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Abstract

The photodissociation dynamics of the dimethyl-substituted acetone oxide Criegee intermediate 
[(CH3)2COO] is characterized following electronic excitation to the bright 1* state, which leads to 
O (1D) + acetone [(CH3)2CO, S0] products.  The UV action spectrum of (CH3)2COO recorded with O (1D) 
detection under jet-cooled conditions is broad, unstructured, and essentially unchanged from the 
corresponding electronic absorption spectrum obtained using a UV-induced depletion method.  This 
indicates that UV excitation of (CH3)2COO leads predominantly to the O (1D) product channel.  A higher 
energy O (3P) + (CH3)2CO (T1) product channel is not observed, although it is energetically accessible.  In 
addition, complementary MS-CASPT2 trajectory surface-hopping (TSH) simulations indicate minimal 
population leading to the O (3P) channel and non-unity overall probability for dissociation (within 100 fs).  
Velocity map imaging of the O (1D) products is utilized to reveal the total kinetic energy release (TKER) 
distribution upon photodissociation of (CH3)2COO at various UV excitation energies.  Simulation of the 
TKER distributions is performed using a hybrid model that combines an impulsive model with a 
statistical component, the latter reflecting the longer-lived (> 100 fs) trajectories identified in the TSH 
calculations.  The impulsive model accounts for vibrational activation of (CH3)2CO arising from 
geometrical changes between the Criegee intermediate and the carbonyl product, indicating the 
importance of CO stretch, CCO bend, and CC stretch along with activation of hindered rotation and rock 
of the methyl groups in the (CH3)2CO product.  Detailed comparison is also made with the TKER 
distribution arising from photodissociation dynamics of CH2OO upon UV excitation.
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1. Introduction

Ozonolysis is a significant tropospheric removal pathway for alkenes, the most abundant non-

methane volatile organic compounds emitted into the atmosphere, which originate from biogenic and 

anthropogenic sources.1-4  Alkene ozonolysis proceeds by cycloaddition of ozone across the C=C double 

bond to form a primary ozonide, which fragments into carbonyl and zwitterionic carbonyl oxide products, 

the latter known as the Criegee intermediate.5  The Criegee intermediates are initially formed with high 

internal energy and undergo rapid unimolecular decay or collisional stabilization.  Thermalization is 

followed by unimolecular decay and/or bimolecular reaction with atmospheric species such as water 

vapor, formic acid, and SO2.6, 7  Unimolecular decay of Criegee intermediates is an important source of 

OH radicals,8-11 thereby impacting the oxidative capacity of the atmosphere.  Bimolecular reactions of 

Criegee intermediates are implicated in the formation of secondary organic aerosols.12, 13

Ozonolysis of alkenes with terminal methylene, ethylidene or isopropylidene groups yield the 

simplest formaldehyde oxide [CH2OO], methyl-substituted acetaldehyde oxide [CH3CHOO, syn or anti], 

or dimethyl-substituted acetone oxide [(CH3)2COO] Criegee intermediates, respectively.14, 15  The syn and 

anti conformers of CH3CHOO (relative stabilities of 0.0 and 3.6 kcal mol-1) are oriented with the methyl 

group pointing toward or away from the terminal oxygen, respectively.16  The two conformers are 

separated by a high isomerization barrier of ca. 35 kcal mol-1 and are typically treated as distinct species.15

Thus far, experimental and theoretical studies have investigated the electronic spectroscopy of a 

broad range of Criegee intermediates,16-39 in each case revealing a strong S2←S0 transition to an excited 
1ππ* state primarily associated with the carbonyl oxide moiety.  Upon electronic excitation, the Criegee 

intermediates are predicted to access a repulsive region of the S2 state and undergo rapid dissociation to 

O-atom and carbonyl co-products.  For CH2OO, CH3CHOO, and (CH3)2COO, the co-products are 

formaldehyde [H2CO], acetaldehyde [CH3CHO], and acetone [(CH3)2CO], respectively.16, 27, 28, 40-45  

The photodissociation dynamics of CH2OO and CH3CHOO have been characterized under jet-cooled 

conditions by UV action spectroscopy and velocity map imaging (VMI), in both cases with O-atom 

detection.40-43  The experimental studies and associated theory showed that UV-induced photodissociation 

leads to two spin-allowed product channels, specifically a lower energy channel to singlet products, 

O (1D) + co-product (S0), and a higher energy channel to triplet products, O (3P) + co-product (T1).16, 27, 28, 

40-45  The distinct product channels were probed independently by 2+1 resonance-enhanced multiphoton 

ionization (REMPI) of the  O (1D) or O (3P2) products at 205.47 nm or 225.66 nm.46, 47

For CH2OO, VMI experiments yielded broad total kinetic energy release (TKER) distributions for 

both the O (1D) and O (3P) product channels.40, 41, 43  The termination of the TKER distribution obtained 

for the O (3P) + H2CO (T1) channel was utilized to determine the asymptotic dissociation energy at ca. 76 

kcal mol-1 (3.3 eV), corresponding to a threshold excitation wavelength of 378 nm.41  The asymptotic 
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dissociation energy for the lower energy O (1D) + H2CO (S0) product channel was then derived at ca. 49 

kcal mol-1 (2.1 eV) by accounting for the well-known singlet-triplet splittings of the O-atom (1.97 eV)48 

and H2CO products (3.12 eV).40, 41  In addition, UV action spectra were obtained by stepping the UV 

excitation across the S2←S0 transition with O (1D) or O (3P) product detection, noting that the O (3P) + 

H2CO (T1) product channel turned on gradually above its energetic threshold.41, 42  

Recently, analysis of VMI results obtained at λ ≤ 350 nm revealed a bimodal TKER distribution in 

the measured O (1D) signal where an unexpected low TKER component was observed, corresponding to 

highly internally excited H2CO (S0) products.  In the same study, trajectory surface hopping (TSH) 

calculations44 using the “on-the-fly” energies and forces computed using the complete active space self-

consistent field (CASSCF) method attributed the two TKER components of CH2OO to different 

dynamical pathways.  The population prepared in the S2 state can couple to other singlet states (S0, S1, S3, 

S4, S5, S6) via conical intersections (CoIn) that lead to dissociation.  In particular, population initially 

evolving on the S5 or S6 states en route to forming O (3P) + H2CO (T1) products may undergo internal 

conversion to the S3 or S4 states at the second conical intersection (CoIn2) to form O (1D) + H2CO (S0) 

products.  The H2CO (S0) products formed this way would be generated with high internal excitation, 

corresponding to the low energy component in the TKER distributions of the O (1D) products.44  

Later, a full-dimensional TSH study49 on CH2OO with “on-the-fly” energies and forces calculated at 

the higher-level multi-state complete active space with second-order perturbation theory (MS-CASPT2) 

method predicted prompt dissociation within 50 fs with a unity quantum yield upon vertical excitation to 

the bright S2 state.  Analysis of the trajectories revealed an 80:20 branching into the O (1D) or O (3P) 

product channel and a long-range internal conversion from the S5 or S6 to the S0, S1, S2, S3, or S4 states at 

asymptotic O-O separations.49  This TSH study suggested that the low TKER component may arise via 

internal conversion at classically asymptotic O-O bond distances, driven by motion in the HCO bend and 

CO stretch vibrations of the H2CO partner.

Similarly, both O (1D) and O (3P) product channels were observed following electronic excitation of 

CH3CHOO to the 1ππ* state.42  The termination of the associated TKER distributions obtained by VMI 

again yielded asymptotic dissociation energy limits of ca. 55.9 and 88.3 kcal mol-1 for the two product 

channels.  This study focused on the more stable syn conformer of CH3CHOO, which has a stronger 

absorption than anti-CH3CHOO at the higher energies / shorter wavelengths (e.g. 305 nm) utilized to 

determine the product asymptotes.23, 24, 50-52  Moreover, the O (1D) action spectrum of CH3CHOO mirrored 

the electronic absorption spectrum obtained under jet-cooled conditions, indicating the dominant O (1D) + 

CH3CHO (S0) product channel.42  By contrast, the O (3P) action spectrum of CH3CHOO exhibited a 

gradual onset above the energetic threshold for O (3P) + CH3CHO (T1) products, which occurs near the 

peak of the absorption spectrum.42  
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This study provides the first experimental and theoretical examination of the photodissociation 

dynamics of the (CH3)2COO Criegee intermediate upon excitation to the S2 state.  Although two spin-

allowed product channels are energetically accessible, only the lower-energy O (1D) + (CH3)2CO (S0) 

product channel is experimentally observed using UV action spectroscopy and VMI.  The resultant 

experimental TKER distributions are simulated using an impulsive model, revealing significant internal 

excitation of the acetone products.  Complementary CASPT2 calculations are utilized to compute the 

potential energy profiles of the lowest seven electronic states along the O-O stretch coordinate.  High 

level trajectory surface hopping calculations are performed to interpret the dissociation dynamics.  

Finally, the UV photodissociation dynamics of (CH3)2COO are compared with prior studies of CH2OO 

and to a limited extent syn-CH3CHOO, providing new insights on the photochemistry of these 

prototypical Criegee intermediates.

2. Methods

2.1 Experimental 

In this study, the UV photodissociation dynamics of (CH3)2COO is investigated through two types of 

experiments:  UV action spectroscopy and velocity map imaging.  In both cases, O (1D) products are 

detected by 2+1 REMPI at 205 nm.47  In the first type of experiment, an UV action spectrum for 

(CH3)2COO is recorded by scanning the UV excitation wavelength over the 280 to 370 nm range in 1-3 

nm steps.  Analogous experiments were conducted with detection of O (3P2,1,0) by 2+1 REMPI at ca. 226 

nm.53, 54  The O (3PJ) background signal arising from photolysis of O2 by the 226 nm laser was removed 

using a background subtraction scheme as in prior studies.41, 42  In the second type of experiment, VMI 

measurements are conducted to obtain the velocity and angular distributions of the O (1D) products 

following UV excitation of (CH3)2COO at discrete UV wavelengths in the 295-330 nm region. 

Synthesis of the 2,2-diiodopropane [(CH3)2CI2] precursor and the generation of the (CH3)2COO 

Criegee intermediate have been described previously.25  In brief, the vapor of (CH3)2CI2 is entrained in 

20% O2/Ar carrier gas (10 psi) and pulsed through a nozzle (Parker-Hannifin General Valve Series 9, 1 

mm orifice) into a quartz capillary tube reactor (1 mm I.D., ~25 mm length) at 10 Hz.  The precursor is 

photolyzed by 248 nm radiation using a KrF excimer laser (Coherent, COMPex 102) near the exit of the 

capillary reactor tube, producing a monoiodo alkyl radical, which subsequently reacts with O2 to generate 

the Criegee intermediate.  The Criegee intermediates are then collisionally stabilized in the capillary and 

jet-cooled in the ensuing supersonic expansion.  

Approximately 4 cm downstream, after passing through a skimmer (2 mm diameter, Beam Dynamics) 

into a laser interaction region, the Criegee intermediates are crossed by the UV ‘pump’ radiation (280-370 

nm, < 0.12 cm-1 linewidth), which is generated by frequency doubling the output of a dye laser (Radiant 
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Dyes, NarrowScan) pumped by the second harmonic output of a Nd:YAG laser (InnoLas, SpitLight 600).  

After a short time delay (~50 ns), the resultant O (1D) products are ionized by the counter-propagating 

UV ‘probe’ laser via 2+1 REMPI.47  The probe laser radiation is generated by frequency tripling the 

output of another dye laser (Continuum, ND6000, R640) pumped by the second harmonic output of a 

Nd:YAG laser (Continuum, Powerlite 8010).  The probe radiation is focused (40 cm f.l.) and spatially 

overlapped with the focused pump radiation (30 cm f.l.).  The polarizations of the pump and probe 

radiation are both set parallel to the detector plane.  The wavelength (vacuum) is calibrated with a high-

resolution wavemeter (Coherent WaveMaster), and the power is measured with a power meter (Gentec 

TPM-300).

The generated ions are velocity-mapped onto a spatially and temporally sensitive multi-channel plate 

(MCP)/phosphor screen coupled detector, which is temporally gated for the O+ (m/z 16) mass channel.  

The central region of the detector is protected using a physical beam block of 3 mm diameter, which 

prevents the ions of low translational energy (≤ 200 cm-1) from striking the detector.41, 42  In VMI 

measurements, the 2D spatial images are captured by a CCD camera and analyzed using the pBASEX 

inversion method to extract the velocity and angular distribution of the O (1D) products,55 resulting in an 

energy resolution (ΔE/E) of ~10%.  The radial distributions are obtained by integrating over the angular 

coordinate of the images, providing the velocity distribution of the O (1D) products.  The total kinetic 

energy release distributions are then derived using conservation of linear momentum.  The probe laser is 

scanned over the O-atom Doppler profile (± 0.3 cm-1) during the image collection. 

Background O (1D) signal primarily originates from IO, which is a common byproduct in the 

generation of Criegee intermediates.17, 18, 56  Photolysis of IO by the probe laser yields I* (2P1/2) and 

background O (1D),57 the latter of which is also ionized by the probe laser.  As a result, a background 

subtraction scheme is applied in both types of experiments by operating the pump and probe laser at 5 Hz 

and 10 Hz, respectively, to subtract the O (1D) signal arising from the IO byproduct.  In addition, the IO 

photodissociation process has been well-studied and is used to calibrate the VMI setup.41-43

2.2 Theoretical 

In this study, the ground state minimum energy geometry and normal mode wavenumbers were 

calculated at the B2PLYP-D3/cc-pVTZ level of theory as implemented in Gaussian 16.58  This method 

has been shown to perform well in determining geometries and normal mode wavenumbers of Criegee 

intermediates.30, 35, 38, 49, 59

Vertical excitation energies (VEE) of CH2OO, syn-CH3CHOO and (CH3)2COO to their lowest six 

singlet electronically excited states are calculated using the complete active space with second-order 

perturbation theory (CASPT2) with the aug-cc-pVTZ basis set.60-63  The CASPT2 calculations are based 
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on a 14-state-averaged complete active space self-consistent field (SA14-CASSCF) reference 

wavefunction, involving the lowest seven singlet states and seven triplet states.  An active space 

consisting of 10 electrons and 8 orbitals was employed.  The molecular orbitals used for the three Criegee 

intermediates are depicted in Figure S1.  An imaginary level shift of 0.5 Hartree is applied to every 

CASPT2 calculation to aid convergence and mitigate the involvement of intruder states. 

Next, the energies required for the spin-allowed dissociation to the lower energy O (1D) + co-product 

(S0) channel and the higher energy O (3P) + co-product (T1) channel for CH2OO, syn-CH3CHOO, and 

(CH3)2COO are evaluated.  For the lower energy product asymptote of each Criegee intermediate, a 

constrained ground state geometry optimization was performed at large O-O separation (fixed at 4.0 Å) 

using the B2PLYP-D3/cc-pVTZ level of theory.  The COO angle is fixed at the ground state equilibrium 

geometry value of the respective Criegee intermediate to facilitate convergence.  The returned geometry 

is then used to compute single-point CASPT2 energies using the same active space and basis set as 

described above.  In addition, the ground state equilibrium geometry of each aldehyde/ketone (S0) alone is 

optimized as well to compare with the geometry of the corresponding dissociation co-product obtained 

with a distant O-atom, showing no structural differences (Table S1).  Then the dissociation energies for 

the lower energy product channel are derived by taking the CASPT2 energy difference between the 

O (1D) + co-product (S0) and the parent Criegee intermediate.  For each co-product, a geometry 

optimization and single-point energy calculation was also carried out at its lowest triplet state (T1) at the 

B2PLYP-D3/cc-pVTZ level of theory to evaluate the S0-T1 energy splitting.  The dissociation energies for 

the higher energy product channel are derived by combining the dissociation energies for the lower 

energy product channel with the S0-T1 splitting for the co-products and the well-known singlet-triplet 

splitting for the O-atom (1.97 eV).48  Anharmonic zero-point energy (ZPE) corrections are included for 

each Criegee intermediate and the corresponding aldehyde/ketone co-product (S0 and T1) when evaluating 

the O-O bond dissociation energies.

Unrelaxed (rigid-body) potential energy curves for the lowest seven singlet electronic states of 

(CH3)2COO are evaluated along the O-O bond stretch coordinate (ROO) using the CASPT2/aug-cc-pVDZ 

level of theory.  This calculation is carried out by elongating the O-O bond distance while freezing the 

remainder of the nuclear coordinates at the ground state minimum geometry of (CH3)2COO.  The 

potential energy curves for CH2OO and syn-CH3CHOO have been reported previously using the same 

rigid-body bond scan method and level of theory.45

Trajectory surface hopping (TSH) simulations were performed on (CH3)2COO using Newton-X.64, 65  

Initial positions and momenta were obtained by sampling the ground state phase space using a Wigner 

distribution based on the B2PLYP-D3/cc-pVTZ equilibrium geometry and associated harmonic normal 

mode wavenumbers of (CH3)2COO.  In the TSH simulations, the nuclear coordinates were propagated by 
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integrating Newton’s classical equations using the velocity Verlet algorithm in steps of 0.5 fs, while the 

electronic coordinates were propagated by numerically solving the time-dependent Schrödinger equation 

using Butcher’s fifth-order Runge-Kutta method in steps of 0.025 fs.66, 67  Trajectories were initiated on 

the S2 state, and the energies and gradients of the seven lowest singlet states were calculated "on-the-fly" 

using the single-state, single-reference CASPT2(10,8)/cc-pVDZ (SS-SR-CASPT2) method.68  SS-SR-

CASPT2 enables the computation of energies and analytical gradients at MS-CASPT2 quality, at a 

reduced computational cost; it also performs well near electronic state degeneracies.  The state hopping 

probabilities were evaluated by calculating the non-adiabatic coupling matrix elements at the SS-SR-

CASPT2 level.  A total of 99 trajectories for (CH3)2COO were propagated in this study.

The CASPT2 energies for the TSH simulations were performed via the BAGEL, which interfaces 

with Newton-X,69 while the rest of the CASPT2 calculations were performed using MOLPRO v2020.1.70-

72  The Gaussian and MOLPRO calculations were performed utilizing XSEDE resources.73 

3.  Results

3.1 Potential Energy Profiles

The vertical excitation energies and associated oscillator strengths (f) to the lowest six singlet excited 

electronic states of CH2OO, syn-CH3CHOO, and (CH3)2COO have been investigated previously at 

various level of theories.21, 31  In this study, the VEEs for (CH3)2COO are re-evaluated using the 

CASPT2(10,8)/aug-cc-pVTZ method at their ground state minimum energy geometries, along with those 

computed for CH2OO and syn-CH3CHOO using the same method for direct comparison (Tables 1 and 

S2).  For each Criegee intermediate, only the S1 and S2 states are energetically accessible upon near-UV 

excitation.  Electronic excitation to the S1 state of each Criegee intermediate involves a π*←n transition 

with poor spatial overlap between the participating orbitals and negligible oscillator strength.  By contrast, 

the S2 state is of 1ππ* character with the participating orbitals showing good spatial overlap, which results 

in a large oscillator strength.45  As a result, the UV excitation of these Criegee intermediates is expected 

to exclusively populate the bright S2 state.  The VEEs evaluated in this study for the S2←S0 transitions of 

the three Criegee intermediate agree well with previous calculations21, 31 and the peak positions of the 

electronic absorption spectra obtained experimentally (Table 1).16-18, 23-27

UV excitation of the (CH3)2COO is expected to result in O-O bond fission, as found for other Criegee 

intermediates.34, 35, 38-41, 43, 44, 52, 74  Here, a rigid-body scan is performed for (CH3)2COO along the O-O 

stretch coordinate (ROO), analogous to prior studies.44, 45  
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Table 1.  Computed vertical excitation energies and experimental peak absorption under jet-cooled 
conditions for (CH3)2COO, syn-CH3CHOO, and CH2OO.  Zero-point corrected product asymptotic 
energies for the two spin-allowed product channels and zero-point corrected S0-T1 energy splittings of the 
acetone [(CH3)2CO], acetaldehyde [CH3CHO] and formaldehyde [H2CO] products.  Experimental values 
reported in the literature are listed in brackets.

VEE
(S2←S0)

Peak 
Absorption

O (1D) + 
co-product (S0)

O (3P) + 
co-product (T1)

co-product 
S0-T1 splittingCriegee 

Intermediate eV (nm) eV (nm) eV (kcal mol-1) eV (kcal mol-1) eV (kcal mol-1)
3.97 (312) 2.35 (54.1) 3.79 (87.4) 3.41 (78.7)

(CH3)2COO [3.84 (323)a] [3.5 (81)]f

3.98 (312) 2.33 (53.8) 3.65 (84.3) 3.29 (75.9)
syn-CH3CHOO [3.87 (320)b] [2.42 (55.9)]d [3.83 (88.3)]d [3.38 (77.9)]g

3.87 (320) 2.26 (52.2) 3.32 (76.5) 3.02 (69.7)
CH2OO

[3.70 (335)c] [2.12 (49.0)]e [3.28 (75.6)]e [3.13 (72.1)]h

a Ref. 25.  b Ref. 16.  c Ref. 27.  d Ref. 42.  e Ref. 41.  f Ref. 75.  g Ref. 76.   h Ref. 77.

Figure 1.  Adiabatic potential energy curves (unrelaxed) computed along the O-O bond dissociation 
coordinate for the lowest seven singlet states of (CH3)2COO.  The lower five states (S0, S1, S2, S3, S4) lead 
to the O (1D) + (CH3)2CO (S0) asymptote, while the higher two states (S5, S6) lead to the O (3P) + 
(CH3)2CO (T1) asymptote.  Calculations are conducted at the CASPT2(10,8)/aug-cc-pVDZ level of 
theory.  CoIn1 and CoIn2 indicate the two conical intersections.

As displayed in Figure 1, the ground state (S0) of (CH3)2COO is bound with respect to ROO and 

correlates to the lowest energy spin-allowed asymptote that forms O (1D) + (CH3)2CO (S0).  The S1 and S2 

states are quasi-bound with respect to ROO, both correlating adiabatically to the lowest energy asymptote 

and diabatically to the higher energy O (3P) + (CH3)2CO (T1) asymptotic products.  The S1 and S2 states 

encounter a conical intersection (CoIn1) with the S3 and S4 states at Roo ~1.7 Å.  A second conical 

intersection (CoIn2) occurs at ROO ~2.1 Å between the S3, S4, S5 and S6 states.  Following electronic 
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excitation to the S2 state, the population can either traverse around the CoIn1 region and continue along 

the adiabatic S2 surface to form the lowest energy products, or pass through the CoIn1 and undergo 

internal conversion to the higher S3 or S4 states.  In the latter case, the evolving population on the S3 or S4 

states will encounter CoIn2.  Again, traversing around or passing through CoIn2 may lead to the lower or 

higher energy products, respectively.  As a result, internal conversion to higher singlet electronic states 

(S5 and/or S6) is required to form the higher energy products.  Thus, the branching into the two product 

asymptotes is affected by the relative energy of the product asymptotes as well as the non-adiabatic 

coupling strength at (and around) CoIn1 and CoIn2. 

Next, the computed energies for the lower energy O(1D) + co-product (S0) asymptotes and the S0-T1 

spacing of the co-products, along with the well-known singlet-triplet splitting of the O-atom (1.97 eV),48 

are combined to derive the higher energy O(3P) + co-product (T1) asymptotes.  The computed S0-T1 

spacing of the co-products are in good accord (within 0.1 eV) with prior experimental studies for H2CO,77 

CH3CHO,76 and (CH3)2CO.75  In addition, the computed asymptotic energies for syn-CH3CHOO and 

CH2OO agree well with prior experimental reports (within 0.2 eV).41,42  The computed energies are 

compiled in Table 1, along with available experimental values for comparison.  For (CH3)2COO, the 

computed asymptotic energies are 2.35 eV or 3.79 eV, corresponding to UV excitation wavelength of 528 

nm or 327 nm.

3.2 UV Action Spectrum

Previously, the electronic absorption spectrum of jet-cooled (CH3)2COO was recorded by measuring 

the UV-induced depletion of the VUV (10.5 eV) photoionization signal at m/z 74, which is shown in 

Figure 2.25  The absorption spectrum peaks at ca. 323 nm with the full-width at half-maximum (FWHM) 

of ca. 35 nm derived from a Gaussian fit.25  The absorption spectrum was attributed to the strong S2←S0 

transition of (CH3)2COO induced by UV excitation, which results in dissociation to O-atom and acetone 

products. 

In this study, we recorded the UV action spectrum of jet-cooled (CH3)2COO by stepping the UV 

excitation wavelength across a broad spectral range of 280-370 nm, while selectively detecting the O (1D) 

products using 2+1 REMPI and monitoring the O+ signal induced by UV excitation.  The resultant O (1D) 

action spectrum of (CH3)2COO is remarkably similar to the previously observed absorption spectrum 

under jet-cooled conditions (Figure 2), with error bars indicative of standard deviations (±1σ) derived 

from repeated measurements.  It is also in good accord, although slightly narrower, than the previously 

reported direct absorption spectrum obtained under thermal conditions by Huang et al. (Figure S2).78  A 

Gaussian fit is used to represent the action spectrum, yielding the peak position at ca. 323 nm and FWHM 

of ca. 40 nm, which is consistent with the previously reported absorption spectrum.  The similarity of the 
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spectral profiles suggests that UV excitation of (CH3)2COO to the S2 state predominantly leads to O (1D) 

+ (CH3)2CO (S0) products. 

Figure 2.  (a) Previously reported UV absorption spectrum for (CH3)2COO under jet-cooled condition.  
(b) UV action spectrum of (CH3)2COO recorded under similar conditions with O (1D) detection by 2+1 
REMPI.  The error bars represent the standard deviation (±1σ) derived from repeated measurements.  In 
each case, the experimental data is well represented as a Gaussian function with uncertainty indicated by 
the shaded region.  The data in panel (a) is adapted with permission from Ref. 25.

Earlier studies reported UV action spectra of CH2OO and syn-CH3CHOO with detection of O (1D) 

and O (3P) products associated with the two dissociation asymptotes.40-42  In these systems, a gradual 

onset of O (3P) products was observed at UV excitation energies above the higher energy product 

asymptote.41, 42  However, O (3P) products are not detected upon excitation of (CH3)2COO at or above 

photon energies corresponding to the energetic limit for forming O (3P) + (CH3)2CO (T1) products.  This 

suggests that alternative pathways redirect population to the lower energy O (1D) + (CH3)2CO (S0) 

product asymptote or, more generally, other pathways remove population from electronically excited 

states of (CH3)2COO.  As a result, we carry out complementary TSH calculations (Sec. 3.4) to investigate 

the photodissociation dynamics of (CH3)2COO.
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3.3 Velocity Map Imaging Studies 

The photodissociation dynamics of the (CH3)2COO Criegee intermediate is probed using VMI, which 

involves UV excitation of (CH3)2COO followed by 2+1 REMPI probing of nascent O (1D) products to 

obtain the angular and radial distributions of the O (1D) products.  The O (1D) velocity map images are 

recorded at four discrete UV wavelengths in the 295-330 nm region and are displayed in Figures 3 and 

S2.  The angular distributions of the O (1D) products are anisotropic (  0.9-1.0 (0.2); see Table S3) and 

consistent with the computed transition dipole moment vector relative to the O-O bond axis (see Scheme 

S1).  The anisotropic angular distributions indicate that dissociation of (CH3)2COO is rapid compared to 

its rotational period (ca. 200 ps).  

A representative TKER distribution of the O (1D) products arising from excitation of (CH3)2COO at 

295 nm is shown in Figure 3, while results at other wavelengths are given in Figure S3.  The TKER 

distribution is unstructured and exhibits slight asymmetry toward higher energy.  An average TKER 

(〈TKER〉) of 2840 cm-1 and FWHM of 3150 cm-1 are obtained upon excitation at 295 nm.  

Figure 3.  Total kinetic energy release distributions obtained by velocity map imaging of the O (1D) 
products following UV excitation of (top) (CH3)2COO at 295 nm and (bottom) CH2OO at 340 nm.  The 
TKER distribution in the top panel is fit to a polynomial function (solid) to guide the eye.  The TKER 
distributions in the bottom panel is well represented with a bimodal Gaussian-Gumbel distribution (solid), 
where the two components are denoted by dashed (Gaussian) and dotted (Gumbel) lines.  The inset shows 
the raw image of the O (1D) products from photodissociation of (CH3)2COO, with a double-sided arrow 
representing the polarization of the UV radiation.  The vertical lines in each panel indicate the calculated 
energy available (Eavl) to the O (1D) + co-product (S0) or O (3P) + co-product (T1).  The CH2OO TKER 
distribution is adapted with permission from Ref. 44.
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Applying conservation of energy, the energy available (Eavl) to the products at each UV excitation 

wavelength is evaluated as follows

Eavl = hν – D = TKER + Eint

where hν is the UV photon energy and D is the bond dissociation energy required to form the O (1D) + 

(CH3)2CO (S0) products.  The internal energy of (CH3)2COO is assumed to be negligible under jet-cooled 

conditions.  Eavl is partitioned into kinetic energy of recoiling fragments (TKER) and internal excitation of 

(CH3)2CO (S0) products (Eint).  The energy available to O (1D) + (CH3)2CO (S0) products increases from 

approximately 11400 to 15000 cm-1 over the UV range examined (330-295 nm).  However, the TKER 

distribution remains almost unchanged with 〈TKER〉 of ca. 2900 cm-1 and FWHM of ca. 2900 cm-1 (Table 

S3).  The similarity of the TKER distributions is notable given that the range of excitation wavelengths 

results in ca. 3600 cm-1 change in energy available to products.  The net result is a higher degree of 

internal excitation of the (CH3)2CO products, increasing from 74% to 81% of the available energy as the 

Criegee intermediate is excited with increasing UV excitation energy.

By contrast, a prior VMI study of CH2OO exhibited a bimodal TKER distribution for the O (1D) + 

H2CO (S0) products at UV excitation wavelengths shorter than 350 nm, as shown in Figure 3.44  A 

bimodal TKER distribution was also observed for the O (1D) product channel resulting from 

photodissociation of syn-CH3CHOO at λ ≤ 320 nm.42  However, a bimodal TKER distribution is not 

observed for the O (1D) product channel of (CH3)2COO over the range of strongly absorbing UV 

wavelengths examined here.  A more detailed comparison of the TKER distributions for these Criegee 

intermediates will be addressed later (Sec. 4.2 and 4.3).

3.4 Trajectory Calculations

TSH studies are performed to simulate the photodissociation dynamics of (CH3)2COO following 

excitation to the bright S2 state in order to interpret the experimental results.  Figure 4 presents the time 

evolution of the normalized population in the lowest seven singlet electronic states, namely S0, S1, S2, S3, 

S4, S5, and S6, of (CH3)2COO (left) and CH2OO (right, reproduced from Ref. 49).  The excited S2 state of 

(CH3)2COO begins to depopulate at ca. 10 fs, followed by initial internal conversion to the S1 state in ca. 

10-20 fs, and then to the S0, S3 and S4 states in ca. 15-25 fs.  Further internal conversion to the S5 and S6 

states occurs after ca. 25 fs.  At 100 fs, the TSH results indicate that ca. 10% of the total population is in 

the S5 and S6 states, which are the only states that correlate with the higher energy O (3P) + (CH3)2CO (T1) 

product asymptote (see Figure 1).  By comparison, internal conversion starting from the S2 state of 

CH2OO to the other singlet states is predicted to be relatively faster and result in a two-fold larger 

percentage of population in the combined S5 and S6 states at long time (ca. 20% of total).49
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Figure 4.  Normalized population as a function of time (fs) along the lowest seven singlet states for 
(a) (CH3)2COO and (b) CH2OO.  The CH2OO TSH results are reproduced with permission from Ref. 49.

For CH2OO, all of the trajectories undergo prompt O-O bond fission within 50 fs with unity quantum 

yield as shown by the individual (gray) and average (red) trajectory profiles in Figure 5.  Moreover, 

population in the S5 or S6 states of CH2OO readily dissociates to form O (3P) + H2CO (T1) products.  

By contrast, dissociation of (CH3)2COO occurs more slowly and is incomplete within 100 fs as shown 

by the individual (gray) trajectories in Figure 5.  Here, a ROO value of 2.5 Å, where the lower five and 

upper two electronic states become nearly degenerate, is considered as the geometric threshold for 

dissociation.  Among the 99 trajectories for (CH3)2COO, 71 exhibit direct O-O dissociation similar to that 

seen for CH2OO, but with a relatively slower dissociation rate than CH2OO.49  Another 19 trajectories 

show a partial oscillation in the O-O coordinate prior to dissociation.  The remaining 9 trajectories 

continue to oscillate in the O-O coordinate throughout the trajectory and do not dissociate within 100 fs.  

These trends are readily seen by averaging the trajectories at each ROO step that exhibit similar behavior:  

the yellow trace represents those that undergo direct dissociation, the green trace illustrates temporary 

trapping in the O-O coordinate prior to dissociation, and the purple trace shows long-lived behavior with 

continued oscillation in the O-O coordinate for at least 100 fs.  The long-lived trajectories exhibit a ca. 50 

fs period of oscillation, corresponding to a ca. 700 cm-1 vibrational frequency, which suggests an 

extended O-O bond length.  These long-lived trajectories remain as the parent (CH3)2COO molecule.  

They may further relax within the S2 state, internally convert and relax in the S1 state, or eventually 

dissociate on a longer time scale.  As a result, the TSH calculations predict fewer trajectories leading to 

dissociation upon S2←S0 vertical excitation of the (CH3)2COO Criegee intermediate, corresponding to a 

non-unity quantum yield.  Compared to CH2OO, a smaller fraction of (CH3)2COO undergo dissociation 
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and a smaller portion of these lead to the S5 and S6 states, which correlate with O (3P) + (CH3)2CO (T1) 

products, consistent with the lack of O (3P) products observed experimentally.  

Figure 5.  Variation of the O-O bond distance (ROO) following S2←S0 vertical excitation of 
(a) (CH3)2COO and (b) CH2OO as a function of time.  Each trajectory is shown as a gray line and the red 
line is the average ROO of all trajectories at each time step.  In panel (a), the yellow line shows the average 
ROO for the traces that are directly dissociative, the green line represents the average of those that become 
temporarily trapped in the O-O coordinate prior to dissociation, and the purple line corresponds to the 
average of those trajectories that do not dissociate within 100 fs.  The CH2OO trajectories are reproduced 
with permission from Ref. 49.

4.  Discussion

4.1 O (3P) product channels

The ground state minimum energy geometries of (CH3)2COO, syn-CH3CHOO, and CH2OO are of Cs 

symmetry with the heavy atoms in a common plane (Figure S4).  For the former two, a weak 

intramolecular interaction between two H-atoms of the methyl substituent and the terminal oxygen 

stabilizes the -orbital of the ground state (S0) and destabilizes the *-orbital of the S2 state, thus 

increasing the S2-S0 energy gap.  This is observed experimentally as a shift in the peak absorption for 

(CH3)2COO and CH3CHOO towards higher energy (shorter wavelength) by ca. 0.2 eV ( ~ 15 nm) 

compared to CH2OO (Table 1).16-18, 23-27  This is consistent with the VEE computed for the S2←S0 

transitions of (CH3)2COO (3.97 eV, 312 nm) and syn-CH3CHOO (3.98 eV, 312 nm), which are slightly 

higher than that for CH2OO (3.87 eV, 320 nm) (see Table 1). 

As shown in Figure 6 and Table 1, the dissociation energies computed for the lower O (1D) + co-

product (S0) channels of the three Criegee intermediates are similar within 0.1 eV.  However, the S0 - T1 

energy gap progressively increases from formaldehyde < acetaldehyde < acetone, manifesting in an 

increase by ca. 0.3 eV in the dissociation energies for forming O (3P) + co-product (T1) from CH2OO to 
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syn-CH3CHOO and a further increase by ca. 0.2 eV from syn-CH3CHOO to (CH3)2COO.  Accordingly, 

the calculated energetic threshold for forming the O (3P) + co-product (T1) shifts towards much higher 

energy from CH2OO to (CH3)2COO by 0.5 eV, which is greater than the shift in the VEE (0.1 eV).  

Experimentally, the onset of the O (3P) action spectrum shifted from 365 nm (3.40 eV) for CH2OO to 324 

nm (3.83 eV) for syn-CH3CHOO, a change of ca. 0.4 eV, while the corresponding spectral peak shifted 

from 335 nm (3.70 eV) for CH2OO to 320 nm (3.87 eV) for syn-CH3CHOO, a change of ca. 0.2 eV, 

consistent with calculations.16, 27, 41, 42  The spectral peak of (CH3)2COO was observed at 323 nm (3.84 

eV), which is close to that of syn-CH3CHOO.  However, the further increase of ca. 0.2 eV between the S0 

and T1 product states from syn-CH3CHOO to (CH3)2COO results in an anticipated onset of the O (3P) 

action spectrum for (CH3)2COO at shorter wavelength than syn-CH3CHOO, where a gradual onset of the 

O (3P) + CH3CHO (T1) product channel occurred near the peak of the absorption spectrum.42

Figure 6.  Schematic diagram of spin-allowed product asymptotes following vertical S2←S0 excitation of 
(CH3)2COO, syn-CH3CHOO and CH2OO.  The left column shows the absorption spectra (Gaussian fits) 
obtained previously under jet-cooled conditions (adapted with permission from Ref. 25).  The right 
column shows the O (1D) + co-product (S0) (lower) and O (3P) + co-product (T1) (higher) spin-allowed 
product channels.  The computed vertical excitation energies and asymptotic dissociation energies are 
listed in Table 1.

In this study, the potential energy curves of (CH3)2COO are computed using the same method as 

those of CH2OO and syn-CH3CHOO reported previously,44, 45, 49 enabling a direct comparison of the three 

Criegee intermediates.  From CH2OO to (CH3)2COO, a significant increase of the energy splittings 

between the lowest two spin-allowed dissociation asymptotes results in a steeper slope between the two 

CoIn regions.  Therefore, population traversing through CoIn1 experiences an unfavorable “uphill” 

motion in order to reach the higher energy O (3P) + co-product (T1) asymptote.  In particular, TSH 

calculations predict 10% of the (CH3)2COO population on the S5 and S6 states combined at long time 

scales, which is two-fold less than that of CH2OO.49  Moreover, a substantial number of (CH3)2COO 

Page 15 of 23 Physical Chemistry Chemical Physics



16

trajectories exhibit oscillations about the Franck-Condon region of the S2 or S1 state, rather than undergo 

prompt dissociation as for CH2OO, leading to a non-unity quantum yield for O-O bond fission.  

To summarize, we attribute the absence of the O (3P) products from the photodissociation 

experiments of (CH3)2COO to a combination of factors, including a gradual onset of the O (3P) + 

(CH3)2CO (T1) product channel above its energetic threshold, which is shifted to higher energy compared 

to CH2OO and syn-CH3CHOO,41, 42 its less populated S5 and/or S6 states and/or lower overall probability 

for dissociation.

4.2 Impulsive Model

This laboratory recently developed a reduced impulsive model to interpret the experimental TKER 

distributions obtained upon photodissociation of a series of four-carbon unsaturated Criegee 

intermediates, which provided new insight on vibrational activation of the carbonyl products.39  In this 

work, the reduced impulsive model is utilized to simulate the TKER distribution resulting from 

photodissociation of CH2OO, while a hybrid version of the model combining impulsive and statistical 

components is utilized for (CH3)2COO.  In brief, the reduced impulsive model assumes that the available 

energy is partitioned into a subset of vibrational modes of the carbonyl product and translational energy of 

the recoiling fragments.  The vibration modes excited are those associated with significant geometric 

changes in the carbonyl product (S0) compared to the equilibrium geometry of Criegee intermediate (S0).  

For CH2OO, geometric changes in the H2CO (S0) product suggest that five in-plane vibrational modes 

will be excited, namely CO stretch, CH2 symmetric stretch, CH2 asymmetric stretch CH2 scissor, and CO 

wag (Figure S5).  These modes reflect the significant changes in CO and CH bond lengths and HCO 

angles around the carbon-atom (Table S4).  The remaining CH2 out-of-plane wag is unlikely to be excited 

due to lack of an out-of-plane force during O-O bond fission.45  In addition, the TSH results for CH2OO 

(Figure 5) show that all trajectories undergo prompt O-O bond fission within 50 fs, supporting the direct 

dissociation assumption required for the reduced impulsive model.

The reduced impulsive model then assumes that all energetically allowed vibrational states involving 

these vibrational modes are populated equally.39  The density of translational states is expressed as 

(ET) =AT(Eavl - Eint)1/2, where ET is the translational energy constrained by conservation of energy 

(ET = Eavl – Eint) and AT is a normalization factor.  Building on prior work,40, 41 an impulsive model for 

rotational partitioning79 is used to estimate rotational excitation of H2CO, which predicts Erot = 0.20 ET.  

Along with the experimentally derived dissociation energy (Table 1), the simulated translational energy 

distribution is obtained by summing over all vibrational states and taking into account the experimental 

resolution (E/E ~10%).  For CH2OO, the reduced impulsive model yields a TKER distribution that is in 

good accord with experiment, as shown in Figure 7; however, the simulated TKER distribution exhibits 
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oscillations (ca. 1300 cm-1 spacing likely due to CO wag) as a result of the low density of H2CO 

vibrational states.  Nevertheless, the reduced impulsive model captures the main properties of the 

experimental TKER distribution.

For (CH3)2COO, the reduced impulsive model indicates that nine vibrational modes of the (CH3)2CO 

product (Figure S5) are likely to be excited by comparing the equilibrium ground-state geometry of 

(CH3)2COO with that of the (CH3)2CO product (Table S4).  Specifically, the CO double bond is 

compressed by 0.06 Å from (CH3)2COO to (CH3)2CO, and the bond angles that involve the carbonyl 

group with the methyl substituent on either the opposite or same side, denoted as anti- or syn-methyl, are 

enlarged by 5.8° or 3.0°, respectively.  Combined with the extension by 0.03 or 0.04 Å in either CC bond, 

we anticipate that CO stretch, two CCO bends, and two CC stretches will be vibrationally excited in the 

(CH3)2CO products.  In addition, the weak intramolecular interaction between H-atoms of the syn-methyl 

substituent and the terminal oxygen in (CH3)2COO results in a ca. 60° rotation of the methyl group 

compared to its orientation in (CH3)2CO product, as illustrated by the Newman projections in Figure S4.  

Upon photodissociation of (CH3)2COO, significant hindered rotational excitation of these methyl groups 

is expected, along with vibrational activation of the methyl in-plane rock (Figure S5).  Overall rotational 

excitation of the (CH3)2CO product is neglected, as the torque imparted by O-O bond fission is expected 

to primarily result in vibrational activation of bending motions that involve the carbonyl group.  

For photodissociation of (CH3)2COO at 320 nm, the reduced impulsive model predicts a broader and 

more highly excited TKER distribution than observed experimentally.  As a result, we investigated an 

alternative hybrid model that combines the impulsive model with a statistical component, the latter 

reflecting the longer-lived (> 100 fs) trajectories identified in the TSH calculations for (CH3)2COO 

(Figure 5).  We anticipate that the statistical component arises from intramolecular vibrational energy 

redistribution occurring on a ps timescale.80  A statistical component accounting for ca. 20% of the 

available energy brings the simulated TKER distribution into good accord with experiment, as shown in 

Figure 7.  Further exploration indicates that the statistical component increases from ca. 15 to 35% upon 

excitation of (CH3)2COO from 330 to 295 nm.  The resultant simulated TKER distributions are essentially 

unchanged with excitation energy, consistent with the experimental distributions (Figure S6).

In Figure 7, the experimental TKER distribution obtained upon photodissociation of (CH3)2COO at 

320 nm is compared with that for CH2OO at 340 nm, where the energy available (Eavl) to the O (1D) + co-

product (S0) is similar (ca. 12300 cm-1).  A significantly lower average TKER and narrower FWHM of the 

distribution is found for (CH3)2COO compared to the corresponding parameters for CH2OO by ca. 50%.  

These changes in the TKER distributions reflect the different degree of vibrational excitation in the 

carbonyl co-products upon photodissociation, which primarily originates from activation of the hindered 

rotational modes associated with the methyl substituents.  In addition, because the methyl substituents are 
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15 times heavier than hydrogen atoms, the stretching and bending modes involving the methyl 

substituents are significantly lower in frequency (by ca. 65%), leading to a higher density of (CH3)2CO 

product vibrational states that can accommodate the available energy compared to that for H2CO.

 
Figure 7.  Simulated translational energy distributions for O (1D) + co-products upon photodissociation of 
(CH3)2COO and CH2OO (solid lines) using reduced impulsive models with and without a statistical 
component, respectively.  Also shown for comparison are experimental TKER distributions (open circles) 
obtained by velocity map imaging of O (1D) products following UV excitation of (CH3)2COO at 320 nm 
and CH2OO at 340 nm.  The energy available to products in each case is ca. 12300 cm-1 and indicated 
with an arrow.  The experimental data for CH2OO is adapted with permission from Ref. 44.

4.3 Low TKER component in O (1D) product channels

Previously, analysis of VMI results obtained for CH2OO at UV excitation wavelengths below 350 nm 

revealed a bimodal TKER distribution for the O (1D) + H2CO (S0) product channel, where an unexpected 

low TKER component associated with highly internally excited H2CO (S0) products was identified.44  For 

example, the TKER distribution obtained at 340 nm is reproduced in Figure 3 with the high and low 

TKER components denoted as the dashed and dotted lines, respectively.  The low TKER component 

accounts for ca. 10% of the total O (1D) product yield by area (Table S3).  A similar, but weaker, low 

TKER shoulder was reported previously upon photodissociation of syn-CH3CHOO at 305 and 320 nm.42  

A recent full-dimensional TSH study using the MS-CASPT2 method proposed a long-range internal 

conversion mechanism, which may account for the low TKER component associated with the highly 

internally excited H2CO (S0) products upon photodissociation of CH2OO.49  This mechanism involved a 

portion of the population approaching the higher energy O (3P) + H2CO (T1) product asymptote (S5 and 
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S6) undergoing spin-allowed internal conversion at large O-O separation to form the lower energy O (1D) 

+ H2CO (S0) products.49  From an energetic perspective, this mechanism requires the UV excitation 

energy to be above the O (3P) product asymptote of CH2OO (3.28 eV or 378 nm), consistent with the 

longest UV wavelength of 350 nm that yields a clearly evident low TKER component.

By comparison, no distinguishable low TKER feature is discerned upon excitation of (CH3)2COO at 

295 nm (Figure 3).  Although the UV excitation energy is higher than the O (3P) + (CH3)2CO (T1) product 

asymptote, an analogous internal conversion pathway does not appear to be available for (CH3)2COO.  

This is consistent with the lack of detectable O (3P) products. 

5. Conclusions

The photodissociation dynamics of the dimethyl-substituted acetone oxide Criegee intermediate 

[(CH3)2COO] is investigated experimentally and theoretically following UV excitation on the strong 

S2←S0 transition of 1ππ* character, along with comparisons to CH2OO and syn-CH3CHOO in multiple 

aspects.  Theory predicts two spin-allowed dissociation limits for each Criegee intermediate, namely a 

lower energy O (1D) + co-product (S0) and a higher energy O (3P) + co-product (T1) channels.  The VEE 

to the S2 state and the dissociation energies associated with the two product asymptotes are evaluated for 

each system, showing good agreement with prior experiments.16, 25, 27, 41, 42, 75-77 

Surprisingly, O (3P) products are not experimentally detected following UV excitation of (CH3)2COO 

in this study, which likely originates from a combination of spectral and dynamical causes.  We anticipate 

a gradual onset of the O (3P) product channel above its energetic threshold, which is shifted to higher 

energy for (CH3)2COO compared to syn-CH3CHOO and CH2OO.41, 42  Moreover, complementary 

trajectory calculations demonstrate a non-unity photodissociation yield, along with smaller population of 

the S5 and/or S6 states that lead to O (3P) products compared to those of CH2OO.49  

VMI experiments probing the O (1D) products from photodissociation of (CH3)2COO at discrete UV 

wavelengths yield broad and unstructured TKER distributions associated with highly internally excited 

(CH3)2CO (S0) products.  A hybrid model that combines an impulsive model with a statistical component 

that comprises 15 to 35% of the available gives good agreement with the experimental TKER 

distributions obtained upon photodissociation of (CH3)2COO over a range of energies.  This statistical 

component is aligned with the TSH results, in which ca. 20% of the trajectories are transiently trapped in 

the O-O coordinate prior to dissociation and another ca. 10% continue to oscillate in the O-O coordinate 

for at least 100 fs, allowing for energy randomization.  By contrast, CH2OO promptly dissociates within 

50 fs, and its TKER distributions are well-reproduced with a reduced impulsive model.  In addition, both 

the average and FWHM of the TKER distributions for (CH3)2COO are significantly smaller than those for 

CH2OO.  This is primarily attributed to activation of hindered rotation and in-plane rock of the methyl 
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groups in the (CH3)2CO products, originating from a 60 reorientation of the syn-methyl group compared 

to (CH3)2COO.

A low TKER component was previously observed in the O (1D) product channel of CH2OO upon UV 

excitation at λ ≤ 350 nm,44 and attributed to a long-range internal conversion mechanism as the products 

evolve toward the O (3P) asymptote.49  By comparison, an analogous low TKER feature in the O (1D) 

product channel is not discerned for (CH3)2COO at energies where the O (3P) product channel is 

accessible, consistent with the absence of observed O (3P) products.
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