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Abstract

o-Pinene ozonolysis is a key process that impacts the formation of new particles and
secondary organic aerosol (SOA) in the atmosphere. The mechanistic understanding of this
chemistry has been inconclusive despite extensive research, hindering accurate simulations of
atmospheric processes. In this work, we examine the ozonolysis of two synthesized unsaturated
carbonyl isomers (Ci11Hi1sO) which separately produce the two Criegee intermediates (Cls) that
would form simultaneously in a-pinene ozonolysis. Direct gas-phase measurements of peroxy
radicals (ROz) from flowtube ozonolysis experiments by an iodide-adduct chemical ionization
mass spectrometer suggest that the initial C1oH1504¢ RO? from the CI with a terminal methyl ketone
undergo autoxidation twentyfold faster than the CI with a terminal aldehyde and always
outcompete the bimolecular reactions under typical laboratory and atmospheric conditions. These
results provide experimental constraints on the detailed RO, autoxidation mechanisms for
understanding new particle formation in the atmosphere. Further, isomer-resolved characterization
of the SOA formed from a continuous-flow stirred tank reactor using ion mobility spectrometry
mass spectrometry suggests that the two structurally different CIs predominantly and unexpectedly
form constituents with identical structures. These results open up possibilities of diverse
isomerization pathways that the two CIs may undergo that form mutual products to a large extent
toward their way forming the SOA. This work highlights new insights into o.-pinene ozonolysis

pathways and call for future studies to uncover the detailed mechanisms.
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Introduction

Ozonolysis of monoterpenes is an important reaction in the atmosphere that has significant
implications for new particle formation, growth, and secondary organic aerosol (SOA), especially
in forested regions such as the boreal forest and southeastern United States.!® Monoterpene
ozonolysis starts from the cycloaddition of O3 to a C=C double bond to form a primary ozonide.
In the case of a-pinene (C10Hi6), which is the most abundant monoterpene in the atmosphere,’ the
primary ozonide decomposes into two isomeric energized Criegee intermediates (Cls), as shown
in Figure 1A.! Prior studies have suggested that a large fraction (~ 60 — 90%) of each CI undergoes
unimolecular H-shift, followed by O addition, to form the vinyl hydroperoxides (VHP) which
subsequently release OH radicals and produce peroxy radicals (RO2, Ci1oH1504¢) in the presence
of 02.312 C1oH;504« thereafter initiate a series of competing unimolecular (i.e., H-shift followed
by O addition, also known as RO: autoxidation)® 3-'* and multi-generational bimolecular
reactions!® (Figure 1B), the products of which may exhibit a wide range of functionalities and
volatilities, and thus be present in both the gas and/or particle phases.

The RO; autoxidation has been proposed to account for atmospheric new particle formation
and growth,* 118 ag well as to contribute to total organic aerosol mass.> !# Prior laboratory studies
have suggested that a small fraction (10 — 15%) of CioHi504e has to autoxidize rapidly (rate
constants on the order of 1 s™! or higher) to explain the observed highly oxygenated multifunctional
(HOM) products.* 1 In contrast, computational calculations suggest that the currently-known
Ci0H1504¢ undergo H-shift at much slower rate constants (10° — 0.29 s) due to the strained
cyclobutyl ring.?° To reconcile such a large discrepancy, Kurtén et al. indicated that unrecognized
mechanism(s) must exist to lead to ring-opened CioHisOs that more readily undergoes

autoxidation.?’ Recently, Iyer et al. proposed a ring-opening mechanism from one of the Cls (Clk
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in Figure 1A) which leads to a ring-opened CioHisO4 that autoxidizes much more rapidly.?!
Experimental evidence for such rapid CioH1504e autoxidation would be crucial for improving RO»
autoxidation mechanisms applied in current atmospheric and climate models.?>?* In addition to
the elusive RO> autoxidation pathways, the bimolecular RO, pathways (e.g., RO2 + RO2 and RO;
+ HO») and SOA formation through them are also poorly understood despite the long-established
generic mechanisms. Particularly, the major a-pinene SOA species observed in the atmosphere
and laboratory studies may not be sufficiently explained by the existing hypotheses.?*?* Therefore,
it is of great importance to unravel these mechanistic puzzles as they are key to understanding o-
pinene-derived SOA formation.

Many of the above-mentioned challenges are due to the complexity in the a-pinene
ozonolysis system: immediately after the initial ozone addition, several isomeric CioH1504e are
formed that undergo different routes at distinct rates and branching ratios. Elucidating such
complexity may benefit from isolating specific reaction pathways, probing the key RO species
directly, and performing isomer-resolved compositional measurements. To this end, we
synthesized two unsaturated carbonyl isomers (C11HisO enone and enal), each capable of forming
only one of the two CIs upon ozonolysis as produced by a-pinene (Figure 1A).26?” Namely, the
Clk with a terminal methyl ketone is formed by the enone (hereafter, Clk-enone) and the Cl, with
a terminal aldehyde is formed by the enal (hereafter, Cl.-enal). Ozonolysis experiments for the
synthesized isomers were carried out, such that the two CI pathways could be separated in contrast
to direct a-pinene ozonolysis. In these experiments, we used an iodide-adduct time-of-flight
chemical ionization mass spectrometer (I-CIMS) to study the gas-phase closed-shell products and
speciated RO» to provide kinetic insights into autoxidation and its competition with bimolecular

reactions. In addition, isomer-resolved SOA compositions were measured using an ion-mobility
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spectrometry time-of-flight mass spectrometer (IMS-TOF) to compare SOA formation from the

two CI pathways.

Materials and Methods

Synthesis of Clk-enone and Cla.-enal. Clk-enone and Cla-enal were synthesized based on
schemes developed in-house. The complete synthesis procedures and characterization are provided
in the Supporting Information (SI, Text S1). The 'H and '*C NMR and gas chromatograph —
mass spectrometry with electron impact ionization (GC-EI-MS) (Figure S1) suggest that the
purities of Clk-enone and Cla-enal are 97% and 95%, respectively. Possible impurities are volatile
solvents used in the synthesis such as diethyl ether and hexanes. They are unlikely to affect the
outcome of this work.

Laboratory experiments. Two sets of ozonolysis experiments of a-pinene (Sigma-
Aldrich, 98%), Clx-enone, and Cl.-enal were performed under 22 °C using two separate reactors
(reactor schematics shown in Figure S2 and experiments listed in Tables S1-S2). The laminar
flowtube (Quartz, 110 cm long, 5.5 cm id., cone-shaped ends, volume ~ 2.1 L) was interfaced
directly with the inlet of the ion-molecule reaction chamber of the I-CIMS without transfer tubing
to measure the gas-phase composition. The CFSTR (cylindric stainless steel enclosure with interior
Teflon coating, volume ~ 250 L) was operated under the dynamic mode with continuous injections
of the reactants.?® The flowtube’s short residence time (tr = 1 min) and “tubingless” design made
it ideal to study the initially formed gas-phase products, including RO»; the longer residence time
in the CFSTR (tr = 1 min) allows for investigation of the SOA formation. A zero-air generator
(Aadco Instrument, Inc., 747-30) was used to supply clean dry air. The VOC was introduced into

the reactors using a syringe pump. Methanol (Sigma-Aldrich, > 99.9%) or cyclohexane (Sigma-
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Aldrich, 99.5%) was introduced by a separate syringe pump as OH scavengers. O3 was produced
by an O3z generator (Ozone Solutions Inc.) and measured by an O3 analyzer (Thermo
Environmental Instrument, Inc., 49C). The particle size distribution and number concentrations
from the CFSTR experiments were measured by a scanning electric mobility sizer (SEMS) and
mixing condensation particle counter (MCPC), respectively (Brechtel Inc.), from which the SOA
mass concentrations were estimated at steady state, assuming the particle density of 1.2 g cm>.%°
Representative particle volume and size distribution data are shown in Figure S3.

Product analysis. The gas-phase products in the flowtube and CFSTR were measured in
real time by the [-CIMS (Aerodyne Research Inc., m/Am ~ 5000 at m/Q 300 Th) in most
experiments.’ For characterization purposes, in two CFSTR experiments with initial ~ 15 ppb of
Clx-enone and Cla-enal, H3O" was used as the reagent ion with CIMS (H3O—CIMS, the same mass
spectrometer as the [-CIMS), to detect Clk-enone and Cla-enal through proton transfer reactions,
and to constrain their degradation kinetics upon ozonolysis (Figure S4). The “tubingless” flowtube
configuration allows sensitive detection of the closed-shell oxygenated molecules as well as the
hydroperoxyl radicals (HO») and speciated RO, (Figures S5 and S6). The [-CIMS measurements
from the CFSTR experiments provides a complete picture of the gas-phase composition with
longer timescale at steady state, shown by the representative mass spectra (m/Q 320 — 410 Th) in
Figure 2. Consistent with prior studies, the I-CIMS mass spectrum of a-pinene ozonolysis gas-
phase products (Figure 2A) are featured by dominant peaks of C1oH14-1604.9.">3! The mass spectra
of the Clk-enone (Figure 2B) and the Cla-enal experiments (Figure 2C) exhibit the same
characteristic pattern, suggesting that the two Cl-initiated pathways dominate their ozonolysis

products as well.
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The SOA particles from the CFSTR experiments were collected by a sequential spot
sampler (Aerosol Devices Inc.) downstream of a carbon denuder (removing organic vapors) at a
flow rate of 1.6 L min™ for 30 — 60 min. The collected particles were immediately extracted by 50
— 100 pL acetonitrile (Sigma-Aldrich, > 99.9%), so that the organic concentration in the extracts
were in the range of 10 — 100 ug mL™'. The SOA samples were then characterized offline by the
IMS-TOF with electrospray ionization (ESI) (Tofwerk Inc. and Aerodyne Research Inc., t/At ~
100) through direct infusion or analyzed by the GC-EI-MS (Agilent Inc., 7890 GC and 5975 MSD)
after derivatization (by additions of 25 pL N,O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA)
and 25 uL pyridine, both reagents from Sigma-Aldrich). Both analytical methods have been
described in detail in our prior studies.?® 33

Kinetic modeling. The ozonolysis rates of Clk-enone and Clai-enal were found to be
approximately 3.5 and 10 times slower than o-pinene ozonolysis, respectively (Figure S4); and
thus, significantly higher O3 concentrations than in the a-pinene experiments were needed to
enhance VOC consumption. To ensure that the total C1oH1504e production can be controlled to the
same level between the two reactors and three VOCs such that the reaction kinetics and
compositions of their products are comparable, a gas-phase kinetic model was built to guide the
experiments. The model was based on the Master chemical mechanism (MCM v3.3.1),*” with new

21,38 a5 well as Clx-enone and Cl,-

branching ratios and yields of the initial ozonolysis of a-pinene,
enal reactions (listed in Table S3). More details of the kinetic model can be found in the SI text
S2. The model is mainly used to (1) constrain Clx-enone and Cla.-enal oxidation kinetics; (2)

estimate parent VOC consumption (for SOA yield calculations); (3) simulate net Ci1oH1504e

production (Pc1oH1504.) Such that results from the three VOCs can be compared:

t
Pc1oH1504. = fo (kvoc+os X [VOC] X [O3] X y¢; X yyup) (1)

8
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where kypci03 1S the ozonolysis rate; y.; and yyyp are the yields of the Ci0-Cls and the VHP
intermediates, respectively (Figure 1A); and (4) constrain C10Hi504e autoxidation rates between

the two CI pathways based on published computational results (see SI text S$2).20-2!

Results and Discussion

Autoxidation vs. bimolecular RO2 reactions (RO2 + ROz and RO: + HO3?) in the
ozonolysis of a-pinene, Clk-enone, and Cla-enal. The flowtube experiments span a range of
initial O3 concentrations with different OH scavengers (and thereby varying RO> and HO»

concentrations). Thus, the RO> intermediates in these experiments could have distinct bimolecular

lifetimes (Tbimolecular):

1
kroz+H02X[HO2]+kRo24R02X[ZRO2]

2)

Tpimolecular =

where kroz+no2 =2.2 x 107! cm?® molecule™ s! under the experimental temperature based on MCM
v3.3.1; kroz+roz2 is assumed to be 2.0 x 10712 cm?® molecule™ s between the Co.19 RO; species,’
and 2.5 x 10™"* cm® molecule™ s™! for the cyclohexane-derived and other RO> species based on the
MCM mechanism. HO> and RO, are estimated to be in the ranges of 6 — 110 ppt and 0.4 — 10 ppb,
respectively. Figure 3A presents the estimated average Toimolecular Under the studied o-pinene
concentration as a function of initial O3 using the kinetic model. Thus, the a-pinene flowtube
experiments are expected to have Toimolecular Of 2 — 20 s. In comparison, Thimolecular Under typical
atmospheric conditions are from 1 to >100 s,* suggested by previous field measurements;5 342
the calculated autoxidation lifetimes for the three cyclobutyl-ring-retained C10H1504e by Kurtén et
al. are 7.1 s, 47.6 s, and 3.4 s (for a, b, and ¢ in Figure 1A), respectively.?’ These comparisons

suggest that under ambient conditions and the flowtube experiments in this work, the dynamic

competition between autoxidation and bimolecular RO, pathways is always present.

9
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The capability of speciated RO, measurements using the [-CIMS allows us to directly
probe this competition. We focus on two major ROzs: C10H1504e and CioH150¢s. As illustrated in
Figure 1B, CioHi504e could form CioHi50g¢e through one step of autoxidation or two sequential
RO + RO; followed by alkoxy radical (RO) isomerization.*> Given a typical branching ratio of
0.6 for RO formation from RO, + RO; and 0.5 for RO isomerization (Table S3), the yield of
Ci10H1506s from C10H1504e through this pathway is only ~ 0.09. A fraction of CioH1504e can also
be consumed by HO», making the yield of CioH1506e from Ci0Hi504e through non-autoxidation
pathways even smaller. To further minimize the contribution of the non-autoxidation pathways to
C10H1506 formation, we specifically examined the conditions with relatively low O3
concentrations and thus high Toimolecular (estimated to be > 5 s based on the kinetic model). Figure
3B presents the C1oHi150se intensities in relation to CioHi504¢ bimolecular loss rate (1/Tvimolecular)
under these conditions. As shown in Figure 3B, different linear relationships are observed for the
three VOCs. Specifically, C10H150se from Clk-enone ozonolysis exhibit an approximately 20-fold
higher yield than that from Cla-enal ozonolysis at similar C10H1504e bimolecular loss rates, while
Ci0H1506e from a-pinene ozonolysis lie between them. It should be mentioned that the differently
structured C10H1504¢ could have different RO> + RO; rate constants, but as suggested by Zhao et
al.,!” the difference is likely small due to the similar o.-pinene backbone. Sensitivity analysis was
performed using the kinetic model to demonstrate that under the experimental conditions in Figure
3B, the contribution of the non-autoxidation pathways to C10HisOge remains significantly smaller
than from autoxidation under a range of possible RO + RO; rate constants (Figure S7). Therefore,
the distinct yields of CioHisOgs are most likely from different Ci10H1504e autoxidation rates:
C10H1504¢ from Clk-enone autoxidize much more rapidly than those from Cla-enal (i.e., slope of

1.4 vs. 0.08).

10
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It should also be noted that the ozonolysis of Clk-enone and Cla-enal might distribute
different amounts of excess energy to the CIs in comparison to a-pinene ozonolysis, which, as

1.,2! could lead to somewhat different yields of the ring-opened CioHi504e

reported by Iyer et a
from the VHP (30-80%, see Figure 1A). Nevertheless, the large difference between Clk-enone
and Cli-enal shown in Figure 3B still clearly demonstrates that CioHi504e from Clk-enone
autoxidize much faster than those from Cla.-enal. To provide quantitative constraints on the
Ci0Hi504¢ autoxidation rates, we simulated the autoxidation rates from the Clk-enone-derived
Ci0H1504s relative to those from Cl,-enal (see SI text S2). We estimate that the Cl-enone-derived
C10H1504¢ have an averaged autoxidation rate on the order of 1 s™ (Figure S8), which is about 20-
fold higher than that from Cl,-enal estimated based on Kurtén et al. (~ 0.05 s71).2% This is highly
consistent with prior studies* !° and the results shown in Figure 3B. Using the yield of the ring-
opened C1oH504¢ from the VHP provided by Iyer et al.,>! we further estimate that the ring-opened
C10H1504¢ autoxidizes at ~ 1.2 — 2.7 s™! (Figure S8). Note that the C10H;50¢s yields from a.-pinene
ozonolysis are closer to those from Cla-enal ozonolysis in Figure 3B, suggesting that in o.-pinene
ozonolysis the fast autoxidizing Ci0Hi504e (from Cly) are likely in a smaller fraction while the
majority of C19H;504. autoxidize slowly (from Cl,), consistent with prior work.* !°

Further, we examined the major closed-shell products from the three VOCs. Figure 3C-D
show the CioH14-160+/Ci10H14-1604 (x = 6, 7, 8, and 9) ratios as a function of CioH1504¢ production
from the different experiments. In comparison to CioHi4.1604 which can only be formed via
Ci10H1504¢ bimolecular pathways, the CioH14-160:/C10H14-1604 (x = 6, 7, 8, and 9) ratios are
expected to decrease with enhanced CioHi504¢ production if the CioHi4.160x are formed by
autoxidation. In contrast, if the CioH14-160, are formed via bimolecular pathways, their ratios to

Ci0H14-1604 are expected to increase first as RO2 + ROz starts to outrun ROz + HO». For CioHs-

11
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1606 and CioH14-1607 (Figure 3C), their ratios to CioH14.1604 from the Clk-enone experiments
indeed decrease with CioH1504e production, consistent with the autoxidation scheme. The same
product ratios from the Cl.-enal experiments, however, exhibit the opposite trend, suggesting that
these products are mostly formed from RO> bimolecular reactions. For the reference, these ratios
from a-pinene ozonolysis stay fairly constant throughout the measurable range, implying a
combination of the autoxidation and bimolecular pathways.

On the other hand, for the more oxidized CioH14-160s and Ci0H14-1609 (Figure 3D), the
trends of their ratios to CioH14-1604 more consistently agree with the autoxidation mechanisms for
all three VOCs. However, these highly oxidized product ratios are on the same order of magnitude
in the ozonolysis of a-pinene and Clk-enone but are notably lower in the case for Cl.-enal. These
results again demonstrate that autoxidation is less prominent in Cla-enal ozonolysis. Additional
functional groups were suggested to facilitate RO, autoxidation.'® Thus, the least functionalized
ROz in these systems, CioHi504e is most likely to be responsible for the large difference in
autoxidation between the Clk-enone and Cla-enal experiments. Beyond the 1-min timescale in the
flowtube experiments, the fates of RO2 could be different; complex later-generation reactions
could take place; partitioning to the particle phase could also affect the gas-phase compositions.
Despite the additional complexity, some key observations in the gas phase are highly consistent
between the CFSTR and the flowtube experiments. Particularly, the more oxidized products (i.e.,
Ci10H14-1608.9) from the Clk-enone experiments are still more abundant than those from the Cl.-
enal experiments (Figure 2). These measurements provide key experimental evidence in support
of the recent computational work.?! Our results suggest that a small fraction of C10H;5O04e (likely

without the cyclobutyl ring) undergoes rapid autoxidation which could always outcompete
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bimolecular reactions, while the majority of C10H1504 autoxidizes at much lower rates and could
only compete with bimolecular reactions under high Tvimolecutar (€.g., > 20 s).

SOA formation and isomer-resolved compositions. The gas-phase measurements and
analysis suggest that the two CI pathways from a-pinene ozonolysis produce different C19Hi504e
with distinct autoxidation rates. We further examined how the difference in gas-phase chemistry
affects SOA formation and composition. From the CFSTR experiments, the steady-state SOA
yields (= SOA mass/AVOC) were shown against the SOA mass concentrations (Figure S9). The
SOA mass was not corrected for particle wall loss, but due to the similarity of the studied systems,
the relative SOA yields should reflect the SOA formation potential of the three precursors. It
appears that the overall SOA yields from ozonolysis of Clk-enone and Cl,-enal are very similar to
each other, both of which are approximately half of that from a-pinene ozonolysis. However, it
should be noted that the yields of CI from Clk-enone and Cla-enal are 0.5 and 0.65, respectively
(Figure 1A);* while that from o-pinene ozonolysis is 1.0. Therefore, we suggest that ozonolysis
of Clk-enone forms SOA at a slightly higher yield, which could likely be attributed to the above-
mentioned higher autoxidation rates and hence HOM formation.

The SOA constituents from the CFSTR experiments were characterized by the isomer-
resolved IMS-TOF technique. The IMS-TOF measurements characterize ionized molecules by
their structure-dependent collisional cross sections, ion mobilities, and hence drift times in the IMS
drift tube.* Thus, different drift times usually suggest different structures. In our previous studies,
we have demonstrated that the IMS-TOF is able to clearly separate structural isomers.?% 33 35-36
Using the ESI in both the positive (+) and negative (—) ion modes allows for detections of the

majority of the SOA constituents. An overview of the SOA molecular compositions is shown in

Figures S10-S11.*° Figure 4A-B illustrate the measured SOA from 20 ppb o.-pinene ozonolysis
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in the IMS drift time — m/Q diagrams in the (+)ESI and (-)ESI modes, respectively. In addition,
the IMS-TOF driftgrams of two representative major SOA constituents are compared in Figure
4C-D: CioHi60s5 from the (+)ESI mode with sodium adduct and CoH14O4 from the (—)ESI mode.
Similar comparisons of many other major products (Co-10H14-1604) are presented in the SI
(Figures S12—S17). Surprisingly, the majority of the large driftgram peaks in these comparisons
align on identical drift times (precision better than = 0.2 ms) for the SOA derived from a-pinene,
Clk-enone, and Cl,-enal, suggesting that the three VOCs’ major SOA constituents have identical
ion mobilities, and hence structures. The same type of analysis was carried out for a comprehensive
list of formulas (Figures S10-S11) to examine the product overlaps among the three VOC
systems. As shown in the Venn diagram in Figure 4E, we categorize the a-pinene ozonolysis SOA
constituents into five groups: (/) products unique to a.-pinene SOA; (/) products that are present
only in a-pinene and Clx-enone ozonolysis; (/1) products that are present only in a-pinene and
Cls-enal ozonolysis; (/7)) common products that are present in the SOA from all three VOCs; and
(V) products that are present in the SOA from a-pinene ozonolysis and from the Clk-enone + Cl.-
enal mixtures (but not from Clk-enone or Cla-enal individually). Remarkably, an appreciable
fraction of the a-pinene SOA constituents is “overlapped” with both the Clk-enone and the Cl.-
enal SOA (i.e., group /V). A quantitative presentation of this overlap is shown in Figure 4F-G, in
which the peak number- and intensity-based fractions of the five groups are compared. At lower
initial Clk-enone and Cla-enal concentrations (30 and 60 ppb), the overlap by all three types of
SOA is unexpectedly high (40 — 50% by peak number and > 70% by peak intensity). In contrast,
the a-pinene SOA constituents that are only produced when the Clk-enone and the Cla-enal co-
exist in the same experiments (i.e., group V) are always below 10%. Note that despite the

substantial overlap between the three SOA compositions, the detailed isomer intensities are usually

14



281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

different (exemplified by Figures S12—-S17), implying that the common products are not formed
at the same yields between the two CI pathways. Unfortunately, it is impossible to identify unique
SOA constituents associated with the autoxidation pathways without knowing their structures.
The fact that group 7V always has larger fractions by peak intensity than by peak number,
while group 7 is the opposite suggest that the overlapped constituents are usually major products.
As the initial VOC concentrations increase to 300 ppb and 1000 ppb, the summed fractions of the
overlapped groups (i.e., Il — V) decrease. The majority of this decrease is from the reduction in
group IV, while the groups /I and /I remain unchanged or even slightly increase. From another
viewpoint using the Clk-enone or Cla-enal SOA as the base (Figure 4 uses a-pinene SOA as the
base), the fractions of the common products decreased with increased initial VOC concentrations
(Figure S18). These phenomena clearly demonstrate the “splitting” of the overlapped SOA formed
from Clk-enone and Cla-enal as the VOC concentrations increase. The fractions of the common
products in Figure S18 are large (> 0.8) at low VOC concentrations, suggesting that major
fractions of Clk-enone and Cls-enal oxidation undergo unrecognized pathways, leading to the
mutual products. These results also suggest that the potential different energy distributions during
ozonolysis of Clk-enone and Cls-enal do not appreciably form new products than o-pinene
ozonolysis. With enhanced VOC concentrations, it is expected that bimolecular SCI chemistry
(i.e., SCI reacting with carboxylic acids and carbonyls) become more important;*® the reduced
effectiveness of OH scavenger could also lead to higher branching ratios of OH-oxidation. These
“high-concentration-favored” pathways more likely form products with different structures
between Clk-enone and Cls-enal. Thus, the common products are suggested to stem from
nontraditional Cl—initiated pathways. This hypothesis is further evidenced by the formation of

pinic acid, a major a-pinene SOA product. From the IMS-TOF and GC-MS measurements, pinic
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acid was observed in both the Clk-enone and Cl.-enal experiments under lower VOC
concentrations (Figures 4D and S19). Under higher VOC concentrations, pinic acid was only
largely present in the Cla-enal experiments, but not in the Clx-enone SOA (Figure S17). From the
reaction mechanism that is currently understood, the formation of pinic acid should only be
expected from one C10H 1504 isomer by Cl,-enal ozonolysis (Figure S20).*” Therefore, we suggest
that an unrecognized pathway (or pathways) must exist from Clk-enone to the Cla-enal-derived
intermediates and hence pinic acid. This pathway is especially pronounced under lower VOC
concentrations, which is more relevant to the real atmosphere. Elucidation of this pathway(s) is
crucial because pinic acid is often found to be one of the largest organic compounds in atmospheric
fine particles.® 48!

Possible mechanisms and implications for atmospheric chemistry. In this study, the
gas-phase measurements combining with the SOA compositional analysis suggest that the two CI
pathways from o-pinene ozonolysis initially produce different Ci1oHisOse isomers that undergo
further reactions to, however, form products mostly with the same structures. Such common
products are enhanced under lower VOC concentrations, suggesting that certain bimolecular
reactions inhibit their formation. This also indicates that these common products might originate
from unimolecular pathways. Such bimolecular-unimolecular competition may be present in two
mechanisms: (1) RO> pathways (Figure 1B) and (2) SCI pathways (Figures S20—S21). For the
RO, pathways, however, we are not aware of any mechanisms that could largely lead to the same
products from initially different RO without fragmentation. On the other hand, the SCI from a-
pinene ozonolysis was suggested to quickly undergo unimolecular reactions (Figure S21) to form

12,52

VHP in the same way as the excited CI; or form secondary ozonide (SOZ).>*>% Alternatively,

there was also evidence for bimolecular reactions of the SCL.!% 32357 To explain the IMS-TOF
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observations, at least one of the unimolecular pathways from one SCI has to produce CioHi504e
identical to those from the other CI pathway. A hypothetical mechanism is provided that describes
unimolecular H-shifts of the SCI to form these CioH1504+ isomers (Figure S20). These “long-
range” H-shifts appear to be unfavored by the strained cyclobutyl ring, but similar mechanisms
have been proposed in prior studies to explain the formation of pinonic acid and pinic acid.>*?’
Another plausible mechanism derived from the SOZ was also shown (Figure S22) to form the
C10H1504e that leads to pinic acid.>® But if this is indeed the mechanism for our observation, it is
possible that the lower energy distributed to the CIs in the ozonolysis of Clk-enone and Cla-enal
than actual a-pinene ozonolysis could have overestimated the fraction of common products
between the two CI pathways. It should be clearly stressed again that these tentative mechanisms
are only hypothetical to explain the IMS-TOF observations. Despite some evidence for their
occurrence,’* 2”38 direct support or contradiction from computational and experimental studies are
required. With these possible mechanisms, both CI pathways could lead to the three CioHi504e
isomers with the cyclobutyl ring intact, but likely at different branching ratios. This could explain
the common SOA constituents measured by the IMS-TOF. However, the ring-opened Ci10Hi1504¢

I consistent with the faster

isomer (Figure 1A) may only be formed from the CI pathway,
autoxidation rate measured by the I-CIMS.

This work provides new insights into a-pinene ozonolysis mechanisms through isolating
the two CI pathways, directly probing gas-phase RO2, and performing isomer-resolved SOA
compositional analysis. The results suggest that both CI pathways likely form the same C10H1504e
isomers with the cyclobutyl ring intact which autoxidize relatively slowly. In addition, Clk could

produce a ring-opened CioHi504¢ that autoxidizes much more rapidly. The rapid CioHisOse

autoxidation leads to higher HOM yields and thus higher SOA formation through the Clk channel.
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But both CI pathways form mostly common products since the majority of the initial C10H1504e
isomers are identical. These new mechanistic insights are likely sensitive to VOC concentrations
from ambient-relevant to laboratory conditions. The rapid ring-opened CioHi504e autoxidation
should always outcompete bimolecular reactions, while the ring-intact C1oH1504e autoxidation is
much less pronounced under typical laboratory conditions. The two CI channels lead to more
common products when VOC concentrations are lower. These implications highlight the
importance of considering new mechanisms in atmospheric models and interpreting ambient-
measured SOA species (e.g., pinic acid). Despite of the reported observations, the exact
mechanisms and kinetics are still not well understood or constrained. Future computational and
experimental studies to examine the hypothesized mechanisms are needed for a more complete

understanding of these important atmospheric processes.
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Figure 1. (A) Initial ozonolysis reactions of a-pinene, Clkx-enone, and Cla-enal that lead to
formation of four Ci10H1504e isomers. The pathway shown in red forms a ring-opened CioHi504e
isomer.?! The branching ratios shown in the scheme are based on Claflin et al.*® and Iyer et al.?!
(B) The RO, bimolecular and unimolecular (i.e., autoxidation) reaction schemes initiated by
Ci10H1504e. The measured RO> and closed-shell products are shown in black text; RO are shown
in grey text. The colored arrows represent RO> + RO; reactions (black), RO> + HO> reactions

(blue), autoxidation reactions (red), and RO, termination by loss of OH (pink).'?
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605  Figure 2. [-CIMS mass spectra (m/Q 320 — 410 Th) from the ozonolysis experiments: (A) 15.2
606  ppb a-pinene + 400 ppb O3; (B) 30.2 ppb Clk-enone + 4 ppm Os; and (C) 30.2 ppb Cla-enal + 5.1

607  ppm Os. The mass spectra were collected under steady state in the CFSTR.
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610  Figure 3. (A) ROz bimolecular lifetimes (s) simulated under the studied flowtube conditions (pink)
611  and estimated from a few ambient measurements (black dashed lines).> **-** The shaded region
612  represents the variation using different OH scavengers. In comparison, the reported unimolecular
613  lifetimes of the three CioH1504¢ isomers with the cyclobutyl ring are also shown (red and blue
614  dashed lines; RO»a, RO2b, and ROxc correspond to the structures shown in Figure 1A).2° (B) The
615 measured CioHi50¢e intensities in the flowtube experiments as a function of the CioHi504e
616  bimolecular reaction rates (k*bimolecular = kro2+HO2 X [HO2] + kro2+ro2 x [ZROz]) for the three
617  studied VOCs. [HOz] and [XRO;] are represented by the measured ion intensities; (C — D) Ion
618 intensity ratios of summed CioHi4-160x (x = 6 — 9) to CioHi4-1604 as a function of the estimated

619  total CioH1504e production for the studied flowtube experiments. The error bars represent standard
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620  deviation (1o) of the [-CIMS measurements. In (C), the missing data points for Cla.-enal at low

621  CioHi504e production were because zero values cannot be display in the log-scale plot.
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Figure 4. IMS-TOF drift time — m/Q diagrams of the SOA constituents from ozonolysis of .-
pinene, Clk-enone, and Cla-enal with (A) (+)ESI and (B) (—)ESI. Each symbol represents a single
product with unique chemical structure. The m/Q range of 150 — 500 Th includes the majority of
a-pinene ozonolysis SOA products. The IMS-TOF driftgrams of two representative SOA
constituents are shown in (C): CioH160sNa" and (D): CoH1304~. The vertical dashed lines aligning
the large peaks are to guide the eye, with the £ 0.15 ms ranges shown in shaded regions. Shown in
the Venn diagram (E) is the categorization of the a-pinene ozonolysis SOA constituents into five
groups (detail described in the text). (F) and (G) present the accumulated fractions of each group
by peak number and peak intensity, colored based on the categories shown in (E). Four
experimental conditions are compared, with the initial VOC concentrations shown on the x-axis.

Only (—)ESI-IMS-TOF measurements were performed for the 30 ppb experiments.
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