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ABSTRACT: High-level ab initio calculations (DF-LCCSD(T)-
F12a//B3LYP/aug-cc-pVTZ) are performed on a range of
stabilized Criegee intermediate (sCI)−alcohol reactions, comput-
ing reaction coordinate energies, leading to the formation of α-
alkoxyalkyl hydroperoxides (AAAHs). These potential energy
surfaces are used to model bimolecular reaction kinetics over a
range of temperatures. The calculations performed in this work
reproduce the complicated temperature-dependent reaction rates
of CH2OO and (CH3)2COO with methanol, which have
previously been experimentally determined. This methodology is
then extended to compute reaction rates of 22 different Criegee
intermediates with methanol, including several intermediates
derived from isoprene ozonolysis. In some cases, sCI−alcohol
reaction rates approach those of sCI−(H2O)2. This suggests that in regions with elevated alcohol concentrations, such as urban
Brazil, these reactions may generate significant quantities of AAAHs and may begin to compete with sCI reactions with other
trace tropospheric pollutants such as SO2. This work also demonstrates the ability of alcohols to catalyze the 1,4-H transfer
unimolecular decomposition of α-methyl substituted sCIs.

1. INTRODUCTION

Criegee Intermediates (CIs), also known as carbonyl oxides,
are atmospheric intermediates that are a significant non-
photolytic source of tropospheric hydroxyl (OH) radicals,
often considered as atmospheric “detergents”.1 In the
laboratory, Criegee intermediates are produced through several
different reactions mechanisms including the UV photolysis of
iodoalkanes in the presence of oxygen, reaction between
oxygen and dimethyl sulfoxide radicals, and the 1,3-cyclo-
addition of ozone to alkenes (Scheme 1).2−4

Scheme 1 (shown above) is a prevalent loss mechanism for
tropospheric alkenes, and it is the most significant source of
tropospheric Criegee intermediates. Alkene ozonolysis produ-
ces carbonyl oxides with significant internal energy (e.g., 2,3-
dimethylbutane ozonolysis produces an excess energy of 200−
250 kJ mol−1).5 This internal energy leads to 37%−50% of the
total tropospheric yield of carbonyl oxides, undergoing rapid
unimolecular decomposition.5−15 The remaining fraction are

collisionally stabilized and eventually lost through bimolecular
reactions, UV photolysis, or slower thermal decomposi-
tion.5,6,12,14,15 There has been a significant body of work
investigating bimolecular reaction mechanisms and rates of
stabilized Criegee intermediates (sCIs) with trace atmospheric
constituents, focusing on the fate of tropospheric sCIs and the
role of these reactions in influencing the tropospheric HOx
budget, and in the formation of atmospheric aerosols.
Alkene tropospheric abundances are strongly localized: in

urban areas, short-chain alkenes tend to be the most prevalent,
whereas in forested regions foliar emissions mean that terpenes
and sesquiterpenes become predominant. sCIs may differ in
atmospheric fate based on their chemical and electronic
structure, as indicated by the greater rate of unimolecular
decomposition shown by (CH3)2COO (kdecay = 11.6 s−1) than
CH2OO (kdecay = 305 s−1).16,17 These sCIs also differ in
reaction rates with atmospheric species: CH2OO reacts faster
with (H2O)2 than SO2, whereas the reverse is true for
(CH3)2COO.

3,18,19 There is a growing body of evidence also
suggesting that water droplets can also alter sCI reactions,
where the surface chemistry of the sCI is significantly different
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Scheme 1. General Alkene Ozonolysis Schematic
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to gaseous sCI reactivity.20−27 Additionally, a comparative
computational study of the sCI−H2O reaction shows that
heteroatom substitution of the H2O oxygen with other group
16 elements alters the reaction barriers and reaction rates.28

This is also evidenced in sCI reactions with SiH4 and with
CH4.

20 Heteroatom tuning of reaction rates has also been
demonstrated for substitution of the sCI oxygens or carbon, for
example, the case of thioformaldehyde S-sulfide formation in
place of the carbonyl oxide.29,30

Gaseous bimolecular reactions of sCIs with alcohols are
another example of a class of chemical reactions that lead to a
net removal of atmospheric sCIs.31 Atmospheric alcohols
(predominantly methanol, ethanol, and isopropyl alcohol)
arise from both biogenic and anthropogenic sources and have
appreciable tropospheric concentrations, varying from ca. 1
ppbv in oceanic regions to ca. 10 ppbv in urban areas.17−19 In
urban environments, where biofuels such as methanol and
ethanol are heavily utilized to power both personal and
industrial automobiles, local tropospheric alcohol concen-
trations are substantially increased.32−36 For example, in Brazil,
where the government subsidizes biofuel use as a more
environmentally friendly alternative to fossil fuels, many cities
exhibit elevated tropospheric alcohol levels.37 In heavily
populated regions of Brazil like Saõ Paulo, Rio de Janeiro, or
Porto Allegro concentrations of alcohols can reach 400 ppbv,
increasing to in excess of 450 ppbv of ethanol in areas where
urban and industrial emissions are combined.32−36

Reactions between gaseous alcohols and Criegee inter-
mediates lead to the production of atmospheric α-alkoxyalkyl
hydroperoxides (AAAHs; Scheme 2), which can in turn be
stabilized and are subsequently photolyzed or decompose
through reactions with other reactive species such as hydroxyl
radicals.8,38−40

In 1996, Moorgat and co-workers began to investigate sCI−
alcohol reactions by using Criegee intermediate precursors
ethene and ozone to synthesize methoxymethyl hydro-
peroxides.41 In 2003, C13 sCIs were reacted with gaseous
methanol and isopropyl alcohol to compare reactivity with
other small intermediates.42 More recently, direct detection of
Criegee intermediates facilitated the elucidation of bimolecular
reaction rates for formaldehyde oxide with methanol, ethanol,
and isopropyl alcohol as well as those for both anti-
CH3CHOO and (CH3)2COO with methanol.39,40,43 Orr-
Ewing and co-workers also demonstrated that this class of
reactions may be an important source of AAAHs, occurring
specifically around tropical rainforests (∼24 Gg yr−1) as well as
boreal forests (∼3 Gg yr−1) and temperate forests (∼2 Gg
yr−1).39 Their work also demonstrated a negative temperature
dependence for the reaction of CH2OO with methanol or
ethanol, whereas the reaction of (CH3)2COO with methanol
has mixed temperature dependence, with a point of inversion
at ca. 285 K.39

This work provides a more comprehensive computational
study of sCI−alcohol reactions, assembling and analyzing
reaction pathways for a series of different sCIs with alcohols.
These data are compiled in a manner similar to those
generated for sCI reactions with CO, CH4, H2, and H2O,
identifying trends in reactivity as a function of both sCI
substituents and alcohol size.20−22,44,45 Reaction rates,
computed as a function of temperature, are benchmarked
against the recent experimental data, ensuring the qualitative
accuracy of the potential energy surfaces. Reaction rates are
used to evaluate the potential significance of these reactions
under typical tropospheric conditions.

2. COMPUTATIONAL METHODS
All stationary points on the reaction pathways explored in this
study are fully optimized using density functional theory
(DFT), employing the hybrid B3LYP functional and the
Dunning correlation-consistent aug-cc-pVTZ basis set
(B3LYP/aug-cc-pVTZ). In a few limited cases, as noted in
the main text, the basis set was reduced to aug-cc-pVDZ.46−49

The nature of each stationary point, either minimum or
transition state, is verified through harmonic vibrational
frequency calculations, at the same level of theory as the
geometric optimization. In addition, each transition state is
mapped to the minima it links through the use of intrinsic
reaction coordinate (IRC) calculations, utilizing a steepest
descent algorithm.50,51 All geometry optimizations, vibrational
frequency calculations, and IRCs are undertaken in the
Gaussian09 computational chemistry suite.52

An explicitly correlated, local density fitted coupled cluster
approach (DF-LCCSD(T)-F12a/aug-cc-pVTZ) is used to
refine the molecular energies of each of the stationary points
computed above, performed in the MOLPRO computational
package.53,54 Energies are zero-point corrected using the
density functional harmonic vibrational frequencies. As
demonstrated herein, these methodologies provide a good
combination of energetic accuracy and low computational cost,
affording the application of these methods to a range of sCI
sizes and reactions.
Rate constants are calculated using conventional transition-

state theory. The Kinetic and Statistical Thermodynamical
Package (KiSThelP)55 software is used to compute each rate
constant ktotal [eqn 1]; utilizing the product of the Keq
equilibrium constant between reactants and prereaction
complex [eqn 2] and k2 the unimolecular rate constant [eqn
3]:

k K k( )total eq 2∑= · (1)

K
RT
p

e G G G RT
eq

0

( ( ))/PRC CI ROH= − − +

(2)

k
k T

h
e G G RT

2
B ( )/ST PRCκ= − −

(3)

This approach is adapted from previous work on similar
systems,45,56 where κ is the tunneling constant; kB is
Boltzmann constant; T is temperature; h is Planck’s constant;
R is the gas constant; p0 is the pressure of the system; GTS,
GPRC, GCI, and GROH are the molar Gibbs free energies for
transition state, prereaction complex, Criegee intermediate,
and alcohol. Standard temperature and pressure are used,
unless stated otherwise.

Scheme 2. Formation of AAAHs from Stabilized Criegee
Intermediates
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The tunneling factor (κ) is calculated using an asymmetric
Eckart function, which is a non-ab initio method that takes into
account the barrier width between the reactants and the
product.55 With eqs 4−(10) the Eckart function is calculated
from the probability of transmission through the one-
dimensional energy barrier p(E):

p E( ) 1
cosh 2 ( ) cosh 2
cosh 2 ( ) cosh 2

π α β πδ
π α β πδ

= − [ − ] + [ ]
[ + ] + [ ]
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The three factors that are used to determine the energy
barrier p(E) are the forward and reverse zero-point corrected
energy barriers ΔHf

‡,0K and ΔHr
‡,0K, respectively, and the

imaginary frequency of associated transition state describing
the reaction coordinate ν‡. The Eckart tunneling correction
factor (κ) can then be calculated from

e
k T

p E e E( ) d
H

E k T

b 0

/
f

,0K

b∫κ =
Δ ∞

−
‡

(11)

Kinetic and Statistical Thermodynamical Package (KiSThelP)
uses a 15-point Gauss−Laguerre integration to evaluate eq 11.
This methodology has previously been used to estimate the
intramolecular tunneling contributions of Criegee intermediate
reactions, in addition to many other bimolecular reactions in
which proton tunneling occurs.45,58−61 This technique has also
been verified herein, through comparison with semiclassical
on-the-fly instanton methods.
Direct comparisons between the Criegee intermediate

reaction rates generated in this study, and other atmospheric
bimolecular reaction rates, are facilitated by the computation of
coreactant concentration-dependent rate constants (keff),
where57

k k coreactanteff total= [ ] (12)

3. RESULTS
This study investigates the reaction pathways and reaction
rates of the most tropospherically abundant alcohols, namely,
methanol (MeOH or CH3OH), ethanol (EtOH, C2H5OH),
and isopropyl alcohol (iPrOH, (CH3)2CHOH) with a range of
different sCIs shown in Figure 1.
The sCIs investigated in this study are chosen for two

purposes. First, many of the sCIs (1−22) are generated in the
ozonolysis of tropospherically abundant alkenes; for example,
the smaller sCIs (1−4) are formed from the ozonolysis of
ethene, propene, and butene that are typically anthropogenic

emissions and are abundant in polluted environments.62 sCI−
Alcohol (1−4) reaction kinetics have also been determined
experimentally and are used to benchmark our methodology.
Several of the larger sCIs (13−20) are generated from the
ozonolysis of isoprene, which is the most globally abundant
alkene, arising predominantly from biogenic foliar emissions, in
forested, pristine environments.63

Second, a subset of the sCIs are chosen for which the
carbonyl oxide substituents significantly modify the electronic
character of the carbonyl oxide moiety. It is well-understood
that the Criegee intermediates exhibit mixed biradical and
zwitterionic character, with the zwitterionic component
dominant. However, the degree of zwitterionic character can
be tuned somewhat by modifying these carbonyl oxide
substituents, for example, by extending the degree of carbonyl
oxide (hyper)conjugation (11−20) or by substitution with
electronegative species such as halogens (5−10 ,
22).21,22,45,64−67 The degree of zwitterionic character can be
approximated by the ratio between the ROO and RCO bond
lengths (q), where a larger ratio is indicative of more double-
bond character in the C−O bond and, thus, the sCI being
more zwitterionic in nature.
Several typical sCI−alcohol reaction pathways are illustrated

in Figure 2, for the R1CH3COO + R2OH reaction. The first
channel, common to all sCI−alcohol reactions, leads to the
formation of α-alkoxyalkyl hydroperoxides (AAAH), as
previously reported, via a prereaction complex and low-energy
transition state.39,40,43 The prereaction complex is stabilized by
a hydrogen-bonding interaction between alcohol hydrogen and
the carbonyl oxide terminal oxygen. After complexation, the
reactants are positioned for the insertion of the carbonyl oxide
into the alcohol O−H bond.
In cases where the sCI has an α-methyl group, the reaction

can also proceed through a second competitive channel, in
which the alcohol catalyzes the production of a vinyl
hydroperoxide (VHP), ultimately leading to the unimolecular
decomposition of the sCI. This alcohol-catalyzed reaction is
analogous to those previously demonstrated for water−sCI
reactions.22 In most cases, each sCI−alcohol reaction exhibits

Figure 1. Structures of stabilized Criegee intermediates computed
herein. In each case, reaction rates with methanol are evaluated.
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Figure 2. Illustrative potential energy surfaces of possible reaction channels between stabilized Criegee intermediates and alcohols. In most cases
there are multiple reaction channels for each set of reactants. The VHP channel is only accessible if the sCI has an α-methyl group.

Table 1. Criegee Intermediate Number (sCI); Alcohol (ROH); Ratio between OO and CO Bond Lengths on the Carbonyl
Oxide Moiety (q); Zero-Point Corrected Energies of Prereaction Complex (ΔZPEPRC) and Lowest Transition State (ΔZPETS);
Total Rate Constant Per Channel [ktotal = ∑(Keq·k2)]; Contribution of Tunneling to Channel [κcontr = ∑(Γ × κ)]a

sCI ROH q ΔZPEPRC (kJ mol−1) ΔZPETS (kJ mol−1) ktotal (cm
3 molec−1 s−1) κcontr

1 MeOH 1.078 −28.15 −3.81 1.17 × 10−14 1.10
EtOH −28.65 −7.42 6.17 × 10−14 1.09
iPrOH −28.55 −4.51 1.21 × 10−14 1.08

2 MeOH 1.084 −29.41 10.04 1.82 × 10−17 1.17
−29.41 27.19 1.09 × 10−18 25.32

3 MeOH 1.093 −35.13 −17.73 2.09 × 10−12 1.16
4 MeOH 1.091 −34.42 1.21 5.63 × 10−16 1.36

−34.42 25.32 5.81 × 10−18 37.32
5 MeOH 1.113 −30.42 −15.16 7.62 × 10−13 1.07
6 MeOH 1.136 −38.52 −32.22 8.66 × 10−10 1.02
7 MeOH 1.164 −41.27 −40.51 1.96 × 10−8 b 1.00
8 MeOH 1.082 −26.80 10.09 1.10 × 10−17 1.13
9 MeOH 1.104 −35.45 −23.11 6.50 × 10−12 1.09
10 MeOH 1.093 −27.28 −3.60 2.40 × 10−15 1.12
11 MeOH 1.075 −22.92 10.09 4.01 × 10−17 1.36

EtOH −21.30 7.45 9.74 × 10−17 1.31
iPrOH −20.83 6.16 7.51 × 10−17 1.29

12 MeOH 1.084 −31.32 −17.43 1.72 × 10−12 1.54
EtOH −32.42 −21.01 6.51 × 10−12 1.53
iPrOH −33.25 −20.84 2.48 × 10−12 1.63

13 MeOH 1.065 −24.65 14.66 4.04 × 10−18 2.14
−24.65 36.41 4.04 × 10−20 46.83

14 MeOH 1.075 −25.18 7.31 3.66 × 10−17 1.85
−25.18 30.82 2.61 × 10−19 35.66

15 MeOH 1.076 −33.16 −9.96 1.61 × 10−13 1.75
16 MeOH 1.079 −28.19 −15.88 5.10 × 10−13 1.39
17 MeOH 1.070 −31.88 0.79 1.19 × 10−15 2.14
18 MeOH 1.069 −22.75 8.44 3.95 × 10−17 1.55
19 MeOH 1.078 −30.57 3.55 3.75 × 10−16 1.37
20 MeOH 1.065 −20.69 13.42 4.81 × 10−18 1.28
21 MeOH 1.186 −57.50 −30.31 3.59 × 10−10 b 1.49
22 MeOH 1.174 −54.01 −44.31 4.20 × 10−8 b 1.40

aΓ is branching ratio; VHP channels in bold and italic fonts. bExceeds the gas collision limit found in Supporting Information Table S2.
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multiple transition states, distinguished by the orientation of
the alcohol relative to the sCI. Therefore, the total reaction
rate is computed as the sum of individual reaction rates for
each transition state. The number of transition states typically
increases as the geometric size and complexity of the sCI−
alcohol system increases. Table 1, below, displays data
computed using the methodologies outlined in Section 2, for
all the sCI−alcohol reactions investigated in this work.

4. DISCUSSION
I. Effect of Alcohol Substitution. The reactions of

CH2OO with methanol (MeOH), ethanol (EtOH), and
isopropyl alcohol (iPrOH) show little difference in prereaction
complex energy but exhibit slight differences in transition-state
energies. The lowest-energy transition state, in each case, is
lower than the energy of the reactants. The reaction with
methanol displays the highest barrier followed by isopropyl
alcohol and then ethanol. These relative barrier heights are
reflected in the computed rate constants for the reactions of
CH2OO with methanol, isopropyl alcohol, and ethanol being
1.17 × 10−14, 1.21 × 10−14, and 6.17 × 10−14 cm3 molecule−1

s−1, respectively. These values are in qualitatively good
agreement with experimentally determined rate constants,
generated using flash photolysis techniques (1.4 × 10−13, 1.9 ×
10−13, 2.3 × 10−13 cm3 molecule−1 s−1 at 295 K, 90 Torr) and
match the trend in reactivities.40 These values are also in good
agreement with those reported by Orr-Ewing and co-workers,
for the reactions of CH2OO with MeOH and EtOH of 1.04 ×
10−13 and 1.16 × 10−13 cm3 molecules−1 s−1 (at 293 K, 9.99
Torr).39 It is worth noting that the experimental values are
reported at nonstandard temperatures and pressures. Because
of multiple transition states, CH2OO reacts faster with iPrOH
than MeOH, in line with experimental results, demonstrating
the necessity of exploring more than a single, or lowest-energy,
reaction pathway when modeling sCI chemistries.
The computational methodologies used herein are further

benchmarked against the temperature dependences reported
for CH2OO + MeOH, CH2OO + EtOH, and (CH3)2COO +
MeOH by Orr-Ewing and co-workers. Both CH2OO reactions
exhibit a negative temperature dependence between 255 and
327.8 K, consistent with a low-energy reaction barrier at 9.99
Torr pressure. However, the reaction of (CH3)2COO showed

a mixed temperature dependence, with an inflection point at T
= 285 K. Figure 3 illustrates the computed temperature
dependence of these reactions, which once again show good
qualitative agreement with experiment, matching these trends
in temperature dependences and giving rise to a mixed
temperature dependence for the reaction of (CH3)2COO +
MeOH. The mixed temperature dependence arises from the
dominant TSAAAH 1 having an energy close to the reactants, as
well as from multiple transition states contributing to ktotal. At
low temperatures ktotal is dominated by contributions from
TSAAAH 1. As the system temperature increases, beyond the
modeled inflection point at T = 255 K, other reaction pathways
begin to contribute significantly to the total rate, making ktotal
increase sharply. As observed in Supporting Information
Figures S1 and S2, the experimental rate constants for
(CH3)2COO + MeOH at 9.99 Torr show trends as a function
of temperature that are also consistent with computed values at
this pressure, and these computed values are mostly within 1
order of magnitude of the experiments. It is also clear that the
potential energy surfaces computed in this work provide a
good model of sCI reactivity, and that may be used to predict
the reactivity and relative reaction rates of sCI−alcohol
reactions that have not yet been directly observed
experimentally. This is also confirmed by a comparison of
the rates and Gibbs free energies in the sensitivity study in
Supporting Information Table S1.
As highlighted above, this work demonstrates that alkyl

substitution of the alcohol has little impact on ktotal, particularly
compared with carbonyl oxide substitution, which alters the
reaction rate by many orders of magnitude (Table 1). This
invariance in the rate constant with respect to choice of alcohol
is maintained when the sCI is sterically bulky, illustrated by the
reaction rates of syn/anti-PhCHOO, and the relative trend in
reactivity is also maintained (kMeOH < kiPrOH < kEtOH). Because
of the lack of variation in reaction rate as a function of
changing alcohol, this study focuses instead on investigating
the effect of different carbonyl oxide substituents.

II. The Effect of sCI Conformation on Reaction Rates.
Criegee intermediates have been shown to demonstrate
remarkably different unimolecular and bimolecular reactivities
based upon their conformation. An illustration of this can be
found in the case of CH3CHOO (Figure 4), which has two

Figure 3. Theoretical temperature dependence of sCI−alcohol reactions: CH2OO + MeOH (black) and CH2OO + EtOH (red) (a); (CH3)2COO
+ MeOH (green) (b). (insets) Experimental temperature dependences, taken from the work of Orr-Ewing and co-workers (∼10 Torr). It is worth
noting that the computed values are at standard pressure. Figures S1 and S2 show analogous plots in which the computed rate constants are
generated at p = 9.99 Torr.
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distinct conformeric forms, namely, syn-CH3CHOO [Figure
4a] and anti-CH3CHOO [Figure 4b]. These conformers have
a high barrier to interconversion (∼160 kJ mol−1) causing each
to have their own distinct bimolecular reaction chemistry, and
reaction rates that often differ by orders of magnitude, for
example, in the cases of reactions with SO2, H2O, and
NO2.

66,68 Figure 4 demonstrates that this chemical distinction
is similarly observed in the reaction of CH3CHOO with
methanol.
Figure 4 shows the reaction coordinate of syn-CH3CHOO

with methanol exhibits a low-energy prereaction complex
(−29.4 kJ mol−1), with a geometry similar to the prereaction
complex of (CH3)2COO with methanol. The syn-CH3CHOO
reaction has a high-energy transition state (+10 kJ mol−1)
resulting in a rate constant of ktotal = 1.93 × 10−17 cm3

molecule−1 s−1. The anti-CH3CHOO prereaction complex
(see Figure 4) is slightly higher in energy than that of syn-
CH3CHOO with geometric parameters more comparable with
those of the CH2OO reaction with methanol. In this case,
however, although the prereaction complex is less stable, the
reaction barrier is lower in energy (−17.73 kJ mol−1), leading
to a bimolecular rate constant 5 orders of magnitude greater
than the syn conformer (ktotal = 2.09 × 10−12 cm3 molecule−1

s−1). The pressure-adjusted theoretical value for anti-
CH3CHOO and methanol (ktotal (p = 250 Torr, T = 295 K)
= 6.38 × 10−12 cm3 molec−1 s−1) shows good agreement with
the experimentally determined rate constant, recorded by Lin
and co-workers of 5 × 10−12 cm3 molec−1 s−1, while the syn-
CH3CHOO reaction was not recorded.43

This trend in reactivity is observed throughout the series of
monosubstituted sCIs interrogated in this work (5/6, 8/9, 11/
12, 15/19, and 16/20); the syn conformer always exhibits a
lower reaction rate constant (ktotal) compared to its anti
conformer (Table 2), despite the latter all exhibiting two
transition states. The trends in rate constants observed by

varying the electronegativity of the substituents for mono-
substituted sCIs are also observed for disubstituted sCIs.
The complex isoprene-derived sCIs conformers 15 and 16

are carbonyl oxides with unsaturated alkene groups in the anti
position. Because of the conjugated nature of the molecules,
they have a high barrier to interconversion and display distinct
bimolecular reaction rates, such that the sCI(16)−alcohol
reaction rate is 2 orders of magnitude faster than that of 15.
The same trend is also observed for sCI entries 17 and 18.

III. Effect of sCI Substitution on the Reaction Rates.
Criegee intermediate reactivity can be readily tuned by altering
the electronic character of the carbonyl oxide group through
substitution. sCIs with greater zwitterionic character typically
exhibit greater reaction rate constants, as previously demon-
strated for bimolecular sCI reactions with water (monomers
and dimers), H2, and SO2.

18,20,66,67 This trend is observed
throughout the reactions investigated in this study: Figure 5
demonstrates a positive correlation between sCI ROO/RCO
bond ratio and the methanol bimolecular reaction rate
constant (ktotal).

This trend can be rationalized by considering the relative
heights of the reaction barriers, where disubsituted sCIs,
substituted with electron-withdrawing groups that increase the
zwitterionic character of the intermediate, have lower energy
transition states. For example, sCIs such as F2COO, and
Cl2COO have larger ROO/RCO bond ratios (values) and lower
transition states (Table 2), which give rise to reaction rates as
in other theoretical analyses.20,45 The rate constant increases
by orders of magnitude (k(CH3)2COO < kCl2COO ≪ kCF2OO),
showing that increasing the electronegativity of sCI sub-
stituents serves to significantly increase bimolecular rate
constants. For CI7, CI21, and CI22 reactions with MeOH,

Figure 4. Computed reaction coordinates of syn-(CH3)CHOO (a)
and anti-(CH3)CHOO (b) with MeOH.

Table 2. Comparative Tunneling Factors for Unimolecular Uncatalyzed sCI Decomposition

κ (CI 2) κ (CI 14)

T
(K)

Wigner
function

Eckart
function

instanton method DFT
(N = 256)

instanton method CCSD(T)
(N = 16)

Wigner
function

Eckart
function

instanton method DFT
(N = 128)

160 9.76 2.46 × 109 8.12 × 108 1.52 × 1010 9.93 9.12 × 109 1.08 × 109

260 4.32 489.9 284.55 948.4 4.38 690.3 317.53
360 2.73 10.53 13.62 21.35 2.76 11.49 15.93

Figure 5. Relationship between ratio between OO and CO bond
lengths on the carbonyl oxide moiety (q) and sCI-MeOH rate
constant (ktotal). The plot demonstrates the correlation between (q),
an approximate measure of the zwitterionic character of the sCI, and
reaction rate.
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all exceed the gas collision limit as shown at Supporting
Information Table S2.
Although there is a trend between electronic character and

reactivity, there are exceptions, where steric repulsion from
bulky substituents prevents access to the carbonyl oxide
moiety. Orr-Ewing and co-workers demonstrated that the
reaction of methanol with (CH3)2COO (k(T=292.6K, P=9.99 Torr) =
4.29 × 10−14 cm3 molec−1 s−1) is significantly slower than the
reaction of methanol with CH2OO (k(T=292.6 K, P=9.99 Torr) = 1.04
× 10−13 cm3 molec−1 s−1).39 Here it is demonstrated that the
(CH3)2COO bimolecular reaction coordinate has a positive
reaction barrier, whereas the CH2OO bimolecular reaction has
a somewhat less stable prereaction complex but has low-energy
transition state. These changes to the potential energy surfaces
are analogous to those discussed in the previous section
pertaining to syn-/anti-CH3CHOO and can be attributed to
the methyl groups creating steric hindrance to nucleophilic
attack that offsets the greater zwitterionic character of

(CH3)2COO (ROO/RCO = 1.091) compared to CH2OO
(ROO/RCO = 1.078).

IV. VHP Channel and the Effect of Tunneling.
Stabilized Criegee intermediates 2, 4, 13, and 14 all possess
an α-methyl group relative to the terminal oxygen and
therefore can undergo a 1,4-hydrogen shift mechanism leading
to unimolecular decomposition. The transition state in these
reactions is characterized by light atom (H atom) motion, and
as such, it is anticipated that tunneling could facilitate
increased unimolecular decomposition rates. Further, previous
studies have shown that hydroxyl-containing species, such as
H2O, may catalyze this unimolecular decomposition, by
reducing the energetic cost of the 1,4-hydrogen transfer
processes leading to production of alkyl hydroperoxides.21,22

Although the uncatalyzed reactions typically exhibit slow
reaction rates at room temperature, these catalytic pathways
may become competitive with bimolecular reaction pathways,
as in the case of the water-catalyzed reactions, where branching
ratios (Γ) to this decomposition channel are as high as 0.13.

Table 3. Effective Bimolecular Rate Constants for sCIs with a Range of Tropospheric Constituentsa

CI co-reactant [co-reactant] (molec/cm3) ktotal (cm
3 molecule−1 s−1) keff (th) (s

−1) kexp (cm
3 molecule−1 s−1) keff (ex) (s

−1) refs

1 MeOH 8.4 × 1011 1.2 × 10−14 0.0101 1.4 × 10−13 0.12 this work, 40
EtOH 4.3 × 1012 6.2 × 10−14 0.27 2.3 × 10−13 0.099 this work, 40
iPrOH 1.1 × 1012 1.2 × 10−14 0.013 1.9 × 10−13 0.021 this work, 40
H2O 6.2 × 1017 3.5 × 10−15 2.2 × 103 1.3 × 10−15 806 67, 78, 79
(H2O)2 4.0 × 1014 2.3 × 10−10 9.3 × 104 7.5 × 10−12 3.0 × 103 18, 67, 78
O3 6.0 × 1011 4.0 × 10−13 0.24 6.7 × 10−14 0.040 80−82
SO2 8.7 × 1010 5.1 × 10−10 44.4 3.9 × 10−11 3.4 66, 83, 84
CO 5.1 × 1013 2.0 × 10−21 1.0 × 10−7 unknown unknown 43, 66
NO2 7.0 × 1014 4.4 × 10−12 3.1 × 103 1.5 × 10−12 1.1 × 103 66, 85
CO2 1.0 × 1016 3.5 × 10−19 3.5 × 10−3 <10−17 <0.2 57, 86
HNO3 1.1 × 1011 5.1 × 10−10 57 5.4 × 10−10 60 87−89
HCOOH 3.1 × 1011 1.0 × 10−10 31 1.1 × 10−10 2.7 90, 91
CH3COOH 3.9 × 1010 unknown unknown 1.3 × 10−10 16 90, 92
CF3COOH 2.9 × 104 1.9 × 10−10 b 5.4 × 10−6 b 3.4 × 10−10 9.7 × 10−6 93, 94
HCl 3.2 × 1010 4.1 × 10−11 1.3 4.6 × 10−11 1.5 88, 95

2 MeOH 8.4 × 1011 1.9 × 10−17 1.6 × 10−5 unknown unknown this work
(H2O)2 4.0 × 1014 1.4 × 10−12 278 unknown unknown 18, 67
SO2 8.7 × 1010 unknown unknown 2.4 × 10−11 2.1 68
[thermal decomposition] 166 79
HCOOH 3.1 × 1011 unknown unknown 2.5 × 10−10 78 90
CH3COOH 3.9 × 1010 unknown unknown 1.7 × 10−10 6.7 90

3 MeOH 8.4 × 1011 2.1 × 10−12 1.8 5 × 10−12 4.2 this work, 43
(H2O)2 4.0 × 1014 1.1 × 10−09 4.2 × 105 4.4 × 10−11 1.8 × 104 18, 67, 96
SO2 8.7 × 1010 unknown unknown 6.7 × 10−11 5.8 68
HCOOH 3.1 × 1011 unknown unknown 5.0 × 10−10 160 90
CH3COOH 3.9 × 1010 unknown unknown 2.5 × 10−10 9.9 90

4 MeOH 8.4 × 1011 5.7 × 10−16 4.7 × 10−4 4.3 × 10−14 0.036 this work, 39
(H2O)2 4.0 × 1014 7.0 × 10−13 280 <1.3 × 10−13 <52 18, 67
SO2 8.7 × 1010 4.0 × 10−10 34 1.3 × 10−11 1.1 18, 97
HCOOH 3.1 × 1011 unknown unknown 3.1 × 10−10 97 98
CH3COOH 3.9 × 1010 unknown unknown 3.1 × 10−10 12 98
CF3COOH 2.9 × 104 1.9 × 10−10 b 5.4 × 10−6 b 6.1 × 10−10 1.7 × 10−5 93

15 MeOH 1.7 × 1012 1.6 × 10−13 0.27 unknown unknown this work
(H2O)2 4.0 × 1014 3.3 × 10−12 1.3 × 103 unknown unknown 18, 67
CF3COOH 2.9 × 104 1.9 × 10−10 b 5.4 × 10−6 b unknown unknown 93

16 MeOH 1.7 × 1012 5.1 × 10−13 0.87 unknown unknown this work
(H2O)2 4.0 × 1014 2.2 × 10−11 8.8 × 103 unknown unknown 2, 5

aWhere available, computed rate constants [keff(th)] with experimental values [keff(ex)]. Tropospheric concentrations and experimental rate
constants are taken from the references shown in the final column. bReaction rate constants based upon previously reported ΔGTS all exceed the
computed gas collision limit, and so only this collision limit is reported here.
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Analogous methanol-catalyzed unimolecular channels (Fig-
ure 2) were identified in this work. In each case [2, 4, 13, and
14] a low-energy decomposition pathway exists, where a 1,4-H
shift leads to the formation of a VHP, which may then undergo
subsequent O−O bond fission to form an OH radical and an
alkoxy radical.7,69−71 The transition states for these catalytic
channels are dominated by concerted hydrogen shifts between
the sCI and the alcohol, again leading to the assertion that
tunneling may increase observed reaction rates. Where these
channels exist, they are reported in Table 2.
To investigate the effects of catalyzed unimolecular

decomposition, tunneling constants are computed using an
asymmetric Eckart function treatment that takes into account
the potential energy barrier width, unlike a more simplistic
Wigner approach, which accounts only for the magnitude of
the imaginary frequency of the transition state. The validity of
this methodology is tested against two Criegee intermediate
test cases, namely, the tunneling contributions for uncatalyzed
unimolecular decomposition of CI 2 and CI 14, at multiple
temperatures. For each system, tunneling factors are evaluated
using a simplistic Wigner approach, the Eckart function
treatment, and a more complex and accurate instanton-based
approach.
Briefly, implemented in the MOLPRO computational suite,

the semiclassical on-the-fly instanton method proceeds by
optimizing the structure of a ring-polymer bead potential,
which is described by a number of N beads that straddle the
transition state, coupled by an effective harmonic potential.54

These “beads” are simply geometries close to the transition
state path. The instanton path, that is, the path of least action,
is found by optimizing this potential for an increasing number
of beads. As N → ∞, the Eyring and instanton rate equations
approach their exact values, at the cost of increasing the
computational expense of the calculation. The optimized bead
potential can then be used to calculate the action of the
instanton path (the tunneling constant) and estimate the
reaction rate constant, inclusive of tunneling. This method-
ology, coupled with high-level electronic structure theory, can
be expected to capture accurate estimates of the tunneling
enhancement of reaction rate, but it is not suitable for
extensions to the larger molecular systems due to the
computational cost. Here, calculations were performed using
DF-DFT//B3LYP/cc-pVTZ and CCSD(T)/cc-pVTZ levels of
theory. For more details, the reader is referred to refs 72−76.
As expected, both the Eckart function methodology and the

instanton approach appear to provide a much more reasonable
description of the tunneling factor than the simplistic Wigner
approach, consistent with those reported for water-catalyzed
reactions. The similarity of the Eckart and instanton tunneling
factors, with discrepancies of less than 1 order of magnitude,
demonstrates that the Eckart approach is suitable for use in
Criegee intermediate systems. Including tunneling contribu-
tions to catalyzed unimolecular decomposition, the total
branching ratio (Γ) for the VHP channel still only reaches
0.057 in the case of CI 2. For sCIs 4, 13, and 14, the VHP
branching ratio is less than 0.011, again despite large tunneling
constants (κCI13 VHP channel 1 = 94.79), illustrating that the
alcohol-catalyzed unimolecular decomposition is relatively
unimportant for all sCI−alcohol reactions. The Eckart
tunneling constant has also been computed for all bimolecular
AAAH channels, giving values ranging from 1 to 2.44,
predominantly due to the mixed heavy atom motion at the
transition states for these channels, which, as anticipated,

prevents significant tunneling contributions. In the case of
(CH3)2COO, the computed VHP channel branching ratio is
0.010, with almost no tunneling contribution to the
bimolecular reaction channel (κEckart = 1.35). These results
are consistent with experimental measurements that show little
change in the reaction rate of (CH3)2COO with methanol,
upon alcohol deuteration, at 282.5 K < T < 328.5 K.39

Of the reactions studied, only the reaction of syn-
CH3CHOO with methanol shows a competitive unimolecular
decomposition channel, mainly due to the low-energy barrier
for this hydrogen shift pathway, rather than an exceptionally
high tunneling constant.

V. Atmospheric Implications. Table 3 shows the effective
rate constants (keff) of the sCI−alcohol reactions, in
comparison to other trace atmospheric species, using
concentrations found in Sao Paulo (atmospheric humidity
∼80%). In each case, the coreactant in eq 11 is an alcohol, with
concentrations of 34.1, 176.3, and 44.2 ppbv for methanol,
ethanol, and isopropyl alcohol, respectively.77

To consider the atmospheric implications of these results,
sCI−alcohol reaction rates should be considered at both a local
and global level. On a global level, sCI bimolecular reactions
with water vapor, bimolecular reaction with trace tropospheric
species, and unimolecular decomposition are more significant
loss processes for Criegee intermediates due to low alcohol
abundances. Despite this, Orr-Ewing and co-workers suggest
that in those local areas where alcohol and alkene emissions are
both high, for example, in rainforests, sCI−alcohol reactions
may be a significant source of AAAHs (∼30 Gg yr−1)39

In standard urban environments, such as Osaka in Japan,
methanol, ethanol, and isopropyl alcohol concentrations are
typically ca. 5−10 ppbv, such that sCI−alcohol reactions are
again not competitive with other sCI reactions with tropo-
spheric pollutants, like SO2/NO2. Organic and inorganic acid
reactions with sCIs are competitive with OH radicals, as
demonstrated by the review by Khan and co-workers.99

However, in cities where biofuel use is prevalent, both
tropospheric alcohol and ozone concentrations are in-
creased.100 The effective rate of reaction (keff) is therefore
also evaluated using the alcohol concentrations of Sao Paulo,
Brazil ([MeOH] = 34.1 ppbv, [EtOH] = 176.3 ppbv and
[iPrOH] = 44.2 ppbv).11 Under these tropospheric conditions,
sCI−alcohol reactions begin to compete with, but still do not
dominate, sCI removal, which are still predominantly lost
through reaction with water or water dimer, regardless of sCI
size or complexity.101 However, the increased keff under these
conditions again suggests that sCI−alcohol reactions should be
a significant source of AAAH’s and that AAAH concentrations
may well be elevated in these urban environments, where
biofuel use is prevalent.

VI. Conclusion. High-level, ab initio computational
chemistry has been utilized to analyze the bimolecular gas-
phase reactions of 22 different stabilized Criegee intermediates
with common tropospheric alcohols. These sCI−alcohol
reactions follow one of two major channels: the dominant
channel proceeds through a prereaction complex and then
traverses a low-lying transition state leading to the formation of
AAAHs. The second channel is an alcohol-catalyzed
unimolecular decomposition of sCIs into vinyl hydroperoxides.
This second channel is only accessible to sCIs with an α-
methyl group.
In the first pathway, accessible to all sCIs, substitution of the

alcohol coreactant has little influence on the reaction rate.
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Comparison between theoretical and experimental rate
constants for the reaction of CH2OO with methanol, ethanol,
and isopropyl alcohol show good agreement, with the
computational results matching the experimentally observed
trend in reactivity (methanol > isopropyl alcohol > ethanol).
The agreement between theory and experiment is even more
remarkable when comparing the temperature dependence of
these reactions. The computational potential energy surfaces
generated in this work lead to reaction kinetics that clearly
reproduce the negative temperature dependences of the
reactions of CH2OO with methanol and ethanol and also
illustrate the mixed temperature dependence of (CH3)2COO
with methanol. This latter reaction can only be modeled
accurately by considering the multiple low-lying reactive
transition states.
In all of the reactions studied in this report, it is the barrier

height of the lowest transition state that dominates the reaction
kinetics, and the barrier height can be attributed to several
different factors. Steric bulkiness of the sCI substituents leads
to a reduction in sCI−alcohol reaction rate, and the more
electronegative the sCI substituents, or more conjugated, the
zwitterionic character of the carbonyl oxide moiety increases,
which leads to an increase in in sCI−alcohol reaction rate. In
monosubstituted sCIs, the differences in conformeric forms
also influences reaction rate, with anti-sCIs often exhibiting
several orders of magnitude increased reaction rates.
The second reaction channel is an alcohol-catalyzed sCI

decomposition pathway. Analysis of this pathway shows that
the mechanism proceeds through transition states dominated
by light atom motion, leading to significant tunneling
contributions to the reaction rates at room temperature.
However, the branching ratio for this channel never exceeds
0.067 even where tunneling is important and in reactive
systems where multiple decomposition pathways exist. This is
therefore a very insignificant atmospheric reaction channel.
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