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Abstract

Criegee intermediates are amongst the most fascinating molecules in modern-day chemistry.
They are highly reactive intermediates that find vital roles that range from atmospheric chemistry
to organic synthesis. Their excited state chemistry is exotic and complicated, and a myriad of
electronic states can contribute to their photodissociation dynamics. This manuscript reports a
multi-state direct dynamics (full-dimensional) study of the photoinduced fragmentation of the
simplest Criegee intermediate, CH,OO, using state-of-the-art CASPT?2 trajectory surface
hopping. Following vertical excitation to the strongly absorbing S, (‘nr*) state , internal
conversion, and thus changes in the electronic state character of the separating O + CH,O
fragments, is observed between parent electronic states at separations that, traditionally, might be
viewed as the classically asymptotic region of the potential energy surface. We suggest that such
long-range internal conversion may account for the unusual and non-intuitive total kinetic energy
distribution in the O('D) + H,CO(Sy) products observed following photoexcitation of CH,0O.
The present results also reveal the interplay between seven singlet electronic states and
dissociation to yield the experimentally observed O('D) + H,CO(S) and O(°P) + H,CO(T))
products. The former (singlet) products are favored, with a branching ratio of ca. 80 %,
quantifying the hitherto unknown product branching ratios observed in velocity map imaging
experiments. To the best of our knowledge, such long-range internal conversions that lead to

changes in the electronic state character of the fragment pairs originating from a common parent
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— at classically asymptotic separations — has not been recognized hitherto in the case of a

molecular photodissociation.

Introduction

Criegee intermediates (Cls) are carbonyl oxides that have attracted a cornucopia of
attention for at least the past 2 decades.! They are implicated in enhancing the oxidizing capacity
of the troposphere?~’ and in forming lower volatility products that typically condense to form
secondary organic aerosols.?®

Volatile alkenes emitted into the troposphere can undergo reaction with ozone to form a
primary ozonide (POZ). The resulting POZ is formed highly internally excited and decays to
form aldehyde/ketone and CI products. The latter CI is also formed highly internally excited and
may undergo unimolecular decay or collisions with bath atmospheric gases to form a stabilized
CI (sCI). The sCI may also undergo unimolecular decay or bimolecular chemistry with trace
vapor molecules in the troposphere, e.g., water, alcohols and organic acids.®!%1%-11-18 The sCI
could also undergo UV-excitation within the tropospherically relevant solar irradiance — which is
particularly relevant for larger conjugated CIs that derive from biogenic emissions.?0-23

The photochemistry of Cls represents an intriguing photodissociation problem, as their
rich and complicated excited state dynamics pose some interesting questions that are of
interdisciplinary relevance to atmospheric chemistry, organic photochemistry and chemical
reaction dynamics. The near-UV absorption spectrum of small CIs, such as formaldehyde oxide
(CH,00) and acetaldehyde oxide (CH;CHOO), are dominated by a strong n* € 1 electron
transition.!1,16:17.21,2427 The resulting nn* state undergoes rapid O-O bond fission to form O('D)
+ H,CO(Sy) and O(°P) + H,CO (T) products.?!** Figure 1(a) presents the total kinetic energy

release (TKER) spectra derived from the acquired O('D) and O(®P) velocity map images,
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following excitation at Aype = 350 nm and 330 nm. At both wavelengths, population in both the
O('D) + CH,0(S) and O(’P) + CH,O (T;) product channels are observed, which can be
understood by considering the potential energy (PE) profiles along the O-O stretch (Roo)
coordinate (in Figure 1(b)). In the latter, the S; and S, states encounter a crossing with the S; and
S, states at Roo ~ 1.7 A. This crossing develops into a conical intersection (Coln) when motions
orthogonal to the O-O stretch coordinate are considered. The crossing at Roo ~ 1.7 A will
henceforth be referred to as Colnl. A further crossing between the S;/S, and Ss/S¢ states
(labelled Coln2) is observed at Roo ~ 2.2 A. Both Colnl and Coln2 are likely to promote
ultrafast internal conversion between the participating states. Following O-O photodissociation,
the Sy — Sy states correlate with O('D) + CH,O(S,) products, while the S5 and S states correlate
with the O(*P) + CH,O(T)) products. This implies that formation of the O(*P) + CH,O(T})
products requires internal conversion at both Colnl and Coln2 — to S, states that have n> 2, i.e.,
higher n than the initially excited S, state.
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Figure 1: (a) TKER spectra associated with the O(?P) + CH,O (blue) and O('D) + CH,O (red)
fragments following photoexcitation of CH,OO at 330 nm (top) and 350 nm (bottom). (b)
Adiabatic potential energy profiles of the lowest seven singlet states of CH,0OO along the O-O
stretch coordinate. Both (a) and (b) are reproduced with permission from reference 21. We note
that the notation used for formaldehyde (CH,O) in the present study is different from that used in
reference 21 (H,CO).

The excited-state dynamics of CIs show two interesting phenomena: (1) the dynamics
involves many electronic states with distinct electronic configurations, which gives rise to a 7-
state problem with multi-state intersections; (2) motion through conical intersections to higher
lying electronic states than the Coln, as the excitation energy is sufficient to access the higher
lying electronic state. Both phenomena have direct consequences on the electronic state
branching into O('D) + CH,O(S,) and O(°P) + CH,O (T) products and modelling the evolving
dynamics requires (1) an accurate multi-reference method with dynamic correlation, (2) full-
dimensionality, and (3) the inclusion of all seven singlet electronic states.

Prior studies have attempted to quantify the inherent product branching ratios into O('D)
+ CH,O(Sy) and O(°P) + CH,O (T);) products using a range of time-dependent methods. The
work by Samanta et al. was the first attempt to quantify the branching ratio into O('D) +
CH,O(Sy) and O(°P) + CH,O (T}) products upon photodissociation of CH,00.?® The study
involved time-dependent quantum wavepacket propagation, on a reduced dimensional potential
energy surface calculated using the Dynamically-Weighted Complete Active Space Self-
Consistent Field (DW-CASSCF) method. That study predicted a significant product population
inversion favoring O(°P) + CH,O (T)) products. Although informative, the DW-CASSCF
method used in that study does not adequately capture the significant dynamic correlation

required for describing the photodynamics of CH,OO. A more recent study used combined

experimental and theoretical approaches to study the photodissociation dynamics of CH,O0O.?!
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Surface hopping was used to quantify the branching ratios into the O('D) + CH,O(S,) and O(*P)
+ CH,0 (T,) products, wherein energies and gradients were calculated “on-the-fly” at the state-
averaged-CASSCEF level-of-theory. This latter study revealed a preference for the lower energy
O('D) + CH,O(Sy) channel. This latter observation is more intuitive on energetic grounds, but
since CASSCF was used the absolute branching ratios are only qualitatively correct. Higher level
CASPT?2 PE profiles of CH,00 along Roo shows some differences in the topologies when
compared to CASSCF PE profiles.?! This observation suggests that dynamic electron correlation
is important in accurately capturing the photodissociation dynamics of CH,OO.

A somewhat more subtle phenomena is observed in the experimentally measured TKER
spectra assigned to O('D) + CH,0(S,) products — i.¢., the blue distribution in Fig. 1(a). The
broad TKER distribution reveals a low TKER shoulder that coincidently sits beneath the TKER
distribution corresponding to O(*°P) + CH,O(T;) products. This slow TKER shoulder is most
pronounced in the 330 nm TKER distribution in Figure 1(a), at hv — TKER ~ 80 kcal mol'! in the
blue distribution. The earlier interpretation?! of this phenomenon suggested that the evolving
population on the Ss and Sg states are initially en route to forming O(?P) + CH,O(T}) products
but non-adiabatic coupling at Coln2 leads to internal conversion to the S, or Ss state — ultimately
forming O('D) + CH,0(S,) products.

This study reports the 7-state, full-dimensional trajectory surface hopping (TSH)
dynamics of photoexcited CH,OO at the multi-state (MS)-CASPT2 level of theory, thus
providing an accurate full-dimensional study of the photodissociation dynamics of CH,OO. We
provide new insights on the branching fractions between the O('D) + CH,O(S,) and O(’P) +
CH,O(T)) products and show that the low-TKER shoulder in the O('D) + CH,O(S,) distribution

may be due to internal conversion between asymptotic electronic states.
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Results and Discussion

Fig. 2 presents the minimum energy geometry of CH,OO which, as previously reported,
contains a planar equilibrium geometry. Fig. 2 also presents the orbitals and orbital promotions
associated with excitation to the S; and S, states. Although these transitions are now well-known
in the context of CH,00,!517:21.2627.29 wye reproduce it here to set the scene for the evolving
narrative. As Fig. 2 shows, excitation to the S; and S, states involve 7 € n and ©* €< = electron
promotions, respectively. As previously reported, only the S, state contains sufficient oscillator
strength in the near-UV.

Sz ("n*)

S; ("nm*) 1
1

r Re¢ g

Figure 2: Equilibrium geometry of CH,OO and the orbital promotions associated with excitation
to the S; and S, states.

Following near-UV excitation, velocity map imaging (VMI) experiments show O('D) and O(°P)
atom products — but with little knowledge of the branching fractions into each electronic state.
Our TSH simulations provide branching ratios associated with O('D) and O(?°P) atom formation

as described below.
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Figure 3: (a) the average (red) and individual trajectory (gray) O-O bond distances as a function
of time. (b) Population in the Sy, Si, S,, S3, S4, Ss, and S¢ states as a function of time as returned
from the CASPT?2 trajectories.

As Figure 3(a) shows, all trajectories that were initiated on the bright S, state undergo rapid bond
elongation to an asymptotic Roo value — which, as guided by the PE profiles in Figure 1(b), is
taken to be 3 A. This implies that photoinduced O-O bond fission is prompt and occurs on
timescale <100 fs and with unity quantum yield. This is in excellent agreement with the
translationally excited O-atom products and their limiting recoil anisotropy parameter observed
in VMI studies.?! The latter observation indicates that the O-O bond fission occurs on timescales
that are substantially shorter than molecular rotation.

At this point, our results indicate that O-O bond fission occurs on an ultrashort timescale. Of
greater importance is the question: what path does the evolving dynamics follow to form O +
CH,0 products? Figure 3(b) provides such answers, which presents the normalized population as
a function of time from the MS-CASPT2 surface hopping results. As shown, the initially

prepared S, state starts to depopulate at ca. 8 fs, undergoing initial internal conversion to the S;
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state in 8-15 fs and to the S; and S, pair of states in 10 — 20 fs. At >40 fs, where all trajectories
have reached long Rpo bond distances, the surface hopping results indicate that ca. 20 % of the
population remains on the Ss and S states — corresponding to O(°P) + CH,O(T) products. The
remaining 80 % are distributed among the Sy — S, states, which correspond to O('D) + CH,O(Sy)
products. This indicates that only ca. 20 % of the initially excited CH,OO molecules dissociate
to form O(*P) + CH,O(T)) products, while the remaining 80 % partition to form O('D) +
CH,O(Sy) products within 50 fs.

The most striking observations returned from our TSH simulations are the hops from the S5 and
S¢ states at long Rpo values —i.e., in regions of configuration space that are classically
asymptotic along the O-O dissociation coordinate. Fig. 4 presents the CO distances (Rco) and
HCO angles (Anco) at which hops from the Ss and S states to the Sy Sy, S,, S; or Sy states occur
at Roo > 3 A. This value of Roo is chosen since it is the distance at which the energy profile
along the O-O coordinate becomes asymptotic. Observation of surface hops from the Ss/Sq states
implies non-adiabatic coupling between electronic states that correlate with O('D) + CH,O(S,)
and O(C’P) + CH,O(T)) products at Roo distances that would otherwise be considered classically
asymptotic — i.e., where the CH,O + O fragments have minimal interaction. As Fig. 4 shows, the
geometry of the CH,0 (i.e., formaldehyde) counter-fragment at these hopping points are mostly
with HCO angles that are smaller, and CO bond distances that are longer, than their equilibrium
values in the parent CH,OO and formaldehyde (T;) molecules. These results indicate that Rco
and Ayco motions in the CH,O counter-fragment lead to spin-allowed internal conversion in
CH,00, between electronic states that correlate with O(°P) + CH,O(T)) products (S and Ss) to
those that correlate with O('D) + CH,O(S,) products (S4, S3, S», S; and Sy) at Roo distances that

might be viewed as the classically asymptotic region of the potential energy surface along the
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dissociation coordinate. To the best of our knowledge, this long-range internal conversion is a
hitherto unrecognized phenomena in molecular photodissociation and arises from degeneracies
between the Sy, Sy, Sy, S3, S4, S5 and Sg states at long Rpo. This is seen clearly in Fig. S3 of the
supporting information which shows an energy vs. time plot of a representative trajectory that
undergoes such long-range hopping from the Ss/Sq state. Since the motions that such long-range
degeneracies are centered on the formaldehyde co-fragment this motivates us to explore the

energy profiles along the Rco and Ayco coordinates in CH,O in more detail.
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Figure 4: The Rco and Ayco values of CH,OO at which hops from the S5 and Sg states to either
of the S, states (where n < 4) occur at Roo distances longer than 3 A. (a) Shows Rco and Roo
values of the long-range hops from the Ss/Sg states of CH,0O. (b) Shows the Ayco and Rpo
values of the long-range hops from the Ss/Sg states of CH,OO. The green and purple lines show
the equilibrium Ayco values in, respectively, the parent CH,OO (S,) and formaldehyde (T;). (c)
presents the Ayco and Rco values of the long-range hops from the Ss/Sg¢ states of CH,O0 at Rpo
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>3 A. The green and purple points (and lines) represent the Rco and Ryco values of,
respectively, the parent CH,OO (S() and formaldehyde (T,).

Fig. 5 presents the relaxed PE profiles along the Ayco and Rco coordinates of formaldehyde
(CH,0). These calculations are undertaken by fixing either Ayco or Rco coordinate of
formaldehyde at various values and allowing the remainder of the nuclear framework to relax to
their B3LYP/cc-pVTZ minimum energy geometry. These relaxed scans are undertaken for both
the Sy and T, states of formaldehyde. Single point CASPT2/aug-cc-pVTZ calculations are then
undertaken on the returned B3LYP/cc-pVTZ relaxed PE points. In all cases the S, state is shifted
by an amount equivalent to the experimentally measured O(?P)-O('D) energy splitting (15780
cm/1.96 eV)3? which we label as “S(shift)” in the PE profiles in Fig. 5. Sy(shift) directly
relates to the O('D) + CH,O(Sy) energetic limit of CH,OO at long Roo. When viewed from this
perspective, the unshifted S state directly relates to the lowest energy (spin-forbidden) O(°P) +
CH,O(S,) product channel. The T states in Fig. 5 then directly relate to the spin-allowed O(°P) +
CH,O(T) channel with no equivalent energy shift required since the O atom remains in its
lowest energy electronic configuration. Changes in the Sy(shift) and T, state energies, via nuclear
motions along the Acyo and Rco coordinates, are therefore analogous to energy changes along
the equivalent coordinates in, respectively, the S¢/S;/S,/S3/S4 and Ss/Sg¢ states of CH,0O0 at
asymptotic Roo distances. Degeneracies between the Sy(shift) and T, states therefore represent
equivalent degeneracies that would be expected between the Sy/S,/S,/S5/S, and Ss5/S¢ states of
CH,O0O0 at long Rpo. Since such degeneracies are solely due to nuclear motions of CH,O, the
So(shift) and T, PE profiles in Fig. 5 directly relate to the CH,OO molecule at long Rop and
represent the necessary nuclear motions that promote internal conversion at asymptotic regions

of the PE surface configuration space.
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Figs. 5 (a) and (b) present the CASPT2/aug-cc-pVTZ//B3LYP/cc-pVTZ PE profiles along the
Anco coordinate for, respectively, the relaxed Sy and T electronic states of formaldehyde. As
shown in Fig. 5(b), the T; minimum of formaldehyde is pyramidal. Motion along Ayco leads to
degeneracies between the Sy(shift) and T states — implying that an equivalent spin allowed
crossing occurs in CH,OO between the electronic states that correlate with the O('D) +
CH,O(Sy) and O(°P) + CH,O(T)) limits at long Roo. These degeneracies are analogous to the
long Rop hops from the Ss and Sg¢ states observed in the TSH simulations, which are mostly at
Anco values that are smaller than the equivalent angle in the minimum energy geometry of
CH,00 (Sy) and CH,0 (T)).

Additionally, Figs. 5(c) and 5(d) shows equivalent crossings along the Rco coordinate. This is
most noticeable in Fig. 5(d) which shows a crossing between the shifted Sy PE profile and the T,
relaxed profile at a slight CO elongation from the CH,O(T) equilibrium geometry. Again, this
accounts for the long Roo hops from Ss and Sq states at Rco values that are somewhat longer than

the equivalent Rco values in the minimum energy geometry of CH,0O0(S,) and CH,O (T)).
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Figure 5: CASPT2(6,5)/aug-cc-pVTZ PE profiles of formaldehyde (CH,0) along the Ayco [(a)
and (b)] and Rco [(c) and (d)] coordinates. Panels (a) and (c) correspond to, respectively, the
relaxed Sy PE profiles along the Ayco and Rco coordinates and the corresponding T; energies at
the corresponding S, relaxed geometry. The dotted blue profile (labelled Sy(shift)) corresponds
to the S, profile shifted by 1.96 eV (i.e., the O('D) — O(’P) energy gap) to match the

experimental O (D) + CH,O (S,) asymptote. Panels (b) and (d) correspond to, respectively, the
relaxed T, PE profiles along the Ayco and Rco coordinates and the corresponding Sy energies at
the corresponding T, relaxed geometry. Again, the dotted blue profile (labelled Sy(shift))
corresponds to the S, profile shifted by 1.96 eV (i.e., the O('D) — O(’P) energy gap) to match the
experimental O (D) + CH,O (S,) asymptote.



Physical Chemistry Chemical Physics

Given these hops and degeneracies at asymptotic distances, the low TKER edge of the O('D) +
CH,0(Sy) distribution at hv — TKER ~ 80 kcal mol-! may be a result of this long-range internal
conversion, wherein the evolving Ss/S¢ population en route to forming internally cold CH,O(T)
+ O(CP) products undergoes long-range spin allowed internal conversion to S4, Ss3, S,, S; or S
states, ultimately forming CH,O(Sy) + O('D) products. Since the internal conversion occurs from
higher energy states, the subsequent CH,O(S) is formed highly internally excited which
manifests in translationally slower O('D) fragments. This would then manifest in a low TKER
shoulder that is distinct from the CH,O(S) + O('D) TKER distribution formed from direct

dissociation on the S4, Ss, S,, S; or Sy states.

Conclusions and Outlook

We have performed a multi-reference direct dynamics study of the full-dimensional multi-state
photodissociation dynamics of the simplest Criegee intermediate, CH,OO, using MS-CASPT2
surface hopping molecular dynamics simulations. The results have significance to the fields of
atmospheric chemistry, photochemical synthesis, and chemical reaction dynamics.

We have shown that the initially prepared S, state of CH,OO undergoes prompt O-O bond
fission within 50 fs. Within this short timescale, internal conversion among the seven electronic
states controls the electronic state branching into the O('D) + CH,O(Sy) and O(?P) + CH,O(T})
product channels — with the former dominating with ca. 80 % of the overall quantum yield.
Our results also reveal long-range internal conversion, at areas of the PE surface that
traditionally mighe be view as classically asymptotic. To the best of our knowledge, such
behavior is hitherto unobserved in a photodissociation case. The results may have profound

atmospheric consequences — such as Cls potentially contributing to the day-time budget of O('D)
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and O(°P) atoms — which are important atmospheric species. Notably, O('D) reacts rapidly with
water vapor to form OH radicals. Photoexcitation of CIs may therefore contribute to the
oxidizing capacity of the troposphere. This may be particularly true for larger and more
functionalized Cls that have electronic absorption spectra that align better with the
tropospherically relevant solar irradiance profile. The results may also have consequences for
synthetic chemistry wherein Criegee intermediates are important precursors.3=33 In situ
photochemical trapping of these species may provide a route for forming aldehyde or ketone
species with high yield.

Moving forward, we are excited to explore how the photodissociation dynamics change upon
increasing CI molecular complexity, where we look forward to extending the current study to

isoprene and a-pinene derived Criegee intermediates.

Computational Methodology

The ground state equilibrium geometry of CH,OO was optimized at the B2PLYP-D3/cc-pVTZ
level of theory.3%37 This functional and basis set combination has been shown to perform well for
determining geometries and normal modes of CIs?!23-2738 and for consistency when comparing
the resulting dynamics with prior work.?! Trajectory surface hopping (TSH) simulations were
performed using the surface hopping method with quantum transitions of Hammes-Schiffer and
Tully* as implemented in Newton-X.*>#! Initial positions and momenta were obtained by means
of a Wigner distribution based on the B2PLYP-D3/cc-pVTZ equilibrium geometry and
associated harmonic normal mode wavenumbers. In the TSH simulations, the nuclear
coordinates were propagated by integrating Newton’s equation using the velocity Verlet method,

while the electronic coordinates were propagated by numerically solving the time-dependent
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Schrodinger equation using Butcher’s fifth-order Runge-Kutta method in steps of 0.025 fs.4?
Trajectories were initiated in 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 multistate
complete active space second order perturbation theory (SS-SR-CASPT2) method in conjunction
with the cc-pVDZ basis set.** 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 SS-SR-CASPT2 calculations were based on a state-
averaged complete active space self-consistent field (CASSCF) method reference wavefunction
and an active space comprising 10 electrons in 8 orbitals as depicted in Fig. S1 of the supporting
information. These were performed via the BAGEL interface to Newton-X.4* The state hopping
probabilities were evaluated by calculating the non-adiabatic coupling matrix elements from the
SS-SR-CASPT2 computations. 199 trajectories were propagated in time with a step size of 0.5
fs.

Additional calculations were carried out on formaldehyde (CH,0). The equilibrium geometry of
the Sy and T, states of CH,O were optimized at the B3LYP/cc-pVTZ level of theory. The
resulting geometries were used to undertake B3LYP/cc-pVTZ relaxed scans along the CO stretch
and HCO bend of formaldehyde. Single point energies at the CASPT2/aug-cc-pVTZ level of
theory were computed on the resulting B3LYP/cc-pVTZ relaxed geometries. The B3LYP
functional allows for stable computation of the relaxed structures while minimizing
computational expense. Additionally, bare CASPT2 — as opposed to MS-CASPT2 — is adequate
since no electronic state degeneracies are returned along the scan coordinate — as confirmed by
the comparison between the bare CASPT2 and SS-SR-CASPT2 benchmarks in the supporting

information. These computations were based on an active space of 6 electrons in 5 orbitals as



Page 17 of 23

Physical Chemistry Chemical Physics

depicted in Fig. S2 and involved a state-averaged reference wavefunction comprising only the Sy

and T, states of CH,O.

All CASPT?2 calculations used an imaginary level shift of 0.5 Ey to aid convergence and

circumvent intruder state effects. The density functional theory (B2PLYP-D3 and B3LYP)

computations were carried out using Gaussian 16,% while the CASPT?2 single point energy

calculations were carried out in Molpro.4647
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