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Criegee intermediates are of great significance to Earth's troposphere — implicated in altering the tropo-
spheric oxidation cycle and in forming low volatility products that typically condense to form secondary
organic aerosols (SOAs). As such, their chemistry has attracted vast attention in recent years. In particular,
the unimolecular decay of thermal and vibrationally-excited Criegee intermediates has been the focus of
several experimental and computational studies, and it is now recognized that Criegee intermediates
undergo unimolecular decay to form OH radicals. In this contribution we reveal insight into the
chemistry of Criegee intermediates by highlighting the hitherto neglected multi-state contribution to
the ground state unimolecular decay dynamics of the Criegee intermediate products. The two key
intermediates of present focus are dioxirane and vinylhydroperoxide — known to be active intermediates
that mediate the unimolecular decay of CH,OO and CHzCHOO, respectively. In both cases the uni-
molecular decay path encounters conical intersections, which may play a pivotal role in the ensuing
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Introduction

Criegee intermediates are a class of highly reactive organic
compounds, known most prominently as reactive atmospheric
oxidants. They are distinguishable by their carbonyl oxide
functional group that contains Zwitterionic (or biradical)
character. Criegee intermediates are an important source of
non-photolytic OH radicals,’ and are well-known for their role
in promoting the oxidizing capacity of the troposphere and for
forming low volatility products that typically condense to form
secondary organic aerosols (SOAs). In the atmosphere, Criegee
intermediates are formed via the oxidation of volatile alkenes
with ozone.®® The nascent Criegee intermediates are formed
highly internally excited and may undergo prompt unimolecular
decay or vibrational energy relaxation via collisions with bath
molecules in the troposphere (e.g., N,).">"* If the latter prevails,
the resulting state is known as a stabilized Criegee intermediate,
which may then undergo unimolecular decay or bimolecular
reaction with trace tropospheric gas molecules (notably H,O,
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unimolecular decay of a given Criegee intermediate.

SO, and organic acids)."*™"” Both processes are implicated in

enhancing the oxidizing capacity of the troposphere and in
forming SOAs.

The chemistry of Criegee intermediates of varying molecular
complexities have been at the centre of several experimental
and computational studies.""**7>* It is now recognized that the
unimolecular decay of Criegee intermediates is an important
source of OH radicals - which is the main oxidizer in the
troposphere. The simplest Criegee intermediates, formaldehyde
oxide (henceforth CH,00) undergoes unimolecular decay to form
OH radicals - as well as CO, CO, and formic acid.>*** This
unimolecular decay is summarized in Scheme 1 and is driven
by isomerization of CH,0OO0 to form a dioxirane intermediate,
which then undergoes ring-opening to form formic acid via
a bisoxy biradical intermediate.>® Recent work has detected
formic acid, CO, CO, and OH products from CH,O0O0. The
Criegee intermediates in this case is formed by initial photolysis
of CH,I, and subsequent reaction of the nascent CH,I radical with
seed O, gas molecules - forming CH,00 + I products.>

The simplest alkyl substituted Criegee intermediates, acet-
aldehyde oxide, CH;CHOO, may also undergo unimolecular
rearrangement to form acetic acid, via rearrangement of an
methyldioxirane intermediate. This however constitutes a
minor channel in CH;CHOO and the dominant unimolecular
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Scheme 1 Reaction mechanism associated with the unimolecular decay of CH,OO to form the bisoxy biradical.
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Scheme 2 Reaction mechanism associated with the unimolecular decay
of CHzCHOO to form the CH,CHO + OH radicals via a VHP intermediate.

decay pathway is intramolecular H-atom transfer to form vinyl-
hydroperoxide (VHP), followed by unimolecular decay to form
CH,CHO + OH radicals.***! This latter process is highlighted
in Scheme 2 and is now understood to be a key contributor to
the OH radical yield in the troposphere. Criegee intermediates
with >C, are also known to undergo unimolecular decay to form
OH radicals.?**? In such Criegee intermediates the mechanism is
the same as that outlined in Scheme 2 for CH;CHOO.

In the present study, we use state-of-the-art multi-reference
quantum chemical methods to access the extent to which
coupling between multiple electronic states contributes to the
ground state (thermal or vibrationally excited) unimolecular
decay dynamics of Criegee intermediates. In so doing, we
assess the ground and excited state energy profiles of two key
intermediates, dioxirane and VHP, which are known to mediate
unimolecular decay in Criegee intermediates. The recognition
that the ensuing dynamics occurs on multiple energy profiles
may potentially influence the dynamics - including altering the
product branching ratios and yields.

Computational methodology

All optimizations (ground state minima and conical inter-
sections) were performed in the Gaussian 16 computational
package.>® The (X)MS-CASPT2 computations were undertaken
in the Molpro computational package.****

The ground state minimum energy geometry of dioxirane
was optimized with Density Functional Theory (DFT), using
Grimme’s B2PLYP-D3® functional coupled to the 6-311+G(d,p)
basis set.*”*® This functional has been shown to perform
well in optimizing geometries and obtaining normal modes
in Criegee intermediates.**"

This journal is © the Owner Societies 2022

Relaxed potential energy profiles along the O-O stretch coor-
dinate (Roo) were constructed by fixing Roo at various values
and optimizing the remainder of the nuclear with the Mgller-
Plesset second-order perturbation theory***° or the complete
active space second-order perturbation theory (CASPT2), method
coupled to the aug-cc-pVIZ basis set.*! At each relaxed geometty,
multi-state complete active space second-order perturbation the-
ory (MS-CASPT2),"* coupled to the aug-cc-pVTZ basis set, was used
to obtain the ground and lowest three electronically excited state
energies. The lowest four states of singlet spin-multiplicity were
mixed in the MS-CASPT2 calculations and were based on a state-
average complete active space self-consistent field (SA4-CASSCF)
reference wavefunction. An active space consisting of twelve elec-
trons in ten orbitals was used in the CASSCF and MS-CASPT2
calculations. The active orbitals are displayed in Fig. S1 of the ESL

A conical intersection between the ground and first electro-
nically excited state of dioxirane was located at the CASSCF/
6-31G(d) level of theory. In this case a smaller active space of
six electrons in five orbitals was used. This smaller active space
(¢f PE profiles) is adequate for describing the two-state interaction
between the S, and S, states at a localized region, while in the PE
profiles, the larger active space is required to describe the long-
range PE profiles of the four coupled electronic states (vide infia).

The ground state minimum energy geometry of VHP was
optimized using Grimme’s B2PLYP-D3 functional coupled to
the 6-311+G(d,p) basis set. Unrelaxed (rigid body) potential
energy profiles along the Roo coordinate were constructed by
elongating the Roo bond length and performing single-point
calculations of the four lowest singlet electronic states at each
geometry. All other coordinates were fixed at their equilibrium
geometry. The single-point calculations were performed using
Extended Multi-State complete active space second-order perturba-
tion theory (XMS-CASPT2)* in conjunction with the aug-cc-pVITZ
basis set. All 4 states were mixed in the XMS-CASPT2 wavefunction
and were based on a 4 state-averaged CASSCF (SA4-CASSCF)
reference wavefunction using the same basis set. An active space
of twelve electrons in nine orbitals was used, the latter of which are
visualized in Fig. S2 of the ESIL.{ CASPT2 relaxed scans were also
conducted along Rqo, by fixing Roo at various values and allowing
the remainder of the nuclear framework to relax to their ground
state minimum energy configurations.

The active spaces for both dioxirane and VHP were selected in
order describe all significant electronic effects while maintaining
an appropriate computational expense. The reactant and product
vertical excitation energies were benchmarked with various active
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spaces. These results are displayed in Table S1 and S2 of the ESI¥
and show that variations in the active space show only modest
changes to the excitation energies.

Results and discussion
Ground state structures and vertical excitation energies

Fig. 1 presents the ground state minimum energy geometry of
dioxirane and VHP - calculated at the B2PLYP-D3/6-311+G(d,p)
level of theory. As previously noted,>®** the ground state mini-
mum energy geometry of both dioxirane and VHP are with all
carbon and oxygen atoms in a common plane. In dioxirane, the
carbon atom is at the centre of a pseudo-tetrahedral geometry, in
which the carbon-hydrogen and carbon-oxygen bonds form a
symmetric arrangement around the central carbon-atom. In VHP
the hydrogen atom on the terminal OH moiety is out of the
molecular plane - forming a staggered conformation. This is
consistent with the molecular geometry of hydrogen peroxide
which also shows a staggered conformation.*>*®

Fig. 2 presents the dominant electronic configurations asso-
ciated with the ground and excitation to the lowest three
electronically excited singlet states of dioxirane and VHP.

In dioxirane the ground state involves an expected electronic
configuration in which all bonding and non-bonding valence
orbitals are doubly occupied. The first and second vertically excited
states involve single-excited electronic configurations, involving
promotion from an out-of-plane valence orbitals to a common
in-plane * virtual orbital. This 6* orbital is localized along the O-O
bond of the dioxirane. The third excited state also arises by electron
transition to the same o* orbital but in this case the configuration is
doubly-excited — with the o* orbital doubly occupied.

In VHP the ground state also involves an expected electronic
configuration in which all orbitals are doubly occupied. The excited
electronic states all involve promotion of an electron to a common
o* orbital localized along the O-O bond. The first, second and third
electronically excited state configurations are distinguishable by the
different 7 orbital from which the electron is promoted.

Unimolecular decay paths

Dioxirane

Fig. 3 presents the adiabatic MS-CASPT2 potential energy (PE)
profiles along the O-O stretch coordinate (henceforth Ro)

C

Fig. 1 Ground state minimum energy geometry of dioxirane and VHP —
calculated at the B2PLYP-D3/6-311+G(d,p) level of theory.

Dioxirane VHP
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Fig. 2 Orbitals and orbital promotions associated with the vertically
excited electronic states of (a) dioxirane and (b) VHP.

of dioxirane. Panels (a) and (b) are distinguishable by the
relaxation of the nuclear framework with MP2 or CASPT2,
respectively. These will henceforth be referred to as MS-
CASPT2/AVTZ//MP2/AVTZ and MS-CASPT2/AVTZ//CASPT2/
AVTZ, respectively. Additional details are given in the metho-
dology section. The geometry at Roo = 1.56 A corresponds to the
dioxirane reactant whilst that at Roo ~ 2.4 A corresponds to the
bisoxy biradical - which is the intermediate precursor for
forming formic acid. As shown, the PE profiles of the adiabatic
ground state (blue curve in Fig. 3) follows that of a typical
ground state reaction, wherein the reactant dioxirane and
the product bisoxy biradical are separated by a PE barrier at
ca. Roo ~ 2.2 A. The molecular structures of the reactant,
product and saddle point (of dioxirane and the bisoxy diradical)
accord well with previous single point computations by Guo
and co-workers.** Fig. 3 also displays the adiabatic Sy, S, and S;
states along the Roo coordinate. In both the MS-CASPT2/AVTZ//
MP2/AVTZ and MS-CASPT2/AVTZ//CASPT2/AVTZ PE profiles, all
three excited states show a net decrease in PE upon increasing
Roo from that of the ground state equilibrium value. This can
be understood by recognizing that all vertically excited electro-
nic states correspond to excitations to a common c* orbital,
localized on the O-O bond (as outlined in the previously
section). This will inevitably lead to a long-range repulsive
interaction upon decreasing Roo when viewed from the bisoxy
biradical geometry. The relative gradients along Rpo, of the
excited electronic states at the Franck-Condon region, qualita-
tively increases from S; to S;. This steepest gradient of the S;3
state (¢f. S; and S, states) can be understood by recognizing that
the electronic state arises via promotion of an electron-pair
to the o* orbital (see Fig. 3) - leading to a doubly excited
state configuration. This manifests in a lower bond order for S;
(¢f S; and S, states). Instead, the S; and S, states arise via a

This journal is © the Owner Societies 2022
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Fig. 3 Relaxed PE profiles along the O-O stretch coordinate of dioxirane
of the lowest four singlet states, calculated at the (a) MS-CASPT2/AVTZ//
MP2/AVTZ and (b) MS-CASPT2/AVTZ//CASPT2/AVTZ levels of theory. The
orbitals represent the highest doubly occupied molecular orbital and
various points, two of which are indicated by arrow. The orbital displayed
in the yellow box is the highest doubly occupied molecular orbital of the Sz
state (yellow profile) at Roo = 1.56 A. The step change between Roo = 2.18 A
and Roo = 2.2 A represents a change in the C—O bond distance from 1.44 A to
1.31 A Panel (c) shows a LIIC between this step change in energy between the
relaxed Roo = 2.18 A and Roo = 2.2 A geometries displayed in (b).

single excitation to the o* orbital - leading to a singly occupied

configuration and thus a greater O-O bond order when com-
pared to S;.
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The S, state becomes degenerate with the S, state at ca.
Roo = 2.2 A, at which point the S, and S; states are also close in
energy to the S, state. This is particularly noteworthy as Roo ~
2.2 A also corresponds to the transition state geometry asso-
ciated with the ground state unimolecular decay of dioxirane to
the bisoxy biradical. From the dioxirane parent molecule,
progressive elongation of Roo leads to an adiabatic change in
the ground state electronic configuration from the dioxirane to
the bisoxy biradical. This change in the electronic wavefunction
is illustrated by the change in the highest occupied molecular
orbital upon forming the bisoxy biradical from dioxirane. The
highest occupied molecular orbital of the bisoxy biradical is of
anti-bonding (c*) character and is therefore unoccupied in
the ground state dioxirane. The ground state electronic con-
figuration of the bisoxy biradical product therefore correlates
with an excited electronic state configuration of the reactant
dioxirane structure that is distinct from that of ground state
dioxirane.

Although the PE profiles calculated at the MS-CASPT2/
AVTZ//MP2/AVTZ and MS-CASPT2/AVTZ//CASPT2/AVTZ level
are similar in the region between Rpo = 1.56 A and Ryo = 2.18 A,
we note an important distinction at long Roo. As shown in
Fig. 3(b), the MS-CASPT2/AVTZ//CASPT2/AVTZ PE profiles show a
step discontinuity in the energy profiles between Roo = 2.18 A and
Roo = 2.2 A, which arises via the reduction of the C-O bond
distance from ca. Rco = 1.44 A (at Roo < 2.18 A) to Reo = 1.31 A
(at Roo > 2.2 A). This behaviour is not captured in the MP2
relaxation due to its inherent single-reference nature. To investi-
gate this step change in energy further, additional MS-CASPT2 PE
profiles connecting the CASPT? relaxed geometries at Roo = 2.18 A
to Roo = 2.2 A were constructed using a Linear interpolation in
internal coordinates (LIIC). Fig. 3(c) presents the resulting LIIC
between the CASPT2 relaxed geometries at Roo = 2.18 Aand Roo =
2.2 A, which shows the smooth barrierless variation of the ground
state from Roo = 2.18 A to Roo = 2.2 A. When comparing the bisoxy
biradical relative energy (¢f to the dioxirane parent molecule),
calculated at the MS-CASPT2/AVTZ//MP2/AVIZ and MS-CASPT2/
AVTZ//CASPT2/AVTZ levels, the latter is in excellent agreement
with previous high-level CCSD(T)-F12 calculations of the energy
difference between dioxirane and bisoxy.** The variation is note-
worthy since it shows that MP2 relaxation does not sufficiently
describe the multi-reference nature of the bisoxy biradical (beyond
Roo = 2.18 A).

With these topographic details in mind, the ground state
reaction from dioxirane to the bisoxy biradical may involve
substantial non-adiabaticity as the change in the electronic
wavefunction is associated with a transition state that is close
in energy to the several excited states. This is reinforced
by recognizing that the transition state and degeneracy at
ca. Roo = 2.2 A is associated with a conical intersection. Fig. 4
displays the optimized Sy/S; conical intersection geometry,
which although performed with a different level of theory
(i.e., smaller active space, basis set and CASSCF method) than
the PE profiles in Fig. 3 (see Methodology section), is consistent
with the same point at Roo = 2.2 A. Any changes in the geometry
are minor - as revealed by Roo = 2.157 A in the optimized
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structure vs. Roo = 2.2 A (MP2 relaxed) and Roo = 2.16 A
(CASPT?2 relaxed) in Fig. 3(a) and (b), respectively. Fig. 4 also
displays the g and % vectors associated with the optimized
conical intersection. It is reassuring that the g-vector - ie.,
the gradient-difference vector (or tuning coordinate) - is asso-
ciated with the reactive coordinate. The h-vector — ie., the
derivative-coupling vector (or coupling coordinate) requires
anti-symmetric wagging of the oxygen and hydrogen atoms
in order to lift the degeneracy associated with the conical
intersection.

The transition state at Roo = 2.2 A in Fig. 3 is the lower part
of a conical intersection and is therefore expected to undergo
non-adiabatic coupling with the excited electronic states.
Motion around the lower cone of the conical intersection may
give rise to the geometric phase (GP) effect as the electronic
wavefunction bifurcates around the point of degeneracy. The
GP effect is a characteristic signature of conical intersections
and arises when the adiabatic electronic wavefunction changes
sign when transported around the conical intersection. The
inherent GP effect may then control the exit channel energy
dissipation and thus the ensuing chemistry for formic acid
formation. Such effects are common in molecular reactions
that are analogous to the current system of interest and it is
known that such effects persist even in cases in which the
conical intersection is much higher in energy than the initially
excited vibrational resonance of the ground state.”” Ample studies
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have demonstrated that the GP needs to be considered in treating
the adiabatic dynamics around a conical intersection.*”>*

We make one caveat that since dioxirane is likely prepared
highly vibrationally excited, the subsequent O-O bond fission
to form the bisoxy biradical may not necessarily follow the
minimum energy path as given by the relaxed PE profiles.
Although these side routes are possible at high internal ener-
gies, the most energetically probable route is the minimum
energy path.

Vinyl hydroperoxide (VHP)

Similar behaviour is observed in our next case study vinyl
hydroperoxide (VHP). VHP is formed when thermalized or vibra-
tionally excited CH;CHOO undergoes intramolecular 1,4-H-atom
transfer. The nascent VHP is formed with high internal excitation —
which is excess of the energetic limit for forming CH,CHO + OH
products. This process is the dominant unimolecular decay path
for alkyl-substituted Criegee intermediates.

Fig. 5 presents the adiabatic PE profiles along the O-O
stretch coordinate (Roo — identified in the molecule inset in
Fig. 5(a)) of VHP. Panels (a) and (b) indicate the PE profiles
along Roo at geometries at which the CCOO torsional angle
(tccoo — identified in the yellow highlight on the VHP in
Fig. 5(a)) is at T7ccoo = 0° and 90°, respectively. Tccoo = 0° is a
planar configuration and corresponds to the minimum energy
geometry displayed in Fig. 1 while tccoo = 90° corresponds to
an out-of-plane configuration.

Focussing on Fig. 5(a), the energy at Roo = 1.45 A corre-
sponds to the VHP parent molecule, while the asymptotic
region beyond Roo > 2.5 A corresponds to the OH + CH,CHO
radical products. The ground state PE profile shows a charac-
teristic topology associated with a bond dissociation process —
wherein the energy rises upon increasing Roo and then
plateaus as the PE profile becomes asymptotic. In the asymp-
totic region and under gas phase conditions, the OH and
CH,CHO fragment partners are at a terminal separation.
As with dioxirane, the ground state PE profile along Roo shows
an avoided crossing with the S, state at ca. Roo = 2.3 A As Fig. 3
implies, the degeneracy observed at Roo = 2.3 A and tceo0 = 0°
is lifted by motion along tccoo which is consistent with
coupling mode behaviour at a conical intersection. The lowest
three excited states of VHP are dissociative with respect to Rpo,
which can be understood by considering that all three electro-
nic states correspond to excitation into a common c* orbital
localized along the O-O bond.

To investigate the minimum energy path associated with
VHP further, fully relaxed PE profiles along the Roo coordinate
were undertaken. These are presented in Fig. 5(c). The CASPT2
relaxed PE profile shows that the parent VHP molecule is planar
at short range Roo and undergoes progressive motion out of
plane at 1.9 A > Rpo > 2.4 A. This aligns with the unrelaxed PE
profiles which show that the most stable configuration of VHP
is planar, while motion around the crossing Roo = 2.3 A along
Tccoo shows a lower energy route to OH elimination. Although
motion along Tccoo manifests in the ground state minimum
energy path at 1.9 A > Roo > 2.4 A, the S; state is unstable with

This journal is © the Owner Societies 2022
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Fig. 5 Unrelaxed adiabatic PE profile of VHP along the O-O stretch
coordinate at (a) tccoo = 0° and (b) Tccoo = 90°, calculated at the XMS-
CASPT2/aug-cc-pVTZ level of theory. (c) XMS-CASPT2/AVTZ//CASPT2/
AVTZ relaxed PE profiles along the Roo coordinate.

respect to increasing tccoo in this Roo range. This is high-
lighted by the step increase in energy from Roo = 1.8 A to Roo =
1.9 A in Fig. 5(c) and supported by the unrelaxed PE profiles in
Fig. 5(a) and (b). At Roo = 2.6 A, the ground state minimum
energy path shows a planar geometry and a rotation of the OH
moiety so as to undergo hydrogen bonding of the H-atom with
the nascent vinoxy centred O-atom. Such a geometry along
Roo is consistent with earlier study by Kidwell et al.>* and is
attributed to a frustrated submerged transition state.
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As with dioxirane, we note however that since VHP is
prepared highly vibrationally excited and undergoes intra-
molecular vibrationally energy redistribution, the subsequent
OH elimination may not necessarily follow the minimum
energy path as given by the relaxed PE profiles.

As shown in the PE profiles in Fig. 5 the lowest energy
asymptote corresponds to OH (D,) + CH,CHO (D,) products
and correlates with an excited state electronic configuration -
as indicated by the change in the highest occupied molecular
orbital of the ground state VHP at Roo = 4.0 A relative to the
ground state. Again, unimolecular decay of ground state VHP
clearly involves coupling of energy surfaces en route to forming
OH + CH,CHO. Although motion along tccoo lifts the degen-
eracy at Roo = 2.3 A and provides a lower energy route around
this crossing point, the ensuing dynamics is likely perturbed by
the intersection at Roo = 2.3 A as the evolving wavepacket
bifurcates as it traverses the region around the crossing point.
Unimolecular decay is therefore likely to involve substantial
non-adiabaticity upon dissociation, wherein the GP effect
may play a role in the ensuing dynamics as described above
for dioxirane. This feature is analogous to the ground state
unimolecular decay of vibrationally excited hydroxymethyl
radical which is known to occur non-adiabatically.*”

Conclusions

In this study, we have demonstrated the multi-state character
associated with two well-known unimolecular decay paths
available to Criegee intermediates. This hitherto unrecognized
multi-state character, in the context of the products of Criegee
intermediates, is an important recognition as it may control the
nascent product yields formed upon unimolecular decay of
Criegee intermediates. In 2018, Guo and co-workers discovered
the role of conical intersections in the unimolecular decay
of the hydroxymethyl radical and demonstrated that the geo-
metric phase effect plays a role in controlling the rovibrational
energy dissipation of the nascent formaldehyde product.”” In
the context of the systems explored here, similar behaviour may
effect on the product state branching in the nascent intermedi-
ates and fragments formed during the unimolecular decay of
dioxirane or VHP. Providing that the nascent products react on
timescales that are shorter than collisional energy relaxation,
the preselected rovibrational energy distribution may have an
implication on the resulting reactions of these atmospherically
relevant products, but we note that these most likely undergo
vibrational energy relaxation and thermalization prior to bimo-
lecular chemistry. Notwithstanding, we demonstrate that such
multi-state behaviour should be considered in future computa-
tional studies of molecular reactions that are relevant in the
atmosphere or in combustion - especially in the context of
Criegee intermediates.

Given the details of the PE profiles above, our future plan is
to generate full-dimensional energy profiles and to undertake
time-dependent quantum wavepacket dynamics simulations on
the subsequent energy surfaces. Such simulations will reveal
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the extent to which the unimolecular dynamics involves coupling
to the excited state energy surfaces and thus if the reaction occurs
non-adiabatically. One of the key questions that such simulations
will answer is if the GP effect plays a role in the product state
energy distributions of the nascent products.

The most exciting prospect is to explore how such electronic
state couplings associated with the unimolecular decay of a
dioxirane or a hydroperoxide change upon increasing molecular
complexity of the starting Criegee intermediate. Future studies on
the geometric and electronic effects of increasing molecules
complexity are therefore also anticipated.
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