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Abstract

Ozonolysis of isoprene, one of the most abundant volatile organic compounds emitted into the
Earth’s atmosphere, generates two four-carbon unsaturated Criegee intermediates, methyl vinyl ketone
oxide (MVK-oxide) and methacrolein oxide (MACR-oxide). The extended conjugation between the
vinyl substituent and carbonyl oxide groups of these Criegee intermediates facilitates rapid electrocyclic
ring closures that form 5-membered cyclic peroxides, known as dioxoles. This study reports the first
experimental evidence of this novel decay pathway, which is predicted to be the dominant atmospheric
sink for specific conformational forms of MVK-oxide (anti) and MACR-oxide (syn) with the vinyl
substituent adjacent to the terminal O atom. The resulting dioxoles are predicted to undergo rapid
unimolecular decay to oxygenated hydrocarbon radical products, including acetyl, vinoxy, formyl, and 2-
methyl-vinoxy radicals. In the presence of O, these radicals rapidly react to form peroxy radicals (ROO),
which quickly decay via carbon-centered radical intermediates (QOOH) to stable carbonyl products that
are identified in this work. The carbonyl products are detected under thermal conditions (298 K, 10 torr
He) using multiplexed photoionization mass spectrometry (MPIMS). The main products (and associated
relative abundances) originating from unimolecular decay of anti-MVK-oxide and subsequent reaction
with O, are formaldehyde (88 £ 5%), ketene (9 + 1%) and glyoxal (3 + 1%). Those identified from the
unimolecular decay of syn-MACR-oxide and subsequent reaction of O, are acetaldehyde (37 + 7%), vinyl
alcohol (9 = 1%), methylketene (2 + 1%), and acrolein (52 + 5%). In addition to the stable carbonyl
products, the secondary peroxy chemistry also generates OH or HO; radical co-products.
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Introduction

Isoprene (2-methyl-1,3-butadiene) is the most abundant volatile organic compound (VOC) emitted
into the Earth’s atmosphere after methane, with global emissions estimated at ca. 600 Tg year.!
Ozonolysis is an important sink of atmospheric isoprene (ca. 10% globally) that generates reactive
carbonyl oxide species called Criegee intermediates.> Unimolecular decay of Criegee intermediates is a
significant non-photolytic source of OH radicals, accounting for ca. /5 of OH radicals formed in the
daytime and essentially all of the OH radicals at night.3* Criegee intermediates have been found to be
important tropospheric oxidants themselves, supplementing the oxidation chemistry initiated by OH
radicals.” Two four-carbon unsaturated Criegee intermediates, methyl vinyl ketone oxide
((CH2=CH)(CH3)COO, MVK-oxide) and methacrolein oxide ((CH,=C(CH3))CHOO, MACR-oxide)
along with formaldehyde co-product are generated from isoprene ozonolysis via distinct primary ozonide
(POZ) intermediates as depicted in Scheme 1. In addition, the simplest Criegee intermediate
formaldehyde oxide (CH,OO) and either methyl vinyl ketone ((CH,=CH)(CH3)CO) or methacrolein
((CH2=C(CH3))CHOO) are generated from isoprene ozonolysis. The substantial abundance of isoprene in
the atmosphere makes understanding the atmospheric fate of MVK-oxide and MACR-oxide of
considerable importance. The yields of MVK-oxide and MACR-oxide from isoprene are estimated at

23% and 19%, respectively.’
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Scheme 1. Formation of MVK-oxide and MACR-oxide Criegee intermediates from isoprene ozonolysis.

The MVK-oxide and MACR-oxide Criegee intermediates are isomers, both having vinyl and methyl
substituents, but differing in the position of the methyl groups. Both have extended conjugation involving
six 7 electrons across the vinyl (CH>=C) and carbonyl oxide (C=0"-0O") functional groups.®® They are
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distinctly different than simple saturated carbonyl oxides, such as formaldehyde oxide (CH,OO) and
alkyl-substituted Criegee intermediates, which have four © electron systems (C=0"—0").%!¢ In addition,
MVK-oxide and MACR-oxide each have four conformational forms with similar predicted ground state
energies (within ca. 3 kcal mol ™). The four conformational forms are separated into two groups based on:
(1) the orientation of the terminal oxygen with respect to the vinyl group (syn and anti), and (2) the
orientation of the vinyl group with respect to the C=0 group (cis and trans). Under thermal conditions
(298 K), the cis and trans conformations will rapidly interconvert by rotation about the C-C bond
(indicated by the curved arrow in Scheme 1)."'7 The syn and anti configurations do not interconvert at
ambient temperature due to high barriers for rotation about the C=0 bond and are treated as distinct
chemical species with different unimolecular and in some cases bimolecular reaction pathways.'> -1
The product branching from isoprene ozonolysis has been investigated using master equation modeling,'®
20 yielding results that differ depending on the theoretical method used. The most recent calculations give
relative abundances for syn and anti conformers of MVK-oxide and MACR-oxide of ca. 1:1 and 1:4 (298
K, 760 torr), respectively. 31

Several unimolecular decay pathways are predicted for MVK-oxide and MACR-oxide, which are
highly dependent on their conformational forms.!> -1 2! Thus far, only the 1,4 H-atom transfer pathway
for syn-MVK-oxide to OH products has been experimentally observed.!> Here, we identify the
unimolecular decay pathway predicted for the specific conformations displayed in Scheme 1, in which the
terminal oxygen is oriented toward the vinyl group (anti-MVK-oxide and syn-MACR-oxide).'®!° For

these conformers, the extended conjugation facilitates rapid electrocyclic ring closure that forms a 5-

membered cyclic peroxide, known as a dioxole. The ring closure mechanism is illustrated in Scheme 2.
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Scheme 2. Electrocyclic ring closure of anti-MVK-oxide and syn-MACR-oxide to dioxole intermediates.



Here, R and R’ indicate the position of the methyl group in MVK-oxide and MACR-oxide, respectively,
and in the dioxole product resulting from rapid isomerization. This novel mechanism is predicted to be
rapid under thermal conditions for both anti-MVK-oxide and syn-MACR-oxide. (2140 s™' and 2500 s,
respectively, 298 K, 760 torr).!> 7 These thermal decay rates are representative of a Boltzmann
distribution of cis and trans conformers due to their rapid interconversion. !>

Rapid unimolecular decay via the dioxole pathway is expected to dominate the atmospheric loss of
the anti-MVK-oxide and syn-MACR-oxide Criegee intermediates. The bimolecular chemistry of anti-
MVK-oxide and syn-MACR-oxide is predicted to be similar to that of syn-MVK-oxide, which has been
recently investigated through direct measurements and theory with H,O, formic acid, and SO, co-
reactants.'® Syn-MVK-oxide was found to react slowly with water monomer and dimer (with upper limits
of 4.0 x 107 cm? s and 3.0 x 10" ¢m? s! determined, respectively),'® in agreement with theoretical
predictions.'®!'”- 22 In contrast, syn-MVK-oxide reacts rapidly with formic acid (3.0 x 10'° cm?® s™!) and

SO, (4.2 x 10" ¢cm® ¢!, similar to simple Criegee intermediates.?*-2

Typical atmospheric concentrations
of H,O, formic acid, and SO, are not large enough for bimolecular reactions to compete with rapid
unimolecular decay via the dioxole pathway. Moreover, master equation modeling indicates that
isomerization to dioxole under atmospheric conditions (298 K, 760 torr) will account for 42% and 25% of
MVK-oxide and MACR-oxide loss, respectively, making the dioxole pathway a significant sink for the
four-carbon unsaturated Criegee intermediates formed from isoprene ozonolysis.!®!° Thus, when
evaluating the impact of MVK-oxide and MACR-oxide Criegee intermediates on the atmosphere it is
important to characterize the dioxole pathway experimentally, including the final product formed.

This study reports the first experimental evidence of products formed from the unimolecular decay of
anti-MVK-oxide and syn-MACR-oxide Criegee intermediates via the dioxole pathway. Dioxole is
predicted to undergo rapid unimolecular decay to radical products (Section IT).!*> Under thermal

conditions (298 K), and in the presence of excess O», these radical products will rapidly add O, to form

peroxy radicals (ROO) that subsequently undergo unimolecular decay to stable products along with the



formation of an OH or HO; radical co-product.?’*° The stable products are identified using multiplexed
photoionization mass spectrometry (MPIMS) (Section IV). The origin of the identified products is further
interrogated via experiments using formic acid as a Criegee intermediate scavenger. The potential
atmospheric impact of the dioxole pathway (Section V) is discussed in light of the present experimental

findings.

Background

Theoretical studies indicate that electrocyclic ring closure to dioxole is the dominant sink for anti-
MVK-oxide and syn-MACR-oxide Criegee intermediates.'®!° The full multistep reaction is shown in
Scheme 3 for anti-MVK-oxide. In Scheme 3, the energies (kcal mol ™) are given relative to syn-trans-
MVK-oxide (CCSD(T)-F12/CBS-F12(TZ-F12,QZ-F12)//B2PLYP-D3/cc-pVTZ) as reported by Barber et

al 15
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Scheme 3. Unimolecular decay of anti-MVK-oxide via electrocyclic ring closure to dioxole-1 and
subsequent decay to vinoxy and acetyl radicals. Energies are reported in kcal mol! by Barber et al.'®

Electrocyclic ring closure forms a 5-membered cyclic peroxide, 3-methyl-4H-1,2-dioxole (dioxole-1).
This step is predicted to have a low transition state (TS) barrier (12.0 kcal mol™!) and a fast thermal decay
rate (2140 s, 298 K, 760 torr).'> Dioxole-1 is generated with sufficient internal excitation to undergo
further rapid unimolecular processes via submerged barriers. Homolytic cleavage of the O-O bond of

dioxole-1 forms a diradical, which can rearrange to a closed shell B-dicarbonyl (3-oxobutyraldehyde)



through a highly exothermic (-74.3 kcal mol™) intramolecular 1,2 H-atom transfer. This is followed by
barrierless C-C bond fission to acetyl radical and vinoxy radical products.'®

An analogous isomerization pathway to dioxole is predicted for syn-MACR-oxide, which generates 4-
methyl-3H-1,2-dioxole (dioxole-2) as shown in Scheme 4.'° In Scheme 4, energies (kcal mol ™) are
reported by Kuwata et al.' relative to the lowest energy anti-trans-MACR-oxide conformer (CBS-QB3//

B3LYP/6-311G(d,p)).
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Scheme 4. Unimolecular decay of syn-MACR-oxide via electrocyclic ring closure to dioxole-2 and
subsequent decay to formyl and 2-methyl-vinoxy radicals. Energies are reported in kcal mol! by Kuwata
etal.”

Electrocyclic ring closure for syn-MACR-oxide is also predicted to have a low TS barrier (11.9 kcal mol
1) and rapid thermal decay rate (2500 s™!, 298 K, 760 torr).!” Dioxole-2 is expected to undergo similar ring
opening and intramolecular isomerization processes that form methylmalonaldehyde in an exothermic
reaction (ca. -65.2 kcal mol™!). In the case of dixole-2, C-C bond fission results in the formation of formyl
radical and 2-methyl-vinoxy radical products. C-C bond fission was not investigated previously."
Additional calculations (see SI Sec. S1) demonstrate that sufficient energy is available for dissociation to
radical products in an analogous mechanism as that predicted for anti-MVK-oxide.

In this study, MVK-oxide and MACR-oxide are generated under thermal conditions (298 K, 10 torr)
in the presence of excess O,. Under these experimental conditions, the radical products formed through
unimolecular decay of MVK-oxide and MACR-oxide via the dioxole channel will rapidly react with O, to

form ROO.231-3 ROO intermediates are predicted to decay rapidly to closed-shell species along with an



OH or HO; radical co-product via a hydroperoxyalkyl radical (QOOH) intermediate.?®=° Rapid
unimolecular decay of ROO is facilitated by internal excitation of the radical products formed in the
dioxole pathway, along with exothermic O, addition and submerged subsequent barriers that lead to
stable products.

ADb initio theoretical studies have examined the radical + O, reaction pathways.?”*° The mechanisms
for product formation from the acetyl radical + O, and vinoxy radical + O, reaction are shown in Scheme
5 and 6, respectively. For the acetyl radical, O, addition generates the acetyl-peroxy radical in an

exothermic reaction (-33.8 kcal mol™).
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Scheme 5. Reaction of acetyl radical with O, and subsequent decay to formaldehyde + OH + CO or
ketene + HO, products via the QOOH-1 intermediate. Energies are reported by Carr ef al., supplemented
by the present work, in kcal mol!. %

The exothermicity of the acetyl radical + O, reaction facilitates a 1,4 H-atom transfer from the methyl
group to the terminal oxygen atom and results in the formation of QOOH-1. The most energetically
favorable decay pathway for QOOH-1 is via a submerged TS barrier (21.9 kcal mol™) to the cyclic
intermediate, a-lactone, and OH co-product. Master equation modeling indicates significant
fragmentation of a-lactone to formaldehyde + CO products under low pressure conditions.?® Although the
asymptotic energy for the formaldehyde + OH + CO product channel (Scheme 5) was not reported by
Carr et al.,”® additional calculations (see SI Sec. S1) demonstrate that this is the thermodynamically
favored channel. OH yields measured experimentally and predicted using master equation modelling

reported in a number of publications together with the low yield of a-lactone directly detected by Chen



and Lee support the dominance of unimolecular decomposition channel over a-lactone stabilization.***

Ketene + HO; products are also energetically accessible, but are expected to be minor due to a higher
barrier (27.7 kcal mol™) to formation. Furthermore, the OH-yield is demonstrated to approach unity at
low-pressures (<10 Torr).?® 35-37. 3940 Thyg, formaldehyde (along with OH and CO) is expected to be the
primary product channel under low pressure conditions.?

The unpaired electron of vinoxy radicals in the ground state is primarily localized on the carbon,*-3

4446 which facilitates rapid reaction with O, to form ROO.**® The vinoxy radical + O reaction generates

the 2-oxoethylperoxy radical as shown in Scheme 6. A recent high-level theoretical study of the vinoxy +

O; reaction predicts formaldehyde + OH + CO to be the dominant product channel, noting other pathways
may be minor.? The proposed mechanism is shown in Scheme 6 and proceeds by O addition to the

vinoxy radical via a low barrier (0.4 kcal mol™) to form the 2-oxoethylperoxy radical in an exothermic

reaction (-21.9 kcal mol™).
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Scheme 6. Reaction of vinoxy radical with O, and subsequent decay to formaldehyde + OH + CO or
ketene + HO» via the QOOH-2 intermediate. Energies (kcal mol™) are reported by Weidman et al.*’
(CCSD(T)/CBS).

The 2-oxoethylperoxy radical is formed with sufficient energy (21.9 kcal mol™) to isomerize via a H-
atom transfer from the neighboring aldehyde and yield QOOH-2, which can promptly decay via a
submerged barrier (11.3 kcal mol™”) to formaldehyde + CO + OH. QOOH-2 can also decay via a higher

lying TS barrier (23.1 kcal mol™) to form ketene + HO,, which is predicted to be a minor product channel.

Alternatively, 2-oxoethylperoxy radical can undergo a 1,3 H-atom transfer via a large barrier (38.7 kcal



mol ™) to form QOOH-3, which will promptly decompose to glyoxal + OH (Scheme 7). Glyoxal

formation is unlikely given the large TS barrier to formation of QOOH-3.
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Scheme 7. Alternative decay pathway for 2-oxoethylperoxy radical (formed from vinoxy radical + O,) to
glyoxal + OH via the QOOH-3 intermediate. Energies (kcal mol™) are reported by Weidman et al.?
(CCSD(T)/CBS).

Fewer experimental studies have been conducted to investigate the products from the vinoxy radical +

O, reaction compared with the corresponding acetyl reaction. Zhu et al.*’

reported that glyoxal may be a
reaction product, however the disappearance rate of the vinoxy radical did not match the appearance rate
of glyoxal, suggesting that is produced from the decomposition of the 2-oxoethylperoxy radical. Their
preliminary results also suggested formaldehyde + CO + OH is a primary product channel.

Unimolecular decay of syn-MACR-oxide via the dioxole pathway results in formation of formyl
radical and 2-methyl-vinoxy radical (Scheme 4), which are both predicted to undergo barrierless addition
of O, to form the formyl-peroxy radical and 1-oxo-2-propylperoxy radical, respectively. Formyl-peroxy

radical is known to undergo prompt decomposition to CO + HO,,?" >

whereas the products from the 1-
oxo-2-propylperoxy radical are less well known.

A recent high-level theoretical study has predicted the products from the 2-methyl-vinoxy + O,
reaction (Scheme 8 and 9).3° The calculations indicate that 1-oxo-2-propylperoxy will undergo a 1,4 H-

atom transfer from the neighboring aldehyde via a submerged barrier (20.5 kcal mol ™) to form QOOH-4

(Scheme 8).
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Scheme 8. Reaction of 2-methyl-vinoxy radical with O, and subsequent decay to acetaldehyde + OH +
CO, or methylketene + HO» via the QOOH-4 intermediate. Energies (kcal mol™!) are reported by Davis et
al.** (CCSD(T)/CBS).

QOOH+4 is anticipated to decompose primarily to acetaldehyde + OH + CO via a submerged barrier (9.6
kcal mol!). Methylketene + HO, products are expected to be a minor channel due to a larger TS barrier to
products (25.4 kcal mol™!). Alternatively, 1-oxo-2-propylperoxy radical can undergo direct unimolecular

decay to acrolein + HO» via a barrier of 27.4 kcal mol! (Scheme 9).
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Scheme 9. Direct unimolecular decay of 1-oxo-2-propylperoxy radical (formed from 2-methyl-vinoxy
radical + O,) to acrolein + HO,. Energies (kcal mol™) are reported by Davis et al.** (CCSD(T)/CBS).

Methods

Experiments are performed using the Sandia Multiplexed Photoionization Mass Spectrometer
(MPIMS) apparatus interfaced with the tunable-VUYV radiation of the Chemical Dynamics Beamline
(9.0.2) of the Advanced Light Source (Lawrence Berkeley National Laboratory).’!> MVK-oxide and

MACR-oxide Criegee intermediates are generated in separate experiments from the (Z/E)-1,3-diiodobut-
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2-ene or 1,3-diiodo-2-methylprop-1-ene precursor, respectively, as described by Barber ef al.!’ and
Vansco et al.’.

The relevant precursor is entrained in a He flow using a pressure- and temperature-controlled glass
bubbler (298 K, 100 torr). The precursor (~2-3 x 10! cm™), O, (~6.4 x 10'® cm™), deuterated formic
acid and bath gas (He) are delivered to a halocarbon wax-coated quartz reactor tube maintained at 298 K
and 10 torr. Calibrated mass flow controllers are used to obtain specific mixing ratios of reactants. The
gaseous mixture is photolyzed along the length of the quartz reactor tube with the 248 nm output of a KrF
excimer laser (248 nm, 4 Hz). The laser energy is attenuated (to 100 mJ/pulse at laser output, ~20
ml/pulse through the reactor) using fine meshes in order to reduce the Criegee intermediate concentration
(max. ~ 1 x 10'2 cm™) so that side removal processes are minimized and the unimolecular reactions of the
Criegee intermediates can be examined. The total gas flow rate through the reactor is sufficient such that
the gas-mixture is entirely replenished between laser pulses. Pulsed UV-photolysis of the precursors
generates a resonance-stabilized monoiodoalkenyl radical that subsequently reacts with O, to produce the
Criegee intermediates.” '° The gas mixture is continuously sampled through an orifice on the side of the
reactor tube and the resultant molecular beam is intercepted orthogonally with the tunable VUV radiation.
The ions generated by VUV -ionization are pulse-extracted, accelerated orthogonally, and detected via
time-of-flight mass spectrometry. Products resulting from MVK-oxide and MACR-oxide unimolecular
decay and subsequent reaction with O are investigated through experiments at a fixed ionization energy
of 10.5 eV and photoionization efficiency (PIE) scans (9.0-11 e¢V). High-resolution mass spectrometry is
utilized to identify stable products. For scavenger experiments, sufficient formic acid is added to the
reactor tube such that bimolecular reaction with anti-MVK-oxide would compete with its unimolecular
decay and prevent unimolecular decay products from being formed. Pseudo-first-order conditions were
maintained throughout: [O,] >> [(Z/E)-1,3-diiodobut-2-ene] and [deuterated formic acid] >> [MVK-

oxide].
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Results
A. MVK-oxide

Specific conformers of MVK-oxide (anti) and MACR-oxide (syn) are predicted to rapidly decay via
the dioxole pathway and generate radical products that include acetyl and vinoxy (MVK-oxide, Scheme
3), and formyl and 2-methyl-vinoxy radicals (MACR-oxide, Scheme 4). These radicals react rapidly with
O, to form ROO (rate constants ca. 103-10"12 cm? s™!, 298 K).? 3133 Typical concentrations of O used in
the experiment (ca. 6.4 x 10'® molecules cm™) facilitate rapid ROO formation (ca. pus) compared to the
experimental time resolution.’! The resultant internally excited ROO are expected to undergo rapid
unimolecular decay to closed-shell products along with transient OH or HO; radical co-products.?’-3% 3
Stable products anticipated from MVK-oxide decay via the dioxole pathway (and subsequent reaction
with O,) include formaldehyde, ketene, glyoxal, and a-lactone (Section II, Schemes 5-7). Those expected
from MACR-oxide decay via the dioxole pathway (and subsequent reaction with O,) include
acetaldehyde, methylketene, and acrolein (Section II, Schemes 8 and 9). The stable products are identified
using MPIMS via a combination of high-resolution time-of-flight mass spectrometry, temporal profiles,
and spectroscopically via photoionization efficiency (PIE) curves. Addition of a second O,, following
RO, isomerization to QOOH, is not anticipated to be substantial under our experimental conditions. Thus,
we do not consider subsequent autoxidation products from any of the RO; discussed herein.

After photolytic generation of MVK-oxide, formaldehyde (m/z 30), ketene (m/z 42), and glyoxal (m/z
58) are identified as stable products in the MPIMS experiments. The temporal profile associated with m/z
30 (integrated over 8.4-11.0 ¢V) shows a fast rise followed by a constant photoionization signal consistent

with the rapid formation of a stable product (Figure 1, top panel).
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Figure 1. (Top) Temporal profile of m/z 30 mass channel integrated over the 8.0-11.0 eV photoionization
energy range. (Inset) High resolution mass spectrum of the m/z 30 signal integrated over the full kinetic
time window (0-80 ms) and photoionization energies (8.0-11.0 eV). (Bottom) PIE curve of m/z 30 (open
circles) integrated over the full kinetic time window (0-80 ms) compared with the absolute
photoionization spectrum of formaldehyde (black line). 33 The black lines shows the result of a least
squares fit of the absolute photoionization spectrum of formaldehyde to the experimental m/z 30 data. The
darker and lighter grey shaded regions represents 1o and 2¢ uncertainty in the fit, respectively.

A Gaussian fit to m/z 30 of the mass spectrum (Figure 1, top panel inset) yields an exact mass of
30.011 £ 0.003 amu, consistent with the mass of formaldehyde (30.011 amu). The PIE curve of m/z 30
(open circles) integrated over the full kinetic time window (0-80 ms) is shown in the bottom panel of
Figure 1. The appearance energy (10.88 €V)>* and shape of the m/z 30 photoionization spectrum matches

the absolute photoionization spectrum of formaldehyde (black line),> confirming its formation in the
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experiment. The experimental data are fit to the absolute photoionization spectrum of formaldehyde
(black line) via a least squares method. The uncertainty in the fit (+ 6, = 206) is represented by shaded
regions.

Ketene (m/z 42) is expected to be a minor product in the proposed mechanism. The temporal profile

and high resolution mass spectrum of the m/z 42 mass channel (8.4-11.0 eV) is shown in Figure 2.
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Figure 2. (Inset) High resolution mass spectrum integrated over the full kinetic time window (0-80 ms)
and photoionization energies (8.0-11.0 eV) showing a partially resolved feature at m/z 42. The
corresponding temporal profile (10.5 eV) shows rapid formation of a stable product following photolytic
generation of MVK-oxide.

The temporal profile shows rapid formation of a stable species upon photolysis. The width and
asymmetry of the m/z 42 feature in the mass spectrum is indicative of multiple ionized species with the
same nominal mass but different numbers of C and O atoms that results in partially resolved peaks. A
sum of two Gaussian functions is used to fit the feature (black line) to extract the exact mass of each
component. The fit yields an exact mass of 42.014 £+ 0.004 amu (green line) and 42.050 = 0.003 amu
(blue line) consistent with the mass of ketene (42.011 amu) and CsHg (42.047 amu), respectively. PIE
curves associated with the two different mass regions are shown in Figure 3 (41.95-42.00 and 42.04-42.08

amu) to differentiate between the two species contributing to the m/z 42 photoionization signal.
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Figure 3. (Top) PIE curve associated with the 42.04-42.08 mass window (blue open circles). All traces
are generated by integrating over the full kinetic time window (0-80 ms). (Lower panel) The PIE curve of
the 41.95-42.00 mass window (green open circles) is consistent with the known PI spectrum of ketene is

shown for comparison (dark green line).*® Interference from an unidentified daughter ion is observed at
higher photoionization energy (ca. 10.5 eV).

The resultant PIE curves are distinctly different. The appearance energy and shape of the PIE curve
associated with the lower mass region (bottom panel, green open circles, ca. 9.6 eV) matches the absolute
photoionization spectrum of ketene (dark green line) below 10.5 €V.53-¢ At higher photoionization energy
(> 10.5 eV) the PIE curve changes due to photoionization of an interfering species. Integration of the
higher mass region (42.04-42.08, top panel) results in a PIE curve that matches the interfering signal
observed in the top panel. The mass of the interfering species (42.049 + 0.003) is consistent with the
chemical makeup of C3Hs (42.047) and is attributed to dissociative ionization of a larger species.

Glyoxal and a-lactone (m/z 58) products are predicted for the vinoxy radical + O, and acetyl radical +
O; reactions, respectively. Glyoxal formation is unlikely given a high barrier to formation (38.7 kcal mol

1), while significant fragmentation of a-lactone to formaldehyde + CO is expected due to the
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exothermicity of the proposed mechanism. Nevertheless, a weak signal matching the exact mass of

glyoxal and a-lactone (58.005) is

observed. The temporal profile, high-resolution mass spectrum, and PIE

curve of m/z 58 is shown in Figure 4.

Photoion Signal
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Figure 4. (Top, inset) High-resolution mass spectrum of the m/z 58 signal integrated over the full kinetic
time window (0-80 ms) and photoionization energies (8.0-11.0 eV). (Top) Photoionization efficiency
curve of m/z 58 (open circles) integrated over 57.95-58.00 amu and the full kinetic time window (0-80
ms) compared with the known photoionization spectrum of glyoxal (black line). (Bottom) Temporal
profile of the m/z 57.95-58.00 mass region integrated over the 8.0-11.0 ¢V photoionization energy range.

The width and asymmetry of the m/z 58 feature in the mass spectrum is indicative of multiple species

with the same nominal mass but

different numbers of C and O atoms contributing to the photoionization

signal. A sum of two Gaussian functions is used to fit the feature (black line) and extract the exact mass
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of each component. The fit yields a peak position of 58.010 + 0.005 amu (red line) and 58.043 + 0.003
amu (purple line) consistent with the mass of glyoxal/a-lactone (58.005 amu) and C3;HeO (58.042) amu),
respectively. A PIE curve is associated with the lower mass region (57.95-58.00) is shown in the upper
panel of Figure 4. The resultant PIE curve matches the onset (ca. 10.2 eV) and shape of the previously
measured PI spectrum of glyoxal (black line).*> No evidence of a-lactone is discernable in the PIE curve,

consistent with the low yield of stabilization previously reported.?® 33-37. 39-40. 42

B. MACR-oxide

Acetaldehyde (m/z 44), methylketene (m/z 56), and acrolein (m/z 56) are anticipated to be final
products generated from the unimolecular decay of syn-MACR-oxide via the dioxole pathway and
subsequent reaction of the radical products with O (Section II, Schemes 8 and 9). The fast appearance of
signal on the m/z 44 channel is consistent with rapid product formation, as shown in the temporal profile
of m/z 44 (9.0-11.0 eV) in the top panel of Figure 5. The photoionization signal is constant at long
reaction times indicating a stable spectral carrier. A high-resolution mass spectrum of m/z 44 is shown in
the inset of Figure 5. A Gaussian fit to the feature yields a single peak at 44.028 = 0.003, in accord with
the chemical composition of acetaldehyde (CH;CHCO, 44.026). Figure 5 (bottom) shows the PIE curve
of m/z 44 integrated over the full kinetic time window (open circles, 0-80 ms), which reveals low and

high energy components indicative of multiple species contributing to the photoionization signal.
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Figure 5. (Top, inset) High-resolution mass spectrum of the m/z 44 signal integrated over the full kinetic
time window (0-80 ms) and photoionization energies (9.0-10.7 eV). (Top) Temporal profile of the m/z 44
over the 9.0-10.7 eV photoionization energy range. (Bottom) PIE curve of m/z 44 (open circles)
integrated over the full kinetic time window (0-80 ms). The onset and shape of the spectrum at lower
energies is consistent with the absolute photoionization spectrum of vinyl alcohol (red dashed line).>” At
higher energies (ca. 10.2 eV) a higher intensity feature is observed that is consistent with the absolute
photoionization spectrum of acetaldehyde (red solid line).*® The black line results from a least squares fit
of the absolute photoionization spectra to the experimental m/z = 44 data. The darker and lighter grey
shaded regions represent 1o and 2c uncertainty in the fit, respectively

Since only a single peak is observed in the high-resolution mass spectrum (44.028 amu), the species
contributing to the PIE spectrum must have the same chemical composition and therefore are isomers.
The onset (ca. 10.2 €V)** and shape of the higher energy component is consistent with the absolute
photoionization spectrum of acetaldehyde (red solid line),*® confirming its formation. The appearance
energy (ca. 9.3 eV) and shape of the lower intensity feature agrees well with the absolute photoionization

spectrum of vinyl alcohol (red dashed line).’” Vinyl alcohol is likely generated directly from the
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exothermic unimolecular decay of QOOH-4 as the barrier for isomerization of acetaldehyde to vinyl
alcohol is large (ca. 70 kcal mol™).%° The experimental PIE curve is fit to the absolute spectra of
acetaldehyde and vinyl alcohol by a least squares method and the resultant fit is shown in Figure 5 (black
line). Uncertainty in the fit (+ o, + 20) is indicated by the shaded regions.

Rapid product formation is also observed on the m/z 56 mass channel. The temporal profile persists to
long reaction times although it shows a slow decay after formation likely due to secondary chemistry
(9.0-11.0 eV, Figure 6, top panel). A high-resolution mass spectrum of m/z 56 is shown in the inset of the
top panel of Figure 6. A Gaussian fit to the feature results in a peak center of 56.029 + 0.003, which is
consistent with the chemical composition of methylketene and acrolein (CsHsO, 56.026 amu). The
corresponding PIE curve integrated over the full kinetic time window (0-80 ms) is shown in Figure 6
(bottom panel).

Two components are apparent in the PIE curve: a lower intensity component at low photoionization
energies and a higher intensity component at high photoionization energies. The lower intensity
component and higher intensity component matches the onset and shape of the absolute PI spectra of
methylketene (9.0 eV, blue dashed line)*® and acrolein (10.1 eV, blue solid line),’® ¢! respectively. The
experimental data is fit to a sum of the methylketene and acrolein absolute photoionization spectra via a

least squares method (black line). Uncertainty in the fit (+ o, = 206) is indicated by the shaded regions.
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Figure 6. (Top, inset) High-resolution mass spectrum of the m/z 56 signal integrated over the full kinetic
time window (0-80 ms) and photoionization energies (9.0-10.7 eV). (Top) Temporal profile of the m/z
m/z 56 over the 9.0-10.7 eV photoionization energy range. (Bottom) PIE curve of m/z 56 (open circles)
integrated over the full kinetic time window (0-80 ms). The appearance energy of the photoionization
spectrum is consistent with the absolute photoionization spectrum of methylketene alcohol (blue dashed
line). At higher energies (ca. 10.1 eV) a higher intensity feature is observed that is consistent with the
absolute spectrum of acrolein (blue solid line). The black line shows the result of a least squares fit of the
absolute photoionization spectra of acrolein and methylketene to the experimental m/z 56 data. The
darker and lighter grey shaded regions represent 16 and 26 uncertainty in the fit, respectively.

Discussion
A. Product Yields

High level ab initio calculations show that the unimolecular decay of the anti-MVK-oxide Criegee
intermediate via the dioxole channel results in the generation of acetyl and vinoxy radical products.'> An

analogous pathway is predicted for syn-MACR-oxide leading to formyl and 2-methyl-vinoxy radical
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products. Previous experimental and theoretical studies indicate that under the present experimental
conditions, the radical products will rapidly undergo O, addition to generate ROO.?-*° These ROO are
predicted to decay to closed shell products (Section II), which are identified using MPIMS (Section IV),
along with transient OH or HO» radical co-products.

A quantitative analysis is conducted to determine the relative yields of the product channels identified
from unimolecular decay of anti-MVK-oxide and syn-MACR-oxide to radical products, and subsequent
ROO chemistry. The known absolute photoionization spectra of the products are scaled to fit the
experimental PIE curves via a least squares method.** 3375862 The resultant scaling factors correspond to
the relative observed abundance of each product channel. Uncertainties in the fits, and ultimately the
relative product yields, are obtained by propagating the error associated with the least squares fitting
method. Additional details of the analysis are provided in the Supporting Information (SI Sec. S2, Figures
S1-S3).

For the unimolecular decay of anti-M VK-oxide via the dioxole channel and subsequent ROO
chemistry, formaldehyde, ketene and glyoxal are identified as principal products. The results from the
product analysis indicate that formaldehyde + OH + CO is the dominant product channel (88% + 5%)
with ketene + HO, and glyoxal + OH as minor product channels (9% + 1% and 3% = 1%, respectively).
The resultant trend in product yields agrees well with theoretical predictions for the acetyl radical + O,
and vinoxy radical + O, reactions.?®%

For the unimolecular decay of syn-MACR-oxide via the dioxole channel and subsequent reaction of
2-methyl-vinoxy radical product with O,, acetaldehyde, vinyl alcohol, methylketene, and acrolein
products are identified as main products (Figure 5 and 6). The minimum energy pathway predicted
theoretically leads to acetaldehyde + CO + OH products. The total branching to this product channel,
including the formation of vinyl alcohol (9% =+ 1) is 46% = 7%. Methylketene + HO- is found to be a
minor product channel (2% =+ 1%), while acrolein + HO> is found to be the principal product channel
(52% = 5%). This is the most direct route to products as acrolein + HO> is generated directly from the 1-
oxo-2-propylperoxy radical (Scheme 9) and does not proceed through the QOOH-4 intermediate. Master
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equation modeling of the 2-methyl-vinoxy + O, reaction (Section C) indicates the acrolein product
channel will not have an appreciable yield due to the high barrier (Scheme 9, 27.4 kcal mol™) for its
formation. This suggests there may be a lower barrier pathway to acrolein + HO; products that has not
been identified or an additional source of acrolein in the experiment. In the latter case, acetaldehyde + CO
+ OH would be the dominant product channel (ca. 96%).
B. Scavenger experiments

Additional experiments were conducted to robustly determine whether the stable products observed
are generated from the dioxole pathway followed by reaction with O,. These studies were conducted for
the MVK-oxide Criegee intermediate only, for which the reaction rate coefficient with formic acid has
recently been determined.'® Formic acid was introduced into the flow cell at sufficient concentration for
its bimolecular reaction rate with MVK-oxide to surpass the predicted thermal decay rate for anti-MVK-
oxide (2140 s, 298 K, 760 torr). As a result, anti-MVK-oxide will react more quickly with formic acid
than undergo unimolecular decay, resulting in a decrease in the product yields from the dioxole pathway.
We assume that anti-MVK-oxide reacts with formic acid at a similar rate to syn-MVK-oxide and alkyl-
substituted Criegee intermediates (ca. 107° cm? s°1).16- 63

Figure 7 shows temporal profiles of the m/z 30 channel (formaldehyde) measured using a
photoionization energy of 11.0 eV. The temporal profile shows prompt formation of m/z 30 followed by a
slow growth in signal. Upon introduction of formic acid, the m/z 30 signal is significantly reduced,

leaving a prompt signal that persists to long kinetic time.
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Figure 7. (Bottom) Temporal profiles of m/z 30 (11.0 eV) measured at varying formic acid
concentrations. (Top) Fraction of m/z 30 signal remaining versus formic acid concentration compared to a
kinetic model (dashed line).

The fraction of the m/z 30 signal remaining upon introduction of formic acid at specific concentrations is
shown in the top panel of Figure 7 (solid circles). This is obtained by normalizing the integrated m/z 30

signal by the integrated I-atom (m/z 127) signal to account for experimental fluctuations, e.g. laser power
or precursor concentration. Further, the integrated m/z 30 signal recorded in the absence of formic acid is
set to 1 (black solid circle). A simple model is used to predict the fraction f of m/z 30 that would remain

with increasing formic acid concentration (dashed line, top panel) according to equation (1):

(1) T ——

Tunit Tacid
Here, 7,,,,; is the thermal decay rate for anti-MVK-oxide (2140 s™)!5 and r,;4 is the effective rate of

reaction between anti-MVK-oxide and formic acid at a specific concentration. The model assumes that
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m/z 30 arises solely from unimolecular decay of anfi-MVK-oxide to radical products and subsequent
peroxy radical chemistry, the thermal decay rate (298 K) of anti-MVK-oxide is 2140 s™!, and the rate
constant for the reaction of anti-MVK-oxide with formic acid is the same as that for syn-MVK-oxide (3.0
x 1071% cm?® s71). The results obtained agree reasonably well with the simple model.

There may be an additional source of formaldehyde that gives rise to the slow growth in signal on the
m/z 30 channel. One possibility is that secondary chemistry associated with products from unimolecular
decay of syn-MVK-oxide may produce formaldehyde. However, even at the lowest formic acid
concentration used in the experiment (2.6 x 10> molecules cm?, green), more than 95% of syn-MVK-
oxide is expected to undergo bimolecular reaction with acid rather than unimolecular decay.

If there is another source of formaldehyde, the product yield to the formaldehyde + OH + CO channel
would be overestimated. For example, if 50% of the m/z 30 signal is from a different source, the
formaldehyde + OH + CO channel will be less dominant, but still the major product channel (79 £+ 3%),
while the ketene + HO; and glyoxal + OH product channels would become more significant (16 + 1% and
5 + 1%, respectively). Unfortunately, addition of formic acid results in formation of a daughter ion at
energies above the ionization energy of ketene on the m/z 42 mass channel that precludes scavenger
studies of the ketene product channel.

C. Atmospheric implications

Rapid unimolecular decay of anti-MVK-oxide and syn-MACR-oxide to dioxole (2150 and 2500 s™',
respectively; 298 K, 760 torr)'> ! and subsequent formation of radical products is expected to be the
dominant sink for these Criegee intermediates under atmospheric conditions.!® Under our low pressure
experimental conditions (298 K, 10 torr), the radical products react with O, to form ROO, which
undergoes further unimolecular decay via QOOH intermediates to yield stable carbonyl products that are
detected and an OH or HO; radical co-product.?’** The radical products are expected to have a similar
fate under atmospheric conditions (298 K, 760 torr) in pristine locations (low NOx concentrations).®+63
Again, the radicals will react rapidly with O, to form ROO, which can undergo unimolecular decay to

stable carbonyl products with an OH or HO; radical co-product. Alternatively, the ROO can be
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collisionally stabilized and thermally decay on a longer timescale (minutes), and/or undergo bimolecular
reactions.%6-¢7

Previous experiment and theory has shown that the acetyl radical + O, reaction exhibits a significant
pressure dependence.?® The OH yield drops from near unity at low pressure to ~4% at atmospheric
pressure as a result of collisional stabilization of ROO at higher pressures.?® A similar pressure
dependence has been predicted theoretically by Kuwata ez al.%® for the vinoxy and 2-methyl-vinoxy + O,
reactions, resulting in OH yields at atmospheric pressure of 25% and 5%, respectively.® More recent
high-level electronic structure calculations by Weidman et al.?’ and Davis et al.*° predict higher barriers
for ROO dissociation back to reactants (vinoxy radical + O») than earlier calculations®® and similar
barriers for H-atom transfer leading to the QOOH intermediates. The higher barriers suggest that the
previously computed OH yields®® for these reactions may be overestimated. Therefore, we carried out
master equation simulations (MESMER, SI Sec. S3)® to reinvestigate the OH yields from these reactions
under atmospheric conditions. We find that the higher barriers?*>° result in lower OH yields from the
vinoxy + O3 (5%) and 2-methyl-vinoxy + O, (2%) reactions under atmospheric conditions (298 K, 760
torr).

Given the large abundance of isoprene emitted into the atmosphere, we wanted to assess the potential
atmospheric yield of OH radicals arising from the dioxole pathway and subsequent reaction of its radical
products with O,. Specifically, we estimate the OH yield derived from unimolecular decay of anti-MVK-
oxide and syn-MACR-oxide, and subsequent peroxy radical chemistry under atmospheric conditions.
This is then compared to the total OH yield from isoprene ozonolysis. The OH yield from isoprene
ozonolysis has been reported from a variety of indirect methods that include the use of OH scavengers

747778 a5 well as a

and tracers such as methylcyclohexane,” cyclohexane,””* CO,””’¢ trimethylbenzene,
limited number of direct OH measurements by laser-induced fluorescence,” 7 and a comprehensive

model that used experimental measurements as constraints in determining the OH yield.> The reported
OH yields vary considerably (19% to 68%). Here, we compare to the [IUPAC recommended OH yield

from isoprene ozonolysis of 25%.%
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The OH yield from the dioxole pathway and subsequent peroxy radical chemistry is estimated by
combining the yields of MVK-oxide and MACR-oxide from isoprene ozonolysis (23% and 19%,
respectively),” the predicted reactive fluxes through the dioxole channel (42% and 25%, respectively),!s!
and the predicted OH yields from the respective radical + O, reactions under atmospheric conditions (see
above). The resultant OH yield accounts for only ca. 4% of the total OH radicals produced from isoprene
ozonolysis under atmospheric conditions. This estimate assumes that the radicals generated from the
exothermic dioxole pathway are fully thermalized prior to reaction with O, and formation of ROO. If
ROO is formed internally excited, the estimated OH yield from the dioxole pathway may be
underestimated. Thus, we conclude that dominant source of OH radicals from isoprene ozonolysis under
atmospheric conditions is thermal unimolecular decay of syn-MVK-oxide via a 1,4 H-atom transfer
mechanism (33 s at 298 K, 760 torr).> 1517

Current atmospheric models utilizing the Master Chemical Mechanism (MCM)?®! for tropospheric
degradation of primary emitted volatile organic compounds indicate that decomposition of Criegee
intermediates derived from isoprene ozonolysis is a substantial source of OH radicals, even when
compared to all atmospheric sources of OH production. The OH production is predicted to be greatest
over heavily forested regions including the Amazon, in particular at nighttime.” The present work on the
dioxole unimolecular pathway and subsequent bimolecular reactions of the radicals produced with
molecular oxygen may extend the possible sources of atmospheric OH radicals. While the stabilization
and bimolecular reactions of ROO with NOx, HO; and other RO, are included in the current MCM, the
unimolecular decay processes discussed in this work are not. Future work will assess if inclusion of these
reaction mechanisms significantly impacts the generation of OH radicals from isoprene ozonolysis.

In addition, the production of ketene and methyl ketene may be substantial from ozonolysis of
isoprene, and are estimated to be on the order of 2 Gg and 0.5 Gg, respectively. Given a rough estimate
for the atmospheric lifetime of ketene (e.g. 5-15 hours) and its rate of reaction with OH (ca. 107! cm?
molecule s7),%? we anticipate that ketene and methylketene will be elevated close to the emission source
of isoprene. Thus, ketene emission is a potential marker for ozonolysis of isoprene and other dialkenes,
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including acyclic monoterpenes, ocimene, and myrcene. In addition, ketene has a well-defined IR

absorption spectrum and can be a useful tracer in chamber studies.®*

Conclusions

MVK-oxide and MACR-oxide, the four-carbon unsaturated Criegee intermediates generated in
isoprene ozonolysis, have been photolytically generated in a flow cell (298 K, 10 torr) in the presence of
.. Specific conformational forms of MVK-oxide (anti) and MACR-oxide (syn) with the vinyl substituent
adjacent to the terminal O atom can rapidly isomerize via an exothermic electrocyclic ring closure
mechanism to form a 5-membered cyclic peroxide, known as dioxole.'> "' Dioxole is formed with
sufficient internal excitation to undergo rapid unimolecular decay to oxygenated hydrocarbon radicals,
producing acetyl and vinoxy radicals from MVK-oxide and formyl and 2-methyl-vinoxy radicals from
MACR-oxide. In the presence of O, under our laboratory conditions, the newly formed radicals quickly
react with O; in a barrierless, exothermic reaction that yields peroxy radicals.?’** The peroxy radicals
undergo H-atom transfer to form QOOH intermediates, which decay via submerged barriers to form
closed shell carbonyl species.?®? The resultant stable carbonyl products are detected by MPIMS,
providing the first experimental evidence of the dioxole unimolecular decay pathway for the four-carbon
unsaturated Criegee intermediates from isoprene ozonolysis. The main products identified in the
unimolecular decay of anti-MVK-oxide and subsequent reaction of acetyl and vinoxy radicals with O, are
formaldehyde (88 + 5%, ketene (9 = 1%) and glyoxal (3+ 1%). Those identified from the unimolecular
decay of syn-MACR-oxide and subsequent reaction of 2-methyl-vinoxy radicals with O, are acetaldehyde
(37 = 7%, vinyl alcohol (9 + 1%), methylketene (2 £+ 1%), and acrolein (52 = 6%). In separate
experiments, sufficient formic acid is added to ensure that its bimolecular reaction with anti-MVK-oxide
competes with unimolecular decay, thereby reducing the yield of products arising from unimolecular
decay and subsequent reaction with O,. Bimolecular reaction with formic acid is shown to decrease the

yield of formaldehyde products arising from unimolecular decay of MVK-oxide. In addition to the stable
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carbonyl products that are observed, the peroxy chemistry also results in OH or HO; radical co-products
with pressure-dependent yields.
Supporting Information

Supporting information includes computed stationary point geometries and zero point corrected energies,
detailed description of the product branching analysis, and MESMER input files.
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