
1 
 

 
 

Unimolecular decay of Criegee intermediates to OH radical products:  
Prompt and thermal decay processes 

 
Marsha I. Lestera* and Stephen J. Klippensteinb 

aDepartment of Chemistry, University of Pennsylvania, Philadelphia, PA 19104-6323 
bChemical Sciences and Engineering Division, Argonne National Laboratory, Argonne, IL 60439 

 

Conspectus 

Alkene ozonolysis is a primary oxidation pathway for anthropogenic and biogenic 
alkenes emitted into the troposphere.  It is also an important source of atmospheric hydroxyl 
(OH) radicals, often called the atmosphere’s detergent.  Alkene ozonolysis takes place through a 
highly exothermic reaction pathway with multiple intermediates and barriers prior to releasing 
the OH radical products.  This Account focuses on a key reaction intermediate with a carbonyl 
oxide functional group (-COO), known as the Criegee intermediate, which is formed along with 
a carbonyl co-product in alkene ozonolysis reactions.  Under atmospheric conditions, the initally 
energized Criegee intermediates may promptly decay to OH products or be collisionally 
stabilized prior to thermal decay to OH radicals and other products.  Alternatively, the stabilized 
Criegee intermediates may undergo bimolecular reactions with atmospheric species, including 
water vapor and sulfur dioxide, which can lead to nucleation and growth of aerosols.   

The dimethyl-substituted Criegee intermediate, (CH3)2COO, is utilized in this Account to 
showcase recent efforts to experimentally measure and theoretically predict the rates for 
prompt and thermal unimolecular decay processes of prototypical Criegee intermediates under 
laboratory and atmospheric conditions.  The experimental laboratory studies utilize an 
alternative synthesis method to efficiently generate Criegee intermediates via the reaction of 
iodoalkyl radicals with O2.  Infrared excitation is then used to prepare the (CH3)2COO Criegee 
intermediates at specific energies in the vicinity of the transition state barrier or significantly 
below the barrier for 1,4 hydrogen transfer that leads to OH products.  The rate of unimolecular 
decay is revealed through direct time-domain measurements of the appearance of OH products 
utilizing ultraviolet laser-induced fluorescence detection under collision-free conditions.  
Complementary high-level theoretical calculations are carried out to evaluate the transition 
state barrier and the energy-dependent unimolecular decay rates for (CH3)2COO using Rice–
Ramsperger–Kassel–Marcus (RRKM) theory, which are in excellent accord with the 
experimental measurements.  Quantum mechanical tunneling through the barrier, 
incorporated through Eckart and semi-classical transition state theory models, is shown to 
make a significant contribution to the unimolecular decay rates at energies in the vicinity of and 
much below the barrier.  Master equation modeling is used to extend the energy-dependent 
unimolecular rates to thermal decay rates of (CH3)2COO under tropospheric conditions (high 
pressure limit), which agree well with recent laboratory measurements [Smith et al., J. Phys. 

                                                           
* To whom correspondence should be addressed: milester@sas.upenn.edu 



2 
 

Chem. A 2016, 120, 4789 and Chhantyal-Pun et al., J. Phys. Chem. A 2017, 121, 4-15].  Again, 
tunneling is shown to enhance the thermal decay rate by orders of magnitude.  The 
experimentally-validated unimolecular rates are also utilized in modeling the prompt and 
thermal unimolecular decay of chemically activated (CH3)2COO formed upon ozonolysis of 2,3-
dimethyl-2-butene under atmospheric conditions [Drozd et al., J. Phys. Chem. A 2017, 121, 
6036-6045].  Future challenges lie in extension of these spectroscopic and dynamical methods 
to Criegee intermediates derived from more complex ozonolysis reactions involving biogenic 
alkenes. 
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Introduction 

Criegee intermediates are carbonyl oxide (R1R2COO) species generated in the 
atmosphere through ozonolysis of alkenes originating from biogenic or anthropogenic sources.1  
Alkene ozonolysis is a major pathway for removal of volatile alkenes, organic compounds with 
the largest emissions into the atmosphere after methane.2-3  Alkene ozonolysis is also an 
important source of hydroxyl radicals (OH), a key oxidant that initiates the breakdown of most 
pollutants in the lower atmosphere.  These highly exothermic ozonolysis reactions produce 
energized Criegee intermediates, some of which promptly decay to OH radicals.4-5  The 
remaining Criegee intermediates are collisionally stabilized and thermalized prior to decaying to 
OH radicals and other products.5-6  Alternatively, the stabilized Criegee intermediates undergo 
bimolecular reactions with atmospheric species, including water vapor, SO2, NO2, and acids,7-11 
which may result in aerosol formation and impact on climate.12  

The UK Torch field campaign near London in the summer of 2003 showed that alkene 
ozonolysis is responsible for about a third of the atmospheric OH radicals in the daytime and 
essentially all of the OH radicals at nighttime.13-14  The PUMA field campaign near the urban city 
centre of Birmingham, UK in 1999-2000 indicated that alkene ozonolysis accounts for nearly 
half of the OH radicals in summertime and most of the OH radicals in the wintertime.15  
Laboratory studies have indicated that the OH yield from ozonolysis of internal alkenes, with 
corresponding alkyl-substituted Criegee intermediates, is significantly greater than that from 

ethene ( 20%).1, 16-18  For example, the reported yield of OH radicals is 90% from ozonolysis of 
2,3-dimethyl-2-butene,17 often known as tetramethylethylene (TME), which proceeds though 
the dimethyl-substituted Criegee intermediate (CH3)2COO.  Moreover, (CH3)2COO can be 
generated upon ozonolysis of any alkene with a (CH3)2C= functional group, including many 
terpenes such as mycrene and terpinolene, and thus may be significant in the atmosphere. 

This Account provides an overview of recent experimental, theoretical, and master 
equation modeling studies of the unimolecular decay dynamics of the dimethyl-substituted 
Criegee intermediate (CH3)2COO to OH radical products.  This report focuses on experimental 
and computed microcanonical rates k(E) for unimolecular decay of (CH3)2COO at specific 
energies E in the vicinity of the transition state (TS) barrier and at well-defined energies 
significantly below the TS barrier, which involve quantum mechanical tunneling through the 
barrier.19-20  Master equation modeling is used to extend the results to thermal decay rates k(T) 
of stabilized Criegee intermediates at temperatures T relevant to the troposphere (high 
pressure limit), and comparison is made to recent thermal rate measurements under laboratory 
flow cell conditions.21-22  Finally, the experimentally validated microcanonical rates are utilized 
to model the prompt and thermal unimolecular decay processes for (CH3)2COO to OH 
products,23 starting from the chemically activated energy distribution for (CH3)2COO anticipated 
upon ozonolysis of TME. 

Infrared action spectra of Criegee intermediates 

This laboratory has carried out fundamental studies of the infrared action spectra and 
unimolecular decay dynamics of the dimethyl-substituted Criegee intermediate (CH3)2COO to 
OH radical products,19-20, 24-25 along with analogous studies of syn methyl- and ethyl-substituted 
Criegee intermediates.19, 26-30  Our laboratory uses an alternative synthesis method31-32 to 
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efficiently produce the Criegee intermediates via the reaction of iodoalkyl radicals, 
photolytically generated from diiodo alkane precursors, with O2 in a quartz capillary reactor 
tube prior to free jet expansion.33  We have demonstrated that vibrational activation of cold 

alkyl-substituted Criegee intermediates can be utilized to drive hydrogen transfer from an -H 
on the syn-methyl (or ethyl) group to the terminal oxygen atom, which is followed by rapid 
dissociation to OH radical products.25, 28, 30 

As illustrated in Figure 1, IR excitation of (CH3)2COO with two quanta of CH stretch (2CH) 

or one quantum each of CH stretch and another lower frequency mode (CH+i) is combined 

with sensitive UV laser-induced fluorescence (LIF) detection of the OH X2 (v=0) products to 
reveal the infrared action spectra of the Criegee intermediates under collision-free conditions.  
Unimolecular decay proceeds by 1,4-hydrogen transfer via a five-membered, ring-like transition 
state (TS) to form a methyl-substituted vinyl hydroperoxide (VHP, H2C=C(CH3)OOH) species.25  
This rate-limiting34 1,4 H-atom transfer step to VHP is followed by rapid homolysis of the O-O 
bond to form OH + methyl-substituted vinoxy (H2C=C(CH3)O) products.  An analogous pathway 
occurs for the more stable syn-conformers of CH3CHOO and CH3CH2CHOO.28, 30  A different 
reaction pathway is predicted for the simplest Criegee intermediate CH2OO, for which 
unimolecular decay involves a much higher barrier to initially form dioxirane,35 consistent with 
the lower OH yield and other products observed in corresponding ozonolysis reactions.4  The 
anti-conformer of CH3CHOO is also predicted to decay via isomerization to methyldioxirane,36 
which leads to many products including OH radicals. 

The IR action spectra of (CH3)2COO shown in Figure 2 are obtained by scanning the 
tunable IR radiation from a KTP-based optical parametric oscillator/amplifier to access CH 

overtone transitions (2CH) in the 5600-6000 cm-1 region at a fixed IR-UV time delay of 67 ns 

and combination bands (CH+i) in the 3950-4500 cm-1 region with a time delay of 1.5 s.19-20, 25  
The resultant IR action spectra reveal vibrational states with significant IR oscillator strength at 
these energies, as evident by the excellent agreement with the computed IR spectra of 
(CH3)2COO.19-20, 25  The vibrational excitation must also supply sufficient energy to surmount or 
tunnel through the barrier for unimolecular rearrangement and dissociation to OH products, 
which are detected by LIF.  A few of the features exhibit distinctive rotational band contours 
and display homogeneous broadening attributed to rapid (ps) energy randomization, known as 
intramolecular vibrational energy redistribution (IVR), following IR excitation.  Most remarkably, 
many (CH3)2COO spectral features are observed at energies considerably below the 
theoretically predicted TS barrier height of 16.16 kcal mol-1 (5651 cm-1), which is derived from 
high-level electronic structure calculations with zero-point energy (ZPE) and other corrections.19  
This was the first suggestion of significant quantum mechanical tunneling of the transferring H-
atom through the TS barrier,25 which was later validated through experimental and theoretical 
studies of the rates for unimolecular decay.19-20 

Unimolecular decay dynamics of Criegee intermediates 

We have also made direct time-domain measurements of the rate of appearance of OH 
products following vibrational activation of (CH3)2COO,19-20 and other prototypical alkyl-
substituted Criegee intermediates under collision-free conditions.19, 28-29  Infrared excitation of 
distinct features of (CH3)2COO in the 5600-6000 cm-1 region is used to prepare the Criegee 
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intermediates at specific energies in the vicinity of the TS barrier (5651 cm1).19  Similarly, 
vibrational activation of different transitions of (CH3)2COO in the 3950-4500 cm-1 region 
prepares the Criegee intermediates at discrete energies significantly below the TS barrier.20  In 
both energy regimes, the rate of appearance of OH products is measured by varying the IR-UV 
time delay with UV LIF detection of OH products.  Representative OH temporal profiles are 
shown in Figure 3 following IR activation of (CH3)2COO at 5971.0 cm-1 and 4295.6 cm-1 with OH 
appearance times (and corresponding rates) of 18.5 ± 1.0 ns (5.4 ± 0.3 x 107 s-1) and 1650 ± 220 
ns (6.1 ± 0.8 x 105 s-1), respectively.  The significantly different risetimes are taken into account 
in the fixed IR-UV delays utilized for IR action spectra (Figure 2).  The exponential fall off is 
attributed to molecules moving out of the spatial region irradiated by the UV probe laser.  It is 
separately determined at long IR-UV delay times where the exponential fall off dominates 

(95% contribution).  The rate of appearance of OH products depends sensitively on the 

excitation energy as shown in Figures 3 and4.  The appearance of OH products occurs on a tens 
of nanosecond timescale in the vicinity of the TS barrier, corresponding to rates of ca. 107 s-1.  
By contrast, the OH products appear on a 100-fold slower timescale at energies as much as 
1500 cm-1 below the TS barrier, corresponding to rates of ca. 105 s-1.   

For comparison, we carried out statistical RRKM calculations of the microcanonical 
dissociation rates for (CH3)2COO over a wide range of energies19-20 
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Here, E0 is energy of the transition state (TS) barrier, ‡
0( - )G E E  is the sum of states at the TS, 

N(E) is the density of states of the (CH3)2COO reactant, and h is Planck’s constant.  The effective 
symmetry numbers σeff are 1 for the reactant and 1/2 for the transition state.  Details of the 
high-level electronic structure and anharmonic vibrational frequency calculations are presented 
elsewhere.19  Two different tunneling models are implemented for the 1,4 H-atom transfer 
step, Eckart and semiclassical transition state theory (SCTST), with an imaginary frequency of 
1572 i cm-1 as described in previous work. 

Quite remarkably, the unimolecular dissociation rates computed for (CH3)2COO using 
statistical RRKM theory with tunneling (Eckart and SCTST) are in nearly quantitative agreement 
with the experimental rates of appearance of OH products in the 5600-6000 cm-1 region as 
shown in Figure 4.  The exquisite agreement of experiment and a priori theory validates the 
computed TS barrier height19 and tunneling rates, and also confirms that the initial vibrational 
excitation is randomized prior to unimolecular decay.  Notably, due to the presence of 
significant multi-reference character in the wavefunction for Criegee intermediates, the 
accurate prediction of the barrier height relies on the inclusion of higher-order corrections to 
the gold-standard CCSD(T) coupled cluster method.  These corrections were evaluated with the 
CCSDT(Q) method, which incorporates corrections for triple and quadruple electron excitations.  
In the 3950-4500 cm-1 region, the Eckart model predicted rates that are a little faster than 
experiment.20  As a result, the Eckart parameters were adjusted slightly (5% decrease in 
imaginary frequency and <1% decrease in TS barrer, both of which are well within the expected 
accuracy of the calculations), which gave excellent agreement with the experimental data in 
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both energy regions.  The calculations also showed that the 100-fold decrease in the 
unimolecular decay rate at energies substantially below the TS barrier is primarily due to the 
reduced tunneling probability in the H-atom transfer step.  Without including tunneling in the 
RRKM calculations, the predicted rates are dramatically different than experiment with slower 
unimolecular rates above and no reaction below the TS barrier as shown in Figure 4.   

Thermal decay of Criegee intermediates 

Master equation modeling has been used to extend the experimental and/or computed 
microcanonical decay rates k(E) to thermal decay rates k(T) of stabilized Criegee intermediates 
from alkene ozonolysis in the troposphere (high pressure limit).19-20, 28-29  The thermal decay 
rates are effectively a Boltzmann weighted average of the microcanonical rates over a range of 
energies E37 

 ( ) ( ) ( )exp( )Bk T k E N E E k T dE  

Here, N(E) is the density of states of the (CH3)2COO reactant and exp(-E/kBT) is an exponential 
Boltzmann factor representing the population distribution of the collisionally stabilized Criegee 
intermediates at a temperature T.  Evaluation of the integrand shows that energies of ca. 4000 
cm-1 in the deep tunneling regime make the largest contribution to the thermal decay rate of 
(CH3)2COO at 300 K.  Thus, the direct time-domain measurements in the 3950-4500 cm-1 regime 
provide important further validation for the theory-based thermal rate predictions. 

We have predicted the thermal decay rates k(T) for (CH3)2COO at temperatures relevant 
in the troposphere (230-300 K) in the high pressure limit20 and display the results in Figure 5.  
The Arrhenius plot (semi-log plot of k vs. 1000/T) exhibits strong curvature indicative of the 
very important role of quantum mechanical tunneling in the thermal rate.  At 298 K, we predict 
k(T) to be 276 s-1, corresponding to a decay time of ca. 3.6 ms.  The thermal rates are orders of 
magnitude faster than those evaluated without including tunneling as shown in Figure 5.  
Without tunneling, the Arrhenius plot is linear with its slope determined by the TS barrier 
height. 

Our predicted thermal rate coefficient of 276 s-1 at 298 K agrees well with two 

subsequent experimental measurements of 361  49 s-1 (298 K) and 305  70 s1 (293 K) for the 
unimolecular thermal decay of (CH3)2COO.21-22  A strong temperature-dependence in the 
thermal rate was reported from 283 to 323 K,21 which is in good accord with our master-
equation modeling including tunneling (Figure 4).20  Other recent studies, for example Newland 
et al.,38 report a ratio of the thermal unimolecular decay rate for (CH3)2COO, derived from TME 
ozonolysis, relative to its bimolecular reaction rate with SO2.  The thermal decay rates are 
extremely challenging to measure39 because of bimolecular loss from the many reactive species 
present and/or wall loss over long time scales (ms).  Similar master equation modeling has been 
performed for syn-conformers of CH3CHOO and CH3CH2CHOO, again based on experimenally 
validated microcanonical rates, yielding thermal rates of 122 and 279 s-1 at 298 K (high pressure 
limit), respectively.19, 28-29  Other purely theoretical thermal rate predictions for syn-CH3CHOO 
are 124 s-1 and 328 s-1 at 298 K.40-41 
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The thermal rates can be contrasted with the recently reported rates for competing 
bimolecular reactions of (CH3)2COO with water vapor (70% relative humidity, RH) and SO2 (ca. 
50 ppb) under atmospheric conditions with slower effective first-order rates of 10-100 s-1.22, 42  
This demonstrates that thermal unimolecular decay of (CH3)2COO to OH products will dominate 
over its bimolecular reactions with water vapor and SO2.  Vereecken et al. have computed 
unimolecular reaction rates for the decomposition of stabilized Criegee intermediates through 
a wide-range of pathways utilizing theory-based structure–activity relationships.43  For 
(CH3)2COO undergoing 1,4-H-migration, they predict a unimolecular decay rate of 478 s-1 at 298 
K, which is faster than our estimate or recent measurements.  Current atmospheric models 
assume estimated rates of 100-200 s-1 for thermal unimolecular loss of stabilized Criegee 
intermediates.44-46   

For the simplest Criegee intermediate CH2OO, thermal decay is not the dominant loss 
process in the atmosphere.  For CH2OO, other groups have recently shown that its bimolecular 
reaction with water vapor, specifically the water dimer, is the dominant tropospheric loss 
process.47-48  The bimolecular reaction of CH2OO with (H2O)2 at 70% RH at 298 K was found to 
have a very fast effective rate of 3900 s-1, which is much faster than its bimolecular reactions 
with other atmospheric species.10-11  C2H4 ozonolysis experiments have shown that the thermal 

decay rate for CH2OO is very slow at 0.19  0.07 s-1.49  This is due to the higher barrier to 

dioxirane (19.1 kcal mol-1),35 which is generally thought to be followed by transformation to 
activated (or “hot”) formic acid that fragments into OH and other products.50-51  The less stable 
anti-conformer of CH3CHOO, in which the CH3 group points away from the terminal O, also 
reacts quickly with water vapor.32, 52-53 

Prompt and thermal decay of chemically activated Criegee intermediates 

Drozd et al. have also carried out master equation modeling of the prompt and thermal 
decay of chemically activated (CH3)2COO formed upon ozonolysis of TME under atmospheric 
conditions (1 atm, 298 K).23  Again, the modeling is based on our experimentally-validated 
microcanonical rate constants k(E) for the unimolecular decay of (CH3)2COO to OH products 
(Figure 4).19-20  The energy released in the ozonolysis reaction is assumed to be statistically 
partitioned between (CH3)2COO, the carbonyl (acetone) coproduct, and translational degrees of 
freedom.  The internal energy of (CH3)2COO is also constrained to match the experimental 
pressure-dependent yields of stabilized Criegee intermediates (up to 0.3 at 1 atm) reported by 
Hakala and Donahue for TME ozonolysis at 298 K.54  The resultant chemically activated 
(CH3)2COO formed upon TME ozonolysis is estimated to have an average energy of 8500 cm-1 in 
a Gaussian-like distribution with a breadth (FWHM) of 6000 cm-1.  The chemically activated 
Criegee intermediates will undergo collisional relaxation with bath gas (N2 and O2 in air at 1 
atm) at a rate of ca. 1010 s-1, and the average energy transferred per collision is assumed to be 
ca. 250 cm-1.  Many collisions are required for thermalization and stabilization of the Criegee 
intermediates, which is estimated to occur in ca. 100 ns.  The slower bimolecular reactions22, 42 
with water vapor, SO2, or other atmospheric species are not included in the model. 

Drozd et al. focused on the time evolution of OH radical products, which separates into 

three regimes.  At early times ( 100 ns), the highest energy portion of the chemically activated 
(CH3)2COO distribution with energies above the TS barrier and k(E) > 107 s-1 will undergo prompt 
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unimolecular decay to OH products.  This occurs more rapidly than (CH3)2COO suffering more 
than a few collisions.  At intermediate times, the remaining portion of the (CH3)2COO 
distribution will be collisionally thermalized and form stabilized Criegee intermediates.  At long 
times, this stabilized part of the (CH3)2COO distribution will undergo thermal unimolecular 

decay that occurs on a much longer timescale (3 ms at 298 K and 1 atm).  As shown in Figure 
6, more than half of the OH yield (0.63) is predicted to occur by prompt unimolecular decay 
within the first 100 ns.  Next, there is a period of negligible OH formation, in which collisional 
thermalization and stabilization of (CH3)2COO is occurring, followed by the onset of thermal 

unimolecular decay at ca. 50 s.  Thermal OH production continues for ca. 30 ms, generating 
the remaining OH product yield (0.37).  As evident in Figures 4 and 5, tunneling has a significant 
impact on the prompt and thermal rates.  The prompt unimolecular decay rate of chemical 
activated (CH3)2COO is enhanced due to tunneling.  Tunneling also increases the thermal 
unimolecular decay rate of (CH3)2COO by ca. 30x under atmospheric conditions; without 
tunneling, thermal OH production would occur on much slower timescale ranging from 1 ms to 
1 s.  Very recently, Kuwata and coworkers have done further statistical modeling of the VHP, 
hydroxyacetone,55 and OH products formed upon TME and trans-2-butene ozonolysis.56 

Uncertainties in the initial energy (and angular momentum) distribution of the Criegee 
intermediate and in its rate of collision-induced energy relaxation are now the greatest 
remaining challenges to quantitatively predicting the overall branching to stabilized Criegee 
intermediate in the ozonolysis process.  A recent study has demonstrated the utility of coupling 
directory trajectories with high level ab initio transition state theory based master equation 
modeling to predict the initial energy and angular momentum distribution arising in ethylene 
ozonoloysis.57  Meanwhile, trajectory based determinations of the energy and angular 
momentum transfer kernel can be directly coupled with the 2-dimensional master equation to 
account quantitatively for the collisional relaxation process.58 

Conclusions 

Recent experimental, theoretical, and master equation modeling studies of the 
dimethyl-substituted Criegee intermediate (CH3)2COO and its unimolecular decay dynamics to 
OH radical products are reviewed.19-20, 25  Experimental measurements of the microcanonical 
rates k(E) for unimolecular decay of (CH3)2COO are obtained at specific energies E in the vicinity 
of the transition state (TS) barrier and at well-defined energies significantly below the TS 
barrier, and are shown to be in excellent agreement with RRKM calculations that include 
quantum mechanical tunneling through the barrier.  Master equation modeling is used to 
extend the results to thermal decay rates k(T) of stabilized Criegee intermediates under 
tropospheric conditions (high pressure limit), again showing the important role of tunneling.  
Finally, the experimentally validated microcanonical rates have been incorporated in a model of 
the unimolecular decay processes for a chemically activated energy distribution of (CH3)2COO 
under atmospheric conditions.23  The challenge for the future is to extend the spectroscopic 
and dynamical studies of Criegee intermediates to those derived from ozonolysis of biogenic 
alkenes.  Additional unimolecular decay pathways and reaction products are predicted to be 
important based on structure–activity relationships.43 
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Figure 1.  Reaction coordinate predicted from the (CH3)2COO Criegee intermediate to OH products.  The 
reaction follows a rate-limiting 1,4-hydrogen transfer to a methyl-substituted vinyl hydroperoxide (VHP, 
CH2=C(CH3)OOH) species via a transition state (TS), followed by rapid decomposition to OH + methyl-
substituted vinoxy (H2C=C(CH3)O) products.  In laboratory studies, the IR laser prepares the Criegee 

intermediates with two quanta of CH stretch (2CH) or CH stretch and a lower frequency mode (CH+i), 
while the OH products are state-selectively detected by UV laser-induced fluorescence (LIF).  The rate of 
appearance of OH products is measured by varying the time delay between the IR and UV laser pulses.  
Adapted with permission from ref. 19. 2016 AIP Publishing. 
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Figure 2.  Compilation of experimental IR action spectra of (CH3)2COO Criegee intermediates with UV 
laser-induced fluorescence (LIF) detection of OH products.  The (CH3)2COO spectral features in the 3950-

4500 cm-1 region arise from excitation of CH stretch and a lower frequency mode (CH+i), while those in 

the 5600-6000 cm-1 region involve two quanta of CH stretch (2CH) excitation.  These IR transitions 
enable excitation of (CH3)2COO at energies near and significantly below the TS barrier (dashed vertical 

gray line).  The 3950-4500 and 5600-6000 cm-1 regions were recorded at IR-UV time delays of 1.5 s and 
67 ns, respectively.  The relative intensities in the two spectral regions were scaled to match the 
computed IR intensities for the strongest transition in each region.  Adapted with permission from ref. 
19. 2016; ref. 20. 2017; and ref. 25. 2014 AIP Publishing.   
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Figure 3.  Representative temporal profiles of OH products following IR activation of (CH3)2COO at 
5971.0 cm-1 (top panel) and 4295.6 cm-1 (bottom panel) recorded as a function of IR-UV time delay.  The 
exponential rise is due to unimolecular decay of (CH3)2COO, while the exponential fall off is attributed to 
molecules moving out of the spatial region irradiated by the UV probe laser.  The appearance of OH 
products decreases by ca. 100 fold at energies significantly below the TS barrier.  Adapted with 
permission from ref. 19. 2016 and ref. 20. 2017 AIP Publishing.   
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Figure 4.  Experimental and computed microcanonical dissociation rates k(E) (semi-log scale) for the 

(CH3)2COO Criegee intermediate to OH radical products in the energy E range from 3000 to 7000 cm1.  
Experimental rates (black symbols with error bars) are obtained from the temporal profiles of OH 
products following IR activation of (CH3)2COO at energies near and significantly below the TS barrier 
(dashed vertical gray line).  Statistical RRKM rates k(E) are computed using adjusted Eckart (dark blue 
line) and semi-classical transition state theory (SCTST, dashed blue line) models for tunneling.  The 
importance of tunneling through the TS barrier is illustrated by the RRKM rates computed without 
tunneling (black line).  Adapted with permission from ref. 20. 2017 AIP Publishing.   
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Figure 5.  Arrhenius plot of thermal decay rate k(T) predicted from master equation modeling of the 
unimolecular decay of (CH3)2COO to OH products (high-pressure limit) over temperature range from 200 
to 350 K (blue).  Tunneling increases the thermal rate by orders of magnitude as illustrated by analogous 
calculations neglecting tunneling (dashed gray line).  Also shown are recent thermal decay rate 
measurements for (CH3)2COO.21,22   
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Figure 6.  Time-dependent yield of OH (YOH) predicted for TME ozonolysis under atmospheric conditions 
(1 atm, 298 K).23  Prompt OH production (red) occurs within 100 ns of Criegee intermediate formation, 
followed by negligible OH formation until the onset of thermal decay (blue) at 50 µs. 
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