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We used the steady-state master equation to model unimolecular decay of the Criegee intermediate formed from ozonol-
ysis of 2,3-dimethyl-2-butene (tetramethyl ethylene, TME). Our results show the relative importance and timescales for
both the prompt and thermal unimolecular decay of the dimethyl-substituted Criegee intermediate, (CH3).COO. Calcu-
lated reactive fluxes show the importance of quantum mechanical tunneling for both prompt and thermal decay to OH
radical products. We determined the initial energy distribution of chemically activated (CH;),COO formed in TME o0zo-
nolysis by combining microcanonical rates k(E) measured experimentally under collision free conditions and modeled
using semi-classical transition-state theory (SCTST) with pressure-dependent yields of stabilized Criegee intermediates
measured with scavengers in flow-tube experiments. Thermal decay rates under atmospheric conditions k(298 K, 1 atm)
increase by more than an order of magnitude when including tunneling. Accounting for tunneling has important conse-
guences for interpreting pressure dependent yields of stabilized Criegee intermediates, particularly with regard to the

fraction of Criegee intermediates formed in the zero-pressure limit.

Introduction

Alkene ozonolysis is a major oxidation reac-
tion in the atmosphere; it affects the loss of
biogenic and anthropogenic compounds, pro-
vides a significant source of hydroxyl radical
(OH), particularly during night, and creates
products that may form particulate matter.'*
A key step in the alkene ozonolysis reaction is
formation of a carbonyl oxide, or Criegee in-
termediate, and the fate of the Criegee inter-
mediate is the single most important step in
ozonolysis for determining the effect of alkene
ozonolysis on the atmosphere. While there are
numerous potential fates for Criegee interme-
diates, they can be broadly separated into two

classes, unimolecular decay and bimolecular
reaction. Unimolecular decay most directly
leads to OH formation, impacting atmospher-
ic radical budgets. Bimolecular reaction can
lead to formation of low volatility products
that control formation and growth rates of
new particles and hence cloud formation.>®
The branching between these two pathways is
critical in predicting the effects of alkene ozo-
nolysis on the atmosphere.

A key aspect in determining the branching
between unimolecular decay and bimolecular
reaction is the stabilization of the Criegee in-
termediate after its formation. Alkene ozonol-
ysis begins with ozone adding across an alkene



double bond to form a primary ozonide
(POZ). This cycloaddition is highly exother-
mic, so the POZ rapidly decomposes into the
Criegee intermediate and a carbonyl co-
product (CCP), both of which have high
chemical activation. Criegee intermediates
dissipate this excess energy arising from
chemical activation through collisional energy
transfer with bath-gas molecules (N2 and O:
in air) to reach thermal equilibrium. The pro-
cess of thermalization is pressure dependent,
but at 1 atm, where the collision frequency is
approximately 10 ns? (GHz), it takes place on
timescales of tens of nanoseconds, setting up
a competition between stabilization of Criegee
intermediates and unimolecular decay to OH
products. Consequently, a fraction of the en-
ergized Criegee intermediates will undergo
prompt unimolecular decay and the remain-
der will become stabilized Criegee intermedi-
ates prior to thermal decay to OH
products.>>71

Stabilized Criegee intermediate formation
is the first critical branching point in deter-
mining atmospheric effects of alkene ozonoly-
sis. The second critical branching point is the
fate of the Criegee intermediates once they are
stabilized, which may involve thermal uni-
molecular decay of stabilized Criegee inter-
mediates or bimolecular reactions. Thus, the
overall branching between unimolecular de-
cay and bimolecular reaction of Criegee in-
termediates depends on (1) the competition
between collisional stabilization and prompt
unimolecular decay at chemically activated
energies and (2) the competition between
thermal unimolecular decay and bimolecular
reaction at thermal energies.

There are two pathways available for uni-
molecular decay of Criegee intermediates, and
they depend on the conformation of the
Criegee intermediate, namely whether the
terminal oxygen of the Criegee intermediate
faces a carbon with an a-hydrogen atom (syn)
or does not (anti). CH.OO would formally be

included as an anti-conformer. A high barrier
prevents interconversion between syn- and
anti-conformers of Criegee intermediates.
syn-Criegee intermediates isomerize to a vinyl
hydroperoxide (VHP) through a 1,4-hydrogen
transfer with a five-membered cyclic transi-
tion state. The VHP formed is also chemically
activated and decomposes to vinoxy and OH
radicals. anti-Criegee intermediates mainly
proceed through a three-member ring closure
to form a dioxirane intermediate and subse-
guently to a more complex array of products,
which may also include OH at relatively small
yields.®" Unimolecular decay of syn-Criegee
intermediates forms OH with nearly unit
yield. 2,3-dimethyl-2-butene (tetramethyl eth-
ylene, TME) ozonolysis gives OH with a 0.9
yield, and for other alkenes, like 2-Butene,
ozonolysis will generate CH3CHOO, and the
OH vyield is only 0.33 (Z-2-Butene) and 0.64
(E-2-Butene).®® The pathway a Criegee in-
termediate follows and the products formed
will thus depend on the Criegee intermediate
conformation and energy relative to the tran-
sition states for the available pathways, which
govern the rate of unimolecular decay.

Bimolecular reactions of stabilized Criegee
intermediates with key atmospheric species,
including water vapor and SO», have now been
directly investigated using a number of meas-
urement techniques.®?* These observations
have been possible over the last several years
using a novel method to produce Criegee in-
termediates from di-iodo alkane precursors.'
Many of these bimolecular reactions of
Criegee intermediates have low energetic bar-
riers, allowing reaction of thermalized Criegee
intermediates.?>-%" Currently, reaction of stabi-
lized Criegee intermediates with sulfur diox-
ide (SO2) and water or water dimer are be-
lieved to be most atmospherically
relevant.!9-2022-26.26-33 The reaction of stabilized
Criegee intermediates with water dimer,
(H20)., forms stable hydroyxy-
hydroperoxides.3* Stabilized Criegee interme-
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diates can oxidize SO; to form SOz, which
then reacts with ambient water vapor to form
sulfuric acid. These bimolecular reactions are
predicted to have a strong dependence on sta-
bilized Criegee intermediate conformation.
For anti-stabilized Criegee intermediates, re-
action with SO, H20O, (H20),, and also formic
acid, HCOOH, may contribute significantly to
their overall decay.??**-*? For syn-stabilized
Criegee intermediates, reaction with SO; and
(H20)2 may be competitive with thermal uni-
molecular decay, although at atmospheric
concentrations, thermal unimolecular decay is
expected to be the dominant fate for syn-
stabilized Criegee intermediates.?0242529.35-37
Even as minor channels, these bimolecular
reactions can have important effects on the
atmosphere, such as enhancing particle nu-
cleation rates.?83°

The competition between unimolecular de-
cay and bimolecular reaction of Criegee in-
termediates depends on the relative rates for
all the involved processes over a wide range of
Criegee intermediate energies. We focus here
on the reactivity of (CH3).COQO, a prototypical
syn-Criegee intermediate with a known (near
unity) OH vyield and available experimental
evidence on unimolecular decay.!!2025340-42
The rate of unimolecular decay of (CH3).COO
to OH products is strongly energy dependent,
with microcanonical k(E) varying by many
orders of magnitude (more than 7) over the
range of Criegee intermediate energies in-
volved in ozonolysis reactions.®4? This wide
range of unimolecular decay rates is due to the
exothermicity of ozonolysis, which leads to
Criegee intermediates with a distribution of
energies that extends well above and below
the computed barrier for H-atom transfer
from Criegee intermediate to VHP and result-
ant decay to OH products. At high energies (E
> 9000 cm™) k(E) are fast enough (>10° sec™)
such that unimolecular decay occurs on sub-
nanosecond timescales and thus competes
with collisional stabilization, which occurs on

a timescale of tens of nanoseconds at 1 atm. At
lower energies (E < 5000 cm), stabilized
Criegee intermediates will become thermal-
ized and undergo unimolecular decay on a
longer timescale of milliseconds, ca. 3 ms at
298 K in high pressure limit at 298 K, which is
slow enough for competition from bimolecu-
lar reaction.?0:%5364243 For example, the time-
scales for reaction with SO, and (H20), with
syn-stabilized Criegee intermediates have
been estimated to occur on 5-10 ms timescales
for realistic concentrations of these reactants
in the atmosphere.20:24.2529.31

Unimolecular decay of syn-Criegee interme-
diates occurs through a 1,4-hydrogen shift,
forming a VHP that leads to OH products.
Because H-atom transfer is involved, quantum
mechanical tunneling can play an important
role in unimolecular decay at energies in the
vicinity of and below the barrier to unimolec-
ular decay.®-%74244-47 |t js clear that under-
standing both the energy distribution of
Criegee intermediates formed in alkene ozo-
nolysis and accurate k(E) over the range of
Criegee intermediate internal energies from
the zero-point energy up to more than 10,000
cm are required to determine the branching
between unimolecular decay of Criegee in-
termediates and bimolecular reaction.

In this work, we present steady-state master
equation modeling that captures the dynam-
ics of the dimethyl-substituted Criegee inter-
mediate, (CH3).COO, formed from ozonolysis
of TME. Our results give new insight into
both the prompt and thermal unimolecular
decay of the dimethyl-substituted Criegee in-
termediate. Calculated reactive fluxes show
the importance of quantum mechanical tun-
neling to prompt and thermal decay to OH
products. We constrain the initial energy dis-
tribution of (CH3).COO by combining micro-
canonical rates k(E) modeled using semi-
classical transition-state theory (SCTST) with
pressure dependent vyields of stabilized
Criegee intermediates measured in flow tube
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scavenging experiments. The modeled k(E)
are experimentally verified by energy-
dependent measurements of k(E).%42 We pro-
vide further interpretation of the pressure-
dependent vyields of stabilized Criegee inter-
mediates, particularly with regard to the frac-
tion of stabilized Criegee intermediates
formed in the zero-pressure limit. Thermal
decay rates k(T) are shown to increase by
more than an order of magnitude when in-
cluding tunneling.
Methodology
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Figure 1. Reaction pathway for ozonolysis of TME via the
(CH3),COO Criegee intermediate to OH products. POZ
formation is exothermic, and decomposition forms
(CH3),COO0 and (CH3),C=0 products that are highly activat-
ed. The activated (CH3),COO (depicted in red) proceeds
along a l4-hydrogen transfer pathway to 1I-
methylethenylhydroperoxide (H,C=C(CH3)OOH) via a tran-
sition state (TS3), followed by dissociation to OH + I-methyl-
ethenyloxy (H.CC(CH3)O) products. A portion of Criegee
intermediates decays promptly to OH products, while the
balance is collisionally stabilized prior to thermal decay to
OH products.

Quantum Mechanical Calculations

Master-equation modeling requires detailed
information on the energies, structures, and
vibrational frequencies of key stationary
points along the reaction pathway. The reac-

tion coordinate for the ozonolysis of TME is
shown in Figure 1 and includes the energy dis-
tribution of the chemically activated
(CH3)2COO Criegee Intermediate. The reac-
tion pathway starts with formation and de-
composition of the primary ozonide (POZ) to
form the Criegee intermediate and the car-
bonyl co-product (CCP, acetone). The Criegee
intermediate then undergoes a 1,4 H-shift and
isomerization to form a vinyl hydroperoxide
(VHP). Because VHP rapidly decomposes to
form OH and vinoxy radicals, the 1,4 H-atom
transfer isomerization of the Criegee interme-
diate is simply referred to as unimolecular de-
cay.

The initial energy distribution of the chemi-
cally activated Criegee intermediate energy
depends on the exothermicity of POZ decom-
position and the partitioning of energy among
the two products, the Criegee intermediate
and the CCP. We estimated the total energy
released during POZ decomposition using ab-
initio calculations. We based our initial esti-
mate of the barrier separating reactants from
POZ (TS!) on literature values.*® Initial ge-
ometry optimization for other stationary
points utilized B3LYP/6-31+G(d) meth-
od/basis calculation on all conformers using
the Spartan '14 program.*® We then optimized
the lowest-energy  structures at the
wb97xd/aug-cc-pVTZ level using the Gaussian
09 program suite with the ultrafine integra-
tion grid.>® Finally, we calculated single-point
energies for these optimized structures at the
CCSD(T)-F12a/VDZ-F12 level of theory using
the Molpro program suite.> For Criegee in-
termediate unimolecular decay, we adopted
the energies of the Criegee intermediate and
the transition state to the VHP (TS3) from
Fang et al.*® These calculations utilized ener-
gies at the CCSD(T)-F12 level of theory in the
complete basis set (CBS) limit. Additional cor-
rections to the Criegee intermediate and VHP
single-point energies included: anharmonic
zero-point energy, higher order excitations,
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core-valence interactions, relativistic effects,
and diagonal Born-Oppenheimer corrections.

Normal-mode vibrational frequencies are
needed to calculate the sums and densities of
states for both the partitioning of the POZ
decomposition energy between the CCP and
Criegee intermediate and for RRKM calcula-
tions of microcanonical rate constants for
Criegee intermediate unimolecular decay. For
the partitioning of the POZ decomposition
energy, we calculated the CCP and Criegee
intermediate harmonic vibrational frequen-
cies using whb97xd/aug-cc-pVTZ calculations.
For RRKM calculations, we used the vibra-
tional frequencies with anharmonicities of the
Criegee intermediate and TS3 calculated by
Fang et al. with second-order vibrational per-
turbation theory (VPT2) with B2PLYPD3/cc-
pVvTZ.3%
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Figure 2. Unimolecular decay rate constants k(E) for
(CH3)2COO0 to OH products measured experimentally (aster-
isks) at specific energies in the 3900-4600 and 5600-6000 cm-
! regions.®42 Also shown are statistical RRKM rate constants
k(E) computed in the energy range of 2000-15000 cm-! using
semi-classical transition state theory (SCTST) for tunneling
(blue) or without tunneling (red).%4252-54 Tunneling always
increases k(E) and occurs through the reaction barrier (TS3)
associated with 1,4 hydrogen transfer from the syn-methyl
group to terminal O-atom of (CHj3),COO, which leads to OH
products. A barrier of 16.2 kcal mol! (5650 cm-) is derived
from high-level ab initio calculations including zero-point
and other corrections.36

Microcanonical Rate Constants

We calculate the microcanonical rate con-
stants for Criegee intermediate isomerization
to the VHP (unimolecular decay) using Rice-
Ramsperger—Kassel-Marcus (RRKM) theory:

@G(E —Ey) o

M= o T ®)

where o IS the effective symmetry of the re-
actant Criegee intermediate (1), aeiff is the
effective symmetry for the transition state
(1/2), h is Planck’s constant, G(E-Eo) is the
sum of states at transition state TS3,%642 Eg is
the energy of the computed barrier height TSs
(5650 cm, 16.2 kcal mol?) for H-atom transfer
to form the VHP, and p(E) is the density of
states for the reactant at energy E.*6% We
treated tunneling by calculating the effective
sum of states at TS3 using the semi-classical
transition-state theory (SCTST) of Miller et
al., as implemented in the SCTST program of
the MULTIWELL program suite.®>* We cal-
culated the density of states for the reactant
Criegee intermediate using the DENSUM
program of the MULTIWELL program suite.*
We show the calculated rate constants along
with measurements in Figure 2, displaying
close agreement. Note also that tunneling
consistently always increases the microcanon-
ical rates, and the SCTST-tunneling values
(blue) are always greater than the no-
tunneling case (red). For example, at 6500 cm-
Ywith tunneling the rate is 1x10¢ s, and without
tunneling the rate is 4x107s™.
Criegee Intermediate Initial Energy Distribution

We calculate the energy distribution of the
Criegee intermediate following ozonolysis
using a statistical partitioning of the total en-
ergy available to products following POZ de-
composition:

p(E)G(E o — E)
yHTot = E 2
PUE Broc) Jo T P(ENG(Eeor — EN)AE ©

where p is the density of states of the Criegee
intermediate, G is the sum of states of the
CCP, and Eqot is the total energy available to
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the system.% This approach has been used in
previous treatments of alkene ozonolysis and
shown to be wvalid for similar size
systems.”16:44.5657 \We calculated the sums and
densities of states for the Criegee intermediate
and the CCP using the DENSUM program of
the MULTIWELL program suite.®? The mini-
mum total available energy following POZ
decomposition is the difference in the energy
of TSI (27350 cm™, 80.4 kcal mol?) and TS2
(10900 cm, 31.2 kcal mol*). This assumes the
potential energy associated with the TS2 bar-
rier flows into translational recoil of the frag-
ments. 4445657 The geometry of TS2 is non-
planar, whereas the products are both planar,
and this change in geometry will result in ad-
ditional internal excitation of the products,
thereby increasing the total available energy
to fragments beyond the minimal energy as-
sumption. Some fraction of the potential en-
ergy released after crossing the TS2 barrier,
equal to the reverse barrier energy (10900 cm-
Y, will thus also be part of the total available
energy. As discussed below, an additional 2300
cm is added to match experimental results.
We calculated Etrans using a prior distribution
calculation employing the sum of states for
the Criegee intermediate and CCP.%8>°

Master Equation Calculations

We used the one-dimensional master equation to
calculate the statistical reaction dynamics of the
dimethyl Criegee intermediate, (CH3)2COO. The
master equation describes the time- and energy-
dependent population, N(E,t), of Criegee inter-
mediates undergoing collisional stabilization and
unimolecular decay:

‘;—’Z = rF — [w(I = P) + K]N (3)

where r is the overall rate of formation of the
intermediate species, F is the normalized vi-
brational population of the nascent reactants,
w is the collisional frequency, I is the unit ma-
trix, P is the normalized energy transfer ma-
trix, and K is the diagonal matrix of microca-

nonical rate constants for unimolecular
decay.”#860.6! The solution to Equation 3 can
be expressed as:

N(t) = ULU"'F 4)

where U is the corresponding eigenvector ma-
trix of J, and L is a diagonal matrix with ele-
ments L = (1-exp(-Ait))/Ai.%? The values A; are
the eigenvalues of J and the rates for processes
affecting the corresponding eigenvectors, or
distributions of the total population as a func-
tion of energy. We used an energy grain size of
10 cm, similar to that of Kuwata et al.** We
used an average energy transfer per collision
(Epown) Of 250 cm, similar to the majority of
previous calculations.!#62829.44 The previous
calculations of Kroll et al. and Chuong et al.
used a higher (Epgwn) of 500 cm™.7#8 Calcula-
tions probing the sensitivity of our results to
(Epown) Show that the pressure dependent
yields of stabilized Criegee intermediates may
also be fit with (Epown) = 500 cm™ and parti-
tioning 3600 cm™ of the potential energy re-
leased after crossing the TS2 barrier to the
total available energy of the product frag-
ments. We solved the master equation via ma-
trix inversion, using a Matlab-based code de-
veloped at Carnegie Mellon University.*85!

There are two types of processes for the sys-
tem under consideration, collisional energy
transfer (leading to the thermal energy distri-
bution) and reactive loss (unimolecular decay
of the Criegee intermediate). Collisional ener-
gy transfer in the master equation is defined
by the energy transfer matrix P. Downward
collisions are described by elements, Pj;, giving
the probability that a molecule at energy E;j
will transfer down to energy E; after a collision.
These probabilities are modeled as:

p(£)) ~(5;- E)

Py (p(_E])) &P ( <ED]own>) ®)
where p is the density of states as a function of
energy and (Ep,..) is the average energy
transferred by downward collisions. Upward
collisions are described by elements, Pji, giving
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the probability that a molecule at energy i will
transfer upward to energy j after a collision.
The upward transition probabilities are con-
strained by detailed balance relative to the
downward collision probabilities:

Pji  (p(E)) (Ej—Ei)

n = (Gan)oe () ©)
where Kk is the Boltzmann constant. Collisions
thus establish the thermal (Boltzmann) dis-
tribution in the limit of slow reaction (uni-
molecular decay) relative to the collision fre-
guency. The unimolecular decay rate of
Criegee intermediates is determined by the
microcanonical rate constant matrix, as de-
fined by the RRKM calculations described
above. All calculations were performed with a
bath gas temperature of 298 K.

Unimolecular decay of Criegee intermedi-
ates to products occurs on both prompt and
thermal timescales. Prompt decay of the
Criegee intermediate must occur before sub-
stantial collisional cooling of activated Criegee
intermediates by the bath gas. The collision
frequency is 10 ns* (GHz) at 1 atm, and many
collisions are required for full stabilization,
causing thermalization to be complete within
100 ns. The Criegee intermediates that under-
go prompt decay mainly come from the high-
est energy part of the initial Criegee interme-
diate energy distribution with energies above
TS3 and with rate constants k(E) > 107 s™.
Thermal decay of Criegee intermediates oc-
curs on a much longer timescale (~3 ms at 298
K) and involves Criegee intermediates that
have already reached a thermal energy distri-
bution, with the onset of thermal loss begin-
ning after 0.05 ms (5 x 10™° s). The large dif-
ference in the timescales for prompt and
thermal loss means that during the interme-
diate time period, between 100 ns (1 x 1077 s)
and 0.05 ms at 1 atm and 298 K, there is a
steady-state population of the Criegee inter-
mediate. This intermediate time period corre-
sponds to a steady-state balance involving

both collisional stabilization and thermal
unimolecular decay; it is termed the pseudo
steady-state. The two time regimes of prompt
and thermal dissociation are manifested in
the eigenvalues, A, which provide the full so-
lution to the master equation. There is a char-
acteristically large separation, often of order
106, between the smallest eigenvalue A;, and all
other A, which are more similar in magni-
tude.”¥” The eigenvalue A; corresponds to the
rate constant for thermal reaction. The pseudo
steady-state condition is determined by set-
ting A: to zero prior to calculating the steady
state population in Eq 4 and gives the yield of
stabilized Criegee intermediates.’

Angular momentum was not explicitly taken
into account in these calculations. For the syn-
methyl Criegee intermediate, the microcanon-
ical and thermal decay rates were previously
shown to have only a weak dependence on
13637 For (CH3)2.COO, the microcanonical de-
cay rate was shown to have an even weaker
dependence on angular momentum.3®

Results and Discussion

Criegee Intermediate Activation Following TME
Ozonolysis

To predict the yields of OH and stabilized
Criegee intermediate from ozonolysis reac-
tions, the energy distribution of the nascent
Criegee intermediate must be known. The
initial competition between unimolecular de-
cay and collisional stabilization is strongly
dependent on the initial chemical activation
of the Criegee intermediate, characterized by
the average energy and the spread of energies
about this average. For higher average ener-
gies, the rate of unimolecular decay increases
and more collisions are required for stabiliza-
tion. These effects reduce the fraction of acti-
vated Criegee intermediates that can be stabi-
lized. The fraction of stabilized Criegee inter-
mediates formed depends on the rate for colli-
sion with bath gas molecules, which depends
on pressure, and the rate for unimolecular
decay, which depends on the initial chemical
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activation. The initial energy distribution of
the Criegee intermediate following ozonolysis
is thus directly related to the yield of stabi-
lized Criegee intermediates with varying pres-
sure.

Measurements of the pressure dependence
for stabilized Criegee intermediate formation
can be used to constrain the initial energy dis-
tribution of Criegee intermediates formed
from alkene ozonolysis. The timescale for
prompt unimolecular decay is orders of mag-
nitude shorter than the timescale for thermal
unimolecular decay, so a scavenger needs to
undergo bimolecular reaction with Criegee
intermediates on a timescale faster than
thermal decay. The fraction of Criegee inter-
mediates that react with the scavenger will
then correspond to Criegee intermediates that
would decay on a thermal timescale, which are
stabilized Criegee intermediates. The fraction
that does not react with the scavenger is the
prompt yield, which can be determined in our
master equation modeling by evaluating the
pseudo steady state solution.

Experiments probing the pressure depend-
ence of stabilized Criegee intermediate for-
mation following alkene ozonolysis have been
performed using a number of scavengers and
measurement techniques.*891.63-65 The most
recent study for the pressure-dependence of
stabilized Criegee intermediate formation
from TME ozonolysis used 50 ppm SO; as a
scavenger with mass spectrometric detection
of H2S04.° The timescale for the bimolecular
reaction at this scavenger concentration is ~5
us.222% This is 600 times shorter than the esti-
mated timescale for thermal decay of ~3 ms,
so essentially all stabilized Criegee intermedi-
ates formed will be scavenged.®®4? When
(CH3).COO decomposes it produces OH radi-
cals, and SO will also scavenge these OH rad-
icals to make H2S04.4° However, a second
scavenger (e.g. propane) can be added that
selectively reacts with OH and not the stabi-
lized Criegee intermediate. Provided that the

OH vyield is well known (nearly unity for
(CH3)2C0O0), the stabilized Criegee interme-
diate yield is then given by the ratio of the
H>SO4 signal with and without the OH scav-
enger present, independent of any absolute
calibration of the H>SO4. These results are
taken to be the most accurate to date, largely
because of the high measurement precision
and insensitivity to absolute calibration of
reactant or product measurements.® We use
these new measurements to constrain the ini-
tial energy distribution in our master equation
modeling and predict stabilized Criegee in-
termediate yields, Ysci. As stated above, we did
this by solving the master equation using the
pseudo steady-state condition to calculate the
fraction of chemically activated Criegee in-
termediates that rapidly decays to products.

We determined the initial energy distribu-
tion of the Criegee intermediate by matching
calculated stabilized Criegee intermediate
yields with the measurements of Hakala and
Donahue.® We allocated 18200 cm? (52
kcal/mol) to internal (reactive) modes of the
reactants and 1450 cm™ (4 kcal/mol) to trans-
lational (non-reactive) modes. This translates
to 2300 cm™ of the potential energy released
after crossing the TS2 barrier to internal ener-
gy of the product fragments. Statistical energy
partitioning of this internal energy between
the Criegee intermediate and the CCP results
in an average Criegee intermediate energy of
8500 cm™. The energy distribution is Gaussi-
an-like, centered at 8500 cm™ with a full width
at half maximum of 6000 cm™.

Tunneling must be considered when using
pressure-dependent Ysc to determine the ini-
tial energy distribution of chemically activated
Criegee intermediates following ozonolysis.
Figure 1 clearly shows that a substantial frac-
tion (0.18) of Criegee intermediates are initial-
ly formed with energies below the barrier to
TS3. If tunneling is neglected, all these
Criegee intermediates would be designated as
stabilized Criegee intermediates, because the
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rate of unimolecular decay would be zero in
this energy range. This zero-pressure intercept
of stabilized Criegee intermediate formation
has been described as the fraction of Criegee
intermediates that are "born cold" after ozo-
nolysis.'”# As shown in Figure 2, unimolecular
decay of the Criegee intermediate does indeed
occur at energies significantly below the TS3
barrier. The energy threshold for decay actual-
ly lies at ca. 600 cm™, the asymptotic energy of
the OH and vinoxy products relative to the
Criegee intermediate. This low-energy cutoff
for reaction means that the full range of
Criegee intermediate energies, including en-
ergies significantly below the barrier to TS3,
determines the timescale for unimolecular
decay. At very low pressure the timescale for
collisions becomes long, and even Criegee
intermediates with energies well below the
TS3 barrier have rates for unimolecular decay
that are competitive with collisional stabiliza-
tion. This means that tunneling allows Ysc to
be effectively zero at zero pressure, and this is
critical in fitting master-equation results to
data for Ysci from pressure-dependent scav-
enging experiments.

We show results for two master-equation
models and the recent experimental data for
pressure-dependent yields of Ysci in Figure 3.
Master-equation results with and without
tunneling are shown, along with data from
Hakala and Donahue.® The master-equation
model with tunneling reproduces both the
shape and absolute magnitude of the observa-
tions. Tunneling must be included to fit the
pressure-dependent stabilization measure-
ments, because the measured Ysci of 0.13 at 50
torr is less than the fraction of nascent Criegee
intermediates with energy below the barrier
(5650 cm™) to unimolecular decay, 0.18. With-
out tunneling, all activated Criegee interme-
diates formed below 5650 cm™ would neces-
sarily be classified as stabilized Criegee inter-
mediates, and as shown in Fig 3, this results in
significant overestimation of Ysci.

Contribution of Tunneling to Total Unimolecular
Decay

By influencing the microcanonical rate con-
stants near and below the TS3 zero-point cor-
rected barrier, tunneling plays an important
role in the decomposition of Criegee interme-
diates on the longer, thermal timescale.

We continue to focus on a holistic treatment
of Criegee intermediate decomposition fol-
lowing ozonolysis by examining the total reac-
tive flux of Criegee intermediates to OH
products via TS3. The normalized flux, ¢(E),
is defined as the fraction of the total popula-
tion passing to products per unit energy, ex-
pressed as a concentration of molecules
(#/cmd) per 10 cm per second. It is given by

1 £

0.87

0.6

Yield SCI

100 200 300 400 500 600 700 800
Pressure (torr)

Figure 3. The yield of stabilized Criegee intermediate (Ysci)
following TME ozonolysis as a function of pressure at 298 K.
Measurements® are shown as red points. Master-equation
calculations are shown including tunneling (solid line) and
without including tunneling (dashed line) in unimolecular
decay rates.

@ss(E) = Nss(E) k(E) (7)
where Nss is the normalized steady-state pop-
ulation calculated from Eqg. 4 with thermal
decomposition included.”**#8 The normalized
flux gives the contribution of Criegee inter-
mediates within a given energy range relative
to the total Criegee intermediate decomposi-
tion. We show these results at 1 atm (760 torr)
pressure in Figure 4 for two cases: without
tunneling (left) and including tunneling
(right). We plot the normalized flux per 10 cm
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! increment so that the values on the ¢4 (E)
axis are easy to interpret. The total flux
(black) is clearly bimodal, with the high-
energy portion (red) corresponding to prompt
decomposition and the low-energy portion
(blue) corresponding to thermal decomposi-
tion. The fluxes for prompt decomposition
correspond to the fraction of Criegee inter-
mediates that are not collisionally stabilized
(1-Ysci), which we calculate using the pseudo-
steady state condition:

@pss(E) = Npss(E) k(E) (3)
Here Npss is the pseudo steady-state popula-
tion calculated from Egq. 4 when neglecting
thermal decomposition. The maximum value
of the thermal flux including tunneling is
1.2 x 10~* per 10 cminterval, and the peak is
roughly 5000 cm™ wide, giving an integrated
yield of approximately 0.3 (1/2 base %
height); the maximum value of the prompt
flux is 1.5 x 10~* per 10 cm™ interval, and the
peak is roughly 10000 cm™ wide, giving an in-
tegrated yield of approximately 0.7.

The prompt flux resembles the initial energy
distribution of the Criegee intermediate,
weighted toward higher energy and with a
contribution from tunneling at energies in the
vicinity of and below the TS3 barrier. The
prompt flux corresponds to the Criegee in-
termediate population that decays to products
within 100 ns after formation, and hence this
flux occurs from an energy distribution that
remains similar to the initial energy distribu-
tion. The collision frequency at 1 atm (760
torr) is about 10 s? (10 GHz), and in our
model each collision removes on average 250
cm™ ((Epown)= 250 cm™) so it takes on average
4 collisions to remove 1000 cm* from the
chemically activated Criegee intermediates.
At high energies, above 9000 cm™, unimolecu-
lar decay is sufficiently fast to occur prior to
the chemically activated Criegee intermediate
suffering more than a few collisions. The ini-
tial Criegee intermediate energy distribution
peaks near 8500 cm?, so a large fraction of

Criegee intermediates fall within this high
energy range. At lower energies near the TS3
barrier at 5650 cm, k(E) is much lower than
the collision frequency and almost all of these
Criegee intermediates are collisionally stabi-
lized; however, tunneling still has some effect.
With tunneling, k(E) are larger near the TS3
barrier, and a larger fraction of the Criegee
intermediate population decays prior to be-
coming collisionally stabilized. As a result the
prompt flux in the no-tunneling model has a
slightly narrower span in energy and a smaller
contribution to total decay.

Tunneling has a dramatic effect on the ther-
mal flux, which comes from Criegee interme-
diates that have attained a near thermal
(Boltzmann) energy distribution. If the
Criegee intermediate were completely stable,
then the Criegee intermediate would relax to a
Boltzmann distribution after sufficient colli-
sional stabilization; however, decomposition
causes the Criegee intermediate population to
relax to a "pseudo steady-state” distribution
with Npss(E) depleted at any energy with non-
zero k(E). For simplicity we refer to this
steady-state distribution as "thermal”. The
thermal population distribution, Nthermal(E),
peaks near 1000 cm™, and much less than 1%
of this population is above 4000 cm™. The mi-
crocanonical rate constants, k(E), increase
dramatically with energy so that the peak in

the thermal flux, given by the product
Nthermal(E) -K(E), is shifted to much higher
energies than the peak in the thermal energy
distribution alone. The peak in the thermal
flux when accounting for tunneling is near
4500 cm, which is well above the peak in
Nthermal(E) but well below the TS3 barrier at
5650 cm™. Consequently, the large majority of
this flux occurs at energies below the TS3 bar-
rier. By contrast, neglecting tunneling causes
the flux to be zero below the TS3 barrier. The
model neglecting tunneling results in thermal
flux occurring only at energies just above the
barrier, with a narrow peak near 6000 cm™.
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Figure 4. Total (black), prompt (dashed red), and thermal (dashed blue) flux distributions for Criegee intermediate unimolecular
decay at atmosphereic conditions (1 atm , 298 K) without tunneling (left) and with tunneling calculated using semi-classical
transition state theory (SCTST) (right). Tunneling broadens both the prompt and thermal fluxes by increasing k(E) dramatically
over a wide range of energies. The prompt flux distributions are largely determined by, and resemble, the initial, chemically
activated Criegee intermediate energy distribution following TME ozonolysis.

Thus, thermal decay occurs nearly exclusive-
ly by tunneling involving an H-atom transfer
that initiates unimolecular decay and OH
formation.

Prompt and Thermal Rates for Unimolecular De-
cay to OH Products

The effects of Criegee intermediates in at-
mospheric oxidation processes are determined
by the timescales for prompt and thermal
unimolecular decay. We show the yield of OH
products from unimolecular decay of
(CH3)2CO0 (Yon) as a function of time in Fig-
ure 5 (solid black curve) under atmospheric
conditions (1 atm, 298 K). For (CHz3).COO,
and syn-Criegee intermediates in general,
unimolecular decay produces OH with high
efficiency.’® The timescales for prompt and
thermal unimolecular decay are separated by
orders of magnitude, and the gap in time be-
tween prompt and thermal loss creates a peri-
od in which bimolecular reactions can occur,
e.g. in scavenger experiments, prior to thermal
unimolecular decay. We determined the
prompt OH production from the pseudo
steady-state flux by summing the population

weighted k(E) over all energies. This gives an
effective rate constant of 10° s?, which is the
microcanonical rate constant near the peak of
the nascent energy distribution shown in Fig-
ure 1 (red curve). Prompt OH formation oc-
curs on very short timescales (ns) due to the
extreme chemical activation of Criegee inter-
mediates in the initial energy distribution and
their corresponding fast k(E). As we show in
Figure 5, within 100 ns, prompt OH formation
is complete, and the prompt OH yield reaches
0.63. While there are indications of VHP sta-
bilization,"®® this process is not included in
the current study. Thermal OH production is
negligible until 50 ps and continues until 30
msec. Our calculated thermal rate constant
for OH production at 298 K is 340 s*. This
value is good agreement with recent master
equation modeling, based on experimentally
validated microcanonical rates, which predicts
a thermal decay rate of (CH3)2COO to OH
products under atmospheric conditions of 276
st at 298 K (high pressure limit).2642 The
thermal unimolecular decay rate of
(CH3)2COO0 has also been studied under la-
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boratory flow cell conditions by Smith et al.
and Chhantyal-Pun et al., yielding rates of
361+49 s! (298 K, 200 Torr) and 305+70 s
(293 K, 10-100 Torr), respectively.?243 We also
show the thermal OH yield when tunneling is
neglected (dashed-black curve). Without
tunneling, the unimolecular decay rate for the
Criegee intermediate is ~10 s' and OH pro-
duction occurs over a period from 1 ms to 1 s.
The time period between prompt OH produc-
tion (100 ns) and the onset of thermal OH
production (50 us) is exploited in the scaven-
ger experiments for measuring Ysci discussed
above. Using current rate-constant measure-
ments,?° 50 ppm of SO, reacts quickly meas-
urements,?® 50 ppm of SO reacts quickly
enough to completely react with any stabilized
Criegee intermediates formed in TME ozonol-
ysis in laboratory scavenging experiments.
Conditions more representative of elevated
ambient levels (50 ppb SO) would have com-
petition between reaction with SO and ther-
mal unimolecular decay.
' Thermal OH

” Prompt OH - . ;

10

1 Scavenging,
0.8 ' Timescale !
v 50 ppm SO
1 1

0.6 ;
5 i = =No Tunneling|
> SCTST

0.4 E Tunneling

Reaction
Timescale
50 ppb SO,

0.2

0.0

107" 107° 107 107° 107 107 1
Time (s)

Figure 5. Time dependent yield of OH (solid black line) un-
der atmospheric conditions (1 atm, 298 K). Prompt OH pro-
duction is completed within 100 ns of Criegee intermediate
formation, followed by negligible OH formation until the
onset of thermal decay at 50 ps, when accounting for tunnel-
ing. The 50 ppm SO; laboratory scavenger experiments occur
on a timescale that enables complete scavenging of stabilized
Criegee intermediates. The timescale for reaction with ele-
vated atmospheric levels (50 ppb) of SO, show unimolecular
decay dominates. Neglecting tunneling (dashed, black line)
causes the thermal decay to be dramatically slower.

Conclusions and Atmospheric Importance

Understanding the effects of alkene ozonol-
ysis in the atmosphere requires detailed
knowledge of the fate of Criegee intermedi-
ates, and this study merges two fields of ex-
perimental study, via master equation model-
ing, to advance our understanding of Criegee
intermediates formed from alkene ozonolysis.
We combined detailed measurements of mi-
crocanonical rate constants and the pressure
dependence of stabilized Criegee intermediate
formation to create inputs to steady-state
master-equation modeling of TME ozonolysis
that are consistent with current knowledge of
this system. The initial energy distribution of
Criegee intermediates formed in alkene ozo-
nolysis is taken to be statistical. Criegee in-
termediate unimolecular decomposition to
radical products occurs on two timescales,
prompt (10° s) and thermal (10 s). Account-
ing for tunneling increases prompt OH pro-
duction at energies near the TS3 barrier, and
thermal OH production occurs mainly via
tunneling. One effect of tunneling is to sub-
stantially lower the energy of the vinyl hy-
droperoxide formed following H-atom trans-
fer under thermal conditions. This will greatly
increase the probability of collisional stabili-
zation of VHP. |t is likely that any stabilized
vinyl hydroperoxide would decay rapidly.""6®

Both temperature and the structure
(size/conformation) of Criegee intermediates
need to be considered when applying labora-
tory measurements and kinetics modeling in
atmospheric models, because both affect the
competition between unimolecular decay and
bimolecular reaction. This is particularly im-
portant when considering the range of Criegee
intermediates that are formed from the wide
variety of alkenes in the ambient atmosphere.
Measurements are currently not available for
Criegee intermediates with more than 3 car-
bons or with functional groups other than al-
kyl chains, such as the 5 carbon unsaturated
Criegee intermediate that would form in iso-
prene ozonolysis. For bimolecular reactions to
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compete with thermal unimolecular decay for
(CH:3)2COQ, the reactions need to occur on a
timescale of a few ms or less; even if these re-
actions occur at the collisional rate constant of
3x10° cm® molec s, the mole fraction of the
co-reactant would need to be at least 100 ppb.
However, the thermal rate constant for uni-
molecular decay is strongly temperature de-
pendent,*®4 so at reduced temperatures bi-
molecular reactions could be more competi-
tive. Also, larger Criegee intermediates with
more internal modes than (CHz).COO will
have correspondingly longer lifetimes for
prompt unimolecular decay, analogous to ob-
served decreases in microcanonical decay
rates when comparing CH3:CHOO,
(CH3).,CO0O, and CH3CH,CHOQ.*:36:4246
Thermal decay rates are not expected to
change dramatically because the transition
state and reactant canonical partition func-
tions change similarly with added degrees of
freedom. 3642

Our master-equation modeling results, in
agreement with current measurements of
Criegee intermediate bimolecular
reactions,?024236 show that thermal uni-
molecular decay will be the dominant loss
process for (CH3).COO in the atmosphere.
Figure 5 shows that thermal decay of stabi-
lized Criegee intermediates nears completion
faster than the timescale for reaction with SO;
at concentrations that are high for the atmos-
phere (50 ppb). While unimolecular decay will
dominate Criegee intermediate behavior, reac-
tion with SO; can still occur; results from a
recent field-study suggest that oxidation of
SO, by stabilized Criegee intermediates may
account for up to half of sulfuric acid produc-
tion in some forested areas.*® Modeling of
Criegee intermediates in the atmosphere sug-
gests the potential importance on H>SO4 for-
mation and particle nucleation, though aero-
sol microphysics may result in small impacts
on formation of cloud condensation nuclei.®’
As noted above, the reactivity of larger stabi-

lized Criegee intermediates that are present in
the atmosphere has yet to be directly ob-
served, and future measurements for larger
Criegee intermediates, such as those from iso-
prene, are needed for incorporation into at-
mospheric models. By combining current ex-
perimental data through master-equation
modeling, we guide the way for future kinetic
modeling of larger Criegee intermediates us-
ing computational methods.
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