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ABSTRACT: Alkene ozonolysis, an important source of
hydroxyl (OH) radicals in the Earth’s troposphere, proceeds
through unimolecular decay of Criegee intermediates. In this
work, infrared activation of the methyl-substituted Criegee
intermediate, syn-CH3CHOO, in the CH stretch fundamental
region (2850−3150 cm−1) is shown to result in unimolecular
decay to OH radical products. These excitation energies
correspond to only half of the transition state barrier height,
and thus the resultant 1,4 H atom transfer that leads to OH
products occurs exclusively by quantum mechanical tunneling.
Infrared action spectra recorded with UV laser-induced
fluorescence detection of the OH products reveal the four
CH stretch fundamentals and CO stretch overtone predicted
to have strong transition strength. The vibrational band origins, relative intensities, and transition types derived from rotational
band contour analyses are in good accord with theory. Distinctly different Lorentzian line broadening of the observed features is
attributed to mode-specific anharmonic couplings predicted theoretically between spectroscopically bright and nearby dark
states. The measured OH product state distribution shows a strong λ-doublet preference arising from pπ orbital alignment,
which is indicative of the vinyl hydroperoxide intermediate along the reaction pathway. The unimolecular decay of syn-
CH3CHOO at ca. 3000 cm−1 is predicted to be quite slow (ca. 105 s−1) using statistical Rice-Ramsperger-Kassel-Marcus theory
with tunneling and much slower than observed at higher energies.

1. INTRODUCTION

Hydroxyl (OH) radicals are key atmospheric oxidants that
initiate the breakdown of trace species in the Earth’s lower
atmosphere. Alkene ozonolysis is an important nonphotolytic
source of OH radicals. Both atmospheric modeling and field
studies suggest that alkene ozonolysis is the main source of
OH radicals at nighttime and a significant source (up to 24%)
during the daytime.1−5 Additionally, alkene ozonolysis is of
particular significance as a source of OH radicals in wintertime,
when low UV light levels reduce photolytic OH production.1

In boreal forests and terrestrial rainforests, where alkene
concentrations are high, up to 13% of total OH radicals are
predicted to be formed from alkene ozonolysis.5

Alkene ozonolysis proceeds by addition of ozone (O3)
across the CC double bond to form a primary ozonide
(POZ), which rapidly decomposes to a carbonyl and a
carbonyl oxide species, the latter known as a Criegee
intermediate, in a highly exothermic process.6 Upon formation
in the atmosphere, internally excited Criegee intermediates
may undergo prompt unimolecular decay to produce OH
radicals and other products. Alternatively, the Criegee

intermediates may be collisionally stabilized and undergo
thermal unimolecular decay7−9 or bimolecular reaction with
other atmospheric species including water vapor and SO2,

10−15

which may result in atmospheric aerosol formation.16,17

The atmospheric fate of the Criegee intermediates depends
on both their substituents and conformational forms. For syn-
alkyl-substituted Criegee intermediates, such as syn-
CH3CHOO, unimolecular decay proceeds via 1,4 H atom
transfer, in which an α-H atom on the syn-alkyl group transfers
to the terminal oxygen atom via a five-membered cyclic
transition state (TS), to form vinyl hydroperoxide
(VHP).8,18−20 For syn-CH3CHOO, the TS barrier has been
predicted to be 17.05 kcal mol−1 (5968 cm−1).21 Subsequent
O−O bond cleavage produces OH and vinoxy radicals, as
shown in Figure 1.8,18−20 For syn-CH3CHOO and
(CH3)2COO, unimolecular decay to OH via this mechanism
is predicted to be the dominant atmospheric loss proc-
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ess.9,21−23 For Criegee intermediates lacking an alkyl α-H
atom, such as CH2OO, this pathway is unavailable.
Unimolecular decay may still occur, but it will proceed by
alternative reaction mechanisms and lead to numerous
products.24−27

Recently, this laboratory performed energy-dependent rate
measurements for the unimolecular decay to OH products of a
series of syn-alkyl-substituted Criegee intermediates, including
syn-CH3CHOO.

21−23,28−31 In these studies, IR radiation is
used to vibrationally activate the Criegee intermediates, which
provides sufficient energy to surmount or tunnel through the
TS barrier. A variably delayed UV laser pulse then probes the
resulting OH products by laser-induced fluorescence (LIF).
Initially, these experiments were undertaken at energies in the
vicinity of the TS barrier (ca. 6000 cm−1), which are accessed
via IR excitation of vibrational transitions with two quanta of
CH stretch (2νCH). For syn-CH3CHOO, the unimolecular
decay rates are on the order of 108 s−1 in this energy regime.
The experimentally observed OH appearance rates are in near
quantitative agreement with complementary microcanonical
statistical Rice-Ramsperger-Kassel-Marcus (RRKM) rate cal-
culations incorporating quantum mechanical tunneling.21

Subsequently, OH radical products were observed following
IR activation of syn-CH3CHOO and (CH3)2COO at energies
significantly below the TS barrier (ca. 4000 cm−1). In these
experiments, IR excitation accesses combination bands
involving one quantum of CH stretch and one quantum of
another, lower frequency vibrational mode (νCH + νi). At these
energies, OH production from syn-CH3CHOO occurs at a
100-fold slower rate (106 s−1). Again, the experimentally
observed OH appearance rates are in good agreement with
microcanonical RRKM calculations incorporating tunneling. At
energies nearly 2000 cm−1 below the TS barrier, the reaction
occurs exclusively via quantum mechanical tunneling.22,23

The importance of tunneling in the unimolecular decay of
Criegee intermediates has been further verified by energy-
dependent rate measurements of a partially deuterated
isotopologue of syn-CH3CHOO, syn-CD3CHOO. In this

experiment, syn-CD3CHOO is vibrationally activated with
two quanta of CH stretch (2νCH), initiating a 1,4 D atom
transfer and resulting in OD products, which are detected by
LIF. The heavier deuterium atom slows the tunneling rate and
results in a significant energy-dependent kinetic isotope effect
(KIE) of ca. 10 at ca. 6000 cm−1.29

The experimentally verified microcanonical rate calculations
have been extended to predict thermal unimolecular decay
rates k(T) in the high-pressure limit under atmospheric
conditions. The thermal decay rate for syn-CH3CHOO at 298
K is predicted to be 166 s−1 and agrees with subsequent
theoretical predictions.22,32,33 For the selectively deuterated
syn-CD3CHOO, the predicted thermal rate at 298 K is only 3
s−1.29 The large thermal KIE provides further evidence of the
importance of tunneling in the unimolecular decay of Criegee
intermediates under atmospheric conditions.
For thermalized Criegee intermediates under atmospheric

conditions, k(T) can be represented as a Boltzmann weighted
average of the microcanonical rates k(E) over a range of
energies:34
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Here, N(E) is the density of vibrational states of the Criegee
intermediate, and exp(−E/kBT) is the Boltzmann factor
representing the population distribution of the Criegee
intermediates. While the Boltzmann factor decreases exponen-
tially with energy, both the microcanonical rate k(E) and the
density of states N(E) increase rapidly with energy. The
product of the three terms of the integrand, as shown in Figure
2, reflects the relative contribution of k(E) at different energies
to the thermal rate k(T). At 300 K, k(T) has large
contributions from energies at ∼3000 cm−1, far below the
TS barrier, further illustrating the importance of tunneling
under thermal decay conditions.22 By comparison, for
(CH3)2COO, k(T) had its largest contribution from slightly
higher energies at ca. 4200 cm−1.23

Figure 1. Reaction coordinate for the unimolecular decay of syn-
CH3CHOO. The unimolecular reaction involves a 1,4 H atom
transfer to vinyl hydroperoxide (H2CCHOOH) via a transition
state (TS), followed by dissociation to produce OH and vinoxy
radical products. Experimentally, IR radiation is used to excite syn-
CH3CHOO in the νCH region (∼3000 cm−1), which corresponds to
approximately half of the TS barrier to reaction. The OH radical
products are state-selectively detected via UV LIF.

Figure 2. Relative contributions of microcanonical rate coefficients
k(E) to the thermal decay rate coefficient k(T) for syn-CH3CHOO at
atmospherically relevant temperatures T = 260−320 K. The shaded
blocks represent energy regions in which unimolecular decay from
syn-CH3CHOO to OH has been experimentally observed: 2νCH
(blue),21 νCH + νi (yellow),

22 and νCH (red, present work).
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In this work, we demonstrate the production of OH radicals
following IR activation of syn-CH3CHOO in the CH stretch
fundamental region. We report an IR action spectrum of syn-
CH3CHOO in the 2850−3150 cm−1 region with detection of
OH products. Experimental vibrational frequencies and
transition types are compared with complementary theoretical
calculations of syn-CH3CHOO. Vibrational coupling calcu-
lations are performed to provide further insight on observed
spectral features and the first stage of intramolecular
vibrational dynamics in this energy regime. Excitation at ca.
3000 cm−1, approximately half of the TS barrier height, is
shown to result in significantly slower unimolecular decay than
observed at higher energies. Finally, a pronounced orbital
alignment of the OH products is observed that reflects the
reaction pathway leading to dissociation of syn-CH3CHOO.

2. METHODS

The syn-CH3CHOO Criegee intermediate is generated in a
pulsed supersonic expansion as described previously.20−22,35

Briefly, the 1,1-diiodoethane precursor is entrained in 10% O2/
Ar carrier gas at a pressure of 20 psi and introduced into a
quartz capillary reactor tube via a pulsed valve, where it is
photolyzed by the 248 nm output of a KrF excimer laser
(Coherent Compex Pro 50, 20 Hz, 40 mJ/pulse), which is
loosely focused along the length of the capillary tube using a
cylindrical lens. The monoiodo radical reacts with O2 to
produce the syn-CH3CHOO Criegee intermediate, which is
collisionally stabilized and cooled to a rotational temperature
of 10 K in a supersonic expansion into vacuum. Approximately
1 cm downstream, the gas mixture is intersected in the
collision-free region by counter-propagating and spatially
overlapped IR and UV laser beams. The IR pump and UV
probe are loosely focused to beam diameters of ∼1 and 3 mm,
respectively.
The tunable IR radiation excites the syn-CH3CHOO in the

CH stretch fundamental (νCH) region, initiating unimolecular
decay, and the UV laser probes the OH X2Π3/2 (v = 0) product
by LIF. The IR radiation (∼11 mJ/pulse, 7 ns full width at
half-maximum (fwhm)) is the idler output of an infrared
optical parametric oscillator/amplifier (OPO/OPA, Laser-
Vision) pumped by the 1064 nm output of an injection-
seeded Nd:YAG laser (Continuum Surelite EX, 10 Hz, 680
mJ/pulse; NP photonics Rock Fiber Laser Seeder). The
Nd:YAG pump laser is operated in seeded and unseeded
modes, giving rise to OPO/OPA bandwidths of 0.15 and 0.9
cm−1, respectively, for higher- and lower-resolution scans. The
UV probe (∼3.5 mJ/pulse, 6 ns fwhm) is the frequency-
doubled output of a Nd:YAG (Continuum Precision II 7020,
532 nm, 20 Hz) pumped dye laser (ND6000, Rhodamine 590
dye), which utilizes an autotracker (Inrad Autotracker III) with
a KDP doubling crystal. The resultant OH X2Π3/2 (v = 0, N)
radicals are probed on Q1 and P1 lines of the A2Σ+−X2Π3/2
(1,0) transition under saturated LIF conditions.36 Active
background subtraction (IR on − IR off) is implemented to
remove background OH, which arises from unimolecular decay
of energized Criegee intermediates in the capillary tube and
subsequent cooling in the free jet expansion. The OH A-X
(1,0) Q1(3) line gives the best signal-to-background ratio in
the IR action spectra. The fluorescence emitted on the OH
A2Σ+−X2Π3/2 (1,1) band is collected with a gated photo-
multiplier tube (Electron Tubes 9812QB). The output signal is
preamplified and displayed on a digital storage oscilloscope

(LeCroy WaveRunner 44Xi) interfaced with a computer for
processing.
A computed anharmonic IR absorption spectrum for syn-

CH3CHOO is evaluated at the B2PLYPD3/cc-pVTZ level of
theory using vibrational second-order perturbation theory
(VPT2) as implemented in the Gaussian 16 program suite.37

Intensities and transition types calculated before and after
variational correction to the VPT2 wave function are reported
in Table S1.
RRKM theory is also utilized to predict the statistical,

energy-dependent unimolecular dissociation rate k(E) of syn-
CH3CHOO as described previously.21,22 Tunneling is
incorporated using an SCTST model38−43 as implemented in
Multiwell.44−46 The energy-dependent microcanonical unim-
olecular dissociation rate constant k(E) at a given energy E is
given by47

σ
σ

=
*

−‡
k E

G E E
hN E

( )
( )

( )
eff

eff

0

where E0 is the TS energy barrier to reaction, G
‡(E − E0) is the

sum of states at the TS, N(E) is the density of states of the
Criegee intermediate, and h is Planck’s constant. The effective
symmetry numbers σeff for the reactants and σeff* for the TS
are 1 and 1/2, respectively. The methyl torsion is treated as a
one-dimensional hindered rotor. Previously, the energies of
syn-CH3CHOO Criegee intermediate, the TS barrier, and the
VHP necessary for the kinetic rate calculations were obtained
using high-level electronic structure theory [CCSD(T, full)/
CBS with corrections] with anharmonic zero-point energy
corrections.21 The rovibronic properties of the syn-CH3CHOO
Criegee intermediate and the TS are calculated at the
B2PLYPD3/cc-pVTZ level of theory as implemented in
Gaussian 16, and they are given in Tables S2 and S3.

3. RESULTS
The syn-CH3CHOO Criegee intermediate is vibrationally
activated at ca. 3000 cm−1 via IR excitation in the CH stretch
fundamental region. This energy is approximately half of the
TS barrier associated with the 1,4 H atom transfer that leads to
OH products. Vibrationally activated syn-CH3CHOO under-
goes unimolecular decay to OH via quantum mechanical
tunneling. The OH radical products are detected by
subsequent UV excitation and LIF. In this work, two types
of experiments are performed: (1) The IR pump laser is
scanned at a fixed IR-UV time delay to generate an IR action
spectrum of jet-cooled syn-CH3CHOO Criegee intermediates.
(2) Following IR excitation of syn-CH3CHOO at a known
feature in the IR action spectrum, the UV probe wavelength is
varied to measure the product state distribution of the resulting
OH radicals.

3.1. IR Action Spectrum. The experimental IR action
spectrum of syn-CH3CHOO with detection of OH products is
obtained by scanning the IR pump laser in the CH stretch
fundamental region at a fixed IR-UV time delay of 1200 ns.
The OH products, which result exclusively from tunneling
through the TS barrier, are detected by LIF on the OH A2Σ+−
X2Π3/2 Q1(3) transition. A low-resolution (0.9 cm−1) scan of
the IR action spectrum reveals four strong features, as shown in
Figure 3 (top panel). Following initial survey scans, subsequent
high-resolution (0.15 cm−1) scans of each feature were
performed to reveal their rotational band contours, as shown
in Figure 3 (middle panel).
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IR action spectroscopy differs from IR absorption spectros-
copy, in that IR activation of the spectral carrier must lead to
OH products in order for a signal to be observed. As a result,
the observed intensities in the IR action spectrum depend not
only on the intrinsic IR transition strengths (as in theoretically
predicted IR spectra or direct IR absorption measurements)
but also on the OH product yield at a specific time delay and,
by extension, on the OH appearance rate, as further discussed
in Section 4. Additionally, because IR activation must lead to
OH production to observe signal, it is unlikely that anti-
CH3CHOO contributes to the observed IR action spectrum.
The unimolecular decay of anti-CH3CHOO is predicted to
proceed via a 1,3 ring-closure mechanism to dioxirane with a
high calculated TS barrier of 15.3−15.7 kcal mol−1 (5355−
5495 cm−1),24,33 followed by decay to many products including
a small yield of OH.48 This pathway involves a heavy-atom
motion, does not proceed by quantum mechanical tunneling,
and therefore will not be accessible at the energy range utilized
in this work.25

The IR absorption spectrum in the νCH region is predicted
theoretically at the B2PLYPD3/cc-pVTZ level of theory using
VPT2 with variational correction to the VPT2 wave function
and is also shown in Figure 3 (bottom panel). The predicted
spectrum exhibits five strong IR transitions in this energy
region. Four of these are the fundamentals in the four CH
stretches (ν1, ν2, ν3, ν13). Of these, three involve A′ vibrations

and are predicted to be a-type (ν2) or mixed a/b-type (ν1 and
ν3) transitions, where the transition dipole moment is in the
plane of the molecule. Only one, ν13, is predicted to be a c-type
transition, involving an A″ vibration, in which the transition
dipole moment is perpendicular to the molecular plane. The
other strong transition arises from two quanta of CO stretch
(2ν4), and it is predicted to be a-type. There are several other
two-quanta transitions predicted in this energy regime, arising
from either overtones or combination bands of other lower-
frequency modes. However, on the basis of calculations at this
level of theory, none of these are predicted to have appreciable
IR intensity. Additional details on calculated transitions are
given in Table S1.

3.2. Rotational Band Contour Analysis and Vibra-
tional Assignments. Each of the features observed in the IR
action spectrum display rotational structure, although some
features have more distinctive rotational band contours than
others. Expanded views of each feature, along with rotational
band contour fits, are shown in Figures 4, 5, and S1. In all
cases, the simulations are based on experimentally determined
rotational constants, which are assumed to be unchanged upon
vibrational excitation.49 The simulations include a Gaussian
line width of 0.15 cm−1 associated with the IR laser bandwidth;
a simulation at the laser line width is also shown in each figure
for comparison. The remaining parameters of the spectral
simulations, including band origins, transition type, homoge-
neous (Lorentzian) broadening, and rotational temperature,
are determined via a least-squares fit using the PGOPHER
spectral simulation program.50 The fit parameters for each
feature are given in Table S4.
The most defined rotational band contour is observed for

the feature at 2907.8 cm−1, shown in Figure 4a. The
experimental feature is fit to an a/b (0.60/0.40) transition
type with a rotational temperature of ca. 10 K and a

Figure 3. (top) Experimental IR action spectrum at low-IR resolution
(OPO bandwidth of 0.9 cm−1) observed for the syn-CH3CHOO
Criegee intermediate in the CH stretch fundamental (νCH) region
from 2850 to 3150 cm−1 with UV LIF detection of OH products at an
IR-UV time delay of 1200 ns. (middle) Experimental IR action
spectrum of the prominent spectral features recorded at higher-IR
resolution (OPO bandwidth of 0.15 cm−1) at the same time delay.
(bottom) Computed anharmonic IR spectrum (VPT2) at the
B2PLYPD3/cc-pVTZ level of theory. CH stretch fundamentals (ν1,
ν2, ν3, and ν13) and a CO stretch overtone (2ν4) are predicted in this
energy region.

Figure 4. Expanded views of the spectral features (black) at (a)
2907.8 and (b) 3020.0 cm−1 in the IR action spectrum of jet-cooled
syn-CH3CHOO with superimposed rotational contour simulations
(red) using experimental rotational constants.49 These features are
assigned to the (a) ν3 methyl in-plane CH stretch and (b) ν2 methyl
in-plane CH stretch. Spectral simulations indicate a rotational
temperature of ∼10 K, Lorentzian line widths of (a) 0.31 and (b)
1.4 cm−1, and a/b-transition types of (a) 0.60/0.40 and (b) 0.56/0.44.
Rotational band simulations at the OPO bandwidth of 0.15 cm−1

(gray) are included for comparison.
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homogeneous (Lorentzian) line broadening of 0.31 cm−1. This
feature is assigned to the ν3 methyl in-plane CH stretch,
predicted at 2916.2 cm−1, with a calculated a/b (0.30/0.70)
transition type. Differences between the experimental and
calculated transition types for this and other features will be
discussed in Section 4.
A less-distinctive rotational band contour is seen for the

strongest experimentally observed feature at 3020.0 cm−1,
shown in Figure 4b. Here, the experimental feature is fit to an
a/b (0.56/0.44) transition type, again with a rotational
temperature of ca. 10 K. Interestingly, this feature exhibits a
significantly greater Lorentzian broadening of 1.4 cm−1, which
may arise from vibrational couplings discussed in Section 4.
This feature is assigned to the ν2 methyl in-plane CH stretch,
predicted at 3032.6 cm−1, which is calculated to be an a-type
transition.
We also observe a feature at ca. 3078 cm−1. The OPO/OPA

system exhibits a ca. 20% variation in power when scanned
across this feature, because the OPO crystals are near normal
incidence. As a result, the experimental spectrum is linearly
power-corrected. The frequency of this feature matches
reasonably well with the strong carbonyl oxide CH stretch
(ν1) predicted at 3097.4 cm−1. However, as shown in Figure 3
and Figure S1, this feature is unique in that its overall breadth
is significantly greater than the other features observed in this
region, suggesting that there may be another state coupled to
ν1. When the whole feature is fit to a rotational band contour,
we find a surprisingly high rotational temperature of ca. 20 K
compared to that observed for other syn-CH3CHOO features
in the CH stretch fundamental (νCH), combination band (νCH
+ νi), and overtone (2νCH) regions of ca. 10 K. Because the
experimental conditions are the same in this and prior
studies,21,22 it is unlikely that the rotational temperature of

this feature would be so different. A more plausible explanation
is that an adjacent, overlapping lower intensity transition (see
Figure S1) gains strength by coupling to ν1 (see Section 4.1)
and causes the feature to appear broader (fwhm of 11.5 cm−1

as opposed to a fwhm of ca. 8 cm−1 for a typical a/b-type
feature at 10 K). If we fit only the lower-frequency half of the
feature to a rotational band contour, we find a more reasonable
rotational temperature of 9.1 K, and thus we slightly favor this
option. We note that, in both cases, the fitted regions of the
3078 cm−1 feature are well-represented as mixed a/b-type
transition, consistent with the theoretically predicted ν1
transition type, and with a relatively large Lorentzian line
width of ca. 2 cm−1.
Finally, we observe a feature centered at ca. 2935 cm−1,

shown in Figure 5. The overall shape of this feature is not
consistent with a single a/b- or c-type transition; it exhibits two
quite sharp peaks and one broader peak. However, the feature
is well-represented by a fit to two overlapping transitions. One
is an a/b (0.77/0.23) type of transition with a band origin at
2934.8 cm−1. The other is a c-type transition with a band origin
at 2932.0 cm−1. The overall contour is again simulated with a
rotational temperature of ca. 10 K. Here, the Lorentzian line
width is 0.66 cm−1. However, this is likely only an estimate of
the homogeneous broadening, which is assumed to be equal
for the two overlapping features. The upper panel of Figure 5
shows the two overlapping rotational band contours and the
sum deduced in the spectral simulation. The experimental
feature is tentatively assigned to the overlapping 2ν4 (a-type)
CO stretch overtone and ν13 (c-type) methyl out-of-plane
asymmetric CH stretch, predicted at 2923.5 and 2930.9 cm−1,
respectively. Because of the different symmetries of the 2ν4
(A′) and the ν13 (A″) states, there is no coupling between
them, and the feature can be represented as a sum of two
distinct, non-interacting, but overlapping bands.

3.3. OH Product State Distributions. The rotational
state distributions of the nascent OH X2Π3/2 (v = 0, N)
products are also determined following IR activation of syn-
CH3CHOO on the ν2 and ν3 transitions at 3020.0 and 2907.8
cm−1, respectively. The UV probe laser power is sufficient to
fully saturate the OH A-X (1,0) transitions. As a result, the LIF
intensities measured on OH A-X (1,0) Q1 and P1 lines can be
directly related to the relative population of the OH X2Π3/2 (v
= 0, N) rotational levels utilizing a degeneracy term, rather
than the Hönl−London factors required in the unsaturated
case.36,51 (We were unable to eliminate a small contribution
from overlapping satellite lines.) The nascent OH X2Π3/2 (v =
0, N) rotational distribution obtained by probing A-X (1,0) Q1
and P1 lines following syn-CH3CHOO ν2 excitation is shown in
Figure 6; a similar distribution is observed upon ν3 excitation.
In both cases, the OH X2Π3/2 (v = 0, N) product distribution
peaks at N = 2−3 and falls off to higher N. (Note that the
population of N = 1 products cannot be determined due to its
very large background from OH generated in the source and
cooled in the expansion.) Similar OH X2Π3/2 (v = 0, N)
distributions are obtained upon IR excitation of syn-
CH3CHOO in the combination (νCH + νi) and CH stretch
overtone (2νCH) regions.

20

Additional information can be obtained by comparison of
the population distributions derived from Q1 and P1 lines. Each
of the OH rotational levels is split into two closely spaced λ-
doublet components, arising from the interaction between the
electronic angular momentum and rotational angular momen-
tum in OH.52−54 P1 lines monitor the Π(A′) λ-doublet and Q1

Figure 5. (lower) Expanded view of the feature centered at ca. 2935
cm−1 (black) in the experimental IR action spectrum of syn-
CH3CHOO. The superimposed rotational contour fit (red) involves
two overlapping transitions with band origins at 2932.0 cm−1 (c-type)
and 2934.8 cm−1 (a/b-type). The simulation utilizes experimental
rotational constants,49 a Lorentzian line width of 0.66 cm−1, and a
rotational temperature of ∼10 K. A simulation at the laser bandwidth
(gray) is included for comparison. (upper) Simulated rotational band
contours for the two contributing transitions: a c-type transition at
2932.0 cm−1 (blue) assigned to the ν13 methyl out-of-plane
asymmetric CH stretch and an a/b-type transition at 2934.8 cm−1

(green) assigned to the CO stretch overtone 2ν4. The sum of the two
simulations (red) is shown in both panels.
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lines probe the Π(A″) λ-doublet.52,55 The Π(A′) or Π(A″)
notation refers to whether the electronic wave function is
symmetric or antisymmetric with respect to reflection in the
OH plane of rotation.52,56 As shown in Figure 6, the Π(A″) λ-
doublet is favored over the Π(A′) level for N = 2−4, indicating
a λ-doublet population inversion.52 This preferential popula-
tion of the upper Π(A″) λ-doublet of the OH products is
observed upon IR activation of syn-CH3CHOO in three energy
regimes: CH fundamental (νCH), combination (νCH + νi), and
overtone (2νCH) regions. This preference provides dynamical
information, which is explored in Section 4.3.

4. DISCUSSION

In this study, we show that unimolecular decay of syn-
CH3CHOO can be driven by IR excitation at ca. 3000 cm−1,
which corresponds to an energy of approximately half of the
calculated TS barrier (5968 cm−1). The discussion focuses on
the mode-specific couplings between the optically bright and
nearby dark states and on subsequent intramolecular vibra-
tional redistribution among a sparse density of states (ca. 5
states/cm−1) that leads to reaction. Statistical RRKM rates
including quantum mechanical tunneling are evaluated for
unimolecular decay of syn-CH3CHOO in this deep tunneling
regime and compared with an estimate of the OH appearance
rate based on experiment. Lastly, the pπ orbital alignment of
the OH products is attributed to a dynamical effect arising
from geometric changes along the reaction coordinate leading
to products.

4.1. IR Action Spectroscopy and Vibrational Cou-
plings. The predicted IR absorption spectrum of syn-
CH3CHOO in the CH stretch fundamental region (2850 to
3150 cm−1) exhibits five strong transitions. Each of these
transitions is observed and assigned in the experimentally
observed IR action spectrum. The overall agreement between
the experimental and theoretically predicted energies of the
transitions is quite good, confirming the identity of syn-
CH3CHOO as the spectral carrier.
There are several experimental observables that provide

insight into the anharmonic couplings between vibrational
modes in this energy region. For example, the methyl out-of-
plane symmetric CH stretch, ν3, which exhibits the most
distinctive experimentally observed rotational band contour,
exhibits an experimental transition type of a/b = 0.60/0.40.
This agrees much better with the calculated deperturbed
anharmonic transition type (a/b = 0.74/0.26) than that
calculated after variational correction to the VPT2 wave
function (a/b = 0.30/0.70). This difference between the two
calculated transition types is due to the inclusion of mixing
between the first overtone of the CO stretch (2ν4) and ν3 in
the variationally corrected calculation. We note that the
experimentally observed energy separation between ν3 and 2ν4
is significantly larger than that predicted at this level of theory
(27 vs 7 cm−1, respectively). It is therefore likely that the
calculation overestimates the degree of mixing of these two
vibrational states (ν3 and 2ν4), leading to a calculated
transition type that differs from experiment when the ν3/2ν4
coupling is included.
We also observe marked differences in Lorentzian line

broadening among different features (see Table S4), which is
likely related to mode-specific coupling that initiates intra-
molecular vibrational energy redistribution (IVR). Specifically,
the methyl out-of-plane symmetric CH stretch fundamental
(ν3) exhibits the smallest Lorentzian broadening of only 0.31 ±
0.01 cm−1, while the carbonyl oxide CH stretch (ν1) and the
methyl in-plane CH stretch (ν2) show significantly larger
Lorentzian line broadenings of 1.9 ± 0.1 and 1.41 ± 0.03 cm−1,
respectively. The first overtone of the CO stretch (2ν4)
exhibits an intermediate broadening of 0.66 ± 0.02 cm−1.
However, because of the overlap of 2ν4 and the out-of-plane,
asymmetric CH stretch (ν13), the determination of the
broadening of this feature is less certain. We considered, but
cannot completely exclude, the possibility of IR power
broadening of the rotational band contours, even though we
observe a linear power dependence (Figure S2). Nevertheless,

Figure 6. (upper) Population of OH X2Π3/2 (v = 0, N) product
rotational levels derived from saturated LIF measurements on the OH
A2Σ+−X2Π3/2 (1,0) transition following IR excitation of syn-
CH3CHOO in the CH stretch fundamental (νCH) region at 3020
cm−1. OH Q1 lines (cyan) preferentially probe Π(A″) λ-doublet
levels, while OH P1 lines (black) preferentially probe Π(A′) λ-doublet
levels (top scheme). The smooth curves through the data points
represent a fit of the observed OH product rotational distribution to a
Boltzmann distribution with rotational temperature (Trot) of 365 K
for Q1 lines (cyan) and 535 K for P1 lines (black) for N = 2−5 levels.
(lower) The reduced degree of electron alignment (DEA)red deduced
for OH X2Π3/2 (v = 0, N) products following IR excitation of syn-
CH3CHOO on a CH stretch fundamental (νCH) at 3020 cm−1

(black), combination band at 4107.8 cm−1 (red), and CH stretch
overtone (2νCH) at 6082.8 cm−1 (blue).20 The purely electronic
component of the electron alignment (DEA)el (gray) in low OH
rotational levels is taken into account in the analysis. Half-filled pπ
orbital alignment of the OH product perpendicular to the OH
rotation plane (cyan) is designated as (DEA)red = −1, alignment in
the OH rotation plane (black) results in (DEA)red = +1, and no
alignment gives (DEA)red = 0. (See Section 4.3.)
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this alone would not explain the markedly different Lorentzian
line widths observed for features with similar intrinsic oscillator
strength in the CH stretch fundamental region.
In previous work on IR excitation of syn-CH3CHOO in the

2νCH and νCH + νi energy regions (ca. 6000 and 4000 cm−1,
respectively),20−22 Lorentzian line broadening was related to
the time scale for IVR following excitation of a particular
vibrational mode, which occurred on a several picosecond time
scale. Within each energy region, the many observed
spectroscopic features exhibit similar Lorentzian line broad-
enings. The spectroscopic features in the νCH + νi region
exhibit a smaller Lorentzian line broadening and corresponding
longer IVR lifetime as compared to the features in the 2νCH
region, which is consistent with a lower density of states in the
lower-energy region.
IVR is generally considered to be a tiered process; following

IR excitation of a particular spectroscopically bright vibrational
state, there is an initial energy transfer to a subset of nearby
doorway states that are strongly coupled to this bright state.
From this subset of strongly coupled doorway states, energy
can then flow into a group of states that are more weakly
coupled to the bright state, and so on through successive tiers
of states, until the entire manifold of states in the nearby
energy range is accessed and IVR is complete.57

In this work, we excite vibrational transitions at significantly
lower energy. As shown in Figure S3, the density of states in
this energy region is extremely low (ca. 5 states/cm−1) and is
on the order of the threshold vibrational state density for
IVR.58,59 As a result, there are only a few near-resonant dark
states for any given bright state. Most of these states involve
the low-frequency HCCO torsional mode (ν18, hereafter
referred to as νtor). As described in Supporting Information, we
calculate the torsional energy levels and find that a harmonic
approximation of the torsional frequency is fairly good near the
bottom of the torsional well. The torsional energy levels are
given in Table S5.
Further, in order for the first tier of IVR to occur, the bright

state must have significant coupling to a subset of these dark
states that are close in energy to the bright state. We therefore
look for specific couplings between the broadened carbonyl
oxide CH stretch (ν1) and methyl in-plane CH stretch (ν2)
and near-degenerate dark states, which could promote the
initial tier of IVR and lead to the significant Lorentzian line
broadening observed for these features. We focus on states
with two quanta in CH bends or wags that involve the same
CH bond as the stretch of interest. This choice is motivated by
the importance of 2:1 bend/stretch Fermi resonances involving
CH stretching vibrations.60,61 We are especially interested in
states involving the νtor, as torsional modes are known to
accelerate IVR.62 With these criteria in mind, we identify the ν5
+ ν14 + νtor combination state as one that is close in energy to
ν2. As ν5 and ν14 are the symmetric and asymmetric methyl
scissors, they satisfy the two quanta in the bend criterion. On
the basis of VPT2 calculations, the energy difference between
these two states is 6 cm−1. We use VPT2 to calculate the off-
diagonal coupling between these two states and obtain a
coupling matrix element of −23.6 cm−1. This excited state that
contains three quanta of excitation is not included in the VPT2
calculation as implemented in Gaussian, and as a result, the
energy and coupling are obtained outside of that code using
the approaches described in the Supporting Information.
There is a second state with three quanta, ν4 + ν14 + νtor,

which is calculated to be 9 cm−1 lower in energy than the

fundamental in the carbonyl oxide CH stretch (ν1). This state
involves excitation in the CO stretch (ν4) as well as the
asymmetric methyl scissor (ν14) and does not reflect two
quanta in bending motions of the carbonyl oxide CH. As a
result, the coupling between the carbonyl oxide CH stretch
(ν1) fundamental and this combination state (ν4 + ν14 + νtor) is
expected to be weaker, and indeed, it is calculated to be −7
cm−1 or approximately a third of the coupling involving the ν2
fundamental.
In addition, there are anharmonic couplings between the

two fundamentals and between the two combination states,
which are larger than the couplings between each fundamental
and its nearby combination state (see Table S10). A schematic
representation of the couplings is shown in Figure S4. As
discussed above, the matrix element that couples the methyl in-
plane CH stretch (ν2) fundamental to its nearby combination
state (ν5 + ν14 + νtor) is larger than the one that couples the
carbonyl oxide CH stretch (ν1) fundamental to its nearby
combination state (ν4 + ν14 + νtor). However, analysis of the
four-state system, including all of the off-diagonal couplings in
Table S10, shows that both ν1 and ν2 gain dark-state character.
This analysis is consistent with the broader Lorentzian line
widths observed experimentally for the ν1 and ν2 features
relative to other features in the IR action spectrum in this
region.

4.2. Unimolecular Reaction Dynamics. Importantly,
IVR is necessary in order for unimolecular decay to OH
products to occur following IR excitation. Previous theoretical
analysis suggests that four vibrational modes are most relevant
in the hydrogen transfer reaction leading to OH: the two out-
of-plane CH stretches (ν3 and ν13), the HCCOO ring-closing
mode (ν12), and methyl torsion (νtor).

19 In order for
unimolecular reaction to occur, anharmonic couplings must
exist between the vibrational states accessed via IR excitation
and the modes involved in the reaction coordinate. This group
measured OH appearance rates following IR excitation of 2νCH
(ca. 6000 cm−1) and νCH + νi (ca. 4000 cm−1) and found that
experimentally measured rates agreed well with RRKM rates
including tunneling. No mode-specific effects were observed.
This indicates that a statistical distribution of near-resonant
vibrational states is achieved on a significantly faster time scale
than the unimolecular reaction, which occurs on a few
nanoseconds time scale following 2νCH excitation and on a
hundreds of nanoseconds time scale following νCH + νi
excitation.
We calculate statistical energy-dependent RRKM rates k(E)

incorporating quantum mechanical tunneling via semiclassical
transition state theory (SCTST) for the 1,4 H atom transfer
reaction from syn-CH3CHOO to VHP in the CH stretch
fundamental energy region (2850−3150 cm−1). The rates are
given in Figure S5 and Table S6. The unimolecular reaction
rates in this energy regime are predicted to be slow (k(E) ≈
(1−2) × 105 s−1). As shown in Figure S3, the density of states
of the syn-CH3CHOO Criegee intermediate is quite low (ca. 5
states/cm−1) and on the order of the threshold vibrational
state density (∼10 states/cm−1) required for extensive
population relaxation by IVR under jet-cooled conditions.58,59

(By contrast, a Boltzmann distribution under atmospheric
conditions will not be subject to the initial state selectivity
arising from IR activation.) RRKM theory relies on a statistical
population of all vibrational states, which is achieved through
fast and complete IVR. With such a sparse density of states, it
is possible that IVR of syn-CH3CHOO is incomplete and that
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the unimolecular decay rates in this energy regime may differ
from RRKM theory. With incomplete IVR, mode-specific
effects may occur in the unimolecular decay rates, which could
increase or decrease the rate depending on the initial coupling
between optically bright and dark states and subsequent
coupling to modes that promote reaction. That said, the
appearance of OH products demonstrates that there is some
degree of intramolecular energy redistribution from the initially
excited CH stretches to the modes that evolve into the reaction
coordinate.
The OH appearance rate impacts the observed intensity of

spectral features in the IR action spectrum of syn-CH3CHOO.
We have shown previously that the temporal profile of the OH
products can be modeled by a dual exponential function, F(t)
= A(−exp(−(krise + kfall)t) + exp(−kfallt)). The exponential rise
comes from the unimolecular decay of Criegee intermediates,
while the fall is a purely experimental factor that arises from
syn-CH3CHOO and OH moving out of the probe region. The
exponential falloff occurs on a 1−2 μs time scale. An
exponential rise time that is significantly longer than the
exponential fall time will significantly decrease the intensity of
features observed at a fixed IR-UV time delay, because IR-
activated syn-CH3CHOO will move out of the probe region
before undergoing unimolecular decay to OH products. For
example, at a rise time of 10 μs and a typical experimental fall
time of 1.5 μs, only ca. 5% of the intrinsic intensity of a given
IR transition will be observed in the IR action spectrum at the
peak of its OH appearance time profile. This reduction in peak
intensity is illustrated in Figure S6 for a series of simulated rise
times.
When the OH rise time is longer (e.g., greater than 2 μs)

than the experimental fall time, it is not possible to
quantitatively measure the syn-CH3CHOO unimolecular
decay rate. In this limit, OH appearance time profiles will be
very similar for a variety of slow OH appearance times (see
Figure S6). Thus, we place a lower limit of 2 μs for the OH
appearance time following IR excitation of syn-CH3CHOO at
ca. 3000 cm−1.
The observed experimental intensity also gives qualitative

information about the OH appearance rates. Theoretical
intensities of CH stretch fundamentals are predicted to be
approximately an order of magnitude stronger than those for
overtones or combination bands. The experimental intensities
observed for the CH stretch fundamental transitions at a fixed
IR-UV time delay of 1200 ns (near the peak of the OH
appearance time profile) are similar in magnitude to those
observed following excitation of combination bands or
overtones under the same experimental conditions and near
the peaks of their OH appearance time profiles (ca. 500 and
100 ns, respectively). The significant decrease in the observed
OH signal following CH stretch fundamental excitation
relative to the theoretically predicted transition strength is
consistent with a slow (2 μs or slower) time scale for
unimolecular decay to OH products.
4.3. OH Orbital Alignment. An intrinsic reaction

coordinate (IRC) has been computed at the B2PLYPD3/cc-
pVTZ level of theory to obtain insight on the structural
changes that occur along the reaction pathway for 1,4 H atom
transfer of syn-CH3CHOO, starting from the five-membered
cyclic TS to the VHP (H2CCHOOH) intermediate, which
is formed prior to OO bond fission and dissociation to OH
(see Figure 1). Representative geometric structures along the
pathway shown in Figure 7 reveal a dramatic change in the

orientation of the transferred hydrogen atom and newly
formed OH bond with respect to the OOC heavy-atom plane.
At the TS, the newly formed OH bond is tilted only slightly
away from the OOC heavy-atom plane. The tilt is defined by
an HOOC dihedral angle ϕ between the HOO and OOC
planes with ϕ = 20° at the TS. However, the progression of
geometric structures along the IRC shows that the OH bond
tilts significantly out of the OOC plane to an obtuse HOOC
dihedral angle ϕ of greater than 106° for VHP. This
geometrical change along the IRC will exert a torque in the
plane perpendicular to the O−O bond axis and is expected to
induce rotational excitation of the OH radical product as the
O−O bond breaks. As a result, the OH fragment rotational
motion will be orthogonal to the elongating O−O bond axis,
which breaks and results in a half-filled pπ orbital of the OH
radical product along this axis.
The degree of electron alignment (DEA) in the OH

products,52,55

= Π ″ − Π ′
Π ″ + Π ′

DEA
(A ) (A )
(A ) (A )

can be derived from the λ-doublet preference observed
experimentally. However, the experimentally derived DEA
includes contributions from two sources: (1) dynamical
alignment effects and (2) intrinsic electronic wave function
mixing effects, (DEA)el, the latter of which occur at low-to-
moderate N as described in detail elsewhere.63 Dividing the
experimentally derived DEA for each OH product rotational
level by (DEA)el yields the reduced DEA, (DEA)red, shown in
Figure 6 (bottom panel). (DEA)red = −1 indicates that the
unpaired pπ orbital is completely aligned perpendicular to the
OH rotation plane, (DEA)red = 0 implies no alignment, and

Figure 7. IRC computed for 1,4 H atom transfer of syn-CH3CHOO,
starting from its five-membered cyclic TS, to the VHP (H2C
CHOOH) intermediate prior to dissociation to OH + vinoxy
products. The calculations are performed at the B2PLYPD3/cc-
pVTZ level of theory without zero-point energy corrections.
Representative geometric structures along the path (red points) are
shown with ϕ, the angle between the HOO and OOC planes,
increasing from an acute (20.1°) to an obtuse angle (106.5°). The
resultant torque will induce OH product rotation as the O−O bond
breaks. The OH rotation will be orthogonal to the half-filled pπ
orbital of the OH radical product (cyan), and results in preferential
population of the OH Π(A″) λ-doublet levels.
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(DEA)red = +1 shows that the unpaired pπ orbital is fully
aligned in the OH rotation plane.
The OH X2Π3/2 (v = 0, N = 2−4) product rotational states

observed upon unimolecular decay of IR activated syn-
CH3CHOO show a significant degree of pπ orbital alignment
perpendicular to the OH rotation plane. IR excitation in the
CH fundamental (νCH), combination (νCH+νi), and overtone
(2νCH) regions yield similar pπ orbital alignments. In each
case, the pπ orbital alignment is greatest for the most
populated N = 2 level with (DEA)red ≈ −1, and decreases as
the population drops off toward higher N as shown in Figure 6
(bottom panel).
The observed pπ orbital alignment perpendicular to the OH

rotation plane is consistent with the computed IRC: The newly
formed OH bond of VHP is moving out of the OOC heavy
atom plane, while rapid O−O bond breakage results in the
half-filled pπ orbital of OH in the heavy-atom plane. The
strong pπ orbital alignment observed perpendicular to the OH
rotation plane demonstrates that the VHP intermediate,
although transient, plays an important role in the unimolecular
decay of syn-CH3CHOO to OH products.

5. CONCLUSIONS
Infrared activation of syn-CH3CHOO in the CH stretch
fundamental region (2850 to 3150 cm−1) at energies ca. 3000
cm−1 below the TS for 1,4 H atom transfer and associated
unimolecular decay is shown to lead to OH radical products.
The resultant IR action spectrum acquired using UV LIF
detection of the OH products reveals all four of the CH stretch
fundamentals (ν1, ν2, ν3, ν13) and the CO stretch overtone
(2ν4) predicted to have strong IR transition strengths. The
rotational band contours of the features are analyzed to yield
band origins and transition types, which are in good accord
with theoretical predictions. Distinctly different Lorentzian line
broadening is observed for the CH stretch features, indicating
that there are mode-specific couplings between the optically
bright states and nearby states. Complementary theoretical
calculations suggest that cubic and quartic couplings to nearby
states are likely involved in this first step of IVR.
The OH X2Π3/2 (v = 0, N) product rotational levels

populated upon unimolecular decay show a strong λ-doublet
preference, indicating a significant degree of pπ orbital
alignment perpendicular to the rotation plane of the OH
products. Theoretical mapping of the reaction pathway leading
to VHP reveals that the OH bond rotates out of the heavy-
atom plane prior to O−O bond breakage. Taken together, this
is expected to lead to the λ-doublet preference observed
experimentally. This shows that the VHP intermediate, while
transient, plays an observable role in the unimolecular decay of
syn-CH3CHOO.
Statistical RRKM theory predicts slow unimolecular decay

rates (k(E) ≈ (1−2) × 105 s−1 or 5−10 μs time scale) for syn-
CH3CHOO in the 3000 cm−1 energy region. Experimentally,
unimolecular decay is too slow to be measured directly,22,23

but it is estimated to occur on a several microseconds or slower
time scale. The sparse density of states in this region (ca. 5
states/cm−1) suggests that IVR may be incomplete and that
unimolecular decay rates may exhibit deviations from statistical
behavior. Nevertheless, the appearance of OH products
demonstrates that the initially prepared CH stretch funda-
mental and CO stretch overtone states couple to nearby dark
states that lead to OH radical products via quantum
mechanical tunneling through the TS barrier.
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