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Abstract.β-caryophyllene (BCP) is one of the most important sesquiterpenes (SQTs) in the atmosphere, with a 

large potential contribution to secondary organic aerosol (SOA) formation mainly from reactions with ozone (O3) 15 

and nitrate radicals (NO3). In this work, we study the temperature dependence of the kinetics of BCP ozonolysis, 

SOA yields, and SOA chemical composition in the dark and in the absence and presence of nitrogen oxides 

including nitrate radicals (NO3). We cover a temperature range of 213K – 313K, representative of tropospheric 

conditions. The oxidized components in both gas and particle phases were characterized on a molecular level by 

a Chemical Ionization Mass Spectrometer equipped with a Filter Inlet for Gases and AEROsols using iodide as 20 

the reagent ion (FIGAERO-iodide-CIMS). The batch mode experiments were conducted in the 84.5 m3 aluminium 

simulation chamber AIDA at the Karlsruhe Institute of Technology (KIT). In the absence of nitrogen oxides, the 

temperature-dependent rate coefficient of the endocyclic double bond in BCP reacting with ozone between 243 – 

313 K are negatively correlated with temperature, corresponding to the following Arrhenius equation: k = (1.6±0.4) 

×10-15 ×exp((559±97)/T). The SOA yields increase from 16±5 % to 37±11% with temperatures decreasing from 25 

313 K to 243 K at a total organic particle mass of 10 µg m-3. The variation of the ozonolysis temperature leads to 

a substantial impact on the abundance of individual organic molecules. In the absence of nitrogen oxides, 

monomers C14-15H22-24O3-7 (37.4 %), dimers C28-30H44-48O5-9 (53.7 %) and trimers C41-44H62-66O9-11 (8.6 %) are 

abundant in the particle phase at 213K. At 313K, we observed more oxidized monomers (mainly C14-15H22-24O6-9, 

67.5 %) and dimers (mainly C27-29H42-44O9-11, 27.6 %), including highly oxidized molecules (HOMs, C14H22O7,9, 30 

C15H22O7,9 C15H24O7,9) which can be formed via hydrogen shift mechanisms, but no significant trimers. In presence 

of nitrogen oxides, the organonitrate fraction increased from 3 % at 213K to 12 % and 49 % at 243K and 313K, 

respectively. Most of the organonitrates were monomers with C15 skeletons and only one nitrate group. Higher 

oxygenated organonitrates were observed at higher temperatures, with their signal-weighted O:C atomic ratio 

increasing from 0.41 to 0.51 from 213K to 313K. New dimeric and trimeric organic species without nitrogen 35 

atoms (C20, C35) were formed in presence of nitrogen oxides at 298-313K indicating potential new reaction 

pathways. Overall, our results show that increasing temperatures lead to a relatively small decrease of the rate 

coefficient of the endocyclic double bond in BCP reacting with ozone, but to a strong decrease in SOA yields. In 

contrast, the formation of HOMs and organonitrates increases significantly with temperature. 
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1 Introduction 40 

Biogenic volatile organic compounds (BVOCs), which are emitted mainly from plants, are the largest source of 

precursors of atmospheric secondary organic aerosol (SOA), which has profound impacts on visibility, air quality, 

human health, clouds and climate change (Fehsenfeld et al., 1992; Mellouki et al., 2015; Laothawornkitkul et al., 

2009; Charnawskas et al., 2017).  

Sesquiterpenes (SQTs, C15H24), are a class of BVOCs mainly emitted from coniferous trees (Kleist et al., 2012; 45 

Matsunaga et al., 2013), scots pines (Kivimäenpää et al., 2020; Weikl et al., 2016), and deciduous trees (Li et al., 

2019). Despite their lower atmospheric emission concentrations compared to isoprene and monoterpenes (Faiola 

et al., 2018), SQTs are important in the atmosphere because of their high reactivities with ozone and large aerosol 

formation potentials (Ciccioli et al., 1999; Lee et al., 2006a; Lee et al., 2006b; Ng et al., 2007). Depending on 

region and season they can even play a dominating role (Geron and Arnts, 2010; Tarvainen et al., 2005; Jardine 50 

et al., 2011; Shrivastava et al., 2019). 

Among all the sesquiterpene species, β-caryophyllene (BCP) is one of the most abundant and is emitted e.g. from 

various pine trees, but also from plants used for agricultural purposes (Duhl et al., 2008), like foliage of orange 

trees (Ciccioli et al., 1999; Hansen and Seufert, 2003), potato plants (Agelopoulos et al., 2000), and cotton 

(Rodriguez-Saona et al., 2001). BCP is a bicyclic compound with two double bonds with different reactivities 55 

towards ozone. The rate coefficient for ozone reacting with the endocyclic double bond at 296 K was determined 

as (1.2± 0.4) × 10-14 cm3 molecule-1 s-1 (Shu and Atkinson, 1994; Richters et al., 2015) {Cox, 2020 #104}. 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, 1994) of the first-generation products. Therefore, the atmospheric 

lifetime of the endocyclic double bond towards ozone is estimated to about 2 minutes, and the first-generation 60 

products can exist about 3.5 hours in typical tropospheric ozone levels of 30 ppb (Winterhalter et al., 2009).  

The SOA mass yield of BCP ozonolysis is expected to be dependent on organic particle mass concentration (Odum 

et al., 1996), temperature (Saathoff et al., 2009) and ozone levels (Chen et al., 2012). Previous studies give a 

relatively large range of SOA yields of 5-70% depending on the experimental conditions (Jaoui et al. (2003), Lee 

et al. (2006a), Winterhalter et al. (2009), Chen et al. (2012), Tasoglou and Pandis, 2015), for a temperature range 65 

of 287 – 298 K. A comparison of these studies is given in the supplementary information (cf. Table S1). 

Yields, products, and mechanisms of BCP ozonolysis were investigated extensively for room temperature (Jaoui 

et al., 2003; Griffin et al., 1999; Lee et al., 2006a; Lee et al., 2006b; Winterhalter et al., 2009; Nguyen et al., 2009; 

Jenkin et al., 2012; Richters et al., 2016). The oxidation products mainly include aldehydes, small acids, acetone 

in the gas phase (Grosjean et al., 1993; Calogirou et al., 1999; Zhao et al., 2010; Larsen et al., 1998), and ketones, 70 

aldehydes, alcohols and carboxylic acids in the particle phase (Dekermenjian, 1999; Lee et al., 2006a; Jaoui et al., 

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

identified are e.g. β-caryophyllonic acid (C15H24O3), β-caryophyllinic acid (C14H22O4, BCA), β-

hydroxycaryophyllonic acid (C15H24O4) (Table S3). BCA has also been used as a tracer to estimate the emissions 

of BCP in the real atmosphere (Jaoui et al., 2007; Hu et al., 2008; Parshintsev et al., 2008; Haque et al., 2016; 75 

Verma et al., 2021; Cheng et al., 2021). In addition, highly oxidized multifunctional organic molecules (HOMs) 

were observed from BCP ozonolysis. Richters et al. (2016) studied their formation mechanism at 295 K in a free-

jet flow system using isotopic labelling. Major HOMs identified are C14-15H22O7, C14-15H22O9, and C15H22O11,13 

(Richters et al., 2016). 
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SQT oxidation products are expected to have low or extremely low vapor pressures owing to their long carbon 80 

skeletons with multiple functional groups. For example, the saturation vapor pressure of β-caryophyllinic acid 

was estimated as low as 3.3×10−13 Pa (Li et al., 2011), which leads to a high condensation and SOA formation 

potential. As a consequence, these species are expected to play an important role in new particle formation (NPF) 

(Kirkby et al., 2016; Kammer et al., 2020; Huang et al., 2021).  

Especially during night-time, the reaction between nitrate (NO3) radicals and unsaturated hydrocarbons is of 85 

substantial importance and results in SOA formation. BCP has a high reactivity towards NO3 radicals, with a rate 

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

al., 2008) {Cox, 2020 #103}. SOA formation from BCP ozonolysis in the presence of NO3 radicals has only been 

subject of few studies so far. SOA yields from dark reactions between BCP and NO3 were estimated to be 1.46 

and 0.91 for SOA mass concentrations of 113.4 and 60.3 μg m-3, respectively (Jaoui et al., 2013). The formation 90 

mechanism of several organic nitrates including C15H23,25O4N and C15H25O6,7N is described in the Master 

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

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 regions can even reach to 318 K. BVOCs and their oxidation 95 

products are proposed to undergo transport from the PBL to the upper troposphere e.g. via convective systems 

typical for tropical regions (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. Besides, multiple studies have 

shown that SOA yields typically increase with decreasing temperature, e.g. for α-pinene and limonene ozonolysis 

(Saathoff et al., 2009), β-pinene ozonolysis (Von Hessberg et al., 2009), and isoprene ozonolysis (Clark et al., 100 

2016). In addition, at lower temperatures also semi volatile components vapours can have a big condensation 

potential alter their partitioning behavior due to reduced vapour pressures (Stolzenburg et al., 2018; Ye et al., 

2019). Considering Despite of the potentially important role of BCP oxidation products in NPF and their high 

condensation and SOA formation potential as abovementioned, studies on the temperature dependence of SOA 

formation from ozonolysis of BCP is, however, mainly unclear to date still scarce. 105 

The objectives of this work were to study the temperature dependence on the kinetics, yields, and chemical 

composition distribution of the aerosol produced by the reaction of BCP with O3 in the temperature range between 

213 – 313 K. Furthermore, we investigated the impact of the presence of nitrogen oxides including NO3 radicals 

on the SOA chemical composition and volatility.  

2 Methodology 110 

2.1 Experimental conditions 

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

Karlsruhe Institute of Technology (KIT) and the main instrumentation used in this work are shown in Fig. 1. The 

chamber is an 84.5 m3 aluminium 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 115 

times of 1-2 minutes achieved using a fan about 1 m above the bottom of the chamber (Saathoff et al., 2009). Wall  

and gas temperature inside the chamber are controlled at ±0.3 K over a wide range of temperatures (313-183 K) 



4 
 

(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% 120 

and a calibrated reference dew point mirror hygrometer (MBW373LX, MBW Calibration Ltd.) with an accuracy 

of ±1% (Fahey et al., 2014). 

The results presented in this work are from dark BCP ozonolysis experiments with or without addition of NO2 

from a campaign in November and December 2019 covering five different temperatures between 213 - 313 K. 

The experimental conditions are listed in Table 1. Two additional experiments were undertaken in March 2020 to 125 

study the rate coefficients of BCP reacting with ozone at 243 K and 258 K. BCP (98%, Carl Roth GmbH) was 

added to the AIDA chamber with a flow of 0.01 m3/min of synthetic air saturated potentially saturated with its 

vapour at 298K. Please note that the BCP concentrations for the experiments at 213 K could not be measured due 

to the low vapour pressure and strong wall losses at lower temperatures (more details are given in section 2.2). 

During the experiment at 213K the initially added BCP was lost to the walls, so almost no SOA was formed after 130 

the addition of ozone. However, when adding BCP in the presence of ozone, SOA was formed in quantities 

comparable to the other experiments. Ozone was in all experiments typically 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 135 

the water vapour concentrations throughout the troposphere. At the initial phase of each experiment, BCP was 

depleted completely by ozonolysis and SOA was formed. After depletion of the BCP at a lower ozone level to 

facilitate the kinetic study we increased the excess of ozone to accelerate the oxidation of remaining double bonds. 

Yields and chemical composition are determined and compared for the time period after increasing the ozone 

level. Then a second addition of BCP generated more SOA mass. Due to the large excess of ozone, BCP could 140 

not be measured during the subsequent additions. The corresponding conditions are marked as 1a-5a in Table 1. 

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 ozone. A secondAnother step of SOA formation was then initialized 

by adding more BCP in presence of NO3 radicals. This series of experiments is marked as 1b-5b in Table 1. Hence, 

the BCP and ozone concentrations listed in Table 1 for experiments 1b-5b include also the amounts added in 145 

experiments 1a-5a. Ozone 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 BCP to better determine its rate coefficient at 273K, we 

added 73 ppb ozone into the chamber first, and then added more ozone 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 ozonolysis reaction with a yield of (8±3) % 150 

{Cox, 2020 #103}, (10.4 ± 2.3) % (Winterhalter et al., 2009) or 6% (Shu and Atkinson, 1994) also contributed to 

SOA formation as will be detailed in section 3.1. Time zero in the plots refers to the first addition of ozone to the 

reaction mixture. Please note that we tried to have similar organic particle mass concentrations among the different 

experiments in order to limit a potential influence of absorptive partitioning on the comparison among different 

temperatures. The organic aerosol mass levels were in the range of 4.5-31.5 µg m-3 for the initial ozonolysis and 155 

between 14 and 41 µg m-3 for the reaction step with NO3 radicals. Since we had relatively similar and sufficient 
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organic aerosol mass levels available for partitioning, the observed differences in chemical composition should 

be governed by the changing chemistry, mainly in the gas phase. 

 

2.2 Instrumentation 160 

The main instruments used for this study are shown in Fig. 1. They were installed outside the AIDA chamber and 

operated at 296 K. To avoid potential artefacts, e.g. due to the phase partitioning of semi-volatile species in the 

sampling lines from the chamber to the instruments, the sampling lines were partially insulated and the residence 

time was below 1-2 seconds. The concentrations of O3 and NO2 were measured using the gas monitors O341M 

and AS32M (both Environment S.A.), respectively. 165 

The concentrations of BCP and low-oxygenated gaseous oxidation products were measured by a Proton-Transfer-

Reaction-Time-of-Flight-Mass-Spectrometer (PTR-ToF-MS 4000, Ionicon Analytic GmbH). Data was analysed 

using PTR viewer 3.3.12. The PTR-ToF-MS is also interfaced with a particle inlet (Chemical Analysis of Aerosol 

Online, 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 170 

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

(VOCs) only. After BCP was fully depleted, we switched the PTR-ToF-MS 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 175 

transition. The CHARON-PTR-MS measured the particle phase at a sampling flow of 500 SCCM via a 1/4” 

silcosteel tube, while the 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 180 

automatically optimized to 100 Td for particle measurement. BCP was calibrated using a liquid calibration unit 

(LCU-a, Ionicon Analytic GmbH). The PTR-ToF-MS at an E/N of 127 Td showed significant fragmentation of 

BCP, in agreement with previous studies (Kim et al., 2009; Kari et al., 2018). In this study, we observed that the 

parent ion (m/z 205.20, C15H25
+) contributed (29 ± 1) % to total signals of BCP-related ions including m/z 81.07, 

m/z 95.09, m/z 109.10, m/z 121.10, m/z 137.13, m/z 149.13 and m/z 205.20 (Fig. S1). Therefore, we scaled the 185 

concentration of m/z 205.20 (C15H25
+) by a factor of 3.45 for the quantification of BCP. The total uncertainty of 

BCP quantification was estimated as ±20% by including all errors mainly related to the uncertainties of the LCU 

and the fragmentation pattern of BCP. In this study, we calibrated the mixture of toluene and BCP with a solvent 

of n-hexane using LCU. We obtained a similar sensitivity for toluene using the LCU and a gas cylinder with a 

toluene standard. Then we calculated the sensitivity of BCP relative to the sensitivity of toluene. This resulted in 190 

36.2 ncps/ppb for the parent ion (C15H25
+, m/z 205) of BCP. The total uncertainty of the quantification of BCP 

was estimated to ~20% by including the uncertainties of toluene in the gas standard (~10%), the LCU calibration 

procedure (~15%), and the fragmentation pattern of BCP (~5%). 

Particle size distributions and number concentrations were measured by a scanning mobility particle sizer (SMPS) 

utilizing a differential mobility analyzer (DMA, 3071 TSI Inc.) connected to a CPC (3772, TSI Inc.). Particle 195 
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number concentrations were measured by two condensation particle counters (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 and used to calculate the SOA mass concentration by applying an effective particle density. This 

particle density was determined by comparing the mobility and aerodynamic size distributions measured by SMPS 

and AMS, calculated increasing from 0.9±0.1 at 243K to 1.1 ± 0.1 at 313K, respectively (Saathoff et al., 2009). 200 

A High Resolution-Time-of-Flight-Aerosol Mass Spectrometer (HR-ToF-AMS, Aerodyne Inc.) was used to 

continuously measure the total organic particle mass with a time resolution of 30 seconds at a total flow rate of 

0.0011 m3/min (with only 0.0008 m3/min going into the instrument). The data was analyzed using the PIKA 

v1.60C software. For calculation of the organic particle concentration from the AMS mass spectra, a collection 

efficiency of 0.6 (determined by comparison with the SMPS results) and an ionization efficiency of (1.52±0.1) × 205 

10-7 (calibrated with 300 nm ammonium nitrate particles) were used. In the absence of inorganic species, we 

calculated the mass concentration of the organonitrates (OrgNO3, i.e., organonitrates) from AMS data, by 

assuming an average OrgNO3 molecular weight of 331 g mol-1 and 363 g mol-1 based on the most abundant 

molecules (C15H25O7N and C15H25O9N) detected by FIGAERO-iodide-CIMS. 

Furthermore, we used a chemical ionization mass spectrometer (CIMS) equipped with a Filter Inlet for Gases and 210 

AEROsols (FIGAERO) (Aerodyne Research Inc.) using iodide as the reagent ion to measure both gas-phase and 

particle-phase components. The FIGAERO-iodide-CIMS has been described in detail by Lopez-Hilfiker et al. 

(Lopez-Hilfiker et al., 2014). It allows very sensitive detection of oxygenated compounds avoiding significant 

fragmentation. In our experiments, the gas-phase compounds were measured online by FIGAERO-iodide-CIMS 

with a total flow rate of 0.005 m3/min, with only 0.002 m3/min going into the instrument. The bypass flow of 215 

0.003 m3/min was used to reduce the residence time in the sampling line. In parallel, particles were deposited 

offline on prebaked Teflon filters (Polytetrafluorethylene, PTFE, 1 μm, SKC Inc.) using a stainless-steel filter 

holder with a flow rate of 0.006 m3/min for 5 min, the same offline sampling procedure as described by Huang et 

al. (2019a). After particle deposition, the filter samples were stored at 243 K for analysis after the experiment. 

These filters were then heated by FIGAERO-iodide-CIMS using a flow of ultra-high purity nitrogen as carrier gas 220 

following a thermal desorption procedure from 296 K to a maximum temperature of 473 K with a total desorption 

time of 35 minutes (Huang et al., 2018). We collected 4, 3, 3, 2, 2 particle filter samples for the periods when the 

particle concentrations reached stable levels in experiments at 213K, 243K, 273K, 298K, and 313K, respectively. 

The data analysis was done with the Tofware software (version 3.1.2). Note that the reagent ion I- (m/z = 126.9) 

was subtracted from the mass-to-charge ratio of all the molecules shown in this work. For the comparison of 225 

measured total particle mass concentration between AMS, SMPS and FIGAERO-iodide-CIMS, we use the 

maximum sensitivity of 22 cps ppt-1 to convert the signals to mass concentration (Lee et al., 2014; Lopez-Hilfiker 

et al., 2016). In addition, we did a mass calibration for β-caryophyllinic acid (95%, Toronto Research Chemicals) 

resulting in a sensitivity of (2.4 ି଴.଺ଷ 
ା଴.ଽ଺ ) cps ppt-1 (details are given in Fig. S2). We included I- (m/z = 127 Th), 

I(H2O)- (m/z = 145 Th), I(CH2O2)- (m/z=173 Th), I3
- (m/z = 381 Th), and a dominating product ion C30H48O5I- 230 

(m/z = 615 Th) for our mass calibration. With this procedure we found the mass defect of most compounds in a 

good linear correlation and without significant deviations at high masses (cf. Figure S3). We constrained the peak 

assignment errors to 20 ppm. 

Typically, background measurements for both gas and particle phase were done before and after the first addition 

of BCP to identify any contamination inside the chamber. However, gas background levels were almost negligible 235 
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for most experiments and most of the particle background signals were from filter matrix contaminations mainly 

due to fluorinated constituents. We subtracted the mass spectra of the background filter samples from those of the 

particle loaded filter samples for the same experiments. 

2.3 Rate coefficient calculation 

Based on the PTR-MS measurements of the BCP decay as well as the ozone measurements, the rate coefficients 240 

of the reaction of BCP with ozone can be determined. As BCP has two double bonds with reactivities with ozone 

differing by a factor of 100 (Shu and Atkinson, 1994), here we discuss only the rate coefficient for the reaction of 

the most reactive endocyclic double bond. Since we did not use an OH radical scavenger, the reaction between 

BCP and OH radicals, which are generated from BCP ozonolysis, was included in our analysis. Employing the 

following reaction scheme, the observed decays of ozone and BCP were fitted by adjusting only the rate for 245 

reaction R1. 

BCP + O3  products + γ ·OH   (R1) 

BCP + ·OH  products                 (R2) 

For the reaction of OH radicals with BCP, the rate coefficient of (1.97±0.25)×10-10 cm3 molecule-1 determined for 

296 K (Shu and Atkinson, 1995; Winterhalter et al., 2009) {Mellouki, 2021 #106} was used for all temperatures 250 

due to the lack of its temperature dependence.  

To integrate this simple model and to fit the rate coefficient for reaction R1 we used the software KinSim (Kinetics 

Simulator for Chemical-Kinetics and  Environmental-Chemistry Teaching, version 4.14) (Peng and Jimenez, 

2019). The OH radical yields (γ in R1) varied between 5-15% at different temperatures (see section 3.1). 

2.4 SOA yields calculation 255 

The SOA yields (YSOA) were calculated as YSOA=ΔMorg/ΔVOC, where ΔMorg is the SOA mass formed from the 

reacted mass of BCP (ΔVOC). Similarly, the yields (YBCA) of BCA, the typical product of BCP ozonolysis, were 

calculated as YBCA= ΔMBCA/ΔVOC, where ΔMBCA is the mass concentration of β-caryophyllinic acid formed from 

the reacted mass of BCP (ΔVOC). We used a more than 5-fold ozone excess in this study for all temperatures to 

facilitate oxidation of all double bonds in BCP and its oxidation products. This should lead to more comparable 260 

yields for all conditions studied (Li et al., 2011; Chen et al., 2012). Wall losses of particles and semi volatile trace 

gases were calculated with the aerosol dynamic model COSIMA (Naumann, 2003; Saathoff et al., 2009) and used 

to correct the yields. The yields were calculated for the initial period of the experiments, which lasted about 90 

minutes. During this relatively short time period and due to the large size of the simulation chamber, particle 

losses contributed typically 6% or less to the total SOA mass. Due to the relatively small particle sizes at the 265 

beginning of the experiments, diffusional losses dominated.  

3 Results and discussion 

In this chapter we discuss the typical course of the experiments, the kinetics of the reaction of BCP with ozone, 

the SOA mass yields, as well as the SOA chemical composition in absence and in presence of nitrogen oxides. 
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3.1 Overview of the experiments and kinetics of BCP ozonolysis 270 

Figure 2 shows the evolution of trace gases as well as particle mass and size distribution for BCP ozonolysis at 

298K first without and then in presence of nitrogen oxides in experiment 4a and 4b. The time point when ozone 

was firstly added is regarded as the start of each experiment and is set to zero. As shown in Fig. 2, following the 

nucleation, the particle size increased to 36 nm and grew further to 57 nm and 69 nm after subsequent additions 

of ozone and BCP, and finally to 122 nm after NO2 addition. The particle mass increased in presence of the low 275 

initial ozone concentration (25 ppb) and stabilized within 20 minutes after increasing the ozone level to above 300 

ppb reaching 13.3 μg m-3. A second addition of more BCP led to another increase of the particle mass stabilizing 

at a level of 17.0 µg m-3. To this SOA, 42 ppb of NO2 were added, which reacted with the excess of ozone 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 BCP oxidation products. After the third addition of BCP to the reaction mixture, the 280 

SOA mass concentration increased to 50.6 μg m-3. For the other four temperatures, these values are given in Table 

1, and their time evolution is shown in Fig S4. During the final addition of BCP, the existing particles grew quickly 

and new particle formation were was observed. The discrepancy in mass concentrations obtained from SMPS and 

HR-TOF-AMS in the initial phase of the experiment are due to the fact that smaller particles are poorly detected 

by the HR-TOF-AMS due to the lower transmission of sub-100nm particles in the aerodynamic lens (Liu et al., 285 

2007; Williams et al., 2013). After 160 minutes, the particle size reached 122 nm and both mass concentrations 

agreed well assuming a collection efficiency of 0.6 for the AMS. Please note that the FIGAERO-iodide-CIMS is 

sensitive to more polar oxidized compounds, thus, the sum of all compounds detected by CIMS can only be a 

fraction of the total organic aerosol compounds measured by HR-TOF-AMS. The total organic mass concentration 

detected by FIGAERO-iodide-CIMS, if assuming an average maximum sensitivity for all compounds, 290 

corresponds to 36-61 % of the total organic aerosol mass measured by AMS. On average 36-61 % of the total 

organic mass concentration was detected by FIGAERO-iodide-CIMS. 

After the first addition of an excess of ozone, BCP was depleted within less than 5 minutes. An example of the 

kinetic model results for the experiment at 313 K is compared to the measured data in Fig. S3 S5 and all kinetic 

parameters fitted are listed in Table S2. The OH radical yields from the ozonolysis reaction increase from (5±2) % 295 

at 243 K to (15±2) % at 313K, and 91-92% of the BCP are calculated to react with ozone under 243-313K. 

Figure 3 shows the temperature dependence of the rate coefficients for BCP ozonolysis. The rate coefficient we 

determined for 298 K of (1.09±0.21) × 10-14 cm3 molecule-1 s-1 agrees very well with values from Shu and Atkinson 

(1994) of (1.16 ± 0.43) × 10-14 cm3 molecule-1 s-1 and Richters et al. (2015) of (1.1± 0.3) × 10-14 cm3 molecule-1 s-

1 for 296 K. At lower temperatures, the rate coefficient increases. This is in an agreement with the density-300 

functional theory (DFT) quantum chemical calculations by Nguyen et al. (2009) but with a slightly higher slope. 

The Arrhenius equation fitted to our measured values is k = (1.6±0.4) ×10-15 ×exp((559±97)/T). This corresponds 

to a reaction enthalpy of (5.6±1.0) KJ mol-1 in our analysis. Please note that the experiment at 273 K was not used 

for this analysis because of an unusual background signal in the PTR-MS measurement (Fig. S5bS7b). 

3.2 Particle mass yields 305 

Figure 4 presents the yields from BCP ozonolysis in the absence of NO2 as a function of the temperature for a 

constant total organic particle mass concentration (Morg) of 10 µg m-3. The SOA yields decrease with increasing 

temperatures from 243K to 313K. For this organic particle mass concentration, we determined a SOA yield of 
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(19.4±6) % at 298K, which was lower by around 55% and 40% than those reported by Chen et al., (2012) and 

Tasoglou and Pandis (2015), respectively, for a similar particle mass. However, the results are still within the 310 

combined uncertainty limits. Please note that these two previous studies used OH radical scavengers, which should 

lead to lower yields, since OH radicals may oxidize potentially more VOCs causing higher SOA yields for the 

ozonolysis without OH scavenger system. The temperature dependence we observed is significantly lower than 

e.g. for α-pinene (Saathoff et al., 2009) and hence reflects the generally lower vapour pressure of the condensable 

oxidation products compared to the monoterpene. In our study, the SOA formation time of about 90 minutes was 315 

longer than the typical lifetime of the first-generation products from BCP ozonolysis (20 minutes) at an ozone 

level of 300 ppb, thus the difference cannot be explained by potential incomplete reactions. Different initial ozone 

levels may also contribute to the higher yields reported by Chen et al., (2012) and Tasoglou and Pandis (2015). 

For our study the wall losses and corresponding corrections were relatively small and can’t explain deviations of 

40-55%. Typically, the losses of acidic gases are larger in an aluminium chamber compared to a Teflon chamber 320 

and it may be the opposite 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 if too high wall loss corrections for the 

studies in the Teflon chamber contribute to the different yields.  

An overview of the SOA yields determined by Lee et al., 2006, Winterhalter et al, 2009, Chen et al., 2012 and 325 

Tasoglou and Pandis (2015) is given in Fig. S4 S6 in comparison with our results in the temperature range between 

243 and 313 K.  The SOA masses formed reflect 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.  

3.3 Chemical characterization of SOA from BCP ozonolysis without nitrogen oxides 

In this section the gas and particle phase molecular composition will be discussed mainly based on the FIGAERO-330 

iodide-CIMS mass spectra, complemented by the CHARON-PTR-MS.  

3.3.1 Composition of the gas-phase products 

Figure 5 shows the averaged gas-phase mass spectra for all five temperatures in the range 213-313 K, before 

adding NO2 and when the SOA concentration was in a relatively stable state. Only compounds with mass-to-

charge ratios less than 400 Th contributed significantly to the FIGAERO-iodide-CIMS spectra. The signals were 335 

normalized to the total gas-phase CxHyOz compounds at each temperature. In the temperature range of 213 – 273 

K, C15H24O3 (likely β-caryophyllonic acid), C15H24O4 (likely β-hydroxycaryophyllonic acid), C15H26O4 (not 

identified yet), C14H22O4 (β-nocaryophyllonic acid or β-caryophyllinic acid) were the most dominant monomeric 

compounds in the gas phase. These compounds have been identified as products from BCP ozonolysis at room 

temperature in previous studies (Jaoui et al., 2003; Winterhalter et al., 2009; Chan et al., 2011; Li et al., 2011). 340 

The absolute signals of all detected gas phase species are shown in the Fig. S8. In addition, we also observed 

several abundant ions, such as C14H20O2, C15H22O2 and C14H20O3, in the PTR-MS mass spectra (Fig. S5S7). As 

mentioned above, the PTR-MS is more sensitive to less-oxygenated organic compounds and is prone to 

fragmentation via e.g. losing H2O. In combination with FIGAERO-iodide-CIMS data, it is reasonable to interpret 

that C15H22O2 in PTR-MS mass spectra is most likely the fragmentation ion from C15H24O3 via losing H2O. Besides, 345 

C15H24O2 and its potential fragmentation ion C15H22O could be tentatively identified as BCP aldehyde based on 
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previous studies (Li et al., 2011). This indicates that the low oxidized monomeric compounds (O<5), which are 

abundant at lower temperatures, can also be formed at higher temperatures (273-313K) but react (cf. Fig. S7S10) 

to form higher oxygenated and lower volatile compounds. It cannot be excluded that low molecular-weight 

compounds, like C4H6O4 and C2H4O3, might be from the similar process.   350 

3.3.2 Composition of the particle-phase products 

Figure 6 shows the particle-phase mass spectra from BCP ozonolysis for 213 K and 313 K. For both lowest and 

highest temperatures, several first- and second-generation oxidation products, some of which have been identified 

also in previous studies, were observed, e.g. C14H22O4 (β-caryophyllinic acid or β-hydroxynocaryophyllon 

aldehyde), C15H24O3 (β-hydroxycaryophyllon aldehyde or β-caryophyllonic acid), and C14H22O7 (2,3-dihydroxy-355 

4-[2-(4-hydroxy-3-oxobutyl)-3,3-dimethylcyclobutyl]-4-oxobutanoic acid) (Jaoui et al., 2007; Li et al., 2011; 

Winterhalter et al., 2009; Chan et al., 2011; Jaoui et al., 2003; Griffin et al., 1999; Lee et al., 2006a; Lee et al., 

2006b; Nguyen et al., 2009; Jenkin et al., 2012; Richters et al., 2016). Table S3 lists all major particulate CxHyOz 

compounds detected by FIGAERO-iodide-CIMS in this work. Furthermore, we also observed e.g., C14H20O2 H+, 

C14H20O3 H+, C14H22O3 H+, C15H22O2 H+ and C15H22O3 H+ with the CHARON-PTR-MS (Fig. S6S9). From 360 

previous studies we know that  CHARON-PTR-MS measurements are affected by fragmentation, e.g. by losing 

H2O, CO and CO2, due to the relatively high collisional energy in the drift tube (100-170 Td) (Gkatzelis et al., 

2018). In this study, we operated the CHARON-PTR-MS at 100 Td for the particle measurement. Taking 

fragmentation by losing one H2O into account, it is reasonable to speculate that C14H20O3 and C15H22O2 are from 

the fragmentation of C14H22O4 and C15H24O3, respectively. Similarly, C14H20O2 and C15H22O3 in CHARON-PTR-365 

MS mass spectra could be identified as the fragmentation ions from C14H22O3 and C15H24O4, respectively, which 

were the most abundant ions in the FIGAERO-iodide-CIMS mass spectra as shown in Fig. 6.  

At 213 K, monomers, dimers and trimers are clearly visible. The most abundant compounds measurable with our 

FIGAERO-iodide-CIMS in each group are C15H24O3, C30H48O5 and C44H68O9, respectively. At 313 K, the 

monomers dominate and only a few dimers are observed, with the most abundant signals by compounds C14H22O7 370 

and C29H44O10, respectively. 

Compared to 213K, it is evident that the monomeric compounds formed at 313K are more oxygenated and have 

higher elemental O:C ratios (Fig. 6). It is inferred that at higher temperatures, once the first-generation products 

are formed in the gas phase, some of them can remain in the gas due to higher saturation vapor pressures. and 

undergo further oxidation reactions of their unsaturated exocyclic double bonds with the excess of ozone. Since 375 

the saturation vapor pressures of the compounds at 213K are substantially lower than at 313K, more relatively 

lower oxidized molecules are found in the particle phase due to rapid condensation. For the compounds remaining 

in the gas phase, HOMs such as e.g. C14H22O7 could be formed via simple or extended autoxidation (Richters et 

al. (2016)). In addition to C14H22O7, we also detected several other compounds (e.g. C14H22O9, C15H22O7,9, and 

C15H24O7,9) that are likely products of autoxidation reactions (Jokinen et al., 2016). At 313K, the monomeric 380 

highly oxidized compounds (MHOC, C≤15, O≥6) dominate the monomers with a signal fraction of 42.5% to total 

organic signals, which exceeds the contribution of other monomeric low oxygenated organic compounds (MLOC, 

C≤15, O<6) with a signal fraction of 24.9%. For comparison, at 213K, MHOC and MLOC contribute 6.9% and 

30.5%, respectively. Furthermore, the six confirmed HOM have signal fractions of 9.2% at 313K and nearly zero  

at 213K. Note that higher oxygenated autoxidation products like C15H22O11 (detected by Atmospheric Pressure 385 
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interface Time-Of-Flight mass spectrometer (CI-APi-TOF) using nitrate as the reagent ion (Jokinen et al., 2016)) 

and C15H22O13 could not be detected in this work due to instrument limitations (Riva et al., 2019). To summarize, 

the relative abundance of HOMs were higher at increasing temperatures (Fig. 8), indicating that the autoxidation 

showed a strong temperature dependence, slowing down at reduced temperatures. 

The dimer groups show two completely different patterns at 213K and 313K. At 213K, the dimers mainly consist 390 

of low oxygenated organic compounds (DLOC) with 28-30 carbon atoms and 5-8 oxygen atoms, and the total 

signal fraction of the dimeric compounds is 53.7%. At 313K, dimers are more oxygenated with 9-11 oxygen atoms 

with the same carbon number of 28-30 (DHOC), and they contribute less to the total normalised organic signal 

(27.6%). Here, we put forward esterification as a potential pathway for forming the most abundant dimers at both 

213K and 313K, similar to the dimer formation of other biogenic VOCs suggested by Yasmeen et al. (2010) and 395 

Müller et al. (2008). The dominating dimeric molecule at 213K, C30H48O5, could potentially be formed via 

esterification of two of the most abundant monomers (C15H26O3 and C15H24O3). In a similar way, the dimer 

C29H44O9 could be formed at 313K from C14H22O7 and C15H24O3. These reactions are described in Fig. S8 S11 in 

the supplement.  

However, we cannot exclude the reaction of a BCP-derived stabilized Criegee intermediate and an abundant acid 400 

as a potential pathway for C30H48O5 formation, similar to mechanisms suggested for e.g. α-pinene (Kristensen et 

al., 2016; Wang et al., 2016; Witkowski and Gierczak, 2014; Lee and Kamens, 2005). The dimers we observed 

had no more than 11 oxygen atoms, which is due to low sensitivities of FIGAERO-iodide-CIMS to these 

compounds (Riva et al., 2019). 

Significant signals of trimers at 213K are assigned to C41-43H62-68O9-11, but they are not detected at 313K. The 405 

potential formation pathway of C44H68O9 at 213K is also included in Fig. S8S11. Please note, that the assignment 

for ions at mass to charge ratios of more than 700 Th has significantly higher uncertainties as for smaller mass 

peaks. 

Figure 7 presents the averaged mass spectra of SOA particles formed from BCP ozonolysis before NO2 addition 

at all five temperatures. With increasing temperature, the most abundant monomeric compounds shift to higher 410 

masses with higher elemental O:C ratios, e.g. from C15H24O3 (m/z = 252.2, O:C = 0.20, 213-243K), C15H24O4 (m/z 

= 268.2, O:C = 0.27, 273K) to C14H22O6 (m/z = 286.1, O:C = 0.43, 298K) and C14H22O7 (m/z = 302.1, O:C = 0.5, 

313K). This indicates again that at higher temperatures, after ozonolysis of the endocyclic bond (formation of 

first-generation oxidation products), the unsaturated compounds can react further with the excess of ozone and 

form higher oxidized products (e.g. HOM), while those formed at lower temperatures would partition into the 415 

condensed phase before further oxidation can occur. As shown in Fig. 8, the monomer groups (MHOC+MLOC) 

contribute 39.2%, 64.7%, 85.3%, 68.9% and 67.5% to the total signal from 213K to 313K, respectively. Among 

all the monomers, the signal fraction of the six identified HOM to the total signals of all organic species has a 

monotonic positive temperature dependence (cf. Fig. 8), increasing from 0.1% to 9.2% for temperatures increasing 

from 213K to 313K. This is a similar correlation between HOM formation and temperatures as observed by 420 

(Bianchi et al., 2019). 

Two different dimeric patterns appear in the temperature range of 213-313K (Figure 6 and 7). One pattern is 

represented by molecular formulae of C28-30H42-48O5-8 at 213-243K (marked as low temperature group, LT-group), 

and the other pattern is represented by C28-30H36-44O9-11 at 273-313K (marked as high temperature group, HT-

group). The LT-group contributes 53.7% at 213K and 32.8% at 243K, with a negative temperature dependence, 425 
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while the dimeric signal fraction of the HT-group is lower than LT-group, contributing 13.8% at 273K, 24.6% at 

298K, and 27.6% at 313K, respectively, as shown in Fig. 8. After 273K, dimer formation is enhanced with 

increasing temperatures. The contribution in gas and particle phase of the major compounds are shown in Fig. 

S9S12. 

3.4 Chemical characterization of SOA from BCP ozonolysis in presence of nitrogen oxides 430 

In this section we discuss the chemical composition of SOA from BCP ozonolysis in the presence of nitrogen 

oxides including NO3 radicals, which refers to the SOA formed after the last addition of BCP, e.g. 180150-190 

160 min in Fig. 2. Please note that the results given here refer to the total SOA which was formed in two steps, 

first by pure ozonolysis and in a subsequent step including nitrogen oxides. The SOA mass formed in the presence 

of nitrogen oxides compared to the total SOA mass detected corresponds to 49% at 213K, 34% at 243K, 49% at 435 

273K, 65% at 298K, and 63 % at 313K. Due to the excess of ozone besides NO2, also NO3 radicals and N2O5 

were present. Thus, the BCP was now also oxidized by reaction with NO3 radicals, with a major pathway to 

produce organonitrates (org-Ns) (Kiendler-Scharr et al., 2016; Wu et al., 2021). The concentrations of NO3 

radicals before the final addition of BCP were estimated for each experiment using a kinetic box model (details 

in Fig. S10S13) and the results are given in Table 1.  440 

Based on the ozone and NO3 concentration levels as well as the corresponding reaction rates, we estimated the 

fraction of NO3 radicals contributing to the initial BCP oxidation to 84%, 90% and 72% for 273, 298 and 313K. 

Please note that these values should be considered as upper limits due to other potential sinks for NO3 radicals. 

3.4.1 Mass spectra from the gas-phase products 

Figure 9 shows the averaged gas-phase mass spectra including molecules without nitrogen atom (org) and 445 

organonitrates (org-Ns) for all temperatures as detected by CIMS after the particle concentration got stable after 

the last BCP addition (e.g., at 298K, referring to the time period after 160 min in Fig. 2). The gas phase 

organonitrates showed an abundance increasing with temperature from 20.7% at 213K, 26.0% at 243K, 38.3% at 

273K, 46.5% at 298K, to 48.9% at 313K. These compounds consisted of three groups of different carbon numbers 

(C5H7O6N, C10H15O5-7N and C15H23,25O6-8N). To illustrate more clearly the organonitrate formation, we show the 450 

time evolution of the three most abundant org-Ns in these three groups in the right panel of Fig. 9. The signals of 

C5H7O6N and C10H15O6N increased after the NO2 addition immediately, indicating that their formation was related 

to reactions between BCP oxidation products (BCP+O3) and NO3 radicals. After the start of the last BCP addition, 

C15H25O7N started to increase significantly, indicating that its formation was linked to the reaction of BCP and 

NO3 directly, but not the reaction between the nitrate radicals and oxidation products from BCP ozonolysis. 455 

3.4.2 Mass spectra from the particle phase 

Figure 10 shows the particle chemical composition of SOA from BCP ozonolysis in the presence of NO2 at 213 

K (upper panel) and 313 K (lower panel). At 213K (upper panel), org dominated the particle composition, with a 

signal fraction of 97.1% to total signals (org-Ns + org), similar to the SOA before NO2 addition at 213K. Org 

groups of monomers (41.2% in signal fraction), dimers (48.2%) and trimers (7.4%) were observed. The most 460 

abundant signals in each group were C15H24O3, C30H48O5 and C44H68O9, respectively. The largest org-Ns signal 

was from C15H25O7N, contributing 0.6% to the total signals. It is obvious that only few org-Ns were formed at 
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213K in our study, with a contribution ([org-Ns]/[total org.]) of 2.8% measured by FIGAERO-iodide-CIMS 

(normalised signal fraction, Fig. 12) and 0.08 detected by HR-AMS (Fig. S11S14). 

Compared to the SOA chemical composition at 213K, substantially more org-Ns (48.9% to total signals) were 465 

formed at 313K. Monomeric org-Ns (C15H23,25O6-10N) made up 35.5% of total signal (and the AMS measured 61% 

of org-Ns to total mass concentration of organic components (Fig. S11S14)). The most abundant monomeric org-

Ns signals at 313K were C15H23-25O7-9N, which had also been detected by (Wu et al., 2021). In our study, 51.1% 

of normalised signals were contributed by org species, with 28.3% of monomeric org (C13-15H20-24O4-8), 16.6% of 

dimeric org (C20H22-24O7-9) and 6.3% of trimeric org (C35H48O10-13).   470 

The particle mass spectra for all temperatures are shown in Fig. 11, with relative signal abundance of individual 

molecule to total detected species, including pure organic components (org, red) and organonitrates (org-Ns, blue). 

The most abundant mass spectral peak of all organic compounds without nitrogen at 298-313K was not C14H22O7 

as for pure ozonolysis, but C15H24O4 in the presence of NO2 and NO3 radicals. This is attributed to additional 

formation of pure MLOCs. Among all the org, the most abundant signal at 298-313K was not C14H22O7 as for 475 

pure ozonolysis, but C15H24O4 (NO3 present), due to the additional formation of pure MLOCs. This could be 

confirmed by comparison of the absolute signals of C14H22O7 and C15H24O4 in the particles before and after the 

last BCP addition (Fig. S152). Moreover, the dimeric compounds with 20 carbon atom skeletons (i.e. C20H24O7-8, 

insertion in Fig. 10) and the trimeric compounds with 35 carbon atom skeletons (i.e. C35H48O12, Fig. 10 and Fig. 

11) were newly formed at higher temperatures (> 273K) in the presence of nitrogen oxides. However, it cannot 480 

be excluded that they could be formed by the reaction of the oxidation products from pure BCP ozonolysis with 

those formed in the presence of NO2 and NO3 radicals. In contrast, the mass spectra of non-N-containing organic 

species (org) at 213-243K showed no substantial changes compared to the species from ozonolysis without 

nitrogen oxides present (cf. Fig.7). One obvious reason for this may be the lower NO3 radical concentrations at 

lower temperatures but also changes in the active reaction pathways may play a role. However, it cannot be 485 

excluded that they could be formed by reaction of the oxidation products from BCP ozonolysis (nitrogen oxides 

absent) and the next step (nitrogen oxides present). In contrast, the mass spectra of non-N-containing organic 

species (org) at 213-243K showed no substantial changes compared to the species from ozonolysis without 

nitrogen oxides present (cf. Fig. 7). One obvious reason for this is the lower NO3 radical concentration at lower 

temperatures but also changes in the active reaction pathways may play a role. 490 

In addition, more organonitrates were detected at increased temperatures, ranging from 2.8% (213K) to 51.5% 

(298K) and 48.9% (313K), dominated by monomeric org-Ns (C15H23,25O6-10N), wherein the most abundant signals 

were from C15H25O7N at 243-273K and C15H23O9N at 298-313K. Monomeric organonitrates contributed 1.7% to 

40.1% from 213 K to 298K, and 35.5% at 313K to total organic signals, as shown in Fig. 12. Besides, the signal-

weighted averaged O:C of organonitrates monotonically increased from 0.41 to 0.51 from 213K to 298K, and 495 

0.50 at 313K. We assume that the positive impact of temperature on the oxygenation and formation of 

organonitrates could also be relevant for the highest temperature (313K). However, the higher oxidized 

organonitrates may be out of the detection range of the FIGAERO-iodide-CIMS, resulting in less signal fractions 

and lower signal-weighted averaged O:C ratios of organonitrates at 313K. This is supported by HR-TOF-AMS 

measurements (Fig. S11S14), which show increasing organonitrate fractions from 8% to 61% also for 313 K. On 500 

the other hand, thermal instability of some N-containing compounds formed at 313K, e.g. peroxy nitrates 

(Francisco and Krylowski, 2005; Lee et al., 2016), can also be an explanation for the weaker increase of their 
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fraction observed for 313K. For example, the potential contributions from thermal decomposition (C1-13HyOzN1I- 

ions) showed a positive temperature dependence. Also, abundant N-containing ions, such as low molecular-weight 

molecule C5H7O6N1, desorbed substantially between 120-200°C, and had an unexpected high Tmax of about 160°C.” 505 

It should be noted that the nitrate radical levels were estimated to be higher at higher temperatures (Table 1), 

which partially explains the increasing organonitrates formation at higher temperatures. The orgnonitrates 

detected in this study were dominantly with the same carbon atom skeleton (C15) and only one organonitrate 

functional group (-ONO2). The O:C ratios for organonitrates increase with temperature. Thus, it can be concluded 

that higher temperatures favour the formation of higher oxygenated organonitrates from the BCP 510 

ozonolysisoxidation in the presence of O3, NO2, and NO3 radicals. The contribution in gas and particle phase of 

the major compounds are shown in Fig. S13S16. 

4 Summary and conclusions 

In this work, a series of experiments conducted in the dark AIDA chamber with temperatures covering the whole 

tropospheric range (213-313K) were analysed to investigate the yields, kinetics and chemistry of BCP ozonolysis 515 

in the absence and presence of nitrogen oxides. The rate coefficient of the endocyclic double bond in BCP reacting 

with ozone was determined in the temperature range between 243 and 313K showing decreasing values with 

increasing temperature. The rate coefficients agree well with literature data at 296 K and with quantum chemical 

calculations of the temperature dependence. We determined a 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.  520 

SOA yields determined for the ozonolysis of BCP show about 50% smaller values than literature data at 298 K, 

which is still within the combined uncertainty limits. For the first time the temperature dependence of the SOA 

yield was determined showing values decreasing from (37±11) % to (16±5) % for temperatures increasing from 

243 to 313K and a constant organic particle mass of 10 µg m-3. This allows to calculate the potential of BCP to 

contribute to SOA formation e.g. if reaching higher altitudes in the atmosphere. 525 

The chemical characteristics of BCP pure organic species and organonitrates were determined by the FIGAERO-

CIMS using I- as the reagent ion. Major products and different chemical composition of gas and particle phase 

with and without NO3 present at all temperatures were resolved. The variation of the ozonolysis temperature 

revealed substantial impact on the abundance of individual pure organic molecules without nitrogen atoms (org) 

and organonitrate molecules (org-Ns). In the first generated SOA without nitrogen oxides present, monomers 530 

(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.  

The positive temperature dependence of the oxygenation of the products was also observed in the BCP 535 

organonitrates. In the presence of nitrogen oxides, most of the organonitrates were found as monomers with a C15 

skeleton with one nitrate group, with their signal-weighted O:C ratio increasing from 0.41 to 0.51 for temperatures 

in the range between 213K and 313K. Dimeric and trimeric pure organic species without nitrogen atoms (C20, C35) 

were newly formed in the presence of nitrogen oxides at 298-313K, which substantially changed the chemical 

composition of pure organic components and indicates more termination ways might exist. 540 
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Please note that we cannot exclude completely that the changing humidity in our experiments has no influence on 

our results. Nonetheless, we think that the SOA composition we have observed is dominated by gas phase 

reactions with sufficient water concentrations compared to ambient conditions and that the potential impact of 

relative humidity on condensed phase reactions was minimized by increasing relative humidity with decreasing 

temperature {Li, 2019 #223}{Maclean, 2021 #224},  maybe except for the lowermost temperature (213 K). 545 

This work helps to get a better understanding on the yields, kinetics and chemical composition of SOA from BCP 

ozonolysis over a relatively wide range of temperatures, 213 K to 313 K, which is representative of the real 

atmosphere from boundary layer to upper troposphere. In addition, SOA volatility is expected to have a strong 

impact on the SOA formation, and will be discussed in our upcoming paper focusing on the desorption of BCP 

SOA from filters but also the warming up of the aerosol in the simulation chamber overnight. 550 
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Fig. 1. Schematic of the AIDA simulation chamber and its instrumentation for this study. 860 
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Fig. 2. Evolution of trace gases as well as particle mass & 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 ozone. Top panel shows the concentration of 
ozone (blue) and NO2 (yellow) as well as the experiment steps; middle panel shows the change of β-caryophyllene (pink), 865 
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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 870 

Fig. 3. Arrhenius plot of the rate coefficients determined for the reaction of ozone with the endocyclic double bond of 
β-caryophyllene (blue diamonds) compared to the values measured by Shu and Atkinson et al.,1994 (green circle) and 
Richter et al., 2016, 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. 

  875 



28 
 

 

Fig. 4. 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., 2012 used OH/CI scavenger and ammonium sulfate as seeds; Tasoglou 
and Pandis, 2015 used OH/Cl scavenger. Another comparison with literature data is given in Fig. S4S6. 880 
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Fig. 5. 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 oxids. The particle information sampled at the same 
time is given in Fig. 6 and Fig. 7. 885 
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Fig. 6. 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. 890 
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Fig. 7. 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). 895 
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Fig. 8. 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., 2016). 900 
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Fig. 9. 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 Fig. 1210 and Fig. 11. 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 905 
mass/charge refers to the weight of the molecules. The panel (b) shows the FIGAERO-iodide-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. 
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 910 

Fig. 10. 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). 
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 915 

Fig. 11. CIMS mass spectra for particle phase compounds for all five temperatures (213 – 313 K). Colours refer to 
CxHyOzN0 (brown) and CxHyOzN1 (blue) compounds. The table lists the average O:C ratios for each temperature. 
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Fig. 12. Product groups (monomeric org, dimeric org, trimeric org, monomeric org-Ns, dimeric org-Ns, and trimeric 920 
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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Table1. Compilation of experimental conditions, O:C ratios, SOA densities, and yields 

*measured by (Jaoui et al., 2003); +SOA mass wall loss corrected; t following BCP addition calculated assuming a constant 925 

BCP addition rate in each experiment; #not detectable due to wall losses. 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. 

 

  

Exp

. 

No. 

T [K] 
RH 

[%] 

BCP 

[μg m-3] 

Total O3 

[ppb] 

Total 

NO2 

[ppb] 

NO3 

radicals 

[ppb] 

SOA mass+ 

(SMPS) 

[μg m-3] 

geo. mean 

diameter 

(nm) 

O:C 

(CIM

S) 

SOA 

density 

[g cm-3] 

SOA 

Yield 

[%] 

BCA 

Yield 

[%] 

1a 213 96 # 320 0 - 14.4±3.6 67.3±1.2 0.26 0.75±0.06 - - 

2a 243 88 
15.8±3.1 

(15.6±3.1t) 
317 0 - 4.5±1.1 73.3±1.1 0.32 0.86±0.14 28.5±8 

11.1±7.3 

 

3a 273 67 109.5±21.9 73 0 - 31.5±7.9 73.5±1.9 0.38 1.0±0.08 29.7±8 4.1±2.7 

4a 298 27 
65.0±13 

(23.2±4.6 t) 
325 0 - 13.6±3.4 68.5±1.5 0.41 1.09±0.12 20.9±6 

0.8 ± 0.5 

(4*) 

5a 313 13 78.6±15.7 290 0 - 13.7±3.4 52.9±3.6 0.42 
1.09±0.16

ass 
17.4±5 0.6±0.4 

6a 243 59 65.0±13.0 6-505 0 - - - - - - - 

7a 258 50 94±19 13-419 0 - - - - - - - 

1b 213 96 # 320 27 - 
13.9±3.5 

(28.3±7.1 t) 
92.7±0.5 0.27 - - - 

2b 243 88 14.2± 2.8t 317 32 0.8 
18.0±4.5 

(52.5±13.1 t) 
96.0±1.1 0.31 - - - 

3b 273 67 109.5±21.9t 361 39 3.5 
30.8±7.7 

(62.4±15.6 t) 
114.9±1.6 0.40 - - - 

4b 298 27 27.9± 5.6t 325 42 5.3 
32.1±8.0 

(49.1±12.3 t) 
106.8±1.2 0.44 - - - 

5b 313 13 24.6±4.9t 290 46 5.6 
21.8±5.5 

(34.4±8.6 t) 
87.6±1.7 0.45 - - - 
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Figure S1. (a) Example of the 5-min average mass spectra spectrum of β-caryophyllene subtracted from the chamber 
background when the β-caryophyllene ion (m/z 205.20) shows relatively stable signal intensity in the chamber and (b) 950 
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 the β-caryophyllinic acid (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 955 
nitrogen following a thermal desorption, as described in Section 2.1. The sensitivity of CIMS to β-caryophyllinic acid 
was calculated as ൫𝟐. 𝟒 ି𝟎.𝟔𝟑 

ା𝟎.𝟗𝟔 ൯ cps ppt-1.  
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Figure S3. Plot of mass defect corresponding to the mass of molecules assigned for the BCP SOA in this work. 
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Figure S4. Time evolution of experiments at 213K, 243K, 273K, and 313K. 
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 975 

 

Figure S3S5: 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: BCP + O3 → Pro1 + ·OH, k1; 

Reaction2: BCP + O3 → Pro2, k2; 980 

Reaction3: BCP + ·OH→ Pro3, k3 

where BCP 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 S4S6: 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 S5S7: (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 1015 
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.  
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 1020 

Figure S8. Averaged CIMS gas phase mass spectra (background subtracted) for all temperatures, with absolute 
normalised signal vs. mass to charge ratios (m/z).  

 

 



47 
 

 1025 

Figure S6S9: (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 1030 
given to show the reduced transmission efficiency of CHARON inlet for smaller particles. 
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Figure S7S10. Evolution of major oxidation products detected by CIMS in the gas phase in the absence of NO2. The 
time zero represents the timepoint when ozone was added first. 1035 
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Figure S8S11. 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., 2011; Chan et al., 2011). 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: 1055 

213K: C15H24O3 + C15H26O3 → C30H48O5 + H2O 

           C30H48O5 + C14H22O5 → C44H68O9 +H2O 

313K: C15H24O4 + C20H26O9 → C35H48O12 + H2O 

           C15H24O4 + C15H22O5 = C30H44O8 + H2O 

           C30H44O8 + C5H7O6N = C35H49O13N + H2O 1060 

 

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) 1065 

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 

condensed phase as no dimeric signals could be detected visibly even with the time resolution of 1 s.  



50 
 

 1070 
Figure S9S12. 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. 

Figure S9 S12 shows the temperature dependent fractions of six typical and most abundant monomers including 

the β-caryophyllene tracer, β-caryophyllinic acid (C14H22O4), in both gas and particle phase as formed from β-

caryophyllene ozonolysis without NO2. Among the few compounds in the gas phase, C15H26O4 and C15H24O3 1075 

(likely β-caryophyllonic acid) contributed mainly at lower temperatures (213 – 243 K). C14H22O4 was observed at 

all temperatures even though its contribution was on average only 0.05% to the total mass including gas and 

particle phase. In the particle phase, C15H24O4 (likely β-hydroxycaryophyllonic acid) was observed at all 

temperatures and contributed most at 273 K. C15H24O3 and C15H26O4 were mainly present at lower temperatures. 

The two most abundant auto oxidation products, C14H22O6 (likely hydrated β-oxocaryophyllonic acid) and 1080 

C14H22O7 (not yet identified) were observed at all temperatures but their signals were significantly increasing with 

temperature. Their mass contribution in the particle phase were 0.08 to 2.3% and 0.01 to 3.6% from 213 K to 313 

K, respectively. 
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1085 
Figure S10S13. 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 ozone in the chamber over the course of the whole experiment, the following reactions 1090 

were considered to estimate the potential NO3 radical levels before the addition of another portion of BCP: 

NO2 + O3 → NO3 + O2,                 k1 

NO3 + NO2 → N2O5,                     k2 

N2O5 → NO2 + NO3,                     k3 

N2O5 + H2O → HNO3,                  k4 1095 

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 BCP or its oxidation products in our box 

model calculations used to estimate the NO3 radical concentrations. Therefore, these NO3 radical concentrations 1100 

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. 
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Figure S11S14. Comparison of the temperature dependence on the organonitrate fraction formed. The green dots 1105 
represent the fraction of the organonitrate concentrated detected by HR-AMS, while the blue dots show the signal 
fraction of organonitrate assigned by FIGAERO-iodide-CIMS.  
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Figure S12S15. Comparison of the CIMS signals of C14H22O7 and C15H24O4 before (dashed) and after (solid) the last β-1110 
caryophyllene addition. 
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Figure S13S16. 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 1115 
compound are shown. 

 

As shown in Fig S13S16, compared to the case in the absence of NO2, the mass fraction of C15H24O3 and C15H24O4 

decreased in both gas and particle phase. C30H48O5 contributed more at low temperatures (213 – 243 K) in particle 

and a relatively large portion of its gas signal showed at the coldest experiment (213 K), which indicates the vapor 1120 

pressure of C30H48O5 was not so low enough to condense to the particle phase completely even though it had a 

long carbon skeleton and high mass weight. In contrast, C35H48O12 had stronger signals at high temperatures (273 

– 313 K). However, nearly no gas signal could be detected under all temperatures due to its highly oxidation 

degree, indicative of those compounds to be extremely low volatile components, such as C30H48O5 and C15H23O9N. 

In addition, C15H25O7N acted as another most abundant nitrated compounds showed highest mass fraction at 273 1125 

K in both gas and particle phase.   
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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, 2015) 293 0.3-194 <10 2-butanol None 1.9-104 

Winterhalter et al. (2009) 296 50-370 dry none None 6-24 

Jaoui et al. (2003) 287-290 - 80-85 none None 39 

Lee et al. (2006a) 293 336 ± 3 6.2 Cyclohexane None 45 ± 2 

Lee et al. (2006b) 295 212 56 None None 68 

Chen et al. (2012) 298 0.5-230 40 Cyclohexane AS 8-70 

 

For the ozonolysis of β-caryophyllene without OH scavenger, a SOA mass yield of 27% was observed at 293 K 1130 

and an organic particle mass loading of 10 μg m-3 (Tasoglou and Pandis, 2015). 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 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. 1135 

(2012b) varied the ozone 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 ozone 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 ozone, 59.6% at 16.3 μg m-3 for 400 ppb of ozone, 

and 66.9% at 30.5 μg m-3 for 500 ppb of ozone.  1140 
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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    

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    
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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., 2011); b (Li et al., 2011); c (Winterhalter et al., 2009); d (Jaoui et al., 2003) 
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