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Abstract. Stable high-molecular-weight esters are present
in a-pinene ozonolysis secondary organic aerosol (SOA)
with the two most abundant ones corresponding to a
hydroxypinonyl ester of cis-pinic acid with a molecular
weight (MW) of 368 (C19H»g30O7) and a diaterpenylic ester
of cis-pinic acid with a MW of 358 (C17H»¢0s). However,
their molecular structures are not completely elucidated and
their relationship with highly oxygenated molecules (HOMs)
in the gas phase is still unclear. In this study, liquid chro-
matography in combination with positive ion electrospray
ionization mass spectrometry has been performed on high-
molecular-weight esters present in «-pinene ozonolysis SOA
with and without derivatization into methyl esters. Unam-
biguous evidence could be obtained for the molecular struc-
ture of the MW 368 ester in that it corresponds to an ester of
cis-pinic acid where the carboxyl substituent of the dimethyl-
cyclobutane ring and not the methylcarboxyl substituent is
esterified with 7-hydroxypinonic acid. The same linkage was
already proposed in previous work for the MW 358 ester
(Yasmeen et al., 2010), but could be supported in the present
study. Guided by the molecular structures of these stable
esters, we propose a formation mechanism from gas-phase
HOMs that takes into account the formation of an unstable
C19H»g011 product, which is detected as a major species in

a-pinene ozonolysis experiments as well as in the pristine
forest atmosphere by chemical ionization—atmospheric pres-
sure ionization—time-of-flight mass spectrometry with nitrate
clustering (Ehn et al., 2012, 2014). It is suggested that an
acyl peroxy radical related to cis-pinic acid (RO;*) and an
alkoxy radical related to 7- or 5-hydroxypinonic acid (R'O-)
serve as key gas-phase radicals and combine according to
a RO, +R’0O+— RO3R’ radical termination reaction. Sub-
sequently, the unstable C19H301; HOM species decom-
pose through the loss of oxygen or ketene from the inner
part containing a labile trioxide function and the conver-
sion of the unstable acyl hydroperoxide groups to carboxyl
groups, resulting in stable esters with a molecular composi-
tion of Ci9HrgO7 (MW 368) and C;7H2608 (MW 358), re-
spectively. The proposed mechanism is supported by several
observations reported in the literature. On the basis of the in-
direct evidence presented in this study, we hypothesize that
RO; +R’O+ — RO3R’ chemistry is at the underlying molec-
ular basis of high-molecular-weight ester formation upon «-
pinene ozonolysis and may thus be of importance for new
particle formation and growth in pristine forested environ-
ments.
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1 Introduction

The molecular characterization of secondary organic
aerosol (SOA) has been a topic of interest in atmospheric
chemistry for the last decades, owing to the importance of
organic aerosol in air quality and climate (for a review, see
Noziere et al., 2015). SOA comprises a large number of
oxygenated organic compounds and is a major constituent
of submicrometer atmospheric particulate matter (PM), and
both biogenic (e.g., isoprene, monoterpenes, sesquiterpenes)
and anthropogenic (aromatics, n-alkanes) volatile organic
compounds (VOCs) serve as precursors for SOA. Abundant
biogenic VOCs in the terrestrial atmosphere are monoter-
penes, having an annual global emission rate of 155Tg
with a-pinene as the major terpene emitted (Guenther et
al., 2012). Several multifunctional SOA compounds, includ-
ing monomers and dimers from «-pinene oxidation have
been structurally identified (for a review, see Noziere et
al., 2015). Recently, “extremely low-volatility organic com-
pounds” (ELVOCs), currently termed “highly oxygenated
molecules” (HOMs), originating from «-pinene ozonolysis
(«-pinene/O3) have been detected in both laboratory and
field experiments by chemical ionization—atmospheric pres-
sure ionization—time-of-flight (CI-APi-TOF) mass spectrom-
etry with nitrate clustering (Ehn et al., 2012, 2014; Zhao et
al., 2013) and have received much attention because of their
role in driving new particle formation and growth in pris-
tine forested environments. Molecular characterization of «-
pinene SOA constituents is needed to elucidate the under-
lying formation mechanism and establish its link with gas-
phase HOMs, and efforts in this direction have recently been
undertaken (Mutzel et al., 2015; Zhang et al., 2015, 2017;
Krapf et al., 2016). However, the relationship of HOMs de-
tected in the gas phase upon «-pinene ozonolysis with stable
high-molecular-weight SOA constituents is unclear, so that
there is still a missing element in closing the «-pinene SOA
system.

High-molecular-weight esters have been reported in a-
pinene/O3 SOA but their detailed chemical structures are
only partially elucidated and their mechanism of formation
is still elusive. A high-molecular-weight compound with a
molecular weight (MW) of 358 was reported for the first
time by Hoffmann et al. (1998) in «-pinene/O3z SOA us-
ing off- and online mass spectrometry (MS). With online at-
mospheric pressure chemical ionization (APCI) MS it was
shown that this compound is formed concomitantly with two
monomers, i.e., cis-pinic acid and a MW 172 compound that
was tentatively identified as norpinic acid. Tandem MS on
the deprotonated compound (m/z 357) revealed that it has a
cis-pinic acid residue (m/z 185) as well as am/z 171 residue.
Later work by Miiller et al. (2008) focused on the structure
of the MW 368 compound. It was shown that this compound
is composed of cis-pinic and hydroxypinonic acid parts,
which are linked together by an ester bridge. The structure
of the MW 358 compound was also addressed by Yasmeen
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et al. (2010), who revised the structure of this compound and
presented evidence that it is a diaterpenylic ester of cis-pinic
acid. The same conclusion was reached by Gao et al. (2010),
who also showed that the MW 358 ester is a major product
in a-pinene ozonolysis experiments performed at low mass
loadings. Recent work by Beck and Hoffmann (2016), where
use was made of derivatization to the n-butylesters and sub-
sequent tandem MS analysis of the lithiated and ammoni-
ated molecules, supported the structure of the MW 358 ester
as a diaterpenylic ester of cis-pinic acid. Furthermore, the
MW 358 ester was detected as a major tracer in S-pinene
ozonolysis SOA characterization studies (Iinuma et al., 2007;
Yasmeen et al., 2010).

It is noted that prior to the studies by Miiller et al. (2008)
and Yasmeen et al. (2010) several studies dealt with the
molecular characterization of high-molecular-weight com-
pounds and that very different possible structures have
been advanced. Gao et al. (2004) assigned the MW 358 «-
pinene/O3 compound to a dehydration product formed be-
tween the gem-diol forms of two norpinonic acid molecules.
linuma et al. (2004) reported MW 354 and 370 «-pinene/O3
products that were enhanced in acidic conditions and ten-
tatively assigned them to reaction products between the
gem-diol of pinonaldehyde and pinonaldehyde, and be-
tween pinonaldehyde and hydroxypinonaldehyde, respec-
tively. Docherty et al. (2005) proposed peroxycarboxylic acid
dimers for the structure of higher-MW SOA products from
the ozonolysis of «-pinene in which peroxypinic acid and
the gem-diol of a keto or aldehydic compound are connected
via a peroxy bridge. Tolocka et al. (2004) characterized high-
molecular-weight compounds in «-pinene ozonolysis SOA
and suggested that the products were most likely formed by
aldol and/or gem-diol formation. In addition, Witkowski and
Gierczak (2014) explained the formation of MW 338 and 352
compounds in a-pinene ozonolysis as aldol reaction prod-
ucts of «-acyloxyhydroperoxy aldehydes. All the abovemen-
tioned studies thus provide evidence that the structure elu-
cidation of high-molecular-weight a-pinene/O3 compounds
has turned out to be very challenging.

With regard to the structure elucidation of the MW 358 es-
ter there is still ambiguity, in that two positional isomers are
possible (Fig. 1), and that different positional isomers have
been proposed by Yasmeen et al. (2010) (structure a), Gao
et al. (2010) (structure b), and Beck and Hoffmann (2016)
(structure b). Based on the MS data obtained it is not pos-
sible to unambiguously support the structure of one or the
other positional isomer. This issue will be further addressed
in Sect. 3. The same ambiguity holds for the MW 368 es-
ter (Fig. 1). In addition to the MW 358 and 368 esters, minor
high-molecular-weight compounds (i.e., MWs 272, 300, 308,
312, 314, 326, 338, 344, 352, 356, 376, 378 and 400) have
also been reported in «-pinene/O3 SOA (Miiller et al., 2008;
Yasmeen et al., 2010; Kourtchev et al., 2014; Witkowski and
Gierczak, 2014; Zhang et al., 2015) but these products will
not be addressed in the present paper.
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Figure 1. Overview of the proposed high-molecular-weight ester compounds present in «-pinene/O3 SOA which were investigated in the
present study. The compounds present in underivatized «-pinene/O3 SOA are highlighted in red color.

High-molecular-weight esters have been detected up un-
til now in many field studies that were conducted in forested
regions. MW 358 and 368 esters were first reported in am-
bient nighttime PM with an aerodynamic diameter <2.5 uM
(PM3;5) that was collected at K-puszta, Hungary, during a
2006 summer campaign (Yasmeen et al., 2010). They were
later detected in several field studies that were conducted in
other forested environments (Kristensen et al., 2013, 2016;
Kourtchev et al., 2014, 2015). It was shown by Kourtchev
et al. (2016) that oligomers (i.e., hetero-oligomers) are of
climatic relevance in that elevated SOA mass is one of the
key drivers of oligomer formation not only in laboratory ex-
periments but also in the ambient atmosphere. It was also
demonstrated in the latter study that the oligomer content is
strongly correlated with cloud condensation nuclei activities
of SOA particles. Furthermore, it could be demonstrated in
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laboratory chamber experiments that the ratio of monomers
to oligomers and the oligomer content in «-pinene ozonoly-
sis SOA are enhanced at low temperature and low precursor
concentrations, conditions that are relevant for the upper tro-
posphere (Huang et al., 2018).

Efforts to understand ester formation from «-pinene
ozonolysis have also been actively undertaken. Yasmeen et
al. (2010) proposed that ester formation took place in the
particle phase by esterification of cis-pinic acid with ter-
penylic acid but this mechanism was not retained in later
studies. Kristensen et al. (2014) demonstrated their formation
through gas-phase ozonolysis and supported the participa-
tion of a stabilized Criegee intermediate, as previously sug-
gested for the formation of unstable high-molecular-weight
compounds that play a role in new particle formation (Zie-
mann, 2002; Bonn et al., 2002; Lee and Kamens, 2005). In a
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study by Zhang et al. (2015), the dynamics of particle-phase
components of «-pinene SOA formation were investigated in
detail. It was shown that formation of monomeric products
like cis-pinic acid is observed after the consumption of «-
pinene upon ozonolysis, which cannot be explained solely by
a gas-phase mechanism and points to a particle-phase mecha-
nism. A mechanism involving gas-phase radical combination
of acyl peroxy radicals and a condensed-phase rearrange-
ment was proposed that potentially explains the o-pinene
SOA features in terms of molecular structure, abundance,
growth rates, evolution patterns, and responses to variations
in temperature, relative humidity, and oxidant type. Further-
more, a recent study by Zhang et al. (2017), using ozonolysis
of deuterium-labeled «-pinene, demonstrated that hydroper-
oxy derivatives of pinonic acid containing the hydroperoxy
group at different positions are components of HOMs that are
present in the particle phase. In work prior to the above-cited
investigations, other studies already suggested the involve-
ment of acyl peroxy radicals in the formation of HOMs upon
a-pinene ozonolysis (Ziemann, 2002; Docherty et al., 2005).
In addition, the suggestion that peroxy radicals are involved
in the formation of dimers also fits to the observation of a
suppression of new particle formation from monoterpene ox-
idation by NO, (Wildt et al., 2014). Furthermore, evidence
for peroxyhemiacetal formation upon «-pinene ozonolysis
has also been reported (Hall and Johnston, 2012a). All the
above-cited studies thus document that establishing the un-
derlying molecular mechanism leading to ester formation in
a-pinene ozonolysis is challenging. This is mainly due to a
lack of knowledge (or only a partial knowledge, i.e., molec-
ular formulae) of the molecular structures of both gas-phase
intermediates and particulate-phase end products.

In the present paper, we focus on the structural charac-
terization of the MW 358 and 368 esters that are present in
a-pinene/O3 SOA. To this aim, we have performed liquid
chromatography with electrospray ionization mass spectrom-
etry (LC/ESI-MS) in the positive ion mode on «-pinene/O3
SOA with and without derivatization into methyl esters. A
soft methylation procedure using ethereal diazomethane was
selected to avoid hydrolysis of the ester function present in
the targeted hetero-dimers. The aim of the methylation was
twofold: on the one hand, to confirm the number of free
carboxyl functions, and on the other hand, to obtain mass
spectrometric fragmentation that is different from that of in-
tact esters in (+)ESI and to that obtained in previous studies
on intact esters in (—)ESI (Miiller et al., 2008; Yasmeen et
al., 2010; Zhang et al., 2015). Led by the molecular struc-
tures of the MW 368 and 358 esters, we propose a forma-
tion mechanism that takes into account the detection of a
Ci9 HOM in the gas phase by CI-APi-TOF MS with nitrate
clustering (Ehn et al., 2012, 2014; Zhao et al., 2013) and
involves the combination of an acyl peroxy radical related
to cis-pinic acid with an alkoxy radical related to isomeric
hydroxypinonic acids, which are, like cis-pinic acid, major
monomers in «-pinene SOA.
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2 Experimental
2.1 «-pinene/O3 chamber aerosol

Filter samples from «-pinene ozonolysis were obtained from
experiments carried out in the 19 m®> TROPOS aerosol cham-
ber at 50 % relative humidity and 21°C. A concentration
of 1.6 ppm «-pinene was reacted with 615 ppb ozone with-
out seed particles and no OH radical scavenger was added.
The aerosol formed was sampled after about 1 h of reaction
time using a quartz fibre filter, and the sample was stored at
—22 °C before analysis.

2.2 Filter sample preparation for analysis

A quarter of the chamber aerosol filter was extracted using
3 times 10 mL methanol and applying ultrasonic agitation
for 3 min. The combined extracts were concentrated to about
I mL at 35°C with a rotary evaporator, were transferred to
a 1 mL reaction glass vial, and were blown to dryness un-
der a stream of nitrogen. The dried residue was reconstituted
in 250 pL methanol / water (50 / 50, v /v) and analyzed by
LC/(4+)ESI-MS to characterize the nonderivatized dimers.
Another quarter of the filter was similarly extracted but was
further subjected to a methylation procedure using ethereal
diazomethane to derivatize free carboxylic acids into their
corresponding methyl esters. Diazomethane was freshly pre-
pared using the precursor diazald (99 %, Sigma-Aldrich) ac-
cording to a standard procedure (Furniss et al., 1989). A total
of 500 pL from the ethereal diazomethane solution was added
to the dried filter extract. After a reaction time of about 5 min,
the sample was dried under a gentle stream of nitrogen and
reconstituted in 250 uL. methanol / water (50 / 50, v /v) for
LC/(+)ESI-MS analysis of methylated compounds.

2.3 Chemical analysis

LC/ESI-MS analysis was carried out using a Surveyor Plus
system (pump and autosampler) (Thermo Scientific, San
Jose, CA, USA) and the chromatographic separation for both
the nonderivatized and the derivatized filter extracts was per-
formed on an Atlantis T3 column (2.1 x 150 nm, 3 ym parti-
cle size, Waters, Milford, MA, USA). An injection volume of
10 uL was used and a flow rate of 0.2 mL min~! was applied.
The mobile phases consisted of (A) 50 mM ammonium for-
mate buffer with pH 3 and (B) methanol. A 65 min gradient
was applied using the following program: (B) was kept at 3 %
for 5 min, increased to 95 % in 15 min and kept for 25 min,
followed by the reconditioning to 3 % in 10 min and keep-
ing (B) at 3 % for 10 min. A linear ion trap mass spectrome-
ter (LXQ, Thermo Scientific, San Jose, CA, USA) operated
in the positive mode was used as the mass analyzer and de-
tails regarding operational and optimization procedures can
be found in Kahnt et al. (2014). Under the LC conditions
used, ammoniated adducts were detected owing to the pres-
ence of ammonium formate in mobile phase (A). The ion

www.atmos-chem-phys.net/18/8453/2018/
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abundance ratios [M +NHy4]" /[M + H]™ were 13.0, 15.6,
38 and 7.7, for the MW 358 ester, MW 368 ester, MW 358 es-
ter trimethylated derivative and MW 368 ester dimethylated
derivative, respectively. In the ion trap MS” experiments, am-
monia adducts were selected as precursor ions because these
ions were more abundant than the protonated molecules and
lose ammonia upon MS?, resulting in protonated molecules
of which the fragmentation can be readily explained.

3 Results and discussion

3.1 Characterization of the MW 358 and
368 high-molecular weight esters

3.1.1 Previous studies on [M — H]~, [M + NH4]* and
[M + Li]* molecular species

For clarity, here we summarize selected MS data already re-
ported in a previous study (Yasmeen et al., 2010) that led to
the structural characterization of the MW 358 ester from -
pinene ozonolysis SOA as a diaterpenylic ester of cis-pinic
acid. The data are given in Sect. 1 of the Supplement (Fig. S1
and Scheme S1). Only one MW 358 isomer was detected
in a-pinene/O3 SOA; upon MS? its deprotonated molecule
[M —H]™ fragments to product ions at m/z 185 and 171,
which are attributed to cis-pinic and diaterpenylic acid, re-
spectively. However, based on this information alone the es-
ter linkage cannot be firmly established since two positional
isomers are possible (Fig. 1). A minor MW 358 isomer was
also detected in S-pinene ozonolysis SOA, which was very
similar to that observed from «-pinene but showed an addi-
tional MS? [M — H]~ product ion at m/z 189, which could
best be explained with a positional isomeric structure (struc-
ture b; Fig. 1). MS? data for the latter product are presented in
Fig. S2 and Scheme S2. More recent work by Beck and Hoff-
mann (2016) involving fragmentation of lithiated and ammo-
niated molecular species of the n-butylated derivative sup-
ported the structure of the MW 358 ester from «-pinene/O3
SOA as a diaterpenylic ester of cis-pinic acid; however, these
authors suggested a positional isomeric structure (structure b;
Fig. 1) which is different from that proposed by Yasmeen
et al. (2010) (structure a; Fig. 1). The MS data obtained for
the [M + NH4]™ and [M + Li]™ molecular species of the n-
butylated derivative also do not enable unambiguous differ-
entiation between positional isomeric structures.

For both the MW 358 and 368 esters accurate mass mea-
surements to obtain the molecular compositions have also
been performed in previous studies using (—)ESI (e.g.,
Zhang et al., 2015), and are not repeated in the present study.
The molecular compositions of the MW 358 and 368 esters
are C17H60g and C19H307, respectively.

www.atmos-chem-phys.net/18/8453/2018/

3.1.2 Mass spectrometric behavior of the ammoniated
underivatized MW 358 ester

LC chromatographic data obtained for underivatized o-
pinene/O3 SOA are provided in Fig. S3. It can be seen that
the MW 358 product signal in both the negative (m/z357)
and positive ion mode (m/z 376) has about half the intensity
of the m/z 367 (MW 368) signal, and shows intensities in the
same range as the monomers detected at m/z 171 (MW 172;
terpenylic acid), m/z 185 (MW 186; cis-pinic acid), and
m/z 199 (MW 200; hydroxypinonic acids).

Selected LC/(4+)ESI-MS data for the nonderivatized
MW 358 ester with its proposed structure in «-pinene/O3
SOA are presented in Fig. 2 and Scheme 1. Fragmentation
of the [M + NH4] " leads to the loss of ammonia (m/z 359),
yielding [M + H]*, and further loss of a molecule of water
(m/z341), which can occur at different positions. Abundant
product ions are observed at m/z 173 and 187, which can be
rationalized by processes located in the internal ester linkage.
The m/z 169 product ion can be explained through protona-
tion of the ester group (pathway a) or through a hydrogen
rearrangement (pathway c) resulting in protonated cis-pinic
acid (m/z 187) and subsequent loss of a molecule of water.
However, it is noted that with a positional isomeric structure
product ions at the same m /z values could be expected. The
m/z 173 ion results from protonation of the inner ester group
(pathway b) and can subsequently lose one or two molecules
of water, giving rise to m/z 155 and 137, respectively. It can
also be seen that m/z 155 can lead to the loss of CO, giving
rise to m/z 127. The m/z 169 ion fragments further through
the loss of water, leading to m/z 151; here, we expect that
the loss of water proceeds more readily from structure (a)
(Fig. 1) as water elimination from structure (b) would lead
to strain in the dimethylcyclobutane ring. We therefore re-
tain structure (a) as the most likely structure for the major
MW 358 ester present in «-pinene/O3 SOA.

3.1.3 Mass spectrometric behavior of the ammoniated
MW 358 ester trimethylated derivative

LC chromatographic data obtained for methylated o-
pinene/O3 SOA are provided in Fig. S4. It can be seen that
the signal corresponding to the MW 358 ester detected at
m/z418 has a comparable intensity as that corresponding
to the MW 368 ester detected at m/z414. The mass shifts
observed due to derivatization into methyl esters confirm
that the MW 358 compound contains three carboxyl groups,
while the MW 368 compound contains two such groups. The
corresponding methylated monomers, i.e., terpenylic acid
(detected at m/z204), cis-pinic acid (detected at m/z232)
and hydroxypinonic acid (detected at m/z 232), show inten-
sities in the same range as the methylated MW 358 and 368
esters.

Selected LC/(4)ESI-MS data for the derivatized MW 358
ester with its proposed structure in «-pinene/O3 SOA are

Atmos. Chem. Phys., 18, 8453-8467, 2018
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presented in Fig. 3 and Scheme 2. Fragmentation of the
[M 4+ NHy4]™" ion (;m/z418) leads to the formation of three
product ions at m/z201, 169 and 141, while further frag-
mentation of m/z201 upon MS? mainly leads to m/z 169,
and MS* of the generated m/z 169 mainly results in m/z 141.
Two different structures can be proposed for m /z 201; struc-
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ture (a) can be explained following the loss of ammonia
and ionization (protonation) at the inner ester linkage, while
structure (b) can be rationalized by a hydrogen rearrange-
ment in the inner ester linkage and loss of ammonia. Fur-
ther loss of methanol (32 u) from m/z 201 results inm /z 169,
with two possible structures (c) and (d). It can be seen that

Atmos. Chem. Phys., 18, 8453-8467, 2018
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structures (c) and (d) can give rise to the loss of CO, result-
ing in m/z 141. The weak ion at m/z 137 can be explained
by fragmentation of m/z 169 (structure c) through loss of
methanol. It is noted that the same product ions could be ex-
plained from the positional isomeric structure of the deriva-
tized MW 358 ester; however, in this case we would expect
a more abundant m/z 151 product ion, due to a more favor-
able loss of water in the carboxymethyl terminus. Loss of a
molecule of water from m /z 169 (structure d) leads to a weak
product ion at m/z 151, while further loss of a molecule of
ketene also results in m /z 109.

3.1.4 Mass spectrometric behavior of the ammoniated
underivatized MW 368 ester

Selected LC/(4+)ESI-MS data for the ammoniated non-
derivatized MW 368 ester with its proposed structure in o-
pinene/O3 SOA are presented in Fig. 4 and Scheme 3. Frag-
mentation of the [M 4 NH4]* upon MS? leads to the loss of
ammonia (m/z 369), yielding [M + H] ™, and product ions at
m/z351, 333, 307, 183 and 169, of which m/z351 is the
base peak, and essentially the same pattern is seen upon MS?
of m/z369. The product ions at m/z351 and 333 in the
higher mass range can simply be explained by the loss of
one and two molecules of water, respectively. The loss of
CO; (44 u) leading to m/z 307 is difficult to explain from a
carboxy terminus and likely takes place from the inner es-
ter linkage. The product ion at m/z 169 can be rationalized
through protonation at the inner ester function (route a) and
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further fragments through loss of water (m/z 151), as can be
seen upon MS3. Similarly, the product ion at m/z 183 can
arise through protonation at the inner ester function (route b)
and further loss of water results in m/z 165. A positional
isomeric structure (due to loss of water from the left termi-
nus) can also be suggested for m /z 351. The ions at m /z 169
and 183 can also occur after loss of water from the left and
right carboxyl terminus, respectively. It is noted that most
ions discussed above can also be explained with a positional
isomeric structure (Fig. 1; structure a), although we would
expect that such a structure would lead to a less pronounced
loss of water from m /z 369 resulting in m/z 351, as it would
result in strain in the dimethylcyclobutane ring. In addition,
the formation of m/z 333, involving a second loss of wa-
ter, supports the proposed isomeric structure (b) (Fig. 1), as
this process is more difficult to explain with isomeric struc-
ture (a).

3.1.5 Mass spectrometric behavior of the ammoniated
MW 368 ester dimethylated derivative

Selected LC/(4)ESI-MS data for the ammoniated MW 368
ester dimethyl derivative with its proposed structure in o-
pinene/O3 SOA are presented in Fig. 5 and Scheme 4. Frag-
mentation of the [M +NH4]t (m/z414) upon MS? leads
to the loss of ammonia (m/z 397), yielding [M +H]*, and
product ions at m/z 379, 365, 269, 251, 201, 197, 183, 179,
165, 139 and 119, and essentially the same pattern is seen
upon MS? of m/z 397. The product ions at m/z 379 and 365
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Scheme 4. Proposed fragmentation mechanism for the ammoniated MW 368 ester dimethylated derivative.

in the higher mass range can simply be explained by the
loss of a molecule of water and methanol, respectively, of
which the loss of water is due to an enolized keto group,
and that of methanol can occur at one of the two methyl
ester termini. The product ions at m/z201 and 183, ob-
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served upon MS? of m/z414 and MS? of m /7397, can be
explained through ionization at the inner ester linkage and
a hydrogen rearrangement. It is noted that these two prod-
uct ions do not allow differentiation between positional iso-
mers of the MW 368 ester dimethyl derivative. The product
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Figure 5. Selected LC/(4)ESI-MS data for the dimethylated
MW 368 compound eluting at 28.4 min (Fig. S4) with its proposed
structure in «-pinene/O3 SOA, showing the MS2 data for its am-
monium adduct ion at m/z414, m/z414 — m/z397 MS? data,
m/z414 — m/z379 MS3 data and m/z 414 — m/z 179 MS? data.

ions at m/z269 and 251, observed upon MS? of m/z414
and MS? of m /z 397, can be explained by a cross-ring cleav-
age in the dimethylbutane ring, a fragmentation that has been
observed in previous studies for deprotonated cis-pinic acid
(Yasmeen et al., 2011) and deprotonated cis-norpinic acid
(Yasmeen et al., 2010), both containing a keto group in «-
position to the dimethylcyclobutane ring. This fragmentation
can be regarded as characteristic for one of the positional iso-
meric forms, namely, structure (b) (Fig. 1), as it cannot be ex-
plained with the other positional isomeric form (a). Further
fragmentation upon MS> of m/z 379 leads to m/z 251, 179
and 119, which can be rationalized by the loss of propenoic
acid (72 u), and the subsequent combined loss of methanol
and carbon monoxide. Thus, the MS data obtained for the
ammoniated MW 368 ester dimethylated derivative unam-
biguously support structure (b).
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3.2 Possible formation mechanism for the MW 368
and 358 esters

3.2.1 General mechanistic considerations

It is noted that formation mechanisms involving unstable
intermediates are generally hard to formulate as unstable
compounds cannot be isolated and structurally characterized;
however, the molecular structure of the gas-phase precur-
sor (in this case, «-pinene), its known gas-phase chemistry,
the molecular composition of unstable intermediates and the
molecular structure of stable end products observed in the
particle phase can provide crucial insights. Guided by the
molecular structures of the MW 368 (Fig. 1; structure b) and
MW 358 esters (Fig. 1; structure a), a formation mechanism
is suggested, thereby taking into account that a C19 HOM
has been detected as a major high-molecular-weight species
in the gas phase upon a-pinene ozonolysis by CI-APi-TOF
MS with nitrate clustering (Ehn et al., 2012, 2014; Zhao et
al., 2013; Krapf et al., 2016). It is noted that the CI-APi-TOF
MS technique does not reveal C;9 HOM species that cor-
respond to direct analogues of the MW 358 and 368 esters.
In an effort to propose pathways that lead to the formation
of the MW 368 and 358 esters, we have tried to formulate a
uniform mechanism in that it involves the same acyl peroxy
radical related to cis-pinic acid and an alkoxy radical related
to isomeric hydroxypinonic acids.

3.2.2 Formation mechanism proposed for the MW 368
ester

A possible formation mechanism leading to the MW 368 es-
ter is outlined in Scheme 5. It is suggested that an alkoxy rad-
ical related to 7-hydroxypinonic acid (a) (cis-2,2-dimethyl-
3-hydroxyacetylcyclobutylethanoic acid; for labeling, see
Scheme S3) (R'O¢) and an acyl peroxy radical related to
cis-pinic acid (b) (RO;°) serve as key intermediates. Rad-
ical termination according to a RO+ +R’O+— RO3R’ re-
action leads to a HOM with a molecular composition of
C19H3011 (c), which corresponds to a major gas-phase
species upon «-pinene ozonolysis (Ehn et al., 2012, 2014;
Krapf et al., 2016). The proposed mechanism is inspired
by the mechanism suggested by Zhang et al. (2015) to ex-
plain the formation of a MW 326 ester, where two per-
oxy radicals related to cis-pinic acid combine according to
a RO7++RO7+— ROOR + O reaction. Further degrada-
tion of C19H»g011 (c), involving the labile inner part con-
taining a linear trioxide bridge through the loss of oxygen
and conversion of the acyl hydroperoxide groups to car-
boxyl groups, results in the MW 368 ester (Fig. 1; struc-
ture b) with a molecular composition of Cj9Hy307 (d).
It is noted that the formation of Ci9Hy307 corresponds
to a ROy++R'O+— ROR’ 4 O, reaction, bearing similar-
ity with the RO, + 4+ RO;+— ROOR + O, reaction where the
R groups are alkyl peroxy groups, which is known to in-
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Scheme 5. Proposed simplified mechanism leading to the formation of the MW 368 ester with structure (b) (Fig. 1). The mechanisms
suggested for the formation of the alkoxy radical related to 7-hydroxypinonic acid (a) and the acyl peroxy radical related to cis-pinic
acid (b) are provided in Scheme S4. It is proposed that the latter radicals serve as key intermediates. Radical termination according to a
RO+ +R’O* — RO3R’ reaction results in a HOM with a molecular composition of CjgHg01; (c), a major gas-phase species upon o-
pinene ozonolysis which has been detected by CI-APi-TOF MS (Ehn et al., 2012, 2014; Krapf et al., 2016). Further degradation of the labile
inner part containing a linear trioxide bridge through the loss of oxygen and conversion of the acyl hydroperoxide groups to carboxyl groups

results in the MW 368 ester.

volve a tetroxide intermediate (e.g., Bohr et al., 1999). As
to the formation of a linear trioxide intermediate (c), tri-
oxides containing a —(C = 0)O0OO0O- function have been re-
ported in the literature, e.g. tertiary alkyl peroxy hydrogen
phthalates have been synthesized and are used as catalysts
for the polymerization of vinyl compounds (Komai, 1971).
Unstable intermediates formed from species (c) can also be
considered, owing to the conversion of one acyl hydroperoxy
group (C19H»3019), the conversion of two acyl hydroperoxy
groups (C19H2309), the loss of oxygen (C19H2309) and the
loss of oxygen combined with the conversion of one acyl hy-
droperoxy group (C19H»gOg). In this context, such species
have been detected in the gas phase by CI-APi-TOF MS
with nitrate clustering in an «-pinene ozonolysis flow tube
experiment by Krapf et al. (2016). The alternative mecha-
nism leading to C19H301; (c) involving an acyloxy radical
related to cis-pinic acid and an alkyl peroxy radical related to
7-hydroxypinonic acid is also theoretically possible but is not
likely because of the mesomeric stabilization in the acyloxy
radical.

With regard to the suggestion that an alkoxy radical related
to 7-hydroxypinonic acid is a key gas-phase radical, it should
be noted that hydroxypinonic acids are major monomers in
a-pinene/O3 SOA (Fig. S3). The detailed mechanism leading
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to the peroxy radical related to cis-pinic acid (RO»+) and the
alkoxy radical related to 7-hydroxypinonic acid (R'O-) are
given in Scheme S4. The proposed RO;+ + R'O+ — RO3R’
radical termination reaction leads to a MW 368 ester with
structure (b) (Fig. 1; species d in Scheme 5), namely, an
ester of cis-pinic acid where the carboxyl substituent of
the dimethylcyclobutane ring and not the carboxymethyl
group is esterified with 7-hydroxypinonic acid. It can also
be seen that the labile gas-phase intermediate (c) contains
cis-pinic acid and 7-hydroxypinonic acid residues and thus
can serve as a precursor for these monomers and their corre-
sponding hydroperoxides. In this context, a recent study by
Zhang et al. (2017) provided evidence for the formation of
7-hydroperoxypinonic acid from degradation of an unstable
dimer precursor in a-pinene/O3 SOA. It is also worth men-
tioning that both cis-pinic acid (e.g., Yu et al., 1999; Glasius
et al., 2000; Larsen et al., 2001; Winterhalter et al., 2003) and
7-hydroxypinonic acid (e.g., Glasius et al., 1999; Larsen et
al., 2001; Yasmeen et al., 2012) are known to be present in «-
pinene/O3 SOA. The proposed mechanism is consistent with
the observation made by Zhang et al. (2015) that cis-pinic
acid is still generated after consumption of «-pinene upon
ozonolysis, suggesting a particle-phase production pathway.
It is also in agreement with observations made by Lopez-
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Scheme 6. Proposed simplified mechanism leading to the formation of the MW 358 ester with structure (a) (Fig. 1). The mechanisms
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pinene ozonolysis which has been detected by CI-APi-TOF MS (Ehn et al., 2012, 2014; Krapf et al., 2016). Further degradation of the labile
inner part containing a linear trioxide bridge through the loss of ketene and conversion of the acyl hydroperoxide groups to carboxyl groups

results in the MW 358 ester.

Hilfiker et al. (2015) and Huang et al. (2018), who exam-
ined the thermal behavior of «-pinene/O3 SOA and found
that cis-pinic acid and hydroxypinonic acid can also arise
from thermal decomposition of unstable hetero-oligomers.
In addition, it is consistent with the findings by Mutzel et
al. (2015) that intact HOMs detected in the gas phase are
carbonyl-containing compounds. Recent work has also es-
tablished that hydroperoxides present in «-pinene/O3 SOA
are unstable and quickly convert to more stable products
(Krapf et al., 2016). Furthermore, monomers including cis-
pinic acid and terpenylic acid were found to be major con-
stituents of the 10 and 20 nm particles from «-pinene ozonol-
ysis in a flow reactor (Winkler et al., 2012), which are likely
fragments of high-molecular-weight compounds due to the
thermal decomposition of unstable hetero-oligomers during
resistive heating of particles in the thermal desorption chemi-
cal ionization MS measurements (Hall and Johnston, 2012b).
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3.2.3 Formation mechanism proposed for the MW 358
ester

A possible formation mechanism leading to the MW 358
ester is provided in Scheme 6. Compared to the mecha-
nism proposed for the MW 368 ester, an alkoxy radical re-
lated to 5-hydroxypinonic acid instead of an alkoxy rad-
ical related to 7-hydroxypinonic acid participates in the
RO+ + RO+ — RO3R’ radical termination reaction. The de-
tailed mechanism leading to the alkoxy radical related to 5-
hydroxypinonic acid is given in Scheme S4. It is noted that
the Cj9Hp30;1 dimeric HOM species is a positional iso-
mer of that implicated in the formation of the MW 368 es-
ter (Scheme 5). With regards to the suggestion that an iso-
meric alkoxy radical is involved, a recent study by Zhang et
al. (2017) provided evidence for the formation of the corre-
sponding hydroperoxy product, 5-hydroperoxypinonic acid,
in a-pinene/O3 SOA. As mentioned above, hydroxypinonic
acids are major monomers in «-pinene/O3 SOA (Fig. S3),
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and it can be seen that at least two positional isomeric hy-
droxypinonic acids are present. To arrive at the formation of
the MW 358 ester (Fig. 1; structure a), a complex rearrange-
ment, involving the labile inner part containing a linear tri-
oxide function, has to be invoked. A detailed rearrangement
mechanism is provided in Scheme S5. It can also be seen that
the labile intermediate (c) (Scheme 6) can serve as a precur-
sor for cis-pinic acid, as it contains a cis-pinic acid residue.
In addition, it can be explained that this labile intermediate
can also give rise to the formation of terpenylic acid, a major
monomer observed in «-pinene/O3 SOA (Fig. S3) (Claeys
et al., 2009) but here again a complex rearrangement has to
be invoked (Scheme S6). In this context, there is evidence
that unstable hetero-oligomers present in «-pinene/O3 SOA
produce terpenylic acid upon heating (Lopez-Hilfiker et al.,
2015). As already mentioned above, terpenylic acid was also
found to be a major constituent of the 10 and 20 nm particles
from «-pinene ozonolysis in a flow reactor (Winkler et al.,
2012), which is likely formed by decomposition of unstable
hetero-oligomeric species in the thermal desorption chemical
ionization MS measurements (Hall and Johnston, 2012b).

4 Conclusions and atmospheric implications

Unambiguous mass spectrometric evidence has been ob-
tained in this study for the linkage in the MW 368
(C19H2807) hydroxypinonyl ester of cis-pinic acid, which is
an abundant compound present in «a-pinene/O3 SOA; more
specifically, the MW 368 compound corresponds to an es-
ter of cis-pinic acid where the carboxyl substituent of the
dimethylcyclobutane ring and not the methylcarboxyl sub-
stituent is esterified with 7-hydroxypinonic acid. This link-
age was already proposed in previous work for the MW 358
(C17H260g) diaterpenylic ester of cis-pinic acid, another ma-
jor compound present in a-pinene/O3 SOA (Yasmeen et al.,
2010), but could be supported in the present study. Guided
by the molecular structures of these stable esters, we propose
a formation mechanism from highly oxygenated molecules
in the gas phase that takes into account the detection of an
unstable C19H301; HOM as a major species by CI-APi-
TOF MS with nitrate clustering (Ehn et al., 2012, 2014;
Zhao et al., 2013; Krapf et al., 2016). It is suggested that
an acyl peroxy radical related to cis-pinic acid (RO;*) and an
alkoxy radical related to 7- or 5-hydroxypinonic acid (R'O*)
serve as key gas-phase radicals and combine according to a
RO, + R’O+ — RO3R’ radical termination reaction. Subse-
quently, the unstable C19H>301; dimeric HOM species de-
compose by the loss of oxygen or ketene from the inner
part containing a labile linear trioxide bridge and the conver-
sion of the unstable acyl hydroperoxide groups to carboxyl
groups, resulting in stable esters with a molecular composi-
tion of C19H2307 (MW 368) and C17H260g (MW 358), re-
spectively. The proposed mechanism is supported by several
observations reported in the literature, one of them being that
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cis-pinic acid is still generated after the consumption of «-
pinene upon ozonolysis, suggesting its formation from an un-
stable HOM species (Zhang et al., 2015).

Further theoretical investigations are warranted to exam-
ine the proposed mechanism leading to the MW 368 and 358
esters present in «-pinene/O3 SOA. The mechanism is as-
sumed to be energetically favorable as small stable molecules
such as oxygen and ketene are expelled and a stable ester
bridge is generated. The mechanism involves the combina-
tion of an acyl peroxy with an alkoxy radical according to
a RO, + 4+ RO+ — RO3R’ reaction and thus differs from that
proposed to explain the formation of a MW 326 ester, where
two acyl peroxy radicals related to cis-pinic acid combine
according to a RO>+ 4+ RO7+ — ROOR + O, reaction (Zhang
et al., 2015). We hypothesize that RO;++ RO+ — RO3R’
chemistry is at the underlying molecular basis of high-
molecular-weight hetero-dimer formation in the gas phase
upon «-pinene ozonolysis and may thus be of importance for
new particle formation and growth in pristine forested envi-
ronments.
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