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Abstract
Ab initio molecular dynamics studies of CH200 molecules following excitation to the minimum
energy geometry of the strongly absorbing S2 ('nn*) state reveal a much richer range of
behaviors than just the prompt O—O bond fission, with unity quantum yield and retention of
overall planarity, identified in previous vertical excitation studies from the ground (So) state.
Trajectories propagated for 100 fs from the minimum energy region of the Sz state show a high
surface hopping (non-adiabatic coupling) probability between the near-degenerate Sz and Si
('nm*) states at geometries close to the S2 minimum, that enables population transfer to the
optically dark S; state. >80% of the excited population undergoes O—O bond fission on the Sz or
S1 potential energy surfaces (PESs) within the analysis period, mostly from non-planar
geometries wherein the CH2 moiety is twisted relative to the COO plane. Trajectory analysis also
reveals recurrences in the O-O stretch coordinate, consistent with the resonance structure
observed at the red end of the parent S2—So absorption spectrum and a small propensity for out-
of-plane motion after non-adiabatic coupling to the S1 PES that enables access to a conical

intersection between the S1 and So states and cyclization to dioxirane products.
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Introduction

Criegee intermediates (Cls) are carbonyl oxides that play vital roles in Earth’s troposphere,
where they are formed via a [3+2]-cycloaddition reaction involving volatile alkenes and ozone.'~
8 CIs are implicated in enhancing the oxidizing capacity of the troposphere and in the formation
of less volatile species that may condense to form secondary organic aerosols (SOAs).o !4

The exoergicity of alkene ozonolysis reactions ensures that the nascent ClIs are formed highly
internally excited and may undergo unimolecular decay or lose vibrational energy via collisions
with surrounding gas molecules. The stabilized Cls (sCIs) formed by the latter process may also
undergo (generally much slower) unimolecular decay or participate in bimolecular reactions with
trace atmospheric gases.!>

As with carbonyl compounds, CIs possess m-orbitals which manifest in strongly absorbing m*<—n
transitions, resulting in population of mrn* excited states.!23-2426-30 The n-conjugation extends
over the COO moiety, which leads to a bathochromic shift of the n*<«—m absorption profile cf.
that of the corresponding carbonyl compound.?!3* These n*<—n absorptions have been used to
probe the bimolecular chemistry of Cls and, particularly in the case of larger and more
functionalized Cls such as methyl vinyl ketone oxide and methacrolein oxide, may contribute to
their removal by solar photolysis.3>’

Formaldehyde oxide, CH200, is the simplest Criegee intermediate. It is formed in the ozonolysis
of alkenes such as isoprene,®® the second most abundant volatile organic compound after
methane.? The UV absorption spectroscopy and photochemistry of CH200 have been the focus
of many experimental'>!®182230 and computational 2325441 studies. Its strongly absorbing 'mr*

state (the Sz state) covers the 420-280 nm range — with a peak absorption cross-section of 1.2

x 10" cm? at a wavelength A ~340 nm.!® Excitation within this band results in O—O bond



fission, yielding O('D) and O(*P) atoms together with CH20 (formaldehyde) products. The
CH:20 molecules accompanying the majority O('D) products are formed with high internal
energies.?%3° Recently, we reported trajectory surface hopping (TSH) simulations that modelled
the excited state dynamics of CH200 starting from a Wigner distribution based on the ground
(So) state equilibrium geometry.?®4? Trajectories initiated by vertical excitation to the Sz state
were found to yield O + CH20 products in times ¢ <50 fs, with unity quantum yield. Such
trajectory simulations mimic photochemical experiments conducted by exciting at the absorption
band maximum under jet-cooled conditions. Since these dynamics occur promptly, initiating
trajectories in this way cannot capture dynamics that occur when exciting at the long wavelength
edge of the S2¢—So absorption band, where the observed vibronic resonances clearly imply some
longer-lived population in the S state.'®?? Further, our previous simulations of the electronic
absorption spectrum of CH200 using a Wigner distribution based on the ground state minimum
energy geometry and vertical excitations obtained using complete active space second order
perturbation (CASPT2) theory successfully reproduced the shorter wavelength and peak
absorption regions of the experimental S2—So spectrum but failed to capture the observed long
wavelength tail.*? This, again, implies that the Sz state geometry is sufficiently distorted from
that of the ground state that simulations using initial geometries (and associated momenta) from
a Wigner distribution based on the So minimum energy geometry are not sufficient to capture the
behavior of population excited to the region of the Sz minimum.

The present work investigates the excited state dynamics of CH200 using CASPT?2 surface
hopping methods and initiating trajectories at regions close to the minimum of the S2('nn*) state
rather than in the vertical region, to better understand the dynamics following electronic

excitation at the long wavelength edge of the CH200 absorption spectrum. The former and



current studies are henceforth identified as ‘vertical” and ‘adiabatic’ (as in vibrationally
adiabatic) excitations, respectively. The adiabatic calculations offer new insights into the non-
adiabatic coupling mechanism by which population near the Sz potential minimum transfers to
the (optically dark) Si potential energy surface (PES), reveal recurrences in the O—O stretch
motion on both the Sz and S1 PESs and show how subsequent out-of-plane motions can access a
(previously reported) conical intersection (Coln) between the S1 and So PESs and enable
cyclization to dioxirane.* Most adiabatically excited molecules still dissociate by O—O bond
fission, however, but — in contrast to the situation following vertical excitation to the S> state —
with loss of overall planarity. Two contributory causes for the observed dominance of non-planar

dissociations from both the Sz and Si excited states following adiabatic preparation of

CH200(S2) molecules are identified.

Computational Methodology

Using Gaussian 16,** the minimum energy geometry and associated normal mode wavenumbers
of the S state were obtained at the B3LYP/6-311++G** level of theory, a level of theory that
has previously been judged to perform well for CH200.!7#3 The resulting optimized geometry
and normal modes were used to generate the initial positions and momenta of the trajectories
which were randomly sampled from a Sz state Wigner distribution of uncoupled harmonic
oscillators that accounts for the zero point energy in the sampling of the quantum vibrational
levels. TSH simulations were performed using Newton-X.*4” Nuclear coordinates were
propagated by integrating Newton’s equations using the velocity Verlet method, while the
electronic coordinates were propagated by numerically solving the time-dependent Schrodinger

equation using Butcher’s fifth-order Runge-Kutta method in steps of 0.025 fs.*® Trajectories



were initiated on the S state and the energies and gradients of the seven lowest singlet states
were calculated “on-the-fly”” using the single-state, single-reference variant of multistate
CASPT2 (SS-SR-CASPT?2) in conjunction with the cc-pVDZ basis set.** As before,’® the SS-SR-
CASPT?2 calculations were based on a state-averaged complete active space self-consistent field
(CASSCF) reference wavefunction and an active space comprising 10 electrons in 8 orbitals
(depicted in Fig. S1 of the supporting information). These were performed via the BAGEL
interface to Newton-X.>! The state hopping probabilities were evaluated by calculating the non-
adiabatic coupling matrix elements from the SS-SR-CASPT2 computations. 80 trajectories were
propagated out to a maximum time ¢ = 100 fs, with a step size of 0.5 fs. Note, the S2 minimum
energy geometry (S2™") and normal modes were generated at a different level of theory to that
used to determine the energies and gradients for the TSH simulations. This allowed sampling of
a greater fraction of the S2 minimum and the surrounding configuration space and allowed a
better description of the dynamics following excitation to the long wavelength end of the
electronic absorption spectrum of CH200.

Additional PE profiles and stationary points were computed at the CASPT2/aug-cc-pVTZ level
of theory using the same active space and the Molpro computational package 323 to refine the
energetics associated with the various motions revealed by the TSH simulations.

The equilibrium values for the O—O bond distance and ZCOO bond angle in the S2 state returned
by these CASPT2 calculations (1.613 A and 98.9°, respectively) agree with those found in

previous MRCl/cc-pVTZ calculations [ref 17] and are reassuringly similar to those provided by

the present (and previous [ref Lee et al]) B3LYP/6-311++G** calculations (1.623 A and 90.5°).

Results and Discussion



The ground state minimum energy geometry (So™") of CH200, given in Fig. 1(a), has all atoms
in a common plane. The C—O and O—-O bond lengths (Rco and Roo) and the COO bond angle
(£CO0) determined at the B3LYP/6-311++G** level of theory are, respectively, 1.27 &, 1.33 &
and 119.37° — consistent with previous experimental and theoretical values.’* As Fig. 2 shows,
the first excited singlet state is the optically ‘dark’ Si state, arising via an n*<—n transition. The
lowest excited singlet state of CH200 with appreciable oscillator strength following vertical
excitation from So is the Sz state. This arises via a n*<—m electron promotion in which the
participating orbitals have good spatial overlap (as shown in Fig. 2(b)) and is responsible for the
strong absorption that peaks at a wavelength A ~340 nm in the experimentally measured
spectrum.> Figure 2(a) shows that the diabatic Sz potential correlates to O(*P) + 3CH20 products
but also highlights that the Sz (and S1) potentials are involved in complex four-state Colns with
the S3 and S4 potentials (Colnl) and with the Ss and Se potentials (Coln2) at planar geometries,
the first of which facilitates non-adiabatic coupling from the S: state to the O('D) + CH20(So)

limit.

Figure 1: Minimum energy geometries of the (a) ground state and (b) second (S2) excited
electronic states of CH200 derived using the DFT level of theory.
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Figure 2: (a) Adiabatic PE profiles along the Roo coordinate of CH200 for the lowest six singlet
electronic states constrained to planar geometries. (b) Orbitals and dominant orbital promotions
associated with excitations to the lowest six singlet excited states, color coded so as to match
with the excited state PECs shown in panel (a). The S¢-So transition involves a double-excitation
as depicted by the two orbital promotions in dark blue. Reproduced from Esposito ef al.,
Photochem. Photobiol. 2021, 98, 763—772. Copyright 2021 Wiley.

The So™in geometry of CH200 determined in the present study is also planar but, as Fig. 1(b)
shows, ZCOO is reduced to 90.5° and Rco and Roo have both increased (to 1.30 A and 1.62 A,
respectively). These bond extensions and the change in bond angle can be understood by

recognizing the reduction in bond order and change in hybridization at the central O atom that

accompanies ¥« excitation.
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Figure 3: Normalized state populations from trajectories propagated as a function of time
following (a) vertical and (b) adiabatic excitation to the S state at time ¢ = 0. The respective state
populations are color coded to match the potentials shown in Figure 2, as shown in the inset in
panel (a).



Figs. 3(a) and 3(b) show, respectively, the time evolving populations of the seven lowest singlet
states of CH200 following vertical and adiabatic excitation of the S2 state. The data
underpinning Fig. 3(a) are from previous work,>® while the data shown in Fig. 3(b) is entirely
new. As Fig. 3(a) shows, the Sz state population prepared by vertical excitation decays rapidly,
to ~20% of its starting value within ca. 20 fs — with population transferring to the So, S1, S3, Sa,
Ss and Se states. The trajectories plotted in Fig. 4(a) clearly show that the dominant decay path
following photoexcitation is O—O bond fission and formation of O('D) + CH20 products. The
departing O atom recoils in the plane defined by the CH200 molecule. Such findings are entirely
consistent with previous experimental measurements conducted around the peak of the S2—So
absorption of CH200.3%-3¢6

The present calculations predict much richer behavior following adiabatic promotion to So™", As
Fig. 3(b) shows, the S: state population at = 20 fs following adiabatic excitation is still at ~90%
of the starting value. This surviving fraction has fallen to ~50% by ¢ = 50 fs and to ~35% by ¢ =
100 fs, and most of the transferred population couples to the Si state. Trajectories initiated by
adiabatic promotion should provide a better probe of experimental measurements made at the
long wavelength end of the S2—So absorption spectrum. Fig. 4(b), which has been color coded to
illustrate when each trajectory transfers to other states, clearly shows that not all trajectories have
undergone irreversible O—O bond elongation within the 100 fs propagation window. This, and
the larger remaining Sz population, both align with the parent vibronic resonances observed in
the long wavelength tail of the S2—So spectrum,?+30-36

Another noteworthy observation from Fig. 4(b) are the trajectories showing oscillatory motion
within the 100 fs propagation time window. These oscillations occur within the range Roo ~1.5-

1.8 A for trajectories that remain on the S2 PES (Roo ~1.3-1.6 A for trajectories that have jumped



to the S1 PES), i.e. these trajectories remain as parent CH200 molecules that are trapped in the
Sz (or S1) potential wells. The periods of oscillation associated with these trajectories are in the
range 40-90 fs. The average period of ~50 fs equates to a wavenumber of ~650 cm’!, similar to
the peak spacing (~690 cm™') in the long wavelength tail of the room temperature absorption

spectrum of CH200.'%22 This serves to reinforce previous theoretical accounts that the excited

state O—O stretch motion is a dominant contributor to this vibronic structure.?*
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Figure 4: Roo values of the (a) vertically and (b) adiabatically propagated trajectories as a
function of time. The time at which any given trajectory ‘hops’ from one PES to another in
panel (b) is shown by the appropriate color change.

We now look more closely at the evolving population following adiabatic excitation to the Sz
state. Analysis of the trajectories reveals three broad classes of photochemical outcome at the
end of the trajectory classified, in order of decreasing probability, as: (1) dissociation to form O
+ CH20 products; (2) surviving as a parent CH200 molecule throughout the analysis period; and
(3) cyclization to form dioxirane. The pie-charts in Fig. 5 show the percentage of trajectories
exhibiting each of these classes of behavior following (a) vertical and (b) adiabatic excitation to
the Sz state. As Fig. 5(a) shows, all vertically excited trajectories undergo O—O bond fission
within 7 = 50 fs. Further analysis of these trajectories shows minimal loss of planarity in all
cases. Most (~82%) of the adiabatically prepared trajectories also result in O—O bond fission
(within 100 fs) but, as Fig. 4(b) shows, the majority of these dissociations are predicted to occur
after non-adiabatic coupling to the S state and, as Fig. 5(c) shows, most occur from non-planar
geometries; the velocity vector of the departing O atom is out of the plane defined by the parent
CH:0 partner. (The parent motion leading to this outcome can be viewed as a torsion of the CH2
group about the C: rotation axis of the surviving H2CO moiety (as described above) or of the
terminal O about this same axis). Henceforth, we characterize the angle between the planes
defined by the CH2 group and the COO moiety as ¢; ¢ =0 in the CH200(So) parent. ~15% of the
adiabatically excited trajectories remain as intact CH20O molecules throughout the 100 fs
analysis period (but would likely dissociate if followed to yet longer times), while ~3% cyclize

to form ground state dioxirane products within 100 fs.
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Figure 5: Pie charts showing the fractions of trajectories that result in (i) O—O bond dissociation,
(i1) remain as CH200 (parent), or (ii1) form dioxirane, derived from analysis of trajectories
following (a) vertical excitation to the Sz state, analyzed out to # = 50 fs and (b) adiabatic
excitation to the S state analyzed out to # = 100 fs. The bar chart (c) shows the numbers of
dissociating trajectories following adiabatic excitation sub-divided by the excited state on which
dissociation occurs (analyzed once Roo>2 A) and by ¢ (binned into 15° intervals).
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The fraction of each outcome will be sensitive to the initial Wigner sampling, but the realization
that most dissociations occur from non-planar geometries, that some excited CH200 species
survive for several vibrational periods and the predicted minor channel to dioxirane products
following adiabatic excitation to the S state are all noteworthy — and different from that
observed following vertical excitation to the S state.

Dioxirane formation from photoexcited CH20O was predicted in previous CASSCF trajectory
studies,® starting from the optically-dark Si state. ~30% of the initially excited S1 population in
that state was found to evolve towards a Coln between the S1 and So states at an out-of-plane
geometry that enabled internal conversion and ultimate dioxirane formation. It is not clear if such
regions of configuration space are sampled following excitation to the Sz state, however, as there
is no equivalent S2/S1 Coln along the relevant out-of-plane coordinates. The same study located
the well-documented S2/S1 Coln along the O—O stretch coordinate (Colnl in Fig. 2(a)) and
hypothesized that this might promote the S2w S internal conversion required to enable
subsequent motion on the S1 PES towards the out-of-plane S1/So Coln. The present study casts
doubt on such a mechanism, since it would require a substantial redistribution of the internal
energy and a complete reversal of the nuclear momenta against the gradient of steepest descent
(i.e. against O—O bond fission once in the region of Colnl).

The present adiabatically excited trajectories offer much clearer insights into the motions
responsible for internal conversion from Sz to the Si (and So) states. Simply put, the trajectories
show that S;w S internal conversion in the vicinity of S2™ is not driven at Colnl; the Sz and Si
states are energetically sufficiently close at S2™" that the adiabatically trapped S2 population can
couple to the Si state. Such coupling is revealed as surface hops in the present trajectory study,

that occur at geometries with non-degenerate S»/S1 energies.
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Figure 6: (a) CASPT2/aug-cc-pVTZ calculated profiles associated with motion along LIICs
between the vertical and minimum energy regions of the S2 PES (Region I), between the So™in
and the out-of-plane S1/So Coln (Region II) and then between this Coln and the dioxirane
minimum energy geometry on the So PES (Region III). (b) CASPT2/aug-cc-pVTZ calculated
energies of key stationary points, including the asymptotic energy for forming O('D) + CH20(So)
products (calculated at Roo= 3.5 A). (c) CASPT2/aug-cc-pVTZ calculated profiles associated
with motion along a LIIC between the So™™ (right hand edge of Region I in panel (a)) and the
O('D) + CH:20 products at Roo= 3.5 A (upper right hand asymptote in panel (b)), assuming (i)
that all atoms remain in a common plane (i.e. ¢ = 0°) and (i1) that ¢ evolves smoothly from 0 to
90° along the LIIC. The energy profiles for the planar vs. progressively more non-planar
dissociation paths are compared in (c, iii).

To explore this further, PE profiles have been computed at the CASPT2/aug-cc-pVTZ level by
various linear interpolations in internal coordinates (LIICs). Fig. 6(a) shows calculated profiles
connecting the S2 vertical region to S2™™, between the latter geometry and the out-of-plane S1/So
Coln and from this Coln to the ground state of dioxirane. Region I displays the linearly
interpolated reaction path between the minimum energy geometries of the So and Sz states and
clearly reveals the near-degeneracy of the Sz and Si states at the S2™" geometry. Following
S»w» S internal conversion in the vicinity of S2™", an appropriate out-of-plane motion coupled
with some O—O bond compression can lead to an S1/So Coln (Region II). Subsequent evolution
on the So PES to form dioxirane following non-adiabatic coupling at this S1/So Coln is predicted
to be barrierless (Region III).

But the simulations reveal that only ~3% of the adiabatically excited S2 trajectories lead to
cyclization and dioxirane formation. Most result in O—O bond fission, and most of these
dissociations occur from non-planar geometries. Both these findings can be understood from the
CASPT2/aug-cc-pVTZ stationary points displayed in Fig. 6(b) and the potential energy profiles
along LIICs describing dissociation from both planar and non-planar geometries shown in Fig.

6(c). As Fig. 6(b) shows, the energetic threshold for forming O('D) + CH20(So) products lies

below So™in, The profiles shown in Fig. 6(c) show that the S2 and S1 PESs converge in energy
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towards and beyond Colnl and that the energy of the barriers to O—O bond fission are similar to
the adiabatic excitation energy at S2™". The O—O separation will thus only increase rather
slowly as the dissociating molecule passes through the region of Colnl, allowing nuclear
momenta orthogonal to this coordinate (e.g. out-of-plane motions) introduced in the initial
Wigner sampling to influence the eventual recoil. Trajectory analysis shows this to be a major
contributor to the preponderance of out-of-plane (i.e. ¢> 0°) dissociations from both the S2 and
(following internal conversion) the Si states.

The potentials shown in Fig. 6(c) identify a second factor encouraging non-planar dissociation.
Panels (i) and (ii) present PE profiles starting from the S2™" geometry along two closely related
LIICs along the Roo stretch coordinate. In the former, Roo is stepped out to 3.5 A with ¢ fixed at
0°. The latter LIIC involves the same extension of Roo, but in tandem with a progressive increase
in ¢ from 0° to 90°. As the comparison in (c, iii) shows, even an ~15° loss of planarity results in
a discernible lowering of the Sz (and S1) barrier heights and thus encourages dissociation to the
observed O('D) + CH20(So) products.

Clearly it will be interesting to explore the analogous dynamics from the S2™" geometries of CIs
of greater molecular complexity, like methyl vinyl ketone oxide and methacrolein oxide (Cls
formed in the ozonolysis of isoprene), with greater numbers of internal degrees of freedom
(potential acceptor modes) that could facilitate energy flow out of the O—O stretch coordinate
and potentially reduce the rate of dissociation and boost branching into the corresponding

oxirane.
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Conclusions

The present work presents CASPT2 TSH calculations that reveal the dynamics following
adiabatic excitation to the strongly absorbing S: state of CH200 and compares the observed
behavior with that found in the case of vertical excitation to the same excited state. Previous
findings that a Wigner distribution based on the So minimum energy geometry is inadequate for
describing the photodynamics of CH200 following excitation across the entire S2—So absorption
spectrum are confirmed.?>* The present work shows that the longer wavelength dynamics of
interest can be successfully captured by Wigner sampling from initial positions and momenta
generated from the optimized Sz state minimum. Only a modest number of trajectories are
propagated but, given that only two major channels are observed following adiabatic excitation
to the Sz state, the present simulations should be statistically sound within the level of theory
used.

Vertical excitation to the Sz state results in prompt O—O bond fission, with unity quantum yield;
the fragment recoil velocity vector typically lies in the plane defined by the parent molecule.
Adiabatic excitation to the Sz state results in a much richer range of behaviors. The present TSH
data reveal recurrences in the O—O stretch coordinate on the Sz (and S1) PESs, consistent with
the resonance structure observed at the red end of the CH200(S2—So) absorption spectrum. The
trajectory data also offer new insights into the non-adiabatic coupling between the near-
degenerate Sz and S states at geometries close to S2™", that enables population transfer to the
optically dark S; PES. Out-of-plane distortions (not least those introduced by the initial Wigner
sampling) are shown to be important. They reduce the barrier to dissociation on the Sz and Si
PESs in the region of Colnl, thereby boosting the O—O bond fission probability. Out-of-plane

motions following non-adiabatic coupling to the Si state also offer a route to a S1/So Coln that
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facilitates cyclization to dioxirane — a predicted minor (but non-zero) channel for CH200
molecules prepared at the S>™" geometry.

We end by reiterating that the richer dynamics predicted here are only relevant when exciting to
energies at, or close to, the S2 minimum. Given the very small cross-section for S>—So adiabatic
excitation, these rival pathways to direct O—O bond fission are expected to make only a very
minor contribution to the overall decay of photoexcited gas phase CH200 molecules in the
troposphere. But similar considerations may be expected to gain in relative importance for larger

CIs, and for ClIs and other carbonyl oxides in the condensed phase.
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Depictions of the active space orbitals used in the CASSCF/CASPT?2 calculations.
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