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Abstract.

The molealar composition ofhe water soluble fractioof secondary organic aerosol (SOA) generated from the ozonolysis
of ! -phellandrene is investigated for the first time using high pressure liquid chromatography coupledrésdiigion
guadrupoleOrbitrap taadem mass spectrometry. In total, 21 prominent products or isomeric product groups were identifi
using both positive and negative ionisation modes, with potential formation mechanisms discussed. The aerosol was fou
be composed primarily of polyfuriohal first and secondjeneration species containing one or more carbonyl, acid, alcohol
and hydroperoxide functionalities, with the products significantly more complex than those proposed from hasseas
chemistry in the companion paper (MackerRae et al., 2017a). Mass spectra show a large number of dimeric products ar
also formed. Both direct scavenging evidence using formic acid, and indirect evidence from double bond equivale
factors, suggests the dominant oligomerisation mechanism isirtteidebular reaction of stabilised Criegee intermediates
(SCls) with norradical ozonolysis products. Saturation vapour concentration estimates suggest monomeric species ca
explain the rapid nucleation burst of fresh aerosol observed in chamber exyeyimence dimeric species are believed to
be responsible for new particle formation, with detected fnstl secondjeneration products driving further particle growth

in the system. Ultimately, identification of the major constituents and formatiowggttof !-phellandrene SOA leads to a
greater understanding of the atmospheric processes and implications of monoterpene emissions and SClsaespetially

eucalypt forestsvhere !-phellandrene is primarily emitted.

1 Introduction

Aerosols are abundant in the atmosphere, playing an important role in the climate system by scattering and abso
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radiation, influencing cloud formation and participating in heterogeneous chemical praGz=ssésw et al., 201¢allquist

et al., 2009; IPCC, 2013Furthermore, it is well established that atmospheric aerosols have an important impact on local
quality and human health, with exposure associated with detrimental effects on the respiratory and cardioxstsoudar s
(Brook et al., 2010; Pope and Dockery, 200%¢vertheless, there remains a large amount of uncertainty regarding the tru
impact of atmspheric aerosols on climate and health, driven by a general lack of understanding in sources, forma

mechanisms, composition and properfidallquist et al., 2009)

A common feature of atmospheric aerosol is the presence of condensed secondary organic material, formed as a re:
oxidation of volatile organic compounds (VOCSs) into less volatile, condensable, s{iétiesez et al., 2009; Kanakidou et
al., 2005) With significant biogenic emissior{§&uenther et al., 1995, 20123j)igh chemical reactivityAtkinson and Arey,
2003) and large secondary organic aerosol (SOA) formation yi¢@isffin et al., 1999; Hoffmann et al., 1997)
monoterpenes are portant contributors to organic aerosol globally, with their ozonolysis a dominant pathway for SO/
formation and growth(Jokinen et al., 2015; Ortega et al., 2012; Zhao et al., 20T&gpite this, the literature has
predominantly focussed on a small number of the more commonly emitted monoterpendsp{eeme, “pinene,
limonene), which, whilst important on the global scéddéls to considethe impact that other monoterpenes can have on
local environments. For instandephellandrene is anof the most reactive monoterpen@gkinson and Arey, 2003)yet
relatively little is known about its tropospheric degradation and subsequent aerosol forming charactePkgdandrene

has been measuréul field studies in Brazi(Kesselmeier et al., 200@nd JaparfRamasamy et al., 2016Ithough it has
been noted that ambient detection is made difficult by its extremely high rea(Beitgn et al., 2000; Saxton et al., 2Q07)

I -Phellandrenehas been identifiedn high abundance ithe extracts of numerous species @fcalypts (Brophy and
Southwell, 2002; Li et al1995; Maghsoodlou et al., 2015; Pavlova et al., 20&8h monoterpene emission rates known to
increase linearly with concentration in plant tis§beentes et al., 2000)ndeedMaleknia et al. (2009andHe et al. (2000)
hawe bothidentified ! -phellandrene in emissiorieom variouseucalyptspecies in the laboratagryvith it likely then that! -
phellandrends a nonnegligible contributor to the large monoterpene emissions reportedefroatypt forest{Emmerson

et al., 2016) Native to Australasia, the remarkable adaptability, rapid growth rates and high quality wemalgpts has

led to plantation forestry in more than 100 countries spanning six continents (> 20 million ha), engkitygtsthe most

widely planted handood forest trees in the wor({@1yburg et al., 2014)

In the companion paper#R 1,MackenzieRae et al., 2017ajt was found that {phellandrene yields a large amount of self
nucleated SOA upon reaction with ozone, concluding that the ozonolysighaflandrene is likely an important contributor
to the intense and frequent nocturnal nucleation events obsereadalyptforests(Lee et al., 2008; Ortega et al., 2012;
Suni et al., 2008)However, gagphase speciegostulatedin the companion papewuld not explain the properties of the
SOA observed. Nucleation was inhibited in experiments that intemti@a Criegee intermediate (Cl) scavenger into the

system, thereby identifying Cls as important precursors to nucleating compounds, whilst temporal growth profiles sho
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both first and secondjeneration products to be major contributors to the SOA m&ss finding is consistent with recent
literature that is building around stabilised Criegee intermediates (SCIs) as important precursors to SOA nucleation
growth, although the mechanism describing how SCIs form condensable products is still opeate¢Bdeeman et al.,
2009; Bonn et al., 2002; Kristensen et al., 2016; Sadezky et al., 2006, 2008; Sakamoto et al., 2013, Ahmad et al., 2017)

This paper extendshe currentdiscussion by analysing filter samples collecthating the! -phellandreneozonolysis
chamberexperimentgas described in MackenziRae et al., 2017apamples were analysed using a combination of liquid
chromatography with sofbnisation electrospray mass spectrometry. This technique is sensitivedsop@ar organic
molecules containing basic or acidic (ionisable) functional groups, with the technique having previous success in identify
compounds within SOA generated from monoterpene ozondlygjs Bateman et al., 2009; Camredon et al., 2GHYy et

al., 2004;Walser et al., 2008Narnke et al., 2008)itkowski and Gierczak, 201Zhang et al., 2005 The objective of this
study is therefore tadentify SOA constituents from the gpbase aonolysisof ! -phellandrene, and their associated

formation mechanism for the first time.

2 Method
2.1 Chamberexperiments

SOA was generated and sampled during eleven dahellandrene ozonolysis experiments using the indoor smog chambel
facility at the Guangzhou Institute of Geochemistry, Chinese Academy of SciencesCARGNang et al., 2014)The
complete experimental design and details are provided in the companion(idag&enzieRae et al., 2017apBriefly, ! -
phellandrene (1®175 ppb, Aldrich Chemical Company, Inc., USA) and 0zoneEX560 ppb) were mixed in a background
matrix of purified air. All experiments were conducted under lowidity conditions (RH # 5%), room temperature (~298
K) and ambient pressure (~760 Torr). All but two experiments (9 and 11) had anhydrous cyclohexanéiBigma
99.5%) added in sufficient quantity as an OH radical scavenger, with one of the neca@Hged experiments having 385
ppb of NG added (experiment 11). Two experiments (6 and 7) had 800 + 80 ppb formic acid (J&K Scientific Ltd., 989
added as a SCI scavengBonn et al., 2002; Winterhalter et al., 200Barticle number size distributions were measured by
a scanning mobilt particle sizer (SMPS; TSI Incorporated, USAVang and Flagan, 1990with particle mass
concentrations calculated to range fromEP860 pg n®, whilst particle chemical composition was meastin reaftime by

a highresolution timeof-flight aerosol mass spectrometer (AMS; Aerodyne Research Incorporated,(D&8arlo et al.,
2006; Jayne et al., 20Q0Aercsol samples were collected on {fired Whatman quartz microfiber filters (47 mm) by
pumping air through the filter at 125 slpm, for a minimum of two hours after chamber conditions had reached a stead
state. Filter samples were then wrapped in fbied in adesiccatofor 24 hours, before beirgtored at 4;C prior to analysis.
Specific starting conditions and information pertaining to SOA collection for each of the 11 experiments are presente:
Table 1.
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2.2 Sample preparation and analysis

Filter samples were extracted by sonication usingME Optima grade water (Fisher Scientific) as the solMergvious
studies have showthat watercanextract the majority of the SOA mafsgmed in chamber experimentsith a very low
background organic sighae (Hamilton et al., 2008)The sample solution was then filtered through a 0.45 pm pore syringe
(Millex-HA), with a further 1 mL of water added to the dry filter paper residue for a second ertfatibaving the same
method. Combined extraction samples were then evaporated to dryness using a V10 vacuum solvent evaporator (Bic
36iC, 8 mbar). Lastly, the residue wasstespended in 500 pL of 50:50 methanol:water (OptimaM< grade, Fisher
Scientific) solution, with dissolution aided by the Biotage evaporator (4000 rpm). Sample exposure to ambient light w
minimised throughout the extraction process.-&meditioned filters, prepared by heating blank filter papers (Whatman
Quartz microfiber filers, 47 mm) in a furnace at 550;C for 5 hours, were analysed as a procedural blank following the sa

method.

Samples were analysed using revesghase higiperformance liquid chromatography (HPLC) (Agilent 1100 series,
Berkshire, UK) coupled to a-@xactiveHybrid quadrupoleOrbitrapMass Spectrometer (Thermo Scientific). Samples (30
pL) were injected using an autosampler and separated using a Pinnaclgs D&Euthn with 5 pn particle size (Thames
Restek, UK). The starting mobile phase consistesl grfadient from 85% water with 0.1% formic acid (Sigma Aldrich), and
15% methanol (LEMS Optima grade, Fisher Scientific), to 10% of the water/formic acid solution and 90% methanol ove
13 minutes, before holding this ratio for a further minute. Electegsianisation (ESI, 35 eV) was used in both positive and
negative modes with full mass spectra scans acquired betwe&0 b 750 range with a resolution of 70,000natz 200.

lons were additionally fragmented using higihergy collisional dissociation to yield tandem mass spectrometry (MS/MS)
for structural identification. The MS was masalibrated using ESI positive and negative ion calibration solugeesy day
(Pierce, Thermo Scientific). Data analysis were conducted using Xcatiass spectrometry software, assuming the only
atoms present werdC, °C, 'H and*O in the negative ionisation mode in additiorfi¥a in the positive ionisation mode.
Analysis of the pe-conditioned filters showed only baseline noise, confirming that the peaks in the chromatograms were |
due to artefacts of sample preparation. No evidence of methylation, which has been reported in other works using mett

as the extracting solvefitvValseret al., 2008)was observed in any of the tandem mass spectra.

3 Results and discussion
3.1 Product identification

Negative mode analysis leads to formation of deprotonated[ieBEl]); hence molecules containing functional groups that
readily lose groton, such as carboxylic acids, are frequently observed in this mode. Meanwhile in positive mode analy:

ions are produced by protonation or cationisation with sodium [B¥N@]"), which are present in the glassware used and,
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in the case of oxygenatdunctionalities, can improve detection and sensitiitgmilton et al., 2008)Hence groups that
more readily accept a positive charge, such as carbonyls, are often observed in positive modgvamatysire expected to

be dominated by sodium ion addu¢amredon et al., 2010Becausea large fration of first- and secondjeneration
products of tphellandrene ozonolysis contain at least one functional group that is capable of iorfidat&enzieRae et

al., 2016, 2017a)t is reasonable to assunfet a high proportion of water soluble SOA components will be obseDue.

to a lack of calibration standards, only a qualitative comparison of SOA composition can be achieved. lonisation efficie

of individual molecules can vary significantly in ESidaso the largest peak may not represent the most abundant species.

Accurate mass measurements were used to assign molecular formulae to SOA components with mass accuracy of less
ppm.! -Phellandrene has an interesting structure for understar®y formation mechanisms. It has two double bonds
within the ring; reaction with ozone at the first bond opens the ring, while the second ozone addition causes fragmenta
Thus the dominant SOA components from the first oxidation will likely haveatiioas. Those produced from the second
will have seven or three carbons, with the latter unlikely to form significant SOA mass. The following sections will foct
initially on the compositiorof SOA formed during standatdphellandrene ozonolysis experims. The final section will

focus on the impact of adding a SCI scavenger during the experiments.

3.1.1 Negative mode

The chromatograms produced using negative mode ionisation were reasonably consistent across the experimental
showing the same chataristic major peaks irrespective of experimental conditions. Two example chromatograms, frol
experiments with and without formic acid, are shown in Fig. 1 with major peaks detected across all experiments labelle
retention time order. Using high maascuracy tandem mass spectra, the structure of 12 major compounds have be
identified (Table 2), with structural elucidation consistent with postulated degradation mech@arkenzieRae et al.,

2016, 2017a)Labelled tandem mass spectra are provided in the Supplement (Sect. S1). All identified species con
carboxylic acid functionality, with a characteristic loss of 44 Da from the parent signal observed in all tandem mass spe:

showing a clear biasinegative mode ESI towards compounds containing acid functionality.

The peak at retention time 7.06 minutes (N8) is the major peak in all negative mode chromatogramsEhijith fiMiz159

and a neutral formula of £,,0,. A molecular formula with Tarbon atoms indicates a secaygheration product. In
addition to a loss of 44 Da, the tandem mass spds also characterised by a loss of 18 Da, suggesting the presence c
further functionalisation, in this case likely an alcohol group. Two plausblaeric species have been suggested based on
this information (Table 2). As shown in Fig. 2 for one isomer, acid formation occurs through stabilisation of the CI from o
ozone addition, whilst the CI from the other addition decomposes via the hydrioleectrannel; whereby the excited ClI
isomerises through a-ghift to form a vinylhydroperoxide which subsequently decomposes into a vinoxy radical and

hydroxyl radical(Johnson and Marston, 2008; Niki et al., 198plecular oxygen then adds to the vinoxgical which
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ultimately yields an alcohol group. Both of these are major reaction pathways and can explain the high abundanc
compound N8 in {phellandrene SOA. Theoretical results show the energy barrier for accessing the hydroperoxide char
from the primary Cl generated from the more substituted double bond is around 20 kJowel in energy than the
respective barrier for accessing the hydroperoxide channel from the relevant Cl from the less substituted double t
(MackenzieRae et al., 2016Based on this information, the secondalgohol isomer (formation mechanism shown in Fig.

2) is favoured as compound N8.

Alternatively, if the peroxy radical formed during the hydroperoxidennbhwere to form a ketone rather than an alcohol,
then compound N1 would be formed, as shown in Fig. 2. This product was identified at retention time 3.81 minutes, wi
[MEH] = m/z 157 and a neutral formula of/8,00,. The mechanism yielding adjacertehyde and ketone functional
groups is only accessible for the Cls formed from ozonolysis of the more substituted double bphdllaridrene, with the
other Cls unable to form a ketone without fragmenting, due td tbarbons being tertiary. This coemative lack in
mechanistic flexibility, along with a higher vapour pressure, may explain why compound N1 is relatively minor compared
N8.

The prominent peaks at retention times 5.01 (N4) and 5.39 minutes (N5) are due to isomeric moleculeBHjith fiMz

175 and a neutral formula of/8,,0s. These two peaks are observed in all samples analysed, with varying relativi
intensities. Tandem mass spectra for these two species are similar with a number of common ion peaks, suggesting s
structures comining acid and hydroxyl functionalities, differing only by positioning of these functional groups within the
molecule. Nonetheless, a small number of minor differences in MS/MS fragmentation enables structural elucidation. N
formed through initial ozoolysis of the least substituted double bond, with the second addition of ozone participating in tt
hydroperoxide channel on the fragment&ackbone, before undergoing a number of isomerisations, as shown in Fig. 2
Meanwhile N5 is formed from ozone atidh occurring in the reverse order. In general, the peak area of N4 is around twic
as large as that for N5. The exact structures were confirmed by comparison to reference spectra available in the ¢
mzcloud database (https://www.mzcloud.org/), withirities of 94 and 96 % for N4 and N5 respectively (see Supplement
Sect. S1). Given vapour pressures are likely to be very similar (Table 2), this observation suggests that eitharckaial att
the least substituted double bond ipleellandrene idavoured, or the ClI formed from ozonolysis of the more substituted
double bond in !phellandrene is more likely to participate in the hydroperoxide channel than the CI from ozonolysis of tt
less substituted double bond, both of which are consistentradtimt theoretical findingéMackenzieRae et al., 2016)
Relative to compound N8, peak areas for N4 and N5 are suppressed upon introductionrib M@ system (experiment

11, also no cycloéxane). Similar inhibition is not observed in the other ozonolysis experiment where cyclohexane was r
added (experiment 9); thus it is concluded that it is the addition gfttNtbe system that precludes formation of compounds
N4 and N5 by preferentigllreacting with the acyl peroxy radical. Therefore it is expected that compounds N4 and N

become increasingly significant contributors to SOA generated fregghellandrene under increasingly QNi@ited®
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conditions.

Peaks at retention times 4.15 (NRdat.86 (N3) minutes are found consistently among the chromatograms from all sample
and correspond to products with fM]" = m/z145 and 187 and neutral formulas aHg0, and GHgOg respectively. The

high oxygen content of both products indicates thatleast one of the ozone additions decomposes through the
hydroperoxide channel, with further intramoleculartreinsfers and oxygen additions possible throughout radical
decomposition(Crounse et al., 2013; KurtZn et al., 201Bjoposed structures for compounds N2 and N3, derived from

tandem mass spectra (Supplement Sect. S1), are given in Table 2.

Compound N6 and N7 at retention times 6.01 and 6.23 minutes, havgH} fMim/z143 and are assigned a neutral formula
of C;H1,05. These species are formed through the Cls from both ozone additions being stabilised, resulting in aldehyde
carboxylicacid functionality as shown in Fig. 2 for N6. The impact of a SCI scavenger on the relative abundance of th

species is discussed further in section 3.5.

Observed in the majority of chromatograms, compound N11 h&sl[M m/z185 and a neutral forata of GH;40,4, with a
diacid functionality proposed. However galsase formation of N11 (Supplement Sect. S2) is only possible through a
hydroperoxide pathway that has been shown by theoretical calculations to be uncom(péditikenzieRae et al., 2016)
Furthermore, whilst compound N11 shows consistency with the tandem spectrum, a loss of 88 Da that may be expected
diacid is not observe@Leenheer et al., 2001Y herefore the proposedriscture of compound N11 is only tentative, and

potentially involves urconsidered surface or condensed phase chemistry.

Compound N13 is present in all chromatograms as a major peak with a retention time of 9.92 (except for experimen
which had NQ added) and has [EH] = m/z183 and a neutral formula ofi1,¢0s. The tandem mass spectrum is relatively
uninformative, being dominated by a fragment iom#& 139, suggesting that loss of the carboxylic acid group results in a
stable ion. Given this infamation, compound N13 is ascribed to the fgsheration acids (Table 2), with the exact isomer
unable to be determined. Fhgéneration acids are predicted to be major -fisteration products in the gpbase
(MackenzieRae et al., 2016)nd so their detection in the particle phase is not surprising given thestomatedvapour

pressures.

Compound N12, observed in all chromatograms, hasBd]M= m/z199 and is assigned a neutral fatenof GoH1¢0,4. As
discussed in section 3.5, the peak area of this species is reduced in the presence of a SCI scavenger. Only two main fre
ions are formed (loss of G@nd CQ+H,0) and further fragmentation using M@elded no additional ions. Two potential
structures have been proposed. The first is a compound formed through the hydroperoxide channel undergobisitfa 1,6

isomerisation, as proposed in MackerRige et al. (2016), with a schematic shown in Bigdowever this pathway would
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not be inhibited by the addition of a Cl scavenger, as it is predominantly formed threaghmgement of excited Cls.
Alternatively, N12 can be attributed to a diacid. One possibility is that the diacid forms througittadstof the aldehydic
hydrogen by the ClI, as shown in Fig. 4. The mechanism however, which was first propddacebgl. (20070 explain
pinonic acid formation from a-pinene, was shown to be uncompetitive with competing pathways by computatiot
calculations(MackenzieRae et al.2016) An alternative prospect is that aldehyde groups are oxidised to carboxylic acids
increasing the mass by 16 Da, in a process that has been proposed to oecmgligdsly in the aerosol phase (Walser et al.,
2008). For example, firsienerationacids such as N13 could be oxidised to diatideugh heterogeneous reaction with
ozone Therefore the current proposal of compound N12 remains tentative. Similarly, compound N9, observed at a reter
time of 7.51 minutes, can form through oxidatiorttaf carbonyl group in N12 to an acid. N9 is observed as a minor product
in the majority of chromatograms, with af#d]” = m/z215 and a neutral formula of,§,¢0s. The tandem mass spectrum is
supportive of a diacid. Alternatively, the same product cafotmeed following the same pathway as N12 with an additional

1,7-H shift between the acyl groups before radical termination, as shown in Fig 4.

3.1.2 Positive mode

Chromatograms produced from positive mode analysis are reasonably consistent acrogsritmergal dataset showing
similar major product peaks, with the chromatogram from a representative experiment shown in Fig. 5. Tandem mass sp
from the positive mode however offers little structural insight, with identity of the major product pstakisiti Table 3
tentatively assigned based on mass to charge ratios and mechanistic insight (MéR&eratial., 2016, 2017a). Preference

is given to structures containing at least one carbonyl group, consistent with positive mode ESI charging métterics.
overlap is observed with negative mode spectra, the same species are reassigned. For example, compound N8 is founc
positive mode at a similar retention time of 7.17 minutes, with [M+Nal83. Given this, the P3 hydroperoxide containing
isomer shown in Table 2 is assigned to the peak at 8.75 minutes. A corollary is that acidic isomers detected in the neg
mode are unlikely to be responsible for peaks in the positive mode if corresponding retention times are significal

different.

A dominant feature of all positive mode chromatograms is the large peak at retention time 5.06 minutes, which has [M+!
=m/z151, and is assigned a neutral formula gflGO,. This species is assigned to the major seg@®erkration product P1,

a dicarbony species. Similarly, compound P2 ({M]" = m/z137, GH100,) is also a major dicarbonyl secegdneration
product, with P1 and P2 having both been detected in thphgs®e (MackenziRae et al., 2017a). Estimated vapour
pressures support their primarysigence in the gaseous phase (Fig. 6). However, given their expected highagas
concentrations, coupled with high aerosol loadings for most experiments inside the reactor, it is not unreasonable to as
considerablgartitioning of these prominenttarmediatevolatile gasphase specie@d eungséul et al., 2005; Walser et al.,
2008) In addition, they may be present as a result of decomposition of larger species during the @nglysserse

oligomerisation)
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The heaviest two products observed in the positive ionisation mode, P7 and P8, are attributed to peroxide contai
products from the hydroperoxide channel that have undergone additional intramolecular hydrogen abstractions
molecular oxygen addition3.ermed autoxidation, this process has been used to explain aerosol formation from the reacti
of monoterpenes with ozone in relatively clean environments, as it can result in the formation of compounds of extren
low volatility (Ehn et al., 2014Jokinen et al., 2015As shown in Fig. 6, thestimatedsaturation vapour concentrations of
P7 and P8 are not sufficient for nucleatidfonethelesgheir presence in the filter samples suggests autoxidation is
occurring during !phellandrene oxidatigrwith it entirely possible that, upon further intramoleculatr&hsfersyolatilities

will be sufficiently reduced to fornthe extremely low volatility compoundsequired for nucleatiofEhn et al., 2014;
Jokinen et al., 2015)

3.2 Product vapourpressures

Whilst it was anticipated thathe SOAwould consist of a complex mixture of compounds, chromatographic analysis
suggests that the SOA igsteaddominated by a small humber of major constituents. To assess the validity of identifie
products 6 differing functionalities as major aerosol constituents, saturation vapour concentrations (C*) fgrrall
predicted compounds were estimatmsihg the method dflannoolal et al(2004, 2008¥or vapour pressure arliend et al.
(2008, 2011)or activity coefficients(method described imore detail in Supplement Sect. S3yith resultsprovidedin
Tables 2 and 3 and plotted in twidmensional volatility oxidation space in Fig. 6. Vapour pressures were found to spar
almost 10 orders of magnitudedicating considerable varidity in volatilities of proposegarticlephase products. At the
organic particle mass loadings found during the chamber experimer®$6680pg n¥), organic compounds of intermediate
volatility (IVOCs) are expected to primily reside/partition into the gaseous phase, and therefore be minor contributors t
the particle phas¢€Donahue et al., 2012)Compounds classified as sewalatile organics (SVOCs) are likely to have
sizeable mass fractions in both the gaseous and aerosol phase at mass loadings encountered during chamber expel
whilst those low volatity organic compounds (LVOCSs) are thought to exist predominantly in the particle (asghue et

al., 2006, 2012)

Figure 6shows the most prominent peaks detected in both the positive and negative mode chromatograms\{nasdely
176, 184 and 200) are IVOCs and SVOCs. Three products were determined to be of low vbkitilifZ,, species with
between 5 and 7 oxygeatons. Both first and secondjeneration species are classified as SVOCs. Of the 21 products ol
product groups identified, 11 are; 6r smaller secondeneration products, with the increase in volatility associated with
losing at least three carbons comperdgsatepart by the decrease in volatility resulting from increased functionalisation, as
shown in Figure 6. For both firsand secondjeneration products there is a clear negative correlation between C* and O/C

with an offset due to the size of the hydndxzan backbone between generations.
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Figure 6 shows that none of the major particle phase species detected are classified as having extremely low vole
(ELVOCs), which has been argued as being a necessary requirement for compounds to homogeneatdy upoc
supersaturatiofDonahue et al., 2013; Heaton et al., 200He detected compounds are therefore unlikely to be responsible
for the rapid burst of freshly nucleated aerosol observed upphellandrene reacting with ozone (MackerRize et al.,
2017a), but rather they progressively condense onto the nucleated core once aerosol clusters have grown past a critice
For the ozonolyis of other monoterpenes, ELVOC formation has been proposed to occur throughagasaccretion
reactions(Bateman et al., 2009; Camredon et al., 2010; Heaton et al., 2007, 2009; Lee and Kamens, 2005; Tolocka e
2004; Zhang et al., 2015nd autoxidation processes (Ehn et al., 2014; Jokinen et al., 2015). Higher massirusn
possibly formed as a result of these reaction pathways were detected in both positive and negative mode spectra, a1

discussed further in the following section.

3.3 High-resolution mass spectral analysis

In order to investigate the overall coagition of the SOA, an average mass spectrum was produced of the section of tt
chromatogram where SOA components eluted ifot including the dead volume or the final gradient equilibrium period).
Figure 7a shows a representative mass spectrum im#h@nge 50D 400 obtained in the positive mode (experiment 10).
The spectrum contains over 280 peaks with intensities exceeding 0.5% of the most abundannje2®3atAn example
negative mode spectra is shown in Fig. 7b, and contains over 200 p#agmizrange 50450 with intensities exceeding
0.5% of the most abundant peakrdz199. In both spectra, peaks are predominantly clustered into wide groups separated
14 amu (CH). The two spectra are explicitly compared in Fig. 7c by subtratiite from the positive mode spectrum and
adding™H to the negative mode spectrum, making the plot pertinent to the neutral analytes. Depending on the experin
either the peak an/z 160, 176 or 200 is the most intense. The compounds at MW = 200 Dgoardds the dominant first
generation SOA products atdH1604 (N12, P6 isomers), whereas the compounds at MW = 160 and 176 Da correspond
the dominant second generation SOA products #t; 0, (N8, P3 isomers) and H:,05 (N4 and N5) respectively.
Therefore the ratio of these is a reflection of the degree of oxidation that had occurred when the filter samples v
collected. Other abundant peaks routinely found in both the positive and negative ion mode spectna/intiitlel 86 and

216, corresponding to products N6/N7, N11 and N9 respectively. There are some differences in the two spectra as a res
different ionisation efficiencies of SOA components. In addition, the larger downward peaks in the negativemintis6at
andm/z140 in Fig. 7c, are actually the result of a loss of, @@k toin-sourcefragmentation from SOA components at MW
=184 Da and MW = 200 Da. This highlights that caution is needed if a direct ESI with no prior separation approach is u
The assigned chemical formulas were also used to generate Kendrick plots, shown in the Supplement (Sect. S¢
investigate homologous families of molecules based on either(KMich) or O (KMg) units. Although the spectral
distribution is similar in bottmodes, there are sufficient differences that analysis of both ionisation modes is necessary

complete characterisation of SOA composition.
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3.4 Analysis of dimer products

A recognisable feature of the mass spectra in both modes in Figure 7 is the@reSenonomers up to abom/z 250,
followed by dimers fronm/z250B 500, corresponding to two oxygenategtellandrene product units. Similar clustering

of peaks in mass spectra from SOA generated by monoterpene ozonolysis has been extensivelyBaigonaad et al.,
2009; Camredon et al., 2010; Heaton et al., 2007; Reinhardt et al., 2007; Tolocka et al., 2004; Walser et.alhe2008)
intensity of the oligomeric signals are lower than the major monomeric peaks, and remain fairly consegterthaaimer
domain. Proposed formulas range from £gH15340s5.11. Whilst relative intensities are lower than monomeric species, dimers
by nature contribute more mass and so are likely to have an important impact on the aerosol phase, especeslyoim nucl
and early growth processes. Metrics such as O/C and H/C ratios, Kendrick mass defects and the double bond equive

index (DBE) can be used to identify structural similarities and functionalities of SOA samples.

Species identified in the posi# and negative modes, using the average mass spectra in Figure 7, are plotted in V
Krevelen space in Fig. 8. The majority of products have O/C ratios between 0.3 and 0.7, and H/C ratios between 1.5 anc
The species detected show significant varratin elemental composition, although no significant differences in the
distribution between products detected in positive and negative modes was observed. Furthermore, the distributio

monomer and oligomer species is similar, with oligomers havingitasiaverage O/C but a narrower O/C range.

Using assigned chemical formulas, DBEs were calculated for all major spectral peaks (Rl > 5%). Peaks containing an
mass were taken as corresponding to molecules witf*6natom and were subsequently exed. Calculated DBE values
are plotted against carbon number in Fig. 9, with markers scaled by peak intensity (from SOA collected in experiment
The DBE values for major spectral components in the positive and negative modes were found to ran@sfratithzhe
largest peaks being monomers with a DBE of 2 or 3. The results suggest that mgsnérstion & products likely
contain one C=C double bond and two C=0 groups, whilst saturated sgeo@ihtion ¢species contain two to three C=0

bonds

Heavier oligomeric species have a DBE ranging from 3 to 5. A clear split can be seen in the SOA composition betw
monomers containing 10 or less carbons and oligomers. The smallest dimerarat [{Rely the result of reaction between
two Cs monomes, whilst the group at is likely the result of reaction between eithergga@d G monomer, or a g and a

C; product, formed from reaction at the second double bond. A further, more numerous gresiCati€also seen and is
likely a combination ba wider variety of G-Cy, species. Considering the DBEs of the base monomeric species, dimeric
DBEs are consistent with oligomer formation through SCIs, peroxyhemiacetal and henmeessttahisms. This is because
the cumulative DBE of two monomers decreases by one upon accretion through these mechanisms. In contrast

oligomerisation pathways involving dehydration, such as aldol condensation and esterification, the DBE is adgfitive wl
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going from momomers to a dimer. Given the prominence of monomeric species with a DBE of 3, one would expect to
dimeric products with a DBE of 6 if condensation pathways were significant. Of the remaining considered accret
pathways, hemiacetal foration has previously been found to be thermodynamically unfavouiBaisanti and Pankow,
2004) whilst peroxyhemiacetals are likely to be thermally labile and thus potentially unstable when subject to hi
temperatures during ESI ionisatiofCamredon et al., 2010; Surratt et al., 200@) is therefore concluded that
oligomerisation through bimolecular reaction of SCls is likely to be the major accretion process-fioefiahdrene

ozonolysis under chamber simulation conditions.

Table 4 ligs the mass of potential dimers that could be formed from the reaction of select SCls witiméirsecond
generation products. The majority of the proposed masses from these bimolecular addition reactions were detected i
positive and negative iord§on mode mass spectra. In the literature, Bateman et al. (2009) proposed that the domin
oligomerisation mechanism in the ozonolysis of limonene is the reaction between SCls and stajgediiegton products,
whilst Lee and Kamens (200%all and Johnston (2012)nd Kristensen et al. (20163howed that reactions of SCIs with
first-generation carboxylic acids are sources of dimers in the ozonolysipin€he. For isoprene ozonolysis, Sakamoto et
al. (2017) argued that oligomerisation occurs through an initial reacfian &CI with an organic acid, followed by
sequential insertion of SCls. This mechanism has support from their prior study into the ozonolysis of ethylene (Sakamo
al., 2013). Meanwhile, for linear alkenes and enol ethers, Sadezky et al. (2006, r2DABpa et al. (2015bproposed that
oligoperoxides, formed from the addition of SCls to organic peroxy radicals, are responsible for SOA formation and grov
One important caveat is that smog chamber condiioasot entirely representative of the ambient, with these experiments
conducted using artificially high precursor concentrations. Whereas in the atmosphere SCI are largely scavenged by wa
water dimerqVereecken et al., 2015)he dry conditions and increased availabilifyooganics inside the reactor increases

propensity of the various SCI accretion channels.

In addition to formation from SCIs, numerous other accretion processes have been proposed in the literature to accou
particlephase oligomers including perdwmiacetal formation, hemiacetal formation, aldol condensation and acid
anhydride and ester formation, which are summarised in reviews by Hallquist et al. @dOand Seinfeld (2008and
Ziemann and Atkinsn (2012) These processes have been proposed to occur in thEhases heterogeneously through
reactive uptake on the surface of aerosols andtotwo condensed monomers. SOA products were detected at/the
values of dimers predicted to be formed these pathways, with different monomer combinations, and accretion pathways
resulting in multiple dimeric products of the samass. So whilst it is likely that the reaction of SCls is important in
forming dimers, significant contributions from othaccretion channels cannot be readily discounted, with further

investigation necessary to determine the relative importance of discussed dimerisation/oligomerisation channels.
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3.5 Impact of SCI scavenging on SOA composition

Over the last decade, many sesglhave shown that SCI are important precursors to SOA formation, using a range of St
scavengers to investigate effects on yields, masses, number and composition of the particles formed. Recent results
Sakamoto et al. (201Bhowed that SOA formation from isoprene ozonolysis was suppressegh &HHidue to scavenging

of the CHOO SCI through rapid reaction with water. However, a portion of the SCls formed had lower reactivity towar:
water, mostly likely one or more of the correspondingSCI formed upon ozonolysis (Newland et al., 2015).cdntrast,
Kristensen et al. (2014pund that new particle formation and the amount of ditype molecules formed duringginene
ozonolysisincreased at higher RH values. Bonn et al. (2002) reported a significant decrease in new particle formation
aerosol yields at higher RH values for the ozonolysis of exocyclic monoterpenes, with nhumber concentration o
moderately affected and no sificant change in yield observed for the ozonolysis of endocyclic alkenes. Recent work fron
Newland et al. (2017) has shown that the reaction of certai€fnonoterpene SGlwith water are slower than that for
CH,0O0. Therefore, the reactivity of SCI witwater is structurally dependent and may determine the effect of relative

humidity on reducing SOA formeda SCI oligomerisation.

Zhao et al. (2016jound that particle number and higher molecular weight products formed from the ozonolysis of
cedrene, a g sesquiterpene, were significantly reduced upon addition of formit; BC(O)OH, as a SCI scavenger.
Ahmad et al.,, (2017) have recently shown that adding acetic acid or acetone to limonene ozonolysis experim:
significantly delayed the formation of particles leading to reduced SOA masses and a reduction in partiets, mwithb
acetic acid showing the strongest effect. These findings are consistent with the study of Bonn et al. (2002), who showe
addition of formic acid to have a significant inhibiting effect on nucleation and on total aerosol volume for thesizafioly
"-pinene, with similar but less drastic changes reported fpméne. Similar observations were also reported in the
companion paper using formic acid as an SCI scavenger inghellandrene ozonolysis experiments, with SCI scavenged
experimentsshowing a large reduction in initial particle number concentrations, suggesting a reduction in the number
SOA-nucleating agents, and lower total SOA yields (PaMdckenzieRaeet al., 2017a)

In order to investigate the impact of the SCI on the formation of dimers and SOA composition more generally, a serie
experiments were carried out with high concentrations of formic acid (Table 1, experiments )6 ligdré 1shows the
main differences in the chromatograms from SCI scavenged experiments were an increase in the relative amou
compounds N10 and N7, and a decrease in the amount of compounds N12 and N13. Compound NEH) tasniell 73

and is assigned a nealt formula of GH140,. It is a relatively minor species in the majority of filter samples, however is
observed as a major peak at retention time 7.96 minutes in the chromatograms of SOA produced with formic acid addec
SCI radical scavenger (experimgré and 7). Tandem mass spectra offer some insight, with losses of 44 Da and 62 [

(carboxylic acid and an other oxygenated functional group). A small fragmentrioa&g (GH-O) indicates a carbonyl or
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acid functionality in théd -position to the brached side chain. The structure contains 8 carbons, suggesting it is faemed
reaction of a €secondgeneration product and formic acid. The scavenging mechanism of SCI by formic acid is known 1
form a hydroperoxy methyl formate (HPMF) fttve CH,OO SCI(Neeb et al., 1995; Hasson et &001; Sakamoto et al.,
2013) Horie et al. (1997) have detecteldydroperoxyethyl formate (HPEF) using FT$Bectrometryn cis/transbut-2-ene
ozonolysis experiments in thpeesence oformic acid which decomposes ticetic formic acid anhydrideliu et al. (2015)
have also looked at the reaction of a range of alkyl substituted SCI with deuterated formic acid and acetic acid u
photoelectron spectroscopy, directly detecting a range of partially deuterated alkyl substituted vinylhydroperoxisle spe
formed through an acidatalysed tautomerisation reaction. Complementary theoretical calculations predict several reacti
pathways, including a barrierless insertion reaction to yield a hydroperoxyalkyl formate (Liu et al., 2015, Kumar et ¢
2014). An equivalent functionalised hydroperoxyalkyl formate is shown in Fig. 10 for a major second generation S
(MackenzieRae et al., 2017a). However, the established mechanism cannot explain the formation of the observed proc
as dehydration to an acidlardride species (Neeb et al., 1995; Horie et al., 1997) forms a product with a mass 2 Da too lo
An alternative decomposition process is therefore required to explain formation of N10 from the majorgeeevation

Cls. It is therefore proposed thatitic acid can additionally participate in accretion reactions with products, driven by the
high concentrations of formic acid inside the reactor. An example is given in Fig. 10, yielding the predicted product throt
a hemiacetatype reaction (c.f. Hallgst et al., 2009). Whilst the proposed product could potentially match the MS/MS
spectrum, the thermodynamics of its formation remain uncertain. Because aerosol yields were observed to decrease up
addition of formic acid (MackenziRae et al., 2017ajhe net effect of the increased product contribution of N10 to the

condensed phase is less than that which originates from SCls-staeenged experiments.

There is also a more pronounced peak at R.T. 6.23 minutes (N7) in the formic acid expefiheetws peaks at R.T = 6.01
min and R.T. = 6.23 min are structural isomers #1303 with the acid and carbonyl functionalities on different sides of the
molecule. The M$spectra are almost identical (loss of 44 and 46 Da, see Supplement Figs. S2167andith the peak at
6.23 having a small additional peak from loss of CO (28 Da), suggesting the carbonyl id ipasiton to the branched
chain. The structural similarity and enhanced formation of both N7 and N10 upon addition of formic acitsghggésere

may be an intrinsic relationship between the two species. One possibility is that N7 is a decomposition product of N1

other dimeric species formed through SCI scavenging.

The two major peaks that have significantly reduced peak itiensire both ¢ species, containing carbonyl and acidic
functionalities (N12 = @H1604 and N13 = GH1503). This result further suggests that these structurally similar species are
related, with N12 being formed from further oxidation of N13. @&hsence of a N13 peak when N®present suggests that
formation is inhibited by N@ which would also scavenge SCls to form carbonyls. Interestingly, N13 is only moderatel
impacted when using formic acid as the SCI scavenger, implying that scavendimnby acid may ultimately result in

evolution of acid functionality, either through further degradation or catalysing Cl tautomerigatioar et al., 2014; Liu
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et al., 2015)

The experiments with formic acid webeth carried out at low initial @ohellandrene mixing ratios (<20 ppb). The average
mass spectra facavenged and nestavenged experiments carried out at very low concentrations do not show the obviot
dimer region seen in Figure 7, most likely as a result of increased background interferences. In order to assess the cha
the oligomer compositiorthe extracted ion chromatograms were compared for two experiments with and without formi
acid but with similar levels of initial VOC (experiments 3 and 7). The change in the retdlipeak areas associated with
the products of reactions of the main IS@vith a range of stable carbonyl and acids for scavenged and unscavenge
experiments were estimated and are shown in Table 4. A direct comparison of peak areas is complicated due to a) a
difference in the amount of SOA mass produced (121 versusgR8i®), which will change the volatility distribution of
SOA, b) differences in ozone levels in the chamber, and c) the fact that dimers from different reaction pathways can resi
dimers of the same mass. However, there are clear differences irsttileution of dimers between the two experiments.
Seven dimer mass peaks [MW = 288, 304,(C312, 328, 344, 352, 368 Da, bold numbers in Table 4] showed a reduce
peak area when the scavenger was used. Four dimer masses [MW = 256, 270, 302) B@4 it@licised in Table 4] were
more abundant when the scavenger was used. The remainder of masses in Table 4 show either similar peak areas ¢
inconsistencies, for example the extracted ion chromatogram of m/z 341 [M = 342 Da] has two peaksjsinilatin

both samples and one that is reduced in the presence of formic acid. The number of high mass oligomers was

significantly suppressed upon addition of N the system, with N@also acting as a sink for SCls (Welz et al., 2012).

The observed change in oligomeric species distributions upon the addition of a SCI scavenger may help to exp
macroscopic observations, where the number of aerosol particles observed during the initial stages of experiments
found to decrease upon addit of formic acid (MackenziRae et al., 2017a). The measured reaction rates aficCG SCI

with formic acid have been measured to be very fast, in excesk167°lcm® s?, several orders of magnitude faster than
reaction with water<1$10"° cm® s*, Welz et al., 2014). Given that the concentrations of water inside the reactor was thre
orders of magnitude larger than the concentration of formic acid (Tabtbelyesults presented here fophellandrene
suggest that scavenging of the SCI by small carboxylic acids is much faster than the sink reaction with water, and can le
a significant drop in the amount of dimers and hence SOA that is formed, with potentially important atmosphe
implications(SipilS et al., 2014) Further work is needed to gain a holistic understanding of SCI chemistry, principally ir
identifying the chemical ghways that lead to dimer formation from SCIs and characterising the chemical impact of SC
scavengers such as water, N3O, and oxygenated volatile organic compounds (i.e. acids, carbonyls, alcohols) ol

atmospheric aerosol composition.
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4 Conclusion

The compositional components of the organic aerosol formed from the@lgae ozonolysis of-phellandrene were
identified and characterised for the first time, using a -nggolutionquadrupoleOrbitrap mass spectrometer. In total 21
products or product gups were identified from chromatograms, aided by tandem mass spectrometry, with electrospr
ionisation used in both positive and negative modes to gain complementary compositional information. Both polyfunctio
first- and secondjeneration products wefeund to be prominent in the aerosol, with products significantly more complex
than those proposed from basic -gdmise chemistry in the companion paper (MackeRzie et al., 2017a). The results
therefore suggest that a number of fiyeheration unsatated products are sufficiently volatile to remain in the-pfaase

and further react with ozone, with many of the resultant segendration products able to patrtition into the parjdiase
despite saturation vapour concentration estimates classify@amgeanumber of products as sewoiatile. Oligomeric species

are observed in both positive and negative mode spectra, with evidence supporting dimerisation through bimolec
reactions of stabilised Criegee intermediates. Suppression of oligomer Ispeetka upon the addition of a stabilised
Criegee intermediate scavenger coincided with reduced experimental SOA growth and formation, with stabilised Crie
intermediate dimers, and/or higher order oligomers, believed to be a significant source ghthedrndensable products
required for the rapid nucleation and growth of new particles observed in the system (MaBemneteal., 2017a). Further
investigation is required however to better characterise the role of stabilised Criegee intermediagesysteim to
parameterise the specific accretion mechanisms occumimbto determine the origin of the high vapour pressure
compounds that correspond to the large positive mode sidtatetheless this study has provided the first understanding of
the nature of SOA formed from the ozonolysis ephellandrene, and more generally contributes to an enhanced knowledg:

of the atmospheric effects and implications of monoterpene emissions.

Data availability

Labelled tandem mass spectra for all identifieddpois are provided in the Supplementary Information. Data files

containingthe average mass spectrum in positive and negative ionidati@xperimentss, 7,9 and 10, along witlC*

calculations and the O:C ratios of proposed productsare publically avédlable at: www.pure.york.ac.uk
(doi:10.15124/83f745b4fd6-491a9b84-0bd7eeaalled Further raw data is available on request.
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Figure 1: Negative ionisation mode chromatogram of SOA generated from the ozonolysis ofphellandrene in (a) a standard
experiment (No. 10) and (b) an experiment that had formic acid added as a stabilised Cl scaveng@to. 6). Red line represents
sample whilst black line is a preconditioned blank filter. Major negative mode ionisation peaks detected across all experiments
(Table 2) are labelled.
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Figure 6: ! -phellandrene and detected particle phase ozonolysmoducts from both positive and negative ESI modes plotted in
two dimensional volatility-oxidation space, constrained by saturation concentration on the-axis and O/C elemental ratios on the
y-axis. Molecular structures of products are shown. Filled andopen circles denote first and secondgeneration products

respectively, with coloured regions indicating broad volatility classes. Volatility distribution can be compared with ggshase

species through Fig. 9 in Mackenzi&ae et al. (2017a).
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Figure 7: Representative ESI mass spectra from experiment 10 showing peaks with " 0.5% abundance relative to the largest peak

in the spectrum for stick spectra in the (a) positive and (b) negative modes. Comparison plot (c) shows mass spectra after
subtracting ZNa from the positivem/zscale (up) and adding'H to the negativem/zscale (down).
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Figure 8: Van Krevelen plot comparing online experimental measurements by an AMS (blue shading) (Fig. 18 in MackenRae
et al., 2017a) with assigned formulas from the EShass spectra (Rl > 5%) in the negative mode (blue #, yellow > Cy) and
positive mode (green # G, red > C,). Circle size is proportional to relative signal intensity in either mode.
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Figure 9: DBE values plotted against carbon number for ions (R 5%) detected in the positive (open circle) and negative (closed
circle) ionisation mode spectra from experiment 10. The size of data points is proportional to signal intensity.
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Figure 10: Reaction of (a) prominent secondeneration Cl with formic acid and (b) accretion of major secondjeneration
carbonyl with formic acid to yield proposed structure for compound N10. An unknown channel is required to joi pathway (a)
with product N10.

5
Exp Temp. RH vocC® Os Additives Total SOA SOA Mass
No?2 (K) (%) (ppb) (ppb) Mass Collected
(ug m®)° (+0.01, mg)
1 297.1+04 25+0.6 19+7 > 259 Cyclohexane 86+9 0.16
2 2975+05 21+0.7 10+ 4 > 86 Cyclohexane 21+ 2 0.05
3 2972+0.2 23+0.6 21+8 > 83 Cyclohexane 121 +13 0.21
4 297.4 +0.5 22+0.9 32+ 13 > 193 Cyclohexane 312 + 33 0.25
5 2976+0.7 18+04 29+ 11 > 114 Cyclohexane 178 + 19 0.15
6 298.0+0.3 16+0.1 16+ 6 > 470 Cyclohexane 52+ 6 0.12
Formic acid
7 298.0+0.1 19+0.2 19+8 > 499 Cyclohexane 28+ 3 0.10
Formic acid
298.7+0.6 5.2+0.2 61 +24 > 56 Cyclohexane 200+ 21 0.50
9 2985+04 49104 67 + 27 > 101 - 341 + 36 2.50
10 2982+05 48+03 175169 >174 Cyclohexane 658 + 70 0.70
11 298.1+04 45+0.2 88 + 35 >132 NO, (385 ppb) 505 +53 0.74
*Refer to MackenzidRae et al(20173).
®| _phellandrene.
“Wall loss corrected.
Table 1: Experimental conditions(from companion paper)and SOA collection information for chamber experiments.
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Product Retention Measured Neutral Possible Structures Puap C*
ID Time (min) m/z Formula (atm) (&g m?)
N1 3.81 157.05 C;H104 % 6$ 10 4$10

(e} /o
N2 4.15 145.06 CeH1004 f 4$108 4$1C
N3 4.86 187.06 C/HgOs T 4$10% 4 %10t
N4 5.01 175.06 C7H1205 % 6% 1011 6% 101
N5 5.39 175.06 C;H 1,05 o 1$10% 1%$1d
N6 6.01 143.07 C;H1,03 i 6 $10° 4$10
Ho)ii\/o
N7 6.23 143.07 C7H1,05 7 o 6 $10° 4 $1¢
[e]
N8 7.06 159.06 C;H1,0, T o 5% 108 5% 1C
o /00/ OH
[e]
N9 7.51 215.09 CioH1605 o 3$10% 2 $ 102
o N
o]
HO OH
N10 7.96 173.08 CgH1404 o o 8 $10° 310
N
N11 8.62 185.08 CoH 140, i 3$10° 1$10
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N12 9.69 199.08 CiH1¢04 2$10° 1$10

X . A\
HO (o)
o/ OH
HO
N13 9.92 183.10 CioH1603 3$10° 2$10
O, o]
o HO\ ~ N
HO
OH . o/

Table 2: Major species detected in negative mode ESI with postulated structures consistent with composition, the mechanism
proposed byMackenzie-Rae et al. (2017a) and tandem mass spectra. Estimated saturation vapour pressuregpfRind saturation
vapour concentrations (C*) for each product are also listed. Proposed structure list is not exhaustive, with other isomerssérg.
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Product Retention TimMeasuredn/z Neutral Possible Structures Puap C*

ID (min) Formula (atm) (&g m°)

P1 5.06 151.10  C/H10; /;(\/ 2$10° 2$10
P2 6.04 137.10  CeH102 O/ro Ojivf’ 6945 $ 10* 4D35% 10°

P3 7.17, 8.75 183.10 C/H1,0,4 o/°“ 4D64 $10° 3DP48$ 107

P4 6.22 205.08  CyoH1405 g ﬁ\/ % 4D12 $10° 4P11$ 10
P5 6.88,9.03, 207.10  CiHi0s 0.3D700$ 0.2D2930$
J 10

9.36, 9.60

P6 5.54, 6.67, 22311  CyoH1604 2P65$10° 1D40$ 10
7.93,9.80 | on 0 o—on %\5\

P7 8.28 253.10  CyoH1406 2 $ 104 2$ 10"




P8 7.51 269.11  CyoH140; 5% 10" 4%$10°

Table 3: Major species detected in positive mode ESI with postulated structures consistent with composition and the mechanism
proposed by MackenzieRae et al. (2017a), along withestimated saturation vapour pressures (B,) and saturation vapour
concentrations (C*). Proposed structure list is not exhaustive, with other isomers existing.

Stable Species

o Coe .
o
o = o P ‘ o
o & o

N\

MW 72 128 144 160 168 182 184 200
ek, 8 N 216 232 248 256 270 ND 288
%/ 104  ND 232 ND 264 ND 286 288 304
K"Y 144 216 ND 288 304 312 326 328 344
SCIs g
\i‘v 158 230 286 302 318 326 ND 342  ND
U 160 232 288 304 320 328 342 344 360
NN
- 184 256 312 328 344 352 ND 368 384

5 Table 4: m/z of possible dimer products from !-phellandrene ozonolysis formed from the reaction of SCls with nonadical
ozonolysis products. Reaction of SCls with carbonyls forms secondary ozonides whilst reaction with acids yields acyloxyalkyl
hydroperoxides dimers. Masses in bold were reduced upon introduction of a SCI scavenger, masses in italics had increased
abundance upon addition of a SCI scavenger and masses in normal font remained similar or were inconsistent upon introduction
of a SCI scavenger. ND denotesat the proposed mass was not detected in the ESI mass spectra.
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