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Ring-opening yields and auto-oxidation rates of the
resulting peroxy radicals from OH-oxidation of a-
pinene and B-pinenetf

Ben H. Lee, @2 Siddharth lyer, ©° Theo Kurtén,© Jonathan G. Varelas,® Jingyi Luo, © ¢
Regan J. Thomson © < and Joel A. Thornton @ *2

Atmospheric oxidation of monoterpenes (CioHi6) contributes to ambient particle number and mass
concentrations due, in part, to the resulting peroxy radicals undergoing auto-oxidation to low-volatility
highly oxygenated molecules (HOMs). Only one of the structural isomers of the first-generation hydroxy
peroxy radical (CioH17O3), that formed with an opening of the cyclobutyl ring, is thought to be
responsible for the majority of HOMs derived from OH-initiated oxidation of « and B-pinene. We
constrain the yield and auto-oxidation rate of this isomer by using a unique combination of isotopically
labeled precursors, such as Ds-a-pinene, and direct measurements of peroxy radicals and closed-shell
products after a reaction time of only ~0.7 s. Using competitive rate studies and quantum chemical
calculations, we find that the yields of these ring-opened peroxy radicals are 0.47 (0.2, 0.6) for a-pinene
and 0.66 (0.4, 0.8) for B-pinene, and the rates of auto-oxidation are 2.9 (1.1, 4.7) st and 0.8 (0.4, 1.6)
s7L, respectively, where values in the parentheses represent upper and lower bounds based on
experimental and mechanistic uncertainties. These rates and yields are in general agreement with HOM
yields determined from independent methods and in a range where OH driven monoterpene HOM
formation will be atmospherically important for a wide set of conditions.

Auto-oxidation of monoterpene (MT) derived organic peroxy radicals leading to HOMs is a key process for prompt formation of SOA observed in the troposphere
and in atmospheric simulation chamber experiments. MT SOA is a significant contributor to fine particulate mass concentrations, affecting climate and human
health. OH-oxidation of & and B-pinene is a major fate for MT. The fraction of the associated peroxy radicals which undergo auto-oxidation, and the rates of the
auto-oxidation compared to bimolecular reactions are key metrics towards quantitative mechanistic predictions of SOA mass yields. We present experimental
results for these two metrics, for which there is large variance in literature, that will allow for better descriptions of spatial and temporal variations in MT SOA

production.

1 Introduction

and growth on the timescales observed in forested environ-
ments and in laboratory chamber experiments indicate that

Global emissions of biogenic volatile organic compounds
(BVOCs) approach nearly a petagram of carbon per year (Pg C
year ').'® Subsequent atmospheric oxidation, initiated by
reactions with ozone (Oj3), hydroxy radicals (OH), or nitrate
radicals (NO3), leads to products of varying volatility that can
affect the burden and composition of organic aerosol (OA),
which in many regions of the world is the dominant component
of atmospheric fine particulate matter (PM, 5).** OA formation
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organic peroxy radical (RO,) auto-oxidation involving intra-
molecular RO, radical propagation with one or more O, addi-
tions is a key mechanism leading to the prompt formation of
highly oxygenated molecules (HOMs), which have low to
extremely low volatility.”

Monoterpene oxidation is a major contributor to SOA in
forested regions even where isoprene emissions far exceed
those of monoterpenes, such as over the Southeast United
States,®® as well as in urban areas given that monoterpenes
account for a large fraction of anthropogenic volatile chemical
products.'>*> Loss pathways of a-pinene (AP) due to reactions
with OH and O; are comparable, whereas OH oxidation is about
an order magnitude faster than ozonolysis for B-pinene (BP)
under typical conditions of the daytime when BVOC emissions
are highest. Theoretical and experimental work have indicated
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HOM formation only from the first-generation RO, which have
undergone opening of the cyclobutyl (or C-4) ring after OH
addition to the less substituted (tertiary for AP and primary for
BP) C of the C=C double bond.**** Retainment of the C-4 ring
of the first-generation RO, prohibits intramolecular H-shifts
due to steric hindrance of the ring itself and due to the
absence of a C=C double bond (present only in the C-4 ring-
opened isomer) that facilitates the intramolecular H-shifts.*®

We report on experimental determinations of the yields of
the C-4 ring-opened RO, from OH reactions with AP and BP, as
well as the rates of auto-oxidation of the resulting first
(C10H1703) and second generation (C;,H;,05) peroxy radicals by
employing a chemical box model to constrain observations
made using a fast flow tube coupled to a long time of flight mass
spectrometer (L-ToF) employing ammonium-adduct (NH,")
ionization to directly measure the suite of peroxy radicals and
closed-shell products formed after ~0.7 seconds of initiating
OH-oxidation, over a range of nitric oxide (NO) levels. Accurate
mechanistic understanding of the yields of these peroxy radi-
cals through auto-oxidation can better help quantitatively
explain SOA mass yields, which are used in atmospheric
chemical transport and climate models to describe OA
formation."

2 Methods

Experiments were conducted in a room temperature (21 £ 2 °C),
atmospheric pressure (1016 + 15 mbar) flow reactor with
a 2.54 cm outer diameter. The entire 8.2 standard liters per
minute (slpm) output from the flow reactor passes through
a custom-built transverse ion-molecule reaction region (IMR)
maintained at atmospheric pressure, and coupled to a Tofwerk
AG long time of flight mass spectrometer (LToF-MS). The IMR,
refined from that used by Zhao et al.,” has an inner diameter
matching that of the flow reactor to maintain laminar flow and
constant flow velocity. A schematic of the transverse IMR is
shown in Fig. S1. NH," reagent ions are generated by flowing
1.8 slpm UHP N, over the headspace of an ammonium
hydroxide (NH,OH) solution and through an inline >'°Po (NRD)
ionizer. The exit of the *'°Po source is axially aligned with the
entrance capillary of the LToF-MS and orthogonal to the reactor
flow direction. Ions enter the sample flow from the outer wall
and traverse the 2.2 cm across the sample flow to the LToF-MS
capillary aided by a ~1.5 kV em ™ electric field applied between
the *'°Po source and the capillary. Reaction products are
detected as NH," adducts.?*

Hydroxyl (OH) and hydroperoxyl (HO,) radicals were gener-
ated by flowing 1 slpm of humidified UHP N, through a quartz
housing containing a 185 nm radiation Hg lamp (PenRay).
Water vapor (H,O) is photolyzed to generate HO, without
detectable O3, given the absence of molecular oxygen (O,). Zero-
air (Teledyne) containing AP or BP with or without NO was
added concentrically around the HO, source output via
a modified 0.25 inch PTFE (polytetrafluoroethylene) T-union
(Swagelok) to the flow reactor in slight excess of 8.2 slpm.

Mixing ratios of OH in the flow reactor were quantified by
titration with isopropanol added to the flow reactor in the same
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manner as AP and BP (see below) while measuring the resulting
acetone. The acetone sensitivity (0.11 cps ppt ') was deter-
mined using a gravimetrically calibrated custom permeation
device (see SIf). Thus, acetone detected from isopropanol
quantifies the effective OH concentration in the flow reactor
that mixes with the VOC. Mixing ratios of HO, were quantified
by incrementally adding nitric oxide (NO) from a 9.8 ppm (+2%)
cylinder (Praxair) to convert the HO, to OH in the presence of
excess isopropanol, generating additional acetone. NO was
added at 15 incremental steps resulting in 0 to 127 ppb in the
flow reactor. Using a kinetic model of isopropanol oxidation, we
find good agreement between observed and modeled acetone
production as a function of NO added, assuming 0.86 acetone is
formed for every isopropanol oxidized by OH**** and that the
output of the HO, source contains 25 ppt and 125 ppt of OH and
HO,, respectively (Fig. S27).

For the AP or BP oxidation experiments, excess parent VOC
was introduced by flowing 5 sccm of UHP N, over the headspace
of a sample vial containing room temperature AP or BP and into
the zero-air carrier flow. Assuming the headspace in the vial
saturates with AP or BP, we estimate a few ppm of the precursor
VOC in the flow tube, though only a very small fraction reacts to
form RO, (see below). Synthesized Ds-labeled AP, which is kept
at —30 °C when not in use, was introduced by dipping a 1.5 mm
OD glass capillary in the pure compound and placing the
capillary in the sample vial. The D;-labeled AP was synthesized
from B-pinene in nine steps according to the reported literature
procedure.”® Calibrations to acetone were performed prior to
each experiment of a given monoterpene by adding acetone to
the flow tube setup, which was operated identically as during
the oxidation experiments.

The HO, source flow and main carrier flow containing VOC
and NO (when added) meet and travel 25 cm before passing
through the reagent ions crossing the flow to the LToF-MS
sample capillary. Given the flow reactor inner diameter and
total volumetric flow rate, we maintain laminar flow (Re ~510)
and estimate a residence time of ~0.7 seconds of the reaction
mixture prior to detection. We chose 0.7 seconds reaction time
for this study to place a constraint on RO, auto-oxidation
timescales while also allowing for sufficient extent of reaction
to generate detectable product concentrations. We estimate that
the above conditions lead to a total of ~60 ppt of monoterpene
reacted with OH in the absence of NO, and up to ~610 ppt at
maximum NO (127 ppb, Fig. S37).

Energy barriers for the alkoxy isomerization reactions were
calculated using a similar approach to the one detailed in
Moller et al.*® Briefly, the Spartan ’18 program® was used to
perform a systematic conformer sampling of the reactants and
transition states using the Merck Molecular Force Field (MMFF)
method with a neutral charge enforced on the radical atom.
Initial geometry optimizations were carried out at the B3LYP/6-
31+G(d) level of theory, and conformers within 2 kcal mol ™" in
relative electronic energies were optimized and their frequen-
cies calculated at the wB97X-D/aug-cc-pVIZ level.**3° The
Gaussian 16 program was used to carry out these optimizations
and frequency calculations. On the lowest electronic energy
reactant and transition state conformers at the wB97X-D/aug-cc-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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PVIZ level, single-point calculations were done at the
ROCCSD(T)-F12a/VDZ-F12 level using the Molpro 2019.2
program.*' The stability of the wavefunction was checked at the
CCSD(T) stage by running HF calculations (cc-pVDZ basis set
using ORsCA 4.2.1 program®?) with 15 HOMOs and 15 LUMOs
switched 10 times randomly and generating 100 input files with
the orbital rotations applied.*® This indicated that no lower-
lying wavefunction relative to the default solution was neglec-
ted for any of the reactants and transition states. For the
products of the alkoxy isomerization reactions, only wB97X-D/
aug-cc-pVTZ optimizations were performed without a system-
atic conformer sampling step. This is because while the
subsequent RRKM simulations are sensitive to the reactant and
transition state energies, they are not sensitive to that of the
products. However, products nevertheless need to be defined to
run the simulations.

The master equation solver for multi-energy well reactions
(MESMER?*) program was used to carry out the RRKM simula-
tions to determine the fate of alkoxy radicals. The isomerization
reactions were treated using the SimpleRRKM method with
Eckart tunneling. The reactant alkoxy radicals were assigned as
“modelled” in the simulations and given Lennard-Jones
potentials sigma = 6.5 A and epsilon = 600 K, and a AEqown
value of 225 cm™ ', which are identical to those used previously
for similar systems.***¢ The resulting quantum chemical output
files are available here  (https://zenodo.org/record/
7214075#.Y3QrjezM]qs).

3 Results and discussion

A suite of products are detected from the OH-initiated oxidation
of AP or BP in the presence of NO. Under low NO conditions and
after ~0.7 s of reaction time between OH and the monoterpenes,
we detect a series of products containing 10 C and 16,17, or 18 H
atoms, one or no N atoms, with odd and even numbers of O
(Fig. 1). The products with odd numbers of H and O atoms,
particularly C;0H;,0, where x = 3,5,7 dominate the reaction
mixture spectrum at short reaction time and low NO. Addition-
ally, groups of compounds with similar molecular formulae (but
differing number of O atoms) generally exhibit distinct trends as
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Fig. 1 Maximum signal increase encountered relative to when
oxidation is off, for each of the 70 identified compounds during OH-
initiated oxidation of (a) AP and (b) BP over the course of NO addition
from O to 127 ppb.
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a function of NO. For instance, compounds with molecular
formulae C,oH;0; 5 - initially increase in abundance with NO as
the reaction between NO and HO, (present in the HO, source and
also generated for every closed-shell carbonyl product formed)
yields OH, which promptly react with the excess AP or BP. The
abundances of these C;oH;,0;35; species eventually decrease
with additional NO. Based on their composition and behavior as
a function of NO, we conclude these are peroxy radicals (RO,), as
their reactions with NO dominate in competition with auto-
oxidation. In comparison, products of the reactions between
NO and RO, including multi-functional alkyl nitrates
(C10H17NOy 1), carbonyls (C;0H;60, 6), and acetone continue to
increase with NO, and then approach a plateau. The dominant
products observed with increasing NO are, as expected, C;o,H;602
(likely pinonaldehyde) for AP and CoH;,0 (nopinone) for BP,
produced from the reaction between NO and the first generation
peroxy radical (C;oH;,03), as shown in Fig. 1. The sensitivity of
NH," adduct ionization for most of the 70 identified species is
unknown, as such, we show the increase in their ion signals (in
units of counts per second, cps) in the presence of HO,.

As illustrated in Fig. 2, three structural isomers of the
hydroxy peroxy radical (C;,H;,03) are formed upon the addition
of OH to the C=C double bond of AP**** or BP.** The three H-
abstraction channels together account for 0.12 of the fraction
of OH-initiated oxidation of AP*”?*® and 0.099 for BP.* For AP,
OH-addition to the double bond at the tertiary carbon (f,) fol-
lowed by breaking of the C-4 ring (f¢) is of interest (Fig. 2), given
the ability of the resulting RO, to undergo auto-oxidation.*****®
For BP, the breaking of the C-4 ring can occur following the OH
addition to the primary position.> The reaction between this
ring-opened RO, isomer of AP and NO produces acetone with
reported yields between zero and unity (Table 1). Acetone is also
thought to form from two other OH-oxidation pathways of AP +
OH: OH addition to the double bond at the more substituted

D3 fr-abs 1 D3C)<Z§ + OH fri-abs 2,3
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Fig. 2 Schematic of the pathways from the OH-initiated oxidation of
AP, adapted from Peeters et al.®” and Vereecken et al*® The three
potential pathways to acetone production and auto-oxidation are
highlighted.
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Table1l Fraction of OH-initiated oxidation that produces the C-4 ring-opened hydroxy peroxy (C1oH1703) radical, the branching ratio to acetone
from the ring-opened alkoxy radical, and the hydroxy nitrate yield from NO reaction of that peroxy radical isomer. Values in parentheses
represent range of values based on experimental and mechanistic uncertainties (see text)

fc B¢ (4%}
AP
MCM?>32 0.075 1.0 0.125
Vereecken and Peeters®® 0.26 0.4 0.17
Peeters et al.’” 0.22 0.4 0.11
Vereecken et al.*® 0.22 0.0 0.11
Xu et al.*® 0.14% (=0.88 x 0.5 x 0.32)
Rolletter et al.** 0.83
Piletic and Kleindienst** 0.19
This study 0.47 (0.2, 0.6) 0.125 =+ 0.08
BP
Xu et al.'® 0.36* (=0.90 x 0.925 x

0.44)
Vereecken et al.*® 0.58
Piletic and Kleindienst*! 0.14
This study 0.66 (0.4, 0.8) 0.125 =+ 0.08”

“ Xu et al.*® report the quantum calculated branching ratio, or BRying.open (0.32 for AP and 0.44 for BP), which is the fraction of C-4 ring-opened
peroxy radical formed following the OH-addition to the secondary position for AP and primary position for BP. We calculate fc using their
reported values of BRying.open and the fractions of OH-addition (0.88 for AP and 0.901 for BP) and fractions to OH-addition to the tertiary (0.5 for

AP) or primary (0.925 for BP) positions as reported by Vereecken et al.'® and Vereecken and Peeters.

assumed to be identical for this work for BP.

(secondary) carbon (fz) followed by eight generations of O,
addition and NO reaction, and one of the three known H-
abstraction pathways (fy.aps) followed by three generations of
O, addition and NO reaction.*” These reaction pathways to
acetone under high NO conditions are highlighted in Fig. 2.
Results from OH-oxidation of isotopically labeled AP that
possess three deuterium atoms instead of three hydrogen atoms
on one of the two methyl groups attached to the bridge of the C-
4 ring (C;0H13D3) and that from unlabeled AP (C,0Hi¢) are
illustrated in Fig. 3a and b. The Ds;-labeled AP produces Ds-
labeled acetone, detected as C;H;D;ONH," (m/Z = 79.0945),
while unlabeled acetone, detected as C3;HsONH,  (m/Z =
76.0757), is unchanged relative to when oxidation is turned off
(Fig. 3a). OH oxidation of unlabeled-AP is accompanied by
a comparable increase in unlabeled acetone with no D;-acetone
detected (Fig. 3b). These results are consistent with proposed
mechanisms of AP and BP that report acetone is essentially only
formed from the three C atoms that comprise the C-4 bridge.
The isotopic labeling together with short (0.7 s) reaction
timescales allow us to distinguish acetone formed promptly
upon the reaction between NO and the ring-opened RO, versus
those formed from the other two pathways, which require either
three (fi.aps) Or eight (fg) generations of O, addition and NO
reaction (Fig. 2). The observed acetone produced per AP reacted
(Aacetone/AAP) as a function of NO is shown in Fig. 3c, along-
side that modeled if the H-abstraction pathway (fi.ans) was the
only acetone-producing pathway at a yield of 2.1% (v-aps),"® and
if OH-addition to the secondary position (fz) solely produced
acetone at a yield of 6% (yg)." The modeled evolution of
Aacetone/AAP as a function of NO for neither comes close to
simulating the observed Aacetone/AAP (Fig. 3c), due to the time
required for multiple generations of NO reaction following the
initial OH reaction. This result indicates that prompt formation

402 | Environ. Sci.: Atmos., 2023, 3, 399-407

» b Quantum calculations performed for AP,

of acetone as observed does not arise from either of these two
pathways. In addition, the relative importance of the fi pathway
as an acetone source is likely lower than currently reported.

a) E b) (C.H.ONH? *
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Fig. 3 Mixing ratio of acetone produced during OH-oxidation of (a)
Dsz-labeled and (b) unlabeled AP, as a function of NO added. The insets
in (a) and (b) show the corresponding mass spectra of Dz-labeled and
unlabeled acetone in the presence of high NO. The ratio of observed
acetone produced per modeled loss of (c) AP and (d) BP, as a function
of NO added. (c) The slow rise in Aacetone/AAP at low NO values
when assuming acetone is produced from only the fz pathway (yg
only) or only the fy_aps pathway (yn-aps OnNly), suggest negligible
contribution compared to prompt formation from the fc pathway.
Non-linear least-squares fits of Aacetone/AMT with respect to NO
allows for the explicit determination of yc (=fc x Bc) and kauto, utilizing
egn (3). Shading in (c) and (d) represent the range of Aacetone/AMT
with respect to NO given the uncertainties of yc (0.059 (0.5, 0.6) for AP
and 0.083 (0.8, 0.9) for BP) and Kauto (2.9 (L1, 4.7) s™* for AP and 0.8
(0.4, 1.6) s~ for BP). Values in parentheses represent range of values
based on experimental and mechanistic uncertainties (see text).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Observations in Fig. 3c follow the trends expected if acetone
is a product predominantly of the reaction between the ring-
opened RO, isomer (f;) and NO, which is in competition with
a fast unimolecular reaction, as shown in eqn (1)-(3). In eqn (1),
the acetone formation rate is defined by the reaction between
NO and the ring-opened RO, isomer where oc is the corre-
sponding alkyl nitrate yield, and (¢ is the branching ratio of the
resulting RO that undergo C-C scission to yield acetone (Fig. 2).
Chemical loss of acetone by OH oxidation is negligible given the
0.7 s reaction time and because the AP or BP is in excess.

d[acetone]

Y7 (1 — ac)Bckro,+n0[NOJ[RO;] (1)

Eqn (2) shows the mass balance for the ring-opened RO,
isomer, produced at a fraction, f., per reaction of OH with MT,
and lost to bimolecular and unimolecular reactions, such as
reaction with NO and auto-oxidation, respectively. Reactions
with RO, and HO, become negligible with the addition of NO.

d[RO;]
dt

= fckmrrou[OH][MT] — kRoz+No[NO] [RO,]

_kauto[ROZ] - (2)

Thus, Aacetone/AAP increases with NO and then plateaus as
shown in eqn (3).
Aacetone _ (1 — ac)feBekro,No[NO]
AMT kauto + kROz+NO[NO}

(3)

Assuming negligible acetone contributions from the fz and
fiabs pathways, the absolute value that Aacetone/AMT
approaches at high NO constrains the yield, v¢ (=fc X 8¢), of
acetone produced per OH-oxidation of MT, for a given value of
ag, for which we assume 0.15. The modeled variability in
Aacetone/AMT (Fig. S3t) given the variability in reported o
values (Table 1) is within the uncertainties of y¢ derived from
the non-linear least squares fit, shown shaded in Fig. 3c. The
alkyl nitrate yields of all other RO, — which can affect the
production of closed-shell carbonyls, and hence, HO,, which
promptly react with NO to form OH that then reacts with the
excess AP or BP — likewise do not significantly affect Aacetone/
AMT (Fig. S4%).

Assuming unity for (¢, as currently reported in the MCM,>***
fcwould be defined by ¢, which are 0.059 (0.05, 0.07) and 0.083
(0.08, 0.09) for AP and BP, respectively (Fig. 3c and d). To
provide an independent estimate of f; we conducted quantum
calculations to assess the relative importance of the five
possible fates of the alkoxy radical (RO) stemming from the C-4
ring-opened isomer of AP, including the C-C bond scission path
to yield acetone. These calculations show that the acetone-
producing bond scission branching, 8¢, is either 0.07 (OH up)
or 0.18 (OH down), depending on the diastereomer formed. The
formation of an endocyclic ether and an intra-molecular H-shift
dominate the RO fate (Fig. S5t). As our technique is unable to
distinguish structure (OH up or down), we use the mean of the

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Environmental Science: Atmospheres

two calculated alkoxy radical branching ratio, 8¢ (=0.125). As
such, our results indicate f¢ of the C-4 ring-opening isomers are
0.47 (0.2, 0.6) for AP, and 0.66 (0.4, 0.8) (assuming identical 8¢
for BP), where the uncertainty range indicated in the paren-
theses is due mainly to the fate of the alkoxy radical, not
experimental variance which is of order 0.08. Contribution of
acetone from H-abstraction pathway (fizaps) and/or the OH-
addition to the secondary position pathway (fz) would lower
our calculated fc values. Though Xu et al.*® calculated C-4 ring
opening branching ratio of 0.32 for the tertiary alkyl radical
resulting from OH-addition to to AP, that ratio is 0.97 if deter-
mined from their observations of the three hydroxynitrate
isomers (C;0H;7;NO,). Our determination of f; of 0.47 and an
OH-abstraction fraction of 0.12,' imply OH-addition to form
the secondary alkyl radical is at most 0.40.

In addition to allowing the resolution of different RO,
formation pathways, our short reaction time study constrains
the unimolecular auto-oxidation rate (k,ut0), which is defined by
the slope of Aacetone/AMT as a function of NO, per eqn (3). We
perform a non-linear least-squares fit utilizing eqn (3) on the
observed Aacetone/AMT versus NO to determine k., and its
uncertainty. We find k,u for the first generation C-4 ring-
opened C;oH;,03 peroxy radicals of AP and BP are 2.9 (1.1,
4.7)s ' and 0.8 (0.4, 1.6) s ', respectively where the uncertainty
range in parentheses stems from least squares fit parameters.
These determinations are independent of the calculations of f¢
and @¢. The auto-oxidation rate for AP is comparable to those
previously published. That for BP is on the lower end, though
there is greater variance in published values for BP (Table 2).
One possible reason for the discrepancy is that experimental
studies such as ours and that of Xu et al.'® cannot distinguish
diastereomers, which is relevant for AP.*>** The ring-opened
hydroxy peroxy radical of BP is not affected by stereoselectivity
as the hydroxyl functional group is not attached to the 6-
member ring. Even amongst computational studies, however,
there is not perfect agreement on the rates and, at times, the
relative importance of the different pathways. Such difficulties
highlight the challenging nature of elucidating chemical
mechanisms. For instance, a few computational studies have
determined that the C-4 ring opened hydroxy peroxy radicals
preferentially form a 6-member endocyclic peroxide (endo-6, see
Table 2), in particular, for BP. The resulting C;,H;,05 peroxy
radical now with two O atoms within the newly-formed 6-
member ring is, however, slow to undergo additional auto-
oxidation given that it is ring-constrained.*>**

To determine whether the first generation C;,H;,0; radicals
undergo allylic or endocyclic auto-oxidation, we constrain kauto
for the subsequent second generation peroxy radicals
(C10H;1705) by comparing the modeled and observed evolution
of C;0H;,05 as a function of NO. In particular, we use the
inflection point in NO at which the RO, abundance starts to
decrease, testing its rate of auto-oxidation versus reaction with
NO. As shown in Fig. 4, kau for the AP-derived C;oH;;0s
exceeds 20 s ', as increasing the modeled rate above 20 s~ does
not result in significant improvement in model-observation
agreement. For the BP-derived C;1oH;,0s5, kauto iS 11.1 (6.2, 16)
s~". That the k¢ 0f C1oH;,05 are much greater than those of
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Table 2 Auto-oxidation rates for the first generation C-4 ring-opened hydroxy peroxy (C1oH;703) radical for . and B-pinene. For values derived
from theoretical calculations, we also present, when available, the diastereomer-specific auto-oxidation rates of the individual pathways. “1,5”
and "1,6” denote allylic H-shifts, whereas “endo-6" denotes formation of an endocyclic peroxide product. Values from this study and those of Xu
et al.*® represent the overall rates as neither experimental works are able to distinguish the syn versus anti diastereomers. Values in parentheses

represent upper and lower bounds due to experimental and/or fitting errors

AP*

Xu et al.*®

Moller et al. (anti)"
Moller et al. (syn)*’
Piletic and Kleindienst*!
Vereecken et al. (anti)'”
Vereecken et al. (syn)"”
Berndt et al. (anti)"?
This study

Xu et al.'®
Moller et a
Piletic and Kleindiens
Vereecken et al.*’
This study

115
41

4(2,6)s"

1.8 s7' 1.1 (1,5) + 0.37 (1,6) + 0.35 (endo-6)

2.5 571 0.16 (1,5) + 2.3 (endo-6)

2.4t012.2 5" 2.3 to 11.9 (1,5) + 0.08 to 0.31 (endo-6)
0.6 s~ (endo-6)

2.6 s~ (endo-6)

1.7 571 0.66 (1,5) + 0.96 (1,6) + 0.079 (endo-6)

2.9 (1.1,4.7) s

BP?

16 (11, 21) s~

5.7 s7' 1.4 (1,5) + 0.28 (1,6) + 4.0 (endo-6)
4.5t021s ' 2.7 to 14.9 (1,5) + 1.8 to 6.1 (endo-6)
0.6 s~ ' (endo-6)

0.8 (0.4, 1.6) s

“ Stereoselectivity does not apply to the C-4 ring-opened hydroxy peroxy radical of BP given that the hydroxyl (-OH) functional group is not on the 6-
member ring, whereas those of AP can exist as anti (-OH on the 6-member ring relative to the #butyl peroxy group) and syn.

AP BP

ok =1s"

)
k =18 5 “auto

Os Ko 1

416
=0k, =118

_11et
=0y K, o=118

=0k, ;=205
auto
©obs

=0,k . =205

P 5 oo 0.8

OL: 0.6 1D O“: 0.6
IO IO
~ 0.4 o 0.4

0 20 40 60 80 100 120
NO added (ppb)

0 20 40 60 80 100 120
NO added (ppb)

Fig. 4 Normalized traces of the second generation C;oH;7,05 peroxy
radicals observed during the OH-oxidation of (a) AP and (b) BP, as
a function of NO. Conducting numerous simulations to optimize
model-observation agreements allowed us to define an optimal range
of Kauto fOr each, which for AP exceeds 20 s *and 11.1 (6.2, 16) s for
BP. Three simulated traces of CyoH;7;05 with widely varying rates of
their auto-oxidation are shown.

C,0H;,03 suggests that the first generation C;y,H;,03; peroxy
radicals preferentially undergo allylic and not endocyclic auto-
oxidation. These observations are consistent with the mecha-
nisms proposed by Berndt et al," which report theoretical
calculations that C;,H;;05 (more so than C;,H;,0;3) undergo
rapid H-shifts to form the endo-cyclic peroxy radicals
(C10H1705), which are much slower to undergo an additional H-
shift given the endo-peroxide ring. Our observational estimates
of kauwo for the third generation peroxy radicals (C;0H;,05),
however, are limited by the fact that their abundances approach
instrument detection limits at moderate to high NO levels.
Lastly, recent studies offer contrasting reports on the
importance of the H-abstraction pathway. Berndt,*® utilizing

404 | Environ. Sci: Atmos., 2023, 3, 399-407

a fast flow tube coupled to an ethylaminium ionization mass
spectrometer observed negligible products of H-abstraction by
OH from a-pinene, whereas Shen et al.** using an atmospheric
simulation chamber coupled to a nitrate ionization mass
spectrometer found that the dominant fraction of the products,
namely HOMs, from OH oxidation of a-pinene is from H-
abstraction, not OH-addition. At low NO, we observed an H-
abstraction product (C;0H;504) only for AP, but not BP
(Fig. S6t1). The amount of C;oH;504, assuming comparable
sensitivities to the C;oH;,0, RO,, suggest H-abstraction yield of
~3%, similar to the theoretical work (9%) of Vereecken et al.*®
Moreover, at low NO, the C;,H;;0, RO, are dominated by those
possessing 3, 5, and 7 oxygen atoms (Fig. S61), consistent with
the observations of Berndt.** A more detailed analysis of the H-
abstraction pathway is beyond the scope of this paper.

4 Conclusions

We present a novel transverse atmospheric pressure ammo-
nium adduct ionization mass spectrometer coupled to a fast
flow tube to directly observe OH-initiated oxidation products of
AP and BP, including peroxy radicals and those formed from
their reaction with NO. By systematically adding NO to probe
the fate of these peroxy radicals in competition with auto-
oxidation over short timescales (~0.7 s), with and without
isotopically labeled precursors, we distinguish prompt acetone
formation from the C-4 ring-opening pathway versus those that
require multiple generations of NO reactions. Using quantum
calculations to constrain the branching ratio of acetone formed
from the ring-opened alkoxy radical (0.125), we find that the
fractions of OH-oxidation of AP and BP that form the ring-
opened peroxy radicals are 0.47 (0.2, 0.6) and 0.66 (0.4, 0.8),

© 2023 The Author(s). Published by the Royal Society of Chemistry
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respectively. We also determine a narrow range for the auto-
oxidation rates of these first-generation ring-opened peroxy
radicals as well as of their associated auto-oxidation products,
thereby providing a more complete description of HOM
production channels from OH oxidation of AP and BP.
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