20 molecules in both systems accounted for 5.9±0.3% in the sole 

system, slightly lower than in the binary system (6.6±0.1%). This indicates that the presence of 

isoprene does not substantially reduce the α-pinene derived C16-20 dimers or total SOA mass under 

experimental condition in this work with an isoprene to α-pinene concentration ratio of 1:1. 

Besides, the 273K SOA derived from the mixture of α-pinene and isoprene had a lower 

volatility, with a higher Tmax of the total thermogram. The majority of components in the particles 

from the sole α-pinene was with lgC* between -4.5 to -2.5 μg m-3. In contrast, most species in the 

particles from the mixture spanned lower volatility bins with saturation concertation between 10-

6.5 to 10-3.5 μg m-3. The systematic increase in Tmax of individual molecules indicates that the 

particle in the binary system is more viscous probably due to higher abundance of the components 

in larger molecular weights, and in turn lower the volatility. This suggests that the SOA particles 

from a mixture of α-pinene and isoprene have a higher potential to react as cloud condensation 

nuclei or ice nucleating particles. 

The particles from mixtures of α-pinene and isoprene at 243K, 273K, 298K, and 313K 

comprised mainly C8-10 species (> 50% signals). A significant impact of temperature on the 

chemical composition was found. The formation of C10 group was favored at lower temperatures, 

which was the most abundant group in the particle formed at 243K. however, with temperature 

rising, the signal fraction of C10 went down and C8 increases to be the most abundant fraction. 

Besides, C8HyO5-8 had positive temperature dependent signal fraction, suggesting there was less 

C-C bond cleavage in the reduced temperatures. As the most abundant molecule, C8H12O4 was 

found a thermal fragmentation of larger molecules (e.g., dimers) in the particles between 298K 

and 313K. This indicated the formation of related thermal unstable dimers (or oligomers) was 

favored at higher temperatures. To explain, based on the estimation of glass transition temperature, 

the particles formed at 243K and 273K are likely to be semi-solid, and the particles formed at 

298K and 313K could be liquid. This highlights the need to consider condensed-phase chemistry 

as one of the sources of the dimer or oligomer formation at 298-313K.  

In addition, higher particle volatility was suggested by increased Tmax of the total thermograms 

of particles formed from 273K to 313K, being explained by the higher particle oxygenation at 
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rising SOA formation temperatures. However, at 243K, the particle had a higher Tmax, suggesting 

a lower volatility compared to the particle generated at 273K. This could be interpreted that the 

volatility of the particle at 243K is affected more by the high viscosity but less by the low 

oxygenated molecules.  

4.2 SOA from β-caryophyllene ozonolysis at different temperatures 

This section will present an overview of the experiments (section 4.2.1), kinetics (4.2.2), SOA 

yields (4.2.3), molecular composition (4.2.4), and SOA volatility (4.2.5) from β-caryophyllene 

ozonolysis over a wide temperature range of 213-313K. Please note that parts of section 4.2.1, 

4.2.2, 4.2.3, and 4.2.4 are reprinted with permission from the journal of Atmospheric Chemistry 

and Physics corresponding to my publication: Gao, L., Song, J., Mohr, C., Huang, W., Vallon, M., 

Jiang, F., Leisner, T., and Saathoff, H.: Kinetics, SOA yields, and chemical composition of 

secondary organic aerosol from β-caryophyllene ozonolysis with and without nitrogen oxides 

between 213 and 313 K, Atmos. Chem. Phys., 22, 6001–6020, https://doi.org/10.5194/acp-22-

6001-2022, 2022. 

4.2.1 Overview of the experiments 

Figure 22 shows the time evolution of the β-caryophyllene, trace gases (O3, NO2), particle 

mass, and size distribution for the β-caryophyllene ozonolysis at 298K. Five full experiments 

including subsequent illumination and warming up periods at all temperatures are shown in Figure 

S4. After SOA formation from the β-caryophyllene ozonolysis, NO2 was added leading to 

formation of N2O5 and NO3 radicals due to reactions with an excess of O3, subsequent addition of 

β-caryophyllene in the presence of NOx resulted in the pre-existing SOA particles but also induced 

the new particle formation. In the next step the SOA was aged by illumination with a solar 

simulator to mimic atmospheric photochemical aging processes. In a final step, the whole chamber 

was warmed by 30 K over a time of 10 hours to study the phase partitioning of SOA. To make it 

clearer, as an example, at 298K (Figure 22 (d)), after the nucleation, the diameters of particles 

grew to 36 nm and increased further to 57 nm and 69 nm after subsequent O3 and β-caryophyllene 

additions, and finally to 122 nm after the NO2 addition. At the low initial O3 concentration of 25 

ppb, the particle mass started to increase. It reached stable within 20 minutes after the O3 level was 

increased to above 300 ppb, stabilizing at 13.3 μg m-3. A further particle mass increase was found 

after a second β-caryophyllene addition, reaching at 17.0 µg m-3. To this SOA, 42 ppb of NO2 was 
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added, which reacted with the excess of O3 forming NO3 radicals and consequently led to a small 

increase in particle size and mass (1.9 nm and 0.9 µg m-3, respectively) due to their reaction with 

β-caryophyllene oxidation products. Following the third addition of β-caryophyllene to the 

reaction mixture, the particle mass concentration reached to 50.6 μg m-3. During the third addition 

of β-caryophyllene, I observed quick growth of the existing particles and formation of new 

particles. Table 7 summarizes the SOA mass, particle diameters, O:C, density, and yields for the 

experiments at all temperatures. During the following illumination, the mass concentration had a 

slight increase, and then decreased subsequently in the final warming period.  

 
Figure 22. Time evolution of trace gases, particle mass, and particle size for β-caryophyllene ozonolysis at 298K first 
without and then in presence of NO2. The time axis is relative to the first addition of O3. Top panel shows the 
concentration of O3 (blue) and NO2 (yellow) as well as the experiment steps; middle panel shows the change of β-
caryophyllene (pink), particle concentration from SMPS (blue dots) and COSIMA model (black line), AMS (green 
dots) and CIMS (red triangle); bottom panel shows the particle size distribution over the course of the whole 
experiment. 
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In the initial phase of the experiment, the discrepancy in particle mass concentrations 

measured from HR-TOF-AMS and SMPS is owing to the fact that HR-TOF-AMS has lower 

transmission of sub-100 nm particles in the aerodynamic lens, and hence it poorly detects small 

particles with diameters below 70 nm (Liu et al., 2007; Williams et al., 2013). After he particle 

diameters reached to 122 nm (160 minutes in Figure 22), the mass concentrations from SMPS 

agreed well with HR-TOF-AMS assuming CE of 0.6. As FIGAERO-CIMS is sensitive to polar 

oxidized compounds, the sum of all compounds detected by FIGAERO-CIMS can only be a 

fraction of the total organic aerosol compounds measured by HR-TOF-AMS. By applying the 

maximum sensitivity of 22 cps/ppt for all organic species, FIGAERO-CIMS explains around 36-

61 % of the total organic particle mass from HR-TOF-AMS. 

Table 7. Compilation of SOA mass, diameter, O:C, density, and yields. 

+ SOA mass wall loss corrected; * measured by (Jaoui et al., 2003a); ass assumed to have the same density as at 298K 
due to its large measurement uncertainty; BCA, β-caryophyllinic acid, regarded as a tracer of β-caryophyllene in the 
atmosphere. 

4.2.2 Kinetics of the β-caryophyllene reacting with O3 

After the first addition of an excess of O3, β-caryophyllene was depleted within less than 5 

minutes. To investigate the kinetics of β-caryophyllene reacting with ozone, I used a kinetic model 

to resolve the initial β-caryophyllene decay. Figure S5 shows an example of the comparison 

between measured data for the experiment at 313 K with the kinetic model results. Three main 

reactions were considered in the kinetic analysis to fit the observation: 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 1:  𝐵𝐵𝐵𝐵𝐵𝐵 + 𝑂𝑂3  → 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 1 + 𝑂𝑂𝑂𝑂 ·, 𝑘𝑘1;  

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑛𝑛 2:  𝐵𝐵𝐵𝐵𝐵𝐵 + 𝑂𝑂3  → 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 2 + 𝑂𝑂𝑂𝑂 ·, 𝑘𝑘2;  

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 3:  𝐵𝐵𝐵𝐵𝐵𝐵 + 𝑂𝑂𝑂𝑂 · → 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 3, 𝑘𝑘3;  

Exp. 
No. 

SOA mass+ 
(SMPS) 
[μg m-3] 

geo. mean 
diameter (nm) 

O:C 
(CIMS) 

SOA 
density 
[g cm-3] 

SOA 
Yield 
[%] 

BCA Yield 
[%] 

9 14.4±3.6 67.3±1.2 0.26 0.75±0.06 - - 
10 4.5±1.1 73.3±1.1 0.32 0.86±0.14 28.5±8 11.1±7.3 
11 31.5±7.9 73.5±1.9 0.38 1.0±0.08 29.7±8 4.1±2.7 

12 13.6±3.4 68.5±1.5 0.41 1.09±0.12 20.9±6 0.8 ± 0.5 
(4*) 

13 13.7±3.4 52.9±3.6 0.42 1.09±0.16ass 17.4±5 0.6±0.4 
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where 𝐵𝐵𝐵𝐵𝐵𝐵  is the β-caryophyllene; 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 1, 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 2, 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 3 represent different 

classes of the reaction products; 𝑘𝑘1, 𝑘𝑘2, 𝑘𝑘3 are the correspond reaction rate coefficients. 

All kinetic parameters fitted are summarized in Table S2. The yields of OH radicals produced 

from β-caryophyllene ozonolysis increased from (5±2) % at 243 K to (15±2) % at 313K. Around 

91-92% of the β-caryophyllene were calculated to react with O3 under 243-313K. 

Temperature dependent rate coefficients for β-caryophyllene ozonolysis are shown in Figure 

23. I determined the rate coefficient for 298 K as (1.09±0.21) × 10-14 cm3 molecule-1 s-1, agreeing 

very well with Shu and Atkinson (1994b) of (1.16 ± 0.43) × 10-14 cm3 molecule-1 s-1, and Richters 

et al. (2016a) of (1.1± 0.3) × 10-14 cm3 molecule-1 s-1 for 296 K. Furthermore, the rate coefficient 

increased at reduced temperatures, in an agreement with the density-functional theory (DFT) 

quantum chemical calculations by Nguyen et al. (2009), but with a slightly higher slope in this 

work. I determined the temperature dependent rate coefficients as k = (1.6±0.4) ×10-15 

×exp((559±97)/T), corresponding to a reaction enthalpy of (5.6±1.0) kJ mol-1.  

 
Figure 23. Arrhenius plot of the rate coefficients determined for the reaction of O3 with the endocyclic double bond 
of β-caryophyllene (blue diamonds) compared to the values measured by Shu and Atkinson (1994b) (green circle) and 
Richters et al. (2016a) at 296 K (grey triangle) as well as model calculations by Nguyen et al. (2009) (yellow dashed 
line). The blue dashed line is a fit to the rate coefficients determined in this work. 
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4.2.3 SOA yields 

With a constant organic particle mass concentration of 10 µg m-3, the yields of β-

caryophyllene ozonolysis without NO2 as a function of temperatures are presented in Figure 24. It 

is seen that the SOA yields increased with reduced temperatures from 313K to 243K. With organic 

particle mass concentration of 10 µg m-3, I determined a SOA yield at 298K as (19.4±6) %. The 

yields at 298K in this work was lower by around 55% and 40% than other studies from Chen et al. 

(2012c) and Tasoglou and Pandis (2015b), which used OH radical scavengers. The lower yields 

in this work could be explained by that OH radicals may oxidize potentially more VOCs causing 

lower SOA yields. The temperature dependence in this work for β-caryophyllene is significantly 

weaker than α-pinene (Saathoff et al., 2009b), reflecting lower vapor pressures of β-caryophyllene 

derived condensable oxidation products. Besides, in this study, the SOA formation time of about 

90 minutes was longer than the typical lifetime of the first-generation products from β-

caryophyllene ozonolysis (20 minutes) at an O3 level of 300 ppb, thus the difference cannot be 

explained by potential incomplete reactions. Different initial O3 levels may also contribute to the 

higher yields reported by Chen et al. (2012c) and Tasoglou and Pandis (2015b). For my study the 

wall losses and corresponding corrections were relatively small and cannot explain deviations of 

40-55%. Typically, the losses of acidic gases are larger in an aluminium chamber compared to a 

Teflon chamber and it may be vice versa for particle losses. This depends on the age of the chamber 

walls, potential electrostatic losses, and the volume to surface ratio of the chamber. It is therefore 

not easy to determine the impact of the different wall losses and the wall loss corrections. We can 

only speculate it to high wall loss corrections for the studies in the Teflon chamber contribute to 

the different yields. 

An overview of the SOA yields determined by other researchers is given in Figure S6 in 

comparison with our results in the temperature range between 243 and 313 K. The formed SOA 

masses reflected the different oxidation products of differing volatilities (Chan et al., 2007) formed 

at low and high temperatures, which will be discussed in the following section.  

Please note that the wall loss correction was done by calculations with aerosol dynamic model 

COSIMA supported by Dr. Harald Saathoff. 
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Figure 24. SOA mass yield from β-caryophyllene ozonolysis at a constant total organic aerosol mass (Morg) of 10 µg 
m-3 for temperatures between 243 – 313 K from this study in comparison with literature data. The dashed line 
represents a single exponential fit to the data. Chen et al. (2012c) used OH/CI scavenger and ammonium sulfate as 
seeds; Tasoglou and Pandis (2015b) used OH/Cl scavenger. 

4.2.4 Molecular composition 

Figure 25 presents the mean gas-phase mass spectra for all five temperatures between 213-

313K, showing the gas-phase chemical composition without NO2 after the system reached steady 

stable. It was seen that compounds with m/z below 400 Th were detected significantly in the gas 

phase by FIGAERO-CIMS. The signals were normalized to the total gas-phase CxHyOz 

compounds at each temperature. Between 213K and 273K, the most dominant monomeric 

compounds in the gas phase were C15H24O3 (likely β-caryophyllonic acid), C15H24O4 (likely β-

hydroxycaryophyllonic acid), C15H26O4 (not identified yet), and C14H22O4 (β-nocaryophyllonic 

acid or β-caryophyllinic acid). They have been identified as oxidation products of β-caryophyllene 

ozonolysis at room temperature in previous studies (Jaoui et al., 2003a; Winterhalter et al., 2009a; 

Chan et al., 2011a; Li et al., 2011a). Other lower oxidized molecules, such as C14H20O2, C15H22O2 

and C14H20O3, were detected by PTR-MS as a complement to the chemical composition for gas 

phase (Figure S7, plotted by my colleague Junwei Song). Combined with FIGAERO-CIMS 

measurement, the C15H22O2 is interpreted as the fragmentation compound from C15H24O3 by losing 

H2O, which could be tentatively identified as β-caryophyllene aldehyde (Li et al., 2011a). 
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Measurement from PTR-MS illustrates that the low oxygenated monomeric species with less than 

5 oxygen atoms, which contributed abundantly at low temperatures (213-243K), could also be 

formed at higher temperatures (273-313K) but reacted subsequently to form higher oxygenated 

components with lower volatilities (Figure S10). Similar process cannot be excluded for the small 

molecules, like C2H4O3 and C4H6O4. 

 
Figure 25. Averaged CIMS gas phase mass spectra (background subtracted) for all temperatures, indicating the gas 
information when the SOA got stable in the absence of nitrogen oxides. The particle information sampled at the same 
time is given in Figure 26 and Figure 27. 

For clear comparison, I present the mass spectra and molecular assignment for the particle 

phase from β-caryophyllene ozonolysis at 213K and 313K in Figure 26. For both lowest and 

highest temperatures, several oxidation products, some of the oxidation products have been 

identified in previous studies, were observed. For example, C14H22O4 is likely to be β-

caryophyllinic acid or β-hydroxynocaryophyllon aldehyde, while C15H24O3 could be β-

hydroxycaryophyllon aldehyde or β-caryophyllonic acid, and C14H22O7 is likely to be 2,3-

dihydroxy-4-[2-(4-hydroxy-3-oxobutyl)-3,3-dimethylcyclobutyl]-4-oxobutanoic acid (Jaoui et al., 

2007; Li et al., 2011a; Winterhalter et al., 2009a; Chan et al., 2011a; Jaoui et al., 2003a; Griffin et 

al., 1999; Lee et al., 2006a; Lee et al., 2006d; Nguyen et al., 2009; Jenkin et al., 2012; Richters et 
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al., 2016b). The major oxidation products detected in this work are listed in Table S3. Furthermore, 

from the measurement of CHARON-PTR-MS, lower oxidized molecules, such as C14H20O2-3, C14-

15H22O3, and C15H22O2 were observed (Figure S9). Taking fragmentation by losing one H2O 

molecule into account (Gkatzelis et al., 2018), C14H20O2-3 and C15H22O2-3 could be fragmented 

from C14H22O3-4 and C15H24O3-4, respectively, which were the most abundant molecules detected 

by FIGAERO-CIMS, as shown in Figure 26. 

 
Figure 26. CIMS mass spectra of particle phase compounds obtained from ozonolysis of β-caryophyllene without NO2 
at 213K (upper panel) and 313K (lower panel). Colours refer to monomeric (brown), dimeric (blue) and trimeric 
(purple) compounds, labels represent the assignment of individual molecules. 

For the particle formed at 213K, the most abundant molecules were C15H24O3, C30H48O5 and 

C44H68O9, for monomers (C1-15), dimers (C16-30) and trimers (C>30), respectively, which were 

clearly visible. In contrast, at 313K, the monomers dominated the particle and only a few dimers 

were detected, with the most abundant signals in C14H22O7 and C29H44O10, respectively. Trimers 

were not significantly formed at 313K. It was evidently seen that the monomeric species formed 

at 313K were more oxygenated and had higher elemental O:C ratios (Figure 26), with major signals 

of C14-15H22-24O6-9, compared with C14-15H22-24O3-7 for the monomer class in the particle formed at 

213K. This could be explained that, at higher temperatures, after the formation of early-stage 

oxidation products, those remaining in the gas phase (e.g., semi-volatile compounds) enable to 

undergo further oxidation reactions between their unsaturated exocyclic double bonds and the 
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excess of O3, finally forming higher oxygenated products. The substantially lower Vp of organics 

at 213K than at 313K according to Clausius-Clapeyron equation leads to the rapid condensation 

of low oxidized molecules at 213K. For example, HOM molecules such as e.g. C14H22O7 could be 

formed via simple or extended autoxidation (Richters et al. (2016)). In addition to C14H22O7, I also 

detected five compounds, such as C14H22O9 and C15H22-24O7,9, which were also likely formed from 

autoxidation reactions (Jokinen et al., 2016). At 313K, monomeric highly oxidized compounds 

(MHOC), consisting of C14-15H22-24O6-9, contributed 42.5% of total organic signals, exceeding the 

contribution of monomeric low oxygenated organic compounds (MLOC) of C14-15H22-24O3-7 with 

a signal fraction of 24.9%. On contrast, at 213K, signal fraction of MHOC and MLOC was 6.9% 

and 30.5%, respectively. Furthermore, six confirmed HOM molecules consisted of nearly zero at 

213K and 9.2% at 313K (Figure 28), indicating that autoxidation pathway had a strongly positive 

temperature dependence on temperatures. 

 
Figure 27. CIMS mass spectra for particle phase compounds for all five temperatures (213 - 313K). Colours refer to 
monomeric (brown), dimeric (blue) and trimeric (purple) compounds. The table lists the signal-weighted bulk O:C 
ratios for each temperature. The mass to charge ratios in x-axis are subtracted by I- (m/z = 126.9). 



4 Results and Discussion 

71 
 

The dimer patterns were completely different between the particles formed at 213K and 313K. 

The majority of dimers formed at 213K consisted of lowly oxygenated organic compounds (DLOC) 

with C28-30H44-48O5-9, accounting for 53.7% to total particle-phase signals. On contrast, dimers 

formed at 313K contained mainly higher oxidized compounds (DHOC), e.g., C27-29H42-44O9-11, 

making up 27.6% to total particle-phase signals. Here, to explain the potential formation pathway 

(see Figure S11) for the most abundant dimers at the coldest and warmest temperatures, I put 

forward esterification reactions which are similar to monoterpenes reported by Yasmeen et al. 

(2010) and Müller et al. (2008). For example, C30H48O5 might be potentially esterified at 213K by 

two abundant monomers, C15H26O3 and C15H24O3. Similarly, C14H22O7 and C15H24O3 are 

potentially blocks for the formation of C29H44O9 at 313K. Their molecular structures and reactions 

are presented in Figure S11. However, it cannot be excluded that the reaction between a β-

caryophyllene derived stabilized Criegee intermediate and an organic acid to form C30H48O5, 

which is similar to the mechanisms for α-pinene (Lee and Kamens, 2005; Witkowski and Gierczak, 

2014; Kristensen et al., 2016). 

Trimers (C41-43H62-68O9-11) were only observed from the particles formed at 213K, accounting 

for 8.6% to total particle-phase signals. The potential pathway for the formation of C44H68O9 is 

presented in Figure S11. Note that the assignment of those high weight (>700 Th) molecules has 

relative high uncertainties as for smaller mass peaks. 

 
Figure 28. Product groups contributing to SOA from ozonolysis of β-caryophyllene without NO2 at temperatures 
between 213 – 313 K. Autoxidation-products calculation includes C14H22O7,9, C15H22O7,9 and C15H24O7,9 identified in 
previous studies (Jokinen et al., 2016; Richters et al., 2016b). 
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The mass spectra for the particles formed from β-caryophyllene ozonolysis without the 

presence of NO3 radicals at 213K, 243K, 273K, 298K, and 313K are presented in Figure 27. With 

temperature increased, the most abundant monomer was higher oxygenated and with higher 

molecular mass, from C15H24O3 (213-243K), C15H24O4 (273K) to C14H22O6 (298K) and C14H22O7 

(313K). This illustrates that high temperature favours the formation of higher oxygenated products, 

such as HOM molecules, while reduced temperature facilitates the condensation of early-stage 

oxidation products before their further oxidation reactions.  

Figure 28 presents the contribution of monomers, dimers, trimers, and HOM molecules 

formed at different temperatures. The contribution of monomers was 67.5%, 68.9%, 85.3%, 64.7%, 

and 39.2% at reduced temperatures, respectively, wherein a decrease was found for the 

contribution of HOM molecules from 9.2% to 0.1%. This indicates β-caryophyllene derived HOM 

formation is positively monotonically temperature dependent, which is similar to α-pinene system 

(Bianchi et al., 2019). 

Two different dimeric patterns were observed at varying temperatures. A dimeric pattern for 

low temperatures (213-243 K) was represented by C28-30H42-48O5-8 (LT-group), while the other 

pattern for high temperature (273-313K) consisted mainly of C28-30H36-44O9-11 (HT-group). The 

contribution of LT-group was negatively temperature dependent, with 53.7% and 32.8% at 213K 

and 243K, respectively. On contrast, the HT-group had slightly positive temperature dependence, 

accounting for 13.8% to 27.6% from 273K to 313K (Figure 28), indicating the dimer formation 

(HT-group) was favoured with increasing temperatures. Furthermore, the contribution of major 

products in both gas and particle phases are presented in Figure S12. The signal fractions of 

C15H26O4 and C15H24O3 (likely β-caryophyllonic acid) were higher at lower temperature (213-

243K), while C14H22O4 was measured at all temperatures with a low contribution of 0.05% to the 

SOA. C15H24O4 (likely β-hydroxycaryophyllonic acid) existed at all temperatures but with the 

highest contribution at 273K. The two most abundant HOM molecules, C14H22O6 (likely hydrated 

β-oxocaryophyllonic acid) and C14H22O7 (not yet identified) were also observed at all temperatures 

but their signal fractions were significantly positively temperature dependent, accounting for 0.08% 

to 2.3% and 0.01% to 3.6% from 213K to 313K, respectively. 
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4.2.5 SOA volatility 

The average oxidation state of carbon (OS𝐶𝐶) is an ideal metric for the degree of oxidation of 

organic species and serves as a key index to describe the chemical complexity of organic aerosols 

(Kroll et al., 2011). This quantity increases with the overall degree of oxidation. Since the SOA in 

this part of my study was formed in the absence of NOx and nitrate radicals, only C, H, and O 

atoms were relevant, and the OS𝐶𝐶 was calculated as OSC = 2 ×  O: C –  H: C (Kroll et al., 2011), 

with O:C and H:C being the ratio of oxygen and hydrogen to carbon. 

To have an overview of the SOA bulk composition at all temperatures and facilitate the 

comparison with other studies, the bulk O:C, H:C, and OS𝐶𝐶 are summarized in Table 8. The bulk 

O:C increased from 0.21 to 0.45 with enhanced temperatures from 213K to 313K, indicating the 

higher degree of oxidation of SOA particles formed at increased temperatures. Besides, the bulk 

OS𝐶𝐶 at 213K to 273K was below -1, and distributed in the period between the slope of -2 to -1 in 

the Van-Krevelen diagram, suggesting the oxygenation of the functional groups in these SOA 

particles were between ketone/aldehyde and carboxylic acids. Comparably, the particles formed at 

298K and 313K were with OS𝐶𝐶 higher than -1, indicating their functionalities were more oxidized 

than the carboxylic acids. This can be supported by the molecular chemical composition of the 

particle phase, where the monomers (carbon atoms ≤15) were detected with higher oxygen content 

at 298-313K, and as lower oxidized species between 213-273K, shown in Figure 30 (a). Dimers 

(15 < carbon atoms ≤30) were only abundant at 213-243K. 

Table 8. Compilation of experimental conditions, O:C ratios, H:C ratios, 𝑂𝑂𝑂𝑂𝐶𝐶, and the Tmax of total thermograms. 

Exp
.No. 

T 
[K] 

BCP conc. 
[ppb] 

O3 initial conc. 
[ppb] 

SOA 
particle type O:C H:C OS𝐶𝐶 

Tmax of total 
thermogram 

[°C] 
1 213 - 320 SOA213K 0.21 1.64 -1.22 101 
2 243 1.55 317 SOA243K 0.25 1.67 -1.17 99 
3 273 9.09 73 SOA273K 0.29 1.70 -1.12 69 
4 298 8.02 325 SOA298K 0.42 1.71 -0.87 88 
5 313 10.34 290 SOA313K 0.45 1.66 -0.76 96 
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Figure 29. Bulk into Van-Krevelen diagram over the SOA generation period at all temperatures. Symbols are coloured 
by temperature and sized by the time from the first O3 addition. The carbon oxidation states (𝑂𝑂𝑂𝑂𝐶𝐶) are shown with 
grey dotted lines. (𝑂𝑂𝑂𝑂𝐶𝐶= 2 O:C – H:C). 

 
Figure 30. Mass spectra (left) and total thermogram (right) of SOA (up to bottom) at 213K, 243K, 273K, 298K, and 
313K.In the left panel, compounds with different carbon numbers were colored. Monomers with 14-15 carbons were 
in positive stick, and dimers with 29-30 carbon atoms were in negative sticks. 
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In the Figure 30(b), the total thermograms of all detected molecules differed in their shapes 

and Tmax for all SOA particles formed at varying temperatures. The Tmax first decreased and then 

increased when the formation temperature reduced from 313K to 213K, as shown in Table 8. The 

multi-modal thermograms of SOA213K and SOA243K, and the broad thermogram shapes of SOA273K, 

SOA298K, and SOA313K emphasize the complexity of the composition of β-caryophyllene SOA as 

a function of formation temperatures. This complexity made the determination of the particle 

volatility challenging, i.e., the Tmax value of each total thermogram was not necessarily 

representative of the overall particle volatility. Hence PMF analysis was used to resolve the sum 

thermograms into multiple groups of compounds based on their desorption behaviour. 

 
Figure 31. A 12-factor PMF solution for β-caryophyllene SOA particles at five temperatures. (a) sum thermograms 
(grey lines and points) and the factor thermograms for each sample; (b) the averaged chemical composition of each 
factor, with the averaged carbon oxidation state (𝑂𝑂𝑂𝑂𝐶𝐶) corresponding to the averaged carbon number. Colors are the 
same in all panels and indicate the individual factors in (a) and (b). 

A 12-factor PMF solution was chosen as the optimal solution to explain the desorption 

behaviour of the data set with the particle samples at five formation temperatures (Figure 31), the 

solution residual and the evaluation of different solutions are shown in Figure S13 and Figure 32, 

respectively. The contribution of each factor to the total thermogram of each SOA type is shown 

in Figure 33. The signal-weighted mean molecular composition, O:C, and OS𝐶𝐶 are summarized in   
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Table 9. One background factor was identified (BG1) which covered the remaining instrument 

background which is not captured by the chamber blank measurement. The factor composition 

differs between the experiments and could be divided into three groups: cold case factors 

(occurring at 213K, 243K), intermediate temperature factors (occurring at 243K, 273K, and 298K), 

and warm case factors (occurring at 298K, 313K). The cold case factors are dominated by 

monomers (C1, C2), dimers (C3, C4, C5), and thermal decomposition compounds from oligomers 

(C6) based on their thermal desorption behaviour and factor mass spectra (i.e., the presence of C>15 

compounds). The three warm case factors were classified in the same way as mainly monomers 

(W1, W2) and dimers and/or oligomers with some thermal decomposition products (W3). The 

difference in factor composition between the warm and cold cases indicates the diversity of the 

chemical pathways and condensing process involved in the SOA formation process in the different 

temperature regimes.  

 
Figure 32. Residual, relative residual, and Q/Qexp change for all samples (SOA formed at 213K, 243K, 273K, 298K, 
and 313K) when varying the number of factors and fpeak values. 
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Table 9. Summary on the molecule formula, O:C and 𝑂𝑂𝑂𝑂𝐶𝐶 of 12 PMF factors. 

 Factor 
number 

Molecule 
formula 

MW  
(g mol-1) O:C OSC 

Tmax 

 (°C) 

cold 

C1 C14.2 H24.0 O4.5 266 0.35 -0.99 60 
C2 C14.9 H25.0 O5.6 293 0.41 -0.85 85 
C3 C24.7 H39.4 O6.1 433 0.30 -1.00 105 
C4 C27.3 H43.6 O5.4 458 0.22 -1.16 95 
C5 C24.8 H39.4 O7.0 449 0.34 -0.93 120 
C6 C28.4 H44.9 O6.5 490 0.26 -1.08 145 

warm 
W1 C13.8 H21.4 O5.8 280 0.45 -0.66 85 
W2 C15.0 H22.6 O6.8 311 0.49 -0.53 100 
W3 C22.9 H34.0 O7.8 434 0.38 -0.74 135 

intermediate 
I1 C13.5 H22.1 O5.1 266 0.43 -0.80 70 
I2 C19.8 H31.0 O6.1 366 0.34 -0.9 125 

background BG1 C14.3 H21.7 O5.3 278 0.46 -0.61 N/A 
 

The two SOA samples in the cold case are resolved by a similar factor pattern, indicating 

similar SOA formation processes at 213K and 243K. Factor C1 (factor Tmax of 60 °C) and C2 

(factor Tmax of 85 °C) are dominated by C15H26O4 and C15H26O5, respectively, which are the most 

abundant monomers except for C15H24O3 and C15H24O4 (discussed in section 3.4) in the cold case. 

C4 is dominated by the dimer C30H48O5. As another dimer factor for the cold case, C3 has larger 

contributions of dimers with higher oxidation states (signal weighted averaged OS𝐶𝐶 of -1.0) and 

correspondingly has lower volatility as indicated by the higher factor Tmax (105 °C) than C4 (OS𝐶𝐶 

= -1.2, factor Tmax = 95 °C). The Tmax of the dimer factors is higher than the monomer factors as 

expected due to the longer carbon chain and much higher molecular weight despite their lower 

mean factor OS𝐶𝐶. In the higher Tmax period, C5 (Tmax = 120 °C) shows contributions of both 

dimeric and apparently monomeric compounds. These apparent monomers could be either thermal 

decomposition products from larger oligomers (e.g., trimers), or the less volatile dimers due to 

their similar averaged carbon and hydrogen number with the dimer factor C3 (C24.7H39.4O6.1), but 

with higher oxygen number. C6 has the highest Tmax (145 °C) among all cold factors, comprising 

of apparently monomeric, dimeric, and trimeric compounds, and is more likely a representation of 

the mixture of thermal decomposition compounds from large oligomers.  
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Figure 33. Factor contribution to β-caryophyllene SOA at five temperatures. The total detected deposited signals are 
(3.0 ± 0.9) × 104 counts s-1 for the five samples. 

Different from the cold case, the two SOA samples in the warm case are resolved completely 

by a totally disparate factor pattern with two monomeric factors (W1, W2) and a dimeric factor 

(W3). The chemical composition shows that W2 mainly consists of HOM molecules, with a signal-

weighted average elemental composition of C15.0 H22.6 O6.8, the highest observed OS𝐶𝐶 and O:C ratio 

(-0.53 and 0.49) among all factors, and the highest monomer factor Tmax (100 °C). Thus, W2 is 

categorized as the least volatile monomer factor. In parallel, as the other monomer factor at the 

warm case, W1 has the second-highest OS𝐶𝐶  and O:C ratio (-0.66 and 0.45) among all sample 

factors. Although some molecules with the same formulas can contribute to both W1 and W2, e.g., 

C14H22O6-7, the PMF analysis identifies those molecules to be isomers with different structures due 

to a large Tmax difference of 25 °C between W1 and W2. It signifies that those isomeric monomers 

belong to different volatility ranges. In addition, the only dimer factor in the warm case, W3, has 

a high Tmax of 135 °C and is actually a mix of dimers and again either extremely low-volatile 

monomers or thermal decomposition products from oligomers.  

In addition, I1 and I2 are labelled as the intermediate temperature factors, consisting of the 

monomers and/or with small amount of dimers, and differ 50 °C in Tmax to each other. More than 

60% of signals at SOA273K are resolved by I1 and I2, suggesting the intermediate factors contribute 

mostly to the SOA formation temperature at about 273K. 

C15H24O3I- was the most abundant ion detected by FIGAERO-CIMS for low- and 

intermediate temperature experiments. The ion thermograms are depicted in Figure 34. The 

thermogram PMF analysis was unable to reconstruct the desorption behaviour of this ion even 
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with 15 factors. This may be caused by the rather unique thermal desorption behaviour of this ion 

and its distinct changes between experiments. Two trends are visible: The contribution of 

C15H24O3I- in both the particle and the gas phase decrease with increasing formation temperature 

(see Supporting Information) and the shape of the thermograms change significantly. 

For the higher formation temperatures, the fitted main part of the thermogram is in the SVOC 

or upper LVOC range, and their partition into the particle phase is expected to be affected by the 

increasing formation temperature. However, the overall concentration of C15H24O3 in the gas phase 

also decreases with increasing formation temperatures (Supporting Information), which suggests 

that the lower particle phase concentration of C15H24O3 results mainly from the decrease of the 

formation pathway of C15H24O3. It is also possible that C15H24O3 is still formed at higher 

temperature but is then consumed by consecutive reactions. 

Careful inspection of the ion thermograms shows that for each experiment at least two peaks 

are clearly visible in the ion thermogram and that the Tmax of these two peaks varies between 

experiments. From the comparison of the thermograms of all experiments we derived, that most 

likely up to six compounds (isomers and/or decomposition products) contribute to the signal with 

this elemental composition. Hence, a set of six Gaussian peaks with manually chosen peak 

positions was used to fit the thermograms of C15H24O3I- in all SOA samples (Figure 34). Not all 

thermograms are composed of six modes, for example, for SOA213K, compound 2 (Tmax = 61 °C) 

was set to zero by the fitting algorithm and does not contribute to the fitted total thermogram. It 

indicates that the real compound represented by compound 2 does not exist in SOA213K. We 

acknowledge that the Tmax values chosen for these 6 compounds will impact the fitting result. 

However, comparing multiple solutions with different Tmax values showed that the overall 

interpretation presented below was not affected.  
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Figure 34. Fixed-peak gaussian fit for C15H24O3I- at the temperature (from top to bottom) of 213K, 243K, 273K, and 
298K. Grey circles refer to the measured data from FIGAERO-CIMS, while the black solid lines are the fitted total 
thermogram. Other colored solid lines show the individual fitted gaussian peaks. 

For this molecule, compounds fitted with Tmax below 100 °C are assumed to be monomers 

since 100 °C is roughly the threshold temperature where thermal decomposition may start to be 

relevant for carboxylic acid systems based on their estimated enthalpy of sublimation (ΔHsub)(Salo 

et al., 2010). In this monomer range, at least two compounds contribute significantly to the total 

thermogram (compound 1 (Tmax = 45 °C), compound 2 (Tmax = 60 °C), and compound 3 (Tmax = 

82 °C) in SOA213K and SOA243K). The observed change in the ratio between these three compounds 

cannot be explained with a shift towards lower volatility compounds with increasing formation 

temperature. Therefore, it can be concluded that the formation pathway of the dominating isomer 

behind C15H24O3 changes at varying SOA formation temperatures. 

In a previous study, two isomeric compounds (β-hydroxycaryophyllon aldehyde and β-

caryophyllonic acid) were identified for this sum formula as early-stage oxidation products from 

β-caryophyllene ozonolysis(Jaoui et al., 2003b; Winterhalter et al., 2009b; Li et al., 2011b; Chan 

et al., 2011b). While it is not clear if these two compounds were indeed detected in our study, we 

can us these known molecular structures as examples for the types of compounds that may be 

produced in our study. As the molecular structure is known for these two compounds, the expected 

saturation vapor pressure can be calculated with a group contribution method(Moller et al., 2008; 



4 Results and Discussion 

81 
 

Nannoolal et al., 2004). Saturation vapor pressure of 1.4×10-4 Pa for the aldehyde and 3.8×10-5 Pa 

for the acid were estimatedI.e., the 𝐶𝐶298𝐾𝐾∗  of these two isomers are over one order of magnitude 

different which shows that isomeric compounds can have distinctly different volatility and thus 

occur at different Tmax values in the thermogram.  

In the higher desorption temperature period, a mode is dominating (compound 5 (Tmax = 

144 °C) especially for SOA213K, while it contributes less to the SOA formed at high temperatures, 

i.e. >273K. Considering its high Tmax, it is more likely a decomposition product of thermally 

unstable larger molecular weight compounds, e.g. dimers, or other oligomers. This suggests that 

the formation of dimer/oligomers which can be thermally fragmented to be C15H24O3 is favored at 

lower SOA formation temperatures. Thermal decomposition has been found to be a significant 

contributor to the total ion signal in monoterpene SOA(Docherty et al., 2005; Stark et al., 2017), 

and here we suggest it is also important in β-caryophyllene SOA. By the calibrated correlation 

between the saturation vapor pressure and Tmax, we estimate the log10𝐶𝐶298𝐾𝐾∗  for these six 

compounds as 3.3, -3.9, -4.8, -5.9, -7.2, and -8.8 µg m-3 in order of compound number. Thus, the 

C15H24O3 isomers span the ULVOC range at 213-243K, and the ELVOC range at 273K, while the 

potential decomposed oligomers are all in the ULVOC range at all SOA formation temperatures, 

revealing a high condensing potential for β-caryophyllene oxidation products to contributing to 

the particle formation.  

The conversion of volatility bins is apparent with the temperature change as shown in Figure 

35 (a) and (b). Using the PMF factor method (Figure 35 (b)), for SOA298K and SOA313K, all factors 

including the HOM factor (W1), fall in the LVOC and ELVOC range (based on C*T), with 𝐶𝐶298𝐾𝐾∗  

of most compounds being below 10-4 µg m-3. For the cold case (213-243K), the volatility class 

shifts to the ULVOC range (based on C*T) for both monomer and dimer factors. It indicates that 

the particles formed at colder temperatures are less volatile and less oxygenated than at warmer 

temperatures which agrees with the HR-AMS measurement in Table 8 and Figure 29. The 

oxidation state of the monomers in SOA213K and SOA243K is significantly lower than the those 

detected in SOA298K and SOA313K, and hence the monomer factors (C1, C2) have higher 

log10𝐶𝐶298𝐾𝐾∗  than the HOM factor (W1) as expected. But due to the significantly lower ambient 

temperatures which control the effective volatility more than the differences in chemical 
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composition., C1 and C2 in SOA213K and SOA243K are still less volatile than W1 in SOA298K and 

SOA313K. 

 
Figure 35. One-dimension volatility basis set (1D-VBS) in basis of formula method (a), and volatility calibration(b) 
for SOA formed at temperatures (from top to bottom) of 213K, 243K, 273K, 298K, and 313K. (b): purple wide bars 
are 1D-VBS from the Tmax method on basis of the molecular volatility calibration, and narrow bars are from 
thermogram PMF method. The colored boxes along the x-axis in (a) and (b) indicate the volatility classes: ULVOC, 
ELVOC, LVOC, SVOC, IVOC, and VOC. These boundaries of the volatility classes defined at 298K and are shifted 
to the reaction temperatures using the Clausius-Clapeyron relation. The detailed calculations are presented in the 
Appendix1.  

For comparison, the molecular volatility distribution on basis of the formula method(Li et al., 

2016; Donahue et al., 2011) (Figure 35 (a)) and the Tmax method (pink shadow in Figure 35 (b)) 

are presented as well. From the formula method, for SOA298K and SOA313K, compounds span a 

wide volatility period between ELVOC and IVOC range, with -10 < log10𝐶𝐶298𝐾𝐾∗  < 6, with mainly 

monomers falling in the bins in SVOC and IVOC ranges. This range extends to much higher 

volatilities than the volatility bins estimated from thermogram PMF factors (-8 < log10𝐶𝐶298𝐾𝐾∗  < -

4). On the contrary, the two relevant volatility groups are in the SOA243K and SOA213K, with 

monomeric contribution mainly in LVOC and/or ELVOC classes, and dimeric contribution in the 

ULVOC class, which describes quantitatively higher volatilities of monomers and similar 

volatilities of dimers compared to the estimation from the thermogram PMF method. The 

molecular volatility calibration method is more similar to the thermogram PMF method. However, 

the thermal decomposed compounds which have a relatively shorter carbon backbone and higher 

molecular Tmax, i.e., compounds in factor C6 (Figure 35 (b)) bias the derived volatility leading to 

an overestimation of the molecular volatility when using the Tmax method. 
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Given the above, the lower overall volatility of β-caryophyllene SOA is observed using the 

thermogram PMF method compared to the estimation from the formula method and Tmax method 

over a wide SOA formation temperature range of 213K-313K. This discrepancy highlights not 

only again the effect of chemical environments on the volatility distributions (e.g., activity 

coefficient changes) (Stark et al., 2017) in complex chemical mixtures, i.e., SOA particles, but also 

the impact of compounds thermally decomposed from larger oligomers, especially for mixtures 

arising from compounds with long carbon chains and containing a large fraction thermally unstable 

of oligomers.  

Both, the PMF analysis with most ion thermograms showing contributions of multiple factors 

and the analysis of the single ion in section 3.3, show that the single ion thermogram may be 

formed by multiple isomers and products of thermal decomposition with a range of volatilities 

spanning multiple orders of magnitude in C*. Selecting a single Tmax value to represent the 

volatility of this group of compounds can work well if the group is dominated by one or a few 

compounds with similar volatility and the tailing/fronting of the thermogram is not too pronounced. 

This volatility estimation method will capture changes of the dominant compound which 

determines the Tmax position, e.g., depending on the SOA formation conditions. But it does not 

take other changes in the ratio between the isomers/decomposition product into account and may 

thus overestimate the volatility of the sample. 

With varying SOA formation temperature, factors showed different responses, as shown in 

Figure 33 (b). We grouped the factors according to the behaviour of their signal contribution with 

increasing formation temperature. ‘Decreasing factors’ (C4, C6) showed lower contributions with 

increasing formation temperature. ‘Increasing factors’ (W2, W3) increased their contribution with 

formation temperature. ‘Peak factors’ (C1, C2, W1, I1, I2) exhibited first increasing and then 

decreasing contributions. ‘Trapezoid factors’ (C3, C5) did not change their contribution between 

the two lowest formation temperatures, but at higher formation temperatures their contribution 

decreased.  

How much a factor contributes to the measured particle phase composition depends on how 

much of the compounds grouped into this factor are produced in each experiment in relation to the 

other reaction products. The importance of individual chemical reaction pathways is temperature 

dependent. For example, the degree of autooxidation increases with temperature (Bianchi et al., 
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2019)while dimer formation generally decreases with higher temperatures. Changes in the 

contribution of factors can also be cause by the temperature dependent partitioning. With higher 

formation temperatures, the 𝐶𝐶𝑇𝑇∗  values of the factors increase, and the gas-to-particle phase 

partitioning will adjust accordingly. For example, the compounds grouped into a factor may 

become too volatile to stay in the particle phase. Thus, the contribution of this factor will decrease 

with increasing formation temperature. Note that an increase in 𝐶𝐶𝑇𝑇∗ will only be relevant if this 

leads to a shift into the upper LVOC or SVOC range. For the experimental conditions, the ELVOC 

and ULVOC category can be considered to be non-volatile and such compounds will partition 

almost completely into the particle phase. 

The decreasing factors only exist at 213-243K where all compounds are estimated to be in the 

ULVOC range. Thus, they will not change their gas-to-particle partitioning and only be affected 

by the formation chemistry. The formation of the compounds grouped into the decreasing factors 

seem to be favoured by lower temperatures (i.e. 213K). The major compound in C4, C30H48O5, has 

a larger signal contribution in the gas phase at 243K than at 213K. With the same reasoning, 

trapezoid factors also seem to be mostly governed by the formation chemistry but with a higher 

optimal temperature (i.e., between 213K and 243K). Since the peak factors occur over the whole 

formation temperature range, both mechanisms (temperature dependent gas-to-particle 

partitioning and temperature dependent chemistry) need to be considered. As the partitioning 

process is expected to have a minor impact on the factors in the ULVOC range, C1, C2 and I2 are 

mainly controlled by the formation chemistry with an optimal temperature of 243K. W1 falls into 

the ELVOC (at 273-298K) and SVOC range (at 313K) thus the partitioning to the particle phase 

will be reduced at the highest formation temperature. This counteracts the expected increase of 

production of compounds grouped into W1 (i.e., HOM molecules) leading to a peak of the 

contribution at 298K..The other factors relevant in the warm cases all have a lower volatility 

(ELVOC to LVOC range at all formation temperatures). They are increasing factors as the increase 

in production with increasing temperature is not affected by changes in partitioning. 

4.2.6 Summary 

In this chapter, different types of SOA were performed to investigate the yields, kinetics, 

chemical composition, and volatility of particles from β-caryophyllene oxidation. The rate 

coefficient of β-caryophyllene reacting with O3 was determined between 243 and 313K, showing 
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decreasing values with increasing temperatures. Its reaction enthalpy of (5.6±1.0) KJ mol-1 and 

OH radical yields increasing from (5±2) % at 243K to (15±2) % at 313K were determined.  

The variation of the ozonolysis temperatures revealed substantial impact on the abundance of 

individual organic molecules. In the first generated SOA, monomers (mainly C14-15H22-24O3-7) and 

dimers (mainly C28-30H44-48O5-9) were abundant, wherein minor signals of trimers (mainly C41-

44H62-66O9-11) were mainly detected at 213K. Potential dimer and trimer formation pathways are 

proposed. With temperature increasing to 313K, monomers and dimers (C14-15H22-24O6-9 and C27-

29H42-44O9-11, respectively) became more oxidized, and no significant trimeric signals were 

detected.  

In addition, a counterbalancing effects of oxidation product formation chemistry and the 

temperature was observed. The particle measurements found a counter-intuitive behaviour of the 

Tmax of the sum thermograms from FIGAERO-CIMS, which indicates the particle volatility 

increased first and then decreased with the ambient temperatures from 213K to 313K. I used PMF 

to deconvolute thermograms and distinguish the isomers and thermal decomposition compounds 

in figuring out the temperature dependence on SOA particle formation and volatility from β-

caryophyllene ozonolysis.  

Three volatility estimation methods were applied to determine the volatility of β-

caryophyllene SOA particle formed at 213-313K. All detected species formed at 213K-243K are 

in the ULVOC range, and compounds formed at 298K-313K were more volatile to span ELVOC 

and SVOC bins. As more HOM compounds that were in larger oxygenation were formed at higher 

temperatures, the volatilities of those particles on one hand decreased with the higher contribution 

of HOM molecules, and on the other hand increased with the higher ambient temperatures. As a 

result, HOM monomers were in the SVOC range at 313K, and can evaporate to the gas phase via 

the partitioning process. Hence, compounds remaining in the particles were contributed more from 

dimers with lower volatilities. 

4.3 SOA from β-caryophyllene ozonolysis in the presence of NOx 

After the SOA formation from β-caryophyllene ozonolysis additional SOA was formed in 

presence of NO2, N2O5, and NO3 radicals, mainly condensing on the pre-existing particles but 

partially also forming new particles, shown as the time period between 118-220 min in Figure 22. 
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In this section, I will present the molecular composition (4.3.1), and SOA volatility (4.3.2) of the 

SOA formed in the presence of NOx. Please note that part of section 4.3.1 is reprinted with 

permission from the journal of Atmospheric Chemistry and Physics corresponding to my 

publication: Gao, L., Song, J., Mohr, C., Huang, W., Vallon, M., Jiang, F., Leisner, T., and Saathoff, 

H.: Kinetics, SOA yields, and chemical composition of secondary organic aerosol from β-

caryophyllene ozonolysis with and without nitrogen oxides between 213 and 313 K, Atmos. Chem. 

Phys., 22, 6001–6020, https://doi.org/10.5194/acp-22-6001-2022, 2022. 

The particle mass formed in the presence of NO3 corresponded to 49%, 34%, 49%, 65%, and 

63% to the total particle mass at 213K-313K, respectively. As β-caryophyllene could also be 

oxidized by NO3 radicals, organonitrates (org-Ns) were formed as the major products (Kiendler-

Scharr et al., 2016; Wu et al., 2021). I used a kinetic box model to estimate the concentration of 

NO3 radicals before the final addition of β-caryophyllene, as shown in Figure S10, Figure S12, 

and Table 7. Besides, the maximum contribution of NO3 radicals to the β-caryophyllene oxidation 

was estimated to be 72%, 90%, and 84% for 313K, 298K, and 273K based on the concentration of 

O3 and NO3 radicals and reaction rates. 

4.3.1 Molecular composition 

The averaged mass spectra for gas phase at all temperatures are presented in Figure 36, 

illustrating the corresponding chemical composition with a stable SOA concentration after the last 

addition of β-caryophyllene, e.g., time period after 160 minutes in Figure 22. Orgnonitrates (org-

Ns) in the gas phase had decreasing signal fractions of 48.9%, 46.5%, 38.3%, 26.0% and 20.7% 

from 313K to 213K, respectively. Org-Ns comprised mainly three carbon groups, C5H7O6N, 

C10H15O5-7N and C15H23,25O6-8N. Figure 36 shows the time series of gas-phase signals of C5H7O6N, 

C10H15O6N, and C15H25O7N. It was seen that C5H7O6N and C10H15O6N was formed immediately 

after the NO2 addition, suggesting their formation was corresponded to products derived from β-

caryophyllene ozonolysis and NO3 radicals. On contrast, C15H25O7N was formed only after the 

addition of β-caryophyllene, indicating that it was a product of β-caryophyllene reacting with NO3 

radicals. 
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Figure 36. CIMS gas phase mass spectra for all temperatures in the presence of NO2 (a). These spectra correspond to 
the same time as the particle phase spectra shown in Figure 38. Colours refer to compounds without nitrogen atoms 
(black) and compounds with one nitrogen atom (blue). The I- (m/z =126.9) was subtracted and here the mass/charge 
refers to the weight of the molecules. The panel (b) shows the FIGAERO-CIMS measurement for the signal change 
of three typical organonitrate molecules for C5 (C5H7O6N, red line), C10 (C10H15O6N, blue line) and C15 (C15H25O7N, 
black line) corresponding to the evolution starting after NO2 addition at 298K. 

Chemical composition for the particle phase from β-caryophyllene ozonolysis in the presence 

of NO2 at 213K and 313K is showed in Figure 37. At 213K, the particle was dominated by the no 

nitrogen-containing organic compounds (org), with signal fraction of 97.1%. Its mass spectrum 

was similar to the particle without presence of NO3, consisting of monomers (41.2%), dimers 

(48.2%), and trimers (7.4%), with the most abundant molecules of C15H24O3, C30H48O5 and 

C44H68O9, respectively. Besides, org-Ns only accounted for 2.8% to the particle at 213K measured 

by FIGAERO-CIMS, and 8% detected by HR-AMS (Figure S15), with C15H25O7N as the major 

org-N molecule. 

On contrast, at 313K, the chemical composition was substantially different with that at 213K. 

Around 48.9% signals were explained by org-Ns. Monomeric org-Ns composed of C15H23,25O6-

10N, accounting for 35.5% to total signals. This is agreed with the organonitrates of C15H23-25O7-

9N reported by Wu et al. (2021). Besides, 51.1% total signals were explained by org species, 

consisting for 28.3% monomeric orgs (C13-15H20-24O4-8), 16.6% of dimeric orgs (C20H22-24O7-9) and 

6.3% of trimeric orgs (C35H48O10-13).   
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Figure 37. CIMS mass spectra of particle phase compounds obtained from ozonolysis of β-caryophyllene in 
presence of nitrogen oxides at 213K (upper panel) and 313K (lower panel). Colours refer to compounds without 
nitrogen atoms (red) and compounds with one nitrogen atom (blue). 

Figure 38 shows the mass spectra and the assignment of molecules for particle phases formed 

at all temperatures. For 298K and 313K, C15H24O4 exhibited with the highest signal fraction among 

all orgs while C14H22O7 was not the most abundant product. This is attributed to the addition 

formation of pure MLOCs after the addition of NO2, being confirmed by the comparison of the 

signal intensities of C15H24O4 and C14H22O7 before and after the addition of last β-caryophyllene 

(Figure S16).  

Furthermore, I observed dimeric molecules with skeletons containing 20 carbon atoms, such 

as C20H24O7-8, as shown in the insertion of Figure 37, and trimeric components with skeletons 

containing 35 carbon atoms, such as C35H48O12, as presented in Figure 37 and Figure 38. Those 

C20 and C35 species were newly formed after the presence of NO3 radicals, observed only in the 

particles formed at temperatures above 273K. However, the oxidation products of β-caryophyllene 

ozonolysis reacting with NO2 and NO3 radicals cannot be excluded as the source of the formation 

of C20 and C35 species. On contrast, no substantial changes were observed on the chemical 

composition of pure organic molecules formed at 213-243K, compared with that from β-

caryophyllene ozonolysis without NO3 present Figure 27. This could be resulted from the lower 
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concentrations of NO3 radicals at lower temperatures. The potential lower activity of the reaction 

pathway involving NO3 radicals may also play a role. 

 
Figure 38. CIMS mass spectra for particle phase compounds for all five temperatures (213 – 313 K). Colors refer to 
CxHyOzN0 (brown) and CxHyOzN1 (blue) compounds. The table lists the average O:C ratios for each temperature. 

 
Figure 39. Product groups (monomeric org, dimeric org, trimeric org, monomeric org-Ns, dimeric org-Ns, and trimeric 
org-Ns) contributing to SOA from ozonolysis of β-caryophyllene in presence of nitrogen oxides at temperatures 
between 213 – 313 K.  
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In addition, with temperature increasing, the signal fraction of organonitrates was higher, 

accounting from 2.8% to 51.5% from 213K to 298K, and 48.9% for 313K, dominated by 

C15H23,25O6-10N1. The monomeric org-Ns contributed from 1.7% to 40.1% from 213K to 298K, 

and 35.5% at 313K (Figure 39), with an obvious shift of the most abundant org-N from C15H25O7N1 

at 243-273K to C15H23O9N1 at 298-313K. A monotonic increase in the signal-weighted mean O:C 

ratio of org-Ns from 0.41 to 0.51 from 213K to 298K, and 0.50 at 313K was observed. I assume 

that the positive temperature dependence on the formation and oxygenation of org-Ns may also be 

corresponding to the highest temperature (313K). The decrease of signal fraction of org-Ns could 

be explained by that the oxidation products at 313K was too oxygenated (e.g., O:C ratio > 0.51) 

to be detected by FIGAERO-CIMS. This is supported by the measurement from HR-TOF-AMS 

that the mass fraction of organonitrates had a monotonic increase from 8% to 61% from 213K to 

313K (Figure S15). Furthermore, thermal instability of some org-N species, such as peroxy nitrates 

(Francisco and Krylowski, 2005; Lee et al., 2016), resulting in thermally fragments (e.g., 

C5H7O6N1), could also result in the weaker increase of total org-Ns at 313K. Major products in 

both gas and particle phases are presented in Figure S17. Compared with the SOA formed with 

NO2 absence, the signal fraction of C15H24O3-4 in the SOA decreased in the SOA formed in the 

presence of NO2. C30H48O5 had higher signal intensity at 213-243K. On contrast, C35H48O12 

contributed more at higher temperatures (273K-313K), while C15H25O7N showed the largest signal 

fraction only at 273K. 

4.3.2 SOA volatility 

To compare with the SOA formed from β-caryophyllene ozonolysis (already discussed in 

section 4.2), a 11-factor PMF solution was conducted to resolve the total thermograms of all no-

nitrogen-containing products that were generated in the presence of NOx at five temperatures. 

Figure 40 shows the total thermograms from the measurement, the resolved thermograms of 

individual factors, and the averaged chemical composition of factors by showing the molecular 

OSC corresponding to the numbers of carbon. For the SOA particles formed at cold temperatures 

(213K and 243K, hereafter ‘cold case’), six factors were retrieved to consist of ~95% signals of 

the measured thermograms (Figure S18). The evaluation of different solutions is presented in 

Figure 41. Comparing Figure 40 with Figure 31 and Table 9 with Table 10, the O:C, OSC, chemical 

composition, and Tmax of the six cold factors in both groups of SOA particles at the cold cases kept 

similar. As no additional factors for the particles at the cold case were generated, the volatility of 
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the no-nitrogen-containing components corresponding to the six cold factors were indicated to be 

similar to that of the particles from β-caryophyllene oxidation without NOx (discussed in section 

4.2.2).  

Besides, there were two warm factors abundantly contributed to the particles formed only at 

high temperatures (298K and 313K, hereafter ‘warm case’). Shown in Figure 40, W1 comprised 

abundantly C14 and C20 molecules, while W2 consisted of a wide range of compounds of C3 and 

C10-C40. As presented in Figure 37 and Figure 38, the newly formed C20 and C35 no-nitrogen-

containing components were classified in the two warm factors, with Tmax of 95 and 145 °C, as 

shown in Table 10, respectively.  

 
Figure 40. A 11-factor PMF solution for all no-N-containing organics in the β-caryophyllene SOA particles at five 
temperatures. (a) the measured total thermograms of all no-N-containing organics (grey point), the fitted total 
thermograms (purple line), and the factor thermograms for each sample; (b) the averaged chemical composition of 
each factor, with the averaged carbon oxidation state (OSC) corresponding to the averaged carbon number. Colors are 
the same in all panels and indicate the individual factors in (a) and (b). 
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Table 10. List of 11 PMF factors and their properties like atomic composition, MW, O:C ratio, OSC, and peak 
desorption temperature. 

 
Factor 
number 

Molecule 
formula 

MW  
(g mol-1) O:C OSC Tmax (°C) 

Cold 

C1 C14.3H24.1O4.6 266 0.35 -0.99 60 
C2 C14.8H24.8O5.5 293 0.40 -0.87 80 
C3 C25.7H41.3O5.3 433 0.25 -1.11 95 
C4 C25.5H40.6O6.3 458 0.30 -1.00 110 
C5 C22.2H35.6O6.3 449 0.30 -0.97 120 
C6 C26.5H41.8O6.4 490 0.29 -1.02 145 

Warm 
W1 C14.9H22.4O6.5 280 0.46 -0.59 95 
W2 C21.9H32.3O7.5 311 0.39 -0.70 145 

Intermediate 
I1 C13.6H21.8O5.2 266 0.42 -0.77 80 
I2 C18.6H28.7O6.2 366 0.37 -0.81 130 

Background BG1 C14.0H21.5O5.1 278 0.46 -0.64 N/A 
 

 
Figure 41. Residual, relative residual, and Q/Qexp change for no-nitrogen-containing molecules in all samples (SOA 
formed at 213K, 243K, 273K, 298K, and 313K) when varying the number of factors and fpeak values. 
 



4 Results and Discussion 

93 
 

In addition, it was seen in Figure 42 (a) that the total thermograms of all nitrogen-containing 

molecules were also multimodal, indicating the potential thermal decomposition on organic 

nitrates. The thermogram of all nitrogen-containing products formed at 213K was excluded, as the 

organic nitrates at 213K were not significantly formed. All nitrogen-containing products were 

categorized with eight factors, including four warm factors (W1-W4), three intermediate factors 

(I1-I3), and one background factor (BG) (Figure 42 b). W1 and W2 consisted of mainly C15 

compounds, and they were thus regarded as monomeric factors, with high O:C ratio of 0.54 and 

0.58, and Tmax of 85 and 95 °C , respectively. W3 included C19 compounds followed by C15 species, 

with O:C ratio of 0.5 and Tmax of 115 °C, whereas W4 had the lowest O:C of 0.47 but the highest 

Tmax of 135 °C among all the warm factors. The abundance of W1 and W3 had a monotonic 

correlation with SOA formation temperatures, indicating the formation of the compounds 

corresponding to W1 and W3 was favoured by higher temperatures. However, W2 and W4 had 

peak contribution at 298K. The decrease of W2 and W4 at 313K could result from two reasons. 

On one hand, either the components related to W2 and W4 were formed less at higher temperature 

above 298K, or they were corresponding to other factors at 313K, e.g., factor W1. One the other 

hand, the related compounds may evaporate more at 313K and remain less in the particle phase. 

For the three intermediate factors, I1 and I2 had averaged molecular formula of C14.3H22.8O6.8N1 

and C14.4H22.4O8.0N1, suggesting them to be monomeric factors, whereas I3 consisted of an 

averaged carbon chain of C21.3, with O:C ratio of 0.42. I1 and I3 has negative monotonic correlation 

with the particle formation temperatures, indicating the related compounds were either formed 

more at lower temperature below 273K or evaporated more at higher temperatures. I2 had a peak 

contribution at 273K, indicating the species included in I2 were formed most at 273K. 
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Figure 42. An 8-factor PMF solution for all N-containing organics in the β-caryophyllene SOA particles at five 
temperatures. (a) the measured total thermograms of all no-N-containing organics (grey point), the fitted total 
thermograms (purple line), and the factor thermograms for each sample; (b) the averaged chemical composition of 
each factor, with the averaged carbon oxidation state corresponding to the averaged carbon number. Colors are the 
same in all panels and indicate the individual factors in (a) and (b). 
 
Table 11. List of 8 PMF factors and their properties like atomic composition, MW, O:C ratio, OSC, and peak desorption 

temperature. 

 Factor 
number 

Molecule 
formula 

MW  
(g mol-1) 

O:C OSC Tmax 
(°C) 

Warm 

W1 C14.5H21.6O7.7 319 0.54 -0.41 85 
W2 C15.2H23.2O8.6 343 0.58 -0.36 95 
W3 C17.7H25.4O8.1 367 0.50 -1.46 115 
W4 C21.8H31.3O8.7 432 0.47 -0.51 135 

Intermediate 
I1 C14.3H22.8O6.8 303 0.49 -0.62 70 
I2 C14.4H22.4O8.0 323 0.57 -0.42 85 
I3 C21.3H32.2O8.1 417 0.42 -0.68 120 

Background BG1 C14.4H21.3O6.4 297 0.54 -0.41 N/A 
 

 By converting the calibrated Tmax to the saturation vapor pressures, Figure 43 showed the 

retrieved volatility distributions from either the molecules identified in FIGAERO-CIMS or the 

factors generated in thermogram PMF method. For both no-nitrogen-containing compounds and 

organic nitrates, the volatility bins (C*T) shifted with the SOA formation temperatures. At the cold 

case, all factors fell in ULVOC bins. The volatility bins shifted to be ULVOC and ELVOC at 

273K, and to be ELVOC and LVOC at 298 and 313K. This was consistent with the volatility 

distribution using the Tmax calibration approach. Specifically, more compounds were estimated via 

PMF method to be with saturation concentrations between 10-8 to 10-6 μg m-3 at the same ambient 

temperature of 298K, which were overestimated by the molecular Tmax calibration method. Those 
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compounds were principally either lower volatile isomers or the thermal decomposed components. 

In this work, most of those compounds were at the case of thermal decomposition.  

 
Figure 43. One-dimension volatility basis set (1D-VBS) from the Tmax method and the PMF approach for the no-
nitrogen-containing species(a), and nitrogen-containing components(b) for SOA aged with NOx at temperatures (from 
top to bottom) of 213K, 243K, 273K, 298K, and 313K. 

4.3.3 Summary 

This chapter describes the chemical composition of the SOA from β-caryophyllene oxidation 

in the presence of NOx for both gas and particle phases, and determines the volatility of the pure 

organics and organic nitrates in the β-caryophyllene SOA particles at 213-313K. Higher 

temperature resulted in higher oxygenated β-caryophyllene related organic nitrates. The gas phase 

organic nitrates showed an increasing abundance with increasing temperature from 20.7% to 48.9% 

at 213K to 313K, respectively. These organic nitrates mainly comprise three groups in different 

carbon numbers: C5H7O6N, C10H15O5-7N, and C15H23,25O6-8N. 

In the particle phase, higher signal contribution of organic nitrates was observed at higher 

temperatures. At 313K, organic nitrates consisted of 48.9% signals, substantially higher than that 

formed at 213K (only 2.8%). Most of the organic nitrates were found as monomers with a C15 

skeleton with one nitrate group, assigned as C15H23,25O6-10N, with their signal-weighted O:C ratio 

increasing from 0.41 to 0.51 for temperatures from 213K to 313K. Besides, reduced signal fraction 

of HOM species formed at 298-313K indicated the formation of organic nitrates was favored 

compared with the formation of autoxidation products. In addition, dimeric and trimeric pure 

organic species without nitrogen atoms (C20, C35) were newly formed in the presence of nitrogen 
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oxides at 298-313K, which substantially changed the chemical composition of pure organic 

components and indicates more termination ways might exist. 

In addition, the effective volatility of pure organic products at 213-243K showed similar 

volatility compared to that of the compounds in the SOA particle from the β-caryophyllene 

ozonolysis. At 273-313K, the pure organic products (including newly formed C20 compounds) fell 

in the LVOC and ELVOC ranges. Volatility of organic nitrates increased from ULVOC range at 

243K to ELVOC and LVOC bins. 

4.4 SOA from oxidation of isoprene, α-pinene, and β-caryophyllene 

mixtures 

In this chapter, I will present the comparison of the chemical composition (section 4.4.1) and 

volatility (section 4.4.2) of the SOA particles from mixtures of isoprene and β-caryophyllene 

with/without α-pinene at 294±1 K, with initial O3 at lower (20-40 ppb) and higher (>500 ppb) 

levels, separately. 

4.4.1 Chemical composition  

 
Figure 44. Mass spectra of the particles formed from binary (isoprene + β-caryophyllene) and ternary (isoprene + β-
caryophyllene + α-pinene) system at low O3 levels. The signals are normalized to the most abundant molecule 
(C15H24O4) in each mass spectrum. The legends label the assigned molecular formulas. The insertion shows the mass 
spectra of the high weight mass range between 400 to 580 Th, wherein the green labels refer to the molecules with 
higher intensities in ternary system. 
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To provide the comparison for the chemical context of different systems, Figure 44 shows the 

chemical composition of the particles formed from the oxidation of a mixture of isoprene and β-

caryophyllene in the absence and presence of α-pinene at low initial O3 levels. The particles were 

formed after the initial reaction with 20-36 ppb O3. The mass spectra were normalized to the 

C15H24O4, which was detected to be the strongest signal intensity in both systems. It was seen that 

the oxidation products in the particle phases in both systems were dominated by the molecules 

with 13-15 carbon atoms, with significant signals of C24-30H40-48O5-10 components. In the two-

precursor system, the most abundant signals were C15H24O4 and C14H22O4 which were expected to 

be the early-stage oxidation products from β-caryophyllene which was discussed in the section 4.2. 

This is unsurprising, given the known high reactivity of O3 reaction with β-caryophyllene ((1.2 

±0.4) × 10-14 cm3 molecule-1s-1) compared to that with isoprene (1.28 × 10-17 cm3 molecule-1 s-1) 

(Atkinson et al., 1982; Ren et al., 2017). Hence, the isoprene is expected to be initialled by the 

produced OH radicals. However, two of the representative closed-shell products C5H8O3 

(HPALDs) (Berndt et al., 2019) and C5H8O4 which are sensitive enough to be detected by 

FIGAERO-CIMS, and the C19-20 compounds that are the potential candidates of the interaction 

dimers from two precursors, had week signals in the binary and ternary systems, indicating the 

contribution of isoprene derived components to the particle mass was limited. Considering the rate 

coefficient of OH radicals reacting with isoprene (1×10-10 cm3 molecule-1 s-1) is at the same level 

of that with β-caryophyllene (2×10-10 cm3 molecule-1 s-1), the OH radical yield from the β-

caryophyllene ozonolysis was indicated to be low, constant with the results from section 4.2. 

Additionally, as the oxidation products from β-caryophyllene, the monomers with 14-15 carbon 

atoms produced in the binary system were less oxidized than those from the ozonolysis of sole β-

caryophyllene at 298K. This is potentially due to the low initial O3 level of the binary system, 

leading to less oxidation products terminated via the autoxidation pathway. 

The quantification of all oxidized molecule was nevertheless not accurate due to the lack of 

mass calibration, the detected signal of individual component was still comparable between two 

experiments due to the unchanged sensitivity of FIGAERO-CIMS as expected. As a typical α-

pinene derived oxidation product which was sensitive enough to be detected by our FIGAERO-

CIMS as discussed in the section 4.1, there was a significant enhancement of the relative signal 

intensity of C8H12O4 and C15H24O4 in the ternary system. This suggested the contribution of the 

products from α-pinene cannot be neglected, although the rate constant of O3 reacting with α-
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pinene is 100 times lower than it with β-caryophyllene (Atkinson et al., 1982; Khamaganov and 

Hites, 2001; Stewart et al., 2013). In addition, in the high weight range between 400-480 Th, 

several molecules, such as C23H36O6-7 and C24H38O6-8, had higher intensities in the ternary system 

(Figure 44). This indicated these molecules to be the interacted dimeric products from α-pinene 

and β-caryophyllene. Besides, unlike the highly oxygenated molecules (C14-15H22-24O6-9) found as 

the major monomeric products in the single β-caryophyllene ozonolysis at 298K, the C14-15 

molecules formed in the ternary mixture systems were also lower oxidized with 3-8 oxygen atoms 

owing to the lower O3 level. It is not excluded that the C14-15 products could also be the dimers 

interacted between α-pinene and isoprene derived compounds. 

Attributing of the elemental composition in the high resolution FIGAERO-CIMS analysis, 

Figure 45 (a, b) illustrates the particulate molecular carbon oxidation status corresponding to the 

number of carbons for the binary (isoprene + β-caryophyllene) system and the ternary (isoprene + 

β-caryophyllene + α-pinene) system at low O3 levels. In both systems, the majority of signals was 

contributed by C14-15 molecules, with OSC between -1.3 to -0.2. The signal-weighted O:C ratio of 

the particle was 0.44 for binary system, slightly higher than that in the ternary system, because the 

contribution of the low mass weight molecules with C<6 which have higher OSC values than the 

major C14-15 products. Note that the bulk O:C could be higher, and might be underestimated by 

this work, because the possibility that the higher oxidized oligomers may exceed the detection 

range of FIGAERO-CIMS cannot be excluded. 

Subsequently, with the addition of excessive amount of O3, the remaining VOC precursors 

were reacted, such as isoprene. The particulate chemical composition in both mixture systems are 

presented in the Figure 45 (c, d). For the binary system, it was seen that the majority of the signal 

increase was contributed by the C13-15 and C25-30 components, but not in the C5 and C20 molecules. 

This indicates that the formation of potential dimers from isoprene and β-caryophyllene is not the 

major interactive way to derive the interacted oxidation products in the binary system. The signal-

weighted O:C ratio was slightly decreased mainly due to the lower signal fraction of high 

oxygenated compounds in low weights with C<5. The differences of the particulate chemical 

composition between initial low and subsequent high O3 levels in the binary system can be seen 

in the Figure 46 (a). It was seen that the most of the C14-15HyO≥6 compounds had an increase in 

signal fraction compared to that at the low O3 level, wherein the relative signal abundance of C14-

15HyO<6 compounds were reduced, resulting from the subsequent oxidation of the carbon double 
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bond of unsaturated β-caryophyllene products. However, unlike the ozonolysis of the sole β-

caryophyllene, the products from the autoxidation, C14H22O7,9 and C15H22-24O7-9, consisted only 

2.5% of the total signals even with an access of O3 of ~1000 ppb. This could result from that the 

β-caryophyllene was almost depleted before the addition of 1000 ppb O3, thus, the reaction 

involved by the O3 attack to the first double bond was not the dominating pathway. As the α-pinene 

and isoprene were depleted after the addition of ~1000 ppb O3, the C14-15HyO≥6 could also be their 

interaction products. Besides, after the large addition of O3, the contribution of β-caryophyllene 

dimers (C29-30) also increased, shown as Figure 45 (c) and Figure 46 (a). 

 
Figure 45. Particulate molecular carbon oxidation status (OSC) corresponding to the number of carbon atoms per 
molecule at low and high O3 levels. (a) binary isoprene/β-caryophyllene system at initially low O3 level; (b) ternary 
isoprene/β-caryophyllene/α-pinene system at initially low O3 level; (c) binary isoprene/ β-caryophyllene system aged 
at a higher O3 level; (d) ternary isoprene/β-caryophyllene/α-pinene system aged by a higher O3 level. The sizes of the 
dots relate to the root signal intensity of molecules, and the colors refer to the molecular mass weights. The insert 
gives a signal-weighted O:C ratio calculated on basis of the detected molecules from FIGAERO-CIMS. Only the 
components with the signal fraction higher than 0.1% were counted. 
 

However, with the presence of α-pinene, the particle composition at the high O3 level was 

substantially different, complexed with the interaction products among the oxidation of the parent 

precursors. A lot of C5-10 molecules in relative higher oxygenation with OSC between -0.8 to 0.5 
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were formed, showed in Figure 45 (b), with dominant signals of C8H12O4 and C5H8O5. They were 

suggested to be the oxidation products from either α-pinene or isoprene. Isoprene is expected to 

be initialled by the OH radicals yielded mainly from the α-pinene ozonolysis. As a result, the 

particle signal-weighted O:C ratio increased to be 0.48. Besides, the signals of C14-15 molecules 

also increased abundantly, resulting from the oxidation of the second carbon double of the 

unsaturated β-caryophyllene derived products that remained in the gas phase. However, the highly 

oxygenated molecules of C14-15H22-24O6-9 that were the major monomers of sole β-caryophyllene 

ozonolysis at 298K were not formed significantly in the ternary system with subsequent addition 

of ~950 ppb O3. However, unlike the formation of highly oxidized oligomers in the binary, with 

the presence of α-pinene, the signal fraction of C27-30 compounds decreased, whereas the species 

with 17-25 carbon atoms contributed more at the subsequent high O3 level. It indicated the β-

caryophyllene dimers (C27-30) were suppressed by the α-pinene and isoprene derived products, 

resulting in the formation of shorter chain molecules (C17-25). Additionally, the signal intensity of 

C15H24O4 increased more than other C14-15 molecules, even though its signal fraction reduced, 

compared to that at the low O3 level previously, shown as Figure 46 (b). It indicated that the 

C15H24O4 was likely to be produced not only as the β-caryophyllene derived early-stage oxidized 

product but also the potential interaction molecule from α-pinene and isoprene oxidation.  

 
Figure 46. Oxygen number corresponding to the carbon atom number per molecule for those molecules that show 

changes between low and high O3 levels in the binary (a) and ternary system (b). Red circles refer to the molecules 

that have higher signal fractions in the high O3 level, while blue circles refer to molecules that contribute more in the 

low O3 level. The symbol sizes are related to the amount of signal change. 

Figure 47 shows the carbon distribution of the particulate signals in the binary and ternary 

precursor systems at the low initial and high subsequent O3 levels. The signals of individual 

molecule were normalised to the same reagent ion concentration. In the binary system, after the 
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subsequent aging with the excessive amount of O3, the relative abundance of the groups with more 

than 13 carbon numbers was similar as discussed above. In contrast, in the ternary system, the 

evident increase of signal intensities of C4-5 and C8-10 was associated with their parent precursors 

of isoprene and α-pinene, respectively, after the aging by O3 of ~950 ppb. Besides, C13-15 had an 

increase of 111% in the ternary system compared to that of 38% for the binary system, indicating 

that some of the C13-15 species were contributed by the interaction products from α-pinene and 

isoprene, e.g., C15H24O4 as discussed above, except for the oxidation products from the unsaturated 

β-caryophyllene derived compounds reacting with additional O3. The larger increase of the signal 

abundance of C17-20 and C21-25 compounds in the ternary system indicated them to be formed from 

the interaction of β-caryophyllene with isoprene and α-pinene, respectively. As the potential 

dimers from β-caryophyllene, C27-30 species had a less increase of 44% compared to that in the 

binary system (68%), suggesting that part of the β-caryophyllene derived C14-15 radicals were 

terminated by the C4-5 or C7-10 radicals from the oxidation of isoprene or α-pinene. 

  
Figure 47. Carbon distribution of the particles formed at binary (a) and ternary (b) systems. The bars are marked with 

colors according to the different types of particles. 

4.4.2 Volatility comparison 

Figure 48 shows the volatility distributions from the species identified by the FIGAERO-

CIMS in both precursor systems at initial low and subsequent high O3 concentrations. The 

volatilities (expressed as C*T, µg m-3) of the products were estimated using two methods for 

comparison: the elemental parameterisation method (hereafter ‘formula method’) and the 

calibrated Tmax approach.  
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Figure 48. Volatility distributions expressed as effective saturation concentration (C*) in the volatility basis set 

framework of all the products identified by the FIGAERO-idodie-CIMS as a function of the particle signal fraction in 

all systems at low (a) and high (b) O3 levels with the C* calculated by the Tmax method and the formula method. 

In the binary systems at the low initial O3 level (Figure 48a), the SOA particle volatility 

estimated via the calibrated Tmax method showed that the signals of most products were in 

ULVOCs range (~97%), whereas from the formula approach Figure 48c. The majority of the 

signals was attributed to the wide volatility ranges varying ELVOCs to IVOCs, characteristically 

splitting with ELVOCs (7.6%), LVOCs (42.6%), SVOCs (44.2%), and IVOCs (4.7%). In contrast, 

for the ternary system (Figure 48b), almost all detected products were in the ULVOCs range, 

determined by the Tmax method. However, using the formula method (Figure 48d), the species 

distributed mainly among ELVOCs (12%), LVOCs (24.9%), SVOCs (58.2%), and IVOCs (3.7%). 

The volatility estimated by the Tmax method was apparently lower than that of the formula method 

as expected, which was consistent with the prior studies from other groups (Stark et al., 2017). 

Despite of the difference of two different estimation approaches, the volatility bins of the particles 

formed in the presence α-pinene tended to be centred in more volatile ranges, compared that in the 

binary system. This is in the expectation that more α-pinene and isoprene derived products in 

higher volatilities are formed in the ternary system by the completion of O3 among α-pinene and 

β-caryophyllene and initiation of isoprene with the produced OH radicals, compared to the 

dominating β-caryophyllene ozonolysis in the binary system. 
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Subsequently, the volatility distribution of the particles formed after the aging with additional 

O3 changed, shown as Figure 48. In the two-precursor system, almost all detected species spanned 

in the ULVOC range according to the Tmax approach (Figure 48 a), wherein there was a broader 

distribution from the formula method (Figure 48 b), with signals of 15.5% in ELVOCs, 40.2% in 

LVOCs, and 40.1% in SVOCs. The newly formed products contributed to the less volatile bins in 

the subsequent particle aging stage. In contrast, in the three-precursor system, the products had 

evident shifts to be in more volatile bins calculated via both approaches, owing to the higher signal 

fractions of α-pinene and isoprene derived and interacted species produced in the high ambient O3 

concentrations (shown in the Figure 45 and Figure 46).From the formula method (Figure 48d), 

17.9% signals were characterised to be in the IVOCs, 44.6% in SVOCs, and 28% in the LVOCs 

bins. There was a sharp increase of the signal intensity of products in the most volatile bins (log10C* 

= 4.5 in Figure 48 b, and log10C* = -7.5 in Figure 48 d), consisting of mainly the α-pinene and 

isoprene derived products, such as C8H12O4, C9H14O5, C10H16O4, C5H10O5, and the early-stage 

oxidation products of β-caryophyllene, like C11H18O3 and C15H24O3. 

The volatility of individual molecule estimated from Tmax method was with several orders of 

magnitudes different with that from the formula method. One explanation is that the formula 

method biases the vapor pressure estimation with long carbon organics, such as the β-

caryophyllene oxidation system detailly discussed in the section 4.2. On the other hand, the Tmax-

Vp calibrations are conducted using the syringe method which was recently pointed to potentially 

enable to shift the Tmax (Ylisirniö et al., 2021).  

However, although substantial discrepancies were found between the two approaches, it was 

clearly seen that the volatility distribution of the particles in the ternary system was shifted to be 

more volatile bins than the binary system at high O3 concentrations. It has three reasons. One 

explanation is that α-pinene is competitive with β-caryophyllene to react with O3, and produces 

the lighter molecules that have higher volatilities as expected. The second justification is that 

isoprene is initialled by the OH radicals produced from the α-pinene ozonolysis with a yield of 

~85%, and derives even more volatile compounds with less weights. The isoprene is expected to 

act as unreactive VOC in the binary system because its reactivity with O3 is more than 1000 times 

lower than β-caryophyllene, and the OH radical from β-caryophyllene ozonolysis has a low yield 

of ~15% (more details in section 4.2). Thus, the contribution of isoprene derived monomers was 

diminished in the binary system. The last reason for the volatility enhancement in the ternary 
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system is that the formation of β-caryophyllene derived low volatile C27-30 dimers can be 

suppressed, potentially because of the termination of peroxy radicals arising from β-caryophyllene 

by those from the α-pinene and isoprene to form the relative more volatile C17-20 and C21-25 

compounds. 

4.4.3 Summary 

In this chapter, I have compared the chemical composition and volatility of the particles from 

two VOC mixtures systems: isoprene mixed with β-caryophyllene, isoprene mixed with β-

caryophyllene and α-pinene, at low and high O3 levels.  

At low O3 level (20-40 ppb), the particles in both systems were dominated by the C13-15 

molecules, followed by C24-30H40-48O5-10 components. In the two-precursor system, the most 

abundant signals were C15H24O4 and C14H22O4 which were likely to be the early-stage oxidation 

products from β-caryophyllene. Week signals for isoprene derived products (e.g., C5H8O3-4) and 

the potential candidates of the interaction dimers from two precursors (C19-20), indicated the 

contribution of isoprene to the total particle mass was limited. This confirmed the low OH radical 

yields from β-caryophyllene ozonolysis, e.g., ~15% as discussed in section 4.2. Besides, the 

autoxidation products only consisted of minority of the signals in the binary system, potentially 

resulting from the low initial O3 level. 

In comparison, in the three-precursor system, a higher relative signal fraction of C8H12O4 was 

observed, which was expected to be the oxidation products from α-pinene oxidation, even though 

the reactivity of the ozonolysis of α-pinene was ~100 times lower than β-caryophyllene. 

Furthermore, C23H36O6-7 and C24H38O6-8 were found in higher abundance in the ternary system, 

suggesting them to be dimers products from interaction of α-pinene and β-caryophyllene oxidation 

products.  

Subsequently, at high O3 level (~1000 ppb), all the remaining VOC precursors were depleted. 

In the two-precursor system, C5 and C19-20 molecules were still with low signal intensity, 

suggesting the major chemistry was the oxidation of unsaturated β-caryophyllene derived products 

and dimer formation, but not the oxidation of isoprene. This was supported by a higher signal 

fraction of C14-15HyO≥6 and lower contribution from C14-15HyO<6 compounds. 
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In the ternary system, the particle composition at the high O3 level was substantially different, 

showing more interaction products from different parent precursors. The dominant signals were 

C8H12O4 and C5H8O5, which were likely to be the oxidation products from α-pinene and isoprene, 

respectively. The signal fraction of C14-15 molecules also increased, resulting from either the 

oxidation of the unsaturated β-caryophyllene derived components, or the interaction of products 

from the oxidation of α-pinene and isoprene. Furthermore, the signal fraction of C27-30 compounds 

decreased, whereas the C17-25 species contributed more than at lower O3 level. This may be 

explained by suppression of formation of β-caryophyllene dimers (C27-30) by scavenging of 

corresponding monomers by oxidation products of α-pinene and isoprene, resulting in the 

formation of the smaller weighted interaction C17-25 dimers. The volatility of the particle in the 

ternary system was more volatile than the binary system, mainly due to the higher contribution of 

lower weighted products from α-pinene and isoprene oxidation, and the suppressed fraction of 

lower volatile C27-30 compounds. 
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5 Conclusion and Outlook 

Secondary organic aerosol (SOA) is of great importance in the whole troposphere, as it 

influences the air quality and the earth’s climate. However, the impact of temperature as relevant 

to the atmospheric conditions over the whole troposphere on the SOA chemical composition and 

physicochemical properties still remains unclear. Besides, current studies fail to address the 

complexity of SOA from mixtures of biogenic volatile organic compounds. Thus, I have generated 

and aged SOA in an atmospheric simulation chamber to characterize the SOA derived from six 

types of VOC precursors under varying temperatures. Based on the scientific results of this 

dissertation, the major conclusion and the atmospheric implications are summarized in section 5.1, 

and the results leading to new scientific questions will be discussed in section 5.2. 

5.1 Conclusions and atmospheric implications 

In this dissertation, the chemical composition and physicochemical properties of six types of 

SOA were investigated in the atmospheric simulation chamber (AIDA) at KIT. They were derived 

from different VOC precursors, including 1) β-caryophyllene, 2) β-caryophyllene mixed with NOx, 

3) α-pinene, 4) α-pinene mixed with isoprene, 5) isoprene mixed with β-caryophyllene, and 6) 

isoprene mixed with α-pinene as well as β-caryophyllene. Studies on the temperature dependence 

covering the range 213-313K were performed for the first time on β-caryophyllene ozonolysis in 

the absence and presence of NOx, and on the oxidation of α-pinene mixed with isoprene. With the 

application of two advanced online mass spectrometric techniques of FIGAERO-CIMS and HR-

AMS, I characterized the gaseous and particulate chemical composition of all six types of SOA. 

By the deployment of a newly extended PMF approach coupled with thermal desorption profiles 

of particulate molecules, I characterized the effective volatility of SOA particles. 

By the comparison of SOA from the oxidation of α-pinene with and without isoprene at 273K, 

the majority of gas and particle signals in both systems comprised of C8-10HyO4-7, indicating α-

pinene derived oxidation products still dominated the SOA from a mixture of α-pinene and 

isoprene with a concentration ratio of 1:1. The relative abundance of C16-20 molecules (dimers) in 

both systems was similar, accounting for 5.8±0.2% (sole system) and 6.7±0.1% (binary system). 

This indicates that the presence of isoprene in a similar concentration as α-pinene does not impact 

the C16-20 dimers significantly at 273K. This can be different if isoprene concentrations are 
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significantly higher e.g. as in tropical rain forests (McFiggans et al., 2019). Besides, the majority 

of the species in the SOA derived from α-pinene and isoprene mixtures have saturation 

concentrations (C*) between 10-6.5 and 10-3.5 μg m-3. Hence significantly lower volatile than the 

sole α-pinene derived SOA that had C* values between 10-4.5 and 10-2.5 μg m-3. Higher Tmax of 

individual molecules in the binary system indicates that the SOA derived from α-pinene and 

isoprene mixtures may be more viscous than the sole α-pinene derived SOA, probably resulting 

from the larger contribution of high molecular weight molecules, i.e., C15-20. The lower volatility 

and potential higher viscosity of SOA derived from α-pinene and isoprene mixtures may have a 

higher potential to act as cloud condensation nuclei or ice nucleating particles than the sole α-

pinene derived SOA and should have a longer atmospheric lifetime in terms of evaporation. 

Furthermore, more oxidation products with a C10 skeleton and less like C8HyO5-8 were observed at 

lower temperatures, suggesting less C-C bond cleavage at reduced temperatures. Analysis of 

thermograms of one of the most abundant molecules, C8H12O4, showed stronger thermal 

decomposition in the total signal of C8H12O4 formed at temperatures above 273K. This allows the 

conclusion that the formation of corresponding thermal unstable dimers (or oligomers) is favored 

at higher temperatures. The SOA particles formed at 313K and 298K were in a liquid phase state, 

according to their glass transition temperatures of 283K and 285K, respectively, estimated from 

the parameterization method. In contrast, the SOA particles formed at 273K and 243K were likely 

to be in a semi-solid state, corresponding to higher glass transition temperatures of 289K and 278K, 

respectively. This highlights the need to consider condensed-phase chemistry as one of the sources 

of the dimer or oligomer formation (DePalma et al., 2013; Chen et al., 2019) at 298-313K. It can 

be concluded, that it is not possible to predict SOA properties and yields based on the behaviour 

observed in single precursor systems alone. The temperature dependent interaction of 

intermediates of the oxidation of different precursor VOC has a significant impact that needs to be 

studied on a molecular basis. 

As one of the most reactive sesquiterpenes, β-caryophyllene has two carbon double bonds and 

is expected to have a high potential to form SOA particles. In this work, the temperature-dependent 

rate coefficient of the endocyclic double bond in β-caryophyllene reacting with O3 was determined 

to have a negative dependence on temperature: k (243-313K) = (1.6±0.4) × 10-15 × 

exp((559±97)/T). Besides, the variation of the ozonolysis temperature revealed a substantial 

impact on the abundance of individual organic molecules. There are two major chemical 
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composition patterns for the β-caryophyllene derived SOA particles formed above and below 

273K, differing in the monomers, dimers, and trimers, and revealing that the formation pathway 

of β-caryophyllene derived oxidation products changes from lower to higher ambient temperatures. 

Higher temperatures favour the formation of highly oxygenated monomeric molecules (C14-15H22-

24O6-9), while early-oxidation products (C14-15H22-24O3-7) dominated at lower temperatures. Lower 

temperatures led to substantially more dimer (C28-30H44-48O5-9) formation, while the dimers (C27-

29H42-44O9-11) formed at higher temperatures were more oxygenated but with substantially less 

contribution. This leads to the conclusion that the formation pathways of β-caryophyllene derived 

monomers are strongly temperature-dependent, with more HOM molecule formation at higher 

temperatures and more early-stage or first-generation oxidation products at reduced temperatures. 

In addition, large molecular weight trimers or oligomers (C41-44H62-66O9-11) with very low volatility 

were found in significant quantities at 213K. While for the dimer formation, mechanisms could be 

suggested, the oligomer formation requires more studies to clarify their formation mechanism e.g. 

potential condensed phase reactions including hydroperoxides ((DePalma et al., 2013; Chen et al., 

2019)). 

Additionally, an interplay between oxidation product formation chemistry and the partitioning 

process was observed on the β-caryophyllene SOA between 213-313K. The particle analysis 

shows a counter-intuitive behavior of the Tmax of the sum desorption thermograms from 

FIGAERO-CIMS, which indicates that the particle volatility increases first and then decreases 

with the ambient temperatures increasing from 213K to 313K. To estimate the effective volatility 

of β-caryophyllene derived SOA particles, I distinguished isomers and thermal decomposition 

compounds using a newly extended positive matrix factorization approach to deconvolute the 

thermal profiles of all detected oxygenated products. All detected species formed at 213-243K 

were in the ULVOC range, revealing that gas to particle partitioning was not the major process 

controlling the temperature dependence in this temperature range. On the contrary, the volatility 

of compounds formed at 298-313K span from ELVOC to SOVC volatilities where the partitioning 

altered the particulate chemical composition significantly. Compared with the volatility estimated 

from a parameterization approach based on molecular elemental composition (Li et al., 2016), and 

calibration of Tmax values based on peak desorption temperatures of thermograms of individual 

molecules of known saturation vapor pressure, for the first time, I could show an improved 
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volatility determination for organic mixtures including isomers and thermal decomposition of 

some compounds. 

In the presence of NOx, the formation of β-caryophyllene derived organic nitrates showed a 

positive temperature dependence. Most of the organic nitrates were found as monomers with a C15 

skeleton with one nitrate group, assigned as C15H23,25O6-10N, with their O:C ratio increasing with 

temperatures between 213K and 313K. In presence of NO3 radicals, the fraction of HOM species 

was significantly reduced compared to the pure β-caryophyllene ozonolysis at 298-313K. This 

indicates some competition between autooxidation and reactions with NOx or NO3 radicals leading 

to organic nitrates. Hence, the interaction of anthropogenic oxidants like NO3 with β-

caryophyllene oxidation significantly alters the oxidation state, composition, and volatility of the 

resulting SOA. The volatility analysis shows that the nitrogen-containing products are in the 

LVOC and ELVOC ranges for ambient temperatures of 298-313K. 

In all systems with mixed VOC that I studied, always reaction products from the interaction 

of intermediates of the oxidation of the different VOC were formed altering the chemical 

composition and volatility of the resulting SOA. Generally, the presence of VOC with lower 

molecular weight can lead to the formation of a larger fraction of dimers (oligomers) with lower 

molecular weight and higher volatility. Depending on VOC ratios this can significantly reduce 

SOA yields (McFiggans et al., 2019) but has also a large impact on the new particle formation 

potential (Caudillo et al., 2021). However, the potential interactions can be complex and besides 

VOC ratios also levels of different oxidants and their reaction rates with the VOC need to be 

accounted for. 

In SOA derived from ozonolysis of an isoprene β-caryophyllene mixture, oxidation products 

consisting of C13-15 and C24-30H40-48O5-10 molecules dominated the particles. The lower signal 

intensities of C5 and C19-20 molecules confirmed the limited impact of OH radicals generated from 

β-caryophyllene ozonolysis at 298K and follows the lower reactivity of isoprene with O3 compared 

to β-caryophyllene. Even with relatively high O3 concentrations, isoprene derived oxidation 

products contributed less than 10.2% to total particulate signals. However, with the presence of α-

pinene, the chemical composition was substantially different for the SOA particles from the 

oxidation of isoprene mixed with β-caryophyllene. At a low O3 level (20-40 ppb), the α-pinene 

derived product C8H12O4 was detected as a major particulate compound, but also the β-
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caryophyllene derived oxidation products substantially contributed to the particle phase mass, 

suggesting the ozonolysis of α-pinene is competitive to that of β-caryophyllene in forming 

condensable oxidation products. From the interaction of intermediate oxidation products of α-

pinene and β-caryophyllene the following dimers were identified, C23H36O6-7 and C24H38O6-8. At 

relatively high O3 levels (~1000 ppb), isoprene was also depleted substantially also by the OH 

radicals produced from the α-pinene ozonolysis. Hence, the SOA particles comprised oxidation 

products derived from β-caryophyllene, α-pinene, isoprene, and their interaction products. For 

example, C14-15 molecules were abundant, which result from the oxidation of β-caryophyllene 

directly but also from the interaction of oxidation products from α-pinene and isoprene. A decrease 

in C27-30 species and an increase in C17-25 components suggests that the β-caryophyllene derived 

dimer formation was suppressed by the α-pinene or isoprene derived oxidation products. Due to 

the higher contribution of molecules with less molecular weight, e.g., oxidation products of 

isoprene, the volatility of the three-precursor SOA particles at high O3 levels was higher than at 

low O3 levels as well as for the two-precursor SOA particles. These experimental results illustrate 

the complexity of the interactions of the different SOA precursors. However, it should be possible 

to implement the findings, especially for the temperature dependent formation of the different 

types of dimers, which dominate new particle formation and SOA yields, into detailed chemical 

kinetic models like the MCM (Jenkin et al., 2004, 2012, 2015) to improve the prediction of SOA 

formation for more realistic scenarios. 

Based on the results presented it can be concluded that this dissertation answers all major 

research questions that were put forward in the beginning. This work demonstrates that 

temperature (213-313K) has a strong impact on the chemical composition and physicochemical 

properties of the SOA from the oxidation of BVOC mixtures and sole β-caryophyllene in the 

absence and presence of NOx, respectively. This work helps to get a better understanding of the 

interplay of temperature between facilitating condensation of organics and changing the chemical 

reaction pathways leading to different oxidation products of BVOCs. This work reveals the 

formation and volatility distribution of those SOA particles over a so-far unprecedented 

temperature range of 213-313K, covering the conditions from the planetary boundary layer to the 

upper troposphere, by carefully distinguishing the impact of isomers and thermal decomposition 

of some compounds. Besides, this work also demonstrates that the mixture of BVOC precursors 

can enhance the complexity of SOA by yielding interaction products, compared with the SOA 
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derived from a single BVOC precursor. The study of the chemical composition and volatility of 

the SOA from different BVOC mixtures under low and high O3 levels with molecular insight helps 

to get a better understanding of the complex real atmospheric aerosols. 

 

Figure 49. Individual biogenic emissions and their mixtures react with atmospheric oxidants, followed by gas-to-
particle partitioning of oxidation products, resulting in the formation of secondary organic aerosol with different 
chemical compositions and physicochemical properties. The resulting SOA properties are associated mainly with the 
precursor VOC and ambient temperatures. 
 

5.2 Outlook 

This work also leads to new scientific questions, some of which could be the research focus 

for future studies: 

a) β-caryophyllene derived C14-15 molecules were observed as dominant in the SOA particles 

formed from the oxidation of BVOC mixtures of α-pinene, isoprene, and β-caryophyllene. 

Owing to the high reactivity of β-caryophyllene, the emissions of β-caryophyllene are 

currently mainly estimated based on its oxidation products (atmospheric tracers, e.g., C14-

15). However, the C14-15 species can also be interaction products from isoprene and 

monoterpenes. Thus, the identification of C14-15 molecules in the real atmosphere is needed 
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to substantiate the estimated emissions and contribution from different BVOCs in different 

areas, e.g., forests, and wetlands.  

b) Temperature dependent volatility of particles derived from the BVOC mixture of α-pinene 

and isoprene was observed. Based on a parameterization approach, the phase states of the 

particles were estimated. The correlation of chemical composition, volatility, and viscosity 

of particles derived from a mixture of α-pinene and isoprene is still scarce. Thus, direct 

measurement of the viscosity, and studies of the correlations are required. 

c) Different chemical composition patterns of β-caryophyllene derived SOA were observed 

at different temperatures. The temperatures for which the chemical mechanisms changed 

most significantly were between 243K and 273K. More detailed studies are required to 

clarify the exact tipping temperatures. 

d) For SOA particles formed in the boundary layer, their volatility is suggested to change 

during transport or processing in convective clouds. Thus, further studies on the particle 

volatility change upon SOA aging e.g. with the variation of atmospheric conditions (e.g., 

temperature, RH) is required for different SOA derived from mixtures of major VOCs. 
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Figure S1. (a) Example of the 5-min average mass spectrum of β-caryophyllene with chamber background subtracted 
when the β-caryophyllene ion (m/z 205.20) shows relatively stable signal intensity in the chamber and (b) relative 
contribution of β-caryophyllene related ions detected by the PTR-MS in this study.  
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Figure S2. Calibration of the FIGAERO-CIMS with BCA. The β-caryophyllinic acid was dissolved into methanol to 
0.2 ng m-3 as a standard BCA solution. Different volume of the standard BCA solution was deposited on a PTFE filter 
and then the deposited filter was heated by FIGAERO -CIMS carried by ultra-high purity nitrogen following a thermal 
desorption, as described in Section 2.1. The sensitivity of CIMS to β-caryophyllinic acid was calculated as �𝟐𝟐.𝟒𝟒 −𝟎𝟎.𝟔𝟔𝟔𝟔 

+𝟎𝟎.𝟗𝟗𝟗𝟗 � 
cps ppt-1.  
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Figure S3. Plot of mass defect corresponding to the mass of molecules assigned for the β-caryophyllene SOA in this 
work. 
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Figure S4. Time evolution of chamber ambient temperature, O3, NO2, CO2, mass concentration, and particle size 
distribution in the five experiments which the β-caryophyllene SOA was formed at 213K (panel (a)), 243K (panel (b)), 
273K (panel (c)), 298K (panel (d)), and 313K (panel (e)). In each panel, the pink, yellow, and orange shadow present 
the β-caryophyllene addition periods, photochemical aging, and SOA warming stages. 
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Figure S5. Example of the fit of the kinetic model to the observation for the experiment at 313K. Three main reactions 
were considered in the kinetic analysis to fit the observations: 
Reaction1: β-caryophyllene + O3 → Pro1 + ·OH, k1; 
Reaction2: β-caryophyllene + O3 → Pro2, k2; 
Reaction3: β-caryophyllene + ·OH→ Pro3, k3; 
where β-caryophyllene is the beta-caryophyllene, Pro1, Pro2, and Pro3 represent different reaction products, and k1, 
k2, k3 are the corresponding reaction rate constants.  
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Figure S6. Temperature dependence of SOA yields as a function of the total organic particle mass concentration (Morg). 
Fitted lines are based on volatility distributions. 
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Figure S7. (a) Comparison between the average mass spectra detected by the PTR-MS over the 5 min before and after 
ozonolysis of β-caryophyllene in the experiment at 273 K on 12/11/2019.  (b) Time series of β-caryophyllene (m/z 
205.20) and several major gas phase product ions (m/z 237.18, m/z 235.17, m/z 219.17, m/z 209.15 and m/z 195.14) as 
labelled in (a). Two dashed line show the time points of β-caryophyllene addition and first O3 addition to the chamber, 
respectively.  
  



Appendix A: Supplement for Results and Discussion 

139 
 

 
Figure S8. Averaged CIMS gas phase mass spectra (background subtracted) for all temperatures, with absolute 
normalized signal vs. mass to charge ratios (m/z).  
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Figure S9. (a) Average mass spectra of particle phase by the CHARON (blue) and HEPA filter (red) measurement 
over the course of 1 hour (18:00-19:00 as shown in gray area in (b), aerosol mass concentration: 62 ± 0.3 µg m-3) in 
the β-caryophyllene ozonolysis experiment at 273 K in 12/11/2019. Several major product ions (m/z 221, 235, 237, 
239 and 251) are labelled. (b) time series of SMPS mass concentration of aerosol particles and two particle phase 
product ions (m/z 221 and 235) detected by the CHARON-PTR-MS. The time series of geometric mean size of aerosol 
particles is given to show the reduced transmission efficiency of CHARON inlet for smaller particles. 
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Figure S10. Evolution of major oxidation products detected by CIMS in the gas phase in the absence of NO2. The time 
zero represents the timepoint when O3 was added first. 
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Figure S11. The potential esterification pathways of the formation of C29 and C44 compounds at 213 K. The structure 
of C15H24O3, C14H22O4, C15H26O4, and C14H22O7 were identified by  (Li et al., 2011a; Chan et al., 2011a). Panel (a) 
shows the dimer (C29H44O6) and trimer (C44H68O9) formation at 213K; panel (b) represents the dimer (C29H44O9) at 
313K. 
 
Similarly, the formation pathway of C30 and C35 compounds could be speculated as follows: 

213K: C15H24O3 + C15H26O3 → C30H48O5 + H2O 

           C30H48O5 + C14H22O5 → C44H68O9 +H2O 

313K: C15H24O4 + C20H26O9 → C35H48O12 + H2O 

           C15H24O4 + C15H22O5 = C30H44O8 + H2O 

           C30H44O8 + C5H7O6N = C35H49O13N + H2O 

Note that we observed a short but significant increase of the dimer signal C30H48O5 in the gas phase 

at 213K after the second addition of β-caryophyllene into the chamber. This suggests that the dimer 

formation could happen in the gas phase at 213K. However, no significant signal change of dimeric 

molecules was observed at 313K in the gas phase over the course of the experiments. One 

explanation could be the dimeric compounds (e.g. C29H44O9) are quite highly oxygenated and 

extremely low volatile, resulting in a fast condensation process before being detected in the gas 

phase. The possibility cannot be excluded that the dimeric compounds could be formed in the 
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condensed phase as no dimeric signals could be detected visibly even with the time resolution of 

1 s.  
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Figure S12. Fractions of six major particle phase compounds to the sum of all CxHyOz compounds as a function of 
temperature. The particle fraction (solid bars) and the gas fraction (dashed bars) of each compound are shown. 
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Figure S13. Q/Qexp values for the varying number of factors in PMF solutions (left), and varying fpeak position in a 
12-factor PMF solution (right). 
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Figure S14. Modelling the NO3 radical formation at 298K before the last β-caryophyllene addition. Time evolution 
of all reactants are modelled (left panel), including NO2 (black line), O3 (red line), NO3 (green line), O3 (blue line), 
N2O5 (purple line), HNO3 (grey line) and wall loss (orange line). The right panel shows the NO3 concentration 
evolution alone. Time zero is marked as the start of NO2 addition.  

Because of an excess of O3 in the chamber over the course of the whole experiment, the following 

reactions were considered to estimate the potential NO3 radical levels before the addition of 

another portion of β-caryophyllene: 

NO2 + O3 → NO3 + O2,                 k1 

NO3 + NO2 → N2O5,                     k2 

N2O5 → NO2 + NO3,                     k3 

N2O5 + H2O → HNO3,                  k4 

N2O5 → wall,                                 k5 

All the rate constants used at all temperatures are listed below (IUPAC Task Group on 

Atmospheric Chemical Kinetic Data Evaluation (ipsl.fr), https://iupac-aeris.ipsl.fr/#): 

Please note that we did not include the reactions of NO3 radicals with β-caryophyllene or its 

oxidation products in our box model calculations used to estimate the NO3 radical concentrations. 

Therefore, these NO3 radical concentrations must be considered as upper limits. 
 k1 k2 k3 k4 k5* 
213K 1.3E-18 3.5E-10 8.3E-07 1.00E-22 1.00E-03 
243K 5.4E-18 2.0E-10 5.5E-04 1.00E-22 1.00E-03 
273K 1.6E-17 1.3E-10 0.09 1.00E-22 1.00E-03 
298K 3.5E-17 8.9E-11 2.9 1.00E-22 1.00E-03 
313K 5.2E-17 7.3E-11 17.8 1.00E-22 1.00E-03 

*Estimated from previous experiments with N2O5 measured inside the AIDA chamber by FTIR. 
 

https://iupac-aeris.ipsl.fr/
https://iupac-aeris.ipsl.fr/
https://iupac-aeris.ipsl.fr/
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Figure S15. Comparison of the temperature dependence on the organonitrate fraction formed. The green dots represent 
the fraction of the organonitrate concentrated detected by HR-AMS, while the blue dots show the signal fraction of 
organonitrate assigned by FIGAERO-CIMS.  
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Figure S16. Comparison of the CIMS signals of C14H22O7 and C15H24O4 before (dashed) and after (solid) the last β-
caryophyllene addition. 
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Figure S17. Mass fractions of major particle phase compounds to the sum of all detected molecues as a function of 
temperature. The particle fraction (solid bars in the top) and the gas fraction (dashed bars in the bottom) of each 
compound are shown.  
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Figure S18. Q/Qexp values for the varying number of factors in PMF solutions for the no-N-containing species (left 
axis), and varying fpeak position in a 11-factor PMF solution (right axis). The number in the x-axis index correspond 
to the number of factors, wherein a,b,c refers to fpeak=-0.5,0,+0.5, respectively. 

 

  



Appendix A: Supplement for Results and Discussion 

151 
 

 
Figure S19. Q/Qexp values for the varying number of factors in PMF solutions for the N-containing species (left axis), 
and varying fpeak position in an 8-factor PMF solution (right axis). The number in the x-axis index means the number 
of factors, wherein a,b,c refers to fpeak=-0.5,0,+0.5, respectively. 
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Table S1. Compilation of experimental conditions and particle mass yields reported in the literature for β-
caryophyllene ozonolysis 

Reference Temperature 
[K] 

ΔMorg 
[µg m-

3] 

RH 
[%] 

Scavenger 
for OH or CI Seed Yield 

[%] 

(Tasoglou and Pandis, 
2015a) 293 0.3-194 <10 2-butanol None 

1.9-
104 

Winterhalter et al. 
(2009a) 296 50-370 dry none None 6-24 

Jaoui et al. (2003b) 287-290 - 80-85 none None 39 
Lee et al. (2006b) 293 336 ± 3 6.2 Cyclohexane None 45 ± 2 
Lee et al. (2006c) 295 212 56 None None 68 

Chen et al. (2012b) 298 0.5-230 40 Cyclohexane AS 8-70 
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Table S2. Fitted reaction rates kO3 and OH radical yields for temperatures between 243K to 313K 

Temperature 
[K] 

kO3 
[cm3 molecule-1 s-1] OH yields 

313 (1.01±0.09) E-14 0.15±0.02 
298 (1.09±0.21) E-14 0.08±0.01 
258 (1.05±0.25) E-14 0.05±0.03 
243 (1.99±0.28) E-14 0.05±0.02 
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Table S3. Main β-caryophyllene oxidation products and their phase partitioning 

Formula m/z (Th) Compound assignment from 
literature 

Ref. Potential dimer 

C2-C4 
fragments 

    

C4H6O4 118.0    
C2H4O3 76.0    
C14-15 
monomers 

    

C14H22O3 238.2 β-nocaryophyllon aldehyde a, b, c, d  
C15H24O3 252.2 β-hydroxycaryophyllon 

aldehyde; β-caryophyllonic 
acid 

a, b, c, d C30H48O6 

C14H22O4 254.2 β-hydroxynocaryophyllon 
aldehyde; β-nocaryophyllonic 
acid; β-caryophyllinic acid 

a, b, c, d C28H44O8 

C15H24O4 268.2 β-hydroxycaryophyllonic acid a, d  
C15H26O4 270.2 Hydrated β-caryophyllonic acid a  
C14H22O6 286.1 Hydrated β-oxocaryophyllonic 

acid 
a C28H44O12 

C14H22O7 302.1  b  
C14H24O7 304.2    
C15H26O5 286.2 Hydrated β-

hydroxycaryophyllonic acid 
a C30H52O10 

C15H22O6 298.1    
C15H22O7 314.1  a  
C14H20O8 316.1    
C14H22O8 318.1    
C15H22O8 330.1    
C14H22O9 334.1    
C15H24O9 348.1    
C15H30O9 354.2    
C15H25NO8 347.2  a C30H50N2O16 
C14H23NO9 349.1  a C28H46N2O18 
C15H27NO8 349.2  a  
C15H25NO9 363.2  a C30H50N2O18 
C28-30 dimers     
C28H44O5 460.3    
C30H48O5 488.3    
C29H46O6 490.3    
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Formula m/z (Th) Compound assignment from 
literature 

Ref. Potential dimer 

C28H44O7 492.3    
C30H48O6 504.3    
C29H46O7 506.3    
C28H44O8 504.3    
C30H48O7 520.3    
C29H46O8 552.3    
C30H48O8 536.3    
C29H44O9 536.3    
C29H46O9 538.3    
C29H44O10 552.3    
C28H42O11 554.3    
C29H44O11 568.3    
Others     
C11H18O3 198.1 3,3-dimethyl-2-(3-oxobutyl) 

cyclobutanecarboxylic acid 
b  

C13H20O5 256.1 β-hydroxynornocaryophyllonic 
acid 

a C26H40O10 

C35H48O12 660.3    
C44H68O9 740.5    

a (Chan et al., 2011a); b (Li et al., 2011a); c (Winterhalter et al., 2009a); d (Jaoui et al., 2003b) 
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