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Abstract

Criegee intermediates are highly reactive and energized species formed in the ozonolysis of
alkenes. Understanding their chemistry is critical to a comprehensive accounting of OH
production, secondary aerosol formation, and the oxidative capacity of the atmosphere.
The overall fate of Criegee intermediates in the atmosphere is determined by the
competition between bimolecular and unimolecular processes, so a detailed understanding
of unimolecular decay is an important topic in both atmospheric and physical chemistry.

The unimolecular decay dynamics of Criegee intermediates is sensitive to the identity of
the substituents and conformation of the molecule. Multiple isomerization pathways are
possible, with some structures capable of a 1,4-hydrogen transfer reaction that is especially
efficient, and generally competes well with bimolecular reactions. Experimental studies
that provide energy-resolved rate constants (k(E)) for the process provide important
benchmarks for RRKM calculations that can be extrapolated to thermal rate constants
(k(T)) under atmospheric conditions. The comparison of k(E) and k(T) values among a
series of homologous Criegee intermediates offers insights into the role of structure,
energetics, and tunneling in the unimolecular decay dynamics of these species.

Alternative unimolecular decay pathways also illuminate important aspects of the
dynamics of Criegee intermediates. These alternative pathways, generally ring closing
mechanisms involving heavy atoms, are less susceptible to tunneling and, depending on
barriers, may be slower or faster than hydrogen shift processes. Understanding the
interplay between unimolecular and bimolecular chemistry of Criegee intermediates under
atmospheric conditions remains an active area of research.
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L. Introduction

Alkenes are an important contributor to the hydrocarbon composition of the
atmosphere, with both biogenic and anthropogenic sources. One alkene, isoprene (2-
methyl-1,3-butadiene), is the most abundant volatile organic compound in the atmosphere,
aside from methane. Biogenic emissions (almost exclusively from plants) of isoprene are
estimated to exceed 500 Tg per year, while the biogenic emissions of ethene and propene
are significantly smaller (< 20 Tg per year).! Monoterpene (o- and B-pinene, limonene,
etc.) emissions from natural sources are thought to exceed 90 Tg per year. On the other
hand, anthropogenic emissions of isoprene are much smaller than those due to plants, ~
100 Tg per year, and arise from vehicular exhaust and exhaled breath from humans.2

Significant reactive pathways for removal of these alkenes from the atmosphere
include reactions with ozone (03), hydroxyl radicals (OH) and nitrate radicals (NO3).3- 4
Ozonolysis of alkenes is a key reaction in understanding the overall oxidizing capacity of
the atmosphere, as it both consumes a key oxidant, and can lead to the production of
another, OH. Hydroxyl radical is the most important oxidant in the atmosphere, involved in
the decomposition of many key pollutants in the lower atmosphere. Field studies have
suggested that the ozonolysis of alkenes is responsible for the production of about a third
of the atmospheric OH radicals during the daytime, and is the predominant source of OH
radicals at night.5-10

The initial steps in the ozonolysis of an alkene are shown in Scheme 1, in which O3
adds across the double bond to form a primary ozonide (POZ).11 The POZ is formed with

significant excess internal energy, and promptly undergoes bond fissure to form a carbonyl



oxide compound (the Criegee intermediate) and a carbonyl co-product.1! Criegee

intermediates are formed with significant internal energy and are found to meet

Scheme 1: Alkene ozonolysis proceeds via a primary ozonide, leading to a Criegee
intermediate (R1, Rz) with zwitterionic carbonyl oxide character and carbonyl co-product

(Rs, Ra).
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several possible fates under atmospheric conditions: unimolecular decay, stabilization by
collisions with non-reactive atmospheric gases (e.g., N2), or reaction with trace species in
the atmosphere (e.g., water vapor, SO2). Prompt, energized unimolecular decay of Criegee
intermediates can lead to the rapid formation of OH and other products, while stabilized
Criegee intermediates can undergo thermal unimolecular decay to form OH.12-15 Stabilized
Criegee intermediates can participate in a range of bimolecular reactions, including with
water monomers, water dimers, SOz, carboxylic acids, and alcohols.16-30 For example,
reactive events with SOz, leading to SOs, are key to nucleation processes and aerosol
formation.1® Adducts produced in the reaction of Criegee intermediates and carboxylic
acids are found to have low volatility and may lead to the formation of secondary organic
aerosols under atmospheric conditions.31-33

The simplest alkene, ethene (with H substituents at R1, Rz, R3, and R4), undergoes

ozonolysis and subsequently forms the Criegee intermediate formaldehyde oxide, CH200,



and formaldehyde, CH20. This unsubstituted Criegee, once stabilized under atmospheric
conditions, can rearrange unimolecularly (to dioxirane) only via a pathway with a high
activation barrier (19.1 kcal mol-1).34 Under atmospheric conditions, the most likely means
of removal of this species is reaction with trace gases such as SOz, NO2, carboxylic acids,
water,33 35 and especially water dimer.22 23,36 The slow unimolecular dynamics of
stabilized CH200 is not believed to substantially contribute to OH production.3”

On the other hand, ozonolysis of internal alkenes leads to alkyl-substituted Criegee
intermediates. For example, the reaction of trans-2-butene with ozone produces a POZ that
decomposes to produce the Criegee intermediate acetaldehyde oxide (CH3CHOO) and
acetaldehyde (CH3CHO).38 As discussed in section II, one conformer of this Criegee
intermediate is capable of following a unimolecular decay path that is fast, leads to efficient
production of OH, and competes with bimolecular reactions under atmospheric conditions.

The structure, reactivity and spectroscopy of Criegee intermediates have been the
subject of several reviews in recent years.? 10.3539-43 For example, Lester and Klippenstein
reviewed the numerous studies of the spectroscopy and dynamics of the (CH3)2CO0
Criegee intermediate, focusing on the interplay between experiment and the theory of
unimolecular decay.#3 Taatjes et al. reviewed the centrality of the bimolecular chemistry of
Criegee intermediates to the atmosphere, focusing on the insights gained from laboratory
studies.? Khan et al. considered the bimolecular reactions of thermally stabilized Criegee
intermediates, with a particular focus on reactions with water monomers, water dimers,
SOz2, and other species that can lead to nucleation in the troposphere.1® More recently,
Taatjes considered the reactivity of Criegee intermediates comprehensively, noting the

importance of both energized and stabilized intermediates in the atmosphere, and the



challenges that both pose to theory.#1 Shallcross et al. have summarized a number of
laboratory studies of unimolecular and bimolecular reactions, with the goal of developing
insights into the role of stabilized Criegee intermediates in the overall oxidizing capacity of
the atmosphere and nucleation processes.3> Our current effort extends these initiatives by
considering the important connection between microcanonical and thermal unimolecular
rate constants, the competition with bimolecular reactivity, and their atmospheric impact.

Gaining both an experimental and theoretical understanding of the unimolecular
decay of Criegee intermediates under chemically activated and thermalized conditions is
critical to assessing the overall impact of these species in the atmosphere. It is also crucial
to document how this decay as well as the competition that exists between unimolecular
reactions of the Criegee intermediates, stabilizing energy transfer collisions with non-
reactive gases, and bimolecular reactive encounters depend on substituents (i.e., the
identity of R1, Rz in Scheme 1) and their conformation.#* In section Il below, we present the
results of a series of experimental studies of the unimolecular rates of decay of Criegee
intermediates that are subject to a particularly facile mechanism for the formation of OH:
unimolecular 1,4-hydrogen transfer. These experiments are carried out in jet-cooled and
collision-free conditions, and with laser preparation of energy-selected states of the
reacting molecules. The measured kinetic quantities are thus k(E), the microcanonical rate
constant, appropriate for an ensemble in which the energy is well-defined.

In the context of atmospheric chemistry models and experiments, however, the most
relevant kinetic quantities are defined in terms of a canonical ensemble, one characterized
by a specified temperature, T, rather than a specific energy, E. The more relevant rate

constant is thus k(T), the canonical rate constant, rather than k(E). In the absence of



quantum mechanical effects such as tunneling, the connections between these two kinetic

quantities can be written as,*>

k(T)= T P(E,T)k(E)dE (1)

Eo
Here Ey is the activation energy and P(E,T) is the distribution of internal energies at the
temperature T. Gaining an understanding of the thermal, canonical rate constants requires
experimental measurements of k(E), and preferably a detailed energy dependence of k(E)
so that the integration to determine the thermal rate constant can be carried out with
accuracy. Fortunately, theoretical approaches to the calculation of k(E) are available.
Direct experimental measurements of k(E) represent invaluable validation of these
theoretical approaches and constrain their applicability. This interplay, and the impact on
thermal rate constants, k(T), will be a focus of this article.

Statistical Rice-Ramsperger-Kassel-Marcus (RRKM) theory,*> when informed by high
level electronic structure theory, has been shown to be a powerful tool to explore the
dynamics of unimolecular decay. The case of Criegee intermediates prepared with well-
defined amounts of vibrational energy presents an excellent opportunity to explore the
fundamental assumption that sustains the RRKM theory of unimolecular decay: that the
molecule, once prepared with an energy E, populates all of phase space statistically, and
maintains a uniform phase space distribution during the decay. This will occur if the
redistribution of energy among vibrational modes (intramolecular vibrational energy
redistribution (IVR)) is rapid compared to reaction, and assures that a microcanonical
ensemble, described by the energy E, is maintained throughout the decay. Deviations from

RRKM behavior include unimolecular decay rates that differ significantly from the



predictions of the theory, or decays that show a sensitivity to variables other than energy,
such as the nature of the vibrational quantum state initially prepared.

Energy dependent RRKM rates are evaluated using the formula,>

s eff Gf(E - EI])

:
-1 WN(E)

k(E)= (2)

where GT(E-Eo) is the sum of states in the transition state, N(E) is the density of states of
the reactant (Criegee intermediate), and h is Planck’s constant. The effective symmetry
numbers, ceft, are 1 for the reactant with one plane of symmetry, and 0.5 for the transition
state with no symmetry and 2 enantiomers (as is the case for some Criegee intermediates).
Calculation of the density of states of the reactant requires knowledge of the vibrational
degrees of freedom, ideally with anharmonic couplings.

Treatment of the sum of states for the transition state requires accurate knowledge of
the energetics of the transition state (from electronic structure calculations), and the
vibrational degrees of freedom at the transition state. In addition, critical to exploring the
RRKM dynamics of the molecules at energies near or below the transition state barrier is
implementing an adequate model of quantum mechanical tunneling. For the reactions
considered here, in which 1,4-hydrogen atom shifts are the principle mode of
rearrangement, tunneling is efficient and important, owing to the light mass of the
transferred atom. This result is also seen in the relatively large (> 1500/ cm1) imaginary
frequencies associated with the transition states for the unimolecular reactions. We
describe below the sensitivity of the microcanonical rate constants, k(E), to the
incorporation of tunneling into the RRKM dynamics, and to the details of the reaction path

energetics. These features also impact the thermalized rate constants, k(T), through the



energy-averaging process; equation (1) by necessity then includes energies below Eo to

capture the impact of the tunneling dynamics.

[I. Experimental studies of the unimolecular decay of Criegee intermediates: H-atom

shift reactions

The development in recent years of an efficient synthesis for the production of a
variety of Criegee intermediates has opened a number of these species to a range of
experimental investigations. In this synthesis,17- 18 a gem-diiodoalkane precursor is
photolyzed to generate a monoiodo alky radical, which subsequently reacts with Oz to form
Criegee intermediates. This scheme has been used in flow cell applications to study
bimolecular chemistry under thermal conditions#*! and in this laboratory to examine
unimolecular dynamics in a collision-free jet environment.43. 46

In the typical experiment in this laboratory,*7->3 a diiodoalkene precursor is seeded
into a rare gas (typically Ar) carrier gas into which O: is also entrained. This gas mixture is
pulsed through a 1 mm orifice nozzle into a quartz capillary tube (1 mm in diameter, and
25 mm in length). While in the capillary, the precursor is photolyzed using the cylindrically
focused, 248 nm output of a KrF excimer laser. One of the C-I bonds is broken
photochemically, forming an iodoalkene radical, which reacts with Oz to form a Criegee
intermediate by displacement of the remaining I atom.17.18,54

Criegee intermediates formed in this way are collisionally stabilized in the capillary
and cooled by the free jet expansion, reaching a rotational temperature of ~10K. Once
these molecules reach the collision-free region of the expansion (~1 cm below the end of

the capillary) they are excited by tunable infrared radiation, preparing the Criegee
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intermediate in a specific vibrational level (generally C-H stretching fundamental,
combination, or overtone) at an energy below or just above the barrier to unimolecular
rearrangement. Figure 1 illustrates the overall energetics of the excitation process for a
specific alkyl-substituted Criegee intermediate, syn-CH3CHOO; similar energetics are found
for others. For those excited Criegee intermediates such as syn-CH3CHOO that can
rearrange via a 1,4-hydrogen shift mechanism, this process is greatly enhanced by
tunneling through the reaction barrier,*3 46.55-59 forming a vinyl hydrogen peroxide (VHP).
VHP species are formed with sufficient excess energy to promptly dissociate to form a
vinoxy radical and OH. We detect the latter using the intense and well-documented laser-
induced fluorescence spectrum. Several distinct studies are possible. First, the OH
detection laser wavelength is fixed, and the IR wavelength is scanned, producing an IR
action spectrum that mimics the IR absorption spectrum theoretically predicted for the
Criegee intermediate.*% 50.55-59 For syn-CH3CHOO, the vibrational characteristics of the
state(s) excited by the infrared laser are well-understood.#? 5559 Second, the IR laser
wavelength is fixed and the OH detection laser is scanned to determine the quantum state
distribution of the OH X 2IT (v=0) radicals formed in the unimolecular decay,*® >° along with
the kinetic energy released to the OH and vinoxy radical products in complementary
velocity map imaging experiments.®% 61 But most importantly for this review, both laser
wavelengths can be fixed, and the time delay between them scanned, producing a temporal
profile for the appearance of the OH products from the unimolecular decay of the Criegee
intermediate prepared at specific energies.#3 46.55-59 This provides real time

microcanonical rate information about the decay of the intermediates.
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In Table 1, we summarize the energetic information for the family of Criegee
intermediates to be discussed in this section. While the most comprehensively studied
intermediate has been syn-CH3CHOO,% 4% 55 58 59 several other systems have been the
subject of IR excitation, followed by UV detection of the OH decomposition products to
measure both the IR spectroscopy and microcanonical rate k(E) information.46. 50,56, 57, 62, 63
In Figure 2, we have gathered on a single plot the experimentally determined k(E) values
from the Criegee intermediates decaying by 1,4-hydrogen shifts. These data are plotted as
a function of IR excitation energy (cm1). The energy of the computed transition state for
each molecule is shown as a vertical dashed line. In Scheme 2, we show the general

mechanism for the 1,4-hydrogen shift, including the structure of the transition state.

Scheme 2: Generalized unimolecular decay scheme for syn-methyl Criegee intermediates
with various substituents R leading to OH radical products
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CH3CHOO dynamics

CH3CHOO is the simplest Criegee intermediate with an alkyl substituent capable of a
1, 4-hydrogen transfer reaction to form a vinyl hydroperoxide. It exists, however, in two
conformational forms, referred to as syn- and anti-, separated by a high barrier arising from
internal rotation about the C=0 bond. In the less stable anti-conformation, (ca. 3.4 kcal
mol-1 higher in energy than the syn-conformation38 64-66) the terminal O atom faces the H

atom attached to the C=0+-0O- functional group, which mimics the geometry of the
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unsubstituted Criegee intermediate, CH200, and similarly does not yield significant OH
products. In the more stable syn-CH3CHOO, the terminal O atom faces the H atoms of the
methyl group, one of which is transferred to form a hydroperoxide.

The unimolecular decay dynamics of syn-CHsCHOO have been examined in three
distinct energy regimes, accessed using the C-H first overtone vibrations (5600 - 6100 cm-
1), 46 C-H stretch + vi combination bands (4100 - 4400 cm1),5> and C-H fundamental
vibrations (2900 - 3100 cm-1).59 As shown in Figure 2, near the top of the activation
barrier (5963 cm™1; 17.05 kcal mol-1), this Criegee intermediate decays with the fastest rate
observed of this class of compounds, with an OH product rise time of ~5 ns (k(E) ~ 2 X 108
s'1), within the experimental temporal resolution.*¢ Spectroscopic studies and vibrational
perturbation theory calculations confirm that the vibrational features excited in this region
are transitions involving two quanta of CH stretch in a single mode (e.g., 2v1) or one
quantum each in two CH stretch modes (e.g., v1 + v2).#° The vibrational features, while
characterized by a rotational temperature of 10K (consistent with the free jet expansion
conditions used to stabilize the Criegee intermediate), are observed to be homogeneously
broadened. The spectral line broadening is consistent with an intramolecular vibrational
energy redistribution (IVR) lifetime in this energy range of ~ 3 ps, and indicates that IVR in
[R-activated syn-CH3CHOO is orders of magnitude faster than its unimolecular decay to OH
products.46

At lower energies (4100 - 4400 cm1), a smaller degree of homogeneous line
broadening is observed, consistent with the smaller overall density of states.>> An IVR
lifetime of ~ 9 ps is assigned based on spectral fitting of the rotational band contour.

Comparison with theoretically predicted IR absorption spectra suggests that the vibrations
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observed in this spectral region are combination bands composed of one quantum of CH
stretch and one quantum of one of the following lower frequency modes: CH in-plane wag;
CCO backbone bend; methyl umbrella; or methyl asymmetric scissors. As shown in Figure
2, in this energy regime the decay dynamics that yield OH products occur on a timescale
that is nearly two orders of magnitude slower than the decay that occurs near the top of the
reaction barrier. The OH appearance rise times, 310 - 650 ns, vary monotonically with
energy, as expected for a process that is driven by tunneling through the reaction barrier.
There are no clear mode specific effects to the dynamics, consistent with a rapid statistical
redistribution of energy following the initial vibrational excitation.

Not displayed in Figure 2 are results from experimental measurements performed
in the region of the CH fundamental vibrations, 2900 - 3100 cm-1.5% [R-activated syn-
CH3CHOO molecules decay significantly slower than at higher energies. A lower limit of 2
us was established for the OH appearance time [K(E) <5 X 105 s1] following IR excitation of
syn-CH3CHOO at ca. 3000 cm-1. Experimental constraints arising from the molecules
moving out of the probe region did not permit direct measurement of the slow
unimolecular decay rates in this energy region. The low density of vibrational states at
these energies (~ 5 states/cm1) are on the order of the threshold vibrational state density
(~10 states/cm-1) required for extensive population relaxation by IVR under jet-cooled
conditions.t7.68 This makes the interpretation of IVR dynamics less straightforward than at
higher energies, as there is the possibility of incomplete IVR and mode-specific effects in
the unimolecular decay rates. The different CH stretch features observed spectroscopically
have varying degrees of homogeneous broadening, an indication of mode-specific coupling

that initiates the redistribution process. Nevertheless, the appearance of OH products
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demonstrates that there is at least some degree of IVR from the initially excited CH
stretches to the modes that evolve into the reaction coordinate at these energies.

The importance of tunneling in the unimolecular decay dynamics of syn-CH3CHOO,
even at energies near the transition state barrier, is further revealed in experiments on a
selectively deuterated Criegee intermediate, syn-CD3sCHOO.>8 In these experiments, the
first overtone of the CH stretch is excited to provide ~ 6000 cm-! of vibrational energy, as
before, but now the atom transferred is a deuterium, to form the VDP species, CD2=CHOOD,
and releasing OD products that are detected. Three possible effects contribute to the
impact of deuteration on the values of the microcanonical rates. First, electronic structure
calculations show that the isotopic substitution increases the zero-point energy (ZPE)
corrected barrier height slightly from 17.05 kcal mol-1 (5960 cm-1) for syn-CH3CHOO to
17.74 kcal mol1 (6205 cm1) for CD3CHOO. This increase in the barrier height for syn-
CD3CHOO results from a larger decrease in ZPE in the reactant than at the transition state
upon deuteration. Second, the heavier D atom in the reactant syn-CD3CHOO also result in
higher values of the density of states, N(E), at all energies relative to the density of states
for syn-CH3CHOO. Third, and most importantly, the transfer of the heavier D atom at the
transition state results in a lower imaginary frequency, 1325i cm-1, along the reaction
coordinate compared to the fully hydrogenated syn-CH3CHOO (1696i cm-1). The result of
all of these factors is a kinetic isotope effect (KIE) on the microcanonical unimolecular
decay rate that is smaller (~8) at energies near the top of the activation barrier, and
increases (to ~200) at energies ~2000 cm! below the barrier. Since the ratio of N(E)
values for syn-CH3CHOO relative to syn-CD3CHOO is largely energy-independent, the

change in KIE with energy reflects the decreased probability of tunneling for the heavier D
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atom relative to the lighter H atom, a factor that is more significant as the barrier becomes
more difficult to penetrate.

While the detection of the infrared action spectrum of the Criegee intermediate
requires that the vinyl hydroperoxide molecule produced in the unimolecular decay
ultimately yield an OH radical, we note that other outcomes are possible. Specifically,
Kuwata et al., have found in theoretical calculations that a roaming transition state is
possible, leading to the formation of an internal OH transfer product,
hydroxyacetaldehyde.®® IR action spectroscopy focused on detection of free OH would not

be sensitive to this pathway.

(CH3)2€00 dynamics

Similar studies of the unimolecular decay dynamics of the dimethyl-Criegee
intermediate, (CH3)2COO, have been carried out.*6.50.57 Note that for this molecule, there
are no conformational complications as in CH3CHOO because methyl groups occupy both
substituent sites on the carbon of the carbonyl oxide. In this case, the substituted VHP
CH2=C(CH3)OO0H is produced, which promptly decomposes to yield OH plus the methyl-
substituted vinoxy radical CH2=C(CH3)O. As shown in Figure 2, both the CH first overtone
and combination bands involving CH stretch and a lower frequency mode, have been
investigated. The unimolecular decay kinetics of (CH3)2COO are found to be slower than
that of CH3CHOO by a factor of ~4 throughout the energy range. In section III below we
review the results of RRKM calculations that have been performed on the unimolecular
decay dynamics of these Criegee intermediates. At this point, it suffices to note that the

change in the decay rates, while dominated by the increased density of states in (CH3)2COO,
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is moderated by the slightly lower barrier (5652 cm-1; 16.16 kcal mol-1) to reaction (and
enhanced tunneling) that is observed in this molecule.#¢ (We note that Gf(E-Eo) changes,
too, but by much less than N(E).) The unimolecular decay dynamics of (CH3)2COO have
been the subject of a recent review.43

Similar to syn-CH3CHOO, a roaming transition state for the decay of energized
(CH3)2COO0 has been identified by Kuwata, et al.® In this case, the OH radical is internally
transferred to form hydroxyacetone. As in the case discussed earlier, the formation of this
product would not be detected in the infrared action spectrum, but has been observed

arising from the unimolecular decay of thermalized samples of (CH3)2C00.7°

CH3CH2CHOO dynamics

Studies of the ethyl-substituted Criegee intermediate are attractive from a number
of perspectives.>® First, unlike the prior cases, the H atom to be transferred is from a
secondary carbon (-CHz-). Second, the terminal methyl group affords additional
stabilization to the radical vinoxy product that results from OH production, relative to the
isomeric dimethyl Criegee intermediate. Third, the ethyl-substituted molecule is a model
for Criegee species with longer alkyl chains which can be formed from reactions from the
ozonolysis of long chain alkenes in the troposphere.

In addition to syn- and anti-conformers, the ethyl (and all longer chain Criegee
intermediates) have more complicated conformational dynamics. In this case, rotation
about the central C-C bond produces two distinct conformers, both with the syn-orientation
required for 1,4 - hydrogen transfer. These conformers differ in the value of the dihedral

angle tccco, and both are expected to be present in the free jet expansion source.”? (These
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conformers are predicted to have very similar IR spectra in the CH overtone region at the
experimental resolution.) The experimental measurement of rates, however, revealed that
excitation of the slightly higher energy transition (see Figure 2) resulted in a smaller k(E)
than the lower energy excitation, counter to the expected energy-dependent trend. The
interpretation is that the lower energy transition is preparing the less stable conformer in a
higher vibrational state, which results in a ~30% faster unimolecular decay rate. Overall,
the decay rates for CH3CH2CHOO are slower than those of (CH3)2CO0 by about a factor of 2,
despite having the same molecular weight and overall number of degrees of freedom, and a
transition state barrier that is only 105 cm-! (0.30 kcal mol-1) higher. The torsional motion,
and lower vibrational frequencies associated with the ethyl side chain, however, provide a
higher density of states and dominant contribution to the slower unimolecular rate (note
that the TS lacks an ethyl rotor), as compared to (CH3)2C00. We discuss the implications of
molecular properties on the RRKM calculations and unimolecular dynamics in greater

detail in section III.

Methyl Vinyl Ketone Oxide (MVK-oxide) dynamics

An important sink of tropospheric isoprene (2-methyl-1,3-butadiene) is reaction
with ozone (~10%),”? which yields three possible Criegee intermediates, methyl vinyl
ketone oxide (MVK-oxide), methacrolein oxide (MACR-oxide, CH2=C(CH3)CHOO), and
CH200 as shown in Scheme 3.72:74 Only one set (syn) of MVK-oxide conformers has the
requisite structure to undergo a 1,4 - hydrogen shift unimolecular rearrangement to
produce a vinyl hydroperoxide and then promptly generate OH.62 MVK-oxide is also

predicted to be the more abundant four carbon unsaturated Criegee intermediate.”?
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Scheme 3: Criegee intermediates and co-products formed in ozonolysis of isoprene.

o. 0
A0 + |
Y A

/ MVK-oxide

+
H™ ~H

T

:
O"O
s

\ol

oo/
O\/H/ MACR-oxide
~ \

+’o_ H
o Z
d o+
H H
CH,00

As shown in Figure 3, MVK-oxide is predicted to have four conformers, which differ
by the orientation of the methyl group with respect to the terminal oxygen atom (syn and
anti-conformers), and the relative orientation of the C=C and C=0 bonds (cis and trans
isomers). High level electronic structure calculations demonstrate that the energies of all
four conformers lie within 3.1 kcal mol-! of one another, with the syn-trans form the most
stable.62.75 There are, however, substantial barriers to interconversion between the
conformers. The syn-to-anti barrier is calculated to be ~30 kcal mol-1, while the barriers to
conversion between cis and trans forms are ca. 10 kcal mol-1.4462.75 Al four conformers are
likely produced in the synthetic scheme and cooled in the free jet expansion, but only the
syn-conformers are capable of the 1,4 - hydrogen shift reaction, forming the vinyl

hydroperoxide (2-hydroperoxybuta-1,3-diene, (CH2=CH)-(CH2)-COOH, HPBD) that
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dissociates to release OH products. In Scheme 4, the mechanism for the unimolecular

decay of syn-trans-MVK-oxide to produce OH is shown.

Scheme 4: Unimolecular decay pathway for syn-trans-MVK-oxide to OH + oxybutadiene
(OBD) radicals.
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The infrared action spectroscopy of the MVK-oxide is complicated by the presence
of multiple conformers and the large number (21) of transitions predicted in the 5750 -
6300 cm! spectral region: six CH stretch overtones and 15 CH stretch combinations per
conformer.®2 Nevertheless, with the aid of computed anharmonic frequencies and IR
intensities, assignments were made to features corresponding to both syn- and anti-
conformers. (See section IV for a discussion of the pathways for the decay of vibrationally
excited anti-MVK-oxide.) The k(E) value securely assigned to the decay of syn-trans-MVK-
oxide is shown in Figure 2. Syn-trans-MVK-oxide is observed to decay at a rate that is ~
100 times slower than syn-CH3CHOO at comparable amounts of vibrational excitation, a
result of the somewhat higher barrier to reaction (see Table 1) and the larger density of
states in the first overtone region.

In addition to unimolecular decay that leads to OH radicals, a roaming transition
state has been identified for MVK-oxide,%2 as has been predicted in CH3CHOO and
(CH3)2C00.%° In this case, the minimum energy path passes over saddle points that are

actually lower in energy than the asymptote corresponding to bond fission to form free OH.
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It is possible, therefore, that the roaming mechanism is significant in the dynamics of

isoprene-derived Criegee intermediates under atmospheric conditions.

[II. RRKM calculations of the unimolecular decay of Criegee intermediates: H-atom shift
reactions
Microcanonical Rate Constants, k(E)

RRKM theory has been very effective in modeling the dynamics of the unimolecular
decay in the Criegee intermediates subject to 1,4-hydrogen transfer. For syn-CH3CHOO,
RRKM calculations have been considered at energies corresponding to excitation at the
first C-H overtone (~6000 cm-1), C-H stretch + vi combination bands (~ 4200 cm1), and C-H
stretch fundamental (~3000 cm1). Calculations on deuterated analogues of syn-CH3CHOO
have been performed as well.

In Figure 2, we plotted the calculated k(E) values derived from RRKM calculations for
syn-CH3CHOO over the energy range 4000 - 6300 cm-1, along with the experimentally
determined unimolecular decay rates discussed previously.*6.55 As we have described,
critical to implementation of the RRKM theory for unimolecular events near or below the
transition state energy is an adequate model for quantum mechanical tunneling. Two
models are used for calculating tunneling coefficients, and thus for weighting the transition
state sum of states. In the first, a one-dimensional Eckart potential is calculated from the
imaginary frequency at the transition state, and the forward and reverse reaction
barriers.”¢ Energy dependent transmission coefficients can be calculated within this model
analytically.*> Figure 2 shows the calculated k(E) values that are based on the Eckart

model for tunneling.#6.57.62 The second model of tunneling incorporates semi-classical
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transition state theory, as formulated by W.H. Miller and co-workers,”” and implemented in
the MULTIWELL suite of programs.”8-80 Other groups including Truhlar and coworkers use
the small-curvature tunneling approximation.®6 81 Very little quantitative difference is
found between these approaches to simulating tunneling in the systems investigated thus
far; in this review, we use the Eckart approach to illustrate comparative features of the
molecular systems because of the ease of visualization.

The agreement between the experimental and theoretical values in Figure 2 is
qualitatively excellent, validating in a global sense the assumption of a statistical
distribution of energy within the syn-CH3CHOO and the dimethyl-substituted Criegee
intermediates.46 5557 These results also validate the results of the electronic structure
calculations which provide the transition state energies, structures, and imaginary
frequencies - all critical parameters in the RRKM calculations. It is also possible to
calculate RRKM rates in which tunneling is explicitly ignored.>> 57 In these cases, the
calculated rates are zero for energies below the energy of the transition state, and rise
abruptly at the transition state energy, trends that are in sharp variance with the
experimental results.

A careful examination of Figure 2 reveals that for syn-CH3CHOO at energies between
4000 and 4500 cm-1,55 there are discrepancies between the experimental measurements
and the RRKM calculations that are outside the experimental uncertainties (not shown, but
are +1c based on repeated measurements). Particularly in this lower energy regime,
where the density of states is smaller, it is possible that fluctuations in the rates arise from
the sparsity of vibrational states available for the redistribution of energy and/or a modest

degree of mode selectivity in the unimolecular dynamics. Wagner has proposed
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improvements to the SCTST treatment that is a more accurate representation of deep
tunneling.82 This modification, however, does not introduce fluctuations over narrow
energy regions like that displayed in Figure 2, and thus will not explain these experimental
results.

The dynamics of syn-CH3CHOO have been examined at lower energies, in the region of
the C-H stretch fundamental vibration (2900 - 3100 cm1).5° For the Criegee intermediates
prepared with this amount of energy, unimolecular decay occurs at a rate that is too slow
(= 2ps) to quantitatively measure using the present setup, so a detailed comparison with
RRKM calculations was not possible. Significant variations in the linewidths of spectral
features suggest, however, that selective mode-specific couplings are present that may
affect the unimolecular dynamics. We expect that the low density of states in this region (~
5 vibrational states/ cm! on average) will represent a challenge to underlying assumptions
of RRKM theory. A challenge left to future experiments will be to extract quantitative
measurements of microcanonical rates to test whether there is a breakdown in the RRKM
calculations in the energy regime of the C-H stretch fundamental vibration.

The RRKM calculations provide a means to understand in physical terms the trends
observed in the k(E) values upon chemical substitution of the Criegee intermediates. Here
we focus exclusively on the microcanonical rates in Figure 2 near or just above the energy
of the transition states. We observe the clear trend in the rates of unimolecular decay:

CH3CHOO > (CH3)2C00 > CH3CH2CHOO > MVK-oxide.
Examination of Table 1 demonstrates that this trend is not simply explained by the

magnitude of the forward activation barriers. Figure 2 shows that the variation from one
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molecule to another is large and can be greater than the dependence of the rate on energy
for any one molecule.

Within RRKM theory, the rate is determined by two quantities, the density of states in
the reactant, N(E), and the sum of states at the transition state, Gt(E-Eo), with the latter
quantity appropriately weighted for tunneling.#> Both play a role in understanding the
impact of changing the substituents of the Criegee intermediates. N(E) of the reactant
Criegee intermediates increases steadily with molecular complexity, i.e., for N(E) values:

MVK-oxide >> CH3CH2CHOO > (CH3)2C00 >> CH3CHOO.
The case that underscores the power of the RRKM calculations in revealing physical details
of the reactivity is the comparison of the ethyl- and dimethyl-substituted Criegee
intermediates.*6.56.57 As shown in Figure 4 the ethyl-substituted Criegee intermediate has
a larger density of states at each energy than the dimethyl-substituted Criegee
intermediate - molecules with the same molecular weight and number of vibrational
degrees of freedom. (For example, at 5900 cm-1, the densities of states differ by a factor of
1.6.) This effect is due to the larger number of torsional states associated with the ethyl
rotor (which contains a methyl rotor), relative to the dimethyl-substituted Criegee
intermediate, which contains two independent methyl rotors. Although both the ethyl- and
dimethyl-substituted Criegee intermediates contain two alkyl rotors, rotation about the
secondary (-CHz-) alkyl bond has a much larger effective reduced mass as compared to a
methyl rotor. The ethyl-substituted Criegee intermediate is expected, therefore, to have a
larger density of torsional states. As also plotted in Figure 4, the trend in the transition
state sum of states G(E-Eo) is qualitatively different. The sums of states for the ethyl- and

dimethyl-substituted Criegee intermediates are very similar, with the ethyl-substituted
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Criegee intermediate value of Gt(E-Eo) larger by a factor of only 1.04. This similarity is due
to the geometry of the transition state. As shown in Scheme 5, in the ethyl-substituted
Criegee intermediate, the secondary carbon of the ethyl rotor is incorporated into 1,4-
hydrogen atom transfer five membered ring, reducing its conformational flexibility. Only
the terminal methyl rotor remains relatively unhindered.

Scheme 5: Unimolecular decay pathway for ethyl-substituted Criegee intermediate to OH

products. Note the loss of internal rotation about the secondary (-CHz-) alkyl bond at the
transition state, leaving a single methyl rotor.
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In the dimethyl-substituted Criegee intermediate, one of the methyl rotors is incorporated
into the 1,4-hydrogen atom transfer transition state, leaving a single methyl rotor
unhindered, just as in the ethyl-substituted Criegee intermediate transition state (see
Scheme 6).

Scheme 6: Unimolecular decay pathway for dimethyl-substituted Criegee intermediate to
OH products. Note the loss of one of two methyl rotors at the transition state.
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Thus, unlike the reactants, the transition state structures have similar methyl torsional
characteristics. The ratio of the sum of states G(E-Eo) to the density of states N(E), which
determines the microcanonical rate constant, is therefore reduced for the ethyl-substituted

Criegee intermediate.
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Overall, the variation in the microcanonical rates for the Criegee intermediates
displayed in Figure 2 is dominated by the changes in the densities of reactant states. The
barriers to reaction vary from 16 to 18 kcal mol-! (see Table 1), depending on the
substituents,®3 and the imaginary frequencies along the reaction coordinates change by a
similar degree, as revealed in Figure 5. Here we plot the Eckart potentials used in RRKM
calculations to model quantum mechanical tunneling in these systems. More careful
examination reveals, however, that there are factors that moderate (or enhance) the rates
of decomposition other than the densities of states. For example, the enhanced rate of
decomposition of the methyl-substituted Criegee intermediate (relative to the dimethyl-
substituted Criegee intermediate) is not as large as might be expected on density of states
grounds alone because of the larger barrier to reaction for methyl-substituted Criegee
intermediate, and therefore decreased tunneling in this system. Correspondingly, the
decomposition of MVK-oxide is even slower than might be predicted solely based on the

enhanced density of states because of the higher barrier (18.0 kcal mol-1) in this case.

Canonical Rate Constants, k(T)

More important in atmospheric and combustion environments are thermal rate
constants, k(T), since these quantities are particularly relevant when collisions with inert
molecules scramble the population of individual energy states in reacting species. In these
situations, a canonical rather than microcanonical description of the system is more
appropriate. Microcanonical rate measurements, k(E), are, however, significant constraints
on the determination of thermal rates, k(T). As we have noted above, k(E) measurements,

and the associated RRKM calculations, provide stringent tests of the properties of the
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transition state, including the energetics, models for tunneling, and structures. They also
test the adequacy of electronic structure methodology and anharmonic frequency analysis,
as the vibrational frequencies and descriptions of low frequency internal rotors are
important to an accurate calculation of the densities of states or sums of states in the
reactants, products, and transition states. These same molecular quantities are also
important in extending k(E) measurements to k(T) values. Having experimentally
determined values of k(E) and a model for microcanonical unimolecular decay (RRKM
theory) that is in quantitative agreement provides a confidence-building foundation for the
determination of k(T).

The distribution of internal energies, P(E,T) (see equation 1) can be written within

RRKM theory for a unimolecular reaction as,*>

1 - ElkgT
P(E,T)=——N(E , 3
(E,T) o) (E)e ™™, (3)

where Q(T) is the canonical partition function. When inserted into equation (1) (and
allowing for reactivity at energies below Eo, i.e., tunneling), we obtain for k(T) a
proportionality to the Boltzmann weighted average of the microcanonical rates k(E) over a

range of energies E,®3
1 ° —E/kgT
k(T)=—=|k(E)N(E)e */*"dE 4)
o]

This expression, which in the limit of rapid internal energy transfer reduces to the
transition state theory expression for the thermal rate constant, provides us with a
conceptual means for judging the contributions of various energy ranges to the thermal

rate. In the upper panel of Figure 6,55 we show the calculated values of the k(E), N(E), and
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the Boltzmann factor for syn-CHsCHOO - the terms comprising the integrand of equation 4
- evaluated at 300 K for the case in which rotations (J=0) are excluded from the RRKM
calculations. The product of these three terms is shown in the lower panel at different
temperatures, and represents the contributions, as a function of energy, of the
microcanonical decay to the thermal rate.>> Clearly, at temperatures of atmospheric
importance, the thermal rate is dominated by decay pathways that occur significantly
below the transition state energy of 5963 cm-! (17.05 kcal mol1), highlighting the
importance of quantum mechanical tunneling in these hydrogen-transfer mechanisms.

The importance of having measured k(E) values over a range of energies as a
constraint on extrapolated k(T) rates is demonstrated in the case of syn-CH3CHOO. We
have noted previously that there is some scatter (~ 25-30%) in the experimentally
determined k(E) values at energies near 4200 cm-! that is not reproduced in the RRKM
calculations although the RRKM calculations are in quantitative agreement with
experimental measurements near the energy of the transition state. A simple adjustment
to the Eckart potential used to model the tunneling is found to bring the RRKM calculations
into better alignment with an average of the lower energy measurements.5> For example,
decreasing the imaginary frequency by 55 cm-! and the barrier height by 20 cm! results in
microcanonical rates near 4200 cm! that are 20% lower, while the calculated k(E) values
near the transition state energy are affected only slightly (~2%).

From the perspective of thermal rates, these adjustments prove to be notable. The
original set of Eckart parameters, when used to calculate the high-pressure k(T) at 298 K,
resulted in a value of 166 s-1.46 The adjusted set of parameters results in a value of k(T) at

298 K of 122 s-1.55 (Clearly, for this class of Criegee intermediates, documenting the
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microcanonical kinetic behavior in energy ranges where tunneling dominates the dynamics
is critical to extracting reliable thermal kinetic parameters. Several other computational
studies of the decay of syn-CH3sCHOO have been completed, with high-pressure values of
k(T) at 298 K that range from 24.2 s-1 to 328 s1.38.66,84 One comprehensive analysis
estimates that k(T) at 298 K and 4 Torr is < 250 s-1.18 Direct experimental measurement of
the thermal unimolecular decay of stabilized syn-CH3CHOO had been elusive until a very
recent measurement of 182 + 66 s'1 at 298 K.8

Equation (4) highlights the relationship between the k(T), k(E), and molecular
properties of the reactant such as the density of states, N(E), and the canonical partition
function Q(T). Itis important to note that the averaging over energy and the density of
states can lead to counter-intuitive trends in the thermal rates. For example, Figure 2
shows that for all energies, the dimethyl-substituted Criegee intermediate undergoes
slower unimolecular decay than the methyl-substituted Criegee intermediate prepared
with the same amount of internal energy. However, the calculated values of the
appropriately averaged thermal rate constants, k(T), are actually larger for the dimethyl-
substituted Criegee intermediate at temperatures important in the troposphere.*¢ (The
relevant values at 298 K for k(T) are 276 s'1 and 122 s-1 for dimethyl- and methyl-
substituted Criegee intermediate, respectively, in the high-pressure limit.>>57) As noted
previously, equation (4) reduces to the transition state theory (TST) expression for the
thermal rate constant in the limit of rapid intramolecular energy transfer. In the language
of TST, this result arises because when thermalized the additional degrees of freedom
present in the dimethyl-substituted species affect, roughly, the reactant and transition state

partition functions to the same extent and it is only the lower barrier (~ 300 cm-1; 0.9 kcal
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mol-1) to reaction that drives the thermal rate higher for the dimethyl-substituted Criegee
intermediate.#¢ On the other hand, from RRKM theory, rates determined at single energies
are sensitive to single values of the tunneling weighted sum-of-states in the transition state,
G*(E-Eo), and the density of states in the reactant, N(E) (see equation (2)). The differing
sensitivity of the canonical and microcanonical rates on calculated properties highlights the
value of considering the interplay between both types of experimental measurements and
theoretical studies. The computed thermal unimolecular decay rate for (CH3)2COO of 276 s
1(298 K) has been further validated by experimental measurements yielding k(T) of 361 +
49 s-1 (298 K)86 and 305 + 70 s'1 (293 K).2°

The ethyl-substituted Criegee intermediate is found to have a thermal rate constant
that is very close to that of the dimethyl-substituted molecule. For the ethyl-substituted
Criegee intermediate, k(T=298 K) = 279 s'1.56 Syn-MVK-oxide has the lowest value for the
microcanonical rate constant (see Figure 2), and the highest barrier to reaction. Based on
the discussion above, we expect that the thermal rate constant will also be small. At 298 K,
Barber, et al, find this value to be 33 s-1,62 which is a Boltzmann weighted average value for
the syn-trans (24 s'1) and syn-cis (102 s-1) conformers.8” This result agrees well with a
previous calculation, 50 s-1 at 298 K by Vereeckeen, et al.,** and is in qualitative agreement
with the results of Kuwata et al., who find that the thermal rate for the syn-trans-conformer
is 14.7 s°1, while that of the syn-cis-conformer is 146 s1.38 In all cases, the decay of syn-
MVK-oxide at 298 K, and 1 atm pressure is within 1-10% of the high-pressure limit.62

Master equation modeling is also used to determine thermal rate constants over a
range of pressure conditions. The inputs are molecular properties (vibrational frequencies,

structures, energetic parameters) for the reactants, transition states, and products, as well



30

as models for the collisions of reactive molecules with inert bath molecules (Lennard-Jones
parameters and model parameters for collision-induced intramolecular energy transfer).
For the methyl-substituted Criegee intermediate, solutions to the master equation show
that the thermal rate constant at atmospheric pressure is within 0.5% of the high-pressure
limit.#6 For the dimethyl-substituted Criegee intermediate, the deviation from the high-
pressure limit is even smaller,*¢ a result of the higher density of vibrational states, and thus
more facile thermal energy exchange with the bath. With the exception of the
unsubstituted CH200,%¢ Criegee intermediates appear to behave, kinetically, at or very near
to the high-pressure limit under conditions appropriate to the troposphere. Even at 0.01
bar pressure, the thermal rate constant for unimolecular decay of the methyl-substituted
Criegee intermediate is within 10% of the high-pressure limit.46

Master equation modeling has also proved to be a powerful tool in demonstrating the
importance of tunneling in unimolecular decay in both chemically activated and
thermalized Criegee intermediates. Drozd et al. carried out an extensive master equation
study of the prompt and thermal unimolecular decay of the dimethyl substituted species,
(CH3)2C00.15 In this work, they examined first the collisional processes that control the
stabilization of the nascent Criegee intermediates formed from decomposition of the
primary ozonide (see Scheme 1). They found that tunneling plays a significant role in
determining the yield of stabilized Criegee intermediates, counter-intuitively decreasing
the yield by allowing lower energy chemically activated molecules to promptly decay prior
to collisional relaxation. Drozd et al. also identified separable timescales for unimolecular
decay of (CH3)2C0O0 to form OH radicals. Within 100 ns, prompt OH formation is complete,

as is the formation of a population of collisionally thermalized Criegee intermediates. The
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decay of the latter occurs much slower, with a high-pressure, thermal rate constant of 276
s'1. This difference in timescales provides an opportunity for important bimolecular
reactions with the stabilized Criegee intermediates.

The high-pressure limit rate constants for the range of Criegee intermediates
discussed in section Il have been calculated over a range of temperatures to develop
modified Arrhenius formulations. Figure 7 shows plots of the temperature dependence of
the thermal rates constants of the four Criegee intermediates discussed here.>>-57.62 Each
of these plots exhibits substantial curvature, a testament to the importance of tunneling in
the unimolecular decay of each molecule. This effect is further demonstrated by comparing
the calculated thermal rate (298 K) from master equation studies in which tunneling is
explicitly ignored. In this case, at high pressure, k(298 K) for syn-CH3CHOO is found to be
1.4 s-1, 2 orders of magnitude lower than the value (122 s1) determined when tunneling is
incorporated.>> For (CH3)2C00, the thermal rate k(298 K) drops to 8.6 s'! if tunneling is

neglected, which is ca. 30-times slower than the rate obtained with tunneling of 276 s-1.57

IV. Alternative pathways for unimolecular decay of Criegee intermediates

1,4-hydrogen transfer is a mechanism for the unimolecular decomposition of Criegee
intermediates that requires the presence of an alkyl substituent on the carbonyl carbon. All
of the Criegee intermediates discussed in sections Il and Il meet this criterion. A second
requirement is conformation: the C=0+*-0- group must be aligned towards one of the
hydrogens of the alkyl group. This configuration defines the syn-conformer of these alkyl-
substituted Criegee intermediates. In the anti-conformer, the C=0+-O- group is aligned with

the non-alkyl substituent on the carbonyl carbon.
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Using these criteria, the unsubstituted Criegee intermediate, CH200, is obviously not
capable of 1,4 - hydrogen transfer. Similarly, the methyl- and ethyl-substituted Criegee
intermediates have higher-energy anti-conformers, separated from the syn-conformer by a
substantial activation barriers, ~ 35 kcal mol-1.38 44 Figure 3 shows the structures of the
cis- and trans-configurations of the anti-conformers of MVK-oxide. In these anti-conformer
Criegee intermediates the alignment of the C=0+-0- group is with the vinyl moiety; the sp2
hybridization of the carbon atoms in this group make the barrier for transfer of a hydrogen
atom prohibitively high.44 62 Finally, in Scheme 3, we show an additional four-carbon
unsaturated Criegee intermediate produced in the ozonolysis of isoprene, methacrolein-
oxide (MACR-oxide). Like MVK-oxide, MACR-oxide can adopt four conformations (see
Figure 8),88 but unlike MVK-oxide, none of the MACR-oxide conformers can undergo 1,4-
hydrogen transfer.8? In the remainder of this section, we review the alternative

unimolecular reaction pathways predicted for these Criegee intermediates.

CH200 unimolecular dynamics

In the atmosphere, the unsubstituted Criegee intermediate CH200 is produced
directly from the ozonolysis of ethene, and as one of the products in the ozonolysis of more
complicated terminal alkenes (see, for example, Scheme 3, for the ozonolysis of isoprene).
The decomposition of the primary ozonide formed from the reaction of ethene and ozone
releases significant energy into products; one statistical model predicts an average nascent
internal energy excitation in CH200 of 31 kcal mol-1.90 Quantum chemistry studies show
that CH200 has two energetically accessible unimolecular decay paths: the ring-closing

mechanism to form dioxirane depicted in Scheme 7 and bond fission to form HCO + OH.
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Scheme 7: Unimolecular decay of CH200 proceeds via a high-energy ring closure to
dioxirane.
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Bond fission, while exothermic by 7.4 kcal mol-1, proceeds over a transition state that is
calculated to exceed 31.5 kcal mol-1,34 66 and is likely feasible only for those Criegee
intermediates with the highest levels of internal excitation. On the other hand, formation of
dioxirane, which is exothermic by almost 24 kcal mol-1, requires surmounting a transition
state barrier of ca. 19 kcal mol-1.34 66

Under atmospheric conditions, unimolecular reaction of CH200 formed with
significant internal excitation will compete with stabilization brought about by
thermalizing collisions with inert gases such as N2. The yield of stabilized CH200 from
ethene ozonolysis has been examined theoretically and experimentally, as summarized
recently.?0 The experimental values for the yield of stabilized CH200 range between 35
and 54%; the theoretical values arise from master-equation modeling based on differing
levels of electronic structure calculations and range from 21 to 48%. It is difficult to draw
definitive conclusions from the theoretical values in particular because of the varying
methodologies represented. The lowest value, 21%, arises from a study by Olzmann, et al.
that did not consider all of the reactive channels for chemically activated CH200, and used
transition state energies that were somewhat lower than more recent studies.’! In
contrast, Nguyen, et al. based their conclusion of a stabilized CH200 yield of 42% on a two-
dimensional master-equation modeling study that explicitly considers the role of angular

momentum in the reactivity of CH200.34 They suggest that angular momentum effects are
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responsible, at least in part, for the discrepancy with the results from the one-dimensional
master-equation modeling study of Olzmann, et al.?! Finally, Pfeifle, et al. combine ab initio
direct dynamics trajectory calculations with one-dimensional master equation modeling on
a new potential energy surface; the consensus yield of stabilized CH200 from this work is
48%.%0

Reliable experimental measurements of the unimolecular decay of CH200 have
proved to be difficult under thermal conditions because the decay is relatively slow and
thus physical processes such as wall reactions and diffusion, and secondary chemical
reaction may contribute to the experimental rates. Chhantyal-Pun et al. report an upper
limit for the decay of CH200 at 293 Kin 7-30 Torr of N2 of 11.6 + 8.0 s-1,°2 while Berndt et
al. proposed an upper limit of 9.4 +1.7 s'1 at 293 Kand 760 Torr.?3 In a more recent study,
Berndt et al. refined their result to 0.19 £ 0.07 s -1 at 297 K and 1 bar pressure.?* Stone et
al., have most recently reported a unimolecular decay rate for CH200 at 298 K and 760
Torr of 1.1+15.1.1 X 10-3 571,95 3 value that is based on direct measurements of the
unimolecular decay of CH200 at higher temperatures (and lower pressures) and
extrapolated using master-equation modeling.

There have been few theoretical treatments of the thermal unimolecular decay of
CH200. A 2016 study by Long et al. found that the 298 K thermal decay to form dioxirane is
0.31 s'1in the high-pressure limit,6¢ comparing very favorably with the only other
theoretical result, 0.3 s'1.91 Long et al. find, however, that under typical atmospheric
conditions (298 K, 1 bar pressure), the thermal rate constant is significantly lower (i.e., far

from the high-pressure limit), 0.072 s-1.66
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anti-CH3CHOO dynamics

The unimolecular chemistry of anti-CH3CHOO has been less documented, in general,
than that of CH200. There are no energy resolved measurements of the unimolecular
decay of anti-CH3CHOO, and thermal measurements of the unimolecular reactions of
CH3CHOO are assumed in most cases to measure the kinetics of a mixture of syn- and anti-
conformers.35> Kuwata, et al. have considered the unimolecular decay dynamics from a
theoretical perspective, however.38 In this work, master-equation modeling is used to
derive thermal rate information. The exclusive reactive pathway for anti-CH3CHOO is ring-
closure to form a dioxirane structure shown in Scheme 8, with an activation barrier of
14.89 kcal mol-! and a reaction exothermicity of 23.34 kcal mol-1. Anti-conformers

Scheme 8: Unimolecular decay of the less stable anti conformer of CH3CHOO follows ring
closure to dioxirane.
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cannot isomerize to form syn-conformers. (The barrier to anti-syn isomerization is ~34.5
kcal mol-1.38) Similarly, anti-CH3CHOO has a high barrier (~30.1 kcal mol-1) for a hydrogen-
atom transfer reaction forming CH3CO + OH radicals.38 At 298 K, the high-pressure rate
constant for the unimolecular decay of anti-CH3CHOO is found to be 67.3 s-1.38 This rate is
calculated to have a significant temperature dependence with the value dropping to 2.02 X
10-4s1at 200 K. A second theoretical calculation by Long, et al. is largely in accord,
providing a high-pressure thermal decay rate constant of 55.4 s-1 at 298 K.%¢ (In this
calculation, the dioxirane and CH3CO + OH channel transition state energies are found to be

15.63 and 29.01 kcal mol-, respectively, in agreement with the results of Kuwata, et al.38)
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Long, et al.’s master-equation modeling shows that decay of anti-CH3CHOO to the dioxirane
form is in the high-pressure limit at temperatures of relevance to chemistry in the
troposphere. For example, at 298 K, the thermal rate constant reaches half the high-
pressure value at 0.199 bar. Vereecken et al., similarly report a high-pressure thermal (298

K) rate constant of 53 s-1 for the dioxirane forming reaction.#4

anti-MVK-oxide dynamics

As noted previously, MVK-oxide exists in four conformations, two of which (anti-cis
and anti-trans; see Figure 3) are not capable of participating in a 1,4 - hydrogen transfer
reaction that will promptly yield OH radicals.38 6275 Just the same, these conformers have
rich unimolecular chemistry. Kuwata et al. explored features of the potential energy
surface, and found that, as in the case of CH200 and anti-CH3CHOO, formation of dioxirane
structures are possible, albeit with transition state energies that are 16.8 and 22.0 kcal
mol~! above the energy of the anti-trans and anti-cis-MVK-oxide conformers, respectively.’>
Uniquely, for the anti-cis conformer, is the possibility of an electrocyclic ring-closure
reaction to form a 5-membered ring dioxole (cyc-CH200C(CH3)CH) shown in Scheme 9

with a relatively modest transition state energy of 11.0 kcal mol-1.75
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Scheme 9: Unimolecular decay of the anti-cis conformer of MVK-oxide follows a low
energy ring closure pathway to dioxole.
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The reactions forming both of the cyclic products are substantially exothermic (>~ 20 kcal
mol-1). These results are largely consistent with higher level electronic structure
calculations presented by Barber, et al., with a significant difference being that the barrier
to the formation of dioxole is somewhat higher at 12.01 kcal mol-1.62 Kuwata, et al. describe
master-equation studies that incorporate multiple reactive channels, leading to both
dioxirane and dioxole structures, for the decomposition of anti-MVK-oxide. They find that
dioxole is the favored product, consistent with its lower transition state barrier, and is
predicted to have a larger yield than the dioxirane channel by an order of magnitude.
However, there is not yet any direct experimental evidence of the dioxole product.

The infrared action spectroscopy study of Barber, et al. which determined k(E) for a
vibrationally excited level in syn-trans-MVK-oxide also identified features in the infrared
action spectrum that are ascribed to anti-MVK-oxide.®? The observation of these features
in the action spectrum means that excitation leads to the production of OH radicals
following unimolecular reaction. Barber, et al. conclude that the most likely source of OH
radicals is formation of dioxole following infrared excitation of anti-MVK-oxide. (The
photon energy used, ~5900 cm-1 (16.9 kcal mol-1), far exceeds the ~ 8 kcal mol-! barrier to
cis-trans isomerization, so that conformation label is not needed). Infrared excited anti-
MVK-oxide will have sufficient energy to rearrange to dioxole, which is formed with more

than 25 kcal mol-! of internal energy. This is adequate internal excitation for a multi-step
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process involving a ring-opening, a hydrogen-transfer, tautomerization, and release of OH
products; alternatively, it is possible that OH is formed via a UV-assisted photodissociation
pathway.62 Barber, et al. calculate the thermal rate at 298 K for the first step in the process
- the unimolecular decay of anti-cis-MVK-oxide to dioxole - to be a relatively fast 2140 s1,62
as a result of the low barrier to the reaction. This result is a Boltzmann average of the anti-
trans-MVK-oxide to dioxole thermal rate (2.1 X 103 s'1) and the anti-cis-MVK-oxide to
dioxole rate (3.3 X 103 s°1).87

Vereecken, et al. reports thermal rate constants for both the dioxirane and dioxole
reaction channels from anti-MVK-oxide.** At 298 K, these authors find that the formation
of dioxole from anti-MVK-oxide proceeds with a high-pressure rate constant of 7.7 X 103 s°1,
substantially higher than that found by Barber, et al. In contrast, formation of dioxirane is
much slower at 298 K, with k(T) values of 4.0 X 10-3 s-1 for the syn conformers, and 1.6 s1

for the anti-conformers.

Methacrolein-oxide dynamics

Scheme 3 outlines the reaction sequence in which MACR-oxide emerges as one of the
Criegee intermediates formed in the ozonolysis of isoprene.”% 74 Like MVK-oxide, this
Criegee intermediate exists as four conformers: syn- and anti-, which differ in the rotation
about the C = O bond, and cis- and trans-, which differ in rotation about the C - C bond
adjacent to the carbonyl group.88 82 These four conformers have ground state energies that
lie within 3.2 kcal mol-! of one another, with the anti-trans the most stable and the anti-cis

the least stable.88 (See Figure 8.)
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Unlike MVK-oxide, however, none of the conformers are capable of forming 1,4 -
hydrogen transfer transition states, since these molecules lack alkyl groups o to the
carbonyl carbon. The unimolecular dynamics of MACR-oxide are thought to be dominated,
therefore, by the formation of dioxirane structures, or in the case of the syn-cis-conformer,
ring closure to form a dioxole molecule. The transition state energies to form dioxirane
compounds are calculated to range from 13.9 to 25.3 kcal mol-1, while the energy required
to reach the dioxole transition state is relatively small, 11.9 kcal mol-1.89 The unimolecular
chemistry of the MACR-oxide conformer (syn-cis) is predicted to follow the dioxole channel
and should be quite similar to that of the anti-conformers of MVK-oxide.

Vereecken, et al. report a calculated high-pressure limit thermal rate constant for the
cyclization reaction of syn-cis-MACR-oxide to dioxole at 298 K.#4 The resultis 2.5 X 103 s-1,
the same order of magnitude predicted for MVK-oxide. The formation of the dioxirane is
significantly slower, consistent with the higher barriers to reaction, and is conformer
dependent. In these cases, k(T = 298 K) is 0.35 s1 for the syn-conformers, and 10 s-1 for the
anti-conformers. Kuwata, et al, carried out master-equation modeling on a chemically
activated distribution of MACR-oxide Criegee intermediates that obtain their internal
energy distribution from the dissociation of the isoprene primary ozonide.8? In this
simulation, at 298 K and 1 atm of Nz as buffer gas, the dominant products were the
dioxirane molecules, likely favored because they are the only accessible pathway for the
lowest energy anti-trans-conformer. (As in MVK-oxide, the syn-anti isomerization barrier
in MACR-oxide is quite high, >~ 20 kcal mol-1.) Formation of the dioxole species was found

to be a significant secondary product.
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Additional unimolecular pathways

As Criegee intermediate substituents become more complex, additional unimolecular
pathways are predicted to become available, although these are significantly less well
characterized. Vereecken et al. theoretically examined the extensive unimolecular
chemistry possible for Criegee intermediates and concluded that a few chemical reaction
classes are most relevant.## Moreover, they find that for a given structure and conformer, a
single reaction pathway is generally dominant. Specifically, the dominant unimolecular
pathways include 1,4 hydrogen migration to vinyl hydroperoxide and OH products, 1,3 ring
closure to dioxirane, and 1,5 ring closure to dioxole channels, as discussed previously in
this review. In addition, they predict a substantial increase the rate of 1,4 H-migration for
y-unsaturated Criegee intermediates due to allyl resonance stabilization of both the
transition state and the conjugated vinyl hydroperoxide product. They also predict very
low transition state barriers and exceedingly rapid unimolecular decay rates for -
unsaturated Criegee intermediates that can undergo allyl-1,6-H migration to a conjugated
vinyl hydroperoxide product. This is attributed to stabilization effects of the conjugated n-
system and alleviated ring strain in the transition state that enables rapid H-atom
migration over a large distance. In both cases, the hydroperoxide product will
predominantly dissociate to OH radicals. For Criegee intermediates with hetero-
substituted functionality, such as a C=0 group arising from ozonolysis of endocyclic alkenes
(e.g. cyclic monoterpenes), additional very rapid ring closure reactions are possible. Long
et al. recently predicted a very fast unimolecular decay pathway for 5 and 6 carbon Criegee
intermediates containing an aldehyde (CH=0) group, which involves ring closure to form

bicyclic structures.?® This is analogous to the formation of secondary ozonides (SOZ) in
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bimolecular reactions of Criegee intermediates with molecules containing a carbonyl (C=0)
group, but may be possible for other functionalities as well. Vereecken and Francisco have
suggested that at least 6 connecting carbon atoms between the oxide and carbonyl moieties

will be required for efficient internal SOZ formation.®”

V.  Atmospheric significance of thermal rates of decay of Criegee intermediates

Criegee intermediates play an important role in the overall oxidation chemistry in the
troposphere. The unimolecular decomposition of the Criegee intermediates discussed in
the preceding sections has significance as a non-photolytic source of OH radicals.>-1® The
ultimate fate of the Criegee intermediates also depends on the competition between
unimolecular decay and bimolecular reaction with other species in the atmosphere. Thus
the thermal rate of unimolecular decay serves to modulate the bimolecular chemistry.

The substituents and conformational form of the Criegee intermediates are observed
to play an important role in determining the bimolecular chemistry of Criegee
intermediates, and thus the competition with thermal rates of unimolecular decay. For
example, in syn-CH3CHOO, for which the 1,4-hydrogen transfer leads to the production of
OH with a thermal rate (298 K) that is on the order of 100 s-1,° the bimolecular reaction
with water is quite slow. Experimental measurements are only able to place an upper limit
on the bimolecular rate constant, either <4 X 10-15 cm3 s-1 or 2 X 10-16 cm3 s-1.18,98
Theoretical estimates range from 2.1 X 10-18 to 1.2 X 10-20 cm3 s-1.26:66,99-101 [,ong et al.,
using a theoretical estimate for both the unimolecular decay of syn-CH3CHOO, and an
average partial pressure of water vapor at the Earth’s surface, deduced an atmospheric

lifetime due to unimolecular decay of 4.5 milliseconds, while the lifetime due to



42

bimolecular reaction with water is 19 seconds.®® Under atmospheric conditions, water
dimers exist in non-negligible concentrations, and are found to have significantly higher
reactivity with syn-CHsCHOO. For example, the bimolecular rate constant in calculated to
be 2.56 X 10-14 cm3 s1,26 several orders of magnitude larger than the rate constant with
water monomer. However, since the concentration of the dimer remains 5-7 orders of
magnitude smaller than the monomer, the lifetime associated with syn-CH3CHOO due to the
bimolecular reaction with the dimer is of the order of 10 seconds at low altitudes.6®

In contrast, anti-CH3CHOO has a more modest rate of thermal unimolecular decay, and
a much faster bimolecular reaction with both water monomer and dimer. The consensus
bimolecular experimental rate constants with water monomer are between 1 X 10-14 and
2.5 X 10-14 cm3 s-1,18, 98,102,103 wjth theoretical values that range between 1.7 X 10-13 and 6.7
X 10-16 cm3 5°1.26,66,99,100 The increase in the reactivity of the anti-conformer is ascribed
primarily to electronic effects associated with increased stabilization of the Criegee-water
monomer complex transition state. As before, Long et al., determined effective
atmospheric lifetimes for anti-CH3CHOO under tropospheric conditions; the unimolecular
decay lifetime is found to be 49 milliseconds, while the lifetime due to the bimolecular
reaction with water monomer is 0.56 milliseconds.®® The faster experimentally
determined rate constants for the reaction with water suggest an even shorter lifetime
(~0.1 - 0.2 milliseconds) for anti-CH3CHOO. The bimolecular rate constant with water
dimer is calculated to be 1.60 X 10-11 cm3 s°1, significantly larger than that for the water
monomer.26

The structural sensitivity exhibited in the unimolecular and bimolecular reactions of

CH3CHOO is not confined to this Criegee intermediate,26 66.99-101 or to the reaction with
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water.3> Similar results are found in the reactions with water dimer9! and alcohols,3?, and
for Criegee intermediates as large as MVK-oxide and MACR-oxide.38 44 62,75,87, 89,100,101, 104

Recently, the question has been raised as to whether unimolecular decay,** along with
reaction with relatively abundant water vapor, will limit the atmospheric concentration of
stabilized Criegee intermediates (estimated at 10%/cm?3)44 105 and therefore their global
impact in secondary bimolecular chemistry. This issue will not be fully resolved until we
obtain a more complete understanding of the interplay of the unimolecular and
bimolecular chemistry of the full range of Criegee intermediates of atmospheric relevance
(including those derived from biogenic alkenes, e.g. isoprene, a-pinene and B-pinene). In
the atmosphere, it is likely that only water, SO2, and NOx are of sufficient concentration to
act as significant sinks for Criegee intermediates.l® However, Criegee intermediates can
still be substantial contributors to formation or loss of other atmospheric species. For
example, recent global atmospheric models show that oxidation of SOz by Criegee
intermediates in heavily forested regions may be an important source of SO3, H2SO4, and
ultimately secondary organic aerosols.31-33 It is important to note that syn-methyl vinyl
ketone oxide (syn-MVK-oxide), derived from ozonolysis of abundant isoprene, has a
relatively slow unimolecular rate constant,®2 87 and negligible bimolecular rate constants
with water monomers and dimers (< 2 X 10-17 cm3 s'1 with water monomers; <5 X 10-14
cm3 s-1 with water dimers101) allowing it to survive in high humidity environments. As a
result, this Criegee intermediate is expected to be important in bimolecular chemistry with
other, less abundant atmospheric species including SOz and carboxylic acids.8”

Many of the studies described here and those carried out by other investigators to

date have only scratched the surface in terms of atmospherically important Criegee
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intermediates. The focus of the overwhelming majority of this work has been on Criegee
intermediates containing one to four carbon atoms, i.e., those intermediates that arise from
alkenes as simple as ethene or as complex as isoprene. The latter in particular are likely to
be a continuing focus of research given the abundance of isoprene in the environment, and
the significance of understanding the ozonolysis mechanism and products (see Scheme 3).
[soprene is the most abundant volatile organic compound in the atmosphere (aside from
methane) with biogenic and anthropogenic emissions of ~ 600 Tg per year.!.2 While only
about 10% of all isoprene in the atmosphere undergoes ozonolysis,’2 the sheer magnitude
of the emissions will likely make the resulting Criegee intermediates (CH200, methyl vinyl
ketone-oxide, methacrolein-oxide) significant players in subsequent atmospheric
chemistry.

There are, however, many abundant naturally occurring alkenes, and only a few
studies have considered the reactivity of the Criegee intermediates that result from the
ozonolysis of - and B-pinene,106-108 and limonene,1%? and, on a theoretical basis,
intermediates possessing bifunctional character.14 96,110 These investigations highlight the
general principle that there is an abundance of naturally occurring alkenes exhibiting
significant structural diversity - ranging from simple straight-chain hydrocarbons (1- and
2-butene, 1- and 2-hexene) to the terpenoids.3 The possibilities for the further
experimental and theoretical study of the unimolecular decay of Criegee intermediates, at

the microcanonical and thermal rate level, appears nearly unlimited.
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Table 1: 1,4 - Hydrogen shift pathways: unimolecular decay stationary points

Energies relative to the Criegee intermediate

Criegee intermediate Transition Imaginary Product VHP Product
State Energy | Frequency Energy
(kcal mol1) (cm1) (kcal mol1)

syn-CH3CHOOQO 2 17.05 1696i CH2=CHOOH -18.01
(CH3)2€002 16.16 1572i CH2=C(CH3)O0OH -15.90
syn-CH3CH2CHOOQOP 16.46 1687i cis-CH3CH=CHOOH -19.48
trans-CH3CH=CHOOH -19.71

syn-trans-MVK-oxide ¢ 17.96 1769.1i cis-HPBD 4 -12.02
syn-cis-MVK-oxide ¢ 17.43 1763.5i trans-HPBD d -15.59

a Ref, 46
b Ref, 56

¢ MVK-oxide: methyl vinyl ketone oxide; (CH2=CH)-(CH3)COO; Ref. 62
d HPBD:2-hydroperoxybuta-1,3-diene; (CH2=CH)-(CH2)-COOH
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Figure 1: Reaction coordinate for syn-CHsCHOO Criegee intermediate involving a rate-
limiting 1,4-hydrogen transfer to vinyl hydroperoxide (VHP, H2C=CHOOH) via a transition
state (TS), followed by rapid decomposition to OH + vinoxy (CH2=CHO) radical products.

Figure 2: Experimental rates (and corresponding lifetimes) for appearance of OH products
following IR activation of syn-CH3CHOO (red), (CH3)2COO (light blue), CHsCH2CHOO (dark
blue) , and MVK-oxide (cyan) Criegee intermediates over wide range of energies from 2000
cm! below to the vicinity of the theoretically predicted transition states (TS, vertical
dashed lines) leading to OH products. Excellent agreement is obtained with RRKM rates
(and corresponding lifetimes) with quantum mechanical tunneling (solid lines) for syn-
CH3CHOO and (CH3)2COO0.

Data reproduced with permission of AIP publishing from Y. Fang et al., . Chem. Phys. 144,
061101 (2016); Y. Fang et al., J. Chem. Phys. 145, 044312 (2016); Y. Fang et al., J. Chem.
Phys. 145, 234308 (2016); Y. Fang et al., J. Chem. Phys 146, 134307 (2017). Data also
reproduced with permission from V. P. Barber et al., J. Am. Chem. Soc. 140, 10866-80
(2018). Copyright (2018) American Chemical Society.

Figure 3: Optimized structures and zero-point-corrected energies (kcal mol-1) predicted
for the four conformers of the MVK-oxide Criegee intermediate.

Reprinted with permission from V. P. Barber, S. Pandit, A. M. Green, N. Trongsiriwat, P. ].
Walsh, S. R. Klippenstein, and M. I. Lester, “Four carbon Criegee intermediate from isoprene
ozonolysis: Methyl vinyl ketone oxide synthesis, infrared spectrum, and OH production”, J.
Am. Chem. Soc. 140, 10866-80 (2018). Copyright (2018) American Chemical Society.

Figure 4: Computed density of reactant states (solid lines; left axis) for the dimethyl- (light
blue) and ethyl- (dark blue) substituted Criegee intermediates with the same mass and
vibrational degrees of freedom, yet differing their torsional motions. By contrast, the
tunneling weighted sum of states (dashed lines; right axis) at their respective transition
states are remarkably similar with each containing a single methyl rotor.

Figure 5: Asymmetric one-dimensional Eckart potentials plotted in mass-weighted
coordinates (amul/2m) of the TS critical oscillator for isomerization of syn-CH3CHOO (red),
(CH3)2€00 (light blue), CH3CH2CHOO (dark blue), and MVK-oxide (cyan) Criegee
intermediates to corresponding vinyl-substituted hydroperoxide species via 1,4-H-atom
transfer. The curvature of the potential barrier at the TS is determined by the imaginary
frequency. The zero-point corrected TS barrier heights in these systems differ by ca. 2 kcal
mol-1L.

Figure 6: (Upper panel) RRKM calculation of microcanonical rate coefficient, k(E) (red),
density of reactant states per cm-1, N(E) (blue), and Boltzmann factor exp(-E/ksT) at 300 K
(black) for syn-CH3CHOO. (Lower panel) The product of these three terms is plotted to
illustrate their relative contributions at specific energies to the thermal rate coefficient
k(T) at T = 260, 280, 300, and 320 K.

Reprinted from Y. Fang, F. Liu, V. P. Barber, S. J. Klippenstein, A. B. McCoy, and M. I. Lester,
“Deep tunneling in the unimolecular decay of CH3CHOO Criegee intermediates to OH
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radical products”, J. Chem. Phys. 145, 234308 (2016), with the permission of AIP
Publishing.

Figure 7: Arrhenius plot of the thermal decay rates k(T) predicted for syn-CH3CHOO (red),
(CH3)2€00 (light blue), CH3CH2CHOO (dark blue), and MVK-oxide (cyan) Criegee
intermediates. The curvature in the temperature dependent thermal rates originates from
quantum mechanical tunneling, which also significantly enhances the decay rates. Rates
are computed using master equation modeling in the high-pressure limit, and are plotted
as a function of inverse temperature from 200 to 370 K. (See Refs. 46, 55-57, 62 for
additional details.)

Figure 8: Optimized structures and zero-point-corrected energies (kcal mol-1) predicted
for the four conformers of the MACR-oxide Criegee intermediate.

Reprinted with permission from M. F. Vansco, B. Marchetti, N. Trongsiriwat, G. Wang, T.
Bhagde, P.]. Walsh, S. ]. Klippenstein, and M. I. Lester, “Synthesis, electronic spectroscopy
and photochemistry of methacrolein oxide: A four carbon unsaturated Criegee
intermediate from isoprene ozonolysis”, J. Am. Chem. Soc. 141, 15058-69 (2019).
Copyright 2019 American Chemical Society."
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limiting 1,4-hydrogen transfer to vinyl hydroperoxide (VHP, H.C=CHOOH) via a transition

state (TS), followed by rapid decomposition to OH + vinoxy (CH2=CHO) radical products.
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Figure 2
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Figure 2: Experimental rates (and corresponding lifetimes) for appearance of OH products
following IR activation of syn-CH3CHOO (red), (CH3)2COO (light blue), CH3CH2CHOO (dark
blue) , and MVK-oxide (cyan) Criegee intermediates over wide range of energies from 2000
cm1 below to the vicinity of the theoretically predicted transition states (TS, vertical
dashed lines) leading to OH products. Excellent agreement is obtained with RRKM rates
(and corresponding lifetimes) with quantum mechanical tunneling (solid lines) for syn-
CH3CHOO and (CH3)2C0O0.

Data reproduced with permission of AIP publishing from Y. Fang et al., . Chem. Phys. 144,
061101 (2016); Y. Fang et al,, J. Chem. Phys. 145, 044312 (2016); Y. Fang et al., J. Chem.
Phys. 145, 234308 (2016); Y. Fang et al., J. Chem. Phys 146, 134307 (2017). Data also
reproduced with permission from V. P. Barber et al., J. Am. Chem. Soc. 140, 10866-80
(2018). Copyright (2018) American Chemical Society.
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Figure 3
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Figure 3: Optimized structures and zero-point-corrected energies (kcal mol-1) predicted
for the four conformers of the MVK-oxide Criegee intermediate.

Reprinted with permission from V. P. Barber, S. Pandit, A. M. Green, N. Trongsiriwat, P. J.
Walsh, S. R. Klippenstein, and M. I. Lester, “Four carbon Criegee intermediate from isoprene
ozonolysis: Methyl vinyl ketone oxide synthesis, infrared spectrum, and OH production”, J.
Am. Chem. Soc. 140, 10866-80 (2018). Copyright (2018) American Chemical Society.
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Figure 4: Computed density of reactant states (solid lines; left axis) for the dimethyl- (light
blue) and ethyl- (dark blue) substituted Criegee intermediates with the same mass and
vibrational degrees of freedom, yet differing their torsional motions. By contrast, the
tunneling weighted sum of states (dashed lines; right axis) at their respective transition
states are remarkably similar with each containing a single methyl rotor.
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Figure 5
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Figure 5: Asymmetric one-dimensional Eckart potentials plotted in mass-weighted
coordinates (amu!/2m) of the TS critical oscillator for isomerization of syn-CH3CHOO (red),
(CH3)2€00 (light blue), CH3CH2CHOO (dark blue), and MVK-oxide (cyan) Criegee
intermediates to corresponding vinyl-substituted hydroperoxide species via 1,4-H-atom
transfer. The curvature of the potential barrier at the TS is determined by the imaginary
frequency. The zero-point corrected TS barrier heights in these systems differ by ca. 2 kcal
mol-1L.
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Figure 6
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Figure 6: (Upper panel) RRKM calculation of microcanonical rate coefficient, k(E) (red),
density of reactant states per cm-1, N(E) (blue), and Boltzmann factor exp(-E/ksT) at 300 K
(black) for syn-CH3CHOO. (Lower panel) The product of these three terms is plotted to
illustrate their relative contributions at specific energies to the thermal rate coefficient
k(T) at T = 260, 280, 300, and 320 K.

Reprinted from Y. Fang, F. Liu, V. P. Barber, S. |. Klippenstein, A. B. McCoy, and M. I. Lester,
“Deep tunneling in the unimolecular decay of CH3CHOO Criegee intermediates to OH
radical products”, J. Chem. Phys. 145, 234308 (2016), with the permission of AIP
Publishing.
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Figure 7: Arrhenius plot of the thermal decay rates k(T) predicted for syn-CHsCHOO (red),
(CH3)2€00 (light blue), CH3CH2CHOO (dark blue), and MVK-oxide (cyan) Criegee
intermediates. The curvature in the temperature dependent thermal rates originates from
quantum mechanical tunneling, which also significantly enhances the decay rates. Rates
are computed using master equation modeling in the high-pressure limit, and are plotted
as a function of inverse temperature from 200 to 370 K. (See Refs. 46, 55-57, 62 for

additional details.)
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Figure 8: Optimized structures and zero-point-corrected energies (kcal mol-1) predicted
for the four conformers of the MACR-oxide Criegee intermediate.

Reprinted with permission from M. F. Vansco, B. Marchetti, N. Trongsiriwat, G. Wang, T.
Bhagde, P.]. Walsh, S. ]. Klippenstein, and M. I. Lester, “Synthesis, electronic spectroscopy
and photochemistry of methacrolein oxide: A four carbon unsaturated Criegee
intermediate from isoprene ozonolysis”, J. Am. Chem. Soc. 141, 15058-69 (2019).
Copyright 2019 American Chemical Society."
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